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Abstract

Staphylococcus aureus is a frequent member o f the human nasal flora and is a major human pathogen
causing a diversity o f infections. It is particularly relevant as a cause of nosocomial infection and the
emergence of multiply antibiotic resistant strains is a major concern for effective treatment. S. aureus
possesses many cell surface and secreted proteins that bind to the extracellular matrix environment
during infection, as a consequence of endothelial damage. The ability of the bacterium to bind heparin
has been previously reported, but poorly characterised. Heparin and heparan sulfate are
glycosaminoglycans, the latter being a major component of the extracellular matrix and surface of
metazoan cells. Heparan sulfate is essential for the cell-cell communication necessary to elaborate and
maintain metazoan organisms. Heparin is a highly sulfated version of heparan sulfate synthesised in the
granules of mast cells; it is commonly used as an anticoagulant. S. aureus is known to bind heparin and
biological effects of heparin on S. aureus growth have been reported. Heparin was shown to increase
the severity o f S. aureus arthritis, increase its ability to form biofilms and affects endothelial cell
infection. Heparin binding staphylococcal surface proteins have been isolated from both S. aureus and
S. epidermidis, but remain largely uncharacterised.
This research aimed to identify and characterise 5. aureus heparin binding proteins. Secreted and
surface proteins of S. aureus were selected for their heparin binding ability by affinity chromatography
on heparin-agarose. Purification was performed using strain Newman grown for different times,
representative of different growth stages, and heparin binding proteins were separated by one
dimensional SDS-PAGE and identified from peptide mass fingerprints obtained through mass
spectrometry of tryptic digests. After successful identification, the genes for several candidate heparin
binding proteins were successfully cloned and two proteins: SA0570 and SA1003 were overexpressed
and purified. In addition the S. aureus homologue of the S. epidermidis heparin binding protein,
previously identified by Fallgren et al., was similarly cloned, overexpressed and purified.
To characterise the interactions of these proteins with heparin more fully, assays were performed in a
resonant mirror biosensor to measure the kinetics of their interaction with heparin. This returned Kd
values for binding to a heparin octasaccharide of 900 nM for SA0570, 9500 nM for SA1003 and 80 nM
for IsaB. In addition to these measurements, some of the structural features in the polysaccharide
underpinning the interactions were characterised in competition assays employing chemically modified
heparins devoid of specific sulfate groups heparin-derived oligosaccharides of different lengths and a
panel of other glycosaminoglycans. Data obtained from these experiments were used together with
information available on the identified heparin binding proteins to propose potential roles for heparin
binding by these proteins in the context of S. aureus pathogenesis.
To provide a basis for further investigation of protein-carbohydrate interactions, a series of novel
experimental surfaces were designed for use in an AnaLight Bio200 dual polarisation interferometer.
Three surfaces were considered for use: a hybrid bilayer membrane, a supported lipid bilayer and a
system involving the use of functionalised polyethylene glycols to produce a surface highly resistant to
non-specific binding into which specific carbohydrate molecules could be introduced. The hybrid
bilayer membrane consisted of a phospholipid monolayer hydrophobically associated with a decanoic
acid layer through the unfolding of lipid vesicles. While the supported lipid bilayer utilised calcium ions
to promote unfolding of lipid vesicles into a bilayer. As a result of the design of a polyethylene glycol
based surface this was used in the experiments performed in the resonant mirror biosensor to cope with
proteins that demonstrated non-specific binding to aminosilane and biotin surfaces. These surfaces were
designed in an attempt to maximise the potential information obtained from the new technology and
could in future be used to further investigate the complicated multi-ligand complexes found in
mammalian signalling systems such as the FGF-FGF receptor-heparan sulfate complex. This ability
results from the use of lipids in the surface production that mimic the orientation and two dimensional
movements available to the molecules found upon mammalian cell surfaces. In the case o f the S. aureus
heparin binding proteins the surfaces were considered able to facilitate analysis of binding domains in
the protein and any minimum required repeat sequences in the glycosaminoglycan.
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Chapter 1. Introduction
1.1 Staphylococcus aureus.
The Gram-positive bacterium Staphylococcus aureus is a major human pathogen,
responsible for diverse infections and it is a common component of the human
nasal and skin flora (Lowy, 1998). The assortment of infections it causes range
.
.
.
.
from minor skin and wound infections to more serious diseases, e.g., endocarditis,
osteomyelitis, septicaemia and toxic shock syndrome (Arvidson & Tegmark,
2001; Yarwood et al., 2004). Moreover, S. aureus is the most common cause of
bacterial arthritis (Sakiniene & Tarkowski, 2002). Modem medical techniques
have greatly increased the risk factors leading to S. aureus infection through
immunosuppressive therapy and joint implants (Arvidson & Tegmark, 2001;
Sakiniene & Tarkowski, 2002). Strains resistant to multiple antibiotics, such as
methicillin-resistant S. aureus (MRSA), are of great concern to world health
services, especially as a result of its prevalence in nosocomial infection, which in
turn is aided by their dominance in the human nasal and/or skin flora. The ability
of S. aureus to generate antibiotic resistance has lead to a state where up to 20%
of patients suffering S. aureus bacteraemia resulting from nosocomial infection in
the United States die (Crossley & Archer, 1997; Arvidson & Tegmark, 2001;
Gotz, 2002). S. aureus is classically considered to be an extracellular pathogen
and considered one of the most important opportunistic pathogens in a clinical
situation (Low, 1997). Its adherence to different host tissues and cell types
requires an array of cell surface components, which participate in binding to in
vivo surfaces (Pascu et al., 1996). Binding host tissue is enabled predominantly as
a result of trauma, however, cases of normal endovascular tissue infection have

also been noted (Dubin, 2002). S. aureus appears to facilitate this binding through
interaction with host extracellular matrix components using its cell surface
proteins that are regulated by the cell density sensing global regulator agr
(Arvidson & Tegmark, 2001). Other key virulence factors include those
promoting tissue damage and spreading of the infection and those responsible for
evasion of the host immune system. Numerous extracellular proteases are also
expressed, which have been implicated as virulence factors; they may prepare a
host surface for S. aureus attachment (Dubin, 2002).

1.1.15. epidermidis and the coagulase-negative staphylococci
While S. aureus is the most well known and best studied species of staphylococci
other species are common, especially those prominent on the skin. The majority of
skin dwelling staphylococci are coagulase-negative, lacking the ability of the
coagulase-positive staphylococci, like S. aureus, to clot blood plasma. The most
abundant of these coagulase-negative staphylococci is S. epidermidis and it is
considered a normal member of the human cutaneous flora (Kloos, 1986). This
does not mean coagulase-negative staphylococci are necessarily non-pathogenic,
since numerous infections are linked to them, especially nosocomial infections
where S. epidermidis and S. saprophyticus are the major aetiological agents
(Kloos

&

Bannerman,

1994).

Infections

caused by

coagulase-negative

staphylococci are generally community-acquired, due to the presence of the
bacteria on the skin, and tend to be associated with infection around indwelling
medical devices (Rohde et al., 2007). S. epidermidis has a number of virulence
factors enabling it to cause infection in this way; these include its ability to
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produce so-called slime, an extracellular polysaccharide, which aids bacterial
accumulation and the presence of a capsular polysaccharide adhesion which aids
attachment to polymeric surfaces (Rupp & Archer, 1992; Rupp & Archer, 1994).
Further surface adhesion in S. epidermidis is mediated through the accumulation
association protein (Aap) found in the majority of S. epidermidis strains (Rohde et
al., 2005; Rohde et al., 2007).

1.2 Interaction between S. aureus and the host
Staphylococci are one of the most common causes of human bacterial infection
potentially being responsible for both the major infections detailed earlier, as well
as numerous minor skin infections such as pustules and furuncles (King et al.,
2006). Indeed in a healthy patient with a fully working immune system the
consequences of a staphylococcal infection are likely to be minor (Whimbey et
al., 1987). However, there are many major infective disorders like osteomylitis or
endocarditis that are a consequence of staphylococcal infection and these are most
likely to be a result of S. aureus infection (Sheagren, 1984). Although the
coagulase-negative staphylococci can be responsible for infection (normally a
community acquired or nosocomial infection in immuno-compromised patients)
they are more likely to be minor pathogens (Kloos & Bannerman, 1994). S'.
aureus is more pathogenic mainly due to its ability to produce prolific quantities
of extracellular virulence factors, including toxins (Kauffman & Bradley, 1997).
These virulence determinants aid a four step pattern of pathogenic host infection
by S. aureus: firstly the bacteria must invade the host to a position where infection
can progress. As S. aureus is primarily an extracellular pathogen this must be
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followed by employment of a second mechanism of attachment to the host.
Thirdly, the evasion of host defence minimises the effect of the host immune
system in its attempts to prevent colonisation by the bacteria. The final stage is
where the bacteria exert a pathogenic effect, which includes attacking host cells,
causing tissue necrosis or an alternative pathogenic process (Kauffman &
Bradley, 1997).
S. aureus is carried both persistently and transiently in the normal population.
Estimates of carriage vary, although it was demonstrated that 84% of healthy
adults can occasionally carry S. aureus and up to 20% do so permanently (Eriksen
et al., 1995; Kauffman & Bradley, 1997). S. aureus is carried in the anterior nares
(Eriksen et al, 1995) as well as the throat and perineum. It was revealed that most
S. aureus infection stems from carriage, hence the proliferation of nosocomial and
community-acquired S. aureus infection where S. aureus transfers endogenously
from its site of carriage to a wound or breach caused by indwelling surgical
devices (Eriksen et al., 1995).

1.2.1 The pathogenic effect of S. aureus
Phenotypically, excepting the presence of coagulase, the major difference between
5. aureus and the remainder of the staphylococci is in its ability to synthesise
great quantities of virulence factors including those responsible for its
pathogenicity. The commonest cause of death in patients suffering from S. aureus
infection is septic shock (Parrillo, 1993). This is partly a result of the
superantigens produced by post-exponential phase S. aureus, such as toxic shock
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syndrome toxin-1 (TSST-1) and enterotoxins A-H. These superantigens cause a
large increase in T-cell proliferation, leading to a massive release of host
cytokines with associated detrimental effects (Marrack & Kappler, 1990; Kotzin
et al., 1993). Toxic shock syndrome is a specific staphylococcal disease, which
can be fatal, causing skin desquamation and hypotension; approximately 75% of
toxic shock cases are caused by TSST-1 (Todd et al., 1978; Bohach et al., 1997).
Production of these toxins during the post-exponential growth phase is regulated
by the accessory gene regulator (agr) (Recsei et al., 1986). The agr system is a
two-component regulator system of five genes produced from two RNA
transcripts (RNA II and RNA III). Briefly, the RNA II transcript contains genes
for agrA (the transcriptional activator) agrB (the signalling component) and
agrC/D while the RNA III transcript (which contains the 8-haemolysin mRNA)
serves to promote the transcription of virulence factors (Recsei et al., 1986; Peng
et al., 1988; Bohach et al., 1997). agr null strains show significantly reduced toxin
production (Recsei et al., 1986).
Further to its role in septic shock, S. aureus is the most common cause of
osteomyelitis being responsible for 50-70% of adult cases with coagulasenegative staphylococci also becoming more prevalent (Gentry; 1997). S. aureus
is also responsible for septic (or infectious) arthritis where it infects the synovium
(Goldenberg, 1994). Phagocytosis of the bacteria in the joint can lead to necrosis
of the joint and bone which may continue even after removal of the bacteria
(Riegels-Nielson et al., 1989). The risk of being susceptible to septic arthritis
correlates with age, additional factors being patients of joint surgery, particularly
involving hip or knee prostheses (Kaandorp, 1995). Although infection of these
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prostheses is a rare consequence of the operation it is always almost untreatable
without removal of the artificial joint (Inman et al., 1984; Blackburn & Alarcon,
1991).

1.2.2 S. aureus and the immune system
The primary physical barriers of the innate immune system (Figure 1.2.2.1) are
generally effective at preventing infection by 5. aureus, however, once a breach in
the skin or mucosal membrane is formed it is the innate and acquired immune
response that is responsible for preventing a staphylococcal infection. Primarily
this is achieved through phagocytosis by polymorphonuclear leukocytes and it is
noticeable that patients with functionally defective polymorphonuclear leukocytes
are more susceptible to staphylococci infection (Mills & Noya, 1993).
Phagocytosis by polymorphonuclear leukocytes requires prior opsonisation of the
infecting cell by immunoglobulin G recognition of the peptidoglycan (or
polysaccharide capsule) or activated complement protein C3 (Verbrugh et al.,
1980). Some methods of S. aureus phagocytic evasion rely upon prevention of
opsonisation. The ability of protein A to bind immunoglobulin G thwarts a three
fold phagocytic attack by virtue of forming immunoglobulin G aggregates.This
consumes the molecules required to signal the polymorphonuclear leukocytes by
recognition of the immunoglobulin. Further extracellular protein A can bind the
Fc region of immunoglobulin G bound to the S. aureus cell surface, thus
preventing further interaction by these immunoglobulins. Finally, surfaceassociated protein A may bind free immunoglobulin G preventing it binding
staphylococcal antigens (Peterson et al., 1977; Spika et al., 1981).
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In addition to being killed through antibody-mediated phagocytosis, S. aureus
may also be killed via activation of complement. To combat this S. aureus
attempts to inhibit the pathway by interfering with complement activation and the
proteolytic cascade. Protein A can bind the complement C3b molecule through its
association with immunoglobulin G and it was demonstrated that strains of S.
aureus producing higher levels of protein A are less likely to activate complement
(Spika et al., 1981). More recently, a series of S. aureus proteins specifically
targeting complement molecules and inhibiting their action have been identified.
The chemotaxis inhibitory protein of S. aureus (CHIPS) binds the C5a receptor
further preventing complement activated phagocyte recruitment, and the
staphylococcal complement inhibitor (SCIN) blocks both the classical and
alternative complement activation pathways through blocking C3 convertases
(Rooijakkers et al., 2005; Rooijakkers et al., 2006). Furthermore, two proteins
homologous to SCIN: extracellular fibrinogen binding protein (Efb) and
extracellular complement binding protein (Ecb) have been shown to bind C3b
containing convertases (Jongerius et al., 2007). Efb contains a C3 binding domain
(Efb-C) which binds the C3d domain of C3b; inhibition of this molecule affects
each system of activation of the complement cascade (Hammel et al., 2007). S.
aureus strains unable to express Efb have shown decreased virulence over a wildtype strain in a murine model (Palma et al., 1996). Additional complement
inhibition is mediated through the immunoglobulin binding protein Sbi (Burman
et al., 2008).
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Figure 1.2.2.1: Summary of the interactions of S. aureus with the innate immune
response. Reproduced with permission of Victor Nizet (UCSD).

1.2.3 S. aureus and components of the extracellular matrix
The area between the cells of a multicellular organism is termed the extracellular
matrix which comprises numerous species of proteins and polysaccharides. The
extracellular matrix provides an environment to which cells bind. As the
specialised basement membrane it separates tissue compartments and it is both the
medium and principle messenger of cell-cell communication. The single most
abundant protein component of the extracellular matrix is collagen, a long fibrous
protein of which a number of different types exist, with types I, II and III being
the most common (Bomstein & Sage, 1980). The major role of the collagens is in
fibrous connective tissues such as cartilage (types II and IX). Type IV collagen is
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responsible for formation of the two dimensional reticulum of the basement
membrane or basal lamina (Jenniskens et al., 2000). Fibronectins are an essential
group of extracellular matrix glycoproteins, which primarily serve the function of
adhering cells to the extracellular matrix (Ruoslahti, 1981). In this role they may
attach cells via fibronectin receptors, most commonly an integrin, to the collagen
of the extracellular matrix and these receptors are in turn linked to the actin
cytoskeleton through talin and vinculin (Pankov & Yamada, 2002). Fibronectin
and collagen also bind glycosaminoglycans with different glycosaminoglycans
responsible for promoting different fibronectin-collagen interactions; commonly,
this will be one of chondroitin sulfate, dermatan sulfate or heparan sulfate
(Ruoslahti, 1981; Jenniskens et al., 2000). Fibronectins are also involved in cell
migration particularly in the early stages of development, but also in the
movement of fibroblasts and immune response cells across blood clots, as part of
the wound repair system (Pankov & Yamada, 2002). As primarily an extracellular
pathogen S. aureus interacts with these and in all probability other extracellular
matrix components (Clarke & Foster, 2006).
S. aureus uses a wide range of adhesins to adhere to host extracellular matrix or
serum proteins. One of the most characterised is protein A, which binds
components of the immune response such as immunoglobulin G and von
Willebrand factor (Hartlieb et al., 2000). This binding to cell surfaces and the
extracellular matrix is mediated by a range of different well-characterised S.
aureus cell surface proteins. Attachment in vivo is mediated by microbial surface
components

that

recognise

adhesive

matrix

molecules

(MSCRAMMs).

MSCRAMMs have demonstrated adherence to numerous components of the
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extracellular

matrix

including

fibrinogen,

collagen,

fibronectin

and

heparin/heparan sulphate (Beenken et al., 2004; Cucarella et al., 2001; Patti et al.,
1994). S. aureus surface proteins, e.g., FnBPA may be covalently attached to the
bacterial cell through the use of an LPXTG motif (Figure 1.2.3.1) cleaved by
sortase. Other surface proteins, e.g., Eap are non-covalently attached by a variety
of mechanisms, of which ionic bonding is an important component. These
proteins are exported from the cell and then bind back to its surface (Clarke &
Foster, 2006).
MSCRAMMs include the two covalently attached fibronectin-binding proteins
identified in S. aureus. FnBPA and FnBPB are encoded in tandem, but transcribed
separately. In addition to binding fibronectin, they have both demonstrated ability
to bind elastin (Signas et al., 1989). The domain responsible for binding elastin
has sequence homology with other MSCRAMMs that bind fibrinogen and a
separate domain, which is almost identical in both proteins, that interacts with
fibronectin (Roche et al., 2004). Two other fibrinogen-binding proteins (ClfA and
ClfB) are expressed by two distinct genes. The fibrinogen-binding domain of
ClfA is homologous to the domain that binds fibrinogen in FnbpA and FnbpB.
Both ClfA and ClfB were shown to bind platelets and ClfA was implicated as a
virulence factor in bacterial arthritis caused by a staphylococcal infection
(McDevitt et al,, 1994). A further extracellular matrix binding protein adheres to
collagen, Cna, which has demonstrated collagen binding in vitro and, like ClfA, is
a potential virulence factor responsible for bacterial arthritis (Xu et al., 2004).
Although all MSCRAMMs are covalently attached to the staphylococcal cell wall,
ionically bound adhesins are also present. These include the extracellular matrix
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protein-binding protein (Emp), which specifically binds a broad range of
extracellular matrix and plasma proteins with a high specificity for vitronectin
(Hussain et al., 2001). A highly relevant ionically attached protein is IsaB, which
is homologous to a heparin binding protein in 5. epidermidis (Liang et al., 1992).
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Figure 1.2.3.1: Schematic representation of the classic S. aureus MSCRAMM
FnBPA indicating the 11 fibronectin binding repeats (1-11). The secretory signal
(S), binding domains (A, B, and D), cell wall spanning domain (W) and
membrane associated domain (M) are also shown with the LPXTG signal
sequence situated between the two.
1.2.3.1 Fibronectin binding in S. aureus
The best understood of the interactions of S. aureus MSCRAMMs is that of
fibronectin binding. Primarily this is mediated by two closely related covalently
attached surface proteins, FnBPA and FnBPB, present in the majority of S. aureus
strains (Peacock et al., 2000). Studies of clinical isolates of S. aureus have
identified at least one of the genes in each isolate and up to 77% have both
(Peacock et al., 2000; Nashev et al., 2004). These proteins appear to be linked
with S. aureus invasion of various epithelial cells (Peacock et al., 1999; reviewed
in Schwarz-Linek et al., 2006). Mutant strains displaying truncated versions of
these proteins show both deficient adherence and a lowered ability to invade host
cells (Dziewanowska et al., 1999).
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Structural similarities exist between the S. aureus fibronectin-binding proteins and
those of streptococci and also with other staphylococcal MSCRAMMs (Joh et al.,
1994, Roche et al., 2004). Indeed, synthetic peptides derived from the
Streptococcus dysgalactiae fibronectin binding proteins FnBA and FnBB will
inhibit S. aureus binding to fibronectin (McGavin et al., 1993). FnBPA consists of
discrete domains with the D domains primarily being responsible for adherence to
fibronectin (Figure 1.2.3.1) and the A domain for binding to both fibrinogen and
elastin (Foster & Hook, 1998; Signas et al., 1989; Warm et al., 2000; Roche et al.,
2004). More recently it was shown that FnBPA contains 11 potential fibronectin
binding sites, which display differing affinities for fibronectin type 1 modules
which comprise the N-terminal domain of fibronectin (Signas et al., 1989;
Lindgren et al., 1993; Meenan et al., 2007). These 11 sites have now been shown
to cover both the D domains and part of the A domain (Figure 1.2.3.1) (SchwarzLinek et al., 2003; Meenan et al., 2007). These fibronectin binding sites target the
FI repeats of the fibronectin N-terminal domain. Interestingly they display no
secondary structure in the absence of fibronectin under in vitro conditions
although it is unclear if this is still the case in the presence of any ligands, as they
do revert to an ordered structure in the presence of fibronectin (House-Pompeo et
al., 1996). Investigation of the interaction of the fibronectin binding protein FnBB
from Strep, dysgalactiae revealed this was a feature of the binding mechanism
now termed the tandem beta-zipper (Schwarz-Linek et al., 2003).
Fibronectin binding proteins such as the S. aureus FnBPA or the Strep,
dysgalactiae FnBB bind the N-terminal FI modules of fibronectin using an
antiparallel tandem beta-zipper interaction. In this interaction the fibronectin
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binding repeat of the bacterial protein, which takes a P-strand conformation in the
presence of fibronectin, aligns itself antiparallel to a sheet in an FI module of the
fibronectin N-terminal domain (Schwarz-Linek et al., 2004; Schwarz-Linek et al.,
2006; Meenan et al, 2007; Bingham et al., 2008). High affinity binding can occur
when the FI module binding motifs are presented to the N-terminal domain in the
same order as the FI modules (Meenan et al., 2007). FnBPA has 11 separate
fibronectin binding repeats, which have differing affinities, six of the 11 showing
high affinity, for fibronectin FI modules and the affinity of an individual repeat is
independent of the number of FI modules it may bind (Meenan et al. 2007). From
sequence homology it is thought that FnBPB has 10 of the 11 fibronectin repeats
found in FnBPA, although it still contains the six regions displaying high affinity
for fibronectin.
The role of fibronectin binding in S. aureus is a hotly debated topic with
contradictory results (Menzies, 2003). The fibronectin binding proteins have
demonstrated a role in internalisation of S. aureus into a variety of host cell types
including, but not limited to, endothelial cells, epithelial cells and other non
professional phagocytes (Peacock et al., 1999; Jett & Gilmore, 2002).
Furthermore the cloning of FnBPA into Lactococcus lactis increases its induction
of endocarditis in an animal model (Que et al., 2001). Generally studies
investigating the fibronectin binding proteins as virulence factors have focused on
their ability to adhere to various surfaces, however, their role in pathogenisis of
this type is still unclear (Menzies, 2003). Finally, binding of FnBPA to both
fibronectin and fibrinogen can aggregate platelets (Heilmann et al., 2004).
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A wide range of other S. aureus MSCRAMMs show fibronectin binding ability.
Proteins such as Map and Emp bind a broad range of extracellular matrix
components including fibronectin (Hussain et al., 2001; Lee et al., 2002). Another
S. aureus protein which binds a broad spectrum of proteins including fibronectin
and fibrinogen is the iron regulated surface protein IsdA, which is responsible for
the increase in ability of S. aureus to bind these ligands when grown in serum and
human dialysate (Clarke et al., 2004). The autolysins Atl and Aaa have additional
adhesive properties which include affinity for fibronectin and other matrix
proteins (Heilmann et al., 2005).

1.2.3.2 Collagen binding in S. aureus
The primary collagen binding protein in S. aureus is Cna, which consists of an A
domain mediating adherence to collagen and between one and four B domains,
depending upon the strain. Crystallography has indicated the A domain consists of
two P-sheets connected by two a-helices and it was supposed, using triple-helical
collagen model probes, that one of the beta sheets could associate with a collagen
triple helix (Symersky et al., 1997). A subsequent study suggested the binding
occurs through a pocket between the N1 and N2 subdomains, which are arranged
through hydrogen bonding, termed the “collagen hug” (Zong et al., 2005). Cna is
implicated as a virulence factor in the development of septic arthritis and
osteomyelitis and in maintaining endocardial infection (Hienz et al., 1996; Elasri
et al., 2002; Xu et al., 2004).
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1.2.3.3 Fibrinogen binding in S. aureus
As with fibronectin, a number of S. aureus surface proteins bind fibrinogen, these
include some of the fibronectin binding proteins that bind an array of extracellular
matrix components such as IsdA, Emp and Aaa and also the two fibronectin
proteins discussed in detail above, FnBPA and FnBPB (Clarke & Foster, 2006).
Fibrinogen binding of these two proteins is mediated through their A domain
(Figure 1.2.3.1) which displays homology to numerous other MSCRAMMs
particularly, and unsurprising, the proteins considered the two classical S. aureus
fibrinogen binding MSCRAMMs ClfA and ClfB (Wann et al., 2000). ClfA and
ClfB, so named from their ability to clump blood plasma, are unlike the
fibronectin binding proteins, since they are transcribed from two distinct genes
and belong to the Sdr family of proteins (Foster & Hook, 1998; Clarke & Foster,
2006; Hair et al., 2008).
ClfA and ClfB bind fibrinogen through different motifs in their A domains and
recognise different chains of the fibrinogen molecule with ClfA binding the y
chain and ClfB binding both the Aa and B(3 chains (McDevitt et al., 1997; Ni
Hidin et al., 1998). ClfA binding of fibrinogen is also regulated by Ca2+ and a
concentration of 1-10 mM Ca2+ can inhibit fibrinogen binding. This is thought to
be a method of allowing adherence to fibrinogen at blood clotting sites where the
concentration of Ca2+ is lower (Foster, 2002). ClfB is activated by cleavage of the
Nl subdomain of its A domain at Ser1 9 7 although cleavage at Ala1 9 9 removes its
fibrinogen binding ability, a likely method of regulation (Perkins et al., 2001).
This cleavage increases with S. aureus cell density and is most likely responsible
for decreased fibrinogen binding observed in stationary phase cells (McAleese et
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al., 2001). Based on homology, the binding mechanism of both ClfA and ClfB is
thought to be similar to that of the S. epidermidis fibrinogen binding protein SdrG,
proposed from crystallographic structures, where the C-terminus of the fibrinogen
binding protein locks the fibrinogen in place and then binds to its own N2 domain
through hydrogen bonds (Ponnuraj et al., 2003). This binding utilises an
immunoglobulin G cleft, of which a number are present in the A domains of these
MSCRAMMs (Deivanayagam et al., 2002; Ponnuraj et al., 2003).
Both ClfA and ClfB are considered S. aureus virulence factors and have been
shown to be responsible for endocarditis in a rat model, a disease in which
bacterial adherence to platelets on heart valves is essential for progression
(Moreillon et al., 1995; Sullam et al., 1996). S. aureus can bind platelets in vitro
and this process is directed by ClfA and ClfB (Siboo et al., 2001). The fibrinogen
binding ability of ClfA can be used to cause platelet aggregation through
combination with an immunoglobulin G antibody and the platelet GPIIb/IIIa
glycoprotein (Loughman et al., 2005). ClfA and ClfB have other roles in S.
aureus virulence although these appear to be fibrinogen independent, with ClfA
implicated in both bacterial arthritis and evasion of phagocytosis by macrophages;
ClfB has an important role in nasal colonisation through adherence to squamous
cells (Palmquvist et al., 2004; Walsh et al., 2004; Palmquvist et al., 2005).
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1.3 Heparan Sulfate
Glycosaminoglycans are a key component of the extracellular matrix where they
bind multiple partners, one example being heparan sulfate which binds
fibronectin, collagen and both FGF signalling molecules and their receptors
(Bemfield et al., 1999). They are linear heteropolysaccharides containing a
disaccharide repeating unit. One monomer of the disaccharide is always an amino
sugar while the other characteristically is a derivative of uronic acid. Heparan
sulphate has a repeating disaccharide of either a-L-glucuronic acid or a-Liduronic acid linked a l, 4 to glucosamine (Figure 1.3.1). The 2 position of the
amino sugar is acetylated in the de novo synthesised polymer and can be
subsequently deacetylated and sulfated to produce N-sulfo-(3-D-glucosamine, a
reaction that is catalysed by a family of bi-functional enzymes, the Ndeacetylase/N-sulfotranserase (NDSTs). The adjacent glucuronic acid may then be
epimerised to iduronic acid by the action of an epimerase. O-sulfation then occurs
through the action of a series of O-sulfotransferases that act on the N-sulfo-p-Dglucosamine or adjacent uronic acid or glucosamine residues. O-sulfation occurs
on the C6 hydroxyl of the glucosamine (6 -OSTs), more rarely on the C3 hydroxyl
of the glucosamine (3-OSTs) and on the C2 hydroxyl of the uronic acid (2-OST),
a reaction largely, but not exclusively, restricted to iduronate residues (Sugahara
& Kitagawa, 2002). These reactions do not go to completion, which provides the
means to generate a high degree of sequence complexity. Heparin, a specialised
heparan sulfate produced by mast cells, is more highly sulphated than heparan
sulfate, with
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% of disaccharide units being tri sulphated (the glucosamine being

17 ~

N-sulfated and O-sulfated in the

6

-carbon position and the iduronate 2-0-

sulfated).
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Figure 1.3.1: The basic repeating disaccharide of heparin and heparan sulfate.
Consisting of a hexuronic acid, either iduronate (pictured) or its C5 epimer
glucuronate, that may be 2-0-sulfated (R=S0 3 ) or not (R=H), linked to Nacetylglucosamine. The aminosugar can be 6-0-sulfated (R —SO3 or H if
desulfated) and 2-N-sulfated or acetylated (R"= SO3 or COCH3 ).
Heparan sulfate structural complexity arises from the multiple modifications
received post-synthesis. As mentioned the variation comes from the basis of the
sulfation reactions not running to completion. In turn this is dependent upon the
cell type where synthesis is occurring (Ori et al., 2008). Indeed, variations in a
number of structural facets of heparan sulfate have been observed in samples
obtained from different tissue types. In addition to the levels of sulfation, variation
was observed in the ratios of N- and O-sulfation, sugar chain lengths, the ratio of
iduronate to glucuronate and the position of sulfated regions (Lyon et al., 1994;
Maccarana et al., 1996). Sulfation along the sugar chain is not uniform with
regions of different levels of sulfation or other modification existing. The
differences observed in heparan sulfate obtained from different tissue types may
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provide an explanation why the same heparan sulfate proteoglycan sourced from
different cell lines demonstrates differing binding abilities (Nurcombe et al.,
1993). One of the more highly characterised forms of heparan sulfate is that
sourced from a human skin fibroblast cell line (Turnbull & Gallagher, 1990). The
proposed model suggested that regions of highly sulfated saccharides (S-domains)
were

interspersed

with

regions

of

unmodified

glucuronic

acid-N-

acetylglucosamine (NA-domains), furthermore, between these two distinct
regions exist sequences containing both highly modified and unmodified
disaccharides (transition, SAS or NAS domains) (Turnbull & Gallagher, 1991;
Murphy et al., 2004). This model also acknowledged the role of an octosaccharide
of N-acetylated sugar as a conserved protein binding region (Lyon et al., 1987),
the mechanism of protein binding is discussed in more detail in section 1.4.
Proteoglycans contain at least one glycosaminoglycan chain of chondroitin
sulphate, dermatan sulphate (chondroitin sulfate B), keratan sulphate or heparan
sulfate attached to a protein core and are involved in the regulation of virtually all
aspects of metazoan cell-cell communication (Darnell et al., 1990; Ori et al.,
2008). For example, heparan sulfate is essential for the generation of intracellular
signals by fibroblast growth factors that lead to cell proliferation, through forming
a ternary complex with the fibroblast growth factor ligand and its receptor
tyrosine kinase. In addition to binding the fibroblast growth factor family heparan
sulfate is involved in numerous other growth factor-receptor complexes such as
hepatocyte growth factor and vascular endothelial growth factor (Ori et al., 2008).
Furthermore heparan sulfate has a role in the assembly of both the extracellular
matrix and the cellular cytoskeleton through association of the syndecan
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proteoglycan family which span the membrane to the cytoplasm to fibronectin,
collagens and laminin (Carey, 1997). The importance of the role of heparan
sulfate in regulating cell function is apparent when considering the number of
defective phenotypes in Drosophila melanogaster associated with heparan sulfate
proteoglycans. These data in combination with those obtained from other model
organisms demonstrate the developmental role of these proteins (Bishop et al.,
2007).
Given the role of heparan sulfate proteoglycans in essential developmental
processes and the fact that the structure of heparan sulfate allows it to interact
with numerous (hundreds) extracellular regulatory proteins this suggests that
heparan sulfate has a key role in regulating biological processes. These include a
role in the assembly of FGF signalling complexes where heparan sulfate
participates in assembly of the complex formed by the FGF and its receptor and in
the activation of the receptor itself through stabilising the signalling complex
allowing it to bind long enough to produce a sustained signal (Nugent & Edelman,
1992; Delehedde et al., 2000). The exact mechanism with which FGFs interact
with their receptor and heparan sulfate is unclear with two different crystal
structures of the ternary complex proposed (Mohammadi et al., 2005). Other roles
of heparan sulfate may be the activation or enhancement of protein activity
through inducing a conformational change. This role is seen in the binding of
heparin to antithrombin-III which induces a conformational change increasing its
inhibition of clotting factors by up to 17000-fold (Whisstock et al., 2000). Finally,
heparan sulfate can aid protein-receptor complex formation and stabilisation in
systems other than the FGF-FGF receptor complex. An example is in the
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interactions between heparan sulfate and the small signalling proteins of the
chemokine family. Heparan sulfate was proposed to interact via a variety of
mechanisms including, but not limited to, promoting oligomerisation and
increasing stability (Lortat-Jacob et al, 1996; Ori et a l, 2008).

1.3.1 Heparin
Heparin is very closely related in structure to heparan sulfate with which it shares
a common biosynthetic pathway. The principle difference is due to the post
polymerisation of heparin proceeding closer to completion, such that 75% of its
disaccharides are glucosamine-N-sulfate, 6-sulfate-iduronate-2-sulfate, whereas
this trisulfated disaccharide only forms a small percentage of heparan sulfate
(Gallagher & Walker, 1985). However, given the range of potential modifications
available to a heparan sulfate glycosaminoglycan, overlap occurs between the
structures. It is proposed that a glycosaminoglycan should be proposed as heparin
like once the number of N-sulfates exceeds the number of N-acetyl groups and the
amount of O-sulfation is in excess of the amount of N-sulfation (Gallagher &
Walker, 1985). However, a more sophisticated view given the domain structure of
heparan sulfate (Turnbull & Gallgher, 1991; Murphy et al., 2004) is that the Sdomains of heparan sulfate, which are generally centred in size around six to ten
saccharides (but ranging from a disaccharide to over 18 saccharides) resemble
heparin. According to this view, heparin is simply a large S-domain, which is
excised in mast cell granules from the highly modified heparan sulfate chains of
the proteoglycan serglycin. Since the interactors of heparan sulfate and heparin
bind to S-domains or transition domains but not the unmodified NA-domains it is
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reasonable to use heparin as an experimental proxy for heparan sulfate (Skidmore
et al., 2008). Indeed, heparin is commonly used in experiments in vitro as it is
readily sourced in large quantities from porcine intestinal mucosa and bovine
lung. Additionally it is possible to chemically modify heparin to investigate the
role of specific parts of the molecule e.g. the role of particular sulfate groups as
part of an interaction. By being able to work with large amounts of the
glycosaminoglycan, reactions which produce a low quantity of product can be
carried out including the digestion of the sugar by enzymatic or nitrous acid
treatment. Furthermore, other modifications, such as the addition of mercury, can
be used to facilitate experiments with the sugar (Drummond et al., 2001;
Skidmore et al., 2004). These reasons explain why the majority of work on
proteins considered heparan sulfate binding proteins is carried out with heparin,
however, it is worth considering that binding to heparin may be stronger or
weaker than to heparan sulfate, as different heparin binding domains will bind one
or the other with different affinities; heparin remains a proxy for cellular heparan
sulfate. The difference in binding sites found on the proteins and the sugars is
discussed more fully in section 1.4.
The most well known role of heparin in everyday life is as an anticoagulant,
indeed this was the first functional role of the glycosaminoglycan and through
early studies it was approved as a drug for human use. Commonly, low molecular
weight heparin is given to elderly patients or those going orthopaedic surgery as
an aid to prevent anti-thrombotic prophylaxis (Gorp et al., 1998). Moreover,
numerous materials utilised in medical procedures such as intravenous tubing and
prosthesis are pre-treated with a heparin coat in order to prevent accidental blood
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clotting leading to medical complications. Thus in addition to encountering
heparin and heparan sulfate naturally, medical practice increases the likelihood of
S. aureus interacting with heparin.

1.4 The effect of heparin upon S. aureus growth
MSCRAMMs are primarily responsible for bacterial attachment to extracellular
matrix proteins and glycosaminoglycanss. As previously described S. aureus
produces MSCRAMMs with specificity for fibronectin, collagen and fibrinogen
(Beenken et al., 2004). S. aureus was shown to bind heparin/heparan sulfate along
with heparan sulfate binding growth factors (Pascu et al., 1996; Patti et al., 1994)
and heparan sulfate is implicated in the virulence of other organisms, e.g., the
parasites Plasmodium and Leishmania utilise heparan sulfate binding to enter
cells. However, in comparison, S. aureus less frequently enters host cells, being a
more common extracellular inhabitant, and thus heparan sulfate may be connected
to virulence via different pathways. When S. aureus does invade host cells
fibronectin has been implicated as the major ligand involved, however, it is not
solely responsible (Shenkman et al., 2000).
Heparin was demonstrated to increase infectious arthritis caused by S. aureus
(Sakiniene & Tarkowski, 2002). Moreover, S. aureus proteins which bind
heparin/heparan sulfate were identified although not characterised in detail. Two
surface proteins of

6 6

kDa and 60 kDa that bind heparin were purified and

different strains of S. aureus demonstrated varying heparin-binding affinities
(Liang et al., 1992). Broadly speaking more virulent strains showed greater
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binding to immobilised 125-1 labelled heparan sulfate. A 17 kDa heparin binding
protein, called IsaB, was purified from S. epidermidis (Fallgren et al., 2001). IsaB
has a homologue in S. aureus, which was recently shown to bind to nucleic acids
with no regard for sequence (Mackey-Lawrence et al., 2009). Due to charge based
binding many heparin and heparan sulfate binding proteins also bind nucleic acids
and vice-versa.
Heparan sulfate affects S. aureus infection of endothelial cells; treatment of
endothelial cells with herparitinase increased S. aureus binding as did lower levels
of sulfation in the heparan sulfate (Alston et al., 1997; Isaacs, 1994). It is
suggested that an endothelial infection of S. aureus leads to alterations in the
heparan sulfate proteoglycans (in the host extracellular matrix), possibly by
reducing sulfation, thereby facilitating binding of additional S. aureus (Alston et
al., 1997). It was proposed that S. aureus uses host-derived heparan sulfate bound
to its cell walls to attach to endothelial proteins with heparan sulfate binding sites,
therefore, prior removal of heparan sulfate from the host cells acts to increase the
number of potential binding sites (Ljungh et al., 1996). In addition to binding
heparan sulfate, S. aureus was shown to bind heparin binding growth factors and
this was inhibited by heparin addition (Pascu et al., 1996), suggesting a similar
binding mechanism, however, the data is unclear.
The effect of heparin on bacterial arthritis was demonstrated in a mouse model
(Sakiniene & Tarkowski, 2002). Here it was the effect of low molecular weight
heparin, as used therapeutically to prevent anti-thrombotic prophylaxis resulting
from orthopaedic surgery, which was tested. Unfortunately, a potential
consequence of this surgery is infection leading to septic arthritis; with S. aureus
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commonly isolated from infections at surgical sites and combined with the
coagulase negative staphylococci including S. epidermidis being responsible for
up to 90% of wound infections after surgical procedures requiring implants (Mini
et a l, 1997). In addition to increasing septic arthritis, heparin promoted spreading
of the infection to the kidneys and throughout the blood. However, a heparin
binding protein released from granulocytes binds S. aureus and opsonises it for
monocytic phagocytosis (Heinzelmann et al, 1998). Since host heparin-binding
proteins dependent opsonisation of the cells leads to phagocytosis there are two
possible benefits of binding heparin/heparan sulfate. One is the ability to bind
heparan sulfate/heparin to limit phagocytosis through cloaking the bacteria from
the host immune system. In addition to modulating surface recognition and
primary attachment, binding heparin may alternatively modulate, to the
pathogen’s advantage, heparin-binding growth factors. S. aureus could potentially
prevent growth factor action on the area of infection, inhibiting wound healing
through the removal of heparan sulfate from the extracellular matrix and
adherence to growth factors (Ljungh et al, 1996; Wadstrom et al, 1996). S.
aureus Panton-Valentine leukocidin component LukS was shown to bind to
heparan sulfate in a solid phase assay. This may provide a mechanism for binding
extracellular matrix components as part of the process of adhesion to damaged
airway epithelium causing necrotizing pneumonia (Tristan et al, 2009).
Heparin was shown to modulate biofilm production by S. aureus. Donlan and
Costerton have defined a biofilm as “a microbially derived sessile community
characterised by cells that are irreversibly attached to a substratum or interface or
to each other, are embedded in a matrix of extracellular polymeric substances that
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they have produced, and exhibit an altered phenotype with respect to growth rate
and gene transcription.” (Donlan & Costerton, 2002). This statement results from
a large amount of work carried out to determine biofilm structure and function as
well as the effect of biofilm formation on growth and gene expression (Yarwood
et a l, 2004). The most immediate feature of a biofilm is the existence of a
polysaccharide matrix secreted by bacteria growing in this community, which is
non-existent in bacteria growing planktonically. In S. epidermidis biofilms the
polysaccharide matrix is composed of two structurally related fractions, one
polysaccharide being primarly N-acetylglucosamine, of which a proportion is
deacetylated (cationic), and a second polysaccharide, which contains less
deacetylated N-acetylglucosamine and contains phosphate and ester-linked
succinate providing a negative charge (Gotz, 2002). This polysaccharide, which is
structurally unique and is now named polysaccharide intercellular adhesion (PIA)
and a PIA-like secretion, is also produced by S. aureus (Shanks et a l, 2005;
Tormo et a l, 2005; Trotonda et a l, 2005). Secreted polysaccharides may bear
some similarities to heparin/heparan sulfate, at a minimum this is a result of their
sugar composition and associated charges. Therefore, this may demonstrate some
mimicry of glycosaminoglycan function in vivo possibly causing disruption to
host glycosaminoglycan function.
S. aureus proteins that contribute to biofilm formation include accumulationassociated protein (AAP) and (in bovine strains) the biofilm-associated protein
(Bap) (Crossley & Archer, 1997). Biofilm formation dependent on Bap is
modulated by the sarA gene product. SarA negative mutants decrease PIA
production and have dramatically reduced biofilm forming activity. Addition of S.
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epidermidis Bap protein to a biofilm negative strain of S. aureus conferred biofilm
activity, although this was only demonstrated on a polystyrene surface. Bap is
thought to be effective in initial surface attachment (Tormo et a l, 2005; Trotonda
et a l, 2005). The agr accessory gene regulator, which controls many of the S.
aureus virulence factors, also controls quorum sensing. The effect of agr on
biofilm formation is unclear; disruption of the locus can enhance, decrease or
have no apparent effect depending upon the conditions of the experiment.
Although many biofilm experiments have centred upon colonisation of abiotic
surfaces such as polystyrene, biofilms have been found upon infected tissue
removed during surgery. Therefore, S. aureus demonstrates clinically relevant
biofilm attachment to host ECM components.
The pathway by which heparin increases S. aureus biofilm formation is
independent from that used by Bap and agr. The activity of heparin on biofilm
growth was not a result of acceleration of bacterial growth and, although cell-cell
interactions are increased, primary attachment remains unaffected (Shanks et al.,
2005). sarA and agr biofilm negative mutants had almost full activity restored;
moreover, this was not a consequence of increasing PIA levels. Some agr mutants
produce greater levels of biofilm (Gotz, 2002; Pratten et a l, 2001) and heparin
was observed to increase biofilm formation in these strains of S. aureus (Shanks et
al, 2005).

27

1.5 Protein-heparin interactions
In general terms the interaction between heparin or heparan sulfate and proteins is
dependent on the presence of sulfate groups on the glycosaminoglycan being
recognised by a combination of basic and hydrophobic residues. Initially two
consensus heparin-binding domains were proposed based on the analysis of
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different heparin-binding regions (Cardin & Weintraub, 1989). These sequences
aligned basic residues with sulfate groups on the sugar, either in an alpha helix
configuration with a sequence of -XBBBXXBX- (B representing a basic amino
acid and X a hydrophobic amino acid), or a beta sheet formation with a consensus
sequence of -XBBXBX-. In each of these models the presence of the
hydrophobic residues serves to align the basic residues on one side of the helix or
sheet, respectively (Cardin & Weintraub, 1989). An additional sequence was
proposed calculated on the heparin-binding domain of von Willebrand factor of XBBBXXBBBXXBBX- (Sobel et al., 1992). However, as the number of known
heparin-binding structures in proteins increases, it is clear that no such simple
consensuses exist (Ori et al., 2008). Specific amino acids required to bind heparin
and heparan sulfate have been determined through affinity studies using a
randomly generated peptide library (Fromm et al., 1997; reviewed in Ori et al.,
2008). These demonstrated basic residues (primarily lysine and arginine) are
essential for the binding of heparin; however, for the less highly sulfated heparan
sulfate they were shown to be less important in binding than the hydrophobic
amino acid residues of glycine and serine (Caldwell et al., 1996). Glutamine and
asparagine residues appear to have a role in the FGF-2-heparan sulfate interaction,
possibly through providing hydrogen binding sites for the sugar (Thompson et al.,
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1994). Indeed, this later study demonstrated that 70% of the binding free energy
for the interaction between FGF-2 and heparin was derived from non-ionic
binding. This is despite the interaction being ionically driven and readily disrupted
by high ionic strength. A further difference in the affinity of the binding sites for
heparin and heparan sulfate is in the spacing between the basic residues. While
heparin preferentially binds continuous sequences of arginine residues, heparan
sulfate often shows higher affinity for sequences of basic residues contained in
two clusters, with a three to four glycine residue linker peptide (Fromm et al.,
1997). Further analysis of the role of arginine and lysine in heparin binding using
a series of peptides based upon the heparin-binding domain of FGF-1 showed
arginine residues bound more tightly and with an increased affinity for heparin
(Fromm et al., 1995). It is notable that the specific function of a heparin-binding
protein may require a lower affinity interaction and the ability to dissociate under
certain conditions; this may provide a requirement for the role of lysine residues
over arginine residues in the binding site in specific cases where less tight binding
is required. Topographic studies on heparin-binding domains of FGF-1 and FGF-2
have indicated a triangular shaped domain which has the effect of producing a
highly basic pocket containing the basic residues of the binding domain (Ori et
al., 2008). Alteration of the shape of the binding site through changing of the
amino acid residues responsible for the shape (e.g. proline) had the effect of
altering the binding affinity of the domain for heparin (Fromm et al., 1997).
Overall there are differences seen in the protein sequences required to bind
heparin and the more diverse heparan sulfate, however, some specifics can be
drawn from the studies carried out on the sugar binding domains. There is a
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definite role for basic residues in binding sulfate and carboxyl groups on heparin
and the highly sulfated regions of heparan sulfate (Fromm et al., 1997). Of the
basic residues arginine binds more tightly to the sugar, most likely a consequence
of increased hydrogen bonding possibilities from the guanidino group to the
oxygen molecules of the sulfate groups (Ori et al., 2008). Lysine shows a lower
affinity of binding, which may in some way be beneficial in determining the
overall tightness of binding of an individual domain to the sugar (Fromm et al.,
1995). Amides, both in amino acid sidechains and the peptide backbone, often
also contribute.

Further to the basic residues heparan sulfate binding often

requires hydrophobic residues, which may increase the flexibility of the domain
structure in addition to spacing the basic residues (Fromm et al., 1997). The
topology of the binding site is highly relevant to the specificity, affinity and
kinetics of the interaction, but as a result of the high variation in heparan sulfate
structures no definitive consensus has been determined (Forster & Mulloy, 2006).
It seems likely that these variations in amino acid sequence and domain size and
shape indicate the high levels in variation in the sequence and roles of heparan
sulfate, and its requirement for a multitude of differing binding parameters. Thus
the specificity and affinity of these protein interactions are highly tuneable.
Protein binding sites on the carbohydrate are no less complex depending on a
combination of sulfations and specific sugar residues. The dependence of binding
on sulfate groups has led to the sulfated regions of the sugar being considered as
the protein binding domains. Given the number of potential variations in sugar
sequence, sulfation or other modification it is perhaps unsurprising that no single
model of protein binding exists (Ori et al., 2008). The first protein binding site
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identified in heparin was that of antithrombin-III (Petitou et al., 2003).
Interestingly this site is completely atypical of most heparin protein-binding
domains

containing a 3-O-sulfation of the central

glucosamine of a

pentasaccharide. This is a rare sulfation position yet is essential for high affinity
binding of the sugar to antithrombin-III (Choay et al., 1983). The 3-O-sulfation
modification may also be required for FGF-7 binding and in conjunction with
another extremely rare N-unsubstituted glucosamine is required to bind herpes
simplex glycoprotein gD and cyclophilin B (Shukla et al., 1999; Capila &
Linhardt, 2002; Vanpouille et al., 2007). These are rare modifications and the
majority of protein binding sites consist of far more common modifications. In the
case of the remainder of the FGF family a binding site is formed around a
disaccharide consisting of 2-sulfated-iduronate and N-sulfated-glucosamine with
varying levels of 6 -O-sulfation. This sequence is relatively common in heparin but
far less common in a heparan sulfate chain, generally only to be found in the
highly sulfated regions (Ori et al., 2008). The remainder of the sugar sequence
varies depending upon the specific FGF targeted, here the length of the sugar
molecule is also an important factor in binding ability. These differences are
highlighted when considering binding sites for FGF-1 and FGF-2; FGF-2 requires
2-O-sulfation of the uronic acid residue but no 6 -O-sulfation which is essential for
a high affinity interaction with FGF-1 additionally FGF-1 requires at least a
decasaccharide to produce a biological effect (Guimond et al., 1993; Kreuger et
al., 1999; Powell et al., 2002). Interestingly, while the specificity of an individual
protein-sugar complex may appear somewhat promiscuous, it is often higher order
(ternary, e.g., FGF ligand, FGF receptor, heparan sulfate, or higher) complexes
that exert biological activity, and the indications are that such higher order
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complexes require more specific sugar sequences (Skidmore et al., 2008;
Guimond et al., 2009).
The role of sugar chain length in binding proteins is also seen with the
requirements to bind other heparin binding proteins. Some proteins bind the sugar
as oligomers with a bipartite binding sequence but still forming a

1:1

complex of

oligomer to sugar. In these cases the minimum length of sugar required for
binding can be up to a 20-mer. The suggestion of the binding mechanism in these
cases is that the longer sugar molecule can wrap itself around the protein
interacting with multiple recognition sites around the molecule as seen with
platelet factor four, vascular endothelial growth factor and interferon gamma
(Capila & Linhardt, 2002; Ori et al., 2008). The longer binding sites tend to
consist of short highly sulfated regions of sugar separated by regions of Nacetylated sugar residues. Another consideration for a protein binding site is the
presence of divalent cations which are required for heparin and/or heparan sulfate
to bind some ligands (Shao et al., 2006). Calcium ions were implicated through
X-ray

crystallography

studies

of

annexin

A2

and

A5

and

heparin

oligosaccharides, where they direct the complex through co-ordinating the sugar
and protein or the protein conformation, respectively (Capila et al., 2001; Shao et
al.,2006).

From all the data available it is apparent that many areas of the sugar structure
relevant to protein binding remain to be identified, potentially short sequences of
carbohydrate may have a global effect on binding specificity. Also, arguments
exist on whether binding occurs because of specific sugar residues in a set
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sequence or the presence of multiple different modification patterns along the
entire sugar chain (Ori et al., 2008). While local sequences can determine the
conformation of the protein binding site, its position in the sugar chain also has an
influence and can thus effect binding (Powell et al., 2004). Finally, it was shown
that the specificity of some FGFs for different heparan sulfate structures is
questionable, with similar affinities for each FGF for the same heparan sulfate
structure thus indicating the binding is more dependent upon charge density
(Kreuger et al., 2005). These data may however be flawed as they concentrated
upon the electrostatic part of the interaction which, in the case of FGFs and
heparin/heparan sulfate, is less important to the total binding free energy
(Thompson et al., 1994).

1.6 Tools for probing protein-sugar interactions
Many mammalian heparin-binding proteins have been identified and the proteinsugar interactions investigated (Ori et al., 2008). The first protein to have its
interaction with heparin studied in detain was antithrombin III, where circular
dichroism studies showed a conformational change in the presence of heparin
(Villanueva & Danishefsky, 1977). This data was further consolidated through Xray crystallographic studies (Whislock et al., 2000). Indeed crystallographic
studies have been made of many heparin-protein interactions of which the most
debated is the FGF-2-FGF receptor-heparin structure with two separate models
proposed (Mohammidi et al., 2005). NMR studies have been used to investigate
the structures of growth factors and heparin. These studies include FGF-1 binding
to a hexa-saccharide (Canales-Mayordomo et al., 2006) and the FGF-2 heparin
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binding mechanism (Moy et a l, 1995). The FGF-2 data displayed consistencies
with X-ray crystallography data for FGF-7-heparin structures (Lander et a l, 2002;
Ori et a l, 2008).
While circular dichroism, NMR and X-ray crystallography have provided large
quantities of structural information on heparin-protein interactions other
information has been obtained from laboratory sources. This includes studies on
the mitogenic effect of heparin and FGF-2 (Wang et a l, 1997) and kinetic data
studies of the binding interaction of FGFs and HGF with heparin in a resonant
mirror biosensor (Rahmoune et a l, 1998a; Rahmoune et a l, 1998b) (section
1.6.1). The thermodynamics of some protein-heparin interactions have been
measured by isothermal titration calorimetry. Evaluation of the FGF-2 interaction
showed that the electrostatic interactions were only responsible for ~30% of the
free energy (Thompson et al, 1994). This was collaborated through crystal
structure studies (Pellegrini et a l, 2000) and has also been applied to the
thrombin-heparin interaction (Olsen et a l, 1991).
The data provided by these techniques is generally complimentary and has
enhanced the understanding of heparin-protein interactions. Novel techniques can
only further this understanding, e.g., the development of a circular dichroism
technique using a synchrotron light source has produced an improved technique
which is more sensitive than conventional circular dichroism (Yates et a l, 2006).
This has been used to investigate the structure of a library of heparin based
oligosaccharides (Rudd et a l, 2009). The development of dual polarisation
interferometry may provide a similar advance in laboratory based studies and this
technique is discussed more fully in section 1 .6 .2 .
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1.6.1 Optical Biosensors
Optical biosensors are instruments that use an evanescent field to measure
changes at a surface on which one partner of a binding reaction is immobilised
and the interaction of a second molecule, added in solution is followed in real
time (Yates et al., 2006). These biosensors have allowed greater understanding of
protein-protein

and

protein-sugar

interactions,

by

allowing

the

full

characterisation of the parameters of the binding reaction and a very controlled
(compared to ELISA for example) experimental design for competition and
footprinting/epitope mapping type experiments (West et al., 2005; Yates et al.,
2006; Zhang et al., 2004). The exact principles behind the measurements carried
out by the instrument depend upon which of the three main types it is, i.e. surface
plasmon resonance, resonant mirror and grating coupling biosensors. However,
each of these instruments follows a similar basic premise for measurement. They
exploit the presence of an evanescent field existing above a plane in which light
undergoes total internal reflection. In the case of resonant mirror biosensors and
grating couplers, the total internal reflection is produced by the accurate targeting
of light into a wave guide under the sensor surface, while surface plasmon
resonance biosensors measure the effect on plasmons in a metallic layer between
the light source and sample (Schuck, 1997). In this work a resonant mirror
biosensor (Affinity Sensors, Cambridge, UK (IAsys)) was used to investigate the
interaction between various proteins obtained from S. aureus and different sugars.
When an evanescent field of light passing through a solution is confronted with a
change in refractive index of that solution it is refracted accordingly (Femig,
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2001). The change in angle of this refraction is the basis of the primary
measurement made by a resonant mirror biosensor being directly proportional to
an increase of mass at the surface, symptomatic of a binding event. As the change
measured is of the refractive index no labelling, either chromatic or radioactive, of
the macromolecules being investigated is required, which in itself is a major
advantage of this technology (Schuck, 1997). In an optical biosensor experiment
one ligand is irreversibly attached to a surface with a ligate (normally a protein)
added to the bulk liquid phase (Fernig, 2001). The measured change of refractive
index occurs as ligate comes out of the liquid phase to associate with the solid
phase at the surface. Although a bulk shift change in refractive index will occur
due to the addition of the ligate solution to the bulk liquid phase, this is generally
more rapid than the change caused by surface binding (Edwards et al., 1995).
Experiments can be designed to measure the kinetic parameters of an interaction,
or to more fully characterise the binding through a mixture of competition assays
with different concentrations of a competing ligand in the liquid phase. Initially, a
surface for experimentation must be produced, this may be carried out by a variety
of methods either through direct immobilisation of the ligand, e.g., through the
condensation of free amines to carboxyl groups on a surface through reaction with
jV-hydroxysuccinimide (NHS) or using a capture system such as adding a
biotinylated ligand to a surface containing streptavidin (Fernig, 2001). Another
example of control of experimental design is the ability to specifically orient the
immobilised ligand, e.g., through immobilisation via a tag, on the surface and to
determine the amount of immobilised ligand (Fernig, 2001).
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The role of biosensors in studies of macromolecular interactions has been at the
forefront of biochemical studies for some years now and they are responsible for a
vast array of data. However, the data produced by these instruments is by no
means infallible and it is important to be aware of possible sources of artefacts.
Indeed, both instrumentation (Schuck, 1997) and experimental design (Myszka et
al., 1998) have been severely criticised, and in the latter case the majority of
Biacore data have been criticised as being largely unreliable. Issues can exist with
diffusion limited binding, especially at high ligate concentrations, steric hindrance
due to overcrowding at the surface and the possibility of multiple conformations
of a surface bound molecule all leading to flawed data (Schuck, 1997; Myszka et
al., 1998; Fernig, 2001). Additional data analysis problems can arise from more
complex interactions that do not form

1:1

complexes or have different binding

sites with differing ligate affinities although the data analysis software can
account for some, but not all, of these situations. An additional major limitation
to these techniques arises because only one polarisation of light is used (normally
a transverse magnetic (TM) polarisation): the measurements are restricted to
relative changes in refractive index at the sensor surface and cannot quantify
phenomena such as change in conformation or orientation of adsorbed species
without numerous assumptions (Cross et al., 2003). Changes in amounts of
molecules bound can only be quantified relatively by prior calibration using, for
example, a 125I labelled protein (Femig, 2001), this calibration can mean changes
due to molecules with greatly differing or very low refractive indices (e.g., sugars)
may produce incorrect or no measurements, respectively.
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1.6.2 Dual polarisation interferometry
Recently, a new generation of biosensor has become available using dual
polarisation interferometry to measure both the TM and transverse electric (TE)
components of light. Dual polarisation interferometry allows resolution of values
for both size of bound molecules and their density (Cross et al., 2003; Swann et
al., 2003). By allowing polarised light to pass down two waveguides in a chip
where binding can occur on the upper surface, a phase change in the upper
waveguide will occur due to absorbance in the evanescent field of the light. The
second waveguide is mounted in a completely cladded position below this first
waveguide where no interference can occur such that the chip will produce a
classical Young’s slits diffraction pattern in the far-field (Cross et al., 2003)
(Figure 1.5.2.1).
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Figure 1.5.2.1: Schematic of a dual polarisation interferometer. Dual polarisation
interferometry measures changes on the pattern of slits or fringes formed on a ccd
(charge-coupled device) chip when light is shone through two parallel
waveguides. Retardation (interference) of light passing through the top, sensing,
waveguide occurs when molecules are adsorbed onto the surface of the
waveguide. By measuring two polarisations of light the thickness and the
refractive index of an adsorbed layer can be calculated. Reproduced with
permission of Jon Popplewell (Farfield Scientific).

When the upper wave has received interference its light lags behind and so the
pattern in the far-field is altered (Kim et al., 1997). This allows measurement of
absolute refractive index changes with the system being calibrated with known
solutions, e.g., ethanol and water, prior to experimentation, which is far more
powerful than using external calibration, as in surface plasmon resonance
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biosensors. Additionally, it bypasses the problem of using a system calibrated for
protein refractive index changes to measure sugar binding, as the refractive index
of the material can either be obtained from published data or measured using the
equipment.
The Young’s fringes pattern can be resolved using Maxwell’s equations. This
returns a solution for size and density, by plotting the size-density curves for TE
and TM; a cross over point declares the size and density of the surface (Figure
1.5.2.2) (Cross etal., 1999).
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Figure 1.5.2.2: The analysis of raw data in a dual polarisation interferometer.
Solving Maxwell’s equations for TE (polarisation 1) and TM (polarisation 2) at
time t allows calculation of a definite solution for the size (thickness) (d) and
refractive index (q) of a layer. These calculations assume there is no anisotropic
effect in the layer (i.e. birefringence is zero) and there is high enough surface
coverage for the layer to be considered homogenous (> 16% coverage) (Figure
adapted from http://www.farfield-group.com/pdfs/TechNote017v2.pdf).

The Farfield AnaLight Bio200 biosensor can produce a measurement for TE and
TM every 0.1s and has a resolution in Z of 0.01 nm. This is achieved by switching
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polarisations through a fast liquid crystal switch at up to 20 kHz (Cross et al.,
2003; Swann et al., 2003)
Alterations in the refractive index on the upper (sensing waveguide) cause a phase
change, A<p, which can directly be measured by continuous monitoring of the
fringe pattern and performing a Fourier transformation converting intensity to
position. A(p can be used to calculate a range of thicknesses and refractive indices
(Cross et al., 2003). Maxwell’s equations of electromagnetism are solved to
provide the absolute refractive index of the layer, with the assumption that the
layer is isotropic (Swann et al., 2003). Additional layers in the system will alter
the refractive indices for TE and TM, as there is only one unique solution of
thickness and refractive index for both TE and TM, the effect of subsequent
additional layers can be observed (Cross et al., 2003; Swann et al., 2003).
The Farfield AnaLight Bio200 biosensor uses a sensor chip with the reference and
sensing waveguides as described. The light source is a helium neon laser (A.=632.8
nm). The beam is projected through the waveguide onto a 1024x1024 element
imaging device. Samples are loaded through injection into a sample loop
connected to a HPLC valve, and additional T valve means a sample can be loaded
onto either or both of the sensing channels. Chips are calibrated by flowing liquids
of known refractive index, normally ethanol and water, over the chip. The dual
polarisation interferometry measurements are then used to fit parameters to the
chip surface and this removes artefacts caused by variances in chip manufacture
(Cross et al., 1999; Cross et al., 2003; Swann et al., 2004).

Measured changes in size and density at the surface reflect changes in mass or
function (structure) of a localised protein, e.g., an increase in the size and density
of the surface is indicative of a change in mass. If the change in mass is low, e.g.,
small molecule binding, then mass is no longer a reliable property with which to
infer surface events. In this case surface size may increase while density
decreases. This could demonstrate small molecule binding or a conformational
change in the immobilised protein. Alternatively, surface size can decrease while
density increases, which is indicative of small molecule binding, conformational
change such as structural tightening or folding and oxidation. Events where only
one of the surface size or density properties changes (increases or decreases) may
be due to binding, loss of non-specific binding or perhaps alterations in specific
binding that have no conformational effect upon the surface (Swann et al., 2004).
Initial experiments using the dual slab waveguide in far-field interferometry
investigated humidity sensing. In this study the feasibility for testing water vapour
at only a few ppm through changes in the refractive field and Young’s far-field
fringe pattern was demonstrated (Cross et al., 1999). Biological interactions tested
by this method include antibody: antigen binding, the streptavidin-biotin
interaction and the change in structure of transglutaminase on binding calcium
ions (Cross et al., 2003; Swann et al., 2004; Karim et al., 2007). In the antibody:
antigen interaction there was very little non-specific binding observed and full
regeneration of the surface following washing was observed. Kinetic parameters
for the interaction were not measured, as the affinity of the antibody for the
antigen was so high the interaction was diffusion limited. A stoichiometry of 1:1
was observed suggesting that both binding sites on each antibody bound a
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different epitope on the same antigen and a 0.5 nm conformational change was
measured, possibly due to the “closing” of the antibody around the antigen
(Swann et al., 2004).
The dual polarisation interferometry technique has been compared to other single
measurement optical techniques, namely conventional optical biosensors, X-ray
crystallography and neutron reflection. While it cannot position specific atoms,
like X-ray crystallography, dual polarisation interferometry will still measure size
changes on a nm scale (Swann et al., 2004). Through both working in solution
and having the ability to build different structures in a series of layers dual
polarisation interferometry allows than analysis more complex events that are a
closer approximation to an in vivo situation (Cross et al., 2003; Terry et al., 2006).
A further example is the real time measurement of the effect of Ca2+ ions on the
conformation of transglutimase (Karim et al., 2007). This shows the main
advantage of obtaining structural information by dual polarisation interferometry
over X-ray diffraction as being the ability to measure changes in real-time rather
than from a crystalline endpoint (Cross et al., 2003; Karim et al., 2007). As with
X-ray crystallography, neutron reflection can provide a greater level of structural
detail than dual polarisation interferometry yet requires a dedicated facility (Cross
et al., 2003). Further loss of accuracy compared to X-ray crystallography and
neutron reflection is a product of some assumptions made during experimentation.
One example being the refractive index of the chip’s cladding layers is only
determined to 10‘ 3 units of refractive index. However, this is sufficient for the
measurements made (Cross et al., 1999). Birefringence of the guiding and
cladding layers is also neglected; the data produced to date appear to demonstrate
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this as an acceptable assumption (Cross et a l, 2003). As with these other
techniques, dual polarisation interferometry is best used to compliment the
available data on ligand-ligate interactions.
While data involving lipid bilayer formation (Terry et al, 2006; Mashaghi et al,
2007) and the conformational effect of small molecules such as transglutaminasecalcium (Oikawa et a l, 2004; Suetsugu et a l, 2006) is now being obtained
through dual polarisation interferometry the majority of experimentation thus far
has focussed on protein-protein interactions. Examples of this include the binding
of WAVE2 to specific regions of its binding partners (Karim et al., 2007) and the
neuropillin-F GF-2 interaction (West et a l,

2005).

Therfore, there are

comparisoms to be made between the two techniques. Clearly, dual polarisation
interferometry provides a greater range of information than an optical biosensor.
Through taking dual measurements the binding of molecules other than proteins
can be quantified. This includes lipids in the formation of mimetic membranes
(Terry et a l, 2006; Mashaghi et al, 2007), and sugar-surface orientation (RicardBlum et a l, 2006; Yates et a l, 2006). Although, again, the fluidics system used
on the Bio200 may result in similar mass flow artefacts as the Biacore surface
plasmon resonance system (Schuck, 1997; Myszka et a l, 1998) it provides an
alternative method of experimental design for investigating glycans (Fernig, 2001;
Yates et a l, 2006).

1.7 Focus of this investigation
Although the interaction between staphylococcal proteins and many extracellular
matrix components such as fibronectin and collagen have been studied
intensively, little is known about proteins that bind heparin or heparan sulfate.
Observed biological effects of heparin, such as the increase in incidence of
bacterial arthritis in its presence or the effect on biofilm formation indicate an
interaction between the bacteria and the carbohydrate, and it would be reasonable
to expect the involvement of specific staphylococcal binding proteins since
heparan sulfate is a major structural and functional component of mammalian cell
surfaces and extracellular matricies. Further evidence for this comes from the
identification of uncharacterised heparin binding proteins identified in S. aureus
and S. epidermidis.
1.7.1 Specific aims of this investigation
•

To identify S. aureus proteins responsible for the interaction of the
bacteria with heparin.

•

To overexpress and purify sufficient quantities of these proteins to
investigate their interaction with heparin.

•

To measure the kinetics of these proteins in their interaction with the
polysaccharide.

•

To further characterise whether any preference is shown by each protein
for specific sequences in the sugar.

•

To develop novel glycan derivatised surfaces for use in the analysis of
such protein-heparin interactions.
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Chapter 2 Methods
2.1 Bacterial Growth.
S. aureus strains were grown in brain heart infusion (BHI) broth or agar plates.
Strains Newman, SH1000, N315, Mu50, MSSA476 and MRSA252 - as detailed
in Table 2.1.1. E. coli strains were grown in LB broth or agar plates. The strains
TOP 10 (Invitrogen) and BL21 (DE3) were used for cloning and overexpression
analyses, respecively (Table 2.1.1). Bacterial strains were maintained as glycerol
stocks and plated freshly onto agar prior to analysis. Bacterial starter cultures
were prepared by inoculation of 10 ml of broth with a single colony picked from a
plate (unless otherwise stated) and grown overnight. Working cultures were
obtained from a 50-fold dilution of starter culture. All growth media were
prepared using dPLO and sterilised by autoclaving for 20 min at 121°C, 15 psi.
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Table 2.1.1: Bacterial strains
Species

Strain

S. aureus

SH1000

S. aureus

Newman

S. aureus

N315

S. aureus

Mu50

S. aureus

MRSA 252

S. aureus

MSSA 476

E. coli

Top 10

E. coli

BL21 DE3

Description
Laboratory
strain derived
from S325
Laboratory
strain from
human
infection
Japanese
MRSA strain
Japanese
MRSA strain
Epidemic UK
MRSA strain
Epidemic UK
MSSA strain
General cloning
strain
T7
overexpression
strain

Reference
Horsburgh, 2002

Baba et al, 2008

Kuroda et al., 2001
Kuroda et a l, 2001
Holden et al., 2004
Holden et a l, 2004
Casadaban & Cohen,
1980
Studier & Moffatt,
1986

2.1.1 Media
All media were prepared using d ^ O and sterilised by autoclaving for 20 min at
121 °C, 15 psi. All media was from Lab M unless otherwise stated.

2.1.1.1 Brain Heart Infusion (BHI)
37 g r 1

BHI broth

For BHI agar, Merck agar was added, 13 g l'1, prior to autoclaving.
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2.1.1.2 Luria-Bertani (LB)
Luria-Bertani (LB)

36 g l"1

For LB agar, Merck agar was added, 13 g l"1, prior to autoclaving.

2.1.2 Antibiotics
Antibiotics were used from stock solutions of lOOOx the final required
concentration. Chloramphenicol was dissolved in 5% (v/v) ethanol at 20 mg m l'1
and kanamycin was dissolved in dFLO at 50 mg ml'1; both were filter-sterilized
(0.2 pm pore size). Stock solutions were stored at -20°C. When antibiotics were
used in agar plates the media was allowed to cool to 50°C before addition. Any
antibiotics used in liquid media were added immediately prior to use. Antibiotic
powders were purchased from Sigma-Aldrich (Gillingham, UK) and stored as
directed prior to use.

2.2 Protein preparations.
All buffers were prepared using dH20 and were stored at room temperature unless
otherwise stated. Solutions that were used in sterile work were sterilized by
autoclaving. Chemicals were all of molecular biology grade, purchased from BDH
unless otherwise stated.
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2.2.1 1-dimensional (ID) SDS-PAGE
ID SDS-PAGE gel solutions

2x Laemmli buffer (Laemmli, 1970)
dH20

3.8 ml

0.5 M Tris-HCl (pH 6.8)

1.2 ml

10 % (w/v) SDS

2 ml

Glycerol

2 ml

P-mercaptoethanol

1 ml

Bromophenol blue

0.1 mg

2.2.1.1 SDS-polyacrylamide gel electrophoresis (PAGE) gel formulation and
construction

SDS-PAGE gels were constructed according to the method described by Laemmli
(1970). The following constituents were added together in a sterile 30 ml plastic
universal:
Resolving gel
dH20

3.5 ml

30% (w/v) Acrylamide/Bis

3.67 ml

1.5 M Tris-HCl (pH 8.8)

2.5 ml

10% (w/v) SDS

100 pi
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The components were thoroughly mixed by swirling so as not to introduce air
bubbles. The following components were then added to polymerise the
acrylamide:
10% (w/v) Ammonium persulfate (APS)

50 pi

TEMED

5 pi

The contents were mixed again before being pipetted into the gel casting
apparatus. A layer of water saturated butan-2-ol was then overlaid onto the
mixture to ensure isolation from the air. The gel was then left to polymerise.
Stacking gel
dH20

2.25 ml

30% Acrylamide/Bis

500 pi

0.5 M Tris-HCl (pH 6.8)

1 ml

10% (w/v) SDS

80 pi

The contents were mixed by swirling before the addition of:
10% (w/v) APS

100 pi

TEMED

5 pi

The contents were mixed by swirling. The butan-2-ol overlay on the resolving gel
was washed off with dH20 and excess traces were removed before the stacking
gel was applied to the casting apparatus. A plastic comb was placed in the gel to
create wells and to isolate the gel from the air. After the gel had polymerised it
was transferred to the gel running tank and submerged in lx SDS-PAGE
electrophoresis buffer. Gels were run at 200 V and 30 mA per gel.
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lOx SDS-PAGE electrophoresis buffer
Glycine

144 g f

Tris base

30 g r 1

20% (w/v) SDS

50 ml l'1

lx SDS-PAGE electrophoresis buffer was made by diluting lOx stock 1:10 with
dH20.
Protein bands were visualised through the addition of Coomassie R-250 stain and
incubated for 30 min while shaking. The staining solution was removed and the
gel washed with ddH20 and destained with destain solution which was replaced
with fresh solution when required.

Coomassie R-250 stain
Isopropanol

250 ml f

Acetic acid

100 ml r 1

Coomassie Blue R-250

2.5 g r 1

ddH20

650 ml'1

Destain solution
Methanol

100 ml l'1

Acetic acid

100 ml l'1

ddH20

800 ml'1
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2.2.2.1 Western Blot Materials.
Solutions (unless stated otherwise all solutions were made with ddH20):
Blotting buffer
20 mM Tris

2.4 g l'1

150 mM Glycine

11.26 g l'1

20% (v/v) Methanol

200 ml l'1

Tris Buffered Saline (TBS): Tween 20 (TBST; 20x)
Tris

12.2 gT 1

NaCl

87.6 g l’1

Tris and NaCl were dissolved in 900 ml dH20, the pH was adjusted to 8.0 with
HC1, 5 ml Tween 20 was added and then the solution was made up to 1 1 with
dH20. TBST was made by diluting 20x stock 1:20 with dH20.

Blocking and Antibody Solution
5% (w/v) Dried Skimmed Milk in IX TBST 2.5 g/50 ml

22.2.2 Biotinylation of heparin for Western Blot
Heparin was biotinylated as described in the Roche Biotin Labelling Kit (Roche
Diagnostics, Basle Switzerland)). Biotin-7-NHS (Roche), diluted 1 in 10 with
dimethylsulfoxide (DMSO; Roche) was added to 1 ml of heparin (1 mg ml'1) to
provide an approximate labeling ratio of 1:50 (i.e. 1 molecule of the ligand was
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reacted with 50 molecules of biotin-7-NHS) and incubated for 2 h. Labeled
heparin was purified through a Sephadex G-25 column and eluted in 3.5 ml lx
phosphate-buffered saline. Biotinylated heparin was stored at -20 °C. Successful
reaction was demonstrated by blotting 1 pi of serially diluted biotinylated heparin
onto membrane pre-wetted with blotting buffer (BioRad (Herts, UK), ImmunBlot
PVDF membrane). The membrane was incubated in lx PBS for 90 min, followed
by incubation for 30 min in Avidin-alkaline phosphatase (Calbiochem, San
Diego) diluted 1:1000 in 20 ml lx PBS. The membrane was developed in the dark
with NBT-BCIP (Boehringer-Ingelheim, Ingelheim) diluted 1:500 in 25 ml
alkaline phosphatase buffer. The reaction was quenched using Tris-EDTA buffer,
and then the membrane was air-dried.

2.2.2.3 Western Blot Method
Polypeptides separated by SDS-PAGE were electrophoretically transferred to
ethanol pre-wetted PVDF membrane (BioRad) using a blotter (BioRad TransBlot
SD, Semi-Dry Transfer Cell) for 1 h with constant current at 76 mA. Membranes
were blocked in blocking solution (Section 2.2.2.1) overnight at 4°C. Membranes
were washed for 5 min in lx TBST, then incubated with 2 pg ml"1 of biotinlabelled heparin (dissolved in lx TBST) for 2 h. Membranes were washed for 2x
10 min in lx TBST and then incubated with Avidin-alkaline phosphatase (1:1000
in 20 ml lx TBST) at room temperature for 60 min. Membranes were then
washed for 2x 10 min with lx TBST. Nitro-Blue Tétrazolium Chloride- 5-Bromo4-Chloro-3'-Indolyphosphate

p-Toluidine

Salt

(NBT-BCIP)

(Boehringer-

Ingelheim; 50 pi in 25 ml AP buffer) was applied to the membrane and the
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membrane was incubated in the dark to develop. The reaction was quenched by
the addition of Tris-EDTA buffer and the membrane was air-dried.

2.2.3 Collection of protein samples from S. aureus
2.2.3.1 Secreted proteins.
Cultures o f S. aureus strain Newman (500 ml) were grown to mid-logarithmic
phase (A6oo= 1-0) and stationary phase (A6oo=8.0). Cells were removed by
centrifugation (5000 x g, 4°C, 15 min) and the supernatant containing secreted
proteins carefully transferred to a fresh container. Proteins were concentrated by
the addition of 100% (w/v) trichloroacetic acid (TCA) to a final concentration of
10% (w/v) on ice for 3 hours and the precipitate was pelleted by centrifugation
(13,000 x g, 4°C, 10 min). The pellet was washed with 95% (v/v) ethanol pH 8.85
and resuspended in 2 ml phosphate-buffered saline pH 7.2.

2.2.3.2 LiCl extraction of ionic surface proteins.
A 500 ml culture of S. aureus strain Newman was grown to mid exponential

phase (A6 oo=1-0) and the cells were collected by centrifugation (5000 x g 4°C, 15
min). A further 500 ml culture was grown overnight to stationary phase (A6oo=8.0)
and the cells were collected by centrifugation. Cell pellets were washed by
resuspension in 10 ml 50 mM Tris-HCl pH 7.5 and centrifuged at 5000 rpm for 10
min. The cell pellet was resuspended in 6 ml of 50 mM Tris-HCl pH 7.5 and then
4 ml of 10 M LiCl was added with phenylmethylsulfonyl fluoride (PMSF), 0.5
mM, and the cells were incubated for 1 hour on ice. Cells were transferred to
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Eppendorf tubes and centrifuged at 13,000 g for 10 min. The supernatant was
transferred to new tubes and 100% (w/v) TCA added to 10% (w/v) final
concentration. The samples were incubated on ice for 3 hours, centrifuged at
13,000 g for 10 min. The pellet was washed with 1 ml acetone and centrifuged for
5 min at 13,000 g, the acetone wash was repeated and the residual acetone
allowed to evaporate. Finally, the pellet was dissolved in 20 pi phosphate buffered
saline and centrifuged at 13,000 g for 5 min before transferring the supernatant to
a clean tube.

2.2.3.3 Covalently attached surface proteins extracted by partial digest with
lysostaphin.
Cultures o f S. aureus strain Newman (500 ml) were grown to mid-logarithmic
phase (A6oo=1-0) and stationary phase (A6oo=8.0). The cells were harvested by
centrifugation (10,000 x g, 4°C, 15 min) and resuspended in 10 ml 50 mM TrisHC1 pH 7.2 and transferred to Eppendorf tubes (1 ml/tube). Cells were pelleted at
13,000 rpm for 5 min and resuspended in 350 pi 30% (w/v) raffinose, followed by
the addition of 28 pi benzamidine (50 mg ml'1), 14 pi PMSF (50 mg ml'1) and 56
pi lysostaphin (200 pg ml'1) and gentle mixing before 15 min static incubation at
37°C. The protoplasts and associated debris were then pelleted for 10 min at 6,000
rpm and the supernatant, containing the cell-wall associated proteins, transferred
to a clean tube and stored at -20°C.
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2.3 Molecular biology techniques
2.3.1 Agarose gel electrophoresis
DNA samples were visualised using agarose gel electrophoresis followed by
exposure to ultraviolet (UV) light. A 1% (w/v) agarose gel was made up in lx
TAE (40 mM Tris base, 20 mM glacial acetic acid, ImM EDTA), with 2 pi
ethidium bromide (10 mg ml'1) added to 100 ml molten agarose to stain any DNA
present. Gels were run at 80-100 V depending upon the degree of band separation
required, and the volumes loaded varied depending on the sample, and its use; e.g.
5 pi was loaded to verify results, or 40 pi was loaded for DNA extractions.

2.3.2 Genomic DNA extraction using Qiagen DNeasy kit.
Genomic DNA was purified from S. aureus strains Newman and N315 using 1.5
ml of overnight culture using the protocol for Gram-positive bacteria from the
DNeasy Blood and Tissue kit (Qiagen). DNA was eluted from the column in 2x
100 pi elution buffer and visualised using agarose gel electrophoresis.

2.3.3 Polymerase chain reaction (PCR)
2.3.3.1 Primer Design
The primers used for PCR amplification were short synthetic oligonucleotides
(17-35 bp) that were based on DNA sequences obtained from the S. aureus N315
sequence from the online Aureolist database, curated by the Pasteur institute
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(http://genolist.pasteur.fr/AureoList/index.html)(Table

2.3.3.1.1).

All primers

were designed to minimise secondary structure or primer dimer formation and
synthesised with the addition of Nde\ or BamHX restriction sites to the 5’ ends
(underlined) to enable subsequent cloning. Primers were synthesised using the
Custom Oligonucleotide Synthesis service from Sigma-Aldrich. All primers were
designed for this project.
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Table 2.3.3.1.1: Primer sequences designed for this project.
Sequence (5'-3') A
Primer
SA0295
GGCATAC ATATGAAAAGTTCTGCTGAAGTT CAA
Forward
SA0295
GCATGGATCCTTATTTAACTTCGCCTGTTTTAG
Reverse
SA0570
GGCATACATATGGC AAGTGGCAACT CTATTGA
Forward
SA0570
GCATGGATCCTTATTTTTCC AAATC AAT ACG
Reverse
SA1000
GGC ATACATAT GCAAACTAAAAACGTT GAAGCTGC
Forward
SA1000
GCATGGATCCTTATTTT AAAGTATTATATT
Reverse
SA1003
GGCATACATATGAGCGAAGGATACGGTCC AAG
Forward
SA 1003
GCATGGATCCTTATCTCACTAATCCTTGTT
Reverse
SA 1644
GGCATACATATGAAAAAAACGT GTATGTATGGC
Forward
SA 1644
GCATGGATCCTTATTTTTT GGTTAAAT GAAC
Reverse
SA1751
GGCATACATATGGCAGCTAAGCCATTAGATAAATC
Forward
SA1751
GCAT GGATCCTTATTTTTTTTTT GATTT AGTG
Reverse
SA1812
GGC ATACATAT GAAAATTAATTCTGA AATT AAAGCTG
Forward
SA1812
GCAT GGATCCTTATTTCTTTTCATTAT CAT
Reverse
SA2245
GGCATACATATGAGC AATTAC AC GGTTAAGATT
Forward
SA2245
GCATGGAT CCTTAAT CATAATGTGACC ATG
Reverse
Restriction sites are underlined in those primers that were used for c
GGATCC, BamHl; CATATG, Ndel.

2.3.3.1 PCR
S. aureus strain Newman genomic DNA was used as a template for amplification
in a 25 pi PCR mixture that was prepared with the following components: 4 mM
of each primer (Table 2.3.3.1.1) 10-20 ng template DNA (up to 5 pi) and 12.5 pi
2x BioMix Red, (lx contains Taq DNA polymerase (2 units), dNTPs (2 mM),
(NH4)2S 04 (32 mM), Tris-HCl (pH 8.8, 125 mM), Tween 20 (0.02%) and MgCl2
(4 mM). The PCR cycle parameters for the reactions were: initial dénaturation at
95°C for 5 min, followed by 30 cycles of 95°C for 30 s, specific annealing
temperature (50°C) for 30 s and 72°C for 1 min, and a final elongation step of
72°C for 5 min. After PCR amplification the entire reaction was loaded onto a 1%
(w/v) agarose gel for analysis.

2.3.4 Production of over-expression vectors.
Oligonucleotide primers were designed to amplify each gene, with the removal of
signal sequences for protein export. These signal sequences were identified using
the SignalP algorithm hosted online (http://www.cbs.dtu.dk/services/SignalP/).
The absence of the restriction sites for Nde\ and BamH\ to be used for cloning
was confirmed using the DNA sequence package Redasoft visual cloning
(Redasoft). Oligonucleotide primers were purchased from Sigma. Genomic DNA
purified from S. aureus strain Newman was used as a PCR template to amplify the
desired coding sequence. Each entire PCR reaction was loaded onto a 1.5% (w/v)
agarose gel (100 V, 60 min) and DNA bands containing the correctly sized,
amplicons were excised and then the PCR products were purified using the

59 ~

Nucleospin 200 gel extraction kit and following the manufacturer’s instructions.
PCR reactions were repeated until satisfactory amplification was achieved for
each gene. Once each PCR product was amplified from S. aureus genomic DNA
they were simultaneously digested using BarnHl

and Ndel

restriction

endonucleases (Promega, Maddison, US); The PET28a+ plasmid vector
(Novagen, San Diego) for overexpression was similarly digested. The DNA was
purified from the enzyme digest reactions using a Nucleospin extraction kit and 5
pi of each eluted, sample was loaded onto a 1.5% (w/v) agarose gel (100 V 60
min). The intensity of the bands, in relation to DNA size markers of known
concentration, was used to estimate a 3:1 molar ratio of the insert and plasmid for
the ligation of each insert into the vector. T4 DNA ligase (3 units) was used to
ligate each gene into PET28a+ and one pi of each ligation reaction was used to
transform E. coli K12 ToplO by electroporation (1.6 V, 200 Q, 25 pF). Plasmids
were inserted into competent E. coli by electroporation. Cells (50 pi) and 1.5 pi
plasmid construct were added to a pre-chilled electroporation cuvette (1 mm gap)
and transformed at 200 Cl, 25 pF, 1.6 kV using a GenePulser (BioRad). Cells were
recovered in LB medium for 60 min prior to spreading the bacteria onto LB agar
plates containing 50 pg ml'1 kanamycin to select for the plasmid; plates were
incubated overnight. Colonies were subcultured on selective plates and then
individual clones were boiled in 50 pi water for 10 min to burst the cells, prior to
PCR screening with the relevant primers for the cloned DNA insert. In initial
experiments there was a high percentage of religated vector with no insert. To
prevent this, the ligation was repeated after dephosphorylating the digested
plasmid with Antarctic shrimp alkaline phosphatase (Promega). E. coli
transformation was repeated and colonies were PCR screened as described.
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Clones that were PCR positive for insert, relative to control, were cultured in 100
ml of LB and plasmid was purified using a DNA midi extraction kit (Promega) as
per the manufacturer’s instructions. A stock of each plasmid containing each
insert was stored and 10 pi of DNA (~ 1 pg) was sent to be DNA sequenced using
T7 forward and reverse primers to cover the region of expression. Sequencing
reactions were performed by Macrogen, Korea.

2.4 Protein Identification.
2.4.1 Heparin affinity chromatography.
A column for protein purification was prepared consisting of a 1 ml bed of
heparin-agarose beads (Bio-Rad, UK). Samples of proteins extracted from the
supernatant or cell surface of S. aureus and suspended in PBS (methods 2.2.3)
were loaded onto the heparin affinity column by gravity flow, and then the
column was washed with 8 column volumes (8 ml) PBS. A further wash with 8
column volumes 0.2 M NaCl pH 7.2 was carried out to remove unbound proteins;
bound proteins were eluted with step-wise additions of higher concentrations of
NaCl (0.6 M, 1.1 M, 2 M and 4 M, all pH 7.2). It was observed that 0.6 M NaCl
was sufficient to elute all bound proteins, hence in subsequent purifications only
this concentration was used. The column was stored in PBS supplemented with
0.02% (w/v) sodium azide.
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2.4.2 MALDI-TOF Mass Spectrometry.
Prior to trypsin digestion of proteins Eppendorf tubes were washed in acetonitrile
(ACN) and methanol and allowed to dry. Chromatography column eluates were
precipitated by addition of TCA to 10% (w/v) final concentration with incubation
overnight at 4°C. Samples were centrifuged at 13,000 g for 10 min and the
supernatant removed and discarded, the pellet was washed with 95% (v/v) ethanol
pH 8.85, centrifuged at 13,000 g for 10 min and the wash repeated. The air-dried
pellet was then dissolved in 15 pi Laemmli sample buffer and separated on a 12%
(w/v) polyacrylamide gel. The gel was stained with Coomassie blue for 1 h and
destained with 10% (v/v) methanol/10% (v/v) acetic acid for one hour with one
change of destain after 30 min. Bands were excised using a clean sterile blade.
The bands were chopped into small pieces with a sterile pipette tip and washed for
30 min with 200 pi 50% (v/v) ACN in 25 mM ammonium bicarbonate. The wash
solution was removed and the gel pieces dried. The gel pieces were rehydrated
using 50 pi 25 mM ammonium bicarbonate containing 5 ng trypsin per pi and
digested overnight at 37°C. ddH20 (50 pi) was added to each sample and
incubated for 15 min at 37°C before 20 pi of 30% ACN/0.1% triflouroacetic acid
(TFA) (both v/v) was added; the samples were then centrifuged briefly. The
supernatant was transferred to clean 0.5 ml tubes then desiccated. The sample was
finally resuspended in 2 pi 0.1% (v/v) TFA and stored at -20°C for MS. To load
samples for MS 0.5 pi HCCA (alpha-cyano-4-hydroxycinnamic acid) matrix
spiked with ACTH (adrenocorticotropic hormone) was added to each sample. The
spectra were processed in Data Explorer; the Visual Basic Macro was used to
clean up spectra and isolate monoisotopic peaks (all Applied Biosystems, Foster
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City,

US).

The

Mascot

Peptide

Mass

Fingerprint

Database

(at

www.matrixscience.com) was used to search for homologues to the resulting
peptide mass fingerprint. The ‘other Firmicutes’ taxonomy data was searched,
with a peptide tolerance of ±1.2 Da; up to 1 missed cleavage was allowed and
trypsin was selected as the enzyme used in digestion. Cys-acrylamide (C) and
oxidation (M) were selected as fixed and variable modifications, respectively. The
sequences of positively identified proteins were transferred to the SignalP 3.0
server (www.cbs.dtu.dk). The presence and location of signal peptide cleavage
sites in these proteins were searched for using the neural networks (NN) model
directed on Gram-positive bacterial sequences. The expected size of the identified
proteins was compared to the size seen on the original ID SDS-PAGE gel as
further evidence of correct identification.

2.5 Over-expression of proteins.
2.5.1 Preparation of electrocompetent E. coli cells.
Two strains of E. coli were used for recombinant DNA processing. E. coli K12
Top 10 (Invitrogen) (Table 2.1.1) for cloning and production of overexpression
vectors and E. coli BL21 (DE3) pLysS for overexpression. The pLysS plasmid
contains the gene encoding T7 lysozyme, a T7 RNA polymerase inhibitor, to
dampen expression levels and limit potential toxicity and maximise soluble
protein levels. One litre of each strain was grown to an OD6 0 0 of 0.6 and chilled
on ice for 20 min. The cells were harvested by centrifugation (8000xg, 10 min,
4°C) and washed twice in 500 ml sterile ice cold ddFBO before gentle
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resuspension in 20 ml ice cold 10% (v/v) glycerol. Cells were centrifuged again
(8000xg, 5 min, 4°C) before gentle resuspension in 2 ml ice cold 10% (v/v)
glycerol and split into

1 0 0

pi aliquots before snap-freezing in liquid nitrogen and

storage at -70°C.
2.5.2 Transformation of E. coli and induction of expression.
E. coli BL21 (DE3) pLysS was chosen as an overexpression strain, expression of
the product is easily controlled by induction with 1 mM IPTG and promoter
leakage is limited through the addition of 2 % (w/v) glucose to the medium to
maximise catabolite repression of the T7 RNA polymerase promoter prior to
induction. To minimise problems with host directed interference of target gene
expression, freshly transformed cultures of E. coli BL21 (DE3) pLysS were used.
E. coli BL21 (DE3) pLysS cells were transformed by electroporation (1.6 V, 200
Q, 25 pF) with the plasmids containing inserts designed to overexpress each of
the identified heparin binding proteins from S. aureus. After recovery of
transformed cells in LB medium aliquots were spread onto LB agar containing 50
pg ml' 1 kanamycin and 2% (w/v) glucose.

Colonies obtained after overnight

growth were picked and subcultured in 10 ml LB broth supplemented with the
same additives. One ml was diluted 10-fold into fresh broth and grown to
OD6 0 0 - 0 - 6 and protein expression was induced by the addition of 1 mM IPTG.
After 3 h, 1 ml was taken from each culture and boiled in 10 pi Laemmli sample
buffer/0.2 OD units. This was loaded onto a 12% (v/v) polyacrylamide gel.
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2.5.3 Purification of over-expressed proteins.
Successful overexpression of proteins was examined using a small scale
purification.

For this a 10 ml culture was grown to OD6 0 0 = 0.6 and

overexpression induced by addition of 1 mM IPTG for 3 h. The culture was
harvested and resuspended in 8 ml native binding buffer (PBS) with 8 mg
lysozyme and incubated on ice for 30 min. The mixture was sonicated at full
power for six 10 s bursts with 10 s cooling on ice in between. The debris was
pelleted (3000xg, 15 min) and the supernatant transferred to a new tube. A
column of Pro-bond resin with a 2 ml bed volume was washed twice with 4
column volumes of H2 O and then twice with 4 column volumes of native binding
buffer. The cell lysate was added then washed twice with 4 column volumes of
native wash buffer (PBS + 50 mM imidazole) prior to the bound proteins being
eluted with native elution buffer (PBS + 335 mM imidazole). Eight 1 ml fractions
from the elution were collected for analysis. To produce sufficient protein fro
further analysis this method was scaled up, using 500 ml cultures. Purified protein
was buffer exchanged through dialysis into PBS using Spectra-Por membrane
with a 3.5 kDa molecular weight cutoff (Spectrum Labs, Breda, Holland). As the
hexa-histidine tag was known not to interfere with the FGF-2-heparin interaction
it was left uncleaved (personal communication with Prof. D.G. Fernig).
2.5.4 Calculation of Protein Concentration
The translated sequence was determined using the DNA sequencing data and
Redasoft Visual cloning. The number of tryptophan, tyrosine and cysteine were
counted for each polypeptide sequence to enable the molar extinction coefficient
to be calculated at 280 nm using the method of Gill and vonHippel (Gill &
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vonHippel, 1989). Three absorbance measurements were taken at 280 nm and the
concentration of the protein calculated using the Beer-Lambert equation. To
confirm the spectophotometric concentration measurements, 0.5 pg of each
protein was loaded onto a

1 2

% (w/v) polyacrylamide gel and the intensity of the

protein band was compared to the intensity of protein marker bands (5 pi Bio-rad
broad range markers contain 0.5 pg protein/band).

2.6 Surface Production for Interaction Analysis.
2.6.1 Dual polarisation Interferometry.
2.6.1.1 Hybrid Bilayer Membranes.
A decanoic acid suspension was produced by stirring 400 pmoles of decanoic acid
(Sigma) in 10 ml ddl-BO for 1 hour to break up lumps. NaOH (250 pi, 1 M) was
added to this in

1 0 -2 0

pi aliquots, while still stirring, and the solution was heated

to 50°C prior to diluting 10-fold with ddFbO at 50°C. The diluted solution was
incubated for a further 5 min then removed and allowed to cool. The working
solution was clear and of a pH between 5.5 and 6.5 and would froth when shaken.
l,2-dipalmitoyl-sn-glycero-3-phosphocholine

vesicles

were

produced

by

vortexing together 50 pi 2-propanol and 2 pmoles l,2-dipalmitoyl-sn-glycero-3phosphocholine. PBS (950 pi) was added to form a turbid suspension. This was
sonicated for 1 hour on ice until clear and stored at 4°C. The solution was diluted
10-fold before use on the AnaLight Bio200 (Farfield Scientific, Crewe, UK)
following a published method (Terry et al., 2006). An amine modified chip was
loaded into the AnaLight Bio 200 and calibrated with 80% (w/w) ethanol and
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100% (w/w) H2 O injections. A-ethyl-A-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) (2.5 mg) was dissolved in 500 pi decanoic acid solution,
degassed manually and injected at 50 pi min

_1

after 2.5 min to provide a

hydrophobic base layer. This injection was repeated and each injection followed
by a 400 pi 80% (w/w) ethanol injection and a 400 pi 20% (w/w) ethanol
injection until a one radian increase in TM was observed. A 400 pi injection of
lipid vesicles was flowed over this layer ensuring that a sigmoidal curve was
observed, indicating vesicle unfolding.
Substitution of l,2-dipalmitoyl-sn-glycero-3-phosphocholine for 1,2-dipalmitoylsn-glycero-3-phosphothioethanol was carried out to introduce a thiol group into
the lipid layer, the above method was repeated using these 1 ,2 -dipalmitoyl-snglycero-3-phosphothioethanol vesicles. On formation of a lipid layer, 100 pg
mercurated decasaccharide (Hg-DP10) (Skidmore et a l, 2004) was injected at 25
pi min' 1 to introduce heparin to the layer. The presence of sugar and non-specific
binding of a layer without sugar was tested by injection of 400 pi 5 pg ml' 1 FGF-2
(recombinant human FGF-2 is synthesised in house following the protocol
described in Duchesne et a l, 2008 and purified using the protocol described in Ke
et a l, 1992) and 400 pi 10 pg ml- 1 Avidin (Sigma).

2.6.1.2 Lipid Bilayers.
Lipid vesicles were produced by generating 10 mg ml' 1 (w/v) stocks of 1,2dipalmitoyl-sn-glycero-3-phosphocholine in chloroform to produce a 0.5 ml
solution with the desired proportions and the chloroform was then allowed to
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evaporate. The dry mixture was rehydrated in 1 ml HEPES buffer (10 mM
HEPES, 150 mM NaCl, 1-2 mM CaCl2, pH 7.4) at 40°C for 1 h. The rehydrated
mixture was made into vesicles either by sonication or with

11

passes through a

100 nm extruder. An unmodified chip was cleaned ex-situ in 10% (v/v)
Hellmanex for 20 min then rinsed in ethanol before loading into the AnaLight
Bio200. After calibration the chip was cleaned in-situ with 2% (w/v) SDS and the
lipid vesicles were injected onto the surface. All experiments were carried out in
HEPES buffer containing CaCl2 at a temperature above Tm. Thiolated lipid was
also dissolved in chloroform at a concentration of 1 0 mg ml'1.

2.6.1.3 PEG/oligosaccharide surfaces.
A thiol derivatised chip was loaded into the AnaLight Bio200 and calibrated with
water and 80% (w/w) ethanol. Experiments were carried out in PBS, pH 7.4. An
injection (200 pi) of 50 mM A-[B-Maleimidopropionic acid] hydrazide,
trifluoroacetic acid salt (BMPH) (Pierce, Rockford, US) was flowed over the chip
and incubated for 20 min. Nitrous acid cut heparin (1 mg ml'1) was injected onto
the BMPH layer overnight at pH 5.0 and a binding curve was observed. The
remaining BMPH was blocked with an overnight injection of PEG-aldehyde (50
mg ml'1). Non-specific binding was tested using a BMPH-PEG surface without
heparin.
2.6.1.4 Analysis of results.
Data from the AnaLight Bio200 were analysed using the software provided by
Farfield. Data linearization was obtained through a slow injection (20 pi per min)
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of 80% (w/w) ethanol which was allowed to flow completely over the chip until
no ethanol was left in the injection loop. A correction was applied to lipid bilayer
data to allow for the anisotropy of the lipid molecules.

2.6.2 Resonant mirror biosensors.
2.6.2.1 Amino silane surfaces.
Streptavidin was immobilised onto the surface of an amino silane cuvette using
bissulfosuccinimidyl suberate (BS3, Pierce) as a cross-linker, following the
manufacturer’s recommendations. Biotinylated heparin (10 mg m l'1) was added to
this surface and incubated overnight. To test for non-specific binding, a cuvette
was prepared omitting the heparin; additionally, an unmodified amino silane
cuvette was used to test for binding to the cuvette surface.

2.6.2.2 Biotin surfaces.
To overcome non-specific binding problems on the amino silane surface a heparin
surface was produced on a biotin functionalised cuvette. Streptavidin (20 pi, 2.5
mg ml'1) was added to the biotin surface and biotinylated heparin bound to this
overnight at 4°C.
2.6.2.3 PEG non-stick surfaces.
A PEG surface was designed for use in the IAsys (Affinity Sensors, Cambridge,
UK) biosensor to overcome non-specific binding limitations observed on the
amino silane and biotin surfaces. BMPH (50 mM) was added to a thiol
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functionalised cuvette and incubated for 20 min at room temperature. Nitrous acid
cleaved DP6 was bound to this surface at pH 5.0 overnight at 4°C. The remaining
BMPH was blocked with PEG-aldehyde at pH 7.4 overnight at 4°C. Some non
specific binding of 10 ng hepatocyte growth factor (HGF) (R&D Systems,
Oxford, UK) added in PBST was observed so the PEG-aldehyde was repeated
until no binding of HGF to a heparin negative PEG control surface was observed.
2.6.2.4 Analysis of results.
Binding kinetics measured in optical biosensors can be subject to arte factual
second phase binding sites, due either to steric hindrance at the binding surface, or
due to rates of diffusion of the soluble ligand approaching or exceeding the rate of
association. Binding assays were designed to avoid such artefacts i.e. kon was
only determined at low concentrations of ligands, whereas koff was measured at
higher concentrations of ligand to avoid steric hindrance and rebinding artefacts.
Moreover, heparin was added at 10 mg ml' 1 to the dissociation buffer to compete
for binding to the surface. Using the manufacturer’s software (IAsys Fastfit), the
association and dissociation data were observed to fit single site binding models,
at least as well as a two-site binding model in both the competitive binding assays
and the kinetic experiments. Therefore, the binding reaction between the ligands
and immobilized sugar was demonstrated to be suitably monophasic, and a single
site model used to calculate the binding parameters. The equilibrium dissociation
constant (Kd) was calculated both from the ratio of the dissociation rate constant
(kdiss) and association rate constant (kass) and from the extent of binding to provide
an estimate of the self-consistency of the results.
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2.7 Partial Digestion of Heparin with Nitrous Acid

Nitrous acid was freshly produced by combining equal volumes of 40 mM NaNC>2
and 400 mM HC1. 4 ml of this was added to 4 ml 10 mg ml' 1 heparin and 1 ml
fractions taken at time intervals of 1, 5, 10, 30, 60, 90 and 120 min and quenched
with NaCC>3 to pH 7-7.5. To test that a sufficient range of fragments were present,
10 pi of each fraction was loaded onto a 30% (w/v) polyacrylamide gel and
subjected to electrophoresis for 4 h at 200 V. The sugar fragments were visualised
through staining with 0.2% (w/v) alcian blue dye while gently shaking for 30 min
and destaining with ddH2 Û. Pooled fragments were separated by size exclusion
chromatography using the facility provided by the University of Liverpool
molecular glycobiology group and their published protocol (Hussain et a l, 2006).
Desalted sugar samples were lyophilized and quantified by weighing as it is not
possible to quantify nitrous acid digested heparin oligosaccharides by
measurement of their adsorption at 232 nm (Powell et a l, 2004).
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Chapter 3. Identification

and

Overexpression

of Putative

Staphylococcus aureus Heparin Binding Proteins.

3.1 Introduction
Several heparin-binding proteins have been identified in S. aureus, although little
is known about the biochemistry of binding the glycosaminoglycan, despite clear
biological effects of heparin on bacterial growth and virulence. To investigate the
question of which staphylococcal proteins bind heparin a series of extracellular
protein extracts were collected, consisting of either secreted or surface-associated
proteins. These protein fractions were subjected to affinity chromatography on
heparin, ID polyacrylamide gel electrophoresis and finally mass spectrometry of
fragments after digestion with trypsin, to attempt to identify individual proteins
with heparin binding ability. Once potential heparin binding proteins were
assigned an identity, their genes were cloned into overexpression vectors for
subsequent purification as a means to further investigate the mechanism
underpinning heparin binding (chapter 4). In this chapter the isolation and
identification of heparin-binding proteins is described, as is the selection of
candidate proteins and their overexpression and purification.
While the biological effects of heparin upon the behaviour of S. aureus have been
described the role of its heparin binding proteins is unknown. Thus, by identifying
potential heparin binding proteins from the bacteria, some of which have assigned
functions already it is possible to hypothesise on the potential role the host
glycosaminoglycan plays in the function of those proteins and so on host-cell
interactions.
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3.2 Determining standard growth conditions
Preliminary cultural analyses were performed to identify the optimal time points
during growth of S. aureus (Newman) for sampling (Figure 3.2.1). The
absorbance of one ml of culture as measured in triplicate at intervals of 30 min
and the bacteria were enumerated by dilution and plate counting. A6 oo=l - 0 was
identified as being during the exponential phase of growth and A6 oo~8 . 0 was
identified as the stationary phase of growth. These values typically occurred after
three and ten hours of growth, respecively. Subsequently all cell culture
harvesting was done at these time points to ensure consistency.
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Figure 3.2.1: A representative growth curve of S. aureus strain Newman grown
aerobically at 37°C with shaking at 100 rpm in a one litre culture volume.
Absorbance, measured at 600 nm (blue line), and CFU ml"1 (red line) were
determined every 30 min for 9 hrs. For protein sampling A600=1.0 was taken as
representative of the logarithmic phase of growth and A600=8.0 was taken as the
stationary phase.

3.3 Purification of S. aureus Cell Surface and Secreted Proteins
Two different methods were used to extract surface proteins from S. aureus strain
Newman to generate samples for identifying heparin binding activity. In the first
method, addition of 4 M LiCl to cells releases surface proteins attached by ionic
interaction (Section 2.2.3.2). In the second method a partial cell wall digest using
lysostaphin, an enzyme which targets the pentaglycine cross-bridges specific to S.
y

's /

aureus peptidoglycan, was used to release covalently attached cell surface
proteins (section 2.2.3.3). Raffinose was included in the cell wall digestion to
stabilise the protoplasts that are formed, preventing complete cell lysis and
subsequent contamination with cytoplasmic proteins. Secreted staphylococcal
proteins are known to occasionally attach to the cell surface either directly or
through attachment to other surface proteins (Lee et al., 2004). Consequently this
protein fraction was purified from culture supernatant to investigate its potential
for binding heparin. A sample of secreted proteins was obtained by precipitation
of the culture medium with 10% (w/v) TCA. Protein expression changes
depending on the growth phase of the bacteria, therefore to obtain a representative
sample of all the externalised proteins expressed by S. aureus each method of
protein extraction was carried out both at mid-log and stationary phases of
growth.

3.4 Preliminary Investigation of Heparin-Binding Activity
Preliminary analyses were performed to provide evidence that heparin-binding
proteins were expressed in the different protein fractions extracted from cells
grown to different time-points. Moreover, to gain preliminary data on potential
differences between heparin-binding proteins present in different strains of S.
aureus, three distinct genome-sequenced strains were analysed. For each strain
protein fractions were extracted from cultures during exponential and stationary
growth phases and these were separated using SDS-PAGE. The proteins were
then electrophoretically transferred by western blot to PVDF membrane. To
identify potential heparin-binding proteins, the membrane was first blocked before
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its incubation with biotinylated heparin followed by alkaline phosphatase
conjugated avidin. Development of the membrane using NBT-BCIP revealed the
presence of multiple heparin binding activities (Figure 3.4.1). Temporal
differences in the size and number of heparin binding activities were observed, in
addition to there being similar, but distinct profiles for SHI000, Newman and
N315 strains. These data were used as the basis for focussing on strain Newman
for the remainder of the study, with samples taken at the indicated growth stages.

Figure 3.4.1: Western blot demonstrating heparin-binding ability of TCA
precipitated S. aureus proteins obtained through LiCl challenge. Three different
strains were tested to compare any difference in potential heparin binding protein
expression. M markers, 1 Newman stationary phase, 2 Newman mid-log phase, 3
SH1000 stationary phase, 4 SH1000 mid-log phase, 5 N315 stationary phase, 6
N315 mid-log phase.

Although prior to the western blot each sample contained many proteins (data not
shown) fewer were identified by the western blot. Furthermore, incubation of a
western blot in blocking solution but omitting biotinylated heparin showed no
activity (data not shown) suggesting the positive results were a product of
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heparin-binding proteins. This indicates that at least under these conditions
(dénaturation, followed by partial renaturation during electrotransfer) only a few
S. aureus proteins are able to bind heparin.

3.5 Affinity Purification of Heparin-Binding Proteins
Cell surface and secreted protein fractions were purified from larger culture
volumes (500 ml) of S. aureus strain Newman to scale up for affinity
chromatography using heparin agarose. The protein fractions were loaded onto a
heparin agarose column (bed volume 2 ml) and then washed with 8 column
volumes of PBS to elute non-heparin binding proteins. Proteins which bound to
heparin agarose were subsequently eluted using increasing concentrations of NaCl
in PBS buffer. Proteins that eluted at 0.6 M NaCl were deemed to have heparin
binding activity. Individual column eluates from each protein preparation were
subjected to ID SDS-PAGE to separate the proteins (Figures 3.5.1-3.5.4).
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Figure 3.5.1: Eluates from heparin affinity chromatography of ionically bound
surface proteins of exponential phase S. aureus strain Newman separated by SDSPAGE on a 12% (w/v) gel. Lanes: M, markers; 1, PBS wash; 2, 0.2 M NaCl
elution; 3, 0.6 M NaCl elution. Numbered protein bands to the right of lane 3
indicate proteins excised for identification by MALDI-TOF MS.
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Figure 3.5.2: Eluates from heparin affinity chromatography of ionically bound
surface proteins of stationary phase S. aureus strain Newman separated by SDSPAGE on a 12% (w/v) gel. Lanes: M, markers; 1, PBS wash; 2, 0.2 M NaCl
elution; 3, 0.6 M NaCl elution. Numbered protein bands to the right of lane 3
indicate proteins excised for identification by MALDI-TOF MS.
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Figure 3.5.3: Eluates from heparin affinity chromatography of covalently bound
surface proteins of S. aureus strain Newman extracted using partial lysostaphin
digest. Eluates from exponentially growing (lanes 1, 2 and 3) or stationary phase
cells (lanes 4, 5 and 6) were separated by SDS-PAGE on a 12% (w/v) gel. Lanes:
M, markers; 1, PBS wash of exponential growth fraction; 2, 0.2 M NaCl elution of
exponential growth fraction; 3, 0.6 M NaCl elution of exponential growth
fraction; 4, PBS wash of stationary growth fraction; 5, 0.2 M NaCl elution of
stationary growth fraction; 6, 0.6 M NaCl elution of stationary growth fraction.
Numbered protein bands to the right of lanes 3 and 6 indicate proteins excised for
identification by MALDI-TOF MS.
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Figure 3.5.4: Eluates from heparin affinity chromatography of secreted proteins
purified by TCA precipitation of culture supernatant of exponentially growing
(lanes 1, 2 and 3) and stationary phase (lanes 4, 5 and 6) cells of S. aureus strain
Newman separated by SDS-PAGE on a 12% (w/v) gel. Lanes: M, markers; 1,
PBS wash of exponential growth fraction; 2, 0.2 M NaCl elution of exponential
growth fraction; 3, 0.6 M NaCl elution of exponential growth fraction; 4, PBS
wash of stationary growth fraction; 5, 0.2 M NaCl elution of stationary growth
fraction; 6, 0.6 M NaCl elution of stationary growth fraction. Numbered protein
bands to the right of lanes 3 and 6 indicate proteins excised for identification by
MALDI-TOF MS. The streaking observed in lanes 1 and 4 is presumed to be an
artefact from concentrated components in the growth medium.

3.6 Identification of Heparin-Binding Proteins
The successful purification of heparin-binding proteins revealed more than 30
individual bands based upon size. The identity of each protein (labelled with
numbers on figures 3.5.1 to 3.5.4 inclusive) was determined by generating peptide
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mass fingerprints from tryptic digests of each species. The excised bands were
dehydrated individually using acetonitrile and then rehydrated in bicarbonate
buffer containing trypsin followed by overnight incubation (method 2.4.2). The
dehydrated supernatants were mixed with matrix and injected into a Voyager DE
Pro MALDI-TOF MS machine (MALDI-MS). The resulting peptide mass
fingerprint

was

used

to

search

the

online

Mascot

database

(http://www.matrixscience.com/cgi/search_form.pl?FORMVER=2&SEARCH=M
IS) of tryptic digest masses to identify candidate matches for each protein.
Matches to proteins in the database were decided upon using a combination of:
the Mowse score (-10*Log(P), where P is the probability that the observed match
is a random event); the mass of the predicted protein approximating the mass of
the resolved protein excised from the gel; additional support for matches was
determined from the number of peptides obtained; and the sequence coverage.
The identities of individual proteins are listed in table 3.6.1.
Table 3.6.1: MALDI-TOF MS results for proteins excised from polyacrylamide
gels containing column elutions from a heparin agarose affinity column loaded
with different cell surface and secreted protein fractions of S. aureus strain
Newman. Proteins were identified by using the Mascot database to identify
potential matches from peptide mass fingerprint data, obtained after MALDI-TOF
MS of tryptic digests. The likelihood of a correct match was determined from a
mixture of the Mowse score (-10*Log(/)), where P is the probability that the
observed match is a random event) and a match between the predicted protein size
and the size observed from SDS-PAGE. The coding sequence (CDS) number
refers to the coding sequence of the S. aureus N315 genome.
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Band
Number

Protein (CDS number)

Experimental
Fra ction

Peptides
Matched

Mowse
score

MW from
gel (kDa)

MW (kDa)

1

Arginyl t-RNA synthetase

Ionic Mid-Log

5

47

45-66

62 500

2

Protein A(SA0107)

Ionic Mid-Log

3

43

31-45

36 000

3

Glutamate ABC transporter ATP-binding
protein (SA1674)

Ionic Mid-Log

2

30

21-31

27 000

4

30S Ribosomal protein S7

Ionic Mid-Log

8

44

14-21

18 000

5

30S Ribosomal protein S9

Ionic Mid-Log

4

51

14-21

14 500

6

No Data

Ionic Mid-Log

No Data

No Data

No Data

No Data

7

Hypothetical Cytoplasmic protein
(SA1762)

Ionic Mid-Log

3

33

14-21

14 500

8

Yent2 (SA1644)

Ionic Mid-Log

8

44

7-14

13 000

9

Hypothetical protein (SA2245)

Ionic Mid-Log

3

33

7-14

11000

10

No Data

Ionic Mid-Log

No Data

No Data

No Data

No Data

11

Capsular Polysaccharide Synthesis
Enzyme (SA0157)

Ionic Stationary

6

34

31-45

33 500

12

30S Ribosomal protein S7 (SA0504)

Ionic Stationary

7

39

21-31

18 000

13

50S Ribosomal Protein L6

Ionic Stationary

8

60

14-21

20 000

14

Yent2 (SA1644)

Ionic Stationary

9

53

14-21

13 000

15

Kanamycin nucleotidyl-transferase

Ionic Stationary

2

31

7-14

4 500

16

Map protein (fragment) SA1751

Covalent Mid-Log

1

30

45-66

60 500

17

Alcohol dehydrogenase

Covalent Mid-Log

1

44

31-45

36000

18

SA0288

Covalent Mid-Log

3

49

31-45

18 500

19

Putative cell surface protein (SA0295)

Covalent Mid-Log

1

44

21-31

33 500

20

Fibrinogen binding protein (SA1000)

Covalent Mid-Log

6

38

14-21

18 500

21

Fibrinogen binding protein (SA1003)

Covalent Mid-Log

4

35

14-21

18 500

22

Threonyl t-RNA synthetase

Covalent Stationary

12

85

45-66

74500

54

31-45

18 500

23

SA0288

Covalent Stationary

4

24

Lysostaphin

Covalent Stationary

7

59

14-21

42 000

25

SOS Ribosomal Protein L13

Covalent Stationary

7

46

14-21

16 500

26

30S Ribosomal Protein S7

Covalent Stationary

7

40

14-21

18 000

27

Conserved Hypothetical Protein SA0574 Covalent Stationary

3

44

14-21

5 000

28

SAS074

Covalent Stationary

4

84

14-21

10 000

29

DNA Binding Protein II

Covalent Stationary

3

51

7-14

9500

30

Staphylo-coagulase

Secreted Mid-Log

9

32

66-91

68 750

31

No Data

Secreted Stationary

No Data

No Data

No Data

No Data

32

No Data

Secreted Stationary

No Data

No Data

No Data

No Data

33

Hypothetical protein (SA1812)

Secreted Stationary

4

48

21-31

38 500

34

Fibrinogen binding protein (SA1003)

Secreted Stationary

5

70

14-21

18 500

35

Hypothetical protein (SA0570)

Secreted Stationary

3

36

14-21

18 500

36

SA2331

Secreted Stationary

4

39

7-14

8 500

37

Hypothetical Protein (SA1542)

Secreted Stationary

4

40

7-14

28 000
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The results from MALDI-TOF MS revealed that the heparin binding proteins that
were identified included cell surface and secreted proteins, as had been expected.
In addition, several that were identified were proteins with documented
intracellular functions, for example multiple ribosomal proteins. While these are
very likely to bind heparin based upon their known affinity for nucleic acids,
which generally uses a similar charge based recognition system, it is, however,
unlikely they would be in contact with the sugar in a relevant environment. In
addition to these proteins with known or probable intracellular functions, many of
the remainder were of poorly attributed or unknown function. In an attempt to
reconcile data on the function of proteins and identify criteria to select candidates
of high potential relevance for future investigation of their heparin binding
properties, their cellular localisation was investigated. This would thus focus
further studies on putative cell surface or secreted proteins that could interact with
the sugar. Protein localisation was analysed using the PSort protein localisation
algorithm

(http://psort.ims.u-tokyo.ac.jp/form.html), which identifies

signal

sequences characteristic of Gram positive or Gram negative bacteria by locating
contiguous N-terminal amino acids with non-polar signatures characteristic of
membrane insertion. From this analysis ten protein bands from the gels were
identified as being likely to be secreted (Table 3.6.2.). The primary sequence of
these proteins also indicates a high number of lysine residues symptomatic of
heparin binding sites in mammalian proteins e.g. FGF-2 contains 14 lysine
residues which is equal to 9.1% of its amino acid composistion.
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Table 3.6.2: Proteins identified through MALDI-TOF MS as being potentially
relevant to heparin binding in S. aureus. Analysis of the proteins localisation
using the PSort signal peptide algorithm revealed these were likely to be secreted
from the cell. Eight potential heparin binding proteins were thus identified with
multiple hits for SA1003 and SA1644.

P e rc e n ta g e
MW
Band
P r o t e i n (C D S n u m b e r )

G ro w th P ha se

Num ber

C e ll

P e p t id e s

F r a c tio n

M a tc h e d

of

M ow se

MW
fro m gel

S equence

s c o re

(k D a )
(k D a )

C o v e re d
8

Y e n t 2 (S A 1 6 4 4 )

E x p o n e n tia l

Io n ic

8

75

44

7 -1 4

13 0 0 0

E x p o n e n tia l

Io n ic

3

31

33

7 -1 4

11 0 0 0

S t a t io n a r y

Io n ic

9

79

53

1 4 -2 1

13 0 0 0

E x p o n e n tia l

C o v a le n t

1

7

30

4 5 -6 6

60 500

E x p o n e n tia l

C o v a le n t

1

44

2 1 -3 1

33 500

E x p o n e n tia l

C o v a le n t

6

30

38

1 4 -2 1

18 500

E x p o n e n tia l

C o v a le n t

4

24

35

1 4 -2 1

18 5 0 0

S ta tio n a r y

S e c re te d

4

17

48

2 1 -3 1

38 500

H y p o th e t ic a l p ro te in
9
14

(S A 2 2 4 5 )
Y e n t 2 (S A 1 6 4 4 )
M a p p r o t e in (fra g m e n t)

16

SA1751
P u t a t i v e c e ll s u r f a c e

19
p r o t e i n (S A 0 2 9 5 )
F ib r in o g e n b in d in g
20
p r o t e i n (S A 1 0 0 0 )
F ib r in o g e n b in d in g
21
p r o t e i n (S A 1 0 0 3 )
H y p o th e t ic a l p r o te in
33

(S A 1 8 1 2 )

__ _ __

F ib r in o g e n b in d in g
34

S t a t io n a r y

S e c re te d

5

51

70

1 4 -2 1

18 500

S t a t io n a r y

S e c re te d

3

32

36

1 4 -2 1

18 5 0 0

p r o t e i n (S A 1 0 0 3 )
H y p o th e t ic a l p r o te in
35

(S A 0 5 7 0 )

3.6.1 SA2431 Immunodominant Antigen B (IsaB)
IsaB is a protein of approximately 17 kDa a size which is a homologue to the 17
kDa heparin binding protein identified from S. epidermidis by Fallgren et al.
(Fallgren et al., 2001). A homologue of IsaB (SA2431) was identified in the S.
aureus genome sequence (BLASTp score of 85.1 when comparing sequences).
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Despite not being identified through the methods used in this study there were
bands of the expected size for IsaB, but these were deemed not to contain enough
protein for successful identification by MALDI-TOF MS. To analyse the potential
heparin binding activity of the S. aureus IsaB homologue the cognate gene had
previously been cloned for overexpression and purification of the protein (section
3.7.9), but had not been studied further.

3.7 Cloning of Genes for Protein Overexpression
To enable a biochemical investigation of the identified heparin-binding proteins,
each respective gene was cloned into an overexpression vector to facilitate largescale purification of recombinant protein. The vectors chosen were PET28a+ and
PET24d+ (Novagen) (Figure 3.7.1, Figure 3.7.2), as these contain an IPTG
inducible promoter upstream of a multiple cloning site whereby in frame cloning
will generate a protein with a hexa-histidine affinity purification tag. Using
PET28a+ the histidine tag is cleavable using thrombin. The plasmids confer
antibiotic resistance to kanamycin.
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Figure 3.7.1: PET28a+ overexpression vector containing a multiple cloning site
downstream of a hexa-histidine cleavable tag sequence and a kanamycin selection
marker. Genes for putative heparin-binding proteins were cloned into this plasmid
using the restriction enzymes Ndel and BamUl (Moffatt and Studier, 1986). Image
obtained

from

Novagen

vector

http://www.emdbiosciences.com/docs/docs/PROT/TB074.pdf.
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maps

at

Figure 3.7.2: PET24d+ overexpression vector containing a multiple cloning site
downstream of a hexa-histidine cleavable tag sequence and a kanamycin selection
marker. Genes for putative heparin binding proteins were cloned into this plasmid
using

the

restriction

enzymes

Ncol

and

BamUl.

Image

from

http://www.emdbiosciences.com/docs/docs/PROT/TB070.pdf

The majority of the proteins identified through MALDI-TOF contained a
secretory signal and, when expressed in E. coli, this may cause aggregation
(inclusion bodies). Alternatively, as a result of the non-polar nature of the Nterminal signal sequence, the proteins might become inserted into the membrane.
Recognition of the heterologous protein as foreign by E. coli can also lead to
degradation or formation of inclusion bodies (Primrose et al., 2001). To minimise
these possibilities, signal sequences were identified using the SignalP algorithm
—
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(http://www.cbs.dtu.dk/services/SignalP/) and primers were designed to produce a
coding sequence of the desired gene starting immediately after the signal sequence
(Scott & Barnett, 2006). Gene sequences were checked using Redasoft visual
cloning for the absence of restriction sites for Nde\ and BamYil enzymes to be
used for cloning. Recognition sequences for these enzymes were incorporated as
5’ sequences on the primers and sufficient extra primer sequence was added 5’ to
recognition sequences to maximise efficiency of digestion.

3.7.1.1 Cloning and Sequence Confirmation of SA0295
When the cloning of cognate genes for the identified heparin-binding proteins
commenced the genome sequence for S. aureus strain Newman was not available.
The identification of genes was therefore performed using the strain N315
genome database to which the SAxxxx gene nomenclature is derived and primers
were designed using N315 sequences for amplification of strain Newman genes.
Using the sequence obtained from the online Aureolist database and curated by
the Pasteur institute (http://genolist.pasteur.fr/AureoList/index.html) it was
determined that the SA0295 gene was 891 bp long encoding a 269 amino acid
protein. Further sequence analysis suggested this protein was secreted and the
SignalP signal peptide prediction identified a likely signal sequence that would be
cleaved between amino acids 30 and 31. Oligonucleotide primers, SA0295
forward and reverse, were designed to amplify the remainder of the gene, from
codon 31, with the addition of Nde 1 or BamH\ restriction sites to the 5’ ends
(Table 2.3.3.1.1). The gene was amplified by PCR (Section 2.3.3.2) and after PCR
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amplification the entire reaction was loaded onto a 1% (w/v) agarose gel for
analysis (Figure 3.7.1.1).

1000 bp
600 bp
400 bp

Figure 3.7.1.1: PCR product from the amplification of SA0295 from Newman
genomic DNA, separated on a 1% (w/v) agarose gel (100V, 60 min). Lanes: M,
markers; 1, SA0295 PCR product.

After electrophoresis one distinct band was observed of the expected size for the
desired product. The band was excised from the gel and the DNA was extracted
using a Nucleospin Gel extraction kit (Macherey Nagel) following the
manufacturer’s instructions. The purified SA0295 DNA and the PET28a+ plasmid
vector were each digested with BamHl and Nde 1 enzymes (Promega) using 5
units of each enzyme in a 100 pi volume of digestion buffer containing 1-2 pg of
DNA. The DNA was purified to remove the enzymes using the Nucleospin kit
again and 5 pi of eluted DNA was loaded onto a 1% (w/v) agarose gel (100 V 60
min). The intensity of the DNA was used to estimate a 3:1 molar ratio of the insert
and plasmid for the ligation of each insert into the vector (Figure 3.7.1.2).
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10000 bp
5000 bp

Figure 3.7.1.2: Electrophoresis of digested PCR products and plasmid after
purification. A 1% (w/v) agarose gel was used to compare relative amounts of
digested DNA fragments and vector plasmid prior to ligation. Lanes: M, markers;
1, SA0295; 2, SA0570; 3, SA1000; 4, SA1003; 5, SA1644; 6, SA1751; 7,
SA1812; 8, SA2245; 9, PET28a+.

DNA was ligated using T4 DNA ligase (section 2.3.4) and 1 pi was used to
transform E. coli K12 ToplO. Colonies were screened for those that containing the
correct insert using PCR (Figure 3.7.1.3).
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Figure 3.7.1.3: Agarose gel 1% (w/v) separation of the PCR products generated
from boiled colonies amplified using the primers designed for the relevant insert.
Amplified DNA in lanes 1-2, 4-6 of the SA0295 samples (arrow) indicates
presence of the correct SA0295 cloned insert. Lane: M DNA size markers.

One E. coli clone with the correct S. aureus insert was stored at -70°C. From a
separate culture the plasmid was purified using a miniprep kit (Qiagen) following
the manufacturer’s instructions. A 10 pi sample of the purified plasmid was
removed and sequenced externally (Macrogen, Korea) using T7 forward and
reverse primers, thus covering the entire gene. Alignment of the sequencing data
identified that the correct sequence was present, confirming the absence of PCR
amplification errors and that the gene was cloned in the correct open reading
frame.
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3.7.2 Cloning and Sequence Confirmation of SA0570
A similar process was followed to produce overexpression vectors for SA0570
and the remaining identified heparin-binding proteins as that used for SA0295.
The gene coding the SA0570 protein is 507 bp with translation producing a 168
amino acid peptide. Signal and location analysis indicated it is a secreted protein
with a likely cleavage site for signal peptide removal between amino acid residues
27 and 28. Oligonucleotide primers, SA0570 forward and reverse, were designed
to amplify the gene from codon 28 adding the Bamlil and Nde 1 restriction sites
and clamps (Table 2.3.3.1.1). The gene was amplified by PCR (Section 2.3.3.2)
and after PCR amplification the entire reaction was loaded onto a 1% (w/v)
agarose gel for analysis (Figure 3.7.2.1).
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Figure 3.7.2.1: PCR product from the amplification of SA0570 from Newman
genomic DNA, separated on a 1% (w/v) agarose gel (100V, 60 min). Lanes: M,
markers; 1, SA0570 PCR product.

After digestion with Nde 1 and BamH\ the insert was ligated into the PET28a+
overexpression vector (same conditions as per SA0295 ligation reaction in section
3.7.1) and the plasmid electroporated into E. coli K12 Top 10 (conditions and
recovery as for SA0295 electroporation in section 3.7.1) and colonies with the
plasmid selected through resistance to 50 pg ml

kanamycin. The presence of

the insert was confirmed through boiling a small amount of cells in 20 pi water to
burst the cells for PCR screening with the relevant primers for the DNA insert
(Figure 3.1.22).

/N /

Q

/N /

600 bp
400 bp

Figure 3.7.2.2: Agarose gel 1% (w/v) separation of the PCR products generated
from boiled colonies amplified using the primers designed for the relevant insert.
Amplified DNA in lane 6 of the SA0570 samples (arrow) indicates presence of
the correct SA0570 cloned insert. Lane: M DNA size markers.

One E. coli clone with the correct S. aureus insert was stored at -70°C, and a
separate culture was used to produce DNA for sequencing. Alignment of the
sequencing data identified that the correct sequence was present and in the correct
open reading frame.

3.7.3 Cloning and Sequence Confirmation of SA1000
SA1000 or extracellular complement-binding protein is the product of a 330bp
gene and 109 amino acids long. It has been described as having a role in
complement inhibition. Sequence analysis identified a likely cleavage site for an
external location sequence between amino acids 29 and 30. The primers SA1000
forward and reverse were designed to amplify the gene from codon 30 adding
BamW\ and Nde 1 restriction sites and requisite clamps (Table 2.3.3.1.1). The gene
was amplified by PCR (Section 2.3.3.2) and after PCR amplification the entire
reaction was loaded onto a 1% (w/v) agarose gel for analysis (Figure 3.7.3.1).
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Figure 3.7.3.1: PCR product from the amplification of SA1000 from Newman
genomic DNA, separated on a 1% (w/v) agarose gel (100V, 60 min). Lanes: M,
markers; 1, SA1000 PCR product.

After digestion with Nde 1 and BamYXX the insert was ligated into the PET28a+
overexpression vector (Section 3.7.1) and electroporated into E. coli K12 ToplO
(Section 3.7.1). Colonies with the plasmid were selected through resistance to 50
pg ml '' kanamycin. The presence of the insert was confirmed through boiling a
small amount of cells in 20 pi water to burst the cells for PCR screening with the
relevant primers for the DNA insert (Figure 3.7.3.2).
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Figure 3.7.3.2: Agarose gel 1% (w/v) separation of the PCR products generated
from boiled colonies amplified using the primers designed for the relevant insert.
Amplified DNA in lanes 1-2, 5-6 of the SA1000 samples (arrow) indicates
presence of the correct SA1000 cloned insert. Lane: M, DNA size markers.

One E. coli clone with the correct S. aureus insert was stored at -70°C.
Sequencing of a 10 pi the entire gene demonstrated that the correct sequence was
present and that the gene was cloned in the correct open reading frame.

3.7.4 Cloning and sequence confirmation of SA1003
SA1003 or extracellular fibrinogen-binding protein is the 165 amino acid product
of a 498bp gene. Localisation analysis suggested it is a secreted and signal peptide
identification indicated a signal sequence that would be cleaved between amino
acids 29 and 30. The primers SA1003 forward and reverse were designed to
amplify the gene from codon 30 adding BamHl and Nde 1 restriction sites and
clamps as with the previous primers (Table 2.3.3.1.1) and the gene amplified from
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a template of Newman genomic DNA by PCR (Figure 3.7.4.1) using the same
conditions as for SA0295 (section 3.7.1).

1000 bp

400bp

Figure 3.7.4.1: PCR product from the amplification of SA1003 from Newman
genomic DNA, separated on a 1% (w/v) agarose gel (100V, 60 min). Lanes: M,
markers; 1, SA1003 PCR product.

After digestion with Nde\ and BamW 1 the insert was ligated into the PET28a+
overexpression vector (Section 3.7.1). Following electroporation into E. coli K12
ToplO (Section 3.7.1) colonies with the plasmid, selected through resistance to 50
pg ml ka namyc i n, were analysed by PCR, identifying the presence of the insert
(Figure 3.7.4.2).
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Figure 3.7.6.2: Agarose gel 1% (w/v) separation of the PCR products generated
from boiled colonies amplified using the primers designed for the relevant insert.
Amplified DNA in lane 4 of the SA1003 samples (arrow) indicates presence of
the correct SA1003 cloned insert. Lane: M, DNA size markers.

One E. coli clone with the correct S. aureus insert (Figure 3.5.6.2) was stored at 70°C. Sequencing of this clone showed that the correct sequence was present and
that the gene was cloned in the correct open reading frame.

3.7.5 Cloning and Sequence Confirmation of SA1644
SA1644 or Yent2 is a 136 amino acid product of a 411 bp gene. It is a putative
enterotoxin and part of the Sapinl pathogenicity island. Sequence analysis
suggested cleavage of the first three amino acids and the primers SA1644 forward
and reverse were designed to amplify the gene from codon four using a template
of Newman genomic DNA by PCR with the addition of restriction sites for
BamHl and Nde\ (underlined) and clamp sequences (Table 2.3.3.1.1) (Figure
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3.7.5.1).

The

primers

used

were

SA1644

forward

5’

GGCATACATATGAAAAAAACGTGTATGTATGGC 3’ and SA1644 reverse
5’ GCATGGATCCTTATTTTTTGGTTAAAT GAAC 3’.

M

lOOObp

400bpl

Figure 3.7.5.1: PCR product from the amplification of SA1644 from Newman
genomic DNA, separated on a 1% (w/v) agarose gel (100V, 60 min). Lanes: M,
markers; 1, SA1644 PCR product.

After digestion with Nde 1 and BamH 1 the insert was ligated into the PET28a+
overexpression vector (Section 3.7.1) and electroporated into E. coli K12 Top 10
(Section 3.7.1). The presence of the insert was confirmed and PCR screening
(Figure 3.7.5.2) and sequencing demonstrated that the correct sequence was
present in the correct open reading frame.
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Figure 3.7.5.2: Agarose gel 1% (w/v) separation of the PCR products generated
from boiled colonies amplified using the primers designed for the relevant insert.
Amplified DNA in lane 1 of the SA1644 samples (arrow) indicates presence of
the correct SA1644 cloned insert. Lane: M, DNA size markers.

3.7.6 Cloning and Sequence Confirmation of SA1751
SA1751 also known as MAP (MHC class II analogue protein) or Eap is a large
surface protein of 53 kDa consisting of 476 amino acids translated from a 1431 bp
gene. Of the proteins identified this is the best studied previously. Signal peptide
identification indicated a signal sequence that would be cleaved between amino
acids 30 and 31. The SA1751 forward and reverse primers were designed to
amplify the gene from codon 31 adding restriction sites for Bamll 1 and Ndel
(underlined) and clamps (Table 2.3.3.1.1). PCR was undertaken using the same
conditions as for SA0295 (Section 3.7.1). Attempts to amplify this gene from a
Newman genomic DNA template failed, so the Map gene was amplified from a
N315 template instead (Figure 3.7.6.1). Although primers had been designed for
each protein from the N315 genome this was the only instance where there was a
failure to amplify the desired gene fragment from a Newman DNA template.
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M
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Figure 3.7.6.1: PCR product from the amplification of SA1751 from N315
genomic DNA on a 1% (w/v) agarose gel (100V, 60 min). Lanes: M, markers; 1,
SA1751 PCR product.

After digestion with Nde\ and BamHl the insert was ligated into the PET28a+
overexpression vector (Section 3.7.1) and electroporated into E. coli K12 ToplO
(Section 3.7.1) and colonies with the plasmid selected through resistance to 50pg
ml

kanamycin. The presence of the insert was confirmed by PCR screening

(Figure 3.7.5.2). However, DNA sequencing failed to yield any data.
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Figure 3.5.6.2: Agarose gel 1% (w/v) separation of the PCR products generated
from boiled colonies amplified using the primers designed for the relevant insert.
Amplified DNA in lane 3 and 5-6 of the SA1751 samples (arrow) indicates
presence of the correct SA1751 cloned insert. Lane: M, DNA size markers.

3.7.7 Cloning and Sequence Confirmation of SA1812
SA1812 is a protein of unknown function and the 338 amino acid product of a
1017 bp gene. Sequence analysis suggested cleavage of the first 29 amino acids
and primers SA181 forward and reverse (Table 2.3.3.1.1) were designed to
amplify the gene from codon 30 of a Newman genomic DNA template by PCR
(Figure 3.7.7.1). The primers were designed to add BamHl and Nde 1 restriction
sites (underlined) either side of the amplified DNA in addition to the required
clamps for increased digestion efficiency.
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1000 bp

Figure 3.7.7.1: PCR product from the amplification of SA1812 from Newman
genomic DNA, separated on a 1% (w/v) agarose gel (100V, 60 min). Lanes: M,
markers; 1, SA1812 PCR product.

After digestion with Nde\ and BamH 1 the insert was ligated into the PET28a+
overexpression vector (Section 3.7.1) and electroporated into E. coli K12 Top 10
(Section 3.7.1). Colonies resistant to 50 pg ml'1 kanamycin were screened by PCR
(Figure 3.1.12). Analysis of plasmid from one colony by sequencing identified
that the correct sequence was present in the correct open reading frame.
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1000 bp

Figure 3.1.1.2: Agarose gel 1% (w/v) separation of the PCR products generated
from boiled colonies amplified using the primers designed for the relevant insert.
Amplified DNA in all six lanes of the SA1812 samples (arrow) indicates presence
of the correct SA1812 cloned insert. Lane: M, DNA size markers.

3.7.8 Cloning and Sequence Confirmation of SA2245
SA2245 is another protein of unknown function and the 83 amino acid product of
a 287 bp gene. Sequence analysis suggested no signal sequence although sequence
localisation indicated it was secreted and oligonucleotide primers (SA2245
forward and reverse) were designed to amplify the gene from the start, adding the
BamHl and Nde\ restriction sites and clamps (Table 2.3.3.1.1).
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1000 bp

400 bp
200 bp

Figure 3.7.8.1: PCR product from the amplification of SA2245 from Newman
genomic DNA, separated on a 1% (w/v) agarose gel (100Y, 60 min). Lanes: M,
markers; 1, SA2245 PCR product.

After digestion with Nde\ and BamH\ the insert was ligated into the PET28a+
overexpression vector (Section 3.7.1), electroporated into E. coli K12 ToplO (as
in Section 3.7.1) and colonies with the plasmid selected through resistance to 50
pg m l _1 kanamycin. The presence of the insert was confirmed by PCR screening
with the relevant primers for the DNA insert. (Figure 3.7.8.2) and sequencing of
the selected clone identified that the correct sequence was present in the correct
open reading frame.
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Figure 3.7.8.2: Agarose gel 1% (w/v) separation of the PCR products generated
from boiled colonies amplified using the primers designed for the relevant insert.
Amplified DNA lanes 1-2 and 4-6 of the SA2245 samples (arrow) indicates
presence of the correct SA2245 cloned insert. Lane: M, DNA size markers.

3.7.9 Cloning of SA2431 for overexpression
The gene (SA2431) encoding the S. aureus protein IsaB (Immunodominant
antigen B) was cloned into the pET24d+ overexpression vector in previous work
carried out by Dr M. J. Horsburgh. Although IsaB was not identified through the
affinity chromatography and MALDI-TOF MS methods used in this work it was
possible that the protein was present but failed to be identified from the MASCOT
database. Moreover, IsaB represents an uncharacterised homologue of a S.
epidermidis heparin-binding protein. For these reasons it was decided to
overexpress, purify and study this protein in addition to the heparin-binding
proteins identified in Table 3.6.2. The purified plasmid was sequenced to confirm
that the correct insert was present.
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3.8 Overexpression of putative S. aureus heparin binding proteins
To circumvent recognised problems with down-regulation of the target gene in the
powerful T7 overexpression system, overexpression was always started by
transforming E. coli BL21 (DE3) PLysS cells afresh with the requisite plasmid
(Furlong et al., 1992). E. coli BL21 (DE3) PLysS cells were transformed by
electroporation. After recovery the bacteria were spread onto LB agar containing
50 pg ml'1 kanamycin and 2% (w/v) glucose and a single colony was picked and
subcultured into 10 ml LB broth with the same additives. One ml was diluted 10fold into fresh broth and grown to OD6oo=0.6 and protein expression induced by
the addition of 1 mM IPTG. After 3 h of growth, 1 ml was taken from each
culture and boiled in the presence of 10 pi Laemmli sample buffer per 0.2 ODeoo
units of culture before analysis of expressed polypeptides by SDS-PAGE (Figures
3.8.1-3.8.3 inclusive).
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Figure 3.8.1: Analysis of overexpression of SA0295, SA0570 and SA1000. A
12% (w/v) polyacrylamide gel of polypeptides from E. coli PLysS transformed
with PET28a+. Lanes: M, markers (size in kDa); C-ve, negative control (cells
were electroporated with unmodified pET28a+ and were not induced with IPTG);
C+ve, positive control (cells were electroporated with unmodified pET28a+ and
induced with IPTG); 1, SA0295 control (uninduced); 2, SA0295 overexpression
(induced )3, SA0570 control (uninduced); 4, SA0570 overexpression (induced); 5,
SA1000 control (uninduced); 6, SA1000 overexpression (induced); Additional
bands corresponding to overexpressed SA0570 and SA 1000 are visible in lanes 4
and 6, respectively.
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Figure 3.8.2: Analysis of overexpression of SA1003, SA1644 and SA1751. A
12% (w/v) polyacrylamide gel showing boiled extracts from E. coli PLysS
transformed with PET28a+. Lanes: M, markers (size in kDa); C-ve, negative
control (cells were electroporated with unmodified pET28a+ and were not
induced with IPTG); C+ve, positive control (cells were electroporated with
unmodified pET28a+ and induced with IPTG); 1, SA1003 control (uninduced); 2,
SA1003 overexpression (induced); 3, SA1644 control (uninduced); 4, SA1644
overexpression

(induced);

overexpression (induced);

5,

SA1751

control

(uninduced);

6,

SA1751

Additional bands corresponding to overexpressed

SA1003 and SA1644 are visible in lanes 2 and 4, respectively.
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Figure 3.8.3: Analysis of protein overexpression. A 12% (w/v) polyacrylamide
gel showing boiled extracts from E. coli PLysS transformed with PET28a+.
Lanes: M, markers (size in kDa); C-ve, negative control (cells were electroporated
with unmodified pET28a+ and were not induced with IPTG); C+ve, positive
control (cells were electroporated with unmodified pET28a+ and induced with
IPTG); 1, SA1812 control (uninduced); 2, SA1812 overexpression (induced); 3,
SA2245 control (uninduced); 4, SA2245 overexpression (induced).
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Figure 3.8.4: Analysis of protein SA2431 overexpression. A 12% (w/v)
polyacrylamide gel showing boiled extracts from E. coli PLysS transformed with
PET28a+. Lanes: M, markers (size in kDa); 1, SA2431 overexpression (cells were
electroporated with pET28a+ containing the SA2431 gene and induced with
IPTG); 2, SA2431 control (cells were electroporated with pET28a+ containing the
SA2431 gene but were not induced with IPTG).

SA0570, SA1000, SA1003, SA1644 and IsaB all successfully produced bands of
overexpressed protein of approximately the predicted molecular weight. SA1751
overexpressed, but at a much lower molecular weight than predicted. As this was
the only plasmid which produced no sequencing data it is possible there was a
problem with the genetic manipulation. Although returned sequencing data for the
remaining proteins indicated that the cloning was successful, further repetition of
the overexpression experiments failed to provide evidence for expression of
protein.
~
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3.9 Purification of His Tagged Proteins Using Nickel Affinity
Chromatography
The purification of His-tagged overexpressed proteins was attempted using a
small-scale method. This was done to confirm overexpression and to optimise the
purification prior to large-scale purification for biochemical analysis. Five lots of
ten ml of E. coli BL21 (DE3) PLysS containing a PET28a+ plasmid that had
demonstrated successful overexpression of protein in the previous section
(corresponding to the products of SA0570, SA1000, SA1003, SA1644 and
SA2431, respecively) were grown to OD6 0 0 -O.6 , and expression was induced with
1 mM IPTG. Cells were lysed by adding lysozyme followed by sonication and the
supernatant was loaded onto a 2 ml ProBond nickel column using gravity flow
(section 2.5.4). Imidazole (335 mM) was used to elute proteins that had bound to
the column and

1 0

pi of each

1

ml fraction that was collected from the elution was

separated by SDS-PAGE to analyse expression of the recombinant protein (Figure
3.9.1).
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14 kD a
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14 kD a

7 kD a

Figure 3.9.1: Purification of recombinant proteins using nickel affinity
chromatography. Eluted samples were separated on a 12% (w/v) polyacrylamide
gel with lanes 1-8 showing successive 1 ml 335 mM imidazole washes from the
nickel column containing the supernatant from lysed E. coli PLysS, which
overexpressed SA0570, (A); SA1000, (B); SA1003, (C); SA1644, (D) and IsaB
(E). Arrows indicate the position of migration of the recombinant protein.
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The recombinant proteins SA0570, SA1000, SA1003 and IsaB were purified
directly using repeated elutions of imidazole in PBS, however, impurities were
observed to be present in the later elution fractions of SA1644. For subsequent
interaction studies the proteins were required to be in PBS. The imidazole was
removed from the protein samples by using buffer-exchange. Initially this was
attempted using nucleospin columns, however, this method was found to cause
sizable losses of protein due to a poor level of retention. Dialysis in PBS over a 24
hour period (one litre PBS per ml eluate, buffer changed every four h) using
Spectra/Por membrane (Spectrumlabs.com) with a molecular weight cut-off of
3,500 Da was subsequently found to be a more effective method.

3.10 Protein Quantification
For biophysical experimentation it was important to have an accurate
measurement of protein concentration. Following method 2.5.4 concentrations
were calculated using each proteins predicted molar extinction coefficient at 280
nm

(Table

3.10.1).

To

confirm

the

spectophotometric

concentration

measurements, 0.5 pg of each protein was loaded onto a 12% (w/v)
polyacrylamide gel and the intensity of the protein band was compared to the
intensity of protein marker bands (5 pi Biorad broad range markers contain 0.5 pg
protein/band) (Figure 3.10.1).
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Table 3.10.1: Calculated concentrations of purified heparin-binding proteins from
S. aureus after dialysis. The molar extinction coefficient (a) was calculated
through the method of Gill and vonHippel (1989) and checked against the
predicted a values returned for the translated sequence by Swiss-Prot
(http://www.expasy.ch/sprot/). Absorbance values were the mean of three separate
readings.

A

C o n c e n t r a t io n

C o n c e n t r a t io n

( M 1 c m '1)

(2 8 0 n m )

(p M )

(m g m l'1)

SA0570

17880

1 .0 2 9

5 7 .6

1 .0 4 8

SA1000

5960

1 .0 1 9

17 1

2 .0 3 4

SA1003

10430

0 .8 7 4

8 3 .8

1 .5 2 3

SA2431

20400

1 .4 1 6

6 9 .4

1 .1 8

e
P r o t e in
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Figure 3.10.1: Measurement of protein concentration by comparison to known
samples. A comparison of band intensity for 0.5 pg of protein samples against the
marker protein bands (0.5 pg/band) on a 12% (w/v) polyacrylamide gel. Lanes:
M, markers; 1, SA0570; 2, SA1000; 3, SA1003; 4, SA2431. The volume of each
sample loaded was calculated from the expected concentration of each sample
obtained through measuring the absorbance at 280 nm and calculating the
concentration from the molar extinction coefficient at this wavelength.

Comparison of the band intensities of the markers versus the aliquots of SA0570,
SA1003 and SA2431 suggested the calculated concentrations were correct. No
protein band was visible for SA1000 and subsequent repetition of the calculations
and loading of additional higher concentrations (up to 10 times the amount
indicated from the data) of SA1000 failed to provide a positive result. The small
mass of the SA1000 protein might have resulted in it being lost during dialysis,
although this fails to explain the high concentration observed through
spectophotometry. Successful overexpression and concentration measurements for
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the SA0570, SA1003 and SA2431 proteins was sufficient to enable the proteinsugar interactions of these three putative heparin-binding proteins to be further
investigated.

3.11 Discussion
Previous analyses of staphylococci had identified several potential heparin
binding proteins, although these were not characterised in detail (Fallgren et al.
2001; Liang et al., 1992). In this study preliminary experiments were performed
to fractionate proteins from the cell wall and culture supernatant to examine these
for heparin binding activity. These experiments indicated that several heparin
binding proteins were expressed by S. aureus. Protein fractions were prepared
from cells grown to exponential and stationary phases of growth from three strains
of S. aureus (separate clonal groups by multiple locus sequence typing). No clear
temporal expression patterns were observed for these proteins purified from
exponential and stationary phase cells. In addition, the heparin-binding proteins
expressed in the different strains were broadly similar as judged by size though
there were several clear differences (Figure 3.4.1). The slight variations in
heparin-binding proteins expressed by the different S. aureus strains could be
responsible for the differing affinities of S. aureus strains for heparin (Liang et al.,
1992), while the similarities potentially show why heparin has a general effect on
staphylococci and the number of putative heparin-binding proteins may indicate
why the reported effects are so diverse such as the effects on biofilm formation,
infectious arthritis and growth factor binding (Shanks et al. 2005; Sakiniene &
Tarkowski, 2002; Pascu et al., 1996). Previous work on heparin binding in S.
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aureus was carried out with strain Newman providing a solid basis from which to
further investigate the heparin binding activity in this study; the western blot
certainly supports strain Newman as a good strain although not all cell fractions
were rigorously examined beyond this preliminary study to validate this
conclusion with other strains.

3.11.1 Evaluation of Protein Identification
Although methods to isolate cell surface and secreted proteins were selected it is
apparent through observation of the identified proteins (table 3.6.1) that a number
of intracellular proteins bound to the heparin-agarose affinity chromatography
column. Some quantity of these may be present in the culture pellets and
supernatants used for protein sample production as a result of cell death or lysis
during the growth process. Alternatively all three methods utilise stringent
processes which will challenge the integrity of the bacteria present. For example,
the partial lysostaphin digest removes most of the cell wall and despite stabilising
the protoplasts with raffmose these are very fragile. The removal of ionic surface
interaction through challenge with high salt may also cause some lysis through
osmotic stress, whilst the precipitation of secreted proteins from growth
supernatant through the addition of TCA will damage cell wall integrity of any
cells still present in the supernatant. Although proteins present in the samples as a
result of these artefacts may be of a relatively low abundance once subjected to
affinity chromatography they will be concentrated in the relevant sample.
Post MALDI-TOF identification was made based upon the Mowse score
(probability of protein masses not being a random event) and the protein being in
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the correct area of the gel. Some consideration was given to the role of charge
affecting the position on the gel. Briefly, more negatively charged proteins appear
larger as a consequence of taking a lesser coating of SDS during sample
preparation (Matagne et al., 1991), thus highly positively charged proteins (many
identified are on account of containing lysine and arginine residues) may appear
smaller. This may also account for the occasional occurrence of a smaller protein
running slightly larger than a larger protein. However, obvious anomalous
identifications were ignored from the process of further investigation.
An important issue is whether the proteins identified in this work are likely to
represent the major heparin binding proteins of S. aureus. Two issues argue that a
large amount of S. aureus ’ heparin interactome remains to be identified. Firstly,
the heparin interaction conditions were stringent; elution with > 0.6 M NaCl. A
significant part of the known human heparin interactome (-250 proteins (Ori et
al., 2008) elutes from heparin between 0.2-0.6 M NaCl and in some instances
these “weak” interactions have been validated functionally and structurally e.g.
collagen type IV elutes at < 0.2 M KC1 (Setty et al., 1998). In particular, the
concentration of NaCl required to abrogate ionic interactions does not correlate
with binding affinity (Femig & Gallagher, 1994). Secondly, proteins were
precipitated with TCA prior to loading on heparin agarose. TCA precipitation will
denature many proteins and they may not renature correctly when dissolved.
Thus, the method of protein concentration used in the present work may have
biased the identification of heparin-binding proteins to those able to withstand
TCA denaturation.
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3.11.2 Choice of Proteins to Investigate
It is apparent from the list of identified proteins that only a small percentage are
likely to be present in the same environment as heparin or heparan sulfate. To be
in contact with heparan sulfate the proteins must be present in the host
extracellular matrix. Identified proteins were analysed for their likely location
based on their sequence through the PSort program. Psort is a web based
algorithm designed by the human genome centre at the University of Tokyo.
Initially peptide sequences are checked for N-terminal signalling sequences
through a modified version of McGeoch's method (McGeoch, 1985, Nakai &
Kanehisa, 1991). Cleavable signal sequences are recognised by applying
vonHeijne's method of signal sequence recognition (vonHeijne, 1986), a method
which also recognises non-cleavable signal sequences through testing conserved
sequences around potential signal sequences. The program can also identify
potential hydrophobic transmembrane segments, which are normally indicative of
cytoplasmic membrane associated proteins; while transmembrane domains are
identified through the method of Klein et al. (Klein et al. 1985) known as ALOM.
Finally, potential lipoproteins are also identified. Signal sequences on lipoproteins
are similar to those of the secreted proteins but they can be identified through a
combination of McGeoch’s method (McGeoch, 1985) and that of von Heijne (von
Heijne, 1989). The range of methods used by this program to localise a protein’s
cellular location using sequence analysis makes it a useful tool to identify whether
the potential heparin-binding proteins found through the MALDI-TOF analysis
could be in contact with heparan sulfate when situated in their predicted location.
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Although many internal proteins were identified, e.g., tRNA synthetases and
ribosomal proteins, some of these have also been identified as putative external
proteins (Sibbald et al., 2006) although this must be viewed with caution due to
the methods used to purify the proteins. It is not possible to predict if these
intracellular proteins definitely have an extracellular role without stronger
evidence supporting their extracellular localisation, which was not evident from
sequence analysis.

3.11.3 Previous work on identified proteins
3.11.3.1 SA0295
SA0295 is a putative surface protein designated to be of unknown function but
showing

homology to

both

outer

membrane

protein

precursors

from

Haemophillus and acid phosphatases from Bacillus sp. and Streptococcus. The
cognate gene is located in a section of the genome where all genes are of unknown
function.

3.11.3.2 SA0570
SA0570 is a hypothetical protein from a section of the genome containing genes
of unknown function. The protein sequence shows homology only to other
hypothetical proteins.
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SAIOOO is a known extracellular complement-binding protein (Ecb) and is a
homologue to SA1003. It demonstrates the same activities as SA1003 (below) in
both putative fibrinogen binding and complement inhibition. Further to the
described activity in complement inhibition, SAIOOO also has been shown to
block C5a-dependent neutrophil recruitment into the peritoneal cavity in a murine
model (Jongerius et al. 2007).

3.11.3.4 SA1003
SA1003 has been named Efb (Extracellular fibrinogen-binding protein) and has
homology to other fibrinogen binding proteins. Fibrinogen binding in S. aureus
has been thoroughly investigated, if proteins that bind fibrinogen also bind
heparan sulfate it might indicate some relationship to platelet activation/ blood
coagulation. Moreover, several S. aureus proteins binding fibrinogen have also
shown the ability to bind fibronectin (Massey et al., 2002). Should these proteins
also have heparin binding sites then it may indicate a complete mechanism of
binding to the extracellular matrix both via integrins (fibronectin binding) and
syndecans (heparan sulfate binding) (Henry-Stanley et al., 2005) (Jarvis & Bryers,
2005) (Massey et al., 2002).
SA1003 (Efb) is a secreted protein which has also been shown to work at the cell
surface where it inhibits complement. Complement inhibition is mediated by Efb
using a mechanism that inhibits C3b containing convertases (both the alternative
pathway C3 convertase and the C5 convertases (Jongerius et al. 2007). The
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mechanism of inhibition involves Efb binding the C3d domain of C3b and altering
its conformation while in solution (Hammal M. et al. 2007). Lysine residues are
implicated in this binding, which has been shown to depend on electrostatic
interactions (Haspel et al. 2008).

3.11.3.5 SA1644
SA1644 (Yent2), is a putative enterotoxin of unknown specificity, based on
homology, and is encoded on the common S. aureus pathogenicity island SaPIn3
(Yarwood et al., 2002). This also encodes proteins such as proteases and
leukocidins.

3.11.3.6 SA1751
The S. aureus Map (MHC class II analogue protein) protein, (SA1751) also called
Eap and p70, is involved in cellular adhesion, either to eukaryotic cells through
interaction with surface adhesins produced by Staphylococcus spp., or inorganic
surface attachment (Kreikemeyer et al., 2002). Map is a secreted protein also
responsible for binding ECM components including fibronectin, fibrinogen and
bone sialoprotein, however, S. aureus does have other proteins that bind these
ligands (Lee et al., 2002) (Wann et al., 2000) (Hudson et al., 1999). It has been
demonstrated in mice that Map also interferes with T cell function and this may be
through structural similarity to a domain of MHC class II (Lee et al., 2002)
(Chavakis et al., 2002). Although well-characterised in other studies the ability of
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Map to bind heparin and the biological relevance of this property remain to be
established for this protein.

3.11.3.7 SA1812
SA1812

is

a

hypothetical

protein

with

sequence

homology

to

synergohymenotrophic toxin precursor from S. intermedius. The protein contains
a putative conserved domain from the leukocidin superfamily and has sequence
homology to other proteins considered to be pathogenic factors such as other
leukocidins, toxins and colonisation factors.

3.11.3.8 SA2245
The protein of unknown function (SA2245) is a conserved hypothetical protein
also found in a region of the genome where most genes are of unknown function.
The sequence of SA2245 shows homology to some S. aureus DNA binding
proteins e.g. cysteinyl-tRNA synthetase.

3.11.3.9 SA2431 (IsaB)
A recent study of S. epidermidis and S. haemolyticus isolated a 17-kDa heparin
binding protein with wide specificity, which bound to heparin and to proteins
commonly associated with heparin e.g. FGF-2 (Fallgren et a i, 2001).
Immunodominant staphylococcal antigen B (IsaB) is a 17-kDa homolog to this
protein found to be primarily expressed in vivo in early phase of MRSA sepsis.
IsaB resembles no proteins previously identified (Lorenz et al., 2000).
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3.11.4 Evaluation of Overexpression
Five proteins out of the nine identified in this study were successfully
overexpressed and four have been successfully purified.

One protein,

corresponding to the gene SA1644 showed other protein contaminants. From the
intensity of bands on PAGE there appears to be less SA1644 produced than
SA0570, SA1000, SA1003 or SA2431. This means that a greater fold of
purification would be required for this protein, since contaminants make up a
correspondingly greater proportion of the sample.

The determination of

concentration is important for the analysis of biophysical data. Concentration
measurements were checked by comparison of band intensity through 1D SDSPAGE (figure 3.7.1). This method showed the concentration for SA1000 to be
incorrect. It is unknown what caused the loss of this protein as although obviously
present in high concentrations after purification from the lysed overexpression
culture it was not present in solution once the elution buffer was exchanged for
PBS. This occurred with two methods used for buffer exchange: firstly with
nucleospin columns (which also caused the loss of SA0570 and SA1003 proteins
possibly on account of the membrane pores being too large) and also with dialysis
using a membrane with a pore size of 3.6 kDa.
The yield after purification from a 10 ml bacterial culture was 1 ml of at least 1
mg ml'1 protein (Table 3.6.1), which is high compared to many mammalian
heparin binding proteins heterologously expressed in E. coli, e.g., FGF2 yields are
of the order of 1 mg/ 200 ml (Ke et al., 1992). This yield is sufficient for further
analysis of the protein-heparin interaction by biophysical techniques. There may
be concerns about the accuracy of the predicted molar extinction coefficient, as
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this is calculated on the presence of amino acid residues with absorbance at 280
nm, which are primarily tryptophan residues with further, though lesser,
contributions from other aromatic amino acids and from cysteine. Of the four
purified proteins IsaB contains a single tryptophan residue while the remainder
only contain tyrosine, phenylalanine and cysteine resides meaning the value has
been determined primarily on these lesser absorbing residues. Of the contributing
residues SA0570 contains three phenylalanine residues (1.9% of the total
composition)

and

12 tyrosine residues (7.4%).

SA 1000 contains four

phenylalanine residues (4.0%) and four tyrosine residues (4%). SA1003 contains
eight phenylalanine residues (5.1%) and seven tyrosine residues (4.5%). Finally,
IsaB contains seven phenylalanine residues (4.1%) and ten tyrosine residues
(5.9%) in addition to the single tryptophan residue (0.6%). However, confirming
their concentrations using the band intensity test (figure 3.7.1) revealed they were
sufficiently accurate.
Another question arising from this approach concerns the effect on the folding
that the removal of the leading signal sequence has. It is important to remove
these sequences prior to introducing the gene into a Gram negative strain, as it
may be incorrectly recognised and/or processed, which could lead to partial
integration into a membrane that would make purification difficult (Primrose et
a i, 2001). Incorrect folding could impact upon the binding ability of the protein.
However, the fact that the proteins are expressed at high levels in soluble form
argues strongly against incorrect folding. Mis-folded proteins are detected after
synthesis by the cell’s quality control machinery and either routed to degradation
by the bacterial equivalent of the proteasome or to inclusion bodies.
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Signal sequences, identifying the protein as one to be exported, were located with
the SignalP program provided by the Center for Biological Sequence Analysis,
Technical University of Denmark. The program examines an amino acid sequence
for potential signal peptides. Although no true consensus sequences exist, signal
peptides are identifiable via a set of common regions. In Gram-positive bacteria
they tend to be around 30 amino acids long situated at the N-terminus of the
protein and consisting of a positively charged N-terminus and an uncharged polar
C-terminus with conservation in the -3 and -1 positions; in S. aureus these are
commonly alanine (Bendtsen et al, 2005; Emanuelsson et al, 2007). SignalP
identified secretory signals in most of the proteins identified, with the exception
of SA2245 although PSort analysis did indicate it was an external protein and
homology to toxins would also indicate it is secreted. This anomaly is most likely
explained through the absence of any kind of signal sequence on some proteins
(Emanuelsson et al, 2007). Comparison between different easily recognised
methods available for signal sequence prediction rates SignalP as the most reliable
method currently available for prediction (Menne et al., 2000; Klee & Ellis 2005).
Despite containing the correct sequences, SA0295, SA1812 and SA2245 failed to
overexpress. It is possible they formed inclusion bodies inside the E. coli cell, that
they were only expressed at a low level or transcription was down regulated either
due to earlier promoter leakage or recognition of a foreign gene (Primrose et al.,
2001). Recognition of a foreign protein could also have led to its degradation.
Finally, foreign proteins can be toxic to other species, this would only allow
growth of bacteria which have suppressed expression.

In particular, heparin

binding proteins bind DNA and expression of DNA binding proteins in the
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cytoplasm is frequently problematic due to toxicity associated with the
inappropriate protein-nucleic acid interaction. Therefore, it is possible that some
or all of these proteins, when expressed in the cytoplasm, are toxic. The cloned
DNA corresponding to SA1751 (Eap, a multifactorial ligand involved in tissue
binding) (Harraghy et al., 2003) did not produce a sequence and the polypeptide
product was of the wrong size when subjected to ID SDS-PAGE. This may be
due to an error in the cloning process. The three proteins already purified provide
an ample system to investigate structure-function activities with respect to heparin
binding and the adhesion of bacterial cells.

3.11.5 Potential Reasons for S. aureus to bind heparin/heparan sulfate.
Although there is evidence to suggest various effects of heparin on staphylococcal
biology e.g. septic arthritis, biofilm formation and complement inhibition
(Sakiniene & Tarkowski, 2002; Shanks et al., 2005), it is possible to speculate on
broader reasons for the pathogen-sugar interaction. These ideas are purely
hypothetical based upon data available for some of the identified putative heparin
binding proteins and what is known of the role of heparan sulfate as a component
of the extracellular matrix of mammals.

3.11.5.1 Interaction with the Host Immune System.
Many of the identified proteins above potentially provide interactions between S.
aureus and the host immune system, which could be beneficial to the organism, as
disruption of the immune response enhances virulence. Heparan sulphate has a
central immunological role, interacting and regulating cytokines such as the

129-

interleukin family, proteases and adhesion molecules (Ori et al., 2008). The
immunological role of interleukins is varied including, but not limited to,
proliferation of activated T-cells, promotion of T helper cells, chemoattraction of
neutrophils and modification of the immune/inflammatory response. Given the
nature of the heparin binding proteins so far discovered in S. aureus it would be
tempting to suggest that the role of heparin binding may be related to a role in the
immune system. There are several superantigens present in S. aureus with the role
of immunosuppression via corruption of the host’s immune response (Foster,
2005). It has been suggested that the role of heparin binding is to cloak the
bacterium from the host immune system (Beenken et al., 2004) (Arvidson &
Tegmark, 2001), however, it is possible that while doing this, disruption to the
intrinsic components of the system occurs. Map protein, additionally to binding
endothelial cells, causes the blockage of the binding site of lymphocyte-functionassociated antigen (LFA-1) (Kreikemeyer et al., 2002). Although the role of
Yent2 is unknown it is surrounded by genes for proteins that demonstrate
leukotoxicity, these include leukocidin E-D and enterotoxin G, these enterotoxins
can act as superantigens (alternatively ingestion can cause vomiting) (Foster,
2005). Sequestering host heparan sulfate from sites of wounding may also impair
host wound healing ability through inhibition of basal cell membrane formation
mediated by growth factor pathways in which heparan sulfate is an essential
component.
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3.11.5.2 Interaction with the Host Extracellular Matrix.
S. aureus is primarily considered an extracellular pathogen although evidence
exists for intracellular survival in endothelial cells and granulocytes (Peacock et
al., 1999). Consequently, it spends a considerable proportion of time in the host
extracellular matrix where it will interact with numerous components. Much of
this interaction is well studied, for example binding to host fibrinogen, fibronectin
and collagen (Beenken et al., 2004; Cucarella et al., 2001; Patti et al., 1994).
Heparan sulfate is an important structural component of the extracellular matrix
via interaction with those components already mentioned and through binding to
integrins and syndecans. As such heparan sulfate has an important role in
maintaining structure of the cytoskeleton. This structured environment is very
crowded, having a macromolecular concentration of approximately 400 mg/ml
(Femig, 2008). A consequence of this is there is very little free space. Indeed this
is true at the molecular scale for the movement of proteins such as growth factors,
so the space for something the size of a bacterium is virtually nonexistent. Some
space may be produced via the initial trauma which led to infection, especially
through inhibition of wound repair, which may be a consequence of heparan
sulfate binding, however, there is still a definite space deficit for future bacterial
growth. Interference with the cytoskeletal framework could collapse an area of the
extracellular matrix, thus producing a void in which growth would be possible.
Such interference may well make use of the role of heparan sulfate in maintaining
this structure and through heparan sulfate binding the structure may be
compromised.
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Chapter 4. Determination of the kinetics of interaction of heparin
and S. aureus proteins.

4.1 Introduction
In chapter three the successful identification and purification of three putative S.
aureus heparin-binding proteins was discussed. To briefly recap these were:
SA0570, a conserved hypothetical protein, SA1003, extracellular fibrinogen
binding protein (Efb), which has a described role in complement inhibition and
SA2431, immunodominant staphylococcal antigen B (IsaB) which is a homologue
of a 17 kDa heparin-binding protein described from S. epidermidis. Following
their identification the proteins were overexpressed and purified; from a total of
nine proteins identified these three were the only ones successfully purified. In
this chapter a series of experiments are described, designed to fully investigate the
protein-sugar interaction using a mixture of kinetic and competition experiments
with a range of sugars that are either based upon or similar to heparin.
It is true to say that many proteins will bind other molecules irrespective of
whether or not that binding is physiologically relevant or even possible under in
vivo conditions. This is demonstrated by the number of proteins that bound the
heparin

agarose

column

under the

conditions

present

during

affinity

chromatography that would be unlikely to come into contact with heparin or
heparan sulfate under normal conditions. To determine the relevance of in vitro
binding to in vivo conditions a series of kinetic experiments were used
(Fagerstam, 1991). These enable measurements of kass (the association rate
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constant), kdiss (the dissociation rate constant) and Kd (the equilibrium
dissociation

constant).

These

values

provide

data

on

the

speed

of

binding/dissociation and a concentration at which the interaction will take place
(Edwards et a l, 1995, Edwards & Leatherbarrow, 1997). In addition to the kinetic
experiments, each of the potential S. aureus heparin-binding proteins were tested
with a series of competition assays. Competition with sugars of different length
was measured using nitrous acid digested heparin, which had been purified into
fractions of the same size. This would provide information on the size of the
heparin binding site (Turnbull et a l, 1992; Kreuger et al., 1999). The effect of the
sulfation pattern of the sugar was investigated using a series of chemically
modified heparins as model compounds (Guimond et a l, 2004; Rudd et al,
2009). A final competition assay used different GAGs to determine the relative
specificity of the proteins for this family of polysaccharides.

4.2 Surface design
A variety of surfaces are available for use in the IAsys resonant mirror biosensor
enabling a range of different methods to be used to produce a heparin surface.
When designing a surface, a range of parameters are used to identify the best
surface for the experiment (Femig, 2001). The surface should be relatively
homogenous, this ensures that signal changes are homogenous across the outside
surface of the waveguide; a “sweet spot” with a high local concentration of
binding sites would broaden the distribution of angles at which resonance occurs,
which reduces the signal to noise ratio of the instrument (Shuck, 1997, Fernig,
2001). It is also important to avoid overcrowding the surface with binding sites, as
this will cause steric hindrance, leading to the detection of one or more classes of
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slower kinetic (hence lower affinity) sites that arise due to a bound ligand
hindering access to a neighbouring binding site by a second ligand. Moreover,
since an interaction between the immobilised ligand and the underlying surface
may also cause steric hindrance, the geometry of the functionalised surface needs
to be considered (Femig, 2001).
The surface should be designed to maximise the signal-to-noise ratio of the
binding interaction (specific versus non-specific). Ideally, non-specific binding
should be undetectable, or < 1% of total binding. Otherwise a control surface has
to be used and this may not be representative of the actual surface used (Schuck,
1997). A blank control surface has a higher non-specific binding area than a test
surface, on which ligand is immobilised and, hence, cannot be used as a control,
since it overestimates non-specific binding (Fernig, 2001). If a blocking agent is
used e.g. bovine serum albumin, and non-specific binding is still an issue the same
consideration arises with respect to the differences between the control and test
surfaces (Peters, 1996). Moreover, the blocking agent may also contribute to non
specific binding under these circumstances. When capture systems are used such
as immobilised streptavidin it is obviously important to test for non-specific
binding to the surface with just the capture system immobilised (Schuck, 1997;
Fernig, 2001). In the experiments investigating heparin binding properties of
proteins obtained from S. aureus, the sugar was immobilised to the surface either
after being biotinylated or digested in a way that left a reactive functional group,
which could be reacted directly with a specific surface. Three different surfaces
were tested for each protein to find one with minimal background binding. An
aminosilane chip was used with a streptavidin capture system for biotinylated
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sugar; a biotin surface was used with streptavidin added to capture biotinylated
sugar and a thiol surface was used with a BMPH cross linker to nitrous acid cut
heparin, an aldehyde containing polyethylene glycol was used as a surface
blocking agent.
4.2.1 Production of a surface using streptavidin and biotinylated heparin on
an aminosilane chip.
Streptavidin

was

immobilized

on

an

aminosilane

surface

using

bissulfosuccinimidyl suberate (BS3) as a cross-linker following previously
published methods (Fernig D.G., 2001; West et al., 2006). Biotinylated heparin,
as produced for western blot analysis of S. aureus proteins, (method 2.2.2.2) was
added to the surface and allowed to bind. After 3 h the sugar was removed and the
surface tested for ability to bind FGF-2 (100 arc s response to 10 pg ml'1) (Figure
4.2.1.1).

streptavidin and biotinylated heparin (upper line) and an aminosilane chip with
streptavidin without biotinylated heparin (lower line).
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Testing the heparin-derivatised and blank surfaces with FGF-2 indicated the sugar
was present in sufficient quantity to allow significantly measureable binding of a
well characterised test protein. However, binding of SA0570 resulted in binding
that conformed better to a two site binding model than a single site model. Further
investigation showed that SA0570 bound to an unmodified aminosilane surface
with 50 pi of 8.58 pg ml'1 SA0570 producing a response of 80 arc s of binding
over 3 min (Figure 4.3.1). The same concentration of SA0570 added to a
streptavidin derivatised amino silane surface resulted in a response of 22 arc s
after 3 min. This indicates substantial backing binding of SA0570 to the
aminosilane surface; derivatisation of the surface with streptavidin blocks a
substantial amount of the aminosilane surface, but that which remains exposed
still binds SA0570 non-specifically. Repeating surface binding tests with SA1003
gave responses of 91 arc s and 120 arc s for 50 pi of 36 ng ml'1 SA1003 on
aminosilane and a streptavidin-derivatised surface, respecively. Thus SA1003
binds both streptavidin and aminosilane non-specifically. IsaB also showed
binding to both streptavidin-derivatised and aminosilane surfaces, with a response
of 70 arc s observed for 50 pi 59.5 pg ml'1 IsaB on both surfaces. As a
consequence of the high levels of non-specific binding by all three proteins, the
aminosilane surface was deemed unsuitable for further experimentation.
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4.2.2 Production of a sugar surface on a biotin chip using biotinylated sugar
and streptavidin to cross link.
SA1003 bound streptavidin, but SA0570 only appeared to bind the aminosilane
surface non-specifically and from the data it was unclear whether IsaB bound
either streptavidin and/or aminosilane. A biotin coated chip was, therefore, tested
for background binding. Briefly 1 mg ml"1 streptavidin was added to a biotin
surface and allowed to bind at room temperature for 30 min, the surface was then
washed and biotinylated heparin added overnight at 4°C. SA0570 and SA1003
showed no binding to the biotin surface but as SA1003 binds non-specifically to
streptavidin, this approach is not suitable for analysis of this protein’s interaction
with sugars. IsaB showed limited binding to the unmodified biotin surface with a
maximum response of 14 arc s reached in 90 s for 50 pi 59.5 pg ml"1IsaB (Figure
4.2.2.1). However, this value was deemed too high when considered in the context
of the signal-to-noise ratio.
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Figure 4.2.2.1: Binding curve for the binding of 50 pi 59.5 pg ml'1 IsaB to an
unmodified biotin surface. Maximum binding is reached after 90 s and shows a
response of 14 arc s.
All three proteins demonstrated an ability to bind sugar attached to a biotinstreptavidin-heparin surface, 50 pi of 85.8 pg ml'1 SA0570 giving a binding
response of 75 arc s. Interestingly, despite not showing non-specific binding to
any of the components of the surface, when analysed these data were best fitted
by a two site binding model (figure 4.2.2.2).
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Figure 4.2.2.2: Binding of 50 pi 85.8 pg ml'1 SA0570 to biotinylated heparin
immobilised on a biotin surface. The binding curve has been fitted to a single site
binding model (panel A) and a two site model (panel C) with the horizontal lines
showing the maximum contribution to total bind of each site. The distribution of
the data around the models is shown in panels B and D, respectively. The one site
model clearly gives a non-random distribution of the data, whereas the data are
randomly distributed around the two site model, indicating that the latter is a
better description of the data (Femig et al., 1992; Rahmoune et al. 1998a;
Rahmoune et al. 1998b).
Repeating SA0570 binding to this surface with lower concentrations still indicated
a two site binding model even when the response was lower than 10 arc s. This
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indicates the two site binding may not be a result of an artefact, such as steric
hindrance because too high a concentration of ligate was added to the surface,
which would result in either: (i) occupancy of its binding sites on heparin that are
partly obscured by streptavidin; (ii) overlapping binding sites on heparin, which at
high occupancy would cause an artefactual secondary binding phase; (iii) the
creation of a new class of suboptimal binding sites through internal biotinylation
of the heparin at rare free amino groups and the consequence of these being
physically fixed to streptavidin. Thus, it is possible that SA0570 can self-associate
or has different affinity binding sites for heparin.

4.2.3 Nitrous acid cleaved sugar surface on a thiol chip utilising a
polyethylene glycol block.
Digestion of heparin with nitrous acid cleaves the sugar only at linkages between
N-sulfated glucosamine and adjacent hexuronic acid residues (Bienkowski and
Conrad, 1984). This creates a terminal anhydromannose at the reducing end
formed by hydrolytic loss of the N-acetyl groups.
At low p.H. (~5.0) the ring of the anhydromannose at the reducing end opens
leaving a terminal aldehyde (CHO) group; this can react with the hydrazide of the
maleimide-hydrazide

cross linker BMPH (A-[B-maleimidopropionic acid]

hydrazide) in a classic Schiffs base reaction (Drummond et al, 2001; personal
communication with Dr E.A. Yates). Although at this stage the optimal size of the
binding sites of the S. aureus proteins was not known, it was decided to make
surfaces with DP8, as this is sufficiently long for all known monopartile protein
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binding sites (Ori et al., 2008). BMPH is a heterobifunctional crosslinker and its
maleimide group allows the facile and stoichiometric conversion of a thiol surface
to a hydrazide surface. Polyethylene glycol (PEG) acts as a good blocking agent,
in this case with a mixture of CHO-PEG to block free hydrazide groups and
maleimide-PEG to block any free thiols on the surface. The reaction of hydrazide
to the aldehyde groups is relatively slow so each of these reactions was allowed to
proceed overnight at 4°C. A blank surface (sugar omitted) was tested for
background binding by the addition of 1 pg ml'1 hepatocyte growth factor (HGF)
and no binding was observed, while a response was observed on the sugar surface.
On the blank surface consisting of a thiol chip, BMPH and CHO-PEG/maleimidePEG no binding was observed for SA0570, SA1003 or IsaB. However, on the
sugar surface binding of each protein occurred; additionally, unlike on the
previous surface for SA0570 a single site binding model was seen to fit best the
data of the binding curve. This observation was also true for both SA1003 and
IsaB.

4.3 Investigation of the interaction between SA0570 and heparin.
To fully characterise the interaction between SA0570 and heparin, initial
experiments focussed on production of the most reliable surface on which to
work. The non-specific binding to the aminosilane surface mentioned in section
4.2.1 (Figure 4.3.1) precluded the use of an aminosilane surface leaving a choice
of either the biotin chip and biotinylated heparin derived surface or the PEG
blocked surface.
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Figure 4.3.1: Binding curve for the association of 50 pi 8.58 jag ml'1 SA0570 to
an aminosilane chip surface. The binding fitted a single site model of association
and measurements taken from the curve returned values of a total extent of 80
±0.7 arc s and a kon value of 0.097 ±0.001 M '1(three measurements taken).
On a biotin surface with biotinylated heparin captured via streptavidin 50 pi 85.8
pg m l'1 SA0570 showed binding that conformed to a two site model of association
(Figure 4.2.2.2). This phenomenon was also observed using concentrations of
SA0570 that produced minimal binding responses, such as 50 pi 268 ng ml’1
SA0570 which provided a response of just 4.5 ±0.03 arc s (mean of three
measurements). The dual phase binding may be a real event with plausible
explanations being that there are two heparin binding sites on the protein with
different affinities, or the ability of more than one molecule of protein to bind a
single sugar chain. An alternate explanation is that the protein self-associates
around a sugar molecule i.e. if heparin binding caused dimerisation of SA0570.
Since biphasic binding was not observed on the thiol-BMPH-oligosaccharide
surface blocked with PEG, it seems as if the secondary binding phase depends on
the presence of a full heparin chain with internal biotinylation sites.
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The monophasic binding observed on the surface with immobilised nitrous acid
derived oligosaccharides means this surface behaves most in keeping with those
used by others for characterising protein-sugar interactions (Rahmoune et al,
1998a; Rahmoune et a l, 1998b; Fernig, 2001). As a result, this system was used
for measurements involving the SA0570 protein and heparin, derivatives of
heparin and other glycosaminoglycans. An additional advantage to using a surface
containing a nitrous acid cut sugar was that nitrous acid digestion could be used to
produce sugars of different lengths to determine the effect of sugar chain length
on protein binding (Guo and Conrad, 1989).

4.3.1 The kinetics of the interaction between SA0570 and heparin.
To better understand the interaction between the S. aureus protein SA0570 and
heparin a series of experiments were carried out to determine the kinetic
parameters of the interaction. Firstly a series of binding curves were obtained with
a range of concentrations of SA0570. Between each addition of protein the
surface was regenerated by the addition of 20 mM HC1 for 30 s before
establishment of a new baseline in PBST; this ensured that no residual SA0570
protein remained on the surface before the next binding event. To prevent the
effects of steric hindrance seven measurements were taken at a range of low
concentrations of SA0570: 14.7 nM, 24.7 nM, 30.9 nM, 48.3 nM, 75.4 nM, 94.3
nM and 118 nM (Figure 4.3.1.1). These binding curves allowed the calculation of
the on-rate; a plot of kon against ligate concentration should yield a straight line if
the data are monophasic, the slope of which is the association rate constant, kassA single site binding model was shown to be the best fit for each binding event,
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though above 118 nM a biphasic model best fit the data, indicating either steric
artefacts or binding to oligosaccharides with suboptimal structures for this
interaction above this concentration. To determine the dissociation rate constant,
kdiss, high protein concentrations were used to avoid rebinding artefacts (West et
al., 2005). Additionally the PBST added for dissociation included 1 mg ml'1
heparin to compete with the surface bound sugar for binding of dissociated
protein. Each measurement was performed in triplicate to ensure accuracy and the
concentration of protein added was chosen non-sequentially to ensure prevention
of surface familiarity for the ligand.
Kd, the equilibrium dissociation constant, was calculated via two methods to
ensure the accuracy of the stated value. Kd (kinetic) is obtained from the ratio of
kdiss/kass- The values are obtained through non-linear curve fitting in the data
analysis software (kdiss) and the gradient of kon versus concentration (kass). This
method of obtaining Kd is considered more accurate (West et al, 2005) and hence
becomes the stated value for the interaction. Kd (equilibrium) is stated purely for
comparisom purposes. This value is obtained through a Scatchard transformation
of the total extent of binding at equilibrium versus ligand concentration
(Davenport &Russell, 1996). While more accurate than predicting Kd as half the
maximum bound protein this method relies on binding saturation; and as such
artefacts due to binding at sub-optimal binding sites (Davenport &Russell, 1996).
As a result it is not uncommon for Kd (equilibrium) to be higher than Kd
(kinetic), even by an order of magnitude (Rahmoune et al., 1998b). However, a
stronger Kd (equilibrium) would indicate the data are no longer internally
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consistent possibly due to the presence of bining sites of differing affinities
(Rahmoune et al., 1998b; West et al., 2005).
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Figure 4.3.1.1: Binding of SA0570 to heparin. A, binding curves for the addition
of 14.7 nM, 24.7 nM, 30.9 nM, 48.3 nM, 75.4 nM, 94.3 nM and 118 nM SA0570
to a DP8 surface. Ligate was added after a baseline was established with PBST
and allowed to bind for 3 min until binding reached a maximum. Data were
collected three times per second and each curve repeated three times (one
complete set shown here). B, after binding of SA0570 (11.8 mM) to the heparin
derivatised surface, dissociation was initiated by washing with PBST containing 1
mg ml'1 heparin and followed for 90 s. Three dissociation curves are shown. C,
linear relationship between the slope of initial rate and concentration of injected
SA0570; the linear nature of the line indicates the association rate is not diffusion
limited. D, linear relationship between kon and concentration of injected SA0570
the gradient of the slope is equal to the association constant kass and the linear line
of fit indicates that the fit to a single site binding model is correct. E-K, the
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distribution of the data points (jagged line) around a one-site binding model
(horizontal line at 0 arc s) is shown for each of the concentrations of SA0570 used
in the binding assay in panel A showing the random distribution of the data
around a one site model. Instrument noise is ±0.5 arc s.

The data produced from this set of kinetic experiments are summarised in table
4.3.1.1. A kass of 58,000 M"1 s'1 is relatively slow when compared to the
association rate constants of some mammalian heparin binding proteins to the
sugar, e.g., FGF-2 has a of k ^ for heparin of 320,000-550,000 M 1s 1 and a Kd
of around 20-30 nM (Rahmoune et al., 1998a). The Kd value for the SA0570heparin interaction of 920 nM is indicative of relatively low affinity for the sugar
when compared to heparin binding growth factors e.g. FGF-2 and HGF (Kd of
0.2-3 nM depending on binding site (Rahmoune et al., 1998b), but similar to that
of extracellular matrix proteins such as collagen (Kd for heparin and type I
collagen is approximately 150nM) (Sweeney et al., 1998). Thus affinities and
kinetics of protein-sugar interactions evolve to meet function. The data show that
SA0570 does bind heparin and, as it currently has no assigned function, heparin
binding may be at least a partial answer to that question. As the values of Kd
calculated from the kinetic parameters are, on an order of magnitude scale, similar
to those calculated from the extent of binding when this had reached a maximum
(Table 4.3.1.1), it is likely that these binding parameters represent the intrinsic
values. The results of these experiments suggest that the SA0570 protein does
bind heparin, although the interaction may be considered slow and of relatively
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low affinity when compared to known heparin binding proteins from mammalian
cell signalling systems.
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4.3.2 The role of sugar structure in the interaction of heparin and SA0570
Heparan sulfate is known to have a very diverse structure especially in relation to
the sulfation pattern of the sugar molecule and for some proteins specific sugar
sequences are required for binding. Additionally, many proteins have a requisite
minimum length sugar chain before binding can occur. To test the effect of sugar
chain length and sugar sulfation a series of competition experiments were
performed. Here a specific and constant concentration of protein was injected onto
the oligosaccharide surface initially in PBST and the total extent of binding was
measured. After surface regeneration the same concentration of protein was added
again, however, in this instance sugar was added to the binding buffer before the
protein injection and the effect on the extent of surface binding measured. A range
of concentrations of sugar can be used and thus a dose response curve plotted,
however, when measuring the concentration of sugar required to completely
extinguish surface binding it was apparent the concentration was too high
(approximately 80 mg ml'1 heparin required to inhibit binding of SA0570 by
100%) for the relatively small amounts of modified sugar it is possible to produce.
Therefore competition experiments were performed by adding the same amount of
competing ligand to the binding buffer. Addition of a final concentration of 1 mg
ml'1 heparin was shown to reduce binding by roughly 60% so this was chosen as
the amount of sugar to inject in each competition binding assay. Three different
competition assays were carried out: the effect of sugar chain length using
different length polysaccharides produced by nitrous acid digestion of heparin; the
effect of sugar sulfation using a range of chemically modified heparin molecules;
a range of different glycosaminoglycans were used as competing ligands as a
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means to observe any broader range specificity of the protein for components of
the extracellular matrix.

4.3.2.1 The effect of heparin chain length on the binding of SA0570
Heparin sourced from porcine intestinal mucosa was partially digested by
exposure to nitrous acid (Drummond et a l, 1991). Through quenching of the
digestion at different time points a spectrum of different length heparin fragments
can be produced. These fragments can be separated into fractions of uniform size
through size-exclusion chromatography (Powell et a l, 2004; Hussain et al,
2006). Digestion of the sugar in this way produces chemically similar
oligosaccharide, which contain different numbers of the basic heparin
disaccharide monomer as a result each oligosaccharide contains an even number
of monosaccharides and they are labelled according to the number contained i.e.
DP2 will contain one disaccharide while DP 16 will contain eight disaccharides
(Drummond et a l, 1991).
On the same sugar surface produced for the kinetic experiments (section 4.3.1)
competition experiments were performed. An injection of 5 pi of 10 mg ml'1 of
each oligosaccharide was added to 40 pi PBST and a baseline was obtained before
the addition of 5 pi 858 pg ml'1 SA0570 and the observation of the total extent of
this protein binding to the surface, final concentrations of sugar and protein were
therefore 1 mg ml'1and 85.8 pg ml'1, respecively. Binding was allowed to proceed
until equilibrium was reached and the extent at this point measured in arc s. The
binding measured in the presence of sugar was calculated as a percentage of the
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total SA0570 binding where the 5 pi sugar injection was replaced with a 5 pi
injection of PBST and each measurement was the mean of three injections
performed on different occasions (figure 4.3.2.1.1).

Figure 4.3.2.1.1: The effect of heparin chain length on binding of SA0570 to a
sugar surface. Each measurement is the mean of three competition assays where
the addition of 85.8 pg ml'1 SA0570 was preceded by the addition of 1 mg ml'1
sugar to the liquid phase. Errors were worked out by plotting the standard error of
each set of three assays as a percentage of their mean.

The data obtained from the competition assays with oligosaccharides of different
lengths indicated that any length of heparin oligosaccharide can bind SA0570
with inhibition from a DP2 oligosaccharide producing a mean 17.5% reduction in
surface binding. Although these data show a definite competitive effect of shorter
oligosaccharides on SA0570 binding, which appears to reach a clear maximum,
the amount of inhibition is still below that of undigested heparin (approximately
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60% reduction in surface binding at this concentration). There is no clear
explanation as to why this has occurred, however, the same phenomena was
observed in chain length competition assays involving SA1003 and IsaB on this
surface. This may be an artefact of the process of nitrous acid partial heparin
digestion although since the sugar on the surface was also produced by this
method it is an unlikely cause. An alternative explanation may be errors in the
measurement of the amount of sugar present after chromatography to produce the
size based fractions, which could be caused by under estimation of any salts
remaining in the buffer containing the sugar fractions.

4.3.2.2 The effect of heparin sulfation on SA0570 binding
When compared to heparan sulfate, heparin is far more highly and regularly
sulfated i.e. each of the three positions on the disaccharide unit are sulfated in
approximately 75% of disaccharides. Sulfation of heparan sulfate is much more
variable. To mimic this variability a series of competition assays were performed
using desulfated heparin. In a fully sulfated heparin disaccharide iduronic acid is
O-sulfated on its second carbon atom while glucosamine will be O-sulfated in the
6 position and additionally will be N-sulfated. Desulfation is possible at each of
these sites, as are multiple desulfations at any combination of these three sulfation
positions. Removal of either of the two O-sulfates results in the presence of a
hydroxyl group whilst the N-sulfate is replaced with an acetyl group. Desulfation
and sulfation in each of the three positions gives eight separate combinations and
hence eight different disaccharides (Figure 4.3.2.2.1). A competition assay was
performed using such chemically modified heparin polymers. An additional per-

~

153

~

sulfate polymer was also tested, this sugar is fully sulfated at hydroxyl groups
differing from standard heparin by possessing sulfate groups on every -OH group,
so containing four extra O-sulfates per disaccharide plus the native N-sulfates. For
ease of reference sugars are referred to by positions of desulfation i.e. a heparin
with a single desulfation on the iduronate is termed 2 OH.

~ 154

Figure 4.3.2.2.1: Heparin disaccharides consisting of iduronic acid linked a l, 4 to
glucosamine

showing

each

of

the

eight

possible

combinations of

sulfation/desulfation. A, 2-O-sufated iduronic acid and glucosamine 6-O-sulfate
N-sulfate this is the basic repeating unit of heparin and also per-sulfated heparin
(Per S). B, disaccharide desulfated on the 2nd carbon atom of its iduronate (2 OH).
C, a single desulfation on the 6th carbon atom of the glucosamine (6 OH). D, Ndesulfation and N-acetylation of the glucosamine (N Ac). E, dual desulfation of
both O-sulfates on the iduronate and glucosamine (2 OH 6 OH). F, dual
desulfation

of the

glucosamine

removal

of the

6-O-sulfate

and

N-

desulfation/acetylation (6 OH N Ac). G, 2-O-desulfation of iduronic acid and N-
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desulfation/ acetylation of the glucosamine (2 OH N Ac). H, complete desulfation
of the disaccharide in all three positions (2 OH 6 OH N Ac).

A series of competition experiments were performed in a similar way to the
assays used to determine the effect of oligosaccharide length upon the interaction
of SA0570 and heparin (section 4.3.2.1). The same nitrous acid cut heparin
surface with a PEG block was used and an injection of 5 pi of 10 mg ml'1of each
heparin was added to 40 pi PBST to obtain a baseline before the addition of 5 pi
858 pg ml*1 SA0570; as in the previous chain length competition assays the final
concentrations of sugar and protein were therefore 1 mg ml"1 and 85.8 pg ml"1,
respecively. Binding of SA0570 in the presence of each modified oligosaccharide
was taken as the mean total extent at equilibrium of three separate binding events
and compared as a percentage of the binding of 85.8 pg ml"1 SA0570 where the 5
pi injection of a sugar was omitted in place of a 5 pi injection of PBST (Figure
4.3.2.2.2).
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Figure 4.3.2.2.2: The effect of heparin sulfation on binding of SA0570 to a sugar
surface. Each measurement is the mean of three competition assays where the
addition of 85.8 pg ml'1 SA0570 was preceded by the addition of 1 mg ml'1 sugar
to the liquid phase. Errors are the standard error of each set of three assays as a
percentage of their mean. Desulfation nomenclature is explained fully in figure
4.3.2.1.

Heparin sulfation appears to have a marked effect upon the ability of SA0570 to
bind the immobilised oligosaccharide. Generally the more sulfated the heparin
added to the liquid phase the more binding to the surface heparin was inhibited i.e.
SA0570 preferentially binds more highly sulfated heparin. Heparin and the per
sulfated heparin derivative both show maximum competition for surface binding
of SA0570, reducing binding by 60-65%, less sulfated heparins are less efficient
competitors. Heparins containing a single desulfated repeating unit cause only 1540% reduction of surface binding, N-desulfated/N-reacetylated heparin being
more effective a competitor than the 2-0 desulfated heparin which in turn is
slightly more effective than the 6-0 desulfated heparin. These trends suggest a
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modest preference for 6-0 sulfate groups over 2-0 and N-sulfate groups. The
double desulfations reinforce this conclusion: removal of 6-0 sulfate and any
other sulfate group results in complete loss of inhibitory activity. Curiously,
removal of 2-0 and N-sulfates increased binding; why this might be is not clear.
Removal of all sulfate groups abrogates binding. Per sulfation of heparin does not
make the sugar a better competitor. Together with the observed preference for 6-0
sulfate and one other sulfate group, this argues for a specific interaction dependent
of structural features in the polysaccharide, rather than a simple ionic interaction.
Supporting this argument are the kinetic measurements. The kass of SA0570,
50,000 M '1 s’1 is clearly not predominantly driven by ionic interactions, which
would give a far higher value e.g. the hepatocyte growth factor kass is of the order
106- 107 M'1 s'1 and is largely driven by ionic interactions (Lyon et al., 1998;
Caflans et al., 2008).

4.3.2.3 The selectivity of SA0570 binding heparin compared to other
glycosaminoglycans
Although the proteins being investigated here were identified and selected for this
work due to heparin binding ability they may also bind other glycosaminoglycans.
It may be possible that they were identified as heparin binding proteins merely
because of structural similarities between heparin and other glycosaminoglycans
or alternatively rather than solely targeting heparin or heparan sulfate they have
specificity for a broad range of host extracellular matrix components. This may be
the case if, as previously hypothesised, the role of a protein is in immune evasion
through cloaking or the protein interferes with the host extracellular matrix, e.g.,
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to cause some collapsing to produce space for bacterial growth (Clarke & Foster,
2001; Chevakis et al., 2005). Therefore, a final series of competition experiments
were performed to observe the effect upon heparin binding of a range of other
glycosaminoglycans. Comparisons to heparin were made with heparan sulfate,
three types of chondroitin sulfate, dermatan sulfate, two different chain lengths of
hyaluronic acid and K5 capsular polysaccharide from E. coli. Chondroitin sulfate
A was used with two chemically modified versions: an N-sulfated version and an
amino version while a short and a long chain hyaluronic acid of 33 kDa and 930
kDa were chosen. The structures of these glycosaminoglycans are shown in figure
4.3.2.3.1.
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4.3.2.3.1:

B

Repeating

disaccharide

units

of

the

different

glycosaminoglycans tested in competition assays against a heparin surface. A,
chondroitin sulfate A consisting of D-glucuronic acid and N-acetyl-Dgalactosamine. B, chondroitin sulfate A modified with N-sulfation of the
galactosamine. C, chondroitin sulfate A modified by removal of the acetyl group.
D, dermatan sulfate (formerly chondroitin sulfate B) consisting of D-iduronic acid
and N-acetyl-D-galactosamine 4-O-sulfated. E, Hyaluronic acid consisting of Dglucuronic

acid

and

D-N-acetylglucosamine

is a

none

sulfated

glycosaminoglycan. F, K5 polysaccharide from E. coli K5 is structurally similar
to the non-sulfated regions of heparan sulfate.

Chondroitin sulfate is a chain of alternating N-acetylgalactosamine and glucuronic
acid which is 4-O-sulfated. It is a major component of the extracellular matrix
where it may be a component of large proteoglycans such as aggrecan found in
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abundance in cartilage. Numerous forms of chondroitin sulfate exist with different
sulfation patterns. Two chemically modified chondroitin A oligosaccharides were
also tested one with an N-sulfate replacing the N-acetyl and another de-Nacetylated with no substitution. Dermatan sulfate was previously known as
chondroitin sulfate B, its repeating disaccharide consists of D-iduronic acid and
N-acetyl-D-galactosamine 4-O-sulfate the change from glucuronic acid to
iduronic acid being similar to the differing sugar compositions of heparin and
heparan sulfate. Dermatan sulfate has roles in coagulation, infection and wound
repair (Trowbridge and Gallo, 2002). Hyaluronic acid is a key constituent of the
extracellular matrix with roles in cell proliferation and migration. Unlike the other
glycosaminoglycans investigated it is non-sulfated in its natural state (Toole,
2000). The disaccharide repeat is composed of D-glucuronic acid and D-Nacetylglucosamine, linked via alternating P-1,4 and P-1,3 glycosidic bonds. In vivo
the size of hyaluronic acid molecules can vary greatly from 5 kDa to 20 MDa,
here a short and a long chain length hyaluronic acid was used (33 kDa and 930
kDa), the length of the longer chain was chosen on account of the solubility of the
larger molecules at the concentration required in the competition assay. The
chemical structure of the K5 polysaccharide sourced from E. coli K5 is similar to
that of heparan sulfate consisting of a glucuronic acid and D-N-acetylglucosamine
repeating disaccharide. This is identical to the predominant structure found in the
non-sulfated regions of heparan sulfate (Finke et al, 1991). In E. coli the K5
polysaccharide is a capsular polysaccharide expression of which is characteristic
of invasive E. coli (Jann & Jann, 1990), however, due to the structural similarities
to human glycosaminoglycans it is interesting to compare the effects of the
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bacterial polysaccharide, since the chemically modified heparins would contain
low amounts of glucuronic acid.
In keeping with the competition experiments performed with digested sugar
fragments of different lengths and chemically modified heparins a series of assays
were performed using the eight different glycosaminoglycans. An injection of 5 pi
of 10 mg ml'1 of each glycosaminoglycan was added to 40 pi PBST and a baseline
obtained before the addition of 5 pi 858 pg ml'1 SA0570; the final concentrations
of sugar and protein were therefore 1 mg ml'1 and 85.8 pg ml'1, respectively. The
binding of SA0570 in the presence of each glycosaminoglycan was taken as the
mean total extent at equilibrium of three separate binding events and compared as
a percentage of the binding of 85.8 pg ml'1 SA0570 where the 5 pi injection of a
sugar was omitted in place of a 5 pi injection of PBST for ease of reference the
effect of 1 mg ml'1 heparin as a competing ligand for the SA0570 protein was
plotted upon the same chart (figure 4.3.2.3.2).
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Figure 4.3.2.3.2: The effect of different glycosaminoglycans on binding of
SA0570 to a heparin derived surface. Each measurement is the mean of three
competition assays where the addition of 85.8 fig ml'1 SA0570 was preceded by
the addition of 1 mg ml'1 sugar to the liquid phase. Errors were worked out by
plotting the standard error of each set of three assays as a percentage of their
mean. Abbreviations used on chart: CSA, chondroitin sulfate A; CSA (NS), Nsulfated chondroitin sulfate A; CSA (NH2), N-deacetylated chondroitin sulfate A;
E1S, heparan sulfate; HA, hyaluronic acid; DS, dermatan sulfate and K5, E. coli
K5 capsular polysaccharide.

None of the glycosaminoglycans competed for SA0570 as well as heparin. None
of the non-sulfated glycosaminoglycans (hyaluronic acid or K5 polysaccharide)
produced any effect on the level of binding to the oligosaccharide surface
indicating a preference of the SA0570 protein for sulfate groups on a potential
ligand. Although the general trend is specificity for more sulfated molecules the
N-sulfated chondroitin sulfate derivative demonstrated less competition than both
the N-deacetylated derivative and the “natural” chondroitin sulfate. Moreover, the
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presence of iduronate in dermatan sulfate did not increase its capacity to inhibit
binding. This supports the contention that a factor other than the level of sulfation
may contribute to SA0570 glycosaminoglycan specificity; the predominant
difference between the sulfated glycosaminoglycans is in the constituent sugars
and amino sugars. In this respect greater inhibition for surface binding in the
sulfated glycosaminoglycans is shown by heparin followed by chondroitin sulfate
A and dermatan sulfate. That this could indicate some preferential binding for the
iduronic acid of heparin is argued against by the similar inhibition observed with
chondroitin sulfate A and dermatan sulfate. An additional difference between the
glycosaminoglycans is the position of the bond between the sugar and amino
sugar, while heparin and heparan sulfate are linked a 1, 4 the bond in chondroitin
and dermatan sulfate is an a l, 3 link. The O-linked sulfation site in these
glycosaminoglycans is then at carbon 4 rather than carbon 6. Given the preference
of SA0570 for 6-0 sulfate in heparin, particularly in conjunction with another
sulfate, it would appear that the chondroitin sulfate backbone with a sulfate at C-4
is a particularly effective simple unit for inhibiting the binding of SA0570 to
glycosaminoglycans.

4.4 Investigation of the interaction between SA1003 and heparin
Non-specific binding to both aminosilane and streptavidin was observed for
SA1003 (sections 4.2.1 and 4.2.2) making any surfaces containing these
molecules unsuitable for binding assays on this protein. The results of addition of
SA1003 to the nitrous acid cut sugar surface with PEG block showed heparin
binding with no binding observed upon a similar surface with no sugar present. As
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with SA0570 on this surface, a single site binding model was observed at lower
concentrations of the SA1003 protein. Biphasic binding observed at higher
concentrations was thus again either an artefactual result of steric hindrance or
due to the presence of suboptimal structures present in the DP8 population
immobilised on the surface. With this surface producing data conforming to the
expected pattern for these experiments it appears that the same surface used for
the characterisation of the SA0570-heparin interaction is suitable for investigation
of the SA1003-heparin interaction.

4.4.1 The kinetics of the interaction between SA1003 and heparin
To calculate the association rate constant the interactions between seven different
concentrations of SA1003 and heparin were measured. To ensure accuracy of
measurement of the kinetic data the highest concentration used was checked to
ensure the binding curve best fitted a monophasic binding model. Concentrations
of SA1003 injected onto a heparin surface to determine k ^ were 7.84 nM, 15.7
nM, 62.7 nM, 125 nM, 251 nM, 294 nM and 501 nM (Figure 4.4.1.1). Above
these concentrations biphasic binding became a concern although as this is
unimportant when calculating the dissociation rate constant these measurements
were undertaken after the addition of 1.67 mM SA1003; dissociation was carried
out in PBST supplemented with 1 mg ml"1 heparin. Between each addition of
protein the surface was regenerated by the addition of 20 mM HC1 for 30 s before
establishment of a new baseline in PBST, which ensured no residual SA1003
protein contaminated the surface before the next binding event.
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Figure 4.4.1.1: Binding of SA1003 to heparin. A, binding curves for the addition
of SA1003 to a DP8 surface, 7.84 nM, 15.7 nM, 62.7 nM, 125 nM, 251 nM, 294
nM and 501 nM SA1003 protein was added after a baseline was established with
PBST and allowed to bind for 4 min when maximal binding was reached. Data
were collected three times per second and each curve repeated three times (one
complete set shown here). B, after binding of SA1003 (1.67 mM) to the
oligosaccharide derivatised surface, dissociation was initiated by washing with
PBST containing 1 mg ml'1 heparin and followed for 90 s. Three dissociation
curves are shown. C, linear relationship between the slope of initial rate and
concentration of injected SA1003 the linear nature of the line indicates the rate is
not diffusion limited. D, linear relationship between kon and concentration of
injected SA1003, the gradient of the slope is equal to the association constant kass
and the linear line of fit indicates that the fit to a single site binding model is
correct. E-K, the distribution of the data points (jagged line) around a one-site

166-

binding model (horizontal line at 0 arc s) is shown for each of the concentrations
of SA1003 used in the binding assay in panel A indicating a random distribution
of the data around the model. Instrument noise is ±0.5 arc s.

The data obtained from each of the three datasets produced are summarised in
table 4.4.1.1. Again, a one site binding model is a good description of the data: the
binding data are randomly distributed around the model (Figure 4.4.1.1), the
slopes of graphs of kon and slope of initial rate against concentration are linear and
Kd (kinetic) is equivalent to Kd (equilibrium) indicating the data are internally
self-consistent (Table 4.4.1.1). Analysis of the three datasets returned a value for
kass of 10200 M'1 s'1which is a relatively slow rate of association. This combined
with a kdiss of 0.098 s'1returns a Kd of around 10 pM. A Kd of this value indicates
a low affinity of the protein for the sugar with slow association combined with
fast dissociation. This is in keeping with the proposed hypothesis of heparin
binding allowing the secreted protein to form a protective gradient around the
bacterium while waiting for its main target molecule, in this case the C3b
complement convertase.
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4.4.2 The role of sugar structure in the interaction of heparin and SA1003
To characterise the interaction between the SA1003 protein and heparin a series of
competition experiments were performed to ascertain the effect upon binding of
sugar chain length, sugar sulfation and the presence of other glycosaminoglycans.
This followed the same methods as those used to investigate the interaction
between the SA0570 protein and heparin. The total extent of binding for 3.56 pg
m l'1 SA1003 was calculated and compared to the total extent of binding in the
presence of 1 mg ml'1competing ligand.

4.4.2.1 The effect of heparin chain length on the binding of SA1003
An injection of 5 pi of 10 mg ml'1of each nitrous acid cut heparin oligosaccharide
was added to 43 pi PBST and a baseline obtained before the addition of 2 pi 89
pg ml'1 SA1003 and the observation of the total extent of this protein binding to
the surface, final concentrations of sugar and protein were therefore 1 mg ml'1and
3.56 pg ml'1, respectively. Binding was allowed to proceed until equilibrium was
reached and the total extent then measured. The total extent of binding in the
presence of each oligosaccharide was measured relative to that observed in the
absence of any sugar with each injection being repeated three times (Figure
4.4.2.1.1).
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Figure 4.4.2.1.1: The effect of heparin chain length on binding of SA1003 to an
oligosaccharide surface. Each measurement is the mean of three competition
assays where the addition of 3.56 pg ml’1SA1003 was preceded by the addition of
1 mg ml’1 sugar to the liquid phase. Errors are the standard error of each set of
three assays as a percentage of their mean.

The data obtained from the competition assay indicated that the addition of even a
disaccharide competed for binding, however, the length of the oligosaccharide
chain did have a substantial effect. While in the presence of a disaccharide
allowed 24% of binding was inhibited this increased to 57% in the presence of an
octasaccharide. This level of inhibition remained constant with the addition of
longer oligosaccharides indicating the DP8 is the minimal binding unit of SA1003
in heparin.
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4.4.2.2 The effect of heparin sulfation on SA1003 binding
The differentially sulfated heparin derivatives (Figure 4.3.2.2.1) were used to
determine if the sulfation of the glycosaminoglycan affects the interaction with
the SAI003 protein. A competition assay was carried out in triplicate with 5 pi 10
mg ml'1 (final concentration 1 mg ml '*) of a heparin derivate added to the liquid
phase before an injection of 2 pi 89 pg ml'1 SA1003. The total extent of binding
was measured and calculated as a percentage of the binding of 2 pi 89 pg m l'1
SAI003 where the sugar injection was replaced by the addition of 5 pi PBST
(Figure 4.4.2.2.1)

Figure 4.4.2.2.1: The effect of heparin sulfation on binding of SA1003 to a sugar
surface. Each measurement is the mean of three competition assays where the
addition of 3.56 pg ml'1 SA1003 was preceded by the addition of 1 mg m l'1 sugar
to the liquid phase. Errors are the standard error of each set of three assays as a
percentage of their mean. Desulfation nomenclature is explained fully in figure
4.3.2.1.
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Unlike the competition assay for SA0570 against differentially sulfated heparin
based oligosaccharides, each combination of desulfation showed some binding to
the SA1003 protein. The effect on SA1003 binding is also more complex. Of the
singly desulfated heparins, N-desulfated/N-reacetylated heparin was the least
effective inhibitor, with 2-0 desulfated heparin only marginally more effective
(-20% inhibition), whereas 6-0 desulfated heparin was nearly as effective as
heparin. This suggests that N- and 2-0 sulfates are paramount for SA1003
binding. However, the multiply desulfated heparins suggest that the binding motif
for SA1003 is more complex. Thus, the absence of a 6-0 sulfate and either a Nsulfate or a 2-0 sulfate results in a polysaccharide that is as effective an inhibitor
as heparin, whilst the loss of N-sulfate and 2-0 sulfate results in a polysaccharide
that competes about as effectively as the singly 2-0 desulfated heparin. Thus, in
the case of SA1003, the individual modifications of heparin are not additive. This
point is reinforced by the observation that completely desulfated heparin is as
good, or better an inhibitor than the singly N- and 2-0 desulfated heparins and the
doubly N- and 2-0 desulfated heparins. These results suggest that in the context
of a highly sulfated polysaccharide (heparin, a model for the S-domains of
heparan sulfate) 6-0 sulfate is important for binding, the conformational effects of
N-sulfation and 2-0 sulfation, which alters the conformation of the sugar
backbone may predominate in regions of low sulfation (Guimond et al., 2004;
Rudd et al., 2009). Together with the slow kass (Table 4.4.1.1), indicative of a
weak ionic component, these data suggest that SA1003 may bind a
conformationally determined structure in heparin or heparan sulfate.
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4.4.2.3 The selectivity of SA1003 binding heparin compared to other
glycosaminoglycans
Finally the preference of SA1003 for other glycosaminoglycans over heparin was
tested. These components of the extracellular matrix are detailed in figure
4.3.2.3.1 and section 4.3.2.3. As with the previous two sets of competition assays
an injection of 5 pi of 10 mg ml'1 of each glycosaminoglycan was added to 43 pi
PBST and a baseline obtained before the addition of 2 pi 89 pg ml'1 SA1003; as
with all the competition assays performed the final concentrations of sugar and
protein were therefore 1 mg ml'1 and 3.56 pg ml'1, respecively. The total extent of
binding was measured and compared to that of 3.56 pg ml’1 SA1003 without prior
injection of a glycosaminoglycan.

Each measurement was the mean of three

binding events and surface regeneration through washing with 20 mM HC1 was
done after each interaction (figure 4.4.3.2.1).
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Figure 4.4.3.2.1: The effect of different glycosaminoglycans on binding of
SA1003 to a heparin derived surface. Each measurement is the mean of three
competition assays where the addition of 3.56 pg ml'1 SA1003 was preceded by
the addition of 1 mg ml'1 sugar to the liquid phase. Errors were worked out by
plotting the standard error of each set of three assays as a percentage of their
mean. Abbreviations used on chart: CSA, chondroitin sulfate A; CSA (NS), Nsulfated chondroitin sulfate A; CSA (NH2), N-deacetylated chondroitin sulfate A;
HS, heparan sulfate; HA, hyaluronic acid; DS, dermatan sulfate and K5, E. coli
K5 capsular polysaccharide.
Large variations in the amount of competition between the different
glycosaminoglycans were seen. As with the competition assay with differentially
sulfated oligosaccharides the pattern is complex. The native mammalian
glycosaminoglycans, chondroitin sulfate A, dermatan sulfate and the two size
classes of hyaluronic acid are similar or slightly weaker competitors than heparin.
Deacetylated chondroitin sulfate A is a poor competitor whereas N-sulfated
chondroitin sulfate A is a superior competitor to heparin. Heparan sulphate and
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surprisingly at first sight, the K5 polysaccharide, equivalent to the N-acetylated
domains of heparin are also more effective competitors than heparin. The free
amine on deacetylated chondroitin sulfate A and N-sulfation at this position are
likely to have important effects on the polysaccharide backbone. This correlates
with the data suggesting the conformational effects of N-sulfation and 2-0
sulfation upon SA1003 binding in addition to the evidence for this provided by
the suggestion of only a weak ionic component to the interaction. The greater
potency of heparan sulfate and K5 as inhibitors, compared to totally desulfated
heparin points to SA 1003 having a strong preference for sequences of GlcNAc
p i,4 GlcA; glucuronate being preferred over iduronate as is the backbone
flexibility offered by N-acetyl glucosamine. This is very different to all known
mammalian heparin/heparan sulfate binding proteins.

4.5 Investigation of the interaction between IsaB (SA2431) and
heparin
The final S. aureus protein to be overexpressed successfully was IsaB, the protein
displaying homology to a S. epidermidis heparin-binding protein. As with SA1003
it bound non-specifically to aminosilane, streptavidin and to a lesser extent to
unmodified biotin surfaces (figure 4.2.2.1). IsaB did not bind non-specifically to
the surface produced with nitrous acid cut sugar and a polyethylene glycol block
and binding of IsaB to the immobilised oligosaccharide was seen to follow
monophasic kinetics. Therefore, to carry out the kinetic and competition assays
this surface was used once more.
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4.5.1 The kinetics of the interaction between IsaB and heparin
To calculate the association rate constant of IsaB for heparin the binding of eight
different concentrations of IsaB to a heparin based DP8 oligosaccharide were
measured. The concentrations were chosen as a range from the lowest giving a
response to the highest concentration that still best fit a monophasic binding
model. The range of final concentrations used was 62.6 nM, 94.0 nM, 125 nM,
188 nM, 251 nM, 376 nM, 501 nM and 626 nM with each injected as 5 pi into 45
pi PBST from which a baseline had been obtained. Data was fitted to binding
curves (figure 4.5.1.1) and analysed to measure the kinetic parameters of the
interaction. To measure the dissociation rate constant (kdiss) 30 mM IsaB was
injected and allowed to bind until equilibrium was reached, when it was removed
from the surface with PBST containing 1 mg ml'1 heparin to prevent rebinding.
Between each addition of protein the surface was regenerated by the addition of 2
M NaCl for 30 s before establishment of a new baseline in PBST, which ensured
no residual IsaB protein was present on the surface before the next binding event.
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Figure 4.5.1.1: Binding of IsaB to immobilised DP8. A, binding curves for the
addition of IsaB to a DP8 surface, 62.6 nM, 94.0 nM, 125 nM, 188 nM, 251 nM,
376 nM, 501 nM and 626 nM IsaB protein was added after a baseline was
established with PB ST and allowed to bind for 4 min until binding was near
maximal. Data were collected three times per second and each curve repeated
three times (one complete set shown here). B, after binding of IsaB (30 mM) to
the DP8 derivatised surface, dissociation was initiated by washing with PBST
containing 1 mg ml'1 heparin and followed for 90 s. Three dissociation curves are
shown. C, linear relationship between the slope of initial rate and concentration of
injected IsaB the linear nature of the line indicates the binding reaction is not
diffusion limited. D, linear relationship between kon and concentration of injected
IsaB the gradient of the slope is equal to the association constant kass and the linear
fit indicates that the single site model is a good description of the data. E-K, the
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distribution of the data points (jagged line) around a one-site binding model
(horizontal line at 0 arc s) is shown for each of the concentrations of IsaB used in
the binding assay in panel A. Instrument noise is ±0.5 arc s.

Table 4.5.1.1 shows the data collected from the three sets of binding assays. IsaB
has a much faster association rate constant for the sugar than either SA0570 or
SA1003 with a kass of 93000

M 'V . In addition to this the measured kdiss value

of 0.0072 s'1 is approximately 10-fold slower than that observed in either of the
previous two interactions; correspondingly the Kd for this interaction indicates a
higher affinity of IsaB for heparin than either SA0570 or SA1003. Given the value
of Kd obtained from the ratio of kdiss/kass is close to that of the Kd obtained from
the total extent of binding at equilibrium these data are internally self-consistent.
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4.5.2 The role of sugar structure in the interaction of heparin and IsaB
Competition assays were performed using nitrous acid cut sugars of uniform
length, differentially sulfated heparin oligosaccharides and a range of
glycosaminoglycans, as were carried out for the previous two S. aureus heparin
binding proteins. This may provide further information on how the protein sugar
interaction occurs and whether there are any essential requirements upon the sugar
component of the interaction. Again the total amount of sugar required to
completely inhibit surface binding was so high as to make it infeasible to attempt
to prevent binding with the oligosaccharides of varying length and sulfation so a
comparison of the effect of 1 mg ml'1of each sugar was made.

4.5.2.1 The effect of heparin chain length on the binding of IsaB
Heparin oligosaccharides obtained from the partial digest of heparin with nitrous
acid were separated into fractions of uniform size and used at a final concentration
of 1 mg ml'1to challenge the ability of 595 ng ml'1 IsaB (total extent of binding at
equilibrium ~ 70 arc s) to bind the immobilised DP8. Binding was allowed to
proceed until equilibrium was reached and the total extent then measured. The
total extent of binding in the presence of each oligosaccharide was measured
relative to that observed in the absence of any sugar with each injection being
repeated three times (Figure 4.5.2.1.1).
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120

Figure 4.5.2.1.1: The effect of heparin chain length on binding of IsaB to a sugar
surface. Each measurement is the mean of three competition assays where the
addition of 595 ng ml'1 IsaB was preceded by the addition of 1 mg ml'1 sugar to
the liquid phase. Errors were the standard error of each set of three assays as a
percentage of their mean.

Inhibition of IsaB surface binding appears irrespective of the length of the sugar
added with a disaccharide offering as much competition for the surface sugar as a
16-mer. However, it is also noticeable that the level of reduction of the binding
response is low when compared to the expected reduction with only a 25%
reduction in the total extent of binding. This can be compared to a 60% reduction
using normal heparin at the same concentration (Figure 4.5.2.3.1).

-1 8 1

4.5.2.2 The effect of heparin sulfation on IsaB binding
Heparin sulfation has already been shown to affect binding of both the SA0570
and SA1003 proteins. Therefore, the same chemically modified heparins (Figure
4.3.2.2.1) were used to probe the interaction of the sugar with IsaB (Figure
4.5.2.2.1) .

Figure 4.5.2.2.1: The effect of heparin sulfation on binding of IsaB to a sugar
surface. Each measurement is the mean of three competition assays where the
addition of 595 ng ml'1 IsaB was preceded by the addition of 1 mg ml"1 sugar to
the liquid phase. Errors are the standard error of each set of three assays as a
percentage of their mean. Desulfation nomenclature is explained fully in figure
4.3.2.1.

From these data it appears that N-desulfation/reacetylation abolishes most of the
ability of the sugar to bind IsaB whereas 2-0 desulfated heparin retains some
ability to compete for IsaB binding to the immobilised DP8. However, 6-0
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desulfated heparin is a better competitor than heparin. The effects of the doubly
desulfated heparins are again not always simply the addition of the effects of the
monodesulfated heparins. Thus, 20H, NAc heparin is intermediate in its
inhibitory potency between the singly desulfated 20H and NAc heparins.
However, 60H, NAc heparin is as effective as 60H heparin and 20H, 60H
heparin is a better inhibitor than 60H heparin. Interestingly, totally desulfated
heparin is a better inhibitor than heparin and indeed, along with 20H, 60H
heparin, the most potent inhibitor.

4.5.2.3 The selectivity of IsaB binding heparin compared to other
glycosaminoglycans

The final set of competition assays focused upon the ability of IsaB to bind
glycosaminoglycans other than heparin (figure 4.3.2.3.1 and section 4.3.2.3).
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Figure 4.5.2.3.1: The effect of different glycosaminoglycans on binding of IsaB
to a DP8 surface. Each measurement is the mean of three competition assays
where the addition of 595 ng ml'1 IsaB was preceded by the addition of 1 mg ml'1
sugar to the liquid phase. Errors are the standard error of each set of three assays
as a percentage of their mean. Abbreviations: CSA, chondroitin sulfate A; CSA
(NS), N-sulfated chondroitin sulfate A; CSA (NH2), N-deacetylated chondroitin
sulfate A; HS, heparan sulfate; HA, hyaluronic acid; DS, dermatan sulfate and K5,
E. coli K5 capsular polysaccharide.

The majority of glycosaminoglycans used to compete with a heparin surface for
IsaB binding show less competition than heparin although generally competition
is observed from all the glycosaminoglycans with the exception of hyaluronic
acid. N-sulfation of chondroitin sulfate A appears to increase the level of
competition with the surface sugar, this is similar to the decrease in competition
seen when heparin is N-desulfated/acetylated. Heparan sulfate and dermatan
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sulfate show a similar level of competition to that of chondroitin sulfate A.
Suprisingly, the most effective competitor is the E. coli K5 capsular
polysaccharide, which is similar to that seen by N-sulfated chondroitin sulfate A.
This is also comparable to the level of competition observed with fully desulfated
heparin. These data suggest that one binding mode of IsaB may be to a heparan
polysaccharide, perhaps involving the COOH of the uronic acid, with no clear
preference for iduronate or glucuronate. The effects of sulfation may be to alter
this binding mode or the protein may adopt a different binding mode when the
polysaccharide is sulfated.

4.6 Discussion
The data collectively indicate that all three S. aureus proteins identified as
putative heparin binding proteins show levels of specificity for heparin and related
polysaccharides. The kinetic measurements provide insights into the relative
contribution of ionic bonding and other non-covalent bonds (H-bonds, Van der
Waals) to the interactions. Thus the slower kass of SA0570 and of SA1003 for
heparin are consistent with an interaction in which ionic steering plays some, but
by no means a major effect. In contrast ionic bonding is clearly an important
component of the IsaB interaction with heparin since the kass is of the order of 105
M '1 s'1, a value reminiscent of the slower growth factor and cytokine interactions
with the polysaccharide. These considerations are supported by the observation
that a high ionic strength solution, 2 M NaCl, was sufficient to regenerate DP8
surfaces in IsaB binding experiments, whereas 20 mM HC1 was required for
regeneration in SA0570 and SA1003 binding experiments.
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The kinetic data produced for the three proteins indicated differences in their rates
of association and dissociation with the sugar in addition to their overall affinity.
Briefly IsaB showed the fastest rate of association with SA1003 being the slowest
protein to bind heparin and also the fastest to dissociate, while IsaB was the
slowest to dissociate. SA0570 fell between the other proteins in both its rate of
association and dissociation. Analysis of the kinetic data produced provides no
reason to dispute the figures given for these kinetic constants with the
assumptions of non-diffusion limited monophasic binding of each protein to
heparin appearing correct for three main reasons. The binding data has been
shown to fit well around a single site model with no improvement of fit to a dual
site model. Furthermore, kon for a single site binding model always increased
linearly with the concentration of protein added providing further evidence of
monophasic binding. Finally, for all three proteins investigated there was a linear
relationship between the slope of initial rate of binding and the concentration of
protein added; this indicates that at no measured concentration was the interaction
diffusion limited. An additional piece of evidence for the calculated values of Kd
being representative of the protein-heparin interaction in each case is provided by
the similarity between the values obtained for Kd (kinetic) and Kd (equilibrium).
Data obtained from the competition experiments with ligands based on
components of the heparin structure allows some molecular footprinting to be
performed. Through the analysis of which structures show increased binding to
the protein, in this case by reducing the amount of binding to the surface, it can be
determined which sugar structures are important to the interaction. Here sugar
chain length was tested since some mammalian heparin binding proteins require a
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minimum length of oligosaccharide before binding can occur; specific sugar
sulfation patterns have also been shown to influence or in some cases be essential
for

protein

binding.

The

competition

experiments

using

different

glycosaminoglycans indicates any affinity for other extracellular matrix
components while also showing the effect on binding of changing the
monosaccharide composition of the oligosaccharides. Additionally, affinity for
other components of the extracellular matrix would provide further evidence for a
role in disruption to the host extracellular matrix. In each experiment it was
notable that unless an extremely high concentration of competing ligand was used
residual surface binding occurred. Although this is possibly a result of high levels
of sugar present on the surface measured binding extents of other heparin ligands
such as HGF indicate this is not the case. Possibly it is an effect of the observed
low affinities meaning some protein can ignore the competing ligand and always
find a surface binding site.
The competition assays based upon the chain length of the oligosaccharide
indicate the nature of the heparin binding site on each protein. It has been
recorded that some proteins will only bind to oligosaccharides of a certain length
and this length depends upon the size of the protein’s heparin binding site which
is independent of protein size; for example HGF (an 84 kDa protein) requires a
minimum of a DP4 to facilitate binding while the considerably smaller vascular
endothelial growth factor (VEGF), a 35 kDa protein, requires an oligosaccharide
of at least DP 14 for successful binding. To some extent this reveals the nature of
the binding for each of the S. aureus proteins as monopartite. The interaction of
VEGF and heparin is considered bipartite and the sugar chain is wrapped around
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the protein interacting with the multiple binding sites, this is also the case for
other proteins such as platelet factor 4 and interferon gamma (Robinson et al,
2006; Ori et al., 2008). Although all three S. aureus proteins showed some
binding ability to the disaccharide there is a degree of difference for the minimum
oligosaccharide length required for maximum binding. While IsaB and SA0570
demonstrated equal binding irrespective of oligosaccharide size SA1003 preferred
a minimum of an octasaccharide. Taking a disaccharide to be roughly 1 nm in size
this indicates binding sites on SA0570 and IsaB of approximately 1 nm and on
SA1003 of around 4 nm. However, in each case a complete heparin
polysaccharide

showed

greater

binding

inhibition

than

the

maximum

demonstrated by the oligosaccharides though this was less true for SA1003 than
SA0570 and IsaB. A plausible explanation for this is a consequence of the nitrous
acid digestion technique and resulting issues in quantifification of the sugar
present: After pooling the fractions obtained from the digest they were separated
through size exclusion chromatography into fractions based on oligosaccharide
size (Hussain et al., 2006). To quantify these they were desalted, freeze dried and
weighed. When weighing such small quantities of material any errors caused by
contaminants e.g. through incomplete desalting or incomplete freeze drying will
greatly affect the measured amount of sugar. For nitrous acid digested sugars
there is no method to confirm the quantity of sugar present through spectrometry
unlike the methods used to determine protein concentration in the previous
chapter (Powell et al., 2004). This explanation fails to explain the relative
differences of the maximum inhibition demonstrated by the oligosaccharides and
the inhibition shown by undigested heparin, particularly in the case of SA1003 (a
55% reduction in binding on competition with DP8 compared to 62% with the
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same concentration of heparin) compared to IsaB (a 25% reduction in binding on
competition with DP2 compared to 52% with the same concentration of heparin).
This may indicate some structural effect resulting from the digestion of the
heparin with nitrous acid; this could be tested through repeating these competition
assays with oligosaccharides obtained from enzymatically digested heparin.
At least as important to sugar binding as the chain length of the oligosaccharide is
the level and pattern of sulfation displayed by it. Protein binding of heparan
sulfate has been shown to not only be dependent upon the sugar binding site of the
protein but that protein binding motifs on the sugar also exist. In the case of FGF2, in addition to requiring a minimum sized sugar of a tetrasaccharide, N-sulfation
of the glucosamine and 2-O-sulfation of the iduronate are required for binding
(Turnbull et a l, 1992; Faham et a l, 1996; Delehedde et al, 2002). Meanwhile
FGF-7 requires a minimum of both 2-O-sulfated iduronate and 6-O-sulfated
glucosamine (Ostrovsky et al, 2002) and HGF recognises a similar sequence of
iduronate and 6-O-sulfated glucosamine (Lyon et al, 1994). Furthermore, the
structural parameters of the sugar responsible for binding identified by
competition with differentially sulfated oligosaccharides are repeated in the range
of glycosaminoglycans used in the final set of competition assays.
In the case of SA0570 initial indications showed a preference for more highly
sulfated oligosaccharides, however, competition with N-sulfated chondroitin
sulfate A was less effective than with unmodified chondroitin sulfate A
suggesting some level of specificity, although similar competition from dermatan
sulfate indicated this was not due to the hexuronic acid while sulfated iduronate
appeared a more successful ligand. For SA0570 to bind the sugar 6-O-sulfation of
the glucosamine was essential indicating some similarity to HGF heparin binding.
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Sulfation at the 6-0 site is a common motif in sugar recognition and is also
implicated in the binding to heparan sulfate of FGF-1 and FGF-4 albeit in the
context of longer oligosaccharide chains (Ishihara, 1994). Further evidence of the
important role of the 6-0-sulfation in SA0570 binding is provided by the
anomalous result of competition with sugar solely sulfated in this position. In this
case, rather than providing competition to the surface bound sugar with an attempt
to reduce binding, instead surface binding of the protein increased. Whereas in the
cases of oligosaccharides by omitting 6-0-sulfation the effect was to leave surface
binding at the level seen in the absence of sugar indicating no binding the effect a
sole sulfation at this site suggests a change in the protein that enhanced surface
aggregation. Potentially this is further evidence for some sort of protein
oligomerisation possibly indicating why on the initial surfaces tested SA0570
conformed better to a two-step binding model even at low concentrations.
The role of sugar sulfation in SA1003 binding is much more varied with the
protein able to bind fully desulfated heparin although at a lesser extent than sugar
containing sulfate; this provides further evidence that binding is not purely
through ionic attraction. Despite each oligosaccharide binding SA1003 Nsulfation appeared to be the most important for binding, however, unlike FGF-2
which requires N-sulfation and 6-0-sulfation, in the case of SA1003 6-0desulfation had no effect upon binding. Additional desulfation of the 6 carbon of
the glucosamine appeared to reconfer the ability to bind SA1003 when another
site was desulfated also, although fully desulfated sugar showed only limited
protein binding suggesting a more complex binding motif. Persulfated heparin
demonstrated slightly less protein binding ability than normal heparin indicating
that some 6-0-desulfation may be beneficial to binding. Indeed it may be the case
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the sulfation itself is less important a consideration in SA 1003 binding than the
structural alterations in the sugar conformation resulting from it. Further evidence
that SA1003 binding of glycosaminoglycans may be conformationaly mediated is
suggested by the results of the glycosaminoglycan competition assays. Here
heparan sulfate, the E. coll K5 polysaccharide and N-sulfated chondroitin sulfate
A showed the greatest binding to SA1003. The fact that K5 polysaccharide
provided a higher level of competition than the fully desulfated heparin suggests a
preference for glucuronate over iduronate. Additionally the competition exhibited
by both the N-desulfated/reacetylated oligosaccharides, particularly when
combined with 6-0 desulfation, heparan sulfate and K5 polysaccharide indicates
binding to sequences containing N-acetylglucosamine. This provides extra
evidence for a more conformationally driven interaction as these sequences
provides greater flexibility to the sugar backbone.
In the case of IsaB N-desulfation/acetylation prevented the sugar being able to
bind the protein and while 2-O-desulfation showed no discernible effect upon
binding 6-O-desulfation appeared to enhance binding. Moreover, the kinetic data
suggests that of the three staphylococcal proteins identified IsaB is the only one
that has a predominantly ionic attachment to heparin suggested by both the faster
kass value symbolic of ionic interaction especially in the case of heparan sulfate
binding proteins and the ability of ionic challenge with 2 M NaCl to remove the
majority of the protein from the sugar surface (West et a l, 2005). In spite of this,
however, desulfation and the associated drop in net ionic charge appears to have
an important role in the affinity of the protein for the sugar and while the role of
sulfation and essential sulfates are understood in the case of the mammalian
heparin binding growth factor proteins desulfation may be responsible for some of
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the binding displayed by these bacterial proteins. Whilst preferring to bind the
desulfated oligosaccharides the apparent ionic nature of the binding indicates
other charged areas of the sugar; e.g. the carboxylic acid groups, may drive
binding. Similar to SA1003, IsaB shows high affinity for the unsulfated K5
polysaccharide and N-sulfated chondroitin sulfate A yet with lower affinity for
heparan sulfate. This suggests less specificity for a certain hexuronic acid in the
interaction with either iduronate or glucuronate sufficient. Given it appears the
hexuronic acid is important in determining IsaB binding it is interesting that
hyaluronate fails to bind suggesting some other structural preference, possibly for
the desulfated areas of a sulfated molecule thus explaining the preference for K5
polysaccharide which mimics desulfated heparan sulfate. In this case there may be
an alternative binding mechanism to bind sulfated polysaccharides, this being
another example of a bacterial protein not following the mammalian protein
binding mechanism.
It is notable that all three identified proteins bind a wide range of
glycosaminoglycan structures, both from the range of glycosaminoglycans tested
and the variably sulfated heparin oligosaccharides. These structures show a wide
variation from highly sulfated heparin molecules to the unsulfated K5
polysaccharide which is representative of the desulfated NA domains of heparan
sulfate. The K5 polysaccharide is bound by both SA1003 and IsaB which both
bind heparin with various levels of sulfation although generally preferring those
showing some desulfation. What is unclear from these experiments is whether one
binding site is responsible for these interactions or if multiple overlapping binding
sites exist; clearly totally separate binding sites would, in these experiments, show
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no competition. This may form part of a broad polysaccharide binding patch on
these proteins which could in some way by linked to their function.
Overall while some similarities may exist between the mechanism of sugar
recognition and binding to those shown by the heavily investigated mammalian
proteins it appears that the bacterial proteins investigated here may use different
methods for binding either through sulfation recognition or binding certain sugar
residues, the proteins appear to have a broader affinity for glycosaminoglycans
although that may come at a cost of specific binding to individual sugars seen here
in the case of the lower kasSvalues for heparin and higher concentrations seen for
the kd values. Given the data seen here it may be more likely that these proteins
bind extracellular matrix components as part of a role of broad spectrum binding.
For SA1003 this may be achieved as a method to keep the protein localised near
the bacteria where its role in complement inhibition will be more effective, for the
other proteins it might be part of an as yet undetermined role. In chapter three it
was hypothesised that these proteins could be used to disrupt the structure of the
extracellular matrix allowing for greater bacterial proliferation or to interfere with
the host immune system either as a function of immune evasion or interference
with wound repair. With the additional data obtained here these proposed roles are
still potential functions of these proteins in view of the broad range of matrix
components they may bind their presence will have a definite effect on the
extracellular matrix and binding numerous components would also aid immune
evasion through cloaking. As all the identified proteins are secreted they will form
a gradient around the bacterium which is a common mechanism of a number of
bacterial processes, e.g. antibiotic resistance, quorum sensing. Such a system
could be involved with the suggested roles of these proteins being to disrupt host
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structures, perhaps through targeting of the N-acetylated regions of host
glycosaminoglycans which SA1003 and IsaB seem to target. Furthermore, this
could be part of a mechanism to disrupt host cytokine signalling. The NA regions
of heparan sulfate (similar in structure to the K5 polysaccharide) are particularly
important to bipartite binding molecules, a group which includes some important
cytokines.
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Chapter 5. Design of Novel Surfaces to Probe Protein-Sugar
Interactions

5.1 Introduction
Despite the usefulness of surfaces like those used to investigate the interactions
between the identified S. aureus proteins and heparin in a resonant mirror
biosensor (chapter 4) there are also several limitations. Sugar surfaces present the
sugar to the liquid phase in a flat orientation i.e. the sugar “lies down” on the
surface rather than adopting a surface normal orientation (Coombe & Kett, 2005).
This could be a consequence of the charged and polar groups of the sugar
structure associating with the underlying surface. Moreover, once attached to the
surface molecules have no lateral movement unlike those present on the surface of
a cell, especially membrane associated molecules, which have the freedom of two
dimensional movement, e.g., WAVE2 complex formation and FGF receptor
dimerisation (Pantoliano et al., 1994; Suetsugu et al., 2006). Thus, as well as
potentially adopting an orientation that is suboptimal for binding, sugars
covalently bound to a surface are not exact mimics of the sugar chains of
membrane proteoglycans (Femig, 2001; Coombe & Kett, 2005).
The dual polarisation interferometer allows more sophisticated measurements than
are possible in a resonant mirror biosensor. In dual polarisation interferometry the
thickness, density and mass of each molecular layer is determined, which allows
more complex molecular systems to be designed, assembled and analysed and
thus may be less of a compromise when compared to actual biological binding
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processes (Terry et al, 2006). Another advantage of being able to resolve the
thickness and density is the possibility to measure conformational changes caused
by binding or to potentially observe insertion of molecules into a layer (Swann et
al., 2004). Furthermore, a conventional optical biosensor measures the
accumulation of protein on a surface following its calibration, however, it cannot
measure the presence of molecules with a greatly different refractive index such
as sugars. From the measurement of the two polarisations of light in a dual
polarisation interferometer the refractive index of a layer of molecules can be
calculated directly (Swann et al., 2004). This means that molecules of different
refractive indices such as a sugar and a protein or lipid can be quantified directly.
In this chapter three novel surfaces are described that have been designed for the
analysis of protein-sugar interaction and characterised by dual polarisation
interferometry. A mimetic hybrid bilayer membrane produced in a dual
polarisation interferometer was described by Terry et al. (Terry et al., 2006). This
system unfolded lipid vesicles by virtue of hydrophobic interactions onto a
surface of decanoic acid and, using both

l,2-dipalmitoyl-sn-glycero-3-

phosphocholine and l,2-dimyristoyl-sn-glycero-3-phosphocholine, hybrid bilayer
membranes were successfully constructed. To enable introduction of heparin to
the lipid layer, the lipid vesicles were supplemented with 1,2-dipalmitoyl-snglycero-3-phosphothioethanol which binds the mercury atom of a mercurated
heparin polysaccharide through its thiol group. Given the non-polar nature of the
lipid layer this was thought to have the potential to present the heparin
perpendicular, rather than parallel, to the surface. In addition to 1,2-dipalmitoylsn-glycero-3-phosphocholine and 1,2-dimyristoyl-sn-glycero-3-phosphocholine,
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the

effects

of

using

l,2-dipalmitoyl-sn-glycero-3-phosphoglycine,

1,2-

palmitoyl,oleoyl-sn-glycero-3-phosphoserine and 1,2-dipalmitoyl-sn-glycero-3 phosphoserine (Figure 5.2.1, panel D) were tested. Difficulties were experienced
in attaching sufficient decanoic acid to the surface and in eliminating non-specific
binding to the surface after the addition of lipid. Therefore an alternative strategy
was to produce a lipid bilayer by depositing lipid vesicles directly onto a clean
non-functionalised chip surface. Carrying out the experiment above the melting
temperature of the lipid (Tm), i.e., the temperature at which it moves from the
solid crystal state to a liquid crystal and supplementing the buffer with calcium
promotes the unfolding of vesicles. This approach removed the complexities of
attaching sufficient decanoic acid and of non-specific binding observed with the
hybrid

bilayer

membrane

method.

Both

l,2-dipalmitoyl-sn-glycero-3-

phosphocholine and l,2-dimyristoyl-sn-glycero-3-phosphocholine vesicles were
successfully used to assemble lipid bilayers. When l,2-dipalmitoyl-sn-glycero-3phosphothioethanol was introduced to the vesicles, lipid bilayers could still be
formed. Attempts to incorporate mercuric heparin through binding to the thiolated
lipid were unsuccessful, as was the use of BMPH to convert the thiol to a
hydrazide and thus add a nitrous acid cleaved heparin oligosaccharide. The
surface of nitrous acid cut DP8 oligosaccharide blocked with polyethyleneglycols
used in the resonant mirror biosensor to investigate the interaction between
heparin and the S. aureus heparin binding proteins (Chapter 4) was originally
designed for use in the dual polarisation interferometer. This was an alternative to
the lipid-based mimetic membranes and took advantage of the ability of
polyethyleneglycols to form dynamic self-assembled monolayers that have very
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low surface energy and, therefore, are less susceptible to non-specific binding
(Rundqvist et al, 2005).

5.2 The production of oligosaccharide containing hybrid bilayer
membranes
Based upon some of their physio-chemical properties, such as stability and
prevention of non-specific binding or the ability to insert specific molecules at set
densities, lipid layers provide a good basis on which to investigate membraneassociated phenomena including adsorption (Kalb et a l, 1992; Terry et a l, 2006).
To start with the formation of hybrid bilayer membranes was studied, as a
foundation from which to produce more complex systems. The formation of
hybrid bilayer membranes consisting of a raft of either 1,2-dipalmitoyl-snglycero-3 -phosphocholine

or

1,2-dimyristoyl-sn-glycero-3 -phosphocholine

(Figure 5.2.1) in a dual polarisation interferometer have been described (Terry et
al., 2006). This work was used as a starting point for hybrid bilayer membranes
functionalised with heparin oligosaccharides.
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Figure 5.2.1: Chemical schematics of the lipids used to produce hybrid bilayer
membranes and supported lipid bilayers. A; l,2-dipalmitoyl-sn-glycero-3phosphocholine.

B;

l,2-dimyristoyl-sn-glycero-3-phosphocholine.

C;

1,2-

dipalmitoyl-sn-glycero-3-phosphothioethanol. D; 1,2-dipalmitoyl-sn-glycero-3phosphoserine.
5.2.1 Assembly of a hybrid bilayer membrane
Decanoic acid was covalently attached to an amine functionalised surface by its
polar head group via the zero length crosslinking molecule A-ethyl-A-(3-
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dimethylaminopropyl) carbodiimide hydrochloride (EDC). Repeated 400 pi
injections of 4 mM decanoic acid, 25 mM EDC were carried out to attach the
decanoic acid to the surface, 400 pi 80% (w/w) ethanol was injected after each
decanoic acid injection to remove non-covalently adsorbed decanoic acid.
Subsequent injections of decanoic acid and EDC were preceded by an injection of
400 pi 20% (w/w) ethanol as this temporary increase in solvent hydrophobicity
was thought to reduce the non-covalent interactions of the decanoic acid with the
surface and hence increase the number of exposed amino groups available for
subsequent reaction. To ensure sufficient decanoic acid coverage the data were
analysed after each set of three injections, however, experiments demonstrated a
difficulty in attaching enough decanoic acid to the chip to produce a uniform
hydrophobic layer with 32 injections of decanoic acid producing a layer only 0.90
±0.13 nm thick. Given that the length of a decanoic acid molecule is 1.7 nm and
using simple trigonometry, this value corresponds to an angle of 58° from surface
normal, assuming a homogenous spread of decanoic acid. Due to the changes of
the solution’s refractive index as a result of the difference in ethanol
concentrations used, it is not possible to resolve those data pertaining to the
deposition of decanoic acid on the surface (Figure 5.2.1.1).
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Figure 5.2.1.1: Real-time analysis of the formation of a hybrid bilayer membrane
by dual polarisation interferometry. The two-step formation of a hybrid bilayer
membrane by crosslinking decanoic acid to an aminosilane sensor surface
followed by the assembly of a monolayer of phospholipid was followed in real
time in a dual polarisation interferometer. (A and C) The changes in phase for TM
and TE and resolved refractive index. (B and D) The resolution of those phase
changes into absolute thickness and mass for the adsorbates. (A and B) Two
consecutive decanoic acid/EDC injections separated by injections of 80% (w/w)
and a 20% (w/w) ethanol injection. (C and D) Injection of 1,2-dipalmitoyl-snglycero-3-phosphocholine vesicles onto a decanoic acid surface. Arrows indicate
injection points: a, EDC/decanoic acid; b, PBS; c, 80% (w/w) ethanol; d, 20%
(w/w) ethanol; e, phospholipid vesicles.

Following the surface modification with decanoic acid a 400 pi injection of 200
pM

l,2-dipalmitoyl-sn-glycero-3-phosphocholine vesicles was made. This

injection produced a biphasic curve with a maximal increase of 11.7 rad in TM
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and 8.69 rad in TE (Figure 5.2.1.1 Panel C) from prior to the injection reducing to
2.66 rad and 1.94 rad, respectively after washing with PBS. These changes in TM
and TE correspond to a mass deposition of 9.48 ng during the injection and an
increase of 1.53 ng subsequent to the vesicle addition. The thickness during the
injection of lipid vesicles peaked at 31.9 nm decreasing to 8.4 nm after washing in
PBS. The refractive index of the material on the surface decreased from 1.409
prior to lipid addition to 1.350 during the injection and finally resolved to 1.362
after reversion to PBS (Figure 5.2.1.1 Panel D). These values remained stable
when remaining in PBS for several hours of continuous flow. These data broadly
reflect those seen in the literature of 4.32 nm ± 0.68 nm, 3.18 ng ± 0.60 ng and a
refractive index of 1.404 ± 0.007 (Terry et al., 2006).

5.2.2 Incorporation of thiolated lipid into a hybrid bilayer membrane
To produce a modifiable hybrid bilayer membrane with a functional group the
1.2- dipalmitoyl-sn-glycero-3-phosphocholine was mixed with 1,2-dipalmitoyl-snglycero-3-phosphothioethanol (Figure 5.2.1, panel C) at a molar ratio of one part
1.2- dipalmitoyl-sn-glycero-3-phosphothioethanol to 19 parts 1,2-dipalmitoyl-snglycero-3-phosphocholine prior to vesicle formation (section 2.6.1.1). This should
ensure the lipid layer contains 5% thiolated lipid head groups providing sufficient
binding sites for mercurated heparin, yet few enough to prevent steric hindrance
between the sugar chains. Following the modification of the surface with decanoic
acid (section 5.2.1) a 400 pi injection of 200 pM 95% (mole/mole) 1,2dipalmitoyl-sn-glycero-3 -phosphocholine/5%

(mole/mole)

1,2-dipalmitoyl-sn-

glycero-3-phosphothioethanol vesicles was made (Figure 5.2.2.1). These
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injections produced a biphasic curve with a maximal measured increase in TM of
7.21 rad and in TE of 5.59 rad reducing to 1.67 rad and 1.24 rad, respecively after
washing with PBS (Figure 5.2.2.1 panel A). These phase changes are
comparatively small when compared to those observed during the production of a
hybrid bilayer membrane with a lipid monolayer consisting solely of 1,2dipalmitoyl-sn-glycero-3-phosphocholine (Figure 5.2.1.1, panel C).

These

changes in TM and TE correspond to a mass deposition of peaking at an increase
of 4.62 ng during the injection and an increase of 0.91 ng subsequent to the
vesicle addition. The thickness during the injection of lipid vesicles peaked at an
increase of 16.4 nm decreasing to 2.0 nm after washing in PBS. The refractive
index of the material on the surface decreased from 1.44 prior to lipid addition to
1.360 during the injection resolving to 1.39 after returning to PBS (Figure 5.2.2.1
Panels A & B).
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Figure 5.2.2.1: Real-time analysis of the formation of a hybrid bilayer membrane
by dual polarisation interferometry. In this example the lipid vesicles consisted of
95%

(mole/mole)

l,2-dipalmitoyl-sn-glycero-3-phosphocholine

and

5%

(mole/mole) l,2-dipalmitoyl-sn-glycero-3-phosphothioethanol. (A) The changes
in phase for TM and TE and resolved refractive index. (B) The resolution of those
phase changes into absolute thickness and mass for the vesicles. Arrows indicate
injection points: a, phospholipid vesicles; b, PBS.

5.2.3 Addition of mercurated heparin to a hybrid bilayer membrane
The final step taken in testing the suitability of mimetic hybrid bilayer membranes
for investigating protein-sugar interactions was to add sugar to the now
functionalised hybrid bilayer membrane. This was achieved through the addition
of a mercurated heparin oligosaccharide which will conjugate to the thiol group in
the polar head of l,2-dipalmitoyl-sn-glycero-3-phosphothioethanol. To test the
effectiveness of this surface as a model for future analysis of protein-sugar
interactions after addition of the mercurated oligosaccharide both this surface and
a control surface without the sugar were tested for their ability to bind 200 pi 1 pg
ml*1 FGF-2 (Figure 5.2.3.1).
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These data indicate binding of the mercury-DPIO to the hybrid bilayer membrane
(Figure 5.2.3.1, panels A & C) with a total response for TM and TE of 0.87 rad
and 0.65 rad, respecively translating to a layer with a mass of 0.49 ng and a
thickness of 1.87 nm. This indicates that even in this environment the sugar
remains parallel to the sensor surface since it is ~ 1 nm thick. Addition of FGF-2
shows binding to the hybrid bilayer membrane containing mercury-DP 10, but also
a lower yet significant amount of binding to the negative control surface lacking
the oligosaccharide (Figure 5.2.3.1, panels B & D). Complete regeneration of the
hybrid bilayer membrane through washing with 2 M NaCl was not possible with
some FGF-2 remaining bound to the surface (Figure 5.2.3.1, panels C & D,
arrows f & g).

5.3 The production and analysis of lipid bilayers in a dual
polarisation interferometer and their use in probing interactions
with oligosaccharides
Lipid bilayers were produced in a dual polarisation interferometer by exploiting
their properties when held in solution at a temperature above which their
transition from solid to a liquid crystal phase occurs (Tm). Introducing them in
this way to a clean surface in the presence of Ca

ions promotes their unfolding

into a supported lipid bilayer (McConnell et al., 1986) and this method has been
successfully demonstrated in a dual polarisation interferometer (Mahaghi et al.,
2008). The most prominent problem identified in this method results from the
anisotropic nature of lipids when they change from a vesicle to a bilayer. One
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immediate consequence of this is uncertainty in any measurement made while the
vesicles are unfolding. Furthermore, this introduces a complication into the
analysis of the data since this normally assumes the optical properties of the
adsorbed molecules are isotropic. Indeed anisotropy is also potentially an issue
with the hybrid bilayer membranes constructed in Section 5.2, although the
measurements made indicate the adsorbed decanoic acid and phospholipids are
isotropic. In the case of the hybrid bilayer membranes the fortunate accuracy of
the measurements is a consequence of the relatively low angle of the supporting
decanoic acid layer; at this so termed “magic angle” the anisotropy has no effect
upon the change in TM and TE. To compensate for the change in TM and TE due
to anisotropy the measured values of these phase changes are corrected through
knowledge of the correct refractive index of the bilayer, taking the commonly
used refractive index of a lipid film of 1.47 (Mahaghi et al., 2008), and the
measured refractive index of the bilayer. It is an important caveat of this method
of data analysis that mass values calculated can only ever be considered
approximate. Nevertheless, these data are presented with a view to considering the
role of supported lipid bilayer in providing a platform for future analysis of
protein-sugar interactions.
Vesicles were prepared consisting of 95% (mole/mole) 1,2-dipalmitoyl-snglycero-3-phosphocholine/5%

(mole/mole)

1,2-dipalmitoyl-sn-glycero-3-

phosphothioethanol as for the hybrid bilayer membrane incorporating a thiol
group (section 5.2.2). However, due to the use of Ca2+ ions to promote bilayer
formation the vesicles HEPES buffer was used (method 2.6.1.2) rather than PBS
to avoid the formation of calcium phosphate precipitates. After calibration the
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chip was cleaned in-situ with 2% (w/v) SDS and the lipid vesicles were injected
onto the surface (200 pi per channel, 1 mg ml'1, at a flow rate of 50 pi min'1)
(Figure 5.3.1). Correcting the returned data for TM and TE allows an approximate
measurement of the true bilayer thickness (Figure 5.3.2).

Figure 5.3.1: Formation of a supported lipid bilayer consisting of 95%
(mole/mole) l,2-dipalmitoyl-sn-glycero-3-phosphocholine/5% (mole/mole) 1,2dipalmitoyl-sn-glycero-3-phosphothioethanol

in

a

dual

polarisation

interferometer. The data greatly overestimate the thickness of the bilayer, as a
result of its anisotropy. This is corrected in figure 5.3.2.
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Figure 5.3.2: Formation of a mixed lipid supported lipid bilayer consisting of
95% (mole/mole) l,2-dipalmitoyl-sn-glycero-3-phosphocholine/5% (mole/mole)
l,2-dipalmitoyl-sn-glycero-3-phosphothioethanol

in

a

dual

polarisation

interferometer with the phase changes and thickness corrected for the anisotropy
of the lipid.

These data indicate increases in the measured TM and TE of 12.4 rad and 9.3 rad,
respecively. Resolving these data indicates a thickness of the bilayer in excess of
180 nm as a result of its anisotropy. Applying the correction factor to the TM and
TE data suggests phase changes of +7.5 rad for TM and +5.1 rad for TE, which
resolves to a final bilayer thickness of 5.2 nm. This thickness is close to the range
of reported thicknesses of supported layer bilayers, e.g., 4.7 nm for l,palmityl2,oleoyl-sn-glycero-3-phosphocholine (Johnson et al., 1991). It is notable that
although a smooth curve of increasing thickness and phase change for TM and TE
is observed in the figures, this is most likely unrepresentative of what is
happening at the surface given the corrective factor only applies to the final
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supported lipid bilayer and none of the intermediate stages of formation. Given
the successful production of the supported lipid bilayer it was functionalised with
a mercury-DPIO oligosaccharide. An injection of 400 pi 1 mg ml'1mercuric DP 10
was made over the bilayer at a flow rate of 50 pi min'1 and the effect on TM and
TE observed (Figure 5.3.3).

Figure 5.3.3: Addition of mercury-DPIO to a supported lipid bilayer containing
5% (mole/mole) thiolated lipid observed by dual polarisation interferometry. The
phase change of TM and TE were measured over the course of injections: a;
injection of 400 pi 1 mg ml'1 mercuric DP 10, b; return to HEPES buffer, c; 2 M
NaCl wash to remove unbound sugar, d; return to HEPES buffer.

The phase changes measured here indicate that some mercuric DP 10 bound to the
supported lipid bilayer, evidenced by an increase in TM of 0.83 rad and in TE of
0.16 rad. These are relatively small increases when compared to those seen when
the same mercuric oligosaccharide was added to the hybrid bilayer membrane
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(Section 5.2.3). Thus, these changes of phase for TM and TE are not necessarily
proportional to increases in mass and thickness. However, due to the data analysis
software being calibrated for isotropic molecules, the anisotropic underlying lipid
bilayer is seen as being extremely thick (>180 nm, Figure 5.3.1), which results in
further layers being considered outside the measuring range of the instrument, so
preventing a quantitative determination of the amount of sugar attached to the
lipid bilayer. Although the data corrected for anisotropy fall within the
measurement range for thickness this is not representative of the added isotropic
sugar layer. Hence these data only demonstrate the adsorption of the sugar.

5.4 The development of polyethyleneglycol blocked sugar surfaces
The DP8 derivatised surface used to characterise the interaction between heparin
and the identified S. aureus heparin binding proteins in chapter four was based
upon a surface originally designed for use in the dual polarisation interferometer.
To briefly recap, this surface was produced through use of the heterobifunctional
crosslinker BMPH to stochiometrically convert a thiol surface to a hydrazide one.
The terminal aldehyde group of the anhydromannose of an oligosaccharide
product of the partial digestion of heparin with nitrous acid reacts with this
hydrazide through a Schiffs base reaction at acidic pH. Furthermore, free
unreacted hydrazide may be blocked through the reaction of an aldehyde PEG,
while unreacted surface thiols could be blocked either through addition of further
BMPH and CHO-PEG or through direct reaction with maleimide PEG. In the
IAsys biosensor these blocking reactions were repeated multiple times until an
oligosaccharide negative control demonstrated no binding to 1 pg ml'1HGF.

213

The use of PEGs to block surfaces from non-specific binding is derived from their
ability to form dynamic self-assembled monolayers that have very low surface
energy and, therefore, are less susceptible to non-specific binding (Rundqvist et
al., 2005). While the long incubation periods required to allow the reactions to run
to completion meant they had to be carried out ex situ from the resonant mirror
biosensor, as the open system would result in the liquid in the cuvette drying out,
they could be allowed to run in situ in the dual polarisation interferometer.
Moreover, the ability of this instrument to quantify the adsorption of
macromolecules other than proteins to a surface allowed the entire process of the
surface formation to be observed. To produce an experimental surface a thiol
derivatised chip was first calibrated with ethanol, PBS and water. Then, 400 pi 50
mM BMPH was injected over both chip channels (200 pi per channel) at a rate of
50 pi min'1. A heparin based DP8 oligosaccharide (0.5 mg ml'1 in PBS, p.H. 5.0)
was then injected over one channel and the flow stopped to allow an overnight
incubation. The chip was then washed with PBS and blocked with CHO-PEG (10
mg ml'1 in PBS, pH 7.2) over both channels, initially at a flow rate of 17 pi min'1
and then stopped after 5 min to allow the reaction to proceed to completion
overnight. To test the surface for protein binding ability an injection of 400 pi 1
pg m l'1 FGF-2 (200 pi per channel in PBS, p.H. 7.2) was made at a flow rate of
50 pi min'1 and surface regeneration was then carried out with an injection of 2 M
NaCl (Figures 5.4.1-5.4.4). Additional blocking steps used to produce the surface
for the resonant mirror biosensor were derived from the results of the data
presented here.
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Figure 5.4.1: Addition of BMPH to a thiol derivatised surface. (A and C) The
changes in phase for TM and TE. (B and D) the resolution of phase changes into
absolute thickness and mass for the adsorbate. Panels A and B show the data for
the

channel

which

subsequently will

be reacted

with

heparin based

oligosaccharide (Figure 5.4.2), while panels C and D show the control channel.

The addition of BMPH to both the experimental and control surfaces showed
approximately the same amount of binding with increases in TM and TE of
around 2.4 rad and 1.5 rad, respecively, resolving to a layer 0.45 nm thick
containing 1.2 ng of BMPH. A DP8 heparin oligosaccharide produced through
cleavage of heparin with nitrous acid was added to one of these channels (Figure
5.4.2). A phase change of an increase of 4.0 rad for TM and 2.4 rad for TE is seen
on the addition of sugar to the surface. This resolves, in turn, to the deposition of
1.2 ng of sugar in a layer 1.8 nm thick. As with the previous surfaces involving
sugars this indicates an orientation where the sugar lies close to the surface. The
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control surface remained in PBS during this injection and as such no alteration in
TM and TE is seen. A small peak corresponding to an increase of 0.02 nm is
noticeable in the thickness of the layer (Figure 5.4.2, panel D) at 270 min,
however, this quickly returns to the baseline value.

Time (min)

Figure 5.4,2: Addition of nitrous acid cut DP8 to the hydrazide of immobilised
BMPH. (A and B) addition of the oligosaccharide: A; the change in phase of TM
and TE, B; the resolution of phase changes into absolute thickness and mass for
the adsorbate. (C and D) control surface where no injection of oligosaccharide
took place: C; the change in phase of TM and TE, D; the resolution of phase
changes into absolute thickness and mass for the adsorbate.
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and B) the surface containing DP8 oligosaccharide. (C and D) the control surface.
(A, and C) the changes in phase for TM and TE. (B and D) the resolution of phase
changes into absolute thickness and mass for the addition of CHO-PEG.

Following the addition of sugar to one surface both were blocked through the
addition of 10 mg ml'1 CHO-PEG (Figure 5.4.3). Slightly more CHO-PEG
appears to bind to the control surface with phase increases of 7.7 rad in TM and
5.8 rad in TE for the sugar containing surface compared to 8.4 rad and 6.9 rad for
the control surface. This is replicated in the layer mass and thickness changes of
1.6 ng and 0.9 nm for the experimental surface compared to 1.7 ng and 1.0 nm for
the control surface. These slight differences are likely to correspond to the
presence of more reactive hydrazide groups on the control surface, since none
have reacted with oligosaccharide. Following this block binding of a test protein
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was determined by the addition of 400 pi 1 pg ml'1 FGF-2 (200 pi per channel in
PBS, p.H. 7.2) (Figure 5.4.4).

Figure 5.4.4: Binding of FGF-2 to DP8 and control surfaces blocked with CHOPEG and surface regeneration with 2 M NaCl in a dual polarisation
interferometer. (A and B) the surface containing DP8 oligosaccharide. (C and D)
the control surface. (A, and C) the changes in phase for TM and TE. (B and D) the
resolution of phase changes into absolute thickness and mass for the addition of
FGF-2. Arrows indicate injection points: a, 1 pg ml'1 FGF-2; b, return to PBS
followed by 2 M NaCl; c, return to PBS.

It is apparent that the FGF-2 bound to both the oligosaccharide containing surface
and the negative control surface, although there was a greater amount of binding
to the sugar surface. Thus, on the oligosaccharide surface, injection of FGF-2
caused phase changes in TM and TE of 6.7 rad and 4.2 rad, respecively resolving
to increases in mass and thickness of 2.0 ng and 1.7 nm. For the control surface a
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phase change was observed in TM and TE of 3.7 rad and 1.5 rad, respecively
resolving to increases in mass and thickness of 2.4 ng and 2.5 nm. After
regeneration with 2 M NaCl these figures remained above the initial baseline
levels: at a 4.2 rad increase in TM and 1.7 rad increase in TE resolving to an
additional 1.3 ng and 1.7 nm for the sugar surface and a 1.2 rad increase in TM
and 0.5 rad increase in TE resolving to an additional 0.8 ng and 0.8 nm for the
control surface.

5.5 Discussion
Three alternative systems for incorporation of sugar into surfaces for further
experimentation in a dual polarisation interferometer have been described. Two of
these methods; hybrid bilayer membranes and supported lipid bilayers, make use
of mimetic membranes which may mimic more fully some in vivo interactions.
The third utilised a PEG block and was the basis for the surface used in the
resonant mirror biosensor experiments detailed in chapter 4. While each of the
three surfaces appeared to be successfully assembled in the dual polarisation
interferometer non-specific binding of test proteins and data analysis problems
prevented the application of these surfaces to the quantitative analysis of proteinsugar interactions.

5.5.1 Hybrid bilayer membranes
The correlation of these data with those available in the literature indicates the
successful construction of hybrid bilayer membranes. One of the limiting steps in
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this method appears to be the deposition of the supporting decanoic acid layer
where despite repeated additions of decanoic acid and EDC crosslinker, a layer of
just 0.90 nm was formed. Overall this was comparable to the published data
where a 0.92 nm layer of decanoic acid was produced (Terry et al., 2006). A
benefit of this, unknown at the time of experimentation, was that the subsequent
lipid layer was isotropic (personal communication with J. F. Popplewell). The
initial experiments into hybrid bilayer membrane construction merely focussed on
producing repetitive data comparable to that already published, these experiments
using

the

lipid

l,2-dipalmitoyl-sn-glycero-3-phosphocholine

successfully

correlated with the published data through production of a hybrid bilayer
membrane with a 7.5 nm thick lipid layer (Figure 5.2.1.1) slightly thicker than the
published data of 4.32 nm ± 0.68 nm for this lipid (Meuse et al., 1998; Terry et
al., 2006). This discrepancy may be a result of a contribution of the anisotropy of
the lipid given different amounts of decanoic acid and therefore different angles of
the lipid layer to the light source.
To work further with oligosaccharides on the lipid surface the thiol functionalised
lipid was introduced into the hybrid bilayer membrane. To prevent overcrowding
of thiol groups and potential steric hindrance to later binding events thiolated lipid
was introduced as a 5% (mole/mole) component of the lipid mixture before
vesicle formation. Introduction at this point rather than after forming two types of
vesicle was an effort to ensure vesicles were composed of both thiolated and
unthiolated lipid, hopefully ensuring an even spread of thiol groups throughout the
surface of the hybrid bilayer membrane. Formation of this hybrid bilayer
membrane seemed successful although the returned data suggested the
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combination of l,2-dipalmitoyl-sn-glycero-3-phosphocholine and 1,2-dipalmitoylsn-glycero-3-phosphothioethanol produced a layer much thinner than one of pure
l,2-dipalmitoyl-sn-glycero-3-phosphocholine suggesting a lipid layer of 2.0 nm
containing 0.91 ng of lipid. Despite the apparent reduction in thickness this value
shows similarity to that of a hybrid bilayer membrane containing 100% 1,2dimystyroyl-sn-glycero-3-phosphocholine, with a chain of 14 carbons in each
fatty acid compared to the 16 in l,2-dipalmitoyl-sn-glycero-3-phosphocholine
(Terry et al., 2006). Given the difference in these chain lengths should be less
than 0.5 nm clearly other factors have an effect on the thickness. It has been
proposed that different lipids may partition further into the layer of decanoic acid
and that hybrid bilayer membranes constructed on lower amounts of decanoic acid
tend to be disproportionately thinner (Terry et al., 2006). The profile of the curve
of deposition of the heterogeneous lipid vesicles correlates with both the data
shown here for the assembly of hybrid bilayer membranes and that shown in the
literature indicating the successful production of a thin functionalised hybrid
bilayer membrane (Kalb et al., 1992; Terry et al., 2006).
The final step to producing a useful novel experimental surface was the addition
of a mercuric oligosaccharide, which will bind the thiol through the mercury
atom. A benefit to this method of attachment is that this interaction is
stoichiometric and it leaves the reducing end of the sugar free to interact with
other molecules unlike many other sugar derivatised surfaces (Skidmore et al.,
2004). These data indicated that a mercurated heparin based DP 10 oligosaccharide
would bind to the hybrid bilayer membrane containing 5% thiolated lipid (Figure
5.2.3.1 A & C) to produce an oligosaccharide layer of 0.47 ng and 1.9 nm thick.
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This thickness suggests the oligosaccharide is parallel rather than perpendicular to
the surface. Testing the binding ability of the oligosaccharide indicted it could
bind FGF-2; however, binding of FGF-2 to a control surface was also noted.
Challenge to this binding with 2 M NaCl did not remove all the bound protein.
Furthermore this was observed to be true for the binding of FGF-2 to the negative
control surface. This indicates that there is another possible binding motif present
for the protein and when considering the components of the surface it is probable
they produce areas with general affinity for other molecules. Broadly speaking
this surface contains positively charged amine groups on the chip surface,
negatively charged carboxylic acid (decanoic acid) molecules, hydrophobic lipid
chains and potentially unreacted thiol groups in addition to the oligosaccharide.
Given the decanoic acid layer does not fully cover the chip surface, shown by the
thickness of the decanoic acid layer being less than its molecular length, it is
reasonable to assume the hybrid bilayer membrane is unlikely to be highly packed
and probably exposes many such sites to the liquid phase. This provides potential
sites for non-specific binding. The key problem with this surface is the
inefficiency of the decanoic acid binding step, since repeated injections followed
by ethanol washes are required; the ethanol washes serve to remove decanoic acid
that has absorbed by hydrophobic, rather than the desired covalent, bonding
(Terry et al, 2006). Performing this reaction at elevated temperatures and/or in a
suitable solvent may prevent the cumulating adsorption of decanoic acid which
obscures the amine groups on the surface and increase the efficiency of the EDC
mediated reaction of its carboxyl group with the surface amines. In this way a
greater density of decanoic acid may be produced, which in turn would increase
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the density of the upper phospholipid layer (Meuse et al., 1998; Terry et al.,
2006).

5.5.2 Supported Lipid Bilayers
The supported lipid bilayer provides an alternative membrane mimetic to the
hybrid bilayer membrane. Functionalisation was achieved using a thiolated lipid,
however the exact partitioning of the functional lipid between the upper and lower
layers of the bilayer could not be controlled. Reaction with a mercury
oligosaccharide was observed, suggesting sufficient free thiol on the solvent
exposed surface, though direct measurement was not possible due to the
anisotropy of the lipid bilayer. The effect of anisotropy in a dual polarisation
interferometer is due to the refractive index of TM differing to that of TE. The
consequence of this is that thicknesses derived from the raw data are much greater
than the actual thickness of the layer. In the case of lipid bilayers thicknesses of
over 180 nm may be measured, whereas, a true bilayer is between 4 and 5
nanometres thick (Kalb et al., 1992). That these derived thicknesses are an artefact
of their calculation is evidenced by the refractive index and mass, which are not
commensurate with a layer of lipids over 100 nm, or with the adsorption of very
large vesicles, since they would have a density and refractive index much closer to
that of water. Moreover, the same vesicles were used to produce the hybrid
bilayer membrane and upon their initial adsorption were of the order of less than
18 nm thick. The degree of difference depends upon the angle of incidence
between the lipids and the surface: at the so called “magic angle” of
approximately 56° the lipid behaves isotropically so the refractive index of TM
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matches that of TE (personal communication with M. J. Swann). This appears to
be the case when working with HBMs, as using basic trigonometry to calculate
the angle of incidence of the decanoic acid layer from the layer thickness and the
known length of decanoic acid gives an angle of 58°, however, it is possible that
this angle does not allow sufficiently dense packing to prevent the non-specific
binding seen when working with HBMs. Steeper angles of lipid layers have been
shown to require an aqueous sub-layer for support (Lemmich et al., 1996),
however, this is invisible to dual polarisation interferometry, so no correction
need be made. To compensate for the anisotropy, correction factors for TM and
TE are calculated by feeding the measured TM and TE changes into correction
software, which produces individual correction factors by converting the
measured refractive index to the correct lipid refractive index of 1.52. Thicknesses
according to TM and TE are calculated from this and the correct thickness is a 1:2
ratio of the TM thickness to the TE thickness. Although this procedure works for
measuring the thickness of homogenous anisotropic layers, it is unclear whether it
will be sufficient when introducing isotropic molecules such as sugars and
proteins, either incorporated into the lipid layer or as an additional layer.
Furthermore, the data collected for TM and TE cannot be resolved into
thicknesses for the additional layer of sugar, since the presumed thickness of the
bilayer being so great it is considered outside the measurement range of the
instrument. More recent work on supported lipid bilayers has suggested analysis
of measurement based upon birefringence; the difference in measured refractive
index between a molecule perpendicular to the surface and that same molecule
parallel to the surface (Mashaghi et al., 2008). This work has allowed the events
during supported lipid bilayer assembly to be successfully monitored in a dual
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polarisation interferometer. In contrast the present data are only reliable for the
final product, showing a three phase mechanism of vesicle deposition, unfolding
and finally infilling of spaces. Data suggested a role of temperature in bilayer
mechanics with a thicker bilayer assembled from the dimyristolic phospholipid
formed below its Tm. This may explain the discrepancy noted in the measured
thickness of the hybrid bilayer membrane made from a combination of lipids
carried out below their Tm at 20 °C compared to the supported lipid bilayer
experiments carried out at 30 °C (effect also observed in Meuse et al., 1998).
Injection of the oligosaccharide onto the supported lipid bilayer suggested some
binding through the measured increase in TM and TE which remained after
returning to running buffer (HEPES + Ca2+) and after washing with 2 M NaCl.
Compared to the change seen on introduction of the same oligosaccharide at the
same concentration in the experiment with the hybrid bilayer membrane the
increase was similar for TM but the measured TE only increased by 25%. Given
the high levels of non-specific binding demonstrated with the hybrid bilayer
membrane system, it appears that binding in the supported bilayer may be at just
its upper surface. The data provided by supported lipid bilayers is promising and
once the problems of data analysis caused through the anisotropy of the lipids are
addressed it will be interesting to see whether sugar was attached as indicated and
furthermore its orientation and susceptibility to protein binding. Despite the
problems encountered in this study, supported lipid bilayers do have the potential
to play an important role in future investigations of cell surface binding events in
vitro.
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5.5.3 Development of the polyethyleneglycol surface
Although the polyethyleneglycol blocked surface used here demonstrated non
ionic non-specific binding to FGF-2 it was from these preliminary experiments
that the surface used in the resonant mirror biosensor was developed. In the dual
polarisation interferometer the attachment of a nitrous acid cut heparin
oligosaccharide to a modified thiol surface was observed, as was the addition of
an aldehyde functionalised polyethyleneglycol. In these experiments a higher
level of FGF-2 binding was observed on the sugar containing surface the majority
of which was removed through challenge with 2 M NaCl indicative of the
interaction being between FGF-2 and the oligosaccharide. In a dual polarisation
interferometer the total thickness measured on the surface only depends on the
surface area coverage when this is below ~ 16% at which point the molecular
layer is no longer optically homogenous. Given the change in thickness on
introduction of the DP8 oligosaccharide was an increase of 1.8 nm corresponding
to 1.2 ng it is supposed that the sugar is not only lying down, but has covered only
a low percentage of the available surface area. Thus, the channel has an area of 15
mm2 and the oligosaccharide, if it is approximated as a 2-dimensional rectangle,
has an area of 10 nm2 and a molecular weight of ~ 2,500 Da. Therefore, the
maximum packing density of horizontally arranged oligosaccharides is 1.5 x 1012
molecules; 1.6 ng corresponds to 0.64 x 10'

x 6 x 10 or 3.8 x 10 molecules,

so a surface coverage of approximately 2.5%, which is below the 16% required to
obtain an optically homogenous layer. This may be a result of insufficient
hydrazide sites for binding or an inefficient reaction of the anhydromannose ring
to the hydrazide. The reaction between the hydrazide of the BMPH and the
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aldehydes of both the PEG-aldehyde and the opened sugar is slow, hence the long
injection times, and may be so inefficient as to be some way from completion.
The consequence of the low surface coverage is that there is a high degree of
uncertainty over the thickness measurement, which may reflect an average
between the oligosaccharides and the adjoining non-derivatised surface.
PEG layers have the advantage over the lipid derived systems of being isotropic.
They have also been sufficiently demonstrated to be free from non-specific
binding (Faucheux et al, 2004; Rundqvist et al., 2005). This indicates the non
specific binding seen here was a result of incomplete surface blocking. When the
same system was used to create the PEG blocked surface in the resonant mirror
biosensor non-specific binding of HGF to the negative control surface was
observed initially. To overcome this problem the surface was repeatedly reacted
with both BMPH and PEG-aldehyde in addition to PEG-maleimide to block
unreacted thiols. In the resonant mirror biosensor, which uses an open system for
the injection of ligates these reactions were carried out ex situ with the surface
returned to the machine to test non-specific binding with HGF. In the dual
polarisation interferometer this is not possible due to the closed nature of the
injection system. Furthermore, reactions occurred in a small volume in the
instrument, where mixing by diffusion may have been inefficient when flow was
stopped. The PEG blocked sugar surface in the dual polarisation interferometer
not only showed a higher level of binding to FGF-2 before regeneration with 2 M
NaCl but a higher proportion of FGF-2 remained bound after the wash with 2 M
NaCl, may reflect more FGF-2 binding non-specifically.
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An additional advantage of the PEG blocked surface over the lipid systems
described is in its robustness. While the hybrid bilayer membranes and supported
lipid bilayers remain stable for some hours they do eventually degrade, the PEG
blocked surface used in the resonant mirror biosensor remained active for a
number of weeks. Furthermore, the S. aureus proteins investigated for their
binding to heparin showed their interactions not to be entirely ionically driven;
this necessitated a more stringent surface regeneration than solely with 2 M NaCl,
in this case 20 mM HC1, some proteins may require removal with weak alkali
such as NaOH. This would not be possible with a lipid based surface as NaOH
will dissolve the lipids.
In all cases the heparin oligosaccharide appeared to be in an orientation where it
lies down on the surface. Presumably this orientation occurs as a result of this
being the energetically favourable state for the sugar. The observation that the
sugar adopts a near horizontal orientation on a variety of surfaces lends support to
the idea that this may be a solvent-driven process, in much the same way as the
assembly of macromolecular structures from membranes to folded proteins is.
Thus, non-covalent interactions of the sulfate, carboxyl and hydroxyl groups of
the sugar with groups on the surface would potentially replace the corresponding
interactions with counter ions and water that occur in solution, consequently
increasing the disorder of the solvent. As a result it may not be possible to design
a surface where the sugar does not adopt a horizontal orientation.
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Chapter 6. General Discussion

6.1 Overview
S. aureus is a common human pathogen responsible for a diverse range of
infections and is of particular concern as a major cause of nosocomial infections.
During infection, S. aureus may grow both planktonically or as a biofilm and in
either case heparin has been shown to have an effect on the pathogen’s growth
through various mechanisms, such as increasing the incidence of staphylococcal
bacterial arthritis, promoting cellular invasion and increasing biofilm formation.
Heparin and the closely related heparan sulfate are glycosaminoglycans with
important functions in mammalian cell biology, heparin as an important product
of mast cells, heparan sulfate as a major functional component of the cell surface
and extracellular matrix. Heparin is commonly used in medicine as an
anticoagulant, both as a drug and as a coating for surgical implements such as
catheters. While putative heparin binding proteins had been found in S. aureus
and S. epidermidis, little was known about their identity or function especially
when compared to the information available about other staphylococcal matrix
binding proteins. While the interaction of S. aureus with heparin or heparan
sulfate, as it is currently understood, may not be as significant as binding to
molecules such as collagen, fibronectin or fibrinogen, the importance of these
glycosaminoglycans to mammalian cell function means that any interference with
their mechanism of action could potentially impact a large number of processes.
Consequently, this study primarily aimed to identify S. aureus proteins
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responsible for the interaction between the bacteria and heparin and to further
characterise each interaction based upon specificity for certain oligosaccharide
motifs. From this information it was hoped to establish hypothesises for the
functions of the interaction of S. aureus and heparin/heparan sulfate.
Whereas numerous S. aureus proteins showed heparin binding ability, many were
considered unlikely to be localised in the vicinity of heparin/heparan sulfate under
normal circumstances.

Thus, eight putative heparin binding proteins were

identified from S. aureus with a further one being a homolog of an identified S.
epidermidis heparin binding protein (Chapter 3). Of these nine proteins one, Eap,
was likely to be the previously identified S. aureus heparin binding protein, two
others, SA1000 (Ecb) and SA1003 (Efb), have assigned roles in complement
inhibition with suspected fibrinogen binding ability, while the remainder are of no
known function (Table 3.6.2). It is, therefore, conceivable that they may be
members of a set of staphylococcal heparin binding proteins with some
responsibility for the biologically noted effects of heparin on S. aureus. To further
elucidate the interaction of these proteins with the glycosaminoglycans, they were
overexpressed in E. coli BL21 (DE3) for biophysical analysis in a resonant mirror
biosensor (Chapter 4). This allowed the determination of the interaction kinetics
for each protein with a heparin oligosaccharide and revealed further information
on the specificity of the sugar-protein interaction.
Finally a series a novel glycan derivatised surfaces were designed and tested for
use in a dual polarisation interferometer (Chapter 5). These aimed to take
advantage of the greater range of measurements this technology can make and to
produce surfaces that better replicate in vivo conditions. Of three surfaces
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produced, one showed potential as a method for the investigation of membrane
associated interactions, e.g. receptor-ligand binding, through the use of supported
lipid bilayers and a second, using modified polyethyleneglycols, proved a useful
method for binding interaction studies of proteins that exhibit high levels of non
specific binding. However, this latter method was unsuitable for dual polarisation
interferometry due to constraints imposed by the machinery both in time of
construction and surface recyclability. This technology, combined with the
resonant mirror biosensor techniques, offer new approaches to investigate
biological binding events and particularly those in the field of microbiology.

6.2 Technical developments
In the process of this study a range of technologies were used both physical such
as the dual polarisation interferometry and computational, e.g., the methods of
protein localisation. Recent approaches to exploration of biological interaction
have developed from physical techniques; this is particularly true when
considering investigations of protein-glycosaminoglycan interactions (Yates et al.,
2006). These methods, such as Fourier transform infra red spectroscopy,
providing information on protein secondary structure and the quartz crystal
microbalance, measuring mass and viscoelasticity of adsorbed molecules, have
recently been joined by the novel optical technique of dual polarisation
interferometry. The new techniques have allowed deeper analysis of interactions
and more complicated models of these interactions can be investigated. An
advantage of these approaches is their ability to make measurements invisible to
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more conventional biophysical techniques, such as resonant mirror and surface
plasmon resonance biosensors. Although these are relatively new techniques they
are beginning to be used in the field of microbiology. Biofilm formation in
Streptococcus mutans has been observed in a quartz crystal microbalance with
dissipation monitoring (Schofield et al., 2007). This study followed the process of
attachment and biofilm growth on a gold surface in two separate systems with
atomic force microscopy of the surface after 20 h of growth. Furthermore, the data
were consolidated with more traditional microbiological techniques showing
Strep, mutans biofilm formation was influenced by flow conditions. Biophysical
approaches have also been made to further investigate the interaction between S.
aureus and fibronectin. The structural nature of the interaction between FnBPA
and the FI modules of the N-terminal-domain of fibronectin has been probed
through NMR studies (Deschamps et al., 2005). This followed NMR studies of
streptococcal proteins and fibronectin (Schwarz-Linek et al., 2003). A further
study using a novel approach to staphylococcal fibronectin binding used optical
tweezers to determine the adhesive force between S. epidermidis and fibronectin
coated surfaces (Hicks Simpson et al., 2002).
The bioinformatic approach to determining which proteins to investigate relied
upon their likely cellular location using the PSort protein localisation algorithm
(http://psort.ims.u-tokyo.ac.jp/) to decide where they were located (Section 3.6).
This program searches the peptide sequence for any of a combination of Nterminal signalling sequences, cleavable and non-cleavable signal sequences and
transmembrane domains and lipoproteins (Section 3.11.2). The results indicated
many of the putative heparin-binding proteins were non-secreted and as such were
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not included in further analyses. However, a number of the putatively internal
proteins have been suggested to be found also in the extracellular environment
(Sibbald et al., 2006), although there is no overriding evidence for this and the
potential export pathways have not been identified. Although somewhat
uncommon, there is evidence of mammalian heparin-binding proteins that lack a
secretory signal for processing through the cellular endoplasmic reticulum/Golgi
pathway of protein export that possess both intracellular and extracellular
functions, e.g., fibroblast growth factors-1 and -2. In a number of instances an
alternative export pathway has been documented, e.g., FGF-1 and SA100A13
(Mouta Carreria et al., 1998) and FGF-2 (Tavema et al., 2003). Combined with
the potential effects of the TCA precipitation method on protein structure,
especially in the case of heparin-binding proteins, this suggests that the potential
complete heparin interactome of S. aureus may be much larger than just those
proteins identified in this work.

6.3 The functional significance of heparin interactions of S. aureus
proteins
Heparin is an experimental proxy for the S domains of heparan sulfate and as such
is a commonly used as a model for the interactions of heparan sulfate with
proteins. Being able to synthesise chemically modified heparin oligosaccharides
allows deeper analysis of the protein-sugar interaction, with the effects of specific
sulfation sites in the oligosaccharides and competition assays with separately
sized oligosaccharides providing information about the specificity of these
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interactions (Section 4.6). This information complements the kinetic data obtained
for each of the S. aureus proteins and heparin. The information obtained from
these methods is useful when considering mechanisms of binding as it allows
comparisons to be made between these proteins and other, more highly studied,
examples. Moreover, it may enable broader themes of the binding to be
considered, such as why host heparin/heparan sulfate may be targeted by an
invading bacterium.
The kinetic data indicated that each of the proteins bound to heparin with
affinities (Kd) in the range of 80 nM to 10 pM which is within the range of some
mammalian heparin-binding proteins where their heparin-binding ability is
essential for function. Thus heparin-binding may reflect on the functions of at
least some of the bacterial proteins.

Importantly, just as with mammalian

protiens, heparin binding by the bacterial proteins may reflect a transitional effect,
which either may aid their main function or may be part of a more general
interference of host cell communication processes. Efb is a known secreted S.
aureus complement inhibiting protein (Lee et al., 2004), which, to be a benefit to
the bacteria, must remain in the vicinity of the cell after secretion. Secretion will
lead to a protein gradient being formed around the bacteria and heparin binding
may be used to prevent excessive diffusion of this gradient. Analysis of the
interaction of the other identified heparin binding complement inhibitor, Ecb
(SA1000), with the polysaccharide may show similar characteristics supporting
this suggestion. A recent study revealed the cleaved signal peptide of the PantonValentin leukocidin (LukS-PV) reveals a highly charged N-terminus that is
surface exposed and mediates adhesion to heparin, while the C-terminus
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associates with the S. aureus cell surface.

This was postulated to act as a

molecular bridge to increase adhesion at the site of epithelial damage (Tristan et
al., 2009). The summative effects from interactions of the bacterium with heparin
could thus contribute to colonisation and the initial innate immune evasion
required to facilitate the establishment of infection. The key reported effect of
heparin on S. aureus biology is the increase of bacterial arthritis in a murine
model and the increased spread of the bacteria through the mouse in the presence
of the polysaccharide. This could be a result of interference with host defence
through cladding the bacterium with heparin, one potential mode of action of
these proteins.
It has become increasingly clear in mammalian systems that proteins possess
multiple binding partners and the partitioning of a protein between different
macromolecular assemblies is key to understanding its function. As such it is a
plausible argument to suggest that some bacterial proteins behave in a similar
manner, particularly those involved in interaction with the host. S. aureus proteins
involved with host interaction such as Eap are known to target multiple matrix
proteins and even the fibronectin binding MSCRAMM FnBPA will also bind
fibrinogen and elastin (Schwarz-Linek et al., 2006). Heparin is perhaps just one of
a range of specific targets of these proteins; an idea in keeping with roles in
protein localisation or immune system evasion. Furthermore, Eap is known to
target multiple matrix proteins and heparin and heparan sulfate provide it with
further targets in its suggested roles, including tissue remodelling (Sinha &
Herrmann, 2005). Meanwhile, in a kinetic study carried out on Emp, values for
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Kd were calculated for vitronectin (120 pM), fibronectin (20 nM) and fibrinogen
(91 nM) suggesting a broad range of targets with some preference for vitronectin.
Generally speaking it would appear from the range of proteins identified as having
heparin binding ability and from the variety of mechanisms of oligosaccharide
binding demonstrated by a small proportion of them, that heparin and heparan
sulfate binding is of some importance to staphylococcal microbiology. Whilst a
great deal of work has been carried out on increasing the understanding of the
interactions between S. aureus and host extracellular matrix components,
particularly fibronectin, this area has been neglected and this report has gone
some way to readdress that balance.

6.4 Future perspectives
The data presented here examines the interaction of three S. aureus proteins with
modified heparins and heparin-derived oligosaccharides to provide a clear picture
of how these proteins bind the polysaccharide. A further six putative heparin
binding proteins were identified through the approach taken and future work may
first focus upon successful overexpression and purification of these proteins in
order to repeat the binding experiments.
Some of the approaches used here are open to minor improvements, to ensure a
more complete set of S. aureus proteins that interact with heparin. The affinity
chromatography used to isolate the heparin-binding proteins could be carried out
without prior concentration of the samples through TCA precipitation, although
this would require a large dilution or dialysis of the ionic surface protein fractions
to prevent interference with binding by the LiCl present in the sample. Secondly,
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improvements in the data analysis software for the dual polarisation
interferometer may lead to the supported lipid bilayer being used as a membrane
mimetic to investigate the action of these and other proteins at the host cell
surface.
Although much work on the molecular characterisation of these proteins has been
carried out there remains the question of their biological function and indeed the
role of heparin and heparan sulfate in staphylococcal biology. Here the
availability of models of S. aureus infection may be useful. Mutant strains,
knocked out for these proteins may be introduced, for example, into the murine
model for bacterial arthritis to see if their role in the presence of heparin is
responsible for the observed effects of the wild type. Furthermore, reintroducing
both the original knocked out gene or a mutated version of it may provide more
evidence for or against their hypothetical role. This may also be true when
considering the role of heparin in the action of the complement inhibitory proteins
Ecb and Efb. Replacing lysine residues in these proteins with arginine residues
should increase their affinity for heparin both by increasing the amount of binding
and providing tighter binding, thus decreasing the rate of dissociation events. This
could alter any gradient based mechanism of action through slowing down the
diffusion of the protein from the cell. In the hypothesised role of heparin binding
of the complement inhibiting proteins this may have a dramatic effect on their
ability to carry out this role.
In summary heparin binding may be another tool to aid S. aureus survival in the
host. While it may be a specific target or one of a number of targets it has a
demonstrated biological effect and several proteins have heparin binding ability.
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This study has identified some of these proteins and fully investigated their
interaction with the carbohydrate. It has also gone some way to provide new ways
of investigating membrane associated phenomena which may aid future
investigation into host-pathogen interaction in addition to animal cell surface
interactions.
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