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Overview Of Thesis.
All living systems contain a range of asymmetric environments such as those generated 
by electric fields, phase boundaries or those found at the surface of molecular aggregates 
within an aqueous environment. An interface of increasing importance is that which 
occurs at the surface of biological membrane structures used to compartmentalise cellular 
and intracellular domains. The function of many biologically active molecules is 
dependant upon the amphiphilic structure that is induced by the anisotropy of these lipid- 
water interfaces either because the membrane is their site of action or because their 
physicochemical characteristics are what will determine their translocation across the 
bilayer and their subsequent compartmentalisation within the cell. An overview can be 
found in the research monograph by Phoenix (1998).

Proteins play a fundamental role in membrane dependent processes and due to the 
inherently amphiphilic nature of the bilayer such proteins must accommodate both polar 
and non-polar environments. In response, many membrane interactive proteins adopt 
amphiphilic helical structures which can be subdivided into two major classes: those 
which exhibit primary amphiphilicity and those which exhibit secondary amphiphilicity. 
Primary amphiphilicity is exhibited by transmembrane (TM) helices and is manifest 
within the primary structure of a protein by the occurrence of approximately 20-30 
consecutive, predominantly hydrophobic amino acid residues. These are then flanked at 
the membrane surface by clusters of hydrophilic residues. Such sequences play key roles 
in the targeting of proteins to the ER or in the case of bacteria to the plasma membrane as 
well as driving the membrane assembly of TM proteins. Relatively few high resolution 
structures are available for TM proteins yet they are of fundamental medical importance 
as drug targets hence a major focus of theoretical biology has been the development of 
techniques for the identification and structural prediction of TM proteins from sequence 
data. Investigations into the identification and role of amphiphilic sequences involved in 
protein targeting and membrane localisation are described in chapter 1. In this chapter I 
am able to show not only the importance of the amino acid sequence in targeting but the 
need to consider a range of membrane based parameters such as proton motive force and 
lipid composition in translocation. I remain the only worker who has been able to show a 
direct need for amonic lipid in posttranslational translocation systems although others 
have provided indirect evidence for such requirements. Furthermore I have also 
considered the mRNA codon distribution in co-translational systems emphasising the 
need to consider the temporal aspect in what is a complex pathway involving multiple 
macromolecular interactions. With the increasing use of cell penetrating peptides to 
support the intracellular delivery of pharmacological agents understanding translocation 
remains important and we have recently put forward evidence to emphasise the 
complexity of the pathway by showing the importance of considering the cargo in such 
translocation events.

The second major class of membrane interactive cc-helices possess secondary 
amphiphilicity which is characterised by an ordered spatial segregation of hydrophobic 
and hydrophilic amino acid residues about the helical long axis. This form of cc-helical 
secondary structure was first reported within the molecules of myoglobin and



haemoglobin during the mid 1960s (Perutz et al. 1965) and is now generally associated 
with activity at phase boundaries. The ubiquitous occurrence and clear functional 
importance of these helical structures was soon realized, and over the subsequent decades 
led to a senes of theoretical approaches designed to enable their identification from 
sequence information alone. These approaches were generally based on the fact that the 
secondary amphiphilicity of a-helices is reflected in the primary structure of a protein by 
the periodic occurrence of doublets or triplets of polar or apolar residues. To detect this 
residue periodicity a range of qualitative techniques, such as the helical wheels of 
Schiffer-Edmundson (1967), and quantitative methodologies, such as the hydrophobic 
moment analysis of Eisenberg (1982), were developed. Work investigating the efficiency 
of these methods and developing new algorithms for the identification of very low 
homology repeats is described in Chapter 2.1 have been able to develop simple geometric 
and statistical means of identifying periodic sequences such as those required for the 
formation of amphiphilic helices. I have not only provided means of identifying such 
sequences but by the use of parallel linear models, for example, have been able to analyse 
the importance of the balance between amphiphilicity and hydrophobicity for 
functionality in the case of membrane association and antibacterial activity. Of greater 
potential importance is my work on the development of measures based on latent 
periodicity to identify very low homology degenerate periods which can have important 
roles in protein structure formation and function.

Since the discovery of amphiphilic peptides, the functional versatility of membrane 
interactive a-helices has shown an ever increasing spectrum of roles. An overview of 
some of these roles can be found in a recent edition of Current Protein and Peptide 
Science (Guest Eds. Phoenix and Harris 2006). These helices have for example been 
found to serve as anchors for peripheral membrane proteins and to facilitate the activation 
of proteases via interaction with membrane lipid. In the former case, amphiphilic helices 
located at the C-tennini of Escherichia coli penicillin-binding proteins (PBPs) have been 
shown to anchor these monotopic proteins to the membrane thereby stabilizing their 
participation in a protein complex engaged in cell wall synthesis. These findings are of 
significant importance as PBPs are major targets for P-lactam antibiotics and work 
undertaken to help in elucidating the membrane anchoring mechanisms of PBPs is 
described in chapter 3. We were not only one of the first groups to identify the potential 
of amphiphilic helices to support membrane binding of monotopic proteins in this way 
but were able to show that such mechanisms were wide spread in prokaryotic systems 
and of late have identified examples in eukaryotic systems. These anchors are now 
widely recognised in the literature and even undergraduate texts. Of equal importance 
were my studies identifying a segment of the protease, calpain 2, which can form a 
strongly lipid interactive amphiphilic a-helix. I proposed that this helix may feature in 
the lipid-mediated activation of the enzyme providing an alternative model for the Ca2+ 
activation process which was the first to explain other studies which have identified 
membrane bound forms of the enzyme and shown the autolytic cleavage of this domain 
after activation. Calpain 2 has been implicated in a wide range of diseases and disorders 
but despite intensive study its mechanism of activation is far from fully understood and 
an overview of recent advances in this area are given here in chapter 4. We were the first



to consider this as a target in cataract treatment and to consider the implications of the 
environment required for activation on the design of calpain inhibitors.

The turn of the 1980s saw major developments in the history of amphiphilic helices with 
the discovery of tilted peptides. Also termed oblique orientated a-helices, these peptides 
are a novel subclass of amphiphilic helices that possess a strong hydrophobicity gradient 
along the helical long axis. This hydrophobicity gradient allows the helix to penetrate 
membranes at a shallow angle thereby promoting membrane destabilization and a range 
of biological activities. For example, many defence peptides show functional similarities 
to tilted peptides and we were the first to recognise this and propose a mechanism of 
action based around this architecture. Defence peptides are effectors of innate immunity 
that generally exert antimicrobial activity through the invasion and lysis of microbial 
membranes. In addition recent work has shown a number of defence peptides are able to 
act as anticancer agents. Understanding the highly specialized structure / function 
relationships of this helical class are discussed in chapter 5, along with a number of novel 
theoretical techniques I developed to aid the identification of these a-helices from 
sequence data. The experiments described show such a template is able to produce 
antimicrobial peptides but their limited efficacy implies other sequence specific 
information is required for function. Interestingly our data also showed that the same 
peptide could perhaps utilise different mechanisms of action in the presence of 
membranes with different lipid compositions making it important to consider the nature 
of the target organisms membrane as well as the peptide sequence and the final functional 
fold when looking at the design of such antimicrobials.

With the increasing spread of multi-drug resistant pathogens the need for new 
antibacterials is of growing importance. In addition to new patents based on the 
amphiphdic peptides described above a range of amphiphilic photosensitisers have been 
identified which are able to selectively partition into bacterial membranes and induce 
lysis, either by membrane based oxidation events or via transport to cytoplasmic targets. 
Physicochemical parameters such as the charge hydrophobicity ratio are key 
determinants in the uptake and cellular distribution of such agents. In chapter 6 work 
investigating the ability of amphiphilic phenothiazinium based compounds to act as 
antibacterials is described. These compounds show a range of pharmacokinetically 
desirable characteristics and are shown in this chapter to have potential for use in 
photoantimicrobial chemotherapy (PACT). In chapter 7 work looking at the efficacy of 
these agents in eukaryotic systems is described, for example in the treatment of tumours 
via photodynamic therapy. We were able to show that in addition to key parameters of 
the photosensitiser, such as singlet oxygen generating potential, the ease of reduction was 
a key factor in efficacy. We identified the importance of amphiphilicity in targeting and 
uptake and showed in the majority of cases the key cellular target was DNA implying 
that the amphiphilicity had to be great enough to support targeting and cellular uptake 
without providing too great a level of membrane partitioning. We remain the only group 
to have shown the potential of such compounds against medically relevant biofilms.
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Outline Of Thesis Structure.
The thesis is divided into seven chapters. Each chapter is preceded by a summary which 
aims to introduce the material and highlight key findings. The summary also provides a 
list of the papers include in that chapter in the order in which they are cited. A 
chronological listing of papers cited in the full thesis is given in Appendix A along with 
an indication of the authors’ contribution. Further information on the roles of individual 
contributors is also given in Appendix A. In addition a full c.v is included in Appendix B 
and lists the complete range of publications to date, including those not selected for 
inclusion in this thesis.



Chapter 1

The Role Of Amphiphilic Helices In Protein 
Targeting, Translocation And Membrane Assembly



Summary.

All cells contain a range of sub-cellular compartments, each of which is surrounded by a 
flexible self-sealing lipid boundary. For example within a eukaryotic organism up to 95% 
(w/w) of the cells’ membranes are used in the formation of intracellular structures such as 
the nucleus or endoplasmic reticulum. Non-cytoplasmic proteins therefore require a range 
of targeting sequences to enable them to reach their final functional location and in the 
case of membrane proteins these must be accompanied by or incorporate membrane 
assembly signals [1]. The majority of such signals are composed of conserved structural 
motifs based on the physicochemical properties required for function rather than 
homologous amino acid motifs which makes identification and investigation of their 
mode of action difficult. For example in the case of the PAY strain of Barley Yellow 
Dwarf Virus genomic RNA and viral movement proteins involved in RNA transport were 
clearly identified in the nuclei of infected cells yet no nuclear localisation signal could be 
detected. We were the first group to identify an N-terminal amphiphilic helix in 
movement protein ORF4 with similar characteristics to proteins such as influenza peptide 
HA2 which has known membrane interactive properties. Working with colleagues within 
the Chinese Academy of Science we were able to show this helix was involved in the 
nuclear targeting of the movement protein and that it could have a role in assisting 
transport of viral RNA into the plant nucleus [2]. This was one of the first proposed 
mechanisms to suggest how the movement protein could facilitate intracellular trafficking 
of viral RNA [3].

In contrast targeting sequences can also be formed from primary amphiphilic elements 
which are easily identified in the primary sequence. For example, when we used a test for 
the homogeneity of multinomial populations to identify statistical differences between 
residue composition of aligned transmembrane spans we confirmed that relatively simple 
methods of sequence analysis based on detecting variations in the physicochemical 
properties of amino acids could give a good indication of transmembrane boundaries. Our 
work did though question the assumption that transmembrane spans are best modelled by 
sequences 21 residues long showing a better fit with 22 residue sequences [4] in the case 
of stop transfer signals. Such variations may relate to the varying function of signal 
sequences as compared to stop transfer sequences within the translocation and membrane 
assembly pathway. The amino acid periodicity in both classes of a-helix was seen to be 
optimally modelled as 102° rather than using the 100° values found in standardised 
helices [5], These data were important as they emphasised the need to modify parameters 
when modelling membrane based proteins rather than relying on fixed assumptions - 
especially if those assumptions are based on cytoplasmic systems where the external 
environment is considerably different to that at the membrane interface.

The difficulty of trying to ascertain the impact of the bilayers environment on protein 
structure and assembly is compounded by the complexity and variety of membrane 
systems as well as differences in individual protein requirements during membrane 
assembly. In the early nineties for example it had been shown that a bacterial porin 
precursor proOmpA required the ATPase secA to repeatedly bind during translocation



which was taken to indicate an ongoing requirement for ATP hydrolysis during protein 
translocation. Using the porin precursor prePhoE I was able to show that such secA 
binding cycles were not needed in all cases and postulated that these could be required in 
the case of proOmpA due to problems in folding which occurred as an artefact pf the 
post-translational translocation pathway used to study proOmpA [6]. Such variations in 
energetics of translocation were later validated by other groups. It may well be that 
variations in the energetics of membrane-protein translocation, for example, differences 
in proton motive force requirements [6], are correlated with the physicochemical 
characteristics of the amino acid composition of the transmembrane sequence. It is also 
possible though that such variations relate to key structural features of these sequences. 
For example, we recently identified the fact that many such sequences contain 
hydrophobicity gradients which I postulated could affect assembly [7].

As indicated above the complexity of these systems needs to also take into account the 
membrane lipid composition. The lipid composition does not only influence 
transmembrane energetics but can be involved in direct protein lipid interactions. In 
collaboration with colleagues in Japan we were able to use signal sequence mutants to not 
only confirm the importance of electrostatic interaction in protein translocation [8] but to 
become the first and only group to date that has been able to show there is a direct 
requirement for anionic lipid - signal sequence interaction during post-translational 
translocation [9]. In addition it remains important to remember such events have a 
temporal dimension as ancillary proteins need to bind to the target sequence to support 
translocation and these binding events occur in an ordered manner. I have previously 
postulated that modulation of translation rates by varying the use of synonymous codons 
associated with varying tRNA levels could therefore support targeting by controlling the 
rate of translation and hence the opportunity for protein-protein interactions to occur. 
Whilst I was unable to identify differences in codon use between translocated and 
cytoplasmic proteins [10] we have shown that so called rare codons which effectively 
slow translation due to the low tRNA concentrations associated with them are non- 
randomly distributed indicating a potentially as yet unresolved biological function [11].

Utilisation of targeting signals to support the transport of conjugated cargos is growing in 
importance with the use of transducation domains to deliver pharmacological agents 
which are themselves cell-impermeable now an area of intense investigation. 
Understanding the complexity of inter and intra cellular transport pathways and the 
function of the protein transduction domains is vital if progress is to be made in this area 
of drug delivery. For example we were the first to show the importance of considering the 
cargo in facilitating membrane targeting/interaction within systems utilising the protein 
transduction domain of the HIV-1 transactivator of transcription (Tat). In this case we 
showed that in transporting the protein plO, a cytotoxic peptide mimic of the cyclin 
dependent kinase inhibitor p21WAFl/CIPl, into the nucleus of cancerous cells the initial 
stages of membrane interaction may well be driven by the plO cargo rather than the Tat 
protein transducation domain itself [12].



In conclusion I have been one of only a few researchers to be able to show the 
complexity of the translocation pathway as seen by the need to consider the amino acid 
sequence and structure of the targeting signal, the membrane lipid composition and the 
energetics of the system - including transmembrane potential. In addition I have 
considered the temporal aspects of translocation by analysis of the underlying codon 
structures. Understanding of these systems will grow in importance as cell penetrating 
peptides become more commonly used for the intracellular delivery of pharmacological 
agents, or even within the development of retroviral gene delivery systems [13], yet our 
understanding of these process remains far from complete.
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Abstract

Within gram-negative bacteria such as Escherichia coli, the outer membrane porins provide a relatively non-specific 
uptake route which is utilised by a wide range of solutes including many antibiotics. Understanding the targeting and 
membrane assembly of these proteins is therefore of importance and this mini review aims to discuss this process in light of 
present knowledge.

Keywords: Porin; Membrane; Translocation

1, Introduction

Gram-negative bacteria have a cell envelope 
formed from an outer and inner membrane which 
surround the periplasmic space. The inner membrane 
is composed of a phospholipid bilayer which in 
wild-type Escherichia coli contains 75-80% (w/w) 
phosphatidylethanolamine, 20% (w/w) phos-
phatidylglycerol and 1-5% (w/w) cardiolipin as the 
major lipid species [l]. The composition of the outer 
membrane is very different to that of the inner 
membrane. The outer membrane has an asymmetric 
structure with the outer leaflet containing lipopoly- 
saccharide and the inner leaflet containing phospho
lipid, 90% (w/w) of which is phos
phatidylethanolamine [2]. If there is a sufficient con-

* Tel.: +44 (1772) 893519; fax: +44 (1772) 892903; e-mail: 
d.a.phoenix@udan.ac.uk

centration of divalent cations, such as Ca2+, the 
outer membrane forms a good permeability barrier 
via lipopolysaccharide — headgroup salt bridge net
works [3]. Permeability is obtained due to the large 
number of pore forming molecules which provide 
both specific and non-specific diffusion pathways for 
solutes, Porins are a class of protein which allow the 
transmembrane diffusion of small solutes across the 
outer membrane. These pores have no specific bind
ing site for the solute but limited specificity appears 
to be obtained by variation of the pore character
istics, for example PhoE has some specificity for 
anions due to the concentration of positively-charge 
amino acids near the pore entrance [4], Most of the 
pores are approximately 1 nm in diameter hence 
diffusion rates are greatly affected by apparently 
minor differences in the size, shape, charge and 
hydrophobicity of the solute [5]. OmpF, OmpC and 
PhoE have all been found to act as ohmic, water-filled 
pores rather than specific transporter systems thus
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mediating passive diffusion of small molecules (up 
to 600 Da) according to Pick’s first law with rate 
proportional to concentration of solute [6].

The OmpF, OmpC and PhoE porins of E. coli are 
some of the most widely studied pores to date. All 
three appear to form very stable trimeric structures 
which are not dissociated by 2% (w/v) sodium 
dodecylsulphate unless the sample is heated above 
60°C. All three porins have over 50% strict homol
ogy and a great number of cell surface amino acids 
have been identified by proteolysis and mutational 
analysis of impaired phage and antibody binding 
sites [7,8]. Hybrid protein construction has also 
helped to elucidate the transmembrane structure of 
the proteins and data implies that PhoE traverses the 
membrane 16 X . Further data have been obtained 
via three dimensional electron diffraction studies 
which show the porin forms a /3-barrel structure. 
This work is summarised along with other structural 
data in a review on the biophysics and function of 
porins [9].

Antibiotics can be taken up by active transport, 
facilitated diffusion or simple diffusion. Simple dif
fusion may occur directly through the membrane 
depending on the concentration of agent and its 
partition coefficient but a major means of simple 
diffusion occurs through the non-specific pores 
formed by the general porins discussed above [10]. 
This porin mediated route is thought to be the main 
means by which antibiotics are able to cross the 
outer membrane, although some antibiotics e.g. 
aminoglycosides appear to use non-porin pathways 
[11], Changes in porin structure or levels of expres
sion can cause antibiotic resistance to develop and 
the loss of OmpF and OmpC have especially been 
shown to effect the uptake of a wide range of 
antibiotics although in some cases there is still con
troversy over the role of these proteins in uptake, for 
example in the case of fluoroquinones [12]. The 
effect of modifications to porin structure and expres
sion have been studied with respect to antibiotic 
resistance for a wide range of antibiotics [10,13]. The 
role of porins in antibiotic uptake and their function 
as phage receptors mean that their expression, target
ing and membrane assembly are not simply matters 
of academic interest but are of relevance to both 
microbial physiology and medical microbiology.

For membrane assembly to occur the porin must

be translocated from the cytoplasm to the outer 
membrane, thus negotiating the cytoplasmic mem
brane before it can assemble at the outer membrane 
target. This leads to an interesting biological problem 
since a large charged macromolecule has to cross a 
hydrophobic permeability barrier. It has been postu
lated that one reason why pqrins assemble as /3-bar
rels may be because the amphipathic /3-sheets allow 
for transport across the inner membrane whereas 
hydrophobic transmembrane a-helices may lead to 
the assembly of the porin into the inner membrane 
thus preventing it reaching its outer membrane target 
[14,15].

2. Targeting and translocation

As with other proteins that are destined for export 
from the cytoplasm, the porins are synthesised as 
precursors with a 15-35 residue N-terminal signal 
sequence. The signal sequence has a tripartite mor
phology with the N-terminal 2-10 residues forming 
a basic, positively-charged domain and the central 
core containing hydrophobic residues which possess 
a strong propensity to form an a-helical structure. 
After translocation across the inner membrane the 
signal sequence is cleaved by the membrane protein, 
leader peptidase (Lep B) and the C-terminal region 
of the signal sequence contains the cleavage site 
which is recognised by this enzyme [16]. The precur
sor is recognised by a cytoplasmic chaperone, SecB 
which binds to the precursor as a tetramer. SecB 
binding to prePhoE was assayed by immunoprecip- 
itation with anti-SecB protein serum. The precipita
tion experiments indicated that the SecB binding site 
was apparently in the mature region of the protein 
and that SecB appears to bind to the precursor in a 
hi stoichiometry [17]. Deletion analysis indicates 
that there are four potential regions in the mature 
domain which seem to affect SecB binding as deter
mined by the efficiency of the immunoprecipitation. 
Since SecB is known to function as a tetramer these 
regions may correlate with its tetrameric structure. 
The identification of the SecB binding site in the 
mature region was especially important in this case 
because at the time studies with maltose binding 
protein had identified both the signal sequence [18] 
and the mature domain [19] as the SecB target. This
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is obviously significant with respect to post or co- 
translational recognition of the precursor.

It has been postulated that once bound SecB 
retards protein folding yet in the case of prePhoE if 
the precursor was incubated in a post-translational 
translocation mixture, translocation efficiency was 
similar independently of whether SecB was added at 
the start or end of the incubation [17], In this in
stance translocation efficiency decreased with a 
half-life of approximately 14 min. This would appear

Fig. 1. Targeting and assembly of PhoE. PhoE is synthesised as a 
precursor with an N-terminal signal sequence (N). The precursor 
is recognised by the cytoplasmic chaperone SecB (B). The SecB- 
precursor protein complex is targeted to the translocase which is 
composed of SecE (E), SecF (F), SecG (G). SecD (D), SecY (Y). 
This targeting step may involve the ATPase SecA (A). Once at the 
site of translocation SecA is thought to drive the transport of the 
polypeptide across the membrane by hydrolysing ATP. The proton 
motive force (PMF) increases the efficiency of translocation and 
provides a directional force to maintain the movement of the 
protein in a forward direction between cycles of ATP hydrolysis. 
During translocation the signal sequence is removed by the leader 
peptidase (Lep) and the protein folds as a periplasmic intermedi
ate. possibly via interaction with SecD and SecF. The monomeric 
form interacts at the outer membrane and at this point trimerisa- 
tion occurs. Efficient insertion and assembly into the final trimeric 
form requires LPS and possibly divalent cations.

to indicate that in the case of prePhoE, SecB is not 
maintaining translocation efficiency but that it may 
have more of a targeting role as previously postu
lated for the SecB/SecA cascade mechanism [20]. It 
is interesting to note that precipitation of the mature 
form of the protein was much more efficient than 
precipitation of the precursor [21] which may imply 
that as previously postulated, the signal sequence 
itself is responsible for retarding the folding of the 
protein [22].

SecA is a peripheral membrane protein which 
cycles between the membrane and cytoplasm. It 
appears to bind to an integral membrane complex 
containing SecE/SecG and SecY which may form 
the body of the translocase. SecA has ATPase activ
ity [23] and the translocase ATPase is activated in 
the presence of SecY, anionic phospholipid and the 
precursor. Interestingly the translocation process as a 
whole is dependent on anionic phospholipid and this 
seems to involve a signal sequence lipid interaction 
[24] which is probably electrostatic in nature [25]. 
PrePhoE translocation has been shown to be 
SecA/SecE/SecY dependent and efficiency also ap
pears to be effected by the loss of two other inner 
membrane proteins, SecD and SecF [26]. These pro
teins may play a role in helping the protein to fold as 
it enters the periplasm. Principles of protein translo
cation have recently been reviewed by Schatz and 
Dobberstein [27] (Fig. 1).

3. In vitro assembly of outer membrane porins

Three mechanisms have been postulated for the 
assembly of outer membrane proteins. The first hy
pothesis is that proteins are incorporated into the 
inner membrane and then vesicles bud from the inner 
membrane, traverse the periplasmic space and are 
incorporated into the outer membrane.

In vitro translocation assays to target proteins to 
the inner membrane have been widely used to study 
events which occur during translocation. Outer mem
brane requirements are harder to investigate. A num
ber of studies have been performed in which after 
translocation inner membrane vesicles were ex
tracted at pH 11 to try and identify whether the 
proteins were free in the lumen or integrally assem
bled into the membrane. Of the proteins tested OmpF,
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OmpA and TonA were found to be luminal but 
LamB was not. This would therefore appear to dis
count the theory of vesicle budding as a universal 
mechanism for outer membrane assembly although 
obviously it does not discount it in all cases.

The second theory postulates that translocation 
occurs at Bayer junctions, points at which the inner 
and outer membrane are in close proximity thus 
allowing the protein to assemble directly into the 
outer membrane during translocation across the inner 
membrane. If this were true an extra level of com
plexity would probably need to be added to the 
translocation system since periplasmic proteins would 
presumably not want to translocate at these selected 
sites. As yet there is no evidence for this mechanism. 
Interestingly a number of PhoE deletion mutants 
were prepared and all translocated efficiently indicat
ing that the mature domain was not required for 
translocation [28], This coupled with the fact that 
signals can be exchanged between precursors and 
translocation still proceeds may lead to difficulties in 
explaining how the subset of outer membrane pro
teins is able to identify and translocate at Bayer 
junctions.

The final possibility is that the protein is released 
into the periplasm after translocation to form a 
periplasmic intermediate. There then occurs a second 
targeting event which directs this intermediate to the 
outer membrane for assembly. It has been noted that 
a number of PhoE deletion mutants accumulated in 
the periplasm as detected by immunoelectron mi
croscopy [28] and not at the outer membrane, This is 
thought to indicate that the protein forms a periplas
mic intermediate and that the overall conformation 
of the periplasmic intermediate is essential for the 
second targeting step rather than there being a single 
targeting signal. A similar conclusion has been 
reached for OmpA [29]

The use of monoclonal antibodies has provided a 
powerful tool for studying membrane assembly of 
these precursors. These antibodies have shown that 
PhoE normally folds into a monomeric form and it is 
only on the addition of outer membranes that the 
monomers trimerise [30]. As with in vivo trimers 
these trimers were stable in 2% (w/v) SDS at 56°C 
but when protease-treated they were digested indicat
ing that although they were able to trimerise they 
had not actually inserted into the outer membrane.

Indeed insertion, as detected by protease resistance, 
was seen to require the addition of 0.1% (v/v) triton 
XI00. The use of this system has indicated that 
lipopdlysaccharide and divalent cations may be im
portant for this insertion process [17] and recently 
the use of asymmetric bilayers has been shown to 
enhance porin assembly [31]. These data coupled 
with studies showing that mutants with defective 
lipopolysaccharide have reduced levels of outer 
membrane proteins emphasise the importance'of ex- 
tragenic information for the assembly of these porins 
into the outer membrane.

Although extragenic factors appear to have a role 
to play in membrane assembly of porins some intra
genic information is also required. Deletion of the 
last i.e. the 16th membrane spanning domain was 
especially efficient at blocking outer membrane as
sembly and comparison of these C-terminal residues 
with other outer membrane proteins showed some 
homology in this region [32]. Of special interest was 
the C-terminal Phe which appeared to be conserved 
and whose removal by site specific mutagenisis 
greatly decreased outer membrane assembly. Fur
thermore site specific mutagenisis combined with in 
vitro analysis indicated that the loss of the C-termi
nal Phe did not appear to effect monomer formation 
nor did it effect trimerisation in the presence of outer 
membranes but this last residue was found to be 
essential for the membrane assembly stage and has 
been postulated to form part of an outer membrane 
sorting signal resulting in membrane association 
[33,34], Previous workers had also noted that a 
glycine corresponding to Gly-144 in PhoE was highly 
conserved in the outer membrane proteins but in 
vitro analysis has since indicated that this residue is 
important for the folding rather than targeting of the 
protein [35] (Fig. 1.)

In conclusion it can be seen that the targeting of 
an outer membrane porin from its site of synthesis in 
the cytoplasm and its assembly into its final func
tional form at the outer membrane is complex. There 
still remain many questions regarding the assembly 
process and much work is being performed to deter
mine the importance of the asymmetry of the outer 
membrane and the involvement of lipopolysaccha
ride. The problems associated with studying the as
sembly process in vitro promise to keep us enter
tained for some time to come.
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(DMPE) membranes. These results strongly support the view that BYDV MP may interact with the 
NE to help transport viral genomic RNA into the nuclear compartment. This function of BYDV MP 
appears to involve protrusions on the surface of the NE and may require the presence of an N-termi- 
nal amphiphilic a-helix, which is speculated to destabilize membranes, thereby assisting the entry 
of BYDV-GAV into the nuclear compartment. © 2005 Wiley Periodicals, Inc. Biopolymers 79: 
86-96, 2005
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INTRODUCTION

Viruses are intracellular parasites that principally rely 
on host cell machineries to complete their life cycles. 
In general, viral genomes have limited coding capaci
ties, but among the proteins specified by these 
genomes, there is usually one or more required for 
intercellular and intracellular spread of the viral 
genome. In plant viruses, the virally encoded proteins 
that assist viral genome spread are termed movement 
proteins (MPs).1-3 The function of MPs in the inter
cellular spread of plant viruses has been intensively 
studied in recent years; this has been reviewed else
where.4,5 In contrast, the role of MPs in the intracellu
lar movement of plant viral genomes—that is, from 
cytoplasm to nucleus and vice versa, has been investi
gated in only a few cases.

Plant viruses in the Geminiviridae possess single- 
stranded circular DNA genomes and replicate in the 
nucleus of host cells.6,7 In both monopartite geminivi- 
ruses, such as the maize streak virus (MSV), and 
bipartite geminiviruses, such as the squash leaf curl 
virus (SqLCV), two different MPs have been identi
fied: one for intercellular movement and the other for 
intracellular movement between the cytoplasm and 
nucleus.8-13 In SqLCV, the MPs, BR1 and BL1, have 
been shown to interact cooperatively in facilitating 
the movement of viral genomes.9,10,14 BR1 binds to 
the viral genome and shuttles between the cytoplasm 
and nucleus,11 possessing both nuclear localization 
signals (NLSs) and a nuclear export signal (NES).12 
At equilibrium, BR1 is located in the nucleus; in the 
presence of BL1, however, BR1 is relocated to the 
cell periphery, where, by interacting with BL1, an 
MP-genome complex is formed, which then crosses 
the cell wall and moves into the neighboring cell.12 
The majority of plant RNA viruses so far studied 
have been found to replicate in the cytoplasm, and in 
many cases, it appears that their infections may not

involve a nuclear phase.15 However, for the PAV 
strain of barley yellow dwarf virus (BYDV), which is 
a member of the Luteoviridae that possesses a single- 
stranded RNA genome,16,17 the presence of viral 
genomic RNA, MP,18 and coat protein (CP) in the 
nucleus of infected oat cells has been unambiguously 
demonstrated.19,20 Electron microscopy20 showed 
that filaments containing both viral RNA and MP 
were present in the cytoplasm, nucleus, and nuclear 
pores of these infected oat cells. These latter authors 
also showed viral RNA and MP to associate 
and reside within the interior compartment of 
infection-induced membrane vesicles. However, the 
mechanism (s) underlying the distribution of viral 
genomes and associated proteins, such as MP and CP, 
within both the cytoplasmic and nuclear compart
ments of BYDV-PAV during infections by the virus 
is unclear.

Investigations into the nuclear import and export 
of plant viruses have been hindered by a lack of 
detailed structural information, which has meant that 
studies on plant viral MPs have often had to rely on 
structural information derived from computational 
analysis.21,22 Several theoretical studies have pre
dicted the occurrence of an amphiphilic a-helix in

11 *

the region of luteoviral MPs, ’ As an example, the 
MP of the potato leaf roll virus (PLRV) is predicted 
to form such a a-helix and it has been shown that this 
a-helix can facilitate protein-protein interactions 
among monomeric MPs21 The possession of an 
amphiphilic a-helical structure can also indicate an 
ability to interact with membranes and luteoviral 
MPs are known to associate with host membranes but 
currently, the mechanisms underlying these associa
tions are unknown.22,23

Here, we have considered the possibility that the 
BYDV MP may assist the transport of viral genomes 
between the cytoplasmic and nuclear compartments 
by promoting protein-membrane interactions via the
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use of an N-terminal amphiphilic a-helix. BYDV 
sti'ains are closely related and their MPs show high 
levels of sequence homology.16,24 MP of the GAV 
strain of BYDV was taken as representative of 
these MPs and was chosen for our studies. As BYDV 
encodes a number of other proteins involved 
in genome replication or the vector transmission of 
virions,17 BYDV-GAV MP was expressed in insect 
cells to eliminate potential interactions with such 
proteins. When expressed in insect cells, confocal 
microscopy showed BYDV-GAV MP to be specifi
cally associated with the nuclear envelope and to 
cause protrusions that extended from the nuclear 
envelope into the cytoplasm. The expression of a 
mutant BYDV-GAV MP showed that efficient 
formation of these protrusions required the pres
ence of an N-terminal MP segment. Theoretical 
analysis showed that this segment possessed the 
potential to form a lipid-interactive amphiphilic a- 
helix while Fourier transform infrared (FTIR) lipid 
phase transition analysis showed a peptide possessing 
the primary structure of the rv-helix to be membrane 
interactive.

MATERIALS AND METHODS 

Sequence Analyses of BYDV-GAV MP
BYDV-GAV MP is the gene product of ORF 4. Using pub
lished sequence infonnation, the cDNA of open reading 
frame 4 (ORF 4) from a wheat-infecting isolate of BYDV- 
GAV was amplified and subsequently cloned. The amino 
acid sequence of BYDV-GAV MP was deduced from this 
cloned cDNA (Figure 1A) and was found to be 98% identi
cal to that of the MP from the PS1 isolate of BYDV-MAV, 
a BYDV strain closely related to BYDV-GAV.25 The 
BYDV-PAV primary structure was examined for the pres
ence of potential canonical monopartite (PKKKRKV)26 or 
bipartite (KRPAATKKAGQAKKKK)27 NLSs by visual 
inspection. Potential GPI modification sites were identified 
using the software at the web site http://mendel.imp. 
univie.ac.at/gpi/. The prediction of potential signal sequen-

(A) lAQGEQGflLftgFGEWLWSNFIEEDgUEELVPAgBEEIjBILYLDQBASmYSYSgS

HI H2 H3

TL&PTEQGQSSSVPTFRNAQRFQVEYSSPTTVTRS QTSRESIiSHTRPPIiQSAQC 

H4

iIiNSTLRAHNQPHVJVrLTHSPSQNQQPKPSPPNRlTGRSSGRVR

(B)

FIGURE 1 Analysis of the BYDV-GAV MP primary 
structure. (A) Four ct-helices, HI—H4, are the major secon
dary structural features predicted for BYDV-GAV MP by 
computational prediction analysis. (B) The primary struc
ture of the HI Q-helix (residues 4-16 of BYDV-GAV MP) 
represented as a two-dimensional axial projections using 
the software of Ref. 30. Annotated numbers represent the 
relative locations of amino acid residues within the protein 
primary structure and hydrophobic residues are circled. It 
can be seen that the a:-helix possesses a narrow polar face 
and a wide hydrophobic face, clearly exhibiting significant, 
ampliiphilicity.

ces, transmembrane segments, and secondary structure 
elements was conducted using the software at the META 
PredictProtein Server (http://www.embl-heidelberg.de/pre- 
dictprotein/doc/metajnlro.html) using default options. Hydro- 
phobic moment analysis of protein sequences was per
formed according to Ref. 28. Essentially, the mean hydro- 
phobic moment ((/iH)) of putative a-helical segments 
was computed (Table I) with a moving window of 11 resi
dues, assuming an angular periodicity of 100° and using the 
normalized consensus hydrophobicity scale of Ref. 29. 
Graphical representations of ct-helices were obtained 
according to the software of Ref. 30, which provides a 
two-dimensional axial projection taken perpendicular to 
the helical long axis and assuming an amino acid perio
dicity of 100° (Figure IB).

Table I Mean Hydrophobic Moment, and Corresponding Mean Hydrophobicity, (Ho), 
of the Putative a-Helices of BYDV-GAV MP

BYDV-GAV
MP a-Helix

Residue
Numbers Sequence {hn} (Ho)

HI 4-16 GEQGALAQFGEWL 0.35 0.35
H2 29-39 LVDAQEEEGQI 0.25 -0.02
H3 42-52 LDQQAGLRYSY 0.11 -0.14
H4 71-81 TFRNAQRFQVE 0.52 -0.39

http://mendel.imp
http://www.embl-heidelberg.de/pre-dictprotein/doc/metajnlro.html
http://www.embl-heidelberg.de/pre-dictprotein/doc/metajnlro.html
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Table II PCR Primers and Their Usages

Primer Sequence11 Usage

WTF 5'-gatggatccatggcccaaggagagca-3' For amplification of the wild type ORF 4 fragment 
(in conjunction with primer UR)

M1F 5'-ggaggatccatgtggtccaacccaatc-3' - For amplification of the M1ORF4 fragmentb 
(in conjunction with primer UR)

UR 5/-tccggatcccgtactctccctgaact-3'
For amplification of the coding sequence 

of the mouse lamin B receptor gene
LBRF 5'-gcatggatccatgccaagtaggaagtttgttg-3'

LBRR S'-tatgggatccctgtaaatgtaggggaatatgcg-S'

* The underlined nucleotides form the flamHI restriction site,
b This fragment lacks the coding sequence for the first 16 amino acid residues of wild-type MP.

Construction of ORF 4-GFP Fusion 
Cistrons and Insect Cell Expression
To facilitate the construction of ORF 4-GFP (green fluores
cent protein) fusion cistrons for insect cell expression, the 
vector pFB-GFP was created by ligating the Bglll/Notl frag
ment containing the coding sequence of GFP and several 
unique restriction sites (Sail, Apal, BamHI, Agel)] from the 
pEGFP-lN plasmid (Clontech, USA) to BamHI/Notl-digested 
pFastBac (Invitrogen Life Technologies, USA). The unique 
BamHI site preceding the GFP cistron in pFB-GFP was sub
sequently used for accepting the polymerase chain reaction 
(PCR) fragments of either wild-type or mutant ORF 4 genes. 
All PCR fragments were obtained by amplification using the 
high-fidelity ExTaq polymerase (TaKaRa) according to the 
maker’s instructions. The PCR primers and their uses are 
listed in Table II. In all cases, efficient fusion between ORF 4 
fragments and GFP cistrons was confirmed by DNA sequenc
ing. The construct pFB-^ORF 4-GFP was designed to 
allow the expression of the wild-type MP-GFP fusion protein 
in insect cells. The construct pFB-M1ORF 4-GFP was for the 
expression of the Ml-GFP fusion protein, Ml differed from 
the wild-type MP by lacking the HI o-helix (Figure 1A), and 
the three residues (MAQ) preceding the helix. The above two 
constructs and the control construct (pFB-GFP) for express
ing free GFP proteins were introduced into the Sf21 insect 
cells using the Bac-to-Bac™ baculovirus expression sys
tem (Invitrogen Life Technologies, USA) according to the 
maker’s instructions. The baculovirus particles harvested 
from the initial two transfections were combined and used 
as inocula for subsequent transfection experiments.

To detect the expression of the fusion cistrons, cells 
were harvested at 72 h posttransfection. Protein extracts 
were prepared from the cells and were subsequently 
quantified according to the methods described in Ref. 31. 
For all samples to be compared, equal amounts of total 
proteins (20 /zg) were subject to sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and 
Western blot analysis following previously published pro
tocols.32 To detect GFP and GFP fusion proteins in the 
Western blot analysis, a commercial rabbit polyclonal 
antibody specific to GFP (Roche Biochemicals, USA) was 
used at a dilution of 1:4000. To visualize the antigen/antibody

reaction, goat antirabbit immunoglobulin G (IgG)-alkaline 
phosphatase conjugate (Sigma) was employed (at a dilution 
of 1:2000). The results of the Western blot analysis (Figure 
2) were recorded using a digital camera (Coolpix 990, 
Nikon).

To assist interpretation of the spatial patterns of GFP 
fluorescence observed in this study, a GFP fusion cistron 
of an inner nuclear membrane protein lamin B receptor 
(LBR) was expressed in insect cells, thereby facilitating 
the identification of their nuclear envelope (NE) structure. 
An LBR-GFP fusion protein has previously been demon
strated to associate predominantly with NE in animal 
cells.33 The complete coding sequence of mouse LBR34 
was amplified using PCR with specific primers (Table II) 
and was cloned into the BamHI site of pFB-GFP. The 
resulting construct pFB-LBR-GFP was expressed in the 
insect cells as described above. The spatial pattern of the 
observed LBR-GFP fluorescence in the insect, cells is 
shown in Figure 3.

Confocal Microscopy
Insect cells expressing the control GFP cistron or the 
ORF 4-GFP fusion cistrons were examined using a confo
cal microscope (FV500, Olympus) at 72 h posttransfec
tion. At this time point, expressing cells were generally 
intact and uniform in their shape. Optical sections were 
prepared for selected cells at a thickness of 0.35 /xm. 
Three-dimensional reconstructions of expressing cells 
using optical sections were conducted according to the 
instructions supplied with the confocal microscope 
(Figures 4 and 5).

FTIR Lipid Phase Transition Analysis
A peptide homologue of residues 4-16 of BYDV-GAV 
MP (those forming the HI a-helix, Table II) was supplied 
by PEPSYN, University of Liverpool, UK, which was 
produced by solid-state synthesis and purified by HPLC 
to a purity of greater than 99%. Dimyristoyl phosphati
dylcholine (DMPC) and dimyristoyl phosphatidylserine 
(DMPS) were purchased from Sigma (UK) and used to
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prepare small unilamellar vesicles (SUVs) according to 
previously published techniques.35 Essentially, lipid/ 
chloroform mixtures were dried with nitrogen gas and 
hydrated with aqueous N-[2-hydroxyethylpiperazine-N'- 
|2-ethanesulphonic acid] (HEPES) at pH 7.5 to give final 
phospholipid concentrations of 50 mAf. The resulting 
cloudy suspensions were sonicated at 4°C with a Soniprep 
150 sonicator (amplitude 10 p.) until clear suspensions 
resulted (30 cycles of 30 s), which were then centrifuged 
(15 min, 3000 x g, 4C’C). To give a final concentration of 
1 mAf, the peptide homologue of the o-helix was then 
solubilized in suspensions of these SUVs formed from 
either DMPS or DMPC. and as controls, suspensions of

GFP-fusion

SUVs formed from each lipid alone were prepared. These 
samples were then subjected to automatic temperature 
scans with a heating rate of 3°C (5 min)-1 and within the 
temperature range 0-60°C. For every 3°C interval, 50 
interferograms were accumulated, apodized, Fourier trans- 
fonned, and converted to absorbance spectra (Figure 6).36 
These spectra monitored changes in the 3 a acyl chain 
melting behavior of phospholipids; these changes were 
determined as shifts in the peak position of the symmetric 
stretching vibration of the methylene groups, i/s(CH2), 
which is known to be a sensitive marker of lipid order. 
The peak position of i/<(CH2) lies at 2850 cm-1 in the 
gel phase and shifts at a lipid specific temperature Tc to 
2852.0-2852.5 cm-1 in the liquid crystalline state.

WT
ORF4-GFP

GFF
PROTEIN

1

Ml
ORF4-GFP

3
.

— 48 kDa

FIGURE 2 Detection of expression products of the con
trol GFP cistron or the ORF 4—GFP fusion cistrons in insect 
cells by Western blotting. Identical amounts of protein 
extracts from samples were run in 10% SDS-PAGE, fol
lowed by electrotransfer of separated proteins to nylon 
membrane and Western blotting using GFP-specific poly
clonal antibody. Lane 1 shows free GFP protein expressed 
from the control GFP cistron. Lanes 2 and 3 exhibit the 
products specified by the w rORF4-GFP and M’ORF4-GFP 
fusion cistrons, respectively. The size of prestained protein 
markers (kDa) is indicated on the right side of the figure. 
The expected molecular mass of the free GFP protein is 
about 27 kDa, whereas those of the products by the 
wtORF4-GFP and MIORF4-GFP fusion cistrons are, 
approximately, 44 and 43 kDa, respectively.

RESULTS

Sequence Analyses of BYDV-GAV MR
The amino acid sequence of BYDV-GAV MP was 
analyzed using a variety of bioinfonnatic programs. 
No putative signal peptide sequences for targeting to 
chloroplasts, mitochondria, or the secretory pathway, 
were found; neither were classical monopartite or 
bipartite NLSs identified. No potential transmem
brane segment or GPI modification sites were identi
fied. The major secondary structural elements pre
dicted for MP were four a-helices H1-H4 (Figure 
1A). The mean hydrophobic moment (t/H) and corre
sponding mean hydrophobicity (H0) of each of these 
a-helices were computed (Table I) and it was found 
that for the HI a-helix, (^H) = 0.35 and (//0) = 0.35. 
These hydrophobic moment parameters are highly 
comparable to those of a number of known mem
brane-interactive a-helices, ranging from those of 
antimicrobial peptides37 to those of tilted peptides.38 
When modeled as a two-dimensional axial projection 
(Figure IB), the HI a-helix was shown to possess a 
narrow polar face and a wide apolar face predomi
nantly formed by strongly hydrophobic residues, 
clearly showing the a-helix to be amphiphilic.

Detection of the Expression 
Products of ORF 4-GFP Fusion 
Cistrons in Insect Cells
The ORF 4-GFP fusion cistrons, the expression prod
ucts of which were designated as WT-GFP and Ml- 
GFP, respectively, and a control GFP cistron, were 
expressed individually in the Sf21 insect cells as 
described above. Based on GFP fluorescence, the 
rates of cell infection were estimated to be in the 
range of 40-50% for all transfections using recombi
nant baculovirus particles as inocula. The accumula
tion of WT-GFP and Ml-GFP fusion proteins was
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10 yan

FIGURE 3 The nuclear envelope and endoplasmic reticulum structures of Sf21 insect cells 
revealed by the expression of a LBR—GFP fusion protein. In the Sf21 insect cell, LBR—GFP fluores
cence is predominantly associated with the nuclear envelope (arrowheads). Some LBR-GFP fluo
rescence is also found within the ER (arrows) that surrounds the nuclear envelope.

investigated at 72 h posttransfection. The results 
showed that the level of Ml-GFP was comparatively 
lower than that of WT-GFP (Figure 2). This reduced 
accumulation of Ml-GFP was consistently repro

duced in independent transfection experiments, there
fore eliminating experimental error, and did not 
appear to be due to cell proliferation arrest or cell 
death, as cell cultures transfected with WT-GFP pro-

(A)

FIGURE 4 Confocal microscopy of a representative insect cell expressing the ^ORFA-GFP 
fusion cistron. In (A), the bright held (a), fluorescent (b), and merged (c) images of the expressing 
cell show that the GFP fluorescence (and hence the fusion protein) is associated specifically with 
the nuclear envelope and that the expression of the fusion protein causes the formation of protru
sions (arrowed in b) on the outer surface of the nuclear envelope. In (B), GFP fluorescence in opti
cal sections are shown in (B) is the GFP fluorescence from different planes of the expressing cell 
(a-e) and in the image (f) are obtained after turning the reconstructed expressing cell by 10° (to the 
left). A total number of 69 optical sections (0.35 /J.m thickness per section) were collected. The 
numbers on the top of a-e indicate the positions of the sections in the optical series.
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FIGURE 5 Confocal microscopy of a representative insect cell expressing the MIORF4-GFP 
fusion cistron. In (A), the bright field (a), fluorescent (b), and merged (c) images of the expressing 
cell show that the GFP fluorescence (and hence the fusion protein) is associated specifically with 
the nuclear envelope and that the expression of the fusion protein causes protrusion formation 
(arrowed in b) on the outer surface of the nuclear envelope. However, the level of the protrusions 
seen here is not as extensive as that in the cell expressing the WTORF4-GFP fusion cistron (Figure 
4) with the relative reduction in these protrusions on the order of 80%. In (B), GFP fluorescence in 
optical sections are shown in (B) is the fluorescence from different planes of the expressing cell 
(a-c) and in the image (d) are obtained after turning the reconstructed expressing cell by 10° (to the 
left). A total number of 66 optical sections (0.35 //.m thickness per section) were collected. The 
numbers on the top of a-c indicate the positions of the sections in the optical series.

liferated similarly to those transfected with Ml-GFP. 
Most probably, the lower accumulation of Ml-GFP 
observed in insect cells resulted from reduced stabil
ity of the protein when compared to WT-GFP. This 
relative instability has been observed in plant cell 
expression experiments, where Ml-GFP was also 
found to accumulate to lower levels than WT-GFP 
(Xia and Wang, unpublished data).

Nuclear Envelope Association of 
WT-GFP and M1-GFP in Insect Cells
Before examining the spatial patterns of WT-GFP 
and Ml-GFP expression, information on the cellular 
structures of insect cells was required to enable the 
interpretation of GFP fluorescence data. In the Sf9

strain of insect cells, which were originally derived 
from the Sf21 insect cells used in this study,39 the 
endoplasmic reticulum (ER) was found to form an 
extensive network surrounding the nucleus.40 How
ever, to date there is little information on the NE in 
insect cells; to view the NE in Sf21 cells, a GFP 
fusion protein of the inner nuclear membrane protein 
lamin B receptor was expressed in these cells. Pre
vious studies on human cells have shown that an 
LBR-GFP fusion protein associated predominantly 
with the NE with only a small amount of the fusion 
protein residing in the ER, which surrounds the 
nucleus and forms a continuous net work with the 
NE.33 Figure 3 shows the localization of LBR-GFP 
in a representative Sf21 cell and most GFP fluores
cence can be seen to be closely associated with the
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FIGURE 6 Lipid phase transition analysis of a peptide 
homologuc of the BYDV-GAV HI sequence. Spectra rep
resent FTIR phase transition analysis of lipid in the pres
ence of a peptide homologous to the putative BYDV-GAV 
HI o-helix. In the absence of the peptide (□; A, 6. and C), 
the phase transition temperature (Tc) of DMPC was 
recorded as 25°C, that of DMPE as 51°C, and that of DMPS 
as 37°C. The presence of the peptide (■; A. B, and C) had 
no significant effect on either the Tc or membrane fluidity 
of DMPC membranes or DMPE membranes. In contrast, 
the presence of the peptide led to a strong decrease in the 
fluidity of DMPS membranes, accompanied by a strong 
increase in the Tc of these membranes, which was recorded 
as 44°C (Figure 6C).

NE (Figure 3, arrowheads in b). Additionally, a thin 
layer of GFP fluorescence can be seen, which is dis
tributed relatively continuously and evenly around 
the NE (Figure 3, arrows in b), and is probably asso
ciated with the ER surrounding the nucleus.

Having obtained a basic understanding of the ER 
and NE structures in insect cells, the spatial patterns 
of WT-GFP and Ml-GFP distribution in Sf21 cells 
was investigated using confocal microscopy. In cells 
expressing the control GFP cistron, GFP fluorescence 
was distributed uniformly in both the cytoplasm and 
nucleus, and there was no locally enhanced accumu
lation of GFP fluorescence in either the plasma mem
brane or the nuclear membrane (data not shown). In 
contrast, cells expressing the wild-type ORF 4-GFP 
fusion cistron showed GFP fluorescence, which sur
rounded the nucleus (Figure 4A) with locally 
enhanced accumulation of GFP fluorescence (Figure 
4A: arrows in b). Furthermore, for these latter cells, 
no GFP fluorescence was found to exist as a network 
around the nucleus; neither was GFP fluorescence 
detectable in the plasma membrane, the cytoplasm, or 
the nucleoplasm (Figure 4A). Based on the NE struc
ture revealed by LBR-GFP in insect cells (Figure 3), 
it was deduced that the wild-type MP-GFP fusion 
protein was likely to associate predominantly with 
the NE (although the possibility of minor association 
of MP-GFP fusion protein with the ER could not be 
excluded considering that the NE and ER exist as a 
continuous network in animal cells). In an attempt to 
increase the precision of imaging GFP fluorescence 
of the nuclear compartment, a series of 69 optical sec
tions was prepared from the cell imaged in Figure 4A 
and three-dimensional reconstruction of GFP fluores
cence was conducted. In sections cut near the surface 
areas of the nucleus, numerous islands of GFP fluo
rescence were found (Figure 4B: a and e). In sections 
cut close to the median plane, GFP fluorescence was 
observed in NE and fluorescent islands were located 
close to NE (Figure 4B: b and d). In the median sec
tion, a clear association of GFP fluorescence with NE 
was seen (Figure 4B: c) and the fluorescent islands 
were located on the outer surface of the NE (Figure 
4B: c). No GFP fluorescence was detected in the 
nucleoplasm in any of the 69 optical sections. Three- 
dimensional reconstruction confirmed that GFP fluo
rescence was distributed on the entire nuclear enve
lope and that the fluorescent islands were situated on 
the outer surface of the whole nuclear envelope sys
tem (Figure 4B: f). Taken together, these results indi
cate that in insect cells the WT-GFP fusion protein 
was associated with the nuclear envelope and that the 
fusion protein caused the formation of the protrusion 
like structures on the surface of the nuclear envelope.
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In the cell expressing the mutant ORF 4-GFP 
fusion cistron directing the synthesis of the Ml-GFP 
fusion protein, GFP fluorescence was also found to 
associate specifically with the NE (Figure 5). How
ever, the occurrence of fluorescent islands on the 
outer surface of the NE (Figure 5A: arrows in b) was 
reduced by approximately 80% when compared to 
the cells expressing the wild-type ORF 4-GFP fusion 
cistron. These observations suggested that the muta
tion in Ml-GFP did not affect the association of the 
fusion protein with the NE, but reduced its ability to 
promote the formation of the protrusions on the outer 
surface of the NE.

FTIR Lipid Phase Transition Analysis
Using FTIR spectroscopy, absorbance spectra repre
senting the effects of a peptide homologous to the 
BYDV-GAV HI ct-helix on the phase transition tem
perature and membrane fluidity of membranes 
formed from either DMPC, DMPE, or DMPS were 
derived as a function of temperature (Figure 6). Con
trol experiments recorded the lipid phase transition 
temperature, Tc, of DMPC membranes as 25°C (Fig
ure 6A), DMPE membranes as 5 DC (Figure 6B), and 
DMPS membranes as 37°C (Figure 6C). The pres
ence of the peptide homologue had no significant 
effect on either the Tc or the membrane fluidity of 
DMPC membranes (Figure 6A) or DMPE membranes 
(Figure 6B). In contrast, the presence of the peptide 
led to a strong decrease in the fluidity of DMPS mem
branes, accompanied by a strong increase in the Tc of 
the membranes with the gel to liquid crystalline phase 
transition occurring at 44°C (Figure 6C).

DISCUSSION

It has been proposed that MP of BYDV-GAV may 
function as a nucleocytoplasmic shuttling protein 
involved in genomic trafficking.22,23 Consistent with 
this proposal, the present study showed that MP asso
ciates predominantly with the NE when expressed in 
insect cells (Figure 5), clearly suggesting that the pro
tein has an inherent ability to target the NE. However, 
this cellular distribution of MP contrasts with that 
observed in whole virus infections, where the protein 
is also found in the cytoplasm and nucleoplasm. In 
virus-infected cells, MP associates with viral genomic 
RNA and a variety of viral and host cell proteins to 
promote both the intracellular and intercellular spread 
of B YDV,20,41 and it may be that these associations 
modulate the ability of MP to target the NE and

thereby the general distribution pattern of the protein 
in vivo.

Although able to target the NE, sequence analysis 
(Figure 1A) showed MP to lack classical NLSs and it 
would seem that the protein targets the NE via some 
unidentified signal(s). In this respect, MP resembles 
the human immunodeficiency virus (HIV) protein, 
Vpr, which is also a nucleocytoplasmic shuttling pro
tein involved in genomic trafficking and lacks classi
cal NLSs.42 Evidence suggests that Vpr targets the 
NE using several independent nonclassical NLSs, 
including one within the proteins arginine-rich C-ter- 
minal region42 and another within its extreme N-ter- 
minal a-helix43 Interestingly, MP was found to 
exhibit similar structural characteristics, possessing 
an arginine-rich C-terminus and a putative N-terminal 
tt-helix, HI (Figure 1A). The ability of the HI 
sequence to form an o-helix was recently demon
strated44 and analogy to Vpr invited the possibility of 
a role for this sequence in NE targeting by MP. How
ever, such a role would appear- to be unlikely as loss 
of the HI sequence appeared to have no significant 
effect on the levels of association shown between MP 
and the NE (Figure 5).

The presence of MP-induced protrusions, which 
appeared to emanate from the outer surface of the NE 
(Figure 4) and similar morphological changes to the 
NE have been associated with the nuclear import of 
genetic material during cell infection by a number of 
viruses.45,46 In the case of HIV infections, such pro
trusions are induced by the presence of Vpr and the 
eruption of these protrusions leads to the mixing of 
cytoplasmic and nucleoplasmic components. Based 
on these observations, it has been suggested that Vpr 
may induce localized destabilizations of NE architec
ture that help facilitate entry of the HIV preintegra
tion complex entry into the nucleus.46 The protru
sions seen in Figure 4 clearly suggest that MP is able 
to induce NE destabilization and comparison to Vpr, 
invites the conjecture that this ability may help MP 
facilitate the nuclear entry of BYDV proteins and 
genetic material.

It was found that removing the HI sequence 
(Table I) from MP led to a decrease of circa 80% in 
the levels of NE protrusions (Figure 5), suggesting a 
role for this sequence in the production of these pro
trusions and thereby MP-mediated destabilization of 
the NE. Supporting this suggestion, the HI sequence 
showed the potential to form an amphiphilic a-helix 
with a wide hydrophobic face, rich in bulky residues, 
and a narrow polar face, rich in glycine residues (Fig
ure IB). Such structural characteristics endow a-heli- 
ces with an effective wedge shape, which is used by a 
number of cv-helix forming peptides to assist in mem-
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branc destabilization,47-50 and possession of this 
molecular architecture suggests a similar potential for 
the HI a-helix. To test this potential experimentally, 
a peptide homologue of the HI a-helix was investi
gated for lipid interactivity. Currently, the specific 
lipid composition of the NE from either the cereal 
and grass cells targeted by BYDV or the Sf21 insect 
cells used in the present study is unknown. However, 
in FTIR-based studies, the zwitterionic phospholipid 
components of eukaryotic membranes are frequently 
represented by DMPC and DMPE, while the anioinic 
components are often represented by DMPS51-53; 
accordingly, these lipids were used here. Under our 
experimental conditions, the peptide homologue of 
the HI a-helix showed no ability to interact with 
either DMPC membranes (Figure 6A) or DMPE 
membranes (Figure 6B), suggesting no significant 
affinity for zwitterionic lipid. In contrast, the peptide 
homologue induced an increase of approximately 7°C 
in the phase transition temperature of DMPS mem
branes accompanied by a strong decrease in mem
brane fluidity (Figure 6C), clearly indicating an abil
ity to penetrate deeply into DMPS membranes and to 
interact with the lipid acyl chain region. Similar lipid 
selectivity have been shown for other a-helical pepti
des known to destabilize membranes, including tilted 
peptides, antimicrobial peptides, and toxins54-56; in 
combination, these results strongly support the sug
gestion that the N-terminal o-helix of MP may play a 
role in the MP-mediated destabilization of the NE.

In conclusion, the BYDV-GAV MP has been 
shown able to specifically target the NE, independent 
of other virally encoded factors. NE targeting by MP 
appears to lead to the formation of protrusions on the 
outer membrane surface, which for efficient produc
tion, requires the presence of an N-terminal segment 
of MP. This segment strongly penetrates anionic 
model membranes and appears to form a membrane 
interactive amphiphilic o-helix. We speculate that 
membrane destabilization via the use of this a-helix 
could assist BYDV-GAV, and other luteoviruses, to 
enter the nuclear compartment. This speculation may 
be supported by the recent demonstration that BYDV 
infection disrupts the normal function of host cell 
intracellular membrane systems and induces mem
brane vesicles containing viral nucleic acids.20 More
over, it is interesting to note that the N-terminal a- 

helix of MP resembles that of the influenza fusion 
peptide HA2, in that each is rich in glutamate resi
dues. It is well established that the low pH associated 
with the membrane surface leads to protonation of 
the negatively charged residues possessed by HA2, 
thereby effectively increasing the levels of hydro- 
phobicity exhibited by the peptide and its ability to

promote membrane fusion via membrane destabiliza
tion.50
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The barley yellow dwarf virus movement protein (BYDV-MP) requires its N-terminal 
sequence to promote the transport of viral RNA into the nuclear compartment of host 
plant cells. Here, graphical analysis predicts that this sequence would form a membrane 
interactive amphiphilic a-helix. Confirming this prediction, NT1, a peptide homologue of the 
BYDV-MP N-terminal sequence, was found to be a-helical (65%) in the presence of vesicles 
mimics of the nuclear membrane. The peptide increased the fluidity of these nuclear 
membrane mimics (rise in wavenumber of circa 0.5-1.0 cm-1) and induced surface pressure 
changes of 2 mN m_1 in lipid monolayers with corresponding compositions. Taken with 
isotherm analysis these results suggest that BYDV-MP forms an N-terminal amphiphilic a- 
helix, which partitions into the nuclear membrane primarily through thermodynamically 
stable associations with the membrane lipid headgroup region. We speculate that these 
associations may play a role in targeting of the nuclear membrane by BYDM-MP.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

Barley yellow dwarf virus (BYDV) is the causal agent of a 
yellow dwarf disease, which is epiphytotic of barley, wheat 
and oats with infection of these cereals by the virus leading to 
stunted growth and severe yield losses. This makes BYDV one 
of the most significant viral disease agents of small grain 
cereals worldwide and a better understanding of its often 
poorly understood plant infection mechanisms is of clear 
agronomic importance [21].

BYDV was first recognized as a new virus in 1951 [30] and is 
currently taken as the type member of the Luteoviridae family 
[26], The virus possesses a single stranded RNA genome [23,24] 
but in contrast to most other plant RNA viruses [10], infection

by BYDV appears to involve a nuclear phase. A number of 
studies have demonstrated the presence of BYDV genomic 
RNA, coat protein (CP) and movement protein (MP) in the 
nucleus of infected oat cells [6,27,28]. Electron microscopy [27] 
showed that filaments containing both viral RNA and MP were 
present in the cytoplasm, nucleus and nuclear pores of these 
infected oat cells for example. It is well established that plant 
virus MPs promote the intercellular and intracellular spread of 
the viral genome [2,7,13,20,25,29] but the role of these proteins 
in promoting the trafficking of BYDV genomic RNA into the 
nuclear compartment is far from clear. Most recently, some 
insight into this role was provided by a study on the ability of 
BYDV-MP to interact with the nuclear envelope (NE) of insect 
cells [22]. It was found that the protein was able to target the
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NE even though lacking classical monopartite (PKKKRKV) [15] 
or bipartite (KRPAATKKAGQAKKKK) [33] nuclear localization 
signals (NLSs). It also found that the association of BYDV-MP 
with the NE caused protrusions to emanate from its surface 
but that a lipid interactive N-terminal segment of the protein 
appeared to be required for efficient production of these 
protrusions [22]. It was speculated by these latter authors that 
the function of this N-terminal segment was to destabilize 
membranes, thereby assisting the entry of BYDV into the 
nuclear compartment. In the present study, we have used 
theoretical analyses, Fourier transform infrared spectroscopy 
(FTIR) and monolayer studies to investigate the ability of the 
BYDV-MP N-terminal segment to form membrane interactive 
secondary structure and to interact with the nuclear mem
brane. Our data strongly suggest that BYDV-MP forms an 
N-terminal amphiphilic a-helix, which partitions into the 
nuclear membrane primarily through thermodynamically 
stable associations with the membrane lipid headgroup 
region. While our results do not support the suggestion that 
the BYDV-MP N-terminal segment destabilizes the nuclear 
membrane, we speculate that it may play a role in targeting 
this membrane.

2. Materials and methods

2.1. Materials

A peptide homologue (NT1) of residues 4-16 (GEQGALAQF- 
GEWL) of the BYDV-MP N-terminal region [22] was supplied by 
Pepsyn (UK), synthesized by solid state synthesis and purified 
by HPLC to purity greater than 99%. Buffers and solutions for 
monolayer experiments were prepared from Milli-Q water. 
Dimyristoyl phosphatidylcholine (DMPC), dimyristoyl phos- 
phatidylserine (DMPS), dimyristoyl phosphatidylphinositol 
(DMPI) dimyristoyl phosphatidylethanolamine (DMPE) and 
sphingomyelin were supplied by Alexis (UK). All other 
reagents were purchased from Sigma (UK).

2.2. Graphical analyses

Graphical representation of the putative BYDV-MP N-terminal 
a-helix was obtained using Winpep software [14], which 
provides a two-dimensional axial projection taken perpendi
cular to the a-helical long-axis and assuming an amino acid 
residue periodicity of 100°.

2.3. Preparation of lipid vesicles

Nuclear membrane lipid mix, which possessed a lipid composi
tion representative of the nuclear membrane, was formed from 
a chloroform solution of PC, PE, PI, PS and sphingomyelin in the 
molar ratio 62:23:8:5:2 [19]. This lipid mix was then used to 
prepare vesicles according to Keller et al. [18]. Essentially, the 
lipid/chloroform mixtures were dried with nitrogen gas and 
hydrated with 10 mM aqueous N-[2-hydroxyethylpiperazine]- 
N'-[2-ethanesulphonic acid] (HEPES) at pH 7.5 to give final total 
lipid concentration of 50 mM. The resulting cloudy suspensions 
were sonicated at 4 °C with a Soniprep 150 sonicator (amplitude 
10 M-m) until clear suspensions resulted (30 cycles of 30 s), which

were then centrifuged (15 min, 3000 x g, 4 °C) and the super
natant retained.

2.4. FTIR analyses of NT1 conformational behavior in 
presence of lipid

To give a final peptide concentration of 1 mM, NT1 was 
solubilized in 10 mM aqueous HEPES (pH 7.5) or suspensions 
of vesicles, which were formed from nuclear membrane lipid 
mix, prepared as described above. Samples of solubilized 
peptide were spread on a CaF2 crystal, and the free excess 
water was evaporated at room temperature. The single band 
components of the BYDV-MP amide I vibrational band 
(predominantly C=0 stretch) was monitored using an FTIR 
‘S-DX’ spectrometer (Nicolet Instruments, Madison,'WI, USA) 
and for each sample, absorbance spectra produced. These 
spectra were analyzed and for those with strong absorption 
bands, the evaluation of the band parameters (peak position, 
band width and intensity) was performed with the original 
spectra, if necessary after the subtraction of strong water 
bands. In the case of spectra with weak absorption bands, 
resolution enhancement techniques such as Fourier self
deconvolution [17] were applied after baseline subtraction 
with the parameters: bandwidth, 22-28 cm"1, resolution 
enhancement factor, 1.2-1.4 and Gauss/Lorentz ratio of 
0.55. In the case of overlapping bands, curve fitting was 
applied using a modified version of the CURFIT procedure 
written by D. Moffat (National Research Council, Ottowa, 
Canada). An estimation of the number of band components 
was obtained from deconvolution of the spectra; curve fitting 
was then applied within the original spectra after the 
subtraction of baselines resulting from neighboring bands. 
Similar to the deconvolution technique, the band shapes of 
the single components are superpositions of Gaussian and 
Lorentzian band shapes. Best fits were obtained by assuming 
a Gauss fraction of 0.55-0.6. The CURFIT procedure measures 
the peak areas of single band components and after 
statistical evaluation, determines the relative percentages 
of primary structure involved in secondary structure forma
tion with a-helical structure occurring in the region of 1650- 
1655 cm"1 and p-sheet structures in the region of 1625- 
1640 cm"1.

2.5. FTIR analysis of NT1 effects on lipid phase transition 
properties

To give a final peptide concentration of 1 mM, NT1 was 
solubilized in suspensions of vesicles, which were formed 
from nuclear membrane lipid mix, prepared as described 
above. As controls, vesicles formed from this lipid mix alone 
were prepared. These samples were then subjected to 
automatic temperature scans with a heating rate of 3 °C 
(5 min)"1 and within the temperature range 0-60 °C. For every 
3 °C interval, 50 interferograms were accumulated, apodized, 
Fourier transformed and converted to absorbance spectra [5]. 
These spectra monitored changes in the 3 a acyl chain 
melting behavior of phospholipids with these changes 
determined as shifts in the peak position of the symmetric 
stretching vibration of the methylene groups, vs(CH2), which is 
known to be a sensitive marker of lipid order. The peak
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position of vs(CH2) lies at 2850 cm-1 in the gel phase and shifts 
at a lipid-specific temperature Tc to 2852.0-2852.5 cm-1 in the 
liquid crystalline state.

2.6. Langmuir-Blodgett studies on NTl-lipid monolayer 
interactions

2.6.1. Langmuir-Blodgett equipment
Monolayer studies were conducted at a constant temperature 
of 21.0 ± 1 °C using Langmuir-Blodgett equipment supplied by 
NIMA Technology (Coventry, UK). Studies were conducted 
using a Teflon trough with surface area dimensions of 
5 cm x 15 cm and holding a volume of 80 ml. The trough 
was equipped with moveable barriers, the position of which 
could be adjusted atarate of 5 cm2 min-1. For all experiments, 
a buffer subphase of 10 mM Tris buffer (pH 7.5) was utilized 
and this subphase was continuously stirred by a magnetic bar 
(5 rpm) and surface tension was monitored by the Wilhelmy 
method using a paper plate (Whatman’s Chi) in conjunction 
with a microbalance, as described by Brandenburg et al. [4]. 
Changes in monolayer surface pressure/area were recorded as 
graphic output on a PC using NIMA software, which interfaces 
with the Langmuir-Blodgett microbalance.

2.6.2. NT1 penetration of lipid monolayers at constant area 
Monolayers were formed by spreading chloroform solutions of 
nuclear membrane lipid mix, prepared as described above, 
onto the Tris buffer subphase. After spreading, the solvent was 
allowed to evaporate off over 30 min and then the monolayer 
compressed at a velocity of 5 cm2 min-1 to give a surface 
pressure of 30 mN m-1, which is mimetic of naturally 
occurring membranes [8]. Using barrier control, the lipid 
monolayer was maintained at this area throughout the 
experiment. NT1 was then injected into the subphase to 
achieve a final concentration of 20 m,M, which was determined 
as optimal for these experimental conditions, as previously 
described (9). Peptide monolayer interactions were recorded as 
changes in monolayer surface pressure versus time.

2.6.3. Compression isotherm analysis 0/NTl-lipid monolayer 
penetration
Monolayers were formed by spreading onto a buffer subphase 
chloroform solutions of either: DMPS, DMPI, DMPC, DMPE, 
sphingomyelin or nuclear membrane lipid mix, prepared as 
described above. The solvent was allowed to evaporate off

over 30 min and monolayers then compressed using a barrier 
speed of 5 cm min-1 either with NT1 absent from the 
subphase or included in the subphase at a final peptide 
concentration of 20 nM. Changes in monolayer surface 
pressure versus changes in area per lipid molecule of the 
monolayer were monitored and recorded. These isotherms 
were used to compute values of the Gibbs free energy of 
mixing (AGMix) for monolayers formed from nuclear mem
brane lipid mix, in the presence and absence of NT1. 
Essentially, AGm^ quantifies the stability of monolayer 
mixtures, thereby providing information on interactions 
between their components, and was computed according to 
the following equation (1):

AGMjx = y Ai,2...n - (X1A1 + X2A2 + •■• + XnAnjdTT (1)

where A^ 2.....n is the molecular area occupied by the mixed
monolayer, Alt A2l ..., An the area per molecule in the pure
monolayers of component 1,2,..., n; X!, x2...... xn the molar
fractions of the components and n is the surface pressure. 
These data were then recorded as the variation of AGMut with 
monolayer surface pressure (Table 1). Numerical data were 
calculated from compression isotherms using the methodol
ogy of Simpson [36].

The interaction parameter (a) relates the interaction of 
each molar fraction of components within a monolayer with 
the free energy of mixing. Values of a in the presence and 
absence of NT1 were computed (Table 1) according to the 
following equation:

RT(x;x2-- x„ + XiX5- -xn+ ••• +x1X2- -xs) v'

where X are the molar fractions of the components, R is 
8.314 J mol-1 K"1 and T is 294 K. These data were then used 
to compute values of monolayer mixing enthalpy (AH) in the 
presence and absence of NT1 (Table 1) according to the follow
ing equation:

(3)

where Z is the packing fraction parameter and calculated 
using the model of Quickenden and Tan [32].

Table 1 - The Gibbs free energy of mixing (AGMix), interaction parameter («) and enthalpy of mixing (AH) at varying surface 
pressure (tt) for monolayers formed from a lipid mix with composition representative of the nuclear membrane
Pressure, n (mN m-1)

?-*r. ’

5
10
1C
20
25
30

AGMix (J mol x)

-NT1 +NT1

86.9 -209.1
209.4 -466.7
336.6 -681.2
478.4 -897.0
608.8 -1079.5
750.4 -1261.7

AH (J mol-1)

-NT1 +NT1 -NT1 +NT1

2.1 x 10“ -5.0 x 104 2.5 x 107 -6.1 x 107
5.0 x 104 -1.1 x 10s 6.1 x 107 -1.4 x 108
8.0 x 104 -1.6 x 10s 9.8 x 107 -2.0 x 108
1.1 x 10s -2.1 x 10s 1.4 x 108 ■ . -2.6 x 10®
1.4 x 10s -2.6 x 10s 8.9 x 107 Pfrlp -3.1 x 10®
1.8 x 10s -3.0 x 10s 1.1 x 108 -3.7 xlO8

Values for these parameters were computed either in the presence (+NT1) or absence (-NT1) of NT1 using data from compression isotherms in 
conjunction with Eqs. (l)-(3), respectively, all as described in Section 2.

movement protein to promote interaction with the nuclear membrane of host plant cells, Peptides (2007). doi: 10.1016/
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3. Results

3.1. Graphical analysis

A graphical representation of the putative BYDV-MP N- 
terminal a-helix was obtained (Fig. 1). The a-helix was found 
to exhibit some degree of amphiphilicity with a wide 
hydrophobic face, which is composed of bulky apolar residues 
such as phenylalanine and leucine. Even so, it can be seen 
from Fig. 1 that a glutamate residue is centrally located in the 
apolar face of the NT1 a-helix and previous studies have 
shown that similarly located glutamate residues are impor
tant to the ability of some a-helical peptides to interact with 
membranes |37).

3.2. FTIR analyses of NT1 con/ormational behauior in 
presence of lipid

FTIR spectroscopy was used to perform conformational 
analysis of NT1 either in aqueous solution or in the presence 
of lipid vesicles with a lipid composition representative of the 
target nuclear membrane, prepared as described in the 
methods. In aqueous solution (Fig. 2A), the peptide primarily 
formed (J-type structures (> 95%) but adopted a-helical 
structure (65%) in the presence of the model nuclear 
membranes (Fig. 2B).

3.3. FTIR analysis of NT1 effects on lipid phase transition 
properties

FTIR spectroscopy was also used to investigate the effects of 
NT1 on the phase transition properties of vesicles formed from

Fig. 1 - Graphical analysis of the BYDV-MP N-terminal 
segment The figure shows a graphical representation of 
the BYDV-MP N-terminal sequence when represented as a 
two-dimensional axial projection, all as described in 
materials and methods. This a-helix possess a 
hydrophilic face, which is rich in glycine residues and 
polar residues (circled), and a hydrophobic face, rich in 
bulky residues such as phenylalanine and leucine with 
centrally placed glutamate residues.

1660 1640
Wavenumber (cm*1)

1660 1640 ie
Wavenumber (cm-1)

Fig. 2 - FTIR conformational analyses of NTl-membrane 
interactions. (A) Spectra representing FTIR conformational 
analyses of NT1, where annotated numbers indicate band 
peak absorbances, all as described in materials and 
methods. The figure shows that in aqueous solution NT1 
(1 mM) is predominantly formed from p-sheet type 
structures. In contrast, (B) shows that the peptide (1 mM) 
contains significant levels of a-helical structure (65%) in 
the presence of vesicles formed from a lipid mix with 
composition representative of the nuclear membrane 
(lipid to peptide ratio, 50:1).

a lipid mix with composition representative of the target 
nuclear membrane. It was found that in the absence of NT1, 
these model membranes melted over the temperature range 
25-45 °C with an accompanying increase in membrane 
fluidity, as indicated by a rise in wavenumber from 
2850.5 cm-1 to 2853.5 cm-1. The presence of the peptide had 
no significant effect on the melting temperature of these 
nuclear membrane mimics but caused a significant increase in 
their fluidity, indicated by a general rise in wavenumber of 
circa 0.5-1.0cm-1 (Fig. 3), which is consistent with lipid 
headgroup interactions.

3.4. langmuir-Blodgett studies on NTl-Iipid monolayer 
interactions

3.4.1. NT1 penetration of lipid monolayers at constant area 
Interaction between NT1 and monolayers formed from a lipid 
mix with a composition representative of the target nuclear
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Fig. 3 - FTIR lipid phase transition analyses of NT1- 
membrane interactions. The figure shows spectra 
representing FTIR phase transition analysis of the effects 
of NT1 (1 mM) on vesicles formed from a lipid mix with 
composition representative of the target nuclear 
membrane (Upid to peptide ratio, 50:1), all as described in 
materials and methods. In the absence of the peptide (O), 
these vesicles melted over the temperature range 25-40 °C 
with an accompanying increase in membrane fluidity, as 
indicated by a rise in wavenumber from 2850.5 cm-1 to 
2853.5 cm-1. The presence of the peptide (■) had no 
significant effect on the melting temperature of these 
vesicles but caused a significant increase in their fluidity, 
indicated by a general rise in wavenumber of circa 
0.5-1.0 cm-1.

membrane was investigated. These monolayers were at an 
initial surface pressure of 30 mN m-1 and maintained at 
constant area (Fig. 4). It was found that these interactions 
followed parabolic kinetics, which led to a final surface 
pressure change of 2 mN m_1 over 3000 s, which again would 
be consistent with lipid headgroup interactions.

3.4.2. Compression isotherm analysis o/NTl-lipid monolayer 
penetration
Isotherm analysis of monolayers formed from: DMPS, DMPI, 
DMPC, DMPE, sphingomyelin or nuclear membrane lipid mix 
were used to compute AGMix. in the presence or absence of 
NT1 (Table 1). Table 1 shows that for these monolayers 

< RT = 2444.316 J mol-1, indicating that deviations from 
ideal mixing behavior are small (35). Table 1 also shows for 
these monolayers, AGMix varies with surface pressure and 
according to the absence or presence of NT1. In the absence of 
NT1, values of AGMix > 0 were observed for these monolayers 
indicating energetically unstable interactions between their 
individual lipid components. However, in the presence of NT1, 
AGMix < 0, indicating that there are attractive interactions 
between the individual monolayer components, in turn, 
implying that the monolayer is stable. These values of AGMix 
for the lipid/peptide mix become increasingly more negative 
with increasing surface pressure, showing that at higher 
surface pressures, monolayers formed from nuclear mem
brane lipid mix are more stable than monolayers formed by 
their pure components.

h 32.5-

t 29.5

Time (s)

Fig. 4 - Monolayer analysis of NT1-membrane interactions. 
The figure shows the time course for interactions of NT1 
(subphase concentration 20 |xM) with monolayers formed 
from a lipid mix with composition representative of the 
target nuclear membrane and at an initial surface pressure 
of 30 mN m-1 mimetic of naturally occurring membranes, 
all as described in materials and methods. These 
interactions followed parabolic kinetics, which led to a 
final surface pressure change of 2 mN m-1 after 3000 s.

An important determinant of the susceptibility of mem
branes to perturbation by peptides is the packing character
istics of their individual component lipids [12]. To evaluate the 
nature of interactions between the component lipid molecules 
in monolayers formed from nuclear membrane lipid mix, the 
interaction parameter, a, and the mixing enthalpy, AH, were 
computed (Table 1). Previous work has observed the effect of 
peptides on the stability of such lipid systems [1,3]. It can be 
seen from Table 1 that in the absence of NT1, both a and AH > 0 
for these monolayers but in the presence of the peptide, a and 
AH < 0. These data confirm that these monolayers are 
thermodynamically more stable in the presence of NT1 than 
in the absence of the peptide.

4. Discussion

It has been recently reported that the N-terminal segment of 
BYDV-MP is instrumental in promoting the entry of the parent 
virus into the nucleus of host cells [22]. Here, we have 
investigated the ability of this segment to form lipid inter
active secondary structure using a range of theoretical and 
biophysical analyses.

Graphical analysis (Fig. 1) showed that the N-terminal 
segment of BYDV-MP possessed the potential to form an 
amphiphilic a-helix with structural characteristics typical of 
peptides active at the membrane interface. FTIR spectroscopic 
analysis confirmed that while NT1, a peptide homologue of 
this N-terminal segment predominantly formed p-type struc
tures in aqueous solution (Fig. 2A), it adopted high levels of a- 
helicity (65%) in the presence of vesicles that were mimetic of 
the nuclear membrane (Fig. 2B), conformational behavior that 
is characteristic of peptides active at a membrane interface 
[31]. It has previously been shown that NT1 adopts signifi
cantly lower levels of a-helicity in the presence of a variety of 
pure lipid vesicles both anionic and zwitterionic [11] and in 
combination, these data suggest that the lipid composition of

Please cite this article in press as: Dennison SR, et al.. Characterization of the N-terminal segment used by the barley yellow dwarf virus 
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the nuclear membrane is necessary to efficiently induce a- 
helical secondary structure in the peptide.

FTIR spectroscopy was also used to investigate the effect of 
NT1 on the phase transition properties of vesicles that were 
mimetic of the nuclear membrane (Fig. 2). It was found that the 
peptide had no significant effect on the melting temperature of 
these vesicles but caused a significant increase in their fluidity 
as indicated by a rise in wavenumber of circa 0.5-1.Ocm-1 
(Fig. 3). This effect is consistent with penetration of the 
membrane headgroup region by NT1, an observation, which 
was strongly supported by the levels of surface pressure 
change (2 mN m'1) induced by the peptide with monolayer 
mimics of the nuclear membrane (Fig. 4). The lipid mixture 
shows lower levels of stability than those reported for simple 
lipids systems (3] hence here the isotherm analysis showed 
that interaction with NT1 thermodynamically stabilized the 
lipid organization of these monolayers (Table 1). While 
therefore, our data support a role for a-helical structure in 
interactions between NT1 and the nuclear membrane, they 
show no evidence for the destabilization of membrane lipid 
packing by this structure as would be expected if a-helix was 
directly involved in supporting protein translation into the 
nucleus. While there is likely to be variation in the lipid acyl 
chain composition within the nuclear membrane compared to 
the lipid system used here our data suggest a model wherein 
the BYDV-MP N-terminal segment requires the interfacial 
environment of the nuclear membrane for the efficient 
adoption of a-helical structure, which then partitions into 
these membranes such that it is primarily associated with the 
headgroup region. In this association, the a-helical segment 
most likely accommodates its negatively charged glutamic 
acid residues (Fig. 1) in the anionic nuclear membrane through 
association of these residues with positive charge arising from 
polar and fully charged moieties in the membrane lipid 
headgroup region. Moreover, it is also noticeable that the 
BYDV-MP N-terminal a-helix possesses a tryptophan residue 
delimiting one side of its polar face (Fig. 1). These residues are 
known to preferentially locate at the interfacial region of a 
bilayer such that their aromatic ring systems interact with 
polar moieties in the headgroup region while their aliphatic 
chains extend into the hydrophobic membrane core region. 
Based on our model, the overall effect of partitioning into the 
nuclear membrane by the BYDV N-terminal a-helix would be 
to induce a thermodynamically stable association between 
this a-helix and the lipid architecture of the membrane. We 
suggest that if, as deletion analysis has shown (22], this 
sequence is needed for the transport of BYDV RNA, then it may 
therefore play a role in targeting and association with the 
nuclear membrane rather than protein translocation. The 
work of these latter authors and that of the present study 
appear to be among the first to describe the use of a-helical 
secondary structure by a luteoviral MP to aid viral genomic 
targeting of the nuclear membrane. In this vein, we have 
previously observed that BYDV-MP shows structural resem
blances to the HIV protein Vpr, in that each possesses an 
arginine-rich C-terminal region and an N-terminal a-helical 
region (22). Vpr, is also a nucleocytoplasmic shuttling protein 
involved in genomic trafficking that lacks classical NLSs but 
targets the NE using independent non-classical NLSs that 
reside within these C-terminal and N-terminal regions [16,34].
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Abstract

A key question associated with topology predictions for membrane proteins is whether there is sufficient variation in thi 
biophysical properties of residues at the membrane interface to enable identification of TM spans in a robust and efficien 
manner using relatively simple methods of analysis. Here, a test for the homogeneity of multinomial populations is used t< 
identify statistical differences between the residue compositions of windows within datasets of aligned non-homologous TIv 
a-helices. Using this approach, the accuracy and robustness of the predicted boundaries for datasets of uncleaved signal (US 
sequences and stop transfer sequences (ST) is tested. The validity of the 21 residue length, which is generally assumed fo 
TM spans in membrane protein topology prediction is also investigated and it is suggested that ST sequences may be bette 
represented by a length of 22 residues. (Mol Cell Biochem 275: 189-197, 2005)

Key words: amino acid residues, statistical test for the homogeneity of multinomial populations, stop transfer signal sequences 
transmembrane proteins, uncleaved signal sequences

Introduction

Transmembrane (TM) proteins represent between 20 and 
30% of all open reading frames in sequenced genomes and 
are critical components of key pathways for cell survival and 
for interaction with the environment [1]. Many TM proteins 
function as receptors and of these, by far the largest class is 
that formed by G-protein-coupled-receptors (GPCRs), which 
regulate the vast majority of physiological processes in mam
mals. As such, these receptors are of central importance to 
therapeutic practice and globally, a substantial proportion of 
all drugs prescribed are directed against GPCRs either di
rectly or indirectly as agonists or antagonists [2, 3],

In the search for new drug targets, elucidating the mem
brane topology of GPCRs, and other families of membrane

bound protein receptors has been a top priority of research ii 
the pharmaceutical industry. In particular, a primary focus o 
experimental research over the last two decades has been ti 
define the regions of TM proteins that are important for mem 
brane insertion and membrane orientation. These studies hav< 
established that the majority of TM proteins possess betweei 
one and twelve TM a-helical segments where these segment 
are formed by stretches of predominantly hydrophobic amim 
acid residues, generally ranging in length between 20 and 2‘ 
residues [4-6]. These studies have also shown that TM pro 
teins are able to adopt a diverse range of membrane topolo 
gies, which are directed by a variety of determinants, includ 
ing TM a-helicai segments that may function as: cleavei 
signal sequences, which are enzymatically removed from 
precursor protein after guiding membrane insertion, type
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g l. Determinants of transmembrane protein topology. Fig. 1 shows representative examples of the differing membrane topologies adopted by TM proteins 
id the roles of their TM spans in determining these topologies. Fig. 1A shows the membrane topology of the coliphage gene 111 protein, which is produced 
a precursor form with a cleavable signal (CS) peptide. This signal induces C-terminal translocation of the protein and is removed by a signal peptidase 

ther during or after membrane insertion. Translocation of the gene III protein is halted by a stop transfer (ST) signal in its C-terminal region. Figs. IB 
id 1C show the membrane topologies of the Pf3 coat protein and FtsQ protein, respectively. The first of these proteins possess a type 1 signal sequence, 
hich promotes translocation of the N-terminal region of the protein whilst the second of these proteins possesses a type II signal sequence, which promotes 
unslocntion of the C-terminal region of the protein. In both cases, these are uncleaved signal (US) sequences, which remain to function as a membrane 
ichors for their respective proteins. Fig. ID shows the membrane topology of the MalF protein, which possesses 8 TM segments. To promote this topology, 
igments I, 3, 5 and 7 of the protein function as type II US sequences, initiating C-terminal translocation, whilst segments 2, 4, 6 and 8 serve as ST 
gnals to stop translocation of the C-terminal region. In addition to those described here, a variety of other topologies are known for TM proteins and it is 
rcoming increasingly clear that the topogenic functions served by the TM spans of these proteins are more diverse than at first believed. Fig. 1 was adapted 
om [7],

nd type D uncleaved signal (US) sequences, which function 
s anchor domains after guiding membrane insertion, or stop 
•ansfer (ST) sequences, which halt the membrane transloca- 
on of a protein and then serve as membrane anchor domains 
7, 8] (Fig. 1).

Despite some progress [9, 10), a major impediment to the 
xperimental elucidation of factors that mediate TM protein 
apogenesis has been the lack of high resolution structures 
or these proteins with only fifty or so such structures cur- 
snlly available [11). In response, a variety of bioinformatic 
pproaches have developed models, which attempt to pre- 
ict the topology of TM proteins using sequence information 
lone [4]. A major advance in the power to predict the mem- 
rane topology of TM proteins came when the residue com- 
•ositions of loops that interconnect the TM ot-helices of these 
•roteins were statistically analysed. These analyses showed 
bat the cytoplasmic loops of TM proteins were enriched with 
Kisitively charged residues when compared to periplasmic 
oops [12). It has since been unequivocally demonstrated 
hat positively charged residues, which flank the cytoplas- 
nic end regions of TM protein membrane-spanning seg- 
nents act as a determinant for the membrane topology of 
hese proteins. Known as the positive-inside rule [13], this 
opogenic determinant forms the basis of a number of pro- 
xammes that are designed to predict TM protein topology 
14).

The interconnecting loops of TM protein a-helices show 
great variability in both length and residue composition, 
which can include positively charged residues that are not 
necessarily involved in topology determination [15]. More
over, the interface of these loops with TM a-helices can 
be blurred by the presence of functional charged residues 
within the predominantly hydrophobic end regions of these 
a-helices. Whilst new mathematical techniques such as Hid
den Markov Models [4] have attempted to deal with this, 
the key question remains - is there sufficient variation in 
the biophysical properties of residues at the membrane inter
face to enable simple identification of TM spans in a robust 
and efficient manner? The questions of both the assumed 
length of TM spans and of accurate boundary prediction for 
these spans is of great importance to the molecular mod
elling of TM proteins. Nonetheless, these questions seem to 
have been the subject of relatively few investigations when 
compared to the number of those that focus on the overall 
membrane topology of TM proteins. In response, the present 
study uses a test for the homogeneity of multinomial popu
lations to statistically compare the residue compositions of 
windows within datasets of aligned TM a-helices. Based on 
these comparisons, the accuracy and robustness of boundaries 
predicted for datasets of US and ST spans are tested. The va
lidity of the 21 residue length, which is generally assumed for 
these sequences is also investigated and it is suggested that
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ST sequences may be better represented by a length of 
22 residues.

Experimental

Dataset assembly and analysis

Sequences of TM proteins with experimentally confirmed 
topology were extracted from the Swiss-Prot data bank [16]. 
The homology of these sequences was tested using the se
quence alignment program BLAST [17, 18] and those with 
no significant levels of homology (<5%) were retained to 
form an initial dataset of 84 sequences. For each of these se
quences. putative TM or-helical segments were then identified 
using the membrane topology prediction program Toppred2 
[12, 13], which was set to use a window of 21 residues (core 
window of n = 11 with wedge windows of q = 5) and the 
GES hydrophobicity scale [19], A total of 403 potential TM 
a-helices were identified of which 151 were predicted to be 
uncleaved signal sequences (US) and 127 were predicted to 
be stop transfer sequences (ST). These US and ST sequences 
were used to form separate datasets, and for each dataset, the 
member sequences were orientated such that their respective 
cytoplasmic and periplasmic ends were positionally aligned

as shown in Fig. 2. Each dataset of aligned sequences w; 
then extended by four residues at both their cytoplasmic ar 
periplasmic ends, increasing the total length of member S' 
quences to 29 residues (Fig. 2). To avoid the overlapping i 
extended TM sequences, 21 residue TM sequences that we 
connected by loops with less than 6 residues were remove 
from these datasets, which reduced the membership of tl 
ST and US datasets to 107 and 131 sequences, respective! 
For these datasets, the residues located at either end of ea< 
21 residue TM span were deemed to occupy position 0, , 
shown in Fig. 2. The cytoplasmic and periplasmic bounda 
windows of these TM spans were then defined as the fr 
residue sequences that occupy positions 0 to 4-4 and 4-4 
0, respectively, indicated by the two blocks of residues hig 
lighted in Fig. 2. Five residue windows were used througho 
the present study and comparisons between residues cour 
for TM span windows were conducted using a statistical te 
for the homogeneity of multinomial populations as describi 
below. To characterise comparisons between cytoplasmic ai 
periplasmic windows, the notation [u, v] was adopted whe 
(u) represents the starting position of the cytoplasmic wi 
dow and (v) represents the final position of the peripla 
mic window. Thus comparison of these boundary windo\ 
for the TM spans described in Fig. 2 would be denoted 
[0, 0],

„ Defined positions of extended TM spans 

-4 -3 -2 -1 0 +1 +2 +3 -M +5 +6 +7 +8 +8 +7 +6 +5 44 4-3 42 41 0 -1 -2 -3 -4

SliilliliiitiiigIB mi
mmm

n-l I 
n I

Predicted cytoplasmic Predicted periplasmic
boundary window boundary window

------------------------------- >- Positive displacement ------------------------------

------------------------------- Negative displacement ------------------------------->-

Fiff. 2. Conventions used in the analyses of TM spans. Fig. 2 shows that for the analyses of the present study, TM spans were aligned sequences and extendec 
four residues at both their cytoplasmic and periplasmic ends. The residues located at either end of each 21 residue TM span were deemed to occupy positioi 
The cytoplasmic and periplasmic boundary windows of these TM spans were then defined as the five residue sequences that occupy positions 0 to 4-4 and +< 
0, respectively. Five residue windows were used throughout the present study and to characterise comparisons between cytoplasmic and periplasmic windo 
the notation [u, v] was adopted where (u) represents the starting position of the cytoplasmic window and (v) represents the final position of the periplasi 
window. Thus comparison of the boundary windows for the TM spans described in Fig. 2 would be denoted as [0, 0],
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Statistical comparison of window residue counts 
between TM span windows

The residue composition of a window in a TM span was 
considered to be statistically independent, i.e. it was assumed 
that the probability of a particular residue occupying any 
position is not affected by other residues occupying other 
positions. Furthermore, the residues counts (ni,..njo). for 
a fixed number of TM spans were considered to follow a 
multinomial distribution, as previously described [20].

To enable comparisons to be made between boundary win
dow counts from the sequences of the US and ST datasets, 
the standard Pearson /2 goodness-of-fit statistic [21] was 
calculated:

20
= ££

/=] j~\

(njj - njpijf

njPU
d)

where x2 is the test statistic; ny the number of residues of 
type j (observed) for boundary windows of type i; n/ the 
number of residues in boundary window of type i; py the 
probability of obtaining residue of type j in boundary win
dows of type i\ with x2 being asymptotically distributed as 
a chi square statistic. The test was conducted under the null 
hypothesis that the probabilities of occurrence for each of the 
j residues are identical for the two boundary window types, 
Pij = pji, i = 1,2. Furthermore, as it is clear that these data 
follow a multinomial distribution, the maximum likelihood 
estimator, pj, forpy, y — 1, ..., 20, is given by:

A nij+n2j
Pi = ■ J-T—«j + n2

and substituting this into equation 1 gives:

2 _ Y' [ (nv - nil(nij + n2j)/(ni + n2)})2 1
* tt|[(«iy +rt2;)/(ni +n2)] i

with (2 - 1) x (20 - 1) = 19 degrees of freedom. In the 
special case, where n\ = n2, equation 2 reduces to:

o V*' (nlj ~ n2j)^
X- = 2^ „ I y.----7^ nij+nij

This can be shown as follows: 
For n) = n2

(3)

n ] -j- = 2n
/ HtJ + n2j 
\ ri\ +n2

{nij + n2j
\ fl) + ^2

= -(n\j + n2j)

Therefore, equation 2 becomes:

+ fl2j))S | ~ ;(fli7 + fl2j))2\

l2(nij + n2j) J j^\ jCrtij + n2j) J

— Y ( ^niJ ~ _j_ y (~ ni/)2\
{(n\j+ n2j) ) J^K^tUj+ny))

2 _ Y ~ nV?
nij+n2j

since (n];- — n2j)2 = (n2j — nij)2.

The comparison of boundary windows by residue 
composition-

The residue compositions of predicted cytoplasmic and 
periplasmic boundary windows for TM spans were examined 
for differences. For the aligned US and ST datasets, respec
tively, the relative frequencies of residues in these boundary 
windows were obtained and compared using the goodness- 
of-fit statistic of equation 3. Further analysis using equation 
3 was then conducted to establish if there is a difference be
tween the residue compositions of boundary windows when 
compared between the US and ST datasets.

The accuracy of predicted boundaries

For the aligned ST and US datasets, respectively, the cyto
plasmic and periplasmic boundary windows were simulta
neously displaced by successive 1 residue increments in the 
positive direction as defined in Fig. 2. For each displacement, 
residue frequencies in the newly generated cytoplasmic and 
periplasmic windows were determined and then compared 
using equation 3. These analyses were then repeated except 
that windows were displaced in the negative direction as de
fined in Fig. 2. For each dataset, the window comparisons 
made were: [+3, +3], [+2, +2], [+1, +1], [0, 0], [—l, —1], 
[-2, -2] and [-3, -3].

The robustness of boundaries to systematic displacements

For the aligned ST and US datasets, respectively, the pre
dicted cytoplasmic boundary window of member TM spans 
was displaced by either 1, 2 or 3 residues in a positive direc
tion as defined in Fig. 2. For each displacement, the residue 
composition of the newly generated cytoplasmic boundary 
windows was established and compared to the original pre
dicted cytoplasmic boundary window using equation 3. These 
tests were then repeated for displacements in a negative direc
tion as defined in Fig. 2. Corresponding analyses were also
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Table I. The relative displacements used when testing the robustness of the 
US and ST dataset boundary windows by randomisation

Maximum boundary window displacement

Analysis 1 -1 0 +1
Analysis 2 -2 -1 0 +1 +2
Analysis 3 -3 -2 -I 0 +1 +2 +3
Analysis 4 —4 -3 -2 -1 0 +1 +2 +3 +4

For each analysis, numbers refer to the possible displacements along the 
primary structure of a TM protein under investigation whilst the sign refers 
to direction, either positive or negative as defined in Fig. 2.

performed for the periplasmic boundary windows of the ST 
and US datasets.

The robustness of boundaries to randomisation

For the aligned ST and US datasets, respectively, the pre
dicted cytoplasmic boundary window was randomly dis
placed by residue increments according to the schema of 
Table 1. The residue frequencies of the randomly generated 
cytoplasmic boundary windows were obtained and then com
pared to those of the original predicted boundary windows us
ing equation 3. Corresponding analyses were then performed 
for the periplasmic boundary windows of the ST and US 
datasets.

Validity of assumed lengths for TM spans in topology 
prediction

For the aligned ST and US datasets, respectively, the cytoplas
mic and periplasmic boundary windows were systematically 
displaced by 1 residue increments such that the 21 residue 
length of TM spans was maintained. The newly generated 
boundary windows were then compared using equation 3. 
For each dataset, the window comparisons made were: [—4, 
+4], [-3, +3], [-2, +2], [-1, +1], [0, 0], [+1, -1], [+2, 
—2], [+3, ~3] and [+4, —4], Corresponding analyses were 
then conducted for lengths of 22 and 23 residues to estab
lish whether the average length of TM spans differs from the 
assumed 21 residues.

Results
The comparison of boundary windows by residue 
composition

Comparison of the cytoplasmic and periplasmic boundary 
windows of the US dataset produced a value of p = 0.3626

whilst the corresponding comparison for the ST dataset pro
duced a value for p of 0.1132. These results indicate that 
at the 10% significance level, there is no evidence that the 
residue compositions of these boundary windows differ in 
the case of either dataset. Based on these results, the residue 
counts for the cytoplasmic and periplasmic boundary win
dows were combined for each dataset, thereby increasing 
the power to test for differences in residue composition be
tween the datasets. Usin<* these combined counts, compari
son of US and ST boundary windows by the goodness-of-fit 
statistic of equation 3 produced a non-significant result with 
p — 0.6825, showing that the two datasets exhibit no signifi
cant differences in the residue compositions of their boundary 
windows.

The accuracy of predicted boundaiy windows by residue 
composition

The accuracy of the predicted boundary windows for the US 
and ST datasets was examined by expanding or contract
ing member sequences equally at both ends to generate new 
boundary windows and then comparing the residue composi
tions of these windows. These analyses showed that when TM 
spans were expanded and [*-1, —1] comparisons conducted, 
differences in window residue compositions were highly sig
nificant at the 1% level with p = 0.0007 and 0.0016 for the 
US and ST datasets, respectively (Table 3). The p values re
mained highly significant at the 1 % level (Table 2) for [—2, 
—2] and [—3, —3] comparisons (Table 2).

However, [+1, +1] window comparisons showed that dif
ferences between the residue compositions of these boundary 
windows were non-significant with p = 0.8281 and 0.2684 
for the US and ST sequences, respectively. The p values for 
[+2, +2] and [+3, +3] comparisons were also found to be 
non-significant. It can be deduced from these results that the 
original predicted boundary windows of the datasets exam
ined flag locations where highly significant changes to the 
residue compositions of windows occur.

The robustness of US dataset boundary windows 
to systematic displacements

The robustness of residue composition in the boundary win
dows of the US dataset to systematic displacements was ex
amined. One boundary window was kept static and the other 
displaced, thus generating a new window. The residue com
position of the newly generated window was then compared 
to that of the original predicted boundary window prior to 
displacement. When the cytoplasmic boundary window of 
this dataset was negatively displaced to position — 1, changes 
to window residue composition were highly significant with
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Table 2, The accuracy of predicted boundary windows by residue composition

Windows
compared [-3,-3] [-2,-2] [-1,-1] [0, 0] [+1, +1] [+2, +2] [+3, +3]

US

ST

<I0"6 <10-5

0.0022 0.0005
0.0007

0.0016
0.3626 0.8281 0.8987 0.9337

0.1132 0,2684 0.7571 0.5858
in th*ir n?cVd SJ ^ P^ted cytoplasmic and periplasmic boundary windows were simultaneously displaced by I residue increments
were Hisnl»^C ^?10n s “mpositions of ^ newly generated windows compared. These analyses were then repeated except that windows
denoted r ^ rht P obtained for aI1 window residue comparisons are shown, in Table 2 where windows compared are
[2l7^ « d«criJ in™^ COmpariS°n °f Wind0w residue ^^itions was calculated using the standard Pearson x2 goodness-of-fit statistic

p < 0.005. Displacements of the cytoplasmic boundary 
window in the same direction to positions —2 and —3 also 
led to changes in window residue composition, which were 
highly significant (Table 3). In contrast, when the cytoplas
mic boundary windows were displaced to positions -f-1 and 
+2 at the cytoplasmic end of the US dataset, p values indi
cated that differences in window residue composition were 
not significant (Table 3).

Corresponding displacements for the periplasmic bound
ary window of the US dataset were performed. When dis
placed to position -1 at the periplasmic end of the US dataset, 
no significant changes in window residue composition were 
indicated (Table 3). However, displacement of the periplas
mic boundary window to position -2 in the same direc
tion indicated that there were significant changes to window 
residue composition (Table 3). In contrast, when the periplas
mic boundary windows were displaced to positions +1 and 
+2 at the periplasmic end of the US dataset, p values indi
cated that differences in window residue composition were 
not highly significant (Table 3).

fable 3. The robustness of US dataset windows to systematic displacements

^sitional
lisplacement
if windows —2 —1 4.1

-yioplasmic window p < 0.00005 p < 0.005 p = 0.8661 p = 0.0506 
comparisons

’eriplasmic window p = 0.000125 p = 0.2955 p = 0.9527 p = 0.0513 
comparisons

w the US dataset, the periplasmic boundary window was kept static and 
fie cytoplasmic boundary window was displaced by 1 residue increments
I its positive direction (Fig. 2). The residue compositions of the newly 
enerated windows were compared to those of the original windows prior 
f? displacement. These analyses were then repeated except that windows 
'(ire displaced in the negative direction (Fig. 2). Corresponding analyses 
'ere then performed where the cytoplasmic boundary was window kept 
intie and the periplasmic window displaced. The p values obtained for
II window residue comparisons are shown in Table 3 and were calculated 
sing the standard Pearson x2 goodness-of-fit statistic [21], all as described 
1 experimental.

The robustness of ST dataset boundary windows 
to systematic displacements

The robustness of residue composition in the boundary win
dows of the ST dataset to systematic displacements was ex
amined using analyses that were analogous to those described 
above for the US dataset. When the cytoplasmic boundary 
window of the ST dataset was negatively displaced to po
sition —1, no significant differences in residue composition 
between the displaced boundary window and that of the orig
inal predicted windows was indicated with p = 0.2222 (Ta
ble 4). However, displacement of the periplasmic boundary 
window to position —2 in the same direction indicated that 
there were significant changes to window residue composi
tion. In contrast, when the cytoplamic boundary windows of 
the ST dataset were displaced to positions -f 1 and +2 at the 
cytoplasmic end of the US dataset, p values indicated that 
differences in window residue composition were not highly 
significant (Table 4),

When the periplasmic boundary windows of the ST dataset 
were displaced to either position -1 or +1 at the periplasmic 
end of the dataset, no significant differences in residue com
position between the displaced boundary windows and that of 
the initial predicted windows was indicated with p = 0.3695 
(Table 4) and p = 0.4396 (Table 5), respectively. However, 
when these boundary windows were displaced to either posi
tion —2, +2 or 4-3, p values indicated differences in window 
residue compositions, which were highly significant in the 
latter case with p = 0.00003 (Table 4).

The robustness of boundary windows to randomisation

Using the aligned ST and US datasets, tests were conducted 
to establish the robustness of the boundaries predicted by 
Toppred2 to random perturbations. For each dataset, the cyto
plasmic boundary window was kept static and the periplasmic 
window randomly displaced. The newly generated periplas
mic windows were then compared to the original predicted 
periplasmic window. Corresponding analyses were then per
formed where the periplasmic boundary window was kept
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Table 4. The robustness of ST dataset windows to systematic displacements

Positional displacement of windows -2 -1 + 1 4-2 +3

Cytoplasmic window comparisons 

Periplasmic window comparisons
p < 0.00005

p - 0.003
p = 0.2222

p = 0.3659
p = 0.9964

p = 0.4396
p = 0.9032

p = 0.0175
p < 0.4281

p < o.oooo:
For the ST dataset, the periplasmtc boundary window was kept static and the cytoplasmic boundary window was displaced by 1 residue increments in it
positive direction (Fig. 2). The residue compositions of the newly generated windows were compared to those of the original, windows prior to displacemenl 
These analyses were then repeated except that windows were displaced in the negative direction (Fig. 2), Corresponding analyses were then performed when 
the cytoplasmic boundary was window kept static and the periplasmic window displaced. Thep values obtained fpr ail window residue comparisons are showi 
in Table 4 and were calculated using the standard Pearson x~ goodness-of-fit statistic [21], all as described in experimental.

Table J, The robustness of boundary windows to randomisation

US dataset
Maximum positional ±1 ±2 ±3 ±4

displacement of 
boundary window

Cytoplasmic window p = 0.9949 p ~ 0.7839 p 0.2493 p = 0.0985 
comparisons

Periplasmic window p = 0.999 p = 0.9875 p ~ 0.9738 p = 0.9233 
comparisons 

ST dataset

Maximum positional ±1 ±2 ±3 ±4
displacement of 
boundary window

Cytoplasmic window p = 0.8949 p = 0.7839 p ~ 0,7943 p - 0.4985 
comparisons

Periplasmic window p = 0.945 p = 0.8775 p = 0.8738 p = 0.5233 
comparisons

For the ST and US datasets, respectively, the cytoplasmic boundary win
dow was kept static and the periplasmic window randomly displaced in 
both the positive and negative directions according to the schema of Ta
ble 1. The newly generated periplasmic windows were then compared to the 
original predicted periplasmic window. Corresponding analyses were then 
performed where the periplasmic boundary window was kept static and the 
cytoplasmic window was randomly displaced, The p values obtained for all 
window residue comparisons are shown in Table 5 and were calculated us
ing the standard Pearson x2 goodness-of-fit statistic [21], all as described in 
experimental.

static and the cytoplasmic window was randomly displaced. 
These window residue comparisons gave rise to values of 
P > 0-5 for the US dataset and p > 0.4 for the ST dataset 
(Table 5), indicating no significant differences in boundary 
window residue composition and therefore, that the initial 
predicted boundary windows are generally insensitive to 
these random displacements.

Validity of assumed lengths for TM spans in topology 
prediction

Using the aligned ST and US datasets, it was attempted to 
establish whether the generally assumed average length of 
21 residues used for TM span prediction is a valid assump
tion. For each dataset, cytoplasmic and periplasmic boundary

windows were systematically displaced by 1 residue incre
ments in the positive direction (Fig. 2) such that the residue 
length of TM spans was maintained at either 21, 22 or 2; 
residues. These analyses were then repeated except that win
dows were displaced in the negative direction (Fig. 2) and the 
new boundary windows thus generated were then compared 

For the US dataset, when a TM span length of 21 residue: 
was assumed, the p values of all window residue compar
isons were highly significant with p < 10-6, except for [0 
0] comparisons, which were non-significant with p = 0.362f 
(Table 6). Similar results were obtained for a corresponding

Table 6. Validity of assumed lengths for TM spans in topology prediction

A. Assumed TM span length of 21 residues
Windows compared [-3, +3] [-2, +2] [-1.+I] [0, 0]
US dataset p < 10“6 p < 10~fl p < 10~6 p = 0.4626
ST dataset A o j p < 10~6 /? = 0.1113 p = 0.1132

A. Assumed TM span length of 21 residues
Windows compared [+i,-i] [+2, -2] [+3, -3] [+4, -4]
US dataset p < 10“6 p < jo-6 p < 10"6 p < io-6
ST dataset p < 10~6 p < 10~6 p < I0~6 p < 10"6

B. Assumed TM span length of 22 residues
Windows compared [-4, +3] [“-3,4-2] [—2, +1] [-1,0]
US dataset p < 10~6 p < 10~6 p < lO”6 p < io-4

ST dataset 1OVs*. p < 10“6 p < 10“6 p = 0.5531
B. Assumed TM span length of 22 residues

Windows compared [0, — I] [+1,-2] [+2, -3] [+3, -4]
US dataset p < 10"6 p < lO"6 p < 10“6 p < 10"6
ST dataset p < 10”6 p < 10"6 p < 10"6 p < 10”6

For the US and ST datasets, respectively, cytoplasmic and periplasmic 
boundary windows were systematically displaced by 1 residue increments 
in the positive direction (Fig. 2) such that the length of TM spans was 
maintained at 21 residues and the newly generated boundary windows com
pared. These analyses were repeated except that windows were displaced 
in the negative direction (Fig, 2). Corresponding analyses were then per
formed where a TM span length of 22 residues was maintained. Thep values 
obtained for all window residue comparisons are shown in Table 6 where 
windows compared are denoted by the [«, v] convention and the comparison 
of window residue compositions was calculated using the standard Pearson 
X2 goodness-of-fit statistic [21], all as described in experimental.
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analysis of the ST dataset when a TM span length of 
21 residues was assumed, except that in addition to [0, 0] 
window residue comparisons, which were non-significant 
with p = 0.1132, [—1, +1] comparisons were also non
significant with p = 0.01113 (Table 6). This result implies 
an uncertainty in the predicted boundary positions of the ST 
dataset when a span length of 21 residues is assumed. How
ever, this uncertainty disappears when a TM span length of 22 
residues is assumed for the ST dataset as then only [—1, 0] 
window comparisons are non-significant with p = 0.5531 
(Table 6). For an assumed TM span length of 23 residues, 
the p values for all window residue comparisons conducted 
for both the US and ST datasets were highly significant 
with p < 10*"3, indicating that this span length is not suit
able for topology prediction. These results imply that the 
assumed TM span length of 21 residues is reasonable for the 
prediction of US sequences but that 22 residues may be a 
more reasonable length to assume for the prediction of ST 
sequences.

Discussion

Detailed structural information for TM proteins is relatively 
scarce [11] and combined with the medical importance of 
these molecules [2, 3], this has led to the need for bioinfor- 
matic approaches, which attempt to predict the membrane 
topology of these proteins using only primary sequence data 
[4]. In the present study a test for the homogeneity of multi
nomial populations is used to identify statistical differences 
between the residue compositions of windows within datasets 
of aligned TM spans and these difference are then used to in
vestigate the properties of the boundaries predicted for these 
spans. Using this approach it was shown that the end regions 
of TM spans exhibited no statistical differences in residue 
composition at the 5% level either within or between the US 
and ST datasets analysed. However, it was deduced (Table 2) 
that these end regions, coincided with locations where the pre
dominantly hydrophobic residue compositions of TM spans 
changed to the more hydrophilic residue compositions of the 
periplasmic and cytoplasmic loops linking these spans. This 
deduction implied that the boundaries of TM spans in the 
US and ST datasets can be identified by changes in residue 
characteristics with reasonably accuracy, which was partly 
supported by an analysis of the robustness of these bound
aries. The residue compositions of both the cytoplasmic and 
periplasmic boundaries of the US dataset were shown to be 
generally robust to displacements (Tables 3 and 5) but highly 
sensitive to displacements that were directed towards the loop 
regions associated with these boundaries (Table 3). However, 
although corresponding analyses of the ST dataset produced 
similar results for displacement of the periplasmic bound
ary (Tables 4 and 5), when the cytoplasmic boundary of this

dataset was displaced by one residue towards its associated 
loop region, no significant change in the residue composi
tion of this boundary was observed (Table 4). These results 
clearly imply that there is an uncertainty in the location of 
the cytoplasmic boundary predicted for ST sequences, which 
was confirmed when the validity of using 21 residues as an 
assumed length for these sequences was tested (Table 6). This 
uncertainty was removed when a span length of 22 residues 
was assumed for sequences of the ST dataset (Table 6), which 
suggests that this span length may better represent ST se
quences.

In conclusion, the results of the present study have pro
vided an answer to a key question in membrane protein topol
ogy prediction [4] and have shown that a relatively simple 
method of sequence analysis, which identifies variation in the 
characteristics of residues, can predict the-boundaries of TM 
spans with reasonably accuracy and robustness. This study 
has also indicated that there might be a difference between the 
lengths of US and ST sequences. Clearly, this length differ
ence could be critical for the molecular modelling of mem
brane proteins and thereby the design of novel drugs that 
target these proteins [2, 3].
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Abstract_____________________________ ___________________ __________________
Integral membrane proteins are the primary targets of novel drugs but are largely without solved
structures. As a consequence, hydrophobic moment plot methodology is often used to identify 
putative transmembrane cr-helices of integral membrane proteins, based on their local maximum 
mean hydrophobic moment (</jH>) and the corresponding mean hydrophobicity (<H>). To 
calculate these properties, the methodology identifies an optimal eleven residue window (L = II), 
assuming an amino acid angular frequency, 0, fixed at 100°.

Using a data set of 403 transmembrane or-helix forming sequences, the relationship between </jH> 
and <H>, and the effect of varying of L and / or 0on this relationship, was investigated. Confidence 
intervals for correlations between </jH> and <H> are established. It is shown, using bootstrapping 
procedures that the strongest statistically significant correlations exist for small windows where 7 
< L £ 16. Monte Carlo analysis suggests that this correlation is dependent upon amino acid residue 
primary structure, implying biological function and indicating that smaller values of L give better 
characterisation of transmembrane sequences using However, varying window size can also
lead to different regions within a given sequence being identified as the optimal window for 
structure / function predictions. Furthermore, it is shown that optimal periodicity varies with 
window size; the optimum, based on </xH> over the range of window sizes, (7 < L £ 16), was at & 
= 102° for the transmembrane or-helix data set.

Background
Integral membrane proteins are the primary choice as tar
gets when developing new drugs and although clearly of 
medical relevance, forming 20% - 30% of the gene prod- 
ucts of most genomes, these proteins have been structur

ally determined in only about thirty cases [1,2]. Where 
high levels of sequence homology exist, an unknown pro
tein's struaure and hence, the location of its membrane 
interactive segments, can sometimes be deduced by direct 
comparison to known protein struaures. However, where

Page 1

mailto:daphoenix@uclan.ac.uk
mailto:daphoenix@uclan.ac.uk
mailto:fharrisl@uclan.ac.uk
mailto:daphoenix@uclan.ac.uk
http://www.tbiomed.com/content/1/1/5


Theomtical Biology and Madical Modalling 2004,1:5
http://www.tbiomed.eom/content/1 /115

sequence information alone is available, the identifica
tion of transmembrane a-helical structure requires a bio- 
informatics approach to understanding the structure / 
function relationships of these or-helices. A number of oc- 
helical properties have been used as models to study 
transmembrane ohelices and their structure / function 
relationships but the most commonly used are those 
based on the amphiphilidty of protein a-hdices with the 
hydrophobic moment used as a measure of amphiphilic- 
ity [3].

To quantify the amphiphilidty of protein secondary struc
tures, Eisenberg and co-workers [4] introduced the hydro- 
phobic moment, M0), which provides a measure of the 
structured partitioning of hydrophilic and hydrophobic 
residues in a regular repeat structure of period ft For a 
structure comprising L consecutive residues, the general 
form of >* given by:

£HjCo»(je)

U'1

( L
sin(j0)

where H; is the hydrophobidty of the j*1 residue within the 
sequence, and 0 is the angular frequency of the amino 
acid residues forming the structure, Eisenberg et al, [4] 
assumed that for an cr-helix, ft is fixed at 100and that a 
segment of eleven consecutive residues, equivalent to 
three turns of an ct-hdix, could be used to represent 
amphiphilic a-hdices. These assumptions led to the more 
generally used measure of a-hdix amphiphilicity, the 
mean hydrophobic moment where

<pH>- p(100*)/U

As a major extension to the use of the hydrophobic 
moment, Eisenberg et al, [5] introduced hydrophobic 
moment plot methodology, which provides a graphical 
technique for the general classification of protein a-hdi
ces, Using this methodology, a putative protein a-helix is 
charaaerised according to its maximum <pH> and corre
sponding mean hydrophobidty, <H>, where this is 
defined by:

<h>=7-Xhj l=u-
j=i

The parameters <pH> and <H> are then plotted on the 
hydrophobic moment plot diagram (figure 1) and the 
location of the resulting data point used to dassify the 
putative a-hdix.

ity but the results of statistical analyses have shown the 
efficacy of hydrophobic moment plot methodology as a 
predictor of a-hdical class to be less certain [6]. A number 
of authors have observed that the methodology can erro
neously dassify a-hdices in cases where the hydrophobic 
moment for a particular amino acid sequence is greatly 
affeaed by the spatial arrangement of a few extreme 
amino adds, thus masking the overall nature of an a-hdix 
[3]. However, a more fundamental source of erroneous 
dassification could come frqm the questionable assump
tion made by hydrophobic moment methodology with 
respect to angular periodidty. It is known that in naturally 
occurring a-hdices, ft can vary over the range (950 £ ft £ 
105°) and between consecutive residues [7], Clearly, 
assuming a fixed value of ft * 100° for all a-hdices is an 
approximation and could lead to classification difficulties 
for the methodology. Furthermore, dassification difficul
ties could arise from the arbitrary choice of window length 
made by the methodology as window length is known to 
have a profound effect on the rdationship between <fjH> 
and <H>[7]. It would seem that the optimisation of ft and 
window length are crucial to the classification of 
amphiphilic a-hdices yet the values chosen for these 
parameters by hydrophobic moment plot analysis are not 
optimal for the dassification of any single subdass.

A number of studies have considered the significance of 
</jH> in relation to structure / function relationships of 
the a-hdical dasses described by hydrophobic moment 
plot methodology with common examples induding: sur
face active a-hdices, transmembrane a-hdices and 
oblique orientated a-hdices [8-10]. However, if different 
a-hdical dasses have differing optima for ft and window 
length, not only does this question the validity of results 
obtained in these studies but also questions the validity of 
a-hdix dassification according to hydrophobic moment 
plot methodology. In this paper we examine the criteria 
upon which the methodology is based and, in view of 
their medical rdevance, we use transmembrane a-hdices 
as a test data set These a-hdices possess central regions, 
which are predominantly formed by hydrophobic resi
dues and interact with the membrane lipid core, and end 
regions, which are primarily formed by hydrophilic resi
dues and reside in the membrane surface regions [8]. For 
the a-hdices of our data set we analyse the rdationships 
for the mean hydrophobic moment and window size, 
angular frequency and the robustness to varying angular 
frequency. Correlations between the mean hydrophobic 
moment and mean hydrophobidty of transmembrane a- 
hdices are established, verified and analysed to appraise 
biological function using resampling Bootstrap and 
Monte Carlo techniques [11,12],

The mean hydrophobic moment is widely used and gen
erally regarded as a good predictor of a-hdix amphiphilic-
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Results
A data set of 84 transmembrane proteins were identified 
within Swiss-Prot and used to generate a set of 403 trans
membrane sequences (see Additional file 1). All 
sequences within the data were of 21 residues in length 
and showed less than 5% homology (data not shown). 
For the sequences of this data set, the maximum mean 
hydrophobic moment, and its corresponding
mean hydrophobicity, <H>, were determined and used to 
generate the hydrophobic moment plot shown in figure 1, 
based on the generally used 11 residue window (L = 11) 
introduced by Eisenberg et al., [4]. It can be seen that data 
points representing the sequences of our data set cluster 
around the transmembrane region identified by Eisenberg 
et al, [5] but as previously noted [6] there are a significant 
number that fall outside the boundaries of this region. In 
particular, many of this number possess <H> values less 
than 0.5 and would not be classified as transmembrane or- 
helices according to the hydrophobic moment plot taxon
omy of Eisenberg et al., [5]. Even allowing for the diffuse 
nature of these boundaries on the hydrophobic moment 
plot diagram [5], these results clearly question the efficacy 
of hydrophobic moment methodology for the prediaion 
of trans membrane or-helices.

The above analysis was repeated except that window sizes 
varying in the range (7 £ L £ 20) were employed. The val
ues for <//H> and corresponding <H> were plotted as 
above and the results for window sizes of 7, 9, 16 and 20 
are shown in figure 2. It can be seen that a weak negative 
correlation exists between </zH> and <H> for smaller win
dow sizes but that the level of correlation appears to 
reduce as window size increases. The sample correlation 
coefficients for the various window sizes are given in table
1. To conduct standard statistical tests to determine 
whether the population correlation coefficients do differ 
from zero, it is necessary to establish if these data are 
bivariate Normal. The P-values obtained from Anderson- 
Darling and Kolmogorov-Smimov tests for Normality for 
the various window sizes with #= 100° are shown in table
2. These results present clear evidence that the popula
tions for the variates for each window size are not bivari
ate Normal. These findings prompted the use of the 
bootstrap procedures to estimate the confidence intervals 
for the population correlation coefficient values for the 
window sizes in the range (7 £ L £ 20).

The results of this investigation for #= 100° are presented 
in figure 3. It would appear that the smaller window sizes 
do show correlations between <//H> and <H> and if this 
reflects a biological property of transmembrane 
sequences, it could be of use in the analysis and prediction 
of these motifs. It is known that angular frequency for a 
transmembrane a-helix varies between 95° and 107° 
[16], rather than being fixed at 100° as proposed by the

la Men* hydrwpfcohidry

Figure I
Conventional hydrophobic moment plot analysis of 
the transmembrane protein data set. Figure I a shows 
the hydrophobic moment plot diagram [5] with protein clas
sification boundaries. Figure I b shows the results of hydro- 
phobic moment plot analysis of the 403 transmembrane 
sequences of our data set using the conventional values of L 
= 11 and 0= 100° [4],

methodology of Eisenberg et al., [4], For each window size 
in the range (7 £ L £ 21) residues, to accommodate the 
findings of Comette et al, [16], the fixed value of 0was 
therefore varied from 95° to 108° in increments of 1°. 
Once the optimal window had been obtained, to observe 
the discriminating effect of 0 on the </tH> values,
denoted by T</iH>, were summed for the 403 sequences 
for each 6. Figure 4 shows the optimal 6, based on the 
maximum values of L</uH> for each window length. It can 
be seen that as the window size increases the total <luH> 
reduces approximately linearly until the intermediate size 
of eleven residues in length. For subsequent larger win
dow sizes, we observe a further near linear reduaion trend 
but at a reduced rate. The optimal angular frequency
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Figure 2
Hydrophobic moment plot analysis of the transmembrane protein data set with varying window size. Figure 2 
shows the 403 transmembrane sequences of our data set, which were analysed according to hydrophobic moment plot meth
odology but with varying window size (L). In comparison to L = I (figure I b), here in figure 2a. L = 7; in figure 2b, L = 9; in figure 
2c. L = 16; and in figure 2d. L = 20. In each case. & = 100°.

Table I: Sample correlation coefficients between <uH> and <H> for window sizes (7 £ L £ 20).

Window size (L) Semple correlation coefficient (r) Window size (L) Sample correlation coefficient (r)

7 -0.57648 14 -0.34654
8 -0.45020 15 •0.31280
9 -0.30316 16 -0.17998
10 -0.40110 17 -0.15074
II -0.47663 18 -0.21843
12 -0.33693 19 -0.20038
13 -0.30354 20 -0.15653

corresponding to each window size (7 £ L £ 21) is also 
given in figure 5. The overall relationship between Z</jH>, 
the window size, L, and the angular frequency, 8, is finally 
depiaed in figure 6 as a response surface diagram.

To assess the robusmess of </zH> to this fixed angular fre
quency assumption, and thus, the accuracy of the hydro- 
phobic moment plot analysis for candidate 
transmembrane sequences, Monte Carlo simulation
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Table 2: Confidence Intervals for regression eoefReient from bivariate Normality goodnesfr-of-flt for window sire L * 93% Confidence
Interval

Window size (L) 95% Confidence Interval 99% Confidence interval

7 (1.077, 1.112) (1.072, 1.176)
8 (1.051, 1.084) (1.046, 1.089)

9 (1.067, 1.091) (1.061, 1.095)

10 (1.091, 1.171) (1,078, 1.184)
II (1.078, 1.134) (1.068, 1.149)

12 (1.046, 1.075) (1.042, 1.080)

13 (1.054, 1,110) (1.047, 1,167)

M (1.055, 1.124) (1.044, 1.135)

15 (1.050, 1.087) (1.044, 1.093)

16 (1.036, 1.045) (1.030, 1.051)
17 (0.976, 1.00!) (0.977, 0.999)*
18 (0.959, 0.980) (0.956, 0.983)

19 (0.957, 0.967) (0.955, 0.968)

20 (0.950, 0.960) (0.948,0.962)

studies were conducted. Initially, the angular frequency, 0, 
was assumed to have a mean value, E(0), fixed at 100° 
and the angle for each successive residue varied about 
E((9), The random variation, X, followed a Normal distri
bution and six separate simulations were undertaken with 
XrvN(100, o2), where the standard deviation, er, was set at 
0.1°, 0.3°, 0.5°, 0.7°, 0.9° and 1.1° respeaively for each. 
The process was repeated with the mean value being set at 
the identified optimal angular frequency for the window 
size, again, for each of the window sizes in the range (7 £ 
Li 20).

Hydrophobic moment plots for variable angular fre
quency were obtained for E(0 - 100° for each window 
size in the range (7 < L i 21) residues and for the separate 
standard deviation values, cr» 0.1 °, 0.3 °, 0.5 °, 0.7 °, 0.9 °, 
1.1 °. These were compared visually with the original plots 
obtained under the fixed angular frequency assumption 
(8 - 100°), In all cases, the bulk properties of the plots 
were similar irrespective of the level of dispersion intro
duced by the different values of the standard deviation. 
The hydrophobic moment plot for L= 15; 8- 100° is pro
vided in figure 7. This is to be contrasted with the plots for 
L = 15;E(0) = 100°, £7=0.1°, cr= 0.7° and £7= 1.1°, also 
present in figure 7. Similar results were obtained for all 
other values, confirming, at least visually, that <pH> is 
robust to slight random perturbations about a fixed value. 
These properties were also observed for the simulation 
study with the fixed angular frequency assumption being 
violated about the optimum frequency for each of the 
window sizes in the range (7 ^ L ^ 20) and for each corre
sponding level of dispersion.

A more rigorous assessment of the variation was provided 
by analysis of the sample correlations. These were calcu
lated in each case and compared to the empirically 
derived 99% confidence intervals established for window 
sizes in the range (7 £ L < 20) under the fixed angular fre
quency assumption of 8 ~ 100°. The calculated sample 
correlation coefficients were also compared to the point 
estimates for the original data. In all cases, the values were 
within the appropriate confidence intervals and were 
always close to the original sample correlation coefficient 
values, again providing evidence that <//H> is robust to 
random variation in angular frequency. The results of this 
investigation are given in table 3.

To test whether these correlations are artefactual, hydro- 
phobic moment plots were obtained for the and
<H> derived from the 403 artificial randomisation 
sequences generated by random re-ordering or randomi
sation [20] of each of the original optimum window 
sequences. The plot for a window size of L = 11 is given in 
figure 8. These analyses were undertaken for all those win
dow sizes with previously identified statistically signifi
cant correlation coefficients between <juH> and <H> and 
were designed to test the importance of the spatial 
arrangement of the amino acids within the optimum 
sequences.

Similar plots were obtained from Monte Carlo simulated 
data derived from the 403 sequences that had been gener
ated by random sampling using the relative abundandes 
of residues found in the set of optimal windows. These 
analyses were therefore designed to look at the impor
tance of relative amino acid composition for the
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Figure 3
Confidence intervals for the Correlation Coefficient.
Figure 3a shows the 99% BCa confidence intervals for the 
correlation coefficients estimated from 4000 bootstrap repli
cates. figure 3b shows the 99% ABC confidence intervals for 
the correlation coefficients, figure 3c shows the 99% Delta 
Method confidence intervals for the correlation coefficients.

Figure 4
for the transmembrane protein data set for 

variable window sizes with optimised angular fre
quency. figure 4 shows the variation of for the 403
transmembrane sequences of our data set with window size 
(7 £ L £ 20) for optimised 0(95° <. 0<, 108°),

4 5 6 7 8 8 10 11 12 13 14 15 16 17 16 19 20
Window Slza

Figure 5
The variation of optimal angular frequency with win
dow size for the transmembrane protein data set.
Figure 5 shows the variation of optimal angular frequency, & 
(95° £ 108“) with window size (7 £ L ^ 20) for the 403
transmembrane sequences ofour data set

correlations between <fjH> and <H> and the results can 
be seen for a window size of L * 11 in figure 8. Again, anal
yses were performed for all window sizes with associated 
statistically significant correlations (data not shown). It is

worth noting that since the effect of varying window size 
had a significant effect on the correlation between 
and <H>, varying L was observed to vary the optimal 
sequence identified within the transmembrane domain. 
Clearly this was not unexpected.
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100 0

Figure 6
Response surface diagram for the transmembrane 
protein data set. Figure 6. Response surface diagram for 
the for window sizes (7 £ L £ 20) and angular fre
quency (95° < 108°).

Conclusions
It can be seen from figure 5 that the most discriminating 
angular frequency for a fixed window size varies within 
the range, (95° <, 0<, 104°) for window sizes (7 ^ L ^ 20). 
There is an obvious damped oscillation present, which 
can be seen to correspond to the assumed intrinsic perio
dicity of or-helical secondary struaure i.e. 3.6 residues per 
turn. Figure 5 clearly demonstrates that the fixed 100° 
angular frequency, assumed when modelling a-helices in 
general, is no more than a representative average with a 
value nearer 102° providing a maximum for an optimum 
L = 11 residue window in a transmembrane cr-helical 
sequence.

From figure 4, it is also evident that the degree of discrim
ination possible using </zH> declines in a near linear fash
ion with increasing window size with the optimum L = 11 
residue window appearing to provide approximately aver
age discrimination for transmembrane cr-helices. The 
bootstrap derived 99% confidence intervals for the corre
lation coefficients between </xH> and <H> for window 
sizes in the range (7 £ L £ 20) showed that there are highly 
significant linear associations for the smaller window 
sizes in the range (7^1^16).As the magnitude of each 
of the corresponding sample coefficients is small (table 
1), this should be interpreted as evidence of a strong (neg
ative) association but with high variability being present. 
These correlations become weaker, on average, with 
increasing window size until they are not statistically 
significant at the 1% level and we have no compelling evi

dence that the variates are not independent. The choice of 
window size therefore, becomes paramount if <H> and 
</xH> are to be used to classify transmembrane or-helices. 
More importantly, the variation in correlation between 
these parameters and the effect of varying window size on 
the location of the sequence identified as optimal for ce- 
helix classification brings into question the relevance of 
using the mean hydrophobic moment for comparison 
between varying window sizes. However, </uH> has been 
shown to be robust to departures from the fixed angular 
frequency assumption for a large range of window sizes 
appropriate for transmembrane proteins and for a range 
for levels of dispersion.

There were no substantial differences between the plots 
for relative abundance sample data and those for the ran
domisation sequences (figure 8) except for a few chance 
negative <H> observations from the former. This suggests 
that there are no serial correlations between residue types, 
where presence in the identified section of the penetrating 
transmembrane stretch is determined predominantly by 
relative abundance. This is to be contrasted with the dis
tribution of observations for the original transmembrane 
sequences for a window size of 11 residues (figure 1). 
Most noticeable is the difference in </iH> over the range 
of <H> values. There appears to be a lower bound for 
</zH> for the original sequence, which is clearly not 
present for the randomisation data. Furthermore, whilst 
the negative correlation would appear to be an artefact, as 
it is exhibited in all cases, the dispersion around any opti
mal fitted line through the data such as a least squares fit 
also is clearly different. It appears similar and quite spread 
out for the two randomised sequence data but considera
bly less so for the transmembrane sequences. This 
provides evidence that within the optimum window, 
whilst residue composition is not influential, order is. It 
would appear that this ordering is leading to both organ
isation and biological funaion for at least segments of the 
interaaing portions of transmembrane proteins. This is 
consistent with the belief that the hydrophobic moment 
is a good predictor of amphiphilicity [8] although it can 
be unduly influenced by relatively few amino acid resi
dues within a sequence [21J.

In summary, our analyses confirm previous studies, which 
have shown limitations to the ability of hydrophobic 
moment plot methodology to assign funaion to mem
brane interaaive a-helices [6], More importantly, our 
investigation leads to a questioning of the logic of com
paring mean hydrophobic moments, in general, for trans
membrane proteins. This is due to the effea of window 
size on both, the correlation of mean hydrophobic 
moment with mean hydrophobicity and the identified 
sensitivity of the optimum window. Comparisons of the 
hydrophobic moment are seemingly only meaningful for
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Hydrophobic moment plot analysis of the transmembrane protein data set with varying standard deviation of 
G about 0 * 100*. Figure 7 shows hydrophobic moment plot analysis of the 403 transmembrane sequences of our data set 
using L = 15 and: In figure 7a. 6- 100°; in figure 7b. 0is from a Normal Distribution with E(^ = 100 and standard deviauon of 
0.1 * ; In figure 7c. 6 is from a Normal Distribution with E(&) ~ 100° and standard deviation of 0.7 and in figure 7d. 9 is from a 
Normal Distribution with 1(9) = 100° and standard deviation of l.le.

Table 3: Sample correlation coefficients for optimum <uH> for ^ - 100*. *-N( 100, «r») and window sizes. L ■ 7, II, 15, 16, 20. 

Window size 100; <7*0 <7*0.1 er* 0.3 <r* 0.5 <7*0.7 <7*0.9

(L) 

7 •0.576465
II -0 476666
IS •0.312882
16 -0.180014
20 -0.156516

-0.576557 -0.576118
-0.476109 -0.475923
-0.312924 -0.312973
-0.180160 -0.180679
-0.156837 -0.156606

-0.574907 -0.577803
-0.476820 -0.476131
-0.313221 -0.313488
-0.180656 -0.179292
-0.156546 -0.158868

-0.575951 -0.577435
-0.475736 -0.475371
-0.312796 -0.311120
-0.178218 -0.180065
-0.158272 -0.155921

separate transmembrane proteins with identical window 
sizes.

Despite these limitations, </iH> has been shown to be 
robust to departures from the fixed angular frequency 
assumption for transmembrane proteins. Given the severe 
lack of structural information for transmembrane pro
teins, the identification of transmembrane a-helices using

hydrophobic moment based analyses, and other bioinfor- 
matic approaches, seems likely to continue for the foresee
able future. Nonetheless, the results of such analyses 
should only be taken as a guide, and where possible, 
obtaining corroborative experimental data is essential. On 
the positive side, our results have demonstrated the 
importance of amino acid residue sequence order in 
establishing organisation and biological funaion for the

Page 8

http://www.tbiomed.eom/content/1


Theoretical Biology and Medical Modelling 2004,1:5

Figure 8
Hydrophobic moment plot analysis of the transmem
brane data set using randomised sequence arrange
ments. Figure 8 Hydrophobic moment plot analysis of our 
data set was performed using sequences generated by a) ran
dom rearrangement of sequences for the optimal windows, 
b) random sequences formed with amino acid relative fre
quencies the same as those of the optimal windows. In all 
cases, L = I I and & = 100°.

transmembrane a-helices of proteins. With the ongoing 
development of predictive techniques, these results 
should be useful in furthering this development and help
ing to improve drug target identification.

Methods
The selection of transmembrane, a-helix forming segments
The primary structures of 96 transmembrane proteins 
were seleaed from the Swiss-Prot data bank (http:// 
tis.expasy.org/sprot/: accessed 25.05.04) and confirmed 
as transmembrane by extensive analysis of the literature. 
The sequences were analysed for homology using the 
sequence alignment program BLAST (Basic local align
ment search tool) [13] and twelve homologous sequences

http://www.tbiomed.eom/content/1 /1 /5

were rejeaed. From the remaining 84 primary structures, 
a data set comprising 403 putative transmembrane a-hel- 
ical sequences, each of 21 residues, was established using 
the algorithm, Top Pred2 ([14]; http://www.sbc.su.se/ 
~prikw/toppred2: accessed 25.05.04).

Hydrophobic moment plot analysis of transmembrane, a- 
helix forming segments
In the present study, all hydrophobic moment plot analy
ses were performed using the consensus hydrophobic 
scale of Eisenberg [4,5]. To identify putative transmem
brane a-helix forming segments using hydrophobic 
moment plot methodology, hydropathy plot analysis [15] 
is initially undertaken to identify the primary 
amphiphilicity of candidate sequences. These sequences 
are selected using a 21 residue window as this is suffi
ciently long for an a-helix to span the bilayer.

Once a putative transmembrane domain has been identi
fied, an eleven residue window is considered to progress 
along the amino acid sequence and for each window, the 
hydrophobic moment at 100° is calculated. Based on the 
assumption that a protein sequence will adopt its most 
amphiphilic arrangement, the window with the maxi
mum mean hydrophobic moment, <^H>, is taken as the 
most likely to form an amphiphilic a-helix [5], The loca
tion of the optimum window was observed accordingly 
for window sizes of seven through to twenty consecutive 
residues.

Optimal angular frequency and window length for <|J.H> 
For window sizes ranging from 7 to 20 amino acid resi
dues </jh> were computed for the range of angular fre- 
quenc>T values (95° £ 108°). In each case, the value of
0, which maximises <JuH>, i.e. the value of 0 which 
produces was determined and is referred to as the
optimal angular frequency for that window size. These 
procedures were based on previously published work, 
which identified variations in #for a-helices [16].

Hydrophobic Correlation
For window sizes ranging from 7 to 20 amino acid resi
dues, scatterplots of </rH> versus <H> (hydrophobic 
moment plots) with 0 = 100° were obtained. The corre
sponding sample correlation coefficients were calculated 
to identify the effect of window size on the relationship 
between these variates and hence on their ability to act as 
discriminators in the prediaion of transmembrane a-hel- 
ices. In addition, for each window size in the range (7 £ L 
£ 20) residues and for #in the range (95° < &£ 108°), the 
response surface diagram for </rH> was construaed.

Confidence intervals for the Correlation Coefficient
Statistical confidence intervals were established for the 
Pearson (Produa-Moment) Correlation Coefficient
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between <^H> and <H> for both cases where window size 
was varied for a fixed value of the angular frequency/ and 
the angular frequency was varied for a fixed window size, 
The resulting mean hydrophobicity measures were 
checked for bivariate Normality and non-parametric 
bootstrap procedures [11] were used to estimate confi
dence intervals for the Correlation Coefficients [17].

To provide evidence of the statistical significance of any 
linear association, the bootstrap bias-corrected and accel
erated technique (BCa) [18] and an analytical extension 
of this, the ABC [19]. In addition, the bootstrap Delta 
method was employed, which although another boot
strap based method, was developed specifically for esti
mating the variance of a function of sample means. As the 
sample Correlation Coefficient can be readily expressed as 
such a statistic, it is also well suited to the estimation of 
confidence intervals for these Correlation Coefficients 
[ 12], As both main approaches differ substantially, a more 
informed assessment of statistical significance could 
therefore be made,

Variable angular frequencies
To assess the robustness of <fjH> to the fix angular fre
quency assumption, e.g, 100°, 0 was varied randomly 
about 100e and <^H> was calculated for each of the opti
mal windows for window sizes (7 £ L S 20) for the 403 
transmembrane proteins. These calculations were also 
obtained for similar random variations about the 
observed optimum angular frequencies, again, for the 
various window sizes (7 i L S 20). In all cases, it is 
assumed that the variation follows a Normal distribution 
with the mean value set at the desired value for & and with 
the standard deviation, cr, set at: 0.1°, 0.3°, 0.5°, 0.7°, 
0,9“ and 1.1" respectively for six separate Monte Carlo 
simulation studies. The sample correlation coefficients for 
each simulation were calculated and compared to the 
empirically derived 99% confidence intervals for the cor
responding population values and, in particular, with the 
point estimates for the original sequences.

Causality and biological function
Given that these data are from an observational study, it is 
necessary to assess whether any linear associations 
between <luH> and <H> for the a-helix forming sequences 
of our data set are likely to be causal or merely an artefact 
of amino acid composition. To investigate these 
possibilities, two additional simulation studies were 
undertaken. The first looked at spatial arrangements of 
residues within the primary sequences and the second 
focused on the effect of amino add composition on corre
lations between <<uH> and <H>.

To assess if positional or sequential correlational proper
ties existed for the amino adds within the sequences, the

sequence of residues for each of the optimum windows 
was re-ordered randomly. Artifidal sequences were thus 
generated by random rearrangement or randomisation 
[20] of the primary sequences within the 403 optimal 
windows. Hence, each window assodated with </zH> was 
used to generate a random arrangement

To further investigate whether correlations between </tH> 
and <H> were dependent on sequence composition and 
not on spatial or sequential^correlation, an additional par
ametric bootstrap simulation study was conducted. Here 
403 artifidal sequences were created, Each was randomly 
generated where, for each position, selection was based 
on the relative abundance of all the residues forthe com
plete 403 optimum windows.

In both cases the corresponding <juH> and <H> from 
these newly created sequences were calculated, the assod
ated hydrophobic moment plots obtained and sample 
correlations calculated. These were inspected to assess 
whether any linear associations for the original trans
membrane data were thus likely to be causal or merely 
artefactual and whether, from inspection of variation, 
there was evidence of inaeased organisation, which could 
be interpreted as an indication of biological function.

Additional material

Additional File 1
Transmembrane sequence data set 
Click here foi file 
|htrp://www.biomedcential.con 
46S2-l-5-Sl.doc|
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The process by which proteins are able to translocate across 
the cytoplasmic membrane has been subject to intense 
investigation within prokaryotic systems. With the development 
of in vitro assays detailed analysis of translocation has been 
possible and recently work has been performed to elucidate 
details of the energetics of this reaction. It appears that whilst 
ATP is essentia] for translocation the requirement for a 
protonmotive force (pmf) varies with the precursor under 
investigation. In some cases the pmf is essential for translocation 
(eg the OmpF-lpp chimeric protein [1]) and in other cases 
translocation can occur in the absence of a pmf (eg the outer 
membrane precursor protein proOmpA [1]). In the latter case, 
whilst not essential, the pmf was still required for efficient 
translocation. Recently Schiebel et al. (1991) performed some 
very elegant experiments to fully investigate the energy 
requirement of the proOmpA translocation reaction. It appears 
that the soluble ATPase, SecA binds to the precursor at various 
stages during translocation and may help to 'push' the protein 
through the translocation machinery. ATP hydrolysis then allows 
the release of SecA from the precursor and translocation 
continues by using pmf as a directional energy source. At certain 
points during translocation SecA again binds to the precursor 
thus at low ATP levels this secondary cycle of SecA binding can 
reversibly inhibit translocation thus producing a translocation 
pause [3].

The reason for successive cycles of SecA binding is 
unclear but it could be envisaged that at certain points 
translocation becomes energetically unfavourable and an input of 
energy is required. For example in the case of outer membrane 
proteins the precursor could contain regions of high charge or 
high hydrophobicity. In the former situation energy may be 
required to allow the charged region to enter the translocation 
machinery, in the latter case the energy could be required to force 
the hydrophobic domain out of the translocation complex. It 
would therefore be of interest to identify and characterise these 
pause sites using a number of proteins.

The outer membrane precursor protein prePhoE has been 
studied using an in vitro translocation system containing 
membrane vesicles from E. coli K003. This E. coli strain lacks 
all of the components of the FjFq-ATPase complex and as such 
only produces an efficient pmf in the presence of NADH. The 
translocation reaction was allowed to proceed at varying ATP 
concentrations in the presence or absence of NADH (Figure 1). 
As can be seen in figure 1, at low ATP levels (SOpJvI ATP) the 
translocation reaction is greatly enhanced by the presence of a 
pmf. As the ATP levels increase the degree to which pmf 
enhances translocation decreases. If ATP levels are increased to 
ImM and above then induction of a pmf gave negligible 
enhancement of translocation (data not shown). As was 
previously noted this indicates that prePhoE requires both ATP 
and pmf for translocation. It also appears that high levels of ATP 
can overcome the requirement for a pmf although since SecA is 
in excess in these reaction mixtures it is possible that the high 
levels of SecA are suppressing the pmf dependent translocation 
reaction.

- + - - + - - + - NADH
+ ATP-PNP 

& NADH

Figure 1 : Autoradiograph showing in vitro translocation 
reactions.

Translocation was observed using an in vitro translocation 
system [2] with the membranes prepared from E. coli K003, a 
lipoprotein negative, AuncB-C strain constructed from KY7230 
[1]. The reaction mixture contained either OmM ATP (lanes 1-3), 
50|jM ATP (lanes 4-6), or 0.2mM ATP (lanes 7-9). In addition 
5mM NADH was added to reactions 2, 4 & 8 to produce a 
membrane potential. In lanes 3, 6 & 9 5mM ATP-PNP, a non- 
hydrolyzable ATP analogue was added.

If a non-hydrolyzable ATP analogue is added to the 
system the translocation reaction is inhibited^ presumably due to 
the analogue occupying all the ATP binding sites on the SecA 
ATPase's. This therefore confirms that ATP hydrolysis is 
essential for prePhoE translocation

PrePhoE translocation therefore has similar energetic 
requirements to proOmpA yet it was found that if ATP levels 
were reduced to 10(xM ATP then in contrast to the previously 
published proOmpA data no pauses in the translocation reaction 
were observed for prePhoE. These results are preliminary yet 
they may indicate that prephoE does not require SecA to bind 
during translocation. It is possible that the SecA binding cycle 
postulated for proOmpA occurs due to problems with folding 
which occur in the post translational translocation system and 
that some of these cycles would not be observed in a co- 
translational translocation system. For example, one of the major 
pause sites in proOmpA translocation, at low ATP levels is 
towards the C-terminus of the protein where disulphide bridge 
formation occurs [2]. This loop can be translocated in the 
presence of ATP and pmf [4] but it can be envisaged that this 
would be a probable point for energy input which is unlikely to 
be seen in the translocation of many precursors.
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Abstract: Here, it is shown that amphiphilicity profiling based on the mean hydrophobic moment provides a simple visual 
guide for the identification of oblique orientated a-helices. The methodology has an efficiency of circa 70% and predicts 
that approximately 40% of transmembrane a-helices may possess these structures.

Keywords: Oblique orientated cx-helix, hydrophobicity gradient, hydropathy plot analysis, hydrophobic moment, amphiphilic 
profiling, transmembrane protein.

INTRODUCTION

Oblique orientated a-helices were originally detected 
almost fifteen years ago in the envelope proteins of several 
viruses [1], These secondary structures are now known in a 
wide range of viruses [2-5] and appear to play a role in host 
cell entry by promoting the fusion of viral and host cell 
membranes [6-8], These a-helices possess hydrophobicity 
gradients along the a-helical long axis [9-10] and it has been 
predicted that this asymmetric spatial distribution of hydro
phobicity promotes membrane penetration by the a-helix at a 
shallow angle, resulting in the destabilisation of membrane 
lipid packing [11-13], These predictions have received 
strong support from biophysical studies, which have directly 
demonstrated the oblique membrane insertion of a number of 
viral protein a-helices [14-16], Potential oblique orientated 
a-helices have now been reported in a number of non-viral 
proteins including: signal sequences, lipases and transmem
brane proteins and [17-18] and more recently, apolipopro- 
teins [19-20], protein membrane anchors [21] and antimicro
bial peptides [22],

Currently, to definitively establish the presence of 
oblique orientated a-helical protein structure requires the use 
of computational molecular modelling such as the methodol
ogy of Rahman et al, [17], These latter authors developed a 
multi-faceted approach to the prediction of oblique orien
tated a-helices wherein protein primary structures are first 
scanned with a variable window length to identify amino 
acid sequences, which are sufficiently hydrophobic to insert 
into lipid. Using computer modelling, these sequences are 
then represented in three dimensions with the geometry of a 
standardised a-helix and the spatial arrangement of lateral 
side chains optimised by energy minimisation. Vector analy
sis is used to compute the most likely orientation for mem
brane insertion of the a-helix and a candidate oblique orien
tated a-helix is taken as one whose computed angle of inter

* Author correspondence to this author at the Dean of Science, University of 
Central Lancashire, Preston, UK; Tel: 01772 893481; Fax: 01772 894891; 
Email: daphoenix@udan.ac.uk
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face penetration, 5, satisfies the condition 30° > 8 > 60°. 
Based on molecular hydrophobic potential calculations [23], 
the hydrophobicity profile of the a-helix is then visually 
represented in three dimensions as lines of hydrophobic and 
hydrophilic isopotential surrounding the a-helix.

Although no simple method to identify oblique orientated 
a-helical structures appears to have been developed, meth
odologies to guide their detection have been presented, such 
as that of Harris et al, [24]. This methodology identifies 
candidate orientated a-helical structures by determining ii 
their amphiphilicity and hydrophobicity values He within 
statistically determined limits that are characteristic of this 
class of a-helices. In the present study, we have attempted to 
develop a graphical guide for the identification of putative 
oblique orientated a-helices via visualisation of their hydro
phobicity gradients. A dataset of protein sequences, which 
are known to form oblique orientated a-helices, is used as £ 
control and the ability of hydropathy plot analysis [25] and 
amphiphilic profile analysis [26] to reflect the hydrophobic
ity gradients of these a-helices is tested. Based on these re
sults, a recently published dataset of transmembrane (TM' 
protein a-helices is examined using similar methodologies 
for the presence of hydrophobicity gradients.

EXPERIMENTAL
Data Set Assembly and Amphiphilicity Measurement

A dataset of 36 protein sequences known to form oblique 
orientated a-helical structure was obtained from [24] and i: 
presented in (Table 1). A recently published dataset of 4(K 
TM protein a-helices was obtained from Daman et al, [27],

The amphiphilicity of protein a-helical structure wa: 
measured using the hydrophobic moment methodology o 
Eisenberg et al, [28]. Essentially, this methodology assume: 
that the residues forming protein a-helices are periodically 
spaced along the axial backbone with consecutive residue: 
subtending an angle of 9 = 100° in a plane perpendicular t< 
this axis. The hydrophobicity values of successive amim 
acids in these structures are then treated as vectors an<

© 2006 Bentham Science Publishers Ltd.
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*ble 1. Oblique Orientated a-Helices and their Characterisation

Harris et al.

Protein Residue num
bers

Sequence < H > 
analysis analysis

Viral glycoproteins

S1V 528-539 GVFVLGFLGFLA (-) (+)

Mtltrin*a 591-603 VIGTNAVSIETNIE (-) (-)

HA2 1-20 GLFGA1AGFIENGWEGMIDG (+) (+)

HEPB 1-16 MENITSGFLGPLLVLQ (+) . (+)

EBO 524-540 GAA1GLAWIPYFGPAAE (+) (+)

E2RV 149-166 DTRCGRLICGLSTTAQYP (-) (+)

Lipid transport and lipases

ApoA-lI 58-70 TELVNFLSYFVEL (-) (-)

CETP 46M76 FGFPEHLLVDFLQSLS (+) (+)

LCAT 56-68 DFFTIWLDLNMFL (-) (+)

LPL 218-230 IGEAIRVIAERGL (-) (-)

HLP 234-246 FLELYRH1AQHGF (-) (-)

Membrane proteins

BCT 177-192 VTVVLWSAYPWWLIG (-) (+)

BCT 195-212 GAG1VPLNTETLLFMVLD (-) (+)

PRC2H 11-28 DLASLAIYSFWIFLAGL1 (-) (+)

PRC2H 53-67 QGPFPLPKPKTFILP (-) (-)

PRC2L 21-37 LFDFWVGPYVGFFGVA (-) (+)

PRC2L 40-55 FFAALGIILIAWSAVL (-) (-)

PRC2L 63-75 LIS VYPPALE Y GL (-) (+)

PRC2L 111-128 LGIGYHIPFAFAFAILAY (+) (+)

PRC2L 174-189 MIAISFFFTNALALAL (-) (-)

PRC2L 234-251 LLLSLSAVFFSALCMIIT (-) (+)

PRC2M 49-66 PIYLGSLGVLSLFSGLMW C-) (+)

PRC2M 90-100 FFFSLEPPAPE (+) <-)

PRC2M 106-123 AAPLKEGGLWL1ASFFMF (-) (')

PRC2 M 147-164 AWAFLSAIWLWMVLGFIR (-) (-)

PRC2M 203-218 GLS1AFLY GSALLFAM (+) (+)

PRC2M 268-285 WA1WMAVLVTLTGG1GIL (-) (+)

Signal peptides

YI - MLLQAFLFLLAGFAAKISA (-) (+)

APB . MDPPRPALLALLALPALL (+) (+)

CHAO - GLEFFFKFGYVFLTITLM (+) (+)

GLUC - KMKSIYF1AGLLLM1V QG (+) (-)

1NSR - G AAAAPLL V AV AAG A {+) (-)
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(Table 1) contd....

Protein Residue num
bers

Sequence <H>
analysis

-<Hh>
analysis

SODE - MLALLCSCLLLAAGA (-) (+)

RVSG - PQVLLFVLLLGFS (-) (+)

Other peptides

fj-amyloid 29-42 GAIIGLMVGGVVIA (-) (+)

Prion 118-135 AGAVVGGLGGYMLGSAMS (-) (+)

Table 1 shows the results of hydropathy analysis (< H >) and amphiphilic profiling analysis (-< p.n>) of the control data set of oblique orientated oc-helices where (+) and (-) indicate 
the successful and unsuccessful identification of hydrophobicity gradients respectively. The proteins analysed were taken from [24] and are: S1V (simian immunodeficiency virus); 
HA2 (hemagglutin 2, influenza virus); HEPB (hepatitis B virus); EBO (Ebola virus); E2RV (E2 glycoprotein, rubella virus); ApoA-Il (apolipoprotein A-II); CETP (cholesteryl ester 
transfer protein); LCAT (lecithin cholesterol acyl transferase); LPL (lipoprotein lipase) and HLP (hepatic lipase); BCT (bacteriorhodopsin); PRC2 (photoreaction centre 2) H, L and 
M chains; YI (yeast invertase precursor); APB (human apolipoprotein b-100 precursor); CHAO (drome chaoptin precursor); GLUC (chick glucagon precursor); INSR (human insulin 
receptor precursor); SODE (human extracellular superoxide dismutase precursor); RVSG (rabies virus spike glycoprotein precursor),

summed in two dimensions. The absolute value of these 
summed vectors is defined as the hydrophobic moment, |Xh, 
which provides a measure of a-helix amphiphilicity. For a 
given sequence of length n, it is usual to compute the mean 
hydrophobic moment, which is given by:

<^> = - 
n
fn 7

cos&lOO0
,U-=i

+
f n

sin H00' 
^-=1

i
Y 12

where Hk is the hydrophobicity of the kih residue in the se
quence, generally measured using the normalised consensus 
hydrophobicity scale of Eisenberg et al„ [29],

Extended Hydrophobic Moment Plot Analysis
Protein sequences were characterised using extended 

hydrophobic moment plot methodology, as previously de
scribed [24]. Essentially, each protein sequence under inves
tigation was scanned using a moving window of 11 residues 
and the window with the highest < |1h> was identified. 
For these windows, the corresponding mean hydrophobicity, 
< H >, was computed using the normalised consensus hydro
phobicity scale of Eisenberg et al, [29]. A scatter plot of 
<p,H> versus < H > was then constructed on the hydrophobic 
moment plot diagram of Eisenberg et al, [30] as modified by 
Harris et al., [24] and the location of the resulting data points 
used to determine candidacy for oblique orientated a-helix 
formation.

Hydropathy Plot Analysis and Amphiphilic Profiling
For profiling both the local amphiphilicity and local hy

drophobicity of a-helical protein segments, the present study 
used a seven residue moving winciow, which previous inves
tigations have shown gives optimal resolution in these analy
ses [21, 31]. The hydrophobicity profiling of protein se
quences was performed using hydropathy plot analysis, as 
previously by Kyte and Doolittle [25], whilst amphiphilic 
profiling of the same sequences was performed according to 
Auger [26] with amphiphilicity quantified by -< p.H>*

RESULTS AND DISCUSSION
Here, we have attempted to develop a simple graphical 

methodology, which can guide the identification of oblique

orientated a-helices in protein structure via visualisation of 
their hydrophobicity gradients. A control dataset of protein 
sequences known to form a-helices with hydrophobicity 
gradients (Table 1) was characterised using hydropathy plot 
analysis [25], It was found that for circa 30% of these se
quences, the hydropathy profile thus produced showed a 
discernible gradient. These gradients generally extended 
along 70% of the protein sequence under analysis and were 
accompanied by significant overall changes in the hydropa
thy score that were of the order of 3.0. The efficacy of this 
form of analysis varied with the nature of protein subgroups 
within the control dataset and showed only minor success in 
reflecting the hydrophobicity gradients of TM a-helices 
(19% of the 22 analysed). However, this analysis demon
strated a higher efficiency in discerning the hydrophobicity 
gradients of signal sequences (57% of the 7 analysed) and 
viral protein segments (50% of the 6 analysed) with exam
ples of these latter analyses shown in Fig. (1). It can be seen 
from Fig. 1A that the gradient of the hydropathy profile ob
tained for the HA2 peptide from influenza virus is clearly 
defined and decreases in an N-^C direction, correlating with 
the peptide’s angled membrane orientation and thereby its 
hydrophobicity gradient. In contrast Fig. IB shows that the 
hydropathy profile generated for the E2 peptide from rubella 
virus exhibits no clear gradient or correlation with the pep
tide’s membrane orientation. On a number of occasions, this 
use of hydropathy plot analysis has predicted the occurrence 
of oblique orientated a-helicat architecture, which has been 
experimentally confirmed with examples including plant 
viral proteins [32], prokaryotic peptidases [21] and eukary
otic proteases [31, 33]. Nonetheless, for 65% of the known 
oblique orientated a-helices analysed here, hydropathy pro
files either exhibited no gradient or a gradient that could not 
be unambiguously correlated to hydrophobicity gradients. 
These results clearly limit the potential of this approach as a 
general visual guide to the identification of oblique orien
tated a-helices.

The dataset of known oblique orientated a-helices (Table 
1) were further characterised using amphiphilic profile 
analysis [26] with amphiphilicity. quantified by -< fin It 
was found that for approximately 67% of the sequences 
analysed, the amphiphilicity profile thus produced showed a 
readily discernible gradient that generally extended along
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3% of the protein sequence under analysis and was accom- 
anied by a significant overall change in -< p.n > that was of 
ic order of 0.3. In contrast to hydropathy plot analysis, this 
ivel of efficacy was generally maintained for each subgroup 
f proteins within the control dataset, clearly showing that 
mphiphilicity profiling is more sensitive to the presence of 
ydrophobicity gradients in a-helical structures. Presumably, 
lis increased efficacy results from the fact that the concept 
f < jin > includes an extra spatial dimension when compared 
o the one dimensional nature < H >, thereby allowing the 
ormer parameter to better represent the three-dimensional 
lature of hydrophobicity gradients. Examples of successful 
.mphiphilic profiling are shown in Fig. 1. It can be seen 
rom Fig. 1A that for the HA2 peptide, the gradient of this 
irofile is clearly defined and decreases in an N—»C direction, 
:orrelating with the peptide’s angled membrane orientation 
tnd thereby its hydrophobicity gradient. A similar result is 
:een in Fig. IB for the E2 peptide except that the gradient of

this amphiphilic profile decreases in a C-»N direction, re
flecting the fact that peptide’s hydrophobicity gradient has 
the opposite bearing to that of the HA2 peptide.

Amphiphilic profiling efficiently discerned the hydro
phobicity gradients of circa 62% of the TM a-helices within 
the control dataset and since their initial identification [17], 
there appears to have been no further systematic search for 
the occurrence of such structure in this protein class. Ac
cordingly, a recently published dataset of 403 TM protein a- 
helices was obtained from [27] and these sequences analysed 
using extended hydrophobic moment plot methodology (Fig. 
2). Fig. 2 shows that the vast majority of data points repre
senting these sequences lie within the area indicating that 
their parent oc-helices possess levels of amphiphilicity and 
hydrophobicity associated with the potential to form oblique 
orientated a-helical structure. To investigate this potential 
further, the a-helices of the TM protein dataset were ana-

C-toranimni

C-taraiBai Iff 4 _i

GAIAGFIENGWEG CGRLICGLS TTA

Figure 1. Profile analysis of viral protein segments. Figure 1A shows that the gradient of both the amphiphilicity profile (-< p.H>) and the 
hydropathy profile (< H >) obtained for the HA2 peptide from influenza virus is clearly defined and decreases in an N—»C direction. These 
profiles correlate with the peptide’s angled membrane orientation and thereby its hydrophobicity gradient, as shown by the space filled 
model above where the inserted plane represents the interface separating the upper hydrophobic phase from the lower hydrophilic phase [5]. 
Figure IB shows that the gradient of the amphiphilicity profile for the E2 peptide from rubella virus is also clearly defined and increases in 
an N—*C direction, correlating with the peptide’s hydrophobicity gradient as indicated by the space filled model above [5], However, Figure 
IB shows that the hydropathy profile of the E2 peptide exhibits no clear gradient or unambiguous correlation with the peptide’s membrane 
orientation.
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< H >
Figure 2. Extended hydrophobic moment plot analysis of TM 
protein segments. A dataset of 403 TM protein ct-helices [27] were 
characterised by their values of < jih> and < H > and these values 
plotted as data points on the extended hydrophobic moment plot 
diagram [24], It can be seen that the vast majority of these data 
points lie within the area delineated by the dashed lines. These re
sults indicate that most of the TM proteins in the dataset analysed 
are candidates to form oblique orientated a-helical structure, and 
thereby to possess hydrophobicity gradients.

lysed according to the amphiphilic profile methodology de
veloped above and it was found that the profiles of these ct- 
helices could be divided into three distinct classes. Approxi
mately 15% of these sequences analysed showed profiles 
that possessed relatively hydrophilic end regions, and hydro- 
phobic central regions with no obvious gradients. This distri
bution of hydrophobicity within TM spans is well known 
and is generally associated with pore forming ct-helices [34]. 
A further 45% of the TM sequences analysed showed no 
apparent pattern in their amphiphilicity profiles and typical 
examples of both these latter profile classes are shown in 
Figs. 3A and 3B. Based on these data it would seem that the 
parent ct-helices of these classes possess a low probability of 
exhibiting hydrophobicity gradients. However, the remaining 
40% of the TM ct-helices analysed showed amphiphilicity 
profiles that clearly suggested the presence of an hydropho
bicity gradient. These profiles were comparable to those of 
TM sequences in the control dataset (Table 1) both in terms 
of length and associated changes in magnitude. Typical ex
amples of these profiles are shown in Figs. 3C and 3D for 
TM ct-helices from the G3P protein of bacteriophage fd and 
the L subunit from the photoreaction centre of Rhodopseu- 
domonas sphaeroides, which has been shown to possess a 
hydrophobicity gradient [17]. The high level of occurrence 
predicted for these structural features in TM a-helices 
clearly suggests biological relevance and it has been sug-

<B> (TO

Figure 3. Profile analysis of transmembrane protein segments. Figures 3A and 3B show amphiphilic profiles, which respectively are 
typical of 15% and 45% of the TM protein sequences in the dataset analysed. The examples shown represent the profiles of residues 24-44 of 
the capA protein from Bacillus anthracis (SwissProt entry P19579) and residues 334-354 of the putP protein from Corynebacterium glu- 
tamicum (Swissprot entry' Q769VH1). In both cases no clear gradient in amphiphilicity is discernible, indicating a low probability for the 
occurrence of hydrophobicity gradients. In contrast. Figures 3C represents the amphiphilic profile of residues 397-417 of the G3P protein 
from bacteriophage fd (Swissprot entry P03661) and is typical of 40 % of the TM protein sequences in the dataset analysed. A gradient in 
amphiphilicity is clearly demonstrated, which is comparable in length and magnitude to that exhibited in Figure 3D by residues 234-251 of 
the photoreaction centre L chain from Rhodopseudomonas sphaeroides (Swissprot entry P02954), known to possess an hydrophobicity gra
dient (Table 1). These data suggest that oblique orientated a-helices may be common structural elements in I'M proteins.
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;ested that may serve to disturb a protein / water interface 
8] but as yet, their biological function appears to have been 
lefmitively established. Inspection of the TM dataset ana- 
ysed in the present study showed that the direction of these 
jrofiles bore no obvious correspondence with the disposition 

the parent TM a-helices to adopt N/C or N/C orientations 
vithin the bilayer. This would suggest that hydrophobicity 
gradients do not act as topogenic determinants for TM pro- 
;eins although it seems possible that these gradients may 
influence the relative orientations of oc-helix-membrane in
teractions or a-helix - a-helix associations, thereby guiding 
local TM topology or the formation of TM oligomeric spe
cies. Indeed, there is accumulating evidence that the forma
tion of homo and hetero oligomeric species of some G- 
protein-coupled receptors (GPCRs) is necessary for biologi
cal function [35] whilst theoretical analysis has predicted 
that disruption of this oligomerization may contribute to hu
man disease [36].

In summary, the present study has described a user 
friendly graphical guide for the identification of putative 
oblique orientated a-helices, which visualises their hydro
phobicity gradients via amphiphilic profiling. The overall 
level of efficacy shown by the methodology (67%) is compa
rable to that of other published techniques used for protein 
secondary structure prediction [34, 37] and has indicated that 
circa 40% of TM protein spans may possess hydrophobicity 
gradients. Oblique orientated a-helices may thus be common 
structural elements in TM proteins, possibly playing a role in 
the structural organisation of these proteins.
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OmpF-Lpp, a model secretory protein, requires both a positively charged signal sequence and phosphatidylglycerol (PG) for efficient translocation 
across the E. coli inner membrane. Modification of the signal sequence can, however, remove both these prerequisites for translocation providing 
OmpF-Lpp mutants which undergo either PG and charge dependent or PG and charge independent translocation. Here we show that positively 
charged membrane interactive compounds (polylysine & doxorubicin) are able to inhibit PG dependent translocation of the OmpF-Lpp signal 
sequence mutants but not PG independent translocation. Doxorubicin is also shown to bind more efficiently to liposomes containing increased 
levels of anionic lipid indicating that in these assays it may be inhibiting translocation by preventing electrostatic interaction between the anionic

lipid head group and the positively charged signal sequences.

Protein translocation; Phosphatidylglycerol; Signal sequence

1. INTRODUCTION

In prokaryotic systems proteins which are not des
tined to remain at their site of synthesis are synthesised 
as precursors with a cleavable N-terminal extension or 
signal sequence [1], The signal sequence has a tripartite 
morphology which consists of a basic N-terminus, a 
central hydrophobic core and a polar C-terminal region 
[2]. Within E. coli efficient translocation of the precur
sor requires a number of proteins [3]. One such protein 
is SecA which is found in a cytoplasmic form and bound 
to the cytoplasmic face of the inner membrane. SecA 
may play a role in targeting the precursor to the site of 
translocation and also acts as an ATPase during the 
translocation process [4], The ATPase activity is de
pendent on the presence of the precursor, anionic lipid
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and the integral membrane proteins SecE/Y. In addition 
evidence has been presented which indicates that the 
translocation process itself is dependent on negatively 
charged lipid [5,6] but the reason for this dependency is 
unknown.

We have recently investigated the requirement of 
translocation for anionic lipid [7] by using two series of 
OmpF-Lpp signal sequence mutants [8]. Both series 
contained variable numbers of positively charged lysine 
residues (OK, 2K or 4K) at the N-terminal end of the 
signal sequence but in one series the central hydropho
bic core region was composed of 8 Leu residues and in 
the other the core contained 9 Leu residues. This gave 
rise to two series of mutants 0K8L, 2K8L, 4K8L and 
0K9L, 2K9L, 4K9L. It has been shown that the 8 Leu 
series requires the positively charged N-terminus to be 
present for efficient translocation and the translocation 
efficiency increases with increasing positive charge [8]. 
In addition we recently showed that the translocation 
efficiency of this series is strongly dependent on the 
presence of the anionic lipid phosphatidylglycerol (PG) 
and the PG requirement mimics the charge dependency 
of the translocation pathway [7], On increasing the 
length of the hydrophobic core by incorporating a 9th 
Leu residue both the charge dependency and PG de-
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pendency of the translocation process are lost. We pos
tulated that the PG dependent translocation path in
volves an electrostatic interaction between the positively 
charged signal sequence and the anionic lipid 
headgroup [7]. In the case of the 9 Leu series the in
crease in the level of hydrophobicity/length of the core 
region is postulated to allow the signal sequence to di
rectly interact with the membrane or a component of the 
translocation machinery and does not require the level 
of charge stabilisation seen in the case of the less hydro- 
phobic 8 Leu series.

Positively charged compounds which have the poten
tial to interact with anionic lipid headgroups have previ
ously been shown to perturb the efficiency of the 
translocation reaction [9]. Doxorubicin is an anthracy- 
clin glycoside antibiotic which preferentially binds to 
anionic lipid at the membrane interface [10,11] thereby 
impairing processes which are dependent on these lipids 
[13,14], We have used both this drug and polylysine to 
probe the nature of the PG dependency of transloca
tion.

2. MATERIALS AND METHODS
2.1. Bacterial strains and plasmids

E. coli strain MRE600 [15] was used for the isolation of a S-135 
extract [16] and in addition this strain was used for the preparation 
of inverted inner membrane vesicles with a wild type phospholipid 
composition (19.8% of the total lipid was PG) [5]. Inverted inner 
membrane vesicles with differing levels of acidic phospholipid were 
isolated from the strain HDL11 grown in the presence of 0 pM isopro- 
pylthiogalactoside (1PTG) (3.5% of total inner membrane lipid was 
PG) or 60 /iM IPTG (19.1% PG) as previously described [6].

Plasmids 2K8L, 4K8L, 2K.9L, 4K9L were used for the in vitro 
expression of the OmpF-Lpp mutants 2K8L, 4K8L, 2K9L, 4K9L 
respectively [8],

2.2. Materials
SecA [17], and SecB [18] were purified as described, [35S]methionine 

(1000 Ci/mmol) was obtained from Amersham, IPTG was obtained 
from Sigma.

2.3. In vitro transcription-translation and translocation reactions
The in vitro reactions were performed as previously described [5]

but SP6 polymerase (Pharmacia) was used in the transcription of the 
plasmids at 37°C for 45 min. The phospholipid content based on Pi 
was determined after phospholipid extraction, [19], using thin layer 
chromatography and perchloric acid destruction [20]. The chromatog
raphy plates were impregnated with 1.2% boric acid in ethanol (1:1) 
and dried before use. The solvent system used was chloroformyrnetha- 
nol/water/ammonium (25%) (65:37:5:3:1) v/v [21].

After transcription translation was allowed to continue for ten min
utes, the mixture was diluted 1:1 with 12 M urea in 50 mM sodium 
phosphate buffer pH 7.4, followed by 3 min sonication in a water bath 
to prevent aggregation of the precursor proteins [8].

The translocation reactions were performed at 37°C as previously 
described [5] but where necessary, prior to the assay, the membrane 
vesicles were incubated for 2 min at 37°C in the translocation assay 
mixture containing the positively charged compounds (doxorubicin or 
polylysine). The reaction was only allowed to proceed for 5 min after 
which proteinase K was added to digest all of the non-translocated 
protein. After incubating for a further 10 min at 37°C the protease 
treatment was stopped by the addition of trichloroacetic acid to a final

0.4 •

free doxorubicin (mM)

Fig. 1. Doxorubicin binding assay. E, coli HDL11 was grown in the 
presence of 0 pM or 60 pM IPTG to produce vesicles containing 
approximately 5% (o) o,r 28% (e) of the total lipid as PG and CL, 400 
nm LUVETS were prepared from total lipid extracts and incubated 
with varying concentrations of doxorubicin. The level of doxorubicin 
bound is recorded per lipid phosphate in the sample. All points are 

mean values of experiments performed in duplicate.

concentration of 15%. After precipitating on ice the samples were 
analysed by tricine SDS-PAGE [22] and fluorography.

In vitro translocation is defined as the amount of precursor and 
mature form of the protein remaining after proteinase K treatment. 
The level of translocation was quantified by scintillation counting of 
rehydrated, excised protein bands (precursor and mature) from the 
dried gels.

To calculate translocation efficiency the percentage of the available 
precursor which had translocated across wild type vesicles prepared 
from MRE600 was normalized to 100%. The level of translocation 
observed after the vesicles had been pre-incubated with either polyly
sine or doxorubicin was related to this 100% level.

2.4. Binding experiments
400 nm, large unilamellar vesicles prepared by extrusion (LUVETS) 

(800-1000 nmol phosphate) [11], were mixed with variable concentra
tions of doxorubicin in a final volume of 1 ml. The buffer used was 
10 mM PIPES, 100 mM NaCl, 0.5 mM EGTA (triplex VI), pH 7.4 
(NaOH). The assay mixture was incubated for 1 and 3 h in the dark 
(both time intervals gave identical results) at room temperature (20- 
25°C). The LUVETS were pelleted (60 min, 435,000 xg, Beckman 
TLA100.3). A sample of the supernatant was diluted for determina
tion of the equilibrium drug concentration. Binding of drug to the 
tubes and the amount of lipid in the supernatant were both negligible.

3. RESULTS AND DISCUSSION

Translocation of the OmpF-Lpp signal sequence mu
tants containing a hydrophobic core of 8Leu residues 
is dependent on anionic phospholipid [7] and it has been 
postulated that the anionic lipid is electrostatically in
teracting with the signal sequence at some stage within 
the translocation pathway. Since doxorubicin is also 
known to interact with membranes containing anionic 
lipid [11,12] we investigated whether doxorubicin bind
ing was able to inhibit the translocation process.

Initially it was necessary to show that there was a
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Doxorubicin

Doxorubicin

Fig. 2. Effect of doxorubicin on translocation. Translocation assays 
were performed using wild type membrane vesicles (MRE600). The 
effect of doxorubicin on the translocation efficiency of the 2K8L (□) 
and 2K9L (♦) signal sequence mutants are shown in (A). (B) shows 
translocation efficiency of 4K8L (□) and 4K.9L (♦) in the presence of 
varying concentrations of doxorubicin. 100% represents wild type 
translocation. Samples were analysed by tricine SDS-PAGE and 
fluorography and quantified by scintillation counting. All points are 

the mean of two to three experiments.

relationship between the doxorubicin interaction at the 
membrane interface and the level of anionic lipid in the 
bilayer, HDLU is an E. coli strain in which the pgsA 
gene encoding phosphatidylglycerol phosphate syn
thase has been placed under the control of a lac pro
moter. By incubating the bacteria in the presence of 
varying levels of IPTG it is therefore possible to control 
the level of pgsA expression and hence control the level 
of PG and cardiolipin (CL) production [6], In the ab
sence of IPTG the level of anionic lipids within the inner 
membrane was found to be 2% PG and 3% CL based 
on the total phospholipid but incubation in the presence 
of 60 juM IPTG produced cells containing 28% of the 
total lipid as PG and CL. Total lipid extracts from cells 
grown in the presence and absence of IPTG were used 
to produce 400 nm LUVETS [11] which were incubated 
in the presence of varying doxorubicin concentrations. 
As can be see in Fig. 1 increased levels of anionic lipids

within the membrane increases the level of doxorubicin 
binding to the LUVETS implying that the doxorubicin 
is interacting preferentially with the anionic lipids, pre
sumably via an electrostatic interaction. We then pro
ceeded to investigate the effect of doxorubicin on 
translocation of the OmpF-Lpp mutants. Fig. 2 shows 
that in the case of the OmpF-Lpp mutants which re
quire PG for translocation, increasing the level of 
doxorubicin inhibits the level of translocation across E. 
coli inner membranes with a wild type lipid composi
tion. Importantly the PG independent translocation of 
the 9 Leu OmpF-Lpp mutants was unaffected by the 
level of doxorubicin present and the mutants were able 
to translocate at wild type levels in all cases.

It has previously been shown that both the 8 and 9 
Leu mutants are SecA dependent [8], Since the 9 Leu 
precursors can still translocate it would appear that the 
doxorubicin has not incapacitated the Sec dependent 
translocation machinery. The binding of doxorubicin to 
biological membranes has also been shown to affect a 
number of membrane associated processes including 
electron transfer [13] and this may therefore affect the 
proton-motive force (pmf) across the membrane. Both 
the 8 and 9 Leu mutants have been shown to undergo 
pmf dependent translocation hence, since the 9 Leu pre
cursors translocate, alteration in pmf can not be the 
reason for the inhibition of translocation in the case of 
the 8Leu precursors. A feasible explanation for the ob
served inhibition of PG dependent translocation would 
be that the doxorubicin is interacting with anionic lipid 
and thus preventing the lipid participating in the 
translocation reaction.

Polylysine also has the potential to interact with ani
onic lipid and has also been shown to have a inhibitory 
affect on the PG dependent translocation of wild type 
prePhoE [9] hence we wished to observe whether this 
was also the case for the OmpF-Lpp mutants. Vesicles 
were therefore pre-incubated with polylysine prior to 
the translocation assay. As can be seen in Fig. 3 the PG 
dependent translocation reaction undertaken by the 8 
Leu mutants was inhibited yet the PG independent 
translocation of the 9 Leu mutants was able to continue 
irrespective of the level of polylysine present. Further
more the level of translocation inhibition seen with 
these mutants is of a similar magnitude to that observed 
in the case of the wild type precursor protein prePhoE 
[9] thus implying that the inhibition of PG dependent 
translocation in this manner is independent of the pro
tein studied but is due to the interaction of polylysine 
with a key element in the translocation pathway. We 
believe that this element is the anionic lipid (PG) and 
that the interaction of membrane interactive, positively 
charge compounds with the lipid headgroup prevents 
the participation of this lipid species in translocation.

In summary, both poly lysine and doxorubicin are 
able to inhibit the PG dependent translocation of the 8 
Leu OmpF-Lpp signal sequence mutants but not the PG
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Fig. 3. Effect of polylysine on the translocation of 2K8L and 2K9L. 
Translocation assays were performed using wild type membrane vesi
cles (MRE600). The translocation efficiencies of 2K8L (□) and 2K9L 
(♦) were observed in the presence of varying concentrations of polyly
sine. 100% represents wild type translocation. Samples were analysed 
by tricine SDS-PAGE and fluorography and quantified by scintilla
tion counting. All points are the mean of two to three experiments.

independent translocation of the 9 Leu mutants. Since 
the only known variables in the translocation of these 
two series of mutants are the PG requirement and the 
requirement for positive charges at the amino terminus 
of the signal peptide it is likely that inhibition of the PG 
dependent pathway is due to the electrostatic interac
tion of the positively charged compounds with the ani
onic lipid head group. It is therefore probable that the 
signal sequence positive charges are directly interacting 
with the lipid in an electrophoretic manner during the 
course of protein translocation.

Alternatively it may be possible that the signal se
quences are differentially interacting with the Sec ma
chinery thus altering the requirement of the machinery 
for interaction with PG. The fact that directly compara
ble levels of translocation inhibition have been seen for 
prePhoE implies that this PG requirement is not only 
specific to these mutants.
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Using inverted Escherichia coli inner membrane 
vesicles we have analyzed the phosphatidylglycerol 
dependence of translocation of an OmpF-Lpp fusion 
protein carrying a signal sequence with varying posi- 
tive charge at the N terminus and a hydrophobic core 
of varying length.

It is shown that there is a direct relationship between 
the phosphatidylglycerol requirement of translocation 
and the requirement within the translocation process 
for positive charges on the signal sequence. This pro
vides further evidence that the negative head group of 
the lipid is required for functional interaction with the 
positively charged N terminus of the signal sequence.

Proteins which are destined for translocation across the 
Escherichia coli inner membrane are synthesized as precursors 
with an N-terminal extension. There is no conserved sequence 
among these N-terminal signal sequences although compara
tive sequence analysis suggests that they tend to be 16-26 
amino acids in length with a basic N terminus, a central 
hydrophobic core, and a polar C terminus (1). Signal se
quences are reviewed in Ref. 2. In addition to the signal 
sequence a number of proteins have been shown to be essential 
for translocation (reviewed in Ref. 3), and these include the 
integral membrane proteins SecE, SecY, and the peripheral 
membrane protein SecA. SecA has been shown to possess 
ATPase activity and is responsible for the hydrolysis of ATP 

• during the translocation reaction (4). It has been postulated 
that the integral membrane proteins may form an aqueous 
channel (5) through which the protein can translocate, al
though as yet there is no direct evidence for this and it is 
possible that these proteins act as the translocation machinery 
<6) by allowing translocation to initiate at a protein lipid 
interface.

In addition the translocation process has been shown to be 
dependent upon the presence of anionic phospholipids. In E.
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coli mutants containing reduced levels of PG1 and cardiolipin 
the translocation of outer membrane proteins is inhibited (7- 
9). If the anionic lipids are reintroduced then translocation is 
restored (10). The exact role of PG is unclear although it has 
been shown that SecA can interact with anionic phospholipids 
and indeed shows translocation ATPase activity only in the 
presence of anionic lipid, precursor protein, and SecY (11). A 
further role for PG is suggested by the lipid model for trans
location which postulates that PG interacts directly with the 
positively charged N terminus of the signal sequence thus 
initiating insertion of the signal into the bilayer at the start 
of the translocation process (12, 13), and there is much 
indirect evidence which supports this view. A negatively 
charged lipid-specific insertion of signal peptides into model 
membranes has been demonstrated for the synthetic signal 
peptides of M13 coat protein (14), LamB (16), and the outer 
membrane protein PhoE (14). In addition the affinity of signal 
peptides for an anionic lipid interface has been seen to cor
relate with the efficiency with which precursor proteins con
taining these signal sequences are able to translocate (16). It 
has also been observed that increasing the level of lipid order 
within the membrane by the formation of a gel phase inhibits 
translocation (17, 18), and under monolayer packing condi
tions equivalent to the ordered gel state the penetration of 
the PhoE signal peptide is inhibited (14).

Both protein and lipid elements therefore have a crucial 
role within the translocation process, yet the basic question 
underlying the role of lipid within translocation still remains 
unanswered. In this paper we have investigated the require
ment for PG within translocation by using the model secretory 
protein OmpF-Lpp (19). The cleavable signal sequence has 
been mutated such that it contains a hydrophobic core of 
either 8 or 9 leucine residues and in addition the N terminus 
of the signal has been altered such that it contains either 0, 
2, or 4 positively charged lysine residues (20). This produced 
two series of proteins (0K8L, 2K8L, 4K8L and 0K9L, 2K9L, 
4K9L) both of which are able to undergo in vitro translocation. 
It has previously been shown that the translocation efficiency 
of the Leu8 series is strongly dependent on the charge present 
on the signal sequence, whereas the Leug series is able to 
translocate independently of the charge on the signal sequence 
(20). By performing in vitro translocation reactions with 
inverted inner membrane vesicles containing varying levels 
of PG we have been able to gain insight into the PG depend
ence of the translocation process with respect to the require-

’The abbreviations used are: PG, phosphatidylglycerol; IPTG, 
isopropyl /3-D-thiogalactopyranoside; Tricine, Ar-[2-hydroxy-l,l- 
bis(hydroxymethyl)ethyl]glycine; PAGE, polyacrylamide gel electro
phoresis.
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ment for a positively charged signal sequence. This therefore 
provides strong evidence for a direct interaction between the 
signal sequence and anionic lipids within a functional trans
location pathway.

MATERIALS AND METHODS
Bacterial Strains and Plasmids—E. coli strain MRE600 (21) was 

used to prepare inverted inner membrane vesicles with a wild-type 
lipid composition. In addition this strain was used for the isolation 
<7-an S*135 extract (22). Inverted inner membrane vesicles with 
Oiffering levels of acidic phospholipid were isolated from strain 
HDLll as previously described (10).

Plasmids 0K8L. 2K8L, 4K8L, 0K9L, 2K9L. and 4K9L were used 
exPression of the OmpF-Lpp mutants 0K8L, 2K8L 

4K8L, 0K9L, 2K9L, and 4K9L respectively (20).
Isolation of Assay Components-SecA (23), nonspecific lipid trans- 

fer protein (24), and SecB (25) were purified as described elsewhere. 
l,2-Dioleoyl-sn-glycero-3-phosphoglycerol was prepared and purified 
according to the published method (26). [^Slmethionine (1000 Ci/ 
mmol) was obtained from Amersham Corp., isopropvl d-D-thioealac- 
topyranoside (IPTG) was obtained from Sigma.

In Vitro Transcription-Translation and Translocation Reactions— 
The in vitro reactions were basically performed as described previ
ously (27). SP6 polymerase (Pharmacia LKB Biotechnology Inc.) was 
used for transcription of the plasmids at 37 *C for 45 min. The S-135 
extract was from MRE600. Inverted inner membrane vesicles with 
varying PG content were prepared from HDLll grown with 0, 10, 30, 
or 50 uM IPTG (10). Wild-type vesicles were prepared from MRE6O0! 
The phospholipid content was determined after phospholipid extrac
tion (28) using thin layer chromatography and perchloric acid destruc
tion (29). The chromatography plates were impregnated with 1.2% 
boric acid in ethanol/water (1:1) and dried before use. The solvent 
system used was chloroform, methanol, water and ammonium (25%) 
(65:37.5:3:1) v/v (30).

After transcription, translation was allowed to continue for 10 min 
after which the mixture was diluted 1:1 with 12 M urea in sodium 
phosphate buffer. pH 7.4. The diluted mixture was sonicated for 3 
min in a sonicating water bath to prevent aggregation of the precursor 
proteins (20).

2.5 «il of the transcription-translation mixture were used in a 
translocation reaction with a final volume of 25 *1- The translocation 
reactions were performed at 37 *C as previously described (27) but 
the reaction was only allowed to proceed for 5 min after which 
proteinase K was added to digest all of the nontranslocated protein. 
After a further incubation of 10 min at 37 *C the protease treatment 
was stopped by the addition of trichloroacetic acid to a final concen
tration of 15% (w/v). After precipitating on ice the samples were 
analyzed by Tricine SDS-PAGE (31) and fluorography.

In vitro translocation is defined as the amount of precursor and 
mature form of the protein remaining after the proteinase K treat
ment. The level of translocation was quantified by the scintillation 
counting of rehydrated, excised protein bands (precursor and mature) 
from the dried gels.

To calculate the translocation efficiency the percentage of the 
ava..ar;ie precursor which had translocated across wild-type vesicles 
(MRE600) was calculated. In translocation experiments using PG- 
deficient vesicles (HDLll) the calculated translocation efficiency was 
compared to translocation across wild-type vesicles which were as
sumed to represent 100% efficiency for this system.

Leader Peptidase Digest—0.5 *«g of leader peptidase was added to 
2.5 «1 of translation produa in a final volume of 25 <xl of translocation 
buffer (_i) and incubated for 15 min at 37 *C. The reaction was 
stopped by the addition of trichloroacetic acid to a final concentration 
of 15% (w/v).

Introduction of PG into Inner Membrane Vesicles—A nonspecific 
lipid transfer protein was used to introduce 1.2-djoleoyl-sn-glycero- 
3-phosphoglycerol from small unilamellar vesicles into PG-depleted 
inner membrane vesicles (from E. coh HDLll grown in the absence 
of IPTG) as described elsewhere (10).

RESULTS AND DISCUSSION

The relative levels to which the mutant proteins were able 
to translocate across wild-type vesicles (MRE600) was tested. 
The signal sequence which contains no charge and 8 leucines 
(Fig. L4) translocates at a very low rate with the translocated
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Fig. 1. Comparison of translocation levels for the OmpF- 
Lpp signal sequence mutants. A translocation assay was per
formed using wild-type vesicles (MRE600) with a range of OmpF- 
Lpp signal sequence mutants which were prepared by in vitro tran
scription-translation reactions. The samples were analyzed by Tricine 
SDS-PAGE and fluorography. Translocated protein (precursor and 
mature protease K resistant bands) were excised from the dried gels, 
re hydrated, and quantified. The percentage of added precursor which 
under went translocation is shown. The average of the data from six 
experiments along with the standard deviations are shown.

protein only representing 4-5% of the available precursor. 
The addition of charged lysine residues at the N terminus of 
the signal greatly enhances the translocation efficiency of the 
Leu® series, as can be seen for the 2K8L and 4K8L proteins 
(Fig. LA). These data are in agreement with the results 
previously obtained (20) and indicate that, for this series of 
proteins, a positively charged signal sequence plays an essen
tial role if efficient translocation is to be obtained, although 
a charged signal is not an absolute requirement for the trans
location reaction since some degree of translocation occurs in 
the case of the 0K8L OmpF-Lpp. This would imply that the 
charged signals are undergoing some form of electrostatic 
interaction which enhances the translocation efficiency. In
creasing the level of charge from 2 to 4 Lys residues causes a 
decrease in the level of translocation. This could be explained 
if the strength of the electrostatic interaction reached such a 
level that the following stage in the translocation process is 
hindered or if the increased charge interferes with the role of 
the signal’s hydrophobic core.

In contrast to the Leug series the Leu9 series can be seen to
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undergo levels of translocation which are independent of the 
charge present on the signal sequence (Fig. IB). This would 
indicate that by increasing the signal sequence core hydro- 
phobicity and length by the addition of an extra Leu residue 
it is possible to overcome the need for a charged signal. This 
suggests that the Leu9 series is undergoing a translocation 
related interaction which is dominated by hydrophobic rather 
than electrostatic forces.

We wished to observe whether translocation of the charge 
dependent OmpF-Lpp Leue series of mutants was dependent 
on PG. The E. coli strain HDLll has the pgsA gene encoding 
for the enzyme phosphatidylglycerol phosphate synthase reg
ulated by the lac operon hence by growing the cells in the 
presence of varying IPTG concentrations it is possible to 
control pgsA expression and therefore PG synthesis (10). In 
the following experiments vesicles with varying levels of PG 
were produced from HDLll, and the level of translocation 
across these vesicles was compared to the level of transloca
tion across wild-type membrane vesicles which were assumed 
to be 100% efficient for this system. The 0K8L protein which 
contained an uncharged signal sequence appeared to undergo 
translocation in a manner which was independent of the level 
of PG present (Fig. 2A). In contrast, the translocation effi
ciencies of the charged proteins, 2K8L (Fig. 2B) and 4K8L 
(Fig. 2C,) show a strong dependence on the level of PG present 
within the membrane vesicles. Importantly wild-type levels 
of PG (19 mol% of total lipid) allowed translocation to proceed 
at 100% efficiency. Included in Fig. 2B is an inset showing an 
autoradiograph which clearly demonstrates the increase in 
translocation efficiency of the 2K8L protein with increasing 
PG.

This data set implies that the Leug series not only needs a 
charged signal sequence for efficient translocation but also 
requires PG. In addition the PG requirement seems to be 
directly related to the charge present on the signal with the 
uncharged signal showing zero PG dependence. These results 
therefore give the first indication that there is a direct inter
action between the positively charged signal sequences and 
the anionic PG.

The Leug series has been seen to undergo translocation in 
a manner which is independent of the charge on the signal 
sequence (Fig. IB) thus raising the question of whether these 
mutants have a PG requirement for translocation.

Translocation of the Leug series across vesicles with varying 
PG content was compared to translocation across wild-type 
vesicles which were assumed to be 100% efficient. As can be 
seen in Fig. 3 all three of the Leu9 mutants are able to 
translocate at wild-type levels in a manner which is inde
pendent of the amount of PG present. Included in Fig. 3B is 
an inset showing an autoradiograph which clearly demon
strates that the translocation efficiency of the 2K9L protein 
is independent of the PG present. When compared to the 
Leu* series it appears that the addition of an extra Leu residue 
within the signal’s hydrophobic core has overcome the re
quirement for PG.

In the above experiments translocation reactions were per
formed using inverted inner membrane vesicles containing 
different levels of PG. To ensure that the varying levels of 
translocation which were observed were directly due to the 
levels of PG present PG was reintroduced into PG depleted 
vesicles (HDLll grown without IPTG induction) via the use 
of a nonspecific lipid transfer protein (10). The translocation 
efficiencies of the 2K8L and 2K9L mutants across these 
membrane vesicles were then observed in an in vitro translo
cation reaction (Fig. 4). If the data are compared to those 
obtained in Figs. 2B and 3B it can be seen that over the range
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FlG. 2. PG dependence of translocation for the mutants con
taining a signal sequence with a Leu* core. Translocation assays 
were performed on OmpF-Lpp signal sequence mutants which con
tained an Leu* hydrophobic core and 0 (A), 2 (B), or 4 (C) Lys 
residues at the N terminus. The samples were analyzed as in Fig. 1. 
Translocation across PG-depleted membranes was related to trans
location across MRE600 vesicles (18.5 mol% PG) which was assumed 
to be 100% efficient for this system. The inset (B) shows the results 
of a translocation experiment with the 2K8L mutant where T repre
sents translation product added to the system, W shows translocation 
across wild-type vesicles (100% translocation), and the remaining 
lanes show translocation across E. coli HDLll vesicles containing 3.8 
(7), 8.3 (2), 14.2 (3), and 19.1 (4) mol% PG. The average of the 
results from three data sets are shown along with their standard 
deviations.

of PG tested the data obtained by in vitro and in vivo incor
poration of PG into the membrane are comparable. Fig. 4 
shows that the addition of PG to PG depleted vesicles restores 
translocation of the 2K8L protein whereas the 2K9L mutant 
shows wild-type translocation efficiency independent of the 
level of PG present. The restoration of translocation effi
ciency solely by the introduction of PG into the vesicles 
confirms that the above data were obtained due to varying
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FlC. 3. PG dependence of translocation for the nautants con
taining a signal sequence with a Leu* core. Translocation assays 
were performed on OmpF-Lpp signal sequence mutants which con
tained a Leu* hydrophobic core and 0 (j4 ). 2 (B). or 4 (C) Lys residues 
at the N terminus. The samples were analyzed as in Fig. 1. Translo
cation across PG-depleted membranes was related to translocation 
across wild-type vesicles (18.5 mol% PG) which was assumed to be 
100% efficient for this system. The inset shows the results of a 
translocation experiment with the 2K9L mutant where T represents 
translation product added to the system, L a leader peptidase digest, 
Vi'shows translocation across wild-type vesicles (100% translocation), 
and the remaining lanes show translocation across E. coli HDLll 
vesicles containing 3.8 (J), 8.3 (2), 14.2 (3). and 19.1 (4) mol% PG. 
Results from five data sets are shown along with their standard 
deviations.

levels of PG and were not secondary effects.
These data indicate that there is a direct relationship 

between the PG required for translocation and the depend
ence of translocation efficiency on the charge present on the 
signal sequence. Since the signal sequence is positively 
charged and PG is anionic the simplest interpretation which 
fits these data is that the signal sequence directly interacts 
with PG at some stage within the translocation process.

Incorporated PG (mol%)
Fig. 4. Jn vitro manipulation of PG levels. PG depleted vesi

cles from E. coli HDLll had increasing levels of PG incorporated 
into the bilayer via the use of a nonspecific lipid transfer protein (10). 
The vesicles were then used in a translocation assay with mutant 
OmpF-Lpp proteins containing a signal sequence with Lysj and a 
hydrophobic core of either 8 (□) or 9 (♦) leucine residues. The level 
of translocation is related to the 100% level of translocation seen 
with wild-type vesicles (MRE600, 18.5 mol% PG). Samples were 
analyzed as in Fig. 1.

We shall consider mechanisms of translocation in relation 
to the initial precursor interaction. Two scenarios have been 
suggested for signal sequence interactions within transloca
tion. The first model emphasizes the role of specific phospho
lipids in the process of translocation (12,13). It is postulated 
that the signal sequence primarily interacts with the bilayer 
in an electrostatic manner with the basic N terminus of the 
signal interacting with anionic phospholipid head groups. 
This interaction then stabilizes the signal in a given confor
mation which is probably helical in nature (32, 33) thus 
allowing insertion of the signals hydrophobic core into the 
bilayer. This insertion may occur via the formation of a helix- 
turn-helix motif (12, 13) and is postulated to locally destabi
lize the bilayer structure thus facilitating translocation (34). 
Many experiments have emphasized a signal sequence lipid 
interaction and shown the importance of both the basic N 
terminus (35-38) and hydrophobic interior of the signal (32). 
It has also been shown that SecA ATPase activity is stimu
lated by anionic lipids in conjunction with SecY and the 
precursor protein and (11) in addition it has been demon
strated that SecA can interact and insert into negatively 
charged monolayers with the level of interaction being de
pendent on the nucleotides present (23). Anionic lipids have 
therefore been implicated in the functioning of both the signal 
sequence and SecA and postulated to be involved in the 
formation of a stable translocation complex. The data pre
sented here provide some insight into the role(s) anionic lipids 
are allocated within the in uiuo translocation reaction.

The Leu9 series of mutants show that wild-type levels of 
translocation are possible when the PG content of the mem
brane is as low as 3.8 mol%. Presumably this level of PG is 
therefore sufficient for the formation of translocation sites, 
and so at low PG concentrations this is probably not a limiting 
factor. Furthermore, since the Leu9 series has been shown to 
be SecA-dependent (20) the low levels of PG present seems 
to be sufficient to stimulate SecA ATPase activity and allow 
these mutants to translocate at wild-type levels. In the case 
of the LeuR series wild-type levels of translocation are ob
tained only for the charged mutants when normal levels of 
PG (19 mol%) are present in the vesicles. Providing that 4 
mol% PG is sufficient to produce enough translocation sites 
and ATPase activity for high levels of translocation then the
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fact that this does not occur suggests that the additional PG 
is required for an extra step prior to translocation. It should, 
however, be noted that other explanations are possible, and 
if the variations in the tripartite structure of the signal 
sequence mutants cause the mutants to interact differentially 
with the translocation machinery (SecA/SecE/SecY) then 
this could in turn affect the PG requirement of the translo
cation machinery. If the signal sequence does interact with 
PG this could occur early in the translocation pathway with 
subsequent transfer to SecA and then to SecE/Y at the 
translocation site or the precursor could be targeted directly 
to SecE/Y by SecA (8, 39) and then encounter PG. We are 
unable to distinguish between these mechanisms with these 
data but it is interesting to note that there is evidence for an 
interaction between the charged N terminus of the signal 
sequence and SecA (8, 39). By assigning the major PG require
ment to a signal sequence-membrane interaction it can be 
postulated that the increase in the length and hydrophobicity 
of the Leug signal sequences allows direct interaction with the 
hydrophobic membrane interior thus overcoming the require
ment for PG. This agrees with previous work (32) where the 
length and mean hydrophobicity of the proOmpA signal se
quence were seen to be key elements in the formation of a 
functional signal.

In the alternative hypothesis the signal sequence binds 
directly to a proteinaceous pore formed by SecE/Y (40-42) 
but on the basis of the data we have presented here we must 
discount the fact that the signal sequence interacts solely with 
proteinaceous components without encountering lipid. The 
hypothesis that the signal sequence interacts with anionic 
lipids during translocation does appear to fit our data since 
we have shown that characteristics of the signal sequence 
directly affect the anionic lipid dependence of the transloca
tion reaction.
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Codon bias in Escherichia coli may modulate 
translation initiation.
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Codons with low corresponding intracellular tRNA 
concentrations arc generally used less frequently (i.e. rare) 
compared to synonymous codons associated with higher tRNA 
concentrations [1]. The differential use of codons with defined 
tRNA concentrations causes a given mRNA sequence to be 
translated at variable rates [2]. Rare codons with extremely low 
tRNA concentrations may stall translation until an appropriate 
tRNA becomes available [3]. Translational pauses caused by low 
tRNA availability may also influence the folding of a nascent 
polypeptide chain, and it has been proposed that in several 
proteins (e.g. Rabbit a and p globins, Cytochromes C and Yeast 
Pyruvate Kinase [3]) translational pausing may allow discrete 
protein domains to fold and interact. Translational pausing of this 
type therefore complements the kinetics of a protein folding 
reaction.

Translational pauses could also influence the targeting of 
exported polypeptides. In E. coli proteins are generally exported 
Iby interactions of a N-terminal signal sequence with the 
translocation machinery [4,5,6]. Translational pausing could 
therefore favour export in two ways. With proteins exported post- 
translationally, an increase in time required for translation 
elongation would also increase the time a nascent polypeptide 
chain is exposed in the cytoplasm. Chaperone proteins [7] 
involved specifically in protein translocation (e.g. Sec B [6]) could 
then bind to the protein chain, increasing both the efficiency of 
export and the probability of the protein adopting a loose fold 
suitable for translocation. Proteins exponed in a co-translational 
fashion could also benefit from translational pauses within 
approximately the first 100 codons. Pauses located around this 
region would expose the nascent signal sequence in the cytoplasm 
prior to pausing and this should allow it to act independently of 
the un-translated protein. The export process would then be more 
efficient since direct interactions with the translocation machinery 
could ensue and the un-translated portion of the protein would not 
have to be maintained in a translationally competent state. This 
would be of particular importance in prokaryotic species where 
there is no evidence for elongation arrest by a Signal Recognition 
Particle (SRP).

We therefore developed analytical software to examine rare 
codon usage & distribution in a sample containing 47 exported 
and 46 cytoplasmic polypeptides. The necessary coding regions of 
Escherichia coli were selected from the Linkage map of E. coli K- 
12 [8], and subsequently extracted from the Gembl database using 
'GCG Navigator' software. To locate potential pause sites we 
selected 8 rarely used codons [9], with minor concentrations of 
tRNA [1]. These were CTA (Leu), ATA (He), AC A (Thr), CCT, 
CCC (Pro), CGG, AGA & AGG (Arg).

If translational pausing was a widely used folding strategy, it 
would be reasonable to assume a longer polypeptide would require 
more pauses during translation to achieve this. Preliminary data 
demonstrated that frequency of rare codon use appears to be 
independent of polypeptide chain length. This does not prevent 
translational pauses regulating protein folding events, but we 
found no evidence to support this. In order to analyse the role 
translational pausing may play, detailed structural data on protein 
domain boundaries is required. Analysis of the distribution of rare
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Figure 1 The distribution of rare codons in the first 120 codons of 
47 exported and 46 cytoplasmic polypeptides.

codons in the first 120 codons (pausing around the signal region) 
showed rare codon usage to be highest for the first 10 codons 
translated in botn cytoplasmic and exported proteins, Figure 1. 
Rare codon use after this region was essentially random in both 
classes of protein. Figure 1 therefore shows that cytoplasmic & 
exported proteins have a similar rare codon distribution. Analysis 
of frequency of rare codon use in both classes of polypeptide also 
showed no significant difference. These data do not therefore 
implicate translational pausing as an export mechanism.

Rare codon use is greatest in the first 10 codons translated in 
both classes of protein. This suggests that translation elongation in 
this region is particularly slow when compared to remaining 
coding region. Since the large preference of codon use within this 
region is apparent in both classes of protein, the role of these rare 
codons is common to the translation process and not protein 
functional location. The reasons for slow translation in this region 
are speculative, however it is conceivable this slow translation 
may play a role in stabilising translation initiation.
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Abstract

It is known that there is a high occurrence of rare codons at the start of coding region. Here it is shown that although the 
remainder of the gene is likely to contain a relatively low number of rare codons, rare and non-rare codons do not form a 
random sequence. It is apparent that throughout the coding region there is a higher than expected number of rare codon 
clusters. For example once a rare codon has occurred there is a greater chance than expected of the next six codons containing 
another rare codon. This non-random distribution implies that rare codons may have an as yet unidentified biological role.

Keywords: Translation; Rare codon; Protein folding; E, coli

1. Introduction

In E. coli, codons with low corresponding tRNA 
concentrations are generally used less frequently 
than synonymous codons associated with higher 
tRNA concentrations [1]. The differential use of co
dons causes a given mRNA sequence to be trans
lated at variable rates in vivo [2]. Rare codons with 
extremely low tRNA concentrations may even stall 
translation until the correct tRNA species becomes 
available [2]. In several proteins it has been proposed 
that rare codon induced pauses could allow discrete 
nascent protein domains to fold since the partially 
synthesised protein would have a decreased number

* Corresponding author. Tel.: +44 (1772) 893519;
Fax: +44 (1772) 892903; E-mail: d.a.phoenix@uclan.ac.uk

of potential interactions available thus simplifying 
the folding pathway [3,4], Proteins studied include 
Rabbit a and [3 globins [5], cytochrome C, yeast 
pyruvate kinase [3], and the photosystem II D1 pro
tein [6].

A high occurrence of rare codons has previously 
been noted at the start of coding regions [7] although 
in this and other studies [2,8,9] a broad range of 
codons have been defined as rare based on their fre
quency of occurrence. Since we are interested in the 
potential of codons to affect the rate of translation 
we have chosen the rare codon data set based on 
codons with low corresponding tRNA levels [1]. 
Here the distribution of these codons is statistically 
modelled and the non-random nature of this distri
bution is interpreted with reference to protein trans
lation and folding.

0378-1097/97/517.00 © 1997 Federation of European Microbiological Societies. Published by Elsevier Science B.V. 
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2. Methods

2.1. Preparation of the database

E. coli coding regions were obtained from the 
EMBL database. Files containing anti-sense strand 
information, rRNA, obvious errors or incomplete 
coding sequences were discarded. 2233 coding re
gions were selected for analysis. To locate potential 
pause sites eight codons were chosen [8] which cor
responded to minor tRNA concentrations [1], These 
were CTA (Leu), ATA (He), ACA (Thr), CCT and 
CCC (Pro), CGG, AGA, and AGG (Arg).

2.2, Analysis of rare codon distribution

The occurrence of rare codons was modelled using 
the Poisson distribution. The probability of a codon 
position being occupied by a rare codon was as
sumed to be constant with this parameter being esti
mated by the observed overall frequency of rare co
don occurrence across all of the sequences 
considered. Based on the level of codon occurrence 
within the 2233 genes the probability of any given 
codon being a rare codon was found to be equal to 
0.038. The number of DNA sequences expected to 
contain between zero and six rare codons within a 40 
codon bin was calculated and compared to that ob
served within the sample. This was repeated for co
dons 1-40, 41-80, 81-120, 121-160, 161-200, 201- 
240, 241-280, 281-320, 321-360. The sample size 
varied between bins due to the varying length of 
the coding regions and this was taken into account 
when calculating the expected number of occurrences 
in any given bin.

The number of codons occurring between two ad
jacent rare codons was studied for all rare codon 
separations within the 2233 coding regions. A sepa
ration of zero would imply that rare codon a; and 
aj+i were next to each other with no intervening 
codons. A separation distance of one would imply 
that the two rare codons were separated by one non- 
rare codon, etc. The number of times any given sep
aration was observed was noted for separations of 0- 
140 codons. The observed occurrences were com
pared to the expected number of times any given 
separation should occur. Expected occurrences were 
calculated using Monte Carlo simulation and testing
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Fig. 1. The distance between each rare codon ai and its nearest 
neighbour aj+i was determined for all 2233 coding sequences. A 
comparison of the observed (■) and expected (□) number of 
times rare codons were separated by distances of 0 to 30 codons 
is shown above. Expected values were generated using Monte 
Carlo testing methodology with 2233 randomly generated sequen
ces of the same lengths as the data set. The random sequences 
contained in total over 600000 codons. The same distribution 
was obtained with sequences containing 2X107 codons. The co
don composition was the same as in the data set. Values shown 
represent the percentage of all rare codons with the separation 
shown. Separations of upto 140 codons were calculated (data not 
shown).

methodology [10], Random sequences were gener
ated with a total length of over 6 X105 codons 
although the rare codon distribution was found to 
be the same using random sequences with a total 
length of over 2X107 codons (data not shown). 
The probability of rare codon occurrence was kept 
the same as that within the 2233 gene data set.

The level of separation was further modelled by 
looking at separation between rare codon a; and 
ai+n where n could be 1, 2 or 3. Separation of aj 
and a;+2 would therefore imply that there were three 
rare codons a;, ai+i, ai+2 with the separation of the 
two outer codons being observed. These separations 
were analysed for the initial 40 codon bin where a 
high level of rare codon occurrence was noted and 
for the remainder of the sequence.

3. Results and discussion

The Poisson distribution relates to unpredictable, 
random events. If therefore, rare codon occurrence 
fits this model it implies that rare codons are ran
domly distributed. The sequences were divided into
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40 codon-width bins as described in the methods. 
The number of bins containing either 0, 1, 2, 3, 4, 
5, or 6 rare codons were observed. The number of 
occurrences was compared to the number of occur
rences that would have been expected if rare codon 
occurrence could be described by a Poisson process. 
Chen and Inouye showed that there is a high occur
rence of rare codons at the start of coding regions [9] 
and in our analysis it was found that fewer sequences 
than expected contained 0-2 codons at the start but 
more than expected contain 3-6 codons (results not 
shown). Interestingly, when the rest of the sequence 
was analysed more of the bins than expected con
tained zero rare codons. Indeed many more bins 
than expected contained four or more rare codons. 
A %2 goodness of fit gave the probability that the 
expected and observed distributions were similar of 
less than 1CT30 which clearly indicates that the rare 
codons do not follow a Poisson distribution. Hence 
the distribution of rare codons through the 2233 se
quences is not a random event. To further investigate 
this, the Monte Carlo methodology was used. Ran
dom sequences were generated containing the same 
proportion of rare codons as the data set. The dis
tance between any rare codon a; and its nearest 
neighbour aj+i was noted for all rare codons in the 
data set with separations of 0-140 codons. The num
ber of times any given separation was observed was 
compared to the number of times it was expected 
from the random sequences (Fig. 1). The mean sep
aration observed was 23.4 codons and that expected 
from the simulations was 25.7 codons. Whether these

Fig. 2. The observed (■) and expected (□) number of rare co
dons with a rare codon separation of between 0 and 30 codons. 
The analysis excluded the first 40 codons. A shows the separa
tion between consecutive rare codons, i.e. rare codon a, and ai+i, 
a separation of zero indicates the codons are adjacent, B shows 
the separation between rare codon a, and aj+g hence the mini
mum separation is one and this indicates a;, aj+i, ai+2 are adja
cent. C shows the separation between aj and ai+3 hence the mini
mum separation is two. 2233 E. coli genes were tested for the 
observed values and Monte Carlo analysis with 20000 randomly 
generated 1000 codon sequences were used to find the expected 
values by examining codons 41-1000. The codon composition 
was the same in the random sequence and the data set. Values 
shown represent the percentage of all rare codons with the sepa
ration shown. Separations of upto 100 codons were measured 
but after 30-40 codons were all less than the expected (data not 
shown),
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Codon separation distance

B.

C 0)

0) Tt

■O co
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1 4 7 10 13 16 19 22 25 28

Codon separation distance
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2 5 8 11 14 17 20 23 26 29

Codon separation distance
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distributions were different was analysed using a %2 
goodness of fit testing of the hypothesis which gave a 
X2 value of 3116 which is far in access of the 0.1% 
critical value with 139 degrees of freedom. It can be 
seen from Fig. 1 that rare codons tend to cluster 
preferring separations of between 1-10 codons. 
These clusters could well occur upstream of domain 
boundaries, thus pausing translation while the ex
posed nascent chain folds. Recently Zhang et al. [6] 
produced a model to describe the effect of rare co
don clusters and their data implied that clusters con
taining as few as two rare codons maximised the 
increase in steady state density of ribosomes down
stream of the ‘pause site’. To further investigate clus
tering we observed separation distances of a, and 
aj+i, a two codon cluster, of a; and ai+2, a three 
codon cluster and aj and aj+a, a four codon cluster. 
Since codons are known to cluster at the start of 
coding sequences this analysis excluded the first 40 
codons of the coding region. Fig. 2 shows that co
dons appear to cluster with rare codons occurring 
within six codons of each other at a higher frequency 
than expected. The groups of three rare codons have 
a higher than expected tendency to occur within a 20 
codon band and four rare codons within 40 codons.

In summary it appears that rare codons do not 
occur randomly but prefer to cluster within DNA 
coding regions. This clustering effect is clear both 
at the start of the coding region and within the re
mainder of the gene. It may well be that this cluster
ing has a role in the slowing or pausing of trans
lation thus aiding the initiation of translation or 
protein folding.
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Abstract

The protein transduction domain of the HIV-1 transactivator of transcription, Tat (Tat(48"60))s has been shown to transport P10, a 
cytotoxic peptide mimic of the cyclin dependent kinase inhibitor p21WAFl/CIPlj into the nucleus of cancerous cells and induce apop
tosis. Here, monolayer studies were used to investigate the membrane interactions of Tat(48 60\ P10 and the construct Tat P10. It 
was found that Tat(4!Mi0) showed no significant surface activity but that both P10 and Tat(48"6O)P10, were highly surface active, inducing 
surfa.ce pressure changes of 9*7 and 8.9 itiN m"*, respectively, with DMPS monolayers. The comparison of Tat^ ^P10 and P10 surface 
interactions would be consistent with a hypothesis that the cargo attachment influences the capacity of the Tat-protein transduction 
domain to mediate transport across membranes either directly or via localisation of the construct at the membrane interface,
© 2007 Elsevier Inc. All rights reserved.

Keywords: Cell penetrating; Lipid monolayer; Isotherm; Tal peptide

Cell penetrating peptides (CPPs) are generally 5-40 
amino acids in length, have the capacity to traverse cell 
membranes and are able to deliver conjugated cargoes to 
the nucleus or cytoplasm [1]. A frequently employed proto- 
typic CPP is that derived from the HIV-1 Tat protein [2,3], 
which possesses a highly basic minimal transduction 
domain of approximately nine amino acids (RKKRR 
QRRR). This protein transduction domain (PTD) has been 
successfully utilized to transport oligonucleotides, peptides, 
and proteins into a broad range of cell types, with cargo 
uptake occurring rapidly [4,5]. Cargo transduction by Tat 
and by other CPPs is therefore an area of intensive investi
gation because of interest in the intracellular delivery of 
novel pharmacological agents which by themselves are 
cell-impermeable [6],

Whilst the transducing capability of this Tat-derived 
peptide is not in dispute, the mechanism of internalization

Corresponding author. Fax: +44 (0) 1772 892903.
E-mail address: daphoenix@uclan.ac.uk (D.A. Phoenix).

0006-291X/S - see front matter © 2007 Elsevier Inc. All rights reserved. 
doi:10.1016/j.bbrc.2007.08.162

of the Tat-PTD in the presence or absence of conjugated 
cargoes is a deeply contentious field, primarily as a conse
quence of concerns regarding possible artefacts associated 
with cell fixation (e.g. [7]). Extensive investigation has 
resulted in a number of significantly different pathways 
being proposed for Tat-protein PTD derived translocation 
including: clathrin-dependent endocytosis, lipid raft-depen
dent macropinocytosis, and the use of non-endocytic path
ways such as direct movement through lipid bilayers [7-1 i ]. 
For endocytic mechanisms, a role for polyanionic cell- 
surface molecules including glycosaminoglycans such as 
heparan sulphate has been mooted in a number of studies 
[12-15]. In contrast, evidence for direct (ATP- and recep
tor-independent) membrane translocation by peptides 
derived from the Tat-PTD is principally based on findings 
that transduction inhibition occurs at 4 °C or in the pres
ence of energy poisons, i.e. in conditions that are incompat
ible with endocytosis [16,17] (and reviewed in [18,19]). 
Whilst direct mechanisms of translocation are necessarily 
expected to invoke membrane perturbation, pore formation 
for Tat based transduction although a formal possibility

http://www.sciencedirect.com
http://www.elsevier.com/locate/ybbrc
mailto:daphoenix@uclan.ac.uk
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is not generally supported experimentally because of the 
relative lack of toxicity associated with the use of Tat or 
the Tal-PTD as a CPP,

We recently reported on the ability of the Tat(48_60) 
sequence (GRKKRRQRRRPPQ), to induce apoptosis 
when conjugated to the proliferating cell nuclear antigen 
interacting protein (PIP) box consensus sequence (denoted 
‘PIO’). This ability was particularly evident in cells origi
nating from gliomas [20] and immunofluorescence was able 
to show that the conjugate co-localised with the target cog
nate partner, PCNA in the cell nucleus. We report here 
how such Tat-PTD containing peptides with and without 
cargo (Tat(48_60), P10, Tat(4MO)P10, and Alacl5ll8‘21) 
Tat(48-60)pjQj jnteract with pUre Hpid monolayers. We find 
that whilst the un-conjugated Tat-protein PTD itself shows 
a weak lipid interaction and thus is unlikely to spontane
ously insert into bilayers, the ability of the relatively 
hydrophobic conjugated cargo to associate with cell lipids 
confers a membrane associating capacity onto the 
Tat-protein PTD. We believe this finding has significant 
implications for the methodologies used to investigate 
Tat-membrane binding and for the understanding of 
Tat-protein PTD based cargo translocation.

Materials and methods

Reagents. The peptides Tat,4fMiO)P10 (GRKKRRQRRRPPQRQ 
TSMTDFYHSKRRLIFS), Ala05'18’21^^48"60^^ (GRKKRRQRRR 
PPQRATSATDAYHSKRRLIFS), P10 (RQTSMTDFYHSKRRLIFS), 
and Tat'4*"*0’ (GRKKRRQRRRPPQ) were synthesized by solid phase 
and reverse-phase HPLC purified, with masses confirmed by MALDI- 
TOF mass-spectrometric analysis and in one case (Tat48'*0) by N-terminal 
sequencing, as previously reported [20]. Buffers and solutions for monolayer 
experiments were prepared from Milli-Q water. 1,2-dimyristoyl-jn- 
glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-jn-glycero- 
3-phospho-L-serine, sodium salt (DMPS) were from Alexis Biochemicals 
(Birmingham, UK). All other reagents were purchased from Sigma 
(UK).

Peptide surface activity. Surface tension was monitored by the Wil- 
helmy method using a paper plate (Whatman’s Chi) in conjunction with a 
microbalance and a custom made polytetraflouroethylene Langmuir 
trough (area 15 cm2, Nima technology) as described by Brandenburg 
et at., [21]. Peptides at concentrations ranging from 1.0 to 18 pM were 
injected into a Tris buffer (lOmM, pH 7.5) subphase via a vertical hole 
drilled in the trough wall. Changes in surface pressure al the air/water 
interface were monitored for 1 h. The maximal values of these surface 
pressure changes were then plotted as a function of the peptide’s final 
subphase concentration (Fig. I).

Peptide monolayer. The ability of each peptide to spread on an aque
ous surface and to form a stable monolayer was determined in a NIMA 
601M Langmuir-Blodgett trough. The barriers of the Langmuir-Blodgetl 
trough were adjusted to their maximum separation (surface area 78 cm2) 
and this position maintained. The surface was then cleaned by aspiration 
to remove any impurities checking the isotherm each time, Once the 
surface was free from any impurities, each peptide (2.5 mM) in methanol 
was spread on to the subphase containing a known number of peptide 
molecules (7.23 x 10^ molecules) using a high precision Hamilton 
microsyringe and the monolayer was allowed to settle for 1 h to ensure the 
methanol had evaporated off. The resulting peptide monolayer was 
compressed using the moveable barriers at a rate of 0.0678 nm2/molecule/ 
min. All experiments were carried out al room temperature (274 K),

The surface compression modulus (C,-1) of monolayers was calculated 
from surface pressure (n) and area per molecule data [A) applying Eq. (1).

Peptide concentration (pM)

Fig. 1. Peptide surface pressure as a function of peptide concentration for 
peptides Tat(48_60) (curve a) P10 (curve b), Tat(4f!-6O)P10 (curve c), and 
Ala'^'^’Tat^-^PlO (curve d).

Cr1 = -A{6n/dA). (1)

Lipid monolayers. Monolayer studies were conducted using Langmuir- 
Blodgett equipment supplied by NIMA Technology (Coventry, UK) 
interfaced with a PC and NIMA software thereby enabling a graphic 
output. Studies were conducted using a specially constructed 5x5cm 
Teflon trough containing 15 ml of buffer subphase (10 mM Tris buffer, pH 
7.5) which was constantly stirred at 15rpm by a magnetic bar. Surface 
tension was monitored by the Wilhelmy method using a paper plate and a 
microbalance [22]. A Milli-Q water isotherm was recorded before each 
experiment to confirm the absence of surface impurities.

Monolayers were prepared from pure phospholipids, DMPC and 
DMPS, in chloroform solutions (5mM), which were spread onto the 
air/bufifer interface at an initial surface pressure of 30 mN nT1, mimetic 
of biological cell membranes [23,24]. After evaporation of the chloro
form and stabilisation of the pressure, for 120 s, the peptides (2 mM) in 
25 mM Tris, pH 7.5, were injected into the subphase to achieve a final 
concentration of 10 pM, To ensure homogenous distribution of peptide 
in the subphase, the magnetic stirrer was set to a speed of 15rpm. 
Peptide monolayer interactions were recorded as changes in monolayer 
surface pressure and the resultant data were stored on a computer. All 
of these experiments were repeated at least three times to ensure 
consistency.

Results

Peptide adsorption at the airfwater interface

The ability of P10 and the Tat(48_60)P10 constructs to 
absorb onto the air/water interface was determined for 1- 
10 jiM solutions in the absence of lipid. The surface activity 
(Fig. 1) followed similar kinetics, clearly showing that at 
8 |xM saturation was achieved for PIO, Tat(48_6O)P10, and 
Ala(15,,8’21)Tat(48-6O)P10. All three peptides showed surface 
activity inducing surface pressure changes of 9.7, 8.9, and 
8.1 mN m-\ respectively. However, in contrast the 
Tat(48-60) peptide alone showed no significant surface activ
ity which is in agreement with the weak amphiphilic char
acter of the Tat sequence (Fig. 1).

To evaluate the surface activity for P10, Tatt48~60)P10 
and Alacl5,18,21)Tat(48'60)P10, the surface excess, f, was cal
culated by means of the Gibbs’ adsorption isotherm, which 
is given by the following equation [25]:
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1 At: 
RT A Inc (2)

where R is 8.314 I mol-1 K-1, 71= 294 K, it is the interfa
cial pressure increase (mN m_l) and c is the molar concen
tration of peptide in the subphase. These values of F were 
then used to determine area per peptide molecule at the 
interface by applying the following equation:

where N is Avogadro’s number (Table 1).
Table 1 shows that the calculated area per peptide mol

ecule (A) decreased with increased peptide concentration at 
fixed pressure.

In order to verify the ability of the peptide to form stable 
monolayers, 7.23 x 10!5 molecules of peptide were spread 
onto a Tris buffer interface and compression isotherms 
were undertaken. Fig. 2 shows each of the peptides P10, 
Tat(48"6O)P10, and Ala{15'18'21)Tat(48"6O)P10 were able to 
form stable monolayers at the air/water interface. The 
Tat(48-6O)P10 peptide is the least hydrophobic, which is sup
ported by the lower maximum compression pressure 
(20.04 mN m”1) and lower area lift off when compared to 
other two peptides. Peptide behaviour at an interface has 
been well documented [26] and it is thought that a-helical 
and p-sheet peptides can be distinguished by taking into 
account the extrapolated area of an isotherm. Fig. 2 shows 
the values of extrapolated area at t: — 0 mN m"1 which is 
in agreement with those obtained for other peptides [26] 
and the calculated area/peptide molecule found at Table 
1. These extrapolated values are in agreement with p-sheet 
formation (0.18-0.25 nm2) in the case of P10 and the two 
constructs. To further analyse the physical state of the pep
tide monolayer, the compressibility modulus was calcu
lated using Fig, 2. Davies and Rideal [27] indicate for 
peptide phases the compressibility modulus ranged from 
1 to 20 mN m_I which supported the compressibility val
ues determined for our data (data not shown).

Interaction of the peptide with lipid, monolayers

We investigated the mechanism by which the peptides 
might interact with membranes, by testing the ability of 
each peptide to penetrate lipid monolayers of constant 
area. Monolayers of either DMPS and DMPC were spread 
on to a buffer subphase at an initial surface pi'essure of

0.1 0,2 0.3 O.-'l 0.5 0.<$ 0.7 O.s 0.9
Aren per peptide molecule (mu2)

1.1 1.2

Fig. 2. A pressure-area isotherm for P10 (curve a), Tal(4li"6O)P10 (curve b), 
and Ala(J5’l8,21)Tat(‘,s_fiO)P10 (curve c) monolayers, which were spread 
from chloroform onto a subphase of 10 mM Tris, pH 7.5.

30 mN m_I, which was taken to represent that of naturally 
occurring membranes [23,24,28,29]. The peptides were then 
introduced into the subphase to give a final peptide concen
tration of 8 pM and the interactions of the peptide with 
lipid monolayers were monitored (Fig, 3A and B). It can 
be seen from Fig. 3 that for each monolayer studied, the 
insertion of each peptide followed parabolic kinetics that 
led to maximal surface pressure changes. In the case of 
P10, plus the Tat(48“6O)P10, and Ala(15lt8’21)Tat(4S"6O)P10 
constructs the level of interaction is indicative of disruption 
of the monolayer acyl chain region by the peptides. These 
high surface pressure changes are comparable to those 
reported for other strongly membrane invasive peptides 
[30-32].

For DMPS monolayers (Fig. 3A), the peptides P10, 
Tat(48_6O)P10, and Ala(15’18'21)Tat(48-6O)Pl0 were found to 
rapidly partition the membrane over a period of 50 s induc
ing large maximal surface pressure changes of circa 9, 8, 
and 7.5mNm“\ respectively. The interaction of P10,
Tat(48-6O)p10j and Ala(15,IS.21)Tat(4B-60)p10 with the zwjtter.

ionic lipid, DMPC, showed a marked decrease in surface 
pressure as compared to its interaction with anionic DMPS 
inducing maximal surface pressure changes of circa 6, 5.4, 
and 5.3 mN m*-1, respectively. This decrease in the absence 
of the negative charge would imply electrostatic contribu
tion from anionic species can stabilise membrane binding.

In contrast the Tat(48-60) peptide induced lower surface 
pressure changes of circa 2mN m-1 which is indicative of 
headgroup interaction. Furthermore, whilst there was some 
reduction in pressure changes in the presence of DMPC as

Table 1
Excess, r (mol/m2) and molecular area, A (nm2) for each peptide at different concentrations assayed

Concentration (pM) P10 Tatcts-6O)p10 Al.,(|S,,S.21)T.u(48-60)pj0

An F (xl0-fi) A An F (xl0“6) A An r(xl0"6) A

4 3.1 2.30 0.72 4.7 3.48 0.48 2.7 2.00 0.83
6 8.3 6.60 0.25 6.6 5.26 0.32 5.5 4,37 0.38
8 9.4 7.90 0.21 8.6 7.28 0.23 7.5 6.31 0.26

10 9.4 8.30 0.20 8.7 7.73 0,21 8.0 7.15 0.23
18 9.7 9.90 0.17 8.9 9.05 0.18 8.1 8.24 0.20



S.R. Dennison ei al. I Biochemical and Biophysical Research Communications 363 (2007) 178-182 181

S 2H-

Tinw (■)

Fig. 3. The peptides for Tat'^^PlO (curve a), P10 (curve b), and 
Aja(|J.iM1)Tat(4*'^o>P10 (curve c) were found to rapidly partition into 
DMPS (A) and DM PC (B). However, Tat148"40* (curve a) induced lower 
surface pressure changes of circa 1.5 mNm-1 for both DMPS (A) and 
DMPC (B) monolayers,

compared to DMPS this was not significant, which 
given the highly charged nature of the peptide emphasises 
further its relatively weak interactions at the monolayer 
interface.

Discussion

In light of the controversy surrounding Tat-protein 
PTD binding and internalization, we felt that a biophysical 
analysis of the Tat(48"60) and Tat(48_60)—cargoes, binding 
to lipid monolayers would give insight to the process of 
Tat targeting and translocation. The limitations of such 
model systems have previously been noted, for example, 
there is a lack of an electrical gradient typically seen in 
cells, yet it has been suggested guanidium rich molecular 
transporters (such as Tat) may be translocated in a voltage 
dependent adaptive translocation mechanism [33], How
ever, the value of monolayer studies in investigating the 
important role of peptide/lipid interactions is well recogni
sed [26,30,34]. Our findings indicate that whilst surface 
pressure changes induced by the ‘naked’ Tat-PTD were 
low (2 mN m-1), the conjugates induced markedly larger 
surface pressure changes. This would fit with their amino 
acid composition which in the case of Tat(48_60) shows rel
atively low hydrophobicity and in either a or p structures 
would provide limited amphiphilicity therefore emphasis

ing solubility and generating little partitioning at the inter
face. This is supported by the lack of surface activity shown 
by the peptide (Fig. 1).

In the case of the P10 and Tat^48~6O^P10 fusions the 
monolayer perturbations noted are of a magnitude consis
tent with previous reports of CPP surface effects (e.g. 
>15 mNm-1; e.g. see [35]). It would thus appear reason
able to suggest that for this case the cargo contributes sig
nificantly to the capacity of the Tat-PTD construct to 
interact with the membrane. This would agree with a recent 
study using fluorescence spectroscopy to investigate Tat- 
PTD (residues 47-60), which concluded that there was no 
significant disruption or perturbation of the lipid bilayer 
by Tat alone [36],

Whilst research undertaken by Sabatier et al., [4] showed 
that Tat(47-72) interacted strongly with dilaurylphosphat- 
idylserine membranes indicating a higher surface pressure 
increase than our reported results this may be due to the 
increased hydrophobicity in the amino acid residues 47- 
72. This would support our theory that the cargo (61-72 
amino acids) affects the ability of the construct to partition 
at a membrane interface. Indeed, the only direct evidence 
for membrane perturbation by Tat involves generating 
more hydrophobic moeties. For example Tat has been 
shown to promote phospholipid vesicle fusion in vitro 
[17] but in that case tryptophan containing analogues of 
Tat(48_60) (TatP59W and TatLysP59W) were designed to 
increase the hydrophobicity of the helix [17]. In this latter 
case these manipulations of the sequence also increased 
the amphiphilicity of the peptide, which would be predicted 
to enable the peptide to penetrate the membrane at a shal
low angle, thereby destabilising membrane lipid organisa
tion and promoting fusion of the peptide into the 
membrane [37].

The ability of the cargo to enhance lipid penetration 
could coincidently aid localisation at the membrane inter
face in a manner comparable to that employed by some 
targeting signals [6]. This could support direct transloca
tion or more likely support membrane by the construct 
thereby focusing diffusion within the plane of the mem
brane and increasing the efficacy of targeting the mem
brane translocating machinery. Interestingly the Tat 
constructs also showed a dependency for polyanionic sur
faces which would support previous work exploring the 
role of such molecules [12-15] but again in contrast to 
the Tat above would support a key role for the cargoes. 
In summary, our findings support the contention that 
Tat-PTD-cargo membrane monolayer interaction is signif
icantly different to that for a ‘naked’ Tat-PTD and thus 
provide indirect support for the notion that uptake for a 
‘naked’ CPP may be rather different than for conjugated 
CPPs [1]. In addition to work on uptake pathways this 
has relevance not only to Tat(48"6O)P10 targeting but anal
yses where penetration of Tat in cells has been traced as 
partitioning into membranes could conceivably be affected 
when hydrophobic molecules (such as fluorescein) are 
attached to the Tat-PTD.
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Gene therapy has the potential to cure currently uncurable conditions, including some 
cancers and inherited disorders. It might even be used in the womb to prevent congenital 
abnormalities. The potential was greeted with great excitement ten years ago, when gene 

therapy first appeared to be viable, but little progress is perceived. Just how close are we to 
solving the obstacles in the way of successful gene implantation / replacement?
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Gene therapy may be defined as any treatment strategy 
that relies on the introduction of genes or genetic material 
into human cells to alleviate or eliminate disease. The 
underlying strategy of gene therapy is to replace or repress 
defective genes with sequences of DNA that encode a 
specific genetic message. These can then be packaged and 
targeted to selected cells within the body. Gene therapy 
offers the potential to provide specific instructions to the 
cell, effectively allowing the cell to rectify its defect. It 
could theoretically treat a large number of disorders, such 
as cancers and inherited diseases.

One of the first attempts at such an application took 
place in 1990. The recipients of this treatment were two 
children suffering from severe combined immunodefi
ciency; a condition characterised by T lymphocyte deple
tion and resulting from a T cell deficiency in the enzyme 
adenosine deaminase (ADA). T cells were removed from 
the bodies of these immunodeficient children, the gene 
encoding ADA was introduced, and the modified cells were 
then returned to the individual children. The children 
received this treatment a number of times during a two-

Titlc image. Diagram of a retrovirus. Shown above is a representa
tion of the icosohedral outer casing of a retrovirus, which has been 
partially removed to reveal the internal viral components.

year clinical trial. In addition, they continued to receive 
ADA replacement therapy in the form of ADA conjugated 
to polyethylene glycol (PEG). Nearly six years later, the 
children were producing constant levels of functional T 
cells and appeared to enjoy normal immunological 
responses (Onodera and Sakiyama, 2000). Definitive 
conclusions cannot yet be drawn from these early trials but 
nonetheless, since this inception, gene therapy has been 
used to treat over 5000 people worlwide with a range of 
genetic disorders. At present, gene therapy may be admin
istered either ex vivo, as in the example just described, or 
in situ, where therapeutic genes are introduced into the 
cells of affected tissue at their bodily location, as with the 
gene-based treatment of cystic fibrosis. This latter use is 
limited by access to the tissue expressing the defect. For 
example, cystic fibrosis is characterised by the production 
of a defective transmembrane conductance regulator 
protein (TCRP): a cell membrane glycoprotein, which 
forms a channel that is selective for chloride ions. To 
compensate for this, genes encoding a functional TCRP are 
introduced into cells located in the trachea and bronchi of 
cystic fibrosis sufferers (Davies et al., 1998). The ultimate 
objective of gene therapy is the in vivo introduction of ther
apeutic genes to specific target cell types, administered by 
direct injection into the bloodstream. Progress towards this
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objective requires the development of efficient gene deliv
ery systems or packaging that will carry the genes to the 
target cells without interference. The majority of those 
used in current clinical trials have been inspired by the 
infective mechanisms of viruses and, in particular, those of 
the enveloped retroviruses.

Retroviral infection and gene delivery
Viruses are intracellular parasites that infect only specific 
cells into which they can gain access and divert the 
resources of these cells in order to reproduce. All viruses 
protect their genetic material or genome in a protein shell, 
termed a capsid, but they have evolved a number of differ
ent strategies to infect cells. Retroviruses possess a capsid, 
which is coated by a number of surface layers, and an outer 
surface envelope that plays a major role in target cell 
access and entry. This outer surface envelope is formed by 
a membrane through which specialised envelope glycopro
teins protrude. These are homotrimeric protein complexes, 
which have a glycosylated extraviral surface subunit that 
is linked to a membrane-anchored transmembrane subunit 
(Russell and Cossett, 1999); (title image). In the first step 
of retroviral infection, the surface subunit of these protein 
complexes interacts with specific receptors on the outer 
surface of a permissive cell membrane. The next step in cell 
infection can involve either direct fusion between the viral 
and permissive cell membranes or receptor-mediated endo- 
cytosis. In the latter process, the receptor bound retrovirus 
is engulfed by the permissive cell membrane and enters 
the cell whole and packaged in endosomes, small spherical 
bodies formed from cell membrane fragments. Cytoplasmic 
entry thus involves fusion between the retroviral and endo- 
somal membranes. It appears that the two types of 
membrane fusion involved in these infection steps are 
fundamentally similar. In each case, membrane fusion is 
promoted by conformational changes within the envelope 
protein complex and is facilitated by a specific protein 
segment of the transmembrane region of this complex, 
termed the fusion peptide.

It is believed that the fusion peptide adopts an a-helical 
conformation, the molecular architecture of which obliges 
the peptide to penetrate membranes in an oblique orienta
tion. This mechanism of penetration destabilises 
membrane lipid organisation and leads to membrane 
fusion. Fusion of the viral and permissive cell membrane 
involves conformational changes in the envelope protein 
complex, which appear to be triggered by receptor binding. 
For fusion of the viral and endosomal membrane, these 
conformational changes appear to be triggered by the low 
pH of the endosomal compartment. In both cases, 
membrane fusion leads to the entry of retroviral genes into 
the permissive cell and the Final step of infection. The 
genes use the metabolic and genetic machinery of the 
permissive cell for insertion into the cellular genome, viral 
gene expression and viral reproduction.

The process of retroviral infection may thus be seen as a 
naturally occurring gene delivery system and, based on 
this premise, the majority of current gene therapy proto
cols attempt to use modified retroviruses as vectors to 
deliver therapeutic genes to targeted cells. These vectors 
are formed from reconstituted retroviruses, termed viro- 
somes, which have usually been engineered at both the 
genetic and structural levels. For reasons of safety, all viral 
genes are removed from the retroviral genome. This leaves 
just junk DNA and the retrovirus is therefore rendered 
unable to reproduce. In principle, the retroviral genome 
can then be further modified to form an expression vector

Figure 1. Diagram of a virosome. The virosome represented above 
has been modified to carry therapeutic DNA. All viral genes have 
been removed and only junk retroviral DNA remains. Shown also 
are the retroviral envelope protein surface subunits. These are the 
natural receptor-binding regions of the retrovirus but are often 
replaced with ligands or antibodies that recognise specific recep
tors on the surface of a targeted cell.

containing sequences to encourage translation and tran
scription (Figure 1). Infection by the virosome then leads to 
the expression of therapeutic gene products within the 
target cell.

However, maintaining the stability of this genetic mate
rial has proved problematic, with particular difficulties 
arising from the body’s ability to recognise foreign materi
als at both the genetic and immunological levels. The 
successful expression of therapeutic genes also depends 
upon the ability of the virosome to target chosen cells and 
to effect the efficient transfer of therapeutic genes into 
these cells. A number of attempts have been made to struc
turally modify retroviral vectors to enhance specificity for 
chosen cell types. One major strategy has been to replace 
the natural receptor-binding region of envelope proteins 
with ligands or antibodies that recognise specific receptors 
on the surface of a targeted cell. These modifications have 
led to increased specificity in cell targeting but, in many 
cases, have also had a negative effect on the ability to 
undergo the conformational changes necessary for 
membrane fusion and thus inhibit therapeutic gene trans
fer and expression. The number of retroviral envelope 
proteins with known three-dimensional structures is 
increasing (Russell and Cossett, 1999) and this should 
enhance our understanding of the structure-function rela
tionships that exist within the envelope/ protein complex. 
In turn, this should increase the possibility of placing 
targeting moieties at very specific sites that maintain the 
functional properties of the envelope protein complex.

Overall, despite developmental problems, gene delivery 
systems based on retroviruses, and indeed viruses in 
general, are potentially very efficient. Nonetheless, a 
number of factors, including safety and ease of manufac
ture, have led to the development of non-viral gene deliv
ery systems.

Non-viral gene delivery systems
A major strategy in the development of non-viral gene 
delivery systems has been to mimic the desirable func
tional characteristics of the viral infection process. The 
first major requirement is that the genetic material should 
be in an appropriate expression vector. Expression vectors
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of several types have been used in gene delivery but the 
most common involves the carriage of therapeutic genes on 
small circular molecules of DNA, termed plasmids. 
Another major requirement is an appropriate delivery 
vector or packaging system, which is able to protect the 
expression vector and possesses mechanisms for delivering 
the DNA to targeted cells. The main approach to the design 
of these delivery vectors has involved the use of liposomal 
technology and has led to the development of vectors based 
on vesicular structures, known as liposomes.

A variety of liposomal structures are possible but those 
most appropriate to gene delivery systems are generally 
formed from phospholipids and possess the unilamellar or 
bilayer lipid organisation of naturally occurring 
membranes. When formed predominantly from anionic 
(negatively charged) and/ or zwitterionic (with both posi
tively and negatively charged regions) phospholipids, unil
amellar liposomes show many similarities to the 
membranes of retroviral envelopes and may thus be 
viewed as empty viruses (Figure 2). Unilamellar liposomes 
of these types are able to encapsulate DNA with efficien
cies of up to 60% (Monnard et al., 1997), and thus have 
good potential to package gene expression vectors. 
Nonetheless, for gene delivery systems, encapsulation effi
ciencies of 95% or greater are desirable and it seems that 
such efficiencies may be achieved by harnessing the 
phenomenon of DNA condensation. This phenomenon 
allows viruses to package their genetic material into the 
capsid and occurs when DNA molecules, with their high 
negative charge density, undergo a structural collapse in 
the presence of positively charged ions to form compact 
structures. The DNA condensation reaction can produce 
structures with dimensions suitable for liposomal encapsu
lation, and techniques aimed at controlling and optimising 
this production are currently being developed (Figure 3). & 

An alternative application of liposomal technology’ to the 
development of gene delivery vectors has resulted from the 
demonstration that plasmid DNA undergoes a DNA 
condensation type reaction in the presence of a number of 
polycationic species including cationic liposomes. Driven 
by electrostatic forces, plasmid DNA was found to form 
complexes with cationic liposomes, which have been 
termed lipoplexes (Figure 4). Earlier techniques that were 
used to produce lipoplexes resulted in heterogeneous

Figure 2. Diagram of a liposome. Shown above is a cross-section of 
a liposome. These are spherical bodies and the phospholipids form 
ing them adopt the bilayer organisation of naturally occurring 
membranes. The black lines represent the hydrophobic hydrocar
bon tails of the phospholipid molecules, which form a hydrophobic 
core to the bilayer structure. The green circles represent hydrophilic 
head-groups of the phospholipid molecules, which form interfaces 
between the bilayer hydrophobic core and the aqueous interior and 
exterior of the liposome. The spiral represents encapsulated thera
peutic DNA molecules.

Plasmid DNA -200 nm

Figure 3. The DNA condensation reaction. In the presence of 
positively charged poly lysine, (-NH2*)n, negatively charged DNA 
undergoes a structural collapse to form a DNA-polylysine complex 
with a diameter of the order of 50 nm. Similar DNA condensation 
reactions are used to encapsulate DNA within liposomes (figure 2) 
and lipoplexes (figure 4).

Figure 4. Diagram of a lipoplex. In the presence of cationic lipo
somes, negatively charged DNA undergoes a condensation type 
reaction to form DNA-lipid complexes, which have been termed 
lipoplexes.

mixtures of unstable structures, but improved methodolo
gies have led to the production of small stable lipoplexes, 
which are suitable for trial as gene therapy vectors. More 
recently, it has been found that lipoplexes can function as 
intermediates in the process of liposomal encapsulation of 
plasmid DNA. Under appropriate conditions, the addition 
of excess zwitterionic lipids to these intermediates has 
been reported to result in liposomes with plasmid DNA 
encapsulation efficiencies of up to 70%. Cationic liposomes 
now form the major class of vectors utilised in the cellular 
delivery of plasmid DNA (Bally et al., 1999).

By appropriate structural design, liposomal vectors have 
been equipped with the mechanisms necessary to facilitate 
the steps of therapeutic gene delivery. These steps are: 
accessing and binding to target cells; effecting target cell 
entry; and releasing the expression vector into the cellular 
cytosol. The ability of gene delivery systems to access 
target cells depends upon a number of factors and, in 
particular, the route of vector administration.

A major problem in the use of liposomal vectors for in 
vivo gene delivery has been the tendency of the body’s 
reticuloendothelial systems (RES; macrophage based
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immune response) to clear these vectors from the blood
stream. It appears that serum proteins accumulate on the 
surface, of liposomes, facilitating liposomal uptake by the 
RES. A number of potential solutions to this problem have 
been tested but the most successful of these involves the 
use of PEG technology. Essentially, lipid-PEG polymer 
conjugates are incorporated into the liposomal construc
tion so that the PEG moiety resides on the outer liposomal 
surface providing a sterically stabilised shield, which 
inhibits serum protein binding to the surface. 
Furthermore, it has been found that cell targeting and 
entry can be promoted by the attachment of a ligand, such 
as folate or an antibody, to the PEG moiety of these conju
gates (Chonn and Cullis, 1998). By an appropriate choice of 
attachment strategy, the binding of liposomal vectors to 
selected cells can be achieved and can mimic the viral cell 
entry mechanism. It also appears that such binding 
further promotes the cellular uptake of these vectors 
by endocytosis.

After endocytotic uptake, the delivery system’s expres
sion vector is still separated from the cell cytosol by the 
liposomal and endosomal membranes. The most commonly 
used mechanism to facilitate vector release involves the 
use of fusogenic peptides, which are designed to mimic the 
conformational behaviour of viral fusion peptides. 
Fusogenic peptides are either incorporated into the liposo
mal membrane or entrapped in the internal liposomal 
cavity. In response to the low pH of the endosomal 
compartment, these peptides are known to adopt a helical 
structure, but it is unclear as to whether expression vector 
release is promoted by fusion and/ or lysis of the endosomal 
and liposomal membranes (Russell and Gossett, 1999).

The final requirement of a gene delivery system is that 
the expression vector is transported into the target cell 
nucleus where the therapeutic genes are expressed. The 
precise mechanism by which these vectors are able to cross 
the nuclear membrane is still unknown, although one 
hypothesis suggests that entry into the nucleus may occur 
during cell division, when the nuclear membrane is absent. 
There is hope that research will eventually provide an 
answer to this question. Currently, an important area of 
ongoing research is the development of regulatory 
elements that can be incorporated into expression vectors 
so that, once the vector gains access to the target cell 
nucleus, they will promote higher levels of therapeutic 
gene expression and their translated gene products (Bally 
ct al., 1999).

Future prospects
The major strategies and common technological 
approaches to the development of viral and non-viral gene 
delivery systems have been described briefly here. 
However, this represents only the tip of the research 
iceberg. There is an ongoing search for more efficient viral 
vectors. Vectors based on the human immunodeficiency 
virus (HIV) are actively being researched by some groups 
(White et al., 1999), primarily due to the virus’s ability to 
evade the body’s immune system and embed itself into 
human DNA.

The development of non-viral gene delivery systems has

been extended to include many areas of technology. As 
examples, the highly branched three-dimensional macro
molecules of dendritic polymers have been investigated as 
potential delivery vectors, whilst synthetic polymers such 
as poly(ethyl acrylic acid), which possess a pH sensitive 
ability to lyse membranes, offer an alternative to the use of 
fusogenic peptides in expression vector release (Han et aL, 
2000). Instead of gene delivery, some gene therapists are 
pursuing the alternative strategy of gene repair. Using this 
strategy, the natural regulatory elements of genes are 
retained and segments of synthetic DNA and RNA, which 
may be capable of interacting with malfunctioning genes 
and repairing them, are delivered to cells.

Excitement at the potential of gene therapy is returning. 
Recently, it has had significant successes in the treatment 
of both genetic blood diseases (Williams and Smith, 2000) 
and cancer (Anderson, 2000). The development of gene 
delivery systems is rising exponentially and it has been 
predicted that within a decade the first injectable vectors 
will reach clinical trials. This could herald a magical era, 
with hope brought to the sufferers of a multitude of genetic 
disorders and cancers. Gene delivery might indeed become 
the gene genie.
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Chapter 2

Theoretical And Analytical Analysis Of Amphiphilic 
Alpha Helices And Other Periodic Sequences.



Summary.

Protein-membrane interactions are an essential aspect of cellular biology as it is the 
inclusion of proteins within biomembranes which not only provides the semi-permeable 
nature of the membrane but also its specificity of function and the opportunity for 
intercellular communication. Proteins and peptides that interact with membranes have to 
accommodate the amphiphilic nature of the bilayer and so must possess or be able to 
adopt amphiphilic architecture. As described in chapter 1 many such structures possess 
conserved physicochemical characteristics but at the primary sequence level lack 
homogeneity [1]. A major amphiphilic secondary structural motif known to be involved 
in protein-protein and protein-lipid interactions is the amphiphilic a-helix [14]. The 
molecular geometry of these oc-helices is close to that of the ideal or classical a-helix [4] 
with differences in the detailed architecture arising from variations in amino acid 
composition and environmental factors. For strongly amphiphilic structures, such as 
surface active a-helices, it is possible to identify the sequence by considering the 
geometries that would maximise the amphiphilicity of the peptide sequence at an 
interface [15], I had considerable success in identifying such sequences and published a 
simple algorithm that took into account not only the statistical importance of the amino 
acid distribution around the helical axis but also the need to consider variable window 
size when looking to identify such sequences. A range of other methods have been 
developed over the years to analyse the properties of these periodic secondary structures 
[16] with recent advances in computational modelling meaning some classes such as the 
clearly delineated transmembrane helices now have a 95% predication accuracy.

The premise that a-helices serving a similar function will possess similar structural 
characteristics has meant that attempts have been made to quantify key characteristics 
such as amphiphilicity to provide a means of characterising helical ftmction [17]. A 
commonly used method to quantify amphiphilicity when undertaking such analysis has 
been the two dimensional vector summation used in hydrophobic moment analysis [18]. 
We were the first group to utilise such methods to identify the wide spread utilisation of 
C-terminal amphiphilic membrane anchors within a number of prokaryotic 
carboxypeptidases [19] and showed a similar balance in hydrophobicity and 
amphiphilicity for antimicrobial peptides [17]. Building on this earlier work we have 
clearly shown that there are correlations between key parameters such as mean 
hydrophobicity and amphiphilicity within differing functional groups of a-helices and 
developed methods based on a parallel linear model to identify sequences using this 
relationship [20], We showed that not only was the relationship between these two 
parameters linear but that it was a direct consequence of the sequential ordering of the 
amino acid residues implying individual groups of helices with similar modes of 
membrane association possessed residue arrangements with similar amphiphilic 
properties. Whilst though simple models of amphiphilicity such as these vector 
summations are useful tools in identifying amphiphilic structures there has been a 
tendency for workers to use this to extrapolate too far with respect to functional 
assignment. We have clearly shown that whilst measures such as the hydrophobic 
moment identify amphiphilic sequences they provide a poor predictor of sequence 
function [21]. Even so these methods do provide good background information with



respect to function [22] and we have shown that such theoretical analysis can be greatly 
strengthened by inclusion of simple statistical methodology [19]. Such statistical 
approaches enable bias from single amino acid outliers to be identified by use of for 
example, Monte Carlo significance testing methodologies, thus making interpretation of 
the hydrophobic moment value more reliable.

Even so whilst there are a range of algorithms which can detect strongly periodic 
sequences [15] the success of such approaches remains limited with more degenerate 
periods. Whilst the inclusion of structural information such as protein topogenic 
determinants has led to improved levels of predication there are still very few membrane 
protein structures known limiting this approach in these cases. Even then care is needed 
as we have recently and controversially shown that common means of membrane protein 
analysis such as neutron diffraction can be affected by the deuteration process itself 
thereby casting doubt on some experimental data [23]. One approach to this problem 
which I have pioneered with colleagues in the Russian Academy of Science has been the 
development of the mutual information measure to analyse nucleic acid sequences for 
evidence of very low homology repeats within weakly periodic sequences [24]. This 
method identifies degenerate sequences by using the mutual information measure to 
analyse coincidences between artificial periodic sequences of known value and the 
sequence under investigation. Not only were we able to apply this new methodology to 
coding regions [25] but work on tRNA sequences was able to show the significance of 
amino acid physicochemical properties (eg polarity) in tRNA evolution [26]. Latent 
periodicity of this type at the DNA level may relate to codon usage or mRNA structure 
formation - both of which can affect the rate of translation and therefore protein folding 
or membrane assembly [11]. Indeed it has now been shown that low level homologous 
repeats occur in a range of amphiphilic protein coding regions such as those found in 
membrane interactive proteins. The importance of low homology repeats such as those 
described above are now widely recognised with their detection having many 
applications, such as for example the analysis of polymorphisims within DNA profiling 
[27] but their identification can also be important in helping to understand the 
evolutionary origin of sequences as well as understanding protein folding and potentially 
for use in de novo design.

In conclusion, I have been able to develop simple geometric and statistical means of 
identifying periodic sequences such as those required for the formation of amphiphilic 
helices. Of greater importance is the development of measures such as that of latent 
periodicity to identify very low homology degenerate periods which can have important 
roles in protein structure and function. We have not only provided means of identifying 
such sequences but by the use of parallel linear models, for example, have been able to 
analyse the importance of the balance between amphiphilicity and hydrophobicity for 
functionality in the case of membrane association and antibacterial activity.
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Amphiphilicity

Proteins and peptides that interact with membranes have to accommodate the 
amphiphilic nature of the bilayer, and to do so must either possess or be able to 
adopt amphiphilic architecture. On a structural basis these architectures may be 
classified as possessing primary, secondary or ternary amphiphilicity, with each 
having a range of effects on membrane lipid organization.

Primary amphiphilicity is typically found within the structures of integral 
membrane proteins, and is defined by transmembrane stretches of apolar residues 
which are terminated at the membrane surface by clusters of hydrophilic residues 
(see Chapters 4 and 5). It has been suggested that lipid-protein interactions may 
have a role in regulating membrane protein function by modulating local fluidity or 
the composition of the annular lipids - a tightly bound lipid boundary proposed to 
form around transmembrane proteins [1]. However, time-course studies have 
shown that lipids at the transmembrane/protein interface are able to exchange 
places rapidly with other lipids, indicating that the protein-lipid interactions are 
weak. It now appears that transmembrane proteins act as simple barriers, and the 
relatively slow motion of these proteins induces disorder in the bilayer structure by 
restricting the diffusion of neighbouring lipids [2]. Nonetheless, studies on the 
integral membrane protein glycophorin have shown that interactions between the 
protein and neighbouring lipids can have profound effects on bilayer organization. 
The results of these studies led to the suggestion that transmembrane proteins may 
require the close proximity of lipids with different molecular shapes to ensure 
optimal packing and sealing at the protein/lipid interface [2-4].

Tertiary amphiphilicity occurs when amino acid residues that may be 
distal in the primary structure of a protein or peptide are brought together in the 
final three-dimensional structure of the molecule to form an amphiphilic site. 
Membrane interactive sites displaying this form of amphiphilicity commonly occur 
within the structures of naturally occurring toxins, with major examples provided 
by the snake cardiotoxins [5,6] and plant thionins [7-9]. In both cases, these toxins
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are basic polypeptides with compact core structures stabilized by disulphide 
bridges. Hydrophobic residues located on the outer surfaces of the cardiotoxin and 
thionin molecules, in conjunction with neighbouring cationic residues, contribute 
to the formation of amphiphilic phospholipid binding sites. Both thionins and 
cardiotoxins appear to have a preference for anionic lipid, and the membrane 
interactions of these toxins lead to a diverse range of effects. These effects include: 
changes to lipid organization [10,11], the induction of non-bilayer structures such 
as the hexagonal Hjj phase, the promotion of membrane fusion [11,12] and the 
activation or inhibition of various enzymes [13-17].

Secondary amphiphilicity is often demonstrated by ^-sheet and a-helical 
structures, and such amphiphilic architectures are manifested in the primary 
sequence of proteins and peptides as the periodic occurrence of doublets or triplets 
of polar or apolar residues. Folding of the protein or peptide then leads to the 
ordered segregation of hydrophilic and hydrophobic residues and the formation of 
amphiphilic architectures. It has been demonstrated that amphiphilic fi-sheet forms 
the major secondary structural component of a variety of biologically active 
molecules, in particular bacterial porins [18] and a number of bacterial protein 
toxins [19], with one of the most recently described examples being suphylococcal 
a-toxin [20,21]. Staphylococcal a-toxin is an intrinsically soluble hydrophilic 
single-chain protein which must insert into the membrane of target cells to express 
biological activity. The spontaneous assembly of a-toxin molecules to form 
heptamers leads to the production of a transmembrane p-barrel pore, with 
hydrophilic residues lining the aqueous pore interior and every other residue 
forming a hydrophobic boundary with the bilayer lipid core [21,22].

However, in many systems the major amphiphilic secondary structural 
motif is the amphiphilic a-helix [23-27]. The amphiphilic a-helix may be defined as 
an a-helix with opposing polar and non-polar faces orientated along the long axis of 
the helix. The molecular geometry of these a-helices is close to that of the ideal or' 
classical a-helix, with differences in detailed architecture arising from variations in 
amino acid composition and environmental factors [28-30]. The amphiphilic a- 
helix was first recognized as a unique structure/function motif in studies on the 
lipid associations of the human exchangeable apolipoproteins [31]. This led Segrest 
and co-workers [24] to analyse the primary structures of a number of biologically 
active proteins and polypeptides in order to identify sequences with the potential to 
form amphiphilic a-helices. Based on hydrophobic moment plot methodology 
[32,33], this analysis revealed correlations between helical molecular architecture 
and biological function. Using the premise that a-helices serving similar biological 
purposes will possess similar structural characteristics, Segrest et al. [24] defined 
seven major classes of amphiphilic a-helix, with the principal differences between 
helical classes lying in the distribution of charged residues in the helical polar faces 
(Figure 1) [24,34-39]. Three of these classes of a-helix are predominantly involved 
in protein-protein interactions: the class K a-helices, found in the calmodulin
binding domains of various protein kinases, the class C a-helices of some coiled-
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Figure 1 Classification of membrane-interactive a-helix types A, H, L 
and M

A H L M

Dark areas represent negatively charged regions, shaded areas represent positively charged regions, white 

areas represent hydrophobic regions and the arrows indicate the relative size of the hydrophobic 

moment Adapted from [24].

coil protein arrangements, and the class G a-helices of globular proteins. The 
protein-protein interactions of amphiphilic a-helices lie beyond the scope of this 
review, and will not be considered further. The remaining major classes of 
amphiphilic a-helices defined by Segrest et al. [24] are primarily concerned with 
protein-lipid interactions: the class A a-helices of exchangeable apolipoproteins, 
the class L a-helices of lytic peptides, the class H a-helices of polypeptide 
hormones, and the class M a-helices of transmembrane proteins. We now review 
these helical classes and, in addition, describe a novel group of unclassified C- 
terminal amphiphilic a-helices which are proposed to function as anchors in the 
membrane anchoring of Escherichia coli low-molecular-mass penicillin-binding 
proteins (PBPs) [40,41]. Finally, using these putative C-terminal anchors as 
examples, we review theoretical techniques used to predict the occurrence of 
amphiphilic a-helices.

Apolipoproteins and class A a-helices

One of the primary functions of apolipoproteins is to associate with lipoprotein and 
thereby to assist in lipid transpon in organisms. Amphiphilic a-helices have been 
suggested to play a major role in the apolipoprotein-lipid associations of a variety 
of creatures, including birds [42], insects [43-45] and various mammals [46—49], 
However, it is in the case of the human exchangeable apolipoproteins that this role 
for amphiphilic a-helices has been most clearly demonstrated [24,38,39,50,51]. A 
striking feature of the human exchangeable apolipoproteins is the presence within 
their primary structures of 11 -amino-acid-residue tandem repeats [52], which in 
some cases have evolved into multiple 22-amino-acid-residue tandem repeats. The
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majority of these repeat units display the periodicity associated with amphiphilic <x- 
helices [24], and this observation led to the suggestion that duplication of a single 
gene may have led to the current multigene expression of the apolipoprot'ein 
tandem repeats [39].

An early model for the lipid associations of the human exchangeable 
apolipoproteins suggested that positively charged residues located at the helical 
polar/non-polar interface and negatively charged residues centrally located in the 
helical polar face interact with phospholipid head-groups. Concomitant 
hydrophobic interactions between the non-polar face of the a-helix and 
phospholipid acyl chains were believed to result in the a-helix being half buried in 
the membrane. However, key results from subsequent studies showed that the lipid 
affinity of apolipoprotein a-helices could be enhanced by increases in the 
hydrophobicity of the helical non-polar face [35,39,51,53]. In addition, although the 
helical charge distribution of the earlier model was optimal for higher levels of lipid 
association of the apolipoprotein a-helices [39,50,51,53-55], decreases in the alkyl 
chain lengths of interfacial positively charged residues led to decreased lipid 
affinities for these a-helices [35,39,53]. These results, taken with other findings, 
strongly support a revised version of the original model for the lipid interaction of 
apolipoprotein amphiphilic a-helices. In this, the ‘snorkel* model, it was suggested 
that, as the bulk of the van der Waals surface areas of the positively charged residues 
involved in apolipoprotein—lipid interaction are hydrophobic, these residues 
themselves may be considered to be amphiphilic in nature. Thus, when associating 
with lipid, the hydrophobic alkyl chains of these positively charged side chains 
might be able to extend or snorkel, thus allowing the helix deeper penetration of the 
bilayer while still allowing the charged moieties to extend into the aqueous phase 
[39,50]. This snorkelling would therefore increase the overall lipid affinity of the 
apolipoprotein a-helices. The snorkel model predicts that class A a-helices possess 
a helical side projection which mimics the inverted cone shape of some membrane 
lipids. In support of this prediction, class A a-helices have been shown to inhibit the 
lytic action of some peptides which possess cone-shaped class L a-helices. It was 
proposed that the class A helical shape complements that of the class L a-helices 
and effectively neutralizes the destabilizing effects of these latter a-helices [56,57]. 
Class A a-helices are known to stabilize membranes, particularly those with a 
propensity for the Hn phase [56,58], and it has been suggested that these helices 
.stabilize membranes via the reduction of negative curvature strain [59]. It has also 
.been observed that an inverted cone shape could allow class A a-helices to 
complement the lipid packing of the highly curved micellar surface of high-density 
lipoproteins and thus stabilize these structures [38].

In an attempt to characterize the apolipoprotein a-helical regions, Segrest 
et al. [24] subjected these regions to a computer-based analysis. The results 
produced a consensus helical motif which was defined as a class A amphiphilic a- 
helix. These helices are characterized by high hydrophobic moments and a unique 
bunching of positively charged residues at the polar/non-polar interface,
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accompanied by clusters of negatively charged residues at the centre of the 180° 
polar face. This charge distribution is fundamental to the snorkel model. However, 
although many lines of research had localized major lipid-binding sequences in the 
primary structures of the apolipoproteins and, in general, these sequences coincided 
with the class A a-helical regions, the lipid affinities of these regions were found to 
vary considerably, both between different apolipoproteins and between different 
domains within a given apolipoprotein [36,37,60], Segrest et al. [39] concluded that 
the hydrophobic moment algorithm used in their original analysis of amphiphilic a- 
helices [24] was not a good measure of the lipid affinities of lipid-associating 
amphiphilic a-helices. Lipid-associating class A a-helices of the apoliproteins were 
instead analysed by helical-wheel-based algorithms, which provided a more 
detailed description of these a-helices and led to the identification of helical 
subclasses that differed primarily in the clustering patterns of the charged residues 
in the helical polar faces. Based on closeness of fit to the original class A helical 
consensus motif, class A a-helices were subdivided in descending rank order into 
class A2, class Al and class A4 a-helices. Additionally, new class G* and class Y a- 
helices were defined. Comparison of the experimentally determined lipid
associating regions of the apolipoproteins with those predicted by the analysis [39] 
suggested that the class A a-helices were largely responsible for the lipid associ
ations of the apolipoproteins, with the lipid affinity of a-helices of class A2 being 
greater than that of class Al a-helices. Thus, in general, the differences in lipid 
affinity observed between different apolipoprotein molecules and between different 
regions of the same apolipoprotein molecule could be related to the number and 
type of class A a-helices present in the molecules. The class Y a-helices have been 
suggested to serve as low-lipid-affinity binding sites, while the class G* a-helices 
have been speculated to interact with either lipids or proteins depending upon local 
environmental conditions. In general, the rank order for the lipid affinities of 
apolipoprotein a-helices has been determined as: class A > class Y> class G* . 
[35,51].

Lytic peptides and class L a-helices

Lytic peptides are functional components of the venoms, toxins and secretions of a 
diverse number of living organisms, and have the common objective of killing target 
cells [61-63]. The mechanisms by which lytic peptides achieve this objective are 
varied, but are generally non-specific and share the common step of invasion of the 
host cell membrane [64-66], Based on primary structures, lytic peptides form a 
heterogeneous group, but they are often cationic and, to facilitate membrane 
invasion, usually possess amphiphilic secondary structure which includes most of 
the peptide molecular architecture [64]. Typical examples are the [S-sheet defensins 
[67,68] and the more common a-helical toxins such as melittin [69].
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Segrest et al. [24] analysed 13 domains from cationic lytic peptides known 
to adopt a-helical structure, including magainins from amphibians 
bombolitins from bumble bees [72,73], mastoparans from wasps [74,75] and 
craboltns from hornets [76,77]. The results produced a consensus helical motif 
which was defined as a class L amphiphilic ot-helix. This class of a-hehx is charac
terized by a high hydrophobic moment, a narrow polar face and the c ustenng o 
lysine residues at the polar/non-polar interface (Figure 1). Based on these helical 
parameters, it has been proposed that class L a-helices possess helical side 
projections that are effectively cone shaped [24]. Such helical topography forms the 
basis of a general model proposed for the interactions of lytic peptides with 
membranes [64]. This model suggests that, at low peptide concentrations, the 
membrane insertion of lytic peptide a-helices occurs with the helical long axis 
parallel to the membrane surface. Aligned in this manner, the helical hydrophobic 
face can interact with the bilayer core, while the helical polar face can associate with 
phospholipid head-groups. In this orientation the effective cone or inverted wedge 
shape of the peptide a-helix then leads to membrane peruirbation and destabi
lization. Consistent with this model, the class L lysin magainin has been shown to 
interact with phospholipids oriented parallel to the bilayer surface at sub-lytic 
concentrations [78,79]. Class L a-helices have been shown to destabilize 
membranes by promoting the Hn phase and increasing negative curvature strain 
[59]; these effects can, however, be inhibited by the presence of inverted-cone
shaped class A a-helices [56,57]. The model of Comut et al. [64] further suggests 
that, as the peptide concentration increases, the oligomerization of lytic peptide 
molecules occurs via helix-helix interactions, and multimeric species are able to 
engage in channel-forming or pore-forming activities. Such pore-forming activity 
has been observed for magainin [78,80] and for magainin analogues designed to 
possess class L a-helices [34].

Overall, it appears that the class L a-helices analysed show a ■ 
structure-function relationship. Nonetheless, the original analysis was based on a 
small sample of lytic peptides, and the helical parameters of many known lytic 
peptides appear to differ substantially from those of the class L a-hehcal motif. For 
example, alamethicin is uncharged, whereas B-haemolysin is 
possesses a wide helical polar face, greater in area than the hydrophobic face [64]. 
MeUitin is probably the most potent cationic haemolysin known [69], yet Segrest et 
al, [24] propose that the a-helices of this peptide are more characteristic of the class 
M transmembrane a-helices. It also seems that a subdivision of class L a-hehces can 
be made, based on helical characteristics. Class L venoms are able to lyse both 
eukaryotic and prokaryotic membranes, whereas class L antibiotics specifically lyse 
bacteria. A glutamine residue which is absent from class L venoms but present in 
the helical hydrophobic faces of class L antibiotics has been proposed to interact 
with membrane cholesterol and inhibit the lysis of eukaryotic cells [81]. Thus it may 
be that the analytical approach of Segrest et al. [24] is unable to account for t e 
generally heterogeneous nature of the a-helices of lytic peptides.
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An alternative approach to the characterization of lytic peptide a-helices 
stems from the fact that lytic peptides show channel-forming activity and, as such, 
constitute a subset of channel-forming peptides (CFPs). The CFPs also include 
modelled peptides and peptides derived from larger proteins, and together these 
peptides constitute a family of channel-forming structures that facilitate the 
selective transport of various ions. In this alternative approach, the amphiphilic cx- 
helices of CFPs are considered as being composed of four functional regions: the 
polar face (P), the non-polar face (NP) and two separate inter-helix regions (A and 
A'). The surfaces defined by these regions may also be described by the angles that 
they subtend: ©p, @NP, ©A and ® A,. Analysis of the amino acid residue distribution 
at the inter-helix junctions reveals that, although these two regions possess nearly 
identical hydrophobic moments, there is a specific localization of certain amino 
acid residues, generating an asymmetry between A and A'. The CFP helices always 
pack in parallel bundles, with region A interacting with region A' of the adjacent 
helix. The apparent asymmetry involved suggests conserved complementary 
structures between certain residues and may indicate the existence of packing 
motifs in the assembled structures. This suggests that the amino acid residues that 
form the amphiphilic ct-helices of CFPs and hence some lytic peptides may not 
only serve the function of membrane invasion but also be involved in ordered self
association and ion-channel formation [82]. This suggestion receives some support 
from the discovery of a seven-residue packing motif within the single 
transmembrane domain of glycophorin A. It appears that this motif induces dimer 
formation via helix-helix packing and that this packing is the main determinant of 
dimer stability [83],

Transmembrane proteins and class M a-helices

Integral membrane proteins possess lipophilic ct-helical regions that are able to 
traverse the bilayer. These helical regions may be either hydrophobic, like those 
found in the photoreaction centres of Rhodobacter sphaeroides ([84,85]; see also 
Chapters 4 and 5) and Rhodopsetidomonas viridis [86], or amphiphilic. These 
amphiphilic ct-helices are arranged in the membrane such that a hydrophilic pore 
or channel is formed. Typical of such an arrangement is that found in bacterio- 
rhodopsin, the proton pump oi Halobacterium halobium. The structure of this 
protein has been obtained to near atomic resolution by various techniques [87,88], 
and has been shown to possess seven amphiphilic ct-helices which associate to form 
a membrane pore. Analysis of these seven a-helices, along with amphiphilic a- 
helical sequences from various receptors, transporters and channel-forming 
proteins, gave a consensus helical motif which was defined as a class M amphiphilic 
a-helix. Class M a-helices are distinguished by low charge densities on the polar 
face, low hydrophobic moments but high non-polar face hydrophobicity (Figure 
1). These characteristics reflect the fact that the amphiphilicity of the class M
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helices is slightly different in nature to that of the other helices described by 
Segrest et al. [24], The residues that make up the hydrophilic faces of the class M a- 
helices are predominantly polar in nature rather than charged, and these polarities 
are comparable with those of the interior residues of soluble proteins. However, 
highly lipophilic hydrophobic residues form the exterior residues of the class M a- 
helices whereas, of course, hydrophilic residues form the exterior faces of soluble 

proteins [89].

Polypeptide hormones and class H a-helices
Amphiphilic a-helices appear to play functional roles in mediating the biological 
properties of a number of polypeptides that function as neurotransmitters or 
hormones [90,91]. Serving to enhance receptor binding and other pharmacological 
activity, amphiphilic a-helices have been identified in human and pig neuropeptide 
Y [92,93], motilin [94], ^-endorphin [95], corticotropin releasing factor [96], various 
calcitonins [97-99] and other hormones [90,91]. A number of amphiphilic a-hehcal 
sequences derived from hormone polypeptides were analysed by Segrest et al. [24], 
and this produced a consensus helical motif which was defined as a class H 
amphiphilic a-helix. Class H a-helices tend to be strongly cationic, possess polar 
faces which subtend angles of 100° or less, and have high hydrophobic moments 
(Figure 1). In general, the class H hormones are conformationally flexible, and 
monomers possess little ordered structure in solution. Nonetheless, in the presence 
of an amphiphilic environment, such as the membrane surface, amphiphilic a- 
helical structure can be induced in these polypeptide molecules [90,91,96,97,100]. It 
has been suggested that one role of such membrane-catalysed a-helix formation 
may be to assist in the facilitated location of the hormone receptor [90]. Support for 
this suggestion comes from studies on a lipopeptide derivative of the neuropeptide 
cholecystokinin. Receptor location and binding by the lipopeptide, which was 
predicted to form amphiphilic a-helical structure, was apparently facilitated by
diffusion through the bilayer lipid phase [101].

An alternative model of facilitated receptor location has been proposed 
for neuropeptide Y. The polypeptide possesses both an N-terminal proline-rich 
region and a C-terminal amphiphilic a-helical domain [92,93]. It has been suggeste 
that anti-parallel packing of these regions can lead to a-helix stabilization in the 
monomer without aggregation. The resulting localization of positively charged 
residues at the N- and C-termini of the hormone result in long-range electrostatic 
interaction, guided receptor localization and receptor binding [90].
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£. coli low-molecular-mass PBPs

The family of E, coli low-molecular-mass PBPs includes PBP4, PBPS, PBP6 [40] 
and the recently reported PBP6b [102], PBP4, PBPS and PBP6 are well charac
terized enzymes which are believed to play a regulatory role in the terminal stages 
of peptidoglycan biosynthesis. These PBPs are targeted to the inner membrane via 
cleavable N-terminal signal sequences [103-105], and in non-overproducing 
systems the translocated proteins are anchored to the periplasmic face of the inner 
membrane [40,106], Analysis of the primary structures of the low-molecular-mass 
PBPs showed no conventional hydrophobic anchor sequences or obvious sites for 
covalent modifications, but revealed that the C-terminal sequences of these proteins 
possess periodicities associated with potential amphiphilic a-helical structure [41]. 
Deletion analysis established that the C-terminal regions of PBPS [104,107] and 
PBP6 [108,109] are essential for efficient membrane interaction, and homologues of 
these regions showed strong interactions with lipid monolayers derived from£. coli 
membranes. These lipid monolayer interactions proceeded via predominantly 
hydrophobic forces, with levels of interaction enhanced by low pH [106]; this 
parallels the interactions of PBPS and PBP6 with the membrane, which have also 
been shown to proceed via predominantly hydrophobic forces and with levels of 
interaction enhanced by low pH [109,110], In the case of PBPS, incorporation of a 
helix-breaking proline into the C-terminal sequence resulted in destabilization of 
PBPS-membrane binding and implied the presence of ct-helical structure in the 
PBPS C-terminal region [111], CD analysis [112] and Fourier-transform IR 
spectroscopy [112a] have shown that PBPS and PBP6 C-terminal homologues are 
able to adopt a-helical conformations. Taken in combination, these results suggest 
that amphiphilic a-helices at the PBPS and PBP6 C-termini are able to associate 
with membrane lipid and function as protein anchors.

Structure-function relationships have been demonstrated for the lipid
associating class A, class L, class M and class H a-helices, and it may be that the C- 
terminal a-helices of PBPS and PBP6 also possess structural characteristics related 
to their putative function as lipid-interactive protein anchors. PBPS and PBP6 C- 
terminal helices are cationic, have positively charged residues at or near the 
polar/non-polar interface, and possess polar faces of 180° and 120° respectively. 
These helical parameters show similarities to those of the class L a-helices of lytic 
peptides [24], and homologues of the PBPS and PBP6 C-terminal regions have been 
shown to be haemolytic, with mechanisms of lysis consistent with the presence of 
a-helical homologue structure [113]. Thus it may be that the PBPS and PBP6 C- 
terminal anchors interact with the membrane using a similar mechanism to that of 
the class L amphiphilic a-helices. This would mean that the PBPS and PBP6 C- 
terminal a-helices orientate at the membrane such that the helical hydrophilic face 
associates with phospholipid head-groups, whereas the helical hydrophobic face 
interacts with the lipid bilayer core.
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Studies with a chimaeric protein, which included the penplasmic protein 
B-lactamase fused to the PBP5 C-terminal region, and with a PBP5 active-site 
mutant showed that the presence of the PBP5 ectomembranous domain could 
affect the strength of membrane anchoring [114]. This.imphed that, in addition to 
C-terminal anchoring, an interaction(s) involving the PBP5 ectomembranous 
domain and some other membrane-based component may hcnecess^°T 1 * 
efficient membrane binding of the protein. One possibility is Jat PBP5 may 
interact with other membrane-bound proteins. In support of this idea, cross- 
linking studies have suggested that PBP5 may participate in a protein complex that 
includes other PBPs [115]. In summary, a general model for the membrane binding 
of PBPS and PBP6 is suggested (Figure 2). In this model, after translocation has 
taken place, the ectomembranous domain of the protein interacts with some 
membrane component, probably a protein, whereas an amphiphihc a-heitx at h 
C-terminus of the protein associates with membrane lipid. Tins lipid association 
occurs via a mechanism similar to that employed by the amphiphilic cx-hehces oi 
class L lytic peptides. In the enzymically active form of the protein, levels o 
membrane binding and C-terminal a-helicity are low, but in the enzymica y
inactive form these levels are high. . ,

PBP4 is the third well characterized member of the PBP family; it s ow 
many characteristic that arc different from those of PBP5 and PBP6. In addmon to
theDD-carboxypepridase activity shared withPBFS and PBP6,PBP4tsahoaDD-
endopeptidase. In contrast with the overproduction of PBPS and PBP6, whic 
results in membrane-bound forms of the proteins only, the overexpress,on of PBP4 
results in a mainly soluble form of the protein [116,117], In wdd-type systems, PBP4 
has been shown to be exclusively membrane-bound, and it has been suggeste a 
the protem may therefore occupy a specific binding site P06], T1“s PMS,b^
be supported by the recent demonstration that PBP4 and other PBPs were able to
engage in protein-protein interactions with immobilized transglycolases which le 
to the suggestion that PBP4 may participate in a protein complex that funenons in 
cell wall synthesis [118-120], In contrast with PBPS and PBP6, PBP4 shows ow 
resistance to ionic perturbants, and has been shown to interact with the ““hrane 
via predominantly electrosutic forces, Taken in combinauon, these report«l findings 
have led to the conclusion that the membrane association of PBP4 dilters 
fundamentally from that of PBPS and PBP6. Whether or not the PBP4 C-termm*l 
region is involved in membrane association and, if so, whether it utilizes amphiphik 
a-helical secondary structure is as yet an open question.

Predictive techniques
A number of methods exist for the identification and characterization of 
amphiphilic a-helical segments, but the most commonly used techniques are 
probably graphical and those based on hydrophobic moment plot analysis [121],
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Figure 2 Suggested scheme for the membrane interactions of PBP5 
and PBP6

C

C

After translocation has been initiated and the signal sequence cleaved (A), two courses of action may be 

available to the protein. As the C-terminus of the protein crosses the membrane, it may adopt an 

amphiphilic a-helical conformation which acts as a stop transfer sequence, preventing complete 

translocation and anchoring the protein to the membrane (^.Alternatively, the protein may be completely 

translocated and exist as a short-lived periplasmic intermediate (Q. Charge and pH effects could then 

stabilize the amphiphilic a-helical secondary structure of the protein, which then interacts with the 

membrane (B). In either case, the C-terminal interaction is stabilized by other interactions involving the 

protein’s ectomembranous domain and other membrane-bound proteins (B).This corresponds to the 

enzymically inactive form of the protein and high levels of C-terminal a-helicity. On binding of substrate 

(D), the protein adopts an enzymically active form, with a concomitant decrease in the level of C-terminal 

a-helicity and changes in the levels of interaction of the protein's ectomembranous domain.

frequently used graphical technique is the Schiffer-Edmundson helical wheel 
diagram [122]. This is a two-dimensional projection in which the side chains of 
residues forming the a-helix are projected on to a unit circle, in a plane perpen
dicular to the long axis of the helix. Consecutive amino acid residues are offset by 
100°, and amphiphilicity is revealed by the clustering of hydrophobic residues on 
one side of the unit circle and hydrophilic residues on the opposing side. Some 
degree of magnitude has been incorporated into the wheel by the use of a rose
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diagram. In these diagrams, the sector of the helical •wheel representing a given 
amino acid includes a graphical representation which is a measure of the 
hydrophobicity of the given amino acid [40]. However, other than in cases where 
single short amino acid sequences are being considered and amphiphilic structure 
is well defined, the need for subjective judgement renders graphical techniques of 
limited use.

To overcome these limitations, quantitative techniques for the detection of 
amphiphilic a-helices have been devised. One example is hydrophobic moment plot 
analysis [32], In this analytical procedure, the hydrophobicities of consecutive 
residues in a given amino acid sequence are considered as vectors, with a positive 
value implying that a residue is hydrophobic. The hydrophobic moment is an 
expression of amphiphilicity obtained from a summation of these vectors in two 
dimensions, perpendicular to the helical long axis and assuming a periodicity tp, 
which in the case of an idealized a-helix would be 100°, representing 3.6 residues 
per turn. This is represented by the expression:

J,
p,{(p)= {[2[L, H* sin(^cp)]2 + H* cos(^cp)]2]2

where p,(<p) is the hydrophobic moment of a sequence of length n residues, Hk is the 
hydrophobicity of residue k and <p is the periodicity of the residue s side-chain 
orientations. The usual method of analysis is to consider a window of 11 residues, 
representative of three turns of an a-helix, with analysis progressing along the 
amino acid sequence. For each window, the hydrophobic moment and average 
hydrophobicity is calculated. The size of the hydrophobic moment allows the level 
of amphiphilicity to be estimated. The window possessing the largest value for the 
hydrophobic moment, together with the mean hydrophobicity at this point, are 
then plotted on to the Eisenberg hydrophobic moment plot. For a given data point 
on the plot, the hydrophobicity measures the affinity of the sequence for the 
membrane interior and the hydrophobic moment measures the structured 
partitioning of hydrophilic and hydrophobic residues in the sequence, and hence
provides a measure of its amphiphilicity.

There are a number of problems associated with hydrophobic moment 
plot analysis, one of which stems from the fact that the hydrophobic moment is a 
function of hydrophobicity. There are a variety of scales expressing amino acid 
hydrophobicities, and these may be empirical [123], determined experimentally 
[124,125] or derived statistically [126,127]. Variations in the relative values of these 
hydrophobicities, both within and between scales, can lead to difficulties in 
interpreting the significance of the hydrophobic moment [128]. Another problem 
arises from the fact that, in their original analysis, Eisenberg et al. [32] assumed that 
^(maximum) would occur when cp = 100°, which is the periodicity of an idealized 
amphiphilic a-helix. However, in practice (x(maximum) for an amphiphilic a-hehcal 
region can vary, and usually occurs when <p is closer to 97.5° [129], although values 
between 95° and 105° are possible [121]. To accommodate these variations in
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angular periodicity, hydrophobic moment plot analysis has been extended to 
include a profile of all periodicities between tp = 0° and ip = 180°,

Hydrophobic moment profile analysis allows the detection of periodic 
hydrophobicity, which is characteristic of not only putative amphiphilic ct-helical 
regions but also other amphiphilic motifs such as (3-sheet structures [130]. In 
addition to the prediction of sequences likely to form amphiphilic a-helices, the 
Eisenberg hydrophobic moment plot diagram has also been used to suggest possible 
membrane locations for the interaction of such a-heiices (e.g. transmembrane), 
although care must be taken when doing this. Indeed, homologues of the PBP5 and 
PBP6 C-terminal regions have been shown to possess a-helical structure [112], high 
surface activities, high levels of interaction with lipid monolayers [106] and strong 
haemolytic abilities that are comparable with those of melittin and class L lysins 
[113]. In this case, hydrophobic moment plot predictions are strongly supported by 
experimental results and, in turn, this agreement strongly supports the proposed 
anchoring mechanism for the PBP5 and PBP6 C-terminal regions. In contrast with 
the PBP5 and PBP6 C-terminal homologues, a homologue of the PBP4 C-terminal 
region showed no great propensity for a-helix formation [112], low levels of surface 
activity, low levels of interaction with lipid monolayers [106] and no evidence of 
haemolysis [113]. These experimental results suggest that the PBP4 C-terminal 
region may be only weakly membrane-interactive, yet the high hydrophobic 
moment alone could be taken to indicate that the PBP4 C-terminal region would be 
active at the membrane surface. This apparent disagreement illustrates a problem 
often encountered in conventional hydrophobic moment plot analysis. The 
boundaries used are very diffuse and ill-defined and, in addition, the hydrophobic 
moment can be greatly affected by a few extreme amino acids masking the overall 
nature of the structure [128-131], To try and provide further guidance on the 
importance of the measure, a method of statistical testing was recently introduced 
[132], This method confirmed that the PBP5 and PBP6 C-terminal regions had high 
potential for amphiphilic a-helix formation. In contrast, the PBP4 C-terminal 
region was predicted to have equal potential for both amphiphilic a-helix and 
amphiphilic (3-sheet formation. These predictions have been generally confirmed by 
both CD analysis [112] and Fourier-transform IR spectroscopy [112a].

Brasseur [132] has attempted to refine hydrophobic plot methodology by 
looking at the molecular hydrophobic potential of membrane-interactive protein 
and peptide segments. This technique provides a three-dimensional graphical 
summary of hydrophobicity. Although this method assigns a numerical value to the 
segment of interest, classification is mainly based on the relative locations and sizes 
of the hydrophilic and hydrophobic arcs. Nonetheless, in this approach, the 
segment of interest is still identified using hydrophobic moment analysis and a fixed 
window size. Problems can still therefore arise in identifying weakly membrane- 
interactive helices, particularly those near the boundary region.

Algorithms based on hydrophobic plot methodology are commonly 
employed in predictive analysis, typical examples being the analyses of Pewsey et al.
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[131] and Segrest et al. [24]. These algorithms possess a fixed -window size which, 
depending upon the algorithm used, can vary from 11 to 21 residues. In some cases 
this can make the clear identification of putative amphiphilic a-helical sequences 
difficult [121]. In response, Roberts et al. [133] have defined a new measure of 
membrane-interactive potential: the depth weighted insertion hydrophobicity 
(DWIH). In this analytical approach, the need for a fixed window size has been 
eliminated and, instead, the maximum window size that could potentially interact 
with the membrane is identified. In contrast with hydrophobic moment plot 
analysis, DWIH analysis treats polar residues as constraints rather than negative 
hydrophobicity values and models putative a-helical sequences in three dimensions 
to determine the potential of these a-helices for membrane insertion, taking into 
account the exclusion of hydrophilic residues, insertion angles and insertion depth 
of the helix. Results derived from DWIH analysis of the PBP5 and PBP6 C- 
terminal sequences concurred with those of previous analyses based on 
hydrophobic plot methodology [133] and experimental work.

Summary
Hydrophobic moment plot based analysis appears to be generally reliable for the 
identification of sequences with the potential to form amphiphilic a-helices, and has 
successfully identified such sequences in the C-temunal regions of PBP5 and PBP6 
and in the primary structures of peptides that make up the class A, class L, class M 
and class H amphiphilic a-helices. However, the hydrophobic moment is perhaps 
too simple a concept upon which to assign location or biological properties to 
amphiphilic structures when thus identified. Indeed, in this context, it seems quite 
probable that a methodology that decreases the amphiphilicity of a three- 
dimensional structure to a single value by a two-dimensional vectorial summation 
of polar and hydrophobic components can sometimes mislead. Furthermore, 
Segrest et al. [39] concluded that hydrophobic-moment-based algorithms were not 
good measures of the lipid affinities of class A amphiphilic a-helices, and this led to 
the re-classification of some class A a-helices. The approach of Roberts et al. [133] 
appears to offer a simple alternative for the identification of amphiphilic 
architecture and flexibility in predicting membrane interactions. Overall 
predictions based solely on primary structure information are unreliable, but 
predictive techniques are generally good as guides. These techniques have helped in 
elucidating the membrane-anchoring mechanisms of the £. coli low-molecular-mass 
PBPs and have served to help establish structure-function relationships for the lipid 
associations of the amphiphilic a-helical classes reviewed here. These a-helical 
classes demonstrate the fundamental and versatile nature of the amphiphilic a-helix. 
Different a-helical classes stabilize membranes, destabilize membranes, form 
transient pores or pores associated with transmembrane proteins, act as hormone 
receptor guides and anchor peripheral membrane bound proteins. This list is by no
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means exhaustive, but serves to show that the amphiphilic a-helix is indeed a 
ubiquitous motif.
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active a helices with the potential to anchor 
proteins at the membrane interface
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Abstract

Motivation: Surface-active peptides are amphiphilic in 
nature and have been shown to have the potential to interact 
at the membrane interface, possibly by lying parallel to the 
membrane surface, Present methodology for the identifi
cation of these helices uses a fixed wmdow size, is based on 
a two-dimensional sum of hydrophobicity vectors and gives 
no measure of the statistical significance for any region 
identified as amphiphilic. Identification of weakly surface- 
active structures is difficult and here we have attempted to 
remedy this by introducing an algorithm which considers 
three-dimensional geometries and variable window size. 
Results: A new measure of membrane-interactive potential is 
proposed, called the depth-weighted inserted hydrophobicity 
(DWIH), which is based on the sequestration of hydrophobic 
residues within a hydrophobic compartment, such as that 
produced by a membrane bilayer. A statistical significance 
for this measure has been derived using Monte Carlo 
techniques. The algorithm is applied to a set of proteins 
which are thought to anchor to the membrane via C-terminal 
amphiphilic a helices. The DWIH measure appears to allow 
the identification of this categoiy of membrane-interactive 
helices which lie near the boundary of the hydrophobic 
moment plot and which have previously been hard to classify. 
Availability: Available from the authors by request.
Contact: d.a.phoenix@uclan.ac. uk

Introduction

Protein-membrane interactions are an essential aspect of 
cellular biology. It is the inclusion of proteins within 
biomembranes that not only provides the semi-permeable 
nature of the membrane, but also provides specificity of 
function and the opportunity for intercellular communication. 
The interaction of protein segments and peptides with 
membranes is complex, since in addition to van der Waals 
forces there will be varying levels of electrostatic and 
hydrophobic interaction which stabilize the membrane- 
protein association (Cserhati and Szogyi, 1991). For complex
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macromolecules such as peptides, it is therefore insufficient 
to consider solely the overall hydrophobicity of the peptide 
sequence when considering the sequence’s ability to inter
act at the membrane surface (Watts, 1995). Furthermore, 
the peptide must exhibit a segregation of hydrophobic and 
hydrophilic residues in the final structure formed at the 
membrane interface. This allows the hydrophobic segment 
to interact with the membrane interior while the hydrophilic 
region interacts with the aqueous environment and the 
charged lipid head groups. This level of segregation is hard 
to detect by studying the primary sequence of the protein 
concerned. Schiffer and Edmundson (1967) were the first to 
provide a means of analysing amphiphilic structures via the 
use of a helical wheel diagram. This is a two-dimensional 
axial projection which is drawn assuming an ideal a helix 
with each successive residue 100° from its neighbour. This 
schematic representation suffers from two problems. The first 
is that it does not assign a numerical value to the level of 
amphiphilicity and the second is that the protein segment 
of interest must be identified prior to using the technique. 
Eisenberg’s hydrophobic moment attempts to address 
these problems (Eisenberg et al, 1982a). In this analysis, 
the hydrophobicity values are represented as vectors with 
positive values implying that the amino acid is hydrophobic. 
The vectors are then summed in two dimensions, assuming 
a periodic structure of period 5. For an idealized a helix, 
the period would again be 100°. The hydrophobic moment 
is used to measure the partitioning of hydrophobic and 
hydrophilic amino acids, and on the whole successfully 
performs this function (Eisenberg et al, 1986). The hydro- 
phobic moment has been used extensively in the literature 
(Eisenberg, 1984), not only to identify potentially amphi
philic sequences, but in some cases to predict the structure 
most likely to form (Eisenberg et al, 1984a). Furthermore, 
use has been made of the hydrophobic moment plot 
(Eisenberg et al, 1984b) to try and classify protein segments 
as either transmembrane (very hydrophobic with little 
amphiphilicity), surface active (very amphiphilic, therefore 
able to interact at the membrane interface) or globular 
(limited but variable hydrophobicity and amphiphilicity). 
On a hydrophobic moment plot, the hydrophobicity of 
a putative helical segment measures its affinity for the 
membrane interior, whereas its hydrophobic moment 
measures its structured partitioning of hydrophobic and
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SURFACE

GLOBULAR

C.25 _

Mean hydrophobiclty per residue
•ig. 1. Hydrophobic moment plot. The plot represents the 11-residue fragments for each protein of interest which gave the maximum hydrophobic moment 
fhe co-ordinates are given in Table 1. The numbered points correspond to: 1, PBP4; 2, PBP5; 3, PBP6; 4, B.stearoihermophilus\ 5,'B.subtilis-, 6, melittin.

lydrophilic residues, and hence provides a measure of its 
imphiphilicity. However, the boundaries on the hydrophobic 
noment plot between surface-seeking, globular and trans- 
nembrane proteins are clearly somewhat arbitrary. The rather 
uzzy nature of the boundaries involved leads one to wonder 
vhether a measure which sums polar and hydrophobic 
:omponents into a single total might not occasionally 
nislead. Indeed, there are difficulties when attempting to 
issign function to segments that lie near the surface-seeking 
>oundary (Phoenix and Harris, 1995). It must be concluded 
hat the use of hydrophobicity or the hydrophobic moment 
ilone does not fully enable differentiation of the various 
Masses of amphiphilic structure. Brasseur (1991) has recently 
ittempted to expand on the present methodology by looking 
it the molecular hydrophobic potential of protein segments 
vhich provides a three-dimensional graphical summary of 
lydrophobicity. Although this method assigns a numerical 
alue to the segment of interest, classification is mainly based 
in the relative locations and size of the hydrophobic and 
lydrophilic arcs. In addition, the segment is identified using

conventional hydrophobic moment methodology and a fixed 
window size. Problems can, therefore, still arise in identifying 
weakly membrane-interactive helices.

Recently, a novel class of C-terminal anchor has been 
presented (Gittens et ai, 1994) which is thought to involve 
the formation of an amphiphilic a helix. Amphiphilic helices 
have previously been characterized by Segrest et al (1990), 
but these anchors seem to form a separate subclass of 
amphiphilic helix that has not previously been noted. To 
date, five potential anchors have been identified (Phoenix, 
1993). When plotted on the hydrophobic moment plot 
(Figure 1), four of these cluster around the surface-active 
toxin mellitin which is known to form an a helix at the 
membrane interface (Dempsey, 1990). It can be seen from 
Figure 1 that one of the four data points lies near the 
boundary, making surface-active classification difficult. The 
fifth point not only lies near the boundary, but is separate 
from the cluster formed by the other data points. Recently, a 
means of statistically testing the significance of the hydro- 
phobic moment with respect to both the residues present and
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Detection of membrane-interactive amphiphilic heli

the spatial organization of the residues has been developed 
(Pewsey et ai, 1996). This method indicated that the point 
removed from the cluster (Figure 1) was statistically 
significant with respect to its amphiphilicity as measured by 
the hydrophobic moment. The point contained in the cluster, 
yet near the boundary, was not significant in any test using the 
hydrophobic moment as the measure of amphiphilicity. When 
drawn on a helical wheel, the inverse prediction would be 
expected with respect to membrane interaction, again 
indicating the inability of the hydrophobic moment to identify 
clearly some potentially membrane-interactive structures.

One of the problems of analysing sequences using these 
conventional methods is that the window size is fixed for any 
given analysis and there is a certain arbitrariness in the size of 
window chosen; for example, algorithms presently use values 
ranging from windows of 11 residues to 21 residues. This in 
itself prevents optimization and, therefore, in some cases 
clear identification of membrane-interactive sequences. In 
order to provide further clarification of potential amphiphilic 
anchors and other membrane-interactive structures, we 
propose an extension to the window searching mechanism 
to allow a variable window size; we also propose a new 
measure of the affinity of the putative helix for the membrane 
interior based on the total hydrophobicity inserted, and the 
insertion depths of the various residues. We call this a depth- 
weighted inserted hydrophobicity measure (DWIH). Here 
we describe the algorithm and use it to analyse the potential 
C-terminal anchor regions listed in Table I. We intend 
this measure to help clarify the surface-active potential of 
amphiphilic structures, especially those which lie near the 
boundary of the conventional hydrophobic moment plot 
(Figure 1).

System and methods

Whereas the hydrophobic moment combines polar and 
hydrophobic residues into a single measure by assigning 
them different signs, the DWIH measure treats polar residues 
as constraints, rather than negative hydrophobicity values. 
The algorithm considers the ability of a three-dimensional 
idealized a helix to partition about a hydrophobic/hydrophilic 
interface whilst enforcing the constraint that no charged 
or strongly polar residue may penetrate the hydrophobic 
environment. The algorithm is a heuristic search over 
different possible window lengths, and different insertion 
geometries, in order to maximize the sequestration of 
hydrophobic residues into the hydrophobic environment 
subject to this constraint (Figure 2). This leads to a measure 
of the degree of interaction of the helix with the membrane, 
which might also serve as a measure of anchor strength 
in cases where the helix anchors the rest of the protein. To 
some extent, this measure does blur the distinction between 
surface-seeking and transmembrane proteins, but a simple

3-D view of helix penetration

Membrane Surface

.Window end residue . - ■

View along helix axis

1st residue in window
2nd residue i

3rd residue

Side view of helix

*

Fig. 2. Helix insertion geometry. Tire jr-axis is in a plane parallel to the 
membrane surface. Tile z-axis is the helix axis and the y-axis is perpendiculaj 
to the helix axis (NB not the membrane surface). 6 is the orientation of the 
helix axis from the membrane surface and 0 is the angle of the window enc 
residue above the z-axis; thus, 0 = 0 means the perpendicular from the helij 
axis to this residue is in a plane parallel to the membrane surface. The deptl 
of residue inside the membrane can then be computed as follows. Coordinates 
of residue n are: .v„ = rcos(/i6-l- 0); yn = rsin(nS+ 0); zn = nAz. Depth Dn oi 
residue n is: Dn = d— z„sin(? — }'Mcosf>. If Dn > 0, then the residue is inserted

mean hydrophobicity can be used as a distinguishing guide 
here (Kyte and Doolittle, 1982). The algorithm is intended 
primarily to provide clarification in cases lying close to the 
surface-seeking/globular boundary, or in the negative mean 
hydrophobicity region of the hydrophobic moment plot, as 
the extrapolation of the surface boundary line into this region 
seems somewhat dubious.

Unlike the hydrophobic moment calculation and the helical 
wheel diagrams, which use two-dimensional representa
tions of a three-dimensional object, our algorithm assumes 
a three-dimensional ct helix, whose angle of insertion into 
the membrane can vary. Our software also displays side 
and head-on plane views of the final optimized geometry. In 
this model, the membrane boundary is treated as a simple 
polar/apolar interface and the polarity of the individual amino
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;id residues is assumed to reside at the a-carbon. These 
sumptions mean that we will to some extent be under- 
itimating the level of membrane interaction possible (Von 
icijne and Bloomberg, 1979), but the method appears to give 
good indication of potentially membrane-interactive protein 
sgments,

fonte Carlo significance tests

laving identified a putative membrane-interactive protein 
jquence, standard Monte Carlo methods (Manly, 1991) are 
sed to approximate the distribution of the DWIH measure 
3r a random helix of the same length as the region identified, 
nder the assumption of uniform sampling of all 20 amino 
cids (Pewsey et ai, 1996). Of course, in reality, residues are 
ot uniformly sampled, but the uniformly sampled DWIH 
istribution gives an a priori indication of how large the 
measured value is. A distribution based on the few sequences 
vailable could be detrimental to the identification of 
mphiphilic helices containing other amino acids, but the 
JeneBank distribution was not suitable due to the biased 
election used in the production of amphiphilic structures, 
"he DWIH measure of an amphiphilic helix would be 
xpected to occur in the upper tail of the DWIH distribution 
mder uniform selection. This DWIH distribution was 
stimated for window lengths over the range 7-30 residues, 
ising 1000 simulations. The significance of the DWIH 
neasure observed for the putative membrane-interactive 
lomain was then established by comparison with the 
ippropriate distribution. We also allow the user to calculate 
i similar probability by comparing the putative surface- 
tctive region’s DWIH measure to the DWIH distribution 
)f random permutations of itself. As this distribution is 
:onditional on the actual residues present, this is calculated 
>n-line and so, in fact, a two-dimensional helical wheel 
ipproximation is used to give a reasonable response time 
:or 200 simulations. Permutation testing gives an indi- 
:ation as to the importance of the spatial arrangement of 
he residues, whereas the uniform test does not distinguish 
between this and the importance of the residues present.

Membrane-anchored proteins analysed

Phe algorithm has been run on three Escherichia coli

penicillin binding proteins (PBP4, PBP5 and PBP6), two 
further prokaryotic carboxypeptidases (one from B.subtilis 
and the other from B.stearothermophilus) and the surface- 
active toxin mellitin. PBP5 and PBP6 have recently been 
shown to anchor via a C-terminal helix (Gittins et ah, 1994); 
however, the mechanism by which PBP4 anchors to the 
membrane is still open to debate with conventional 
theoretical analysis indicating that it is significantly surface 
active (Phoenix, 1993) yet biochemical tests indicating that 
the method of membrane interaction is not totally comparable 
to that of PBP5 and PBP6 (Harris and Phoenix, 1995). The 
two remaining carboxypeptidases are thought to anchor via 
their C-termini and are found within Bacillus stearothermo- 
philus and Bacillus subtilis (Waxman and Strominger, 1981). 
Mellitin is a toxin well known to form an amphiphilic helix 
at the membrane interface (Dempsey, 1990). The positions 
of the potentially membrane-interactive regions are shown 
on a hydrophobic moment plot (Figure 1) and the sequences 
of interest are shown in Table I.

Hydrophobicity scale used

The normalized consensus scale of Eisenberg has previously 
been used for analysing surface-active structures and has, 
therefore, been used throughout with similar consideration of 
polar and hydrophobic residues (Eisenberg et ah, 1982b). 
Residues considered hydrophobic are alanine, methionine, 
tryptophan, leucine, valine, phenylalanine and isoleucine. 
Residues considered polar are arginine, lysine, aspartic acid, 
glutamine, asparagine, glutamic acid and histidine. Thus, 
serine through to glycine on Eisenberg’s consensus scale are 
viewed as neutral.

Algorithm

The search over windows and insertion geometries proceeds 
according to the following stages.

Stage 1—Perform initial scan to locate possible amphiphilic 
sections

An initial scan along the full protein length is performed 
using a standard 11-residue window to locate plausible 
starting solutions. The co-ordinates of the window on

Table L Constituent amino acid sequences of the C-termini of the proteins under investigation plus the amino acid sequence of melittin. The 11-residue 
Fragments having the largest hydrophobic moment, (hh)> are underlined and the mean hydrophobicity (H) of this window is given

Source Sequence (mw) (H)

PBP4 EPADORNRRIPLVRKESRLYKDIYONN—COOH 0.746 -0.310
PBP5 OEIPEGNFFGKIIDYIKLMFHHWFG—COOH 0.663 0.235
PBP6 ENVEEGGFFGR VWDFVMMKFHO WFGSWFS - COOH 0.50S 0.414
B.stearoth. KA WFVLSMRA V GGLFVDLWTS V—COOH 0.473 0.387
B.subtilis TMRSIGGFFAGIW GSIVDTVTGWF—COOH 0.518 0.466
melittin GIGAVLKVLTTGLPALISWIKRKROOG—COOH 0.568 0.246
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Eisenberg’s hydrophobic moment plot are used to determine 
whether the window could plausibly form an amphiphilic 
helix. However, as this is only to provide a set of starting 
solutions, some false positives may be included as the 
hydrophobic moment threshold used is lower than Eisenberg’s 
surface/globular boundary line, and thus includes some of 
the globular domain. We use a boundary whose hydrophobic 
moment intercept is decreased by 0.1 from Eisenberg’s line. 
This is the line {^) — 0.603—0.392{£f); where repre
sents the hydrophobic moment and H the mean hydrophobi- 
city, both of the window under investigation.

Stage 2—Maximize total hydrophobicity inserted

This initial scan produces a set of potential starting windows 
for our search algorithm, and these are ordered in sequence 
of their perpendicular distance above the surface boundary 
line on the hydrophobic moment plot. If the hydrophobic 
moment is less than that on the line, then a negative value 
is assigned to this distance. Commencing from the window 
with the greatest such distance, the algorithm attempts to 
expand and contract this window locally so as to maximize 
the total hydrophobicity which can partition along a 
hydrophobic interface, assuming an a helix of standard 
dimensions (Figure 2). A key concept is that this is subject to 
the constraint on polar residues not being able to insert. The 
search over possible geometries is explained further below. 
The search algorithm performs a local optimization. From the 
current window, four neighbouring windows are examined, 
and if a better one is located then the best is taken as the new 
solution for the next iteration. If all neighbours are worse, 
then the search terminates. If there are none better, but at least 
one gives the same hydrophobicity insertion, then the longest 
such is taken, with ties broken according to the direction 
of previous best improvement. A maximum window size of 
30 residues is imposed, and a minimum of seven residues, 
these being sensible bounds on the physical size of the 
amphiphilic helices expected. The four neighbouring win
dows are located in terms of the nearest hydrophobic residues 
to the end of the current window, namely:

1. Expand Left side, leave Right side unchanged.
2. Expand Left side, reduce Right side.
3. Expand Right side, leave Left side unchanged.
4. Expand Right side, reduce Left side.

‘Expand’ and ‘reduce’ here refer to moving the window 
ends to the next nearest hydrophobic residue. Also, a list is 
maintained of windows already visited and these are not 
re-examined. For example, one of the reducing moves above 
is typically a return to the previous solution, but this one is 
ignored. Neighbours are only examined if the next hydro- 
phobic residue is at most four residues away from the current 
end of the window (approximately one turn of a helix). In the

case where the latest change has not altered the total 
hydrophobicity inserted, expansion is only continued as 
long as the trial window size lies within four residues of the 
first window located with that total.

The search terminates when either: (i) a local maximum 
is reached; (ii) the solution has been constant for four 
iterations (the original solution at this value is then returned 
to); (iii) there are no neighbours to examine; (iv) the 
minimum (currently 7) or maximum (currently 30) window 
size is reached.

Stage 3—Optimize DWIH measure

Having terminated the window search to maximize the total 
hydrophobicity inserted, a final insertion geometry scan 
is performed to optimize the DWIH measure used for 
membrane affinity. At this stage, a single backtrack reduction 
of either end of the window is permitted. The DWIH measure 
is a weighted sum over the hydrophobic residues present, 
with a sigmoid weighting function applied to their inser
tion depths. Structures whose sequences have separate 
hydrophobic and hydrophilic faces will typically be able to 
insert to a greater depth than structures with no pattern, and 
will thus achieve a higher measure. The sigmoid function is 
offset to be close to zero at zero depth and then asymptotes 
(with a configurable rate factor) to one at large depth.

The measure is thus:

DWIH — ^_____
/£h C1 + e-*Mr^>)

where H is the set of residue numbers of inserted hydrophobic 
amino acids, Ht is the hydrophobicity of residue i, and d( is 
its insertion depth (angstroms). D is a constant offset chosen 
so that the typical insertion depth achievable by a random 
stracture will have its measure heavily damped, and £ is a 
scaling constant chosen so that the sigmoid function has 
asymptoted to around 0.9 shortly after one helix radius. 
Clearly, there is some arbitrariness in the precise form of the 
weighting function, and the values used for k and D. 
However, the general form of the function seems physically 
sensible, and our preliminary results indicate that this 
measure is capable of locating amphiphilic structures. 
Current values used for k and D are 1.5 and 1.15. The value 
for D corresponds to half the radius of an idealized helix 
measured in angstroms, so the first 30° of arc from a central 
hydrophobic/hydrophilic boundary would be in the convex 
region of the function. The remaining centrally hydrophobic 
region of 120° of arc would lie above 0.5 weighting in the 
concave region of the function. The use of this weighting 
strengthens the value for those sequences which are hydro- 
phobic and inserted compared to those that are hydrophobic 
and lie at the interface, thus giving a better measure of the 
strength of membrane binding.
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DWTH measure
Fig. 3. Distribution of the DWIH for a uniformly sampled 18-residue window. This is derived from 1000 Monte Carlo simulations, in which each amino acid has 
a uniform probability of selection.

Stage 4—Display results and tidy up

The measure and window details are output to file, then any 
of the original starting windows which overlap the current 
solution by more than five residues are deleted. The geometry 
and measure computed are graphically displayed to the user, 
along with the statistical significance level of the measure 
under uniform sampling. If further potential windows still 
remain in the list, then the one with the highest score is used 
as the starting solution for a new search (i.e. return to Stage 
2), consequent upon the user pressing the Continue button 
displayed. The user may also choose to click on a button 
labelled Permute, whereupon the randomization distribution 
of the DWIH measure is approximated by Monte Carlo 
methods, and an estimate of the significance level of the 
DWIH measure of the window is displayed with respect to 
random permutations.

Geometry scan

The insertion geometry is illustrated in Figure 2. The 
extension of residues in space is ignored and they are treated 
as points on a standard a helix. For the current window, the 
geometry scan proceeds by looping over a sequence of 
increasing possible depths, d, up to a maximum of 1.5 helix 
diameters. Depth here means the depth of the helix axis at 
the end residue. The algorithm estimates a lower bound on 
insertion depth by assuming that the helix axis is parallel to 
the surface, and is rotated so that the direction of the 
hydrophobic moment vector is perpendicular to the surface. 
The depth attainable before the first polar residue reaches the 
surface is then straightforward to compute. This lower bound 
is used as a starting solution, after which the depth is

incremented at a constant step size of 0.2 A. The algorithm 
searches for the possible insertion angles and helix orienta
tions that maximize the number of hydrophobic residues 
inserted, whilst maintaining the constraint that no strongly 
polar or charged residue may penetrate the membrane. The 
possible geometries are explored by stepping through two 
angles. The outer loop tilts the helix axis angle, 6, from 0° 
(parallel to the membrane surface) to 20° at a step size of 1°, 
whilst an inner loop rotates the helix about its axis (azimuth 
angle <t>), with an azimuth angle step size of 10°. The insertion 
end is considered to be that for which the window has just 
been extended, and both ends are considered in the special 
case of the starting window. For a given value of (d, 8, </>), 
each residue can then be checked to see whether it is in the 
membrane or not (Figure 2). If it is, then a test is conducted 
as to whether it is hydrophobic, polar or neutral. If it is 
neutral, it is ignored; if it is hydrophobic, it is counted towards 
the total hydrophobicity inserted; if it is polar, then the 
geometry is regarded as infeasible. Infeasible geometries tend 
to occur more frequently as d is increased. There are some 
additional checks to see whether a polar residue can ever be 
outside the membrane for any 6, in order to avoid wasting 
too much time. There are also some basic checks on the two 
neighbouring residues of the current window. It is not 
assumed that the whole sequence is in helical form, but there 
is clearly some constraint on how deep the end residue of 
the putative helical segment can penetrate if it has a polar 
neighbour. A standard inter-residue distance is assumed; the 
most favourable configuration is assumed from the point of 
view of any polar neighbour being placed outside; i.e. after 
the end of the helix, the protein backbone turns as rapidly 
as possible to point vertically to the membrane surface;
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Slgn!^cance 1,eveIs/^ achieved in Monte Carlo randomization tests based on the comparison of the DWIH measure for the window undei 
investigation with a window of the same size composed of uniformly selected residues (uniform) or random permutations of itself (random) Similar tests are 
shown for the window identified using hydrophobic moment plot methodology i JmUar tests 316

Protein Window
size

DWIH
measure

DWIH
significance
(uniform)

fiH
significance
(uniform)

DWIH
significance
(random)

MH
significance
(random)

Mellitin
PBP4
PBP5
PBP6
B.stearoth.
B.subtilis

18
13
17
20
20
20

10.06
2.17
8.00
6.33
9.15

11.21

0.1%
34.1%

0.3%
0.7%
0.2%
0.1%

0.82%
0.89%
0.66%
0.81%
0.89%
0.74%

0.5%
37%

2%
2.5%

15%
0.5%

10%
6%
2%
4%

12%
6%

however, a minimum radius of curvature is assumed of 1,5 A. 
The model here is clearly crude, but at least serves to exclude 
the more manifestly infeasible geometries. If the inter-residue 
distance is insufficient to allow the neighbouring charge 
to leave the membrane, then once again the geometry is 
excluded. The same algorithm is used to optimize the DWIH.

When calculating the randomization distribution of the 
DWIH measure under permutations of the ideal window, 
the algorithm reverts to a two-dimensional approximation. 
The maximum penetration depth for a given orientation of 
the helical wheel (i.e. effectively the value of the azimuth 
angle 4>) can then be easily calculated as -rcos(y), where y 
is the minimal angular separation of any polar residue from 
this orientation (assumed perpendicular to the membrane 
surface), y is calculated by looping over all polar residues 
present, computing their angular separation from this 
orientation in the range (—180,180), and locating the minimal 
absolute value of this angle over the loop. Thus, in terms of 
the checking of the many possible geometries, only the inner 
loop around the azimuth angle 0 is needed.

Implementation

The software has been written in Visual C++ (Vs 1.5) and 
runs under Microsoft Windows, version 3.1. The algorithm 
which forms the core of the program is available as a C++ 
object, but potential users of other operating systems should 
note that some use is made of collection objects, such as 
extensible pointer arrays provided by the Microsoft Founda
tion Class Library (MFC). Protein sequences are provided as 
ASCII files of one-letter amino acid codes in upper case. 
These files are relatively free format in that any text which 
is not a valid code is excluded, so lower-case comments and 
non-alphabetic characters can be present. Input files are 
selected through a standard Multi-Document Windows 
dialogue. The final insertion geometry is displayed to the 
user using two plane projections, both perpendicular to 
the membrane surface; one (‘side-on’) contains the helix axis 
and the other (‘end-on’) is perpendicular to the side-on plane. 
The latter is equivalent to a conventional helical wheel if the 
protein inserts at 0 = 0°. Several protein windows can be

simultaneously displayed for comparison. The displays are 
colour coded with hydrophobic residues in blue, polar in red 
and neutral in green. Graphics are drawn using MFC objects, 
and can be printed to any printer which can provide a suitable 
device context to Windows and saved for future comparisons.

The search algorithm takes around 20-40 s to run from 
a single starting window, executing on a 486 PC. A protein 
of length around 300 residues might typically be found to 
have around five such starting solutions.

Discussion

Figure 3 shows the distribution of the DWIH measure for a 
window size of 18 residues, using uniform sampling of 
residues, whilst Table II gives the DWIH values for the 
amphiphilic anchors examined and their estimated signifi
cance levels compared to both uniform sampling and also 
random permutations. Apart from PBP4, all of the sequences 
have their measures lying beyond the 1% point of the 
relevant distribution with mellitin and B.subtilis at 0.1%. 
Excluding PBP4, the significance levels of the DWIH 
measure compared to that obtainable under random permu
tations generally indicate that the ordering of the residues 
is important. The exception to this, however, is B. stearo- 
thermophilus for which there is a 14% chance under random 
permutation of obtaining a value for the DWIH measure 
which is at least as large as that of the putative region under 
investigation. This indicates that in this case it is the 
constituent residues that are of primary importance, rather 
than their ordering. This corresponds to its borderline 
placement on the surface/globular boundary of the hydro- 
phobic moment plot. Nevertheless, its relatively high DWIH 
measure would still lead us to predict that it has the potential 
to form a membrane-interactive a helix. Indeed, it is in 
precisely such borderline cases that our new algorithm can 
complement and enhance the existing hydrophobic moment 
methodology. Our results have also had some recent 
confirmation, in that the algorithm successfully detected the 
anchor regions of PBP5 and PBP6 as having the optimal 
DWIH for these proteins. Just such spliced subsequences 
have recently been shown by circular dichroism to form
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icHces and the level of helix formation is enhanced by the 
jresence of a polar/apolar interface in the form of a detergent 
iolution (unpublished data).

PBP4 has a substantially lower mean hydrophobicity 
han the other windows, as may be observed by its placement 
veil to the left of the other data points on the hydrophobic 
noment plot (Figure 1). Its anchoring mechanism remains 
iomewhat obscure (Phoenix and Harris, 1995). PBP4 
illustrates the difficulty in interpreting the hydrophobic 
moment since here the large hydrophobic moment is 
primarily due to a few amino acids with large but opposing 
tiydrophobicities masking the overall nature of the structure. 
Indeed, the hydrophobic arc is limited and a helical wheel 
would indicate that its binding potential is marginal, as it 
would appear to be able to embed at most four hydrophobic 
residues into a bilayer. Hence, using the DWIH measure, 
we would predict that PBP4 is not anchored via the same 
mechanism as PBP5 and PBP6, contrary to evidence 
previously provided by conventional analysis (Phoenix, 
1993). This agrees with biochemical studies which indicate 
that the main contribution to PBP4 membrane interaction 
is electrostatic in nature (Phoenix and Harris, in preparation), 
whilst that for PBP5 and PBP6 is hydrophobic in nature 
(Gittens et al, 1994).

Significance levels were also derived for data points on 
Eisenberg’s hydrophobic moment plot via Monte Carlo 
methods. The perpendicular distance of the point from the 
surface/globular interface line was used to indicate surface 
activity. A fixed 11-residue window was used and 10000 
simulations performed using Uniform sampling from all 20 
amino acids. Apart from PBP4, our algorithm’s significance 
levels are generally favourable in comparison. Furthermore, 
the significance of the hydrophobic moment position on the 
plot was compared to random permutations of the 11 residues 
in the window. The values for PBP5 and PBP6 are similar 
to those for the hydrophobic moment, whilst the significance 
levels for mellitin and B.subtilis are substantially enhanced. 
Those for B.stearothermophilus are comparably insignifi
cant for the DWIH and hydrophobic moment. PBP4 is shown 
to have no membrane-interactive structure using the DWIH 
as a measure of membrane interaction potential, which is 
contrary to that seen with the hydrophobic moment.

We do not propose a strict classification cut-off value for 
the DWIH, but suggest instead that its significance level 
against both uniform sampling and random permutations 
should be used as a further guide in the characterization of 
anchors, particularly for sequences such as B, stearothermo- 
philus that seem marginal on a hydrophobic moment plot. By 
deriving statistical significance levels, we have provided 
further guidance in such cases. Of course, the fact that a 
subsequence had a DWIH value that appeared insignificant 
would not necessarily mean that it was not in fact capable of 
being a membrane interaction anchor; it is just that this model

and associated measure would not strongly indicate that its 
binding potential was greater than might be expected through 
uniform sampling of amino acids, or random permutations as 
the case might be. Our algorithm can also be viewed as a 
window optimizer that identifies a plausible membrane- 
interactive segment with a less arbitrary fixing of the window 
size than existing methods. Additional methods could then be 
used to analyse the identified window, such as Brasseur’s 
(1991) three-dimensional plots of hydrophobic potential.

References
Brasseur,R. (1991) Differentiation between lipid associated helices by use 

of the three dimensional molecular hydrophobicity potential calculations.
J. Biol. Chem., 266,16120-16127.

Cserhati,T. and Szogyi,M. (1991) Interaction of phospholipid with 
protein, peptides and amino acids. New advances. Int. J. Biochem., 23, 
131-145.

Dempsey,C.E. (1990) The action of melittin on membranes. Biochim. 
Biophys, Acta, 1031,143-161.

Eisenberg,D. (1984) Three dimensional structure of membrane and surface 
proteins. Anna. Rev. Biochem., 53, 593-623.

Eisenberg,D., Weiss,R.M. and Terweilliger.T.C. (1982a) The helical 
hydrophobic moment: a measure of amphiphilicity. Nature, 229,371-373. 

Eisenberg.D., Weiss,R.M., Terweilliger,T,C. and Wilcox,W. (1982b) Hydro- 
phobic moment and protein structure. Faraday Symp. Chem. Sac., 17, 
109-120.

Eisenberg.D., Weiss,R.M. and Terweilliger.T.C. (1984a) The hydrophobic 
moment detects periodicity in protein hydrophobicity. Proc. Natl Acad. 
Sci. USA, 81,140-144.

Eisenbcrg,D., Schwarz,E., Komaromy.M. and Wall,R. (1984b) Analysis of 
membrane and surface protein sequences with the hydrophobic moment 
plot. J. Mol. Biol, 179, 125-142.

Eisenberg,D., Wilcox,W. and McLachian,A.D. (1986) Hydrophobicity and 
amphiphilicity in protein structure. J. Cell. Biochem., 31,11—17. 

GittinsJ.R., PhoenixJ3.A. and PratU.M. (1994) Multiple mechanisms of 
membrane anchoring of the Escherichia coli penicillin binding proteins. 
FEMS Microbiol. Rev., 13,1-12.

KyteJ. and Doolittle,R.F. (1982) A simple method for displaying the 
hydropathic character of a protein. J. Mol. Biol., 157,105-132.

Manly,B.FJ. (1991) Randomisation and Monte Carlo Methods in Biology. 
Chapman and Hall, London.

PewseyA-R., Phoenix,D .A. and Roberts,M.G. (1996) Monte Carlo analysis 
of potential C-terminal membrane interactive a helices. Protein Peptide 
Lett., 3, 185-192.

Phocnix,D.A. (1993) Identification of a membrane interactive protein anchor. 
Biochem. Soc. Trans., 21, 225S.

Phoenix,D.A. and Harris,F. (1995) Membrane anchoring of the Escherichia 
coli low molecular mass penicillin binding proteins. Biochem. Soc. Trans., 
23, 976-980.

Schiffer.M. and Edmundson,A.B. (1967) Use of the helical wheel to analyse 
structures of proteins and to identify segments with helical potential. 
Biophys. J., 7, 121—135.

SegresU.P., De Loof.H., DohlmanJ.D,, Brouillette.C.G. and Ananthara- 
maiah,G.M. (1990) Amphiphilic helix motif: Classes and properties. 
Proteins: Struct, Fund Genet., 8, 103-117. 

von Heijne,G. and Bloomberg,C. (1979) Transmembrane translocation of 
proteins—the direct transfer model. Eur. J. Biochem., 97, 175-181. 

Watts A- (1995) Biophysics of the membrane interface. Biochem. Soc. Trans., 
23, 959-965.

Waxman,D.J. and Strominger,J.L. (1981) Primary structure of the C-terminal 
segment of a penicillin sensitive enzyme purified from two bacilli. J. Biol. 
Chem., 256, 2067-2077.

Received on October 5, 1996; accepted on October 9, 1996

106



Current Protein and Peptide Science, 2002, 3, 201-221 201

The Prediction of Amphiphilic oc-Helices
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Abstract: A number of sequence-based analyses have been developed to identify protein 
segments, which are able to form membrane interactive amphiphilic a-helices. Earlier techniques 
attempted to detect the characteristic periodicity in hydrophobic amino acid residues shown by 
these structure and included the Molecular Hydrophobic Potential (MHP), which represents the 
hydrophobicity of amino acid residues as lines of isopotential around the a-helix and analyses 
based on Fourier transforms. These latter analyses compare the periodicity of hydrophobic 
residues in a putative cc-helical sequence with that of a test mathematical function to provide a 
measure of amphiphilicity using either the Amphipathic Index or the Hydrophobic Moment. More recently, the 
introduction of computational procedures based on techniques such as hydropathy analysis, homology modelling, multiple 
sequence alignments and neural networks has led to the prediction of transmembrane a-helices with accuracies of the 
order of 95% and transmembrane protein topology with accuracies greater than 75%. Statistical approaches to 
transmembrane protein modeling such as hidden Markov models have increased these prediction levels to an even higher 
level. Here, we review a number of these predictive techniques and consider problems associated with their use in the 
prediction of structure / function relationships, using a-helices from G-coupled protein receptors, penicillin binding 
proteins, apolipoproteins, peptide hormones, lytic peptides and tilted peptides as examples.

1. INTRODUCTION

Proteins play a fundamental role in membrane dependent 
processes and due to the inherently amphiphilic nature of 
biomembranes, such proteins have a need to accommodate 
both polar and non-polar environments. It is known that in 
response to this need, membrane interactive proteins adopt 
amphiphilic structures, characterized by an ordered 
partitioning of hydrophobic and hydrophilic amino acid 
residues [1]. Nonetheless, it is often the case that whilst a 
protein may have been sequenced, structural information for 
that protein is unavailable, making the identification of such 
structure problematic. As an example, even though integral 
membrane proteins are medically important as drug targets 
[2] and form 20% - 30% of the gene products of most 
genomes [3], they have been structurally determined in only 
about thirty cases (http://blanco.biomol.edu/Membrane 
Proteins_xtal.htn). Where high levels of sequence homology 
exist, an unknown protein’s structure and hence, the location 
of its membrane interactive segments, can sometimes be 
deduced by direct comparison to known protein structures 
but in general, where sequence information alone is 
available, such segments are identified using predictive 
techniques.

Here we review a number of predictive techniques, with 
an emphasis on those that use sequence information only, 
and consider problems associated with their use in the 
prediction of structure / function relationships. However,
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894381; Fax: +1772 894981; E-mail: daphoenix@uclan.ac.uk
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given amphiphilic protein structures are characterized by a 
structural segregation of hydrophobic and hydrophilic amino 
acid residues [1], to describe or to quantify the 
amphiphilicity of a given structure first requires a knowledge 
of the relative hydrophobicity of each residue contributing to 
that structure.

1.1. Amino Acid Hydrophobicity and Hydrophobicity 
Scales

A variety of methods have been used to determine amine 
acid residue hydrophobicities [4] but a fundamental problem 
encountered is that such methods require a numerical 
weighting to be assigned to each amino acid residue and 
unfortunately, the hydrophobic character of amino acid 
residues is complex with no single hydrophobic parameter 
able to represent the complete range of amino acid behaviour 
[5]. The apparent hydrophobicity of amino acid residues 
therefore depends upon the hydrophobicity scale and the way 
in which it has been measured [4]. Each scale affects not 
only the magnitude of hydrophobicity values and therefore 
the weighting given to residues, but also the individual 
ranking of residues within a scale. In general, hydrophobicity 
scales can be divided into two major classes: statistical or 
experimental.

Statistical scales are based on the frequency ol 
occurrence of an amino acid residue in a given environment. 
For instance, some statistical scales are based on partitioning 
within the hydrophobic interior of globular proteins; the 
positions of amino acid residues in the tertiary structure are 
observed from crystallographic data and used to derive 
scales. The extent to which a given residue type partitions

© 2002 Bentham Science Publishers Ltd.
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between the hydrophobic interior and hydrophilic exterior of 
the protein is assessed by measuring the fraction of the 
residue that is buried (i.e. excluded from solvent access), 
within proteins of known structure. Typical examples of such 
measurements are provided by Chothia [6] who, for a given 
amino acid residue X, computed the proportion of all X 
residues in a set of 6 proteins that are 95% buried in the 
native structure of the protein whilst Janin, [7] defined a 
scale where the value of X is based on the accessible molar 
fraction of X as measured in a set of 22 proteins. However, 
several problems are associated with the derivation of such 
statistically generated hydrophobicity scales. For example, 
these scales are inherently subjective since they are based on 
nominal measures, as with the criterion used to classify a 
given residue as buried within a protein’s interior: 
Furthermore, residues with long side chains may be assigned 
anomalous hydrophobicity values if such values are based on 
the location of the central a-carbon alone. As an example, an 
interior lysine residue may be assigned high hydrophobicity 
yet it is known to be highly hydrophilic with the long alkyl 
chain of lysine extending into the aqueous environment [8]. 
In addition, statistically derived hydrophobicity scales take 
no account of functionality. For example, a cystine residue 
may be located within the interior of a protein’s three- 
dimensional structure as a result of disulphide bridge 
formation rather than the residue’s hydrophobicity.

Hydrophobicity scales derived from experimental data 
are based on the measurement of the chemical behaviour or 
physicochemical properties of amino acids, such as solubility 
in water or partitioning between water and an organic 
solvent. In deriving these scales, a protein and its aqueous 
surrounding are considered as distinct phases and a partition 
coefficient between the two phases defined. This partition 
coefficient measures the tendency of an amino acid residue 
to reside either at the protein / water interface or buried 
within the proteins interior. A typical experimentally derived 
hydrophobicity scale is that of White and Wimley [9] who 
employed a host / guest peptide system to measure the free 
energy of transfer of whole amino acids from water to a lipid 
interface. A number of problems are though associated with 
the derivation of experimentally derived hydrophobicity 
scales. Amino acid residues in a protein sequence cannot be 
treated as independent moieties due to both the peptide bond 
and long-range interactions. A polar residue situated adjacent 
to a non-polar residue within a protein’s primary sequence 
may, for example, form a site for which the partitioning 
tendencies of both residues cannot be satisfied 
simultaneously. On a higher structural level, the packing 
between segments of a protein’s secondary structure are not 
independent but co-operative with long range forces 
predominating [10].

A number of attempts have been made to derive optimal 
hydrophobicity scales. In some cases these attempts have 
involved combining results from experimental data with 
tertiary structure information whilst in other cases, they have 
been derived from weighted averages of existing scales. 
Examples are the commonly used consensus scale of 
Eisenenberg [11], which is an average of 5 other scales, and 
those of Kyte and Doolittle, [12] and Levitt [13], which are 
each derived from two other scales and estimates of amino 
acid residue structural information. Using a different

approach, Comette et al., [4] used the normalised 
eigenvalues of eigenvectors to compute an optimal 
hydrophobicity scale using sets of amphiphilic a-helices and 
sequence information alone. The above variations in scale 
and their inherent effect on residue weighting need careful 
consideration especially when amphiphilic protein structures 
are being analysed and compared using methodologies, 
which are based on variation in scale.

1.2. Protein Structural Amphiphilicity

The amphiphilicity of protein secondary structures may 
be classified as either: primary, secondary or tertiary, with 
each having a range of effects on lipid organisation

Primary amphiphilicity is exhibited by transmembrane 
hydrophobic a-helices and these a-helices induce disorder in 
membrane lipid organisation primarily by acting as a simple 
barrier and restricting the diffusion of neighbouring lipids 
[14]. Nonetheless, recent studies have shown that high 
concentrations of transmembrane proteins can lead to protein 
associated lipid domains with gel-phase characteristics [15] 
whilst hydrophobic mismatch between transmembrane a- 
helices and neighbouring lipids can lead to irregularities in 
sealing the protein / lipid interface and the induction of non
bilayer structures [16-17],

Tertiary amphiphilicity can arise when amino acid 
residues, distal in the primary structure of a protein, are 
brought together in the final three-dimensional structure of 
the molecule to form an amphiphilic site. This form of 
amphiphilicity is often found in the structures of naturally 
occurring toxins such as plant thionins [18-21] and snake 
cardiotoxins [22-25], The membrane interactions of these 
toxins can lead to a diverse range of effects including: 
changes in lipid organisation, the induction of non-bilayer 
structures and the promotion of membrane fusion [18, 22, 
26-28].

Secondary amphiphilicity is demonstrated by a-helical 
and P-strand / P-barrel structures, which show an ordered 
segregation of polar and apolar amino acid residues upon 
folding. This arrangement of amino acid residues allows 
these structures to form a barrier between aqueous and 
hydrophobic environments and such structures are now 
recognised as major protein secondary structural elements, 
having an important role in a range of membrane dependent 
processes [1, 29-38].

Amphiphilic a-helices were recognised within the 
molecules of myoglobin and haemoglobin during the mid 
sixties [39] and in a major study, were later identified within 
apolipoproteins by Segrest et al, [40]. Since this initial 
study, lipid interactive amphiphilic a-helices have been 
identified in a wide variety of biologically active molecules 
including: apolipoproteins and lipid-binding molecules [41- 
47] antimicrobial and cytotoxic peptides [26, 29, 33, 48-52] 
channel forming peptides [32, 53-55] viral coat [56] and 
movement proteins [57] and transmembrane proteins [58- 
60], Some of the functional properties suggested for 
membrane 'interactive amphiphilic a-helices include: 
membrane stabilisation / destabilisation [30, 61-63]
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membrane perturbation in the form of either membrane 
fusion [64-68] or membrane lysis [1, 48, 69-72] hormone- 
receptor catalysis [73-74], membrane anchoring of proteins 
[1, 34, 60, 75] and transmembrane a-helix bundle formation 
[76-84]. An important examples of a-helix bundles are the 
heptahelical folds of GPCR’s, a receptor superfamily with 
membership approaching 1000 [58, 85]. Ligand binding to 
the cytoplasmic portions of GPCR’s leads to activation of the 
receptor, G-protein interactions and the induction of various 
secondary messengers [2, 86-89]. A primary target for 
therapeutic drugs [2, 86] the activation mechanisms of these 
receptors have a number of common characteristics [90-93], 
which based on the results of molecular modelling, would 
appear to include rearrangement of the GPCR’s seven os- 
helix bundles [94-95].

In general, amphiphilic [I-type structures are beyond the 
scope of this review but amphiphilic P-strands occur in a 
number of membrane interactive molecules including: 
various antimicrobial peptides [96-97] cytotoxic and channel 
forming peptides [53], and P-barrel structures [98-99] have 
been identified in mitochondrial and plastid outer 
membranes [100], bacterial protein toxins [38, 101-103], 
bacterial porins [104-105] and other transporters [106], and 
bacterial outer membrane enzymes [107]. These structures 
are rapidly becoming major players in the field of protein 
structure prediction and a number of techniques have been 
developed for their identification. One of the earliest was 
that of Chou and Fasman [108] who used statistical analysis 
tq determine the preferences of amino acid residues for fl- 
strand formation and derived empirical rules for the 
prediction of such structure. More recently, empirical rules 
have been derived from sequence based and structurally 
based analyses of fi-barrel proteins with known structure [98, 
109] and it has been suggested that these rules could form a 
basis for P-barrel protein membrane topology prediction 
[109], A number of techniques based on sequence analysis 
have attempted to predict P-strand segments in both protein 
membrane anchors [1, 75] and transmembrane proteins [110- 
113], However, the pattern of alternating polar and non-polar 
residues associated with the hydrophilic interior and 
hydrophobic exterior surfaces of P-barrel proteins 
respectively is often interrupted by non-polar residues on the 
barrel’s hydrophilic inner surface, making prediction of the 
pattern problematic. Furthermore, as a seven-residue P- 
strand is sufficient to cross the central hydrophobic core of 
the membrane, these patterns are often short and statistically 
insignificant [98]. In response to such problems, some 
groups have used combinations of secondary structure 
prediction techniques [114] or such techniques in 
conjunction with other methodologies, such as hidden 
Markov models, to predict p-barrel membrane topology 
[115]. Other groups have successfully used neural network 
based techniques to model P-barrel proteins [116-117] with 
that of Jacoboni et al., [116] predicting transmembrane P- 
strands with a residue accuracy of up to 78% when 
evolutionary information was inputted into the neural 
network. This model also incorporated an algorithm of 
optimisation, which was based on dynamic programming 
and successfully modelled seven of the eleven P-barrel 
proteins whose known structures were used in training the 
neural network. The ability to predict transmembrane P-type 
structures will almost certainly rise with advances in

modelling techniques [118] but currently, this ability is far 
exceeded by that of techniques designed to predict their a- 
helical counterparts, both in diversity and levels of prediction 
accuracy.

1.3. Methods for Detecting the Amphiphilicity of a- 
Helices

Sites of primary, secondary and tertiary amphiphilicity 
form a hierarchy, which shows an ascending order of 
structural complexity. In general, sites of tertiary 
amphiphilicity arise from complex protein folding events and 
show no predictable features of structural organisation. As an 
example, the plant toxin, al-purothionin is an L shaped 
molecule, possessing a site of tertiary amphiphilicity at its 
apex, formed by the juxtaposition of amphiphilic a-helical 
and anti-parallel [3-sheet structures [119]. Sites of tertiary 
amphiphilicity are usually identified through combinations 
of structural analysis and experimental data. In contrast to 
these latter sites, sites of primary and secondary 
amphiphilicity show regular patterns of hydrophobicity 
within the amino acid sequence and can therefore be 
identified via sequential characteristics.

1.3.1. The Primary Amphiphilicity of a-Helices

The primary amphiphilicity of transmembrane a-helices 
found in integral membrane proteins is manifested within the 
protein’s primary sequence by the occurrence of stretches of 
approximately 20-30 consecutive, predominantly 
hydrophobic amino acid residues, which are flanked at the 
membrane surface by clusters of hydrophilic residues [109]. 
One of the most critical steps in modelling transmembrane 
proteins is the assignment of their putative transmembrane 
a-helices [120],

1.3.1.1. Early Approaches and Hydropathy Plot Analysis

Early approaches for the prediction of transmembrane 
protein secondary structure were based on protein sequence 
analysis and included: empirical rules [108], the nearest 
neighbour approach [121-122], neural networks [123-125] 
the use of multiple sequence alignments [126] and the 
commonly used hydropathy plot analysis [12]. According to 
hydropathy plot analysis, a numerical value, or hydropathy 
index, indicating hydrophobicity is assigned to each amino 
acid residue in the protein sequence. A window of size n is 
then defined, where n is an odd number and this window 
moved along the entire protein sequence. A window-average 
hydrophobicity for each residue in the sequence is calculated 
and plotted against the window mid-point to give an 
hydropathy plot. A stretch of approximately 20 to 30 amino 
acids with high average hydrophobicities indicates the 
presence of a region with transmembrane a-helix forming 
potential. This methodology has successfully predicted the 
occurrence of single membrane spanning a-helices, as in the 
case of receptor tyrosine kinases [127], and of bundles of 
such a-helices, as in the cases of G protein-coupled receptors 
[128] and ion channels [129]. Nonetheless, a number of 
problems are associated with hydropathy plot analysis. In 
this form of analysis, no account is taken of long range 
interactions and when applied manually to long protein 
sequences, the analysis is cumbersome, hence, such analysis
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is now routinely performed by computer based techniques 
[130]. Another problem associated with hydropathy plot 
analysis is that the hydropathy index depends upon the 
hydrophobicity scale employed and thus, for a given protein, 
segments identified as transmembrane can vary with 
hydrophobicity scale. Furthermore, even when potential 
transmembrane a-helices have been identified it can be 
difficult to determine their boundary regions, a problem 
common to most secondary structure prediction techniques. 
Despite such problems, sequence based approaches to 
transmembrane a-helix prediction are able to achieve 
prediction accuracies in excess of 70% [131-133] and are 
now routinely incorporated into computational tools aimed at 
the prediction of such topologies [134-137].

L3.1.2. Computational Techniques

The first computational tool to predict the complete 
topology of a transmembrane protein was the algorithm, 
TopPred [138], which is based on a modified form of 
hydropathy plot analysis. The algorithm incorporates 
topogenic determinants in the form of the positive inside rule 
[139], which observes that arginine and lysine residues found 
in the cytoplasmic loops of transmembrane proteins play a 
role in determining the topology of these proteins [140-145]. 
Essentially, protein sequences are analysed using a sliding 
trapezoid window and two empirical cut-off values are 
applied to the output of this window in order to compile a list 
of definite and putative transmembrane a-helices. The best 
predicted protein topology is taken as that combination of 
definite a-helices and putative a-helices, which produces the 
greatest enrichment of positively charged residues on the 
cytoplasmic side of the membrane. Nonetheless, there are a 
number of drawbacks, which can lower the prediction 
accuracy of this and similar methodologies. The use of the 
positive inside rule as a topogenic determinant is blurred by 
the fact that some loops that interconnect transmembrane a- 
helices contain positively charged residues, which are not 
necessarily involved in topology determination [146]. 
Furthermore, by using fixed hydrophobicity thresholds to 
identify candidate transmembrane a-helical segments, some 
candidates, which fall just below the threshold, may be 
missed. For example, the bundled transmembrane a-helices 
of some pore forming proteins, which possess significant 
levels of secondary amphiphilicity [1, 8] and engage in 
hydrophilic inter-helix interactions [76, 81]. Despite these 
drawbacks, the use of TopPred showed that knowledge of 
the topogenic signals in the nascent chain of a membrane 
protein is essential for the evaluation of its membrane 
topology. More recently, a number of groups have attempted 
to increase the accuracy of secondary structure prediction 
techniques by using such techniques in combination [147]. 
As an example of this approach, MEMSAT [143; 
http;//saier-l44-37.ucsd.edu/biotools/memsat.html] uses 
separate propensity scales for different structural parts of 
transmembrane proteins and performs a constrained dynamic 
programming, which incorporates hydrophobicity and 
topogenic signals to determine the optimal location and 
Drientation of transmembrane a-helices. Other examples of 
this approach are the widely used PHD [148; 
tittp://cubic.bioc.columbia.edu/predictprotein), which uses 
neural network-based algorithms and combines prediction 
techniques with multiple alignments [142, 149-152] and
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JPRED [133, 153; http://jura.ebi.ac.uk:8888/], which uses 
the output of a number of secondary structure prediction 
programs to produce a consensus result. Most recently, 
larger data bases and improved searching techniques have 
led to prediction models including evolutionary information 
taken from the divergence of proteins in the same structural 
family [118]. There are disadvantages to some computational 
procedures used in protein secondary structure prediction, 
such as seen with neural networks, which can increase 
prediction rates but provide no guidelines as to the rules used 
in prediction. Nonetheless, use of combinational approaches 
and the general use of computational procedures has 
increased the levels of membrane topology prediction 
accuracy to circa 75% whilst those of transmembrane a- 
helix prediction are approaching 95% [118]. Furthermore, 
the trend of these prediction levels is upward as witnessed by 
the results of a recent worldwide series of CASP (Critical 
Assessment of Techniques for Protein Structure Prediction) 
experiments, which were aimed at establishing the status of 
protein structure prediction [154-155; http://Prediction 
Center.llnl.gov/]. Concomitant with rising levels of 
prediction accuracy, there is also a growing number of 
computational tools for transmembrane protein topology 
prediction and indeed, protein modelling in general [2, 86, 
134-137] with many freely available on websites [135]. In 
particular, many such tools and sites have been developed 
for modelling the membrane topology of GPCR’s [2, 86, 91, 
136].

GPCR’s appear to be formed from a single polypeptide 
chain, which adopts an Nout / Cin membrane topology with 
three extramembranous loops on either side of the membrane 
although there is increasing evidence to suggest that GPCR’s 
may engage in dimerisation [156]. A number of protein 
sequence analysis tools such as periodicity analyses, multiple 
sequence analyses and hydrophobic moment based analyses 
(discussed later) have been especially developed for 
assigning the heptahelical bundles of GPCR’s [157] whilst 
modelling the overall membrane topology of these helical 
bundles has relied heavily on the use of template molecules 
[91, 136]. Earlier models of these receptors were constructed 
using sequence homology modelling and templates based on 
structures derived from low resolution cryoelectron 
microscopy studies of bacteriorhodopsin [158-160], which 
first revealed the protein’s transmembrane heptahelical 
bundle arrangement [161]. However, there has been 
considerable debate as to the validity of these models as 
bacteriorhodopsin is not a GPCR and shows significant 
differences to these proteins in terms of sequence similarity, 
gene organisation and a-helix arrangement [162], On the 
other hand, it has been argued [156] that the homology based 
modelling of GPCR’s is justified as it is strongly supported 
by sequence data [163-164], biophysical data [165] and 
mutational study data [166, http://tinyGRAP.uit.no/GRAP/ 
homepage.html; 167] More recently, bovine rhodopsin 
became the first GPCR with a three-dimensional structure 
characterised to atomic resolution [168-169] and the 
application of the emerging structural principles should lead 
to better modelling of GPCR’s [170-171], Nonetheless, a 
continuing problem for the homology based modelling of 
GPCR’s is that there is limited sequence identity between 
GPCR’s of different families and there is considerable 
variation in the lengths of transmembrane a-helices

http://jura.ebi.ac.uk:8888/
http://Prediction
http://tinyGRAP.uit.no/GRAP/
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possessed by diverse GPCR*s [172], In response, a number 
of novel algorithms for modelling GPCR’s have recently 
been presented including: PREDICT, which attempts to 
model any GPCR from its amino acid sequence and avoids 
the use of rhodopsin as a template [173] and TMHMM 
[174], which is based on the highly flexible statistical 
approach of hidden Markov models (HMM) and models both 
GPCR’s and other transmembrane proteins.

1.3,1,3, Hidden Markov Models
HMM’s are a recently developed alternative approach to 

the prediction of transmembrane a-helices and introduce a 
probabilistic framework into the prediction of 
transmembrane a>helices and membrane protein topology. 
The basic concept of the modelling process involves the 
definition of a set of states such that each state corresponds 
to a specific site or region of a transmembrane protein [175-
177] . For example, Sonnehammer et al., [174] developed the 
algorithm TMHMM, (http://www.cbs.dtu.dk/services/ 
TMHMM/), which models transmembrane proteins using an 
HMM consisting of seven states: one for the a-helix 
membrane core region, one each for the a-helix interfacial 
end regions, one for interconnecting cytoplasmic loops, one 
each for non-cytopasmic short and long loops, and one for 
globular domains in the middle of each loop (Fig. 1A). Each 
region or state shows variability in amino acid usage, and 
each state will therefore have a correspondingly different 
probability distribution over the twenty naturally occurring 
amino acid residues. For example, there will be a high 
probability that cytoplasmic loops will contain positively 
charged residues, those associated with topogenic 
determination [138-139] yet a low probability that such 
residues will be found in the membrane core region of a 
transmembrane a-helix. Transmembrane protein topology 
prediction using this method may be considered as one 
where the state boundaries are not precisely known [177-
178] . Once defined, a cyclic model is formed by connecting 
states to each other in a biologically sensible manner. As an 
instance, the state representing the globular region in Fig. 1C 
is connected to itself, for it may be longer that one residue, 
and to the state representing a cytoplasmic loop because after 
such globular regions, these loops commence. Appropriate 
construction of an HMM can produce a model, which closely 
resembles the architecture of the modelled system. HMM’s 
therefore consider the probability of amino acid transitions 
between the states defined for a given transmembrane 
protein and associate a transition probability with such 
transitions (Figs IB and 1C).

Once constructed, an HMM needs to be trained or tuned 
to capture the biological reality of the system being 
modelled. Details of such operations are beyond the scope of 
this review but essentially, training data are inputted into the 
model and the amino acid probabilities and the transition 
probabilities learned by standard inference techniques, which 
compute the maximum posterior probabilities using a priori 
and observed probabilities. If an HMM is correctly trained, 
the path of a protein sequence through the states with the 
highest probability should be able to predict the proteins true 
topology [175-177]. Indeed, recent analyses using TMHMM 
successfully predicted transmembrane protein topology with 
an accuracy approaching 78%, transmembrane a-helices

with an accuracy approaching 98% and discriminated 
between soluble and membrane proteins with a similar 
accuracy (179). Concurring with previous estimates, 
application of this HMM to whole genomes estimated that 
20% - 30% of all genes in a genome encode membrane 
proteins. A recent evaluation of methods for the prediction of 
transmembrane protein topology concluded that TMHMM is 
currently the best performing program for this purpose [134]. '

In contrast to many other prediction techniques, HMMs 
offer flexibility. They can be adapted to particular problems 
and known structural features can be incorporated into the 
model’s architecture in order to increase its prediction 
accuracy. Furthermore, since an HMM does not utilise any 
fixed empirical rules or cut-off formulae, and since the 
optimal path through an HMM is determined in a single 
operation, the model is sufficiently flexible to accommodate 
cases where several signals need to be combined to find, the 
true membrane topology of a protein. For instance, a 
sequence, which would not normally be considered to be a 
transmembrane a-helix due to low levels of hydrophobicity, 
may still be predicted to be transmembrane if the 
surrounding topogenic signals strongly support it. Such a- 
hehces are commonly found in polytopic membrane proteins 
where transmembrane a-helices engage in hydrophobic 
interactions with each other [59-60, 77-80].

1.3.2, Secondary Amphiphilicity of OrHelices
Secondary amphiphilicity is characterised by the ordered 

spatial segregation of hydrophobic and hydrophilic residues 
within a protein’s secondary structural elements and is 
reflected in the primary sequence of a protein as the periodic 
occurrence of doublets or triplets of polar or apolar residues 
[1], Methodologies used to identify protein sequences likely 
to form amphiphilic a-helices are usually based on two- 
dimensional approaches. Initially, such approaches relied 
upon a number of qualitative techniques in which sequences 
are modelled as a-helices and two-dimensional graphical 
representations obtained.

1.3.2.1. Graphical Methods

The most commonly used of the graphical techniques are 
those based on the Schiffer-Edmundson helical wheel 
diagram [180]. Using this methodology, the side chains of 
residues forming the a-helix are projected onto a unit circle, 
which lies in a plane perpendicular to the long axis of the 
helix. This circle is divided into sectors, each representing an 
amino acid residue in the helical sequence. The periodicity 
of an ideal a-helix is assumed and thus, sectors representing 
consecutive amino acid residues in the helical sequence are 
offset by 100° in the wheel diagram. Amphiphilicity is 
revealed by the clustering of hydrophobic residues on one 
side of the unit circle and hydrophilic residues on the 
opposing side (Fig. 2). Helical wheel based methodologies 
have had some successes; for example, precisely locating the 
three a-helices of insulin before the X-ray structure of the 
hormone had been completed [181], Nonetheless, there are 
major drawbacks with this methodology. In particular it does 
not reflect the nature of the amino acid side-chains or the 
three dimensionality of their longitudinal arrangement. To 
overcome some of these limitations, Dunhiil [182] 
introduced the concept of the helical net in which the amino

http://www.cbs.dtu.dk/services/
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Fig, (I). A seven state Hidden Markov Model for transmembrane protein topology prediction.

Figure 1 is adapted from[71] and shows the basic architecture of an HMM for transmembrane proteins with associated state transition 
probabilities Based on differences in amino acid distribution the HMM has been designed with seven states. The transmembrane helix is 
modelled as two interfacial end regions of 5 residues each, surrounding a core region of variable 5-25 residues, thus allowing for a-heiices 
15 to 35 residues in length. To represent paths inwards and outwards, the HMM contains two sets of transmembrane states, which are mirror 
images of each other. There are 21 variable state transition probabilities for the transmembrane core region (figure IB). The loops between 
the a-helices are modeled by modules that contain 2x10 states in a ladder configuration, and one self-looping state. This loop modeling is 
based on the assumption that most topogenic signals, and hence bias in amino acid usage, will be contained in the first 10 loop states whilst 
globular domains will have a neutral amino acid distribution and can be simply modeled as a self looping state. Long loops on the non- 
cytoplasmic side of transmembrane proteins contain globular domains, which appear to have different properties to short loops and to reflect 
this, the HMM models non-cytoplasmic loops as two parallel loops on that side Each loop module contains 21 free transition probabilities 
(figure 1C).

acid residues of the a-helix may be visualised as projected rectangle. This model of the helix has the appearance of a net
onto the surface of a cylinder. The cylinder is then cut along and includes a longitudinal representation of the amino acid
a single line, parallel to its long axis, and flattened into a sequence.
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PBP4 PBP6

Fig. (2). Two dimensional axial projections of the C-terminal regions of the low molecular weight PBP's.
Figure 2 show the C-terminal sequences of PBP4[106], PBP5 and PBP6[107] represented as two-dimensional axial projections[78]. The 
general segregation of hydrophobic (shaded) and hydrophilic residues demonstrate the potential of these sequences to form amphiphilic a- 
helical structures.

Graphical techniques are useful tools for predicting 
amphiphilic oc-helices in cases where single short amino acid 
sequences are being considered and amphiphilic structure is 
well defined, such as the amphiphilic a-helices which 
function as C-terminal membrane anchors for Escherichia 
coli penicillin-binding proteins (PBP’s) PBP5 and PBP6 
(Fig. 2). However, where hydrophilic and hydrophobic arc 
boundaries are ill defined, for example, the C-terminal cc- 
helix formed by a further E. coli penicillin-binding protein, 
PBP4, (Fig. 2), the need for subjective judgment renders 
these techniques of limited use. Moreover, for longer 
sequences, graphical techniques are cumbersome to apply 
and often difficult to interpret. They are also of little value 
when attempting to compare sequences due to their inability 
to assign numerical values to amphiphilicity. In an effort to 
incorporate a graphical indication of the magnitude of amino 
acid hydrophobicity, helical wheel diagrams were extended 
to give rose diagrams [183]. Nonetheless, these diagrams 
suffered many of the problems associated with other 
graphical techniques and in response Chou et al., [184] 
introduced the Wenxiang diagram. This is an alternative two- 
dimensional representation of amphiphilic a-helices in 
which hydrophobic and hydrophilic residues are considered 
to be segregated by an interfacial plane, termed 
the demarcation plane. Based on the inclination angle, co, 
between this plane and that of the axis of the a-helix, the 
Wenxiang diagram provides a measure of the level of 
amphiphilicity possessed by an a-helix. For highly 
amphiphilic a-helices, co tends to zero and for a-helices 
derived from globular proteins was found to be < 25° 
degrees. The Wenxiang diagram has a significant advantage 
over other graphical techniques in that it makes it relatively 
easier to discern the relative locations of amino acids in an 
a-helix, especially in the case of longer a-helices. The 
Wenxiang diagram is a useful concept for identifying the 
amphiphilicity of some a-helices, but in many cases, 
particularly where the segregation of hydrophilic and 
hydrophobic residues is less well defined, more rigorous 
quantitative analyses are required.

1.3.2.2. Quantitative Techniques

Several authors have endeavoured to detect sequences 
with the potential to form amphiphilic a-helical structures 
from protein primary sequence information alone by using 
variants of hydropathy plot analysis. Jahnig [185] attempted 
to detect the periodicity of hydrophobic residues associated 
with such structures by introducing a weighting factor to 
average hydropathy indices whilst Lim [186] employed the 
autocorrelation function, where //* and H^+p are the
hydrophobicity values of the k and (k + p)lh residues 
respectively, (p = 1, .... n-l, k - 1, ..., n-p), for a protein 
sequence of n residues. This function searches a protein’s 
primary sequence for sequential periodicity in 
hydrophobicity, p, by seeking values of p for which ’LkHkH^p 
is high. However, although able to localise sequences with 
amphiphilic a-helix forming potential, these methodologies 
do not incorporate information about the nature of the amino 
acid side-chains or details of their longitudinal arrangement. 
More usually, quantitative methodologies tend to use one of 
two mathematical approaches to detect periodicity in a finite 
sequence of numbers and provide a numerical measure of 
amphiphilicity. Both approaches compare a sequence of 
hydrophobicities {//;, H:, •••> Hn) with a test sequence of 
known periodicity, typically a harmonic sequence, or 
sinusoidal function.

The first of these approaches tries to find the best least- 
squares fit of terms in the test sequence to corresponding 
terms in the hydrophobicity series [4, 187]. The second, 
more common approach tries to correlate these 
corresponding sequences using a discrete Fourier transform.
For a given sequence {Hi, H2......  //„}of hydrophobicity
values corresponding to residues along a protein sequence of 
length n, the hydrophobicity of residue //£ is approximated 
by the following:

= {A(0)cos(£6O + B(6)sin(k9)} (1)

where 6 is the angular frequency and, A(6) and B(0) are 
defined by:
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The Fourier power spectrum, P{&) is therefore defined by: 

p(ff) = [^(S)]2+[B(e)]!

whence:

” n
f(0)mlZ, + Hksin(kd)]2 (2)

Jt*i t-i

To detect periodicity in hydrophobicity, P(6), or its 
square root, termed the intensity, 7(0), is examined for the 
value 0 = 0 that maximises P(6). The value of § is usually 
interpreted as the characteristic frequency of the series {HIt 
Hj,/7„}and its importa

nee is that:

Hk =

gives the harmonic approximation that has the highest non- 
normalised correlation with 77* and is often a good 
approximation to 77* [4]. If a protein molecule shows a 
strong regular pattern of hydrophobicity, then the 
corresponding power spectrum tends to show high peaks at 
the fundamental period and its harmonics, superimposed on a 
background of random noise. Indeed, strong patterns of 
hydrophobicity can often be discerned by eye but in cases 
where these patterns are weak, a number of methodologies to 
detect amphiphilic structures have been developed which are 
based on this power spectrum. McLachlan and Stewart [188] 
were amongst the first to apply Fourier analysis to the 
prediction of amino acid periodicity in protein structures. 
These latter authors identified, from a background of random 
noise, a biologically significant 14th order period for 
hydrophobic and non-polar amino acid residues in the 
protein tropomyosin. However, in a major work, Comette et 
aL, [4] later developed the Amphipathic Index (AI) based on 
these methodologies.

JJ.2.2.1. The Amphipathic Index

Comette et aL, [4] defined the AI according to equation (3):

1 f110' / v^Lp^de
A/(9) = —?- .----------

w 1 r!8° , v— f P(6)de
tn° Jo* v 1

(3)

180

where P{&) is defined in by equation (2) for a window size of 
length n.

To measure the amphiphilicity of an a-helix or set of a- 
helices, the AI is maximized for the hydrophobicity scale

chosen to compute the power spectrum. The higher the value 
of the AI, then the more likely the a-helix is to be 
amphiphilic. Comette et aL, [4] found that the actual peaks 
of the power spectrum for known a-helices occurred on the 
average closer to 97.5° rather than the 100° generally 
assumed for an idealised a-helix. These latter authors 
therefore centred the interval of integration in the numerator 
of equation (3) at 97.5° and defined the AI as a measure of 
the fraction of the total spectral area associated with the 
power spectrum centred about this angular periodicity.

Using the amphipathic index and the hydrophobicity 
scale of Kyte and Doolittle [12], Comette et aL, [4] 
successfully predicted the occurrence of two amphiphilic a- 
helices within the structure of citrate synthase. They also 
defined a statistical version of the AI, based on the least 
squares model for detecting the angular periodicity shown by 
hydrophobic residues in an amphiphilic structure. An 
algorithm, AMPHI, which is based on this statistical version 
of the AI successfully predicted 18 out of 23 known 
antigenic sites of immunodominant helper T cells [189]. 
Comette et aL, [4] compared the use of the two forms of the 
AI and concluded that, when analyzing sequence information 
from a large collection of a-helices, the statistically based 
and Fourier transform based versions of the AI detected 
periodicity in hydrophobicity with similar high levels of 
accuracy. However, when examining single peptides, the 
statistically based AI appeared to more accurately detect 
periodicity in hydrophobicity for shorter sequences (in the 
order of 25 amino acid residues or less). Nonetheless, despite 
the utility of the AI, of all the analytical approaches based on 
Fourier series analysis, the most commonly used to detect 
potential amphiphilic structures is the hydrophobic moment, 
which has also formed the basis of -a number of related' 
methodologies.

1.3.2.2.2. Hydrophobic Moment Analysis 
Equation (4) shows the intensive form of equation (2):

k=\

This is numerically equivalent to the magnitude of a 
vector summation and this interpretation was used by 
Eisenberg and co-workers [11] to derive the hydophobic 
moment. In this work, they considered the hydrophobicities 
of consecutive residues in a putative a-helical sequence as 
vectors with positive values implying that a residue is 
hydrophobic. A vector with magnitude proportional to the 
hydrophobicity of an amino acid residue is drawn from the 
axial axis of the a-helix toward the position of the central a- 
carbon of that amino acid residue in the a-helix. Essentially, 
this approach may be considered as a quantitative 
interpretation of the helical wheel [180] and in its general 
form, the. hydrophobic moment, 7^(0), for an angular 
frequency 0 may be defined as the resultant of the vector 
summation given by:

n 7i
tfiSin(MJ)]! + [£ Htcos(kl})f }'a (S)

Jt = l * = 1
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where ^(0) is the hydrophobic moment of a sequence of 
length n residues, period 0, and Hk is the hydrophobicity of 
residue k, according to the hydrophobicity scale used, 
although the most commonly used scale is the Eisenberg 
consensus scale [11]; Eisenberg et al., [190] assumed that an 
a-helical sequence would adopt its most amphiphilic 
arrangement and using data from known a-helices, 
determined the value of 0, the periodicity of the residues side 
chain orientations, which would maximise ^(0). This value 
of 0 was determined as 100° and using this value gave rise to 
the more common definition of the hydrophobic moment 
used in conventional hydrophobic moment analysis, which is 
the modulus of ^(100°) as computed by equation (5) or:

U(100°) | (6)

In order that hydrophobic moments derived from 
sequences of different lengths could be compared, Eisenberg 
and co-workers [190] defined the mean hydrophobic moment 
as:

< > - I Ato I / w (7)

where n is the length of the sequence. To determine which 
regions of a protein sequence may form an amphiphilic oc- 
heiix, the usual approach is to consider a window, with a 
length of w, progressing along the amino acid sequence and 
for each window, the associated hydrophobic moment at 
100° is calculated. Thus for the given sequence {Hll H2 .... 
#»,}, A0/(s)(100°) is computed for Hs, ..., where s= l,
2, ..., n-w + 1. The resulting plot of /2//(S)(100o) versus Hs is 
known as the amphipathic profile and commonly, w is taken 
to be eleven residues, representative of approximately three 
turns of an a-helix. Visual inspection of the plot usually 
enables identification of windows with maximal values of 
At(100°) and these segments are taken as the most likely 
candidates for amphiphilic a-helix formation.

There are, however, a number of problems associated 
with conventional hydrophobic moment analysis and indeed, 
Fourier transform based analyses in general, which may be 
considered in relation to angular frequency, window size, 
and hydrophobicity scale.

Eisenberg et al., [190] assumed that amphiphilic a- 
helices would possess the 100° angular periodicity of the 
classical or idealised a-helix. However, in many naturally 
occurring systems, 0 shows significant deviations from this 
idealised value arising from variations in amino acid 
composition and environmental factors [191], Similarly, in 
practice, the angle, which maximizes (0) for an 
amphiphilic a-helical region, ft (0max) can vary. For example, 
Comette et al., [4] found that ft (0mBX) usually lies closer to 
97.5° whilst in the case of transmembrane a-helices, our 
own analyses [192] found that (0max) lay closer to 102°. One 
solution to this problem has been to determine a profile of }i 
(0) for values of 0 where 95° < 0 < 105° [187]. More 
generally, hydrophobic moment profile analysis has been 
extended to include a profile of all values of 0 where 0° < 0 
< 180°. This extended methodology not only enables the 
detection of amphiphilic a-helices at their natural angular 
frequency but also allows the detection of other periodic 
secondary structures [193]. Peaks in the profile lying close to

120T will indicate a propensity to adopt 310 helical structure, 
a helical structure possessing 3 residues per turn [194], 
whilst peaks lying between 160T and 180T will indicate the 
propensity to adopt (3-sheet structures.

In general, Fourier transform based measures of 
amphiphilicity are not comparable for sequences of different 
lengths since it is far more likely that a short sequence will 
exhibit a periodic pattern by chance alone [187]. Measures of 
amphiphilicity such as the hydrophobic moment are 
therefore not length invariant and short sequences are more 
likely to have high hydrophobic moments than.longer 
sequences. A number of statistical approaches, such as the 
least squares model of the Al [4], have been developed to 
deal with this problem of length invariance but the validity 
of using < nH> io compare sequences of dissimilar length 
appears questionable. To minimise these problems, Fourier 
transform based analyses generally utilise fixed-length 
windows, between 7 and 20 amino acid residues long. 
Putative a-helix forming sequences, which are longer than 
the chosen fixed window can then be identified by the use of 
cut-off formulae. Using this strategy, an amphiphilic a-helix 
forming region would be identified when several consecutive 
values of ^(100°) exceed a chosen cut-off value in a 
protein’s amphipathic profile, Nonetheless, choosing an 
appropriate window can be problematic. Our own analyses 
have shown that shorter window sizes give best 
discrimination of transmembrane a-helices yet varying 
window size can lead to entirely different candidate 
transmembrane a-helices being identified [192]. Clearly, this 
can make the clear identification of putative amphiphilic a- 
helical sequences difficult.

By definition, the hydrophobic moment is a function of 
amino acid hydrophobicity and therefore, the choice of 
hydrophobicity scale used in hydrophobic moment analysis 
is of fundamental Importance. Variations in the relative 
values of these hydrophobicities, both within and between 
scales, can lead to difficulties in interpreting the significance 
of the hydrophobic moment [195]. As an example, 
difficulties can also arise from the definition of the 
hydrophobic moment shown in equation (3). This definition 
assumes that hydrophobic residues will be assigned positive 
values and hydrophilic residues will be assigned negative 
ones. However, a number of hydrophobicity scales are 
composed of positive values only and it is possible with the 
use of such scales that residues possessing large 
hydrophobicities will dominate and largely determine the 
hydrophobic moment at 0 = 0° and at all subsequent periodic 
boundaries. This could lead to the masking of important 
periodicities [4]. One approach to solving this problem is to 
apply a correction factor to the hydrophobicity of each 
residue in the a-helical sequence to produce an effective 
hydrophobicity, and then to derive a corresponding effective 
hydrophobic moment. Such modification to the hydrophobic 
moment equation allows the detection of periodicity in 
hydrophobicity around the mean hydrophobicity of a protein 
segment. Hydrophobic moment profile analysis can then be 
applied to determine likely amphiphilic a-helical regions.

A more general problem associated with the dependence 
of the hydrophobic moment on hydrophobicity arises in 
choosing criteria to decide whether an a-helix possesses
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amphiphilicity. A common strategy is the use of cut-off 
formulae such as the expression used by Eisenberg et aL, 
[196] to detect surface seeking or lytic amphiphilic 
ct-helices; ^(100°) / 11 > 0.6 + 0.382< HQ > where < > is
the mean hydrophobicity of the putative oc-helical segment. 
This cut-off boundary depends upon the mean 
hydrophobicity of the segment and regions that have a high 
hydrophobic moment may not always be identified by the 
cut-off boundary. Despite these various problems associated 
with hydrophobic moment analysis, it has formed the basis 
of a number of related methodologies (8, 60, 75, 196-200]. 
In a novel approach, Pewsey et al.t [75]. developed a 
methodology for the detection of amphiphilic structures 
based on the statistical significance of the hydrophobic 
moment

1.3.2.2,3. The Statistical Sienificance of the Hydrophobic
Moment

As an initial step, this approach utilises conventional 
hydrophobic moment profile analysis to identify eleven 
residue candidate sequences with the potential to form 
periodic structures. The significance of peaks in the 
hydrophobic moment profile is then assessed using Monte 
Carlo and significance testing methodologies [201]. The 
basic concept of this approach is to statistically test the 
hypotheses that a candidate sequence forming either an ot- 
heiix, a 3jo helix or 3-sheet structure is “uniform” or 
“random”. Pewsey et aL, [75] use the term “uniform” to 
denote a sequence in which the probability of any of the 
twenty possible amino acids residues occupying any position 
within the sequence is 1 in 20. It is known that amphiphilic 
structures are not composed of uniformly sampled amino 
acid residues and thus if this hypothesis could not be rejected 
then it would be concluded that the potential of the candidate 
sequence to form an amphiphilic a-helix is no greater than 
that of a sequence composed of uniformly sampled amino 
acid residues. Pewsey et aL, [75] use the term “random” to 
denote a sequence for which the constituent amino acids are 
fixed but their positions within the sequence are determined 
by random permutations, Testing the hypothesis of 
randomness provides information as to whether the relative 
positions of the amino acid residues in the candidate 
sequence are important to its potential to form an 
amphiphilic a-helix. Melittin [70] and the PBP4, PBP5 and 
PBP6 C-terminal regions [1, 183, 202-203] possess 
sequences, which have been experimentally characterised as 
amphiphilic a-helix forming regions, were analysed as a set 
of test sequences by Pewsey et aL, [75]. The results of this 
analysis confirmed the potential of each sequence for 
amphiphilic a-helix formation and were in good general 
agreement with those obtained by conventional hydrophobic 
moment plot analysis. However, the approach of Pewsey et 
aL, [75] offers several advantages over this latter form of 
analysis. It is able to provide information with regards to the 
spatial organisation of the residues present in a putative a- 
helical sequence and as it does not assume a fixed angular 
frequency (6 = 100°), it can identify the potential of a 
sequence to form a variety of amphiphilic structures. As an 
example, the approach of Pewsey et aL, [75] predicted that, 
in addition to forming amphiphilic a-helical structure, the 
PBP4 C-terminal region possessed the potential to form [3- 
sheet structure at a lipid interface. This prediction has

recently been confirmed by spectroscopic and biophysical 
analysis [204]. Nonetheless, the methodology of Pewsey et 
aL, [75] still suffers the disadvantage of a fixed window size 
and in response, Roberts et aL, [197], introduced the DWIH 
measure.

1.3.2.2:4. The DWIH Measure

Roberts et aL, [197] developed an approach in which the 
need for a fixed window size has been eliminated and instead 
the maximum window size, which could potentially interact 
with the membrane is identified. Using conventional 
hydrophobic moment analysis, an iterative algorithm 
identifies windows in a protein sequence with the potential 
for amphiphilic a-helix formation. The algorithm then 
attempts to expand and contract these windows to maximise 
the total hydrophobicity, which can partition along a 
hydrophobic interface. A final insertion geometry scan is 
then performed to optimise a newly defined measure of 
membrane interactive potential or membrane affinity: the 
depth weighted insertion hydrophobicity {DWIH). The 
DWIH measure is a weighted sum over the hydrophobic 
residues present and is given by:

neH

where: D and k are constants, possessing dimensions of A 
and A"1 respectively, H is the set of inserted hydrophobic 
amino acids, H„ is the hydrophobicity of residue n and d„ is 
insertion depth of residue n in A. The determination of dn is 
shown_ in Fig. {Z). DWIH analysis contrasts with 
hydrophobic moment analysis, primarily in that it models a 
putative a-helix forming sequences in three dimensions and 
treats polar residues as constraints rather than negative 
hydrophobicity values. Essentially, the algorithm determines 
the potential of amphiphilic a-helices for membrane 
insertion taking into account the exclusion of hydrophilic 
residues, insertion angles and insertion depth of the helix. 
The results of a Z) WIH analysis of C-terminal sequences of 
the low molecular mass PBP’s supported those of previous 
studies on PBP5 and PBP6, and those on PBP4, which 
predicted that the C-terminal region of this latter protein 
would interact with the membrane via a different mechanism 
to those of the PBP5 and PBP6 [75, 202, 205-208],

1.3.2.3. The Classification of Anwhinhilic OrHelices

A number of authors have extended the use of predictive 
techniques to produce taxonomies of amphiphilic a-helices, 
which have then been used to predict the likely function and 
/ or membrane orientation of a candidate a-helix. The most 
commonly used of these taxonomies is that of Eisenberg et 
aL, [196] who developed the concept of the hydrophobic 
moment and introduced hydrophobic moment plot analysis.

L3.2.3.1. Hydrophobic Moment plot Analysis

The hydrophobic moment measures the structured spatial 
partitioning of hydrophilic and hydrophobic residues in an a- 
helical sequence and hence provides a measure of its 
amphiphilicity [193, 209]. Taken with the sequence’s mean 
hydrophobicity, < H o >, which, may be considered as a
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Fig. (3), The insertion geometry of an ct-helix.
Figure 3 represents an ct-helix inserted onto e embrane. The x axis is in a plane parallel to the membrane surface. The z axis is taken as the ct- 
helical long axis and the y axis is perpendicular to this a-helical axis. Q is the orientation of the oc-helical axis from the membrane surface 
and (p is the angle of the window end residue above the x axis, thus <p = 0 means the perpendicular from the a-helical axis to this residues in a 
plane parallel to the membrane suraface. The depth of residue inside the membrane can then be computed. The coordinates-of residue n are 
given by: xn = rcos(»5 + <p); yn = rsin(n<5 + (p)\zn ~ nAz and the depth of residue n, d,„ can be shown to be : dn, = d - znsin£? -y^cosft If d„ > 0, 
then the residue is inserted.

measure of affinity for the membrane interior, Eisenberg et 
al., [196] attempted to use these parameters to characterise

ot-helices. Both parameters were determined for 36 known 
membrane interactive proteins with those of known globular 
proteins acting as controls and used to construct the 
hydrophobic moment plot diagram (Fig. 4). The upper 
boundary was determined from calculations based on model 
peptides of isoleucine and arginine, which gave maximum 
values for the hydrophobic moment and the corresponding 
mean hydrophobicity. The multimeric-transmembrane region 
of the plot was defined on the assumption that multimeric 
amphiphilic proteins can span the bilayer if charge shielding 
is brought into effect [210]. The boundary between surface 
active and globular proteins was defined by drawing a line 
through the data points of melittin and 5-hemolysin, both of

which were contained in a sample set of 8 small known 
surface active peptides which promote cell lysis [196]. Thus, 
once an a-helical sequence has been identified and the 
coordinate pair [< <Ho>] determined, use of the
hydrophobic moment plot enables the a-helix to be classified 
as likely to be either surface active and orientated 
approximately parallel to an air - water interface, 
transmembrane and traversing the membrane in an 
approximately perpendicular orientation, or globular. Use of 
hydrophobic moment plot analysis is illustrated in figure (4). 
Values of < /I// > and < Ho > have been computed and plotted 
for the sequences of melittin [70], and the sequences of the 
C-terminal regions of PBP4 [211], PBP5 and PBP6 [212], 
These values were then used as coordinate pairs and plotted 
as data points on the plot diagram. It can be seen from figure 
(4) that the data points representing the C-terminal regions oi
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SURFACE

GLOBULAR

Fig. (4). Hydrophobic moment plots of the C-terminal regions of PBP4, PBP5, PBP6 and melittin

The data points of the PBP5 and PBP6 C-terminal regions, (2) and (3), cluster around that of melittin (4), a toxic molecule, known to possess 
amphiphilic a-helical secondary structure and to be surface active[44]. It was predicted that these PBP C-terminal regions possess high 
potential for a-helix formation and may have surface activities comparable to that of melittin. In contrast, the data point of the PBP4 C- 
terminal region (1) is removed from the cluster. It was predicted that if the PBP4 C-terminal region does form an amphiphilic a-helix, then 
this region would be only weakly membrane interactive.

PBP5 and PBP6 form a centrally placed cluster within the 
plot region defining surface active, amphiphilic a-helices. 
Melittin is a well-characterised surface active toxin and 
known to interact strongly with membranes via amphiphilic 
a-helical structure. Based on the proximity of their data 
points to that of melittin, it would be predicted that the 
C-terminal regions of PBP5 and PBP6 possess similar 
membrane interactive properties to the toxin. These 
predictions have been confirmed by the results of a number 
of biochemical and biophysical studies [205-206, 208] and in 
this case, experimental data strongly support the predictive 
ability of hydrophobic moment plot methodology. However, 
it can also be seen from figure (4) that although the PBP4 C- 
terminal region is predicted to be surface active, its data 
point is removed from the central cluster and lies close to the 
boundary region. The results of a number of biochemical and 
biophysical studies have shown that the PBP4 C-terminal 
region has no great propensity for a-helix formation and 
suggested that the region is not surface active and may be 
only weakly membrane interactive [205-206, 208]. This

apparent disagreement with hydrophobic moment plot 
predictions illustrates several problems often encountered in 
conventional hydrophobic moment plot analysis. The 
boundaries used in this form of analysis are very diffuse and 
ill-defined, partly resulting from the limited data set used and 
empirical construction of the hydrophobic moment plot 
diagram [195]. In addition, the hydrophobic moment for a 
particular amino acid sequence can be greatly affected by the 
spatial arrangement of a few extreme amino acids masking 
the overall nature of a-helix. Examination of its a-helical 
wheel projection (Fig. 2) is sufficient to show that this is the 
case for the PBP4 C-terminal region whose high 
hydrophobic moment alone could otherwise be taken to 
indicate that this region would be surface active. It is clear 
from this example that evaluation of the hydrophobic 
moment can fail to identify weakly surface active a-helices. 
Indeed, a number of other studies have identified limitations 
to hydrophobic moment plot methodology and it has been 
suggested that the methodology should not be relied upon as 
the sole means of classification [75, 195, 197]. More
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fundamental classification difficulties can arise from the 
inherent assumptions of hydrophobic moment analysis with 
respect to window length and angular periodicity and we 
have investigated the effect of varying these parameters on 
the relationship between < ft H > and < Ho > for 
transmembrane a-helices [192]. Using a data set of 403 
transmembrane sequences, < /% > and < H0 > were 
determined for a series of window sizes between 7 to 20 
residues. Regression analysis showed highly significant 
linear .associations between these parameters for smaller 
window sizes but that the degree of discrimination possible 
for transmembrane cx-helices using < ja,h > declined linearly 
as window size increased with the 11 residue window of 
hydrophobic moment analysis appearing to give only 
average discrimination. Furthermore, these analyses 
demonstrated that 6 = 100T, the fixed angle, generally 
assumed by hydrophobic moment analysis to produce /2 
(0,naj is no more than a representative average. Our analyses 
found that for an 11 residue window, an angular frequency of 
102T maximised < /d H > of transmembrane sequences. 
Importantly, values of 9 required to produce /j. (dm(K) were 
found not only to be a function of sequence but also to vary 
with window length and thus, the choice of window length 
can have a profound effect on the relationship between < (itt 
> and < H o > • Optimisation of window length would 
therefore appear to be crucial to the classification of 
amphiphilic a-helices and clearly both this parameter and the 
angular periodicity assumed by hydrophobic moment plot 
analysis are not optimal for such classification. Despite these 
various problems, the methodology has been recently 
extended to include the recognition of candidate oblique 
orientated a-helices.

1.3.2,3.2. Hydrophobic Moment Plot Analysis mid the
Classification of Oblique Orientated a-Helices

s Sequences able to form oblique orientated a-helices were 
initially detected in the envelope protein of Newcastle 
disease virus and since, in those of many other viruses [66, 
68, 213-219]. Similar sequences have also been detected in a 
number of non-viral membrane interactive proteins and 
peptides [65, 67, 220-221] and globular proteins [221]. 
These sequences are generally 11-20 amino acid residues in 
length and form a-helices which exhibit a hydrophobicity 
gradient along the helical long axis [222]. It appears that this 
gradient can facilitate penetration of a membrane in an 
oblique orientation, resulting in the destabilisation of 
membrane lipid packing and fusogenic events or of a protein 
/ water interface, leading to disruption of the interface and 
the promotion of other biological events [65-68, 213-221], 
This distribution of hydrophobicity differs from most a- 
helices [67, 220-222] and hence fusion promoting a-helices 
would appear to form a novel a-helical sub-class. Although 
conventional hydrophobic moment plot methodology is able 
to recognise the potential of sequences derived from oblique 
orientated a-helices for a-helix formation, the methodology 
has no capacity to recognise the hydrophobicity gradient of 
these a-helices and hence assign class. In response, a 
number of authors have attempted to adapt hydrophobic 
moment based analysis for the identification and 
characterisation of oblique orientated a-helices.

Fuji [66] attempted to characterise oblique orientated a- 
helices derived from viral fusion peptides by the asymmetry 
of their molecular shape. A feature of these a-helices is that 
they tend to possess hydrophobic faces formed from bulky 
apolar amino acid residues and hydrophilic faces rich in 
small amino acid residues, particularly glycine [65, 215]. 
Fujii [66] termed this asymmetric distribution of glycine 
residues ‘glyasymmetry’ and attempted to quantify it by 
introducing the glycine moment. The glycine moment, < jxG, 
> is formally analogous to the mean hydrophobic moment 
but is based on the relative sizes of amino acid residues in 
relation to that of glycine rather than residue hydrophobicity. 
Thus, < fda > is defined by equation (1) except that Hk is. 
replaced by G*, the relative size of residue k as defined by 
[66]. Using an approach analogous to that of hydrophobic 
moment methodology, Fujii, [66] analysed a number of viral 
oblique orientated a-helices to determine the < jdc > and 
corresponding < H0 > of their most glyasymmetric internal 
11 residue segment. This author then found that when the 
sequences of these a-helices were scrambled and similarly 
analysed, the values of < fda > obtained were significantly 
lower than those obtained for the original data set. Fujii [66] 
concluded that computation of </iG> and the corresponding 
< Ho > could be used to characterise viral oblique orientated 
a-helices. In an attempt to. develop an aid to the 
identification of oblique orientated a-helices, Harris et al., 
[65] characterised a number of such a-helices by computing 
the < fda > of their most glyasymmetric eleven residue 
segment, plotted < Jdc> against the corresponding value of < 
Ho > and analysed the resulting data point scatter 
statistically. The results of this analysis showed no apparent 
association or correlation between <^g> and.<H0 > and it 
was concluded that these parameters could not provide 
assistance in the general prediction of oblique orientated a- 
helices via graphical analysis. However, a corresponding 
analysis based on the hydrophobic moment showed that 
when these oblique orientated a-helices were characterised 
by < fiH> and corresponding < H0 > values of their most 
amphiphilic eleven residue segment, a significant linear 
association existed between these parameters which could be 
described by the regression line: < ~ 0.508 - 0A22< H0
>. The ordinates of a 99% prediction interval around this 
regression line were used to delineate an area on the 
hydrophobic moment plot diagram, which although not able 
to confirm oblique orientated a-helices, could be used to 
exclude candidate sequences unlikely to form such a-helices 
from further analysis. The predictive ability of the 
methodology is supported by recent experimental results, 
which used neutron lamellar diffraction to show that a 
number of peptides, predicted by the methodology to form 
oblique orientated a-helices, inserted into lipid bilayers with 
their a-helical long axis orientated at a shallow angle relative 
to the membrane surface [223-224]. More recently, our own 
investigations have used this methodology to help identify 
candidate lipid interactive oblique orientated a-helices in the 
small subunit of the dimeric protease m-calpain [225], the C- 
terminal anchors of penicillin binding proteins and the N- 
terminal regions of plant virus movement proteins involved 
in the nuclear localisation of nucleoprotein complexes 
(unpublished data).

Oblique orientated a-helices show a highly specialised 
structure / function relationship and may be characterised by
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the < /i// > and molecular architecture of their a-helices. 
Using similar considerations, Segrest et aL, [8] introduced a 
general scheme for the classification of amphiphilic a- 
helices.

The Qt-Helical Classes ofSeerest et ai. (1990)

Segrest et aL, [8] derived a database of known and 
putative amphiphilic a-helix forming sequences from a large 
number of biologically active proteins and polypeptides. 
Using conventional hydrophobic moment analysis [190], 
these latter authors analysed these sequences and produced 
consensus a-helical motifs, which were then modelled 
according to the criteria of helical wheel projections [180]. 
These helical wheels appeared to reveal correlations between 
a-helical molecular architecture and biological function. 
Using the premise that a-helices serving similar biological 
functions will possess similar structural characteristics, 
Segrest et aL, [8] defined seven major classes of amphiphilic 
a-helices. Three of these classes are predominantly involved 
in protein - protein interactions: the class K a-helices, found 
in the calmodulin binding domains of various protein 
kinases, the class C a-helices of some coiled - coil protein 
arrangements and the class G a-helices of globular proteins. 
The remaining major classes of amphiphilic a-helix (Fig. 5) 
defined by Segrest et aL, [8] are primarily concerned with 
protein - lipid interactions with the principle difference 
between classes lying in the magnitude of their hydrophobic 
moment and the size, and charged residue distribution, of the 
polar face (Fig. 5) [226].

The class A a-helices were identified in exchangeable 
apolipoproteins and are characterised by high mean 
hydrophobic moments and a molecular architecture featuring 
a unique clustering of positively charged residues at the polar 
/ non-polar interface, accompanied by bunches of negatively 
charged residues at the centre of the 1 SOT polar face (Fig. 5) 
[226-227]. These a-helices are generally able to stabilise 
membranes [30, 62-63, 228-229] and it has been suggested 
that they stabilise the edge of discoidal bilayer structures

formed in the lipid transport of living organisms [230-231].

Class L amphiphilic a-helices were identified in a 
number of lytic peptides. In contrast to class A a-helices 
class L a-helices possess narrow polar faces (Fig. 5) [8, 232] 
and are known to destabilise membranes [30, 52, 63, 233-‘ 
234] yet, presumably due to their common activity of deep 
membrane penetration, class L a-helices posses generally 
high values of < >, which are comparable to those of class
A a-helices.

The third class of surface active a-helices identified by 
Segrest et aL, [8] were the class H a-helices of various 
polypeptide hormones. These a-helices differ from the class 
A and class L a-helices in that they require the presence of 
an amphiphilic environment such as the membrane surface to 
catalyse their induction [1, 73, 235-237]. The class H a- 
helices are characterised by narrow polar faces of and high 
mean hydrophobic moments (Fig. 5) [8]. It would appear that 
the high levels of amphiphilicity possessed by some class H 
a-helices are necessary to facilitate the location of hormone 
receptors [1, 73].

Segrest et aL, [8] analysed the sequences of a number of 
transmembrane a-helices sequences from various protein 
receptors, proteins transporters and channel forming 
proteins. These a-helices were characterised by low 
hydrophobic moments, low polar face charge densities but 
high non-polar face hydrophobicity (Fig. 5) [8]; revealing 
that some transmembrane a-helices possess significant levels 
of secondary amphiphilicity. Such amphiphilicity is 
consistent with the pore and channel forming function of 
transmembrane a-helices [1, 76-83] and based on this 
structure / function relationship, Segrest et aL, [8] defined 
class M transmembrane a-helices.

In general, the class H, class A and class L a-helices may 
be considered as orientating parallel to the membrane surface 
albeit, in the case of the latter class as an initial step leading

A H L M

Fig. (5). A schematic representation of classes of amphiphilic a-helces.
Figure 5 shows representations the four classes of lipid interactive a-helices, A, H, L and M, defined by Segrest et a/.,[6]. Classification is 
based on a correlation between biological activity and distribution of charged residues in the polar face of these a-helices. Dark areas 
represent negatively charged regions, shaded areas represent positively charged regions and white areas represent hydrophobic regions. 
Arrows represent the relative mean hydrophobic moments of these classses of a-helix.
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to further interactions such as channel formation, and would 
be included within the surface active a-helices described by 
Eisenberg et al., [196] whilst the class M oc-helices may be 
considered as a subclass of the transmembrane proteins 
identified by these latter authors. The taxonomy provided by 
Segrest et aL, [8] is a useful guide when attempting to assign 
function to a putative amphiphilic a-helix but the 
methodology, in general, suffers problems inherent from the 
hydrophobic moment analysis upon which it is based. 
Indeed, Segrest et aL, [226] concluded that the hydrophobic 
moment algorithm used in their original analysis of 
amphiphilic a-helices [8] was not a good measure of lipid 
associating amphiphilic a-helices. Analysis of class A a- 
helices using helical wheel based algorithms led'to the 
subclassification of these a-helices and the introduction of 
new classes of apolipoprotein a-helix, which better reflected 
experimentally measured lipid affinities [1, 227], 
Furthermore, a major criticism of this taxonomy of a-helices 
is that many lytic peptides show a-helical characteristics, 
which differ substantially from those of the archetypal class 
L a-helix (Fig. 5) [1, v8]. As an example, peptide homologues 
of the PBP5 and PBP6 C-terminal regions have been shown 
to adopt amphiphilic a-helical structure [208] and to be 
highly haemolytic [69]. Yet, in contrast to the narrow 
hydrophilic faces possessed by archetypal class L a-helices 
(Fig. 5) [1, 8], it can be seen from Fig. (2) that PBP5 and 
PBP6 C-terminal a-helices possess wide hydrophilic faces 
which subtend angles of 120T or greater. Furthermore, 
Segrest et aL, [8] observed that the a-helices of melittin, one 
of the most potent haemolysins known [70], showed more 
structural similarities to the class M a-helices of 
transmembrane proteins. Taken in combination, these 
observations would suggest that the classification scheme of 
Segrest et aL, [8] is unable to account for the generally 
heterogeneous nature of the a-helices of lytic peptides. In 
response to such criticisms, Tytler et aL, [238] proposed 
subclassification of the class L a-helices based on differing 
abilities.of these a-helices to lyse eukaryotic membranes 
whilst Tomich [55] proposed an alternative approach to the 
classification of lytic peptides. This latter author observation 
that many lytic peptides are also channel forming peptides 
(CFP’s) and suggested that the a-helical faces of lytic 
peptides may be better characterised if considered to be 
composed of four functional sectors: a hydrophilic sector and 
a hydrophobic sector, separated by two sectors, A and A’, 
which are concerned with a-helix - a-helix interactions. The 
a-helices of CFP’s always pack in parallel bundles with 
sector A interacting with sector A’ of the adjacent a-helix. 
Distributional analysis of the amino acid residues involved in 
these a-helix - a-helix interactions suggested the existence 
of conserved complimentary packing motifs and led to the 
prediction that the residues forming the a-helices of some 
lytic peptides may not only serve the function of membrane 
destabilisation but may be also involved in ordered self 
assembly and channel formation [1, 239]. This prediction 
receives some support from the discovery of a GXXXG 
packing motif within the single transmembrane domain of 
glycophorin A, which would appear to induce dimer 
formation vw a-helix - a-helix packing [240-241]. Similar 
motifs have also been putatively identified in a number of 
other transmembrane proteins [76].

The above classifications are based on sequence 
information and two-dimensional properties such as < jt# > 
and arc size and these are especially restrictive in terms of 
classification since a-helix function is dependent on three- 
dimensional properties. In response to such problems, 
Brasseur [210] developed the concept of the molecular 
hydrophobic potential (MHP).

13.2.3.4. Classification of Amphiphilic a-Helices Based on 
the MHP

In an attempt to refine hydrophobic moment analysis, 
Brasseur [210] introduced a new measure of amphiphilicity, 
which is based on the molecular lipophilicity potential 
introduced by Cohen, [242] and the hydrophobicity potential 
proposed by Fauchere, [243]. Brasseur [210] assumed that 
the hydrophobic interaction between a given point M and an 
atom i decreases exponentially with distance and defined the 
molecular hydrophobic potential, {MHP), according to the 
equation:

MHP - exp(ri _ dj) (9)

where Etrj represents the energy of transfer from a 
hydrophobic to a hydrophilic phase for an atom i, n is the 
radius of the atom i and dj is the distance between atom i and 
the point M, measured in A. Based on the concept of the 
MHP, Brasseur [210] developed a three-dimensional 
molecular representation of the hydrophobicity profile of a 
molecule or protein segment. For an a-helical segment, a 
plane, orientated perpendicular to the helical long axis, is 
moved along this axis in 2 A increments and for each 
increment, a cross-sectional computation is performed and 
the MHP calculated at given points. The results of these 
computations may be represented graphically as contours 
formed by lines of hydrophobic isopotential, which envelope 
the a-helix and characterise the amphiphilicity of the a-helix 
by defining the hydrophobic and hydrophilic faces. A 
quantitative representation of this amphiphilicity may be 
obtained by projecting the limits of the contours forming the 
hydrophobic helical face perpendicular to the long axis of the 
a-helix, giving a helical perspective similar to that of the 
helical wheel of Schiffer and Edmundson, [180], and 
calculating the angle, (D, subtended by these projections. 
Brasseur [210] attempted to classify amphiphilic a-helices, 
primarily based on the angle (o subtended by the a-helical 
hydrophobic face. According to this classification scheme, if 
m > 180°, the a-helix is considered to possess the potential 
for self-association in the membrane and the formation of a 
transmembrane pore. Such a-helices would be expected to 
be included within the transmembrane class of a-helices 
defined by the hydrophobic moment plot diagram and based 
on the size of their hydrophobic face, many would probably 
be included within the class M a-helices of Segrest et aL, 
[8], If 0) ^ISO0, then the a-helix is predicted likely to 
orientate with the helical long axis parallel to the membrane 
surface. Most likely, these a-helices would be included 
within the surface active a-helices of Eisenberg et aL, [196] 
and would show many structural similarities to the class H 
and class L a-helices of Segrest et aL, [8]. Finally, if eu < 
180°, then the a-helix is predicted to be able to stabilise the 
edge of discoidal bilayer structures, as suggested for some 
amphiphilic a-helices found in apolipoproteins [230-231]
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and these a-heiices probably correspond to the class A cx- 
helices of Segrest et al., [8],

This analytical approach has the advantage that it can 
provide a three-dimensional representation of amphiphilicity. 
Nonetheless, to quantify this amphiphilicity, a three- 
dimensional representation is reduced to produce a two 
dimensional representation, similar to a helical wheel 
diagram and problems can still arise in that the segment of 
interest is identified using a fixed window size, and the 
methodology is, again, based on conventional hydrophobic 
moment analysis.

More recently, Rahman et al., [221] have used the 
molecular hydrophobic potential as a basis for the prediction 
of oblique orientated a-helices. In this approach, protein 
primary structures are first scanned with a variable window 
length to identify amino acid sequences, which are 
sufficiently hydrophobic to insert into lipid. Using computer 
modelling, these sequences are then represented in three 
dimensions with the geometry of a standardised a-helix and 
the conformation of lateral side chains optimised by energy 
minimisation. Vector analysis is used to compute the most 
likely orientation for membrane insertion by the a-helix and 
a candidate oblique orientated a-helix is taken as one whose 
computed angle of interface insertion, a, satisfies the 
condition 30° > rr S 60°. Based on molecular hydrophobic 
potential calculations, the hydrophobicity profile of the a- 
helix is then visually represented in three dimensions as lines 
of hydrophobic and hydrophilic isopotential surrounding the 
a-helix. Using this methodology, Rahman et al., [221] have 
predicted the occurrence of putative oblique orientated a- 
helix forming sequences in a diverse range of proteins and 
peptides and are generally supported by the results of other 
theoretical analyses [65] and recent experimental results 
[223-224].

prediction models has led to improved levels of prediction 
accuracy with a model based on the highly flexible approach 
of hidden Markov modelling achieving the best recorded 
levels of prediction accuracy to date [134], The algorithm 
TMHMM predicted transmembrane a-helices with an 
accuracy approaching 98% and transmembrane protein 
topology with an accuracy approaching 78% [3].

The holy grail of sequence based analyses is to predict 
protein structure from sequence information alone and 
prospects for the future look good. Growing data bases and 
more sophisticated searching techniques should lead to the 
development of new and improved prediction techniques. 
These techniques, in conjunction with a greater use of 
combinational approaches will lead to enhanced prediction 
rates for the topology of a-helical transmembrane proteins 
and increasingly, transmembrane P-type proteins. The 
sequence based prediction of transmembrane proteins on the 
proteomic scale has already begun [3, 244-246], It may be 
asked “What are the limits of prediction for these 
techniques?”. As an answer, we will leave the final word to 
Rost [3]; “We shall see”.

ABBREVIATIONS

Al = Amphipathic Index

CFP’s = Channel forming peptides

DWIH = Depth weighted insertion hydrophobicity

HMM’s = Hidden Markov Models

MHP - Molecular Hydrophobic Potential

PBP’s = Penicillin-binding proteins

CONCLUSION GPCR’s = G-protein-coupled receptors

A variety of sequence based techniques have been 
developed for the prediction of amphiphilic a-helices. 
Earlier techniques attempted to detect the periodic 
hydrophobicity associated with the amino acid residues of 
these structures [1] and in general, these techniques are good 
guides for the detection of amphiphilicity. Nonetheless, due 
to questionable inherent assumptions and the need for 
subjective interpretations, these techniques are of limited use 
for the prediction of amphiphilic a-helices and importantly, 
the transmembrane a-helices of integral membrane proteins. 
In contrast, the more recent introduction of computational 
sequence based techniques for the prediction of 
transmembrane a-helices, such as multiple sequence 
alignments and neural networks, has led to levels of 
prediction accuracy of the order of 70%. Moreover, when 
such techniques were used in combination these accuracy 
levels increased to the order of 95% for the prediction of 
transmembranc a-helices and of the order of 75% for the 
prediction of transmembrane protein topology [118]. 
Sequence based analyses have been used in conjunction with 
Known protein structures for the homology modelling of 
transmembrane protein topology. The inclusion of protein 
structural information such as topogenic determinants within
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Abstract: To facilitate microbial membrane invasion, amphiphilic cc-helical antimicrobial peptides (a-AMPs) show 
a spatial segregation of hydrophobic and hydrophilic residues about the a-helical long axis. Here we discuss 
potential mechanisms by which these peptides are able to disrupt membrane structure and the structural 
characteristics, which are required for function.

INTRODUCTION

Antimicrobial peptides (AMPs), represent an ancient host 
defence mechanism [1] that is utilised by a diverse range of 
organisms including mammals, birds, amphibians, 
crustaceans, fish, insects, plants and microbes [2-4], Some 
AMPs are produced constitutively whilst others are 
synthesised in response to microbial attack [5] at rates, 
which are up to one hundred fold faster than those used for 
protein synthesis by the adaptive immune-'system [6].' This 
ready availability of AMPs forms a crucial component of 
innate immune systems making it a highly effective first line 
of defence in animals [7] and there is evidence that some 
AMPs may play wider roles by also acting as 
immunomodulatory signals and attenuating antimicrobial 
responses of the adaptive immune system [8].

t AMPs are able to kill a remarkable range of cells and 
microbes, including: bacteria, fungi, protozoa, enveloped 
viruses, malignant cells and parasites [9,10]. There is 
currently little evidence of microbial resistance to AMPs 
possibly as a consequence of the relatively non-specific 
mechanisms of antimicrobial action used by AMPs [11]. All 
AMPs are membrane interactive and whilst the antimicrobial 
action of some AMPs appears to involve attack on 
intracellular targets, in most cases, direct attack on the 
microbial membrane itself is the primary killing mechanism 
used by these peptides [12,13], Numerous studies have 
shown that the invasion of microbial membranes by AMPs 
leads to a variety of lethal effects, including: membrane 
depolarisation, permeabilisation and lysis, with these effects 
generally mediated by the non-specific interaction of AMPs 
with. the membrane lipid matrix rather than membrane 
proteins [14,15], To accommodate the inherently 
amphiphilic nature of the membrane lipid matrix, AMPs 
themselves have developed a variety of amphiphilic 
structures^ Here we consider the manipulation of 
amphiphilicity as a general strategy used by AMPs to 
facilitate microbial membrane invasion and review recent 
analytical studies used to investigate relationships between
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function and, structural, biochemical and biophysical 
properties, of AMPs that form amphiphilic a-helices (a- 
AMPs). v

AMPHIPHILICITY AS A GENERAL STRATEGY IN 
THE ANTIMICROBIAL ACTION OF AMPS

AMPs are usually grouped according to their secondary 
structures [16,17] and within these structures, three distinct 
forms of amphiphilicity can be identified [18]. Indolicidin 
[19] and tritrpticin [20] for example exhibit primary 
amphiphilicity with a core segment composed of a short 
central apolar sequence that is flanked at each end by cationic 
residues [18-20]. Studies on both AMPs have suggested this 
core segment is essential for membrane interaction and 
partitions into membranes such that its central apolar 
sequence resides within the membrane hydrophobic core 
region and both sets of flanking cationic residues interact 
with the lipid headgroup region of the same leaflet [21,22]. 
Evidence implies that the distribution of hydrophobicity 
along these highly symmetrical sequences is important for 
peptide orientation during the antimicrobial action of these 
AMPs [19].

In contrast to the above, cysteine rich P-sheet AMPs, 
such as defensins [14], and other conformationally restrained 
AMPs [2j], form a major group of peptides that invade 
microbial membranes though the use of tertiary 
amphiphilicity. In this case residues that are distal in the 
primary structure of a molecule are brought together in its 
tertiary structure to form polar and apolar surfaces [18], as 
shown for the human defensin, neutrophil-3, in figure I, It 
can be seen that the N-terminal and C-terminai residues of 
this molecule are brought together to form its polar face 
whilst the folding pattern of its middle region generates the 
apolar face. Defensins may be taken as representative of 
tertiary amphiphiles and the sequences and folding patterns 
of these AMPs varies widely across mammals, insects and 
plants [14,24], generating a rich spectrum of amphiphilic 
structures. In this manner, tertiary amphiphilicity has been 
tailored by AMPs to facilitate microbial membrane invasion 
and the antimicrobial actions of a structurally diverse range 
of peptides that are appropriate to the defence needs of an 
equally diverse range of host organisms [2,14,23,24].

0929-8665/05 S50.00+.00 ©2005 Bcnthnm Science Publishers Ltd.
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gure 1. The amphiphiUcity of a-AMPs. Figure 1A was adapted from Raj and Denlino, [14] and illustrates the tertiary amphiphilicity 
>ssessed by the 3-sheet defensin. human neutrophil-3. The side-chains of residues are not shown for clarity and it can he seen that 
oximity of N-terminal and C-terminal residues generate the polar face whilst the folding pattern of the molecule’s middle region 
merates the apolar face. Figures IB and 1C illustrate the secondary amphiphilicity of magainin, an amphibian extrudate. Figure IB 
as adapted from Epand and Vogel [29] and illustrates the three-dimensional o-helical segregation of polar and apolar residues of 
againin using the side-chains of lysine residues in the magainin polar face and phenylalanine residues in the peptide’s apolar face as 
;amples. In figure 1C, magainin is represented as a two-dimensional axial projection with hydrophobic residues encircled and the 
rptide’s well-defined segregation of polar and apolar residues about the a-helical long axis can be clearly seen.

The final group include a-helical antimicrobial peptides 
hich possess secondary amphiphilicity i.e. a spatial 
:gregation of hydrophobic and hydrophilic residues about 
ic a-helical long axis as shown for the amphibian extudate, 
lagainin, in figure 1. This group of AMPs generally 
iquires the presence of an amphiphilic interface such as that 
f the membrane to trigger helix formation. In the course of 
ticrobial membrane invasion, the secondary amphiphilicity 
f a-AMPs allows the non-polar face of their a-helical 
xucture to interact with the membrane lipid core whilst 
oncomitantly permitting its hydrophilic face to engage in 
lectrostatic interactions with the membrane lipid headgroup 
:gion [11,18]. As for tertiary amphiphilicity, it is well 
stablished that variations in the secondary amphiphilicity of 
i-AMPs can lead to the use of different mechanisms of 
ticrobial membrane invasion and antimicrobial action, 
lowever, the regular arrangements of residues associated 
/ith secondary amphiphilicity allows the use of formal 
uantitative analysis to compute a-helix structural 
arameters [18,25,26] and thereby, permits the statistical 
tvestigation of both inter-relationships between these 
arameters and their variance with other factors such as 
ticrobial efficacy and specificity. Most recently, a number 
f such investigations have been undertaken, assisted by the 
stablishment of databases containing detailed structural 
nformation for many of the known a-AMPs [15,27.28].

MODELS FOR THE MEMBRANE INTERACTION 
)F a-AMPS

A database describing over three-quarters of known a- 
^MPs {circa 200) was recently established [28] and showed 
hat the minimum inhibitory concentrations (MICs) of all 
hese peptides lay in the micromolar range (table 1), clearly 
einforcing the view that their interaction with the microbial 
nembrane is not a receptor-mediated process [15], Several 
nodels for the invasion, permeabilisation and lysis of 
nicrobial membranes by a-AMPs have been proposed,

which in general, relate to bacterial targets. These models 
have been extensively reviewed elsewhere [15,30,31] and 
therefore only an overview is presented here. When attacking 
Gram-negative bacteria, cationic AMPs first target the 
negative charge carried by lipopolysaccharide (LPS) of the 
outer membrane with this interaction leading to membrane 
expansion and the displacement of Ca:+ and Mg2+ ions that 
normally stabilise outer membrane structure [32], In the case 
of Gram-positive bacteria, AMPs target the negative charge 
of teichoic acids, techuronic acids and amino acid carboxyl 
groups present on the outer surface of the peptidoglycan 
layer. For both these bacterial classes, these initial surface 
interactions lead to passage of AMPs across the 
peptidoglycan layer and binding to the anionic outer surface 
of the cytoplasmic membrane [15]. There is evidence to 
suggest that a-AMPs may adopt amphiphilic a-helical 
structure upon interaction with the outer surface of either 
Gram-negative or Gram-positive bacteria, and upon binding 
to the cytoplasmic membrane [15,32]. To explain the lethal 
action of a-AMPs on microbial membranes three major 
models have been proposed. According to the “Barrel stave 
pore model (BSPM)’’, a-AMPs initially bind 
electrostatically to the lipid headgroup region of the 
microbial membrane and in an orientation parallel to the 
membrane surface. Subsequent spontaneous re-alignment of 
these peptides to an orientation perpendicular to the 
membrane surface leads to the creation of a transmembrane 
pore. The pore is constructed with the hydrophobic faces of 
panicipating peptide a-helices interacting with the lipid core 
of the membrane, whilst their hydrophilic surfaces face 
inwards to form an aqueous pore, as shown in figure 2A 
[30,31].

The “Toroidal pore model (TPM)” assumes that a-AMPs 
utilise a mode of initial membrane binding and orientation 
that is similar to that proposed by the BSPM. However, 
according to the TPM, the aggregation of a-AMPs on the 
membrane surface imposes a positive curvature strain by
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Figure 2. Schematic representation oF pores formed by a-AMPs. Figure 2A shows a “Barrel stave" pore: The hydrophobic surfaces of c 
AMPs (black) are in direct contact with the membrane lipid core whilst their hydrophilic surfaces (while) point inwards producing £ 
aqueous pore. Figure 2B shows a “Toroidal" pore: The lipid headgroup regions of opposing membrane surfaces are continuous and z 
aqueous pore is formed, which is lined by polar lipid head groups and the hydrophilic surfaces of closely associated a-AMPs.

increasing the distance between membrane lipid head groups. 
At a critical concentration, these aggregated a-AMPs realign, 
causing the membrane surface to cavitate inwards and 
ultimately form a toroidal pore. In contrast to the BSPM, 
the TPM requires that a-AMPs remain in close association 
with membrane lipid head groups and pores of the TPM are 
therefore, lined by polar lipid head groups and hydrophilic 
surfaces of a-AMPs (figure 2B). TPM pores are proposed to 
be transient and upon disintegration, a-AMPs can be 
translocated onto the inner surface of the membrane, which 
could explain the ability of some to attack intracellular 
targets [15,31]. According to the “Carpet mechanism”(figure 
3), which is essentially multiple use of the TPM, a-AMPs 
“carpet” the surface a target membrane and when sufficiently 
accumulated, create numerous toroidal pores that coalesce 
forming ‘islands’ in the membrane, ultimately leading to 
membrane micellization and microbial cell lysis [30,31],

Most recently, a novel model, which incorporates aspects 
from several of the models described above, has been 
presented to explain the antimicrobial action of a-AMPs. 
Jointly attributed to Shai, Huang and Matsazuki [13], the 
SHM model essentially proposes that “carpeting” of the 
microbial membrane with a-AMPs leads to the displacement 
of membrane lipid, alterations to membrane structure and 
either microbial membrane destruction or the internalization 
of these AMPs [13] as shown in figure 4. The SHM model 
appears to explain the antimicrobial action of many a-AMPs 
but an analysis of this class of AMPs, presented in this issue

[33], suggests that there may be a subclass of a-AMPs th; 
are not covered by the SHM model. Most membrar 
interactive a-helices possess relatively constant levels < 
hydrophobicity along the a-helical long axis, leading the: 
a-helices to adopt stable membrane orientations that a 
either approximately parallel or perpendicular to tl 
membrane surface. Most of the models described above see: 
to assume that the stable orientations adopted by a-AMl 
are governed by the possession of such hydrophobicii 
distributions. However, the analyses of Dennison et al., [3! 
suggests that a number of a-AMPs may possess obliqi 
orientated a-helical structure. In contrast to most classes < 
membrane interactive a-helices, oblique orientated a-helic< 
possess asymmetric distributions of hydrophobicity alor 
the a-helical long axis, which causes angled membrar 
orientation and penetration, and thereby, the destabilisatic 
of membrane lipid structure. This clearly raises tl 
possibility that such AMPs may utilise hitherto undescribe 
mechanisms of membrane permeabilisation and antimicrobi 
action.

THE INFLUENCE OF AMINO ACID COMPOSITIO 
ON THE ANTIMICROBIAL ACTION OF AMPH 
PHILIC a-AMPS

Clearly, a major role for strongly basic, anionic and pol; 
residues on the one hand and apolar residues on the otln 
hand, is to facilitate the formation of amphiphilic structure

Figure 3. The “Carpet" mechanism of a-AMPS antimicrobial action. Figure 3 shows a-AMPs “carpeting" the surface of a targ 
microbial membrane. At a critical concentration the membrane is saturated with peptides, which leads to the formation of multip 
toroidal pores, micellization of the membrane and ultimately cell lysis.
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gure 4. The SHM mode! for the antimicrobial action of a-AMPs. Figure 4 was adapted from Zasloff [13] and in figure 4A, a-AMPs 
rget and carpet the outer surface of a microbial membrane. Figure 4B shows incorporation of these a-AMPs into the membrane, 
compamed by thinning of the outer leaflet and an increase in its surface area relative to the inner leaflet, resulting in strain within 
: bilayer (indicated by broad arrows). Figure 4C shows membrane phase transition, the appearance of membrane “wormhole” lesions 
d transient pores, which facilitates the translocation of lipids and a-AMPs to the inner leaflet (figure 4D). In some cases the 
fTus.on of a-AMPs to intracellular targets may now occur (figure 4E) whilst in other cases, fragmentation and physical destruction 
the microbial cell membrane can occur (figure 4F).

insistent with this role, compositional analysis has shown 
at on the average, a-AMPs contain close to 50% polar and 
'% non-polar residues [15]. To ascertain if the residue 
mposition of a-AMPs varied with microbial specificity, A 
3re recent compositional analysis of a-AMPs (figure’ 5; 
4]) compared the relative residue frequencies of a-AMPs| 
tich targeted four differing groups of organisms, namely 
3se with absolute specificity for either Gram-positive 
ctena {G+} or Gram-negative bacteria {G-}, those with 
aad range antibacterial specificity (G+, G-} or those with

both antibacterial and antifungal specificity {G+, G-, F}. 
These comparisons suggested that the overall residue 
compositions of a-AMPs active against these groups were 
generally similar. This analysis did though indicate that 
when the relative frequencies of amino acid residues in these 
AMPs were compared to those of other classes of peptides, 
as represented by the dataset of McCaldon and Argos [35], 
clear differences were shown by certain residues, suggesting 
functional relevance. This study found that anionic residues 
were relatively scarce in a-AMPs (figure 5), presumably to
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Figure 5. The relative frequency of amino acid residues in a-AMPs. Frequency of occurrence of amino acid residues in primary
structures of a-AMPs shown separately for unique activity against: Gram positive {G+}; Gram negative {G-}; Gram positive and Gram
^mnt'rnf niion ' ’ ^ P0Sltl VC’ .Gra™ negative Fungi {G+, G-, F>. For comparative purposes the frequencies in a random
sample of oligopeptides has been reproduced from McCaldon and Argos [35].

Table 1. Structural properties of a-AMPs. The data shown 
the mean value for the accompanying quoted range.

in table 1 were taken from |28, 34, 41J with figures in brackets giving

Target
organisms

Number of a- 
AMPs

MIC range 
(fimolar)

Molecular 
mass range 

(kDa)
Length range 

(residues)
Net charge 

range pi range
Hydrophobic 

arc size range
o

G+ 8 7.8-40
(15.6)

2.2-4.3
(3.3)

21-43
(31.38) -5 to +4 4.2 to 9.8 100-180

(135)
G- 8 0.04-140

(17.7)
1.7-2.6
(2.3)

19-27
(23.88) +1 to +3 9.0 to 11.1 220-260

(232)
G+, G- 103 0.2-40

(7.9)
1.2-7.4
(3.5)

10-68
(32.72) -1 to +16 6.7 to 12.4 40-300

(161)
G+, G-, F 42 0.04-140

(14.5)
1.4-4.9
(2.9)

13-46
(27.31) 0 to +10 5.6 to 12.7 40-240

(161)

maximise cationicity, and when present, tended to be in 
positions that are / i 3 or / ± 4 relative to basic residues. 
Although effectively reducing the net positive charge of the 
helix, it has been suggested that this structural positioning 
may promote helix formation via salt bridging and may be a 
strategy for improving the amphiphilicity of an otherwise 
poorly amphiphilic a-helical residue arrangement [36]. 
Glycine, which is an efficient N-capping agent [37], was also 
found to be abundant in a-AMPs (figure 5) and the 
propensity of peptides to form a-helical structure is known 
to be influenced by capping effects [15]. Furthermore, this 
propensity is strongly favoured by the C-terminal amidation 
of peptides, providing an additional hydrogen bond for a- 
helix-stabilisation [38], and amidation *at the C-terminus is 
often observed in a-AMPs with typical examples including 
oecropin A [39] and temporin B [40]. Figure 5 also indicates 
that residues such as leucine, alanine and lysine, which have 

■a strong propensity to stabilise a-helical structure, are 
Particularly well represented in a-AMPs. In contrast, it can

be seen that the relative frequency of phenylalanine shows no 
particular predisposition to a-AMPs, contrasting to the other 
aromatic residues, tyrosine and tryptophan, which each show 
a very low relative frequency. It is well established that these 
latter two residues preferentially localise to the membrane 
interfacial region, playing a role in the membrane 
positioning of a number of biologically active a-helices 
[38], including tryptophan rich extended helical AMPs [L9, 
20]. However, based on their low frequency in a-AMPs, it 
would appear that functional roles of tyrosine and tryptophan 
are not generally important to the antimicrobial action of 
these peptides.

THE INFLUENCE OF SEQUENCE LENGTH AND 
MOLECULAR MASS ON THE ANTIMICROBIAL 
ACTION OF AMPHIPHILIC a-AMPS

Currently, the shortest known a-AMPs include anoplin, 
a 10 residue wasp venom peptide, whilst the longest include
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he prolevitide precursor, a 68 residue amphibian extudate 
28]. Most recently, Dennison et al., [34] undertook a 
ystematic analysis of both sequence length and molecular 
nass for cx-AMPs, a summary of which is shown in table 1. 
'he {G-} a-AMPs exhibited the narrowest range of sequence 
engths, 19 to 27 amino acids, and molecular masses, 1.7 to 
1.5 kDa, whilst the {G+, G-} peptides exhibited the widest 
'ariation in these parameter with sequence lengths between 
0 and 68 residues and molecular masses between 1.1 and 

'.4 kDa. For each of the {G+}, {G-} {G+, G-} and {G+, G- 
F} groups, regression analyses established that there was 

10 association between their MICs and either sequence 
ength or molecular mass, and ANOVA showed that between 
ill four groups, there were no significant differences in mean 
;equence lengths and mean molecular masses (p > 0.05 in all 
:ases). Clearly, these results suggest that sequence length 
ind molecular mass, per se, are not important to either the 
mtimicrobial efficacy or specificity of the a-AMPs analysed, 
-iowever, the vast majority of a-AMPs are < 4.5 kDa and < 
15 residues in length [28] and the relative invariance of these 
'actors across a diverse range of species implies biological 
■elevance to the role of these peptides as defence agents. This 
mportance may derive from the fact that short, low 
nolecular weight peptides are metabolically economical to 
:he host and can be more easily stored in large amounts [5], 
:hereby increasing the efficiency of host response to 
nicrobia! attack.

FHE INFLUENCE OF PI, NET CHARGE AND 
CHARGED RESIDUES ON THE ANTIMICROBIAL 
ACTION OF AMPHIPHILIC a-AMPS

a-AMPs exhibit a wide range in isoelectric points (pi), 
varying from 12.7, shown by horse myeloid cathelicidin 
[42], to 4.2 shown by enkelytin [43] and the Amoeba pore- 
forming peptide isoform A [44]. Dennison et al, [41] 
established ranges of pi for {G+}, {G-}, {G+, G-} and {G+, 
G-, F} a-AMPs (table 1) and using regression analyses, 
these authors showed that there was no discemable 
correlation between pi values and MICs for either, these 
individual groups of peptides, or the dataset as a whole. The 
analyses of Dennison et al, [41] also showed that the total 
net charge of individual a-AMPs ranged from -5 to +16. 
However, whilst some a-AMPs are anionic such as 
enkelytin, or possess no overall charge, such as the 
amphibian extudate, maculatin, these peptides are generally 
cationic [28]. The total net charge for {G+} a-AMPs has 
been shown to range from -5 to 4, whilst ANOVA showed 
that this range was significantly different (p < 0.05) to those 
of {G-} [G+, G-} and {G+, G-, F} peptides, which 
exhibited net charges between -1 and + 16 with the majority 
being within the range +1 to +10 [41]. The membranes of 
both fungi and Gram-negative bacteria are generally more 
effective barriers to the action of AMPs than those of Gram
positive bacteria [11] and these findings suggested that the 
unique specificity of {G+} a-AMPs for the more susceptible 
membranes of Gram-positive bacteria might be related to 
reduced cationicity. Studies on individual a-AMPs have 
shown that net charge can modulate the antimicrobial 
specificity, and efficacy, of these peptides [15]. However, 
regression analyses [41] showed that there were no apparent 
general correlations between net charge and MICs (p > 0.05)

for either {G+} peptides, or {G-}, {G+, G-} and {G+, G-, 
F} peptides.

Whilst a direct correlation between magnitude of positive 
charge and efficacy could therefore not be demonstrated, it is 
well established that the net positive charge of a-AMPs 
enables these peptides to target the anionic membranes of 
microbes and that this positive charge primarily derives from 
the enrichment of these peptides with the strongly basic 
residues, lysine and arginine (figure 1; [2]). At physiological 
pH, both of these residues are fully charged and in this 
capacity, may be regarded as functionally equivalent. 
However, several recent studies on a variety of AMPs have 
shown that the contributions of arginine and lysine to the 
antimicrobial action of AMPs can differ substantially. 
Arginine to lysine substitutions in a cyclic (J-stranded 
peptide [45], lactoferrin B and bactenecin 5 [46] led to 
decreased activity against Gram-negative bacteria in each 
case. However, similar substitutions in protegrin-1 led to a 
fourfold increase in activity against Gram-negative bacteria 
[47]. Most recently, arginine to lysine substitutions in the 
arginine rich AMP, tritrpticin, and several of its analogues, 
were found to have no significant effects upon peptide 
conformation but induced two-fold increases in antimicrobial 
efficacy against both Gram-positive and Gram-negative 
bacteria [21]. Moreover, these studies further suggested that 
differences between the localisation of positive charge on 
arginine and lysine side-chains, may be linked to membrane 
lipid selectivity and thereby contribute to differences in the 
antimicrobial action of AMPs. The structural characteristics 
of the arginine and lysine side-chains have also been shown 
to contribute to the membrane interactions of a-helical 
peptides via the snorkelling mechanism [48-50]. According 
to this mechanism, the long side-chains of these residues can 
extend, or snorkel, allowing the a-helix deeper penetration 
into the membrane hydrophobic core, whilst maintaining 
electrostatic interactions between their charged moieties and 
the membrane lipid head-group region [50]. The energetic 
cost of snorkelling is low [51] and the mechanism is 
commonly used by membrane interactive proteins, ranging 
from the transmembrane M13 coat protein [52] to proteins 
active at the interface, such as apoiipoproteins [11]. No 
systematic investigation into the use of the snorkelling 
mechanism by a-AMPs seems to have been undertaken but 
most recently, our own studies have shown a novel a-helical 
peptide, GTAMRJLGGVI, to be active against both Gram
positive and Gram-negative bacteria, and haemolytic [53]. 
Both these, and other biophysical studies [54], have 
suggested that this peptide’s sole arginine residue facilitates 
deeper levels of membrane interaction and membrane 
disruption via the snorkelling mechanism.

THE RELATIONSHIP BETWEEN HYDROPHO- 
BICITY, AMPHIPHILICITY AND THE ANTI
MICROBIAL ACTION OF a-AMPS

Most a-AMPs are random coil in solution and their 
insertion into membranes is an enthalpy driven process that 
derives stabilisation from the random coil —» a-helix 
transition [37,55-57], bilayer reorganisation and the 
hydrophobic interactions of the a-helix’s non-polar residues 
with the lipid bilayer core [38,58]. In this context, the 
hydrophobicity of an amphiphilic a-helical segment may be
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thought of as a measure of its affinity for the membrane core 
and is usually determined by the mean hydrophobicity of the 
segment (<H>) or the hydrophobic arc / angle generated 
when the segment is represented as a two-dimensional axial 
projection (figure 1; [18]). Biophysical studies have shown 
that hydrophobicity can modulate the antimicrobial efficacy 
and specificity of individual ot-AMPs [15] and Dennison et 
al., [41] showed that, for each of the {G+}, {G-}, {G+, G-} 
and {G+, G-, F} groups of peptides, low values of <H> and 
hydrophobic arc / angle tended to correspond to high MICs 
and vice versa. However, these tendencies were not 
statistically significant _(p > 0.05) and whilst the
contribution of hydrophobicity to the antimicrobial action of 
these groups of cx-AMPs is clearly of importance, its lack of 
a strong correlation with antimicrobial efficacy suggested 
that this contribution is not overriding and therefore, those 
of other factors are also important.

Amphiphilicity is closely related to hydrophobicity and 
manifested in the primary structure of amphiphilic a-helical 
segments by the periodic occurrence of doublet or triplets of 
hydrophobic residues, alternating with similar patterns of 
polar residues. This periodicity in hydrophobic residues 
allows amphiphilicity to be quantified by Fourier transform 
based techniques and a number of such techniques have been 
developed for this purpose [18,26], The most commonly 
used is the hydrophobic moment methodology of Eisenberg 
et al., [59], which is conveniently able to reduce the three- 
dimensional _ amphiphilicity of a a-helical segment to a 
single quantity, < The studies of Dennison et al., [34] 
showed that, whilst not statistically significant, for the 
{G+}, {G-}, {G+, G-} and {G+, G-, F} groups of peptides, 
high values of <pH> tended to correspond to high MICs and 
vice versa. This trend is the inverse of that described above 
for <H> and implied that there may be an inverse correlation 
between < > and < H > for a-AMPs. Consistent with
these observations, it has been recently shown that negative 
linear correlations between < jUH > and < H > exist for 
several classes of biologically active amphiphilic a-helices 
[60,61], Moreover, these latter studies found that these linear 
correlations varied with the nature of the membrane 
partitioning shown by the a-helical classes analysed, which 
led Dennison et al., [34] to investigate if such relationships 
existed for a-AMPs. Key results from these studies are 
shown in figure 6 for {G+, G-} and {G+, G-, F} peptides, 
along with coiresponding analyses of the dermaseptin and 
gaegurin families of peptides, which to be consistent with 
t e convention of Dennison et al., [41] are designated as 
{G+, G-, F, P} peptides to indicate their additional 
antiprotozoan activity. It can be seen from figure 6 that there 
is a negative linear relationship between < jj.h > and < H > 
for each of these groups of peptides, which statistical 
analysis showed to be highly significant in each case (p <

• 5). These linear relationships imply that a characteristic 
balance between amphiphilicity and hydrophobicity may be 
required by each of these groups of a-AMPs to invade the 
membranes of their respective target organisms. Biophysical 
studies on the membrane interactions of both novel peptides 
and modified a-AMPs generally support these latter 
observations [62] and similar studies involving defensins 
nave suggested that appropriate balances between 
mphiphiiicity and hydrophobicity may be important to the

-0.8 -0.6 0.6 0.8
< H >

Figure 6. Hydrophobic moment plots of a-AMPs. Figure < 
shows plots of < pH > versus < H > for the groups of a-AMPs 
{G+, G-}(A), {G+, G-, F, P] (B) and {G+, G-, F} (C), and for each o 
these groups, a negative linear relationship can be seen to exis
between < pn > and < H >. The decreasing gradients of thesi 
relationships indicates decreasing sensitivity of < pH > tc 
changes in < H >, thereby implying that hydrophobicit) 
assumes increasing importance to the antimicrobial action oi 
these groups of a-AMPs in the order {G+ G-}~> {G+ G- F PV -j 
{G-+, G-, F). ' J

ability of these peptides to invade the membranes o; 
differing target organisms [14], Further examination of figure 
6 shows that the sensitivity of < pH > to changes in < H > 
decreases significantly in the order {G+, G-}-4 {G+, G-F 
P} -A {G+, G-, F}. These results would seem to imply thai 
hydrophobicity is of increasing importance in the order oi 
this progression and therefore, to a-AMPs with broadei 
range antimicrobial activity that includes the invasion oi 
eukaryotic membranes. These observations receive genera] 
support from a number of studies, which have shown that 
increasing hydrophobicity promotes the selectivity of a- 
AMPs for eukaryotic membranes over prokaryotic 
membranes, partly due to an enhanced affinity for 
zwitterionic lipid, which is generally far more abundant in 
these former membranes than the latter [15,63].

SUMMARY AND CONCLUDING REMARKS

This review has highlighted recent progress in the 
understanding of structure / function relationships that 
underlie the antimicrobial action of a-AMPs and it would 
appear that there is no direct correlation between activity and 
sequence length, molecular mass or pi. It is well established 
that the possession of lysine and arginine residues allows a- 
AMPs to target microbial membranes but it is emerging that 
these residues may also actively participate in mechanisms 
that. promote microbial membrane penetration by these 
peptides. Amphiphilicity and hydrophobicity are established 
as major structural features that mediate the invasion of 
microbial membranes by a-AMPs but it seems that an 
appropriate balance between these structural features may be
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cessary for such invasion with potential for variations in 
is balance to contribute towards the differing microbial 
ecificities of these peptides. Most recently, the novel 
ssibility that some a-AMPs may utilise oblique 
ientated a-helical structure to promote microbial 
smbrane invasion has been suggested.

Of known AMPs, structure / function relationships of a- 
MPs are probably the most extensively researched and the 
st understood. This understanding has provided insight 
to the membrane interactive mechanisms used by both 
her a-helix forming peptides and other classes of 
timicrobial peptides. Moreover, continued progress in this 
rection would seem essential to the development of 
odified and de novo AMPs, which many view as the next 
neration of antibiotics in the global fight against multi- 
ug resistant pathogens.
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The hydrophobic moment and its use in the classification of amphiphiiic 
structures (Review)

David A. Phoenix* and Frederick Harris

Centre for Forensic Science, University of Central Lancashire 
Preston, Lancashire PR1 2HE, UK

Summary
Amphiphilic a-helices play a major role in membrane dependent 
processes and are manifested in the primary structure of a 
protein by the periodic appearance of hydrophobic residues. 
Based on these periodic sequences, the hydrophobic moment 
was introduced, <^H>, which essentially treats the hydrophobi- 
city of amino acid residues as a two-dimensional vector sum 
and provides a measure of amphiphilicity within regular repeat 
structures. To identify putative amphiphilic a-helix forming 
sequences, hydrophobic moment analysis assumes an amino 
acid residue periodicity of 100° and scans protein primary 
structures to find the 11-residue window with maximal <n^>. 
Taken with the window’s mean hydrophobicity, <H0>, hydro- 
phobic moment plot analysis uses the coordinate pair, [</(„>, 
<H0>] to classify a-helices as either surface active, globular or 
transmembrane. More recently, this latter analysis has been 
extended to recognize candidate oblique orientated a-helices. 
Here, the hydrophobic moment is reviewed and data to query 
the logic of using a fixed window length and a fixed residue 
angular periodicity in hydrophobic moment analysis are 
provided. In addition, problems associated with the use of such 
analysis to predict a-helix structure/function relationships are 
considered.

Keywords: Hydrophobic moment, amphiphilic a-helix, surface 
seeking, transmembrane, oblique orientated.

Introduction

Amphiphilic a-helices were first characterized within apolipo- 
proteins (Segrest et al. 1974) and are now recognized as the 
major structural element involved in membrane dependent 
processes (Oren and Shai 1989, Phoenix and Harris 1998, 
Johnson and Cornell 1999 Biggins and Sansom 1999, 
Bechinger 2000, Tossi et al. 2000, Boggs et al. 2001). 
These a-helices show a characteristic spatial segregation of 
hydrophilic and hydrophobic residues, which is manifested in 
the primary sequence of the protein or peptide by the 
periodic appearance of doublets or triplets of polar and 
apolar residues (Phoenix and Harris 1998). Based on such 
periodic sequences, a number of analytical approaches 
centred on the Fourier transform have been developed 
(McLachlan and Stewart 1976, Eisenberg et al. 1982a, 
Cornette et al. 1987, McLachlen 1993), which attempt to 
identify amphiphilic a-helices. Essentially, such approaches 
transform the primary structure into a numerical sequence 
and then detect periodicity in a finite sequence. A numerical 
measure of amphiphilicity is usually provided by comparing a

*To whom correspondence should be addressed, 
e-mail: daphoenix@uclan.ac.uk

putative a-helical sequence with a test sequence of known 
periodicity, typically a harmonic sequence, or sinusoidal 
function. Thus, for a given sequence (Wi,/-/2, ,/-/„) of
hydrophobicity values corresponding to residues along a 
protein sequence of length n, the hydrophobicity of residue 
Hk is approximated by:

Hk = {A(6)cos(k0) + e(0)sin(/f0)} (1)

where 6 is the angular frequency and, A(6) and B(9) are 
defined by:

n= zj HkCOs(ke) and B{9) = V Hks\n(k9).
/<=1 #C—1

The Fourier power spectrum, P(9) is, therefore, by definition:

P(9) = [A(9)}2 + [B(9)]2

whence:

p(6) = £ Hkcos(k9))2 + []T Hks\r)(k9)}2 (2)
*=1 fr=i

To detect periodicity in hydrophobicity, P(9), or its square 
root, termed the intensity, 1(9), is examined for the value 9 = 9 
that maximizes P{9). This value of 9 is usually interpreted as 
the characteristic frequency of the series (H^H2,... ,Hn) and 
its importance is that Hk=A(9)cos(k9) + B(9)s\n(k9) is the 
harmonic approximation that has the highest non-normalized 
correlation with Hk and is often a good approximation to Hk 
(Cornette et al. 1987). If a protein molecule shows a strong 
regular pattern of hydrophobicity, then the corresponding 
power spectrum tends to show high peaks at the funda
mental period and its harmonics, superimposed on a back
ground of random noise. Strong patterns of hydrophobicity 
can often be discerned by eye but, to detect amphiphilic 
structures in cases where these patterns are weak, Eisen
berg et al. (1982a) considered the intensive form of equation 
(2):

/(0) = {E Hkcos(k9)]2 + [V' Hks\n(k9)f}y2 (3)

This equation is numerically equivalent to the magnitude of a 
two-dimensional vector summation and was used by Eisen
berg et al. (1982a) to derive the hydrophobic moment, which 
may be considered to measure the structured spatial 
partitioning of hydrophilic and hydrophobic residues in an a- 
helical sequence and, hence, provide a measure of its 
amphiphilicity (Eisenberg et al. 1984a, 1986). Analyses 
based on the concept of hydrophobic moment have to date 
formed a major approach to the prediction and classification 
of amphiphilic a-helices.
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Hydrophobic moment analysis

In their interpretation of equation (3), Eisenberg etat. (1982a) 
considered the hydrophobicities of consecutive residues in a 
putative a-helical sequence as vectors with positive values 
implying that a residue is hydrophobic. A vector of magnitude 
proportional to the hydrophobicity of an amino acid residue 
was considered to extend from the axial axis of the a-helix 
toward the position of the central a-carbon of that amino acid 
residue in the a-helix. In its general form, the hydrophobic 
moment, n{d), for an angular frequency 6 was then defined 
as the resultant of the vector summation given by:

0(6)-(E H»sin(W)]s + E H/rCos(/<fl)]2}v2 W
k=1

where ^i{8) is the hydrophobic moment of a sequence of 
length n residues, Hk is the hydrophobicity of residue k, 
measured by Eisenberg ef a/. (1982a) according to the 
Eisenberg consensus scale (Eisenberg et al. 1982b) and 8 is 
the angular periodicity of residue side chain orientations. To 
evaluate 8, Eisenberg et al. (1982a) assumed that an a- 
helical sequence would adopt its most amphiphilic arrange
ment and, using data from known a-helices, computed the 
value of 8, which would maximize n(8). This value of 0 was 
determined as 100° and using this value gave rise to the 
more common definition of the hydrophobic moment used in 
conventional hydrophobic moment analysis, which is the 
modulus of /x(100°) as computed by equation (4) or:

/ih = |M100°)| (5)

In order that hydrophobic moments derived from sequences 
of different lengths could be compared, Eisenberg ef al. 
(1982b) defined the mean hydrophobic moment as:

</!„>= I^wl/n (6)

where n is the length of the sequence. To determine which 
regions of a protein sequence may form an amphiphilic a- 
helix, the usual approach is to consider a window, of length w 
progressing along the amino acid sequence and for each 
window, the associated hydrophobic moment at 100° is 
calculated. Thus, for the given sequence (H1,H2, ... ,Hn),
ms)(100°) is computed for Hs........Hs+w-i. where s= 1, 2,
... , s-w +1. The resulting plot of /iH(s)(100o) versus Hs is 
known as the amphipathic profile and, commonly, w is taken 
to be 11 residues, representative of approximately three 
turns of an a-hetix. Visual inspection of the plot usually 
enables identification of windows with maximal values of 
£i(100o) and these segments are taken as the most likely 
candidates for amphiphilic a-helix formation. There are, 
however, a number of problems associated with hydrophobic 
moment analysis in relation to angular frequency, window 
size and hydrophobicity scale.

Angular periodicity
Eisenberg et al. (1982a) assumed that amphiphilic a-helices 
would possess the 100° angular periodicity, (0= 100°) of the 
classical or idealized a-helix. However, in many naturally

occurring systems, 8 shows significant deviations from this 
idealized value arising from variations in amino acid 
composition and environmental factors (Clothia and Finkel- 
stein 1990). In practice, the angle, which maximizes n{8) for 
an amphiphilic a-helical region, p{8max) can therefore vary. 
For example, Comette et al. (1987) found that n{dmtix) 
usually lies closer to 97.5°, whilst analyses of transmem
brane a-helices (Harris et al. 2001a) demonstrated that 
0 = 100°, the fixed angle, generally assumed by hydrophobic 
moment analysis to produce p{8max) is no more than a 
representative average. A value nearer 102° was found to 
maximize <pH> for an 11-residue window of a transmem
brane sequence. Importantly, these analyses also showed 
that values of 8 required to produce ^(8max) were not only a 
function of sequence but'also varied with window length 
(Harris et al. 2001a). Small variations in 8 can, therefore, 
have significant effects on the identification and localization 
of amphiphilic structures. One approach to solving this 
problem has been the development of hydrophobic moment 
profile analysis, which determines a profile of p{8) for a 
chosen range of 8 values, usually, where 95°sS0«$1O5° 
(Auger 1993). In a more general approach, profiles for all 
values of 8 where 0°<0^180° are determined, and this 
extended methodology not only enables the detection of 
amphiphilic a-helices at their natural angular frequency but 
also allows the detection of other periodic secondary 
structures (Eisenberg et ai. 1984b). Peaks in the profile 
lying close to 120° will indicate a propensity to adopt 3i0 
helical structure, a helical structure possessing three 
residues per turn (Karle et al. 1989), whilst peaks lying 
between 160-180° will indicate the propensity to adopt 0- 
sheet structures.

Pewsey et al. (1996) utilised conventional hydrophobic 
moment profile analysis to identify candidate sequences 
with the potential to form periodic structures, as discussed 
above. The significance of these peaks was then assessed 
using Monte Carlo and significance testing methodologies 
(Manly 1991) and the results used to provide information as 
to whether the sequence composition or the relative 
positions of the amino acid residues in the candidate 
sequence were important for its potential to form an 
amphiphilic a-helix, 310 helix or ^-sheet structure. The 
advantage of this approach is that it not only allows for 
variations in 6 but also provides a statistical measure of 
significance across structures. Based on hydrophobic 
moment analysis, it has been predicted that the Escherichia 
coli penicillin-binding proteins (PBP's) PBP4, PBP5 and 
PBP6 bind to the membrane via C-terminai amphiphiiic a- 
helices (Phoenix and Harris 1995, Harris 1998, Phoenix and 
Harris 1998). These predictions were generally supported 
by both graphical analysis (figure 1) and experimental 
results, which showed the PBP4, PBP5 and PBP6 C- 
terminal sequences to be lipid interactive (Harris et al. 
1998) and able to adopt a-helical structure (Siligardi et al. 
1997). However, analysis of the PBP4 C-terminal sequence 
by the approach of Pewsey et al. (1996) predicted that this 
sequence possessed an almost equal -potential to form 
amphiphilic a-helical structure and amphiphilic /?-sheet 
structure. These latter predictions have been recently 
confirmed by FTIR spectroscopy (Brandenburg et al.
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PBP4 PBP5 PBP6
Figure 1. Helical wheel analysis of the C-terminal regions of the low 
molecular weight PBP’s. When plotted as two dimensional axial 
projections (Schiffer and Edmundson 1967), the C-terminal 
sequences of PBP4 (Mottl et al. 1991), PBP5 and PBP6 (Broome- 
Smith et al. 1988) show a general segregation of the hydrophobic 
(shaded) and the hydrophilic residues, indicating the potential for 
amphiphilic a-helix formation.

2001), highlighting the danger of assuming a-helix formation 
based on such theoretical analysis.

Window size

In general, Fourier transform-based measures of amphiphi- 
licity are not comparable for sequences of different lengths, 
since it is far more likely that a short sequence will exhibit a 
periodic pattern by chance alone. Measures of amphiphilicity 
such as the hydrophobic moment are, therefore, not length 
invariant, and short sequences are more likely to have high 
hydrophobic moments than longer sequences, and this 
raises questions as to the validity of using <ph> to compare 
sequences of dissimilar length. Indeed, varying window size 
can lead to entirely different candidate transmembrane a- 
helices being identified (Auger 1993). To minimize these 
problems, Fourier transform-based analyses generally em
ploy fixed-length windows, between 7-20 amino acid 
residues long. Potential a-helix forming sequences, which 
are longer than the chosen fixed window, can then be 
identified by the use of cut-off formulae. Using this strategy, 
an amphiphilic a-helix forming region would be identified 
when several consecutive values of ^(100°) exceed a chosen 
cut-off value in a protein’s amphipathic profile. Nonetheless, 
choosing an appropriate window can be problematic. Harris 
et al. (2001a) investigated the effect of varying window size 
on the relationship between <pH> and <H0> for transmem
brane a-helices. Using a 403 transmembrane protein 
database, window sizes from 7-20 were examined and 
regression analysis showed highly significant linear associa
tions between <pH> and <H0> for smaller window sizes, but 
that the degree of discrimination possible using <pH> 
declined linearly with increasing window size. The 11-residue 
window of hydrophobic moment analysis appeared to give 
only average discrimination (Harris et al. 2001a).

A number of statistical approaches have been developed 
to deal with the problem of length invariance in analyses 
based on the Fourier transform (Cornette et al. 1987), whilst 
Roberts et al. (1997) pioneered an approach to the problem 
in which the need for a fixed window size has been 
eliminated. Using conventional hydrophobic analysis, an 
iterative algorithm identifies windows in a protein sequence 
with the potential for amphiphilic a-helix formation. The

algorithm then attempts to expand and contract these 
windows to maximize the total hydrophobicity, which can 
partition along a hydrophobic interface. A final insertion 
geometry scan is then performed to optimize a newly defined 
measure of amphiphilicity or membrane affinity: the depth 
weighted insertion hydrophobicity (DWIH). The DWIH mea
sure is a weighted sum over the hydrophobic residues 
present and is given by:

DWIH = Y--------tb ■

where H is the set of inserted hydrophobic amino acids, H, is 
the hydrophobicity of residue /', d, is insertion depth of residue 
/in A, and D and k are constants, possessing dimensions of 
A and A-1, respectively. DWIH analysis contrasts with 
hydrophobic plot analysis, primarily in that it models a 
putative a-helix forming sequences in three dimensions, 
using variable window size, and treats polar residues as 
constraints rather than negative hydrophobicity values. 
Essentially, the algorithm determines the potential of 
amphiphilic a-helices for membrane insertion, taking into 
account the exclusion of hydrophilic residues, insertion 
angles and insertion depth of the helix. Consistent with the 
results of Pewsey et al. (1996) and experimental results 
(Harris and Phoenix 1997a, 1998), an analysis of the PBP4, 
PBP5 and PBP6 C-terminal sequences according to DWIH 
methodology predicted that PBP4 would utilise a different C- 
terminal membrane anchoring mechanism to those of PBP5 
and PBP6.

Hydrophobicity scale

By definition, the hydrophobic moment is a function of amino 
acid hydrophobicity and, therefore, the choice of hydropho
bicity scale used in hydrophobic moment analysis is of 
fundamental importance. In deriving an hydrophobicity scale, 
a numerical weighting must be assigned to each amino acid 
residue. Unfortunately, the hydrophobic character of amino 
acid residues is complex with no single hydrophobic 
parameter able to represent the complete range of amino 
acid behaviour (Trinquier and Sanejouand 1998). Indeed, 
variations in scale affect not only the magnitude of the 
hydrophobicity value for a given residue and, therefore, the 
weighting of residues, but also the individual ranking of 
residues within a scale. Variations in the relative values of 
these hydrophobicities, both within and between scales, can 
lead to difficulties in interpreting the hydrophobic moment 
(Phoenix et al. 1998).

A more general problem associated with the dependence 
of the hydrophobic moment on hydrophobicity arises in 
choosing criteria to decide whether an a-helix possesses 
amphiphilicity. A common strategy is the use of cut-off 
formulae such as the expression used by Eisenberg et al. 
(1984b) to detect surface seeking or lytic a-helices; ^(100°)/ 
11 >0.6 —0.382<Ho>, where <H0> is the mean hydrophobi
city of the putative a-helical segment. This cut-off boundary 
depends upon the mean hydrophobicity of the segment, and 
regions that have a high hydrophobic moment may not 
always be identified by the cut-off boundary. Difficulties can
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also arise from the definition of the hydrophobic moment 
shown in equation (4). This definition assumes that hydro- 
phobic residues will be assigned positive values and 
hydrophilic residues will be assigned negative ones. How
ever, a number of hydrophobicity scales are composed of 
positive values only and it is possible that, with the use of 
such scales, residues possessing large hydrophobicities will 
dominate and largely determine the hydrophobic moment at 
0 = 0° and at all subsequent periodic boundaries. This could 
lead to the masking of important periodicities (Comette at al. 
1987). One approach to solving this problem is to apply a 
correction factor to the hydrophobicity of each residue in the 
a-helical sequence to produce an effective hydrophobicity, 
and then to derive a corresponding effective hydrophobic 
moment. Such modification to the hydrophobic moment 
equation allows the detection of periodicity in hydrophobicity 
around the mean hydrophobicity of a protein segment. 
Hydrophobic moment profile analysis can then be applied 
to determine likely amphiphilic a-helical regions.

In general, hydrophobicity scales are either statistically 
derived and based on the frequency of occurrence of an 
amino acid residue in a given environment, or experimentally 
derived and based on the measurement of the chemical 
behaviour or physicochemical properties of amino acids. In 
an effort to minimize difficulties associated with hydrophobi
city scale, a number of optimal scales have been derived. 
Comette ef al. (1987) used the normalized eigenvalues of 
eigenvectors to compute an optimal hydrophobicity scale 
using sets of amphiphilic a-helices and sequence information 
alone. More usually, optimal scales involve the combination 
of results from experimental data with tertiary structure 
information or deriving weighted averages of existing 
hydrophobicity scales. An example of the tatter is the 
consensus scale of Eisenberg et at. (1982b), which is an 
average of five other scales and commonly used in both 
hydrophobic moment analysis and its extension, hydrophobic 
moment plot analysis.

Hydrophobic moment plot analysis

Eisenberg et al. (1984b) took the mean hydrophobic moment 
as a measure of an a-helix's amphiphilicity and mean 
hydrophobicity as a measure of its affinity for the membrane 
interior. These parameters were then used to characterize ot- 
heiix forming sequences from a number of known membrane 
interactive proteins and globular proteins. When these 
parameters were plotted as coordinate pairs, [<Mh>. ^o5*]. 
those representing a-helices with similar function appeared 
to cluster, which led to construction of the hydrophobic 
moment plot diagram (figure 2). This diagram defines a- 
helices as either surface active, globular or transmembrane.

The central premise of hydrophobic moment plot metho
dology is essentially that primary sequence information alone 
may be used to differentiate between amphiphilic a-heiices 
and assign function to these a-helices. This premise 
appeared to receive support from the work of Segrest et al. 
(1990), who analysed the sequences of a number of 
amphiphilic a-helices and reported correlations between a- 
heiix architecture and biological function. Based on these 
correlations, Segrest et al. (1990) defined seven major

Trmiumc idirane

Figure 2. The hydrophobic moment plot diagram. The white 
background shows the conventional hydrophobic moment plot 
diagram and the regions it delineates to classify amphiphilic «- 
helices as either surface active, globular or transmembrane 
(Eisenberg et al. 1984a). Overlaid in grey is the region introduced 
by Harris ef al. (2000) to delineate candidate oblique orientated a- 
helices. It can be seen that, according to the conventional plot 
diagram, the C-terminal sequences of PBP4 (1), PBP5 (2) and PBP6 
(3) would each be predicted to be surface active. However, 
occupancy of the grey region indicates that the C-terminal 
sequences of PBP5 and PBP6 may be candidates for oblique 
orientated a-helix formation whilst that of PBP4, which lies outside 
the region, is unlikely to adopt such structure.

classes of amphiphilic a-helix. Each class appeared to exhibit 
a structure/function relationship with a principle difference 
between classes being the magnitude of their hydrophobic 
moment. Hydrophobic moment plot analysis has made a 
number of successful predictions. As an example, the O 
terminal a-helices of PBP5 and PBP6 were predicted to be 
strongly surface active (figure 2; Harris 1998, Phoenix and 
Harris 1998), and these predictions were confirmed by the 
results of biochemical and biophysical investigations (Harris 
and Phoenix 1997b, Siligardl et al. 1997, Harris ef al. 1998).

However, difficulties can arise when extrapolating biologi
cal function from such generic criteria. For example, Segrest 
et al. (1990) analysed a number of amphiphilic a-helices, 
known to be surface active, yet concluded that hydrophobic 
moment-based analysis was not a good measure of their lipid 
affinities. Moreover, in a recent study, Phoenix et al. (1998) 
expanded the original data set of Eisenberg et al. (1982a) 
and used hydrophobic moment plot methodology to analyse 
a number of known surface active, transmembrane and 
globular a-heiices. Statistical analysis of the resulting data 
point distributions indicated random scatter and led to the 
conclusion that, whilst the hydrophobic moment is useful in 
identifying amphiphilicity, the plot methodology had no 
significant ability to assign function to amphiphilic a-heiices. 
Undoubtedly, this conclusion reflects, in part, the limited data 
set used by Eisenberg et al. (1984b) and the somewhat 
arbitrary and empirical nature of the boundaries used to 
delineate the various classes of amphiphilic a-helix on the
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plot diagram. As an instance, the boundary between surface 
active and globular proteins (figure 2) was defined by 
drawing a line through the data points of melittin and <5- 
haemolysin, both of which were contained in a sample set of 
eight small a-helical peptides, known to be active at the 
interface and to promote cell lysis.

The E. coli PBP4 C-terminal membrane anchor, although 
predicted to be surface active by plot methodology, has been 
shown not to be surface active (Harris and Phoenix 1997a, 
Siligardi et al. 1997, Harris et al. 1998). This apparent 
disagreement illustrates a problem often encountered in 
hydrophobic moment plot analysis, in that the hydrophobic 
moment for a particular amino acid sequence can be greatly 
affected by the spatial arrangement of a few extreme amino 
acids, masking the overall nature of the a-helix (Pewsey etal. 
1996). Examination of its helical wheel projection (figure 1) is 
sufficient to show that this is the case for the PBP4 C- 
terminal anchor.

More fundamental classification difficulties can also arise 
from the inherent assumptions of hydrophobic moment 
analysis with respect to window length and angular periodi
city. As discussed above, the choice of window length can 
have a profound effect on the relationship between <ph> and 
<Hq> and its optimization is crucial to the classification of 
amphiphilic a-helices. The angular periodicity and window 
length assumed by hydrophobic moment plot analysis are 
not optimal for classification of any single subclass. Even so, 
a number of studies have centred on the significance of <ph> 
in relation to structure/function relationships of the a-helical 
classes described by hydrophobic moment plot methodol
ogy, with common examples including surface active, 
transmembrane and oblique orientated a-helices.

Surface active a-helices

Surface active a-helices are an heterogeneous class of a- 
helices and have the potential to interact with the membrane 
via a variety of mechanisms. Nonetheless, the majority of 
these a-helices interact with the membrane in an orientation 
parallel to the membrane surface albeit, in some cases, as 
an initial step leading to further interactions such as channel 
formation (Comut et al. 1992, Tomich et al. 1993, Tieleman 
and Sansom 2001). In general, the membrane interactions of 
these a-helices involve high levels of amphiphilicity and, 
based on hydrophobic moment analysis, Segrest et al. 
(1990) identified three groups of lipid interactive amphiphilic 
a-helices, which are surface active as defined by the 
hydrophobic moment plot diagram (figure 3).

The class A a-helices were identified in exchangeable 
apolipoproteins and are characterized by high mean hydro- 
phobic moments and a molecular architecture featuring a 
unique clustering of positively charged residues at the polar/ 
non-polar interface, accompanied by clusters of negatively 
charged residues at the centre of the 180° polar face (figure 
3; Segrest etal. 1992a, Anantharamaiah et al. 1993). These 
a-helices are generally able to stabilize membranes (Tytler et 
al. 1993, Epand et al. 1995, Polzov et al. 1998, Boggs et al. 
2001) and it has been suggested that they stabilize the edge 
of discoidal bilayer structures formed in the lipid transport of 
living organisms (Segrest et al. 1999, 2000). A key result

A H L M
Figure 3. A schematic representation of classes of amphiphilic a- 
helices. The four classes of lipid interactive a-helices, A, H, L and M, 
are defined by Segrest et al. (1990). Classification is based on a 
correlation between biological activity and distribution of charged 
residues in the polar face of these a-helices. Dark areas represent 
negatively charged regions,, shaded areas represent positively 
charged regions and white areas represent hydrophobic regions. 
Arrows represent the relative mean hydrophobic moments of these 
classes of a-helix.

from the analysis of class A a-helices was the proposal of the 
snorkelling hypothesis (Segrest et al. 1992b, Ananthara
maiah etal. 1993, Harris and Phoenix 1998), which has since 
been confirmed by experimental evidence (Hristova et al. 
1999). The interfacial positively charged regions of Class A 
a-helices (figure 3) are rich in lysine and arginine residue 
and, as the bulk of the van der Waals surface areas of these 
residues are hydrophobic, they themselves may be con
sidered as amphiphilic in nature. Thus, lysine and arginine 
residues involved in apolipoprotein-lipid interactions may be 
able to extend or snorkel their hydrophobic alkyl chains, 
facilitating deeper membrane penetration by the class A a- 
helix, yet still allowing the charged moieties of these residues 
to extend into the aqueous phase. This snorkelling would, 
therefore, increase the overall lipid affinity of the class A a- 
helices, which again raises the point that although <ph> is 
able to measure amphiphilicity, and correlations with lipid 
affinity exist, it is a gross property measure and takes no 
account of the structure/function relationships at the molecular 
level, which could vary a-helix-lipid affinity. Indeed, Segrest et 
al. (1992a) concluded that the hydrophobic moment algorithm 
used in their original analysis of amphiphilic a-helices (Segrest 
et al. 1990) was not a good measure of lipid associating 
amphiphilic a-helices. Analysis of class A a-helices using 
helical wheel-based algorithms led to the sub-classification of 
these a-helices and the introduction of new classes of 
apolipoprotein a-helix, which better reflected experimentally 
measured lipid affinities (Anantharamaiah etal. 1993, Mishra 
and Palgunachari 1996, Phoenix and Harris 1998).

Segrest et al. (1990) identified class L amphiphilic a- 
helices in a number of lytic peptides. In contrast to class A a- 
helices, class L a-helices possess narrow polar faces (figure 
3; Segrest et al. 1990, 1992b) and are known to destabilize 
membranes (Comut et al. 1993, Tytler et al. 1993, Epand et 
al. 1995, Polzov et al. 1997, Boggs et al. 2001) yet, 
presumably due to their common function of deep membrane 
penetration, class L a-helices possess generally high values 
of <pH>, which are comparable to those of class A a-helices. 
Based on the limited data set analysed by Segrest et al. 
(1990), class L a-helices show a structure/function relation
ship but many lytic peptides show a-helical characteristics,
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which differ substantially from those of the archetypal class L 
a-helix (Phoenix and Harris 1998). For example, the PBP5 
and PBP6 C-terminal sequences have been shown to be 
strongly haemolytic (Harris and Phoenix 1997b) yet, as can 
be seen from figure 1, these a-helices possess polar faces of 
1206 or greater rather than the narrow arcs assigned to lytic 
peptides. Furthermore, Segrest et al. (1990) observed that 
the a-helices of melittin, one df the most potent haemolysins 
known (Dempsey 1990), showed more structural similarities 
to the class M a-helices of transmembrane proteins. In 
response to these difficulties, a number of authors have 
attempted to better characterize lytic peptides by introducing 
subclasses of class L a-helices (Tytler et al. 1995) and using 
classification schemes based on alternative criteria (Tomich 
1993, Phoenix and Harris 1998). Nonetheless, considering 
the general diversity of both, structural characteristics and 
membrane interactive mechanisms shown by the a-helices of 
lytic peptides, it may be that high levels of amphiphilicity and 

are one of their few generally common features.
The third class of surface active a-helices identified by 

Segrest et al. (1990) were the class H a-helices of various 
polypeptide hormones (Taylor 1993, Polverini et al. 1995, 
1998, Phoenix and Harris 1998) These a-helices differ from 
the class A and class L a-helices in that they require the 
presence of an amphiphilic environment such as the 
membrane surface to catalyse their induction (Siligardi et 
al. 1994, Huang and Loew 1995, Phoenix and Harris 1998). 
The class H a-helices are characterized by narrow polar 
faces and high mean hydrophobic moments (figure 3; 
Segrest et al. 1990). It would appear that the high levels of 
amphiphilicity possessed by some class H a-helices are 
necessary to facilitate the location of hormone receptors 
(Taylor 1993, Phoenix and Harris 1998).

Transmembrane a-helices

The most obvious structure/function relationship of trans
membrane a-helices is the generally hydrophobic nature of 
the residues forming their transmembrane stretches coupled 
to the hydrophilic nature of the residues forming their 
interfacial end regions (Hashemzadeh-Bonehi et al. 1998, 
Kiefer and Kuhn 1998). Indeed, recognition of this primary 
amphiphilicity forms the basis of a number of approaches 
used to detect transmembrane a-helices, including hydro
pathy plot analysis (Kyte and Doolittle 1982) and, more 
recently, Hidden Markov models (Eddy et al. 1998, Sonn- 
hammer et al. 1998). Nonetheless, Segrest et al. (1990) 
analysed a number of transmembrane sequences from 
various protein receptors, proteins transporters and channel 
forming proteins and found these a-helices to possess low 
levels of secondary amphiphilicity. These a-helices were 
defined as Class M a-helices and were characterized by low 
hydrophobic moments, low polar face charge densities, but 
high non-polar face hydrophobicity (figure 3; Segrest et al. 
1990). These structural features are consistent with the 
assembly of such a-helices to form hydrophilic membrane 
pores and channels (Bowie 1997, Ubarretxena-Belandia and 
Engelman 2001) and, based on this structure/function 
relationship, the class M a-heiices may be considered a 
subclass of the transmembrane a-helices defined by hydro

phobic moment plot methodology. Furthermore, based on 
the results of Harris et al. (2001b), it would appear that 
further such subclasses may exist. Using amphipathic profile 
analysis, the variation of local amphiphilicity within trans- 
membrane sequences was investigated by considering the 
positional variation of </iw> based on a fixed five-residue 
window. In a number of cases, the position of </iH> was 
found to correspond to the membrane core region. In 
general, these sequences were found to come from pore 
forming proteins, which is consistent with the findings of 
Segrest et al. (1990) and suggests that these sequences 
may fomn class M a-helices. As may be expected, the biggest 
single group of sequences analysed possessed which 
lay in the a-helix interfacial end regions. A compositional and 
positional analysis showed these sequences to be lysine rich 
with some lysine residues occurring up to five residue 
positions into the a-helix. These results would appear to 
support recent studies, which have suggested that snorkel
ling by lysine residues may play a role in the membrane 
positioning of transmembrane a-helices (Monne et al. 1998) 
such as that of the M13 coat protein (Spruijt et al. 1996, 
Stopar etal. 1996). However, for the remaining sequences in 
the analyses, <^h> was found to be evenly distributed 
between these positional extremes, which could indicate 
structure/function relationships for transmembrane a-helices 
yet to be elucidated (Harris et al. 2001b).

Oblique orientated a-helices

Membrane interactive oblique orientated a-helices were first 
identified in viral proteins (Fuji! 1999, Martin et al. 1999, 
Peuvot et al. 1999, Plank et al. 1999) and later in non-viral 
proteins (Brasseur et al. 1997, Rahman etal. 1997, Brasseur 
2000). These a-helices are characterized by an hydrophobi
city gradient along the helical long axis (Decout et al. 1999) 
which appears able to facilitate membrane penetration in an 
oblique orientation, resulting in the destabilization of mem
brane lipid packing and fusogenic events (Brasseur et al. 
1997, Rahman et al. 1997, Fujii 1999, Martin et al. 1999, 
Pecheur et al. 1999, Peuvot et al. 1999, Brasseur 2000). This 
distribution of hydrophobicity is in contrast to most a-helices 
(Brasseur et al. 1997, Decout et al. 1999) and, although 
hydrophobic moment plot methodology is able to recognize 
the potential of sequences to form oblique orientated a- 
helices, it has no capacity to recognize the hydrophobicity 
gradient of these a-helices and, hence, assign class.

In response, Fuji (1999) observed that the oblique 
orientated a-helices of viral fusion peptides possessed an 
asymmetric molecular shape with hydrophobic faces formed 
from bulky apolar amino acid residues and hydrophilic faces 
rich in small amino acid residues, particularly glycine (Fujii 
1999, Martin ef al. 1999, Harris et al. 2000), Fuji (1999) 
termed this asymmetric distribution of glycine residues 
‘glyasymmetry’ and introduced the mean glycine moment, 
<Hg>> which is formally analogous to the mean hydrophobic 
moment but is based on the relative sizes of amino acid 
residues in relation to that of glycine rather than residue 
hydrophobicity. Thus, </xG> is defined by equation (4) except 
that Hk is replaced by Gk, the relative size of residue k as 
defined by Fujii (1999). Using an approach analogous to that



Use of <[ih> to predict a-helix structure/function 7

of conventional hydrophobic moment methodology, Fujii 
(1999) determined values of <pG> and corresponding <H0> 
for the sequences of a number of viral oblique orientated a- 
helices. Using Monte Carlo randomization of these se
quences and statistical significance testing of <fiG> and 
corresponding <H0>, Fujii (1999) concluded that amino acid 
residue order was important to the biological function of 
oblique orientated a-helices and that these parameters could 
be used to characterize them.

Harris etal. (2000) applied the methodology of Fujii (1999) 
to a data set, which included non-viral oblique orientated a- 
helix forming segments and regression analysis showed no 
apparent association between <iaq> and corresponding 
<H0>. it was concluded that these parameters could not 
provide assistance in the general prediction of oblique 
orientated a-helices via graphical analysis, Nonetheless, a 
corresponding analysis of this enlarged data set, which was 
based on the hydrophobic moment, showed that when these 
oblique orientated a-helices were characterized by <^ih> and 
corresponding <HQ>, a significant linear association existed 
between these parameters. This association could be 
described by the regression line: </iH> = 0.508-0.422<Ho> 
and the co-ordinates of a 99% prediction interval around this 
regression line were used to delineate an area on the 
hydrophobic moment plot diagram (figure 2). This area was 
proposed as a guide to the identification of candidate oblique 
orientated a-helix forming segments and, although not able to 
positively identify such a-helices, this area is able to exclude 
candidates unlikely to form such structure. The predictive 
ability of the methodology is supported by recent experi
mental data (Bradshaw et al. 2000a, b), which used neutron 
lamellar diffraction to show that a number of peptides, 
predicted by the methodology to form oblique orientated a- 
helices, inserted into lipid bilayers with their a-helical long 
axis orientated at a shallow angle relative to the membrane 
surface. As an example of the methodology’s use, a number 
of analytical approaches reviewed here have suggested that 
the membrane anchoring mechanism of the PBP4 C-terminal 
sequence differs to those of the corresponding PBP5 and 
PBP6 sequences. It can be seen from figure 2 that, although 
each sequence is predicted to be surface active according to 
the conventional hydrophobic moment plot diagram, the 
modified diagram (Harris et al. 2000) predicts that the PBP5 
and PBP6 C-terminal sequences may have the potential to 
form oblique orientated a-helices. Supporting this sugges
tion, it can be seen from figure 1 that in contrast to the PBP4 
C-terminal a-helix, the corresponding PBP5 and PBP6 a- 
helices show structural resemblances to some viral oblique 
orientated a-helices. The PBP5 and PBP6 C-terminal a- 
helices possess glycine rich hydrophilic faces and hydro- 
phobic faces containing bulky hydrophobic amino acid 
residues, suggesting that they may possess the asymmetric 
molecular shape associated with viral oblique orientated a- 
helices (Fujii 1999, Martin et al. 1999, Harris et al. 2000). 
Strong experimental support for oblique orientated a-helix 
formation by the PBP5 and PBP6 C-terminal regions comes 
from recent FTIR based studies (Brandenburg et al. 2001, 
Harris et al. 2001c). These studies showed that, whereas the 
PBP4 C-terminal a-helix interacted with the membrane 
surface regions via predominantly electrostatic forces, those

of PBP5 and PBP6 showed deep levels of membrane 
penetration, which were accompanied by changes in lipid 
phase transition temperature and lipid packing.

Oblique orientated a-helices show a highly specialized 
structure/function relationship and it is tempting to speculate 
that the high correlation between and <H0> shown by 
these a-helices is a reflection of a careful balance between 
amphiphiiicity and hydrophobicity needed for function. It has 
been suggested that the preponderance of glycine residues 
found in the hydrophilic faces of many oblique orientated a- 
helices may help to maintain this balance (Martin etal. 1999).

Conclusions

Hydrophobic moment methodology uses a Fourier transform- 
based approach to detect hydrophobic periodicity in the 
primary structure and measures amphiphiiicity as a function 
of this hydrophobicity. The logic of this seems sound but, 
nonetheless, can lead to a number of problems arising from 
the fact that different choices of hydrophobicity scale can 
lead to significant variations in the magnitude of the 
hydrophobic moment. The methodology assumes that ail 
amphiphilic a-helices can be represented by a fixed 100° 
angular frequency, and it is known that the angular 
frequencies of naturally occurring a-helices show significant 
deviations from this value. Based on this fixed angle, 
hydrophobic moment analysis would appear only able to 
provide a measure of the amphiphiiicity of an averaged 
representation of a-helical structure. Furthermore, the ana
lysis assumes a fixed 11-residue window to identify all 
amphiphilic a-helix forming segments, yet Harris et al. 
(2001a) have shown that the optimal window size for the 
identification of different classes of amphiphilic a-helices 
varies from this value. Given the dependence of pH on 
window size, the ability of <pH> to characterize amphiphilic a- 
helices would appear to be limited. Despite these difficulties, 
hydrophobic moment analysis has made many successful 
predictions.

The extension of hydrophobic moment analysis is hydro- 
phobic moment plot methodology, which attempts to assign 
function to amphiphilic a-heiices based on the magnitude of 
their hydrophobic moment. This ability of the methodology to 
classify a-heiices would appear to be limited due to the 
somewhat arbitrary nature of the hydrophobic moment plot 
diagram and the inherent difficulties associated with hydro- 
phobic moment analysis perse. In turn, this would appear to 
compromise the central premise of conventional hydrophobic 
moment plot methodology, which is that sequence informa
tion alone can be used to differentiate between classes of 
amphiphilic a-helices and assign function to these a-heiices. 
This premise would appear to be further compromised by the 
discovery of oblique orientated a-helices, which the conven
tional plot diagram has no capacity to classify. In conclusion, 
it would appear that hydrophobic moment analysis is a good 
predictor of sequences with the potential to form amphiphilic 
a-helical structure. In contrast, hydrophobic moment plot 
methodology appears able to show general tendencies in 
terms of structure/function relationships for some amphiphilic 
a-helices, but the heterogeneity of amphiphilic a-helical 
classes coupled to questionable assumptions made by the
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methodology makes It a poor predictor of amphiphilic a- 
helical function.
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Known membrane anchors of four prokaryotic carboxypeptidases were compared to the membrane interactive 
toxin melittin and an endopeptidase which contains a potential membrane anchor. Existing methodologies based 
on hydrophobic moment profile analysis have been extended to place them on a more rigorous statistical footing. 
All four carboxypeptidase anchors were predicted to contain a segment of surface active amphiphilic a-helix and 
the endopeptidase was predicted to be weakly membrane interactive,

Introduction
Membrane proteins can be sub-divided into those with an overall hydrophobic character which, to a large extent, 
are buried within the membrane and those which have a specific membrane anchor and a large ectomembranous 
domain. For proteins of the latter class the membrane anchor has generally been identified as a hydrophobic 
sequence between 10 and 15 residues in length [1] although a number of proteins are anchored by covalent 
modification.
It has been shown that the E, coli DD-carboxypeptidase penicillin binding protein (PBP) 5 is anchored to the 
periplasmic face of the inner membrane. Analysis of the protein sequence via the use of hydropathy plots has 
been unable to identify any potential hydrophobic anchor sequence [2]. In addition, the protein contains no 
known sites for covalent modification and, since various biochemical wash procedures are able to liberate the 
protein from the membrane, this mode of anchoring is unlikely [3], Deletion experiments have identified the C- 
terminal 18 amino acids of the protein as essential for membrane interaction [4]. Recently, a second E. coli DD- 
carboxypeptidase, PBP6, has also been shown to be anchored via its C-terminus to the periplasmic face of the 
inner membrane [5], Both PBP5 and PBP6 have been shown to have similar membrane binding characteristics 
[6]. It has been postulated that these proteins could be anchored to the membrane via the formation of an cc- 
helix, and indeed the inclusion of a helix breaking Proline residue within the PBP5 anchor region greatly 
destabilizes membrane anchoring [4],
Two further carboxypeptidases have been shown to anchor via their C-termini and these originate from B. 
stearothermophilus and B. subtilis [7], They show little sequence homology both with each other and with E. 
coli PBP5 and PBP6. These anchor regions have been postulated as forming p-sheet [7],
Recently, work has been performed to localise a third E, coli protein, PBP4, which has 
endopeptidase/carboxypeptidase activity. PBP4 has no detectable, conventional anchor sequence and over
production gives greater than 90% of the protein in a soluble form [8], This led Korat et al [8] to suggest that 
the protein is periplasmic and that the membrane associated form of the protein exists due to non-specific 
interaction of the protein with the membrane but it has also been postulated that the soluble PBP4 fraction
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could be an artefact caused by the over-production of the protein [9]. ,
In this paper we bn. introduced Monte Carlo significance testing to compare the C-temnn. of the four 
carboxypeptidases (T*le 1) which are known to be membrane bound, to the memtone interactive to«n 
melittta^rh known to fottn an m^hiphilic a-helix at the membrane interface. We have attempted to 

determine whether the anchor regions are capable of helix formation and whether the anchors molecular 
archhectures would be predimed to allow membmne association Finally, we have M* 
interactive potential of the PBP4 C-tertnmus to see if h possess similar characteristics to PBP5 mid 6.

Source Sequence

PBP4 cd AnrkPKTPPTPi ypPP.SRLYKDIYQNN - COOH

PBP5 OEIPRGNFFGKJIDYIKLMFHHWFG - COOH

PBP6 RNVFRGfiFPnR VWDFVMMKFHQWFGSWFS - COOH

B. stearoth. K awfvt 5SMRAVGGLFVDLWTSV - COOH

B. subtilis TMRSIOGFFAGIWGSrVDTVTOWF - COOH

meUttin run a vt trv! TTGl .PALISWIKRKRQQG - COOH

<H>

0.746 -0.310 

0.663 0.235 

0.508 0.414 

0.473 0.387 

0.518 0.466 

0.568 0.246

Table 1. Identification of 11-residue cmfoidme “fscanned using a window width of 11 resklues to identify that segment m each case witntnc gyp
moment <^H> and the corresponding mean hydrophobicity <H>[10].

Profile based analysis of the candidate a-helix forming segments
Hydrophobic moment profiles .re used as . means of clastufication by identifying penothc stiuctures wttimt a 
sequence. Since sequences tend to their most amphiphilic structure, peaks in profiles correspondmg to angles 
100. 120. or between 160. and 180- am interpreted as indieming that the sequence has the propensny to form 
an a, 3m or fi-shee, structure, respectively [11]. Comette ei al. [12] state that, for an o-hehx, a peak m the

profile should appear around an angle of 97.5°. . .
Previously, the statistical significance of the peaks in such profiles has been assessed vta the use of a 
theory approxbrnrion to the rmdonfoatkm distribution of the hydrophobic moment [13]. Hme we make foil use 
of Monte Carlo and randomisation significance testing methodologies [14] to develop methods of imerpre mg 
peaks in the profile which do not hinge upon such a normal approximation. Specifiatily^ we developed 
procedures to test the hypotheses that a candidate o-helix fomung segment was "umfonn or random . 
the tem, "unifotm" is used to denote a segment in which the probability of any one of the 20 posstble ammo aetds 
occupying any position within foe segment is 1/20. It is known that ti-hellx forming sequences are >>ot eofopo^d 
cfmZdy sampled amino acids mid if we are unable to reject this hypothesis then we would conclude that th 

segment's a-helix forming potential is no greater than that of one composed of uniformly sampled ammo amds. A 
"random" segment is defined here to be one for which the constituent residues are fixed but then positions wt 
the segment are detennined by random permutation A means of testing the hypothes* of randomness is o 
interest in th« H can used to help establish whether h is the relative positions of the ammo acuis m a sequen 

that is of importance to hs amphiphilic a-helix forming potential.
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For each candidate segment under investigation, tests of the "uniform" hypothesis were performed by first 
simulating 99 sequences, containing the same number of residues as the original candidate segment, with each 
residue in a sequence being a random choice from the 20 amino acids. For each of the 99 simulated sequences 
the hydrophobic moment profile, H(8), was calculated for angles 5°, 5e{l,2,...,180}. Using these profiles, the 
mean profile, H(S), was then evaluated for the same set of 8 values. The following three test statistics were then 
computed for the profile of the original candidate segment and each one of the profiles of the 99 simulated 
sequences:

no
(i) = s

d=ZS

130

(ii) T? = Z I\H(b)-Hm
d=U\

180

(iii) Tp = X I[H(b)-Hm
(1=160

where I is an indicator function defined as :

' = 1 0 otherwise.

As such, the test statistic Ta is approximately equal to the area under a profile lying above the mean profile of the 
simulations and centred about the angle of 97.5° corresponding to an a-helix. T3 and Tp represent identical 
quantities based around the angles corresponding to 3j0 and (3-sheet features.
Once the 100 values of a test statistic are ordered from lowest to highest, the value of (101 - r0)%t where r0 is 
the rank of the test statistic corresponding to the original candidate segment, provides the significance level of 
the test against the hypothesis of uniformity. Clearly, large values of a test statistic for a candidate segment lead 
us to reject the hypothesis of uniformity and to conclude that the correspondmg "significant" peak in the profile 
has resulted from some structuring other than that attributable to the uniform sampling of residues.
Tests based on the same statistics were conducted against the hypothesis of randomness, with the only difference 
being that the simulated sequences were random permutations of the residues of a given candidate segment. 
Again, large values of a test statistic for the original candidate segment would lead us to reject the hypothesis of 
interest, but in this case we would conclude that the "significant" peak in the profile was due to some structuring 
other than just a random permutation of the constituent residues. (Table 2.)
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Statistic TV t3
Hypothesis
Source

V R V R U R

PBP4 2 6 1 7
PBP5 3 2 2
PBP6 4 7 7 1
B. stearoth.
B, subtilis

9
6

melittin 5 10

Table 2, Significance levels (%) for tests of uniform and random hypotheses : Significance levels achieved in 
Monte Carlo significance and randomization tests based on Ta T3, Tp of the uniform (U) and random (R) 
hypotheses. Empty entries indicate significance levels in excess of 10%

Graphical summaries of these forms of analysis were also produced in which the profile of a given candidate 
segment was plotted against upper and lower envelopes delimiting the maximum and minimum values, 
respectively, reached by the hydrophobic moment profiles of the simulated sequences.
The hydrophobic moment profiles of the 11-residue candidate a-helix forming segments (Table 1) are shown in 
Figure 1 together with their corresponding upper and lower simulation envelopes. All of the profiles have 
maxima in the region of 8=100°, confirming that the segments concerned would appear to have some potential to 
form a-helices.
If we compare the profiles with their associated upper envelopes derived from simulations under the uniform and 
random hypotheses we see that the peaks around 8=100° lie close to one or both of the upper envelopes. The 
significance levels of the various test statistics presented in Table 2 give further insight into the significance of 
the peaks in the profiles. The candidate segments of PBP4 and 5 are confirmed as having significant a-helix 
forming potential, in that tests based on Ta under both the uniform and random hypotheses are significant at, or 
just above, the 5% level of significance. Thus, the peaks around 8=100° in the profiles of these two segments are 
significantly larger than one would expect for segments of the same length composed of residues selected either 
according to the discrete uniform distribution or by random permutation of the candidate segments' constituent 
residues. This suggests that it is not just the hydrophobichies of the constituent residues of these segments that 
are important but also the relative poshions of these residues along the lengths of these segments. It is also 
interesting to note that the candidate segment for PBP4 would also appear to have some potential to form a p- 
sheet.
The resuhs for B. subtilis and PBP6 indicate that, whilst the peaks around 8=100° in the profiles for these two 
segments are not overly large relative to those of segments generated under the uniform hypothesis, they are 
highly significant relative to those of segments generated under random permutation. This suggests that the a- 
helix forming potential of the candidate segments of B. subtilis and PBP6 are primarily attributable to the relative 
poshions of their constituent residues rather than the actual residues themselves. For melhtin, on the other hand, 
the significant resuh for Ta under just the uniform hypothesis indicates that it is primarily the consthuent residues 
of this segment that are important in determining hs a-helix forming potential rather than their relative positions. 
The significance levels associated with Ta for the candidate segment of B. stearothermophilus suggest that h has 
no greater a-helix forming potential than either uniformly or randomly generated segments of the same length 
based on hydrophobic moment profile prediction.
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figure 1 : Hydrophobic moment profiles. The 11 residue fragment identified (Table 1) is shown (
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Hydrophobic moment plot
The values of and <H> #om Table 1 were used in the construction of Figure 2. Assuming all 11-residue 
fragments identified in Table 1 to be potentially a-helix forming, Figure 2 indicates that all six fragments could 
be classified as a-helix forming structures arising from surface proteins. The large distance separating the point 
representing the PBP4 fragment from the centroid of the cluster for the other five plotted points is due to the 
relatively large negative value of the mean hydrophobichy of that fragment. Both the PBP4 C-termimis and the 
B. stearolhermophilus anchor region lie at the boundary for surfece seeking helices.

H
y i.25

Mean hydrophobicrty per residue

Figure 2. Hydrophobic moment plot. Each 11 residue window identified in Table 1 has been plotted. Numbered 
points correspond to : 1, PBP4; 2, PBP5; 3, PBP6; 4, B stearothermophilus; 5, B. subtilis\ 6. melittin.

Discussion
We have sought to characterise a novel form of anchoring which may involve the formation of C-terminal 
amphiphilic a-helical anchors [14], Previously the use of parameters such as the molecular hydrophobic potential 
has been used to classify lipid associated helices [15], Unfortunately neither this approach nor the evaluation of 
hydrophobic moments allows the identification of weakly surfece active helices. To try and address this problem 
we have introduced the concept of statistical testing based on the hydrophobic moment profile to gain insight 
into both the amphiphilic helix forming potential and the level of amphiphilichy within the segments of interest.
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The analysis based on extensions to the hydrophobic moment profile methodology confirmed that all of the 
identified segments had some potential to form amphiphilic a-helices. In the case of PBP4 and PBP5 the results 
of significance, tests of the uniform and random hypotheses indicate that the optimising membrane interactive 
nature of these anchors was due to both the constituent residues and their relative locations. For PBP6 and B. 
subtilis it was the relative locations of the residues that primarily determined the optimum membrane interactive 
structure, whilst for melittin it was the constituent residues; However, the results of the tests for the B. 
steorothermophilus segment indicate that its amphiphilic a-helix forming potential is not significantly greater 
than that of the average segment, of the same length, generated by either uniform selection or random 
permutation. This is not to say that this segment does not form a membrane interactive a-helix, it is just that its 
potential to do so is not strong based on this measure of amphiphilicity. This segment was also found to possess 
a high level of hydrophobicity and, if drawn on a SchifFer-Edmundson helical wheel [16] it appears to have helix 
forming potential, as do all the other candidate segments.
Making the assumption that the sequences do form into a-helical structures in their regions of maximum 
hydrophobic moment, the hydrophobic moment plot indicates that all the sequences appear capable of membrane 
interaction. The point in this plot corresponding to the PBP4 sequence is removed from a cluster based around 
that of the surface active toxin melittin and containing those points associated with the remaining sequences. 
Taken together, it appears from our analysis that the B. subtilis segment is most likely to form a membrane 
interactive a-helix as in the case of E. coli PBP5 and 6. It is probable that the B. stearothermophilus anchor 
would also form a membrane interactive helix but we could not provide strong statistical evidence for this 
conclusion mainly due to the high level of hydrophobicity in this segment. This is in contrast to previously 
published work which assigns p-sheet structure to both B. subtilis and B stearothermophilus anchors [7], In the 
past, algorithms for protein prediction made use of data bases produced from soluble proteins and did not take 
into account the influence of the membrane interface on structure stabilisation. It is known that the nature of the 
environment is crucial in determining structure; for example, melittin is known to form an a-helix at the 
membrane interface but it adopts a more random structure in solution [17].
PBP4 would be predicted to be weakly held at the membrane surface due to the low level of hydrophobicity 
present in the C-terminal region as indicated by its position on the hydrophobic moment plot. In addition it has 
P-sheet forming potential using this means of statistical analysis which has not previously been identified [6], 
This agrees with experimental data since greater than 90% of PBP4 is found in a soluble form if over-produced 
and this coupled with the hydrophobic moment plot and its P-sheet forming potential would imply that it does 
not anchor to the membrane in the same manner as PBP5 and 6.
In summary, it is difficult to identify amphiphilic structures, especially if the level of amphiphilicity is low. By 
introducing significance testing methodology we have provided a means to investigate whether a sequence is 
significantly amphiphilic. This methodology provides evidence for an alternative to the conventional hydrophobic 
anchor sequence in the form of a C-terminal amphiphilic helix. The sequences investigated have limited 
homology, appear in a variety of prokaryotes but to date appear to be limited to 
carboxypeptidases/endopeptidases.
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Abstract A number of DD-peptidases have been re
ported to interact with the membrane via C-terminal 
amphiphilic a-helices, but experimental support for this 
rests with a few well-characterized cases. These show the 
C-terminal interactions of DD-carboxypeptidases to 
involve high levels of membrane penetration, DD- 
endopeptidases to involve membrane surface binding 
and class C penicillin-binding proteins to involve mem
brane binding with intermediate properties. Here, we 
have characterized C-terminal a-helices from each of 
these peptidase groups according to their amphiphilicity, 
as measured by mean < \x.H >, and the corresponding 
mean hydrophobicity, < H>. Regression and statistical 
analyses showed these properties to exhibit parallel 
negative linear relationships, which resulted from the 
spatial ordering of a-helix amino acid residues. Taken 
with the results of compositional and graphical analyses, 
our results suggest that the use of C-terminal a-helices 
may be a universal feature of the membrane anchoring 
for each of these groups of DD-peptidases. Moreover, to 
accommodate differences between these mechanisms, 
each group of C-terminal a-helices optimizes its struc
tural amphiphilicity and hydrophobicity to fulfil its 
individual membrane-anchoring function. Our results 
also show that each anchor type analysed requires a 
similar overall balance between amphiphilicity for 
membrane interaction, which we propose is necessary to 
stabilize their initial membrane associations. In addition,
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we present a methodology for the prediction of C-ter
minal a-helical anchors from the classes of DD-peptid
ases analysed, based on a parallel linear model.
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Introduction

An increasing number of proteins have been reported 
which interact with the membrane via amphiphilic 
a-helices. These are secondary structural elements char
acterized by an ordered segregation of hydrophilic and 
hydrophobic amino acid residues about the a-hehcal long 
axis. This segregation of residues allows such a-helices to 
partition into membranes so that the predominantly 
apolar face of the anchor penetrates the membrane lipid 
core and its polar face interacts with the membrane lipid 
headgroup region (Phoenix and Harris 1998, 2002; 
Phoenix et al. 2002). Structure-function relationships for 
these a-helices were established by the work of Segrest 
et al. (1990), who showed that four major classes of lipid- 
interactive amphiphilic a-helices could be discerned, 
based on biological function. These classes were distin
guished by their spatial arrangements of charged amino 
acid residues (Segrest et al. 1992), mean levels of 
hydrophobicity, < H>, and the magnitude of their 
hydrophobic moment, <p//> (Eisenberg et al. 1982a), 
which provides a measure of a-helix amphiphilicity 
(Eisenberg et al. 1984a, 1986). Based on similar criteria, 
structure-function relationships have since been estab
lished for several other classes of amphiphilic a-helix 
(Picot and Garavito 1994; Wendt et al. 1997; Johnson 
and Cornell 1999; Harris et al. 2000; Phoenix and Harris 
2002; Phoenix et al. 2002; Tossi and Sandri 2002).

Phoenix (1990) first proposed that C-terminal 
amphiphilic a-helices might function as membrane
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anchors when studying a number of Escherichia coli 
peptidases. These enzymes are known to bind to the 
periplasmic face of the cytoplasmic membrane. How
ever, hydropathy plot analysis showed no conventional 
hydrophobic anchoring sequences, no obvious sites for 
covalent modification were apparent, and the membrane 
binding mechanisms of these enzymes were unclear 
(Gittins et al. 1993). Phoenix (1990) further showed that 
the C-tenninal regions of these enzymes possessed the 
periodicity in hydrophobic residues associated with li
pid-interactive amphiphilic a-helical structure. The par
ticipation of these C-terminal amphiphilic a-helices 
(CAHs) in membrane anchoring was later confirmed 
experimentally (Phoenix and Harris 1998; Phoenix et al. 
2002).

The enzymes analysed in the study of Phoenix (1990) 
were low molecular mass penicillin-binding proteins 
(PBPs). These are a family of DD-peptidases involved in 
bacterial cell wall biosynthesis and the use of CAHs in 
their membrane anchoring mechanisms appears to be 
generally regarded as universal (Ghuysen 1994, 1997). 
However, with the advent of sequenced prokaryotic 
genomes, membership of this family is increasing. Con
comitantly, the numbers of DD-peptidases reported to 
utilize CAHs in their membrane interactions is growing. 
These enzymes fall into three distinct groups: DD- 
carboxypeptidases, DD-endopeptidases and class C 
PBPs (Granicr et al. 1992). Each of these peptidase 
groups has differing biological requirements (Song et al. 
1998) and it has been suggested that there may be 
functional differences between the membrane anchoring 
mechanisms employed by their CAHs (Phoenix and 
Harris 1998, 2002; Phoenix et al. 2002). Experimental 
support for this conjecture, and indeed the general use of 
CAHs by DD-peptidases, is nevertheless limited to 
studies on a few members of each of the DD-peptidase 
groups reported. The prototypes for these studies appear 
to be the DD-carboxypeptidases and the class C PBPs of 
E. coli (Nelson and Young 2001; Harris et al. 2002; 
Nelson et al. 2002; Phoenix et al. 2002) and Bacillus spp 
(Waxman and Strominger 1981a, 1981b, 1981c; Bucha
nan and Ling 1992; Pedersen et al. 1998). However, al
though these experimental results are supported by some 
isolated theoretical analyses (Phoenix 1990; Pewsey et al. 
1996; Roberts et al. 1997; Harris 1998; Phoenix and 
Wallace 2000; Harris et al. 2002), no such analysis of 
DD-peptidase CAHs appears to have been conducted on 
a systematic basis.

In this study we have investigated the universality of 
the use of CAHs as peptidase-membrane anchors by 
statistical and conventional graphical analyses of their 
structural amphiphilicity. We show that CAHs of the 
same DD-peptidase group possess similar amphiphilic 
properties. We further show that these properties differ, 
on average, between the various DD-peptidase groups 
and that these differences can be related to experimen
tally demonstrated functional differences between the 
membrane interactions of these CAHs. Our results 
also suggest that an appropriate balance between

amphiphilicity and hydrophobicity may be a general 
requirement to stabilize the initial membrane associa
tions of biologically active amphiphilic a-helices. Fi
nally, we demonstrate that the unique parallel linear 
relationships established between the expected values of 
< pi/>, denoted E(<pi/>), and <//>, for the pep
tidase classes analysed, can be used for predicting the 
anchoring mechanism of newly identified homologues.

Methods

The data set and hydrophobic moment analysis

A data set (Appendix 1) comprising the C-terminal sequences of 
putative a-helical anchors from 18 DD-carboxypeptidases, 5 DD- 
endopeptidases and 9 class C PBPs was compiled from the Swiss- 
prot data bank (http://www.expasy.ch/sprot/; accessed 11.03.03). 
These sequences were then characterized according to their 
hydrophobic moment, a hydrophobicity-based property introduced 
by Eisenberg et al. (1982a) to represent amphiphilicity. The 
hydrophobic moment assumes amino acid residues to be periodi
cally spaced, at equal intervals, along the axial backbone of a 
protein. It is further assumed that, for a putative a-helical protein 
sequence, consecutive residues subtend an incremental angle of 
100°, in a plane perpendicular to this axis. The hydrophobicity 
values of successive amino acids in these sequences are then treated 
as vectors and summed in two dimensions. The hydrophobic mo
ment is defined as the absolute value of the resultant of these 
summed vectors. For a given sequence, it is conventional to com
pute the mean hydrophobic moment, < \i.H>, defined as:

j(E^cos(a00°>) | (1)

where Hi is the hydrophobicity for the i-th residue in the C-terminal 
sequence, according to the Eisenberg consensus hydrophobicity 
scale (Eisenberg et al. 1982b), and L represents window size. To 
characterize a-helical structure, it is usual practice to scan a given 
aminn acid sequence with a moving window of 11 residues and 
determine the window with maximum hydrophobic moment. 
Without loss of generality, the first residue of this window was 
taken as i'=l. For this window, the corresponding mean hydro
phobicity was also computed, which is defined as:

(2>

Initial data analysis

The CAHs of our data set were characterized according to 
hydrophobic moment analysis and the windows of maximum 
amphiphilicity with corresponding values of <pif>and < H> 
computed. Hydrophobic moment plots of <\iH> versus <H> 
(Eisenberg et al. 1984b) were constructed for the CAHs of the 
complete data set, for the CAHs of DD-carboxypeptidases com
pared to the CAHs of the other peptidase groups in the data set, 
and for each individual group of CAHs in the data set.

As represented by windows of maximal amphiphilicity, dotplots 
of amino acid residue frequency against hydrophobicity value 
(equivalently amino acid, as the Eisenberg consensus scale has no 
redundant values present) were obtained for the CAHs of the full 
data set. To facilitate direct data comparisons, similar dotplots 
were constructed for the individual groups of CAHs in the data set 
and a Loess plot (Cleveland 1979), which provides a locally 
weighted regression scatter plot of the frequencies, scaled for 
number of residues present, was obtained.

http://www.expasy.ch/sprot/
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Regression analysis with categorical predictors

First-order regression models for <pif> versus <H>, with 
additional indicator variables present (Neter et al. 1996) to repre
sent the three categorical groups of CAHs, were fitted to the data 
set. The general model employed is given by:

m m
(fxH)^ /Jo + /j, (H)i+ £PJ+lIj + £/?,/, x (H)i+r, (3)

y=i y=i
where, i= 1, n is an index for the z-th observation from n, /Jo is 
the common intercept regression coefficient, /J] is the regression 
coefficient for the gradient associated with < H>, p2, /?„,+1 are
the regression coefficients for the m indicator variables, Ijsj= 1, ..., 
m and the /Jn, /J],„ are the regression coefficients for the inter
action, Jyx<Jfir>, of the j-th indicator variable with the mean 
hydrophobicity for the optimum window of the z'-th peptidase. The 
error, e,-, for the z'-th observation is considered to be random and, in 
the general case, to follow an unspecified distribution, efRi(0,rr2), 
with a mean value of zero and with constant variance, a2, for all 
z = 1, ..., zz.

The regression coefficients associated with the indicator vari
ables and interaction terms have a particular interpretation. The /Jy, 
j~2, .... m+1, coefficients for the m indicator variables, repre
senting the m -1-1 categories being modelled, represent the difference 
in the intercept value of the corresponding category to that for a 
selected baseline category. Similarly, the /Jlfc coefficients represent 
the difference in the gradient for the k +1 -th category, again rela
tive to that of the chosen baseline category, which in all cases was 
the group of DD-carboxypeptidase CAHs.

Two-category regression

The CAHs for our data set were classified into two distinct groups. 
The CAHs of DD-carboxypeptidases were designated as the 
baseline group, with the CAHs from the remaining categories 
forming the other group, and a single indicator variable, /, was 
created to reflect this. Regression analyses were then conducted on 
a model with an interaction present and with this absent, based on 
this constraint. Using the notation of Eq, (3), the full model, where 
interaction is present, is given by:

/J0 + /?! [7 x (4)
where:

/ = / 0 i from baseline category .
1 otherwise ^ '

When 7'=0, Eq. (4) reduces to:
{[!#);= /?0 + Pi (i/Jf+fi; (6)
and we have a simple regression equation. However, when 7=1, 
after rearrangement, Eq. (4) now becomes:
{p77)~ {/J0 -1- p2) + (P\ + /Jn^/f/j-Hv (7)

Equation (7) is also that for a simple linear regression rela
tionship. We are now able to see from Eqs. (6) and (7) that p2 and 
Pi i represent the difference in the intercept and gradient regression 
coefficients, respectively, for the second category to that of the 
baseline category, for a simple linear model,

Further regression analysis was also carried out on the two- 
category model without interactions present. The regression model 
for this is given by:

/J0 + Pi (H)i+p214- (8)
By analogy with Eqs. (6) and (7), when 7=0, Eq. (8) reduces to 

Eq. (6) and we have a simple regression equation. However, when 
7= 1, Eq. (8) now becomes:
{p/7),.= (pa + p2) + pi {77).-H3,- (9)

Clearly, from Eqs. (8) and (9) the expected values of < pTT >, 
E( < p77 > ), represent two parallel lines with a common gradient

given by /J], The regression coefficient p2 is the difference in inter
cept for the second category, represented by the indicator variable 
value 7=1, relative to the baseline category, represented by 7=0. In 
the degenerate case where /Ja — Oj these are coincident lines.

The two models were fitted to the data' and residual analyses 
were conducted on the standardized residuals to check for nor
mality and homoscedasticity of the errors. Confidence intervals and 
the corresponding tests for non-zero values for all the regression 
coefficients were also obtained, under the normality assumption.

Three-category regression

A more detailed linear model with categorical predictors present 
was also fitted to the data. Again, the CAHs of DD-carboxypep
tidases were designated as the baseline category, with the CAHs 
from the remaining categories forming separate groupings. Two 
indicator variables, 7| and 72, were created to represent this. 
Regression analyses were then conducted on a model with all first- 
order interactions present and on an additional model with these 
absent. Using the notation of Eq. (3), the full model, where inter
actions are present, is given by:
(mT7);— Pa + Pi {77)(.+/?27i + P^h + Pul\ x (77)i+/?]272 x (H)^,;

(10)

The reduced model with no interactions present is given by:
{/z77);= Pa + P\(H}!+p2I\ + Pih + fi; (11)

The two models were fitted to the data and the associated 
standardized residuals were subsequently checked for satisfaction 
of the distributional assumptions. Confidence intervals for all the 
regression coefficients for both the models were also obtained and 
corresponding tests for non-zero values were also undertaken.

Bootstrap regression of three-category model

The statistical requirements of a generalized linear model are that 
the observations are independent, with the errors following a 
member of the exponential family of distributions. If normality is 
assumed, the variance of the errors is further required to be 
homoscedastic. Whilst violation of the normal theory model does 
not invalidate the least squares regression equation, the associated 
statistical tests for the regression coefficients could be unreliable.

Notwithstanding the known robustness of regression analysis to 
minor departures from these (Draper and Smith 1998), with small 
sample sizes the statistical tests of the distributional assumptions 
can be considerably underpowered. More importantly, tests for the 
regression parameters are also underpowered and corresponding 
confidence intervals over-conservative.

To verify the three-category regression model with no interac
tion terms present, as expressed in Eq. (11), a bootstrap regression 
in pairs simulation (Freedman 1981; Efron and Tibshirani 1993) 
was undertaken on the < p77 > <77> ,■ paired observations, 
z = 1,..., n. Here, however, resampling was further stratified for our 
categories, with sampling with replacement of 18, 5 and 9 from the 
three categories, respectively. One thousand bootstrap replicates of 
each of the regression coefficients Pot P\, Pn and /J,2 were obtained 
and 95% bootstrap percentile confidence intervals were calculated 
for each of these to provide corroborations with those obtained 
under the normality assumption.

Regression on randomized sequences

To establish whether any identified linear model is either an arte
fact of the mathematical relationship between < \iH> and <H> 
or even specific to the classes of CAHs analysed, a Monte Carlo 
randomization simulation study (Manly 1997) was conducted for 
values of < 77> within the surface-active range.
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The order of the primary sequences of amino acid residues 
present in the original optimum < yM > 11-residue windows of our 
data set were randomized. The new < \iH > for each window was 
then calculated and only those <]iH> and <H> pairs (<H> 
remains unchanged) whose corresponding < \lH > was within the 
range (0.25,0.75), consistent with that of the original data set, were 
retained. The simple, two-predictor model with a common gradient 
detailed in Eq. (4) was then fitted to the 32 randomized pairs and the 
regression coefficients so obtained were recorded. This process was 
repeated 1000 times iteratively and 95% percentile confidence inter
vals were constructed for the two regression coefficients Pa and /?].

Results

Initial data analysis

Dotplots of the overall amino acid counts associated 
with the windows of maximal amphiphilicity for the 
groups of peptidase CAHs were constructed. Inspection 
of the dotplot for the total number of CAHs in our data 
set revealed a high abundance of strongly hydrophobic 
residues (// > 1.0). This was balanced by a substantial 
number of charged and polar residues {H < 0), particu
larly the strongly positively charged residues arginine 
(// = ~2.53) and lysine These properties are
consistent with the amphiphilic nature of the CAHs of 
our data set. As the counts represented by these dotplots 
are influenced by the relative number of protein se
quences available, a Loess density plot (Cleveland 1979), 
scaled for group size, is presented in Fig. 1.

From this density plot, the relative abundances of 
charged and polar residues are seen to be similar for 
each group of CAHs. However, the relative abundances 
of strongly hydrophobic residues in these groups show 
clear diflerences with the rank order: DD-carboxypep- 
tidases > class C PBPs > DD-endopeptidases being 
present.

A scatterplot of <yJi> against <H> with each 
group of CAHs individually identified is given in Fig. 2. 
From this plot it is most evident that an overall negative

H
Fig. 1 Loess plot showing the relative amino acid residue 
abundances in the CAHs of (7) DD-carboxypeptidases, (2) class 
C PBPs and (2) DD-endopeptidases

trend is present in the data. Whilst this is also observed 
for each of the three groups of CAHs, the linear rela
tionship for the smaller, DD-endopeptidase group is less 
well defined, with a high level of scatter also being 
present. However, it is shown later that the corre
sponding gradient shifter, /Ji2, for the regression with 
categorical variables is not significant, confirming the 
consistency of the negative trend. It would also appear 
that the gradient in each case is similar, but that there 
may well be relative displacements in E( < pJJ >). This is 
most noticeable for the CAHs of DD-carboxypeptidases 
versus those of class C PBPs.

Two-category regression

The coefficients for the regression of <\iH> on <H> 
with two categorical predictors and interaction term 
present are given in Table 1. The P-value for each is also 
included. The residuals appeared to follow a normal 
distribution (P=0.421, Anderson-Darling test; P>0.15, 
Kolmogorov-Smimov test). Bartlett’s test for homosce- 
dasticity of the residuals was also non-significant at the 
10% level (P=0.433) and there was no evidence of any 
influential observations being present (Cook’s distance 
<0.12 for each fitted value). A plot of the residuals 
against the fitted values for the model, identified by 
category, also showed a random distribution with no

02 03 0.4-0,4 -03 -02 -0.1

<H>

Fig. 2 Scatterplot of < yJI> against <H> for the CAHs of 
DD-carboxypeptidases (squares), class C PBPs (triangles) and 
DD-endopeptidases (plusses). For each of the first two of these 
groups of CAHs, two sequences identified by hydrophobic moment 
analysis showed 100% homology (see Appendix 1), and therefore 
each of these groups contains a data point, degenerate for two 
sequences

Table 1 Two-category regression with interaction

Regression coefficient Regression coefficient value P-value

Po 0.618 <0.0005
P\ -0.360 0.015
P2 -0.126 0.013
Pn- -0.013 0.953
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systematic departures. The normal theory model as
sumptions therefore appear to hold. The regression 
coefficients /?0, fa and fa are all significant at the 5% 
level (Table 1), but there is strong evidence from the 
data that fa\ is not statistically different from zero. 
There is, however, considerable variability about the 
fitted line, with an adjusted coefficient of determination 
value of 0.23. A linear model with different intercept 
values for the two categories but with a common gra
dient therefore provides a reasonable fit to the data, 
albeit with some degree of spread being present.

The reduced model with the interaction term, repre
senting different gradients removed, was fitted to these 
data. The regression coefficient values and associated 
/‘-values for these are given in Table 2. As would be 
expected from the analysis of the residuals from the 
fuller model, the residuals appeared to follow a normal 
distribution (/>=0.402, Anderson-Darling test; P>0.15, 
Kolmogorov-Smirnov test). Bartlett’s test for homosce- 
dasticity of the residuals was also non-significant at the 
10% level (/' = 0.675) and there was no evidence of any 
influential observations being present (Cook’s distances 
<0.14). A plot of the residuals against the fitted values 
for the model, identified by category, again showed a 
random distribution with no systematic departures. The 
adjusted coefficient of determination was 0.253. As all 
the regression coefficients present in the model are highly 
significant, the model provides a reasonable fit to the 
data but with high variability being present.

Three-category regression

The coefficients for the regression of <\sJi> on <H> 
with three categorical predictors and first-order inter
action terms present are given in Table 3 together with 
the associated /’-values for each term. The regression 
coefficients fa, fa, fa and fa are all significant at the 7% 
level, but there is strong evidence from the data that the 
first-order interaction coefficients fax and fa2 are not 
statistically different from zero.

Table 2 Two-category regression with no interaction

Regression coefficient Regression coefficient value P-value

fa 0.618 <0.0005
fa -0.365 0.001
fa -0.126 0.011

Table 3 Three-category regression with first-order interactions

Regression coefficient Regression coefficient value P-value

fa 0.618 <0.0005
fa -0.360 0.019
fa -0.164 0.015
fa -0.116 0.070
fax -0.400 0.392
Pn -0.014 0.954

The reduced three-category model, with no interac
tion terms present, was next fitted to the data. The re
sults of this are given in Table 4. The regression 
coefficients fa, fa, fa and fa are all significant at the 
5.9% significance level. There is, however, still consid
erable variability about the fitted line, with an adjusted 
coefficient of determination value of 0.23. The normality 
assumption appears to be reasonable (/* = 0.253 Ander
son-Darling test; />>0.15, Kolmogorov-Smirnov test) 
and the homoscedasticity assumption also seems to be 
satisfied (P=0.126, Bartlett’s test and from inspection of 
the spread of residuals plotted against the fitted values of 
the model). Furthermore, no unduly influential obser
vations are present (Cook’s distances <0.14). A parallel 
linear model with different intercept values for the three 
categories, but with a common gradient, therefore pro
vides a reasonable fit to the data. Again, a degree of 
spread about these parallel fitted lines is present. A 
graph of the proposed parallel model is given in Fig. 3.

Bootstrap regression of the three-category model

Percentile confidence intervals of 95% for the 1000 
bootstrap replicates of the regression coefficients fa, fa, 
fa and fa for the stratified bootstrap regression in pairs 
are given in Table 5. From these confidence intervals, 
and by inspection of corresponding histograms (data not 
shown), it can be concluded that fa, fa, fa and fa are 
significantly different from zero and should be included 
in the linear model. The stratified bootstrap regression in 
pairs resampling thus confirms and reinforces the results 
obtained directly from classical regression analysis.

Table 4 Three-category regression with no interactions

Regression coefficient Regression coefficient value P-value

fa 0.614 <0.0001
fa -0.337 0.005
fa -0.159 0.012
fa -0.106 0.059

<H>

Fig. 3 Three-category' parallel model for the CAHs of (i) DD- 
carboxypeptidases, (2) class C PBPs and (3) DD-endopeptidases
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Table 5 95°/* percentile bootstrap confidence intervals for /J0, Pu Pi 
and Pi
Regression coefficient 95% confidence interval

Po (0.57, 0.67)
P\ (-0.54, -0.18)
Pi (-0.31, -0.014)
Pi (-0.19, -0.035)
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pi*

Fig. 4 Histogram of 1000 bootstrap replicates, P\*, for Pi from 
bootstrap regression in pairs for 34 randomized optimum 
sequences

Regression on randomized sequences

The histogram for the 1000 bootstrap replicates of the 
regression gradient coefficient, /Jj, for the bootstrap 
regression in the pairs study of the 32 randomized se
quence pairs is given in Fig. 4. To demonstrate the sta
tistical power, the corresponding 95% percentile 
confidence intervals for both fio and are given in 
Table 6. From the confidence intervals, and by inspec
tion of the histogram, we have no evidence from the 32 
randomize pairs data that Pi is significantly different 
from zero. The data can confidently be considered to be 
random. This is an important result and demonstrates 
that the linear relationships that have been identified are 
not an artefact of the mathematical relationship between 
<\lH> and <//>, given in Eq. (3). Furthermore, we 
are also able to compare the 95% confidence interval for 
Po (Table 6), derived from the randomization simulation 
study, with the point estimate for pQ, the corresponding 
increment, p2, and the gradient, P\t from the two-cate
gory regression analysis with no interaction (Table 2). 
From these it is readily seen that E(<^l//>) for both 
categorical groups is greater than the mean value, as 
represented by Po from the randomized sequence model, 
over the majority of the range of values for <H>. 
Whilst it should be expected that randomization would 
lead to an overall loss of amphiphilicity, these result 
provide strong evidence that the relationship between 
< \)Ji > and < H> also reflects biological function and 
organization.

Table 6 95% percentile bootstrap confidence intervals for /J0 and 
/Jj for 32 pairs from randomized optimum windows

Regression coefficient 95% confidence interval

Po (0.26, 0.37)
Pi (-0.28, 0.130)

Characterization of CAHs using the linear parallel 
model

Based on the statistical parallel linear model for the 
three categorical predictors, with no interactions pres
ent, it is possible to provide a methodology for putative 
classification of the C-terminal anchoring mechanisms 
employed by newly identified DD-peptidases. Initially, a 
simple regression of < p#> onto <H> for the new set 
of data must be conducted. Provided the regression 
coefficient for the gradient has a value within the range 
of the 95% confidence interval of that for the three- 
category parallel model, the methodology is applicable. 
Next, the < p//>, <H> and corresponding additional 
indicator variable for these new data are introduced to 
increment the original design. This incremented model is 
now a four categorical predictor variable problem. This 
is fitted to the revised full data set and the value of the 
additional regression coefficient associated with the 
fourth categorical variable is noted. As a parallel model 
is being imposed, the value of this will quantify the 
difference in the average level of amphiphilicity present 
for the new DD-peptidases relative to die baseline, the 
DD-carboxypeptidases group. The anchoring mecha
nism for the new DD-peptidases is then predicted to be 
that associated with the group whose E( < pH >) equa
tion is the nearest. To test the efficacy of this method
ology, a parametric bootstrap study (Efron and 
Tibshirani 1993) was conducted. In this, five (< pH >, 
<H>) pairs were randomly generated with <H> 
values within the range for the three groups, and with 
< pH > based on the empirical relationships which have 
been established. The errors were assumed to follow a 
normal distribution, with the mean square errors from 
the original regression being used as the common stan
dard deviation. The four categorical variable model was 
then fitted to this augmented data set and the putative 
prediction noted. This process was repeated 1000 times 
for each of the three peptidase groups, representing the 
three fundamental anchoring mechanism categories. The 
process was also repeated for ten new, randomly 
generated pairs. The empirical probability of correct 
classification for the five and ten simulated peptidases is 
given in Table 7. The predictive power is particularly 
impressive, especially for the larger data sets, and we 
would also expect similar improvements when the ori
ginal data set is enlarged with the future identification of 
additional members of the classes. Given the increasing 
numbers of CAHs being identified, and the levels of 
homology being seen, this would provide a useful tool 
for directing future experimental investigations.
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Table 7 Probability of successful classification of anchoring type 
for sample sizes n = 5 and « = 10: P0 for DD-carboxypeptidase; Pi 
for DD-endopeptidase; Pu for class C

n = 5 n=10

Po 0.875 0.950
Py 0.705 0.773
Pu 0.574 0.691

Discussion

It appears to be generally accepted that DD-peptidases 
interact with the membrane via CAHs (Ghuysen 1994, 
1997). DD-peptidases fall into three subclasses and it has 
been suggested that the CAHs of each of these sub
classes may use functionally different mechanisms of 
membrane interaction (Phoenix and Harris 1998, 2002; 
Phoenix et al. 2002). However, experimental support for 
these observations is limited (Waxman and Strominger 
1981a, 1981b, 1981c; Buchanan and Ling 1992; Pedersen 
et al. 1998; Nelson and Young 2001; Harris et al. 2002; 
Nelson et al. 2002; Phoenix et al. 2002).

Here, the C-terminal sequences of a number of DD- 
carboxypeptidases, class C PBPs and DD-endopeptid- 
ases were analysed. Inspection of the corresponding 
<p/7> and <H> for the CAHs of each of these 
peptidase groups suggested that a negative parallel linear 
relationship for the expected values of < p/7 >, 
E(<p//>), as a function of <H> would provide a 
good model for these data (Fig. 3). Regression analysis 
and bootstrap regression resampling confirmed this 
suggestion, with further randomization simulation 
studies clearly demonstrating that these relationships 
were not artefactual. Rather, these relationships were a 
direct consequence of the sequential ordering of the 
residues forming these CAHs and, thus, their amph- 
iphilicity. These observations imply biological function 
and clearly show that the CAHs of the individual pep
tidase groups analysed possess residue arrangements 
with similar amphiphilic properties. This would appear 
to support the view that CAHs are generally used by 
each of these peptidase groups for membrane interac
tion.

The linear relationships shown in Fig. 3 are parallel 
with a common gradient, /l] =-0.337. In contrast, fix for 
the Gf-helices of transmembrane proteins is low, owing to 
the predominantly hydrophobic nature of their mem
brane interactions (Daman et al. 2001), which imposes a 
severe constraint, and no corresponding relationship has 
been established for the a-helices of soluble proteins 
(Phoenix et al. 1998). This shows that the membrane 
interaction of these amphiphilic a-helices has a common 
characteristic in that ^ lies within a limited negative 
range. However, since these interactions lead to differing 
biological outcomes, with the only common factor 
appearing to be initial association with the membrane, 
we speculate that restrictions on the value of reflect

the fact that a consistent balance between amphiphilicity 
and hydrophobicity is required to accommodate these 
initial associations. Furthermore, the different intercept 
values observed indicate that appropriate “barrier” 
levels of amphiphilicity are required to initiate and sta
bilize membrane interactions for the various anchoring 
mechanisms used by these CAHs.

Inspection of Fig. 3 reveals that, for a given <H>, 
the corresponding E( < p// >) for CAHs follows the 
rank order: DD-carboxypeptidases > class C PBPs> 
DD-endopeptidases. To, ascend this hierarchy, the 
CAHs of successive peptidase groups must optimize 
their residue arrangements to increase average levels of 
amphiphilicity, for each level of average hydrophobic
ity within the observed range. The relative numbers of 
strongly charged and polar residues possessed by these 
groups of CAHs are comparable, but the number of 
strongly hydrophobic residues follows the same rank 
order as that for E( < \xH >) identified above (Figs. 1, 
3). This correlation suggests that hydrophobicity is the 
major driving force behind the membrane binding of 
DD-carboxypeptidase CAHs, and is in accord with the 
results of biochemical studies on E. coli PBPS and 
PBP6. The CAHs of these DD-carboxypeptidases 
possess well-defined strongly hydrophobic apolar faces 
(Phoenix et al. 2002) and each has been shown by 
spectroscopic studies (Harris et al. 2002) and mono- 
layer investigations (Harris et al. 1998) to exhibit high 
levels of membrane core penetration. Moreover, con
sistent with the high amphiphilicity of these CAHs 
(Phoenix et al. 2002), these same studies showed 
membrane penetration to be stabilized by electrostatic 
interactions between the charged residues of the CAHs 
and the membrane lipid headgroup region. Most re
cently, it has been suggested that the structural 
amphiphilicity and high levels of membrane penetra
tion exhibited by these CAHs are necessary for mem
brane anchoring function. The recently solved structure 
of PBPS (Davies et al. 2001) showed the protein’s 
C-terminal anchoring region to have a surface location, 
diametrically opposed to the active site, thus maxi
mizing access of this site to cell wall substrate. How
ever, in the absence of high levels of C-terminal 
membrane anchoring, PBPS rapidly diffused through 
the E. coli periplasm and caused cell death through 
unregulated cell wall lysis (Phoenix and Harris 1998; 
Nelson and Young 2001; Nelson et al. 2002).

The CAHs of class C PBPs and DD-endopeptidases 
are lower in the hierarchy of E( < g// >) shown in Fig. 3 
and their residue arrangements include relatively higher 
numbers of residues with lower hydrophobicity (Fig. 1). 
These arrangements give rise to the same average levels 
of hydrophobicity as the CAHs of DD-carboxypeptid
ases but lower average levels of amphiphilicity (Fig. 3). 
In contrast to the CAHs of DD-carboxypeptidases, 
those of class C PBPs and DD-endopeptidases show 
boundaries between their polar and non-polar faces, 
which are diffuse and give no clear segregation of 
hydrophobic and hydrophilic residues (Phoenix et al.
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2002). This indicates that these latter CAHs achieve 
lower average levels of amphiphilicity through the use of 
residue arrangements, which are optimized to promote 
oppositions of hydrophobic and hydrophilic residues 
but with lower resolution. Implications from this are 
that electrostatic stabilization may play a greater role in 
the membrane interactions of CAHs from class C PBPs 
and DD-endopeptidases, and that these CAHs may 
show lower levels of membrane penetration than DD- 
carboxypeptidases. This proposition is consistent with 
the results of studies on the membrane interactions of 
the E. coli proteins PBP7 and PBP4, respectively the 
best-characterized members of the class C PBPs and 
DD-endopeptidases (Romeis and Holtje 1994; Hender
son et al. 1995; Phoenix and Harris 1998). Biophysical 
studies on both peptidases (Henderson et al. 1995; 
Harris et al. 1997) and the PBP4 C-terminal a-helix 
(Harris et al. 1997, 2002) have shown their strength of

membrane interaction to be lower than that of E. coli 
DD-carboxypeptidases and to be governed by electro
static interactions, with only minor contributions from 
hydrophobic forces. Consistent with this observation, 
there are clear differences between the membrane asso
ciations of PBP4 and PBP7. PBP4 binds to a specific 
membrane bound receptor with the protein’s C-terminal 
membrane ~ anchoring stabilizing this binding (Harris 
et al. 1997). In contrast, the binding of PBP7 to the 
membrane is readily disrupted by ionic perturbants with 
a soluble form of the protein known (Romeis and 
Holtje, 1994).

In conclusion, each group of CAHs in our data 
set showed a negative linear relationship between 
E( < \xH>) and the corresponding <H>, Analysis of 
these relationships clearly suggested that the CAHs 
of each peptidase group in our data set optimized 
their structural amphiphilicity to fulfil the membrane

Table 8 DD-carboxypeptidases analysed

Organism Protein

Btucillus stearothermvphilus PBPS
Baxcillus xubtiiix PBPS
Btucillus subiilu PBPS*
Btucillus xubtilu P 38422
Streptococcus pneumoniae PBP3
Streptococcus lactis Q9CDF8
Staphylococcus aureus P72355
Mycobacterium tuberculosis Q10828
Yersinia pestu PBPS
Escherichia coli PBPS
Escherichia coli PBP6
Escherichia coli PBP6b
Haemophilusinfluenza PBPS
Salmonella typhimurium PBP6b
Salmonella typhimurium PBP6a
Salmonella typhimurium PBPS
Pasteurella mdtocida DacA
Streptococcus fucealis Q9EXN3

C-tenninal sequence

KAWFVLSMRAVGGLFVDLWTSV
V LTM RSIGGFFAG1WGSIV DT VTG W F
KPKKQFFETFKS1FLNAAGGAKWS1
AKEDMKXAGFISFLK.RTMGDWTKFK
DK1C1EKAFFLKVWWNQFVRFVNEKL
AKKTVPRSSAPKVFWNHFVNFVNEKL
GGTCLVAGLALiVHMUNRLFRKRK
TYWDQAATLFDWGFALNPQASVGSL
NEVKEGGFFSRMVDY1KLMFHRWFG
QEIPEGNFFGKI1DYIKLMFHHWFG
EGGFFGRVWDFVMMKFHQWFGSWFS
PLVTLESVGEGSMFSRLSDYFHHKA
NDVGEAG1FGKLWDWLVLTVKGLFS
PLVTLESGVKGGMFSRLSDYFQHKA
EGGFFSRMWDFVLMKLHQWFGSWFS
QE1PEGNFFGK11DY1KLMFHHWFG
QEVQEGG1FGKAWDWLVLTVKSLFD
ASMRTIFLSAAVLSFLCAVGLFLLF

<\iH> <H>

0.47 0.39
0.52 0.47
0.66* 0.12*
0.61 -0.21
0.73 0.04
0.58 0.28
0.75 -0.09
0.40 0.16
0.58 0.10
0.66* 0.23*
0.51 0.41
0.58 -0.02
0.45 0.27
0.60 -0.06
0.51 0.14
0.66 0.23
0.42 0.23
0.30 0.44

Table 9 DD-endopeptidases analysed

Organism Protein C-terminal sequence

AzLV <H>

Escherichia coli
Vibrio cholera
Haemophilus influenza 
Salmonella typhimurixmt

PBP7
Q9KL77
PBP7
PBP7

PAAALSYKKQKAAQMAAAGQTAQND
LSSEAKQYKJCQRSQEQ1AKISDYKS
VAGEAQYEDGYDEVGFNTLIQKLSK
SYKKQKAAQMAAASASAGAQTAQND

0.25
0.50
0.62
0.31

-0.02
-0.21
0.03
0.09

Table 10 Class C PBPs analysed

Organism Protein

Salmonella typhimurium PBP4
Escherichia coli PBP4
Actinomadura sp (strain R39) P39045
Bascillus subtilis PBP4a
Synechocystis sp (strainPCC6803) PBP4
Mycobacterium tuberculosis PBP4
Neisseria gomtrrhoeue Q85665
Synechocystis sp (strain PCC6803) P74173

C-terminal sequence

ADQRNRR1PLVRFESRLYKDIYQNN
ADQRNRR1PLVRFESRLYKDIYQNN
PEGARMMRCPVQGSGELECSWVQAC
LLNCLIDEEDGKD1EDQ1AV1LANQ
LREAMKQMVLWTAQVEKCQPSDQGR
NEAGPNGRNAMDALATKLWFCGCTT
FVAKN11SGGDGWLDAKLMCKERRA
LNAGPMDKVLLGDPARNLTPPPSES

<\iH> <H>

0.75* -0.31*
0.75* -0.31*
0.60 -0.24
0.51 -0.37
0.47 0.03
0.44 -0.09
0.46 0.23
0.51 -0,06
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anchoring function of that group. The linear relation
ships describing the groups of CAHs analysed showed 
identical gradients, suggesting a common balance be
tween amphiphilicity and hydrophobicity to be neces
sary for the membrane interactions of these amphiphilic 
structures. Our analyses clearly demonstrate that this 
balance is not required for membrane penetration by 
these CAHs and we have suggested that it may be re
quired to stabilize their initial membrane associations. 
Moreover, when taken with the results of other authors 
(Picot and Garavito 1994; Wendt et al. 1997; Johnson 
and Cornell 1999; Harris et al. 2000; Phoenix and Harris 
2002; Phoenix et al. 2002; Tossi and Sandri 2002), we 
postulate that such a requirement will be common to a 
range of membrane interactive amphiphilic ot-helices, 
and may therefore be a key determinant of their ability 
to interact with membranes. Finally, we have introduced 
a methodology based on the parallel linear model, which 
enables accurate classification of the likely C-terminal 
anchoring mechanism used by newly identified 
DD-peptidase classes.

Appendix

The data set used in this study included the DD-carb- 
oxypeptideases (Table 8), DD-endopeptidases (Table 9) 
and class C PBPs (Table 10). In each case the source 
organism and recognized protein name are given, but 
where no such name exists, the Swissprot accession code 
is given. Also shown for each protein are the C-terminal 
25 amino acid residues, the most amphiphilic a-helical 
segment identified within this sequence by hydrophobic 
moment analysis (emboldened residues), and the corre- 
sponding computed values of <\iH> and <H> for 
this segment. A pair of segments with 100% homology 
and identical <pi/ > and <H> were identified in the 
DD-carboxypeptidase group and class C PBPs, respec
tively. These led to degenerate data points in subsequent 
analyses and are indicated by the superscript *.
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The central premise of hydrophobic moment plot methodology is that primary 
sequence information alone may be used to differentiate between amphiphilic 
structures which are likely to belong to either surface active or globular proteins. 
However, the boundaries delineating the regions of the plot appear to be based on 
information derived from a relatively small protein data set and are not well defined. 
This, coupled with the uncertainties associated with interpretation of the significance 
of the hydrophobic moment has led the reliability of this methodology to be 
questioned with respect to predicting membrane interactions. Accordingly, we have 
used hydrophobic plot methodology to predict the eellular locations of an expanded 
set of proteins with known membrane location, including those of tbe original study. 
The accuracy of prediction was subjected to chi-square statistical analysis and here 
we discuss the conclusion that the predictive abilities of this methodology are no 
better than chance.

(Received 26 March, 1997)

Amphiphilic oc-helices are manifested in the primary sequence of a protein or 
peptide by the periodic appearance of hydrophobic residues and 
methodologies have been developed which attempt to detect such periodic 
sequences. Such a-helices are ubiquitous in the secondary structures and 
supersecondary structures of polypeptides and proteins [1,2] and are defined 
as possessing secondary amphiphilicity. In these amphiphilic a-helical 
arrangements, the spatial segregation of amino acids in the primary sequence
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Figure 1. The areas defining globular, surface active and transmembrane 
proteins on the hydrophobic moment plot. These data points were derived 
from 36 known membrane interactive proteins, with data from known 
globular proteins acting as controls.

can permit the hydrophobic residues to associate with the hydrophobic 
bilayer interior and hydrophilic residues in the sequence to interact with the 
aqueous environment and charged lipid headgroups [3].

Eisenberg and co-workers considered the hydrophobicities of consecutive 
residues in a given amino acid sequence as vectors with positive values 
implying that a residue is hydrophobic. These workers then defined the 
hydrophobic moment, which is obtained from a summation of these vectors 
in two dimensions assuming a structure of periodicity <a, which in the case of 
an idealised a-helix would be 100° representing 3.6 residues per turn [4]. The 
usual method of analysis is to consider a window of 11 amino acid residues, 
representative of 3 turns of an a-helix, progressing along the amino acid 
sequence and for each window the hydrophobic moment and average 
hydrophobicity is calculated. TTie window possessing the largest value for the 
hydrophobic moment, together with the corresponding mean hydrophobicity 
at this point, are then plotted onto the Eisenberg hydrophobic moment plot 
(Fig. 1). On the plot, the hydrophobicity of the amino acid sequence measures 
its affinity for the membrane interior, whereas its hydrophobic moment 
measures the structured partitioning of hydrophilic and hydrophobic residues 
and hence provides a measure of the amphiphilicity. In constructing the 
hydrophobic moment plot diagram (Fig. 1), Eisenberg and co-workers [4] 
defined the boundaries of regions delineating various classes of proteins, 
utilising data derived from 36 known surface active proteins and with data 
from known globular proteins acting as controls. The upper boundary was 
determined from calculations based on model peptides of isoleucine and
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arginine which gave maximum values for the hydrophobic moment and the 
corresponding mean hydrophobicity. The multimeric-transmembrane region 
of the plot was defined on the assumption that multimeric amphiphilic 
proteins can span the bilayer if charge shielding is brought into effect [5], The 
boundary between surface active and globular proteins was defined by 
drawing a line through the data points of melittin and p-hemolysin, both of 
which were contained in a sample set of 8 small known surface active 
peptides which promote cell lysis [4].

The central premise of the hydrophobic moment methodology seems 
sound in that it gives a numerical representation of amphiphilicity. Data 
points which lie in the area defining globular proteins are predicted to arise 
from a-helices which possess amino acid sequences with limited but variable 
hydrophobicity and amphiphilicity. Data points which occur in the area 
defining surface active proteins are predicted to arise from a-helices which 
are highly amphiphilic and are therefore able to interact at the membrane 
interface. Data points located in the areas defining transmembrane proteins 
are predicted to arise from a-helical segments which are very hydrophobic 
but possess little amphiphilicity. Support for this premise comes from the 
results of a structure-function analysis of amphiphilic a-helices which 
revealed correlations between biological function and differences in helical 
architecture - especially the relative sizes of the polar and non-polar faces 
and the distribution of charged residues on the polar faces of the helices. In 
particular, this analysis showed that these helical parameters differed 
fundamentally in the amphiphilic a-helices of globular proteins, 
transmembrane proteins and surface active proteins [6]. However, whilst the 
hydrophobic moment can detect amphiphilicity, a number of articles have 
used the methodology to predict whether the parent protein or peptide is 
membrane bound. The potential for the methodology to give this level of 
classification seems less certain. Furthermore, difficulties in the use of 
hydrophobic moment plot methodology can arise when interpreting the 
significance of the derived hydrophobic moment, particularly when 
attempting to assign function to segments that lie close to boundary regions 
[7]. In addition, when using hydrophobic moment plot methodology, it is 
often assumed that the periodicity is that of an idealised a-helix. However, 
the determined periodicities of amphiphilic a-helices can vary by as much as 
5° from an idealised helix [8], although to account for this, hydrophobic 
moment plot analysis has been extended to include all periodicities between 
0° and 180° [9]. Brasseur [5] has recently attempted to further refine the 
present methodology by looking at the molecular hydrophobic potential of 
membrane interactive protein and peptide segments. This technique provides 
a three dimensional graphical summary of hydrohobicity. Although this 
method assigns a numerical value to the segment of interest, classification is 
mainly based on the relative locations and size of the hydrophobic and
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hydrophilic arcs. In addition the segment is identified using conventional 
hydrophobic moment methodology and a fixed window size. Problems can 
still therefore arise in identifying weakly membrane interactive helices, 
particularly those near boundary regions [7].

In view of the potential problems associated with this methodology we 
have questioned the ability of the regions defined by the hydrophobic 
moment plot diagram to assign membrane location to a protein or peptide 
based on the occurrence of a data point within the “surface active or 
transmembrane region”. We have employed a larger data set than that used 
by Eisenberg and co-workers [4] but included the proteins used in the original 
study by these authors. We have plotted a series of data points derived from 
proteins of known location and compared the location predicted by the 
hydrophobic moment plot to this known location. The accuracy of prediction 
of the process was then evaluated with a chi-square statistical analysis of the 
data.

EXPERIMENTAL

A database of 135 proteins with known structure and function was compiled 
from the literature. The amino acid sequences of these proteins were then 
obtained from the SWISS-PROT database using IntelliGenetics PC/Gene 
software. BBC Basic programs were written in order to classify proteins 
according to the hydrophobic plot methodology described by Eisenberg and 
co-workers [4]. In this methodology, mean hydrophobicity was calculated 
from Eisenberg’s normalised hydrophobicity consensus scale [10] and the 
hydrophobic moment is defined by the expression:

r 1 2 - 1
H(G>) = { £ Hk sin (ko)) + Hk cos (fcco)

-k = 1 -k= 1

where |i((o) is the hydrophobic moment of an amino acid sequence and the 
periodicity of the amino acid side chain orientations is co. is the 
hydrophobicity of amino acid residue k. For a-helices co was set to 100° and 
for ^-sheets to 180°. To identify putative transmembrane proteins, the 
program searches a given protein sequence for putative oc-helical regions, 
defined as a window comprising a 21 amino acid residue sequence and with 
maximal hydrophobicity. If such a window is identified then this 21 residue 
sequence is searched for an 11 residue window with maximal hydrophobic 
moment. The hydrophobic moment (n(to)) is then plotted against the mean 
hydrophobicity of this window, (H), to enable structural classification of the 
protein. If no 21 residue window, appropriate to a putative transmembrane
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Figure 2, A distribution of data points derived from globular proteins (°), 
surface active proteins (+) and transmembrane proteins (*)• These proteins 
constitute the same data set analysed by Eisenberg and co-workers [4], to 
produce the hydrophobic moment plot of Fig, 1.

protein region, is identified then the entire protein sequence is searched for 
putative ct-helical regions appropriate to surface active or globular proteins. 
These putative a-helical regions are defined as the 11 residue windows in the 
given sequence with maximal ((i({o)). As above, the value of (pC®)) is then 
plotted on the hydrophobic moment plot with the corresponding value of (H) 
to enable structural classification of the protein under consideration. Using 
sequences first analysed by Eisenberg, the method was shown to produce the 
same output.

The algorithm then proceeded to examine the 11 residue window generated 
above for any overlapping p-sheet window (to = 180°) with a higher <p(to)) 
which may indicate that the region is more likely to form part of a p-sheet 
structure [9]. The accuracy with which the method classified globular, 
transmembrane and membrane interactive proteins were evaluated with a 
chi-square statistical analysis of the data.

RESULTS AND DISCUSSION

The hydrophobic moment plot methodology has been extensively used in the 
literature and has been used to classify amphiphilic structures as membrane 
interactive [4]. However, in some cases there are difficulties involved in 
interpreting the significance of the derived hydrophobic moment and
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Figure 3, The distribution of data points which were determined from the 
subset of known globular proteins (°) used in this study. A chi-square analysis 
indicated a random distribution of data points.

furthermore a somewhat arbitrary nature to the boundaries delineating the 
various classes of protein on the plot diagram [4]. In view of these 
uncertainties, we have investigated the accuracy of prediction of the 
hydrophobic plot methodology and our initial studies have focused on 
repeating the original analysis of Eisenberg and co-workers [4]. Figure 2 
shows the distribution of data points, determined from the same group of 
proteins of known function analysed by these authors. The small sample of 
proteins used to derive the data and their means of selection would invalidate 
a chi-square statistical analysis due to a false bias in favour of the predictive 
ability of the hydrophobic plot methodology. Nonetheless, it can be seen from 
Fig. 2 that although known transmembrane proteins indeed cluster around the 
transmembrane region of the plot, there appears to be less than ideal 
resolution between the known membrane interactive and globular proteins. 
This in itself raises questions as to the reliability of hydrophobic moment plot 
as a predictor of protein location.

In order to perform statistical analysis on hydrophobic moment plot 
met.hodology a larger data set of proteins has been considered. In Figs. 3 and 
4 we have considered the distributions of subsets of our expanded data base; 
namely those of known globular and membrane interactive proteins. In both 
cases, data point distribution seems remarkably similar, with a small 
clustering of points around the transmembrane region and a major clustering 
of points just left of the middle of the plots (centred around the ordinates <H> 
- -0.2, (p(co)) = -0.7). These latter clusters are divided almost equally by the
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Figure 4. The distribution of data points which were determined from the 
subset of known surface active proteins (+) used in this study. A chi-square 
analysis indicated a random distribution of data points.

boundary separating the globular protein from the surface active protein 
regions of the plot and in some cases points are actually located on this 
boundary line. However, five of these data points in Fig. 3 and four in Fig. 4 
represent putative a-helices which were overlapped by^ a window which if 
assigned a p-sheet conformation possessed a higher hydrophobic moment, 
suggesting that these regions may have a greater tendency to adopt a p-sheet 
conformation [9]. In these cases, since the remainder of the sequences are 
assumed to form a-helices, these data points have been ignored in statistical 
analysis. A chi-square analysis on the remaining data points from both 
protein subsets indicated a random distribution indicating that in these cases, 
the ability of the hydrophobic plot methodology to distinguish between 
globular and membrane interactive proteins is no better than pure chance.

In Fig. 5 we have examined the subset of known transmembrane proteins 
from our expanded data set. In this case there appears to be a much better 
correlation between known structure and that predicted from hydrophobic 
plot methodology. However, it can be seen that there are a significant number 
of data points which lie outside the transmembrane region of Fig. 5, in 
particular a group of three points virtually in the middle of the surface active 
protein region. Again a chi-square analysis indicated a random distribution of 
points and since other methods exist [11] which are specifically aimed at 
identifying hydrophobic transmembrane sequences, these would perhaps be 
of more use for the identification of transmembrane helices. In a final analysis 
we have examined the distribution of data points in the entire enlarged



108 D. A. PHOENIX et al

Surface

o. 0.50
Globular

X 0.25
Trans membrane

Hydrophobicity

Figure 5. The distribution of data points which were determined from the 
subset of known transmembrane proteins (•) used in this study. A chi-square 
analysis indicated a random distribution of data points.
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Figure 6. The distribution of data points which were determined from the 
entire database of globular proteins (°), surface active proteins (+) and 
transmembrane proteins (•) used in this study. A chi-square analysis on this 
data set indicated that the probability that it was not a purely random 
distribution was less than 5%.

database (Fig. 6). A chi-square analysis on this data set indicated that the 
probability that it was not a purely random distribution was less than 5%. The
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reliability of this methodology does seem to be improved if as an additional 
step, those data points representing putative a-helical windows which were 
overlapped by a potential [3-sheet region with a higher hydrophobic moment, 
were discounted in statistical analysis.This resulted in a 90% probability that 
the ability of hydrophobic plot methodology to predict protein location was 
not random chance. Although this is still not statistically significant it does 
serve to illustrate that the greater the amount of information used to try and 
predict putative amphiphilic secondary structure, the better the predictive 
ability of this methodology becomes.

There is much evidence to suggest that there are correlations between 
biological location and differences in helical architecture [3, 6], The 
hydrophobic moment plot appears to be a good method for identifying 
amphiphilic structure but is perhaps too simple a concept to assign location 
or biological properties to the amphiphilic structure thus identified. Indeed, it 
seems quite probable that a methodology which reduces amphiphilicity to a 
single value by the summation of polar and hydrophobic components might 
mislead. A methodology, recently pioneered by Robert and co-workers [12], 
uses an algorithm which models the putative a-helical region in three 
dimensions and determines the potential for membrane insertion, taking into 
account the physical exclusion of hydrophilic residues, insertion angles, and 
insertion depth of helix. A further advantage of this approach is that the need 
for a fixed window size has been eliminated and instead it identifies the 
maximum window size which could potentially interact with the membrane. 
Compared to the hydrophobic plot methodology, the approach of Robert and 
co-workers [12] appears to offer a greater discrimination and allow a greater 
range of amphiphilic geometries to be detected, We suggest that once 
putative amphiphilic structures have been identified by hydrophobic plot 
methodology, the ability of these structures to interact or to insert into the 
membrane must be determined by comparison with known membrane 
interactive structures. For example, the application of hydrophobic plot 
methodology has recently been used to identify multiple membrane spans in 
the primary structure of Treponema pallidum outer membrane protein 
(Trompl). Such secondary structure is typical of outer membrane protein 
transmembrane sequences and it was comparison with known sequences 
which presumably led to a proposed topological model for Trompl involving 
14 membrane spanning segments [13]. However, to propose a membrane 
topology based purely on protein primary structural information involves a 
level of subjectivity which should prevent the model being accepted as fact 
without obtaining support from experimental analysis.
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Is Use of the Hydrophobic Moment a Sound Basis for Predicting the 
Structure-Function Relationships of Membrane Interactive a-Helices?

David Phoenix1’* and Frederick Harris2

]Dean's Office, Faculty of Science, ^Department of Forensic and Investigative Science, University of Central 
Lancashire, Preston, PR1 2HE, U.K

Abstract: Amphiphilic ot-helices play a fundamental role in protein - membrane association and show a segregation of 
polar and apolar amino acid residues. Based on correlations between amphiphilic properties and biological function, a 
number of theoretical approaches have been developed, which quantify oc-helix amphiphilicity and then attempt to assign 
function, The most commonly used measure of amphiphilicity is the hydrophobic moment, < pn >> which, when used in 
conjunction with an a-helix’s mean hydrophobicity, < H>, has been used to classify membrane interactive amphiphilic oc- 
helices as either surface active or transmembrane. Here, the predictive efficacy of plot methodology is reviewed by 
examining published data, which compare the function of known membrane interactive amphiphilic a-helices to that 
assigned by this methodology. The results of this review are discussed in relation to the reliability of < ^// > as a quantifier 
of a-helical amphiphilicity, and the ability of <> and < H> to describe oc-helical structure / function relationships. It is 
concluded that hydrophobic moment plot methodology is not a generally reliable predictor of a-helical structure / function 
relationships. It appears that the inefficacy of plot methodology is primarily due to the inability of the plot diagram to 
accommodate the heterogeneity of the a-helical classes it attempts to define. However, the predictive efficacy of the 
methodology appears to be improved if other a-helical parameters are also considered when assigning a-helical function. 
It is suggested that the conventional methodology should be seen only as an indicator for the assignation of structure / 
function relationships, providing a guide to future experimental investigations.

INTRODUCTION
Amphiphilic a-helices were first reported by Perutz et 

al.t [1] in studies on myoglobin and haemoglobin and are 
now recognised as major protein secondary structural 
elements [2]. These a-helices show a characteristic spatial 
segregation of polar and apolar amino acid residues about the 
a-helical long axis, which enables them to concomitantly 
interact with the hydrophilic and hydrophobic compartments 
of the bilayer and play a fundamental role in protein - 
membrane association [3]. Their bipartisan nature allows 
amphiphilic a-helices to fulfil a variety of membrane- 
dependent functions: The a-helices of tilted peptides [4, 5], 
peptide toxins [2, 6] and peptide antibiotics [7, 8] promote 
the destabilisation of target membranes, which in most cases 
leads to host cell death. In contrast, the a-helices of 
apolipoproteins stabilise the edge of discoidal bilayer 
structures involved in lipid metabolism [9]. Other 
amphiphilic a-helices serve to anchor monotopic proteins 
[10] and polytopic proteins to the membrane, which, in the 
latter case, usually involves the self-association of a-helices 
to form transmembrane pores or channels [11].

Studies on the lipid associations of amphiphilic a-helices 
from apolipoproteins first suggested that these structures 
were a distinct structure / function motif [12] and since then, 
the motif has been identified in numerous other proteins [3, 
5]. Analyses of known membrane interactive a-helices have
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shown that the amphiphilic properties of these a-helices 
correlate to their biological function [13, 11, 10, 14, 15], 
Based on these correlations, membrane associated a-helices 
have been shown to form distinct classes, each with a 
different structure / function relationship [5, 15] and a 
number of concepts have been introduced which try to 
establish such relationships using sequence information 
alone [3, 16]. Many of these earlier attempts were graphical 
such as the helical wheel diagrams of Schiffer-Edmundson, 
[17], but these techniques were of limited applicability, 
which necessitated the development of quantitative 
analytical approaches. In response, Brasseur [18] introduced 
the molecular hydrophobic potential, which provides a three- 
dimensional graphical representation of a-helix 
amphiphilicity and attempts to assign biological function 
based on the arc size of the a-helical hydrophobic face. 
However, the major approaches to quantifying 
amphiphilicity, and classifying amphiphilic a-helices, have 
been those that are based on detecting the periodicity of 
hydrophobic residues in protein primary structure. These 
approaches compare these sequences of hydrophobicities 
with a test sequence of known periodicity, typically a 
harmonic sequence or sinusoidal function, and try to 
correlate these corresponding sequences using a discrete 
Fourier transform [3, 16]. A number of methodologies based 
on this approach exist, notably that of Cornette et ah, [19], 
which uses the Amphipathic Index as a measure of 
amphiphilicity, and the hydrophobic moment plot analysis of 
Eisenberg et al., [20], which quantifies amphiphilicity 
according to the hydrophobic moment [21].

© 2003 Bentham Science Publishers Ltd.
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YDROPHOBIC MOMENT PLOT METHODOLOGY

Hydrophobic moment plot methodology is the major 
icoretical approach used to assign structure / function 
ilationships to amphiphilic a-helices. Historically, the 
rigins of the methodology lie with Eisenberg et al., [21]
/ho introduced the concept of the hydrophobic moment, 
i(0). The primary use of the concept has been to quantify the 
tructured partitioning of hydrophilic and hydrophobic 
esidues in an a-helical arrangement, and thus provide a 
iumerical measure of the a-helix's amphiphilicity [22, 23],
'o determine the hydrophobic moment, the hydrophobicities 
if consecutive residues in a putative a-helical sequence are 
reated as vectors and summed according to:

MS) " {[ X H*sin(Jt 0)] 2 + [ X H*cos(*0)]2}1/2 .....(1)
Jt=l Jt»i

Where is the hydrophobic moment of a sequence of 
length / residues. H* is the hydrophobicity of residue k, and 
is usually quantified according to the normalised consensus 
hydrophobicity scale of Eisenberg et al., [24]. The usual 
approach to identifying amphiphilic a-helices is to consider 
a window, with a length of eleven amino acid residues, 
progressing along the protein amino acid sequence and for 
each window, the associated hydrophobic moment for 6 = 
100° is calculated. This value of 6 is assumed to be the 
angular frequency of a biological a-helix and windows with 
maximal values of ^(100°) are taken as the most likely 
candidates for amphiphilic a-helix formation. The 
amphiphilicity of an a-helix thus identified is given by the 
more generally used form of the hydrophobic moment, < }Ih 
>, which is defined by equation (1) with 6 — 100° and / = 11 
to give:

<fjrH> = ^(100°) /11.
In later work, Eisenberg et al. [20] extended the use of 

hydrophobic moment analysis and introduced hydrophobic 
moment plot methodology. To use the methodology, < ^h> 
is computed for a putative a-helix together with its mean 
hydrophobicity, <H>, which measures the a-helix’s affinity 
for the membrane interior, and these values are then plotted 
on the hydrophobic moment plot diagram. Based on the 
location of the resulting data point, the a-helix is assigned to 
one of the classes of amphiphilic a-helix defined by the plot 
diagram Figure 1. These classes are: surface active a-helices, 
which are strongly amphiphilic and typically assemble at a 
membrane interface; transmembrane a-helices, which are 
predominantly hydrophobic and possess low amphiphilicity; 
and the globular a-helices of soluble proteins, which possess 
properties intermediate between those of the former two a- 
helical classes [22, 23].

THE PREDICTION OF SURFACE ACTIVE a- 
HELICES

With respect to membrane association, hydrophobic 
moment plot methodology can be considered to place 
membrane interactive amphiphilic a-helices into one of two 
classes based on structure / function relationships: either 
transmembrane or surface active. It is generally accepted that 
transmembrane a-helices form a relatively homogenous

1.25 ■

Globular

Mean Hydrophobicity

Fig. (1). Analyses of protein C-terminal sequences using the 
conventional hydrophobic moment plot.
This figure shows the conventional hydrophobic moment plot 
diagram of Eisenberg et al, [20] where annotated regions delineate 
globular, surface-active and transmembrane a-hclices. Daman [27] 
represented the sequences of Table 1 as data points on the plot 
diagram according to their < ft// > and < // > values and it can be 
seen that The C-terminal region of PBP5 and PBP6 (data points 2 
and 3 respectively) are predicted to be surface-active whereas that 
of the E. coli KpsE, protein (data point 3) is predicted to be 
globular.

class in terms of their structure / function relationships [25]. 
Moreover, given that the vast majority of the a-helices 
classified by the methodology as surface active appear to 
adopt a membrane orientation approximately parallel to the 
membrane surface, this could be taken to imply that a- 
helices of this class possess similar structure / function 
relationships [2]. However, numerous experimental studies 
have shown that for many of these a-helices, this orientation 
is as an initial step in membrane association, which can lead 
to a diverse range of membrane functions [5]. An example of 
this diversity is seen for some peptide hormones that adopt 
amphiphilic a -helical structure at the membrane interface 
and use this structure to facilitate migration across the 
membrane surface in search of membrane bound receptors. 
In this case, a-helix - membrane interactions are 
predominantly with the membrane lipid headgroup region 
and the primary function of membrane interaction is to guide 
hormone receptor identification [6]. In contrast, a number of 
monotopic prokaryotic proteins have been identified, which 
appear to use C-terminal amphiphilic a-helices as membrane 
anchors. The membrane interactions of these C-terminal 
anchors proceed primarily through hydrophobic interaction 
implying some level of penetration of the membrane 
hydrophobic core [13]. Most recently, such membrane 
interaction has been experimentally demonstrated for the C- 
terminal sequences of Escherichia coli penicillin-binding
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protein 5 (PBP5), penicillin-binding protein 6 (PBP6) and 
KpsE protein [26]. Daman [27] analysed these sequences 
using conventional hydrophobic moment plot methodology 
and for each sequence shown in Table 1, the window with 
maximum amphiphilicity was identified Table 1. For these 
windows, < fiH >, along with the corresponding < H >, was 
computed Table 2 and these values were then used to 
represent the C-terminal sequences of E. coli PBP5, PBP6 
and KpsE protein as data points on the conventional 
hydrophobic moment plot diagram Figure 1, For comparison, 
also included in Tables 1 and 2 are the results of an analysis 
of the C-terminal sequences of Table 1 using the DWIH 
measure of membrane interactive potential [26]. The DWIH 
measure was developed by Roberts et al., [28], specifically 
for the identification ot-helices, which are active at a 
hydrophobic interface. In contrast, to hydrophobic moment 
analysis, the DWIH algorithm uses a variable window and 
models the putative a-helical region in three dimensions. 
The algorithm then determines the potential for membrane 
insertion, taking into account the physical exclusion of 
hydrophilic residues, insertion angles, and insertion depth of 
the a-helix.

Table 1. DWIH and Hydrophobic Moment Analyses of 
Protein C-terminal Sequences

Protein C-terminal sequence

KpsE CCLLFGTLKLLLAVIF.DHRn-mn

PBP5 GNFFGKIIDYIKLMFHHWFG-COO

PBP6 GGFFGRVWDFVMMKFHQWFGSWFS-COO

Table I shows the C-terminal sequences of the B. coli proteins: KpsE, [29], PBP5 and 
PBP6 [30]. For each sequence, the underlined residues indicate the window identified 
by hydrophobic moment analysis according to [27] and the emboldened residues 
indicate the window identified by DWIH analysis [26],

It can be seen from Figure 1 that data points representing 
the PBP5 and PBP6 C-terminal oc-helices lie in the area 
defining surface-active a-helices, which has been 
experimentally confirmed by a number of recent studies [31, 
32]. However, it can also be seen from Figure 1 that the 
KpsE C-terminal region is predicted to form a globular a- 
helix. If classification as surface active is to be taken as 
indicative of membrane association, this result contradicts 
recent experimental evidence, which has shown the KpsE C- 
terminal a-helix to be lipid interactive [26], Clearly, this 
error in classification arises from the fact that < /aH> for the

KpsE C-terminal a-helix is significantly lower than thai 
ascribed to surface-active a-helices by the hydrophobic 
moment plot diagram. This implies that the KpsE anchoi 
region is more weakly amphiphilic than surface-active a- 
helices and intuitively, this observation would appear to be 
supported by the results of a structural comparison of the 
PBP5, PBP6 and KpsE C-terminal a-helices shown in Figure 
2 shows two-dimensional axial projections of these latter a- 
helices and it can be seen that the KpsE C-terminal a-helix 
possesses a less well-defined segregation of polar residues 
and apolar residues than that of either PBP5 or PBP6. 
Nonetheless, it can be seen from Table 2 that when the 
PBP5, PBP6 and KpsE C-terminal sequences were analysed 
using the DWIH algorithm, these sequences were found to 
possess comparable DWlH magnitudes [26]. These results 
indicate that the C-terminal sequences analysed possess 
similar membrane interactive potentials, which is consistent 
with experimental evidence, Analogous examples ot 
misclassification have been described for a variety ol 
membrane interactive a-helices, which based on 
experimental evidence, would be expected to be classed as 
surface-active by the plot diagram [13, 10, 14]. Phoenix et 
aL, [33] used statistical analysis to make an assessment of 
the methodology’s overall ability to classify such a-helices. 
A database of proteins possessing membrane interactive a- 
helices with experimentally substantiated function and 
known to fulfil plot criteria for surface-active classification 
was assembled. Using a database of known globular proteins 
as a control, the a-helices of these databases were analysed 
according to conventional hydrophobic moment plot 
methodology. Figures 3a and 3b show the distributions of 
data points representing these globular and membrane 
interactive a-helices, respectively, and in both cases, the 
distributions seem remarkably similar. In both Figure 3a and 
3b, there is a small clustering of points around the 
transmembrane regions and a major clustering of points just 
left of the middle of the plots: centred around the ordinates < 
H > = -0.2, < > = -0.7. These latter clusters are divided
almost equally by the boundary separating the globular 
protein from the surface active protein regions of the plot 
and in some cases points are actually located on this 
boundary line. Phoenix et al. [33] performed a chi-square 
analysis on the data points from both protein subsets and the 
results indicated a random distribution, showing that in these 
cases, the ability of hydrophobic plot methodology to 
distinguish between the globular and the membrane 
interactive a-helices was no better than pure chance. Similar 
findings were presented by these latter authors in a 
corresponding analysis of transmembrane a-helices and in

Table 2. DWIH and Hydrophobic Moment Plot Parameters for Protein C-terminal Sequences

Peptide or protein DWIH window size DWIH measure <pH> <H>

KpsE 12 7.22 0.27 0.09
PBP5 16 7.31 0.66 0.24
PBP6 15 5.36 0.51 0.41

Table 2 shows hydrophobic moment parameters [27] and DWIH parameters [26] for the sequences of Table 1.
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Fie. (2). Graphical representation of protein C-terminal a-helices. ,
This figure shows the C-terminal sequences of £. colt (a) PBP5, (b) PBP6 and (c) KpsE, (Table 1; 27]) represented as two dimensional 
axial projections taken perpendicular to the helical long axis and assuming an amino acid periodicity of 100 [17] Hydrophobic residues are 
shade^grey It can be seen that the KpsE C-terminal a-helix shows a less well-defined segregation of hydrophobic residues and hydrophilic

residues than the a-helices formed by PBP5 and PBP6.

combination, these results show that, as described by 
Eisenberg et al. [21], the boundary lines of the hydrophobic 
moment plot diagram are diffuse and they are not easily 
overlain by a-helix function.

A number of recent studies have shown that, at the 95% 
confidence level, there are statistically significant negative 
linear associations between < Hh > and < H > for various 
classes of membrane interactive amphiphilic a-helices. 
Wallace et al. [11] showed such a relationship for 
transmembrane a-helices whilst other authors have 
demonstrated such relationships for several classes of a-

3a

Mew 1 Ijrdroplio bicity

helices, which would be considered surface active according 
to plot* criteria. Wallace et al. [10] demonstrated a strong 
negative linear relationship between < > and < // > for an
expanded data set of the C-terminal a-helical anchors shown 
in (Table 1) and Dennison et al. [14] showed a similar 
relationship for these parameters in their analyses of a- 
helices from peptide antibiotics. For each of these a-helical 
classes, their members show closely related function and, 
clearly, the plot use of < fin > an^ < H > shows these 
members to possess similar amphiphilic properties. It has 
been argued by Dennison et al. [14] (2002) and Wallace et 
al. [10] that the linear relationships between < fiH > and < H

3b

Mew Hydrophobicitj

Fig. (3). a) The distribution of globular helices, b) The distribution of surface active helices. , t, , r „ when analvsec
Figure 3a shows the conventional plot diagram and the distribution of data points for a data set of known go u -
Sin m conventional plot methodology [33], Figure 3b shows the distribution of data points resulting rom a
a-helices known to be active at the membrane interface [33], In both cases, it can be seen that many a-helices would be misclassif
structure / function relationships were assigned according to the boundary regions of the conventional plot diagram.
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> identified by their analyses describe a-helical structure / 
function relationships. However, when these latter authors 
analysed their data according to conventional hydrophobic 
moment plot methodology, as can be seen from Figure 4, it 
was found that many of the data points representing DD- 
peptidase membrane anchoring a-helices are classed as 
globular Figure 4. Similar results were reported by Dennison 
et al, [14] for antibiotic peptides and, in combination, these 
findings suggest that there is a heterogeneity of 
amphiphilicity within the a-helical classes analysed by these 
authors, which the boundary regions of the plot diagram 
cannot account for. It seems that rather than distinguishing 
between amphiphilic a-helices with differing biological 
function the plot use of < ju# > and <H> acts, at best, as an 
indicator of function, only providing limits within which the 
probability of function can be assessed.

Surface active

% 0.75

Trans mr mb rane

Mean Hydrophobicity

Fig. (4). Hydrophobic moment plot of a-helical anchors from 
monotopic proteins
This figure shows a hydrophobic moment plot of C-terminal a- 
helices that anchor monotopic prokaryotic DD-peptidases to the 
bacterial inner membrane. The anchoring sequences were derived 
from [10] and in many cases have been experimentally shown to be 
surface active. These a-helices showed a strong linear relationship 
between < pH > and < H > but less than half of those analysed are 
predicted by plot analysis to be surface active,

SETTING LIMITS TO THE PREDICTION OF a- 
HELICES ACTIVE AT THE INTERFACE

The Plot Boundary Regions

M-Calpain is a medically important dimeric protease [34] 
whose activation appears to involve the membrane 
interaction of domain V in the enzyme’s smaller subunit 
[35], In contrast, the movement protein (MP) of the barley 
yellow dwarf virus is of agronomical importance,, having 
been shown to interact with the nuclear membrane of host 
plant cells, promoting viral entry into the nucleus [36].

Several recent studies have used conventional hydrophobic 
moment plot methodology to analyse the primary structure 
of these proteins for the occurrence of lipid interactive a- 
helical structure. Daman et al. [37] analysed domain V from 
a number of mammalian m-calpains and, in each, identified a 
segment with the potential to form amphiphilic a-helical 
structure Table 3. Analysis of the MP protein indicates a 
number of such segments including an N-terminal segment 
[38] formed by residues 4-16 Table 3.

Table3. Hydrophobic Moment Analyses of Protein 
Sequences

Source protein Putative a-helical sequence

m-Calpain Domain V sequence

Human GGGGTAMRILGGVI

Rabbit GGGGTAMR1LGGVI

Porcine GGGTAMRTLGGVIKA1

Bovine GGGGTAMRTLGGVISAI

BYDV-GAV MP residues 4-16 GEOGALAOFGEWI.

Influenza viral fusion peptide, HA2 GLFGAIAGFIENGWEGMIDG

Table 3. The sequences of (he source proteins were obtained from the SWISSPROT 
database [39] and for each sequence, the underlined residues indicate the window 
identified by hydrophobic moment plot analysis [21]. Data for calpain segments and 
the HA2 peptide were taken from [37] and for BYDV-GAV from [27],

The computed values of < jiH> and corresponding <H> 
values for these sequences are shown in Table 4 and have 
been used to plot data points representing these sequences on 
the hydrophobic moment plot diagram Figure 5.

Table4. Hydrophobic Moment Parameters of Protein 
Sequences

Source protein <pH> <H>

Human m-calpain domain V 0.46 0.47

Rabbit m-calpain domain V 0.46 0.47

Porcine m-calpain domain V 0.53 0.51

Bovine m-calpain domain V 0.53 0.51

BYDV-GAV MP residues 4-16 0.33 0.20

Influenza viral fusion peptide, HA2 0.48 0.23

Table 4. For each putative a-helical region shown in Table 3, < pH > and < H > were 
computed. Data for calpain segments and the HA2 peptide were taken from [37] and 
for BYDV-GAV from [27],

It can be seen from Fig. 5 that, when the boundary 
regions of the conventional hydrophobic moment plot 
diagram are used, data points representing the m-calpain 
smaller subunit from various mammals lie in the area 
predicting surface active a-helices whilst that of the MP 
protein N-terminal a-helix lies in the region predicting
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ig. (5). The extended hydrophobic moment plot diagram, 
his figure shows the sequences of Table 3 when represented as 
ata points on plot diagram by their < [iH > and < H > values, 
according to the boundaries of the conventional plot diagram [20], 
ata points representing the a-helical segments of m-calpains (data 
oints 1 and 2), lie in the area predicting surface active a-helices 
whilst those representing the N-terminal a-helix of the MP protein 
data point 3) and the HA2 peptide (data point 4), lie in the region 
f the plot diagram predicting globular a-helices. However, it can 
* seen that each of these data points also lies in the shaded region 
if the extended plot diagram [5], which delineates candidate 
iblique orientated helices, indicating that these sequences may form 
iuch a-helices.

globular a-helices. Recent experimental evidence has shown 
lhat the sequence represented by each of these data points 
Forms a lipid interactive amphiphilic a-helix [27]. Clearly, 
an this basis, if surface-active classification is correlated 
ivith membrane association, then conventional hydrophobic 
noment plot analysis would appear to have misclassified the 
former segment but correctly classified the latter segment. 
However, when these sequences were further analysed both 
theoretically and experimentally, it became apparent that 
each of these latter a-helices belongs to the class of oblique 
orientated a-helices [35]. This a-helical class possess 
distinct structure / function relationships and differs to other 
a-helical classes in that its members possess asymmetric 
distributions of hydrophobicity along the a-helical long axis 
[40], as shown for the a-helix of the calpain domain V 
segment in Figure 6. These hydrophobicity gradients enable 
oblique orientated a-helices to penetrate membranes at a 
shallow angle and promote specialised biological activities 
such as membrane fusion [4, 41]. Although able to quantify 
the amphiphilicity and mean hydrophobicity of oblique 
orientated a-heiices. conventional hydrophobic moment plot 
methodology has no capacity to recognise the 
hydrophobicity gradient of these a-helices, and hence, assign 
class.

(118 ; m 04
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Fig. (6). The hydrophobicity gradient of the oblique orientated a- 
helix in m-calpain, domain V.
The m-calpains of Table 4 possess a common lipid interactive a- 
helical segment, GTAMRILGGV1. Hydropathy plot analysis of this 
segment (Figure 6a) using a seven residue window and the software 
of [44] showed hydrophobicity to progressively increase along the 
length of the segment with a maximal value centred on the C- 
terminal glycine, residue 8. Figure 6b shows this latter segment (A) 
and the HA2 peptide (B), a known oblique orientated a-helix 
former, represented as two-dimensional axial projections using the 
software of [44], Annotated numbers represent the relative locations 
of amino acid residues within protein primary structure and 
hydrophobic residues are circled. It can be seen that these a-helices 
are structurally similar with each possessing a glycine rich polar 
face and a wide hydrophobic face rich in bulky amino acid residues, 
characteristic features of oblique orientated a-helices [41]. In the 
case of the GTAMRILGGVI segment, the strongly hydrophobic 
residues: isoleucine (6) and leucine (7 and 11) are localised in the 
C-terminal region of the a-helix.

In an effort to accommodate oblique orientated a-helices 
within the plot taxonomy, Harris et al. [5] investigated the 
relationship between < > and < > for these a-helices
and showed that a strong negative linear association existed 
between these parameters. This relationship indicates that 
oblique orientated a-helices possess a characteristic balance 
between amphiphilicity and hydrophobicity, which would 
appear necessary for the maintenance of their hydrophobicity 
gradients. Consistent with these observations, experimental 
and theoretical studies have shown that the nature and 
position of the amino acid residues forming oblique 
orientated a-helices are critical to their characteristic form of 
membrane penetration [42, 43]. Statistical analysis showed 
the nature and position of the residues forming the calpain 
domain V a-helix to be highly significant in relation to its 
membrane interactive potential [37]. Graphical analysis 
showed this latter a-helix, and that of the HA2 peptide, to 
possess hydrophilic faces, rich in smaller polar residues and 
wide hydrophobic faces, rich in bulky residues (Fig. 6; [35]).
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It is well established that such an asymmetric size 
distribution of residues about the a-helical long axis is 
characteristic of orientated a-helices and it has been 
experimentally demonstrated that the mutation of key 
residues in these arrangements, particularly glycine, lead to 
the loss of biological activity [40, 42]. Based on their 
identified linear relationship, Harris et al. [5] defined an area 
on the conventional hydrophobic moment plot diagram that 
delineates candidate sequences likely to form oblique 
orientated a-helices Figure 5. It can be seen from Figure 5 
that, consistent with experimental data, the sequences of m- 
calpain domain V and residues 4-16 of the MP protein are 
identified by the extended plot diagram as candidate oblique 
orientated a-helices, lying proximal to the HA2 peptide.

When developing the extended conventional plot 
diagram, Harris et al. [5] characterised a number of a-helices 
known to form such structure by their < /j.H> and < H > 
values and analysed the resulting data point distribution. The 
95% confidence intervals of the linear relationship 
describing this data point distribution were used to construct 
the area defining candidate oblique orientated a-helices and 
clearly, the boundary regions of this area should be seen as 
probabilistic rather than definitive. However, the approach of 
Harris et al. [5] could equally be applied to the linear 
relationships described by Wallace et al. [10, 11] and 
Dennison et al. [14] for a-helices classed as surface active 
by plot methodology. It is self evident from Figure 4 that for 
DD-peptidase anchoring a-helices the confidence limits so 
defined would extend beyond the boundary regions of the 
conventional plot diagram. A similar result can be deduced 
from the data of Dennison et al. [14] and it seems likely that 
this could be extended to include other subclasses of a- 
helices, which are active at the interface. These observations 
clearly illustrate the diffuse nature of the conventional plot 
boundary regions defining surface-active a-helices and 
reinforce the view that they should be seen only as indicators 
of a-helical function.

The major structural difference between oblique 
orientated a-helices and those classified by conventional plot 
methodology as surface-active is the hydrophobicity gradient 
possessed by the former a-helical class. The inability of the 
conventional methodology to describe such longitudinal 
variations in amphiphilic properties may partly explain why 
the methodology seems unable to recognise the 
heterogeneity within amphiphilicity of the a-helices that it 
classes as surface-active. This point is illustrated with 
reference to PBP4, a further DD-carboxypeptidase produced 
by E. coli. A number of earlier studies [45] suggested that C- 
terminal region of PBP4 may serve a similar function to that 
of the C-terminal sequences shown in Table 1 and form an 
amphiphilic a-helical membrane anchor. This suggestion 
appeared to be supported by the fact that when analysed 
according to hydrophobic moment plot methodology, the a- 
helix was classified as surface active with a < fiH> value of 
0.75 [6], greater than those of the a-helices analysed in 
Table 1. However, the DWIH measure of the PBP4 a-helix 
was found to be 2.17 indicating a much lower membrane 
interactive potential than those of the other a-helices 
analysed in Table 1. These DWIH results have been 
confirmed by recent experimental results [31] and the 
apparent contradiction between the levels of amphiphilicity

predicted by hydrophobic moment analysis and those 
experimentally observed are resolved when the PBP4 a- 
helix is represented as a helical wheel Figure 7.

Fig. (7). Graphical representation of the PBP4 C-terminal a-helix. 
This figure shows the C-terminal sequences of E. coli PBP4 
represented as a two dimensional axial projections taken 
perpendicular to the helical long axis and assuming an amino acid 
periodicity of 100T [17], Hydrophobic residues are shaded grey. It 
can be seen that a hydrophobic arc formed by the strongly 
hydrophobic residues leucine and isoleucine are opposed by the 
strongly hydrophilic residues arginine and lysine. This residue 
arrangement produces a high value of < nH> masks the overall 
weakly amphiphilic nature of the a-helix [6],

It can be seen from Figure 7 that that the high value of < 
Hu > shown by the PBP4 a-helix arises primarily from a few 
amino acid residues with large but opposing 
hydrophobicities, masking the overall weakly amphiphilic 
nature of the structure. The participation of a C-terminal a- 
helix in the membrane anchoring of PBP4 now seems 
doubtful [31] and this example clearly demonstrates that 
although hydrophobic moment analysis may identify the 
window with maximal < ^ > in a protein sequence, ignoring 
the longitudinal distribution of residues can lead to 
misrepresentation of the overall amphiphilic nature of a a- 
helix.

Parameters Used in Hydrophobic Moment Analysis

The use of a fixed eleven-residue window has previously 
been shown to be problematic when used as a basis to assign 
function to a-helices classified as surface active [3]. As an 
example, it can be seen from the analysis of E. coli proteins 
shown in Table 1 that, although the membrane interactive 
windows identified overlap substantially, those identified by 
hydrophobic moment analysis are significantly shorter than 
the corresponding DWIH windows. In contrast to 
hydrophobic moment analysis, the DWIH algorithm uses a 
variable window and it seems that the use a fixed widow by
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t former analytical approach is acting as a constraint in the 
signment of function to the KpsE C-terminal a-helix by 
eluding residues of functional importance when measuring 
ophiphilicity. Most recently, Wallace er a/, [11] 
vestigated the effect of varying window size, w, in the 
nge (7 < w < 20) on correlations between <fiH> and <H> 
r a data set of transmembrane ct-helices. Using a variety of 
atisticai approaches, it was shown that at the 99% 
mfidence level, whilst a correlation between and
H> existed for smaller window sizes, the level of this 
irrelation was reduced as window size increased, clearly 
ggesting the predictive efficacy of plot methodology to be 
nsitive to window size. If prediction is based on these two 
iriables, then these results imply that the efficacy of plot 
ethodology to assign structure / function relationships has 
iposing sensitivities to window size. On the one hand, the 
suits of Wallace et al., [11] show that increasing windows 
te leads to reduced levels of discrimination whilst on the 
her hand, analysis of the KpsE a-helix shows that 
screasing window size can lead to loss of important 
ructural information. The analyses of Wallace et al. [11] 
so showed that, within the range of window sizes 
:amined, the eleven-residue window used by plot 
ethodology provided only intermediate discrimination in 
entifying transmembrane a-helices. However, if an eleven- 
sidue window minimises the effects of the opposing 
indow size sensitivities of plot efficacy, then it may be that 
is window size maximises the probability of correct a- 
nphiphilic a-helix classification by the methodology. This 
luld partly explain why, although not able to definitively 
assify membrane interactive amphiphilic a-helices, the 
ethodology is a good indicator of their classification, 
allace et al. [11] also examined the variation of angular 
sidue frequency with corresponding window size for 
msmembrane a-helices Fig. 8.

< 90
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g. (8). The variation of optimal angular frequency with window 
£ for transmembrane a-helices
iis figure shows the variation of optimal angular frequency, 9, 
th window size, L, for the data set of transmembrane a-helices 
alysed by [11], For each window size in the range 7 < w < 21, 
gular frequency was varied in the range 94° < 6 < 108° to 
termine that value of 6, which maximised the <nH> of the 
ndow. This was taken as the optima] 9 of the window and the 
timum 9 for transmembrane a-heiices can be seen to be 
proximately 102T, clearly deviating from the value of 9 = 100°, 
:d by hydrophobic moment analysis.

Phoenix and Harris

For each window size in the range 7 < w < 21, angular 
frequency was varied in the range 94° < 0 < 102° to 
determine that value of 6, which maximised the <nH> of the 
window. This was taken as the optimal 6 of the window and 
it can be seen from Figure 8 that for an 1L residue window 
the optimum 6 for transmembrane a-helices [s approximately 
102T, clearly deviating from the value of 6 = 100°, which is 
used by hydrophobic moment analysis. Similar deviations 
seem likely for other classes of membrane interactive a- 
helices and it would appear that 8 - 100° is no more than a 
representative average of angular frequency for the general 
class of membrane interactive a-helices. However, as this 
value of 8 would appear not to be optimised for any single 
subclass of membrane interactive a-helices, it may be that its 
use maximises the prdbability of correctly classifying a- 
helices when these subclasses are treated as a whole.

CONCLUSIONS
The ability of hydrophobic moment plot methodology to 

assign structure / function relationships to amphiphilic a- 
helices is based on the central premise that < fj,H > can be 
used as a quantifier of amphiphilicity. Computation of this 
parameter uses an idealised residue angular frequency and a 
fixed window, taking no account of the functionally relevant 
length and angular periodicity of a biologically active a- 
helix. At best, it seems that that < fin> presents an averaged 
representation of a-helix amphiphilicity, which is not 
optimised for a single subclass of the plot taxonomy, clearly 
limiting the predictive efficacy of plot methodology. Some 
authors have suggested that these limitations arise simply 
because < fiN> is too basic a concept upon which to base the 
assignation of a-helical structure / function relationships [2, 
3]. It was recently suggested that accuracy of predictions 
based on < //# > may be improved by the introduction of a 
weighting system for the functionally relevant residues of 
amphiphilic a-helices or if other a-helical parameters were 
considered in defining a-helical class [3]. Weight is lent to 
this latter view by the work of Segrest er al. [15] who 
showed that functional classes of lipid interactive 
amphiphilic a-helices can be better differentiated when 
classification is based not only on the magnitude of the 
hydrophobic moment, but also on the distribution of charged 
residues possessed by these a-helices Figure 9. Based on 
these a-helical properties, these latter authors showed that 
four major classes of functional lipid interactive amphiphilic 
a-helices could be discerned. These include three distinct 
subclasses of surface-active a-helices, namely the a-helices 
of lytic peptides, peptide hormones and apolipoproteins, and 
transmembrane a-helices Figure 9 [3, 15],

Given the assumptions made by hydrophobic moment 
analysis, major problems associated with the ability of plot 
methodology to assign a-helical structure / function 
relationships seem to arise from the assumption that 
variations in amphiphilicity and hydrophobicity along the a- 
helical long axis are not functionally relevant and can be 
ignored when assigning a-helical class. In the case of 
amphiphilicity, this assumption seems fairly robust for 
classifying transmembrane a-helices but can lead to 
problems in the case of a-helices classified as surface-active 
by the methodology. Ignoring the longitudinal distribution of 
hydrophilic and hydrophobic residues in these latter a-
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A H L M
Fig. (9). The lipid interactive a-helical classes of Segrest et al. [15]
The figure depicts the four classes of lipid interactive ct-helices defined by Segrest el al. [15] where class A are from apolipoprotein, class H 
from peptide hormones, class L from lytic peptides and class M from transmembrane proteins. Classification is based on a correlation 
between biological activity and a-helical structural parameters, primarily the distribution of charged residues in the polar face of the a-helix 
(dark areas represent negatively charged regions, shaded areas represent positively charged regions and white areas represent hydrophobic 
regions), and the relative mean hydrophobic moment of the a-helix (represented by arrows).

helices can lead to the loss of important structural 
information and a-helices misclassification. Ignoring 
longitudinal variations in hydrophobicity seems fairly robust 
for transmembrane and a-helices classed as surface-active in 
so far as most members of these a-helical classes show 
approximately constant hydrophobicity along their long axis 
[46]. However, this assumption prohibits hydrophobic 
moment plot methodology from classifying oblique 
orientated a-helices and as a consequence these a-helices 
are inherently misclassified, further reducing the general 
efficacy of the methodology in ascribing structure / function 
relationships to amphiphilic a-helices.

It appears that the combined effect of assumptions made 
by hydrophobic moment plot analysis are manifested as an 
inability of the plot boundary regions to assign structure / 
function relationships to the a-helical classes that they 
attempt to define. This should perhaps not be surprising in so 
far as the location of the plot boundaries lines were 
themselves based on computed values of < /u.H > and < H >, 
and failings of < /i# > as a quantifier of amphiphilicity would 
automatically be imported into the positioning of the plot 
boundaries. Compounding the issue, these boundary lines 
were arbitrarily drawn using the < /i//> and < H> values of 
only a small data set and taking these observations together, 
it is clear that hydrophobic moment plot methodology cannot 
be used to definitively ascribe a-helical structure / function 
relationships.

Since the inception of hydrophobic moment plot 
methodology [20] a number of more sophisticated analytical 
approaches have been developed, which are specifically 
aimed at identifying the individual functional classes of a- 
helix defined by the plot taxonomy [3, 25]. For example, 
Hidden Markov models [47] have been shown to be highly 
efficient at identifying transmembrane sequences [48]. 
Nonetheless, when introduced, hydrophobic moment plot 
methodology revolutionised theoretical protein structural 
analysis and its current status is attested to by the fact that to 
date, it has been cited over 1500 times in the literature. In 
keeping with the sentiments of Eisenberg e/ al. [21], it is

suggested that whilst predictions made by the conventional 
methodology make good guides to the assignation of 
structure / function relationships to amphiphilic a-helices, 
there are clearly limits to the methodology’s predictive 
efficacy and such assignations should not be relied upon 
without verification from experimental results.
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Abstract

The replacement of hydrogen with deuterium is frequently used in conjunction with neutron diffraction to investigate peptide-membran 
interaction. This isotopic substitution in an amino acid residue radically changes the neutron scatter pattern of the peptide, thereby allowing it 
localisation within the bilayer with the aid of derived Fourier maps. Nonetheless, this technique relies on the generally held assumption th£ 
normal and isotopically enriched protein species do not differ significantly in structure or biological activity. Recently, this assumption has bee 
questioned and here, diffraction data from studies on a membrane interactive peptide clearly challenge the reliability of this assumption.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Peptide; Deuteration; ct-helix; Membrane; Neutron diffraction; Fourier transfonn infrared spectroscopy

1. Introduction

Over the last 15 years, site specific deuterium labelling has 
been used in conjunction with neutron lamellar diffraction to 
investigate the membrane interactions of a variety of biolog
ically relevant peptides and protein segments [1] ranging from 
adenosine diphosphate ribosylation factors [2] to the ^-amyloid 
peptide associated with Alzheimers disease [3]. Essentially, this 
latter methodology compares the measured diffraction of a 
neutron beam, which has passed through a crystallised lipid 
bilayer with that measured from a second crystallised 
membrane that has been allowed to interact with a peptide 
[4], Using these neutron diffraction data, a bilayer map, normal 
to the plane of the membrane is reconstructed and provides a 
low-resolution, time and sample averaged profile of the bilayer 
cross section based on neutron scattering length. The subse
quent isotopic substitution of some of the peptide’s hydrogen 
atoms with deuterium radically changes the neutron scatter

* Corresponding author. Tel.: +44 1772 893481; fax: +44 1772 892903. 
E-mail address: daphoenix@uclan.ac.uk (D.A. Phoenix).

0301-4622/$ - see front matter © 2005 Elsevier B.V, All rights reserved, 
doi: 10.1016/j.bpc.2005.09.002

pattern of the peptide, yielding a higher resolution, time an 
sample averaged profile in the location of the label, thereb 
enabling the degree of bilayer penetration to be determine 
from resultant Fourier maps. Such analysis is clearly depender 
on the assumption that deuteration does not affect the structui 
function profile of the peptide under investigation, althoug 
there is a considerable body of evidence that challenges thi 
assumption, particularly the pioneering work of Crespi, Hatto: 
and co-workers [5,6].

The present study was intended to test the prediction that 
membrane interactive a-helix ‘GTAMRILGGVI’ was obliqu 
orientated [7] using neutron diffraction. Unexpectedly, 
variety of methods indicated that deuteration had reproducibl 
affected the structure and function of this peptide.

2. Materials and methods

2.1. Reagents

Peptide homologues of the GTAMRILGGVI segment wei 
synthesised: one using normal amino acid residues (VP1) an 
the other (dVPl) where leucine had been substituted with

http://www.elsevier.com/locate/biophyschen
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uterated form of the residue (GTAMRIL(dlO)GGVI). The 
ptides were supplied by Albachem Ltd (UK), synthesised by 
lid state synthesis and purified by HPLC to purity greater 
an 99%. Palmitoyloleyl phosphatidylcholine (POPC) and 
.Imitoyloleyl phosphatidylserine (POPS) were purchased 
sm Avanti Polar Lipids (USA). Dimyristoyl phosphatidyl- 
loline (DMPC), dimyristoyl phosphatidylserine (DMPS) and 
l other reagents were purchased from Sigma (UK). Buffers 
id solutions for monolayer experiments were prepared from 
iilli-Q water.

2. Neutron diffraction studies

Neutron diffraction experiments were conducted using the 
1 membrane diffractometer at the Berlin Neutron Scattering 
entre (BENSC) according to techniques previously de- 
iribed [1-4]). Chloroform solutions of POPC/POPS (10:1 
tolar ratio) were prepared and used to solubilise either VP1 
Inal concentration 8 mM) or dVPl (final concentration 
mM) such that the lipid to peptide molar ratio was 100:1. 

ach peptide solution and the lipid solution alone were then 
sparately sprayed onto a quartz microscope slide using an 
rtist’s airbrush (Aerobrush pro281) to form even layers. 
Inder these conditions, lipid samples self assemble to form 
lulti-lamellar structures, which may be considered as stacked 
lembrane bilayers. These treated slides were placed in a 
acuum desiccator for 12 h to remove all traces of 
hloroform. Samples were then individually placed in 
luminium thermostatic sample cans and rehydrated for 24 
i at 25 °C with relative humidity maintained at 98% using 
"eflon water baths containing saturated potassium sulphate 
olution. Potassium sulphate water solution at each of three 
sotopic compositions: 50%, 20% and 8% 2H20 were used to 
issist with phase assignment. After each completed neutron 
liffraction measurement, the sample slide was rehydrated 
vith the water at the next isotopic composition with at least 
>4 h allowed for equilibration. The scattering intensities were 
ecorded up to the 5th order and data analysis was performed 
iccording to Dante et al., [3],

13. Lipid monolayer studies

Monolayer studies were performed using Langmuir- 
31odgett equipment supplied by NIMA (UK). These studies 
ivere conducted at a constant area using a Teflon trough with 
surface area dimensions of 5 x 5 cm and a volume of 10 ml. 
Monolayers were formed by spreading chloroform solutions 
of POPC/POPS (10:1 molar ratio) onto a buffer subphase 
[10 mM Tris, pH 7.5) to give an initial surface pressure of 
30 mN nT1. Either VP1 (10 mM) or dVPl (10 mM) in 10 
mM Tris (pH 7.5) was introduced to the subphase via an 
injection port to give a final subphase peptide concentration 
of 20 pM, equivalent to a monolayer lipid to peptide molar 
ratio of 100:1. The subphase was continuously stirred by a 
magnetic bar and changes in surface pressure monitored by 
the Wilhelmy method, using a paper plate and a microbal
ance [7].

2.4. FTIR conformational analyses

Using the methodology of Keller et al., [8], vesicular 
suspensions of DMPC/DMPS (10:1 molar ratio) were prepared 
in . 10 mM Tris buffer (pH 7.5), formed using either H20 or 
2H20. Each vesicular suspension was then used to solubilise 
either VP1 (final concentration 1 mM) or dVPl (final peptide 
concentration 1 mM) such that the lipid to peptide molar ratio 
was 100:1. Solutions of VP1 and dVPl, respectively, in 10 
mM Tris buffer (pH 7.5) were also prepared with a final 
peptide concentration of 1 mM in each case. All samples were 
spread onto a calcium fluoride, ATR plate as described by 
Goormaghtigh et al., [9] and FTIR conformational analysis of 
peptides was performed by monitoring the amide I vibrational 
bands as described by Brandenburg et al. [7]. The resulting 
spectra were used to compute the relative levels of secondary 
structure in VP 1 and dVPl, as described by Brandenburg et al.
[7].

2.5. Mass spectrometry analysis

Matrix assisted laser desorption ionisation mass spectrom
etry (MALDI-MS) analysis were performed using Applied 
Biosystems Voyager DE-STR MALDI-TOF mass spectrometer 
(Applied Biosystems, Framingham, MA, USA). Acquisition 
was performed in the linear positive ion mode. The VP1 and 
dVPl (10 pM) peptides were dissolved in 50% (v/v) 
acetonitrile and 0.1% (v/v) triflouroacetic acid (TFA). The 
matrix consisted of a mixture of a-cyano-4-hydroxy cinnamic 
acid (CHCA) (5 mg ml"1) in 50% (v/v) acetonitrile and 0.1% 
(v/v) TFA. Approximately 10 pmol peptide stock solution (1 
pi of a 10 pM stock solution) was then added to the matrix 
solution. Approximately 1 pi of the analyte/matrix solution was 
applied to the mass spectrometer target plate and allowed to air- 
dry. A scanning range of 883 to 1500 m/z was used. For 
conformation of the MALDI MS analysis, independent 
sequence analysis was determined using a nanoelectrospray 
(nanoES) quadrupole-time of flight (Q-ToF) MS (Micromass, 
Manchester, UK) with a nanospray source was used.

3. Results and discussion

Neutron diffraction was used to investigate the ability of 
Vpl and dVPl to penetrate lipid bilayers that were designed to 
be mimetic of naturally occurring mammalian cytoplasmic 
membranes. These lipid bilayers were formed from palmitoy
loleyl phosphatidylcholine (POPC) and palmitoyloleyl phos
phatidylserine (POPS) at a 10:1 molar ratio and neutron 
scattering density profiles were determined for: bilayers in the 
absence of peptides (Fig. 1A), bilayers in the presence of VP1 
(lipid to peptide molar ratio 100:1) (Fig. IB), and bilayers in 
the presence of dVPl (lipid to peptide molar ratio 100:1) (Fig. 
1C), all at 8% 2H20 contrast [3]. The horizontal scale in these 
figures represents a transect across the membrane where the 
two maxima correspond to the positions of the lipid head 
groups whilst the minima indicate the position of the bilayer 
core, corresponding to the lipid terminal methyl groups.
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Fig. 1. Neutron scattering length density profiles were detennined for lipid bilayers fonned from POPC/POPS at a 10:1 molar ratio (A) or of these bilayers in th 
presence of either VP1 (8 mM) (B) or dVPl (8 mM) (C) where the lipid to peptide molar ratio was 100:1. A, B and C respectively, show the neutron scatterinj 
density profile generated by a transect of the bilayer taken perpendicular to the bilayer surface. The two maxima of the profile indicate that the highest levels c 
neutron scattering are shown by the bilayer lipid head group regions whilst the minimum indicates that the lowest levels are generated by lipid terminal meth) 
groups, located at the centre of the bilayer hydrophobic core. Each profile was determined at 8% contrast. It can be seen that there are no significant difference 
between the neutron scattering profiles shown in (A) and (C), suggesting that dVPl does not penetrate POPC/POPS bilayers. In contrast the scattering profile of VP 
in (B) departs markedly from these latter profiles in the region of their minima, which represent the hydrophobic core of the bilayer.

The scattering density profiles for lipid bilayers alone (Fig. 
1A) and for those bilayers in the presence of dVPl (Fig. 1C) 
can be seen to follow identical profiles, which suggests that 
dVPl does not penetrate the membrane. In contrast the profile 
ofVPl (Fig. IB) departs markedly from these latter profiles in 
the region of the minima, dearly indicating that this peptide 
has penetrated the bilayer and interacted with its acyl chain 
region. These results were reproducible and contrasted strongly 
to those expected from such experiments where the neutron 
scattering profiles of the normal and the isotopically substituted 
peptides differ only in relation to these substitutions [10], 

Differences between the membrane interactivity of these 
two peptides were further investigated using POPC/POPS 
(10:1 molar ratio) monolayers at an initial surface pressure of 
30 mN m“thereby mimicking the surface pressure of 
biological membranes [11]. At a lipid to peptide ratio of 
100:1, VP1 interacted strongly with these monolayers, 
achieving a maximal level of penetration of 3 mN m“1 but 
under corresponding conditions, dVPl showed no evidence of 
monolayer penetration (Fig. 2). These combined results clearly 
suggested that deuteration had affected the ability of the 
GTAMRILGGVI sequence to interact with membranes and 
Fourier transform infra-red (FTIR) spectroscopy was used to 
investigate the possibility that this effect may be related to 
conformational differences between VP1 and dVPl. Analysis 
of the pure peptides in aqueous solution (Fig. 3A and B) 
showed each to exhibit a broad band in the range 1625 to 1650 
cm~\ indicating the superposition of ot-helical with |3-sheet 
structures, and band components in the range 1670 to 1695 
cm-1, corresponding to p-turns and anti-parallel (3-sheets. 
However, the peptides showed clear differences between their 
structures with VP1 possessing circa 15% a-helicity (Fig. 3A)

and dVPl showing less than 5% a-helicity and high levels c 
(3-type structures (Fig. 3B). Analysis of these peptides in th 
presence of lipid (DMPC/DMPS, 10:1 molar ratio) wa 
undertaken. At a total lipid to peptide molar ratio of 100:] 
VP1 possessed strong bands at 1649 and 1646 cm- 
respectively (Fig. 3C and E), indicating that the peptide wr 
predominantly a-helical (circa 55%), which is consistent wit 
previous data [7,11]. However, Fig. 3D and F clearly show 
that under corresponding conditions, dVPl exhibits a marked] 
different conformational behaviour. In Fig. 3D, it can be see 
that the spectrum of the peptide is dominated by a band at 166 
cm”1, often indicating the superposition of bands representir 
unordered and a-helical structures. When these experimen 
were repeated in 2H20 these superposed bands were resolve

Time (s)

Fig. 2. Either VP 1 (black) or dVPl (grey) were introduced into the subphase 
a POPC/POPS monolayer (10:1 molar ratio), set at an initial surface press 
of 30 mN irT1, to give a lipid to peptide molar ratio of 100:1. VP I shov 
clear evidence of monolayer interaction, inducing a surface pressure change 
3 mN m“1 but in contrast, dVPl clearly showed no ability to interact with th 
monolayers.
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Fig. 3. FT1R conformational analyses of VP1 (I mM) either in aqueous solution (A) or in the presence of lipid vesicles formed from DMPC/DMPS (10.1 m < 
ratio) to give a lipid to peptide molar ratio of 100:1 were performed. For these latter experiments, the peptide/vesicles were suspended m either HjO (C) or H20 (E 
The aqueous peptide showed a band at 1649 cm-1 consistent with circa 15% a-helicity, which was increased in the presence of lipid to approximately 55 A, t 
indicated by corresponding bands in (C) and (E). The corresponding FTIR analyses for dVPl (1 mM) are shown in (B), (D) and (F), respectively. 7116 atJue^ 
peptide showed only circa 5% a-helicity (B), which was not significantly affected by the presence of lipid. In (D), dVPl exhibits a clearly defined peak at 166 
cm-1, which represents the superposition of unordered and a-hetical structures. In (D), dVPl shows a peak at 1641 cnT . mdiertmg high levels of unorder, 
structure (>30%), and another peak at 1654 cm"1 representing circa 5% a-helical structures. These results clearly show that VP I and dVPl adopt dissimil 
conformational structures, both in aqueous solution and in the presence of a DMPC/DMPS lipid matrix.

and dVPl showed a peak at 1641 cnT \ which corresponds to 
the presence of high levels of unordered structure (>30%), and 
another peak at 1654 cm 1 due to low levels of a-helical 
structure, which were circa 5%. There is the possibility that the 
sharpness of the underlying bands in Fig. 3C and F are 
indicative of restricted peptide solubility, nonetheless, these 
results clearly show that in the presence of a DMPC/DMPS 
lipid matrix, VP1 and dVPl adopt dissimilar conformational 
structures. In combination these results suggest that deuteration 
has strongly reduced the ability of the GTAMRILGGVI

segment to adopt a-helical structure and thereby its ability I 
penetrate membranes.

Given the unexpected nature of the results, the peptidf 
were re-synthesised and the possibility of racemisation in tl 
deuterated leucine of dVPl eliminated by the manufacture 
Subsequent independent analysis of VP1 peptide by MALD 
MS revealed a mass of 1087.53 kDa (Fig. 4A), however, 
comparison the dVPl peptide showed a mass increase of 1 
kDa (Fig. 4B). Independent sequence analysis using a Q-Tc 
mass spectrometer (data not shown) indicated that deuteratii
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Fig. 4. Mass spectrometry analysis of the peptides VP1 (A) and dVPl (B) obtained by MALD1-MS, The mass of VP! is seen to be 1087.53 and 1097.68 Da fc 

deuterated VP1.

had occurred on the leucine amino acid residue on the primary 
sequence. This provided clear evidence that the sequence is 
consistent with the manufacturer’s specifications. Using the re
synthesised peptides, the results of this study were reproducible 
and clearly, these findings have far-reaching implications, 
requiring questions to be asked when deuteration is used in 
protein structure/fimction analysis. For the majority of peptides 
deuteration is unlikely to impact on structure but as seen here 
can have an impact on structure-formation. It has previously 
been shown that the ‘GTAMRILGGVP segment tends to adopt 
[3-sheet/random coil in solution and that a-helical structure is 
stabilised at the lipid interface indicating that there is a delicate 
energy balance between the soluble random coil form and the 
membrane interactive a-helical form [7]. Melittin is also 
random coil in solution at neutral and acidic pH, however, 
like the ‘GTAMRILGGVI’ segment, it changes its secondary 
stincture in the presence of a lipid membrane to form an 
amphiphilic a-helix [12]. It may well be that peptides with this 
conformational change are more susceptible to deuteration 
affecting the peptides ability to form a helix at the membrane 
lipid interface if it perturbs the energies of a-helix formation. 
As noted in recent studies, the deuteration of residues leads to 
less bulky side chains, which may disturb inter/intra molecular 
interactions and possibly impair the correct folding of proteins 
and peptides [13] such as that shown here.

In summary, the data of the present study support the 
growing body of evidence, which shows that deuteration is able 
to affect the physiochemical properties of proteins and peptides 
[5,6] and adds to the caveats that must be applied to neutron

diffraction and other work relying on this form of structure 
modification.
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ABSTRACT.

During evolution periodic sequences found within DNA may have become more 
degenerate thus leading to low homology between each element within the period. 
These degenerate sequences are said to possess latent periodicity but the low level of 
homology makes identification of the periodic sequence difficult using conventional 
means. An algorithm has been developed which can identify latent periodicity by using 
mutual information to measure coincidences between an artificial sequence of known 
period and the DNA sequence under investigation. The length of the artifical period is 
varied horn 2 to 150 bases. This method has allowed the identification of long (greater 
than 3 base) periods in over 30% of the coding regions from the human genes held in 
the EMBL database.

INTRODUCTION.

DNA is composed of a string of nucleic acids and contains four bases which are 
represented by the four letter code {A, C, T, G}. Classical periodicity is easily 
identified, for example a DNA sequence may contain the following six base repeat: 
.........(actcgg)(actcgg)(actcgg)(actcgg)(actcgg)......
The above example shows a six base period where the period is highly conserved but 
imagine that this period is eroded over time so that the homology becomes much lower 
and may be defined as:
..... (a/c/t)(c/t)(t/a)(c/g)(g/a)(g/c/t)........
i.e. the first base in the period could be a or c or t, The sequence could now become : 
...... (actcgg)(ccagat) etc.....
The above period possesses six cells each containing x bases (x<4). If the cells are 
always accessed in the same order a structure or period is maintained but because each 
cell contains x bases the sequence itself may vary. This is homology independent 
periodicity and is termed latent periodicity.

With the amount of data being produced by the genome and related projects and the 
importance associated with topological deformation of DNA structure it is vital that as 
much information as possible is obtained regarding the occurrence and function of 
periodicity in both coding and non-coding regions of DNA. To date periodic 
sequences have been found as satellite and minisatellite sequences within the human 
genome (Heame et a/.,1992; Todd, 1992; Bliskovsky, 1991). Mathematical methods 
for the analysis of periodicity within symbolic sequences such as those of DNA, RNA 
and proteins are presently being developed (McLachlan, 1977b; Voss, 1992;
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McUchlan, 1993; McLachlan and Stewart, 1994; Cheever et ai, 1991; Chechetkm et 
al 1994'). These means of analysis usually transform the symbolic sequence into a 
numerical * counterpart and periodic or repeat sequences tend to be weighted based on 
the level of homology observed. This approach has lead to the 1^ntlfica^n ^ 
periodicity within protein amino acid sequences (McLachlan, 1993; McLachlan md 
Stewart 1994; McUchlan, 1977a; McLachlan, 1977b; Stewart and McLaclan, 1975) 
and also within some DNA sequences (Boistnik et ah, 1994; Bma, 1994. Ctechetan 
e, al., 1994; Cheever et ai, 1991; Pizzi et al, 1990). Whilst the use °f ate0"*™ 
based on homological comparison have proved useful for DNA analysis (V“s' 9 '
Silverman and Linsker, 1986; Makeev and Tumanyan, 1994; von Heijne, 1987) this 
approach may not detect periodicity if the homology between the periodic elements 
h« degenerated with time and become too low to easily observe. Within our group a 
new and novel computer based algorithm has been developed for the analysis of D 
sequences which allows homology independent sequence comparisons to be made 
(Korotkov and Korotkova, 1993; Korotkov, 1994) and which has identified latent 
periodicity in some human genomes (Korotkov and Korotkova, 1995).

To date over 30% of the human genes tested from the EMBL database have contamed 
some level of latent periodicity with the period varying between 6 and 120 bases. This 
periodicity is carried over to the amino acid sequence with respect to codmgregio^. 
The significance of these periods can be estimated based on a chi squared dlstr*“ 
and their presence has been shown to be highly significant and not due to accidental 
alignments. The application of the algorithm to a range of DNA sequences (Korofltov 
and Korotkova, 1995) has identified new families of repeats in mammalian genomes 
and a new form of DNA sequence mirror symmetry. In fins PaPer we S
improved method for the identification of periodicity and we highlight this with 
examples from the genes for albumin, plasmogen and famesyltransferase alpha

subunit.

It may be that latent periodicity relates to codon usage or mRNA structure formation 
both of which could effect the rate of translation and therefore protein foldmg or it 
may be that some periods are inherent in protein structure but do not actually have any 
effect on structure formation. Whatever the case it is apparent that revealing the 
presence of latent periodicity could well be important for a nl™^er °f 
including potential understanding of the evolutionary origin of genes, the development 
of new polymorphic markers capable of detecting genetic illness and further 

understanding of protein folding and de novo design.

SYSTEMS AND METHODS

To identify latent periodicity within DNA sequences an artificial sequence of known 
periodicity is compared to the DNA sequence under investigation. The artificial 
sequence and the DNA sequence are L residues long and composed of S, bases {i e
n 2 3.....L)l. The artificial sequence is arranged in terms of a given period for
example,’ in a search for latent periodicity of period three the following artificia 

sequence would be generated :
(S1S2S3) (S1S2S3) (S1S2S3) (S1S2S3) ...... , = ro isrm
The length of the period chosen for the investigation is n residues {n s [ , 1)
producing an artificial sequence represented by .
(S1S2S3......Sn) (S1S2S3......S„) (S1S2S3......Sn)
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The artificial sequences are compared with the DNA sequence under investigation, 
serially from n = 2ton= 150. The similarity of the artificial sequence and the DNA 
sequence is measured by the mutual information matrix, M, which has dimensions 
4 x n. The lines of the matrix are denoted by the DNA bases {A, T, C, G} and die 
columns are given by the position S[ within the artificial sequence with period n.
For example the sequence AGCCTGACAATT would generate the following matrix 
when analysed for triplet periodicity :

Si S2 S3
A f3 0 ll
T |o 2 11
C I 1 1 11
G lo 1 ij

The elements within the matrix, M(ij), are numerical values showing coincidence 
between the artificial sequence and the DNA sequence so the sum of all the elements 
in a line equals the number of bases {A, T, C, or G} in the sequence. The sum of the 
elements in a column shows die number of occurrences of Si in a DNA sequence of 
length L. The mutual information, I, is calculated from the following equation 
(Kullback 1959):

4 11 4 »= 2!XmiJ~ytInF'-- L\nL (1)
f=i ,/=i '=1 ./=i

The summation on index i occurs from 1 to 4 and on index j from 1 to n. An element 
of matrix M is given by m(i,j) witii x(i) indicating the four symbols {A, T, C, G} in a 
DNA sequence and y(j) the number of the symbols in the artificial period of length n. 
L is the length of the sequences being compared. The value 21 will have a 
distribution with 3(n-l) degrees of freedom which allows the evaluation of the 
probability that a periodic sequence has been identified due to random alignment of 
the artificial sequence with the DNA segment. It gives the probability of accidental 
formation of the observed periodicity.

All possible periods identified break down into two classes. The first class can be 
defined as simple periods which are represented by an integer value for n. In this case 
when I is determined there is no contribution from other overlying periods. The second 
class includes periods which are composite products of the simple periods. For 
example a composite period 5 could be identified which is equal to the product of two 
simple periods (5 and y i.e. 5 is composed of (By. If (3 has a period of n=2 and y has a 
period of n=3 they can be represented symbolically as follows for L =12:

P = (b^) (b^) (bib2) (b^) (bib2) (bib2)
y = (cjc2c3) (qc^) (C1C2C3) (0^3)

In this example the composite period py would have a periodicity of 11=6 

Py = (a1a2a3a4a5a6) (a1a2a3a4a5a6)

where aj ^bjcj; a2 = b2C2; a3 = bic3; a4 =b2cj; 35 b^; ag = b2C3
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i.e. (3y is a composite where position S\ corresponds to both position bj and c^ in the 
simple periods p and y respectively. A similar method wpuld be applied to produce a 
composite from the DNA and an artificial sequence e.g. (DNA^p).

If the probability of occurrence for period 8 has a value, a, of at least a=?{y}>2T) 
for all the periods in which it occurs then it has been shown that equation 2 holds 

(Yaglom and Yaglom 1960) :

I(DNA,p) + I(DNA,y) + IdNaM = I(DNA,Py) + I(P,y) C2)

Here I(DNA,P) represents the mutual information between the DNA sequence under 
investigation and the artificial sequence of period p. Similarly I(DNA,y) represents the 
mutual information between the DNA sequence and the artificial sequence of period y 
and I(P,y) represents the mutual information between two artificial sequences of 
periods p and y. I(DNA,py) represents the mutual information between the DNA and 
the composite period Py which contains the two simple periods p and y. The mutual 
information can be calculated between artificial sequences i.e. I(P,y) using equation 3.

I(P,y) = {H(P)+H(Y)-H(Py)}L

Where H(p), H(y) and H(Py) represent the entropies of the sequences P, y and Py 
respectively. The entropy can be calculated as :

= (4)

Where pfi\) is the probability of a given letter in the alphabet occurring at position i 

(ie {1, 2,....n}for period n).

JdNA(P>Y) which occurs in equation 2 is a conditional form of the mutual information 
between' sequences p and y and is defined in equation 5 as given by Yaglom and 

Yaglom (1960).

IDNA(P.Y)= H(DNA*P)+H(DNA*y)-H(DNA)-H(DNA*p*Y) (5)

In equation 5 H(DNA+p) is the entropy of the of the sequence formed from combining 
the DNA sequence with the artificial sequence of period p. The other elements are
similarly defined. IdNA(P>Y) is found to be greater or equal t0 2610 (Yaglom ^ 
Yaglom 1960).

The mutual information from the comparison of the simple periods is zero i.e.
thus impling that I(DNA,P) and I(DNA,y) are independent parts of 

1(8,DNA) i.e. the mutual information value obtained by comparison of the composite 
sequence 8 with the DNA sequence. In this case if the mutual information I is 
considered to be a random variable then I(DNA,P) and I(DNA,y) are independent 
random variables. According to Kullback (1959) I(DNA,p) and I(DNA,y) follow a 
X2 distribution with 3(P-1) and 3(y-l) degrees of freedom respectively. Furthermore 
equation 6 holds.
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I(Y,DNA) +I([3,DNA)<I(Py)DNA) (6)

Equation 6 indicates that the mutual information measure for a composite period could 
be greater than the sum of the measure for the constituent periods alone. It also means 
that the mutual information I(kp,DNA), (k is a constant greater than one), must be 
equal to or greater than I(p,DNA). For example if the mutual information is calculated 
between artificial sequences with periods of length equal to 3, 6, 9 or 12 and the DNA 
sequence under analysis then the values obtained for periods of length 6, 9, 12 will be 
equal to or greater than that of period 3 i.e. 1(3,DNA). Indeed if a composite period is 
formed from multiples of a simple period then as k increases the mutual information 
measure, /, will also increase. For a composite period such as 8 (5 = Py) then it is 
therefore useful to consider Ip)NA(P>Y) as a measm'e of sequence periodicity. This 
conditional form of the mutual information (equation 5) has a % distribution with 
3(8-l)-3(P-l)-3(y"l) degrees of freedom. IdNA(P>Y) denotes the contribution of 
period 5 to the periodicity by excluding the influence of the simple periods. The 
!dna(P>Y) spectrum may easily be obtained by the deduction of the mutual 
information for the simple periods from that of the potential composite period. For 
example 1(3,DNA) would be subtracted from 1(6, DNA) and 1(12, DNA). The process 
would be repeated with the subtraction of 1(6, DNA) from 1(12,DNA) leaving the 
contribution of period 12 to 1(12,DNA). The % distribution may be obtained in a 
similar fashion since the mutual information is distributed as % with 3(n-l) degrees of 
fi-eedom for period n. The spectrum obtained has been termed the modified mutual
information spectrum and is denoted by Wn). This spectrum represents the

2
contribution of each period n to the periodicity observed and 2Im(n) will follow a % 
distribution as described. Suppose for example that a DNA sequence is analysed for 
periods of 3, 6, 9, and 12 bases, If the sequence has a simple periodicity 
corresponding to 12 bases a maximum will be seen on an Im(n) spectrum 
corresponding to 12 bases. If the sequence contains periods of 3, 6, 9 and 12 bases 
then the Im(n) spectrum will contain four smaller maxima corresponding to these 
values.

To determine the statistical significance of the overall contribution of each period 
identified in the Im(n) spectrum the spectrum must be represented as a normal 
distribution of argument X. This transfonnation can be performed using equation 7 
(Handbook of applicable mathematics Vol. IV, 1984).

(7)

Here t represents the number of degrees of freedom for Im(n). Since coding regions 
within DNA can have a period equal to 3 bases (von Heijne 1987) the search for latent 
periodicity should therefore be conducted by deducting 1(3,DNA) from all periods 
which are multiples of three. This allows the influence of triplet periodicity to be 
removed from other periods. We have identified periodic elements with I(^n,DNA)- 
1(3,DNA) greater than 5.6X which corresponds to a probability of 10 that the 
periodicity has been caused by random factors.
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RESULTS AND DISCUSSION.

Clones form the EMBL data bank were searched for regions of latent periodicity. 
Clones of less than 1000 bases were not analysed. An artificial sequence of 1000 
residues was compared to the first 1000 bases of the clone. Independent variations of 
the left and right boarders were conducted for each artificial sequence with a period 
from n=2 to n=150. The purpose of the search was to find the DNA region with the 
optimum periodicity and the maximum I(3n,DNA)-I(3,DNA) as described in section 
two. If there was no apparent latent periodicity the artificial sequence was displaced 
100 bases along the DNA sequence. If the region under investigation was revealed to 
have latent periodicity a 500 base displacement was performed. After displacement the 
calculations were again repeated. The full length of the DNA clone was analysed in 
this manner. The results of the analysis indicated that over 30% of the human genes 
(L>1000 bases) within the EMBL data bank have regions of latent periodicity. Three 
regions expressing latent periodicity are shown in Figure 1. The 2r(n,DNA) in Figure 
1 is equal to 2I(n,DNA)-3(n-l). 3(n-l) is subtracted since this is the average 
significance of 2I(n,DNA) when an artificial sequence and a DNA sequence are 
randomly generated and analysed. The sequences that have been identified as 
possessing latent periodicity have a significant period equal to three bases. These n=3 
periods have a 2I(3,DNA) value in the region of 16.3 to 62.6 which corresponds to a 
probability of accidental identification of less than 10’9 to 10' . This background 
n=3 period is characteristic of DNA coding regions but overlying this background 
period are other periods which are multiples of three. In Figure 1 the value of 
2r(3n,DNA) is shown for a region of the A06977 clone (Hinchliffe, 1987); the 
HSFTA clone (Andres el al, 1993) and from the HSPLASM clone ( Browne et al). 
These regions are components of the galactose gene, famesyltransferase gene and 
plasminogen gene respectively. It can be seen from Figure 1 that maxima occur for a 
96 base period (Fig la, galactose) and a 102 base period (Fig.lb, famesyltransferase 
and 1c plasminogen). In Figure 2 the Im(n) spectra are shown. In Figure 2a a maxima 
at 96 bases indicates that this is the main period for this region. In the case of Figure 
2b the lack of any single maximum indicates that in this case the 102 base period is a 
composite of 51 and 102 base periods. Figure 2c shows that the 102 base period is the 
main period but that there are also minor periods of 51 and 84 bases. It should be 
noted that there is no significant homology between any pair of periods in these 
regions.

Earlier methods of periodicity searching have been developed (McLachlan 1977b) but 
those methods were based on writing out the sequence in rows, each row containing N 
columns to detect a period N. The symbols were then organised into two groups based 
on common properties. For example amino acids could be grouped according to their 
hydrophobicity and charge characteristics (McLachlan 1977b). However the 
introduction of a two letter alphabet limits the types of periodic sequence ftiat many be 
identified. If, for example a DNA sequence contained the triplet period 
{(a/c)(t/g/c)(c/a)} and this was analysed using the two letter alphabet A = {a,t} and 
B={c,g} this would only identify the repeat at position Sj. If a new alphabet was used 
A={t,g,c) and B={a} this would identify a repeat at position S2 only. This indicates 
that the introduction of a two letter alphabet to search for periodicity is only effective 
if there is a similar distribution of base types in all the columns. Moreover if triplet 
periodicity is considered for a foue letter alphabet there are many possible
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combinations of triplets with respect to two letter codes and it is difficult to test all 
possibilities.

Some periodic DNA regions have previously been identified (Korotkov and 
Korotkova 1995). Results from the work reported here and previous work have 
showed that no less than 30% of the human genes in the EMBL data bank have regions 
of latent periodicity. Latent periodicity is not the same as homological alternation of 
bases but it may be common to gene families. It may be related to the evolutionary 
origin of genes and have occurred due to the process of multiple duplications in which 
case it provides a reflection of evolutionary events in the gene sequence.
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Figure 1. The dependence of 21' upon the period of the artificial sequence.

The comparison was performed in steps of three bases (3, 6, 9,...., 150) to observe 
multiples of the triplet periodicity. Figure la represents DNA region (1022-1771 
bases) from A06977 clone ( Hinchliffe, 1987); lb represents DNA region (1101-1797 
bases) from HSFTA clone (Andres et al, 1993); and 1c represents DNA region (2725- 
3454 bases) from HSPLASM clone (Browne et al.).
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Length of artificial sequence period

Figure 2. The dependence of X(n) upon the period of the artificial sequence.

The comparison was performed in steps of ^ ’dnA regionYl 022-1771

multiples of the triplet DNA region (1101-1797
toes) from HSFTA clone' (Andr'eseru/., 1993); and 1c represents DNA region (2725- 

3454 bases) from HSPLASM clone (Browne et cl.).
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By using a weighted function and the method of 
enlarged similarity a search has been performed to 
identify mammalian interspersed repeats (MIRs) in 
DNA sequences from the EMBL data bank. The exis
tence of MIRs is shown in coding regions of human 
genes and also in chicken and duck genomes. It is 
possible to conclude from the results obtained that 
MIRs were established in the coding regions of some 
genes and may have taken part in gene evolution. 
Furthermore, MIRs may have been amplified in ver
tebrate genomes before the origin of mammals.

Keywords: MIR repeats, mutual information, gene evolution, 
birds

INTRODUCTION

Mammalian interspersed repeats (MIRs) are 
DNA repeats that have been found in mam
malian and some other genomes both by experi
mental methods and by computer analysis of 
DNA sequences in the EMBL data bank (Degen 
and Davie, 1987; Donehower, 1989; Korotkov, 
1990; Korotkov, 1991; Korotkov, 1992; Smit and 
Riggs, 1995; Jurka, 1995). MIRs are very ancient 
short interspersed elements (SINEs). It has been

shown that MIRs are 260 base pairs in length 
and that their amplification in mammalian 
genomes occurred 130-150 Myr ago (Degen and 
Davie, 1987; Korotkov, 1992; Smit and Riggs, 
1995; Jurka, 1995). The low level of homology 
between sequences makes their identification 
difficult; for example, the PASTA program 
appears unable to detect MIRs in vertebrate 
genomes (Smit and Riggs, 1995; Jurka, 1995). 
The central part of the MIR sequence is the 
purine-pyrimidine mirror reflection of mouse 
B1 repeats although some other mammalian 
repeats have been observed (Korotkov, 1991; 
Korotkov, 1992) which were termed Mirror B1 
(MB1) repeats. In the present study the applica
tion of theoretical methods for DNA sequence 
analysis shows the existence of MIRs in coding 
regions of some human genes and in bird 
genomes. The applied mathematical methods 
developed here can reveal ancient similarity 
between DNA sequences that cannot be found 
using other algorithms that are presently avail
able. The present study implicates MIRs in the 
modification of human genes.

* Corresponding author. Tel.: 7-094-430-32-70. Pax: 7-095-135-05-71. E-mail: korotkov@biengi.msk.su.

31

mailto:korotkov@biengi.msk.su


32 J. S. TULKO et al.

METHODS

1. Search for the MIR Repeats

Previously/ 49 MIRs have been found in the 
EMBL data bank (Korotkov, 1991). These MIRs 
are 150 base pairs in length with the most con
served region containing approximately 80 b.p. It 
was shown that the MB1 repeats identified exhib
ited eroded similarity with each other, i.e. highly 
conserved base positions are alternated with 
variable, eroded base positions. To search the 
data bank for these repeats it is therefore reason
able to apply a weighting function which empha
sises these conserved residues. This allows the 
identification of most of the MIRs in the data 
bank that could not be detected using algorithms 
like BLAST or PASTA (Altshul et al., 1990; 
Pearson and Lipman, 1988).

All 49 MIRs were arranged one under the 
other. If p(i,j) represents the probability of find
ing letter j at position i, where j can be A,T,C or G 
and i represents the position co-ordinate mea
sured from the first base in the 150 b.p. repeat, 
then t(j) can be defined as the probability that 
base j occurs within the MIR sequence based on 
its frequency of occurrence in the set of MIR 
sequences (0 < t(j) < 1):

t(j) = n(j)/N (1)

Here n(j) is the number of occurrences of A,T,C 
and G bases in all 49 MIR sequences, and N is the 
total number of bases from all 49 sequences. A 
weighting, for each base at position i is
introduced as:

w(i,/') = ln(p(L ;)/*(/)) (2)

After the determination of the weighting matrix 
containing elements w(i,j) it is possible to 
search for the presence of MIRs in DNA 
sequences. The first 150 bases were observed 
and the weight, W, of this sequence was deter
mined as:

150
W = (3)

i=i

This is simply the sum of the weightings for the 
base that is present at each position i of the 
sequence. The full sum therefore contains 150 
weightings. The W valu'e permits the selection of 
sequences that could be MIR repeats.

An algorithm was created to generate random 
sequences with a similar base composition and 
dinucleotide distribution to the genome under 
investigation. Random sequences with a total 
length equal to approximately 106 bases were 
studied and the full spectrum of the W value is 
shown in Table I. W values greater than 15.0 were 
not found in the random sequences. Analysis of 
random sequences of length 108, bases did not 
give W values of greater than 19.0. The total 
length of the clones extracted from the EMBL 
data base was less than 108 hence any sequence

TABLE 1 The spectrum of W for random sequences. The left 
column contains the middle value of W in intervals of width 0.7. 
The right column contains the number of sequences of length 
150 bases that have the W in this interval. The total length 
examined was 10 6 bases.

(_co) _ (-0.3750) 1348
0.3250 5131
1.0250 13144
1.7250 28690
2.4250 53643
3.1250 87386
3.8250 122729
4.5250 150475
5.2250 160312
5.9250 151470
6.6250 125054
7.3250 91956
8.0250 59135
8.7250 33572
9.4250 16902
10.1250 7731
10.8250 2961
11.5250 1008
12.2250 317
12.9250 101
13.6250 29
14.3250 4
(14.8500) - («) 2
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which is assigned a value of greater than 19.0 can 
therefore be considered to have a high probabil
ity of being an MIR. All the complete human 
clones from the EMBL data bank were studied 
and the sequences from coding regions with W > 
19.0 were selected for further analysis.

2. Search of MIRs Using the Enlarged 
Similarity of DNA Sequences

The DNA sequences selected on the basis of the 
weighted function given above were searched for 
the presence of an MIR using the mutual informa
tion measure (Korotkov, 1994, Korotkov and 
Korotkova, 1996). Mutual information can be 
taken as a measure of DNA sequence similarity. 
Sequence comparison was performed using an 
alphabet with either four letters or an alphabet 
with two letters: A = {A,G}, T = {T,C}. This permits 
regions of homology to be identified and also 
other similarities to be observed between the 
DNA sequences. For example, purine-pyrimidine 
similarity is one possible relationship between 
sequences that differs from pure homology and 
which can be identified using the two letter alpha
bet. Ancient copies of degenerate sequences 
can therefore be revealed using this method 
(Korotkov, 1991; Korotkov, 1994). Double mutual 
information, 21, has a %2 distribution with either 
nine or one degrees of freedom depending 
on whether the comparison of sequences is 
performed with a four or two letter alphabet 
(Kullback, 1959). A matrix of coincidences with 
dimension (4 x 4) or (2 x 2) is determined for the 
calculation of the mutual information. For the 
four letter alphabet the columns of the matrix rep
resent the bases of the first sequence and the rows 
represent the bases of the second sequence. For 
the two letter alphabet the columns record 
purines or pyrimidines at each position in the first 
sequence and the rows are the purines and pyrim
idines of the second sequence. The level of mutual 
information Icr is chosen so that the probability of 
finding accidental similarity between two com
pared sequences with 21 > Icr is less than 5%.

Vertebrate clones from the EMBL-43 data bank 
were analysed and DNA sequences that gave a 21 
value greater then Icr upon comparison with the 
MIR consensus sequence were selected. The total 
number of independent comparisons made was:

N - Ni{N2/k)2

Where Nj is the sum of the lengths of all vertebrate 
DNA clones from the EMBL-43 data bank, N2 is 
the length of the MIR central repeat that is used for 
the comparison and is equal to 150 b.p. After the 
150 b.p. central repeat was located the left and 
right borders were independently varied in an 
attempt to maximise the level similarity with the 
consensus sequence. This gives a (N2/k)2 coeffi
cient where k is the median measure of the border 
variations, k is equal to 20 b.p. if the (4 x 4) matrix 
is used and 28 if the (2 x 2) matrix is used. 
The p value is found from the equation: 0.05 = 
l-(l-p)N, where p is the probability function for 
accidental alignment and follows a %2 distribution. 
It is possible to determine p and the corresponding 
level of 2Icr. Nj is equal to 6 x 106 bases for the ver
tebrate clones from die EMBL-43 data bank. 2Icr is 
equal to 59 when using a four letter alphabet and 
39 for the two letter alphabet.

RESULTS AND DISCUSSION

Scanning of the human clones in the EMBL data 
bank using the weighting method revealed 
12 MIRs that were contained in coding regions 
of genes and one MIR sequence in the non
coding exon of the c-Src proto-oncogene (Fig. 1, 
Table II). This non-coding region of the c-Src 
proto-oncogene appears to have almost totally 
been created by insertion of an MIR sequence. 
The other MIRs were found in genes for a num
ber of biologically important proteins such as 
the zinc finger gene ZNF2 and insulin-like 
growth factor I. The W value in these cases is 
very high and thus gives an extremely low pro
bability that sequences are not MIRs. The



1 TGACCTGAGG GGCCCCCACA 
CTGGGGATGT GGAGACCCAG 
AGTGTCCCAG CCTCGGGGCC

GTCCTGGGGC CTGAAGCTCT CCTCATACAG 
GCAGGGGCTG TGGCTTGTCC AGGGCCACAC 
ACAGGCTCTG GCQAATTCTC CACGGGTCCC

1839«=1690

2 . AGTAAC CATC 
AAGAGGAAAT 
AGCAAGCACC

CTGTAATGTG GGTATTATCA TCAATATACC CATTTTACAG 
ATAGGCCTGG AAAGGTCAAG GGACTTACCC AAGGTCACAC 
CCACCCGCTC ACCCACCTCC TGCCTTTGCT TCTACCCCTG

19461^19312

3 . AGTGCTGGCA
AAGGGGAAAC
AGCAGGTCCA

AGGCACTCAG AGTTAATAAG TCCGACTTAT TCATTTTTTG 
TGAGGCCCAG AGAGGGTGAG GGATTCCTCC AAAGCCTCAT 
ATGCAGAGCC AGGGCCATAT ACTGGCACAC ACACGTGGCC

1260<=1111

4. GAAGCAACTT
ATGAGGACGC
AGCGGGGAGA

GCCCAGCTAT GAGAGAGACA GAGCCAGGAT TTGAAACCAG 
TGAGGCCCAG AGAGGGAAAG CCACTTGCCT AGGGACACAC 
GGTGGAGCAG GGCCTCTATT TCGAGACCCC TGACTCCACA

129=>278

5

6

GTGAGCTTTA
ATGAGAAAAG
CCCTAAGTGG
1074«=925

TTGGCTCATT AGCCCGCACG GCATCAGCCT GGTTTTACAG 
TGAGGGTCAG GAATGTGAAA TGGCCCGCCC AAGGCACACT 
CAGAACCACG CGGAAAGCAC AGCCCTGACT CCACCCCGGT

CCAGGAGGGC
ACGAGGAGAC
AGCAAGTCAG

CTCATCTGCA CCTGGCCGCG GCCGGGCAAG GCGTTCACAG 
CGAGGCCCAG ACAGGGGAAG GAAGTTGGCC CAGGTCACCC 
TGGTAGAGGG CATCTCCTCC CAACCAGGCA ACTCCCCGAG

1497=>1647

7 . TGACCTGAGG
CTGGGGATGT
AGTGTCCCAG

GGCCCCCACA GTCCTGGGGC 
GGAGACCCAG GCAGGGGCTG 
CCTCGGGGCC ACAGGCTCTG

CTGAAGCTCT CCTCATACAG 
TGGCTTGTCC AGGGCCACAC 
GCCAATTCTC CACGGGTCCC

1965=^2114

8. TATAC CAC C C 
ATGAGGAAAC 
AGTGGTGAGT

CTTTGAGGTA GGTAGATGAC ATATTGCCCC CATTTTGCAG 
TGAGGCACAG AGAGGTGAAG TGACTTGCCC AAGGTCACAC 
CCATGACACA GCTGGCAGAT GTTCATTTCT TCCATGAGAA

1873=^2022

9 . TTCCTCCAGA GCCCTACTCT ATAAGTACCA 
GTGAAGAAAT GGAGGCCCAG AGAGGTAAAG 
AATTAGAAAC AGGGCTGGAG TCAGAATCCA

TTTTTATGCT TCTTTTTCAA 
TGACTTGCCC GAAGTCTCAT 
AGCTCCAAGG CCCACGCTCC

4358=^4507

10.ACAGCTGAAA 
TTGAGCAAAC 
AATAAGCCAC

GACAGTAAAG ACCATTTAGT 
TGAAGCCCAC AGAGGTGGAA 
TGGTATCTGG GGGACTAGAA

CCTCACCTTC TGTTTTAGAG 
CTTAATTACC TAAGAGCCAC 
CACAAATAAT TGCTTTTCCC

729<=580

11.CCCCCACGAG 
ATAGGGAAAC 
GGCTAGGAAG

GTTGACCCCG TCATTATGTT AGAGATTATG ATTTTCCAC 
TGAGGGTCAG GGGTGTTAAG TGACTCACCC AGGTCACAC 
TTGCTGCACG CTCCTATGCT CCATTTCCTC GGGTGAGAA

1779^1928

12.AGCTTTTCTC 
CTGGGAAAAC 
AGCAAGTCTG

TTCTGCTTCA CACAACTTTG TGAGATAGCT TTTTCATAG 
TGAGGCCCAG AGAGGTCGGC ACACTGGCCT AGGTCACAC 
TAGGGCTGGG AGCCGAGGGA AGGGCAAAGG GTCCCCCGG

639<=490

13,TCCTGTCACC
atgagcaccc
AGCTGGTAAA

AACCATATGA AGTAGGCACT GTTACCATCT CATCTCCAG 
TGAGGTTTAG AGAGATTAAA TGACTTGCCC AGGTGAACC 
AGGTGATGCC AGGTCTTGAA GACAGGTCCA CTTCAAAAT

2223=>2372

FIGURE 1 
correspond

-he secuences of MIR repeats that have been found in coding regions. The numbers assigned to the sequences (1 to 13) 
) the numbers in Table Ih The numbers after sequence show the co-ordmates of the MIR sequence in the

34
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TABLE II The MIR Repeats from Coding Regions of Some Human Genes

No. Identifier of 
the clone

The gene names and the 
coordinates of coding regions 

where MIR is found

W The MIR 
sequence 
direction

References

1 HS04357 Human arginine vasopressin receptor 
type II, V2 antidiuretic hormone 
receptor (AVPR2) gene, exon
448..2082

20.6 Wildin et at, 1994

2 HSAE1ERY Human anion exchanger (AE1) gene, 
exon 18854..21006

27.9 Sahr et at

3 HSCSF1R03 Human colony stimulating factor 1 
receptor (CSF1R) gene, 
exon 20..2125

23.6 Roberts W. M. et at, 1988

4 HSCSRCON A Human 5' non-coding end of the 
c-Src proto-oncogene, exon
103.,178, exon 179..347

21.9 Bonham and Fujita, 1993

5 HSDBH12 Human dopamine beta-hydroxylase, 
mRNA 10..1022

20.9 => Kobayashi et at, 1989

6 HSDNA59A Human 59 protein mRNA < 1..1662 21.8 => Shaw et at, 1993
7 HSDNAPRA G Human vasopressin receptor V2 gene 

exon 1613..2276
20.5 =i. Seibold et at, 1992

8 HSIGFACI Human IGF-I mRNA for insulin-like 
growth factor I, exon 569..7236

31.5 Steenbergh et at, 1991

9 HSLIMGP Human lens fiber cell intrinsic 
membrane protein (mpl9) gene, 
exon 1..8540

25.5 => Church and Wang, 1993

10 HSMAOB15 Human monoamine oxidase B 
(MAOB) gene, exon 10..1013

20.6 Bach et at, 1988;
Grimsby et at, 1991

11 HSPROPG Human gene properdin, 
exon 745..1921

26.4 => Nolan et at, 1992

12 HSROKR7 Human urokinase-type plasminogen 
receptor, exon 140,.> 702

23.1 Casey et at, 1994

13 HSZNF2 Human zinc finger gene ZNF2 
exon 671..3823

23.0 => Rosati et at, 1991

weighting method appears to be good for 
revealing MIRs, presumably because MIRs are 
very ancient repeats and so do not contain long 
regions of homology or long regions with 
enlarged similarity. Only a few bases appear 
conserved and these are dispersed throughout 
the MIR sequences thus making detection diffi
cult, yet if these conserved sites have a large 
enough weighting, then the total sequence 
can be identified as an MIR. The weighted func
tion method therefore allows similarity to be 
detected based on a consensus sequence from 
the set of 49 selected MIRs, if a limited number 
of dispersed sites are conserved.

Alu msertions have previously been found in 
gene coding sequences (Maraia, 1995) although

the Alu family is younger than the MIR family 
and there are few known cases of Alu insertion. 
It is therefore interesting to note that the intro
duction of MIRs has occurred in coding and non
coding DNA sequences thus indicating that 
insertion of MIR sequences was not dependent 
on gene function.

It is difficult to assign a function to the genes 
prior to the introduction of MIRs but it is possible 
that gene function was changed by this event. 
The development of MIRs may have provided a 
means by which new DNA sequences could be 
introduced into genes and may have led to gene 
and genome evolution.

Figure 2 shows the 150 bases of the central part 
of the MIR consensus that includes the MB1



36 J. S. TULKO et al.

so 60 70 80 90
TGCCTGGGTTCGAATCCCGGCTCTGCCACTTACTAGCTGTG-TGACCTTGGGCAAG

1. tgaagtggaaactctgaaaaattctgattctggctccactg-ttgtggttttgtac
2 . caaggatgtagaatccGGTCGGTTCGGTGACTGAGAGATCC-GGTGGAGTGTGTCC
3. ttcacgagtaaatgtcgaagtcaacgtatcGTTGTCGGTGT-TGTCAAACTCGTCT
4. ccgaagaaaatgCtgtgtcatCAGTGTCGGGTAATCTTTGTACTCGACGTTT
5 . ATGAGTTTGGCTTTGTACTCTGTAGAGTTGTCTAGTCGTGT-GTCCAGCCCTCTTA
6. ccaacctgtctttagcaatcgtccctgaaaactggtgggga-gtgatATCCTGGTC

ttacttaacctctctgtgcctcagtttcctcatctgtaaaatggggataataatag

1 aagtggttcgtgttaccGCCTCAGTTTCCCCATCTGTAAAATGGGACTAATA- - -G

2 TACGGACTGAAGGAACACAAAGTCAGTGGGA'TTGACCTTTCGCCggtcagacaCCt
3 . AATAAARRCAGTCAATGTATCCCGGGGGAGGTAAACATCTTCTCCCAGTGGTTACT

4 _CAGGTTTAAAATATTTTGTGTCGATAAAATGGTTGTTTCCTTTTTGTCATCcat
5 ’ TGTAAGTTGGGGAGACTTAGAGTCAAGGTGATAGGCATACTtacttgtaataaaga
6 . GTAGGAGTATGGAGACATGGAGACTGTGGAAAAAACTGGTGACCTATGGTGGTAGA

160 170 180 190
tacctacctcatagggttgttgtgaggattaaatgagtt

1. CATCTACCT—CAAGGTCGTTgagagtgctaagcaggca
2. ttagactcttaggtagttcgactcgaagggtctctctgt
3. ccccgaaaacttccggaatgagaacgagggtcgtcgctc
4. agtctatgtgattcctttgatttggttcttacgtcttcg
5. agatgcttcatgatcacaaagtgatcattttttttttat
6 GTAATTGGGAGTTTACAAAAAAGGACCCTGGGGTCGAAA

repeat consensus sequence (Korotkov, 1991, Smit 
and Riggs, 1995). The sequences detected m 
chicken and duck genomes are shown under 
the MIR consensus sequence. Co-ordinates for the 
identified sequences are shown in Table HI. The 
sequences are found as either correct or inverted 
copies. The MIR sequences (Fig. 2) identified are 
shown in capitals and the flanking regions are 
shown by small letters. Two sequences with high 
levels of homology with the MIR consensus

sequence were found in the chicken genome. The 
first sequence is contained in the 5 -flanking non
coding region of the GGFASA clone (Kasturi 
et al, 1988). The second sequence is revealed in an 
intron of the GGTGFB3A clone (Burt et al, 1995). 
The homology level between the consensus MIR 
and the sequence from the GGFASA clone is 90 A 
and 60% for the sequence from the GGTGFB3A 
clone. The regions showing a relationship with 
the MIR consensus sequence are 55 and 83 base
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TABLE III Co-ordinates of MIR sequences found in verte
brates clones. The symbol => indicates a direct copy of the MIR, 
the symbol 4= indicates an inverted copy of the MIR.

Number of
MIR repeat

Clone
idendifier

Co-ordinate sequence 
in clone

1 GGFASA 4283-4337
2 GGTGFB3A 2420-2338 <=
3 GGBABA3 1075-995 <£=

4 GDLIPLIP 8299-8218 <=
5 APLDHBC 1890-1795 4=

6 CPPOLIII1 826-723 <$=

pairs receptively and have 21 for %2(9) equal to 106 
and 66 respectively. The sequence from GGFASA 
is similar to the MIR sequence but contains two 
deletions of lengths three and two bases. Without 
these deletions the region of similarity has a 
length of 35 bases with %2(9) = 77. The clones 
GGBABA3 (Wirz et al, 1990), GDLIPLIP (Cooper 
et al, 1992) and APLPHBC (Kraft et al, 1993) 
(duck genome) contain a purine-pyrimidine copy 
of the MIR consensus. They have 67, 67 and 77 
coincidences of purines and pyrimidines over 
lengths equal to 81, 82 and 96 b.p. The level 
of 21 for %2(1.) is equal to 39.5, 52.5 and 41.0, 
respectively. In all cases the purine-pyrimidine 
copies are observed in noncoding regions of the 
clones.

A repeat was also identified in the newt 
CPPOLIII1 clone (Nagahashi et al, 1991) with 
the MIR consensus sequence showing 21 = 60 
for a %2(9) distribution. The repeat from the 
newt genome originated from the Glu tRNA 
(Nagahashi et al, 1991). This confirms the simi
larity of the MIR sequence to the tRNA sequence 
as previously shown (Smit and Riggs, 1995).

In summary the present study shows the pres
ence of MIRs in human gene coding regions and 
in bird genomes. MIRs have not been found using 
these methods in clones of the other vertebrates, 
invertebrates and prokaryotes from the EMBL-43 
data bank. It is possible to conclude from these 
results that MIRs were created in the Palaeozoic 
era approximately 150-180 Myr ago in the ancient 
vertebrate genomes before mammals diverged.

MIRs could have been amplified in the ancient 
vertebrate genomes and there could have been 
waves of amplification elsewhere in the develop
ment of mammalian genomes.

The number of MIRs in the chicken genome 
may be estimated to be in the order of thousands 
considering the length of the chicken clones from 
the EMBL data bank. This is about 100 times less 
than the number of MIRs in the human genome 
(Korotkov, 1990; Korotkov, 1991; Smit and Riggs, 
1995; Jurka, 1995). Therefore, it is possible that 
MIRs have undergone waves of amplification to 
produce the observed number of approximately 
3 x 105 MIRs.
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Abstract. A new method for looking at relationships 
between nucleotide sequences has been used to analyze 
divergence both within and between the families of 
isoaccepting tRNA sets. A dendrogram of the relation
ships between 21 tRNA sets with different amino acid 
specificities is presented as the result of the analysis. 
Methionine initiator tRNAs are included as a separate 
set. The dendrogram has been interpreted with respect to 
the final stage of the evolutionary pathway with the de
velopment of highly specific tRNAs from ambiguous 
molecular adaptors. The location of the sets on the den
drogram was therefore analyzed in relation to hypotheses 
on the origin of the genetic code: the coevolution theory, 
the physicochemical hypothesis, and the hypothesis of 
ambiguity reduction of the genetic code. Pairs of 16 sets 
of isoacceptor tRNAs, whose amino acids are in biosyn
thetic relationships, occupied contiguous positions on the 
dendrogram, thus supporting the coevolution theory of 
the genetic code.

Key words: Comparative analysis — tRNA — Mo
lecular evolution — Origin of the genetic code

Introduction

Transfer RNAs have been central to the development of 
the genetic code into its current state and have therefore

Correspondence to: M.B. Chaley; e.mail: chaley@biengi.msk.su

become the focus of discussions on the main reason for 
its establishment (Szathmary and Zintzaras 1992; Di Gi- 
ulio 1994, 1995). The discussions have revolved around 
the biosynthetic relationship between amino acids 
(Wong 1975; Taylor and Coates 1989) and their physical 
and chemical properties (Sonneborn 1965; Woese et al. 
1966a, b). Because of the importance of tRNAs as adap
tors for the genetic code, they have been chosen to in
vestigate its origin (Fitch and Upper 1987). In spite of 
structural conservatism, transfer RNAs (tRNAs) contain 
enough sites of information (52 of the total length of 76 
bases) for comparative analysis (Eigen et al. 1989), and 
indeed tRNA sequences have been popular objects for 
such analysis. The first phylogenetic trees of isoaccept
ing tRNAs have already shown the divergence of tRNA 
sequences among different species (LaRue et al. 1979). 
The construction of a phylogenetic tree for the VAL and 
GLY superfamilies of tRNAs has shown that tRNA di
vergence followed the divergence of anticodons and later 
the divergence of species. The evolution of transfer 
RNAs has been considered in detail by Cedergren et al. 
(1981). By comparing known tRNAs and their genes, the 
conservative cloverleaf structural elements in each isoac
ceptor tRNA family and archetypical features in all fami
lies have been revealed (Nicoghosian et al. 1987). A new 
method (Eigen et al. 1989) has suggested that, at the 
moment of archaebacteria and eubacteria division, the 
level of divergence between the tRNA sequences was 
already equal to one-third of the current level of tRNA 
divergence (Eigen et al. 1989). This method of statistical 
geometry in sequence space has been offered as a more

mailto:chaley@biengi.msk.su
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Table 1. The number of investigated isoacceptor tRNAs and tRNA

genes*

Amino
acid

Number of
isoaccepting
tRNAs Anticodon

Number of tRNAs 
with identical 
anticodons

Amino 
acid codon

Ala 46 UGC 33 GCA
IGC 8 GCU
CGC 3 GCG
GGC 2 GCG

Arg 40 ICG 16 CGU
CCG 5 CGG
UCG 2 CGA
GCG 2 CGC
ucu 11 AGA
ecu 4 AGG

Asn 28 GUU 28 AAC
_ ___ AAU

Asp 26 GUC 26 GAC
_ — GAU

Cys 10 GCA 10 UGC
_ ____ UGU

Gin 25 UUG 15 CAA
CUG 10 CAG

Glu 34 UUC 21 GAA
cue 13 GAG

Gly 46 GCC 21 GGC
UCC 16 GGA
ccc 9 GGG

■ ___ _ GGU

His 23 GUG 23 CAC
____ CAU

He 30 GAU 12 AUC
CAU 10 —
IAU 6 AUU
UAU 2 AUA

Leu 61 CAG 18 CUG
UAG 12 CUA
1AG 5 CUU
GAG 2 cue
UAA 12 UUA
CAA 12 UUG

Lys 42 UUU 22 AAA
CUU 20 AAG

Met 25 CAU 25 AUG

Metf 46 CAU 46 AUG

Phe 39 GAA 39 UUC
_ ___ UUU

Pro 42 UGG 24 CCA
CGG 7 CCG

IGG 7 ecu
GGG 4 ccc

Ser 62 UGA 18 UCA
IGA 15 ucu
CGA 14 UCG
GGA 5 UCC

GCU 10 AGC
____ AGU

Thr 34 UGU 14 ACA
GGU 9 ACC
CGU 6 ACG
IGU 5 ACU

Trp 20 CCA 18 UGG
UCA 2 —

Tyr 35 GUA 34 UAC
CUA 1 —
___ ____ UAU

Table 1. Continued

Amino
acid

Number of
isoaccepting
tRNAs Anticodon

Number of tRNAs 
with identical 
anticodons

Amino 
acid codon

Val 42 IAC 14 GUU
UAC 12 UUA
GAC 8 GUC
CAC 8 GUG

* Distribution of anticodons corresponding to the codons of amino ac
ids Anticodons and codons are represented in a 5' to 3' direction. If the 
I base is shown at the first position of the anticodon, it means that the 
A base was present in the original tRNA gene sequence.

reliable means of revealing hidden kinship between 
nucleotide sequences (Eigen et al. 1988, 1989), but any 
new method which provides insight into earlier relation
ships between tRNA species and the evolutionary diver
gence of these sequences is of importance. This paper 
describes a method for studying relationships between 
nucleotide sequences and gives insight into the evolu
tionary divergence of tRNA families and their relation
ship with the genetic code.

Materials and Methods

The sequences were taken from a compilation of tRNA sequences and 
tRNA genes from the EMBL database (Steinberg et al, 1993). The 
sequences were aligned according to the standard cloverleaf structure 
The modified RNA bases were exchanged for the original unmodified 
form. The tRNA sequences whose anticodons imply a binding wi 
known exceptions to the universal genetic code (Osawa et al. 1992), 
were excluded from the comparative analysis. According to the mecha
nisms of “codon reassignment” (Osawa and Jukes 1989) and “codon 
swapping” (Szathmary 1991), these exceptions are due to later events 
in genome evolution rather than the original correspondence which was 
established between codons (anticodons) and amino acids. tRNAs of 
cellular organelles were also excluded from the analysis based on the 
symbiotic theory of the organelle origin (Alberts et al. 18
reasonable to assume that the evolution of cellular organelle tRNAs 
imphes an individual character and should be studied separately. This 
is supported by the fact that mitochondrial tRNAs often have nonstan
dard secondary structures (Cedergren 1982) and show deviations from 
the universal coding (Osawa et al. 1992). The accession codes for the 
sequences used in the present analysis are given in the Appendix.

Isoacceptor tRNAs and their genes were put into distinct sets ac
cording to their different amino acid specificities. Elongator and ini
tiator methionine tRNAs were also divided into separate sets. Table 1 
gives the number of the sequences in each set and distribution of 
anticodons within the sets. It is noticeable that anticodons span the 
whole table of amino acid codons. Table 2 shows the distribution of the 
sequences among kingdoms of protista (viruses, archaebactena, and 
eubacteria are represented separately), plants, and animals. As can be 
seen in most cases each set contains representatives from ah kingdoms. 
The method developed here for observing the relationship between 
nucleotide sequences can be described as follows.

Generalization of Relationships Between the 
Nucleotide Sequences

(1) The nucleotide sequences of tRNAs and tRNA genes have been 
compared in pairs within each set and between the sets of different
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Table 2, Numbers of representatives of all kingdoms of living organisms for each set of isoaccepting tRNAs and their genes: The order of the 
sets from left to right follows the dendrogram in Fig. I

Gin His Pro Ser Leu Gly Glu Asp Cys Trp Arg Val Ala Metf Tyr Thr Met He Phe Asn Lys 

2

Gin His Pro Ser Lei

Viruses 2 1 4 3 2
Archaebacteria 3 4 6 7 11
Eubacteria 8 8 16 17 28
Protista 6 5 3 14 6
Plants — 1 3 9 1
Animals 6 4 10 12 13

21
1
4

10

5 
10
6 
3

10

1
5

15
10

1

1
7

12
7
2

13

2
15
17
5 
1
6

1
7 

13
8 
5

12

3
9
6

10
7

2
7

16
5

2
4

10
2
3
4

2 — 

4 3
17 11
4 6
1 6 
2 13

1
5

10
5
2
5

1
5

11
8
1
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amino acid specificities. The similarity measure obtained by pairwise 
comparison was twice the value of the mutual information measure, 
(2/), as defined in Eq. (1).

/ 4 4 4 4 \
= 2 ( ^nmij ~ 2/ Wjliun, - ■ +LlnL ) (1)

\;=iy=i .=i i J
A 4

L = 2'»/ = 2'»y (2)
/“l J=l
4 4

o)

Here my are the elements of the base coincidence matrix denoted M. 
Matrix AT is a 4 x 4 matrix which contains numerical values for all 
coincidences among A, G, U, and C bases, when two tRNAs were 
compared. It has been shown that 21 has a y2 distribution with nine 
degrees of freedom (Kullback 1958). This permits the statistical sig
nificance of any similarity to be ascertained,

Then, a matrix Rxz was formed containing measures of the simi
larity between tRNA pairs for each pair of sets (A' and Z). This was 
filled according to the results of the comparative analysis, with the 21 
values forming the elements of the Rxz matrix.

(2) As shown in Table 1, the sets with different amino acid speci
ficities contain unequal numbers of sequences. Consequently, the Rxz 
matrices for pairwise comparison of die sets had different dimensions. 
The similarities between tRNA sets were analyzed via integration to 
allow a comparison independent of the dimensions of die Rxz matrixes. 
The distribution of the 21 value was considered over the following 12 
intervals:

[0,20), [20,25)......... [60,65), [65,70), [70,+°o) (4)

The distribution of die experimentally determined frequencies of the 2/ 
value over the intervals are denoted/„, « = 1, ..., 12. Theoretical 
probabilides e„ that the 21 value belonged to each interval were calcu
lated by integration of the probability density of the x2 distribution with 
9 df. The measure of an interrelationship between two sets of tRNAs, 
i,e„ the deviadon of the comparison matrice Rxz from a matrix showing 
accidental alignments, was given by

Here Kxz is the product of column and row numbers of matrix Rxz 
corresponding to the pair of tRNA sets: X and Z. r is the number of 
discrete intervals of 2/ value, with r = 12 in this case.

(3) It has been shown that the 2^ value is distributed as x2 with 
(>■ - 1) degrees of freedom (Kullback 1958). This allows the introduc
tion of Gxz as a measure of the interrelationship between tRNA sets. 
This measure is independent of the dimension of the comparison matrix 
Rxz-

' 2Fvz
Gxz ~ is K0 (6)

fi-xz

Here K(J is a mean volume for the comparison matrix among all pairs 
of tRNA sets. We consider K0 ~ 1296 in further calculations.

(4) To represent relationships between the sets of isoacceptor 
tRNAs more adequately, the x2 distribution with 11 df was transformed 
to the standard normal distribution by the formula

Nxz = (2Ga.z)i/2 - (2r — 1)1/2 (7)

(5) Finally, the strength of the relationship between a pair of tRNA sets 
has been represented as an argument of the standard normal distribu
tion. All such relationships have been placed in matrix N(x,z)—a simi
larity matrix for the 21 sets of isoacceptor tRNAs. The N(x,z) matrix is 
given in Table 3. Using the well-known algorithm for cluster analysis 
by “nearest neighbor” (Duda and Hart 1973), a dendrogram based on 
the N(x,z) similarity matrix has been constructed. In constructing the 
dendrogram, the arguments of the normal distribution were expressed 
to three significant figures. Each set was drawn as a separate branch. 
Each branch of the dendrogram was continued horizontally to the mark, 
which was equal to the measure of the similarity between the sequences 
within one set (see Fig. 1).

Results and Discussion

Using mutual information [21 value, introduced by for
mula (1)] as a basic measure of similarity between se
quence pairs allows phylogenetic reconstruction without 
the need to assume a constant rate of mutations in all 
branches of a phylogenetic tree. This approach does not 
focus on the number of different nucleotides between the 
sequences since relationships between them are mea
sured by summarizing all possible nucleotide coinci
dences. This provides greater insight to the similarity of 
nucleotide sequences in comparison to the commonly 
used approach of representing similarity in terms of per
centage homology. Further, this method allows a statis
tical measure to be assigned to each pairwise comparison 
of groups of sequences for different isoacceptor tRNAs 
independent of the groups’ size [formulas (5)-(7)].

A dendrogram, showing the interrelationships among 
the tRNA sets with different amino acid specificities, is 
shown in Fig. 1. The interrelationship values are given as 
arguments of a normal distribution ranging from 195 to 
330 units. The arguments for a normal distribution be
longing to such an interval have corresponding probabili-
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Table 3.
sets)*

Ala
Arg
Asn
Asp
Cys
Gin
Glu
Gly
His
He
Leu
Lys
Met
Metf
Phe
Pro
Ser
Thr
Tip
Tyr
Val

A matrix of generalized interrelationships among
21 isoacceptor tRNA sets (methionine tRNAs are divided into initiator and elongator

Ala Arg Asn

309.88 205.09 178.26
275.27 • 233.60

309.07

Asp Cys Gin

182.26 128.68 158.99
180.99 165.03 181.95
198.29 158.84 171.54
281.85 123.82 166.44

242.13 162.57
238.28

Gly His He LeuGlu

145.60
163.50
168.12
250.90

95.75
184.47
267.34

212.71
200.78
166.39
218.58
162.59 
152.38 
197.96 
279.17

144.35
164.86
181.72
195.09
165.12
187.21
188.74
195.96
254.56

255.42'
229.58
259.85
167.84
154.21
173.56
146.46
180.66
146.92
315.68

132.52
156.90
139.03
102.65
170.80
164.99 
127.12 
168.83 
179.36
152.99 
267.15

ties of accidentally establishing relationships between 
the set pairs which are less than lO-8. A difference be
tween the interrelationship values of even one unit leads 
to a difference in the probabilities of more than one order 
of magnitude. It can be seen that the sets of lysine and 
elongator methionine tRNAs contain the most closely 
related sequences.

Two processes have accompanied the development of 
current isoacceptor tRNA sets. The first is the evolution
ary differentiation of molecular adaptors into sets of 
high-specificity molecules which concentrate amino ac
ids. The second process is that of species evolution, 
which would have influenced the levels of interrelation
ships both within and across the sets. Usually, by con
structing a common ancestral sequence, the influence of 
species evolution is reduced to a minimum in the se
quence phylogeny (Fitch and Upper 1987; Di Giulio 
1995). Then trees of ancestral sequences can be con
structed in accordance with the hypothesis under inves
tigation, but statistical testing of phylogenetic hypotheses 
is complicated due to the vast number of all possible 
trees, which consist of the same number of taxons. The 
number of unrooted trees of n taxons has a value of 
n(2i - 1), i = 1,. ..- 2) (Fitch and Margoliash 
1968). The approach used in the present work avoids the 
need for the reconstruction of an ancestral sequence for 
each set of isoacceptor tRNAs. Nevertheless, the analysis 
given below provides evidence that the generalization of 
interrelationships across the nucleotide sequences 
smoothes the influence of species evolution. First, con
sider Table 2. The 21 tRNA sets are shown, along with 
the number of tRNA representatives from each kingdom:

viruses, archaebacteria, eubacteria, protista (excluding 
the last three groups), plants, and animals. The tRNA sets 
in Table 2 go from left to right as they are arranged in 
Fig. 1. There is no obvious relationship between the 
number of representatives from each kingdom and the 
arrangement of the tRNA sets in the dendrogram. This 
may imply that the order of the tRNA sets in the den
drogram reflects mainly the evolutionary process, which 
formed tRNAs of precise amino acid specificities. Sec
ond, in Fig. 1, it can be observed that the lower the 
strength of the internal relationship between tRNAs in a 
set, the less the isoacceptor tRNA family is related to 
other tRNA sets. Naturally, the more ancient the se
quences of the isoacceptor tRNAs, the more divergence 
they show between themselves. Furthermore, their rela
tionships with other isoacceptor tRNAs, which were 
formed later, are weaker. It may therefore be supposed 
that the dendrogram in Fig. 1 correctly reflects the order 
of tRNA evolution.

Being the molecular adaptors between the genetic 
code and the amino acid sequences of proteins, transfer 
RNAs, surely, must bear some traces of evolutionary 
structuring of the genetic code. So the dendrogram of 
interrelations between the sets of isoacceptor tRNAs is 
supplemented with a scheme-table of amino acid codons 
in Fig. 2. Moving from top to bottom, specific codons in 
Fig. 2 repeat the arrangement of tRNA sets in Fig. 1 from 
left to right. The codons of amino acids, in which the first 
two bases differ only by transitions, are distinguished by 
separate boxes. The first column in the scheme-table in 
Fig. 2 includes the first two bases of the codons; the 
second column contains the third codon base. Amino
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Table 3. Extended

Lys Met Met,- Phe Pro Ser Thr Trp Tyr Val

Ala 207.40 217.93 167.45 208.24 204.51 157.82 237.14 193.47 172.40 246.08
Arg 243.60 206.67 173.25 209.12 177.09 183.37 218.61 234,08 184,36 191.45
Asn 279.54 229.02 208.98 235.77 148.77 176.52 245.75 189.20 230.61 186.77
Asp 192.77 161.91 132.97 143.33 174.62 129.64 173.74 171.56 177.46 207.00
Cys 163.59 153.65 152.81 222.13 134.82 206.65 178.91 185.83 207.70 134.55
Gin 178.85 168.76 171.85 136.95 180.93 162.66 156.86 195.20 175.28 159.29
Glu 188.76 159.24 140.00 103.02 162.35 121.84 152.75 139.67 135.66 180,87
Gly 207.07 177.25 132.75 213.38 170.27 154.08 204.67 200.37 162.27 209.18
His 169.65 150.21 115.10 195.59 162.47 154.65 168.24 147.48 185.61 142.99
He 267.13 267.98 220.36 237.94 187.23 172.91 250.04 . 209.18 216.17 236.10
Leu 185.41 198.10 190.66 206.78 163.25 207.22 170.82 183.85 178.09 129.66
Lys 330.13 265.93 193.56 270.76 173.70 188.91 266.15 224.22 226.85 186.20
Met 274.11 261.75 240.18 174.73 182.88 236.72 215.17 198.20 210.98
Metf 330.48 194.17 163.57 162.78 176.86 172.86 170.92 172.92
Phe 322.67 152.78 188.16 240.11 205.93 262.64 212.26
Pr 254.34 140.71 175.85 169.61 144.90 192.30
Ser 258.54. 189.90 203.89 190.90 145.90
Thr 278.57 203.10 200.59 204.13
Trp 263.61 198.08 177.20
Tyr 282.64 159.62
Val 274.44

a The interrelationship values are given as the arguments for a standard normal distribution. The matrix is symmetrical relative to its two main 
diagonals.

m ZOO 207 214 221 22S 235 242 249 256 263 270 277 284 291 298 305 312 319 326 333

ASN-309
PHE-323

ILE-316
MET-274

THR-279
TYR-283

METf-330

CYS-242
ASP-282

LEU-267

PRO-254
HIS-255

GLN-238

Fig. 1. A dendrogram constructed on the N(x,z) matrix (Table 3) of 
generalized interrelationships between the isoacceptor tRNA sets. The 
method of clustering is nearest neighbor (single-link). Values of inter
nal and external relationships are the arguments of standard normal

distribution. The horizontal growth of each branch is terminated on the 
level of the generalized interrelationship value within the isoacceptor 
tRNA set. The values of internal relationships are present on the same 
line together with the set's name. See text for further explanation.

acid names are in the third column. In the case where a 
codon might have previously been assigned to another 
amino acid, the name of that acid is shown in parenthe
ses. Capital letters C, P, and R in the fourth column mark 
the clustering of amino acid codons (which is the same as 
for the sets of isoaccepting tRNAs in Fig. 1) in accor
dance with the three main hypotheses on the origin of the 
genetic code. “C” corresponds to the coevolution hy
pothesis (Wong 1975); “P,” the physicochemical hy
pothesis (Woese et al. 1966a); and “R,” the hypothesis

of ambiguity reduction of the genetic code (Fitch and 
Upper 1987). Leucine codons are listed to the right of the 
scheme-table in Fig. 2 because transfer RNAs of leucine 
and serine, according to the dendrogram in Fig. 1 (see 
also Table 3), have the same value for relationships be
tween themselves and with other isoacceptor tRNA sets. 
Though clustering of the tRNALEU and tRNASER sets is 
not in agreement with any of the three hypotheses men
tioned above, it is quite natural from the point of view of 
a united box of PyPyN codons. The stop- codon UGA is
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CA A GLN C PR
CA G GLN C PR
CA U HIS C P R
CA c HIS C PR
1------
CC A PRO C *
CC G PRO C R
CC U PRO C »
cc c PRO C R —

UC u SER c PR CU A LEU uu A LEU

UC r SER C p R CU G LEU . UU tr LEU

UC A SHR C PR CU U LEU' uu u

UC a SER C PR CU c LEU uu 1 (LRU) PHE

AG U SER C p
AG c SER c p
AG A (SERIARG c p
AG G (SHRIARG c p
GG U GLY c p
GG c GLY c p
GG A GLY c p
GG O GLY c p
GA u ASP c p R
GA c ASP c p R
GA A GLU c p p R
GA G GLU c p p R
i

DC
UG
CC
CG
CG
CC o

CYS
TRP
ARO
ARG
ARO
ARO

UC |A ISTOP

GU U VAL C
GU 0 VAL c
GU A VAL C
GU G VAL c
GC U ALA c
GC c ALA 1 c
GC A ALA C
GC G A1A c

Iau lo l(MFO mett UA U TYR
UA G TYR
UA A STOP
UA G STOP

AC IJ niR c
AC C THR c
AC A THR c
AC G THR c
AU U ILE c R
AU C ILE c R
AU A ILE c R
AU G MET c R
i
UU V rim
uu C PHE

AA u ASN c P K
AA c ASN c p R
AA A I.YS CP R
AA G LYS cp R

Fig. 2. A scheme-table, where amino acid codons range from top to 
bottom in the same order as the sets of isoacceptor tRNAs in Fig. .1 go 
from left to right. Codons and names of amino acids occupy the first 
three columns in the table. If a codon might have previously been 
assigned to another amino acid, then the name of that amino acid is 
shown in parentheses. Boxes divided by arrows include ammo acid 
codons, which differ by transitions. Separate columns of capital

letters denote the codons clustering in accordance with the coevolution 
hypothesis (C), the physicochemical hypothesis (P), and the hypothesis 
of ambiguity reduction of the genetic code (R). Each column represents 
one cluster. Leucine and UGA stop codons are shown to the right to 
simplify the clustering pattern of the other codons. However, placing 
the UAN codon box at the right emphasizes the interruption of the 
APyN codon box assimilation, See text for discussion.
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also listed at the right of the scheme-table to allow more 
convenient analysis of amino acid codon clustering, The 
box containing codons for tyrosine and two stop- codons 
is similarly displaced to emphasize its role in interruption 
of the AYN codon cluster.

The codon clustering in Fig. 2 is now considered with 
respect to the hypotheses on the origin of the genetic 
code. The hypothesis of coevolution (Wong 1975, 1981; 
Taylor and Coates 1989) implies that, through a media
tion of ancestral tRNA molecules, accepted amino acids 
which are biosynthetically linked via a precursor- 
product relationship could allow the precursor to pass 
some of its codons to the product. In this case transfer 
RNAs, whose amino acids are related via biosynthetic 
conversions, would show a higher correlation between 
themselves than with other tRNAs. Groups of amino acid 
codons, which are clustered in Fig. 2 in accordance with 
the coevolution hypothesis, are indicated by C and in
clude (GLN,HIS,PRO), (SER,GLY), (ASP,GLU), (TRP, 
CYS), (ALA,VAL), (THR,ILE,MET), (ASN,LYS). Data 
on biosynthetic relationships were taken from Wong 
(1975) and Taylor and Coates (1989). The codons of 16 
amino acids of 20 possible are clustered in agreement 
with the coevolution theory.

The physicochemical hypothesis (Sonneborn 1965; 
Woese et al. 1966a, Jungck 1978; Weber and Lacey 
1978; Lacey et al. 1992) put forward physicochemical 
properties of amino acids as the basis for the structuring 
of the genetic code. In this case, it is expected that tRNAs 
of similar amino acids would show a higher correlation 
than tRNAs of amino acids with different physicochem
ical properties. There are many directions to the polar 
distances between amino acids if basic factors were in
volved in the arrangement of amino acids over the ge
netic code (Woese et al. 1966a, b; Di Giulio 1989; Haig 
and Hurst 1991; Goldman 1993). So the absolute mea- 
sure of the difference between amino acid polarity values 
was chosen as the distance measure between two amino 
acids. The values of amino acid polarities were taken 
from Woese et al. (1966a). Pairs of tRNA sets seem to 
cluster according to the minimum differences in polarity 
values of amino acids, denoted P, and include (GLN, 
HIS), (SER.GLY), (ASP,GLU), (CYS.GLU), and (ASN, 
LYS). In Fig, 2 codon clusters of 9 amino acids of 20 
possible fit the physicochemical hypothesis on the origin 
of the genetic code.

The hypothesis of ambiguity reduction of the genetic 
code (Fitch and Upper 1987) supposes that ancestral mo
lecular adaptors were initially unable to distinguish be
tween amino acid codons and only later developed the 
ability to differentiate between purines and pyrimidines 
in either the first or the second codon base position. 
Finally, tRNAs developed a sensitivity to both kinds of 
purine and pyrimidine. Following Di Giulio (1995) we 
distinguished the second-position codon as a marker be
cause of the correlation between amino acid physico

chemical properties and base position (Nelsestuen 1978; 
Wolfenden et al. 1979; Sjostrom and Wold 1985). The 
clustering pattern of isoacceptor tRNA sets in Fig. 1, 
which supports the ambiguity reduction of the genetic 
code, is best seen in Fig. 2, where the codons of different 
amino acids with the same second base are nearest neigh
bors. In this case only UCN were considered as serine 
codons, so codons AGU and AGC could be captured by 
serine much later. Codons of phenylalanine UUU and 
UUC were not considered in this case because UUN 
codons might be the subject of controversy between phe
nylalanine and leucine amino acids. Groups of codons of 
amino acids supporting this hypothesis are noted R and 
include (GLN,HIS), (PRO,SER), (ASP,GLU), (CYS, 
TRP,ARG), (ILE,MET), and (ASN,LYS). Thirteen of 
twenty possible amino acids show clustering which is in 
agreement with the hypothesis.

Figure 2 shows that of 20 possible amino acids, 16 are 
clustered in accordance with the coevolution hypothesis, 
13 in accordance with the hypothesis of ambiguity re
duction of the genetic code, and 9 according to the phys
icochemical hypothesis of the origin of the genetic code, 
i.e., 80, 65, and 45%, respectively. The results therefore 
imply that the greatest contribution to the structuring of 
the genetic code was from relationships between precur
sor and product amino acids and support earlier conclu
sions in favor of the coevolution theory on the origin of 
the genetic code (Di Giulio 1994, 1995). It is worth 
noting, though, that the clustering pattern according to 
the coevolution hypothesis overlaps with the patterns of 
the other two hypotheses by about 50%.

The separate boxes in Fig. 2 link amino acid codons in 
which the first two bases are either identical or connected 
by transitions, so, moving from the top to bottom of the 
table, PyPuN—>PyPyN—>PuPuN—>PyPuN~>PuPyN—> 
PyPuN-~>PuPyN-->PyPyN—>PuPuN. Exchange between 
Pu and Py in the second codon position led us to suppose 
an ordered assimilation of codons by ancestral tRNAs 
during the evolution of tRNAs. If highly specific adap
tors have arisen for certain codons, the triplets of nucleo
tides, which were complementary to these codons, have 
been given a priority to form their own specific transfer 
RNAs. Though mechanisms by which this could occur 
are not obvious, some speculation is possible. The hy
percycle theory (Eigen and Schuster 1979) postulates 
that the ancestors of modern transfer RNAs have 
emerged as short symmetrical double-helixes about 73 
bases or more long, whose complementary strands 
served as pre-tRNAs with complementary anticodons 
(Rodin et al. 1993). It is true that further improvement of 
the adaptors to complementary codons should have been 
proceeding in parallel and under close competition. Un
fortunately, such a model of ancestral adaptors is not in 
agreement with the pre-tRNA model which follows from 
the genomic tag model (Maizels and Weiner 1993, 
1994). This model defines the upper half of the modem
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tRNA (the acceptor stem and T^C arm) as the more 
ancient structural domain, with the lower half (the dihi- 
drouracil arm and anticodon arm) arising later. This view 
of tRNA evolution is currently dominant (Schimmel and 
de Populana 1995). Nevertheless, we believe that it is 
possible to combine the pre-tRNA model of Rodin et al. 
(1993) with the contemporary idea of tRNA consisting of 
two structural domains.

For many codons Fig. 2 seems to allow for sequential 
assimilation of codons with specific adaptors. For ex
ample, leucine codons (UUG.CUG) are complementary 
to glutamine codons (CAA.CAG) and the high-speci- 
ficity tRNAsLEU were established soon after tRNAsGLN 
This could also be true of complementary codon pairs 
GAG-Gln and CUC-Leu, GGG-Gly and CCC-Pro, and 
many others. If such a development occurred, then the 
break in the assimilation of PuPyN codons and transfer 
to tyrosine codons must be explained (Fig. 2). The for
mation of specific adaptors for codons PuPyN started 
from the methionine codon AUG and development could 
have been prolonged due to the additional demands of 
binding with the initiating factor and small ribosomal 
subunit from initiator tRNAMET. At this point the tyro
sine codon UAC was already distinguished as comple
mentary to the valine codon GUA and consequently had 
priority to form its own specific adaptors. Owing to the 
prolonged pause in assimilation of PuPyN codons, the 
formation of high-specificity adaptors for tyrosine 
codons was complete before methionine initiator tRNAs.

In conclusion, the results obtained here for transfer 
RNAs support the theory of coevolution, with biosyn
thetic links between amino acids as the dominant factor 
in shaping the structure of the genetic code. For 80% of 
amino acids their isoacceptor tRNAs were found 
grouped according to the biosynthetic pathways of the 
accepted amino acids. Our results also demonstrate the 
significance of physicochemical properties (namely, po
larity) in establishing biosynthetic relationships since 
clusters of isoacceptor tRNAs which support both the 
physicochemical and the coevolution hypotheses coin
cided in 50% of cases. Some support was also obtained 
for the ambiguity reduction hypothesis.
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Appendix

DA0260 DA0261
DA0780 DA0940
DA1542 DA1543 
DA6160 DA6280
RA0500 RA0501
DRUM DRU81 
DR1644 DR 1700 
DR6282 DR6320
RR6820 RRB100 
DN1230 DN1350
DN6060 DN6160
RN0620 RN6940
DD1230 DD1260
DD7J60 DDT740 
DC0380 DC0500
DO0220 DQ0260
DQ1661 DO6050
RO6082 RO*100
DEI230 DB1340
DE6320 DB6321
DB9990 DB9991
D00260 DG0860
DG1541 DO 1542 
DG7140 DO7180
R00380 R00500
RO1701 RO6820
DH1540 DH1541
DHS100 RH0380 
DI0660 DI0680
DU620 DI1660
DI7740 DM 100
DL0440 DL0660
DL1230 DL1231
DL1662 DL1663
DL6200 DL6280
DL9161 DL9162
RL1460 RL2020
DK.O660 DK0680
DK1540 DK.1660
DK6320 DK7560
DK9990 DR9991
RK9222 DM0260
DM1540 DM1541
RM15B0 RM6820 
DXUBO DX1260 
DX6321 DX6740
RX0380 RX0500
RX6080 RX6120
RX9160 RX9460
DPI660 DP6200
RF1460 RF1580
RF7020 RF7680
RF9990 DP0220
DP1400 DP1500
DP62S0 DP6960 
DP9161 DP9990
RP6281 RF6360
DS1141 DS1180
DS1542 DS1570
DS6240 DS6241
DS6740 DS6741
DS9280 DS9990
RS7040 RS7742
DT0740 DTI 140
DT1660 DTI 661
DT6280 DT6281
DW0500 DW1140
DW6280 DW6740
DY0740 DY1140
DY6280 DY6740
DY7922 DY9990
RY6821 RY6940
DV1350 DVI351 
DV6280 DV6281
DV9993 DV9994
RV6360 RV6940

DA0340 DA0380
DA0980 DA0981
DA1620 DA1660
DA6281 DA6320
RA0S02 RA1662 
DR1230 DR1260
DR1780 DR6050
DR6321 DR7560
RRS101 RR9280 
DN1351 DN1500
DN6280 DN7100
RN9160 RN9280
DD1500 DD1540
DD8100 DD9160
DC 1140 DC 1260
DQ0660 DO 1140 
DQ6051 DQ6160
RQeiOl RO9160 
DEI500 DEI 540
DE7680 DE7740
RE0500 RfiOSOl 
D00960 DO 1140 
DO1580 D01581
DO7680 DG7740
ROOSOl R00502 
RO6940 R07681
DH1660 DH1700
RH0500 RH6280
Dll 140 DU 141 
DU661 D11820
R10500 RI0501
DL0680 DL0860
DL1232 DL1310
DL1664 DL1700
DL6281 DL6980
DL9990 DL9991
RL2100 RL2101
DK0740 DK1140
DK2000 DK.6050
DK7680 DK7740
RK0500 RK0501
DM0680 DM0900
DM1660 DM1750
RM6940 RM8100
DX1340 DX1341
DX6900 DX7560
RX0540 RX0820
RX6200 RX6360
DF0660 DF0860
DF6280 DP6281
RF2020 RF2060
RF7681 RF8100
DP0260 DP0660
DP1540 DPI 560
DP6981 DP7560
DP9991 RP0180
RP6940 DS0220
DS1230 DS1231
DS1660 DS1661
DS6280 DS6281
DS6742 DS6743
DS9991 DS9992
RS9160 RS9161
DTI 141 DTI 180
DT1662 DTI 663
DT7740 DT9990
DW1141 DW1230
DW6741 DW7560
DY1200 DY1540
DY6741 DY6742
DY9991 RY0500
RY7061 RY9280
DV1500 DV1540
DV6320 DV6740
DV9995 RV0380
RV7742 RV8100

DA0420 DA0580
DAI 140 DAI 180 
DA1661 DA1820
DA6740 DA7680
RA6360 RA9990
DR1500 DR1540
DR6051 DR6052
DR7740 DR7741
RR9281 RR9282
DN1540 DN1541
DN7740 DN7920
DD0260 DD0660
DD1570 DD1660
DD9161 RD0500
DC1350 DC1540
DO1200 DO 1230
DO62B0 DQ6281 
RQ9280 DE0660
DEI570 DB1660
DB7741 DE7742
RE1661 RE2140
DO 1180 DO 1200
1X31660 3X31661
DG7741 DOS 100 
RG0303 R00620
RO9990 DH0260
DH1740 DH1780
RH6281 RH6940
DU 180 DU230
DI1860 D11900
RI1580 RI1662
DL0960 DL0981
DL1540 DL1542
DL1750 DL1780
DL7560 DL7740
RL0500 RL0501
RL6282 RL6360
DK1141 DK1200
DK6051 DK6052
DK7741 DK7920
RK1541 RK6820
DM0960 DM1140
DM6160 DM6280
RM9220 RM9990
DX1540 DX1660
DX7740 DX7920
RX0900 RX1300
RX6820 RX6940
DPI 140 DPI 180 
DP6320 DF6740
RF6040 RF6120
RP8101 RFB102 
DP0680 DP0740
DP1660 DPI 661
DP7740 DP8040
RP0181 RP0500
DS0260 DS0261
DS1250 DS1260
DS1663 DS1664
DS6282 DS6283
DS6744 DS6745
DS9993 RS0380
RS9162 DT0220
DTI230 DT1540
DTI664 DTI 820
DT9991 RT0380
DW1250 DW1251
DW8040 RW0140
DY1580 DY1660
DY6743 DY7060
RY1460 RY1541
DV0260 DV0660
DV1570 DY1660
DV7740 DV7741
RY0381 RV0382
RY9160 RV9220

DA0620 DA0660
DAI230 DA1260
DA1860 DAI 900
DA76B1 DA7740 
DR0220 DR0660
DR1660 DR1661
DR6160 DR6161
RR0380 RR0500
DN0660 DN0680
DN1570 DN1660
DN9990 RN0260
DD0680 DD0740
DD6220 DD6280
RD6040 RD7920
DC1660 DC62S0 
DQ1340 D01341
DQ9990 DQ9992
DB0680 DB0700
DB6160 DE6161
DBS 100 DE9160
RE6780 RE6781
DG1230 1X31350
D01662 DG1820
1X39160 DG9161
RG1310 RO1380
DH0660 DH0680
DH6160 DH6280
RH9460 RH9990
Dll260 DI1540
DI2100 DI6280
R16360 RI6940
DL1140 DL1141
DL1543 DL1544
DL1940 DL1980
DL7741 DL7920
RL0502 RL0503
RL9280 RL9400
DK1220 DK1230
DK6160 DK6161
DK8O40 DKJB100 
RK9161 RK9162
DM1180 DM1230
DM6900 DM7740
DX0260 DX0860
DX1661 DX6280
DX7921 DX8100
RX1420 RX1580
RX6980 RX7620
DF1230 DPI 260
DF7740 DF7920
RF6780 RF6820
RP9220 RF9280
DP1140 DPI 180 
DP1662 DPI 700 
DP8041 DPS 100 
RP0501 RP0502
DS0440 DS0680
DS1500 DS1520
DS6060 DS6160
DS6284 DS6320
DS7240 DS7740
RS0500 RS0501
DT0260 DT0660
DT1541 DTI 542 
DT1821 DT6050
RT0500 RT0501
DW1540 DW1660
RW0500 RW6820
DY1661 DY1820
DY7200 DY7740
RY6120 RY6320
DV0860 DV1140
DV1661 DV1662
DV7920 DV9990
RV0500 RV0501

DA0670 DA0680
DA1540 DA1541
DA2100 DA2240 ,
DA7920 DA8100
DR1140 DR1141
DR1662 DR1663
DR6280 DR6281
RR0501 RR0502
DN1140 DN1180
DN6050 DN6051
RN0380 RN0500
DD1140 DD1180
DD6320 DD6900
RD9220 RD9280
DCS 100 DC8101
DO1540 DO 1660
RQ0380 RQ0500
DEI 140 DEI 180
DB6280 DE6281
DE9161 DE9162
RB6940 D00220
DG1500 DO 1540 
DO2000 DO6280
1X39990 1X39991
RQ1381 R01700
DH1140 DH1230
DH6320 DH7740
DI0220 DI0260
DU 541 DU 542
DI6281 DI6320
DL0220 DL0260
DL1200 DL1220
DL1660 DL1661
DL2000 DL6160
DL8100 DL9160
RL0504 RL1142
RL9401 DK0260
DK1231 DK1350
DK6280 DK6281
DK8101 DK9160
RK9220 RK9221
DM1231 DM1260
RM0100 RM0500
DX0980 DX1140
DX6281 DX6320
DX9990 DX9991
RX1581 RX2100
RX7860 RX7980
DPI540 DPI 541
DF9160 RF0500
RF6860 RF6940
RF9281 RF9340
DPI260 DPI 360
DPI740 DPI 780
DP8101 DP9160
RP1701 RP1702
DS0860 DS1140
DS1540 DS1541
DS6161 DS6162
DS6321 DS6322
DS7741 DS7800
RS0502 RS6940
DT0661 DT0680
DTI580 DT1581
DT6160 DT6161
RT9280 DW0460
DW6160 DW6161
RW9280 DY0660
DY6050 DY6160
DY7920 DY7921
RY6360 RY6820
DV1180 DV1230
DY6160 DV6161
DV9991 DV9992
RV1460 RV6282

Fig. Al. The accession codes of the tRNA sequences and tRNA genes from Steinberg et al. (1993).



DNA profiling
The forensic magic bullet
With the exception of identical twins, every person in 
the world is genetically unique. The sources of this 
individuality are polymorphisms that are contained 
within the human genome. Before the advent of 
molecular biology, only polymorphisms that were 
contained within the coding regions of genes, 
and therefore expressed as proteins, could 
be detected and used for the purpose of 
differentiating between individuals.
The ABO red-blood-cell membrane protein 
system was the first polymorphic protein 
system to be described, and since then, 
numerous systems have been characterized.
The polymorphisms of proteins have been 
widely used in forensic investigations, and - 
when a number of systems are combined, 
they provide a powerful analytical tool; 
however, such use has been limited to 
situations where a relatively large amount 
of material is available for analysis.
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Advances in molecular biology 
over the last 30 years have provided 
methods that allow DNA to be 
analysed directly, thereby removing 
the reliance on polymorphic protein 
systems. Indeed, the amount of the 
genome that is expressed as protein 
is only approximately 2%, thus the 
direct analysis of DNA has had 
the benefit of allowing all areas 
of the genome to be used for 
forensic applications.

Polymorphisms exist in a 
variety of forms throughout the 
genome, and by far the most 
common are the single nucleotide 
polymorphisms (SNPs). On aver
age, SNPs occur every 300-500 bp 
and therefore provide an enormous 
pool of polymorphisms that can 
be used to differentiate between 
individuals. SNPs are most com
mon in the non-coding regions of 
the genome, in which the selective 
pressures are normally lower than 
in the coding regions. To date, 
SNPs have not been used exten
sively for forensic purposes 
because, while they are abundant, 
individually, they are not highly 
informative polymorphisms. To be 
of any statistical significance, tens 
of SNPs have to be analysed and 
the fact they are dispersed widely 
throughout the genome has 
made the analysis of multiple 
SNPs difficult.

The polymorphisms that the 
forensic community has focused

on are tandem repeats. These DNA 
sequences contain tandemly 
repetitive elements, which, based 
on the length of the core repeat 
sequences, can be classified as 
either minisatellites or microsatel
lites. Minisatellites, which are also 
referred to as variable number 
tandem repeats (VNTRs), are 
systems with tandem repeats of 
core sequence elements that are 
generally 9-50 bp long; the alleles 
vary in length from a few hundred 
bp to over 20 kb. In contrast, 
microsatellites, also called short 
tandem repeats (STRs), are 
composed of repeats that are 2—5 bp 
long; the alleles are generally 
between 100 and 350 bp in length. 
The genetic variation between 
individuals in these VNTR and STR 
systems is based on the number of 
tandem repeat elements, although 
in rare cases there can be 
differences in the sequence.

The pioneering work of Jeffreys 
et al.1 led to the first use of 
minisatellite analysis for forensic 
purposes. The work was greeted 
with great excitement, as it had 
important advantages over the 
protein-based systems that had 
been used previously. A major 
advantage was that the analysis 
could be performed using any 
source of biological material, 
provided that it contained 
nucleated cells with genomic 
DNA. Thus the same genotype

of a given individual will be 
obtained from any tissue, be it 
semen, blood, hair, bone etc.
While VNTR analysis proved to 
be a powerful tool, its use was still 
somewhat limited because the 
technique required approximately 
50 ng of DNA that was not highly 
degraded; trace evidence left at 
the scenes of crimes often did 
not contain enough DNA of 
sufficient quality.

The advent of PCR radically 
changed DNA profiling techniques 
and allowed the targeted in vitro 
amplification of selected short 
segments of genomic DNA, pro
vided that the sequence of the DNA 
is known. This enabled nanogram 
and even picogram quantities of 
degraded DNA to be analysed 
successfully2. Classical examples 
of the power of PCR-based analysis 
are provided by the identification 
of the escaped Nazi, Josef Mengele3 
and the massacred Romanov Russian 
royal family4,

STRs proved to be very amenable 
to PCR-based analysis: they are 
an abundant class of polymorphic 
loci that are dispersed throughout the 
entire genome5, they are small, 
ranging in size from approximately 
100 to 400 bp and, importantly, they 
are highly polymorphic.

There are several classes of STR: 
these include simple STRs that 
consist of the same sequence, 
which is repeated tandemly,

1200.1

Figure I, A typical result 
of DNA profile analysis.
The DNA profile was 
created using the ABI 
Profile Plus™ kit The 
technique simultaneously 
profiles ten distinct regions 
of DNA. The products are 
labelled with different 
coloured fluorescent dyes, 
the green lod art the 
amelogenin, DBS 1179, 
D21SII and DI8S5l,the 
blue loci are D3SI3SB, 
vWA and FGA and the lod 
shown in black art 
D5S8I8, DI3S3I7 and 
D7S820. These annotations 
refer to the lod’s 
chromosomal location, 
while the numbers across 
the top indicate the size 
of the products in base 
pairs. The units on the 
vertical axis are relative 
fluorescent units,
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complex STRs, where the core 
sequence is not always identical but 
exists as variations and incomplete 
representations of the core sequence, 
and finally, complex STRs, where 
several variations of the core repeat 
exist. Using the simpler repeats 
proved to be the most robust 
systems, and in particular, the 
tetranucleotide repeats. More 
complex and highly polymorphic 
repeats are becoming more popular. 
Another advantage of the STR 
systems over VNTRs is that the 
discrete sizes of the allelic windows 
(the size range between the smallest 
and largest allele) enabled more than 
one locus to be amplified simul
taneously, thereby reducing the 
amount of work involved in 
producing a DNA profile. In the 
UK, police laboratories initially 
developed a quadraplex, which 
simultaneously amplified four loci. 
This was soon superseded by a 
hexaplex, which amplified six STR 
loci, called the SGM, plus the 
amelogenin which is used for sex 
determination. This multiplex was 
later replaced by a system that 
amplified ten loci simultaneously, 
the SGM Plus. Systems are now 
being employed that amplify up to 
20 loci simultaneously6. Multi
plexing allows DNA profiles that 
have extremely low frequencies to 
be generated and analysed in a 
matter of hours. An important 
advance in the development of 
multiplexes was the detection 
systems used. PCR products can be 
labelled with differently coloured 
dyes and this allows loci with 
overlapping allelic windows to be 
analysed simultaneously; the 
different alleles are differentiated 
by the colour of the label (Figure 1).

The detection of discrete alleles 
has allowed easy computerization of 
DNA profiles, and this has facilitated

the development of DNA databases 
for criminals. The UK has led the way 
in establishing a criminal database. 
Since late 1994, people who have been 
arrested for, and charged with, certain 
categories of crime had a DNA 
sample taken, which was stored on 
the national DNA database.
This reference database now has over 
1 million profiles and can be searched 
for a match with any sample taken at 
a crime scene. Indeed, it has led to a 
large number of ‘cold hits’ where 
samples recovered from the scene of a 
crime have been matched to individu
als that were on the DNA database.

The technological processes 
involved in generating DNA profiles 
have created the field of forensic 
genetics and have made it one of the 
most powerful criminal investiga
tion tools available. Advances in 
the detection of SNPs promise to 
change the field further, increasing 
the automation and therefore the 
capacity to generate DNA profiles; 
however, routine use of SNPs is still 
some way off.

Problems do still occur in present
ing DNA evidence to a jury, in partic
ular the application of Bayesian 
statistics, which was deemed to dis
tract the jury from their proper role 
by introducing unnecessary compli
cations in the assessment of the 
evidence (see Legal cases 1-3 below). 
The frequencies of the DNA profiles 
that are routinely presented in court 
are so high that they are rarely chal
lenged and when they are, it is usually 
when the profiles involved are diffi
cult to interpret or incomplete. DNA 
profiling is in the process of overtak
ing the previously thought infallible 
method of fingerprinting as the 
method that can match crime-scene 
evidence to a person, almost to the 
point of individualization. Indeed, 
DNA profiling is rapidly becoming 
the magic bullet of forensic analysis.
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Chapter 3

Of Amphiphilic a-Helices In Anchoring Of 
Monotopic Proteins.



Summary.

The importance of amphiphilic helices in anchoring monotopic proteins is now well 
recogmsed [20] yet we were one of the first groups to clearly show the ability of an 
amphiphilic helix to act as a membrane protein anchor. We initially identified a 
membrane associated prokaryotic carboxypeptidase, penicillin binding protein 5 
(PBP5 or dacP±) with no conventional transmembrane domain and no evidence of 
covalent modification. This protein did though possess a strongly amphiphilic C- 
terminus which we postulated to form a membrane anchor [28]. A site specific 
mutation within this C-terminal region was used to convert His370 to a proline 
residue which was seen to destabilise the anchoring process supporting the theory that 
this region formed an ot-helix that was involved in anchoring. By use of washing 
experiments we were able to predict that the anchor penetrated the bilayer with a 
strong hydrophobic component to the anchoring mechanism [28]. Following this 
early discovery we identified other anchors within the E.coli family of 
carboxypeptidases by use of deletion analysis and amphiphilicity profiling [29]. In 
this latter case the carboxypeptidase PBP 6 (dacQ) anchor sequence was postulated to 
possess similar membrane binding characteristics to PBP5. Others have since 
identified this mode of anchoring in both prokaryotic and eukaryotic 
carboxypeptidase families based on our earlier work. In recent years I have identified 
further potential anchoring sequences within other proteins such as KpsE - a 
membrane protein involved in transport of capsular polysaccharide [30] confirming 
that this mode of anchoring is not confined to one class of proteins. Whilst though 
such anchoring mechanisms are now well documented not all the carboxypeptidases 
we identified were found to have the same membrane binding characteristics with 
some sequences showing much lower levels of amphiphilicity which would question 
their ability to do more than loosely associate at the membrane interface as in the case 
of PBP6b or the endopeptidase PBP4 [31]. This family of penicillin binding proteins 
therefore exhibit a range of membrane anchors; from the conventional type II integral 
transmembrane anchors of the larger transglycosylase/transpeptidase enzymes to the 
strongly amphiphilic helical anchors of the carboxypeptidases and the more weakly 
membrane associated helical anchors of the endopeptidases [32].

The differing characteristics of the carboxypeptidase and endopeptidase anchors 
provided an interesting group of proteins for further study. Generation of C-terminal 
homologues for the C-termini of three peptidases, PBP5, PBP6, PBP4, with differing 
predicted anchoring characteristics enabled us to test the hypothesis that the 
carboxypeptidase (PBB5 & 6) and endopeptidase (PBP4) anchoring mechanisms 
varied. All three peptides were seen to be able to form a-helices in the presence of 
2,2,2-triflouroethanol but the endopeptidase anchor was unable to form helical 
structure under aqueous conditions as determined using CD analysis [33]. This work 
also indicated that in the case of the PBP5 C-terminal homologue there was a pH 
dependency to the level of helix formation which correlated with the strength of 
binding as was observed by protein extraction studies using chaotropic reagents [28].



All three homologues were shown to undergo interaction with monolayers but the 
lipid interactions were seen to vary. The endopeptidase anchor, which was predicated 
to be more surface associated, showed lower levels of membrane interaction (3-7mN 
m"1) and a greater requirement for anionic lipid indicative of electrostatic binding and 
lipid head group interaction rather than penetration into the acyl chain region of the 
monolayers [34], The binding of the PBP4 C-termirial homologue to lipid was indeed 
seen to be effected by the head groups present with monolayer penetration showing a 
strong requirement for anionic phospholipid. Indeed if lipid was extracted from E. 
coli strain HDL11, where anionic lipid synthesis is under lac control, the level of 
interaction can be seen to vary as a function of anionic lipid present [34]. In contrast 
the more amphiphilic anchors of PBP5 and PBP6 showed clear penetration of 
monolayers acyl chain region (10-15 mN m'1) which was independent of head group 
effects and consistent with the theory that these anchors formed a strong and stable 
association with the membrane interface. The differences in the strength and level of 
penetration available to the carboxypeptidase anchors was further evidenced by their 
ability to lyse erythrocytes in a manner comparable to that of the membrane 
interactive toxin mellitin which was in contrast to the homologue of the 
endopeptidase C-terminus which was unable to destabilise these membrane 
structures [35]. These latter experiments provided clear evidence of bilayer as well as 
monolayer interaction in the case of the carboxypeptidase anchors.

To confirm that the lipid requirements seen using monolayer systems were legitimate 
the E. coli mutant HDL11 was used to show that whilst anionic interaction might 
support initial stages of membrane binding in the case of carboxypeptidases these 
were not the predominant forces involved in binding PBP5 in vivo as even a reduction 
of anionic lipid by 60% had no effect on anchoring [36], This was one of the few 
experiments that has looked at membrane-protein binding in relation to in vivo levels 
of anionic lipid. In contrast, using HB101/pBK4 - a PBP4 endopeptidase over- 
expresser, we were able to confirm that membrane binding by the endopeptidase was 
electrostatically driven as predicted [37] and in this case a reduction in anionic lipid 
did affect the ability of the protein to become membrane associated. Interestingly at 
this time we found that at wild type levels PBP4 appeared to be bound to a specific 
receptor generating the first clear evidence of possible complex formation [38] 
involving this endopeptidase. Whilst a range of indirect approaches were used 
without success to try and confirm the presence of a protein complex [39] some 
supporting evidence was identified in the case of PBP5 where we were able to show 
the protein could be reconstituted into E coli vesicles but not liposomes [40]. It is 
clear that large complexes involving transpeptidase, carboxypeptidase and 
endopeptidase activities would have a range of biological benefits in the control of 
penicillin binding proteins through the different phases of the cells growth cycle [41] 
and indeed other groups have recently found further evidence to support this 
hypothesis.

In conclusion we were not only one of the first groups to identify the potential of 
amphiphilic helices to support membrane binding of monotopic proteins but were 
able to show that such mechanisms were wide spread in prokaryotic systems. By use



of theoretical analysis coupled to biophysical studies and the use of mutants to study 
membrane binding in vivo we were able to confirm that the binding mechanisms 
varied and that this was reflected in the anchors physicochemical characteristics and 
their individual lipid requirements. In all cases though efficient binding required 
helical structure formation at the membrane interface. In addition we were able to 
provide initial evidence of the complexity of the anchoring mechanisms employed by 
enzymes involved in peptidoglycan synthesis, the penicillin binding proteins, by 
identifying the need for receptor specific binding/protein complex formation in the 
case of a number of PBPs involved in regulation of peptidoglycan structure.
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By treating vesicles prepared from Escherichia coli K12 with various reagents, we have investicated the 
mechanism by which penicillin-binding protein 5 anchors to the inner membrane. The results indicate that there 
aruet-° forms °f anchoring; one which is inaccessible to urea and probably inserted into the bilaver and one 
which is accessible. Association of the accessible form with the membrane seems to involve significant hydrophobic 
interaction and this form is triggered to undergo reversible ‘insertion’ by a decrease in pH.

Escherichia coli penicillin-binding protein (PBP) 5 (an en
zyme with D-alanine carboxypeptidase-1 A activity and the 
product of the dacA gene [11]) comprises 374 residues and is 
anchored to the periplasmic face of the inner membrane by 
its 18 C-terminal amino acids [2, 3]. In contrast to other 
anchored proteins there is no stretch of hydrophobic amino 
acids in this region, but when displayed on a Schiffer- 
Edmundson helical wheel [4] the 18 C-terminal amino acid 
residues are capable of forming a strongly amphiphilic a- 
helix [5] (Fig. 1). Removal of these 18 amino acids completely 
abolishes membrane anchoring, and fusion of these 18 amino 
acids to the C-terminus of the periplasmic protein /5-lactamase, 
results in the anchoring of this periplasmic protein to the 
inner membrane [6]. In the present study we investigate the 
mechanism by which PBP5 is anchored to the membrane by 
subjecting envelope fractions to various reagents capable of 
disrupting different protein • protein and/or protein • lipid 
interactions. In parallel, the effect on the strength of mem
brane association of a substitution of His370 for a proline, 
E. coli penicillin-binding protein 5 C-terminal mutant 
(PBP5 *), has been carried out.

The idea of having a C-terminal amphiphilic a-helical 
anchor is novel in E. coli but the fact that a-helices can interact 
with membranes is well documented. Out of almost 2000 
proteins screened for N-terminal a-helices with strong 
amphiphilic potential, 10% of the viral proteins screened were 
found to have a high hydrophobic moment [7, 8] and of these, 
30% were membrane-interactive. There are also many toxins 
known to possess amphiphilic a-helix-forming potential and 
this is probably instrumental in their spontaneous insertion 
into membranes under certain conditions. Diphtheria toxin 
subunit B is such an example, as it inserts into the membrane 
when subjected to a low-pH trigger [9], Similar mechanisms 
have been postulated for botulinum and tetanus toxins [10].

These and other investigations show that amphiphilic a- 
helices can apparently interact with and insert into membranes

Correspondence toJ. M. Pratt, Department of Biochemistry, Uni
versity of Liverpool, PO Box 147, Crown St, Liverpool L69 3BX, 
England

Abbreviations. PBP5, Escherichia coli penicillin-binding protein 
5; PBP5*, Escherichia coli penicillin-binding protein 5 C-terminal 
mutant (His370 — Pro).

PBP 5

Fig. 1. A Schiffer-Edmundson helical wheel [4] showing the C-terminal 
IS amino acids (residues 357 — 374) of PBP5. The sequence is assumed 
to be a-helical with each successive residue 100° from the previous 
one. Lipophilic residues are shaded. The position of the His— Pro 
change in the C-terminal mutant (PBP5*) is indicated on the outside 
of the wheel

and that this insertion can be pH dependent. In this paper we 
show that PBP5 seems to be able to anchor by undergoing 
partial insertion in a pH-dependent manner.

MATERIALS AND METHODS

The bacterial strain used was the E. coli K12 derivative 
SP1048 histsx, sup¥, Alacx74, srl::Tnl0, AdacCl, 
AdacA ::KmR [11], Plasmid pLG364 carries the dacA 11191 
mutation of PBP5 on a BamYll-EcoKl fragment in pBR322. 
The dacA 11191 allele encodes a protein with an amino acid 
substitution near the active site [12]. Plasmid pMJ117 is iden
tical to pLG364 except that oligonucleotide-directed site- 
specific mutagenesis has altered the codon for His370 of PBP5 
to one which leads to a proline substitution in this position
[3].

Bacteria were grown under aeration at 37 °C in nutrient 
broth. Where necessary the medium was supplemented with
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Fig 3 Effect ofNaCl on membrane association. Membrane fragments 
were prepared by osmotic lysis and incubated in increasing concen
trations of sodium chloride. The percentage of total PBP5 released 
from the membrane into the supernatant was determined by Western 
blot and densitometric analysis. Wild-type PBP5 showed no release 
at all concentrations. ES PBP5, E3 PBP5*

npiciliin (25 pg/ml). tetracycline (10 pg/ml) and kanamycin 
2.5 ng/ml).

Envelope fractions were prepared from 1 1 cultures M450 
7-0.9) either by sonication (13] or by osmotic lysis (14]. 
mer-membrane fractions were prepared by French press and 
icrose gradient separation according to the method of Chang
t al. (15]. „ f

SP1048 (carrying no plasmids) was grown to an ^450 
.7, harvested and sonicated in 10 mM sodium phosphate 
ufTer. pH 7.2. This was stored at - 20°C and added to super- 
latant fractions to ensure efficient recovery of protein from 
upernatants on trichloroacetic acid precipitation.

Pelleted envelopes were resuspended m 1 ml of each extrac- 
ion buffer and were incubated on ice for a minimum of 
10 min, dunng which time envelopes prepared by sonication 
vere subjected to three rounds of freeze-thawing (freezing in 
iquid nitrogen for 2 min, thawing on ice). After centrifugation 
it 38000 rpm for 1 h at 4°C (or in a Beckman airfuge at 
207 kPa for 3 min) trichloroacetic acid was added to the 
supernatants to a final concentration of 10% and 10 p.1 (0.2 
^450 units) sonicated SP1048 cells were added to aid precipi
tation. After 1 h on ice, precipitates were harvested, resus
pended in 10 mM sodium phosphate. pH 7.2 containing 
0.6 mM phenylmethylsulphonyl fluoride and analysed by 
SDS/PAGE (16] and Western blotting [17] except that the 
substrate used was 3,3'.4,4'-tetraaminobiphenyl hydro
chloride. . , ,, ... ,

Quantification of PBP5 in preparations analysed by West
ern blotting was carried out by densitometric analysis using a 
Zeiss chromatographic scanner at a wavelength of 500 nm. 
Each experiment was performed a minimum of three times.

RESULTS
Optimization of quantitative recovery and analysis of PBPS

A number of preliminary experiments were carried out 
to determine the efficiency of recovery of PBP5 from the 
supernatant by trichloroacetic acid precipitation in the pres
ence of high concentrations of salt and urea and at varying pH. 
Efficient recovery was ensured by the addition of a portion 
of sonicated SP1048 cells (deleted for dacA and dacC) to 
supernatant fractions prior to precipitation. In addition, a 
standard curve was produced to show the relationship between

the amount of PBP5 present and the densitometric analysis of 
Western blots. At low and high loadings the relationship was 
no longer linear and for this reason quantification was carried 
out onblots which fell in the linear region.

Localization of PBP5 and PBP5*
We have shown previously [3] that when SP1048 cells 

carrying pLG364 are fractionated, PBP5 is recovered exclu
sively with the envelope fraction and resists extraction when 
the envelopes are washed in 10 mM sodium phosphate buffer, 
pH 7.2. In contrast, fractionation of SP1048 cells carrying 
pM J117 (His370 -*■ Pro) showed a significant proportion (10- 
30%) of PBP5* to be in the non-envelope fraction. Washing 
of the envelope pellet in 10 mM sodium phosphate buffer, 
dH 7.2 released a further 14% of PEPS* from the membrane 
(data not shown). The analysis of PBP5* in the following 
sections was performed on membrane preparations obtained 
after a single wash in buffer.

The effect of pH on the membrane association of PBP5 
and PBP5 *

Envelope fractions prepared from SP1048/pLG364 and 
SP1048/pMJl 17 were incubated at various pH values and the 
proportion of PBP5 (PBP5*) released into the supernatant 
was determined by Western blotting. As shown in Fig. 2, PBP5 
is fairly resistant to extraction at all pH values, with only a 
small proportion being released at pH 9.0 and pH 10.0 (4 /o 
and 8%, respectively). In contrast, PBP5* is released signifi
cantly by washing at pH 7.0 and above, reaching 50/o at 
dH 9.0 and pH 10.0. Clearly, alkaline conditions have a de
stabilizing effect on the anchoring of PBP5 with an even 
greater effect on PBP5*.

The effect of neutral salts on membrane association
The effect of extraction of membranes at neutral pH in 

the presence of 0-4 M sodium chloride is shown in Fig. 3. 
Sodium chloride has no visible effect on PBP5 but in the 
case of PEPS* there appears to be some stabilization ot the 
membrane anchoring as the sodium chloride concentration 
increases. This indicates that, while electrostatic interaction is
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Fig. 4. Effect of pH and 4 M urea on membrane anchoring. Membrane 
fragments were prepared by osmotic lysis and incubated in 4 M urea 
at varying pH. The percentage of total PBP5 released from the mem
brane into the supernatant in the case of wild-type PBP5 and the 
C-terminal mutant (PfiPS*) was determined by Western blot and 
densitometric analysis. 22 PBP5, El PBP5 *

not. the main component of anchoring, electrostatic forces 
are present and can affect the anchor. As salt concentration 
increases and hence the shielding of PBP5* from membrane 
charges increases then the PBP5* anchor may overcome local 
repulsion and anchor more efficiently.

When membranes were extracted with 2 M sodium chlo
ride at different pH values, no PBP5 was extracted. In con
trast, when 2 M sodium thiocyanate was used as the neutral 
salt, release of PBP5 was apparent at pH 8.0 (approximately 
18%). This indicates that hydrophobic interactions are in
volved in anchoring and these are disrupted by the chaotropic 
nature of thiocyanate ions. This is further substantiated by 
the fact that approximately 30% of PBP5* is extracted by 
washing with 2 M sodium thiocyanate at pH 7.0 and pH 8.0 
(data not shown).

The effect of aqueous perturbants on membrane association

The result of washing membranes at varying pH in the 
presence of 4 M urea is shown in Fig. 4. Below’ pH 7.0, negli
gible amounts of PBP5 are released but as the pH is raised to 
pH 9.0 an increasing amount (up to 35%) of PBP5 has been 
released from the membrane into the supernatant. Similar 
results were seen for PBP5* except that the proportion re
leased was greater in each case, reaching 70% at pH 9.0. Since 
pH alone (see Fig. 2) only has a small effect on the anchoring 
of PBP5, 4 M urea must be responsible for the increased 
release.

Urea is able to overcome hydrogen bonding between water 
molecules and proteins. On raising the pH, the increasing 
proportion of PBP5 appearing in the supernatant indicates 
that an increasing percentage of the PBP5 anchors is becoming 
accessible to the aqueous environment. Below pH 7.0, this 
anchor is inaccessible, suggesting the presence of two forms 
of PBP5. At low pH, either the accessible form may be 
triggered to insert or low pH may increase the strength of 
binding to a receptor by stabilizing the correct secondary 
structure for interaction.

There have been reports that PBP5 fractionates with both 
the outer membrane and inner membrane [18]. To confirm 
that both forms demonstrated in this study were located in 
the inner membrane, inner-membrane vesicles were prepared

Time (min)

Fig. 5. Release of PBP5 with time. Membrane fragments were pre
pared by osmotic lysis and incubated for 30 min in 4 M urea pH 8.0. 
The membrane pellet was resuspended a second time in 4 M urea 
pH 8.0 and samples were removed after various intervals of incu
bation. The proportion of PBP5 in the supernatant was determined 
by Western blot and densitometric analysis. □ % PBP5

and washed in 4 M urea at pH 8.0. The same result was seen 
as for total envelopes confirming that both forms were in the 
inner membrane (data not shown).

Interconversion of the urea-extractable
and non-extractable forms of PBP5 by varying the pH

Having demonstrated that PBP5 resists extraction at 
pH 5.0 (4 M urea) but up to 50% is extracted at pH 9.0 (4 M 
urea), it was possible that either the two forms of PBP5 were 
interconvertible or that exposure of PBP5 to low pH results 
in the irreversible insertion of PBP5 into the membrane.

To distinguish between these two possibilities, membranes 
were prepared and a portion was extracted at pH 9.0 (4 M 
urea) and another at pH 5.0 (4 M urea). The remainder was 
taken to pH 5.0 and after a 30-min incubation the suspension 
was centrifuged and resuspended in 4 M urea, pH 9.0. As 
expected at pH 5.0 (4 M urea), little PBP5 was extracted (4%) 
whereas at pH 9.0 (4 M urea), 50% was extractable. Mem
branes that had been treated at pH 5.0 prior to extraction at 
pH 9.0 (4 M urea) still released similar amounts (43%) of 
PBP5 as compared with membranes which had not been ex
posed to low pH (50%; data not shown). This implies that the 
pH 5.0-induced conversion of the accessible to the inaccessible 
form of PBP5 is reversible.

Demonstration of the time-dependent conversion 
of the inaccessible form of PBP5 to the accessible form

Membrane vesicles were prepared by osmotic lysis and the 
accessible form of PBP5 was removed by incubating for 
30 min in 4 M urea. pH 8.0. The membrane was pelleted and 
resuspended a second time in 4 M urea, pH 8.0 and samples 
were removed after various intervals of incubation. After 
centrifugation in a Beckman arifuge, pellets and supernatants 
were analysed for PBP5 content. At the earliest possible sam
pling time 20 — 25% of the PBP5 was already accessible, but 
the proportion which was accessible increased at a rate of 
0.6 —0.8%/min until 50% had been released by 30 min of 
incubation (see Fig. 5). This data indicates that the inacces
sible form is converted to the accessible form at a slow but 
steady rate.
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Fig. 6. A possible mechanism by which E. coli PBP5 anchors to the inner membrane

Since not all the PBP5 is removed from the membrane, 
either conversion of the inaccessible form to the accessible 
form has been halted or the solubilized form is able to bind 
again to the membrane and thus achieve a point of equilib
rium. However, further experiments will be required to deter
mine whether this remaining 50% of PBP5 is the inaccessible 
form, the accessible form or a new non-specifically bound 
accessible form.

If the membrane-bound forms are indeed in equilibrium 
with each other, although achievement of this equilibrium 
may be slow, repeated washing of the membrane pellet with 
extraction buffer should cause the same amount of dis
sociation with time for each successive wash. When mem
branes were subjected to repeated washing with 4 M urea at 
pH 8.0 approximately 50% of the PBP5 present was removed 
at each wash (data not shown).

DISCUSSION

The results indicate that the PBP5 anchor is present in two 
forms. The urea-inaccessible form may be protected from the 
aqueous environment, and this includes the possibility that 
the C-terminus has undergone at least partial insertion into 
the bilayer. Another possibility is that PBP5 becomes tightly 
bound to a receptor at low pH, but this binding would be 
reversible and the rate of binding/release would appear to be 
slow. The accessible form is more likely to be peripherally 
bound or interacting with a proteinaceous component of the 
membrane, thus placing it in a predominantly aqueous en
vironment.

To investigate whether a receptor is involved, PBP5 was 
extracted from membranes by treatment with 4 M urea pH 8.0 
and added to vesicles prepared from phospholipids extracted
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from E. coli (SP1048) envelopes. After dialysis and centrifuga
tion some of the PBP5 was recovered with the pellet (data not 
shown). However, varying the pH of the dialysis buffer did 
not significantly alter the proportion recovered with the 
phospholipid vesicles. This raises the possibility that non
specific binding or aggregation of PBP5 had occurred and the 
nature of this interaction is being investigated.

Treatment of membranes with sodium chloride should 
disrupt any anchoring which involves electrostatic interac
tions. This salt had no visible effect on PBP5 and the anchoring 
ofPBP5* was in fact stabilized by the presence of 2 M sodium 
chloride. In contrast, treatment with sodium thiocyanate, 
which is also a neutral salt but in addition disrupts hydro- 
phobic interactions, removed up to 18% of PBP5 and 30% 
of PBP5 * at pH 8;0. Clearly hydrophobic interactions are 
involved in anchoring. When these data are compared with 
the 4 M-urea wash at pH 8.0, in which PBP5 is 28% extract- 
able and PBP5* 50% extractable, it is clear that a large pro
portion of the urea-extractable form is removed by washing 
with sodium thiocyanate. This would indicate that the periph
eral form is mainly anchored by hydrophobic interactions.

We have shown that the two forms of PBP5 are intercon
vertible in a pH-dependent manner and this may be relevant 
to the events leading to insertion into the inner membrane in 
vivo. The C-terminus could act as a stop transfer sequence 
which prevents complete translocation of PBP5 to the 
periplasm. In this case there would be no reason for it ever to 
become accessible to the aqueous environment since it should 
remain embedded in the bilayer and so be unaffected by any 
aqueous reagent. Another possibility is that as the C-terminus 
crosses the membrane it may interact with the phospholipid 
or a proteinaceous membrane component on the periplasmic 
face of the inner membrane. This would constitute a com
pletely translocated (probably short-lived) intermediate in the 
anchoring pathway. The latter hypothesis is more compatible 
with the data and a possible mechanism for the anchoring of 
PBP5 is shown in Fig. 6.

Upon translocation, the peripherally bound form will ex
perience a decrease in pH due to the proton gradient and the 
cationic effect of the membrane. This pH drop may well be 
sufficient to cause stabilization of the correct secondary struc
ture for insertion. The fact that the threshold pH for insertion 
is similar to the p.fiTa of histidine may indicate the involvement 
of this residue in the insertion process. The area around His369 
exhibits homology with that of PBP6 which shows similar 
insertion characteristics (unpublished data).

The C-terminal mutation (PBP5*) shows similar charac
teristics to the wild-type protein but membrane interaction 
has been greatly destabilized. The main effect of the mutation 
is that insertion has become much less favourable. If second
ary structure is involved at some later stage of binding/inser
tion, the change in conformation at residue 370 would not 
only affect secondary structure but also cause the loss of up

to one-third of the helix and hence one-third of the potential 
hydrophobic interaction. In addition, the substitution of a 
proline residue for His370 results in the loss of a potential 
positive charge and if His369 is also sterically hindered this 
could cause an increase in the electrostatic repulsion between 
the membrane and the protein, thereby hindering the initial 
interaction. In addition the presence of a proline residue in 
the anchoring region could result in cis —irons isomerization 
and again this would affect secondary structure and might 
play a role in destabilizing the formation of a urea-inaccessible 
form. These possibilities are being investigated by studying 
the anchoring of mutant PBP5 in which key residues have 
been altered.

We wish to thank Maria E. Jackson for producing the constructs 
used in these experiments and the Science and Engineering Research 
Council for financial support. ,

REFERENCES

1. Broome-Smith, J., Edelman, A. & Spratt, B. G. (1983) The target
of penicillin (Hakenback, R., Holtje, J. V. & Labischinski, H., 
eds) pp, 403 —408, Walter de Gruyter & Co, Berlin, New York.

2. Pratt, J. M., Jackson, M. E. & Holland, I. B. (1986) EMBO J 5
2399-2405.

3. Jackson, M. E. & Pratt, J. M. (1987) Mol. Microbiol. 1, 23-28.
4. Schiffer, M. & Edmundson, A. B. (1967) Biophys, J. 7,121 -135.
5. Chou, P. Y. & Fasman, G. D. (1974) Biochemistry 13, 211-245.
6. Jackson, M. E. & Pratt, J. M. (1988) Mol. Microbiol. 2, 563-

568.
7. Saier, M. H. & McCaldon, P. (1988) J. Bacterial. 170, 2296-

2300.
8. Eisenberg, D., Schwarz, E., Komaromy, M. & Wall, R. (1984) J.

Mol. Biol. 179, 125-142.
9. Hu, V. W. & Holmes, R. K. (1984) J. Biol. Chem. 239, 12226-

12233.
10. Hoch, D. H.} Romero-Mira, M., Ehrlich,B. H., Finkelstein, A.,

DasGupta, B. R. & Simpson, L. L. (1988) Proc. Natl Acad. Sci. 
USA 82, 1692-1696.

11. Broome-Smith, J. K. (1985) J. Gen. Microbiol. 131, 2115-2118.
12. Broome-Smith, J. K. & Spratt, B. G. (1984) FEBS Lett. 165

185-189.
13. Boyd, A. & Holland, I. B. (1979) Cell 18, 287-296.
14. Osborn, M, J., Gander, J. E. & Paris!, E. (1972) J. Biol. Chem.

247, 3973-3986.
15. Chang, C. N., Model, P. & Blobel, G. (1979) Proc. Natl Acad.

Sci. USA 76, 1251 — 1255.
16. Laemmli, U. K. (1970) Nature 227, 680-685,
17. Towbin, H,, Staehelin, T. & Gordon, J. (1979) Proc. Natl Acad

Sci. USA 76, 4350-4354.
18. Rodriguez-Tebar, A,, Barbas, J. A. & Vazquez, D. (1983) The

target of penicillin (Hakenback, R., Holtje, J. V. & Labischinski, 
H., eds) pp. 427 - 432, Walter de Gruyter & Co, Berlin, New 
York.



Microbiology (1994), 140, 73-77
Printed in Great Britain

Analysis of the membrane-anchoring 
properties of the putative amphiphilic a-helical 
anchor at the C-terminus of Escherichia coli 
PBP 6

David A. Phoenix, Sarah E. Peters,f Mohammed A. Ramzani 
and Juiie M. Prattj:

Author for correspondence: David A. Phoenix. Tel: +44 772 893509. Fax: +44 772 892903.

Department of Applied 
Biology, University of 
Central Lancashire, Preston, 
Lancashire PR1 2HE, UK

Penicillin-binding protein (PBP) 6 is anchored to the periplasmic face of the 
Escherichia coli inner membrane. Analysis of the C-terminal 20 amino acids of 
PBP 6 implies the presence of a C-terminal amphiphilic a-helical anchor 
comparable to that of PBP 5. A C-terminal deletion of PBP 6 was constructed; 
it resulted in the release of the protein from the inner membrane into the 
periplasm, thus confirming that this region is essential for anchoring. 
Treatment of E. coli K12 membrane vesicles with various reagents was used to 
probe the membrane-binding characteristics of both PBP 5 and PBP 6. The 
results indicate that, although the strength of membrane anchoring of PBP 6 
is weaker than that of PBP 5, both modes of anchoring involve a large 
hydrophobic element and have similar membrane-binding characteristics. This 
is in agreement with the hypothesis that both proteins exhibit the same novel 
method of anchoring.

Keywords: penicillin-binding protein, Escherichia coli, membrane anchoring, a-helical 
anchor

INTRODUCTION

Membrane anchoring of proteins is usually achieved via a 
relatively long sequence of 15—25 hydrophobic amino 
acids. These anchoring sequences have no apparent 
sequence specificity, and synthetic amino acid sequences 
of high hydrophobicity are capable of acting as membrane 
anchors (Davis & Model, 1985), Escherichia coli penicillin
binding protein (PBP) 5, encoded by dacA, and PBP 6, 
encoded by dacC, are involved in peptidoglycan bio
synthesis. Analysis of these two proteins has failed to 
identify either a conventional hydrophobic membrane- 
anchor sequence or any residues indicative of anchoring 
via covalent modifications, yet both these proteins are 
located on the periplasmic face of the inner membrane 
(Pratt et al., 1986). Deletion experiments previously 
showed that the C-terminal 18 amino acids of PBP 5 are 
essential for the anchoring of this protein to the membrane

f Present address: School of Biological Science, Queen Mary and West- 
field College, University of London, Mile End Road, London El 4NS, UK.

f:Present address: Department of Biochemistry, University of Liverpool, 
Crown Street, Liverpool L69 3BX, UK.
Abbreviations: PBP, penicillin-binding protein; PBP 5*, penicillin-bind
ing protein 5 with a point mutation (His370Pro) in the anchor region.

(Jackson & Pratt, 1987, 1988). This membrane-binding 
domain is predicted to form an amphiphilic oc-helix (Fig. 
la) (Jackson & Pratt, 1987) which the hydrophobic- 
moment plot (Eisenberg etal., 1982, 1984; Fig. lb) shows 
to be surface active and capable of membrane interactions 
(Phoenix, 1990).

Recently, the C-terminal 17 amino acids of PBP 6 have 
been shown to be essential for membrane interaction (van 
der Linden et al., 1992). PBP 6 is 60 % homologous with 
PBP 5 and the C-terminus also has the potential to form 
an amphiphilic a-helix (Fig. la). However, the PBP 6 
helix possesses a lower level of amphiphilicity than the 
PBP 5 helical anchor, and the hydrophobic-moment plot 
indicates that in the case of PBP 6 the C-terminus is only 
marginally surface active (Phoenix, 1993). This poses 
the question of whether the interactions involved in the 
membrane association of PBP 6 are the same as, or 
different from, those of PBP 5.

In this paper we report the construction of a C-terminal 
deletion of PBP 6 which is exported to the periplasmic 
space. In addition, membrane vesicles carrying PBP 6 
have been treated with various reagents to establish the 
nature of the interactions of PBP 6 with the membrane 
and the degree to which these interactions are comparable

0001-8315 © 1994 SGM
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Fig. 1. (a) C-terminal amino acids of PBP 5 and PBP 6 depicted 
on Schiffer & Edmundson (1967) helical wheels. For PBP 5 
the 18 C-terminal residues are shown (357-374) and the 
homologous region of PBP 6 is shown (368-371). Lipophilic 
residues are shaded and sequence data are from Broome-Smith 
et al. (1988). P shows the histidine residue (370) which is 
replaced by a proline residue in PBP 5*. (b) The hydrophobic- 
moment plot (Eisenberg et al., 1982, 1984) for the C-terminal 
anchor region of PBP 5 (and PBP 5*) (A) and PBP 6 (■).

with those of wild-type PBP 5 (Phoenix & Pratt, 1990) 
and with a mutant PBP 5 in which a-helix formation 
in the C-terminal anchor has been destabilized by the 
presence of a proline residue, His3,0Pro (PBP 5*) (Jack- 
son & Pratt, 1987).

Preparation of periplasmic fractions by osmotic shock. IPTG- 
induced cells (1 ml) were harvested in a microcentrifuge, then 
resuspended in 125 pi of 20% (w/v) sucrose, 30 mM Tris,
1 mM EDTA, pH S’O, and incubated at room temperature for 
3 min. The cells were reharvested, supernatants collected (SN1), 
and pellets resuspended in 312 pi ice-cold distilled water and 
shaken on ice for 10 min. After centrifugation in a micro
centrifuge, the supernatants (SN2, corresponding to the peri
plasm) were collected. The pellets were briefly washed in 4 M 
urea, pH 6-0, and repelleted to give pellet (P) and wash (W) 
fractions. Proteins in the SN1, SN2 and W fractions were 
precipitated by addition of trichloroacetic acid (TCA) to a final 
concentration’of 15% (w/v). After 1 h on ice and micro
centrifugation, precipitates were resuspended in 10 mM sodium 
phosphate buffer, pH 7-2, containing 6 mM PMSF. These 
fractions, together with the pellets (P), were then analysed by 
SDS-PAGE and Western blotting.
Preparation of membrane fragments by osmotic lysis. Mem
brane fractions were prepared from 1 1 of culture (OD450 
0-7-0-9) by osmotic lysis (Osborn et al., 1972). Membranes 
pelleted from 50 ml of the original culture were resuspended in 
1 ml of each extraction buffer and incubated on ice for 1 h. 
Extraction buffers comprised 10 mM sodium phosphate buffer 
containing the required concentration of urea, NaCl or sodium 
thiocyanate (NaSCN) and were adjusted to the required pH by 
the addition of NaOH or HC1. Incubated membranes were then 
pelleted by centrifugation at 105 000 £ for 1 h at 4 °C and TCA 
was added to the supernatants to a final concentration of 10% 
(w/v); 10 pi (0-2 OD450 units) of sonicated SP1048 cells was 
added to aid precipitation (Phoenix & Pratt, 1990). Pellets and 
supernatants were then analysed by SDS-PAGE and Western 
blotting.
SDS-PAGE. The procedure was essentially that of Laemmli 
(1970), using a 13% (w/v) acrylamide resolving gel with a 7% 
(w/v) stacking gel. The acrylamide monomer: dimer ratio was 
44:0-8.
Western blotting. Western blotting using rabbit anti-PBP 6 (or 
anti-PBP 5) serum was carried out as described by Towbin et al. 
(1979) except that the substrate used was 3,4,3',4',-tetra- 
aminobiphenyl hydrochloride. Quantification of PBP 5 in

METHODS
Bacterial strains and growth conditions. The E. coll strains 
used (Table 1) were grown in nutrient broth (Oxoid), K 
medium or K medium minus Casamino acids at 37 °C with 
aeration. K. medium is M9 salts (6 g anhydrous Na2HP04 1 *, 
0-5 g NaCl T1, 3 g KH2P04 l"1, 1 g NH4C11"1) supplemented 
with 0-8% glucose, 0-2% Casamino acids, 1 mM MgS04,
1 mM CaCl2, 10 Mg thiamin ml-1. For plasmid-bearing strains, 
ampicillin, kanamycin, tetracycline and spectinomycin were 
added to final concentrations of 50, 25, 10 and 100 Mg ml 1, 
respectively.
DNA manipulations. Restriction endonucleases, T4 DNA 
ligase and dNTPs were supplied by Boehringer and used as 
instructed bv the manufacturer. Routine DNA manipulations 
were earned out as described by Sambrook et al. (1989).
Expression of genes under the control of the /acUV5 and T7 
promoter. Cells harbouring plasmids or A lysogens carrying 
genes under lac control were grown overnight in K medium 
supplemented with the appropriate antibiotic, then diluted 1/50 
in K medium minus Casamino acids and grown to OD800 0-5 at 
37 °C with aeration. IPTG was added to a final concentration of 
0-4 mM and incubation was contmued for 2 h.

Table 1. Bacterial strains and plasmids

Strain or 
plasmid

Genotype or phenotype

Escherichia
coli
JM103 tslac pro thi strA endAI sbcBI5 hsdR4 supE

F\traD36 proAB lacF ZAM15)
SP1048 his tsx supF Slac~K74 srl\: Tn 70 AdacCI

AdacA:: Tn5
BL21(DE3) hsdS gal r” w" (DE3) A carrying lac UV5 T7

gene 1
Plasmids
pBS102 Kanr PBP 6
PSP2 Ampr truncated PBP 6
pLysS Cmr T7 lysozyme
PLG517 Tetr PBP 6
pLG364 Ampr PBP 5
pMJ117 Ampr PBP 5* (His370 Pro)
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preparations analysed by Western blotting was carried out by 
densitometric analysis using a Zeiss chromatographic scanner at 
a wavelength of 500 nm.

RESULTS

Construction of a defined C-terminal deletion of 
dacC and expression of the PBP 6 C-terminal 
deletion /'n vivo

A defined deletion of dacC was constructed by taking 
advantage of one of the Pvull sites in the coding region of 
dacC in pBS102 (Fig. 2). The EcoRl/Pvull fragment from 
pBS102 was cloned into pGEM3 (Promega Biotech), 
which had been digested with EcoKl and Smal, to place 
the truncated dacC gene under the control of a T7 
promoter. The omega fragment of pHP45Q (Prentki & 
Krisch, 1984) was then cloned as a Smal fragment into the 
H/«cII site of the pGEM3 downstream of dacC. The 
resultant plasmid was designated pSP2 (Fig. 2).

PwjII

pBS102

BamHI

HincM/Smal junction 
flam HIH/'ndlll

H/ndlll

H/ndlll

^flamHI
^ HincW/Smat junction 
^'Smal/Pvull junction

flamHI

fcoRI

Fig. 2. Plasmids pBS102 and pSP2 encoding dacC (PBP 6) and 
a C-terminal deletion of dacC (dacC), respectively, spc, amp 
and kan represent spectinomycin, ampicillin and kanamycin 
resistance genes, respectively.

PBP 6 PBP 6 deletion
SN W P SN W P

Fig. 3. Western blot analysis of fractionated cells expressing 
wild-type PBP 6 and a C-terminal deletion of PBP 6. Fractions 
were obtained after osmotic shock as described in Methods. 
P, proteins not present in the periplasm; SN, periplasmic 
constituents (SN2 in the methods); W, proteins washed from 
the pellets by brief treatment with 4 M urea, pH 6 0. No PBP 6 
was detected upon analysis of SN1 fractions (data not shown). 
► , PBP 6 (40 kDa); >, truncated PBP 6 (33 kDa); ♦, a probable 
degradation product of truncated PBP 6 (29 kDa).

The truncated dacC gene encoded by pSP2 was expressed 
in the T7 polymerase expression system devised by Studier 
& Moffatt (1986). pSP2 was transformed into E. coli 
BL21(DE3)(pLysS). BL21(DE3) is a A lysogen containing 
a single copy of T7 gene 1, which encodes T7 RNA 
polymerase, under the control of the /<zrUV5 promoter. 
The /ar promoter may be induced by the addition of IPTG 
to produce T7 RNA polymerase which in turn initiates 
high-level expression of the target gene encoded down
stream of the T7 promoter. As there may be low-level 
expression of T7 RNA polymerase from the uninduced 
/arUVS promoter, pLysS was included, as the lysS gene 
product (T7 lysozyme) inhibits this low level of T7 RNA 
polymerase. This precaution was taken in view of the 
possible lethality of over-expressed PBP 6 and PBP 6 
truncates.

E. coli JM103(pBS102) and BL21(DE3)(pLysS)(pSP2) 
were incubated with CM mM IPTG for 2 h to induce 
expression of wild-type PBP 6 and the truncated PBP 6, 
respectively. Cells were then subjected to osmotic shock 
and a brief wash in 4 M urea, pH 6-0, to yield periplasmic 
and wash fractions, respectively, and a pellet containing 
membrane and cytoplasmic proteins. The fractions were 
then analysed by Western blotting and densitometry. In 
the case of wild-type PBP 6 the expected 40 kDa protein 
was located exclusively in the pellet fraction (Fig. 3). In 
the case of the truncated PBP 6 (encoded by pSP2) bands 
are visible at 33 and 29 kDa. The 33 kDa species could be 
the precursor (with the N-terminal signal sequence still 
attached) and the 29 kDa species could be the processed 
form. Alternatively, the 33 kDa protein could be the 
mature form and the 29 kDa protein a breakdown 
product. The predicted size of the truncated PBP 6 
lacking the last 74 amino acids and its signal sequence is 
32 kDa, and since both proteins are released into the
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the C-terminal 17 amino acids of PBP 6 and showed that 
this truncated derivative was located in the periplasm.

50

40

30

20

10

0
4 5 6 7 8 9 10

Fig. 4. (a) Effect of pH on membrane association. Membrane 
fragments were produced by osmotic lysis and incubated in 
10 mM sodium phosphate buffer at varying pH. (b) Effect of pH 
and 4 M urea on membrane anchoring. Membrane fragments 
were produced by osmotic lysis and incubated in 4 M urea at 
varying pH. (c) Effect of 2 M salt on membrane anchoring. 
Membrane fragments were produced by osmotic lysis and 
incubated in either 2 M NaCI or 2 M sodium thiocyanate at 
pH 7 0. The percentage of the total protein released from the 
membrane was determined by Western blot and densitometric 
analysis in (a-c).

Investigation into the membrane-binding 
characteristics of PBP 6
To assess the degree to which interactions involved in 
the anchoring of PBP 6 are comparable with those estab
lished for PBP 5 (Phoenix & Pratt, 1990) envelope 
fractions prepared from JM103(pLG517) (PBP 6), 
SP1048(pLG364) (PBP 5) and SP1048(pMJ117) (PBP 5*) 
were incubated in 10 mM sodium phosphate buffer over 
a range of pH values. PBP 5* is a C-terminal mutant 
(His370Pro) of PBP 5 (Jackson & Pratt, 1987) which has 
been shown to have a lower level of membrane interaction 
than the wild-type protein (Phoenix & Pratt, 1990). The 
proportions of the protein released into the supernatant 
were determined by Western blotting and quantified 
using densitometric analysis.
All the proteins largely resisted extraction below pH 7-0 
but in comparison with PBP 5, PBP 6 showed a high level 
of extraction over the range of alkaline pH tested and was 
more comparable with PBP 5* (Fig. 4a). The high level of 
extraction observed for PBP 6 implies that this anchor is 
less stable than that of PBP 5, possibly due to an increase 
in the accessibility of the anchor to the aqueous en
vironment (Phoenix & Pratt, 1990). The degree to which 
the anchor is accessible to the aqueous environment was 
analysed by incubating the membrane fractions in 4 M 
urea at varying pH (Fig. 4b). We have shown previously 
that there are apparently two distinct forms of anchored 
PBP 5: one which is inaccessible to urea and possibly 
inserted into the bilayer and one which is accessible 
(Phoenix & Pratt, 1990). The inaccessible form pre
dominates at pH values below 7-0 whereas the urea- 
accessible form is the major form present above pH 7-0. In 
comparison with PBP 5, PBP 6 and PBP 5* are far more 
easily extracted with urea over the entire pH range and the 
urea-accessibility is dramatically increased above pH 7-0, 
implying that the urea-inaccessible form of PBP 6 is less 
stable than that of PBP 5. In addition, washing with NaCI 
had no visible effect on anchoring whereas the chaotropic 
reagent NaSCN removes a large proportion of the urea- 
accessible form of PBP 6 (Fig. 4c) indicating that hydro- 
phobic interaction is a major factor in maintaining the 
membrane-associated state of the urea-accessible form of 
the anchor.

periplasm (96%) and wash fraction (4%) it is unlikely 
that either still has a signal sequence since this usually 
results in failure of the protein to be released from the 
membrane (Pratt eta/., 1986). We conclude that the lower, 
less abundant, band is the result of proteolytic cleavage of 
the 33 kDa mature truncated PBP 6.
Therefore, we have shown that wild-type PBP 6 is entirely 
membrane bound and that a C-terminal deletion lacking 
the last 74 residues is quantitatively released into the 
periplasmic space. This is in agreement with the recent 
work of van der Linden et al. (1992), who precisely deleted

DISCUSSION
PBP 5 and PBP 6 have been shown to be approximately 
60% homologous, and deletion experiments have local
ized the membrane-binding domain of both proteins at 
the C-terminus. These anchoring domains both appear to 
have the potential to form amphiphilic a-helices (Fig. la). 
The importance of the amphiphilicity in membrane 
binding is presumably the reason why the amphiphilic 
nature of these regions has been preserved even where 
amino acid substitutions have occurred during evol
utionary divergence. Although segregation of the hydro-

76



Anchoring of E. coli PBP 6

phobic and hydrophilic amino acids has been preserved, 
the PBP 6 anchor is only marginally membrane interactive 
as characterized by the hydrophobic-moment plot of 
Eisenberg et al. (1984) (Fig. lb). This predicted lower- 
level of PBP 6 membrane interaction is clearly reflected in 
the pH wash experiments, where high levels of PBP 6 are 
extracted in comparison with PBP 5, However, although 
the levels of extraction varied, the trends observed were 
similar for PBP 5 and PBP 6, with the protein extract- 
ability increasing with increasing pH, thus indicating that 
both proteins are probably anchored by a similar mech
anism.

The accessibility of the anchor to the aqueous environ
ment was determined by washing the membranes with 
4 M urea. For both PBP 5 and PBP 6 there was a urea- 
inaccessible form of the anchor which resisted extraction 
and a urea-accessible form which was extracted. We 
predict that the inaccessible form of the PBP 5 and PBP 6 
anchors occur due to a stronger level of receptor binding 
or due to the insertion of the anchor into the bilayer, 
possibly via the formation of a protein complex (Phoenix 
& Pratt, 1990). The wash data indicate that compared to 
PBP 5 a greater proportion of PBP 6 is in a urea-accessible 
form and, as PBP 6 falls further from the surface-active 
class of peptides, this may indicate a decreased ability of 
the protein to insert into the membrane. Indeed, PBP 6 
shows a level of extraction comparable to PBP 5*. This 
mutant protein has been postulated to undergo decreased 
levels of membrane interaction due to the structural 
changes induced by the His370Pro change within the 
anchor region (Phoenix & Pratt, 1990).

From the above data we conclude that PBP 5 and PBP 6 
are both likely to be anchored by C-terminal amphiphilic 
a-helices and both possess similar membrane-binding 
characteristics. The decreased surface activity of PBP 6 is 
reflected by an increase in the urea-accessible form of this 
protein and may indicate that in comparison with PBP 5 
this anchor has less ability to insert into the bilayer.
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Membrane binding via C-terminal amphiphilic 
tt-helical structure is a novel anchoring mechanism, 
which has been characterised in a number of pro
karyotic carboxypeptidases. Here, we have used 
graphical and DWIH analyses to ascertain if a simi
lar anchoring mechanism may be utilised by the 
Escherichia coli KpsE protein in its binding to the 
periplasmic face of the inner membrane. The results 
of these analyses have been compared to those ob
tained for similar analyses of the C-terminal se
quences of E. coli penicillin-binding proteins (PBPs) 
PBP5 and PBP6 which, are known to function as 
amphiphilic a-helical membrane anchors, and of 
melittin, a known membrane-interactive toxin. We 
have also used FTIB spectroscopy and lipid phase 
transition temperature analysis to investigate the in
teraction of a peptide homologue of KpsE C-terminal 
region with membrane lipid. Our results suggest 
that the KpsE C-terminal sequence has the potential 
to form an amphiphilic a-helix and that this a-helix 
could feature in the membrane binding of the
protein. 9 2001 Academic Press

Key Words: E. coli; KpsE; PBP4; PBPS; C-terminal 
amphiphilic a-helix; membrane.

In general, membrane-bound proteins can be subdi
vided into those with an overall hydrophobic character 
which, to a large extent, are buried within the mem
brane and those which possess a specific membrane 
anchor and a large ectomembranous domain. For pro
teins of this latter class, some are anchored by covalent 
modification, but in general the membrane anchor has 
been identified as a hydrophobic sequence between ten 
and fifteen residues in length (1). However, a recent 
theoretical analysis has predicted that a number of

'To whom correspondence should be addressed. Pax: +1772 
894981, E-mail: daphoenix@uclan.ac.uk.

prokaryotic proteins may employ an alternative to the 
conventional hydrophobic anchor in the form of a mem
brane interactive C-terminal amphiphilic a-helix (2), 
These authors identified sequences with the potentia] 
to form such a-helical anchors in carboxypeptidases 
derived from Bacillus subtlis, Bacillus stearothermo- 
philus, and Escherichia coli and although these se
quences showed limited homology, in an a-helical con
formation, they were found to possess similar struc
tural characteristics. In the case of E, coli, potential 
C-terminal a-helical anchoring regions were identified 
in a number of low molecular mass penicillin-binding 
proteins (PBPs), including PBPS and PBP6. These pro
teins are bound to the periplasmic face of the inner 
membrane with exposed ectomembranous domains 
(3-5) and the predicted participation of C-terminal am
phiphilic a-helical structure in this anchoring is 
strongly supported by experimental results. Deletion 
analysis has shown that the C-terminal sequences (ta
ble 1) of PBPS (6, 7) and PBP6 (8, 9) sire essential for 
efficient membrane interaction. CD spectroscopy (10) 
and Fourier transform infrared (FTIR) spectroscopy 
(unpublished data) have shown that peptide homq- 
logues of these C-terminal regions adopt a-helical 
structure in the presence of lipid. In the case of PBP5, 
when the C-terminal region of the protein was fused to 
a soluble periplasmic /3-lactamase, the hybrid protein 
was able to bind to the membrane (11). However, when 
a proline residue, 'with its ability to distort or disrupt 
an a-helical conformation, was incorporated into the 
PBP5 C-terminal region, the membrane anchoring of 
the protein was greatly destabilised (12). In compari
son to PBPS and PBP6, recent studies have established 
that the E. coli KpsE protein, which is involved in the 
transport of capsular polysaccharide to the cell surface, 
anchors to the periplasmic face of the inner membrane 
via its C-terminal region (13). Based on these observa
tions, we have considered the possibility that the KpsE 
protein may utilise a membrane anchoring mechanism

0006-291X/01 $35.00
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TABLE 1
Protein Sequences and Primary Structures

Peptide or 
protein region Sequence

KpsE
+

CCLLFOTLKLUJtVIEDHRD-COO

PBP5
+ - + ++ -

GNrrOKIIDYIXUCrBBWFG-COO

PBP6
+ - + +

GGFrORVWDrVMMKTHQfWFGSWFS -COO

Melittin
+ + + ++ +

GIGAVLKVLTTOLPALISWIKRKRQQ-NHj

NoU. The C-tenninal sequences of E. coli KpsE (15), PBP5 and 
BPS (16), and the primary structure of melittin (17) are shown. For 
ach sequence, residues in bold indicate the window identified by 
iWIH analysis (Table 2),

imilar to that of PBP5 and .]PBP6. Accordingly, here; 
ze have used graphical and theoretical analyses to 
nvestigate the potential of the KpsE C-terminal se- 
[uence to undergo membrane interaction. The results 
if these analyses have been compared to those ch
ained for similar analyses of the C-terminal sequences 
if PBP5 and PBP6, and the sequence of melittin, a 
mown membrane-interactive toxin (14). We have also 
nvestigated the potential of the KpsE C-terminal re
gion to function as a membrane anchor sequence by 
itudying the interactions of a peptide homologue of 
his C-terminal region with lipid using FTIR spectros- 
:opy and lipid phase transition analysis.

MATERIALS AND METHODS

Theoretical analysis. The sequences of the C-terminal regions of 
he KpsE protein (15), PBP5 and PBP6 (16), and the sequence of 
nelittin (14) were obtained from the literature (Table 1). Prelimi
tary graphical analyses were performed on the C-terminal 18 amino 
irid residues of KpsE, PBP5 and PBP6 using Schiffer-Edmundson 
telical wheels (Fig. 1) to provide an indication as to whether these 
lequences possessed the potential to form amphiphilic or-helices with 
membrane interactive potential (17). These are two-dimensional ax
el projections of the sequences, taken perpendicular to the helical 
iong wtHg and assuming an amino acid periodicity of 100*. All four of 
hese sequences were then analysed using the previously published 
DWIH algorithm (18), which provides a measure of membrane in
teractive potential by maximising the sequestration of hydrophobic 
residues within a hydrophobic compartment. The window size is not 
ixed but optimised to identify the maximum window size, which 
could potentially interact with the membrane. A statistical signifi
cance for the measure is obtained by Monte-Carlo techniques, which 
take into account the significance of the amino acid residues present 
(uniform test) and the significance of the arrangement of the amino 
acid residues around the a-helix (random test). The sequences of 
Table 1 were analysed by the DWIH algorithm and the results 
recorded (Table 2).

Lipid phase transition temperature analysis. A peptide corre
sponding to the C-terminal sequence olE. coli KpsE protein (Table 1) 
was manufactured by solid-state synthesis, purified by HPLC and

was of 99% purity or greater (University of Manchester, UK). All 
phospholipids and solvents, which were of spectroscopic grade, were 
purchased from Sigma-Aldrich, UK. Suspensions of small unilamel
lar vesicles (SUV’s) of either dimyristoyl phosphatidylglycerol 
(DMPG) or dimyristoyl phosphatidylethanolamine (DMPE) in buffer 
(10 mM (N-[2-hydroxyethylpiperazine-JV'-[2-ethanesulphonic acid]); 
Hepes) at pH 7, were prepared according'to the method of Keller et 
al. (19). The KpsE peptide was solubilised in these suspensions to 
give a final lipid to peptide ratio of 15:1 (w/w) and the resulting 
samples subjected to automatic temperature scans with a heating 
rate of 3°C 5 min"1 and within the temperature range 10 to 70°C. For 
every 3“C interval, 50 interferograms were accumulated, apodized, 
Fourier transformed, converted to absorbance spectra (20) and the 
results recorded (Fig. 2). Changes in the /3 +* a acyl chain melting 
behaviour of DMPG and'DMPE were determined els shifts in the 
peak position of the symmetric stretching vibration, of Jhe methylene 
groups, v,(CHa), which is known to be a sensitive marker of lipid 
order. The peak position of v,(CH2) lies at 2850 cm"1 in the gel phase 
and shifts at a lipid specific temperature Te to 2852.0-2852.5 cm"1 in 
the liquid crystalline state.

RESULTS

It can be seen from Fig, 1 that when the PBP5 and 
PBP6 C-terminal sequences are projected onto 
Schiffer-Edmundson helical wheels, these anchor re
gions demonstrate a clear segregation of hydrophobic 
and hydrophilic residues. Although less well defined 
than the PBP5 a-helix, the KpsE a-helix shows a seg
regation of residues similar to that of the PBP6 a-helix 
and according to Schiffer and Edmundson criteria (17), 
would be likely to form a stable a-helix. It can also be 
seen from Fig. 1 that the KpsE, PBP5 and PBP6 
a-helices possess strongly positively charged residues 
that are located near the hydrophilic/hydrophobic in
terface, a feature often associated with the snorkelling 
mechanism of Segrest et al. (21). The DWIH measure 
has successfully identified a number of membrane in
teractive sequences (18) and has produced a number of 
predictions that have been verified experimentally (10, 
22). Using this measure, a potentially membrane in
teractive window was identified in the sequence of the 
KpsE C-terminal region, which was comparable in size

TABLE 2
DWIH Parameters of Protein Potential 

for Membrane Interaction

Peptide or 
protein 
region

DWIH 
window size

DWIH
measure

DWIH
uniform

significance
(%)

DWIH
random

significance
(%)

KpsE 12 7.22 0.60 >5.00
PBP5 16 7.31 0.60 0.50
PBP6 15 5.36 2.10 >5.00
melittin 11 5.59 2.30 >5.00

Note. For the C-terminal region of E. coli, KpsE protein, PBF5 and 
PBP6, and melittin (Table 1), DWIH parameters were determined 
according to the methodology of Roberts et al. (18).
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FIG. 1. Protein sequences modelled as helical wheel projections. 
Two-dimensional axial projections representing the C-terminal re
gions of E. coli are shown: (a) KpsE, (b) PBP5 and (c) PBP6 (Table 1), 
taken perpendicular to the helical long axis and assuming an amino 
acid periodicity of 100° (17). Hydrophobic residues are denoted by the 
symbol •.

and DWIH magnitude to those identified for the other 
peptides tested (Table 2). The selection of amino acid 
residues shows comparable significance to that of 
PBP5, although the actual arrangement of the residues 
in the sequence was not significant (P > 0.05), presum
ably due to the less defined hydrophobic arc boundary, 
which thus, limits the impact of spatial rearrangement 
(2), as is seen for the a-helices of melittin and the PBP6 
C-terminal region. The phase transition temperature, 
Tc, of DMPG and DMPE were measured in the pres
ence and absence of a peptide corresponding to the 
C-terminal amino acid residues of the KpsE protein. 
The presence of the peptide appeared to have no sig
nificant effect on the Tc of DMPG (25°C) under our 
experimental conditions. However, the peptide showed 
a strong cholesterol-like effect on the Tc of DMPE 
(45°C) with the gel to liquid crystalline transition for 
the lipid occurring over the temperature range 35 to 
70°C (Fig. 2).

DISCUSSION

Figure 1 shows that the PBP5 and PBP6 
C-terminal sequences possess the potential to form 
amphiphilic a-helices. The C-terminal 20 amino ac
ids of PBP5 and PBP6 have been shown to act as 
membrane anchors for these proteins (6-9, 11, 12) 
and show many similarities £o melittin (23), which is 
known to interact at the membrane surface via the 
use of membrane interactive amphiphilic a-helices 
(14). Based on these similarities, it has been sug
gested that the PBP5 and PBP6 C-terminal anchors 
interact at the membrane interface with their 
hydrophobic arcs buried in the membrane interior 
and their hydrophilic arcs interacting with the aq
ueous environment (5). Figure 1 also shows that the

C-terminal region of the KpsE protein possesses tl 
potential to form an amphiphilic a-helix. Th 
a-helix can be seen to exhibit a narrow hydrophil 
face and a wide hydrophobic face, amphiphilic cha 
acteristics that are similar to those shown by tl 
PBP6 C-terminal a-helix (Fig. 1), the class 
a-helices of lytic peptides and the a-helices of meli 
tin (24), and imply the potential for a similar mecl 
anism of membrane interaction. Analysis of tl 
KpsE C-terminal sequence (Table 2) using the DWI 
measure suggests that this sequence possesses men 
brane interactive potential comparable to those < 
PBP5 and PBP6. The uniform significance of thi 
sequence indicates that the selection of amino acid 
is not random and may therefore have biologici 
significance. It is noticeable that the hydrophobi 
face of the KpsE a-helical arrangement includes 
strongly basic arginine residue. This residue is 1c 
cated near the interfacial region of the a-helix an 
the long amphiphilic side chain possessed by argi 
nine would facilitate snorkelling into the bilaye 
(21). Such snorkelling would effectively increase th 
hydrophobic face of the KpsE a-helix and its for th 
potential hydrophobic interaction. A similar mecha 
nism has been postulated to feature in the mem 
brane interactions of the PBP5 C-terminal a-heli: 
(25) and the lipid interactions of apolipoprotein clasi 
A amphiphilic a-helices (24). Consistent with a roll 
for hydrophobic forces, the presence of the KpsI 
peptide had a strong cholesterol-like effect of on th< 
Tc of DMPE (Fig. 2), clearly indicating that the pep

2853-

2852-

■£ 2851-

q 2850-

2849-

Temperature (*C)

FIG. 2. The effect of the KpsE peptide on the lipid phase tran
sition properties of DMPG and DMPE membranes. In the absence of 
KpsE peptide, the phase transition temperatures of DMPG (■) and 
DMPE (A) were 25 and 45°C, respectively. In the presence of the 
KpsE peptide, no significant effect on either the phase transition 
temperature or the /3 «-» a acyl chain melting behaviour of DMPG (•) 
was observed but the peptide had a strong cholesterol-like effect on 
the p *-* a acyl chain melting behaviour of DMPE (▼) with the gel to 
liquid crystalline phase transition for the lipid occurring over the 
range 35 to 70°C.
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tide is able to penetrate DMPE membranes and in
ter digit ate with acyl chains of the membrane core. In 
contrast, the presence of the KpsE peptide appeared 
to have no effect on the Te of DMPG membranes (Fig. 
2), a result which is perhaps not unexpected due to 
the significant level of negatively charged amino acid 
residues in the hydrophilic face of the peptide (Fig. 
1). Repulsion between these residues and the nega
tively charged DMPG headgroup region could de
crease the level of membrane penetration possible by 
the peptide. This behaviour contrasts with that of 
the other sequences shown in Table 1, for melittin 
and the PBP5 and PBP6 C-terminal regions possess 
cationic hydrophilic faces to their a-helical arrange
ments (Fig. 1) and these a-helices have been shown 
to interact with both anionic and zwitterionic lipid 
[10, 14, 22). An FTIR conformational analysis of the 
aqueous KpsE peptide showed it to primarily possess 
3-sheet structures (data not shown) but it is known 
that many membrane interactive peptides require 
the amphiphilic environment of the interface to 
adopt significant levels of a-helical structure with 
typical examples being melittin (14) and the class H 
a-helices of some peptide hormones (3, 24, 26, 27). In 
summary, our theoretical analyses have, predicted 
that the KpsE C-terminal region possesses the po
tential for membrane interaction via amphiphilic 
or-helix formation. Consistent with this prediction, 
FTIR spectroscopy has shown that a peptide homo- 
logue of this C-terminal region was able to penetrate 
the lipid core of zwitterionic membranes suggesting 
a major role for hydrophobic forces in these interac
tions.

ACKNOWLEDGMENTS

The work conducted in the laboratory of Professor I. S. Roberts was 
mpported by the BBSRC of the United Kingdom and the Wellcome 
tVuBt. T. Hammerton was the recipient of an MRC fellowship, Pro- 
essor I. S. Roberts gratefully acknowledges the support of the Lister 
institute of Preventative Medicine.

REFERENCES

1. Davis, N. G., and Model, P. (1985) An artificial anchor domain— 
Hydrophobicity suffices to stop transfer. Cell 41, 607—614,

2. Pewsey, A R., Phoenix, D. A., and Roberts, M. G. (1996) Monte 
Carlo analysis of potential C-terminal membrane interactive 
a-helices. Protein Peptide Lett. 3, 185—192.

3. Phoenix, D. A., and Harris, F. (1998) Amphiphilic a-helices and 
lipid interactions. In Protein Targeting and Translocation (Phoe
nix, D. A., Ed.), pp, 19—36, Portland Press, London, UK.

4. Phoenix, D. A., and Harris, F. (1998) The membrane interactive 
properties of the low molecular weight penicillin-binding pro
teins. Biochem. Soc. Trans. 23, 976-980.

5. Gittins, R. G., Phoenix, D. A, and Pratt, J. M. (1993) Multiple 
mechanisms of membrane anchoring of Escherichia coli penicil
lin binding proteins. FEMS. Microbiol. Reu. 13, 1-12.

6. Pratt, J. M., Jackson, M. E., and Holland, I, B. (1986) The 
C-terminus of penicillin-binding protein 5 is essential for local
isation to the Escherichia coli inner membrane. EMBO J. 5, 
2399-2405.

7. Jackson, M. E„ Pratt, J. M. (1987) An 18 amino acid am
phiphilic helix forms the membrane anchoring domain of the 
Escherichia coli penicillin bindingprotein 5. Mol. Microbiol. 1, 
23-28.

8. Van der Linden, M. P. G., de Haan, L., Hoyer, M, A, and Keck, 
W. (1994) Possible role of Escherichia coli penicillin-binding pro
tein 6 in stabilisation of stationary-phase peptidoglycan. J. Bac
terial. 174, 7572-7578.

9. Phoenix, D. A., Peters, S. E., Ramzan, A, and Pratt, J. M. (1994) 
Analysis of the membrane-anchoring properties of the putative 
amphiphilic a-helical anchor at the C-terminus of Escherichia 
coli PBP6, Microbiology 140, 73-77,

10. SUigardi, G., Harris, F., and Phoenix, D. A (1997) a-helical 
conformation in the C-terminal anchoring domains of Esche
richia coli penicillin-binding proteins 4, 5 and 6. Biochim. Bio- 
phys. Acta 1328, 278-284.

11. Phoenix, D. A, nnH Pratt, J. M. (1993) Membrane interaction of 
Escherichia coli penicillin-binding protein 5 is modulated by the 
ectomembranous domain. FEBS Lett. 322, 215—218.

12. Jackson, M. E., and Pratt, J. M. (1988) Analysis of the 
membrane-binding domain of penicillin-binding protein 5 of 
Escherichia coli. Mol. Microbud. 2, 563—668.

13. Arrecubieta, C., Hammarton, T. C., Barrett, B., Chareonsudjai, 
S., Hodson, N., Rainey, D., and Roberts, I. S, (2001) The trans
port of group 2 polysaccharides across the periplasmic space in 
Escherichia coli—Roles for the KpsE and KpsD proteins. J. Biol. 
Chem. 276, 4245-4250.

14. Dempsey, C. E. (1990) The actions of melittms on membranes. 
Biochim. Biophys. Acta 1027,143-161.

15. Pazzini, C., Rosenow, C., Boulnois, G. J., Bronner, D., Jan, K, 
and Roberts, I. S. (1993) Molecular analysis of region 1 of the 
Escherichia coli K5 antigen gene cluster A region encoding 
proteins involved in cell surface expression of capsular polysac
charide. J. Bacterial. 175, 5978-5983.

16. Broome-Smith, J. K., lonnidis, I., Edelman, A., and Spratt,
B. G. (1988) Nucleotide sequences of the penicillin-binding 
protein 5 and 6 genes of Escherichia coli. Nucleic Acids Res. 
16, 1617. v

17. Schiffer, M., and Edmundson, A B. (1967) Use of helical wheels 
to represent the structures of proteins and to identify segments 
with helical potential. Biophys. J. 7, 121-135,

18. Roberts, M. G., Phoenix, D. A, and Pewsey, A. R. (1997) An 
algorithm for the detection of surface-active a-helices with the 
potential to anchor proteins at the membrane interface. CABIOS 
13,99-106.

19. Keller, R. C., Killian, J. A, and De Kruijff, B. (1992) Anionic 
phospholipids are essential for a-helix formation of the signal 
peptide of PhoE upon interaction with phospholipid vesicles. 
Biochemistry 31, 1672-1677.

20. Brandenburg, K, Kusomoto, S., and Seydel, U. (1997) Confor
mational studies of synthetic lipid A analogues and partial struc
tures by infrared spectroscopy. Biochim. Biophys. Acta 1329, 
183-201.

21. Segrest, J. P., Venkatachalapathi, Y., Srinivas, S. K., Gupta, 
K B., De Loof, H., and Anatharamaiah, G. M. (1992) Role of 
basic amino acid residues in the amphipathic helix: The snorkel 
hypothesis. In Molecular Conformation and Biological Interac
tions (Balaram, P., and Ramaseshan, S., Eds.), pp. 597-635, 
Indian Academy of Sciences, Bangalore, India.

979



Vol. 285, No. 4, 2001
BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATION

2. Harris, F., Demel, R. A., Phoenix, D. A., and De Kmyff, B, (1998) 
An investigation into the lipid interactions of peptides corre
sponding to the C-terminal anchoring domains of Escherichia
a l UJS'bmdlIlg protBins 4* 5 6- Biochim. Biophys.
Acta 1415, 10—22. ^

23’ ^S’ P'ran5 D‘ A- (1997) A” investigation into the
surface activities of C-terminal homologues of the Escherichia 
coh low molecular mass penicillin-binding proteins 4, 5 and 6 
Biochimie 79, 171-174.

24. Segrest, J. P., De Loof, H., Dohlman, J. G., Brouillette, C. G„ and

Anantharamaiah, G. M. (1990) Amphipathic helix motif: Classt 
and properties. Proteins Struct. Funct, Genet. 8, 103-117 

25. Harris P. (1998) Thesis, University of Central Lancashire, Pref

' ™ a W‘ (1"3) ^Phiphdic helices in neuropeptides l 
The Amphipathic Helix (Epand, R. M., Ed.), pp 221-254 Press, Boca Raton, PL. ’ PP' 4’ GR<

27. Taylor, J. W., and Kaiser, E. T. (1986) The structural characteri 
sation of /3-endorphin and related peptide hormones and neuro 
transmitters. Pharmacol. Rev. 38, 291-324.

980



Protein and Peptide Letters, Vol. 7, No. 2, pp, 99-104,2000 
Bentham Science Publishers B,V. 

0929-8665/00 $ 15.00 + .00

ANALYSIS OF THE MEMBRANE INTERACTIVE POTENTIAL 
OF THE ESCHERICHIA COL/PBP6B C-TERMINUS

David A. Phoenix1* and James Wallace2

'Department of Biological Sciences and department of Physics, Astronomy and Mathematics, University of
Central Lancashire, Preston, UK, PR1 2HE.

Escherichia coli low molecular weight penicillin binding proteins include PBP4,5,6 and recently PBP6b. PBP5 
and PBP6 have been shown to possess C-terminal amphiphilic helical anchors. PBP4 has been shown to have 
the potential to interact at the membrane interface but the protein appears to bind via a different mechanism to 
PBP5 and PBP6. It has been suggested that since PBP6b has a high homology with PBP6 it also binds via an 
amphiphilic alpha helix. Here helical wheel, hydrophobic moment and DWIH analysis are used to show that tire 
C-temrinus of PBP6b does not resemble the anchor regions of the PBP5 and 6 but may stabilize membrane 
binding using a mechanism similar to that of PBP4.

Membrane proteins can be divided into those with an overall hydrophobic character, which to a large 
extent are buried within the membrane, and those which have a specific membrane anchor and large 
ectomembraneous domain. For proteins of the latter class the anchor has generally been identified as a 
hydrophobic amino acid sequence between 10-15 residues in length [1],

It has been shown that the E. coli DD-carboxypeptidases, penicillin binding proteins (PBPs) 5 & 6 are 
anchored to the periplasmic face of the inner membrane [2], Hydropathy plots have been unable to identify a 

hydrophobic anchor sequence and there is no evidence of covalent modification. Deletion analysis has shown 

that the C-terminal 20 amino acids are essential for anchoring in both cases [3,4]. That only this region is 

required for anchoring has been shown by forming a fusion protein with periplasmic ^lactamase and the PBPS 

C-terminus [5], The fusion protein was found to be genuinely membrane bound. Theoretical analysis based on 

the use of the hydrophobic moment plot and the hydrophobic moment profile has shown that these C-terminal 

anchor regions have the potential to form a surface active a-helix [6]. Membrane interaction has been further 

modelled by use of the depth weighted inserted hydrophobicity (DWIH) measure which indicates that both 

regions could deeply penetrate a bilayer surface and that such an interaction would be predominantly 

hydrophobic in nature [7]. The use of biochemical wash procedures has demonstrated that PBPS and PBP6 are 
indeed anchored by predominantly hydrophobic forces [3,4] and recently CD analysis of peptides 
corresponding to these anchor regions indicates that they are able to form helical structures in membrane
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mimetic environments [8]. The level of membrane interaction possible has been predicted to be similar in 

magnitude to the membrane interactive toxin melittin [6] and indeed haemolysis work has reinforced this 

prediction [9].
E. coli PBP4 has both endopeptidase and carboxypeptidase activity and is found to be membrane 

associated. This protein, along with PBP5 and PBP6 form the low molecular weight class of PBPs and all 

possess some degree of homology. In contrast to PBPS & PBP6 the use of hydrophobic moment analysis 

implied that although the PBP4 C-terminus had the potential to form a surface active helix it also had the 

potential to form almost equally amphiphilic sheet [6]. When the C-tenninus of PBP4 was examined by the 

DWIH measure it was predicted to be only weakly membrane interactive and this interaction was predicted to 

be within the region of the phospholipid head-group and hence mainly electrostatic in nature [7]. Recently 

biochemical wash experiments have shown this to be the case and it appears that whilst the C-terminus may 
interact at the membrane surface there is a specific binding site at which the protein interacts [10].
Recently a new carboxypepti dase has been discovered in E. coli and due to its homology with PBP6 it has been 

termed PBP6b. It has been stated that this protein is anchored to the inner membrane in a similar manner to 

PBP6 [11] but this has not been analysed. Here we compare the C-termini of PBP4t5,6 and PBP6b (Table 1) 

using a range of theoretical approaches in an attempt to identify the membrane interactive potential of the 

PBP6b C-terminus.

Protein Sequence <pH> <H>

PBP4 EP ADORNRRIPLVRFESRLYKDIY ONN-COOH 0.746 -0.310

PBPS oeipegnffgkiidyiklmfhhwfg-cooh 0.663 0.235

PBP6 ENVEEGGFFGRVWDFVMMKFHOWFGSWFS-COOH 0.508 0.414

PBP6b i.vtlesvgegsmfsrlsdyfhhka-cooh 0.584 -0.023

Table 1 The C-tcnninal protein sequences for PBP4,5,6 and PBP6b. The window of maximum hydrophobic 

moment (pH) and its mean hydrophobicity <H> are given. The window identified and is underlined.

Schiffer and Edmundson helical wheel analysis.
The Schiffer and Edmundson helical wheel [12] represents the C-terminal 18 amino acids as a two dimensional 

axial projection assuming that the structure formed is that of an idealised a-helix with each residue displaced 

100° from its nearest neighbours. Residues defined as hydrophobic by the Eisenberg consensus scale [13] are 

shaded and hydrophilic residues are shown in white (Figure 1). The graphical representations clearly indicate 

the amphiphilic nature of PBPS and 6. The positioning of highly hydrophilic and hydrophobic residues on 

opposite faces of the PBP4 helix provides some degree of amphiphilicity and given that the long aliphatic side 

chains of the charged residues could allow snorkelling of the helix into the membrane interior [14] this structure 

may be weakly membrane interactive as has been shown [9,14],
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In the case of PBP6b there is clear segregation of hydrophobic residues providing an amphiphilic sequence but 

the arc size is much less than that of PBP5 and 6. Snorkelling of the leucine residue could allow interaction of 

this structure at a membrane interface but the level of hydrophobic stabilization would be lower than in the case 

of PBP5 and 6 with further disruption due to the presence of the glutamate. It is likely that structure would need 

both electrostatic and hydrophobic stabilization to bind at the membrane interface and would be comparable to 

the PBP4 C-terminus rather than that of PBP5 and 6.

PBP4 PBP5 PBP6 PBP6b
Figure 1 C-terminal domains of PBP4 [15], PBP5, PBP6 [16], PBP6b [11] represented as Schiffer and 

Edmundson helical wheels [12]. Hydrophobic residues are shaded according to the Eisenberg consensus 

sequence [13].

Hydrophobic moment plot analysis

A measure of secondary amphiphilicity can be obtained using the mean hydrophobic moment, <(iH> [17], 

When plotted against the mean hydrophobicity, <H>, the position on the plot can indicate whether a helix is 

likely to be surface active [17]. The values for <pH> and <H> from Table 1 were used to construct Figure 2. In 

the figure it is assumed that the 11 residue windows identified in Table 1 are helix forming. Analysis of the 

results leads to the belief that the C-termini of PBP5 and PBP6 would be clearly surface active, a result that has 

been confirmed using monolayers formed from synthetic peptides [14]. The C-terminus of PBP4 lies on the 

surface active boundary and work has shown that this peptide is able to adopt a helical conformation under 

certain conditions such as those experienced at a monolayer interface [8,14] or in the presence of detergent [8]. 

In contrast, the C-terminus corresponding to PBP6b falls close to the boundary but in the globular region of the 

plot. This would imply that it would have little potential to form a surface active peptide but given that these 

boundaries are diffuse [17] there is potential for surface activity and from comparison with PBP4 it seems 

likely that the structure would be stabilized at a membrane interface.
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SURFACE

GLOBULAR

Mean hydrophobicity per residue
Figure 2 Hydrophobic moment plot [17]. Each 11 residue window identified in Table 1 has been plotted. 
Numbered points correspond to lt PBP4: 2, PBP5; 3, PBP6; 4, PBP6b and 5, the membrane interactive toxin 

melittin.

Depth weighted inserted hydrophobicity analysis.
Depth weighted inserted hydrophobicity (DWIH) has bten used as a measure of the membrane interactive 

potential of a helix [7]. It is based on the partition of hydrophobic residues within a hydrophobic compartment 
such as that produced by a membrane bilayer. The algorithm provides a statistical measure based on Monte 

Carlo analysis for the significance of the arrangement of residues around the helix and the choice of amino 

acids present within the helix, assuming they were uniformly selected (Table 2),
It can be seen that the window size selected for PBP6b and the DWIH measure are lower that those for 

PBP5 and 6. Whilst the amino acids present at the C-terminus of PBP6b are not significant using this measure 

their arrangement around the helix is significant (p<0.05). Since the DWIH measure for PBP6b is greater than 
that of PBP4 which is known to weakly associate with monolayers (14] it can be assumed that the PBP6b C- 
terminus could associate with a biological membrane but that the level of association would be much weaker 

than in the case of PBP5 and PBP6.
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Protein Window size DWIH measure DWIH significance (uniform) DWIH significance (random)

PBP4 13 2.17 34.1% 37%

PBPS 17 8.00 0.3% 2%

PBP6 20 6.33 0.7% 2.5%

PBP6b 14 3.29 14.6% 4%

Table 2: Analysis of the penicillin binding proteins using DWIH, The significance of the amino acids present

(Uniform) and their arrangement around the helix (Random) are shown.

Discussion

It can clearly be seen from the helical wheel projections that PBP6b lacks the level of amphiphilicity displayed 

by PBP5 and PBP6. There is, however, a hydrophobic arc which is comparable to that of PBP4 and the lysine 

residue situated in this region could be expected to provide a snorkelling effect allowing the helix to penetrate 
the membrane hydrophobic interior by virtue of the long aliphatic side chain as has been postulated in the case 

of PBP6 [14]. Given that the PBP4 C-terminus is able to weakly interact at a membrane interface it may well be 

that the PBP6b C-terminus has some membrane interactive potential and uses a degree of electrostatic 
stabilisation as seen to a greater extent in the case of PBP4 [10]. If the sequences are compared using the 
hydrophobic moment plot the difference between the PBP6b C-terminus and that of PBP5 and PBP6 is further 

emphasised. The plot indicates that a peptide corresponding to this region would have less surface active 

potential. Furthermore, using the hydrophobic moment at a measure of amphiphilicity it is clear that the PBP4 

C-terminus has a greater level of amphiphilicity although in this case the measure is likely to be biased for 
PBP4 due to the placement of highly hydrophobic leucine residues directly opposite highly charged arginine 

and leucine residues [7], The DWIH measure has been shown to give a statistically more meaningful measure 

of membrane interactive potential than using the hydrophobic moment [7]. It can be seen from Table 2 that the 

composition of amino acids at the PBP6b C-terminus is not significant but their arrangement is. Whilst the size 

of the widow predicted for insertion into the membrane is less than that of PBP5 and PBP6, as is the DWIH 

measure, the window size is comparable to that of PBP4 and shows a higher DWIH measure than PBP4. Since 

the arrangement of amino acids is significant it may well be that they have a biological role in membrane 
interaction.

In contrast to previous reports [11] it is clear that the C-terminus of PBP6b is not comparable to that of 

PBP5 and PBP6 and it is highly unlikely that these three proteins exhibit the same anchoring mechanism. By 

comparison to PBP4 it appears that the PBP6b C-terminus has the potential to interact at a membrane interface 
but this level of interaction would be weak therefore implying that a secondary site of binding would be needed 

to stabilise the protein at the membrane interface. Recent evidence has indicated that the PBP5 

ectomembraneous domain can effect membrane binding [18] and it has been postulated that all these low 

molecular weight PBPs undergo secondary interactions, possibly via the formation of a protein complex [19].
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The data shown here for PBP6b would be consistent with this hypothesis and make the interactions with the 

ectomebraneous domain a major factor in stabilising membrane binding not the C-terminus.
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Abstract: The major penicillin-binding proteins (PBPs) of Escherichia coli play vital roles in cell wall biosynthesis and are located in 
the inner membrane. The high MT PBPs 1A, IB, 2 and 3 are essential bifunctional transglycosylases/transpeptidases which are 
thought to be type II integral inner membrane proteins with their C-terminal enzymatic domains projecting into the periplasm. The 
low Mt PBP4 is a DD-carboxypeptidase/endopeptidase, whereas PBPs 5 and 6 are DD-carboxypeptidases. All three low Mr PBPs 
act in the modification of peptidoglycan to allow expansion of the sacculus and are thought to be periplasmic proteins attached 
with varying affinities to the inner membrane via C-terminal amphiphilic a-helices. It is possible that the PBPs and other inner 
membrane proteins form a peptidoglycan synthesizing complex to coordinate their activities.

Key words: Penicillin-binding proteins; Escherichia coli'. Membrane proteins; Anchoring mechanisms

Introduction

Gram-negative bacteria such as Escherichia coli 
are able to maintain their rod shape in changing 
osmotic environments because they have a rigid 
cell wall. This is a cylindrical sacculus of highly 
cross-linked peptidoglycan (murein; mucopep- 
tide) that lies between the cytoplasmic (inner) 
and outer membranes. To facilitate cell growth 
and division this wall has to be continually ex
panded with periodic formation of septa at the 
old cell centres which delimit daughter cells. The

* Corresponding author.

peptidoglycan network is synthesized by the addi
tion of GlcNAc-MurNAc-pentapeptide subunits 
within the polymeric structure. This process ne
cessitates the continual formation and dissolution 
of peptide cross-bridges linking the growing gly- 
can chains [1], Formation of peptide cross-bridges 
by transpeptidation is catalysed by a set of 
active-site-serine-DD-peptidases [2], jS-Lactam 
antibiotics exert their activity by behaving as sub
strate analogues and covalently binding to the 
active sites of the DD-peptidases [3]. Thus, these 
enzymes are also penicillin-binding proteins 
(PBPs). They are ectoproteins located on the 
periplasmic face of the inner membrane and the 
purpose of this article is to review information 
concerning their modes of membrane association.

SSDI 0168-6445(93)E0064-Q



2

Character and function of E. coli PBPs

Polyacrylamide gel analysis after treatment of 
£, coli cells with radiolabelled /3-lactams initially 
identified six major PBPs: 1, 2, 3, 4, 5, and 6 [4]. 
PBP1 was later resolved into separate compo
nents PBP1A and PBP1B [5-7]. The PBPs inter
act with 0-lactams at their active sites which 
share primary sequence motifs (SXXK, SXN and 
KTG) with 0-lactamases, suggesting a common 
evolutionary origin [2,8]. The properties of the E, 
coli PBPs, and the genes which encode them, are 
summarised in Table 1.

The higher molecular mass penicillin-binding 
proteins of E, coli, PBP1A, IB, 2 and 3 catalyse 
essential steps in peptidoglycan biosynthesis. De
fects in these proteins affect cell growth and they 
are the killing targets of 0-lactam antibiotics [9]. 
Information on the enzymic activities of these 
high-molecular mass PBPs has been reviewed in 
detail elsewhere [2,8]. Briefly, all four proteins 
are believed to be bifunctional transglycosylase/ 
transpeptidases, with the penicillin-sensitive 
DD-peptidase domain near the C-terminus. They 
function to insert GlcNAc-MurNAc-pentapeptide 
subunits into the peptidoglycan structure and also 
catalyse the cross-linking of the growing strands 
via their peptide side chains. Despite only limited 
sequence homology, the enzymic activity shared

by PBP1A and IB is interchangeable. This is 
confirmed by the ability of one protein to com
pensate for a deficiency in the other in ponA or 
ponB mutants [10,11]. The essential nature of this 
shared PBP1 activity is demonstrated by the bac
teriolytic effects of a ponA /ponB double deletion 
[11], and the similar rapid lethal effect of 0- 
lactams such as cefsulodine which binds with high 
affinity to the PBPls [12].

PBP2 activity, in catalysing peptidoglycan syn
thesis at the point(s) of cell elongation, is vital to 
maintaining the cell’s rod-shaped morphology. 
This is demonstrated by the formation of spheri
cal cells by a pbpA(Ts) mutant at the non-permis- 
sive temperature, or when E. coli is treated with 
the 0-lactam mecillinam which specifically in
hibits PBP2 [12,13]. Unlike PBP1A, IB and 3, 
PBP2 also requires the presence of the rodA 
gene product in the inner membrane for its trans
glycosylase activity [14]; however, the functioning 
of this partnership is not fully understood. Re
cent data derived from analysis of mecillinam-re- 
sistant mutant strains indicate a further impor
tant role for PBP2 in coordinating cell wall syn
thesis and ribosomal activity [15].

PBP3 activity is specifically involved in pepti
doglycan synthesis at the point of septation and is 
essential for cell viability [12]. Inhibition of PBP3 
by growing a pbpBCTs} mutant at the non-permis-

Tablc 1
The major penicillin-binding proteins of Escherichia coli

Gene Mr on
SDS-PAGE
(kDa)

Cleaved
Signal
peptide

Membrane
anchor

Enzymic activity Essential/
Dispensable

PBP1A ponA
(mrcA)

91 No N-term
hydrophobic

Transpeptidase/
transglycosylase

Essential

PBP1B ponB
(mrcB)

90 No N-term 
hydrophobic „

Transpeptidase/
transglycosylase

Essential

PBP2 pbpA
(mrdA)

66 No N-term
hydrophobic

Transpeptidase/
transglycosylase

Essential

PBP3 pbpB
(ftsl)

60 No N-term
hydrophobic

Transpeptidase/
transglycosylase

Essential

PBP4 dacB 49 Yes C-terminal
amphiphilic

DD-carboxypeptidase
endopeptidase

Dispensable

PBPS dacA 42 Yes C-terminal
amphiphilic

D-alanine
carboxypeptidase

Dispensable

PBP6 dacC 40 Yes C-terminal
amphiphilic

D-alanine
carboxypeptidase

Dispensable
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sive temperature or by antibiotics such as 
cephalexin leads to cessation of cell division and 
hence filamentation [12,16]. PBP3 is thought to 
be the most important killing target for /3-lactams 
in common use [17].

There are a number of lines of evidence which 
suggest that PBP3 may require interaction with 
other proteins to function correctly in cell divi
sion [1]. In experiments where the 5' end of the 
lacZ gene was fused to the pbpB gene minus the 
first 40 codons, the cytoplasmic /3-galactosidase/ 
PBP3 hybrid bound penicillin and was shown to 
be concentrated at septum sites unless an ftsZ 
mutant host was used [18]. This was interpreted 
to suggest a role for cytoplasmic FtsZ protein in 
the integration of PBP3. Mutations in the ftsA 
gene increase the resistance of cells to lysis by 
/3-lactams, they affect binding of these antibiotics 
to PBP3, and ftsA2 cells filament at 42°C [19]. 
These data suggest that the cytoplasmic inner 
membrane-associated FtsA protein and PBP3 may 
also interact. Lastly, it has been suggested that 
PBP3 interacts with FtsW, a homologue of RodA, 
during cell division, although there is as yet no 
supporting experimental evidence [20].

The low-molecular mass PBPs 4, 5 and 6 to
gether account for 85% of the penicillin-binding 
capacity of cells [4], However, their physiological 
role is still uncertain. All three have D-alanine 
carboxypeptidase activity which may control the 
level and nature of peptidoglycan cross-linking 
catalysed by high-molecular mass PBP transpepti
dase activity [3,9,21]. In addition PBP4 is thought 
to have DD-endopeptidase activity which can 
cleave peptide cross-links [9,22], and may be re
quired for insertion of new peptidoglycan within 
the sacculus during elongation.

• PBPS and PBP6 show 62% homology in their 
primary sequences [23], but there is some evi
dence to suggest that these two p-alanine car- 
boxypeptidases have distinct roles. Early data on 
the carboxypeptidase activity of purified PBPS 
and PBP6 suggested that their substrate specifici
ties were identical but the activity of PBP6 was 
about four-fold lower than PBPS [24,25], Addi
tional evidence that they have similar activities 
was the finding that overexpression of either PBP6 
or PBPS could restore cell division in a pbpB

mutant [21], However, a recent study using puri
fied PBPS and PBP6 failed to identify car
boxypeptidase activity associated with PBP6 [26]. 
Elevated levels of PBP 6 are tolerated by E. coli, 
whereas overexpression of PBPS is lethal, possi
bly because of its higher activity [26-28]. Also, in 
dacC mutants lacking PBP6 there is no increase 
in the level of pentapeptide peptidoglycan side 
chains as is seen in PBPS-deficient dacA cells 
[26], Lastly, the levels of PBP6 but not PBPS 
increase during stationary phase at a time when 
no new peptidoglycan pentapeptide side chains 
are present [29,30]. These findings suggest that 
PBPS and 6 have subtly different activities which 
are not yet understood. Possibly they act on 
slightly different peptidoglycan substrates.

Mutations in PBPs 4, 5 and 6 have no appar
ent effect on cell growth in laboratory conditions 
and a 5, 6 double deletion mutant is viable [31,32]. 
To date no one has constructed a 4, 5, 6 triple 
deletion mutant.

Additional low-molecular mass PBPs of be
tween 30 and 34 kDa have been identified by 
binding radiolabelled /3-Iactams [4,33-36]. Little 
is known about their function or their mechanism 
of membrane association and their sequences 
have not yet been published.

The location of penicillin-binding proteins in E. 
coli

Although their solubility in the non-ionic de
tergent sarkosyl suggests that the PBPs are all 
inner membrane proteins [4,37], alternative loca
tions have been proposed based on the use of a 
variety of techniques. Density gradient centrifu
gation suggests distribution in both the inner and 
outer membranes and in an intermediate density 
fraction [34,36], while immunoelectron mi
croscopy located PBP1B to the cytoplasm, inner 
membrane and zones of adhesion between the 
two membranes [38], Studying strains which are 
overproducing one or more of the PBPs may 
cause some of these discrepancies. Perhaps the 
most reliable evidence confirming the inner mem
brane location of the PBPs comes from a recent 
study using a mercury-penicillin derivative as an
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ultrastructural probe [39], Electron dense mer
cury atoms covalently attached to penicillin V 
were visualised by high resolution electron mi
croscopy of fixed E. coli cells which had been 
treated with the antibiotic during the exponential 
phase of growth. This technique does not rely 
upon maintenance of the structural integrity of 
the proteins during the procedures to prepare the 
cells for electron microscopy because the mer
cury-penicillin is covalently bound as an acylated 
complex with the PBPs. The mercury carried by 
the penicillin derivative was found to be predomi
nantly located on the inner membrane with some 
protrusion into the periplasm.

Accepting the inner membrane location of the 
E. coli PBPs, one group has performed comple
mentary studies on PBP-inner membrane associa
tion using sucrose gradient centrifugation [40], 
agarose gel electrophoresis and sizing chromatog
raphy [41]. By these means, different populations 
of inner membrane vesicles have been separated 
and their PBP composition shown to be distinct. 
The non-random distribution of PBPs in separate 
fractions of the inner membrane may indicate 
discrete membrane regions containing sets of 
proteins which perform different functions.

+ +PBP1A: MKFVKYFLZLAVCCZLLQAGSI

Targeting and anchoring of the PBPs to the inner 
membrane

Generally, targeting of proteins with exported 
domains is effected by a signal sequence located 
at, or near, the N-terminus of the protein [42]. In 
a type I membrane protein the N-terminal signal 
sequence is removed by the proteolytic action of 
a signal peptidase during or some time after 
export is completed. Anchoring to the membrane 
is normally via a hydrophobic (apolar) stop-trans
fer sequence [43]. The cleavable signal sequence 
has distinctive properties, including positively 
charged amino acids towards the N-terminus, a 
hydrophobic (apolar) middle section of 7-13 
residues and a signal peptidase cleavage site [42]. 
In contrast, the membrane anchor sequence is 
generally longer (22-26 residues) and contains 
sufficient apolar residues to span the membrane 
as an a-helix [42]. Normally a couple of positively 
charged residues are found at the cytoplasmic 
end of the anchor and the orientation is N- 
terminusout: C-terminus^ [43]. In a type II mem
brane protein an uncleaved N-terminal signal-like 
sequence is present which acts as an anchor while 
the C-terminus is extruded across the membrane.

•f * — 4—

.YRYIE PQL PDVATLKD
26

+ + + + +++++ + -++ + - + PBP1B: KGKGKGKGRKPRGKROWLWIiLIiKLAIVFAVLXAIYOVYLDQKIRSRIDGKVWQL
64 B7

+ --++ +-+- + +PBP2 : SFRDYTAESALFVRRALVAPLGILLLTGVLIAHLYNLQIVRFTDYQTRSNENRIK
21 45

+ + + ++---- 1- + + — +PBPS : KAAAKTQKPKRQEEHANPISWRFALLCGCILIALAFLLGRVAWLQVISPDMLVK
17 40

Fig. 1. Primary structure of potential membrane anchor domains of high Mt E. coli PBPs. Predicted transmembrane sequences are 
shown in bold and their terminal residues are numbered. Charged residues are indicated above each sequence. The sequences of 

PBP1A and PBP1B, PBP2 and PBP3 are taken from [46], [47] and [55], respectively.
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Such signal/anchors are characterized by having 
an apolar region of hydrophobicity like that of a 
type I membrane protein anchor [43]. They also 
generally obey the positive inside rule, that is the 
distribution of positive charges flanking the an
chor is biased towards the cytoplasmic side [43— 
45].

Penicillin-binding proteins 1A, IB, 2 and 3
Once the nucleotide sequences for PBP1A, IB 

and 2 genes had been determined [46,47], analysis 
of hydropathy profiles of the predicted polypep
tide sequences showed that there is only one 
region of each protein with the potential to act as 
a membrane spanning domain [46-48].

In PBP1A the potential membrane spanning 
domain occurs at the N-terminus and resembles a 
conventional signal sequence. However, there is 
no evidence that this sequence is removed be
cause the size of the ponA gene product synthe
sized in vitro and in vivo is identical (Pratt, J.M. 
and Spratt, B.G. unpublished). It has been con
cluded that the uncleaved signal peptide facili
tates export of the catalytic domain of PBP1A 
and then anchors the protein to the inner mem
brane (Fig. 1). PBP1A is therefore predicted to 
be a type II membrane protein although this has 
not been confirmed experimentally.

Three forms of PBP1B have been recognised. 
The two major forms, a and y appear to arise 
from translation initiation at two different in 
frame start codons, which produces a full size 
polypeptide (a) and a species (y) lacking the 45 
N-terminal residues [46]. A third form, 0, is ap
parently a break down product of a, that has lost 
the 24 N-terminal residues through proteolytic 
cleavage [49]. The extremely hydrophilic and ba
sic PBP1B N-terminus, that varies in size be
tween the three forms, is followed by a hydropho
bic sequence between residues 64 and 87 that is 
predicted to be able to span a membrane in an 
a-helical form and comprise the anchor in this 
type II membrane protein [48,50]. It is interesting 
that the proposed hydrophobic transmembrane 
sequence is broken by a lysine residue at position 
71 (Fig. 1).

Evidence supporting this topology model for 
PBP1B is the pattern of protease sensitivity of

PBP1B in spheroplasts and inverted membrane 
vesicles and the levels of ampidllin resistance 
conferred by a panel of in-frame ponB-bla gene 
fusions [50]. Despite these data supporting the 
role of an N-terminal hydrophobic signal in the 
membrane association of PBP1B, another finding 
-suggests that there may be other interactions 
involved in binding PBP1B to the inner mem
brane. A fusion protein in which the PBP1B 
N-terminus (residues 1-87) is replaced by the 
cleavable signal sequence of PBP5 has been gen
erated by genetic manipulation [50,51]. This would 
be predicted to mediate complete translocation 
of the PBP1B polypeptide into the periplasm. 
However, it was found that the hybrid protein 
was distributed partly in the periplasm and partly 
in the membrane fraction, indicating that there is 
another region(s) of the protein involved in mem
brane association. Recently, it has been shown 
that PBP1B minus its N-terminal membrane an
chor associates with phospholipid vesicles [52]. 
Furthermore, cross-linking data support the idea 
that PBP1B is in close association with other 
PBPs [53], possibly as part of a peptidoglycan 
synthesizing complex. Thus, it appears that in 
addition to anchoring via the N-terminal trans
membrane domain, the translocated domain of 
PBP1B may associate with the inner membrane 
via interaction with other membrane proteins 
and/or by direct binding to membrane phospho
lipid.

PBP2 is also predicted to be a type II mem
brane protein [47]. There is a stretch of hy
drophobic sequence between residues 21-45 that 
is thought to constitute a signal/anchor (Fig. 1). 
Removal of this region results in the accumula
tion of the mutant PBP2 as a cytoplasmically 
located soluble protein which is still able to bind 
/3-lactams [54], As well as confirming the dual 
function of the hydrophobic region as both a 
signal and an anchor, the soluble PBP2 may prove 
extremely useful in preparing crystals for X-ray 
diffraction analysis and the determination of the 
three-dimensional structure of this enzyme.

From the derived amino acid sequence of PBP3 
[55] it appeared that a hydrophobic sequence 
(residues 17-40) following the highly hydrophilic 
and basic N-terminus would function as a signal/
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anchor sequence capable of initiating transloca
tion of the bulk of the protein and then anchor
ing it in the membrane (Fig. 1). As for PBP1B, 
the proposed apolar transmembrane sequence is 
broken by a basic residue (Arg) at position 23.

However, comparison of in vivo and in vitro 
generated PBP3 showed that it is initially synthe
sized as a precursor which is processed to the 
mature form in the presence of cytoplasmic mem
branes; the most likely explanation being the 
cleavage of an N-terminal signal sequence [55]. 
Since no additional hydrophobic sequence was 
detected this did not explain the mechanism of 
PBP3 anchoring to the membrane. The sequence 
of PBP3 residues 26-30 Leu-Leu-Cys-Gly-Cys 
bears similarity to a site for lipid modification
[56] . It was postulated that PBP3 is a lipoprotein 
with a signal sequence which is cleaved by signal 
peptidase II after lipid modification at the Cys 
residue within the approximate consensus se
quence [57]. Membrane anchoring would there
fore be via the N-terminal lipid modification. 
Unlike other lipoproteins, however, processing 
was not inhibited by globomycin and was much 
slower than similar lipoprotein processing events
[57] . In addition, when cells were incubated with 
[3H]palmitate or [3H]glycerol, both were incorpo
rated but only a small proportion of PBP3 
molecules were found to be lipid modified al
though most were proteolytically processed [57]. 
These data, and the lack of another potential 
hydrophobic anchor sequence suggested that the 
N-terminal signal may not be cleaved and may in 
fact be a signal/anchor, tethering the N-terminus 
to the cytoplasmic membrane while the rest of 
the protein was free to fold in the periplasm (like 
PBP1A, IB, and 2). The possibility that the ap
parent precursor—product relationship is due to a 
processing reaction occurring at the C-terminus 
was therefore investigated. Hybrid and truncated 
forms of PBP3 were produced and used to 
demonstrate that a C-terminal processing event 
did occur [58], The precise site of cleavage was 
then identified by peptide mapping and amino 
acid sequence analysis [59]. It was found that a 
slow processing event at Val-577 resulted in the 
removal of the 11 C-terminal residues of PBP3 
thus explaining the larger size seen in vitro and

supporting the hypothesis that the N-terminal 
region acts as a signal/anchor sequence. Process
ing was absent in a prc (processing involving 
C-terminal ■ cleavage) mutant; however, almost 
wild-type growth characteristics were seen and 
therefore the C-terminal cleavage event does not 
appear to be essential [60]. Indeed, when pulse- 
chase experiments are performed on maxi-cells 
synthesizing PBP3, no processing event is visible 
despite extending the chase1 for an hour, perhaps 
an indication that the prc activity may be strain- 
dependent or labile (Peters S. and Pratt, J.M., 
unpublished data).

The hypothesis that PBP3 is an N-terminally 
anchored type II membrane protein in the inner 
membrane has been confirmed in a number of 
ways. First, protease sensitivity experiments 
showed PBP3 to be totally sensitive to proteases 
applied to the periplasmic face, but resistant to 
digestion when applied from the cytoplasmic face 
[61]. Second, Bowler and Spratt (1989) generated 
a panel of in-frame pbpB-bla gene fusions (of 
varying lengths of PBP3 with /3-lactamase at the 
C-terminus) and showed that the first 36 amino 
acids of PBP3 contained the signal/anchor se
quence which could direct export of ^-lactamase 
to the periplasm. Third, it was found that if 
residues 1—52 of PBP3 were replaced with a 
cleavable signal sequence (that of PBP5) the re
sulting PBP3* was released into the periplasm 
and still bound penicillin [51,61]. It has been 
demonstrated in this laboratory that this ‘peri- 
plasmic’ PBP3* is able to complement a temper
ature-sensitive mutation in PBP3. When a recA, 
pbpBiTs) cephalexinR strain was transformed with 
plasmids encoding wild-type PBP3 or PBP3*, both 
restored the ability of the strain to grow at the 
non-permissive temperature and also strains be
came sensitive to cephalexin (Peters S. and Pratt, 
J.M., unpublished data). Therefore, it may not be 
necessary for PBP3 to be anchored to the inner 
membrane for it to perform its essential roles.

Penicillin-binding proteins 4, 5 and 6
Comparison of the amino acid sequences of 

the low-molecular mass PBPs 4, 5 and 6 with 
certain classes of serine £-lactamases, suggest 
that they are distantly related [2,8,62]. In addi-
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tion, it is possible to model the three-dimensional 
structure of these PBPs and other DD-peptidases 
on the medium resolution three-dimensional 
structures of /3-lactamases of diverse bacterial 
species [63-65]. The striking coincidence of ele
ments of secondary structure supports the hy
pothesis of a common evolutionary origin. Inter
estingly, PBP4 has an extra 188 amino acid 
residues between the SXXK and SXN active site 
motifs (residues 59-246) [62]. Within the mod
elled three-dimensional structure these amino 
acids are predicted to lie in a loop on the periph
ery of the structure [64]. It has been speculated 
that this potentially structurally independent do
main has a regulatory function, although it has 
been shown that at least residues 116-238 can be 
deleted without loss of penicillin-binding activity 
[64].

PBPs 4, 5 and 6 are all targeted to the inner 
membrane via cleavable N-terminal signal se
quences and in non-overexpressing strains the 
mature proteins are quantitatively recovered with 
the inner membrane [66—68]. However, overpro
duction of PBP4 to high levels results in over 
80% of the PBP4 appearing as a soluble compo
nent of the periplasm with no apparent effect on 
cellular morphology [22]. In contrast, overproduc
tion of PBP5 and 6 results in their quantitative 
recovery with the inner membrane, and in the 
case of PBP5 cells become round and lyse [26-28]. 
Inspection of the amino acid sequences of these 
PBPs did not reveal a conventional hydrophobic 
anchor sequence and the mechanism of anchor
ing was unclear [67]. Studies on PBP5 involving 
the construction and analysis of both C-terminally 
and internally deleted proteins demonstrated that 
the C-terminal 20 amino acid residues of PBP5 
were essential for anchoring [67,69]. This region 
did not, however, contain obvious sites for known 
covalent modifications, but appeared to have the 
potential to form an a-helix [69,70]. When the 
C-terminal 18 amino acid residues are displayed 
using a Schiffer-Edmundson helical wheel [71], a 
degree of segregation between the hydrophilic 
and hydrophobic amino acids is seen, giving the 
a-helix a strongly amphiphilic character (Fig. 2).

This idea of anchoring via an amphiphilic helix 
is supported by the demonstration that mem-

PBP4. PBPS.

Fig. 2. Residues 440-457, 357-374 and 352-369 of PBPs 4, 5 
and 6, respectively, are plotted on a Schiffer and Edmundson 
helical wheel [71] to demonstrate their amphiphilic a-helix 
forming potential. Hydrophobic residues are shaded. The 
sequence of PBP4 is taken from [62] and those of PBPS and 

PBP6 from [23],

brane-binding is destabilised by the incorporation 
of a helix-breaking proline residue within the 
proposed anchor sequence [70]. When the C- 
terminal regions of PBP6 and PBP4 are also 
analysed, it is apparent that these too can be 
modelled as an amphiphilic a-helix (Fig. 2). The 
use of randomly generated helices predicts that 
the probability of obtaining these levels of am- 
phiphilicity is less than 2% which implies that 
these regions possess structural significance. 
Moreover, as would be expected for an anchoring 
domain, all are predicted to be surface active 
according to Eisenberg’s criteria [72] and have a 
strong propensity towards a preferred orientation 
at a membrane interface [73]. In addition, the 
arrangement of the charged residues within these 
regions is characteristic of membrane interactive 
proteins [74]. It, therefore, appears that the low- 
molecular mass PBPs may be anchored to the 
membrane by virtue of a novel mechanism, the 
C-terminal amphiphilic helix.

It is not known at what stage in the membrane 
assembly of the low-molecular mass PBPs the 
amphiphilic helix assumes a membrane interac
tive conformation. After translocation and signal
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sequence cleavage, the polypeptide may exist as a 
transient periplasmic intermediate where it will 
experience a decrease in pH due to the proton 
gradient and the cationic effect of the membrane. 
This pH drop may be sufficient to stabilize the 
amphiphilic a-helical secondary structure at the 
C-terminus required for insertion into the inner 
membrane (Fig. 3). Alternatively, amphiphilic he
lix formation at a late stage of translocation may 
prevent complete release and anchor the protein 
in the membrane (Fig. 3).

The amphiphilic helix form of anchor pro
posed for low-molecular mass PBPs does not 
appear to be limited to £. coli, since studies of 
carboxypeptidases of B. subtilis and B. stearother- 
mophilus indicate that they have similar C-termi- 
nal domains [75]. This would imply a ubiquitous

method of anchoring for carboxypeptidases in
volving C-terminal membrane-interactive helices.
, The anchoring of PBPs 5 and 6 via an am
phiphilic helix is generally accepted and the C- 
terminal anchor of PBP6 has also been confirmed 
by deletion analysis [26]. However, the anchoring 
of PBP4 by a similar mechanism is not accepted 
by Keck and co-workers who, using the method of 
Eisenberg [72], were unable to detect an am
phiphilic helix in the C-terminal region [62]. In 
the cases of PBPS and 6 there are 159 and 163 
residues, respectively, after the KTG motif, en
suring a good spacing between the penicillin-bi
nding domain and the anchor. PBP4, in compari
son, is significantly truncated in this region with 
only 58 residues after the KTG motif, similar to 
soluble /3-lactamases [62]. The finding that nearly

ACTIVE:
UREA- ACCESSIBLE

TRANSIENT
PERIPLASMIC
INTERMEDIATE

SUBSTRATE

INACTIVE:
UREA- INACCESSIBLE

V TRANSLOCATION 

SIGNAL CLEAVAGE

TRANSLATION
Fig. 3. Hypothetical scheme for PBPS membrane anchoring and modulation of the anchor in response to changes in enzymic 
activity. After translocation and signal sequence cleavage, PBPS may either be completely translocated and exist as a transient 
periplasmic intermediate (I) before binding to the membrane (II). Alternatively, amphiphilic a-helix formation late in translocation 
may prevent complete release (II). The membrane-bound PBP is then thought to be converted from a urea-inaccessible to a 

urea-accessible form upon binding of substrate (III), i.e. when switching from an inactive to an active state [11).
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all PBP4 in overproducing cells was in a soluble 
form may be interpreted as additional evidence 
for the anchoring of PBP4 to be different from 
that of 5 and 6 [22].

The nature of the anchoring of PBP5 and 
PBP6 has been further investigated by membrane 
washing experiments and shown to involve a large 
element of hydrophobic interaction ([76]; Phoenix 
D.A. and Pratt J.M., unpublished data). In addi
tion, it has been shown that a change in pH from 
acid to alkaline converts the PBP5 anchor from a 
urea-inaccessible to a urea-accessible state. Also, 
upon interaction with a j3-lactam antibiotic, the 
protein tends towards the urea-accessible form, 
thus implying that conversion of the enzyme to an 
active conformation may cause a decrease in the 
degree of membrane interaction (Fig. 3) [77].

Further evidence for this relationship was ob
tained in experiments where the PBP5 anchor 
domain was attached to the soluble periplasmic 
protein /3-lactamase [70]. The anchor was able to 
bind the periplasmic protein to the inner mem
brane in what appeared to be a wild-type man
ner, yet the fusion protein was unable to enter a 
urea-inaccessible form [77].

Anchoring of PBP5 could occur by virtue of an 
interaction between the C-terminal anchor and 
either a lipid or proteinaceous element in the

inner membrane. The amphiphilic moment and 
charge distribution of the anchor sequence indi
cate that direct insertion into the lipid bilayer 
would be unlikely unless complex formation oc
curred with other membrane proteins. Indeed the 
Gibbs free energy of membrane association indi
cates that only the last 10 amino acids of PBP5 
could possibly insert perpendicularly into a lipid 
environment [78].

Unfortunately, no washing experiments have 
been carried out with PBP4 to determine the 
properties of its membrane interaction at wild- 
type levels and it is not known whether PBP4 is 
interacting with the membrane phospholipid or 
proteinaceous components, possibly including 
other PBPs, to form a complex.

The idea of PBP complex formation becomes 
quite attractive when it is considered that cross- 
linking experiments have identified a possible in
teraction between PBPS, PBP1A or IB and PBP3 
[53]. This would be a favourable combination, 
since it unites the transglycosylase/transpepti
dase activities of the higher-molecular mass PBPs 
with the carboxypeptidase activity of the low- 
molecular mass PBPs, which provides an oppor
tunity for antagonistic control of peptidoglycan 
biosynthesis. It could be envisaged that within 
such a situation, alteration of the complex activity

PBPs 1A, IB, 2 & 3
(high Mr)

PBPs 4, 5 & 6
flow Mr)

TRANSLATION
Fig. 4. Summary of proposed membrane anchoring mechanisms of the E. coli PBPs. Targeting to the inner membrane and 
translocation are directed by signal anchors for the high Mr PBPs (1A, IB, 2, 3) and by cleaved N-terminal signal sequences for the 
low Mr PBPs (4, 5, 6). After translocation, the high A/r PBPs are anchored to the membrane via their signal anchor sequences

while the low A/r PBPs use C-terminal amphiphilic a-helices.
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could affect the state of the anchor of the low- 
molecular mass PBPs either by decreasing the 
strength of receptor binding, altering the level of 
lipid interaction available or by allowing the ex
posure of the anchor site to the aqueous environ
ment.

In the light of available data, Fig, 4 shows a 
proposed model for the targeting and anchoring 
of the E. coli PBPs.
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Abstract

.„The ?\COli 'T T‘ecu,lar mass PenMUin-binding proteins (PBP’s) are penicillin sensitive, enzymes involved in the 
terminal stages of peptidoglycan biosynthesesis. These PBP's are believed to anchor to the periplasLc face of the inner 
membrane v.a C-termtnal amphiphilic a-helices but to date the only support for this hypothesis has been obmined from 
heoretical analysis. In this paper, the conformational behaviour of synthetic peptides corresponding to these C-terminal

DOPrTve^r1" WaS fUnC?°n ff SOlVent’ PH' SOdium dod^1 "V** micelles and phosphoHptd D™PC
iS <CD) spectroscopy. The CD data showed that in 2,2,2-trifluoroeLnol or sodium

dodecylsulphate, all three peptides have the capacity to form an c-helical conformation but in aqueous solution or in the 
pesenceophosphohp'd vesicles only those peptides corresponding to the PBP5 and PBP6 C-termini were observed to do 
so. A pH dependent loss of a-helical conformation in the peptide corresponding to the PBP5 C-terminus was found to 
comelate with the susceptibility of PBP5 to membrane extraction. This correlation would agree an
ot-hellcal conformation is required for membrane interaction of the PBP5 C-terminal region. © 1997 Elsevkr Science B.V.

/feyuWr.' Penicillin-binding protein; Amphiphilic ct-helix; Membrane anchor; Circular dichroism

1. Introduction

The coli low fnolecular mass penicillin-binding 
proteins (PBP’s) comprise PBP4, PBP5 and PBP6 
and are penicillin sensitive enzymes which are be-

Abbreviations: PBP, penicillin-binding protein; P4, P5 and 
P6, peptides corresponding to the C-termini of PBP4, PBP5 and 
PBP6 (Table 1); DOPC, I.2-dioleoyl-.r«-glycero-3-phosphocho- 
line; DOPG, l,2-dioleoyl-jfj-gIycero-3-phosphoglycerol; SUV’s 
small unilamellar vesicles; TFE, 2,2,2-trifluoroethanol; CD, cir
cular dichroism; SDS, sodium dodecylsulphate; PG, phos- 
phatidylglycerol

* Corresponding author. Fax: +44-1772-892903. E-mail: 
d.a.phoenix@uclan.ac.uk

lieved to play a regulatory role in the terminal stages 
of peptidoglycan biosynthesis. These proteins possess 
DD-carboxypeptidase activity and additionally PBP4 
has DD-endopeptidase activity [l]. The low molecu
lar mass PBP’s are targeted to the inner membrane 
via cleavable N-terminal signal sequences [2-4] and 
upon translocation become associated with the 
periplasmic face of the inner membrane. Generally, 
membrane associated proteins may be classified as 
either integral or non integral. Integral membrane 
proteins are anchored via single or multiple hy
drophobic transmembrane segments [5] whilst non-in- 
tegral membrane proteins are essentially water solu
ble but can weakly associate with the membrane

0005-2736/97/$17.00 © 1997 Elsevier Science B.V. AH rights reserved 
/V/ 50005-2736(97)001 17-X
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either directly through non-covalent interactions or 
more strongly via covalent modification [6,7]. How
ever, it appears that the E. coli low molecular mass 
PBP’s associate with the bilayer via a novel mecha
nism, a C-terminal amphiphilic a-helical anchoring 
domain [1].

Deletion analysis has indicated that the C-terminal 
18 residues of PBP5 [3.8] and the C-terminal 19 
residues of PBP6 [9] are essential for efficient mem
brane interaction and fusion of the C-terminal domain 
of PBP5 to the periplasmic protein, (3-lactamase, 
resulted in a hybrid protein which was able to bind to 
the membrane [10]. When the amino acid residues of 
these C-terminal domains are represented as two 
dimensional axial projections [11] the resulting distri
bution of residues demonstrate the potential to form 
amphiphilic a-helices (Fig. 1). In the case of PBP5 
the significance of the a-helix was further empha
sised by the fact that incorporation of a proline 
residue, with its ability to disrupt or distort an a-heli- 
cal conformation, destabilised the anchoring of PBP5 
to the inner membrane [14], A theoretical analysis of 
the primary sequences of the C-terminal regions of 
PBP5 and PBP6 has predicted that these domains 
would show an a-helix forming potential and surface

PBP6.

Vo /

Fig. 1. Two dimensional axial projections of the C-terminal 
residues of the low molecular weight PBP's. When the C-termi
nal regions of PBP4 [121, PBP5 and PBP6 [13] are plotted as two 
dimensional axial projections [11] the general segregation of the 
hydrophobic (shaded) and the hydrophilic residues demonstrate 
the potential of these regions to form amphiphilic a-helical 
structures.

Table 1
The primary structures of the peptides P4, P5 and P6

Protein C-terminal residues

PBP4
PBP5
PBP6

RRIPLVRFESRL YKDIY QNN-COOH 
GNFFGKIIDYIKLMFHHWFG-COOH 
GGFFGRVWDFVMMKFHQWFGSWFS-COOH

The peptides P4, P5 and P6 possess the primary structures of the 
C-terminal domains of PBP4, PBP5 and PBP6, respectively 
[12,13].

activity comparable to that of the polypeptide melit- 
tin, a toxin known to be active at the membrane 
interface [15]. The susceptibility of PBP5 and PBP6 
to perturbants, particularly chaotropic agents such as 
the thiocyanate ion and urea, has suggested that the 
membrane association of these proteins is predomi
nantly hydrophobic. Together, these data led to the 
generally accepted model for the membrane anchor
ing of PBP5 and PBP6 in which C-terminal am
phiphilic a-helices lie at the membrane interface with 
their hydrophobic arcs interacting with the bilayer 
core [16,17].

The C-terminal 18 amino acid residues of PBP4 
may be represented in the form of a two dimensional 
axial projection in a similar manner to those of PBP5 
and PBP6 and this region exhibits the potential to 
form a weakly amphiphilic a-helix (Fig. 1). A theo
retical analysis of the primary sequence of the PBP4 
C-terminal region has predicted that this region has 
the potential to form either an a-helix or (3-sheet 
structure with almost equal levels of amphiphilicity 
[18]. If the region was to adopt an a-helical confor
mation, the helix would be only weakly surface 
active compared to PBP5 and PBP6 [15], The mem
brane interaction of PBP4 is highly susceptible to 
ionic perturbants, particularly sodium chloride. This 
implies that PBP4-membrane anchoring is predomi
nantly electrostatic in nature which is in contrast to 
the mainly hydrophobic membrane binding of the 
other low molecular mass PBP’s. Taken with the fact 
that overproduction of PBP4 results in only 5% of the 
protein being membrane bound compared to 100% in 
the cases of PBP5 and PBP6, this may indicate that 
PBP4-membrane interaction proceeds via a different 
mechanism to that of the other low molecular mass 
PBP’s and may not involve the C-terminal domain of 
the protein (Harris and Phoenix, unpublished data).

PBP4

^ / A . *
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As yet, the ability of the C-terminal regions of 
PBP4, PBP5 and PBP6 to form a-helices is untested. 
Here, circular dichroism (CD) is used to determine if 
synthetic peptides (Table 1), which possess primary 
structures corresponding to those of the C-terminal 
anchoring domains of the low molecular mass PBP’s, 
are able to form an ct-helical conformation; as a 
function of pH, solvent and membrane mimetic envi
ronments. These peptides correspond to regions iden
tified by theoretical analysis as forming potential 
anchor domains [19].

2. Materials and methods

2.2. Materials

Synthetic peptides P4, P5 and P6, possessing pri
mary structures which correspond to the C-terminal 
domains of PBP4, PBP5 and PBP6 (Table 1) respec
tively were purchased from the Department of Bio- 
chemistry, University of Liverpool. l,2-Dioleoyl-.m- 
glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl- 
sn-glycero-S-phosphoglycerol (DOPG) were pur
chased from Sigma. All solvents were of spectro
scopic grade.

2.2. Preparation of phospholipid vesicles

Small unilamellar vesicles (SUV’s) of DOPC and 
DOPG (phospholipid content 4.5 mM) were prepared 
according to Keller et al. [20]. The lipid-chloroform 
solutions were dried with nitrogen gas and hydrated 
with aqueous buffer pH 7.4 comprising 50 mM NaCl, 
5 mM piperazine-V,N/-bis(2-ethane-sulphonic acid) 
(PIPES) and 1 mM ethylenediaminetetraacetic acid 
(EDTA). The resulting cloudy suspensions were ul
tra-sonicated at 4°C with a Soniprep 150 (amplitude 
10 |xm) until clear suspensions resulted (ca. 30 cycles 
of 30 s) which were then centrifuged (15 min, 3000 
X g, 4°C).

2.3. Preparation of peptide solutions

Peptide solutions (0.1 mM) were prepared in either 
water, 5% (v/v) 2,2,2-trifluoroethanol (TFE) or 25 
mM sodium dodecylsulphate (SDS). The peptides 
were also solubilised in SUV’s of DOPC and DOPG 
to give a molar ratio of peptide to lipid of 1:50 [20].

2.4. Determination of CD spectra

CD spectra were recorded using a nitrogen flushed 
JASCO J720 Spectropolarimeter, employing a 4 s 
time constant, a 10 nm min-1 scan speed, a spectral 
bandwidth of 1 nm and a 0.02 cm cell pathlength. 
Spectra obtained from peptides in the presence of 
DOPC and DOPG vesicles were reported as A A = 
Al — Ar, since problems were encountered with the 
determination of peptide concentration. In all other 
cases, spectra were reported in terms of A e = eL — eR 
(M-1 cm"1) based upon a mean molecular weight 
per amino acid residue in accordance with impending 
IUPAC—IUB recommendations. The estimation of 
secondary structure from CD data was analysed with 
GRAMS/386 using a principle component regres
sion (PCR) method (Drake, unpublished data).

3. Results and discussion

Fig. 2 indicates that in aqueous solution P4 has an 
irregular structure and that P6, which has very low 
water solubility, possesses a spectrum characteristic 
of (3-strand aggregation. However, P5 shows an esti
mated 29% of ct-helical conformation in its structure. 
Fig. 4 shows that in a supramicellular concentration 
of SDS P5 shows a remarkably high ct-helical con
tent of 62% compared to 40% and 20% ct-helical 
content for P6 and P4, respectively. In contrast, it can 
be seen from Fig. 3 that in the presence of TFE the 
structure of P6 shows 32% ct-helical content whereas 
those of P5 and P4 show 28% and 25% respectively. 
These results show that these peptides possess the 
ability to adopt a-helical conformations depending 
upon their environment. This implies that the C- 
termini of PBP4, PBP5 and PBP6 have the ability to 
form amphiphilic a-helices although the level of 
helicity is dependent on the environment.

In vesicles of DOPG (Fig. 5) and DOPC (Fig. 6) 
P5 exhibited spectra characteristic of a-helical con
formation. P6 showed a predominantly soluble a- 
helical conformation in the presence of DOPG vesi
cles (Fig. 5) but an irregular structure with DOPC 
vesicles (Fig. 6). With both vesicle types, P4 adopted 
a largely irregular structure (Figs. 5 and 6). Phospho-
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lipid vesicles mimic membrane environments more 
appropriately than either TFE or SDS micelles. The 
fact that under membrane mimetic conditions P4 did 
not adopt an a-helical conformation may be inter
preted to support the theoretical prediction that the 
PBP4 C-terminal region may not form an a-helix or 
would be only weakly surface active [15]. In contrast, 
P5 not only readily adopted an a-helical conforma
tion in the presence of membrane mimetic vesicles 
but showed a strong tendency to do so in all cases 
examined (Figs. 2-7). This further supports the gen
erally accepted idea that PBP5 associates with the 
membrane via an amphiphilic C-terminal a-helix 
[10,16] and that this membrane association has no 
requirement for the presence of anionic phospholipids

Wavelength (nm)

Fig. 2. The CD spectra of P4, P5 and P6 in aqueous solution. CD 
was used to determine the structures of P4 (solid line), P5 dashed 
line) and P6 (dash-dotted line) in aqueous solution, at their 
intrinsic pH. For 0.1 mM P5, this pH was measured as pH 4.1 
and the peptide readily adopted an a-helical conformation which 
constituted 29% of the P5 structure. By contrast, P6 was spar
ingly soluble, exhibiting a {3-strand structure typical of aggrega
tion whereas 0.1 mM P4 was found to possess an intrinsic pH of 
4.4 and demonstrated an irregular structure.

Wavelength (nm)

Fig. 3. The CD spectra of P4, P5 and P6 in aqueous TFE. CD 
was used to determine the structures of P4 (solid line), P5 
(dashed line) and P6 (dash-dotted line) in 5% (v/v) TFE. At a 
concentration of 0.1 mM, the intrinsic pH of these peptide 
solutions were determined as pH 5.7, 4.1 and 4.9 and with 
estimated a-helix contribution to the peptide structures of 25%, 
28% and 32%, respectively.

[21]. PBP6 possesses similar anchoring characteristics 
to PBP5 [17] and therefore, it might have been ex
pected that the peptide P6 would have an a-helix 
forming capacity comparable to that of P5 which 
indeed was observed in TFE, supramicellular SDS 
and in the presence of DOPG vesicles (Figs. 3-5). 
However, unlike P5, in the presence of DOPC vesi
cles, P6 showed no a-helical content (Fig. 6) which 
indicates that there are differences between the two 
systems and indeed, despite its potential amphiphilic- 
ity, a higher level of hydrophobicity is associated 
with the structure of P6 [18]. This hydrophobicity is 
probably responsible for the low water solubility of 
P6 and the aggregation of the peptide in the presence 
of DOPC vesicles.

In aqueous solution, the conformation of P5 was 
found to be pH dependent (Fig. 7) whereas both P6
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and P4 showed no pH dependence under the condi
tions tested. At pH 4.1, P5 shows a CD spectrum rich 
in a-helix conformation. With increasing pH, the 
a-helix content of P5 rises until at pH 6.2 a maxi
mum is observed. Thereafter the a-helical contribu
tion falls until at pH 8.3 and 10.3 peptide aggreca- 
tion-precipitation accompanied by a large loss of 
a-helical structure is observed. At pH 11.6 the pep
tide regains solubility and the predominant conforma
tion is a-helical. This model would be consistent 
with the proposal of Phoenix and Pratt [16], who 
suggested that upon translocation a pH related stabili
sation of the PBP5 C-terminal region leads to a-helix 
formation. These latter findings correlate well with

Wavelength (nm)

Fig. 4. The CD spectra of P4. P5 and P6 in the presence of SDS. 
CD was used to determine the structures of P4 (solid line), P5 
dashed line) and P6 (dash-dotted line) in the presence of 25 mM 
SDS. All of the peptides were soluble and were able to adopt 
a-helical conformation. For each peptide at a concentration of 0.1 
mM, the estimated a-helical contribution to their respective 
structures was 20%, 62% and 40%.

Wavelength (nm)

Fig. 5. The CD spectra of P4, P5 and P6 in the presence of 
DOPG vesicles. CD was used to determine the structures of P4 
(solid line), P5 dashed line) and P6 (dash-dotted line) in the 
presence of SUV's of DOPG (phospholipid content 4.5 mM). P6 
was not soluble under these conditions. P5 displayed a spectrum 
characteristic of a-helical conformation whereas that of P4 indi
cated a largely irregular structure.

the pH dependent loss of a-helical content in P5 and 
together these data suggest that the strength of 
PBP5-membrane binding could be related to the a- 
helical content of the proteins C-terminal region, with 
high a-helicity corresponding to strong PBP5-mem- 
brane interaction.

In conclusion, for the first time, it has been shown 
directly that the amino acid residues comprising the 
C-terminal domains of PBP4, PBP5 and PBP6 have 
the capacity to adopt a-helical conformations. De
spite this, in the presence of phospholipid vesicles, 
those residues corresponding to the PBP4 C-terminal 
domain formed no detectable a-helix. This is consis
tent with other data suggesting that this domain would 
only be weakly surface active and may not have a
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role in the PBP4 anchoring mechanism. In contrast, a 
peptide corresponding to the C-terminal domain of 
PBP5 demonstrated a strong tendency towards a- 
helical formation in the presence of phospholipid 
vesicles and the pH dependent loss of a-helix in this 
peptide showed a correlation with the pH dependent 
susceptibility of PBP5 to membrane extraction [16]. 
This data is consistent with the hypothesis that an 
amphiphilic ot-helical domain at the C-terminus of 
the protein is necessary for membrane interaction. A 
peptide corresponding to the C-terminal domain of 
PBP6 exhibited a tendency towards a-helical forma
tion in the presence of SDS. TFE and vesicles formed 
from DOPG but not in the presence of DOPC. This 
would again be consistent with the hypothesis that 
the PBP6 C-terminus can form an a-helical anchor

Wavelength (nm)

Fig. 6. The CD spectra of P4, P5 and P6 in the presence of 
DOPC vesicles. CD was used to determine the structures P4 
(solid line), P5 (dashed line) and P6 (dash-dotted line) in the 
presence of SUV’s of DOPC (phospholipid content 4.5 mM). P5 
exhibited a spectrum indicating the presence of a-helical confor
mation whereas those of P4 and P6 did not.

Wavelength (nm)

Fig. 7. The CD spectra of aqueous P5 as a function of pH. CD 
was used to determine the structure of 0.1 mM P5 at pH 4.1 
(dashed line), pH 6.2 (solid line), pH 7 (dash-dot line), pH 8.3 
(dash-dot-dot line), pH 10.3 (dotted line) and pH 11.6 (dash- 
dot-dot-dot line). At pH 4.1, the intrinsic pH of the peptide, 
a-helical structure was indicated. As pH was increased, signifi
cant (3-strand contributions to the P5 structure were indicated by 
the red-shifting of the spectra cross-over points (at ca. 205 nm). 
At pH 6.2, a maximum in the a-helix content occurred which 
then decreased with increasing pH until at pH 8.3 and 10.3, the 
major contribution to P5 structure was from ^-strand conforma
tions and precipitation of the peptide occurred. At pH 11.6, P5 
regained solubility and the a-helical contribution to structure 
predominated.

but suggests there may be differences between P5 
and P6 which require further investigation.
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Abstract

The Escherichia coli low molecular mass penicillin-binding proteins PBP4, PBP5 and PBP6 are DD-peptidases involved in 
murein biosynthesis. It has been suggested that these proteins may be anchored to the periplasmic face of the inner membrane 
via their C termini. Here, peptide homologues (P4, P5 and P6) of the PBP4, PBP5 and PBP5 C-terminal regions have been 
used to investigate potential protein-lipid interactions involved in this anchoring mechanism. Surface pressure changes 
observed for the interactions of P5 and P6 with a range of monolayers indicated that the peptides are membrane interactive 
and that the interactions proceeded via predominantly hydrophobic forces with only minor requirements for anionic lipid. In 
contrast, P4 interactions with monolayers appeared to proceed via predominantly electrostatic forces with a maior 
requirement for anionic lipid. The lipid interactions of all three peptides were generally enhanced by low pH and for P5 and 
P6 were m the range of 10-15 mN m 1 whereas for P4 interactions they were in the range of 3-7 mN m-1. CD analysis 
implied the presence of cc-helical structure in P5 and P6 and molecular area determinations implied that P4 may also possess 

e ical architecture in the presence of dioleoylphosphatidylglycerol monolayers. Overall, our results support the view that 
C-termmal amphiphilic a-helices are involved in the membrane anchoring of PBP5 and PBP6 and suggest that a similar 
mechanism could contribute to PBP4-membrane anchoring. Furthermore, we have speculated that the presence of cationic
residues m the hydrophilic face of these a-helices may help facilitate membrane interaction. © 1998 Elsevier Science B V 
All rights reserved. ' ‘

Keywords: Membrane; Amphiphilic a helix; Penicillin binding protein

Abbreviations; DOPC, dioleoylphosphatidylcholine; DOPG, 
dioleoylphosphatidylglycerol; DPPC, dipalmitoylphosphatidyl- 
choline; P4, P5 and P6, peptides corresponding to the C-terminal 
domains of PBP4, PBP5 and PBP6 respectively; PBP, penicillin
binding protein

* Corresponding author. Fax; +44 (1772) 892903;
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1. Introduction

The Escherichia coli penicillin-binding proteins 
(PBPs) are a group of penicillin sensitive DD-peptid
ases which are believed to play a regulatory role in 
the terminal stages of cell wall assembly. Seven major 
E. coli PBPs have been identified and all are associ
ated with the periplasmic face of the inner membrane 
[1,2], These seven enzymes can be grouped into two

0005-2736/98/$ - see front matter © 1998 Elsevier Science B.V. All rights reserved 
PII; 8 000 5-27 3 6(98)00 1 73-4
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classes on the basis of their size and membrane bind
ing properties. The high molecular weight PBPs la, 
lb, 2 and 3 are anchored to the membrane via un
cleaved signal sequences which form type II mem
brane anchors [3-5]. The low molecular weight sub
group includes PBPs 4, 5 and 6. These proteins are 
targeted to the inner membrane via cleavable N-ter- 
minal signal sequences [6-8] and in wild type E. coli 
are believed to be exclusively membrane bound [1].

PBPS and PBP6 appear to have similar anchoring 
characteristics. Deletion analysis has shown that the 
C-terminal 20 residues of PBPS [7,9] and the C-ter- 
minal 19 residues of PBP6 [10] are essential for effi
cient membrane interaction. Theoretical analysis has 
predicted that these C-terminal regions have the ca
pacity for amphiphilic a-helix formation [1,2,11-13]. 
In the case of PBPS this was indirectly supported by 
the insertion of a proline residue into the protein’s C- 
terminal region since this mutation greatly destabi
lised anchoring [14].

When the C-terminal domains of PBPS and PBP6 
are represented on a hydrophobic moment plot [12], 
their data points cluster around that of melittin, a 
toxin known to interact with the membrane via am
phiphilic a-heiices. This suggests that the PBPS and 
PBP6 C-terminal regions may have a surface activity 
comparable to that of mehttin [12] and may also 
interact with the membrane via amphiphilic cc-heli- 
ces. In support of this prediction the membrane in
teractions of PBPS and PBP6 have been shown to be 
susceptible to the action of perturbants, in particular 
the chaotropic thiocyanate ion which suggests a ma
jor role for hydrophobic forces in membrane inter
action [15,16].

In the case of PBP4, Mottl and co-workers [8] 
were unable to detect either a potential C-terminal 
amphiphilic a-helical domain or other regions likely 
to be involved in the anchoring of PBP4 [8]. This 
may be supported by the observation that only 
10% of overproduced PBP4 [8] is recovered with 
the membrane fraction after osmotic lysis compared 
to 100% of PBPS and PBP6 [1]. The lack of a 
strongly amphiphilic C-terminus, combined with the 
recovery of the majority of the overproduced protein 
in the soluble fraction, led to the suggestion that 
PBP4 is actually a soluble protein and that the 
PBP4 found associated with the membrane fraction 
was an artefact of over-expression resulting from low

affinity interactions between PBP4 and the mem
brane [8]. However, recent localisation studies have 
suggested that PBP4 is a legitimately membrane 
bound protein and that the soluble form is probably 
an artefact of over-expression [17], These same stud
ies have suggested that the membrane anchoring 
mechanism of PBP4 is fundamentally different from 
those of PBPS and PBP6 and proceeds via predom
inantly electrostatic forces. More recently the use of 
affinity chromatography and immobilised enzymes 
has led to the proposal that PBP4 may be involved 
in a multi-enzyme complex which could include var
ious of the high molecular mass PBPs [18]. It is still 
an open question as to whether the PBP4 C-terminal 
region features in the protein’s anchoring mecha
nism. Theoretical analysis shows that the C-terminal 
18 amino acid residues of PBP4 have the potential to 
form a weakly amphiphilic a-helix [1,2] and although 
it was removed from the cluster formed by PBPS, 
PBP6 and melittin on the hydrophobic moment 
plot its position implied that the C-terminal region 
of PBP4 has the potential to form a weakly mem
brane interactive a-helix [11-13].

Here, we have attempted to determine whether the 
PBP4, PBPS and PBP6 C-terminal sequences have 
the capacity for membrane interaction and to try 
and identify the lipid requirements of such inter
actions. Using peptide homologues of the PBP4, 
PBPS and PBP6 C-terminal regions, P4, PS and P6 
(Table 1), we have examined the interactions of these 
peptides with monolayers formed from dioleoylphos- 
phatidylglycerol (DOPG), dioleoylphosphatidylchol- 
ine (DOPC), and dipalmitoylphosphatidylcholine 
(DPPC). Additionally we have studied the interac
tions of P4, PS and P6 with monolayers formed 
from lipid extracts of membranes derived from the 
wild type E. coli SD12 [19], and the E. coli mutant 
strain HDL11 [20]. In this latter strain, the pgsA 
gene, which encodes phosphatidylglycerolphosphate 
synthetase, an enzyme involved in phosphatidylglyc- 
erol and diphosphatidylglycerol synthesis, has been 
placed under the control of the lac promoter, thus 
allowing phospholipid to be extracted from mem
branes which are depleted in anionic lipid. To inves
tigate the ability of the PBP4, PBPS and PBP6 
C-terminal regions to adopt a-helical conformations 
we have subjected monolayers formed from PS and 
P6 to CD and pressure-isotherm analysis and deter-
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Table 1
The primary structures of the peptides P4, P5 and P6

PROTEIN C-TERMINAL RESIDUES

PBP4
+ 4-

RRffLVRKESRLYKDIYONN-COO

PBPS
+ “ 4* 4*4'

GNFFGKJIDYIKLMFHmVFG.COO

PBP6
+ - + +

GGFFGRVWDFVMMKFHQWFGSWFS-COO

mined the molecular area of [14C]P4 in the presence 
of a DOPG monolayer.

2. Materials and methods

The peptides P4, P5 and P6 (Table 1) were sup
plied by the Department of Biochemistry, University 
of Liverpool, UK, synthesised by solid state synthesis 
and after purification by high performance liquid 
chromatography (HPLC) showed a purity of 99% 
or greater. The peptides were stored as 0.1 mM stock 
solutions made up in either water (P4 and P5) or in 
water/2,2,2-trifluoroethanol (5:2, v/v) (P6). Buffers 
and solutions for all monolayer experiments were 
prepared from milli Q water. Phospholipids of E. 
coli were extracted by Bligh and Dyer extraction 
[21] of cells in the late log phase and purified by 
column chromatography with Polygosil (63-100 
pm, Macherey-Nagel) as stationary phase and 
chloroform/methanol (1:1, v/v) as eluent, after a first 
elution of neutral lipids and other contaminants with 
100% (v/v) chloroform. DOPG, DOPC and DPPC 
were supplied by Avanti. Monolayer surface tension 
was monitored by the (platinum) Wilhelmy plate 
method [22] using a Cahn C202 microbalance. 
Monolayers were formed by spreading either stock 
P5 or P6 solutions, pure phospholipids (1 mM in 
chloroform) or total phospholipid extracts of E. 
coli strains, in chloroform/methanol (8:2, v/v), until 
the desired initial surface pressure was achieved. In
vestigation of peptide-lipid interactions at constant 
area were performed in a Teflon trough with a vol
ume of 5 ml and a surface area of 8.04 cm2. Stock 
peptide solutions were added to the subphase via a 
reservoir extending into the subphase. The subphase 
was continuously stirred by a magnetic bar. Peptide 
pressure-area isotherm determinations and the CD 
analysis of P5 and P6 monolayers at constant pres

sure were performed using a 5 X15 cm Teflon trough 
containing 60 ml of buffer subphase (10 mM acetate 
buffer at pH 5 and 10 mM Tris buffer at pH 7 and 
9). The trough was equipped with a moveable bar
rier, the position of which could be adjusted by a 
computer controlled system, connected to the Cahn 
C202 microbalance. Compression was performed at a 
rate of 3 cm min-1 until the monolayers had reached 
their collapse point. All experiments were repeated 
for n = 2-4. For CD analysis, peptide monolayers 
were transferred at constant surface pressures of 
20 mN m_1 and 30 mN m“3 respectively to quartz 
glass supports [23] by vertical lifting at 3 mm min"1 
CD analysis was performed using a nitrogen flushed 
JASCO J600 spectropolarimeter, employing a 0.25 s 
time constant, a 50 min-1 scan speed, a spectral 
bandwidth of 1 nm and a 0.02 cm cell path length. 
For surface pressure-area measurements with P4, the 
peptide was radiolabelled by reductive methylation 
with [14C]formaldehyde (specific activity 1.49 kBq 
pmol-1) and sodium cyanoborohydride (Aldrich). 
By this procedure the net charge of the peptide is 
not altered [24], Sodium cyanoborohydride, P4 and 
[14C]formaldehyde (molar ratio 125:2:1) were incu
bated in 10 mM phosphate buffer (pH 7) for 90 min 
at 25°C. P4 was separated from the reaction mixture 
by gel exclusion chromatography on a 20 cmX 
0.5 cm Sephadex G25 column, run with 10 mM 
phosphate buffer (pH 7). The radioactivity of 5 pi 
samples of the 500 pi fractions were determined us
ing a Beckman LS5801 scintillation counter. Frac
tions eluted between 7 and 9.5 ml were well resolved 
from the [14C]formaldehyde. Fractions were pooled 
and assayed for P4 concentration and I4C activity. 
The determined specific activity of labelled P4 was 
2.77 kBq pmoU1, implying that on average 93% of 
P4 molecules had obtained two methylated residues. 
The molecular area of [i4C]P4 was determined in the 
presence of phospholipid monolayers at constant 
area, using a Teflon dish with a volume of 20 ml 
and surface area of 29.6 cm2. Appropriate amounts 
of [14C]P4 solution (400 pmolar in phosphate buffer, 
pH 7) were added to the subphase. The subphase was 
continuously stirred by a magnetic bar. The amount 
of radiolabel at the interface was determined by fol
lowing the surface radioactivity with a gas flow de
tector [22]. The subphase was refreshed by injecting 
and ejecting the buffer solution at opposite sides of
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Initial surtace pressure (mN /m)
Fig. 1. The interaction of P4, P5 and P6 with lipid monolayers at various initial surface pressures and pH 7. P4, P5 and P6 were 
found to interact with lipid monolayers across a range of initial surface pressures and pH. A-C show typical surface pressure changes 
induced by the interaction of P4, P5 and P6 with lipid monolayers at pH 7. These lipid monolayers were formed from DOPG (■), 
DOPC (□). total phospholipid extracts from the inner membranes of the wild type E. coli, SD12 (X) and total phospholipid extracts 
from the inner membranes of the mutant E. coli, HDL11, which were depleted in anionic phospholipids (a).

the dish at a flow rate of 10 ml min *. The mono- 
laver was collected by sucking into a counting vial 
[25].

3. Results

To determine whether the PBP4, PBP5 and PBP6 
C-terminal regions have the potential for membrane 
interaction we have investigated the interactions of

P4, P5 and P6 (Table 1) with lipid monolayers 
formed from total lipid extracts of £. coli mem
branes. At initial surface pressures in the range of 
25-35 mN m-1, all three peptides interacted with 
monolayers formed from total phospholipid extracts 
of the wild type E. coli SD12 (Fig. 1). At 25 mN 
m-1, the determined pressure increase for P4 was 
4.6 mN m_1 whereas those determined for P5 and 
P6 were 16.3 and 11.8 mN m-1 respectively. At 
35 mN m-1, a high initial surface pressure, clear
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Initial surface pressure (mN /m)
Fig. 1. (continued)

pressure increases of 1.4 and 3.6 mN m_1 were noted 
for P4 and P6 respectively whilst a pressure increase 
of 8.7 mN m-1 was noted for P5. This latter value 
corresponds to a final surface pressure of 43.7 mN 
m 1 which is close to the collapse pressure of mem
brane phospholipids.

P4, P5 and P6 all bear a net positive charge. The 
possible involvement of charge interactions in the 
monolayer interactions of these peptides was inves
tigated by the use of monolayers formed from total 
lipid extracts of the E. coli mutant HDL11, which 
have a reduced anionic lipid content. For P5 and P6, 
levels of monolayer interaction were not affected by

this reduction in monolayer anionic lipid (Fig. 1 B,C). 
However, for P4 this reduction led to decreases in 
levels of interaction of 40-60% at initial surface pres
sures of 25 and 30 mN m-1 and at 35 mN m-1 they 
were dissipated (Fig. 1A), indicating the importance 
of charge interactions in this case.

The interactions of P4, P5 and P6 with pure lipid 
monolayers formed from anionic DOPG or zwitter- 
ionic DOPC were studied. P4 showed a clear prefer
ence for anionic lipid (Fig. 1A) with no P4-DOPC 
monolayer interaction detected at an initial pressure 
of 30 mN m-1. P5 showed no great affinity for 
DOPG monolayers and indeed showed slightly great-
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initial surface pressure (mN /m)
Fig. 1. (continued)

er levels of interaction with monolayers formed from 
DOPC (Fig. IB). In the case of P6, levels of inter
action with both DOPC and DOPG monolayers 
were reduced when compared to those of monolayers 
formed from total bacterial lipid extracts. At lower 
surface pressures, this reduction was more pro
nounced with DOPC monolayers (Fig. 1C).

It has been shown that the resistance of PBP5 and 
PBP6 to displacement from the membrane by pertur- 
bants varies with pH [15.16] and pH has been shown 
to affect the conformation of P5 in solution [26]. 
Accordingly, the interactions of P4, P5 and P6 with 
lipid monolayers at varying pH have been studied.

At an initial surface pressure of 30 mN m_1, the level 
of interaction of P4 with DOPG monolayers de
creased by approx. 40% on moving from pH 5 to 
pH 7. Although this pH decrease caused little effect 
on the level of interaction with SD12 phospholipid 
extracts there was a reduction in the pressure change 
seen with DOPC monolayers with no pressure 
change detected below pH 7. As the pH was in
creased to pH 9 the pressure change increased for 
DOPC but there was little effect with the other sys
tems (Fig. 2). The interaction of P5 with monolayers 
formed from E. coli total phospholipid extracts 
showed a small increase under acidic conditions
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Fig. 2. The interaction of P4 with pure lipid monolayers and lipid monolayers derived from E. coli membranes, all at an initial surface 
pressure of 30 mN m-1 and varying pH. The figure shows the changes in surface pressure induced by the interaction of P4 with pure 
lipid monolayers formed from DOPG (■), DOPC (□), total phospholipid extracts from the inner membranes of the wild type £. coli, 
SD12 (X) and total phospholipid extracts from the inner membranes of the mutant E. coli, HDL11, which were depleted in anionic 
phospholipids (a). All at an initial surface pressure of 30 mN m-1 and varying pH.

(Fig. 3) especially in the case of phospholipid extracts 
from HDL11 depleted in anionic phospholipid. 
However, for P6, the levels of lipid monolayer inter
action were greatly enhanced by low pH (Fig. 4).

It can be seen from Fig. 2 that there are relatively 
large differences between the levels of interaction of 
P4 with monolayers derived from the membranes of 
SD12 and HDL11, particularly at low pH. This sug
gests that electrostatic forces may feature in these 
interactions. It can be seen from Fig. 3 that the levels

of surface pressure change induced by P5 with 
HDL11 monolayers are in the range 8.6-13.8 mN 
m-1 and when these are compared to those of the 
corresponding interactions with SD12 monolayers, 
there is a 25% reduction but only above neutral 
pH. In the case of P6, it can be seen from Fig. 4 
that there appear to be no significant differences be
tween the levels of surface pressure change induced 
by the peptide with HDL11 monolayers and those of 
the interactions with the corresponding SD12 mono-
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Fig. 3. The interaction of P5 with pure lipid monolayers and lipid monolayers derived from E. coli membranes, all at an initial surface 
pressure of 30 mN m-1 and varying pH. The figure shows the changes in surface pressure induced by the interaction of P5 with pure 
lipid monolayers formed from DOPG (■), DOPC (□), total phospholipid extracts from the inner membranes of the wild type £. coli, 
SD12 (X) and total phospholipid extracts from the inner membranes of the mutant E. coli, HDL11, which were depleted in anionic 
phospholipids (a). All at an initial surface pressure of 30 mN m-1 and varying pH.

layers. These results indicate that ionic interactions 
do not play a major role in P5- or P6-lipid mem
brane interactions.

The levels of interaction of P6 with pure lipid 
monolayers formed from DOPG, DOPC or DPPC 
were 3-6 times higher at pH 5 when compared to 
those at pH 7 or pH 9 (Fig. 4). In the case of P5, 
levels of interaction with these pure lipid monolayers 
remained at high levels, at all pH values, and were 
comparable to those induced by the peptide in SD12

monolayers. However, in contrast to these latter in
teractions, the levels of interaction of P5 with mono- 
layers formed from DOPC and DPPC are decreased 
at low pH rather than enhanced, suggesting that at 
low pH there may be other factors affecting the effi
ciency of interaction with SD12 monolayers (Fig. 3). 
The pressure changes induced in DOPG monolayers 
by P5 and P6 were not significantly affected by the 
presence of 500 mM NaCl (data not shown) and 
overall, these results support the suggestion that
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Flg. 4. The interaction of P6 with pure lipid monolayers and lipid monolayers derived from £. coli membranes, all at an initial surface 
pressure of 30 mN m and varying pH. The figure shows the changes in surface pressure induced by the interaction of P6 with pure 
hpid monomers formed from DOPG (.), DOPC (□), total phospholipid extracts from the inner membranes of the wild type E coli
Tu , -T total PhosPholiPld extracts from the inner membranes of the mutant E. coli, HDL11, which were depleted in anionic 
phospholipids (a). All at an initial surface pressure of 30 mN m_l and varying pH.

charge interactions do not play a significant role in 
the monolayer interactions of these peptides. Fur
thermore, since OPPC forms a condensed monolayer 
at 30 mN m_1, the large pressure increases of 7- 
10 mN m-1, induced in these monolayers by P5 
and P6, indicate the presence of hydrophobic inter
actions.

At an initial surface pressure of 30 mN m-1 P4 
was found to interact with SD12 monolayers and 
induce pressure changes of the order of 3 mN m-1

(Fig. 2) which suggests that P4-monolayer interac
tions may involve the monolayer headgroup region. 
It can be seen from Figs. 1 and 2 that P4 shows the 
highest levels of interaction with monolayers formed 
from the anionic lipid DOPG. At pH 7, radiolabelled 
P4 and P4 induced pressure changes in DOPG 
monolayers in the order of 4.0-4.5 mN m_1. How
ever, in the presence of 500 mM NaCl, these levels 
are either greatly reduced or abolished with P4 in
ducing no detectable pressure change in DOPG
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PH
Fig. 5. The vanation of P4, P5 and P6 surface activity with pH. The surface activity of P4 (■), P5 (□) and P6 (X) were determined 
at various pH. Surface activity was defined as the difference between the equilibrium surface pressure of the peptide at saturation and 
that of pure water (73 mN m-1).

monolayers at higher pH, and a pressure change of 
only 0.9 mN m-1 at pH 5 (data not shown). At all 
initial surface pressures examined, it was found that 
in the presence of monolayers formed from the zwit- 
terionic lipid DOPC, P4 induced no detectable pres
sure changes at lower pH and pressure changes of 
the order of only 1.5 mN m-1 at pH 9 (Fig. 2). In 
addition, at pH 7 and 30 mN m-1 P4 induced no 
detectable pressure changes in DOPC monolayers, 
but induced a pressure change of 1.7 mN m-1 in 
monolayers formed from DPPC.

It can be seen from Fig. 5 that the equilibrium 
spreading pressure, the surface pressure developed 
in the absence of a lipid monolayer, is very different 
for P4, P5 and P6. At pH 7, P5 and P6 displayed 
equilibrium spreading pressures of 33.7 mN m_1 and 
22.3 mN m-1 which converged to 29 mN m-1 and 
26.6 mN m-1 at pH 5. In contrast, P4 showed a very 
low surface activity at pH 5 of 7 mN m-1 which 
increased to 13.5 mN m-1 at pH 7 and 20 mN 
m-1 at pH 9.

Monolayers of P5 and P6 were formed by spread-
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Table 2
Determined molecular areas of P4

Surface pressure of DOPG Change in surface pressure of DOPG monolayer induced Determined molecular area of
monolayer (mN m-1) by radiolabelled P4 (mN nT1) radiolabelled P4 (A2)
20 4.6 330
30 3.9 180
P4 was radiolabelled and molecular areas determined for the peptide in the presence of DOPG monolayers at various surface ores- 
sures and at pH 7. F

ing, subjected to continuous compression and pres
sure-area isotherms derived. Monolayers were exam
ined at pH 5, pH 7 or pH 9. At a monolayer surface 
pressure of 30 mN m-1, analysis yielded molecular 
areas for P5 and P6 of circa 200 A2 in all cases 
examined (data not shown). Such values could imply 
that under these conditions, P5 and P6 are orientated 
perpendicular to the plane of the interface and pos
sess a-helical secondary structure. In an effort to 
confirm the presence of such secondary structure in 
P5 and P6, monolayers of the peptides were formed 
by spreading at pH 5, pH 7 or pH 9 and after trans
fer to quartz supports subjected to CD analysis [23]. 
P5 and P6 were found to form stable monolayers at 
30 mN m"1 and 20 mN m-1 respectively and for 
both peptides, the presence of a-helical secondary 
structure was detected in every case examined (data 
not shown). P4 showed no ability to form mono- 
layers by spreading and so to gain insight into its 
ability to form a-helical structure, molecular areas 
were determined for radiolabelled P4 in the presence 
of DOPG monolayers. Analysis yielded molecular 
areas of 330 A2 and 180 A2 for [14C]P4 at DOPG 
monolayers surface pressures of 20 mN nor1 and 
30 mN m^1 ^ respectively (Table 2). A molecular 
area of 330 A2 implies that an a-helical region of 
P4 may align in the plane of the monolayer, associ
ating with the phospholipid headgroup region. How
ever, a molecular area of 180 A2 which was deter
mined at a monolayer surface pressure of 30 mN 
m 1, implies that an a-helical region of P4 is perpen
dicular to the plane of the monolayer, penetrating 
the monolayer acyl chain region.

4. Discussion

P5 showed generally high levels of interaction with 
monolayers formed from zwitterionic lipids (Fig. 3),

which in the case of DOPC were comparable to those 
with corresponding monolayers formed from the 
membranes of either the wild type E. coli SD12 or 
the mutant E> coli strain HDL11 (Fig. 3). Although 
P5 showed a very high surface activity (Fig. 5), the 
pressure change resulting from P5-membrane inter
action exceeded the equilibrium spreading pressure. 
This indicates that a specific interaction must take 
place. Taken with the fact that P5 showed either 
no or a minor requirement for anionic lipids and 
the lack of an ionic strength effect, these results sug
gest a major role for hydrophobic forces and a minor 
role for electrostatic forces in the interactions of this 
peptide with lipid monolayers. However, in contrast 
to the general pH trend shown by the interactions of 
P5 with lipid monolayers formed from phospholipids 
(Fig. 3) the levels of interaction of the peptide with 
zwitterionic lipid monolayers were decreased at low 
pH rather than enhanced (Fig. 3). Examination of 
the primary structure of P5 (Table 1) shows that in 
an a-helical conformation, two lysine residues (pi^a 
11.0) and two histidine residues (p7Ca 6.5) would oc
cur in the hydrophilic face of the helix. At low pH, 
these histidine residues would contribute to a cati
onic region which could decrease penetration into 
neutral monolayers. At higher pH, these histidine 
residues and the cationic region would experience a 
decreased positive charge and this could facilitate 
‘snorkelling5 into the DOPC and DPPC monolayers 
by the hydrophobic alkyl chains of the lysine residues 
in the cationic region [27] leading to deeper penetra
tion and higher levels of interaction with neutral 
monolayers by P5. With lipid monolayers derived 
from SD12 or HDL11 inner membranes and those 
formed from DOPG, the presence of anionic lipid 
headgroups could stabilise the positive histidine res
idues in the P5 helical polar face and thus decrease 
the effect of protonation observed at low pH with 
neutral lipid monolayers.
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In the case of P6, at low pH the peptide showed 
high levels of interaction with zwitterionic lipids (Fig.
4) which were either similar or enhanced when com
pared to those with corresponding monolayers 
formed from the inner membranes of the wild type 
E. coli SD12 and the mutant E. coli strain HDL11 
(Fig. 4). Although P6 would contain a histidine res
idue in the hydrophilic face of the helix this is situ
ated adjacent to a negatively charged aspartic acid 
residue and there is no option for snorkelling. P6 has 
been shown to form an a-helix much less readily 
than P5 [26], hence low pH maybe required to sta
bilise a-helix formation in P6, facilitating the high 
levels of hydrophobic interaction shown by the pep
tide with DOPC, DPPC and other lipid monolayers 
under acid conditions. However, at higher pH, the 
levels of interaction of P6 with zwitterionic lipids are 
greatly reduced (Fig. 4) when compared to the cor
responding interactions of the peptide with lipid 
monolayers derived from the inner membranes of 
the wild type E. coli, SD12, and the mutant E. coli 
strain, HDL11. Taken with the fact that P6 showed 
either no or a minor requirement for anionic lipids, 
these results suggest a major role for hydrophobic 
forces and a minor role for electrostatic forces in 
the interactions of this peptide with lipid monolayers.

In the case of P4, the general ability of the peptide 
to interact with lipid monolayers has suggested that 
the PBP4 C-terminal region may indeed participate 
in PBP4-membrane anchoring. The apparently low 
affinity for zwitterionic lipids but the requirement 
for anionic lipid shown by P4 has suggested that 
the PBP4 C-terminal interaction would be predomi
nantly electrostatic in nature (Figs. 1 and 2), as is the 
overall interaction of PBP4 with membranes [1,17]. 
Nonetheless, the ability of P4 to penetrate DPPC 
monolayers implies that the peptide can penetrate 
the bilayer core, hence despite its predominantly elec
trostatic nature there may also be a hydrophobic 
contribution to the PBP4 C-terminal interaction. 
The primary sequence (Table 1) shows that although 
there is strong overall positive charge, which could 
engage in electrostatic interactions with anionic 
phospholipid headgroups, there are some hydropho
bic residues which would be capable of membrane 
interaction.

Results derived here (Figs. 1 and 5) appear to con
firm theoretical analyses which have predicted that

the potential of the PBP4 C-terminal sequence for 
membrane interaction and surface activity would be 
low [11-13]. Indeed, low surface activity might have 
been expected from a water soluble peptide such as 
P4 which possesses charged residues that are well 
distributed and a very high charge to amino acid 
residue ratio (Table 1). The same analyses have pre
dicted that the potential of the PBP5 and PBP6 
C-terminal sequences for membrane interaction and 
surface activity would be high and again the results 
found here (Figs. 1 and 5) are in broad agreement 
with these predictions. The determined equilibrium 
spreading pressures of P5 are notably higher than 
those of P6, particularly at higher pH (Fig. 5). This 
is surprising when it is considered that P5 is water 
soluble, possesses charged residues that are well dis
tributed and a high charge to amino acid residue 
ratio whereas P6 is not water soluble, possesses a 
lower charge to amino acid residue ratio than P5 
(Table 1) but yet displays an equilibrium spreading 
pressure comparable to some water soluble proteins 
such as bovine serum albumin [22].

The interactions of P5 and P6 with lipid mono- 
layers formed from lipid extracts were enhanced 
under acid conditions but decreased with pH in a 
manner that correlated to that of the parent proteins’ 
susceptibility to perturbants. This might be explained 
if increases in pH caused conformational changes in 
P5 and P6 which, in turn, led to reduced abilities of 
the peptides to interact with lipid monolayers. It has 
recently been shown for the peptide P5 that under 
acid conditions, the peptide possesses high levels of 
a-helicity which decrease with increasing pH [25] and 
acid conditions are known to stabilise a-helical sec
ondary structure. Molecular area determinations 
(Table 2) have implied that the peptides P4, P5 and 
P6, which possess the primary structures of the 
PBP4, PBP5 and PBP6 C-terminal regions, have 
the ability to adopt a-helical secondary structure. 
The data show that P4, P5 and P6 are able to inter
act with pure lipid monolayers and monolayers mim
etic of naturally occurring membranes (Figs. 3 and 
4). Whilst it must be remembered that these studies 
are based on isolated peptides rather than the native 
protein there is evidence that these anchors can func
tion independent of the ectomembranous domain in 
that the C terminus of PBP5 can anchor the periplas- 
mic protein (3-lactamase to the bacterial inner mem-
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brane [28]. Overall these experiments therefore sup
port the view that PBP5 and PBP6 interact with the 
membrane via amphiphilic C-terminal a-helices and 
the suggestion that PBP4 may utilise a similar mem
brane anchoring mechanism [1,2,17].
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Summary — The Escherichia coli low molecular mass penicillin-binding proteins (PBP4, PBP5 and PBP6) are a group of penicillin-sensiti\ 
enzymes involved in the final stages of cell wall assembly. It has been suggested that these proteins may interact with the periplasmic fac 
of the inner membrane via C-terminal amphiphilic a-helices. Theoretical analysis has predicted that these C-terminal helical regions may t 
membrane interactive. We have tested this hypothesis by assaying PBP C-terminal homologues (P4, P5 and P6) for haemolytic activity. Oi 
results show that the PBP5 and PBP6 C-terminal homologues readily lyse sheep erythrocytes in a pH-dependent manner with LD50 
of 3.5 X lO-6 M and 6.8 X 10~7 M respectively at pH 7. These results appear to support the present model for the membrane anchoring c 
PBP5 and PBP6. The PBP4 C-terminal homologue shows no evidence of haemolytic activity which could imply a different means c 
membrane association for PBP4.

penicillin-binding protein / a-helix / lysis / membrane

Introduction

The Escherichia coli low molecular mass penicillin-binding 
proteins (PBPs) comprise PBP4, PBP5 and PBP6. These are 
a group of penicillin-sensitive enzymes involved in the final 
stages of cell wall assembly. In wild type strains, PBP4 [1], 
PBP5 and PBP6 [2], are bound to the periplasmic face of 
the inner membrane. Much indirect biochemical evidence 
[1, 2] has suggested that the PBPs may interact with the 
membrane via a novel anchoring mechanism involving C- 
terminal amphiphilic a-helices. The potential of these re
gions to adopt such amphiphilic structures is revealed when 
their amino acid sequences are displayed on Schiffer-Ed- 
mundson helical wheels [2, 3]. Similar structural arrange
ments facilitate the membrane interaction of some cytotoxic 
peptides, such as melittin [4]. This toxin possesses surface 
active amphiphilic a-helices and interacts with the mem
brane by insertion of the hydrophobic face of the helix into 
the bilayer core whilst the hydrophilic face associates with 
phospholipid headgroups [5]. It has been suggested that low 
molecular* mass PBP-membrane anchoring may follow a 
similar mechanism [1]. The view that a C-terminal a-helix 
may be involved in the PBP5 anchoring process is rein
forced by the demonstration that incorporation of a proline 
residue, with its ability to distort or disrupt an a-helical

^Correspondence and reprints

conformation, grossly destabilised the membrane anchorin 
of PBP5 [6].

Biochemical wash procedures have indicated that tb 
membrane anchoring of both PBP5 and PBP6 involves 
hydrophobic element [7, 8], In contrast to these two prc 
teins, the association of PBP4 with the membrane we 
found to be particularly sensitive to ionic rather tha 
chaotropic perturbants. This suggested that electrostatii 
and not hydrophobic forces, made the major contribution t 
PBP4-membrane interaction [9], A recent approach to tb 
investigation of PBP-membrane interaction was the use c 
CD spectroscopy to study the conformational behaviour c 
synthetic peptides, P4, P5 and P6 which share sequenc 
homology with the C-terminal regions of PBP4, PBP5 an 
PBP6 (table I). This analysis revealed that in the presenc 
of phospholipid vesicles, both P5 and P6 showed a capacit 
for a-helix formation whereas in the case of P4, no helic; 
structure could be detected (Siligardi et al, submitted). 1 
date, it is still a matter of debate as to whether PBP4 en

Table I, The primary structures of the peptides P4, P5 and Pf 
The peptides P4, P5 and P6 possess the primary structures of th 
C-terminal domains of PBP4, PBP5 and PBP6 respectively [2( 
21],

Protein C-terminal residues

PBP4
PBP5
PBP6

RRIPLVRFESRLYKDIY QNN-COOH 
GNFFGKIIDYIKLMFHHWFG-COOH 
GGFFGRVWDFVMMKFHQWFGSWFS-COOH
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loys a similar anchoring mechanism to PBP5 and PBP6 
1]. In over-expressing systems whereas PBP5 and PBP6 
re membrane bound, over 90% of PBP4 produced is 
ound in a soluble form. This led to the suggestion that 
*BP4-membrane interaction may occur at a specific bind- 
ng site [1]. Theoretical analysis has also predicted that 
he membrane interactive properties of the PBP4 C-ter- 
ninal region would differ from those of the other low 
nolecular mass PBPs. Hydrophobic moment plots [10] 
lave predicted that the PBP5 and PBP6 C-terminal se- 
juences, and hence P5 and P6, will be strongly surface 
ictive [11]. However, the same analysis predicted that the 
:>BP4 C-terminal region, and thus P4, had only a low 
)otential for surface activity.

In summary, the PBP5 and PBP6 C-terminal anchors ap- 
)ear to possess properties which are similar to those of 
nany haemolytic peptides, examples being melittin [4, 5], 
:ardiotoxins and thionins [12, 13]. This suggests that the 
peptide analogues P5 and P6, corresponding to these re
gions, may have the capacity for haemolysis. If the theore- 
:ical analysis is correct [11], P4 would have a very low 
:apacity for haemolytic action. An investigation into the 
interaction of these peptides with erythrocyte membranes 
may provide insight into the association of PBP4. PBPS and 
PBP6 with the membrane and provide evidence for the ac
curacy of the theoretical studies performed on these systems 
[11]. Accordingly, we have studied the action of P4, PS and 
P6 on sheep red blood cells and compared it to that of me
littin.

Materials and methods

The pepudes P4. P5 and P6. which correspond to the C-terminal 
domains of PBP4, PBPS and PBP6 (table I) respectively were pur
chased from the Department of Biochemistry. University of Liver
pool. UK. These peptides were manufactured by solid state 
synthesis, purified by HPLC and were of 99% purity or greater. P6 
stock solutions were solubilised in 50% (v/v) 2,2,2-trifluoroethanol 
(TFE, Sigma). TFE had no detectable lytic effects on red blood 
cells at the levels used in the assay. Fresh red blood cells were 
isolated from sheeps blood using Histopaque (Sigma) according to 
manufacturer's instructions. Packed red blood cells were washed 
three times in Tris buffered sucrose (TBS; 0.25 M sucrose, 10 mM 
Tris) and resuspended in the same medium, all at either pH 6, pH 
7 or pH 8. The initial blood cell concentration (approximately 
0.05% v/v) was adjusted such that incubation with 0.1% Triton 
X-100 (v/v) for 1 h produced a supernatant with A416 = 0.6 and this 
was taken as 100% haemolysis. Aliquots (1 mL) of the suspensions 
were incubated with varying concentrations of the peptides P4, P5, 
P6 (table I) or melittin (Sigma), at room temperature with gentle 
shaking. After 1 h the suspensions were centrifuged at low speed 
(1 K. 15 min. room temperature ) and the A416 of the supernatants 
determined. Basal lysis due to the incubation medium was less than 
3% in all cases.

Results and discussion

Haemolytic peptides are able to invade the erythrocyte 
membranes outer leaflet and induce changes in per
meability. However, despite many studies, the molecular 
basis for the haemolytic mechanism(s) of these peptides is 
still unclear [5]. One of the most potent haemolysins and 
probably the best characterised is melittin [4] and as such 
was selected as a control for this series of experiments. It 
can be seen from figure 1 that at low pH, the haemolytic 
activity of melittin varies with peptide concentration in a 
sigmoidal manner, implying that a co-operative effect is in
volved in the process. At neutral and particularly alkaline 
PH, levels of haemolysis are greatly enhanced and hyper
bolic kinetics are observed. A Hanes-Woolf analysis [14] of 
the melittin haemolytic curve, at pH 7 (fig 1), yielded a 
value of 6.7 x 10-7 M for the LD50 of the toxin which is in 
good agreement with published data [5]. The haemolytic 
capacities of the peptides P4, P5 and P6 were compared to 
this value.

The PBP4 C-terminal homologue. P4, was examined for 
haemolytic activity. No such activity was detected across a 
P4 concentration range of 8 x lO-3 M to 8 x 10-8 M all at 
pH 6, pH 7 or pH 8. This agrees with theoretical analysis

r-TTTI

Melittin (mlcromolmr)

Fig 1. The haemolytic action of melittin. Varying concentrations of 
melittin were incubated with suspensions of sheep erythrocytes in 
Tris buffered sucrose, at pH 6 (Q), pH 7 (■) or pH 8 ( +) and 
percentage lysis determined, all as described (error bars are the 
standard deviation for n = 3).
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o.o 1.0 4.0 5.0 6.0 7.0 8.0 9.0 10.011.0
PS (mlcromolar) P6 (mlcromolar)

F,gT2: The haemolytic action of P5 and P6. Varying concentrations of P5 (A) and P6 (B) were incubated with suspensions of sheep erythrocytes 
de^atio^for/f S^Cr°Se 31 pH 6 pH 7 ® or pH 8 and percentage lysis determined, all as described (error bars are the standard

which predicted that if the P4 primary sequence could adopt 
an oc-helical conformation then the resulting structure 
would be very weakly membrane interactive [11]. CD ana
lysis could detect only 20% ct-helicity in aqueous 0.1 mM 
P4 (Siligardi et al, submitted). Together these data would 
imply that haemolysis has not been detected in P4 because 
the peptide lacks significant a-helical contributions and 
may either not interact or interact only weakly with the 
membrane. This could agree with the theory that the PBP4 
C-terminal domain may not be a major component in the 
protein-anchoring mechanism [1].

The PBP5 and PBP6 C-terminal homologues, P5 and P6, 
were also examined for haemolytic activity. It can be seen 
from figures 2a and 2b that in contrast to P4, levels of 
haemolysis by P5 and P6 are considerable. Nevertheless, 
unlike the control peptide, melittin, the haemolytic acti
vities of P5 and P6 are enhanced by acid conditions. This 
makes comparison of the peptides difficult as different 
haemolytic mechanisms appear to be involved. However, at 
neutral pH, the LD5o of P6 is 6.8 x 10-7 m (flg 2b) which 
implies that it has a haemolytic activity comparable to that 
of melittin (fig 1). The LD5o of P5 is 3.5 x 10-6 M (fig 2a) 
which is approximately 5% of that for melittin (fig 1), in
dicating that P5 has a lower haemolytic activity than melit
tin. Nonetheless, the haemolytic activity of P5 is

comparable to that of other surface active toxins, including 
mastoparans [15], pardaxins [16] and magainins [17] which 
interact with the membrane via amphiphilic, a-helical re
gions [5]. These data appear to support the predictions that 
the PBP5 and PBP6 C-terminal regions, are able to interact 
with membranes at a level comparable to those of melittin 
and other natural toxins [11, 18]. This would support the 
theory that these C-terminal regions have the ability to an
chor PBP5 and PBP6 [2],

A CD analysis of aqueous P5 showed that the peptide 
possessed a-helical structure, the levels of which were ele
vated by acid conditions (Siligardi et al, submitted). Maxi
mal values for the haemolytic action of P5 (fig 2a) were also 
observed under acidic conditions and these findings suggest 
that there may be a relationship between the ability of P5 to 
penetrate the membrane and the levels of a-helical structure 
present in the P5 molecule. It can be seen from figures 2a 
and 2b that at acid pH, haemolytic action varies with the 
concentrations of P5 and P6 in a hyperbolic manner but at 
higher pH the relationship becomes sigmoidal. This implies 
that under alkaline and neutral conditions co-operative ef
fects are involved in the haemolytic action of these peptides. 
This could occur if helicity and therefore haemolysis was 
induced via the self association of peptide molecules either 
within the membrane or in the aqueous environment [5].
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he rapid drop in haemolytic activity of P5, observed at 
H 6 and concentrations above 6 pM, is presumably due to 
ggregation of the peptide.

If acid pH does indeed activate the membrane insertion 
f P5 by the induction of high levels of a-helicity in the 
lolecule, then this may support the model suggested for the 
tembrane interaction of newly translocated PBB5 [19] and 
y analogy PBP6. This model proposed that upon translo- 
ation, one option for PBP5 or PBP6 may be to exist as a 
lort lived periplasmic intermediate. The protein could then 
jtperience a decrease in pH due to the membrane proton 
radient and membrane proximity effects. Low pH and 
barge effects at the membrane surface could then stabilise 
mphiphilic ct-helical secondary structure in the proteins 
!-terminal anchoring region with subsequent interaction of 
ic protein with the membrane.

In conclusion we have shown that P4 appears to have no 
aemolytic activity whereas P5 and P6 are highly haemo- 
^tic. This confirms the theoretical predictions made for 
lese peptides and reinforces the idea that the membrane 
nchoring of PBP4 may involve a different mechanism to 
'BP5 and PBP6. We have suggested that in the cases of P5 
nd P6t haemolytic activity is related to the degree of a-he- 
icity in the peptide structures and to the ability of these 
eptides to penetrate the membrane.
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Abstract

Escherichia coli penicillin-binding protein 5 (PBP5) is anchored to the periplasmic face of the inner membrane via a 
C-terminal amphiphilic ct-helix. The results of washing experiments have suggested an electrostatic contribution to the 
anchoring mechanism which may involve the cationic region of the C-terminal ct-helix, Similarities between this anchor 
domain and some surface active agents, such as melittin, suggest that the cationic region of the PBP5 anchor may require the 
presence of anionic phospholipids for membrane interaction. Washing experiments performed on membranes of HDL11, an 
E. coli mutant in which the expression of the major anionic phospholipids is under lac control, found no such requirement. 
The results are discussed in relation to the hypothesis that the cationic region may interact with other sources of negative 
charge, possibly arising from a PBP complex.

Keywords: Escherichia coli; Penicillin-binding protein; Membrane anchor; Anionic phospholipid

I. Introduction

Penicillin-binding proteins (PBPs) are a group of 
penicillin-sensitive enzymes which possess active site 
serine DD-peptidase activity. PBPs are involved in 
prokaryotic cell wall assembly where they catalyse 
the final stages of peptidoglycan biosynthesis [X], In 
Escherichia coli there are seven major PBPs which 
have been well characterised. These are all mem
brane-bound proteins and are anchored to the 
periplasmic face of the inner membrane via one of

Corresponding author. Tel.: +44 (1772) 893 519; Fax: +44 
(1772) 892 903; e-mail: d.a.phoenix@Uclan.ac.uk

two general mechanisms. The high molecular mass 
PBPs (PBPla, lb, 2 and 3) possess N-terminal hy
drophobic amino acid sequences which span the 
bilayer whereas the low molecular mass PBPs (PBP4, 
5 and 6) are thought to interact with the membrane 
via C-terminal amphiphilic a-helices [2], These a- 
helical anchors appear to have structural similarities 
to regions of some surface active molecules and 
therefore may have similar requirements for mem
brane interaction. In this paper we investigate such a 
possibility for the anchor region of PBPS.

PBPS possesses DD-carboxypeptidase activity and 
is believed to have a regulatory role in E. coli cell 
wall assembly [2]. The protein is 374 amino acid 
residues in length and deletion experiments have

0378-1097/95/S09.50 © 1995 Federation of European Microbiological Societies. All rights reserved 
SSDI 0378-1097(95)00160-3
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Fig. 1. The PBP5 anchor region projected onto a Schiffer- 
Edmundson wheel. The helical sequence is formed by the C- 
terminal 18 amino acid residues (a357-374) of PBP5. The 
sequence is assumed to be a-helical with each successive residue 
100° from the previous one. Hydrophobic residues are shaded. 
The positively charged amino acids, histidine and lysine are 
shown in the upper hydrophilic portion of the wheel [15].

shown that the C-terminal 18 residues are essential 
for efficient membrane interaction [3,4]. When pro
jected onto a Schiffer-Edmundson wheel [5], the 
C-terminal residues are seen to have the potential to 
form an amphiphilic o-helix (Fig. 1). This a-helix 
has been shown to possess a large hydrophobic 
moment which is characteristic of surface-seeking 
proteins and polypeptides [6].

Surface active molecules tend to have highly am
phiphilic a-helical regions which adopt a preferred 
orientation at the membrane interface. In this orienta
tion the hydrophilic face of the a-helix projects into 
the aqueous environment whilst the hydrophobic face 
interacts with some component of the lipid bilayer 
core [7].

This model may hold for the PBP5 anchor region, 
since it has been shown that the interaction of the 
PBP5 anchor with the inner membrane is predomi
nantly hydrophobic and is particularly susceptible to 
chaotropic agents such as thiocyanate. However, it 
was also found that this susceptibility was dependent 
on pH. At low pH, PBP5 extraction was resistant to 
perturbants but as pH was increased above neutrality, 
progressively greater amounts of PBP5 were dis
placed from the inner membrane [8]. This observa
tion suggests the involvement of an electrostatic 
contribution in the anchoring mechanism.

Electrostatic interactions are also a feature of the 
membrane interactions of some surface active pro
teins and polypeptides. For example, melittin from 
bee venom [9] and the bacterial toxin colicin A [10] 
require the presence of anionic phospholipids for 
membrane association. Interaction between the nega
tively charged phospholipid headgroups and cationic 
regions within the structure of the protein or 
polypeptide acts to stabilise membrane association.

The cationic regions involved in these interactions 
are frequently located on the hydrophilic face of the 
amphiphilic a-helices found in such molecules. For 
example, melittin possesses positively charged N- 
terminal and C-terminal regions, both of which are 
situated on the hydrophilic face of the polypeptide’s 
single a-helix [9].

PBP5 has four basic amino acid residues (two 
histidines and two lysines) on the hydrophilic face of 
its anchor region. The presence of the histidine 
residues provides a cationic region within the PBP5 
anchor which could vary in magnitude in a pH-de- 
pendent manner which mimics that of the anchor 
region’s susceptibility to perturbants. This suggests 
that this positively charged region may contribute to 
an electrostatic interaction in PBP5 membrane bind
ing. Since the PBP5 anchor possesses molecular 
architecture of a similar nature to other surface ac
tive agents, it seems reasonable to postulate that this 
electrostatic interaction may involve anionic phos
pholipids, by analogy with cationic regions of these 
surface active molecules.

The main anionic phospholipids found in E. coli 
cells are diphosphatidylglycerol (DPG) and phos- 
phatidylglycerol (PG), which constitute approxi
mately 5% and 20%, respectively, of the total cellu
lar phospholipid [11]. If an electrostatic interaction 
involving anionic phospholipids does contribute to 
the PBP5 anchoring process, then removing PG and 
DPG from the membrane should destabilise mem
brane binding. Under these conditions, increased 
amounts of PBP5 may be expected to be displaced 
from the inner membrane by perturbants.

To investigate this possibility, the E. coli strain 
HDLll/pLG364 was used in washing experiments. 
In this strain the pgsA gene, which encodes phos- 
phatidylglycerolphosphate synthetase, an enzyme in
volved in PG and DPG synthesis, has been placed 
under the control of the lac promoter [12], and pgsA
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expression can be induced by addition of the lac 
inducer isopropylthiogalactoside (IPTG), In the ab
sence of IPTG, phosphatidylglycerolphosphate syn
thetase is still produced at a low, basal level and this 
is sufficient to permit the viability of this strain 
given the additional presence of a lpp2 deletion [13]. 
The plasmid pLG364 carries the dacA 11191 PBP5 
allele, and overproduces this protein.

2. Materials and methods

2.1. Bacterial strains and growth conditions

The E. coli strains used were: SP1048 (his, tsx, 
supF, srl'.'.TnlO, AdacCl, zidacA::KmR; [8]) and 
HDL11 (pgsAi'.kan, fidacOP-pgsA*)!, lacZ’, 
lacY'.'.Tn9, lpp2, zdg'.'.TialO', [12]). SP1048 and 
^^Lll were each transformed with the multicopy 
plasmid pLG364 [14] which carries the dacA 11191 
mutation of PBP5 on a Barnm-Ecom fragment in 
pBR322 [15].

All strains were grown in nutrient broth (Lab M, 
No. 2) supplemented with ampicillin (25 pg ml-1) 
at 37° C with aeration. When required, HDL11 strains 
were grown in the presence of 50 IPTG to 
induce high levels of pgsA gene expression,

2.2. Determination of phospholipid content of bacte
rial strains

Cultures (1 1) were grown in the presence of 10 
pCi of [14C]sodium acetate (specific activity; 50.2 
mCi mmol , Sigma) to an OD660 of 0.6. Lipids 
were extracted from cells [16] and separated by thin 
layer chromatography (Silica gel, type G, Sigma) 
using chloroform/methanol/acetic acid/water 
(170:30:20:7) as solvent. The lipids were visualised 
by iodine vapour and identified using appropriate 
standards. Incorporation of [14C]acetate into lipids 
was quantified using a Beckman LS5801 scintillation 
counter.

2.3. Preparation of envelope fractions

Cultures (1 1) were grown to an OD660 of 0.6. 
Envelope fractions were prepared by osmotic lysis 
[17]. DNA released from cells was sheared mechani

cally using 23 G and 25 G syringes and unlysed cells 
were removed by low-speed centrifugation (1100 X 
g, 15 min, 4° C). Samples (8 ml) of the supernatant 
were centrifuged (100000 X g, 60 min, 4° C) and the 
resulting pellets were stored at — 20° C.

2.4. The effect of perturbants on the anchoring of 
PBP5 in envelope fractions

Envelope pellets were resuspended in 1 ml of 4 M 
urea, 2 M sodium thiocyanate or 2 M sodium chlo
ride at pH 6, 7 or 8 and left on ice for 1 h at 0° C. 
Solutions were prepared in 10 mM phosphate buffer. 
Envelope pellets were also resuspended in 10 mM 
phosphate buffer alone at pH 6, 7 or 8 [8]. The 
volume of the resuspended pellets was made up to 8 
ml with the appropriate perturbant at the appropriate 
pH and centrifuged (100 000 X g, 60 min, 4° C). The 
pellet was resuspended in a minimum of resuspen
sion buffer (13 parts of wash buffer (KH2P04, 3 g 
I"1; Na2HP04 • 2H,0, 8.9 g T1; NaCI, 4.0 gV1; 
MgS04 • 7H20, 0.1 g l-1); 5 parts of saturated Tris 
base; 2 parts of phenylmethylsulfonylfluoride in 
dimethyl sulfoxide (6 mg ml-1)). Trichloracetic acid 
was added to the supernatant to give a final concen
tration of 10% (w/v), the mixture left on ice for 1 h, 
centrifuged (3000 X g, 15 min, 4° C) and the pellet 
resuspended in a minimum of resuspension buffer 
(10-25 /aI). Protein in the resuspended pellets was 
resolved by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (12% resolving gel) [18]. PBP5 
was visualised by Western blotting [19] with the 
exception that S^'-diaminobenzidene (Sigma) was 
used as substrate and quantified by densitometry 
using a Shimadzu CS-9000 dual wavelength flying 
spot scanner at 500 nm.

3. Results and discussion

When HDLll/pLG364 was grown in the pres
ence of IPTG, the overall level of anionic phospho
lipids was comparable to the control strain 
SP1048/pLG364 (Fig. 2), However, when the or
ganism was grown in the absence of IPTG, this level 
was decreased by approximately 60%. The predomi
nant anionic phospholipid in the membrane is PG, 
and the level in uninduced cells was reduced by
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Fig. 2. Phospholipid contcnl of bacterial strains examined. The 
relative percentages of the major phospholipids in the membranes 
of the £. coli strains (a) SP1048/pLG364, (b) HDLll/pLG364 
grown in the presence of 50 jiM 1PTG and (c) HDLll/pLG364 
grown in the absence of IPTG were determined by radio-labelling 
with [uC)acetate and quantification via scintillation counting, all 
as previously described. Phosphatidylethanolamine (□) was the 
major component with contributions from the anionic phospho
lipids phosphatidylglycerol (□) and diphosphatidylglycerol and 
phosphatidic acid which co-chromatographed together ( ■). The 
total anionic phospholipid content is also shown (□). Error bars 
denote the standard deviation for n = 3.

85%. This agrees well with data by Van der Goot et 
al. [10], who showed that the surface active bacterial 
toxin, colicin A, has an in vivo requirement for the 
presence of anionic phospholipids if it is to interact 
with the membrane. Using HDL11, they demon
strated that the toxin was fully active against this 
strain in the presence of induced levels of acidic 
phospholipids, but toxicity was reduced by a factor 
of three when in the presence of non-induced levels 
of these phospholipids [10].

Despite structural similarities between the mem
brane interactive regions of colicin A and the anchor 
domain of PBP5, we failed to detect a similar re
quirement for the presence of anionic phospholipids 
in PBP5 membrane binding using HDL11. Even a 
reduction of approximately 60% in acidic phospho
lipids led to no significant difference in the amounts 
of PBP5 displaced from membranes of HDL11 by 
perturbant action. The levels of PBP5 displaced from 
membrane fragments of SP1048/pLG364 and

HDLll/pLG364 grown in the presence of IPTG are 
comparable to those displaced from HDLll/pLG364 
grown in the absence of IPTG (Fig. 3). This would 
appear to preclude anionic phospholipids as a PBP5 
anchoring requirement, although the possibility ex
ists that the magnitude of their interaction is too 
small to be detected by this experimental system. 
However, the results do not exclude phospholipids, 
charge interaction or the cationic region of the PBP5 
anchor from contributing to the anchoring process.

The trends shown by the results of these washing 
experiments are in agreement with the findings of 
previous studies [8] and indicate that the PBP5 an
chor region becomes progressively more susceptible 
to chaotropic agents with increasing pH, but main
tains its resistance to extraction by ionic perturbants. 
The overall pH dependence of perturbant action reit
erates the possibility of an electrostatic contribution 
to membrane binding and, if anionic phospholipids 
are not involved in the binding process, this could 
mean that the anchor’s positively charged region 
may interact with negative charge from other sources.

One possibility is that the cationic region may 
interact with negatively charged regions in the ec- 
tomembranous domain of PBP5. Such an interaction 
could serve to stabilise membrane binding and may 
be associated with changes in the conformation of 
the protein. It has been shown that the overall con
formation of PBP5 can affect the strength of binding 
and, in vivo, anchoring may be related to the enzy
matic activity of the protein [20]. PBP5 may undergo 
conformational changes upon membrane interaction 
since it has been found that purified PBP5 shows 
resistance to proteolytic action when reconstituted 
into vesicles but that it is readily degraded by pro
teases in the unreconstituted form (Phoenix and Pratt, 
unpublished data).

Another possibility is that the positively charged 
region of the PBP5 anchor may interact with other 
proteins, either a receptor protein or as part of a 
protein complex. Phoenix and Pratt (unpublished 
data) found that PBP5 would not reconstitute into 
vesicles where the cytoplasmic face was accessible 
but would reconstitute into vesicles where the 
periplasmic face was accessible. These findings are 
consistent with a model for PBP5 anchoring which 
does not require anionic phospholipids but which 
requires instead some other component of the
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Fig. 3. The relative amounts of PBP5 displaced from membrane fragments of strains of E. coli by the action of chaotropic and ionic 
pertubants. Membrane fragments prepared from SP1048/pLG364 (g), HDLll/pLG364 grown in the presence of 50 IPTG (B) and 
HDLn/pUtt64 grown in the absence of IPTG (■) were treated with (a) 4 M urea, (b) 2 M sodium thiocyanate, or (c) 2 M sodium 
chloride all in 10 mM phosphate buffer at pH 6, 7 or 8. Fragments were also treated with (d) 10 mM phosphate buffer at pH 6, 7 or 8 as a
control. PBP5 was visualised by Western blotting and quantified by densitometry, all as previously described. Error bars denote the standard 
deviation for n = 3.

periplasmic face of the inner membrane - possibly a 
proteinaceous component.

In conclusion, we tentatively suggest that PBP5 in 
the native state has a minor electrostatic component 
which contributes to membrane binding, and which 
may involve the cationic region of the PBP5 anchor 
domain. The anchor region appears not to interact 
with anionic phospholipids, but may interact with 
other negatively charged regions, either in PBP5 
itself or those of other membrane-bound proteins.

Interestingly, evidence from cross-linking studies has 
suggested that PBP5, PBP3 and either PBPla or lb 
have the capacity to form a protein complex [21], 
and at present we are investigating this possibility 
further.
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MEMBRANE BINDING OF ESCHERICHIA COL/PENICILLIN
BINDING PROTEIN 4 IS PREDOMINANTLY ELECTROSTATIC 

AND OCCURS AT A SPECIFIC BINDING SITE

Frederick Harris and David A. Phoenix*
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United Kingdom.

Abstract: In a wild type E. coli, MRE600, PBP4 is legitimately membrane bound yet in a PBP4 over-expressor, 
HB101/pBK4, less than 5% fractionates with the membrane. It is therefore suggested that PBP4 - membrane 
binding occurs at a specific binding site. Biochemical wash procedures imply that PBP4 membrane interaction 
occurs via predominantly electrostatic forces. Use of an E, coli mutant in which levels of anionic lipid can be 
controlled could provide no evidence for an anionic lipid requirement.

Introduction.

The Escherichia coli low molecular mass penicillin-binding proteins, PBP4, PBP5 and PBP6 are penicillin- 

sensitive enzymes, involved in the final stages of cell wall assembly and are associated with the periplasmic face 

of the inner membrane. It is generally accepted that PBP5 and PBP6 are membrane bound via amphiphilic C- 

terminal ot-helical regions [1,2]. It has been suggested that PBP4 is also a membrane bound protein [2,3] and 

that this binding could involve an amphiphilic cc-helical region at the proteins C-terminus [2,4]. However, Mottl 

and co-workers [5] were unable to detect either a potential C-terminal amphiphilic a-helical domain or other 

regions likely to be involved in the membrane anchoring of PBP4 and have suggested that PBP4 is a soluble 

protein [5].

In an effort to resolve these conflicting views, the interaction of PBP4 with the inner membranes of the E. coli 

overproducing strain HB101/pBK4, in which PBP4 is over-expressed via temperature-induced runaway 

replication of the plasmid [6] and a wild type E. coli strain, MRE600 [7], have been investigated. Cells were 

fractionated, PBP4 localised and the susceptibility of membrane associated PBP4 to perturbants determined.
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Material! and Methods
Bacterial strains and growth conditions: HB101 was transformed with the plasmid pBK4, which carries the 

PBP4 allele, dacB, on a 1.9 Kb Smal-EcoR\ DNA fragment [6], HB101/pBK4 was grown in Luria-Bertani 

medium, supplemented with kanamycin (final concentration 100 pg mT1), to produce cultures in which PBP4 

was over-expressed as previously described [6]. Cultures of MRE600 were grown in nutrient broth as previously 

described [7].

Preparation of membrane fragments: Bacterial cultures (1 litre) were grown as described above. Envelope 

fractions were prepared by osmotic lysis [9]. DNA released from cells was sheared mechanically using 23G and 

25G syringes and unlysed cells were removed by low speed centrifugation (1100 g, 15 min, 4°C). Samples (8 ml) 

of the supernatant were centrifuged (100,000 g, 60 min, 4°C) to produce membrane pellets.

Localisation of PBP4: Membrane pellets were prepared as described above and the supernatant resulting from 

ultracentrifugation was also retained. Pellets were resuspended in a minimum of buffer (10-25 p.1), supernatants 

were TCA precipitated, and the resulting precipitate resuspended in a minimum of buffer (10-25 pi), as 

previously described [10]. Protein in the resuspended mixture was resolved by sodium dodecylsulphate 

polyacrylamide gel electrophoresis (12% w/v resolving gel) [11]. PBP4 present was visualised by Western 

blotting [12], except that instead of using 3, 3'-diaminobenzidine as substrate, chemihiminesence was employed, 

as described by the makers (DuPont). Visualised protein was quantified by densitometry using a Shimadazu CS- 

9000 dual wavelength flying spot scanner at 500 nm.

The effect of pertubants on the membrane association of PBP4: Membrane pellets were produced as described 

above and were resuspended in 1 ml aliquots of 10 mM phosphate buffer, at either pH 6, 7 or 8. The 

resuspension buffer contained either 4 M urea, 2 M sodium chloride or 2 M sodium thiocyanate as required. The 

resuspended pellets were placed on ice for one hour and then the volume of each was made up to 8 ml with the 

appropriate pertubant at the appropriate pH and centrifuged (100,000 g, 60 min, 4°C). The resultant pellets and 

supernatants were treated as described for those used in the localisation of PBP4.

Results and Discussion
When PBP4 was localised in a wild type strain of £. coli, MRE600, the protein was recovered exclusively with 

the membrane fraction (figure 1), the quantity of which represented approximately 1% of the total PBP4 

recovered in the overproducing strain HB101/pBK4. This is in reasonable agreement with the findings of Korat 

et al., [6] who estimated 160 fold over-expression of PBP4 by HB101/pBK4. However, when PBP4 was 

localised in the over-expressing strain HB101/pBK4, the bulk of PBP4 was recovered in the soluble fraction with 

only 5% of the total PBP4 being recovered with the membrane fraction (figure 1). These observations could be 

explained if PBP4 is in feet a legitimately membrane bound protein and the soluble form of PBP4 was an artefact
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resulting from overproduction. The soluble form of PBP4 could arise if PBP4 - membrane association occurred 

at a specific binding site and these sites had become saturated in the overproducer.

A B C D

Figure 1 "A " and "B" represent PBP4 present in the soluble and membrane fractions of the over-expressing E. 
coli strain HB101/pBK4 whilst "C" and "D" represent the soluble and membrane fractions of the wild type 
strain MRE600.

When subjected to the action of perturbants, the membrane binding of PBP4 showed no greater susceptibility to 

the chaotropic thiocyanate ion than to sodium chloride and the perturbant action of phosphate buffered urea was 

comparable to that of the corresponding phosphate buffer alone (figure 2). These findings indicate that PBP4 

is susceptible to ionic perturbants, particularly sodium chloride which displaces over 90% of the protein from 

the membrane (figure 2). Overall, these results suggest that the association of PBP4 with the membrane is 

predominantly electrostatic in nature. If this is the case then anionic lipid may be a requirement for efficient 

PBP4 - membrane interaction. However, no requirement for anionic lipid was detected for PBP4 - membrane 

interaction in the E. coli mutant strain HDL11 [13], in which the levels of anionic lipid can be controlled (data 

not shown). This could mean that the interaction of PBP4 with the membrane involves other membrane based 

factors, in particular proteins and may be supported by the recent demonstration that PBP4 is able to engage in 

protein - protein interactions with immobilised transglycosylases [14, 15]. This demonstration has led to the 

proposal that PBP4 may form part of a holoenzyme sub-unit which functions in the replication of the E. coli 

sacculus. This proposal would also be consistent with the suggestion that PBP4 occupies a specific binding site. 

For PBP5 and PBP6 a pH dependent resistance to perturbant washes has been demonstrated, with acid 

conditions inhibiting protein release [10]. In these latter cases CD analysis has suggested that the observed trend 

in protein release may depend on pH related conformational changes in amphiphilic a-helical anchoring regions 

at the PBP5 and PBP6 C-termim [16]. It can be seen from figure 2 that PBP4 shows a trend in resistance to 

perturbant washes which is similar to that found for PBP5 and PBP6 [10] and the PBP4 C-terminal region has 

also been shown to have the potential to adopt amphiphilic a-helical secondary structure [4,16]. Since PBP4, 5



66

& 6 contain regions of homology these observations could indicate the involvement of C-tenninal amphiphilic n- 

helical architecture in the membrane anchoring mechanism of PBP4.

p. , . Membrane fragments of HB101/pBK4 were treated with 10 mM phosphate buffer alone (**) or 
^4 M Z 2 M sZZ .HiocyaLe <C3). or 2 M sodiun, M in ,0 n,M phosptoie
buffer at pH 6, 7 or 8. PBP4 was visualised by Western blotting and quantified by densitometry, al as 
described in the methods. Error bars denote the standard error of the mean for n - 3.

In summary we have shown that PBP4 is membrane bound via predominantly electrostatic forces and we have 

suggested that PBP4-membrane binding occurs at a specific binding she. Binding does not appear to have an

essential requirement of anionic phospholipid.

REFERENCES
(1) rtuw R. G.. Phoenix, D. A. and Pratt, J. M. (1993) FEMS Microbiol. Rev. 13, 1-12.
(2] Harris. F. and Phoenix, D. A. (1995) Biochem. Soc. Trans. 21, 225S 
131 Hohie, J-V. (1996) Microbiology. 142, 1911-1918.
[4] Roberts, M. G., Phoenix, D. A. and Pewsey, A R. (1997) CABIOS. 13, 99-106.
[5] Mottl, H. and Keck, W. (1991) Eur. J. Biochem. 200, 767-773.
[6] Korat, B„ Mottl H and Keck, W. (1991Mol. Microbiol. 5, 675-684.
[7] Cammack. K. A. and Wade, H. E. (1965) Biochem. J. 96, 671-680.
[8] Bohon, P. and Harwood, J. L. (1977) Biochem J. 261-269.
191 Osborne, M. J. Gander, J. E. and Pansi, E. (1972) J. Biol. Chem. 247, 3973-3986.
[101 Phoenix. D. A and Pratt, J.M. (1990) Eur. J. Biochem. 190, 365-369.
[UlLaemelllU.K. (1970) Nature. 277, 680-685. , «• », p » 7/r 4,So 4354
112] Towbin. H„ Staehelin, T. and Gordon, J. (1979) Proc. Natf Acadjcr US.A. 76, 4350-4354. 
[13] Kusters, R., Dowhan, W. & de Kruijfll B. (1991) J. Biol.Chem. 266, 8659-62.
[141Hohje,J-V. (1996) Microbiology. 142, 1911-1918. oo mi

151 Hohje, J-V. (1996) Microbial drug resistance - mechanisms, epidemology and disease_ 2 - -
[161 SUigardi, G„ Harris, F. and Phoenix. D. A. (1997) Biochimica. Btophysica. Acta. 1329, 278-284.

Received on February 25. 1998. accepted on February 26, 1998



Membrane Proteins: Binding and
Insertion Events

Membrane Group Colloquium Organized by D. Phoenix (Department of Applied Biology, University of Central 
Lancashire) and W. P. Williams (Department of Biochemistry, King’s College London), Edited by D. Phoenix 

(Department of Applied Biology, University of Central Lancashire) and Sponsored by SmithKline Beecham and Life 
Sciences International. 655th Meeting held at the University of Manchester, 18-21 July 1995.

The membrane-interactive properties of the low-molecular-mass penicillin-binding
proteins of Escherichia coii

D. A, Phoenix and F. Harris
University of Central Lancashire, Department of Applied Biology, Preston PRI 2HE, U.K.

The bacterial cell wall
The bacterial cell wall helps to maintain the 
integrity of a bacterium both by protecting it 
from external hazards and by enabling the cyto
plasmic membrane to withstand the large osmo
tic pressures generated by high cellular 
concentrations of metabolites. To perform this 
role the cell wall needs a high intrinsic mechan
ical strength, and this is provided by the macro- 
molecular architecture and chemical composition 
of its peptidoglycan structure. This structure is 
formed from monomers produced inside the cell, 
but the final stages of peptidoglycan assembly 
occur outside the cytoplasm and are catalysed by 
a group of penicillin-sensitive enzymes termed 
the penicillin-binding proteins (PBPs). PBPs are 
found in all bacteria, but probably the most

Abbreviations used: PBPs, penicillin-binding proteins.

studied and best known of these proteins are 
those of Escherichia coli.

The PBPs of £. coli
In E. coli seven major PBPs have been well char
acterized, and in addition the very-low-molecu- 
lar-mass endopeptidase PBP7 and its proteolytic 
degradation product PBP8 have been identified

The major E. coli PBPs are believed to be 
ectoproteins located on the periplasmic face of 
the inner membrane, with the most recent 
evidence in support of this idea coming from the 
use of high-resolution electron microscopy and a 
penicillin-mercury probe [3]. The PBPs are all 
DD-peptidases and share the primary sequence 
motifs Ser-X-X-Lys, Ser-X-Asn and Lys-Thr- 
Gly. It is the serine residue in the first of these 
motifs that is primarily responsible for the cata-
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lytic activity of the PBPs. It is also this serine 
residue that is acylated by jS-lactam antibiotics 
and consequently makes the PBPs the targets of 
penicillins and related compounds [4]. These E. 
colt proteins may be divided into two sub-groups: 
the high-molecular-mass and the low-molecular- 
mass PBPs.

The high-molecular-mass PBPs
This group consists of PBPs la, lb, 2 and 3, 
which have molecular masses ranging from 60 
kDa to 91 kDa. They are bifunctional enzymes 
that possess both transglycosylase and transpep
tidase activity [5] and are essential for cell 
viability [6]. The high-molecular-mass PBPs are 
believed to have the topology of class II integral 
membrane proteins [7]. They are targeted to the 
membrane via a signal sequence, and transloca
tion results in an exported C-terminus, a non- 
translocated N-terminus and a hydrophobic 
amino acid sequence that spans the bilayer 
[8-10].

The low-molecular-mass PBPs
This second group is composed of PBPs 4, 5 and 
6, which have molecular masses of 40, 41 and 49 
kDa respectively. These proteins possess DD- 
carboxypeptidase activity [5], and PBP4 has also 
been shown to possess DD-endopeptidase 
activity [11,12]. These proteins appear to be non- 
essential, as their inhibition via the binding of 
/Mactam antibiotics is not lethal to the cell [6] 
and a viable mutant that was deficient in both 
PBP5 and PBP6 has been constructed [13]. It 
has been suggested that the low-molecular-mass 
PBPs may play a regulatory role in cell wall syn
thesis [14].

The low-molecular-mass PBPs are targeted 
to the inner membrane via cleavable N-terminal 
signal sequences [15-17]. Many lines of research 
have led to the suggestion that these proteins are 
anchored to the inner membrane via C-terminal 
amphiphilic o-helices (Figure 1). For PBPS and 
PBP6 this hypothesis has been generally accep
ted and the most important results that have led 
to this conclusion are presented below. However, 
it is not universally accepted that this mode of 
anchoring applies to PBP4.

PBPS and PBP6 and their association 
with the inner membrane
PBPS and PBP6 are encoded by dacA and dacC, 
and in overproducing strains these proteins are 
recovered exclusively with the membrane frac-

Two-dimensional axial projections of the low-molecular- 
mass PBPs’ C-terminal domains

The C-terminal domains of PBP4 [18], PBP5 and PBP6 [19] are 
represented below. Each projection contains an inner circle, the 
radius of which is proportional to the square root of the largest 
negative hydrophobicity (-2.53, arginine) of the normalized con
sensus scale of Eisenberg et al. [20]. This circle delimits the bound
ary between the positive and negative hydrophobicities. The areas 
of the cross-hatched segments are proportional to the hydro
phobicities of residues according to this scale. Segments lying out
side the inner circle indicate those which are negative. The solid 
shaded regions indicate the magnitudes of the hydrophobicities of 
two residues that overlap in the axial projection. The segments 
have been selected to show the maximum level of amphiphilicity 
available. The segments with no cross-hatching in the projection 
for PBP4 correspond to residues outside its candidate segment. 
The projections have been rotated about their centres so that the 
maximal region of positive hydrophobicities lies uppermost.

PBP4 PBP5

PBP6

tion. The mature forms of PBPS and PBP6 are 
374 and 369 amino acid residues in length 
respectively [5]. Deletion analysis has shown that 
the C-terminal 18 residues of PBPS [16,21] and 
the C-terminal 19 residues of PBP6 [22] are 
essential for efficient membrane interaction. 
When the helices are presented as two-dimen
sional axial projections [20] the distribution of 
these C-terminal residues demonstrates the 
potential of the sequences to form amphiphilic 
a-helices (Figure 1). For PBPS the significance 
of the a-helix was further emphasized by the fact 
that incorporation of a proline residue, with its 
ability to disrupt an a-helical conformation, 
destabilized the anchoring of PBPS to the inner 
membrane [23]. The PBPS and PBP6 anchor 
regions have each been shown to possess a large 
hvdrophobic moment, which is characteristic of 
surface-active proteins and polypeptides [24,25].
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By analogy this suggested that the anchor 
domains of PBP5 and PBP6 might adopt pre
ferred orientations at the membrane interface 
with the hydrophilic face interacting with some 
component of the lipid bilayer core [26]. Wash
ing experiments have shown that the anchoring 
of PBP5 [27] and PBP6 [28] is susceptible to 
chaotropic agents such as thiocyanate and urea, 
thus implying that there is a hydrophobic con
tribution to membrane anchoring.

Together these data, though largely indirect, 
are consistent with the idea of amphiphilic a-he- 
lices anchoring PBP5 and PBP6 to the inner 
membrane. However, precisely how these anchor 
regions interact with the membrane is still a 
matter of conjecture, although in the case of 
PBP5 some progress has been made.

Washing experiments have shown that the 
susceptibility of PBP5 to perturbants [27], par
ticularly urea, varies in a pH-dependent manner. 
At low pH, anchoring is resistant to the action of 
urea, but as pH is increased above neutrality pro
gressively greater amounts of the protein are 
washed off the membrane.

The pH dependence of protein release may 
indicate an electrostatic contribution to protein- 
membrane association. Similarities between the 
molecular architecture of the PBP5 anchor 
domain and some surface-active agents sug
gested that this contribution could involve an 
interaction between histidine residues on the 
hydrophilic face of the PBP5 a-helical anchor and 
anionic phospholipids in the membrane. How
ever, no requirement for anionic phospholipids 
could be demonstrated for PBP5-membrane 
interaction [29], and this may indicate a more 
specific interaction between PBP5 and the mem
brane. It is interesting to note that evidence from 
cross-linking studies has suggested that PBP5, 
PBP3 and PBPla and/or PBPlb have the capacity 
to form a protein complex [30].

In addition, the progressively greater release 
of PBP5/PBP6 from the membrane with rising 
pH may result from increasing accessibility of 
the anchor region to urea. This increased 
accessibility of the anchor domain may arise from 
decreased affinity for a membrane receptor or 
may be a reflection of pH-related changes in the 
conformation of the protein. In support of the 
latter idea, two lines of evidence have suggested 
that the overall conformation of PBP5 can affect 
the strength of membrane binding. When the 
anchor domain of PBP5 was fused to the soluble 
periplasmic protein ^-lactamase, the hybrid pro

tein was able to bind to the membrane but did 
not show pH-dependent release upon treatment 
with urea. Furthermore, an active-site mutant 
that is able to form the acyl-enzyme intermedi
ate but provides very slow release of product has 
been used to show that when PBP5 interacts 
with a /2-lactam antibiotic, and is therefore in an 
active conformation, the protein is mainly 
present in the urea-accessible form [31]. These 
results suggested that the PBP5 anchor region is 
sufficient for membrane association but that the 
ectomembranous domain is also required for 
efficient membrane binding. These results fur
ther suggested the possibility that the membrane 
interaction of the PBP5 anchor domain may be 
related to the enzyme activity of PBP5, where the 
urea-accessible and -inaccessible states of the 
protein correspond to its enzymatically active and 
inactive forms. Collectively these data have per
mitted a suggested scheme for PBP5-membrane 
interaction to be constructed (Figure 2).

A suggested scheme for PBP5-membrane interaction

After translocation has been initiated and the signal sequence 
cleaved (A), two courses of action may be available: as the C- 
terminus of the protein crosses the membrane it may adopt the 
correct conformation for anchonng, thus preventing complete 
translocation to the periplasm and anchoring the protein to the 
membrane (B). Aftematively, PBP5 may be completely trans- 
located and exist as a short lived periplasmic intermediate (C). 
Charge and pH effects could then stabilize the amphiphilic o-he!ical 
secondary structure of the protein, allowing interaction with the 
membrane (B). On binding of substrate to PBP5 (D) the enzyme 
adopts an active conformation and the anchor region becomes 
accessible to urea [5.3 I].
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PBP4 and its association with the inner 
membrane
Knowledge of the nature of PBP4 and its associa
tion with the membrane seems to be even less 
complete than that of the other low-molecular- 
mass PBPs. PBP4 is encoded by dacB, and the 
mature protein is 457 amino acid residues in 
length [5]. The C-terminal 17 amino acid resi
dues of PBP4 show the potential to form a 
weakly amphiphilic a-helix when represented as 
a two-dimensional axial projection (Figure 1). A 
recent analysis (D. A. Phoenix, unpublished 
work) has predicted that if PBP4 is capable of 
membrane association via the C-terminal region 
of the protein then the optimal conformation of 
this domain for membrane interaction would be 
tx-helical. This analysis has also predicted that 
PBP4 would be weakly held at the interface, and 
this appears to agree with experimental results.In 
contrast to the other low-molecular-mass PBPs, 
overproduction of PBP4 results in only approx. 
10% of the protein being recovered with the 
membrane fraction after osmotic lysis, while the 
remainder is found in the soluble fraction [12].

The low level of amphiphilicity that would 
be inherent in a PBP4 a-helical anchor, coupled 
with the presence of the major part of the over
expressed protein in the soluble fraction, led 
Mottl and co-workers to suggest that PBP4 is 
actually a soluble protein and that the PBP4 
found associated with the membrane fraction 
results from non-specific interactions between 
PBP4 and the membrane [18].

It has now been found that in wild-type E. 
coli PBP4 is 100% membrane bound [32] and no 
soluble form of the protein was detected (Figure 
3). This would imply that at least the soluble 
form of PBP4 observed in over-expressing strains 
is an artefact of the system. In these strains, 
when PBP4 has occupied all legitimate binding

Figure 3

The localization of PBP4 in strains of £. coli

A and B represent PBP4 present in the cytoplasmic and mem
brane fractions of an over-expressing £ coli strain HBI0l/pBK4, 
while C and D represent those of the wild-type strain MRE600. 
No PBP4 was detected m the cytoplasmic fraction of MRE600. but 
the PBP4 indicated in the cytoplasmic fraction of HBI0l/pBK4 
represents I/16 of the total PBP4 present in this fraction.

A B C D

sites, remaining PBP4 could then either exist in 
a soluble form or interact non-specifically with 
the membrane until these sites have also been 
filled.

The sensitivity of membrane-bound PBP4 to 
perturbants, particularly urea, was also investi
gated. In the case of an overproducing strain it 
was found that substantial and progressively 
greater amounts of PBP4 were displaced from 
the membrane with increasing pH but also that 
significant amounts of the protein were resistant 
to such action. This trend mimics that previously 
described for the action of perturbants, particu
larly urea, on the membrane anchoring of PBPS 
[27]. By analogy, it is possible that the pertur- 
bant resistant and susceptible forms of PBP4 
may correspond to the inactive and active states 
of the enzyme [31]. Alternatively it may be that 
the perturbant resistant form of PBP4 is inter
acting with the membrane at a specific binding 
site, whereas the susceptible form is more 
weakly associated with the membrane, possibly 
via non-specific interactions.

Preliminary data from washing studies have 
indicated that PBP4 in wild-type E. coli is also 
substantially displaced from the membrane by 
urea but that a significant amount is resistant to 
extraction. This result might favour the idea that 
the perturbant resistant and susceptible forms of 
PBP4 correspond to specifically bound states that 
are dependent on the overall conformation of the 
protein for their strength of anchoring. These 
states may be related to the inactive and active 
forms of the enzyme.

The PBPs in protein complexes
Some evidence has been put forward suggesting 
that certain of the PBPs may participate in protein 
complexes by interacting with other PBPs or E. 
coli proteins. The very-low-molecular-mass PBPs 
are soluble proteins but are able to loosely asso
ciate with membranes [1]. Studies involving affi
nity chromatography have suggested that PBP7 
or PBPS may participate in a protein complex 
with PBP3 and the murein hydrolase Slt70 [33].

Phoenix and Pratt (unpublished work) 
found that PBPS would not reconstitute into 
vesicles where the cytoplasmic face was acces
sible but would reconstitute into vesicles where 
the periplasmic face was accessible. This sug
gests that some component on this face of the 
membrane specifically facilitates association of 
PBPS with the membrane, possibly a proteina
ceous component. As previously mentioned,
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evidence from cross-linking studies has sug
gested that PBP5, PBP3 and PBPla and/or 
PBPlb are proximal, and together these data 
suggest that these proteins have the capacity to 
form a protein complex [30]. The formation of a 
complex involving these enzymes would be 
aesthetically pleasing as it would contain trans- 
glycosylase, transpeptidase and DD-carboxypep- 
tidase activity and would thus present the 
possibility of antagonistic control of peptidogly- 
can biosynthesis. At present we are investigating 
the existence of this putative complex and are 
using biophysical analysis to further investigate 
the C-terminal anchors and their mode of mem
brane interaction.
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Using ^-lactams to investigate the existence of a protein 
complex, involving the Escherichia coli penicillin-binding 
proteins la/lb, 3 and 5
Frederick Harris, Lee Chatfield and David A. Phoenix, Dept, of 
Applied Biology, University of Central Lancashire, Preston PR1. 
2HE.

Escherichia coli penicillin-binding proteins (PBP's) are a group 
of DD-peptidases involved in the biosynthesis of the cell wall. 
Seven major PBP's have been well characterised and these are 
membrane associated proteins, located on the periplasmic face of 
the inner membrane. The PBP's are anchored to the membrane by 
one of two general mechanisms: the high molecular weight PBP’s 
la, lb, 2, 3 possess N-terminal hydrophobic sequences which 
span the bilayer and the low molecular weight PBP's 4, 5 and 6 
are believed to interact with the membrane via their C-termini 
[1]. Evidence from cross-linking studies has shown that 
PBPla/lb, PBP3 and PBP5 are proximal [2] and this has led to 
the suggestion that these proteins may participate in a membrane 
bound PBP complex.
PBP5 anchoring to the membrane has been shown to be sensitive 
to the action of perturbants. PBP5 demonstrates a pH dependent 
susceptibility to urea and it has been suggested that this may 
result from pH related changes in the conformation of the protein 
[3]. Indeed, although the anchor region of PBP5 is sufficient for 
membrane interaction, the presence of the ectomembranous 
domain is also necessary for both the efficient anchoring of 
PBP5 and the pH dependent susceptibility to perturbants [4]. 
Thus, if the ectomembranous domain of PBP5 modulates the 
affinity of the protein for membrane interaction, any change in 
the level of interaction of PBP5 with PBPla/lb and PBP3 in the 
putative complex may be reflected as changes in the strength of 
anchoring of PBP5. This complex could allow antagonistic 
control of peptidoglycan synthesis.
The PBP's are generally sensitive to penicillins and other (J- 
lactam antibiotics which act as substrate analogues to these 
enzymes but some {3-lactam compounds show high affinity for 
specific PBP's. Thus if PBPla/lb, PBP3 and PBP5 form a 
complex, and one of these PBP's is saturated with an antibiotic 
highly specific for that PBP, then this may result in 
conformational changes in that protein, which in turn may be 
reflected as variations in the level of interaction of the protein 
with others in the complex. This would in tum affect the 
ectomembranous domain of PBP5 and therefore its level of 
membrane interaction. To investigate this possibility, the level of 
PBP5 - membrane interaction in an overproducing strain of E. 
coli was monitored via urea susceptibility, in the presence and 
absence of antibiotics showing high affinity for various PBP's.

Table 1. The IC™ values of various B-lactam antibiotics specific 
for PBP's q{ Escherichia coli

EEE B-lactam antibiotics and their IC50 values (ug/mli

Cephalexin Cephaloridine Mecillinam Azactam

PBPla 6.2 0.25 >250 10

PBPlb >100 2.5 >250 100

PBP2 >100 50 0.25 100

PBP3 62 8 >250 0.1

The IC50 of the various [3-lactam antibiotics represent the
concentrations required to decrease the binding of 14C- 
benzylpenicillin by 50% [5].

1 2 3 4 5 6

Figure 1. The above shows a typical result. The Western blots 
represent membrane fragments of SP1048/pLG?M which have 
been incubated with (A) no cephalexin, (B) cephalexin at the 
ICS0 of PBPla and (C) 2 x the IC50 of PBPla. Lanes 1, 2 and 3 
represent PBP5 which has remained associated with the 
membrane after treatment with 4M urea at pH6, 7 and 8 
respectively, whilst lanes 4, 5 and 6 represent PBP5 which has 
been displaced from the membrane by such action.

The strain SP1048 was transformed with the multicopy plasmid 
pLG364 which over-expresses PBP5 [6]. Cells were osmotically 
lysed and membrane fragments produced. Fragments were 
incubated with {3-lactam antibiotics which are highly specific for 
either PBPla, PBPlb, PBP2 or PBP3. These [3-lactam 
compounds were present at concentrations corresponding to the 
IC50 and twice the IC50 of the relevant PBP (Table 1). Fragments 
were then washed with the chaotropic agent 4M urea in lOmM 
phosphate buffer at pH 6, 7 and 8. Protein which remained 
associated with the membrane and that washed off was resolved 
by SDS-PAGE and PBP5 present visualised by Western blotting 
[3] (Figure 1).
The [3-lactam antibiotics chosen to investigate the existence of the 
putative PBP complex were selected so that generally the IC50 
and hence the affinity, of these antibiotics for their target PBP's 
differ from those of the other PBP's by at least an order of 
magnitude. However it can be seen from figure 1 that in the case 
of PBPla and cephalexin the presence of the antibiotic causes no 
significant differences in the amounts of PBP5 displaced from 
the membrane by the action of 4M urea than that released in its 
absence. This result was typical of the four antibiotics 
investigated and suggests that if a protein complex of PBPla/lb, 
PBP3 and PBP5 exists then interaction between its constituent 
proteins is not detectable by this system. It is possible that 
Western blotting is too insensitive a technique to detect changes 
in protein - protein interaction in this way or it may be that any 
conformational changes induced are not sufficient to affect PBP5 
- membrane interaction. Further investigation into the existence 
of a protein complex will be performed using a variety of cross- 
linking reagents.
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To investigate the membrane binding of Escherichia coli penicillin-binding protein 5 (PBP5), we have studied 
the susceptibility of the protein to the perturbant action of urea in a wild type strain, MRE600, and an over
expressing strain, SP1048/pLG364. We have also studied the susceptibility of purified PBP5 to the protease 
thermolysin and the ability -of the purified protein to reconstitute into either membrane vesicles derived from 
E. coli SP1048, in which PBP5 is not expressed, or liposomes formed from SP1048 lipid extracts. Our results 
suggest that two forms of PBP5, urea accessible and urea inaccessible, exist in a conformational equilibrium 
and that the protein binds to the membrane via a specific protein - protein interaction. Based on these results 
we discuss the possibility that PBP5 may participate in a membrane bound protein complex.

Penicillin-binding proteins (PBP’s) are a group of 
DD-carboxipeptidases, low-molecular mass enzymes 
whichuare believed to play a regulatory role in cell wall

tXllU 1 .LJJL U LU, ^ j» A & w* W* _________________ _______________

have suggested that the low molecular mass PBP’s bind 
to the periplasmic face of the inner membrane [7, 9-12] 
and of these proteins, the membrane binding mecha
nisms of PBP5 and PBP6 appear to be the best charac
terised. The results of deletion analysis [13-15] and 
various theoretical studies [16-18] have led to the pro
posal that amphiphilic a-helices at the C-termini of 
PBP5 and PBP6 participate in the membrane binding of 
these proteins [19]. Strong support for this proposal 
comes from recent experiment^ results involving pep
tide homologues of the C-terminal regions of PBP5 and 
PBP6. CD spectroscopy [20] and FTIR spectroscopy 
(Phoenix and Harris, unpublished data) have shown 
that these peptides are able to adopt amphiphilic a-he- 
lical conformations in the presence of a range of lipid 
vesicles. Furthermore, monolayer studies [21], 
haemolytic analysis [22] and lipid phase transition tem
perature analysis (Phoenix.and Harris, unpublished da
ta) have shown that these peptides are able to penetrate 
lipid membranes. It is now generally accepted that lipid 
interactive C-terminal a-helices function as membrane 
anchors for PBP5 and PBP6 [5, 6,19], Much of the un
derstanding of PBP5 and PBP6 membrane anchoring is 
based on data derived from systems which over-ex
press these proteins [6], Biochemical wash procedures 
have indicated that PBP5 and PBP6 possess similar 
membrane anchoring characteristics. Treatment of

Author for correspondence

over-expressing systems with chaotropic agents such 
as urea have shown the presence of two variates of each 
protein, a urea accessible form and a urea inaccessible 
n oa"1 ^“cently, it has been shown that the

/Ssiou of PBP4 leads to a legitimate mem- 
md form of the protein and an artefactual sol- 

ub. .^rm [10], In view of these results, we have con
sidered the possibility that the urea accessible form of 
PBP5 may be an artefact of over-expression which cor
responds to a non-specific interaction between the 
PBP$ G-terminal region and the mepibrane, To inves
tigate this possibility, here, we have studied the suscep
tibility of PBP5 to the action of urea in a wild type 
strain of E. coli, MRE600 [25] and an over-expressing 
strain, SP1048/pLG364 [24, 26]. In an attempt to study 
the specificity of PBP5 membrane binding we have in
vestigated the susceptibility of the purified protein to 
the protease thermolysin and observed the efficiency of 
PBP5 reconstitution into vesicles derived from E. coli 
membranes and liposomes formed from E. coli lipid 
extracts. We discuss our results in relation to the possi
bility that PBP5 may participate in a membrane bound 
protein complex.

EXPERIMENTAL

Bacterial strains and growth conditions. The E. co
li strains used were: the wild type strain, MRE600 [25], 
the strain SP1048 {his, tsx, supF, Mac x 74, jr/::Tnl0, 
AdacCl, AdacA::KmR) which is an E. coli K12 deriva
tive with the chromosomal copy of PBP5 {dac A) delet
ed [24], and SP1048 transformed with the multicopy 
plasmid pLG364 [27] which carries the dacA 11191 
mutation of PBP5 on a BamRl-EcoRl fragment in 
pBR322 [26]. All strains were grown in nutrient broth

38

mailto:d.a.phoenix@Uclan.ac.uk


A STUDY ON THE MEMBRANE BINDING 39

[Lab M, No 2) at 37°C with aeration and this medium 
was supplemented with either kanamycin (12.5 fig ml'1) 
in the case of SP1048 or ampicillin (25 fig ml-1) in the 
case of SP1048/pLG364.

The visualisation and quantification of PBP5. Pro
tein was resolved by sodium dodecylsulphate polyacryl
amide gel electrophoresis using a 12% (w/v) resolving 
gel [28]. PBP5 and visualised by Western blot tech
nique [29] employing chemiluminescence instead of 
using 3,3'-diaminobenzidine as substrate [30, 31]. Vi
sualised protein was quantified by densitometry using 
a CS-9000 dual wavelength flying spot scanner (“Shi- 
madazu”, Japan) at 500 nm,

Preparation of -envelope fractions. Cultures (1 li
tre) were grown as described above until an optical 
density at 660 nm (Aeeo) of 0.6 was achieved and then 
cells were fractionated by osmotic lysis [32]. DNA re
leased from cells was sheared mechanically using 23G 
and 25G syringes and unlysed cells were removed by 
low speed centrifugation (HOOg, 15 min, 4°C). Sam
ples (8 ml) of the supernatant were centrifuged 
(100.000 g, 60 min, 4°C) and the resulting pellets 
stored at -20°C.

The effect of urea on PBPS in envelope fractions. 
Envelope pellets were prepared as describe above and 
resuspended in 1 ml of 10 mM phosphate buffer with or 
without 4 M urea at pH 6, pH 7 or pH 8. The resuspend
ed pellets were left on ice for 1 hour and the volume of 
the resuspended pellets made up to 8 ml with the appro
priate perturbant at the appropriate pH and centrifuged 
(100.000 g, 60 min, 4°C). The resulting pellet was re
suspended in a minimum of resuspension buffer 
[13 parts of wash buffer, (KH-,P04, 3 g l-1; Na2HPCh •
• 2H20,8.9 g l'1; NaCl, 4.0 g HfMgSC^ • 7H20,0.1 g H): 
5 parts of saturated Tris base: 2 parts of phenylmethylsul- 
phonylfluoride in dimethyl sulphoxide (6 mg ml-1)]. 
Trichloracetic acid (TCA) was added to the supernatant 
to give a final concentration of 10% (w/v), the mixture 
left on ice for 1 hour and centrifuged (3000 g, 15 min, 
40C). The resulting pellet was resuspended in a mini
mum of resuspension buffer (10-25 jil) and PBP5 visu
alised and quantified as described above.

The preparation of membrane vesicles and lipo
somes. Cultures of SP1048 (1 litre) were grown as de
scribed above until an of 0.6 was achieved, cells 
were fractionated by osmotic lysis [32] to produce ly
sates containing membrane vesicles for which the peri- 
plasmic face was accessible and these lysates used to 
produce cleared suspensions of vesicles [33]. Cultures 
of SP1048 (1 litre) were grown as described above ex
cept that growth was continued until cells were in the 
late log phase. These cells were then washed in 0.2 M 
KC1, centrifuged (5000 g, 10 min, 4°C) and the result
ing pellet resuspended in 0.2 M KC1 to give a final con
centration between 10% and 20% (w/v). Phospholipids 
were then extracted from these resuspended cells ac
cording to the methodology of Bligh and Dyer [34], 
Using a water bath at 60°C, chloroform was evaporated

from the resulting pellet under nitrogen and the dried 
pellet resuspended to give a final concentration of 
10 mg ml"1 in resuspension buffer (described above) 
which had been degassed. Resuspended pellets were 
placed in a sonication water bath at 15®C for 15 min un
der nitrogen and then sonicated with a Soniprep 150 
(USA; amplitude 10 microns) until clear suspensions of 
liposomes resulted (30 cycles of 30 seconds). These 
suspensions were centrifuged at low speed (3000 g,
15 min, 4°C) and the supernatant retained.

The reconstitution of PBPS into vesicles and lipo
somes. Envelope fractions were prepared from SP1048 
as described above except that the soluble fraction was 
retained. Purified PBPS was resuspended in this solu
ble (cytoplasmic/periplasmic) fraction and mixed with 
suspensions of either membrane vesicle or liposomes 
which had been prepared (as described above), to give 
a final PBPS concentration of 8 }ig ml'1. This mixture 
was then incubated on ice for one hour, centrifuged 
(100.000 g, 60 min, 4°C), the resulting pellet resus
pended in a minimum of resuspension buffer (10-25 (ll) 
and the supernatant retained. TCA was added to the re
tained supernatant to give a final concentration of 10% 
(w/v) and the mixture left on ice at 0oC for 1 hour. The 
mixture was centrifuged (3000 g, 15 min, 4°C) and the 
resulting pellet resuspended in a minimum of resuspen
sion buffer (10-25 pi). PBPS in the resuspended pellets 
was visualised and quantified all as described above. In 
cases where PBPS was found to be associated with ei
ther membrane vesicles or liposomes, sucrose flotation 
gradients [14] were used to differentiate between legi
timately membrane bound and aggregate forms of the 
protein.

RESULTS AND DISCUSSION
To investigate the possibility that the urea accessi

ble form ofPBPS may be an artefact of over-expression 
we have attempted to identify this form of the protein 
in the wild type E. coli strain, MRE600. Accordingly, 
we have studied the effects of urea on PBPS in enve
lope fractions prepared from this strain and from the 
E. coli PBPS over-expressing strain SP1048/pLG364 
which was used as a control. It was found that progres
sively greater amounts of PBPS were displaced from 
membranes of SP1048/pLG364 by urea as pH was in
creased (fig. 1) and these results are in good agreement 
with those of previous authors [24], Moreover, PBPS 
showed a similar pH dependent susceptibility to the ac
tion of urea in its displacement from membranes of 
MRE600. These results strongly suggest that the urea 
accessible form of PBPS found in over-expressing 
strains is not artefactual and is in fact, a distinct, legiti
mately membrane bound form of the protein. Further
more, the relative amounts of PBPS displaced from 
membranes of MRE600 and SP1048/pLG364 by the 
action of urea were comparable at each pH examined 
(fig. 1). This result suggests that the urea accessible 
form of PBPS exists in a state of equilibrium with the



40 PHOENIX, HARRIS

% PBP5 released 
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Fig. 1. The effect of urea on PBP5 in envelope fractions. 
Envelope fractions were prepared from either MRE600 
(CZI) [25] or SP1048/pLG364 (■) [24, 26] and were treat
ed with either 4 M urea in 10 mM phosphate buffer or 
lOmM phosphate buffer alone at either pH 6, pH 7 or pH 8. 
PBP5 was visualised by Western blotting and chemilu- 
minesence, and quantified by densitometry, all as described 
in Experimental. The relative amounts of PBP5 displaced 
from the membrane by urea were determined and these 
amounts were expressed as a percentage of the total protein 
present in that fraction with error bars denoting the standard 
deviation for n = 3.

urea inaccessible form of the protein. In an effort to de
termine the relationship between the two forms of 
PBP5, we have studied the effect of pH on the suscep
tibility of the protein to the protease, thermolysin. The 
activity of thermolysin is not significantly affected over 
the pH range, pH 6 to pH 7 and at these pH, PBP5 
(1 mg ml-1 in 10 mM phosphate buffer) was incubated 
with the protease at a 30 : 1 ratio (w/v). Our results 
showed that at pH 6, the proteolytic digestion of PBP5 
terminated after 12 mins compared to the digestion at 
pH 7 after 40 mins. This variation in protease suscepti
bility shows that PBP5 is able to undergo pH related 
conformational changes which correlate to the pH de
pendent susceptibilities shown by the protein to the ac
tion of urea (fig. 1). Supporting these results are those 
of studies with a PBP5 active site mutant and a PBP5 - 
periplasmic (3-lactamase fusion protein which have 
suggested that conformational changes in PBP5 may 
affect the strength of membrane binding [35]. In an ef
fort to investigate the protein and lipid requirements of 
PBP5 membrane binding, we have analysed the inter
action of purified PBP5 with membrane vesicles and li
posomes. Purified PBP5 was found to show high levels 
of aggregation with a range of buffers but was found to 
resuspend in the soluble fraction (cytoplasmic/periplas- 
mic) of SP1048 (data not shown), an E. coli strain in 
which the protein is not expressed. This strain was also 
used for the production of envelope fractions which 
were used to form vesicles with the periplasmic face 
accessible and for the production of membrane lipids 
which were used to form liposomes by sonication. 
These vesicles and liposomes were incubated with re
suspended PBP5 and it was found that the protein 
strongly associated with membrane vesicles (fig. 2).

% PBP5 present
100r

M SN

Fig. 2. The reconstitution of PBP5 into vesicles and liposomes. 
PBP5 was incubated on ice with either vesicles formed from 
SP1048 membranes (HU) or liposomes fonned from SP1048 lipid 
extracts (■) and after one hour, the sample was centrifuged. 
PBP5 associated with the either the membrane (M) or the super
natant (SN) was visualised by Western blotting and chemilu- 
minesence. quantified by densitometry, all as described in Exper
imental. and expressed as a percentage of the total protein present 
with error bars denoting the standard deviation for n = 3. Sucrose 
flotation gradients [14] were used to differentiate between legiti
mate membrane binding and aggregation of PBP5 (data not 
shown).

The use of flotation gradients [14], showed that PBP5 
was legitimately bound to these vesicles and that the 
minor levels of PBP5 found to be associated with lipo
somes (fig. 2) was aggregated protein. These results 
suggest that a protein component may be involved in 
the membrane binding of PBP5 and are consistent with 
the model postulated by us [5]. In this model, the bind
ing of PBP5 to the membrane is proposed to proceed 
via interactions between the PBP5 ectomembranous 
domain and other membrane bound protein(s), stabi
lised by a C-terminal interaction involving an am
phiphilic a-helix. In conclusion, we have shown that 
the urea accessible and urea inaccessible forms of 
PBP5 occur in wild type E.coli at levels comparable to 
those found in over-expressing strains. These results 
show that the urea accessible form of PBP5 is not an 
artefact of over-expression and based on these results 
we have suggested that this latter form of PBP5 is in 
equilibrium with the urea inaccessible form of the pro
tein. We have also shown that PBP5 is able to reconsti
tute into vesicles formed from naturally occurring 
membranes but not liposomes, suggesting that a specif
ic PBP5 - protein(s) interaction may be involved in the 
PBP5 membrane anchoring mechanism. It has previ
ously been suggested that the interconversion of the 
urea accessible and urea inaccessible forms of PBP5 
may be related to the enzymatic activity of the proteir 
[5, 34], However, taking our results in combination, we 
suggest that PBP5 may participate in a membrane 
bound protein complex and that changes in the levels ol 
interaction of PBP5 with this complex may affect the 
accessibility of PBP5 to external agents and could be 
involved in the regulation of PBP's. This suggestior 
could be supported by the results of cross-linking stud'
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ss which have suggested the possibility of a protein 
:omplex involving PBP5 and other penicillin-binding 
jroteins [36].
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The Escherichia coli low molecular mass penicillin-binding proteins are enzymes 
associated with the periplasmic face of the inner membrane. This mini review 
discusses the membrane anchoring of these enzymes and their possible participation 
m a putative membrane bound protein complex involved in the regulation of peptido- 
glycan biosynthesis. The identification of such a complex may lead to the identifi
cation of new sites of action for antibacterial compounds.
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Introduction

It is approaching 50 years since penicillin G was introduced as the first 
commercial antibiotic and, today, penicillins and related fi-lactam antibiotics 
are still the most widely employed antimicrobial agents. However, many 
bacteria are acquiring resistance to these and other antibiotics, creating 
serious problems for clinical medicine [1], In response, alternative therapies 
which do not rely on traditional antibiotic mechanisms have been developed 
[2] but these strategies are likely to complement, rather than replace, tradi
tional antibiotic usage. Thus there exists a need for new, more potent anti
biotics and the identification of novel antimicrobial targets.

It is well established that penicillins and related ji-lactam antibiotics 
interact with penicillin-binding proteins (PBP’s), enzymes involved in the 
terminal stages of bacterial cell wall biosynthesis. In £1 coli seven major 
PBP ® have been well characterised and in wild type E. coli, these proteins 
are located on the periplasmic face of the inner membrane [3,4]. These seven
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PBP’s can be split into two subgroups based on molecular mass. The high 
molecular mass PBP’s (la, lb, 2 and 3) possess N-terminal hydrophobic 
amino acid sequences which span the bilayer [3] and are the main killing 
targets of fS-lactam compounds, being essential for cell growth and division 
[5], In contrast, the low molecular mass PBP’s (4, 5 and 6) are not essential 
for cell viability and the membrane anchoring mechanism(s) of these proteins 
have not been fully elucidated [6]. For PBP5 and PBP6, membrane binding 
seems to involve both a C-terminal anchor region and the ectomembranous 
domain of the protein. However, in the case of PBP4, membrane interaction 
appears to be fundamentally different in nature to that of PBP5 and PBP6 [4]. 
There is some evidence to suggest that peptidoglycan biosynthesis may 
involve a protein complex which includes both the low molecular mass PBP’s ■ 
and high molecular mass PBP’s. It is also known that the enzymatic activities 
of the low molecular mass PBP’s are antagonistic to those of the high 
molecular mass class [3] and a regulatory function for the low molecular class 
in cell wall synthesis has been suggested [7, 8]. Thus if a protein complex 
could be identified which contains both low and high molecular mass PBP’s, 
then understanding how these activities are regulated could lead to the 
identification of new targets for future antibacterial compounds.

The E. coli Low Molecular Mass Penicillin-Binding Proteins

In contrast to the transglycosylase and transpeptidase activities possessed by 
the E. coli high molecular mass PBP’s, PBP4, PBP5 and PBP6 are 
DD-carboxypeptidases [3]. In addition, PBP4 is an endopeptidase, an activity 
shared with the recently identified very low molecular weight PBP7 [9]. For 
the seven well characterised PBP’s, it has been shown that the active sites 
which govern these activities share the primary sequence motifs 
Ser-X-X-Lys, Ser-X-Asn and Lys-Thr-Gly. It is the serine residue in the first 
of these motifs which is acylated by penicillin with concomitant inhibition of 
peptidoglycan biosynthesis [8]. The low molecular mass PBP’s are targeted 
to the inner membrane via cleavable N-terminal signal sequences [10—12] 
and in non-overproducing systems, translocation leads to membrane 
anchoring [3, 4]. Nonetheless, when the primary structures of the low 
molecular mass PBP’s are examined, no conventional hydrophobic anchor 
sequences are apparent [3]. Although deletion analysis has shown that the 
C-terminal regions of PBP5 [11, 13] and PBP6 [14] are essential for efficient 
membrane interaction, no obvious sites for covalent modifications are to be 
seen in these regions. The anchoring mechanisms of the low molecular mass 
PBP’s were unclear but when the C-terminal sequences of these proteins were 
displayed as two dimensional axial projections, a potential for amphiphilic 
a-helical formation was revealed [15]. This suggested that these helical
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arrangements may be involved in the membrane interactions of the low 
molecular mass PBP’s and may constitute a novel method of protein-bilayer 
anchoring.

Theoretical analysis has predicted that the C-terminal regions of PBP5 and 
PBP6 have the potential to adopt amphiphilic a--helical conformations [16]. 
It the case of PBP5 this prediction was indirectly supported by the demon
stration that when a proline residue, with its ability to distort or disrupt an 
a-helical conformation, was incorporated into the proteins C-terminal region, 
the membrane anchoring of PBP5 was greatly 'destabilised [i?]. More 
recently, these predictions have received strong support from CD analysis 
which has revealed that, in the presence of phospholipid vesicles, both PBP5 
and PBP6 C-terminal homologues have ct-helix forming potential [18]. 
Theoretical analysis has also predicted that in an cx-helical conformation, the 
amino acid sequences comprising the PBP5 and PBP6 C-terminal regions 
would have surface activities comparable to melittin and other cytolytic 
toxins [15]. Haemolytic analysis confirmed these predictions [19] and these 
PBP C-terminal regions may therefore utilise a similar mechanism to melittin 
for membrane interaction, by adopting a preferred orientation at the mem
brane interface, with the hydrophilic face of the a-helix projecting into the 
aqueous environment whilst the hydrophobic face interacts with the lipid 
bilayer core [20]. Consistent with this suggestion, the membrane interactions 
of PBP5 and PBP6 are susceptible to the action of chaotropic agents such as 
the thiocyanate ion, and also urea which suggests a major role for hydro- 
phobic forces [21, 22]. Further, this perturbant susceptibility is accompanied 
by a pH dependence, for at low pH PBP5 and PBP6 are resistant to the action 
of urea but as pH is increased above neutrality, progressively greater amounts 
of the protein are washed off the membrane. It has been postulated that this 
pH dependent release from the membrane may result from increasing accessi
bility of the proteins anchor region to urea. In turn, increasing accessibility of 
the PBP5 and PBP6 anchor domains may arise from decreased affinity for a 
membrane receptor or may be a reflection of pH related changes in the 
conformations of these proteins. In support of the latter idea, several lines of 
research have suggested that the conformation of PBP5 can affect the strength 
of binding of the protein to the membrane. When the anchor domain of PBP5 
was fused to a soluble periplasmic jl-lactamase the hybrid protein was able to 
bind to the membrane but was unable to attain the urea inaccessible state [23]. 
Additionally, it has been shown that when PBP5 interacts with a JJ-iactam 
antibiotic and is therefore in an active conformation, the urea accessible form 
of the protein predominates [23], Together these results suggest that the PBP5 
C-terminal anchor region is sufficient for membrane association but that the 
presence of the ectomembranous domain is also necessary to attain the urea 
inaccessible state. Furthermore, it has been speculated that if the binding of a 
substrate analogue to PBP5 is instrumental in maintaining the urea accessible
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state of the protein, then this may indicate that this state corresponds to the 
enzymatically active form of PBP5, with the urea inaccessible form 
corresponding to the enzymatically inactive state [23]. It could be that in this 
active form, the PBP5 ectomembranous domain is restrained from engaging 
in interactions with other membrane components which are necessary for me 
higher levels of membrane binding associated with the urea inaccessible 
state. One possibility is that PBP5 may interact with other membrane bound 
proteins. In support of this idea it has been recently demonstrated that anionic 
phospholipids do not appear to be a requirement for PBP5-membrane 
association [24] and cross-linking studies have suggested the possibility of a 
protein complex involving PBPla/lb, PBP3 and PBP5 [25]. These latter 
findings have led to the suggestion that PBP5 may participate ih a protein 
complex which includes other PBP’s and plays a role in pepttdoglycan 
biosynthesis [3].

PBP4

In contrast to PBP5 and PBP6, theoretical analysis has predicted that ttie 
PBP4 C-terminal sequence has only a low potential for a-helix formation 
[16]. CD analysis of a PBP4 C-terminal homologue detected mo tx-hehcal 
structure in the presence of phospholipids [18] and haemolytic assay of the 
same homologue showed no evidence of lysis [19]. In an ct-helical 
conformation, the PBP4 C-terminal region possesses a number of hydrophilic 
and hydrophobic arcs but a clear segregation into polar and non-polar faces 
is not observed and the amphiphilic nature of this helix is ill-defined. Whether 
or not the PBP4 C-terminal region is involved in the proteins membrane 
association and if so whether it utilises amphiphilic a-helical secondary 
structure is as yet still a matter of debate. The membrane anchoring characte
ristics of PBP4 also differ substantially to those of the other low molecular 
mass PBP’s. Membrane bound PBP4 shows a high susceptibiUty to mmc 
perturbants rather than that shown to chaotropic agents by PBP5 and PBP6. 
Again, in contrast to these latter proteins, where overproduction leads to only 
membrane bound forms of PBP5 and PBP6, over-expression of PBP4 results 
in a mainly soluble form of the protein. Nonetheless, in wild type systems, 
PBP4 was localised exclusively to the membrane fraction which led to the 
suggestion that PBP4-membrane association occurs at a specific binding site 
and that the soluble form of PBP4 may be an artefact of overproduction [4, 
6]. The suggestion that PBP4 occupies a specific binding site may be 
supported by the recent demonstration that PBP4 is able to engage in 
protein-protein interactions with immobilised transglycolases. This 
demonstration led to the proposal that PBP4 may be involved in 
multi-enzyme complexes which function in cell wall biosynthesis [26]. It has 
been postulated that two different murein replicase holoenzymes exist, each
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including murein synthase and murein hydrolase subunits. The murein 
synthase subunits are proposed to include various of the high molecular mass 
PBP’s la, lb, 2 and 3 and the murein hydrolase subunits are proposed to 
involve the endopeptidases PBP4 or PBP7, Interestingly, PBP7 is also 
peripheral and associates with the membrane via predominantly electrostatic 
interactions [27]. It is of interest that although the low molecular mass PBP’s 
show some sequence homology, when the structure of PBP4 is compared'to 
those of PBP5 and PBP6, an additional inserted domain of 188 amino acid 
residues is found between the Ser-X-X-Lys and the Ser-X-Asn active site
Two J?83’11118 domain is Predicted t0 lie on the periphery of the structure 
of PBP4 and has been speculated to have a regulatory function [29], -It is 
possible that this domain could form a potential site for PBP4-membrane 
interaction.

Conclusion

In conclusion, we have speculated that the regulation ofE. coli peptidoglycan 
biosynthesis may involve a protein complex which could include both high 
molecular mass and low molecular mass PBP’s. An arrangement of this 
nature would unite the transglycosylase/transpeptidase activities of the high 
molecular mass PBP’s with the carboxypeptidase/endopeptidase activities of 
the low molecular mass PBP’s which in turn could facilitate the.antagonistic 
control of peptidoglycan biosynthesis. We have postulated that in the cases of 

and PBP6, the ectomembranous domains of these proteins may interact 
with some factor in the putative complex and have reviewed evidence which 
suggests that a specific binding site may be necessary for PBP4-membrane 
interaction. It appears that although apparently not required in the case of 
PBP4, the membrane anchoring of PBP5 and PBP6 almost certainly involves 
novel C-termmal amphiphilic cc-helical anchors. It is interesting to note that 

egrest etal have analysed a large number of biologically active amphiphilic 
oc-hehces and defined seven classes, based on correlations between biological 
tuncuon and molecular architecture [30]. However, the PB5 and PBP6 

-terminal helices appear to show no particular similarities to any of these 
classes of helix and it may be that the C-terminal anchors of these proteins 
belong to a class of helix hitherto undescribed.
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Chapter 4

Investigation Into The Potential Of Amphiphilic 
Helices To Act As Lipid Binding Domains And 

Modulate Enzyme Activity.



Summary.

As described in chapter 3 I have identified a number of prokaryotic caboxypeptidases 
known to anchor vici the use of helix-lipid, interactions. In these cases functionality was 
found to be reflected in a clear linear relationship between the amphipilicity of the anchor 
sequence and its mean hydrophobicity [42]. In cases of class C peptidases such as PBP4 
the balance between these two variables was required to enable surface binding rather 
than acyl chain penetration as the protein seems to anchor via a specific receptor [37,42]. 
In contrast the carboxypeptidase PBP5 required higher levels of hydrophobicity to enable 
strong and stable membrane interaction [34]. Interestingly though PBP5 was seen to exist 
in two forms — a urea accessible form and a more tightly bound urea inaccessible form 
[28]. These forms appeared to be convertible by changes in pH but given evidence that 
the ectomembranous domain might interact with other protein components [40] I 
postulated that these changes could be related to changes in conformation of the protein — 
possibly linked to its activity and the regulation of peptidolglycan biosynthesis [42]. We 
showed that if the C-terminal anchor from PBP5 was fused onto the periplasmic protein 
(3-lactamase then this was sufficient to enable the (3-lactamase fusion to bind to the 
membrane [43] but when analysed further it was found that the fusion protein was unable 
to enter the more tightly membrane associated urea inaccessible state which PBP5 was 
able to adopt even in reconstituted systems [40]. We later went onto confirm, using the 
substrate analogue benzyl penicillin, that the urea extractable form was associated with 
the enzymes active conformation [43] and that the pH induced changes were associated 
with changes in the ectomembranous domain rather than from a direct effect on the 
ability of the C-terminal region to associate with the lipid [44], Interestingly the crystal 
structure of PBP5 has now shown that the proteins C-terminal region has a surface 
location diametrically opposed to the active site which would support this mode of action

The importance of amphiphilic protein structures in lipid binding have long been 
recognised [45] and there are now many proteins which are known not only to undergo 
conformational change on lipid binding but where this change is associated with 
activation. Examples of these lipid induced changes can be found in eukaryotic systems 
as well as in the prokaryotic case given above. For example, the crystal structure of 
mouse carboxypeptidase E combined with the theoretical analysis we have undertaken 
has shown it has similar structural and lipid binding properties to prokaryotic PBP5 [42]. 
It is also recognised that in eukaryotic systems changes in lipid profiles [46] and levels of 
lipid earners such as apolipoprotiens are associated with a range of disease states [47] 
and as such knowledge of lipid-protein interactions can be important in understanding 
disease at the cellular and molecular level. One of the best characterised examples of a 
lipid activated protease is perhaps the cysteine protease family of calpains where lipid 
binding/membrane association is thought to enable Ca2+ activation at physiological ion 
levels. The ubiquitous nature of these enzymes and their role in many medical conditions 
has made them a key focus for study [48] although we were the first group to suggest 
they could form a target in retarding cataract formation [49] based on the fact we had 
identified changes in ion concentrations in ocular tissues associated with increased 
tendency for cataract formation [50] and linked this to work identifying calpain 2 as a



major calpain in murine diabetic cataractogenesis [51]. Use of an in vitro porcine model 
for cataract formation enabled us to show the potential of calpain inhibitors such as the 
peptide aldehyde SJA6017 to inhibit lens opacification [52] in support of this theory.

The exact site for lipid binding and protease activation of calpain remains to be 
definitively identified but we were able to identify a segment in domain V of the proteins 
small subunit which was predicated to form a lipid interactive helix [53]. To date no clear 
function for this domain has been identified and it is though to be autolytically cleaved 
upon activation. Theoretical analysis indicated the sequence, GTAMRILGGVI, had the 
potential to form an oblique orientated helix at a membrane interface. Experiments with a 
peptide homologue confirmed the potential for helix formation using FUR and showed 
the sequence was able to affect the lipid-phase transition properties of membranes 
implying high levels of lipid interaction [54]. The proposal that this segment might form 
an oblique orientated helix was further supported using neutron diffraction studies to 
show the peptide was able to penetrate deeply into the hydrophobic core of bilayer 
structures [55]. These studies also used monolayer analysis to confirm lipid-peptide 
interaction was dependent on the presence of anionic lipid and was likely to involve 
initial electrostatic interaction at the membrane interface prior to membrane penetration. 
Interestingly membrane bound forms of the enzyme have now been identified which 
would fit with the theory that membrane/lipid association leads to activation and upon 
binding of Ca2+ autolysis of this domain.

In conclusion we have used a combination of fusion proteins and treatment of membranes 
with chaotropic agents to confirm that penicillin binding protein 5 not only binds to the 
cytoplasmic membrane of bacterial cells but that the state of anchoring correlates with 
activity and may relate to the means by which the cell regulates peptidoglycan 
biosynthesis. This could be through the proteins interaction with other enzymes 
modifying the accessibility of the active site to substrate since the inactive form appears 
to be tightly membrane associated which would prevent it easily accessing the 
periplasmic petidoglycan chains. Biophysical studies on a further lipid activated enzyme, 
calpain, led to the identification of a potential membrane binding site which it was 
postulated could act in a similar way by enabling structural changes that facilitated the 
binding of the Ca2+ cofactor and protease activation. Release from the membrane would 
then occur via autolytic cleavage of the membrane binding domain. We were the first to 
consider this as a target in cataract treatment and to consider the implications of the 
environment required for activation on the design of calpain inhibitors leading to requests 
for a range of reviews [56]
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Abstract
A number of prokaiyotic and eukaryotic peptidases have been reported to interact 

with the membrane via C-terminal amphiphilic a-helices (CAH’s). In recent studies, the 
CAH’s of DD-carboxypeptidases, class C penicillin-binding proteins (PBP's), DD- 
endopeptidases and eukaiyotic peptidases were characterised by their amphiphilicity, 
measured by the mean hydrophobic moment, <pH>, and mean hydrophobicity, <H>. 
Regression of <pH> on <H> revealed parallel negative linear relationships, with 
subsequent analysis of these relationships leading to the prediction that the CAH’s of 
each peptidase group may possess different structure / function relationships and use 
functionally different membrane anchoring mechanisms. However, despite these 
predicted differences, analysis of these relationships also suggested that each group of
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peptidase CAH’s may require a common characteristic balance between amphiphilicty 
and hydrophobicity to stabilise their initial membrane association. Here, we review 
recent experimental findings in relation to these predictions and present models for the 
membrane anchoring of peptidase CAH's.

Introduction
Amphiphilic ct-helices are secondary structural elements commonly used by 

proteins to associate with membranes. These cc-helices are characterised by an ordered 
segregation of hydrophilic and hydrophobic ammo acid residues about the cx-helical long 
axis, which allows them to partition into membranes such that their apolar faces 
penetrate the hydrophobic membrane lipid core and their polar faces interact with the 
membrane lipid headgroup region [1-3].

In a major study, Segrest et al., [4] first showed that there were correlations between 
the structural properties of membrane interactive amphiphilic a-helices and their 
biological function. ct-Helices from apolipoproteins, lytic peptides, peptide hormones 
and pore forming proteins were each shown to utilise a different mode of membrane 
interaction, which could be related to differences ini charged residue distribution, levels 
of hydrophobicity and levels of amphiphilicity. Based on similar criteria, analogous 
structure / function relationships have been demonstrated for several other classes of 
membrane interactive amphiphilic a-helices [1,5].

Within the last decade, it has become increasingly clear that amphiphilic a-helices 
can also function as protein — membrane anchors. Prostaglandin synthase had, for 
example, previously been classed as an integral membrane protein [6]. However, the 
high-resolution crystal structure of the protein [7] revealed its membrane-anchoring 
domain to be a planar array of amphiphilic a-helices [8-10], Analogous a-helical 
membrane anchoring motifs have since been demonstrated for thromboxine A2 synthase 
[11-13] and squalene cyclase [14-15]. Interestingly, these results confirmed the existence 
of monotopic proteins, which had been predicted by a number of authors [16] including 
Phoenix, [17] whose studies on the membrane anchoring of prokaryotic peptidases first 
led to the proposal that C-terminal amphiphilic a-helices may function as membrane 
anchors.

A number of penicillin-sensitive DD-peptidases involved in Escherichia coli cell 
wall biosynthesis [18] were known to be associated with the periplasmic face of the 
cytoplasmic membrane [3, 19]. Nonetheless, hydropathy plot analysis had shown these 
peptidases to possess no apparent conventional hydrophobic anchor sequences, no 
obvious sites for covalent modification, and their membrane anchoring mechanisms 
were unclear [20]. Phoenix [17] showed the C-terminal regions of these enzymes to 
possess a periodicity in hydrophobic residues associated with amphiphilic a-helix 
formation (CAH’s) and suggested that these CAH’s may function as membrane anchors, 
a hypothesis, which has since been confirmed by experimental data [1-2]. The DD- 
peptidases analysed by Phoenix [17] belong to the family of low molecular mass 
penicillin-binding proteins (PBP’s) and with the advent of sequenced prokaryotic 
genomes, membership of this family is rapidly expanding. Concomitantly, so are the 
numbers of these proteins reported to anchor to the membrane via CAH’s.
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The PBP’s form three distinct groups of DD-peptidases [21]: DD-carboxy 
peptidases, DD-endopeptidases and class C PBP’s [22], each with differing biological 
requirements. Using theoretical analyses, Wallace et al, [23] showed that the C-terminal 
sequence of each of these peptidase groups possessed the potential to form CAH’s. 
Moreover, when these CAH’s were characterised by their amphiphilicity, measured by 
the hydrophobic moment, <fiH>, and corresponding mean hydrophobicity, <H> [24], 
each group of CAH’s showed a negative linear relationship between the expected value 
for E(<iiH>), for each <H> (figure 1). These linear relationships showed
identical gradients and led Wallace et al., [23] to suggest that the use of CAH’s as 
membrane anchors may be a strategy universally used by DD-peptidases.

0.85-1
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0.25 -
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Figure 1. Analyses of the amphiphilic properties of peptidase CAH’s
The CAH’s of DD-carboxypeptidases (1), Class C PBP’s (3) and DD-endopeptidases (4) were 
represented by their amphiphilicity as <fiH> and hydrophobicity as <H> [24]. In each case, 
regression of these parameters demonstrated parallel negative linear relationships [23] A 
corresponding analysis of CAH’s from CPE (2) showed a similar negative trend. These results 
suggest that the CAH s of each peptidase group represented may possess different structure / 
function relationships and use a functionally different membrane anchoring mechanism.

A further group of peptidases, recently reported to use CAH’s as membrane 
anchors, comprises carboxypeptidase E (CPE) from various eukaryotes [25-27]. 
Analysis of these CAH’s, using the methodology of Wallace et al., (2002) shows a 
negative trend between and <H> similar to that found for DD-peptidases by
these latter authors (figure 1). Interpretation of the results shown in figure 1 suggests that 
the four peptidase groups analysed each possess different structure / function 
relationships and used functionally different membrane anchoring mechanisms. 
Moreover, the spatial arrangements of residues forming each group of CAH’s possess 
amphiphilic properties, which appear to be optimal for the requirements of their 
individual membrane anchoring mechanisms. For DD-carboxypeptidases, it was 
predicted by Wallace et al., [23] that these requirements were high levels of well- 
defined amphiphilicity, which incorporate strongly charged and strongly hydrophobic
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residues. For the membrane anchoring of class C PBP’s and DD-endopeptidases, these 
latter authors predicted lower levels of amphiphilicity and hydrophobicity. In the case of 
CPE CAH’s, levels of amphiphilicity and hydrophobicity intermediate between those of 
DD-carboxypeptidases and class C PBP’s would be predicted for membrane anchoring.

Here, we review experimental support for the structure / function relationships 
predicted for each class of peptidase CAH’s and discuss our findings in relation to 
models for their membrane anchoring mechanisms.

CAH’s as membrane anchors for DD-carboxypeptidases

The prototype organism for studies on the membrane interactions of DD-peptidase 
CAH’s in Gram-negative bacteria has been Escherichia coli [3, 20]. The organism 
produces three DD-carboxypeptidases encoded by dacD [28], dacA and dacC [29]. 
These latter two genes code for E, coli PBP5 and E. coli PBP6, proteins, which have 
been extensively studied [3, 19] and are well established as penicillin-sensitive, 
periplasmic proteins, strongly bound to the inner membrane [30].

A number of theoretical analyses have predicted that E. coli PBP5 and E. coli PBP6 
have the potential to form membrane interactive CAH’s [17, 31-33], predictions that 
have been confirmed by experimental results: Circular dichroism spectroscopy (CD) [34] 
and Fourier transform infrared (FTIR) conformational analysis [31, 35-36] have shown 
peptide homologues of these CAH’s to adopt high levels of oc-helical structure in the 
presence of lipid whilst each homologue has been shown to strongly interact with E. coli 
membranes [37] and erthyrocyte membranes [38].

For both E. coli PBP5 and E. coli PBP6, the presence of their CAH’s has been 
shown to be essential for membrane interaction. The incorporation of an a-helix 
breaking proline residue into the E. coli PBP5 C-terminal sequence resulted in 
destabilisation of the protein’s membrane binding [39]. Furthermore, deletion of the 
E. coli PBP5 and E. coli PBP6 CAH’s reduced the ability of these proteins to efficiently 
bind membranes [40-43], The interchange of E. coli PBP5 and E. coli PBP6 CAH’s [44] 
and their fusion to soluble proteins [45] yielded membrane bound chimeric proteins. 
However, the presence of the E. coli PBP5 C-terminal a-helix was found to be essential 
for efficient functional complementation of dacA-mx\\ mutants [44].

Graphical analysis of the E. coli PBP5 and E. coli PBP6 C-terminal regions shows 
these regions to form CAH’s with well-defined amphiphilicity. The polar faces of the 
CAH’s can be seen to be rich in strongly positively charged residues such as lysine, 
arginine and histidine whilst their apolar faces are predominantly formed from strongly 
hydrophobic residues including phenylalinine and isoleucine (figure 2). The importance 
of this structural amphiphilicity to the membrane interactions of E. coli PBP5 and E. coli 
PBP6 CAH’s has been demonstrated by a number of studies. Homologues of the E. coli 
PBP5 and E. coli PBP6 CAH’s showed high levels of interaction with vesicles [31, 35- 
36] and monolayers [37] formed from either zwitterionic lipid or anionic lipid. 
Interactions with this latter lipid class were generally unaffected by the presence of high 
salt concentrations [31, 37]. Based on these results, it has been suggested that the 
membrane interactions of the E.coli PBP5 and E.coli PBP6 CAH’s are primarily driven 
by hydrophobicity with a minor contribution from stabilising electrostatic interactions
[3].
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Figure 2. Amphiphilicty of peptidase CAH’s.
Figure shows two-dimensional axial projections [91] of peptidase CAH’s from several organisms-
A. show the E. colt PBP5 C-terminal a-helix to possess well-defined amphiphilicity. In contrast
B. and C. respectively, show the E. coli PBP4 and E.coli PBP7 C-terminal a-helices to possess no 
clear segregation of hydrophilic and hydrophobic residues. D. represents the C-terminal sequence

ronoi carboxypeptidase E’s and shows amphiphilicity intermediate between E.
C° l, PB,f5’and co/l PBP4 and E. coli PBP7. Hydrophilic residues are shown in white circles and 
r? ropd°bl^ rfs,dufs in sbaded circles. The C-terminal sequence of A. was obtained from [29] B 
from [92], C. from [71 ] and D. from [81]. i •

The third DD-carboxypeptidase produced by E. coli is PBP6b, recently identified by 
genomic analysis [28]. Characterisation of E coli PBP6b by these latter authors showed 
the protein to be associated with the membrane fraction of whole cell lysates and to bind 
perucilhn when resolved by SDS-PAGE and treated with the radiolabelled antibiotic. 
HPLC analysis showed the expression of E coli PBP6b to lead to changes in 
muropeptide levels consistent with the proteins predicted DD-carboxypeptidase activity. 
The protein shows high levels of homology with E coli PBP5 and E coli PBP6 and the 
potential of the E coli PBP6b C-terminal region to form a membrane interactive 
amphiphilic a-helix has been demonstrated by Phoenix and Wallace [46] using 
hydrophobic moment plot methodology [47] and DWIH analysis [32].

Based on sequence homology with E. coli enzymes, a number of putative DD- 
carboxypeptidases have been recently identified through genomic searching. 
Haemophilus influenza was found to possess a homologue of E. coli dacA [48] whilst 
Salmonella typhimurium was found to possess homologues of £. co//dacC [49] and 
E. coli dacD [28]. In each case, the amino acid sequences of the deduced gene products 
have been confirmed to possess the signature motifs associated with DD- 
carboxypeptidsases [21]. Our own graphical analyses have also shown the C-terminal
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sequences of these gene products to possess the potential to form membrane interactive 
CAH’s with amphiphilic characteristics comparable to those of E. coli DD- 
carboxypeptidases.

The prototype organisms for studies on the anchoring mechanisms of DD-peptidase 
CAH’s in Gram-positive organisms has been Bascillus spp. Such studies have been far 
less extensive than in the case of E, coli but nevertheless, gave the first clues to the use 
of CAH’s as membrane anchors. Earlier studies had shown Bacillus subtilis PBP5 and 
Bacillus stearothermophilus PBP5 to be the dacA gene products of each organism [SC
SI], and to be penicillin-sensitive DD-carboxypeptidases, which anchor to the 
periplasmic face of the cytoplasmic membrane [52]. These proteins lacked conventional 
hydrophobic anchor sequences but protease digestion assay showed them to possess C- 
terminal membrane assodated sequences of approximately 25 amino acid residues [53- 
55]. B. subtilis PBP5 and B. stearothermophilus PBP5 each show sequence homology 
with E. coli PBP5 [51]. Using statistical analysis of hydrophobic moment profiles, it was 
recently shown that the C-terminal sequences of these former two proteins possessed the 
potential to form membrane interactive CAH’s with amphiphilic properties comparable 
to the latter [33]. The B. subtilis dacB gene product, PBP5* has also been shown to be a 
membrane bound DD-carboxypeptidase [56-57] with homology to DD-carboxy
peptidases from E. coli and other organisms [58]. Sequence analysis showed the B 
subtilis PEPS* C-terminal region to possess the potential to form a membrane interactive 
a-helix with amphiphilic properties comparable to E. coli PBP5 [56],

Membrane anchoring mechanisms for CAH’s from DD-carboxy- 
peptidases

It is clear from the above discussion that experimental results generally support the 
structure / function relationships predicted by Wallace et ah, [23] for CAH’s in their role 
as DD-carboxypeptidase membrane anchors. To better understand these relationships, 
Phoenix and co-workers studied the effect of pH changes on the levels of membrane 
interaction and levels of a-helicity shown by peptides corresponding to Exoli PBP5 and 
E. coli PBP6 CAH’s [34, 37]. In each case, these levels of membrane interaction and a- 
helicity showed a pH dependency with levels strongly enhanced by low pH. This pH 
dependency correlated to that observed in earlier studies on the membrane interactions of 
Exoli PBP5 and E. coli PBP6, which showed the levels of interaction to be strongly 
enhanced by low pH [59-60]. Based on these results, Phoenix and Harris [3] suggested 
that the levels of membrane anchoring shown by E coli PBP5 and E. coli PBP6 may be 
related to the levels of a-helicity possessed by their CAH’s and proposed a model for the 
membrane anchoring of these proteins (figure 3). According to this model, the E. coli 
PBP5 and E. coli PBP6 CAH’s interact with membrane lipid whilst their 
ectomembranous domains interact with some other membrane bound protein. In their 
enzymatically inactive forms, these proteins show high levels of membrane anchoring 
and C-terminal a-helicity but in their enzymatically active forms these levels are lower. 
This model receives support from the recently solved structure of E. coli PBP5 [61], 
which revealed that the protein’s C-terminal anchoring region has a surface location, 
diametrically opposed to the active site (figure 4A), thus maximising access of this site
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B

Figure 3. Membrane anchoring mechanisms of DD-peptidase CAH’s
Figure 3A was adapted from [3] and shows the enzymatically inactive form of the DD- 
carboxypeptidase, E. coli PBP5, bound to the membrane via its deeply anchored C-terminal a- 
helix, and stabilised by other interactions involving the E. coli PBP5 ectomembranous domain and 
other membrane bound protein(s). On binding of substrate, the protein adopts the enzymatically 
active form, which involves decreased levels of C-terminal membrane interaction and changes in 
the level of interaction shown by the protein’s ectomembranous domain. Figure 3B is based on the 
data of [37] and [67] and represents the class C PBP, E. coli PBP4 binding to the membrane via a 
protein receptor based mechanism. A contribution to this anchoring mechanism by the E. coli 
PBP4 C-terminal a-helix has not yet been substantiated. However, we speculate that this 
contribution would serve to stabilise the interaction of PBP4 with its membrane protein receptor 
by association with the membrane surface regions.

to cell wall substrate. Moreover, Nelson and Young [40] showed that removal of the E. 
coli PBP5 C-terminal anchor this anchor led to the rapid diffusion of E. coli PBP5 
through the periplasm and cell death through uncontrolled cell wall attack. In 
combination, these results suggest that the CAH’s of E. coli PBP5 and E. coli PBP6 may 
play a role regulating the enzymatic activity of their respective parent proteins. Access of 
these proteins to substrate would be modulated by the levels of membrane interaction 
shown by their CAH’s with the higher levels of such anchoring adopted by these CAH’s 
necessary to prevent unregulated cell wall lysis.

CAH’s as membrane anchors for class C PBP’s

The best characterised of the class C PBP’s is the E. coli dacC gene product, PBP4, 
which has been shown to be a penicllin-sensitive DD-endopeptidase with an additional 
weak DD-carboxypeptiase activity [62].

A number of studies have suggested that the PBP4 C-terminal region may play a 
role in the protein’s membrane interactions. A peptide homologue of this C-terminal 
region has been shown to bind E. coli membranes [37] and the fusion of this region with 
a mutant E. coli PBP5, lacking its C-terminal anchor, yielded a membrane bound 
chimeric protein [44]. Hydrophobic moment profile analyses have predicted that the E. 
coli PBP4 C-terminal region has the potential to form amphiphilic a-helical structure but
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Figure 4 . The global topography of peptidase structures
Figure shows representative ribbon structures of: A. E. coli PBP5 and B. Mouse CPE. In figure 
4A, the E. coli PBP5 active site is located on the upper outer surface of the molecule. In figure 4B, 
the CPE enzymatic pocket is similarly located and proximal to the rim of this pocket are the 
residues lysine 260 and arginine 255. These residues are shown as space filling models and both 
are necessary for the binding of POMC to CPE. For both this latter enzyme and £. coli PBP5, the 
C-terminus of the molecule is located diametrically opposite to the protein s active site, and in the 
case of CPE, the POMC binding site also. These global arrangements permit C-terminal membrane 
anchoring whilst maximising enzyme access to substrate / sorting signal. Figure 4A was adapted 
from [61 and figure 4B from [25].

an almost equal potential to form amphiphilic [J-sheet structure [33]. These predictions 
were confirmed by both CD analysis [34] and FTIR conformational analysis [31, 36], 
which showed this homologue able to adopt both structural types in the presence of lipid 
and detergents. However, these studies found the homologue to show enhanced levels of 
a-helical structure in the presence of anionic lipid, results supported by molecular area 
determinations of the homologue in the presence of anionic lipid monolayers [63]. 
Figure 2 shows that the E. coli PBP4 C-terminal region forms an a-helix with diffuse 
polar and non-polar faces, and high levels of polar and charged residues when compared 
to the a-helix of the £. coli DD-carboxypeptidase, PBP5. A peptide homologue of the 
PBP4 C-terminal region was shown to interact strongly with anionic lipid vesicles, 
anionic black lipid membranes and anionic lipid monolayers [3, 36-37]. However, these 
same studies showed that the ability of this homologue to interact with zwitterionic lipid 
membranes depended upon lipid type with levels of interaction generally low. These 
results clearly suggest that the membrane interactions of the PBP4 C-terminal a-helix 
involve predominantly electrostatic forces with hydrophobicity playing a minor role.

Recent sequencing of the B. subtilis genome [64] identified pbp, which was 
renamed dacC by Pedersen et al., [65] and shown by these workers to encode B. subtilis 
PBP4a. Using an E. coli over-expression system, these latter authors found B. subtilis 
PBP4a to be associated with the membrane fraction of whole cell lysates and to bind 
penicillin when resolved by SDS-PAGE and treated with a fluorescent derivative of the
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antibiotic. More recently, kinetic analyses using synthetic substrates showed a soluble 
form of B. subtilis PBP4a to bind various (3-lactam antibiotics and to possess DD- 
carboxypeptidase activity [66], Sequence analysis showed B. subtilis PBP4a to possess 
the characteristic signature motifs of class C PBP’s and homology to E coli PBP4 [65], 
These latter studies predicted that the C-terminal twenty amino acids of B. subtilis 
PBP4a would form an amphiphilic a-helical membrane anchor, which our own graphical 
analyses have shown to possess amphiphilic properties comparable to those of the E. coli 
PBP4 ot-helix.

Membrane anchoring mechanisms for CAH’s from class C PBP’s

The results presented above generally support the structure / function relationships 
predicted by Wallace et ah, [23] for CAH’s in their role as membrane anchors for class 
C PBP’s. These relationships are clearly different to those observed for DD- 
carboxypeptidase CAH’s and to investigate these differences, Phoenix and co-workers 
studied the effect of pH changes on the levels of membrane interaction shown by a 
peptide corresponding to the C-terminal a-helix of E.coli PBP4 [37, 34]. The levels of 
these interactions were generally enhanced by low pH, paralleling studies on the 
membrane binding of PBP4, which showed the levels of this binding also to be enhanced 
by low pH [67]. These results were consistent with the suggestion that the membrane 
anchoring mechanism of E. coli PBP4 may involve a C-terminal amphiphilic a-helix but 
clear evidence substantiating this suggestion appears to have not yet been presented. 
Nonetheless, Harris et al, [67] showed that E. coli PBP4 occupied a specific binding site 
and it was proposed that the membrane anchoring of the protein may proceed via a 
receptor-type mechanism, possibly involving participation in a protein complex that 
functions in cell wall synthesis [68-69], These results showed the membrane anchoring 
mechanism of E. coli PBP4 to differ to that of the E. coli DD-carboxypeptidases, PBP5 
and PBP6. Moreover, if a C-terminal amphiphilic a-helix does features in E. coli PBP4 
membrane binding, then the available evidence suggests that its membrane anchoring 
mechanism will differ to that of the E. coli PBP5 and E. coli PBP6 CAH’s. We speculate 
that this E. coli PBP4 C-terminal interaction could serve to stabilise the interaction of the 
protein with its membrane protein receptor rather than acting as a membrane anchor per 
se (figure 3B).

CAH’s as membrane anchors for DD-endopeptidases

The best-characterised DD-endopeptidase is the E. coli pbpG gene product PBP7 
[70-72]. A membrane-associated form of the protein has been identified [71] and more 
recently, the use of radiolabelled penicillins has shown it to be included in the membrane 
fraction of whole cell lysates [73], The membrane association of PBP7 was found to be 
highly susceptibible to ionic perturbants, which led to the suggestion that it would 
interact with membranes via predominantly electrostatic interactions [71]. Figure 2 
shows the E. coli PBP7 C-terminal sequence to form an a-helix, which possesses diffuse 
polar and non-polar faces. This a-helix possesses high levels of polar and charged 
residues comparable to that of the class C PBP, PBP4 but in contrast to this latter a- 
helix, an almost total absence of strongly hydrophobic residues such as leucine and
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isoleucine. More recently, the Pseudomonas aeruginosa pbpG gene product has been 
sequenced and proposed to be a DD-endopeptidase [21]. These latter authors cloned P. 
aeruginosa pbpG into an E. coli over-expression system and characterised the gene 
product, PbpG. The protein was found to be associated with the membrane traction ot 
whole cell lysates and to bind penicillin when resolved by SDS-PAGE and treated with 
the radiolabelled antibiotic. No investigation of P. aeruginosa PbpG enzymatic activity 
was undertaken but it was observed that prolonged over-expression of the protein m E. 
coli led to major cell lysis, a phenomenon strongly associated with the overproduction of 
both DD-endopeptidases and DD-carboxypeptidases [40]. Searches of the recently 
sequenced and annotated genomes of Vibrio cholerae [74], Haemophilus influenza [48] 
and Salmonella typhimurium [49] has, in each case, identified a. pbpG gene encoding a 
putative DD-endopeptidase. Each pbpG gene product possessed the characteristic 
signature motifs of DD-endopeptidases and homology with E. coli PBP7. Our own 
graphical analyses have shown the C-terminal sequences of these gene products to form 
a-helices with amphiphilic properties comparable to those of E. coli PBP7.

There appear to have been few studies on the membrane anchoring of DD- 
endopeptidase. Indeed, it has been suggested that these are soluble proteins ™ only 
loosely associate with the membrane. Nonetheless, it was proposed by Holt)e [69, /oj 
that E coli PBP7 may participate in a protein complex that functions in cell wall 
synthesis. The analysis of Wallace et al, [23] showed the CAH’s of these protems to 
have low average hydrophobicity and we speculate that if DD-endopeptidases anchor to 
the membrane via CAH’s, this C-terminal anchoring role may be similar to that shown 
for the E. coli PBP4 C-terminal a-helix in figure 3.

CAH’s as membrane anchors for eukaryotic peptidases

Studies on mammalian carboxypeptidase E (CPE) have shown the enzyme to exist 
in two forms: a 53 kDa soluble, enzymatically active form, which functions as a 
prohormone processing enzyme within secretory granules, and a 55 kDa membrane 
bound form. This latter form of CPE has decreased enzymatic activity and acts as a 
sorting receptor that targets pro-opiomelanocortin (POMC) to the regulated secretory
pathway (RSP) [76-79]. . ,

Deletion analysis and the use of chimeric proteins has shown the CPE C-temnnal 
region to be necessary and sufficient for efficient CPE membrane anchoring [27] whilst 
antisera raised against CPE C-terminal homologues recognised the membrane form of 
CPE but not the soluble form [76]. The C-terminal sequence of CPE is highly conserved 
both within [80] and between species [81-85] and the ability of a peptide homologous to 
the C-terminal sequence of mammalian and anglerfish CPE to form a-helical structure 
was confirmed by CD analysis [25]. Figure 2 shows the CPE C-terminal region forms a 
membrane interactive amphipilic a-helix with hydrophilic and hydrophobic arcs 
comparable in size to those of DD-carboxypeptidases but with reduced numbers of 
strongly hydrophobic residues. Tryptophan fluorescence, immuoassays [25] and 
biochemical wash procedures [80] have shown the CPE C-terminal region to be strongly 
membrane interactive and have suggested that both hydrophobic and hydrophilic forces 
play a role in these interactions. Cholesterol-dependent association with lipid rafts within
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the membranes of secretory granules has also been shown necessary for the enzyme’s 
function as a sorting receptor to the RSP [86].

Membrane anchoring mechanisms for CAH’s from CPE

The results discussed above show that the available experimental results generally 
support the structure / function relationships predicted for CPE CAH’s in .their role as 
membrane anchors for the protease. These relationships are clearly different to those 
observed for the CAH’s of DD-peptidases. Several groups have studied these differences 
by studying the effect of pH changes on the levels of membrane interaction and oc- 
helicity by shown by peptide homologues of these CAH’s [25, 76]. In each case, these 
levels showed a pH dependency with levels enhanced by low pH. This pH dependency 
correlated to that shown by the levels of membrane interaction of CPE and it was 
proposed that high levels membrane binding by the protein may correspond to high 
levels of C-terminal a-helicity. Using a variety of biochemical techniques and antibody 
assays, Dhanvantari et al, [25] showed the C-terminal region of CPE to span the bilayer 
and suggested that the region forms a transmembrane a-helix. Figure 1 shows this a- 
helix to possess an hydrophilic face rich in negatively charged residues. These latter 
authors suggested that in the low pH of secretory granules, protonation of these residues 
would stabilise a-helix formation and effectively increase the hydrophobicity of the CPE 
C-terminal a-helix, facilitating transmembrane insertion. A similar pH dependent 
mechanism of a-helix - membrane interaction has been reported for viral fusion 
proteins, which use endocytosis as a means of promoting host cell entry [87-88], 
Dhanvantari et al, [25] proposed that interaction with some membrane bound protein 
may shield the transmembrane hydrophilic face of CPE C-terminal a-helix from the 
energetically unfavourable exposure to the hydrophobic membrane core. Using 
homology modelling, these latter authors derived a structure for CPE (figure 4B), which 
shows global similarities to that recently presented for PBP5 (figure 4A) by Davies et 
al, [61]. The CPE C-terminal anchoring region has a surface location and is 
diametrically opposed to the pro-opiomelanocortin binding site, presumably maximising 
access of the anchoring region its target membrane. Based on these combined results, we 
have constructed a model for the membrane anchoring mechanism of CPE CAH’s 
(figure 5).

Conclusions

It was recently predicted by Wallace et al, [23] that CAH’s may be universally used 
by DD-peptidases as membrane anchors. However, it has also been predicted that the 
CAH’s of individual DD-peptidase groups, and those utilised by a group of eukaryotic 
peptidases as membrane anchors, would show different structure / function relationships 
and use different membrane anchoring mechanisms. Moreover, based on the differing 
intercepts of the linear relationships shown in figure 1, it has been predicted that 
the amino acid arrangements of these peptidase CAH’s were optimised to produce the 
structural amphiphilicity necessary to fhlfil their membrane anchoring function. Our 
review of the literature shows that the available experimental evidence generally



490 Frederick Harris et al.

Figure 5. Membrane anchoring of CPE CAH's
Figure is based on the data of [25] and [80] and shows CPE acting as a sorting receptor with bound 
POMC. The acidic pH of secretory granules leads the CPE C-terminal a-helix to adopt a 
transmembrane orientation, stabilised by interactions with some integral membrane proteim 
Subsequent fusion of these granules with cellular membranes leads to neutral pH conditions and 
the release of CPE from the membrane. Ensuing proteolytic cleavage of the proteins C-terminal 
anchoring region then produces the soluble, enzymatically active form of CPE.

supports these predictions and would suggest that C-terminal amphiphilic oc-helices are 
indeed, ubiquitous as peptidase membrane anchors.

Based on the similar gradients shown by the linear relationships depicted in figure 1, 
it was predicted that a common balance between amphiphilicity and hydrophobicity was 
required for the membrane interaction of the CAH’s of each peptidase group analysed. 
Our review of the literature clearly shows that this requirement is not related to 
membrane penetration by these CAH’s and we support the view of Wallace et al, [23]_ 
These latter authors observed that a common step to the membrane interactions of 
CAH’s is their initial association with the membrane and it was proposed that the 
balance between amphiphilicity and hydrophobicity possessed by CAH s may be 
required to stabilise these initial associations. DD-peptidases show homology both 
within and between organisms, indeed, it has been suggested that these peptidases derive 
from a common ancestral gene [21]. Thus, the differing membrane interactive 
mechanisms shown by the CAH’s of different DD-peptidase classes may be a product of 
divergent evolution but due to their common requirement for initial membrane 
association, evolution has maintained a characteristic balance between amphiphilicity 
and hydrophobicitity for these CAH’s. However, our own analyses have shown that 
CPE’s possess no homology and no known phylogenetic relationship to DD-peptidases. 
Nonetheless, CPE’s anchor to the membrane via C-terminal cx-helices whose 
amphiphilicity and hydrophobicitity show a balance identical to that of DD-peptidase 
CAH’s. It would appear that these prokaryotic and eukaryotic classes of peptidase may 
have evolved toward this common membrane-anchoring requirement independently. 
Interestingly, structures representative of these different peptidase classes are presented 
in figure 4 and these show a similar topographical segregation of sites dedicated to 
membrane anchoring function and enzymatic / signal binding function. In the case of 
both molecules, these sites are on opposing faces and these spatial arrangements appear 
to be related to maximising substrate / membrane access. It would appear that in pursuit 
of their biological activity, these differing classes of C-terminally anchored peptidases 
have evolved towards to a common global structure / function relationship.

As a final comment it is interesting to note that several other classes of membrane 
interactive cc-helices have been reported, which possess balances between amphiphilicity
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and hydrophobicitity that are comparable to those of the peptidase CAH’s reviewed here. 
Such balances have been identified for the oblique orientated a-helices of fusion 
promoting proteins from viruses [89] and the membrane invasive a-helices of 
antimicrobial peptides produced by a wide range of prokaryotic and eukaryotic 
organisms [90]; Taken in combination, these observations support the consideration that 
amphiphilicity may be the main drive in moderating the membrane interactions of not 
only C-terminal a-helices but of protein a-helices in general.
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E coli penicillin binding protein (PBP) 5 is anchored to the periplasmic face of the inner membrane by a C-terminal domain which is predicted 
l0!0™.™ arVphip‘hlllc a:hehx' Hfe we show that the presence of a substrate analogue, benzyl penicillin, causes the protein to be converted from 
fudn^rn? brd ma“essibie fo™ t0 a urea extractable form. If the anchor region is fused to the periplasmic protein, /Mactamase, the 
condnriP b°Un? bUt is unable t0 exhibit the changes in urea extractability which are observed with PBP5. We therefore

that although the CNtermmus of PBP5 is sufficient to anchor the protein to the membrane surface the ectomembranous domain can affect 
the state ol the anchor and in vivo changes in the state of anchoring may be related to enzyme activity.

Penicillin binding protein; Membrane anchor; Amphiphilic helix

1. INTRODUCTION 2. MATERIALS AND METHODS

Internal deletions within E, coli penicillin binding 
protein (PBP) 5 have defined the C-terminal 18 residues 
of the protein as essential for anchoring PBP5 to the 
periplasmic face of the inner membrane [1], This region 
has been predicted to be capable of forming a strongly 
amphiphilic, surface active cx-helix [2,3]. In addition it 
has been demonstrated that when the PBP5 anchor re
gion is fused to the periplasmic protein ^-lactamase the 
fusion protein is efficiently anchored to the inner mem
brane implying that this region is solely responsible for 
membrane anchoring [4], We wished to address the 
question of whether this C-terminal domain was indeed 
exclusively responsible for anchoring PBP5 to the mem
brane and we have therefore characterised the interac
tion of the y?-lactamase fusion protein with the mem
brane and compared the results with those obtained for 
wild type PBP5.

In addition, the interaction of PBP5 with a substrate 
analogue has been investigated with respect to the effect 
substrate binding has on membrane interaction. These 
data have been compared to the effect the substrate 
analogue has on the ^-lactamase fusion protein in an 
attempt to determine whether the large ectomembra
nous domain can affect the level of membrane interac
tion.

Correspondence address: D.A. Phoenix, Department of Applied Bio 
ogy, University of Central Lancashire, Corporation Street, Prestoi 
PR1 2HE, UK. Fax: (44) (772) 89-2903.

Abbreviations: PBP-peniciUin binding protein,

2.1. Bacterial strains
The bacterial strains were the E, coli K12 derivative SP1048 his, tsx, 

supF. AlacxlA, jr/::TnI0, AdacCl, AdacA::KmR[5] and CSH26DF6 
ara, thi, A{lac,pro), A{reck,srl)FC rpsL [2]. In strain JM103 dacA (thi, 
rpsL, supE, endA, sbcB\5, hsdRU, AdacjjroAtylF' /raD36,/;roA,B, 
laclq, ZAM15) the chromosomal dacA gene of JM103 has been inac
tivated by the insertion of a kanamycin resistance gene [2]. Plasmid 
pLG364 carries the dacA 11191 mutation of PBP5 on a BamHl-EcoRl 
fragment in pBR322 [6]. Plasmid pBS42 encodes wild type PBP5 [4], 
Plasmid pMJ214 contains ayff-lactamase fusion in pLG339. The fusion 
consists of the C-terminal 18 amino acids ofPBPS (res. 356-374) which 
have been fused to the C-terminus of /Mactamase [4], Two' PBP5 
deletions (IISzJjo^^, 116zhas_354) were encoded by plasmids pMJ115 
and pMJ116 [2], Bacteria were grown under aeration at 37DC in 
nutrient broth. Where necessary the medium was supplemented with 
ampicillin (25 mg/ml), tetracycline (10/tg/ml), kanamycin (12.5 pg/ml) 
and spectinomycin (100/^g/mI).

2.2. Preparation of membrane fractions
Envelope fractions were prepared from 1 litre cultures (A450 0.7-0,9) 

either by sonication [7] or by osmotic lysis [8]. SP1048 was grown to 
A450 0.7, harvested and sonicated in 10 mM sodium phosphate buffer 
pH 7.2. This was stored at ~20DC and added to supernatant fractions 
to ensure efficient recovery of proteins from supernatants upon 
trichloroacetic acid precipitation [9]. Pelleted envelopes were resus
pended in 1 ml of extraction buffer and were incubated on ice for I 
h during which time envelopes prepared by sonication were subjected 
to three rounds of freeze-thawing (freezing for 1 min in liquid nitrogen 
and thawing on ice to ensure access to the luminal face of the mem
brane). After centrifugation at 38,000 rpm for 1 h at 4°C trichlo
roacetic acid was added to the supernatants to a final concentration 
of 10% and 10/d (0.2 A4S0 units) of sonicated SP1048 cells were added 
to aid precipitation. After 1 h on ice the precipitates were harvested, 
resuspended in 10 mM sodium phosphate buffer, pH 7.2 containing 
0.6 mM phenylmethylsulphonyl fluoride. To test for aggregates mem
brane samples were resuspended to a final concentration of 60% w/v 
sucrose, 5 mM EDTA, pH 7.5 and floated up through a sucrose 
flotation gradient as previously described [2]
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1.3. Analysis of wash experiments 
Fractions were analysed by sodium dodecylsulphate-polyacryl- 

imide gel electrophoresis [10] and Western blotting [11]. The methods 
were similar to those previously published except that the substrate 
used in blot development was 3,4,3',4'-tetra-aminobiphenyl hydro
chloride. Quantification of PBP5 within the preparations was carried 
out by densitometnc analysis of the blots using a Zeiss chromato
graphic scanner at a wavelength of 500 nm.

3. RESULTS AND DISCUSSION

3,1. Comparison of PBP5 and the ^-lactamase fusion 
protein with respect to membrane interaction

Envelopes prepared from £. coli carrying a plasmid 
specifying either the fusion protein or wild type PBP5 
were incubated over a range of conditions and the bind
ing characteristics of the two proteins were compared 
by using Western blotting to monitor the amount of 
protein released from the membrane into the superna
tant. The results shown in Fig. 1A indicate that over the 
pH range of 6-10 the fusion protein exhibits similar 
binding characteristics to PBP5 and flotation gradients 
indicated that both proteins were legitimately bound to 
the membrane (data not shown). These data imply that 
the PBP5 anchor region is capable of binding at least 
one periplasmic protein to the inner membrane and 
hence is presumably solely responsible for anchoring 
PBP5 to the membrane.

It has previously been shown that changing the pH 
can affect the urea accessibility of PBP5 [9], It has been 
speculated that the urea inaccessibility of the anchor at 
low pH is due either to membrane insertion of the an
chor thus placing it in a non-aqueous environment [12] 
or due to a stronger level of receptor binding. The urea 
extractability of the fusion protein was compared to 
that of wild type PBP5 by incubating the membranes 
over varying pH in the presence of 4 M urea. Fig. 1B 
indicates that the /(-lactamase fusion protein is released 
from the membrane to the same extent over the whole 
pH range tested whilst in contrast the release of wild 
type PBP5 is only seen under alkaline conditions. This 
indicates that although the fusion protein is anchored 
to the membrane, as shown by flotation gradients [4], 
the anchor is unable to enter the urea inaccessible state 
without the presence of the PBP5 ectomembranous do
main. The degree to which urea can extract PBP5 can 
be seen to change with pH where minimal extraction 
occurs below pH 7 and gradually increases above pH 
7. If the ectomembranous domain is truly involved in 
mediating urea extraction, it would be expected to un
dergo some degree of conformational change over this 
pH range. Purified PBP5 was therefore subjected to 
digestion by thermolysin at pH 6 and pH 7. The rate of 
degradation at pH 6 was increased by 2-3-fold com
pared to digestion at pH 7 but the digestion pattern 
appeared identical at both pHs (data not shown). Since 
the thermolysin activity showed no change over this pH 
range [13] the kinetics of proteolysis imply that although

Fuiion protein

PH

PBP5

Fusion protein

T-C

4U Urea

Fig. 1. Envelope fractions were prepared by osmotic lysis from E. coli 
containing either wild type PBP5 or the ^-lactamase fusion protein. 
The envelope fractions were resuspended in 10 mM sodium phosphate 
buffer at varying pH (Fig. 1A) or in phosphate buffer containg 4 M 
urea at varying pH (Fig. IB). After incubation the level of protein 
released into the supernatants was quantified via western blot and 

densitometric analysis.

there has been no detectable conformational change the 
protein is probably in a more ‘relaxed form’ at pH 6.

In an attempt to investigate the possibility that the 
anchor was interacting with the ectomembranous do
main we examined the binding characteristics of mu
tants with internal deletions near the C-terminus. PBP5 
is 374 amino acids in length and one of the mutants had 
lost 55 residues including half of the proposed anchor 
region (115/1308-363) and the 116 mutant had lost 46 
residues but preserved the anchor region (116/1308- 
354)[2]. The mutant PBPs were very unstable but the pH 
washes indicated that in both cases anchoring had been 
destabilized and washing at pH 8 with 4 M urea released 
50% of both mutants. It therefore seems likely that both 
of the deletions have affected the ability of PBPS to 
interact with the membrane. Whether this is a direct 
effect due to the deletion or whether this is a secondary 
effect caused by changes in protein conformation is 
presently being investigated.
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3.2. Comparison of the effect of a substrate analogue on 
the membrane binding properties of PBP5 and the 
f-lactamase fusion protein

If the ectomembranous domain affects the state of 
anchoring it may follow that in vivo this interaction has 
a function. It is known that in some cases a substrate 
or co-factor can affect the anchored state of a mem
brane bound enzyme. For example the enzyme levan 
sucrase is released from the membrane by interaction 
with iron (Fe2+) [14].We therefore studied the effect of 
the substrate analogue, benzyl penicillin, on urea acces
sibility. Penicillin has been shown to acetylate the active 
site residue of penicillin binding proteins thus forming 
a reasonably stable penicilloyl-enzyme complex which 
is analogous to the transient acyl intermediate formed 
with the natural peptidoglycan substrate [15]. In addi
tion the ‘wild type' PBP5 used in this study contained

A 121 + Benzyl penicillin
60 1 □ - Benzyl penicillin

pH 6 pH 7 pH 8
4M Ur«« 4U Urea 4U Urea

B

+ Benzyl penicillin 

- Benzyl penicillin
.5 40 -

» 20 -

Fig. 2. Envelope fractions were prepared by osmotic lysis from E. coli 
containing either PBP5 (A) or the ^-lactamase fusion protein (B). The 
PBP5 used (pLG364) has a single mutation close to the active site 
which prevents deacylation of the acyl enzyme intermediate The enve
lope fractions were resuspended in 100/d of 10 mM sodium phosphate 
bufTer in the presence or absence of 120 //g/ml of benzyl penicillin. 
After a 30 min incubation the volume was made up to 1 ml containing 
4 M urea at varying pH (Fig. IB). After further incubation the level 
of protein released into the supernatants was quantified via Western 

blot and densitometric analysis.

an amino acid substitution near the active site which 
allows the acylation of the enzyme but which prevents 
the deacylation of the acyl enzyme intermediate. This 
provides a long lived species that ensures that the pro
tein is held in an active conformation for a significant 
length of time [6]. It can be seen from Fig. 2A that in 
the presence of penicillin, PBP5 shows 40-50% urea 
extraction over the whole pH range tested. The /Mac- 
tamase fusion protein which is also able to bind penicil
lin still gives 50% urea extractability (Fig. 2B). These 
data therefore imply that upon entering an active con
formation PBP5 becomes urea accessible.

In summary, it appears that the C-terminal region of 
PBP5 contains sufficient information to allow PBP5 and 
at least one periplasmic protein to become membrane 
associated. Although the ectomembranous domain does 
not appear to be involved in forming the anchoring 
domain the deletion experiments imply that the overall 
protein conformation can affect the strength of receptor 
binding/level of membrane insertion. This is supported 
by the inability of the membrane bound ^-lactamase 
fusion protein to enter into a urea inaccessible state. The 
benzyl penicillin data suggest that in vivo the state of 
anchoring is related to enzyme activity. It is interesting 
to note that cross-linking data imply that when PBP5 
is in an active form it is able to form a complex with 
PBP1A/1B and PBP3 [16]. It may well be that upon 
forming this complex the site of anchoring becomes 
accessible to the aqueous environment or alternatively 
the degree of membrane interaction decreases. The si
multaneous deletion of PBP1A and PBP1B is lethal, but 
either can be deleted individually. Mutants lacking ei
ther PBP1A, PBP1B or PBP6 were analysed with re
spect to PBP5 membrane interaction. All the strains 
were shown to have wild type PBP5 membrane binding 
characteristics (data not shown). Unfortunately the 
cross-linking data of Said et al. were unable to distin
guish whether PBP1A, PBP1B or both were capable of 
complex formation. The formation of a complex involv
ing these enzymes would be an attractive proposition as 
it would contain transglycosylase, transpeptidase and 
carboxypeptidase activity thus presenting the possibility 
of antagonistic control of peptidoglycan biosynthesis. If 
complex formation does occur during times of activity 
then it seems feasible to assume that the accessibility of 
the anchor to the aqueous environment may be affected.
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Escherichia coli penicillin-binding protein 5 (PBP5) 
anchors to the inner membrane in a pH-dependent 
manner via a C-terminal amphiphilic a-helix. Low pH 
was found to enhance both levels of PBP5 membrane 
anchoring and levels of a-helicity in an aqueous PBP5 
C-terminal homologue, which led to the suggestion 
that levels of PBP5 membrane anchoring are related 
to levels of PBP5 C-terminal a-helicity. Here we have 
used Fourier-transformed infrared spectroscopy (FTER) 
and a peptide homologue of the PBP5 C-terminal se
quence to investigate the effect of pH on the confor
mational behavior of this sequence at a lipid interface 
and on its ability to interact with lipid. Our results 
suggest that the membrane-anchoring mechanism of 
PBP5 is unlikely to involve conformational change in 
the protein’s C-terminal region and may therefore in
volve conformational changes in the protein’s ecto- 
membranous domain. © 2002 Elsevier Science 

Key Words: E. coli PBP5; C-terminal n-helix; confor
mational change; membrane.

Escherichia coli low molecular mass penicillin- 
inding protein PBP5 is believed to play a regulatory 

role in cell wall assembly and is anchored to the 
periplasmic face of the inner membrane (1, 2). The 
membrane anchoring of PBP5 exhibits a pH dependent 
susceptibility to urea extraction, for at low pH, PBP5 is 
resistant to the perturbant but becomes increasingly 
susceptible as pH is increased above neutrality (3, 4). 
More recent studies have shown that the urea- 
resistant and urea-susceptible forms of PBP5 are legit
imately membrane bound and exist in a state of con- 
mrmational equilibrium (4).

Based on the results of a number of theoretical anal
yses (5-7) and experimental studies (8-10), it has been 
suggested that PBP5 may anchor to the membrane via 
a ^“terminal amphiphilic ct-helix. Supporting this sug-

1 To whom correspondence and reprint requests should be ad- 
Qi'essed. Fax: (0044) 894982. E-mail: d.a.phoenix@uclan.ac.uk.

gestion, a peptide homologue of the PBP5 C-terminal 
region (Table 1) was found to penetrate model mem
branes (11) and to adopt ct-helical structure in aqueous 
solution (12) with a pH dependence that correlated to 
that of PBPS’s susceptibility to urea. These results led 
to the suggestion that the urea resistant and suscepti
ble forms of PBP5 may differ in the levels of their 
membrane anchoring and that interconversion be
tween these forms may involve pH related conforma
tional changes within the protein’s C-terminal region 
(1, 13). Nonetheless, it was found that, when the PBP5 
anchor region was fused to a soluble periplasmic 
/3-lactamase, although the hybrid protein was able to 
anchor to the membrane, it was unable to adopt the 
urea resistant state (14). Furthermore, rising an active- 
site mutant, these latter workers (14) found that when 
PBP5 interacted with a /3-lactam antibiotic, and was 
therefore in an active conformation, the ability of the 
piotein to adopt the urea resistant state was greatly 
reduced. Based on these observations, it was proposed 
that, although the presence of the PBP5 C-terminal 
region appeared necessary, it was not sufficient for 
membrane anchoring of the protein (14). Conforma
tional changes within the PBP5 ectomembranous do
main may also be a determinant of the level of mem
brane interaction shown by the protein and be 
responsible for the interconversion of the urea resis
tant and susceptible forms of PBP5.

Here we have used Fourier-transformed infrared 
spectroscopy (FTIR) and P5, a peptide homologue of 
the PBP5 C-terminal sequence (Table 1) (15), to inves
tigate the conformational behavior of this sequence at 
a lipid interface and its ability to interact with lipid.

MATERIALS AND METHODS

Materials. P5 (Table 1) was supplied by PEPSYN (Liverpool, 
UK), synthesized by solid-state synthesis, purified by HPLC, and 
showed a purity of 99% or greater. The phospholipids dimyristoyl 
phosphatidjdglycerol (DMPG), dimyristoyl phosphatidylcholine 
(DMPC), and dimyristoyl ethanolamine (DMPE) and all solvents 
were purchased from Sigma,

0006-291X/02 $35.00
© 2002 Elsevier Science 
All rights reserved.
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TABLE 1

The Primary Structure of the PBP5 C-Terminal Region

Protein C-terminal residues

PBP5
+ - + ++ - 

GNFFGKHDYIKLMFHHWFG-COO

Preparation of phospholipid small unilamellar vesicles. Small 
milamellar vesicles (SUVs) were prepared according to the method 
)f Keller et al. (16). Essentially, lipid/chloroform mixtures were dried 
jvith nitrogen gas and hydrated with aqueous buffer 150 mM Hepes 
JV-|2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid]), pH 7) to 
jive a final phospholipid concentration of 5 mM. The resulting cloudy 
suspensions were sonicated at 4*C with a Soniprep 150 (amphtude 
10 /iTni until dear suspensions resulted (30 cycles of 30 s) which were 
then centrifuged (15 min, 3000g, 4°C).

FT1R conformational analyses of P5. To give a final peptide con
centration of 1 mM, P5 was solubilized in suspensions of SUVs, 
which were formed from DMPG, DMPC, or DMPE and were pre
pared as described above. Samples of solubilized peptide were spread 
on a CaFj crystal, and the free excess water was evaporated at room 
temperature. The single-band components of the P4 or P5 amide I 
vibrational band (predominantly C==0 stretch) was monitored using 
an FTIR "5-DX" spectrometer (Nicolet Instruments, Madison, WI) 
and for each sample, absorbance spectra produced.

Analysis of FTIR spectra. FTIR spectra were analyzed and for 
those with strong absorption bands, the evaluation of the band 
parameters (peak position, band width, and intensity) was per
formed with the original spectra, if necessary after the subtraction of 
strong water bands. This allowed the position of peak maxima to be 
determined with a precision of better than 0.1 cm'1. In the case of 
spectra with weak absorption bands, resolution enhancement tech
niques such as Fourier self-deconvolution (17) were applied after 
baseline subtraction with the parameters bandwidth, 22—28 cm 
resolution enhancement facty, 1.2—1.4; and Gauss/Lorentz ratio, 
0.55. In the case of overlapping bands, curve fitting Xvas applied 
using a modified version of the CURFIT procedure written by D. 
Moffat (National Research Council. Ottawa, Canada). An estimation 
of the number of band components was obtained from deconvolution 
of the spectra, curve fitting was then applied within the original 
spectra after the subtraction of baselines resulting from neighboring 
bands. Similar to the deconvolution technique, the band shapes of 
the single components are superpositions of Gaussian and Lorent- 
zian band shapes. Best fits were obtained by assuming a Gauss 
fraction of 0.55-0.6. The CURFIT procedure measures the peak 
areas of single-band components and after statistical evaluation 
determines the relative percentages of primary structure involved in 
secondary structure formation. For P5, relative levels of a-helical 
structure (1650-1655 cm'1) and fi-sheet structures (1625-1640 
cm-1) were computed and are shown in Table 2.

FTIR analysis of phospholipid phase transition properties. Using 
FTIR spectroscopy, the effect of P5 on the phase transition properties 
of phospholipid was investigated. To give a final peptide concentra
tion of 1 mM, P5 was solubiUzed in suspensions of SUVs formed from 
DMPG. DMPC, or DMPE, which were prepared as described above. 
As controls, SUVs formed from DMPG. DMPC. or DMPE alone were 
prepared as described above. All samples were then placed in a 
calcium fluoride cuvette, separated by a 12.5-p.m-thick Teflon spacer 
and subjected to automatic temperature scans with a heating rate of 
3*C 5 min'1 within the temperature range 0 to 60°C. For every 30C 
interval. 50 interferograms were accumulated, apodized. Fourier 
tramsformed, and converted to absorbance spectra (18) (Figs. 1 and 
2). These spectra monitored changes in the $++ a acyl chain melting 
behavior of phosphoUpids with these changes determined as shifts in

TABLE 2

Relative Levels of P5 Secondary Structure 
in the Presence of Lipid

DMPC DMPE DMPG

Secondary pH pH pH
structural

type 5 9 5 . 9 5 9

a-Helix (%) 50 58 58 46 44 48
6-Sheet (%) 50 43 42 54 55 51

the peak position of the symmetric stretching vibration of the meth
ylene groups, v.(CH2), which is known to be a sensitive marker of 
lipid order. The peak position of v,(CH2) lies at 2850 cm'1 in the gel 
phase and shifts at a lipid-specific temperature Tc to 2852.0-2852.5 
cm'1 in the liquid crystalline state.

RESULTS AND DISCUSSION

FTIR conformational analyses of P5, in the presence 
of membranes formed from DMPC, DMPE, or DMPG, 
at either pH 5 or pH 9 showed that the peptide adopted 
high levels of a-helical structure, which ranged be
tween 44 and 58% (Table 2).

In contrast to aqueous P5 (12), these levels of 
a-helicity showed only minor changes (circa 10%) when 
pH conditions were moved from strongly acidic to 
strongly alkaline. These results clearly show that the 
PBP5 C-terminal sequence has a high propensity to 
adopt amphiphilic a-helical structure in the presence 
of lipid but it would appear that these levels show no 
significant response to major changes in pH.

FTIR lipid-phase transition analysis showed that the 
presence of P5 led to an increase in the fluidity of 
DMPC membranes, which was accompanied by a 
strong decrease in the Tc of the lipid, of the order of

2854 n

2853-

2852-

2851 .

2850.

Temperature (°C)

FIG. 1. The effect of P5 on the phase transition properties of 
DMPC. At both pH 5 (•) and pH 9 (A), the 7\ of DMPC was recorJeJ 
as 25°C. However, in the presence of P5, the Tc of the lipid n9 
decreased by approximately 15°C at both pH 5 (x) and pH 9 (

428



Vol. 290, No. 1, 2002 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

2853-

2852-

2851 -

Temperature (°C)

FIG. 2. The effect of P5 on the lipid-phase transition properties 
of DMPG. At both pH 5 (•) and pH 9 (▲), the Tt of DMPG was 
recorded as 25°C. However, in the presence of P5, the DMPG gel to 
liquid crystalline transition occurred over the temperature ranee 20 
to 30°C at both pH 5 (♦) and pH 9 (T).

15°C at each pH examined (Fig. 1). Similar results 
were recorded for the effect of P5 on DMPE membranes 
with the presence of the peptide leading to a decrease 
in the Tc of the lipid (45°C) of the order of 5°C at both 
pH 5 and pH 9 (data not shown).

In contrast to DMPC and DMPE, the presence of P5 
led^to a broadening of the Tc of DMPG membranes 
(25°C) with phase transition occurring over a temper
ature range (20 to 30°C) accompanied by an increases 
in gel-phase fluidity and decreases in liquid crystalline 
phase fluidity at each pH examined (Fig. 2). This form 
Qf phase transition shows similarities to that of some 
cholesterol-lipid systems (19) and implies that the 
presence of P5 leads to changes in the hydrocarbon 
chain packing of DMPG membranes, which results in 
fluidization of the gel phase and rigidification of the 
liquid crystalline phase.

The ability of P5 to induce these changes in lipid- 
phase transition properties suggest that the peptide 
has the capacity to penetrate both anionic and zwitter- 
ionic membranes and to interact with their acyl chain 
region. Furthermore, the generally high levels of these 
changes suggest deep levels of membrane penetration 
hy P5 and a major role for hydrophobic forces. Taken 
with P5’s high propensity to adopt amphiphilic 
a-helical structure, our results strongly support the 
view that the ability of the PBP5 C-terminal sequence 
to interact with membranes is related to its ability to 
adopt such structure. Nonetheless, our results also 
indicate that the ability of P5 to induce changes in the 
1 c and fluidity of membranes shows no significant re
sponse when pH conditions are moved from strongly 
acidic to strongly alkaline (Figs. 1 and 2). When these 
results are taken with the results of our FTIR confor
mational analyses of P5 (Table 2), they suggest that 

either the levels of a-helicity adopted by the PBP5

C-terminal region in the presence of membranes nor 
the levels of interaction shown by the region with mem
branes is significantly affected by changes in pH. 
Based on these results, it would appear that C-ter
minal conformational change is unlikely to play a sig
nificant role in the pH dependency of the membrane 
anchoring mechanism of PBP5. This would support the 
suggestion that changes in the levels of membrane 
anchoring shown by PBP5 and that the interconversion 
of the urea-resistant and -susceptible forms of the pro
tein may be related to conformational changes in the 
protein’s ectomembranous domain (13, 14).
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AMPHIPHILIC oc-HELICES AND LIPID INTERACTIONS
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1.0 AMPHIPHILICITY

smnhinh^?6111;5 ^d pepddes that interact with membranes have to accommodate the 
^ °/ thC bilayer ^ to d0 so’ must either possess or be able to adopt 

amp philic architecture. On a structural basis these architectures may be classified as
Pf0S!!!lng either PrimaJ7' secondary or tertiary amphiphilicity, with each having a range 
of effects on membrane lipid organisation. S S

Primary amphiphilicity is typically found within the structures of integral 
mem rane proteins and is defined by transmembrane stretches of apolar residues which 

^ membrane surface by clusters of hydrophilic residues. It has been
Wp w th(-f l ' Pr°tein lnteractions may have a role in regulating membrane

un nCil0H lmodnlating local fluidity or the composition of annular lipids - a 
tightly bound lipid boundary proposed to form around transmembrane proteins (1).

owever, me studies have shown that lipids at the transmembrane - protein interface 
are able to rapidly exchange places with other lipids, indicating that the protein - lipid 
interactions are weak. It now appears that transmembrane proteins act as simple 
\ ^rS aJJd tiie relatively slow motion of these proteins induces disorder in the bilayer 

me^f1181,011 of neighbouring lipids (2). Nonetheless, studies on 
the integral membrane protein, glycophorin, have shown that interactions between the 
protein mid neighbouring lipids can have profound effects on bilayer organisation. The 
results of these studies led to the suggestion that transmembrane proteiL may require 
the close proximity of lipids with different molecular shapes to ensure optimal packing

^ Prf°teln lipid interface (2-3). Transmembrane proteins which use thif 
form of membrane intercation are beyond the scope of this review.

Tertiary amphiphilicity occurs when amino acid residues which may be distal in 
Sttruc+tures f a Proteln or Peptide, are brought together in the final three

site^^^avUi^thi137^0^ ^ form ^ amphiphilic site. Membrane interactive
, P aymg i this form of amphiphilicity commonly occur within the structures of

oW u? T™! qw118 ^ major examPles Provided by snake cardiotoxins (5,6) and 
plant thionins (7,8,9). In both cases, these toxins are basic polypeptides with compact

by dlSulPhide brtdg“' Hydrophobic residues located oTflie 
outer surfaces of the cardiotoxin and thionin molecules. In conjunction with neighbouring
Soft th'n eS'a°0ntribUte t0 4116 formatio11 of amphiphilic, phospholipid binding sites8 

, 1 n“ls and cardiotoxins appear to have a preference for anionic lipid and the 
membrane interactions of these toxins lead to a diverse range of effects. These effects 
“ t0 organisation (10,11), the Induction of non-bUayer structures
actoaHon^mS e ",P se’ ^ Promotlon of membrane fusion (12,11) and the 
activation / inhibition of various enzymes (13-17).

* Secoadary amphiphilicity is often demonstrated by (3-sheet and ot-helical
prote nriiToe^Iri ^chiteatures are manifested in the primary sequence of
residue^ ^ Peyiodlc occu^ence of doublets or triplets of polar or apolar
hvdfnnni ^ Pr°teln °r peptide ^ leads t0 t116 ordered segregation of
hydrophilic and hydrophobic residues and the formation of amphiphilic architectures. It
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has been demonstrated that amphiphilic p-sheet forms the major secondary structural 
component of a variety of biologically active molecules, in particular, bacterial porins {18) 
and a number of bacterial protein toxins (19) with one of the most recent examples being 
staphylococcal ot-toxin (20,21). Staphylococcal a-toxin is an intrinsically soluble 
hydrophilic single chain protein which must insert into the membrane of target cells to 
express biological activity. The spontaneous assembly of a-toxin molecules to form 
heptamers leads to the production of a transmembrane ^-barrel pore, with hydrophilic 
residues lining the aqueous pore interior and every other residue forming a hydrophobic 
boundary with the bilayer lipid core (21,22). However, in many systems the major 
amphiphilic secondary structural motif is the amphiphilic a-heiix (23-27). The 
amphiphilic a-helix may be defined as an a-helix with opposing polar and non-polar faces 
orientated along the long axis of the helix. The molecular geometry of these a-helices is 
close to that of the ideal or classical a-helix with differences in detailed architecture 
arising from variations in amino acid composition and environmental factors (28-30). 
The amphiphilic a-helix was first recognised as a unique structure / function motif in 
studies on the lipid associations of the human exchangeable apolipoproteins (31). This 
led Segrest and co-workers (24) to analyse the primary structures of a number of 
biologically active proteins and polypeptides to identify sequences with the potential to 
form amphiphilic a-helices. Based on hydrophobic moment plot methodology (32,33), 
this analysis revealed correlations between helical molecular architecture and biological 
function. Using the premise that a-helices serving like biological purposes possess 
similar structural characteristics Segrest et al, (24) defined seven major classes of 
amphiphilic a-helix, with the principal difference between helical classes lying in the 
distribution of charged residues in the helical polar faces (Figure 1) (24, 34-39). Three of 
these classes of a-helix are predominantly involved in protein - protein interactions and 
include the class K a-helices, found in the calmodulin-binding domains of various 
protein kinases, the class C a-helices of some coiled - coil protein arrangements and the 
class G a-helices of globular proteins. The protein - protein interactions of amphiphilic 
a-helices lie beyond the scope of this review and will not be considered further. The 
remaining major classes of amphiphilic d-helices defined by are primarily concerned 
with protein - lipid interactions and include the class A a-helices of exchangeable 
apolipoproteins, the class L a-helices of lytic peptides, the class H a-helices of 
polypeptide hormones and the class M a-helices of transmembrane proteins.

2.0 APOLIPOPROTEINS AND CLASS A a-HELICES
One of the primary functions of apolipoproteins is to associate with lipoprotein 

and thereby to assist in the lipid transport. Amphiphilic a-helices have been suggested to 
play a major role in the apolipoprotein - lipid associations of a variety of creatures 
including those of birds (40), insects (41-43) and various mammals (44-47). However, it 
is in the case of the human exchangeable apolipoproteins that this role for amphiphilic 
a-helices has been most clearly demonstrated (24,38,39,48,49). A striking feature of the 
human exchangeable apolipoproteins is the presence within their primary structures of 
eleven amino acid residue tandem repeats (50) which in some cases have evolved into 
multiple twenty two amino acid residue tandem repeats. The majority of these repeat 
units display the periodicity associated with amphiphilic a-helices (24) and this 
observation led to the suggestion that duplication of a single gene may have led to the 
current multigenc expression of the apolipoprotein tandem repeats (39). An early model 
for the lipid associations of the human exchangeable apolipoproteins suggested that 
positively charged residues located at the helical polar / non-polar interface and negatively 
charged residues centrally located in the helical polar face, interacted with phospholipid
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headgroups. Concomitant hydrophobic interactions between the non-polar face of the 
a-helix and phospholipid acyl chains were believed to result in the a-helix being half 
buried in the membrane. However, key results from subsequent studies showed that the 
lipid affinity of apolipoprotein a-helices could be enhanced by increases in the 
hydrophobicity of the helical non-polar face (35,39,49,51) and that although the helical 
charge distribution of the earlier model was optimal for higher levels of lipid association 
of the apolipoprotein a-helices (39,48,49,51-53), decreases in the alkyl chain lengths of 
interfacial positively charged residues led to decreased lipid affinities for these a-helices 
(35,39,51). These results, taken with other findings strongly support a revised version of 
the original model for the lipid interaction of apolipoprotein amphiphilic a-helices. In 
this, the "snorkel" model, it was suggested that as the bulk of the van der Waals surface 
areas of the positively charged residues involved in apolipoprotein - lipid interaction are 
hydrophobic, these residues themselves may be considered to be amphiphilic in nature. 
Thus when associating with lipid, the hydrophobic alkyl chains of these positively 
charged side chains might be able to extend or snorkel thus allowing the helix deeper 
penetration of the bilayer whilst still allowing the charged moieties to extend into the 
aqueous phase (39,48). This snorkelling would therefore increase the overall lipid affinity 
of the apolipoprotein a-helices. The snorkel model has predicted that class A a-helices 
possess helical side projection which mimic the inverted cone shape of some membrane 
lipids. In support of tills prediction, class A a-helices have been shown to inhibit the lytic 
action of some peptides which possess cone shaped class L a-helices. It was proposed 
that the class A helical shape complements that of the class L (a-helices and effectively 
neutralises the destabilising effects of these latter a-helices (54,55). Class A a-helices are 
known to stabilise membranes, particularly those with a propensity for the H], phase 
(54,56) and it has been suggested that these helices stabilise membranes by the reduction 
of negative curvature strain (57). It has also been observed that an inverted cone shape 
could allow class A a-helices to complement the lipid packing of the highly curved 
micellar surface of high density lipoprotein and stabilise these structures (38).

In an attempt to characterise the apolipoprotein a-helical regions, Segrest et al„ 
(24] subjected these regions to a computer based analysis. The results produced a 
consensus helical motif which was defined as a class A amphiphilic a-helix. These helices 
are characterised by high hydrophobic moments and a unique bunching of positively 
charged residues at the polar / non-polar interface, accompanied by clusters of negatively 
charged residues at the centre of the 180° polar face. This charge distribution is 
fundamental to the "snorkel" model. However, although many lines of research had 
localised major lipid binding sequences in the primary structures of the apolipoproteins 
and in general, these sequences coincided with the class A a-helical regions, the lipid 
affinities of these regions were found to vary considerably both between different 
apolipoproteins and between different domains within a given apolipoprotein (36,37,58). 
Segrest et aJ., (39) concluded that the hydrophobic moment algorithm used in their 
original analysis of amphiphilic a-helices (24) was not a good measure of the lipid 
affinities of lipid associating amphiphilic a-helices. Lipid associating class A a-helices of 
the apoliproteins were rather analysed by helical wheel based algorithms which provided 
a more detailed description of these a-helices and led to the identification of helical 
sub-classes which differed primarily in the clustering patterns of the charged residues in 
the helical polar faces. Based on closeness of fit to the original class A helical consensus 
motif, class A a-helices were sub-divided in descending rank order as class A2, class Al, 
and class A4 a-helices. Additionally the new class G* and class Y a-helices were defined. 
Comparison of the experimentally determined lipid associating regions of the 
apolipoproteins with those predicted by the analysis (39) suggested that the class A 
a-helices were largely responsible for the lipid associations of the apolipoproteins, with
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the lipid affinity of a-helices of class A2, > class Al. Thus, in general, the differences in 
lipid affinity observed between different apolipoprotein molecules and between different 
regions of the same apolipoprotein molecule could be related to the number and type of 
class A a-helices present in apolipoprotein molecules. The class Y a-helices have been 
suggested to serve as low lipid affinity binding sites whUst the class G* a-helices have 
been speculated to interact with either lipids or proteins depending upon local 
environmental conditions. In general, the rank order for the lipid affinities of 
apolipoprotein a-helices has been determined as class A > class Y > class G* (35,49).

3.0 PREDICTIVE TECHNIQUES
A number of methods exist for the identification and characterisation of 

amphiphilic a-helical segments but the most commonly used are probably graphical and 
those based on hydrophobic moment plot analysis (59). A frequently used graphical 
technique is the Schiffer-Edmundson helical wheel diagram (60). These are two 
dimensional projections where the side chains of residues forming the a-helix are 
projected onto a unit circle, in a plane perpendicular to the long axis of the helix. 
Consecutive amino acid residues are offset by 100° and amphiphillcity is revealed by the 
clustering of hydrophobic residues on one side of the unit circle and hydrophilic residues 
on the opposing side. Some degree of magnitude has been incorporated into the wheel by 
the use of a rose diagram. In these diagrams, the sector of the helical wheel representing 
a given amino acid includes a graphical representation which is a measure of the 
hydrophobicity of the given amino acid (61). Other than in cases where single short 
amino acid sequences are being considered and amphiphilic structure is well defined, the 
need for subjective judgment renders graphical techniques of limited use. To overcome 
these limitations quantitative techniques for the detection of amphiphilic a-helices have 
been devised for example hydrophobic moment plot analysis (32). In this analytical 
procedure, the hydrophobicities of consecutive residues in a given amino acid sequence 
are considered as vectors with positive values implying that a residue is hydrophobic. 
The hydrophobic moment is an expression of amphiphillcity obtained from a summation 
of these vectors in two dimensions, perpendicular to the helical long axis and assuming a 
periodicity to, which in the case of an idealised a-helix would be 100°, representing 3.6 
residues per turn. This is represented by the expression:

n n

P-(o) = {f X 2 + l X
k=\ £=1

where g(ai) is the hydrophobic moment of a sequence of length n residues, H* is the 
hydrophobicity of residue k and fl) is the periodicity of the residues side chain 
orientations. The usual method of analysis is to consider a window of eleven residues, 
representative of three dims of an a-helix, progressing along the amino acid sequence 
and for each window the hydrophobic moment and average hydrophobicity is calculated. 
The size of the hydrophobic moment allows the level of amphiphillcity to be estimated. 
The window possessing the largest value for the hydrophobic moment, together with the 
mean hydrophobicity at this point is then plotted onto the Eisenberg hydrophobic 
moment plot. For a given data point on the plot, the hydrophobicity measures the affinity 
of the sequence for the membrane interior and the hydrophobic moment measures the 
structured partitioning of hydrophilic and hydrophobic residues in the sequence and 
hence provides a measure of its amphiphilicity. Nonetheless, there are a number of 
problems associated with hydrophobic moment plot analysis, one of which stems from

86



the fact that the hydrophobic moment is a function of hydrophobicity. There are a variety 
of scales expressing amino acid hydrophobicities and these may be empirical (62), 
determined experimentally (63,64) or derived statistically (65,66). Variations in the 
relative values of these hydrophobicities, both within and between scales, can lead to 
difficulties in. interpreting the significance of the hydrophobic moment (67). Another 
problem arises from the fact that in their original analysis, Eisenberg et al., (32) assumed 
that ^(maximum) would occur when co = 100° which is the periodicity of an idealised 
amphiphilic a-helix. However, in practice ihmaximum) for an amphiphilic a-helical region 
can vary and usually occurs when tfl is closer to 97.5° (68), although values between 95° 
and 105° are possible (59). To accommodate these variation in angular periodicity, 
hydrophobic moment plot analysis has been extended to include a .profile of all 
periodicities between to = 0° to co = 180°. Hydrophobic moment profile analysis allows 
the detection of periodic hydrophobicity which is characteristic of not only putative 
amphiphilic a-helical regions but also other amphiphilic motifs such as (3-sheet 
structures (69). In addition to the prediction of sequences likely to form amphiphilic 
a-helices, the Eisenberg hydrophobic moment plot diagram has also been used to suggest 
possible membrane locations for the interaction, of such a-helices e.g. transmembrane 
although care must be taken when doing so (70). Indeed, homologues of the PBP5 and 
PBP6 C-terminal regions (71) have been shown to possess a-helical structure (72), high 
surface activities, high levels of interaction with lipid monolayers (73) and strong 
haemolytic abilities which are comparable to those of melittin and class L lysins (74). In 
this case hydrophobic moment plot predictions are strongly supported by experimental 
results and in turn this agreement strongly supports the proposed anchoring mechanism 
for the PBP5 and PBP6 C-terminal regions (71). In contrast to the PBP5 and PBP6 
C-terminal homologues, a homologue of the PBP4 C-terminal region showed no great 
propensity for a-helix formation (72) low levels of surface activity, low levels of interaction 
with lipid monolayers (73) and no evidence of haemolysis (74). These experimental 
results suggest that the PBP4 C-terminal region may be only wealdy membrane 
interactive yet the high hydrophobic moment alone could be taken to indicate that the 
PBP4 C-terminal region would be active at the membrane surface. This apparent 
disagreement illustrates a problem often encountered in conventional hydrophobic 
moment plot analysis. The boundaries used are very diffuse and ill-defined and in' 
addition the hydrophobic moment can be greatly effected by a few extreme amino acids 
masking the overall nature of the structure (75). To try and provide further guidance on 
the importance of the measure a method of statistical testing was recently introduced 
(75). This method confirmed that the PBP5 and PBP6 C-terminal regions had high 
potentials for amphiphilic a-helix formation. In contrast, the PBP4 C-terminal region was 
predicted to have equal potential for either amphiphilic a-helix or amphiphilic P-sheet 
formation. These predictions have been generally confirmed by both CD analysis (72) and 
Fourier transform infrared spectroscopy (Harris and Phoenix, unpublished data).

Brasseur (76). has recently attempted to refine hydrophobic plot methodology by 
looking at the molecular hydrophobic potential of membrane interactive protein and 
peptide segments. This technique provides a three dimensional graphical summary of 
hydrophobicity. Although this method assigns a numerical value to the segment of 
interest, classification is mainly based on the relative locations and size of the hydrophilic 
and hydrophobic arcs. Nonetheless, in this approach, the segment of interest is still 
identified using hydrophobic moment plot profile analysis and a fixed window size. 
Problems can still therefore arise in identifying weakly membrane interactive helices, 
particularly those near the boundary region. Algorithms based on hydrophobic plot 
methodology are commonly employed in predictive analysis, typical examples being the 
analyses of Pewsey et al., (75) and Segrest et al., (24). These algorithms posses a fixed
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window size which depending upon the algorithm used can vary from eleven to 
twenty-one residues. In some cases this can make the clear identification of putative - 
amphiphilic cx-helical sequences difficult (59). In response, Roberts et al., (77) have 
defined a new measure of membrane interactive potential - the depth weighted insertion 
hydrophobicity (DWIH). In this analytical approach the need for a fixed window size has 
been eliminated and instead the maximum window size which could potentially interact 
with the membrane is identified. In contrast to hydrophobic plot analysis, DWIH analysis 
treats polar residues as constraints rather than negative hydrophobicity values. An 
algorithm models putative cx-helical sequences in three dimensions and determines the 
potential of these cc-helices for membrane insertion taking into account the exclusion of 
hydrophilic residues, insertion angles and insertion depth of the helix.

4.0 SUMMARY
Hydrophobic moment plot based analysis appears to be generally reliable for the 

identification of sequences with amphiphilic a-helix forming potential and has 
successfully identified such sequences in the C-terminal regions of PBP5 and PBP6 and in 
the primary structures of peptides which make up the class A, class L, class M and class 
H amphiphilic a-helices. However, the hydrophobic moment is perhaps to simple a 
concept upon which to assign location or biological properties to amphiphilic structures 
when thus identified. Indeed, in this context, it seems quite probable that a methodology 
which reduces the amphiphilicity of a three dimensional structure to a single value by a 
two dimensional vectorial summation of polar and hydrophobic components can 
sometimes mislead. Furthermore, Segrest et al., (39) concluded that hydrophobic 
moment based algorithms were not good measures of the lipid affinities of class A 
amphiphilic a-helices and this led to the re-classification of some class A a-helices. The 
approach of Robert etal., (77), appears to offer a simple alternative for the identification 
of amphiphilic architecture and flexibility in predicting membrane interaction. Overall 
predictions based solely on primary structure information are unreliable but predictive 
techniques are generally good as guides. These techniques have helped in elucidating the 
membrane anchoring mechanisms of the E. coll low molecular mass PBPs and have 
served to help establish structure function relationships for the lipid associations of the 
amphiphilic a-helical classes reviewed here. These a-helical classes demonstrate the 
fundamental and versatile nature of the amphiphilic a-helix. Different a-helical classes 
stabilise membranes, destabilise membranes, form transient p ores or pores associated 
with transmembrane proteins, act as hormone receptor guides and anchor peripheral 
proteins membrane bound proteins. This list is nowhere exhaustive but serves to show 
that the amphiphilic a-helix is indeed a ubiquitous motif.
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Worldwide, approximately 200 million people currently have type II 
diabetes mellitus (DM), a prevalence that has been predicted to 
increase to 366 million by 2030. Rates of cardiovascular disease 
(CVD) mortality and morbidity are particularly high in this popula
tion, representing a significant cost for health care systems. Type II 
DM patients generally carry a number of risk factors for CVD, includ
ing hyperglycemia, abnormal lipid profiles, alterations in inflamma
tory mediators and coagulation/thrombolytic parameters, as well as 
other ‘nontraditional’ risk factors, many of which may be closely asso
ciated with insulin resistance. Therefore, successful management of 
CVD associated with diabetes represents a major challenge to the cli
nicians. An effective way of tackling this problem is to detect the 
associated risk factors and to target treatment toward their improve
ment. Targeting hyperglycemia alone does not reduce the excess risk

Diabetes mellitus (DM) is a metabolic disorder principally 
characterized by elevated blood glucose levels and by 

microvascular and macrovascular complications that consider
ably increase the morbidity and mortality related to the dis
ease (1,2). Type I DM (insulin-dependent diabetes mellitus, 
1DDM) is characterized by a near-total reliance on exogenous 
insulin for survival, and long-standing type I DM patients are 
susceptible to microvascular complications, including 
nephropathy, retinopathy and neuropathy, specific to diabetes 
and to nonspecific macrovascular disease (coronary artery dis
ease [CAD] and peripheral vascular disease, [Table 1]). 
Mortality in type I DM has increased four- to sevenfold over 
the matched nondiabetic population, and nephropathy and 
CAD are the main causes of death (3-5). However, type II DM 
(noninsulin-dependent diabetes mellitus, NIDDM) is charac
terized by relative insulin deficiency and/or insulin resistance 
and is becoming more common than type I, usually occurring 
in middle age, most commonly in the obese. The reason for 
this is attributed, in part, to an aging population and the 
increasing prevalence of obesity and sedentary lifestyles (3).

Specific microvascular complications in type II DM are less 
common than in type I DM, in which the onset is earlier and 
exposure to the disease is generally longer. However, retinopa
thy (especially maculopathy rather than proliferative changes), 
nephropathy and neuropathy occur (Table 1). Type II DM

in diabetes, highlighting the need for aggressive treatment of other 
risk factors. Although the current use of statin therapy is effective at 
reducing low-density lipoprotein cholesterol, residual risk remains for 
other independent lipid and nonlipid factors. The peroxisome 
proliferator-activated receptor-y appears to be closely involved in 
regulating risk markers at multiple levels. A relatively new class of 
therapeutic agents that activate peroxisome proliferator-activated 
receptor-y, the thiazolidinedione insulin-sensitizing agents, is cur
rently used to manage type II DM. These agents display a number of 
potential antiatherogenic properties, including effects on high-density 
lipoprotein cholesterol and triglycerides, as well as other beneficial 
nonlipid effects, such as regulating levels of mediators involved in 
inflammation and endothelial dysfunction. Research data suggest 
that simple strategies combining thiazolidinediones and statins could 
have complementary effects on CVD risk-factor profiles in diabetes, 
alongside the ability to control glycemia.

Key Words: Coronary artery disease; PPAR-y; Therapy; Type II 
diabetes

carries a high risk of large-vessel atherosclerosis, where the lin
ing of the artery wall becomes enlarged, as cells from the blood, 
along with lipids, accumulate, ultimately weakening the wall 
and precipitating a rupture. This condition affects many indi
viduals and is commonly associated with hypertension, hyper
lipidemia and obesity (5-9). Myocardial infarction (MI) is also 
common and accounts for 60% of deaths. Overall mortality of 
type II DM has increased two- to threefold and life expectancy 
is reduced by five to 10 years (3).

Atherosclerotic CAD and other forms of cardiovascular dis
ease (CVD) are the major causes of mortality in type II DM (1,2), 
and are major conmibutors to morbidity and depreciation in 
quality of life (3,4). Risks of incidence from CAD or fatal 
CAD are two- to fourfold higher in people with DM than in 
those without (5-9). Furthermore, long-term prognosis after a 
coronary event is significantly worse among people with DM 
than those without (10), Patients with type II DM (but with
out previous MI) have as high a risk of MI as nondiabetic 
patients with previous MI (5). Accordingly, the National 
Cholesterol Education Program (NCEP) guidelines classify DM 
as a CAD risk equivalent” — a disorder that carries an 
absolute, 10-year risk for developing new major coronary 
events equal to that of nondiabetic persons with established 
CAD (ie, less then 20%) (11). Thus, DM is considered an impor
tant cause of CVD and, from the perspective of cardiovascular
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TABLE 2

Causes of mortality in type I and type II diabetes mellitus (DM)
Type I DM (%) Type II DM (%)

Cardiovascular disease 15 58

Cerebrovascular disease 3 12

Nephropathy 55 3

Diabetic 'coma' A 1

Malignancy 0 11

Infections 10 4

Others 13 11

medicine, may even be considered as a CVD in itself (12). 
However, the core metabolic defect in DM (ie, hyperglycemia) 
does not by itself raise the risk to the level of a CAD risk 
equivalent - it is a constellation of metabolic risk factors that 
combine with hyperglycemia to impart a high risk (11), The pres
ent review describes the various CVD risk markers presenting 
in people with type II DM and indicates how current and 
potential future strategies aim to reduce this CVD risk.

INTERRELATION OF METABOLIC 
ABNORMALITIES AND CARDIOVASCULAR 

COMPLICATIONS ASSOCIATED WITH 
TYPE II DM

The major underlying defect of type II DM is insulin resistance 
and progressive deterioration of P-cell functions (1). A diversity 
of causes, including aging, genetic defects, environmental fac
tors and obesity, can trigger the development of insulin resist
ance. Once insulin resistance develops in several tissues, 
insulin-stimulated glucose disposal is decreased and adipocytes 
release many free fatty acids (FFAs). Furthermore, increased 
FFAs inhibit the insulin action on liver, resulting in increased 
gluconeogenesis in the hyperglycemic state.

Coronary artery atherosclerosis in diabetic subjects is more 
diffuse and severe than in nondiabetic subjects. Acute MI in 
diabetes carries twice the mortality of that in the general pop
ulation and contributing factors may include coexistent dia
betic cardiomyopathy, autonomic neuropathy, and adverse 
cardiac and metabolic effects of increased nonesterified fatty acid 
levels (6-10). Acute MI in these subjects is usually managed by 
tight control of blood glucose and potassium levels and prompt 
treatment of cardiac failure. The symptoms of angina can be 
masked in diabetic patients by autonomic neuropathy (11-21).

DM patients often present a number of discrete CVD risk 
factors (Table 2) that are closely associated with the presence 
of insulin resistance, a possible common etiological factor, 
although without clear connection (11,13). The combination 
of multiple CVD risk factors and insulin resistance is collec
tively known as the ‘metabolic syndrome1 as defined by the 
World Health Organization and the NCEP Adult Treatment 
Panel (ATP) III (11,13) (Table 2). Type II DM patients with 
insulin resistance have a proatherogenic cardiovascular risk 
profile which includes impaired glucose regulation, abdominal 
obesity, hypertension, atherogenic dyshpidemia (characterized 
by elevated levels of triglycerides [TGs] and low levels of high- 
density lipoprotein cholesterol [HDL-C]), microalbuminuria, 
and specific proinflammatory and prothrombotic abnormali
ties of endothelial cell and vascular functions (11,13-15). In

Coronary artery disease risk factors associated with 
type II diabetes mellitus
Risk factors Refe'rence

Hyperglycemia 11, 31, 40

Hyperinsulinemia 11, 12

Obesity 13-15

Dyslipidemia

Decreased high-density lipoprotein cholesterol 

Small, dense low-density lipoprotein particle size 

Increased triglycerides

22-26

Hypertension 17,18

Microalbuminuria 40

High white blood cell count 21,27, 40

Vascular inflammation markers

Increased C-readive protein

Increased monocyte chemotadic protein-1 

increased proinflammatory cytokines

30-32, 36-39

Coagulation and thrombotic markers

Increased mean platelet volume

Decreased antioxidant status

Increased von Wlllebrand factor

Decreased antithrombin III

Increased plasminogen adivator inhibitor-1

11, 13-15, 76-78

Increased fibrinogen

Increased matrix metalloproteinase levels

Endothelial dysfundion

Decreased vascular readivity

Increased degradation of nitric oxide

Reduced release of prostacyclin

Impaired flow-mediated dilation

30-32,41,42

those with normal glucose tolerance, the presence of the 
metabolic syndrome also predicts a high risk for developing 
type II DM (13,16,17).

Although each component of the metabolic syndrome 
brings an individual increased CVD risk, the effect is 
enhanced when in combination. Therefore, the metabolic syn
drome is associated with a threefold increase in the risk of 
CAD and stroke and a threefold increase in the likelihood of 
mortality from CAD (18,19). Furthermore, the risk of CVD 
(and also DM) increases as the number of components of the 
metabolic syndrome increases (16).

The prevalence rate of the metabolic syndrome is high in 
many western countries, with 25% to 35% of the general pop
ulation affected. Based on 2002 census data of adults in the 
United States, approximately 47 million residents have the 
metabolic syndrome and the age-adjusted prevalence of the 
metabolic syndrome is 24%, increasing with age from 7% in 
the Third National Health and Nutrition Examination Survey 
(NHANES III) participants aged 20 to 29 years to 44% in 
those aged 60 to 69 years (20). The association with DM was 
highlighted in a recent analysis from NHANES III in which 
approximately 85% of people with diabetes were classified as 
having the metabolic syndrome compared with only 12% of 
those with normal fasting glucose (21).
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Abnormal lipid profiles
Dyslipidemia is an established risk factor for CAD in patients 
with type II DM, as well as in nondiabetic patients, and is likely 
to play a leading role in the increased CVD risk associated 
with diabetes (11,22,23). The dyslipidemia associated with 
type II DM is typically more complex than simple elevation of 
systemic low-density lipoprotein cholesterol (LDL-C) levels. 
In fact, the LDL-C levels seen in diabetic populations may not 
be significantly different from the values seen in nondiabetic 
populations. The high atherogenicity associated with diabetic 
dyslipidemia is probably related to the characteristic finding of 
low plasma concentrations of HDL-C, elevated levels of 
apolipoprotein B and elevated TG levels, as well as to abnormal
ities in lipoprotein particle size and subclass distribution (24,25). 
Among the wide range of lipoprotein subclasses that have been 
described, disproportionate amounts of small, dense LDL parti
cles and small HDL particles are thought to constitute a par
ticularly atherogenic profile due to a high susceptibility to 
oxidation (26).

Several mechanisms may account for the atherogenic lipid 
abnormalities in diabetic patients. Dysfunctional adipose tissue 
or adiposopathy is thought to develop via the combination of 
excessive fat accumulation and genetic predisposition. 
Evidence suggests that this dysfunctional adipose tissue is less 
sensitive to insulin and has reduced hormone-sensitive lipase 
activity compared that of with normal adipose tissue. As a 
result, there is an increased breakdown of intracellular TG and 
increased release of FFAs into the circulation, leading to fatty 
infiltration in the liver, muscles and possibly pancreatic P-cells 
(Figure la). Ultimately, this contributes to, and may exacer
bate, insulin resistance in the liver and muscle. After long
term exposure to FFA, the function of the pancreatic P-cells 
may also be compromised, leading to or contributing to 
increased predisposition to type II DM. Increased hepatic FFAs 
contribute to increased hepatic synthesis of TG, which in turn 
results in elevated concentrations of very LDL (VLDL) parti
cles (Figure lb). As a consequence, the characteristic hyper
triglyceridemia (and possible ‘fatty liver’) emerges, a common 
finding in patients with insulin resistance. Afterwards, various 
lipases contribute to remodelling of VLDL to small, dense LDL 
particles (Figure Id). In addition, cholesteryl ester transfer pro
tein (CETP) exchanges TG from VLDL to cholesterol found 
in HDL and LDL, leading to cholesterol-rich atherogenic 
VLDL particles. HDL particles that undergo these modifica
tions are cleared more readily by the kidney, resulting in lower 
HDL-C levels (Figure 1c). The more TG-rich LDL particles 
undergo metabolism by lipases, again resulting in small, dense 
LDL particles that exhibit increased atherogenicity.

Hypertension
Hypertension in diabetic patients represents an important 
health problem because the combination of the two diseases is 
common. Hypertension affects over 30% of European diabetic 
patients and is twice as common as in the nondiabetic popula
tion (27). DM predisposes individuals to hypertension by pro
moting sodium retention, increasing vascular tone and by 
contributing to nephropathy. Hypertension in type II DM can 
be partly a consequence of insulin resistance and of hyperinsu- 
linemia. Aortic stiffness as measured from aortic pulse wave 
velocity (PWV) has been shown to be a predictor of future cardio
vascular events in patients with DM and hypertension (28,29). 
It is of note (30) that an increase in brachial-ankle PWV is

m FFA

Figure 1) The role of cholesteryl ester transfer protein (CETP) in the 
creation of an atherogenic lipid profile of hypertriglyceridemia, choles
terol (C)-rich very low-density lipoprotein (VLDL), low high-density 
lipoprotein (HDL)-C levels and small, dense LDL panicles typical of 
the metabolic syndrome and type 11 diabetes meliitus (reproduced from 
reference 99). FFA Free fatty acid; TG Triglyceride

associated with symptomatic cerebral infarction in patients 
with type II DM. Indeed, there are significant differences in 
the age-related increase in vascular stiffness in the elastic arter
ies of people without diabetes, compared with those in the 
arteries of patients with diabetes, and their blood vessels seem 
to age at an accelerated pace, starting at an earlier age and 
then reaching a functional plateau (31). Thus, PWV is 
thought to be useful as a marker relating to the severity of ath
erosclerosis and for predicting future atherosclerotic cardiovas
cular events in DM patients.

Endothelial dysfunction and the vascular wall in DM 
Vascular endothelial dysfunction has been proposed to play a 
pivotal role in the development and progression of subclinical 
atherosclerosis. The properties of the impaired endothelium 
include reduced vasoactive capability, increased ability to sup
port thrombosis, increased permeability and increased adhe
sion molecule expression (32,33). Such changes produce 
increased adhesion of leukocytes and platelets, increased 
responsiveness to vasoconstrictor agents (eg, angiotensin II, 
endothelin-1 and thrombin) and increased transmigration of 
leukocytes (33,34). Prostacyclin and nitric oxide (NO), pro
duced by normal endothelium, inhibit platelet activation and 
relax vascular smooth muscle, promoting normal blood flow. 
People with DM have a reduced release of prostacyclin and 
NO (35) and the chronic impairment of endothelial NO 
synthase activity by this mechanism may partly explain the 
accelerated atherosclerosis in DM. Endothelial dysfunction 
can be detected early in the prediabetic state and the progression
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development of DM (42,47,48). CRP also stimulates PAM, 
which inhibits fibrinolysis and also predicts CAD and DM, as 
well as contributing to the prothrombotic state in obesity (43,46).

There is also evidence to suggest that there is an association 
between diabetes and cyclooxygenase-Z-mediated inflammation 
(49). In the presence of proinflammatory stimuli, endothelial 
cells are activated by an increasing production and expression 
of soluble adhesion molecules, such as intercellular adhesion 
molecule-1, vascular cell adhesion molecule-1 and E-selectin 
(50,51). Moreover, prospective studies (52,53) have showed 
that elevated levels of intercellular adhesion molecule-1 and 
E-selectin in diabetes significantly predict future risk of CVD. 
CD40 ligand is a trimeric, transmembrane protein of the TNF 
family and, together with its receptor, is an important contrib
utor to the inflammatory processes that lead to atherosclerosis 
and thrombosis. Both CD40 and CD40 ligand have been 
showed to be present in human atheroma (54), and intensive 
multifactorial cardiovascular risk management reduces high 
levels of soluble CD40 ligand in diabetes, particularly in 
patients with overt CVD (55).

Figure 2) Inflammatory processes involved m the development of ath
erosclerotic lesions (reproduced from reference 99). LDL Low-density 
lipoprotein; MCP-J Monocyte chemotactic protem-J

of endothelial dysfunction to atherosclerosis parallels that of 
insulin resistance to type II DM (32,33).

Plasma von Willebrand factor (vWF) (a marker of endothe
lial damage/dysfunction) levels are elevated in patients with 
type II DM, particularly in the presence of microalbuminuria 
and a history of CAD. This was found to be associated with 
markers of an increased oxidative stress and therefore reflect the 
seventy of biochemical abnormalities, contributing to diabetic 
vascular disease (36). Increased levels of vWF was found to be 
independently and significantly associated with diabetes in a 
cohort of postmfarction patients, possibly indicative of endothe
lial damage being causal to the increased vascular events (37).

Impaired endothelial synthesis of NO is an important fea
ture of atherothrombosis, estimated from endothelium-dependent 
flow-mediated dilation (FMD), and type II DM is independ
ently associated with impaired FMD (38). Diabetic patients 
also have a decreased FMD and an increased arterial stiffness 
compared with age- and sex-matched nondiabetic people, and 
these functional changes correlate well with the structural 
changes of the arteries measured by intimal medial thickness (39).

The relationship between micro- or macroalbuminuria and 
CVD mortality may also be related to its association with 
endothelial dysfunction (40,41).

Inflammation and diabetes
There is a close association between inflammation and 
endothelial dysfunction and there is increasing evidence that 
low-grade inflammation, perhaps reflecting a widespread acti
vation of the innate immune system, is closely involved in the 
pathogenesis of type II DM dyslipidemia and atherosclerosis (42). 
The ongoing acute phase response (seen in insulin-resistant 
subjects and type II DM patients) is induced by cytokines, and 
is reflected in elevated circulating inflammatory markers, such 
as C-reactive protein (CRP), interleukin (IL)-l, IL-6, tumour 
necrosis factor-alpha (TNF-a), leptin. plasminogen activator 
inhibitor-1 (PAI-1), angiotensinogen and fibrinogen 
(described by Hsueh and Bruemmer 143] as a “proinflammatory 
milieu"). Such chronic inflammation of the endothelial cell 
and vascular environment impairs endothelium-dependent 
vasodilation, induces the expression of cell surface adhesion 
molecules by endothelial cells and increases cardiovascular risk 
(44.46) (Figure 2). In particular, CRP may play a significant 
role as it amplifies the inflammatory response by stimulating 
the production of TNF-a and IL-1 by tissue macrophages (46). 
Thus, CRP has been linked with CAD mortality and the

Abnormalities of extracellular matrix turnover 
Circulating markers of extracellular matrix turnover, such as 
matrix metalloproteinases (MMPs) and their tissue inhibitors 
of metalloproteinases (TIMPs) are fundamental to the vascular 
changes of atheromatous vascular disease. TIMP-1 is an 
endogenous MMP inhibitor that may be involved in vascular 
matrix fibrosis (56), and has a role in left ventricular hypertro
phy and diastolic dysfunction by reducing cardiac collagen 
type I turnover and increasing cardiac mass and stiffness (57).
It is of note (58) that MMP-9 and TIMP-1 levels are signifi
cantly raised in DM, and increased central and peripheral 
artery stiffness is also present in this condition (59). 
Reductions in TIMP-1 levels have been observed with 
improvement in metabolic control, and this raises the possibil
ity of TIMP-1 as a marker of vascular composition in diabetes 
(60), a possible target for intervention.

Hyperglycemia and oxidative stress
Hyperglycemia may induce protein glycation, oxidation, gly- 
coxidation and lipoxidation, and may mediate vascular damage 
in DM (61,62). Connective tissue proteins, such as collagen, 
may be affected by elevated glucose levels and it has been 
observed that in DM individuals, the gradual, age-dependent 
collagen glycation is impaired and accelerated by two- or 
threefold compared with that of non-DM individuals (63). 
Furthermore, hyperglycemia leads to the formation of 
advanced glycation end products (AGEs), such as car- 
boxymethyllysine and pentosidine agents, that are formed via 
the noneraymatic, covalent modification of free proteins by 
reducing sugars. AGEs act through activation of a cell surface 
receptor of AGE (RAGE), and have been shown to have detri
mental effects in both microvascular and macrovascular 
endothelial cells by inducing free radical oxidation and altering 
endothelial function (64,65).

Hyperglycemia is also likely to contribute further to 
endothelial dysfunction once DM develops, and poor 
glycemic control is a significant predictor of CVD mortality 
in DM (11,33,40). Although hyperglycemia is an established 
CVD risk factor independent of dyslipidemia, clinical trials, 
such as the United Kingdom Prospective Diabetes Study 
(UKPDS), have not been able to demonstrate definitively that
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an intensive glucose lowering policy reduces CAD events 
(11,61,62). Thus, a focus on reducing glycemia alone does not 
appear sufficient to reduce the excess risk in DM, highlighting 
the need for aggressive treatment of other risk factors. Some 
oral agents (eg, thiazolidinediones [TZDs]) used to treat hyper
glycemia do significantly modify cardiovascular risk factors 
other than hyperglycemia (66), and may have a role in reduc
ing the CVD burden of DM.

Other risk factors
In addition to these ‘traditional’ CVD risk factors, analyses 
from NHANES III recently highlighted a number of ‘nontradi- 
tional’ risk factors that are present significantly more frequently 
in DM, including high white blood cell count, low serum albu
min, low glomerular filtration rate, high plasma fibrinogen and 
elevated CRP (21). Furthermore, 12% of people with DM had 
three or more nontraditional risk factors compared with only 5% 
of those with normal fasting glucose.

Large-scale intervention trials highlight the impact of dys- 
lipidemia in DM. For instance, in the UKPDS, there were sig
nificant associations between increased risk of CAD and 
increased concentrations of LDL-C and TGs, as well as 
between increased risk of CAD and decreased concentrations 
of HDL-C (67). The diabetes intervention study and the Paris 
prospective study found that TGs, in particular, were significant 
predictors of mortality from CAD (68,69).

Nuclear receptors associated with metabolic homeostasis 
Nuclear hormone receptors may interact directly with target 
genes to induce a variety of physiological effects, including 
the regulation of cholesterol, fatty acids and glucose metabo
lism. They include peroxisome proliferator-activated receptor- 
gamma and -delta (PPAR-y and -8), retinoid X receptor 
(RXR), liver X receptor and farnesoid X receptor. The PPAR 
family consists of three types of receptors, termed PPAR-a, 
PPAR-5 and PPAR-y. PPARs mediate a large proportion of 
their actions by binding to peroxisome proliferator response 
elements (PPREs) on DNA (43). The PPREs are direct 
repeats of the hexameric sequence AGGTCA, separated by 
one or two nucleotides. In terms of PPAR function, distinct 
domains have been identified that have key roles in the trans
duction of the PPAR-induced response. The binding of ligand 
to the ligand-binding domain results in a conformational 
change in the receptor that allows transactivation of the 
appropriate genes. PPARs have been shown to form het- 
erodimers with the RXR, resulting in a synergistic effect on 
gene transactivation (44).

PPAR-y is a nuclear hormone receptor that comprises an 
agonist-dependent activation domain (AF-2), DNA binding 
domain and agonist-independent activation domain (AF-1). 
The cloning of PPAR-y ultimately leads to the observation 
that it has an important regulatory role in adipogenesis, PPAR-y 
is highly expressed in adipose tissue and its overexpression in 
fibroblasts results in differentiation of fibroblasts into 
adipocytes (43,44). Upon the binding of the agonists, PPAR-y 
heterodimerizes with RXR-cc and activates the transcription of 
target genes through the binding of the PPRE.

Activation of PPAR-y has profound effects on the 
myocardium and major cells of the vasculature (31,43). Firstly, 
PPAR-y ligands inhibit inflammation directly in vascular cells, 
as well as indirectly through regulation of gene expression in 
adipose tissue (43). They also block vascular smooth muscle

Risk factors and diabetes mellitus

cell growth and migration in human atheroma, migration of 
monocytes and also promote reverse cholesterol transport. 
PPAR-y ligands also inhibit endothelial cell growth and move
ment, thus demonstrating antiangiogenic properties (43).
, At present, information is not available regarding the long
term effects of PPAR-y activation on CVD risk and DM compli
cations. However, a number of clinical studies have shown that 
its synthetic agonists, TZDs, may improve glucose tolerance by 
enhancing insulin sensitivity and restoring the function of 
P-cells in diabetic subjects (26,70-74). TZDs, also termed the 
‘glitazones1, include agents such as troglitazone, pioglitazone and 
rosiglitazone. There is a strong correlation between the TZD- 
PPAR-y interaction and antidiabetic action of TZDs; the rela
tive potency of TZDs for binding to PPAR-y and activation of 
PPAR-y in vitro correlates well with their antidiabetic potency 
in vivo (75). Patients with a dominant negative mutation in the 
PPAR-y gene show severe hyperglycemia, which provides a 
genetic link between PPAR-y and type II DM (76). TZDs stim
ulate adipocyte differentiation, preferentially generating smaller 
adipocytes that are more sensitive to insulin, producing less 
FFAs, TNF-a and leptin (77,78). Although the antidia- 
betic action of PPAR-y agonists is well established, there is dis
agreement about the mechanism proposed to explain how these 
agonists affect glucose metabolism. Improved glucose home
ostasis may be achieved either by systemic insulin sensitization 
or by direct action of PPAR-y on the transcription of genes 
involved in the glucose disposal. Evidence supporting the direct 
action of PPAR-y on glucose metabolism has been reported. TZDs 
increase the expression of insulin receptor substrate (IRS)-l (79), 
IRS-2 (80), the p85 subunit of phosphatidylinositol 3-kinase (81) 
and the Cbl-associated protein (82,83). These results are in line 
with the fact that TZDs increase insulin-stimulated glucose 
uptake in L6 myotubes (84) and in cultured human skeletal 
muscle cells (85,86). In addition to the insulin-sensitizing effects 
in peripheral tissues, PPAR-y is known to increase the glucose- 
sensing ability of pancreatic P-cells (46,87-89). TZDs can reduce 
hepatic glucose production and increase glycogen synthesis in 
diabetic animal models, although controversial results have 
been reported.

THERAPEUTIC APPROACHES FOR 
PREVENTION OF CARDIOVASCULAR 

COMPLICATIONS IN TYPE II DM 
Diabetic status appears to confer an exceptionally high risk for 
macrovascular disease, and there is a consensus that only a 
portion of patients with DM are optimally treated with a com
prehensive plan that includes aggressive lipid and glycemic 
control, blood pressure-lowering, body mass index (BMI) 
reduction through diet and increased physical activity, and 
smoking cessation.

Therapies to lower lipids and blood pressure are proven 
interventions to reduce CVD (Table 3). There is strong evi
dence that acetylsalicylic acid (90,91), statins (92,93) and 
angiotensin-converting enzyme (ACE) inhibitors (94) reduce 
the risk of death from CVD in patients with DM. Additional 
therapies to the tight blood glucose control with other antihy- 
pertensive agents and fibrates have also been added, targeting 
the coexisting hypertension and hypertriglyceridemia, which is 
also widely prevalent in type II DM (95,96).

Other interventions, specifically weight loss, increased 
exercise and antidiabetic drugs such as metformin and acarbose,
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TABLE 3
Therapies to reduce cardiovascular disease in diabetes
mellitus
• Antihypertensh/e treatment (the lower the pressure, the better)

• Hypercholesterolemia treatment with statins (the lower the low-density 

lipoprotein cholesterol level, the better)

• Acetylsalieylic acid treatment

• Coronary artery bypass grafting (better than percutaneous transluminal 

coronary angioplasty)

• Glycoprotein llb/llla inhibitor treatment plus percutaneous transluminal 

coronary angioplasty

have been shown to prevent diabetes in patients with impaired 
glucose tolerance, but whether CVD is also prevented in this 
high-risk group is not yet known (97,98).

With respect to nonmedical therapies, coronary artery 
bypass grafting is associated with a greater success than is per
cutaneous transluminal coronary angioplasty (PTCA) for 
patients with multivessel CAD (99). For persons with dia
betes undergoing PTCA, the combination of a stent and gly
coprotein Ilb/IIIa inhibitor significantly reduces restenosis 
rates and serious morbidity, compared with PTCA alone. 
Trials using drug-eluting stents in diabetes are currently 
underway. Other interventions, such as smoking cessation and 
blood glucose control, were deemed ‘likely to be beneficial’ for 
lowering the risk of heart disease, according to the evidence- 
based guidelines (100).

Use of acetylsalieylic acid
Low-dose daily acetylsalieylic acid is being advocated to pre
vent a first Ml. The United States Preventive Service Task 
Force strongly recommends acetylsalieylic acid chemopreven- 
tion for adults who are at increased risk for CAD, including 
people with diabetes, based on a meta-analysis of five primary 
prevention trials that included the seminal United States 
Physicians’ Health Study (101). The American Diabetes 
Association also recommends acetylsalieylic acid for the pri
mary prevention of heart disease in diabetic patients older than 
30 years with no contraindications (102). The American 
Heart Association Guidelines for Primary Prevention of 
Cardiovascular Disease and Stroke: 2000 Update (103) call for 
low-dose acetylsalieylic acid for primary prevention in patients 
with a 10-year risk of heart disease that exceeds 10%.

Lifestyle modification to prevent diabetes 
Therapeutic lifestyle changes, including reducing intake of sat
urated fats and cholesterol, increasing intake of fibre, reducing 
body weight and increasing physical activity, represent the first 
step for CAD risk reduction in the recommendations of both 
the NCEP and the Joint European Societies (104,105). 
Lifestyle modifications also play an important role in strategies 
to prevent and treat diabetes (106-108). The benefits of 
lifestyle modification in risk reduction can be significant; for 
example, it is estimated that a 10% reduction in BMI in 
patients with type II DM can reduce systolic blood pressure by 
15 mmHg to 20 mmHg, total cholesterol by 1 mmol/L to 
2 mmol/L and HbAlc by 1% to 2%. Two large studies 
(109,110) have recently shown that such lifestyle intervention 
is highly successful in preventing development of type II DM.

Use of ACE inhibitors
The relationship between the renin-angiotensin-aldosterone 
system and diabetic macrovascular and microvascular disease is 
well established (111).Vascular angiotensin plays an important 
role in the long-term regulation of the blood vessel function 
and structure. Angiotensin stimulates vascular smooth muscle 
cell growth via the induction of proto-oncogene and autocrine 
growth factor gene expressions (112). Angiotensin II acts prin
cipally through the angiotensin type 1 receptors leading to a 
range of harmful effects that culminates in vascular inflamma
tion, atherosclerosis (113) and oxidative stress (114-118).

ACE inhibitors have been showed to have long-term bene
fits in CVD. These drugs have been considered for the treat
ment of hypertension in diabetic patients with heart failure, 
previous MI or proteinuria. Moreover, pharmacological inter
ventions with ACE inhibitors lead to the accumulation of 
bradykinin and suppression of angiotensin II (119).

The Heart Outcomes Prevention Evaluation (HOPE) 
study (120) demonstrated the significant benefits of ACE inhi
bition in patients with documented coronary disease. This 
study assessed the effects of treatment with the ACE inhibitor 
ramipril, versus placebo, in 9297 patients, who had evidence of 
vascular disease or diabetes plus one additional cardiovascular 
risk factor, and who did not have left ventricular dysfunction 
or heart failure. Treatment with ramipril resulted in reduced 
rates of death from cardiovascular causes, MI, stroke, death 
from any cause, revascularization procedures, cardiac arrest, 
heart failure and complications related to diabetes. In terms of 
heart failure, ramipril treatment reduced the risk of new-onset 
heart failure by 23% (120). A substudy of the HOPE trial, the 
Microalbuminuria, Cardiovascular, and Renal Outcomes 
(MICRO)-HOPE study (121), examined whether ramipril can 
lower the risks of CVD and renal disease in patients with dia
betes. The analysis included 3577 patients with diabetes who 
had been included in the HOPE study. The independent safety 
and monitoring board stopped the MICRO-HOPE study early 
(after 4.5 years) because ramipril therapy demonstrated a con
sistent benefit compared with placebo in this patient popula
tion. Specifically, it reduced the risk of total mortality by 24%, 
MI by 22%, stroke by 33%, cardiovascular death by 37% and 
revascularization by 17% (122). The HOPE and MICRO
HOPE studies provide convincing evidence that ACE inhibi
tion can lower the risk of new-onset heart failure in patients 
with diabetes. In patients with symptomatic heart failure, there 
is a wealth of data demonstrating the benefits of ACE inhibitor 
therapy. Garg and Yusuf (122) analyzed 32 randomized, con
trolled trials of ACE inhibitor therapy in patients with symp
tomatic congestive heart failure and found that ACE inhibitor 
treatment resulted in a 23% reduction in mortality.

A more recent analysis of major clinical trials of ACE 
inhibitors further shows that patients with heart failure who 
have diabetes experience a benefit from therapy with ACE 
inhibitors similar to that of their nondiabetic counterparts (123).

Use of lipid-regulating agents (statins and fibrates) 
Randomized clinical trials have demonstrated that lipid- 
regulating agents (statins or fibrates) significantly reduce the 
risk of cardiovascular events in subjects with diabetes and 
dyslipidemia.

The inhibitors of HMG-CoA reductase, known genetically 
as statins, are the recommended first-line therapy for patients 
with dyslipidemia (11,124). These drugs inhibit the rate-limiting
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to mevalonate. This reduces the availability of cholesterol for 
packaging into lipoproteins, such as VLDL and LDL. 
Consequently, upregulation of hepatic LDL receptors also 
occurs, leading to a further fall in plasma LDL-C. It is believed 
that this well-documented fall in LDL-C underpins most of the 
beneficial effect of the statins. Clinical trials of statins have 
shown convincingly that they decrease overall morbidity and 
mortality from CAD by one-third, with a similar decrease in 
risk of nonhemorrhagic stroke and a decrease in all-cause mor
tality of almost one-quarter (125), For instance, the 
Scandinavian Simvastatin Survival Study (4S) showed that 
simvastatin therapy reduced CAD events by 55% in people 
with DM (126).

Pooled data from the Cholesterol and Recurrent Events (CARE) 
and Long-term Intervention with Pravastatin in Ischaemic 
Disease (LIPID) studies of pravastatin therapy also revealed 
significantly reduced CAD events in people with DM (127). 
The Collaborative Atorvastatin Diabetes Study (CARDS) was 
halted two years early, because patients on statin therapy had 
significant reductions in acute coronary events by 36% and 
stroke by 48% (128). While the American College of 
Physicians has recommended the widespread use of statin ther
apy to prevent CVD in patients with type II DM (129,130), 
not all clinicians agree that statins should be used in all 
patients with the disorder (131). Although statins are effec
tive at lowering LDL-C (by approximately 20% to 25%i). 
their effects on TGs and HDL-C are less impressive, with 
approximately 10% to 15% decreases in TGs and only 
approximately 5% increases in HDL-C, and a substantial 
‘residual’ cardiovascular risk may remain without appropriate 
attention to these risk factors (125,132-134).

Use of PPAR-y activators
PPAR-y activation - effects on lipid profile: Insulin resist
ance results in increased levels of plasma TGs, decreased 
HDL-C and a predominance of highly atherogenic, small, 
dense, LDL-C particles, as mentioned previously (22-25). The 
TZDs have beneficial effects in attenuating this complex dys- 
lipidemic state. Typical quantitative changes have been 
described in studies using pioglitazone (135-139) and rosigli- 
tazone (140). In dyslipidemic patients, TG levels did not 
change significantly from baseline with rosiglitazone therapy, 
whereas total cholesterol, HDL-C and LDL-C levels increased 
at doses greater than 4 mg. However, LDL-C levels stabilized 
after approximately three months of treatment with 8 mg of 
rosiglitazone, whereas HDL-C Levels continued to increase 
during 1.5 years of follow-up, leading to an overall decrease in 
the LDL-C to HDL-C ratio. The clinical significance of the 
small increase in LDL-C is unclear. As with troglitazone, the 
increase in LDL-C concentration with rosiglitazone and 
pioglitazone occurs mainly in the larger, more buoyant, appar
ently less atherogenic subfraction of LDL-C (140,141). 
Rosiglitazone also reduces plasma levels of the atherogenic, 
small, dense LDL-C and increases levels of the atheroprotec- 
tive large HDL-C (70). Both rosiglitazone and pioglitazone 
decrease circulating FFA levels, an effect that may relate to 
improved insulin sensitivity (140).

These effects on lipid abnormalities may not be a class effect 
of TZDs, because pioglitazone and rosiglitazone have distinct 
effects on lipoprotein metabolism, which may have important 
clinical implications for cardiovascular risk reduction in

patients with type II DM. In a retrospective study (140) from 
primary care practices, pioglitazone demonstrated significant
ly greater benefits on blood lipid parameters (TGs, total cho
lesterol and LDL-C) relative to rosiglitazone, while glycemic 
.control (as measured by HbAlc) was comparable. 
Furthermore, recent results from a randomized, prospective, 
double-blind study comparing the two agents showed that, 
relative to rosiglitazone, pioglitazone significantly improved 
TGs, HDL-C and LDL particle concentration and size. Non- 
HDL-C remained stable with pioglitazone, but increased with 
rosiglitazone.
PPAR-y activation - effects on endothelial dysfunction and 
inflammation: The TZDs have salutary effects on endothelial 
dysfunction, a key factor in the pathogenesis of atherogen- 
esis (141). For example, expression of endothelin-1 (ET-1), a 
potent, endothelial-derived vasoconstrictor compound 
thought to be involved in the pathogenesis of numerous com
plications of diabetes, is regulated by TZD action. In the kid
ney, glomerular endothelial cells, mesangial cells and 
epithelial cells secrete ET-1, and alterations in urinary and 
renal ET-1 concentrations are associated with the develop
ment of diabetic nephropathy (142).

Patients with type II DM treated with TZDs have shown 
improvements in other nonlipid cardiovascular risk markers, 
either directly by affecting vascular smooth walls and cells 
involved in the atherogenic process or indirectly by improving 
insulin sensitivity. Markers of inflammation, coagulation and 
thrombosis, blood pressure and urinary albumin to creatinine 
ratio (a measure of microalbuminuria) have all been improved 
with TZD therapy. Both rosiglitazone and pioglitazone signifi
cantly improved the albumin to creatinine ratio, accompanied 
by reductions in blood pressure, in patients with type II DM 
compared with comparator oral agents (143).

In a study of 45 normotensive, euglycemic type II DM 
patients with microalbuminuria compared with 30 healthy 
controls, pioglitazone reduced urinary albumin excretion and 
urinary ET-1 excretion, neither of which was affected by 
glibenclamide or voglibose (143).

In patients with type II DM, TZDs (rosiglitazone or piogli
tazone) have been shown to reduce CRP levels independent of 
any effect on glycemia (144,145). A recent study by 
Pampanelli et al (146) showed that six to 12 months of piogli
tazone therapy also significantly improved coagulation and 
thrombosis parameters in patients with type II DM inde
pendent of glucose control - platelets, vWF (a marker of 
endothelial dysfunction) and PAI-1 were reduced, whereas 
antithrombin III and fibrinogen were increased. Ho significant 
changes were seen in a gliclazide comparator group and 
between-group differences were significant for vWF, PAI-1 and 
anti-thrombin III. Satoh et al (145) also demonstrated that 
three months of pioglitazone therapy significantly reduced 
pulse wave velocity (a marker of vascular damage and also a 
predictor of mortality in DM). Furthermore, in a study by 
Koshiyama et al (147), pioglitazone decreased the carotid arte
rial intima-media wall thickness (an early sign of atheroscle
rotic change) in patients with type II DM.
PPAR-y activation - effect on blood pressure: Studies con
ducted on laboratory animals suggest that the TZDs may be 
useful in the prevention and treatment of hypertension, partic
ularly when associated with insulin resistance (148). This find
ing is not surprising when understood in the context of the role 
of insulin resistance in the genesis of hypertension. The blood
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pressure-lowering effects of the TZDs are relevant because 
patients with type II DM are twice as likely to be hypertensive 
as individuals who do not have DM (124). In an open-label, 
52-week comparison study (149), rosiglitazone, but not gliben- 
clamide, produced statistically significant reductions in sys
tolic, diastolic and mean arterial blood pressures. In another 
study (125), decreases in mean arterial pressure with the use of 
troglitazone correlated significantly with reductions in plasma 
insulin, suggesting a link between improvement of insulin sen
sitivity and blood pressure reduction. Other potential mecha
nisms of TZD-induced blood pressure reduction may 
include improved endothelium-dependent vasodilation, 
decrease in calcium influx and calcium sensitivity of the 
contractile apparatus, and inhibition of ET-1 expression and 
secretion (126).
PPAR-y activation - effect on pancreatic fJ-cell function: 
There is growing evidence of the usefulness of the TZDs in 
preserving pancreatic p-cell function. In an observational, 
nested, case-control study, 28 patients with type II DM who 
had not responded to metformin-sulfonylurea combination 
therapy had a meal-stimulated C-peptide level documented 
before the addition of a TZD to their regimen. The control 
group consisted of 26 age-, BMI- and glycemia-matched 
patients with type II DM who also had a meal-stimulated 
C-peptide level documented before adding metformin to a 
failing sulfonylurea monotherapy regimen. The mean C-peptide 
level in the TZD group showed a small but significant increase, 
whereas C-peptide levels remained unchanged in controls. 
The C-peptide to glucose ratio also increased significantly in 
the TZD group, whereas it remained unchanged in controls (150). 
These findings suggest that TZD therapy induced recovery of 
pancreatic P-cell function independently of the correction of 
glucose toxicity.

A recent report assessed the effects of rosiglitazone on pan
creatic P-cell function. Twenty patients with type II DM were 
randomly assigned to rosiglitazone, 4 mg twice daily, or placebo 
for 13 weeks. Fasting plasma glucose was reduced and insulin 
sensitivity was increased by rosiglitazone. First-phase insulin 
secretion and insulin secretory capacity were unaffected; how
ever, glucose-entrained insulin secretion was significantly 
increased (151). These data suggest that short-term treatment 
with rosiglitazone may increase the ability of the P-cell to 
sense and respond to physiological changes in glucose levels.

Combination therapy of statins and PPAR-y activators 
A novel therapeutic approach to reduce CVD risk in type II 
DM may be to use lower-dose statins in combination with 
TZDs. This has the potential to target multiple cardiovascular 
risk factors, while also treating the primary symptom of hyper
glycemia. As described above, TZDs produce changes in several 
cardiovascular risk factors associated with the insulin resist
ance syndrome, including correcting diabetic dyslipidemia, 
improving fibrinolysis and decreasing carotid artery intima- 
medial thickness (26) and, as such, TZD therapy provides a 
novel approach in the prevention of cardiovascular complica
tions in patients with type II DM. Whereas statins produce a 
marked reduction in LDL-C and a moderate reduction in TGs, 
with a slight increase in HDL-C (125), pioglitazone has a par
ticularly beneficial effect on TGs and HDL-C. Although TZDs 
increase LDL-C, they induce a favourable change in the LDL 
particle size and susceptibility to oxidation as shown for trogli- 
tazone by Tack et al (152). This has been confirmed more

recently for pioglitazone in nondiabetic patients with hyper
tension (in whom the prevalence of atherogenic dense LDL is 
similar to that in patients with type II DM), as well as in 
patients with type II DM (153,154). These qualitative changes 
may have a beneficial effect on cardiovascular risk profile and 
compensate for a small increase in LDL-C.

Therefore, statins and pioglitazone would appear to have 
complementary effects on lipid profiles, suggesting a rationale 
for their use in combination therapy. A recent study by Lewin 
et al (155) provides strong support for this rationale - the addi
tion of low-dose simvastatin to stable pioglitazone or rosiglita- 
zone therapy (pooled data) resulted in improvements in all 
lipid parameters measured, including LDL-C. TZDs also have 
beneficial effects on other markers of cardiovascular risk, 
which suggest that combination statin/TZD therapy could 
address the multiple aspects of diabetic dyslipidemia, as well as 
having the potential to reduce the incidence of macrovascular 
events further.

Recently presented data indicate that pioglitazone and sim
vastatin may act synergistically to lower levels of inflammatory 
cytokines, including IL-6 and CRP, as well as optimizing 
patients’ lipid profiles (156-158). The innovative Prospective 
Pioglitazone Clinical Trial in Macrovascular Events 
(PROactive) is currently assessing the effect of pioglitazone on 
the secondary prevention of macrovascular events in patients 
with type II DM, who have a history of macrovascular disease 
and are at high risk of further macrovascular events (159-161). 
In this study, pioglitazone is being used as ‘add-on’ therapy to 
current treatment, which is continuously optimized through
out the trial to allow patients to receive the best possible 
therapy.

One-third of patients enrolled were at high vascular risk 
based on HDL-C (32.6%) or TG (36.0%) levels, whereas two- 
thirds were at risk based on raised systolic and/or diastolic 
blood pressure, and, at baseline, one-half of the patients were 
taking lipid-lowering medication (with 42.9% of all patients 
on statins). It is anticipated that this study will provide 
important insights into the potential benefits of statin and 
TZD cotherapy (159-161).

CONCLUSIONS
Current research data indicate that insulin resistance, the 
metabolic syndrome and type II DM are inextricably linked 
with CVD, as apparent from the increased levels of CVD 
morbidity and mortality and from the presence of a complex 
array of CVD risk markers. Targeting multiple markers of 
CVD risk hopefully offers the best chance of improving CVD 
outcomes.

It is clear that TZDs, and pioglitazone in particular, can 
provide cardiovascular benefits in improving glucose levels, 
and probably lipid profiles. Ongoing studies should generate 
important insights into whether pioglitazone can play a larger 
role in the management of CVD and type II DM, especially in 
high-risk cardiovascular patients with the disorder.
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Abstract: Atherosclerotic coronary heart disease and other forms of 
cardiovascular disease (CVD) are the major cause of mortality in type II 
diabetes (T2DM) as well as a major contributor to morbidity and lifetime 
costs. The purpose of this article is the identification of the biochemical 
parameters in plasma, which may serve as predisposition factors to CVD 
in T2DM patients of different ages. The variability of hyperglycemia, 
dyslipidemia, and inflammation with age progression was also studied 
for comparison. Four different diabetic groups allocated on the basis of 
the subjects’ age (Group A: 15-25 years old; Group B: 26-40 years old; 
Group C: 40-60 years old; Group D; 60-80 years old) and consisting of 
10 patients each, in parallel with 10 healthy controls matched for age, sex, 
and ethnic origin were screened for glucose, insulin, lipid profile (total 
cholesterol, triglycerides, LDL, and HDL), and inflammatory mediators 
(CRP, IL-6, and TNF-a). Significant differences were observed among 
the expressions of biochemical markers among different age groups. Hy
perglycemia showed no variability with age whereas dyslipidemia cor
related positively with age progression, as well as obesity, low physical 
activity, and family history of heart disease or diabetes. Marked inflam
mation was prominent only in Groups C and D. This article indicates 
that different biochemical parameters may be used for the assessment of 
CVD risk in T2DM patients of variable age.
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INTRODUCTION

At present, about 200 million people worldwide have type 2 diabetes mel
litus (T2DM), a prevalence that has been predicted to increase to 366 million 
by 203 0.1 Atherosclerotic coronary heart disease (CHD) and other forms of 
cardiovascular disease (CVD) are the major cause of mortality in T2DM as 
well as a major contributor to morbidity and lifetime costs.2 A number of unfa
vorable conditions predisposing to CVD coexist with diabetic status, including 
hyperglycemia, dyslipidemia, inflammation, and coagulation, many of which 
may be closely associated with insulin resistance.3,4

Hyperglycemia is likely to contribute further to endothelial dysfunction once 
diabetes develops and poor glycemic control is a significant predictor of CVD 
mortality in diabetes.5-7 Dyslipidemia is also likely to play a leading role in 
the increased CVD risk associated with diabetes since many patients show 
a characteristic atherogenic dyslipidemia, including hypertriglyceridemia, 
elevated levels of apolipoprotein B, increased prevalence of small, dense, low- 
density lipoprotein (LDL) cholesterol, and low levels of high-density lipopro
tein (HDL) cholesterol,8,9

T2DM has been associated with increased oxidative stress,10 endothelial 
dysfunction,11"15 and increased proinflammatory profile. Furthermore, there 
is evidence that the pathophysiology of insulin resistance and atherosclerosis 
may share a common inflammatory basis maintaining endothelial dysfunction 
associated with T2DM throughout age progression.

It is recognized that the pathogenesis of insulin resistance includes low- 
grade inflammation16 as characterized by elevated concentrations of various 
inflammatory markers in the circulation that has been reported in humans with 
insulin resistance, for example, interleukin- 6 (IL-6)17; tumor necrosis factor-ot 
(TNF-a)18; soluble TNF receptors (sTNFRl, sTNFR2)19; and C-reactive pro
tein (CRP).20 In addition, adipose tissue contributes significantly to the levels 
of inflammatory cytokines, for example, IL-621 and TNF-a22 in the circula
tion and accordingly, obesity is associated with elevated circulating levels of 
IL-6,23 TNF-a,18 and sTNFR2,24 as well as CRP.25 These cytokines may stim
ulate the expression of adhesion molecules on endothelial cells (e.g., vascular 
cell adhesion molecule-1 [VCAM-1], which participate in atherogenesis.

Although a large amount of data exists regarding hyperglycemia, dyslipi
demia, and inflammation in T2DM patients, they have not been addressed 
systematically in relation to age progression. The effects of glycemic control 
on lipids, inflammatory mediators, and cytokines are inconsistent in several 
studies,26,27 especially in adolescents. To our knowledge, there is no study 
simultaneously addressing the complicated network among hyperglycemia, 
dyslipidemia, and inflammation in patients with T2DM. Therefore, in order to
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find useful biomarkers to monitor the development of T2DM in adolescents 
through their age progression to elderly, this study recruited patients with 
T2DM of different ages to investigate the possible roles of all these parameters 
in the development of the disease. Therefore, the aim of the present article 
was to identify biochemical parameters in plasma, which may serve as pre
disposition factors to CVD in T2DM patients of different ages with particular 
emphasis on the variability of hyperglycemia, dyslipidemia, and inflammation 
with age progression.

METHODS

Patient Description

The 40 patients who participated in the study had T2DM and 40 healthy age- 
matched individuals were randomly selected, Informed consent was obtained 
from all subjects.

The purpose of the study, possible risks, and discomforts were explained 
to the subjects before obtaining written consent. The study protocol was ap
proved by the University of Athens Medical School Ethical Committee, and 
was performed in accordance with the Declaration of Helsinki. The patients 
with T2DM were recruited using an outpatient clinic database at the Red Cross 
General Hospital, Athens.

Exclusion criteria included treatment with insulin, recent or ongoing in
fection, a history of cancer, or treatment with anti-inflammatory drugs. The 
nondiabetic controls were recruited among employees at the hospital.

Four different age-matched groups were eventually formed. More specifi
cally, Group A consisted of 10 T2DM patients 15-25 years old and 10 control 
patients of similar age; Group B included 10 T2DM patients 26-40 years old 
and 10 age-matched healthy controls; Group C consisted of 10 T2DM patients 
40—60 years old and 10 age-matched healthy subjects; and Group D included 
10 T2DM patients 60-80 years old and 10 age-matched healthy controls.

Blood Sampling

Fasting blood was collected from each participant by standard venepuncture 
into evacuated tubes with and without EDTA or heparin. Blood samples were 
centrifuged at 1500 rpm, plasma and serum isolated, and stored at—80°C until 
required for analysis. The analysis was performed within 2 months from the 
day of storage.

Assays

Plasma glucose (mg/dL) was determined by the glucose oxidase colorimetric 
method (Glucose LR, GOD-PAP, Linear Chemicals, Barcelona, Spain). Insulin
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levels (|xU/mL) were determined immunoenzymatically by using the ELISA 
kit from Biosource Europe SA (Nivelles, Belgium). The infra- and interassay 
coefficients of variation (CVs) for low and high levels, respectively, were 3.0% 
and 5.3%, and 4.5% and 9.5%, for insulin.

Total cholesterol (mg/dL) was measured by an enzymatic colorimetric 
method using cholesterol oxidase and peroxidase (Cholesterol LR, CHOD- 
PAP, Linear Chemicals). HDL-cholesterol (mg/dL) was assessed enzymatically 
using a direct method (HDL-cholesterol, DIRECT, Linear Chemicals). Triglyc
erides (mg/dL) were measured using an enzymatic colorimetric method based 
on hydrolysis of plasma triglyceride to glycerol and free fatty acids (FFA) by 
lipoprotein lipase (Triglycerides MR, Linear Chemicals). hsCRP (mg/L) levels 
were determined by ELISA (high-sensitivity CRP enzyme immunoassay test 
kit, LI7500; Linear Chemicals). The infra- and interassay CVs for low and high 
levels were, respectively 7.5 and 4.1%, and 2.3 and 2.5%, for hsCRP.

Serum IL-6 (pg/mL) and TNF-ct (pg/mL) were determined using commer
cially available ELISA kits (IL-6: HS600B, R&D Systems, Minneapolis, MO; 
TNF-a; HSTA00C, R&D Systems). The sensitivities of detection levels for 
IL-6 and TNF-a were 2.2 and 2.0, respectively. All measurements were per
formed at the Chemwell Analyzer (Awareness, FL).

Statistical Methods

The results were statistically processed and values were expressed as mean ± 
SD. The Pearson x2 test was used to compare categorical variables. All data 
were tested at a statistical level of significance ofP< 0.05.

RESULTS

The characteristics as well as the biochemical results of each age group for 
T2DM patients and controls are shown in Tables 1-4.

Table 1 shows the data of Group A (15-25 years old) diabetic and age- 
matched control subjects. There was no significant difference in age between 
the two groups. There were 8 female and 2 male patients in the diabetic group 
whereas the control group was composed of 3 female and 7 male patients. 
Biochemical analysis of T2DM patients showed elevated concentrations of all 
the parameters measured compared to the control group but only glucose, total 
cholesterol, and triglyceride levels reached statistical significance {P = 0.01, 
P = 0.001, and F = 0.01, respectively).

Table 2 presents the main characteristics and the biochemical profile of 
Group B subjects (26-40 years old). Once again, there was no significant 
difference in age between the two groups. There were 4 female and 6 male 
patients in the diabetic group whereas the control group was composed of 3 
female and 7 male patients. Biochemical analysis of T2DM patients showed
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TABLE 1. General characteristics and biochemical analysis of Group A (15-25 years 
old)

DM patients (/? = 10) Healthy (n — 10)

Gender
Female 8 3
Male 2 7

Age 18.37 ±2 19.12 ± 1.8
BMI 25.42 ± 1.36 23.24 ± 2.03
Insulin 8.3 ± 1.2 7.91 ± 1.3
Glucose 187.25 ± 3.26 95.49 ± 1.32*
TG 160.41 ± 3.65 88.67 ± 1.59*
Total Cholesterol 209.05 i 3.48 120.87 ± 3.21*
HDL 43.25 ± 2.17 58.35 ±4.16
LDL 160.26 ± 2.15 156.15 ± 2.19
CRP 3.61 ± 1.72 1.68 ± 0.57
Homocysteine 8.03 zfc 2.94 6.68 ± 3.2
TNF-a 1.4 1.1
IL-6 2.1 1.23

Data are mean ± SD; *P< 0.05.

elevated concentrations of statistical significance for glucose, total cholesterol, 
triglycerides, and CRP levels compared to the control group (P — 0.01, P = 
0.001, P — 0.01, and P = 0.05, respectively).

The general characteristics and biochemical profile of Group C subjects 
(40-60 years old) are presented in Table 3. Age and body mass index (BMI) 
did not differ between the two groups that were composed of 5 female and

TABLE 2. General characteristics and biochemical analysis of Group B (26-40 years 
old)

DM patients (n = 10) Healthy (n— 10)

Gender
Female 4 3
Male 6 7

Age 29.9 ± 4.1 30.5 ±3.8
BMI 27.52 ± 2.36 24.66 ± 1.03
Insulin 9.1 ± 1.5 5.1 ± 1.1
Glucose 186.52 ± 2.42 90.88 ±4.32*
TG 169.03 ± 2.15 94.02 ± 3.59*
Total cholesterol 230.59 ± 2.48 153.03 ± 3.11*
HDL 41.39 ± 1.47 56.69 ±2.16
LDL 168.52 ± 3.15 160.16 ± 3.16
CRP 4,05 ± 1.37 1.78 ±0.57*
Homocysteine 8.03 ± 1.94 6.58 ±2.2
TNF-ct 1.8 1.5
IL-6 2.5 2.1

Data are mean ± SD; *P < 0.05.
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TABLE 3, General characteristics and biochemical analysis of Group C (40-60 years 
old)

DM patients (n— 10) Healthy (n = 10)

Gender
Female 5 4
Male 5 6

Age 49.18 =L 5.67 50.62 ± 4.8
BMI 27.06 ± 2.36 24.81 ±2.13
Insulin 11.87 ± 2.1 5.7 ± 1.51
Glucose 195.15 ± 2.26 90.89 ± 1.32*
TG 187.13 ± 2.35 95.89 ± 5.59*
Total cholesterol 259.57 ± 2.23 202.18 ±2.25*
HDL 39.42 zb 1.17 55.42 ± 3.82
LDL 172.04 ± 2.15 165,19 ±3.29
CRP 7.02 ±* 1.68 1.69 ±2.37*
Homocysteine 9.50 ± 2.34 6.42 ± 2.7*
TNF-a 1.7 2.4
IL-6 2.3 1.4*

Data are mean ± SD; *P < 0.05.

5 male patients for the diabetic group and 4 female and 6 male patients for 
the control group. Biochemical analysis of T2DM patients showed elevated 
concentrations of glucose, total cholesterol, triglycerides, and CRP levels as 
well as for homocysteine, and IL-6 levels compared to the control group (P = 
0.01, P = 0.001, P = 0.01, P = 0.05, P = 0.05, and P = 0.05, respectively).

Table 4 summarizes the results of Group D subjects (60-80 years old). Age 
and BMI did not differ between the two groups. The T2DM group consisted of 
5 female and 5 male patients and the control group consisted of 4 female and 6 
male patients. Biochemical analysis showed a significant elevation in glucose, 
triglycerides, and total cholesterol levels compared to controls (P = 0.01, P = 
0.001, P = 0.01, respectively). Furthermore, CRP, homocysteine, TNF-a, and 
IL-6 levels were also significantly increased in T2DM patients compared to 
controls (P = 0.01, P = 0.05, P = 0.05, P = 0.05, respectively).

DISCUSSION

Recent evidence show that people with T2DM generally carry an array of 
risk factors for CVD, including hyperglycemia, dyslipidemia, alterations in 
inflammatory mediators, and coagulation/thrombolytic parameters, as well as 
other “nontraditional” risk factors, many of which may be closely associated 
with insulin resistance. However, the effects of glycemic control on lipids, 
inflammatory mediators, and cytokines in relation with age progression of 
T2DM patients are inconsistent in several studies,26,27 especially for adoles
cents. This study recruited patients with T2DM from different age groups
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TABLE 4. General characteristics and biochemical analysis of Group D (60-80 years 
old)

DM patients (/j — 10) Healthy (/? = 10)

Gender
Female 5 4
Male 5 6

Age 71.82 ±4.67 70.66 ±4.91
BMI 27.47 ±2.61 26.16 ±2.53
Insulin 8.21 ±2.6 6.1 ± 1.3
Glucose 199.28 ±3.26 94.65 ± 5.34*
TG 190.83 ±2.59 96.28 ±6.13*
Total cholesterol 263.37 ±5.26 105.08 ±6.25*
HDL 36.70 ±3.17 52.59 ±3.64
LDL 180.51 ±7.14 164.92 ±4.23
CRP 8.38 ± 1.63 1.61 ±0.37*
Homocysteine 11.80 ±2.74 7.41 ± 0.7*
TNF-a 2.87 1.9*
IL-6 2.9 1.7*

Data are mean ± SD; *P <0.05.

in parallel with age-matched controls in order to investigate the variability of 
hyperglycemia, dyslipidemia, inflammation with age progression, and identify 
possible biochemical parameters in plasma, which may serve for monitoring 
the development of CVD associated with the disease.

The results of this study showed significant differences in the expression 
of biochemical markers among the different age groups. As expected, T2DM 
patients share a common hyperglycemic profile independent of age restriction 
compared to controls. Hyperglycemia may induce protein glycation, oxidation, 
glycoxidation, lipoxidation, and mediate vascular damage in DM.28,29 Connec
tive tissue proteins, such as collagen, may be affected by elevated glucose levels 
and it has been observed that in DM individuals, the gradual, age-dependent 
collagen glycation is impaired and accelerated two-fold or three-fold compared 
to non-DM.30 Hyperglycemia also leads to the formation of advanced glyca
tion endproducts (AGEs), such as carboxymethylysine and pentosidine, agents 
that are formed via the nonenzymatic, covalent modification of free proteins 
by reducing sugars. AGEs act through the activation of a cell surface receptor 
(RAGE), and have been shown to have detrimental effects in both microvascu- 
lar and macrovascular endothelial cells by inducing free radical oxidation and 
altering the endothelial function that further contributes to CVD associated 
with DM.5-30-34

Furthermore, T2DM patients present dyslipidemia as characterized by in
creased total cholesterol, triglycerides, LDL, and low HDL levels independent 
of age, Dyslipidemia, however, seems to be a prominent feature of DM patients 
independent of their age and is likely to play a leading role in the increased CVD 
risk associated with diabetes.5,35,36 The present data are in accordance with
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previous studies that have demonstrated that patients with T2DM may show 
a characteristic atherogenic dyslipidemia, including hypertriglyceridemia, el
evated levels of apolipoprotein B, increased prevalence of small, dense, LDL 
cholesterol, and low levels of HDL cholesterol.37,38 In addition to these es
tablished dyslipidemic risk factors, patients with T2DM and those who are 
insulin resistant are more likely to have small, dense, LDL particles. This LDL 
component is probably atherogenic due to high susceptibility to oxidation and 
its presence is an independent risk factor for CVD,39 Several mechanisms 
may account for the atherogenic lipid abnormalities found in diabetic patients. 
Dysfunctional adipose tissue, or adiposopathy, is thought to develop via the 
combination of excessive fat accumulation and genetic predisposition.

Evidence suggests that this dysfunctional adipose tissue is less sensitive 
to insulin and has reduced hormone-sensitive lipase activity compared with 
normal adipose tissue.39 As a result there is an increased breakdown of intra
cellular TG and increased release of FFA into the circulation, leading to fatty 
infiltration in the liver, muscles, and possibly pancreatic (3 cells. Ultimately, 
this contributes to, and may exacerbate, insulin resistance in the liver and mus
cle. After long-term exposure to FFA the function of the pancreatic p cells may 
also be compromised, leading to, or contributing to increased predisposition 
to T2DM.

Endothelial dysfunction has been proposed to be a key factor involved in 
the development and progression of subclinical atherosclerosis. The properties 
of the impaired endothelium include reduced vasoactive capability, increased 
ability to support thrombosis, increased permeability, and increased adhesion 
molecule expression.6,31 Such changes produce increased adhesion of leuko
cytes and platelets, increased responsiveness to vasoconstrictor agents (e.g,, 
angiotensin II, endothelin-1, and thrombin), and increased transmigration of 
leukocytes.31,40 Endothelial dysfunction can be detected early in the predia
betic state and the progression of endothelial dysfunction to atherosclerosis 
parallels that of insulin resistance to T2DM.6,31 There is a close association 
between inflammation and endothelial dysfunction.

In this study low-grade inflammation becomes prominent in the second 
group of patients between 26—40 years of age and correlated positively with 
age progression persisting among the groups, perhaps reflecting a widespread 
activation of the innate immune system, which is closely involved in the patho
genesis of T2DM dyslipidemia and atherosclerosis.41

Detailed evaluation of the “proinflammatory milieu” of T2DM patients as 
characterized by circulating inflammatory markers, showed increased CRP, 
IL-6, and TNF-ct levels compared to healthy controls, which are capable 
of inducing the observed on-going acute phase response present in T2DM 
patients.42 Such chronic inflammation of the endothelial cell and vascular 
environment impairs endothelium-dependent vasodilation, induces the expres
sion of cell-surface adhesion molecules by endothelial cells, and increases 
cardiovascular risk.43"45 In particular, CRP may play a significant role as it
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amplifies the inflammatory response by stimulating the production of TNF-a 
and IL-1 by tissue macrophages.45 Thus, CRP has been linked with CHD 
mortality and the development of DM.41’46,47 CRP also stimulates plasmino
gen activation inhibitor-1 (PAI-1), which inhibits fibrinolysis and also predicts 
CHD and DM, as well as contributes to the prothrombotic state in obesity 42,45 
The relationship between micro- or macroalbuminuria and CVD mortality may 
also be related to its association with endothelial dysfunction.32

Another protein that has been determined in T2DM patients and control 
groups is homocysteine, a naturally occurring amino acid in plasma. Homo
cysteine is produced by methionine, and it is a precursor of cystathionine. 
Total homocysteine levels were increased in DM patients compared to con
trols. The term total plasma homocysteine refers to the whole of the free and 
oxidized forms, measured after reduction of the disulfide bond to liberate the 
free form. When a metabolic pathway of homocysteine is inhibited, then ho
mocysteine accumulates causing increased levels of homocysteine in plasma. 
Several studies have indicated that even moderately elevated plasma homocys
teine is a predictor of CVD.48 The risk of either stroke or CHD is 1.5-3 times 
higher, when the levels of plasma homocysteine are moderately elevated.49 
During the acute phase of myocardial infarction, an increase in homocysteine 
occurs, which may be connected with the increase of acute phase proteins,50

In summary, our results show that hyperglycemia, dyslipidemia, and low- 
grade inflammation are present in different age groups of T2DM patients 
studied and reconfirm previous observations on the role of these conditions in 
predisposing the development of CVD in these patients. However, among these 
major predisposition factors, only inflammation and associated endothelial 
dysfunction are age-dependent.
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Abstract: Type 2 diabetes mellitus (T2DM) can lead to death without 
treatment and it has been predicted that the condition will affect 215 mil
lion people worldwide by 2010, T2DM is a multifactorial disorder whose 
precise genetic causes and biochemical defects have not been fully eluci
dated, but at both levels, calpains appear to play a role. Positional cloning 
studies mapped T2DM susceptibility to CAPN10, the gene encoding the 
intracellular cysteine protease, calpain 10. Further studies have shown a 
number of noncoding polymorphisms in CAPNIO to be functionally as
sociated with T2DM while the identification of coding polymorphisms, 
suggested that mutant calpain 10 proteins may also contribute to the 
disease. Here we review recent studies, which in addition to the latter 
enzyme, have linked calpain 5, calpain 3, and its splice variants, cal
pain 2 and calpain 1 to T2DM-reIated metabolic pathways along with 
T2DM-assodated phenotypes, such as obesity and impaired insulin se
cretion, and T2DM-related complications, such as epithelial dysfunction 
and diabetic cataract.

Keywords: diabetes; calpains; polymorphism; calcium; insulin; pheno
type; epithelial dysfunction; cataract

INTRODUCTION

The occurrence of diabetes mellitus has reached epidemic levels and affects 
in excess of 170 million people globally, It has been estimated that by the year 
2010 the incidence of the condition will have grown by 50%, with the high
est increase in the developing nations of South America, Africa, and Asia.1
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In more developed societies, the incidence of diabetes mellitus has reached 
approximately 6% of the population2 and disturbingly, among the obese ado
lescents of these societies, 4% have the condition and 25% exhibit abnormal 
glucose tolerance.3

Diabetes mellitus represents a heterogeneous group of metabolic disorders 
whose development can involve both environmental and genetic contribu
tions.4-7 Type I diabetes mellitus (T1DM), or insulin-dependent diabetes, is 
caused by autoimmune destruction of the p cells of the pancreas, rendering the 
pancreas unable to synthesize and secrete insulin.8-10 T1DM accounts for ap
proximately 5-10% of all cases of diabetes with the major susceptibility gene 
mapping to the HLA region of chromosome 6.11,12 However, type 2 diabetes 
mellitus (T2DM), or noninsulin dependent diabetes, is the major form of the 
disease and the most common worldwide, accounting for 90% or more of all 
cases of the condition.7

At the biochemical level, T2DM is characterized by defects in hepatic glu
cose production, insulin action, and insulin secretion. Insulin resistance is an 
early feature of T2DM, which is initially, at least partly, compensated for by 
hyperinsulinemia. This increased production of insulin by pancreatic 3 cells is 
such that normal glucose homeostasis is maintained or only mildly disturbed. 
The ability of insulin-resistant individuals to ward off T2DM depends largely 
upon the adaptive capacity of their pancreatic 3 cells to maintain increasing 
insulin concentrations. Those who cannot sustain sufficient hyperinsuline
mia suffer deterioration in glucose homeostasis with an increasing disparity 
between escalating insulin resistance and inadequate compensatory hyperin
sulinemia causing a progression into overt T2DM. By the time T2DM has 
developed, insulin resistance appears to be almost fully established. How
ever, hyperglycemia continues to worsen due to increasingly compromised 
3 cell function and as hyperglycemia becomes severe, 3 cell failure, due to 
exhaustion, is usually clearly evident. The combined effects of insulin resis
tance and impaired insulin secretion reduce insulin-mediated glucose uptake 
and utilization by skeletal muscle, and prevent insulin-mediated suppression 
of hepatic glucose output. Continuing deterioration of endocrine control ex
acerbates these metabolic disturbances and increases the hyperglycemia.13-17 
The combined forces of insulin resistance and hyperinsulinemia18 have been 
implicated in the pathogenesis of polycystic ovary syndrome (PCOS)19 and 
contribute either directly or indirectly to many other disorders, including: 
dyslipidemia,20 hypertension,21 atherosclerosis,22 procoagulant states, cardio
vascular disease,23 end-stage renal disease,24 retinopathy,25 and reduced life 
expectancy.26 The most devastating complications of T2DM are primarily mi- 
crovascular and macrovascular diseases resulting from accelerated atherogene- 
sis with cardiovascular morbidity in T2DM sufferers between two- and fourfold 
higher than in nondiabetic individuals.1

At the genetic level, there has been significant progress in elucidating fac
tors that underlie T2DM over the last decade. Probably the best understood
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TABLE 1. Varient genes and proteins that are associated with MODY

MODY Gene Function of protein

MODY1 HNF-4-cl Hepacyte nuclear factor (transcription factor)
MODY2 GCK Glucokinase
MODY3 HNF-1- a Hepacyte nuclear factor (transcription factor)
MODY4 IPF1 Insulin promotor factor
MODY5 HNF-1$ Hepacyte nuclear factor (transcription factor)
MODY6 NEUROD1 Neuro D1 transcription factor

Table 1 was adapted from Barroso et alP

forms of T2DM are those that are monogenetic in origin and account for ap
proximately 10% of all cases of the condition. Maturity-onset diabetes of the 
young (MODY) represents the most common of these forms of the condition 
and arises from mutations in a variety of genes that are expressed in pancreatic 
(3 cells, which are primarily manifested at the biochemical level as deficien
cies in insulin secretion.27,28 The first MODY gene was identified in the early 
1990s as that encoding the glycolytic enzyme glucokinase.29,30 A number of 
other MODY genes have been identified (Table 1). Other less common mono- 
genetic forms of T2DM are known, which arise from mutations in maternally 
inherited mitochondrial genes, most frequently caused by a mutation in the mi
tochondrial gene encoding the transfer RNA for leucine. These forms of T2DM 
are associated with hearing loss, myopathy, and stroke-like episodes.5,28 In a 
number of cases, recent studies have revealed misclassifications in relation to 
T2DM. Some forms of MODY have been misdiagnosed as T1DM and late- 
onset diabetes of the adult, which is often associated with T2DM, is strictly a 
late onset form of T1DM.5,7

Genetic factors that contribute to polygenic T2DM have been primarily 
sought using the candidate gene approach and the genome-wide scan approach. 
The first of these approaches examines specific genes with a plausible role 
in the disease process. To this aim, the statistical association of a given allele 
and a phenotype, such as insulin resistance and T2DM, is tested in unrelated 
individuals. Use of this approach has identified a number of candidate T2DM 
susceptibility genes27 and those genes with the most significant associations 
are shown in Table 2. Currently, the candidate gene with the strongest statistical 
association is the widespread Pro 12 Ala variant of the peroxisome proliferator- 
activated receptor-y (PPARy), which putatively confers insulin resistance in 
liver, muscle, and fat.7 In contrast to the latter methodology, the genome-wide 
scan or linkage approach is not based on assumptions regarding phenotypic 
linkage but locates genes through their genomic position and is based on the 
rationale that family members that share a specific phenotype will also share 
chromosomal regions surrounding the gene involved. Use of this approach has 
yielded several positive associations of genomic regions with T2DM27 (Table 
2). However, such findings are generally followed by positional cloning of the
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causative gene and to date only CAPN10 has been identified in this way in the 
NIDDM1 (noninsulin dependent diabetes mellitus 1) region of chromosome 
2.31 This gene encodes calpain 10, which is a member of a cysteine protease 
superfamily,32’33 and it is becoming increasingly clear that other members of 
tlris family may also play roles in T2DM. Here, we give an overview of this 
enzyme family and review investigations into their contributions to T2DM.

Calpains

Calpains (EC 3.4.22.17) are a superfamily of 15 Ca2+-dependent intracel
lular cysteine proteases, which can be either ubiquitous or tissue preferred.34 
These enzymes are believed to possess a domainal structure, which was recently 
confirmed for a number of Ca2+-free forms of calpain 2 by high-resolution 
crystallography,35,36 and for the majority of these proteins this structure is or
ganized into domains I-IY34 On the basis of these crystallographic structures 
and the results of other studies, it has been shown that domain I forms an 
N-terminal extension of domain II and is autolytically processed upon cal
pain activation, thereby fulfilling a regulatory role.37 Domain II houses the 
enzyme’s active site, which is a papain-like cysteine protease domain and is 
divided into two subdomains, II a and II b.38 Between them, these subdomains 
contain the amino acid residues necessary to form this site but in the absence 
of Ca2+, interactions with other domains hold them apart, thus maintaining 
the active site in a disassembled state. Domain III is a Ca2+-dependent lipid 
binding site39 and also serves as a linker region37 between the catalytic domain 
and domain I\( which contains a calmodulin-like Ca24’ binding domain with 
multiple EF-hands.40,41 Calpains 1 and 2 also possess a smaller subunit, which 
possesses domains VI and V34 Domain VI possesses a calmodulin-like Ca2+ 
binding domain and associates with domain IV to facilitate dimerization with 
the large subunit35,36 while domain V, which is largely cleaved from the small 
subunit during autolysis, interacts with lipid/membranes to lower the enzyme’s 
Ca2+ requirement for activation.42,43 It has been proposed that core events for 
the activation of calpain 235,36,44,45 involve Ca2+ binding to domains VI and 
VI,40,41 which induces a series of both conformational and structural changes, 
including autolysis and subunit disassociation, leading to the realignment of 
domains II a and II b, assembly of the calpain 2 active site, and proteolytic 
activity.35,36,44-46 Additionally, several studies have indicated the possibility 
that calpain activation could involve Ca2+ binding to domain II and domain
IIL38,39,47-50

Calpains with the structural organization described above are generally re
ferred to as typical calpains and in addition to calpains 1 and 2,34 include 
several major members of this enzyme family, such as calpain 3 and its splice 
variants.51,52 A number of calpains, which have been designated as atypi
cal, have been described where certain of the four domains associated with 
typical calpains have been either replaced or deleted with the most prominent
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FIGURE 1. This figure shows the structural organization of representative calpains. 
Calpain 2 (and calpain 1) is dimeric, possessing a large (80 kDa) subunit comprising domains 
I-IV and a smaller (30 kDa) subunit comprising domains V-VI. Calpain 10 and calpain 3 
are monomeric, possessing the structural organization of the calpain 2 larger subunit except 
that calpain 3 possesses a novel N terminus (NS) and the unique inserts, ISI and IS2, in 
domains II and IV, respectively. Lp82 (and Lp85) is a lens-specific variant of calpain 3, 
lacking ISI and IS2, and possessing a modified N-terminal region (AX1). Also represented 
above, in domain IV of calpain 2 and calpain 3 are five EF-hand motifs that appear to be 
primarily responsible for the Ca2+ binding ability of these enzymes and other calpains. 
However, calpain 10 lacks domain IV and these EF-hands, instead possessing a divergent 
T (or HI’) domain. Annotated in domain II of the above calpains is the triad of amino acid 
residues, C, H, and N that forms the active site of these calpains. Essentially, the thiol group 
of this cysteine residue directly participates in covalent catalytic cleavage of the peptide 
bond of substrate. The histidine residue that is in close spatial proximity is also essential 
for the cysteine protease activity of calpains while other nearby residues provide groups for 
general acid-base catalysis.32-34 (This figure was adapted from Biswas et a/.168)

member of this group being calpain 10.32-53 The structural organization of 
representational calpains is shown in Figure 1.

In addition to humans and a wide variety of other mammals, calpains 
have been increasingly identified in a diverse range of lower eukaryotes.54 
This prevalence, clearly implies biological importance. Nonetheless, despite 
decades of intensive study, the physiological functions of calpains are still not 
fully understood55 and roles for these enzymes in a variety of processes have 
been proposed,34 ranging from signal transduction56 and cell differentiation57 
to apoptosis and necrosis.58,59 The biological importance of calpains is further 
reinforced by the fact that they have been implicated in a number of pathological
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conditions, thereby, giving calpains considerable medical relevance.53,60'61 As 
examples: missense mutations in CAPN3, the gene encoding calpain 3, leads 
to loss of the enzyme’s activity and the enzyme’s resulting inability to prote- 
olyse certain key substrates, appears to be responsible for the pathogeneisis of 
limb girdle muscular dystrophy 2A.51-62 In contrast, changes in Ca2+ home
ostasis leading to the overactivation of calpains has been linked to a range of 
disease states, such as degenerative conditions in the brain, including: cerebral 
ischemia, Alzheimer’s disease, and Parkinson’s disease.63,64 In addition, there 
is accumulating evidence linking calpains to T2DM both at the genetic and 
biochemical level.65

Genetic Linking of Calpains to T2DM

Almost a decade ago, genome-wide scan studies on 330 sib pairs identified 
NIDDM1, the putative T2DM susceptibility locus, to the region D2S125- 
D2S140 on chromosome 2q37.3 of Mexican Americans.66 Four years later, 
positional cloning studies revealed thatNIDDMl was a single gene, CAPN10, 
and that genetic variation in this gene accounted for 14% of the population- 
attributable risk to T2DM in this ethnic group.31 An intronic single nu
cleotide polymorphism (SNP) in CAPN10 (UCSNP43, G->-A, Fig. 2) was 
significantly increased in affected individuals but the highest overall risk for 
T2DM was determined by a heterozygous combination of two haplotypes, 
which were defined by UCSNP43 and two further intronic SNPs: UCSNP19 
(an insertion-deletion polymorphism with either two or three repeats, Fig. 1) 
and UCSNP63 (C—»-T, Fig. 2). These high-risk haplotypes are generally re
ferred to as “112” (UCSNP43, allele 1; UCSNP19, allele 1; UCSNP63, allele 
2, Fig. 2) and “121” (UCSNP43, allele 1; UCSNP19, allele 2; UCSNP63, 
allele 1, Fig. 2). This haplotype combination was found to confer an overall 
increased risk of T2DM in Mexican Americans of 2.8-fol<i in Botnian Finns

2 3 4

I 1

Calpain lOgene {CAPNW)
5 6 7 S 9 10 11 12 13 -20 kb 14 15

UCSNP44
UCSNP43

UCSNP19 (I504A)
UCSNPl 10 UCSNP63

FIGURE 2. This figure shows the structure of CAPN10, the gene encoding human 
calpain 10 along with associated SNPs. The gene is located on chromosome and 2q37.3 
comprises spans 31 Kb of genomic sequence. The gene contains 15 exons and encodes a 
protease with a full length of672 amino acid residues. Annotated are UCSNP19, UCSNP43, 
and UCSNP63, which are the SNPs that form the risk haplotypes for T2DM. Along with 
UCSNP44, which is in almost perfect linkage disequilibrium with the missense coding 
mutation UCSNPl 10, these SNPs have also been associated with a variety of T2DM- 
associated phenotypes and disorders. (This figure was adapted from Turner et alP)
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of 2.5-fold, and in Germans of almost 5-fold.31 Since this initial work, there 
have been a number of follow-up studies on a diverse range of ethnic pop
ulations, which either confirmed or extended the associations of CAPN10 
with T2DM67-76 or disputed the original findings.77-86 A number of factors 
both statistical and genetic have been proposed to underlie this variation in 
results,33,87,88 and to overcome problems of reproducibility in these studies, 
a series of meta-analyses of published CAPN10 data have been performed. 
The first of these analyses found no evidence to support an association of ei
ther UCSNP43 or the 112/121 haplotype combination under either dominant 
or additive models with susceptibility to T2DM. Additionally, no evidence 
was found for associations between the UCSNP43 G homozygous genotype, 
or the 112/121 haplotype combination, and metabolic phenotypes. However, 
under a recessive model, subjects who were G homozygous for UCSNP43 
had a 19% higher risk of T2DM.89 In contrast to these latter studies, a sec
ond meta-analysis found no overtransmission of the G allele of UCSNP43 
but revealed a significant overtransmission of the C allele of the rare T->C 
polymorphism at UCSNP44 from heterozygous parents to offspring affected 
with T2DM.74 Similar observations were previously reported in a study on 
Britons79 and the meta-analyses of Weedon74 confirmed that the C allele of 
UCSNP44 is associated with T2DM. UCSNP44 is in perfect linkage disequi
librium with a missense mutation (UCSNP110) in a coding region of CAPN10 
that causes a T504A substitution in the calpain 10 amino acid sequence.74,79 
This substitution occurs in domain T (or domain III'), a region of calpain 10 
whose function is poorly understood32 (Fig. 1). UCSNP44 is also in perfect 
linkage disequilibrium with two polymorphisms in the 50-untranslated region 
of CAPN10 (UCSNP-134 and UCSNP-135), providing alternatives as possible 
causal variants.31,74,79 Other meta-analyses have suggested that increased risk 
of T2DM is associated with both UCSNP43 and UCSNP4490 and that these 
polymorphisms may form the basis of an approach to predict the condition.91 
Compounding the issue, a recent statistical re-analysis of data in the origi
nal paper linking CAPN10 to T2DM31 has suggested that as yet unidentified 
variations in the gene may also be functionally associated with the disorder.92 
Moreover, CAPN3, the gene for calpain 3, appears to be functionally associated 
with CAPN10,93 which led to the speculation that this enzyme may play a role 
in T2DM.31 Possibly supporting this speculation, a recent study showed that 
reduced expression of CAPN3 in skeletal muscle was associated with obesity 
and insulin resistance, often linked with T2DM, in both nondiabetic humans 
and Psammomys obesus, a polygenic animal model of obesity and T2DM.94

Genetic Linking of Calpains to T2DM-Related Phenotypes

In addition to T2DM, a number of studies have investigated links be
tween CAPN10 polymorphisms and phenotypes associated with the condition. 
Genetic polymorphisms associated with the enzyme have been found to
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correlate with several aspects of insulin action. Studies on nondiabetic British 
subjects with high risk haplotype (112/121) had increased plasma glucose lev
els both at fasting and after a 2-h oral glucose tolerance test concomitant with a 
decrease in the insulin secretory response.69 Consistent with these data, poly
morphism at SNP44 was found to modify the plasma glucose curve obtained 
from an oral glucose tolerance test in a manner that was indicative of T2DM 
association.95 Surprisingly, nondiabetic German subjects that were homozy
gous for the G allele of SNP43 showed higher rates of insulin secretion and 
proinsulin processing.96 However, it was suggested that these findings may be 
indicative of primary hypersecretion, which in its own right has been shown to 
predict T2DM, independent of insulin resistance.97 CAPN10 polymorphisms 
have been linked to both insulin resistance71 and parameters of this resistance. 
Recent studies on nondiabetic Britons demonstrated associations between the 
G allele of UCSNP43 and abnormal microvascular function, which has been 
proposed to play a key role in insulin resistance.98 Pima Indians possess a high 
prevalence of T2DM" and individuals of this ethnic group with homozygosity 
for the UCSNP43 G allele were associated with decreased rates of peripheral 
glucose tumover/insulin resistance.72 Moreover, this investigation also found 
that nondiabetic Pima Indians possessing this polymorphism exhibited reduced 
skeletal muscle CAPNIOmRRh, which led to the suggestion that it was linked 
to T2DM susceptibility.72 Generally supporting this suggestion, it was recently 
shown that Danish individuals that were homozygous for the UCSNP43 G al
lele exhibited reduced levels of CAPN10 mRNA in skeletal muscle and that 
in this case, transcription was under genetic control.100 Further support for the 
suggestion of Baier et aL12 came from the demonstration that intronic frag
ments ofUCSNP43 and UCSNP44 variants showed different binding affinities 
with nuclear proteins.31 These latter studies showed that alternative splicing of 
human CAPN10 mRNA, produced at least eight different isoforms of the en
zyme (calpains 10 a to 10 h), five of which were recognized in rat lens retina by 
an antibody specific for calpain 10 domain II.101 An indepth analysis of human 
skeletal muscle mRNA showed that in this tissue the most abundant isoforms 
were calpain 10a and 10 f and concluded that the likely cause of the reduced 
mRNA was reduced transcriptional initiation and/or pre-mRNA stability, and 
not altered mRNA splicing.102 Nonetheless, other authors have disputed this 
conclusion and have argued that CAPN10 polymorphisms contribute to T2DM 
susceptibility via altered transcriptional regulation.65,103

Obesity is a major factor in die development of T2DM with the elevated lev
els of lipolysis resulting from increased fat cell mass leading to skeletal muscle 
insulin resistance104 and a number of authors have investigated associations 
between CAPN10 polymorphisms and the condition. Investigations on an eth
nically diverse range of populations have shown that there are associations 
between UCSNP19, UCSNP43, and UCSNP63 and anthropometric measures 
indicative of obesity, such as body mass index and waist-hip ratio.72,73,105,106 
Genetic variations in the CAPN10 gene at UCSNP43, UCSNP-63, and
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haplotype combinations involving these polymorphism along with those at 
UCSNP19 and UCSNP63 have been shown to be associated with elevated free 
fatty acid levels.71 Studies on a Chinese population found that the haplotype 
combination 112/121 was a potential risk factor for increased plasma choles
terol while studies on a Japanese population found that the UCSNP43 G allele 
was associated with increased levels of plasma cholesterol77 and increased 
free fatty acid levels80 and dyslipidemia.107 Studies on a Swedish population 
found that individuals homozygous for the G allele of this latter polymorphism 
exhibited both elevated levels of triglyceride and reduced levels of CAPN10 
mRNA in adipose tissue although no association between UCSNP43 and obe
sity was detected.108 Similarly, a study on German families with extremely 
obese offspring found no evidence for an association between the 112/121 
haplotype combination and early onset obesity.109 However, further support 
for a link between CAPN10, obesity, and T2DM was provided by studies on 
Otsuka Long-Evans Tokushima Fatty (OLEFT) polygenic type 2 diabetic rats. 
These obese rats spontaneously develop T2DM at the age of 18 weeks and were 
found to exhibit decreased CAPN10 mRNA in white blood cells.56 Moreover, 
genomic analysis showed that a quantitative trait locus involved in this diabetes 
contained CAPN10. A G-^A polymorphism in this gene was found to lead 
to a nonconservative S195G substitution in the protease domain of calpain 
10, which it was suggested could be important to protein function and T2DM 
susceptibility in these rats.110

POOS is associated with insulin resistance and a two- to sevenfold risk of 
T2DM. Previous studies have shown that PCOS and T2DM may share genetic 
susceptibility factors and on these observations, a number of studies have sug
gested that genes related to T2DM may play a role in POCS.111 It has been 
demonstrated that the high-risk haplotype combination at CAPN10 shows an 
association with PCOS and a predisposition to T2DM within POCS patients.112 
Moreover, later studies reported that specific CAPN10 variations were associ
ated with both PCOS113 and hirsutism, a common clinical feature of POCS,114 
However, other studies have detected no association of CAPN10 polymor
phisms with PCOS115 but interestingly, an association between specific haplo- 
types of the calpain 5 gene, CAPN5, and POCS have been reported.113 These 
studies also showed that there were associations between CAPN5 haplotypes 
and phenotypic differences between POCS patients including the presence of 
T2DM.

Calpains and T2DM Pathways

A number of earlier studies have suggested that calpains may be involved in 
T2DM-related pathways. In the late 1990s, it was demonstrated that calpains 
participate in adipocyte pathways116 and mediate the insulin-induced down- 
regulation of adipoyte insulin receptor substrate-1 (IRS-1), a key mediator of 
insulin action.117 More recent studies strongly supported these latter findings
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when it was found that calpain-mediated downregulation of IRS-1 may in
volve direct interaction between the receptor and these enzymes.n8 Moreover, 
this IRS-1 downregulation was prevented by the presence of calpain inhibitors 
but enhanced by drug-induced overload of intracellular Ca2+ levels, an effect 
strongly associated with the overactivation of calpains.34 Studies on calpain 
10 found that UCSNP19 shows a strong association with the function of the 
lipolytic p3-adrenoreceptor in subcutaneous fat cells in obese■indiyidua.ls.119 
This polymorphism induced a 30-fold decrease in the lipolytic.'sensitivity of 
these receptors, leading the authors to conclude that calpain iOicjould play a 
role in regulating thermogenesis. However, analogous studies of'UCSNP63, 
UCSNP43, and UCSNP19 found that there was no association between these 
polymorphisms and either lipolysis or lipogenesis in adipocytes of nonobese 
subjects.120 The link between calpainlO and (3 - 3 - adrenoreceptor function has, 
as yet, not been fully elucidated.

As described above, genetic analyses at the turn of the century have sug
gested that calpains may modulate insulin secretion and a number of studies 
have investigated this suggestion at the molecular level. In [3 cells, the regulated 
secretory patliway involves a complex series of events, which includes glycoly
sis, altered ion channel activity in the plasma membrane, and Ca2+-dependent 
mechanisms that facilitate the relocation of insulin granules and their release 
from tlie cell.121 In a recent study, the long-term exposure of murine pancreatic 
islets to a variety of calpain inhibitors was found to result in a large reversible 
decrease in glucose-induced insulin secretion. On the basis of these data, it was 
suggested that calpains may play an important role in intracellular trafficking 
either in glucose transport or in the movement of insulin granules.122 The use of 
these inhibitors also attenuated tire insulin secretory response to the mitochon
drial substrate a-ketoisocaproate and suppressed both glucose metabolism and 
downstream intracellular Ca2+ responses to a-ketoisocaproate. These results 
led to the proposal that calpains play a role in glucose metabolism and that in
hibition of these enzymes leads to the acute suppression of insulin secretion by 
limiting the rate of glucose metabolism through the regulation of mitochondrial 
function and metabolism. Interestingly, the short-term exposure of mouse pan
creatic islets to tire calpain inhibitors used by the latter authors122 was found to 
enhance rather than decrease glucose-induced insulin secretion.123 This tem
poral relationship of calpain inhibition has since been reproduced but as yet, 
the calpain(s) responsible for these effects and the mechanisms underlying this 
relationship still remain to be elucidated.124 However, it has been suggested 
that this temporal relationship may reflect the existence of alternative signal
ing pathways or the fact that calpains may play different in different tissues or 
compartments within a given tissue.88

The extracellular matrix (ECM) is an important component of the pan
creatic islet microenvironment, constituting a dynamic complex of different 
molecules that serve as a cellular scaffold regulating both differentiation and 
survival. It was recently reported that the laminin-5-rich ECM secreted by
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804G cells induced increased spreading and improved insulin secretion in re
sponse to glucose in purified pancreatic (3 cells. Most recently, this ECM was 
used to investigate the role of calpains in the process of Ca2+-induced insulin 
secretion and spreading of rat pancreatic (3 cells. Based on the use of cal- 
pain inhibitors, it was suggested by these latter authors that calpain could be 
a mediator of spreading on an ECM and the Ca2+-induced insulin secretion 
of primary pancreatic (3 cells.125 Consistent with this suggestion, a recent key 
study suggested that calpain 10 may be a major determinant of insulin exocy- 
tosis. Soluble N-ethyl maleimide-sensitive fusion protein attachment receptor 
(SNARE) proteins are key molecules that participate in the late stages of the 
secretory pathway126-128 and play a role in the membrane targeting and mem
brane fusion of vesicles/granules.129 In |3 cells, granule exocytosis is mediated 
by a complex that includes the vesicle-associated membrane protein, VAMP2, 
and the SNARE proteins, syntaxin 1 and SNAP-25130 and calpain 10 was 
recently shown to bind these latter SNARE proteins.131 Moreover, SNAP-25 
was found to undergo Ca2+-dependent partial proteolysis during stimulated 
secretion, which, along with insulin secretion, was inhibited by calpain in
hibitors. This latter investigation also found that increasing levels of CAPN10 
overexpression correlated with increasing insulin secretion. On the basis these 
combined data, it was suggested that calpain 10 may function as a Ca2+ sensor 
to trigger SNARE rearrangement, granule fusion, and the exocytosis of insulin 
from (3 cells.131

Studies on the role of ryanodine receptor (RyR) Ca2+ release channels in 
the secretion of insulin from human pancreatic (3 cells led to the proposal 
that the endosomal system participated in Ca2+ influx-independent insulin se
cretion via RyR-mediated Ca2+ signaling.132 Moreover, it was suggested that 
the reduced RyR activity associated with T2DM might contribute to hyper- 
insulinemia via these endosomal effects. There are two RyRs expressed in 
(3 cells and in a major study, it was recently shown that the inhibition of type 
2 RyR Ca2+ flux in these cells, both human and murine, led to significantly 
increased levels of apoptosis.124 This effect was strongly retarded by calpain 
inhibitors and correlated with increased levels of calpainlO mRNA. More
over, the overexpression of CAPN10 in mice increased apoptosis while mice 
lacking CAPN10 did not exhibit RyR-stimulated apoptosis. This calpain 10- 
dependent apoptotic pathway was initiated by palmitate and was not associated 
with a hyperglycemic environment; indeed, its effects were enhanced by high 
glucose levels,124 contrasting strongly with the classical caspase 3-dependent 
apoptosis pathway, which is induced by hyperglycemia.133 ■134 In an effort to in
terpret these data, it has been suggested that hyperlipidemia, using the former 
apoptosis pathway, is a signal to |3 cells to induce apoptosis.88 Thus, indi
viduals who possess T2DM susceptibility will express calpian 10 at reduced 
levels and will be unable to express the higher levels of the protein needed to 
induce this pathway with unordered cell lysis and its consequences otherwise 
occurring. Support for this view comes from the recent demonstration that
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individuals with impaired glucose tolerance lack the ability of normal glucose 
tolerant individuals to increase their expression of CAPN10 in skeletal muscle 
in response to insulin after long-term exposure to free fatty acids.100

The exposure of skeletal muscle strips and adipocytes to calpain inhibitors 
led to decreased levels of insulin-mediated glucose transport and glycogen 
synthesis,123 These results clearly suggested that calpains may play a role 
in glucose transport, which is the major rate-limiting step in the metabolism 
of glucose in both muscle and fat tissue, and impaired glucose uptake by 
glucose transporter 4 (GLUT4) in these tissues is an important feature of insulin 
resistance.135"138 Calpastatin is the endogenous inhibitor of calpains 1 and 2139 
and when overexpressed in the skeletal muscle of transgenic mice, this led to 
the intracellular accumulation of GLUT4 but with no concomitant increase in 
levels of the transporter protein at the plasma membrane or upregulation of 
glucose metabolism.140 It was found by these latter authors that GLUT4 was 
degraded by calpain 2, which led to the suggestion that the enzyme was involved 
in the control of GLUT4 and the physiological effects were observed in these 
transgenic mice. Nonetheless, some controversy surrounds the participation 
of calpains in GLUT4~mediated glucose transport. It has been suggested33 
that the data of Otani et a/.140 would also be explained if the overexpression of 
calpastatin inhibited calpain 10 and thereby the ability of the enzyme to mediate 
the translocation of GLUT4-containing vesicle to the plasma membrane, which 
was recently demonstrated in intact 3T3-L1 adipocytes.141 However, more 
recent studies reported that GLUT4 expression in 3T3-L1 adipocytes is not 
repressed by calpain inhibition but by proteasome inhibition.142 As yet, neither 
tire role of calpains in glucose transport nor the members of this enzyme family 
involved in these processes have been definitively defined and these remain 
questions to be answered. Nonetheless, several tentative models have been 
presented to describe the putative role(s) of calpain 10 in T2DM pathways33*88 
and that of the latter authors is summarized in Figure 3.

Calpains and T2DM Complications 

Epithelial Dysfunction

T2DM is associated with a significantly increased risk of cardiovascular 
disease, which is the leading cause of morbidity and mortality in diabetic 
patients.143 Hyperglycemia plays a key pathogenic role in the development of 
diabetic cardiovascular disease and a major result of the associated high blood 
glucose levels is endothelial dysfunction.144 Using hyperglycemic rat models, 
it was recently shown that calpain activity in the microvasculature of these 
animals was increased in response to elevated blood glucose levels, resulting 
in endothelial dysfunction that could be attenuated by the presence of calpain 
inhibitors.145 Increased calpain activity has also reported in several other di
abetic tissues146,147 and in combination, these results led Stalker et a/.148 to
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FIGURE 3. This figure shows proposed sites of action for calpain 10 in T2DM-related 
pathways: (1) The internalization of glucose leads to glycolysis and elevated ATP:ADP 
ratios through the action of mitochondria. This action is strongly diminished by calpain 
inhibition and calpain 10 is suggested to act as a regulator of mitochondrial fuel sensing. 
(2) The secretory stimulus is accompanied by cytoskeletal rearrangement, which leads to 
the transport of secretory granules containing insulin to active sites of exocytosis at the 
plasma membrane. In the case of adipocytes and skeletal muscle, this process proceeds via 
the translocation of vesicles containing GLUT4. This process is highly sensitive to calpin 
inhibition, either through the use of inhibitors or specific CAPN10 antisense nucleotides, 
and roles for calpain 10 and calpain 1 have been suggested. (3) Exocytosis is mediated by a 
SNARE protein complex and a specific issoform of calpain 10 has been shown to associate 
with this complex. Based on a number of lines of evidence, it has been proposed that the 
enzyme functions as a pivotal Ca2+-sensor in exocytosis in 0 cells.33 (This figure was 
adapted from Turner et al?^)

study Zucker diabetic fatty (ZDF) rats, a genetic model of type T2DM, for 
calpain-mediated endothelial dysfunction. These latter authors found that the 
microcirculation of these rats exhibited vascular inflammation, accompanied 
by increases in both the expression of cell adhesion molecules and levels of 
leukocyte trafficking. These effects, which are well-established characteristics 
of diabetes-mediated epithelial dysfunction149 were accompanied by elevated 
calpain activity. However, it was also found by Stalker et al.148 that the presence 
of calpain inhibitors strongly influenced these effects, suppressing the expres
sion of cell adhesion molecules in the vasculature endothelium of these rats, and 
attenuating the interactions of leukocyte with the endothelium. Another major 
characteristic of diabetes-mediated endothelial dysfunction is the impaired re
lease of nitric oxide (NO),150 a molecule that exerts potent anti-inflammatory 
activity in the cardiovascular system.151 Stalker et al.]AS measured the in vivo 
endothelial availability of NO in the microcirculation of ZDF rats and demon
strated large decreases in NO levels, which, however, was prevented by the 
presence of calpain inhibitors. This study also found that the microcirculation 
of ZDF rats exhibited strong decreases in the association of NO synthase with 
the molecular chaperone, heat shock protein 90 (hsp 90) that appears to play
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a major role in activating the enzyme.152 The levels of this association were 
restored by the inhibition of calpain activity and interestingly, it has previously 
been shown that calpains degrades hsp 90 in several cell systems.153,154 Most 
recently, it was shown that calpain-mediated degradation of hsp 90 decreases 
NO production in pulmonary artery endothelial cells.155 Stalker et a/.148 at
tempted to identify the calpain(s) involved in the endothelial dysfunction of 
the ZDF rats studied and showed that there was increased proteolytic activity 
of calpain 1 but not calpain 2 in the vasculature of these rats. It was suggested 
that the difference in this isoform activation may be related to the selective 
activation of calpains according to pathological conditions. Consistent with 
this suggestion, previous studies have suggested that calpain 2 may be acti
vated in response to large Ca2+ fluxes, such as in apoptosis whereas calpain 
1 activation may be more important in the scenario of cell signaling,34 a role 
previously suggested for calpains in the pathophysiology of diabetic vascular 
disease.145 It was concluded by Stalker et a/.,148 that calpain 1, and possibly 
other calpains, may represent a novel molecular target for the prevention and 
treatment of diabetic vascular complications.

Eye Disorders

Six major calpains are brown to be expressed in the eye: calpain 2,156 the 
calpain 3 splice variants, ipcS2157,158 and 159,160 and calpain 10101 have 
been identified in the lens. In addition, the calpain 3 splice variants Rt88 and 
Cn94 are present in the retina161 and in the cornea,162 respectively.

Diabetic retinopathy is a major cause of blindness worldwide163 and re
cently, there have been several investigations into the putative role of calpains 
in the disorder. Wistar Bonn/Kobari (WBN/Kob) rats serve as models for hu
man retinal degeneration and recent studies on these rats showed that over 
their first 48 weeks of life, calpain 10, mi&Rt88 played roles in the eye con
dition. It was also found by these latter authors that increased levels of retinal 
Ca24" and the overactivation of calpains 1 and 2 were temporally associated 
with retinal degeneration.164 Interestingly, male WBN/Kob rats spontaneously 
develop diabetes after approximately 52 weeks of life165 and recent studies 
on the retinal tissues of rats have suggested that calpains may play a role in 
diabetic retinopathy.166 However, the major investigations into calpains and 
T2DM-related eye disorders have been focused on diabetic cataract, which is 
another major cause of blindness.167 In cataract, opacification of all or part of 
the lens prevents visible light from reaching the retina (Fig. 4), which reduces 
optical performance and is most commonly manifested by decreased visual 
acuity, glare, and contrast sensitivity.168 Catarcatogenesis is biown to be me
diated by a number of lens insults169,170 and there is accumulating evidence 
that associated pathological elevations in lenticular Ca2"1' lead to the overac
tivation of calpains, thereby contributing to tire condition (Fig. 5). Currently,
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calpain 2, calpain 10, Lp82, and Lp85 have been linked to this eye condition 
both in diabetic and nondiabetic studies.

Calpain 10 and Cataract

Studies on male WBN/Kob rats, which exhibit spontaneous diabetic cataract 
at about the age of 1 year, showed calpain 10 to be localized in the lens cortex of 
these male rats and coincident with the onset of cataract, these lenses showed 
large rises in intracellular Ca2+, which correlated with the overactivation of 
the enzyme.171 Similar results were found in the studies on calpain 10 using 
a selenite model of rodent cataract,101 which in contrast to WBN/Kob male 
rats, specifically exhibits opacification in the lens nucleus.172 Consistent with 
this latter study, it was shown that calpain 10 possesses a putative nuclear 
localization signal and to localize to the nucleus of aTN4-l mouse cells with 
levels of this localization enhanced by elevated Ca2+.101 It was suggested by 
these latter authors, that the normal function of calpain 10 may be in the 
differentiation of epithelial cells but in the presence of pathologically elevated 
Ca2+, increased uptake of the enzyme into the nuclei of lens epithelial cells 
may occur, thereby facilitating its participation in selenite cataract. Possibly 
supporting this suggestion, it was found that lenses of healthy mice, the highest 
levels of calpain 10 expression were in regions that were associated with the 
differentiation of epithelial cells.173

FIGURE 4. This figure shows an advanced cortical cataract in a 48-year-old female 
with a 12-year history of T2DM. Due to the dense opacity of the cataract, it is difficult 
to visualize and therefore determine, if there is nuclear opacity as well. (This figure was 
adapted from Biswas et al.168)
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LENS FIBRE CELL

FIGURE 5. This figure shows biochemical pathways that can induce light scattering 
and cataract. The aging process and lens insults, such as oxidation and diabetes, can lead to 
impaired membrane function, which results in pathologically elevated levels of lenticular 
Ca2+. Under these Ca2+ conditions, calpains are overactivated and the resulting dereg
ulated proteolysis of soluble crystallins leads to their insolubilization and aggregation, 
thereby compromising their function(s) in maintaining lens transparency and producing the 
reduced lens performance associated with cataract. Overactivated calpains also proteolyse 
lens cytoskeletal proteins, such as vimentin, which, can further elevate lenticular Ca2+, thus 
excavating calpain overactivation and cataract formation.168 Calpains have been implicated 
in a number of cellular processes but for clarity, these biochemical pathways are not shown. 
(This figure was adapted from Biswas et al.192)

Lp82 and Cataract

Lp82 has been localized to the nuclear and cortical regions of lens from 
new-born mice174 and has been shown to co-localize in the fibers of embry
onic and postnatal mouse lenses with crystallins.173 The highly ordered packing 
of these soluble proteins is primarily responsible for lens transparency with 
their insolubilization leading to aggregation and the reduced lens performance 
associated with cataract.168 The normal function of Lp82 appears to be in the 
posttranslational processing of crystallins with low levels of the enzyme re
quired in adult mouse lenses to maintain crystallin structure.173,175 However, 
in maturing mouse lenses, mouse cataracts,176 and mouse lenses with congen
ital nuclear cataract, the presence of elevated Ca2+ levels leads to increased 
crystallin proteolysis by Lp82.X11 Most recently, in vitro light scattering stud
ies showed that the Ca2+-mediated overactivation of endogenous mouse lens 
calpains led to the production of high levels of insoluble a-A-crystallin that 
were C terminally truncated.178 Lp82 showed the highest levels of these effects 
and taken with the results of other studies177 it was proposed that the enzyme 
is the major calpain involved in mouse cataract formation.178

Lp82 from rat lenses was found to localize to the nuclear regions of 
the lens160 and exogenous Lp82 was shown to cleave endogenous rat lens
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ot-A-crystallins, producing insoluble C-terminally truncated forms of the pro
tein with levels enhanced by increasing Ca2+ levels.179 A specific cleavage 
fragment a-A, residues 1-168, produced by this proteolysis has been impli
cated in cataract formation180,181 and has also been identified as a product 
in the Lp82 proteolysis of mouse ot-A-crystallin.178 Using this cleavage frag
ment as a biomarker of Lp82 proteolysis of ot-A-crystallin, several stud
ies have suggested that Lp82 may be the major calpain involved in se
lenite cataract formation in rats.175,179 The crystalline cleavage fragment, 
a-A, residues 1-168, has been identified in various other mammalian lenses 
and most recently, in bovine lenses, which led to the proposal that the en
zyme may also be the major calpain in these lenses.182 While Lp82 is 
currently believed to be absent in humans,183 it is interesting to note that 
C terminally truncated crystallins, cleaved at sites identical to those associated 
with the Z,/?&2-mediated proteolysis of these proteins, have been identified in 
human lenses184-186 and some human cataracts.177 Moreover, the novel AX1 N 
terminus of Lp82, which appears to play an important role in the ocular tissues 
of rodents, appears to be possessed by calpain 3 isoforms present in human 
ocular tissue.162

Calpain 2 and Cataract

There is an abundance of evidence suggesting that calpain 2 is involved in 
animal cataract. Earlier studies established that the enzyme cleaved crystallins 
and that calpain inhibitors could prevent rodent cataract, induced by the Ca2+- 
mediated activation of calpain 2.156,187,188 Taken with more recent studies,189 
it is now generally accepted that calpain 2 plays a major role in rodent lens 
opacification while several studies have shown the enzyme to be the major 
calpain activated in murine diabetic cataractogenesis.171,190 Most recently, cal
pain 2 has been shown to induce cataractogenesis, and to cleave crystallins, 
in the lenses of a variety of other mammalian species including: mice and 
guineapigs,175,182,191 monkeys and rabbits,162 and calves182 and pigs.192 The 
presence of calpain 2 in human lenses is generally accepted and was shown 
to be the major calpain in the epithelial cells of human lenses exhibiting age- 
related cortical cataract.193 Human lenses with cortical cataract are known 
to have increased levels of intracellular Ca2+, while treating healthy human 
lenses with extracellular Ca2+ leads to discrete cortical cataracts.156 The ac
tivity of calpain 2 has previously been demonstrated in the cortex of human 
lenses but it was only recently that the Ca2+-induced activation of calpain 2 
in this type of human cataract was demonstrated under physiologically rele
vant conditions.194 Using cultured human lenses, it was shown that when Ca2+ 
in these lenses was elevated within physiological limits, cortical opacification 
resulted, accompanied by a significant loss of crystallins from the soluble frac
tion of these lenses. Moreover, analysis of the insoluble fraction from these
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lenses revealed high levels of proteolyzed vimentin, a lens substrate of calpain 
2 whose proteolysis is indicative of the enzyme’s activation.156 There is some 
evidence to support a role for calpain 2 in human diabetic cataract190,195 and 
taken overall, these results strongly suggest that die enzyme may play a role 
in at least some forms of human cataract, although clearly, further definitive 
evidence is required.

CONCLUDING REMARKS

This review has shown that there is strong statistical evidence for a func
tional association between genetic variations in CAPNIO and T2DM. This 
statistical evidence is robustly supported by experimental results, which have 
shown calpain 10, to play a role in the control of glucose metabolism, insulin 
action, and (3 cell function. Clearly, a better knowledge of the genetic risk fac
tors underlying T2DM will enhance understanding of the primary physiology 
of the disorder, which should be accompanied by the development of more 
specific and cost-effective therapies. Moreover, the methodologies developed 
and lessons learnt from the positional cloning studies on CAPNIO have laid 
the foundations for investigations into other complex genetic disorders, such 
as Crohn’s disease and asthma.87

In addition to calpain 10, a variety of other calpians have also been shown to 
participate in T2DM-relatedpathways, phenotypes, and complications through, 
the use of calpain inhibitors. On the basis of such studies, the therapeutic 
potential of calpain inhibitors is now being investigated and a recent focus 
of these studies has been the development of these inhibitors as anticataract 
agents. The successful development of these compounds would be invaluable 
for use in cases where surgery is not an option, and in the treatment of diabetic 
cataract as a complement to conventional diabetes therapy.168

There are a variety of therapies available for treating T2DM and its compli
cations, but these are not accessible to many poorer populations of the world. 
While there are many questions yet to be answered about the role(s) of calpain 
10, and other calpains, in T2DM, progress over the last 5 years has provided a 
number of breakthroughs. It is hoped that this will catalyze the development of 
innovative new therapeutic interventions in the treatment of T2DM and thereby 
provide benefit to mankind on a global scale.
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There is emerging evidence to suggest that the unregu
lated Ca2'f-mediated proteolysis of essential lens pro
teins by calpains might be a major contributor to some 
forms of cataract in both animals and humans. More
over, recently solved calpain structures have revealed 
molecular-level details of the activation mechanism 
used by these proteases, enabling the structure-based 
design of potent calpain inhibitors with the potential to 
act as anti-cataract agents. These agents offer the first 
real hope of an urgently needed alternative to the 
surgical treatment of at least some forms of cataract and 
relief from a life-depreciating condition on a global scale.

In cataract, opacification of all or part of the lens prevents 
visible light from reaching the retina, which reduces 
optical performance and is most commonly manifested by 
decreased visual acuity, glare, and contrast sensitivity 
(Figure 1) [1]. Today, cataract is readily treated by surgery 
owing mainly to major technological advances made since 
the middle of the last century. Milestones in this advance 
include the intraocular lens implant, designed by Harold 
Ridley in 1948, and, more recently, phacoemulsification 
surgery, which was developed by Charles Kelman in 1967 
and is the ophthalmic version of keyhole surgery. However, 
cataract still accounts for the majority of cases of treatable 
blindness worldwide; the reason for this situation is 
generally financial. The cost of cataract surgery places it 
beyond the reach of individuals in many parts of the world 
and there is an urgent need for less expensive, non- 
surgical approaches to cataract treatment [2]. Clearly, to 
develop such treatments, a precise understanding of the 
underlying mechanisms that lead to cataract is required. 
However, despite intensive research, in most cases, these 
mechanisms are still not fully understood.

An established feature of cataract is that there are 
major structural modifications to the water-soluble crys- 
tallins [31. At high concentrations, these proteins show a 
high degree of packing regularity, and it is the optical 
properties of these ordered arrangements that are 
primarily responsible for lens transparency. Pathologi
cally mediated changes to crystallin structure usually lead 
to the insolubilization and aggregation of these proteins,

thereby compromising their function and resulting in the 
reduced lens performance associated with cataract [4]. 
Crystallin modification is mediated by several lens insults 
[5,6], and, in tropical countries, direct protein modification 
through excessive exposure to UV radiation is a major 
cause of treatable cataract [7]. However, it has become 
increasingly clear that the elevated levels of Ca2-’" asso
ciated with some lens insults can induce crystallin 
proteolysis by calpains (Figure 2) [8]. Calpains are 
intracellular cysteine proteases with an absolute depen
dence on Ca2+ for activity [9], and, recently, several calpain
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Figure 1. Schematic cross-section of the human eye showing the location of the 
lens. The ocular lens is a highly specialized non-vascular tissue that focuses an 
image onto the retina of the eye, triggering electrical impulses that are interpreted 
by the brain as vision. In cataract, opacification of all or part of the lens prevents 
visible light from reaching the retina, which reduces optical performance and is 
most commonly manifested by decreased visual acuity, glare, and contrast sensi
tivity [1]. Also shown is a magnified image of the lens, depicting its major anatom
ical regions, each of which on its own or in combination can undergo opacification 
to form localized cataract or a total mature cataract. Cataracts caused by steroid 
treatment are localized to the posterior sub-capsular region of the lens. Age- 
related cataract, which is the most common group of cataracts worldwide, and cat
aracts in diabetic individuals can start either in the cortex or in the nucleus, 
although it eventually affects both regions. The anterior epithelial layers and 
cortical regions of human cataract have been shown to contain calpain 2, a key 
enzyme implicated in the genesis of some forms of cataract [48]. Figure adapted 
from Ref. [8].Corresponding author: David A. Phoenix (daphoenix@uclan.ac.uk). 
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Igura 2. Representative lens pathways leading to calpain activation. Shown are 
le biochemical pathways that can induce light scattering and cataract. The ageing 
rocess and lens insults such as oxidation and diabetes can lead to impaired mem- 
rene function, which results in pathologically elevated levels of lenticular Ca2-* 
5,61. Under these Ca2* conditions, calpains are overactivated and the resulting 
eregulated proteolysis of soluble crystallins leads to their insolubilization and 
ggregation. This compromises the function(s) of crystallins in maintaining lens 
ransparency and produces the reduced lens performance associated with cata- 
act. Overactivated calpains also proteolyse lens cytoskeletai proteins such as 
imentln, which can further elevate lenticular Ca2*, resulting in calpain overactiva- 
ion and cataract formation (8,48). Calpains have been implicated in several cellu- 
ar processes (11,12) but these biochemical pathways have been omitted for 
[larity. Figure adapted from Ref. (8).

.soforms have been characterized in the lens [10]. Here, we 
review emerging evidence clearly suggesting that lens 
:alpains could play major roles in some forms of 
:ataractogenesis. We also describe current efforts to use 
these enzymes as targets for anti-cataract agents, offering 
the first real hope of alternatives to cataract surgery.

Calpains expressed in the lens
Calpains are a growing superfamily of structurally related 
enzymes (Figure 3). In general, although their precise 
physiological function is unclear, they have been impli
cated in several cellular processes [111, with growing 
evidence indicating that they play crucial roles in signal 
transduction [12]. The biological importance of calpains is 
underlined by their cellular activity being closely regu
lated by a variety of factors. In addition to Ca2+, these 
factors include an endogenous inhibitor, calpastatin, 
interaction with lipid and/or membranes, and activator 
proteins [13]. Despite these rigorous controls, it is well- 
established that pathologically elevated levels of intra
cellular Ca2+ can overactivate calpains, contributing to 
several human disorders [11,13]. In early human cortical 
cataract, localized pathological elevations of Ca2 can 
occur, and in mature human cortical and nuclear cataract, 
total lens Ca2+ rises by an average of over twentyfold to 
give millimolar levels of the ion, far in excess of those 
required to overactivate calpains [14]. Currently, five 
calpains are known to occur in the lens, including calpain 1 
(^-calpain), which is expressed only at low levels [11], 
Lp85, which has yet to be well-characterized [10], and the 
major enzymes, calpain 2 (m-calpain) [15], calpain 10 [16] 
and Lp82 [17].

Calpain 2 is ubiquitous in mammalian cells and the 
most extensively studied member of the calpain super
family, generally being taken as the prototype [9]. The
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Figure 3. Structural organization of calpains expressed in the lens. Calpain 2 (and 
calpain 1) is dimeric, with a large subunit comprising domains l-IV, and a smaller 
subunit comprising domains V and VI. Calpain 10 and calpain 3 are monomeric 
and have the structural organization of the larger subunit of calpain 2, with the 
exception that calpain 3 has a novel N-terminus (NS) and the unique inserts IS1 
and IS2 in domains II and IV, respectively. Lp82 (and Lp85) is a lens-specific variant 
of calpain 3 that lacks IS1 and IS2 and has a modified N-terminal region (AX1; not 
shown). Also represented in domain IV of calpain 2 and calpain 3 are five EF-hand 
motifs, which are a-helical elements of protein secondary structure and appear to 
be primarily responsible for the Ca2 binding ability of these enzymes and other 
calpains. However, calpain 10 lacks domain IV and these EF-hands, instead having 
a divergent T-domain (15-17). Shown in domain II of the calpains is the triad of 
amino acid residues that forms the active site of all calpains: C, H and 
N. Essentially, the thiol group of this cysteine residue participates directly in 
covalent catalytic cleavage of the peptide bond of the substrate. The histidine resi
due, which is in close spatial proximity, is also essential for the cysteine protease 
activity of calpains, while other nearby residues provide groups for general acid- 
base catalysis (26). A 3D representation of residues forming the active site of 
calpain 2 can be found in Figure 4. Figure adapted from Ref. (11).

enzyme is dimeric, with an 80-kDa large subunit organ
ized into domains I, II, III and IV, and a 30-kDA smaller 
subunit comprising domains VI and V (Figure 3) [11]. 
Calpain 2 has an established presence in the lens; Azuma 
et al. presented a model for activation of the enzyme in the 
lens wherein cytosolic calpain 2 translocates to the 
membrane and engages in lipid interaction(s) [18]. 
Consistent with this proposal, recent studies have identi
fied lipid-binding sites in both domain III [19] and domain 
V of calpain 2 [20]. The model of Azuma ei al. [18] proposes 
that the lipid and/or membrane associations) of calpain 2 
lowers the Ca2+ requirement of the enzyme for activation 
and triggers a series of structural changes that involve 
Ca2+ binding and lead to the enzymatically active form of 
the protease. Providing further insight into this stage of 
the model, the recently solved crystal structures of rat [21] 
and human [22] calpain 2 indicate a structural basis for 
the Ca2+ dependence of the enzyme. Analysis of these 
structures revealed that domain II of calpain 2 is divided 
into two sub-domains — Ha and lib — which together 
contain the amino acid residues necessary to form the 
active site of the enzyme. However, in the absence of Ca +, 
structural constraints hold these sub-domains apart, thus 
maintaining the active site in a disassembled state. 
Binding of Ca2+ to calpain 2 results in the realignment 
of domains Ha and Hb, thereby assembling the active 
site of the enzyme and facilitating proteolytic activity 
(Figure 4). Although it is well-established that domains VI 
and IV are the major Ca2+ binding sites of calpain 2, 
further studies based on the solved structure of the
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Figure 4. The Ca2* dependence of calpain 2 activation representing the core events that form the basis of calpain 2 dependence on Ca2+ for activation, (a) With sub-domains 
Ha and Mb distal, the active site of calpain 2 is in a disassembled state, (b) Ca2* binding to a-helical elements of protein secondary structure, which form the EF hands in 
domain Vi disrupts a salt bridge between lysine 7 of domain I of the catalytic subunit and asparagine 154 of domain VI of the smaller subunit. This facilitates liberation of 
the N-terminal region of domain I, thereby initiating a series of structural movements that bring domain lib into close proximity to domain Ha, enabling assembly of the cal
pain 2 active site, represented by cysteine 105 and histidine 262. These processes might be assisted by Ca2+ binding to negatively charged residues on both sides of the 
active site and lipid- and/or membrane-mediated Ca2+ binding to a negatively charged loop in domain III. Also associated with the lipid- and/or membrane-mediated acti
vation of calpain 2 is Ca2+ binding to domain IV (b), which works in concert with Ca2+ binding events to promote other features of enzyme activation, including autolysis 
and subunit dissociation (18]. Additionally, domain V of calpain 2 (shown in white) has a surface location, which would give this region access to lipid bodies and/or the 
membrane. This is consistent with the recent proposal that a membrane-interactive a-helix within domain V might play a role in calpain 2 activation (20). Figure adapted 
from Ref. [71].

enzyme showed that domains II and III also have putative 
Ca2-r binding sites [23]. Interestingly, Ca2+ was found to 
mediate the lipid binding of domain III, and structural 
analysis of the domain showed it to form anti-parallel 
(3-sheet structures that resemble C2 domains. These 
domains are eight-stranded (3-sandwich structures, with 
Ca2^-binding regions located in the loops at one end of the 
structure, and are known to modulate enzymatic activity 
via Ca2+-regulated lipid binding [19].

Calpain 10 is a recently characterized, ubiquitous 
calpain [16] and has a domain organization similar to 
that of the calpain 2 larger subunit (Figure 3) [11]. How
ever, calpain 10 lacks domain IV, a major Ca2+-binding 
domain of calpains, and, although implied by recent 
studies, a Ca2+ requirement for calpain 10 activity has 
not yet been directly demonstrated [10]. Based on simi
larity to calpain homologues that lack regions correspond
ing to domain IV but show Ca2+-dependent activity [24], it 
has been speculated that Ca2"*- binding to calpain 10 might 
involve domain III of the enzyme [10].

Lp82 is a lens-specific splice variant of calpain 3 [17] 
and shows similar domain organization to its parent 
enzyme (Figure 3) [11]. However, Lp82 lacks the unique 
insert regions IS1 and IS2 of calpain 3, and has a new 
N-terminal region AX1 [25]. These structural changes 
appear to give Lp82 better stability than calpain 3; 
however, their functional significance, and whether they 
influence the Lp82 activation mechanism, is currently 
unknown [26].

Calpain 10 and cataract
WBN/Kob rats show spontaneous diabetic cataract that, in 
the male, is manifested as cortical cataract, developing at 
one year of age [27]. Immunoblot analysis showed calpain

10 to be localized in the lens cortex of these male rats, and, 
co-incident with the onset of cataract, these lenses showed 
large increases in intracellular Ca2+, which correlated 
with disappearance of the enzyme. Such disappearance 
of calpains is usually interpreted as a biomarker of 
their overactivation, with loss arising through autolysis, 
although calpain 10 activity in the lens has not yet been 
definitively demonstrated [28]. Similar results to those of 
Sakamoto-Mizutani et al. [28] were reported by studies on 
calpain 10 involving a selenite model of rodent cataract 
[16]. However, this cataract model shows opacification 
specifically in the lens nucleus [29], in contrast to the 
cortical location identified for calpain 10 in WBN/Kob male 
rats [28]. In response, Ma et al. showed that calpain 10 has 
a putative nuclear localization signal and localizes to the 
nucleus of aTN4-l mouse cells, with elevated Ca2+ levels 
enhancing this localization [16]. Based on these results, 
the authors of this study suggested that the normal 
function of calpain 10 might be in epithelial cell difieren- 
tiation, but in the presence of pathologically elevated Ca2+, 
there might be increased uptake of the enzyme into the 
nuclei of lens epithelial cells, thereby facilitating its 
contribution to selenite cataract [16]. Possibly supporting 
this suggestion, the highest levels of calpain 10 expression 
in the lenses of healthy mice were in regions of the lens 
associated with differentiation of epithelial cells [10].

Lp82 and cataract
Lp82 has been localized to nuclear and cortical regions of 
the lens from new-born mice [26] and has been shown to co
localize with crystallins in both elongating and central 
fibres of embryonic and post-natal mouse lenses [10], The 
normal function of Lp82 appears to be in the post- 
translational processing of crystallins, with only low levels
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if the enzyme required in adult mouse lenses to maintain 
rystallin architecture [10,30]. However, in maturing 
nouse lenses, mouse cataracts [31] and mouse lenses 
vith congenital nuclear cataract, the presence of elevated 

levels leads to increased crystallin proteolysis by the 
mzyme [32]. Most recently, in vitro light scattering studies 
showed that the Ca2+-mediated overactivation of endo
genous mouse lens calpains led to the production of high 
levels of insoluble, C-terminally truncated aA-crystallin 
[33]. Lp82 showed the highest levels of these effects and 
it was suggested by Azuma et al. that the enzyme has 
an enhanced potential to induce cataract [33]. Together 
with the results of other studies [32], it was proposed that 
Lp82 is the major calpain involved in mouse cataract 
formation [33].

Lp82 from rat lenses was found to be 99% homologous 
to its mouse counterpart [31] and localized to nuclear 
regions of the lens [34]. Recent studies showed that exo
genous Lp82 was able to proteolyse endogenous rat lens 
aA-crystallins, producing insoluble C-terminally trun
cated forms of the protein whose levels were enhanced in 
the presence of elevated Ca2 levels [35]. Moreover, these 
studies showed that Lp82 produced a specific cleavage 
fragment — ctAi_ie8 — where the final five C-tenninal 
amino acid residues of cxA-crystallin had been removed. 
The C-terminal region of aA-crystallin - oAiss-its ~ is 
essential for the chaperone function of the protein, with its 
truncation leading to lens crystallin aggregation, insolu
bilization and cataract formation [36,371. The cleavage 
fragment oAi-ies was a*80 identified as a product in the 
Lp82 proteolysis of mouse aA-crystallin [33]; these results 
are significant in that they provide a biomarker of Lp82 
proteolysis of aA-crystallin. Use of this biomarker showed 
that, under the elevated Ca2+ conditions seen in selenite- 
induced rodent cataract, the highest levels of endogenous 
aA-crystallin C-terminal truncation could be associated 
with Lp82 proteolysis [35]. A similar selective truncation 
of crystallins was reported by other authors [30] and, 
based on these combined results, it was suggested that 
Lp82 could be the major calpain involved in selenite 
cataract formation in rats [35]. The Lp82-specific crystal
lin fragment oAi.ies has been identified in various other 
mammalian lenses, and most recently in bovine lenses, 
and led to the proposal that the enzyme might also be the 
major calpain in these lenses [38]. Although Lp82 is 
currently believed to be absent in humans [39], it is 
interesting to note that C-terminally truncated crystallins, 
cleaved at sites identical to those associated with the 
Lp82-mediated proteolysis of crystallins, have been 
identified in human lenses [40—42] and some human 
cataracts [32]. Moreover, the novel AX1 N-terminus of 
Lp82, which appears to play an important role in the 
ocular tissues of rodents, appears to be present in calpain 3 
isoforms from human ocular tissue [43].

Calpain 2 and cataract
Over the past two decades, increasing evidence from 
several studies has suggested that calpain 2 is involved in 
animal cataract. Earlier investigations established that 
calpain 2 proteolysed crystallins and that calpain inhibi
tors could prevent the progression of rodent cataract

induced by Ca2+-mediated activation of calpain 2 [15,18,44]. 
Taken together with more recent studies [9,45], it is now 
generally accepted that calpain 2 plays a major role in 
rodent lens opacification. In addition, several studies have 
shown the enzyme to be the major calpain activated in 
murine diabetic cataractogenesis [28,45]. Most recently, 
calpain 2 has been shown to induce cataractogenesis 
and cleave crystallins in the lenses of a variety of 
other mammalian species, including mice and guinea- 
pigs [30,46], monkeys and rabbits [43], and calves [38],

The presence of calpain 2 in human lenses is generally 
accepted and was shown to be the major calpain in the 
epithelial cells of human lenses showing age-related 
cortical cataract [47]. Human lenses with cortical cataract 
are known to have increased levels of intracellular Ca2+ 
and treatment of healthy human lenses with extracellular 
Ca2+ leads to discrete cortical cataracts [15]. Activity of 
calpain 2 has previously been shown in the cortex of 
human lenses, but Ca2+-induced activation of calpain 2 in 
cortical cataracts has only recently been demonstrated 
under physiologically relevant conditions [48]. Using 
cultured human lenses, it was shown that an increase in 
Ca2+ levels in these lenses within physiological limits 
resulted in cortical opacification accompanied by a 
significant loss of crystallins from the soluble fraction of 
these lenses. Moreover, analysis of the insoluble fraction 
from these lenses revealed high levels of proteolysed 
vimentin. This cytoskeletal protein is a lens substrate of 
calpain 2 whose proteolysis is taken as a biomarker of 
enzyme activation [9]. There is some evidence to support a 
role for calpain 2 in human diabetic cataract [45,49], and, 
taken overall, these results strongly suggest that the 
enzyme might play a role in at least some forms of human 
cataract, although it is clear that further definitive 
evidence is required.

Calpain inhibitors as anti-cataract agents
The quest for non-surgical approaches to cataract treat
ment, coupled to the emerging role of calpains in the 
disorder, has prompted research into the development of 
calpain inhibitors as anti-cataract agents. The only known 
compound with absolute specificity for calpains is their 
endogenous inhibitor, calpastatin [12], but, owing to its 
high molecular mass and, hence, membrane imperme
ability, this inhibitor is of little therapeutic use [9]. Calpain 
inhibitors have therefore been derived from naturally 
occurring sources and produced by both semi-synthetic 
and fully synthetic methods [12,50,51].

Early calpain inhibitors
The major first-generation calpain inhibitors tested as 
anti-cataract agents were the epoxysuccinyl peptides, 
which include E64 and its analogues. These inhibitors 
have electrophilic centres within their structure that form 
an irreversible covalent bond with the thiol group of the 
cysteine residue in the active site of calpain, thereby 
blocking its proteolytic action. E64 showed some ability to 
reduce cataract in rodent models, but the compound was 
unsuitable for further development owing to its poor 
selectivity for calpains, and membrane impermeability 
[52]. Structural modification of E64 produced E64d, which
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showed improved membrane permeability and is readily 
hydrolysed to an active form by lens enzymes in vivo. This 
prevented induced cataract in lens culture models [12,53]. 
Other first-generation calpain inhibitors included the 
peptide aldehydes, which bind calpains in a reversible 
Ca2+-dependent way [52,54]. Electrophilic centres within 
these inhibitors - usually a functional group containing a 
carbonyl moiety - react with the thiol group of the active- 
site cysteine of calpains to form covalent adducts, which 
effectively enables these peptide aldehydes to function as 
competitive inhibitors of the enzyme [52]. The peptide 
aldehydes showed improved membrane permeability and 
calpain selectivity over E64 and its analogues, and showed 
some success in retarding calpain-mediated cataracto- 
genesis. However, low water-solubility and toxicity to 
lenses largely prohibited their use as pharmacological 
tools and anti-cataract agents [8,55].

Recent calpain inhibitors
The problems of poor membrane permeability and target 
selectivity have led to more systematic approaches in the 
development of calpain inhibitors [50]. Moreover, signifi
cant impetus to these approaches was provided by the 
recent presentation of structures for calpain 2 [21,22]. The 
detailed structural and mechanistic information gleaned 
from these structures (Figure 4) opened the door to 
structure-based calpain inhibitor design, and, in this 
capacity, led to the synthesis of mercapto acrylate 
derivatives. These non-peptide calpain inhibitors function 
by impeding binding of Ca2+ to the enzyme (potentially, 
domains II, III, IV and VI) rather than blocking its active- 
site function, as with most calpain inhibitors [56,57]. 
Several studies have used screening to identify new 
calpain inhibitor templates, and this approach has 
produced a chemically diverse range of compounds that 
function as inhibitors of the enzyme [12,50,51]. Several 
groups have used a peptidyl a-hydroxamate scaffold for 
the design of reversible calpain inhibitors, and identified 
novel compounds that enhance inhibitory potency by 
strengthening the bonding between these compounds 
and residues in the active site of calpains [58,59]. 
Peptidomimetics, characterized by the substitution of 
peptide amino acid residues with complex chemical 
groups, have been introduced into the design of reversible 
calpain inhibitors and led to the identification of novel 
ketoamide and aldehyde inhibitors of calpains with high 
selectivity for the enzyme [60,61]. Other studies aimed to 
design irreversible calpain inhibitors and produced com
pounds based on peptidyl methyl ketones that showed very 
high levels of calpain inhibition [62]. Using a novel approach 
in which calpastatin was used as a structural template, 
fusion of an eleven polyarginine peptide to the inhibitor 
yielded a peptide with enhanced membrane permeability 
but no reduction in its ability to inhibit calpains compared 
with naturally occurring calpastatin [63],

The calpain inhibitor SJA6017
Many of these newly developed calpain inhibitors are 
awaiting trial as anti-cataract agents. However, major 
progress in this area has been made with studies based on 
the recently developed peptide aldehyde, 7V-(4-fluorophenyl-

sulfonyl)-L-valyl-L-leucinal, or SJA6017. In vitro, SJA6017 
was found to inhibit calpain 2 strongly via reversible 
binding of the functional aldehyde moiety of the inhibitor 
to the active site of the enzyme [46]. Moreover, SJA6017 
showed a high selectivity for calpains, with no significant 
effect on the activity of many other enzymes, such as 
inhibition of cysteine proteases and serine proteases, 
which reduced the viability of previously tested calpain 
inhibitors [64]. When tested using cultured rodent lenses, 
SJA6017 was found to be membrane permeable and able to 
prevent both Ca2+-induced nuclear opacity and crystallin 
proteolysis in a way that correlated with its ability to 
inhibit calpain 2 [46,64]. More recently, the inhibitor has 
been shown to retard calpain-mediated cataractogenesis 
in porcine lenses [65] and Lp82-mediated cataractogenesis 
in rodent lenses [66-68]. Comparisons with established 
calpain inhibitors concluded that SJA6017 showed high 
efficacy as an anti-cataract agent [69]. Nakamura et al. 
systematically modified this compound to improve its 
potential [70]. These modifications were designed to 
increase water solubility and moderate the chemical 
reactivity of the functional aldehyde moiety, which was 
considered as potentially damaging under physiological 
conditions. These efforts led to the generation of a chemi
cally substituted SJA6017 derivative, which included 
replacement of the calpain-binding aldehyde of the inhi
bitor with a cyclic hemiacetal moiety, previously reported 
to be effective in calpain inhibition. This compound showed 
potent inhibitory activity towards calpains and signifi
cantly retarded Ca2+-induced opacification in a rodent lens 
cataract culture model. Moreover, the compound showed 
high transcomeal permeability when topically adminis
tered to the eyes of rabbits, an essential property for the 
administration of an anti-cataract agent by this route [70]. 
Using this SJA6017 derivative as a lead compound, 
Nakamura et al. are currently attempting to produce 
calpain inhibitors that can be used in the treatment of 
human cataract [70].

Concluding remarks
Recent experimental results strongly suggest that cal
pains participate in at least some types of cataracto
genesis. It seems possible that calpain 10 might contribute 
to murine cataractogenesis and there is abundant evi
dence that calpain 2 and/or Lp82 play major roles in 
cataractogenesis in a variety of animals. Based on current 
evidence, calpain 2 appears to be the major calpain 
involved in animal models of diabetic cataractogenesis, 
and the only major calpain active in human lenses. 
Although current research has not definitively demon
strated a role for calpain 2 in human cataract, the results 
available strongly suggest a major contribution of calpain 
2 to at least some forms of the human disorder.

The depreciated quality of life caused by cataract has 
created an urgent need for less expensive, non-surgical 
alternative treatments of the disorder. Indeed, this 
urgency is emphasized by the fact that, although calpains 
are currently believed to contribute to only a limited range 
of human cataract types, intensive research into the 
potential of calpain inhibitors as anti-cataract agents is 
being conducted. Aided by a better understanding of the
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ructure-function relationships involved in calpain 
:tivation, a multitude of calpain inhibitors have now 
»en produced and are available for trial. Based on the 
“ptide aldehyde SJA6017, significant advances are being 
lade in the development of calpain inhibitors that have 
nti-cataract ability and physiochemical properties suit- 
ble for topical administration to the eye. Clearly, to treat 
ataract, administered levels of calpain inhibitors must 
ave the ability to mediate the depression of pathologically 
levated calpain activity, while not impeding the normal 
hysi©logical functions of these lens enzymes. Studies to 
stablish such regimes are on the horizon, and, although 
hese are early days, continued progress in this direction 
ould lead to the non-surgical treatment of at least some 
orms of cataract. This would be a revolution in the field on 
i scale similar to the pioneering contributions of Harold 
lidley and Charles Kelman [2], and, most importantly, could 
>ring global rehef to at least some sufferers of cataract.
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Abstract

This study investigated the effects of streptozotocin (STZ)-mduced diabetes mellitus (DM) on protein and cation levels ii 
ocular tissues (lenses, cornea, lacrimal glands and retina with sclera) of rats. Diabetic rats and their lacrimal glands weighec 
significantly less (p < 0.05) than age-matched controls. Diabetic animals also had significantly (p < 0.05) elevated blooc 
glucose and significantly reduced (p < 0.05) plasma insulin compared to controls. Total protein concentrations in the cornea 
lens, lacnmal gland and retina with sclera were markedly reduced compared to controls (circa 50%-90%). Diabetic cornea 
lenses, lacrimal glands, and retina with sclera contained more Ca2+ (p < 0.05) than age-matched controls (2-3 fold). Levels ol 

n were also elevated (p < 0.05) in the cornea and retina with sclera of diabetic rats, as compared to control rats (2-3 fold) 
but were unaffected m lenses and lacrimal glands. In contrast, levels of Cu2+, Mg2+, Na+ and K+ were significantly reduced (r 

m aI1 ocular tissues of diabetic rats when compared to control animals (circa 30%-70%). These results show that 
STZ-mduced DM is generally associated with significant physiochemical changes in ocular tissues of rats with changes 
observed in body weight, blood glucose, and insulin levels and protein and cation concentrations compared to healthy age- 
matched controls. Based on these data, it has been speculated that diabetes may induce changes in ocular tissues that include- 
higher protem turnover through increased protease activity and changes in Na+ / K+ channel function. It is suggested that 
these changes may be associated with diabetic retinopathy, diabetic cornea and^ight impairment, (hit J Diabetes Metab 
13:154-1583 2005)

Keywords: Type 1, diabetes, ocular tissues, protein, cations, rat, retinopathy

Introduction
Diabetes mellitus (DM) is a major global health problem 
that affects more than 185 • million people, around the 
world. ' The disease is an increasingly prevalent metabolic 
disorder in humans and is characterised by 
hyperglycaemia.4*5 This is due to either a . lack of insulin or 
insensitivity of insulin to target cells.6 DM can be divided 
primarily into two types: Type 1 or insulin dependent 
diabetes mellitus (3DDM) and type 2 or non-insulin 
dependent diabetes mellitus (NIDDM).4 With regards to 
incidence, around 5% of diabetics suffer from type 1 DM 
and the remaining 95% suffer from type 2 DM or maturity 
onset DM.1

Type 1 DM is due to autoimmune destruction of [3-cells, 
especially in childhood. On the other hand, type 2 DM is 

■ mainly due to hereditary factors, affluent lifestyles and 
obesity.4 Both types of DM are associated with a number of 
common symptoms such as polyurea and polydipsia, and 
long term complications including retinopathy, 
cardiomyopathy, nephropathy, neuropathy, foot ulcers and
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digestive insufficiency, especially if the disease is not 
diagnosed and treated early.4,7'8
Both type 1 and type 2 DM damage a variety of ocular 
tissues including the retina, lenses and cornea.8'11 Corneal 
abnormalities are found in more than 70% of diabetic 
patients12 but retinopathy is the most serious eye condition 
associated with diabetes.11 Retinopath}7 occurs in two majoi 
forms, nonproliferative and proliferative, and these 
encompass most forms of the diabetes-related disease that 
affects the retina. Diabetic retinopathy is associated with 
angiopathy and, in addition to the retina itself, affects other 
ocular structures such as the cornea, the lens, and 
surrounding tissues, as well as the lacrimal gland. It has 
been , shown that diabetes causes microvascular 
abnormalities that lead to retinal vascular pericyte loss and 
endothelial damage, which in turn cause microvascular 
occlusion and alterations in retinal vascular permeability 
often resulting in ischaemia and retinal edema.4,7 This 
particular complicafion of DM is highly prevalent in 
developing countries and can be particularly severe in 
persons who have type 1 DM, also occurring frequently 
with chronic type 2 DM. Approximately one quarter of 
persons with diabetes have at least some form of diabetic 
retinopathy, and the incidence increases with the duration of 
diabetes. At 10 years, the prevalence of retinopathy in 
patients with diabetes is almost 7% and rises to greater than 
90% after 25 years. Diabetic retinopathy can also accelerate 
during puberty and pregnancy.11
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In many cases, the pathogenic basis of diabetes-induced 
damage to ocular tissues is unclear at the cellular and 
molecular levels8 and recent work has indicated that ion 
dependent proteins such as calpains may be involved in 
diabetes-induced ocular damage.13 The present study 
investigates the effects of streptozotocin (STZ)-induced 
type 1 DM on protein concentration and on cation contents 
in ocular tissues of the rat compared to age-matched healthy 
controls.

Materials and methods 1
Materials
Streptozotocin, analar grade chemicals and ion standards 
were obtained from BDH (Poole, UK).

Experimental procedures
Adult male Wistar rats (150-450 g) were used in this 
experiment. Ethical clearance was obtained from the Ethics 
Committee of the University of Central Lancashire. One 
.group of animals (150:200 g and 8 weeks old) were injected 
intraperitoneally (IP) with 60 mg per kg body weight of 
STZ dissolved in citrate buffer (pH 4.0) and another group 
(150-200 g and 8 weeks old) received an equivalent volume 
of citrate buffer alone14 . Blood glucose and plasma insulin 
levels were measured 4 to 5 days following STZ 
administration, and 6 to 8 weeks later, to confirm DM12, 
using a glucometer (Johnson and Johnson, UK) and 
commercial immunoassay kits, respectively. Blood 
concentrations of glucose in excess of 300 mg dl' 
confirmed DM.

Animals were humanely sacrificed in line with ethical 
approval and the lacrimal glands and eyes removed. These 
tissues were then dissected into retina, cornea and lens, 
weighed and subsequently divided into two groups. One 
group of tissues was individually placed in 1 ml of 
concentrated nitric acid (70% v/v), allowed to dissolve 
overnight and subsequently rota mixed. A volume of 0.2 ml 
of the dissolved tissue Was placed in a test tube containing 
9.8 ml of deionised water and rota mixed. This solution was 
subsequently used to measure the levels of Na+, K+’ Mg , 
Cu2*, Zn2+ and Ca2+ using atomic absorption spectroscopy 
according to established methods16,17 against appropriate 
standards. All values were expressed as mg ml'1 100 mg wet 
tissue’1. Additionally, the other group tissues were 
individually sonicated to release proteins. Using appropriate 
dilutions against standards, the total protein concentration of 
each sample was estimated using Lowry’s method.18,19 
Values were expressed as mg. ml'1 100 mg wet tissue!. All 
statistical comparisons were made using the unpaired 
student’s t-test. A value of p < 0.05 was taken as significant.

Results and Discussion
In the present study, the effects of STZ-induced diabetes on 
the levels of protein and cations in ocular tissues of the rat 
were investigated. Eight weeks after the induction of 
diabetes, diabetic and control animals were characterised 
and the results are shown in table 1. When compared to the 
control group of rats, rats injected with STZ exhibited 
reduced plasma insulin and elevated blood glucose (p < 0.05 
in all cases). These changes confirm the induction of

Table 1: Characteristics of animals and weights of rat ocular tissues. 
Data are mean ± SEM, n'=7, * p 0.05.

Parameters measured
Age matched

control '
Diabetic

Weight of rat (g) 391.83 ±37.91 190.12 ± 5,41*
Blood glucose level (mg dl'1) ■92.40 ± 2.42 >500*
Plasma insulm.level (mg dl*1) 20.1.36 ±572 4.80 ±1.38*
Weight of cornea (mg) 8.03 ± 2.56 10.1 ±0.89
Weight of lens (mg) 33.94 ±5.26 38.44 ±6.11
Weight of retina and sclera

(mg)
33.11 ±11.15 25.34 ±11.74

Weight of lacrimal (mg) 118:07 ±4.09 .. 93.77 ±2.4*

diabetes,15,20,21 resulting from J3-cell destruction through the 
action of STZ.14, 21,22 It was also found that diabetic rats 
weighed significantly less than control animals (p<0.05).20 
In relation to ocular tissues, lacrimal glands from diabetic 
rats were also found to weigh significantly less (p<0.05) 
than those from’the control group. However, no significant 
changes in the weights of lens, cornea, and retina with 
sclera were observed between diabetic and control animals.

The total protein in different ocular tissues was determined 
(Figure 1) and the results showed the lacrimal glands of 
diabetic rats to contain levels of protein (per gram of wet 
weight) that were reduced by approximately 50% when 
compared to those of non-diabetic animals. In other 
exocrine glands such as the parotid gland and the pancreas, 
amylase secretion and total protein output is markedly 
reduced during STZ-induced diabetics compared with 
controls23*26 and this is due to a decrease in the gene 
expression of amylase mRNA.27 When compared to control 
animals, the total protein of the cornea, lens and retina with 
sclera (per gram of wet weight) of diabetic rats also showed 
greatly reduced levels, which ranged between 50% and 
90%. One contributing factor to these observed reductions 
in total protein could be increased protein turnover, derived 
from increased protease activity. Moreover, this suggestion 
could be supported by our cation analysis data. Compared to 
non-diabetic animals, all ocular tissues from the diabetic 
rats examined in this study showed large increases in the 
levels of Ca2+ (p < 0.05) that were of the order of two to 
threefold (Figure 2A). Previous studies on diabetic rats have 
shown that increased levels of Ca2 in both the lens and 
retina of these animals could lead to the over-activation of 
tissue specific proteases, resulting in the degradation of lens 
proteins28 and retinal degeneration.13 The present study also 
found that, compared to non-diabetic rats, Zn2, levels [mg. 
ml*1 100 g tissue'1] were increased almost threefold in the 
cornea of diabetic rats with a smaller two-fold increase in 
the retina of these animals (Figure 2B; p > 0.05). Matrix 
metalloproteinases are zinc dependent enzymes that are 
over-expressed in diabetic cornea and retina, leading to 
increased proteolysis of extracellular matrix components, 
cell surface molecules and other substrates.29,30 In contrast, 
however, Zn2+ levels (mg ml*1 100 g tissue *) in the lacrimal 
glands and lenses of diabetic rats showed no significant 
differences to those of non-diabetic animals (p > 0.05).
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Figure 1: Total protein levels in the cornea, lens, lacrimal, and 
retina with sclera of control (□) and STZ-induced diabetic rats 
(■). Data are mean ± SEM, n = 7. * p < 0.05 indicating that 
diabetic tissue contains significantly less protein when compared 
to the control.
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Figure 2: Ca (A) and Zn~ (B) levels in the cornea, lens, 
lacrimal, and retina and sclera of control (□) and STZ-induced 
diabetic rats (■). Data are mean ± SEM, n = 7. * p > 0.05 
indicating that diabetic tissue contains significantly increased / 
decreased levels of cation when compared to the control.

In contrast to the above analyses, it was found that ocular 
tissues from diabetic rats exhibited levels (mg ml'1 100 g 
tissue^1 of Mg 2++ (Figure 3A), Cu 2+ (Figure 3B), Na+ 
(Figure 4A) and K (Figure 4B) that were generally strongly 
decreased relative to those of non-diabetic animals (p > 
0.05) with reductions ranging between 30% and 70%. In the 
case of these latter ions, Na+ and K+channels are well

Lens Lacrimal Retina and
Ocular Tissue Sclera

Figure 3: Cu‘ (A) and Mg2 (B) levels in the cornea, lens, 
lacrimal, and retina and sclera of control (□) and STZ-induced 
diabetic rats (■). Data are mean ± SEM, n = 7. * p > 0.05 
indicating that diabetic tissue contains significantly increased / 
decreased levels of cation when compared to the control
(A)
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Figure 4: K (A) and Na^ (B) levels in the comea, lens, lacrimal, 
and retina and sclera of control (D) and STZ-induced diabetic rats 
(®)- Data are mean ± SEM, n — 7. * p > 0.05 indicating that 
diabetic tissue contains significantly increased / decreased levels of 
cation when compared to the control.
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known to play important roles in modulating membrane 
potential31 and recent studies on STZ-induced diabetic rats 
have shown that the disorder is able to influence both the 
membrane potential and K+ channel function of diabetic 
muscle.32 Currently, we are investigating the possibility that 
similar abilities underlie the reduced levels of Na+ and K+ 
observed in the diabetic ocular tissues of rats in the present 
study.

In conclusion, the present results show that DM is generally 
associated with significant physiochemical changes in 
ocular tissues with regards to body weight, blood glucose, 
plasma insulin, and protein and cation levels when 
compared to' controls. Based on the data, it has been 
speculated that diabetes may induce changes in ocular 
tissues that include higher protein turnover through 
increased protease activity and changes in Na+/K+ channel 
function. It is suggested that these changes may contribute 
to sight impairment and eye disorders such as diabetic 
retinopathy and diabetic cornea.
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Abstract

Premature visual impainnent due to lens opacification is a debilitating characteristic of untreated diabetes. Lens opacification is 
primarily due to the insolubilization of crystallins, proteins essential for lens optical properties, and recent studies have suggested 
that a major cause of this insolubilization may be the unregulated proteolysis of crystallins by calpains. These are intracellular 
cysteine proteases whose activation requires the presence of calcium (Ca2+) and elevated levels of lens Ca2+ is a condition 
associated with both diabetic cataractogenesis and other forms of the disorder. A number of calpains have been identified in the 
lens, including calpain 2, calpain 10 and two isozymes of calpain 3: Lp82 and Lp85. The use of animal hereditary cataract models 
have suggested that calpain 2 and/or Lp82 may be the major calpains involved in murine cataractogenesis with contributions 
from calpain 10 and Lp85. However, calpain 2 appears to be the major calpain involved in murine diabetic cataractogenesis and 
the strongest candidate of the calpains for a role in human types of cataractogenesis. Here, we present an overview of recent 
evidence on which these observations are based with an emphasis on the ability of calpains to proteolyse lens crystallins and 
calpain structural features, which appear to be involved in the Ca2+"inediated activation of these enzymes (Mol Cell Biochem 
261: 151-159, 2004)

Key words’, diabetes mellitus, calpains, cataractogenesis, calcium, lens, isoenzymes

Introduction

The role of the ocular- lens is to focus an image onto the retina 
and to perform this task. The lens has evolved into a highly 
specialised non-vascular tissue with a single layer of epithe
lial cells on the anterior surface [1]. The bulk of the lens is 
formed from densely packed elongated fibre cells, which are 
arranged in concentric shells, with the youngest cells in the 
outemrost layers, or cortex, and the oldest cells, present since 
the embryo, in the core of the lens, or the nucleus (Fig. 1). 
Fibre cells are derived from epithelial cells and they contain 
no organelles and moreover, they have a high concentration of 
soluble proteins. In addition, they are entirely dependent on 
the anterior epithelial cells and a network of gap junctions for

metabolic and ionic homoeostasis. For tire fibres of the lens, 
tire process of growth and differentiation go on throughout 
our lifetime [2—5],

In cataract, changes in the lens lead to opacity with an 
ensuing loss of visual acuity [6]. Morphologically cataracts 
can be subdivided into: cortical cataracts involving changes 
in epithelial cells and other regions at the lens surface, and 
nuclear cataracts involving changes to fibre cells and the in
ner nuclear region of the lens [7]. Aetiologically, the most 
common types of cataract are those associated with ageing 
and diabetes [8, 9]. Diabetic cataracts tend to develop ear
lier than age-related cataract and under age-matched condi
tions, the incidence of cataract is over 50% higher in dia
betics than non-diabetics [10]. In human diabetic cataracts,
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posterior segment filled
with vitreous humour

Fig 1. A schematic cross-section of the human eye. Fig. 1 was adapted from [1] and shows the location of lens in the human eye. The lens plays an important 
role in focusing the light rays entering through the cornea and pupil onto the retina: Any opacification of the lens will present an obstruction to t e passage o 

light and lead to decrease in vision.

opacities are observed in various regions of the lens and 
the posterior, subcapsular or cortical types are common in 
the early stage. In the cortical type of diabetic cataract, 
opacities spread along lens fibres from the equator to the 
centre and the cortex appears to be the lens region predom
inantly involved in human cataract under long-term diabetic 
stress [8, 11]. An extreme case of cortical opacification in 
diabetic lens is shown in Fig. 2.

The pathways that lead to various types of cataract are not 
fully understood but as might be expected, in diabetics, the 
effects of sugar-mediated changes to the lens are higher than 
in age-matched non-diabetics [8]. It is generally accepted that 
there are pathways common to different types of cataractoge- 
nesis (Fig. 3) [ 12] with the major ones being those that involve 
response to oxidative stress [13,14] and those that involve the 
accumulation of glycation end products [15, 16]. However, 
regardless of source mechanism, a major end-result is lens 
opacification due to the aggregation, cross-linking and insol-

Ftg 2 An example of cortical cataract in the lens of a diabetes. Fig. 2 was 
adapted from [2] and shows an advanced cortical cataract in a 48-year female 
with a 12 year history of T2DM. Due to the dense opacity of the cataract, 
it is difficult to visualize and therefore determine, if there is nuclear opacity 
as well.

ubilization of lens crystallins; proteins, which play a crucial 
role in maintaining the clarity of the lens and its refractive 
properties.

The lens crystallins account for over 90% of the total 
lens protein content which is composed of 0-crystallin, y- 
crystallin and a-crystallin, which are dimeric in structure 
and possess the subunits aA-crystallin, and aB-crystallin, 
a-crystallin functions either as a molecular chaperone by sup
pressing the unfolding of proteins or by mediating the refold
ing of unfolded proteins [17-19], and it has been shown that 
this chaperone activity is significantly decreased in a number 
of cataract types [20-22]. Over the last decade, accumulating

Fig. 3. Representative lens pathways leading to calpain activation. Fig. 3 was 
adapted from [2] and shows biochemical pathways that lead to the patho
logical elevation of lenticular Ca2+ levels, calpain activation and the light 
scattering associated with cataractogenesis and diabetic cataractogenesis.
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calpain 2, Lp82 and Lp85 to cataractous eye conditions.
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Fig. 4. The structural organization of calpains implicated in cataractogen- 
esis. Fig. 4 was adapted from [2] and shows the structural organisation of 
major calpains implicated in cataractogenesis. It can be seen that calpains 
1 and calpain 2 are dimeric, each possessing a large subunit comprising 
domains I-IV and a smaller subunit comprising domains V-VI. Calpain 10 
and calpain 3 are monomeric, possessing the structural organisation of the 
calpain 1, and calpain 2, larger subunit, except that calpain 3 possesses a 
novel N-terminus (NS) and the unique inserts. IS1 and IS2, in domains II 
and IV respectively. The lens specific variants of calpain 3, Lp82 and Lp85. 
lack IS1 and IS2 and possess modified N-terminal regions. Annotated above 
in domain II of each of these calpains are the residues, C, H and N, which 
comprise the catalytic triad of amino acid residues forming the active site 
of all calpains and are responsible for the cysteine protease activity of these 
enzymes. Also represented above, in domain IV of calpain 1, calpain 2 and 
calpain 3 are five EF-hand motifs, which appear to be primarily responsible 
for the Ca2+ binding ability of these enzymes and other calpains. How
ever, calpain 3, and its variants, lack these EF-hands, instead possessing a T 
domain [23, 28, 33-35, 50, 51].

evidence has suggested that the unregulated activity of cal
pains may lead to the insolubilization of crystallins, causing 
the loss of crystalline chaperone activity which may con
tribute to lens opacification [23-27],

Calpains are cysteine proteases (Fig. 4) and have an ab
solute requirement on Ca2+ for activity [23, 28, 29] whilst 
altered Ca2+ homoeostasis is strongly associated with the 
formation of both diabetic cataract and age-related cataract 
[30, 31]. On the basis of these observations, calpains have 
been extensively investigated as putative agents involved in 
cataractogenesis.

Calpains and diabetic cataractogenesis

Six major calpains are known to be expressed in the eye. 
They include Calpain 2 [24], the calpain 3 splice variants, 
Lp82 [32, 33] and Lp85 [34] and calpain 10 [35] which have 
been identified in the lens. In addition, the calpain 3 splice 
variants and Cn94 are present in the retina [36] and in the

Wistar Bonn/Kobori (WBN/Kob) rats carry hereditary dia
betes with the male of the species developing cortical cataract 
at 12 months of age [38], Recent studies using the fraction
ated lenses of WBN/Kob male rats and immunoblot anal
ysis showed that calpain 10 was predominantly present in 
the water-insoluble fraction from the lens cortex of these rats 
[39]. However, at 12 months, coincident with the onset of cor
tical cataractogenesis, the presence of calpain 10 in this lens 
fraction was rapidly reduced. Moreover, this loss of calpain 
10 correlated with large rises in intracellular Ca2+ and such 
loss is often a biomarker of calpain overactivation and results 
from increased levels of autolysis [40]. Based on their results, 
Sakamoto-Mizutani etal. [39] suggested that calpain 10 may 
be involved in the development of diabetic cataractogene
sis in male WBN/Kob rats. Consistent with these findings, 
studies on calpain 10, using a rat selenite cataract model, 
showed that the highest concentration of calpain 10 was in 
the water-insoluble fraction of lens tissues and that the loss of 
calpain 10 from the lens cortex and epithelial cells was coinci
dent with the onset of cataractogenesis [35]. However, whilst 
it is well established that selenite-induced cataract involves 
the Ca2+ induced overactivation of calpains, these cataracts 
specifically form in the lens nucleus as opposed to the cor
tical location of calpain 10 [41]. In response, Ma et al. [35] 
observed that their studies had shown calpain 10 to possess a 
putative nuclear localization signal in domain III and localize 
to the nucleus of aTN4-l mouse cells, suggesting a role for 
the enzyme in signal transduction. Moreover, elevated Ca2+ 
levels enhanced the nuclear localization of calpain 10, lead
ing Ma et al. [35] to suggest that the enzyme may normally 
function in epithelial cell differentiation, but that in response 
to elevations in intracellular Ca2+, increased uptake of cal
pain 10 into the nuclei of lens epithelial cells may contribute 
to selenite cataract formation. Lending some support to this 
suggestion, Reed et al. [42], recently showed that the high
est levels of calpain 10 expression in lens from non-diabetic 
mice were in the outer regions of the lenses, associated with 
lens epithelial cell differentiation.

Clearly, the foregone results imply that calpain 10 may be 
overactivated in response to the elevated Ca2+ levels asso
ciated with cataractous conditions [30]. Nonetheless, as ob
served by Reed et al. [42], the proteolytic ability of calpain 
10 has not yet been definitively demonstrated either in the 
presence or absence of Ca2+. Moreover, as can be seen from 
Fig. 4, calpain 10 lacks domain IV of the typical calpains. 
which contains the EF-hand motifs generally believed to 
be responsible for calpain Ca2+-binding activities (Fig. 4)
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[43-45]. Notwithstanding, TRA-3, is ahomologue of calpain 
5 from Caenorhabditis elegans and shows Ca2+-dependent 
proteolytic activity, although lacking EF-hand structures 
[46]. Moreover, domain HI of TRA-3 is homologous to do
main HI of calpain 2, which has recently been shown to pos
sess Ca2+-binding activity [47]. Taken together, these results 
are suggestive and a role for calpain 10 in cataractogenesis 
seem a possibility. Indeed, further investigation of this puta
tive role would seem particularly merited when it is consid
ered that the hereditary diabetes carried by WBN/Kob rats 
is generally accepted as a good model of human diabetes 
mellitus [48].

Calpain 3 (CAPN3) splice variants: Lp85 and LP82

CAPN3 encodes calpain 3 and has been implicated in several 
genetic disorders [23], including diabetes mellitus [49]. At 
least 12 splice variants of calpain 3 have been described in 
rodents [50] and the best characterized of these at the protein 
level are the lens specific Lp52 and LpS5 [34]. These enzymes 
show deletion of the calpain 3 unique insert regions, IS1 
and IS2 and substitution of a new N-terminal region (AX1) 
(Fig. 4) encoded by an alternative exon [50]. In addition, 
Lp85 has an additional alternative splice, which leads to the 
addition of 28 amino acid residues to domain IV, the calpain 
Ca2+-binding region [32, 34]. These structural changes ap
pear to give Lp82 greater stability than wild-type calpain 3 
[51] and studies on calpain 3 splice variants have suggested 
that the novel AX1 N-terminus of Lp82 and Lp85 may play an 
important role in the ocular tissues of rodents [52]. However, 
in general, the functional significance of the structural dif
ferences shown by Lp82 and Lp85 in relation to their parent 
enzyme, calpain 3, are currently unknown.

Studies on Lp85 are limited in relation to Lp82. However, 
recent imunolocalization studies have shown the presence of 
low levels of Lp85 in the lens fibre cells of developing and 
post-natal mice but these levels were greatly decreased in 
mature mouse lenses [42]. Lp85 has been shown to possess 
Ca2+-activated proteolytic activity [34], although no inves
tigation of the physiological substrates of the enzyme ap
pears to have been conducted. At present, no role for Lp85 
in cataractogenesis is has been established but the intimate 
association of this calpain with lens processes suggests that 
in these early stages of Lp85 characterization, the possibility 
cannot be ruled out.

In recent studies on new bom-mice, Ma et al. [51] localized 
Lp82 to the nuclear and cortical regions of the lens. Consis
tent with these results, Reed et al. [42] showed the enzyme to 
be concentrated in the elongating fibres, and central fibres, of 
embryonic and post-natal mouse lenses, co-localized with the 
lens crystallins. However, these latter authors also found that 
in mature-mouse lenses, levels of Lp82 were greatly reduced.

It has been shown that the normal post-translational prote
olytic processing of crystallins is mainly complete before 
adulthood in mice [53] whilst this processing is known to be 
much slower in the cortical fibres of adult-murine lenses [54]. 
On the basis of these observations, Reed et al. [42] suggested 
that Lp82 may play a role in the normal post-translational pro
cessing of crystallins and that only low levels of the enzyme 
may be required in adult-mouse lenses to maintain normal 
crystalline architecture.

Previous studies on Lp82 have shown that in the presence 
of elevated Ca2+ levels, the enzyme exhibits increased crys
talline proteolysis in maturing mouse lenses, mouse cataracts 
[55] and mouse lenses with congenital nuclear cataract [31]. 
Using total soluble protein extracts from mouse lenses Azuma 
et al [56] used exogenous Ca2+ to activate endogenous cal- 
pains in these extracts. Light scattering in conjunction with 
mass spectrometry demonstrated cuA-crystallin proteolysis 
by Lp82 and additionally showed that this proteolysis pro
duced C-terminally truncated forms of aA-crystallin with in
creased susceptibility to insolubilization when compared to 
cuA-crystallin proteolysis by other calpains, suggesting en
hanced potential for Lp82 to induce cataracts. Both these 
latter authors and Baruch et al. [31] proposed that Lp82 was 
the major calpain involved in mouse cataract formation.

Lp82 from rat lenses showed 99% homology with its 
mouse counterpart [54], localization to the nuclear regions 
of the lens [34] and an ability to proteolyse crystallins [57]. 
These latter authors neutralized endogenous calpain activity 
in total rat lens extract of soluble proteins and showed that 
exogenous Lp82 was able to proteolyse aA-crystallins. This 
proteolysis produced insoluble C-terminally truncated forms 
of the protein, the levels of which were enhanced by the ad
dition of Ca2+. Comparison to corresponding experiments 
on other calpains, showed that Lp82 produced a specific 
cleavage fragment, aAi-ieg, where the find five C-terminal 
amino acid residues of a A-crystallin had been removed. The 
C-terminal region of aA-crystallins, aAi5g_i73, is essential 
for the chaperone activity of the protein with its truncation 
leading to lens crystalline aggregation, insolubilization and 
cataract formation [58,59]. Moreover, the cleavage fragment 
orAi_i6g was identified by Azuma et al. [56] in mouse Lp82 
proteolysis of aA-crystallins and these results were signifi
cant in that a biomarker of Lp82 proteolysis of a A-crystallin 
was provided. Using gel electrophoresis and mass spectrom
etry, Ueda et al. [57] further showed that endogenous lev
els of insoluble C-terminally truncated aA-crystallins in rat 
lenses were significantly enhanced under the elevated Ca~+ 
conditions of selenite-induced cataract when compared to 
age-matched lenses from healthy non-diabetic rats. Analysis 
of calpain specific cleavage sites showed that, compared to 
other calpains, the highest proportions of these C-terminally 
truncated aA-crystallins could be associated with Lp82 pro
teolysis and the Lp52 specific crystalline fragment aAi^s-
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A similar selective insolubilization of truncated crystallins 
was reported by Ueda et al, [53] and based on these com
bined results, Ueda et al [57] suggested that Lp82 may be 
the major calpain involved in selenite cataract formation in 
rats. However, these results are in contrast to those of Inomata 
et al [60] who studied Lp<§2-mediated crystalline proteoly
sis in the Shuyima cataract rats (SCRs) in which hereditary 
spontaneous nuclear cataract appears. For each of several cal- 
pains, these authors developed an antibody specific for tire C- 
terminally proteolysed product of aA-crystallin. Visualiza
tion of these antibodies by Western blotting and immunohis- 
tochemical staining demonstrated that LpS2 activity occurred 
in both normal and cataractous lenses with no specific local
ization to lens regions associated with cataract formation in 
SCRs. Moreover, the latter studies showed that the oral ad
ministration of aminogaunidine to SCRs, previously shown 
to inhibit specific calpains involved in cataractogenesis in 
these rats [61], prevented opacification but had no significant 
effect on Lp52-activity. It was concluded by Inomata et al 
[60] that Lp52-mediated proteolysis made no direct contribu
tion to cataractogenesis in SCRs. Leading on from this work, 
Thampi et al [62] investigated the effect of streptozotocin- 
induced diabetes [63] on the LpS2-mediated proteolysis of 
rat lens crystallins in the absence of cataract. These diabetic 
rats were killed prior to the onset of cataract and crystallins 
separated from the water-soluble fraction of their lenses. Us
ing electrospray ionization mass spectrometry, an analysis of 
the C-terminal cleavage patterns of these crystallins showed 
that levels of C-terminally truncated aA-crystallins and aB- 
crystallins were significantly higher in diabetic lenses than 
age-matched non-diabetic lenses. Moreover, tire level of the 
Lp52-specific crystalline fragment aAi_ies was similar in 
both lens groups whereas tire C-terminally truncated aA~ 
crystallin fragments specific to other calpains was strongly 
represented in diabetic lenses but not those of non-diabetics. 
Based on these results, Thampi etal [62] suggested thatLpS2 
was not the major calpain activated when the rats were un
der diabetic stress. Strong support for this suggestion comes 
from the studies of Sakamoto-Mizutani et al [39] on male 
WBN/Kob rats. Lp82 was detected in both the nucleus and 
cortex of lenses from these rats but the proteolytic activity 
could not be detected after 3 months, 9 months before tire 
spontaneous appearance of the hereditary diabetes exhibited 
by these rats. However, other calpains appeared to be specif
ically activated with the onset of cataract.

There appeal's to be some debate as to whether Lp82 is tire 
major murine calpain involved in lens cell crystallin process
ing and cataractogenesis. Adding to the debate, the Lp82- 
specific crystalline fragment, aAj-igs, has previously been 
identified in various other mammalian lenses [64] and most 
recently, in bovine lenses by Ueda et al [65], which led the 
latter authors to propose that the enzyme may be tire major 
calpain in these lenses. Whilst LpS2 (andL/?&5) is believed to

be absent in man [66], studies on these enzymes may help elu
cidate the roles played by calpains in human cataractogenesis. 
Moreover, it is interesting to note that CAPN3 isoforars en
coding the AX1 region have been isolated from human ocular 
tissue [52], In addition, specific LpS2 cleavage products from 
aA-crystallin [67, 68] and -crystallin [69] have been ob
served in human lenses whilst those from y-crystallins have 
been detected in some human cataracts [31]. Nonetheless, 
the studies of Thampi et al [42] and Sakamoto-Mizutani 
et al. [39] clearly show that Lp82 does not appear to play a 
major role in either murine diabetes or diabetic cataractoge
nesis and based on the current evidence, this calpain would 
not appear to be involved in human cataractogenesis, and 
therefore, its diabetic type.

Calpain 2

Calpain 2 is the best characterized member of the calpain 
superfamily [28] and since the mid-1980s numerous studies 
have provided accumulating evidence that the enzyme is in
volved in cataractogenesis. Many earlier investigations were 
in vitro and essentially, established that calpain 2 could prote- 
olyse a-crystallins and £-crystallins. Additionally, from both 
in vitro and in vivo studies, these investigations demonstrated 
that calpain inhibitors could temporarily prevent the progres
sion of cataracts in rat lenses, which had been induced by the 
overactivation of calpain 2 in response to elevated Ca2+ lev
els. Based on these [24, 25, 70, 71] and more recent studies 
[28, 61], it is now generally accepted that calpain 2 plays a 
major role in rodent lens opacification. Most recently, calpain 
2 has been shown to similarly induce cataractogenesis, and to 
cleave crystallins, in the lenses of a variety of other animals 
including mice and guinea-pigs [53, 57, 72], monkeys and 
rabbits [52] and calves [65]. Nonetheless, a role for calpain 2 
in human cataractogeneisis has not been definitively demon- 
stmted, although the available evidence is strongly sugges
tive. The presence of calpain 2 in human lenses is generally 
accepted [24] whilst Andersson et al [73] showed that the 
enzyme was the major calpain in tire epithelial cells of hu
man lenses in age-related cortical cataract. Human lenses 
with cortical cataract are known to have increased levels of 
lenticular Ca2+ [74] whilst subjecting these lenses to ele
vated extracellular Ca2+ leads to discrete cortical cataracts 
[75]. The activity of calpain 2 has previously been demon
strated in tire cortex of human lenses [76], but it was only 
recently, that the Ca2+-induced activation of calpain 2 in this 
type of human cataract was demonstrated under physiologi
cally relevant conditions [77]. It was shown that when Ca2+ 
overload was induced in cultured human lenses using iono- 
mycin and physiologically relevant extracellular Ca2+ con- 
centrations, cortical opacification resulted, accompanied by a 
significant loss of crystallins from the soluble fraction of the
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lens. These effects were strongly inhibited when extracellu
lar Ca2+ was chelated with EGTA. Moreover, analysis of the 
insoluble fraction from human lenses showed that elevated 
Ca2+ levels had led to high levels of vimentin proteolysis. 
Vimentin is a cytoskeletal protein substrate of calpain 2 in 
the lens, and other tissues, and vimentin proteolysis is taken 
as a biomarker of calpain 2 activation [28]. Previous studies 
on animal lenses have shown that elevated Ca2+ levels lead 
to almost total degradation of vimentin but that this effect 
can be strongly reduced by calpain inhibitors [78,79]. Taken 
overall, these results clearly imply that calpain 2 plays a role 
in human cataractogenesis.

Several studies have strongly suggested that calpain 2 is 
the major calpain activated in murine diabetic cataractogen
esis. Sakamoto-Mizutani et al. [39] showed that in sponta
neously diabetic male WBN/Kob rats, the onset of cataracto
genesis was accompanied by increased levels of proteolytic 
activity due to the specific activation of calpain 2. Moreover, 
Thampi et al, [62] showed that there were high levels of the 
of A-crystalline cleavage fragment, or-Ai-^i, which is specific 
to calpain 2, in the diabetic lenses of streptozotocin-treated 
rats but that the fragment was absent from the lenses of age- 
matched non-diabetic rats. In studies on human lenses, the lat
ter authors [62] showed that levels of C-terminally truncated 
a A-crystallins were significantly higher in diabetic cataracts 
than in age-matched non-diabetic cataracts but were not able 
to ascribe the crystalline cleavage sites to calpains. In ad
dition, other studies have shown that ofA-crystallin chaper
one activity is strongly decreased in human diabetic cataracts 
with these levels of activity less than in age-matched senile 
human cataracts [20-22]. At present there appears to be no 
clear demonstration of calpain 2 activity in diabetic lenses. 
However, it is known that calpain activity in normal human 
lenses is low, circa 3% of that in rat lenses [76] and most 
recently it has been shown that overall levels of Ca2+ found 
in the lenses of diabetic cataract are statistically no different 
to those of normal lenses, implying that the elevated levels of 
Ca2+ known to be associated with diabetic cataract are highly 
localized [30].

The precise mechanism(s) by which elevated Ca2+ levels 
lead to the overactivation of calpain 2 are not fully understood. 
Moreover, the normal physiological activation of the enzyme 
has not yet been fully elucidated although it is known to be 
complex, involving autolysis [43—45] and apparently, sub
unit disassociation [80]. In addition, it has been established 
that in vivo, the activity of calpain 2 is tightly modulated by 
an endogenous inhibitor, calpastatin [81]. Indeed, no calpain 
2 activity can be detected in human lens homogenates until 
calpastatin has been removed [76]. Many studies have also 
suggested that lipid/membrane interaction(s) feature in the 
in vivo activation of calpain 2 by lowering the Ca2+ require
ment of the enzyme [81-83] and putative models for such 
activation in the lens have been proposed [24, 71], Progress

in understanding the lipid/membrane contribution to calpain 
2 activation has been made by several recent studies. The 
structure of calpain 2 was recently solved [84, 85] and as 
shown in Fig. 4, the enzyme is dimeric, possessing the cat
alytic subunit of typical calpains, and a small subunit com
posed of domain VI and V. Domain HI of calpain 2 has been 
shown to bind lipid in a Ca2+-dependent manner [47] and 
forms anti-parallel /3-sheet structure, which possesses dis
tant structural resemblances to C2 domains [84, 85], Such 
domains are believed to modulate enzyme activity via Ca2+- 
regulated lipid binding [86] and it has been proposed that 
a similar mechanism may allow domain HI to modulate the 
activation of calpain 2 via electrostatic interactions with do
main II [43-45], A number of earlier studies showed domain 
V of calpain 2 to be lipid interactive [82] and more recently, 
theoretical analysis of domain V from calpain 2 of a number 
of mammalian species showed that each possessed a com
mon sequence, GTAMRILGGVI, with the potential to form 
a lipid interactive a-helix [87, 88]. Strongly supporting these 
predictions, FTIR-based analysis showed a peptide homo- 
logue of the GTAMRILGGVI segment able to form or-helical 
structure in the presence of lipid and to penetrate both model 
membranes and naturally occurring membranes [89]. Most 
recently, neutron diffraction studies showed this calpain seg
ment to penetrate deeply into the hydrophobic core of lipid 
bilayers mimetic of physiological membranes [90]. These lat
ter authors suggested that conformational changes induced in 
calpain 2 via the membrane interaction of a GTAMRILGGVI 
a-helix in domain V of the enzyme may help lower the en
zyme’s in vivo Ca2+ requirement for activation.

Conclusion
Here, we have presented an overview of current research into 
the role of calpains in cataractogenesis and a body of ev
idence strongly suggests that these enzymes participate in 
at least some types of this disorder of the eye. In murine 
lenses, and possibly those of other animals, calpain 2 and 
Lp82 are the major candidates for these roles with the possi
bility of contributions from calpain 10 and Lp85. Calpain 2 
appears to be the major calpain involved in animal models 
of diabetic cataractogenesis. Lp82 and Lp85 have not been 
detected in human lenses and it is tempting to extrapolate 
from animal models and suggest that calpain 2 may play a 
role in human diabetic-induced cataractogenesis. Currently, 
the available experimental evidence would seem to support 
this suggestion.

Establishing a clear role for calpains in cataractogenesis 
will clearly be assisted by a better understanding of the acti
vation mechanisms used by these enzymes, and in the case of 
calpain 2, progress in this direction is being made. It seems 
likely that lipid/membrane interactions help to modulate
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the enzyme’s Ca2+ requirement for activation and it is 
noteworthy that high levels of Ca2+-induced calpain 2 ac
tivity have been demonstrated in the membrane fraction of 
human lenses [77]. Elucidating the activation mechanisms of 
calpains could also have therapeutic benefits. Currently, the 
only available treatment for cataractous lenses is surgical re
moval but a number of studies have established that calpain 
inhibitors can either halt or retard lens opacification, offering 
the possibility of non-surgical cataract therapies [91]. With 
a detailed knowledge of calpain activation mechanisms, in
hibitors of these enzymes could be designed, which possess 
high target specificity and physiochemical properties chosen 
to enable lens uptake and the topical treatment of cataracts. 
A significant advance towards this goal was recently made 
when Nakaruma et al. [92] developed a number of calpain in
hibitors, which specifically bind essential sulphhydryl groups 
in tire calpain 2 active-site and showed high transcomeal per
meability, an essential property for the efficient application 
of ophthalmic solutions when treating intraocular disorders. 
Continued progress in this direction could be beneficial to 
millions of sufferers world-wide and may one day provide 
a complement to the conventional treatment of diabetes by 
acting as a remedy for the disease’s ocular complications.
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Abstract

Calpain inhibitors show the potential to serve as non-surgical alternatives in treating diabetic cataract and other types of these 
disorders. Here, we have tested the recently developed calpain inhibitor, SJA6017, for its ability to inhibit cataractogenesis in 
porcine lenses. These lenses were incubated in increasing levels of extralenticular calcium (Ca2+; 5-30 mM). Atomic absorption 
spectroscopy was used to determine total internal lens Ca2+ and a correlation between porcine lens Ca2+ uptake and levels of 
lens opacification wem found with a total internal lens Ca2+ level of 5.8 /xM Ca2+ g'1 wet lens weight corresponding to the 
onset of catarctogenesis. A total internal lens Ca2+ level of 8.0 /xM Ca2+ g~1 wet lens weight corresponded to cataract occupying 
approximately 70% of the lens cell volume. This degree of cataract was reduced by approximately 40%, when SJA6017 (final 
concentration 0.8 /xM) was included in the extralenticular medium, suggesting that the Ca2+-mediated activation of calpains 

bVo" in 1116 observeti °Pacification. Supporting this suggestion atomic absoiption spectroscopy showed that the 
effect of SJA6017 (final concentration 0.8 /xM) on lens opacification was not due to the compound restricting porcine lens Ca2+ 
uptake. The results indicate that calpain-induced cataractogenesis is dependent on extracellular Ca2+ and the calpain inhibitor 
SJA6017 (0.8 /xM) had no significant effect on Ca2+ uptake by lens. Its inhibitory effect on lens opacification may be due to a 
direct action on the activity of calpain. (Mol Cell Biochem 261: 169-173, 2004)

Key words: calpain, calcium, diabetes mellitus, cataract, lens, SJA6017

Introduction

Currently, cataract is responsible for 50% of the world’s 
blindness and visual disability [1], The most common type 
of cataract is the age-related cataract [2], but a growing 
problem is cataract resulting from diabetes [3]. At present, 
the incidence of cataract in diabetics is approximately 
1.5 times greater than the general population matched for 
age [4]. In cataract, changes in the lens generally lead to pro
gressive opacification with a concomitant reduction in visual

acuity [5]. These changes can be divided into those in the 
lens nucleus (nuclear cataract) and those in the lens cortex 
(cortical cataract) with cortical cataract the type most com
monly found, both in diabetics and the general population 
[4,6].

In many cases, the mechanisms that lead to the lens changes 
involved in cataract formation are not fully understood [2], 
but it is becoming increasingly clear that a contributing fac
tor to most types of lens opacification is elevated intracellular 
free Ca2+ concentration [Ca2+]i leading to the overactivation
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of calpains [3, 7], a family of Ca2+-dependent proteases [8]. 
Studies on cultured human lenses [9] and animal models [3] 
have shown that in response to increased [Ca2+]i the deregu
lated activity of calpains contributes to opacification via the 
proteolysis of crystallins. This proteolysis results in the pro
duction of truncated insoluble forms of crystallins, affecting 
their ability to maintain the transparency and refractive prop
erties of the lens [10],

Currently, the major approaches to cataract treatment are 
surgical. However, these can be expensive, disadvantaging 
many people, and there is also a general reticence towards 
surgery amongst the general population [1]. An attractive al
ternative to surgery would be the topical administration of 
ophthalmic solutions, designed to treat cataract, and in this 
capacity, the use of formulations containing calpain inhibitors 
has been suggested [11, 12]. A number of calpain inhibitors 
have been synthesised and whilst a number of these are non
peptide compounds [13], many are based on peptides and 
targeted to the calpain active site [12]. Peptide inhibitors of 
calpains have been used in studies to investigate the role of 
calpains in various pathological conditions and disorders [7, 
11, 12], A major class of calpain inhibitors are epoxysuc- 
cinyl peptides such as E64 and E64c [ 14], which form an irre
versible sulphide linkage with the sulphydryl group of the cal
pain active site cysteine. These compounds have been tested 
as anti-cataract agents on rodent models and showed some in
hibitory effect, but suffered from poor membrane permeabil
ity, essential for topical ophthalmic application [15]. Chemi
cal modification of E64 produced E64d [16], which showed 
improved membrane permeability [17] and has been shown to 
prevent induced cataract in lens culture models [18], Proba
bly, the best characterised class of calpain inhibitors is formed 
by peptide aldehydes, including leupeptin [19], calpeptin [20] 
and calpain inhibitors I and II [21], The aldehyde group of 
these compounds binds reversibly to the sulphydryl group of 
the calpain active site cysteine in a Ca2+-dependent man
ner. Unfortunately, the cell permeability of this class of 
calpain inhibitors is generally low [12]. Recently, a novel 
peptide aldehyde, SJA6017 [22], and derivatives of this pep
tide [23], have been synthesised, which show improved 
membrane permeability and have been shown to inhibit 
both calpains and cataract formation in rat lens cell culture 
models.

In terms of physical dimensions, porcine lenses are close to 
human lens and as yet, there appear to have been no studies on 
the effects of SJA6017 on these lenses. In the present study, 
porcine lens opacification was induced by Ca2+-overload and 
the in vitro ability of SJA6017 to prevent this opacification 
was investigated. To ensure that this ability was not related 
to reduced lens cell uptake of Ca2+, the total Ca2+ of opaci
fied lenses and their corresponding controls, which had been 
treated with calpain inhibitors, were determined using atomic 
absorption spectroscopy for comparison.

Materials and methods
Materials

The calpain inhibitor, SJA6017, was donated by Senju Phar
maceuticals (Japan). Analar calcium chloride was purchased 
from Sigma (UK). All other reagents were of analar grade 
with Ca2+ <0.01 ppm and purchased from Sigma (UK) ex
cept concentrated nitric acid (70%, w/v) and lanthanum chlo
ride, which were purchased from Fischer (UK). Aliquots 
(1 litre) of a solution containing: NaCl, 137 mM; KC1, 
12.7 mM; NaHCOs, 12 mM; NaH2P04, 36 mM; Tris, 
10 mM, pH 7,5, were autoclaved (Sterile balanced buffered 
salt solution, BBSS). To these solutions, when cooled, sterile 
glucose solution was added to give a final concentration of 
5.5 mM and the tonicity of the resulting mixture adjusted to 
give a value of 300 mOsm ■ kg-1 according to Varma [24].

Lens photography

Lenses were photographed with their epithelial side up using 
an SLR camera (Nikon-F85) in a half life-size magnifica
tion against a black grid with homogeneous retroillumination 
from a light table. Opacification was determined qualitatively 
by assessing the loss of visibility of the grids when viewed 
through the central circular area of the lens. However, since 
the porcine lens has a somewhat biconvex shape, accurate 
focus of a plane grid was only obtained within a relatively 
small central area of the lens. Some parts of the grid there
fore appeared blurred in the periphery of even a clear lens. In 
addition, some optical irregularity was always seen in a nat
ural lens, and being a biological tissue, a lens is never totally 
transparent.

Isolation of the porcine whole lens system and preliminary 
analyses

Paired porcine eyes were obtained from an abattoir (Preston 
Meats, UK) and washed with sterile saline (0.25 mM) con
taining 1% (w/v) povidone-iodine. Under aseptic conditions, 
the lenses of these eyes were removed by gentle dissection 
from the posterior approach to avoid anterior epithelial dam
age [25], Lenses were visually examined and those obviously 
damaged, or clearly showing pre-existing cataracts were re
jected, including the matching lens in the pair. The selected 
pairs of matched lenses were then cleaned of adherent vit
reous material, iris pigment and zonules and immediately 
weighed. Each lens was placed on its posterior side and pho
tographed as described above.

Preliminary experiments were performed to optimise 
experimental conditions for the Ca2+-mediated induction 
of porcine lens cataracts. A series of matched lens pairs
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were taken and one lens from each pair immersed in 2 ml of 
sterile BBSS, which had been supplemented with: penicillin 
(100 U/ml) and streptomycin (100 U/ml). The remaining 
lenses from the matched lens pairs were similarly placed in 
supplemented BBSS medium except that in this case, the 
medium contained sterile calcium chloride with concentra
tions that varied between 5 and 60 mM. These samples were 
then incubated at either 25, 30 or 37°C for either 12, 15, 
18 or 24 h. It was found that 18 h of incubation at 25°C in 
sterile 30 mM CaCh led to advanced cataract in incubated 
lenses whilst preserving lens integrity.

The ability of calpain inhibitors to prevent cataractogenesis 
in porcine lenses

A series of matched porcine lens pairs were taken and one 
lens from each matched lens pair was incubated in sterile sup
plemented BBSS medium, containing CaCl2 with a concen
tration of either 7.5, 10, 15, 20, 25 or 30 mM. The remaining 
lens of each matched lens pair was placed in a corresponding 
solution except that the calpain inhibitor, SJA6017 (final con
centration 0.8 pM) had been added. Each of these samples 
was then incubated at 25°C for 18 h. After incubation, the 
lenses were extracted, excess medium gently removed using 
lens tissue, and the lenses photographed as described above. 
Lenses were then placed in sterile containers and frozen at 
—80°C until further use.

Atomic absorption spectroscopy

Lenses were allowed to come to room temperature and any 
visible moisture was gently removed using lens tissue. The 
lenses were then weighed, individually placed in a microwave 
bomb containing 10 ml of concentrated nitric acid (70% w/v) 
and microwave digested at 180°C for 20 min (CEM Mars 
X microwave). The resulting samples were then evaporated 
to dryness in PTFE beakers using a heating plate and re
dissolved in 25 ml of nitric acid (5% w/v), which also con
tained lanthanum chloride (0.2 g • L_1). The Ca2+ content of 
the lens samples was then measured using atomic absorption 
spectroscopy (Pye Unicam Model SP9). A set of calibration 
standards were prepared, analysed in triplicate and used to 
produce a calibration curve for Ca2+ across the range 0 ppm 
to 10 ppm. Total lens internal Ca2+ was expressed as /xM 
Ca2+ g-1 wet lens weight.

Statistical analysis

Data were expressed as mean ± standard error of the mean 
(SEM). Data were compared using student’s t-test and only 
values of P < 0.05 were taken as significant.

Fig. 1. Porcine lenses exhibiting advanced cataract: A shows a lens that has 
been incubated in BBSS alone and the backround grid can be clearly seen, 
indicating that under these conditions, cataractogenesis was not induced. B 
shows a lens that had been incubated in BBSS, supplemented with 30 mM 
Ca2+ and the lens is densely opaque with the background grid completely 
obscured, indicating advanced cataract. A similar result is seen in B' where 
the lens was incubated in BBSS, supplemented with 30 mM Ca2+ and 0.8 
riM SJA6017, indicating that under conditions of high Ca2+, these levels of 
the calpain inhibitor have no detectable effect on levels of lens opacification. 
These photographs are typical of five to eight different experiments.

Results
The ability of Ca2^ to induce cataractogenesis in isolated 
porcine lenses has been investigated and the results have 
shown that control lenses which had been incubated in BBSS 
alone exhibited no evidence of opacification (Fig. 1). How
ever, when incubated in BBSS supplemented with increasing 
levels of Ca“~ (5—30 mM), lenses showed clear evidence of 
progressive opacification. BBSS supplemented with 10 mM 
Ca-^ marked the onset of significant opacity in these lenses 
whilst a 15 mM Ca2+ supplement, led to high levels of 
cataract, which occupied approximately 70% of lens volume 
(Fig. 2). Lenses incubated in BBSS, which had been sup
plemented with 30 mM Ca-^ showed dense opacification, 
characteristic of advanced cataract (Fig. 1).

Figures 2C and 2D' show porcine lenses that have been 
incubated in BBSS, supplemented with 10 mM and 15 mM 
Ca~+, respectively. In Fig. 2C', the onset of cataractogenesis 
is evidenced by a developing translucency, which creates a 
significant blurring of the background grid lines. This effect 
has strongly progressed in Fig. 2D' where the background 
grid lines are largely obscured and the lens shows the devel
opment of a w'hite opaque area, which encompasses circa 
70% of the lens volume. Figures 2C and 2D show porcine 
lenses that had been incubated in media corresponding those 
of 2C and 2D' except that in both cases, 0.8 ^M, SJA6017 
had been included in the medium. In contrast to Fig. 2C', 
Fig. 2C shows that, although some optical distortion is
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Fig. 2. The retardation of porcine lens cataractogenesis by the calpain in
hibitor SJA6017. Porcine lens were incubated in 10 mM Ca2+ solution in 
the absence (C) and presence (C) of 0.8 /iM SJA6017. Porcine lens were in
cubated in 15 mM Ca2+ solution in the absence fD') and presence (D) of 0.8 
nM SJA6017. These photographs are typical of five to six such experiments.

lens Ca2+ and levels of Ca2+ in the extralenticular BBSS 
medium across the range 5-30 mM (Fig. 3). The onset of 
catarctogenesis (10 mM extralenticular Ca2~) corresponded 
to a total internal lens Ca2+ level of 5.8 /jlM Ca2+ g_1 wet 
lens weight. Increases in these levels of internal lens Ca2+ 
correlated with progressively greater levels of lens opacifi
cation (see Figs. 1, 2 and 3). Taken together, these results 
clearly show a link between levels of porcine lens uptake of 
Ca2+ and degree of lens cataractogenesis. In another series of 
experiments, lens were incubated with 0.8 /xM SJA6017 dur
ing perturbation of extracellular Ca2+ from 5 to 30 mM. The 
results show that the cailpain inhibitor had no significant ef
fect on lens Ca2+ uptake compared to the responses obtained 
in the absence of the inhibitor (Fig. 3). These data indicate 
that SJA6017 is not inhibiting Ca2+ uptake by porcine lens.

Discussion
present, the background grid lines can be clearly seen 
through the lens. In Fig. 2D, whilst opacification is clearly 
present in the lens, this opacity occupies circa 30% of the 
lens volume, representing a reduction of circa 40% of the 
opacity observed in Fig. 2D'. These results clearly show 
that the calpain inhibitor, SAJ6017, is able to retard porcine 
cataractogenesis under our experimental conditions. To 
highlight areas of opacification, higher levels of illumination 
were used when photographing these lenses, which were 
optimised in each case.

Atomic absorption spectroscopy was used to determine the 
total internal Ca2+ of lenses that had been incubated in BBSS 
supplemented with extracellular Ca2+. It was found that a 
strong linear correlation existed between levels of internal

Extra-lenticular Ca‘* (mM)

Fig. 3. Relationship between lens uptake of Ca2"" and extralenticular Ca2+ 
levels. Ca2+ uptake in porcine lenses, when incubated in BBSS medium 
containing increasing levels of Ca2+. either in the presence (■) or absence 
(♦) of 0.8 «M SJA6017. a calpain inhibitor. It can be seen that in either the 
absence or presence of the inhibitor, there is a linear correlation between 
Ca2'*" uptake levels and the concentration of Ca2+ in the extralenticular 
medium. These results indicate that SJA6017 has no significant effect upon 
Ca2+ uptake by porcine lenses. Each point is mean ± S.E.M. (n = 3).

In lenses that had been incubated in BBSS alone, total lens 
Ca2+ was found to be 0.38 jxM Ca2+ g_1 wet lens weight. 
Comparable values for total Ca2+ in the normal lenses of other 
mammalian species were reported by Shi et al. [26], which 
varied between 0.11 and 0.6 /xM Ca2+ g-1 wet lens weight. 
As BBSS was increasingly supplemented with Ca2+, a strong 
linear response was shown by levels of total internal porcine 
lens Ca2+, implying progressively increased Ca2+ uptake by 
these lenses (Fig. 3). Moreover, this Ca2+ uptake correlated 
with increasing levels of opacification (Figs. 1 and 2). These 
results suggest that the activation of porcine lens calpains by 
a perturbation of extracellular Ca2+ may be involved in this 
opacification. In order to test this observation further, lenses 
were incubated with the calpain inhibitor, SJA6017 during 
perturbation of extracellular Ca2+. The results in Fig. 1 show 
that the presence of this compound had no significant effect 
on the formation of advanced cataract but significantly af
fected earlier stages of lens opacification (Fig. 2). This effect 
would not appear to be due to SJA6017 restricting the uptake 
of Ca2+ by porcine lens as the presence of the inhibitor had 
no significant effect on the ability of extralenticular Ca2+ to 
induce changes in the total Ca2+ of porcine lenses (Fig. 3). 
Taken together, these results strongly suggest that the abil
ity of SJA6017 to retard porcine cataractogenesis is due to 
its ability to inhibit calpains, which have been activated in 
response to elevated levels of lens Ca2+.

It was found in this study that under conditions of advanced 
cortical cataract (30 mM extralenticular Ca2+), the total Ca2+ 
levels of porcine lenses were 16.37 /xM Ca2+ g-1 wet lens 
weight. This latter value corresponds to a value of approx
imately 24 mM Ca2+ per kg lens water and compares to the 
value of 22 mM Ca2+ per kg lens water recently reported for 
advanced age-related cortical cataract in human lenses [27].
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This comparability of Ca2+ levels at similar stages of cataract, 
suggests that there may be similarities in the levels of calpain 
activation shown by human and porcine lenses. Current 
understanding is that calpain 2 is probably the only major 
calpain activated in human cataractogenesis [3]. Moreover, 
it is interesting to note that at the onset of porcine cataracto
genesis observed in this study (10 mM extralenticular Ca2+), 
the total lens Ca~^" was 5.8 /xM Ca2’*' g-^ wet lens weight, 
which corresponds to a lens water Ca2^" concentration of 
approximately 8 mM. This value is consistent with the 
millimolar levels of the ion required for the direct activation 
of calpain 2, whose normal in vitro activity is tightly 
regulated by a variety of factors [8]. Moreover, it can be seen 
from Fig. 2 that SJA6017 significantly inhibited the onset of 
cataractogenesis and SJA1067 is known to strongly inhibit 
calpain 2 activity [22].

In conclusion, the present results provide a basis for fur
ther investigations not only in healthy conditions but also 
during different diseased states such as diabetes mellitus. The 
porcine lens may be a useful model for investigating some as
pects of human cataractogesesis. SJA6017 is clearly taken up 
by these lenses and shows considerable efficacy in reducing 
cataractogenesis. It has previously been suggested that cal
pain inhibitors could be developed as anti-cataract agents for 
use in cases where surgery is not an option, and in the treat
ment of diabetic cataract as a complement to conventional 
diabetes therapy [3], Either SJA6017 or its derivatives may 
be suitable for development in such capacities. Indeed, sup
porting this suggestion, analogues of SJA1067 have recently 
been shown to be efficacious in inhibiting nuclear- cataract in 
a rat lens culture model [23].
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Abstract

The piotease, m-calpain, has been implicated in a number of pathological conditions. The enzyme is a calcium-dependent 
heterodnner whose activity appears to be modulated by membrane interaction involving a segment, TAMRIL, located in do
main V of the protein’s small subunit. Based on a sequence analysis of m-calpain, using DWIH and hydrophobic moment plot 
based methodologies, we have shown that this segment may contribute to a lipid interactive, oblique orientated, a-helical re- 
gion. Our results could form a basis for future studies on the postulated lipid modulation of m-calpain activity. (Mol Cell Biochem

Key words', m-calpain, lipid, DWIH, hydrophobic moment, oblique orientated a-helix 

Abbreviations'. DWIH - depth weighted insertion hydrophobicity

Introduction

Calpains are a family of intracellular calcium-dependent cys
teine proteases, which have been implicated in a number of 
pathological conditions, notably cataract formation [1]. This 
family includes the n-calpains, which are isoforms of the 
enzyme specific for skeletal muscle and stomach tissue, and 
p-calpain and m-calpain, which are the maj or isoforms of the 
enzyme and are ubiquitous in mammalian cells [2, 3]. Cal
pains possess dimeric structures, which are formed from a 
larger (80 kDa) subunit, divided into domains I-IV, and a 
smaller (30 kDa), subunit, divided into domains V and VI. 
Domain II possesses the active site whilst domains IV and 
VI show calcium binding activity [4, 5]. The major calpain 
isoforms, p-calpain and m-calpain, show high levels of ho- 
mology between the sequences of their smaller subunits, sim
ilar substrate specificity and each has an absolute dependence 
on the presence of calcium for activity. However, these iso
forms show only low levels of homology between the se

quences of their larger subunits and differ markedly in their 
affinities for calcium. Studies in vitro have shown that g-calpain 
is activated by micromolar amounts of calcium whereas m- 
calpain requires millimolar amounts for activity [6]. This 
latter level of calcium far exceeds normal intracellular lev
els and suggests that other factors are involved in activating 
m-calpain in vivo. Calpains are known to exist in a membrane 
associated form [7, 8] and it has been shown that the pres
ence of membrane lipid mixtures can lower the calcium re
quirement of m-calpain for activity to near physiological 
levels [9]. Based on these and other results [10-12], it has 
been suggested that interaction of the m-calpain smaller 
subunit with membranes could lead to activation of the en
zyme at intracellular calcium levels [6]. Previous studies have 
shown that a segment with the sequence GnTAMRILGG 
(Table 1), which is located in the C-terminal region of the m- 
calpain smaller subunit’s domain V is required for the lipid 
interactions of the protease [13], More recent investigations, 
using peptides homologous to various regions of m-calpain’s
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Table J. a-helical regions identified in the primary sequence of m-calpain domain V, derived from various mammalian species

Source of m-calpain Domain V sequence

Human
Rabbit
Porcine
Bovine

FLVNSFLKGGGGGGGGGGGLGGGLGNVLGGLISGAGGGGGGGGGGGGGGGGGGGGTAMRJL&GYI
mflvnsflkgggggggggglggglgnvlgglisgaggggggggggggggaggggtamrilggvi
MFLVNSFLKGGGGGGGGGGGLGGGLGNVLGGLISGAGGGGGGGGGGGGGGGGGGTAMRILGGVISAI
MFLVNSFLKGGGGGGGGGGGLGGGLGNVLGGLISGAGGGGGGGGGGGGGGGGGGTAMRILGGYISAI

Table 1 shows the primary sequences of various m-calpain domain V species, which were obtained from the SWISS-PROT data bank. Also shown are puta 
live a-helical segments, which were identified in these sequences according to either hydrophobic moment methodology [16] (shown m bold) or DWIH

methodology [17] (shown underlined).

domain V, demonstrated that although the presence of the 
TAMRIL sequence was required for m-calpain — lipid inter
action, the presence of a poly glycine sequence was also nec
essary for such interaction [14]. Nonetheless, a theoretical 
analysis of the primary structure of porcine m-calpain’s 
smaller subunit revealed no potential for either amphiphilic 
p-sheet or amphiphilic a-helix formation [13], the major el
ements of lipid interactive secondary structure utilised in 
membrane dependent processes [14]. To further investigate 
the potential of m-calpain for lipid binding, we have obtained 
the primary sequence of porcine, human, bovine and rabbit 
m-calpain domain V (Table 1) and analysed these sequences 
according to hydrophobic moment methodology [16] and 
DWIH (depth weighted insertion hydrophobicity) method
ology [17]. In contrast to the results of other workers [13], 
the results of these theoretical analyses showed that each m- 
calpain sequence analysed possessed a segment, centred on 
the TAMRIL sequence, which possessed the potential for 
amphiphilic a-helix formation.

Materials and methods

The primary sequence of human, bovine, porcine and rab
bit calpain domain V (Table 1) were obtained from the 
SWISS-PROT data bank, available at the website (http:// 
www.hgmp.mrc.ac.uk) of the Human Genome Mapping 
Project, Resource Centre. These sequences were then ana
lysed for the potential to form amphiphilic a-helical second

ary structure using the previously published hydrophobic 
moment methodology [1.6] and DWIH methodology [17]. 
Hydrophobic moment analysis treats the hydrophobicity of 
successive amino acids in an a-helical sequence as vectors 
which are summed in two dimensions, assuming an amino 
acid side chain periodicity of 100°. The resultant of this sum
mation, the hydrophobic moment, pH, provides a measure of 
a-helix amphiphilicity. Our analysis used a moving window 
of 11 residues and for each primary sequence under investi
gation (Table 1), the window with the highest hydrophobic 
moment was determined. For these windows, the mean hy
drophobic moment, <pH>, and the corresponding mean hy
drophobicity, <H0>, were computed using the normalised 
consensus hydrophobicity scale of Eisenberg et al. [18] and 
the data recorded (Table 2). These values of <|iH> and <H0> 
were then used as coordinate pairs to represent the sequences 
of the windows identified (Table 1) as data points on the ex
tended hydrophobic moment plot diagram [19] of Harris et 
al [20] and the location of the data points used to try and 
classify the a-helices formed by these sequences as either sur
face active, oblique orientated, globular or transmembrane 
(Fig. 1). The DWIH algorithm provides a measure of mem
brane interactive potential by maximising the sequestration 
of hydrophobic residues within a hydrophobic compartment. 
The window size is not fixed but optimised to identify the 
maximum window size, which could potentially interact 
with a membrane. A statistical significance for the measure 
is obtained by Monte-Carlo techniques [21], which take into 
account the significance of the amino acid residues present

Table 2. Hydrophobic moment and DWIH parameters for a-helical regions identified in m-calpain domain V, derived from vanous mammalian species

Source of m-caipain Parameters derived from Parameters derived from DWIH analysis___________________
hydrophobic moment analysis ,
<13 > <u > DWIH Uniform significance (%) Random significance (/a)

Human
Rabbit
Porcine
Bovine

0.47 0.46 6.16 1.2
0.47 0.46 6.16 1.2
0.51 0.53 7.91 0.3
0.51 0.53 7.91 0.3

0.5
0.5
<0.001
<0.001

For the putative a-helical regions shown in Table 1, Table 2 shows values of < H0> and < mH>, which were computed according to hydrophobic moment 
methodology [16] and, DWIH values and associated parameters, computed according to DWIH methodology [17].

http://www.hgmp.mrc.ac.uk
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Fig. 1. The identification of candidate oblique orientated a-helices. Fig
ure 1 shows the conventional hydrophobic moment plot diagram [19], 
amended according to the methodology of Harris et al. [20]. A putative a- 
helical segment whose data point falls within the white regions will be clas
sified according to the conventional hydrophobic moment plot taxonomy 
as either a globular, a surface active or a transmembrane a-helix. However, 
a putative a-helical segment whose data point falls within the shaded re
gion may be either a member of one of these former a-helical classes or a 
candidate for the class of oblique orientated a-helices. For each of the pu
tative a-helical segments identified in Table 1, values of <pH> and <H0> (Ta
ble 2) were computed and plotted as shown above, where (+) represents 
porcine and bovine m-calpain and (x) represents human and rabbit m- 
calpain. The location of the data points shows that each of these putative 
a-helical segments is a candidate oblique orientated a-helix.

(uniform test) and the significance of the arrangements of the 
amino acid residues around the a-helix (random test). The 
primary sequences of Table 1 were analysed by the DWIH 
algorithm and the results recorded (Table 2). Windows iden
tified by both DWIH and hydrophobic moment analysis were 
modelled as helical wheels [22] and the spatial distribution 
of amino acid residues forming the a-helical sequences ex
amined (Fig. 2). Essentially, this methodology provides a two 
dimensional axial projection of an a-helical sequence, taken 
perpendicular to the helical long axis and assuming an amino 
acid periodicity of 100°.

Results and discussion

It has been suggested that the enzymatic activity of m-calpain 
may be modulated by membrane interaction involving the 
small subunit of the protein [6]. Experimental results obtained 
for porcine m-calpain have shown that domain V of the pro
tein’s small subunit possesses a C-terminal segment with the

Fig. 2. Graphical analysis of an a-helical region predicted for m-calpain 
domain V. The common sequence GTAMRILGGV1, of the m-calpain, do
main V a-helical regions (Table 1), which was identified by the DWIH 
methodology [17] was represented as a two dimensional axial projection, 
taken perpendicular to the a-helical long axis and assuming an amino acid 
periodicity of 100° [22], It can be seen from Fig. 2 that the a-helix pos
sesses a narrow, glycine rich, hydrophilic face and a wide hydrophobic face 
(shown in bold).

sequence TAMRIL, which is required for m-calpain - lipid 
interaction [14]. We have used theoretical analyses to inves
tigate the possibility that this lipid interaction may involve 
amphiphilic a-helical secondary structure. The primary se
quence of domain V of m-calpain was derived for a number 
of mammalian species and analysis of these sequences showed 
that they possessed high levels of homology (data not shown) 
with each sequence possessing a C-terminal TAMRIL seg
ment corresponding to that found in porcine m-calpain (Table 
1). These primary sequences were then analysed according to 
DWIH methodology [17] and for each sequence analysed, a 
putative a-helical segment was identified. These a-helical 
segments showed high levels of homology and possessed the 
common sequence GTAMRILGGVI, which can be seen from 
Table 1 to include the TAMRIL segment [14], Based on these 
results, we suggest that for each m-calpain domain V ana
lysed, the TAMRIL segment may contribute to a lipid in
teractive amphiphilic a-helical segment. This suggestion is 
reinforced by the results of a further analysis of the domain 
V primary sequences shown in Table 1 according to hydro- 
phobic moment methodology [16]. For each putative a- 
helical segment identified, values of <pK> and <H(l> were 
computed (Table 2) and were found to be comparable to those 
reported for a number of other soluble proteins and peptides, 
including lipases and apolipoproteins, which associate with 
lipid via oblique orientated a-helices [23], These a-helices 
penetrate membranes at a shallow angle and are a novel class 
of a-helix, which conventional hydrophobic moment plot
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lalysis is unable to classify [19]. However, conventional plot 
lalysis has recently been extended to include the identifi- 
ition of sequences, which are candidates to form such <x- 
elices (Fig. 1) [20], and this extended analysis has been 
Lrongly supported by experimental evidence. For example, 
ie fusion peptides of simian immunodeficiency virus and 
ifluenza virus, which would be predicted to form oblique 
rientated a-helices [20], have been recently shown by neu
ron diffraction to penetrate membranes in an oblique orien- 
ation [24, 25]. When the a-helical segments predicted for 
lomain V of m-calpain were represented by their computed 
:pH> and <H0> values (Table 2) and plotted on the extended 
lydrophobic moment plot diagram [20], these data points 
vere found to fall in the area delimiting candidate oblique 
jrientated a-helices (Fig. 1). The oblique angle of membrane 
penetration adopted by this latter class of a-helices is due to 
in hydrophobicity gradient along the a-helical long axis [26, 
11} and a number of studies have established that both the 
nature and the spatial organisation of the amino acid residues 
forming these a-helical arrangements are important for their 
biological activity [28-33], We have computed the DWIH 
measure of our predicted a-helical segments (Table 2) and 
the results show that both the uniform and random signifi
cance of these measures is « 5%, indicating that both the 
nature and the order of the amino acid residues forming these 
a-helices is highly significant. To investigate this observa
tion further, we have taken the sequence common to the pre
dicted domain V a-helical segments, GTAMRILGGVI, and 
represented this sequence as a two dimensional axial projec
tion (Fig. 2) [21]. It can be seen from Fig. 2 that this projec
tion possesses a narrow hydrophilic face, which is rich in 
glycine residues, and a wide hydrophobic face. These struc
tural characteristics are similar to those shown by the lipid 
interactive, oblique orientated a-helices of viral fusion pro
teins [34, 35] and a number of studies on these latter a-heli
ces have shown that positional preferences of glycine residues 
can be critical to maintain the fusogenic activity of the par
ent protein [29, 30]. It has been suggested that the presence 
of glycine residues within these a-helical arrangements is 
required to maintain the balance between hydrophobicity and 
amphiphilicity needed for lipid interaction [35] and we specu
late that these residues could serve a similar role in our pre
dicted a-helical segments. In conclusion, we suggest that the 
lipid interactions of each m-calpain domain V we have ana
lysed involves an amphiphilic a-helical segment which in
cludes the sequence, TAMRIL [14]. These a-helical segments 
show a number of structural resemblances to proteins and 
peptides, which associate with lipid via oblique orientated a- 
helices. Our results could form a basis for future investigations 
into the lipid interactions of m-calpain and the role of these 
interactions in modulating the enzymatic activity of the pro
tease.
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Domain V of m-calpain shows the potential to form 
an oblique-orientated a-helix, which may modulate the enzyme's 
activity via interactions with anionic lipid

Klaus Brandenburg1, Frederick Harris2, Sarah Dennison2, Ulrich Seydel1 and David Phoenix2

'Division of Biophysics, Forschmginstitute Borstel, Germany; 2Department of Forensic and Investigative Science, University of 
Central Lancashire, Preston, UK

The activity of m-calpain, a heterodimeric, Ca2+-dependent 
cysteine protease appears to be modulated by membrane 
interactions involving oblique-orientated a-helix formation 
by a segment, GTAMRILGGVI, in the protein’s smaller 
subunit. Here, graphical and hydrophobic moment-based 
analyses predicted that this segment may form an a-helix 
with strong structural resemblance to the influenza virus 
peptide, HA2, a known oblique-orientated a-helix former. 
Fourier transform infrared spectroscopy showed that a 
peptide homologue of the GTAMRILGGVI segment, VP1, 
adopted low levels of a-helical structure (w 20%) in the 
presence of zwitterionic lipid and induced a minor decrease 
(3 °C) in the gel to liquid-crystalline phase transition tem
perature, 7c, of the hydrocarbon chains of zwitterionic 
membranes, suggesting interaction with the lipid headgroup 
region. In contrast, VP1 adopted high levels of a-helical

structure (65%) in the presence of anionic lipid, induced a 
large increase (10 °C) in tlie Tc of anionic membranes, and 
showed high levels of anionic lipid monolayer penetration 
(ASP = 5.5 mN-nT1), suggesting deep levels of membrane 
penetration. VP1 showed strong haemolytic ability 
(LD50 = 1.45 niM), but in the presence of ionic agents, this 
ability, and that of VP1 to penetrate anionic lipid mono- 
layers, was greatly reduced. In combination, our results 
suggest that m-calpain domain V may penetrate membranes 
via the adoption of an oblique-orientated a-helix and elec
trostatic interactions. We speculate that these interactions 
may involve snorkelling by an arginine residue located in the 
polar face of this a-helix.

Keywords: domain V; hydrophobicity gradient; m-calpain; 
membrane; oblique-orientated a-helix.

Calpains are a growing family [1] of structurally related 
intracellular Ca2+-dependent cysteine proteases [2,3], with 
calpain 10 the most recently characterized member [4]. The 
physiological functions of calpains are not fully understood 
but they are believed to play important roles in such 
processes as cytoskeletal remodelling, cell differentiation, 
apoptosis and signal transduction [5-7]. Calpains are also of 
medical importance, having been implicated in a number of 
pathological conditions including: cataract fonnation [8], 
type 2 diabetes [9], muscular dystrophy, rheumatoid arth
ritis, ischaemic tissue damage, and neurodegenerative con
ditions such as Alzheimer’s and Parkinson’s disease [10,11].

The major calpains are p-calpain (calpain 1) and 
m-calpain (calpain 2), winch are ubiquitous in mammalian 
cells [10]. These enzymes are heterodimeric and possess 
larger, 80-kDa, subunits, which show high levels of homo- 
logy, and smaller, 30-kDa, subunits, which show lower 
levels of homology [2,3], Originally based on sequence 
comparisons [12], these calpains were assigned a domainal
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organization, with the larger subunit divided into domains I 
to IV and the smaller subunit divided into domains V and 
VI. Domain II possesses the active site and is a papain-like 
cysteine protease domain, and domain IV contains a 
calmodulin-like Ca2+-binding domain, with multiple 
EF-hand motifs. The smaller subunit is divided into domain 
VI, which also possesses a calmodulin-like Ca2+-binding 
domain, and domain V [2,3,13]. The recently solved crystal 
structmes of calcium-free rat m-calpain [14] and human 
m-calpain [15] confirmed that this domain structure is 
essentially correct.

p-Calpain and m-calpain possess similar substrate spe
cificity and show an absolute requirement for Ca2+ for 
activation, although they differ in the level of this require
ment: 5-50 jim and 250-1000 gM, respectively [2,3], These 
observations suggested that other factors may be involved in 
the activation of m-calpain because, clearly, the millimolar 
levels of Ca2+ needed to activate the enzyme in vivo far 
exceed normal intracellular levels. Calpains are known to 
exist in a membrane-associated form [16,17], and it has been 
shown that the presence of membrane lipid mixtures can 
lower the Ca2+ requirement for m-calpain activation to 
near physiological levels [18]. On the basis of these and other 
results [19-21], it has been suggested that lipid or membrane 
interaction may modulate the activity of the enzyme [3]. 
Consistent with this suggestion, it has been shown that 
m-calpain domain III folds into an antiparallel (3-sandwich, 
which is structurally related to C2 domains [14,15,22], These 
domains bind phospholipid in a Ca2+-dependent manner 
and are believed to be responsible for orchestrating the

mailto:daphoenix@uclan.ac.uk


© FEBS 2002 Lipid-interactive a-helical structure in m-caipam (pur. J. mocnem. zov)

membrane-Ca2 + regulation of enzyme activity of a number 
of proteins [23]. A number of studies have suggested that 
interaction of m-calpain domain V with lipid or membranes 
may also be involved in the modulation of the enzyme’s 
activity. Earlier investigations showed that a C-terminal 
segment of domain V, G17TAMRILGG, is required for 
lipid interaction of the enzyme [24]. More recent investiga
tions, using peptides homologous to various regions of 
m-calpain’s domain V, showed that, although the presence 
of the TAMRIL sequence was required for m-calpain-lipid 
interaction, the presence of a polyglycine sequence was also 
necessary for such interaction [25].

The recently determined crystal structures of m-calpain 
did not include domain V [15,16] and no three-dimensional 
structure for this domain is currently available. Further
more, the primary structure of domain V shows no apparent 
homology with that of any other known protein [22]. 
However, a recent theoretical analysis of domain V derived 
from four different mammalian m-calpains showed that 
each possessed a common segment, GTAMRILGGVI, 
which was a candidate for formation of a lipid-interactive 
oblique-orientated a-helix [26]. These a-helices show a 
highly specialized structure/function relationship and pene
trate membranes at a shallow angle because of a hydro- 
phobicity gradient along the a-helical long axis [27,28]. It 
was suggested by Daman et al. [26] that the formation of 
such an a-helix may feature in the membrane interactions of 
m-calpain domain V. Here, to investigate this suggestion, we 
have undertaken theoretical analysis and studied the lipid- 
membrane interactions of a peptide homologue of the 
GTAMRILGGVI segment using haemolytic analysis, 
monolayer studies, Fourier transform infrared (FTIR) 
conformational analysis and FTIR lipid-phase transition 
analysis. Our results are discussed in relation to the 
influenza viral fusion peptide, HA2 [29,30], a known 
oblique-orientated a-helix former [31-35].

MATERIALS AND METHODS

Reagents

The peptide VP1 was supplied by Pepsyn, University of 
Liverpool, UK, produced by solid-state synthesis and 
purified by HPLC to a purity of greater than 99%. The 
peptide was stored as a stock solution (10 mM) in 10% (v/v) 
ethanol at 4 °C. Packed human red blood cells were 
supplied by the Royal Preston Hospital, UK. The phos
pholipids dimyristoylphosphatidylcholine (Myr2PtdCho), 
dimyristoylphosphatidylethanolamine (Myr2PtdEtn) and 
dimyristoylphosphatidylserine (Myr2PtdSer) and all sol
vents, which were of spectroscopic grade, were purchased

from Sigma (UK). For FTIR spectroscopy, deuterated 
Myr2PtdSer, purchased from Avanti, was used.

Theoretical analyses of candidate oblique-orientated 
a-helix-forming segments

The sequences of the influenza viral fusion peptide, HA2, a 
.known oblique-orientated a-helix former [31-35], and that 
of the putative oblique-orientated a-helix of m-calpain 
domain V (Table 1) were analysed by conventional hydro- 
phobic moment methods [36]. The hydrophobicity of 
successive amino acids in these sequences are treated as 
vectors and summed in two dimensions, assuming an 
amino-acid side chain periodicity of 100 The resultant of 
this summation, the hydrophobic moment, pH» provides a 
measure of a-helix amphiphilidty. Our analysis used a 
moving window of 11 residues, and, for each sequence 
under investigation (Table 1), the window with the highest 
hydrophobic moment was identified (Table 1). For these 
windows, the mean hydrophobic moment, (|Ih)> and the 
corresponding mean hydrophobicity, (Ho) (Table 1), were 
computed using the normalized consensus hydrophobicity 
scale of Eisenberg et al. [37] and plotted on the hydrophobic 
moment plot diagram of Eisenberg et al. [38] as modified by 
Harris et al. [32] (Fig. 1).

wingen/winpeg software [39] was used to perform 
hydropathy plot analysis (Fig. 2) of the GTAMRILGGVI 
sequence using the hydrophobicity scale of Kyte & Dolittle 
[40] and a seven-residue window. The software was also 
used to represent both this sequence and that of HA2 as 
two-dimensional axial projections assuming an angular 
periodicity of 100 0 (Fig. 3).

Haemolytic assay of VP1

Haemolytic assay was conducted as described by Harris & 
Phoenix [41]. Essentially, packed red blood cells were 
washed three times in Tris-buffered * sucrose (0.25 M 
sucrose, 10 mM Tris/HCl, pH 7.5) and resuspended in 
the same medium to give an initial blood cell concentra
tion of w0.05%. For haemolytic assay, this concentration 
was adjusted such that incubation with 0.1% (v/v) Triton 
X-100 for 1 h produced a supernatant with = L0, 
and this was taken as 100% haemolysis. Aliquots (1 mL) 
of blood cells at assay concentration were then used to 
solubilize various amounts of stock peptide solution, 
each of which had been added to a test-tube and dried 
under nitrogen gas. The resulting mixtures were incu
bated at room temperature with gentle shaking. After 1 h, 
the suspensions were centrifuged at low speed (1500 g, 
15 min, 25 °C), and the A4i6 of the supernatants

Table 1. Hydrophobic moment analysis of protein structure. Primary structure of the putative oblique-orientated a-helix-fomung segment identified 
in m-calpain, domain V [26J and that of the influenza peptide, HA2, a known oblique-orientated a-helix former, obtained from Peuvot el al. [47]. 
Values of (ph) and (H0) for each sequence were determined by the method of Eisenberg et al. [36].

Source protein Segment sequence (Ph> (Ho)

m-calpain, domain V
+

GTAMRILGGVI 0.46 0.47

HA2 fusion peptide GLFGAIAGFIENGWEGMIDG 0.65 0.23
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Surface active

Mean hydrophobieity

Fig. 1. Hydrophobic moment plot analysis of protein segments. A con
ventional hydrophobic moment plot diagram of Eisenberg et al. [38] is 
shown with an overlaid grey region delineating candidate oblique- 
orientated ot-helices [32]. The sequences shown in Table 1 were plotted 
on the diagram according to their (pH) and corresponding (Ho) values 
(Table 1). The data point representing the m-calpain domain V seg
ment, GTAM RILGGVI (1), can be seen to lie in the grey region, 
proximal to that representing the HA2 peptide (2), indicating that the 
segment may be a candidate for oblique-orientated a-helix formation.

Residue number

Fig. 2. Hydropathy plot analysis of protein segments. Hydropathy plot 
analysis of the m-calpain domain V segment, GTAMRILGGVI, was 
performed using a seven-residue window and the software of Hennig 
[39]. It can be seen that hydrophobicty progressively increases along 
the length of the segment with a maximal value centred on the 
C-terminal glycine, residue 8.

determined. Similar experiments were also performed 
except that Tris-buffered sucrose was replaced with Tris- 
buffered saline (100 him NaCl, 10 mM Tris/HCl, pH 7.5). 
In all cases, levels of haemolysis were determined as the 
percentage haemolysis relative to that of Triton X-100 and 
the results recorded (Fig. 4). Basal lysis was less than 3% 
in all cases.

Preparation of phospholipid small unilamellar 
vesicles (SUVs)

SUVs were prepared by the method of Keller et al. [42]. 
Essentially, lipid/chloroform mixtures were dried with

© FEES 2002

nitrogen gas and hydrated with aqueous Hepes at pH 7.5 
to give final phospholipid concentrations of 50 mM. The 
resulting cloudy suspensions were sonicated at 4 °C with a 
Soniprep 150 sonicator (amplitude 10 pm) until clear 
suspensions resulted (30 cycles of 30 s), which were then 
centrifuged (15 min, 3000 g, 4 °C).

FTIR conformational analyses of VP1

To give a final peptide concentration of 1 mM, VP1 was 
solubilized in 50 mM aqueous Hepes (pH 7.5) or suspen
sions of SUVs, which were formed from Myr2PtdSer, 
Myr2PtdCho or Myr2PtdEtn, prepared as described 
above. Samples of solubilized peptide were spread on a 
CaF2 crystal, and the free excess water was evaporated at 
room temperature. The single-band components of the 
VP1 amide I vibrational band (predominantly C=0 
stretch) was monitored using an FTIR ‘5-DX’ spectro
meter (Nicolet Instruments, Madison, WI, USA), and, 
for each sample, absorbance spectra were produced 
(Fig. 5). These spectra were analysed, and, for those 
with strong absorption bands, the band parameters (peak 
position, band width, and intensity) were evaluated with 
the original spectra, if necessary after the subtraction of 
strong water bands. In the case of spectra with weak 
absorption bands, resolution-enhancement techniques 
such as Fourier self-deconvolution [43] were applied after 
baseline subtraction with the parameters: bandwidth, 22- 
28 cm-1; resolution-enhancement factor, 1.2-1.4; Gauss/ 
Lorentz ratio, 0.55. In the case of overlapping bands, 
curve fitting was applied using a modified version of the 
curfit procedure written by D. Moffat (National 
Research Council, Ottowa, Ontario, Canada). An esti
mation of the number of band components was obtained 
from deconvolution of the spectra; curve fitting was then 
applied within the original spectra after the subtraction 
of baselines resulting from neighbouring bands. Similar 
to the deconvolution technique, the bandshapes of the 
single components are superpositions of Gaussian and 
Lorentzian bandshapes. Best fits were obtained by 
assuming a Gauss fraction of 0.55-0.6. The curfit 
procedure measures the peak areas of single band 
components and, after statistical evaluation, determines 
the relative percentages of primary structure involved in 
secondary-structure formation. For VP1, relative levels of 
a-helical structure (1650-1655 cm-1) and P-sheet struc
tures (1625-1640 cm-1) were computed and are shown in 
Table 2.

FTIR analysis of phospholipid phase transition properties

Using FTIR spectroscopy, the effects of VP1 on the phase- 
transition properties of phospholipid were investigated. To 
give a final peptide concentration of 1 mM, VP1 was 
solubilized in suspensions of SUVs formed from Myr2Ptd- 
Ser, Myr2PtdCho or Myr2PtdEtn, prepared as described 
above. As controls, SUVs formed from Myr2PtdSer, 
Myr2PtdCho or Myr2PtdEtn alone were prepared as 
described above. These samples were then subjected to 
automatic temperature scans with a heating rate of 
3 °C-(5 min)-1 and within the temperature range 0-60 °C. 
For every 3 °C interval, 50 interferograms were accumu
lated, apodized, Fourier transformed, and converted into



© FEES 2002 Lipid-interactive a-helical structure in m-calpain (Eur. J. Biochem. 269) 5417

A B .

Fig. 3. Two-dimenskmal axial projections of protein sequences. Primary structures of (A) the influenza peptide, HA2, a known oblique-orientated 
a-helix former and (B) the putative oblique-orientated a-helix-forming segment identified in m-calpain, domain V (Table 1), represented as two- 
dimensional axial projections using the software of Henmg [39]. Annotated numbers represent the relative locations of amino-acid residues within 
protein primary structure, and hydrophobic residues are circled. It can be seen that each a-helix possesses a glycine-rich polar face and a wide 
hydrophobic face nch in bulky ammo-acid residues. In the case of the GTAMRILGGVI segment, these residues, isoleucine (6) and leucine (7 and 
11), can be seen to be localized in the C-terminal region of the a-helix.
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Fig. 4. Haemolytic analysis of VP1. Haemolytic curve of VP1, deter
mined by the method of Harris & Phoenix [41]. The peptide was 
incubated with either human erythrocytes (♦) or these erythrocytes in 
the presence of 100 mw NaCI (■). Percentage haemolysis was deter
mined (n = 3) and plotted as a function of VP1 concentration. It can 
be seen that at a concentration of 2.4 mM, VP1 showed 100% lysis of 
erythrocytes (LDjo = 1.45 dim), but, in the presence of 100 mM NaCI, 
this ability was reduced by 60%.

absorbance spectra [44] (Fig. 6). These spectra monitored 
changes in the P —» a acyl chain melting behaviour of 
phospholipids, with these changes determined as shifts in 
the peak position of the symmetric stretching vibration of 
the methylene groups, vs(CH2), which is known to be a 
sensitive marker of lipid order. The peak position of vs(CH2) 
lies at 2850 cm"1 in the gel phase and shifts at a lipid-specific 
temperature Tc to 2852.0-2852.5 cm-1 in the liquid-crystal
line state. For deuterated Myr2PtdSer, the values for 
the peak position of v,(CD2j are at 2089-2093 cm'1, 
respectively.

Monolayer studies on VP1

All monolayer equipment was supplied by NIMA, Coven
try, UK. Surface tension was monitiored by the Wilhelmy 
plate method using a microbalance [45]. Studies were

conducted using a 5 x 15 cm Teflon trough containing 
80 mL buffer subphase (10 mM Tris/HQ, pH 7.5). The 
trough was equipped with moveable barriers, which 
responded to the microbalance and could be adjusted to 
maintain monolayers at either constant surface pressure or 
constant surface area. Monolayers were formed by spread
ing pure phospholipids (10 mM) in chloroform, compressed 
to give a surface pressure of 30 mN-m"1, and then 
maintained at constant area. Stock VP1 was added to the 
subphase via a reservoir extending into the subphase, which 
was contiuously stirred by a magnetic bar, and VP1- 
monolayer interactions were recorded as changes in mono- 
layer surface pressure (Fig. 7).

RESULTS

Theoretical analyses of candidate oblique-orientated 
a-helix-forming segments

The sequences of the influenza viral fusion peptide, HA2, 
and m-calpain domain V were analysed. The resulting 
values of (|iH) and (Hq) (Table 1) were plotted on the 
hydrophobic moment plot diagram (Fig. 1). The data 
points representing these sequences lie proximal in the area 
delineating candidate oblique-orientated a-helix-forming 
segments, indicating that m-calpain domain V may contain 
an oblique-orientated a-helix comparable to that of HA2. 
Consistent with these results, hydropathy plot analysis of 
the GTAMRILGGVI sequence showed a progressive 
increase in hydrophobicity in moving from the N-terminus 
to the C-terminus (Fig. 2), suggesting the ability to form an 
a-helix with an asymmetric distribution of hydrophobicty 
along the a-helical axis. Furthermore, when the sequences of 
HA2 and m-calpain domain V were modelled as a-helices 
[39], each formed an amphiphilic a-helix with similar 
structural properties (Fig. 3). Each a-helix possesses a 
glycine-rich hydrophilic face and a wide hydrophobic face, 
which includes the bulky amino-acid residues tryptophan, 
phenylalanine, leucine and isoleucine.
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Fig. 5. Fi lR conformational analysis of VP1 in the presence of lipid.
(AMQ Spectra representing FTIR conformational analyses of VP1 in 
the presence of lipid with annotated numbers indicating band peak 
absorbances. For each spectrum, the relative percentages of a-helical 
secondary structure and (J-sheet secondary structure were computed, 
as described in Materials and Methods, and are shown in Table 2. (A) 
and (B) show that, in the presence of Myr2PtdEtn and Myr;PtdCho, 
the major secondary structural contribution to VP1 came from P-sheet 
structures (1627 cm-1 and 1628 cm-1, respectively). In contrast, (Q 
shows that, in the presence of Myr2PtdSer. a-helical structure made the 
major contribution to VP1 secondary structure (1650 cm-1).

Haemolytic assay of VP1

It can be seen from Fig. 4 that VP1 is strongly haemolytic 
with a sigmoidal relationship between VP1 concentration 
and percentage haemolysis. The peptide achieved 100% 
lysis of erthrocyte membranes at 2.4 him (LD50 =

Table 2. VP1 secondary-structural contributions. Relative levels of 
a-hehcal structure and P-sheet structure determined in VP 1, a peptide 
homologue of the putative oblique-orientated a-helix-forming segment 
identified in m-calpain domain V (Table 1). The peptide was either in 
aqueous solution (-) or in the presence of lipid. Conformational ana
lysis of VP1 was performed using FTIR spectroscopy, and the resulting 
spectra (Fig. 5) were used to determine relative levels of secondary 
structure as described in Materials and methods.

Lipid % a-helix % P-sheet

- - 92
Myr2PtdSer 65 32
Myr2PtdEtn 18 61
Myr2PtdCho 19 48

1.45 him), but in the presence of 100 mM NaCl, this ability 
of VP1 was reduced the order of 60% (LD50 = 1.85 mM).

FTIR conformational analysis of VP1

FTIR spectroscopy was used for conformational analysis of 
VP1, either in aqueous solution or in the presence of SUVs 
formed from Myr2PtdSer, Myr2PtdCho or Myr2PtdEtn 
(Fig. 5). In each case, the relative percentages of ot-hehcal 
secondary structure (1650-1655 cm-1) and (J-sheet secon
dary structure (1625-1640 cm-1) were computed and are 
shown in Table 2. In aqueous solution, VP1 showed no 
evidence of a-hehcal structure and was primarily formed 
from p-sheet structures (> 90%) (data not shown). In the 
presence of Myr2PtdEtn and Myr2PtdCho, VP 1 showed 
some evidence of a-hehcal structure (« 20%) but remained 
predominantly formed from p-sheet structures (48% and 
61%, respectively) (Fig. 5A,B). In contrast, VP1 showed 
high levels of a-hehcal structure (65%) in the presence of 
Myr2PtdSer and reduced levels of P-sheet structures (32%) 
(Fig. 5C).

FTIR analysis of phospholipid phase-transition 
properties

Using FTIR spectroscopy, absorbance spectra representing 
the effects of VP 1 on the phase-transition temperature and 
membrane fluidity of membranes formed from Myr2PtdEtn, 
Myr2PtdCho or Myr2PtdSer were derived as a function of 
temperature (Fig. 6). Control experiments recorded the hpid 
phase-transition temperature, Tc, of Myr2PtdCho mem
branes as 27 °C, Myr2PtdEtn membranes* as 55 °C, and 
Myr2PtdSer membranes as 37 °C (Figs 6A-6C). The pres
ence of VP1 had a minor effect on the Tc and membrane 
fluidity of both Myr2PtdCho and Myr2PtdEtn membranes, 
with Tc being recorded as 24 °C and 52 °C. respectively, and 
accompanied in each case by a minor increase in membrane 
fluidity (Fig. 6A.B). In contrast, the presence of VP1 led to a 
large decrease in the fluidity of Myr2PtdSer membrane, 
accompanied by a large increase in the fc of the membranes, 
with Tc being recorded as 47 °C (Fig. 6C).

Monolayer studies on VP1

The interactions of VP 1 with Myr2PtdSer monolayers were 
studied as described above. Myr2PtdSer was found to form
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Temperature I *C)

Fig. 6. FTTR phase-transition analysis of lipid in the presence of VP1. 
Spectra rq^resenting FTIR phase-transition analysis of lipid in the 
presence of VP1. In the absence of the peptide, the phase-transition 
temperature (Tc) of Myr2PtdEtn was recorded as 55 °C (■; A), of 
MyrjPtdCho as 27 °C (■; B) and of Myr2PtdSer as 37 °C (■; Q. The 
presence of VP1 led to a minor increase in the fluidity of both 
Myr2PtdEtn and Myr2PtdCho membranes, which in each case was 
accompanied by a minor decrease in 7^. with 7"c recorded as 52 °C for 
Myr2PtdEtn membranes (□; A) and 24 °C for Myr2PtdCho mem
branes (□; B). In contrast, the presence of VP1 led to a large decrease 
in the fluidity of Myr2FtdSer membranes, accompanied by a large 
increase in the Tc of the membranes (□; C) with 7"c being recorded as 
47 °C.

stable monolayers at a surface pressure of 30 mN-m'1, 
which was taken to represent that of naturally occurring 
membranes. At a final subphase concentration of 20 |im,

600 800 1000 1200 1400 1600

Time (tecs)

Fig. 7. Monolayer interactions of VP1. Time course for interactions of 
VP1 with Myr2PtdSer monolayers at a surface pressure of 30 mN-m-1, 
taken to represent that of naturally occurring membranes. VP1 (final 
concentration 20 pm) was introduced into the monolayer subphase at 
time zero and after 100 s showed rapid penetration of Myr2PtdSer 
monolayers. Maximal levels of penentration were reached after 600 s, 
with a concomitant change in monolayer surface pressure of 
5.5 mN-m-1.

VP1 showed maximal levels of Myr2PtdSer monolayer 
penentration, which led to a change in monolayer surface 
pressure of 5.5 mN-m-1 (Fig. 7). This ability was reduced to 
negligible levels in the presence of 100 him NaCl (data not 
shown).

DISCUSSION
There is evidence to suggest that the enzymatic activity of 
m-calpain is modulated by the membrane interaction of a 
segment, GTAMRILGGVI, located in domain V of the 
protein’s smaller subunit [24,25]. It has been predicted that 
this segment may interact with membrane via the formation 
of an oblique-orientated a-helix [26], a class of a-helices [29- 
35] that penetrate membranes at a shallow angle because of 
a hydrophobicity gradient along the a-helical long axis 
[27,28]. Here we have used theoretical techniques to examine 
the structural characteristics of the putative domain V 
a-helix. In addition, the ability of the GTAMRILGGV 
segment to adopt a-helical structure and to interact with 
membranes has been investigated using VP1, a peptide 
homologue of this segment, in conjunction with haemolytic 
analysis, monolayer studies, and FTIR spectroscopy. Our 
results are discussed in relation to HA2, a viral fusion 
peptide known to penetrate membranes via oblique-orien
tated a-helix formation [29-35].

The sequences of the GTAMRILGGVI segment and 
HA2 were analysed, and data points representing their 
a-helices were found to lay proximal in the region of the 
hydrophobic moment plot diagram delineating candidate 
oblique-orientated a-helices (Fig. 1). This observation sug
gests that the GTAMRILGGVI segment may form such an 
a-helix and therefore may possess a hydrophobicity gradi
ent. Consistent with this suggestion, hydropathy plot 
analysis showed the GTAMRILGGVI segment to become 
progressively more hydrophobic in moving from the
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N-terminus to the C-terminus (Fig. 2), and graphical 
analysis showed the GTAMRILGGVI a-helix to possess 
a number of structural resemblances to the HA2 a-helix 
(Fig. 3). It can be seen that each a-helix shown in Fig. 3 
possesses a glycine-rich polar face, which studies on HA2 
and a number of other oblique-orientated a-helices have 
shown to be critical for maintaining their hydrophobicity 
gradients [27,28,46]. It can also be seen from Fig. 3 that each 
a-helix possesses a wide hydrophobic face rich in bulky 
amino-acid residues. In the case of the GTAMRILGGVI 
segment (Fig. 3), leucine and isoleucine can be seen to be 
preponderant in the C-terminal region of the a-helix. This 
localization of strongly hydrophobic amino-acid residues is 
structurally consistent with the higher levels of hydropho
bicity predicted for the C-terminal region of the segment 
(Fig. 2) and possession of a hydrophobicity gradient [47], 
Furthermore, when these wide hydrophobic faces, rich in 
bulky residues, are combined with narrow polar faces, rich 
in glycine residues (Fig. 3), a-helices are given an effective 
wedge shape, wliich appears to assist HA2 and other 
oblique-orientated a-helix-forming peptides, to destabilize 
membranes in the promotion of their biological activity 
[46,48].

It is clear from our theoretical analyses that the 
GTAMRILGGVI segment has the potential to form an 
a-helix with strong structural similarities to the oblique- 
orientated a-helix formed by HA2 and other membrane- 
interactive peptides. Consistent with these observations, 
FTIR spectroscopic analysis showed that VP1 was able to 
adopt a-helical structure in the presence of lipid membranes 
(Fig. 5) and to affect the lipid-phase transition properties of 
these membranes (Fig. 6). In addition, haemolytic analysis 
showed that the peptide is able to lyse erythrocyte 
membranes (Fig. 4), and monolayer studies showed that it 
is able to penetrate lipid monolayers mimetic of naturally 
occurring membranes (Fig. 7). In combination, these results 
clearly show that die GTAMRILGGVI segment is able to 
form a membrane-interactive a-helix.

In aqueous solution, VP1 showed no evidence of a-helical 
structure (data not shown) but was found to adopt such 
structure in the presence of MyroPtdCho, Myr2PtdEtn and 
Myr2PtdSer (Fig. 6). This suggests that VP1 requires the 
amphiphilic environment of a lipid interface to adopt 
a-helical structure, a requirement also observed for HA2 
[49]. In the presence of Myr2PtdEtn and Myr2PtdCho 
membranes, VP1 adopted relatively low levels of a-helical 
structure (« 20%; Fig. 5A,B) and induced only minor 
decreases in the Tc of these membranes (?e 3 0C), accom
panied by minor increases in liquid-crystalline phase fluidity 
(Fig. 6,AB). Such changes in lipid-phase transition proper
ties are consistent with VP1 binding to the headgroup 
regions of Myr2PtdCho and Myr2PtdEtn membranes and 
suggest that the peptide penetrates the surface regions of 
these membranes. In contrast, VP1 adopted high levels of 
a-helical structure in the presence of Myr2PtdSer (65%; 
Fig. 5C) and induced a 10 °C rise in the Tc of these 
membranes accompanied by a large decrease in its liquid- 
crystalline phase fluidity (Fig. 6C). Such changes are 
consistent with VP1 penetration of the Myr2PtdSer mem
brane hydrophobic core region and suggest that the peptide 
shows high levels'of interaction with these membranes. 
Strongly supporting this suggestion, VP1 was found to show 
high levels of Myr2PtdSer monolayer penetration (Fig. 7),

inducing surface pressure changes of 5.5 mNm-1. Com
parable levels of monolayer penetration have been observed 
for the C-terminal a-helices of Escherichia coli penicillin
binding proteins 5 and 6 [50], which function as membrane 
anchors for these proteins [51], Interestingly, a recent study 
has suggested that these anchors may form oblique- 
orientated a-helices (D. Phoenix & F. Harris, unpublished 
work). Taken in combination, these results suggest that VP1 
has a low affinity for zwitterionic lipid but a high affinity for 
Myr2PtdSer and may have a requirement for either this 
specific lipid, or anionic lipid in general, to achieve higher 
levels of membrane penetration. These results contrast with 
HA2, winch shows an affinity for zwitterionic lipid [52,53] 
and requires the low pH of the endosomal membrane 
surface for both oblique-orientated a-helix formation and 
enhanced levels of membrane penetration via the deproto
nation of its negatively charged residues [35,54].

VP1 was found to be strongly haemolytic, but, in the 
presence of 100 mM NaCl, this ability was reduced by the 
order of 60% (Fig. 4) and the ability of VP1 to interact with 
Myr2PtdSer monolayers was reduced to negligible levels 
(data not shown). In combination, these results suggest a 
strong electrostatic contribution to VP 1-membrane inter
action and further support a VP1 requirement for anionic 
lipid. Indeed, the relatively high LD50 (1.45 him) shown by 
VP1 for haemolytic action could reflect the fact that 
erythrocyte membranes possess an asymmetric distribution 
of anionic lipids with the extracytoplasmic leaflet depleted of 
such lipids [55]. It is interesting to note that the HA2 a-helix 
is also strongly haemolytic and that the mutation of polar 
face glycine residues, essential for maintaining the HA2 
a-helix hydrophobicity gradient, results in the loss of 
haemolytic and fusogenic ability [49,56],

In conclusion, based on structural similarities to HA2, we 
have suggested that the segment, GTAMRILGGVI, of 
m-calpain domain V forms an a-helix, which possesses a 
hydrophobicity gradient and penetrates membranes in an 
oblique orientation. We speculate that glycine residues in 
the polar face of this a-helix could play an important role in 
facilitating this mechanism of membrane penetration. This 
a-helix has a preference for anionic lipid, which leads to 
higher levels of a-helicity and membrane penetration via 
electrostatic interactions. These results are consistent with 
those of previous authors, which have shown that m-calpain 
activity is modulated by the presence of anionic lipid [25]. 
To satisfy a VP1 requirement for anionic lipid, it seems 
probable that the peptide’s single positively charged amino- 
acid residue, arginine (Table 1; Fig. 3) would engage in 
charge-charge interaction with negatively charged mem
brane lipid. Furthermore, to achieve the deeper levels of 
membrane penetration indicated for Myr2PtdSer mem
branes, it is possible that these interactions may involve the 
snorkelling mechanism that features in the membrane 
interactions of a number of lipid-interactive a-helices 
[28,57]. According to this mechanism, the VP1 arginine 
residue would extend or snorkel its long hydrophobic alkyl 
chain, facilitating penetration of the membrane hydropho
bic core region yet still allowing its positively charged moiety 
to interact with negatively charged moieties in the mem
brane lipid headgroup region. We speculate that utilization 
of this mechanism by the m-calpain domain V a-helix could 
result in enhanced levels of membrane interaction by 
domain V, which would support work indicating lipid
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involvement in the reduction of Ca2+ levels necessary for 
the efficient activation of m-calpain.
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ABSTRACT m-Calpain is a calcium-dependent heterodimeric protease implicated in a number of pathological conditions. The 
activation of m-calpain appears to be modulated by membrane interaction, which has been predicted to involve oblique-orientated 
a-helix formation by a GTAMRILGGVI segment located in domain V of the protein’s small subunit. Here, we have investigated this 
prediction. Fourier transform infrared conformational analysis showed that VP1, a peptide homolog of this segment, exhibited 
n-heiicity of ~45% in the presence of dimyristoylphosphatidyicholine/dimyristoylphosphatidylserine (DMPS) vesicles! The level 
of helicity was unaffected over a 1- to 8-mIVI concentration range and did not alter when the anionic lipid composition of these 
vesicles was varied between 1% and 10% DMPS, Similar levels of a-helicity were observed in trifluoroethanol and the peptide 
appeared to adopt cr-helical structure at an air/water interface with a molecular area of 164 A2 at the monolayer collapse pressure. 
VP1 was found to penetrate dimyristoylphosphatidylcholine/DMPS monolayers, and at an initial surface pressure of 30 mN m-1, 
the peptide induced surface pressure changes in these monolayers that correlated strongly with their anionic lipid content 
(maximal at 4 mN mr1 in the presence of 10% DMPS). Neutron diffraction studies showed VPi to be localized at the hydrophobic 
core of model palmitoyloieylphosphatidylchoiine/paimitoyloleylphosphatidylserine (10:1 molar ratio) bilayer structures and, in 
combination, these results are consistent with the oblique membrane penetration predicted for the peptide. It would also appear 
that although not needed for structural stabilization anionic lipid was required for membrane penetration.

INTRODUCTION
Calpains (EC 3.4.22.17) are a supeifamily of Ca2+-depcndent 
intracellular cysteine proteases that are ubiquitously distrib
uted in mammalian cells (Perrin and Huttenlocher, 2002; 
Sorimachi and Suzuki, 2001). Despite intensive study, the 
physiological functions of these enzymes are not wholly clear 
but they are believed to play important roles in an array of 
processes, including: embryonic development, cytoskeletal 
remodeling, cell differentiation, apoptosis, and signal trans
duction (Carafoli and Molinari, 1998; Ono et al„ 1998; Sato 
and Kawashima, 2001). Calpains are of medical importance, 
having been implicated in a range of pathological conditions 
as diverse as cataract fonnation, type 2 diabetes, muscular 
dystrophy, rheumatoid arthritis, ischemic tissue damage/ 
reperfusion, and neurodegenerative conditions (Huang and 
Wang 2001; Branca 2004). These disorders show a com
mon characteristic of altered Ca2+ homeostasis, and it has 
been suggested that the resulting deregulated activation of 
calpains may play a role in their development (Perrin and 
Huttenlocher, 2002).

The most studied member of the calpain superfamily is 
m-calpain (calpain 2). This enzyme is heterodimeric and, upon 
activation, undergoes autolytic conversion to give its mature 
proteolytic form. The larger subunit of m-calpain is 80 kDa
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and organized into four domains (I-IV). Domain II houses 
the enzyme’s active site, which is a papainlike cysteine pro
tease domain (Tompa, 2001), whereas domain I forms an 
N-terminal extension of domain H and is associated with 
m-calpain autolysis. Domain III appears to be a linker region 
between the catalytic domain and domain TV, which contains 
a calmodulinlike Ca2+-binding domain with multiple EF-' 
hands. The smaller subunit of m-calpain is 30 kDa and 
possesses two domains (V and VI). Domain VI possesses a 
calmoduliniike Ca2+ binding domain and associates with 
domain IV to facilitate dimerization of the m-calpain subunits, 
whereas domain V is largely cleaved from m-calpain during 
autolysis (Goll et al., 2003).

It is well established that for in vitro activation m-calpain 
requires millimolar levels of Ca2+ that are far in excess of 
those found in vivo, clearly suggesting that activation of the 
enzyme involves other factors (Johnson and Guttmann, 1997; 
Hosfield et al., 2004). A membrane-associated form of 
m-calpain is known and a number of studies have shown 
that the presence of lipid can strongly reduce the Ca2+ con
centrations required for activation of the enzyme (Imajoh 
etal., 1986;Melloni andPontremoli, 1989; Saido etal., 1992) 
to within range of those found in physiological systems 
(Chakrabarti et al., 1996). These results have led to the 
suggestion that lipid/membrane interactions could play a role 
in the activation of m-calpain (Johnson and Guttmann, 1997), 
and based on in vitro studies, two regions of the enzyme have 
been separately proposed to facilitate such interactions.

doi: 10.1529/biophysj. 104.049957
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Recent studies have shown that domain HI of m-calpain 
binds lipid in a Ca2+ dependent manner (Tompa, 2001) and 
forms an antiparallel /3-sheet structure that possesses distant 
structural resemblances to C2 domains (Hosfield et al., 1999, 
2004; Strobl et al., 2000). Such domains are believed to 
modulate enzyme activity via Ca2 -regulated lipid binding 
(Rizo and Sudhof, 1998; Verdaguer et al., 1999) and it has 
been proposed that a similar mechanism may allow domain IH 
to modulate the activation of m-calpain (Reverter et al., 2001).

Previous studies have suggested that interactions between 
domain V of m-calpain and lipid are able to lower the enzyme’s 
Ca2+ requirement for activation (Arthur and Crawford, 1996; 
Crawford et al., 1990). More recently, theoretical analyses of 
domain V from a number of mammalian m-calpains identified 
a common sequence, GTAMRILGGVI, with the potential to 
form a lipid interactive a-helix. This was confirmed by experi
mental results and further theoretical analysis predicted that 
the a-helix possessed structural amphiphilicity and a gradient 
in hydrophobicity similar to those of known oblique-orientated 
a-helices (Brandenburg et al., 2002). Based on these struc
tural similarities, it was proposed that the GTAMRILGGVI 
a-helix might utilize a similar mechanism of membrane 
interaction, penetrating the membrane hydrophobic core re
gion in an oblique orientation (Daman et al., 2001).

Here, we have investigated this prediction and studied the 
ability of VP1, a peptide homolog of the GTAMRILGGVI 
segment, to penetrate lipid assemblies, mimetic of naturally 
occurring membranes. Fourier transform infrared spectros
copy (FTIR) conformational analysis and lipid monolayer 
studies showed that VP1 strongly penetrates phosphatidyl- 
choline/phosphatidylserine monolayers via a-helix forma
tion. Moreover, neutron diffraction showed that VP 1 localizes 
at the hydrophobic core region of model bilayers with asimilar 
lipid composition. We discuss our results in relation to the 
oblique form of membrane penetration predicted for the 
GTAMRILGGVI segment of m-calpain.

(Canley, UK). Studies were conducted using a Teflon trough with surface 
area dimensions of 5 X 15 cm and holding a volume of 80 ml. The trough 
was equipped with moveable haulers, the position of which could be 
adjusted at a rate of 6 cm2 min-1. For all experiments, a buffer subphase of 
10 mM Tris buffer, pH 7.5, was utilized and, unless indicated otherwise, 
VP1 was introduced into the subphase via an injection port to give desired 
final concentrations. The subphase was continuously stirred by a magnetic 
bar (5 rpm) ancl surface tension was monitored by the Wilhelmy method 
using a paper plate (Whatman’s Chi) in conjunction with a microbalance, as 
described by Brandenburg et al. (2002), Changes in monolayer surface 
pressurt/area were recorded as graphic output on a PC using NIMA 
software, which interfaces with the Langmuir-Blodgett microbalance.

VP1 surface activity

The barriers of the Langmuir-Blodgett trough were adjusted to their 
maximum separation (surface area 86 cm2) and this position was maintained, 
VP1 was then introduced into the buffer subphase to give final concentra
tions ranging between 1.0 and 25.0 p.M, and at each peptide concentration 
changes in surface pressure at the air/water interface were monitored. The 
maximal values of these surface pressure changes were then platted as a 
function of VP1 final subphase concentration (Fig. 1). From these results the 
surface excess, F, was calculated by means of the Gibbs adsorption isotherm, 
which is given by Eq, 1 (Birdi, 1999):

1 Att 
~RT Ainc CD

where R is 8.314 J moP1 K"\ T = 294 °K, tt is the interfacial pressure 
increase (mN nT1), and c is the molar concentration of peptide in the 
subphase (M). These values of F were then used to determine values of the 
interfacial surface area per VP1 molecule (A) according to the equation

A NT' (2)

where N is Avogadro's number (Table 1).
In addition, the ability of VP1 to spread on an aqueous surface and to 

form a stable monolayer was investigated. The barriers of the Langmuir- 
Blodgett trough were adjusted to their maximum separation (surface area 
86 cm2) and this position was maintained. A 10-ju.l aliquot of VP1 in 
chloroform (0.8 mM) was spread onto a buffer subphase and allowed to 
equilibrate for 1 h. The resulting peptide monolayer was compressed using

MATERIALS AND METHODS 

Reagents
The peptide VP 1 was supplied by Albachem (Gladsmuir, UK), synthesized by 
solid-state synthesis and purified by high-performance liquid chromatography 
to purity >99%, confirmed by matrix-assisted laser desorption/ionization 
mass spectrometry. Buffers and solutions for monolayer experiments were 
prepared from Milii-Q water. Palmitoyloleylphosphatidylcholine(POPC) and 
palmiioyloleylphosphatidylserine (POPS) were purchased from Avami Polar 
Lipids (Alabaster, AL). Dioleoylphosphatidylcholine (DOPC), dioleoylphos- 
phiitidylsertne (DOPS). dimyristoylphosphatidylcholine (DMPC), and dimyr- 
istoylphosphatidyiserine (DMPS) were purchased from Alexis (Bingham, 
UK). All other reagents were purchased from Sigma (Bracknell, UK).

C 3.5 -

£ 0.5 -

Peptide concentration in subphase (p.M)

Monolayer studies
Langmuir-Blodgett studies

Monolayer studies were conducted at a constant temperature of 21.0 ± 1°C 
using Langmuir-Blodgett equipment supplied by NIMA technology

FIGURE 1 Surface activity of VP1 showing the effect of VP1 
concentration on the surface pressure of an air/water interface. Varying 
concentrations of VP1 were injected into the subphase (10 mM Tris, pH 7.5) 
of a Langmuir-Blodgett system and allowed to equilibrate for 30 min, For 
each VP1 concentration, the surface pressure of the subphase was then 
determined and these values plotted.
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TABLE 1 The surface excess and area/molecule for different 
VP1 peptide concentrations 

C OuM) 77 (mN m"') r Area (A2)
1 0.4 2.37 X 10~N 7005.49
2 0.8 5.27 X 10"K 3150.48
5 1.5 1.16 X 10"7 1431.29

10 2.5 2.22 X 10"7 747.77
15 3.3 3.21 X 10"7 516,62
20 3.5 3.66 X 10"7 453.63
25 3.5 3,88 X 10-7 427.91

F is the surface excess, C is the molar concentration of the peptide in the 
subphase, and tt is the interfacial pressure increase.

the moveable barriers of the trough to produce a pressure/area isotherm, 
which was converted by N1M A software to an output plot of surface pressure 
versus monolayer surface area per VP1 molecule (Fig. 2),

Insertion of VP1 into lipid monolayers at constant area

The ability of VP1 to penetrate lipid monolayers at constant area was studied. 
Monolayers were formed by spreading lipid mixtures (5 mM) in chloroform 
of either DMPC/DMPS or DOPC/DOPS (each at a 10:1 molar ratio) onto 
a buffer subphase. The solvent was allowed to evaporate off over 30 min and 
then the monolayer was compressed at a velocity of 6 cm2 min"1 to give 
a surface pressure of 30 mN m~1. The lipid monolayer was then maintained at 
the area corresponding to this pressure throughout the experiment. VP1 was 
introduced into the subphase to give a final peptide concentration of 20 /aM 
and interactions of the peptide with lipid monolayers were monitored as 
changes in monolayer surface pressure versus time (Fig. 3).

The ability of VP1 to penetrate DMPC/DMPS monolayers at different 
molar ratios was studied. Chloroform solutions (5 mM) of DMPC/DMPS at 
molar ratios of either 100:1, 50:1, 20:1, or 10:1 were spread onto a buffer 
subphase and compressed to a lateral pressure of 30 mN m"1, as described 
above. The lipid monolayer was then maintained at the area corresponding to 
this pressure tliroughout the experiment. VP1 was introduced into the 
subphase to give a final peptide concentration of 20 ju.M and maximal 
changes in monolayer surface pressure were plotted versus the anionic lipid 
content of the monolayer (Fig. 4).

Interaction of VP1 with lipid monolayers at constant pressure

The ability of VP1 to penetrate lipid monolayers at constant pressure was 
studied. Chloroform solutions (5 mM) of DMPC/DMPS at molar ratios of 
either 100:1, 50:1, 20:1, or 10:1 were spread onto a buffer subphase. The

Lift-off area Extrapolated
area

Maximal
pressure

n max area

1780 A1 450 A3 30.14 mN nr1 I64A5

Area / Molecule (A5)

FIGURE 2 Compression isotherm of VP1 showing a pressure-area 
isotherm for a VP1 monolayer, which was spread from chloroform onto 
a subphase of 10 mM Tris, pH 7.5.

1000 1500 ■ 2000 2500 3000 3500 4000

FIGURE 3 Monolayer interactions of VP1 showing the time course of 
VPl/lipid monolayer interactions. Monolayers of DMPC/DMPS (upper 
shaded trace) and DOPC/DOPS (black trace) (10:1 molar ratio) were con
structed with an initial surface pressure of 30 mN m~1, mimetic of a naturally 
occurring membrane. For each case studied, the introduction of VP] (20 /x.M) 
into the subphase led to monolayer interactions that appeared to follow 
hyperbolic kinetics and maximal surface pressure increases of 4 mN in"1.

solvent was allowed to evaporate off for 30 min and the monolayer com
pressed at a velocity of 6 cm2 min"1 to give a surface pressure of 30 mN m"1. 
The lipid monolayer was then maintained at this pressure tliroughout the 
experiment. The monolayer was allowed to equilibrate for 10 min and then 
VP I was introduced into the subphase to give a final peptide concentration 
of 20 pM. Interactions of the peptide with lipid monolayers were monitored 
by NIMA software, which provided an output plot of changes in monolayer 
surface area per lipid molecule versus time (Fig. 5).

FTIR spectroscopy
Sample preparation

Small unilamellar vesicles (SUVs) were prepared according to Keller et ah, 
(1992). Essentially, DMPC/DMPS mixtures in chloroform were prepared, 
dried with nitrogen, and rehydrated with aqueous /V-[2-hydroxyethylpiper- 
azine-Af'-[2-ethanesulphoiiic acid] (HEPES) at pH 7.5 to give desired final 
lipid molar ratios. The resulting cloudy suspensions were sonicated at 4°C 
with a Soniprep (Foster City, CA) 150 sonicator until clear suspensions 
resulted (30 cycles of 30 s) which were then centrifuged (15 min, 3000 X g, 
4°C).

The effect of varying vesicle lipid composition on levels of VP1 
secondary structure was studied. VP1 (final concentration S mM) was 
solubilized in vesicle suspensions prepared as described above, where the 
overall lipid/VPl ratio was maintained at 100:1 but the DMPC/DMPS ratio 
ranged between 10:1 and 100:1 (Fig. 6 A, Table 2). Tire effect of varying the 
total lipid/peptide ratio on levels of VP1 secondary structure was also 
studied. VP1 (final concentration 8 mM) was solubilized in vesicle 
suspensions prepared as described above, where the DMPC/DMPS ratio 
was maintained at 10:1 but the overall lipid to VP1 ratio was varied between 
100:1 and 10:1 (Fig, 6fi). Additionally, the effect of final VP1 concentration 
on levels of secondary structure shown by the peptide in the presence of lipid 
vesicles was studied. VP1 (final concentration ranging between 8 mM and 1 
mM) was solubilized in vesicle suspensions prepared as described above, 
where the overall lipid to VP1 ratio was maintained at 100:1 and theDMPC/ 
DMPS ratio was maintained at 10:1 (Table 3).

FTIR conformational analyses of VP1 in the presence of lipid

All samples prepared as described above were individually spread on a CaF2 
crystal, and the free excess water evaporated at room temperature, The single
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RGURE 4 Change in surface pressure against different lipid ratios. (A) 
Surface pressure changes at constant area after adding VP1 (20 mM) to the 
subphase in the presence of 100:1 DMPC/DMPS (lower trace), 50:1 DMPC/ 
DMPS (middle light shaded trace), 20:1 DMPC/DMPS (upper dark shaded 
trace), and 10:1 DMPC/DMPS (upper black trace). (B) As the level of anionic 
lipid in the DMPC/DMPS monolayers is increased, the maximal level of VP1 
interaction with the lipid monolayer nses. Error bars represent the standard 
error on four replicates.

band components of the VP1 amide 1 vibrational band (predominantly C=0 
stretch) was monitored using an FTTR 5DX spectrometer (Nicolel Instru
ments. Madison. Wl) and absorbance spectra were produced for each 
sample. For these spectra, water bands were subtracted and the evaluation of 
peptide band parameters (peak position, band width, and intensity) was 
performed Curve fitting was applied to overlapping bands using a modified 
version of the CURFIT procedure written by D. Moffat (National Research 
Council. Ottawa. Canada). The band shapes of the single components are 
superpositions of Gaussian and Lorentzian band shapes. Best fits were 
obtained by assuming a Gauss fraction of 0.55-0.6. The CURFIT procedure 
measures the peak areas of single-band components and, after statistical 
evaluation, determines the relative percenuges of primary structure involved 
in secondary structure formation.

Neutron diffraction studies

Neutron diffraction expenments were conducted using the VI membrane 
diffractometer at BENSC and analytical techniques previously described 
(Bradshaw et al.. 1997. 1998, 2000; Duff et al.. 1994: Hau0 et al., 2002). 
Essentially: solutions of POPC/POPS (10:1 molar ratio) in chloroform were 
prepared. Aliquots (I ml) of these lipid solutions, and these solutions 
containing VP1 (8 mM). were evenly deposited onto separate quartz 
microscope slides using an artist's airbrush (Aerobrush pro281, Hansa, 
Norderstedt. Germany). These treated slides were placed in a vacuum 
desiccator for 12 h to remove all traces of chloroform. Each slide was then 
individually placed in an aluminium thermostat sample can and rehydrated 
for 24 h at 25°C with relative humidity mainuined at 98% using Teflon

800 1000 1200 1400 l«0P 1800 2000 2200 2400 2600 2800200 400 600

l ime (a)
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DMPC : DMPS lipid ratio
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FIGURE 5 Change in area against different lipid ratios. (A) Monolayer 
expansions at constant surface pressure after adding VP1 (20 /xM) to the 
subphase in the presence of 100:1 DMPC/DMPS (lower trace), 50:1 DMPC/ 
DMPS (middle light shaded trace), 20:1 DMPC/DMPS (upper dark shaded 
trace), and 10:1 DMPC/DMPS (upper black trace). (B) Summary of the 
relationship between lipid ratio and area per lipid molecule. Error ban 
represent the standard error on four replicates.

water baths containing saturated potassium sulfate solution. Potassium 
sulfate water solutions at each of three isotopic compositions, 50%, 20%, 
and 8% 2H20, were used to assist with phase assignment. Under these 
conditions, lipid samples self-assemble to form multilamellar structures that 
may be considered as stacked membrane bilayers. After each completed 
neutron diffraction measurement, a given quartz sample slide was rehydrated 
with water at the next isotopic composition, with at least 24 h allowed for 
equilibration. The scanning procedure consisted of sequential 6 scans around 
the predicted Bragg angle for each order. The rocking scans covered the 
Bragg position 6 for the angle 8 * 2°. Diffraction patterns of the prepared 
samples were measured with up to five orders detected for each sample.

The raw data from the two dimensional detector were summed to 
intensity versus 28 using the VI instrumental software. The commercial 
software IGOR Pro (version 4) was used for all further data treatment. The 
lamella (bilayer) spacing d for each sample, was calculated by least-square 
fitting of the observed 28 values to the Bragg equation:

NX=2dsind, (3)

where n is the diffraction order and A is the neutron wavelength (4.52 A).
The integrated intensities were calculated based upon the Gaussian fit of 

the experimental Bragg reflections. Absorption correction and Lorentz factor 
were applied and their intensities square-rooted to produce structure-factor 
amplitudes. The phase assignment of each order and the relative scaling of 
the different datasets were determined by least-squares fitting to straight-line 
funcUons (Dante et al., 2002). The scattering length density profiles p(z) 
were then calculated for each sample using the formula
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FIGURE 6 Conformational analysis of VP1 in the presence of lipid. {A) A 
spectrum representing FTIR conformational analyses of VP1 (8 mM) in the 
presence of DMPC/DMPS (10:1 molar ratio) vesicles at a total lipid/peptide 
molar ratio of 100:1. (5) A spectrum of a corresponding system except that 
the total lipid/peptide molar ratio is 10:1. It can be seen that in both cases 
there is a major band at 1649 cm 1 showing that the peptide possesses high 
levels of a-helical structure (45% and 48%, respectively).

p(2) = Po + 2/<iX/(/i) cos((27rhz)/d, (4)
where p„(z) is the integral density per unit length of the bilayer, f(/i) are the 
scaled structural factors, and the second term describes the distribution in the 
scattering lengths across the bilayer.

RESULTS 

Monolayer studies
VP1 surface activity

VP1 was introduced into the buffer subphase of the 
Langmuir-Blodged trough to give a range of final peptide 
concentrations. In each case, changes in the interfacial surface

TABLE 2 The levels of secondary structure exhibited by VP1 in 
the presence of vesicles formed form DMPC/DMPS when the 
anionic content of these vesicles was varied

Levels of secondary
Overall lipid/VPl structure in VP1 (8 mM)

ratio DMPC/DMPS ratio Q-helix /3-sheet

100:1 10:1 44 26
100:1 25:1 43 27
100:1 50:1 46 23
100:1 100:1 47 26

TABLE 3 The effect of varying VP1 concentration on the levels 
of secondary structure exhibited by the peptide in the presence 
of vesicles formed from DMPC/DMPS

Overall lipid/VPl 
ratio DMPC/DMPS ratio VPl (mM)

Levels of VPl 
secondary structure

o-helix /3-sheet

100:1 10:1 8 41 25
100:1 10:1 4 46 22
100:1 10:1 2 43 23
100:1 10:1 1 45 25

pressure were monitored and maximal values of these
pressure changes were plotted against the corresponding final 
peptide concentrations (Fig. 1). It can be seen from Fig. 1 that 
these pressure changes increase in an approximately linear 
manner with rising VP1 concentration until at 20 piM pep
tide, the maximal value is observed. Above this peptide con
centration, surface pressures are effectively constant. Thus 
20 /aM VP1 was the minimum bulk concentration required 
to saturate the air/water interface with the peptide under these 
experimental conditions and was used as the VP1 subphase 
concentration in all subsequent monolayer studies. Addition
ally, these data were used to determine the corresponding 
interfacial surface area per VP1 molecule (Table 1) and for 
20 /x,M peptide this can expand to 453 A2 which is comparable 
to that found for other a-helical peptides (Ambroggio et al., 
2004).

The ability of VP1 to spread on an aqueous surface and to 
form a stable monolayer was investigated. VP1 in chloroform 
was spread on to a buffer subphase and a plot of surface 
pressure versus monolayer surface area per VP1 molecule 
generated (Fig. 2). Fig. 2 shows that the collapse pressure of 
the isotherm starts around 30 mN m"1, indicating the presence 
of a well-ordered monolayer (Alminana et al., 2003). Fig. 2 
also shows that the area per VP1 molecule corresponding to 
this collapse pressure was 164 A2, which is consistent with the 
presence of a-helical structure in VP1 (Fidelio et al., 1986). 
The extrapolated area at n = 0 mN m-1 for the isotherm 
provides a measure of the mean monolayer surface area per 
VP1 molecule (Sospedra et al., 1999). This area was 450 A2 

per VP1 molecule and is comparable to the value of 453 A2 

calculated above using Eqs. 1 and 2 (Table 1).

Insertion of VP1 into lipid monolayers at constant area

The ability of VP1 to penetrate lipid monolayers at constant 
area was studied. Monolayers of either: DMPC/DMPS or 
DOPC/DOPS (each at a 10:1 molar ratio) were spread onto 
a buffer subphase and compressed to give an initial surface 
pressure of 30 mN m 1. With constant monolayer area 
maintained, VP1 was introduced into the subphase to give 
a final peptide concentration of 20 aiM and interactions of the 
peptide with lipid monolayers were monitored as changes in
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monolayer surface pressure versus time (Fig. 3). It can be seen 
from Fig. 3 that for each of the monolayers studied, the 
insertion of VP l followed hyperbolic kinetics. In each case, 
the final surface pressure change induced by VP I was ~4 mN 
m-1 although the time taken to induce these changes showed 
significant variation (300 s and 1500 s, respectively).

The ability of VP1 to penetrate DMPC/DMPS monolayers 
at different molar ratios was studied. Monolayers of DMPC/ 
DMPS at molar ratios of either 100:1,50:1,20:1, or 10:1 were 
spread onto a buffer subphase and compressed to an initial 
surface pressure of 30 mN m_ 1. With constant monolayer area 
maintained, VP1 was introduced into the subphase to give a 
final peptide concentration of 20 /xM and monolayer surface 
pressure was plotted versus time (Fig. 4 /4). Fig. 4 A shows that 
in each case VP1 induced an increase in surface pressure, 
which followed a hyperbolic time course. Maximal changes in 
monolayer surface pressure were then plotted against the 
anionic lipid content of the monolayer (Fig. 4 P). The 
regression analysis in Fig. 4 B indicates a strong correlation 
between these parameters {R2 = 0.97). As the level of anionic 
lipid in the DMPC/DMPS monolayer is increased, the 
maximal level of VP1 interaction with the lipid monolayer 
rises.

Interaction of VP1 with lipid monolayers at 
constant pressure

The ability of VPl to penetrate lipid monolayers at constant 
pressure was studied. Monolayers of DMPC/DMPS at molar 
ratios of either 100:1, 50:1, 20:1, or 10:1 were spread onto 
a buffer subphase and compressed to give a surface pressure 
of 30 mN m”1, giving rise to an area of 58.4 A2 per molecule 
of pure lipid. With constant pressure maintained, VP1 was 
introduced into the subphase and output indicating changes in 
monolayer surface area per lipid molecule versus time was 
monitored (Fig. 5 4). Fig, 5 A shows that in each case VP1 
induced significant expansion of monolayers, which followed 
a hyperbolic time course but with differing kinetics. Fig. 5 A 
shows that the maximum increase in monolayer surface area 
per molecule of lipid was 79.4 A2 for DMPC/DMPS at a molar 
ratio of 10:1. The level of these area changes decreased with 
decreasing anionic content of monolayers until, in the 
presence of DMPC/DMPS at a molar ratio of 100:1, the 
monolayer expanded to 61.2 A2 per molecule of lipid, 
representing a 22% decrease in area compared to the 10:1 lipid 
ratio. The regression analysis in Fig. 5 B shows a strong 
correlation (R2 = 0.96) between these parameters. Here the 
area decrease is inversely proportional to the anionic content 
of the monolayer.

FTIR spectroscopy
The effect of varying lipid vesicle composition on levels of 
VP1 secondary structure was studied. VP1 (final concentra
tion 8 mM) was solubilized in vesicle suspensions where the 
overall lipid/VPl ratio was maintained at 100:1 but the-DMPC/ 
DMPS ratio was varied between 10:1 and 100:1. Levels of 
VP1 a-helicity and /3-sheet structure were then determined 
(Fig. 6 A and Table 2). Table 2 shows that decreasing the level 
of DMPS in these vesicles from 10% to 1% led to no 
significant variation in levels of VP1 a-helicity or jS-sheet 
structure, which were —45% and 25%, respectively.

The effect of varying the total lipid/peptide ratio on levels 
of VP1 secondary structure was also studied. VP1 (final 
concentration 8 mM) was solubilized in vesicle suspensions 
where the DMPC/DMPS ratio was maintained at 10:1 but the 
overall lipid/VPl ratio was varied between 10:1 and 100:1. 
Levels of VP1 a-helicity were then determined and were 
found to be 48% in the presence of vesicle suspensions at a 
10:1 total lipid/peptide ratio (Fig. 6 B) and 45% in the 
presence of vesicle suspensions at a 100:1 total lipid/peptide 
ratio (Fig. 6 A).

The effect of final VP1 concentration on levels of 
secondary structure shown by the peptide in the presence of 
lipid vesicles was studied. VP1 (final concentration ranging 
between 8 mM and 1 mM) was solubilized in vesicles where 
the overall lipid/VPl ratio was maintained at 100:1 and the 
DMPC/DMPS ratio was maintained at 10:1. Levels of VP1 
a-helicity and /3-sheet structure were then determined (Table 
3). Table 3 shows that between 1 mM and 8 mM of VP1, no 
significant variations in levels of either a-helicity or /3-sheet 
structure (—45% and 25%, respectively) were observed.

Neutron diffraction studies
The interactions of VP1 with POPC/POPS bilayers was 
studied. The ii-spacings obtained in the absence and presence 
of peptide were 55,0 ± 0.2 A indicating that the membrane 
thickness and hydration were not affected by the peptide. The 
structure factors from Table 4 were used to determine the 
neutron diffraction density profiles using an 8% 2H20 con
trast. At this H20/2H20 ratio, the mean neutron scattering 
length of the water mixture is zero (King and White, 1986). 
Fig. 7 A shows the neutron scattering density profile of a 
transection taken perpendicular to the surface of these lipid 
bilayers in the absence of VP1. The two maxima of the profile 
indicate that the highest levels of neutron scattering occur in 
the bilayer lipid headgroup regions (King and White, 1986). 
The minimal peaks are associated with double bonds on the

TABLE 4 Experimental structure factors F{h)t corrected and scaled as described in the text

F()) /r(2) Ft?) F(5)

POPC/POPS
POPC/POPS + VP1

0.634 ± 0.002
0.584 ± 0.002

-0.595 ± 0.002 
-0.650 ± 0.002

-0.045 ± 0.003 
-0.461 ± 0.004

-0.100 ± 0,008
0

0.171 ± 0.004
0.150 ± 0.003
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FIGURE 7 Neutron scattering length density profiles of lipid bilayers. 04) 
Neutron scattering density profile generated by a transect of a POPC/POPS 
(10:1 molar ratio) membrane bilayer taken perpendicular to the bilayer 
surface (solid line). The two maxima of the profile indicate that the highest 
levels of neutron scattering are shown by the bilayer lipid headgroup 
regions, whereas the minimum indicates that the lowest levels are generated 
by lipid terminal methyl groups located at the center of the bilayer 
hydrophobic core. Each profile was determined at 8% 2H20 contrast. (5) 
Superpositions of the various curves representing the different submolecular 
lipid groups: polar head (J); methyl group (J), and alkyl chains (2).

acyl chain that have a larger scattering length than the adjacent 
methylenes because of fewer hydrogens, which indicates that 
the lowest levels are produced by lipid terminal methyl 
groups, demarking the center of the bilayer hydrophobic core 
(King and White, 1986). The extra hydrogen on the terminal 
methyl group creates the central trough that corresponds to 
zero on the x axis. The scattering density profiles (Fig. 8 A) in 
the presence of the peptide are thought to be typical of protein 
penetration into an anionic POPC/POPS membrane (Dante 
et al., 2002; Hau/3 et al., 2002; King and White, 1986).

To find a more quantitative description of the changes 
introduced by VP1 into the membrane structure, the experi
mental structure factors were fitted to a model membrane in 
reciprocal space. This was preformed using the reciprocal 
representation of Gaussian distributions as the fit function:

F{h) = scale * f' width

* cos(27r * position(i) * h), (5)

where some constant factors are included in scale and the sum 
is taken over the number of Gaussian distributions used. The 
pure lipid bilayer from Fig. 7 A was partitioned into three 
Gaussian distributions corresponding to the methyl groups 
(/), alkyl chains (2), and polar headgroups, which also include 
the glycerol backbone (3). Tine parameters of the Gaussians 
were amplitude, position, and width. The width is a single
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figure 8 Neutron scattering length density profiles of lipid bilayers and 
the VP1 peptide. (A) Neutron scattering density profile generated by 
a transect of a POPC/POPS (10:1 molar ratio) membrane bilayer, taken 
perpendicular to the bilayer surface (solid line) in the presence of VP1 
peptide. Each profile was determined at 8% 2H20 contrast. (B) The VP] 
peptide corresponds to the Gaussian curve (4), which is in the presence of 
a lipid bilayer. The superimposed curves represent the different submo
lecular lipid groups: polar head (J); methyl group (/), and alkyl chains (2).

parameter for all three Gaussians. This is a minimal model, 
obtained by parsing the lipid molecules in only three mole
cular groups to keep the number of parameters as low as 
possible. The model was fitted to the five structure factors of 
the lipid membrane keeping the area A, which is the calculated, 
scattering length of the molecular groups, and the position of 
the methyl groups (z = 0) as fixed parameters. The positions of 
the headgroups and alkyl chains, and the width of the Gauss 
functions were therefore free parameters of the fit. To scale the 
absolute scattering length to the experimental data an appro
priate scaling factor was used as the fourth fitting parameter. 
Fig. 7 A shows the experimental curve (solid line) and the 
fitted profile (dotted line) follow a similar trend. The fitted 
profile is decomposed into the individual Gaussian distribu
tions in Fig. 7 B, and the final parameters are listed in Table 5. 
To obtain a good fit to the structure factors of the membrane 
sample with VP1 peptide, we had to introduce a fourth 
Gaussian distribution to account for the additional scattering 
length of the peptide. Fig. 8 A shows the experimental profile 
and the fitted profile for the sample, with VP1 peptide over
lapping perfectly. Again the decomposed Gaussians are shown 
in Fig. 85. As seen in Table 5, beside the width of Gaussian 1, 
the three Gaussian curves representing the lipid molecules 
were kept unchanged with respect to the model already 
described. Here, the width of the methyl group and the area, 
width, and position of the fourth Gaussian were considered as 
free parameters. Comparison of Fig. 7 B and Fig. 8 B suggest 
that VP1 perturbs the alkyl chain region, where VP1 has an 
area of 5.4 X 10“'3 cm2 (Table 5) and is positioned at 12.5 A.
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TABLE 5 Parameters of the Gaussian fits in reciprocal space

Area of the 
Gaussian (10-1' cmJ) Position (A) Width (A)

Gauss 1: methyl groups
A -9.6 0.0 3.7 ± 0.2

B -9.6 0.0 4.6 ± 0.1

Gauss 2: alkyl chains
A -24.4 13.6 * 0.5 3.7 £ 0.2

B -24.4 13.6 3.7

Gauss 3: headgroups
A 57.3 16.4 ± 0.1 3.7 £ 0.2

B 57.3 16.4 3.7

Gauss 4: VP1
B 4.6 12.5 £ 0.05 2.9 £ 0.1

A. POPC/POPS membrane at 92:8 mol/mol; B. POPC/POPS membrane in 
the presence of VP1 Numbers without errors are fixed parameters. For A 
values, the width of Gaussian 1-3 is a single parameter.

This value is in very good agreement with the scattering 
length density of VP1 calculated from its chemical structure, 
and in a peptide/lipid ratio of 1:33, which is 6.04 X 10 1' cm2. 
It should be noted that the width of the Gaussian curve for the 
methyl group in Fig. 8 B (6.4 A) is larger than in Fig. 7 B (3.7 
A). This would suggest that the peptide perturbs the middle of 
the bilayer because the methyl region is enlarged. An attempt 
to fit the peptide sample with only three Gaussian distributions 
as in the case of the pure lipid sample failed. Even the liber
ation of the width in the methyl group distribution resulted in 
a bad fit This is a strong indication that the additional 
scattering length of the peptide is really being measured in the 
neutron diffraction experiment.

Additional support for the penetration of the peptide into 
the lipid bilayer is given by the water distribution across the 
membrane (Fig. 9). Fig. 9 shows the water distribution profile

lipid »cyl chains

FIGURE 9 Distribution of the water in the unit cell showing the water 
distribution between 50% and 8% IH30 for the pure lipid sample {solid line) 
and the peptide {dotted line). The distribution centered at —27.5 A shows 
a nearly Gaussian shaped intrabilayer distribution, which goes to nearly zero 
at the center of the bilayer (0 A) for pure lipid. In the case of the peptide 
sample the distribution of water (deuterons) is increased in the center of 
the bilayer and in the deeper region of the alkyl chains. This increased 
distribution is due to the exchanged protons of the peptides or to water 
molecules attached to peptide. In addition, an enhanced scattering length is 
seen around — 15 A, which is near the backbone region.

in stacks of POPC/POPS (solid line) and lipid-containing VP 1 
(dotted line). The intralamellar water (seen as scattering 
length density difference of 50% - 8% 2H20) can be ob
served at the far comers of the plot. In the pure lipid sample 
a near flat distribution in the lipid core region is observed, 
whereas in the lipid/peptide sample (dashed line) some water 
has penetrated this region. In the pure lipid bilayers, the water 
density in the core is marginal; the enhanced concentration in 
the peptide sample presumably originates from the insertion 
of the VP 1 peptide, which could facilitate water penetration 
deep into the bilayer.

DISCUSSION
It has previously been suggested that the in vivo activation of 
m-calpain, may involve interactions between the membrane 
and an oblique-orientated a-helix, located in domain V of the 
enzyme (Brandenburg et al., 2002; Daman et al., 2001). To 
investigate this suggestion, we have used a variety of biophys
ical techniques to study the membrane interactions of a peptide 
homolog of this segment (VP 1) with lipid assemblies mimetic 
of naturally occurring membranes.

It has previously been shown that VP1 primarily adopts 
/3-sheet structures in solution but is predominantly a-helical 
in the presence of pure anionic lipid SUVs (Brandenburg 
et al., 2002). Consistent with these results, this study showed 
VP1 (8 mM) to adopt a-helical structure (—45%) in the pres
ence of DMPC/DMPS SUVs under a variety of conditions 
(Fig. 6, Tables 2 and 3). These levels of a-helicity were not 
significantly affected when the relative levels of total SUV 
lipid/VP 1 were varied between 10:1 and 100:1 (Fig. 6). More
over, these levels of VP1 a-helicity remained effectively 
constant when the anionic lipid content of SUVs was varied 
between 1 % and 10% (Table 2 and Fig. 6 A). Similar levels of 
a-helicity were also shown by lower concentrations of VP 1 in 
the presence of anionic lipid (Table 3), clearly eliminating 
peptide concentration effects and anionic lipid content as 
contributory to a-helix formation. When these results are 
taken with the observation that in 90% trifluoroethanol VP1 
showed —45% a-helicity (data not shown), it is suggested that 
VP1 may require the amphiphilic environment of the interface 
to adopt a-helical structure rather than a specific requirement 
for anionic lipid. Consistent with this suggestion, the surface 
activity of VP1 monolayers was studied and the molecular 
area occupied by the peptide in these monolayers at collapse 
pressure was determined as 164 A2 (Fig. 2), which is con
sistent with the presence of a-helical structure in VP1 (Fidelio 
etal., 1986).

The ability of VP1 to interact with a variety of lipid 
monolayers was investigated using an initial surface pressure 
of 30 mN m-1, usually taken as representative of that of 
naturally occurring membranes. It was found that increasing 
levels of anionic lipid within DMPC/DMPS monolayers 
(between 1% and 10%), correlated strongly with the 
progressively greater ability of VP1 to insert into these
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membranes (Figs. 4 and 5). Repeated experiments at a fixed 
pressure of 30 mNm-1 gave similar levels of insertion, 
implying that the hyperbolic curves observed in Figs. 4 A and 
5 -4 do represent saturation of the system rather than 
pressure-induced inhibition of further insertion by the pep
tide. Although the monolayer may therefore support maximal 
a-helix fonnation by VP1, insertion by the peptide would 
appear to have a specific requirement for anionic lipid, pos
sibly supporting the involvement of a snorkelling effect to 
accommodate the sole arginine residue of VP1.

Neutron diffraction studies were used to investigate the 
interactions of VP1 with bilayers formed from physiologi
cally relevant lipids. It was found that the peptide was able 
to localize to the central core region of POPC/POPS (10:1 
molar ratio) bilayers. Although our results do not directly 
demonstrate oblique-angled membrane penetration by the 
GTAMRILGGVI segment, they would be consistent with a 
mechanism of membrane penetration that involves anionic 
lipid and snorkelling by the segment’s arginine residue, al
lowing the strongly hydrophobic C-terminal region of the 
GTAMRILGGVI a-helix (Fig. 10) to penetrate the membrane 
hydrophobic core. This is shown schematically in Fig. 11.

The effect of varying the fatty acid chains possessed by 
lipid monolayers on VP 1/monolayer interactions was in
vestigated. It was found that when the phosphatidylcholine/ 
phosphatidylserine ratio of monolayers was maintained at 
10:1, although VP1 showed similar final levels of interaction 
with all lipid monolayers studied, the peptide demonstrated 
kinetics that varied with the nature of the lipid acyl chain (Fig. 
3). It can be seen from Fig. 3 that VP1 achieved maximal 
insertion into DMPC/DMPS monolayers five times faster 
than into DOPC/DOPS monolayers (300 s and 1500 s, 
respectively). The rank order of these rates of insertion 
correlates to that of the packing densities shown by the fatty

16 )

FIGURE 10 Two-dimensional axial projection of VP I showing the 
primary structure of the GTAMRILGGVI segment from domain V of 
m-calpain represented as a two-dimensional axial projection. It can be seen 
that there is a localization of strongly hydrophobic leucine and isoleucine 
residues in the C-terminal region of the o-helix.

Lipid keadgroup region

Lipid acyl chain region

FIGURE 11 Putative model for the membrane interaction for VP1 
peptide. Based on our results and those of previous authors, a schematic 
model has been constructed for the VP1 peptide (Brandenburg et al.. 2002). 
We have arbitrarily shown the peptide inserted into the membrane at an 
angle of 45° relative to membrane surface. However, all known tilted 
peptides adopt an angle between 30° and 60°.

acid chains forming these monolayers. This would suggest 
that hydrophobic forces play a role in the lipid monolayer 
interactions of VP1 and thereby support the view that the 
peptide possesses an ability to penetrate the hydrophobic core 
of membranes, consistent with our neutron diffraction data.

In summary, our results clearly suggest that the m-calpain 
GTAMRILGGVI segment is able to form a membrane- 
interactive a-helix. Our results also suggest that the mem
brane interactions of this segment may involve penetration of 
the membrane hydrophobic core via a smorkelling mecha
nism that requires the presence of anionic lipid. The results 
suggest that domain V of m-calpain possesses the potential for 
lipid/membrane interaction and in Fig. 11 we propose a model 
based on the experimental results. There is clear evidence that 
such lipid interactions are able to trigger the cascade of events 
leading to autolysis and generation of the mature, active form 
of the enzyme (Goll et al., 2003). Currently, there is no known 
function for m-calpain domain V but it is known that upon 
activation, the major part of the domain is autolytically 
cleaved from the enzyme (Goll et al., 2003). We suggest that 
domain V may play a role in triggering the activation of 
m-calpain via lipid/membrane interactions before autolysis.
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Summary

Globally, cataract accounts for the majority of cases of treatable blindness and the lens opacification 
associated with cataract is primarily due to the insolubilisation of crystallins, proteins essential for 
the transparency of the lens. Recent studies have suggested that a major cause of this insolubilisa
tion may be the unregulated proteolysis of crystallins by calpains. Ill esc are intracellular cysteine 
proteases whose activation requires the presence of Ca2" and elevated levels of lens Ca2' is a condi
tion strongly associated with cataract. Calpain 2 appears to be the major calpain involved in animal 
cataractogenesLs and fixe strongest candidate of fixe calpains for a role in human cataractogenesLs 
but despite intensive study, the mechanism(s) underlying activation of die enzyme both in cata
ractogenesLs and normal lens function are unclear. Recently, the high-resolution structure of cal
pain 2 was recently solved and a structural basis for the Ca2+-dependence of the enzyme’s activity 
has been putatively established. Other recent studies have suggested that membrane interaction (s) 
may play a role in lowering the Ca2+-requirements of calpain 2 activation and most recently, strong
ly supporting this suggestion, several lipid interactive regions in the enzyme have been identified. 
Here, we review progress in understanding of the role played by calpain 2 in cataractogenesis and 
the possible use of inhibitors of the enzyme as anti-cataract agents.
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Thg hiMnan ocMhr tenc i» a traneparen^ avaar ular^ heconvcx
elliptical organ. The lens is located in the visual axis of the 
eye betaKen anterior aqueous humour and poAerior vitre- 
ous humour (Figure 1) and serves to focus an image onto 
the retina, triggf ring eWwiral impohe* that wffl then be 
interpreted by the brain as vision. The anterior surface of 
the lens is lined fay a single layer of the lens epithelial cdk 
(Figure 1) and in the equatorial region of lens, these cells 
terminafty differentiate to form km fibre cefl^ These latter 
cells possess no nucleus and organelles, which Ls essential 
for transparency of the lens but abn means that these rdk 
lack most of the machinery necessary for metabolic activi
ty. The lens epuheiial cells are bathed by aqueous humour; 
which is an important source of nutrients, growth factors 
and mineral ions including Ca*+ for the lens [1,2]. In cat
aract, which is generally of two types; nuclear and cortical 
(Figures 1 and 2), opacification of the lens prevents visible 
light from reaching the retina, thereby reducing optical per
formance and consequently visual acuity and contrast sen
sitivity, while increasing glare due to increased scattering 
of light [3,4]. Occupying the most anterior portion of the 
lens, epithelial cells are the first target of any cataractogen- 
ic insult arriving through the aqueous humour and have 
developed machinery to combat such insults. Nonetheless, 
this ability is limited and damage to the lens epithelial cells 
can affect other regions of the lens and in turn, may kad 
to cataract [5].

Cataract accounts for the majority cf cases of treatable blind
ness worldwide and can be caused by a variety of factors in
cluding: ageing metabolic disturbances [6], radiation, trau
ma, drugs [7] and congenital disorders [8]. Aetiologically, 
the most common types of cataract are those associated with 
ageing [6], followed by those associated with diabetes [9]. 
Age-related cataract involves both changes in the lens cor
tex, giving rise to cortical cataract, and in the lens nucleus, 
leading to nuclear cataract [10]. Below the age of 50, wom
en have a lower incidence cf cataract than men, but above 
that age the incidence is greater. A hormonal influence in 
cataract has been suggested and indeed, women undergo
ing hormone replacement therapy have a stgnifkandy re
duced incidence of cortical cataract when compared to men 
[11]. In human diabetic cataracts, opacities are observed in 
various regions of the lens, and the posterior subcapsular 
or cortical types are common in the early stage. In the cor
tical type of diabetic cataract, opacities spread along lens fi
bres from the equator to the centre and the cortex appears 
to be the lens region predominandy involved in human cat
aract under longterm diabetic stress [9].

In many cases the precise underlying mechanisms that lead 
to cataract are not fully understood [12]. On a general lev
el, lens changes involved in cataractogenesis may be con
sidered to consist of two types. Specific lens changes are of
ten associated with cataract and in many cases are related 
to the aetiology of the cataract, a major example cf which 
is seen with diabetics where the effects of sugar-mediated 
changes to the lem are perhaps, not surprisingly, much high
er than in age-matched non-diabetics [9]. Changes associ
ated with the normal ageing of the lens are also observed 
in cataract although such changes are generally greater in 
the case of cataract [6,10]. These lens changes include: al

terations to membrane lipid structure, thereby compromis
ing membrane functions [13-16], changes in the Levels of 
lens enzyme activity, particularly in anti-oxidant enzyme sys
tems [17,18], and the structural modification of a variety of 
membrane associated proteins [19-22]- However, die ma
jor change associated with reduced optical performance of 
the lens is the structural modification of the water-soluble
crystallins. These proteins arc primarily responsible for lens
transparency and their stmctinal modification usually leads
to compromised function causing aggregation and insolu-

in cataract [23-26]. A number of lens insults are known to
induce crystaflin mndtficatkm and lens opacification [27- 
30] but Ca*+-mcdiated insult Ls known to be a major con
tributor to these processes (Figure 3) [1,31].

Ca2* andCkemmct

Ca*’ (days an essential role in many tens processes and for 
lens clarity, it is essential that free levels of the ion in the lens 
are kept in the submicromolar range, lower than those of 
the aqueous humour [3132]. To maintain this homeosta
sis, the inward pasave diffusion of Ga** oh tens membrane 
channels is countered by the use of a variety of Ca^-adeno
sine triphosphatases (Ga^-ATFases) and Ca'YNa* exchang
ers, variously located in the plasma membrane [33], sarco
plasmic membrane and endoplasmic reticular membrane 
(Figure 4) [13134-38].

The mechanisms that regulate and maintain Ca** homeos
tasis in tens fibre cells are not well understood. Deep tens 
fibers do not posses organdies and therefore have lost the 
means to synthesise ATP [39] and earlier studies have shown 
that there is no significant Ca^-ATPase activity in the tens 
nucleus [40,41]. However, it has been suggested that gap 
junctions may play a rote in main taming the Ga** homeos
tasis of tens fibre cells [42]. Gap junctions are formed by 
hexameric structures of connexin molecules that interact 
with their counterparts in neighbouring cells to form mem
brane aqueous pores [43]. These pore systems appear to 
mediate the transport of Ca!f+ [44] and o3 connexin is a gap 
junction protein expressed in lens fibre cells [45]. Knockout 
mice for o3 connexin (-/-) have been generated [46] and 
when tenses from a3 (-/—) mice were recently compared 
to those of wild type mice, an age-dependent rise in the to
tal Ga2* of the lens nuclear regions of the genetically mod
ified mice was observed. These elevations in nuclear Ga2+ 
were due to both increased Ga2* influx and reduced Ca2+ 
outflux and correlated spatially and temporally, with nucle
ar cataract formation [42].

The regulation of Ca2^ homeostasis in lens epithelial cells 
appears to involve tyrosine kinase and a variety of G-pro- 
tein coupled receptor systems, which in response to antag
onists or agonists, mediate the release of Ca2* from intracel
lular stores in the endoplasmic reticulum [1]. Ca24-sensmg 
receptors have also been detected on the surface of tens 
epithelial cells and these receptors are known to signal the 
cell interior xna unique G-protein coupled receptor systems. 
It has been suggested that the presence of these (^'-sens
ing receptors in tens epithelial cells may explain the obser
vation that when levels of Ca2* in the blood fall below nor
mal, the ion can enter the lens and cause hypocalcaemic 
cataract [47].
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Figure 1. A schematic cross-section of the human eye. Figure 1 was
adapted from [12] and shows the location of the lens in 
the human eye. In catarart, opacification of all, or part, of 
the lens prevents visible light from reaching the retina, 
thereby reducing optical performance [10]. Also shown in 
figure 1 is a magnified image of the lens depicting its major 
anatomical regions each of which, either on its own or in 
combination, can undergo opacification to form localised 

cataract or a total 'mature'cataract The anterior epithelial 
layers and cortical regions of human cataract have been 
shwvn to contain calpain 2, a key enzyme implicated in the 

genesis of some forms of cataract [100],

figure 2 was adapted from [56] and shows an advanced 
cortical cataract in a 48 year female with a twelve year 
history of type 2 Diabetes mellitus. Due to the dense opacity 
of the cataract, it is difficult to visualise and therefore 
determine, if there is nuclear opacity as well.

Recent studies have suggested that the maintenance of Ca2+ 
homeostasis in lens epithelial cells may involve gapjunctions 
[48] but currently, the primary mechanism involved in this 
maintenance appears to be Ca*-ATPase activity [31]. During 
normal ageing processes, the increased entry of Ca2+ into 
the clear lenses Is usually compensated for by increased ac
tivity of Ca-^-ATPases [49,50], However, age related changes 
that are detrimental to the lens can decrease the efficiency 
of these compensatory mechanisms and in cataract, their 
efficiency Is greatly reduced - showing approximately 50% 
of their normal cellular activity [51]. Ca^-ATPase are partic-

Figure 3. Representative lens pathways leading to alpain activation.
figure 3 was adapted from [12] and shows biochemical 
pathways that can induce light scattering and cataract 
The ageing process and lens insults such as oxidation
and diabetes, can lead to impaired membrane function, 
which results in pathologically elevated levels of lenticular 
Ca2+ [17,28], Underthese Ca2* conditions, calpains are 

over-activated and the resulting deregulated proteolysis 
of soluble crystallins leads to their insolubilisation and 

aggregation, thereby compromising their function(s) in 
maintaining lens transparency and producing the reduced 
lens performance associated with cataract Over-activated 
calpains also proteolyse lens cytoskeletal proteins such as 
vimentin, which, can further elevate lenticular Ca2+, thus 
excavating calpain over-activation and cataract formation 
[12,100]. Calpains have been implicated in a number of 
cellular processes [64,70] but for clarity, these biochemical 
pathways are not shown.
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figure 4. Mechanisms involved in the maintenance of lens cell
Ca2+ homeostasis. Figure 4 was adapted from [31] and 
shows mechanisms involved in Ca24-homeostasis in a 

representative lens cell. These mechanisms include passive 

influx through different channel types and efflux via at 
least two active transport mechanisms. Most efflux Ca2+ 
in the resting cell is performed by Ca2+-ATPases with 
contributions from Ca^/Na * exchangers, depending upon 
cellular conditions. Calcium storage can also occur through 

sequestration in the cytosol and membrane, represented 
above by shaded areas, and through incorporation into 
dynamic cytoplamsic stores within the endoplasmic 
reticulum.
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Figure 5. The structural organisation of calpains expressed in the lens. 
Rgue 5 was adapted from [12] aid shows the structural 
organisation of calpains implicated in cataractogenesis. 
Calpains 1 and 2 are dimeric and highly homologous, 
possessing a large subunit comprising domains MV and 
a smaller subunit comprising domains V-VI. Calpain 10 
and calpain 3 are monomeric, possessing the structural 
organisation of the calpain 2, larger subunit except that 
calpain 3 possesses a novel N-terminus (NS) and the unique 
inserts, IS1 and IS2, in domains II and IV respectively. The 
lens speak variants of calpain 3, Lp82 and Lp85, lack 
IS1 and IS2 and possess modified N-terminal regions. 
Annotated above in domain II of each of these calpains 
are the residues, C H and N, which comprise the catalytic 
triad of amino acid residues forming the active site of all 
calpains (a three-dimensional representation the active site 
of calpain 2 is included within Figure 6). Also represented 
above, in domain IV of calpain 2 and calpain 3 are five 
EF-hand motifs, which appear to be primarily responsible 
for the Ca24 binding ability of these enzymes and other 
calpains. However, calpain 3, and its variants, lack these 
EF-hands, instead possessing a T domain [64,71,74].

ularly sensitive to oxidation and it has been suggested that 
progressive oxidative damage to Ca^-ATPases leads to de
creased activity of these proteins, resulting in the elevated 
Ca** levels associated with cataract and the reduced optical 
performance of aged lenses [ 16). Ca^-ATPases are also sen
sitive to membrane lipid order [ 15,52], which changes with 
both cataract [51,53] and ageing [15], and several studies 
have suggested that decreased Ca^-ATPase activity may be 
related to structural changes in membrane lipid [51,53]. 
Most recently, studies on human lenses showed that that 
lens lipids have a high capacity to bind Ca** and that de
creases in this capacity lead to elevated Ca** levels and in
creased light scattering from lipids and especially proteins, 
possibly indicating a further mechanism that may lead to 
elevated Ca** levels in the lens [13].

Elevated Ca** levels are known to be associated with a number 
of processes that are detrimental to the lens but dearly, are 
strongly associated with cataractogenesis [1,14,54-57]. In 
the case of mature human cortical and nuclear cataract, 
total leas Ca** levels have been shown to rise twen tv-five 
fold to give millimolar levels of the ion [14]. Ca** levels of 
this order are sufficiently high to over-activate a range of 
Ca**-dependent lens enzymes and it has been suggested that

a number of these proteins may play a role in cataractogen
esis: Transglutaminase is synthesized and secreted from the 
lens epithelial cells into virtual space between the capsule 
and peripheral cortex [58]. The enzyme is responsible for 
the cross-linking of pepdde chains and several lens proteins, 
including crystallins, act as endogenous substrates for trans
glutaminase [59]. It has been suggested that the enzyme may 
be involved in the cross-linking of proteolytically degraded 
lens proteins and that the resulting high molecular weight 
protein aggregates may be assodated with light scattering 
in cataractous lens [19,60-62]. However, calpains are the 
major Ca**-dependent lens enzymes implicated in catarac
togenesis (Figure 3) [12,63].

Calpains and Cataract

Calpains are a growing superfamily of Ca**-dependent struc
turally related intracellular cysteine proteases [64-67], 
Calpain 2 [68,69], calpain 1 [70], calpain 10 [71] and 
the calpain 3 splice variants, Lp82 [72,73] and Lp85 [74] 
are the major calpains known to be expressed in the lens 
(Figure 5). Numerous studies have shown that calpain in
hibitors can retard and inhibit cataractogenesis [12,75-78] 
whilst recent studies have suggested that multiple calpains 
may be involved in cataractogenesis [79-81]. There Is ac
cumulating evidence that in response to elevated levels of 
Ca**, the proteolysis of crystallins by calpain 10, Lp82, Lp85, 
calpain 1 and calpain 2 may contribute to cataractogene
sis [59,68,70]. Nonetheless, calpain 1 is only expressed at 
very low levels in the lens whilst Lp82, Lp85, and calpain 
10 have not yet been well characterised with their roles in 
cataractogenesis still poorly understood [12]. In contrast, 
calpain 2 has been extensively characterised and the role 
of the enzyme in cataractogeneisls has been the subject of 
numerous investigations.

Calpain 2 and Cataract

Encoded by CAPN2, calpain 2 is generally take as the pro
totype of the calpain superfamily [64]. The enzyme Is high
ly conserved across mammalian species [82] and has been 
implicated in a range of pathological conditions [70,83,84], 
ranging from spinal cord injury to Alzheimers disease [85,86]. 
However, over the last two decades, mounting evidence from 
a wide range of studies has suggested that the enzyme is in
volved in cataractogenesis. Earlier investigations established 
the ability of calpain 2 to proteofyse a-crystallins and [J-crys- 
tallins and that the use calpain inhibitors could prevent the 
progression of rodent cataract, which had been induced by 
the activation erf calpain 2 in response to elevated Ca2* lev
els. Based on these studies [22,68,69] and those more recent
ly conducted [64,88], it is now generally accepted that cal
pain 2 plays a major role in rodent lens opacification. Most 
recently, calpain 2 has been shown to similarly induce cata
ractogenesis, and to cleave crystallins, in the lenses of a va
riety of other mammalian species including: mice and guin
ea-pigs [89-92], monkeys and rabbits [93] and calves [94]. 
In the case of humans, although a role for calpain 2 in cat
aract ogenetsis has not been definitively demonstrated, the 
available evidence Is strongly suggestive. The presence of 
calpain 2 in human leases Is generally accepted and it has 
been shown that the enzyme was the major calpain in the 
epithelial cells of human lenses exhibiting age-related cor
tical cataract [95]. Human lenses with cortical cataract are
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Figure 6. The Ca2+ dependence of calpain 2 activation. Figure 6 was 
adapted from [111] and represents core events of the Ca2+-
mediated activation of calpain 2. Figure 6A shows alpain 
2 with subdomains Ha and lib distal and thus, the enzyme's 
active site in a disassembled state. Figure 6B shows Ca1+ 
binding to EF hands in domain VI, which disrupts a salt 
bridge between lysine 7 of domain I of the catalytic subunit 
and asparagine 154 of domain VI of the smaller subunit 
Disruption of this salt bridge facilitates the liberation of the 
N-terminal region of domain I, thereby initiating a series 
of structural movements that bring domain lib into dose 
proximity with domain Ha and assembly of the calpain 2 
active site, represented in figure 68 by cysteine 105 and 
histidine 261 These processes may be assisted by Ca2+ 
binding to addic residues on both sides of the active site 
and lipid/membrane mediated CaJ+ binding to an acidic 
loop in domain III. Also associated with lipid / membrane 
mediated calpain 2 activation is Ca2* binding to domain VI 
and IV (Figure 68), which can lead to the enzyme's autolysis 
and subunit dissodation [110,111,114]. Additionally, 
figure 68 shows that domain V of alpain 2 (in white) has 
a surface location, which would give this region access to 
lipid bodies/the membrane and would be consistent with 
the hypotheses that a membrane interactive o-helix within 
domain V plays a role in alpain 2 activation [126,127],

known to have increased levels of intracellular Ca** [96,97] 
whilst treating these lenses with extracellular Ca*+ leads to 
discrete cortical cataracts [98], The activity of calpain 2 has 
previously been demonstrated in the cortex of human lenfr 
es [99] but it was only recently, that the Ca*+-induced activa
tion of calpain 2 in this type of human cataract was demon
strated under physiologically relevant conditions [100], It 
was shown that when Ch2+ overload was induced in cultured 
human lenses using ionomydn and physiologically relevant 
extracellular Ca2* concentrations, cortical opacification re
sulted, accompanied by a significant loss of crystallins from 
the soluble fraction of the lens. These effects were strongly 
inhibited when extracellular Ca2* was chelated with EGTA. 
Moreover, analysis of the insoluble fraction from human lens
es showed that elevated Ca2* levels had led to high levels of 
vimentin proteolysis. Vimentin is a cytoskeletal protein sub
strate of calpain 2 in the lens, and other tissues, and vimen
tin proteolysis is taken as a biomarker of calpain 2 activation 
[64], Previous studies on animal lenses have shown that ele
vated Ca2 levels lead to almost total degradation of vimentin 
but that this effect can be strongly reduced by calpain inhibi
tors [ 101,102]. Taken overall, these results clearly imply that 
calpain 2 plays a role in human cataractogenesis.

Several studies have strongly suggested that calpain 2 Is the 
major calpain activated in murine diabetic cataractogene
sis. In spontaneously diabetic male WBN/Knb rats, the on
set of cataractogenesis was accompanied by increased lev
els of proteolytic activity due to the specific activation of 
calpain 2 [103]. Moreover, high levels of the aA-crystalline 
cleavage fragment, a-^ 162, which Is specific to calpain 2, 
were found in the diabetic lenses of streptozotocin-treated 
rats but that the fragment was were absent from the lens
es of age-matched non-diabetic rats [104], These latter au
thors also showed that in human lenses, levels of C-termi- 
nally truncated ttA-crystallins were significantly higher in 
diabetic cataracts than in age-matched non-diabetic cata
racts but were not able to ascribe the crystalline cleavage 
sites to calpains. In addition, other studies have shown that 
oA-crystallin chaperone activity is strongly decreased in hu
man diabetic cataracts with these levels of activity less than in 
age-matched senile human cataracts [105-107]. At present 
there appears to be no clear demonstration of calpain 2 ac
tivity in diabetic lenses. However, it Is known that calpain ac
tivity in normal human lenses is low, circa 3% of that in rat 
lenses [99] and most recently it has been shown that over
all levels of Ca** found in the lenses of diabetic cataract are 
statistically no different to those of normal lenses, implying 
that the elevated levels of Ca2* known to be associated with 
diabetic cataract are highly localised [14].

The Activation of Calpain 2

Calpain 2 Is a dimeric enzyme, possessing an 80 kDa large 
subunit with the four domain organisation (I, II, III and IV) 
of typical calpains, and a 30 kDA smaller regulatory subunit 
comprising domains VI and V (Figure 3) [66]. Recently pre
sented high-resolution structures of human [108] and rat 
[109] revealed that domain II of calpain 2, which houses the 
active site of the enzyme, is divided into two sub-domains, 
Ua and lib. Between them, these sub-domains contain the 
amino acid residues necessary to form this site (Figure 4) 
but in the absence of Ca2*, structural constraints hold these 
subdomains apart, thus maintaining the active site in a dis
assembled state. Based on these structures, a number of au
thors have proposed mechanisms for core events involved 
in the Ca2*-mediated activation of calpain 2 [108-111], 
Essentially, these mechanisms propose that Ca2* binds to 
domains VI and VI, which each contain Ca2* binding sites 
consisting of a series of linked a-helices forming potential 
EF-hand motifis [112,113], This binding induces a series of 
conformational changes and structural changes, including 
autolysis and subunit disassociation, which lead to the re
alignment of domains Da and Hb and the assembly of the 
calpain 2 active site, thereby facilitating proteolytic activi
ty (Figure 6) [108-111,114], Additionally, several studies 
have indicated the possibility that Ca2* binding to domain 
II and domain III may also play a role in the activation of 
calpain 2 [115-118].

Whilst the above results provide major insight into the inter
nal molecular events involved in the Ca2*-mediated activation 
of calpain 2, external environmental events associated with 
activation of the enzyme are still poorly understood. It Is well 
established that in vitro, calpain 2 requires raillimolar levels 
of Ca2* for activation and that under normal lens cell condi
tion, where levels of the ion are generally si pmolar [119], 
calpain 2 exists as an inactive proenzyme [69], Several mocl
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Figure 7. The membrane interaction of domain V calpain 2. Figure
7 was adapted from [ 127] and shows a putative model 
for membrane interaction of the GTAMWLGGVl segment 
of domain V, calpain 2. This segment is predicted to form 
an oblique orientated o-helix and is arbitrarily shown 
to penetrate the membrane at an angle 45* relative to 
membrane surface although these o-helices appear to be 
able to adopt membrane penetration angles, which vary 
between 30-G0* 1 [127]. Also represented in Figure 7 (top 
left) is the arginine residue of the GTAMRILGGVI segment 
using the snorkelling mechanism as predicted by these later 
authors. According to this mechanism, the arginine residue 
would extend or snorkel its long hydrophobic alkyl chain, 
facilitating penetration of the membrane hydrophobic 
core region by the GTAMRILGGVI o-helix segment's yet 
still allowing its positively charged moiety to interact 
with negatively (harged moieties in the membrane lipid 
headgroup region. It was speculated that utilisation of 
this mechanism by the [ao-helix could result in enhanced 
levels of membrane interaction by domain V, of m-calpain, 
supporting the view that lipid involvement in the reduction 
of Ca2* levels is necessary for the efficient activation of the 
enzyme [126].

els have been proponed to help explain the apparent paradox 
of the Cal* levels required for calpain 2 activation [120-122] 
and it is now generally agreed that membranes/lipid play a 
role in lowering the m vivo levels of the ion required for ac
tivation of the enzyme [68,69.123,124]. Membrane-associ
ated forms of calpain 2 have been detected in the lens [69] 
and a number of recent studies have identified major lip
id-binding regions in the enzyme. Domain III of calpain 2 
was found to contain an EF hand motif and was shown to 
bind lipid in a Ca* dependent manner [116]. Moreover, 
this domain was shown to form an anti-parallel (i-sheet sand
wich, which is structurally related to C2 domains [108,109] 
and believed to modulate enzyme activity xria Ca** regulat
ed lipid binding [125]. It has been proposed that a similar 
mechanism may allow domain III to modulate the activa
tion of calpain 2 via electrostatic interactions with domain 
II (Figure 6) [108,109,114]. Domain V of calpain 2 has been 
shown to be lipid interactive [123] and a recent theoretical 
analysis of this domain from calpain 2 of a number of mam
malian species showed that each possessed a common se
quence, GTAMRILGGVI, with the potential to form a lipid 
interactive o-helix [82]. Strongly supporting these predic
tions, FTIR based analysis showed a pepdde homologue of 
the GTAMRILGGVI segment able to form o-hclical struc
ture in the presence of lipid and to penetrate both model 
membranes and naturally occurring membranes [126]. It 
was also predicted by [82] that the GTAMRILGGVI o-helix

may penetrate membranes in an oblique orientation due 
to possession of an hydrophobicity gradient This predic
tion was recently confirmed by neutron diffraction studies 
have shown a peptide homologue of the GTAMRILGGVI 
o-helix to deeply penetrate the hydrophobic core of physi
ologically relevant lipid bilayers (Figure 7) [127]. Based on 
these results, it was suggested that conformational changes 
induced in calpain 2 by the formation and membrane in
sertion of oblique orientated o-helical structure may help 
lower the enzyme’s m vivo Ca2+ requirement for activation 
[12,126], clearly supporting the membrane activation hy
pothesis for calpain 2.

Calpain Inhibitors and Cataract

The only known compound with absolute specificity for cal- 
pains is their endogenous inhibitor, calpastatin [128] but 
due to its high molecular mass, and thus membrane imper
meability, this inhibitor is of little therapeutic use [64], In 
response, calpain inhibitors have been derived from nat
urally occurring sources and produced by both semi-syn
thetic and fuDy synthetic routes [129-135]. Amongst the 
best characterised of first generation calpain inhibitors are 
the epoxysuccinyl peptides, which include E64 and its ana
logues [78,136]. These are irreversible inhibitors that cov
alently bind to the cysteine residue in the calpain active 
site, thereby blocking calpain proteolytic action [137,138], 
E64 was found able to reduce the proteolysis of (J-crystal- 
lins and retard cataract in rodent models [136,139] but suf
fered from poor calpain selectivity and low membrane per
meability [78]. Esterification of E64 produced E64d, which 
showed improved membrane permeability and in vivo, the 
latter compound was found to be readily hydrolysed by cel
lular esterases to an active form, which prevented cataract 
in lens culture models [131,136]. A further well character
ised class of first generation calpain inhibitors are the pep 
tide aldehydes, which include leupeptin, calpain inhibitor
I, calpain inhibitor II calpeptin [140] and MDL28170 [78]. 
These compounds bind cal pains in a reversible Ca,,!+-depend- 
ent manner and effectively function as competitive inhibi
tors of these enzymes [137], The peptide aldehydes showed 
improved membrane permeability and calpain selectivity 
over E64 and its analogues and demonstrated some suc
cess in retarding calpain-mediated cataractogenesls [136]. 
However, low water solubility and toxicity to lenses largely 
prohibited their use as pharmacological tools and anti-cat
aract agents [56,101,139].

The problems of poor membrane permeability and tar
get selectivity have led to more systematic approaches be
ing used in the development of inhibitors directed towards 
calpains, and indeed cysteine proteases in general [130]. 
Coupled with the recendy gained knowledge of calpain ac
tivation mechanisms [108-111,114], these approaches have 
used structure based inhibitor design, combinatorial syn
thesis and screening for the identification of new inhibitor 
templates [130]. These efforts have produced a chemical
ly diverse range of novel reversible and irreversible calpain 
inhibitors [86,130-134] and as recent examples: Peptidyl 
methyl ketone inhibitors bearing leaving groups derived 
from 1-hydroxybenzotriazole and other peptide-coupling re
agents were designed as irreversible calpain inhibitors and 
produced a number of compounds with potent abilities to 
inhibit the enzyme [ 141 ]. A reversible inhibitor of calpains
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Figure 8. The retardation of porcine lens cataractogenesis by SJA6017. 
figure 8 was adapted from [152], figures 8A and 8B show 
porcine lenses that have been incubated in medium, 
supplemented with TO mM and 15 mM CaJ\ respectively.
In figure 8A, the onset of cataractogenesis is evidenced by a 
developing translucency, which creates a significant blurring 
of the background grid lines. This effect has strongly 
progressed in figure 88 where the background grid lines are 
largely obscured and the lens shows the development of 
a white opaque area, which encompasses circa 70% of the 
lens volume, figures 8C and 8D show porcine lenses that 
had been incubated in media corresponding those of 8A and 
88 except that in both cases, SJA607 had been included in 
the medium. In contrast to Figure 8A, Figure 8C shows that, 
although some optial distortion is present the background 
grid lines can be dearly seen through the lens. In Figure 
S), whilst opacification is dearly present in the lens, this 
opacity occupies drar 30% of the lens volume, representing 
a reduction of drar 40% of the opadty observed in Figure 
88, dearly showing that SAj6017 is able to retard porcine 
cataractogenesis.

was recently developed by the fusion of an eleven poly-ar- 
ginine peptide to calpastatin, which showed enhanced mem
brane permeability but no reduction in its ability to reversi
bly inhibit calpains when compared to naturally occurring 
calpastatin [142]. Peptidomimetics have been introduced 
into the design of reversible calpain inhibitors. The substi
tution of peptide constituent amino acid residues with pip
eridine carboxamides or benzothiazine led to the identifi
cation novel ketoamide and aldehyde inhibitors of calpains 
with high selectivity over other cysteine proteases [143,144], 
Several authors have employed a peptidyl ot-hydroxamate 
scaffold for the design of reversible calpain inhibitors and 
identified a hydroxamate with an N-alkoxy substituent that 
enhanced inhibitory potency by strengthening the hydro
gen bonding between the hydroxamate NH moiety and res
idues in the active site of calpain [145,146],

Many of the novel calpain inhibitors developed have yet to 
be tested as anti-cataract agents but major progress in this 
direction has been made with the recently developed pep
tide aldehyde: SJA6017 (N-(4-fluorophenylsulfonyl)-L-va- 
lyl-L-leucinaI). SJA6017 was found to show selectivity for 
calpains, strongly inhibiting calpain 2 (1(^=8 nm) by re
versibly binding to the active site of the enzyme [147], but 
not affecting the activity of other cysteine proteases, serine

proteases or proteasome [148]. The use of cultured rodent 
lenses showed SJA6017 to be membrane permeable and to 
possess an ability to Ca^-induced nuclear opacity and crys
talline proteolysis that correlated with its ability to inhibit 
calpain 2 [147,148]. Similar studies have shown SJA6017 to 
inhibit cataractogenesis in rodent leases, which is mediated 
by other calpains [149-151] and most recently, it was shown 
that the compound possessed a potent ability to retard cata
ractogenesis (Figure 8) in porcine leases [152]. These latter 
authors established that the anti-cataract action of SJA6017 
was not due to an ability to influence leas Ca2+ levels but rath
er was consistent with an ability to inhibit calpain 2 activa
tion. Using a rat lens model, the ability of SJA6017 to inhibit 
calparn-mcdiated cataractogenesis was compared to that of 
a number of established calpain inhibitors and it was con
cluded that the compound showed superior efficacy as an 
anti-cataract agent [153]. A number of attempts have been 
made to develop compounds based on S[A60171 with im
proved anti-cataract potential [75,154] and the most suc
cessful appears to be that of Nakamura et al [155]. These 
latter authors systematically modified SJA6017 to increase 
water solubility and moderate the chemical reactivity of the 
functional aldehyde moiety, which was considered to be 
potentially damaging to cells under physiological condi
tions. These modifications led to the generation of a novel 
S[A6017 derivative where the functional aldehyde of the in
hibitor was replaced with a cyclic hemiacetal moiety, which 
have previously been reported as calpain inhibitors [156]. 
This compound exhibited potent inhibitory activity towards 
calpains and showed high transcomeal permeability when 
topically administered to the eyes of rabbits. Moreover, the 
compound demonstrated a strong ability to retard catarac
togenesis when induced in a rodent lens culture cataract 
model in response to elevated Ca2+ levels [157]. Currendy, 
these latter authors are attempting to prepare derivatives of 
SJA6017 that are suitable for human application.

Conclusions

Recent experimental results suggest that the the over-activa
tion of calpain 2 plays a major role in animal cataractogen
esis, both diabetic and non-diabetic, and Is the only major 
calpain active in human lenses. Whilst current research has 
not definitively demonstrated a role for calpain 2 in human 
cataractogeneis, the results that are available are strongly 
suggestive and it is tempting to suggest that calpain 2 may 
play a major role in some human forms of the disorder. The 
precise physiological role(s) of calpains in the lens are not 
fully understood but it has been postulated that following 
differentiation, calpains remain in mature fibre cells to de
grade damaged lens proteins that accumulate during the 
life of the lens. On this basis, two hypotheses to explain the 
role of calpains in cataract have been proposed. In the first, 
loss of lens calpain activity leads to pathologically elevated 
levels of damaged proteins, reduced lens optical perform
ance and cataract [158]. However, it clearly emerges from 
this review that the unregulated calpain-mediated prote
olysis of crystallins makes a major contribution to catarac
togenesis in aged lenses whilst calpain inhibitor! have been 
shown able to retard these processes [12], These observa
tions are clearly inconsistent with the above hypothesis and 
rather, support the hypothesis that the pathologically-medi
ated over-activation of calpains causes the accumulation of 
partially-degraded lens proteins and cataract [158].
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As yet no definitive mecluumui(s) for the activadon cal- 
pain 2 under physiological conditions appears to have been 
presented, although the invoivenient of lipid/membranes 
in these mechanisms seems probable. In contrast, consid
erable progress has been made in elucidating structural 
changes that occur within the activated calpain 2 molecule, 
which has facilitated significant advances in the develop
ment of calpain inhibitors as anb-ctaract agents. A number 
of membrane permeable compounds suitable for topical 
administration to the eye have been reported and contin
ued progress in this direction could lead to the norvsurgi- 
cal treatment of cataract. Such an achievement would be 
a revolution in the field on a par with the two 20'1’ centu
ry milestones of ophthalmology - the intra-ocular lens im
plant of Harold Ridley and the phaco-emulsification sur
gery of Charles Reiman [159].
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Chapter 5

Identification Of Oblique Orientated Amphiphilic 
Helices Involved In Membrane Binding And

Disruption.



Summary.

Oblique orientated helices posses a hydrophobicity gradient along the helical long axis 
and it has been proposed that this gradient facilitates bilayer penetration in an oblique 
orientation resulting in destabilisation of membrane lipid packing. The biological 
importance of peptides that are able to affect membrane structure in this way is 
significant as this mode of action is known to the support key cellular functions such as 
fusogenesis. In the case of oblique helices I identified the fact that there appeared to be a 
linear association between mean hydrophobicity and mean hydrophobic moment [57]. I 
showed using least squares regression that sequences identified as possessing this 
hydrophobicity distribution had a requirement for a balance between amphiphilicty and 
hydrophobicity as previously recorded for some of the C-terminal anchor sequences 
examined in chapters 3 and 4 [43]. I therefore speculated that since all these sequences 
shared a highly specific structure-function relationship at the membrane interface that it 
might be the balance between these two properties that was responsible for driving 
membrane binding and disruption. Based on this relationship a simple graphical method 
was developed to identify potential oblique orientated helices using a 99% predication 
band around the linear regression line obtained from plotting a range of hydrophobicity 
and hydrophobic moment values on a cartesian plane [57]. Even though this is a three 
dimensional geometry and the amphiphilicity measure used was calculated using a two 
dimensional vector sum I have of late shown that extending this to take into account the 
three dimensional spatial distribution of residues adds little to the identification of such 
sequences [58]. This result emphasises the importance of the amino acid distribution 
around the helix for effective membrane association and function rather than the 
distribution of hydrophobicity along the helical long axis which drives membrane 
penetration.

Such helices tend to penetrate the membrane with an inclination of between 30-60° and I 
noted that a peptide homologue of the penicillin binding protein 5 C-terminal anchor 
possessed key characteristics associated with an oblique helix [59]. I postulated that a 
shallow angle of penetration could support strong anchoring of the ectomembranous 
domain by allowing deeper membrane penetration and association with the acyl chain 
region of the bilayer. We used FTIR to monitor the affect of a C-terminal peptide 
homologue on the phase transition properties of phospholipid bilayer systems. Changes in 
the peak position of the symmetric stretching vibration of the acyl chain methylene 
groups, which is known to be a sensitive marker of lipid order, were used to gain insight 
into p“>a acyl chain melting behaviours of the phospholipids in the presence of the 
peptide. This technique enabled me to confirm strong lipid interaction by the PBP5 
anchor but also phase transition changes characteristic of a cholesterol like effect which 
supported the theory that the peptide could insert into a bilayer using oblique orientation. 
This was in contrast to peptide anchors which were known to associate more weakly with 
the bilayer and which in these experiments were shown to have an even hydrophobicity 
distribution along their long axis and were found to associate mainly with the bilayer 
head group region. These data therefore suggested that with shallow penetration oblique



orientated helices could be associated with membrane anchoring rather than with solely 
membrane disruptive functions such as fusogenesis [59],

I had also started to look for key structural characteristics within antimicrobial peptides 
which could be linked to their lytic function [60]. These studies showed a positive 
correlation between hydrophobic arc size and antimicrobial potency and it was also noted 
that low net charge was associated with high minimum inhibitory concentrations (i.e. low 
potency). We were the first group on this basis to identify oblique structures as 
potentially key to the design of such peptides which provided an alternative model for 
membrane invasion to those previously published [61]. More detailed analysis of the 
physicochemical properties of the amino acids present in known antimicrobials enabled 
me to identify a range of properties which were found to be associated with antimicrobial 
activity. The interplay between these characteristics appeared complex—possibly as part 
of a strategy adopted to make the development of resistance more difficult [62]. I 
therefore postulated that in the absence of clearly defined motifs a key feature for 
effective activity may well be the hydrophobicity gradient inherent in a large proportion 
of existing antimicrobials and we were able to show that a template based solely on an 
oblique helix was able to generate a weakly antimicrobial peptide [63]. The peptide was 
shown to form an a-helix and interact with monolayer mimics of E. coli membranes. 
Compression isotherm analysis confirmed that the peptide was able to destabilise these 
monolayers which when coupled with phase transition data showing the peptide induced 
changes in bilayer fluidity would support the hypothesis that the peptide was able to 
interact with and destabilise bacterial membranes. Interestingly this generic template 
showed broad spectrum activity against both gram negative and gram positive organisms 
since we were able to confirm it was also effective against Staphylococccus aureus [64]. 
In these experiments we were therefore able to not only propose a new mode of 
antimicrobial action using oblique structures but were able to show that such a simple 
template could form the basis for designing antimicrobial peptides.

It is important to note though that in any such system in addition to the properties of the 
peptide it is necessary to consider the membrane composition when looking at specificity 
since small fluctuations in lipid molar ratios can affect membrane stability and hence 
peptide lipid interactions. I prepared a second peptide based on an oblique orientated 
template but which was cationic instead of anionic. Again this was seen to be weakly 
antimicrobial at levels comparable to the pervious example [65]. In this case though the 
lipid composition of the monolayer was seen to have a significant impact on the ability of 
the peptide to either stabilise or destabilise the lipid system. In the case of lipid mimics of 
E.coli membranes the peptide exhibited a destabilising effect and was able to support 
monolayer disintegration indicative of lysis. In contrast with lipid compositions 
comparable to Bacillus subtilis the peptide showed a stabilising effect and strongly 
inserted into monolayers. These data provided for the first time clear evidence that a 
single peptide might utilise differing modes of membrane disruption against differing 
microbial strains. The data obtained would support the peptide utilising an oblique based 
mechanism to solubilise the membrane in a detergent like manner in the case of E. coli 
whilst a mechanism of action involving a carpet based mechanism would better fit the 
data with B. subtilis [66]. The switch between these two modes seemed to be dependent



on the cardiolipid : phosphatidylglycerol ratio that was present and was reflected in a 
faster rate of antibacterial action in the case of E. coll.

Interestingly a number of host defence peptides have of late also been shown to possess 
anti-tumour activity and I have recently shown that again the efficacy of these agents 
seems to correlate to amphiphilicity as would be expected give the previous data 
described above which shows the importance of the hydrophobicity:amphiphilicity 
balance for membrane association [67]. I have also shown for example that a well 
characterised antimicrobial with known anti-tumour activity, aurein 1.2, is able to interact 
strongly with T98G glioblastoma cell membrane extracts. This level of interaction 
correlates with the anionic lipid present and is not specific to any one type of head-group. 
The anti-tumour activity may therefore be coupled to the increase in anionic lipid content 
seen in tumour cells as compared to healthy cells [68] which would in turn enable some 
degree of selectivity for such cells.

In conclusion we have been the first to suggest the use of an oblique orientated helix for 
protein membrane anchoring mechanisms. In addition we utilised this molecular 
architecture to propose a new theory with respect to the mode of action for some 
antimicrobials. Our experiments showed such a template was able to produce 
antimicrobial peptides but the limited efficacy implied other sequence specific 
information was required for function. Interestingly our data also showed that the same 
peptide could perhaps utilise different mechanisms of action in the presence of 
membranes with different lipid compositions making it important to consider the nature 
of the target organism as well as the peptide sequence and the final functional fold. 
Through our work these oblique orientations have been shown to have potential not only 
as antimicrobials but also anti-tumour agents and will provide an area for much further 
investigation with respect to medical biology and drug design in the future.
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Summary
A number of «-helix forming peptides have been reported which 
appear to promote membrane fusion and other biological events 
related to the disruption of a hydrophobic/hydrophilic interface, 
due to the presence of a hydrophobicity gradient along the 
helical long axis. When a-helices from this class were analysed 
according to hydrophobic moment plot methodology a linear 
association was found to exist between the mean hydrophobic 
moment, </ih>. and the corresponding mean hydrophobicity, 
<H0>. This association was described by the least squares 
regression line: </iH>!=0-508-0.422<H0> and, here, a metho
dology to aid the prediction of oblique orientated a-helices is 
presented, based on a 99% prediction band around this 
regression line. This methodology is intended to provide an 
initial identification of candidates for further investigation by 
other techniques such as the molecular hydrophobic potential 
and laboratory based experimentation, not to assign function.

Keywords: Oblique orientated a-helix, hydrophobic moment, gly
cine moment.

Introduction

The a-helix is a major secondary structural element (Rao and 
Rossmann 1973, Clothia and Finkelstein 1990) and plays an 
important role in many membrane dependent processes 
(Phoenix and Harris 1998). In general, membrane interactive 
a-helices possess some level of amphiphilicity (Segrest et al. 
1990, Phoenix and Harris 1998, Biggins and Sansom 1999) 
and a number of methodologies have been developed to 
characterize this. Graphical analyses have been introduced 
which are able to process protein primary structural informa
tion and visually represent the spatial segregation of 
hydrophilic and hydrophobic amino acid residues, which 
are characteristic of amphiphilic a-helices. A commonly used 
form of such analysis is the helical wheel projection (Schiffer 
and Edmundson 1967) and typical examples of its use are 
shown in figure 1. To facilitate more detailed descriptions of 
amphiphilic a-helices, quantitative methodologies have been 
developed which are able to represent this segregation of 
amino acid residues by providing a numerical measure of the 
overall amphiphilicity of an helical sequence. Examples of 
such methodologies are the recently developed DWIH (depth 
weighted insertion hydrophobicity) methodology (Roberts et 
al. 1997) and the commonly used hydrophobic moment 
methodology (Eisenberg et al. 1982a). The use of such

*To whom correspondence should be addressed, 
e-mail: D.A.Phoenix@uclan.ac.uk

quantitative techniques has shown that the amphiphilic 
characteristics of an a-helix can be correlated to its biological 
function and these correlations have formed the basis of a 
number of major studies which have attempted to classify 
amphiphilic a-helices. Segrest et al. (1990) defined seven 
major helical classes based on the distribution of charged 
residues in the helical polar face. Eisenberg et al. (1984a) 
used an extended form of hydrophobic moment analysis, 
based on the hydrophobic moment plot diagram, to classify 
a-helices as either globular, surface active or transmem
brane.

A number of a-helix forming peptides have been reported 
which appear to promote membrane fusion and other 
biological events related to the disruption of an hydropho
bic/hydrophilic interface due to the presence of an hydro
phobicity gradient along the helical long axis. It has been 
proposed that this gradient can facilitate penetration of a 
membrane in an oblique orientation, resulting in the 
destabilization of membrane lipid packing and fusogenic 
events, or of a protein/water interface, leading to disruption of 
the interface and the promotion of related biological events 
(Martin et al. 1994, 1999, Brasseur et al. 1997, Fujii 1999, 
Pecheur et al. 1999, Peuvot et al. 1999, Brasseur 2000). 
Strong support for this proposal has been provided by the 
results of recent investigations into the lipid interactions of 
the simian immunodeficiency virus (SIV) fusion peptide. 
Neutron lamellar diffraction showed that the SIV peptide 
inserted into planar lipid bilayers, with its helical long axis

(a) (b)

Figure 1. Graphical analysis of oblique orientated a-helices. 
Sequences (table 1) were modelled as a-helices and represented 
as 2D axial projections, taken perpendicular to the helical long axis 
and assuming an amino acid periodicity of 100° (Schiffer and 
Edmundson 1967). The examples show such a-helices derived from 
apo A-ll (a) and the SIV protein (b). The strongly amphiphilic nature 
of the apo A-ll a-helix can be clearly seen from the well defined 
segregation of amino acid residues into hydrophobic and hydrophilic 
arcs, where hydrophilic residues are denoted by the symbol •. In 
contrast to the apo A-ll a-helix, the SIV a-helix possesses no strongly 
hydrophilic residues. Nonetheless, it can be seen that this a-helix 
possesses an arc formed from bulky, strongly hydrophobic pheny
lalanine residues, with the remaining residues forming an arc 
composed of small, less hydrophobic residues, particularly glycine.
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orientated at a shallow angle relative to the membrane 
surface (Bradshaw ef a/. 2000). The distribution of hydro- 
phobicity associated with oblique orientated a-helices con
trasts with that seen for most a-helices (Brasseur 2000) and, 
hence, these former a-heiices would appear to form a novel 
a-hellcal sub-class. Although analysis based on the hydro- 
phobic moment plot is able, to recognize the potential of 
sequences derived from oblique orientated a-helices for 
amphiphilic a-helix formation, It has no capacity to recognize 
the hydrophobicity gradient of these a-helices and, hence, 
assign class. In response, a number of authors have 
developed novel approaches to the identification and 
characterization of oblique orientated a-helices, Fujii (1999) 
has attempted to characterize the oblique orientated a- 
helices of viral fusion peptides by the asymmetry of their 
molecular shape, In an attempt to provide a measure of this 
asymmetry, the authors introduced the mean glycine 
moment, <hg>, which is formally analogous to the mean 
hydrophobic moment, but is based on the relative sizes of 
amino acid residues in relation to that of glycine rather than 
residue hydrophobicity. In a major study, Rahman et al. 
(1997) have developed a multi-faceted approach to the 
prediction of oblique orientated a-helices. In this approach, 
protein primary structures are first scanned with a variable 
window length to identify amino acid sequences which are 
sufficiently hydrophobic to insert into lipid. Using computer 
modelling, these sequences are then represented in three 
dimensions with the geometry of a standardized a-hellx and 
the spatial arrangement of lateral side chains optimized by 
energy minimization, Vector analysis is used to compute the 
most likely orientation for membrane insertion of the a-helix 
and a candidate oblique orientated a-helix is taken as one 
whose computed angle of interface penetration, 5, satisfies 
the condition 30° ><5 >60°. Based on molecular hydrophobic 
potential calculations (Brasseur 1991), the hydrophobicity 
profile of the a-helix is then visually represented in three 
dimensions as lines of hydrophobic and hydrophilic isopo
tential surrounding the a-helix. In this paper, the authors have 
attempted to develop a computationally less intense aid to 
the prediction of oblique orientated a-helices. The sequences 
of a number of oblique orientated a-helices (table 1) have 
been taken from the literature (Brasseur et al. 1997, Rahman 
ef al. 1997, Peuvot et al. 1999) and characterized according 
to parameters derived from both glycine moment based 
analysis and hydrophobic moment based analyses. Follow
ing from this, a corollary to hydrophobic moment plot 
methodology was introduced which, although not confirming 
oblique orientated a-helices, may serve to identify candidate 
sequences for further investigation into their potential to form 
such a-helices.

Hydrophobic moment analysis
Essentially, the hydrophobic moment measures the struc
tured partitioning of hydrophilic and hydrophobic residues in 
a regular repeat structure of period co and, hence, can 
provide a measure of a-helical amphiphilicity (Eisenberg et 
at. 1986, 1984b). To determine the hydrophobic moment, the 
hydrophobicities of consecutive residues in a putative a- 
heiical sequence are treated as vectors with positive values,

implying that a residue is hydrophobic. A vector with 
magnitude proportional to the hydrophobicity of amino acid, 
k, is drawn towards the central a-carbon of the amino acid 
residue. The hydrophobic moment is defined by

f i
H{o)) = {[V HfcSintM]2 + E H*cos(kco)]2}1/2

where /i(co) is the hydrophobic moment of a sequence of 
length / residues. H* is the hydrophobicity of residue k, and is 
usually quantified according to the normalized consensus 
hydrophobicity scale of Eisenberg et al. (1982b). The angle, 
co, defines the periodicity of the residues side chain 
orientations and is normally taken to be lOO0. In order that 
hydrophobic moment analysis may be used to compare the 
amphiphilic properties of a-helices differing in length, for a
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Figure 2. Plots of <^h> against <H0> for oblique orientated a- 
helices. The sequences in table 1 were modelled as a-helices and 
the parameters </%> and <Ho> computed for both each full 
sequence and the most amphiphilic 11-residue window of each 
sequence according to hydrophobic moment methodology (Eisen
berg et al. 1982a). In each case, <^h> was plotted against <H0> 
(a and b) and subjected to regression analysis. The results of these 
analyses yielded coefficients of determination of 65.7 and 51.9%, 
respectively, indicating a linear association between these para
meters in each case.
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Table 1. Primary structural data for oblique orientated a-heiices.

Protein Residue numbers Fusion promoting sequence Reference

Viral glycoproteins
SIV 528-539 GVFVLGFLGFLA [13]
Meltrin-a 591-603 VIGTNAVSIETNIE [12]
HA2 1-20 GLFGAIAGFIENGWEGMIDG [12]
HEPB 1-16 MENITSGFLGPLLVLQ [12]
EBO 524-540 GAAIGLAWIPYFGPAAE [12]

Lipid transport and lipases 
ApoA-ll 58-70 TELVNFLSYFVEL [13]
CETP 461-476 FGFPEHLLVDFLQSLS [13]
LCAT 56-68 DFFTIWLDLNMFL [13]
LPL 218-230 IGEAIRVIAERGL [13]
HLP 234-246 FLELYRHIAQHGF [13]

Membrane proteins
BCT 177-192 VTVVLWSAYPVVWLIG [17]
BCT 195-212 GAGIVPLN1ETLLFMVLD [17]
PRC2 H 11-28 DLASLAIYSFWIFLAGLI [17]
PRC2 H 53-67 QGPFPLPKPKTFILP [17]
PRC2 L 21-37 LFDFWVGPYVGFFGVA [17]
PRC2 L 40-55 FFAALGIILIAWSAVL [17]
PRC2 L 63-75 LISVYPPALEYGL [17]
PRC2 L 111-128 LGIGYHIPFAFAFAILAY [17]
PRC2 L 174-189 MIA1SFFFTNALALAL [17]
PRC2 L 234-251 LLLSLSAVFFSALCMIIT [17]
PRC2 M 49-66 PIYLGSLGVLSLFSGLMW [17]
PRC2 M 90-100 FFFSLEPPAPE [17]
PRC2 M 106-123 AAPLKEGGLWLIASFFMF [17]
PRC2 M 147-164 AWAFLSAIWLWMVLGFIR [17]
PRC2 M 203-218 GLS1AFLYGSALLFAM [17]
PRC2 M 268-285 WAIWMAVLVTLTGGIGIL [17]
Yl Signal peptide MLLQAFLFLLAGFAAKISA [13]
APB Signal peptide MDPPRPALLALLALPALL [17]
CHAO Signal peptide GLEFFFKFGYVFLTITLM [17]
GLUC Signal peptide KMKSIYFIAGLLLM1VQG [17]
INSR Signal peptide GAAAAPLLVAVAAGA [17]
SODE Signal peptide MLALLCSCLLLAAGA [17]
RVSG Signal peptide PQVLLFVLLLGFS [17]

Other peptides
/3-amyloid 29—42 GAIIGLMVGGWIA [13]
Prion 118-135 AGAVVGGLGGYMLGSAMS [13]

Abbreviations: SIV, simian immunodefficiency virus; HA2, haemagglutin 2, influenza virus; HERB, hepatitus B virus; EBO, ebola virus; ApoA-ll, 
apolipoprotein A-ll; CETP, cholesteryl ester transfer protein; LGAT, lecithin cholestryl acyl transferase; LPL, lipoprotein lipase; HLP, hepatic 
lipase; BCT, bacteriorhodopsin; PRC2, photoreaction centre 2: H, L and M chains; Yl, yeast invertase precursor; APB, human apolipoprotein b- 
100 precursor; CHAO, drome chaoptin precursor; GLUC, chick glucagon precursor; INSR, human insulin receptor precursor; SODE, human 
extracellular superoxide dismutase precursor; RVSG, rabies virus spike glycoprotein precursor.
Table adapted from Peuvot et al. (1999), Brasseur ef al. (1997) and Rahman et a/. (1997).

given a-helix it is usual to compute the mean hydrophobic 
moment, <mh> . defined by /.t(100°)//. The sequences of the 
data set vary in length from 12-20 amino acid residues and, 
for each sequence shown in table 1, <jHH> and the 
corresponding mean hydrophobicity, <H0>, were computed 
(table 2) and <y»> regressed against <H0> (data not 
shown). The results of this analysis yielded a linear 
association between <^h> and <H0> with a correspond
ing coefficient of determination of 51.6%. However, the data 
point representing the oblique orientated a-hefix predicted to 
be formed by residues 53-76 of the PRC2 H chain was 
observed to be an influential outlier and was removed from 
the remaining data points. Examination of this 15 residue 
sequence revealed that it was regularly punctuated by five 
proiine residues. These amino acid residues are known for 
their ability to disrupt ce-helical structure and it would, 
therefore, seem unlikely that the sequence represented by 
this data point is able to adopt such structure. This result is

significant in that it suggests that the sequences of the data 
show a relationship between their </ih> and <H0> values 
which have predictive ability. If this data point is excluded 
from subsequent analyses and the remaining data points 
plotted (figure 2a), regression analysis yields highly sig
nificant regression coefficients (p<0.005) and a correspond
ing coefficient of determination of 65.7%. This value indicates 
a strong linear association between the plotted parameters 
and was found to be described by the regression line; 
<{xH>=: 0.501—0.502<H0>. Such an association could 
serve as the basis of a guide to the identification of oblique 
orientated a-helices and, based on these preliminary results, 
the authors have attempted to determine if a similar linear 
association is yielded by the analytical techniques of 
conventional hydrophobic moment plot methodology. This 
methodology is used to identify amino acid sequences with 
the potential to adopt amphiphilic a-helical structure and to 
predict the likely class of a-he!ix formed according to the
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SURFACE

TRANS-
MEMBRANE

GLOBULAR

Mean Hydropbobicity

Figure 3. The hydrophobic moment plot diagram including an aid to 
the identification of oblique orientated a-helices. Based on the 
location of the data point representing the <hh> and <H0> of their 
most amphiphilic 11-residue window, the conventional hydrophobic 
moment plot diagram (Eisenberg et al. 1984a) attempts to classify 
putative amphiphilic a-helices as either surface active, globular or 
transmembrane, but has no capacity to classify oblique orientated a- 
helices. Based on these results, a supplementary region has been 
introduced into the plot diagram (shaded area). Putative a-helices 
whose data points fall within this region should be considered for 
classification as oblique orientated a-helices in addition to that 
indicated by the conventional plot regions. Indicated above are data 
points representing the SIV a-helix (#1) and the apo A-ll a-helix 
(#2), which are both oblique orientated a-helices but would be 
predicted to be transmembrane and surface active, respectively, by 
the conventional plot diagram.

hydrophobic moment plot diagram. In constructing the plot 
diagram, it was assumed that an amphiphilic a-helix could be 
represented by the <^h> ar,d <Hq> of its most amphi
philic 11-residue internal segment, equivalent to the three 
turns of the a-helix which possess the highest amphiphilicity. 
Accordingly, for each sequence in table 1, /i(100°) was 
computed for successive 11-residue windows and the 
window with the highest value, A<(100o)max, taken as the 
most likely candidate for amphiphilic a-helix formation. For 
each of these candidate windows, </iH> (given by 
F(100o)mBx/11) and <H0> were computed, plotted (figure 
2b), and < ah> regressed against <H0>. The results of this 
analysis yielded highly significant regression coefficients 
(p< 0.005) and a corresponding coefficient of determination 
of 51.9%, indicating a significant linear association between 
these parameters which was found to be described by the 
regression line: <> =0.508 —0.422 < Ho>. A 99% predic
tion band was determined around this regression line, 
transposed onto the hydrophobic moment plot diagram 
(figure 3) and is proposed to serve as an aid to the 
identification of oblique orientated a-helices.

Glycine moment analysis

A feature of the oblique orientated a-helices found in viral 
fusion peptides is that they tend to possess hydrophobic
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Figure 4. Plots of <mg> against <H0> for oblique orientated a- 
helices. The sequences in table 1 were modelled as a-helices and 
the parameters <hq> and <Hq> computed for both each full 
sequence and the most glyasymmetric 11-residue window of each 
sequence according to glycine moment methodology (Fujii 1999). In 
each case, <mg> was plotted against <H0> (a and b), and sample 
correlation coefficients of 0.286 and 0.256 obtained, respectively. 
These coefficients indicate that there is, at most, a weak association 
between <hq> and <Hq> in either case.

faces formed from bulky apolar amino acid residues and 
hydrophilic faces rich in small amino acid residues, particu
larly glycine (Brasseur et al. 1997, Fujii 1999, Martin et al. 
1999, Peuvot et al. 1999). Fujii (1999) termed this asym
metric distribution of glycine residues ‘glyasymmetry’ and 
attempted to quantify it by introducing the glycine moment, 
</iG>. The glycine moment is defined by equation 1, except 
that H* is replaced by G*, the relative size of residue k in 
relation to that of glycine as defined by the normalized scale 
of Fujii (1999). Using an approach analogous to that of 
hydrophobic moment methodology, Fujii (1999) analysed a 
number of a-helices derived from viral fusion peptides to 
determine the <hg> and corresponding <H0> of their 
most glyasymmetric internal 11-residue segment. This 
author then found that when the sequences of these a- 
helices were randomized and similarly analysed, the values 
of <mg> obtained were significantly lower than those
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Table 2. Parameters derived from hydrophobic moment analysis of oblique orientated ot-helices.

205

Protein <^H>
Full sequence

<H0> <^H>
Maximal window

<H0>
Viral glycoproteins

SIV 0.089 0.914 0.119 0.949
Meltrin-K 0.238 0.291 0.271 0.215
HA2 0.330 0.500 0.481 0.226
HEPB 0.242 0.438 0.270 0.558
EBO 0.184 0.600 0.275 0.498

Lipid transport and lipases
ApoA-ll 0.424 0.422 0.507 0.407
CETP 0.314 0,390 0.467 0,364
LCAT 0.283 0.535 0.266 0.427
LPL 0.520 0.149 0.597 0.036
HLP 0.514 0.178 0.614 0.059

Membrane proteins (residue nos)
BCT (177-192) 0.181 0.736 0.172 0.633
BCT (195-212) 0.176 0.568 0.360 0.455
PRC2 H (11-28) 0.200 0.717 0.268 0.522
PRC2 H (53-67) 0.142 0.204 0.217 0.193
PRC2 L (21-37) 0.172 0.741 0.160 0.635
PRC2 L (40-55) 0.151 0.898 0.153 0.881
PRC2 L (63-75) 0.293 0.506 0.305 0.458
PRC2 L (111-128) 0.051 0.751 0.162 0.705
PRC2 L (174-189) 0.119 0.726 0.236 0.667
PRC2 L (234-251) 0.228 0.728 0.295 0.782
PRC2 M (49-66) 0.126 0.649 0.239 0.682
PRC2 M (90-100) 0.232 0.359 0.232 0.682
PRC2 M (106-123) 0.152 0.561 0.271 0.668
PRC2 M (147-164) 0.190 0.672 0.335 0.669
PRC2 M (203-218) 0.081 0.710 0.123 0.670
PRC2 M (268-285) 0.110 0.796 0.165 0.707

Signal peptides
Yl 0.182 0.628 0.259 0.789
APB 0.217 0.422 0.326 0.181
CHAO 0.256 0.617 0.437 0.600
GLUC 0.190 0.482 0.333 0.581
INSR 0.080 0.750 0.113 0.725
SODE 0.091 0.691 0.110 0.727
RVSG 0.099 0.724 0.141 0.764

Other peptides
a-amyloid 0.038 0.874 0.145 0.833
Prion 0.098 0.567 0.157 0.487

obtained for the original data set, Fujii (1999) concluded that 
the determination of <jt/G> and the corresponding <Ho> 
according to his methodology, could be used to characterize 
the oblique orientated a-helices of viral fusion peptides. A 
graphical analysis demonstrated that when the sequences of 
table 1 were modelled as an amphiphilic a-heiix, there was a 
tendency for the hydrophilic face of the K-helix to be rich in 
small amino acid residues such as alanine and glycine. This 
tendency is illustrated by the a-helix derived from the SIV 
peptide shown in figure 1, and suggested that molecular 
asymmetry may provide a parameter to characterize the ot- 
helices of the data set. Accordingly, the methodology of Fujii 
(1999) has been used to compute <^G> and the 
corresponding value of <Ho> for the most glyasymmetric 
11-residue window of each sequence shown in table 1 (table 
3). These parameters have also been computed for the full 
length of each sequence shown in table 1 (table 3). For each 
analysis, <^G> was plotted against <H0> (figure 4(a) and 
(b)) and a sample correlation coefficient obtained. These 
coefficients were 0.286 and 0.256, respectively, which 
indicates that there is, at most, a weak association between

<Hg> and <H0> in either case, and it can be seen from 
figure 4(a) and (b) that, for each plot, the scatter of data 
points appears random.

Discussion

Here, the authors have attempted to develop an aid to the 
prediction of oblique orientated a-helices based on analyses 
of a number of such a-helices. Several analytical approaches 
based on glycine moment methodology (Fujii 1999) have 
been used to characterize the a-helices of the data set. The 
results show that in each case, the parameters <hg> and 
<H0> show no apparent correlations, and it is concluded 
that, within the limits of the investigations, glycine moment 
based analysis is unable to provide guidance for identifica
tion of oblique orientated a-helices. However, when the a- 
helices of the data were characterized by the <^h> and 
<H0> of their full sequence, statistical analysis revealed a 
strong linear relationship between these parameters. Further 
analysis of these sequences according to conventional 
hydrophobic moment plot methodology showed that a
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Table 3. Parameters derived from glycine moment based analysis of oblique orientated a-helices.

Full sequence Maximal window

Protein <Ug> <H0> <Mg>

Viral glycoproteins 
SIV
Meltrin-a
HA2
HERB
EBO

Lipid transport and lipases 
ApoA-ll 
CETP 
LCAT 
LPL 
HLP

Membrane proteins 
BCT (177-192)
BCT (195-212)
PRC2 H (11-28)
PRC2 H (53-67)
PRC2 L (21-37)
PRC2 L (40-55)
PRC2 L (63-75)
PRC2 L (111-128) 
PRC2 L (174-189) 
PRC2 L (234-251) 
PRC2 M (49-66)
PRC2 M (90-100) 
PRC2 M (106-123) 
PRC2 M (147-164) 
PRC2 M (203-218) 
PRC2 M (268-285) 

Signal peptides 
Yl
APB
CHAO
GLUC
INSR
SODE
RVSG

Other peptides 
/j-amyloid 
Prion

0.613 0.914
0.074 0.291
0.405 0.500
0.293 0.438
0.305 *0.600

0.403 0.422
0.267 0.390
0.312 0.535
0.287 0.149
0.171 0.178

0.472 0.736
0.144 0.568
0.178 0.717
0.304 0.204
0.204 0.741
0.464 0.898
0.490 0.506
0.990 0.751
0.050 0.726
0.241 0.728
0.358 0.649
0.101 0.359
0.072 0.561
0.192 0.672
0.202 0.710
0.515 0.796

0.300 0.628
0.129 0.422
0.103 0.617
0.080 0.482
0.105 0.750
0.185 0.691
0.235 0.724

0.228 0.874
0.215 0.567

0.533 0.954
0.172 0.215
0.647 ' 0.226
0.465 0.598
0.583 0.764

0.459 0.470
0.273 0.473
0.402 0.427
0.393 -0.045
0.282 0.006

0.744 0.709
0.158 0.510
0.412 0.801
0.286 0.123
0.943 0.760
0.486 0.964
0.118 0.458
0.427 0.661
0.170 0.595
0.352 0.597
0.457 0.705
0.093 0.359
0.387 0.370
0.392 0.802
0.204 0.725
0.634 0.828

0.520 0.543
0.377 0.357
0.272 0.535
0.237 0.827
0.115 0.738
0.162 0.729
0.340 0.861

0.376 0.833
0.598 0.702

significant linear association also existed when these 
sequences were characterized by the </in> snd <Ho> of 
their most amphiphilic internal 11-residue segment. This 
association was described by the regression line: 
<>=0.508-0.422<H0>, and a 99% prediction interval 
determined around this regression line has been transposed 
onto the hydrophobic moment plot diagram. This prediction 
interval delineates an area on the plot diagram (figure 4), 
which, although not able to confirm oblique orientated a- 
helices, can identify candidates for further investigation. This 
degree of further investigation is essential, since the 
discriminator will give a number of false positives (Eisenberg 
et at, 1984a). As examples, when the a-helices of SIV and apo 
A-ll (figure 1) are characterized by conventional hydrophobic 
moment plot methodology and represented by their <mh> 
and < H0> values (table 2) as data points on the plot diagram 
(figure 3), they would be predicted to be transmembrane and 
surface active, respectively. Indeed, the mainly hydrophobic 
nature of the SIV a-helix and the more amphiphilic nature of 
the apo A-ll a-helix is revealed by their respective helical 
wheel projections (figure 1). However, the occurrence of

these data points within the prediction area would also 
suggest that they be considered as candidate fusion 
promoting a-helices. The biological significance of the results 
is that they that suggest oblique orientated a-helices may 
possess a characteristic balance between the amphiphilicity 
and the hydrophobicity of their structures. These a-helices 
share a highly specific structure-function relationship and it is 
tempting to speculate that this balance may be necessary for 
the destabilization of membranes and other hydrophobic/ 
hydrophilic interfaces. Interestingly, it has been suggested 
that the high frequency of glycine residues in the hydrophilic 
face of viral oblique orientated a-helices could reflect the fact 
that these residues are necessary to provide such a balance 
between amphiphilicity and hydrophobicity for the fusion of 
viral and host cell membranes (Martin etal. 1999).
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Abstract: Oblique orientated a-helices possess hydrophobicity gradients, which allow the parent cx-helices to penetrate 
the membrane at a shallow angle, thereby destabilising membrane lipid organisation and promoting a range of biological 
processes. These a-helices occur in a variety of membrane interactive proteins and a number of techniques have been de
veloped to guide their identification using sequence data alone. Hydrophobicity profiling, which provides a one
dimensional analysis of sequence data, identified only 30% of known tilted peptides in a control dataset and was thus of 
limited predictive use. In contrast, extended hydrophobic moment plot methodology and amphipilic profiling which take 
residue distribution into account and provide two-dimensional analysis of primary structural data, were found to be good 
indicators of tilted peptide structure. Amphiphilic profiling'identified 67% of tilted peptides in the control dataset and 
showed that potentially, approximately 40% of transmembrane a-helices possess tilted peptide structure, However, it has 
been shown that extending these simple methods to take into account the three-dimensional spatial distribution of residues 
gives no clear additional benefit to identifying tilted peptides.

Keywords: Oblique orientated a-helix, hydrophobic moment, hydrophobicity profiling, antphiphilicity profiling, transmem
brane protein.

INTRODUCTION

Amphiphilic a-helices play a major role in many mem
brane dependent processes [1-5] and to facilitate membrane 
interaction, these a-helices exhibit a spatial segregation of 
hydrophilic and hydrophobic amino acid residues about the 
helical long axis. This residue arrangement allows the polar 
face of the a-helix to engage in electrostatic interactions 
with the hydrophilic lipid headgroup region of the membrane 
whilst allowing the apolar face of the a-helix to penetrate the 
hydrophobic lipid core of the membrane [5-7].

It was generally assumed that membrane interactive am
phiphilic a-helices possess an approximately constant level 
of hydrophobicity along their long axis as these a-helices 
generally adopt an qrientation, which is approximately either 
parallel or perpendicular to the bilayer surface [8]. However, 
around 1990, a novel subclass of amphiphilic a-helices was 
discovered in viral proteins [9] that possessed a strong gradi
ent in hydrophobicity along the helical long axis [10, 11]. It 
is now known that these hydrophobicity gradients allow their 
parent protein a-helices to penetrate the membrane at a 
shallow angle, thereby destabilising membrane lipid organi
sation and promoting the fusion of viral and host cell mem
branes with internalisation of the virus resulting [12-14]. 
Termed oblique orientated a-helices (Table 1, Fig. 1), these 
structures have since been reported in proteins of many other 
viruses [15-17] and a number of non-viral proteins and pep
tides (Table I), including: globular proteins, signal se
quences, and lipases [9, 18-20], apolipoproteins [21, 22],

"‘Address correspondence to this author at the Dean of Science, University 
of Central Lancashire, Preston, UK; Tel: 0044 1772 893481; Fax: 0044 
1772 894981; E-mail: daphoenix@uclan.ac.uk

1389-2037/06 S50.00+.00

protein membrane anchors [23], antimicrobial peptides [24], 
and transmembrane proteins [25],

Insight into the membrane interactive mechanisms of 
tilted peptides at the molecular level has been obtained by 
recent experimental work [26-29] and molecular modelling 
[22^ 30]. However, the only current technique able to predict 
these peptides from sequence information alone appears to 
be the multi-faceted analysis introduced by Rahman et al. 
[19]. In this approach, protein primary structures are first 
scanned with a variable window length to -identify amino 
acid sequences, which are sufficiently hydrophobic to insert 
into a lipid environment. Using computer modelling, these 
sequences are then represented in three dimensions with the 
geometry of a standardised a-helix and the spatial arrange
ment of lateral side chains optimised by energy minimisa
tion. Vector analysis is used to compute the most likely ori
entation for membrane insertion of the a-helix and a candi
date oblique orientated a-helix is taken as one whose com
puted angle of interface penetration, 6, satisfies the condition 
30° > 5 > 60°. Based on molecular hydrophobic potential 
calculations [31], the hydrophobicity profile of the a-helix is 
then visually represented in three dimensions as lines of hy
drophobic and hydrophilic isopotential surrounding the a- 
helix.

It is generally accepted that a simple technique able to 
guide the identification of potential oblique orientated a- 
helices would be of great use to protein structure / function 
analysis [6], In response, a number of investigators have 
attempted to develop such techniques by modifying hydro- 
phobic moment plot methodology, which provides a two- 
dimensional representation of a-helix amphiphililicity and 
thereby attempts to predict its function. Here, we review

© 2006 Bcntham Science Publishers Ltd.
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'able 1, The sequences of a number of obliqtie orientated a-helices [40], including; SIV (simian immunodeficiency virus); HA2 
(hemagglutin 2, influenza virus); HEPB (hepatitis B virus); EBO (Ebola virus); E2RV (E2 glycoprotein, rubella virus); 
ApoA-Il (apolipoprotein A-II); CETP (cholesteryl ester transfer protein); LCAT (lecithin cholestryl acyl transferase); 
LPL (lipoprotein lipase) and HLP (hepatic lipase); BCT (bacteriorhodopsin); PRC2 (photoreaction centre 2) H, L and M 
chains; YI (yeast invertase precursor); APB (human apolipoprotein b-100 precursor); CHAO (drome chaoptin precur
sor); GLUC (chick glucagon precursor); INSR (human insulin receptor precursor); SODE (human extracellular super
oxide dismtitase precursor); RVSG (rabies virus spike glycoprotein precursor)

Protein Residue numbers j Sequence

Viral glycoproteins

SIV 528-539 GVFVLGFLGFLA

Meitrin-a 591-603 V1GTNAVS1ETNIE

HA2 1-20 GLFGAIAGFIENGWEGM1DG

HEPB 1-16 MENITSGFLGPLLVLQ

EBO 524-540 GAA1GLAW1PYFGPAAE

E2RV 149-166 DTRCGRLICGLSTTAQYP

Lipid transport and lipases

ApoA-Il 58-70 TELVNFLSYFVEL

CETP 461-476 FGFPEHLLVDFLQSLS

LCAT 56-68 DFFTIWLDLNMFL

LPL 218-230 1GEA1RV1AERGL

HLP 234-246 FLELYRH1AQHGF

Membrane proteins

BCT 177-192 VTVVLWSAYPVVWLIG

BCT 195-212 GAG1VPLNIETLLFMVLD

PRC2 H 11-28 DLASLAIYSFW1FLAOLI

PRC2H 53-67 QGPFPLPKPKTFILP

PRC2 L 21-37 LFDFWVGPYVGFFGVA

PRC2L 40-55 FFAALGIIL1AWSAVL

PRC2L 63-75 LISVYPPALEYGL

PRC2L 111-128 LGIGYHIPFAFAFAILAY

PRC2 L 174-189 M1AISFFFTNALALAL

PRC2 L 234-251 LLLSLSAVFFSALCMI1T

PRC2M 49-66 PIYLGSLGVLSLFSGLMW

PRC2M 90-100 FFFSLEPPAPE

PRC2 M 106-123 AAPLKEGGLWL1ASFFMF

PRC2M 147-164 AWAFLSAIWLWMVLGF1R

PRC2M • 203-218 GLS1AFLYGSALLFAM

PRC2M 268-285 WAIWMAVLVTLTGG1G1L

Signal peptides

Y! - MLLQAFLFLLAGFAAK1SA

APB - MDPPRPALLALLALPALL
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(Table I) contd..

Protein Residue numbers Sequence

CHAO - GLEFFFKFGYVFLT1TLM

GLUC - KMKSIYFIAGLLLM1VQG

1NSR . GAAAAPLLVAVAAGA

SODE - MLALLCSCLLLAAGA

RVSG PQVLLFVLLLGFS

Other peptides

P-amyloid 29-42 GAIIGLMVGGVV1A

Prion 118-135 AGAVVGGLGGYMLGSAMS

<H> <H>
Fig. (1). Extended hydrophobic moment plot analysis of TIM protein segments. A dataset ol 403 TM protein ct-helices [45J were charac 
tcrised by their values of < nH2i) > and < H > (Fig, 1A) and < /jHjn > and < H > (Fig. IB) and plotted on the extended hydrophobic momer 
plot diagram [40], In both cases, the vast majority of these data points lie within the area delineated by the dashed lines, indicating the poter 
tial to form oblique orientated a-helical structure and thereby to possess hydrophobicity gradients. Statistical analysis of the two plots showe 
that at the 5% significance level, there is no statistical evidence that the ability of < nH:D > and < /liHsd > to measure amphiphilicity diffei 
This implied that there is only a minimal gain in spatial information provided by the use of < fdH3o > rather than < iiH2D > and thus that th 
use of the conventional hydrophobic moment has no significant negative effect on the efficacy of extended hydrophobic moment plot analy 
sis.

these techniques and investigate the possibility that their 
efficacy may be improved by the use of a recently introduced 
form of the hydrophobic moment, which provides a three- 
dimensional representation of a-helix amphiphilicity.

CONVENTIONAL HYDROPHOBIC MOMENT PLOT 
METHODOLOGY

Currently, hydrophobic moment plot methodology is the 
major theoretical technique used to identify protein se
quences with the potential to form membrane interactive 
amphiphilic a-helices. In 1982, Eisenberg and co-workers 
introduced the hydrophobic moment, which is computed 
from protein sequence information alone and measures the 
structured partitioning of residues in an a-helical arrange
ment, thereby providing a measure of its amphiphilicity [32]. 
Essentially, this analysis assumes that the residues forming

protein a-helices are periodically spaced along the axia 
backbone with consecutive residues subtending an angle of 
= 100° in a plane perpendicular to this axis. The hydropho 
bicity values of successive amino acids in these structure 
are then treated as vectors and are summed in two dimen 
sions with the absolute value of these summed vectors de 
fined as the hydrophobic moment, fj.H. For a given sequenc 
of length n, it is usual to compute the mean hydrophobi 
moment, which here is denoted as < > and is given by:

( „ 2 ( « v
j^cosfclOO0 + 2^Hk sin it 100°

J

where Hk is the hydrophobicity of the k* residue in the se 
quence, generally measured using the normalised consensu 
hydrophobicity scale of Eisenberg et al., [33]. To determin
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which regions of a protein sequence may form an am
phiphilic oc-heiix, the usual approach is to consider a win
dow, with a length of w, progressing along the amino acid 
sequence and for each window, the associated mean hydro- 
phobic moment is calculated. Thus for the given sequence 
{Hh H3 //„,}, < fiH2D >(.) is computed for HSl .... Hs+W.u 
where s = 1,2, n-w + 1. The resulting plot of < LLH2D > <») 
versus Hs (or the primary structure of the sequence) is known 
as the amphiphilic (amphipathic) profile (34) and commonly, 
w is taken to be eleven residues, representative of approxi
mately three turns of an a-helix. Visual inspection of the plot 
usually enables identification of windows with maximal val
ues of the mean hydrophobic moment, < fJUio >, and these 
segments are taken as the most likely candidates for am
phiphilic a-helix formation.. In 1984, Eisenberg and co
workers introduced hydrophobic moment plot methodology, 
which attempts to predict the function of these identified a- 
helices [35]. First, the methodology computes the mean hy- 
drophobicity of an a-helix to provide a measure of its affin
ity for the membrane interior, which for a sequence of length 
n is given by:

(H) =1-±H
(2)

The coordinate pair [< fiH2D >,<#>] is then plotted on 
the hydrophobic moment plot diagram and the location of the 
resulting data point used to predict whether the a-helix under 
analysis is likely to be either: surface active and orientated 
approximately parallel to the membrane surface, transmem
brane and traversing the membrane in an approximately per
pendicular orientation, or globular.

GLYCINE MOMENT ANALYSIS OF OBLIQUE 
ORIENTATED a-HELICES

In a novel approach, Fuji [36] attempted to characterise 
oblique orientated a-helices derived from viral fusion pep
tides by adapting hydrophobic moment methodology to 
measure their asymmetric molecular shape. A well estab
lished feature of these a-helices is that they tend to possess 
hydrophobic faces formed from bulky apolar amino acid 
residues and hydrophilic faces rich in small amino acid resi
dues, particularly glycine [37-39]. Fujii [36] termed this 
asymmetric distribution of glycine residues ‘glyasymmetry’ 
and attempted to quantify it by introducing the glycine mo
ment. The mean glycine moment, < fiG, > is formally 
analogous to the mean hydrophobic moment but is based on 
the relative sizes of amino acid residues in relation to that of 
glycine rather than residue hydrophobicity. Thus, < [iG > is 
defined by equation (1) except that Hk is replaced by G*, the 
relative size of residue k as defined by Fujii [36]. This latter 
author analysed a number of viral oblique orientated a- 
helices to determine the < fiG > values of their most 
glyasymmetric internal 11 residue segment. Given that these 
values were significantly higher than those for randomly 
generated sequences of the same composition, Fujii [36] 
concluded that computation of < [iG >, along with < H >, 
could be used to characterise viral oblique orientated a- 
helices. Harris et al., [40] attempted to extend this work by 
the development of glyasymmetry plot methodology as a 
general aid to the identification of oblique orientated a-

helices and characterised the sequences of Table 1 by com
puting the < fiG> and < H > of their most glyasymmetric 
eleven residue segments. However, when < fiG > was plotted 
against < H >, regression analysis showed that there was no 
apparent association or correlation between these parameters 
and it was concluded that glyasymmetry plot methodology 
could not provide assistance in the general prediction of 
oblique orientated a-helices.

EXTENDED HYDROPHOBIC MOMENT PLOT 
ANALYSIS OF OBLIQUE ORIENTATED a-HELICES

In a major study, Harris et al., [40] developed a statistical 
interpretation of hydrophobic moment plot methodology, 
which attempts to predict candidate oblique orientated a- 
heiices. These authors showed that when a series of se
quences known to form oblique orientated a-helices (Table 
1) were characterised by < ILH2D > and < H>, a strong linear 
association existed between these parameters, which could 
be described by the regression line: < pHio > = 0.508 - 0.422 
< H >. These results clearly suggested that a characteristic 
balance between amphiphilicity and hydrophobicity may be 
necessary for the biological activity of oblique orientated a- 
helices, which moreover, could form the basis of a predictive 
methodology for these a-helices. The ordinates of a 99% 
prediction interval around the regression line described 
above were determined and used to delineate an area on the 
hydrophobic moment plot diagram, which although not able 
to confirm oblique orientated a-helices, could be used to 
exclude candidate sequences unlikely to form such a-helices 
from further analysis (Fig. 2), This extended hydrophobic 
moment plot methodology serves as a useful graphical tech
nique whose ability to guide the identification of oblique 
orientated a-helices is strongly supported by a number of 
recent experimental results. Several peptides predicted by 
this methodology to form oblique orientated a-helices were 
shown to insert into lipid bilayers with their a-helical long 
axis orientated at a shallow angle relative to the membrane 
surface [24, 26, 28, 29], More recently, biophysical analyses 
have strongly supported our own use of the methodology, 
which predicted the presence of lipid interactive oblique ori
entated a-helices in: domain V of the protease m-calpain 
[23, 41], the C-terminal anchors of several penicillin binding 
proteins [42] and the N-terminal region of a plant virus 
movement protein [43, 44],

EXTENDED HYDROPHOBIC MOMENT PLOT 
ANALYSIS OF OBLIQUE ORIENTATED a-HELICES 
USING A NOVEL THREE-DIMENSIONAL FORM OF 
THE HYDROPHOBIC MOMENT

A major question raised with regards to the efficacy of 
extended hydrophobic moment plot methodology has been 
its use of the conventional hydrophobic moment analysis to 
quantify amphiphilicity. The two-dimensional representation 
of amphiphilicity provided by this form of analysis incorpo
rates the underlying assumption that membrane interactive 
amphiphilic a-helices possess a relatively even distribution 
of hydrophobicity along their long axis, which is clearly not 
the case for oblique orientated a-helices. It has been previ
ously observed that this assumption could lead to a loss of 
spatial information and thereby negatively affect the predic
tive ability of extended hydrophobic moment plot methodol-
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Fig. (2). Profile analysis of viral protein segments. Fig. (2A) shows that the gradient of both the amphiphilicity profile (-< Ph>) and th 
hydropathy profile (<H>) obtained for the HA2 peptide from influenza virus is clearly defined and decreases in an N—»C direction. Thesi 
profiles correlate with the peptide’s angled membrane orientation and thereby its hydrophobicity gradient, as shown by the space filled mode 
above where the inserted plane represents the interface separating the upper hydrophobic phase from the lower hydrophilic phase. Fig. (2B 
shows that the gradient of the amphiphilicity profile for the E2 peptide from rubella virus is also clearly defined and increases in an N—»( 
direction, correlating with the peptide’s hydrophobicity gradient as indicated by the space filled model above. However, Fig. (2B) shows tha 
the hydropathy profile of the E2 peptide exhibits no clear gradient or unambiguous correlation with the peptide’s membrane orientation Fig 
(2) was adapted from Harris et ai, [25] and Peuvot et al., [17],

°gy [6]. In attempt to answer this question, we have com
pared the ability of extended hydrophobic moment plot 
analysis to identify candidate oblique orientated oc-helices 
using both the conventional two-dimensional hydrophobic 
moment (equation 1) and a novel three-dimensional form of 
the parameter. This latter form of the hydrophobic moment 
was introduced by Daman [45] and in contrast to the former 
takes into account both the sequential and the axial arrange
ment of residues in a protein sequence by utilising a three- 
dimensional sum of hydrophobicity vectors. The three- 
dimensional hydrophobic moment is denoted as < liHjd >, 
and is given by:

„ >4|(i>*COS0, cosW I +(i>,cos*,sinWj +(±Hksin*, j j
where Hk and B are defined as for the conventional hydro' 
phobic moment above and tpk is the azimuthal angle of th< 
Ath residue, as defined by Daman, [45],

In a recent study [25], we used extended hydrophobic 
moment plot analysis to identify candidate oblique orientatec 
a-helices in a dataset of transmembrane protein (TM) se
quences and the results of these investigations are repro
duced in Fig. (1A). In the present study, we have repeatec
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the latter analyses with amphiphilicity quantified by <
> and comparisons between the two studies showed that for 
a given TM sequence, the window of maximum amphiphil
icity identified by each study showed overlap by six residues 
or more in approximately 75% of cases. The results of the 
present study are shown in Fig. (IB) and it can be seen that 
the vast majority of the data points in this plot lie within the 
area delineating candidate oblique orientated oc-helices with 
ranges in mean amphiphilicity and hydrophobicity that ap
pear similar to those of Fig. (2A). However, regression 
analysis of these two plots indicates that the slope for the < 
fjJijo > plot is -0.231 and for the < jiHjc, > plot, the slope is 
-0.304 whilst the corresponding intercepts are 0.422 and 
0.474 respectively. These results clearly show that the two 
plots differ and to determine if these differences were statis
tically significant, a regression model with a categorical pre
dictor, X, was fitted to the data:

< |iH>j = p0 + Pi < H>i + PzXi + p3Xi < H>i + e............(4)
Here, < //>, is the mean hydrophobicity of an identified 

segment in sequence /, Xt, is an indicator variable such that

1 if three dimensional
0 otherwise

and /30, is the intercept for < fiH>, and /3/ is the response 
function relative to < >- This is true since, for the two-
dimensional category, A'= 0, and hence X < H> ~ 0, which 
results in:

E{< }lH>} = /3o+ /?/ < H> (5)
From equation 4, the response function for the three- 

dimensional category has an intercept /3fy+ pi and a slope Pi 
+ Pj, since X= 1 implies that:

E{<pH>} =p0+pi <Ho> + p2+p3<H> (6)
which simplifies to:

E{< llH>) =(Po+P2) + <j}, + pi) < H> (7)
It can be observed from Fig. (2) therefore that p2 repre

sents the difference in the < }J.H> intercept of the response 
function for the three-dimensional and the two-dimensional 
categories. Similarly, Pi represents the difference in the 
slope of the response function for the three-dimensional 
category from that of the two-dimensional category.

The above regression model was fitted to the data of the 
two < fiH > categories and the estimates of p0, Pi, Pi and Pi 
were thus obtained. To establish if those estimates were sig
nificant, their respective confidence intervals were deter
mined using bootstrapping techniques previously described 
[46]. Essentially, bootstrapping is a statistical technique used 
as a simple means for obtaining an approximate sampling 
distribution of a statistic, conditional upon the observed data 
[47, 48]. This is achieved by sampling with replacement 
from the observed data and calculating the replicates for the 
statistic of interest from each sample. In the current investi
gation, 1000 bootstrap samples, each comprising of 403 ob
servations from the < [iHid > category and 403 from the < 
IlHid > category were generated. For each sample, the boot
strap replicates p0*, Pi*, Pi* and p3* were obtained and their 
respective distributions determined. The bootstrap replicates

were then assessed for normality using the Anderson-Darling 
test from Minitab (version 14) and shown in Table 1 are the 
resulting P-values, which are all non-significant at the 0.1 
level. Consequently, the replicates can be considered to fol
low a Normal distribution, implying that the bootstrap per
centile limits are appropriate to derive the confidence limits 

Tor the replicates. The corresponding 99% confidence inter
vals were derived using 0.5 and 99.5 percentiles for the 
lower and upper bound respectively, and are presented in 
Table 3, whilst the 95% confidence intervals are presented in 
Table 4. In both cases, the confidence intervals Po and pi do 
not include zero, indicating that the intercept and slope for < 
tiH> are genuine. The intervals for p2 and p3 are respec
tively, -0.021 < p2 <0.122 and -0.182 < /3j < 0.021 for 99% 
and, -0.005 < p2< 0.110 and -0.163 < p3 < 0.000 for 95% 
confidence. As these intervals include zero, it can be con
cluded that at both the 1% and the 5% significance levels, 
there is evidence that p2 = p3 = 0. This implies that the inter
cepts of the two hydrophobic moment plots and the corre
sponding slopes are not statistically different and thus at the 
5% significance level, there is no statistical evidence that the 
ability of < fiHiD > and < ^lH2d > to measure amphiphilicity 
differ. This implies that there is only a minimal gain in spa
tial information provided by the use of < }iH3o > rather than 
< fiH2D > in the extended hydrophobic moment plot analysis 
of oblique orientated a-helices. These observations clearly 
suggest that use of the conventional hydrophobic moment 
has no significant negative effect on the efficacy of extended

Table 2. The Statistical Significance of Regression Model 
Parameters

Po Pi LJL—
0.465

.ft

P-values 0.332 0.278 0.359

Table 3. The 99% Confidence Intervals for the Model Pa
rameters Obtained from 1000 Bootstrap Samples

Coefficient Lower Upper

Po 0.442 0.381 0.467

p> -0.231 -0.297 -0.173

p, 0.051 -0.021 0.122

pi -0.078 -0.182 0.021

Table 4. The 95% Confidence Intervals for the Model Pa
rameters Obtained from 1000 Bootstrap Samples

Coefficient Lower Upper

Po 0.442 0.388 0.457

P, -0.231 -0.281 -0.180

Pi 0.051 -0.005 0.110

Pi -0.078 -0.163 0.000
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hydrophobic moment plot analysis, thereby answering a 
major question raised with regards to its use in this analytical 
approach.

HYDROPHOBICITY AND AMPHIPHILICITY PRO
FILING ANALYSIS OF OBLIQUE ORIENTATED a- 
HELICES

Harris et al. [25] attempted to develop a simple graphical 
methodology, which can guide the identification of protein 
oblique orientated a-helices via visualisation of their hydro- 
phobicity gradients. Initially, these latter authors character
ised the known oblique orientated a-helix forming sequences 
shown in Table 1 using hydropathy plot analysis [49]. This 
form of analysis is an established methodology for detecting 
hydrophobic sequences in protein primary structure and has 
been frequently used to identify the TM sequences of inte
gral membrane proteins [8], Essentially, the methodology is 
analogous to the amphiphilic profiling described above for

AIVLPLIAVILIAAT

(A)

GLI LTAVLAA IMSTM

hydrophobic moment analysis but for the given sequence 
{Hi, Hi .... //„,}, rather than < ^.Hid >{%), the mean hydro- 
phobicity, < H >(S), is computed for Hs, ..., Hs+W.\y where s - 
1,2, n-w + 1. The resulting plot of < // >(s) versus Hs (or 
the primary structure of the sequence) provides a hydropho- 
bicity profile (hydropathy plot) of the sequence under inves
tigation where again w is the window size. Using a seven 
residue window, which previous studies have shown gives 
optimal resolution for hydrophobicity profiling [23, 42], Har
ris et al, [25] found that a clearly discernible gradient was 
observed for 30% of the sequences analysed (Table 1). These 
gradients were well defined and were accompanied by sig
nificant overall changes in < // > as shown in Fig. (2A) for 
the HA2 fusion peptide from the influenza virus. The gradi
ent in hydrophobicity for his peptide was found to decrease 
strongly in the direction of the peptide’s C-terminus, corre
lating with the peptide’s angled penetration of the membrane 
hydrophobic core (Fig. 2A). These results showed that hy-

F LLYVAT F MYVF ST F

SL SAVFF SALCM

Pt- -0.2-

Fig. (3). Profile analysis of transmembrane protein segments. Fig. (3A) and (3B) show amphiphilic profiles, which respectively are typi
cal of 15% and 45% of the TM protein sequences in the dataset analysed. The examples shown represent the profiles of residues 24-44 of the 
capA protein from Bacillus anthracis (Swissprot entry P19579) and residues 334-354 of the putP protein from Corynebacterium glutamicum 
(Swissprot entry Q769VH1). In both cases no clear gradient in amphiphilicity is discernible, indicating a low probability for the occurrence 
of hydrophobicity gradients. In contrast, Fig. (3C) represents the amphiphilic profile of residues 397-417 of the G3P protein from bacterio
phage fd (Swissprot entry’ P03661) and is typical of 40% of the TM protein sequences in the dataset analysed. A gradient in amphiphilicity is 
clearly demonstrated, which is comparable in length and magnitude to that exhibited in Fig. (3D) by residues 234-251 of the photoreaction 
centre L chain from Rhodopseudomonas sphaeroides (Swissprot entry P02954), known to possess an hydrophobicity gradient (Table 1). 
These data suggest that oblique orientated a-helices may be common structural elements in TM proteins. Fig. (3) was adapted from Harris et 
al, [25],
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irophobicity profiling has some ability to provide a visual 
epresentation of the hydrophobicity gradients possessed by 
iblique orientated a-helices and the methodology has been 
uccessfully used by several recent studies to help charac- 
erise newly described members of this a-helical class [23,
'4, 42], Nonetheless, Harris et al„ [25] found that 70% of 
he a-helices described in Table 1, correlations between hy- 
irophobicity profiles hnd membrane orientation either were 
lot exhibited or were ambiguous as shown in Fig. (2B) for 
he fusion peptide of the E2 rubella virus. It was concluded 
jy these latter authors that the potential of this approach to 
ict as a general visual guide to the identification of oblique 
Drientated a-helices was limited.

Harris el al. [25] further characterised the sequences of 
Fable 1 using amphiphilic profile analysis with amphiphilic- 
ity quantified by -< ^H2d >■ It was found that for approxi
mately 67% of the sequences analysed, the amphiphilicity 
profile thus produced exhibited a readily discernible gradient 
with typical results shown in Fig. (2). It can be seen from 
Fig. (2A) that for the HA2 fusion peptide of influenza virus, 
the gradient of this profile is clearly defined and decreases in 
an N->C direction, correlating with the peptide’s angled in
sertion into the membrane hydrophobic core (Fig. 2A) and 
thereby its hydrophobicity gradient. A similar result was 
found for the E2 fusion peptide from rubella virus except 
that the gradient of this amphiphilic profile increased in a 
N—»C direction (Fig. 2B), reflecting the fact that peptide’s 
hydrophobicity gradient has the opposite bearing to that of 
the HA2 peptide (Fig. 2A). Harris el al. [25] concluded that 
amphiphilic profiling possessed a strong ability to reflect 
hydrophobicity gradients and suggested that the methodol
ogy could be used as a simple graphical aid to the identifica
tion of candidate oblique orientated a-hehces in protein 
structure. To test this suggestion, these latter authors used 
amphiphilic profiling to characterise a dataset of TM a- 
helices, which appeared to be the first major systematic in
vestigation into the occurrence of oblique orientated a- 
helical structure within TM sequences. These analyses 
showed that approximately 60% of the a-helices examined 
exhibited no obvious gradients in their amphiphilicity pro
files and thus a low probability of forming oblique orientated 
a-helical structure (Figs. 3A and 3B), However, the remain
ing TM a-helices analysed showed amphiphilicity profiles 
that clearly suggested the presence of a hydrophobicity gra
dient (Fig. 3C), comparable in terms of both length and as
sociated changes in magnitude to those of the TM sequences 
known to possess oblique orientated a-helical structure (Fig. 
3D, Table 1). It was predicted by these authors that hydro
phobicity gradients would not act as topogenic determinants 
for TM proteins but may serve to aid the orientation of their 
membrane spanning a-helices either in relation to each other 
and / or the membrane [25].

CONCLUSIONS
Here we have reviewed recently presented strategies de

signed to assist the identification of oblique orientated a- 
helices in protein structures. One-dimensional analysis of 
primary structural data was found to lose too much spatial 
information to be of general use in identifying these struc
tures. This was clearly illustrated by hydrophobicity profil
ing, which identified only 30% of known tilted peptides. In

Harris et al.

contrast, two-dimensional analysis of primary structural data, 
which takes into account residue distribution, is a good indi
cator of tilted peptide structure. This is clearly evident from 
the use of extended hydrophobic moment plot methodology 
and amphipilic profiling, which identified 67% of known 
tilted peptides. Such a level of efficiency is comparable to 
those of many other techniques developed to predict am
phiphilic structures [5, 50]. However, it was found that ex
tending these simple methods to take into account the three- 
dimensional spatial distribution of residues gives no clear 
additional benefit to identifying tilted peptides.

Software and online programs able to compute the hy
drophobic moment and undertake amphiphilic profiling are 
readily available and it is clear from this review that a simple 
graphical strategy to help identify protein sequences with the 
potential to form oblique orientated a-helices now exists. 
The utility of the technique was clearly demonstrated by 
results indicating that potentially, approximately 40% of TM 
a-helices possess tilted peptide structure [25], which previ
ously has only been reported in bacteriorhodopsin and pho
toreaction centre 2 [19],
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Investigations into the mechanisms used by the C-terminal anchors 
of Escherichia coii penicillin-binding proteins 4, 5, 6 and 6b 
for membrane interaction
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Escherichia coli low molecular mass penicillin-binding pro
teins (PBPs) include PBP4, PBP5, PBP6 and PBP6b. Evi
dence suggests that these proteins interact with the inner 
membrane via C-terminal amphiphilic a-helices. Nonethe
less, the membrane interactive mechanisms utilized by the 
C-terminal anchors of PBP4 and PBP6b show differences to 
those utilized by PBP5 and PBP6. Here, hydrophobic 
moment-based analyses have predicted that, in contrast to 
the PBP4 and PBP6b C-termini, those of PBP5 and PBP6 
are candidates to form oblique orientated a-helices. Con
sistent with these predictions, Fourier transform infrared 
spectroscopy (FTIR) has shown that peptide homologs of 
the PBP4 and PBPS C-terminal regions, P4 and P5, 
respectively, both possessed the ability to adopt a-helical

structure in the presence of lipid. However, whereas P4 
appeared to show a preference for interaction with the sur
face regions of dimyristoylglycerophosphoethanolamine 
and dimyristoylglycerophosphoglycerol membranes, PS 
appeared to show deep penetration of both these latter 
membranes and dimyristoylglycerophosphocholine mem
branes. Based on these results, we have suggested that in 
contrast to the membrane anchoring of the PBP4 and PBP6b 
C-terminal a-helices, the PBPS and PBP6 C-terminal 
a-helices may possess hydrophobicity gradients and penet
rate membranes in an oblique orientation.

Keywords: penicillin-binding protein; C-terminal a-helix; 
hydrophobicity gradient; membrane.

The Escherichia coli, low molecular mass penicillin-binding 
proteins (PBPs) include PBP4, PBPS, PBP6 [1,2], PBP6b [3], 
PBP7 and PBPS [4,5]. These proteins are penicillin sensitive 
DD-peptidases [6,7] that are believed to play a role in the 
final stages of petidoglycan manufacture [8-11]. PBP7 and 
PBPS are soluble proteins [4,5] but it has been established 
that in nonoverproducing systems, PBP4, PBPS and PBP6 
are anchored to the periplasmic face of the inner membrane 
[7,12] whilst a similar membrane location has been sugges
ted for PBP6b [3]. Nonetheless, hydropathy plot analysis for 
each of these membrane-associated PBPs shows no con
ventional hydrophobic anchor sequences, nor did there 
appear to be any evidence of covalent modification and 
the membrane anchoring mechanisms of these proteins
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remained unclear. Deletion analysis showed that the 
C-terminal region of PBPS [13,14] and PBP6 [15] were 
essential for efficient membrane interaction whilst CD 
analysis showed that a peptide homolog of the PBPS 
C-terminal region was able to adopt high levels of a-helical 
structure [16]. Furthermore, incorporation of a proline 
residue into the PBP5 C-terminal region, with its ability to 
disrupt or distort a-helical structure, greatly destabilized the 
membrane anchoring of tire protein [17] whilst fusion of the 
PBP5 C-terminal region to a periplasmic [3-lactamase led to 
a membrane bound form of the enzyme [18].

A number of authors have used theoretical analysis to 
investigate the potential of the PBP4, PBPS, PBP6 and 
PBP6b C-terminal regions for membrane interaction and 
based on these analyses, it would appear that these 
C-terminal regions form two distinguishable subgroups. 
Both hydrophobic moment-based analyses [19,20] and 
DWIH analysis [21] have predicted that the PBP5 and 
PBP6 C-terminal regions would form strongly amphiphilic 
a-helices and in both cases, these predictions appear to be 
supported by experimental results, which found that peptide 
homologs of these regions were strongly hemolytic [22] and 
showed high levels of lipid monolayer penetration [23]. In 
contrast, similar theoretical analyses have predicted that the 
PBP4 and PBP6b C-terminal regions would form weakly 
amphiphilic a-helices [19,21,24]. In the case of the PBP4 
C-terminal region, these predictions could be supported by 
experimental results, which found that a peptide homolog of 
this region possessed no hemolytic ability [22] and low levels 
of lipid monolayer penetration [23], In addition, hydropho
bic moment profile analysis has predicted that tire PBP4 
C-terminal region possesses an almost equal potential to
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interact with membranes via either amphiphilic P-sheet or 
amphiphilic a-helical secondary structures [19]. Based on 
these results, it has been suggested that PBP4 and PBP6b 
may utilize mechanisms of membrane interaction, which 
differ to those utilized by PBP5 and PBP6 [1,2,19,21,24]. 
Here, we have considered the possibility that differences 
between these anchoring mechanisms may lay in the ability 
of the low molecular mass PBPs to form oblique onentated 
a-helices in their C-terminal regions. Recently confirmed by 
experimental results [25,26], these are a class of a-helices 
whose lipid interactions are predicted to involve penetration 
of the membrane at a shallow angle due to a hydrophobicity 
gradient along the a-helical long axis [27-30]. Using 
graphical and hydrophobic moment-based analyses, we 
have examined the PBP4, PBPS, PBP6 and PBP6b 
C-terminal sequences to identify candidate oblique orienta
ted a-helix forming segments. In an effort to confirm this 
potential, we then used FTIR spectroscopy to investigate 
the ability of the PBP4 and PBPS C-terminal sequences to 
adopt secondary structure at a lipid interface and for lipid 
interaction. Conformational analyses of peptide homologs 
of these sequences, P4 and PS, respectively, were performed 
in the presence of vesicles formed from either: Myr2-PGro, 
MyrrPCho or M^-PEtn. FTIR spectroscopy was then 
used to monitor the effects of P4 and PS on the phase transi
tion temperature and membrane fluidity of membranes 
formed from either: Myr^-PGro. Myrj-PCho or Myr^-PEtn.

MATERIALS AND METHODS

The identification of candidate oblique orientated 
a-helix forming segments

The primary sequence of the influenza viral fusion peptide, 
HA2. a known oblique orientated a-helix former [31-33] 
and those of the PBP4. PBPS. PBP6 and PBP6b C-terminal 
regions (Table 1) were analyzed according to conventional 
hydrophobic moment methodology [34]. The hydropho
bicity of successive amino acids in these sequences are 
treated as vectors and summed in two dimensions, assuming 
an amino acid side chain periodicity of 100°. The resultant 
of this summation, the hydrophobic moment, p.H. provides 
a measure of a-helix amphiphilicity. Our analysis used a 
moving window of 11 residues and for each sequence under

investigation (Table 1), the window with the highest 
hydrophobic moment was identified (Table 1). For these 
windows, the mean hydrophobic moment, (ph)> and the 
corresponding mean hydrophobicity, (Ho) (Table 1), were 
computed using the normalized consensus hydrophobicity 
scale of Eisenberg et al. [35] and plotted on the hydrophobic 
moment plot diagram [36], as modified by Harris et al. [28] 
(Fig. 1).

1.25 -

Mean hydrophobicity

Fig. 1. The hydrophobic moment plot diagram. The conventional 
hydrophobic moment plot diagram of [36] with an overlaid gray region 
delineating candidate oblique orientated a-helices [28] are shown. The 
sequences shown in Table 1 were plotted on the diagram according to 
their (ph) and corresponding (Ho) values (Table 1). Data points rep
resenting the C-terminal sequences of PBPS (2) and PBP6 (3) can be 
seen to he in the gray region, proximal to that representing the HA2 
peptide (5), indicating that these C-terminal sequences may be candi
dates for oblique orientated a-helix formation. The data points 
representing the C-terminal sequences of PBP4 (1) and PBP6b (4) lie 
outside this area and are unlikely to adopt such structure.

Table 1. The primary sequences and hydrophobic moment parameters of protein segments. The C-temunal sequences of PBP4 [44], PBPS and PBP6 
[45]. PBP6b [3] and the primary sequence of the HA2 fusion peptide [33] were analyzed using hydrophobic moment methodology [34 Eleven 
residue windows of maximum amphiphilicity were identified (shown in bold) and are shown, along with their corresponding (pH) and (Hp).

Segment Primary sequence <Ph> (Ho)

PBP4 C-terminus
++ + - + + -
RRIPLVRFESRLYKDIYQNN-COO 0.75 -0.31

PBP5 C-terminus GNFFQKIIDYIKLMFHHWFG-COO 0.67 0.24

PBP6 C-terminus
+ - +++

OOFFORVWDFVMMKFHHWFGSWFS-COO 0.51 0.42

PBP6b C-terminus LVTLESVGEGSMFSRLSDYFHHKA-COO 0.59 -0.03

HAT fusion peptide GLFGAIAGFIENGWEGMIDG 0.65 0.23



Materials

The peptides P4 and P5 (Table 1) were supplied by 
PEPSYN, University of Liverpool, UK, produced by solid 
state synthesis and purified by HPLC to a purity of greater 
than 99%. The peptides were stored as 1 m aqueous stock 
solutions at 4 °C. Myi^-PGro, Myr2-PCho and My^-PEtn, 
and all solvents, which were of spectroscopic grade, were 
purchased from Sigma (UK).

Preparation of phospholipid small unilamellar vesicles

Small unilamellar vesicles (SUVs) were prepared accord
ing to Keller et al [37]. Essentially, lipid/chloroform 
mixtures were dried with nitrogen gas and hydrated with 
aqueous Hepes at pH 7.5 to give final phospholipid 
concentrations of 50 mM. The resulting cloudy suspensions 
were sonicated at 4 0C with a Soniprep 150 sonicator 
(amplitude 10 pm) until clear suspensions resulted (30 
cycles of 30 s), which were then centrifuged (15 min, 
3000 gt 4 °C).

FTIR conformational analyses of P4 and P5

To give a final peptide concentration of 1 mM, either P4 
or P5 were solubilized in either aqueous buffer (50 mM 
Hepes; pH 7) or suspensions of SUVs, which were formed 
from either: MyivPGro, Myro-PCho or Myr2-PEtn, and 
were prepared as described above. Samples of solubilized 
peptide were spread on a Cap2 crystal, and the free excess 
water was evaporated at room temperature. The single 
band components of the P4 or P5 amide I vibrational 
band (predominantly C=0 stretch) was monitored using 
an FTIR ‘5-DX’ spectrometer (Nicolet Instruments, 
Madison, WI, USA).

Analysis of FTIR spectra

FTIR spectra were analyzed and for those with strong 
absorption bands, the evaluation of the band parameters 
(peak position, band width and intensity) was performed 
with the original spectra, if necessary after the subtraction of 
strong water bands. In the case of spectra with weak 
absorption bands, resolution enhancement techniques 
such as Fourier self-deconvolution [38] were applied after 
baseline subtraction with the parameters: bandwidth, 
22-28 cm-1, resolution enhancement factor, 1.2-1.4 and 
Gauss/Lorentz ratio of 0.55. In the case of overlapping 
bands, curve fitting was applied using a modified version of 
the curfit procedure written by D. Moffat (National 
Research Council, Ottowa, Canada). An estimation of the 
number of band components was obtained from deconvo
lution of the spectra, curve fitting was then applied within 
the original spectra after the subtraction of baselines 
resulting from neighboring bands. Similar to the deconvo
lution technique, the bandshapes of the single components 
are superpositions of Gaussian and Lorentzian bandshapes. 
Best fits were obtained by assuming a Gauss fraction of 
0.55-0.6. The curfit procedure measures the peak areas of 
single band components and after statistical evaluation, 
determines the relative percentages of primary structure 
involved in secondary structure formation. For P4 and P5, 
relative levels of a-helical structure (1650-1655 cm-1) and

Table 2. P4 and P5 secondary structural levels in the presence of lipid. 
Levels of secondary structure determined for P4 and P5. FTIR con
formational analysis of P4 and P5 were performed with each peptide 
either: in aqueous solution (-) or in the presence of either: dimyristoyl 
phosphatidylcholine (My^-PClio), dimyristoyl phosphatidylethanol- 
amine (Myrs-PEtn), or dimyristoyl phosphatidylglycerol (Myr2- 
PGro), For spectra produced (Figs 2 and 5), the peak areas of single 
band components were used to determine the relative percentages of 
primary structure involved in secondary structure formation.

Peptide Lipid
a-helical 
structures (%)

P-sheet
structures (%)

P4 _ 0 85
Myri-PCho 0 85
Myr2-PEtn 37 63
Myr2-FGro ,20 77

P5 - 58 42
Myi^-FCho 48 52
Myr2-FEtn 56 44
MyivPGro 43 57

p-sheet structures (1625-1640 cm ^ were computed and are 
shown in Table 2.

FTIR analysis of phospholipid phase transition 
properties

Using FTIR spectroscopy, the effects of either P4 or P5 on 
the phase transition properties of phospholipid was inves
tigated. To give a final peptide concentration of 1 niM, 
either P4 or P5 was solubilized in suspensions of SUVs 
formed from: either Myr2-PGro, My^-PCho or Myr2- 
PEtn, which were prepared as described above. As controls, 
SUVs formed from: either MyivPGro, MyivPCho or 
MyivPEtn alone were prepared as described above. These 
samples were then placed in a calcium fluoride cuvette, 
separated by a 12.5-pm thick Teflon spacer and subjected to 
automatic temperature scans with a heating rate of 3 °C 
5 min-1 within the temperature range 0 to 60 °C. For every 
3 °C interval, 50 interferograms were accumulated, apo- 
dized, Fourier transformed and converted to absorbance/ 
temperature spectra [39] (Figs 3 and 6). These spectra 
monitored changes in the |3 —> a acyl chain melting 
behavior of phospholipids with these changes determined 
as shifts in file peak position of the symmetric stretching 
vibration of the methylene groups, vs(CH2), which is known 
to be a sensitive marker of lipid order. The peak position of 
vs(CH2) lies at 2850 cm-1 in the gel phase and shifts at a 
lipid specific temperature Tc to 2852.0 cm-1—2852.5 cm-1 in 
the liquid crystalline state.

RESULTS
The identification of candidate oblique orientated 
a-helix forming segments

The sequences shown in Table 1 were plotted on the 
modified hydrophobic moment plot diagram (Fig. 1) 
according to their and {H0) values (Table 1). Data 
points representing the PBP5 and PBP6 C-terminal 
sequences are seen to lay within the shaded area, proximal 
to that representing file sequence of HA2, a known oblique



A

< 0.1-

Wavenumber (cm"1)

B

Wavenumber (cm"1)

Wavenumber (cm'1)

1600

Wavenumber (cm-1)

orientated a-helix former. These observations indicate that 
the PBP5 and PBP6 C-terminal sequences are candidate 
oblique orientated a-helix forming segments. However, data 
points representing the PBP4 and PBP6b C-terminal regions 
are seen to lay outside the shaded area, indicating that these 
sequences are unlikely to form oblique orientated a-helices 
(P > 0.01 confidence).

FTIR conformational analysis of peptides

FTIR spectroscopy was used to perform conformational 
analyses of P4 and P5 either in aqueous solution or in the 
presence of SUVs. A typical overview spectrum for these 
peptide-lipid systems is shown in Fig. 4, which represents 
absorbance by the P4-Myr2-PCho system within the 
spectral range 1800-1100 cm-1. The spectrum comprises 
lipid vibrational bands such as the ester double bond 
stretching at 1738 cm-1, the methylene chain scissoring 
mode at 1464 cm-1 , and the phosphate antisymmetric 
stretching at 1240-1200 cm-1, and the peptide bands, amide 
I (predominantly C=0 stretching) and amide II (predo
minantly N-H bending). Figures 2 and 5 show spectra for 
P4 and P5 absorbance in the spectral range of the amide I 
band and from these spectra, the relative levels of peptide 
secondary structure were determined as a percentage of 
primary structure (Table 2). The major contribution to P4 
molecular architecture came from P-sheet structures, 
ranging from 63% in the presence of My^-PEtn to 85% 
in the aqueous peptide. Nonetheless, the peptide adopted 
significant levels of a-helical structure in the presence of 
both Myr2-.PEtn (37%) and Myr2-PGro (20%) although 
showing no evidence of such structure either in the presence 
of Myr2-PCho or in aqueous solution (Table 2). In contrast, 
P5 showed high levels of a-helical structure in aqueous 
solution (58%), which were generally maintained in the 
presence of MyrrPCho, Myr2-PEtn and Myr2-/>Gro and 
ranged between 43% and 56%.

The effect of proteins on phospholipid phase 
transition temperature

Using FTIR spectroscopy, absorbance spectra representing 
the effects of either P4 or P5 on the phase transition 
temperature and membrane fluidity of membranes formed 
from either: Myr2-PCho, Myr2-FGro or MyrrPEtn, were 
derived as a function of temperature (Figs 3 and 6). Control 
experiments recorded the Tc of both Myr2-PGro and Myr2- 
PCho membranes as 25 °C and that of Myr2-PEtn mem
branes as 47 °C (Figs 3A-C and 6A-C). In the presence of 
P4, no significant changes in either the membrane fluidity or 
the Tc of Myr2-PCho membranes were detected (Fig. 3A). 
Similarly, the presence of P4 appeared to have no significant 
effect on Myr2-PEtn membrane fluidity but did appear to

Fig. 2. FTIR conformational analyses of P5 in the presence of lipid.
(A-D) show FTIR conformational analyses of P5 in the presence of 
Myr-'-PCho, Myr-PEtn and Myr2-/>Gro and in aqueous solution, 
respectively. In each case, the major contribution to P5 came from 
a-helical structure (1650-1655 cm'1) although significant levels of 
P-sheet structures (1625-1640 cm'1) can also be seen. In all cases, 
annotated numbers indicate band peak absorbances.
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Fig. 4. FTIR overview spectrum of P4 in the presence of Myrz-PCho.
The peak absorbances for lipid vibrational bands such as the ester 
double bond stretching at 1738 cm-1, the methylene chain scissoring 
mode at 1464 cm'1, and the phosphate antisymmetric stretching at 
1240-1200 cm'1, and the peptide bands amide I (predominantly C=0 
stretching) and amide 11 (predominantly N-H bending) are shown.

have a significant effect on the Tc of the lipid, with Tc being 
recorded as 42 °C in the presence of the peptide (Fig. 3B). 
The presence of P5 had a strong effect on the Tc and 
membrane fluidity of both Myri-Z^ho and My^-PEtn 
membranes with Tc being recorded as 13 and 42 °C, 
respectively, and in each case, the change was accompanied 
by a concomitant increase in membrane fluidity (Fig. 6A,B). 
In contrast, in the presence of either P4 or P5, My^-PGro 
membranes showed minor increases in gel phase fluidity, 
minor decreases in liquid crystalline phase fluidity with the 
gel to fluid phase transition occurring over the interval 20 to 
30 °C rather than the 25 °C of the pure lipid (Figs 3C and 
6C).

_ 2852 -

I
b
| 2851

I
&̂

 28b0-

2849 "io- ~20 ’ 30 40

Temperature (*C)

Fig. 3. FTTR lipid phase transition analysis of P4. (A-C) show the 
effect of P4 on the p —» ot acyl chain melting behavior of Myr;-/>Cho, 
Myr^-PEtn and Myr;-PGro membranes, respectively, which were 
monitored by FTIR spectroscopy as a function of temperature. The Tc 
of Myr;-PCho membranes alone (■) was recorded as 25 °C and in the 
presence of P4 (•), no significant changes in either the Tc or the 
membrane fluidity of the membrane was detected (A). The Tc of Myr:- 
PEtn membranes alone was recorded as 47 °C (■) and although in the 
presence of P4 (•). no significant effect on the fluidity of the membrane 
was detected, the Tc of the membrane was recorded as 42 °C (B). The 
Tc of Myr.-PGro membranes alone (■) was recorded as 25 0C whilst 
in the presence of P5 (•), phase transition occurred over the interval 
20 °C to 30 °C accompanied by an increase in gel phase fluidity and a 
decrease in liquid crystalline phase fluidity (C).

DISCUSSION
Here, we analyzed the C-terminal sequences of PBP4. PBPS, 
PBP6 and PBP6b to identify candidates with the potential 
to form oblique orientated ot-helices [27,30] and based on 
their <pH) • and (Ho) values, our analyses showed that these 
sequence formed two subgroups. The C-terminal regions of 
PBP4 and PBP6b were predicted to be unlikely to form 
oblique orientated a-helices. However, the C-terminal 
regions of PBPS and PBP6 were predicted to be candidates 
for the formation of such a-helices and are similar to the 
viral fusion peptide, HA2 (Fig. 1), a peptide shown to 
penetrate membranes via an oblique orientated a-helix. The 
C-terminal a-helices of PBPS and PBP6 show many 
structural resemblances to the HA2 oblique orientated 
a-helix. It can be seen from Fig. 7 that each of these 
a-helices possesses a wide hydrophobic face, which includes 
bulky tryptophan, phenylaniline and isoleucine amino acid 
residues, and a glycine rich hydrophilic face. These struc
tural features give a-helices an effective wedge shape, which 
appears to be utilized by HA2. and a number of other 
oblique orientated a-helix forming peptides, to destabilize 
membranes, leading to membrane fusion [40.41]. Further
more, Roberts et al. [21] analyzed the PBPS and PBP6 
C-terminal a-helices according to DWIH methodology and
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showed that the nature and order of the amino acid residues 
forming these a-helices were highly significant. This is 
consistent with the ordered spatial arrangement of amino 
acid residues necessary to maintain the hydrophobicity 
gradients of oblique orientated a-helices [29]. In contrast to 
the PBP5 and PBP6 C-terminal regions, it can be seen from 
Fig. 7 that, in an a-helical conformation, the C-terminal 
regions of PBP4 and PBP6b show ill-defined hydrophobic 
faces and few structural resemblances to the HA2 a-helix. 
These observations reinforce the suggestion that there 
would be differences between the C-terminal membrane 
interactions for PBPs from the two subgroups.

The PBP4 and PBPS C-terminal anchor sequences were 
taken to represent each of these subgroups and the 
secondary structural features of these sequences in the 
presence of lipid have been investigated. FTIR conforma
tional analysis showed that both in aqueous solution and 
in the presence of each lipid examined, over 60% of 
P4 architecture was formed from P-sheet structures 
(Fig. 5A-D; Table 2). Nonetheless, in the presence of both 
Myr-PEtn and Myr2-PGro (Fig. 5B,C; Table 2), the 
peptide adopted significant levels of a-helical structure 
(37% and 20%, respectively) although showing no evidence 
of such structure either in the presence of My^-PCho 
(Fig. 5A; Table 2) or in aqueous solution (Fig. 5D; 
Table 2). In contrast, P5 architecture showed high levels 
of a-helical structure, of the order of 50%, both in aqueous 
solution (Fig. 2D; Table 2) and in the presence of each lipid 
examined (Fig. 2A-C; Table 2). Both P4 and P5 were found 
to affect the lipid phase transition properties of Myr2-PEtn 
(Figs 3B and 6B) and Myr2-PGro (Figs 3C and 6Q. 
However, whilst P5 was found to affect the lipid phase 
transition properties of Myr2-PCho (Fig. 6A) no such effects 
were detected in the case of P4 (Fig. 3A). In combination, 
these results would support the hypothesis that the ability of 
P4 and P5 to interact with lipid membranes is related to the 
ability of each peptide to adopt amphiphilic a-helical 
structure. Furthermore, these results are consistent with 
those of Brandenburg et al. [42] and suggest that the ability of 
P4 to adopt such structure may be related to the character
istics of the interface rather than solely the lipid type.

Our FTIR lipid phase transition analyses showed that the 
presence of both P4 and P5 led to a broadening of the Tc of 
Myr^-RGro membranes (25 °C) with phase transition 
occurring over a temperature range (20-30 °C) accompan
ied by an increases in gel phase fluidity and decreases in 
liquid crystalline phase fluidity (Figs 3C and 6C), This form 
of phase transition shows similarities to that of some 
cholesterol-lipid systems [43] and implies that the presence 
of either P4 or P5 leads to changes in the hydrocarbon chain 
packing of Myr2-PGro membrane, which result in fluidiza
tion of the gel phase and rigidification of the liquid

Fig. 5. FTIR conformational analyses of P4 in the presence of lipid.
(A-D) show FTIR conformational analyses of P4 in the presence of 
Myr-PCho, Myr-PEtn, Myr;-PGro and in aqueous solution, 
respectively. In each case, the major contribution to P4 came from 
(5-sheet structures (1625-1640 cm'1). Significant levels of a-helical 
structure (1650-1655 cm-1) can be seen in the presence of Myr:-PEtn 
(B) and MyrrPGro (Q but there is no evidence of such structure in the 
presence of Myr;-/>Cho (A) or in aqueous solution (D). In all cases, 
annotated numbers indicate band peak absorbances.



© FEES 2002 Membrane anchoring by E. coli PBPs 4, 5, 6 and 6b {Eur. J. Biochem. 269) 5827

A

2853

§ 2852

b

■
® 2851

f
/

/ 
i i

ij

PBP4 PBPS PBP6 PBP6b

HA2

10 20 30 40 00

X emp erature (*C)

B
2853

2852-

60 Fig. 7. Helical wheel representations of protein segments. The C-ter- 
minal sequences of PBP4. PBPS, PBP6 and PBP6b, and the primary 
sequence of the HA2 fusion peptide (Table 1) modeled as a-helices 
according to the methodology of Schiffer and Edmundson [46], assu
ming an angular periodicity of 100° are shown. The a-helices of HA2. 
PBPS and PBP6 show well defined amphiphilicity and, in common, 
possess glycine rich hydrophilic faces with wide hydrophobic faces rich 
in bulky amino acid residues. The a-helices of PBP4 and PBP6b show 
ill-defined faces and few structural resemblances to that of HA2.
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Fig. 6. FTTR lipid phase transition analysis of P5. (A-C) show the 
effect of PS on the p —» a acyl chain melting behavior of Myr^PCho, 
Myr;-PEtn and Myr;-PGro membranes, respectively, which were 
monitored by FTIR spectroscopy as a function of temperature. The Tc 
of Myr2-PCho membranes alone (■) was recorded as 25 °C whilst in 
the presence of PS (T) the Tc of the membrane was recorded as 13 °C, 
accompanied by an increase in membrane fluidity (A). The Tc of Myr2- 
PEtn membranes alone (■) was recorded as 47 °C whilst in the 
presence of PS (▼) the Tc of the membrane was recorded as 42 °C, 
accompanied by an increase in membrane fluidity (B). The Tc of Myr2- 
PGro membranes alone (■) was recorded as 25 °C whilst in the 
presence of PS (T), phase transition occurred over the interval 20 to 
30 °C accompanied by an increase in gel phase fluidity and a decrease 
in liquid crystalline phase fluidity (C).

crystalline phase. These results do not necessarily mean that 
P4 and P5 interact with the Myr^-PGro acyl chains region 
and in isolation, do not allow a clear interpretation as to the 
nature of P4 and P5 interaction with Myr2-PGro mem
branes. Even so, these results clearly show that there is some 
level of Myr^-PGro membrane penetration by the peptides. 
The presence of P4 had no effect on the lipid phase 
transition properties of Myr2-PCho (Fig. 3A) and no effect 
on the membrane fluidity of Myr2-PEtn membranes, 
although a 5 °C decrease in the Tc of Myr2-PEtn was 
observed (Fig. 3B). P5 was found to interact strongly with 
Myr2-PCho membranes (Fig. 6A) and Myr2-PEtn mem
branes (Fig. 6B) with the presence of the peptide leading to 
increased membrane fluidity in both cases, accompanied by 
decreases in membrane Tc of 12 and 5 °C, respectively. 
Taken overall, these results clearly show that there are 
fundamental differences between the mechanisms of mem
brane penetration utilized by P4 and P5. P4 shows limited 
levels of membrane penetration and would appear to prefer 
to interact with the membrane's surface regions whilst P5 
has a preference to interact with the membrane’s lipid acyl 
chains.

Taken in combination, our experimental results are 
consistent with our suggestion that the PBP5 and PBP6 
C-terminal a-helices may be able to penetrate the membrane 
lipid core region in an oblique orientation. This form of 
membrane penetration would be in accord with the high 
levels of interaction shown here by P5 for zwitterionic 
membranes. Furthermore, this form of membrane penetra
tion could explain the high levels of hemolysis shown by 
both this peptide and P6, a peptide homolog of the PBP6 
C-terminal region [22] for HA2 is hemolytic yet abolition of 
the peptide’s hydrophobicity gradient leads to loss of 
hemolytic and fusogenic ability [31]. Given the apparent 
preference shown by P4 for the membrane’s surface regions, 
this suggests that the peptide's cationic region(s) would 
interact with negatively charged moieties within this region. 
Nonetheless, taking our results overall, we speculate that 
such an interaction would be weak and unlikely to play a
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major role in the membrane anchoring mechanism of PBP4. 
Indeed, experimental evidence has been presented which 
suggests that the membrane interactions of PBP4 may 
involve occupation of a specific binding site [12] and 
protein-protein interactions [8-11].

In summary, our results show that the PBP4 C-terminal 
sequence is able to adopt a-helical and P-sheet structure in 
the presence of lipid and may weakly associate with the 
membrane lipid headgroup region via predominantly elec
trostatic interactions. In contrast, our results suggest that 
the PBP5 C-terminal region possesses a strong intrinsic 
tendency to both adopt a-helical structure and to penetrate 
the membrane hydrophobic core region. It appears that this 
C-terminal a-helix, and that formed by PBP6, possess 
hydrophobicity gradients, which we suggest may facilitate 
membrane penetration in an oblique orientation.
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Abstract: A database of a-helical antimicrobial peptides (AMP) was established and their minimum 
inhibitory concentrations (MIC) were compared with their physiochemical characteristics in an attempt to 
establish those features that determine efficacy. There is no significant difference in AMP sensitivity 
between Gram-positive and Gram-negative bacteria but fungi did require higher concentrations to achieve 
the same degree of growth inhibition. For antibacterial peptides there appears to be a positive correlation 
between MIC and hydrophobic arc size and a negative correlation between MIC and net charge.

The effective control of pathogenic micro-organisms using conventional antibiotics is constantiy 
threatened by the emergence of new antibiotic resistant strains [I]. The quest of the pharmaceutical industry 
is therefore to identify new antibiotics, which are able to overcome resistance. In recent years antimicrobial 
peptides, produced by the innate defence mechanism of a wide range of animals and plants [2-6], have 
shown promise as a new generation of therapeutic agent. Typically, these defence peptides are produced at 
the sites of infection, or at those sites which are vulnerable to infection. The antimicrobial activity of 
defence peptides is dependent upon their ability to penetrate the cell walls of pathogens and then to 
partition in cell membranes [7], leading to membrane permeabiiisation and ultimately, to cell death [8,9], 
On a structural basis, defence peptides may be divided into four classes [10] with those that partition into 
membranes via the formation of amphiphilic a-helical secondary structure being the most abundant 
[1,8,11]. Alpha helical antimicrobial peptides (a-AMPs) are generally linear cationic peptides composed of 
12 to 45 amino acid residues [12] and their antimicrobial action make them an attractive proposition for the 
development of novel antibiotics [13]. To date, 150 a-AMPs have been reported of which a significant 
proportion exhibit activity against a wide range of pathogens [8],
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MATERIALS AND METHODS

An a-AMPs’ database was assembled and interrogated. Four categories of ct-AMPs were defined 
according to their target organism(s), namely: a-AMPs active against Gram-positive bacteria {G+} n = 8; 
Gram-negative bacteria {G-} n = 8; Gram-positive and Gram-negative bacteria {G+G-} n = 102; Gram- 
positive, Gram-negative bacteria and fungi {G+G-F} n = 42. The net charge, isoelectric point (pi) and 
minimum inhibitory concentrations (MIC) of the peptides were derived and this latter parameter used as a 
quantitative measure of a-AMPs antimicrobial activity that could be compared with the physiochemical 
properties of these peptides. For categories of a-AMPs that are active against more than one group of 
microorganism, analysis of variance (ANOVA) was undertaken to establish whether there was congruence 
within each antimicrobial group. In this way the range of MICs within each of the four antimicrobial groups 

was statistically analysed for trends.
In addition, a-AMPs were represented as two- dimensional axial projections [14], using Antheprot 

2000 (version 5.2) under windows XP on an Intel Pentium 4 platform [15,16], and the results of these 
analyses used to calculate the size of the hydrophobic arc. To facilitate comparison between a-AMPs, arcs 
formed by the first 18 C-terminal amino acid residues of these peptides were determined, as previously 

described by Giangespero et al. [7].

RESULTS AND DISCUSSION

Antimicrobial peptides produced by different organisms demonstrated a notable variation in size, 
sequence and other physiochemical properties [2,3,5,6,8,17,18], Despite this diversity, a-AMPs exhibit at 
least two functionally important characteristics: the vast majority are cationic, enabling them to target the 
negatively charged microbial membrane surface, and they possess amphiphilic structures, facilitating 
membrane insertion [7]. It is known that certain antimicrobial peptides are highly specific with regards to 
their target organisms whilst others are active over a range of microbial groups. However, the factors that 
determine the microbial specificity of a-AMPs have not as yet been clearly defined. Therefore, to determine 
the efficacy range the MICs for each antimicrobial peptide group were considered with respect to their 

action on common target micro-organisms.
The mean MICs for each group of antimicrobial activity are shown in Figure 1. For those peptides 

active against both Gram-positive and Gram-negative bacteria, the mean for the amount of peptide required 
to kill Gram-positive bacteria was 14.03 pM whereas for Gram-negative bacteria the mean was 17.73 pM. 
Analysis of the mean values was carried out using an ANOVA test based on the null hypothesis (Ho) that 
there was no difference between the means in the two subgroups within the {G+G-} group. These results 
revealed that there was no significant difference between the amount of peptide required to kill Gram- 
positive and Gram-negative bacteria within this group. Here the H0 was accepted, that is, F (1. 148) = 0.827; 
p> 0.01 (p = 0.365). The Levene statistic provided further evidence that there was no significance difference 
since p > 0.05 (p = 0.176). The range of MICs exhibited by the Gram-positive and Gram-negative subgroups 

was similar (0.1 - 150 pM and 0.04 - 150 pM respectively).
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{G+} {G-} {G+G-} {G+G-F}

Antimicorbial peptide group

Figure 1. Minimum Inhibition Concentrations (MIC) for peptides active against each of the four microbial 
groups were used to determine mean MICs for Gram-positive bacteria (white). Gram-negative bacteria (light 
grey) and Fungi (dark grey).

Table 1. The Tukey test highlighted where there was a significant difference between the activities of the 
antimicrobial peptide subgroups (bold). * Indicates the mean difference was significant at the 0.05 level.

Micro-organism Micro-organism Mean Difference Std. Error Sig. 95% Confidence Interval

(A) (B) (A-B) Lower Bound Upper Bound
G+ G- 5.772 6.716 0.667 -10.183 21.727
G + F * -21.015 6.716 0.006 -36.970 -5.060
G- G+ -5.772 6.716 0.667 -21.727 10.183
G- F * -26.787 6.716 0.000 -42.742 -10.833
F G + * 21.015 6.716 0.006 5.060 36.970
F G- * 26.787 6.716 0.000 10.833 42.742

The same statistical analysis was undertaken on the MICs of a-AMPs active against Gram
positive, Gram-negative bacteria and fungi {G+G-F}. The mean MICs of these antimicrobial peptides were 
0.1 pM for Gram-positive bacteria and 0.2 pM for both Gram-negative bacteria and fungi sub-groups. 
However, ANOVA analysis, based on the null hypothesis (H0) that there was no difference between the mean 
MIC values in the three subgroups, was rejected and showed that there was a significant difference between 
each of the subgroups (F(2, 111) = 8.812; p < 0.05 (p = 0.00)). This result enabled further comparisons to be 
made using a Post Hoc Tukey HSD test, (Table 1).
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Examination of Table 1 revealed that there were significant differences (at p - 0.05) between the 
mean MICs of certain microbial groups within {G+G-F} group of a-AMPs. The MICs for the fungal 
subgroup were seen to be statistically different (p < 0.05) from both the Gram-positive and Gram-negative 
subgroups of bacteria. In contrast, within {G+G-F}, no such difference was detected between the Gram
positive and Gram-negative subgroups (p = 0.667), which is consistent with the results for the {GK3-} 

group of a-AMPs derived above.
Figure 1 clearly demonstrates that the MIC’s for fungi are relatively high as compared with those 

for bacteria, which would tend to suggest that higher concentrations of a-AMPs are required to inhibit their 
growth. It is possible that this is because the fungal cells wall provides a highly effective barrier to 
antimicrobial peptides. Many fungal cells have a macromolecular coating of polysaccharide, the 
glycocalyx, which encloses the plasma membrane and is strongly hydrophilic [19].

The four categories of a-AMPs analysed have unique spectrums of target organisms, yet a given 
target organism may be common to several such groups. It was therefore decided to establish whether the 
mean MIC values for a given target group of micro-organisms were statistically similar across the relevant 
groups of a-AMPs. Figure 1 also demonstrated a comparison between MICs for those groups of a-AMPs 
that showed activity against Gram-positive bacteria i.e. groups {G+}, {G+G-} and {G+G-F}. The mean MIC 
values for a-AMPs active against Gram-positive bacteria ranging from 5.13 pM for group {G+} to 14.03 pM 
for group {G+G-} but the null hypothesis that there were no significant differences between these mean MIC 
values was accepted [F (2, 118) = 0.499; p > 0.01 (p = 0.608)]. The application of the post-hoc Tukey LSD 

test for multiple comparisons confirmed this result (5% level).
The same statistical procedure was then used to investigate whether there was consistency in MICs . 

of a-AMPs active against Gram-negative bacteria. The null hypothesis, that there was no statistical 
difference between these MICs, was accepted [F (2, 118) = 2.744; p > 0.01 (p = 0.068)]. Multiple comparison 
analysis using post-hoc Tukey LSD test revealed that there was not a significant difference at the 5% level.

Regression analysis was undertaken to establish the relationships between the MICs and 
isoelectric point (pi), net charge, and hydrophobic arc size of a-AMPs (Table 2). This analysis would 
suggest that on the basis of the data available there was no statistical linear correlation (p > 0.05) between 
the MICs of a-AMPs and their pi and net charge values, with the possible exception of those peptides, 
which were active against both Gram-positive and Gram-negative bacteria. In these cases there were negative 
correlations but only in respect of Gram-negative bacteria (p < 0.05) and not when the same peptides act 
upon Gram-positive bacteria. However, the small group size of {G+} and {G-} limits the reliability of this 

analysis,
A survey of the literature revealed that the pi of different AMPs were wide ranging in value. For 

example, the antifungal peptides Pharbitis m7-antimicrobial peptide 1 and Pharbitis ni7-antimicrobial 
peptide 2 are highly basic with pi values of 12.02 [20] whereas lactoferricin B exhibited a pi value of 5.5 
[21]. To-date the literature does not provide evidence to link the pi values of antimicrobial peptides to their 
MIC. Therefore it was decided to determine the pi values of each a-AMP using WinPep [22] in an attempt to 
compare this data with the MICs established from the current literature. The results of this comparison are
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shown in Table 2 and the associated statistical analysis indicated that there was no discernable correlation 
between pi and MIC.

Using potent artificial antimicrobial peptides, Giangaspero et al [7] concluded that increasing the 
net charge significantly increased potency for those peptides with similar mean hydrophobicity, 
amphipathicity and structural formation. Whilst it was not possible to undertake a similar controlled 
analysis with naturally occurring peptides, because of their structural diversity, it' was possible to 
determine whether or not there was an overall correlation between net charge and MIC for each group of a- 
AMPs. When this was undertaken, negative correlations were established for those peptides active against 
both Gram positive and Gram negative bacteria. These results were consistent with those published by 
Giangaspero et aL [7] where low net charge resulted in low potency (high MIC), and high net charge was 
associated with higher potency (hence low MIC).

Table 2. Regression coefficients (R2) and their significant (p) values are shown for association between MIC 
and pi, net charge or hydrophobic arc of individual peptides active against each of the four groups.

Data Group R2 Significant (p)
PI Net charge Hydrophobic arc PI Net charge Hydrophobic arc

{G+}
G+ activity 0.013 0.056 0,487 0.788 0.574 0.054
{G-}
G- activity 0.041 0.0015 0.275 0.631 0.928 0.182
{G+ G-}
G+ activity 0.026 0.068 0.124 0.167 0.025 0.002
G- activity 0.206 0.196 0.024 4.84 x 

lO’5
7.8x 10'1 0.185

(G+ G- F}
G+ activity 0.007 0.027 0.009 0.118 0.326 0.573
G- activity 0.004 0,023 0.071 0.723 0.363 0.099
F activity 0,067 0.099 0.007 0.118 0.055 0.616

A positive correlation was observed (Table 2) between hydrophobic arc size and MIC for a-AMP 
groups {G+}, {G-}, {G+G-} and within the {G+G-F} a positive linear association was shown for the fungal 
and Gram-positive sub-groups and a negative association for the Gram-negative sub-group. Examination of 
the regression coefficients R2 and their significance revealed that there was a significant correlation (p < 
0.05) between the variables for the sub-group Gram-positive within the (G+G-} group, However, the 
remaining regression lines were not significant (p>0.05).

The cell surfaces of bacteria and fungi are thought to form a primary defence against antimicrobial 
agents [23,24]. Positively charged AMPs are thought to demonstrate a high affinity for the negatively 
charged phospholipid head groups of the teichoic acids on the outer leaflet of the cytoplasmic membrane 
[25]. The present study would seem to confirm that this holds true and that there is also evidence to suggest



that there is a positive correlation between hydrophobic arc size and antimicrobial potency. Based on, in 
vitro studies, the size of the hydrophobic domain may appear to show a modified depth of insertion of an 
AMP [26], However, reports indicate that the outer membrane of Gram-negative bacteria only allowed 
restricted diffusion of hydrophobic substances and this may explain why they are more resistant to 
antibiotics, such as hydrophobic erythromycin and fusidic acid, than Gram-positive bacteria [27, 28],
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Are Oblique Orientated cc-Helices Used by Antimicrobial Peptides for 
Membrane Invasion?

Sarah R. Dennison , Fiederick Harris^ and David A. Phoenix^

Department of Forensic and Investigative Science and 'Deans Office, Facidty of Science, University of 
Lancashire, Preston, PR] 2HE, UK. ' J Central

Abstract: Oblique orientated a-helices are highly specialised protein structural elements that penetrate membranes 
at a shallow angle and are used to promote membrane destabilisation by a number of protein classes. Here, the use of 
extended hydrophobic moment methodology shows that the amphibian extrudates, aurein 1.2 and citropin 1.1 mav 
use oblique orientated a-helices in their antimicrobial action and that such use may be shared by ’other 
antimicrobial peptides. This appears to be the first systematic analysis of these peptides for the possession of 
oblique orientated a-helical structure. H

INTRODUCTION

Oblique orientated a-helices have been described in a 
variety of proteins and peptides, most commonly viral 
protein segments, and are differentiated from other classes of 
membrane • interactive a-helix by possession of a 
hydrophobicity gradient along the a-helical long axis [1-5]. 
This structural feature causes oblique orientated a-helices to 
penetrate membranes at a shallow angle between 30° and 
60°, resulting in membrane destabilisation and the 
piomotion of effects such as membrane fusion, haemolysis 
and the formation of non-bilayer lipid structures [3-5]. Many 
of these effects are also induced by the action of a-helical 
antimicrobial peptides (a-AMPs) on the membranes of their 
target organisms [6,7] yet no systematic investigation into 
the use of oblique orientated a-helices in this action seems 
to have been undertaken. Most recently, biophysical studies 
have shown that the amphibian a-AMPs, aurein 1.2 and 
citropin 1.1 destabilise model membranes via angled bilayer 
penetration [8]. Here, the membrane interactive potential-of 
these peptides was analysed using extended hydrophobic 
moment methodology, hydropathy plot analysis and 
graphical analysis. The results suggest that aurein 1.2 and 
citropin 1.1 may use oblique orientated a-hehces in their 
antimiciobial action and that such use may be shared by 
other antimicrobial peptides.

EXPERIMENTAL

hydrophobicity of successive amino acids in a sequence as 
vectors and sums these vectors in two dimensions, assuming 
an amino acid side chain periodicity of 100oC. The resultant 
of this summation, the hydrophobic moment, p,H, provides a 
measure of a-helix amphiphilicity.

Our analysis used a moving window of 11 residues and 
for each sequence under investigation the window with the 
highest hydrophobic moment was identified. For these 
windows, the mean hydrophobic moment, < |Uh >, and the 
con-esponding mean hydrophobicity, < H > (table 1), were 
computed using the normalised concensus hydrophobicity 
scale of [12] and plotted on the hydrophobic moment plot 
.diagram of [13] as modified by [14] to identify candidate 
oblique orientated a-helix forming segments (figure 1). 
Winpep software [15] was used to perform hydropathy plot 
analysis (figure 2) of sequences using the hydrophobicity 
scale of [12] and a seven-residue window. The software was 
also used to represent sequences as two-dimensional axial 
projections assuming an angular periodicity of j00°C (figure

Table I. Hydrophobic moment plot parameters of peptide 
sequences. Peptide sequences were analysed using the extended 
hydrophobic moment plot methodology of [I4|. For each 
peptide, the eleven window with maximal amphiphilicity 
(shown in bold) was identified and used to compute < (1^ > and 
< H>.

The primary structures of 161 known a-AMPs were 
obtained from the dataset, which was recently described by 
[9] and is available at http://www.uclan.ac.uk/facs/ 
science/biology/bru/ampdata.htm. The primary structures of 
the amphibian a-AMPs, aurein 1.2 and citropin 1.1 [8], a 
novel antibacterial peptide, VP1 [9] and the influenza HA2 
peptide [10] are shown table 1,

These sequences were analysed according to conventional 
hydrophobic moment methodology [11], which treats the

♦Address correspondence to this author at the Deans Office, Faculty oi 
,?Leilce’ University of Central Lancashire, Preston, PR1 2HE UK- Tel 

1772 893481; Fax: +1772 894981; E-mail: daphoenix@iiclan.ac.uk

Peptide Segment sequence <git> <H>
Aurein 1,2 GLFDIIKKIAESF 0.71 0.21
Citropin 1.1 GLFDVIKKVASVIGGL 0.64 0.34
HA2 fusion

peptide GLFGA1AGFIENGWECMIDC 0.48 0.23

VPi GTAMRiLGGVI 0.46 0.47

RESULTS AND DISCUSSION

Aurein 1.2 and citropin 1.1 destabilise model membranes 
via insertion at an angle between 30° and 50° [8], clearly 
showing parallels to the membrane disruptive mechanisms of 
known oblique orientated a-helix forming molecules such as 
the viral fusion peptide, HA2 [16]. Accordingly, the primary

0929-8(565/05 S50.00+.00 ©2005 Bentham Science Publishers Ltd.
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< H >< H >

Figure 1. Extended hydrophobic moment plot analyses of peptide sequences. Figure 1A shows that data points representing: aurein 
1.2 (1), citropin 1.1 (2), HA2 (3) and VP1 (4) lie in the area (shaded), indicating potential for oblique orientated a-helix formation.
Figure IB shows that over 50% of the 161 known a-AMPs forming the data set of [9] show a similar potential. All analyses were 
performed according to [14].

structures of these three peptides were characterised by < p.H 
> and < H > and plotted on the extended hydrophobic 
moment plot diagram (figure 1A), all as described by [14].

It can be seen from figure 1A that the data points 
representing each of these peptides cluster within the area 
demarking segments that are candidate oblique orientated a- 
helices. Hydrophobicity gradients are fundamental to the 
membrane disruptive mechanisms of oblique orientated cc- 
helices [3-5] and consistent with possession of this structural 
feature, hydropathy plot analysis (figure 2) showed that there 
was a hydrophobicity gradient along the primary structure of 
both aurein 1.2 and citropin 1.1. For the former peptide, 
increases in hydrophobicity were C—>N whilst for the latter 
peptide these increases were N-»C. The elevated levels of 
hydrophobicity associated with these peptide end regions can 
be clearly seen in figure 3 to coincide with the localisation of 
strongly hydrophobic residues, including leucine, isoleucine 
and phenylalanine, at the N-terminus of the aurein 1.2 a- 
helix and the -terminus of the citropin 1.1 a-helix. When 
these combined results are taken with the biophysical studies

of [8], they strongly suggest that the membrane destabilising 
mechanisms of aurein 1.2 and citropin 1.1 may involve the 
use of oblique orientated a-helical structure. Moreover, these 
results imply that these peptides may penetrate membranes 
in opposing orientations, N-terminally in the case of aurein 
1.2 and C-terminally in the case of citropin 1.1.

It can be seen from figure 3 that there are a number of 
structural similarities and differences between the a-helices 
formed by aurein 1.2, citropin 1.1 and HA2. Each possesses 
a wide hydrophobic face, which is consistent with their 
common function of membrane invasion. Each a-helix also 
possesses a hydrophilic face, which is rich in glycine 
residues, a structural feature strongly associated with oblique 
orientated a-helix formation [1-4, 14]. However, whereas the 
hydrophilic face of HA2 a-helix is anionic, those of the 
aurein 1.2 and citropin 1.1 a-helices are strongly cationic 
due to the presence of lysine residues (figure 3), reflecting 
differences in the nature of the organisms targeted by the 
biological activity of these three peptides [16-18]. 
Interestingly, the model proposed by [8] for the tilted

Residue number jj Residue number

Figure ... Hydropathy plot analysis of peptide sequences. Figure 2A shows that there is a progressive increase in hydrophobicity 
along the primary structure of :aurein 1.2, which runs C—>N. In contrast, figure 2B shows that there is a progressive increase in
hydrophobicity along the primary structure of citropin 1.1, which runs N—»C. These analyses were performed using the 
hydrophobicity scale of [12] and a seven-residue window, as described by [15],
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Figure 3. Graphical analysis of peptide sequences. Figure 3 shows the primary structures of aurein 1.2 (A), citropin 1.1 (B), HA2 (C) 
and VP1 (D), represented as two-dimensional axial projections according to [15]. It can be seen that each peptide possesses a narrow 
hydrophilic face composed of polar and charged residues (circled), which is also rich in glycine residues.

membrane penetration of aurein 1.2 and citropin 1.1 implies 
that lysines of these peptides may assist a-helix orientation 
by use of the snorkelling mechanism. According to this 
mechanism, the a-carbons of lysine and arginine residues are 
able to reside in the membrane core region whilst their long 
alkyl side-chains extend, allowing the positively charged 
moieties of these residues to engage in electrostatic 
interactions with the lipid headgroup region [19]. As can be 
seen from figure 3, the cationic region formed by the lysines 
of aurein 1.2 and citropin 1.1 shows a similar helical 
positioning to that of the cationic region possessed by the 
novel antibacterial peptide, VP1 [9]. In each case, their 
cationic region is centrally placed, both laterally and 
longitudinally (tablel; figure 1), within a narrow polar face 
(Qpoi.r = 100° - 140°) and recent biophysical studies have 
strongly suggested that snorkelling by the arginine residues, 
which constitutes the VP1 cationic region, facilitates tilted 
membrane penetration by the peptide via the formation of 
oblique orientated a-helical structure [20],

Taken together, these results suggest that the work of [8] 
may be amongst the first to describe a-AMPs that invade 
microbial membranes by the adoption of oblique orientated 
a-helical structure. However, it seems likely that other a- 
AMPs may use this mechanism of membrane invasion when 
it is considered that circa 200 a-AMPs are currently known 
and that these form approximately 25% of all known AMPs. 
To test this observation, we have taken the primary 
structures of 161 known a-AMPs from the dataset described 
by [9] and analysed them according to the methodology of 
[14], The results of these analyses are shown in figure IB 
and it can be seen that data points representing over 50% of 
the a-AMPs examined lie in the shaded area delineating 
segments that are candidates for oblique orientated a-helix 
formation. These results clearly indicate that there is a high 
incidence of a-AMPs possessing the levels of 
amphiphilicity and hydrophobicity associated with oblique 
orientated a-helix formation and we suggest that a fruitful 
area for future investigations into the antimicrobial 
niechanisms of these AMPs may be into the role of oblique 
orientated a-helices in these mechanisms.
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ABSTRACT

To achieve the full therapeutic potential offered 
by antimicrobial peptides, a greater knowledge 
of mechanisms underlying their interactions with 
microbial membrane is essential. In the present study, a 
dataset of known a-helical antimicrobial peptides (a- 
AMPs) is established and statistical investigation 
conducted into putative relationships between levels of 
microbial specificity and antimicrobial action and: 
relative amino acid frequency, net charge ratio, 
molecular weight, sequence length and pi. These 
analyses suggested that the residues D, G, H, K, L, 
M, V, W and Y play roles in both the levels of 
antimicrobial action and microbial specificity of the a- 
AMPs studied, whereas R appeared to play no such 
role(s). The molecular weights of a-AMPs ranged from 
1155 to 7432 Da whilst sequence lengths varied 
between 10 and 48 residues although these properties of 
a-AMPs appeared to be generally unrelated to the 
microbial specificity and levels of antimicrobial action 
of these peptides. The pi of a-AMPs s ranged between 
8.9 and 12,7 whilst the total net charge ratio and the 
overall net charge of these peptides ranged from 1.47 to 
5.86 and -5 to +16 respectively. Statistical analysis 
showed that each of these properties plays a role in the 
microbial specificity and levels of antimicrobial action 
shown by these peptides. It is concluded that varying the 
interplay of physiochemical properties is a strategy

*Corresponding author, 
e-mail: daphoenix@uclan.ac.uk

adopted by a-AMPs to enhance the versatility of their 
antimicrobial action, thereby making the acquisition of 
resistance to this action by microbes more difficult.

KEYWORDS: peptide, a-helical, membrane, anti
microbial, structure/ function

INTRODUCTION
Pathogens with multiple resistance to conventional 
antibiotics are responsible for a global pandemic of 
infectious diseases, precipitating an urgent need for 
new agents with novel mechanisms of antimicrobial 
action [1,2], In response, the pharmaceutical industry 
has recently given considerable attention to a class of 
such agents consisting of a-helical peptides which 
exhibit a broad spectrum of antimicrobial activity. 
These antimicrobial peptides (a-AMPs) are an 
attractive proposition as they are naturally occurring 
and their antimicrobial action involves non-specific 
interactions with the membranes of target ceils, thereby 
making it unlikely that micro-organisms will have 
acquired a tolerance to them [3,4].

Many of these a-AMPs are relatively simple cationic 
peptides, composed of 12 to 45 amino acid residues [5], 
which typically exhibit amphiphilic properties, and 
elucidation of the structure / function relationships that 
underlie their ability to destroy micro-organisms is an 
area of current, intensive research [6]. Whilst the 
prerequisite property of these bactericides is to interact 
with membranes, there are several models in the 
literature, which have been proposed to explain these 
interactions [3, 6-10]. However, surprisingly little is

mailto:daphoenix@uclan.ac.uk
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known about the precise mechanisms, which underpin 
these interactions [11].
Despite this fundamental lack of knowledge, it is 
known that amphiphilic a-helical structure is essential 
for the ability of the a-AMPs analysed to lyse bacterial 
membranes [12,13] and in conjunction with net positive 
charge, is crucially important for antibacterial activity 
[13-16]. In this paper a dataset comprising four classes 
of a-AMPs is established. These classes show: activity 
against both Gram-positive and Gram-negative bacteria 
{G+, G-}; activity against Gram-positive and Gram
negative bacteria, and fungi {G+, G-, F); activity solely 
against Gram-positive bacteria {G+}; and activity 
solely against Gram-negative bacteria {G-}. Physical 
and chemical characteristics of these classes of a- 
AMPs are then statistically analysed to identify 
properties, which mediate interactions between these 
peptides and microorganisms.

METHODS

Dataset
A dataset for 103 [G+, G-}, 42 {G+, G-, F}, 8 {G+} 
and 8 {G-}a- AMPs was established using information 
from recently published databases [3,7], For each of 
these peptides, the dataset contained: primary structural 
data, molecular weight; sequence length; net charge, 
isoelectric point (pi), and amino acid residue 
frequencies and hydrophobicities.

Amino acids abundance
For each of the four groups of a-AMPs: {0+},\{G-}, 
{G+, G-} and {G+, G-, F}, residue counts of peptide 
sequences were aggregated. Graphical comparisons 
were made for the relative frequency counts from each 
group and a comparison made to those in the McCaldon 
and Argos dataset [17] (figure 1). This latter dataset 
comprises 1021 unrelated oligopeptide sequences with 
no known antimicrobial activity (non-a-AMPs) and 
was therefore, used as a reference benchmark. Major 
differences in relative residue frequencies between any 
of the groups of a-AMPs and the non-a-AMPs reference 
dataset could indicate a functional requirement for 
antimicrobial activity.
To further appraise putative relationships between 
residue frequency and antimicrobial activity, residues 
types were divided into three classes based on their 
hydrophobicity (Table 1). These classes were devised 
to represent the degree of possible interaction between 
a-AMPs and cell membranes; motivated by the premise

that hydrophobicity is the primary property associated 
with these interactions [18]. The classification scheme 
also lias the advantage of being independent of the 
hydrophobicity scale used and has previously been 
proved to be appropriate in highlighting hydrophobicity 
based interactions [19]. Frequency counts for residues 
in each group of a-AMPs analysed were obtained, a 
contingency table of these established and a x2 test for 
association was conducted. This comparison was 
undertaken to establish if there were significant 
differences in abundances of residue types and class, 
which could be influential in successful membrane 
interaction, and thus, antimicrobial activity. Finally, the 
difference in hydrophobicity per residue for the {G+, 
G-} group of a-AMPs relative to that of the non-a- 
AMPs group was also calculated and analysed.

Molecular weight and sequence length
For each of the four groups of a-AMPs: {G+}, {G-}, 
(G+, G-} and (G+, G-, F}: the range of peptide 
molecular weights was obtained and the mean 
determined. To determine whether there were statistical 
differences between these means, an analysis of 
variance (ANOVA) was undertaken under the null 
hypotheses (Ho) that the means were the same. Tukey’s 
post-hoc Multiple Comparison test was subsequently 
conducted to identify groups of a-AMPs with 
differences in their mean values. An ANOVA and 
Tukey post-hoc testing was also undertaken for the 
means in sequence lengths for the four groups of a- 
AMPs analysed. In addition, the non-parametric 
Kruskal-Wallis test was used to confirm the ANOVA 
results for both properties.

Net charge ratio
For each of the four groups of a-AMPs: {G+}, {G-}, 
{G+, G-}. and (G+, G-, F}: the overall number 
of positive charges in the sequence of each peptide was 
individually summed. Similarly, the number of negative 
charges in each of these peptides was individually 
summed and the then net charge ratio for each peptide 
calculated, which was defined as the number of 
positively charged amino acids to the number of 
negatively charged amino acids. For these purposes, the 
amino acids arginine (R) and lysine (K) were 
considered to have a single positive charge, glutamate 
(D) and glutamic acid (E) were taken to possess a 
single negative charge, and all other residues were 
considered to have a neutral charge [20]. These charge 
ratios were then used to compare the dataset of the present
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■ {G+} 
a {G-}
B {G+,G-}
3 {G+, G-, F}
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Figure 1. The relative frequencies of amino acids in the groups of AMPs studied.

Figure 1 shows the frequency of amino acid residues in the primary structures of a-AMPs with 
activity against:: Gram positive bacteria {G+}; Gram negative bacteria {G-}; Gram positive 
and Gram negative bacteria {G+ G-}; and Gram positive and Gram negative bacteria and 
Fungi {G+ G- F}. For comparative purposes the frequencies in a random sample of 
oligopeptides has been adapted from McCaldon and Argos [11].
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Table 1. Classification of the twenty naturally 
occurring amino acid residues in accordance with their 
potential to interact with membranes.

Class Properties Amino Acids
I Hydrophobic FIL V
II Polar or charged DEHKNQR
III Weakly Hydrophobic 

or Weakly Hydrophilic
ACGMPSTWY

study with the findings of Shai and Oren [21]. 
Additionally, these charge ratios were used in 
conjunction with calculated mean minimum inhibition 
concentration (MIC) values (Table 2) to further appraise 
the observation of Hujakka et al. [22] where the 
MIC is used as an indicator of the potency of a-AMPs.

Isoelectric point (pi)
For each of the four groups of a-AMPs: {G+}, {G-}, 
{G+, G-} and (G+, G-, F), summary statistics for the 
pi values of peptides were obtained (Table 4). Those 
for the (G+, G-} and {G+, G-, F) groups were then 
inspected graphically and the non-parametric Mann- 
Whitney test was used to compare the population 
medians.

RESULTS AND DISCUSSION 

Amino acids abundance
The relative frequencies of amino acids residues for 
each of the four groups of a-AMPs analysed were 
represented graphically in the bar charts in figure 1. 
Adjacent to these data are the corresponding relative 
frequencies of residues obtained from the McCaldon 
and Argos non-a-AMPs dataset [17].
Notable similarities and differences in the relative 
frequencies of residues were observed by comparisons 
between groups of a-AMPs analysed. A high frequency 
of alanine (A), G, K and L was observed across all a- 
AMPs. The {G+, G-, F) and {G+, G-} groups showed 
generally similar residue compositions, although there 
is a greater proportion of valine (V) present in the latter 
group. There appeared to be a much higher relative 
frequency of R in the (G+, G-) and {G+, G-, F} groups 
when compared to the {G+} and (G-) groups. The 
small sample size of the {G+} and {G-} groups makes 
it inappropriate to draw firm conclusions from high 
relative frequencies such as glycine (G) in the {G-} 
group. Finally, the {G-} group appeared to be devoid of 
R and tyrosine (Y).

Similarities in residue frequencies were* observed 
between the McCaldon and Argos non-a-AMPs dataset 
[17]: and some groups of a-AMPs analysed. The 
relative frequency of serine (S) was close to that found 
in the {G+} and the {G-} groups whilst R had a similar 
relative occurrence in the (G+, G-} and {G+, G-, F) 
groups. This result is perhaps surprising as R is positively 
charged, and its presence at comparable levels in both 
a-AMPs and non-a-AMPs suggests that it may play 
only an intermediate role, in the antimicrobial activity. 
Similarly, proline (P) had comparable relative 
frequencies in the McCaldon and Argos dataset and the 
four groups of a-AMPs analysed, which suggests that 
this residue does not play a major role in antimicrobial 
activity. Generally, there is a marked difference between 
the amino acid residue composition of the a-AMPs 
studied and that exhibited by the McCaldon and Argos 
[17] data. In the cases of D, G, H, K, L, M, V, W and 
Y, the differences appear considerable and may well be 
of biological significance.

Tests for association for each of the four groups of a- 
AMPs and residue hydrophobicity class were highly 
statistically significant (x2 = 17.97; df = 6; p = 0.006). 
From an analysis of the individual contributions to 
these associations, the most notable were: {G+} had a 
significant deficiency of residues from Class I and an 
excess of those from class III whereas {G-} had a 
significant deficiency of residues from class II. In all 
three cases, these were highly significant observations 
and it would therefore appear that an increase in 
hydrophobicity per residue for the least active a-AMPs 
is likely to lead to a corresponding increase in 
antimicrobial activity.

Considering the more virulent, {G+, G-} a-AMPs there 
were noticeable differences in: the relative frequencies 
of D, G, H, K, L, M, V, W, and Y when compared to 
those for the McCaldon and Argos non-AMP dataset. 
The hydrophobicity of these residues, as measured by 
the Eisenberg consensus scale, along with their 
associated class (I, II or III) are tabulated in Table 2.

The excess hydrophobicity per residue class for the 
{G+, G-} a-AMPs over that for the McCaldon and 
Argos dataset was determined and is presented in Table 
3. As can be seen, there are small differences in all of 
the three classes and when the overall excess per 
residue was calculated, it was found to be -0.025, which 
is small on the Eisenberg consensus scale and 
statistically no different from zero. With an essential
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Table 2. Relative frequencies, associated hydrophobicities (Consensus scale) and class 
tor {G+, G-} peptide residues whose relative abundances differ from those for the non- 
a-AMP dataset.

Residue Relative frequency Hydrophobicity Class
D 0.023 -0.9 Polar or charged
G 0.120 0.48 Weakly hydrophobic
H 0.022 -0.4 Polar or charged
K 0.123 -1.5 Polar or charged
L 0.105 1.06 Hydrophobic
M 0.006 0.64 Weakly hydrophobic
V 0.094 1.08 Hydrophobic
W 0.018 0.81 Weakly hydrophobic
Y 0.005 0.26 Weakly hydrophobic

Table 3. Excess hydrophobicity per residue by class and overall.

Class Polar
Weak

hydrophobic/weak
hydrophilic

Hydrophobic Overall

Excess
Hydrophobic/residue -0.113 -0.1375 0.1319 -0.02508

Table 4. The charge ratios and MICs of the groups of a-AMPs studied.
AMP Group Charge ratio Mean MIC

Grant negative 
bacteria (uM)

Gram positive 
bacteria (uM)

Fungi (pM)

{G+l 1.47 - 15.63 M

m 3.57 5.13 - -

{G+, G-] 3.38 14.04 17.73
(G+, G-. F] 5.86 13.72 8.42 35.02

balance in relative frequency over the remaining 
residues, it would appear that there is overall constancy 
in hydrophobicity per residue between the {G+, G-} ot- 
AMPs and the McCaldon and Argos non-a-AMP 
dataset. This suggests that bulk hydrophobicity may not 
be a major influence on antimicrobial activity and that 
the distribution of residues is more likely to be 
influential, a result consistent with the requirements of 
the various interaction models proposed in the literature 
[3], A corresponding analysis could not be conducted 
on the more virulent {G+, G-, F} a-AMPs due to lack 
of data.

Molecular weight and sequence length
When the molecular weights of individual peptides

within each of the four groups of studied a-AMPs were 
compared, the {G-} peptides exhibited the narrowest 
range (1742 to 2582 Da). The {G+} peptides were seen 
to range from 2227 to 4290 Da (mean = 3272.00 Da) 
whilst those from the {G+, G-, F} group ranged from 
1393 to 4888 Da (mean = 2937.55 Da). The widest 
range of molecular weights was seen within the {G+ G-} 
group, which ranged from 1155 to 7432 Da, and had a 
mean value of 3498.53 Da (Figure 2). From Figure 2, it 
would appear that the {G+, G-} data have three positive 
outliers present (two represented by one asterix due to 
the scale of resolution). These three extreme points are 
Cecropin [23], Cecropin A1/A2 precursor [23], and 
Proievitide [24], with molecular weights of 6736, 6771, 
and 7432 Da respectively. All of these were confirmed 
as legitimate values.
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Figure 2. Box plot of molecular weight range for the 
{G+, G-} group of a-AMPs.
Figure 2 shows a box plot of molecular weight range 
for the {G+, G-) group of a-AMPs. There are three 
positive outliers (denoted by *).

The results of the ANOVA for molecular weight 
between the four groups of a-AMPs showed that there 
was a statistical significance (F3fu7= 3.93; p = 0.01) in 
mean molecular weight. Tukey’s post hoc Multiple 
Comparisons test confirmed this from a pairwise 
comparison of the mean for the {G+, G-) group and the 
{G-} group. The (G+, G-} group mean was statistically 
greater at the family significance level of 5%, 
(t = 2.679, adjusted p = 0.043). There is also some 
weak evidence, from the data, that the mean for the 
{G+, G-} group may be greater than that of the mean of 
the {G+, G-, F} group. This was not significant at the 
5% family level (t= -2.511; adjusted p = 0.062) 
however. For further confirmation of these results, the 
ANOVA and Tukey’s post hoc Multiple Comparisons 
tests for the dataset were repeated with the outliers 
removed. The resulting p-value from the ANOVA was 
again significant at the 5% level (Fjtis4= 3.46; p=0.018) 
and the difference between the means for the {G-} and 
{G+, G-} groups was confirmed (t=2.651; adjusted 
p=0.0435). There was no evidence that the means for 
the {G+, G-} and {G+, G-, F} groups differ however 
(t= -2.199; adjusted p=0.1282). There is consequently 
some evidence that consistent increases in molecular 
weight, either directly or as an artefact due to 
correlation with some other property or properties of 
amino acid residues, contributes to an increase in 
antimicrobial activity.
When the sequence length of individual peptides within 
each of the four groups of studied a-AMPs was 
compared, the {G-} peptides exhibited the narrowest 
range (19 to 27 amino acid residues). The (G+) 
peptides were seen to range from 21 to 43 residues with

the (G+, G-, F} group ranging from 13 to 4f> residues. 
The widest range of sequence lengths was shown by the 
{G+,>’G-} group, which ranged between 10 and 48 
residues (Figure 3). Figure 3 shows that {G+, G-} data 
have positive outliers present and inspection shows that 
these three extreme lengths are associated with the 
same peptides as those exhibiting extreme molecular 
weights. These extreme lengths are 63, 63 and 68 
residues respectively. A further seven values are some 
distance from the remaining peptide lengths (Figure 3.); 
these were 61 residues in length (Cecropin 2 Precursor
[25] ), two comprising 60 residues (Antibiotic peptide 
Cecropin B1 [26] and Antibiotic peptide Cecropin B2
[26] ) and a further four with 59 residues {Bombyx mori 
cecropin precursor [27], antibiotic peptide cecropin C2 
[26], Antibiotic peptide cecropin Al [26] and 
Antibiotic peptide cecropin A2 [26]). The additional 7 
peptides were confirmed as legitimate values.
The results of the ANOVA for sequence length 
suggested that there is also a statistical significance in 
mean sequence length (Fj^st2^ 3.51; p = 0.017) for the 
groups of AMPs investigated. Tukey’s post hoc 
Multiple Comparisons test showed that the mean for the 
{G+, G-] group was statistically greater than that of the 
{G+, G-, F) group at the family significance level of 
5%, (t = -2.664; adjusted p = 0.042).
For further appraisal of these results, the ANOVA for 
the dataset with the 3 most extreme outliers removed 
was repeated. The resulting p-value from the ANOVA

(G+G-}

Figure 3. Box plot of sequence length range for the 
(G+, G-} group of a-AMPs.
Figure 3 shows a box plot of sequence length range 
for the (G+, G-} group of AMPs. Each of the three 
most extreme outliers are indicated by an asterisk 
where two are concurrent.
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was significant at the 5% level (F3,i54= 3.0; p=0.033) 
but the difference between the means for the {G+, G-} 
and {G+, G-, F} groups were not significant at the 5% 
level (t=-2.363; adjusted p=0.0886).

Inspection of the residuals from the ANOVA’s for both 
the molecular weight and sequence length data, 
however, suggested there was violation of the constant 
variance assumption and Normality for the errors. 
Although ANOVA is known to be robust to minor 
violations of the distributional assumptions, for further 
confirmation the non-parametric Kruskal-Wallis test 
was also performed on the original data for both the 
molecular weight and sequence length. This test was 
significant for the means of the molecular weights 
(Kruskal-Wallis statistic = 12.33, p = 0.007). This was 
also the case for the means of the sequence length data 
(Kruskal-Wallis statistic = 9.24; p = 0.026). The 
ANOVA results were consequently confirmed for both 
of these properties for the full dataset.

The results of the present study suggest that there is a 
significant difference in mean molecular weights 
between the {G+, G-} and {G-} as well as weak 
evidence for the (G+, G-) and {G+, G-, F} groups, 
with the {G+, G-} being larger in both instances. 
Furthermore there is some evidence from the data that 
the mean sequence lengths between the {G+, G-} and 
{G+, G-, F} groups may differ, again with the {G+, G-} 
group having the larger values.

Net charge ratio
The number of positively charged amino acid residues 
consistently exceeded the number of negatively charged 
residues in each group of a-AMPs sudied. The {G+} 
group exhibited the least charge differential with a 
positive to negative ratio of 1.47. Furthermore, this was 
the only group with peptides present possessing a 
negative resultant charge (two with corresponding 
charge ratios of 0.33 and 0.375 respectively out of 8 
peptides). The remaining three groups demonstrated 
greater differentials with the {G-} and {G+, G-) groups 
exhibiting very similar ratios of net positive to negative 
charged residues (3.57 and 3.38 respectively). The 
greatest charge differential (positive to negative ratio of 
5.86) was shown in the {G+, G-, F} group, Whilst 
comparative studies do not appear in the literature, Shai 
and Oren [21] having studied several hundreds of 
AMPs, observed that the overall net charge of the vast 
majority of these peptides was positive. Oren et al., 
[28] further argue that positive charge mediates the 
interaction of a-AMPs and the negatively charged 
membranes of target microbes.

According to Hujakka et al., [22] it would also appear 
that within limits, increasing positive charge enhances 
the antimicrobial activity of AMPs. The data of the 
present are consistent with the claim of Hujakka et al., 
[22] for the {G+} and (G-) peptides. Although it is 
more difficult to validate this for the {G+, G-} and 
{G+, G-, F} groups due to the average MIC level of 
activity being different for Gram-positive, Gram
negative and antifungal activities. From inspection of 
Table 4 it would appear that this property does not hold 
across the range of antimicrobial activity for increasing 
net positive charge. Specifically, the average MIC for 
Gram-positive activity for the {G+, G-} group is higher 
than that for the {G+} group indicating a reduction in 
antimicrobial capability. This is despite having an 
approximately 2.25 factor increase in charge ratio. 
Furthermore, the average MIC for Gram-negative 
activity for peptides from the (G+, G-, F) group has a 
2.5 fold increase in average MIC relative to the {G-} a- 
AMPs, for an increase in over 50% in the net charge 
ratio, again at variance to .premise of Hujakka et al. 
[22]. Although there is no agreed control of 
experimental conditions when deriving MIC levels, 
which will inevitably lead to a high variability in 
reported values from separate sources, and there are 
several unknown and therefore missing MIC values, 
these results do appear to be of biological as well as 
statistical significance.

Isoelectric point (pi)

The isoelectric point of the majority of a-AMPs was 
observed to be between a value of 8.9 and 12.7 which is 
consistent with the findings of Ennahar et al., [29] who 
noted that a-AMPs active against bacteria had pi 
values in the range 8.3 to 10.7. However, there are pi 
values for peptides active against Gram-positive 
bacteria which extend below this range to 4.20. The 
peptides active against {G+, G-, F} were seen to exhibit 
the widest range of pi values (5.6 to 12.7).

The summary statistics for the pi values for each group 
of a-AMPs are presented in Table 5. These data show a 
substantial difference in the mean value for the {G+} 
group relative to those of the other groups. 
Furthermore, the dispersion for the {G+} and the {G-} 
groups are also distinctly different with the {G+} 
having substantially higher variability and the {G-} group 
a noticeably lower variability as measured by the 
sample deviation. The summary of the statistics for the
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Table S. Summary statistics for pi values for the groups of a-AMPs 
studied. ;

Group Mean Median StDev

{G-} 10.413 10.5 0.615

{G+} 7.925 8.9 2.484

{G+, G-) 10.492 10.8 1.247

{G+, G-, F) 10.910 11.05 1.167

(G+, G-} and {G+, G-. F} groups are reasonably 
similar and do not appear to be skewed.

The spread of the pi values for the 103 {G+, G-} and 
42 {G+, G-, F} peptides is shown in the box plot of 
Figure 4. This confirmed the observations based on the 
summary statistics in Table 5. The {G+, G-} group had 
3 outliers whereas the {G+, G-, F} group has a single 
outlier. This is consistent with the relative number of 
peptides present in the two groups.

As neither of the groups had Normally distributed data, 
a difference in median values was tested for using the 
Mann-Whitney test This test was not significant at the 
5% level (Mann-Whitney statistic = 7099.0; p = 0.0671 
(after adjustment for ties)). The pi values for the two most 
virulent peptides groups would appear, on average, to

12 -
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Group 0 = {G+G-}; 1 = {G+G-F}

Figure 4, Box plot of pi range for the (G+, G-} and 
{G+, G-, F) groups of a-AMPs.
Figure 4 shows a box plot of pi range for {G+, G-) 
and {G+, G-, F} groups of a-AMPs where extreme 
outliers are indicated by an asterisk.

be similar. This is to be contrasted with that for the 
(G+) and {G-} groups of a-AMPs.

The pi can be considered as a measure of the impact 
that the electrostatic potential of residues have in the 
immediate proximity of their parent peptide and will 
therefore impact upon membrane interaction. It should 
be noted that both the sample mean and sample median 
values for pi for the {G+, G-, F} group are larger than 
those of the {G+, G-) group, which in turn are larger 
than the less virulent {G+} and {G-} group of peptides. 
This does seem intuitively correct and provides 
anindication that pi can be taken as a crude measure of 
the level of antimicrobial activity exhibited by a- 
AMPs.

CONCLUSIONS

In an attempt to determine how different groups of a- 
AMPs may differ in respect of their amino acid 
composition and amino acid frequency, a comparison 
was made with data from the McCaldon and Argos 
non-a-AMPs dataset [17].

Between the groups of a-AMPs analysed, the {G-} 
group was seen to be devoid of R and Y. Between 
groups of a-AMPs and peptides of the McCaldon and 
Argos dataset, there were marked differences in the 
relative frequencies of individual residues. Whilst the 
relative frequency of R was similar for the McCaldon 
and Argos dataset and the {G+, G-}, (G+, G-, F} 
groups, it was found at a lower frequency in {G+}, In 
contrast the relative frequency of K was far greater in 
all the groups of a-AMPs studied and charged residues 
are important in ensuring that there is an initial 
interaction between these peptides and membranes 
[30]. Hydrophobic residues such as A, G, and L also 
appeared at a higher frequency in a-AMPs when 
compared to the McCaldon and Argos dataset and 
the juxtaposition of these hydrophobic and charged 
residues would enhance the structural amphilicity
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necessary for the antimicrobial action of a-AMPs. 
Moreover, the excess of hydrophobic and charged 
residues over the reference dataset of McCatdon and 
Argos is consistent with the observations of Oren el aL, 
[28] who varied the hydrophobicity and net positive 
charge of a-AMPs and showed that modulating these 
properties was sufficient to confer both antibacterial 
activity and microbial cell selectivity. Unfortunately, 
the present study possesses insufficient data to 
investigate the spatial distribution of residues but based 
on the results of Oren et aL, [28], it is probable that the 
spatial distribution of residues is as important as their 
presence per se to antimicrobial activity of a-AMPs. 
Comparing the hydrophoboicity per residue for the 
{G+, G-} group of a-AMPs to that of the McCaldon 
and Argos dataset suggested that there is no difference 
in the bulk hydrophobicity of peptides from the two 
groups. Given that the hydrophobic properties of a- 
AMPs are known to be highly important to their 
antimicrobial action, this result further emphasises the 
importance of residue spatial arrangement over overall 
residue composition in this action.

If an a-AMPs is to be effective there has to be an 
electrostatic interaction between the peptide and the 
membrane [11,30], Constituent amino acids were 
classified according to their individual hydrophobic 
properties [18] and then a statistical analysis was 
undertaken to investigate the overall association 
between hydrophobicity and the micro-organism target 
group. It would appear that the a-AMPs active against 
the {G+} group require amino acids which are mainly 
weakly hydrophobic or hydrophilic. However, a-AMPs 
active against the {G-} group require a high proportion 
of hydrophobic and hydrophilic amino acids but are 
deficient in polar or charged amino acids.
Previous researchers have not attempted to compare 
either sequence lengths or molecular weight and 
antimicrobial activity, although Shai and Oren [21] did 
observe that a-AMPs had less than 60 amino acids, 
which is consistent with the majority of peptides in the 
dataset of the present study. The a-AMPs studied by 
Tossi et at., [7] all had less than 40 amino acids and the 
a-AMPs reviewed by Hancock and Diamond [31] had 
sequence lengths ranging from 12 to 50 residues. There 
is evidence from the data of the present study that the 
mean of the molecular weight for the {G+, G-, F] 
group has a significantly shorter mean than that for the 
less virulent {G+, G-} group. Although there was only 
weak evidence that this was the case for mean sequence 
length, Giangaspero et at. [30] also concluded that

shortened a-AMPs can be more highly active although 
these observations were based on synthetic a-AMPs.
The • total net charge of all the peptides varied 
considerably, ranging from -5 to +16, which closely 
approximates the range observed by Tossi ei aL, [7]. 
The total net charge for peptides active against Gram
positive bacteria was in the range -5 to 4. The 
remaining peptides exhibited net charges between -1 
and + 16 with the majority being within the range +1 to 
10. Peptides active against Gram-negative bacteria 
tended not to exhibit the same range as the (G+, G-} 
and {G+, G-, F} groups, which were limited to a net 
charge from +1 to +4. Giangaspero et at., [30] noted 
that artificially increasing the total net charge on a 
peptide to +8 resulted in increased activity towards 
fungi (yeasts) but at the expense of activity against 
bacteria. Tossi et at., [6,7] observed that within the 
cecropin and cathelicidin peptides the most active 
peptides ranged from +4 to +6 whereas the present 
study revealed a range from +2 to +6 .
The present study confirmed that there is generally an 
excess of positively charged to negatively charged 
residues present in a-AMPs. This is consistent with the 
observation of Shai and Oren [21] but shows the claim 
made by Hujakka et at., [22] that an increase in positive 
charge, and consequently net charge ratio, leads to an 
increase in anti-infectious activity is only broadly true. 
Using data of the present study and published MIC 
data, several discrepancies to this general rule were 
highlighted. Lesser activity was noted against Gram
positive bacteria for the {G+, G-} group relative to that 
of the {G+} group despite a considerably smaller net 
charge ratio. The Gram-negative activity from the (G+, 
G-, F} a-AMPs is also generally less than that of the 
{G-} group with an associated net charge ratio which is 
substantially higher. Both these results would appear to 
be anomalies.
The mean pi was shown to be similar for the most 
virulent groups of a-AMPs, {G+, G-} and {G+, G-, F). 
With reference to summary statistics, this appears to be 
greater than the means for the {G+} and {G-} groups 
and indicates that pi is associated with antimicrobial 
activity. This would suggest that higher antimicrobial 
activity is associated with increases in pi level.
In summary, the molecular weight and sequence length 
of a-AMPs appear to have no major influence on the 
antimicrobial efficacy of these peptides. Nonetheless, 
most AMPs are short, low molecular weight peptides 
and the value of this may be that these peptides are 
metabolically economical to the host and can be more
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easily stored in large amounts thereby increasing the 
efficiency of host response to microbial attack. In 
contrast, pi, net charge, and a number of key cationic 
and hydrophobic residues are factors that appear to play 
roles in determining the microbial specificity and anti
microbial activity of a-AMPs. However, the relative 
contributions made by these factors vary with no truly 
general relationships between individual factors and 
antimicrobial efficacy apparent. It may be that varying 
the interplay of these, and other, factors is a strategy 
adopted by a-AMPs to enhance the versatility of their 
antimicrobial action, thereby making the acquisition of 
resistance to this action by microbes more difficult.
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API (GEQGALAQFGEWL) was shown by theoretical analysis to be an 
anionic oblique-orientated a-helix former. The peptide exhibited a mono- 
layer surface area of 1.42 nm2, implying possession of a-helical structure 
at an air/water interface, and Fourier transform infrared spectroscopy 
(FTIR) showed the peptide to be a-helical (100%) in the presence of vesi
cle mimics of Escherichia coli membranes. FTIR lipid-phase transition 
analysis showed the peptide to induce large decreases in the fluidity of 
these E. coli membrane mimics, and Langmuir-Blodgett trough analysis 
found the peptide to induce large surface pressure changes in monolayer 
mimics of E, coli membranes (4.6 mN-m-1). Analysis of compression iso
therms based on mixing enthalpy {EH) and the Gibbs free energy of mix
ing (AGMix) predicted that these monolayers were thermodynamically 
stable {EH and AGMjx each negative) but were destabilized by the pres
ence of the peptide {EH and AGmix each positive). The peptide was found 
to have a minimum lethal concentration of 3 mM against E, coli and was 
seen to cause lysis of erythrocytes at 5 mM. In combination, these data 
clearly show that API functions as an anionic a-helical antimicrobial pep
tide and suggest that both its tilted peptide characteristics and the com
position of its target membrane are important determinants of its efficacy 
of action.

Globally and particularly in developing countries [1], 
antimicrobial drug resistance has become a major prob
lem, resulting in a decline in the effectiveness of existing 
antimicrobial agents [2]. As a consequence, infections 
have been rendered more expensive and harder to treat, 
and epidemics have been made more difficult to con
trol. Moreover, many previously treatable infectious 
diseases such as tuberculosis now have greatly 
increased rates of morbidity and mortality [3]. In 
response, the pharmaceutical industry has investigated

Abbreviations
ot-AMP, ct-helicai antimicrobial peptide; API, GEQGALAQFGEWL; FTIR, Fourier transform infrared spectroscopy; 0le2PtdEtn, 
dioleoylphosphatidylethanolamine; O^PtdGro, dioleoylphosphatidylglycerol; SUV, small unilamellar vesicle.

a number of compounds with the potential to act as 
new and effective antimicrobial agents [4], ranging from 
photosensitizing dyes [5] to nucleosides [6j. A recent 
focus of these investigations has been a-helical anti
microbial peptides (a-AMPs) which are components of 
mammalian innate immune systems [7-10],

Generally, a-AMPs are cationic [11,12], which facili
tates their interaction with the anionic membranes 
of microbial cells, and they exert their antimicrobial 
action by the use of nonreceptor-based mechanisms of
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membrane invasion [13,14]. The relatively nonspecific 
nature of these mechanisms renders the development 
of acquired microbial resistance to a-AMPs unlikely, 
although several mechanisms of inherent resistance to 
these peptides have been reported [11,15,16]. The most 
common of these mechanisms is exhibited by both 
Gram-positive and Gram-negative pathogens and 
effectively involves the reduction of anionic lipid con
centrations in the bacterial cell envelope, thereby inhib
iting the membrane-binding ability of cationic a-AMPs 
[17-19].

Most recently, theoretical studies have suggested 
that many a-AMPs may destabilize bacterial mem
branes by the use of oblique orientated a-helical struc
ture [20], which has been experimentally demonstrated 
for the amphibian a-AMPs: aurein 1.2, citropin 1.1 
and caerin 1.1 [21]. These a-helices have been described 
in a variety of proteins and peptides, most commonly 
viral protein segments, and are differentiated from 
other classes of membrane-interactive a-helices in that 
they possess a hydrophobicity gradient along the 
a-helical long axis. This structural feature causes an 
a-hclix to penetrate membranes at a shallow angle of 
30-60 thereby disturbing membrane lipid organiza
tion and compromising bilayer integrity [22,23].

Among the a-AMPs predicted to form oblique- 
orientated a-helices [12] are a small number that are 
negatively charged, such as the amphibian peptide 
maximin H5 [24], It has been suggested that anionic 
a-AMPs may have evolved to counter microbe resist
ance to cationic a-AMPs, which would seem to make 
these former peptides well suited for development as 
novel antimicrobial agents directed against such organ
isms [24,25],

There appears to have been little research into the 
mode of membrane interaction used by anionic 
a-AMPs, although photodynamic antimicrobial studies 
have shown nonpeptide anionic molecules to be effect
ive against Gram-negative bacteria because of their 
ability to penetrate the membranes of these organisms 
[26,27]. Pathogenic Gram-negative bacteria are becom
ing increasingly problematic in areas ranging from 
health care to the food industry [28-31], therefore 
in this study we analysed a novel synthetic peptide, 
API (GEQGALAQFGEWL), as a potential anionic 
a-AMP against Escherichia coli. The sequence of API 
was designed to form a membrane-interactive oblique 
orientated a-helix, shown here by theoretical analysis, 
and Fourier transform infrared spectroscopy (FTIR) 
confirmed that the peptide was a-helical in the pres
ence of lipid vesicles that mimicked membranes of 
E. coli. A standard toxicity assay showed that 
API inactivated the organism, and the use of

Langmuir-Blodgett troughs showed that the peptide 
inserted strongly into lipid monolayers that mimicked 
E. coli membranes. Compression isotherm analysis 
indicated that lipid monolayers mimicking E. coli 
membranes were thermodynamically stable but were 
destabilized by the presence of APT FTIR lipid-phase 
transition analysis showed that the peptide induced 
changes in the membrane fluidity of E. coli mem
branes, which were consistent with penetration of the 
hydrophobic core of these membranes. API was found 
to lyse erythrocyte membranes, and, on the basis of 
these combined data, it is suggested that the peptide 
functions as an anionic membrane-interactive a-AMP. 
These data also suggest that the antimicrobial activity 
of API depends on both the structural characteristics 
of its tilted peptide architecture and the lipid packing 
of its target membrane.

Results
The influenza HA2 fusion peptide is known to form a 
membrane-interactive oblique orientated a-helix [32], a 
secondary-structural motif recently postulated to fea
ture in the action of a range of a-AMPs [20]. A seg
ment of the HA2 peptide (GLFGAIAGFIENG), 
which is key to its structure and underlying hydro
phobicity gradient, was used as a basis for the hydro
phobicity gradient of the API peptide, thereby giving 
these peptides 62% sequence homology. The sequence 
of API is predicted to produce an a-helical peptide 
with structural features that are characteristic of both 
this oblique orientated a-helix and the established 
anionic a-AMP, maximin H5. Figure 1A shows that, 
when the sequences of these three peptides were ana
lysed using extended hydrophobic moment plot meth
odology, the resulting data points were proximal and, 
along with those of ^ 50% of the a-AMPs studied, 
are candidates to form oblique orientated a-helices. 
Figure IB shows that, in an a-helical conformation, 
API would possess a hydrophobic arc size of 90 °, and 
Fig. 2 indicates that this value (Fig. 2A) and the mean 
hydrophobic moment of the peptide (0.35; Fig. 2B) are 
highly comparable to those of maximin H5. However, 
Fig. 2A,B also show that, for both peptides, these val
ues fall in the lower quartile of those observed for the 
cationic a-AMPs tested.

Monolayer analysis showed that increasing con
centrations of API in the subphase of a Langmuir- 
Blodgett trough led to progressively greater interfacial 
surface pressures until, at 20 |J.M peptide, a maximal 
value of 11.5 mN-m”1 was observed (Fig. 3). Above 
this peptide concentration, surface pressures were 
effectively constant, which indicates that 20 p.M API
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1.25-

0.75-

0.25-

Fig. 1. (A) Extended hydrophobic moment plot analysis of API (A), 
the known anionic a-AMP, maximin H5 (•), and peptides of the 
a-AMP dataset (http://www.uclan.ac.uk/biology/bru/amp_data.htm), 
all as described in the text. API, maximin H5, and «50% of the 
peptides in the dataset are represented by data points that lie in 
the shaded region, delineating candidacy for oblique-orientated 
a-helix formation. (B) Sequence of API represented as a 2D axial 
projection. This a-helix possesses a hydrophilic face, which is rich 
in glycine residues and polar residues (circled), and a hydrophobic 
face formed from bulky apolar residues with a centrally placed glu
tamate residue.
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Fig. 2. Box plot for the hydrophobic arc size (A) and mean hydro- 
phobic moment (B) of API, maximin H5, which is a known anionic 
a-AMP, and the a-AMP dataset, http://www.uclan.ac.uk/biology/ 
bru/amp_data.htm, all determined as described in the text. API and 
maximin H5 show comparable amphiphilic properties, which gener
ally lie in the lower quartile range of the dataset.

was the minimum bulk concentration required to sat
urate the air/water interface with the peptide under 
these experimental conditions. These data were used to

API concentration (m)

Fig. 3. API surface pressure as a function of peptide concentration. 
Increasing concentrations of API were injected into a Tris/HCI buf
fer subphase (10 mw, pH 7.5) of a Langmuir-Blodgett system. At 
each API concentration, the peptide was allowed to equilibrate, 
and the surface pressure determined and plotted, all as described 
in the text.

Table 1. Surface excess (F) and interfacial surface area per API 
molecule (A) for various molar subphase concentrations (O of the 
peptide where n is the interfacial pressure increase. Values for 
these parameters were derived using API surface pressure data 
from Fig. 3 with G computed using Eqn (1) and A computed using 
Eqn (2), all as described in the text.

c tt A
(HM) (mN’m-1) r (nm2)

0 0 - -

0.5 0.9 4.8 x 10"8 48.44
1 5.15 3.1 x 10‘7 5.44
2 6.5 4.3 x 10~7 3.87
5 7.9 6.1 x 10”7 2.72
10 9.32 8.3 x 10“7 2.00
15 10.65 1.0 x 10-6 1.59
20 11.26 1.2 x 10"6 1.40
25 11.32 1.3 x 10-6 1.27
30 11.33 1.3 x 10"6 1.26

determine the corresponding interfacial surface area 
per API molecule (Table 1), and, for 20 gM peptide, 
extrapolation provides an estimate of peptide surface 
of 1.40 nm2, which is comparable to that found for 
peptides that adopt a-helical structure [33].

When spread from chloroform on to the subphase 
of a Langmuir-Blodgett trough, API formed stable 
monolayers. Under compression, these monolayers 
showed collapse pressures in the region of 20 mN-m-1 
(Fig. 4), indicating the presence of a well-ordered 
monolayer [34]. Compressibility moduli, Cs-1, were 
derived from these isotherms (Table 2) and generally 
decreased with increasing surface pressure, indicating 
that the monolayer is in the protein phase [35]. 
Figure 4 also shows that the area per API molecule
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Fig. 4. A pressure-ares isotherm for an API monolayer. The pep
tide was soread from chloroform on to a Tris/HCI buffer subphase 
(10 mw, pH 7.5). The variation of surface pressure with area oer 
peptide molecule was monitored as monolayers were compressed 
and plotted, all as described in the text.

Table 2. Compressibility moduli (C,~1) of lipid monolayers at vary
ing surface pressure (n) (all values mN-m-1). Values of C, 1 were 
computed using data from compression isotherms (Fig 9) and Eqn 
(3). Monolayers were formed from either Ole2PtdGro, O^F^dEtn, 
cardiolipin, or lipid mixtures that corresponoed to membranes of 
E. coii, all as described in the text.

Pressure n 
(mN-m-1)

C,"1 (mN-m-1 )

Cardiolipin £. coliOlejPtdGro Ole2PtdEtn

5 17.3 29.3 11.1 26.6
10 14.5 28.8 13.8 25.3
15 12.1 24.5 16.2 23.7

corresponding to this collapse pressure was 0.33 nm2. 
The extrapolated area at ti = 0 mNin 1 for the iso
therm provides a measure of the mean monolayer 
surface area per API molecule [36]. This area was 
1.42 nm2 per API molecule and is comparable to the 
value of 1.40 nm2 calculated above for the peptide 
using Eqns (1) and (2) (Table 1). Although towards 
the lower end of the expected range, this would 
approximate to that predicted for API if the peptide 
was orientated perpendicular to the air/water interface 
(1.77 nm2 [37]), but may also indicate the presence of 
some non-a-helical structure in API.

FT1R conformational analysis showed that API 
adopted predominantly [3-type structures in solution. 
However, at lipid to peptide ratios of 50 : 1 and above, 
the peptide adopted =100% a-helical structure in the 
presence of lipid assemblies that mimicked membranes 
of £. coli (Fig. 5). This conformational behaviour is 
similar to that shown by most a-AMPs, which are gen
erally non-a-helical in solution but assume a-helical 
structure at the microbial interface [38-40].

Antimicrobial properties of an anionic a-helical peptide

1700 1680 1660 1640 1620 1600
Wavenumber (cm1)

1700 1680 1660 1640 1620 1600
Wavenumber (cm1)

Fig. 5. FTIR conformational analysis of API in the presence of 
SUVs with lipid compositions that correspond to those of E. coli 
membranes, all as described in the text. The numbers annotating 
spectra indicate peak band absorbancies. For each spectrum, the 
relative percentages of a-helical structure (1650-1660 cm"1) and 
(J-sheet structures (1625-1640 cm"1) were computed, all as des
cribed in the text. In aqueous solution, API was predominantly 
formed from 6-type structures (A), but in the presence of E. coli 
membrane mimics (B), the peptide was 100% a-helical.

A standard toxicity assay established a minimum 
lethal concentration of 3 mM for API when directed 
against E. coli. Analysing the number of colony form
ing units over time showed that, at this concentration, 
the peptide took 1 h to induce 100% cell death 
(Fig. 6).

Microbial membrane invasion is the primary killing 
mechanism used by most a-AMPs [41,42]. FTIR con
formational analysis shows that, in the absence of 
API, small unilamellar vesicles (SUVs) mimetic of 
E. coli membranes underwent transition from the gel 
phase to liquid crystalline phase over the temperature 
range 20-70 °C with a concomitant increase in mem
brane fluidity, as indicated by the rise in wavenumber 
from =2851.0 cm-1 to 2852.3 cm-1. The presence of 
API caused no apparent shift in the temperature range 
of these phase transitions but, over this temperature 
range, induced a significant decrease in the membrane 
fluidity of E. coli membranes (Fig. 7).

API also interacted with lipid monolayers that were 
mimetic of E. coli membranes (Fig. 8), inducing

FEES Journal 273 (2006) 3792-3803 e 2006 The Authors Journal comoilation © 2006 FEES
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■s 100 -

4 60 -

Time (h)

Fig. 6. Time course for the viability of E. coli represented as per
centage death rate in the presence of API (3 mivi). At these con
centrations, the peptide is bactericidal, achieving a 100% death 
rate after 1 h. The percentage death rate was determined by com
parison with identical noninoculated control cultures, all as des
cribed above, and error bars represent the standard error on three 
replicates.
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Fig. 7. FTIR lipid-phase transition analyses of SUVs with lipid com
positions that correspond to those of £ coli membranes, all as des
cribed in the text. In the absence of API (V) model membranes of 
E. coli underwent a transition from the gel phase to the liquid crys
talline phase liquid over the temperature range 30-70 °C with a 
concomitant increase in membrane fluidity s indicated by the rise in 
wavenumber from «2851.0 cm"1 to 2852.3 cm-1. The presence of 
API caused no apparent shift in this temperature range but induced 
a significant decrease in the membrane fluidity of E. coli mem
branes, which is consistent with the peptide penetrating the hydro- 
phobic core of these membranes.

maximal changes in surface pressure of 4.6 mN-m-1 
after 6500 s. This was further investigated by thermo
dynamic analysis of compression isotherms derived 
from monolayer mimics of E. coli membranes in either 
the absence (Fig. 9A) or presence of API (Fig. 9B). 
C,-1 were derived from these isotherms (Table 2), and 
C,-1 is seen to be generally low, indicating that the 
lipid monolayers analysed were in a liquid expanded 
phase [35] and, thus, are more fluid and possess high

10000 15000 20000

Time (s)

Fig. 8. Time course of interactions between API and monolayers 
with lipid compositions that correspond to those of E. coli mem
branes, all as described in the text. Monolayers were at an initial 
surface pressure of 30 mN-m-1, mimetic of naturally occurring 
membranes, and the peptide was introduced into the subphase to 
give a final concentration 20 pw, all as described in the text.

S 30 -

t 10 -

Area per lipid molecule (nmJ)

B

£ 10 -

Area per lipid molecule (nm2)

Fig. 9. Compression isotherms of monolayers formed from: lipid 
compositions that correspond to those of E. coli membranes (a), 
Ole2PtdEtn (b), Ole2PtdGro (c) and cardiolipin (d). The variation of 
surface pressure with area per lipid molecule was monitored as 
monolayers were compressed on a Tris/HCI buffer subphase 
(10 itim, pH 7.5) either in the absence of API (A) or containing API 
with a final concentration of 20 |iM (B), all as described above.
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Table 3, Gibbs free energy of mixing (AGmix). interaction parameter («) and enthalpy of mixing (AH) at varying surface pressure (n) for lipid 
mixtures that correspond to membranes of E. coli. Values for these parameters were computed either in the presence or absence of API 
using date from compression isotherms (Fig. 9) in conjunction with Eqns (4), (5) and (6), respectively, all as described above._____________

Pressure
Tt (mhlTn-1)

AGm« (J-mo!-1) a AH (J-mor1)

-API +AP1 -API +AP1 -API J ' +AP1

5 -106.11 0.60 -7.35- * 0.04 -8986,72 51.00

10 -258.02 7.91 -17.88 0.55 -21852.82 669.85

15 -387.10 12.51 -26.83 0.87 -32785.45 1059.37

compressibility. Table 2 also shows that API induced 
a general decrease in C,-1 with rising monolayer sur
face pressure, indicating expansion of these bacterial 
membrane mimics because of peptide interactions.

Values for the Gibbs free energy of mixing (AGMi*) 
(Table 3) were derived from the compression isotherms 
shown in Fig. 9. It can be seen from Table 3 that 
AC?Mix for £'• coli model membranes varies with surface 
pressure and according to the presence or absence of 
API. Table 3 shows that values of AGMix for these 
E, coli model membranes are much lower than RT 
(2444.316 J-moF1), indicating that deviations from 
ideal mixing behaviour are small. In the absence of 
API, negative values of AGM« were observed for 
E. coli model membranes (Table 3), indicating a stable 
monolayer. However, in the presence of API (Table 3), 
positive values of A<jMu are observed for E, coli model 
membranes, indicating that, although the lipids form
ing these monolayers are miscible, repulsive interac
tions are established in the presence of the peptide, 
thereby decreasing membrane stability. These values of 
AGwi* become progressively more positive as surface 
pressure increases, showing that, at higher surface 
pressures, mutual interactions between the component 
molecules of these membranes are weaker than those 
occurring in monolayers formed by their pure compo
nents [43], becoming increasingly less stable with 
compression. This instability may contribute to the 
susceptibility of E. coli model membranes to the action 
of APT

An important determinant of the susceptibility of 
membranes to a-AMPs is the packing characteristics 
of the individual membrane lipids [44], To evaluate the 
nature of interactions between the component lipid 
molecules in E. coli model membranes, the interaction 
parameter, a, and the mixing enthalpy, AH, were com
puted (Table 3). It can be seen from Table 3 that, in 
the absence of API, values for a and AH are negative 
for these model membranes, but, in the presence of the 
peptide, they are positive. These results confirm that 
E. coli membranes are thermodynamically less stable 
in the presence of API, further supporting the sugges
tion that this instability may contribute to the

susceptibility of E. coli to the antimicrobial action of 
the peptide.

Discussion
The biological action of many pore-forming and lytic 
peptides involves membrane destabilization by the use 
of lipid-interactive oblique-orientated a-helical struc
ture [22], and such structure also appears to be used 
by many a-AMPs [20]. It has been suggested that 
anionic a-AMPs and their analogues may serve as 
complements to their cationic counterparts in some 
therapeutic contexts [24,25]. Here, a synthetic peptide, 
API, was prepared to observe whether anionic pep
tides with tilted peptide characteristics could be 
designed to act as potential anionic a-AMPs.

Theoretical analysis confirmed that the peptide pos
sessed the potential to form an a-helix with a balance 
between amphiphilicity and hydrophobicity, and struc
tural characteristics that are associated with oblique- 
orientated a-helices (Figs 1 and 2). It can be seen from 
Fig. IB that the API a-helix possesses a glycine-rich 
polar face, and it has previously been shown that simi
larly located glycine residues are critical for maintaining 
the hydrophobicity gradients associated with mem
brane-interactive oblique-orientated a-helices [45]. It 
can also be seen from Fig. IB that the API a-helix pos
sesses a wide hydrophobic face rich in bulky amino-acid 
residues, and, in combination with a glycine-rich polar 
face, these structural characteristics give a-helices an 
effective inverted wedge shape. It has been recently 
shown that a number of a-AMPs, experimentally dem
onstrated to penetrate membranes in an oblique orien
tation, appear to possess this inverted wedge shape 
[12,21]. In addition, it can be seen from Fig. IB that a 
glutamate residue is centrally located in the apolar face 
of the API a-helix, and previous studies have shown 
that similarly located glutamate residues are important 
for the antimicrobial action of other a-AMPs also 
predicted to form an inverted wedge shape [46].

FTIR spectroscopy showed that API was completely 
a-helical in the presence of model membranes mimetic 
of those of E. coli (Fig. 5), although molecular area
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determinations showed that the peptide may possess 
some non-oc-helical structure at an air/water interface. 
It would seem that API specifically requires the 
amphiphilicity associated with the environment of a 
membrane or lipid interface to form such structure. 
Monolayer studies confirmed that API was able to par
tition into model membranes that were mimetic of 
those of E, coli (Fig. 8), and toxicity assay showed that 
API was bactericidal at 3 mM (Fig. 6). In combination, 
these data clearly show that the peptide is able to func
tion as an anionic a-AMP. Moreover, these results sug
gest that interaction with bacterial membranes features 
in the antibacterial action of API, and it is well estab
lished that perturbation of the microbial membrane is a 
primary killing mechanism used by a-AMPs [41,42]. 
This suggestion is strongly reinforced by the observa
tion that API showed haemolytic ability, thereby 
clearly confirming that the peptide is able to induce cell 
bilayer disruption. API was found to be haemolytic at 
5 mM, thereby showing a common characteristic of 
a-AMPs in that higher concentrations of these peptides 
are generally required for haemolytic action than for 
bactericidal action [38]. The minimum lethal concentra
tion of API is far in excess of those normally required 
by cationic a-AMPs to inhibit target micro-organisms 
( < 20 gM), but is closer to those required by some ani
onic a-AMPs (80 jim) [12], which are known to gener
ally exhibit lower levels of antimicrobial efficacy than 
their cationic counterparts. Lipid-phase transition ana
lysis clearly suggested that the interactions of the pep
tide with membranes of E. coli induced a significant 
decrease in the membrane fluidity of E. coli membranes 
(Fig. 7), which is consistent with the peptide penetrat
ing deeply into the membranes hydrophobic core.

To investigate further the mechanism of bacterial 
membrane interaction used by API, thermodynamic 
analysis of compression isotherms for lipid monolayer 
mimetics of E. coli membranes were undertaken 
(Table 3, Fig. 9). These analyses gave negative values 
for A<jMix, a and EH in the absence of API, indicating 
membrane stability, but, in the presence of API, posit
ive values of for AGmix, a and EH were obtained, sug
gesting that the monolayer had become less stable. 
This shows that the association of API with these 
model membranes had a destabilizing effect, and, when 
taken with the FTIR data above, suggests that the 
peptide may promote toxicity to E, coli by a lytic-type 
mechanism involving disturbance of lipid acyl chains 
within the membrane core [47],

It is well established that the packing characteristics 
of component lipids is an important factor in 
detennining the stability of membrane bilayers [44]. It 
is interesting to note that E, coli membranes possess

S. R. Dennison et a/.

high levels of phosphatidylethanolamine (w 85%), 
which is effectively shaped like an inverted wedge and 
is known to have a strong preference for the nonlamel- 
lar Hu phase [14], Thus, according to the wedge hypo
thesis of Tytler et aL [48], it may be that insertion of 
the inverted wedge shape formed by the API a-helix 

-'into membranes of E. coli leads to the formation of 
nonbilayer structures and thereby membrane destabil
ization, Such a mechanism of membrane perturbation 
would be consistent with the use of a lytic-type mech
anism for antimicrobial action, as predicted by the 
thermodynamic analyses above and the involvement of 
oblique-orientated a-helical structure in API. The 
higher concentrations of peptide required for haemo
lysis would indicate that the membrane composition 
plays an important role in activity.

In summary, API was found to function as an ani
onic a-AMP, indicating that it is possible to design 
a-AMPs by the use of an oblique-orientated a-helical 
template. It appears from the biophysical data that the 
peptide uses this structure for the destabilization of 
membranes of Gram-negative bacteria, thereby promo
ting the inactivation of these organisms. The relatively 
high concentration required for the minimum lethal 
concentration indicates though that further lessons 
with respect to the amino-acid composition are still to 
be learnt. However, as a general lesson, the data pre
sented in this study emphasize that, in development of 
antimicrobial compounds, both the structural charac
teristics and composition of their target membrane are 
important determinants of their efficacy of action.

Experimental procedures

Reagents

API (GEQGALAQFGEWL) was supplied by Pepsyn 
(Liverpool, UK), produced by solid-state synthesis, and 
purified by HPLC to greater than 95%, which was con
firmed by MALDI MS. Buffers and solutions for monolay
er experiments were prepared from Milli-Q water. Nutrient 
broth was purchased from Amersham Bioscience (GE 
Healthcare, Chalfont St Giles, UK). Dioleoylphosphatidyl- 
glycerol (01e2PtdGro) and dioleoyiphosphatidylethanolam- 
ine (01e2PtdEtn) were purchased from Alexis Corporation 
(Axxora, Bingham, UK), Cardiolipin, Hepes, Tris and all 
other reagents were purchased from Sigma (Sigma-Aldrich, 
Gillingham, UK).

Primary structure analyses

The sequences of 161 known a-AMPs were obtained from 
Dennison et al. [41] (http://www.uclan.ac.uk/biology/bru/
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amp_data.htm) and along with those of maximm H5 
(ILGPVLGLVSDTLDDVLGIL [24]) and API were ana
lysed according to conventional hydrophobic moment 
methodology [49], Essentially, this methodology treats the 
hydrophobicity of successive amino acids in a sequence, as 
vectors and then sums these vectors in two dimensions, 
assuming an amino-acid side chain periodicity of 100 The 
resultant of this summation, the hydrophobic moment, pro
vides a measure of a-helix amphiphilicity. The analysis of 
the present study used a moving window of 11 residues, 
and for each sequence under investigation, the window with 
the highest hydrophobic moment was identified [49]. For 
these windows, the mean hydrophobic moment, < nH >, 
and the corresponding mean hydrophobicity, < H >, were 
computed using the online program moment helix predic
tion (http://www.doe-mbi,ucla.edu/Services/moment/) and 
the normalized consensus hydrophobicity scale of Eisenberg 
el al. [49]. These mean values were plotted on the hydro- 
phobic moment plot diagram of Eisenberg et al. [50], as 
modified by Harris et al. [23], to identify candidate oblique- 
orientated ot-helix-forming segments. Assuming an idealized 
a-helix with a residue side chain angular periodicity of 
100 °, a 2D axial projection of the peptide was generated 
[51]. The angle subtended by the hydrophobic residue distri
bution was taken as a measure of hydrophobic arc size.

Preparation of lipid unilamellar vesicles

SUVs with lipid compositions designed to mimic E. coll 
membranes were prepared as described by Keller et al. [52]. 
Essentially, chloroform solutions of 01e2PtdGTo, 01e2Ptd- 
Etn and cardiolipin in molar proportions of 1 : 13.67 : 2 
[53] were dried with nitrogen gas and hydrated with Hepes 
buffer (10 mM, pH 7.5) to give final total lipid concentra
tions of 150 mM. The resulting cloudy suspensions were 
sonicated at 4 °C with a Soniprep 150 sonicator (amplitude 
10 nm) until clear (30 cycles of 30 s), centrifuged (15 min, 
3000 g, 4 °C), and the supernatant decanted for immediate 
use.

FTIR conformational analysis of API

To give final peptide concentration ranging from 3 mM 

tol mM, API was solubilized in either Hepes buffer 
(10 mM, pH 7.5) or suspensions of SUVs formed from 
01e2PtdGro, 01e2PtdEtn and cardiolipin as described 
above. These samples were spread individually on a CaF2 
crystal, and the free excess water was evaporated at room 
temperature. The single band components of the VAP1 
amide I vibrational band (predominantly C=0 stretch) was 
monitored using an FTIR ‘5-DX’ spectrometer (Nicolet 
Instruments, Madison, WI, USA), and, for each sample, 
absorbance spectra were produced. For these spectra, water 
bands were subtracted, and the evaluation of peptide band 
parameters (peak position, band width and intensity)

Antimicrobial properties of an anionic a-helical peptide

performed. Curve fitting was applied to overlapping bands 
using a modified version of the curfit procedure written 
by Dr Moffat, National Research Council, Ottawa, 
Ontario, Canada. The band shapes of the single compo
nents are superpositions of Gaussian and Lorentzian band 
shapes. Best fits were obtained by assuming a Gauss frac
tion of 0.55-0.6. The curfit procedure measures the peak 
areas of single band components, and, after statistical 
evaluation, determines the relative percentages of primary 
structure involved in secondary-structure formation, all as 
described by Dennison et al. [54].

FTIR analysis of phospholipid phase-transition 
properties

To give a final peptide concentration of 3 mM, API was solu
bilized in suspensions of SUVs, which were formed from 
01e2PtdGro/01e2PtdEtn/cardiolipin as described above. As 
controls, corresponding lipid SUVs were prepared with no 
peptide present. All samples were then subjected to automa
tic temperature scans with a heating rate of 3 °C per 5 min 
and within the temperature range 0-60 °C. For every 3 °C 
interval, 50 interferograms were accumulated, apodized, 
Fourier transformed, and converted into absorbance spectra 
[55]. These spectra monitored changes in the p a acyl 
chain melting behaviour of phospholipids, with these changes 
determined as shifts in the peak position of the symmetric 
stretching vibration of the methylene groups, v6(CH2), which 
is known to be a sensitive marker of lipid order. The peak 
position of vg(CH2) lies at 2850 cm-1 in the gel phase 
and shifts at a lipid specific temperature Tc to 2852.0- 
2852.5 cm-1 in the liquid crystalline state [55].

Antimicrobial assay

Cultures of the E. coll strain W3110, which had been 
freeze-dried in 20% (v/v) glycerol and stored at -80 °C, 
were inoculated into 10 mL nutrient broth. After overnight 
incubation in an orbital shaker (100 r.p.m., 37 °C), 100-pL 
aliquots of these cultures were used to inoculate 100 mL 
nutrient broth in 250 mL flasks, which were then incubated 
with shaking (100 r.p.m., 37 °C) until growth in the mid
exponential phase was reached (A = 0.6; A, = 600 nm). 
Aliquots (1 mL) of bacterial samples were centrifuged, 
using a bench top centrifuge (15 000 g, 3 min, 22 °C), and 
the centrifuged cells washed three times in 1-mL aliquots of 
Tris/HCl buffer (10 mM, pH 7.5). These cells were then 
suspended in 1 mL of this buffer containing API at a final 
concentration of 3 mM, which corresponds to its minimum 
inhibitory concentration. These culture/peptide mixtures 
were incubated at 37 °C, and samples taken at the begin
ning of the experiment (time zero), and at 15 minute inter
vals for 1 h and then hourly intervals for 7 h. At each time 
interval, samples were surface-spread on to nutrient agar 
plates, which were incubated at 37 °C for 12 h. As a
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control, bacterial cultures were similarly treated but in the 
absence of peptide. Colony counts were expressed as colony 
forming units (CFU) ml-1. The percentage reduction in col
ony counts for each time interval was then calculated, and 
the results were presented graphically against time.

Monolayer technique
All experiments were conducted at 21.0 ± 1 °C using a 
Langmuir trough measuring 5x16 cm, which was fitted 
with two moveable barriers and was supplied by NIMA 
Technology (Coventry, UK). Unless otherwise stated, 
monolayer studies were perfonned using a Tris/HCl buffer 
subphase (10 mM, pH 7.5), which was continuously stirred 
by a magnetic bar (5 r.p.m.). Surface tension was monit
ored by the Wilhelmy method using a Whatman’s (Chi) 
paper plate in conjunction with a microbalance, as des
cribed by Brandenburg et al [56]. Changes in monolayer 
surface pressure/area were recorded as graphic output on a 
PC using nima software version 5.16, which interfaces with 
the Langmuir-Blodgett microbalance.

Peptide surface activity
The barriers of the Langmuir-Blodgett trough were adjus
ted to their maximum separation (surface area 80 cm2), and 
this position maintained. API was then injected into the 
buffer subphase to give final concentrations of 1-30 pM, 
and, at each peptide concentration, changes in surface pres
sure at the air/water interface were monitored for 1 h. The 
maximal values of these surface pressure changes were then 
plotted as a function of the peptide’s final subphase concen
tration (Fig. 3). From these results, the surface excess, F, 
was calculated by means of the Gibbs’ adsorption isotherm, 
which is given by Eqn (1) [57]:

1 Att 
A In C

(1)

where R is 8.314 J’mol T = 294 K, tc is the interfa
cial pressure increase (mN-mf1), and c is the molar concen
tration of peptide in the subphase. These values of F were 
then used to determine values of the interfacial surface area 
per API molecule (A) according to Eqn (2):

where N is Avogadro’s number (Table 1).
The ability of API to spread on an aqueous surface and 

to form a stable monolayer was investigated. The barriers 
of the Langmuir-Blodgett trough were adjusted to their 
maximum separation (surface area 80 cm2) and this posi
tion maintained. A 10-pL aliquot of API in chloroform 
(1 ium) was spread on to a buffer subphase and allowed to 
equilibrate for 1 h. The resulting peptide monolayer was 
compressed using the moveable barriers of the trough to

produce a pressure/area isotherm, which was converted by 
nima software in to an output plot of surface pressure vs. 
monolayer surface area per API molecule (Fig. 4).

Peptide interactions with lipid monolayers
The ability of API to penetrate lipid monolayers at con
stant area was studied. Monolayers were formed by spread
ing on to a buffer subphase, chloroform solutions of 
01e2PtdGro, 01e2PtdEtn and cardiolipin in molar propor
tions of 1 : 13.67 : 2 [53]. The solvent was allowed to evap
orate off over 30 min and then the monolayer compressed 
at a velocity of 5 cm2,mm“J to give a surface pressure of 
30 mN-m-1. The barriers were maintained in this position, 
and peptide was then injected into the subphase to achieve 
the desired optimum peptide concentration of 20 pM which 
was determined by analysis of surface activity data des
cribed in Fig. 3. This subphase concentration of API gave 
rise to a lipid to peptide ratio of approximately 100 : 1, 
which was used in all other monolayer studies. Interactions 
of the peptide with lipid monolayers were monitored as 
changes in monolayer surface pressure vs. time.

The ability of the peptide to interact with lipid monolay
ers was also investigated using compression isotherms. 
Monolayers were formed by spreading on to a buffer sub
phase chloroform solutions of either 01e2PtdEtn, 01e2Ptd- 
Gro, cardiolipin, or these lipids in molar proportions of 
1 : 13,67 : 2 [53]. The solvent was allowed to evaporate off 
over 30 min, and monolayers then compressed using a bar
rier speed of 5 cnrmin-1 either with API absent from the 
subphase or included in the subphase at a final peptide con
centration of 20 pM. Changes in monolayer surface pressure 
vs. changes in area per lipid molecule of the monolayer 
were monitored and recorded.

Thermodynamic analysis of compression 
isotherm data
Thermodynamic analysis of compression isotherms was 
used to investigate the molecular interactions and dynamic 
behaviour of monolayers. The compressibility modulus, 
Q.-1, provides a measure of the compressional elasticity of 
a monolayer and can be used to characterize the phase state 
of the isotherm, thereby providing information about the 
compactness and packing of the model membrane [35]. Val
ues of C~l (Table 1) were computed according to Eqn (3):

where n is the surface pressure of the monolayer, and A 
represents the area per molecule in the monolayer.

The Gibbs free energy of mixing (ACiMix) quantifies the sta
bility of monolayer mixtures, thereby providing infonnation 
on interactions between the components of the monolayers. 
Values of AGmix were computed according to Eqn (4):
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ff
&Gmu = - (x]A] + *2^2 ... + XnA^dn (4)

o
where Ajj, is the molecular area occupied by the mixed 
monolayer, Aj, A2 ...An are the area per molecule in the 
pure monolayers of component 1, 2,...n, Xj, ..x„ are the 
molar fractions of the components and it is the surface 
pressure. These data were then recorded as the variation of 
AGm« with monolayer surface pressure (Table 3). Numer
ical data were calculated from compression isotherms using 
the methodology of Simpson [58],

The interaction parameter (a) relates the interaction of 
each molar fraction of components within a monolayer 
with the free energy of mixing. Values of a were computed 
(Table 3) according to Eqn (5):

RT{X?Xz.,.Xn+XlX2...Xn + ...X,X2'..XZ w

where X are the molar fractions of the components, R is 
8.314 Jmor’-K-1, and T is 294 K. These data were then 
used to compute values of monolayer mixing enthalpy (AH) 
(Table 3) according to Eqn (6):

AH —
RTa
Z

(6)

where Z is the packing fraction parameter and calculated 
using the Quikcnden and Tam model [59],

Haemolytic assay of AP1
Haemolytic assay was conducted as described by Harris & 
Phoenix [60]. Essentially, packed red blood cells were 
washed three times in Tris-buffered sucrose (0.25 M sucrose, 
10 mM Tris/HCl, pH 7.5) and resuspended in the same 
medium to give an initial blood cell concentration of 
s«0.05% (w/v). For haemolytic assay, this concentration 
was adjusted such that incubation with 0.1% (v/v) Triton 
X-100 for 30 min produced a supernatant with of 1.0, 
which was taken as 100% haemolysis. Aliquots (1 mL) of 
blood cells at assay concentration were then used to solubi
lize various amounts of stock AP1 solution, which had been 
added to a test-tube and dried under nitrogen gas. The 
resulting mixtures were incubated at room temperature with 
gentle shaking. After 30 min, the suspensions were centri
fuged at low speed (1500 g, 15 min, 25 °C), and the of 
the supernatants determined. In all cases, levels of haemoly
sis were determined as the percentage haemolysis relative to 
that of Triton X-100 and the results recorded. Background 
haemolysis was less than 1 % in all cases.
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Abstract

The antimicrobial activity of the anionic peptide, API (GEQGALAQFGEWL), was investigated. API was found to kill Staphylococ
cus aureus with an MLC of 3 mM and to induce maximal surface pressure changes of 3.8 mN m-1 over 1200 s in monolayers formed 
from lipid extract of S. aureus membranes. FTIR spectroscopy showed tire peptide to be oc-helical (100%) in the presence of vesicles 
tonned from this lipid extract and to induce increases in their fluidity (Av circa 0.5 cm"1). These combined data show that API is able 
to function as an ot-helical antimicrobial peptide against Gram-positive bacteria and suggest that the killing mechanism used by the pep
tide involves interactions with the membrane lipid headgroup region. Moreover, this killing mechanism differs strongly from that pre
viously reported for API against Gram-negative bacteria, indicating the importance of considering the effects of membrane lipid 
composition when investigating the structure/function relationships of antimicrobial peptides.
© 2006 Elsevier Inc. All rights reserved.

kfrar^preteOTOopy*11611081 Antimicrobial; Staphylococcus aureus membrane; Lipid extract; Monolayer; Langmuir-Blodgett; Fourier transform

It is well established that oc-helical antimicrobial pep
tides (a-AMPs) are produced by a diverse range of organ
isms and form a crucial component of their innate immune 
system by killing a wide range of microbes, ranging from 
bacteria to parasites [1-3], The vast majority of these pep
tides are cationic, which facilitates their targeting of the 
mionic microbial membrane, and amphiphilic, which pro- 
notes their partitioning into these membranes, thereby 
compromising membrane integrity and inducing cell death 
2,4], The relatively non-specific nature of this killing mech- 
mism has been proposed to make the development of resis- 
:ance to the action of these a-AMPs difficult [5], which, 
aken with their general lack of toxicity to eukaryotic cells,
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makes them attractive propositions for development as 
therapeutically useful antimicrobial agents [6-9], Nonethe
less, it is becoming increasingly clear that some microbial 
strains either possess inherent resistance to cationic 
a-AMPs [10,11] or can develop resistance to these peptides 
[12]. In response a number of studies have investigated the 
antimicrobial action of anionic a-AMPs, which appear to 
have evolved as a counter to microbes with resistance to 
cationic a-AMPs and would thus seem well suited for 
development as novel antimicrobial agents when directed 
against such organisms [13-15].

Currently, relatively few anionic a-AMPs have been well 
characterised and the best established of these peptides 
include: peptide B and enkelytin, which are derived from 
the neuropeptide precursor, proenkephalin [16,17], DCD- 
1L and DCD-1, which are cleaved from the human sweat 
protein, dermicidin [18], and maximin H5, which was
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identified in the amphibian Bombina maxima [13]. Assay of 
these peptides has shown them to be highly effective against 
a range of Gram-positive bacteria, Gram-negative bacteria, 
and eukaryotic microbes [13,18-23] and there has been 
some investigation into the structure/function relationships 
underlying their antimicrobial action(s). Work on dermici- 
din [24], peptide B and enkelytin [16,25,26] has suggested 
that the negative charge and amphiphilic characteristics 
possessed by anionic a-AMPs are essential for their antimi
crobial activity. This work also led to the suggestion that 
these latter two peptides may kill microbes via the use of 
oblique orientated ct-helical architecture [25], This form 
of secondary structure possesses an asymmetric distribu
tion of hydrophobicity along the a-helical long axis, which 
causes a protein a-helix to penetrate membranes at a shal
low angle, thereby disturbing membrane lipid organisation 
and compromising bilayer integrity [27]. More recently, 
theoretical analyses predicted that a number of anionic 
a-AMPs may exert their antimicrobial activity via the use 
of such structure [28] and to test this prediction, the 
peptide, API, was designed to form an anionic oblique ori
entated a-AMP [29]. The peptide was shown to kill Gram
negative bacteria, apparently via use of its hydrophobicity 
gradient, and in the present study, the antimicrobial action 
of API when directed against Gram-positive organisms is 
investigated using bacterial toxicity assay, Fourier trans
form infrared spectroscopy (FTIR), and lipid monolayer 
studies.

Materials and methods

Reagents. API (GEQGALAQFGEWL) was supplied by Pepsyn 
(Liverpool, UK), produced by solid-state synthesis, and purified by HPLC 
to greater than 95%, which was confirmed by MALDI mass spectrometry. 
Nutrient broth was purchased from Amersham Bioscience (UK). Buffers 
and solutions for monolayer experiments were prepared from Milli-Q water,
/V-[2-Hydroxyethyipiperazine-AM2-ethanesulpbonic acid] (HEPES),
Tris(hydroxymethyl) aminomethane (Tris), and all other reagents were 
purchased from Sigma (UK).

Antimicrobial assay. Cultures of Staphylococcus aureus UL12, which 
had been freeze-dried in 20% (v/v) glycerol and stored at -80 °C, were 
each inoculated into 10 ml nutrient broth. After overnight incubation in 
an orbital shaker (100 rpm, 37 °C), 100 pi of these cultures was used to 
inoculate 100 ml nutrient broth in 250 ml flasks, which were then incu
bated with shaking (100 rpm, 37 °C) until growth in the mid-exponential 
phase was reached (OD = 0.6; /. = 600 nm). A 1 ml aliquot of each bac
terial sample was centrifuged, using a bench top centrifuge (15,000g, 
3 min, 22 °C), and the centrifuged cells were washed three times in I ml 
aliquots of Tris buffer (10 mM, pH 7.5). The cells were then suspended in 
1 ml of this buffer containing API at a final concentration of 3 mM, which 
corresponds to its minimum lethal concentration (MLC). These culture/ 
peptide mixtures were incubated at 37 °C and samples taken at the 
beginning of the experiment (time zero), at 15 min intervals for 1 h, and 
then at hourly intervals for 7 h. At each time interval, samples were sur
face-spread onto nutrient agar plates, which were incubated at 37 °C for 
12 h. As a control, bacterial cultures were similarly treated but in the 
absence of peptide. Colony counts were expressed as colony forming units 
(CPU) ml-1. The percentage reduction in colony counts for each time 
interval was then calculated and the results were presented graphically 
against time.

H'Tto/e lipid extract of S. aureus membranes. Whole lipid extract of 
membranes of S. aureust strain UL12, were obtained using a modified

form of the procedure first described by Bligh and Dyer [30], Essentially, 
cultures of the organism were grown in nutrient broth as described above. 
When in the exponential phase (OD = 0.6; X = 600 nm), 1 ml of culture 
was extracted, washed twice in Tris buffer (25 mM, pH 7.5), and centri
fuged (15,000g, 5 min) to form a pellet. Pellets were then resuspended in 
1 ml Tris buffer (25 mM, pH 7.5) and, to .a 0.4-ml aliquot of this cell 
suspension, 1.5 ml of a 1:2 (v/v) chloroform-methanol mixture was added. 
These cell/solvent samples were then vortexed vigorously for 5 min, a 
further 0.5 ml chloroform added, and the whole again vortexed for 5 min. 
To each sample, 0.5 ml water was added, the whole vortexed for 5 min and 
then centrifuged at low speed (lOOOg, 5 min) to produce two phases. The 
lower organic layer was transferred to a fresh centrifuge tube, concen
trated using a speed vac (Jouan), and the dried lipid extract stored at 
-20 DC under Nj.

Preparation of lipid unilamellar vesicles. Small unilamellar vesicles 
(SUVs) were prepared according to Keller et al. [31]. Essentially, 
chloroform solutions of whole lipid extract of S. aureus membranes, 
prepared as described above, were dried with nitrogen gas and hydrated 
with HEPES buffer (10 mM, pH 7.5) to give final total lipid concen
trations of 150 mM. The resulting cloudy suspensions were sonicated at 
4°C with a Soniprep 150 sonicator (amplitude 10 pm) until clear (30 
cycles of 30 s),'centrifuged (15 min, 3000g, 4°C), and the supernatant 
decanted for immediate use.

FTIR conformational analysis of API. To give final peptide concen
trations ranging from 3 mM to 1 mM, API was solubilised in either 
HEPES (10 mM, pH 7.5) or suspensions of SUVs formed from whole lipid 
extract of S. aureus membranes, prepared as described above. These 
samples were spread individually on a CaF2 crystal, and the free excess 
water evaporated at room temperature. The single band components oi 
the API amide I vibrational band (predominantly 0=0 stretch) were 
monitored using an FTIR ‘5-DX’ spectrometer (Nicolet Instruments, 
Madison, WI, USA) and for each sample absorbance spectra were pro
duced. For these spectra, water bands were subtracted and the evaluation 
of peptide band parameters (peak position, band width, and intensity) 
performed. Curve fitting was applied to overlapping bands using a mod
ified version of the CURFIT procedure written by Dr. Moffat, National 
Research Council, Ottowa, Canada. The band-shapes of the single com
ponents are superpositions of Gaussian and Lorentzian band-shapes. Best 
fits were obtained by assuming a Gauss fraction of 0.55-0.6. The CURFTI 
procedure measures the peak areas of single band, components and aftei 
statistical evaluation determines the relative percentages of primar) 
structure involved in secondary structure formation, all as described b) 
Brandenburg et al. [32],

FTIR analysis ofphospholipid phase transition properties. To give a fina 
peptide concentration of 3 mM, API was solubilised in suspensions oi 
SUVs formed from whole lipid extract of S. aureus membranes, prepared 
as described above. As controls, corresponding SUVs were prepared with 
no peptide present. All samples were then subjected to automatic tem
perature scans with a heating rate of 3 °C (5 min)”1 and within the tem
perature range 0-70 °C. For every 3 °C interval, 50 interferograms wen 
accumulated, apodized, Fourier transformed, and converted to absor
bance spectra [33]. These spectra monitored changes in the p *-► a acy 
chain melting behaviour of phospholipids with these changes determinec 
as shifts in the peak position of the symmetric stretching vibration of th< 
methylene groups, VtfCHj), which is known to be a sensitive marker o: 
lipid order. The peak position of v,(CH2) lies at 2850 cm-1 in the gel phas< 
and shifts at lipid specific temperature Tc to 2852.0-2852.5 cm-1 in th< 
liquid crystalline state [33].

Monolayer studies on the lipid interactions of API. All experiments wen 
conducted at 21.0 ± 1 °C using a Langmuir-Blodgett trough model 6011V 
(NIMA Technology, UK). Unless otherwise stated, monolayer studiei 
were performed using a Tris buffer subphase (10 mM, pH 7.5), which wai 
continuously stirred by a magnetic bar (5 rpm). Surface tension wai 
monitored by the Wilhelmy method using a Whatman’s (Chi) paper plat< 
in conjunction with a microbalance, as described by Brandenburg et al 
[32]. Changes in monolayer surface pressure/area were recorded as graphi< 
output on a PC using NIMA software version 5,16, which interfaces will 
the Langmuir-Blodgett microbalance.
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Fig. 1. API surface pressure as a function of peptide concentration. 
Increasing levels of API were injected into a Tris buffer subphase (10 mM, 
pH 7.5) of a Langmuir-Blodgett system. At each API concentration, the 
peptide was allowed to equilibrate for 1 h, the surface pressure determined 
and then plotted, all as described above.

The surface activity of API was determined. The barriers of the 
Langmuir-Blodgett trough were adjusted to their maximum separation 
(surface area 80 cm2) and this position maintained. API was then injected 
into the buffer subphase to give final concentrations ranging between 1.0 
and 30.0 pM and at each peptide concentration, changes in surface pres
sure at the air/water interface were monitored for 1 h (Fig. 1). Maximal 
surface activity was observed at an API subphase concentration of 20 pM, 
indicating that the air/water interface was saturated with peptide. This was 
taken as the optimum peptide concentration to study API interactions 
with lipid monolayers and was used in all subsequent investigations.

The ability of API to penetrate lipid monolayers at constant area was 
studied. Monolayers were formed by spreading onto a buffer subphase 
chloroform solutions of whole lipid extract of .S', aureus membranes, which 
were prepared as described above. The solvent was allowed to evaporate 
off over 30 min and then the monolayer compressed at a velocity of 
5 cm min to give a surface pressure of 30 mN m-*. The barriers were 
maintained in this position and peptide was then injected into the sub
phase to give a final peptide concentration of 20 pM. Interactions of the 
peptide with lipid monolayers were monitored as changes in monolayer 
surface pressure versus time.

Results and discussion

It has recently been shown that API functions as an 
anionic a-AMP when directed against Gram-negative bac
teria [29] and in the present study, the peptide has been 
tested for activity against Gram-positive bacteria.

AP1 was found to be effective against S. aureus with an 
MLC of 3 mM (Fig. 2) and to adopt oc-helical structure in 
the presence of model membranes formed from endoge
nous S. aureus membrane lipid (Fig. 3). The peptide was 
also found to interact with a variety of model membranes 
formed from this S. aureus lipid extract (Figs. 4 and 5) 
and in combination, these data clearly show that API is 
able to function as an anionic a-AMP when directed 
against S. aureus.

FTIR conformational analysis showed that API adopt
ed predominantly P-type structures (>95%) in solution 
(Fig. 3A). However, at lipid to peptide ratios of 50:1 and 
above, API adopted 100% a-helical structure in the pres
ence of SUVs formed from endogenous S. aureus mem-

e 120 -|

100 -

Time (hours)

Fig. 2. The time course for the viability of S. aureus, represented as 
percentage death rate in the presence of API at 3 mM, the MLC of the 
peptide. The percentage death rate was determined by comparison with 
identical non-inoculated control cultures, all as described above, and error 
bars represent the standard error on three replicates.

Wavenumber (cm1)

1680 1660
Wavenumber (cm-1)

Fig. 3. FTIR conformational analysis of API in the presence of SUVs 
formed from whole lipid extract of S. aureus membranes at a lipid to 
peptide ratio of 50:1. The numbers annotating spectra indicate peak band 
absorbencies. For each spectrum, the relative percentages of a-helical 
structure (1650-1660 cm-1) and p-sheet structures (1625-1640 cm-1) were 
computed, all as described above. In aqueous solution, API was formed 
from greater than 95% P-type structures (A) but in the presence of SUVs 
with lipid compositions mimetic of 5. aureus membranes (B) the peptide 
was 100% a-helical.

brane lipid (Fig. 3B). Similar conformational behaviour 
was reported for the peptide in the presence of correspond
ing Escherichia coli model membranes [29]. In combina
tion, these data suggest that API may have a general
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Fig. 4. FTIR lipid phase transition analyses of SUVs formed from whole 
lipid extract of S. aureus membranes. In the absence of API (□), these 
model membranes underwent a transition from the gel phase to the liquid 
crystalline phase over the temperature range 30-60 °C with a concomitant 
increase in membrane fluidity as indicated by the rise in wavenumber from 

/circa 2852.2 to 2853.4 cm-1. The presence of API caused no apparent shift 
in this temperature range but induced a significant increase in the fluidity 
of S. aureus membranes (A), as indicated by a general rise in the 
wavenumber, which now moved from circa 2852.8 to 2853.8 cm-1.

10000
Time (s)

15000 20000

Fig. 5. The time course of API with lipid monolayers, which were formed 
from whole lipid extract of S. aureus membrane. After 1200 s, the peptide 
induced a final surface pressure change of 3.8 mNm-1, of these 
membranes, which were set at an initial surface pressure of 30 mN m-1, 
mimetic of naturally occurring membranes. API was introduced into the 
Tris buffer subphase (10 mM. pH 7.5) of a Langmuir-Blodgett system at 
final concentration 20 |iM, all as described above.

requirement for the amphiphilic environment of the mem
brane interface to adopt a-helical structure rather than the 
presence of a specific lipid.

It is well established that microbial membrane invasion 
is the primary killing mechanism used by most antimicrobi
al peptides [1.2]. It was found that API partitioned into 
monolayers formed from endogenous S. aureus membrane 
lipid, which were at an initial surface pressure characteristic 
of bacterial membranes (30mNm-1), inducing maximal

changes in surface pressure of 3.8 mN m-1 (Fig. 5). Surface 
pressure changes of this order are consistent with interac
tions between API and the membrane headgroup region 
and to investigate this possibility further, FTIR lipid phase 
transition analysis was employed {Fig. 4). This analysis 
showed that in the absence of API, SUVs formed from 
endogenous S. aureus membrane lipid underwent transition 
from the gel phase to liquid crystalline phase over the tem
perature range 30-60 °C with a concomitant increase in 
membrane fluidity, as indicated by the rise in wavenumber 
from circa 2852.2 to 2853.4 cm-1. The presence of API 
caused no apparent shift in the temperature range of these 
phase transitions but induced a significant increase in the 
fluidity of these model membranes (Fig. 4), which is consis
tent with the peptide binding to their surface regions. This 
mechanism of membrane partitioning contrasts strongly 
with that used by the peptide to interact with membranes 
of E. coli, which appeared to involve the use of its hydro- 
phobicity gradient to penetrate and destabilise the mem
brane acyl chain region [29]. Given that levels of API a- 
helicity in the presence of these latter membranes were also 
100%, it is evident that the differing abilities of API to par
tition into membranes of S. aureus and E. coli are not relat
ed to structural changes in the peptide, and as such, loss of 
this hydrophobicity gradient. Rather, these data suggest 
that differences between these mechanisms of API-bacte
rial membrane interaction are related to the differing lipid 
compositions of the bacterial membranes studied. One such 
difference could be that in contrast to E. coli membranes, 
those of S. aureus contain the positively charged lipid lysyl- 
phosphatidylglycerol (LPG) at levels between 15% and 
40% [34]. It seems likely that the highly anionic API would 
bind strongly to this lipid and thereby the S. aureus mem
brane headgroup region, which would be consistent with 
the monolayer and lipid phase transition data of Figs. 4 
and 5. Moreover, it may be that the strength of this 
AP1-LPG binding retards penetration of the S. aureus 
membrane by the peptide as compared to that shown by 
API with E. coli membranes [29]. This could explain the 
observation that whilst API took 1200 s to induce maximal 
surface pressure changes in S. aureus derived monolayers 
(Fig. 5) the peptide induced maximal surface pressure 
changes of comparable magnitude in corresponding E. coli 
monolayers but at a rate that was circa twofold faster [29]. 
Indeed, these variations in membrane interaction could be 
responsible for the observation that API achieved 100% 
killing of S. aureus and E. coli at a similar peptide concen
tration but circa fourfold faster in the case of the latter 
organism [29].

In summary, it has previously been suggested that anionic 
a-AMPs may serve as complements to their cationic counter
parts in some medical contexts [13-15]. The present study 
has shown that API functions as an anionic a-AMP when 
directed against Gram-positive bacteria and thereby, when 
taken with previous data, that the peptide possesses broad 
range antibacterial activity. It is envisaged that API could 
serve in the development of therapeutically useful anionic
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oc-AMPs, possibly for use in cases where bacteria have devel
oped resistance to their cationic counterparts. The present 
study has also shown that API appears to kill Gram-positive 
bacteria via a mechanism which differs from that used by the 
peptide to kill Gram-negative organisms. These differences 
depend primarily on the differing membrane compositions 
of the two bacterial classes rather than conformational 
changes within API, which may make the peptide a useful 
tool for studying the interactions of oblique orientated 
oc-AMPs with bacterial membranes.
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Abstract

Theoretical analysis indicates that peptide VP1 forms a membrane interactive amphiphilic a-helix with antibacterial properties. Fourier 
transform infra-red based analyses showed VP1 to be ot-helical (45%) in the presence of vesicle mimics of membranes from Staphylococcus 
aureus and to induce increases in the fluidity of these vesicles, as indicated by a rise in wavenumber of circa 0,5 to 1.0 cm“ *. The peptide induced 
surface pressure increases of 5 mN m 1 in monolayer mimics of S. aureus membranes confirm the formation of a membrane interactive a-helix. 
These interactions appeared to^ involve significant hydrophobic and electrostatic contributions as VP1 induced comparable surface pressure 
changes in anionic (5.5 mN m ’) and zwitterionic (4 mN m”1) lipid monolayers, It is suggested that whilst efficacy requires further sequence 
specific information, the peptides generic structure provides the basis for its broad antimicrobial activity.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Antimicrobial peptide (AMPs) produced by the innate 
immune system are strong potential candidates in the ongoing 
search for new, therapeutically useful antibiotics with novel 
mechanisms of action [1-7]. The key features in this potential 
activity are the diversity of microbes efficiently killed by these 
peptides and the fact that, in contrast to conventional antibiotics, 
they do not normally appear to induce resistance in target 
organisms. It is generally accepted that the susceptibility of 
microbes to AMPs can be largely ascribed to the relatively non
specific nature of the antimicrobial mechanisms used by these 
peptides. All currently known AMPs are lipid interactive, either 
passing through the membrane to attack intracellular targets or,

Abbreviations: <pH>, amphiphilicity; DMPE, 1,2-Dimyristoyl-jH-gly- 
cera-3-phosphoethanolamine; DMPG, 1,2-Dimyristoyl-™-glycero-3-phos- 
pho-s/i-l-glycerol; FTIR, Fourier transform infra-red; <H>, hydrophobicity; 
HEPES, Ar-[2-Hydroxyethylpiperazine-Ar'-[2-ethanesulphonic acid); Tris, Iris 
{hydroxymethyl} aminomethane.
* Corresponding author. Tel.: +44 1772 893481; fax: +44 1772 894981. 

E-mail address: daphoenix@uclan.ac.uk (D.A. Phoenix).

0301-4622/S - see front matter © 2007 Elsevier B.V. All rights reserved. 
doi:10.1016/j.bpc.2007.06.007

as in most cases, using direct invasion of the microbial 
membrane itself as their primary killing mechanism [8-12]. In 
general, studies to elucidate the mechanisms underlying these 
processes of membrane interaction have focused on AMPs that 
adopt an a-helical stracture (a-AMPs) and have led to the Shai- 
Huang-Matsazuki (SHM) model, which hitherto, appears to 
best describe the antimicrobial action of these peptides. 
Essentially, the SHM model proposes that carpeting of the 
microbial membrane with a-AMPs leads to the displacement of 
membrane lipid, alterations to membrane structure and either 
microbial membrane destmetion or peptide internalization [13]. 
However, more recently, theoretical analyses have suggested 
that the use of oblique orientated a-helical architecture, or tilted 
peptides, may feature in the microbial killing mechanisms of 
many a-AMPs [14]. This form of secondary structure, possesses 
an asymmetric distribution of hydrophobicity along the a- 
helical long axis, which causes a protein a-helix to penetrate 
membranes at a shallow angle, thereby disturbing membrane 
lipid organisation and compromising bilayer integrity [15]. The 
predictions of Dennison et ah, [14] regarding the importance of 
oblique structures for antimicrobial function have recently been 
supported by studies on naturally occurring a-AMPs [16].

http://www.elsevier.com/locate/biophyschein
mailto:daphoenix@uclan.ac.uk
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Previous studies have identified VP1 within the lipid in
teractive smaller subunit of m-calpain [17] as having the 
potential to form a lipid interactive a-helical segment [18] that 
has characteristics similar to known antimicrobial peptides 
(AMPs) [14]. The potential of VP1 to act against Gram-positive 
organisms based solely on its general structural properties was 
therefore investigated.

2. Materials and methods

2,7. Materials

VP1 (GTAMRILGGVI) was supplied by Sevembiotech (UK), 
produced by solid state synthesis and purified by HPLC to greater 
than 95%, which was confirmed by MALDI mass spectrometry. 
Dimyristoylphosphoethanolamine (DMPE) and dimyristoylphos- 
phatidylglycerol (DMPG) were purchased from Alexis Biochem
icals (UK). Nutrient broth was purchased from Amersham 
Bioscience (UK). Buffers and solutions for monolayer experiments 
were prepared from Milli-Q water (specific resistance 18 MGcm). 
7|/-[2-Hydroxyethylpiperazine-7^,-[2-ethanesulphonic acid] 
(HEPES), Tris{ hydroxymethyl} aminomethane (Tris) and all 
other reagents were purchased from Sigma (UK).

2.2. Theoretical analysis of VP1

VP1 was graphically represented as an idealized a-helix 
using Winpep software [19] assuming an amino-acid residue 
side chain angular periodicity of 100. Using a moving window 
of 11 residues, the mean hydrophobic moment, <(iH>, and 
the corresponding mean hydrophobicity, <Hq> were computed 
using the normalised consensus hydrophobicity scale of 
Eisenberg et al. [20]. These mean values were then used to 
determine VP1 candidacy for oblique orientated a-helix forma
tion as described by Harris et al. [21 ] and further analysed using 
amphiphilicity profiling [22].

2. J. Whole lipid extract of S. aureus membranes

S. aureus, strain UL12 was grown in nutrient broth to the 
exponential phase (OD=0.6; A=600 nm). 1 ml of culture was 
washed twice in Tris buffer (10 mM, pH 7.5) and centrifiiged 
(15,000 g, 5 min) to form a pellet. Whole lipid extract of 
membranes of S. aureus, strain UL12, were obtained using 
the procedure described by Bligh and Dyer [23]. The lipid 
extract was concentrated using a speed vac (Jouan) and stored 
at ~20 °C under N2.

2.4. Preparation of lipid unilamellar vesicles

Lipid unilamellar vesicles were prepared according to Keller 
et al. [24]. Essentially, chloroform solutions of whole lipid 
extract of S. aureus membranes were dried with nitrogen gas 
and hydrated with HEPES buffer (10 mM, pH 7.5) to give final 
lipid concentrations of 150 mM. The resulting cloudy sus
pensions were sonicated at 4 °C with a Soniprep 150 sonicator 
(amplitude 10 pm) until clear (30 cycles, 30 s), centrifuged

(15 min, 3000 g, 4 °C) and the supernatant decanted for 
immediate use.

2.5. FTIR conformational analysis of VPl

VP1 (1 mM) was solubilised in either: HEPES (10 mM, pH
7.5) or a suspension of vesicles formed from whole lipid extract 
of S. aureus membranes, prepared as described in section 2.4 
with the overall lipid to VP1 ratio maintained at 50:1. These 
samples were spread individually on a CaF2 crystal, and the 
free excess water evaporated at room temperature. The single 
band components of the VP1 amide I vibrational band 
(predominantly C==0 stretch) were monitored using an FTIR 
‘5-DX’ spectrometer (Nicolet Instruments, Madison, WI, USA) 
and for each sample absorbance spectra were produced. Curve 
fitting was applied to overlapping bands using a modified 
version of the CURFIT procedure written by Dr. Moffat, 
National Research Council, Ottowa, Canada, to determine the 
relative percentages of primary structure involved in secondary 
structure formation [25],

2.6. FTIR analysis of phospholipid phase transition properties

VP1 (1 mM) was solubilised in suspensions of vesicles 
formed from whole lipid extract of S. aureus membranes, 
prepared as described in section 2.3 with the overall lipid to 
VP1 ratio maintained at 50:1. As controls, corresponding 
vesicles were prepared with no peptide present. All samples 
were then subjected to automatic temperature scans with a 
heating rate of 3 °C (5 min~l) and within the temperature range 
0 °C to 60 °C. For every 3 °C interval, 50 interferograms were 
accumulated, apodized, Fourier transformed and converted to 
absorbance spectra. These spectra-monitored changes in the 
p~a acyl chain melting behaviour of phospholipids were 
determined as shifts in the peak position of the symmetric 
stretching vibration of the methylene groups, vs(CH2), which is 
known to be a sensitive marker of lipid order [25],

2.7. Monolayer studies on the lipid interactions of VP1

All experiments were conducted at a 21.0±1 °C using a 
Langmuir-Blodgett trough, NIMA 601M (NIMA Technology, 
Coventry, UK). Monolayer studies were performed using a 
subphase containing either Tris buffer subphase (10 mM, pH
7.5) , or this buffer supplemented with 1 mM NaCl, which was 
continuously stirred by a magnetic bar (5 rpm). Surface tension 
was monitored by the Wilhelmy method using a Whatman’s 
(Chi) paper plate in conjunction with a microbalance [26].

The barriers of the Langmuir-Blodgett trough were adjusted to 
their maximum separation (surface area 80 cm2) and this position 
maintained. To measure surface activity, VP1 was then injected 
into the buffer subphase to give final concentrations ranging 
between 1.0 and 30.0 pM and at each peptide concentration, 
changes in surface pressure at the airAvater interface were 
monitored for 1 h [27]. Maximal surface activity was observed 
at a VP1 subphase concentration of 20 pM, indicating that the air/ 
water interface was saturated with peptide. This was taken as the
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optimum peptide concentration to study VP1 interactions with 
lipid monolayers and was used in all subsequent investigations.

The ability of VP1 to penetrate lipid monolayers at constant 
area was also studied. Monolayers were formed by spreading 
chloroform solutions of either DMPG, DMPE or whole lipid 
extract of S. aureus membranes, which were prepared as 
described in section 2.3 onto a buffer subphase. The solvent was 
allowed to evaporate off over 30 min and then the monolayer 
compressed at a velocity of 5 cm2 min-1 to give a surface 
pressure of 30 mN m"The barriers were maintained in this 
position and peptide was then injected into the subphase to give 
a final peptide concentration of 20 pM. Interactions of the 
peptide with lipid monolayers were monitored as changes in 
monolayer surface pressure versus time.

3. Results and discussion

Brandenburg et al., [28] previously showed VP1 to adopt 
mainly-type structures (92%) in aqueous solution using FTIR

0.2 -

o.o •

Wavenumber (cm'1)

Wavenumber (cm'1)

Fig. 1. FTIR conformational analysis of VP1 in the presence of vesicles formed 
from whole lipid extracts of S. aureus membranes at a lipid to peptide ratio of 
50:1. The numbers annotating spectra indicate peak band absorbencies. For each 
spectrum, the relative percentages of a-helical structure (1650 cm'1 -1660 cm"1) 
and p-sheet structures (1625 cm"' -1640 cm“') were computed, all as described 
in the Methods section. In aqueous solution, VP1 was formed from greater than 
95% p-type struemres (A) but in the presence of vesicles with lipid compositions 
mimetic of S. aureus membranes (B) the peptide was 45% a-helical.

Residue number

Fig. 2. Sequence analysis of VP1 adapted from Brandenburg et al. [28], A. Two- 
dimensional axial projections of VP1 according to Schiffer and Edmundson 
[291. Annotated numbers represent the relative locations of amino-acid residues 
within protein primary structure, and hydrophobic residues are circled. It can be 
seen that the a-helix possesses a glycine-rich polar face and a wide hydrophobic 
face rich in bulky amino-acid residues. B. Amphiphilicity profile, with 
increasing hydrophobicity along the a-helical axis in a N-*C direction.

conformational analysis (Fig. 1A [28]). However, VP1 was 
able to adopt an a-helical structure in the presence of lipid 
vesicles formed from dimyristolphosphatidylserine and dimyr- 
istolphosphatidylcholine with the levels of a-helicity remain
ing at circa 40% over lipid to peptide ratios ranging from 10:1 
to 100:1 [18]. Here, our analyses confirmed that VP1 was able 
to adopt comparable levels of a-helical structure {circa 45%) 
in the presence of vesicles formed from endogenous 5. aureus 
membrane lipid (Fig. IB). These data emphasise the 
importance of the amphiphilic environment provided by the 
membrane lipid interface in enabling VP1 to adopt an a-helical 
structure.

When VP1 is represented as a two-dimensional axial pro
jection, the peptide is seen to form an amphiphilic a-helix with 
a cationic polar face and a wide apolar face, subtending an angle 
of 180° (Fig. 2A). Hydrophobic moment analysis shows that 
this a-helix possesses levels of amphiphilicity (<pH>=0.46) 
and hydrophobicity (<Ho> = 0.47) that are associated with 
membrane interactive oblique orientated a-helices [21]. Char
acteristic of this a-helical class, analysis of the VP 1 a-helix 
using amphiphilicity profiling [22] revealed the presence of a
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hydrophobicity gradient, which increased along circa two 
thirds of the a-helical long axis in an N —* C direction (Fig. 2B). 
These theoretical data in combination with the previously 
published structural studies strongly support the prediction that 
VP1 would be able to form a membrane interactive oblique 
orientated a-helix comparable to those found in a range of 
antimicrobial peptides [14].

A bacterial toxicity assay [26] showed that VP1 exhibited an 
MLC of 3 mM against S. aureus with 100% lysis induced 
within 2 h at this concentration implying that it is therefore 
weakly antibacterial against Gram-positive organisms. The use 
of FTIR spectroscopy showed VP1 able to affect the lipid phase 
transition analysis of vesicles formed from endogenous S. 
aureus membrane lipid (Fig. 3). In the absence of peptide, these 
vesicles underwent transition from the gel phase to liquid 
crystalline phase over the temperature range 30 °C to 70 °C with 
a concomitant increase in membrane fluidity, indicated by a 
rise in wavenumber from circa 2852.2 cm-'-2853.5 cm-1 
(Fig. 3). The presence of VP1 caused no apparent change to this 
temperature range but induced a significant increase in the 
fluidity as indicated by a shift up in wavenumber range to 
2853.0 cm- '-2854.2 cm”which is consistent with VP1 lipid 
interactions. These observations were reinforced by the results 
of Langmuir-Blodgett studies, which showed that VP1 
partitioned into monolayers formed from endogenous S. aureus 
membrane lipid at an initial surface pressure characteristic of 
bacterial membranes (30 mN m~') causing maximal changes in 
monolayer surface pressure of 5.0 mN m~1 (Fig. 4, curve A).

To elucidate the characteristics of VP 1-S', aureus membrane 
interactions, the ability of the peptide to partition into a variety 
of pure lipid monolayers based on major components of the 
S. aureus membrane [30] was investigated. It can be seen

2853 ■

2851 ■

10 20 30 40 50 «) 70 80
Temperature (°C)

Fig. 3. FTIR lipid phase transition analyses of vesicles formed from whole lipid 
extracts of S. aureus membranes. In the absence of VP1 (□), these model 
membranes underwent a transition from the gel phase to the liquid crystalline 
phase over the temperature range 30 °C to 70 °C with a concomitant increase in 
membrane fluidity as indicated by the rise in wave number from circa 
2852.0 cm"’-2853.5 cm-1. The presence of VP1 caused no apparent shift in 
this temperature range but induced a significant increase in the fluidity of S. 
aureus membranes (A), as indicated by a general rise in the wavenumber, which 
now moved from circa 2853.0 cm"’-2854.2 cm* ’.

S 32-

10000
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Fig. 4. Time course of VP1 interaction with lipid monolayers. Monolayers were 
set at an initial surface pressure of 30 mN rrfmimetic of naturally occurring 
membranes, and VP1 was introduced into the Tris buffer subphase (10 mM, 
pH 7.5) of a Langmuir-Blodgett system at a final concentration of 20 pM, all as 
described in the Methods section. For monolayers formed from whole lipid 
extract of S. aureus membranes (A), the peptide induced maximal surface 
pressure change of 5 mN m-1 over 1200 s. However, the peptide induced 
maximal surface pressure changes of 4 mN m-1 over 7500 s in DMPE mono- 
layers (B) and 5.5 mN m-1 over 2000 s in DMPG monolayers (C).

from Fig. 4 that VP1 induced maximal surface pressure 
changes of 4 mN m_ 1 over 7500 s in monolayers formed from 
DMPE (curve B) but higher maximal surface pressure changes 
of 5.5 mN m-1 and at a threefold faster rate (2500 s) in 
monolayers formed from DMPG (curve C). These results 
clearly suggest that VP1 has an affinity for DMPG/anionic lipid 
which may indicate a strong electrostatic contribution to VP1- 
membrane partitioning although there is likely to be an 
important hydrophobic contribution to partitioning due to the 
comparable levels of insertion seen with DMPE monolayers. 
The importance of the electrostatic component was confirmed 
by the observation that VP 1-DMPG interactions were reduced 
to insignificant levels in the presence of 1 mM NaCl (data 
not shown). This electrostatic contribution would be expected 
to involve the polar face of the VP1 a-helix with charge- 
charge interactions between arginine 5, the peptide’s sole 
cationic residue, and anionic components of the membrane 
lipid headgroup region.

In conclusion, these combined FTIR and monolayer data 
clearly support the suggestion that VP1 has the ability to 
partition into bacterial membranes via the use of an amphiphilic 
oblique orientated a-helix. Based on the structural properties of 
this a-helix, it is suggested that the peptide would insert into the 
membrane at an angle such that its hydrophobic C-terminal 
region is able to interact with the membrane lipid acyl chain 
region. The data indicates a sequence with general amphiphilic 
properties, which as seen here has the ability to act as an 
antimicrobial, but the low toxicity levels would imply further 
sequence specific requirement for efficacy.

Acknowledgements

The authors thank Jorg Howe and Klaus Brandenburg, 
Division of Biophysics, Forschunginstitut Borstel, Germany for 
their assistance with FTIR analysis.



S.R. Dennison el al. / Biophysical Chemistry 129 (2007) 279-283 283

References

[t] Y.J. Gordon, E.G, Romanowski, A.M. McDermott, A review of 
antimicrobial peptides and their therapeutic potential as anti-infective 
drugs, Cun\ Eye Res. 30 (2005) 505-515.

[2] B.E. Hang, M.B. Strom, J.S. Svendsen, The medicinal chemistry of short 
lactoferricin-based antibacterial peptides, Curr. Med. Chem. 14 (2007) 
1-18.

[3] M.E. BClotman, T.L. Chang, Defensins in innate antiviral immunity, Nat. 
Rev. Immunol. 6 (2006) 447-456.

[4] M. Marta Guama, R. Coulson, E. Rubinchik, Anti-inflammatory activity of 
cationic peptides: application to the treatment of acne vulgaris, FEMS 
Microbiol. Lett. 257 (2006) 1-6.

[5] K.V. Reddy, R.D. Yedery, C. Aranha, Antimicrobial peptides: premises 
and promises, Int. J. Antimicrob. Agents 24 (2004) 536-547.

[6] H.R Stallmann, C. Faber, A.V. Nieuw Amerongen, P.I. Wuisman, 
Antimicrobial peptides: review of their application in musculoskeletal 
infections, Injury 37 (Suppl 2) (2006) S34-S40.

[7] O. Toke, Antimicrobial peptides: new candidates in the fight against 
bacterial infections, Biopolymers 80 (2005) 717-735,

[8] B. Bechinger, K. Loliner, Dctergent-iikc actions of linear amphipathic 
cationic antimicrobial peptides, Biochim, Biophys. Acta 1758 (2006) 
1529-1539.

[9] K.A. Brogden, Antimicrobial peptides: pore formers or metabolic 
inhibitors in bacteria? Nat. Rev. Microbiol. 3 (2005) 238-250.

[10] S.R. Dennison, J. Wallace, F. Hams, D.A, Phoenix, Amphiphilic alpha- 
helical antimicrobial peptides and their structure/function relationships, 
Prot. Peptide Letters 12 (2005) 31-39.

[11] M. Papagianni, Ribosomally synthesized peptides with antimicrobial 
properties: biosynthesis, structure, function, and applications, Biotechnol. 
Adv. 21 (2003) 465-499.

[12] Y. Park, K.S. Hahm, Antimicrobial peptides (AMPs): peptide structure and 
mode of action, J, Biochem. Mol. Biol. 38 (2005) 507-516.

[13] M, Zasloff, Antimicrobial peptides of multicellular organisms, Nature 415 
(2002) 389-395.

[14] S.R. Dennison, F. Harris, D.A. Phoenix, Are oblique orientated alpha- 
helices used by antimicrobial peptides for membrane invasion? Prot, 
Peptide Letters 12 (2005) 27-29.

[15] A. Thomas, R. Brasseur, Tilted peptides: the history, Current Protein and 
Peptide Science 7 (2006) 523-527.

[16] 1. Marcotte, K.L. Wegener, Y.H. Lam, B.C. Chia, M,R, de Planque, J.H. 
Bowie, M. Auger, F. Scparovic, Interaction of antimicrobial peptides from 
Australian amphibians with lipid membranes, Chem. Phys, Lipids 122 
(2003) 107-120.

[17] J.S. Arthur, C. Crawford, Investigation of the interaction of m-calpain with 
phospholipids: calpain-phospholipid interactions, Biochim. Biophys. 
Acta 1293 (1996) 201-206.

[18] S.R. Dennison, S. Dante, T. Hauss, K. Brandenburg, F. Harris, D.A, 
Phoenix, Investigations into the membrane interactions of m-calpain 
domain V, Biophys. J. 88 (2005) 3008-3017.

[19] L. Hennig, WinGene/WinPep: user-friendly software for tire analysis of 
amino acid sequences, BioTechniques 26 (1999) 1170-1172.

[20] D. Eisenberg, R.M. Weiss, T.C. Terwilliger, The helical hydrophobic 
moment: a measure of the amphiphilicity of a helix, Nature 299 (1982) 
371-374.

[21] F. Harris, J. Wallace, D.A. Phoenix, Use of hydrophobic moment plot 
methodology to aid the identification of oblique orientated alpha-helices, 
Mol. Membr. Biol. 17 (2000) 201-207.

[22] F. Harris, S. Dennison, D.A. Phoenix, The prediction of hydrophobicity 
gradients within membrane interactive protein alpha-helices using a novel 
graphical technique, Prot. Peptide Letters 13 (2006) 595-600.

[23] E.G. Bligh, W.J. Dyer, A rapid method of total lipid extraction and 
purification, Can. J. Med. Sci. 37 (1959) 911-917.

[24] R.C. Keller, J. A. Killian, B. de Kruijff, Anionic phospholipids are essential 
for alpha-helix formation of the signal peptide of prePhoE upon interaction 
with phospholipid vesicles, Biochemistry 31 (1992) 1672-1677.

[25] K. Brandenburg, S. Kusumoto, U. Seydel, Confonnational studies of 
synthetic lipid A analogues and partial stmetures by infrared spectroscopy, 
Biochim. Biophys. Acta 1329 (1997) 183-201.

[26] S.R. Dennison, L.H.G. Morton, K. Brandenburg, F. Harris, D.A. Phoenix, 
Investigations into the ability of an oblique-helical template to provide die 
basis for design of an antimicrobial anionic amphiphilic peptide, FEBS 273 
(2006) 3792-3803.

[27] S.R. Dennison, F, Harris, D.A. Phoenix, The interactions of aurein 1.2 with 
cancer cell membranes, Biophys. Chemist. 127 (2007) 78-83.

[28] K. Brandenburg, F. Harris, S. Dennison, U. Seydel, D. Phoenix, Domain V 
of m-calpain shows the potential to form an oblique-orientated alpha-helix, 
which may modulate the enzyme’s activity via interactions with anionic 
lipid, Eur. J. Biochem. 269 (2002) 5414-5422,

[29] M. Schiffer, A.B. Edmundson, Use of helical wheels to represent the 
structures of proteins and to identity segments widi helical potential, 
Biophys. J. 7 (1967) 121-135.

[30] K. Lohner, E.J. Prenner, Differential scanning calorimetry and X-ray 
diffraction studies of the specificity of the interaction of antimicrobial 
peptides with membrane-mimetic systems, Biochim. Biophys. Acta, 
Biomembr. 1462(1999) 141-156.



The impact of membrane lipid composition on 

antimicrobial function of an a-helical peptide

Sarah R Dennison3, Leslie. H. G. Mortonb, Frederick Harrisb and David A Phoenix3* 

aFaculty of Science and Technology, University of Central Lancashire, Preston PR1 2HE, UK
b *Department of Forensic and Investigative Science, University of Central Lancashire,

Preston, PR1 2HE, UK.

* Corresponding author:

Prof. David Phoenix,

Dean’s Office,

Faculty of Science and Technology 

University of Central Lancashire, 
Preston, PR1 2HE, UK.

Tel: 01772 893481; Fax: 01772 894964 

E-Mail: daphoenix@uclan.ac.uk

Abbreviations: a, interaction parameter; AH, mixing enthalpy; CL, Cardiolipin; Cs'1, 

Compressibility modulus; DOPE, Dioleoylphosphatidylethanolamine; DOPG, 

Dioleoylphosphatidylglycerol; FTIR, Fourier transform infrared spectroscopy; a-AMPs, 

Alpha helical antimicrobial peptides; AGmix, Gibbs free energy of mixing.

1

mailto:daphoenix@uclan.ac.uk


Abstract

VP1, a putative a-helical antimicrobial peptide (a-AMP) inhibited growth of Bacillus subtilis 

and Escherichia coli at 500 pM. The peptide induced stable surface pressure changes in 
monolayers formed from B. subtilis native lipid extract (circa 4.5 mN m'1) but transient 
pressure changes in corresponding E. coli monolayers (circa 1.0 mN m'1), which led to 

monolayer disintegration. Synthetic lipid monolayers mimetic of the extracts were used to 
generate compression isotherms. Thermodynamic analysis of B. subtilis isotherms indicated 

membrane stabilisation by VP1 (AGm* < 0), via a mechanism dependent upon the 

phosphatidylglycerol to cardiolipin ratio. Corresponding analysis of E. coli isotherms 

indicated membrane destabilisation by the peptide (AG^ > 0). Destabilisation correlated 

with PE levels present and appeared to involve a mechanism resembling those used by tilted 

peptides. These data emphasise that structure / function analysis of a-AMPs must consider 
not only their structural characteristics but also the lipid make-up of the target microbial 

membrane.
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Introduction

Over the last twenty-five years, there has been widespread research into the potential of 

antimicrobial peptides to act as novel antibiotics (Giuliani et aL, 2007; Mookherjee & 
Hancock, 2007; Nizet, 2007; Zaiou, 2007). In this capacity, amongst the most extensively 

studied of these agents are peptides that adopt an a-helical structure (a-AMPs) to exert their 

antimicrobial activity (Castro et aL, 2006; Zelezetsky & Tossi, 2006). These peptides are 
produced by a diverse variety of organisms ranging from amphibians (Apponyi et ak, 2004; 
Boland & Separovic, 2006) to insects (Bulet & Stocklin, 2005; Tamang & Saier, 2006) and 

are able to kill an extraordinarily wide spectrum of cells and microbes, ranging from bacteria 

(Durr et al., 2006) to tumour cells (Dennison et ak, 2006).

All known a-AMPs appear to be lipid interactive, either passing through the membrane to 

attack intracellular targets or, as in most cases, using direct invasion of the microbial 

membrane itself as their primary killing mechanism (Bechinger & Lohner, 2006; Sato & 
Feix, 2006). The relatively non-specific nature of these mechanisms of antimicrobial action is 
reflected in a general lack of microbial resistance to a-AMPs and where such resistance has 
been reported, levels are much lower than those shown by microbes to conventional 
antibiotics. Indeed, a-AMPs show many potential advantages over these latter antibiotics and 

are viewed as attractive alternatives in the fight against the current global problem of 
microbial pathogens with multi-drug resistance (Jenssen et ak, 2006; Man* et al., 2006).

Despite intensive study, detailed descriptions for the microbial killing mechanisms used by a- 

AMPs are still lacking. Most a-AMPs are cationic and are presumed to target bacterial cells 

via electrostatic interactions with negatively charged moieties in the bacterial envelope. 

These include anionic lipids and lipopolysaccharide (LPS) phosphate groups in the case of 
the Gram-negative outer membrane and techoic acids in the case of the Gram-positive 
membrane (Nizet, 2007). Once a-AMPs have gained access to the cytoplasmic membrane of 
bacteria, they are able to invade the lipid bilayer and a number of general models have been 
presented to describe such invasion. These models variously propose that a-AMPs form 

“barrel stave” membrane pores or “carpet” the membrane, which can then lead to toroidal 

membrane pore formation or solubilisation of the membrane in a detergent like manner. 
These a-AMP membrane interactions then lead to lysis or permeabilisation of target
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microbial cells (Bechinger & Lohner, 2006; Sato & Feix, 2006). The Shai-Huang-Matsazuki 

(SHM) model was recently presented and incorporates aspects from several of these former 

models. Essentially, the SHM model proposes that “carpeting” of the microbial membrane 

with a-AMPs leads to the displacement of membrane lipid, alterations to membrane structure 

and either microbial membrane destruction or peptide internalization (Zasloff, 2002). Most 
recently, theoretical analyses (Dennison et al., 2005b) supported by experimental evidence 

(Marcotte et al., 2003), have suggested that some a-AMPs may invade microbial membranes 

via the use of oblique orientated a-helices, or tilted peptides. The vast majority of membrane 

interactive a-helices possess relatively constant levels of hydrophobicity along the a-helical 

long axis, leading these a-helices to adopt stable membrane orientations that are either 

approximately parallel or perpendicular to the membrane surface, as generally assumed for 

lipid interactive a-AMPs. However, in contrast, oblique orientated a-helices possess a strong 

gradient in the level of hydrophobicity along their helical long axis. These hydrophobicity 

gradients allow the protein a-helices to penetrate the membrane at an angle between 30° and 

60°, thereby promoting the destabilisation of lipid organisation and leading to a range of 

effects such as the generation of non-bilayer structures and membrane fusion (Brasseur, 

2000; Harris et al., 2000; Rahman et al., 1997; Thomas & Brasseur, 2006). The a-helix 

formed by VP 1, a cationic peptide derived from m-calpain (Brandenburg et al, 2002), shows 

many of the structural characteristics possessed by membrane interactive oblique orientated 

a-helices (Dennison et al, 2005a) as shown by comparisons to aurein 1.2 and citropin 1.1 

(Fig. 1), which are known cationic tilted peptides from Australian tree frogs (Boland & 
Separovic, 2006) with a-AMP properties. It has previously been shown that these three 
peptides are active at the membrane interface and possess a balance between the levels of 

amphiphilicity and hydrophobicity that are associated with tilted a-AMPs (Dennison et al., 

2005b), thus making VP1 a candidate antibacterial.

In general, the construction of models to describe microbial membrane invasion by a-AMPs 

has been based on data obtained from studies involving model membranes. These studies 

have established that interaction of a-AMPs with membrane lipid involves a number of key 

structural properties possessed by these peptides, such as residue composition, charge, 
hydrophobicity and amphiphilicity. It is also well established that the broad-range 

antimicrobial activity of a-AMPs requires that they are able to invade membranes with 
widely varying lipid compositions. However, few studies appear to have considered how this
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variability influences the mechanisms of membrane invasion used by these peptides. In 

response, we have used the approach of Henzler-Wildman et aLs (2004) who utilised model 

membranes formed from bacterial lipid extracts or synthetic lipid mixes to investigate the 

bacterial membrane interactions of the human a-AMP LL-37 (Henzler-Wildman et ah, 2004). 

We employ monolayers formed from whole lipid extracts of Bacillus subtilis and Escherichia 

coli to study the bacterial membrane interactions of VP1. These native bacterial lipid 

monolayers are then mimicked using synthetic lipid mixes with know composition to 
generate compression isotherms and facilitate thermodynamic analysis of these VP1- 

membrane interactions. Based on the results of these studies in conjunction with those 

obtained from FTIR lipid phase transition analysis and bacterial toxicity assay of the peptide, 
we propose models for the antibacterial action of the peptide.

2. Experimental Procedures
2.1 Materials

The synthetic peptide, VP1 (GTAMRILGGVI), was supplied by PEPSYN (UK), synthesised 

by solid state synthesis and purified by HPLC to purity greater than 99%, confirmed by 

MALDI mass spectrometry. Nutrient broth, Luria Bertani broth (LBB) and Tryptic soy broth 

were purchased from LabM (UK). Buffers and solutions for monolayer experiments were 

prepared from Milli-Q water. Dioleoylphosphatidylglycerol (DOPG) and 

dioleoylphosphatidylethanolamine (DOPE) were purchased from AlexisCorporation (UK). 
Cardiolipin (CL) from E. coli was purchased from Avanti. Tris 
(Tris {hydroxymethyl} aminomethane), HEPES (N-^-Hydroxyethylpiperazine-N’ - [2-
ethanesulphonic acid]) and all other reagents were purchased from Sigma (UK).

2.2 Methods

2.2.1 Activity of VP1 against planktonic bacteria

Cultures of B, subtilis, strain NCIMB 8054, and E. coli, stmin W3110, which had been 
freeze-dried in 20% (v/v) glycerol and stored at -80 C, were each used to inoculate two 10 

ml aliquots of nutrient broth. After overnight incubation in an orbital shaker (100 rpm, 37 
C), 100 pi of each culture was used to inoculate two 100 ml aliquots of nutrient broth in 250 

ml flasks, which were then incubated with shaking (100 rpm, 37 C) until the exponential 
phase was reached (OD = 0.6; X = 600 mn). A 1 ml aliquot of each bacterial sample was 
centrifuged (15000 g, 3 min, 25 C) using a bench top centrifuge and the resulting pellet 
washed three times in 1 ml aliquots of Tris (10 mM, pH 7.5). For each sample, cells were
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then re-suspended in 1 ml of this buffer containing VP1 at a final concentration of 3 mM, 

which had previously been determined as its minimum lethal concentration (MLC) for both 
B. subtilis and E. colt in the range 0 to 5 mM. These culture / peptide mixtures were 
incubated at 37 C and samples taken at the beginning of the experiment (time zero), and at 

15 minute intervals for 1 hour and then hourly intervals for 7 hours. As a control, cultures of 
both bacterial strains were similarly treated but in the absence of peptide. At each sampling, 

10 fil of culture was removed and a ten-fold serial dilution (10_1 to 10'7) prepared in Iris (25 

mM, pH 7.5). Aliquots (10 pi) of each dilution were surface-spread onto nutrient agar plates, 

which were then incubated at 37 C for 12 hours. Colony counts were undertaken and 
expressed as colony forming units (CPUs) ml'1. The percentage reduction in colonies for each 

time interval was calculated and recorded as a function of time.

2.2.2 Activity of VP1 against bacterial biofilms

Biofilms of 5. subtilis, strain NCIMB 8054, and E. coli, strain W3110 were prepared in two 
separate BD Falcon tissue culture slides. Strains were grown for 24 hours at 37 °C in 10 ml 

Lima Bertam broth (LBB) for E. coli and in Tryptic soy broth for B, subtilis. Aliquots (0.75 

ml) of each broth were dispensed separately into the 8 well BD Falcon tissue culture slides 
and 1 OpL of each overnight culture was inoculated into each chamber of the chamber slide. 

For biofilm formation the incubation time was 24 h at 37 C. The medium from the wells was 

then removed using a pipette and the biofilm was washed in sterile distilled water to ensure 
all planktonic cells were removed. Aliquots of 0.5 mL of peptide solution (8mM) of 

decreasing concentrations (ranging from 4 mM to 0.0625 mM) were prepared by a series of 

doubling dilution with lA strength Ringers. The biofilms in each well of the culture slides 
were then treated with a 0.5 ml of VP1 peptide stock solutions. The slides were then 

incubated for 24 h at 37 C. After incubation, the wells were emptied and the plastic chamber 
removed. The slides were then stained with Vetashield mounting medium containing 
propidium iodide solution (1.5 gg ml'1), for 20 minutes at room temperature. Examination of 

the stained biofilm slides was performed using fluorescence microscopy Images were 
recorded at 480 nm excitation and at 530 nm emission.

2.2.3 Total lipid extracts from cells of B. subtilis and E. coli

Total lipid extracts of B. subtilis and E. coli were obtained using a modified form of the 

procedure first described by Bligh and Dyer (Bligh & Dyer, 1959). Essentially, cultures of 

these organisms were separately grown in nutrient broth as described above. When in the
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exponential phase (OD = 0.6; X = 600 nm), 1 ml of each culture was extracted, washed twice 

in Tris buffer (25 mM, pH 7.5) and centrifuged (15000 g, 5 min) to form a pellet. Each pellet 

was then resuspended in 1 ml Tris buffer (25 mM, pH 7.5) and to a 0.4 ml aliquot of this cell 
suspension, 1.5 ml of a 1:2 (v/v) chloroform - methanol mixture was added. Each of these 

cell / solvent samples was then vortexed vigorously for 5 minutes, a further 0.5 ml 

chloroform added and the whole again vortexed for 5 minutes. To each sample, 0.5 ml water 

was added, the whole vortexed for 5 minutes and then centrifuged at low speed (660 g, 5 

min) to produce two phases. The lower organic layer was transferred to a fresh centrifuge 

tube, concentrated using a Jouran speed vac (Jouran, UK) and the dried lipid extract stored at 
-20 C under Nj.

2.2.4 FTIR spectroscopic analyses of VP1 - lipid interactions
2.2.4.1 Preparation of lipid vesicles

Lipid vesicles were prepared according to Keller et al, (Keller et al., 1992). Essentially, total 
lipid extracts of B. subtilis and E. coli, respectively, were resuspended in chloroform, dried 

with nitrogen gas and hydrated with HEPES (10 mM, pH 7.5) to give final total lipid 

concentrations of 150 mM. The resulting cloudy suspensions were sonicated at 4 °C with a 
Soniprep 150 (ISTCP, USA) sonicator (amplitude 10 microns) until clear (30 cycles of 30 
seconds) and then centrifuged (15 min, 3000 g, 4 °C).

2.2.4.2 FTIR analysis of VP1 effects on lipid phase transition properties

The final VP1 concentration of 3mM was obtained by solubilising the peptide in vesicle 

suspensions fonned from the total lipid extracts of B. subtilis and- E. coli. Corresponding 

suspensions of vesicles were prepared with no peptide present served as controls. All 
samples were then subjected to automatic temperature scans with a heating rate of 3 °C (5 
min)'1 and within the temperature range 0 °C to 60 °C. For every 3 °C interval, 50 

interferograms were accumulated, apodized, Fourier transformed and converted to 

absorbance spectra (Brandenburg et al, 1997). These spectra monitored changes in the p 

<—> ot acyl chain melting behaviour of phospholipids with these changes determined as 

shifts in the peak position of the symmetric stretching vibration of the methylene groups, 

vs(CH2), which is known to be a sensitive marker of lipid order. The peak position of vs(CH2) 
lies at 2850 cm'1 in the gel phase and shifts at a lipid specific temperature Tc to 2852.0 cm’1 - 

2852.5 cm"1 in the liquid crystalline state.
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2*2.5 Lipid monolayer studies on VP1

2.2.5.1 Langmuir-Blodgett system

Monolayer investigations were performed using Langmuir-Blodgett equipment supplied by 

NIMA (UK), which was mounted on a vibration-isolated table. Studies were conducted 

using a Teflon trough, which possessed surface area dimensions of 5 cm x 16 cm and held a 
volume of 80 ml, and was fitted with two mechanically coupled Delrin barriers (Hardy et al, 
2006). All experiments were conducted at an operating temperature of 21.0 ± 1 C and used a 
subphase of Tris (10 mM, pH 7.5), which had been prepared with purified MilliQ water 

(specific resistance 18 MQcm). Unless indicated otherwise, VP1 was introduced into the 

subphase via an injection port to give desired final concentrations. The subphase was 

continuously stirred by a magnetic bar (5 rpm) and surface tension was monitored by the 

Wilhelmy method using a paper plate (Whatman’s Chi) in conjunction with a microbalance, 

as described by Demel (Demel, 1974). Contaminants were removed from the subphase 

surface by aspiration and a stable surface pressure taken to be that with fluctuations of less 

than 0.01 mN m"1. Changes in monolayer surface pressure/area were recorded as graphic 

output on a PC using NIMA software, which interfaced with the Langmuir-Blodgett 

microbalance.

2.2.5.2 VP1 interactions with lipid monolayers

The ability of VP1 to penetrate lipid monolayers at constant area was studied. Monolayers 

were formed by spreading chloroform solutions of total lipid extract from B. subtilis and E. 

coli respectively onto a Tris subphase. Additionally, monolayers were formed by spreading 

chloroform solutions of synthetic lipid mixes, which were designed to mimic membranes of 
B. subtilis and E. coli respectively onto the Tris subphase. These latter monolayers were 

formed from DOPG, DOPE and CL in the molar ratios described in Table 1. After spreading, 
the solvent was allowed to evaporate off the subphase of the surface over 30 minutes and then 
the lipid monolayer was compressed at a velocity of 5 cm2 min"1 to give a surface pressure of 

30 mN m"1. The barriers were maintained in this position and VP1 was introduced into the 
Tris subphase to achieve a peptide concentration of 20 pM, which was determined as optimal 
for these experimental conditions (Dennison et al., 2005a). Interactions of the peptide with 

lipid monolayers were monitored as changes in monolayer surface pressure versus time.
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The ability of VP1 to interact with lipid monolayers was also investigated using compression 

isotherms. Monolayers were formed by spreading chloroform solutions of either DOPG, 

DOPE, CL or synthetic lipid mixes (Table 1) on to a 10 mM Tris buffer subphase. 

Additionally monolayers formed on a Tris buffer subphase using the lipid mixes as described 

in Table 1, but with PE molar ratios that varied between 3.5 and 15, and CL / PG mixtures at 
molar ratios that varied between 0.5 and 3.0. After spreading, the solvent was allowed to 

evaporate off the subphase surface over 30 minutes and then tire lipid monolayer compressed 
using a barrier speed of 5 cm min'1 until monolayer collapse pressure was achieved. These 

experiments were repeated except that VP1 was introduced into the subphase to give a final 

peptide concentration of 20 pM. For all compression isotherms, changes in lipid monolayer 

surface pressure with changes in monolayer area were recorded.

2.2.5.5 Thermodynamic analysis ofVPl interactions with lipid monolayer isotherms 
The phase state of monolayers was studied using the compressibility modulus (Cg"1). This 

parameter provides a measure of the compressional elasticity of a lipid monolayer, thereby 

providing information about lipid packing within the monolayer (Alminana et al, 2004), and 

is given by:

c:1 Sn;
(1)

where (77) represents monolayer surface pressure and (A) is the area per molecule in the 

monolayer.

The thermodynamic stability of monolayers was investigated using tire Gibbs free energy of 

mixing (AGmx). This parameter provides a measure of the relative stability of a monolayer by 

considering the energetics of miscibility of its pure lipid components and is given by:

” _[) [A2...H - (7s: 1A + AL -A ... + Ar?i AJ'A'17]
(2)

where is the molecular area occupied by the mixed monolayer, A;, A2 ...A„ are the
area per molecule in the pure monolayers of component 1, 2,...n, AT;, 76...X„ are the molar 
fractions of the components and 77 is the surface pressure. Numerical data were calculated 

from the compression isothenns according to the mathematical method of Simpson (Todd, 

1963).
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The interactions between component lipid molecules of monolayers were examined using the 

interaction parameter (a). This parameter relates the interaction of each molar fraction of 

lipid in a monolayer to the energy gain through mixing of the monolayer and is given by:

a = (3)RTiX.Xl

where X are the molar fractions of the monolayer lipid components, R = 8.314 J mol'1 K'1 and 

T - 294°K.

The stability and binding interactions of monolayers were further investigated using the 
mixing enthalpy (AH), which is given by:

AH = RTa
Z

Eq.4

where R and T are as defined in equation 5, and Z is the packing fraction parameter, which is 

calculated using the Quikenden and Tam model (Quickenden & Tan, 1974).

3. Results
3.2. VP1 toxicity to bacterial strains

When directed against planktonic bacteria, it was found that 3 mM VP1 took 4 hr to induce 
100% cell death in the case of B. subtilis but 1 hr for E. coli under corresponding conditions 

(Fig. 2A). This represents a significant difference in the rates at which VP1 induces cell death 
in these latter organisms as confirmed by use of the Friedman’s test (p = 0,003) and indicates 

that the peptide has an ability to kill E, coli more rapidly than B. subtlis. When directed 
against bacterial biofilms, VP1 exhibited an MIC > 500 pM and an MLC of 4 mM against 
both B. subtilis and E. coli (Fig. 2B).

3.2. FTIR spectroscopic analyses of VP1 - lipid interactions

FTIR lipid phase transition analysis showed that in the absence of VP1, vesicles formed from 

total lipid extracts of B. subtilis and E. coli showed different phase transition properties (Fig. 

3 A and Fig. 3B). In the case of B. subtilis the fluidity of the membranes underwent a general 

rise in wavenumber with temperature (Fig. 3 A) which is indicative of a monotonous increase 
of the acyl chain length. In contrast, the E. coli membrane system (Fig. 3B) underwent a
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clear transition from the gel phase to liquid crystalline phase over the temperature range 25 

°C to 40 °C with a concomitant increase in membrane fluidity as indicated by the rise in 

wavenumber from circa 2851.5 cm"1 to 2853.5 cm'1. In the presence of VP1, there is no 

significant change in the melting temperature range of both systems but significant changes 

in membrane fluidity were exhibited. For E. coli the fluidity of membranes underwent a 

significant decrease as indicated by a general fall in wavenumber of between 0.5 to 1.0 cm"1 

(Fig. 3B), which is in contrast to B. subtilis where there was an increase in fluidity of 
comparable magnitude.

3*3* VPl-lipid monolayer interactions at constant area

The interactions of VP1 with monolayers that mimicked the membranes of B. subtilis and E. 
coli were investigated at constant area. For each organism, monolayers formed from total 
lipid extracts or synthetic lipid mixes (Table 1), were found to form stable monolayers at a 
surface pressure of 30 mN m"1 (Fig. 4A and Fig. 4B), which was taken to represent that of 

naturally occurring membranes (Blume, 1979; Marshall & Arenas, 2003; Ronzon et al, 2002; 

Seelig, 1987), VP1 induced stable increases in the surface pressure of both monolayers tested 

in the case of B. subtilis membrane mimics and after 4000 sec these pressure increases 
reached maximal values of 4.5 mN m"1 in the case of synthetic membrane mixes and 3.0 mN 
m"1 in the case of total lipid extracts (Fig. 4A). In contrast, for E. coli membrane mimics, the 

peptide induced maximal surface pressure increases of 2.5 mN m"1 in monolayers formed 
from synthetic lipid mixes and 1 mN m"1 in those fonned from total lipid extracts. For these 

latter monolayers, after a period of apparent stability, a decrease in surface pressure was then 

-observed, which after 1500 sec led to surface pressures values lower than that of original 
monolayer, indicative of monolayer disintegration (Fig. 4B).

3.4. VPl-lipid compression isotherms and their thermodynamic analysis 
Compression isotherms were obtained for monolayers formed from synthetic lipid mimics of 

B. subtilis and E. coli membranes respectively (Fig. 5A), and from each individual 

component lipid of these membrane-mimics (Fig. 5C). Corresponding compression isotherms 
were obtained for these monolayers in the presence of YP1 (Fig. 5B and Fig. 5D). For these 

B. subtilis and E. coli model membranes, data from Fig. 5 and equation 1 were used to 
calculate the values of Cf1 (Table 2). Table 2 shows that these isothenns have low values of 
Cg'1, indicating that all monolayers were in a liquid expanded phase (Davies & Rideal, 1963) 

and thus were fluid with high compressibility. Table 2 also shows that in the presence of
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VP1, a general decrease in Cy1 was observed with rising surface pressure, indicating 

monolayer expansion due to peptide interactions.

The isotherms from Fig. 5 were also used to calculate the Gibbs free energy of mixing 
(AGm*). Table 3 shows that for both organisms, AGm* « RT = 2444.316 J mol"1, indicating 

that deviations from ideal mixing behaviour in these model membranes are small (Sospedra 

et al, 2001). Table 3 also shows for both model membranes, AGmx varies with surface 

pressure and according to the absence or presence of VP1. In the absence of VP1, values of 

AGm* > 0 were observed for B. subtilis model membranes indicating energetically unstable 

interactions between the individual lipid components of these membranes. However, in the 

presence of VP1, AGm* < 0, indicating that there are attractive interactions between the 
individual monolayer components, in turn, implying that the monolayer is stable. These 

values of AGa/w for the lipid:peptide mix become increasingly more negative with increasing 

surface pressure, showing that at higher surface pressures, these monolayer mimics of B. 
subtilis are more stable than the monolayers formed by their pure components. In contrast, in 
the absence of VP1, values of AGmx < 0 were observed for E. coli model membranes, 
indicating a stable monolayer. However, in the presence of VP1, AGm* > 0, indicated that 
although the monolayer components are miscible, interactions are destabilised by the peptide, 

thereby decreasing membrane stability. Values of AGm« increased with rising surface 
pressure, implying that these E. coli model membranes became increasingly less stable with 

compression

Isotherms of CL:PG monolayers with varying lipid ratios were analysed. At a ratio of 1.6:1, 

which corresponds to that found in B. subtilis membranes (Table 1), AGm* changed from 

+200 to - 100 on addition of VP1 (Fig. 6), indicating a stabilising effect. In contrast, at a 
CL:PG ratio of 2:1, which corresponds to that found in E. coli membranes (Table 1), AGm* 
was +400 and was not significantly affected by the presence of VP1 (Fig. 6). Similar analysis 
of compression isotherms was conducted where CL:PG ratios were held at those 
corresponding to B. subtilis or E. coli membranes respectively (Table 1) and PE was 
progressively introduced into these systems (Fig. 7 and Fig. 8). In the case of B. subtilis 

membrane mimics, increasing levels of PE had no significant effect on the stability of these 

membranes around the CL:PG ratio found in this organism with the presence of PE causing 

AGa/jx to vary by only +50 in the presence and absence of VP1 over the range tested (Fig. 7).

12



In contrast, with CL:PG ratios corresponding to E. coli membrane mimics, increasing levels 

of PE caused AGmx to move from +450 to -400 in the absence of VP1 but from +450 to +100 

in the presence of VP1 (Fig. 8), indicating a clear stabilising effect on membrane stability by 

the presence of PE but a destabilising effect by the peptide.

Further thermodynamic analysis of isotherms in Fig. 5 was undertaken and the interaction 

parameter (a) and mixing enthalpy (AH) were calculated for these monolayers using 

equations 3 and 4. Table 4 shows that in the absence of VP1, both a and AH > 0 for 5. 

subtilis model membranes and < 0 for those of E. coli. However, in the presence of VP1, a 

and AH < 0 for B. subtilis model membranes and > 0 for those of E. coli. These data indicate 

that in the case of E. coli, membranes are thermodynamically less stable in the presence of 
VP1 than those of B. subtilis.

4. Discussion
VP1 was found to possess weak antibacterial activity, exhibiting an MLC of 3 mM against 

planktonic E. coli and B. subtilis and an MIC of 500 pM against biofilms formed from these 

organisms (Fig. 2), the metric generally used to characterise such anti-biofilm activity (Curtin 
& Cormican, 2003). However, for comparative purposes, the MLC of VP1 against these 
latter biofilms was also determined and found to be 4 mM, which is consistent with the view 

that biofilms of organisms are more resistant to biocides than their planktonic counterparts, 

primarily due to the development of resistant phenotypes within the biofilm (del Pozo & 

Patel, 2007; Rodriguez-Martinez & Pascual, 2006). These higher levels of resistance may be 

explained in part by the presence of exopolysaccharides (EPS) in the extracellular matrix of 

bacterial biofilms. It has been shown that EPS possess structural properties mimetic of 

bacterial membranes, enabling them to bind a-AMPs with mean hydrophobicity above a 

threshold of 0.4 as measured using the Liu-Deber hydrophobicity scale, effectively increasing 
the level of peptide required for biofilm killing (Chan et ah, 2004; Kuo et ah, 2007). 
Analysis of VP1 according to Chan et al, (2004) shows VP1 to be sufficiently hydrophobic 

to engage in such EPS interactions since it has a mean hydrophobicity of 0.56.

Toxicity assay showed comparable levels of VP1 were required to inactivate B. subtilis and 

E. coli in both their biofilm and planktonic forms (Fig. 2). In the latter case though E. coli 

was killed four times faster than B. subtilis (Fig. 2A), suggesting that differing methods of
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antimicrobial action may be involved. To investigate this suggestion further, the interactions 

of VP1 with membranes of B. subtilis and E. coli were undertaken using lipid monolayers at 

an initial surface pressure (30 mN m'1) characteristic of naturally occurring bacterial 

membranes. In the case of monolayers formed from B. subtilis membrane lipid extract, VP1 
showed maximal levels of interaction (3 mN m'1) that were consistent with penetration of the 

monolayer headgroup region by the peptide (Fig. 4A). It is well established that Gram 

positive bacteria possess high levels of anionic lipid (Devine & Hancock, 2002; Zelezetsky & 

Tossi, 2006), which would clearly facilitate strong surface interactions between B. subtilis 
membranes and positively charged VP1. Such stable binding would fit with membrane 
association characteristic of carpet based mechanisms of action.

In contrast, VP1 showed initial interactions with monolayers formed from E. coli lipid extract 
(Fig. 4B) that led to lower levels of maximal interaction (1 mN m'1), which could correlate 

with the relatively reduced levels of anionic lipid possessed by membranes of Gram-negative 

organisms when compared to those of Gram-positive bacteria (Devine & Hancock, 2002; 
Zelezetsky & Tossi. 2006). However, after a short plateau region, in the case of E. coli, the 

kinetics of these initial interactions were superseded by those indicating monolayer 
disintegration, which clearly, must involve destabilisation of the lipid packing in these 

monolayers by VP1 with lipid reordering resulting. These results strongly suggest that in the 
case of E. coli the peptide uses a lytic mechanism, which resembles those that solubilise the 
membrane in a detergent like manner (Bechinger & Lohner, 2006; Sato & Feix, 2006) and 

involves disturbance of lipid acyl chains within the E. coli membrane core as previous 

reported in the case of membrane disruption by oblique orientated a-helices (Brasseur, 2000; 

Thomas & Brasseur, 2006).

To try and gain a further understanding of these differing effects, thermodynamic analysis of 

VP1 interactions with B, subtilis and E. coli membranes along with compression isotherm 

analysis was undertaken using monolayers formed from synthetic lipid mixes rather than 

bacterial total lipid extracts. Control experiments at constant area established that the 
synthetic monolayers provided a good model with VP1 showing comparable levels of 
interaction and similar kinetics to those observed from monolayers formed from lipid extracts 
(Fig. 4). Whilst it is recognised that these systems lack a range of non-lipid components
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(Brogden, 2005), such studies are well documented as providing information regarding the 

important role of the lipid components with respect to the mode of action.

Isotherm analyses of monolayers representing B. subtilis membranes showed that AGma- was 
negative in the presence of VP1 but positive in its absence (Table 3), which in combination 

indicate that the peptide had a thermodynamically stabilising effect on these systems. Further 

analysis by varying the lipid composition, suggested that VP1 driven stabilization of B, 

subtilis membranes was dependent upon the to CL:PG ratio given that at a CL:PG ratio 
representing that of the organism (1.6:1, Table 1) and below, VP1 is seen to stabilise the 
system (Fig. 6). Above this CL:PG ratio, the system appears more stable and is less affected 
by VP1.

Isotherm analyses of E. coli membranes showed that AGm*. was positive in the presence of 

VP1 but negative in its absence (Table 3), which together indicate that the peptide had a 

thermodynamically destabilising effect on these membranes. The importance of the CL:PG 
ratio, as described above, appears to be confirmed when the lipid composition was varied to 

achieve higher CL:PG ratios, which include that representative of E. coli membranes (2:1, 

Table 1). At these ratios it can be seen that there is little effect on membrane stability upon 

VP1 addition (Fig. 6). However, increasing the level of PE from zero to that found in the 
organism led to VP1 destabilising the lipid system, generating a change in AG^- that went 
from +450 to -400 in the absence of VP1 but from 4-450 to 4100 in the presence of VP1 (Fig. 
8). These results imply that at this CL:PG ratio, the presence of PE was required for the VP1 

destabilising effect observed for -E. coli membranes. In contrast, increasing the level of PE 

from zero to a level comparable to that found in B. subtilis at the CL:PG ratio of this 

organism showed little effect on the action of VP1 (Fig. 7), confirming the importance of the 
CL:PG ratio in this latter case.

These data clearly reinforce the suggestion that VP1 promotes its toxicity to B. subtilis 

through a mechanism of membrane invasion, which differs to that used in the case of E. coli 
and that these differences are due to lipid composition. The differences in the membranes 

dynamics were supported by FTIR, which showed a clear phase change in case of the more 
stable E. coli system but not in the case of the less stable B. subtilis system. Lipid phase 
transition analysis was used to investigate the possibility that differences in the antimicrobial 

efficacy of VP1 may be related to the differing characteristics of these target membranes. A
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significant decrease in the membrane fluidity for E, coli extracts was observed in the 

presence of VP1 (Fig. 3B), which suggests that VP1 affects the hydrophobic membrane core 

in contrast to the effect seen for B. subtilis (Fig. 3A).

The lipid phase transition data (Fig. 3) imply that the interaction of VP1 with B. subtilis 

membranes involves lipid headgroup binding in a stable manner, which would further support 

a mode of action based on the carpet type mechanism. In the case of E. coli, the data support 

the proposal that VP1 invasion of the organism’s membranes may involve penetration of the 

membrane lipid core and membrane destabilisation followed by membrane solubilisation and 

lysis. It is well established that the ability of tilted peptides to destabilise membranes is 
enhanced by the preference of PE to . adopt non-bilayer structures (Bechinger & Lohner, 2006; 

Thomas & Brasseur, 2006). Taken with these isotherm data and theoretical analyses of the 
VP1 a-helix (Dennison et al, 2005b) these observations would support the suggestion that 
the peptide promotes toxicity to E. coli via the use of membrane interactive oblique 

orientated a-helical structure. Similar mechanisms of antibacterial action have been proposed 

for aurein 1.2 and citropin 1.1 (Dennison et al., 2005b; Marcotte et al., 2003), which are of 

comparable length to VP1 and have similar characteristics (Fig 1A). These amphibian 

peptides have been shown to insert into lipid mimics of the bacterial membrane, resulting in 

membrane destabilisation and lysis via carpet-type mechanisms but are able to form oblique 
orientated structure (Ambroggio et al, 2004; Ambroggio et al., 2005; Balia et al., 2004; 

Boland & Separovic, 2006).

In conclusion, VP1 functions as a weak a-AMP, killing E. coli and B. subtilis, at comparable 
levels. The peptide thus shows a comparable ability to kill both Gram-positive and Gram
negative bacteria but appears to act via different mechanisms of membrane invasion in the 

two cases investigated. Differences between these mechanisms appear to depend upon the 

relative composition, stability and lipid packing characteristics of the target bacterial 

membrane. Taken overall, the results of this study emphasise the fact that a given a-AMP can 
utilise more than one mechanism of antimicrobial action, which is reinforced by recent 

studies (Ramamoorthy et al., 2006). It is thus clearly imperative that structure / function 

analyses of a-AMPs must take into account not only their own structural characteristics but 

also the make-up of the membrane target.
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Table 1. Lipid composition of bacteria membranes. Table shows the molar ratios of major 

lipids found in the membranes of Gram-positive and Gram-negative bacteria (Lohner & 

Premier, 1999), which are represented in this study by B. subtilis and E. coli respectively.

Table 2. The compressibility moduli (Cf1) of lipid monolayers at varying surface pressure 

(tc). Values of Cf1 were computed using data from compression isotherms (Fig. 5) and 

equation 1. Monolayers were formed from either: DOPG, DOPE, CL, or lipid mixtures that 

corresponded to membranes of B. subtilis and E, coli respectively, all as described above

Table 3. The Gibbs free energy of mixing (AGMx) of lipid monolayers at varying surface 

pressure (tc). Values of AGm* were detennined for monolayers formed from lipid mixtures 
that corresponded to membranes of B. subtilis and E. coli respectively. These parameters 
varied with surface pressures and the presence (+VP1) or absence (-VP1) of VP1. For B, 

subtilis membrane mimics, AGm;* was changed from positive to negative values by the 
presence of VP1, indicating that the peptide rendered these monolayers thermodynamically 

stable. In contrast, the presence of VP1 changed AGm/x- from negative values to positive 

values for E. coli membrane mimics, indicating that the peptide rendered these monolayers 

thermodynamically unstable. AGm.y was computed using data from the compression 

isotherms of Fig. 5 and equation 2, all as described above.

Table 4. The interaction parameter (a) and enthalpy of mixing (AH) of lipid monolayers at 

varying surface pressure (tc). Values of a and AH were determined for monolayers formed 
from lipid mixtures that corresponded to membranes of B. subtilis and E. coli respectively. 

Values for these parameters were computed either in the presence (+VP1) or absence (-VP1) 
of VP1 using data from compression isotherms (Fig. 5) in conjunction with equations 2, 3, 

and 4 respectively, all as described above.
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Table 1. Lipid composition of bacteria membranes.
Bacterium CL DOPG DOPE

B. subtilis 4.7 2.9 1.0

E. coli 2.00 1.00 13.67
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Table 2. The compressibility moduli (Os'1) of lipid monolayers at varying surface pressure 
(tc).

Pressure

7i (mN m"1)

Cs1

(mN m"1)

CL DOPG DOPE B. subtilis E. coli

5 5.717 8.22 6.06 8.37 7.65

10 11.03 13.45 13.01 16.72 13.36

15 40.41 18.95 19.89 17.35 18.12

20 72.89 24.51 25.80 22.01 25.71
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Table 3. The Gibbs free energy of mixing (AGm/x) of lipid monolayers at varying surface 
pressure (tc).

Surface Pressure

(mN m'1)

AGmi*

(J mol1)

B. subtil is E. coli

-VP1 +VP1 -VP1 +VP1

5 0.91 -170.55 -16.17 3.13

10 120.76 -298.35 -40.48 23.42

15 365.93 -373.10 -53.11 36.85
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Table 4. The interaction parameter (a) and enthalpy of mixing (AH) of lipid monolayers 
at varying surface pressure (rc).

Pressure
(mNm4) a

AH

(J mol'1)

B. subtilis E. coli B, subtilis E. coli

-VP1 +VP1 -VP1 +VP1 -VP1 +VP1 -VP1 +VP1

5 0.04 -7.5 -1.6 0.3 49.24 -9182.4 -1984.0 385.0

10 5.3 -13.1 -4.1 2.3 6502.1 -8031.6 -4966.9 2873.8

15 11.2 -16.4 -5.3 3.7 13627.0 -6695.4 -6517.3 4521.4
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FIGURE LEGENDS
Fig. 1A Analysis of (A) VP1 (GTAMRILGGVI), (B) citropin 1.1 (GLFDVIKKVAS VIGGL- 

NH2) and (C) aurein 1.2 (GLFDIIKKIAESF-NH2) for gradients in hydrophobicity using the 
normalised consensus hydrophobicity scale of (Eisenberg et al, 1982) and a seven residue 

window. Each peptide exhibited an overall progressive increase in hydrophobicity along it 

sequence, which in the case of VP1 and citropin 1.1 progressed from the N-terminus to the C- 

terminus but in the reverse direction in the case of aurein 1.2. Fig. IB. The sequences of VP1, 

citropin 1.1 and aurein 1.2 represented as two-dimensional axial projections. The a-helix of 

each peptide possessed a hydrophilic face, composed of charged and polar residues (circled) 

and multiple gycines, and a wide hydrophobic face formed from bulky amino residues. Fig. 1 

was adapted from Dennison et al., (2005b).

Fig.. 2A. The viability of B. subtilis (dotted) and E. coli (solid) was measured by analysing 

the CPU’s as described in the methods. Data are represented as percentage death rate in the 
presence of VP1 (3 mM). At these levels, the peptide is bacteriocidal, achieving a 100% 
death rate after 4 hours in the case of B. subtilis and after 1 hour in the case of E. coli. The 

percentage death rate was determined by comparison with identical non-inoculated control 

cultures, all as described above. Fig. 2B. Laser scanning confocal images of E. coli and B. 

subtilis formed on BD falcon culture slides and stained with propidium iodide; Image A - 

light microscope image at x 400, B — not treated, C — 500 pM VP1 and D — 4 mM VP1.

Fig.- 3. Shows FTIR analysis of VP1 effects on the phase transition properties of Vesicles 

formed from bacterial lipid extracts. In the absence of VP1, membranes of B. subtilis (□, Fig. 
3A) and E. coli (◄, Fig. 3B) showed similar lipid phase transition properties going from the 

gel phase to the liquid crystalline phase over the range 25 to 40°C with a concomitant 
increase in membrane fluidity as indicated by the rise in wavenumber from circa 2851.5 cm-1 

to 2853.5 cm"1. In each case, the presence of VP1 caused no apparent shift in this temperature 

range but induced a significant change in membrane fluidity. The fluidity of B. subtilis 

membranes underwent a significant increase, as indicated by a general rise in wavenumber of 

between 0.5 to 1.0 cm"1 (■, Fig.3 A). In contrast, the fluidity of E. coli membranes underwent 

a significant decrease, as indicated by a general fall in wavenumber of between 0.5 to 1.0 

cm'1 (O, Fig. 3B).
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Fig, 4. Shows the time course of VP1 with lipid monolayers at an initial surface pressure of 
330 mN m'1. These monolayers were formed from whole lipid extract from B. subtilis 

membranes (grey) and synthetic lipid mimics of these membranes (black) respectively (Fig. 

4A). Fig. 4B monolayers were formed from whole lipid extract from E. coli membranes 
(grey) and synthetic lipid mimics of these membranes (black). VP1 was introduced into the 

subphase to give a final concentration 20 pM and changes in monolayer surface pressure 
recorded as a function of time5 all as described in the methods.

Fig. 5. Compression isothemi analysis of lipid monolayers. Fig. 5A and Fig. 5B show 

isotherms derived from lipid mixtures that corresponded to membranes of B. subtilis and E, 

coli in the absence and presence of VP1 at a final subphase concentration of 20 pM, 

respectively. Fig. 5C and Fig.SD show isotherms derived from (a) DOPE, (b) DOPG and (c) 

CL in the absence and presence of VP1 at a final subphase concentration of 20 pM, 
respectively. The variation of surface pressure with area per lipid molecule was monitored as 
monolayers were compressed, all as described above.

Fjg^jS. Compression isotherms were derived from monolayers formed from CL and PG at 

varying ratios in the absence (♦) and presence (■) of VP1 at a final subphase concentration 

of 20 pM. The variation of surface pressure with area per lipid molecule was monitored as 

monolayers were compressed, all as described above, and these data used to detennine AGMv 

using equation 2, which was then plotted as a function of the monolayer CL:PG molar ratio.

Fig. 7. Compression isotherms were derived from monolayers which fomied from CL and PG 

at a ratio of 1.6:1 (Table 1) corresponding to that in B. subtilis. Isotherms were obtained with 
varying levels of PE, in the absence (♦) and presence (■) of VP1 at a final subphase 
concentration of 20 pM. The variation of surface pressure with area per lipid molecule was 
monitored as monolayers were compressed, all as described above, and these data used to 

determine AGm/x using equation 2, which was then plotted as a function of the monolayer PE 
molar ratio.

Fig. 8, Compression isotherms were derived from monolayers which formed from CL and 

PG at a ratio of 2:1 (Table 1) corresponding to that in E. coli. Isotherms were also obtained 
with varying levels of PE, in the absence (♦) and presence (■) of VP1 at a final subphase
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concentration of 20 fiM. The variation of surface pressure with area per lipid molecule was 

monitored as monolayers were compressed, all as described above, and these data used to 

determine AGm* using equation 2, which was then plotted as a function of the monolayer PE 

molar ratio.
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Abstract: Cancer is a major cause of premature death and there Is an urgent need for new anticancer agents with novel 
mechanisms of action. Here we review recent studies on a group of peptides that show much promise in this regard, ex
emplified by arthropod cecropins and amphibian magainins and aureins. These molecules are a-helical defence peptides, 
which show potent anticancer activity (a-ACPs) in addition to their established roles as antimicrobial factors and modu
lators of innate immune systems. Generally, a-ACPs exhibit selectivity for cancer and microbial cells primarily due to 
their elevated levels of negative membrane surface charge as compared to non-cancerous eukaryotic cells. The anticancer 
activity of a-ACPs normally occurs at micromolar levels but is not accompanied by significant levels of haemolysis or 
toxicity to other mammalian cells. Structure / function studies have established that architectural features of a-ACPs such 
as amphiphilicty levels and hydrophobic arc size are of major importance to the ability of these peptides to invade cancer 
cell membranes. In the vast majority of cases the mechanisms underlying such killing involves disruption of mitochon
drial membrane integrity and / or that of the plasma membrane of the target tumour cells. Moreover, these mechanisms do 
not appear to proceed via receptor-mediated routes but are thought to be effected in most cases by the carpet / toroidal 
pore model and variants. Usually, these membrane interactions lead to loss of membrane integrity and cell death utilising 
apoptic and necrotic pathways. It is concluded that that a-ACPs are major contenders in the search for new anticancer 
drugs, underlined by the fact that a number of these peptides have been patented in this capacity.

INTRODUCTION

Cancer is the most prevalent cause of premature death in 
the Western world [1] and the incidence of the condition is 
rising, especially in cases such as prostate cancer [2] and 
childhood leukaemia [3], It is generally accepted that envi
ronmental factors, such as tobacco smoking and infections, 
coupled to physiological predisposition, such as inherited 
oncogenes, hormonal imbalance and autoimmune disorders, 
may precipitate the onset of a cancerous condition. However, 
the biochemical mechanisms associated with carcinogenesis 
are not fully understood and despite extensive research pro
grammes, an effective cure is lacking for many cancers and 
the treatments that are available are frequently inadequate for 
full recovery of the patient [4], Some progress has been 
made in that it is often possible to increase the life expec
tancy and the quality of life for cancer patients by employing 
drug therapy and / or surgery with a view to remission and / 
or palliation [5], Current effective cancer treatment modali
ties include surgery, radiotherapy, and cytostatic chemother
apy and to capitalise on the advantages of each treatment 
modality whilst keeping the disadvantages to a minimum, 
multi-modal therapy is usually most efficacious [6].

The majority of drugs used in anticancer chemotherapies 
tend to exhibit activity against proliferating cells by inhibit
ing nucleic acid synthesis. However, at the concentrations 
required to control tumour growth, most chemotherapeutic

* Author correspondence to this author at the Faculty of Science, University 
of Central Lancashire, Preston, PR1 2HE, England, UK; Tel; +1772 
893481; Fax; +1772 894981; E-mail: daphoenix@uclan.ac.uk
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agents also affect healthy cells thereby causing undesirable 
side effects [7]. Treatment is further complicated by the fact 
that in the long term, tumours can gradually acquire resis
tance to therapeutic drugs. This resistance may be due to one 
or more factors: only low concentrations of drug may be able 
to reach the centre of the tumour; only a small proportion of 
the target tumour cells may be in a susceptible state for 
treatment, for example in the case of drugs that are cell cycle 
dependent or where the tumour ceils may express proteins 
that endow the tumour with biochemical resistance mecha
nisms to the drug, In the latter case the tumour cell is often 
capable of pumping therapeutic drugs out of the cells using 
multi-drug resistant proteins [8]. Resistance is therefore a 
major problem to the success of a cancer treatment and the 
panacea for the condition would be a new family of drugs 
that acts exclusively on cancer cells and is not prone to 
common effectors of multi-drug resistance [9],

ANTICANCER PEPTIDES

Over the last decade, it has become increasingly clear 
that many defence peptides possess anticancer activity [10- 
12]. These peptides play a crucial role as antimicrobial 
agents in the innate immune systems of organisms ranging 
from insects to mammals [13-21] although there is increas
ing evidence that they have a diverse range of functions in 
modulating immunity, which have an impact on infections 
and inflammation [22], In their antimicrobial capacity, de
fence peptides have been found to be active against fungi, 
viruses, parasites and protozoa in addition to Gram-positive 
and Gram-negative bacteria [17, 23-28]. Extensive studies 
on the antimicrobial action of defence peptides have shown

© 2006 Bcnttmm Science Publishers Ltd.
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that they all exhibit membrane interactive properties and 
whilst some appear to attack intracellular targets, in most 
cases, direct attack on the microbial membrane itself is the 
primary killing mechanism used by these peptides [29, 30]. 
The current view is that the anticancer activity of defence 
peptides also primarily derives from the membrane interac
tive abilities of these peptides and involves invasion of the 
mitochondrial membrane and / or the plasma membrane of 
cancer cells [10-12].

To facilitate their membrane interactions, the vast major
ity of defence peptides are cationic and amphiphilic with 
those that adopt a-helical structure the most studied [19, 24]. 
Currently, this latter group includes the majority of defence 
peptides that have been shown to also possess anticancer 
activity and these may be broadly divided into two sub
groups: peptides in the first of these subgroups (Table 1) are 
toxic to microbes, cancerous and non cancerous cells alike 
and are exemplified by melittin [31], human LL37 [32], 
alamethicin [33] and pardaxin [34]. Peptides in the second of 
these subgroups (Table 1) generally exhibit both antimicro
bial and anticancer specificity at comparable levels, usually 
in the low micromolar range (< l(r M). At these levels, 
peptides of this subgroup are not significantly haemolytic or 
toxic to other mammalian cells [11, 12], which makes them 
of clear medical interest. Examples of this subgroup include 
magainins and cecropins and as antimicrobial agents, these 
peptides are already undergoing clinical trials [17, 35-38] 
and have been the subject of patents [39-41]. More recently, 
magainins, cecropins and other members of this subgroup 
have begun to receive increased attention as a potential 
source of therapeutically useful anticancer agents [11] and 
for clarity, these peptides are referred to here as a-helical 
anticancer peptides (a-ACPs).

A diverse spectrum of organisms are known to produce 
a-ACPs as shown by cecropins, which have potent antican
cer activity [11, 42-47] and have been isolated from the 
silkworm Hyalophora cecropia [48], insects and mammals 
[49, 50], However, the richest source of a-ACPs is the skin

of amphibians and peptides isolated from this source include 
the families of magainins, aureins, citropins, dahleins, 
maculatins, uperins and caerins. A well-established example 
of the first of these families is magainin II, which was origi
nally isolated from the skin of the African clawed frog, 
Xenopus laevis [51]. In vitro, magainin II has been shown to 
exhibit activity against a wide range of cancer cell lines in
cluding, breast, lung and bladder cancers, along with mela
nomas, lymphomas and leukemias [52-56]. In vivo, local 
treatment with magainin II was found to completely ablate a 
subcutaneous xenograft model of melanoma tumor growth in 
nude mice [54] whilst the application of magainin peptides 
greatly improved the survival of animals with ascites- 
producing tumours [55]. The remaining families of amphib
ian peptides described above are obtained from the skin of 
various closely related species of Australian frogs of the 
Litoria and Uperoleia genera [16], Each of these families 
was tested for anticancer activity using*the testing regime of 
the National Cancer Institute of the USA (http:// dtp.nci.gov; 
[57]). It was found that peptides from each family exhibited 
activity against cell lines representing circa 55 cancers, in
cluding: renal, ovarian, prostate, colon, breast, lung and 
bladder cancers, along with melanomas, leukemias and can
cers of the central 'nervous system [16]. Aurein 1.2 from 
Litoria raniformis [58] and citropin 1.1 from Litoria citropia 
[59, 60] are the best characterised a-ACPs from these 
families with each killing upward of 90% of the cancer cell 
lines tested [57, 61].

THE SELECTIVITY OF a-ACPS FOR CANCER 
CELLS

It is generally accepted that electrostatic interactions con
stitute the major factor underpinning the ability of a-ACPs 
to preferentially target and invade cancer cell membranes 
[II]. Thus at levels when they are tumouricidal, these pep
tides, which are generally cationic, are not significantly at
tracted to normal vertebrate cells whose plasma membranes 
carry an overall neutral charge on their outer surface: pri
marily due to the fact that the major lipid components these

Table 1. Sequences Data for a-ACPs and a-Helical Defence Peptides
Tabic 1 shows the sequences of typical a-ACPs from amphibians, including: aurein 1.2, citropin 1.1, maculatin 1.1 [16] and ma-. 
gainin [153], along with those of typical a-helical defence peptides, including melittin [31], pardaxin [34] and almethicin [33]. 
In the latter peptide, Ac denotes an acetyl group and U represents a-methylalanine [33], Also shown is the amphiphilicity, as the 
mean hydrophobic moment (< pH>), and mean hydrophobicity (< H>) of each sequence, which was'computed according to 
Eiscnberg et al„ [154].

Peptide Segment sequence <pH> <H>

Aurein 1.2 GLFDIIKKIAESF-NHi 0.71 0.21

Citropin 1.1 GLFDVIKKVASV1GGL-NH2 0.64 0.34

Maculatin 1.1 GLFGVLAKVAAHVVPAIAEHF-NHj 0.48 0.45

Magainin 1 GIGKFLHASGKFGKAFVGEIMKS-COOH 0.56 -0.01

Melittin GIGAVLKVLTTGLPALlSWIlCRKRQQ-NHi 0.57 0.25

Pardaxin GFFAL1PKIISSPLFKTLLSAVGSALSSSGGQE 0,50 0.59

Alamethicin Ac-UPUAUAQUVUGLUPVUUEQF-OH 0.30 ‘ -0.11
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membranes are zwitterionic, including: phosphatidylethano 
lamine, phosphatidylcholine and sphingomyelin [62, 63]. At 
tumouricidal levels, a-ACPs also generally show insignifi
cant levels of haemolysis. The first major barrier presented 
to these peptides by euthrocytes is their outer glycocalix 
layer and it has been suggested that these cationic peptides 
become attached to negatively charged sialic acid moieties 
within the glycocalix.'The low affinity of a-ACPs for zwitte
rionic membranes than makes it difficult for them to divorce 
from the glycocalix barrier and partition into the membrane 
thus inhibiting haemolysis [10].

As with all in vivo drug resistance mechanisms, that of 
cancer cells to a-ACPs is thought to be multifactorial. For 
example, cholesterol is another major component of eukary
otic cell membranes [64] and has been shown to inhibit the 
action of a-ACPs such as cecropins by changing membrane 
fluidity, thereby retarding the membrane insertion of these 
peptides [65, 66]. Recent studies on erythrocytes have sug
gested that cholesterol may play a similar role in the mem
branes of red blood cells [67] and it is well established that 
these membranes contain high levels of the sterol [68]. Thus 
it may be that cholesterol-mediated resistance to membrane 
invasion by a-ACPs also contributes to the lack of haemo
lytic ability displayed by many of these peptides, as shown 
for a number of aureins [57].

The selectivity shown by a-ACPs for cancer cells is pri
marily ascribed to the negative outer surface charge carried 
by the plasma membranes of these cells [11]. The outer 
leaflet of these membranes contains higher than normal lev
els of anionic phosphatidylserine (PS) [69, 70], which is al
most completely absent from the outer leaflet of normal cell 
plasma membranes [62, 63]. Most recently, it was shown 
that a number of human cancer cell lines expose PS on their 
outer surface, which appeared to facilitate killing of these 
cells by NK-2, a known a-ACP [71], These results are rein
forced by studies on aurein 1.2, which is an a-ACP known to 
possess high tumouricidal activity against a range of human 
glioma cells with an IC50 of circa 10 pM [57]. Presented 
here, our own investigations clearly show that aurein 1.2 
rapidly partitions into model membranes formed from whole 
lipid extracts of membranes from cells of the 132 IN human 
brain astrocytoma cell line [72], inducing large maximal 
surface pressure changes of circa 10.0 mN m'1 (Fig. 1A). The 
peptide showed similar kinetics and levels of interaction with 
model anionic membranes formed from pure PS but much 
lower rates of interaction and surface pressure changes with 
zwitterionic model membranes formed from pure phosphati- 
dycholine (Fig. IB). In combination, these studies clearly 
support a role for PS in the anticancer activity of a-ACPs but 
nonetheless, the level of PS in the outer membrane of cancer 
cells is low, forming less than 10% of the total membrane 
phospholipids [73]. Such PS levels would make cancer cell 
membranes only marginally more anionic than their normal 
cell counterparts, which suggests that other factors may con
tribute to the selectivity shown by a-ACPs for these cells. 
Some authors have suggested that the increased levels of 
sialic acids associated with the tumour membrane surface 
may contribute to this selectivity [12]. These acids are nega
tively charged sugar residues that usually occupy exposed 
terminal positions on the oligosaccharide chains of mem
brane bound glycoconjugates [74]. This suggestion was

strongly supported when it was found that the pre-treatment 
of tumour cells with neuraminidase to enzymatically digest 
sialyl residues and remove them from the cell surface greatly 
reduced the ability of several a-ACPs to target these mem
branes [75], Other authors have observed that the lytic selec
tivity of a-ACPs may also be influenced by the high nega
tive transmembrane potentials associated with cancer cell 
membranes. This potential can be disturbed by membrane 
destabilisation, resulting in the loss electrolytes and cell 
death. In contrast, normal eukaryotic cell membranes have 
only low transmembrane potentials [10], Work involving 
scanning electron microscopy showed that in relation to 
normal cells, tumourigenic cells possess higher numbers of 
microvilli [73] and it was suggested that the effectively in
creased outer surface area of these cells would enhance the 
selectivity of a-ACPs by enabling higher levels membrane 
binding by these peptides [76, 77], Based on the above ob
servations, it is clear that differences in membrane composi
tion, membrane fluidity, and transmembrane potential can 
partly explain the selectivity of a-ACPs for cancer cells over 
normal eukaryotic cells [10, 11]. Generally supporting this 
conclusion, a-ACPs also show selectivity for bacterial mem
branes, which may be considered as functional analogues of 
cancer cell membranes, exhibiting anionic outer surfaces due 
to their high acidic lipid content. Nonetheless, it is still a 
matter of fact that other cationic a-hetical defence peptides 
show no significant cell selectivity and are toxic to virtually 
all cell types. Moreover, there is also great variability in tar
get cell specificity within a-ACPs: some cecropins show 
selectivity and high toxicity to a broad range of bacterial 
cells [21, 46, 78] and cancer cells [11, 42-47]. In contrast, 
aureins show no significant activity towards Gram-negative 
bacteria but selectivity and high toxicity towards Gram
positive bacteria, which is accompanied by comparable anti
cancer activity with a limited number of cell lines [57], 
Moreover, for a given a-ACP, there can be great variability 
in the killing efficacy of the peptide when directed against 
cells of different cancer types [11]. Currently, there does not 
appear to be a unifying concept(s) that is able to fully ex
plain these observations but it would seem that a negatively 
charged membrane is only a general prerequisite for target 
cell selectivity by cationic a-ACPs and a-helical defence 
peptides. Indeed, several studies have suggested that this 
selectivity may also depend upon the physiochemical and 
structural characteristics of the peptide along with the or
ganisation and composition of both the target membrane and 
its associated outer layers [79, 80], Consistent with this sug
gestion, several previous statistical studies have shown that 
when subgrouped according to their ranges of target organ
isms, a-helical defence peptides exhibit significant differ
ences between a number of their physiochemical and struc
tural properties [24, 28, 81]. Using the approach of these 
latter authors, a recent study attempted to gain insight into 
the selectivity of a-ACPs by comparing the properties of 
these peptides to those of a-helical defence peptides with 
selectivity for either bacterial targets or a broader range of 
microbial targets [12]. Significant differences between the 
net positive charge of these peptide groups were revealed 
(Table 2) and consistent with these findings, our own com
positional analyses here (Fig. 2) showed that lysine demon
strated a markedly higher frequency of occurrence in a- 
ACPs than in the a-helical defence peptides analysed by
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Fig. (1A). Shows the interactions of aurein 1.2 with monolayer mimics of membranes Staphylococcus aureus (A) and membranes of cells 
from the 132IN human brain astrocytoma cell line (B). In both cases, these monolayers were formed by spreading whole lipid extracts of 
cells onto an aqueous subphase to give an initial surface pressure of 30 mN m*1, mimetic of naturally occurring membranes. Aurein 1.2 (4 
pM) was then introduced into the subphase and changes in surface pressure monitored all as described in Dennison et ai, [155]. The peptide 
induced surface pressure changes of 9 mN m'1 with S. aureus membrane mimics and 10 mN m 1 with astrocytoma membrane mimics. Fig. 
(IB) used the same experimental conditions except that lipid monolayers were cither formed from pure PS to give an anionic monolayer (A) 
or pure PC to give a zwitterionic monolayer (B). For (A) surface pressure changes of circa 9 mN m 1 were observed whereas for (B), lower 
surface pressure changes of circa 2 mN m"1 were exhibited. Bacterial cells were grown according to Dennison et ai, [156] and cancer cells 
according to Harris et al [157], Total lipid extraction were derived from these cells using the methodology of Bligh and Dyer [158] and used 
to form monolayers as described by Dennison et al. [155].

these latter authors. It may be that positive charge or the 
snorkelling activity of this residue [82] is important to the 
selectivity of oc-ACPs. The studies of Dennison et al., [12] 
also showed that there were significant differences between 
the sequence lengths and molecular weights of a-ACPs and 
those of a-helical defence peptides w'ith selectivity for bacte
rial targets (Table 2). Previous studies have suggested that 
sequence length and molecular weight do not have a direct 
effect on the microbial selectivity of defence peptides [24, 
28] but given that anticancer activity is not known to be a 
naturally occurring function of a-ACPs, it may be that these

size properties have some influence on their selectivity for 
cancer cell membranes. Currently, we are investigating this 
possibility, which received some recent support when it was 
reported that sequence length can influence the efficacy of 
aureins and other closely related amphibian peptides with 
anticancer activity [16].

THE INTERACTION OF a-ACPS WITH CANCER 
CELL MEMBRANES

Based on data from microbial studies, two generic mod
els have been proposed to explain the ability of a-helical
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Table 2. Physiochemical Properties of a-ACPs and a-Helical Defence Peptides
Table 2 shows the ranges of a number of physiochemical properties of a-ACPs and a-helica! defence peptides, which were active 
against either Gram-positive and Gram-negative bacteria [{G+, G-} peptides] or Gram-positive and Gram-negative bacteria, and 
fungi [{G+, G-, F} peptides]. Analysis of variance (ANOVA) showed that there were no significant between these peptide groups 
for pi and arc size (Fj.ns = 0.040, p = 0.96, in both cases). However, the net charges of a-ACPs were significantly different to 
those of either {G+, G-} peptides or {G+, G-, F) peptides (Fi.ns = 18.781, p = 0). ANOVA also showed that the sequence lengths 
of these a-ACPs differed to {G+, G-} peptides but were similar to those of {G+, G-, F} peptides (F^ns = 10.415 p = 0). Paral
leling this trend, the molecular weights of a-ACPs showed sigrtificanf differences to (G+, G-} but similarity to {G+, G-, F} pep
tides (Fi.ns = 7.72, p = 0.01). Data for a-ACPs was taken from Dennison et at., [12] and or a-helical defence peptides from Den
nison et al., [24].

Peptides Molecular mass Length range (resi- Net charge range pi range Hydrophobic arc
range dues) range
(kDa) (°)

a-ACPs 1.4 to 4.7 13 to 40 Oto 12 6 to 12.6 40 to 240

{G+, G-} 1.2 to 7.4 10 to 68 -1 to +16 6.7 to 12.4 40 to 300

(G+, G-,F) 1.4 to 4.9 13 to 46 Oto+10 5.6 to 12.7 40 to 240

■ AMP 
□ Antitumour

ACDEFGHI KLMNPQRS TVWY
Amino acids

Fig. (2). Shows the relative frequency of occurrence of amino acid residues in the primary' structures of a dataset of a-ACPs (white) and in 
those of a dataset comprising a-helical defence peptides (grey), which were active against either Gram-positive and Gram-negative bacteria 
(G+, G-} or Gram-positive and Gram-negative bacteria, and fungi (G+, G-, F}. In general, the two datasets of peptides showed similar over
all compositions and comparable number of polar and apolar residues. However, lysine and isoleucine showed significantly higher levels of 
occurrence in a-ACPs than in a-helical defence peptides. The datasets used for this compositional analysis are available at website 
(http://www.uclan.ac.uk/facs/science/biology/bru/amp_data.htm).

defence peptides to invade target cell membranes, which are 
the carpet mechanism and the barrel-stave model of pore 
formation [23, 83] and are represented in Fig. (3) and Fig. 
(4). To use this latter model, peptides must be sufficiently 
long to span the bilayer and would initially bind electrostati
cally to the headgroup region of target membranes in an ori
entation parallel to the bilayer surface (Fig. 3A). Subsequent 
peptide aggregation and insertion into the membrane at an 
angle perpendicular to the bilayer surface would then lead to 
the formation of a transmembrane pore. To create this pore, 
the hydrophobic faces of the a-helical peptides associate

with the bilayer core and the hydrophilic faces of the pep
tides form the aqueous lumen (Fig. 3B). It is well established 
that alamethicin, produced by the fungus Trichoderma viride 
[33], and pardaxin, a shark repellent neurotoxin secreted by 
sole fish of the genus Pardachirus [34], are non-selective a- 
helical defence peptides that use this latter mechanism of 
membrane invasion to facilitate their biological activity. 
Based on these observations it was suggested that use of the 
barrel-stave pore model of membrane invasion may be char
acteristic of non-selective a-helical defence peptides [10] but 
most recently, evidence has been presented, showing that a-

http://www.uclan.ac.uk/facs/science/biology/bru/amp_data.htm
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Fig. {3). Represents peptides using the barrel-stave pore mechanism to invade membranes. These a-helical peptides must be sufficiently long 
to span the bilayer and initially, bind to the membrane in an orientation that lies with the cx-helical long axis roughly parallel to the bilayer 
surface (Fig. (3A)). The apolar face of the peptide interacts with the hydrophobic acyl chain region of the membrane whilst the polar face of 
the peptide associates with the lipid headgroup region. Subsequent peptide aggregation leads to membrane insertion at an angle perpendicular 
to the bilayer surface and the formation of a transmembrane pore. To create this pore, the hydrophobic faces of the a-helical peptides associ
ate with the bilayer core and the hydrophilic faces of the peptides form the aqueous lumen of the construction (Fig. (3B)). Fig. (3) was 
adapted from Dennison el al. [24].

ACPs may also invade membranes using this model. A num
ber of groups have studied the membrane interactive behav
iour of ceratotoxins, which are found in the reproductive 
accessory glands of the medfly Certitis capitata [72, 84-86]. 
These peptides adopt a-helical structure in the presence of 
lipid and in this conformation, are sufficiently long to span 
the bilayer [87]. Ceratotoxins show low levels of haemolysis 
that are accompanied by strong broad range antibacterial 
activity, the levels of which correlate well with their high 
levels of pore-forming activity [86, 88, 89]. The pores 
formed by these peptides have been unambiguously shown 
to involve the construction of voltage dependent ion chan
nels according to the barrel-stave model [89, 90]. These pep
tides show many of the characteristics associated with a- 
ACPs although, as yet, they do not appear to have been in
vestigated in this capacity. The focus of a number of authors 
has been the membrane interactive properties of maculatin 
1.1, which is found in the skin of the Australian frog Litoria 
genimaculata [91] and is closely related to aurein 1.2 and 
citropin 1.1 (Table 1). The peptide is a-helical at the mem
brane interface [92, 93] and in this conformation, is suffi
ciently long to span the bilayer [94]. At comparable micro

molar levels, maculatin 1.1 showed anticancer and antimi
crobial activity [16] and a strong preference for anionic 
membranes over zitterionic membranes [92, 93] but low lev
els of haemolysis [95], thus showing the hallmark character
istics of a-ACPs. In a novel approach, the lytic abilities of 
maculatin 1.1 were investigated using confocal fluorescence 
microscopy and single giant unilamellar vesicles (GUVs), 
which incorporated fluorescent probes of differing molecular 
weight [94]. It was found that whilst overall integrity of the 
GUVs membrane was maintained, the peptide rapidly in
duced the release of entrapped low molecular weight probes 
from these vesicles but showed no such ability with probes 
of higher molecular weight. These latter authors suggested 
that this differential release of molecular weight probes re
sulted from the permeation of GUVs by transmembrane 
pores, which were formed from oligomers of maculatin 1.1 
via a mechanism that was consistent with the barrel stave 
pore mechanism.

The carpet mechanism of membrane invasion [23, 24] 
utilises a mode of initial membrane binding and orientation 
that is similar to that proposed for the barrel stave pore for
mation. However in the carpet mechanism, aggregation of
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c

F ig. (4). Represents peptides using the carpet mechanism to invade membranes. The a-helical peptides utilise a mode of initial membrane 
binding and orientation that is similar to that described in Fig. (3) for the barrel stave pore formation. However in the carpet mechanism, ag
gregation of on the target membrane surface imposes a positive curvature strain by increasing the distance between membrane lipid head 
groups (Fig. (4A)). At a critical concentration, these aggregated a-ACPs realign, causing the membrane surface to cavitate inwards and ulti
mately form a toroidal pore (Fig. (4B)). In this pore, participating a-helical peptides remain in close association with membrane lipid head 
groups, which leads to the formation of pores that are lined by these polar head groups and the hydrophilic faces of the peptides (Fig. (4B)). 
These pores are proposed to be transient and lysis of the bilayer then occurs when numerous toroidal pores coalesce forming ‘islands' in the 
membrane, ultimately leading to membrane micellization (Fig. (4C)). Fig. (4) was adapted from Dennison et al., [24],

peptide molecules on the target membrane surface imposes a 
positive curvature strain by increasing the distance between 
membrane lipid head groups (Fig. 4A). At a critical concen
tration, these aggregated peptide molecules realign, causing 
the membrane surface to cavitate inwards and ultimately 
form a toroidal pore (Fig. 4B). In further contrast to the bar
rel stave pore formation, the carpet mechanism requires that 
peptide molecules remain in close association with mem

brane lipid head groups, which leads to the formation of 
pores that are lined by these polar head groups and the hy
drophilic faces of the a-helical peptides (Fig. 4B). These 
pores are proposed to be transient and lysis of the bilayer 
then occurs when numerous toroidal pores coalesce, ulti
mately leading to membrane micellization (Fig. 4C) [96, 
97]). Recent studies have shown that pardaxin can utilise the 
carpet mechanism to invade membranes, in addition to the
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irrel-stave pore model, and it was suggested by these 
ithors that similar versatility may be shown by other such 
:ptides [98]. Consistent with this observation, melittin, 
hich is a non-selective a-helical defence peptide found in 
e venom of the honey bee Apis mellifera [31], has been 
ported to invade membranes using the barrel-stave pore 
iodel [94, 99-101] and most recently, the carpet / toroidal 
Dre mechanism [102', 103]. It has previously been suggested 
tat use of the carpet mechanism / toroidal pore formation 
lay be characteristic of selective a-helical defence peptides 
0] and appears to be that most favoured to facilitate cancer 

sll membrane invasion by a-ACPs. Based on both experi- 
icntal evidence [104] and molecular modelling [105, 106] it 
generally accepted that magainins and cecropins use the 

arpet mechanism / toroidal pore formation to exert their 
ntimicrobial activity [23] and there is accumulating evi- 
ence that these peptides utilise similar mechanisms to kill 
ancer cells [107, 108]. More recently, patch clamp studies 
n a single cell from a stomach carcinoma cell line showed 
lat cecropin B induced transient pores in these cells with 
icreasing levels of these pores leading to cell lysis [47]. 
Tiese authors proposed a mechanism of pore formation for 
\t peptide, which showed strong similarities to the toroidal 
ore model. Confocal microscopy showed that a fluores- 
ently labelled magainin II analogue was able to cross the 
lasma membrane of the human cervical carcinoma HeLa 
ell line, which was suggested by further analyses to involve 
ic toroidal pore mechanism [109], Most recently, scanning 
lectron microscopy was used to study the morphological 
hanges induced by the action of magainin II on single cells 
f the 486P bladder cancer cell line. Micrographs clearly 
howed that the plasma membrane of these cells was dis- 
upted and a pore type mechanism appeared to be involved, 
yhich showed similarities to the carpet / toroidal pore 
nechanism [52]. Using the approach described above for 
tudies on maculatin 1.1, Ambroggio et al., [94] showed that 
turein 1.2 and citropin 1.1 induced the instantaneous release 
>f entrapped fluorescent probes from GUVs, regardless of 
he molecular weight of the probe, which was accompanied 
)y complete membrane destabilisation. Previous studies 
lave shown that both .peptides insert into membranes an an- 
fle of circa 50° but possess insufficient length to span the 
lilayer [92]. Taken with their own data, this led Ambroggio 
:/ al, [94] to propose that aurein 1.2 and citropin 1,1 desta- 
>ilise membranes using the carpet mechanism and thereby 
ixert their anticancer and antimicrobial activity. Moreover, 
he latter two studies led to the suggestion that aurein 1.2 and 
:itropin 1.1 may utilise a previously undescribed variation 
in the carpet mechanism and destabilise membranes through 
he use of oblique orientated a-helices [24, 110]. These a- 
iclices possess hydrophobicity gradients along their long 
ixis, which causes them to insert into membranes at a shal- 
ow angle of between 30° and 60° thereby destabilising 
nembrane structure and promoting a range of membrane- 
elated processes including pore formation [111, 112], A 
heoretical analysis of aurein 1.2 and citropin 1.1 showed 
hat these peptides possessed hydrophobicity gradients, lev- 
‘Is of amphiphilicity and other structural characteristics that 
ire strongly associated with oblique orientated a-helical 
itructure [110]. More recent analyses have shown that many 
)ther a-ACPs are candidates to form such structure and it

was suggested that oblique orientated a-helices may be 
commonly used to invade cancer cell membranes [12].

Another variation on the carpet mechanism, the Shai, 
Huang and Matsazuki (SHM) model [113], was proposed to 
account for the fact that some a-helical defence peptides can 
traverse the membrane of microbial cells and attack intra
cellular targets. Essentially the SHM model generalizes the 
carpet mechanism, incorporating aspects from several previ
ous models, and proposes that upon the disintegration of 
transient toroidal pores, peptides can be become translocated 
onto the inner surface of the membrane [113]. Clearly, this 
or similar mechanisms could also account for the ability of 
a-ACPs and other a-helical defence peptides to assume cy
toplasmic locations, thereby facilitating their ability to in
vade mitochondrial membranes and attack other intracellular 
targets [10, 11].

Mitochondria are established targets for anticancer ther
apy and the ability of cationic species such as a-ACPs to 
target mitochondrial membranes is generally driven by the 
transmembrane potential across this membrane system [114, 
115]. Most recently, it was shown that magainin 1 killed 
cells from the human leukemia cell line, HL-60, without 
significant disruption of the plasma membrane but was ac
companied by a series of events associated with permeabili- 
sation of the mitochondrial membrane and the induction of 
apoptosis [116], The peptide was found to induce an increase 
in the level of reactive oxygen species found in the cell, 
which is an early signal of apoptosis [117, 118] and to pro
mote the release of cytochrome c from mitochondria, It is 
well established that cytochrome c release leads to the acti
vation of caspase 3, which is responsible for many of the 
hallmark effects of apoptosis [119, 120]. Elevated levels of 
caspase 3 activity were detected in HL-60 cells that had been 
treated with magainin 1 along with a number of major effects 
arising from apoptosis, including proteasome activation 
[121], increased nuclear condensation and DNA fragmenta
tion [122]. Interestingly, recent studies on an analogue of 
magainin II suggested that the anticancer action of the pep
tide involved disruption of the plasma membrane and / or the 
mitochondrial membrane [109]. These studies showed that 
the peptide was able to translocate across the plasma mem
brane of cells of the cervical carcinoma HeLa cell line and 
the internalised peptide was found to induce high levels of 
cell cytoxicity, which was proposed to arise from dissipation 
of the plasma membrane potential and leakage of intracellu
lar molecules and / or mitochondrial damage leading to 
apoptosis. In contrast to these magainin peptides, BMAP-28 
(Bovine myeloid antimicrobial peptide), was shown une
quivocally to kill cancer cells through disruption of both the 
mitochondrial and the plasma membranes [75], The peptide 
has been shown to possess all the physiochemical hallmarks 
of a-ACPs and to possess high toxicity to a range of myeloid 
and lymphoid cancer cell lines at levels similar to its antimi
crobial activity [75, 123]. The anticancer activity of BMAP- 
28 was found to be primarily due to plasma membrane per- 
meabilisation and necrosis [75] but other effects were re
vealed when these latter authors made a more detailed study 
on the action of the peptide on the U937 myeloid cell line. A 
Ca2+ influx into the cytosol was detected in the early steps of 
plasma membrane permeabilization, which appeared to trig
ger membrane blebbing, DNA fragmentation and other
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events consistent with apoptosis [75], It is generally accepted 
that mitochondrial events control the apoptosis process 
[124], and to further characterize the anticancer activity of 
BMAP-28, the effects of the peptide on mitochondria were 
investigated [125], These latter authors showed that BMAP- 
28 promoted permeabiiisation of the mitochondrial mem
brane and depolarization of the inner mitochondrial mem
brane, both in single 11937 cancer cells and in iso
lated mitochondria. Further investigation suggested that this 
ability underpinned the BMAP-28-mediated induction of 
apoptosis in U937 cells and resulted from the peptide’s ca
pacity to mediate opening of the mitochondrial permeability 
transition pore [125], which is a supramoiecular protein 
complex occurring at contact points between the mitochon
drial outer and inner membranes [126], Previous studies 
have shown that opening of this pore leads to the mitochon
drial permeability transition, which is characterized by a 
sudden increase in the permeability of the inner mitochon
drial membrane to solutes with molecular mass below 1500 
Da [127], These events promote membrane depolarization, 
mitochondrial swelling and other apoptotic events, leading to 
the loss of outer mitochondrial membrane integrity and the 
translocation of pro-apoptotic proteins from the mitochon
drial intermembrane space to the cytosol with subsequent 
activation of caspases [115, 120], It was suggested by [125] 
that in addition to inducing necrosis through membrane per
meabiiisation, BMAP-mediated disruption of the mitochon
drial membrane would contribute to the induction of apopto
sis observed in their previous study [75], It was also ob
served by [125] that in addition to these mechanisms, the 
anticancer activity of BMAP-28 could involve other modes 
of action such as the induction of apoptosis via the facilita
tion of increased cytoplasmic Ca2+. Indeed, a number of anti
cancer mechanisms that do not directly involve membrane 
disruption have been reported for both ot-ACPs and other 
cytolytic peptides [10, 11], However, in general, these 
mechanisms lie beyond the scope of this review and will not 
be further discussed.

STRUCTURE / FUNCTION ANALYSES OF ot-ACPS 
AND THEIR MEMBRANE INTERACTIONS

The foregone discussion has established that ex-ACPs 
exhibit comparable efficacy in their anticancer and antimi
crobial activities, and that these activities involve the com
mon function of membrane invasion, which is clearly illus
trated by studies on aurein 1.2. It has been previously shown 
that the peptide is effective against cancer cells of glioma 
cell lines and bacterial cells from Gram-positive organisms 
at comparable levels of circa 10'5 M [92]. Fig. (1A) shows 
that at the same micromolar concentration, the peptide ex
hibits kinetics of interaction and induces maximal surface 
pressure changes in monolayer mimics of Staphylococcus 
aureus membranes that are similar to those observed in 
monolayer mimics of 1321N glioma cell membranes. The 
number of close parallels between the anticancer and antimi
crobial mechanisms of oc-ACPs clearly suggests that the two 
activities of the peptides may involve similar structure / 
function relationships and to gain insight into this possibility, 
several studies have compared structural characteristics of k- 
ACPs to those of a-helical defence peptides. Our own com
positional analyses showed that each of these groups of pep
tides contained polar and apolar residues in roughly equal

proportions, suggesting comparable levels of amphiphilicty 
in each case (Fig. 2). Graphical analysis of a-ACPs showed 
that these peptides formed strongly amphiphilic a-helices, 
which were comparable in residue distribution to those of a- 
helical defence peptides, whilst ANOVA (Table 2) showed 
that the arc sizes of a-helices from these three peptide 
groups exhibited no significant differences [12]. Given the 
crucial role of structural amphiphilicity in the antimicrobial 
function of a-helical defence peptides, these latter authors 
attempted to relate the amphiphilicity of a-ACPs to their 
anticancer function. At this juncture, it is perhaps worthy of 
note that the extent of these analyses was severely restricted 
due to the lack of detail provided with regards to tumour cell 
lines in many reports of peptides with anti-cancer activity. 
Nonetheless, Dennison et al [12] quantified the amphiphil
icity of a number of a-ACPs and regressed these values 
against their lethal doses when directed against Jurkat and 
K562 tumour cell lines respectively, A significant negative 
linear correlation between these parameters was revealed by 
these analyses (Fig. 5) and although, limited, these data 
clearly suggested that for the a-ACPs studied, higher levels 
of amphiphilicity were important for higher levels of anti- 
cancer activity and a comparable relationship was recently 
reported for a-helical defence peptides [24, 28]. To investi
gate this suggestion further, Dennison et al, [12] plotted the 
amphiphilicity of a-ACPs versus their hydrophobicity, 
which gives a measure of affinity for the membrane interior 
[128]. A hydrophobic moment plot of these data points [12] 
showed that most of a-ACPs represented would be predicted 
to be surface active according to the criteria of Eisenberg et 
al, [129], This class of a-helices partitions into membranes 
in a manner that closely parallels the initial stages of the bar
rel pore model and the carpet mechanism (Fig. 3 and Fig. 4), 
aligned such that the a-helical long axis lies approximately 
parallel to the interface and the polar / apolar interactions of 
the a-helix with the membrane are energetically satisfied 
[130]. In general, surface active a-helices are highly am
phiphilic and insert strongly into membranes, which is well 
illustrated in Fig. (1A). Aurein 1.2 has. a particularly high 
amphiphilicity (Table 1) and Fig. (I A) shows that the pep
tide induces large pressure changes of circa 9 mN m'! in 
monolayer mimics of both cancer and microbial membranes, 
a value that is comparable to those reported for a number of 
other strongly surface active a-helices [131]. Dennison et 
al, [12] also undertook a linear regression analysis of their 
hydrophobic moment plot of a-ACPs, which revealed a 
strong negative correlation between the amphiphilicity and 
hydrophobicity of these peptides these parameters (Fig, 6). 
These data clearly suggested that an appropriate balance 
between amphiphilicity and hydrophobicity is required for 
the anticancer activity of the a-ACPs studied. Similar bal
ances between these parameters have been reported neces
sary for the membrane interactions of a-helical defence pep
tides [24] and several other classes of surface active a- 
helices [132-134].

In combination, these studies clearly support the view 
that the anticancer activity of a-ACPs may predominantly 
derive from structure / function relationships that facilitate 
the invasion of cancer cell membranes by these peptides [10- 
12]. Nonetheless, it has been observed that the mechanisms 
underlying these processes of membrane invasion are rela-
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Fig. (5). Shows a plot of the amphiphilicity of a-ACPs, measured as the mean hydrophobic moment [154], versus their anticancer
ictivity, determined as the peptide dose required to kill 50% of target cancer cells (LDso)- The target cells represented in these plots were 
from the K562 (black) and Jurkat (grey) cell lines. Regression analysis of these data indicated a strong negative linear correlation between 

and LDso (R2 •= 0.81 in both cases), which ANOVA showed to possess a particularly significant F statistic in both cases with F(l.6) = 
21.00; p * 0.0059; and F(l,6) = 22.23; p = 0.005 respectively. These analyses clearly show that amphiphilicity is important to the anticancer 
activity of a-ACPs. Fig. (5) was adapted from Dennison et ai, [12].

1.25 -

£ 0.75 ■

0.25 ■

< H >
Fig. (6). Shows hydrophobic moment analysis of a-ACPs. The amphiphilicity of a-ACPs was measured as the mean hydrophobic moment. 
(< fiH>) whilst their affinity for the membrane interior was measured by < H> according to [154]. Regression analysis of these data indi
cated a strong negative linear correlation between these parameters (R‘ =: 0.64), which ANOVA shoed to possess a particularly significant F 
statistic ([F(i. j2) - 56.11; p “ 1.93 x 10*‘). These analyses indicated that a characteristic balance between amphiphilicity and hydrophobicity is 
important to the ability of a-ACPs to invade cancer cell membranes. Fig. (6) was adapted from Dennison et ai, [12].
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tively non-specific [135], which implies that these processes 
will not involve receptor based mechanisms. Earlier studies 
had suggested that the anticancer activity of magainins may 
involve a tumour cell receptor [56, 108] although later stud
ies did not support this idea [107], More recent studies have 
strongly argued against protein receptor based mechanisms 
for both a-ACPs and other defence peptides with anticancer 
activity. It has been shown that D-amino acid analogues of: 
magainin [54, 55, 136], cecropin [136-139] citropin 1.1 [61], 
maculatin 1,1 [140], melittin [136] and others [10] show 
anticancer and antimicrobial activity at levels comparable to 
those of the parent L-amino acid peptides. Nonetheless, the 
possibility of some a-ACPs using receptor based mecha
nisms should not be discounted completely as the use of such 
mechanisms by pore-forming peptides is not without prece
dent. Nisins are class I bacteriocins, which are cationic am
phiphilic lantibiotics that are produced by Lactococcus lac- 
tis, and are highly active against other Gram-positive species
[141] , Micromolar levels of these peptides were found to 
induce transient pores in model membranes and comparisons 
to magainins led to the proposal that nisins may use a toroi
dal pore type mechanism for bacterial membrane invasion
[142] . However, this model could not explain the fact that 
the in vivo antibacterial activity of nisins contrasted to that of 
magainins by occurring at nanomolar levels. It is now known 
that nisins target the cell wall precursor lipid II, which func
tions as a receptor for these peptides, and that receptor
binding induces a twofold mode of antibacterial action by 
the peptides: Cell wall biosynthesis is inhibited, thereby 
promoting bacterial membrane permeabilisation, and the 
affinity of nisins for these membranes is greatly increased. In 
turn, this increased affinity leads to the formation of well 
defined pores using a highly specific mechanism that in
volves both nisin and lipid II molecules and most recently, a 
model been proposed to describe this mechanism [143]. A 
number of other lantibiotics have been reported to target 
lipid II and permeabilise the membranes of target bacteria 
[143, 144] whilst some class Ila bacteriocins that show 
specificity for Listeria may also use a receptor-mediated 
pore-forming mechanism to exert their antibacterial action 
[145-147], Based on the generally close correspondence 
between the antimicrobial and anticancer activity of many 
peptides, a recent study tested nisins for activity against cells 
of the HL-60 leukaemia cell [116]. No activity was detected 
but this appeared to be one of the few such studies con
ducted, which is surprising given that nisins have virtually 
no toxicity to humans as witnessed by their use in the food 
industry and packaging systems [148].

CONCLUDING REMARKS

Studies using in vitro models have established that a- 
ACPs show selectivity for cancer cells probably via the tar
geting their anionic membranes although other factors not 
yet elucidated appear to be involved. These results have mo
tivated a number of in vivo studies designed to improve the 
ability of both a-ACPs and other defence peptides to target 
cancer cells. Strategies developed by these studies include: 
the construction of designed peptides; the creation of prolytic 
peptides that can be cleaved upon interaction with target 
cancer cells; conjugating peptides with ligands that are ex
pressed on the cancer cell membrane; the linking of peptides

to ligand hormones such as gonadotropins and the use of 
vector-mediated delivery of genes encoding peptides into 
cancer cells [10, 11, 149].

Based on in vitro systems, it has been established that the 
major mechanisms of anticancer activity used by all known 
a-ACPs involves invasion of the mitochondrial and / or 
plasma membrane, does not require membrane receptors and 
generally proceed via the carpet / toroidal pore mechanism 
and variants. This ability to invade membranes is primarily 
governed by membrane-based factors such as lipid composi
tion and the gross structural properties of a-ACPs such as 
amphiphilicity. It has previously been predicted that the 
relatively non-specific nature of these membrane invasion 
mechanisms would make development of cancer cells with 
resistance to a-ACPs unlikely [12], Cancer cells with multi 
drug resistance (MDR) is a major problem in anticancer 
therapy, most commonly arising from the over-expression of 
P-glycoprotein, a membrane-bound efflux pump that actively 
removes many conventional anticancer drugs [150, 151]. 
Prompted by these predictions, in vivo investigations have 
shown that both a-ACPs and other defence peptides are able 
to kill cancer cells with P-glycoprotein mediated MDR with 
equal or better efficacy than the corresponding wild type cell 
lines [10, 11]. These results were a major finding and re
search into ability of a-ACPs to kill cancer cells with MDR 
was further inspired by the observation that these peptides 
could synergise with some conventional anticancer drugs 
such as S-fluorouracil and cytarabine against cancer cells 
[42], Application of this combinatorial strategy to kill MDR 
cancer cells showed that the efficacy of a number of a-ACPs 
was enhanced by co-treatment with conventional anticancer 
drugs such as cisplatin, etoposide and doxorubicin at non
toxic levels [10, 11],

It is clear from this review that a-ACPs are serious con
tenders in the search for new anticancer drugs with novel 
mechanisms of action. Indeed, a measure of their perceived 
promise as therapeutic agents and potential as commercial 
propositions is provided by the fact that a number of these 
peptides, along with their analogues and designed a-ACPs, 
have recently been patented as putative anticancer com
pounds [41, 152]. Further examples of such patented a- 
ACPs are available at: http://www.uspto.gov/ 
patft/index.html, website of the United States Patent and 
Trademark Office.

REFERENCES
[1] Madhusudan, S. and Harris, A.L. (2002) Curr. Opin. Pharmacol., 

2, 403-414.
[2] Evans, H.S, and Mailer, H, (2003) Ear. Urol., 43, 337-341.
[3] Grimwade, D. (2001) Best Pract. Res, Clin. Haematol., 14, 497- 

529.
[4] Gibbs, I.C. and Chang, S.D. (2003) Neurosurg. Focus., 15, E8.
[5] Kuebler, K.K., Lynn, J. and Von Rohen, J. (2005) Semin. Oncol. 

Nurs„ 21, 2-10.
[6] Espinosa, E., Zamora, P., Feliu, J. and Gonzalez Baron, M. (2003) 

Cancer Treat. Rev., 29, 515-523.
[7] Smith, I.C,, Hutcheon, A.W. and Heys, S.D. (2000) Curr. Pharm. 

Des„ 6, 327-343.
[8] Garnier-Suillerot, A,, Marbeuf-Gueye, C., Salerno, M., Loetchuti- 

nat, C., Folct, I., Krawczyk, M., Kowalczyk, T. and Priebe, W. 
(2001) Curr. Med. Chem., 8, 51-64.

[9] Kim, S„ Kim, S.S., Bang, YJ., Kim, SJ. and Lee, B.J. (2003) 
Peptides, 24, 945-953.

http://www.uspto.gov/


498 Current Protein and Peptide Science, 2006, VoL 7, No. 6 Dennison et aL

[10] Papo, N, and Shai, Y. (2005) Cell Mol. Life Set,, 62, 784-790.
[11] Leuschner, C. and Hansel, W. (2004) Curr. Pharm. Des., 10, 2299- 

2310.
[12] Dennison, S.R., Harris, F. and Phoenix, D.A. (2006) The targeting 

and invasion of microbial and cancer cell membranes by ot-helical 
defence peptides, in An atlas of amphiphilic a-helices (Phoenix, D.
A. and Harris, F,, eds.), Research Signpost, India.

[13] Shi, J. and Camus, A.C. (2006) Devel. Comp. Immunol., In Press.
[14] Rollins-Smith, L.A. and Conlon, J.M. (2005) Dev. Comp. Immu

nol., 29, 589-598.
[15] De Smet, K. and Contreras, R. (2005) Biotechnol. Lett., 27, 1337- 

1347.
[16] Apponyi, M.A., Pukala, T.L., Brinkworth, C.S., Maselli, V.M., 

Bowie, J.H., Tyler, M.J., Booker, G.W., Wallace, J.C., Carver, 
J.A., Separovic, F., Doyle, J. and Llewellyn, L.E. (2004) Peptides, 
25, 1035-1054.

[17] Reddy, K. V., Yedery, R.D. and Aranha, C. (2004) Int. J. Aniimi- 
croh. Agents, 24, 536-547.

[18] Sugiarto, H. and Yu, PL. (2004) Biochem. Biophys. Res. Commun., 
323,721-727.

[19] Bulet, P., Stocklin, R. and Menin, L. (2Q(M) Immunol, Re%>., 198, 
169-184.

[20] Thomma, B.P., Cammue, B.P. and Thevissen, K. (2002) Planta, 
216, 193-202.

[21] Vizioli, J. and Salzet, M. (2002) Trends Pharmacol. Sci., 23, 494- 
496.

[22] Brown, K.L. and Hancock, R.E. (2006) Curr. Opin. Immunol., 18, 
24-30.

[23] Brogden, K.A. (2005) Nat. Rev. Microbiol., 3, 238-250.
[24] Dennison, S.R., Wallace, J., Harris, F. and Phoenix, D.A. (2005) 

Protein Pept. Lett., 12, 31-39.
[25] Chang, T.L. and Klotman, M.E. (2004) AIDS Rev., 6, 161-168.
[26] Ganz, T. (2003) Nat. Rev. Immunol,, 3, 710-720.
[27] Thevissen, K., Ferket, K. K., Francois, I. E. and Cammue, B. P. 

(2003) Peptide, 24, 1705-1712.
[28] Dennison, S.R., Harris, F. and Phoenix, D.A. (2003) Protein Pept. 

Lett., 10, 497-502.
[29] Toke, O. (2005) Biopofymers, 80,717-735.
[30] Park, Y. and Hahm, K..S. (2005) J. Biochem. Mol. Biol., 38, 507- 

516.
[31] Dempsey, C.E. (1990) Biochim. Biophys. Ada, 1031, 143-161.
[32] Johansson, J„ Gudmundsson, G.H., Rottenbcrg, M.E., Bemdt, K..D. 

and Agerberth, B. (1998) J. Biol. Chem., 273, 3718-3724.
[33] Duciohier, H. (2004) Eur, Biophys. J„ 33, 169-174.
[34] Lazarovici, P. (2002) J. Toxicol. Toxin Rev,, 21, 391-421.
[35] McPhee, J.B. and Hancock, R.E. (2005) J. Pept, Sci., 11, 677-687.
[36] Conlon, J.M. (2004) Rev. Med. Microbiol., 15, 17-25.
[37] Conlon, J.M., Kolodziejek, J. and Nowomy, N. (2004) Biochim. 

Biophys. Acta, 1696, 1-14.
[38] Yedery, R.D. and Reddy, K.V. (2005) Eur. J. Contracept. Reprod. 

Health Care, 10, 32-42.
[39] Chen, H.C., Brown, J.H., Morrell, J.L. and Huang, C.M, (1993) 

Antimicrobial magainin modified peptides in (The United States of 
America as represented by the Department of Health (Washington, 
D„ ed.), US.

[40] Hultmark, D., Steiner, H., Rasmuson, T. and Boman, H.G. (1985) 
Bacteriolytic proteins in KabiGen AB (Stockholm, S., ed.), US.

[41] Jaynes, J.M., Enright, F.M., White, K.L. and Kenneth, L. (1999) 
Inhibition of eucaryotic pathogens with lytic peptides in. Helix 
Biomedix, Inc. (Baton Rouge, LA), US.

[42] Hui, L., Leung, K. and Chen, H.M. (2002) Anticancer Res., 22, 
2811-2816.

[43] Srisailam, S., Arunkumar, A.I., Wang, W., Yu, C. and Chen, H.M. 
(2000) Biochim. Biophys. Acta, 1479,275-285.

[44] Srisailam, S,, Kumar, T.K., Arunkumar, A,!., Leung, K. W., Yu, 
C. and Chen, H.M. (2001) Eur. J. Biochem., 268,4278-4284. s

[45] Chen, H.M., Wang, W., Smith, D. and Chan, S.C. (1997) Biochim. 
Biophys. Ada, 1336, 171-179.

[46] Moore, A.J., Devine, D.A. and Bibby, M.C. (1994) Pept. Res. 7, 
265-269.

[47] Ye, J.S., Zheng, X.J., Leung, K.W., Chen, H.M. and Sheu, F.S. 
(2004) J. Biochem. (Tokyo), 136, 255-259.

[48] Steiner, H., Hultmark, D., Engstrom, A,, Bennich, H. and Boman, 
H.G. (1981) Nature, 292, 246-248.

[49] Boman, H.G. and Hultmark, D. {\9%l)Annu. Rev, Microbiol., 41, 
103-126.

[50] Lee, J.Y., Boman, A., Sun, C.X., Andersson, M„ Jomvall, H., 
Mutt, V. and Boman, H.G. (1989) Proc. Natl. Acad. Sci, USA, 86, 
9159-9162.

[51] Zasloff, M. (1987) Proc. Natl. Acad. Sci, USA, 84, 5449-5453.
[52] Lehmann, J., Retz, M., Sidhu, S.S., Sell, M., Paulsen, F., Harder, J., 

Unteregger, G. and Stockle, M. (2006) Eur. Urol., In Press, Uncor
rected Proof.

[53] Park, Y„ Lee, D.G., Jang, S.H., Woo, E.R., Jeong, H.G., Choi, 
C.H. and Hahm, K.S. (2003) Biochimica et Biophysica Acta (BBA)

4 - proteins and Proteomics, 7645,172-182.
[54] Soballe, P. W., Maloy, W. L., Myrga, M, L„ Jacob, L, S. and Her- 

lyn, M, (1995) Int. J. Cancer, 60, 280-284.
[55] Baker, M.A., Maloy, W.L., Zasloff, M. and Jacob, L.S. (1993) 

Cancer'Res., 53, 3052-3057.
[56] Ohsaki, Y., Gazdar, A.F., Chen, H.C, and Johnson, B.E. (1992) 

Cancer Res., 52, 3534-3538.
[57] Rozek, T., Wegener, K.L., Bowie, J.H., Olver, I.N., Carver, J.A., 

Wallace, J.C. and Tyler, M.J. (2000) Eur. J. Biochem., 267. 5330- 
5341.

[58] Rozek, T., Bowie, J.H., Wallace, J.C. and Tyler, MJ, (2000) Rapid 
Commun. Mass Spectrom., 14, 2002-2011.

[59] Wegener, K.L., Wabnitz, P.A., Carver, J.A., Bowie, J.H., Chia,
B.C., Wallace, J.C. and Tyler, M.J. (1999) Eur. J. Biochem., 265, 
627-637.

[60] Wabnitz, P.A., Bowie, J.H., Wallace, J.C. and Tyler, M.J. (1999) 
Rapid Commun. Mass Spectrom., 13, 1724-1732,

[61] Doyle, J., Brinkworth, C.S., Wegener, K.L., Carver, J.A., 
Llewellyn, L.E., Olver, I.N., Bowie, J.H., Wabnitz, P.A. and Tyler, 
MJ. (2003) Eux. J. Biochem.. 270, 1141-1153,

[62] Lohner, K. and Prenner, E.J. (1999) Biochim. Biophys. Ada, 1462, 
141-156.

[63] Zachowski, A. (1993) Biochem. J., 294 (1), 1-14.
[64] Simons, K. and Ikonen, E. (2000) Science, 290, 1721-1726.
[65] Silvestro, L,, Gupta, K., Weiser, J.M. and Axelsen, P.H. (1997) 

Biochemistry, 36, 11452-11460,
[66] Steiner, H., Andreu, D, and Merrifield, R.B, (1988) Biochim. Bio

phys. Ada, 939, 260-266,
[67] Raghuraman, H. and Chattopadhyay, A. (2005) Chem, Phys. Lipid., 

134, 183-189.
[68] Yeagle, P.L. (1985) Biochim. Biophys, Acta, 822, 267-287.
[69] Ran, S., Downes, A. and Thorpe, P.E. (2002) Cancer Res., 62, 

6132-6140.
[70] Utsugi, T., Schroit, A.J., Connor, J., Bucana, C.D. and Fidler, IJ, 

(1991) Cancer Res., 51, 3062-3066.
[71] Schroder-Borm, H., Bakalova, R. and Andra, J. (2005) FEBS Lett., 

579,6128-6134.
[72] Foster, S.J. and Perkins, J.P. (1977) Proc. Natl. Acad. Sci. USA, 74, 

4816-4820.
[73] Zwaal, R.F. and Schroit, A J. (1997) Blood, 89, 1121-1132.
[74] Malykh, Y.R, Schauer, R. and Shaw, L. (2001) Biochimie., 83, 

623-634.
[75] Risso, A., Zanetti, M. and Gennaro, R. (1998) Cell Immunol., 189, 

107-115.
[76] Chan, S.C., Hui, L. and Chen, H.M, (1998) Anticancer Res., 18, 

4467-4474.
[77] Chan, S.C., Yau, W.L., Wang, W., Smith, D.K., Sheu, F.S. and 

Chen, H.M. (1998) J. Pept. Sci., 4, 413-425.
[78] Bulet, P. and Stocklin, R. (2005) Protein Pept. Lett., 12, 3-11.
[79] Papo, N. and Shai, Y. (2005) J, Biol. Chem., 280, 10378-10387.
[80] Papo, N. and Shai, Y. (2003) Biochemistry, 42, 9346-9354.
[81] Dennison, S.R., Wallace, J., Harris, F. and Phoenix, D.A. (2006) 

Topics in Peptide and Protein Research, In Press.
[82] Strandberg, E. and Killian, J.A. (2003) FEBS Lett,, 544, 69-73.
[83] Bechinger, B. (1999) Biochim. Biophys. Ada, 1462, 157-183.
[84] Marchini, D., Giordano, P.C., Amons, R„ Bernini, L.F. and Dallai, 

R. (1993) Insect Biochem. Mol. Biol, '23, 591-598.
[85] Rosetto, M., De Filippis, T., Manetti, A.G., Marchini, D., Baldari,

C.T. and Dallai, R. (1997) Insect Biochem. Mol. Biol, 27, 1039- 
1046.

[86] Rosetto, M„ Manetti, A.G., Giordano, P.C., Mam, L„ Amons, R., 
Baldari, C.T., Marchini, D. and Dallai, R. (1996) Eur. J. Biochem., 
241, 330-337.

[87] Ragona, L., Molinari, H„ Zetta, L., Longhi, R., Marchini, D„ Dal
lai, R„ Bernini, L.F., Lozzi, L., Scarselli, M, and Niccolai, N. 
(1996) Biopolymers, 39, 653-664.



Anticanccr Or Helical Peptides and Structure Current Protein and Peptide Science, 2Q\i6, Vol. 7, No. 6 499

[88] Marri, L, Dallai, R. and Marchini, D. (1996) Curr. Microbiol., 33, 
40-43.

[89] Saint, N., Marri, L„ Marchini, D. and Molls, G. (2003) Peptides, 
2d, 1779-1784.

[90] Bessin, Y., Saint, N., Marri, L., Marchini, D. and Malle, G. (2004) 
Biochim. Biophys. Acta, 1667, 148-156.

[91] Rozek, T„ Waugh, R.J., Steinbomer, S.T., Bowie, J.H„ Tyler, M.J, 
and Wallace, J.C. (1998) J.Pept. Scl, 4, 111-115.

[92] Marcotte, I„ Wegener, KX„ Lam, Y.H., Chia, B.C., de Planque, 
M.R., Bowie, J.H., Auger, M. and Separovic, F. (2003) Chem. 
Phys. Lipids, 122, 107-120,

[93] Chia, C.S., Torres, J., Cooper, M.A., Arkin, I.T. and Bowie, J.H, 
(2002) FEBS Lett,, 512, 47-51.

[94] Ambroggio, E.E., Separovic, F„ Bowie, J.H., Fidelio, G.D. and 
Bagatolli, LA. {ZW5) Biophys. J„ 89, 1874-1881.

[95] Ntidome, T., Kobayashi, K.., Arakawa, H., Hatakeyama, T. and 
Aoyagi, H. (2004) J. Pept. Scl, 10, 414-422.

[96] Shai, Y. (1999) Biochim. Biophys. Acta, 1462, 55-70,
[97] Shai, Y. and Oren, Z. (2001) Peptides, 22, 1629-1641.
[98] Hallock, K.J., Lee, D.K.., Omnaas, J., Mosberg, H.I, and Rama- 

moorthy, A. (2002) Biophys. J., 83, 1004-1013,
[99] Naito, A,, Nagao, T,, Norisada, K., Mizuno, T., Tuzi, S. and Saito, 

H. (2000) Biophys. J., 78,2405-2417.
[100] Sansom, M.S. (1991) Prog. Biophys. Mol. Biol, 55, 139-235.
[101] Vogel, H. and Jahnig, F. (1986) Biophys. J., 50, 573-582.
[102] Allende, D., Simon, S.A. and McIntosh, T.J, (2005) Biophvs. J,, 88, 

1828-1837.
[103] Yang, L., Harroun, T.A., Weiss, T.M., Ding, L. and Huang, H.W. 

(2001) Biophys. J„ 81, 1475-1485.
[104] Bechinger, B. (2004) Cril. Rev. Plant Scl, 23, 271-292.
[105] Murzyn, K. and Pasenkiewicz-Gierula, M, (2003) y. Mol Model, 9, 

217-24.
[106] Durell, S.R., Raghunathan, G. and Guy, H.R. (\992) Biophys, J„ 

63, 1623-1631.
[107] Haimovich, B. and Tanaka, J.C. {1995) Biochim. Biophys, Acta, 

1240, 149-158.
[108] Cruciani, R.A., Barker, J.L., Zasloff, M., Chen, H.C. and Co- 

lamonici, O. (1991) Proc. Natl. Acad. Scl USA, 88, 3792-3796.
[109] Takeshima, K., Chikushi, A., Lee, K.K., Yonehara, S. and Matsu- 

zaki, K. (2003) J. Biol. Chem., 278, 1310-1315.
[110] Dennison, S.R., Harris, F. and Phoenix, D.A. (2005) Protein Pept. 

Lett, 12, 27-29.
[111] Brasseur, R. (2000) Mol. Membr. Biol, 17, 31-40.
[112] Rahman, M., Lins, L., Soumarmon, T. and Brasseur, R. (1997) J. of 

Mol Mod,, 3, 203-215,
[113] Zasloff, M. (2002) Nature, 415, 389-395.
[114] Costantini, P., Jacotot, E., Decaudin, D. and Kroemer, G. (2000) J, 

Nall Cancer Inst, 92, 1042-1053.
[115] Armstrong, J. S. (2006) Br. J. Pharmacol, 147, 239-248.
[116] Cruz-Chamorro, L., Puertollano, M.A., Puertollano, E., de Cien- 

fuegos, G.A. and de Pablo, M.A. (2005) Peptides, In Press
[117] Kwon, J., Lee, S.R., Yang, K.S., Ahn, Y., Kim, Y J., Stadtman, 

E.R. and Rhee, S.G, (2004) Proc. Natl. Acad. Set. USA, 101, 
16419-16424.

[118] Simon, H. U., Haj-Yehia, A. and Levi-Schaffer, F. {2000) Apopto
sis, 5,415-418,

[119] Green, D. and Kroemer, G. (1998) Trends Cell Biol, 8, 267-271.
[120] Green, D.R, and Reed, J.C. (1998) Science, 281, 1309-1312.
[121] Orlowski, R.Z. (1999) Cell Death Differ., 6, 303-313.
[122] Porter, A.G. and Janicke, R.U. (1999) Cell Death Differ,, 6, 99- 

104.
[123] Skerlavaj, B., Gennaro, R., Bagella, L., Merfuzzi, L., Risso, A. and 

Zanetti, M. (1996) J. Biol. Chem., 271, 28375-28381.
[124] Kroemer, G., Zamzami, N. and Susin, S.A. {\991) Immunol To

day, 44-51.
[125] Risso, A., Braidot, E., Sordano, M.C., Vianeilo, A., Maori, F., 

Skerlavaj, B., Zanetti, M., Gennaro, R. and Bernardi, P. (2002) 
Mol Cell Biol, 22, 1926-1935.

[126] Brdiczka, D.G., Zorov, D.B. and Sheu, S.S. (2006) Biochim. Bio
phys. Acta, 1762, 148-163.

[127] Bernardi, P. (1997) Physiol Rev., 79, 1127-1155.
[128] Phoenix, D.A. and Harris, F. (2002) Mol Membr. Biol, 19. 1-10,
[129] Eiscnberg, D., Weiss, R.M. and Terwilliger, T.C. {1982) Nature 

299,371-374.
[130] Phoenix,' D.A., Harris, F., Daman, O.A. and Wallace, J. (2002] 

Curr. Protein Pept. Set., 3, 201-221.
[131] Harris, F., Demel, R., de Kruijff, B. andf Phoenix, D.A. (1998] 

Biochim. Biophys. Acta, 1415, 10-22.
[132] Harris, F„ Wallace, J. and Phoenix, D.A. (2000) Mol Membr
' lfBiol, 77,201-207.
[133] Wallace, J., Daman, O.A., Harris, F. and Phoenix, D.A (20041 

Theor. Biol. Med Model, 1, 1-11.
[134] Wallace, J., Harris, F. and Phoenix, DA. (2003) Eur. Biophys J 

' 32,589-598.
[135] Tossi, A., Sandri, L. and Giangaspero, A. (2000) Biopolymers, 55 

4-30,
[136] Wade, D., Boman, A., Wahlin, B., Drain, C.M., Andreu, D„ 

Boman, H.G. and Merrifield, R.B. (1990) Proc. Natl. Acad. Sci 
USA, 87, 4761-4765.

[137] Bland, J.M., De Lucca, A.J., Jacks, T.J. and Vigo, C.B. (2001) Mol 
Cell Biochem,, 218, 105-111.

[138] Merrifield, E.L., Mitchell, S.A., Ubach, J„ Boman, H.G., Andreu 
D. and Merrifield, R.B. (1995) Int. J. Pept, Protein Res., 46 214- 
220.

[139] Hugosson, M„ Andreu, D., Boman,'H.G. and Glaser, E. (1994] 
Eur. J. Biochem., 223, 1027-1033.

[140] Chia, B.C., Carver, J.A., Mulhern, T.D, and Bowie, J.H. (2000] 
Exm. J. Biochem., 267, 1894-908.

[141] Cheigh, C.I. apd Pyutv Y.R. {2M5) Biotechnol Lett, 27, 1641- 
1648.

[142] Breukink, E. and de Kruijff, B. (1999) Biochim. Biophys. Acta, 
1462, 223-234.

[143] Bauer, R. and Dicks, L.M. (2005) Int. J. Food Microbiol, 101. 
201-216.

[144] McAuliffe, O,, Ross, R.P. and Hill, C. (2001) FEMS Microbiol. 
Rev., 25, 285-308.

[145] Johnsen, L., Fimland, G. and Nissen-Meyer, J. (2005) J. Biol 
Chem., 280, 9243-9250.

[146] Nes, I.F., Hole, H., Fimland, G,, Hauge, H.H, and Nissen-Meyer, J 
(2001) Unmodified peptide-bacteriocins (class II) produced by iac' 
tic acid bacteria in Peptide antibiotics: discover)’, modes of action, 
and applications (Dutton, C. J., Haxetl, M, A., McArthur, H.A.l 
and Wax, R.G., eds.), pp. 81-115, Dekker, New York.

[147] Fleury, Y., Dayem, MA., Montagne, J.J., Chaboisseau, E., Lt 
Caer, J.P., Nicolas, P. and Delfour, A. (1996) J. Biol Chem., 271 
14421-14429.

[148] Cha, D.S. and Chinnan, M.S. (2005) Poonf Sci. Biotechnol, 12 
206-212.

[149] Panchal, R.G., Smart, M.L., Bowser, D.N., Williams, DA, anc 
Petrou, S. (2002) Curr. Pharm. Biotechnol, 3, 99-115.

[150] Takara, K., Sakaeda, T. and Okumura, K. (2006) Curr. Pharm. 
Des., 12, 273-286.

[151] Leslie, E.M., Deeley, R.G, and Cole, S.P. (2005) Toxicol Appl. 
Pharmacol, 204, 216-237.

[152] Hahm, K., Lee, D.G. and Park, Y (2004) Peptides with increased -t 
charge and hydrophobicity by substituting one or more amino acids 
of CA-MA peptide and pharmaceutical compositions containing 
thereof, in USA. Patent number 6,800,727.

[153] Bechinger, B,, Aisenbrey, C, and Bertani, P, (2004) Biochim. 
Biophys, Acta, 1666, 190-204,

[154] Eisenberg, D., Schwarz, E,, Komaromy, M. and Wall, R. (1984) J, 
Mol. Biol, 179, 125-42.

[155] Dennison, S.R., Dante, S,, Hauss, T., Brandenburg, K,, Harris. F 
and Phoenix, DA. (2005) Biophys. J„ 88, 3008-3017,

[156] Dennison, S.R., Morton, L.G.H., Brandenburg, K., Harris, F. and 
Phoenix, DA. (2006) FEBS. In Press.

[157] Harris, F., Sayed, Z., Hussain, S. and Phoenix, DA. (2004) Photo- 
diag. P ho todyn, Ther., /, 231-239.

[158] Bligh, E.G. and Dyer, W.J. (1959) Can. J. Med. Set, 37, 911-917.

Received: November 14, 2005 Accepted; February 06, 2006



ELSEVIER

Biophysical
Chemistry

Biophysical Chemistry 127 (2007) 78-83 ' ............ -—
http://www.elsevier.com/locate/biophyschem

The interactions of aurein 1.2 with cancer cell membranes

Sarah R. Dennison a, Frederick Harris b, David A. PhoenixA*
u Faculty of Science and Technology, University of Central Lancashire, Preston PR1 2HE, UK 

b Department of Forensic and Investigative Science, University of Centra! Lancashire, Preston, PR1 2HE, UK

Received 11 September 2006; received in revised form 15 December 2006; accepted 1'9 December 2006 
Available online 22 December 2006

Abstract

Here, the interactions of aurein 1.2, a defence peptide, with T98G glioblastoma celltmembfanes are studied, The peptide induced maximal 
surface pressure changes of circa 9 mN m 1 in monolayers of endogenous T98G membranedipid. Reducing monolayer anionic lipid showed a 
positive con-elation (/?2>0.91) with decreases in maximal surface pressure changes induced?by aurein 1.2 {circa 3 mN m-1 in tire absence of this 
lipid). Cancer cell membrane invasion by the peptide therefore appears not to be mediated by lipid receptors or specific lipid requirements but 
rather a general requirement for anionic lipid and/or other negatively charged membrane components.
© 2006 Elsevier B.V, All rights reserved.
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1. Introduction

Cancer is a problem of global proportions [1,2] yet despite 
intensive research, the biochemical mechanisms underlying 
carcinogenesis are not fully understood, limiting the potential to 
develop efficient anticancer drugs [3,4]. Gurrently, most 
anticancer drugs only control tumour growth " effectively at 
concentrations that also affect healthy cells, causing undesirable 
side effects [5,6]. Moreover, this problem is often exacerbated 
by multi-drug resistance (MDR) in icaneer cells, commonly 
arising from the over-expression of P-glycoprotein efflux 
pumps that actively flush conventional anticancer compounds 
from the cell [7,8],

Some advances have been made m overcoming the problems 
related to cancer treatment with the development of targeted 
anticancer agents [9] and MDR protein inhibitors [10]. However, 
there is still clearly .anongeht -need for new drags with novel 
mechanisms of action [11,12] and one recent focus has been 
defence peptides [13,14]. Many of these peptides are potent 
anticancer agents in addition to their established roles as 
antimicrobial factors and modulators of innate immune systems

* Corresponding author. Tel.: +44 1772 893481; fax: +44 1772 892903. 
E-mail address: daphoenix@uclan.ac.uk (D.A. Phoenix).

0301-4622/$ - see front matter © 2006 Elsevier B.V. All rights reserved, 
doi: 10,1016/j,bpc,2006.12.009

[15-18]. Generally, these peptides exhibit anticancer activity at 
low micromolar levels, which are comparable to those of their 
antimicrobial activity, but which is not accompanied by signifi
cant haemolysis or toxicity to other mammalian cells [13]. It is 
generally accepted that these peptides kill cancer cells via 
membrane invasion although the mechanisms underlying this 
process are far from fully understood [14]. The majority of these 
anticancer peptides adopt a-helical structure (ot-ACPs) at the 
interface, thereby facilitating anticancer activity via use of the 
carpet/toroidal pore model, which appears to generally describe 
membrane invasion by these peptides. In most cases, the 
resulting disraption of the mitochondrial membrane and/or 
plasma membrane leads to loss of membrane integrity and cell 
death via a number of mechanisms, typically apoptosis and 
necrosis [19].

Currently, the best characterised a-ACPs include arthropod 
cecropins, amphibian magainins and their derivatives [19]. 
However, amphibians of the Litoria and Uperoleia genera are 
proving to be rich sources of et-ACPs with the citropins, 
dahleins, maculatins, uperins, caerins and aureins recently 
isolated from these creatures [20-22]. The prototype of this 
latter peptide family is aurein 1.2 (GLFDIIKKIAESF-NH2) 
from Litoria aurea and Litoria raniformis [23,24], which was 
recently shown be non-haemolytic and active against 55 human 
cancers, including: renal, ovarian, prostate, colon, breast, lung

http://www.elsevier.com/locate/biophyschem
mailto:daphoenix@uclan.ac.uk
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and bladder cancers, along with melanomas, leukemias and 
cancers of the central nervous.system [22]. However, the ability 
of the peptide to interact with cancer cell membranes has not 
been addressed in detail and here, the ability of aurein 1.2 to 
interact with membranes of cells from the T98G glioblastoma 
cell line is investigated.

2. Materials and methods

2.7. Reagents

Synthetic aurein 1.2 was supplied by Severn Biotech Ltd., 
synthesised by solid state synthesis and purified by HPLC to 
purity greater than 99%, confirmed by Matrix-assisted laser 
desorption/ionization (MALDI) mass spectrometry. Buffers 
and solutions for monolayer experiments were prepared from 
Milli-Q water (specific resistance 18 Mflcm). Dimyristoyipho- 
sphatidylserine (DMPS), dimyristoylphosphatidylcholine 
(DMPC), dimyristoylphosphoethanolamine (DMPE), dimyris- 
toylphosphatidylinistol (DMPI) and dimyristoylphosphatidyl- 
glycerol (DMPG) were purchased from Alexis Biochemicals 
(UK). Sphingomyelin (SP) and all other reagents were 
purchased from Sigma (UK) unless otherwise stated.

2.2. Lipid extracts from T98G glioblastoma cells

Cells of the T98G human Caucasian glioblastoma cell linear 
were purchased from The European Collect ion of Cell Cultures 
(ECACC at http://www.ecacc.org.uk). The cells were grown in v 
cell culture flasks (25 ml) containing Minimum Essential/ 
Medium Eagle (MEM) with Earle’s salts, formulatedwas 
provided by the maker (Sigma, UK), which was supplemented 
with: 2 mM glutamine, 1% non essential amino acids (w/v);T% 
sodium pyruvate (w/v) and 10% foetal bovine serum (w/v); all at 
37 °C with 5% C02. The cell culture media was changed every 
48-72 h until the cells reached 70-80% confluence and then 
they were washed three times with Hanks Balanced Salts 
Solution, treated with 1 ml 0.25% trypsin / EDTA (w/v) and 
incubated at 37 °C for up to 15 min. On detachment of the T98G 
cells, 15 m! of fresh growth media was added to neutralise the 
trypsin and the cells harvested by centrifugation (15000 * g, 
20 min). Total lipid extracts of:these harvested cells were then 
obtained using a modified form of the procedure first described 
by Bligh and Dyer [25]. Essentially, 1 ml of each culture was 
extracted, washed twice in Tris 'buffer (10 mM, pH 7.5) and 
centrifuged (15000 x gpfO.miii) to form a pellet. Each pellet was 
then rcsuspendednh'0.5:ml Tris buffer (10 mM, pH 7.5) and to a 
0.1 ml aliquot of this cell suspension, 0.375 ml of a 1:2 (v/v) 
chloroform-methanol mixture was added. Each of these cell/ 
solvent samples was then vortexed vigorously for 5 min, a 
further 0.125 ml chloroform added and the whole again vortexed 
for 5 min. To each sample, 0.125 ml water was added, the whole 
vortexed for 5 min and then centrifuged at low speed (70 x g,
5 min) to produce two phases. The lower organic layer was 
transferred to a fresh centrifuge tube, concentrated using a 
Jouran speed vac (Jouran RC 10.22) and the dried lipid extract 
stored at -20 °C.

2.3. Lipid monolayer studies on aurein 1.2

2.3.1. Langmuir—Blodgett system
Monolayer investigations were performed using Langmuir- 

Blodgett equipment supplied by NIMA technology (Coventry 
UK), which was mounted on a vibration-isolated table. Studies 
were conducted using a Teflon trough^ which possessed surface 
area dimensions of 5 cm x 16 cm and freld a volume of 80 ml, 
and was fitted with two mechanically coupled Delrin barriers 
[26]. All experiments wereaconducted at an operating 
temperature of 21.0±1 °C and . used a subphase of Tris 
(10 mM, pH 7.5), which had been prepared as described 
above. Unless indicated otherwise, aurein 1.2 was introduced 
into the subphase via /an injection port to give desired final 
concentrations. The siibphase was continuously stirred by a 
magnetic bar (5 rpm) and surface tension was monitored by the 
Wilhelmy method using a paper plate (Whatman’s Chi) in 
conjunction with a microbalance, as described by Brandenburg 
et al. [27]. To check for surface contamination, the barriers were 
then set to flieiirfriaximum distance apart and the surface cleaned 
by aspiration. /The barriers were then compressed at a rate of 
100 cm nuiF1 until the smallest possible surface area was 
achiev-ptlKThe surface was assumed to be free of contaminants if 
during /this compression the changes in surface pressure 
observed were less than 0.01 mN m"1. Changes in monolayer 
surface pressure/area were recorded as graphic output on a PC 

"using NIMA software (version 5.54), which interfaced with the 
Langmuir-Blodgett microbalance.

2.3.2. Aurein 1.2 surface activity
The barriers of the Langmuir-Blodgett trough were adjusted 

to their maximum separation (surface area 80 cm2) and this 
position maintained. Aurein 1.2 was then introduced into the 
Tris subphase to give final concentrations ranging between 1.0 
and 6.0 (iM and at each peptide concentration, changes in

Table 1
Synthetic lipid monolayer compositions

Lipid monolayers DMPS
molar
%

DMPG
molar
%

DMPI
molar
%

DMPC
molar
%

DMPE
molar
%

SP
molar
%

T98G membrane mix 11,7 - 4.3 35,9 31,2 16.9
T98G membrane - - - 42.7 37.1 20.2

mix - anionic lipid 
absent

PS/PC mix too
PS/PC mix 30 - - 70 -
PS/PC mix 60 - - 40 -
PS/PC mix 100 - - - -
PG/PC mix - - - 100 -
PG/PC mix - 30 - 70 -
PG/PC mix - 60 - 40 -
PG/PC mix - 100 - - -
Table 1 shows the lipid composition of monolayer mimics of T98G glioblastoma 
cell membranes, which was derived from Hattari et al. [39], and various PS / PC 
and PG/PC mixtures. DMPS = dimyristoylphosphatidylserine, DMPG = 
dimyristoylphosphatidylglycerol, DMPI = dimyristoylphosphatidylinositol, 
DMPC = dimyristoylphosphatidylcholine, DMPE = dimyristoylphosphatidy- 
lethanolamine and SP = sphingomyelin,

http://www.ecacc.org.uk
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Fig. 1. Shows aurein 1.2 surface pressure as a function of peptide concentration. 
Increasing levels of aurein 1.2 were injected into a Tris buffer subphasc (10 mM, 
pH 7.5) of a Langmuir-Blodgctt system. At each aurein 1.2 concentration, the 
peptide was allowed to equilibrate, the surface pressure determined and plotted, 
all as described above.

surface pressure at the air/water interface were monitored 
for 1 h. The maximal values of these surface pressure changes 
were then plotted as a function of the peptide’s final subphase 
concentration.

3. Results and discussion

.Aurein 1.2 is a potent a-ACP [22-24] and several recent 
studies have suggested generic models for membrane invasion 
by the peptide [22,29-31]. However, this appears to be the first 
detailed study on the peptide’s ability to invade cancer cell 
membranes.

Aurein 1.2 was found to be strongly surface active with a 
surface pressure of 30 mN irT1 (Fig. 1), which is highly 
comparable to that of other a-ACPs from amphibian sources 
[19,29]. To study the interaction of the peptide with cancer cell 
membranes, monolayer mimics of these membranes were 
constructed and studied at constant area with an initial surface 
pressure of pressure of 30 mN m~ ‘. With monolayers formed 
from endogenous lipid of T98G glioblastoma cell membranes 
(Fig. 2A), API was found to rapidly partition into these 
monolayers over a period of approximately 10 s, inducing large 
maximal surface pressure changes of circa 9.5 mN m-1 
(Fig. 2A, curve A). These levels of interaction are consistent 
with disruption of the monolayer acyl chain region by aurein 1.2 
and are comparable to those reported for other strongly 
membrane invasive peptides [32,33]. In combination, these

2.3.3. Aurein 1.2 interactions with lipid monolayers
The ability of aurein 1.2 to penetrate lipid monolayers was 

studied. Monolayers were formed by spreading onto a Tris 
buffer subphase, chloroform solutions of either total lipid 
extract from cells of the T98G glioma cell line, derived as 
described above, or various synthetic lipid mixes, prepared 
according to Table 1. After spreading, the solvent was allowed 
to evaporate off the subphase surface over 30 minutes and 
then the lipid monolayer compressed at a velocity of 5 cm2 
min-1 to give a surface pressure of 30 mN m_l, mimetic of 
naturally occurring membranes [28]. To study the interactions 
of aurein 1.2 with lipid monolayers at constant surface area, 
the barriers were maintained in this position and aurein 1.2 
was introduced into the Tris subphase to achieve a peptide 
concentration of 4 pM, which was determined as optimal for 
these experimental conditions (Fig. 1). Interactions of the 
peptide with lipid monolayers were monitored as changes in 
monolayer surface pressure versus time (Fig. 2A). To study 
the interactions of aurein 1.2 with lipid monolayers at constant 
surface pressure (Fig. 2B), lipids were spread onto the Tris 
subphase as described above except that once a surface 
pressure of 30 mN m~1 had been attained, this pressure was 
maintained. The lipid monolayer was allowed to equilibrate 
for 10 minutes and aurein 1.2 was introduced into the Tris 
subphase to give a final peptide concentration of 4 pM. 
Interactions of aurein 1.2 with lipid monolayers were 
monitored as changes in monolayer surface area per lipid 
molecule versus time. The interactions of aurein 1.2 with 
DMPS/DMPC and DMPG/DMPC monolayers (Table 1) were 
studied at constant surface area and maximal surface pressure 
changes induced by the peptide were plotted as a function of 
their DMPS (Fig. 3A) and DMPG (Fig. 3B) concentrations 
respectively. Regression analysis of these data (Table 2) was 
performed using Minitab version 14.

o

B

Fig. 2. Shows the time course of interactions between aurein 1.2 and lipid 
monolayers at constant surface area and an initial surface pressure of 30 mN m-1
(A) , and at a constant surface pressure, maintained at 30 mN m-1 (B). In both A 
and B, curve (A) represents interactions of the peptide with monolayer mimics 
of T98G glioblastoma cell membranes, which were formed from the endogenous 
lipid of these cells. Curve (B) represents interactions of the peptide with 
monolayers, which were formed from an artificial lipid mixture of composition 
equal to that of T98G glioma cell membrane (Table 1). Curve (C) represents 
interactions of the peptide with monolayers of the same composition as in curve
(B) but excluding the anionic lipid component (Table 1).

^
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Fig. 3. Shows the effect of varying anionic lipid levels in monolayers on the levels 
of tmentcuon shown by aurcin 1.2 with these monolayers. Fig. 3A shows that PS 
(O) levels exhibit a strong positive linear correlation (Table 2) with the surface 
pressure changes induced by the peptide in PS/PC monolayers. Fig. 3B shows that 
a similar strong posiuvc linear correlation (Table 2) exists when the experiments 
represented in Fig. 3A were conducted with PO (♦) subsututed for PS.

data clearly show that aurein 1.2 has a high affinity for the 
membrane lipid of T98G cells and suggest that the peptide has a 
strong ability to invade the membranes of these cancer cells.

It is generally accepted that ot-ACPs do not use protein-based 
receptor mechanisms to invade cancer membranes [13,14,19]. 
However, the use of lipid-based receptors to enhance the lipid 
affinity of membrane invasive peptides is well established in the 
case of some peptides [34.35], suggesting the possibility that 
use of such receptors may underlie the high affinity and 
interactivity shown by aurein 1.2 for monolayers derived from 
the membrane lipid of T98G cells (Fig. 2A, curve A). To gain 
insight into this possibility, the putative role of anionic lipid in 
the peptide’s interactions with T98G cell membranes was 
investigated. Using synthetic lipids, monolayer mimics of T98G 
membranes were constructed with precisely known composi
tion. Aurein 1.2 showed reaction kinetics and maximal surface 
pressure changes (circa 9.0 mN m_1) with these monolayers 
(Fig. 2A, curve B) that closely paralleled those observed for 
interaction of the peptide with monolayers formed from 
endogenous T98G lipid (Fig. 2A, curve A) over 5 min. These 
observations established that the former monolayers provided 
good models of the latter and when the level of anionic lipid in 
these synthetic monolayer mimics was reduced to zero,

maximal surface pressure changes induced by aurein 1.2 
decreased by approximately two third to circa 3.5 mN m”1 
,(Fig. 2A, curve C). These data strongly suggested that anionic 
lipid may play a major role in the ability of aurein 1.2 to target 
and invade the membranes of cancer cells.

The monolayer data of Fig. 2A was strongly supported by 
experiments using the same lipid/peptide systems, which were 
conducted at constant pressure with the surface pressure of the 
monolayer held at 30 mN m"1 (Fig. 2B). Fig. 2B shows the time 
course for variations in the area per lipid molecule induced by 
the interaction of aurein 1.2 with monolayers possessing lipid 
compositions that corresponded to those of the monolayers 
analysed in curves ‘A’, ‘B’ and^C’ of Fig. 2A. It can be seen 
from Fig. 2A and B that these monolayers follow the same rank 
order in terms of the peptide’s induction of maximal increases in 
area per lipid molecule of a monolayer and maximal changes in 
surface pressure of a monolayer.

It is well established that PS on the outer membrane surface 
of cancer cells makes a major contribution to the negative 
charge carried by these cells [36,37], To study the putative role 
played by this lipid in the membrane interactions of aurein 1.2, 
monolayers with varying PS levels were constructed, as 
described in Table 1. It was found that the maximal surface 
pressure changes induced by aurein 1.2 in these monolayers 
showed a correlation with their PS levels (Fig. 3A), which 
regression analysis indicated was a strong positive linear 
relationship (i?2 = 0.98). However, a similar positive linear 
relationship (R2 = 0.92) was observed when corresponding 
experiments were performed with monolayers where PS was 
substituted by PG (Fig. 3B), an anionic lipid not found in 
eukaryotic membranes. Analysis of variance showed that 
statistically, there were no significant differences between the 
curves shown in Fig. 3A and 3B (Fi(23= 1.323; p=0.262). 
These data clearly show that under the experimental conditions 
used here, PS and PG have similar capacities to promote the 
interaction of aurein 1.2 with membranes but that this capacity 
is greatly reduced in the absence of these lipids. In combination, 
these results strongly suggest that the invasion of cancer cell 
membranes by aurein 1.2 is not based on mechanisms mediated 
by specific lipid requirements such as a lipid-receptor or a 
particular anionic lipid(s) but rather a general requirement for 
such lipid and possibly other negatively charged membrane 
components. Indeed, it has been recently suggested that in 
addition to anionic lipid, the affinity of a-ACPs for cancer cell 
membranes may be related to the increased levels of negatively 
charged sialic acids associated with these membranes [19].

Table 2
Regression analysis of monolayer data in Fig. 3

Monolayer Anionic Lipid R2 F value Significance of F-value

DMPS/DMPC
DMPG/DMPC

DMPS
DMPG

0.98
0.92

272.6074
68.85425

3.15 * 10-6
1.66 x 10-4

Table 2 shows summary statistics for regression analysis of curves depicting the 
relationship between surface pressure changes induced by aurein 1.2 in lipid 
monolayers and the levels of anionic lipid in these monolayers. Curves analysed 
were for PS/PC monolayers (Fig. 3A) and PG/PC monolayers (Fig. 3B).
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Fig. 4. Shows aurein 1.2 modelled in an-helical conformation. A front projection 
of this a-helix (A) shows a strong centrally placed cationic region formed by the 
peptide’s adjacent lysine residues. This projection also shows that the negatively 
charged glutamic acid and aspartic acid residues of the peptide are distal from its 
cationic region, thus forming a residue distribution that facilitates the interaction 
of aurein 1.2 with negatively charged membranes by allowing the peptide to 
effectively function as a positively charged molecule. This front projection also 
demonstrates that the lysine residues of the aurein 1.2 a-helix define the 
boundary between its narrow polar and wide apolar faces, a residue arrangement 
that is strongly associated with the class A a-hclices and the snorkelling 
mechanism of Segrest et al. [38]. According to this mechanism, the long side- 
chains of these lysine residues can snorkel or extend from the membrane surface 
as illustrated in the side projection of the aurein 1.2 a-hclix (B). This snorkelling 
would allow the bulk of the aurein 1.2 a-helix to penetrate more deeply into the 
membrane hydrophobic core, whilst permitting the cationic moieties of its lysine 
residues to maintain electrostatic interactions with the membrane lipid 
head group region.

The ability of a-ACPs to interact with negatively charged 
moieties on cancer cell membranes usually derives from the fact 
that these peptides carry a net positive charge. To examine the 
charged residue distribution of aurein 1.2, the three-dimensional 
structure of the peptide was modelled using PyMOL version 0.98 
and when a front projection of this a-helix was viewed, a strong 
centrally placed cationic region formed by adjacent lysine 
residues was revealed (Fig. 4A). This projection also showed 
that the negatively charged glutamic acid and aspartic acid 
residues of the peptide are distal from this cationic region. It seems 
likely that these positively charged residues would stabilise the 
membrane interactions of aurein 1.2 through association of these 
residues with negative charge arising from moieties in membrane 
lipid headgroups. Moreover, it can be seen from this front 
projection of the a-helix that its lysine residues define the 
boundary between the narrow polar and wide apolar faces of the 
a-helix, a residue arrangement that is strongly associated with the

class A a-helices and the snorkelling mechanism of Segrest et al. 
[38]. According to this mechanism, the long side-chains of these 
lysine residues can snorkel or extend from the membrane surface 
as illustrated in the side projection of the aurein 1.2 a-helix 
(Fig. 4B). This snorkelling would allow the bulk of the aurein 1.2 
a-helix to penetrate more deeply into the membrane hydrophobic 
core, whilst permitting the cationic moieties of its lysine residues 
to maintain electrostatic interactions with the membrane lipid 
headgroup region. Indeed, the use of this mechanism of 
membrane interaction could contribute to the high levels of 
monolayer penetration exhibited by aurein 1.2, leaving the more 
negatively charged residues of the peptide to interact with 
positively charged moieties within the polar headgroup region of 
the membrane.

In summary, aurein 1.2 interacts strongly with lipid mimics 
of glioma cell membranes, suggesting that the anticancer 
activity of the peptide involves membrane invasion. These 
interactions appear to be promoted by a general requirement for 
a negatively charged membrane rather than by a lipid-receptor 
or specific lipid requirement. Aurein 1.2 appears to interact with 
cancer cell membranes via a localised cationic region, which we 
speculate uses the snorkelling mechanisms to promote deeper 
levels of membrane penetration by the peptide.
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Chapter 6

Investigation Into The Potential For Amphiphilic 
Phenothiazinium Based Photosensitisers To Act As

Antibacterial Agents.



Summary.

The increasing problem caused by multiple drug resistance in bacteria [69] has led to a 
search for new antibacterials such as those based on the antibacterial peptides described 
in chapter 5. In this context the potential for photo-sensitising molecules to act as 
therapeutically useful antibacterial agents has been demonstrated. When taken up by 
bacterial cells and irradiated at an appropriate wavelength these molecules produce 
highly reactive free radical species which can induce oxidative damage to bacterial 
membranes, proteins and DNA in what is termed photo-antibacterial chemotherapy 
(PACT) [70]. It is recognised that drugs must interact with the bacterial membrane either 
to translocate to the cytoplasm or to interact with membrane bound targets but whilst 
systems have been developed to try and investigate this aspect of activity [71] there has 
been little systematic investigation of the amphiphilic properties of such compounds on 
their antibacterial functionality.

We identified a range of phenothiazinium-based compounds as having significant 
potential as antibacterial agents. The chromophore in this case is a tricyclic heteraromatic 
ring system which endows these dyes with therapeutically acceptable light absorption 
characteristics (600nm-900nm) and high singlet oxygen yields making them good 
photosensitisers. The phenothiazinium species are generally cationic yet due to the ring 
structure are also lipophilic and have long been know to be selectively taken up by 
bacteria [72]. In 1997 we were able to show a range of commercially available 
phenothiazinium dyes were active against both gram positive and gram negative bacteria 
with illumination providing upto 100-fold increases in antibacterial activity [73]. By 
testing a range of compounds we were able to identify a number of parameters which 
appeared linked to toxicity. These not only included singlet oxygen generating efficacies 
but also seemed to correlate with the dyes reduction kinetics. The reduction of the 
phenothiazinium chromophore is known to lead to the formation of a colourless neutral 
species which is non-photosensitising hence our data provided an early indication that 
bacterial reduction of the chromophore was a key barrier to activity. We concluded that 
the phenothiazinium photosensitisers exhibited equivalent or improved activity when 
compared to previously recognised antibacterial photosensitisers such as acridine orange 
and suggested that these phenothiazinium compounds had clinical potential. This was 
indeed seen to be the case with a range of compounds showing good photo-antibacterial 
properties not only against pathogenic strains but also against key clinical isolates such as 
methicillin resistant strains of staphylococcus aureus [74] and vancomycin resistant 
strains of Enterococcus [75],

It would appear therefore that these base compounds could have a range of medicinal 
applications [76]. For example, we showed the potential for the phenothiaziniums to be 
used as photobactericidal agents in the treatment of Yersinis enteroclitica, a gram 
negative pathogen known to exhibit significant growth at low temperature and therefore 
constituting a threat to red blood cell concentrates [77]. Given the use of methylene blue 
for virus inactivation of blood plasma was known this enabled us to suggest that the



disinfection of red blood cell concentrates by use of phenothi azimums was a real 
possibility which could help address the increasing problem of pathogenic colonisation of 
Hnnatpd blood in immuno-compromised patients. Furthermore we were able to show the 
potential of active compounds such as new methylene blue in disinfection of pathogenic 
biofilms [78]. The organisims within such biofilms are known to have altered 
chemotherapeutic susceptibility to antibacterials yet we were able to show that the 
phenothiazini um tested was able to cause both cell death and the breakdown of the extra
cellular polymeric substance thought to help inhibit the action of conventional antibiotics. 
As biofilms are of great importance with respect to hospital-associated morbidity this was 
an important result as it showed the potential for these compounds to be used in the 
treatment of medical devices and implants, for example at external catheter surfaces.

The range of phenothiazmiums which we were able to show had photoantibacterial 
properties was significant and in 2003 we postulated that a key factor in determining 
efficacy could be the overall amphiphilicity which would be expected to effect 
intracellular localisation and uptake [79]. Whilst for example these planer aromatic 
molecules are known to be able to intercalate with DNA they are also able to partition 
into membrane lipid with evidence of photodamage at each location. We had earlier 
noted that increasing hydrophobicity by methylation increased toxicity in the case of 
methylene blue [76] but whilst we predicated these changes would effect localisation the 
impact of methylation was more complex due to its effect on the susceptibility of the 
chromophore to reduction and singlet oxygen generation. We therefore looked to gain 
further information regarding the site of action and showed that even in the case of highly 
amphiphilic species there was limited effect on membrane lipid implying that the key role 
of amphiphilicity and hydrophobicity may well be in targeting and uptake of the 
compounds rather than localisation at a membrane based target [80], In support of this 
theory most of the effective compounds were able to induce photo-damage of bacterial 
DNA [81]. Using other photobacterial agents in the form of aminoacridines [82] we 
attempted by use of bis-aminoacridine analogues to increase DNA intercalation and 
hence efficacy but were unsuccessful. Given previous work had shown such chemically 
cross linked acridine chromophores exhibited increased DNA intercalation it is likely that 
these modifications have decreased uptake and hence inhibited the ability of the 
photosensitiser to target the DNA emphasising the importance of balancing the 
physicochemical requirements of uptake with intracellular targeting [83]. Even with the 
complexities highlighted above the recognition of PACTs potential is growing with a 
number of agents now having been patented [84] and it is likely that this form of 
treatment for topical infection and disinfection of medical equipment will have increased 
utilisation in coming years.

In conclusion, we were able to show that phenothiazinium-based compounds had 
potential for use within photo-antimicrobial chemotherapy and had a range of clinical 
applications. We were able to show that in addition to key parameters of the 
photosensitiser, such as singlet oxygen generating potential, the ease of reduction was a 
key factor in efficacy. We identified the importance of amphiphilicity in targeting and 
uptake and showed in the majority of cases the key cellular target was DNA implying 
that the amphiphilicity had to be great enough to support targeting and cellular uptake



without providing too great a level of membrane partitioning. We remain the only group 
to have shown the potential of such compounds against medically relevant biofilms.
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Abstract ______ _______________________________________________________________________

Currently, pathogenic bacteria exhibiting multiple drug resistance are contributing to a pandemic of 
infectious diseases and have become a global problem. The ability of traditional antibiotic therapies to 
cope with this problem is under challenge. Long-term solutions lie in a concerted, coordinated global re- 
evaluation of antibiotic usage but short-term answers are also needed. In response, a number of novel 
approaches to antimicrobial therapy are currently being investigated. Here, we review a variety of these 
approaches in the areas of: novel antimicrobial target identification, developments in combinatorial an
timicrobial therapy, the identification of new antimicrobial agents and vaccinology.
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Introduction _____________________________________

Quality of life is synonymous with good health. When an
tibiotics were first introduced, the dawn of a new era in 
health-care was heralded. It was believed that antibiotics, 
with the aid of vaccines, could control, and eventually mas
ter, infectious diseases (Livermore, 2001; Andre, 2002). 
Undisputedly, antibiotics have saved countless lives and have 
transformed therapeutic practice, yet bacterial infections re
main the leading cause of mortality worldwide (Davies. 1996;
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Williams, 2002). The treatment of infectious diseases has be
come an intolerable strain on the healthcare services of de
veloped nations: with nosocomal infections costing the UK 
National Health Service approximately £1 billion and caus
ing approximately 5000 deaths each year (NHS Trust 
Report, 2000). A number of factors appear to have negative
ly affected the epidemiology of infectious diseases with the 
spectrum of pathogens that cause infections in humans 
changing continuously, and social, political, economic and 
environmental factors all impacting on the spread of infec
tion (Gyssens, 2001). For example, previously unknown 
agents such as HIV. have emerged, which are able to reduce 
the efficacy of the immune system, thereby promoting the 
spread of infectious diseases. Therapeutic advances have in
creased the survival rates for patients with severe underlying 
disease. However, these individuals often have a high sus
ceptibility to infection by opportunistic pathogens and other 
agents that would not be problematic for healthy individuals.
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Such immuno-compromised individuals frequently require 
treatment with sustained antibiotic regimes. In addition, the 
introduction of new investigative and therapeutic proce
dures is often accompanied by infections, some caused by 
the iatrogenic breaching of host defences during blood 
transfusions or organ transplants (Kerr & Lacey, 1995). 
There has also been a decline in the social conditions of both 
developing and industrialized nations, contributing to the 
reappearance of some infectious diseases, such as tuber
culosis (Gopal, 1998). However, the biggest single contrib
utor to the current pandemic of infectious diseases has been 
the emergence of pathogenic bacteria with multiple antimi
crobial drug resistance.

The rise of antimicrobial drug resistance ----------------

Mechanisms of antimicrobial drug resistance fall into 
three general classes: (a) The antibiotic is denied its site of ac
tion, often arising from changes to the structures of channel 
forming proteins or to properties of the membrane systems 
encapsulating bacteria, (b) The target organism produces 
agents such as proteases that destroy or inactivate the antibi
otic. (c) The target enzyme or target site of the antibiotic is 
modified, thus inhibiting antibiotic binding (Harris et al, 
1995). In some cases, these mechanisms of resistance are in
herent to bacteria but in general, the array of drug resistance 
mechanisms possessed by pathogenic bacteria has been ac
quired. Acquired drug resistance results from genetic change 
and is due to gene mutations within a bacterium’s genome, or 
genetic complement, and/or the import of genes via plasmids 
(Acar, 2002; Hogan & Kolter, 2002). The rapidity with which 
these acquired mechanisms have developed and spread is 
well illustrated by Staphylococcus aureus.

S. aureus is a classical pathogen, causing infections at 
many sites and was a ubiquitous pathogen when the first com
mercial antibiotic, benzyl penicillin, was introduced in 1943. 
The impact of the antibiotic was dramatic with infections due 
to the organism virtually eradicated. However, within two 
years, penicillin-resistant strains of S. aureus had emerged 
and by 1948, over 50% of nocosomal infections due to S. au
reus were penicillin-resistant (Barber & Rozwadowska- 
Dowzenko, 1948). Fortunately, other natural antibiotics had 
been developed soon after the introduction of penicillin, and 
included: chloramphenicol, erythromycin, streptomycin and 
tetracycline. At first, all were active against S. aureus but re
sistant strains of the organism again rapidly emerged (Lacey, 
1984). As the 1950s ended, antibiotic resistant strains of 5. au
reus were a cause of considerable mortality in British hos
pitals, and became a matter of international concern 
(Williams, 1959; Rountree & Freeman, 1955). The early

1960s saw the rapid development of a new wave of antibiotics, 
many initially directed against S. aureus. These antibiotics in
cluded the first cephalosporins, such as cephalothin and 
cephaloridine and later, semisynthetic penicillins, such as 
methicillin, nafcillin and the oxacillins (Livermore & 
Williams; 1996), Some success in treating 5. aureus infections 
was enjoyed but soon, strains of the organism carrying multi
ple resistance to these newer antibiotics emerged. As early as 
1961, when methicillin was first marketed, S. aureus strains 
resistant to the antibiotic (MRSA) were discovered, re-estab
lishing the organism as a major pathogen (Jevons, 1961). The 
late 1970s and the early 1980s saw a dramatic decline in infec
tions due to MRSA, primarily due to the use of the aminogly
coside antibiotic, gentamicin. However, the decline was not 
maintained and gentamicin resistance began to emerge in S. 
aureus (Rouch et al, 1987). By the mid-1990’s epidemic 
strains of S. aureus, including MRSA, were recorded with re
sistance to, not only gentamicin, but also erythromycin, 
ciprofloxacin, kanamycin and neomycin (Cox et al, 1995; 
Speller et al, 1997; Working party report, 1998; Andrews et 
al, 1999). Since then, other pathogenic bacteria including en
terococci and pneumococci have acquired similar arsenals of 
antibiotic-resistance (Centre for Disease Control, 2002) and 
epidemics from these ‘superbugs’ have become a major prob
lem, both in the UK (Chen et al., 1997; Henwood, 2000) and 
globally (Williams, 2002) with the only established treatment 
being via the use of vancomycin or teicoplanin. Unfor
tunately, enterococci and strains of MRSA with vancomycin 
resistance have recently appeared, requiring further antimi
crobial agents and targets to be identified (Livermore, 2001; 
Shepard and Gilmore, 2002). Amongst the tnost recent novel 
antimicrobial agents investigated are host defence peptides 
(Zasloff, 2000; Diamond, 2001), some of which are at phase 
III clinical trials (Levy, 2000; Zasloff, 2002). Already, re
sistance to a number of these antibiotics has been identified 
in S. aureus and several other bacterial strains (Peschel et al, 
2001; Peschel, 2002).

Most of the antibiotics currently available for therapeutic 
purposes were discovered within two decades of the intro
duction of penicillin (Ken & Lacey, 1995). Moreover, whilst 
these available antibiotics number 63 (British National 
Formulary, 2002), many are structurally related, almost 50% 
are b-lactams and hence, they are directed against only a few 
biochemical targets within the bacterial cell. The emergence 
of bacterial strains resistant to these antibiotics, coupled with 
the decreased efficacy of vaccines and a changing pattern of 
infectious diseases, clearly indicates that fresh approaches to 
the use of antimicrobial agents in the treatment of infections 
are essential (Levy, 1998). Undoubtedly, the selective pres
sures generated by antibiotic overuse has made a major con-
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tibution to this problem and systematic global action with re
gards to the focus and use of antibiotics forms a part of the 
long-term solution (Roccanova & Rappa, 2000; Gyssens, 
2001). However, short-term answers are needed (Barrett, 
2001) and currently, there are a number of novel approaches 
attempting to supply such answers. These approaches may 
be classified under four broad strategies: seeking novel tar
gets for antimicrobial action, combinational approaches to 
antimicrobial therapy, identifying new antimicrobial agents 
and vaccinology.

Seeking novel targets of antimicrobial action _______

The Use of Genomics
Over the last six years, the genomes of more than eighty 

bacteria have been sequenced, including drug resistant 
pathogens such as MRSA, vancomycin resistant enterococ
ci (VRE) and Escherichia coli 0157. This genomic data, 
stored electronically and coupled with advances in com
puting technology permits swift and detailed comparisons 
of the genes and genomes of these strains. Moreover, when 
used in conjunction with DNA micro-arrays, this infor
mation also facilitates the comparison of gene expression in 
these microbes (Chalker & Lunsford, 2002).

DNA micro-arrays (DNA chips) involve the immobilis
ation of large numbers of discrete oligonucleotide sequences 
on the surface of a support in the form of a silicon chip, glass 
or a nylon membrane. The density of these DNA molecules 
is very high, and up to one million oligonucleotides can be 
arranged in a precise manner per square centimetre. The 
oligonucleotide sequences used in micro-arrays may be ge
nomic fragments, PCR products, or complementary DNA 
(cDNA) molecules constructed from mRNAs expressed in 
cells under specific conditions. Micro-arrays can be used to 
detect the presence of specific sequences in DNA samples 
obtained from experiments by the ability of immobilised se
quences to hybridise with complementary DNA molecules 
in solution (Shoemaker & Lindsley, 2002). In general, mi
cro-arrays have been used at two strategic levels: functional 
genomics profiles the expression of genes through the mi
cro-array analysis of mRNA populations isolated from cells 
under differing growth or environmental conditions to 
provide a genomic scale representation of the transcrip- 
tosome, whilst comparative genomics contrasts two or more 
genomes at the sequence level of individual genes. Thus 
comparisons can be made between the genes possessed by 
different bacteria, and also between the expression of their 
genes under specific conditions (Fischer, 2001; Schoolnik, 
2002;Hochachkaei«/., 2002).

The main strategies of relevance to this review are: (a)

The use of comparative approaches to identify genes of un
known function, which are conserved between species, and 
which may provide novel targets for antibiotics, (b) The use 
of these approaches to further the understanding of bacteri
al growth and of mechanisms for inhibition of this growth, 
thus providing the potential to identify new targets and 
strategies for antibiotic action (Buysse, 2001). As an exam
ple, in a recent study, a micro-array was constructed from E. 
coli strains, which had been genetically modified for the low- 
level expression of a single, essential gene product, thus 
making each strain hypersusceptible to specific inhibitors of 
that gene target. Strains from the micro-array were screened 
in parallel against a large chemical library and a number of 
novel inhibitors of bacterial growth identified. This ap
proach allows specificity in the choice of bacterial target and 
as an example, compounds assayed for inhibition of Mur A, 
an enzyme involved in peptidoglycan biosynthesis, were 
found to block the biochemical function of the enzyme when 
tested in vitro (Reich, 2000).

Using a different approach to the problem of anti
microbial drug resistance, functional genomics has been used 
to identify genes that are differentially regulated in pathogenic 
bacteria when challenged by an antibiotic. As an example, 
Mycobacterium tuberculosis is a pathogen responsible for most 
cases of tuberculosis and is rapidly becoming resistant to an
timicrobial drugs, including the commonly used isoniazide. 
This drug exerts its antimicrobial action by inhibition of a 
fatty acid synthase complex (FAS-II), thus blocking the 
biosynthetic pathway, which produces mycolic acids, essen
tial components of the mycobacterial cell wall (Rozwarski et 
al, 1998; Mdluli, et al, 1998). Expression profiles obtained 
from growing cultures of M. tuberculosis treated with isoni
azide showed a number of differentially regulated open 
reading frames (ORFs), which included genes encoding 
components of the FAS-II complex. Moreover, other genes 
induced by the presence of isoniazide were those known to 
be involved in synthetic activities at the end of the mycolic 
acid pathway (Wilson et al, 1999). These studies show that 
functional genomics can not only provide useful infor
mation regarding an antibiotic’s mode of action, but can al
so illuminate related components of biosynthetic pathways 
that are remote from the antibiotic’s direct site of interac
tion. Newly identified biosynthetic pathway components are 
an attractive proposition as targets for novel antibiotics 
(Schoolnik, 2002).

A full discussion of the exploitation of genomics in an
timicrobial therapy is beyond the scope of this review. 
However, the advent of genomics has provided a new strat
egy for dealing with the problem of antimicrobial drug re
sistance by revealing new molecular targets that are giving

46



Phoenix et al

rise to novel antimicrobial chemistries unlikely to face the 
current problems of established mechanisms of resistance. 
Information from sequenced genomes and genomic-based 
technologies are redefining the emphasis of antibiotic-dis
covery programs. New targets are being identified and vali
dated, mechanism-of-action studies are being enhanced, 
and there has been a shift from working with model mi
croorganisms such as E. coli and Bacillus subtilis to working 
directly with relevant pathogens such as S. aureus and 
Streptococcus pneumoniae (Payne et al, 2001; McDevitt & 
Rosenberg, 2001).

The Bacterial Ribosome
Bacterial ribosomes are complex particles comprising 

over 50 proteins and three species of mRNA but are essen
tially composed of two subunits: the small 30S and large SOS 
subunits. The subunits of bacterial ribosomes resemble 
those of humans both architecturally and in their catalytic 
mechanisms but are significantly smaller. These differences 
have led to the evolution of a number of naturally occurring 
antibiotics that are able to bind to bacterial ribosomes and 
inhibit protein synthesis far more effectively than in the case 
of their human counterparts (Ramakrishnan, 2002). These 
differences have made the ribosome an attractive proposi
tion as a drug target and it is the site of action for seven dif
ferent classes of clinically used antibiotics, namely: 
macrolides and ketolides lincosamides, streptogramins, 
chloramphenicol, aminioglycosides and tetracylines (Nilius 
& Ma, 2002; Knowles et al, 2002). However, most of these 
agents are either naturally occurring ribosomal antibiotics 
or their chemically modified forms and the only chemically 
synthesised ribosomal antibiotic to have been approved for 
clinical use is the oxazolidinine: linezolid, (Zurenko et al,
2001) . A number of bacterial resistance mechanisms to ri
bosomal antibiotics are known. As examples: the main 
mechanisms of resistance to aminioglycosides are mediated 
by enzymes able to modify these antibiotics (Nilius and Ma,
2002) whilst tetracycline resisitance is principally associated 
with the use of efflux mechanisms (Chopra, 2001).

Recent technical advances have produced a series of 
high-resolution structures of the 308 and 508 subunits of the 
bacterial ribosome either alone or in association with antibi
otics, all available from the Protein Data Bank (Bernstein et 
al, 1977). Studies on these structures have helped elucidate 
the precise mode of action of a number of ribosomal antibi
otics and it would appear that the underlying mechanism of 
inhibition is the ability of these bound antibiotics to change 
the balance between conformational states of the ribosome 
as it translates mRNA (Brodersen et al, 2000; Nissen et al, 
2000; Ogle et al, 2001; Schlunzen et a/., 2001). Moreover,

these structures have provided insight into the selectivity 
shown by antibiotics for prokaryotic ribosomes rather than 
eukaryotic ribosomes. As an example, it has long been 
known that the inhibition of protein synthesis by paro
momycin involves binding to A-site rRNA of the bacterial 
308 subunit. The structural information provided by recent 
studies (Fourmy et al, 1998; Carter ^ a/., 2000; Vincens & 
Westhof, 2001) has shown that this binding involves hydro
gen bonding between paranomycin and specific bases of the 
bacterial A-site rRNA. The homologous bases of human ri
bosomes are different and unable to form hydrogen bonds 
with paromomycin, thus reducing the affinity of the antibi
otic for human ribosomes (Knowles et al, 2002). Solved ri
bosomal structures are also helping to understand the basis 
of bacterial resistance to some ribosomal antibiotics. For 
example, methylation of a specific A-site rRNA base in
volved in the ribosomal binding of paramomycin inhibits 
the ability of this base to form hydrogen bonds with the an
tibiotic thereby reducing the ribosomal affinity of paro
momycin and conferring bacterial resistance (Fourmy et al, 
1998; Carter efflf, 2000).

Based on the structures of antibiotics bound to ribo
somes, the essential minimal scaffold for virtually every 
known class of ribosomal antibiotic can now be defined and 
these scaffolds used to guide the rational modification of 
existing antibiotics. In conjuction with computer modelling 
and combinatorial libraries, this strategy was recently used 
to produce a number of novel aminoglycosides (Haddad et 
al, 2002). The binding sites of known antibiotics also 
provide sites, which have been functionally substantiated 
and may be used to guide the search for novel antibiotics by 
virtual screening and docking techniques (Abagayan and 
Totrov, 2001; Schneider and Bohm, 2002). These tech
niques can also be used to identify sites for anti-ribosomal 
action that are not associated with known antibiotics. 
Already, cavity mapping of the 308 ribosomal subunit has 
shown a multitude of cavities within the structure of this 
subunit, which have no known function (Knowles et al, 
2002). It is possible that some of these cavities may provide 
novel target sites allowing the design of de novo ribosomal 
antibiotics.

Two Component Systems
Over the last decade, it has become increasingly clear 

that bacteria use sophisticated signal transduction mech
anisms to adapt to physical and chemical extra-cellular en
vironmental changes. The major signal transduction mecha
nisms used by bacteria involve two-component systems and 
phosphorelay systems, which, although using different 
strategies to direct signal information, are each promoted by
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histidine kinases (Thomason & Ray, 2000; Galperin et aL, 
2001), These kinases are generally integral membrane pro
teins and act both as sensors, which respond to external 
stimuli such as the binding of ligands, and as transducers of 
the resulting signals to mated response regulators. These 
regulators initiate specific transcriptional responses, which 
activate or repress genes that allow the bacterium to survive 
in that environment (Stephenson & Hoch, 2002).

A number of studies have shown two component systems 
to play a central role in the pathogenesis of bacterial infec
tions. To establish a successful infection, bacteria coordi
nate the expression of their virulence factors in response to 
signals emanating from the host environment and both two- 
component systems and phosphorelays are integral elemen
ts of these regulator}' processes (Barrett & Isaccson, 1995; 
Barrett & Hoch, 1998), It has been shown that the inac
tivation of some two-component systems results in a signifi
cant reduction in the virulence of pathogens (Throup et aL, 
2000; Kallipolitis and Ingmer, 2001) whilst many other of 
these systems, and phosphorelay systems, have been impli
cated in virulence regulation (Stephenson and Hoch, 2002). 
Two-component systems also contribute to the pathogene
sis of bacterial infections by mediating resistance or suscep
tibility to a range of antimicrobial drugs (Matsushita & 
Janda, 2002). The vancomycin resistance of VRE is medi
ated by the VanS/R two-component system. This system 
controls the expression of genes that promote the synthesis 
of modified cell wall precursors, which have a greatly re
duced binding affinity for vancomycin, denying the antibiot
ic its site of action (Arthur et aL, 1996; Arthur et al, 2001). 
The EvgA response regulator was found to control the ef
flux of drugs in E. coli by modulating the expression of the 
organism’s multidrug transporter gene. Antibiotic efflux by 
these transporters is a common feature of many anti
microbial drug mechanisms (Nishino & Yamaguchi, 2002). 
Penicillins, cephalosporins and glycopeptides were found to 
require the VncR/S two-component system to initiate cell 
death in S. pneumoniae (Novak et al, 2001) whilst the peni
cillin-induced killing of S. aureus involves the LytS/R two- 
component system (Groicheref fli, 2000),

In addition to their role in bacterial pathogenesis (Bar
rett & Isaacson, 1995), several features of two-component 
systems and phosphorelay systems make them attractive 
targets for the development of antimicrobial agents. The 
histidine kinase promoted mechanism of signal transduc
tion used by bacteria is distinct from the signaling pathways 
utilized by eukaryotes and although phosphorelays are pre
sent in fungi and plants, no such systems have been conclu
sively identified in animals (Thomason & Kay, 2000). 
Furthermore, sensor kinases and response regulators show

regions of high sequence homology (Volz, 1995; Hoch & 
Varughese, 2001) making it likely that these elements are 
shared by several virulence systems within a bacterium. 
These features, in combination with the presence of essen
tial two-component systems in a range of pathogens (Fabret 
& Hoch, 1998; Martin et al, 1999) suggest that selective in
hibitors of these systems have the potential to target multi
ple virulence systems thereby reducing the emergence of 
chromosomal drug resistance. Library screening has identi
fied a large number of compounds, diverse in chemical 
nature, mechanism and site of interaction, which show in 
vitro inhibitory activity against two-component systems 
(Matsushita & Janda, 2002). However, the majority of these 
inhibitors have shown poor specificity for two-component 
systems and have generally exhibited a variety of non-specif
ic mechanisms of action (Hilliard et al, 1999; Stephenson et 
al, 2000). A number of recently solved structures are helping 
elucidate the molecular basis of histidine kinase promoted 
signal transduction systems (Zapf et al, 2000; Bilwes et al, 
2001; Hoch & Varughese, 2001) and it is hoped that the use 
of rational structure-based design strategies may help to de
velop effective inhibitors, which are selective for these 
systems, and potentially useful as antimicrobial agents.

Combinational approaches to antimicrobial 
therapy _____________________________ _

^-Lactamase Based Therapies
The underlying strategy of combinational therapies is 

the phenotypic conversion of bacterial antibiotic resistance 
profiles. This involves the co-administration of an antibiotic 
and some complementary agent(s) that either directly in
hibits antibiotic resistance mechanisms or influences some 
other factor that leads to enhanced efficacy of the accom
panying antibiotic. Because the complementary agent(s) 
applies little or no direct selective pressure, combinational 
therapies appear to slow down or prevent the emergence of 
bacteria with resistant genotypes. The most extensively used 
combinational therapy is that based on (3-lactamases.

The extensive use of (3-lactam antibiotics has led bacte
ria to produce [3-lactamases, enzymes that have evolved the 
ability to specifically attack (3-lactam rings, the active struc
tural moiety of penicillin and cephalosporin antibiotics 
(Harris et al., 1995). In response (3-lactam antibiotics have 
been delivered in combination with a [3-lactamase inhibitor 
either: clavulanate, sulbactam or tazobactam. These for
mulations have broad spectrum activity against Gram-posi
tive and Gram-negative bacteria and in general, been suc
cessful on world-wide basis. However, at least 100 new b- 
lactamases have emerged in the last twenty years with the
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ability to hydrolyse newer p-lactam antibiotics or increased 
resistance to established (H-lactam inhibitors, and the inci
dence of these agents is growing (Miller et al, 2001)..

Based on molecular and functional properties, {5-lacta- 
mases are conventionally grouped as classes A, C and D, 
which are active-site serine enzymes, and class B, which con
tain a zinc atom at the active site (Ambler, 1980; Bush et al, 
1995). Most of the clinically relevant ^-lactamases fall into 
groups A and C. Increasingly, the enzymes of class A have 
been showing broader substrate specificity and reduced sus
ceptibility to f3-lactam inhibitors (Bonomo & Rice, 1999; 
Therrien & Levesque, 2000). Alarmingly, the enzymes of 
class C are primarily produced by nocosomal pathogens 
(Jones, 1998; Bauemfeind et al, 1998) and currently, all are 
resistant to treatment by the available ^-lactam based combi
national therapies (Lakaye et al, 1999). Group D enzymes are 
oxacillin-hydrolysing enzymes predominantly found in 
Pseudomonas aeruginosa (Nordmaim & Guibert, 1998) whilst 
the group B metalloenzymes show the broadest spectrum of 
activity known for ^-lactamases and are resistant to all com
mercially available {3-lactamase inhibitors. In addition, 
many metallo-fi-lactamases are carbapenemases, thus pos
ing a threat to the therapeutic use of carbapenem, currently 
the most potent and broadest spectrum (3-lactam antibiotic 
available (Livermore & Woodford, 2000).

New formulations of existing {3-lactam combinational 
therapies are being developed but there is a need for second- 
generation (3-lactamase inhibitors (Therrien and Levesque, 
2000; Payne et al, 2000). Promising candidates still under de
velopment, are alkylidene penems (Coleman, 1995), which 
showed antibacterial synergy with b-lactams against both 
class A and class C fi-lactamases. Many compounds have 
been identified, which show antibacterial synergy with car- 
bapenems against metallo-{3-lactamases (Payne et al, 2000) 
whilst biphenyl tetrazoles (Toney et al, 1998; Toney et al, 
1999) and succunic acids (Toney et al, 2001) show similar 
synergy with imipenen, also a compromised potent (3-lactam. 
Using a novel approach, Copar et al, (2002) have used theo
retical techniques to design tricyclic derivatives of carbapen- 
ems with inhibitory activity to both (3-lactams and b-lacta- 
mases within the same molecule. Synthesis of these com
pounds yielded therapeutically useful molecules with activity 
against both class A and class C {3-lactamases. These com
pounds showed promising ability to act as (3-lactam inhibitors 
and are undergoing further development (Vilar et al, 2001) 
However, although these studies offer hope for the develop
ment of second generation combinational therapies directed 
against [3-lactam antibiotics, none is currently in therapeutic 
practice and it has been predicted that this may be the case 
for the next five years at least (Miller et al, 2001).

At present, all available formulations of b-lactam anti- 
biotics/p-lactamase inhibitors are ineffective against MRSA 
(Miller et al, 2001). However, a number of studies have iden
tified novel compounds able to potentiate |3-lactam antibi
otics, offering the prospect of new combinational therapies to 
treat multi'drug resistant pathogens. It is well established that 
tea has significant antimicrobial activity against both Gram
positive and Gram-negative bacteria (Hamilton-Miller, 1995) 
and more recently, it has been shown that extracts of Camellia 
sinensis, Japanese green tea, can reverse methicillin resistance 
in MRSA (Yam et al, 1998). These latter authors suggested 
that this phenotypic conversion may arise from the suppres
sion of penicillin-binding protein PBP2a activity, a modified 
protein responsible for the methicillin resistance of the 
pathogen (Brakstad & Maeland, 1997). Previous studies have 
shown polyphenolic compounds in tea extracts; such as epicat- 
echin gallate and epigallocatechin gallate able to induce sensi
tivity to methicillin and oxacillin in a range of MRSA isolates 
(Shiota et al, 1999; Hamilton-Miller & Shah, 2000). It has 
been suggested that this ability results from the binding of epi- 
catechin gallate to peptidoglycan (Zhao et al, 2001; Hu et al, 
2002). Other examples of compounds reported to potentate 
the activity of (3-lactams against MRSA are some diterpines, 
whose mechanism of potentation has been related to inhibi
tion of PBP2a expression (Nicolson et al, 1999).

Other Agents with Potential for Combinational Therapies 
A number of novel compounds have ben identified, 

which sensitise pathogenic bacteria to established anti
bacterial agents. N-acetylated prolinol molecules have been 
developed that facilitate selective catalytic cleavage of the 
peptidoglycan peptide moiety responsible for the vanco
mycin resistance of VRE, strongly potentiating the activity 
of the antibiotic against the pathogen (Chiosis & Boneca, 
2001). Neuroleptics and anti-depressants have direct activ
ity against pathogenic microbes but have also been shown to 
enhance the activity of conventional antibiotics (Gunics et 
al, 2000), reverse the resistance of pathogens to these an
tibiotics, promote the elimination of plasmids carrying drug- 
resistance genes and inhibit membrane proteins able to ef
flux antibiotics (Chakrabarty et al, 1998). A variety of com
pounds, which promote antibiotic susceptibility by in
hibiting the function of efflux pumps have been identified: 
Several peptidomimetic compounds have been shown to 
potentate the activity of the fluoroquinolone antibiotic lev- 
ofloxacin by inhibiting the MDR pump in Pseudomonas 
aeruginosa (Renau et al, 2002) whilst the use of doxycyline 
in combination with semi-synthetic tetracycline analogues 
blocked the E. coli efflux protein, Tet(B), reversing resist
ance to the antibiotic (Nelson & Levy, 1999).
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SeekingNew Antimicrobial Agents _______________

The Development of Peptide Antibiotics
Recently, much research has focused on host defence 

peptides, naturally occurring antibiotics that are produced by 
a diverse range of creatures and organisms (Broekaert, et al, 
1997; Epand & Vogel, 1999; Buletef a/., 1999; Zasloff, 2002; 
McAucliffe, 2002). The antimicrobial action of these pep
tides involves membrane partitioning and permeabilisation, 
leading to cell lysis (Tossi et al, 2000; Shai & Oren, 2001). 
These membrane interactions do not generally involve recep
tors and are therefore, relatively non-specific, making the 
emergence of acquired microbial resistance to defence pep
tides an intrinsically complex process, unlike traditional an
tibiotics where such resistance can arise from only a few mu
tations (Zasloff, 2002). Structurally, defence peptides maybe 
divided into four classes (Martin etal, 1995) with those that 
partition into membranes wa amphiphilic a-helical secondary 
structure the most abundant, apparently representing a par
ticularly successful arrangement in innate defence (Dathe & 
Wieprect, 1999; Tossi et al, 2000). Clearly, a-helical defence 
peptides are attractive propositions for the development of 
novel antibiotics (Zasloff, 2000; Levy, 2001; Diamond, 2001; 
Zasloff, 2002). Nonetheless, a number of inherent mech
anisms of bacterial resistance to these antibiotics have been 
identified. These include: the bacterial secretion of proteases 
able to destroy defence peptides and the reduction of mem
brane anionic lipid content, thereby inhibiting the membrane 
binding of the generally cationic defence peptides (Peschel & 
Collins 2001; Peschel etal, 2001; Peschel, 2002). Moreover, 
some studies have suggested that the antimicrobial action of 
defence peptides can be compromised by clinical conditions. 
The elevated levels of Na+ and CP associated with the airway 
surface fluid of cystic fibrosis sufferers appear to neutralise 
the bacteriocidal effects of human defence peptides, (3-de- 
fensins (Raj & Dentine, 2002), thereby enhancing microbial 
colonisation and tissue destructive infection (Diamond, 2000; 
Pier, 2002). Human (Tdefensins belong to the (3-sheet class of 
host defence peptides. Research has shown that has shown 
that structural modifications to both this class of peptides 
(Tossi et al, 1997; Thennearasu & Nagaraj, 1999; Saido- 
Sakanaka et al, 1999; Raj & Dentino, 2002) and a-helical de
fence peptides (Shai & Oren, 2001; Peschel, 2002) can pro
duce analogues with enhanced: specificity, stability and an
timicrobial efficacy.

The Development of Other Classes of Antibiotic
Recent studies have shown that the use of cephalo

sporins, which were formerly highly active, can be revitalised. 
The chemical addition of heterocyclic moieties to the

cephalosporin ring system produced compounds with high 
activity against MRS A (Tsushima et al, 1998). Similarly, the 
chemical modification of carbapenems, another challenged 
|3-lactam antibiotic, has produced derivatives with twice the 
activity of vancomycin against MRS A (Ohtaka, et al, 1998). 
Analogues of vancomycin containing modified carbohydrate 
moieties have been synthesised, which are active against a 
number of pathogenic bacteria. The antimicrobial action of 
vancomycin involves the binding of membrane Lipid II and 
terminal peptide moieties of peptidoglyan (Najaran, 1991). 
Although binding Lipid II, these vancomycin derivatives 
were found not to bind the terminal peptide moieties of pep
tidoglyan but to interact directly with enzymes involved in 
cell wall biosynthesis (Ge et al, 1999). A molecule of partic
ular interest in the fight against vancomycin resistant 
pathogens is nisin, a member of the family of lanbiotics, an
timicrobial peptides possessing of a number of unusual 
amino acids such as lanthionine residues (McAucliffe, 2001). 
Nisin is produced by Lactococcus lactis, and has been used as 
a food preservative for over 50 years (Stiles, 1996). Like van
comycin, the antimicrobial action of nisin involves the bind
ing of Lipid II but unlike the former antibiotic, bacterial 
strains with resistance to nisin have not been detected. It ap
pears that these two antibiotics bind to different parts of the 
Lipid II molecule and moreover, nisin seems to have a sec
ond mechanism of antibacterial action involving pore for
mation (Breukink, & de Kruijff, 1999; McAuliffe et al, 
2001). These observations may help explain why bacterial re
sistance to vancomycin has developed but not nisin and 
clearly, the use of nisin as a lead compound for the develop
ment of novel antibiotics is an attractive proposition.

Screening
Screening is an established approach to identifying nov

el antibiotics. The screening of natural sources such as 
extracts from plants and fungi, and in particular, soil bacte
ria has produced a host of antibiotics commonly used in 
antimicrobial therapy. Notable examples are the first 
aminoglycoside antibiotic, streptomycin, and the first gly- 
copeptide antibiotic, vancomycin (Kerr & Lacey, 1995). 
However, with many of these traditional antibiotics suffer
ing loss of efficacy, going further afield and screening bacte
ria from unusual locations, such as the arctic or deep sea 
thermal vents, could lead to the isolation of new antibiotics 
that have helped the host bacteria to adapt to these environ
ments.

Another established screening strategy is to conduct es
sentially random searches through chemical libraries in the 
hope of identifying molecules with the potential to attack 
specific targets in the bacterial cell. These qualified guesses
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can be successful but more often yield candidate molecules 
that show minimal relationship between structure and activ
ity, or poor selectivity. On the other hand, candidate 
molecules can often be structurally similar to existing an
tibiotics, making it likely.that target bacteria may already 
have a defence against them or could rapidly acquire re
sistance (McGovern et al, 2002). To minimise such cases, 
many chemical library searches try to predict the viability of 
candidate molecules using models that are based on desir
able structure/activity relationships (SARs) of the lead com- 
pound(s). This strategy was recently used by Tossi et al, 
(2000) who analysed data from a-helical host defence pep
tides and established that the biological activity of these 
peptides antibiotics is influenced by at least seven para
meters: length, sequence, charge, overall hydrophobicity, 
amphiphilicity, level of a-helicity and the respective widths 
of the hydrophilic and hydrophobic faces of the a-helix. 
Using derived SARs as models, sequence modification 
methods, synthetic combinational libraries, template-assis
ted techniques and sequence analyses were then used to de
sign novel peptides with increased potency and directed ac
tivity (Tossi et al, 2000). In our own studies, we have consid
ered the fact that different a-helical peptides have differing 
microbial targets and therefore, may have different SARs. 
Over two hundred a-helical peptide antibiotics were anal
ysed according to hydrophobic moment plot methodology 
(Dennison et al, 2002). For a-helical peptides with antibac
terial activity, these analyses showed that a negative linear 
association existed between amphiphilicity and hydropho
bicity. These results clearly show that a SAR exists between 
these parameters, which could be used in models designed 
to identify novel antibacterial defence peptides. In contrast, 
our analyses identified no similar SAR for defence peptides 
with antifungal activity and a threshold amphiphilicity alone 
appeared to be required for this activity. Using a different 
approach, Lejon et al, (2001) have recently showed that 
novel defence peptides with enhanced biological activity 
can be designed using SARs based on the individual amino 
acid properties of known defence peptides rather than 
macromolecular physiochemical properties.

Antibiotic Development Using Modular Enzymes
As described above, products from natural sources have 

played an important role in the discovery of therapeutic 
agents for infectious diseases but the ability to find novel 
products from such sources with therapeutically useful an
timicrobial properties has become increasingly more diffi
cult (Walsh, 2000), In response, much recent research has 
focused on the development of controllable biosynthetic 
pathways to produce novel natural antimicrobial com

pounds (Xue & Sherman, 2001; Mendez & Sala; 2001; 
Rodriquez & McDaniel, 2001; Rohlin et al, 2001, Staunton 
& Wilkinson, 2001).

Combinatorial biosynthesis is ihe application of bio
synthetic pathways to produce libraries of lead compounds 
and has been recently been utilised to manufacture a num
ber of novel antibiotics (Xue & Sherman, 2001; Mendez & 
Salas, 2001; Mootz et al, 2000; Doekel & Marahiel, 2000). 
Many of these biosynthetic pathways consist of modular en
zymes: polyketide synthases (PKSs) and nonribosomal pep
tide synthases (NRPSs) (Cane et al, 1998; Moffitt & Neilan, 
2000; Khosla & Harbury, 2001), which produce a large num
ber of traditional antimicrobial drugs such as penicillin ery
thromycin, bacitracin, oleandomycin, tylosin and van
comycin, (O’Hagan, 1991; Mootz et al, 2000; Doekel & 
Marahiel, 2000).

PKSs and NRPSs are large poiyfunctional synthases, 
which use simple carboxylic acid or amino acid monomers 
respectively to produce their natural products. These syn
thases are organized into repeated units or modules, each of 
which is responsible for the catalysis of one complete cycle 
of polyketide or polypeptide chain elongation and associ
ated functional group modifications. Because of this mod
ularity, and because each module encodes catalytic domains 
that determine the choice of extender unit, its functionality 
and its stereochemistry, it is possible to genetically engineer 
novel compounds by manipulating the number, content, and 
order of the modules in PKSs and NRPSs (Cane & Walsh, 
1999; Moffitt & Neilan, 2000; Khosla & Harbury, 2001; 
Rodriguez & McDaniel, 2001).

The construction of functional hybrid NRPSs has led to 
the synthesis of novel dipeptides (Mootz et al, 2000), offer
ing the potential for designed peptide antibiotics. In addi
tion, the recent combination of modules from PKSs and 
NRPSs (Silakowskiefa/., 1999; Silakowskieta/., 2001) could 
lead to novel antibiotics with a diversity of structures. How
ever, the most common use of combinatorial biosynthesis in 
novel antibiotic production has been through the mani
pulation of PKSs. Many tools for controlling these multi
functional enzyme pathways have been developed includ
ing: multiple host and expression systems, enzymology tools 
for in vitro study, and methods for the engineering of pre- 
PKS and post-PKS pathways (Rodriquez & McDaniel, 
2001). Polyketide structures are complex and rich in stereo
centres and this technology permits a manipulation of com
pounds that is difficult to achieve by conventional chemical 
approaches. Application of this technology has led to the 
production of a number of novel macrolides derived from: 
erythromycin (Wu et al, 2001; Pfeifer et al, 2001), pikro- 
mycin/methymycin (Xue & Sherman, 2000), and pimaricin
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(Mendesef a/., 2001; Rohlinela/., 2001).
The use of engineered PKSs to produce new compounds 

has increased rapidly Coupled with a better understanding 
of the structure and enzymology of PKSs and NRPSs, this 
should lead to the synthesis of useful antimicrobial agents 
or lead compounds within the next few years (Rodriquez & 
McDaniel, 2001).

Approaches Based on Bacteriophages
Bacteriophages were discovered in the early 1900’s and 

are viruses that target and kill specific bacteria with high effi
ciency. The idea that bacteriophages could be applied to con
trol bacterial infections was the subject of intensive research 
in the pre-antibiotic era. Eventually, this research was dis
placed by antibiotic usage in the West but was continued in 
the Soviet Union and Eastern Europe. Within this geograph
ical block, phages were used for prophylaxis and the treat- 
ment of infectious diseases. With the emergence of multi
drug resistant pathogens, Western interest in the use of 
phages as antimicrobial agents has re-awakened (Alisky, et 
al, 1998; Chanishvili et a/., 2001; Sulakvelidze,etn/., 2001).

Bacteriophages have the potential to be self-replicating 
and self-limiting medicines. However, as these agents evoke a 
substantial immune response when administered parenteral- 
ly, they have been considered primarily as potential thera
peutics for a variety of non-systemic infections, including: 
neck, skin, pulmonary, wound, abscess head and gastroin
testinal infections (Summers, 2001). Currently, colonization 
of the gastrointestinal tract by VRE is endemic in USA hos
pitals, exposing individuals to the risk of VRE bacteremia 
and/or endocarditis. Recent clinical studies have identified 
a phage strain, which showed 100% efficiency in its ability to 
rescue mice from VRE induced bacteremia (Biswas et ai, 
2002). In a novel use of phage target specificity, several tech
niques have been developed for the rapid diagnosis of tuber
culosis. The first uses recombinant mycobacteriophages, 
which contain the gene for luciferase, the fire-fly enzyme. 
Infection with these phages leads viable M. tuberculosis cells 
to produce light, indicating the potential for tuberculosis. 
The second technique uses mycobacteriophage amplifi
cation and the production of progeny phage rather than a 
reporter gene product to reflect the presence of viable M. 
tuberculosis cells (Mole & Maskell, 2001). The possibility of 
extending the range of conditions amenable to phage thera
py has been enhanced by the development of bacterio
phages with extended circulating half-lives through serial 
passage in animals (Merril et al, 1996).

A number of recent studies have focused on the pos
sibility of using specific phage lysins as novel antibiotics. In 
the present climate of terrorism, B. anthracis has been de

veloped as a biological weapon of mass destruction and the 
prospect of strains of the organism, genetically engineered 
to possess multiple antibiotic resistance is a very real possi
bility. The PlyG protein is produced byThe gamma phage of 
f?. anthracis and the isolated protein has been shown to 
specifically lyse clinical isolates of 5. anthracis, both in vitro 
and in vivo. This lytic specificity has been exploited and now 
provides a tool for both the rapid treatment and detection 
off?, anthracis (Schuch et ai, 2002). Phage Dp-1 specifically 
infects strains of Streptococcus pneumoniae and encodes the 
lytic enzyme, Pal, This enzyme cleaves specific bonds in the 
peptidoglycan of the pneumococcal cell wall and recent 
electron microscopy has shown Pal to induce rapid lysis of 
pneumococcal cells with localised protrusion emanating 
from the cell wall. In vitro assays directed against clinical 
strains of pneumococci and in vivo tests using mouse models 
of nasopharyngeal pneumococcus have shown Pal to pos
sess potent anti-pneumococcal activity (Loeffler et al., 2001; 
Wilson, 2002). In contrast, Qp is a phage that does not en
code a separate lysis protein. This role is performed by pro
tein A2, which is a multifunctional protein involved in the Qp 
infection process. In vitro studies have suggested that pro
tein A2 inhibits the cell wall enzyme MurA, thus blocking 
peptidoglycan synthesis rather than degrading it (Senior, 
2001; Bernhardt et al., 2001). Although using different 
mechanisms of action, phage lysins show high specificity in 
their sites of action. These sites have no counterpart in hu
mans, which makes the possibility of side effects due to the 
therapeutic use of these proteins potentially minimal. These 
single gene systems raise the very real possibility of specific 
antibacterial agents as well as those with broader activity 
and show phage proteins to be attractive options for the de
velopment of novel antibiotics.

The Use of Photosensitizing Molecules
The therapeutic use of photosensitisers can be traced 

back to several ancient civilisations but the modern era of 
such use probably began with the work of Dougherty and 
co-workers in the late 1970’s who showed that a haemato- 
porphyrin derivative was able to induce complete or partial 
tumour necrosis (Dougherty, etal, 1998). Porphyrins are 
now known to be photosensitising molecules, which are 
preferentially distributed in diseased tissue (Bonnet, 1995). 
Moreover, when these molecules are activated by light they 
are photo-toxic to malignant tissue (Hopper, 2000). The tar
geted use of photosensitisers in this capacity has become 
known as photodynamic therapy (PDT) and in addition to 
oncological conditions, this use has been extended to in
clude cardiovascular, dermatological, and ophthalmic dis
eases (Levy and Obochi, 1996). With the advent of antimi-
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crobial drug resistance, the ethos of PDT has been applied 
to the field of antimicrobial therapy and this use of photo- 
sensitisers has become known as photodynamic antimicro
bial chemotherapy (PACT; Wainwright, 1998a). The objec
tive of PACT is the selective uptake and retention of these 
photosensitising molecules by micro-organisms. Subsequent 
electronic excitation of the photsensitiser with light (650- 
800 nm) then leads to the generation of highly reactive oxy
gen species, which are able to damage nucleic acids, mem
branes and other cellular structures, resulting in cell death 
(Girotti, 2001; DeRosa & Crutchley, 2002).

Many photosensitising molecules with antimicrobial ac
tivity are known and include; organic dyes, aromatic hydro
carbons, porphyrins, pthalocyanines and related tetrapyr- 
roles, and transition metal complexes (Agostinis et aL, 2002; 
Girotti, 2001). Our own studies (Wainwright et al, 1997a; 
Wainwright et al., 1997b; Wainwright, 1998; Wainwright et 
al, 2000; Wainwright, 2002a; Wainwright, 2002b) and those 
of others (Wilson & Pratten, 1995; Wilson, et al, 1996; 
Gunics, et al, 2000) have shown penothiazinium dyes to be 
highly effective photosensitisers when directed against a 
broad range of microbes and bacterial pathogens including 
those with drug resistance such as MRSA (Wainwright et al, 
1998) and VRE (Wainwright et al, 1999). More recently, we 
have investigated the antimicrobial efficacy of a number of 
novel phenothiazinium photosensitisers and analogues. 
These photosensitisers were found to be highly effective 
against S. aureus (Sayed et al, 2002) and E. coli (Hussain et 
al, 2002), attacking both membranes and DNA However, as 
found in these latter studies, Gram-negative species are gen
erally less susceptible to attack with their outer membrane in
hibiting cell entry for photosensitisers (Nitzan, et al, 1995). A 
number of photosensitisers able to penetrate the outer mem
brane and efficiently sensitize Gram-negative bacteria have 
recently been developed (Merchat, et al, 1996; Minnock, et 
al, 1996).

Several phenothiazinium photosensitisers are well es
tablished as antiviral agents and are routinely used in the 
decontamination of blood (Wainwright, 2002a; 2002b) but 
no photosensitisers appear to have entered clinical trials as 
antibacterial agents. Due to the problems of systemic light 
delivery, it seems unlikely that PACT could be used to treat 
disseminated infections and at present, target pathogens 
for PACT would appear to be restricted to those growing in 
vivo as localized foci of skin infections or accessible mucous 
membranes (Wainwright, 2000). This potential has been 
demonstrated in animal models, with PACT efficiently 
killing periodontal pathogens in human plaque (Wilson, et 
al, 1993; Wilson, 1993; Soukos et al, 1998; Wilson, et al, 
1996) and H. pylori on ferret and rat gastric mucosa

(Millson et al, 1996). PACT is under investigation for the 
treatment of infected wounds (Szpakowska, et al, 1997). 
Clearly, the development of PACT as an alternative to the 
treatment of these, and other localised infections, would 
clearly help the emergence of resistance to the systemic an
tibiotics currently used be avoided. Moreover, in relation 
to these latter antibiotics, the multi-site nature and rel
atively non-specific mode of biocidal action used by photo
sensitisers makes the appearance of bacterial resistance to 
them relatively unlikely.

Vaccinology -------- ----------------------------- --------------

The origins of vaccinology lie in the eighteenth century 
wihen Edward Jenner used cowpox pus to immunise against 
smallpox. Since then, vaccination has eradicated smallpox, 
poliomyelitis is in the final stages of elimination, and there 
are now over twenty-five infectious diseases, which are pre
ventable by vaccines (Andre, 2002; Kurstack, 2002).

Vaccinolgy is a major complement to antibiotic therapy in 
the fight against infectious diseases and pathogenic bacteria. 
Rather than attack pathogens directly, vaccinology seeks to 
manipulate the host immune system either by vaccination or 
the use of imunomodualatory agents. These agents act by a va
riety of mechanisms, often stimulating host defences by induc
ing the endogenous production of cytokines, defence 
molecules involved in host antimicrobial immune resposes 
(Masihi, 2000). In recent times, revolutionary leaps in the de
velopment of vaccines have resulted from the introduction of 
recombinant technology and the availability of genomic data.

The first revolution was the use of recombinant DNA 
technology to produce subunit vaccines based on specific an
tigens. In this approach, individual molecular structures that 
are important to microbial pathogenesis are identified, their 
recombinant genes expressed in host bacteria and their puri
fied forms then tested for their ability to induce immunity. 
Many of the vaccines developed during the last few decades 
are based on this subunit approach and contain one or more 
protective antigens with the earliest successes including the 
hepatitis B vaccine based on highly purified capsid protein 
(Andre, 1990) and the acellular vaccine against Bordetella 
pertussis containing three highly pure proteins (Greco et al, 
1996). Design of the latter vaccine also pioneered the use of 
structure/function studies in these processes and helped pro
duce a genetically altered pertussis toxin that lacked toxicity 
but maintained an unaltered antigenic conformation (Pizza 
et al, 1989). However, the application of this methodology 
suffers a number of restrictions, which makes the develop
ment of vaccines in some cases untenable.

The second revolution in vaccine development arose from
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the genomic sequencing of bacteria (Grandi, 2001). The use 
of genomic data in vaccinology is illustrated by recent investi
gations into the efficacy of the Baciile Calmette-Geurin 
(BCG) vaccine, which is used to immunise against tuberculo
sis. To induce an immunological response against M tuber
culosis, tire vaccine uses live attenuated strains of an organism 
closely related to M tuberculosis: Mycobacterium bovis. 
However, in the course of evolution, phenotypically different 
daughter strains of M bovis have appeared across the world 
with some losing their protective efficacy. In the first study of 
its kind, comparative genomic analysis was recently used to 
compare the completely sequenced genome of the M. tuber
culosis laboratory strain, H37Rv, with those of pathogenic 
strains of M bovis and several BCG strains. This comparison 
showed that some BCG strains had lost genes that regulated 
the expression of virulence factors and led to the suggestion 
that genomic degradation may have led to decreased infec
tive ability and hence, the inefficacy of some BCG strains. 
The insights gained by this genomic analysis should allow the 
construction of BCG vaccines that are able to invoke a 
stronger immune response from patients (Behr, 2002).

Complemented by modern technologies such as micro
arrays, proteonomics, in vivo expression technology, signature 
tagged mutagenesis, and recombinant technology, the infor
mation provided by genome sequencing makes it feasible that 
every single antigen of a pathogen can be tested for its ability 
to induce a protective immune response. This approach to 
vaccine design has become known as "reverse vaccinology" 
and was pioneered in the treatment of meningitis. Neisseiia 
meningitidis serogroup B, is a causative agent of meningitis for 
which there is currently no vaccine available. The entire 
genome of serogroup B strain MC58 was recently sequenced 
and used to identify 350 candidate antigens, which were then 
used to immunise mice. The resulting sera were used to iden
tify surface proteins that were conserved across a range of 
strains and were found to induce a bactericidal antibody re
sponse, a property known to correlate with efficacy of vaccines 
in humans. Speculation on the availability of a vaccine against 
meningococcus would be premature but a number of antigens 
are under investigation and likely to enter the developmental 
stage (Buysse, 2001; Adu-bobieefu/., 2002). Reverse vaccinol- 
ogy has since been used in the search for vaccines against a 
number of other bacterial pathogens including; Streptococcus 
pneumoniae (Wizemann et al, 2001), Staphylococcus aureus 
(Montigiani et al, 2002) and the periodontal pathogen 
Poiphyromonas gingivalis (Ross et al, 2001).

A further advance in the field of vaccinolgy has been the 
development of genetic vaccines. It was discovered in the 
early 1990s that plasmid-encoded antigens induced an im
mune pesponse (Tang etal, 1992) and this discovery has be

come regarded as the third major revolution in vaccinolgy 
(Mor et al, 1998). Genetic vaccines consist of either plasmid 
DNA or mRNA which, when transfected into target cells, 
encode antigen molecules directly in the host organism, 
resulting in an immune response (Ramsay et al, 1997; 
Thalhamer et al, 2001). Genetic vaccines have been inten
sively studied using disease models (Wahren, 1996; 
Montgomery et al, 1997; Robinson, 1997) and offer a num
ber of advantages over some conventional vaccines such as 
those based on recombinant proteins, in terms of cost, ease 
of production, safety and efficiency of immune response. 
However, genetic vaccines also suffer a major disadvantage 
in that their efficacy is often dependent upon the species 
and strain of the vaccinated host, vaccine formulation, dose 
and route of delivery with high quantities of numerous dos
es of the vaccine needed for optimal vaccination. At pre
sent, genetic vaccines are not sufficiently immunogenic for 
the therapeutic vaccination of patients with infectious dis
eases (Kofta & Wedrychowicz, 2001). A number of 
measures have been implicated to improve the efficacy of 
genetic vaccines with a new generation of self-replicating 
genetic vaccines under development (Leitner et al, 2000; 
Adu-bobie et al, 2002). These vaccines use the genetic ma
chinery of RNA viruses to facilitate antigen expression with 
antigen-coding genes under the control of the viral repli- 
case. RNA-based genetic vaccines have been shown to pro
duce significantly higher levels of antigen than non-repli
cating RNA vaccines and self-replicating DNA vaccines are 
under construction (Adu-bobie etal, 2002).

The new generation vaccines, particularly those based 
on recombinant proteins and DNA, have the benefit of be
ing less reactogenic than traditional vaccines, but are also 
generally less immunogenic (Edelman, 2002). Accordingly, 
there is a demand for efficacious and safe vaccine adjuvants 
and this has led to a number of novel approaches to vaccine 
delivery. Recombinant DNA technology has been used to 
produce live attenuated microorganisms with antigens dis
played as heterologous proteins on the cell surface and has 
become an increasingly used strategy in vaccinology. These 
vaccine delivery vehicles are also being equipped with mu
cosal targeting signals through the co-display of adhesins, 
which will direct these vehicles to immunoreactive sites, 
thereby increasing immune responses (Samuelson et al, 
2002). Attenuated bacteria, including Salmonella, Shigella 
and Listeria, (Sizamore e£ a/., 1995; Powells a/., 1996;Darji 
etal, 1997; Dietricheftf/., 1998; Pasettieta/., 1999) have al
so been successfully used as as vehicles for DNA vaccines in 
vitro and in vivo. These carrier bacteria enable targeting of 
the DNA vaccine to professional antigen-presenting cells, 
such as macrophages and dendritic cells, and elicited strong
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humoral and cellular immune responses and protection 
when tested in a variety of model systems (Dietrich et al, 
1999). Another novel approach to vaccine delivery has been 
the use of immunopotentiating reconstituted influenza 
virosomal vaccines (IRIV)*. These systems utilise an inac
tivated virus as a vehicle and are able to deliver a variety of 
vaccinating agents including recombinant proteins and ge
netic vaccines. Clinical trials have shown IRIVs able to elic
it high immunogenicity in terms of both a humoral and cel
lular immune response and currently, two IRIV vaccines 
are on the market (Gluck & Metcalfe, 2002). One of the 
most novel approaches to vaccine delivery has probably 
been the development of transgenic plants. As an example, 
the gene encoding the heat-labile enterotoxin of E. coli was 
expressed in potatoes to create an edible vaccine. Trials on 
mice showed that high levels of this vaccine produced a 
stronger immunological response to the toxin than did a 
whole bacterial vaccine. These results present the interest
ing possibility of developing potatoes or other vegetables 
that are able to express multiple virulence factors and func
tion as multi-subunit vaccines (Sala et al, 2002).

Conclusions ------------------------------------------------ -—

Most established antibiotics are under challenge and it is 
clear that antimicrobial therapy has grossly underestimated 
the adaptive abilities of pathogenic bacteria. Corrective, glob
al action is needed but there is also an urgent need to identify 
new antibiotics. Nonetheless, history has shown that the in
troduction of novel antibiotics can often lead to a new, un
foreseen bacterial response. To effectively contain and com
bat drug-resistant pathogens, a multi-faceted approach, in
corporating strategies complementary to antibiotic therapy 
must be developed. Here, we have reviewed a number of re
cent advances in novel antimicrobial therapy both antibiotic 
and non-antibiotic. However, this list is by no means 
exhaustive and a number of new technologies lie on the ther
apeutic horizon. As discussed above, the application of mi- 
croanay technologies have been focused on DNA-based in
vestigations. However, in practice, genomic DNA sequences 
gives little guidance as to which proteins are actually present 
in a cell at any given stage in its life cycle, and other infor
mation important to antimicrobial drug development such 
as the extent of post-translational protein modifications. The 
study of proteomics provides both theoretical and practical 
insight into such considerations and currently, the appli
cation of array technologies to proteomics is occurring at a 
rapid rate. Numerous technologies for the creation of mi
croarrays of protein-based screening tools are under devel
opment and proteomics will play an increasingly important

role in identifying disease-related proteins and new molec
ular drug targets (Lopez & Pluskal, 2002). Antisense tech
nology has traditionally been used to regulate gene expres
sion. Recently, a tetracycline regulated antisense-RNA-ex- 
pressing system has been developed and used to downreg- 
ulate chromosomally derived genes expressed in S. aureus. 
This downregulation allows an evaluation of virulence fac
tors produced by the organism and other potential drug tar
gets. Moreover, this use of antisense technology may 
provide a key tool in the search for novel mechanisms of an
timicrobial action (Yin & Ji, 2002).

In response to the explosion of drug resistant pathogens, 
numerous novel antimicrobial strategies are appearing but 
perhaps the greatest weapon in mankind’s antimicrobial ar
moury has not yet been mentioned here, - his ingenuity. As 
we have underestimated the adaptive abilities of pathogenic 
bacteria, so perhaps, they have underestimated ours!
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Making Light Work of Antibacterial Therapy
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Abstract ___ ________________________________________________________ _________________

Pathogens with multiple resistance to conventional antibiotics are responsible for a global pandemic 
of infectious diseases, reducing quality of life and precipitating an urgent need for new agents with nov
el mechanisms of antibacterial action. In response, the potential of photo-sensitising molecules to act as 
therapeutically useful antibacterial agents has been demonstrated. When taken up by bacterial cells and 
irradiated by light at an appropriate wavelength, these molecules produce highly reactive free radical 
species, which induce oxidative damage to bacterial membranes, proteins and DNA. Photo-sensitisers 
based on the phenothizinium chromophore have been shown to be highly effective antibacterial agents 
killing methicillin-resistant Staphylococcus aureus and vancomycin-resistant Enterococci more efficien
tly then vancomycin. These photo-sensitisers are cationic and show particular potential in combating 
Gram-negative pathogens whose negatively charged outer membrane makes them resistant to many 
photo-sensitisers. Phenothiaziniums and their derivatives show a number of pharmacokinetically desir
able characteristics and taken with current technical advances in light delivery systems, it is possible that 
phenothiaziniums and their derivates, may be developed to treat, not only localised bacterial infections, 
but more deep-seated, if not disseminated infections. Here we review the therapeutic uses of photo-sen
sitising molecules and consider type I and type II mechanisms of photo-sensitisation in relation to the 
major bacterial targets of the membrane, proteins and DNA. We also consider light delivery systems, the 
desirable electronic and physiochemical properties of photo-sensitisers and review the development of 
photo-sensitisers based on the phenothiazinium chromophore as novel antibacterial agents.

Key Words: bacterial drug resistance • antibiotic • photodynamic antimicrobial therapy • membrane lipid • protein • DNA • 
light source • phenothiazinium • Gram-negative pathogen
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A role for light activated compounds in human therapy, 
and thus quality of life, can be traced back to a number of 
ancient civilisations. For example: Hypocrella bambusae

125

mailto:daDhoenix@uclan.ac.uk


Photodynamic Antimicrobial Therapy

contains the photosensitiser, hypocrellin, and topically ad
ministered extracts from this plant, in combination with sun
light, have long been used by traditional Chinese medicine 
in the treatment of skin disorders. Psoralens are also plant- 
derived photosensitisers and have been similarly used in 
skin therapy by some ancient Asian cultures. However, the 
first observation of tissue photochemical sensitisation was 
described by Raab in 1896 and led von Tappeiner and 
Jesionek to use the topical administration of eosin com
bined with sunlight to treat skin tumour patients in 1903 
(Dougherty et ai, 1992). It is generally accepted that the 
modem therapeutic use of photosensitisers began in 1960, 
when Lipson and Schwartz observed that the injection of 
crude preparations of haematoporphryn led to fluorescence 
of neoplastic lesions during surgery (Lipson et ai, 1961). 
These latter authors then used partially purified forms of 
this preparation (Photofrin I; HpD) as a fluorescent marker 
for cancer diagnosis and just over a decade later, Dougherty 
et ai, (1975; 1978) showed that HpD was able to induce 
complete or partial tumour necrosis. Haematoporphyrin is 
a photosensitising molecule and it is now known that many 
such molecules are preferentially taken up and/or retained 
by malignant tissue with subsequent electronic excitation of 
these molecules by light generating highly reactive oxygen 
species, which are toxic to the tissue (Dougherty et ai, 1998). 
In addition to oncological conditions (Agostmis et al, 2002; 
Hopper, 2000), the use of photosensitisers has now been 
extended to include the treatment of cardiovascular, der
matological and ophthalmic diseases (Schmidt-Erfurth & 
Hasan, 2000; Kurwa & Barlow, 1999; Levy & Obochi, 1996). 
However, a less well known application of photosensitising 
molecules has been in the field of antimicrobial therapy 
(Phoenix ef a/., 2003a; Wainwright, 1998a).

The first descriptions of photosensitisers as antimicro
bial agents can be traced back to dyes used for the histologi
cal staining of cellular components. In the 1930s, it was re
ported that phages and viruses, which had been stamed with 
such dyes were photosensitive, and in the early 1960s, quan
titative studies on the ability of these dyes to photoinactivate 
viruses and bacteria were reported (Tuite & Kelly, 1993). 
Since then, photosensitisers have been shown to be active 
against a range of microorganisms including mycoplasmas 
and eukaryotic microbes such as yeasts, fungi and protozoa 
(Wainwright, 2002a; Tuite & Kelly, 1993; Malik era/., 1990; 
Bertoloni et al, 1990) and this application of photodynamic 
action has become known as photodynamic antimicrobial 
chemotherapy (PACT). In the therapeutic arena, photosen
sitisers are routinely used as agents for the photodecontam
ination of blood (Wainwright, 2002a; 2002b) and their an
tibacterial activity has been demonstrated in animal models

with PACT efficiently killing periodontal pathogens in hu
man plaque (Wood et al, 1999; Soukos et al, 1998; Wilson, 
et al, 1996; Wilson & Pratten, 1995; Wilson, 1993) and#. 
pylori on ferret and rat gastric mucosa (Millson et al, 1996). 
With the current global pandemic of infectious diseases due 
to pathogenic bacteria possessing antimicrobial drug re
sistance, the potential of photosensitisers for use as novel 
antibacterial agents in human therapy has been extensively 
investigated. The underlying ethos of PACT is that if, in a 
human subject, a live microbe can be selectively demon
strated by a stain, which is also a photosensitiser, then it 
should be possible to destroy the stained microbe upon il
lumination (Wainwright, 1998a). Here, we review progress 
in these applications of photosensitisers, current under
standing of their mechanisms of antimicrobial action and 
the use of recently developed phenothiaziniums as photo- 
sativated antimicrobial agents.

PACT and Light Delivery ----------------------------------- —

Logistically, the two main steps involved in PACT are 
delivery of the photosensitiser to the target site and subse
quent light irradiation at a specific wavelength that is appro
priate for absorption by that photosensitiser (Hopper, 2000; 
Wainwright, 1998a). The development of PDT has shown 
that many photosensitisers can be administered parenteral- 
ly by intravenous injection, although a number of strategies 
to improve the targeting efficiency of these photosensitisers 
have been developed (Konan et al, 2002; Shum et al, 2001). 
In the case of PACT, no photosensitiser is currently used in 
human therapy as an antibacterial agent perse and there
fore, methods of delivery have not been definitively estab
lished. Current problems associated with systemic light de
livery make it likely that, at least initially, local admin
istration of PACT photosensitisers rather than systemic ad
ministration would be used. Moreover, this form of admin
istration would help avoid a problem associated with PDT 
photosensitiser administration, which has been photosensi
tiser dissemination with resulting generalised skin photo
sensitivity (Hopper, 2000). The wider utilisation of PACT 
has also been hampered by the fact that although most 
Gram-positive bacteria and eukaryotic microbes tested are 
readily susceptible to photosensitisers, the majority of 
Gram-negative bacteria so far examined exhibit low sensi
tivity to these agents (Wainwright, 2002b; Tuite & Kelly, 
1993; Malik et al, 1990; Bertoloni et al, 1990). Clearly, if 
PACT is to be used to target specific pathogens, microbial 
morphology must be considered when planning photosensi
tiser administration.
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In addition to the physical method of light delivery, time 
of delivery is also an important factor in PACT. Light dose 
measures the energy received by target bacteria and is given 
by the product of the power density of the illuminating light 
and the illumination time. Thus, the power density or the il
lumination time can be varied for the same light dose. How
ever, for a given photosensitiser concentration, a high power 
density over a short time period may give different results in 
terms of microbial kill to that of a low power density over a 
longer time even though the light dose is the same in each 
case. The spectral characteristics of the illuminating light 
are also important to light delivery in PACT in that these 
characteristics influence tissue penetration by light and thus 
photosensitiser activation (Wainwright, 1998a). The exact 
wavelength of the activating light determines the depth of 
light penetration into tissues, which is in turn determined by 
the absorption spectrum of the photosensitiser used. The 
most appropriate wavelength is that which corresponds to 
the peak absorption of the individual photosensitiser. In 
general, light within a therapeutic window of 600-900 nm is 
used. The upper end of this spectrum arises because, at 
wavelengths higher than 900 nm, water absorption predom
inates and reduces the depth of light penetration. Moreover, 
in many cases, wavelengths above 900 nm are energetically 
too low to provide the necessary energy for efficient photo
sensitiser activation. The lower end of the spectrum arises 
from the inability of light to penetrate tissue. This ability is 
determined by two mechanisms: light scattering and light 
absorption. Human tissue transmits light most effectively in 
the region of 630 nm and light scatters from inhomogeneous 
tissue structures at wavelengths below 600 nm. Such scatter
ing increases the probability of light absorption by endoge
nous chromophores and the possibility of collateral photo
damage (Svaasand etal, 1990). Light penetration can also 
be influenced by a number of factors associated with the 
photoproperties of the photosensitiser itself, namely self
shielding and photobleaching (Bonnet & Martinez, 2001; 
Wilson, 1998). As typical examples of the ability of light to 
penetrate tissue, that with wavelengths in the region 700- 
800 nm can penetrate tissue up to depths of 5-6 mm whilst a 
number of photosensitisers have been developed, which ab
sorb strongly in the red region of the spectrum (630) nm 
with photo-activation at tissue depths up to 1 cm possible 
(Henderson and Dougherty, 1992).

A variety light sources have been used to activate photo
sensitisers for both PACT and PDT, including: light 
emitting diodes; xenon, tungsten, quartz-halogen and fluo
rescent lamps; and a variety of lasers. However, lasers offer 
a number of advantages over other light sources and are be
coming the standard light source for PDT (Wilson, 1998),

although this appears to be less so the case in PACT 
(Wainwright, 1998a). Lasers are easy to control, produce a 
monochromatic light beam with reasonably high intensities, 
can be focused to a small spot, and can be transmitted via a 
number of light delivery systems, including optical fibres, 
thus providing precise light delivery to the treatment area 
(Brown, 1998).

PACT Photochemistry___________________________

The primary photochemistry involved in photodynamic 
action appears to be similar for all photosensitisers, which 
are generally aromatic molecules (Figure 1), and able to ef
ficiently form a relatively long-lived excited state (Wain
wright, 1998). A schematic representation of the possible 
photochemical/photophysical steps involved in PACT, and 
PDT, is shown in Figure 2. A photosensitiser absorbs a 
photon of light (hv) and undergoes an electronic transition, 
which promotes an electron from its ground state. PS0, to 
the excited singlet state, ^S*, in which electron spins are 
paired. Depending upon its molecular architecture and en
vironment, the photosensitiser may lose energy by elec
tronic decay (fluorescence) or physical processes, and thus 
return to the ground state. However, if ^S* is relatively 
stable, the photosensitiser may also undergo an electronic 
rearrangement to give the excited triplet state, 3PS*, in 
which electron spins are unpaired. At this stage the photo
sensitiser may again undergo electronic decay (phos
phorescence) back to the ground state (DeRosa & 
Crutchley, 2002; Schmidt-Erfurth & Hasan, 2000). How
ever, if the lifetime of the lPS* state is relatively longer than 
that of the 3PS* state (of the order of ms versus ns), then an

Figure 1
The structures of photo-sensitisers based on the phenothiazinium 
chromophore. Figure 1 shows the structures of (A) Dimethyl methylene 
blue; (B) New methylene blue: (C) Toluidine blue O; and (D) Pyronin Y. In 
common with other phenothiaziniums and their derivatives, the molecules 
represented in figure 1 are linear tricyclic heteroaromatics, which makes 
then ideal intercalators with the nucleic acids of DNA (Wainwright, 1998).
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Mechanisms of PACT photocytoxicity. Figure 2 shows a schematic representation of the possible photochemical/photo-physical steps involved in the 
photo-sensitisation of a PACT agent. A photo-sensitiser absorbs a photon of light (hv) and undergoes an electronic transition, Pr0^° ®s an 
iron from its ground state, PS0, to the excited singlet state, 'PS*. If 'PS* is relatively stable, the photo-sensitiser may undergo an tron'c rear'an9®^"t 
to give the excited triplet state, 3PS*. An electron in the3PS* state can pass its excitational energy onto other molecules by either type 1 and ^P®11 ™e®h 
anisms, which can then lead to photo-oxidative cellular damage. Higher excited states (not shown) can be reached using high intensity pulsed radiation 
of excitation at two wavelengths. (DeRosa & Crutchley, 2002; Schmidt-Erfurth & Hasan, 2000).

electron in the 3PS* state may pass its excitational energy 
onto other molecules by either of two mechanisms. These 
are defined as type 1 and type II mechanisms and both fa
cilitate photodynamic action (Foote, 1991; Foote, 1968).

Type I mechanisms involve direct interaction between 
3PS* and a biomolecule in the immediate vicinity, Hydrogen 
abstraction or electron transfer between 3PS* and this 
biomolecule, which acts as a reductant (RH), yields free 
radicals, which can then initiate further redox reactions, 
leading to cellular damage. In contrast, type II mechanisms 
proceed via energy transfer processes during a collision of 
3PS* with molecular oxygen, yielding ground state photo- 
sensitiser and singlet oxygen, 1C>2. When formed in situ 
within a cellular environment, singlet oxygen is highly 
cytotoxic due to its strong oxidising activity. Moreover, it 
has a long lifetime (of the order of ms) in relation to other 
reactive oxygen species and may diffuse from its site of gen
eration before reacting with a biomolecule containing a re
gion of high electron density, again leading to further reac
tions and cellular damage (DeRosa & Crutchley, 2002). 
Given a sufficiently populated triplet state and the availabil
ity of oxygen, a photosensitiser has the potential to inflict 
damage on a variety of microbial targets via either or both of 
these mechanisms (Wainwright, 2002b; Wainwright, 2000; 
Wainwright, 1998a).

PACT and Mechanisms of Photodamage -----------------

Photosenitisers use both type I and type II mechanisms 
to attack membranes and their components (Cavalcante et 
aL 2002: Lavi et aL, 2002; Elisei et aL, 2002; Miranda, 2001; 
Oldham & Phillips, 2001) and the peroxidation of lipid by 
each reaction type has been well characterised. Type I attack

on lipid would generally begin with interaction between the 
excited photosensitiser and a biomolecule, which is present 
either in the aqueous phase or as some membrane associ
ated species rather than membrane lipid itself (Girotti, 
2001). The highly reactive free radical species produced by 
this interaction have the potential to initiate a lipid chain 
peroxidation cascade, which is triggered by allylic hydrogen 
abstraction from nearby unsaturated lipid. Phospholipids 
are the major lipids of membranes and hydrogen would typi
cally be abstracted from double bonds in sn-2 acyl chains 
(Girotti, 2001). Whilst absent from most prokaryotic mem
branes, cholesterol is present in the membrane of eukaryot
ic microbes and for these membranes, type I hydrogen ab
straction from the cholesterol C7 carbon is most likely to oc
cur (Girotti, 1992). In all of these cases, radical species are 
produced, which are able to undergo interaction with oxy
gen and give rise to a cascade of lipid chain peroxidations, 
leading to the formation of lipid hydroperoxides until termi
nation by some antioxidant or reactant depletion (Girotti, 
1990). Singlet oxygen has also been shown to initiate the 
peroxidation of lipid (Klebanov et aL, 2002) by interacting 
directly with the double bonds of unsaturated phos
pholipids, and with cholesterol, to give lipid hydroperoxides 
(Girotti, 1992). However, the products of these type II in
teractions may show differences to those of corresponding 
type 1 reactions. As an example, whilst the type I peroxi
dation of cholesterol can lead to the production of chol- 
esterol-7a hydroperoxide, or cholesterol-7(3 hydroperoxide, 
peroxidation of the sterol via singlet oxygen leads to the for
mation of cholesterol-5-a hydroperoxide, often taken as a 
biomarker of such a type II reaction (Girotti, 1990). The 
products generated by type II photosensitiser attack on lipid 
can accumulate in the bilayer thereby leading to changes in 
membrane properties and cell inactivation, as was recently
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demonstrated by the photooxidation of ergosterol in yeast 
membranes (Booking et al, 2000). Lipid peroxidation can 
lead to other forms of damage to the bilayer, including: loss 
of membrane integrity, loss of membrane fluidity and in
creased ion permeability; all factors strongly associated with 
microbial cell death (Phoenixes/., 2003a).

Photosensitisers are able to attack amino acids in their 
free form and as constituents of proteins (Davies & Truscott, 
2001; Tuite & Kelly, 1993). Indeed, the photosensitiser me
diated oxidation of proteins has been used for the modifi
cation of specific amino acid residues in order to elucidate 
their biological function (Spikes & MacKnight, 1970). Type I 
attack on most amino acid residues has been documented 
and involves either hydrogen abstraction from a C-H bond, 
or radical addition to an aromatic ring, to yield carbon-cen
tred radicals, or thiyl radicals in the case of cysteine (Haw
kins & Davies, 2001). Type II attack on residue occurs primar
ily on the side-chains of histidine, methionine, cysteine, 
cystine, tyrosine and tryptophan (Davies & Truscott, 2001), 
Whether the initial protein interaction is with a photo
sensitiser radical or singlet oxygen, the subsequent reactions 
are complex, often able to proceed via a number of pathways 
and intermediates, and giving rise to a variety of products, 
depending upon reaction conditions (Hawkins & Davies, 
2001; Davies & Truscott, 2001), As an example, carbon-cen
tred protein radicals generated in type I interaction can ab
stract hydrogen from suitable donors but the major fate of 
these radicals is dimerisation in the absence of oxygen, and 
reactions leading to the formation of peroxyl radicals in the 
presence of the molecule. Oxygen is generally present in bio
logical systems and these protein peroxyl radicals are able to 
engage in further reactions, some of which are chain pro
cesses (Hawkins & Davies, 2001). In many cases, the produc
ts of protein photo-oxidation are unclear, although it has 
been reported that type II attack: on methionine residues 
gives rise to methionine sulphoxide (Bonnett, 1995); on 
cysteine residues produces cystine (Straight & Spikes, 1985); 
and on tryptophan residues leads to the formation of N- 
formylkynurenine and kynurenine (Balasubramanian et al, 
1990). In some cases, it appears that initial photodamage at a 
particular site can migrate to other sites within the protein 
with consequent damage to remote residues. It has been 
suggested that these transfer processes may explain the abil
ity of hydrophilic photosensitisers in bulk solution to induce 
damage to hydrophobic residues deep in a proteins core. 
Amino acid residues important to these processes are tryp
tophan, tyrosine and cysteine, which appear to act as sinks 
for oxidising agents, and cystine, which appears to serve as a 
sink for reducing agents (Davies & Dean, 1997).

Clearly, amino acid residues represent multiple targets

for photosensitiser attack on proteins and the ability of 
these agents to cause changes to the physical and chemical 
properties of proteins and enzymes is well established. 
Indeed, work by von Tappeiner in 1903 was amongst the 
first to demonstrate the photoinactivation of enzymes 
(Dougherty etal, 1992). Other effects due to protein attack 
by photosensitisers include: changes to optical properties, 
the modification of secondary and tertiary structure, un
folding, increased hydrophobocty, changes in co-factor 
binding and increased susceptibility to proteolytic enzymes 
(Davies & Truscott, 2001). Protein backbone cleavage and 
protein fragmentation has been reported and primarily as
cribed to the type II oxidation of tiyptophan residues (Silva 
et al, 2000) but the most commonly reported effect of pro
tein photooxidation is biomolecular cross-linking. Type II 
photosensitiser attack on several amino acid residues has 
been implicated in cross-linking reactions, including tyro
sine (Mishchenko et al, 2000) and in particular, histidine 
(Shen et al, 2000). Cross-linking appears to be absent in 
photooxidised proteins, which lack histidine residues, and a 
number of studies have suggested that photo-derived cross- 
linking results from the oxidation of histidine residues to 
products, which then interact with other amino acid 
residues, including: histidine, cysteine, tyrosine, tryptophan 
and lysine (Davies & Truscott, 2001). Cross-linking and oth
er protein photo-damaging processes can lead to the inac
tivation of cell wall enzymes, membrane receptors, mem
brane transporters and other functional proteins. As exam
ples, cell killing due to the inactivation of membrane respi
ratory chain enzymes was observed when Escheiichia coli 
was exposed to singlet oxygen (Tatzuzawa et al, 1998) whilst 
more recently, several novel examples of photosensitiser 
attack on extracellular microbial proteins have been re
ported. Photosensitiser attack was found to inhibit the activ
ity of protease virulence factors secreted by Porphyromoms 
gingivalis (Packer e^/., 2000) and Pseudomonas aeumginosa 
(Komerik et al, 2000) whilst singlet oxygen attack on a spe
cific tryptophan residue of colicin E strongly reduced the 
ability of the protein to induce voltage-gated currents across 
the bilayer, an activity necessary for its toxic function 
(Rokitskayae/a/., 2002).

Both type I and type II mechanisms of photosensitiser 
action are able to attack DNA resulting in base and sugar 
modifications, and covalent cross-links, with single-stranded 
and double stranded breaks (Marnet, 2000; Douki & Cadet, 
1999; Iwamoto et al, 1993; Tuite & Kelly, 1993). Type I 
attack involves electron transfer to the excited photosensitis
er from DNA bases. Guanine possesses the lowest oxidation 
potential amongst the four DNA bases and is the base most 
susceptible to type I attack. Such attack yields the guanine
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cation radical, which can then undergo further reactions. In 
contrast, singlet oxygen attacks on the guanine sites of DNA 
specifically lead to damage at every guanine base 
(Kawanashi etal, 2001). A variety of photoproducts are pro
duced by each of these reaction types but the formation of 8- 
oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) is common 
to each (Schulz et aL, 2000; Douki & Cadet, 1999; Cadet et 
aL, 1997). This product has been detected in both prokaryot
ic and eukaryotic cells and has been used as a ubiquitous 
biomarker of in vivo DNA damage (Kawanashi et aL, 2001). 
However, whilst 8-oxodG has been shown to be the major le
sion induced by singlet oxygen with isolated DNA, Ravanat 
et aL, (2001) have recently shown that the lesion can be pro
duced by the direct interaction of singlet oxygen with cellular 
DNA. This lesion has a high mutagenic potential and is the 
main mutation observed in singlet oxygen interactions with 
DNA, mispairing with adenine to give GC —> TA transver
sions (Grollman & Moriya, 1993). Other mutagenic and/or 
lethal lesions are also formed by singlet oxygen attack on 
DNA and a second mutation type, GC —> CG transversions, 
have also been observed with high frequency in both pro
karyotes (Agnez-Lima et aL, 2001; Agnez-Lima et al., 1999) 
and eukaryotic cells (Ribeiro et al„ 1994; Costa de Oliveira et 
aL, 1992) after replication of singlet oxygen damaged DNA 
but the lesions involved with this kind of mutation are, at 
present, unclear (Kino & Sugiyama, 2002).

In general, the type II mechanism appears to be the 
pathway most favoured by photosensitisers to induce photo
damage although both mechanism types can occur exclu
sively or competitively. When this is take with the relatively, 
non-specific nature of the cellular damage caused by these 
photosensitiser mechanisms of attack, it makes the emer
gence of acquired microbial resistance to PACT agents an 
intrinsically complex and unlikely process, contrasting to 
traditional antibiotics where such resistance can arise from 
only a few mutations (Phoenix efu/, 2003a),

PACT Photosensitisers and Their Properties -----------

To be therapeutically useful, the light adsorption char
acteristics of photosensitiser are of primary importance. 
Ideally, the photosensitiser’s maximum wavelength of ab
sorption, Xm«, will lie within the therapeutic window of 600- 
900 nm, described above, and the photosensitiser will pos
sess a high coefficient of absorption for that wavelength, 
8max. Also of fundamental importance is the ability of the 
photosensitiser to efficiently form an excited triplet and for 
photosensitisers that generate singlet oxygen, this ability is 
usually measured by their quantum yield, <E>a, with high

values of the parameter indicating strong singlet oxygen 
production. Oa can be determined by a variety of methods, 
which range from direct detection of the luminescence pro
duced upon the relaxation of singlet oxygen (at 1270 nm) to 
the quantitative analysis of photo-oxidative reactions (Red
mond & Gamlin, 1999) such as monitoring the decolorisa- 
tion of 1,3-diphenylisobenzofuran at 410 nm (Cincottaef aL, 
1987). However, singlet oxygen efficiency may be used only 
as a gross performance indicator since the ability of a photo
sensitiser to act as a PACT agent will be determined by a va
riety of other factors such as its pharmacokinetics and 
physicochemical properties.

A number of physiochemical properties are relevant to a 
photosensitisers efficacy as a PACT agent in that they can 
influence its cellular uptake and localisation, and hence, site 
of action and choice of attack mechanism. The lipophilicity 
of a photosensitiser, log P, is a measure of its relative solu
bility in water compared to that of some reference organic 
solvent such as n-octanol (Pooler & Valenzeno, 1979). This 
provides an indication of the photosensitiser’s relative hy- 
drophobicty/hydrophilicity and can suggest a preference for 
a lipid/aqueous environment. As an example, a strongly hy
drophobic photosensitiser (log? » 0) may have a prefer
ence for a membrane location. The concentration of 302 in 
membrane lipid is higher than in the surrounding aqueous 
phase and these conditions could favour a type II mecha
nism of photodamage and membrane attack (Valenzeno, 
1987). Indeed, it was recently demonstrated that deeper 
membrane insertion by a photosensitiser, and reduced 
membrane diffusion by singlet oxygen, enhanced the ability 
of photosensitisers to induce type II mediated photodam
age (Lavi et al., 2002). A concept related to lipophilicity and 
also an important physiochemical property in relation to 
photosensitiser efficacy as a PACT agent is amphiphilicity. 
This concept considers the segregation of hydrophilic and 
hydrophobic regions within a molecule and can act as a de
terminant of a photosensitiser’s ability to orientate in mem
branes, thus affecting levels of membrane penetration 
(Wainwright, 2000; Wainwright, 1998a). Membranes them
selves are amphiphilic structures and the hydrophobic re
gions of a photosensitiser will seek the central hydrophobic 
core region of the membrane whereas the hydrophilic re
gions of the photosenstiser will prefer to preside in the 
membrane interfacial region and engage in electrostsatic in
teractions with charged moieties in the lipid headgroup re
gion (Phoenix & Harris, 2002). The hydrophilic characteris
tics of a molecule primarily depend upon the nature of its 
constituent atoms and chemical groups, which in turn are 
reflected by chemical properties such as pKa, and for most 
photosensitisers, the oxidation state of its chromophore.
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These properties govern the overall charge possessed by a 
photosensitiser, which can be of fundamental importance in 
terms of the ability of a photosensitiser to target bacterial 
pathogens (Wainwright, 2002a; Wainwright, 2000; Wain- 
wright, 1998a).

PACT Photosensitisers Based on the 
Phenothiazinium Chromophore __________________

A number of classes of photo-sensitising molecules with 
antibacterial properties are known, including: psolarens. por
phyrins, phthalocyanines, cyanines and acridines, and these 
have been extensively reviewed elsewhere (Wainwright, 
2002a; Wainwright, 2002b, Wainwright, 2000; Wainwright, 
1998a). However, over the last five years research has shown 
compounds based on the phenoithazinum chromophore to 
be excellent candidates as PACT agents and novel alter
natives to conventional antibiotics (Phoenix et al, 2003a; 
Wainwright, 2002b; Wainwright, 1998; Tuite & Kelly, 1993). 
Methylene blue (MB) is generally accepted as the prototype 
phenothiazinium and interestingly, was the first synthetic 
antimicrobial compound to be reported (Guttmann & 
Ehlrich, 1896). MB is cationic and has been shown to exhib
it photo-toxicity to a variety of bacteria but its bactericidal 
efficacy is low due to chromophoric reduction by bacterial 
enzymes. Nonetheless, MB has a number of therapeutically 
desirable characteristics: its toxicity to human cells is low 
and its light adsorption characteristics (Xmax = 656 nm) are

Table 1: Properties of photo-sensitisers based on the 
phenothiazinium chromophore

Dye

Dye
lipophilicity

(LogP)

Dye 
singlet 

oxygen yield
(*a)

Photo-toxic 
MLC against 

E. coll 
(pM)

Photo-toxic
MLC

against
S. aureus 

(pM)

DMMB + 1.01 1.22 0.5 0.8
NMB + 1.2 1.35 7.8 1.25
TBO -0.21 0.86 7.8 12.5
BCB +0.55 0.03 125 40
PYY +0.16 0.05 15.6 3.1
AB +0.7 0.77 125 12.5
AC +0.7 0.77 125 18.8
AA +0.7 0.77 250 25
NR -0.5 0.18 15.6 12.5

The phenothiaziniums photo-sensitisers shown in table 1 are: New Methylene 
Blue (NMB), Dimethyl Methylene Blue (DMMB), Azure A (AA), Azure C (AC). 
Azure B (AB), Toluidine Blue O (TBO), Brilliant Crystal Blue (BCB), Pyronin V 
(PYY), and Neutral Red (NR) The lipophilicities of the photosensitisers (log P), 
relative singlet oxygen yields (Oa), and antibacterial MLCs were obtained from 
Phoenix eta/., (2003).

C u

The ability of phenothiaziniums to damage DNA. Sayed etal., (2002) 
adapted the Comet assay (Ostling & Johanson 1984) to test the ability of 
photosensitisers based on the phenothiazinium chromophore to damage 
the DNA of S. aureus. Cells of the organism were trapped in low melting 
Agar and incubated with photosensitisers under illumination. When lysed 
under electrophoretic conditions, DNA released was visualised using 
ethidium bromide stain and confocal microscopy. Typical results are 
shown in figure 3 for DMMB (A), NR (B) and PYY (C). The ‘tails' observed 
indicate the presence of fragmented DNA, implying damage due to inter
action with photosensitisers. The control (D) with no photosensitiser pre
sent shows no such ‘tail’.

acceptable for the treatment of human conditions 
(Wainwright, 2002c). Moreover, the MB parent ring system 
(figure 2) has well-established chemistry and a number of 
studies using tumour cells have shown that chemical modifi
cation of MB can produce therapeutically acceptable 
derivatives with enhanced cellular photo-toxicity (Mellish et 
al, 2002; Wainwright, 1997a). Taking these considerations 
in combination, MB is clearly an attractive proposition as a 
lead compound for the development of photosensitising an
tibacterial compounds.

A variety of phenothiaziniums, and structural ana
logues, have been synthesised and many are commercially 
available (Table 1). Several of these molecules are repre
sented in figure 2 and it can be seen that their parent struc
ture is a planar tricyclic aromatic ring system, which is gen
erally cationic. Several studies (Phoenix et al, 2003b: 
Wainwright, 1998b) have established that phenthiaziniums, 
and their derivatives, generally absorb at therapeutically ac
ceptable wavelengths and are efficient producers of an 
excited triplet state (Table 1). These latter studies have 
shown many of these photo-sensitisers to be efficient pro
ducers of singlet oxygen (Table 1), suggesting that type II 
mechanisms of photo-sensitisation are important to their 
antibacterial abilities, although their use of type I mecha
nisms has also been implicated (Phoenix ef a/.. 2003b).

In relation to their sites of action, the positive charge and 
planarity of phenothiaziniums and their derivatives allows 
them to efficiently intercalate with DNA. Indeed, early work 
on these photo-sensitisers focused on their ability to bind nu
cleic acids and it was believed that their antibacterial photo
toxicity was directed against DNA (Tuite & Kelly, 1993).
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Other bacterial sites of action are now known for phenathi- 
azimiums, and their analogues, but DNA is recognised as a 
major target. As examples,'MB has previously been shown to 
cause strand breaks in the DNA of E. coli (Menezes et al, 
1990), and photo-damage to DNA of Proteus mirabilis 
(Jacob, 1975). More recently, using a modified Comet assay 
(Ostling & Johanson, 1984), we have demonstrated that 
many of the photosensitisers shown in table 1 are able to 
attack DNA (Figure 3; Sayed et al, 2002).

In order to exert their antimicrobial action, it is self-evi
dent that photo-sensitisers are membrane interactive, ei
ther targeting the membrane and/or passing through the 
membrane to attack intracellular targets. For example, the 
studies of Phoenix et al, (2003b) showed DMMB and NMB 
to be highly lipophilic and to exhibit high photo-toxicity to 
E. coli and S. aureus. Previous studies have shown that un
der physiological relevant conditions, DMMB tends to exist 
in a cationic form. Clearly, the positively charged nature of 
DMMB would favour membrane targeting and binding 
whilst its structural amphiphilicity is known to favour mem
brane partitioning and membrane accumulation (Wain- 
wright, 2002a). It has previously been reported that DMMB 
associates strongly with components of the bacterial cell en
velope (Pal & Ghosh, 1990). In contrast to DMMB, NMB is 
predominantly cationic at neutral pH but tends to form a 
neutral quinonemine species at lower pH. Thus, as sug
gested by other authors (Wainwright, 2002b), the low pH of 
the microbial milieu or at the membrane interface could 
lead to the formation of neutral NMB species, promoting 
their cellular uptake with the possibility of subsequent intra
cellular regeneration of cationic NMB. AA, AB, AC and 
TBO also possess the facility of quinonemine formation 
(Wainwright, 2002b) and thus the possibility of a similar 
mechanism of cellular relocalisation.

It is clear that the hydrophilic/hydrophobic characteris
tics of phenothiaziniums and their derivatives play an im
portant role in determining their cellular localisation and 
hence, their sites of antibacterial action. However, as de
scribed above, a variety of factors determine the site(s) of 
action of a photo-sensitiser, both those inherent and those 
external, such as microbial morphology. Phenothiaziniums 
can exhibit multiple sites of action within a given bacterial 
cell and show different sites of action between different bac
terial species (Tuite & Kelly, 1993; Jacob, 1975; Jacob & 
Hamann, 1975). As an example, recent studies onPotphyro- 
monas gingivalis have shown TBO is able to inflict photo
damage on both the cell envelope and the DNA of the or
ganism (Bhatii et al, 1998) whilst for some E. coli strains, 
the photo-toxic action of TBO is directed against the cell en

velope (Wakayama et al, 1980). Nonetheless, this lack of 
specificity with regards to site of antibacterial action is ad
vantageous in that it makes the emergence of bacterial 
strains with acquired resistance to phenothiazinium based 
photo-sensitisers highly unlikely.

Phenothiaziniums have been shown to be effective 
against a range of Gram-positive organisms. (Soukos et al, 
1996; Wilson et al, 1996; Wilson et al, 1993) and in a major 
study, Phoenix et al, (2Q03b) recently tested a number of 
novel compounds based on the phenothiazinium chro- 
mophore for photo-toxicity to S. aureus. The majority of 
these compounds showed low dark toxicity and were highly 
photo-toxic to the organism with MLCs generally in the low 
micromolar range. A result of major importance was the 
demonstration by Wainwright et al, (1998b) that TBO, MB, 
and two other phenothiazinium photo-sensitisers, Dimethyl- 
methylene Blue (DMMB) and New Methylene Blue (NMB), 
were effective against epidemic strains of MRSA. More
over, these latter two photosensitisers showed an efficacy 
against the strains, which was significantly greater than that 
of vancomycin. MRSA is virtually untreatable by conven
tional antibiotics and these findings are a significant ad
vance in the search for novel agents able to kill the 
pathogen. Reinforcing the therapeutic potential of phe
nothiaziniums, more recent studies have shown that 
DMMB and a related phenothiazinium, methyl methylene 
blue, are highly effective against vancomycin-resistant 
Enterococcus faecalis and Enterococcus faecium (Wain
wright et al, 1999). For almost two decades, these strains 
have been leading nosocomial pathogens, intrinsically re
sistant to many antibiotics used in the treatment of Gram
positive organisms, and have a range of acquired resistances 
to novel antibiotics that has expanded in pace with the intro
duction of these agents into therapeutic practice (Sheparda 
& Gilmore, 2002).

Compounds based on the phenothiazinium chro- 
mophore are of particular interest as potential bacterio- 
cides for Gram-negative pathogens. Although Phoenix et 
al, (2003b) found the majority of the photo-sensitising 
agents examined in their study to be generally more effec
tive against Gram-positive organisms, these agents showed 
low dark toxicity and high photo-toxicity to E. coli with 
MLCs in the lower micromolar range (Table 1). Wainwright 
et al, (1997b) reported a number of phenothiaziniums to be 
similarly effective against a range of Gram-negative bacte
ria and in combination, these results contrast strongly with 
those found for many other classes of photo-sensitisers, 
which generally show low efficacy against these latter organ
isms. This low efficacy primarily results from the barrier
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posed by the negatively charged outer membrane of these 
latter organisms (Nitzan et al, 1992; Bertolini et al, 1990; 
Malik et al., 1990) and a number of strategies to overcome 
this barrier have been investigated. These include: the co-ad- 
ministration of membrane permeabilising agents (Bertolini 
etal, 1992; Malik ef a/., 1992), stimulating the endogenous 
synthesis of bacterial porphyrins (Szocs et al, 1999; van der 
Meulen etal, 1997) and the chemical modification of photo- 
sensitisers, to possess a positive charge, thus targeting the 
outer membrane (Lasocki etal., 1999). However, the gener
ally cationic nature of photo-sensitisers based on the phe- 
nothiazinium chromophore gives these compounds an in
herent ability to target the outer membrane. This ability, 
taken with their demonstrated efficacy in killing Gram-neg
ative organisms, makes these compounds strong candidates 
in the search for novel agents to combat the growing threat 
posed by pathogens of this bacterial class. Most recently, we 
have tested a phenothiazinum, pyronin Y (PYY) for an
tibacterial activity and the compound showed high photo
toxicity to Gram-negative organisms, comparable to TBO 
and NMB (Table 1; Hussein et al, 2002). Our results 
suggested that PYY utilised a type I mechanism of antibac
terial action and currently, we are further investigating the 
antibacterial efficacy of this compound.

Conclusion __________________________________

As a class, photo-sensitising molecules clearly show the 
potential to act as therapeutically useful antibacterial agen
ts. Here, these were exemplified by compounds based on 
the phenothizinium chromophore and these agents would 
appear to have particular potential in combating Gram
negative pathogens. On a therapeutic level, these com
pounds exhibit antibacterial efficacy at concentrations lev
els much lower than those used in the topical and in
travenous administration of a number of phenothiazinium 
compounds already in therapeutic use (Soukos et al, 1996; 
Mashberg, 1983). Taken with their therapeutically desir
able light absorption characteristics, these agents could be 
an attractive proposition as an alternative to the use of con
ventional antibiotics in the treatment of localised bacterial 
infections, such as burn therapy (Komerik et al, 2000; 
Szpakowska, et al, 1997). This use would help relieve the 
selective pressures generated by the use of conventional 
antibiotics and thus help avoid the emergence of bacterial 
resistance to these agents. A further advantage of using lo
cally applied photo-sensitisers would be that indigenous 
bacteria, remote from the site of infection, would be far less

susceptible to attack than in the case of systemic medi
cation. There are some current technical limitations on re
alising the full potential of PACT. However, with the reser
voir of untested photo-sensitising molecules available, ad
vances in photosensitiser chemistry and the continuing de
velopment of optical fibre technology, it is possible that 
PACT may be developed to treat, not only localised bacte
rial infections, but more deep-seated, if not disseminated, 
infections thus improving,quality of life and truly making 
light work of antibacterial therapy!
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Abstract
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1. Introduction

Anthracycline antibiotics, e.g. doxorubicin (adria- 
mycm), are potent cytotoxic drugs, widely used as 
anti-cancer agents [1J. The mode of action of doxo- 
lubicm is very complex and has not been fully eluci
dated. Several mechanisms have been proposed the 
most popular being its effect on cellular DNA via

pyranoside; MDR, multidrug resis^ce ^ Nhl0gaIact°-

mteraction with nucleic acids and nuclear compo
nents, such as topoisomerase II [2], however, studies 
have shown that doxorubicin can be strongiy cyto
toxic without entering the cell pj. Recent investiga
tions have indicated that this cytotoxicity may be 
directly reiated ^ to plasma membrane composition 
[4] and doxorubicin has been shown to bind strongiy 
to anionic phospholipids in model synthetic mem- 
bianes, inducing disordering of acyl chains [5] 
Although much information has been gained by 
he use of synthetic model membrane systems, very 

little is known about the interactions of anthracy- 
chnes with biological membranes in vivo, Unfortu
nately, as yet, a mammalian model system does not 
exist m which the phospholipid content of the plas
ma membrane can be easily manipulated. Recent ge
netic advances have, however, produced an excellent

F“ °f E"r°-” Rub,^ * Elsevie, S« av.
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model plasma membrane system which is derived 
from Echerichia coli [5,6].

The predominant membrane phospholipid of wild- 
type E. coli is phosphatidylethanolamine (PE) (75% 
w/w), which is zwitterionic, and the remainder com
prises phosphatidylglycerol (PG) (15-20% w/w) and 
cardiolipin (CL) (5-10% w/w), which are both anio
nic [7]. Mutant strains of E. coli have been developed 
in which the phospholipid content can be altered. E. 
coli strain HDL11 is such a mutant in which the 
pgsA gene encoding phosphatidylglycerolphosphate 
synthetase has been placed under the control of a 
lac promoter [6]. If the bacteria are incubated in 
the presence of varying levels of the lac inducer iso
propyl P-thiogalactopyranoside (IPTG), it is possible 
to control the level of pgsA expression, which in turn 
controls the level of PG and CL production. In the 
absence of IPTG, phosphatidylglycerolphosphate 
synthetase is still produced at a low, basal level, 
maintaining the viability of the strain, given the ad
ditional presence of an Ippl deletion [8]. The level of 
anionic phospholipids in the inner membrane of 
HDL11, under normal growth conditions, is 2% w/ 
w PG and 3% w/w CL, based on total phospholipid, 
but incubated in the presence of 60 fiM IPTG, the 
content of PG and CL may be increased to 28% w/w 
of the total [5].

TIME (HOURS)

Fig. 1. Typical growth curve for £. coli (strain MRE600) grown 
at 37*C over 24 h, in the absence of doxorubicin (•) or in the 
presence of 5 uM (■), 10 pM (a). 15 pM (♦), 25 p.M (★), 50 
pM (hexagon) or 100 (tM (semicircle) doxorubicin. Each point 
represents mean i S.D. (n = 2).

TIME (HOURS)

Fig. 2. Effect of doxorubicin at concentrations of 5 p.M (•), 10 
pM (■) or 15 pM (a) on the growth of E. coli (strain MRE600) 
previously grown at 37°C for 24 h in the presence of 15 p.M dox
orubicin. Each point represents mean ± S.E.M. (n = 4).

2. Materials and methods

2.J. Chemicals

Doxorubicin was a gift from Pharmacia Ltd. and 
isopropyl-p-thiogalactopyranoside (IPTG) was pur
chased from Sigma.

2.2. Bacterial strains and growth conditions

E. coli strain MRE600 and E. coli strain HDL11 
(pgsA::kan, f(lacOP-pgsA+)\, lacZ', lacY\ :Tn9, 
lpp2, zdg: :Tnl0) [12] were grown at 37°C in Nutrient 
broth (Lab M) in the absence and presence of dox
orubicin and IPTG. Prior to the experiment, resist
ance of HDL11 to chloramphenicol and kanamycin 
was confirmed.

2.3. Effect of doxorubicin on growth of bacteria

Preliminary growth experiments were carried out 
using E. coli MRE600 and HDL11 in the presence 
and absence of 5-100 fiM doxorubicin. Overnight 
cultures were inoculated into nutrient agar (1:200 
dilution), protected from light to prevent deteriora
tion of the drug, and incubated at 37°C in an orbital 
incubator. Growth was monitored by measuring op
tical density at 660 nm (ODeeo) after 3 h, 6 h, 9 h 
and 24 h. Subsequent experiments were performed,
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2.5 r

2 2.0

TIME (HOURS) TIME (HOURS)
(b)

TIME (HOURS)

Fig. 3. Typical growth curve for E. coli (strain HDL11) grown at 37°C over 24 h, in the absence of doxorubicin (•) or in the presence of 
5 pM (■), 10 pM (a) or 15 pM (★) doxorubicin (a) in the absence of 1PTG (n = at least 4); (b) in the presence of 30 pM IPTG (n = 6) 
and (c) in the presence of 60 pM IPTG {n — 2). Each point represents mean±S.E.M. (a.b) and mean ± S.D. (c).

as described, but using doxorubicin in the range 0-15 
|dM. Growth kinetics of both HDL11 and MRE600 
were also monitored in the absence and presence of 
30 and 60 mM IPTG, in addition to doxorubicin. In 
this instance, the stock cultures were grown over
night, prior to inoculation, in the presence of IPTG.

2.4. Analysis of membrane

Total lipids were extracted according to the meth
od of Bligh and Dyer [9] and fatty acid methyl esters 
were prepared and analysed by gas-liquid chroma
tography according to Rolph and Goad [10], Induc
tion of pgsA. by IPTG was confirmed by [14C]acetate 
labelling of phospholipids which were resolved using 
TLC and quantified by scintillation counting (data 
not shown) [11].

3. Results

3.1. Effect of doxorubicin on E. coli strain MRE600

Initial experiments showed doxorubicin (5-100 
|iM) to inhibit growth of MRE600 in a concentra
tion-dependent manner with almost 100% inhibition 
achieved by 100 pM doxorubicin (Fig. 1). However, 
although 15-50 p.M doxorubicin severely affected 
growth between 3 and 9 h. rapid growth ensued be
tween 9 and 24 h. Subsequent experiments used a 
range of 5-15 pM doxorubicin to allow investigation 
of this phenomenon. MRE600 cells previously grown 
over 24 h in the presence of 15 pM doxorubicin and 
then sub-cultured into medium containing varying 
concentrations (5-15 pM) of doxorubicin showed 
complete resistance to the drug (Fig. 2). This indi-
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cated the induction of a resistance mechanism by the 
bacteria, rather than spontaneous breakdown of the 
drug over time.

Addition of 30 pM IPTG or 60 pM IPTG to 
MRE600 cells in the presence of 5-15 pM doxoru
bicin produced very similar results to the controls 
(data not shown), thus it was concluded that the 
presence of IPTG had not affected the efficacy of 
doxorubicin.

3.2, Total fatty acid composition of MRE600 cells in 
the presence and absence doxorubicin

Following 6 h doxorubicin treatment of MRE600 
cells, some changes in the relative proportions of 
total saturated, monounsaturated and cyclopropane 
fatty acids were noted (Table 1). Whilst small, these 
changes have altered the ratio of monounsaturates to 
saturates from 1:1 to 1:1.3, which would be expected 
to have some effect on membrane dynamics. How
ever, after 24 h, the relative proportions of the fatty 
acids in the treated cells again resembled the con
trols. This effect at 6 h may possibly be due to the 
effect of doxorubicin interacting with the membrane 
lipids, rather than a resistance mechanism per se.

3.3. Effect of doxorubicin on E. coli HDL11 cells in 
the absence and presence of IPTG

All experiments were initially carried out using 5- 
100 (iM doxorubicin, however, since no significant 
enhancement of effect was seen using concentrations 
above 15 pM, subsequent experiments were per
formed using 5-15 pM doxorubicin.

HDL11 grown in the absence and presence of dox
orubicin (5-15 pM) showed a very different growth 
pattern to that of MRE600 grown under the same 
conditions, in that the drug exerted very little inhib
itory effect (Fig. 3a). Addition of 30 pM IPTG to 
HDL11,cells in the presence of 5-15 pM doxorubicin 
did not appear to enhance the effect of doxorubicin 
significantly (Fig. 3b). Addition of 60 pM IPTG im
proved growth rate of HDL11 cells and growth be
tween 9 and 24 h was inhibited by 5-15 pM doxo
rubicin in a concentration-dependent manner (Fig. 
3c). However, the level of inhibition was much lower 
than that observed with MRE600 and was not 
greatly increased by addition of 100 pM doxorubicin 
(data not shown), implying that this phenotype is 
inherently less susceptible to the agent.

4. Discussion

Many previous studies have indicated that the 
binding of doxorubicin to plasma membranes is in
timately involved with anionic phospholipids [5,12], 
By using intact cells from bacterial strains in which 
levels of anionic phospholipids can be manipulated, 
we hoped to develop a prokaryotic model to sub
stantiate these findings. In contrast to previous stud
ies [5] we found that intact E. coli MRE600 cells 
were susceptible to doxorubicin at relatively low con
centrations (5-15 pM). The mutant' E. coli strain 
HDL11, with very low anionic phospholipid content, 
was not affected by doxorubicin, even at a concen
tration of 100 pM. However, induction of phospha- 
tidylglycerol (PG) synthesis by the lac inducer IPTG

Tabic 1
Total fatty acid composition of MRE 600 cells in the absence and presence of doxorubicin

Sample %

Saturates Mono-unsaturates Cyclopropanes
MRE600

0 HR (n-3) 26.9 ±1.5 52.4 ±2.1 16,9 ±1.9
6 HR (/; = 5) 37.8 ±0.6 37;8 ± 1.9 17.5 ±1.2
24 HR (n = 4) 37.2 ±2.6 25.7 ±5.3 30.5 + 5.9

MRE600+15 pM dox.
0 HR (n = 3) 26.9 ± 1.5 52.4 ±2.1 16.9 ±1.9
6 HR (« = 3) 43.7 ±2.5 34.0 ± 1.1 11.1 ±3.2
24 hr (n = 5) 41.3±4.5 25.4 ±2.4 25.6 ±1.7

Each value represents the meanlS.E.M.
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(unpublished data) did not increase susceptibility of 
HDL11 cells significantly, hence we were unable to 
provide strong evidence that doxorubicin acts via 
interaction with anionic phospholipids.

Previous work by De Wolf et al. [5] on various 
bacterial phospholipid extracts, including HDL11, 
demonstrated that doxorubicin binding was depend
ent upon anionic phospholipids. However, when 
using plasma membrane vesicles of HDL11 in the 
absence and presence of IPTG, they obtained rather 
anomalous results. Not only was there very little 
difference between the two samples, but the doxoru
bicin binding was also shown to be 15-30% higher 
than MRE600. They concluded that the effect of 
anionic phospholipids in plasma membranes of 
strain HDL11 may be masked due to "the presence 
of other binding sites as well as unknown membrane 
structure effects”. This study showed doxorubicin to 
have no effect on intact HDL11 cells in the presence 
of IPTG, suggesting that the strain may be pheno- 
typically. resistant to doxorubicin due, for example, 
to cell wall structure or expression of a membrane 
extrusion pump.

MRE600 showed a very interesting response to 
doxorubicin. Although, initially, growth was severely 
affected by doxorubicin (>15 (0.M), after 9 h growth 
increased rapidly, suggesting the induction of a re
sistance mechanism, the selection of a resistant sub
population or that doxorubicin had lost efficacy by 
this stage. MRE600 cells previously exposed to 15 
pM doxorubicin for 24 h and then re-subcultured 
into various concentrations of doxorubicin showed 
total resistance to the drug over 24 h, thus indicating 
that the resumption of growth after 9 h is primarily 
due to development of resistance rather than reduced 
concentration of doxorubicin due to photodegenera
tion.

Enzyme induction, promoting the metabolic 
breakdown of doxorubicin was considered, since 
this is an extremely common defence mechanism uti
lised by bacteria [13]. Certainly some enzyme activity 
was suggested, since HPLC performed on the cul
tures showed significant degradation of the drug 
after 9 h (unpublished data).

Doxorubicin is also known to disrupt acyl chains 
in the plasma' membrane [5], thus the total fatty acid 
composition of the cell membranes was investigated. 
Treatment of MRE600 cells with doxorubicin over

6 h led to some changes in the relative proportions of 
total saturated, monounsaturated and cyclopropane 
fatty acids which coincided with the onset of doxo
rubicin resistance. Such changes have the ability to 
reduce membrane fluidity and hence limit the passive 
uptake of doxorubicin. This is in agreement with the 
study of Burns et al. [14] who found that increasing 
the level of polyunsaturated acyl chains in tumour 
cells stimulated drug uptake. However, this effect at 
6 h may possibly be due to doxorubicin interacting 
with the membrane and affecting lipid biosynthesis, 
but after 24 h resistance mechanisms have been in
duced which may remove doxorubicin and overcome 
the initial effect.

In summary, it appears that some strains of E. coli 
are susceptible to doxorubicin, but that resistance 
can rapidly develop. There may be a role for mem
brane induced changes in the induction of this resist
ance mechanism thus implying that the membrane 
could play a part either in the uptake or activity of 
the anthracycline.
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Abstract
Today, bacterial infections are the leading cause 

of morbidity worldwide and there is an urgent need 
for new antibacterial agents with novel mechanisms of 
antibacterial action. In response, the photodynamic 
antimicrobial properties of phenothiazinium-based 
photo-sensitisers (PhBPs) have been investigated. The 
chromophore of PhBPs is a tricyclic heteroaromatic 
ring system, which generally endows these dyes with 
therapeutically acceptable light absorption characteri
stics (600 nm < Xmax < 900 nm) and facilitates photo- 
bactericidal action via type II mechanisms of
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maximum absorbance, lies within the window of 600-900 nm (table 1), 
which is therapeutically desirable for the treatment of human conditions [16, 17], 
Moreover, the MB parent ring system (figure 1) has well-established chemistry 
and a number of studies using tumour cells have shown that chemical 
modification of MB can produce therapeutically acceptable derivatives with 
enhanced cellular photo-toxicity [18, 19]. A number of PhBPs have now been 
synthesised [17] and here, we review recent advances in the development of 
these compounds as novel antibacterial compounds.
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Figure 1. The chemical structures of PhBPs. The figure shows the chemical 
structures of the PhBPs described in table 1. In general these molecules may be 
considered to be composed of two parts: The chromophore, which is the oxidised 
heteroaromatic ring system, and its peripheral modifications, which comprise the side- 
chains and auxochromes. The former gives PhBPs their light absorption / emission and 
photo-sensitising properties, whereas the latter are important to the physical properties 
of these dyes, such as lipophilicity / solubility, which affect both the distribution of 
PhBPs within bacterial cells and their mechanism of uptake by these cells [17],



Ta
bl

e L
 P

ho
to

dy
na

m
ic

 p
ro

pe
rt

ie
s o

f P
hB

Ps
134 Frederick Harris & David Andrew Phoenix



Phenothiazinium based photo-sensitisers: A novel approach to antibacterial therapy 135

PhBPs and the photochemistry of their antibacterial 
action

Most PACT agents are aromatic molecules and the core structure of PhBPs 
is a planar tricyclic heteroaromatic ring system (figure 1; [17]). The oxidized 
ring system constitutes the phenothiazinium chromophore and it is the ability 
of this ring system to efficiently form a relatively long-lived excited state that 
facilitates the photodynamic action of PhBPs [6]. The primary photochemistry 
involved in this action is similar for all PACT agents and a schematic 
representation of the possible photo-chemical / photo-physical steps involved 
in the general case are shown in figure 2: In the first step a photo-sensitiser in 
its electronic ground state (PS) absorbs a photon of light (hv) with wavelength 
X that ideally lies within the therapeutic window of 600 - 900 nm. This 
requirement is primarily governed by the need for irradiating light to penetrate 
human tissue [11] and table 1 shows that most of the major PhBPs possess 
values of that lie within this therapeutic range. Having absorbed a photon 
of light, PS undergoes an electronic transition, which promotes an electron 
from the ground state to the excited singlet state (PSi)- Depending upon its 
molecular architecture and environment, the photo-sensitiser may lose energy 
by electronic decay (fluorescence) or physical processes, and thus return to the 
ground state. However, if PS] is relatively stable, the photo-sensitiser may also 
undergo an electronic rearrangement to give the excited triplet state (PS2)- At 
this stage the photo-sensitiser may again undergo electronic decay 
(phosphorescence) back to the ground state. However, if the lifetime of PS2 is

hv
pr*4*ctft CjtitoxicttT

Figure 2. Mechanisms photo-toxicity used by PhBPs. The figure shows a schematic 
representation of the possible photo-chemical / photo-physical steps involved in the 
photodynamic action of PhBPs and other PACT agents. A photo-sensitiser absorbs a 
photon of light (hv) and undergoes an electronic transition, which promotes an electron 
from its ground state PS to the excited singlet state, PS). If PS] is relatively stable, the 
photo-sensitiser may undergo an electronic rearrangement to give the excited triplet 
state PS2. An electron in the PS2 state can pass its excitational energy onto other 
molecules by either type I and type II mechanisms, which can then lead to photo- 
oxidative cellular damage. Higher excited states (not shown) can be reached using high 
intensity pulsed radiation of excitation at two wavelengths [20, 21].
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relatively longer than that of the PSi state (of the order of )ls versus ns), then 
PS; may pass its excitational energy onto other molecules by either of two 
mechanisms. These are defined as type 1 and type II mechanisms and both 
facilitate photodynamic action [20].

Type 1 mechanisms involve direct interaction between PS2 and a nearby 
biomolecule, which acts as a reductant. Hydrogen abstraction or electron 
transfer between PS2 and this biomolecule yields free radicals, which can then 
initiate further redox reactions with cellular damage resulting (figure 2). In 
contrast, type II mechanisms involve energy transfer via the collision of PS2 
with molecular oxygen, which yields ground state photosensitiser and singlet 
oxygen, '02. When formed in situ within a cellular environment, singlet 
oxygen is highly cytotoxic due to its strong oxidising activity. Moreover, it has 
a long lifetime (of the order of (is) in relation to other reactive oxygen species 
and may diffuse from its site of generation before reacting with a biomolecule, 
again leading to further reactions and cellular damage (figure 2; [21]). The 
tendency of a photo-sensitiser to utilise type II mechanisms of photo
sensitisation is often inferred from its in vitro singlet oxygen yield (C>a) [22] 
and it can be seen from table 1 that the majority of PhBPs have significant 
values of Oa. Nonetheless, given a sufficiently populated triplet state and the 
availability of oxygen, a photo-sensitiser has the potential to inflict damage on 
a variety of microbial targets via either or both of these mechanisms [11]- In 
general, this microbial photo-damage can include: the loss of membrane 
functions induced by the peroxidation of membrane lipids [23, 24], the 
inactivation of essential en2ymes and loss of membrane protein function due to 
bimolecular cross-linking reactions [25, 26] and mutagenetic effects resulting 
from DNA modification [27, 28]. A particularly important example of such 
DNA modification is the oxidation of guanosine to produce 7,8-dihydro-8-oxo- 
2'-deoxyguanosine (8-oxodG). This compound is a major product of type II 
photo-attack on cellular DNA [29] and is often used as an in vivo biomarker of 
such attack [27, 28],

PhBPs and their sites of anti-bacterial action
The positive charge and planarity of PhBPs allows them to efficiently 

intercalate with DNA [30]. Indeed, early work on PhBPs focused on their 
ability to bind nucleic acids and it was generally believed that their site of 
photodynamic action was DNA [31]. It is now known that PhBPs are able to 
attack at a variety of bacterial targets but DNA is recognised as a major 
example. Earlier studies showed MB to cause strand breaks in the DNA of £. 
coli [32] and photo-damage to the DNA of Proteus mirabilis [33]. Most 
recently, use of the Comet assay, which quantifies strand breaks in cellular 
DNA, showed that a series of PhBPs (table 1) were able to inflict high levels of
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photo-damage on the DNA of Staphylococcus aureus (figure 3; [34]), These 
latter studies also suggested that PhBPs exert photo-toxicity to DNA via a 
number of mechanisms: Pyronine Y appeared to use a type I mechanism .of 
DNA photo-sensitisation whereas the remaining PhBPs in table 1 appeared to 
utilise type II mechanisms. Moreover, whereas MB mediated type II attack on 
DNA has been previously shown to produce high levels of 8-oxodG [35], the 
photo-toxicity of the PhBPs in table 1 to DNA produced insignificant levels of 
this guanosine derivative [34], It would seem that type If attack on a 
nucleoside(s) other than guanosine may be a major mechanism of photo
dynamic action used by PhBPs when directed against DNA.

It is self evident that in order to exert their antimicrobial action, PhBPs 
must either target the membrane and / or pass through the membrane to attack 
intracellular targets. Consistent with these observations, most PhBPs have been 
shown to be lipophilic [36] and to interact with model membranes [37]. It has 
previously been reported that DMMB associates strongly with components of 
the bacterial cell envelope [38]. More recent studies on MB and TBO have 
suggested a correlation between the efficacy of PhBPs when directed against 
Gram-negative organisms and both their lipophilicity [39] and levels of 
interaction with lipopolysaccharide (LPS), the major component of the outer 
membrane [40]. Several studies have suggested that these interactions might 
involve multimeric species of PhBPs [41] and structural changes in LPS [42], 
thereby reducing the barrier function of the molecule. Most recently, PhBPs 
were found to be highly photo-toxic to E. coli [36] but showed no ability to 
either induce photo-damage to the organism’s membrane lipid or to mediate 
photo-lysis of E. coli cells [37]. These results strongly suggested that E. coli 
membranes were not photodynamic targets of PhBPs and implied that these 
dyes were taken up by the organism to attack cytoplasmic targets. Supporting 
this suggestion, previous studies have proposed possible cell uptake 
mechanisms for several of these dyes: At physiological pH, NMB TBO, AA, 
AB, and AC are generally cationic but tend to form a neutral quinonemine 
species* at lower pH. Thus, the low pH of the membrane interface could lead to 
the formation of an inactive neutral species, promoting their cellular uptake 
with the possibility of subsequent intracellular regeneration of the cationic 
form of the parent dye [6]. Nonetheless, other studies on E. coli strains have 
shown the photo-toxic action of PhBPs to be directed against either the cell 
envelope [43] or both the cell envelope and the DNA of the organism [44]. 
Overall, research clearly shows that PhBPs have the ability to exhibit multiple 
sites of action within a given bacterial cell and show different sites of action 
between different bacterial species. This lack of targeting specificity makes 
PhBPs attractive propositions as alternatives to conventional antibiotics in that 
it makes the emergence of bacterial strains with acquired resistance to these 
dyes highly unlikely.
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PhBPs and their spectrum of antibacterial action
PhBPs have been shown to be effective against a range of Gram-positive 

bacteria [36, 45, 46], demonstrating high photo-toxicity towards these 
organisms at therapeutically acceptable levels (table 1). Gram-positive 
pathogens with multiple antibiotic resistance, particularly those of nosocomial 
origin, have become an increasing problem over recent years [47], which has 
stimulated considerable research into the potential of PhBPs as clinical agents 
against these pathogens. A major result of these studies was the demonstration 
that PhBPs are highly photo-toxic to epidemic strains of methicillin-resistant 
Staphylococcus aureus (MRSA) [48]. Currently, this organism is one of the 
major nocosomial pathogens and virtually untreatable by conventional 
antibiotics with vancomycin being regarded as one of the last lines of defence 
in treatment regimes [2], The study of [48] showed that TBO, MB, DMMB 
and NMB possessed an efficacy against MRSA, which was significantly 
greater than that of vancomycin. Reinforcing the clinical potential of PhBPs, 
DMMB and MMB were shown to be highly photo-toxic to vancomycin- 
resistant Enterococcus faecalis and Enterococcus faecium [49], For almost two 
decades, these strains have been leading nosocomial pathogens with intrinsic 
resistance to many antibiotics and moreover, the ability to acquire resistance to 
novel antibiotics that is in pace with the introduction of these agents into 
therapeutic practice [50]. Taken together, these findings constitute a significant 
advance in the search for novel bactericides of MRSA and other nocosomial 
pathogens and led to the suggestion that PhBPs could find an immediate use as 
general microbial disinfectants within hospital environments. It is generally 
recognised that inefficient disinfection processes used by hospitals have 
largely facilitated the transmission of drug-resistant microbes. and thereby 
played a major role in the development of antimicrobial drug resistance [16].

PhBPs have also been shown to be effective against a range of Gram
negative bacteria [36, 45, 46]. NMB and DMMB have been shown to possess 
high photo-toxicity to Yersina enterocolitica, a Gram-negative coloniser of red 
blood cell concentrates, which has proved problematic to blood transfusion 
services [51]. Interestingly, whilst there has been considerable research into the 
use of PhBPs as decontaminants of blood products, the major focus of this 
work has been the photo-virucidal rather than photo-bactericidal abilities of 
these compounds [52]. Along with TBO and MB, these latter PhBPs have also 
been shown to possess high photo-toxicity to a number of Gram-negative 
pathogens, including: Escherichia coli 0157:H7 [45] and strains of 
Helicobacter pylori, Haemophilias influenza, Pseudomonas aeruginosa, and 
Klebsiella pneumoniae [40, 53, 54]. These observations have stimulated 
considerable interest in the therapeutic potential of PhBPs as bactericides of 
this class of pathogens, accentuated by the fact that the efficacy of these dyes 
against Gram-negative organisms is comparable to that observed for Gram-
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positive bacteria (table 1; (36,46]). This behaviour contrasts strongly with that 
of many other classes of photo-sensitiscrs, which generally show low efficacy 
against Gram-negative bacteria. This decreased efficacy is primarily due to the 
barrier function provided by the negatively charged outer membrane of these 
organisms, which inhibits cell entry by molecules in the extracellular medium 
and thereby contributes to the multi-drug resistance of many Gram-negative 
pathogens [4, 11]. A number of strategies to overcome this barrier have been 
investigated, including: the co-administration of membrane permeabilising 
agents [55, 56], stimulating the endogenous synthesis of bacterial porphyrins 
[57, 5.8] and the chemical modification of photosensitisers, to possess a 
positive charge, thus targeting the outer membrane [59]. However, the inherent 
ability of PhBPs to partition into membranes, coupled with their ability to 
target the negatively charged outer membrane [37], appears to enhance their 
efficacy when directed against Gram-negative bacteria.

It is clear that PhBPs have the potential to act as broad spectrum photo- 
bactericidal agents, which makes these dyes well suited to the treatment of 
dental plaque-related diseases such as caries, gingivitis and periodonitis [8],, 
These diseases are amongst the most common bacterial infections found in 
humans and are strongly associated with a variety of Gram-positive pathogens 
such as Streptococcus sanguis and Gram-negative pathogens such as 
Porphyromonas gingivalis [60]. When colonising the oral cavity, these 
pathogens adhere to oral surfaces to form multi-species biofilms, which are 
generally highly refractive to conventional antibacterial agents [8, 61]. 
However, in vitro studies have shown that these biofilms [8, 16, 61] and their 
individual component organisms [62, 63] are readily susceptible to the 
photodynamic action of PhBPs. Moreover, ampicillin-resistant bacterial 
biofilms were broken down by the photodynamic action of NMB with this 
action including both photo-bactericidal activity and photo-damage to 
polysaccharides of the extracellular polymeric substance (EPS), which stabilise 
the biofilm matrix [64]. This dual ability to attack biofilms is not observed 
with conventional antibacterial agents and clearly gives an advantage to the 
use of PhBPs in killing bacteria that use this form of colonisation [16].

Conclusions
Recent results would seem to indicate that PhBPs are fulfilling their 

potential to act as therapeutically useful PACT agents, possessing broad- 
spectrum antibacterial activity with particular potential in combating Gram
negative pathogens. On a therapeutic level, PhBPs exhibit antibacterial 
efficacy at levels much lower than those used in the topical and intravenous 
administration of a number of PhBPs already in therapeutic use [11]. In 
general, PhBPs show light absorption characteristics suitable for human 
treatment and the therapeutic use of these dyes has been promoted by recent
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technological developments in light delivery systems. In the field of dentistry, 
a range of techniques have been 'developed, which use low power lasers to 
initiate a photochemical reaction. Photo-activated PhBPs and other such agents 
could thus be used to disinfect root canals, periodontal pockets, cavity 
preparations and sites of peri-implantitis [65]. A major step in this direction 
was taken when the in vivo killing of P. gingivatis, a major causative agent of 
periodonitis, was recently demonstrated for laser-activated TBO in the oral 
cavities of rats with no apparent effects on adjacent healthy .tissue [66]. It has 
been suggested that PhBPs may find use in the treatment of other accessible 
localised bacterial infections, such as those associated with bum therapy [67, 
68]. Strongly, supporting this suggestion, recent in vivo studies showed a 
photo-activated cationic photosensitiser able to kill E. coli [69] and P, 
aeruginosa [70], which were infecting excisional wounds in mice. In each 
case, the photo-sensitiser was administered topically and the treated wounds 
healed normally with no apparent no photo-damage to the host tissue.

The major advantage gained by the topical use of PhBPs as antibacterial 
agents is that it helps alleviate the selective pressures generated by the current 
systemic usage of conventional antibiotics and thus help avoid the emergence 
of bacterial resistance to these antibiotics. A further advantage is that 
indigenous bacteria, remote from the site of infection, are far less susceptible 
to attack than in the case of systemic medication. Currently, difficulties 
associated with light delivery have restricted exploration of the full therapeutic 
potential of PhBPs as antibacterial agents. However, with the continuing 
development of optical fibre technology it is possible that PhBPs and other 
PACT agents may one day be used treat, not only localised bacterial infections, 
but more deep-seated, if not, disseminated bacterial infections.
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1. Introduction

The field of antibacterial chemotherapy is one of 
constant challenge. The current problem of bacterial 
chug resistance perhaps best illustrates the continu
ing requirement both for new agents and for differ
ent modes of attack.

A novel mode of attack would be to use a photo
dynamic approach. Here, a photosensitising drug lo
calised m the target organism is electronically excited 
using light. Once excited the drug can elicit a cyto
toxic lesponse either via redox reactions with its en
vironment, causing the production of radical species, 
or via the transfer of its energy to in situ molecular 
oxygen, producing the cytotoxin singlet oxygen [1],

* Corresponding author. Tel.: +44 (1772) 893-519• fax- 
+44 (1772) 892-903; e-mail: M.Wainwright@UCLAN.ac.uk

The main disadvantage in using a photodynamic 
approach to microbial eradication, as indeed has 
been found in the clinical photodynamic therapy of 
cancer, is the accessibility of the target cells both to 
the diug and to illumination. This is especially prob
lematic with systemic infection, although blood- 
borne diseases may be treatable using a variation 
of the photopheresis technique [2] and, indeed, the 
photodynamic viral disinfection of donated blood is 
presently carried out routinely in Germany [3]. In 
extrapolation of the technique to the clinic, the light 
absorption characteristics of the photosensitiser are 
important in that they must not coincide with endog
enous chromophores. Thus, the use of photosensi- 
tisers absorbing at approximately 400 nm (e.g., the 
aminoacridines) would overlap with the most in
tensely absorbing part of the haem spectrum. In ad
dition, light in the wavelength region of 400-500 nm

°fEur°Pean * w* by Elsevier Science B.V.
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gives poor penetration of tissue [4], thus it is likely 
that the photodynamic treatment of deep-seated in
fection would also be inappropriate in this wave
length range.

In order to find a photosensitising antibacterial 
which would satisfy such criteria, it is therefore nec
essary to utilise photosensitisers having long wave
lengths of absorption. The established phenothiazi- 
nium photosensitisers, methylene blue (MB, Table 1) 
and its congeners, have thus been employed in the 
present study since they all absorb in the region of 
620-660 nm.

MB was the first reported synthetic antimicrobial 
and was utilised in Ehrlich’s work which formed the 
basis of modem chemotherapy [5]. The photocyto
toxicity of the related phenothiazinium compound, 
toluidine blue O (TBO, Table 1), against oral patho
gens is also of current interest [6,7].

In examining a series of compounds, the relation
ship between localisation and activity is obviously 
important and the sites of activity in a range of or
ganisms of several phenothiaziniums have been re
ported. Thus it has been established that TBO is a 
membrane-active photosensitiser [8]. This was also 
demonstrated by the fact that the activity of TBO 
against E. coli was decreased by membrane stabil
isers and antioxidants [9], Conversely, MB and the 
two aminoacridines, proflavine and acridine orange

Table 1
Photosensitiser structures

(PF and AO respectively, Table 1), are wrell known 
to intercalate with bacterial DNA, thus causing both 
genetic mutation and photodamage [10-13]. How
ever, much less is known about the localisation of 
methylene green and dimethyl methylene blue (MG 
and DMMB respectively, Table 1), although the lat
ter has been shown to bind to teichoic acid, which is 
present in the cell wall of S. aureus [14].

The aim of the present work is to investigate the 
photocytotoxicity associated with known, commer
cially available phenothiazinium compounds against 
a range of Gram-negative and Gram-positive organ
isms. The compounds employed have small varia
tions in chemical structure and several have estab
lished cellular targets, thus it may be possible to 
derive some idea of structure-activity in the series. 
Both AO and PF were included in the study to allow 
comparison with known antibacterial photosensi
tisers.

2. Materials and methods

2.1. Photosensitisers

Toluidine blue O, methylene blue, methylene 
green, dimethyl methylene blue, acridine orange 
and proflavine were all purchased from Aldrich (Gil-

Rl R2 R3 R4 R9

Toluidine blue 0 (TBO) H Me nh2 H H
Methylene blue (MB) H H NMe2 H nh2
Methylene green (MG) H H NMC2 no2 H
Dimethyl methylene blue (DMMB) Me H NMej H Me
Acridine orange (AO) - - NMe2 - -
Proflavine (PF) - - nh2 - -
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lingham, UK). Recrystallisation from methanol con
taining hydrochloric acid gave compounds which 
were pure by thin layer chromatography and proton 
magnetic resonance spectroscopy,

Photosensitiser solutions for serial dilution were 
prepared in distilled, deionised water at a concentra
tion of 1 mM.

2.2. Singlet oxygen production

The photosensitisers were assayed for efficiency of 
singlet oxygen production using the decolorisation of 
1,3-diphenylisobenzofuran (DPIBF, Aldrich) in 
methanol. Thus the decrease in absorption of DPIBF 
at 410 nm was monitored spectrophotometrically 
with time as in the method of Cincotta et al. [15].

2.3. Log P

The lipophilicities of the photosensitisers were cal
culated in terms of log P, the logarithm of their 
partition coefficients between phosphate-buffered sal
ine and 1-octanol. These data were calculated using 
the standard spectrophotometric method [16],

2.4. Light source

An Exal light box, giving a light fluence of 1.7 mW 
cm 2 was used, the fluence being measured with a 
Skye SKP 200 light meter (Skye Instruments Ltd.). A 
1 h illumination period using this source thus gave a 
total light dose of 6.3 J cm-2.

2.5. Bacterial cell culture

The organisms under examination {S. aureus 
NCTC 6571, Enterococcus faecalis NCTC 775, Bacil
lus cereus NCTC 7464, Escherichia coli NCTC 9001 
and Pseudomonas aeruginosa NCTC 10622) were 
grown aerobically in Mueller-Hinton Broth II (Lab 
M, Bury, UK) at 37°C for 4 h.

Bacterial cultures were grown to an optical density 
equivalent to McFarland’s Standard No. 3 (109 cfu 
ml”1), and adjusted to an approximate concentration 
of 106 cfu ml”1. The actual inoculum used in each 
case was confirmed as 106 cfu ml”1 using a surface 
count on horse blood agar [17], A range of doubling 
dilutions of each photosensitiser (0-1000 juM) was

placed in 270 pi aliquots in flat-bottomed microtitre 
plates and 30 pi of bacterial culture was added to 
each well, Illumination of the cultures, both with and 
without photosensitiser, was carried out at this stage. 
The microtitre trays were then incubated for 24 h at 
37°C, aerobically in the dark. From each well show
ing inhibition of growth, 1 pi was subcultured on 5% 
(v/v) defibrinated horse blood agar. These plates 
were incubated for 24 h at 37°C, aerobically. Mini
mum lethal drug concentrations (MLC) were deter
mined as the lowest concentration at which bacterial 
growth was not detected. The five organisms were 
tested against each of the photosensitisers in dupli
cate and each experiment was replicated four times. 
Where any variability occurred, the experiments were 
repeated to ensure an absolute value for the cited 
MLC with n = 8.

3. Results and discussion

Bacterial samples which were incubated without 
drug showed normal growth with or without illumi
nation, thus showing that the light source on its own 
had no cytotoxic effect. The spectral output of the 
light source showed intense peaks centred on 450 nm 
and 600 nm which coincide respectively with the rel
evant absorptions of the acridine and phenothiazi- 
nium compounds used. The results show that alter
ing the structure of the phenothiazinium chromo- 
phore can lead to improved activity and photoactiv
ity against a range of bacteria (Table 2). Thus the 
presence of methyl groups in positions 1 and 9 of the 
chromophore (DMMB), or of a nitro group in posi
tion 4 (MG), yielded improved antibacterials com
pared to the parent compound, MB. The presence 
of a primary amino function at position 3 (TBO) 
rather than a tertiary dimethylamino group also im
proved on the antibacterial activity of MB, in both 
dark and light conditions.

The physicochemical properties of the photosensi
tisers used in the present study are given in Table 3. 
In vitro chemical testing showed that each of the 
phenothiazinium compounds was able to photosensi- 
tise the production of singlet oxygen, in the order 
DMMB > MB > TBO > MG, but that the rates of 
singlet oxygen production of the acridines were too 
low to measure under the conditions used. Singlet
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Table 2
Toxicity and phototoxicity of aminoacridines against a range of bacteria 

Photosensitiser* Minimum lethal concentration (pM)

Ps. aeruginosa S. aureus B. cereus £. coli E. faecalis

Dark Light Dark Light Dark Light Dark Light Dark Light
TBO 500 5 1 1 1000 1000 500 25 50 5
MB 500 25 2.5 1 1000 1000 500 100 100 100
MG 250 250 1 1 5 1 50 50 50 25
DMMB 250 10 1 1 10 10 25 25 1 1
AO 500 100 25 1 25 1 250 25 10 1
PF 250 10 25 2.5 100 2.5 100 10 50 5
‘Abbreviations as in Table 1.

oxygen production associated with several amino
acridines has, however, been investigated using 
spin-trapping [18]. That the cell kills observed in 
the current investigation (Table 2) do not mirror 
the singlet oxygen efficiencies measured in vitro 
therefore suggests that the variations in phototoxic
ity may be due, at least in part, to differences in 
cellular localisation. The log P values measured for 
the compounds showed that MB, TBO, MG and PF 
are hydrophilic (log P < 0) whilst AO and DMMB 
are lipophilic (log P > 0). Variation in log P would 
be expected to affect uptake and localisation, 
although from the current study, there was no ob
vious correlation between relative lipophilicity and 
activity (Table 2).

The reduction of phenothiazinium dyes by bacte
ria has been widely investigated and may well be an 
important factor in photosensitiser action. Thus, 
Benetto et al. reported the reduction kinetics of sev
eral of the photosensitisers used in the current work 
by E. coli, the respiratory chain of which is located 
in the plasma membrane of the cell. The salient com
pounds tested were MB, TBO and MG. The order of 
the rates of reduction was as follows: MG> 
MB >TBO (ratio of 2.5:2:1) [19]. Reduction of the 
phenothiazinium chromophores leads to the forma
tion of colourless neutral species, which are non-pho- 
tosensitising under the current test conditions. The 
reduction rates of MB and TBO by E. coli are thus 
reflected in the relative phototoxic MLCs for E. coli 
in the present work (Table 2). In the dark both TBO 
and MB have an MLC of 500 (iM, but on illumina
tion this drops to 25 pM for TBO and only to 100 
pM for MB (i.e., 20-fold and 5-fold increases in ac

tivity, respectively, see Table 2). MB and TBO have 
also been shown to be rapidly reduced by Bacillus 
species [20,21]. This would explain their low activities 
(MLC= 1000 pM) against B. cereus, MG was more 
dark toxic than MB (Table 2) but since MG exhib
ited little phototoxicity against any of the organisms 
tested, it is difficult to predict whether there was any 
effect due to bacterial reduction of the chromophore. 
In addition, MG showed no photocytotoxicity in 
mammalian cell culture studies [22]. Like MG, 
DMMB did not exhibit increased activity on illumi
nation against all strains. Indeed photoactivity was 
exhibited against Ps. aeruginosa only (Table 2). 
DMMB exhibited a far higher singlet oxygen gener
ating efficiency than the parent compound MB, thus 
the fact that no increase in antibacterial activity due 
to DMMB phototoxicity was seen in four out of five 
strains of bacteria is strange, since it appears to be

Table 3
Physicochemical properties of photosensitisers

Photosensitiser 4>Ab Log P°

MB 656 1.00 —0.10^
TBO 625 0.86 -0.21
MG 654 0.50 -0.28
DMMB 648 1.22 +1.01
AO 470 0 +1.40e
PF 440 0 -0.28

Abbreviations as in Table 1. 
a Measured in phosphate-buffered saline. 
bYield of singlet oxygen, relative to that of MB. 
cLogarithm of the 1-octanol/PBS partition coefficient. 
dCincotta et al. [25] give log P = 0.
*Cincotta et al. [25] give log /’ = +l,38.
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more intrinsically (dark) toxic than was MB (Table 
2). It may be that DMMB and indeed MG exert 
their antibacterial effects against parts of the cell 
which are less vulnerable to oxidative attack. If this 
is the case, the sites of action of DMMB and MG 
would also appear to be different to that of TBO 
since, in our hands, this was phototoxic.

In summary, the phenothiazinium photosensitisers 
employed in the present study exhibited equivalent 
or improved antibacterial activities compared with 
those of the antibacterial acridine photosensitisers 
PF and AO. In terms of the possible clinical appli
cation of the photodynamic bactericidal approach, 
the wavelengths of illumination of the aminoacridine 
photosensitisers overlap with those of endogenous 
porphyrins, which could lead to phototoxic side ef
fects in healthy cells [23], This is not the case with 
the phenothiaziniums. Additionally, recent work by 
Soukos et al. has shown that the toxicity of the phe
nothiazinium TBO is negligible in human oral kera- 
tinocytes and fibroblasts when used with 633 nm 
laser light at a dose which was lethal for Streptococ
cus sanguis [24]. Thus, the combination of phenothia
zinium photosensitisers and near-infrared light ob
viously has considerable potential for clinical 
utilisation, e.g., in the disinfection of burns or 
wounds. In addition, the rates of production of the 
cytotoxin singlet oxygen were far greater for the phe
nothiazinium photosensitisers tested here than for 
the acridines. This would mean shorter illumination 
times in vivo, again leading to lower toxicity in 
healthy cells. We believe that these results show 
that the phenothiazinium photosensitisers have clin
ical potential and that further investigation of their 
behaviour is merited.
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1. Introduction

Methicillm-resistant Staphylococcus aureus 
(MRSA) is now a major cause of nosocomial infec- 
tion [1], In view of the widespread occurrence of 
infection and the shortage of effective alternative 
lug regimens, there is growing concern about the 

imitations of therapeutic options, although most re- 
istant staphylococcal strains remain susceptible to 
16 S^Peptide antibiotics. However, recent clinical

* Corresponding author.
E-mail: M.Wainwright@UCLAN. ac.uk

reports of vancomycin-resistant S. aureus [2] have 
added to the already urgent need for the develop
ment of new antistaphylococcal agents and strat
egies.

One proposed strategy is to use photobactericidal 
agents - i.e. the combination of a photosensitiser, 
ight and in situ oxygen to generate toxic radical 

species in the bacterial environment [3], The uptake 
of dyes and stains by bacteria has long been used in 
their detection and several such dyes are inherently 
actencidal [4]. An early example, crystal violet - 

which is used in the differential Gram stain - 
was recently tested for the chemotherapy of MRSA
PJ.
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In a recent study concerning the photobactericidal 
activity of a series of aminoacridines against a range 
of bacteria [6] we reported that the strain of S. au
reus employed (NCTC 6571) was particularly suscep
tible. An investigation into the efficacy of the more 
powerful phenothiazinium photosensitisers against 
the same strains showed larger increases in bacteri
cidal activity on illumination (^100-fold) and under
lined the susceptibility of aureus to these agents
[7].

Although the exact mechanism of methiciilin re
sistance in S. aureus is not fully understood, it is 
associated with the increased expression of penicillin 
binding target protein 2a (PBP2a) [8], Since this pro
tein is unlikely to confer extra protection against 
oxidative damage, MRSA strains should retain sus
ceptibility to the photodynamic approach. In addi
tion, the site(s) of staphylococcal infection or colo
nisation may be accessible to topical treatment, e.g. 
in epidermal wounds or bums, oral or upper respi
ratory tract disease. Such presentation would allow 
the use of a topical therapeutic regimen such as the 
local application of a photosensitiser and its illumi
nation using an external light source. The present 
work is an assessment of the efficacy of the more 
active phenothiazinium photosensitisers against clin
ical isolates of S. aureus, MRSA and epidemic 
MRSA (EMRSA) strains.

2. Materials and methods

2.L Antibacterial agents

Methylene blue (MB), toluidine blue O (TBO), 
new methylene blue (NMB), dimethyl methylene 
blue (DMMB) and azure B (AB) were all purchased 
from Aldrich (Gillingham, UK). Recrystallisation 
from methanol containing hydrochloric acid gave 
compounds which were pure by thin layer chroma
tography and proton magnetic resonance spectros
copy. The methiciilin analogue flucloxacillin was 
purchased from Beecham Research, UK and vanco
mycin from Antigen Pharmaceuticals, UK. Measure
ment of the in vitro efficiency of singlet oxygen pro
duction by the photosensitisers and of their 
lipophilicities (log P) were carried out spectrophoto- 
metrically as detailed previously [7].

2.2. Light source

An Exal light box having a wavelength output of 
350-800 nm and giving a fluence rate of 1.7 mW 
cm-2 was used, the fluence being measured with a 
Skye SKP 200 light meter (Skye Instruments Ltd). A 
1 -h illumination period using this source thus gave a 
total light dose of 6.3 J cm-2.

2.3. Bacterial cell culture

The strains of S. aureus used were a standard, 
NCTC 6571, a hyper-penicillinase producing strain 
of MRSA (Public Health Laboratory Service, Cam
bridge, UK), strains of EMRSA-15 and EMRSA-16, 
and a wild strain of non-epidemic MRSA (Public 
Health Laboratory Service, Preston, UK). These 
were grown aerobically in Mueller-Hinton II Broth 
(Lab M, Bury, UK) at 37°C for 4 h.

Bacterial cultures were grown to an optical density 
equivalent to McFarland’s Standard No. 3 (109 cfu 
ml-1), and diluted to an approximate concentration 
of 106 cfu ml-1. This was confirmed as 106 cfu ml-1 
using a surface count on horse blood agar [9]. Dou
bling dilutions of each phenothiazinium, flucloxacil
lin or vancomycin (0-1000 jiM) were placed in 270- 
|il aliquots in flat-bottomed microtitre plates and 30 
(il of bacterial culture was added to each well. The 
microtitre trays were then incubated for 18 h at 
37°C, aerobically in the dark. From each well show
ing inhibition of growth, 1 (il was subcultured on 5% 
(v/v) defibrinated horse blood agar. These plates 
were incubated for 18 h at 37°C, aerobically. Mini
mum lethal drug concentrations (MLC) were deter
mined as the lowest concentration at which bacterial 
growth was not detected. The five organisms were 
tested against each of the photosensitisers or antibi
otics in duplicate and each experiment was replicated 
four times. Where any variability occurred, the ex
periments were repeated to ensure an absolute value 
for the cited MLC with n = 8.

To investigate the photosensitising effects of the 
phenothiaziniums, the above procedure was dupli
cated but after the addition of 30 p.! of bacterial 
culture to each well, a 1-h illumination of the cul
tures, both with and without photosensitisers, was 
carried out (total light dose = 6.3 J cm-2). The mi
crotitre trays were then incubated for 18 h at 37°C,
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Table 1
Chemical structures and physicochemical properties of photosensitisers

Log

LOO -0.10 
1.35 +1.20
1.22 +1.01 
0.86 -0.21

________—°-41 ”0.09
ftMeasured in phosphate buffered saline. ~ ~ ”—~-----------------
bYield of singlet oxygen, relative to that of methylene blue.
Logarithm of the 1-octanol/PBS partition coefficient.

New methylene blue (NMB) 
Dimethyl methylene blue (DMMB) 
Toluidine blue (TBO)
Azure B (AB)

n u iNMe2 hJMe2
H Me NHEt NHEt
Me H NMe2 NMe2
H H NMe2 NH2
H H NMe, NHMe

H H 656
Me H 630
H Me 648
Me H 625
H H 648

aeiobically in the dark and each well showing inhib
ition of growth was subcultured as above in order to 
determine the MLC for each compound.

3. Results

The phenothiazinium compounds used in the 
study are shown in Table 1. The compounds were 
selected to give a narrow range of maximum wave
lengths of light absorption (620-660 nm) due to close 
structural similarity, although they exhibited a range 
of efficiencies for the production of singlet oxygen in 
vitro (Table 1). In terms of hydrophilic/lipophilic 
characteristics, the compounds followed an order of

increasing ■ lipophilicity, TBO < NMB (Table 1). 
Thus TBO, MB and AB can be considered to be 
hydrophilic (log P<0) and DMMB and NMB to 
be lipophilic (log P > 0).

Bacterial samples which were incubated without 
photosensitisers exhibited normal growth with or 
without ..illumination, thus demonstrating that the 
light source alone had no cytotoxic effect at the light 
dose used in this study.

The phenothiazinium dyes DMMB and NMB 
were inherently bactericidal at low concentrations 
and indeed were comparable with flucloxacillin and 
vancomycin in this respect (Table 2). In the absence 
of illumination, although the phenothiaziniums were 
less effective against the MRSA strains than against

Table 2
Toxicity and phototoxicity of phenothiaziniums, flucloxacillin and 

Photosensitisera Minimum lethal concentration (pM)

Oxford S. aureus Cambridge MRSA

Dark Lightb Dark Light
MB 5 5 200 50
NMB 5 5 20 10
DMMB 2 1 20 5
TBO 40 20 100 50
AB 10 10 80 20
P'lucloxacillin 2 2 15.6 15.6
Vancomycin 2 2 4 4

vancomycin against S. aureus strains

EMRSA-15 

Dark Light

80 20
10 1.25
5 1.25

50 12.5
50 50
62.5 62.5
4 4

EMRSA-16

Dark Light

40 10
16 1
4 0,5

80 10
40 20
62.5 62.5

4 4
“Abbreviations as in Table 1.
bBacterial cultures (101 cfu ml-1) illuminated with a light fluence of 1.7 mW cm-2.

Preston MRSA

Dark Light

160 50
10 2.5

5 1.25
80 20
80 40
15,6 15.6
2 2
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the standard S. aureus, the decreases in activity were 
not as great as those for flucloxacillin. With the ex
ception of AB, on illumination, the activity of the 
phenothiaziniums increased typically fourfold but 
considerably more so in the case of DMMB and 
NMB. Indeed against the epidemic strains of 
MRSA these photosensitisers were lethal at a lower 
concentrations than that of vancomycin (Table 2).

4. Discussion

It is unlikely that expression of the binding protein 
PBP2a, which is involved in methicillin resistance, or 
the existence of hyper-penicillinase activity should 
result in an increased ability of the resistant S. aureus 
strains to deal with oxygen radical species. Since the 
organisms are facultative, enzymes such as superox
ide dismutase are present in non-MRSA strains to 
deal with environmentally occurring oxygen radicals 
[10]. There is no evidence to suggest that increased 
expression of these antioxidant enzymes occurs in 
MRSA and this is apparent from the results of the 
current study.

The five compounds employed in the present in
vestigation were selected to give a series of closely 
related structures (Table 1). One reason for this was 
to investigate the effect of structure on inherent anti
bacterial and photobactericidal activity. We recently 
reported the increased photosensitising efficiency of 
methylated derivatives of methylene blue in tumour 
cells in culture [11], The increased efficacy correlated 
well with in vitro chemical testing for singlet oxygen 
production by the derivatives (Table 1). In addition, 
both the greater resistance to reduction of the meth
ylated derivatives and their increased lipophilicities 
(higher log P) [11] may explain the greater activity 
of DMMB than that of the parent compound, MB. 
That DMMB is a lipophilic cation whereas the pa
rent compound is hydrophilic in nature, may lead to 
differences in cellular targeting. Also, the greater sin
glet oxygen production by the derivative (Table 1) 
should lead to more efficient cell killing on illumina
tion.

The remaining phenothiazinium compounds, 
NMB, TBO and AB, were selected as they have 
the facility of neutral quinoneimine formation. pH 
changes in the bacterial environment may promote

uptake of the neutral species (present in small con
centrations at neutral pH) with subsequent intracel
lular regeneration of the photoactive cation. AB is 
the mono-demethylated derivative of MB and the 
lower bactericidal MLC values for AB compared to 
the parent compound may indicate the involvement 
of the neutral quinoneimine. AB was generally the 
weakest photobactericide of the series, again reflect
ing the differences in photosensitising ability in vitro 
(Table 1).

In terms of the activities of the standard drugs 
against the present series of S. aureus, as expected, 
the MRSA strains were not susceptible to the methi
cillin analogue, flucloxacillin, but were sensitive to 
vancomycin at low concentrations (Table 2). Inter
estingly, the two most active phenothiaziniums, 
NMB and DMMB, were photoactive against the epi
demic strains of MRSA at lower concentrations than 
was vancomycin (NMB MLQjght = 1 JiM). In addi
tion, DMMB was active against EMRSA strains at 
comparable concentrations ( = 4 jiM) to that of van
comycin (Table 2).

There are no reports concerning the human toxic
ity of AB, NMB and DMMB. However, both MB 
and TBO are widely used, topically or intravenously, 
in surgical identification, typically as 1% aqueous 
solutions [12,13]. This is equivalent to drug concen
trations of 27 and 33 mM respectively. These con
centrations are far greater (>540 X) than the highest 
phototoxic MLC recorded in this study, which sug
gests the possibility of a wide therapeutic safety mar
gin. The risk of collateral damage would be further 
minimised in topical applications, e.g. in the local 
treatment of infected wounds. In addition, Soukos 
et al. have shown that the lethal photosensitisation 
of bacteria using TBO occurs at much lower light 
doses than those leading to human cell phototoxicity 
[14], again indicating that therapeutic differentials 
might be achieved.

In this study we have demonstrated the photobac
tericidal effects of phenothiaziniums against MRSA 
in vitro. We have also shown that two currently epi
demic strains of MRSA can be killed more efficiently 
(i.e. at lower drug concentrations) using phenothia
zinium photosensitisers than vancomycin. With the 
advent of vancomycin-resistant S. aureus we there
fore report these findings to raise the possible utility 
of the photodynamic approach, both for the treat-
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ment of MRSA infection and the control of its car 
riage.
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Photobactericidal activity of methylene blue derivatives against 

vancomycin-resistant Enterococcus spp.
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The toxicities and phototoxicities of methylene blue and its two methylated derivatives were 
measured against one standard and three vancomycin-resistant pathogenic strains of Entero
coccus spp. Each of the compounds was bactericidal and the derivatives exhibited photo- 
bactericidal activity on illumination at a Might’ dose of 6.3 J/cm2 against one or more of the strains. 
Increased bactericidal and photobactericidal activity in the methylated derivatives is thought to 
be due to their higher hydrophobicities allowing greater interaction with the bacterial cell wall. 
In addition, the derivatives exhibited higher inherent photosensitizing efficacies.

Introduction

The increasing problem of drug-resistant microbes is 
particularly important where there is impaired immune 
response, either as a consequence of immunosuppressant 
therapy or an immunodeficient syndrome. Major out
breaks of staphylococcal and enterococcal infection owing 
to strains resistant to a wide range of chemotherapeutic 
agents have been reported.1 Whilst vancomycin and the 
related glycopeptide antibiotic teicoplanin provide an 
effective option in the treatment of methicillin-resistant 
Staphylococcus aureus (MRSA), vancomycin-resistant 
strains of Enterococcus faecalis and Enterococcus faecium 
are now often a cause of nosocomial infection. Glyco
peptide resistance in enterococci is due to modification of 
the cell wall (VanA-VanE strains).1 Currently, although 
there are several chemotherapeutic alternatives available 
for the treatment of drug-resistant disease (e.g. oxazolid- 
inones2) the continued search for novel therapies is 
imperative.

Recently, we reported the antibacterial activity of a 
range of non-antibiotic cationic heterocyclics which 
showed increased activity upon low-power illumination.3,4 
This photobactericidal activity was apparent against a 
range of pathogenic bacteria including epidemic strains of 
MRSA.4 The present study is an extension of this work to 
clinically relevant strains of vancomycin-resistant E. fae
calis and E. faecium using the photosensitizer methylene 
blue and its two methylated derivatives.

Materials and methods

Photosensitizers

Methylene blue and 1,9-dimethyl methylene blue were 
purchased from Aldrich (Gillingham, UK) and were 
recrystallized from methanol containing hydrochloric acid 
to yield the hydrochloride salts. The preparation of 
1-methyl methylene blue was as reported previously.5

Light source

An Exal light box, giving a light fluence of 1.7 mW/cm2 
was used, the fluence being measured with a Skye SKP 
200 light meter (Skye Instruments Ltd, UK). A 1 h 
illumination period using this source thus gave a total 
light dose of 6.3 J/cm2. The output of the light source 
included a strong band at 650 nm as has been reported 
previously.4

Bacterial cell culture

Enterococcus spp. strains used were a standard, vancomycin- 
sensitive E. faecalis NCTC 775; a vancomycin-resistant 
VanB-strain of E. faecalis, 214801 and two vancomycin- 
resistant VanA strains of E. faecium, 1630 and 1658 
(Public Health Laboratory Service, Preston UK). These 
were grown aerobically in Brain Heart Infusion Broth 
(Difco Laboratories, UK) at 37°C overnight.

^Corresponding author. Tel: +44-1772-893534; Fax: +44-1772-892929; E-mail: m.wainwright@uclan.ac.uk
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Bacterial cultures were grown to an optical density 
equivalent to McFarland’s Standard No. 3 (10 cfu/mL), 
and diluted to an approximate concentration of 106 cfu/mL. 
This was confirmed as 106 cfu/mL using a surface count on 
horse blood agar.6 To establish approximate bactericidal 
concentrations, an initial range of doubling dilutions 
(0-1000 p.M) of each phenothiazinium was placed in 
270 p.L aliquots in flat-bottomed microtitre plates and 
30 p.L of bacterial culture added to each well. The micro- 
litre trays were then incubated for 18 h at 37°C, aerobically 
in the dark. From each well showing inhibition of growth,
1 was subcultured on 5% (v/v) defibrinated horse blood 
aear. These plates were incubated for 18 h at 37°C, aero
bically. Using this procedure with closer concentration 
ranges, minimum lethal drug concentrations (MLCs) were 
determined as the lowest concentration at which bacterial 
growth was not detected. The four organisms were tested 
against each of the photosensitizers in triplicate and each 
experiment was replicated three times.

To investigate the photosensitizing effects of the pheno- 
thiaziniums. the above procedure was duplicated but after 
the addition of 30 of bacterial culture to each well, a 1 h 
illumination of the cultures, both with and without photo
sensitizers, was carried out (total light dose = 6.3 J/cm ).

The microtitre trays were then incubated for 18 h at 37°C, 
aerobically in the dark and each well showing inhibition of 
growth was subcultured as above in order to determine the 
MLC for each compound.

Results and discussion
Against all strains employed in the current study, methyl
ene blue exhibited little activity and was not photobacteri- 
cidal (Table I). The methylated methylene blue derivatives 
were bactericidal against all strains and photobactericidal 
in all but two cases (Table I). The activity of the pheno- 
thiaziniums did not correlate with phenotype, suggestini 
that sites of action for the photosensitizers were unaffected 
by differences in cell wall morphology in the VanA oi 
VanB strains employed. Although on this small sample the 
difference in dark and light MLC rarely exceeded two-fold 
the differences were relevant and not due to experimenta 
variation, being completely reproducible.

Methylene blue and its mono- and dimethylated deriva 
lives were chosen for this study owing to the increases ii 
hydrophobicity and photosensitizing efficacy that resul 
from chromophoric methylation (Table II).5 In additior

Table I. Bactericidal and photobactericidal activity of methylene blue derivatives

MB MLC (ptM) MMB MLC (|xM) DMMB MLC (pM)

Strain dark light dark light dark light

E. faecalis NCTC 775 
E. faecalis 214801
E. faecium 1630 
£. faecium 1658

800 800
1000 1000

800 800
400 400

400
400
200

40

200
200

80
40

80
100

20
40

40
80
20
•8

MB. methylene blue; MMB. 1-methyl methylene blue; DMMB. 1.9-dtmethyl methylene blue; MLC. mtmmum lethal 

drug concentration.

Table II. Photosensitizer structures and physicochemical properties

R9 R*1
rY"'ifS

Me2Nx
cr

NMe2

R1 R9 ^■max (nm) Logi*

Methylene blue (MB)
1-Methyl methylene blue (MMB) 
1,9-Dimethyl methylene blue (DMMB)

H
Me
Me

H
H
Me

656
650
648

1.00
1.11
1.22

-0.10 
+0.7 
+ 1.0

“’Measured in methanol.
bSinglet oxygen yield based on MB = 1.00. w « s
“■Logarithm of the partition coefficient between 1-octanol and phosphate butter.
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methylation inhibits cellular reduction of the pheno- 
thiazinium chromophore to the leuco form which is colour
less and thus inactive in terms of photosensitization with 
long wavelength light.5 Against methicillin-resistant strains 
of S. aureus, methylated derivatives of methylene blue 
exhibited far greater activity than the parent compound.4

The increased hydrophobicities (LogP) of the methyl
ated phenothiaziniums (Table II) may have allowed 
greater partitioning into the cell wall. The strong binding of 
dimethyl methylene blue by the bacterial cell wall carbo
hydrate teichoic acid has been reported,7 as have the DNA- 
binding properties of methylene blue and dimethyl 
methylene blue.8 However, the generally low levels of 
photoactivation encountered (Table I) suggest less specific 
target sites-, e.g. cell wall rather than DNA. Given low 
target specificity, the photobactericidal activity of the 
phenothiaziniums correlated with measured singlet oxygen 
efficiencies (Table II).

While the use of photobactericidal agents against 
systemic disease is likely to be problematic, the disinfection 
of sites of drug-resistant infection such as burn wounds or 
colonized breathing tubes, drains, catheters, etc. offers 
some potential. Phenothiaziniums exhibit low mammalian 
toxicity, e.g. methylene blue is used routinely as a marker 
dye in surgery as a 1 % aqueous solution (=27 mM),9 and in 
recent photovirucidal work, dimethyl methylene blue was 
highly effective without collateral damage to red blood 
cells.8 In addition the closely related cationic dye crystal 
violet has been used topically against MRSA.10
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Phenothiazinium-based molecules exhibit phototoxicity 
against a broad range of bacteria. In general, these 
photosensitizers use several cellular uptake pathways, 
coupled to type II mechanisms of photo-oxidation, to 
inflict bacterial damage. These molecules show potential 
to act as novel alternatives to conventional antibiotics.

The emergence of drug-resistant pathogens has necessi
tated a search for new antimicrobial agents with novel 
mechanisms of action [1]. Several recent studies have 
focused on the antibacterial abilities of phenothiazinium- 
based photosensitizers (PhBPs), which have a core 
structure consisting of a planar tricyclic hetero aromatic 
ring system. Irradiation of these molecules with light at an 
appropriate wavelength leads to the formation of an 
electronically excited state that can induce photo-oxi
dative damage to membrane lipids, essential proteins, 
DNA and other cellular components, usually leading to 
bacterial cell death [21.

PhBPs: membrane targeting and Gram-negative bacteria
To date, investigations into the antibacterial activity of 
PhBPs have been limited to in vitro studies and the major 
PhBPs exhibiting such activity are shown in Table 1, along 
with the recently characterized pyronin Y (PYY). At 
physiological pH, these molecules are generally cationic 
(Fig. 1), giving them an inherent ability to target bacterial 
membranes [3], although in vitro assays have shown that 
most of them are lipophilic (log P > 0) (Table 1), which 
would support partitioning into the membrane environ
ment. These amphiphilic properties are important for 
interaction with the membrane, whether it is a target itself 
or is simply acting as a barrier to PhBPs with cytoplasmic 
targets. In the latter case, PhBPs clearly must be inter
nalized into the cell. The chemistry of some phenothiazi- 
niums has suggested that quinonemine species might be 
intermediates in PhBP uptake: new methylene blue (NMB), 
toluidine blue 0 (TBO), azure A (AA), azure B (AB) and azure 
C (AC), although cationic at neutral pH, tend to form the 
neutral quinonemine species at lower pH. Thus, the low pH 
of the membrane interface could lead to the formation of an 
inactive neutral species, promoting its cellular uptake, 
with the possibility of subsequent intracellular regener
ation of the cationic form of the photosensitizer [4].

When the PhBPs listed in Table 1 were irradiated, and 
their ability to destabilize membranes investigated, low

Corresponding author: David A. Phoenix (daphoenix@udan.ac.uk).

levels of haemolysis, bacteriolysis and interaction with 
model membranes were detected in all cases, suggesting 
that partitioning into lipid environments can occur [2], 
Previously, many photosensitizers had been found to be 
less effective against Gram-negative bacteria than Gram
positive bacteria, primarily owing to the outer membrane 
of Gram-negative bacteria. Lipopolysaccharide (LPS) is a 
major component of this membrane, and provides an 
additional barrier to molecules in the extracellular 
medium, thereby contributing to the multidrug resistance 
of many Gram-negative bacteria [1]. However, the 
inherent ability of PhBPs to partition into membranes, 
coupled with their ability to target the negatively charged 
outer membrane, appears to enhance their efficacy when 
directed against such bacteria [3], Indeed, recent results 
have suggested that TBO might be able to induce 
structural changes in LPS, thereby reducing its barrier 
function [5]. The major PhBPs exhibit photo-bactericidal 
activity, which is comparable between Gram-negative and 
Gram-positive organisms (Table 1). TBO, methylene blue 
(MB), NMB and dimethyl methylene blue (DMMB) are the 
best characterized of these PhBPs, and each shows high 
phototoxicity to a range of Gram-negative organisms, 
including Pseudomonas aeruginosa, Escherichia coli and 
Klebsiella pneumoniae [2,6—9]. Furthermore, illuminated 
NMB and DMMB were found to be highly effective against 
Yersina enterocolitica, a Gram-negative bacterium that 
colonizes red-blood-cell concentrates and is therefore 
problematic to blood transfusion services [10]. In addition, 
NMB caused high levels of photodamage to biofilms 
formed by Pseudomonas aeruginosa, whereas ampicillin 
showed no significant effect under similar conditions [11]. 
It had been suggested previously that the photodestruc
tion of medically significant biofilms, such as oral plaques, 
could be used in cases where bacterial multidrug resist
ance prevents the use of other therapies [8].

PhBPs: photo-oxidative mechanisms and multidrug 
resistance
Although the PhBPs listed in Table 1 can partition into 
membranes, this does not necessarily mean that mem
branes are a key target. Moreover, there is evidence that 
phenothiaziniums have multiple sites of action within 
particular bacterial cells, and that a given photosensitizer 
can show different sites of action between different 
bacterial species [4,8]. For example, although the photo
toxic action of TBO is directed against the cell envelope for 
some E. coli strains [12], recent studies have shown that
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Table 1. Properties of phenothiazinium-based photosensitizers
Photosensitizer8
MB DMMB NMB MMB TBO PYY AA AB AC NR

-0.1 1.01 1.2 0.7 -0.21 0.16 0.7 0.7 0.7 - 0.5

1.0 1.22 1.35 1.11 0.86 0.05 0.77 0.77 0.77 0.18
Minimum lethal concentration (h-m)
1 0.8 1.25 - 12.5 3.1 25 1Z.5 18.8 12.5

10 <0.5 1 - 10 - - 20 - -
_ 40 - 200 - - - “ “

8 __ 80 - - - -

100 0.5 7.8 - 7.8 15.6 250 125 123 15.6
- 20 0.5 - - -
25 10 - - 5 - **

Lipophilicity0 12,10]
Singlet oxygen yield (4>i)c (2,10]
Target organism 
Staphylococcus aureus [2,9]
Methicillin-resistant S. aureus (18) 
Vancomycin-resistant Enterococcus faecalis (16) 
Vancomycin-resistant Enterococcus faecium |16] 
Escherichia coli (2.9]
Yersina enterocolitica (10]
Pseudomonas aeruginosa |9]

"Abbreviations' AA. Azure A: AB. A,ure B: AC, A,ure C; DMMB. dimethyl methylene blue; MB, methylene blue; MMB, methyl methylene blue; NMB, new methylene blue; NF

neutral red: PYY, pyronin Y; TBO. toluidine blue O
bMeasured as the partition coefficient (log P) of a photosensitizer between water and n-octanol [19].
'Determined relative to the for MB. and measured by monitoring the decolourization of 1,3-diphenylisobenzofuran at 410 nm |19|.

TBO can inflict photodamage on both the cell envelope and 
the DNA of Porphyromonas gingivalis [13]. It is well 
established that the planar and cationic nature of PhBPs 
(Fig. 1) promotes intercalation with the nucleosides of 
DNA [3], and most of the major PhBPs appear able to 
damage DNA when incubated with bacteria under the 
conditions of a modified Comet assay (Fig. 1).

PhBPs can damage DNAvia two general mechanisms of 
photo-oxidation [4]. In type I mechanisms, photo-oxidation

is propagated through the generation of a range c 
oxygenated free-radical species [14], and PY\-mediate 
damage appears to occur via such a mechanism [2]. In typ 
II mechanisms, singlet oxygen (102) initiates photc 
oxidation [14], and recent studies have clearly show 
that 102 is able to photo-oxidize DNA intracellularly, wit 
preferential attack on guanosine leading to the formatio 
of 8-oxo-7,8-dihydro-2/-deoxyguanosine (8-oxodG) as tb 
major reaction product [15]. Subsequent mispairing i

(a) Dimethyl methylene blue (b) Pyronin Y
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8-oxodG with adenine causes G —* C transversions and a 
high frequency of mutations in replicated DNA, which 
usually leads rapidly to bacterial cell death [2], I?i vitro 
studies have shown that most of the major PhBPs are 
generally efficient producers of 102 (Table 1) and cause the 
formation of 8-oxodG via the photo-oxidation of DNA 
guanosines [2,8].

Based on these results, it has been suggested that 
type II photo-oxidation of DNA is one of the major 
ways by which these photosensitizers kill bacteria [2,4,8]. 
The high frequency of mutations induced by type II 
photo-oxidation supports the view that bacterial DNA 
is a target of PhBPs, with multiple, localized sites of 
action. Clearly, this offers an advantage over conven
tional antibiotics, which generally each attack a single 
specific bacterial target [2]. Moreover, given the ability 
of bacteria to acquire antibiotic resistance via a wide 
variety of mechanisms, and to accumulate these 
mechanisms [1], the relatively nonspecific nature of 
the antibacterial action of PhBPs shows potential for 
the treatment of multidrug-resistant pathogens. 
Indeed, it has already been demonstrated that 
DMMB and a related phenothiazinium, methyl meth
ylene blue (MMB), are highly phototoxic to vancomycin- 
resistant Enterococcus faecalis and Enterococcus 
faecium [16]. These Gram-positive organisms had 
been leading nosocomial pathogens, with intrinsic 
resistance to many conventional antibiotics and the 
ability to acquire resistance to novel antibiotics in pace 
with the introduction of these agents [17]. Moreover, 
other studies have shown that DMMB, NMB, TBO and 
MB are similarly phototoxic to epidemic strains of 
methicillin-resistant Staphylococcus aureus (MRSA), 
with DMMB and NMB demonstrating a higher efficacy 
than vancomycin [18].

Most recently, PYY has been shown to attack bacterial 
DNA (Fig, 1), apparently via type I mechanisms of 
photosensitization, and to exhibit a phototoxicity to 
£. aureus comparable to that of DMMB and NMB against 
MRSA [5] (Table 1). It might be that PYY has potential in 
the treatment of this pathogen.

Conclusions
Overall, these results show that PhBPs are often more 
efficacious than conventional antibiotics. Although not 
yet tested in vivo, PhBPs clearly have therapeutic 
potential as novel agents in the epidemiology of 
infections resulting from both Gram-negative and 
Gram-positive organisms. In addition to intrinsic 
physio chemical properties, extrinsic factors such as 
microbial morphology also appear to determine the 
sites of action of PhBPs. This lack of specificity in the 
site of antibacterial action contrasts with conventional 
antibiotics, and would seem to be advantageous in that 
the likelihood of bacterial strains emerging with 
acquired resistance to PhBPs is greatly reduced.

At a therapeutic level, PhBPs exhibit antibacterial 
efficacy at concentrations much lower than those of the 
phenothiaziniums already used in topical and intravenous

administrations [2]. This suggests t iBPs were
similarly administered at levels appropriate to antibacter
ial activity, the risk of side effects, such as skin 
photosensitization, would be minimized [4]. The light 
absorption characteristics of many PhBPs lie within the 
therapeutically useful window of 600-900 nm [2,8]. In 
combination, these properties suggest that PhBPs could 
find application in the treatment of a variety of localized 
bacterial infections, such as burn therapy [5]. An 
important advantage of such use is that it would help to 
relieve the selective pressures generated by the use of 
conventional antibiotics and, thus, would help us to avoid 
the emergence of bacterial resistance to these antibiotics.
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Summary ------------- --------------------------------------------------------------- ■
The antibacterial activities of Methylene Blue and several of its congeners

enterocolitis, a Gram-negative pathogen known to exhibit significant growth at 4°C and thus constituting a threat to red 
con-ntrates which are stored at this temperature. None of the 

denvatives was highly active in dark conditions, as expected, but on illumina- 
*amp emitting light in the waveband 615-645 nm, considerable

tWoT^1 ^Ct,V11*y W®s Potc<? usinS similar photosensitizer concentrations to 
those used elsewhere to inactivate blood-borne viruses. Two novel compounds

t^ .».rea’ 11,6 phenothiazinium New Methylene Blue N and the Dhenoxarini- 
th^nBH11tIhntfC+rifSyl f1?? ®x5ib?ed bactericidal activity at lower concentrations 
Blfio ri0th 5f+kle cstab.1l,shcd Ph®nothiazin*ums, Methylene Blue and Toluidine 
v» . . and the recently published blood photovirucidal agent 1,9-Dimethvl
pmsence of rcd °f theSe C0m'>0“nds was “"diminished in the

Key words: Blood, phenothiazinium, photobactericide, red blood cells 
Yerstma enterocolitica. *

INTRODUCTION

Pathogenic colonisation of donated blood 
represents an infective threat to recipients of 
transfused material 1. This problem has always 
been present, but became significant in terms 
of mortality in the general populace only with 
the advent of HIV infection. While conventional 
methods such as ultrafiltration and solvent-

© E.I.F.T. srl - Firenze

detergent treatment are effective against e.g, 
viral contaminants in plasma, their use in cell- 
containing blood fractions is limited due both to 
collateral (cellular) damage and to the inability 
of such agents to reach intracellular pathogens.

The use of photosensitizing compounds in 
the disinfection of blood and blood products 
has been investigated increasingly over the past 
decade as an alternative treatment which is
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aimed at addressing the problem of both extra- 
and intracellular pathogens. The basis of photo
dynamic action lies in the property of certain 
compounds to absorb ultraviolet or visible radia
tion and to utilise this energy via direct transfer 
or chemical reaction to produce reactive 
species. Localisation and illumination of the 
photosensitizer in the immediate environment 
of a pathogenic organism can therefore lead to 
reactive species production in situ and subse
quent cell death 2. Psoralen photochemothera
py relies on chemical reaction between the bio
logical target and the psoralen chromophore, 
with the formation of target-psoralen photo- 
products on illumination with ultraviolet light . 
Since the photodynamic approach is dependent 
on light absorption by the photosensitizer chro
mophore, endogenous absorption (by target 
cells and environment) therefore has a consid
erable influence on photosensitizer choice.

The problems associated with colonisation 
of the various blood fractions alluded to above 
can be circumvented using the photodynamic 
approach. Targeting of pathogens in plasma 
fractions is relatively straightforward due to the 
gross differences in'structure between plasma 
proteins and pathogenic cells. This means that 
targeting mechanisms such as nucleic acid 
intercalation by planar molecules (e.g. of viral 
DNA) may be employed. Collateral damage to 
the plasma proteins (clotting factors etc.) arises 
due to binding of the photosensitizer to certain 
protein regions - for example, of lipophilic pho
tosensitizer molecules to lipid-rich regions - and 
this may be negated by careful attention to the 
hydrophilic-lipophilic balance in the initial 
choice of the photosensitizer employed. Plasma 
fractions are mainly transparent in the region 
300-800 nm, thus both long wavelength ultra
violet and visible light-absorbing photosensitiz- 
ers can exert an effect in such presentations.

With both platelet (thrombocyte) and red 
blood cell concentrates, the problem is made 
more complex due to the cellular nature of the 
fractions. Not only is it more difficult to locate 
and inactivate intracellular pathogens but collat
eral damage, e.g. to the cell membrane, can 
lead to loss of function and/or cell lysis, while 
lower non-critical, levels of damage can lead to 
allergic reaction by the recipient post-transfu
sion. However, the absence of cellular nucleic 
acid allows the use of intercalating photosensi
tizers for the inactivation, especially, of viral

contaminants. Again, consideration of endoge
nous light absorption shows that while platelet 
concentrates have little long-wave ultraviolet or 

. visible absorption, red blood cells, which con- 
tain significant levels of haem pigments, exhibit 
a wide range of absorption wavelengths which 
overlaps that of the psoralens and several other 
photosensitizer types, such, as the porphyrins.
In the case of red blood cells therefore, putative 
photosensitizers should absorb light significantly 
at wavelengths above 600 nm.

Several different chemical types of photo
sensitizer have been examined with respect to 
blood and blood product decontamination. 
These include porphyrins and chlorines 4( , 
phthalocyanines*, and cyanines as well as 
various ultraviolet-absorbing psoralen denvatives
8. Much of the research in this area sprang 
from the related anti-cancer and anti-psoriatic 
regimens of photodynamic therapy (PDT) and 
photochemotherapy (PCT) respectively, and 
this is die reason for the concentration on por
phyrin derivatives by many workers in the area
9, However, the rationale behind a great deal of 
blood disinfection research is based on the viral 
intercalation of nucleic acid by the phenoth- 
iazinium photosensitizer Methylene Blue (MB), 
and on the fact that this and several closely- 
related compounds have been known since the 
1930s to photosensitize viruses and bacterio
phages 1CU1. The use of MB in blood disinfec
tion was actually first suggested in 1956 but 
was not introduced until the late 1980s in
Central Europe 1Z. , . ,

In addition, the main thrust of photodynam
ic research in blood disinfection has been 
aimed at viral contaminants 13, although photo
sensitizer efficacy against targets such as try
panosomes and plasmodial parasites has also 
been reported 14*15. Bacterial sepsis as a result 
of blood transfusion is less common, but can
not be dismissed, e.g. the colonisation of 
platelet concentrates by Gram-positive organ
isms 16 and of red blood cell concentrates, par
ticularly by the Gram-negative rod Yersinia 
enterocolitica 17, due to its significant growth 
at 4°C. It is important that a treatment used to 
eradicate possible viral contamination would 
also destroy pathogenic bacteria 18.

In recent work we have reported the signifi
cant activity of photosensitizers based on the 
phenothiazinium chromophore as photobacteri- 
cidal agents, in particular against Gram-positive
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organisms 19. The highly toxic nature of the 
reactive oxygen species, particularly singlet oxy
gen, produced on illumination of these photo
sensitizers ensures rapid cell killing, and the 
novel mode of action allows activity against 
multi drug-resistant species such as methicillin- 
resistant Staphylococcus aureus 20 and van- 
comyin-resistant Enterococcus faecalis 21 as 
well as strains susceptible to conventional 
antibiotics.

Among the phenothiazinium photosensitiz
ers (Figure 1), there are several examples of 
biological stains, Methylene Blue (MB) and 
Toluidine Blue O (TBO) being the best known 
of these. MB and TBO are also established clin
ical ^stains, being used both topically and intra
venously at 1% w/v (aqueous) levels for tumour 
delifieation 22tZ3. Other biological stains in this 
series include 1,9-Dimethyl Methylene Blue 
(Tailor’s Blue, DMMB Figure 1) and New 
Me|hylene Blue (NMB, Figure 1); Brilliant 
Crdsyl Blue (BOB, Figure 1) is a phenoxazini- 
uni'.stain of very similar chemical structure to 
TBO ifFigure 1). DMMB, NMB and BOB have 
eacfylbeen used in haematologicai staining, the 
latfdt/itwo extensively so since 1917 24. With 
the/ijexeeption of BOB, these compounds have 
bemused in the previous work by the authors 
coneeifoing Gram-positive organisms, with 

and NMB being the most effective 
20'21. In work by other groups 

||'^Wagner et al.), DMMB was shown to 
Inmost effective phenothiazinium photo- 

Jr in both intra- and extracellular virus 
in red blood cell concentrates 25.

The current work represents an extension 
of the previous photosensitization studies and 
combines the most efficacious photosensitizers 
- MB, TBO, DMMB, NMB - and the previously 
untried BOB in an investigation into their pho
tobactericidal activity against the Gram-negative 
red blood cell contaminant, Yfersinia enterocol- 
itica. Compound selection was based not only 
on previous performance, but also on the basis 
of their use as red cell stains, since this indi
cates selectivity, an important factor in the 
future development of an agent having intracel
lular photovirucidal activity.

MATERIALS AND METHODS 

Photosensitizers
Methylene Blue, Toluidine Blue 0, Dimethyl 

Methylene Blue, New Methylene Blue and 
Brilliant Cresyl Blue were purchased from 
Aldrich (Gillingham, UK) and were recrystallised 
from methanol to ensure chromatographic puri
ty before use. Photosensitizer solutions were 
made up in distilled water at a base concentra
tion of 400 pM. The singlet oxygen trap, 1,3- 
diphenylisobenzofuran (DPIBF) and methanol 
(spectrophotometric grade) were also purchased 
from Aldrich, and were used without further 
purification.

Light sources
For the photobactericidal “range-finding” 

experiments, a light box (Exal X-Ray

^ 'X' — ^R3
IpCheirricai structures of the photosensitizers: ^maximum wavelength of absorption; bsinglet oxygen yield rela-
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Accessories Ltdt UK) containing a 15 W “day
light” fluorescent tube (G.E. Lighting, UK) was 
employed. The light box delivered a fluence of 
1.75 mW cm'2 of white light, thus a 1-hour illu
mination period was equivalent to 6.3 J cm'2.

For the petri dish photobactericidal work, 
the light source employed was a Paterson 
Lamp {Phototherapeutics*Ltd, Manchester, UK). 
This is a filtered short-arc lamp giving an out
put of 600 mW in a narrow band between 
615-645 nm, ideal for the phenothiazinium 
photosensitizers. Using petri dishes of 4.5 cm 
diameter, an illumination period of 167 s was 
equivalent to 6.3 J cm'2, i.e. equal to that in 
the light box experiments.

Singlet oxygen testing
The quenching action of 1,3-diphenyl- 

isobenzofuran (DPIBF) was used to test for the 
presence of singlet oxygen. Since DPIBF 
absorbs visible light at a wavelength of 410 nm 
in methanol and the products of the- quenching 
reaction absorb at 290 nm, it is possible to fol
low the reaction spectrophotometrically and 
thus to calculate the rates of photooxidation of 
the starting material when mixed with equal 
concentrations of the various photosensitizers 
and illuminated. The half-life of DPIBF, i.e. the 
time taken for the absorbance at 410 nm to 
decrease to 50% of its initial value, was mea
sured for each of the photosensitizers to give a 
ranking order of singlet oxygen yield in vitro.

Bactericidal / photobactericidal testing
The bacterial strain used in the study was Y. 

enterocolitica (NCTC 10460). This was main
tained throughout the study on CIN plates. 
Bacteria were incubated in 5 ml of Mueller- 
Hinton II broth (Lab M, Bury, UK) in an incu
bator at 37°C for 4 h, giving approximately 
108 colony forming units ml'1 (cfu ml'1). 
Dilution with nutrient broth was carried out to. 
give a light and a heavy inoculum of 104 and 
106 cfu ml'1 respectively, total viable counts 
being carried out by plating out onto defibrinat- 
ed 5% (v/v).horse blood agar.

For the range-finding experiments 170 pi of 
photosensitizer solution (at 400 pM) was pipet
ted into the first row of a 96-well microtitre 
plate (Sterilin, UK) and stepwise dilutions made, 
giving a range (after addition of the microor

ganism) of 200 pM-200 nM; blank controls (no 
photosensitizer) were included. Light or heavy 
inocula of Y. enterocolitica (30 n!) were then 
added to the microtitre plate. The plate was 
then either foil covered (for “dark” experi
ments) or left uncovered for illumination, placed 
on the Exal light box and illuminated for 1 h. 
The wells were grown on for 24 h and growth 
or non-growth determined visually. Organisms 
were plated out at this stage to determine 
whether the effect was bacteriostatic or bacteri
cidal.

The most effective compounds at this stage 
(DMMB, NMB and BCB) were tested further 
using doubling dilutions in 4.5 cm petri dishes 
and using the Paterson lamp as the light 
source. 4 ml of compound and 444 pi of the 
light inoculum were mixed in a Petri dish to 
give a range of concentrations, 32-0.25 pM. 
Illumination was carried out for 167 s as out
lined above and the dish grown on and tested 
as above. For each photosensitizer repeat 
experiments were carried out to give n>6.

Photobactericidal action in the presence of 
red blood cells (RBCs)

The previous experiment was also carried 
out, for DMMB, NMB and BCB only (including 
blank controls), adding 10 ml of whole blood 
(post expiry date, Dept of Haematology, Royal 
Preston Hospital) and an inoculum of 10z 
organisms ml'1. For each photosensitizer repeat 
experiments were carried out to give n>6.

RESULTS AND DISCUSSION

The phenothiazinium compounds, MB, 
TBO and DMMB, exhibited a weak antibacteri
al effect against the heavy inoculum (106 cfu) of 
Y. enterocolitica (Table 1). This effect was not 
improved on illumination using an Exal light 
box and an illumination time of 1 h (Table 1). 
New Methylene Blue exhibited a considerable 
increase in activity on illumination, whereas the 
phenoxazinium BCB was bactericidal at low 
concentration (32 pM), but showed no pho
toactivation. Low levels of inherent (i.e. 
antibacterial) activity were expected against Y. 
enterocolitica, being in-line with activity levels 
of cationic phenothiazine derivatives against 
Gram-negative organisms such as Pseudo-
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Table 1 - Antibacterial and photobactericidal effects (light dose == 6.3 J cm2) of the photosensitizes against 
Yersinia enterocolitica using a light or heavy inoculum in culture or a light inoculum in red blood cells.

Light
inoculum

Dark

(104 cfu)

Light

MBC
Heavy

inoculum
Dark

GiM)
(106 cfu)

Light

Light
inoculum

Dark

(102 cfu) 
in RBCs 

Light

MB

•oCM 20* 1 200* 200* ' -

TBO 20* 20* 200* 200* - -

DMMB 200 20 200* 200* 200 20

NMB 16 0.5 200 32 16 0.5

BCB 16 16 32 32 16 16

* bacteriostatic effect

monas aeruginosa reported by the authors in 
earlier work 19. No antibacterial effect was 
observed in the illuminated controls containing 
no photosensitizer.

Using a lighter inoculum level {104 cfu), 
each of the compounds exhibited a significant 
increase in activity, MB, TBO and NMB being 
active at less than one-tenth of the earlier 
respective concentrations (Table 1). Both NMB 
and BCB were bactericidal at 16 fiM. DMMB 
alone did not exhibit an increase in activity 
against the lighter inoculum. On illumination 
both DMMB and NMB were photobactericidal, 
DMMB showing a tenfold increase in activity, 
NMB thirty two-fold. Again, BCB did not 
exhibit any photoactivation (Table 1).

When the more active compounds (DMMB, 
NMB and BCB) were tested against a lighter 
inoculum (102 cfu) of Y. enterocolitica in the 
presence of RBCs it was found that the mini
mum photobactericidal concentrations were the 
same as those against the light inoculum (104 
cfu) in media (Table 1). This may indicate some 
binding of the photosensitizers to the RBC 
membranes or cellular uptake, as expected cer
tainly for DMMB since this is known to be 
active against intracellular pathogens. However, 
the photobactericidal effect of NMB was much 
higher than that of DMMB (0.5 fiM compared 
to 20 jiM). BCB again showed no photoactiva
tion.

Noticeably, the action of both MB and TBO 
(and DMMB in the heavy inoculum experi
ments) was bacteriostatic in nature, rather than 
bactericidal. This is possibly due to a lack of 
critical targeting within the bacteria, although 
the lack of photoactivation in these cases sug

gests that the photosensitizers may have been 
reduced to the corresponding leuco-form, thus 
causing a loss of photosensitizing potential. It is 
known that the phenoxazinium chromophore is 
less easily reduced in the cellular milieu than its 
phenothiazinium counterpart 26. This would 
explain the higher “dark” activity of BCB 
(Table 1).

In this study, a photobactericidal effect was 
observed only for Dimethyl Methylene Blue and 
New Methylene Blue. This is borne out by the 
data from the testing of singlet oxygen produc
tion efficiency of the compounds, in uitro, the 
order being NMB > DMMB > MB > TBO »> 
BCB (Figure 2). The high activity and lack of 
photobactericidal activity of BCB may be 
explained by a consideration of its chemical 
structure.

Figure 1 shows the structure of BCB to be 
very similar to that of TBO, differing only in 
the size of the amino group in position 7 - 
diethylamino in BCB instead of dimethylamino 
in TBO - and in the heteroatom at position 5 - 
oxygen instead of sulfur. The latter difference is 
the more important since this has a greater 
effect on the electronic properties of the chro
mophore. The presence of the ring oxygen 
atom rather than -sulfur means that the pho- 
toexcited BCB is less stable than its sulfur-con
taining counterpart, and thus remains photoex- 
cited for a significantly shorter period. 
Consequently, transfer of the excitational ener
gy to oxygen (to produce singlet oxygen) is less 
likely than in the phenothiaziniums where the 
heavier sulfur atom endows greater stabilisation 
to the excited state molecule (thus the “heavy 
atom effect"9).
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The presence of the ring oxygen also 
means that the phenoxaziniiim chromophore is 
less easy to reduce than is the phenothiazinium 
analogue. This has been shown for the corre
sponding benzo[a)phenoxazinium and 
benzo[a]phenothiazinium systems in mam
malian cell lines 27. Although the exact mode of 
action of BCB is unclear, it may be nucleic acid 
active (similarly to the phendxazone, actino- 
mycin D). However, in order to intercalate into 
the nucleic acid, the ring structure must remain 
planar. Reduction of the chromophore would 
thus inhibit intercalation.

In terms of the light source employed for 
the illumination, it was found that the Paterson 
lamp - originally designed for the photodynam
ic therapy of cancer - having an output of 600 
mW could be used very effectively in photobac- 
teriddal action. Thus the above-mentioned pho- 
tobactericidal effects observed with NMB and 
DMMB were brought about using the same 
light dose as the earlier light box experiments. 
However, the time required for photobacterici- 
dal action using the Paterson lamp was only a 
fraction of that using the light box - 167 sec
onds compared to 1 hour. Effective photobac- 
teriddal action in a far shorter time is obviously 
attractive in terms of minimising collateral 
effects on red blood cells and of manufacturing 
throughput.

Red light alone has also been shown to alter 
red cell morphology, but only at high light 
doses (>100 J cm-2) compared to those used in 
the present work 28. In terms of photosensitiz
ers, previous work 29 has shown that although 
MB is itself an effective photoantiviral agent 
against extracellular pathogens in red blood cell 
concentrates, it also causes red cell alterations 
at the cell surface level due to the hydrophilic 
character of MB. Similarly, the hydrophilic 
TBO has also been reported to cause haemoly
sis, although the effects for both MB and TBO 
were reportedly minor (<10% haemolysis in 
rabbit erythrocytes) at low white light doses of 
approximately 5 J cm'2 30. More recently, intra
cellular virus eradication in red blood cells was 
carried out using Dimethyl Methylene Blue at a 
white tight dose of 13.5 J cm'2 - i.e. over twice 
that employed in the present study - over a 
period of 0.75 h. The resulting red cell proper
ties were reportedly minimally altered during 6 
weeks subsequent storage 31.

The authors and others have established

already that Gram-positive bacteria can be 
killed by phenothiazinium photosensitizers 19' 
21,32-34 in addition, the photoinactivation of 
viruses by this class of photosensitizer in 
platelet concentrates has also been demonstrat
ed 3S, and the use of MB virus-inactivated plas
ma has been recently recommended 36. Thus 
the use of phenothiaziniums as photobacteri
cides in platelet concentrates is also indicated. 
That bactericidal effects have been demonstrat
ed in the present study against the Gram-nega
tive pathogen Y! enterocolitica under similar 
conditions to those used in recent work on 
photovirucidal agents 31 suggests that the disin
fection of red blood cell concentrates may also 
be feasible using this method. In addition, given 
the high photobactericidal activity of New 
Methylene Blue, both against Gram-positive 
organisms 20 and in the present work against 
Y. enterocolitica, the investigation of NMB 
activity against viruses is strongly recommend
ed.
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A Pseudomonas aeruginosa biofilm was produced in a model 
system using the bacterial strain NCIMB 8295, grown on 
silicone tubing (bore size 0.75 cm). Destruction of tire 
biofilm was attempted using either ampicillin or a 
combination of white light (light dose = 7.2Jem-2) and 
the phenothiazinium photosensitiser new methylene blue, 
and damage, both to extra-cellular polymeric substance 
(EPS) and to the organism, was monitored. It was found that 
although little damage to the EPS occurred with ampicillin, 
NMB caused both cell death and breakdown of the EPS, 
suggesting the use of photodynamic antimicrobial che
motherapy (PACT) in the disinfection of pathogenic 
biofilms, e.g. at external catheter surfaces.

Keywords: biofilm; new methylene blue; phenothiazinium; 
photosensitiser; Pseudomonas aeruginosa

INTRODUCTION

Blofilms are complex, diverse bacterial communities 
encapsulated in extracellular polymeric substance 
(EPS), a matrix of polysaccharides which allows 
attachment to surfaces such as those typically 
presented by, for example, prostheses and indwel
ling catheters. Encapsulating EPS may account for 
up to 95% of the biofilm and contribute to the altered 
chemotherapeutic susceptibility of the organisms 
contained therein compared to the planktonic form 
(Costerton et ah, 1995). In addition, the close 
proximity of cells in the biofilm allows altered 
growth rates, plasmid interchange and the pro
motion of drug-resistance characteristics throughout 
the population (Morton et al, 1998).

Although the matrix may offer physical protection 
against chemotherapeutic agents to a high percentage 
of the cells, the polysaccharide network constituting 
the EPS matrix typically contains a network of 
channels (diameter ^ 0.3 |xm) allowing the passage 
of nutrients and oxygen (Costerton et al, 1995; Morton 
et al, 1998), Such channels should also allow the 
passage of chemotherapeutic agents to the cells, with 
concomitant bactericidal effects. However, there is no 
mechanism by which conventional agents such as the 
penicillins or fluoroquinolones can cause damage to 
the matrix, so, although limited cell death may result, 
the matrix remains as a site for further colonisation by 
the remaining or other opportunistic pathogens.

As biofilms are of great importance in terms of 
hospital-associated morbidity and mortality, it is 
essential that methods of prevention and destruction 
in situ are developed. Currently, these are based on 
the use of biocide or biodispersant treatments for the 
surfaces of, for example, medical devices and 
implants. However, an approach which destroys 
EPS and is also bactericidal would be highly 
attractive.

As part of an ongoing project investigating the 
biomedical utility of photosensitising compounds, 
the testing of methylene blue derivatives (MBDs) as 
photobactericides has proved their utility both as 
broad-spectrum antibacterials (Wainwright et al, 
1997) and also their high efficacies against drug- 
resistant organisms such as methicillin-resistant 
Staphylococcus aureus (Wainwright et al, 1998) and
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vancomycin-resistant enterococci (Wainwright et al, 
1999). Because of the non-specific mode of action of 
the photosensitisers in terms of photobactericidal 
action (the generation of reactive oxygen species on 
illumination leads to rapid, highly localised oxi
dative reactions and thus to bactericidal events) it is 
logical to expect that the MBDs would also damage 
EPS via oxidation, affecting biofilm stability. Such 
photobactericidal/matrix-damaging activity is emi
nently desirable in the management of biofilm 
colonisation.

The current work deals with the use of new 
methylene blue (NMB) as a photobactericidal agent 
against Pseudomonas aeruginosa-associated biofilms in 
vitro.

MATERIALS AND METHODS

New methylene blue (NMB) was purchased from 
Aldrich (Gillingham, UK) and was recrystallised 
from methanol to chromatographic purity before 
use. A stock solution of sterile NMB was made up at 
a concentration of ImM. Ampicillin (Sigma, UK) 
was employed at a concentration of 2.5 mg ml (= 
6.73 mM).

Bacterial Culture
Cultures of Pseudomonas aeruginosa (NCIMB 8295) 
which had been grown overnight in nutrient broth 
(Lab M, Bury, UK) at 37°C in an orbital incubator 
(Gallenkamp, UK), were used throughout the 
experimental work. The cultures were prepared 
when required from nutrient agar slopes stored at 
4°C.

The broth cultures were used to inoculate a low- 
nutrient adhesion medium (detailed below) con
tained in a closed model system designed to produce 
a biofilm of P. aeruginosa on the inner surface of 
silicone tubing. Determination of cfu concentration 
was carried out prior to inoculation and during 
toxicity testing via serial dilution in Ringers solution 
(Oxoid) and spread plating onto nutrient agar plates.

The medium for biofilm formation was made up 
as follows: casamino acid (0.1 gl 1), yeast extract 
(0.1 gl-1), MgS04-2H20 (0.2gl-1), FeS04-7H20

(0.5mgl-1), Na2HP04, anhydrous (1.25 gl 1), 
KH2P04 (0.5gl"1), lactose (25mgl 1).

Light Source
Low energy incoherent light was provided by a bank 
of fluorescent lights, providing illumination with a 
maximum emission of 600-700 nm and a light 
fluence of 4mWcm"2. Fluence measurements were 
carried out using a Skye SKP200 light meter (Skye 
Instruments, UK).

Biofilm Formation
Silicone tubing (1 m, bore size = 0.75 cm) was fitted 
into a peristaltic pump (Watson Marlow, UK) and 
positioned to allow circulation of the adhesion 
medium. The medium (200 ml), inoculated with a 1 
in 200 dilution of the P. aeruginosa suspension as 
detailed above, was kept at 37 C in a temperature- 
controlled water bath. A continuous circulation was 
maintained for periods of 1 and 6 weeks. Post 
incubation, the tubing was purged with 500 ml of 

deionised water, dissected into 1 cm lengths 
and stored in Ringer's solution in the dark at 4°C. 
Bacteria from the inner tubing surface were extracted 
using alginate swabs. The swabs and tubing were 
placed in 9 ml of Ringer's, vortexed (Fisher Brand, 
UK) at full speed for 30 s, sonicated for 5 min, 
vortexed again for 30 s, then serially diluted to 10 
and spread plates produced for enumeration.

Biocidal Activity
Lots of twenty lengths of tubing'were randomly 
selected and given one of the following treatments: 
no treatment, NMB only, light only, NMB + light, 
ampicillin. In each case enumeration was carried out 
as above. For the NMB treatments, the tubing was 
incubated with NMB solution (ImM) for 5min at 
room temperature and then removed and either foil 
wrapped for a period of 0.5 h and enumerated or 
light treated. This treatment involved sectioning the 
tubing and laying it flat between two sterile 
microscope slides, before illumination for a period 
of 0.5h, at a light dose of 7.2Jem"2. Light only 
samples were illuminated in the same way.

TABLE I Antibacterial effects of NMB and ampicillin on 168 or IQOSh biofilms associated with P. mvgmo* (NCIMB 8295|

Count 168 h 
Biofilm

(log10cfu)a
Media

Untreated 
Light onlyb 
NMBC
NMB + Light 
Ampicillin3

4.40
3.65
3.90
1.90

zero
2.30
2.70
0.95

*Mean of 20 experiments (n = 20); SE was > 5% in all cases; blight dose - 7.2 J cm

Count 1008 h (logic cfu)
Biofilm Media

6.46 zer0

3.77 0-95
6.56 6.35

CNMB concentration = ImM; dampiciUin concentration = 6.73mM
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Ampicillin treatment was carried out in the same 
way as NMB only treatment, using ampicillin at a 
concentration of 2,5 mg ml”1 (= 6.73 mM).

RESULTS AND DISCUSSION

The system described was found to promote an 
effective growth of P. aeruginosa biofilm, producing 
approximately 10scfuml“1 (planktonic) and 
10 cfu cm-2 (sessile) organisms in the adhesion 
media after 6 weeks, and this was sufficient to 
investigate biocidal activity.

Light treatment of the 168h biofilm (7.2Jem”2) 
was found to cause a drop in the cfu count of 0.5 log10 
(Table I) which may be surprising until it is recalled 
that P. aeruginosa produces the pigment pyocyanin. 
This is a compound of the phenazine series, related 
to the known photosensitiser neutral red, and would 
be expected to cause limited photodamage. NMB, 
the intended photobactericide, was also found to kill 
bacteria without light, as shown by a decrease in the 
cfu count of 0.75 log10 (Table I), which is in agreement 
with earlier findings by the authors for compounds 
of the phenothiazinium series (Wainwright et ah, 
1997). Both of these sets of data are in comparison to 
normal growth in the no-treatment control.

The series of samples treated with 1 mM NMB and 
light showed a significant decrease in viability, a 
decrease of 2.71og10 in comparison to the controls 
over both time periods (Table I). Ampicillin at 
approximately seven times greater concentration 
was shown to have no detrimental effect on growth 
over the longer time period used (1008 h).

To ensure that this effect was not responsible for 
the observed decrease in cfu upon extraction of the 
biofilm, i.e. that bacteria had not been released into 
the medium during treatment, the cfu count within 
the circulating medium was evaluated. The 
NMB/dark and light only controls were found to 
contain 2.7 and 2.31ogi0cfu respectively after 0.5 h 
incubation. The NMB/light treated sample showed 
0.95 logic cfu, compared to 6.35 logic cfu for ampicil- 
lin, again emphasising the high efficacy of NMB as a

photobactericide, especially in aqueous media, as 
previously reported (Wainwright et al, 1998).

It was also obvious that the biofilm was physically 
much more easily detached in the case of NMB- 
treated samples (i.e. in comparison to the controls), 
which could imply that the photobactericidal effect 
was augmented by deleterious effects on the EPS. 
The light dose used in the current work was very low 
(7.2Jem-2) in comparison to other workers who 
have used more selective laser light (Wilson, 1993). In 
addition, the authors have shown in earlier work that 
the cell-killing efficacy of NMB is increased 
considerably at higher light doses (Rice et al, 2000).

The results presented in the current work are 
indicative of a positive effect in the use of a 
photobactericidal compound, compared to a stan
dard antibiotic, against a biofilm model. It is 
significant that the photobactericide also appeared 
to cause breakdown of the EPS, since in practice this 
would negate much of the threat posed by the 
biofilm.
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Abstract

Phenothiazinium dyes, and derivatives, were tested for toxicity to Escherichia coli and Staphylococcus aureus. The dyes were generally 
lipophilic (log P > 1) and showed inherent dark toxicity (minimum lethal concentrations: 3.1-1000 pM). Dye illumination (total light dose 
of 3.15 J cm-1 over 30 min) led to up to eight-fold reductions in minimum lethal concentrations. Most of the illuminated dyes showed 
significant relative singlet oxygen yields 0.18-1.35) suggesting a type II mechanism of generating a phototoxic response. Although 
generally up to six-fold more effective against S. aureus, the dyes tested efficiently killed E, coli and may be of particular use in combating 
Gram-negative pathogens.
© 2003 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Antibiotic therapy effectively began with the introduc
tion of penicillin in the early 1940s. Within two years, 
pathogenic bacterial strains resistant to the drug were dis
covered and a cyclic phenomenon was established: as 
quickly as new antibiotics were introduced, bacteria resis
tant to that antibiotic emerged [1]. Currently, the epidemi
ology of infections diseases is in crisis due to the emer
gence of bacterial strains with multiple resistance to many 
conventional antibiotics [2] and there is an urgent need for 
new antibiotics with novel mechanisms of action [3]. In 
response, a number of studies have investigated the anti
bacterial properties of photosensitisers [4], a class of mol
ecules with well-established therapeutic use in the photo
dynamic treatment of oncological conditions and other 
disorders [5-8]

The underlying strategy in the therapeutic use of photo
sensitisers is the induction of phototoxicity at selected tar
get sites. Cellular uptake of the photosensitiser is followed

* Corresponding author. Tel,: +44 (1772) 893481;
Fax: +44 (1772) 894981.

E-mail address: daphoenix@uclan.ac.uk (D.A. Phoenix).

by irradiation with light at a wavelength appropriate for 
that photosensitiser [4,9]. Light absorption by the photo
sensitiser, which is generally an aromatic molecule, can 
then lead to an electronically excited state, whereby the 
molecule may pass its excitational energy onto other mol
ecules by two major mechanisms [7,10]. Type I mecha
nisms involve hydrogen abstraction or electron transfer 
between the excited photosensitiser and nearby biomole
cules, yielding oxygenated free radicals, whilst type II 
mechanisms involve energy transfer between the excited 
photosensitiser and molecular oxygen, yielding singlet oxy
gen, 1 Oo [11,12]. The products of both mechanisms are 
highly reactive species and are able to initiate further mo
lecular interactions with a variety of outcomes, which are 
detrimental to the cell, including: the loss of membrane 
integrity through lipid peroxidation [13]; the inactivation 
of essential enzymes via protein cross-linking [14]; and 
mutagenic effects due to DNA modification [15]. The rel
atively non-specific nature of these mechanisms of action 
makes the emergence of acquired bacterial resistance un
likely, and therefore, photosensitisers are attractive prop
ositions as alternatives to conventional antibiotics.

A variety of photosensitisers have been shown to pos
sess antibacterial properties with much research focusing 
on porphyrins and phthalocyanins [4,16,17]. However, 
whilst the majority of these photosensitisers have been

0928-8244/03/$22.00 © 2003 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved, 
doi: 10.1016/80928-8244(03)00173-1
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effective against Gram-positive bacteria, many have exhib
ited low efficacy against Gram-negative bacteria, primarily 
resulting from the barrier posed by the negatively charged 
outer membrane of these latter organisms [18,19]. There 
has been an emergence of pathogenic Gram-negative or
ganisms with multiple resistance to many conventional 
antibiotics [4] and this has prompted a number of novel 
approaches to the photo-inactivation of these organisms. 
These approaches include: the administration of mem- 
brane-permeabilising agents in conjunction with photosen- 
sitisers [20.21], stimulating the endogenous synthesis of 
bacterial porphyrins [22,23] and the use of photosensi- 
tisers, chemically modified to possess a positive charge, 
thus targeting the outer membrane [24].

Phenothiaziniums are a class of positively charged, ar
omatic photosensitising molecules and several compounds 
based on the phenothiazinium chromophore have been 
shown to possess antibacterial properties [4,25-27]. Here, 
we have tested a range of phenothiaziniums, and structur
ally related analogues, for bactericidal activity against Es
cherichia coli and Staphylococcus aureus. Our results 
showed these compounds to be generally efficient pro
ducers of singlet oxygen and phototoxic to both organ
isms. We have proposed that these compounds may pro
vide therapeutically useful, antibacterial agents, which find 
particular application in combating Gram-negative patho
gens.

2. Materials and methods

2.1. Photosensitisers

1-Octanol and 1,3-diphenylisobenzofuran (DPIBF), new 
methylene blue (NMB) and dimethyl methylene blue 
(DMMB) were purchased from Aldrich (UK). Azure A 
(AA), azure C (AC), azure B (AB), toluidine blue O 
(TBO), brilliant crystal blue (BCB), pyronin Y (PYY), 
and neutral red (NR) were purchased from Sigma (UK). 
Each photosensitiser was stored as an aqueous stock so
lution (1 mM) at 4°C.

Table 1
The minimum lethal concentrations of dyes

Dye Minimum lethal concentration (jiM)

E. coli

Dark Light Dark to light ratio

DMMB 3.9 0.5 7.8
NMB 62.5 7.8 8.0
TBO 62.5 7.8 8.0
BCB 125 125 1.0
PYY 125 15.6 8.0
AB 250 125 2.0
AC 250 125 2.0
AA 250 250 1.0
NR 1000 15.6 64.1

2.2. Dye lipophilicity and photosensitivity

The lipophilicities of the photosensitisers were calcu
lated as log P, the logarithm of their partition coefficients 
between phosphate-buffered saline ((NaQ, 8.0 g l-1; KC1, 
0.2 g T1; Na2HP04) 1.4 g l-1; KH2P04, 0.2 g T1; pH 7) 
and 1-bctanol. These data were calculated using the stan
dard spectrophotometric method of Pooler and Valenzo 
[28]. Maximal dye absorption (^W) in the visible range, 
500-700 nm, was determined using a Lambda 25 UV/Vis 
scanning spectrophotometer (Perkin-Elmer). The photo- 
sensitising efficiency of dyes was measured as their relative 
singlet oxygen yields (d^), by monitoring the decolourisa- 
tion of DPIBF in methanol at 410 nm according to Cin- 
cotta et al. [29]. Values of were calculated according 
to Wainwright et al. [30] relative to = 1 for methylene 
blue.

2.3. Bacterial strains and growth conditions

E. coli (NCIMB 11668) and S. aureus (NCIMB 6751) 
were each grown aerobically in liquid culture (nutrient 
broth; Lab M No. 2) using a Gallenkamp orbital incuba
tor at 37°C. Each strain was grown for approximately 18 h 
until in late exponential phase (OD4io-0.7), which corre
sponded to a final cell concentration of 1013 cfu ml-1. For 
toxicity testing, cells from these cultures were harvested, 
washed in phosphate buffer (10 mM, pH 7) and resus
pended in fresh nutrient broth to give a final cell concen
tration of 104 cfu ml-1.

2.4. Toxicity testing

Toxicity tests were conducted as 10-fold replicates using 
300-|il flat-bottom 96-well micro-titre plates. Fresh cell 
suspensions of either S. aureus or E. coli in nutrient broth 
were prepared as described above. These suspensions were 
then used to prepare two-fold dilution series of each of the 
dyes shown in Table 1 with final dye concentrations vary
ing from 0 mM to 1 mM. Aliquots (200 p.1) of these mix
tures were then added to the wells of micro-titre plates and

S. aureus

Dark Light Dark to light ratio

3.1 0.8 3.9
10 1.25 8.0
50 12.5 4.0
40 40 1.0
50 3.1 16.1
50 12.5 4.0
75 18.8 4.0

100 25 4.0
50 12.5 4.0
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placed in a light box for 30 min. The light box had a 
fluence rate of 1.7 mW cm-2 as measured with a Skye 
SKP 200 meter (Skye Instruments Ltd) with 30 min of 
illumination giving a total light dose of 3,15 J cm-2. After 
this 30-min period, all samples were placed in an orbital 
incubator (18 h, 37°C), 10-pl aliquots of the resulting cul
tures were streaked onto sterile nutrient agar (Lab M) 
plates and these plates incubated at ?>TC for 18 h. After 
incubation, tested agar plates were examined for bacterial 
growth and the lowest concentration at which no colonies 
were observed was taken as the minimum lethal concen
tration (MLC) of a given photosenshiser.

3. Results

The MLCs of DMMB, NMB, TBO, BCB, PYY, AA, 
AB, AC and NR were determined when directed against 
E, coli and S. aureus, under conditions of illumination and 
non-illumination (Table 1). Control experiments showed 
that in the absence of photosensitisers, illumination alone 
had no antibacterial effects on either organism.

Under conditions of non-illumination the dyes tested 
showed MLC values across the pM range of concentra
tions, indicating significant levels of inherent toxicity to 
both E. coli and S. aureus. DMMB possessed the highest 
levels of such toxicity with an MLC of 3.9 (iM when 
directed against E. coli, and an MLC of 3.1 (iM when 
directed against S. aureus. This contrasts with NR, which 
showed the lowest dye toxicity observed with an inherent 
MLC of 1000 pM against E. coli. AA was the least toxic 
dye to S. aureus, with an MLC of 100 pM, DMMB and 
TBO showed comparable toxicity towards E. coli and 
S. aureus but for the remaining dyes tested, S. aureus 
was the more susceptible organism with MLCs generally 
up to six-fold lower than those shown against E. coli.

Upon illumination, DMMB, NMB, TBO, AA, AB, AC 
and NR each showed significant levels of photosensitising 
efficiency with relative singlet oxygen yields, &'A, ranging 
from 0.18 to 1.35 (Table 2). Moreover, with both E. coli 
and S. aureus as target organisms, the MLCs of these 
illuminated dyes were generally up to eight-fold lower 
than the corresponding inherent MLCs (Table 1) and in

combination, these results clearly show these dyes to ex
hibit phototoxicity to the organisms tested. PYY and BCB 
each showed low 3>'a values (0.05 and 0.03, respectively) 
but whereas the illumination of PYY led to cell death for 
both E. coli and S. aureus, BCB., showed no change in 
toxicity towards either organism (Table 1).

DMMB was found to be the most phototoxic dye tested 
with an MLC of 0.5 pM when directed against E. coli and 
an MLC of 0.8 pM when directed against S. aureus. This 
contrasts with AB and AC, which showed the lowest pho
totoxicities against E. coli, each exhibiting an MLC of 125 
pM, whilst PYY showed the lowest illuminated toxicity to 
S. aureus with an MLC of 3.1 pM. Paralleling their inher
ent toxicity to the organisms tested, DMMB and TBO 
showed comparable efficacy against E. coli and S. aureus 
when illuminated. However, for the remaining dyes tested, 
S. aureus was the more susceptible organism to dye action 
with MLCs up to 10 times lower than those shown against 
E. coli.

4. Discussion

In general the dyes tested here showed phototoxicity to 
both E. coli and S. aureus, although there were clear var
iations in their antibacterial properties. DMMB, NMB, 
TBO, AB, AC and NR were phototoxic to both bacterial 
strains tested and the general ability of these dyes to pro
duce singlet oxygen (d>'A, ranging from 0.18 to 1.35 Table 
2), suggests that type II mechanisms of photosensitisa
tion could play an important role in their mechanisms 
of action. Similar observations can be made for AA 
(3>'a = 0.77; Table 2) when directed against S. aureus but 
the dye showed no phototoxicity towards E. coli (Table 1), 
implying a lack of uptake or targeting with this latter 
organism. Although BCB showed inherent toxicity to 
E. coli and S. aureus with MLCs of 100 pM and 40 pM, 
respectively, no change in either MLC was observed upon 
illumination of the dye (Table 1). The dye showed low 
relative singlet oxygen yield (#^ = 0.03) and it would ap
pear that BCB shows no phototoxicity to the bacterial 
strains tested under our experimental conditions. In con
trast, whilst PYY showed minimal levels of singlet oxygen

Table 2
Physical and chemical properties of dyes

Dye Lipophilicity (log P) Relative singlet oxygen yield (&'{,} Maximal absorption in the range 500-700 nm (2maN)
DMMB +1.01 1.22 648
NMB + 1.2 1.35 630
TBO -0.21 0.86 625
BCB +0.55 0.03 625
PYY +0.16 0.05 546
AB +0.7 0.77 647
AC +0.7 0.77 605
AA +0.7 0.77 623
NR -0.5 0.18 536
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Azure A Azure B

Azure C Brilliant Cresyl Blue

Toluidine Blue O New Methylene Blue

H,C. ^CH,

CH,

Dimethyl Methylene Blue
Fig. 1. Structures of the nine phenothiaziniums examined here. It can be seen that the core structure of each is a tricyclic heteroaromatic ring system. 
These molecules are generally planar and cationic, structural characteristics that can promote both intercalation with DNA and partitioning into bacte
rial membranes [25].

yield with <P\ = 0.05, the dye appeared to show phototox
icity towards both E. coli and S. aureus. Indeed, when 
illuminated PYY was directed against this latter organism, 
the dye’s inherent MLC of 50 pM was reduced 16-fold. 
This corresponds to one of the strongest inductions of 
phototoxicity observed, implying concentration of the 
dye at a site of susceptibility and/or activation via binding 
to key biomolecules [4] and could indicate a type I mech
anism of antibacterial action.

The phenothiaziniums are planar aromatic molecules 
(Fig. 1) that have been shown to intercalate with DNA 
and partition into membrane lipid, and are able to induce 
photodamage at each location [4,27,28]. Clearly, this sug
gests that to exert their antimicrobial action, the dyes 
tested here could either target the membrane and/or pass 
through the membrane to attack intracellular targets. For 
example, DMMB and NMB each showed high phototox
icity to the organisms tested (Table 1) and high lipophil- 
icity (log /*= 1.01 and 1.2 respectively; Table 2). Previous

studies have shown that under physiologically relevant 
conditions, DMMB tends to exist in a cationic form. 
Clearly, the positively charged nature of DMMB would 
favour membrane targeting and binding whilst its struc
tural amphiphilicity is known to favour membrane parti
tioning and membrane accumulation [3]. It has previously 
been reported that DMMB binds strongly to teichoic acid 
of the bacterial cell wall [31]. In contrast to DMMB, NME 
is predominantly cationic at neutral pH but tends to forrr 
a neutral quinonemine species at lower pH. Thus, as sug' 
gested by other authors [25] the low pH of the membram 
interface could lead to the formation of neutral NMI 
species, promoting their cellular uptake with the possibil 
ity of subsequent intracellular regeneration of cationii 
NMB. AA, AB, AC and TBO also possess the facility o 
quinonemine formation [25]. However, whilst AA, AB anc 
AC are lipophilic (each with log P - 0.7), TBO is hydro 
philic (log P= —0.21; Table 2) and studies on other E. col 
strains have reported the phototoxic action of TBO to b
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directed against the cell envelope [32]. It would appear 
that the hydrophilic/hydrophobic characteristics of the 
dyes examined play an important role in determining their 
cellular localisation and hence, their sites of antibacterial 
action.

The dyes examined clearly showed a generally increased 
efficacy in both their inherent toxicity and phototoxicity to 
S. aureus when compared to E. coll These results are 
consistent with previous studies and it is well established 
that the additional layer of protection provided by the 
outer membrane of Gram-negative bacteria is generally 
able to hinder the uptake of photosensitising molecules 
and to intercept photo-generated reactive species [18,19]. 
Nonetheless, our results clearly show the dyes tested to be 
highly effective against E. coli, many strains of which are 
emerging as pathogens, virtually untreatable by conven
tional antibiotics. It has recently been reported that 
DMMB and a related phenothiazinium, methyl methylene 
blue, are effective against pathogenic enterococci with van
comycin resistance [33] and based on the data presented 
here, we suggest that the dyes examined may find applica
tion as novel agents for combating Gram-negative patho
gens. In relation to therapeutic use, our results showed the 
dyes tested to kill E. coli and 5, aureus at micromolar 
concentrations, levels much lower than those used in the 
topical and intravenous administration of a number of 
phenothiazinium compounds [34,35]. Taken with the fact 
that their Aimix (Table 2) generally lies within the window 
of 600-900 nm used for the treatment of human condi
tions [36], we suggest that the dyes tested here show the 
potential to act as alternatives to conventional antibiotics 
and could be especially useful in the phototherapy of lo
calised bacterial infections, burn injuries for example 
[37,38],
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Abstract

The ability of phenothiazinium-based photosensitizers to induce photodamage to 
Escherichia coli membranes is investigated. Phenothiazinium-based photosensiti
zers were found to be somewhat lipophilic (log P > 0.7) and to induce surface- 
pressure changes (3-12 mNm-1) in lipid monolayers mimetic of bacterial 
membranes, implying that these molecules are able to penetrate biological 
membranes. Under dark and light conditions (3.15Jem-1 for 30min), phe
nothiazinium-based photosensitizers were incubated with £. coli cells. These cells 
showed levels of dark bacteriolysis that ranged between 6% and 13%, with light 
conditions leading to no significant increase in these levels. Gas chromatography- 
based analyses showed such incubations to produce no significant changes in the 
levels of Ci6 and Ci8 fatty acid chain saturation found in E. coli whole lipid- 
extracts. It is concluded that the phenothiazinium-based photosensitizers studied 
may not use E. coli membranes as their primary photodynamic target, but may 
inflict photodamage on cytoplasmic targets, possibly DNA.

Introduction
Over the last 5 years, research has shown- that compounds 
based on the phenothiazinum chromophore are promising 
candidates for use as photodynamic antimicrobial agents 
and novel alternatives to conventional antibiotics (Tuite & 
Kelly, 1993; Phoenix et al., 2003a; Wainwright, 2004, 1998). 
Methylene Blue (MB) is generally accepted as the prototype 
of phenothiazinium-based photosensitizers (PhBPs) (Wain
wright fit Crossley, 2002) and, interestingly, was the first 
synthetic antimicrobial compound to be reported (Gutt- 
mann fit Ehrlich, 1891), A number of PhBPs have now been 
synthesized, and generally these are cationic molecules with 
a core structure composed of a planar tricyclic aromatic ring 
system (Fig. 1), which functions as the chromophore of 
these compounds (Wainwright St Giddens, 2003). In most 
cases, these structural characteristics endow PhBPs with 
properties highly suited for photodynamic antimicrobial 
chemotherapy; the majority of PhBPs absorb at therapeuti
cally acceptable wavelengths and are efficient producers of 
an excited triplet state. Most PhBPs exhibit significant 
singlet oxygen yields, and thus possess the potential to inflict 
microbial photodamage (Phoenix et at, 2003a, b; Wain- 
wnght, 2004), and exhibit antimicrobial efficacy at concen-
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trations suitable for topical and intravenous administration 
(Harris et at, 2003).

The positive charge and planarity of PhBPs allows them 
to intercalate efficiently with DNA. Indeed, much earlier 
work focused on the ability of PhBPs to bind nucleic acids, 
and it was believed that the antibacterial phototoxicity of 
these dyes was directed against DNA (Tuite & Kelly, 1993). 
Today, although DNA is recognized as one of the major 
targets of PhBPs in both Gram-negative and Gram-positive 
bacteria (Jacob, 1975; Menezes et al., 1990; Harris fit 
Phoenix, 2003), membranes are also known to be targets 
(Wakayama et al, 1980; Bhatti et al, 1998; Komeric et al, 
2000). Recently, a number of novel PhBPs have been shown 
to be highly phototoxic to Escherichia coli (Phoenix et al, 
2003), hut their site(s) of action are as yet undetermined. 
Several recent studies have suggested that E. coli membranes 
may be a primary target for photosensitizing dyes (Schafer 
et al, 1998, 2000), and this possibility is considered in the 
present study. The photodynamic ability of PhBPs (Table 1) 
to induce the lysis of E. coli strain BL12/pGEX-T2, which 
overproduces the cytoplasmic biomarker glutathione trans
ferase, is investigated. Bacteriolysis is measured by spectro- 
photometrically monitoring the reaction of the lyrically 
released biomarker enzyme with the substrate analogue

FEMS Immunol Med Microbiol 46 (2006) 124-130
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the chromophore, which is the oxidized hetero
aromatic ring system, and its penpheral modifi
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The former gives PhBPs their light absorption^ 
emission and photosensitizing properties, 
whereas the latter are important to the physical 
properties of these dyes, such as Gpophiiidty 
and solubility, which affect both the distribution 
and uptake of PhBPs (Wainwright & Giddens, 
2003).
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l-chloro-2,4-dinitrobenzene. Also investigated is the photo
dynamic ability of PhBPs to induce changes in levels of C16 
and Cn acyl-chain saturation found in whole-lipid extracts

Table 1. Lipid interactive properties of phenothiazinium-based photo
sensitizers (PhBPs)

PhBP

Lipophilicity Lipid monolayer studies

Log P
Concentration of 
PhBP (mM)

Monolayer 
surface-pressure 
changes (mN m ’)

AA 0.7 250 3
AB 0.7 250 4
AC 0.7 250 3
BCB 0.55 125 8
NR 0.16 1000 4
PYY -0.5 125 12
TBO -0.21 62.5 4
NMB 1.2 62.5 4
DMMB 1.01 1.0 12

The lipophHicity of PhBPs and the surface-pressure changes induced in 
DOPE/DOPG monolayers by these dyes were determined as described in 
the text. The concentrations of PhBPs used in monolayer studies 
corresponded to their illuminated MLCs when directed against Escher
ichia coli, as described by Phoenix ef al. (2003).

of E. coli strain HB101. Such chemical changes can be 
induced by lipid peroxidation, a major mechanism of 
photodynamic membrane attack utilized by photosensiti
zers. In addition, the ability of PhBPs to interact with lipid 
monolayers formed from dioleoyl phosphatidylglycerol and 
dioleoyl phosphatidylethanolamine (30:70 molar ratio), 
which are mimetic of bacterial membranes, is studied.

Materials and methods

Reagents
Azure A (AA), Azure B (AB), Azure C (AC), Brilliant 
Creosyl Blue (BCB), Neutral Red (NR), Pyronin Y (PYY), 
Toluidine Blue O (TBO), New Methylene Blue (NMB), and 
Dimethylmethylene Blue (DMMB) were purchased from 
Sigma (Dorset, UK) and were stored as aqueous 10mM 
(w/v) stock solutions. Glutathione-S-transferase from 
equine liver (G6511) and all other reagents were also 
purchased from Sigma, unless otherwise stated. Stock 
10 mM phosphate buffers (140mM NaCl, 2.7 mM KC1, 
10 mM NajHPO*, 1.8 mM KH2P02) at pH 6.5 and pH 7, 
respectively, were prepared and stored at 4 °C.
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Light adsorption characteristics of PhBPs
For each of the PhBPs described above, the wavelength of 
maximum absorbance (?imax) within the range 500-750 nm 
was obtained from Harris et oL (2004) and taken to be that 
wavelength which would be optimal for photo-activation of 
the parent dyes. To provide light that covered the range of 
these X-max wavelengths, samples were incubated under a 
bank of fluorescent lights, which provided low-energy in
coherent light with a maximum emission of 700 nm and a 
fluence rate of 1.7mW cm-2, as measured with a Skye SKP 
200 meter (Skye Instruments, Powys, UK). Under these con
ditions, 30 min of illumination gave a total light dose of 
3.151cm-2, with no significant changes in temperature 
observed.

Bacterial strains and growth conditions

The E. colt strains HB101 (A(gpt-proA) 62 leuB6 thi-1 lacYl 
hsdSs 20 recA rp sL20 ($£) ara-14 galK2 xyl-5 mtl-1 supE44 
mcrBB) and BL21 (Fj, ompT, hsdS (rB)(tnB), dent) were 
supphed by Pharmacia (Surrey, UK). Following the suppli
er’s instructions, E. colt BL21 was transformed with plasmid 
pGEX-T2, which over-expresses glutathione-S-transferase 
(GST). Protein expression from this plasmid is under the 
control of the tac promoter, which is induced by the 
presence of the lactose analogue isopropyl fl-D-thiogalacto- 
side (IPTG). Overnight cultures of each organism were 
grown in Nutrient broth (Lab M, No2, Amersham Bios
ciences Ltd, Bucks, UK) and used to inoculate fresh Nutrient 
broth (1:200 dilution), which in the case of BL21/pGEX-T2 
was supplemented with ampicillin (100 pg mL ~x) and IPTG 
(final concentration 1 mM). These cultures were then grown 
until an optical density of 0.6 at 660 nm was reached.

The bacteriolytic ability of PhBPs

Cultures of E. call BL21/pGEX-T2 were grown as described 
above, and aliquots of this culture (700 pL) were used to 
dilute each of the PhBPs separately, such that the final dye 
concentration corresponded to its minimum lethal concen
tration (MLC) when directed against E. coli (Table 1; 
Phoenix et al., 2003b). As a control, cultures of E. coli 
BL21/pGEX-T2 with no PhBPs present were similarly pre
pared. With agitation, all samples were then incubated 
under dark and light conditions for 30 min as described 
above. Samples were then centrifuged (15860g, 3 min), and 
the supernatants retained for GST assay.

Glutathione-S-transferase assay

For the purposes of the present study, bacteriolysis was 
taken to mean that the integrity of the bacterial membrane 
had been compromised as evidenced by detection of a

Fig. 2. The levels of bacteriolysis induced by phenothiazinium-based 
photosensitizers (PhBPs) when incubated with cells of Escherichia coli 
BL12/pGEX-T2, under both light (□) and dark (■) conditions, all as 
described in the text. The levels of PhBPs are those shown in Table 1, and 
levels of bacteriolysis are expressed as the mean of ten determinations, 
with error bars representing the standard error of the mean.

cytoplasmic GST biomarker protein using an adaptation of 
the glutathione-S-transferase (GST) assay developed by 
Habig & lakoby (1981a,b). A series of GST assay mixtures 
were prepared by the addition of 880 pL of deionized water 
to 100 pL of 10 mM phosphate buffer (pH 6.5), 10 pL of 
100 mM l-chloro-2,4-dinitrobenzene (CDNB) in ethanol, 
and 10 pL of glutathione (100-mM reduced glutathione in 
deionized water). To these GST assay mixtures were added 
aliquots (lOpL) of the supernatants retained from the 
incubation of BL21/pGEX-T2 with PhBPs described above, 
and GST activity was monitored as the change in absorption 
at 340 nm. For controls, this protocol was followed except 
that PhBPs were substituted with either deionized water or 
Triton X-100 (0.1%, v/v). Samples that had been incubated 
with Triton X-100 (0.1%, v/v) gave rise to an absorbance of 
0.9 at 340 nm under our assay conditions, with no further 
significant changes in absorption observed after 30 min, and 
this was taken as 100% bacteriolysis. The levels of bacter
iolysis of all other samples were determined as the percen
tage bacteriolysis relative to this standard (Fig. 2).

To investigate the possible photo-inactivation of the assay by 
PhBPs, a series of GST assay mixtures was prepared as 
described above. To each of these mixtures was added 10 pL 
of 10 mM phosphate buffer (pH 6.5) containing GST with 1 
unit of activity, which was defined as that amount of enzyme 
needed to produce an absorbance of 0.9 at 340 nm after 30 min 
under our assay conditions. To a series of these mixtures was 
then added 10 pi of an aqueous solution of either DMMB, 
NMB, TBO, AA, AB, AC, NR, BCB or PYY (Table 1), such that 
the final concentration of the PhBPs corresponded to their 
MLCs. These samples were then incubated under either light 
or dark conditions as described above, and changes in absor
bance at 340 nm were determined after 30 min.

Escherichia coli membrane lipid extraction

Cultures of E. coli FIB 101 were grown as described above and 
aliquots of this culture (10 mL) were used to dilute each of
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Fig* 3* The ratio of saturated to unsaturated 
fatty acids for C,6 fatty acids (a) and C1B fatty 

acids (b) for Escherichia cob membrane lipid that 
had been incubated with phenothiazinium-based 
photosensitizers (PhBPs) under both light (□) and 
dark (■) conditions, all as described in the text. 
The levels of PhBPs are those shown in Table 1, 
and levels of bacteriolysis are expressed as the 
mean of eight determinations, with error bars 

representing the standard error of the mean
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the PhBPs separately such that the final dye concentration 
corresponded to the dye MLC (Table 1). As a control, 
cultures of E. colt HB101 with no PhBPs present were 
similarly prepared With agitation, all these samples were 
then incubated under both dark and light conditions, 
respectively, for 30 min as described above. Samples were 
then centrifuged (15860g, 3 min) and each one re-sus
pended in 1 mL of sterile deionized water. These 1-mL 
samples were gently shaken and transferred into methylating 
tubes (Merck, West Drayton, UK) containing 3mL of 
methanol previously heated in a sample concentrator 
(Techne DB-3 series with Dri-Block) to 70 °C Each methy
lating tube was then sealed, heated at 70 nC for 30 min, and 
then cooled to room temperature. To each of the cooled 
tubes, 6 mL of chloroform was added, which led to the 
development of two phases. A total of 1 ml of 5% (w/v) 
NaCl was then carefully added to each tube in order to 
maintain the integrity of the two phases. The chloroform 
layer was removed from each tube, transferred to a clean 
methylating tube, blown dry with nitrogen gas, and imme
diately used for lipid methylation.

Escherichia cd/i membrane lipid methylation

To each of the samples prepared as above for methylation, 
2 mL of 2.5% (v/v) H2SO4 in anhydrous methanol was 
added. These mixtures were heated for 2h at 190:5C and 
then cooled to room temperature. To each cooled sample, 
5 mL of 5% (w/v) NaCl was then added, followed by 2.5 mL 
of petroleum ether. Each sample was then rigorously agi
tated for approximately 2 min, leading to the formation of

two layers. The petroleum ether layer was extracted and 
analysed by gas chromatography using a Perkin Elmer 
Autosystem Gas Chromatograph. This gas chromatography 
(GC) system used nitrogen as a carrier gas and contained an 
SGE column, which had a length of 25 m (bpx5) and an 
internal diameter of 0.255 mm at 50 aC, and was equipped 
with an auto-sampler. The GC system was programmed to 
detect a series of specific fatty acids using the mass-spectro
photometer (MS) library option of software supplied by the 
manufacturer (Turbomass version 4.1.1; 1998). These fatty 
acids were palmitic add (C16, saturated), palmitoleic add 
(C16, unsaturated), stearic add (Qs, saturated) and cis- 
vaccenic add (Cm, unsaturated). Two solvent washes of the 
column were performed using petroleum ether, and the 
basdine was set at zero using this solvent Aliquots of sample 
(1.0 pL) were run on the column for 15 min at 1.56 pts 
sec , and the levels of fatty adds detected were quantified 
by integration of the area under their peaks on the output 
chromatogram. These areas were expressed as a percentage 
of the total peak area of the chromatogram, and the mean of 
10 determinations used to express the relative levels of fatty 
adds identified. For each sample analysed, the ratio of levels 
of saturated:unsaturated fatty adds for C16 fatty adds and 
Cm fatty adds was determined and recorded (Fig. 3).

The lipid monolayer interactions of PhBPs

Monolayer studies were conducted using Langmuir-Blod- 
gett equipment (NIMA Technology, Coventry, UK) with a 
Teflon trough with surface area dimensions of 5 x 5 cm2 and
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holding a volume of 10 mL. For all monolayer studies, 
MilliQ-grade water was used. Monolayers were formed by 
spreading chloroform solutions of DOPG/DOPE 
(30:70 molar ratio) onto a 10 mM phosphate buffer sub
phase (pH 7) to give an initial surface pressure of 
30 mN m which is generally taken to represent the sur
face pressure of a bacterial membrane (Demel, 1974; Maget- 
Dana, 1999). A lipid monolayer that showed no significant 
change in surface pressure for 20 min was taken to be stable. 
PhBPs were individually introduced into the subphase via 
an injection port such that the final dye concentration 
corresponded to the dye MLC (Table 1). The subphase was 
continuously stirred with a magnetic bar, and surface 
tension was monitored by tire Wilhelmy method using a 
paper plate and a microbalance. Changes in dye—monolayer 
interactions were monitored as graphic output on a PC 
using N1MA software, which interfaced with the Lang- 
muir-Blodgett microbalance, and were recorded as changes 
in monolayer surface pressure (Table 1).

The lipophilicity of PhBPs
The lipophilicity of PhBPs was determined as log P, which is 
the logarithm of tire partition coefficient between phosphate 
buffer and 1-octanol for a given dye (Pooler & Valcmo, 
1979). Essentially, dyes were individually solubilized in 
10 mM phosphate buffer (pH 7) to give a final concentration 
of 10 pM, and in each case the wavelength of maximum 
absorbance (^max) in the range 400—800 nm was deter
mined. Then, 5 mL (Yw) of each of these dye/PB solutions 
was individually taken and intimately mixed with 10 mL of 
n-octanol (V0) to allow dye partitioning between the aqu
eous and organic phases. For the PB phase, dye absorbance 
at ^max was measured before (A) and after (Ax) partitioning. 
Log P values were then computed (Table 1) according to the 
relationship:

Log P = Log [{(A-A1)/A1} x {Vw/V0}].

Results

The bacteriolytic ability of PhBPs
Cells of Escherichia coli BL21/pGEX-T2 were incubated with 
PhBPs (Table 1) under either dark or light conditions, and 
levels of lysis were quantified using the GST assay, all as 
described above. Control experiments showed that, in the 
absence of PhBPs, levels of bacteriolysis were negligible 
(< 1%). The incubation of PhBPs with E. coli BL21/pGEX- 
T2 under dark conditions led to GST release. This activity 
represented relative levels of bacteriolysis that ranged be
tween 6% and 13% of the Tritox X-100 control, indicating 
that the PhBPs tested possess significant levels of inherent

toxicity to E. coli BL21/pGEX-T2 (Fig. 2). Under light 
conditions, no significant increases in levels of bacteriolysis 
were detected (Fig. 2), and control experiments confirmed 
that this result was not due to the phbto-activation of the 
GST assay by PhBPs. It was found that under both light and 
dark conditions, respectively, the presence of PhBPs ap
peared to have no significant effect on the enzyme assay.

The effect of PhBPs on Escherichia co/imembrane 
lipid saturation
Cells of A coli HB101 were incubated with PhBPs (Table 1) 
under either dark or light conditions, and for each sample 
whole-lipid extracts of the treated organism were analysed 
using GC in combination with MS and the relative levels of 
specific C16 and Clf, fatty adds determined. For each sample, 
tire ratio of the levels of saturated to unsaturated fatty adds 
for Ci6 fatty acids (Fig. 3a) and Ci8 fatty acids (Fig. 3b) were 
then determined, as described above. These ratios were used 
to provide a relative measure of the ability of PhBPs to 
induce changes in the levels of acyl-chain saturation found 
in lipids of E. coli HB101 membranes, and hence of the 
phototoxidty of these dyes to membranes of the organism. 
AA, AB, AC, BCB, NR and PYY induced no apparent 
photodamage to E. coli HB101 membrane lipid, with no 
significant changes observed in the saturated to unsaturated 
ratio of either Ci6 fatty acids or C1H fatty acids that had been 
isolated from this lipid. Illuminated TBO, NMB and DMMB 
were found to induce significant changes to these ratios, 
suggesting photodamage to E. coli membrane lipid. For C16 
fatty acids, the dark ratios of saturated to unsaturated fatty 
acids in the presence of these latter PhBPs were 0.14, 0.15 
and 0.27 respectively, which under light conditions increased 
to 0.20, 0.25 and 0.35, respectively (Fig. 3a). In addition, 
illuminated DMMB was found to induce changes in the 
saturated to unsaturated ratio of CiB fatty acids, from 0.45 
under dark conditions to 0.65 under light conditions (Eg. 3b).

The lipid monolayer interactions of PhBPs
DOPE/DOPG monolayers (70:30 molar ratio) at an initial 
surface pressure of 30mN m“1 were constructed in order to 
mimic bacterial membranes and their interactions with 
PhBPs monitored, all as described above. These interactions 
showed generally similar kinetics, with maximal surface- 
pressure changes observed within 60 s and the levels of these 
changes remaining stable for periods in excess of 1000 s. 
However, these interactions differed widely in tire magni
tude of the maximal monolayer surface pressure induced, 
which ranged between 3 and 12 mN m -1 (Table 1).

Discussion
Recently, a number of novel PhBPs have been shown to 
possess high phototoxicity to Escherichia coli (Phoenix etal,
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2003), and here the possibility that this toxicity may involve 
membrane interaction has been investigated

In vitro assay showed that the PhBPs studied (Table 1) 
were somewhat lipophilic (generally log P > 0.5, Table 1), 
implying a capacity for membrane interaction. To gain 
insight into putative interactions between PhBPs and E. colt 
membranes, anionic lipid monolayers (DOPE/DOPG, 
70:30 molar ratio at 30mNm-1), which were mimetic of 
R colt membranes, were exposed to PhBPs at levels lethal to 
the organism (Phoenix et al., 2003). TBO, AA, AB, AC, NR 
and NMB were found to induce surface-pressure changes 
that were < 4 mN m ~1 (Table 1), thus showing a significant 
ability to partition into these DOPE/DOPG monolayers. 
Surface-pressure changes of this order are generally asso
ciated with monolayer lipid headgroup interactions (Demel, 
1974; Maget-Dana, 1999), which suggests that monolayer 
partitioning by TBO, AA, AB, AC, NR and NMB probably 
involves electrostatic interactions between the positive 
charge carried by these PhBPs and the negatively charged 
DOPG headgroups of the lipid monolayer. In contrast, BCB, 
PYY and DMMB were found to induce surface-pressure 
changes in DOPE/DOPG monolayers that were 
> 8 mN m ~1 (Table 1), implying deeper levels of membrane 
penetration and/or molecular stacking as compared with the 
other PhBPs studied It seems likely that electrostatic inter
actions would play a role in the partitioning of BCB, PYY 
and DMMB into DOPE/DOPG monolayers, as these dyes 
are also positively charged However, the levels of monolayer 
penetration observed for these PhBPs are consistent with 
penetration of the lipid acyl-chain region (Demel, 1974; 
Maget-Dana, 1999), Mid thus a role for hydrophobic forces 
in these dye-monolayer interactions is suggested In combi
nation, these results dearly show that the PhBPs studied 
have the potential to partition into bacterial membranes via 
a variety of mechanisms and the capacity to target the 
negatively charged outer membrane of E. coli and other 
Gram-negative organisms.

Phospholipids constitute 25% of E. coli outer-membrane 
lipid and 40% of the inner-membrane lipid whereas Ci* 
and Cm fatty adds are those predominantly found in the 
acyl chains of these phospholipids (DiRusso & Nystrom, 
1998; Cronan, 2003). PDT-mediated photodamage to mem
branes is known to involve attack on the double bonds of 
unsaturated fatty adds, particularly of monounsaturated 
C16 and Cm fatty adds. This attack leads to changes in levels 
of lipid saturation and initiates a lipid-chain peroxidation 
raxraHe, which can be bacterioddal in its own right or may 
contribute to the overall baderial killing mechanisms of a 
photosensitizer (Girotti & Kriska, 2004; Wainwright, 2004, 
1998). In the present study, however, GC-based analyses 
dearly showed that AA, AB, AC, BCB, NR and PYY 
possessed no significant ability to induce changes to the 
levels of saturation found in the Cm or Cm acyl chains of

R coli membrane lipid (Figs 3a and 3b). These analyses also 
showed that illuminated TBO, NMB and DMMB induced 
minor changes to the levels of saturation found in these acyl 
chains, suggesting a low level of ability to inflict photo
damage on R coli membrane lipid (Figs 3a and 3b). None
theless, the levels of PhBPs used in these studies are lethal to 
R coli under light conditions, and in combination these 
results suggest that membranes of the organism either are 
not targetted by PhBPs or do not constitute a key site of 
photodynamic action for these dyes. Giving strong support 
to this suggestion is the fact, that corresponding levels of 
PhBPs evidenced no photodynamic ability to induce the 
release of an intracellular biomarker from E. coli cells, clearly 
indicating that illumination of these dyes had caused no ■ 
significant compromise to the integrity of the membrane 
system of the organism over the 30-min observation period 
of our study.

In conclusion, the data of the present study cannot 
whidt* the possibility that photo-activated PhBPs induce 
damage to E. coli membranes that is lethal to the organism 
but does not result in the release of intracellular GST or in 
the alteration of levels of lipid saturation. These data 
strongly suggest, however, that membrane lipid damage/ 
rapid lysis does not generally feature in the phototoxicity of 
the PhBPs studied when directed against E. coli. This clearly 
implies that the phototoxicity may be directed against 
cytoplasmic targets of the organism. In order to access these 
targets, PhBPs must traverse the E. coli membrane system, 
and it would seem that this action could contribute to the 
significant levels of dark bacteriolysis demonstrated by these 
dyes (Fig. 2). The most likely cytoplasmic target for the 
PhBPs studied is E. coli DNA, and, possibly supporting this 
conjecture, recent studies have shown that these dyes are 
able to inflict high levels of photodamage on the DNA of 
other bacterial strains (Harris & Phoenix, 2003). The results 
of the present study will dearly help to characterize the 
phototoxidty of PhBPs to E. coli, which may help in 
developing these dyes to combat pathogenic strains of the 
organism. Escherichia coli 0157:H7 is an increasingly pro
blematic food-borne pathogen, which has acquired resis
tance to many conventional antibiotics (Yaron et aL, 2003). 
Recent studies have shown that MB and TBO are highly 
effective against the organism, although the predse median- 
isms of phototoxidty used by these dyes are not, as yet, 
eluddated (Romanova et al, 2003).
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Abstract

“Comet assay” showed light activated (3.15 J cm-2 over 30 min) phenothiazinium based photosensitisers (PhBPs) to induce pho
to-damage of Staphylococcus aureus DNA, as indicated by DNA “tails” between 80 and 120 pm. In general, PhBPs exhibited sig
nificant singlet oxygen yields (#apiibp > 0.7), suggesting the use of type II mechanisms of photo-oxidation. However, the 
photodynamic action of PhBPs on DNA showed generally insignificant production of 7,8-dihydro-8-oxo-2'-deoxyguanosine, nor
mally a major product of type II DNA photo-oxidation. These combined results show DNA to be a major site of action of PhBPs 
and suggest that this action may involve type II attack on a nucleoside(s) other than guanosine.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.

Keywords; Phenothiazinium based photosensitiser; Staphylococcus aureus; DNA; 7,8-Dihydro-8-oxo-2'-deoxyguanosine

1. Introduction

Pathogens with multiple resistance to conventional 
antibiotics are responsible for a global pandemic of 
infectious diseases, precipitating an urgent need for 
new agents with novel mechanisms of antibacterial 
action [1,2], In response, there have been extensive in
vestigations into the antimicrobial properties of photo
sensitisers [3-5], which are a class of molecules with 
well-established therapeutic use in the field of photo
dynamic therapy [6-8].

The underlying strategy in the therapeutic use of pho
tosensitisers is the directed induction of photo-toxicity. 
Uptake of a photosensitiser by target cells is followed 
by irradiation with light at a suitable wavelength, gener

* Corresponding author. Tel: +44 1772 893481; fax: +44 1772 
894981.

E-mail address: daphoenix@uclan.ac.uk (D.A. Phoenix).

ally within the therapeutic window of 600-750 nm [4]. 
Light absorption by the photosensitiser can then lead 
to an electronically excited state and the possibility that 
this excitational energy can be passed onto other mole
cules by two major mechanisms [9,10]. Type I mecha
nisms involve hydrogen abstraction or electron 
transfer between the excited photosensitiser and nearby 
biomolecules, yielding oxygenated free radicals, whilst 
type II mechanisms involve energy transfer between 
the excited photosensitiser and molecular oxygen, yield
ing singlet oxygen, ^ [11,12]. The products of both 
mechanisms are highly reactive species and are able to 
initiate further interactions with outcomes that are gen
erally toxic to the cell including: damage to membranes 
[13,14], the inactivation of essential enzymes [15,16] and 
mutagenetic effects due to DNA modification [17]. An 
important example of such DNA modification is the 
oxidation of guanosine to produce 7,8-dihydro-8-oxo- 
2'-deoxyguanosine (8-oxodG). This compound is a prin
ciple product of both type I and type II mechanisms of

0928-8244/S22.00 © 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved, 
doi: 10.1016/j.femsim.2004.09.002
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photosensitisation and is often used as an in vivo bio
marker of DNA photo-damage [18].

A variety of photosensitisers have been shown to pos
sess antibacterial properties with much recent attention 
focusing on phenothiazinium dyes and their derivatives 
[19]. These phenothiazinium based photosensitisers 
(PhPBs) are generally cationic and possess a core struc
ture, which is a planar tricyclic heteroaromatic ring sys
tem [20]. PhBPs are highly effective against a variety of 
bacterial species but of particular interest is the ability 
of these dyes to inactivate Gram-positive pathogens. Di
methyl methylene blue (DMMB) and methyl methylene 
blue (MMB) each show high photo-toxicity to vancomy
cin-resistant Enterococcus faecalis and Enterococcus fae- 
cium [21]. These Gram-positive organisms are leading 
nosocomial pathogens with intrinsic resistance to many 
conventional antibiotics, and moreover, possess the abil
ity to acquire resistance to novel antibiotics in pace with 
their introduction into therapeutic practice [22]. Other 
studies have shown DMMB, NMB, toluidine blue O 
(TBO) and methylene blue (MB) to be similarly photo
toxic to epidemic strains of methicillin-resistant Sta
phylococcus aureus (MRSA) with DMMB and NMB 
demonstrating a higher efficacy than vancomycin [23].

Most recently a number of novel PhBPs have been 
shown to be highly photo-toxic to S. aureus [24] and pre
vious studies have suggested that the planar and cationic 
nature of PhBPs may promote intercalation with the 
nucleosides of DNA [3-*6]. In the present study, we have 
investigated the ability of these PhBPs to inflict photo
damage on the DNA of S. aureus using a modified form 
of the "Comet” assay [25], which quantifies strand 
breaks in cellular DNA. In addition, we have investi
gated the possibility that DNA damage induced by 
PhBPs may involve 8-oxodG production and type II 
mechanisms of photo-oxidation.

2. Methods and materials

2.1, Reagents

Alkaline phosphatase and nuclease PI were pur
chased from ICN (UK) and each stored at —80 °C. 
Nutrient broth No 2 and all agars were purchased from 
Lab ‘M’ (UK). All other reagents were purchased from 
Sigma (UK) unless otherwise stated. Acetonitrile and 
acetic acid were of spectroscopic grade. Proteinase K, 
lysozyme and phage X DNA were stored at -80 °C. 
New methylene blue (NMB) and dimethyl methylene 
blue (DMMB), azure A (AA), azure C (AC), azure B 
(AB), toluidine blue O (TBO), brilliant crystal blue 
(BCB), pyronin Y (PYY) and neutral red (NR) were 
stored in solid form at 4 °C.

2.2. Light adsorption characteristics of PhBPs

The absorbance of the PhBPs described above was 
monitored across the wavelength range 500 nm to 750 
nm using a scanning spectrophotometer (Pye Unicam 
SP8-400 UV/VIS). The resulting spectra were used to 
determine the wavelength within this range that gave 
maximum absorbance (Amax) for each of the PhBPs ana
lysed (Table 1) and these Amax values were then taken to 
be those which would be optimal for the photo-activa
tion of their parent dyes. To provide light, which cov
ered the range of these Amax wavelengths, samples were 
incubated under a bank of fluorescent lights, which pro
vided low energy incoherent light with a maximum emis
sion of 700 nm and a fluence rate of 1.7 mW cm‘ "2, as 
measured with a Skye SKP 200 meter (Skye Instru
ments, UK). Under these conditions', 30 min of illumina
tion gave a total light dose of 3.15 J cm-1 with no 
significant changes in temperature observed.

Tabic 1
Photodynamic properties of PhBPs

PhBPs Relative singlet 
oxygen yield
^APhBP

Maximal absorption 
in the range 500-750 nm
(^•max)

Comet assay

Concentration of 
PhBPs* (pM)

Length of DNA tail
produced by action of PhBPs (pm)

NMB 1.35 648 1.25 95

DMMB 1.22 630 0.8 120

TBO 0.86 625 12.5 90

AA 0.77 625 25.0 85

AB 0.77 546 12.5 80

AC 0.77 647 18.8 85

BCB 0.03 605 40 5

NR 0,18 623 12.5 120

PYY 0.05 536 3.1 90

1 The concentrations of PhBPs used in Comet assay correspond to the MLCs of PhBPs under light conditions when directed against S. aureus, as

described by [24].
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2.3. Cell cultures and incubation with PhBPs

Staphylococcus aureus (NCIMB 6751) was grown aer
obically in Nutrient broth (25 g l-1) using a Gallenkamp 
orbital incubator at 37 °C. The strain was grown for 
approximately 18 h and these cultures used to inoculate 
fresh Nutrient broth (200:1 dilution) at 37 °C5 which had 
previously been aerated. These cultures were then grown 
until in late logarithmic phase (Xtio “ 0.7), which corre
sponded to a final cell concentration of 1013 cfumP1. 
The cells from these cultures were harvested, centrifuged 
(ISOOg, 15 min 5 °C) and resuspended in phosphate buf
fer (10 mM, pH 7). This procedure was then repeated ex
cept that the cells were resuspended in fresh Nutrient 
broth to give a final cell concentration 105 cells ml”1. 
This cell suspension was then used to individually solu
bilise NMB, DMMB, TBO, AA, AB, AC, BCB, NR and 
PYY with final dye concentrations as described in Table 
1. As a control, this procedure was repeated with sam
ples containing no dye. Aliquots (200 pi) of these cell/ 
dye mixtures were then individually added to the wells 
of flat bottomed 96 well micro-titre plates and either 
kept in the dark or placed in a light box for 30 min 
and given a total light dose of 3.15 J cm-2, all as de
scribed above. These samples were then immediately 
used in microgel preparation.

2.4. The preparation of microgels for Comet assay

Microgel assembly was adapted from the methodolo
gies of [25] and [26]: Aliquots (100 pi) of 5 % (w/v) agar
ose in phosphate buffered saline (PBS: NaCl, 80 g l”1; 
KC1, 2.0 gl”1; Na2HP04) 14 gP1; KH2PO4, 2.0 gP1; 
pH 7) were evenly spread on microscope slides to form 
a secure base layer for the microgel assembly. To ensure 
a flat upper surface, the molten agarose layer was over- 
lain with a cover slip, air-dried at room temperature, 
and the cover slip removed. For each of the cell/dye 
samples prepared above, an aliquot (10 pi) was immedi
ately mixed with 50 pi of 0.5% (w/v) low melting agarose 
in PBS, which had been previously prepared and main
tained at 45 °C. These mixtures were then evenly spread 
over the agarose base layer, overlain with a cover slip 
and kept at 4 °C until the gel/cell layer had solidified. 
The cover slip was then removed, 175 pi of 0.5% (w/v) 
agarose in PBS evenly spread onto the solidified layers 
and the whole kept at 4 °C until the final agarose layer 
had solidified. These microgels were then immersed in 
lysing solution (Triton X-100, 1 % (v/v); NaCl, 12.5 M; 
EDTA, 100 mM; Tris, 10 mM; pH 10), which was sup
plemented with 1% (w/v) sodium iV-lauroyl sarcosine 
and lysozyme (0.5 mg ml”1), for bacterial cell wall diges
tion. After 1 h, microgels were removed from the supple
mented lysis solution and immersed in a solution for 
bacterial enzyme digestion (NaCl, 2.5 M; EDTA, 10 
mM; Tris, lOmM; pH 7.4) containing proteinase K

(1.0 mg ml-1) for 1 h at 37 °C. After completion of these 
procedures, treated microgels were placed on the hori
zontal slab of an electrophoresis unit. This unit was then 
flooded with electrophoresis buffer (NaOH, 300 mM; 
EDTA, 1 mM; pH 13) and the microgel allowed to 
equilibrate with the buffer for 20 min, permitting dam
aged DNA to unwind under the alkaline conditions. 
The microgels were then electrophoresed at 25V for 25 
min, removed from the electrophoresis unit and im
mersed in neutralising buffer (0.4 M Tris, pH 7.5) for 
30 min. After neutralisation, microgels were stained by 
placing in a tank with freshly made ethidium bromide 
(final concentration 100 pgml”1) for 10 min to permit 
the visualisation of DNA. The microgel slides were then 
mounted onto the platform of a confocal fluorescence 
microscope (Leitz Diaplan) and viewed using an FITC 
filter combination (excitation 490 nm, dichroic 500 nm 
and emission 510 nm). Single 5. aureus cells were identi
fied and examined for DNA damage, as indicated by the 
“Comet effect”. Images were recorded using a camera 
(Spot Insight, USA, model No. 3) attached to the confo
cal microscope and stored as psp files on a PC (Viglen, 
P3800), using software supplied by Leitz Diaplan. Anal
ysis of these stored images for “Comet tail” length was 
performed using the VisComet programme, kindly sup
plied by Professor N.P. Singh (http://www.impuls-imag- 
ing.com/viscomet_intro.html; accessed 15.07.04) and the 
results of these analyses are shown in Table 1.

2.5. Singlet oxygen production by PhBPs

Singlet oxygen production by PhBPs was measured 
according to the methodology of [27], which monitors 
the decolourisation of 1,3-diphenylisobenzofuran 
(DPIBF) in methanol with time at 410 nm. By assuming 
that the decrease in absorption of DPIBF at 410 nm is 
directly proportional to its reaction with singlet oxygen, 
the time taken for a fifty per cent decrease in absorption 
of DPIBF at 410 nm is directly proportional to its reac
tion with singlet oxygen. Thus, the time taken by each of 
the PhBPs in Table 1 to cause a fifty per cent decrease in 
DPIBF absorption under identical conditions (?i/2fs)> 
provides a measure of its relative photosensitising effi
ciency. The time for the DPIBF adsorption to decrease 
by fifty percent due to photosensitization by methylene 
(*i/2mb) was taken as 1. The singlet oxygen yield for 
methylene blue ($amb) is given by [27] as 0.443 and thus 
the singlet oxygen yields of the PhBPs of the present 
study (Table 1) were calculated according to

$AFhBP = (1/ ^l/2PhBp) •

2.6. The incubation of phage X DNA with PhBPs

Aliquots (100 pi) of phage A, DNA (500 pg ml”1) in 
phosphate buffer (10 mM, pH 7.5), which had been

http://www.impuls-imag-ing.com/viscomet_intro.html
http://www.impuls-imag-ing.com/viscomet_intro.html
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maintained on ice, were placed in the wells of flat bot
tomed 96 well micro-titre plates. Aliquots (300 pi) of 
phosphate buffer (10 mM, pH 7.5) containing either: 
NMB, DMMB, TBO, AA, AB, AC, BCB, NR or 
PYY were then added to these DNA solutions with final 
dye concentration as described in Table 1. These micro- 
titre plates were then either maintained in the dark or 
placed in a light box for 30 min and given a total light 
dose of 3.15 J cm"2, all as described above. As a control, 
this procedure was repeated with samples containing no 
dye. After incubation, the DNA of all samples was enzy
matically digested to its component nucleosides using an 
adaptation of the method of [28]. Samples were mixed 
with 50 pi of acetate buffer (1 M, pH 4.75), and enzy
matically digested by the addition of 15 units of nuclease 
PI at 100 °C for 30 min and cooled to 10 °C. These mix
tures were then incubated with 1.2 units of alkaline 
phosphatase at 50°C for 1 h and the resulting samples 
immediately analysed used for the presence of 8-oxodG.

2.7. HPLC analysis ofphage X DNA samples for 8-oxodG 
production

These analyses were performed using a JASCO (UK) 
HPLC system equipped with a UV detector (Waters 
486). Samples (20 pi) of phage X DNA that had been 
treated with PhBPs as described above were loaded onto 
an RP-C-18 column (3 pm particle size; Beckman, USA) 
with a mobile phase of 4% (v/v) acetonitrile and 0,1% 
(v/v) acetic acid at a flow rate of 1 ml min"1. Eluant lev
els of 8-oxodG were monitored by observing absorbance 
peaks at 297 nm and quantified by converting the areas 
under these peaks to weights of 8-oxodG using standard 
curves, Preliminary calibration experiments established 
that a linear relationship existed between the weight of 
8-oxodG loaded onto the RP-C-18 column used and 
the area under the resulting chromatogram peak, within 
range the 0-10.0 pg. The weight of 8-oxodG resulting 
from a given phage X DNA/PhBP incubation was then 
expressed as a % (w/w) of the total guanosine in the 
starting amount of phage X DNA for that incubation, 
based on the guanosine content of the phage X genome 
as 25% (Genbank, 2002; access code 102459).

3. Results and discussion

It has previously been shown that the PhBPs of the 
present study are photo-toxic to S. aureus and here, 
we have considered the possibility that the DNA of 
the organisms may be a target of these dyes. Cells of 
5. aureus were incubated with PhBPs at levels corre
sponding to their illuminated MLCs for this organism 
and these cells analysed for DNA photo-oxidation using 
the “Comet assay”. DNA from cells of S. aureus that 
had been treated with PhBPs under dark conditions

formed compact structures (Fig. 1(a)) with diameters 
of the order of 25 pm, which is consistent with the pres
ence of supercoiled, double stranded DNA [29], These 
results indicate that under our experimental conditions, 
the PhBPs tested possess no significant inherent ability 
to damage the DNA of S. aureus. In contrast to these 
^control data, “Comet” analyses of S. aureus cells that 
had been incubated with PhBPs under light conditions 
(Figs. l(b)-(k)) showed the majority these cells to dis
play an elongated “tail”. This effect results from the 
electrophoretic migration of DNA that has suffered 
strand breakage [19] and clearly suggests that the PhBPs 
studied are able to inflict such damage on S. aureus 
DNA.

The “tails” shown in Fig. 1 were generally between 80 
and 120 pm (Table 1), which is consistent with the pres
ence of high levels of DNA photo-damage [25] and sug
gests that DNA is a major photo-target for the action of 
PhBPs on S. aureus. Moreover, the limited range of 
these DNA “tail” lengths suggests that under our exper
imental conditions, the PhBPs studied are able to inflict 
comparable levels of photo-damage on S. aureus DNA 
although BCB produced no detectable “tail” (Fig. 
1(b)) and would appear to have no significant photody
namic ability to damage the DNA of the organism. 
Broadly correlating with these results, in vitro assay 
showed the majority of the PhBPs studies to exhibit high 
singlet oxygen yields ($APhBP generally >0.7; Table 1), 
except in the case of BCB (#abcb = 0.03; Table 1). 
Taken in combination, these results suggest that type II 
mechanisms of DNA photo-oxidation [4] may generally 
feature in the photo-damage induced by these agents, 
except for BCB, which might not possess a significant 
photodynamic ability. Interestingly, PYY also exhibited 
no significant singlet oxygen yield (#apyy = 0.05; Table 
1) but in contrast to BCB showed a strong photody
namic ability to attack S. aureus DNA, which could 
indicate the involvement of a type I mechanism of 
DNA photo-oxidation [4].

A principal product arising from both type I and type 
II mechanisms of DNA photo-oxidation is 8-oxodG. At 
levels corresponding to those of our Comet assay (Table 
1), the PhBPs of the present study were tested for their 
ability to generate this compound from phage X DNA. 
Control experiments showed that in the absence of 
PhBPs, there was no significant basal production of 
8-oxodG in our experimental system. Moreover, the 
inclusion of PhPBs within the system led to no signifi
cant increases in production of the compound except 
in the cases of PYY and NMB. For these PhBPs, light 
activation led to increases in the production of 8-oxodG 
that represented conversion of 10% and 18% (w/w), 
respectively, of guanosine in the phage X genome. In 
the case of PYY, these levels of 8-oxodG production 
are consistent with those expected by our predicted use 
of a type I mechanism of photosensitisation by the dye
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(a) Control

(g) AA

(d) NMB

(f) AC

(k) NR
Fig. 1. Comet assay of S', aureus cells after treatment with PhBPs. S. aureus cells were incubated with PhBPs under light conditions, as described 
above. Figures l(b)-l(k) show that the DNA of these cells exhibited high levels of damage, indicated by the elongated DNA tails produced under the 
conditions of the Comet assay [25], In contrast, “Comet” assay of S. aureus cells that had been incubated with PhBPs under dark conditions showed 
the DNA of these cells to possess small compact structures, indicating supercoiled, double stranded DNA and the absence of significant damage. 
Figure 1(a) shows a typical result, which is for DMMB. Comparable results were recorded for S. aureus cells that had been similarly analysed in the 
absence of PhBPs.

[18]. However, the type II mechanisms of DNA photo
oxidation predicted for NMB are known to lead to lev
els of DNA guanosine conversion approaching 100% 
[17], clearly suggesting that 8-oxodG may not be a major 
product arising from the DNA photo-oxidative mecha- 
nism(s) used by the dye. Indeed, secondary oxidation 
of 8-oxodG is known to occur since the oxidised purine 
has been shown to react more efficiently with 'C^ than 
its parent nucleoside [30] and DNA damage arising from

the type II photo-oxidation of other DNA bases has 
been reported [18,31,32],

In conclusion, our results clearly suggest that DNA is 
a major site of action for the majority of the PhBPs 
studied when directed against S. aureus. Nonetheless, 
PhBPs are known to utilise multiple sites of action 
within some bacterial cells [2-5] and the participation 
of other cellular targets in the photo-toxicity of these 
dyes to 5. aureus is a possibility, which we are currently
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investigating. For the PhBPs studied, our results suggest 
that PYY may use a type I mechanism of photo-oxida
tion to attack 5. aureus DNA whilst the remaining dyes 
studied may utilise a type II mechanism. Although 
guanosine is generally the major nucleoside targeted in 
type II DNA photo-oxidation, it would appear that 
the PhBPs of the present study are able to target another 
nucleoside(s). Nonetheless, this ability may be advanta
geous in terms of the antimicrobial action of these 
PhBPs in that it is the relatively varied and non-specific 
nature of the mechanisms of action used by these agents 
that makes the emergence of acquired bacterial resist
ance to these agents unlikely. Moreover, when this is ta
ken with the generally low toxicity of many PhBPs to 
healthy human cells [4,5,19,20], this makes these dyes 
attractive lead compounds in the development of alter
natives to conventional antibiotics.

References

[1] Powers, J.H. (2003) Development of drugs for anti microbial- 
resistant pathogens. Curr. Opin. Infect. Dis. 16, 547-551.

[2] Phoenix, D.A., Harris, F., Dennison, S., Chatfield, K.K., Sayed, 
Z. and Hussain, S. (2003) Antimicrobial therapy: old problems - 
new solutions. J.E.C. Qual. L. 1, 44-61.

[3] Wainwright, M. (2004) Photoantimicrobials - a PACT against 
resistance and infection. Drugs Future 29, 85-93.

[4] Harris, F., Sayed, Z., Hussain, S. and Phoenix, D.A. (2003) 
Making light work of antimicrobial therapy. J.E.C. Qual. L. 2, 
125-137,

[5] Wainwright, M. (1998) Photodynamic antimicrobial chemother
apy (PACT). J. Antimicrob. Chemoth. 42, 13-28.

[6] Nyman, E.S. and Hynninen, P.H. (2004) Research advances in the 
use of tetrapyrrolic photosensitizers for photodynamic therapy. J. 
Photochem. Photobiol. B: Biot. 73, 1-28.

[7] Allison, R.R., Downie, G.H., Cuenca, R., Hu, X., Childs, CJ.H. 
and Sibata, C.H. (2004) Photosensitizers in clinical PDT. Photo- 
diagn. Photodynam, Ther. 1, 27-42.

[8] Hopper, C. (2000) Photodynamic therapy: a clinical reality in the 
treatment of cancer. Lancet Oncol, 1, 212-219.

[9] DeRosa, M.C. and Crutchley, R.J. (2002) Photosensitised singlet 
oxygen and its applications. Coord, Chem. Rev. 133-134, 351- 
371.

[10] Schmidt-Erfurth, U. and Hasan, T. (2002) Mechanisms of action 
of photodynamic therapy with verteporfin for thetreatment of 
age-related macular degeneration, Surv. Ophthalmol. 45, 195— 
214.

[11] Foote, C.S. (1991) Definition of type I and type H photosensitised 
oxidation. Photochem. Photobiol. 54, 659.

[12] Foote, C.S. (1990) Future directions and applications in photo
dynamic therapy. SPIE Inst. Ser. 1S6, 115—126.

[13] Girotti, A.W. and Kriska, T. (2004) Role of lipid hydroperoxides 
in photo-oxidative stress signalling. Antoxidants Redox Signal. 6, 
01-310.

[14] Girotti, A.W. (2001) Photosensitised oxidation of membrane 
lipids: reaction pathways, cytotoxic effects, and cytoprotective 
mechanisms. J. Photochem. Photobiol. B: Biol, 63, 103-113.

[15] Davies, MJ. (2003) Singlet oxygen-mediated damage to proteins 
and its consequences. Biochem. Biophys. Res. Commun. 305, 
761-770.

[16] Davies, MJ. and Truscott, RJ.W. (2001) Photo-oxidation of 
proteins and its. role in caractogenesis. J. Photochem. Photobiol.
B: Biol. 63, 114-125.

[17] Kawanashi, S., Hiraku, Y. and Oikawa, S. (2001) Mechanism of 
guanine-specific DNA damage by oxidative stress and its role in 
carcinogenesis and ageing. Mutat. Res. 488, 65—76.

[18] Kasai, H. (1997) Analysis of a form of oxidative DNA damage, 8- 
hydroxy-2' -deoxyguanosine, as a marker of cellular oxidative 
stress during carcinogenesis. Mutat. Res. 387, 147-163.

[19] Phoenix, D.A. and Harris, F. (2003) Phenothazinium based 
photosensitisers: antibacterials of the future?. Trends Mol. Med.
9, 283-285.

[20] Wainwright, M. and Giddens, R.M. (2003) Phenothiazinium 
photosensitisers: choices in synthesis and application. Dyes 
Pigments 57, 245-257.

[21] Wainwright, M., Phoenix, D.A., Gaskell, M. and Marshall, B. 
(1999) Photobactericidal activity of methylene blue derivatives 
against vancomycin-resistant Enterococcus spp. J. Antimicrob. 
Chemother. 44, 823-825.

[22] Sheparda, B.D. and Gilmore, M.S. (2002) Antibiotic-resistant 
enterococci: the mechanisms and dynamics of drug introduction 
and resistance. Microbes Infect. 4, 215-224.

[23] Wainwright, M., Phoenix, D.A., Laycock, S.L., Wareing, D.R.A. 
and Wright, P.A. (1998) Photobactericidal activity of phenothi
azinium dyes against methicillin-resistant strains of Staphylococ
cus aureus. FEMS Microbiol. Lett. 160, 177—181.

[24] Phoenix, D.A., Sayed, Z., Hussain, S., Harris, F. and Wainwright, 
M. (2003) The photo-toxicity of phenothiazinium derivatives 
against Escherichia coli and Staphylococcus aureus. FEMS 
Immunol. Med. Microbiol. 39, 17—22,

[25] Rojas, E., Lopez, M.C. and Valverde, M. (1999) Single cell gel 
electrophoresis assay: methodology and applications. J. Chroma- 
togr. B.: Biomed. Sci. Appl. 722, 225-254.

[26] Singh, N.P., Stephens, R.E., Singh, H. and Lai, H. (1999) Visual 
quantification of DNA double-strand breaks in bacteria. Mutat. 
Res. 429, 159-168.

[27] Cincotta, L., Foley, J.W., MacEachem, T., Lampros, E. and 
Cincotta, A.H. (1994) Novel photodynamic effects of a benzo- 
phenothiazine on two different murine sarcomas. Cancer Res. 54, 
1249-1258.

[28] Yoshida, R., Ogawa, Y. and Takayanagi, S. (2001) In isolated 
DNA, formamidopyrimidine-DNA glycosylase-sensitive sites 
determined by electrophoresis correspond to the amount of 8- 
oxo-7,8-dihydro-2'-deoxyguanosine by HPLC-ECD. Mutat. Res. 
494, 35-61.

[29] Singh, N.P. and Stephens, R.E. (1997) Microgel electrophoresis: 
sensitivity, mechanisma, and DNA electrostreching. Mutat. Res. 
38, 167-175.

[30] Ravanat, J.-L., Martinez, G.R., Medeiros, M.H.G., Di Mascio, P. 
and Cadet, J. (2004) Mechanistic aspects of the oxidation of DNA 
constituents mediated by singlet molecular oxygen. Arch. Bio
chem. Biophys. 423, 23-30.

[31] Ravanat, J.-L., Di Mascio, P., Martinez, G.R., Medeiros, M.H.G. 
and Cadet, J. (2000) Singlet oxygen induces oxidation of cellular 
DNA. J. Biol. Chem. 275, 40601-40604.

[32] Cadet, J., Berger, M., Douki, T., Morin, B., Raoul, S., 
Ravanat, J.-L. and Spinelli, S. (1997) Effects of UV and visible 
radiation on DNA-final base damage. Biol. Chem. 378, 1275- 
1286.



Journal of Antimicrobial Chemotherapy (1997) 40, 587-589 jac
In-vitro photobactericidal activity of aminoacridines
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The toxicities of several aminoacridines were measured against pathogenic strains of 
both Gram-positive {Staphylococcus aureus, Enterococcus faecalis, Bacillus cereus) and 
Gram-negative {Escherichia coli, Pseudomonas aeruginosa) organisms. In several cases, 
illumination at a light dose of 6.3 J/cm2 resulted in considerable decreases in the minimum 
lethal drug concentrations required, giving up to 50-foid increases in bactericidal activity. 
Derivatives of 9-aminoacridine (aminacrine) exhibited phototoxicity against one or more of the 
test organisms, but the established photosensitizing acridines proflavine and acridine orange 
were photobactericidal against all strains.

Introduction

The discovery of acriflavine as an antibacterial by Brown
ing led to the use of proflavine and acriflavine as wound 
antibacterials during World War I1 and to the introduction 
of the less toxic aminacrine (9-aminoacridine) in the 
1940s.2 Structure-activity relationships based on physico
chemical properties linked antibacterial activity with the 
degree of cationic ionization of the amino acridine base 
together with the planar area of the acridine chromo- 
phore.3 Nucleic acids are now known to be the sites of 
action of aminoacridines in bacteria,4 as the planar area of 
the tricyclic acridine nucleus is ideally suited to inter
calation between nucleotide base pairs in the helix. 
Although aminacrine, etc. were superseded by the /3- 
lactam antibiotics, there remains considerable medicinal 
interest in aminoacridines.

The photosensitizing effect of several commercially 
available acridine dyes (acridine orange, acridine yellow, 
etc.) is well established, and photoactivation of intercalated 
acridines is known to cause oxidative nucleic acid damage.5 
Given the high bacterial selectivity of aminoacridines, and 
because the use of such compounds as photobactericides 
has received scant attention, we have investigated the 
potential photobactericidal behaviour of a range of bacteri
cidal aminoacridines against commonly encountered 
strains of both Gram-positive and Gram-negative bacteria.

Materials and methods

Proflavine and acridine orange were purchased from 
Aldrich (Gillingham, UK) and were recrystallized from

methanol containing hydrochloric acid to yield the 
hydrochloride salts. The preparation of 9-aminoacridines 
followed previously published methods.6-8 Recrystalliza
tion from ethanol gave aminoacridines which were pure by 
thin-layer chromatography and proton magnetic reson
ance spectroscopy. Melting point data for the free bases 
were identical to those given in the literature.

Light source
An Exal light box, giving a light fluence of 1.7 mW/cm2, 
was used, the fluence being measured with a Skye SKP 200 
light meter (Skye Instruments Ltd Llandrindod Weils, 
Powys, UK). A 1 h illumination period using this source 
thus gave a total light dose of 6.3 J/cm2. In addition, the 
output of the light source included a strong band at 
400-450 nm, coinciding with the maximum wavelengths of 
the aminoacridines.6 Varying light dose studies were not 
included, as it was desired to establish merely whether or 
not the aminoacridines were photobactericidal, rather 
than to maximize any photobactericidal effect.

Bacterial cell culture
Pathogenic bacteria {Staphylococcus aureus NCTC 6571, 
Enterococcus faecalis NCTC 775, Bacillus cereus NCTC 
7464, Escherichia coli NCTC 9001 and Pseudomonas 
aeruginosa NCTC 10622) were grown aerobically in 
Mueller-Hinton Broth II (Lab M, Bury, UK) at 37°C for 
4h.

Bacterial cultures were grown to an optical density 
equivalent to McFarland’s Standard No. 3 (109 cfu/mL),

^Corresponding author. E-mail: m,wainwright@uclan.ac.uk
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and adjusted to an approximate concentration of 106 
cfu/mL. The actual inoculum used in each case was 
confirmed as 106 cfu/mL using a surface count on horse 
blood agar.9 A range of doubling dilutions of each 
aminoacridine (0-1000 |iM) was placed in 270 p.L aliquots 
in flat-bottomed microtitre plates and 30 |xL of bacterial 
culture were added to each well. Illumination of the 
cultures, both with and without aminoacridines, was 
carried out at this stage. The microtitre trays were then 
incubated for 24 h at 37°C, aerobically in the dark. From 
each well showing inhibition of growth, 1 p.L was sub
cultured on 5% (v/v) defibrinated horse blood agar. These 
plates were incubated for 24 h at 37°C, aerobically. Mini
mum lethal drug concentrations (MLC) were determined 
as the lowest concentration at which bacterial growth was 
not detected. The five organisms were tested against each 
of the photosensitizers in duplicate and each experiment 
was replicated four times. Where any variability occurred, 
the experiments were repeated to ensure an absolute value 
for the cited MLC with n = 8.

Results and discussion
Bacterial samples that were incubated without drug 
showed normal growth with or without illumination, 
showing that the light source on its own had no toxic effect.

Each of the aminoacridines employed has a high degree 
of positive ionization and sufficient planar surface area for 
DNA intercalation.3 This may imply that in both the 
Gram-positive and Gram-negative strains, the amino-

acridine mode of action involves interruption of nucleic 
acid replication and repair.4 The generally lower activities 
against the Gram-negative strains could be ascribed to the 
different cell wall structures of these organisms.

Phototoxicity
On low-power irradiation of the drugs in bacterial culture 
using a total light dose of 6.3 J/cm2, many of the acridines 
exhibited marked increases in activity against both the 
Gram-positive and Gram-negative strains (Table II). 
Surprisingly, these increases were not limited to the known 
photosensitizers, acridine orange and proflavine. Thus, for 
9-amino-3-chloroacridine the MLC against S. aureus 
decreased 50-fold on illumination, and 3,9-diamino-7- 
ethoxyacridine (DAEA, Table I) exhibited increased 
antibacterial activity on illumination against four of the 
five organisms tested. Such behaviour is promising in view 
of the wide commercial use of this particular compound 
(Rivanol; Bayer) as a topical anti-infective.

The considerable increases in bactericidal activity on 
illumination of the aminoacridines (Table II) are indica
tive of DNA photodamage, as has been reported previ
ously.5 The compounds closely related to 9-aminoacridine 
(AA, ACMA, AMA and ACA, Table I) presumably 
bind to bacterial nucleic acid and cause the production of 
radical species in situ. The established photosensitizers 
(AO and PF) are reportedly more photoactive,5 producing 
higher yields of radical species, including the diffusable 
cytotoxin singlet oxygen, and consequently cause greater

Table I. Aminoacridine structures

Agent

9-Amino-3-chloro-7-methoxyacridine8 (ACMA) 
3,9-Diamino-7-ethoxyacridine7 (DAEA) 
9-Aminoacridine6 (AA) 
9-Amino-4-methylacridine6 (AMA) 
9-Amino-3-chloroacridine6 (ACA)
Acridine orange (AO)
Proflavine (PF)

R2 R3 R4 R R

MeO H H Cl NH;
EtO H H nh2 NH-
H H H H NH;
H H Me H NH;
H Cl H H NH;
H NMe2 H NMe2 H
H nh2 H nh2 H
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Table II. Toxicity and phototoxicity of aminoacridines against a range of bacteria

Minimum lethal concentration (|xM)
S. aureus E. faecalis B. cereus E. coli P. aeruginosa

Acridine0
Light dark light6 dark light dark fight dark light dark light
ACMA 10 5 25 25 50 50 500 250 500 500
DAEA 10 5 50 25 25 25 100 10 100 25
AA 50 2.5 50 50 50 50 50 50 500 500
AMA 25 2.5 10 5 10 10 25 25 500 500
ACA 50 15 25 25 50 50 100 100 250 250
AO 25 1 10 1 25 1 250 25 500 100
PF 25 2.5 50 5 100 2.5 100 10 250 10
“Abbreviations as in Table I.
'’Bacterial cultures illuminated with a light fluence of 1,7 mW/cm2.

damage. DAEA exhibited an intermediate phototoxicity 
in line with the findings of Iwamoto et ai5

The antibacterial aminoacridines and related commer
cial photosensitizing dyes are known, through past clinical 
experience, to be non-toxic to humans at low concen
trations. Thus, wound antisepsis has been achieved 
routinely, for example, using aminacrine at a concen
tration of 4 mM.10 In the present work, aminacrine and its 
congeners were bactericidal at sub-millimolar levels, as 
expected, but were photobactericidal at the micromolar 
level. These data imply that photoactiviated amino
acridines have clinical potential and warrant further 
investigation both in terms of their photoactivities and 
their effect on bacterial growth kinetics.
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M. WAINWRIGHT, D.A. PHOENIX, J. MARLAND, D.R.A. WAREING AND F.J. BOLTON. 1998. An 
attempt was made to increase the activity of some antibacterial acridines in two ways: (a) via 
the use of bis-aminacrines (analogues of l,6-bis-[9-acridinamino]hexane), in order to 
increase the potential for DNA intercalation and (b) via photoactivation, as several acridines 
are known to produce the cytotoxin singlet oxygen on irradiation. The bactericidal 
activity of the simple aminoacridines was much higher than that of the 
corresponding bis-acridine compounds. In addition, on low-power illumination of the 
compounds in liquid culture, many of the monomeric compounds exhibited marked increases 
in activity against both Gram-negative and Gram-positive bacteria, whereas the bis- 
acridines showed little or no increase.

INTRODUCTION

Aminoacridines were established as the first class of clinical 
heterocyclic anti-infective agents when the bactericidal 
properties of compounds such as the impure acriflavine were 
discovered. Both acriflavine and proflavine defined (Fig. 1) 
were used in the treatment of wound sepsis during the latter 
stages of World War I (Browning etal. 1917). Further inves
tigation led to the establishment of the physicochemical par
ameters necessary for high activity, which included sufficient 
planar surface area and high cationic ionization at physio
logical pH (Albert etal. 1945). Thus, in turn, less toxic agents 
were derived from 3- and 9-aminoacridme (aminacrine) dur
ing World War 2 and, although these drugs were rapidly 
superseded by the /Mactam antibiotics, the field of anti- 
infective acridines is still highly active, particularly in the 
area of tropical medicine (Obexer etal. 1995; Cremieux etal. 
1995; Brouant etal. 1996).

The simple aminoacridines are known to exert their anti
bacterial activity via DNA-intercalation (Herman 1961). 
Indeed, the use of aminoacridine derivatives in cancer chemo
therapy stems from their ability to inhibit nucleic acid rep
lication, either by intercalation or by inhibition of enzymes 
involved in replication such as the topoisomerases (Denny 
etal. 1983). To this end, chemically linked acridine chromo-

Comspondemc to: M. Wainwright, Photochemotherapy Group, Department 
of Chemistry, University of Central Lancashire, Preston PRJ 2HE, UK 
(e-mail: M. Wainwright@UCLAN.ac.uk).

phores have been employed to increase the degree of DNA 
intercalation (Chen etal. 1978),

In addition, several acridine dyes exhibit both selective 
biological staining and photosensitizing ability. For example, 
acridine orange and its congeners are known to produce the 
cytotoxin singlet oxygen and to cause DNA strand breaks 
upon irradiation (Iwamoto etal, 1993). Recently, we reported 
increased antibacterial activities against a range of both Gram
positive and Gram-negative bacteria of several amino
acridines and phenothiazinium dyes, upon illumination with 
a low power white light source (Wainwright etal. 1997a,b). 
In the current work, we have attempted to increase the anti
bacterial activity of the aminoacridines via the synthesis of 
simple dimeric fo's-aminacrines (analogues of l,6-bis[9~acri- 
dinamino]hexane), in order to increase the degree of bacterial 
DNA intercalation, and have examined their photoactivation 
in bacterial culture using white light.

MATERIALS AND METHODS
All compounds were prepared by standard methods (Wain
wright etal. 1997a). Normally, Ullmann reaction of 2-chloro- 
benzoic acid with aniline or a substituted aniline yielded 
the respective 7V-arylanthranilic acid. This was cyclized with 
phosphorus oxychloride to give the 9-chloroacridine which 
was converted into the 9-amino derivative using ammonium 
carbonate and phenol. Recrystallization from alcohol gave 
aminoacridines (Fig. 1) which were pure, as determined by

© 1998 The Society for Applied Microbiology
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Fig-1 Aminoacridine structures

NHj ^
R2

R6^ IIr6-^s

N R3
R4 R4 R4

Ri R3 R4 R6 “Bis”

9-Amino-3-chloro-7-methoxyacridine (ACMA) MeO H H Cl v"

9-Amino-2-ethylacridine (AEA) Et H H H ✓

9-Aminoacridine (AA) H H H H ✓

9-Amino-4-methylacridine (AMA) H H Me H V

9-Ammo-3-chloroacridine (ACA) H Cl H H V

Acridine Orange (AO) H NMej H NMe2

Proflavine (Pf) H nh2 H nh2

thin layer chromatography and proton magnetic spectro
scopy.

The dimeric aminoacridines (Fig. 1) were produced as 
above via reaction of the respective 9-chloroacridines and 1,6- 
diaminohexane in phenol. Recrystallization from methanol 
gave pure compounds, as determined by thin layer chro
matography and proton magnetic spectroscopy. Proflavine 
and acridine orange (Fig. 1) were purchased from Aldrich 
(Gillingham, UK) and were purified prior to use by recrys
tallization from methanol.

For the illumination experiments, an Exal light box giving 
a light fluence of 17 mW cm"2 was used. The fluence was 
measured with a Skye SKP 200 light meter (Skye Instruments 
Ltd). A 1 h illumination period using this source thus gave a 
total light dose of 6 3 J cm"2.

Bacteria and their cultivation

The organisms used in this study (Pseudomonas aeruginosa 
NCTC 10622, Staphylococcus aureus NCTC 6571, Bacillus 
cereus NCTC 7464, Escherichia coli NCTC 9001 and Entero
coccus faecalis NCTC 775) were grown aerobically in Mueller 
Hinton Broth II (Lab M, Bury, UK) at 37 °C for 4 h.

Bacterial cultures were grown to an optical density equi
valent to McFarland’s Standard No. 3 (10g cfu ml-1), and 
adjusted to an approximate concentration of 106 cfu ml-1. 
The titre of the actual inoculum was determined as surface 
counts on horse blood agar (Miles etal. 1938). A range of 
doubling dilutions of each photosensitizer (0-1000/imol l-1)

as 270 p.\ aliquots was placed in flat-bottomed microtitre 
plates; 30 /d of bacterial culture were added to each well 
and the culture illuminated. The microtitre plates were then 
incubated for 24 h at 37 °C, aerobically, in the dark. From 
each well showing inhibition of growth, 1 p.\ was subcultured 
on 5% (v/v) defibrinated horse blood agar. These plates were 
incubated for 24 h at 37 °C, aerobically. Minimum lethal 
drug concentrations (MLC) were determined as the lowest 
concentration at which bacterial growth was not detected. 
The five organisms were tested against each of the 
photosensitizers in duplicate and each experiment was replicated 
four times. Where any variability occurred, the experiments 
were repeated to ensure an absolute value for the cited MLC 
with « = 8.

RESULTS AND DISCUSSION

The aminoacridine monomers are all well established com
pounds (Fig. 1). As they all satisfy the antibacterial criteria 
of being positively charged and sufficiently planar in area, it 
was assumed that their mode of action would be against 
bacterial nucleic acid replication (Lerman 1961). It is there
fore not surprising that all exhibited antibacterial activity in 
the dark (Table 1). The activity against Staph, aureus was 
comparable to that reported previously by Albert et al. (1945).

Generally, the bis-acridines exhibited much poorer anti
bacterial activity than the monomeric parent compounds and 
in many cases, appeared inactive at sub-millimolar con
centrations (Table 1). As in vitro DNA-intercalation studies
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Table 1 Bactericidal and photobactericidal activities of the aminoacridines and their dimeric analogues 

Minimum Lethal Concentration (//mol l-1)

Pseudomonas aeruginosa Staphylococcus aureus Bacillus cereus Escherichia coli

Acridine Dark Light Dark

AO 500 100 25
Pf 250 10 25
ACMA 500 500 10
Bis-ACMA >1000 >1000 >1000
AA 1000 500 50
Bis-AA >1000 >1000 100
ACA 250 250 50
Bis-ACA >1000 >1000 500
AEA 500 500 50
Bis-AEA >1000 500 500
AMA 500 500 25
Bis-AMA >1000 >1000 >1000

Light Dark Light Dark Light

1 25 1 250 ■ 25
2.5 100 2-5 100 10
10 50 50 500 250

>1000 >1000 >1000 > 1000 >1000
2-5 50 50 >1000 >1000oo

1000 1000 >1000 >1000
2-5 50 50 100 100
250 250 100 1000 1000
50 50 50 100 50
50 100 1000 250 1000
2-5 10 10 25 50

>1000 >1000 >1000 >1000 >1000

Enterococcus faecalis

Dark Light

10 1
50 5
25 25

>1000 >1000
50 50

>1000 >1000
50 500

>1000 >1000
100 50
250 100
10 5

>1000 >1000

have shown the simple bis-acridines to be more effective 
intercalators than monoacridines (Wakelin etal. 1978), the 
reason for the lower antibacterial activity in the current work 
is assumed to be steric interference of nucleic acid targeting.

On low power irradiation of the compounds in cell culture 
using a simple light box, many of the monomeric acridines 
exhibited marked increases in activity against both the Gram
positive and Gram-negative strains (Wainwright etal. 1997a) 
(Table 1). Surprisingly, these increases were not limited to 
the known photosensitizers acridine orange and proflavine. 
For example, in the dark, 3-chloroaminacrine gave a MLC 
vs Staph, aureus of SO/tmolT1; on illumination, the MLC 
was Z’S/tmolI k However, the bis-acridine analogues 
showed very little photoactivation in bacterial culture. This 
again suggests a lack of DNA targeting.
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Abstract: Microbial pathogens with resistance to conventional drugs are a problem of global proportions and may be viral 
such as HIV, bacterial as in the case of MRSA or eukaryotic as seen with the malarial parasite Plasmodium falciparum. In 
response, photodynamic antimicrobial chemotherapy (PACT) has been developed, which is the delivery of a non-toxic 
photosensitiser (PS) to the site of a microbial infection. When taken up by the pathogen, illumination of the PS by light at 
an appropriate wavelength can lead to inactivation of the pathogen through the production of highly reactive free radical 
species, which induce oxidative damage to lipid, proteins and DNA / RNA, and / or adduct formation between the PS and 
these microbial biomolecules. Here the photochemical and photophysical steps underlying PS antimicrobial action along 
with the desirable electronic and physiochemical properties of PS are briefly reviewed. The therapeutic uses of PS are 
then illustrated with reference to a number that have featured in recent patents, including: The induction of endogenous PS 
by aminolevulinic acid; phenothiazinium based PS, which are the most studied of PACT agents, psoralens and 
organorhodium complexes.

Keywords: Photodynamic antimicrobial chemotherapy, photodynamic therapy, photosensitiser, light, type I mechanism, type 11 
mechanism, singlet oxygen, viruses, bacteria, protozoa, blood, aminolevulinic acid, phenothiazinium, psoralen, organorhodium.

INTRODUCTION

It was believed that the introduction of antibiotics into 
health-care would lead to the mastery of infectious diseases 
and it is beyond dispute that these agents have saved 
countless lives. However, bacterial infections remain the 
leading cause of mortality worldwide and globally the 
treatment of infectious diseases has become an intolerable 
strain on health-care services. A number of factors appear to 
have negatively affected the epidemiology of infectious 
diseases with social, political, economic and environmental 
factors all impacting on the spread of infection. However, the 
biggest single contributor to the current pandemic of infec
tious diseases has been the emergence of pathogenic bacteria 
with multiple antimicrobial drug resistance. In response, 
there has been extensive research into new antimicrobial 
agents with novel mechanisms of action [1,2).

Penicillins and cephalosporins are among the most 
widely prescribed antibiotics but antimicrobial resistance to 
these compounds is becoming widespread. The core 
structure of these antibiotics is the (3-lactam ring system and 
many bacteria express |3-lactamases, which hydrolyze this 
ring system, thereby inactivating the antibiotic. In response, 
combinations of |3-lactamase inhibitors and (3-lactam antibio
tics have been administered but these too are becoming 
ineffective [3]. However, it has been found that molecular 
substitutions distant from the (3-lactam ring of an antibiotic 
can convert it from a (3-lactamase substrate to a (3-lactamase 
inhibitor. Structural studies have indicated that in some 
cases, such (3-lactams function as inhibitors because they are 
sterically ‘awkward’ and cannot adopt a catalytically
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+ 1772 893481; Fax: +1772 894981; E-mail: daphoenix@uclan.ac.uk
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competent conformation in the active site of P-lactamases, 
Moreover, enzymological studies have shown that in the 
case of ‘awkward’ cephalosporins, molecular substitution 
leads to internal electronic rearrangements of these comp
ounds, which significantly enhance their abilities as (3- 
lactamase inhibitors. Most recently, combinations of suet 
‘awkward’ cephalosporins and [3-lactam antibiotics have 
been proposed as potential agents to inactivate (3-lactamase 
expressing bacteria and have formed the basis of paten' 
applications [4].

Defence peptides are naturally occurring antibiotics tha 
are produced by a diverse range of creatures and organism: 
and their therapeutic potential has been the focus of mucl 
recent research. The antimicrobial action of these peptide: 
does not generally involve receptors but rather, involve: 
membrane partitioning and permeabilisation, leading to cel 
lysis. The relatively non-specific nature of such antimicro
bial action makes the emergence of acquired microbia 
resistance to defence peptides an intrinsically comple> 
process, unlike traditional antibiotics where such resistancs 
can arise from only a few mutations [5]. Defence peptide: 
are thus attractive propositions for development as nove 
antibiotics and as potential patents. As an example, P-113 i: 
a derivative of the human salivary peptide histatin, which i: 
currently undergoing phase I / II trials to treat immuno 
compromised patients affected with oral candidiasis [6]. It 
this capacity, a variety of histatin-based peptides [7] am 
cyclic histatin derivatives [8] have been patented a: 
antifungal agents.

Bacteriophages are viruses that infect bacteria and recen 
research has invited the possibility that specific combina 
tions of these organisms may be used to treat mammaliar 
bacterial infections. This treatment technique has beet 
patented and involves the administration of purified bacterio

© 2006 Bentham Science Publishers Ltd,
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phage preparations, which contain two or more bacterio
phages that are specific for the bacterial infection treated [9]. 
Additionally, the use of bacteriophage lysins, which are 
proteins produced by these organisms that can specifically 
lyse their target bacteria, has been recently patented to 
provide a tool for both the rapid treatment and detection of 
such bacteria [10].

Photosensitisers (PS) are light activated compounds 
whose antimicrobial properties were first noted in dyes that 
were used for the histological staining of cellular 
components. In the 1930s, it was reported that phages and 
viruses, which had been stained with such dyes were 
photosensitive, and in the early 1960s, quantitative studies 
on the ability of these dyes to photoinactivate viruses and 
bacteria were reported [11]. Since then, in addition to these 
latter organisms [12-14], eukaryotic microbes such as yeasts, 
fungi and protozoa have been shown to be susceptible to 
dyes and other PS [15, 16]. When applied in a therapeutic 
context, this use of PS has become known as photodynamic 
antimicrobial chemotherapy (PACT) with the underlying 
ethos that if, in a human subject, a live microbe can be 
selectively demonstrated by a stain, which is also a PS, then 
it should be possible to destroy the stained microbe upon 
illumination [17, 18]. Over the last few decades, PS have 
attracted increasing attention as antimicrobial agents with 
therapeutic potential. Here, we present an overview of the 
photophysics and photochemistry involved in the antimicro
bial action of PS and illustrate the therapeutic uses of this 
action with reference to a number that have featured in 
recent patents. These include: the induction of endogenous 
PS using aminolevulinic acid, phenothiazinium based PS, 
which are the most studied of the PACT agents, psoralens 
and organorhodium complexes.

PACT PHOTOCHEMISTRY

It is well established that the photodynamic action of PS 
can be directed against a number of cellular components, 
predominantly DNA [19, 20] proteins [21, 22] and 
membrane lipid [23, 24]. The primary photochemistry 
involved in this action appears to be similar for all PS and a
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schematic representation of the possible photochemical / 
photophysical steps involved in PDT and PACT is shown in 
Fig. (1). A PS has two electrons with opposite spins in its 
ground state (’PS0). After the absorption of a photon of light 
(M>), lPS° undergoes an electronic transition, which promotes 
an electron to the first excited singlet state, ‘PS , with the 
electron retaining its spin. This is a short-lived species with a 
lifetime of nanoseconds and may lose its absorbed energy by 
electronic decay (fluorescence) or by internal conversion into 
heat, and thus return to the ground state. This fluorescence 
has been utilised to quantify the level of PS in cells or 
tissues, and for in vivo measurement of their pharmaco
kinetics and distribution in living animals and patients. 
However, 'PS* can also undergo an electronic rearrangement 
known as intersystem crossing whereby the spin of the 
excited electron inverts to give the first excited triplet state, 
3PS*, in which electron spins are in parallel. The JPS* state is 
relatively long-lived with a lifetime of microseconds, which 
is due to the fact that the loss of energy through electronic 
decay (phosphorescence) back to the PS0 state is a “spin- 
forbidden” process and thus has a low probability of 
occurring [25, 26]. This 3PS* state may pass its excitational 
energy onto other molecules by either of two mechanisms, 
which are defined as type 1 and type II mechanisms, both of 
which facilitate photodynamic action [27, 28].

Type I mechanisms involve direct interaction between 
3PS* and a molecule in the immediate vicinity with hydrogen 
abstraction or electron transfer between these molecules 
yielding radical anions and cations respectively, which are 
generally termed reactive oxygen species (ROS). Superoxide 
anions (0{) are often an initial product of type I pathways, 
yielded by electron transfer from 3PS* to molecular oxygen, 
*02. These anions are not particularly toxic to biological 
systems but tend to undergo dismutation - a process, which 
can be catalysed by superoxide dismutase and involves 
reaction between superoxide anions themselves to produce 
302and hydrogen peroxide, H202. This latter molecule is 
important to biological systems because it can readily pass 
through cell membranes and is necessary for the function of 
many enzymes. Of is also important to biological systems by

Electron

Type II reactions 
(energy transfer) 1

Intersystem 
v crossing

Fluorescence Oxidised
products

Absorption

Phosphoresence Type I reactions
(electron or hydrogen 

transfer)

Cytotoxicity

Fig. (1). The photochemistry / photophysics of PS antimicrobial action was adapted from [122] and shows a schematic representation ol the 
possible photochemical / photophysical steps involved in the photodynamic action of PACT agents. In Fig. (1), a photosensitiser absorbs £ 
photon of light (hv) and undergoes an electronic transition, which promotes an electron from its ground state 'PS0 to the excited singlet state 
‘PS*. If 'PS* is relatively stable, the PS may undergo an electronic rearrangement to give the excited triplet state JPS*. An electron in thi: 
state can pass its excitational energy onto other molecules by either type 1 and type 11 mechanisms, which can then lead to photooxidativf 
cellular damage. Under some circumstance, a PS in either the 'PS* or JPS* slate can also engage in covalent adduct formation. Highe 
excited states or electron energy levels can be reached using high intensity pulsed radiation of excitation at two wavelengths [29, 25, 30].
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playing a key role in the Fenton reaction where the anion 
reduces cellular metal ions, typically Fe3+ to Fe2+, The 
reduced form of the metal catalyses cleavage of the 0-0 
bond in H2O2 to produce the highly reactive hydroxyl radical, 
OH*, which can then interact with superoxide to generate 
singlet oxygen, *02. OH* also readily diffuses through 
membranes and can add on to biomolecules (R), yielding 
hydroxylated adducts, or oxidise substrates by electron 
abstraction. In each case, the reaction product is itself a 
radical and can react with other molecules in a chain 
leaction. As an example, interaction with ground state 
oxygen produces a peroxyl radical, RCOO*, which is also 
highly reactive and can interact with another substrate 
molecule in a chain reaction. A variety of other highly 
reactive radicals such as nitric oxide, NO", and peroxynitrite, 
OONO', can also be produced in type I pathways, which 
initiate chain reactions, and collectively these ROS can 
inflict high levels of photodamage to cells and tissues. In 
contrast, type II mechanisms proceed via energy transfer 
processes during a collision of 3PS* with 302 and involves 
electron spin exchange between the two molecules, yielding 
PS _ and singlet oxygen, ‘02. The latter molecule has a 

lifetime of the order of microseconds, which is relatively 
long in relation to other ROS, and it may diffuse up to 20 nm 
from its site of generation before reacting with a 
biomolecule, again leading to further reactions and cellular 
damage [25, 29, 30].

PACT PS AND THEIR PROPERTIES

Desirable characteristics for PS as PACT agents have 
been discussed in a number of recent reviews [31, 32], In 
terms of economic viability, synthesis of PS should be 
relatively simple and the starting materials readily available 
so that large-scale production is feasible, cost-effective and 
widely applicable. In terms of physical properties, the PS 
should be a pure compound with a constant composition, a 
stable shelf life, and ideally, it should be water soluble or 
soluble in a non-hazardous aqueous solvent mixture [33].

There are a number of parameters that determine the 
photosensitizing capability of a PS and amongst the most 
important are: the triplet-state yield (<!>,), which is the 
probability that after absorbing a quantum of light a PS 
converts to the 3PS* state, the singlet oxygen yield (<DA), 
which is the probability that after absorbing a quantum of 
light a PS converts to the 3PS* state then transfers its excess 
energy to 02, thus causing the formation of l0,. SA is the 
efficiency of energy transfer and relates and ®t according 
to the equation: dity = <I>(, Other parameters used to
characterise the efficacy of PS include the lifetime (xt) and 
the energy (A£,) of the 3PS* state, which is defined as the 
difference between the energies of this state and the ‘PS0 
state [34].

To be therapeutically useful, the light adsorption 
properties of PS are of primary importance. Ideally, the 
maximum wavelength of absorption, of the PS wi’ll lie 
within the therapeutic window of 600-900 nm. Also the PS 
will possess a high coefficient of absorption for that 
wavelength, w > 20,000 -30,000 M"1 cm"1, to minimize the 
dose of PS needed to achieve the desired effect. The PS 
should absorb light at wavelengths sufficiently long so that 
the therapeutic effect of PACT is maximised in terms of
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tissue penetration and that the light used causes minimal 
photosensitization of healthy tissues. However, the 
absorption wavelengths of the PS should not be too long as 
this could render A£1 too low for efficient 'O* formation and 
decrease the photostability of the PS. Moreover, to minimise 
the risk of generalized photosensitivity due to sunlight, it is 
desirable that the PS should not strongly absorb light’with 
wavelengths in region 400-600 nm [29].

To exhibit a high photosensitising efficiency, the PS 
should have a high value of $t, show a A£, that is larger than 
A£a (the energy difference between l02 and 302, which is 94 
kJ mof1) and demonstrate energy-transfer efficiency for the 
formation of ]02. Moreover, the PS should not show 
significant self-aggregation in'the body as this decreases 
both and Oa. For PS that generate singlet oxygen, high 
values of $A are desirable and are often used as a gross 
performance indicator of PS photosensitising ability 
although this will also be determined by a multitude of other 
factors such as pharmacokinetics and physiochemical 
properties of the PS [25],

When administered to patients, PS should have low 
levels of dark toxicity and a low incidence of administrative 
toxicity such as hypotension or allergic reaction. They 
should be selectively enriched in the target cells and be 
eliminated from the body sufficiently quickly to avoid 
generalized skin photosensitization. Ideally, the pharma
cokinetic elimination of PS from the patient should less than 
one day to avoid the necessity for post-treatment protection 
from light exposure and prolonged skin photosensitivity. 
Moreover, a short interval between administration and 
illumination is desirable to facilitate outpatient treatment that 
is both patient-friendly and cost-effective [30].

The lipophilicity of a PS, log P, is a measure of its 
relative solubility in water compared to that of some 
reference organic solvent such as n-octanql [35], This 
provides an indication of the relative hydrophobicity / 
hydrophilicity possessed by the PS and can suggest a 
preference for a lipid / aqueous environment and thereby 
cellular locations. As an example, a strongly hydrophobic PS 
(log P » 0) may have a preference for a membrane location. 
The concentration of 02 in membrane lipid is higher than in 
the surrounding aqueous phase and these conditions could 
favour a type II mechanism of photodamage and membrane 
attack [36], Indeed, it was recently demonstrated that deeper 
membrane insertion by a PS, and reduced membrane 
diffusion by singlet oxygen, enhanced the ability of PS to 
induce type II mediated photodamage [37], A concept related 
to lipophilicity, and also an important physiochemical 
property in relation to PS efficacy as a PACT agent, is 
amphiphilicity. This concept considers the segregation of 
hydrophilic and hydrophobic regions within a molecule and 
can act as a determinant of the ability of a PS to orientate in 
membranes, thus affecting levels of membrane penetration 
[17, 38], Membranes themselves are amphiphilic structures 
and the hydrophobic regions of a PS will seek the central 
hydrophobic core region of the membrane whereas the 
hydrophilic regions of the photosenstiser will prefer to 
preside in the membrane interfacial region and engage in 
electrostsatic interactions with charged moieties in the lipid 
headgioup region [39], The hydrophilic characteristics of a
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molecule primarily depend upon the nature of its constituent 
atoms and chemical groups, which in turn are reflected by 
chemical properties such as pKa, and for most PS, the 
oxidation state of its chromophore. These properties govern 
the overall charge possessed by a PS, which can be of 
fundamental importance in terms of its ability to target the 
anionic membranes of microbial pathogens [17, 38, 40, 41].

PS AND PACT

Clearly, there are three major goals to be achieved for the 
successful development of PACT: The development of 
suitable PS, the delivery of these PS to the target site and the 
subesquennt administration of light at an appropriate 
wavelength to irradiate the delivered PS [17, 42],

In relation to PS delivery, the study of PDT has shown 
that these agents can be administered orally, topically or 
parenterally by intravenous injection [43, 44], although a 
number of strategies to improve the targeting efficiency of 
these PS have been explored [45-48]. Currently, only two PS 
have been approved for systemic administration in PDT and 
there are still technical problems associated with systemic 
light delivery. Thus, although methods of delivery for PACT 
PS have not been definitively established, it seems highly 
probable that, for the present, the use of these PS would be 
limited to the topical treatment of accessible or localised 
microbial infections. This could include the treatment of: 
wounds and bums, rapidly spreading and intractable soft- 
tissue infections and abscesses, infections in body cavities 
such as the mouth, ear, nasal sinus, bladder and stomach, and 
surface infections of the cornea and skin [15, 17, 40, 49, 50].

In terms of light administration, laser systems are 
becoming the standard light source for both PACT and PDT 
[15, 51, 52], and those in current use include: argon / dye 
lasers, helium-neon lasers and KTP:YAG / dye lasers [53- 
55]. Most recently, diode lasers systems have been 
developed, which are semiconductor light sources and offer 
distinct advantages over other laser systems used in PACT in 
terms of light delivery, optical dosimetry and target ceil 
photo inactivation [56, 57]. These latter laser systems have 
been used to photoactivate dyes for the in vivo treatment of 
microbial infections of the oral cavity [49, 50, 58, 59] and 
have gained approval in the US and Europe for use in PDT 
[60]. It would seem that these advances in laser system 
technology will hasten the broader application of PS as 
clinically acceptable PACT agents.

In respect to PS development, the first generation of PS is 
generally considered as compromising HpD and its 
derivatives and up to the early 1980s, these PS and their 
commercial versions such as Photofrin were the most 
commonly used PS in PDT research. However, these PS 
exhibited a number of serious disadvantages, including 
chemical heterogeneity, poor selectivity for tumours and 
weak light absorbance at therapeutically desirable wavelen
gths [34, 52]. In response, a myriad of compounds, which are 
generally regarded as second generation PS, have been 
synthesised over the last twenty-five years [25, 34, 61-65]. In 
general, these PS have been developed to strongly absorb 
light in the therapeutic window of 600-900 nm and to exhibit 
high values of <l>t, A£t and Xt> thereby possessing the
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ability to generate l02 efficiently. Other criteria for the 
development of these PS include: photostability, low dark 
toxicity, high tumour selectivity and strong affinity for target 
sites [100]. Most major classes of second generation PS have 
members that are either clinically approved or in clinical 
trials for PDT [65] (http://www,clinicaltrials.gov.) or paten
ted (http://www.uspto.gov/patft/index.html) with major ex
amples ■ including: porphyrins (Photofrin®), chlorins 
(Visudyn®, Foscan®, Temoporfin®) and aminolevulinic acid 
(Levulan®) [25, 34, 61-65], Compared to PDT, PS clinically 
tested for PACT are relatively few, which underlies the 
infancy of this approach to antimicrobial therapy. An eclectic 
group of PS active against bacteria, viruses, fungi and para
sites have been described [12, 13, 15, 17, 20, 61] and 
include: merocyanine 540 [66, 67] riboflavin or vitamin B2 

[68,69], tetracyclines [70, 71], porphyrins [72-74] and phtha- 
locyanines [74-76]. However, the diversity of PS used in 
PACT is aptly illustrated in terms of structure, mechanisms 
of antimicrobial action and clinical application by reference 
to four classes of these compounds that have recently 
featured in patents.

THE INDUCTION OF ENDOGENOUS PS

Examination of the website (http://www.uspto.gov/patft/ 
index.html) for US patents reveals that aminolevulinic acid 
(ALA) has featured in over one hundred patents related to 
PDT that have been granted during the last decade and the 
drug is also included in as many that are currently pending. 
The role of ALA in these patents derives from a novel 
approach to PDT, where, rather than the application of a PS 
per se, the in situ build up of an endogenous PS is induced 
by the administration of ALA as a metabolic precursor [30, 
34, 77, 78]. ALA is the first intermediate in the haem 
biosynthetic pathway (Fig. 2), which is highly conserved 
across organisms [78, 79] and is well characterised in non- 
plant eukaryotes and non-phototrophic bacteria such as E. 
coli and P. aeruginosa [80-82]. The major difference 
between the haem pathways of these latter two groups of 
organisms occurs with the initial step of ALA synthesis. In 
non-plant eukaryotes, mitochondrial ALA-synthetase is used 
to catalyse the production of ALA from glycine and succinyl 
CoA [30, 83] whereas in the cells of bacteria, glutamate-1- 
semialdehyde transferase catalyses the formation of ALA 
from glutamate-1-semialdehyde [84]. In both cases, ALA 
synthesis is regulated by negative feedback from haem levels 
and the remaining steps of these two pathways are similar 
[80-82], The last step of these pathways involves the 
incorporation of Fe2+ into PPIX to form non-photodyna- 
mically active haem, which is catalyzed by the enzyme 
ferrochelatase and is the rate-limiting step of the biosynthetic 
route. By the addition of ALA, the feedback inhibition of the 
first step in these pathways is bypassed, which leads to the 
accumulation of photodynamically active PPIX and other 
porphyrin intermediates due the limited capacity of 
ferrochelatase to transform PPIX to haeme [85, 86],

The idea that the ALA-mediated induction of porphyrins 
could be used in PACT was first suggested by Kennedy et al. 
[87] and since, this mechanism of photokilling has been 
demonstrated for a variety of Gram-positive and Gram
negative bacteria [15, 88-91]. Recently, it was shown that

http://www,clinicaltrials.gov
http://www.uspto.gov/patft/index.html
http://www.uspto.gov/patft/
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Fig. (2). The haem biosynthetic pathway was adapted from [77], Fig. (2A) shows the haem biosynthetic pathway, which is highly conserved 
across organisms except for the initial step of ALA synthesis. In non-plant eukaryotes, ALA-synthetase is used to catalyse the production of 
ALA from glycine and succinyl CoA (Fig. (2Ba) whereas in prokaryotes, glutamate-1-semialdehyde transferase catalyses the formation of 
ALA from glutamate-1-semialdehyde (Fig. (2Bb). The introduction of exogenous ALA bypasses the negative feedback step of the pathway 
and promotes the production of protoporphyrin IX, a potent PS.

ALA and its methyl ester were able to induce the 
accumulation of a range of porphyrins in members of these 
bacterial classes. Subsequent photokilling of the parent 
organisms appeared to involve singlet oxygen and type II 
mechanisms of action with rates of photokilling dependent 
upon the distribution and level of induced porphyrins. In 
general, Gram-positive bacteria were highly susceptible to

this form of PACT but Gram-negative bacteria showed 
higher levels of resistance, probably due to the barrier posed 
by the outer membrane of these latter organisms to ALA 
uptake [92, 93], Some medically relevant strains of bacteria 
such as Propionibacterium acnes and Helicobacter pylori 
inherently accumulate high levels of porphyrins [94, 95], 
which renders them particularly susceptible to ALA-
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mediated photokilling and PACT. H. pylori is a Gram- 
negative endemic pathogen, causing chronic gastritis and 
gastric ulcer in humans, and is a risk factor for gastric 
adenocarcinoma. The organism is susceptible to a range of 
PS and is usually found on the superficial mucosa of the 
upper gastrointestinal tract where it is readily accessible 
endoscopically [96]. More recent studies showed that when 
ALA was orally administered to humans that were positive 
for the organism, subsequent application of laser and 
endoscopic light to zones of gastric antrum led to the death 
of high levels of H. pylori, thereby showing the potential for 
clinical development [97'J.

P. acnes is a common Gram-positive skin organism that 
normally inhabits human sebaceous glands and contributes 
to acne, a chronic inflammatory disease of the pilosebaceous 
unit. Acne is a multi-factorial condition, where excessive 
sebum production, brought about by hormonal changes, is 
followed by abnormal desquamation of follicular corneo- 
cytes. The resulting mixture of cells and sebum leads to 
blockage of the sebaceous duct and proliferation of P. acnes 
with subsequent release of chomotactic factors by the 
organism generating an inflammatory response [98]. P. 
acnes has been shown to produce enhanced levels of 
endogenous porphyrins after ALA uptake [99] with 
subsequent illumination leading to death of the organism 
[100] and a number of studies have shown Acne vulgaris to 
be successfully treated by ALA-mediated photodynamic 
action [101, 102]. Moreover, ALA is known to be preferen
tially taken up by the pilosebaceous units, leading to a build 
up of PPIX with light activation generating singlet oxygen 
and photodamage to mitochondria, nuclei and cell 
membranes, ALA-mediated photodynamic action thus has 
the potential to treat acne by both selectively damaging the 
pilosebaceous unit, thereby removing blockages from the 
sebaceous duct, and killing P. acnes [103, 104]. Based on 
these observations, a patent for the treatment of Acne 
vulgaris using topical application of ALA followed by light 
irradiation of Che affected tissue was recently granted [105] 
and a subsequent patent application has been submitted for a 
modified form of the patented treatment [106]. Nonetheless, 
it was recognised that a major limitation to the use of ALA is 
its high hydrophilicity at physiological pH and within the 
terms of this patent, ALA was taken to include pharma
cologically equivalent forms of the drug, including 
previously patented ALA esters. A number of novel esters of 
ALA have been recently synthesised with improved 
penetration of the skin's natural permeability barrier [87, 
107] and the general chemical structure of these compounds 
Is featured in a pending patent, along with their use as PS in 
photo-chemothcrapy [108]. It has been predicted that some 
of these novel ALA derivatives may find use in the treatment 
of acne [109, 110].
PHENOTHIAZINIUM BASED PS

Methylene blue (MB) was amongst the first PS to feature 
as a PACT agent in a successful patent when Swartz [111] 
patented a method for inactivating viruses, bacteria and other 
microbes, which involved the concurrent application of an 
electric Held and light for PS activation. MB is now the 
prototype of phenothiazinium based PS (PhBPs) [112], 
which are the most extensively researched PACT agents and

Phoenix and Harris

amongst those most frequently featured in patents 
(http://www.uspto.gov/patft/index.htmi). PhBPs are cationic 
dyes with a core structure consisting of a planar tricyclic 
heteroaromatic ring system and in its oxidized form this ring 
system constitutes the phenothiazinium chromophore. The 
general structure of MB (3,7-bis(dimethylamino)pheno- 
thiazine-5-ium) and other major phenothaziniums is shown 
in Fig. (3) whilst those of typical analogues such as pyro- 
nine y (PYY; //-6-(dimethylamino)-3/7-xanthene-3-yiidene- 
/V-melhylmethanaminium) and neutral red (NR; 3-amino-7- 
dimethylamino-2-methyiphenazine) are shown in Fig. 4. The 
chromophore of PhBPs can efficiently form a long-lived 
'7PS* state and can strongly absorb light, with values of 
that generally lie within the therapeutic window of 600-900 
nm and high values of Liiax (Table 1). In general, PhBPs 
exhibit high values of (Table 1) and thus are efficient 
inducers of singlet oxygen and utilise type II mechanisms of 
photooxidation [40]. Nonetheless, some PhBPs such as PYY 
appear to use type 1 mechanisms [113] and in what appears 
to be the first reported observation, photoactivated MB was 
recently found to form a covalent adduct with DNA when 
acting in concert with other PS [114]. The first reported 
synthesis of MB was in 1876 [112] and today, the dye and its 
analogues are usually prepared via oxidative cyciisations of 
p-phenylenediaminethiosulphonic acids and aniline deriva
tives [115] or via the oxidative amination of 10/7-pheno- 
thiazine [116], Clearly, these derivatives are structurally 
based on the nature of substituted amino group in the aniline 
precursor [117] and thus it is possible to design or ‘custo
mize’ their characteristics by a suitable choice in starting 
material [118]. Such functionalusation usually involves vary
ing the peripheral atoms and groups of the phenothiazinium 
ring system and can be used to optimise physical properties 
like lipophilicity (log P), which is able to affect both the 
distribution of PhBPs within target cells, and their mecha
nism of uptake by these cells [118, 119]. Indeed, a number ol 
PhBPs that are taken up by cells are routinely used as 
systemic / vital stains in surgical procedures, also showing 
that these dyes have low cytotoxicity [120, 121]. Taken 
together, these characteristics show that PhBPs have many of 
the properties associated with therapeutically acceptable PS 
and led to investigation of these dyes as PACT agents.

PHBPS AND THEIR MICROBIAL TARGETS
PhBPs have been shown to photo inactivate a wide range 

of microbes [49, 50] including bacteria [57, 122], viruses 
[15, 20, 54, 123] fungi [40] and protozoa [124]. Earlier 
studies suggested that PhBPs targeted solely the genetic 
material of microbes but it is now known that these dyes use 
a number of sites of action although nucleic acids are 
recognised as major targets, especially in the case of viruses 
[1 1, 15, 20, 54], Photoactivated MB has been shown to 
induce 8-oxo-7,8-dihydroguanine (8~oxoG) formation in 
RNA, either in the isolated polymer [125] or within the 
genome of phage [126, 127], This base modification was 
shown to be important to the MB-mediated photoinactivation 
of Q15 [128] although more recent work has indicated a major 
role for cross-linking between viral proteins and regions of 
double stranded RNA in this process [20, 126, 127], MB 
has been shown to cause photodamage to the envelope ol 
human immunodeficiency virus type 1 (HIV-1) [129] whilsi

http://www.uspto.gov/patft/index.htmi
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R9 R1

R4

IMi fu othiazinium R1 RJ R5 R4 R’ R* R”

MB H H NMe2 H NMe2 H H

.AA H H NH2 H NMe2 H H

AB H H NHMe H NMe2 H H

AC H H NHj H NHMe H H

Th H H NHj H nh2 H H

TBO H Me NH2 H NMe2 H H

NMB H Me NHEt H NHEt Me H

DMMB Me H NMez H NMe2 H Me

Fi«. ;3). The chemical structure of phenothiaziniums was adapted from [118] and shows the general structure of major phenothiaziniums. 
Giv<; in the table are the specific peripheral moieties for: methylene blue (MB), azure A (AA), azure B (AB), azure C (AC), thionin (Th), 
toluk uie blue O (TBO), new methylene blue (NMB) and dimethyl methylene blue (DMMB) where Me = methyl and Et = ethyl.

(c) Neutral red (d) Control with no photo-sensitiser

Fi; (4). The ability of PhBPs to photodamage DNA was adapted from [122] and shows S. aureus DNA. after incubation with photo-activated 
Ph -Ps under the conditions of a Comet assay. The results are shown are for (a) DMMB, (b) PYY, and (c) NR. The 'tails' observed indicate 
the presence of fragmented DNA, implying damage resulting from interaction with PhBPs. The control (d), with no PS present, shows 
no uch 'tail'. Also shown are the corresponding PS structures.
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Tablet. Photodynamic Properties of PhBPs

PhBPs
Maximal absorptioD is the range 

500 ntn - 750 nm (X—.)
Relative singlet oxygen yield

(•a)

Lipophilicity 

(Log P)

MB 656 1.0 0.1

NMB 648 1.35 1.2

DMMB 630 1.22 1.01

TBO 625 0,86 -0.21

AA 625 0.77 0.7

AB 546 0,77 0.7

AC 647 0.77 0.7

NR 623 0.18 0.16

. PYY 536 0.05 . -0.5

Table I was adapted from [40]. The iipophilidty of PhBPs was measured as the partition coefficient, log P, of a dye between water and n-octanol. The singlet oxygen yield, <X>4, of 
PhBPs was determined relative to ~ 1 for MB, and was measured by monitoring the decolourisation of diphenylisobenzofuran at 410 run,

more recent work has shown the dye to photoattack reverse 
transcriptase (RT), viral core proteins and viral RNA [130]. 
Loss of reverse transcriptase activity was suggested to play a 
major role in the MB-mediated photoinactivation of HTV-1 
[54] but recent studies have shown that this event 
significantly precedes the inactivation of RT activity [20], 
Moreover, this latter work has also suggested that MB- 
mediated cross-linking of RT to HIV-1 RNA is unlikely to 
make a major contribution to photoinactivation of the virus 
by the dye. To better understand the ability of MB to 
photoinactivate HIV, direct comparison was made to the 
corresponding ability of TBO. The latter dye was signifi
cantly more effective than MB and it was suggested that this 
may be due in part to better penetration of the viral envelope 
by TBO [40].

PhBPs are able to induce photodamage to DNA that can 
involve strand breakage both in viruses [20, 123, 131] and 
bacteria [132]. MB is known to cause strand breaks in E. coli 
DNA [133] and a scries of PhBPs were recently shown to 
inflict high levels of photodamage on the DNA of 
Staphylococcus aureus that was consistent with multiple 
breaks in the polymer (Fig. (4)). Nonetheless, base modifi
cation appears to be the major mechanism of photodamage 
involved in the action of these dyes against DNA [123]. MB 
mediated type II attack on DNA is known to produce high 
levels of 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) 
[134, 135] and similar results have been observed for other 
PhBPs with the order of efficacy MB > AB > AA > TBO 
[136] although recent studies suggested that this gaunosine 
derivative was not a major product when PhBPs were 
directed against phage DNA [132]. Within the PhBPs, the 
ability of MB to photodamage viral DNA is the best 
characterised [20, 123], In the case of simplex virus type 1 
(HSV-1), MB treatment led to no significant photodamage to 
the viral envelope and the virus was still able to penetrate 
host cells but intracellular replication was completely 
inhibited [137]. In contrast, when phage PM2 was photoin- 
activated by MB, DNA taken from the phage was found to

remain infective, implying an absence of damage to nucleic 
acids. However, binding of treated PM2 to host cells was 
unimpaired, suggesting that the site(s) of photodamage used 
by MB may be an internal viral protein or lipid of the viral 
envelope [138].

PhBPs are well known to interact with the bacterial 
envelope whose negatively charged outer surface, either 
promotes the selective uptake of cationic PhBPs or functions 
as a site of photodynamic action per se [122, 139]. When 
directed against Gram-negative organisms, PhBPs show a 
correlation between their efficacy and both their lipophilicity 
[140] and levels of interaction with lipopolysaccharide 
(LPS), the major component of the outer membrane [141], 
Several studies have suggested that these interactions might 
involve multimeric species of PhBPs [142] and structural 
changes in LPS [143], thereby reducing the barrier function 
of the molecule. Most recently, PhBPs were found to be 
highly phototoxic to E. coli [113] but showed no significant 
photolysis of E. coli cells and no ability to induce 
photooxidative damage to the organism’s membrane lipid 
[119]. Based on these results, it was suggested that E. coli 
membranes were not photodynamic targets of PhBPs and 
that these dyes may be taken up by the organism to attack 
intracellular targets such as DNA [122]. It has been 
previously suggested that at the low pH of the bacterial 
membrane surface, PhBPs may adopt their neutral lipophilic 
quinonemine forms, thereby facilitating cellular uptake in a 
photodynamically inactive form with the possibility of 
subsequent intracellular regeneration of the cationic form of 
the parent dye [15, 17]. Nonetheless, other studies on E. coli 
strains have shown the photodynamic action of PhBPs to be 
directed against either the cell envelope [144] or both the cell 
envelope and the DNA of the organism [145]. In comparison 
to bacteria and viruses, studies on the action of PhBPs 
against eukaryotic microbes are relatively few. Earlier 
investigations have shown that Candida albicans is suscep
tible to the photodynamic action of TBO and MB, which 
appears to involve perforation of the cell wall and membrane
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with subsequent translocation to mitochondria and the 
induction of cell death via apoptosis [146]. MB and a 
number of other PhBPs have been shown to possess potent 
intrinsic toxicity to strains of Plasmodium falciparum [124, 
147, 148], a protozoan parasite that multiplies in human 
erythrocytes and is an etiological agent of malaria [149]. The 
mechanisms underlying this toxicity are largely unclear [124, 
147, 148] and it has been variously suggested that MB- 
mediated inactivation of the parasite may involve: DNA 
intercalation, food vacuole alkalinisation, inhibition of haem 
polymerization and perturbation of the parasite’s redox cycle 
through interference with processes catalysed by the 
glutathione system [124].

PHBPS AND THEIR CLINICAL APPLICATION AS 
ANTIMICROBIAL AGENTS

In terms of clinical application, the safe use of MB in 
human therapy goes back almost a century and includes: oral 
administration as an antiseptic, disinfectant, and antidote for 
nitrate poisoning, and the treatment of ifosfamide-induced 
encephalopathy [150]. MB has also been successfully 
administered to humans in clinical trials as an anticancer 
agent [151, 152] but along with other PhBPs, the most 
investigated clinical applications of these dyes have been as 
PACT agents.

PhBPs and Eukaryotic Microbes

MB was the first synthetic antimicrobial compound 
produced and based on its inherent toxicity to P. falciparum, 
was used as an antimalarial drug in the early 1890s [112, 
124]. In the late 1930s, MB was found to exhibit inherent 
toxicity to Trypanosoma cruzi, which is another protozoan 
parasite and the etiological agent of Chagas disease found 
primarily in Latin America [153], Most recently, the 
application of MB as an antimalarial agent has been revived 
for the presence of the dye has been found to sensitise P. 
falciparum to the action of chloroquine [154]. Previously, 
chloroquine has been used as a highly effective antimalarial 
drug but the appearance of resistant strains of the organism 
has necessitated the search for new antimalarial agents [155]. 
More recent studies have shown that P. falciparum exhibits 
no cross-resistance between MB and chlorquine and that in 
combination these compounds form a potential treatment for 
malaria, which could be used in endemic regions. Moreover, 
a further benefit from the use of MB may arise from its 
ability to prevent methemoglobinimia, a serious complica
tion associated with malarial anaemia [156], Accordingly, 
several groups have used MB as a lead compound and 
synthesised a range of novel PhBPs, which show the 
potential to act as potent antimalarial compounds [157]. MB 
has also shown clinical potential as an antifungal agent for 
treatment of oral candidiasis. This condition has become one 
of the most common manifestations of HIV infection and 
within the HIV-infected population, there is a high-resistance 
to the azole anti-fungal agents normally administered [158]. 
In response, a recent study investigated the ability of MB to 
photoinactivate an azole-resistant strain of C. albicans in a 
SCID (severe combined immunodefieciency disease) murine 
model, which lacks T and B cells, along with natural killer 
cells [59]. These infected mice provided a mimick of AIDS 
related oral candidiasis in humans and it was found by this 
latter study that phototreatment using topical administration
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of the dye at therapeutically acceptable levels completely 
eradicated C. albicans from the murine oral cavity and thus, 
may be of use in treating oral candidiasis in immunodeficient 
human patients.

PhBPs and Bacteria

In view of the global problems caused by drug resistant 
bacteria, PhBPs have been extensively investigated as 
antibacterial agents [29, 40, 122], The dyes show great 
potential in this capacity although that of MB is somewhat 
limited as bacterial enzymes are known to reduce the dye to 
an inactive leucobase [17]. PhBPs have been shown to be 
highly effective against a range of Gram-positive bacteria 
[113, 159, 160] at therapeutically acceptable levels [122], 
Antibiotic resistant pathogens 'of this bacterial class have 
become an increasing problem over the last decade, 
particularly those of nosocomial origin [161, 162]. In 
response, PhBPs have been tested as clinical agents against 
these pathogens and were shown to be highly phototoxic to 
epidemic strains of methicillin-resistant Staphylococcus 
aureus [163] and to vancomycin-resistant Ettferococcnj 
faecalis and Enterococcus faecium [164]. In these cases, 
PhBPs often exhibited an antibacterial efficacy that was 
significantly greater than that of vancomycin, currently 
regarded as one of the last lines of defence in treatment 
regimes against these pathogens [165]. Given the urgent 
nature of the threat posed by these pathogens, it was 
proposed that PhBPs could find an immediate use as general 
microbial disinfectants within hospital environments [14]. 
PhBPs have also been shown to be effective against a range 
of Gram-negative bacteria [1 13, 159, 160], including 
Helicobacter pylori, Haemophilius influenza. Pseudomonas 
aeruginosa, and Klebsiella pneumoniae [122, 140, 166], Of 
particular clinical interest, photoactivated PhBPs have been 
shown to be effective against a number of pathogenic Gram
negative strains such as Yersina enterocolitica, which is a 
blood-borne organism and problematic tp transfusion 
services [167] and E, coli 0157:H7 [159], which is a food- 
born pathogen with acquired resistance to many 
conventional antibiotics [168]. Moreover, the efficacy of 
PhBPs against Gram-negative organisms is comparable to 
that observed for Gram-positive bacteria [113, 160], 
behaviour that contrasts strongly with that of many other 
classes of PS, which generally show low efficacy against 
Gram-negative bacteria. This decreased efficacy is primarily 
due to the barrier function provided by the negatively 
charged outer membrane of these organisms, which contri
butes to the multi-drug resistance of many Gram-negative 
pathogens [18, 29]. A number of strategies to overcome this 
barrier have been investigated [122], including the use of 
ALA described above but the inherent ability of PhBPs to 
partition into membranes, coupled with their ability' to target 
the negatively charged outer membrane [119] makes them 
attractive propositions to combat Gram-negative pathogens 
[122],

Photoactivated PhBPs clearly have the potential to act as 
broad spectrum antibacterial agents, which lends itself to a 
number of therapeutic applications. Recent dermatological 
studies have shown that MB is able to photoinactivate a 
range of bacterial species, which were representative of those 
encountered on the skin in both health and disease states,
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including S. aureus, S. epidermis, Streptococcus pyogenes, 
Corneybacterium minutissimum and P, acnes [169]. The 
levels of MB used in these latter studies were at 
therapeutically acceptable levels and more recent in vitro 
studies have shown corresponding levels of the dye to 
exhibit insignificant cytotoxicity [170] and genotoxicity to 
keratinocytes [171]. It was suggested by these latter authors 
that MB-mediated PACT could be applied in vivo as an 
alternative and / or adjuvant to antibiotics and antiseptics for 
the treatment of microbe associated skin diseases, or to 
produce asepsis prior to surgery or other clinical procedures. 
The broad-spectrum photobactericidal activity of PhBPs has 
also made them well suited to the treatment of dental plaque- 
related diseases such as caries, gingivitis and periodonitis 
[53]. These diseases are amongst the most common bacterial 
infections found in humans and are strongly associated with 
a variety of Gram-positive pathogens such as Streptococcus 
sanguis and Gram-negative pathogens such as Porphyro- 
monas gingivalis [172]. When colonising the oral cavity, 
these pathogens adhere to oral surfaces to form multi-species 
biofilms, which are generally highly refractive to 
conventional antibacterial agents [173, 174], However, in 
vitro studies have shown that these biofilms [35, 46, 219] 
and their individual component organisms [174, 175] are 
readily susceptible to the photodynamic action of PhBPs. 
Moreover, ampicillin-resistant bacterial biofilms were 
broken down by the photodynamic action of NMB with this 
action including both photobactericidal activity and 
photodamage to polysaccharides of the extracellular 
polymeric substance (EPS), which stabilise the biofilm 
matrix [176]. This dual ability to attack biofilms is not 
observed with conventional antibacterial, agents and clearly 
gives an advantage to the use of PhBPs in killing bacteria 
that use this form of colonisation [53]. Photoactivated PhBPs 
and other such agents could thus be used to disinfect root 
canals, periodontal pockets, cavity preparations and sites of 
peri-implantitis [58], A major step in this direction was taken 
when photoactivated TBO was recently used in vivo to kill 
P. gingivalis, a major causative agent of periodonitis, in the 
oral cavities of rats with no apparent effects on adjacent 
healthy tissue [177]. It has been suggested that PhBPs may 
find use in the treatment of other accessible localised 
bacterial infections, such as those associated with burn 
therapy [122, 143, 178]. Strongly, supporting this 
suggestion, recent in vivo studies showed a photoactivated 
cationic photosensitiser able to kill E. coli [179] and P. 
aeruginosa [180], which were infecting excisional wounds in 
mice. In each case, the PS was administered topically and the 
treated wounds healed normally with no apparent 
photodamage to the host tissue.
PhBPs and Viruses

In the early 1960’s, PhBPs including MB, TBO and NR 
were tested with limited success as antiviral agents in the 
production of vaccines [181] and a decade later, NR was 
clinically tested for the treatment of Herpes simplex virus 
(HSV) [182, 183]. However, these latter trials were 
terminated due to side-effects involving the transformation 
of healthy cells [184] although this has ..since been 
questioned [123]. Currently, the major antiviral use of PhBPs 
is the photodecontamination of blood and blood fractions 
and thus their microbial targets may be in suspension
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(plasma), cell-associated or intracellular (platelets or RBCs). 
This makes targeting pathogens in blood fractions a complex 
task although it is simplified by the fact that the primary site 
of action used by PhBPs is genetic material and red blood 
cells (RBCs), platelets and plasma do not contain viable 
nucleic acids [185], MB is already used by a number of 

s European transfusion services to photod is infect plasma [38, 
41, 186, 187] and the dye shows particular efficacy for the 
photoinactivation of enveloped viruses found within this 
blood fraction [188, 189], including HIV and the West Nile 
virus (WNV) [20, 190]. WNV is an RNA virus, which has 
become a significant global threat since the turn of the 
century [191, 192], and little is known about its mode of 
infection or propagation [193] although dissemination 
between humans via the transfusion of infected blood has 
been demonstrated [194]. In contrast, non-enveloped viruses 
have a more diverse spectrum of susceptibility to photo
activated MB with those such as the human B19 parvovirus 
showing low levels of resistance and those such as the 
poliovirus, porcine virus and hepatitis A virus showing high 
levels of resistance [187-189]. In response, the use of other 
PhBPs has been proposed [121], including thionin (Th), AA, 
AB and AC, each of which have shown the potential for the 
photoinactivation of plasma borne viruses [38, 195].

It is established that the MB mediated photodisinfection 
of plasma can produce collateral damage, generally 
manifested as a reduced coagulation capacity through losses 
in clotting factors [196], but technical advances have 
minimised these effects to therapeutically acceptable levels 
[187]. It is also established that MB and other PhBPs show a 
significant ability to photo inactivate viruses that infect blood 
fractions containing cellular components such as platelets 
and erythrocytes. However, the ability of PhBPs to 
photodecontaminate these blood fractions is generally 
compromised by collateral damage arising from uptake of 
these dyes by platelets and erythrocytes [38, 41, 185, 186]. 
Studies on blood platelets showed that significant levels of 
collateral damage were induced in these bodies by the 
photodynamic action of Th, MB, TBO AA, AC and AB 
when measured in terms of hypotonic shock and platelet 
activation [197]. Nonetheless, the lowest levels of collateral 
damage and highest levels of virus photoinactivation seen in 
these latter studies were those exhibited by Th, which led to 
further investigations into the potential of the dye to 
photodecontaminate these blood fractions. These investiga
tions showed photoactivated Th, potentially able to 
inactivate viral contaminants of platelet concentrates, 
including enveloped and non-enveloped viruses, leucocytes 
and bacteria with studies ongoing [198].

Research into the photodecontamination of blood 
fractions containing RBCs by PhBPs has been limited [38, 
41, 185, 186]. Recently, in vitro studies showed MB to 
photoinactivate Dengue virus [199], which is an emerging 
pathogen, and transfusion-transmission of Dengue through 
RBCs has been reported [185], MB mediated phototreatment 
of RBCs was found to inactivate extracellular viruses but 
also to induce significant damage to the erythrocyte 
membrane, which was exacerbated by refrigerated blood 
storage. Moreover, under conditions found to kill extracel
lular viruses, the MB mediated phototreatment of RBCs was 
generally ineffective against intracellular viruses and
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bacteria [200]. It was suggested that this ineffectiveness may 
arise from the inability of hydrophilic MB to transverse the 
membranes of these pathogens [112], which led to the testing 
of more hydrophobic PhBPs for the ability to photoinactivate 
intracellular viruses in RBCs. Methyl violet (MV), which is 
structurally similar to MB but differs by virtue of its neutral 
charge status and higher lipophilicity [118] was investigated 
in this capacity [201]. These latter studies found that the 
neutral nature of MV allowed the dye to access to the interior 
of RBCs where it showed a strong ability to photoinactivate 
the intracellular vesicular stromatitis virus, contrasting to 
MB, which was ineffective against'the virus. However, the 
virucidal action of MV was inhibited in the presence of 
plasma, which appeared to be due to high levels of binding 
between plasma lipoprotein and the strongly lipophilic dye 
molecule [201]. DMMB is amongst the most strongly 
lipophilic of the PhBPs [118] with a greater affinity for 
nucleic acids than MB and was tested as a photovirucidal 
agent in contaminated RBCs [189, 200, 202, 203], Taken 
with other investigations [204, 205], these latter studies 
showed DMMB to photoinactivate a range of RNA and 
DMA viruses, both intracellular and extracellular, enveloped 
and non-enveloped phages, and leukocytes more efficiently 
than MB, apparently without deleterious effects on RBCs 
[202, 203], It was suggested that the dye may be of use as a 
photodecontaminating agent for RBCs but later studies 
indicated that excessive levels of red cell membrane damage 
and haemolysis could be associated with DMMB and MV, 
questioning their potential as such agents [38, 200]. Recent 
studies have shown that when quinacrine, a planar tricyclic 
compound with structural similarities to DMMB, was used 
as a competitive inhibitor to limit photosensitiser binding to 
the membranes of RBCs, photo-induced haemolysis 
stemmed from DMMB both in free solution and membrane- 
bound [206], Based on these studies, the use of additives to 
prevent colloidal-osmotic haemolysis of RBCs and the use of 
novel flexible dyes that function as PS only when bound to 
the erythrocyte membrane are two techniques that currently 
are under investigation for reducing damage to blood 
fraction of RBCs [200].

PhBPs as PACT Agents Featured in Patents

Awareness to the full potential of PhBPs as PACT agents 
came towards the end of the last century, which led to the 
inclusion of these dyes in a number of patents related to 
blood decontamination over the period 1980 to 2000 [207]. 
However, it is clear from the above discussion that there has 
been extensive research into the antiviral capabilities of 
PhBPs over the last five years primarily because viruses pose 
the major current threat as blood supply contaminants [185]. 
Over this same period, PhBPs have featured in several 
successfully obtained patents that relate to antiviral therapy 
[208] and blood disinfection [207]. These patents clearly 
recognise the potential of PhBPs as broad range PACT 
agents in that their target microbes are defined to include not 
only established and currently emerging viral pathogens but 
also those of bacterial and protozoan origins, which in some 
cases have not been tested for susceptibility to PhBPs. The 
importance of PhBPs as PACT agents is further reinforced 
by the fact that a patent for these dyes as biologically active 
molecules per se has been presented. This application 
includes a number of roles for PhBPs but in relation to

Recent Patents on Anti-Infective Drug Discovery, 2006, VoL 1, No. 2 191

PACT, refers to the use of these dyes in the treatment and 
prevention of microbial infections and in photodisinfection 
or photosterilisation [209]. Several other patent applications 
that feature PhBPs as PACT agents for decontaminating 
blood and body fluids are pending [210, 211]. Given the 
likely emergence and recurrence of blood borne pathogens 
[185] and the amenability of PhBPs to functionalisation 
[118], further applications for patents featuring PhBPs as 
PACT agents seems a distinct possibility.

PSORALENS
Psoralesn (furanocoumarins) are now known as PACT 

agents but a scan of the US patents website (http:// 
www.uspto.gov/patft/index.htmI) shows that these com
pounds feature in over 40 patents that have been granted in 
relation to photophoresis, or extracorporeal chemotherapy, 
with a similar number pending. This form of light-based 
therapy constitutes a major use of psoralens and their 
derivatives and is primarily used in the treatment of T-cell 
lymphoma [212]. Essentially, the patient is dosed with the 
PS, which enters the white blood cell nuclei and intercalates 
with DNA. Extracorporeally, these white blood cells are then 
exposed to ultraviolet A light (UVA), which leads to the 
cross-linking of DNA and unwinding of the biopolymer 
during transcription. UVA light damages abnormal T-cells, 
rendering them more immunogenic and subsequent re
infusion of these altered T-cells into the patient causes an 
immunological reaction that targets T-cells carrying the same 
surface antigens [213, 214]. It was this strong affinity shown 
for nucleic acids that led to psoralens and their derivatives 
being developed as antimicrobial agents [17, 41, 185]

Psoralens are plant-derived PS and are aromatic tricyclic 
compounds, consisting of a furan ring fused to a coumarin 
moiety (Fig. 5). The molecules of these PS are thus planar in 
nature and taken with their general hydrophobicity, this 
facilitates intercalation with genetic material [215]. With 
subsequent illumination by UV light in the range 200-350 
nm, psoralens are able to utilise type I and type 11 
mechanisms and induce photooxidative damage at their site 
of action [41]. However, when, excited in situ, these PS can 
also undergo [2+2] cycloaddition reactions with olefinic 
moieties in nucleotide bases such as cytosine. The formation 
of mono or bis adducts can occur, either of which damages 
the nucleic acids, causing cross-linking in the latter case 
(Fig, 5). It is well established that the formation of mono
adducts from the furan side of these PS derives exclusively 
from the 'PS state of the molecule whereas pyrone-adducts 
result predominantly from the 3PS* state [54, 215, 216]. This 
covalent modification of genetic material is an attractive 
mechanism of phototoxicity in that the damage inflicted 
efficiently forms a replication block to the cellular repair 
systems of target cells [215]. Although cycloaddition with 
nucleic acids is the primary photoreaction of psoralens, the 
furocoumarin nucleus of these PS will undergo this reaction 
with other olefinic moieties such as unsaturated fatty acids 
[217-219].

A number of studies have shown that illuminated 
psoralens and derivatives such as 8-methoxypsoralen (8- 
MOP) can inactivate viruses and bacteria through nucleic 
acid cross-linking and base modification [220, 221]. Recently, 
novel derivatives of 8-MOP, such as 4'~amino-methyl-
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Fig. (5). Photochemical action of psoralens on nucleic acids was adapted from [41] and shows the structure of 4'-aminomethyl-4,5\8- 
trimethylpsoralen (AMT) but the structure of amotosalen hydrochloride (S-59) is unavailable. Also shown above are the possible adducts 
produced by the generalized interaction of an intercalated psoralen with nucleic acids.

4,5',8-trimethylpsoralen (AMT) (Fig. (5)) have been 
synthesized, which show a strong ability to photoinactivate a 
range of pathogenic microbes [41]. AMT demonstrated a 
very high affinity for DNA, which promoted concerns for 
increased mutagenicity, but the PS proved to be a viable lead 
compound in the development of psoralens as antimicrobial 
agents [219-221]. This led to the production of amotosalen 
hydrochloride (S-59), for which the full structure has not 
been released but is described as an aminoalkylated psoralen 
derivative [222]. The PS was shown to intercalate with 
nucleic acids and when activated by UVA light, to form 
covalent adducts with pyrimidine bases in both DNA and 
RNA [223]. These adducts then form both interstrand or 
intrastrand cross-links within the genetic material, thereby 
blocking replication and transcription with cell death 
resulting. S-59 has undergone clinical trials as a blood 
decontaminant [222] and was found to photoinactivate a 
broad range of microbes in blood fractions, including: 
enveloped single-stranded and double-stranded RNA and 
DNA viruses, and their non-enveloped counterparts [224- 
227], Gram-positive and Gram-negative bacteria [224, 228, 
229] and the protozoan parasite T cruzi [230], Clinical

studies have demonstrated that S-59 is non-toxic and that 
treated plasma and platelets have acceptable functional 
characteristics. However, the PS was found to be ineffective 
for pathogen inactivation of RBCs due to light absorbance 
by haemoglobin and the viscosity of packed RBCs [231- 
236]. Based on its ability to intercalate with nucleic acids 
and low toxicity, S-59 has featured in a number of patents 
applied for over the last three years, which relate to use of 
the PS in either photophoresis to treat lymphomia (http:// 
www.uspto.gov/patft/index.html) or as an antimicrobial 
agent in the decontamination of biological fluids such as 
blood and blood components [237]. Underlining the 
importance of psoralens as PACT agents, novel members ol 
this PS class with have primary amino substitutions on the 3- 
, 4-, 5-, and 8-positions of the psoralen ring system have 
been recently patented per se along with their potential use 
as photodecontaminants of blood and blood products [238].

ORGANORHODIUM COMPLEXES

PS with a transition metal ion coordinated at the centre o 
their ring systems such as metalloporphyrins and metallo 
phthalocyaines [25, 34] are well established as potentia
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PACT agents [12, 41, 62, 74] and in this capacity, have 
featured in a number of patents (http://www. uspto. 
gov/patft/index.html). In general, these PS have high values 
of Xt> d> t and ^^when their central transition metal is 
diamagnetic such as Zn2+, but lower values when the metal is 
paramagnetic such as Cu2+ [25, 34]. Since the 1960s, there 
has been an increasing interest in the potential of inorganic 
transition metal complexes to function as PACT PS [239]. It 
has been shown that when irradiated with UV light, many of 
these metal complexes, particularly those based on 
ruthenium(II), are efficient producers of l02 with values of

comparable to MB [25, 240]. Moreover, when illumi
nated, many inorganic transition metal complexes show a 
strong nuclease activity and / or a high capability to form 
covalent bonds with nucleic acids, which led to the 
suggestion that these complexes could be used as nucleic 
acid probes and as agents for nucleic acid inactivation [241, 
242]. Based on these observations, photo activated transition 
metal complexes have been investigated as agents for viral 
inactivation and antitumour therapy, and in this respect, 
bisbipyridyl complexes of rhodium(III) showed therapeutic 
potential [239]. The photoactivated octahedral rhodium 
complex, c/5-dichlorobis(l,10-phenanthroline) rhodium(lll) 
chloride [c/J'-Rh(phen)2Cl2+; BISPHEN] (Fig. (6A)) was 
found to have a low <3>A of 0,087 [243] and a strong tendency 
to form covalent adducts with-EiNA and DNA, and cross-link 
the bases of both biopolymers [244]. The use of non-oxygen 
dependent pathways to target nucleic acids is a highly 
desirable mechanism of phototoxicity in therapeutic 
scenarios where hypoxic conditions exist as most PS require 
the presence of oxygen for photodynamic action [25, 34]. 
Studies on photo-activated BISPHEN showed that incuba
tion with calf thymus DNA, either aerobically or 
anaerobically, or with 2'-deoxyguanosine (dG) aerobically, 
led to the metal complex binding with high selectivity to the 
N1 position of dG [245, 246]. It was proposed that this 
binding involved an electron transfer mechanism in which 
the reaction is initiated by reduction of the metal complex 
excited state by dG [245, 247, 248], However, the incubation 
of photoactivated BISPHEN with dG under anaerobic 
conditions showed the metal complex to preferentially bind 
to the N7 position of the base with electron transfer from dG 
to the excited complex apparently initiating a chain reaction
[249] , The photoactivated metal complex has also been 
shown to exhibit toxicity to single stranded DNA, double 
stranded DNA and isolated infectious DNA from phages
[250] . These latter studies indicated that BISPHEN may 
utilise some mechanism of phototoxicity other than covalent 
bond formation whilst other investigations have suggested 
that the rhodium complex may use multiple mechanisms of 
nucleic acid photo-inactivation, including breaks in the 
strand of DNA [239, 251, 252].

There have been a number of attempts to improve the 
characteristics of BISPHEN as a therapeutically viable PS 
[239]. One potential limitation to the therapeutic use of 
BISPHEN is the occurrence of its in the UV region. The 
photoactivated metal complex was shown to efficiently kill 
viruses in platelet suspensions but was restricted in its 
potential as a blood decontaminant due to negligible 
absorption at wavelengths within the therapeutic window of 
600-900 nm [253]. In response, it was shown that the

Recent Patents on Anti-Infective Drug Discovery, 2006, VoL 1, No. 2 ] 93

irradiation of BISPHEN with visible light in the presence of 
MB initiated a synergistic interaction between the two PS 
that led to that to the covalent binding of both dye and metal 
complex to DNA. Moreover, this synergistic action was 
found to operate only under anaerobic conditions, which 
suggested that the photoactivated BISPHEN / MB system 
may be of use in hypoxic environments [114], More 
recently, it was found that BISPHEN could be photoacti
vated by light at the red end of the spectrum (X > 520 nm) 
and covalently bind DNA in the absence of MB. This 
binding was inhibited by the presence of molecular oxygen, 
indicating that the excited state responsible for the 
photochemistry of the metal complex at longer wavelengths 
was different to that populated when excitation of the 
complex with UV radiation occurred [254]. Other limitations 
to the use of BISPHEN as a therapeutic agent have been the 
low hydrophobicity shown by the metal complex, thereby 
reducing its ability to cross cell membranes and attack DNA, 
and its low ground state association with the biopolymer. In 
response, a number of groups have attempted to prepare 
analogues of BISPHEN for which these characteristics have 
been improved. An octamethylated analogue of BISPHEN, 
c/j-dichlorobis (3,4,7,8-tetramethyl-l,10-phenanthrolineJ 
rhodium(III) chloride (OCTBP) was synthesised [255], 
Similarly to BISPHEN, OCTBP formed covalent bonds with 
dG when the two were irradiated with UV light and showed 
some phototoxicity to target cells when irradiated in theii 
presence with light at the red end of the spectrum (X > 50C 
nm). In contrast to BISPHEN, OCTBP was found to exhibil 
significant levels of hydrophobicity and was able to cross 
membranes for uptake by target cells. OCTBP was alsc 
found to show higher levels of photoreactivity and grounc 
state association with double stranded DNA than BISPHEN 
In relation to the parent compound, OCTBP showed highei 
levels of to higher levels of phototoxicity to target celk 
although there was some evidence that the analogue acted a: 
a prodrug and after cell uptake, the metal complex was 
photolysed to ms-chloro aquo OCTBP, which was the activi 
phototoxic agent [255],

In another attempt to prepare analogues of BISPHEb 
with enhanced hydrophobicity, one of the phen ligands wa; 
replaced by the dipyridoI[3,2f7-2',3'c]phenazine (dppz 
moiety to give c;j,-Rh(dppz)(phen)Cl2+ (DPPZPHEN) [243‘ 
(Fig. (6B)). Contrasting to BISPHEN, it was found tha 
DPPZPHEN was taken up by a range of target cells anc 
showed high levels of ground state association with DNA 
The photoactivated analogue appeared to inactivate DN/ 
using a dual mode of action, both covalently binding to th< 
biopolymer and causing nicks or strand breakage. O 
particular significance to PACT, DPPZPHEN was foum 
able to directly target the genome of the Sinbis virus (SINV) 
which is an enveloped RNA virus and closely related to th< 
Flaviviridae, know to be significant human pathogens. Th< 
analogue was able to penetrate the protein layers and th< 
lipid bilayer of SINV and inflict extensive photodamage oi 
the genome of the pathogen. Moreover, although DPPZ 
PHEN used multiple mechanisms of action to photo-attacl 
nucleic acids, the complex showed a low <3>A of 0.068 am 
these mechanisms were found to be independent of tin 
presence of oxygen, thus eliminating the involvement o 
ROS. It was observed that DPPZPHEN and its analogue
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Fig. (6). The chemical structures of organorhodium compounds was adapted from [243] and shows the chemical structures of the 
DCtahedral organorhodium complexes (A) BISPHEN and (B) DPPZPHEN.

nay be of use as a blood decontaminant for a major 
iisadvantage of many PS currently used in this capacity is 
hat the lOj generated by their photodynamic action can 
:ause indiscriminate damage to blood components [243]. 
3ased on these observations, a patent for the use of 
jisbipyridyl rhodium(III) compounds as microbial photo
decontaminants in blood and other body fluids was recently 
ipplied for [256].

CURRENT & FUTURE DEVELOPMENTS
In response to the urgent need for novel antimicrobial 

strategies [1, 18, 29], it is clear from this review that current 
developments in PACT offer great potential. The induction 
of endogenous PS by ALA and its derivatives has broad 
range antibacterial potential and forms the basis of 
successful treatments for acne. Both PhBPs and psoralens 
are highly photo-active against a broad range of pathogens 
including bacteria viruses and parasites, which has led to 
clinical trials for these compounds as blood decontaminants 
with MB now successfully used in this capacity. PhBPs also 
show high potential as broad range antibacterial agents, with 
particular potential in combating Gram-negative pathogens, 
and as antimalarial compounds. Organorhodium complexes 
show efficacy as antiviral agents with DPPZPHEN 
exhibiting particular potential for use as an antimicrobial 
agent in hypoxic environments. For the future, each class of 
PS discussed have a demonstrated amenability to function
alisation, offering the opportunity to synthesis PACT agents 
with therapeutically desirable photochemical characteristics 
and physiochemical properties. This facility has already led 
to the production of PhBPs that can be considered as third 
generation PS, only functioning as photosensitising mole
cules when bound to the cell membrane [200]. Moreover, it 
seems likely that the design of third generation PACT PS 
will benefit from PDT research, which is currently 
generating a wide range of photosensitising molecules with 
novel structure / function relationships [34].

As a final comment, the four classes of PACT PS 
discussed here have all featured in patents relating to their 
antimicrobial function. It is perhaps self evident that

successful pharmaceuticals, particularly those of a comme
rcial nature, will lead to patents. What appears to be less 
obvious is the fact that patents are a rich source of 
information for they are rarely cited in the literature. Thus, in 
addition to highlighting the great potential of PACT, this 
review can also serve to draw attention to the existence of a 
greatly underused data resource.
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Summary.

In chapter 6 a range of clinical applications for photodynamic agents were described with 
respect to antimicrobial action but photo-activated cytotoxic compounds have also been 
shown to have a range of uses in the treatment of tumours. Phenothiazinium species have 
the potential to interact electrostatically with the outer surface of tumour cells which tend 
to contain increased levels of anionic lipid when compared to healthy tissue. In recent 
years there has therefore been growing recognition of the potential use of cationic 
phenothiazinium based chromophores in the treatment of tumours by use of 
photodynamic therapy [85]. Methylene blue is of special interest in this regard since it 
has been widely used in the treatment of a range of medical conditions for a number of 
years and has been utilized in the photodynamic treatment of some of the more accessible 
cancers such as bladder cancer. Whilst this parent compound had therefore been used 
with some success it did suffer from a number of limitations such as ease of reduction 
and limited uptake yet there was nothing in the literature relating to the effect of 
substitutions at the phenothiazine ring on the derivatives intracellular localization or 
photosensitising properties. We were able to show that by increasing methylation, for 
example, it was possible to increase the cytotoxicity of the parent compound [86]. These 
methylations had a number of effects in that as well as increasing singlet oxygen 
generation they also made the compounds more resistant to reduction to the inactive 
leuco base. We were able to develop and use a system involving the diaphorase catalysed 
conversion of NADH to confirm that methylation did indeed lead to a decrease in 
susceptibility of the molecules to reduction by cellular coenzymes [87] thus enabling the 
derivatives to exhibit increased intracellular activity. Similar increases in toxicity were 
also seen by generating methylated derivatives of toludine blue O - a related analogue of 
methylene blue which had been shown to have some success in the treatment of 
esophageal tumours [88]. In this later case the primary and secondary amino functionality 
can lead to the formation of neutral quinoneimines under physiological conditions 
whereas in the case of methylene blue the compound tends to be cationic at physiological 
pH. Toludine blue therefore had the added advantage of providing a greater variety of 
pharmacologically active species.

In addition to the changes noted above we postulated that the change in 
hydrophobicity/amphiphilicity caused by methylation may well affect uptake and 
targeting events but when we analysed a range of phenothiaziniums they showed 
comparable levels of DNA damage and other than in the case of dimethylmethylene blue 
this appeared to be the main site of phototoxic damage. In this later case there was also 
the potential for the agent to intercalate with the membrane and as such it may be that the 
high levels of toxicity exhibited by DMMB were in part due to an increase in the range of 
intracellular targets available [89]. We were able to confirm that a number of these 
compounds had potential in the treatment of tumours including pigmented tumours such 
as human melanoma [90]. In the case of the SK-23 cell line we were able to show that in 
general methylation led to increased uptake of the methylene blue derivatives. We were 
unable to obtain clear data from fluorescence microscopy as to the intracellular



had affected the intracellular distribution in the case of melanocytes. Overall therefore 
the riatfl suggested that altering amphiphilicity had a direct affect on uptake ad 
potentially intracellular distribution although the primary site of free radical damage 
appeared to remain the DNA.

We also investigated the potential activity of other cationic compounds based around 
Victoria Blue (VBBO) and its derivatives [91]. These compounds are triarylmethane dyes 
that have been shown to exhibit photocytotoxic effects against a range of cell lines 
including human melanoma. VBBO was shown to be more effective than both methylene 
blue and toludine blue O against the murine mammary tumour cell line EMT6 although 
all three showed success in treatment of both sensitive cell lines and drug resistant cell 
lines known to be over-expressing p-glycoprotein. [92]. The extrusion of drugs by p- 
glycoprotein is a major problem in the treatment of tumours hence tins finding opened up 
a range of further possibilities for the use of photodynamic therapy in tumour treatment 
Our work usiug confocal microscopy indicated that Victoria Blue BO was likely to 
accumulate at mitochondrial targets as noted for other cationic compounds [93]. Whilst 
we obtained further evidence that modification of the parent compounds overall 
hydrophobicity affected uptake the study seemed to show that, at least in the case of 
VBBO, the main target remained mitochondrial which may explain the limited protection 
provided against these VBBO activity by glutathione and related cytoplasmic free radical 
scavengers [94]. In this case comparison of the subcellular distribution with that of 
conventional agents such as doxorubicin again shows the potential importance of the 
localization at the mitochondria as a possible key factor in overcoming multiple drug 
resistance [95].

In conclusion it would therefore appear that the main effect of using methylation to 
change lipophilicity has been to change the levels of intracellular uptake once again 
emphasizing the importance of the balance between hydrophobicity ad amphiphilicity for 
intracellular targeting. The data seemed to indicate that in the case of methylene blue 
where the main target appeared to be DNA and VBBO where the primary site appeared 
to be mitochondrial the changes in amphiphilicity do not seem to have been great enough 
to change the intracellular target except possibly in the case of DMMB. Instead once 
uptake has been achieved key factors in maximising phototoxicity appear to be singlet 
oxygen generating efficiency and resistance to reduction by cellular co-enzymes

85. Harris, F. Chatfield, L. and Phoenix, D. A. (2005) Phenotfaiazinium based 
photosensitisers - photodynamic agents with a multiplicity of cellular targets and clinical 
applications. Curr. Drug Targets, 6,65-627.

86. Wainwright, M., Phoenix, D. A., Rice, 1., Burrow, S. M. and Waring J. (1997) Increased 
cytotoxicity and phototoxicity in the methylene blue series via chromophore methylation. 
J Photochem Photobiol B: Biol. 40,233-239.

87. Rice, L., Phoenix, D. A., Wainwright, M. and Wareing J. (1998), Effect of increasing 
methylation on the ability of methylene blue to cause diaphorase catlaysed oxidation of 
NADH. Biochem Soc Trans, 26,319.

88. M. Wainwright, L. Rice, DA. Phoenix & JJ. Waring (1999) Investigation of methylated 
derivatives of toluidine blue O as a photosensitizer for photodynamic therapy In Colour 
Science ‘98, Volume U. Dye & Pigment Chemistry. Eds J.Griffiths & A.D. Towns. Publ. 
University of Leeds pp327-330.



89. Hams, F., Sayed, Z., Hussain, S. and Phoenix, D. A. (2004) An investigation into the 
potential of phenothiazinium based photosensitisers to act as PDT agents. Photodiagnosis 
and Photodynamic Therapy, 1,231-239.

90. Rice, L, Wainwright, M and Phoenix, D. A. (2000) Phenothiazine photosensitisers HI. 
Activity of methylene blue derivatives against pigmented melanoma cell lines. J 
Chemotherapy, 12,94-104.

91. Burrow, S. M., Guinot, S,, Wainwright, M., Waring, J and Phoenix, D. A. (1995) 
Invetsigations of a series of novel cationic photosensitisers and their potential use in 
photodynamic therapy. Biochem. Soc. Trans. 23,260.

92. Wainwright, M. Phoenix, D. A., Burrow, S. M. and Waring J. (1999) Cytotoxicity and 
adjuvant activity of cationic photosensitisers in a multidrug resistant cell line. J 
Chemotherapy, 11,61-68.

93. Wainwright, M., Burrow, S. M., Guinot, S. G. R,, Phoenix, D. A. and Waring J. (1999) 
Uptake ad cell killing activities of a series of Victoria Blue derivatives in a mouse 
mammary tumour cell line. Cytotechnology, 29, 35-43.

94. Burrow, S. M., Phoenix, D, A., Wainwright, M. and Waring J. (2000) reduced cellular 
glutathione levels do not affect the cytotoxicity of the cationic photosensitiser Victoria 
Blue BO. Membr. Cell. Biol., 14,357-366.

95. Burrow, S. M., Phoenix, D. A., Wainwright, M., and Tobin M. J., (2002) Intracellular 
localisation studies of doxorubicin and Victoria Blue BO in EMT6-S and EMT6-R cells 
using confocal microscopy. Cytotechnology, 39,15-25.



Current Drug Targets, 2005, 6, 015-627 615

Phenothiazinium Based Photosensitisers - Photodynamic Agents with a 
Multiplicity of Cellular Targets and Clinical Applications

F. Harris1, L.K. Chatfield1 and D.A. Phoenix2’*

‘Department Forensic and Investigative Science, University of Central Lancashire, Preston, PR1 2HE, UK 2Deans 
Office, Faculty of Science, University of Central Lancashire, Preston, PR] 2 HE, UK

Abstract; Phenothiazinium based photosensitisers (PhBPs) possess planar heteroaromatic ring structures that give the 
parent molecules photosensitising properties. PhBPs show potential application in photodynamic therapy (PDT) as anti
tumour agents, and in photodynamic chemotherapy (PACT) as antimicrobial compounds.

PhBPs show selectivity for tumour and microbial cells, which appears to be based on electrostatic interactions between the 
positive charge generally carried by these molecules and the negative charge found on the outer surface of these target 
cells. In some cases, a site of action for photoactivated PhBPs is the outer membrane / envelope of the target cell. Such 
action can involve the modification of membrane lipid and / or lipopolysaccharide, and the inactivation of essential pro
teins and enzymes, with these effects usually leading to cell lysis and death. However, more often, PhBPs are internalised 
by target cells, promoted by a variety of factors, including low pH and enzymatic reduction, and upon photoactivation, 
internalised, PhBPs are able to inflict damage on a number of intracellular targets. In tumour cells, PhBPs can photodam
age DNA and the membranes of organelles, thereby inducing necrosis and / or apoptosis. In bacterial cells, whilst DMA is 
generally a primary target of PhBPs, these compounds can exhibit multiple sites of action within a given cel! and show 
different sites of action between different bacterial species. This variable targeting makes PhBPs attractive propositions as 
alternatives to conventional antibiotics in that the emergence of bacterial strains with acquired resistance to these com
pounds appears to be highly unlikely,

Key Words: Phenothiazinium-based photosensitisers, photodynamic therapy, photodynamic antimicrobial chemotherapy an 
titumour, antibacterial, antiviral and antimalarial.

INTRODUCTION

A successful role for light activated compounds in human 
therapy can be traced back to a number of ancient civilisa
tions. It is recorded that both Chinese and Asian cultures 
treated skin disorders with salves prepared from plant ex
tracts, which were then exposed to sunlight with good re
sponse. It is now known that the active components of these 
salves are endogenous plant photosensitisers such as 
hypocrellin and psoralens and that when photo-activated, 
these compounds are effective against cutaneous tumours 
[1].

The photochemical sensitisation of cells was first re
ported by Raab in 1896 and led von Tappeiner and Jesionek 
to use the topical administration of eosin combined with 
sunlight to treat skin tumour patients in 1903 [2]. However, 
it is generally accepted that the modern era of photodynamic 
therapy (PDT) began in 1960, when Lipson and Baldes ob
served that neoplastic tissues in surgical patients would fluo
resce under ultraviolet light after the injection of crude 
preparations of haematoporphryn [3, 4], These latter authors 
then used partially purified forms of this preparation (HpD) 
as a fluorescent marker for cancer diagnosis and just over a 
decade later, Dougherty et a/.., [5, 6] showed that HpD was 
able to induce complete or partial tumour necrosis. It has
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since been established that HpD is a photosensitising mole
cule and that many such molecules are preferentially taken 
up and / or retained by malignant tissue. Subsequent elec
tronic excitation of these molecules by light generates highly 
reactive oxygen species, which are toxic to the tissue [7, 8]. 
In addition to oncological conditions [9-11], the therapeutic 
use of photosensitisers has now been extended to include the 
treatment of cardiovascular, dermatological, ophthalmic and 
immune-mediated conditions [12-18]. Moreover, a number 
of photosensitising molecules have been recently investi
gated for use in the field of antimicrobial therapy [19-21]. 
The first descriptions of photosensitisers as antimicrobial 
agents can be traced back to dyes used for the histological 
staining of cellular components. In the 1930s, it was reported 
that phages and viruses, which had been stained with such 
dyes were photosensitive, and in the early 1960s, quantita
tive studies on the ability of these dyes to photoinactivate 
viruses and bacteria were reported [22]. Since then, photo
sensitisers have also been shown to be active against eukary
otic microbes such as yeasts, fungi and protozoa [22-25] and 
the general application of photodynamic action as a strategy 
to inactivate.microbes has become known as photodynamic 
antimicrobial chemotherapy (PACT).

A large number of photosensitisers with the potential to 
act as therapeutic agents are known [26-28] although cur
rently, only four are licensed for clinical use [9], Compounds 
based on the phenothiazinum chromophore (Fig. 1) have a 
long history in the treatment of human conditions [29] and 
over the last decade, the broad range therapeutic potential of
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these dyes has become apparent. Here we review recent 
studies, which have shown phenothiazinium-based photosen- 
sitisres (PhBPs) to possess phototoxicity to tumours, bacte
ria, viruses and other microbes that have potential applica
tion in a wide variety of clinical arenas.

PhBPs: ADMINISTRATION AND LIGHT DELIVERY

Methylene blue (MB) is the prototype of PhBPs and it is 
well established that the toxicity of the dye to human cells is 
low. The safe use of MB in human therapy spans nearly a 
century, including oral administration as an antiseptic, disin
fectant, and antidote for nitrate poisoning, the treatment of 
methemoglobinemia and ifosfamide-induced encephalopathy 
[30], In terms of PDT, MB and several other PhBPs have 
been administered either subcutaneously, intratumourally or 
intravenously for the in vivo treatment of both xenotrans- 
planted and naturally occurring tumours in animals with suc
cessful results [31-36]. However, MB appears to be the only 
member of the PhBPs that has been administered to humans 
in clinical trials and in the case of oesophageal cancer, the 
dye was successfully injected intralesionally with tumour 
destruction resulting [37-38]. In contrast, no response was 
observed when MB was injected intravenously or intravesi- 
cally to treat bladder cancer, which appeared to result from 
poor tumour localisation due to the dye’s high hydrophilicity 
[39]. These results underline the dependence of successful 
PDT on the pharmacokinetics and thereby the physicochemi
cal properties of PhBPs, which in addition to hydrophilicity / 
lipophilicity can include positive charge, pKa, redox poten
tial and molecular planarity [29]. Clearly, these properties 
are also relevant to the administration of PhBPs as PACT 
agents, although no photosensitiser is currently licensed for 
use in human therapy as an antimicrobial agent pet se and 
methods of delivery have not been definitively established 
for these agents. Nonetheless, progress in this direction was 
recently indicated with the first successful in vivo uses of 
locally administered PACT agents at levels that are thera
peutically acceptable for the treatment of humans. Topically 
applied TBO and a novel cationic photosensitiser respec
tively were found to efficiently photodecontaminate bacteri- 
afly infected oral cavities [40] and incisional wounds [41-42] 
in animal models. Interestingly, the target bacteria of these 
latter studies were Gram-negative organisms, which gener
ally show low sensitivity to PACT agents when compared to 
Gram-positive organisms and eukaryotic microbes [23]. This 
observation underlines the fact that, when acting as either 
PACT or PDT agents, target cell morphology is also an ex
tremely important factor in planning the administration of 
PhBPs.

A variety of non-laser light sources including light emit
ting diodes and various lamps have been used to photo- 
activate PhBPs in both PDT and PACT associated studies 
[21, 43]. However, laser systems are now generally the stan
dard light source for the photosensitisation of molecules and 
a number of such systems have been used in conjunction 
with PhBPs in relation to both PDT and PACT, including 
argon/dye lasers, helium-neon lasers and KTP:YAG/dye 
lasers [8, 44-46], Most recently diode lasers systems have 
been developed, which are semiconductor light sources and 
offer distinct advantages over other laser systems used in 
PDT and PACT in terms of light delivery, optical dosimetry
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and target cell photoinactivation [43, 47]. These latter laser 
systems have been used to photoactivate MB and TBO .for ■ 
the in vivo treatment of microbial infections of the oral cav
ity [48, 49] and have gained approval in America and Europe 
for use in PDT involving the licensed photosensitisers Pho- 
tofrin and Foscan [50]. It would seem that these advances in 
laser system technology will hasten the broader application 
of PhBPs as clinically acceptable PDT and PACT agents.

PhBPs: PHOTOCHEMISTRY AND PHOTODYNA
MIC ACTION

MB shows a major peak in the red region at 665 nm, cor
responding to the dye’s wavelength of maximum absorbance 
(^m«x) within the range of.600-900 nm (Table 1), which is the 
therapeutically desirable window for the treatment of human 
conditions. Moreover, this intense absorption in the red re
gion is a major advantage for the therapeutic use of MB as 
biological molecules show minimal adsorption of light in 
this region, thus generally allowing deeper light penetration 
into human tissue [1, 51]. MB has well-established chemistry 
and several studies have shown that chemical modification 
of the dye can produce derivatives, which maintain the 
therapeutically acceptable light adsorption characteristics of 
the parent compound but with enhanced phototoxicity to 
target cells [21, 29]. A number of PhBPs have now been 
synthesised and the core structure of these molecules is a 
planar tricyclic heteroaromatic ring system as shown in Fig 
(1). The oxidized ring system constitutes the phenothiaz- 
inium chromophore and it is the ability of this ring system to 
efficiently form a relatively long-lived excited state that fa
cilitates the photodynamic action of PhBPs [21, 29]. The 
primary photochemistry involved in this action is similar for 
all PDT and PACT agents and a schematic representation of 
the possible photochemical / photophysical steps involved in 
the general case are shown in Fig (2). In the first step, a 
photosensitiser in its electronic ground state (PS) absorbs a 
photon of light (hv) with wavelength' \ that ideally lies 
within the therapeutic window of 600 - 900 nm and Table 1 
shows that most of the major PhBPs possess values of A.,,,™ 
that lie within window. Having absorbed a photon of light, 
PS undergoes an electronic transition, which promotes an 
electron from the-ground state to the excited singlet state 
(PSi). Depending upon its molecular architecture and envi
ronment, the photosensitiser may lose energy by electronic 
decay (fluorescence) or physical processes, and thus return to 
the ground state. However, if PS| is relatively stable, the 
photosensitiser may also undergo an electronic rearrange
ment to give the excited triplet state (PS?)- At this stage the 
photosensitiser may again undergo electronic decay (phos
phorescence) back to the ground state [26, 52]. However, if 
the lifetime of PS2 is relatively longer than that of the PS, 
state (of the order of p.s versus ns), then PS2 may pass its 
excitational energy onto other molecules by either of two 
mechanisms. These are defined as type I and type 11 mecha
nisms and both facilitate photodynamic action [53].

Type I mechanisms involve direct interaction between 
PS2 and a nearby biomolecule, which acts as a reductant. 
Hydrogen abstraction or electron transfer between PS2 and 
this biomolecule yields free radicals, which can then initiate 
further redox reactions with cellular damage resulting. In 
contrast, type II mechanisms involve energy transfer via the
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Tabic 1. Photodynamic Properties of PliBPs

Pliotoclynnmii: property :uu! references PhBPs"

MB DMMB NMB MMB TBO PYY AA AB AC NR

Lipophilicity (log P)h [ 102, 119] 0.1 1.01 1.2 0.7 -0.21 0.16 0.7 0.7 0.7 -0.5

Singlet oxygen yield (cp4} ^ [102, 119] 1.0 1.22 1.35 1.11 0.86 0.05 0.77 0.77 0.77 0.18

Wavelength of maximum absorbance (Xmtis nm) [102, 112] 656 648 630 656 625 546 623 647 605 536

Target organism and references Miiiininm lethal eoneentration (|ilYl)''

Staphylococcus aureus [102,112] 1 0.8 1.25 - 12.5 3.1 25 12.5 18.8 12.5

Melhicillin-resistant 5top/?y/ococci« aureus [114] 10 <0.5 1 - 10 - - 20 - -

Vancomycin resistant Rnlerococcusfaecalis [116] - 40 - 200 - - - - - -

Vancomycin Rnlerococcusfaecium [116] •- 8 - 80 - - - - - -

Listeria monocytogenes'1 [ \ 1 1] 1.1 - - - 0.6 - - - - -

Escherichia coli [102, 112] 100 0.5 7.8 - 7.S J5.6 250 125 125 15.6

Escherichia coli 0157:1-17 '■'[111] 4,2 - - - 1.3 - - - - -

Yersina enleroco/itica [119] - 20 0.5 - - - - - - -

Pseudomonas aeruginosa [112] 25 10 - - 5 - - -
“MB - Methylene Blue, DMMB - Dimethyl Methylene blue, NMB - New Methylene, MMB - Methyl Methylene Blue, TBO - Toluidine Blue O, PYY - Pymnin Y, AA- Azure A, AB 
- Azure B, AC - Azure C. and NR - Neutral Red. ''The lipophilicity of PhBPs was measured as the partition coefficient, log P, of a dye between water and n-octanol [177], 
■■The singlet oxygen yield, cp4, of PhBPs was determined relative to d>4) = I for MB, and was measured by monitoring the decolourisalion of 1,3 diphenylisobenzofuran at 410 am 
[179], The minimum lethal concentration of PhBPs was defined as the lowest concentration of dye at which bacterial growth could not be detected [I 14], “Values quoted are mini
mum inhibitory concentrations (MICs).

collision of PS2 with molecular oxygen, which yields ground 
state photosensitiser and singlet oxygen, l02. When formed 
in situ within a cellular environment, singlet oxygen is 
highly cytotoxic due to its strong oxidising activity, Moreo
ver, it has a long lifetime (of the order of jis) in relation to 
other reactive oxygen species and may diffuse from its site 
of generation before reacting with a biomolecule, again 
leading to further reactions and cellular damage. The ten
dency of a photosensitiser to utilise type II mechanisms of 
photosensitisation is often inferred from its in vitro singlet 
oxygen yield (<E>J [54] and it can be seen from Table 1 that 
the majority of PhBPs have significant values of <£>A, None
theless, given a sufficiently populated triplet state and the 
availability of oxygen, a photosensitiser has the potential to 
inflict damage on a variety of biomolecules via either or both 
of these mechanisms. In general, this photodamage can in
clude: the loss of membrane functions induced by the per
oxidation of membrane lipids [55, 56], the inactivation of 
essential enzymes and loss of membrane protein function 
due to bimolecular cross-linking reactions [57-59] and 
mutagenetic effects resulting from DNA modification [60, 
61], A particularly important example of such DNA modifi
cation is the oxidation of guanosine to produce 7, 8-dihydro- 
8-oxo-2'-deoxyguanosine (8-oxodG). This compound is a 
major product of type II photo-attack on cellular DNA and is 
often used as an in vivo biomarker of such attack [60, 61].

PhBPs AS PDT AGENTS
Cancer is one of the most prevalent causes of death in the 

Western world and the incidence of the condition is rising.

Traditional anti-cancer therapies, such as cytostatic chemo
therapy, radiation, and surgery are frequently inadequate for 
full recovery of the patient and often there can be serious 
side effects [62], There is an urgent need for effective cancer 
treatments and increasingly, PDT is being used to fulfil this 
need [7, 26, 27] with PhBPs attracting growing interest in 
this capacity.

PhBPs and Their Mechanisms of Anti-Tumour Action
It is well established that PhBPs are selectively taken up 

by tumour cells and that this uptake is promoted by electro
static interactions between the positive charge generally car
ried by PhBPs and the enhanced levels of anionic lipids 
found in the extracellular membrane surface of tumour cells 
[22], Moreover, several recent studies have shown that the 
low pH associated with these membrane surfaces can effec
tively increase the lipophilicity of photosensitiers and 
thereby promote their selective uptake by these cells [8, 63, 
64]. Similar mechanisms of cellular uptake have been pro
posed for a number of PhBPs [21], At physiological pH, 
NMB TBO, AA, AB, and AC are generally cationic but at 
lower pH can be reduced to form neutral quinonemine spe
cies that are significantly more lipophilic than the charged 
parent compound [29]. Thus, the low pH found at the outer 
surface of the tumour plasma membrane could lead to the 
formation of inactive neutral species, promoting their cellu
lar uptake with the possibility of subsequent intracellular 
regeneration of the cationic form of the parent dye. Consis
tent with these observations, recent studies on EMT-6 mur
ine mammary tumour cells suggested that the plasma mem-



618 Current Drug Targets. 2005, Vot. 6, No. 5
Harris cl at.

^ N

HjC
N
i
CH3

S"

Azure A

. H 
N
i

H

^ N

HjC,
N s
i
H

H
N
i
H

Azure C

CHj

H,C%

i i
CH3 • H

Azure B

H3CCH2

i
ch2ch3

ch3

H
N
i

H

Brilliant Creosyl Blue

H3C ,ch3
N
i
CH3

Pyronine Y

H3C N CH3

i
ch3

.H
N
i
H ch2ch3

,ch2ch3
N
I

H
Toluidine Blue O New Methylene Blue

Fig. (1). The chemical structures of PhBPs.

Shows the chemical structures of the PhBPs described in Table 1. In general these molecules may be considered to be composed of two 
parts. The chromophore, which is the oxidised heteroaromatic ring system, and its peripheral modifications, which comprise the side-chains 
and auxochromes. The former gives PhBPs their light absorption / emission and photosensitising properties, whereas the latter are important
to the physical properties of these dyes, such as lipophilicity / solubility, which affect both the distribution of PhBPs within target cells and 
their mechanism of uptake by these cells [29],

brane may not be a site of action for TBO, NMB, AA, AB. 
AC, PYY and NR and that these dyes may be taken up to 
photoattack cytoplasmic targets [65], Nonetheless, other 
mechanisms of cellular uptake for PhBPs have been demon
strated in both bovine pulmonary arterial endothelial cells 
[66] and human erythrocytes [67], For these cells, it was 
found that the uptake of MB and TBO is preceded by reduc
tion at the cell outer surface by a thiazine reductase with the 
oxidised forms of these dyes predominating upon cellular 
internalisation.

Several studies have shown that when taken up by tu
mour cells, PhBPs localise to a variety of subcellular loca
tions [22]. Recent studies on RJF-1 murine fibrosarcoma 
cells showed that novel derivatives of MB localised to the 
lysozomes, which served as the site of action for the pho- 
toactivated compound [68, 69], Other photoactivated PhBPs

have been shown able to permeate the lysozomal membrane 
[70] and to induce decreased proton translocation across 
these membranes with concomitant loss of membrane integ
rity [71, 72]. It is well established that the leakage of lyso
zomal enzymes can trigger apoptosis [73], In what appear to 
have been the first confirmed reports of apoptosis by PhBPs, 
several novel MB derivatives have been recently shown to 
localise to mitochondria. The ability of the MB derivative, 
D015, to induce photodamage in P388 murine leukemia 
cells was investigated and it was found that the compound 
induced mitochondrial membrane depolarisation, which was 
followed within hours by DNA fragmentation. These latter 
authors concluded that the release of mitochondrial compo
nents due to D015 photodamage had initiated an apoptotic 
response, activating endonucleases and resulting in DNA 
degradation [74], In studies on V79 Chinese hamster fibro-
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Fig. (2). Mechiinisms of PACT photocytoxicity.

Shows a schematic representation of the possible photochemical / photo-physical steps involved in the photosensitisation of a PACT agent. A 
photosensiliser absorbs a photon of light (hv) and undergoes an electronic transition, which promotes an electron from its ground state, PS0, 
to the excited singlet state, ‘PS . If 'PS is relatively stable, the photosensitiser may undergo an electronic rearrangement to give the excited 
triplet state, PS . An electron in the state can pass its excitational energy onto other molecules by either type 1 and type II mechanisms, 
which can then lead to photooxidative cellular damage. Higher excited slates (not shown) can be reached using high intensity pulsed radia
tion of excitation at two wavelengths [15, 52],

blasts, it was found that the MB derivative MBD localised to 
the mitochondria and when photoactivated, was able to in
duce apoptosis via two different mechanisms, depending 
upon the cellular concentration of the dye. Lower levels of 
MBD induced apoptosis, which occurred within days of light 
exposure and appeared to be related to cell energy depletion 
via the inhibition of mitochondrial oxidative phosphorylation 
by the compound. However, higher levels of MBD induced 
apoptosis, which occurred within hours of light exposure and 
appeared to be related to cell energy depletion via the inhibi
tion of glycolysis [75]. Moreover, depletion of both these 
cell energy sources led to cell death by necrosis within six 
hours of MBD illumination. This form of cell death has also 
been reported for the phototumouricidal action of a number 
of other PhBPs [22, 76],

Several recent investigations have shown that illumina
tion can cause PhBPs to relocate within the tumour cell. MB 
and a series of novel derivative PhBPs were found to localise 
to lysozymes when taken up by RIF-1 murine fibrosarcoma 
cells. However, on exposure to light, MB relocalised to the 
nucleus whilst the majority of the remaining PhBPs were 
detected in the mitochondria. In all cases tumour cell death 
resulted and for PhBPs that localised to the nucleus, cell 
death was related to the levels of mitochondrial damage in
duced by illumination, consistent with the occurrence of 
apoptosis [68, 69], In contrast, studies on EMT-6 murine 
mammary fibrosarcoma cells, SK-23 murine melanoma cells 
and SK-28 human melanoma cells showed MB, DMMB, 
NMB and MMB to adopt a subcellular distribution that was 
consistent with mitochondrial localisation. For all tumour 
cell types examined, illumination of each of these PhBPs 
produced evidence of apoptosis, which was accompanied by 
relocalisation of the dyes to the nucleus [77]. More recent 
studies have shown that when DMMB, NMB TBO, NR, AA, 
AB, and AC were taken up by EMT-6 cells, illumination of 
these dyes led to high levels of DNA strand breakage [65], It 
is well established that the positive charge and planarity of 
PhBPs allows them to efficiently intercalate with DNA [22, 
26, 78] and it was suggested by [65] that this ability may 
facilitate direct photoattack on the polymer by PhBPs that 
localise to the tumour cell nucleus.

It is clear from the above discussion that PhBPs localise 
to a variety of subcellular locations and utilise a number of 
photokilling mechanisms depending upon the nature of the 
target tumour cells and the dyes themselves. Moreover, it is 
also evident that PhBPs are able to use multiple mechanisms 
of photodynamic attack within a given tumour cell. Two of 
the mechanisms of tumour cell death used by PhBPs are di
rect photoattack on DNA and photoinduced necrosis, both of 
which are essentially unregulated processes that can lead to 
the occurrence of damage on neighbouring cells [27], clearly 
undesirable for the photodynamic treatment of cancers. 
However, several PhBPs have been shown to induce mito- 
chondrially-mediated apoptosis in tumour cells [22, 74, 75, 
77], which is generally accepted to be the most efficient form 
of apoptotic signalling [27]. Moreover, when the regulated 
and organized nature of apoptosis is taken with the fact that 
surrounding tissue is unaffected by this form of cell death, 
this makes it the favoured mechanism of cell death for the 
controlled treatment of cancers [9]. Several recent studies 
focused on the ability of MB and other PhBPs to both target 
and to photoattack mitochondria, and have established that 
the cationic nature of PhBPs coupled with lipophilicity is 
highly important to their ability to target mitochondria [69, 
79, 80], Most recently, it was shown that MB photoattack on 
mitochondria involves type 11 mechanisms and that the dye’s 
affinity for these organelles is promoted by elevated mito
chondrial membrane potential. However, the resulting accu
mulation of the dye within these mitochondria leads to both 
the dimerisation of MB molecules and the reduction of MB 
by NADH in the matrix of these organelles with each effect 
reducing the photodynamic efficiency of MB [81]. These 
results indicate that the photochemical interactions of PhBPs 
with mitochondria are complex but continued progress in 
providing a mechanistic background to the induction of 
apoptosis by these interactions will clearly help in the al
ready promising development of these compounds to act as 
therapeutically useful PDT agents.

PhBPs and Their Clinical Application as Anti-Tumour 
Agents

Earlier investigations into the use of PhBPs as PDT 
agents focused primarily on the readily available dyes MB,
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AC, TBO and Th, and it was established that each of these 
dyes exhibited in vitro phototoxicity to a number of human 
and animal carcinoma cell lines [22]. Since then, an increas
ing number of PhBPs have been shown to possess in vitro 
phototoxicty to a widening variety of cancer cells (Table 2), 
which for humans include: neuroblastoma, astrocytoma [82], 
lymphoma [83], melanoma [77, 84] and leukaemic T cells 
[85].

Based on its ability to localise in tumours, TBO has been 
widely evaluated as a diagnostic agent for oral cancers [86]. 
However, within the last decade there have been a number of 
investigations -into the ability of PhBPs to exhibit in vivo 
anti-tumour photodynamic activity. Such activity was dem
onstrated against xenotransplanted EMT-6 and RIF-1 murine 
sarcomas when benzo[a]phenothiazinium chloride was in
jected subcutaneously [35], against large xenotransplanted 
murine tumours when the compound was similarly adminis
tered in combination with benzoporphyrins [34], and against 
a variety of naturally occurring canine and feline tumours 
when injected intravenously [33]. MB has also shown in vivo 
photodynamic activity when delivered directly into the tu
mour. A significant tumour reduction, including complete 
tumour destruction was observed in mice with solid Ehrlich 
carcinomas treated with intratumoural MB followed by illu
mination with red light [36]. More recently, the therapeutic

Table 2. Tumour cells Targeted by PhBPs

response of MB was investigated by intratumoural injection 
of the dye into xenotransplanted subcutaneous human colon 
tumours in mice. Subsequent illumination of MB with red 
light led to the destruction of 75% -79% of tumours after 
single treatments [31, 32]. The effect of MB-mediated PDT, 
administered both free and intravesically, on human ovarian 
malignant tumours, which had been cultivated on the 
chorioallantoic membrane was evaluated. Two days after 
phototreatment with MB, the implanted tumours were mark
edly decreased in size and after five days, tumour regression 
was clearly visible [76]. Despite these promising results, the 
successful clinical use of MB has been limited. In th.e first 
clinical study [39] no response was observed in three patients 
with superficial bladder cancer, which had been treated with 
intravenously or intravesicalliy administered MB, followed 
by illumination of the bladder with red light. In the second 
study, MB was successfully administered as a palliative 
treatment in three patients with inoperable oesophageal tu
mours [37, 38]. Complete destruction of intraluminal tu
mours was achieved after two treatments with MB injected 
intralesionally followed by intraluminal illumination with 
red light.

Another aspect of anticancer therapy for which PhBPs 
have been investigated is modulation of the multi-drug re
sistance (MDR) phenotype shown by some tumour cell types

PliBPs Target cancer cells / tumours and references

MB

SK-N-MC human neuroblastoma and U-373 MG human astrocytoma cells [82], human B-cell and T-cell 
lymphoma cells [83]. EMT-6 murine mammary fibrosarcoma cells [65, 77, 179], SK-23 murine melanoma cells 

and SK-28 human melanoma cells [77, 84]. RIF-1 murine fibrosarcoma cells [69], human ovarian malignant 
tumours cultivated on the chorioallantoic membrane [76], xenotransplanted human colon tumours in mice [31, 32], inop

erable esophageal tumours [37, 38], Multidrug resistant EMT-6 murine mammary tumour cell lines [91]
Chinese hamster V79 lung fibroplasl cells and MCF7 human breast carcinoma cells [180]

TBO
HeLa cervical cancer cells [182], EMT-6 murine mammary fibrosarcoma cells [65], Jurkat cells [85],

Mullidrug resistant EMT-6 murine mammary tumour cell lines [91]. Chinese hamster V79 lung fibroplast 
cells and MCF7 human breast carcinoma cells [ 180]

NMB EMT-6 murine mammary fibrosarcoma cells [65, 77], SK-23 murine melanoma 
cells and SK-28 human melanoma cells [77, 84]

DMMB EMT-6 murine mammary fibrosarcoma cells [65, 77, 179], SK-23 murine melanoma 
cells and SK-28 human melanoma cells [77, 84]

MMB EMT-6 murine mammary fibrosarcoma cells [77, 179], SK-23 murine melanoma 
cells and SK-28 human melanoma cells [77, 84]

AA, AB, AC. NR and PYY EMT-6 murine mammary fibrosarcoma cells [65]

MBD V79 Chinese hamster fibroblasts [75]

DO 15 P388 murine leukemia cells [74]

bei)zo(tt]piienothiazimum
chloride

Cultured EMT-6 murine fibrosarcomas [179], Xenotransplanted EMT-6 and RIF-I murine 
fibrosarcomas [34, 35] and naturally occurring animal tumours [33]

lodmiued bcnzo[n) 
phcnolhiazinium chloride EMT-6 murine mammary fibrosarcoma [181]

Un-numed MB analogues RiF-l murine fibrosarcoma cells [69]

Un-named suits of PhBPs RIF-I murine fibrosarcoma cells [68]
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[87], A number of mechanisms are known to contribute to 
these phenotypes but the best characterised of these mecha
nisms is that conferred by the membrane P-glycoprotein 
(Pgp), which acts as an efflux pump, extruding a wide vari
ety of structurally unrelated drugs from the MDR cell [88], 
Sevetal earlier studies have shown PhBPs to possess signifi
cant activity in modulating the MDR phenotype of tumour 
cell lines including P388 murine leukemia cells [89] and 
MCF-7 breast cancer cells [90], More recently, the photody
namic effect of MB, TBO and Victoria blue BO (VBBO), on 
sensitive and MDR EMT-6 murine mammary tumour cell 
lines was investigated [91]. These studies showed that al
though MB and TBO demonstrated limited phototoxicity in 
comparison to VBBO, they increased doxorubicin toxicity 
preferentially in the MDR cell line, suggesting modulation of 
the MDR phenotype. Most recently, the ability of MB to 
modulate the MDR phenotype of a number of tumour cell 
lines was investigated, including Lucena 1, which is derived 
from the human erythroleukaemia cell K562 and was devel
oped to over-expresses Pgp [92, 93], It was found that after 
treatment with MB in the absence of illumination, the MDR 
phenotype of cells was reversed, indicating that MB is not a 
substrate of Pgp. Moreover, the high sensitivity of these MB- 
treated cells to the photodynamic action of MB showed no 
significant difference to that of non-MDR cells [92, 93], 
These latter studies showed no evidence of cross-resistance 
to MB toxicity in MDR tumour cells and it was suggested 
that the dye may find application in the treatment of MDR 
tumouis [93], possessing an advantage over conventional 
Pgp modulating drugs such as verapimil [88], in that it acts 
simultaneously as a MDR reverser and a photodynamic tu- 
mouricide.

PhBPs AS PACT AGENTS

Currently, pathogenic bacteria exhibiting multiple drug 
resistance are contributing to a global pandemic of infectious 
diseases and the ability of traditional antibiotic therapies to 
cope with this problem is under challenge [19, 94], Coupled 
to this, there has been an emergence of previously unknown 
agents such as HIV, which are able to reduce the efficacy of 
the immune system, thereby promoting the spread of infec
tious diseases [95]. In response, there has been considerable 
research into the photodynamic antimicrobial properties of 
I hBPs, Intelestingly, MB was the first synthetic antimicro
bial compound to be reported [96] and over the last decade it 
has become clear that derivatives of the dye are able to pho- 
toinactivate a range of microbes including bacteria, viruses, 
and other microbial organisms,

PhBPs AND BACTERIA AS TARGET ORGANISMS 

PhBPs and Their Sites of Antibacterial Action

Early work on PhBPs focused on their ability to bind 
nucleic acids and it was generally believed that their site of 
photodynamic action was DNA [22], It is known that PhBPs 
aie able to attack at a variety of bacterial targets but DNA is 
recognised as a major example. Several studies have shown 
MB to cause strand breaks in the DNA of E. colt [97] and 
photodamage to the DNA of Proteus mirabilis [98], Most 
recently, use of the Comet assay, which quantifies strand 
breaks in cellular DNA, showed that a series of PhBPs (Ta-
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ble 1) were able to inflict high levels of photodamage on the 
DNA of Staphylococcus aureus [99]. These latter studies 
also suggested that PhBPs exert phototoxicity to DNA .via a 
number of mechanisms: Pyronine Y appeared to use a type I 
mechanism of DNA photosensitisettion whereas the remain
ing PhBPs in Table 1 appeared to utilise type 11 mechanisms. 
Moreover, whereas MB mediated type II attack on DNA has 
been previously shown to produce high levels of 8-oxodG 
[100, 101], the phototoxicity of the PhBPs in Table 1 to 
DNA produced insignificant levels of this guanosine deriva
tive [99]. It would seem that that type II attack on a nucleo- 
side(s) other than guanosine may be a major mechanism of 
photodynamic action used by PhBPs when directed against 
DNA.

In contrast to normal eukaryotic cells, microbial cells 
generally possess negatively charged extracellular membrane 
surfaces that promote the selective uptake of cationic PhBPs 
by these cells [19], It is self evident that in order to exert 
their antimicrobial action, PhBPs must either target the 
membrane and / or pass through the membrane to attack in
tracellular targets. Consistent with these observations, most 
PhBPs have been shown to be lipophilic [102] and to interact 
with model membranes [103]. ft has previously been re
ported that DMMB associates strongly with components of 
the bacterial cell envelope [104]. More recent studies on MB 
and TBO have suggested a correlation between the efficacy 
of PhBPs when directed against Gram-negative organisms 
and both their I.ipophilicity [105] and levels of interaction 
with Upopolysaccharide (LPS), the major component of the 
outer membrane [106]. Several studies have suggested that 
these interactions might involve multimeric species of PhBPs 
[107] and structural changes in LPS [108], thereby reducing 
the barrier function of the molecule. Most recently, PhBPs 
were found to be highly phototoxic to E. coli [102] but 
showed no ability to either induce photodamage to the or
ganism’s membrane lipid or to mediate photo-lysis of E. coli 
cells [103]. ,These results strongly suggested that E. coli 
membranes were not photodynamic targets of PhBPs and 
implied that these dyes were taken up by the organism to 
attack cytoplasmic targets. It has been previously proposed 
that the low pH of the bacterial membrane surface may lead 
PhBPs to adopt their neutral lipophilic quinonemine forms, 
theieby facilitating cellular uptake in a photodynamically 
inactive form [20, 21], Nonetheless, other studies on E. coli 
strains have shown the phototoxic action of PhBPs to be di
rected against either the cell envelope [109] or both the cell 
envelope and the DNA of the organism [110], Overall, re
search clearly shows that PhBPs have the ability to exhibit 
multiple sites of action within a given bacterial cell and show 
different sites of action between different bacterial species. 
This lack of targeting specificity makes PhBPs attractive 
propositions as alternatives to conventional antibiotics in that 
it makes the emergence of bacterial strains with acquired 
resistance to these dyes highly unlikely.

PhBPs and Their Clinical Application as Antibacterial 
Agents

MB has been shown to exhibit phototoxicity .to a variety 
of bacteria although the antibacterial efficacy of the dye can 
be compromised by bacterial enzymes, which reduce MB to 
an inactive leucobase, thus limiting its therapeutic potential
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[21]. PhBPs have been shown to be effective against a range 
of Gram-positive bacteria [102, 111, 112], demonstrating 
high phototoxicity towards these organisms at therapeuti
cally acceptable levels (Table 1). Gram-positive pathogens 
with multiple antibiotic resistance, particularly those of 
nosocomial origin, have become an increasing problem over 
recent years [113], which has stimulated considerable re
search into the potential of PhBPs as clinical agents against 
these pathogens. A major result of these studies was the 
demonstration that-PhBPs are highly phototoxic to epidemic 
strains of methici 11 in-resistant Staphylococcus aureus 
(MRSA) [114]. Currently, this organism is one of the major 
nocosomial pathogens and virtually untreatable by conven
tional antibiotics with vancomycin being regarded as one of 
the last lines of defence in treatment regimes [115]. The 
study of [114] showed that TBO, MB, DMMB and NMB 
possessed an efficacy against MRSA, which was signifi
cantly greater than that of vancomycin. Reinforcing the 
clinical potential of PhBPs, DMMB and MMB were shown 
to be highly phototoxic to vancomycin-resistant Enterococ
cus faecalis and Enterococcus faecium [116]. Since the early 
1980's, these strains have been leading nosocomial patho
gens with intrinsic resistance to many antibiotics and moreo
ver, the ability to acquire resistance to novel antibiotics that 
is in pace with the introduction of these agents into thera
peutic practice.fi 17]. Taken together, these findings consti
tute a significant advance in the search for novel bactericides 
of MRSA and other nocosomial pathogens and led to the 
suggestion that PhBPs could find an immediate use as gen
eral microbial disinfectants within hospital environments. It 
has been asserted that inefficient disinfection processes used 
by hospitals have largely facilitated the transmission of drug- 
resistant microbes and thereby played a major role in the 
development of antimicrobial drug resistance [118],

PhBPs have also been shown to be effective against a 
range of Gram-negative bacteria [102, 111, 112]. NMB and 
DMMB have been shown to possess high phototoxicity to 
Yersina enterocolitica, a Gram-negative coloniser of red 
blood cell concentrates, which has proved problematic to 
blood transfusion services [119]. Along with TBO and MB, 
these latter PhBPs have also been shown to possess high 
phototoxicity to a number of Gram-negative pathogens, in
cluding: Escherichia coli 0157:H7 [111] and strains of Heli
cobacter pylori. Haemophilias influenza. Pseudomonas 
aeruginosa, and Klebsiella pneumoniae [19, 106, 120]. 
These observations have stimulated considerable interest in 
the therapeutic potential of PhBPs as bactericides of this 
class of pathogens, accentuated by the fact that the efficacy 
of these dyes against Gram-negative organisms is compara
ble to that observed for Gram-positive bacteria (Table 1; 
[102, 112]). This behaviour contrasts strongly with that of 
many other classes of photoscnsitisers, which generally show 
low efficacy against Gram-negative bacteria. This decreased 
efficacy is primarily due to the barrier function provided by 
the negatively charged outer membrane of these organisms, 
which inhibits cell entry by molecules in the extracellular 
medium and thereby contributes to the multi-drug resistance 
of many Gram-negative pathogens [51, 94]. A number of 
strategies to overcome this barrier have been investigated, 
including: the co-administration of membrane permeabilising 
agents [121, 122] with photoscnsitisers, and the chemical

modification of photosensitisers, to possess a positive 
charge, thus targeting the outer membrane [123]. A novel 
approach to overcoming the outer membrane of Gram
negative was to circumnavigate this membrane completely 
and to stimulate the endogenous synthesis of bacterial por
phyrins [124, 125], a strategy recently extended to the pho
tokilling of Gram-positive bacteria [126]. However, the in- 

. herent ability of PhBPs to partition into membranes, coupled 
with their ability to target the negatively charged outer mem
brane [103], appears to enhance their efficacy when directed 
against Gram-negative bacteria.

It is clear that PhBPs have the potential to act as broad 
spectrum photo-bactericidal agents, which makes them suit
able for a number of therapeutic applications. Recent der
matological studies have shown that MB is able to photoin- 
activate a range of bacterial species, which were representa
tive of those encountered on the skin in both health and dis
ease states, including S. aureus, S. epidermis, Streptococcus 
pyogenes, Corneybacterium minutissimum and Propioni- 
bacterium acnes [127]. The levels of MB used in these latter 
studies were at therapeutically acceptable levels and more 
recent in vitro studies have shown corresponding levels of 
the dye to exhibit insignificant cytotoxicity [128] and geno- 
toxiclty to keratinocytes [129]. It was suggested by these 
latter authors that MB mediated phototherapy could be ap
plied in vivo as an alternative and / or adjuvant to antibiotics 
and antiseptics for the treatment of microbe associated skin 
diseases, or to produce asepsis prior to surgery or other clini
cal procedures. The broad-spectrum photobactericidal activ
ity of PhBPs has also made them well suited to the treatment 
of dental plaque-related diseases such as caries, gingivitis 
and periodonitis [44]. These diseases are amongst the most 
common bacterial infections found in humans and are 
strongly associated with a variety of Gram-positive patho
gens such as Streptococcus sanguis and Gram-negative 
pathogens such as Porphyromonas gingivalis [130]. When 
colonising the oral cavity, these pathogens adhere to oral 
surfaces to form multi-species biofilms, which are generally 
highly refractive to conventional antibacterial agents [8, 
131]. However, in vitro studies have shown that these 
biofilms [44, 118, 131] and their individual component or
ganisms [132, 133] are readily susceptible to the photody
namic action of PhBPs. Moreover, ampicillin-resistant bacte
rial biofilms were broken down by the photodynamic action 
of NMB with this action including both photobactericidal 
activity and photodamage to polysaccharides of the ex
tracellular polymeric substance (EPS), which stabilise the 
biofilm matrix [134]. This dual ability to attack biofilms is 
not observed with conventional antibacterial agents and 
clearly gives an advantage to the use of PhBPs in killing 
bacteria that use this form of colonisation [118], Photoacti- 
vated PhBPs and other such agents could thus be used to 
disinfect root canals, periodontal pockets, cavity preparations 
and sites of peri-impiantitis [48], A major step in this direc
tion was taken when photoactivated TBO was recently used 
in vivo to kill P. gingivalis, a major causative agent of perio
donitis, in the oral cavities of rats with no apparent effects on 
adjacent healthy tissue [40]. It has been suggested that 
PhBPs may find use in the treatment of other accessible lo
calised bacterial infections, such as those associated with' 
burn therapy [135, 136], Strongly, supporting this sugges-
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tion, recent in vivo studies showed a photoactivated cationic 
photosensitiser able to kill E. call [42] and P. aeruginosa 
[41], which were infecting excisionai wounds in mice. In 
each case, the photosensitiser was administered topically and 
the treated wounds healed normally with no apparent no 
photdamage to the host tissue.

PliBPs AND VIRUSES AS TARGET ORGANISMS 

PhBPs and Their Sites of Antiviral Action

A number of studies have established that PhBPs are able 
to photoinactivale both DNA and RNA viruses as well as 
enveloped and un-enveloped viruses [47, 57, 137]. Earlier 
investigations have established that a number of sites of ac
tion are used by PhBPs for the photoinactivation of viruses 
although nucleic acids are recognised as a major target [22]. 
Photoactivated PhBPs are known to mediate strand break
ages in nucleic acids [57, 138] but it would seem that base 
modification might play a major role in the photoinactivation 
of viruses by these dyes [137]. A number of PhBPs have 
been shwn to photoinduce 8-oxodG formation in DMA with 
the most common of these dyes showing efficacy in the or
der MB > AB > AA > TBO [139] although studies on iso
lated phage A, DMA have suggested that for AB, AA, TBO 
and other PhBPs, the production of this guanosine modifica
tion may not be a major mechanism of photodamage [65]. 
Amongst the PhBPs, the antiviral action of MB is the best 
characterised [47, 57, 137] and photoinactivation of herpes 
simplex virus type l (HSV-1) by the dye has been clearly 
shown to involve viral DNA damage [140]. It was shown by 
these latter authors that after MB treatment, no significant 
photodamage to the viral envelope was and the virus was 
still able to penetrate host cells but intracellular replication 
was completely inhibited. In contrast, DNA taken from bac
teriophage PM2 after MB photoinactivation was found to 
remain infective, implying an absence of significant photo
damage and suggesting that nucleic acids of the virus may 
not be a site of action for the dye. Moreover, binding, of 
treated PM2 to host cells was unimpaired, suggested that the 
site(s) of photodamage used by MB for this virus may be an 
internal viral protein or lipid [141].

MB has been shown to photoinduce the formation of 8- 
hydroxy-guanosine in RNA, either in the isolated polymer 
[142] or within the Qfi bacteriophage [143, 144], This base 
modification was shown to play an important role in the MB 
mediated photoinactivation of Qp [145] but more recent work 
has indicated that cross-linking between viral proteins and 
regions of double stranded Qp RNA may constitute the most 
important event in this process [57, 143, 144], Previous 
studies [146] have shown that MB causes photodamage to 
the envelope of human immunodeficiency virus type I (HIV- 
I) but more recent investigations have shown that the dye 
also exerts a photodynamic effect against reverse tran
scriptase (RT), viral core proteins and viral RNA [147], It 
has been suggested that loss of reverse transcriptase activity 
may play a major role in the photo-inactivation of HIV-I by 
MB [45] but recent studies have shown that photoinactiva
tion of the virus by the dye significantly precedes the inacti
vation of RT activity [57], Moreover, these latter studies 
have also suggested that MB mediated cross-linking of RTto 
RNA of HIV-1 is unlikely to make a major contribution to

photoinactivation of the virus by the dye. To gain insight into 
the lethal lesions caused in HIV by MB photo-treatment. 
[57] directly compared the abilities of MB and TBO tc 
photo-inactivate the virus. It was found that TBO was sig
nificantly more effective than MB and it was suggested thai 
this may be due in part to better penetration of the viral en
velope by the dye.

PhBPs and Their Clinical Application as Antivira 
Agents

In the early 1960’s, PhBPs including MB, TBO and NP 
were tested with limited success as agents for the productioi 
of inactivated viruses, which could serve as vaccines for po
liovirus [148]. A decade later, the first clinical trials to tes 
PhBPs as antiviral agents were conducted when NR waj 
topically applied and used to phototreat various types o 
HSV [149, 150], Plowever, these trials were terminated due 
to the transformation of healthy cells and the concomitan 
incidence of Bowen’s disease in some patients. These sid« 
effects were attributed to the migration of infective section: 
of viral nucleic acid, which had been generated by the NF 
mediated photooxidative scission of HSV DNA [151], Mon 
recently, these latter results have been questioned [137] ant 
currently, the major photodynamic use of PhBPs is the inac 
tivation of viral pathogens in blood products with ME 
widely used by a number of European transfusion services ii 
the photodecontamination of blood plasma [24, 25, 152], ME 
shows particular efficacy in the inactivation of plasma bornt 
enveloped viruses [153, 154] including P1IV and the Wes 
Nile virus (WNV) [57, 155], which has become a significan 
global threat to humans, animals and avian species over th< 
last five years [156], WNV is an RNA virus and little i; 
known about its mode of infection or propagation [157] al 
though dissemination between humans via the transfusion o 
infected blood has been demonstrated [158], In contrast t< 
these latter virus types, non-enveioped Viruses appear to hav< 
a more diverse spectrum of susceptibility to the photody 
namic action of MB with some showing low levels of resis 
tance, such as the human B19 parvovirus, and others show 
ing high levels of resistance, such as poliovirus, porcine vi 
rus and hepatitis A virus [152-154], In response, it has beei 
suggested that this lack of susceptibility to MB may bi 
remedied by the use of other PhBPs [159], including thionii 
(Th), A A, AB and AC, each of which have shown the poten 
tial for virus inactivation in plasma [160, 161].

It is established that the MB mediated photodisinfectioi 
of plasma can produce collateral damage, generally mani 
fested as a reduced coagulation capacity through losses ii 
clotting factors, but technical advances have minimised thesi 
effects to therapeutically acceptable levels [152], It is als< 
established that MB and other PhBPs show a significan 
ability to photoinactivate viruses that infect blood fraction 
containing cellular components such as platelets and erythro 
cytes. However, the ability of PhBPs to photodecontaminat 
these blood fractions is generally compromised by collatera 
damage arising from uptake of these dyes by platelets am 
erythrocytes [25, 26], Studies on blood platelets showed tha 
significant levels of collateral damage were photoinduced ii 
these bodies by Th, MB, TBO AA, AC and AB when meas 
ii red in terms of hypotonic shock and platelet activafio: 
[162], Nonetheless, these latter studies also showed that o
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the PhBPs tested, the lowest levels of collateral damage and 
highest levels of virus photoinactivation were those exhibited 
by Th, suggesting further investigation into the potential of 
the dye to photodecontaminate these blood fractions. In re
sponse, it was recently demonstrated that photodynamic 
treatment in the presence of Th, followed by low-dose irra
diation with UVB light, has the potential to inactivate viral 
contaminants of platelet concentrates, including enveloped 
and non-enveloped viruses, leucocytes and bacteria [163].

Studies on the photodecontamination of blood fractions • 
containing red blood cells (RBCs) by PhBPs have been lim
ited [25, 26]. MB mediated phototreatment of RBCs was 
found to inactivate extracellular viruses but also to induce 
significant damage to the erythrocyte membrane, which was 
exacerbated by refrigerated blood storage. In addition, a 
number of studies found that MB mediated photo-treatment 
of RBCs was generally ineffective against intracellular vi
ruses and bacteria under conditions, which led to the killing 
of extracellular viruses [164]. A number of authors have 
suggested that the hydrophilic nature of MB may impede the 
ability of the dye to cross membrane and thereby attack in
tracellular viruses [165]. Accordingly, the ability of more 
hydrophobic PhBPs to photoinactivate intracellular viruses 
in RBCs was investigated and methyl violet (MV.), which is 
structurally similar to MB but differs by virtue of its neutral 
charge status and higher iipophilicity [29] was tested. The 
virucidal activity of MV was compared to that of MB in 
RBCs and it was found that the neutral nature of MV al
lowed the dye access to the interior of these cells where it 
showed a strong ability to photoinactivate the intracellular 
vesicular stromatitis virus, contrasting to MB, which was 
ineffective against the virus. However, the virucidal action of 
MV was inhibited in the presence of plasma and it was sug
gested that this probably arose from high levels of binding 
between plasma lipoprotein and the strongly lipophilic dye 
molecule [166]. DMMB is amongst the most strongly lipo
philic of the PhBPs [29] and in earlier studies was tested as a 
photovirucidal agent in contaminated RBCs [167, 168]. 
These latter studies showed that DMMB was able to pho
toinactivate a range of RNA and DNA viruses, both intra
cellular and extracellular, and enveloped and non-enveloped 
bacteriophages more efficiently than MB, apparently without 
deleterious effects on RBCs, suggesting that the dye may be 
of use in the photodecontamination of RBCs. However, later 
studies indicated that increased levels of red cell membrane 
damage and haemolysis could be associated with the use of 
MV and DMMB as photo-decontaminating agents for RBCs, 
questioning their potential to function as agents in this ca
pacity [160, 164], Recent studies have shown that when qui- 
nacrine, a planar tricyclic compound with structural similari
ties to DMMB, was used as a competitive inhibitor to limit 
photosensitiser binding to the membranes of RBCs revealed 
that phot-induced haemolysis stemmed from DMMB both in 
free solution and membrane-bound [169]. Based on these 
studies, the use of additives to prevent colloidal-osmotic 
haemolysis of RBCs and use of novel flexible dyes that 
function as photosensitisers only when bound to the erythro
cyte membrane are two techniques that currently are under 
investigation for reducing damage to blood fraction of RBCs 
[164]. It has been observed by these latter authors that future 
widespread use of PhBPs for virus photoinactivation in

blood components will depend on whether the risk inherent 
in their use is less than the residual risk from transfusion- 
transmitted viruses.

PhBPs AND OTHER MICROBES AS TARGET 
ORGANISMS

In relation to bacteria and viruses, studies on the interac
tions of eukaryotic microbes with PhBPs are relatively 
scarce. Earlier investigations have shown that Candida albi
cans is susceptible to the photodynamic action of TBO and 
MB, which appears to involve perforation of the cell wall 
and membrane with subsequent translocation to mitochon
dria and the induction df cel.l death via apoptosis [170]. Oral 
candidiasis has become one of the most common manifesta
tions of HIV infection and within the HIV-infected popula
tion, there is a high resistance to the azole anti-fungal agents 
normally used to treat the condition [171]. In response, [49] 
investigated the ability of MB to photoinactivate an azole- 
resistant strain of Candida albicans in an immunodeficient 
murine model that mimicked AIDS related oral candidiasis 
in humans. These studies showed that phototreatment using 
topical administration of the dye at therapeutically accept
able levels completely eradicated the organism from the oral 
cavity and thus, may be of use in treating oral candidiasis in 
immunodeficient human patients.

MB and a number of other PhBPs have been shown to 
possess potent intrinsic toxicity to strains of Plasmodium 

falciparum [172, 173], a protozoan parasite that multiplies in 
human.erythrocytes and is responsible for the clinical" mani
festations of malaria [174], Recent studies studies have 
shown that MB-mediated inactivation of the parasite in
volves a number of mechanisms, including the selective in
hibition of protozoan glutathione reductase, which leads to 
glutathione depletion and sensitises the parasite to the action 
of chloroquine [175], Previously, chlofoquine has been used 
as an effective antimalarial drug but the appearance of resis
tant strains of the organism has necessitated the search for 
new antimalarial drugs [176] More recent studies have 
shown that P, falciparum exhibits no cross-resistance be
tween MB and chlorquine and that in combination, these 
compounds form a potential treatment for malaria, which 
could be used in endemic regions. Moreover, it has been 
observed that a further benefit from the use of MB may arise 
from its ability to .prevent methemoglobinimia, a serious 
complication associated with malarial anaemia [177]. Based 
on these observations, a number of groups have used MB as 
a lead compound and have synthesised a number of novel 
PhBPs, which show the potential to act as potent antimalarial 
compounds [178].

CONCLUSIONS
In general, PhBPs possess low toxicity to humans and 

both in vitro and in vivo, PhBPs exhibit photoactivity against 
tumours and microbes at levels that are comparable, or 
lower, than those used for these dyes in existing therapeutic 
regimes. The light absorption characteristics of most PhBPs 
are compatible with tissue penetration and light delivery tq 
these dyes in situ has been promoted by recent technological 
developments in laser systems.
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Photoactivated PhBPs possess broad-spectrum antibacte
rial activity, with particular potential in combating Gram
negative pathogens, and potent antiviral activity, notably 
against WNV and HIV. These compounds also possess pho- 
toantifungal properties and intrinsic antimalarial properties 
with clear therapeutic potential. In earlier studies, PhBPs 
have been clinically trialled as photoantiviral agents and cur
rently, are routinely used to disinfect blood from viral and 
other microbial pathogens. Most recently, several PhBPs 
have been successfully used as photoantibacterial agents in 
animal models. PhBPs have also been clinically trialled as 
antitumour agents with some success and their therapeutic 
potential in this capacity would seem to be enhanced by their 
ability to simultaneously reverse the MDR phenotype of tu
mour cells. Nonetheless, the topical treatment of accessible 
microbial infections seems the most likely clinical applica
tion of PhBPs and these could include: wounds and bums, 
rapidly spreading and intractable soft-tissue infections and 
abscesses, infections in body cavities such as the mouth, ear, 
nasal sinus, bladder and stomach, and surface infections of 
the cornea and skin. A major advantage gained by the topical 
use of PhBPs as PACT agents is that it would help alleviate 
the selective pressures generated by the current systemic 
usage of conventional antibiotics and thus help avoid the 
emergence of bacterial resistance to these antibiotics. A fur
ther advantage is that beneficial indigenous bacteria, remote 
from the site of infection, are far less susceptible to attack 
than in the case of systemic medication.

It is clear that in a variety of therapeutic arenas, PhBPs 
are starting to fulfil their therapeutic potential. In response, 
novel PhBPs have been recently synthesised and successfully 
tested as both PDT and PACT agents. Continued progress in 
this direction could mean" that PhBPs may one day be rou
tinely used to treat a wide range of tumours and not only 
localised bacterial infections, but more deep-seated, if not, 
disseminated types of these infections.
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Abstract

The cytotoxic and photodynamic activities of the commercially-available biological stains methylene blue (MB), 1,9-dimethyl MB 
(Taylor s Blue) md a newly synthesised compound, 1-methyl MB, were measured against the murine mammary tumour cell line, EMT-6 
7°* ^n7ie9 Ty 1.9-dimethyl MB exhibited increased dark toxicity with concomitant higher phototoxicity compared to MB at a light

■ cr”, ' ^ increasing die light dose as a function of the fluence rate increased the photocytotoxicity of MB, this had little
ffect on the methylated derivatives. In vitro chemical testing proved that successive methylation rendered the phenothiazinium chromophore

™;w°ie T ^ t0 ltS maCtiVe leUC0 form> 31111 also led t0 ^creased levels of singlet-oxygen production, thus providing a
photosensitize^ ® “vatives. Comparisons are made with the benzoMphenothiazinium

Keywords: Methylene blue; Phenothiazinium photosensitizers; Phototoxicity; Dark toxicity

1. Introduction

Since the modem development of photodynamic therapy 
has its foundations in porphyrin-derived drugs, there has been 
comparatively little interest shown in other compounds such 
as commercial dyes [ 1 ]. Many cationic dyes were tested in 
vivo against animal tumours in the 1940s and exhibited cyto
toxic effects [2,3]. Dyes such as methylene blue (MB) have 
also received widespread use in vital staining [4]. This, cou
pled with its use as a commercially-available photosensitizer 
in chemical reactions, led to the testing of MB against various 
cell lines as a possible candidate for the photodynamic ther
apy of cancer [5,6], The photochemistry of the phenothia
zinium nucleus has been investigated extensively by several 
groups, particularly in the area of nucleic acid-MB interac
tions [7]. On illumination, intercalated MB is known to cause 
the formation of oxidised guanine residues, notably 8- 
hydroxyguanosine, via the intermediacy of singlet oxygen.

Abbreviations: MB, methylene blue; LMB, leuco methylene blue; MMB, 
1-methyl methylene blue; DMMB, 1,9-dimethyl methylene blue; DPIBF, 
1,3-diphenylisobenzofuran; DMSO, dimethyl sulfoxide; EtNBS,' 5-ethyl- 
amino-9-diethylaminobenzo [o] phenothiazinium chloride; MTT, 3- [4,5-di- 
methylthiazol-2-yl] -2,5-diphenyl-2/7-tetrazolium bromide; PBS, phosphate 
buffered saline

* Corresponding author. E-mail; M.Wainwright@UCLAN.ac.uk

1011-I344/97/$17.00 © 1997 Elsevier Science S.A. All rights reserved 
P//S 1011-1344(97)00061-4

Recent research has also suggested the involvement of MB- 
induced microtubular photodamage in cell death [8]. In a 
related area, MB is employed in the eradication of viruses 
such as HIV from donated blood [9].

In terms of its photodynamic action in clinical malignancy, 
MB is utilised locally, mainly against accessible tumours 
such as superficial bladder cancer [ 10]. Recently, the use of 
MB has also been reported against inoperable oesophageal 
tumours [11].

Once in the biological milieu, the metabolism of MB usu
ally occurs via the reduction of the cation to the neutral leu- 
cobase (LMB) by standard redox systems [12]. The 
difference in f>Ka of the two forms is sufficient to cause a 
considerable decrease in DNA binding affinity. Thus MB is 
cationic at physiological pH, whereas LMB has a piTn of 5.8, 
resulting in only 33% protonation. In addition, LMB in either 
its neutral or its protonated form absorbs only in the ultra
violet region, thus exhibiting negligible photodynamic activ
ity in the therapeutic window (600-900 nm).

Regarding its physicochemical properties, methylene blue 
is hydrophilic and this determines many aspects of its phar
macology and its intracellular localisation. Because of the 
presence of dimethylamino groups at positions 3 and 7 
(Table 1), MB is normally present as a cation under physi
ological conditions, unlike other commercially available

mailto:M.Wainwright@UCLAN.ac.uk
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Tabic 1
Physicochemical data for the photosensitizers

R' R’ A™,
(nm) •

Log e™, * <P4b Log P

MB H H 656 4.98 0.443 -0.1c
MMB Me H 656 4.78 0.491 + 0.7
DMMB Me Me 650 4.91 0.536 + 1.0
EtNBS - - 652 4.84 0.025 + 2.16

EtNBS
• Measured in methanol
h Singlet oxygen quantum yield based on the value for MB given in 
Ref. [19].
c Ref. [17] gives Log P-O.

phenothiazinium dyes such as toluidine blue O and new meth
ylene blue N. These dyes contain primary and secondary 
amino functionality respectively which can lead to the for
mation of neutral quinoneimines by deprotonation, thus 
allowing a greater variety of pharmacologically-active spe
cies. It is thus unwise to compare these dyes directly, in terms 
of biological activity, with true derivatives of methylene blue 
since, because of the presence of the two tertiary amino 
groups, these are unable to form quinoneimines.

Novel derivatives of methylene blue are scarce, arising 
mainly from changes in the identity of the amino substituents 
at positions 3 and 7 of the phenothiazine ring [13-15], 
although a pentacyclic analogue derived from a substituted 
tetrahydroquinoline has been prepared and investigated in 
rats [16]. Commercial MB derivatives are available which 
have substiments in alternative positions in the ring, e.g. 
methylene green (4-nitro MB) or Taylor’s Blue (1,9- 
dimethyl MB) which has been used as a metachromatic stain. 
There is no available literature on the effect of such substi
tution on the tumour-localising or photosensitizing abilities 
of the resulting compounds to enable quantitative structure- 
activity relationships to be derived, although such studies 
have been carried out on a series of benzo[a]phenothia
zinium analogues [ 17].

In the present study, the known biological stains methylene 
blue and 1.9-dimethyl methylene blue (Taylor’s Blue) have 
been examined, together with a newly-synthesised compound 
linking these two, 1-methyl methylene blue, in order to inves
tigate the effect on tumour cell toxicity of simple alkylation 
of the phenothiazinium chromophore. In this way, it was

intended that the weak electron-releasing effect of the methyl 
group(s) would inhibit the cellular reduction of the chro
mophore, thus allowing a stronger photosensitizing effect to 
be exerted.

2. Materials and methods

2.1. Reagents

1,3-Diphenylisobenzofuran (DPIBF),methanol (spectro- 
photometric grade) and 1-octanol were purchased from 
Aldrich (Gillingham, UK) and used without further purifi
cation. Trypsin, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyl-2//-tetrazolium bromide) and DMSO (dimethyl 
sulfoxide) were obtained from Sigma (Poole, UK). All spec- 
trophotometric measurements were carried out on a Hewlett 
Packard 8452A diode array spectrophotometer. The dyes 
were found to obey Beer’s law in the concentration range 
10-5 to 10-7 M. In addition, the absorption spectra showed 
no change in the pH range 1-8.

2.2. Photosensitizers

Methylene blue and 1,9-dimethyl methylene blue were 
purchased from Aldrich and were recrystallised from meth
anol prior to use. 1-Methyl methylene blue was synthesised 
from N^V-dimethylaniline and 3-(dimethylamino) toluene 
(both Aldrich) using the oxidative method as described by 
Fierz-David [18], The purity of the photosensitizers was 
ensured by thin layer chromatography (silica gel, eluent 
methanol/chloroform/acetic acid, 85:10:5). The purity of 1- 
methyl methylene blue was further examined by high per
formance liquid chromatography: a 3.3 cm Perkin—Elmer 
RPC-18 short column was employed with 10% (v/v) 
methanol/water as the mobile phase. This gave a single peak 
with the same retention time (0.30 min) when monitored at 
either 656 nm or 290 nm. Proton magnetic resonance spec
troscopy (BrukerWM250) gave the following peaks inD20: 
SH (ppm) 1.8 (3H, s, CH3-Ar), 2.7 (12H, s [CH3]2N), 
6.2-6.9 (5H, m, Ar-H).

2.3. Singlet oxygen production

The three photosensitizers were assayed for efficiency of 
singlet oxygen production using the decolourisation of 1,3- 
diphenylisobenzofuran (DPIBF) in methanol. Thus the 
decrease in absorption at 410 nm was monitored spectropho- 
tometrically with time as in the method of Cincotta et al. 
[ 19]. The singlet oxygen yield for MB ( ^amb) is given as 
0.443 [ 19]. By assuming that the decrease in absorption of 
DPIBF at 410 nm is directly proportional to its reaction with 
singlet oxygen, the time for a 50% decrease in absorption 
caused by each of the photosensitizers under identical con
ditions (f i /2mbd) thus gives a measure of its photosensitizing 
efficiency. Thus, the time for the DPIBF absorption to
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decrease by 50% due to MB photosensitization (?i/2mb) was 
taken as 1,0. To calculate the singlet oxygen yield for the 
methylated methylene blue derivatives ( ^MBd) »the follow
ing formula was used:

d> — h/2MB
yAMBD "■ y AMB

*L/2MBD

2A. LogP

The lipophilicities of the photosensitizers were calculated 
in terms of log Pt the logarithm of their partition coefficients 
between phosphate-buffered saline and 1-octanol. The data 
were calculated using the standard spectrophotometric 
method [20] based on the relationship:

log log{ -a1) yf[ 
A1 ' Vj

where A and A1 are the absorption intensities before and after 
partitioning respectively, and Vw and V0 are the respective 
volumes of the aqueous and 1-octanol phases. Determinations 
were repeated five times.

2.5. Cell culture

The murine mammary tumour cell line (EMT-6) was orig
inally obtained from Zeneca Pharmaceuticals (Macclesfield, 
Cheshire). Cultures were routinely maintained at 37°C, 5% 
C02:95% air in RPMI 1640 culture medium (Gibco, Life 
Technologies, Paisley, UK), supplemented with 10% (v/v) 
foetal calf serum (M.B. Meldrum Ltd., Bourne End, Bucks, 
UK), 200 mM glutamine (Sigma) and streptomycin (10 000 
[jig ml-1)/penicillin (10 000 units ml-1) (Sigma).

2.6. Phototoxicity: dark toxicity experiments

Light from a radial bank of fluorescent tubes (Phillips/ 
Thom, 8 W), with maximum emission in the 600-700 nm 
region which provided a fluence rate of 4 mW cm“2 was 
used to illuminate the cells which had been exposed to the 
various photosensitizers. The light dose was measured with 
a Skye SKP 200 light meter (Skye Instruments Ltd). Hie 
temperature of the system was monitored constantly during 
irradiation but no heating effect was observed.

96 well microtitre plates were seeded with 1000 cells per 
well (in 200 jjlI RPMI 1640) and incubated at 37°C, 5% 
C02:95% air for 2 days. Varying concentrations of each dye 
(0-160 jxM) were added and the cells incubated, as previ
ously, for 3 h. The medium containing the drug was then 
aspirated and the cells rinsed with 200 fxl RPMI 1640, before 
replacing with a further 200 jxl RPMI 1640. Each plate was 
illuminated for 30 min or kept dark. Following this treatment, 
the cells were grown on again at 37°C, 5% C02:95% air for 
a further 3 days. To evaluate cell viability and thus calculate 
percentage toxicity, the MTT assay was adapted from Car

michael et al. [21]. 25 fxl MTT (5 mg mD1) was added to 
each well and this was incubated at 37°C, 5% C02:95% air, 
for 5 h. The medium and MTT were aspirated, taking care 
not to disturb the formazan crystals, leaving approximately 
30 |xl in each well. 200 pi DMSO were then added to each 
well to solubilise the crystals. The plates were shaken for 10 
•min and the absorbance read on a plate reader (Anthos 
HT111, measuring filter, 540 nm; reference filter, 620 nm).

2.7, Light dose study

EMT-6 cells were seeded into 35 mm petri dishes (1000 
cells per ml in 2 ml of cell suspension), then grown for two 
days in RPMI 1640 medium whilst being maintained at 37°C, 
5% C02:95% air. After two days, the medium was removed 
and replaced by 2 ml of either 12 jxM MB, 2.5 |xM MMB or 
0.2 |jlM DMMB in RPMI 1640 (i.e. the doses giving 5% dark 
toxicity), with each experiment being carried out in triplicate. 
The cells were incubated in the presence of drug for a further 
3 h. The medium and drug were then removed, the cells rinsed 
with 2 ml of RPMI 1640 and finally 2 ml of medium replaced. 
The cells were illuminated with a fluence rate of either 9.8 
mW cm”2, 4.7 mW cm”2, 3.3 mW cm-2 or 2.0 mW cm”2 
for 30 min (i.e. light dose=17.6, 8.5, 5.9 or 3.6 J cm”2 
respectively), then grown as above for a further 3 days. The 
cells in each petri dish were then counted microscopically 
using the improved Neubauer haemocytometer.

3. Results and discussion

Relevant data concerning the physicochemical properties 
of MB, MMB and DMMB are given in Table 1. One effect 
of successive methylation on the methylene blue parent mol
ecule was to increase the lipophilicity. This was expected, 
since the non-polar character of the methyl group is well 
established. Indeed Hansch and Leo give a guideline figure 
for log P supplement of + 0.65 for the addition of a -CH2- 
unit [22], DMMB exhibited a small hypsochromic shift in 
long wavelength absorption compared to that of MB and 
MMB, and both of the methylated derivatives had slightly 
decreased intensities. However, the three photosensitizers 
absorb strongly in the ‘therapeutic window’ for PDT. In addi
tion the methylated derivatives showed increased singlet oxy
gen yields in the in vitro oxidation of DPIBF (Table 2).

Table 2
Relative rates of photosensitized oxidation of DPIBF by MB, MMB and 
DMMB in methanol at 279 K, measured as the decrease in absorption at 
410 nm to half of its original value

Relative r,/2 forA^io

MB 1
MMB 0.90
DMMB 0.83
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concentration MB (pM)

Fig 1. Photocyiotoxicity (□) and dark toxicity (■) of MB against the 
EMT-6 cell line. Each point is the mean of at least 14 experiments. Error 
bars represent SEMs.

concentration MMB (^M)
Fig. 2. Photocytotoxicity (□) and dark toxicity (■) of MMB against the 
EMT-6 cell line. Each point is the mean of at least nine experiments. Error 
bars represent SEMs.

3.1. Dark toxicity/phototoxicity

The methylated derivatives were more toxic against EMT- 
6 cells under dark conditions than MB (Figs. 1-3). At 7.2 J 
cm “2 the associated phototoxic effects were also far greater, 
unsurprisingly in view of the increased <PA values obtained 
for the methylated derivatives (Table 1). In terms of clinical 
application, the greater the ratio of lighf.dark toxicity, the 
more beneficial the photosensitizer. The IC50 for methylene 
blue at this light dose was 18.7 p,M (Table 3), with a corre
sponding dark toxicity of 7.9%. Thus the toxicity ratio 
(light:dark) here was 50:7.9 = 6.3. The corresponding values 
for MMB and DMMB are 11.9 and 17.2 respectively 
(Table 3). In the authors’ opinion, IC90 gives a more useful 
clinical indication. For example, the IG*) value for DMMB

* so

30 -

conoantntton DMMB (tiM)

concentration DMMB (pM)

Fig. 3. Photocyiotoxicity (□) and dark toxicity (■) of DMMB against the 
EMT-6 cell line. Each point is the mean of at least eight experiments. Error 
bars represent SEMs. Insert shows enlargement of responses at low levels.

Table 3
Toxicity data and light:dark ratios for methylene blue and its methylated 
analogues at a light dose of 7.2 J cm-2

Dose
(M-M)

% Light 
toxicity

% Dark 
toxicity

Light:dark
toxicity

MB 18.7 50 7.9 6.3
MMB 2.20 50 4.2 11.9
DMMB 0.09 50 2.9 17.2
MB 37.7 90 27.9 3.2
MMB 4.80 90 14.2 6.3
DMMB 0.27 90 21.3 4.2
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Fig. 4. Photocytotoxicity of the methylene blue derivatives against the EMT-6 cell line as a function of the light dose. Photosensitizer concentration in each 
case was thaat giving 5% dark cytotoxicity. Each bar is a mean of 2:9 experiments.

on illumination at 7.2 J cm-2 is 0.27 jiM, and at this concen
tration the dark toxicity corresponded to a cell kill of 21.3%, 
giving a ratio of 4.2. The corresponding ratios for MMB and 
MB were 6.3 and 3.2 respectively.

The IC50 values for the MB derivatives (Table 3) are sim
ilar to those exhibited by the benzo [ a ] phenothiazinium com
pounds investigated by Cincotta et al. [23]. For example, 
against EMT-6 cells, the promising photosensitizer EtNBS 
(Table 1) gave an IC50 of 0.1 (jlM. This is comparable with 
the value of 0.09 (jlM obtained in the present work for 
DMMB. Moreover, DMMB gave >90% photocytotoxicity 
at a concentration of 0.2 jjlM and a light dose of 3.6 cm-2 
(Fig. 4) which is comparable to the 3.3 J cm~2 employed 
with EtNBS. Although the dark toxicity for EtNBS is report
edly much lower for a 0.5 |xM dose (6% compared to 41% 
for DMMB), no IG*, figure was reported for the phototoxicity 
[23].

The light dose study alluded to above was carried out at 
photosensitizer concentrations giving 5% dark toxicity 
(Fig. 4). At this concentration, MB did not reach 100% pho
totoxicity even at the highest light dose used (17.6 J cm-2). 
This was, however, considerably less than that used by Canete 
et al. who reported s 100% cell death in HeLa cells at 90 J 
cm ‘with 10 (xMMB [24], The methylated derivatives were 
already close to 100% photocytotoxicity at the original light 
dose used and concentrations giving 5% dark toxicity, so the 
increased light dose made little improvement on the photo
toxicity in these cases. However, it was noticeable that the 
phototoxicity of 1-methyl methylene blue decreased slightly

at light doses < 7.2 J cm ~ 2 (Fig. 4). In terms of the lightidark 
toxicity differential, this was greatest (78:5= 15.6) for MB 
at the highest light dose used (17.6 J cm-2). The ratio for 
the monomethylated derivative approached 20 at the maxi
mum light dose, whilst that for DMMB was = 20 across the 
light dose range. A maximum ratio of 20 (lightidark toxicity) 
may therefore be possible for MB at further increased light 
doses.

The higher dark toxicities and phototoxicities of the meth
ylated derivatives may be explained by several factors.

As mentioned earlier, it is apparent from the literature that 
phenothiazinium photosensitizers and their benzologues are 
prone to cellular reduction. Indeed this may be advantageous 
in the clinic as the rate of reduction of EtNBS in mice is 
reportedly higher in healthy tissue than in tumours, thus 
increasing the apparent tumour selectivity and decreasing the 
probability of skin photosensitization [25]. The in vitro 
reduction of MB, MMB and DMMB has been examined in 
aqueous media using a gold microdisc electrode using the 
method of Svetlicec et al. [26] (data not shown). The rates 
of reduction of the three photosensitizers followed the order: 
MB > MMB > DMMB.

Thus, from a cellular point of view, it can be argued that 
both MMB and DMMB will be present in their oxidised 
(cationic) forms for a longer period of time than MB, and 
therefore that there will be higher concentrations of the pho
toactive form of the methylated derivatives present. The 
increased stability to reduction, at least in the in vitro electro
chemical system used, may be explained by the weak elec-
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tron-releasing effect of the methyl groups. This would make 
the chromophore more electron rich and thus less amenable 
to reduction. In cell culture this could contribute to the 
increased levels both of dark toxicity and phototoxicity 
exhibited by the methylated derivatives,

Methylation of the phenothiazinium chromophore resulted 
in considerable increases in the lipophilicity of the system. 
Both MMB and DMMB have positive log P values, whereas 
that for MB is negative. It has been shown previously in 
fibroblasts that vital stains bearing a unipositive charge and 
having 0 < log f < 5 tend to localise in the mitochondria 
[27]. Methylene blue is thought to localise mainly in the cell 
nucleus [7,28-30]. This could indicate that a different cel
lular localisation pattern for the methylated derivatives is 
responsible for their greater observed cytotoxicities. 
Increased levels of photosensitizes in the cell due to lower 
reduction rates could also explain the higher dark toxicities 
associated with the methylated derivatives.

The standard DPIBF oxidation test showed that methyla
tion of MB increases the efficiency of singlet oxygen pro
duction (Tables 1 and 2). Taken with the increased resistance 
to reduction and the possibility of more critical intracellular 
localisation, this may explain the greater phototoxicity of the 
methylated derivatives against EMT-6 cells relative to that 
of MB. Additionally, the phototoxicity of MB was increased 
by increasing the fluence rate of the light source. It is also 
interesting to note the much greater singlet oxygen efficien
cies (approximately 20-fold) of the methylene blue deriva
tives used in the present study compared to that of the 
benzo[a]phenothiazinium derivative, EtNBS (Table 1).

It is not profitable to include ionisation data for MB and 
its methylated analogues as each is fully ionised in the pH 
range 1-8. Such behaviour separates the current range of 
compounds from other phenothiazinium photosensitizers, 
such as toluidine blue 0, and the benzo [ a] phenothiaziniums, 
such as EtNBS (Table 1). Here each structure contains a 
conjugated primary or secondary amino group, which allows 
dcprotonation to the neutral quinoneimine species. The pres
ence of the neutral species as part of an equilibrium may have 
important ramifications in terms of in vitro uptake and in vivo 
pharmacology. In this respect, the presence of the tertiary 
dimethylamino groups in positions 3 and 7 of the phenothi- 
azine ring system makes the MB system somewhat simpler.

4. Conclusions

We have shown that, at a light dose of 7.2 J cm-2, the 
methylation of the established photosensitizer, methylene 
blue, in position 1 and/or position 9 of the phenothiazinium 
chromophore leads to increased photocytotoxicity in the 
murine mammary tumour cell line, EMT-6 compared to that 
of MB itself. The ratios for light:dark toxicity were also 
higher at lower light doses for the methylated derivatives and 
their levels of phototoxicity are comparable to that of the 
benzo[a] phenothiazinium photosensitizer, EtNBS.

Although chromophore methylation gave no change in the 
degree of ionisation (p£a) of the system, it did lead to 
increased lipophilicity, suggesting both potentially different 
intracellular localisation and different uptakes for the deriv
atives. Both the resistance to reduction of the chromophores 
and the singlet oxygen efficiencies were higher in the meth
ylated derivatives. On cellular uptake, the lower reduction 
rates are expected to give higher viable concentrations of the 
methylated photosensitizers, and taken with the higher singlet 
oxygen efficiencies, this provides a feasible explanation for 
the much improved phototoxicities encountered, relative to 
methylene blue. The lower reduction rates, together with 
potential variation in intracellular localisation and uptake 
may also explain the increased dark toxicities of the meth
ylated derivatives.
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ofNADH
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The mitochondria of malignant cells preferentially accumulate 
and retain certain lipophilic, cationic compounds, such as 
rhodamine 123 [1] and dequaliniura chloride [2]. The levels 
accumulated, and the retention times, are much greater than those 
found in the mitochondria of most normal cells. This is likely to 
be due to differences in morphology, membrane and matrix 
compositions, and to a high negative potential across the 
mitochondrial membrane. The use of carcinoma cell-specific, 
cationic dyes as photochemotherapeutic agents suggests that 
mitochondria may serve as targets for highly selective 
photochemothcrapy.

MB is a hydrophilic, cationic, photosensitizing dye, used 
traditionally as a vital stain and tumour marker. MB, itself, 
targets DNA [3], and is disadvantaged by its rapid reduction in 
vivo to the neutral leucobase by the cellular coenzymes, NADH 
and FADH2. We have investigated the effect of chemical 
substitution on the efficacy and targeting of the agent, and found 
that successive methylation of the dye chromophore enhances 
both the light and dark toxicities of MB against an EMT-6 cell 
line, MB<MMB<DMMB [4]. These correspond to greater singlet 
oxygen efficiences and increased lipophilicities (log P), again, 
MB<MMB<DMMB, in both cases. It may be possible that 
increased lipophilicity leads to increased mitochondrial targeting, 
since it has been shown that vital stains bearing a unipositive 
charge and having 0<log P<5, tend to localise in mitochondria 
[5]. In the present experiments, we first examined the effect of 
MB and its derivatives on oxygen utilisation in isolated rat 
mitochondria, and second, compared the reduction rates of the 
three dyes using NADH/diaphorase.

Liver mitochondria were isolated from male Sprague-Dawley 
rats into ice-cold isolation medium (0.25 M sucrose, 10 mM Tris- 
HCI, 0.5 mM EDTA, at pH 7.4), The tissue was homogenised in 
fresh, ice-cold, isolation medium with added BSA (5 mg ml'1), 
then centrifuged at 600 g for ten minutes at 4 °C. The supernatant 
was centrifuged at 8000 g for ten minutes at 4 °C. The resulting 
pellet was washed twice in isolation medium and resuspended in 
4 ml of respiratory medium (225 mM sucrose, 10 mM KC1, 1 
mM EDTA, 10 mM K2HP04, 5 mM MgCl:, 10 mM Tris-HCl at 
pH 7.4) and left on ice for one hour. Protein was estimated by the 
Lowry method using BSA as standard.

Mitochondrial respiration was measured polarographically 
using an oxygen electrode in a 3 ml water-jacketed chamber 
maintained at 30 °C. Liver mitochondria (1-2 mg protein) were 
added to the chamber to a final volume of 3 ml. A substrate, 
(either 50 mM pyruvate/50 mM L-malate or 100 mM succinate/ 
500 ng ml'1 rotenone) was added and the respiratory rate 
recorded as basal respiration. An addition of 100 nmol ADP was 
then made and the rapid rate of oxygen utilisation that ensued 
was recorded, and used to elicit the coupled respiratory rate. 
Finally, 10 pi additions of dye (1 mg ml"1) were made and the 
respiratory rate measured, up to a final concentration of 
approximately 50 pM.

Abbreviations used: MB, methylene blue; EMT-6, mouse 
mammary tumour cell line; MMB, 1-methyl methylene blue; 
DMMB, 1,9-dimethyl methylene blue; BSA, bovine serum 
albumin; HBSS, Hanks’ balanced salt solution.

In the presence of L-malate/pyruvate, additions of MB caused 
an increase in oxygen utilisation up to a maximum level of 2.5 x 
basal rate at approximately 10 pM MB, after which, levels were 
seen to plateau, then decline. With added MMB, oxygen 
utilisation mirrored that with added MB, up to 10 pM MMB, 
However, oxygen utilisation continued to increase to a maximum 
level of over 3 x basal rate, at a concentration of 30 pM MMB, 
before declining. In contrast, with added DMMB, oxygen 
utilisation never rose significantly above the basal rate, and, in 
fact, declined at concentrations over 20 pM DMMB.

Similarly, in the presence of succinate/rotenone, oxygen 
utilisation was greatest with added MMB (a maximum level of 
approximately 2.5 x basal rate), approximately twice basal rate 
with added MB, and only slightly above basal with DMMB.

Reduction rates for the three dyes were determined by 
monitoring the diaphorase-catalysed conversion of NADH to 
NAD+ at 340 nm, using a spectrophotometer attached to a chart 
recorder. Into a quartz cuvette were added, 1 ml dye (20 pM in 
HBSS) and 100 pi NADH (2.5 mg ml'1 in HBSS), and the 
spectrophotometer set to zero. The reaction was initiated by 
adding 50 pi diaphorase (1 mg ml"1 in HBSS) to the cuvette.

It was shown that methylation of MB increased the resistance 
of the molecule to reduction by cellular coenzymes, and followed 
the expected pattern, MB<MMB<DMMB.

MB is an artificial electron acceptor which draws off electrons 
from the respiratory chain at a point of interception after 
Complex I (E'o = +0.01). Cycling of electrons between the 
reduced dye and oxygen at this point would explain the increased 
oxygen utilisation in mitochondria with added MB. The redox 
potential of DMMB prevents the reduction of the agent by 
NADH, hence no effect on basal oxygen rate is seen. 
Presumably, in the case of MMB, reduction is feasible, but rapid 
reoxidation of the agent by oxygen would explain the increase in 
the rate of oxygen utilisation compared with MB, Furthermore, 
increased lipophilicity could also be aiding the interaction of 
MMB with the respiratory chain, thereby increasing the rate of 
reduction of the agent, with concomitant increase in the rate of 
oxygen utilisation, compared with MB.

The succinate/rotenone system shows exactly the same pattern 
of oxygen utilisation as with L-malate/pyruvate. Since rotenone 
blocks electron transport beyond the points 'of MB and MMB 
interaction, but before Complex II, oxygen utilisation must be via 
interaction of the dyes with oxygen, and not due to use of oxygen 
by the respiratory chain.
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INTRODtlCTION
Photodynamic therapy (PDT) is a relatively recent clinical treatment for 
pathogenic disease and for certain solid tumours. The regime combines the 
application of a photosensitizing drug with red light irradiation, in the 
presence of molecular oxygen, to induce a cytotoxic effect in specifically 
targeted cells [1]. However, side effects associated with Photofrin©, the main 
photosensitizer in clinical use, have led to the wave of current research to 
identify other molecules which may have the potential to act as clinical 
photosensitizers.

The cationic dyes are one such group of molecules and, of these, Toluidine 
Blue O (TBO), traditionally a selective stain for oral cancers and various oral 
pathogens, has been exploited further as a photosensitizer to eradicate oral 
pathogens such as Streptococcus mutans and Lactobacillus casei [2], certain Candida 
strains (common in AIDS patients), methicillin-resistant Stcrphylococcus aureas 
(MRSA) (responsible for post-operative biofilm infestation) [3] and Helicobacter 
(implicated in gastric ulcers and cancer) [4].

Similarly, Methylene Blue (MB), a closely related analogue of TBO and also 
used traditionally as a vital stain and disinfectant, has been exploited with 
some success as a photosensitizer to treat inoperable oesophageal tumours [5] 
and cancers of the bladder [6]. Unfortunately, MB is rapidly reduced in vivo to 
leuco-MB which is colourless and therefore incapable of being activated by 
light. Like many of the cationic dyes, it also has an inherent (dark) toxicity. We 
recently investigated the effect of substitution on the toxicity of MB and found 
that both the light and dark toxicities of the molecule are enhanced by 
successive chromophoric methylation [7].

The current work investigated the toxicities of TBO and its methylated 
derivatives. Since TBO itself may be considered to be a methylated derivative 
of azure A (AA), these two were taken as lead compounds and analogues were 
synthesised having one or two methyl groups attached directly to the 
chromophore.

METHOD
Photosensitizers
TBO (Figure 1) and AA (Figure 1) were purchased from Aldrich and were
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recrystallized from methanol prior to use. The methylated derivatives, 9-methyl 
azure A (MAA) (Figure l)and 1,9-dimethyl azure A (DMAA) (Figure l)were 
synthesised from N,N-dimethylaniline and suitable anilines (Aldrich) using the 
oxidative method as described by.Fiertz David [8].

H h
H Me
Me H
Me H

H Azure A (AA)
H Toluidine blue O (TBO)
H 1-Methyl azure A (MAA)
Me 1.9-Dimethyl azure A (DMAA)

Figure 1. Structures of azure A, toluidine blue O and methylated analogues.

Light % Dark Tox. LDm Ratio Light % Dark Tox- LDm Ratio

AA

LDjo

(4M)
at light LD„ Light:Dark LDW

4iM)
at light LD„ Light: Dark

20.2 12.1 4.1 45.0 40.0 2.3TBO 15.1 18.3 2.7 30.0 35.0 2.6MAA 4.05 12.3 4.1 8.33 10.0 9.0DMAA 18.9 0.1 500 36.7 1.0 90.0

Table 1. Toxicities, phototoxicities and toxicity ratios of the photosensitizers.

Toxicity testing
Cells were seeded into multiwell plates (1000 cells per well) in RPMI 1640 
medium and incubated for 48 hours at S/’C, 5% C02 and 95% air. Dyes (0.312- 
160 nM) were added to the cell suspensions and the plates returned to the 
incubator for three hours. Medium and dye were then twice aspirated and 
rinsed and the medium replaced. Subsequently, plates were either illuminated
(7.2 J cm'2) or kept dark for 30 minutes prior to a further three-day incubation 
period.

The toxicities of the dyes were calculated as a percentage of control using a 
standard Mil assay [9].

DISCUSSION

As in similar experiments with MB [7], chromophore methylation of the TBO 
series furnished compounds which exhibited improved photosensitization
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against EMT-6 cells in culture. When the results for DMAA are omitted, the 
pattern of increased photo- and dark toxicity with successive methylation is 
preserved for the other three photosensitizers, i.e. MAA>TBO>AA/The 
photocytotoxicity of DMAA (Table 1) is greater than that of AA (Table 1) but 
less than that of TBO (Table 1) and MAA (Table 1) i.e. AA< 
DMAAcTBCKMAA. In this study, the dark toxicity associated with DMAA 
(Table I)was negligible.

In order to address the effect of chromophore methylation in the TBO series 
(Figure 1), AA (Figure 1) was taken as the lead compound since it has no 
chromophoric methyl group. Methylation in the 2-position, as in TBO (Figure 
1) appears to give a slight improvement in the photodynamic action of the 
compound against EMT-6 cells. Methylation, either in position 1 and/or 9, as 
in MAA (Figure I) and DMAA (Figure 1) respectively, greatly improved the 
photokilling effect and, in the case of DMAA, gave a large lighbdark 
differential at 90% light toxicity (LD90=90) (Table 1). In terms of 
photocytotoxidty, this reflects the effect of 1/9 methylation in the MB system
[7].

In terms of the relationship between the position of methylation and 
phototoxicity, it is known that coplanarity between the amino group and the 
remainder of the chromophore is required for efficient photosensitizing 
efficiency. While it is likely that the close proximity of the methyl and amino 
groups in TBO (Figure 1), compared to that in MAA (Figure 1) and DMAA 
(Figure 1), would lead to steric interference, it is also possible that the increases 
in toxicity on methylation may be due to other factors such as relative uptake, 
degree of chromophore reduction and site of action.
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Summary
Background: There is an urgent need for effective cancer treatments and increas
ingly, photo-dynamic therapy (PDT) is being used to fulfil this need as it offers a 
number of advantages over traditional cancer treatments. Here, the potential of a 
series of phenothiazinium-based photo-sensitisers (PhBPs) as PDT agents is tested. 
Methods: PhBPs were incubated with EMT-6 tumour cells and erythrocytes respec
tively under dark and light conditions (3.15 Jcnrr2 over 30 min). "Comet assay" and 
haemolytic assay were then used to assess cellular photo-damage induced by these 
PhBPs. Additionally, in vitro assays were used to determine light adsorption charac
teristics, singlet oxygen yields (tf^fw) and lipophilidty (logP) of these PhBPs. 
Results: "Comet assay" showed EMT-6 incubation with PhBPs under light condi
tions to produce DNA "tails", which were circa 35 p,m long, indicating the presence 
of DNA photo-damage. Corresponding incubations under dark conditions led to no 
such damage. The majority of the PhBPs tested possessed significant singlet oxygen 
yields (^aribp >0.7), suggesting the general use of type II mechanisms for photo
sensitization, and were generally lipophilic (logP>0). Incubation of erythrocytes 
with these PhBPs in the dark produced between 6% and 19% haemolysis. These lev
els were generally unaffected by illumination except in the case of DMMB, which 
showed haemolytic levels increasing from 11% to 61%.
Conclusions: It is suggested that DNA may be the primary target for the photo
dynamic anti-tumour activity of the PhBPs tested with the exception of DMMB, which 
may potentially also target tumour cell membranes.
© 2004 Elsevier B.V. All rights reserved.
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dition is rising. Traditional anti-cancer therapies, 
such as cytostatic chemotherapy, radiation, and 
surgery are frequently inadequate for full recovery 
of the patient and often there can be serious side 
effects [1]. There is an urgent need for effective 
cancer treatments and increasingly, photo-dynamic 
therapy (PDT) is being used to fulfil this need as 
it offers a number of advantages over traditional 
cancer treatments: It is a selective, non-invasive 
treatment that does not destroy healthy tissues and 
usually produces no serious side effects. Moreover, 
PDT can be used to treat many different kinds of 
cancers, including cancers resistant to other treat
ments [2-5].

PDT involves the systemic or topical adminis
tration of a photo-sensitiser, which optimally is 
a molecule with a large extinction coefficient in 
the wavelength range 600-750 nm, a high singlet 
oxygen quantum yield and a selective affinity for 
tumour tissue. Subsequent irradiation of the photo- 
sensitiser with light at the appropriate wavelength 
leads to the generation of singlet oxygen (type II 
mechanisms) and/or other reactive oxygen species 
(type I mechanisms), and results in damage to 
tumour cells and/or destruction of the tumour 
vasculature [6,7]. To improve PDT efficiency there 
is an ongoing search for novel photo-sensitisers 
and in this capacity, there has been extensive 
investigation of dyes including: phthalocyanines, 
chlorins, purpurins, benzoporphyrins [2-8] and 
phenothiazinium-based photo-sensitisers (PhBPs) 
[9-12].

PhBPs are generally cationic molecules with a 
core structure composed of a planar tricyclic aro
matic ring system [Fig. 1), which functions as the 
chromophore of these compounds [13]. Methylene 
Blue (MB) is the best characterised of the PhBPs [14] 
and has been used for endoscopic or intraoperative 
in vivo staining of different tumours [15,16]. The 
local administration of MB has been successfully 
used in the intraluminal treatment of inoperable 
oesophageal tumours [17] and in the topical treat
ment of psoriasis [18]. Recent studies have shown 
both MB [19] and other PhBPs [11,20,21] to be 
effective against murine sarcomas. Most recently, a 
number of novel PhPBs have been synthesised [13], 
which have been shown to possess photo-chemical, 
and biochemical properties appropriate to PDT 
agents [22]. Using a modified form of the "Comet” 
assay [23], which quantifies strand breaks in cellu
lar DNA, Phoenix and Harris [24] identified DNA as 
a primary target for the photo-dynamic action of 
these latter PhBPs when directed against prokary
otes. Here, we have developed the methodology of 
these latter authors to investigate the possibility 
that DNA is a target of these PhBPs when directed

against cells from the EMT-6 murine mammary 
tumour cell line, previously shown to be highly 
susceptible to a number of photo-activated PhBPs 
[11], We have also investigated the photo-dynamic 
ability of PhBPs to inflict damage on eukaryotic 
membranes and discuss our results in relation to 
the potential of these compounds as PDT agents.

Methods and materials 

Reagents

All reagents were purchased from Sigma (UK) unless 
otherwise stated. The PhPBs investigated included: 
Azure A (AA), Azure B (AB), Azure C (AC), Bril
liant Creosyl Blue (BCB), Neutral Red (NR), Pyronin 
Y (PYY), Toluidine Blue 0 (TBO), New Methylene 
Blue (NMB) and Dimethyl Methylene Blue (DMMB), 
which were stored as aqueous 10mM (w/v) stock 
solutions.

Stock phosphate buffered saline (PBS) was pre
pared as a 10 times concentrate (NaCl, 80gl_1; 
KCl, 2.0gl-1; Na2HP04, 14gl"1; KH2P04, 2.0gH; 
pH 7) and stored as 10.0 ml aliquots. RMPI 1640 
medium was obtained as a 10 times concentrate 
from Gibco (UK). 100 ml aliquots of this concentrate 
were made up to 11 with distilled water, supple
mented with NaHCOa (final concentration 2.0 gl~1) 
and pH adjusted to pH 7.1-pH 7.3. The supple
mented medium was then filtered under reduced 
pressure and stored as 500 ml stock aliquots at 
4°C. Stock aqueous solutions of l-glutamine were 
prepared (29.2 gl_1), filter-sterilised and stored at 
20 °C as aliquots of 5.0 ml.

Light adsorption characteristics of PhBPs

The absorbance of the PhBPs described above 
was monitored across the wavelength range 
380-750 nm using a scanning spectrophotometer 
(Rye Unicam SP8-400 UV/VIS). The resulting spec
tra (Fig. 1) were used to determine the wavelength 
within this range that gave maximum absorbance 
Umax) for each of the PhBPs analysed (Table 1) and 
these Xmax values were then taken to be those, 
which would be optimal for the photo-activation 
of their parent dyes. To provide light, which cov
ered the range of these Xmax wavelengths, sam
ples were incubated under a bank of fluorescent 
lights, which provided low energy incoherent light 
with a maximum emission of 700 nm and a fluence 
rate of 1.7mWcm-2, as measured with a Skye SKP 
200 m (Skye Instruments, UK). Under these condi
tions, 30 min of illumination gave a total light dose
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of 3.15Jem 1 with no significant changes in tem
perature observed.

Cell cultures and incubation with PhBPs

Cells of the murine mammary tumour cell line, EMT- 
6 (Zeneca), were grown in disposable tissue culture 
flasks (Becton Dickinson) containing 25 ml of stock 
supplemented RPMI 1640 medium to which stock

l-glutamine had been added to give a final con
centration 0.26 gl_1. EMT-6 cultures were grown 
and maintained at 37 °C in a CO2 incubator (Napco 
Model 5410) with an atmosphere of 5% C02/95% 
air and 100% humidity. Cells of EMT-6 were grown 
until confluent and harvested by trypsination ac
cording to Rice [10]. These cells were then cen
trifuged (1500xg, 15 min, 4°C) and resuspended 
in PBS. This procedure was then repeated except 
that cells were resuspended in fresh supplemented

New Methylene Blue

Wavelength (nm)

Dimethyl Methylene Blue

Wavelength (nm)

Toluidine Blue O

Wavelength (nm)

CH£H3 H

Brilliant Creosyl Blue

Wavelength (nm)

Pyronin Y

Wavelength (nm)

Figure 1. The Xmax and structures of PhBPs. The light adsorption spectra for NMB, DMMB, AA, AB, AC, TBO, BCB, PYY 
and NR across the range 380-750nm. In each case, maximal light absorption (Xmax) of these PhBPs is indicated by: 
"1”. Also shown in each case is the corresponding chemical structure of the dye.
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Figure 1. (Continued).

RMPI 1640 medium to give a final cell concentra
tion of 105 cells ml-1. These cell suspensions were 
used to dilute stock PhPBs with final dye concen
trations as described in Table 2. Aliquots (200 )jtl) 
of these cell/photo-sensitiser mixtures were then 
added to the wells of flat bottomed 96-well micro- 
titre plates and either kept in the dark or placed 
in a light box for 30 min as described above. These 
samples were then immediately used in microgel 
preparation.

The preparation of microgels for Comet 
assay

Microgels were assembled as described by Ro
jas et al. [23]. Essentially, 100p,l aliquots of 
5% (w/v) agarose in PBS were evenly spread on 
microscope slides to form a secure base layer 
for the microgel assembly. To ensure a flat upper 
surface, the molten agarose layer was overlain 
with a cover slip, air-dried at room temperature, 
and the cover slip removed. An aliquot (10p.l) 
of each EMT-6/PhBP sample prepared above was 
immediately mixed with 50^1 of 0.5% (w/v) low

melting agrose (LMA) in PBS, which had been 
previously prepared and maintained at 45 °C. 
These LMA/cell mixtures were then evenly spread 
over the agarose base layer, overlain with a cover 
slip and kept at 4°C until the gel/cell layer had 
solidified. The cover slip was then removed, 175 jxl 
of 0.5% (w/v) agarose in PBS evenly spread onto 
the solidified LMA/cell layer, a cover slip overlain 
and the whole kept at 4°C until the final agarose 
layer had solidified. After solidification of the final 
agarose layer, the cover slip was removed and 
microgels were immersed in lysing solution (Triton 
X-100, 1% (v/v); NaCl, 12.5M; EDTA, lOOmM; Tris, 
10mM; pH 10) for 1 h. After completion of these 
procedures, treated microgels were placed on 
the horizontal slab of an electrophoresis unit. 
This unit was then flooded with electrophoresis 
buffer (NaOH, 300mM; EDTA, 1 mM; pH 13) and the 
microgel allowed to equilibrate with the buffer 
for 20 min, permitting damaged DNA to unwind 
under the alkaline conditions. The microgels 
were then electrophoresed at 25 V (50 mA) for 
25 min, removed from the electrophoresis unit 
and immersed in neutralising buffer (0.4M Tris, 
pH 7.5) for 30min. After neutralisation, microgels



ah investigation into me potential or pnenotmazinium-based photo-sensitisers 235

Table 1 The photd-dynamic prqperties of PhBPs.

PhBPs Lipophilicity
*(logP)

Relative 
singlet 
oxygen yield
(^APhBp)

Maximal. 
absorption in 
the range 
380-750 nm

■(^■ma>0

AA .0.7 0.77 648
AB 0.7 0.77 630
AC 0.7 0.77 625
BCB 0.55 0.03 625
PYY 0.16 0.05 ■ 546
NR -0.5 0.18 647
TBO -0.21 0.86 605
NMB 1.2 1.35 623
DMMB 1.01 1.22 536

The lipophilicity (logP), relative singlet oxygen yield 
(^APhBp) and wavelength of maximal absorption (Amax) of 
PhBPs were all determined as described above.

were immediately stained by placing in a tank 
with freshly made ethidium bromide (final con
centration 100 |xgml~1) for 10 min to permit the 
visualisation of DNA. The microgel slides were 
then mounted onto the platform of a confocal 
fluorescence microscope (Leitz Diaplan) and 
viewed using an FITC filter combination (excitation 
490 nm, dichroic 500 nm and emission 510nm). 
Single cells were identified and examined for DNA 
damage, as indicated by the "Comet effect". 
Images were recorded (Fig. 2) using a camera (Spot 
Insight, USA, Model No. 3) attached to the confocal 
microscope and stored as psp files on a PC (Viglen, 
P3800), using software supplied by Leitz Dia
plan. Analysis of these stored images for "Comet 
tail" length and "Head" diameter (Table 2) 
was performed using the VisComet programme, 
kindly supplied by Professor N.P. Singh (http:// 
www.impuls-imaging.com/viscometJntro.html; ac
cessed 23.06.04).

Table 2 ' The "Comet” assay of PhBPs.

PhBPs ^Concentration (pM) . Comet tail (jxm)
AA 25.0 30 :
AB ; 12.5 . 31
AC 18.8 30
BCB 40 ' o' v-y ...
PYY 3.1 30
NR 12.5 40
TBO 12.5 . 33
NMB 1.25 32
DMMB 0.8 38

The levels of PhBPs used in these experiments were obtained 
from Phoenix et al. [22], and relative lengths of "Comet” 
tails were determined as described above.

The haemolytic ability of PhBPs

Haemolytic assay was conducted according to Har
ris and Phoenix [25]. Packed red blood cells were 
obtained from the Royal Preston Hospital and were 
resuspended in Tris Buffered Sucrose (TBS; 0.25 M 
sucrose, 10mMTris, pH 7.5) to give an initial blood 
cell concentration of approximately 0.1% (v/v). 
Aliquots (1 ml) of these blood cell concentrations 
were then used to dilute stock PhPBs with final 
dye concentrations as described in Table 2. These 
mixtures were then incubated for 30 min under 
dark and light conditions, .as described above, cen
trifuged, and the supernatants retained. These su
pernatants were then transferred to 1 ml cuvettes 
and the absorbance at 416nm determined. As con
trols, samples were prepared and treated as above 
except that PhBPs were either not included, or 
substituted with Triton X-100 (0.1%, v/v). Samples 
that had been incubated with Triton X-100 (0.1%, 
v/v) for 30 min produced a supernatant with an 
absorbance of 0.9 at 416 nm and this taken as 100% 
haemolysis. The levels of haemolysis of all other 
samples tested were determined as the percentage 
haemolysis, relative to this standard, and are 
shown in Fig. 3. In the absence of PhBPs, the levels 
of haemolysis detected were negligible (<0.1%).

The lipophilicity of PhBPs

The lipophilicity of PhBPs was determined as logP 
(Table 1), which is the logarithm of a given dye's 
partition coefficient between PBS (pH 7) and 1- 
octanol [26], Essentially, dyes were individually sol
ubilised in PBS (pH 7) to give a final concentration of 
10 p,M. Then, 5 ml (Vw) of each of these dye/PBS so
lutions was individually taken and intimately mixed 
with 10 ml of n-octanol (Vb) to allow dye partition
ing between the aqueous and organic phases. For 
the PBS phase, dye absorbance at Amax (Table 1) 
was measured before (A) and after (Ai) partition
ing, log P values were then computed according to 
relationship:

log P — log A-Ai
Ai

Ml
vb/J

Singlet oxygen production by PhBPs

Singlet oxygen production by PhBPs was measured 
according to Cincotta et al. [27], which monitors 
the decolourisation of 1,3-diphenylisobenzofuran 
(DPIBF) in methanol with time at 410 nm. By as
suming that the decrease in absorption of DPIBF at 
410 nm is directly proportional to its reaction with

http://www.impuls-imaging.com/viscometJntro.html
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(A) DMMB with no illumination (B) DMMB

(G) TBO (H) PYY

Figure 2. "Comet” assay of EMT-6 cells after incubation with PhBPs. EMT-6 cells were incubated with PhBPs under 
light and dark conditions and subjected to "Comet” assay. Under light conditions, the DNA of these cells showed high 
levels of damage as indicated by the distinct heads and elongated tails observed in (B)-(J). These effects are produced 
by the alkali induced unwinding of damaged DNA at strand breakage sites and migration of this DNA towards the anode. 
In contrast, "Comet” assay of EMT-6 cells that had been incubated with PhBPs under dark conditions showed the DNA 
of these cells to possess small compact structures, indicating supercoiled, double stranded DNA and the absence of 
significant damage. (A) shows a typical result, which is for DMMB.
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Figure 3. Haemolysis by PhBPs. Erythrocytes were incu
bated with PhBPs under light and dark conditions, all 
as described above. Under dark conditions, levels of 
haemolysis (■) ranged between 6% and 19%, indicating 
that these PhBPs possess significant inherent toxicity to 
erythrocytes in some cases. Light conditions led to no 
significant increases in levels of haemolysis (□) except 
for DMMB, which showed haemolytic levels increasing 
from 11% to 61%, indicating photo-toxicity to erythrocyte 
membranes.

singlet oxygen, the time taken for a 50% decrease 
in absorption of DPIBF at 410nm is directly propor
tional to its reaction with singlet oxygen. Thus, the 
time taken by each of the PhBPs in Table 1 to cause 
a 50% decrease in DPIBF absorption under identical 
conditions (ti/2ps), provides a measure of its rela
tive photo-sensitising efficiency. The time for the 
DPIBF adsorption to decrease by 50% due to photo
sensitization by Methylene Blue (ti/2MB) was taken 
as 1. The singlet oxygen yield for Methylene Blue 
(‘Z'amb) is given by [27] as 0.443 and thus the sin
glet oxygen yields of the PhBPs of the present study 
(Table 1) were calculated according to:

^APhBP = ^AMB ( ------^)

Vl/2PhBP/

Results and discussion

Recently, a number of novel PhBPs have been syn
thesised, which show the potential to act as PDT 
agents [24]. To help evaluate this potential, the 
present study has investigated the ability of these 
compounds to inflict photo-damage on tumour cell 
DNA and induce the photolysis of eukaryotic mem
branes.

A number of PhBPs, including DMMB, have pre
viously been shown to be highly photo-toxic to 
cells from the EMT-6 murine mammary tumour cell 
line, although the mechanisms underlying this tox
icity appear to be unknown [11]. Here, the photo

dynamic ability of DMMB, NMB, TBO, AA, AB, AC, 
PYY, NR and BCB to inflict damage on the DNA of 
EMT-6 cells was investigated. DNA from EMT-6 cells 
that had been exposed to PhBPs under dark condi
tions was electrophoresed under the alkaline condi
tions of a "Comet” assay and when visualised, this 
DNA was found to form a generally compact struc
ture, as shown in Fig. 2A for DMMB. This is a typi
cal result for the PhBPs tested and when analysed, 
these structures were found to be of the order of 
25 fim in diameter, which is consistent with previ
ous reports and the presence of super-coiled double 
stranded DNA [28]. In sharp contrast to these data, 
"Comet” analyses of EMT-6 cells that had been ex
posed to illuminated DMMB, NMB, TBO, AA, AB, AC, 
PYY and NR (Fig. 2B—J) showed these cells to gen
erally display an elongated "tail” effect. This ef
fect is characteristic of the presence of damaged 
DNA and clearly indicates that these PhBPs pos
sess a significant photo-dynamic ability to inflict 
damage on EMT-6 DNA. The "tails” thus gener
ated were generally of the order of 30-40 ^m in 
length (Table 2), suggesting that under our experi
mental conditions, these PhBPs inflicted compara
ble levels of damage on EMT-6 DNA. In contrast to 
these latter PhBPs, "Comet” analysis of EMT-6 cells 
that had been exposed to illuminated BCB revealed 
no significant "tail” (Fig. 2J), suggesting that the 
dye possessed no detectable photo-dynamic abil
ity to damage the DNA of these cells. These re
sults are generally consistent with those of a re
cent "Comet” study, which demonstrated that the 
levels of PhBPs described in Table 1 showed compa
rable photo-dynamic abilities to damage the DNA of 
S. aureus with BCB showing no such ability [29].

To investigate the photo-dynamic ability of NMB, 
DMMB, TBO, AA, AB, AC, PYY, NR and BCB to in
flict damage on eukaryotic membranes, these PhBPs 
were incubated with erythrocytes and haemoglobin 
release at 416nm monitored. It can be seen from 
Fig. 3 that under dark conditions, levels of haemol
ysis ranged between 6% and 19%, indicating that the 
PhBPs examined possess a significant inherent abil
ity to induce lysis and hence, damage erythrocyte 
membranes. In general, the illumination of these 
PhBPs led to no significant increases in levels of 
haemolysis, suggesting that for these compounds 
the erythrocyte membrane is not the main target 
for photo-dynamic action. In contrast, the illumi
nation of DMMB increased levels of haemolysis from 
11% to 61% (Fig. 3), suggesting that the dye is able 
to induce photolysis and implying a possible mem
brane target.

The PhBPs studied induced significant inherent 
lysis in erythrocyte membranes and were found to 
be generally lipophilic (logP>0, Table 1). Previous
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studies have shown these PhBPs are able to parti
tion into model lipid membranes [6] and in com
bination, these results suggest that these dyes may 
interact with the lipidic components of membranes. 
Thus, it may be that the high levels of erythrocyte 
photolysis induced by DMMB (Fig. 3) involve photo
dynamic attack on membrane lipid. Nonetheless, 
NMB possesses lipophilicity (logP= 1.35), which is 
comparable to DMMB (log P* 1,22) yet showed no 
ability to photolyse erythrocyte membranes. A 
possible explanation for this observation and our 
haemolysis data may lie with the mechanisms of 
cellular uptake used by these PhBPs. Our "Comet” 
analyses clearly showed that the PhBPs studied 
are taken up by cells. NMB, TBO, AA, AB and AC 
whilst cationic at neutral pH, tend to form a neu
tral quinonemine species at lower pH, such as that 
found at the erythrocyte membrane interface [30]. 
In their neutral form, these PhBPs would be photo- 
dynamically inactive but effectively, possess higher 
levels of lipophilicity, thereby promoting cellular 
uptake. Thus, passage of these neutral PhBPs across 
the erythrocyte membrane could lead to inher
ent haemolysis but with no significant potential for 
photolysis. Moreover, it has been previously been 
suggested that upon cellular internalisation, the 
cationic, photo-dynamically active form of such 
PhBPs may be regenerated, enabling DNA photo
damage to be induced [30]. Clearly, this could be 
the case for NMB, TBO, AA, AB and AC as witnessed 
by their ability to photo-damage EMT-6 DNA and 
possibly supporting this conjecture, previous stud
ies have shown that related cationic dyes are inter
nalised to the cytoplasm of EMT-6 cells [31]. In con
trast to these latter PhBPs, DMMB tends to remain 
in a cationic form under physiologically relevant 
conditions of pH [30]. Moreover, when combined 
with the high lipophilicity of DMMB, this gives the 
dye molecule strong amphiphilic character, which 
is known to favour membrane localisation [32]. 
Clearly, a tendency for the membrane accumulation 
of DMMB's photo-dynamically active form could fa
cilitate the observed photolysis of erythrocytes un
der light conditions and inherent lysis under dark 
conditions. Nonetheless, whether the dye’s ability 
to induce these lytic events in erythrocytes derives 
from dynamic cellular uptake or passive membrane 
partitioning is as yet unclear.

In conclusion, BCB showed no ability to inflict 
photo-damage on any of the cellular targets and 
in vitro assay showed the dye to exhibit no signif
icant singlet oxygen yield (0abcb = O.O3; Table 1). 
Taken together, these results suggest that BCB may 
not possess a significant photo-dynamic ability and 
thus potential to act as a PDT agent. Interest
ingly, PYY exhibited no significant singlet oxygen

yield (<£apyy = 0-05; Table 1) but in contrast to BCB, 
showed a strong photo-dynamic ability to attack 
EMT-6 DNA, which could indicate the involvement of 
a type I mechanism of photo-sensitization [6]. The 
remaining PhBPs tested showed significant photo
toxicity to EMT-6 DNA and high "singlet oxygen yields 
(tf’APhBP generally >0.7; Table 1), which suggests 
the involvement of type II mechanisms of photo
sensitization [6]. DMMB also showed photo-toxicity 
to eukaryotic membranes and thus the potential 
to utilise multiple sites of photo-dynamic action 
within EMT-6 cells. This would seem to explain the 
previously demonstrated high photo-toxicity shown 
by DMMB [11] and whilst this could enhance the 
dye's anti-cancer potency, its high toxicity could 
limit its usefulness. Taken in combination, these re
sults clearly suggest that the majority of the PhBPs 
studied have the potential to act as agents for 
PDT. Indeed, recent studies have suggested that the 
presence of indole-3-acetic acid (IAA; plant auxin) 
is able to enhance the anti-tumour efficacy of MB 
and TBO [33] and it may be that IAA shows a similar 
potential with other of the PhBPs tested here.
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Summary-----------------------—________ ____________________________
The cytotoxicity and photocytotoxicity of methylene blue and several of its 

derivatives against two pigmented melanoma cell lines (SK-23 murine 
melanoma and SK-Mel 28 human melanoma) were investigated in culture. The 
derivatives were all more effective photosensitizers than methylene blue in both 
cell lines over a range of light doses (3.6-17.6 J cm'2). The increased activity 
correlated with increased cellular uptake and inherent photosensitizing efficacy. 
The photosensitizers also showed varying levels of interaction with the biopoiy- 
mer melanin and although this appeared to affect uptake and activity, there 
was no direct correlation with toxicity. *

Key words: Methylene blue derivatives, photosensitizers, photosensitization, 
melanin, melanoma.

Abbreviations: MB - methylene blue; LMB - leuco methylene blue; MMB - 1- 
methyl methylene blue; DMMB - 1,9-dimethyl methylene blue; NMB - new 
methylene blue; DP1BF - 1,3-diphenylisobenzofuran; DMSO - dimethyl sulfox
ide; ICn - photosensitizer concentration giving n% cell inhibition; MTT - 3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyI-2H-tetrazolium bromide; PBS - phosphate 
buffered saline.

INTRODUCTION

Among the various types of skin cancer, 
malignant melanoma poses the greatest risk in 
terms of mortality. The usual treatment for 
malignant melanoma is surgical excision but 
adjuvant chemotherapy may be employed, par-
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ticularly dacarbazine (DTIC)2 or limb perfusion 
involving the nitrogen mustards (e.g. melpha- 
lan) 3. Radiotherapy is also an option. 
Depending on the progress of the tumour at 
diagnosis, lymphadenectomy may be indicated 
although a more conservative approach to dis
section may be possible via the use of sentinel
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node demarcation 4. With the traditional thera
pies there remains the problem of side effects, 
either due to disfigurement in surgery or to sys
temic toxicity, immunosuppression etc. after 
chemotherapy or radiotherapy. Both in terms 
of morbidity and in patient compliance the 
minimisation of such side effects is obviously 
highly desirable. However, even with the 
increased sophistication of modern cancer 
treatments, the degree of further improvement 
of these therapies is limited, mainly due to a 
fundamental lack of selectivity for tumour tis
sue. The ongoing search for new drugs and 
novel therapeutic approaches to cancer treat
ment which offer greater selectivity thus 
remains important.

The technique of photodynamic therapy 
(PDT) is gaining increasing acceptance in can
cer treatment, particularly in the area of skin 
cancer, since here light delivery is not problem
atic as it might be in the case of internal 
tumours. The use of either systemic or topical 
administration of a photosensitizer (or photo
sensitizer precursor) coupled with superficial 
light delivery has been shown to be successful 
in many cases of basal cell and. squamous cell 
carcinoma.5 The situation is complicated in the 
case of metastasising tumours such as malig
nant melanoma since it may be difficult to trace 
the secondary foci. Another perceived problem 
with melanoma is the presence of the pigment 
melanin in the tumour cells. Melanin is pro
duced in cells which require protection from 
light (especially ultraviolet) and since melanin 
absorbs light quite strongly even at long visible 
wavelengths, 6 this might decrease the amount 
of light available to the photosensitizer. In addi
tion, melanin has antioxidant properties 7 
which might interfere with the cell killing 
processes involving oxygen radicals which are 
commonly associated with PDT Such protec
tive effects have been reported against hydro
gen peroxide and hydroxyl radicals during Rose 
Bengal photosensitization (i.e. Type I photosen
sitization), 8 whilst the perylenequinone hyper
icin exhibited significantly higher phototoxicity 
against amelanotic melanoma cell lines than 
against a melanin producing melanoma cell line 
9. In order to circumvent any likely effects of 
melanin, the use of long-wavelength absorbing 
photosensitizers - i.e. outside the absorption 
spectrum of melanin - is a logical initial step. 
Thus benzoporphyrin derivative (BPD-MA) is

reported to be effective in vivo against pig
mented melanoma in mice, the efficacy being 
increased by pre-illumination'with 1064 nm 
(near infrared) light in order selectively to break 
down melanosomes 10. The use of long-wave
length absorbing photosensitizers alone may be 
insufficient to cause cell death - for example, 
far-red absorbing (776 nm) silicon naphthalo- 
cyanine derivatives were also less effective 
against melanotic than amelanotic melanoma 
cell lines 11.

The use of methylene blue and its con
geners in clinical PDT remains sporadic, mainly 
because photodynamic therapy has developed 
from porphyrin-derived drugs 12. Logically, the 
widespread application of methylene blue and 
the related phenothiazinium dye toluidine blue 
O in surgical demarcation - e.g. the tracing of 
sentinel lymph nodes 4 in addition to their 
widespread use in the clinical staining of carci
nomata 13 underlines the low toxicity of the 
compounds. The efficient photosensitizing 
behaviour of the phenothiazinium dyes is also 
well established 14. However, in terms of its use 
in clinical malignancy, methylene blue is utilised 
locally, mainly against accessible tumours such 
as superficial bladder cancer 15 and has been 
used against inoperable oesophageal tumours 
16. Along with many drugs containing fused 
heteroaromatic chromophores, methylene blue 
is well known to bind to melanin,. 17'18 and in 
recent work, Link et al. reported the use of 
radiolabelled methylene blue as a tracer for 
metastatic melanoma in humans 19.

The authors recently reported the increased 
efficacy of methylene blue derivatives having 
increased chromophore methylation 20. Thus 
the two analogues, having methyl groups at 
positions 1- and/or 9- of the phenothiazinium 
chromophore, both exhibited increased photo
sensitizing activities due to increased efficacies 
of singlet oxygen production, and lower rates 
of intracellular chromophoric reduction relative 
to the parent compound. In subsequent work 
on the photobactericidal activities of phenoth
iazinium species, the related photosensitizer 
new methylene blue N (NMB) exhibited similar 
improvements over the parent compound 
against methicillin-resistant Staphylococcus 
aureus 21. NMB also contains a dimethylated 
phenothiazinium ring system, although the aux- 
ochromic amine functionality at positions 3- 
and 7- is slightly different from that of methyl-
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ene blue (Table 1), In each case however, the 
inclusion of extra methyl groups in the chro- 
mophore also led to increased lipophilicity, a 
property which is often an important factor in 
drug uptake characteristics.

Studies on the photodynamic action of 
methylene blue in tumour cells in culture have 
reported various sites of action for the photo
sensitizer - for example the formation of oxi
dised guanine residues, notably 8-hydrox- 
yguanosine, via the intermediacy of singlet oxy
gen, supports a DNA-based nuclear mechanism 
14, 22-24. Recent research has also suggested the 
involvement of MB-induced microtubular photo
damage in cell death 25. However it may be 
that the site of action is variable, depending 
both on cell type and on the interval between 
photosensitizer administration and illumination.

Altering the structure of the methylene blue 
via analogue synthesis should lead to alternative 
localisation patterns, providing the resulting 
physicochemical make-up of the analogue is 
sufficiently different. For example, increased 
lipophilicity in monocationic dyes has been 
shown to alter localisation from mainly nuclear 
to mitochondrial 26.

The present study is an investigation into 
the activity of the phenothiazinium derivatives 
alluded to above against a murine melanoma 
cell line (SK-23) and a human melanoma cell 
line (SK-Mel 28).

MATERIALS AND METHODS

Methylene blue, 1,9-dimethyl methylene 
blue and new methylene blue were purchased 
from Aldrich (Gillingham, UK) and recrystallised 
from methanol before use. 1-Methyl methylene 
blue was synthesised from N,N-dimethyl-m-tolu- 
idine and N,N-dimethylaniline (both Aldrich) as 
described previously 20. 1,3-Diphenyliso- 
benzofuran (DPIBF), methanol (spectrophoto- 
metric grade) and 1-octanol were purchased 
from Aldrich (Gillingham, UK) and used without 
further purification. Trypsin, MTT (3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyl-2H-tetrazoli- 
um bromide) and DMSO (dimethyl sulfoxide) 
were obtained from Sigma (Poole, UK). All 
spectrophotometric measurements were carried 
out on a Hewlett Packard 8452A diode array 
spectrophotometer. The dyes were found to

obey Beer’s law in the concentration range 10‘ 
5-10-7 M.

The efficiency of production of singlet oxy
gen of the phenothiaziniums" relative to the 
standard, methylene blue, was measured using 
the decolourisation of 1,3-diphenylisobenzofu- 
ran (DPIBF) in methanol. Details of this proce
dure are given in the earlier paper 20.

The lipophilicities of the photosensitizers 
were calculated in terms of log P, the logarithm 
of their partition coefficients between phos
phate-buffered saline and 1-octanol. The data 
were calculated using the standard spectropho
tometric method,27 again detailed in the previ
ous work 20.

Cell culture
The melanoma cell lines (murine SK-23 and 

human SK-Mel 28) were originally obtained 
from the Cancer Research Campaign. Cultures 
were routinely maintained at 37°C, 5% C02 : 
95% air in RPMI 1640 culture medium (Gibco, 
Life Technologies, Paisley, UK), supplemented 
with 10% (v/v) foetal calf serum (Labtech 
International, Rigmer, East Sussex, UK), 200 
mM glutamine (Sigma) and streptomycin 
(10,000 pg ml-1) / penicillin (10,000 units ml'1) 
(Sigma).

Phototoxicity: dark toxicity experiments
Light from a radial bank of fluorescent tubes 

(Phillips/Thorn, 8 W), with maximum emission 
in the 600-700 nm region which provided a 
fluence rate of 4.0 mW cnr2, was used to illu
minate the cells which had been exposed to the 
various photosensitizers. The light dose was 
measured with a Skye SKP 200 light meter 
(Skye Instruments Ltd). The temperature of the 
system was monitored constantly during irradia
tion but no heating effect was observed.

96-well microtitre plates were seeded with 
1000 cells per well (in 200 pi RPMI 1640) and 
incubated at 37°C, 5% C02 : 95% air for 3 
days. Varying concentrations of each photosen
sitizer (0-160 pM) were added and the cells 
incubated, as previously, for 3 hours. The 
medium containing the drug was then aspirated 
and the cells rinsed twice with 200 pi RPMI 
1640, before replacing with a further 200 pi 
RPMI 1640. Each plate was illuminated for 30 
minutes or kept dark. Following this treatment,
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the cells were grown again at 37°C, 5% C02 : 
95% air for a further 4 days. To evaluate cell 
viability and thus calculate percentage toxicity, 
the MTT assay was adapted from Carmichael 
et al 28, 25 pi MTT (5 mg ml'1) were added to 
each well and this was incubated at 37°C, 5% 
COz : 95% air, for 5 hours. The medium and 
MTT were aspirated, taking care not to disturb 
the formazan crystals, leaving approximately 
30 jil in each well. 100 |il DMSO were then 
added to each well to solubilise the crystals. 
The plates were shaken for 10 minutes and the 
absorbance read on a plate reader (Anthos 
HT111, measuring filter 540 nm; reference fil
ter 620 nm).

Light dose study
SK-23 or SK-Mel 28 cells were incubated in 

the normal way with the relevant photosensitiz
er at a dose giving 15% dark toxicity in the ini
tial toxicity test. The cells were illuminated with 
a fluence rate of either 9.8 mW cm'2, 4.7 mW 
cm*2, 3.3 mW cm'2 or 2.0 mW cm*2 for 30 
minutes (i.e. light dose = 17.6, 8.5, 5.9 or 3.6 
J cm'2 respectively), then grown on as above 
for a further 4 days. Toxicity was assayed as 
above using the MTT assay.

Cellular uptake
Cultures of SK-23 and SKMEL-28 cells in 

20 ml RPMI 1640 medium were grown to con
fluence over 5 days in 75 cm2 culture flasks. 
The medium was then removed and replaced 
by doubling dilutions of each photosensitizer 
(0.312 - 5 pM) in 20 ml RPMI 1640 medium 
or by 20 ml RPMI 1640 medium for the con
trols. The cultures were then incubated in the 
presence of the photosensitizers for 3 hours.

Medium and photosensitizers were then dis
carded and the cell monolayers rinsed twice 
with PBS. The cells were trypsinised and count
ed, then the cell suspensions were centrifuged 
for 10 minutes at 150 g and the supernatants 
discarded. Each pellet was thus rinsed and 
resuspended twice in 2 ml PBS. 1 ml methanol 
was added to each final pellet, mixed and left 
for 10 minutes before centrifugation at 2000 g 
for 30 minutes. The absorbances of the photo
sensitizers in methanol solution were read spec- 
trophotometrically at 664 nm (MB), 650 nm 
(MMB), 648 nm (DMMB) and 630 nm (NMB).

Melanin binding
The photosensitizers were assayed for 

melanin binding following the method of Potts 
17: Briefly, the light absorption of 5 pM solu
tions of the photosensitizers in buffer were 
measured at the relevant value. The solu
tions were then stirred vigorously with 10 pg of 
melanin (Sigma, Poole UK) for 15 minutes, 
centrifuged at 600g and the absorption of the 
supernatants re-read on the spectrophotometer. 
The percentage binding to melanin was thus 
calculated by difference. Measurements were 
carried out four times.

RESULTS AND DISCUSSION

The photosensitizers used in the present 
study were selected on evidence obtained in 
earlier work by the authors 20’21. In terms of 
their physicochemical properties, the methylat
ed derivatives of the lead compound, methylene 
blue, exhibited increased lipophilicities due to 
the extra methyl groups (positive LogP values, 
Table 1), although each of the photosensitizers 
was highly water-soluble. Chromophoric methy- 
lation was also found to decrease the reduction 
potential of the resulting compound 20, the 
reduced (leuco-) form of the phenothiazinium 
being UV-absorbing only and inactive as a pho
tosensitizer, although reoxidation to the cation 
is possible. Logically, the longer the time spent 
in the cellular milieu as a phenothiazinium 
cation, the greater the potential for photody
namic damage. In addition to the increased 
lipophilicities encountered, this suggests that 
the cations might also show a different localisa- 
tion pattern to that of methylene blue. 
Chemically, the compounds methylene blue, 
the 1-methyl and 1,9-dimethyl derivatives are 
similar in constitution but in new methylene 
blue the presence of N-ethylamino instead of 
N, N-dimethylamino groups at positions 3- and 
7-of the phenothiazinium chromophore facili
tates deprotonation at the N-H group, leading 
to a neutral quinoneimine species (Figure 1). 
This can be shown spectrophotometrically in 
alcohol, the maximum absorption wavelength 
(^max) for the NMB cation being 630 nm at 
neutral pH, the quinoneimine being formed at 
higher pH with the shifting to 540 nm. 
Both cationic and neutral forms exist in equilib-
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Table 1 - Structures and physicochemical data for the photosensitizers.

R1 R9

Me-^N ^ s SNM&, s ^NHEt
+ +

R1 R9
NMB

(nm)8 L°9 ema*a V Log P % Melanin Binding
MB H H 664 4.98 1.00 -0.10 82.2C
MMB Me H - 656 4.78 1.11 +0.7 71.3
DMMB Me Me 648 4.91 1.22 +1.0 56.3
NMB - - 630 4.95 1.35 +1.2 69.6

a Measured in methanol; b Singlet oxygen yield based on MB = 1.00; c Literature 17 gives 87%.

rium ([cation] » [quinoneimine]) at neutral pH, 
allowing the possibility of differing uptake 
mechanisms. The importance of such behav
iour has been reported previously by Lin et al. 
in their studies on benzo[a]phenothiazinium 
photosensitizers 29. Such equilibria are not 
formed by the other photosensitizers in the 
present study since the dimethylamino group 
does not allow deprotonation.

CaUon Quinoneimine

Figure 1 - Quinoneimine formation in new methylene 
blue.

As stated previously, the phenothiazinium 
dyes are established as efficient photosensitizing 
compounds. However, this efficiency is affected 
by the substitution pattern in the periphery of 
the chromophore. For example, the presence 
of a fused benzene ring lowers the singlet oxy
gen efficiency as in the benzo[a]phenothiazini- 
um series alluded to above 29 as does the inclu
sion of arylamino groups at positions 3- and 7- 
in place of alkylamino l. In the current study 
the presence of extra methyl groups in the ring 
system led to increased singlet oxygen efficien
cies in the spectrophotometric assay employed

(Table 1). In terms of inherent ability to photo
sensitize the production of singlet oxygen, as 
measured spectrophotometrically, the order 
was

At the standard light dose of 7.2 J cm2, 
each of the compounds exhibited higher photo
sensitizing efficacies in both melanoma cell 
lines compared to the lead compound, methyl
ene blue (Figures 2 and 3). Using a series of 
light doses, ranging from 3.6-17.6 J cm2, and 
photosensitizer concentrations giving 15% dark 
toxicity in the original experiments, methylene 
blue was clearly the least effective photosensi
tizer in the human melanoma cell line (SK-Mel 
28), and did not in fact achieve a complete cell 
kill even at the highest light dose (Tab/e 2). As 
in the previous cell culture study employing the 
mouse mammary tumour cell line, EMT-6. 
dimethyl methylene blue was highly phototoxic 
at very low concentrations (Figures 2c and 3c). 
The IC90 values for dimethyl methylene blue 
were 0.1 and 0.4 fimol for the human and 
murine melanoma cell lines respectively, which 
were similar to that for the EMT-6 line in the 
previous study20 and IC90s were achieved at all 
light doses (Table 2). New methylene blue also 
performed well against both melanoma cell 
lines (SK-Mel 28 IC90 = 0.5 jimol; SK-23 IC90 
= 1.1 nmol). Methyl methylene blue was less 
effective in SK-Mel 28 cells than both of the 
dimethylated photosensitizers, but was still con
siderably more active than methylene blue 
(Table 3).



PHENOTH1AZ1NE PHOTOSENSITIZERS. HI. ACTIVITY OF METHYLENE BLUE DERIVATIVES AGAINST PIGMENTED MELANOMA CH l UNES 99

MB on Sk-23 -t-- tight dark

100 -1

concentration MB (uM)

Figure 2a - Photocytotoxicity (Q and dark toxicity (■) 
of MB agztinst the SK-23 cell line. Each point is the mean 
of at least 14 experiments. Error bars represent SEMs.

MMB on SK23 light dark

100-1

P—•

concentration MMB (uM)

Figure 2b - Photocytotoxicity Q and dark toxicity (■) 
of MMB against the SK-23 cell line. Each point is the mean 
of at least 14 experiments. Error bars represent SEMs.

DUMB on Sk23 
-®-“ light -*-• dark

concentration DMMB (uM)

Figure 2c - Photocytotoxicity (Q and dark toxicity (■) 
of DMMB against the SK-23 cell line. Each point is the 
mean of at least 14 experiments. Error bars represent SEMs.

NMB on SK23 
-S-* light • - dark

* 80-

concentration NMB (uM)

Figure 2d - Photocytotoxicity O and dark toxicity (■) 
of NMB against the SK-23 cell line. Each point is the mean 
of at least 14 experiments. Error bars represent SEMs.
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Effects of MB on SK-Mel-28 cells In culture, n-at least 16. 
-®— ll0h« experiments, hi-- dark experiments.

concentration MB (uM)

. 3a - Photocytotoxicity (Q and dark toxicity (■)
of MB against the SK-Mel 28 cell line. Each point is the 
mean of at least 16 experiments. Error bars represent SEMs.

Effect of DMMB on Sk-Mel-28 cells In culture, showing 
responses at low levels; n- at least 14.

light experiments, dart( exper|ments

100

concentration DMMB (uM)

Figure 3c - Photocytotoxicity (Q and dark toxicity (■) 
of DMMB against the SK-Mel 28 cell line. Each point is the 
mean of at least 14 experiments. Error bars represent SEMs.

Effect of MMB on Sk-mel-28 cells In culture, n”Bt least 10. 
-E-" light experiments, -*-■ dark experiments.

100

concentration MMB (uM)

Figure 3b - Photocytotoxicity (Q and dark toxicity (■) 
of MMB against the SK-Mel 28 cell line. Each point is the 
mean of at least 10 experiments. Error bars represent SEMs.

Effect of NMB on Sk-mel-28 cells showing responses at 
low levels: n- at least 10.
-®-- light experiments, dark experiments

concentration NMB (uM)

Figure 3d - Photocytotoxicity (Q and dark toxicity (■) 
of NMB against the SK-Mel 28 cell line. Each point is the 
mean of at least 10 experiments. Error bars represent SEMs.
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Table 2 - Photocytotoxicity of the methylene blue deritxitiues against the SK-23 and SK-Mel 28 cell lines os a 
function of the light dose. Photosensitizer concentration in each case was that giving 15% dark cytotoxicity. Each 
bar is a mean of £4 experiments.

% Phototoxicity at light dose
0 J cm*2 3.6 J cm*2 5.9 J cm*2 8.5 J cm*2 17.6 J cm*2

os. SK 23
MB (32 jiM) 15.0 53.0 62.0 68.0 81.0
MMB (2.5 fiM) 15.0 50.0 53.0 61.0 60.0
DMMB (0.6 nM) 15.0 91.0 91.0 90.0 97.0
NMB (1.4 nM) 15.0 42.0 73.0 74.0 95.0

vs. SK Mel 28
MB (10 jiM) 15.0 13 14 29 57
MMB (3 nM) 15.0 44 71 86 94
DMMB (0.1 nM) 15.0 93 95 97 97
NMB (1.25 nM) 15.0 57 92 97 95

Table 3 - Toxicity, phototoxicity and light:dark differential toxicity ratios for the photosensitizers at a light dose
of 7.2 J cm'2.

SK 23 SK Met 28
IC90 tight (fiM) % Dark Light: Dark ICjo Light (uM) % Dark Light: Dark

Toxicity Toxicity Toxicity Toxicity

MB 39.6 17.6 5.1 38.8 80%) 52.6 1.5
MMB 5.0 46.0 2.0 9.7 43.2 2.1
DMMB 0.4 8.8 10.2 0.1 31.8 2.8
NMB 1.1 11.2 8.0 0.5 12.0 ’ 7.5

SK 23 SK Mel 28
IC50 Light (4M) % Dark Toxicity ICso Usht CiM) % Dark Toxicity

MB 15.2 7.8 21.0 25.5
MMB 1.6 7.0 2.2 10.1
DMMB 0.05 0 - -

NMB 0.3 1.0 0.3 9.1

In the SK-23 cell line and with lower light 52.6% dark toxicity, while methyl methylene
doses methylene blue and its 1-methyl analogue blue at 9.7 p.M gave 90% photo- and 43.2%
exhibited similar activity (Figures 2a and 2b; dark toxicity (Figu res 3a and 3b). The corre-
Table 2). In addition, when tested against the spending lighhdark toxicity ratios were-1.5 and
SK-Mel 28 human melanoma cell1 line at the 2.1. These values were increased at higher
standard light dose (7.2 J cm'2), it was evident light doses, moreso for methyl methylene blue
that the dark (inherent) toxicities of methylene than for methylene blue, underlining the
blue and 1-methyl methylene blue were appre- greater inherent photosensitizing efficacy of the
ciable relative to their phototoxicities, even at methylated derivatives (Tabhes 1 and 2).
high phototoxicity values. Thus 38.8 yM meth
ylene blue caused 80% phototoxicity and

Methylene blue also exhibited the lowest uptake 
in this cell line (Figure 4a).
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Uptake of MB and Its derivatives into 
SK-23 cells. NM.

DMMB

concentration (uM)

ciz fiGURE 4a ' UPtake o{ the photosensitizers into the 
SK-23 melanoma cell line as a function of photosensitizer 
concentration. ® - MB; ■ - MMB; O - DMMB- ♦ - 
NMB. ’

Uptake of MB and its derivatives into 
SK-MEL-28 cells. N=6.

®— MB

DMMB

concentration (uM)

Figure 4b - Uptake of the photosensitizers into the SK- 
Mel 28 melanoma cell line as a function of photosensitizer 
concentration. ® - MB; ■ - MMB; O - DMMB- ♦ - 
NMB. ’

In the SK-Mel 28 cell line, dimethyl methyl
ene blue and new methylene blue both exhibit
ed high levels of phototoxicity at relatively low 
corresponding dark toxicities, thus having high
er light:dark toxicity ratios than the lead com
pound, methylene blue. New methylene blue 
was particularly interesting in this respect, hav
ing by far the highest ratio at 7.5 (Table 3). 
The low dark toxicity of new methylene blue is 
underlined by the greater uptake of this photo
sensitizer compared to the more dark toxic 
dimethyl methylene blue in the human 
melanoma cell line (Figure 4b).

The behaviour of the photosensitizers 
against the SK-23 murine melanoma cell line 
was broadly similar to that in the human 
melanoma cell line. At the standard light dose 
methyl methylene blue exhibited higher dark 
toxicity than methylene blue which had a much 
improved lighhdark toxicity ratio (5.1, Table 3). 
In this cell line the activity of dimethyl methyl
ene blue was higher than that of new methyl
ene blue, although both showed improved 
lightrdark toxicities (10.2 and 8.0 respectively, 
Table 3). The relative uptakes of the two pho
tosensitizers in this cell line were similar at the 
IC90s (Figure 4a).

The sites of action of the phenothiazinium 
photosensitizers in melanoma cells are, as yet, 
unknown. As suggested earlier, they may be 
various and time-dependent, although Link et 
al. found a fourfold increase in the uptake of 
radiolabelled methylene blue in melanotic B16 
melanoma cells compared to an amelanotic 
sub-line and also reported that radiolabelled 
methylene blue is localised in melanosomes 30. 
Using the method of Potts 17 the melanin affini
ties of the phenothiazinium photosensitizers 
employed in the current study were found to 
follow the order: MB>MMB>NMB>DMMB 
which, taken with the photocytotoxicity data, 
suggests that melanin may have had an 
inhibitory effect on their photodynamic action. 
This is in agreement with comparative studies 
utilising other types of photosensitizer, e.g. 
naphthalocyanines, 11 in melanotic and amelan
otic strains. However, uptake in the murine 
melanoma cell line (SK-23) was considerably 
higher for each of the photosensitizers than in 
the human melanoma cells which contained vis
ibly lower levels of melanin (Figures 4a and 
4b). This suggests that melanin is important in 
cellular uptake, but that intracellular redistribu-
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tion is probable for the methylene blue deriva
tives 26. Since cellular uptake data suggest that 
NMB and DMMB exhibit greater uptake in 
both cell lines than do MB or MMB (Figures 4a 
and 4b) it is suggested that different sites of 
action exist for the photosensitizers. Thus, for 
example, dimethyl methylene blue, which 
showed the least affinity for melanin, might be 
expected to show cellular localisation other 
than in the melanosomes - e.g. mitochondria as 
suggested in the previous work 20. This, coup
led with a high photosensitizing efficacy would 
explain the high levels of photocytotoxicity 
encountered, even at low light doses. NMB 
showed similar melanin binding to MMB (Table 
1) but exhibited higher uptake than the mono- 
methylated derivative in both cell lines and gave 
the highest yield of singlet oxygen. It was thus 
more photocytotoxic than MMB. The variation 
in dark toxicities encountered in both cell lines 
for the different photosensitizers also indicates 
localisation at sites other than melanosomes, 
which are not vital to cell viability.

In order to investigate this, the cellular local
isation of each of the photosensitizers was 
examined in both cell lines using fluorescence 
microscopy. However, only new methylene blue 
exhibited any detectable fluorescence, showing 
a diffuse pattern throughout the cytoplasm in 
both cell lines (data not shown). It is suggested 
that the cation-quinoneimine character of NMB 
(Figure 1) could facilitate intracellular distribu
tion, as has been reported for the related 
benzo[a}phenothiazinium photosensitizers 29.

The toxicity levels and ratios encountered in 
the SK-23 and SK-Mel 28 melanoma cell lines 
were expected to differ from those in the earli
er study on a murine mammary carcinoma line 
(EMT-6) due to the presence of the photopro- 
tective and antioxidant melanin. That the toxic
ity trends were similar indicates that - with phe- 
nothiazinium photosensitizers at least - the pro
tective effect of melanin against photodynamic 
action in cell culture is limited. In addition, cel
lular uptake of the phenothiaziniums by the 
melanin-expressing cells exhibited a gross cor
relation with melanin content, indicating that 
the biopolymer may be important in the uptake 
mechanism. This has been demonstrated previ
ously in studies on melanotic and amelanotic 
sublines.

In terms of the possible clinical application 
of the current work, PDT employing pheno-

thiazinium photosensitizers is not suggested 
procedurally for the removal of primary 
melanoma, since this is routinely, performed by 
excision. However, due to the demonstrated 
efficacy of methylene blue in tracing microsatel
lites and its use in sentinel lymph .node tracing, 
it may be of use in the photodynamic treatment 
of local metastatic lymph infiltration immediate
ly post-surgery i.e. as an alternative to lym- 
phadenectomy. At present, methylene blue is 
used routinely in various tracing or demarcative 
procedures, either visible or scintillographic, 
without reported toxicity. The derivatives used 
in the present in vitro study were all more 
effective in terms of the photodynamic effect 
and it is thus suggested that future clinical 
developments in this direction may be feasible.
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The field of photodynamic therapy (PDT) is now well-established 
and gaining increasing acceptance in the treatment of many 
neoplasms [1]. PDT exerts its cytotoxic effects due to the 
combination of visible light, photosensitive drug and molecular 
oxygen [2], the mechanism of which is thought to involve singlet 
oxygen formation causing tumour necrosis [3]. The requirements 
for a successful photosensitising drug remain : high selectivity for 
malignant cells, high photosensitising activity, low dark toxicity, 
lack of skin photosensitisation, ease of production of pure drug and 
biochemical stability. Problems associated with first generation 
porphyrin photosensitisers e.g. poor light absorption in the 
'therapeutic window' (600-800 nm) and prolonged skin 
photosensitisation, have led to the search for new and improved 
drugs. Although much recent progress has been based on porphyrin 
derivatives and their analogues (4), photosensitisers based on 
commercial dyes are also of interest because of their familiar and 
well-established chemistry and modes of synthesis. One class of 
compounds which has received scant attention in this area is the 
cationic triarylmethane series. Dyes such as crystal violet have 
been known for over a century and have indeed been widely used in 
topical antimicrobial medicine [5], It has been suggeste' hat the 
flexibility of the ring structure of triarylmethanes causes a fast 
relaxation of the singlet excited state, and thus a low degree of 
photosensitising activity [6]. When immobilised, however, the 
photosensitising activity of these compounds is greatly increased. 
Immobilisation by binding to biomolecules may endow a greater 
rigidity and concomitant increase in photosensitising ability [7],
The Victoria Blue series are triarylmethane dyes related to crystal 
violet, where one of the phenyl groups is replaced by napthyl. 
Victoria Blue BO (VB-BO) has been reported to exhibit 
photocytotoxic effects in several mammalian cell lines, including 
human squamous cell carcinoma (Fa Du) and human melanoma 
(NEL), though some dark toxocity was observed [6),
We have synthesised a series of compounds based on the skeleton 
of VB-BO, having different structural features and hence varying 
physico-chemical properties. Four of these compounds, ST195, 
ST293, PPVB and FVB, have been compared to VB-BO, with 
•respect to their photocytotoxic effects and dark toxicity, on a 
murine mammary tumour cell line, EMT6. The structures of these 
compounds are shown in Figure 1.

TABLE 1 : Percentage photocvtotoxicitv. dark toxicity and IC^ 
values of VB-BO. ST195. ST293. PPVB & FVB using EMT6 cells

Dve
ILLUMINATED Cl
%.Toxicitv Ranee

ILLS
JCsa

DARK EXPOSED C
%Toxicitv Range

ELLS
tr50

VB-BO 21.3±1.7-92.6±1.0 0.12 0.3±0.3-74.1±6.2 1.19
(n=12) (n=7)

ST195 6,9±3.4 - 83.1±2.1 1.24 2.3±1.3 - 59.0±9.5 2.35
(n=12) (m=8)

ST293 1.8+1.3 - 83.0±2.9 1.79 4.0±2.3 - 76.4±5.5 2.22
(n=10) (n=9)

PPVB 1.7±1.7-74.0±3.7 1.26 2.0±2.0 - 63.5±4.1 3.38
(n=7) (n=5)

FVB 2.2±1.5 - 19.2±3.0 >5.0 7.6±2,7 - 17.1±5.0 >5.0
(n=4) (n=5)

Percentage toxicity ranges shown for dye concentrations of 
0. 039/jM &5/nM. Values represent means ± SEM.

EMT6 cells were incubated at 37°C, 5%C02, 95% air, for 3 hours, 
in the presence of varying concentrations of each dye (0.039-5)|iM. 
The cells were rinsed and either exposed to light (intensity 
>20KLux) or kept dark for 30 minutes. Following 3 further days' 
incubation, viability was determined using the MTT assay [8] and 
percentage cytotoxicity was calculated at each dye concentration. 
VB-BO showed a good differential between light and dark 
cytotoxicity at all concentrations, with the greatest differential seen 
between 0. 156jliM and 0.312|iM. The results for the Victoria Blue 
derivatives indicated that all were less effective than VB-BO (see 
Tablel).
At a concentration of 0.625{iM the ratios of percentage 
photocytotoxicity:dark toxicity were found to be: VB-BO 84.3 : 
36.6 > PPVB 36.2 :14.8 > ST195 28.9 :21.2 >ST293 26.4 :27.3 > 
FVB 3.2 : 9.9, These data clearly show that none of the derivatives 
tested were as effective as VB-BO in inducing photocytotoxicity 
with concomitant low dark toxicity. PPVB shows some promise, 
particularly at the higher concentration of 1.25|iM, where the 
percentage phototoxicity : dark cytotoxicity ratio was found to be 
49.8 : 24.4, respectively.
Cell killing in PDT is known to occur via two pathways : redox 
reactions between the photoexcited sensitiser and biomolecules 
(Type I) or in situ generation of cytotoxic singlet oxygen by the 
photosensitiser (Type II) [3]. With the Victoria Blue series the exact 
mechanism of cytotoxicity is unknown. Certainly, we have been 
unable to detect any singlet oxygen in photochemical experiments. 
Future work will involve both further derivatives of Victoria Blue 
and new derivatives of known singlet oxygen generators, such as 
methylene blue.
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Summary-------------- --------__—  ....._—----------------- __—  
The toxicities and phototoxicities of methylene blue (MB), toluidine blue O 

(TBO) and Victoria blue BO (VBBO) in a murine mammary tumour cell line 
(EMT6-S) and a multidrug resistant (MDR) sub-line (EMT6-R) were measured 
and their efficacy against the resistant sub-line was compared to that of dox
orubicin and cis-platinum. The MDR cell line was considerably more suscepti
ble to VBBO than to the conventional agent doxorubicin. VBBO was also pho
totoxic whereas illumination did not alter the activity of doxorubicin or of cis- 
platin. Both TBO and MB showed limited light activation (2-fold) in both the 
sensitive and resistant cell lines.

Pre-treatment with VBBO prior to exposure to doxorubicin caused a two
fold increase in doxorubicin toxicity in both cell lines. MB and TBO, however, 
increased doxorubicin toxicity in EMT6-R cells x2 and x3 respectively, but had 
less effect on the sensitive cell line (increase xl.4 and x2 respectively). Thus 
MB and TBO may act on the MDR cell line via a different mechanism to that 
of VBBO.

Key words: MDR, methylene blue, multidrug resistance, photosensitizers, 
toluidine blue, Victoria blue BO.

INTRODUCTION

Multidrug resistance (MDR) is a major 
obstacle to the successful treatment of cancer. 
Pleiotropic MDR occurs when treatment with a 
single cytotoxic agent results in the develop
ment of cross-resistance to other structurally

© E.I.F.T. sri - Firenze

non-related drugs and is associated with a 
decreased intracellular accumulation of the drug 
1, Multiple drug resistance to anthracyclines and 
other chemotherapeutic agents is commonly 
attributed to increased expression of the 170 - 
180 kDa membrane protein, P-glycoprotein 
(Pgp), which is thought to act either as a drug
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efflux pump 2 or as a flippase 3 to reduce the 
intracellular concentration of the drug. Studies 
have shown, however, that Pgp is not always 
involved, but rather that MDR is multifactorial 
and may involve many other biochemical 
changes 4'5.

Whilst some conventional drugs, such as cis- 
diamminedichloroplatinum (II) (cis-platinum), are 
available for the treatment of drug resistant 
tumours 6-7, photodynamic therapy (PDT) has 
been used increasingly against neoplastic dis
ease and may offer considerable scope for the 
circumvention of MDR. PDT requires the com
bination of a photosensitizing drug, light of the 
correct wavelength and molecular oxygen to 
exert its effect 8. The generally accepted routes 
by which cell death is initiated in PDT are free 
radical formation by biomolecules or water 
(Type I) and chemical reactions involving the 
cytotoxin singlet oxygen (Type II) 9.

A wide range of photosensitizing drugs is 
available including porphyrin-based drugs and 
their analogues, such as chlorins, and larger 
aromatic systems such as the phthalocyanines 
10,11. Clinical application of commercial photo
sensitizers has also been investigated, since 
these compounds have the advantage of well 
established chemistries and ready availability, 
however higher inherent toxicity has often 
proved problematic. Cationic examples of this 
commercial class are the triarylmethane dye 
Victoria Blue BO (VBBO) and the phenoth- 
iazinium photosensitizers toluidine blue (TBO) 
and methylene blue (MB) (Figure 1). We have 
recently reported the in vitro activity of deriva
tives of both of these classes of photosensitizer
12.13

The Victoria blue series consists of triaryl
methane dyes related to crystal violet, where 
one of the phenyl groups is replaced by 1- 
naphthyl (Figure 1). It has been suggested that 
the flexibility of the ring structure of triaryl- 
methanes causes a fast relaxation of the singlet 
excited state, resulting in a low degree of pho
tosensitizing activity 14. When immobilised, 
however, the photosensitizing activity of these 
compounds is greatly increased. This is thought 
to occur when binding of the structure to bio
molecules endows greater structural rigidity 15. 
The phenothiazinium dyes have a rigid, planar 
structure and are well established Type II pho
tosensitizers 16. Conversely Victoria blue BO 
shows no evidence for the formation of singlet

oxygen in solution, but has previously been 
shown to have some photosensitizing activity in 
several human cell lines, including squamous 
cell carcinoma (FaDu), melanoma (NEL) and 
leukemia cells 14-17'18. MB has been used as a 
biological stain for over a century and is used 
as a diagnostic agent in many diseases, and as 
a tumour marker 19. Compared to the por
phyrin derivatives, MB has been used to a less
er extent in the field of PDT, most notably in 
the treatment of bladder, oesophageal and 
other cancers 20‘22. However, its efficacy is lim
ited by its reduction to leuco methylene blue 
12,23 in biological systems. MB is thought to 
exert its photocytotoxic effects by DNA interca
lation although other modes of action have 
been suggested. TBO is similar in structure to 
MB (Figure 1) and is used as a selective stain 
for oral cancer 24.

NHEt

/-max ("TO)8 lo9 £maxb log F*
Victoria blue BO VBBO 612 4.48 +3.5
Toluidine blue 0 TBO 626 4.76 -0.21
Methylene blue MB 656 4.98 -0.10

Figure 1 - Victoria blue BO, toluidine blue O and 
methylene blue: structures and physicochemical properties. 
4 Wavelength of maximum absorption and b logarithm of 
the extinction coefficient measured in aqueous buffer, pH 
7.3 and c logarithm of the partition coefficient between 
water and 1-octanol.

The cellular localisation of the photosensitiz
ers used in this study, VBBO, MB and TBO 
has been investigated previously 25‘27. The phe- 
nothiazine derivatives MB and TBO are 
hydrophilic in nature (Figure 1) and as such are 
membrane interactive 28. However, both dyes 
are subject to metabolic reduction in biological
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systems, producing neutral species, and TBO 
may be partially converted to a neutral 
quinoneimine by deprotonation 23. By contrast, 
VBBO is highly lipophilic (log P » +3.5) and is 
known to be specific for mitochondria 17>25. On 
photoirradiation VBBO is reported to act by 
selective inhibition of mitochondrial Respiratory 
Complex I, whereas its dark toxicity is account
ed for by the uncoupling of oxidative phospho
rylation 25. TBO has been found to localise in 
the cytoplasm of HeLa cells 16 and also in the 
mitochondria of an epidermoid cancer cell line 
26. By contrast, MB has been shown to localise 
in lysosomes 27 and at microtubules 28 and it 
has been suggested that MB photocytotoxicity 
is a multistage process with synchronous 
involvement of the cell membrane, cytoplasm 
and nucleus 29.

The aim of this study was to compare the 
activity of the cationic photosensitizers VBBO, 
MB and TBO to that of the conventional 
chemotherapeutic agents doxorubicin and cis- 
platinum against a mouse mammary tumour 
cell line (EMT6-S) and a sub-line (EMT6-R) 
which is resistant to doxorubicin, over-express
es Pgp in the cell membrane, and shows cross
resistance to other non-related chemotherapeu
tic agents 30. It was intended to observe 
whether the cationic agents could circumvent 
MDR and whether the non-specific nature of 
photodynamic therapy could overcome the 
drug resistant phenotype.

MATERIALS AND METHODS 

Chemicals
Methylene blue, toluidine blue O and 

Victoria blue BO were purchased from Aldrich 
Chemicals (Gillingham, UK) and were recrys
tallised from methanol before use. cis-Platinum 
(cis-diamminedichloroplatinum (II)), MTT (3- 
[4,5-dimethy lthiazol-2-y l]-2,5-diphenyl-2H-tetra- 
zolium bromide), DMSO (dimethyl sulfoxide) 
and verapamil were obtained from Sigma, 
Poole, U.K. and doxorubicin was a gift from 
Farmitalia Carlo Erba Ltd., St. Albans, U.K.

Cell culture
The murine mammary tumour cell line 

(EMT6) was originally obtained from Zeneca

Pharmaceuticals, Macclesfield, Cheshire, U.K. 
Cultures were routinely maintained at 37°C, 
5% C02: 95% air in RPMI 1640 culture medi
um (Life Technologies, Paisley, U.K.), supple
mented with 10% (v/v) foetal calf serum 
(M.B.Meldrum Ltd., Bourne End, U.K.), 200 
mM glutamine (Sigma, Poole, U.K.) and peni
cillin/streptomycin solution at IxlO4 units ml'1 
and 10 mg ml'1, respectively, in 0.9% (w/v) 
NaCl (Sigma). Trypsin (activity 1200 BAEE 
units/mg solid) was obtained from Sigma.

Phototoxicity: dark toxicity experiments
Light from a radial bank .of fluorescent tubes 

(Phillips Thorn 8 W), with maximum emission 
in the 600-700 nm region, providing a fluence 
rate of 4 mW cm'2 , was used to illuminate the 
cells which had been exposed to the various 
photosensitizers. The light dose was measured 
with a Skye SKP 200 light meter (Skye 
Instruments Ltd). The temperature of the sys
tem was monitored constantly during irradiation 
but no heating effect was observed.

Ninety-six-well microtitre plates were seeded 
with 1000 cells per well (in 200 pi RPMI 1640) 
and incubated at 37°C, 5% C02 : 95% air for 
2 days. Varying concentrations of each dye (0 - 
40 pM) were added and the cells incubated, as 
previously, for 3 hours. The medium, containing 
the drug was then aspirated and the cells rinsed 
with 200 pi RPMI 1640, before replacing with 
a further 200 pi RPMI 1640. Each plate was 
illuminated for 30 minutes (light dose = 7.2 J 
cm'2) or kept dark. A proportion of cells was 
left untreated on each plate as a control. 
Following this treatment, the cells were grown 
on again at 37°C, 5% C02 : 95% air for a fur
ther 3 days. To evaluate cell viability and thus 
calculate percentage toxicity, the MTT assay 
was adapted from Carmichael et ai. 31. 
Twenty-five microliters MTT (5 mg ml"1) were 
added to each well and incubated at 370C, 5% 
C02 : 95% air, for 5 hours. The medium and 
MTT were aspirated, taking care not to disturb 
the formazan crystals. Then 200 pi DMSO 
were added to each well to solubilise the crys
tals. The plates were shaken for 10 minutes 
and the absorbance read on a plate reader 
(Anthos HT4, measuring filter 540 nm; refer
ence filter 620 nm).
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Pre-treatment of EMT6-S and EMT6-R 
cells with VBBO, MB or TBO, prior to 
exposure to doxorubicin

Ninety-six-well microtitre plates were seeded 
with 1000 cells per well (in 200 pi RPMI 1640) 
and incubated at 37 °C, 5% C02: 95% air for 
2 days. The medium was aspirated prior to the 
addition of 200 pi of a single concentration of 
VBBO, MB or TBO and incubated for 3 hours 
as described previously. In this study the cells 
were not exposed to light. The concentrations 
used were equivalent to l/8th IC50, 1/4 1C50, 
1/2 IC50 or the ICgQ values for each photosen
sitizer. The cells were then rinsed twice with 
RPMI 1640 prior to exposure to varying con
centrations of doxorubicin (0-2.0 pM for 
EMT6-S cells and 0-40.0 pM for EMT6-R 
cells). The cells were grown in the presence of 
doxorubicin for a further 3 days at 37°C, 5% 
C02 : 95% air. A proportion of cells was left 
untreated on each plate as a control. All drug 
dilutions were made using RPMI 1640. 
Cytotoxicity was measured using the MTT 
assay described previously. The cells were 
rinsed with RPMI prior to the MTT assay to 
avoid any interaction between doxorubicin and 
MTT.

RESULTS

Phototoxicity : dark toxicity
The resistant cell line (EMT6-R) required an 

80-fold concentration of doxorubicin compared 
to the sensitive cell line to attain the IC50 (Table 
1). By contrast, this resistance was overcome 
by cis-platinum (Table 1).

In the dark, VBBO, TBO and MB were able 
to elicit a cytotoxic response in both the sensi
tive and resistant cell lines (Figures 2a and 3a).

The IC50 of VBBO for the resistant cell line 
was ca 7-fold greater than for the sensitive cell 
line, showing that whilst susceptible to resis
tance factors, VBBO was not as susceptible as 
doxorubicin. The IC50 of TBO and MB varied 
by only 2-fold between the resistant and sensi
tive cell lines (Table 1) indicating that both 
agents were highly effective against the MDR 
phenotype.

Exposure of EMT6-S and EMT6-R cells to 
light alone (7.2 J cm*2) did not produce cyto
toxicity (p > 0.05, Student’s t-test) nor was 
there an effect on the toxicity of doxorubicin or 
cis-platin (Table 1). In contrast, on illumination 
(7.2 J cm*2), the photosensitizers exhibited 
increased cytotoxicities in both the sensitive 
and resistant cell lines, in the order VBBO > 
TBO > MB (Figures 2b and 3b). Illumination 
of VBBO (7.2 J cm*2) resulted in approximately 
10-fold decreases in the 1C50 values for EMT6- 
S and EMT6-R (Table 1), clearly indicating that 
VBBO is able to induce a photocytotoxic res
ponse in MDR cells. In the case of MB and TBO, 
both the resistant and sensitive cells showed a 
2-3 fold increase in susceptibility to the agent 
when illuminated at 7.2 J cm*2 (Table 1).

Effect of pre-treatment of EMT6-S and 
EMT6-R cells with VBBO, MB or TBO on 
the cytotoxicity of doxorubicin

Pre-treatment of EMT6-S and EMT6-R cells 
with VBBO, prior to treatment with doxoru
bicin, increased the efficacy of doxorubicin in

Table 1 - IC50 ualues in the EMT6-S and EMT6-S cell lines for VBBO, MB, TBO, doxorubicin and cis-platinum.

DRUG Dark IC^ ((iM) Light IC50 (mM) Light Enhancement Factor (LEF)

EMT6-S Cells
VBBO 1.25 0.12 10.4
MB 36.0 17.5 2.1
TBO 16.0 9.0 1.8
Doxorubicin 0.25 0.26 1.0
cis-Platinum 3.6 3.6 1.0

EMT6-R Cells
VBBO 8.5 1.0 8.5
MB 72.0 26.0 2.8
TBO 30.0 13.0 2.3
Doxorubicin 20.0 19.0 1.0
cis-Platinum 3.7 3.8 1.0
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dark dark
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■ MB
▼ TB
♦ DOX
* cis-P
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■ MB
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* cis-p

DRUG DOSE (pM)
(b)

Figure 2 - Comparison of cytotoxicity elicited by 
VBBO, MB. TBO. doxorubicin and cis-platinum against 
EMT6-S cells, (a) Dark toxicity, (b) phototoxicity. Each 
point represents mean SEM (n £ 6).

• VBBO 
■ MB
▼ TB
♦ DOX
* c/s -P

DRUG DOSE (pM)

LIGHT

• VBBO 
■ MB
t TB
♦ DOX
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DRUG DOSE (pM)
(b)

Figure 3 - Comparison of cytotoxicity elicited by 
VBBO, MB, TBO, doxorubicin and cis-platinum against 
EMT6-R cells, (a) Dark toxicity, (b) phototoxicity. Each 
point represents mean SEM (n > 6).

each cell line by approximately 2-fold {Figure 
4) using a concentration of l/8th of the VBBO 
lC5o value f°r each cell line. Since the cytotoxi
city exerted by VBBO alone at this concentra
tion is less than 10%, this is clearly a synergis
tic effect. A similar effect was seen in EMT6-R 
cells when pre-treated with MB at a concentra
tion equivalent to l/8th of the IC50 value for 
MB {Figure 5b). However, pre-treatment was 
less effective in the sensitive cell line {Figure 
5a), inducing an increase in doxorubicin cyto
toxicity of only 1.4. Pre-treatment of EMT6-S 
cells with TBO at a concentration of l/8th the

IC50 value for TBO increased the efficacy of 
doxorubicin by a factor of 1.8 {Figure 6a). This 
was increased to a factor of 3.0 in the resistant 
cell line {Figure 6b).

DISCUSSION

Each of the dyes tested was found to exert 
a photocytotoxic effect on EMT6-S and EMT6- 
R cells. The light enhancement factor (LEE), 
which is the ratio of IC50 values achieved in the 
light : dark, has been calculated for comparison
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of these effects. It should be noted that the 
light : dark differential is not constant, but 
varies at different concentrations, and for this 
reason has been standardised, using IC50 val
ues, to calculate the LEF. VBBO was clearly 
effective (LEF approximately 10-fold in both 
cell lines), at much lower concentrations than 
MB or TBO. The latter two dyes were moder
ately photocytotoxic, showing approximately a 
2-fold LEF in both cell lines. No photocytotoxic 
effect was noted with either cis-platinum or 
doxorubicin.

0.30 -

0.25 -

0.20 -

0.05 -

Sensitive cells
(a)

Resistant cells
(b)

Figure 4 - Effect of pre-treatment of EMT6 cell lines 
with VBBO on IC^ values for doxorubicin, (a) EMT6-S (b) 
EMT6-R. (Error bars represent SEMs, 3 < n < 5)
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ALONE

Resistant cells
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Figure 5 - Effect of pre-treatment of EMT6 cell lines 
with MB on IC^ values for doxorubicin, (a) EMT6-S (b) 
EMT6-R. (Error bars represent SEMs, 3 < n < 5)

All of the photosensitizers were found to be 
partially effective in circumventing drug resis
tance. When exposed to light (7.2 J cm'2), the 
order of efficacy was VBBO>TBO>MB, 
although in the dark VBBO and TBO were the 
most effective. cis-Platinum was found to be 
equally effective against EMT6-S and EMT6-R 
cells, whereas the other agents required 
increased drug concentration levels to over
come the resistance. However, in contrast to 
doxorubicin which required a 100-fold increase 
to overcome MDR, VBBO only required
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Figure 6 - Effect of pre-treatment of the EMT6 cell 
lines with TBO on 1C50 values for doxorubicin, (a) EMT6-S 
(b) EMT6-R. (Error bars represent SEMs, 3 < n < 5)

approximately a 7-fold increase in concentra
tion with TBO and MB requiring a 2-fold 
increase.

Doxorubicin is a known substrate for Pgp 
whose cytotoxicity can be modified by certain 
chemosensitizers, such as verapamil 32-33. This 
agent binds to Pgp, preventing the efflux of 
cytotoxic agents, with a resultant increase in 
intracellular drug concentration and concomi
tant increase in cytotoxicity 33. Dellinger et al.

have reported that aromatic cations having 
LogP > -1 interact with Pgp 34. VBBO. MB 
and TBO all satisfy this criterion. In order to 
investigate the interaction of VBBO, MB or 
TBO with Pgp, the effects of pre-treatment of 
EMT6-S and EMT6-R cells with each of the 
photosensitizers, on the cytotoxicity of doxoru
bicin against these cell lines, were examined.

Pre-treatment of EMT6-S and EMT6-R cells 
with low concentrations of VBBO, MB or 
TBO, (equivalent to l/8th IC50 value for each 
photosensitizer), prior to exposure to doxoru
bicin, enhanced the cytotoxicity of doxorubicin 
in all cases. Pre-treatment with VBBO resulted 
in a 2-fold increase in doxorubicin toxicity in 
both cell lines. Since the cytotoxicity exerted by 
VBBO alone at this concentration is less than 
10%, this is clearly a synergistic effect. Pgp is 
known to be overexpressed in the EMT6-R cell 
line 30, however, doxorubicin cytotoxicity was 
increased in both cell lines, suggesting that this 
mechanism was not mediated solely by Pgp. 
Studies have shown doxorubicin to localise in 
mitochondria and to have a ‘multisite effect on 
the respiratory chain’ 35. Cardiolipin (CL) is an 
anionic phospholipid specific to the inner mito
chondrial membrane and has been shown to be 
intimately involved in mitochondrial enzyme 
activity 35. Doxorubicin is known to have strong 
affinity for CL 36'37, which would explain the 
toxic effect shown in mitochondria. Since 
VBBO has also been found to localise in mito
chondria, we suggest that the synergistic effect 
demonstrated by the combined use of VBBO 
and doxorubicin could be attributed to mito
chondrial damage and disruption of the respira
tory chain.

Pre-treatment with MB increased doxoru
bicin toxicity in EMT6-R cells 2-fold, but had 
less effect on the sensitive cell line (increase x 
1.4). This suggests a different mechanism of 
action to that of VBBO, which may involve 
interaction with Pgp. Pre-treatment with TBO 
resulted in an increase in toxicity of almost 2- 
fold in EMT6-S cells, but this was increased to 
3-fold in the resistant cell line, again suggesting 
possible interaction with Pgp.
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Abstract

The triarylmethane dye Victoria blue BO (VBBO) is a known photosensitizer which has been shown to induce 
a cytotoxic response in vitro. Several novel Victoria blue derivatives, with varying physicochemical properties, 
have been compared to VBBO, with respect both to dark toxicity and phototoxicity, on a mouse mammary tumour 
cell line, EMT6. Photosensitizer uptake was observed using confocal fluorescence microscopy. The chemical 
differences, particularly in the naphthyl substitution of the derivatives were shown to alter the light;dark toxicity 
differential and the uptake of the photosensitizers.

Introduction

The field of photodynamic therapy (PDT) is now well- 
established and is gaining increasing acceptance in 
the treatment of neoplastic disorders (Brown and Tr- 
uscott, 1993). PDT exerts its cytotoxic effects through 
a combination of visible light, photosensitizing drug 
and molecular oxygen (Henderson and Dougherty, 
1992). Problems associated with generation porphyrin 
photosensitizers, such as poor light adsorption in the 
‘therapeutic window5 (600-750 nm) and prolonged 
skin photosensitization have led to the search for new 
and improved drugs (Wainwright, 1996).

Much recent progress in drug development has 
been based on porphyrin derivatives and their ana
logues, e.g. chlorins and phthalocyanines (Wieman 
and Fingar, 1992; Monfort et al., 1992; Boyle et 
al,, 1993). However, photosensitizers based on com
mercial dyes are also of interest because of their 
familiar and well-established chemistry and synthetic 
routes. Several examples of commercial photosen
sitizers have been examined for photocytotoxicity;

acridines, benzophenoxazines, phenothiazines and 
xanthenes (Iwamoto et al., 1993; Cincotta et al., 
1994; Wainwright et al., 1997; Melloni et al., 1988). 
In most cases, although photocytotoxicity has been 
demonstrated, there has been concomitant dark toxi
city. Few workers have thus far attempted to eradicate 
the latter by the synthesis of specifically designed 
photosensitizers based on commercial dyes.

One class of compounds which has received scant 
attention in this area is the cationic triarylmethane se
ries (Patel et al., 1992). Dyes such as crystal violet 
have been known for over a century and have indeed 
been widely used in topical antimicrobial medicine 
(Browning, 1964). It has been suggested that the flex
ibility of the ring structure of triarylmethanes causes 
a fast relaxation of the singlet excited state, and thus 
a low degree of photosensitizing activity (Wadwa et 
al., 1988). When immobilised, however, the pho
tosensitizing activity of these compounds is greatly 
increased, possibly via binding of the structure to bio
molecules conferring greater structural rigidity (Oster, 
1955). The Victoria blue series consists of triaryl
methane dyes related to crystal violet, where one of the

Author for all correspondence.
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phenyl groups is replaced by naphthyl, Victoria blue 
BO (VBBO) and Victoria blue R (VBR) (Figure 1) 
have been reported to exhibit photocytotoxic effects in 
several mammalian cell lines, though some dark toxi
city was observed (Wadwa, Smith and Oseroff, 1988). 
The phenylamino analogue, Victoria blue B, (VBB, 
Figure 1) has also shown antitumour activity in animal 
systems (Riley, 1948).

The mode of action of VBBO has recently been 
reported to be Type I photosensitization i.e. the in
tracellular production of superoxide rather than sin
glet oxygen (Viola et al.} 1996). In cultured tumour 
cell lines, the site of action of VBBO is thought to 
be in mitochondria where the photosensitizer inhibits 
Respiratory Complex I (Morgan et al., 1998).

We have synthesised a series of compounds based 
on the skeleton of VBBO, in order to investigate the 
effect of physicochemical change upon photodynamic 
activity. In this paper we report on investigations 
of the photocytotoxicity and dark toxicity of three 
novel compounds having different naphthyl substitu
tion on the murine mammary tumour cell line, EMT6. 
Since the main differences in structure occur at the 
4-position of the naphthyl moiety, the different sub
stituted amino groups have been used for compound 
indication (Figure 1). Thus the Victoria blue analogue 
having a pyrrolidino group in the 4-naphthyl position 
is denoted as PVB; the 4-dimethylamino analogue is 
MVB and the 4-morpholino analogue MOVB.

Materials and methods

Chemicals

VBBO, VBR, VBB and 1-octanol were purchased 
from Aldrich Chemicals (Poole, Dorset, UK) and were 
used without further purification, The synthesis of 
new photosensitizers followed an established proce
dure has been reported elsewhere (Guinot, Hepworth 
and Wainwright, 1998). Elemental analysis for the 
new photosensitizers were correct and purity was con
firmed by high performance liquid chromatography 
and high field 1H nuclear magnetic resonance spec
troscopy NMR) (Briiker WM250 spectrometer). 
^ NMR was also used to investigate intramolecular 
interactions of the substituted naphthalenes.

Absorption spectra in methanol, partition coeffi
cients in a pH 7.3 phosphate buffered saline/1-octanol 
system (Pooler and Valentino, 1979) and the deter
mination of the pKa values of the photosensitizers

(Goldacre and Phillips, 1949) were measured spec- 
trophotometrically using a Hewlet Packard 8452A 
diode array spectrophotometer.

" Cell culture

The murine mammary tumour cell line (EMT6) was 
obtained from Zeneca Pharmaceuticals, Maccles
field, Cheshire, mouse mammary tumour cell line, 
EMT6. The parental cell line (EMT6-S) is sensi
tive to treatment with doxorubicin, but the sub-line 
(EMT6-R) is resistant to doxorubicin, over-expresses 
P-glycoprotein in the cell membrane, and shows 
cross-resistance to other non-related chemotherapeutic 
agents (Cox, 1993). Cultures were routinely main
tained at 37 °C, 5% CO2 : 95% air in RPMI 
1640 culture medium (Life Technologies, Paisley, 
UK), supplemented with 10% (v/v) foetal calf serum 
(M.B, Meldrum Ltd., Bourne End, UK), 200 mM 
glutamine (Sigma, Poole, UK) and streptomycin 
(10 000 /xg ml“1)/penicillin (10 000 units ml-1) 
(Sigma). Trypsin, MTT (3-[4,5-dimethylthiazol-2- 
yI]-2.5-diphenyl-2//-tetrazolium bromide) and DMSO 
(dimethyl sulfoxide) were also obtained from Sigma.

Characterisation of drug uptake

Absorbance spectra

Visible spectra were measured using a Hewlett 
Packard 8452A diode array spectrophotometer and a 
calibration curve prepared for each to check adherence 
to the Beer-Lambert law (0-5 mM in methanol). The 
calibration curves were then used for the determina
tion of the concentration of the dyes in the uptake 
experiments.

Drug uptake

10 ml aliquots of EMT6-S cells were seeded into 
75 cm2 flasks at a cell density of 8 x 104 cells ml"1, 
in RPMI 1640 medium, supplemented with 10% (v/v) 
foetal calf serum, 200 mM L-glutamine and peni
cillin/streptomycin, as previously described. The cells 
were then grown to confluence. The medium was as-. 
pirated and replaced with varying concentrations of 
each dye (0-0.625 /xM) and the cells incubated for 
a further 0.5, 1, 2, or 3 h under the same condi
tions as previously described. Following incubation, 
the medium was aspirated from each flask, cells were
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washed with fresh medium and the cell monolayer re
moved by the addition of 1 ml 0.25% (w/v) trypsin 
and 0.5% (w/v) EDTA (in Dulbecco’s PBS). The cells 
were resuspended in 10 ml RPMI to neutralise the 
action of the trypsin and counted using an improved 
Neubauer haemocytometer. The cell suspension was 
centrifuged at 160 g for 5 min and the supernatant 
removed. The cell pellet was then rinsed twice by re
suspension in PBS followed by centrifugation at 160 g 
for 5 min. The supernatant was aspirated and the pho
tosensitizer was extracted by suspension of the cells 
in 1 ml methanol for 30 min. The cell suspension was 
then centrifuged at 160 g for 30 min. The supernatant 
was removed and the absorbance determined spec- 
trophotometrically. The experiments were performed 
three times, in duplicate. Specific uptake for each 
dye was established using a calibration curve and was 
expressed in picomoles per 106 cells.

Localisation studies using confocal microscopy

2 ml aliquots of EMT6 cells were seeded at a cell den
sity of 1 x 104 cells ml-1 into 35 mm petri dishes 
(Falcon, Fahrenheit Laboratories, Rotherham. U.K.) 
in RPMI 1640 medium, supplemented with 10% (v/v) 
foetal calf serum, 200 mM L-glutamine and peni
cillin/streptomycin, as previously described. A sterile 
quartz coverslip (suprasil, 0.5 mm diameter x 0.2 mm 
thick, Heraeus Silica and Metals Ltd., Byfleet, U.K.) 
was placed into each petri dish and the EMT-6 cells 
were allowed to attach for three days whilst incubat
ing. The medium was aspirated and replaced with 
medium containing a 5 pM concentration of VBBO, 
PVB, MVB, or MOVE, and incubated for three hours, 
under conditions previously described. Following 3-h 
incubation, the cells were examined with a scan
ning laser confocal fluorescence microscope using a 
helium-neon laser at 633 mm. Untreated cells were 
also examined for autofluorescence, but none was 
found.

Phototoxicity’: dark toxicity experiments

Light from a circular bank of 24 fluorescent tubes 
(Phillips/Thorn, 8 W) arranged symmetrically at a 
distance of 8 cm with maximum emission in the 600- 
700 nm region and a light fluence of 4 mW cm-2, as 
measured using a Skye light meter (Skye Instruments 
Ltd), was used to illuminate the cells which had been 
exposed to the various dyes. The temperature of the 
system was monitored constantly during irradiation 
but no heating effect was observed.

R

R R' log E«..‘ logP' PK.‘
VBBO NHEl NEt, ' 612 4.77 +3.5 11.0
MVB NMe. NEt, 625 4.95 +2.3 8.5
PVB Q NMe, 632 4.90 +1.8 8.4

MOVE A NMe, 622 4.99 +0.9 8.1

VBB NHPh NMe, 614 4.79 +2.8 7.7
VBR NHEt NMe, 612 4.82 +1.5 9.5

Figure 1. Victoria blue derivatives. a Wavelength of maximum ab-
sorption and D logarithm of the extinction coefficient measured in 
10% aqueous acetic acid; c logarithm of the partition coeficient 
between water and 1-octanol and d logarithm of the equilibrium 
constant measured spectrophotometrically in aqueous buffer.

96 well microtitre plates were seeded with 1000 
cells per well (in 200 pi RPMI 1640) and incubated 
for 2 days. Varying concentrations of each dye (0-5 
—muM) were added and the cells incubated, as pre
viously, for 3 h. The medium containing the drug 
was then aspirated and the cells rinsed with 200 p\ 
RPMI 1640, before replacing with a further 200 p\ 
RPMI 1640. Each plate was illuminated for 30 min 
(light dose = 7.2 J cm-2) or kept dark. Following this 
treatment, the cells were grown on again for a further 
3 days. To evaluate cell viability and thus calculate 
percentage toxicity, the MTT assay was employed 
(Carmichael et al., 1987). 25p\ MTT (5 mg ml-1) 
was added to each well and this was incubated for 5 h. 
The majority of the medium and MTT were aspirated, 
taking care not to disturb the formazan crystals, leav
ing approximately 30 p\ in each well. 200 p\ DMSO 
were then added to each well to solubilise the crystals. 
The plates were shaken for 10 min and the absorbance 
read on a plate reader (Anthos HT11L measuring filter 
540 nm; reference filter 620 nm).

Effect of variable illumination

96 well microtitre plates were set up as previously de
scribed. The cells were exposed to the various drug 
concentrations as before. However, in this series of
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Figure 2. Uptake curves of Victoria blue derivatives by EMT-6 
cells: VBBO (•); PVB «); MVB (A); MOVB (★). CeUs (1.5 
x If^/SS mm petri dish) were allowed to attach for 72 h. Drugs 
(2 ml at 0.625 /xM in RPMI 1640) were added to the cells and cel
lular concentration were determined at different time intervals after 
incubation at 37 °C, 5% COj, 95% air. Absorbance of the drug 
in medium was measured spectrophotometrically before and after 
incubation and specific uptake by the cells was determined. Each 
experiment was performed twice using the means from 3 petri dishes 
in each case (except MOVB where n = 3). Error bars represent 
SEMs.
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Figure 3. Effects of drug concentration on the uptake of triaryl- 
methanes by EMT-6 cells: VBBO (•); PVB (■); MVB (A); MOVB 
(★). Experiments were carried out as described in Figure 2 but with 
varying drug concentrations and one h incubation. Mean points of 
two experiments are shown (except MOVB where n = 3).

experiments, the plates were illuminated for 30 min, 
1 h, 2 h or kept in the dark. The photocytotoxic
ity : dark toxicity ratio effected by each drug was 
then established using the MTT assay, as previously 
described.

Results

Absorbance spectra

Each of the dyes absorbed maximally in the red wave
length region (Figure 1). Log P values and pKa values 
for the Victoria blue photosensitizers dealt with in this 
work appear in Figure 1.

Drug Uptake

At a concentration of 0.625 pM the initial uptake of 
VBBO, PVB and MVB over one hour was found to be 
very similar (Figure 2), with that the VBBO and MVB 
equilibrating after approximately 2 h. The uptake of 
PVB between 1-2 h appeared to be slightly lower than 
VBBO and MVB, but increased thereafter, reaching 
a similar level to that of VBBO and PVB after 3 h 
(= 0.025 pM/106 cells). MOVB showed a much lower 
rate of uptake than the other three photosentitizers, in
creasing slowly over three hours (Figure 2). Control 
experiments showed there to be no artifactual binding 
of the dye to the plastic petri dishes.

VBBO, PVB, MVB and MOVB all showed a 
good correlation between drug concentration and cel
lular uptake after 3-h incubation (Figure 3). The up
take/dose trend was similar for all four drugs tested, 
and followed the order: VBBO > PVB > MVB > 
MOVB. This corresponded to the lipophilicity of the 
agents, with VBBO being the most lipophilic. At very 
low concentrations (< 0.156 /iM)? the uptake of MVB 
appeared to be lower than that of the other three drugs.

Mean cytotoxicity following 3-h incubation

VBBO gave the greatest differential between light and 
dark cytotoxicity at all concentrations, with the opti
mum differential seen between 0.156 pM and 0.312 
pM (Figure 4). The results for the Victoria blue deriv
atives indicated that they all gave a lower photocyto- 
toxic response than VBBO, thus decreasing the light 
dark differential (Figure 4). The IC50 values for the 
light and dark toxicities of each compound are shown 
in Table 1. Since the light/dark differential varies with 
concentration, comparison of photosensitizer efficacy 
has been made by calculating the ratios of the IC50 
values obtained in the light and dark.

Effect of variable illumination

At a dose of 0.625 pM. and a light dose of 7.2 
J cm-2, VBBO was almost 100% phototoxic and
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Figure 4. Percentage cytotoxicity of EMT-6 cells elicited by Victoria blue derivatives at various concentrations: cells kept in darkness (■); 
cells illuminated at 7.2 J cm “ (#). Cells (1000/well in 96 well plates) were allowed to attach for 48 h. Drugs (200 ml at 0.625 fiM in RPMI 
1640) were added to the cells and incubated for 3 h. The cells were rinsed with 200 ml RPMI, the medium replaced and exposed to light (7.2 
J cm-2) prior to growing on for 3 days at 37 °C, 5% CO2, 95% air. Error bars represent SEMs.

hence showed no improvement with increased light 
dose. By contrast, cytotoxicity induced by PVB in
creased with increased illumination, although this 
was not a linear relationship (Figure 5). The greatest 
change in the photocytotoxic response produced by 
PVB was seen when the light dose was increased to 
14.4 J cm-2, with a further, smaller increase seen at 
28.8 J cm-2. PVB was less effective overall compared 
to VBBO at equimolar doses. Similarly, the cytotox
icity induced by MVB increased when the light dose 
was increased to 14.4 J cm-2, but illumination at 28.8 
J cm-2 gave no further increase. MVB was also less 
effective overall compared to VBBO. MOVE was not 
appreciably phototoxic at the concentrations used, and 
increased light dose did not enhance this.

Table 1. IC50 values/light enhancement for Victoria blue 
derivatives. The light enhancement factor (LEE) is the ratio 
of light : dark IC50 values. The light : dark toxicity ratio is 
not constant, but varies with differing concentrations and for 
this reason has been standardised using the IC50 values

Drug IC50 (MM)/Dark IC50 (AiM)/Light LEE

VBBO 1.19 0.12 9.9
PVB 3.37 1.26 2.7
MVB 2.35 1.24 1.9
MOVE 2.22 1.79 1.2



40

100 -i

LIGHT DOSE (Jem-*)

Figure 5. Effects of variable light dose on percentage cytotoxicity 
produced by Victoria blue derivatives at a concentration of 0.625 
j/M: VBBO (•); PVB CB); MVB (A); MOVE (★). Experiments 
were carried out as described in Figure 4, but were exposed to dif
ferent light doses. Points are means of at least 4 experiments and 
error bars represent SEMs.

Localisation studies confocal microscopy

Figure 7 (a and b) shows two different cells treated 
with 5 VBBO. The dye appeared to be distributed 
widely throughout the cytoplasm in a punctate pattern, 
which would be consistent with its reported distribu
tion in mitochondria (Modica-Napolitano et al., 1990; 
Fiedorowicz et al., 1993). There appeared to be very 
little fluorescence in the nucleus. Figure 7 (c and d), 
(e and f) and (g and h) show different cells incubated 
for three hours with PVB, MVB and MOVE, respec
tively, all at a concentration of 5 /zM. They all showed 
a similar intercellular localisation to VBBO in that 
the dyes were distributed widely throughout the cyto
plasm, however. Figure 7 (c) (PVB) and 7(g) (MOVE) 
suggested some nuclear infiltration.

Discussion

The compounds under discussion can exist in several 
forms in aqueous media (Figure 7). Triarylmethane 
dyes are well known to react with to give non-planar, 
neutral carbinol compounds (Figure 7b). This situa
tion is further complicated for the commercial Victoria 
blue series (VBBO, VBB and VBR) in that it is also 
possible for the secondary amino group attached to the 
naphthyl residue to become deprotonated, again giving 
a neutral compound - the Homolka Base (Figure 7c). 
Only the ionised (blue) species (Figure 7a) is photoac
tive but the neutral forms are expected to exert some 
influence on pharmacological availability.

The highly lipophilic VBBO (log P = +3.5) ex
hibited a high level of uptake which is comparable to

<e) (f)

(a) (h)

Figure 6. Intracellular distribution of Victoria blue derivatives in 
EMT-6 cells at a concentration of 5 mM, following 3-h incubation 
shown by confocal microscopy using a helium-neon laser at 633 nm. 
(a) and (b) VBBO; (c) and (d) PVB; (e) and (f) MVB; (g) and (h) 
MOVE.

Figure 7. Interaction of Victoria blue BO with water.
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//-ethyl-1 -aminonaphthalene

Figure 8. The pen-interaction in 1-substituted naphthalenes. Re
pulsion between the amino group and the naphthyl hydrogen shown 
causes twisting of the amino group out of the plane with loss of con
jugation between the lone pair of electrons on nitrogen and the naph
thyl chromophore. A/-Ethyl-1-aminonaphthalene can overcome this 
repulsion by having the amino hydrogen in close proximity to the 
naphthyl hydrogen.

that of MVB and PVB (log P = +2.3 and +1.8 respec
tively). MOVE was poorly retained by the cells even 
after 3 h, possibly due to its much lower lipophilicity 
(log P = +0.9). This may imply that efficient uptake 
in the Victoria blue series requires analogues having 
high, positive log P values (such as VBB and VBR). 
Indeed in the current series, the uptake/dose profiles 
correlate well with trends in log P. The uptake of 
MVB and PVB does not seem to be the primary factor 
in their lower cytotoxicities, although low uptake and 
retention of MOVE may well explain its low efficacy.

Victoria blue BO shows significant dark toxicity. 
This indicates interaction with a sensitive target site 
and indeed, VBBO is known to localise in mitochon
dria (Modica-Napolitano et al., 1990; Fiedorowicz 
et al., 1993). Confocal microscopy studies showed 
that VBBO appeared to be distributed throughout 
the cytoplasm, considerable perinuclear concentration

(Figure 6) supporting the mitochondrial hypothesis. 
The distribution of the other photosensitizers was also 
diffuse with some apparent localisation in the mito
chondria. In addition, PVB exhibited some nuclear 
localisation. It would thus appear that a lack of or
ganelle specificity is not responsible for the lower 
toxicities of the Victoria blue derivatives compared to 
that of VBBO.

Triarylmethyl cations such as VBBO are non- 
planar, minimising steric repulsions within the mole
cule by adopting a propeller-like shape. This lack of 
coplanarity of the aromatic rings accounts for the ab
sence of singlet oxygen production in chemical tests, 
although the intermediacy of superoxide has recently 
been established (Viola et al., 1996). It has been stated 
that the photosensitizing activity of triarylmethanes is 
due to enforced molecular coplanarity by interaction 
with biomolecules (Oster, 1955). To explain the differ
ent phototoxicities observed it is therefore necessary to 
look more closely at the molecular structures involved.

Both VBBO, PVB and MVB exhibit considerable 
phototoxicity in the EMT6 tumour cell line, whereas 
MOVE is ineffective in this respect (Table 1 and 
Figure 4). The high light enhancement factor (LEF, 
Table 1) for VBBO is due to its efficacy as a photo
sensitizer per se, whereas the other derivatives exhibit 
lower enhancements. At the IC50 for MOVE there is 
little increase in activity on illumination, emphasising 
the poor photosensitizing properties of this compound.

While the relative uptakes uptakes of the Victoria 
blue photosensitizers will be governed to a certain ex
tent by their structural make-up, it is a combination of 
uptake and photosensitizing efficacy which determines 
cytotoxicity. For efficient photosensitizing activity it 
is necessary for there to be efficient interaction be
tween the lone pair of electrons on the amino nitrogens 
and the remainder of the molecule (Figure 8). For 
both MVB and MOVE there is a lack of coplanarity 
between the amine group attached to the naphthyl 
residue because of repulsion between the hydrogens 
of the amino group and the naphthyl ring (Figure 8). 
This lack of coplanarity is well known to decrease 
photosensitizing ability (Cincotta and Foley, 1988). 
The twisting effects caused by the larger groups can 
be seen in the ^ NMR data (Table 2) and also in 
the higher basicity of MOVE than PVB (Figure 1 - 
no comparison may be made with MVB since this has 
different aminophenyl functionality). In nuclear mag
netic resonance spectroscopy, the 'chemical shift’ of a 
hydrogen atom in a molecule has an inverse relation
ship to the amount of electron density surrounding it.
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Table 2. ’H Nuclear magnetic resonance shifts for H-2 in the 1-substituted 
naphthalene system

Group at naphthyl C-l

Chemical shift of 
naphthyl H-2 (ppm)

6.50 7.02 7.10 7.10

Thus the hydrogen attached to carbon-2 of the naph
thalene system - used as it is easily identifiable - 
(Figure 8) will suffer a decrease in electron density 
of the group attached to carbon-1 twists out of par
allel with the naphthalene ring because this inhibits 
the interaction between the nitrogen lone pair and the 
;r-system. This twisting out of the plane is caused 
by steric repulsion between the hydrogen on carbon-8 
and the substituent on carbon-1 (the />er/-interaction, 
Figure 8). From Table 2 the order of increase in 
chemical shift of the hydrogen at carbon-2 is NHEt 
< pyrrolidine < NMe2 = morpholino.

PVB will suffer to a lesser extent from this repul
sion because of the small size of the pyrrolidinyl ring. 
Thus a degree of coplanarity will exist with a concomi
tant increase in photosensitizing ability compared to 
MVB and MOVE. VBBO shows the highest photosen
sitizing ability of the series. This may be because the 
TV-ethyl group is able to adopt a configuration which 
minimises the repulsion mentioned above i.e. a high 
degree of coplanarity exists between the amine and 
naphthyl moieties in this case (Figure 8).

In the present study, the presence of a secondary 
amino group in 4-position of the naphthalene ring of 
the Victoria blue photosensitizers appears to be of sig
nificance as regards photosensitizing ability in vitro. 
The importance of a secondary amino group in a series 
of cationic photosensitizers has been reported previ
ously for Nile blue and its congeners, but Nile blue is a 
planar molecule, whereas there is a lack of coplanarity 
between the naphthyl moiety and the remainder of 
the molecule in the Victoria blue series. The presence 
of a tertiary amino group, unless small, in this posi
tion greatly inhibits efficient photosensitizing activity 
due to a lack of coplanarity between the amino group 
itself and the naphthyl residue. The present work ap
pears to indicate that, in common with other types of 
photosensitizer, the Victoria blue derivatives have spe
cific cellular sites of action, and that their phototoxic

behaviour is governed by photosensitizing efficiency 
in combination with sufficient lipophilicity to ensure 
high levels of intracellular uptake.
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Victoria Blue BO (VBBO) is thought to exert its photocytotoxic effects via free radi
cal generation. Glutathione and related enzymes are associated with the protection of 
normal tissues against free-radical damage and have also been implicated in multiple 
drug resistance. It might, therefore, be expected that cells containing higher levels of 
glutathione would be resistant to the cytotoxic effects of VBBO. The total 
glutathione content for a murine mammary tumour cell line, EMT6-S, was found 
to be lower than in a multi-drug resistant cell line, EMT6-R, 21.84±2.54 |ig 
(mg protein)"1 and 18.79±2.7 (ig (mg protein)-1, respectively; however, this was not 
found to be a significant difference (p > 0.05, Student r-test).

Buthionine sulfoximine, a potent inhibitor of y-glutamyl cysteine synthetase, 
brought about a reduction in glutathione levels in both EMT6-S and EMT6-R cell 
lines in a concentration-dependent manner. Buthionine sulfoximine administration 
was effective in reducing intracellular glutathione levels by up to 90% in both types 
of cells. Interestingly, glutathione depletion of EMT6-S and EMT6-R cells did not 
enhance the photocytotoxic effect of VBBO, suggesting that the primary site of 
action of VBBO may be at an intracellular site not protected by glutathione or that 
the mechanism of action is not via the in situ generation of free radical species.

(Received 27 June, 1998; after revision, 9 September, 1999)

Pleiotrophic or acquired multiple drug resistance in cancer chemotherapy has 
proved to be a highly complex phenomenon which is responsible for the 
failure of many cancer treatments, A vast amount of research has been
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performed in recent years to try to elucidate mechanisms-of action of. multi- 
diug resistance. Some of these mechanisms are now well-characterised, such 
as the so-called 'classical* multi-drug resistance involving decreased intra
cellular drug accumulation due to the overexpression of P-glycoprptein, a 
membrane-bound ATP-dependent drug efflux pump [1], However, many 
examples of 'atypical* and ‘non-P-glycoprotein’ multi-drug resistance have 
also been encountered [1-3], Glutathione and glutathione-S-transferases 
(GSTs) have beenimplicated in multi-drug resistance, although there is much 
conflicting evidence as to their exact roles [4], Many proteins have also been 
found to be involved in multi-drug resistance, and the' recently identified 
multi-drug resistance-associated protein (MRP). has been shown to be 
important, particularly with respect to its function as an efflux pump for 
conjugates of glutathione [5].

Glutathione and associated enzymes have been shown to be important in 
normal tissues for protection against free radical damage [6, 7].- Since 
increased glutathione levels have also been associated with multi-drug 
resistance, several studies have investigated the effect of glutathione 
depletion in drug-resistant cell lines (reviewed by Moscow and Dixon [7]). 
Buthionine sulfoximine, a potent inhibitor of y-glutamyl cysteine synthetase, 
lowers glutathione levels and has been shown to increase the cytotoxicity of 
a variety of chemotherapeutic agents [8]. Anthracycline antibiotics; such as 
doxorubicin, are known to generate free radical intermediates when meta
bolised, leading to toxic cellular effects [9] and since glutathione depletion by 
the addition of buthionine sulfoximine can increase the cytotoxicity of 
anthracyclines [9], it has been suggested that this enhancement may be due to 
a reduction in the protective effect of glutathione.

Multi-drug resistance may also be modified by the addition of various 
hydrophobic agents, referred to as chemosensitisers or resistance modifiers 
[10]. Many chemosensitisers potentiate the cytotoxicity of a variety of 
chemotherapeutic agents by inhibiting the P-glycoprotein efflux pump, 
resulting in an increase in the intracellular concentration of the agents [11], 
Seven main categories of resistance modifier have been described: (i) 
calcium channel blockers; (ii) calmodulin antagonists; j(iii) noncytotoxic 
anthracycline and Vinca alkaloid analogues; (iv) steroids and hormone anta
gonists; (v) cyclosporins; (vi) dipyridamole; and (vii) miscellaneous hydro- 
phobic, cationic compounds. All of these agents are highly lipophilic and 
many axe heterocyclic and positively charged. However, they share only 
broad structural similarities.

Verapamil, a calcium channel blocker, has been shown to be a potent 
inhibitor of P-glycoprotein, reversing resistance to various chemotherapeutic
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between cell lines and some cross-resistance is refractory to modulation [13]. 
Various theories have been postulated, such as the possibility that mutations 
in the MDR1 gene or post-translational modifications of P-glycoprotein [14] 
may alter the affinity of agents to the drug binding site(s).

VBBO has been shown to have the potential to overcome multi-drug 
resistance [15] and since its mode of action may involve free radical 
generation we have investigated the effect of glutathione levels on VBBO 
activity in the murine mammary tumour cell line, EMT6-S and an MDR 
sub-line, EMT6-R.

EXPERIMENTAL

Chemicals. Victoria blue BO (VBBO) and 1-octanol were purchased from 
Aldrich Chemicals (Gillingham, UK) and were used without further purifi
cation. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-2jF/-tetrazolium bro
mide), DMSO (dimethyl sulfoxide), verapamil, BSO (buthionine sulfoxi- 
mine),, sodium phosphate, sodium-EDTA (ethylenediaminetetraacetic acid), 
DTNB (5,5i’-dithiobis-[2-nitrobenzoic acid]), NADPH and glutathione reduc
tase (type III from Saccharomyces cerevisiae) were obtained from Sigma, 
Poole, UK. Doxorubicin was a gift from Farmitalia Carlo Erba Ltd., 
St. Albans, UK.

Cells. The murine mammary tumour cell line. (EMT6) was originally 
obtained from Zeneca Pharmaceuticals, Macclesfield, Cheshire. Cultures 
were routinely maintained at ST^C, 5% C02 : 95% air in RPMI 1640 culture 
medium (Life Technologies, Paisley, UK), supplemented with 10% (v/v) 
foetal calf serum (M. B. Meldrum Ltd., Bourne End, UK), 200 mM glutamine 
(Sigma) and penicillin/streptomycin solution at IxlO4 units ml-1 and 
10 mg ml-1, respectively, in 0.9% (w/v) NaCl (Sigma). Trypsin (activity 
1200 BASE units/mg solid) was obtained from Sigma.

Effect of buthionine sulfoximine on glutathione levels in EMT6-S and 
EMT6’R cells. 4 ml aliquots of each cell line were seeded into 60 mm Petri 
dishes at a cell density of 8x 104 cells ml-* in RPMI 1640 and incubated at 
370C, 5% CO2 : 95% air. The EMT6-S cells were grown on for three days 
and the EMT6-R cells for four days, to ensure each cell line was in loga
rithmic phase. The medium was then removed from the Petri dishes and 
replaced with 4 ml of either RPMI 1640 (controls) or RPMI containing 
various concentrations of buthionine sulfoximine (10,100 or 1000 pM). The 
cells were incubated for 5 h in the absence or presence of buthionine sulfo
ximine. The medium was then aspirated and the cells washed twice with 4 ml 
ice-cold PBS (4QC). The cells were lysed by the addition of 0.5 ml 0.6% (w/v) 
5-sulfosalicylic acid left on ice for 40 min, in the dark, shaking occasionally 
to ensure all the cells were covered by the acid. The supernatant was then 
removed and used to estimate the amount of glutathione present using a
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Figure 1. Effect of buthionine sulfoximine (BSO) on glutathione levels in 
EMT6-S and EMT6-R cells. Cells (4-105 in 60 mm Petri dishes) were grown 
for 3 days (sensitive cells) or 4 days (resistant cells) at 37°C, 5% C02 : 95% 
air. The cells were then incubated for 5 h in the presence of BSO (10-Kr 
|iM). All drug dilutions were made using RPMI 1640 medium. The protein 
content was determined using the standard Bradford assay [17] and GSH 
levels were calculated using a modification of the Tietze assay [16]. Each 
point represents mean ± SEM (n t 5).

modified version of the Tietze recycling assay, according to the method of 
Eady et al. [16]. In this assay, glutathione is sequentially oxidised to 
glutathione disulphide by 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) and 
reduced by NADPH in the presence of glutathione reductase. The rate of 
formation of 2-nitro-5-thiobenzoic acid (TNB) may be followed spectro- 
photometrically and the glutathione levels determined by reference to a 
standard curve.

A stock buffer of 143 mM sodium phosphate and 6.3 mM sodium-EDTA 
(pH 7.5) was made in distilled water and used to prepare solutions of 0.3 mM 
NADPH, 6 mM DTNB and 50 units ml-1 glutathione reductase. Standards of 
known glutathione content were prepared by serial dilution in 0.6% (w/v) 
5-sulfosalicylic acid and the glutathione content in the samples was 
determined by reference to a standard curve. For each assay, a final tube was 
made up containing 700 pi NADPH solution, 100 pi cell extract (or gluta
thione standard) and 100 pi distilled water. Each tube was incubated at 30°C 
for 10 min before being transferred to a cuvette containing 10 pi glutathione 
reductase. The rate of absorbance at 412 nm was measured spectrophoto- 
metrically (Pharmacia Nov as pec 13 linked to a Kipp and Zonen chart 
recorder). After removing the 5-sulfosalicylic acid extract, the cell monolayer 
was scraped from the Petri dish and dissolved in 4 ml Tris (2 M)/EDTA (0.1 
M) buffer prior to protein estimation via the standard Bradford assay [17]. 
The amount of glutathione in each cell line was then expressed as pg gluta
thione (mg protein)-1.

Effect of glutathione depletion on the cytotoxicity exerted by VBBO 
against EMT6-S and EMT6-R cells. 96 well microtitre plates were seeded
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^th^00°^ellS.per WeU (“ 200 ^ 164°) incubated at 37°C,
5fJz?2; 95/° for 2 days; The medium was aspirated prior to the addition
0 00 pi or medium containing 10 pM buthionine s alfoximine. The cells 
were incubated, under the same conditions as previously described, for 5 h. 
The medium was then aspirated and the cells rinsed twice with RPMI1640 
pnor to the addition of varying concentrations of VBBO (0-2 pM for 
EMT6-S cells; 0-20 pM for EMT6-R cells). The cells were incubated for a 
further 3 h, rinsed twice with 200 pi RPMI and illumiiated at 7.2 J cm"2 or 
kept dark. The cells were then grown on for ttiree days at 37°C, 
5% C02 : 95% air. A proportion of cells was left untreated on each plate as a 
control. All drug dilutions were made using RPMI 
toxicity was measured using the MTT assay [15].

RESULTS

1640 medium. Cyto-

of buthionine sulfoximine on glutathione le vels in EMT6-S and 
EMT6.R cells. The total glutathione content for EMT(j-R cells was found to 

that otEM?6-S cells, 21.84±2.54 n* (mgprotein)-' and 
\ * '' ^ protein) , respectively; however, this was not found to be 

a significant difference (p > 0.05; Student Mest). Buthionine sulfoximine 
inhibited glutathione levels in both EMT6-S and EMT6-R cell lines in a 
concentration-dependent manner (Fig, 1); however, some toxicity was 
observed at all concentrations tested. Buthionine sulfoximine at a concen
tration of 10 pM was effective in reducing cellular glutathione and showed 
less than 10% toxicity. This concentration was therefore used for subsequent 
experiments. H

Effect of glutathione depletion on the cytotoxicity exerted by VBBO 
against EMT6S and EMT6-R cells. On first examination, VBBO photo- 
cytotoxicity appeared to be enhanced when EMT6-S and EMT6-R cells were 
exposed to 10 pM buthionine sulfoximine (Fig. 2a and 6; c and d, respective
ly); however, the combined effect was lower than the additive effect of the 
two agents, which are toxic in their own right. It was thus concluded that 
glutathione depletion of EMT6-S and EMT6-R cells did not enhance the 
photocytotoxic effect of VBBO.

Effect of verapamil on the cytotoxicity exerted by doxorubicin or VBBO 
against EMT6-S and EMT6-R cells. The combined treatment of VBBO and 
verapamil (7 pM) on EMT6-S and EMT6-R cells did not enhance VBBO 
cytotoxicity in either cell line in the dark (Fig. 3a, b). By contrast, the IC50
pmtA d0*0™bicin f°r EMT6‘S ceIls decreased by two-fold and for 
HvITd-R cells by eighteen-fold when used in combination with verapamil 
(Fig. 3c, cfr This suggests that P-glycoprotein is not effective in bringing 
about the efflux of VBBO since, if this were the case, verapamil would have 
increased the dark toxicity of VBBO.
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Figure 2. Effect of glutathione depletion in EMT6-S and EMT6-R cells on 
the photocytotoxicity of VBBO. Cells (1000/well in 96 well plates) were 
allowed to attach for 48 h. The medium was aspirated, 200 |il BSO (10 |iM) 
added and the cells incubated for 5 h. The cells were then rinsed with RPMI 
medium and exposed to varying concentrations of VBBO for 3 h. The VBBO 
was aspirated, the cells rinsed and exposed to light (7.2 J cm-2) (Jb, d) or kept 
dark (a, c), prior to growing on for 3 days at 37°C, 5% C02:95% air. 
“Combined” data refers to that of agents used in conjunction with each other, 
and “additive” data refers to the addition of data obtained from separate 
treatment with each agent. Each point represents mean ± SEM (n £ 7).

DISCUSSION

The total content of glutathione present in the EMT6-R cell line was found to 
be higher than that of the EMT6-S cell line (21.84±2.54 p.g (mg protein)-* 
and 18.79±2.7 jig (mg protein)-1, respectively). Although this was not found 
to be significant (p > 0.05), the elevated glutathione-S-transferase activity 
may indicate an increase in glutathione turnover which may be associated 
with increased export of glutathione conjugates [18). It has been postulated 
that the actual amount of glutathione observed in the EMT6 cells represents 
a basal level of unconjugated glutathione which may reflect a balance 
between the production of glutathione and the excretion of conjugated meta
bolites [19). Other studies have also failed to demonstrate a difference in
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Figure 3. Effect of verapamil on cytotoxicity exerted by VBBO or doxo
rubicin against EMT6-S cells (a and c, respectively) and EMT6-R cells (b 
and d, respectively). Cells (1000/well in 96 well plates) were allowed to 

48 h' 7116 medium was aspirated and VBBO or doxorubicin 
(200 pi of varying concentrations) was added to the cells, in the absence or 
Pre™.°f ycIapamil (7 ^ incubated for 3 h. The cells were rinsed
with 2000 pi RPMI 1640, the medium replaced and the cells grown on for 3 
days at 37 C, 5% C02: 95% air. Each point represents mean ± SEM (n > 4).

basal levels of glutathione between sensitive and resistant cell lines [20]- 
however, there are reports of some resistant cell lines which do show higher 
levels of glutathione than their sensitive, parental cell lines [21]. Interesting
ly, in both cases these studies showed that depletion of glutathione levels by 
buthionine sulfoximine enhanced the cytotoxicity of a variety of chemo
therapeutic agents.

In this study addition of buthionine sulfoximine was seen to cause a 
reduction in glutathione levels although even at 10 the presence of 
buthionine sulfoximine induced some degree of toxicity. Lee et ai [9] found 
that buthionine sulfoximme-induced glutathione depletion occurred in HEp3 
cells in a concentration-dependent manner with 0.1-1.0 mM buthionine 
sulfoximine, before levelling off. In contrast to the study reported here Lee 
et al. only detected buthionine sulfoximine-induced cytotoxicity with 
exposure times exceeding 6 h, but not with lower exposure times. Dethlefson 
et al. [22] also reported that 0.05 mM buthionine sulfoximine was cytotoxic 
to the mouse mammary carcinoma 66 cell line when exposed for 48 h;
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however, cytotoxicity was not evident prior to 24 h exposure. Prolonged 
exposure of buthionine sulfoximine, producing extended glutathione 
depletion, was associated with a Gj and G2/M block in the celhcycle leading 
to a delay in cell-cycle progression and cell death in the murine 66 cells [22],

Initially the data appeared to indicate that the photocytotoxicity of VBBO 
was enhanced by the addition of 10 fiM buthionine sulfoximine, particularly 
in the case of EMT6-S cells (Fig. 2a~d). However, since buthionine sulfo- 
xunine and VBBO are both toxic in their own right, the additive effect of the 
toxicity of the separate use of these two agents must be considered and 
compared to the effect exerted by buthionine sulfoximine combined with 
VBBO. In each case, the additive effect of the agents1 toxicity was greater 
than their combined effect (Fig. 2a—d), and it was thus concluded that gluta
thione depletion of EMT6-S and EMT6-R cells did not enhance the photo- 
cytotoxic effect of VBBO.

Lutzky et aL [23] reported that buthionine sulfoximine increased the uptake 
and retention of daunombicin in an anthracycline-resistant sub-line of the 
HL60 human myelogenous leukaemia cell line. Crescimanno et al. [24], 
however, showed that whilst doxorubicin cytotoxicity in both the wild-type 
Friend leukaemia cell line and a resistant sub-line was significantly increased 
with the addition of buthionine sulfoximine, the accumulation and retention 
of doxorubicin was unaltered. Their study concluded that the status of 
glutathione and glutathione-related enzymes plays an important role in the 
resistance of Friend leukaemia cells to doxorubicin. There is therefore clearly 
controversy surrounding the role of glutathione and glutathione-related 
enzymes in multi-drug resistance, however, on balance, there does appear to 
be evidence to support the protective function of glutathione against singlet- 
oxygen damage - although such protection is unlikely to be efficient [25]. 
Since deletion of glutathione* levels in EMT6-S and EMT6-R cells was not 
found to enhance the cytotoxicity of VBBO, this suggests that the primary 
site of action of VBBO is at an intracellular site not protected by glutathione, 
and/or that the mechanism of action is via direct redox reaction between the 
photoexcited sensitiser and biomoiecules. VBBO is highly lipophilic 
(log P s +3.5), positively charged and has been shown to localise preferen
tially in the mitochondria of malignant cells [26]. Modica-Napolitano et al 
[26] have shown the dark toxicity of VBBO to involve uncoupling of oxi
dative phosphorylation. By contrast, photoiiradiation appears to alter the 
mechanism of mitochondrial toxicity exerted by VBBO by producing 
specific inhibition of Respiratory Complex I. In this respect, VBBO appears
to exert a more specific effect on cells than many other cationic photo- 
sensitisers.

Verapamil is a potent inhibitor of P-glycoprotein [13] and its presence was 
shown to increase the efficacy of doxorubicin, a known substrate for the 
transporter [13] (Fig. 3c, d). A two-fold increase in the efficacy of doxo-
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mbicm was noted m the sensitive cells indicating that some P-glycoprotein is 
present m this cell line. However, the 18-fold increase in doxorubicin efficacy' 
seen in the resistant cell line clearly supports the overexpression of P-protein 
m the EMT6-R cell line compared to the parental cell line [18]. By contrast, 
the presence of verapamil did not increase the cytotoxicity of VBBO in either 
cell line in the dark (Fig. 2a and b) implying that VBBO is not effluxed by 
P-glycoprotein.

Verapamil was shown to potentiate the cytotoxicity of doxorubicin 
two-Told in EMT6-S cells. Cox [19] also found that addition of verapamil to 
EMT6-S and MT6-R resulted in an increased accumulation of doxorubicin 
m both cell lines, albeit to a greater extent in the resistant cell line. This 
suggests that either a small amount of P-glycoprotein is present in the 
EMT6-S cell membranes and/or that verapamil also binds to the anionic 
phospholipids in the membrane thus affecting the fluidity of the membrane. 
The enhanced cytotoxic effect of doxorubicin shown in EMT6-R with the 
addition of verapamil, however, suggests that the primary mode of action of 
the chemosensitiser in this cell line, which is known to overexpress P-glyco- 
protem [18], is via inhibition of P-glycoprotein. Since the addition of vera
pamil did not enhance the cytotoxicity of VBBO, this suggests that VBBO is 
not effluxed by P-glycoprotein, further supporting our hypothesis that VBBO 
acts at a specific site within the cell.
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Abstract

The subcellulai localisation of doxorubicin and Victoria Blue BO (VBBO) in a murine mammary tumour cell line 
EMT6-S, and the resistant sub-line EMT6-R was studied, using confocal microscopy, in order to investigate their 
sites of action. In cells treated with doxorubicin (10 /xM) for 90 min, the pattern of intracellular drug distribution 
diffeied between the two cell lines. Doxorubicin was found to localise mainly in the nucleus of the sensitive cell 
line, whereas weak fluorescence was observed in the cytoplasm of the resistant cells, in a punctuate pattern, with 
no nuclear involvement. The drug also appeared to be effluxed more rapidly by the resistant cell line. The 
accumulation of doxorubicin at various time intervals over 1 h in EMT6-S cells showed that the drug clearly 
interacted with both the plasma membrane and the nucleus. In contrast to doxorubicin, the intracellular distribution 
of VBBO in both EMT6-S and EMT6-R was similar, VBBO was clearly localised throughout the cytoplasm, in a 
punctuate pattern, which may be consistent with the widespread distribution of mitochondria. A more apical 
pattern of accumulation was noted in the EMT6-R cell line. No interaction with the plasma membrane was 
evident. These results indicate that the main modes of action for the two drugs differ markedly, suggesting 
involvement of both the membrane and the nucleus in the case of doxorubicin, but mitochondrial involvement for

Key woids. Confocal, Doxorubicin, EMT6-R, EMT6-S, MDR, Victoria Blue BO

Introduction

Multiple drug resistance (MDR) is a major problem in 
cancer chemotherapy. In many cases the initial re
sponse to treatment is encouraging, with tumour 
shrinkage due to the elimination of drug-sensitive 
cells, however, when relapse occurs, it is often associ
ated with the development of drug resistance. There 
remains a constant challenge to identify novel anti
cancer agents to try to overcome the problem of 
MDR. Acquired resistance occurs after exposure to 
chemotherapeutic agents, and is often associated with 
a decreased intracellular concentration of the drug. 
Tumour cells displaying the ‘classic’ MDR phenotype 
are resistant to anthracydines, Vinca alkaloids, epi- 
dophyllotoxins, taxol and actinomycin D (Gottesman 
and Pas tan 1993), and have been found to over

express P-glycoprotein (Pgp), a 170-180 kDa 
glycoprotein which acts as an energy-dependent ef
flux pump, in their cell membrane. Pgp has also been 
found in the Golgi apparatus (Molinari et al. 1994) 
and the nucleus (Baldini et al. 1995) of MDR cells. 
Other studies suggest that Pgp may act as an intracel
lular- pH regulator, possibly sequestering drugs into 
specific subcellular compartments which may mediate 
efflux or affect their pH~dependent binding to cellular- 
targets (Thiebault et al. 1990; Roepe 1992).

MDR appeal's to be multifactorial, with many dif
ferent mechanisms contributing to the MDR pheno
type. One important phenomenon associated with 
MDR is an altered subcellular drug distribution 
(Schuurhuis et al. 1991). Various fluorescence studies 
have demonstrated that the development of MDR is 
associated with a relative shift of doxorubicin or
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daunorubicin fluorescence from the nucleus to the 
cytoplasm (Schuurhuis et al. 1989; Broxterman et al. 
1990; Gervasoni et al. 1991; Schuurhuis et al. 1991). 
Schuurhuis et al. (1991) suggest that this phenomenon 
may make an important contribution to the resistance 
displayed against anthracyclines by MDR cells.

The intracellular distribution of the anthracycline, 
doxorubicin, is of interest due to its widespread use in 
the treatment of cancer and to extensive studies into 
its mode of action (Carter 1975; Tewey et al. 1984; 
Tritton 1991; Gewirtz 1999). The mechanisms by 
which doxorubicin exerts its cytotoxicity have proved 
to be very complex and several theories have been 
proposed. It is known to act mainly by intercalation 
with DNA and interaction with nucleic acids and 
nuclear components, such as DNA topoisomerase II 
(Gabbay et al. 1976; Tritton 1991; Gewirtz 1999). In 
addition, doxorubicin has been shown to be cytotoxic 
without entering the cell and this cytotoxicity does not 
necessarily correlate with DNA damage or inhibition 
of DNA synthesis (Tritton and Yee 1982). Other 
studies have shown that the mechanism of action may 
be directly related to drug-membrane interactions and 
particularly to drug lipid-interactions (De Wolf et al. 
1991, 1993).

Phospholipids are extremely important in trans- 
membrane signalling. Much attention has been focus
sed on the role of phosphatidylinositols (in particular, 
phosphatidylinositol bri-phosphate (PIP2)) in this pro
cess (Nishizuka 1984); however, there is growing 
evidence that phosphatidylcholine, sphingomyelin 
and their metabolites are also important mediators of 
signal transduction (Zeisel 1993). Tritton (1991) 
postulates that doxorubicin exerts its cytotoxicity by 
interacting with, and damaging the functions of, both 
the plasma membrane and nuclear DNA, and that for 
cytotoxicity to occur, the activation of the protein 
kinase C (PKC) pathway, following membrane per
turbation, is crucial for signal transduction between 
the cell surface and the nucleus.

Doxorubicin has been shown to interact with other 
subcellular targets, such as the cytoskeleton (Molinari 
et al. 1990) and studies using cultured tumour cells 
displaying multiple drug resistant (MDR) characteris
tics have also demonstrated alterations in intracellular 
drug accumulation and distribution (Gervasoni et al. 
1991; Schuurhuis et al. 1991; Coley et al. 1993), 
further adding to the complexity of the drug’s action.

A novel area of study involves the use of photo
dynamic therapy employing agents based on commer
cial cationic dyes with photodynamic potential, such

as the triarylmethane dye Victoria Blue BO (VBBO). 
Studies comparing the cytotoxicity of VBBO with 
that of the more conventional anti-cancer drug, doxo
rubicin, in a murine mammary tumour cell line 
EMT6-S, and the resistant sub-line EMT6-R, have 
shown the MDR cell line to be considerably more 
susceptible to VBBO than to doxorubicin (Wain- 
wright et al. 1999). In addition, pre-treatment of 
EMT6 cells with VBBO, prior to exposure to doxoru
bicin, increased doxorubicin toxicity in both cell lines 
two-fold, suggesting that VBBO is independent of the 
Pgp efflux pump. This was confirmed by the addition 
of verapamil, which increased the cytotoxicity of 
doxorubicin against EMT6-R cells 18-fold, and 
against EMT6-S cells 2-fold, but had no effect on the 
cytotoxic effect of VBBO against these cell lines 
(Burrow et al. 2000).

The aim of this study was to use confocal micro
scopy to examine the intracellular localisation of 
doxorubicin and VBBO in EMT6 cells, and to com
pare their subcellular distribution.

Materials and methods

Intracellular localisation of doxorubicin in treated 
EMT6-S and EMT6-R cells, following recovery in 
drug-free medium

2 ml aliquots of EMT6-S and EMT6-R cells were 
seeded at a cell density of 1X104 cells ml 1 into 35 
mm petri dishes (Falcon, Fahrenheit Laboratories, 
Rotherham, UK) in RPMI 1640 medium, supple
mental with 10% (v/v) foetal calf serum, 200 mM 
L-glutamine (Sigma, Poole, UK), and penicillin/ 
streptomycin solution at 1X104 units ml-1 and 10 mg 
ml-1, respectively, in 0.9% (w/v) Sigma). A sterile 
quartz coverslip (suprasil, 0.5 mm diameter X 0.2 mm 
thick, Heraeus Silica & Metals Ltd., By fleet, UK) was 
placed into each petri dish and the cells were allowed 
to attach for 3 days (EMT6-S cells) or 4 days (EMT6- 
R cells) whilst incubating at 37 “C, 5% C02: 95% air. 
A coverslip with attached EMT6-S cells was placed in 
a flow cell which was adapted for use with the 
confocal microscope by fixing to a microscope slide. 
RPMI 1640 medium was added to the cells by the use 
of an attached syringe and the cells were examined for 
autofluorescence.

The incubating medium was aspirated from the 
petri dishes, replaced with medium containing doxo
rubicin (10 /xM), and the cells were incubated for 90 
min, under conditions described above. The cells were
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rinsed with RPMI 1640 medium, incubated for a 
further 40 min and examined with a scanning laser 
confocal fluorescence microscope (objective lens 
Zeiss 40X Ultafluar, numerical aperture (N.A.) 0.7) 
fitted with an argon ion laser at 488 nm + assay 
maximum projection.

Time course studies

EMT6-S and EMT6-R cells were grown as described 
above. The incubating medium was aspirated from the 
petri dishes, replaced with medium containing VBBO 
at a concentration of 5 ^M, and images were taken at 
various intervals over the period of 1 h using a 
scanning laser confocal fluorescence microscope (ob
jective lens Zeiss 40 X Ultafluar, numerical aperture 
(N.A.) 0.7) fitted with a helium neon laser at 633 nm. 
This procedure was repeated for EMT6-S cells using 
doxorubicin at a concentration of 10 /aM, and using 
an argon ion laser at 488 nm for the confocal micro
scopy.

Results

Intracellular localisation of doxorubicin in treated 
EMT6-S and EMT6-R cells, following recovery in 
drug-free medium

Nuclear localisation of doxorubicin in the EMT6-S 
cell line was clearly visible 40 min after rinsing the 
cells with RPMI 1640 (Figures la - If) and some 
cytoplasmic distribution was also seen (Figures lb - 
le). No evidence of localisation in the plasma mem
brane was noted. In EMT6-R cells weak fluorescence 
was seen in the cytoplasm, in a punctuate pattern 
(Figures 2a - 2f) but no nuclear accumulation was 
noted. The intensity was increased X 10 to image the 
EMT6-R cells compared to that used with EMT6-S 
cells.

Time course studies

Localisation of VBBO in EMT6-S cells was markedly 
different to that of doxorubicin. The drug was taken 
up rapidly by the cells and could clearly be seen after 
4 min (Figure 3a). The concentration of drug in the 
cell increased marginally over the next 11 min (Fig
ures 3b - 3c) and remained constant until 60 min 
when a slight decrease was noted (Figures 3d - 3g). 
VBBO was clearly localised throughout the cyto
plasm in a punctuate pattern, which may be consistent

with the widespread distribution of mitochondria. 
Some diffuse fluorescence was evident in the nuclear 
region after 8 min(Figure 3b); however, this did not 

; appear to increase over time.(Figures 3b - 3g). Inter
estingly, there was no evidence of interaction with the 
plasma membrane.

Uptake of VBBO by the resistant cells appeared to 
be slower than in the sensitive cells (Figures 4a - 4g)) 
with an increase in accumulation of the drug seen over 
40 min(Figures 4a - 4f). This concentration did not 
appear to change between 40 and 60 min(Figures 4f & 
4g). VBBO was again seen to be localised throughout 
the cytoplasm, however, there did appear* to be an 
apical accumulation of the drug in these cells, which 
may indicate localisation within the Golgi apparatus 
or mitochondria. Weak, diffuse fluorescence appeared 
in the nuclear region after 8 min (Figure 4b) increas
ing somewhat over 25 min(Figures 4b - 4e). How
ever, the main area of localisation was the cytoplasm. 
In common with EMT6-S cells no interaction with the 
plasma membrane was seen.

Doxorubicin was also taken up rapidly by EMT6-S 
cells and could be seen in the plasma membrane and 
nucleus after only 2 min(Figure 5a). Localisation in 
the plasma membrane and nucleus increased with 
time up to 10 min(Figures 5a — 5d), however, very 
little drug was seen in the cytoplasm. There also 
appeared to be apical concentration of doxorubicin in 
the plasma membrane of the cell (Figures 5a - 5g). 
Figures 5c & 5d show considerable accumulation in 
the plasma membrane, but subsequent-images show 
this concentration to diminish (Figures 5e - 5h). The 
nuclear accumulation appeared to be slightly reduced 
after 15 min (Figure 5e), and continued to diminish 
over 40 min (Figure 5h).

Discussion

A clear difference was seen in intracellular doxorubi
cin accumulation between EMT6-S and EMT6-R 
cells. Doxorubicin was shown to localise predomi
nantly in the nucleus of the parental cell line, whereas 
weak fluorescence was observed in the cytoplasm of 
the EMT6-R cells, in a punctuate pattern, but no 
nuclear accumulation was observed. Meschini et al. 
(1994) also found a lack of nuclear accumulation in 
the resistant strain of the human breast cancer cell 
line, MCF-7 DX; however, in contrast to our studies 
these authors showed extensive cytoplasmic localisa
tion. Other studies have also found distinct differ-
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(a)

(c) (d)

(e) (f)
Figure 1. Intracellular distribution of doxorubicin in EMT6-S cells following exposure to doxorubicin for 90 min. prior to rinsing with RPMI 
1640 medium. Cells were imaged by confocal fluorescence microscopy 40 min after rinsing. Figures (a-f) show different cells following a 
single scan with the laser beam. * Scale of fluorescence intensity (gray - 255, maximum: black - 0. minimum)

ences between localisation of anthracyclines in a 
variety of sensitive and resistant cell lines (Coley et 
al. 1993: Duffy et al. 1996; Davies et al, 1996).

Meschini et al. (1994) examined the effect of the 
resistance modifier, verapamil, on the subcellular 
distribution of doxorubicin in MCF-7 DX (resistant)
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(c) (d)
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Figure 2. Intracellular distribution of doxorubicin in EMT6-R cells following exposure to doxorubicin for 90 min, prior to rinsing with RPMI 
1640 medium. Cells were imaged by confocal fluorescence microscopy 40 min after rinsing. Figures (a-f) show different cells following a 
single scan with the laser beam. * Scale of fluorescence intensity (gray — 255. maximum; black — 0, minimum)
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(e) + 30 minutes (f) + 46 minutes

(g) + 60 minutes

Figure 3. Intracellular distribution of doxorubicin (10 /xM) in EMT6-S cells imaged by confocal fluorescence microscopy. A single cell was 
imaged at various time intervals (indicated below each figure) following the addition of doxorubicin. * Scale of fluorescence intensity 
(gray - 255. maximum; black - 0. minimum)
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(e) + 25 minutes (f) + 40 minutes

(g) + 60 minutes

sinple'cell waTimaarH of Victoria Blue ™ (VBBO) (5 MM) in EMT6-S cells, imaged by confocal fluorescence microscopy. A

Zt ‘ sT J,0uUS n^e mterV (indicated below each figur^ following the addition of VBBO. * Scale of fluorescence intensitytgray Oj, maximum; black — 0, minimum) ^



(a) + 2 minutes (b) + 4 minutes (c) + 6 minutes

(d) +10 minutes (e) +15 minutes (f) + 20 minutes

(g) + 30 minutes (h) + 40 minutes

Figure 5. Intracellular distribution of Victoria Blue BO (VBBO) (5 /uM) in EMT6-R cells, imaged by confocal fluorescence microscopy. A 
single cell was imaged at vanous lime intervals (indicated below each figure) following the addition of VBBO. * Scale of fluorescence intensity 
(gray - 255. maximum: black - 0. minimum)
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cells. The intracellular concentration of the drug was 
increased and it appeared to localise in a specific area 
close to the nucleus. This supports a recent study by 
Rutherford and Willingham (1993) who identified the 
accumulation of anthracycline molecules in the tmns- 
Golgi system of resistant cells which were also heated 
with verapamil.

Several workers have shown that MDR can be 
associated with altered intracellular drug accumula
tion and localisation (Fojo et al. 1985; Willingham et 
al. 1986; Coley et al. 1993). Schuurhuis et al. (1991) 
have suggested that, in addition to drug efflux, Pgp 
may be involved in the relocalisation of drugs by 
pumping them into other cellular organelles away 
from their cytotoxic targets. Other studies suggest that 
a pH shift in some cytoplasmic organelles may con
tribute to the redistribution of anticancer drugs in 
MDR cells (Thiebault et al. 1990; Schindler et al. 
1996). Anthracyclines accumulate in their protonated 
form on the side of the membrane at which the pH is 
lower, due to their basic character, suggesting that 
cationic molecules become trapped in acidic cyto
plasmic vesicles (Millot et al. 1997).

Doxorubicin was rapidly taken up by EMT6-S 
cells, with the drug clearly localising in the plasma 
membrane and nucleus after only 2 mm. The drug 
continued to accumulate in the plasma membrane and 
nucleus for up to 10 min; however, very little fluores
cence was noted in the cytoplasm. This supports the 
mechanism of action suggested by Tritton (1991) who 
proposed that perturbation of the membrane induces 
subsequent signal transduction via diacylglycerol and 
protein kinase C. In these studies Tritton was able to 
emphasise a cytotoxic, nuclear* response which did not 
involve drug - nucleus interaction by binding to 
polymers to prevent uptake. There also appeared to be 
apical concentration of doxorubicin in the plasma 
membrane of the sensitive cells. Considerable ac
cumulation of doxorubicin in the plasma membrane 
was evident up to 10 min, although after this time the 
localisation changed. The nuclear* accumulation did 
not appear* to increase, therefore it must be assumed 
that the doxorubicin diffused out of the cell into the 
surrounding medium. Less nuclear accumulation was 
seen after 15 min and very little fluorescence was 
noted in the plasma membrane or cytoplasm.

Meschini et al. (1994) studied the intracellular 
localisation of doxorubicin in M14 human melanoma 
cells and in MCF-7 human breast cancer cells (both 
sensitive and resistant cell lines). Following treatment 
over 1 h with 1 /rgml 1 doxorubicin, the drug local

ised in the nuclei of the parental cell lines, with only 
weak cytoplasmic fluorescence seen in some cells. 
This is in good agreement with the findings of the 

* present study. Meschini et al. (1994) also examined 
cells which had previously been exposed to doxorubi
cin but were then allowed to recover for 71 h in a 
drug-free medium. Complete efflux of doxorubicin 
from the nucleus was shown, with occasional fluores
cent vesicular structures localised to perinuclear re
gions in the cytoplasm. Other workers (Peterson and 
Truet 1978; Hindenburg et al. 1987; Vale 1987) have 
suggested that doxorubicin diffuses across the mem
brane and binds to anionic vesicles which are trans
ported back to the cell surface via microtubules. 
Meschini et al. (1994) support this hypothesis, and 
suggest that the accumulation of doxorubicin in the 
perinuclear region may indicate binding to pre-lyso- 
somes and the Golgi apparatus since these organelles 
are associated with the transport of secretory vesicles 
to the cell surface. Doxorubicin is also known to 
localise in mitochondria and to exert some cytotoxici
ty via damage to the electron transfer chain in mito
chondria (Goormatigh and Russchaert 1984; Ellis et 
al. 1987).

The intracellular distribution of VBBO was found 
to be markedly different to that of doxorubicin. VBBO 
was taken up extremely rapidly, with intense fluores
cence evident after only 4 min, increasing only margi
nally up to 15 min. The concentration of the drug 
appeared to be constant up to 60 min when a slight 
decrease was noted. VBBO was clearly distributed 
widely throughout the cytoplasm, in a punctuate 
pattern, which may be consistent with the distribution 
of mitochondria. Very little evidence of nuclear locali
sation was seen. In contrast to doxorubicin, no inter
action between VBBO and tire plasma membrane was 
demonstrated. The resistant cell line initially appeared 
to show slower uptake of VBBO than the parental 
line, with a more gradual increase in cellular accumu
lation. Equilibration was seen at 40 min, compared to 
15 min in EMT6-S cells. Although similar distribu
tion of the drug was seen throughout the cytoplasm in 
each cell line, there appeared to be an apical con
centration of doxorubicin in the resistant line. Very 
little nuclear association was observed and there was 
no apparent interaction with the plasma membrane. 
The punctuate pattern of distribution within the cyto
plasm suggests that the intracellular localisation of 
VBBO may be consistent with mitochondrial dis
tribution in EMT6 cells, in agreement with other 
workers who have previously shown localisation of
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the dye in the mitochondria of tumour cells (Modica- 
Napolitano et al. 1990; Fiedorowicz et al. 1993). 
Interestingly, little difference was found between the 
intracellular distribution of VBBO in EMT6-S and 
EMT6-R cells, in contrast to that of doxorubicin. This 
supports previous studies comparing the cytotoxic 
effect of VBBO with doxorubicin which showed that 
EMT6-R cells required almost 100-fold more doxoru
bicin to overcome the resistance compared to EMT6- 
S cells, whereas only a 10-fold increase in concen
tration was required for VBBO (Wainwright et al. 
1999). These studies also showed that VBBO does 
not appear to be effluxed by, or interact with, Pgp, 
which supports the lack of membrane localisation 
shown by VBBO in EMT6 cells. Even so whilst 
VBBO is thought to initiate its effect via free radical 
generation the level of cellular Glutatione has been 
found to be independent of cytotoxicity and this agent 
has been postulated to require a specific sub-cellular 
localisation for effect (Burrow et al. 2000)

These results indicate that the main modes of action 
for the two drugs, VBBO and doxorubicin, differ 
markedly, demonstrating interaction with both the 
membrane and the nucleus in the case of doxorubicin, 
but mitochondrial involvement for VBBO.
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Professor Ben de Kruijff provided postdoctoral supervision during my time at Utrecht 
University in the Netherlands working on a project I had self-funded through an EMBO 
grant. Members of his laboratory in the Centre for Biomembrane and Lipid Enzymology 
included postdoc Ron Kusters who advised on the in vitro translation assay in chapter 1 
and doctoral students Frits de Wolf and Rutger Staffhorst. Monolayer support was also 
obtained from lecturer Rudi Demel in chapter 4.



Professor Shoji Mizushimas laboratory at the Institute for Molecular and Cellular 
Bioscience, University of Tokyo, Japan provided the signal sequence mutants I analysed 
in chapter 1. These were prepared by his doctoral student Chinami Hikita.

Professor Eugene Korotkov from Centre for Bioengineering, Russian Academy of 
Sciences, Moscow, Russia collaborated with me on a project I had funded by the Royal 
Society to identify low homology repeats (chapter 2) and which was supported by his 
laboratory via his doctoral student Jannet Tulko and postdoc Maria Chaley with respect 
to the data analysis. I held a visiting chair in bioinformatics associated with his group 
over this period.

Guliano Siligardi was the laboratory manager for the EPSRC & ULIRS Chiroptical 
Laboratory at Kings College London where I undertook a range of CD analysis (Chapter 
3). Spectroscopy (FTIR and CD) was also undertaken with the laboratory of Professor 
Ulnch Seydel and his co-worker Klaus Brandenburg and doctoral student Jorg Howe at 
the Leibniz Centre for Medicine and Bioscience, Forschungzentrum, Borstel, Germany 
via use of beam time grants (Chapters 4 & 5). Professor Thomas Hauss’ group with his 
post doc Silivia Danate supported the work in X-ray diffraction which was undertaken at 
The Berlin Neutron Scattering Centre, Hahn-Meitner Institute, Germany with the aid of a 
grant I obtained from the Institute (Chapter 4). Mark Tobin provided technical guidance 
for the CD undertaken using the synchrotron source at Daresbury (Chapter 7) where I 
now sit on one of die facilities access panels.

Eric Boltons group included Dave Wareing and Peter Wright at the Public Health 
Laboratories, Preston. This group was associated with the Royal Preston Hospital where I 
am a Visiting Consultant and they provided a number of the clinical isolates used in 
chapter 6.

Professor Anastasios Kalofoutis and his colleagues (Christina Piperi, Askatemi Zisaki, 
Antonis Alaveras) undertook analysis of some of the biomarkers in diabetic patients as 
part of a joint PhD programme at the University of Athens (Chapter 5).

Professor Ian Roberts and his doctoral student Tansy Hammerton at the School of 
Biological Sciences, University of Manchester collaborated by providing advice 
regarding KpsE in chapter 3 and Iain Nicholls and his doctoral student Rachel Baker 
from the Research Institute in Healthcare Science at the University of Wolverhampton 
provided background regarding the Tat system described in chapter 1.

Finally Dauwen Wangs group (Yuxiang Wen, Yan Zhang, Zongliang Xia and Kunfan 
Liu) at the Institute of Genetics and Developmental Biology, Chinese Academy of 
Sciences, Beijing, China provided the movement protein constructs used in a paper in 
chapter 1 as part of a joint programme initiated by a visit by Dauwen to my laboratory.
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range of international journals such as J Biological Chemistry, Protein Structure and Genetics and an 
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Board
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8.0 Awards:
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• Fellowship of the European Molecular Biology Organisation. 1990 & again 1991
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Since 2000 I have also led on bids at an institutional level for in excess of £5M including SRIF, HEIF, 
HEFCE project capital, RDA and ERDF bids

10.0 Postgraduate students:
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damage

• S Dennison (PhD, 2004) Amphiphilic helices - structure function relationships
• R Wotfstenhotme (PhD, 2005) Biophysical characterization of paints in forensic 

investigation
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Interaction, (1996), {International meeting}, The Membrane Interaction Of Amphiphilic PBP 
Anchors In E. coli.
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Biology, (1996), {International meeting}, Theoretical Investigation Into The Occurrence Of 
Latent Periodicity Within DNA Sequences And Its Relationship To Protein Structure.

• MGS Philosophical Society, (1996), Antibiotics: Wonder Drugs Or Doomsday Weapons.
• University of Reading, SGM Meeting on Microbial Lipoconjugates, (1997), {International 

meeting, keynote address}, Protein AmphiphHidty As A Means Of Membrane Protein 
Interaction.

• University of Central Lancashire, meeting on research development in HE, (1998), The 
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• VI meeting on Lipid metabolism, Portugal, (1998), {International meeting}. Detection and 
analysis of lipid interactive helices.

• Biomed symposium, Lancashire Postgraduate Medical School, (1999), Membranes as targets 
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• West Lakes Science Institute, (2001), Crime, Science and the Future.
• John Moores University, (2003), Structure - function analysis of amphiphilic, helices.
• 1** International symposium on Integrated Research approaches for clinical applications, 
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• The Academy of Pharmaceutical Sciences of Great Britain, London. Conference - Natural 
products active against human pathogens, (2006) Photodynamic Antimicrobial Products.



• Shanghai Int. Conference on Physiological Biophysics (2006) Biophysical Investigations into 
the role of lipid/membranes in the activation of Calpain 2, an eye lens enzyme believed to 
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• Shanghai International conference on Physiological Biophysics (2006) Age related changes in 
morphology and on protein synthesis and release in rat lacrimal acinar cells. Mechanism for 
dry eye syndrome following ageing. China

12.0 Sessions Chaired and Organised:

• Society of General Microbiology, Symposium on drug resistance and the microbial cell 
envelope, UMIST, 1993.

• Society of General Microbiology , Symposium on bacterial cell wall assembly, University of 
Edinburgh, 1997.

• Biochemical Society, Symposium on mechanisms of membrane protein anchoring, University 
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• Member International Scientific Committee for 2nd Shanghai International Symposium on 
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• Member International Advisory committee for Frontiers in Biotechnology and Bioinformatics, 
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13.1 Books and Symposia, (for book chapters see section 13.2)

• Membrane Protein Insertion (Ed. D. A. Phoenix) 1995, Biochem. Soc. Trans. 23, 959-991.

• Introductory Mathematics for Life Scientists, Phoenix D. A., 1997, publishers Taylor and 
Francis, ISBN 0 7484 0484 0428 7 pp 230.

• Protein Targeting and Translocation - XII Research Monograph of the Biochemical Society. 
(Ed. D. A. Phoenix) 1998, Portland Press, ISBN 1 85578 1212 pp300.

• Protein Targeting and Translocation (Ed. D. A. Phoenix) 1998, Princeton University Press, 
ISBN 0 691 00901 5 pp300.

• Transcription (Ed. D. A. Phoenix) 2001, Brown and Brown, publishers Taylor and Francis , 
ISBN 0 415 27199 1.pp158

• Structure - Function Relationships of Amphiphilic Alpha Helical Peptides (Eds D. A. Phoenix 
& F Harris) 2006, Special Edition Current Protein and Peptide Science, Bentham Publishers, 
Vol 7 Issue 6, ISSN 1389-2037

13.2 Book Chapters (* indicates peer review)

• Latent periodicity within some human gene *. Korotkov, E. V. & Phoenix, D. A. (1997) The 
Pacific Symposium on Biocomputing ‘97 (Eds R. B. Altman, A. K. Dunker, L Hunter & T. E. 
Klein), World Scientific Press, pp222-231. ISBN 981-02-3005-2

• interaction of amphiphilic structures at the membrane interface. Harris, F. & Phoenix, D. A. 
(1998) In Protein Targeting. (Ed. D. A. Phoenix) Portland Press, pp19-36 ISBN 1 85578 1212.

• Protein targeting Phoenix, D. A. (1998) In Protein Targeting (Ed. D. A. Phoenix) Portland 
Press, pp iii-v ISBN 1 85578 1212.



• Use of interrelated third year projects on a biology degree course to increase motivation* 
Phoenix, D. A. (1998) In Innovations in Teaching Science II, (Eds I Moore and K Exley) by 
SEDA pp101-107.

• Amphiphilic alpha helices and lipid interactions * Phoenix, D. A. & Wallace, J. (1999) Lipid 
metabolism and related pathology Vol. I. (Ed M J Halpem) pp83-91 ISBN 972-95205-8-5.

• Photoactivation-a means for enhancing the antimicrobial activity of phenothiazines 
M.Wainwright & D.A. Phoenix In The Antimicrobial Activity of Non-Antibiotics, (Eds L. Amaral 
& J.E. Kristiansen).

• Are C-terminal alpha-helices ubiquitous as peptidase membrane anchors?* Harris, F., 
Wallace, J., Dennison, S., Swan, R. & Phoenix, D. A. (2003) Recent Research 
Developments in Biochemistry (2002), 3, pp479-493. ISBN 81-7736-155-4

• Phenothiazinium based photo-sensitisers: a novel approach to antibacterial therapy.* Hams, 
F. and Phoenix, D. A. (2005) Recent Research Developmets in Microbiology, 8, pp131-145 
ISBN 81-7736-211-9

13.3 Reviews.

• Membrane anchoring of the low molecular mass penicillin binding proteins of E. coli. 
Phoenix, D. A. & Harris, F. (1995) Biochem. Soc. Trans., 23, 976-980.

• Penicillin Binding Proteins and their modes of membrane interaction. Gittins, J., Pratt, J. M. & 
Phoenix, D. A. (1994) FEMS Microbiol. Rev., 13,1-12.

• beta-lactams and the future of antibiotics. Harris, F., Chatfield, L. & Phoenix, D. A. (1995) 
Biologist, 42, 62-64.

• beta-lactams and the future of antibiotics. Harris, F., Chatfield, L. & Phoenix, D. A. (1995) 
Australian Biologist, 8, 157-163.

• Photodynamic therapy - a light in cancer treatment. Wainwright, M. & Phoenix, D. A. (1995) 
Biologist, 42, 151-153.

• Outer membrane assembly of E. coli PhoE. Phoenix, D. A. (1996) FEMS Immunol. Med. 
Microbiol., 16, 77-82.

• The E, coli low molecular mass PBPs and a putative protein complex. Harris, F. & Phoenix, 
D. A. (1997) Biol. Membrany, 14, 387-401.

• The E. coli low molecular mass PBPs and a putative protein complex. Harris, F. & Phoenix, 
D. A. (1998) Mem. Cell. Biol., 11, 453-457.

• Protein targeting - How do you tell a protein where to go. Phoenix, D. A. (1999) J. Biol. Ed., 
33, 71-74.

• The treatment of cataracts. Biswas, S., Harris, F. & Phoenix, D. A. (2001) Biologist, 48, 273-

• Gene Therapy. Harris, F., Chatfield, L. K., & Phoenix, D. A. (2001) Biologist, 49, 25-28.

• The prediction of amphiphilic alpha helices. Phoenix, D. A., Harris, F., Daman, O. A. & 
Wallace J. (2002) Curr Prot. Pep. Sci., 3, 201-221.

• The hydrophobic moment and its use in the classification of amphiphilic structure. Harris, F. & 
Phoenix, D. A. (2002) Mol. Mem. Biol., 19, 1-10.



Antimicrobial therapy: New solutions to an old problem. Phoenix, D. A., Chatfield L. A., 
Dennison, S., Hussain, S., Sayed, Z., & Harris, F. (2003) J.Q.L.R L, 1,44-61.

• DNA profiling: The forensic magic bullet. Goodwin, W., Harris, F. & Phoenix, D. A. (2003) 
The Biochemist, 25,12-14.

• Making light work of antimicrobial therapy. Harris, F., Hussain, S., Sayed, Z., & Phoenix, D. 
A. (2003) J.Q.LR., 1, 125-137.

• Phenothazinium based photosensitisers: antibacterials of the future? Phoenix, D. A. & 
Harris. F. (2003) Trends in Molecular Medicine. 9, 283-285

• Is use of the hydrophobic moment a sound basis for predicting the structure-function 
relationships of membrane interactive a-helices? Phoenix, D. A. & Harris, F. (2003) Curr. 
Prot. Peptide Sci. 4, 357-366.

• Role of calpains in diabetes mellitus. Harris, F., Chatfield, L K., Singh, J & Phoenix, D. A. 
(2004) Mol. Cell. Biochem., 261, 161-169.

• Role of calpains in diabetes mellitus induced cataractogenesis. Biswas, S., Harris, F., Singh, 
J & Phoenix, D. A. (2004) Mol. Cell. Biochem. 261,151-159

• Calpains: targets of cataract prevention. Biswas, S., Harris, F. & Phoenix, D. A. (2004) 
Trends in Molecular Medicine 10, 78-94.

• Helical antimicrobial peptides and their structure / function relationships. Dennison, S. R., 
Wallace, J., Harris, F. & Phoenix, D. A. (2005). Prot. Peptide Lett., 12,31-39.

• Beneficial effect and mechanism of actions of M.charantio in the treatment of diabetes 
mellitus. Garau, C., Cummings, E., Phoenix, D. A. and Singh, J., (2005). Int. J Diabetes & 
Metabolism, 11, 48-55.

• Calpains - Enzymes of vision? Biswas, S., Harris, F. and Phoenix, D. A. (2005) Medical 
Science Monitor, 11, 301-310.

• Phenothiazinium based photosensitisers - photodynamic agents with a multiplicity of clinical 
applications. Harris, F., Chatfield, L. K. and Phoenix, D. A. (2005) Curr. Drug Targets, 6,615- 
627.

• Light activated compounds as antimicrobial agents. Phoenix, D. A. and Harris, F., (2006), 
Recent Patents in Anti-Infective Drug Discovery, 1,181-199

• Diabetes and cardiovascular risk factors: current therapeutic approaches. Kalofoutis, C., 
Piperi, C., Kalofoutis, A., Harris, F., Phoenix, D. A. and Singh, J., (2007), Expt. Cardiology, 
12. 17-28.

• Differences in expression of cardiovascular risk factors among Type 2 Diabetes mellitus 
(T2DM) patients of different age. Kalofoutis, C, Piperi, C, Zisaki, A. K, Singh, J, Lea, R. W,. 
Phoenix, D. A, Alaveras, A and Kalofoutis. A (2006). Annals N.Y. Acad. Sci., 1048, 166- 
177.

• Calpains and their multiple roles in diabetes mellitus Hams, H, Biswas, S, Singh, J, 
Dennison, S and Phoenix, D. A. (2006).. Annals N.Y. Acad. Sci., 1048, 452-480.

• Anticancer a-helical peptides and structure / function relationships underpinning their 
interactions with tumour cell membranes. Dennison, S. R. Whittaker, S. M., Harris, F. & 
Phoenix, D. A. (2006) Curr. Prot. Pept. Sci, 7,487-501.



• Oblique orientated a-helices and their prediction, Harris, F., Daman, A..Wallace, 
J.t Dennison, S. R., and Phoenix, D. A. (2006). Curr. Prat Pept Set, 7, 529-539.

13.4 Main Research Papers:

• pH induced insertion of the amphiphilic alpha -helical anchor of E. coll penicillin binding 
protein 5. Phoenix, D. A. & Pratt, J. M. (1990) Eur. J. Biochem., 190, 365-369.

• Membrane interaction of E. coli penicillin binding protein 5 is modulated by the 
ectomembranous domain, Phoenix, D. A. & Pratt, J. M. (1993) FEBS Lett., 322, 215-218.

• Phosphatidylglycerol dependent protein translocation across the E. coli inner membrane is 
inhibited by the anti-cancer drug doxorubicin : Evidence for an electrostatic interaction 
between the signal sequence & phosphatidylglycerol. Phoenix, D. A., de Wolf, F., Staffhorst, 
W. H. M., Hikita, C., Mizushima, S. & de KruijfT, B. (1993) FEBS Lett, 324,113-116.

• OmpF-Lpp signal sequence mutants with varying charge: hydrophobicity ratios provide 
evidence for a phosphatidylglycerol - signal sequence interaction during translocation across 
the E. coli inner membrane. Phoenix, D. A., Kusters, R., Hikita, C., Mizushima, S. & de 
Kruijff, B, (1993) J. Biol. Chem., 268, 17069-17073.

• E. coli penicillin binding protein 6 possesses a C-terminal amphiphilic alpha -helical anchor. 
Phoenix, D. A., Peters, S. E., Ramazan, M. A. & Pratt, J. M. (1994) Microbiol., 140, 73-77.

• Depletion of anionic phospholipids has no observable effect on the anchoring of PBP5 to the 
inner membrane of E. coli. Harris, F., Chatfield, L. & Phoenix, D. A. (1995) FEMS Microbiol. 
Lett, 129,215-220.

• Monte-Carlo analysis of potential C-terminal membrane interactive helices. Pewsey, A,, 
Phoenix, D. A & Roberts, M. (1996) Prot Pep. Lett., 3,185-192.

• Development of a prokaryotic model for studying anthracydine - membrane interactions. 
Burrow, S., Rolph, R., & Phoenix, D. A. (1996) FEMS Microbiol. Lett., 145,281-286.

• Investigation into the surface activity of C-terminal homologues of E. coli low MWt PBPs 
Harris, F. & Phoenix, D. A. (1996) Biochemie, 79,171-174.

• An algorithm for tee detection of surface active helices. Robert, M., Phoenix, D. A., & 
Pewsey, A. (1997) CABIOS, 13, 99-106.

• A study of photobacteriddal activity in tee phenothiazinium series. Wainwright, M., Phoenix,
D. A., Mariand, J., Wareing, D. & Bolton, E. (1997) FEMS Immunol. Med. Microbiol., 19, 75- 
80.

• Statistical modelling of codon bias within E. coli coding regions. Phoenix, D. A & Korotkov,
E. (1997) FEMS Microbiol. Lett,. 155, 63-66.

• Alpha helical conformation in tee C-terminal anchoring domains of E. coli PBPs 4, 5 & 6. 
Siligardi, G., Harris, F., Drake, A, & Phoenix, D.A. (1997) Biochim. Biophys. Acta., 1329, 
278-284.

• MIRs are present in coding regions of human genomes. Tulko, J. S., Korotkov, E. & Phoenix, 
D. A. (1997) DNA Sequence, 8, 31-38.

• Increased antibacterial activity of aminoacridines using non-laser photoactivation Wainwright, 
W., Phoenix, D. A., Mariand, J., Wareing, J. J. & Bolton, E. (1997) J. Antimicrob. 
Chemother., 40, 587-589.



Increased cytotoxicity and phototoxicity in the methylene blue series via chromophore 
methylation. Wainwright, M., Phoenix, D. A., Rice, L, & Wareing, J. J. (1997) J. 
Photochem. Photobioi. B : Biology, 40, 587-589.

The hydrophobic moment plot and its efficacy in the prediction and classification of 
membrane interactive proteins and peptides. Phoenix, D. A., Stanworth, A. & Hams, F. 
(1998), Mem. Cell Biol., 12,101-110.

The hydrophobic moment plot and its efficacy in the prediction and classification of 
membrane interactive proteins and peptides. Phoenix, D. A, & Harris, F. (1998) Biol. 
Membrany, 15, 83-89

Membrane binding of E. coli PBP4 is predominantly electrostatic in nature and occurs at a 
specific binding site. Harris, F. & Phoenix, D. A. (1998) Prot. Pep. Lett., 5, 63-66.

Photobactericidal activity of phenothiazinium dyes against methicilUn resistant strains of 
Staphylococcus aureus. Wainwright. W., Phoenix, D. A., Laycock, S., Wareing, D. R. A. & 
Wright, P.A. (1998) FEMS Microbiol. Lett., 160,177-181.

Comparison of the bactericidal and photobactericidal efficacy of bisacridines and acridines 
against a range of pathogens. Wainwright, W., Phoenix, D. A., Mariand, J., Wareing, D. R. A. 
& Bolton, E. (1998) Applied Microbiol. Lett., 26, 404-406.

An investigation into the lipid interactions of peptides corresponding to the C~terminal 
anchoring domains of E. coli PBP5 and 6. Harris F., Demel, R., de Kruijff, B. & Phoenix, D. 
A. (1998) Biochim. Biophys. Acta., 1415, 10-22.

Cytotoxicity and adjuvant activity of cationic photosensitisers in a multidrug resistant cell line. 
Wainwright, M., Phoenix, D. A., Burrow, S. M. & Waring, J. (1999) J. Chemother., 11, 61-68.

Uptake and cell-killing activities of a series of Victoria blue derivatives in a mouse mammary 
tumour cell line. Wainwright, M., Burrow S., Guinot, S. G. R., Phoenix, D. A., & Wareing J. J. 
(1999) Cytotechnology, 29, 35-43.

Relationships among nucleotide sequences reveal an order in the assimilation of amino acid 
codons during the isoacceptor tRNAs evolution. Chaley, M. B., Korotkov, E. V. & Phoenix, D. 
A. (1999) J. Mol. Evol, 48, 168-177.

Photobactericidal activity of methylene blue derivatives against vancomycin resistant 
Enterococcus spp. Wainwright, M„ Phoenix, D. A. Gaskell, M & Marshall, B, (1999) J. 
Antimicrob. Chemother., 44, 823-825.

Activity of Methylene Blue derivatives against pigmented melanoma cell lines. 
Rice, R., Wainwright, M. & Phoenix, D, A. (2000) J. Chemother., 12, 94-104.

Reduced cellular glutathione levels do not affect the cytotoxicity or photocytotoxicity of the 
cationic photosensitiser Victoria blue BO. Burrow, M., Phoenix, D. A., Wainwright, M. & 
Waring, J.J. (2000) Mem. Cell Biol., 14, 357-366.

Reduced cellular glutathione levels do not affect the cytotoxicity or photocytotoxicity of the 
cationic photosensitiser victoria blue BO. Burrow, M., Phoenix, D. A., Wainwright, M. & 
Wareing, J. J. (2000) Biol. Membrany, 17,282-288.

Analysis of the membrane interactive potential of the E. coli PBP6b C-terminus. Phoenix, D. 
A; & Wallace, J. (2000) Prot. Pep. Lett., 7, 99-104.

Use of the Hydrophobic moment plot to aid the identification of oblique orientated alpha 
helices. Harris, F., Wallace, J. & Phoenix, D. A. (2000) Mol. Mem. Biol., 17,201-207.



• A study of the membrane binding of E. coii PBP5. Phoenix, D. A. & Harris, F. (2001) Mem. 
Ceil Biol., 18, 38-41.

• An FTIR investigation into lipid interactions of peptides corresponding to the C-terminal 
anchoring regions of E.coii PBP4 and 5. Brandenberg, K., Harris, F., Phoenix, D. A. & 
Seydel, U, (2001) Mem. Cell Biol., 18, 395-399.

• An investigation into the membrane interactive potential of the KpsE C-terminus. Phoenix, D. 
A, Brandenberg, K., Harris, F., Seydel, U., Hammerton, T. & Roberts, I. (2002) Biochem. 
Biophys. Res. Comm., 290, 427-430.

• Theoretical investigation into the lipid interaction of m-calpain. Daman, O. A., Biswas, S., 
Harris, F., Wallace, J & Phoenix D. A. (2001) Mol. Cell. Biochem., 223,159-163.

• Phenothiaziniums as putative photobactericidal agents for red blood cell contamination by VI 
entemccolitica. Wainwright, M., Phoenix, D. A., Smillie, T. E & Wareing, J. J. (2001) J. 
Chemother., 13, 503-509.

• Intracellular localisation studies of doxorubicin and Victoria blue BO in EMT6-S and EMT6-R 
cells using confocal microscopy. Burrow, S., Phoenix, D. A., Wainwright, M., Wareing, J. J. & 
Tobin, M. (2002) Cytotechnology, 39,15-25.

• Investigations into the mechanisms used by the C-terminal anchors of E.coii PBPs 4,5,6 and 
6b for membrane interaction. Hams, F., Brandenberg, K., Seydel, U., & Phoenix, D. A. 
(2002) Eur. J. Biochem., 269, 5821-5829.

• A study on the C-terminal membrane anchoring of E.coii PBPS. Brandenberg, K., Harris, F., 
Phoenix, D. A. & Seydel, U. (2002) Biochem. Biophys. Res. Comm., 290, 427-430.

• The use of new methylene blue in Ps. aeuroinosa biofilm destruction. Wainwright, M., 
Phoenix, D. A., Nickson, P. B. & Morton, G. (2002) Biofouling, 18, 247-249.

• Domain V of m-calpain shows the potential to form an oblique orientated alpha -helix, which 
may modulate the enzymes activity via interactions with anionic lipid. Brandenberg, K., Harris, 
F., Dennison, S., & Phoenix, D. A. (2002) Eur. J. Biochem., 269, 5416- 5472.

• A statistical investigation of amphiphilic properties of C-terminally anchored peptidases. 
Wallace, J., Harris, F. & Phoenix, D. A. (2003) Eur. J. Biophys., 32, 589-598.

• The photo-toxicity of phenothiazinium derivatives against Escherichia coli and 
Staphylococcus aureus. Phoenix, D. A., Sayed, Z., Hussain, S., Harris, F. and Wainwright, 
M (2003). FEMS Immunol. Med. Microbiol. 39, 17-22

• Factors determining the efficacy of alpha helical antimicrobial peptides. Dennison, S. R., 
Harris, F. & Phoenix, D. A. (2003) Prot Peptide Lett, 10,497-502.

• The in vitro retardation of porcine cataractogenesis by the calpain inhibitor, SJA6017. 
Biswas, S., Harris, F., Singh, J & Phoenix, D. A. (2004) Mol. Cell. Biochem., 261,169-173.

• Investigation of hydrophobic moment and hydrophob'rciiy properties for transmembrane ct- 
helices. Wallace, J., Daman, O. A., Harris, F. and Phoenix, D. A. (2004), J. Theoretic. Biol. 
Med. Model., 1,1-11.

• An investigation into the potential of phenothiazinium-based photosensitisers to act as PDT 
agents. Harris, F., Sayed, Z., Hussain, S. and Phoenix, D. A. (2004) Photodiagnosis and 
Photodynamic Therapy. 1, 231-239.

• A study on the bacterial photo-toxicity of phenothiazinium based photosensitisers. Sayed, Z., 
Harris, F, and Phoenix, D. A. (2004) FEMS Immunol. Med. Microbiol. 43, 367-372



Are oblique orientated a-heiices used by antimicrobial peptides for membrane invasion? 
Dennison, S. R., Harris, F., & Phoenix, D. A. (2005) Prot, Peptide Lett.. 12, 27-29.

Interaction between the movement protein of barley yellow dwarf virus and the cell nuclear 
envelope : Role of a putative amphiphilic alpha helix at the N-terminus of the movement 
protein. Liu, K., Xia, Z., Zhang Y., Weg Y., Wang, D., Brandenberg, K., Harris, F. and 
Phoenix, D. A, (2005). Biopolymers, 79, 86-96

Investigation into the membrane interactions of m-calpain domain V using neutron diffraction. 
Dennison, S. R., Hauss, T., Dante, S., Brandenberg, K., Harris, F. W. C., Phoenix, D.A. 
(2005) Biophysics J. 88, 3008-3017.

An investigation into the photo-toxicity of phenothiazinium based photosensitisers to bacterial 
membranes. Hussain, S., Harris, F. and Phoenix, D. A. (2006) FEMS Immunol. Med. 
Microbiol., 46, 124-130.

Affects of strepteozotocin induced type I diabetes mellitus on protein and iron concentrations 
in ocular tissues of the rat. Roy, K., Harris, F., Dennison, S., Phoenix, D. A. and Singh, J 
(2005) Int.J.Diabetes and Metabolism, 13, 154-185.

Relationships between the physicochemical properties, microbial specificity and antimicrobial 
activity of a-helical antimicrobial peptides: a statistical investigation. Dennison, S. R., Wallace, 
J., Harris, F. and Phoenix, D. A., (2005) Curr. Topics Peptide Protein Research, 7, 53-62.

An Investigation into the ability to define transmembrane protein spans using the biophysical 
properties of amino acid residues. Daman, O., Wallace, J. Harris, F., and Phoenix, D. A., 
(2005), Mol. Cell. Biochem., 275, 189-197

Deuteration can affect the conformational behaviour of amphiphilic alpha-helical peptides. 
Dennison, S. R., Dante, S., Hauss, T., Brandenberg, K., Harris F., and Phoenix, D. A., 
(2006), Biophys. Chem., 119,115-120

The Prediction of Hydrophobicity Gradients Within Transmembrane a-Helices Using a Novel 
Graphical Technique, Harris F, Dennison, S. R. & Phoenix, D. A. (2006)Protein Pept. Lett. 
13a 595-600.

Investigations into the ability of an oblique alphahelical template to provide the basis for 
design of an antimicrobial anionic amphiphilic peptide. Dennison, S. R., Morton, L. H. G., 
Brandenburg, K., Harris, F., Phoenix, D. A., (2006), FEBS Journal 273, 3792-2803.

Interactions of an anionic antimicrobial peptide with Staphylococcus aureus membranes, 
Dennison, S. R., Howe, J., Morton, Leslie H. G., Brandenburg, K., Harris, F., and Phoenix, 
D. A. (2006) Biochem. Biophys Res Comm 347,1006-1010.

Antimicrobial properties of a lipid interactive a-helical peptide VP1 against Staovlococcus 
aureus bacteria. Dennison, S. R., Morton, L. H. G., Harris, F. and Phoenix, D. A (2007) 
Biophys. Chem. 129, 279-283.

The interactions of aurein 1.2 with cancer cell membranes. Dennison, S. R., Harris, F. and 
Phoenix, D. A., (2007) Biophys. Chem., 127, 78-83.

The interaction of cell penetrating peptide Tat with model membranes: a biophysical study. 
Dennison, S. R., Baker, R. D., Nicholl, I. D., and Phoenix, D. A,, (2007) Biochem. Biophys. 
Res. Comm., 363, 178-182.

Characterisation of the N-terminal segment used by the barley yellow dwarf virus movement 
protein to promote interaction with the nuclear membrane of host plat cells. Dennison, S. R., 
Harris, F., Brandenburg, K. and Phoenix, D. A., (2007) Peptide In Press.



• The impact of membrane lipid composition on antibacterial function of an o-hefical peptide 
Dennison, S. R., Morton, L H. G., Harris, F. and Phoenix, D. A. (2007). Chemistry and 
Physics of Lipids, In press.

13.5 Short Papers:

• investigation into the structural features of the £. coli penicillin binding protein 5 C-terminal 
anchor. Phoenix, D. A. (1989) Biochem, Soc. Trans., 18, 948-949.

• Characterisation of a class of amphiphilic alpha -helical anchors. Phoenix, D. A. (1993) 
Biochem. Soc. Trans., 21, 225S.

• Energetics of prePhoE translocation across the E. coli inner membrane. Phoenix, D. A. 
(1993) Biochem. Soc. Trans., 21, 341S.

• Investigation into the lipid requirement for the membrane anchoring of E. coli PBP5. Phoenix, 
D. A. (1994) Biochem. Soc. Trans., 22, 31S.

• Possible involvement of anionic phospholipids in the anchoring of PBP5 to the E. coli inner 
membrane. Harris, F., Chatfield, L. & Phoenix, D. A. (1994) Biochem. Soc. Trans., 22, 32S.

• Comparison of the potential membrane insertion geometry's of E. coli low molecular weight 
PBP anchors. .Roberts, M. G. & Phoenix, D. A. (1994) Biochem. Soc. Trans, 22, 33S

• Codon bias in E. coli mav modulate translation initiation. Collins, R. F., Roberts, M. G. & 
Phoenix, D. A. (1994) Biochem. Soc. Trans., 22, 76S

• Development of a prokaryotic model for studying anthracycline - membrane interactions 
Burrow, S. M., Wareing, J. J. & Phoenix, D.A. (1994) Biochem. Soc. Trans., 22, 397S.

• Investigations of a series of novel cationic photosensitisers and their potential use in 
photodynamic therapy. Burrow, S. M., Guinot, S., Wainwright, M., Wareing, J.J. & Phoenix, 
D. A. (1995) Biochem Soc. Trans., 23, 260S.

• Analysis of PBP5 lipid interactions in E. coli. Harris, F., Chatfield, L, & Phoenix, D. A. (1995) 
Miami Short Reports, Vol, 6, Advances in gene technology : Protein engineering and 
structural biology (Eds. W. J. Whelan etal.,), p47, IRL Press.

• Statistical analysis of the importance of the low molecular weight PBP anchor sequences. 
Pewsey, A., Roberts, M. G., Harris, F. & Phoenix, D. A. (1995) Miami Short Reports, Vol. 6, 
Advances in gene technology: Protein engineering and structural biology (Eds. W. J. Whelan 
etal.,), p48, IRL Press.

• Distribution and clustering of rare codons in E. coli genes. Phoenix, D. A, Pewsey, A. & 
Roberts, M. G. (1995) Biochem. Soc. Trans.. 23, 503S.

• Using beta-lactams to investigate the existence of a protein complex involving E. coli PBPs 
1a/1b, 3 and 5. Harris, F., Chatfield, L. & Phoenix, D. A. (1995) Biochem. Soc. Trans., 23, 
562S.

• The soluble form of E. coli PBP4 observed in over expressing strains is an artefact of the 
system. Hams, F., Chatfield, L. & Phoenix, D. A. (1995) Biochem. Soc. Trans., 23, 563S.

• Identification and interpretation of latent periodicity in DNA sequences. Phoenix, D. A. & 
Korotkov, E. (1996) Biochem. Soc. Trans., 24, 422S.

• Use of computer simulations to prime students for laboratory work. Phoenix, D. A. (1997) 
vCUBE '97.



Publishing - an aid to reflective practice Phoenix, D. A. (1998) J. Biol. Ed., 33, 159-161.

• An investigation into the lipid interactions of peptides corresponding to the C-terminal 
anchoring domains of E.coii PBP4 & 5 C-termini. Harris, F., Weise, A., Brandenberg, K., 
Phoenix, D. A. & Seydel, U. (1998) Biochem. Soc. Trans., 26, S296.

• Use of cross-linkers to investigate protein-protein interactions of E. coli PBP4. 
Swan, R.t Kimberly, I. & Phoenix, D. A. (1998) Biochem. Soc. Trans., 26, S295.

• Effect of increasing methylation on the ability of methylene blue to cause diaphorase- 
catalysed oxidation of NADH. Rice, L, Wainwright, M., Wareing, J. J. & D. A. Phoenix. 
(1998) Biochem. Soc. Trans.. 26, S319.

• Posting Proteins. Phoenix, D. A. (1998) Biochemist, 20, 25-26.

• Closing Pandoras Box. Phoenix, D. A. (1998) Biologist, 45, 99-100.

• Field work - The publishing perspective. Phoenix, D. A. (1998) Marine Biology Field 
Teaching Forum, (Ed J Davenport), Occasional Publication No 7 University Marine Biology 
Station Millport, pp27-29.

• Institute of Learning Technology - An injection of professionalism Phoenix, D. A. (1998) 
Biologist, 45, 147-148.

• increased bactericidal effects of aminoacridines following photoactivation. M.Wainwright, N. 
Grice, J. Mariand, D. A. Phoenix, F.J. Bolton & D. Wareing In Colour Science ‘98, Volume II. 
Dye & Pigment Chemistry. Eds J.Griffiths & A.D. Towns. Publ. University of Leeds (1999) 
323-326.

• Investigation of methylated derivatives of toluidine blue O as a photosensitizer for PDT. M. 
Wainwright, L Rice, D. A. Phoenix & J.J. Waringln Colour Science ‘98, Volume It. Dye & 
Pigment Chemistry. Eds J.Griffiths & A.D. Towns. Publ. University of Leeds (1999) 327-330.

• The Importance of Educational Research. Phoenix, D. A. (1999) J. Biol. Ed., 33, 2-3.

• Diploma courses - The need to consider student motivation, course content and perception. 
Phoenix, D. A. (1999) J. Biol. Ed., 33, 66-67.

• Postcomputsory education - Form and function. Phoenix, D. A. (1999) J. Biol. Ed., 33, 123- 
124.

• Intelligence - a question of nature or nurture. Phoenix, D. A. (1999) J. Biol. Ed., 33,179-180.

• Photobactericidal agents - an option against drug-resistant bacteria. M.Wainwright, D.A. 
Phoenix, S.L. Laycock, M. Gaskell, D.R.A. Wareing & B. Marshall Journal of Antimicrobial 
Chemotherapy (1999) 44A, 80.

• Photokilling of Yersinia enterocolitica, M. Wainwright, D.A. Phoenix, T.E. Smillie & D.R.A. 
Wareing. Transfusion Medicine (2001) 11(S1), 48

• Numeracy and the Life Scientist Phoenix, D. A. (1999) J. Biol. Ed., 34, 3-4.

• The future of Gene Therapy. Harris, F., Chatfield, L, & Phoenix, D. A. (2000) Biologist, 47, 
112.

• The Science of the millenium. Phoenix, D. A. (2000) J. Biol. Ed., 34,115-116.

• Core zero in life science. Phoenix, D. A. (2000) Mathematics Today, 36, 151-153



• The Need for numerical Biologists. Phoenix, D. A. (2000) Biologist, 47,64.

• Looking towards reform - The student focus. Phoenix, D. A. (2000) J. Biol. Ed., 34,17.

• Forensic Futures. .Phoenix, D A. Chatfield, L & Harris, F. (2001), Biologist, 47, 227.

• Identity crisis? Phoenix, D. A. & Harris, F. (2001) Sci. Pub. Aff., Feb, 6.

• Time to reassess the role of assessment. Phoenix, D. A. (2001) J. Biol. Ed., 35, 3-4.

• Can the UK still qualify for a 3 year degree program? Phoenix, D. A. (2001) J. Biol. Ed. 35.

• Increasing the emphasis on vocational qualifications. Phoenix, D.A. (2001) J. Biol. Ed.„ 35, 
163-165.

• Educational Partnerships - the way of the future? Phoenix, D.A. (2002) J. Biol. Ed., 36,108- 
109

• A culture of Life-long learning. Phoenix, D.A. (2003). J. Biol. Ed., 37, 4-5

• Membrane diffraction studies on the membrane interactions of m-Calpain domain V. 
Phoenix, D.A., Dennison, S.R., Harris, F., Dante, S., Hauss, T. (2003) BESNC report B10- 
01-1233 p 160.

• Theoretical investigation into .the structure-function relationships of medically relevant 
amphiphilic peptides. Phoenix, D. A. 1st Int. Symposium in integrated research approaches 
for clinical applications and practices (2003) J.Q.LR. 1, (suppl 1), p50.

• Calpains: targets of cataract prevention? Biswas, S., Harris, F., Dennison, S. R., Singh, J., 
and Phoenix, D. A., (2005), American J. Opthalmology, 139, 221.

• Differences in expression of cardiovascular risk factors among type 2 diabetes mettitus 
patients of different age. Kalofoutis, C, Piperi, C, Zizakis, A, Singh, J, Lea, R.W, Phoenix, D. 
A, Alaveras, A and Kalofoutis, A (2006). Int. J. Diabetes & Metab. 14 (1), 55.

• Investigations into the potential of the calpain 2 inhibitor, SJA6017, to retard diabetic cataract. 
Biswas, S, Hams, F, Chatfield, L.K, Dennison, S, Singh, J and Phoenix, D. A. (2006). Int. J. 
Diabetes & Metab. 14 (1), 56.

• Biophysical investigations into the role of lipid/membranes in the activation of calpain 2, an 
eye lens enzyme believed to participate in diabetic cataract. Dennison, S, Harris, F, Biswas, S, 
Singh, J and Phoenix, D.A (2006). int. J. Diabetes & Metab. 14 (1), 56.

13.6 Conference proceedings:

• Protein-Lipid interactions involved in the membrane anchoring of E. coli penicillin binding 
protein 5. Phoenix, D. A. & Pratt, J. M. (1988) in the proceedings of the 8th John Innes 
Symposium p23.

• Membrane protein interactions involved in E. coli penicillin binding protein membrane 
anchoring., Phoenix, D. A. (1989) in the proceedings of the meeting on protein-lipid 
interactions and molecular aspects of protein insertion and translocation in membranes p.35 
(FEBS).

• Protein - Lipid interactions involved in the membrane assembly of penicillin binding protein 5. 
Phoenix, D. A. (1989) in the proceedings of the meeting on the Dynamics and biogenesis of 
membranes p.75 (NATO).



Investigation into the stmctural features of the E. coli penicillin binding protein 5 Oterminal 
anchor. Phoenix, D. A. (1989) Abstracts of the Biochem. Soc. 634th meeting, p50, No. 12.

Indications that phosphatidylglycerol acts as a signal sequence receptor during protein 
translocation in E. coli. Phoenix, D. A. et al. (1992) in the proceedings of the meeting on 
bacterial transport proteins and protein translocation No. IVj. (ESF).

Characterisation of a class of amphiphilip alpha -helical anchors. Phoenix, D. A. (1993) 
Abstracts of the Biochem. Soc. 646th meeting p.35. No. 4.

Energetics of prePhoE translocation. Phoenix, D. A. (1993) Abstracts of the Biochem. Soc. 
647th meeting p.40, No. 11.

Consideration of the protein and lipid requirements for the translocation of proteins across the 
E. coli inner membrane. Phoenix, D. A. (1993) Proceedings of the SERC "translocation of 
proteins across membranes" Workshop p.60.

Development of a prokaryotic model for the study of anthracycline-membrane interactions. 
Burrows, S., Wareing, J. & Phoenix, D. A. (1994) Abstracts of the Biochem. Soc. 651st 
meeting p21, No 12.

The possible involvement of anionic phospholipid in the anchoring of PBP5 to the inner 
membrane of E. coli. Harris, F.( Chatfield, L & Phoenix, D, A. (1994) Abstracts of the 
Biochem. Soc. 652nd meeting p48, No 48.

Investigation of the lipid requirement for the anchoring of E. coli PBP5 
Phoenix, D. A. (1994) Abstracts of the Biochem. Soc. 652nd meeting p48, No 47.

Comparison of the potential membrane insertion geometry's of the E. coli low molecular 
weight PBP's. Roberts, M., Pewsey, A. & Phoenix, D. A. (1994) Abstracts of the Biochem. 
Soc. 652nd meeting p49, No 49.

An investigation into codon bias between exported and cytoplasmic proteins in E. coli. 
Collins, R., Roberts, M., Pewsey, A. & Phoenix, D. A. (1994) Abstracts of the Biochem. Soc. 
652nd meeting p53, No 84.

Investigations of a series of novel cationic photosensitisers and their potential use in 
photodynamic therapy. Burrow, S. M., Guinot, S., Wainwright, M,, Wareing, J. J. & Phoenix, 
D.A. (1994) Abstracts of the Biochem. Soc. 653rd meeting p81, No 260.

Use of specific antibiotics to probe complex formation between the E. coli PBPs. 
Phoenix, D. A., Harris, F. & Chatfield, L. (1995) Proceedings of the 1st European Symposium 
of the Protein Society, Protein Science, 4, suppl 1, p89, 270.

Investigation into the specificity of the anchoring mechanisms of the E. coli low molecular 
weight PBPs. Phoenix, D. A. Harris, F. & Chatfield, L. (1995), Proceedings of the 1st 
European Symposium of the Protein Society, Protein Science, 4, suppl 1, p89, 271.

The soluble form of E. coli PBP4 observed in over expressing strains is an artefact of the 
system. Harris, F., Chatfield, L. & Phoenix, D. A. (1995) Abstracts of the Biochem. Soc. 
652nd meeting p63, No. 97.

Using beta-lactams to investigate the existence of a protein complex involving E. coli PBPs 
Harris, F., Chatfield, L. & Phoenix, D. A. (1995) Abstracts of the Biochem. Soc. 652nd 
meeting p62, No. 96.

Evidence for rare codon clusters in prokaryotic coding sequences- implications for protein 
folding. Pewsey, A., Roberts, M. G., Kay, G. & Phoenix, D. A. (1995) Abstracts of the 
Biochem. Soc. 652nd meeting p51, No. 6.



Analysis of the membrane binding potential of E. coli low molecular weight PBPs. 
Phoenix, D. A. (1995) Abstracts of the Biochem. Soc. 652nd meeting p25, No. F5.

The use of cationic non-porphyrin photosensitisers against a multi-drug resistant tumour cell 
line Burrow, M., Phoenix, D. A., Wainwright, M. & Warning, J. J. (1995) Proceedings of the 
6th Congress of the European Society for Photobiology, p91 no. VI-lp/26.

On the use of cationic triarylmethanes to probe photosensitiser action in a multidrug resistant 
cell line. Burrow S. M.t Phoenix, D. A„ Wainwright, M. & Wareing, J. J. (1995)
Proceedings of the ninth international conference on chemical modifiers of cancer treatment 
No. II-36, p155.

Targeting and assembly of the E. coli outer membrane porin PhoE. 
Phoenix, D. A. (1996) Proceedings of the SGM, Irish Branch Meeting, Bacterial surface 
structures, p3-4.

Detection of latent periodicity. Phoenix D. A. & Korotkov, E. (1996) Abstracts of the Biochem. 
Soc. 658th Meeting p65, No. 103.

Use of cationic photosensitisers in MDR. Burrow, M., Phoenix, D. A., Wainwright, M., 
Wareing, J. J. (1996) Cytotechnology, 19, 289.

Theoretical investigation into the occurrence of latent periodicity within DNA sequences and 
its relationship to protein structure. Phoenix, D. A. & Korotkov, E. (1996) Proceedings of the 
7th IMA conference on Mathematics in Medicine and Biology p17-19.

Increased bactericidal effects of cationic tricyclics following photoactivation. Wainwright, M., 
Mariand, J., Phoenix, D. A., Wareing, D. & Bolton, E. (1996) Royal Society of Chemistry, 
Biology and medical chemistry sector, 2nd International Symposium : Recent advances in the 
chemistry of anti-infective agents p14.

The effect of methylation on the phototoxicity of phenothiazine dyes. 
Rice, L, Wainwright, M., Wareing, J. J. & Phoenix, D. A. (1996) Proceedings of the 12th 
International Congress on Photobiol., p316, No. P285.

Phototoxicity of Victoria blue BO in muttidrug resistant EMT6 cells is independent of 
glutathione levels. Burrow, S. M., Wainwright, M., Waring, J. J. & Phoenix, D. A. (1996) 
Proceedings of the 12th International Congress on Photobiol., p312, No. P272.

Development of broad spectrum photoactivatable antibacterials. Phoenix, D. A., Mariand, J., 
Wainwright, M., Wareing, D. & Bolton, E. (1996) Proceedings of the Society of General 
Microbiology 135th meeting p58 No. 58.

Investigation into the phospholipid requirements for die membrane interaction of E. coli PBP4. 
Harris, F. & Phoenix, D. A. (1997) 136th SGM Meeting Abstract Booklet No. P7 p75.

Protein amphiphilicity as a means of protein membrane interaction. Phoenix, D. A. (1997) 
136th SGM Meeting Abstract Booklet p9.

On the membrane interaction of E. coli PBP4. Harris, F., Demel, R., Phoenix, D. A. & de 
Kruijff, B. (1997) The proceedings of the 2nd European symposium of the Protein Society No 
24.

Comparison of the membrane interactive properties of peptides corresponding to the E.coli 
PBP4 & 5 C-termini. Seydel, U., Harris, F. & Phoenix, D. A. (1997) Abstracts of the 664th 
Biochem Soc. Meeting.

Use of computer simulation to prime students for practical work. Phoenix, D. A. (1997), 
Virtual Computers in University Biology Education 1997 (vCUBE’97).



Cross-linking studies on E. coli PBP4, Swan, R. & Phoenix, D. A. (1998) 665th Biochem 
Soc. Meeting No 109.

An Investigation into lipid interactions of peptides corresponding to the C-termini of E. coli 
PBP4 and 5.Harris, F., Weise, A., Brandenberg, K., Phoenix, D. A. & Seyde!, U., (1998) 
665th Biochem Soc. Meeting No. 110.

Investigation of methylated derivatives of Toluidine blue O as a photosensitiserfor PDT.
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