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ABSTRACT

The phototrophic bacteria synthesize approximately eighty carotenoids, which
together with the bacteriochlorophylls and polypeptides form the light-harvesting
antennae. Although many separation systems exist for the 'higher plant' carotenoids,
no such systems were available which would adequately resolve these bacterial

carotenoids.

Chapter 3 reports the development of two h.p.l.c. systems. A reversed phase
method was developed, which was used to separate a wide range of both carotenoids
and bacteriochlorins. A normal phase (silica) system was also developed which
allowed the resolution of the cis-trans geometric isomers of some acyclic and aryl

carotenoids.

Chapter 4 reports the identification of carotenoid mutants by a 'rapid
screening' reversed phase system. These mutants were produced by transposon
mutagenesis of the carotenoid genes, which are located in the photosynthetic gene

cluster.

In Chapter 5 the distribution of carotenoids in the antenna complexes of
purple bacteria representative of the spheroidene, spirilloxanthin and aryl carotenoid
pathways is examined. The normal phase h.pl.c. procedure was also used to resolve
the cis and trans isomers of okenone isolated from the light-harvesting antennae of

Chromatium purpuratum.

The effects of carotenogenic inhibitors on antenna complexes of several
species of bacteria is reported in Chapter 6. In addition to use of the classic inhibitors
such as nicotine and diphenylamine a novel carotenogenic inhibitor ( N,N-diethyl-n-
octylamine) was synthesized. This was found to exert a dramatic effect on both

carotenoid and bacteriochlorophyll biosynthesis.
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L1 Introduction

The fact that colour plays an important role in nature is borne out by the vast
number of pigments that are encountered in the plant and animal kingdoms. At least
five major classes of pigments are known, namely the quinones, the flavonoids, the
melanins, the tetrapyrroles and the carotenoids. These compounds appear coloured
because they absorb light in the visible region of the spectrum, i.e. 400-700nm. In
many of them the structural feature responsible for light absorption in this region - the
chromophore- is aromatic or extensively conjugated. It is the delocalization of
electrons in the chromophore which confers the light absorption properties of the
pigments.

Electronic transitions in organic molecules are possible from three types of
molecular orbitals; ¢ (single bonds), = (double bonds) and n (lone pair orbitals). The
transitions result in promotion of an electron to its antibonding orbital e.g.x - = *
In pigments with conjugated systems, ie. alternating single and double bonds, as
the extent of conjugation is increased (e.g. by introduction of additional double
bonds) the electrons are further delocalized across the molecule and the energy
required to promote an electron is lower, i.e. corresponds to light of a longer
wavelength. In a polyene, a chromophore of at least seven conjugated double bonds
is required for absorption in the visible region. These = to n * transitions of the

chromophore are thus responsible for the ‘coloured' properties of many pigments.

1.2 The Function of Pi s in Phot esis

(i) The Distribution and Location of Pigments

Of the five classes of pigments the carotenoids and tetrapyrroles are probably
the most important biologically and their functioning in photosynthesis is well
documented. These pigments exist in the photosynthetic membranes as highly

ordered arrays, non-covalently bound to proteins (Siefermann-Harms, 1987; Mimuro
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and Katoh, 1991). Over 95% of the pigment molecules serve as 'light harvesters'
whose function is to capture and channel light energy to the photochemical reaction
centre where primary photochemistry takes place. Only a minor proportion of
pigments are required for this latter process and they are designated accordingly as
the primary pigments. Other classes of photochemical pigments are used in some
organisms in addition to the chlorophylls and carotenoids, e.g. the tetrapyrrole
phycobilins of cyanobacteria and red algae. The major photosynthetic pigments and
their distribution are given in Table. 1.1. The particular combination of pigments
present in photosynthetic membranes allows the absorption of light from all regions
of the spectrum, i.e. ultraviolet (u.v.), visible (vis) and near infra-red (n.i.r.), thus
allowing photosynthesis in radiationally different environments.
ii) Th f Ph hic Bacteria in th f Ph nthesi

The phototrophic purple sulphur and non-sulphur bacteria are ideal organisms
for the study of photosynthesis since, unlike higher plants, algae and cyanobacteria,
they possess only one photosystem. In addition, their photosystem can easily be
purified in large quantities without contamination by other components. Although
photosynthesis in the phototrophic bacteria is in many ways analogous to that in other
photosynthetic systems, there are many important differences. In terms of
pigmentation both the tetrapyrroles and carotenoids that occur differ from those
encountered in photosynthetic membranes of other organisms. The chlorophyll and
cyclic carotenoids common to plants, algae, and cyanobacteria are replaced by the
bacteriochlorophylls and acyclic or aromatic carotenoids. These differences have a
major effect on the light-harvesting properties and photochemistry in the bacteria.
First the region of the spectrum which can be utilized is extended into the n.ir. since
bacteriochlorophyll absorbs in this region. Secondly bacteriochlorophyll is not a
powerful enough oxidant to remove electrons from water. Bacterial photosynthesis is
therefore anoxygenic. The electron donors used are simple organic or sulphur
compounds. Despite these and other differences (e.g. in pathways of carbon fixation,

organization of the photosynthetic membranes) the mechanisms involved in light



harvesting and electron transport show great similarities with those in other

organisms.

1.3 Classification of the P! hic Bacteri

The phototrophic bacteria can be divided into two orders, namely the
Rhodospirillales and the Chlorobiales. This division is based on the nature of the
photosynthetic pigment present and on the organization of the photosynthetic
membranes (Truper and Pfennig, 1978). The Rhodospirillales are characterized by
the presence of bacteriochlorophyll (Bchl) a or b. The photosynthetic apparatus (both
antenna system and reaction centre) is located in vesicles, rods or lamellae in the
intracytoplasmic membranes. The Chlorobiales contain bacteriochlorophyll ¢, d or
e. The antenna complexes are found as chlorosomes, distinct organelles which are
attached to the cytoplasmic membrane. The reaction centre is contained within the
inner cytoplasmic membrane.

The order Rhodospirillales contains three families; the Chromatiaceae, the
Ectothiorhodospirillaceae (formerly contained within the Chromatiaceae) and the
Rhodospirillaceae (Pfennig and Truper, 1983). The division and classification of the
phototrophic bacteria are illustrated in Fig. 1.1.

(i) Chromatiaceae

The members of this family are characterized by their ability to oxidize
sulphide via elemental sulphur to sulphate. In general the Chromatiaceae are strict
anaerobes and are often found in sulphide-rich areas, i.e. wet soils, estuaries, salt
lakes and sulphur springs.

(ii) Rhodospirillaceae

Unlike the Chromatiaceae, the Rhodospirillaceae are unable to oxidize
sulphide via elemental sulphur and lack the enzyme adenylsulphate reductase which is
essential for dissimilatory sulphur metabolism (Truper and Peck, 1970). Members of
the Rhodospirillaceae are most likely to be found in conditions where the organic

content is high, i.e. the littoral zones of lakes and rivers, and in sewage. This family



SUB-ORDER Rhodospirillineae  Chlorobiineae

FAMILY (5) Rhodospirillaceae  Chromatiaceae

Rhodopila (1) Chromatium (11)
Rhodospirillum (7) Thiodictyon (2)
Rhodomicrobium (1)  Lamprocystis (2)
GENUS Rhodobacter (6) Amoebobacter (3)
Rhodocyclus (2) Thiopedia (1)
Rhodopseudomonas (8) Thiocapsa (2)
Lamprobacter (1) Thiospirillum (1)

Numbers in brackets refer to the number of members in a family or
genus.
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of bacteria shows extreme metabolic diversity and many members have the capacity
to exist as facultatively microaerophilic or aerobic chemoorganotrophs. Even in
anaerobically grown, illuminated cultures the respiratory activity is high and often
reaches 50% of the levels found in fully adapted aerobic cultures (Truper and
Pfennig, 1978) The respiratory and photosynthetic electron transport chains thus
compete for electrons. The capacity to generate energy in two ways without major
regulatory changes enables members of this family to survive in habitats that are

subject to variable oxygen tensions.

L4The T les of the P} hic Bacteri

The bacteriochlorophylls, bacteriophaeophytins and cytochromes involved in
bacterial photosynthesis belong to a class of pigments known as porphins. They
contain a super-ring or macro-cycle, which consists of four pyrrole rings linked by
single carbon atoms (Fig. 1.2). Two groups of these tetrapyrroles are involved in
bacterial photosynthesis - the chlorophylls (including the phaeophytins) and the
cytochromes.

(a)The Cytochromes

These are small haemoproteins which readily undergo reversible
oxidation and reduction of the central iron atom. It is this property which allows
them to take part in the electron transfer reactions of the photosynthetic and
respiratory chains. The cytochromes can be divided into four groups; a, b, ¢ and d, on
the basis of the prosthetic haem group and the nature of its association. All
phototrophic bacteria possess type ¢ cytochromes involved in photosynthesis and may
also contain forms of cytochrome b (Bartsch, 1978). Cytochrome a has only been
found in aerobically grown Rb. sphaeroides (Saunders and Jones, 1974). The
cytochromes, although biologically important, are present in small amounts, by
comparison with the carotenoids and bacteriochlorophyll, and do not therefore

contribute towards the external pigmentation of the cell.
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(b)The Bacteriochlorophylls
The chlorophylls and bacteriochlorophylls differ from the cytochromes
by the presence of an additional isocyclic ring and magnesium as the liganded central
atom. Also, in general, they are esterified at C-17 by a hydrophobic sidechain. The
basic unit of the chlorins and bacteriochlorins is a core of phorbin (Fig. 1.3). The
chlorins and bacteriochlorins differ in the hydrogenation levels of ring B and by
substitution of the vinyl group on ring A with acetyl. The structures of chlorophyll a
and bacteriochlorophylls @ and b are illustrated in Fig. 1.4.
(c) Bacteriophaeophytin
Bacteriophaeophytin differs from bacteriochlorophyll only in the
absence of the central magnesium atom. It is not found in the light-harvesting
systems but is an integral part of the reaction centre, acting as the primary electron

acceptor. Little is known about the biosynthesis of this pigment.

L5 The Bi hesis of Bacteriocht hyll
For clarity the biosynthesis of bacteriochlorophyll can be divided into three

stages. The initial stages of bacteriochlorophyll biosynthesis are common to all
tetrapyrroles, i.e. the formation of aminolaevulinic acid and eventual synthesis of
protoporphyrin IX.
(i) Formation of 8 Aminolagvulinic Acid

The formation of aminolaevulinic acid occurs via two pathways, the classical
'Shemin' pathway, involving succinyl CoA and glycine or the C-5 pathway from o.-
ketoglutarate (Beale and Castlefranco, 1974). Both pathways are encountered among
the phototrophic bacteria. Rb. sphaeroides utilizes the Shemin pathway, while in Ch.
vinosum synthesis proceeds via the C-5 pathway (Oh-hama, er al., 1986). The
cyanobacteria examined to date utilize only the C-5 route (Kipe-Nolt and Stevens,
1980). In algae the situation is somewhat different, Euglena gracilis uses a single
pathway (C-5)(Weinstein, er al., 1987) while Scenedesmus (Sc.) obliquus can

synthesize aminolaevulinic acid via both pathways (Klein and Senger, 1978). It has
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been proposed that the pathways are compartmentalized in this case. The Shemin
pathway is responsible for the synthesis of haem in the mitochondria; the C-5
pathway is required for chlorophyll synthesis in the chloroplast.
ii) Formation of the Proto hyrin IX and Bacteriochl i

Condensation of two molecules of aminolaevulinic acid results in the first
pyrrole compound of the pathway, porphobilinogen, with subsequent condensation of
four molecules of this to produce the first tetrapyrrole, uroporphyrinogen (urogen III),
the final common intermediate of all the tetrapyrroles. At this point the pathway
diverges. In the chlorophyll and protohaem branch, modification of the sidechains
followed by dehydrogenation leads to the formation of protoporphyrin. The pathway
again diverges, with commitment to either the haem or bacteriochlorophyll pathways
by chelation of iron, to form protohaem, or magnesium, to form Mg protoporphyrin
1X (Fig.1.5). From this point the sequence of events leading to bacteriochlorophyll
biosynthesis is initiated by a methylation step and subsequent formation of the
isocyclic cyclopentanone ring E. A series of reduction steps and hydration leads to
the formation of bacteriochlorophyllide.
(iii) Esterification

Esterification of this bacteriochlorophyllide with an isoprenoid alcohol is the
final step (Fig.1.5). With few exceptions, all bacteriochlorophylls are esterified at
C-17 (ring D) with isoprenoids. This sidechain renders the otherwise acidic, water-
soluble pigment lipid soluble, thus enabling the molecule to anchor into the lipid

membrane. Esterification is generally with the Cpq alcohol phytol, although other

side chains have been detected, i.e. in Rsp. rubrum and Chlorobium spp. the
respective esterifying alcohols are geranylgeraniol (Cpp) and farnesol (Cy5). The
presence of dihydro- and tetrahydrogeranylgeraniol in addition to geranylgeraniol and
phytol as sidechains in both phototrophic bacteria (Kunzer and Pfennig, 1974; Walter
et al., 1979) and etiolated plants (Scoch et al., 1977, Schoch 1978) has also been

noted.
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1.6 Distribution of Bacteriochi hyll 1 7

Unlike many photosynthetic membranes which contain both chlorophylls a
and b the phototrophic bacteria contain only a single molecular species. In most cases
this is bacteriochlorophyll a, although a few species, e.g. Rps. viridis, Th. pfennigii,
Ectothiorhodospira (Ec.) halochloris and Ec. abdelmalekii contain the closely related
bacteriochlorophyll 5. This is presumably produced by dehydrogenation of ring B

of bacteriochlorophyll a .

1.7 The Spect ic P ties of the Chl hyll

The spectroscopic properties of the chlorophyll pigments are due to the
extensively conjugated macro-cycle. Electrons are delocalized over almost the entire
molecule, increasing the available area for capture of a photon. The chlorophylls and
bacteriochlorophylls differ from haems in their light absorption properties due to the
asymmetry of the chromophore and the presence of the divalent cation, magnesium.
This changes the electronic distribution of the molecule. The central magnesium
atom is bound by two covalent and two co-ordinate linkages.

Upon excitation a complex absomﬁon spectrum is obtained. Electronic
transitions occur along the axes of the molecule, i.e. excitation is vectorial (Fig.1.6)
The absorption spectra of free chlorophyll and bacteriochlorophyll are illustrated in
Fig.1.7. Of the three transitions, Soret, Qx and Qy, the Qy transition is most easily
affected by its environment, e.g. in vitro by water associated with the magnesium
atom. In vivo this is demonstrated by the red shift of absorption which occurs on

binding to proteins.

18 G | Physical P ties of Chl hyll

The chlorophylls are esters and therefore soluble in organic solvents. In vitro,
chlorophyll is unstable to light, heat, oxygen, acid and alkali. On extraction and
purification many degradation products may be formed. Hydrolysis of the isoprenoid

side chain by the enzyme chlorophyllase, a 30KDa glycoprotein in the diatom



Phaeodactylum tricornutum (Terpstra, 1981) readily occurs in plants but has not been

rigorously proven in the phototrophic bacteria.

L9 The Carotenoids: General Features and Nomenclature

Carotenoids are perhaps the most widely distributed pigments that are
encountered in Nature. Unlike the chlorophylls they are = common in non-
photosynthetic tissues throughout the plant and animal kingdoms. They are almost all
C40 compounds, composed of eight isoprene units, and are characterized by their
long chromophores, imparting a yellow to red colour. The basic carotenoid skeleton
and numbering system are illustrated in Fig. 1.8.  Carotenoids may be either
hydrocarbons (carotenes) or substituted with oxygen functions (xanthophylls). Over
500 carotenoids have so far been characterized, of which approximately eighty are
found in the phototrophic bacteria.

In general, carotenoids have been given trivial names, derived from the
biological source from which they were initially isolated. The trivial names, e.g.
spheroidene, spirilloxanthin etc. will be used throughout this thesis, except where
clarification warrants the use of semi-systematic nomenclature. A list of semi-
systematic names is given in Appendix 3.

1.10 The Bi hesis of C id
The biosynthesis of carotenoids can be divided into three stages:
(1) Formation of the C4( skeleton via the 'isoprenoid' pathway.
(2) Extension of the chromophore from three to eleven conjugated double bonds
(c.d.b.), i.e. phytoene to lycopene.
(3) Modification of the lycopene skeleton.

(1) Formation of the C4() Skeleton (Fig.1.9)
This proceeds via the isoprenoid pathway common to both prokaryotes and
eukaryotes. Other biologically important compounds such as quinones, isoprenoid

alcohols and steroids (eukaryotes only) are synthesized via this pathway.



(2) Extension of the Chromophore (Fig. 1.10)

The extension of the chromophore by successive desaturations results in a
shift in the fundamental absorption band from 287nm (3 c.d.b., colourless), 348nm
(5 c.d.b., colourless) to 400nm (7 c.d.b., yellow) and 473nm (11 c.d.b., orange). This
sequence appears to be common to all carotenogenic organisms. In most
carotenogenic organisms the first 'coloured’ carotenoid is a symmetrical molecule,
7,8,7'8'-tetrahydrolycopene. In the photosynthctic: bacteria synthesis proceeds mainly
via the unsymmetrical molecule, 7,8,11,12-tetrahydrolycopene.

(3) Modification of the Lycopene Skeleton (Fig. 1.11)

Modification may take several forms and is specific to the organism. The
major modifications include:

(a) Cyclization/Aromatization - six forms of ring are encountered; the six
membered B, ¢ and y rings, the five membered x ring, and the two aromatic rings ¢
and x .

(b) Addition of Substituent Groups - i.e. the formation of xanthophylls by
addition of hydroxy, methoxy, keto and epoxide groups.

(c) Addition of Sugars or Fatty Acids

Xanthophylls containing hydroxy groups may be esterified with fatty
acids. This is common in many fruits (Gross, 1988) and may occur in arable crops
under drought conditions (Barry, 1988). Addition of glucose or other sugars is
common in fungi and cyanobacteria (reviewed in Goodwin, 1980). These glycosidic
carotenoids are not found in higher plants and have only been noted in two species of
phototrophic bacteria, namely Rps. acidophila and Ec. halochloris.

(d)Addition of Isoprene Units.

The process which produces C45 and C5( carotenoids is common in
the non-phototrophic bacteria, e.g. Halobacterium halobium, but is not encountered in

phototrophic organisms.

Absorption spectra were determined in hexane
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