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Summary 

This thesis presents an analysis of the contribution that the polypeptide Puc2B makes to the binding of 

BChl(s) within the purified LH2 complexes. Mass spectroscopy established for the first time that Puc2B 

is incorperated within the LH2 in native complexes. The effect the second puc operon has on the ability 

of the cell to adapt to high light conditions was measured; it was shown that the puc2BA gene pair is 

crucial in modulating levels of LH2 complex assembly under these conditions. Using AFM, initial 

attempts were made to analyse the effects of the second puc operon upon the membrane architecture. 

Images of Rba. sphaeroides 2.4.1. ,12BA membranes were obtained, with large scale hexagonally 

packed arrays of LH2 observed for the first time. 

The development of a purification protocol for a LH2 complex possessing only PuclB as its 

~-polypeptide (LH2-l B lA) is described. The crystallisation of LH2 complexes purified using this 

protocol is detailed, along with the unsuccessful attempts to obtain structural data from the resulting 

crystals by X-ray crystallography. A previously undescribed protein, RSP6l24, was identified during 

the purification of LH2-lB 1 A. A bio-informatic analysis of this protein is presented. Although its role 

within the organism is still unclear, there is evidence which suggests that strong electrostatic interactions 

between RSP6l24 and the extrinsic regions of the LH2 complex may exist. Contamination of the 

purified LH2-l B 1 A sample with RSP6124 provides an alternative explanation for current failures to 

obtain crystals of sufficient quality to yield high resolution diffraction data. 

Two new deletion strains of Rba. sphaeroides 2.4.1. that lack the ability to assemble any LH2, LH 1 or 

RC complex have been created. Assembly levels of the LH2 complex in the deletion strains lacking both 

puc operons were shown to be markedly lower than in a deletion strain which carries puc2BA on its 

genome. The spectroscopic characteristics of LH2 complexes comprising exclusively Puc 1 B, Puc2B or 

a mixture of both were analysed while bound within the native membrane. Puc2B is shown to be 

integral to B800 BChl binding within the LH2 complex of Rba. sphaeroides 2.4.1. A hypothesis to 

account for the reduction of B800 BChl binding in the absence of Puc2B is proposed. 

The final chapter describes the specific attachment of purified LH2 complexes from Rba. sphaeroides to 

patterned self assembled monolayers on the micron scale. Surface plasmon resonance studies were used 

to select SAMs possessing tail groups with specific chemical properties. Two surfaces that have 

contrasting attractive and repUlsive responses to membrane protein adsorption have been identified. 

Confocal microscopy was used to demonstrate the functionality of the purified LH2 complexes whilst 

they are covalently attached to the surface. 
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Chapter 1: Introduction 

1.1 Photosynthesis 

Introduction and overview 

Solar energy harnessed through the process of photosynthesis is the primary source of 

energy for the biosphere; the only exception being chemolithotrophs which are the 

only organisms which live independently of incident solar energy. Photosynthetic 

organisms therefore represent the basis of nearly all eco-systems on earth. 

Photosynthesis is carried out by plants, algae, cyanobacteria and photosynthetic 

bacteria. Photosynthesis initiates with the absorption of a single photon by a pigment 

molecule, and culminates with the production of adenosine-5' -triphosphate (ATP). 

Hydrolysis of ATP to produce adenosine-5'-diphosphate (ADP) releases the stored 

chemical energy, initially created by the proton motive force that drives ATP synthase. 

This hydrolysis reaction is used throughout the cell to drive energy requiring metabolic 

processes. 

Photosynthesis can be represented by the general equation: 

IIgbt 

2H2A +C02 --+ (CH20) +H20 +2A (Van Niel, 1962) 

where H2A is the source of hydrogen ions and electrons used to reduce carbon dioxide 

to carbohydrate (CH20), and A is the oxidation product. In plants, algae and 

cyanobacteria, water is the reductant and oxygen is the oxidation product (oxygenic 

photosynthesis). Photosynthetic bacteria other than cyanobacteria utilise a number of 

different compounds as the reductant including molecular hydrogen, reduced sulphur 

compounds and organic acids such as acetate or succinate. Consequently oxygen is not 

evolved from these reactions (anoxygenic photosynthesis). 
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In the first stage of photosynthesis (the 'light reactions'), solar radiation excites an 

electron in a pigment molecule housed within the organism. The energy is conserved 

as a charge separation, then as a proton gradient and finally as ATP. The second stage 

of photosynthesis (the 'dark reactions') comprises of a series of reductive carbon 

fixation reactions, driven by ATP and NAD(P)H, which assimilate carbon dioxide to 

carbohydrate. 

There are three major groups of pigment molecules involved in light absorption during 

photosynthesis. Chlorophylls, carotenoids and phycobilins have distinct absorption 

spectra that indicate the specific wavelengths of light they are capable of harvesting. 

Pigment and protein molecules associate to fonn, pigment protein complexes, which 

come together to fonn part of the photosynthetic membrane. The wavelength of light a 

pigment molecule is capable of absorbing can be partially dictated by its local protein 

environment. The energy absorbed by the light harvesting complexes is transferred to 

the reaction centre pigment protein complexes, where charge separation occurs. 

1.2 Photosynthetic bacteria 

Photosynthetic bacteria are generally found inhabiting marine and freshwater aquatic 

environments. There are four main classifications: 

1. Green bacteria, which can be subdivided into sulphur or Chlorobiaceac and 

non-sulphur bacteria or Chloroflexaceae. The Chlorobiaceae are strict 

anaerobes and utilise sulphide or thiosulphide as an electron source. The 

Chloroflexaceae are facultative anaerobes and utilise reduced carbon 

compounds as electron donors. 

2. Purple sulphur bacteria or Chromatiaceae, which can use H2S as a 

photosynthetic electron donor. 
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3. Purple non-sulphur bacteria or Rhodospirillaceae, which are unable to 

utilise H2S, and require simple organic compounds as electron donors. 

Rhodobacter sphaeroides is included in this group. 

4. Cyanobacteria, which are oxygenic phototrophs and include the species 

Synechocystis, Cyanothece and Synechoccus. 

The metabolic differences between the groups has resulted in the colonisation of 

different habitats, consequently the photosynthetic apparatus of each organism have 

evolved to absorb different wavelengths of light (Figure 1.1). 

1.2.1 Rhodobacter sphaeroides 

The purple non-sulphur bacterium Rba. sphaeroides belongs to the phylum 

Rhodospirillaceae, which includes other species such as Rhodobacter capsulatus and 

Rhodospirillum rubrum. These organisms are metabolically diverse, possessing an 

extensive range of energy acquiring mechanisms. Their preferred mode of growth is 

photoheterotrophy, utilising various simple organic substrates, under anaerobic 

conditions in the light, typically in non-stratified deep lakes or the sediment of shallow 

lakes (Pfennig, 1978; Madigan, 1988; Drews and Imhoff, 1991). Rhodospirillaceae are 

also capable of photoautotrophic growth, using either molecular hydrogen or sulphide 

as the reductant and carbon dioxide as the sole carbon source. In addition most can 

also grow as chemoheterotrophs under microaerobic to aerobic conditions in the dark, 

and a few are capable of chemolithotrophy (Madigan and Gest, 1979; Drews and 

Imhoff, 1991). Rba. sphaeroides has the unique ability to detoxify a number of rare 

metal oxides and is the subject of ongoing studies in bioremediation (Kobayashi, 1995; 

O'Gara et al., 1997). It is also known to utilise the regulatory systems involved in 

quorum sensing (Puskas et al., 1997). Other studies have revealed the methods of 

motility and environmental sensing in relation to bacterial taxis and movement in 

Rba. sphaeroides are unique both genetically and physiologically (Hamblin et al., 

1997). It possesses a relatively small genome and facile methodologies for genetic 
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manipulations, gene transfers, genetic analysis and chromosomal mobilisation. The 

simple genomes of such bacteria, and in particular Rba. sphaeroides, and their 

facultative photosynthetic nature, permit the study of mutants deficient in essential 

components of the photosynthetic apparatus. This has aided the identification of genes 

encoding the reaction centre (RC) and light harvesting polypeptides, as well as those 

responsible for pigment biosynthesis. 

1.3 Pigment Biosynthesis 

1.3.1 Bacteriochlorophyll biosynthesis 

Bacteriochlorophylls (BChl) are the central photopigments of photosynthetic bacteria. 

These tetrapyrrole compounds absorb NIR light and funnel this energy to the RC 

pigments, where it is converted to a charge separation. The incorporation of a metal 

ion by tetrapyrroles can modify their electronic and redox properties, resulting in a 

wide variety of metal-containing enzymes and cofactors from a common biosynthetic 

precursor (RUdiger and Schoch, 1988). In addition, slight variations of the common 

porphyrin ring structure results in the eight different forms of BChl, designated 

BChla-g (Scheer, 1991). 

BChia is widely distributed throughout anoxygenic photosynthetic organisms and is 

the principal photosynthetic pigment of Rba. sphaeroides. This BChl is esterified with 

the C20 isoprenoid alcohol, phytol. This phytol moiety constitutes 30 % of the total 

molecular weight of the molecule, and greatly influences the properties of BChla, 

including investing it with much of its hydrophobicity. Attachment of the phytol 

appears to be crucial for both stability and function of the bacterial photosynthetic 

pigment-protein complexes and is vital for their assembly, (Bollivar et at., 1994a; 

Addlesee and Hunter, 1999). Crystallography studies of LH2 from Rps. acidophila 

revealed that the phytol chains of the BChl(s) intertwined with the carotenoid 

molecules within the LH2 complex (McDermott et at., 1995; Freer et at., 1996). 
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All tetrapyrroles are built in a complex sequence of reactions from small biosynthetic 

precursors. The first intermediate, which is common to all tetrapyrrole formation, is 

5'-amino levulinic acid (ALA), which can be formed either from glycine and succinyl 

coenzyme A via the Shemin pathway (Shemin, 1956), or by the Cs pathway of 

glutamate conversion (Beale and Castelfranco, 1974). The Cs pathway occurs in 

higher plants, algae and cyanobacteria, plus some photosynthetic and non­

photosynthetic bacteria (reviewed by Kannangara et al., 1988). The Shemin pathway 

occurs in animals, yeast, fungi and some bacteria. The formation of Rba. sphaeroides 

BChia via the Shemin pathway was confirmed by I3C NMR studies (Oh-Hama et al., 

1985). These reactions are catalysed by HemA and HemB ALA synthetase enzymes. 

(Tai et al., 1988). HemA catalyses the formation of ALA by condensation of 

succinyl-CoA and glycine, while HemB catalyses the condensation of two molecules 

of ALA to form porphobilinogen (PBG), the first pyrrole compound in the pathway. 

The subsequent action of the hemC-hemG encoded enzymes leads to the formation of 

protoporphyrin IX, an aromatic compound with the capacity to chelate a wide variety 

of metal ions, including magnesium ions which commits it to the chlorophyll 

biosynthesis pathway and directs the tetrapyrrole ring away from the production of 

haem by ferrochelatase (reviewed by Willows, 2003). 

Figures 1.2a and 1.2b represent the current scheme of the pathway from 

protoporphyrin IX to BChla. In Rba. sphaeroides there are eleven steps in BChl 

biosynthesis following the chelation of protoporphyrin IX with magnesium; these 

include a series of hydration, reduction and oxidation reactions. Most of the loci 

encoding the enzymes catalysing these steps have now been identified and sequenced 

(Naylor et al., 1999). They have all been found to lie within the 45.7 kb 

photosynthesis gene cluster, which also contains genes encoding subunits of the 

reaction centre (RC), the light-harvesting (LH) 1 complex, and enzymes for carotenoid 

biosynthesis (Figure 1.12). 
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The bacteriochorophyll biosynthetic pathway from magnesium insertion up to the 
interchangeable steps catalysed by the bchF and bchXYZ gene products. 

The gene assigned to each step is in italics and where possible the name of the gene product 
is given in red . Groups modified at each step are coloured magenta. The acrylate 
intermediate of isocyclic ring formation is not shown. The steps up to chlorophyllide are 
shared by the chlorophyll biosynthetic pathway; esterification of chlorophyllide leads to 
chlorophyll (adapted from Bollivar et aI. , 1994b). 
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The bacteriochorophyll biosynthetic pathway from the interchangeable pathway catalysed by 
the bchF and bchXYZ gene products up to the formation of bacteriochorophyll (adapted from 
Bollivar et al., 1994b). 
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Analysis of mutants of the BChl biosynthesis pathway has enabled the identification 

of, and assignment of function, to many of the BChla biosynthetic enzymes of both 

Rba. sphaeroides and Rba. capsutatus (Coomber et at., 1990; Taylor et at., 1983; Bie1 

and Marrs, 1983; Zsebo and Hearst, 1984; Addlesee and Hunter, 1999; Smith et at., 

1996; Suzuki and Bauer, 1995). In addition, in vitro assays have proved invaluable in 

the elucidation of the genetics and enzymology of several steps in the BChl 

biosynthesis pathway. These assays involve the heterologous overexpression of the 

genes in E. coli and have been used to study, for example, the methyltransferase step 

of the pathway (Gibson and Hunter, 1994; Bollivar et at., 1994b), the reconstitution of 

Rba. sphaeroides magenesium-protoporphyrin chelatase activity in vitro, which 

requires the products of the bchH, bchI and bchD genes (Gibson et at., 1995; Jensen et 

at., 1998; Gibson et at., 1999). Also the in vitro esterification reactions of 

bacteriochlorophyll ide a with geranylgeranyl-PP (Oster et at., 1997), and the 

hydrogenation reaction which generates phytyl-BCh1a (BCh1aP) in Rba. capsula/us 

(Oster et at., 1997) and Rba. sphaeroides (Addlesee and Hunter, 1999). 

1.3.2 Carotenoid Biosynthesis 

Carotenoids comprise a widely distributed class of structurally and functionally diverse 

natural pigments. These pigments are chemically classed as terpenoids, unsaturated 

hydrocarbons, derived from the general isoprenoid biosynthesis pathway, and typically 

consisting of eight linked isoprenoid units. Carotenoids are found in abundance in 

photosynthetic organisms and have two major functions in photosynthesis. First, as 

accessory light-harvesting pigments, they absorb light energy in the 450-600 nm range, 

and transfer it to neighbouring BChl molecules, thereby increasing the spectral range 

over which light energy can be absorbed beyond the limitations of BChl absorption. 

Second, as photoprotective agents, carotenoids play a vital role in preventing 

photooxidative damage (Figure l.3) (Cogdell and Frank, 1987; Siefermann-Harms, 

1987; Cogdell et at., 2000). The presence of excess light can lead to the generation of 

triplet excited BChl molecules (Figure 1.3b), which in tum can form highly reactive 

singlet oxygen, which is toxic to the cell (Figure l.3c). Carotenoids can prevent the 
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(a) Bchla + hv ~ Bchla* (singlet excited Bchla) 

(b) Bchla* ~ 3Bchla* (triplet excited Bchla) 

(c) 3Bchla* + hv ~ 3Bchla+ 1~g02* (singlet oxygen) 

(d) 3Bchla* or 1~g02* + Car ~ Bchla or O2 + 3Car* 
(triplet excited carotenoid) 

~ 
Car + heat 

Figure 1.3 The role of carotenoids in photoprotection 

(a) I (b) An excess of light can induce the formation of triplet excited Bchl molecules. 
(c) These triplet excited species can result in the formation of singlet oxygen, 

which is toxic to the cell. 
(d) Close contact of either 3Bchl* or 'dg02* with carotenoid molecules will result in 

this harmful species being quenched. Excited carotenoid molecules will 
dissipate energy in the form of heat to return to the ground state. 

(Adapted from Cogdell et a/., 2000) 
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hannful effects of singlet oxygen in two ways: first, they can quench singlet oxygen 

directly (Foote and Denny, 1968), or they quench the triplet excited BChl eBChla*) 

sensitiser, preventing the production of singlet oxygen (Borland et al., 1988). In vivo, 

the major protective effect is the rapid quenching of 3BChla* so that no detectable 

singlet oxygen is produced (Cogdell and Frank, 1987). The energy transferred to the 

carotenoid molecules is then dissipated in the fonn of heat, and the carotenoid returns 

to the ground state (Figure 1.3d) (Frank and Cogdell, 1996). In addition, carotenoids 

dissipate excess radiant energy and help to preserve the structural integrity of the 

pigment-protein complexes with which they are non-covalently associated (reviewed 

by Annstrong, 1994). 

Under nonnal conditions of anaerobic growth Rba. sphaeroides accumulates mainly 

spheroidene that confers a yellow-brown colour to the cells. In the presence of oxygen 

the cells produce the red pigments spheroidenone and hydroxyspheroidenone 

(Schmidt, 1978). In Rba. sphaeroides, as in the closely related bacterium 

Rba. capsu!atus, the carotenoid (crt) genes, encoding the carotenoid biosynthesis 

enzymes, are clustered. The crt genes were mapped to a region of the 

Rba. sphaeroides 45.7 kb photosynthetic gene cluster by Tn5 mutagenesis 

(Coomber et al., 1990) (Figure 1.12), and found to be flanked by the 

bacteriochlorophyll biosynthesis genes. The sequence of the crt gene cluster has been 

detennined, and the functions of each gene product analysed by detailed examination 

of the carotenoids accumulated by Tn5 mutants (Lang et al., 1995). The 

Rba. sphaeroides carotenoid biosynthesis pathway is shown in Figure 1.4. 

Using insertional mutagenesis of crt genes in Rba. capsulatus the end products of the 

native carotenoid biosynthetic pathway have been altered from the nonnal spheroidene 

and spheroidenone. Mutations in crtI, -C, and -D led to the accumulation of phytoene, 

neurosporene and neurosporene derivatives respectively (Guiliano et al., 1988). The 

availability of cloned genes encoding the biosynthesis of carotenoids not found in 

Rhodobacter species led to the possibility of introducing a wider range of foreign 

carotenoids into the bacterial photosynthetic apparatus than would nonnally be 
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available through standard mutagenesis of the native biosynthetic pathway. For 

example, part of the Erwinia herbicola crt cluster was expressed in various crt strains 

of Rba. sphaeroides. This led to the production of functioning light-harvesting 

complexes with a novel carotenoid composistion, which included ~-carotene and 

zeaxanthin (Hunter et al., 1994). This experiment is of interest as it allows the 

convenient production of carotenoids, normally found in higher-plant photosynthesis, 

from a bacterial source. 

The production of foreign carotenoids in Rba. sphaeroides was investigated further by 

the production of lycopene using an enzyme from Er. herbicola cloned into 

Rba. sphaeroides (Garcia-Asua et al., 2002; Billsten et al., 2002). The native 3-step 

phytoene desaturase (CrtI) from Rba. sphaeroides, which results in the production of 

neurosporene, was replaced with the 4-step phytoene desaturase enzyme from 

Er. herbicola, which results in the production of lycopene; this carotenoid contains two 

additional conjugated double bonds compared to neurosporene. When the cloned 

4-step enzyme was introduced into a crtIC double mutant of Rba. sphaeroides 

lycopene accumulated in the cell and accounted for 93 % of the total carotenoid 

produced. Spectroscopic studies showed that the foreign carotenoid assembled into 

light-harvesting complexes and that it could transfer absorbed light energy to the 

BChl(s) at 54 % efficiency (Garcia-Asua et al., 2002). 

Carotenoid pigment accumulation in the Rhodobacter species clearly responds to 

environmental stimuli, particularly oxygen tension and light intensity (Cohen-Bazire 

et al., 1957; Schumacher and Drews, 1978; Biel and Marrs, 1983; Armstrong et al., 

1993), and correlates with the presence and extent of the photosynthetic membrane. In 

particular, carotenoids are essential structural components of the LH2 complex (Lang 

and Hunter, 1994) 
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1.4 The light harvesting complexes of Rba. sphaeroides 

The photosynthetic membrane of Rba. sphaeroides contains the BChl and carotenoid 

pigment molecules, which are non-covalently bound to proteins to form well organised 

pigment-protein complexes. Rba. sphaeroides contains three such complexes, the 

reaction centre (RC) and the light harvesting (LH) antenna complexes LHI and LH2. 

The antenna complexes capture light energy and funnel excitation energy towards the 

RC. These complexes form the photosynthetic unit and are localised within the highly 

invaginated intracytoplasmic membrane (lCM). LH2 is present in variable amounts, 

depending upon incident light intensity. LHI encircles RC in a fixed 1: 1 stoichiometry 

(Aagaard and Sistrom., 1972), coming together to form dimeric core complexes in 

association with a third protein PufX (Aagaard and Sistrom., 1972) (Seibert et ai., 

2004). In Rba. sphaeroides the LH complexes are sometimes referred to by their in 

vivo absorption maxima, B875 (LHl) and B800-850 (LH2). The composition of LH 

complexes in other photosynthetic bacteria differs somewhat. Rs. rubrum and 

Rps. viridis posses a single core antenna complex (Hawthorn and Cogdell, 1991; Zuber 

and Brunisholz, 1991). In contrast, Rps. acidophila contains a third light harvesting 

complex, LH3, which has a distinctive absorbance spectrum with peaks at 800 nm and 

820 nm (Mcluskey et ai., 2001). 

To date, all antenna complexes from purple bacteria comprise of two hydrophobic, 

membrane spanning polypeptides, between 50-60 amino acids in length. These helices 

are known as a and ~ and exist in a 1: 1 ratio, coming together to form a heterodimer 

(Brunhisholz and Zuber, 1992). The heterodimer pairs are responsible for the 

orientation and local environment of the light harvesting pigments (BChl and 

carotenoids) within the complex. There is a high degree of homology between 

the a and ~ polypeptides of LH 1 and LH2, however there is little homology between 

the a and ~ polypeptides themselves. An extensive analysis of the primary structure of 

light harvesting polypeptides from purple bacteria has allowed sequence homologies 

between species to be identified (Brunhisholz and Zuber, 1992). A key discovery of 
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this work was the identification of a conserved histidine residue (Hiso), present in both 

a- and [3-polypeptides, which has been shown to form a ligand to the central 

magnesium ion of the BChl molecule (Robert and Lutz, 1985; McDermott et al., 1995; 

Olsen et al., 1997). The main absorbance peaks of the photosynthetic apparatus are due 

to the light harvesting pigments complexed with the LH antenna. Free BChl has 

absorbance maxima of 770 nm. It was suggested the red shift in absorbance was due to 

the local chemical environment (Zuber, 1985). For example, the H bonding of closely 

associated tryptophan and tyrosine residues 'tune' the BChl(s) (Fowler et al., 1992; 

Fowler et al.,1994; Sturgis et al., 1997) In the case of Rba. sphaeroides the red shift 

extends to 800 nm and 850 nm for LH2 and 875nm for LHI. 

1.4.1 The peripheral light harvesting complex LH2 

As already stated above the LH2 complex has two absorbance maxima, arising from 

BChl(s) that absorb maximally at 800 nm and 850 nm; therefore they are known as 

8800 and B850 respectively (Cogdell et al., 1985). Each a[3-heterodimer in LH2 is 

non-covalently associated with three molecules of BChl, two of which absorb at 850 

nm and a third at 800 nm (Clayton and Clayton, 1972). 

1.4.1.2 The structure of LH2 

The structures of LH2 from Rps. acidophila and Rhodovulum sulfidophilum were 

determined by X-ray crystallography (McDermott et al., 1995) and electron 

microscopy (Savage et al., 1996) to be nonamers of a[3-heterodimers. Electron 

microscopy data demonstrate that LH2 from Rba. sphaeroides is also a nonamer (Walz 

et al., 1998). The resolution obtained by X-ray crystallography for Rps. acidophila 

was 2.5 A; this enabled detailed examination of the relationship between the structural 

information and the function of the complex for the first time. Now a more refined 

structure is available of Rps. acidophila LH2 at 2.0 A (Papiz et al., 2003). The atomic 

resolution images show that the Rps. acidophila LH2 complex consists of a ring of 

nine a[3-heterodimers, forming a hollow cylinder spanning the membrane (Figure 1.5). 
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A 

B 

Figure 1.5 The structure of the Rps. acidophila LH2 complex 

A - shows a side-view of the complex, the concentric rings of polypeptides and BChl(s) can be 
seen . The a-polypeptides (brown), ~-polypeptides (green) , B800 (blue) and B850 (red) 
BChl(s) are shown (McDermott et al., 1995). 

B - shows the projection view of the same structure. From this angle the circular shape of the 
complex is very apparent. 
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This ring consists of an inner ring of nine a-polypeptides and an outer ring of nine 

~-polypeptides. The BChl molecules also form two rings, which are sandwiched 

between the a- and ~-polypeptides. The B850 BChl(s) form an eighteen-member ring 

of overlapping molecules coordinated to alternate a- and ~-polypeptides by a histidine 

ligand. These BChl(s) are positioned vertically with respect to the membrane plane 

and are situated toward the peri plasmic face of the membrane. In contrast, the nine­

member ring ofB800 BChl(s) are relatively well separated, and positioned between the 

helices of the ~-polypeptides in the outer ring. They lie toward the cytoplasmic face of 

the membrane and are almost parallel to it. The phytol chains of the ~ B850 and B800 

pigments are intertwined within the structure. The nine membrane-spanning 

carotenoids are not associated with the polypeptides but are in close contact with both 

the B800 and B850 BChl(s) (Freer et ai., 1996). A second ring of carotenoids is 

present, the heads of which are located below the B850 BChl(s), however this ring was 

originally only partially resolved (McDermott et ai., 1995; Prince et ai., 1997). The 

refined 2.0 A structure of LH2 (Papiz et ai., 2003) proposed a second 

rhodopin-glucoside carotenoid molecule, which lies on the outside of the complex 

between the ~-polypeptides. New structural information was revealed at the N- and C­

termini of the a-peptide as a result of the improved resolution of the LH2 structure. At 

the N-terminus formyl-a-Metl was originally postulated with the formyl oxygen atom 

ligating Mg2
+ of the B800 BChl. From the high resolution structure the formyl group 

was refined from an acetyl to a carboxyl group; the surrounding residues donate 

several H-bonds to the oxygen atom of the COO-aMetI. It was suggested by Papiz et 

ai that the presence of the COO-aMet 1 may be a determining factor in the formation 

of LH2 rather than LH 1. At the C-terminus of the a-polypeptide the 2.5 A structure 

terminates at a-Gly48, but at a higher resolution the remaining five residues could be 

identified. Cherezov et ai., (2006) resolved the structure at 2.45 A using swollen 

lipidic mesophases. It was possible to assign the region of density previously attributed 

to the RG2 molecule, as molecules of the detergents LDAO and ~-DDM, which were 

used in the purification of the complex. 
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A similar cylindrical arrangement is seen for the crystal structure of LH2 from 

Rs. molischianum (Koepke et al., 1996), however the ring consists of eight 

al3- heterodimers, with a sixteen-member ring of B850 BChl(s) and an eight-member 

ring ofB800 BChl(s). The evidence suggests that LH complexes from different purple 

bacteria assume various ring sizes; however, the factors that control the 

oligomerisation state of these complexes are at present unknown. 

Atomic force microscopy (AFM) has developed into a powerful tool to investigate 

membrane protein surfaces in a close-to-native environment. It allows information to 

be acquired at submolecular resolution on the membrane protruding structures of 

single proteins (Engel et al., 1999; Engel and Muller, 2000; Scheuring et al., 2001). 

AFM was used to report on the surface topography of Rba. sphaeroides LH2, 

reconstituted into 2D crystals (Scheuring et al., 2003), which confirmed the electron 

microscopy data of Walz et al. (1998). The ring structure and organisation of LH2 

from Rps. acidophila has also been analysed using AFM (Stamouli et al., 2003). 

1.4.1.3 The 8800 8Chl(s) in LH2 

The nine B800 BChl molecules in Rps. acidophila are well separated, with the planes 

of the bacteriochlorin rings parallel to the cytoplasmic membrane surface. The B800 

molecules are sandwiched between the l3-apoproteins, with the I3Arg-lo residue integral 

to their binding within the complex (Fowler et ai., 1997; Gall et al., 1997). Site 

directed mutagenesis of I3Arg- 10 has shown H-bonding provided by this residue, as well 

as the local electrostatic properties of the B800 binding site, to be responsible for the 

tuning of the B800 molecules. Fowler et al,. (1997) replaced I3Arg-10 with a range of 

residues including Asn, Leu, His and Lys, each of which produced a blue shifted B800 

peak, the most significant of which was the I3Asn-lo mutant, producing a B800 peak at 

787 nm. Only the I3Met.lO mutant was seen to display no significant blue shift in 

absorbance, which is surprising due to its likely inability to form a hydrogen bond with 

the 2-actetyl carbonyl side group of the B800. The efficiency of internal energy 



19 

transfer within the LH2 molecule was not significantly impacted by the mutations, nor 

was the carotenoid to BChl transfer efficiency. However the decreased overlap 

between B800 and B850 peaks lead to a decrease in the rate of energy transfer. Shifts 

in the excitation spectra of the carotenoids were also observed. 

1.4.1.4 The B850 BChl(s) in LH2 

The 18 B850 BChl( s) in LH2 are liganded to the conserved histidine residues on the 

a- and ~-polypeptides. An overlapping ring is formed, positioned vertically with 

respect to the membrane plane and situated toward the periplasmic face of the 

membrane. The B850 ring is responsible for accepting excitonic energy from the B800 

BChl(s) and the complexed carotenoids, then transferring it to the B875 BChl(s) bound 

within an adjacent LH 1 complex. The red shifted Qy absorbance band of the B850 

BChl is seen to be modulated by a Tyr-Tyr motif present on the a-polypeptide 

(Tyr44-Tyr45) (Fowler et al., 1992). Site directed mutagenesis studies by Fowler et al., 

showed a progressive blue shift in the B850 BChl(s) when the absorbance spectra of 

the single mutant aTyr44--+Phe (839 nm) and double mutant aTyr44-45 --+ aPhe44-

Lell45 (826 nm) were recorded at 77 K. These altered absorbance properties correlated 

with peterbed hydrogen bonding patterns when examined by resonance Raman 

spectroscopy (Fowler et al., 1994). The Tyr44--+Phe mutation results in the breakage of 

a hydrogen bond with the 2 acetyl carbonyl of the B850 BChl. The altered Raman 

signal resulting from the Tyr45--+Leu mutation, may indicate the abolition of a 

hydrogen bond formed with the 2-acetyl carbonyl group of the BChl, or a perturbation 

of the H-bond pattern of the complex; in tum causing a change in the ability of other 

residues to form hydrogen bonds with the B850 BChl. The 3D structure of the 

B800-820 LH3 complex from Rps. acidophila showed that the 850 nm --+820 nm shift 

in absorbance is associated with an out of plane distortion of the C2-acetyl carbonyl 

group, which could also contribute to the loss of Raman signal (Mcluskey et a/., 2001) 

The carotenoid content of the LH2 complex in Rba. sphaeroides can also have a 

significant effect upon hydrogen bonding at the binding site of the B850 BChl(s). 
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Fourier Transform (FT) Raman spectroscopy has shown the strength of the hydrogen 

bond between the UTyr45 residue and the B850 BChl is intrinsically linked to the 

chemical nature of the bound carotenoid (Gall et ai., 2003). These observations also 

have significance when evaluating the structural implications of carotenoid binding in 

Rba. sphaeroides LH2. 

1.4.1.5 The carotenoids of LH2 

As previously discussed, the carotenoids complexed with antenna proteins In 

photosynthetic bacteria function as accessory light-harvesting pigments, as well as 

contributing to complex structure and reducing photo-oxidative stress (Cogdell and 

Frank, 1987; Siefermann-Harms, 1987; Cogdell et ai., 2000). Carotenoid biosynthesis 

is essential for the assembly of LH2 in Rba. sphaeroides (Lang and Hunter, 1994) 

Under normal conditions of anaerobic growth, Rba. sphaeroides LH2 accumulates 

mainly spheroidene, whereas in the presence of oxygen the red pigments 

spheroidenone and hydroxyspheroidenone are incorporated into the complex (Schmidt, 

1978). Mutations in the carotenoid biosynthetic pathway can also lead to the 

incorporation of phytoene, neurosporene and neurosporene derivatives (Guiliano et ai., 

1988). Carotenoid insertion in Rba. sphaeroides LH2 has a role in the binding of the 

8850 BChl, and is seen to be different to that seen in the 3D structure of LH2 in 

Rps. acidophila (Gall et ai., 2003). Gall et ai, (2003) observed that the insertion of 

structurally different carotenoids resulted in no change in the Qy absorption of bound 

chlorophylls. However, insertion of neurosporene into the complex, in place of 

spheroidene or spheroidenone, evokes a weakening in the bond between uTyr45 and 

the 2-acetyl carbonyl group of the 8850 8Chl. Neurosporene differs chemically from 

spheroidene and spheroidenone at one end of the molecule (by the presence of a CH30 

group), while being chemically identical at the other end. Local structural changes at 

the B850 binding site caused by a change in the chemical properties of the bound 

carotenoid imply the insertion of the chemically different end of the molecule within 

the vicinity. If this is the case, carotenoid binding differs markedly in Rba. sphaeroides 

and Rps. acidophila, since the chemically conserved end of the carotenoid molecule is 
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inserted within the LH2 complex in Rps. acidophila. This shows that the structure and 

binding site of the carotenoid molecule in LH2 complexes is highly dependent upon 

species and the chemical nature of the considered molecule. Additionally, a feature of 

LH2 in Rba. sphaeroides as well as many other LH2-containing bacteria is the distinct 

electrochromic behaviour of some of the associated carotenoid molecules. It was 

shown that the carotenoids within the choromatophore responsible for the 

electrochromic signal associate exclusively with LH2 (Holmes et al., 1980; Webster et 

al.. 1980; Crielaard et al., 1992). Site directed mutagenesis of j3His_18 ~ Ser abolished 

8800 binding, but was also seen to abolish the associated carotenoid band shift 

(Crielaard et al., 1994). The mutant complexes were still able to bind carotenoid 

molecules and maintain energy transfer to the B850 BChl(s). 

1.4.2 The core light harvesting complex LHI 

The LH 1 core antenna has a single absorbance maximum of 875 nm, imparted by the 

8875 BChl(s) associated with a heterodimer of u- and j3-polypeptides. 

The LH I-RC-PufX complex of Rba. sphaeroides is seen in the membrane as a dimer 

(Jungas et al., 1999; Seibert., et al 2004; Bahatyrova et al., 2004). The dimeric 

LH l-RC-PufX core complex has been solved to a resolution of 8.5A by cryo electron 

microscopy (Qian et al., 2005). The only other dimeric core complex to date is found 

in Rhodobaeter blastieus, with AFM studies being used to directly visualise it in situ 

within the membrane (Scheuring et al., 2005). The study of monomeric LHI-RC core 

complexes by X-ray crystallography has yielded only one structure, that of the core 

complex of Rps. palustris at 4.8 A (Figure 1.6) (Roszak et al., 2003). An oval ring of 

15 up heterodimers and their associated BChl(s) surrounds the RC. However, closure 

of the ring is prevented by the presence of a single transmembrane helix that appears 

out of register with the array of inner LH 1 u-apoproteins. This protein has been 

designated PufW, and forms a break in the ring, located next to the QB binding site of 

the RC, giving it the putative role of gating Q/QH2 flow between the RC and the 

cytochrome be J complex. 
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Figure 1.6 The structure of the Rps. palustris LH1-RC-PufW complex 

A schematic model of the core complex from Rps. palustris is shown (Roszak et al., 2003) . 

A A view of the complex perpendicular to the membrane. 
S The complex IS viewed parallel to the membrane plane. a-apoproteins are shown in cyan, 
p-apoprotelns are shown In green The reaction centre subunits and PufW are labelled within 
the model 
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The most highly resolved structure of an RC-LHI complex was reported by 

Jamieson et at., (2002). Two two-dimensional crystal forms of R. rubrum RC-LHI 

were analysed by electron cryomicroscopy, and the projection maps produced 

calculated to 8.5 A. These maps revealed that in both crystal forms a single RC-LHI 

unit is composed of 16 a~-heterodimers surrounding a single RC. The major 

difference between the crystal forms; as seen in the projection maps, is that one ring is 

circular and the other is elipsoidal. This indicated that the LH 1 ring is not rigid, which 

may have metabolic significance. Within the two crystal forms the RC adopted 

preferred orientations, suggesting specific interactions between the RC and LH 1 

subunits rather than a continuum of possible orientations. Cryo-EM of the LHI 

complex from Rs. rubrum also suggested that it is organised into cylinders of 16 

a~-heterodimers in a similar manner to the LH2 complex (Karrasch et at., 1995). It 

was proposed that the BChl(s) of LHI (which absorb at 880 nm) are arranged in an 

overlapping 32-member ring. It was noted that there is probably sufficient space for a 

single RC complex to reside within the ring of the Rs. rubrum LHI complex (Karrasch 

et al., 1995). The LH 1 complex of Rba. sphaeroides has been modeled 

computationally as a hexadecamer of a~-heterodimers, based on the close homology 

of the heterodimer of the Rs. molischianum LH2 complex (Hu et ai., 1998). 

The solution structure of the Rba. sphaeroides LH 1 ~-polypeptide by NMR 

(Conroy et al., 2000) revealed a structure comprising two a-helical regions joined by a 

more flexible 4 amino acid residue linker. The C-terminal helix forms the 

membrane-spanning region in the intact LHI complex, whilst the N-terminus helix lies 

either in the lipid head groups or in the cytoplasm to form the basis of interaction with 

the a-polypeptide. Overall the results proposed a modification of the existing models 

of the LH I complex by replacing the continuous helix of the ~-polypeptide with two 

helices, one of which lies at an acute angle to the membrane plane. It is suggested here 

that one of the key differences between LHI and LH2 is that the ~-subunit is more 

bent in LHI. This modification puts the N-terminus of LHl~ close to the RC 

H-subunit and provides a rationale for the different ring sizes of LHI and LH2 

complexes. 
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Previous to Roszak et al., (2003) in the absence of a high resolution atomic structure 

for LH 1, information on the molecular arrangement of the LH I BChl-binding sites was 

drawn from the crystal structure of Rs. molischianum LH2, which exhibits both 

sequence and BChl binding site similarities to those usually associated with LH I 

(Germeroth et al., 1993) Resonance-Raman spectroscopy has been successfully used in 

conjunction with site-directed mutagenesis to determine some of the amino acids 

involved in the BChl binding sites of LH1 (Olsen et al., 1994, 1997; Sturgis et al., 

1997). 

In the Rba. sphaeroides LH I complex there are two hydrogen bonds, one to the 

C2-acetyl group, and one to the C9-keto group of each BChl molecule. Olsen et al. 

(1994) showed that the tryptophan residue at <411 (uTrp+ll) of Rba. sphaeroides LHI 

formed part of the BChl binding pocket, H-bonding to one BChl C2-acetyl group 

within the basic heterodimeric subunit. Further studies were then conducted replacing 

this residue, UTrp+ll, with a histidine residue, and altering the tryptophan residues 

pTrp+6 and PTrp+9, conserved in the sequences of many LHI antenna polypeptides, to 

each of the three other possible aromatic amino acids, phenylalanine, tyrosine and 

histidine (Sturgis et al., 1997). The results of this work confirm that one BChl is 

H-bonded by uTrp+ II, and provides evidence that the other BChl is H-bonded by 

PTrp+9' Substitution of either of these residues by histidine resulted in the assembly of 

a complex with a slightly red-shifted BChl Qy absorption maximum, which is proposed 

to be due to the strengthening of one of the H-bonds to a C2-acetyl group. In contrast, 

the effect of substituting either of these residues with tyrosine was determined by 

geometric constraints, which appear more severe for J3Trp+9; substitution with 

phenylalanine resulted in a blue-shifted absorption maximum, due to the loss of one of 

the C2-acetyl H-bonds. Mutation of the J3Trp+6 residue, located away from the 

pigment-binding site, was shown to cause a loss of binding site integrity and to 

destabilise the complex (Sturgis et al., 1997). 

Site-directed mutagenesis of the conserved Hiso residues of the core and peripheral 

light-harvesting u- and p-polypeptides has enabled a model of the B880 binding site in 
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the LH 1 complex of Rba. sphaeroides to be proposed (Olsen et al., 1997). 

Site-directed modi fication of the a and ~ Hiso residues has demonstrated that the B880 

BChl binding site shows a high degree of specificity for the residue that provides the 

ligand to the BChl Mg2+ ion. Substitution of aHiso resulted in no complex formation, 

while the mutation of ~HiSo to Asn and GIn fonned LH 1 complexes, but in the case of 

~Glno the complex was very unstable and present only at very low cellular levels. 

Olsen et al. (1997) proposed that the BChl molecules in the LHI minimal unit are 

arranged in a head-to-head configuration, similar to that seen in the LH2 structures; but 

in a conformation that results in the C9-keto-carbonyl of the BChl being liganded to 

the a-polypeptide approaching the protonated nitrogen of the His residue on the 

~-polypeptide, and vice versa. Hence, the BChl coordinating Hiso residue of the a 

chain, hydrogen bonds to the C9-keto group of the BChl associated to the 

~-polypeptide. whereas the ~Hiso residue hydrogen bonds to the C9-keto group of the 

aHiso coordinated BChl (Figure 1.7). 

1.4.3 The Reaction Centre 

Rba. sphaeroides is the only BChla-containing species for which a high-resolution 

crystal structure of the RC is known (Chang et al., 1986, 1991; Allen et al., 1987a.b; 

Ermler et ai., 1994; McAuley et al., 2000; Katona et ai., 2003). The other known 

bacterial RC structure is from the BChlb-containing species Rps. viridis (Deisenhofer 

et ai., 1985; Deisenhofer et ai., 1995). The homologous nature of the amino acid 

sequences of both complexes is reflected in the strong similarity of the structures. 

However, one major difference is that the RC from Rps. viridis is associated with a 

peripheral, membrane-bound c-type cytochome (cyt) subunit, whereas the 

Rba. sphaeroides RC interacts with a soluble, periplasmic cyt C2. The RC from Rba. 

sphaeroides contains three protein subunits (Figure 1.8A) known as L (light), M 

(medium) and H (heavy), named according to their apparent molecular weights 

determined by their electrophoretic mobility during SDS-PAGE (Clayton and 



26 

aBchl 

Figure 1.7 Schematic model of B875 BChl(s) within the LH1 complex 

The His residues and the BChl orientations are based upon the Rs. molischianum structure. 
The proposed H-bonds are represented by the black dashed lines. The His residues 
belonging to the a- and ~-subun its are indicated on the diagram as aHiso and ~Hiso 
respectively The respective C9-keto carbonyl for each BChl is labelled A or B (Olsen et a/., 
1997) 
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M-subunit L-subunit 

membrane 

periplasm 
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H-subunit 

PI 
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a. Fe O. TrpM252 

Figure 1.8 Structure of the RC from R. sphaeroides 

A - shows the protein subunits L. M and H of the RC in green. blue and purple respectively. 
The chromophores are shown in red . but are more easily seen in B 

B - shows the chromophores RC special pair (PL. PM. orange). accessory BChl(s) (BL• BM• 
yellow). bacteriopheophytins (HL• HM • green). qu inones (OA. Os. blue) and a carotenoid 
molecule (red) . 
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Haselkom, 1972; Okamura et al., 1974). However, sequence analysis of the cloned 

genes encoding these proteins later revealed their true molecular weights to be 31, 34 

and 28 kDa respectively (Williams et al., 1983a, 1984, 1986). The Land M subunits 

are homologous and are related by a pseudo-twofold circular symmetry. Multiple 

pigment molecules (cofactors) are bound to the Land M subunits and are arranged 

accordingly in two symmetric branches, commonly referred to as the A and B branchs: 

two BChl(s) which form a strongly interacting dimer and are known as the "special 

pair" (PA , PB), two accessory BChl(s) in close proximity to the "special pair" (BA, Bs), 

two bacteriopheophytins (HA, HB) and a pair of quinones (QA, Qs) (Chang et al., 1986; 

Allen et al., 1987b; Ermler et al., 1994). Only the branch more closely associated with 

L-subunit is used in the light-driven electron transfer process and is accordingly 

termed the "active" branch (Zinth et al., 1983; Michel and Deisenhofer, 1986) 

(Figure 1.8B). There is a carotenoid molecule that disrupts the two-fold symmetry of 

the complex and is within van der Waals contact with the accessory BChl of the 

inactive branch. There is also a non-heme iron atom located halfway between the two 

quinone molecules. The structure of several site-directed mutants of the 

Rba. sphaeroides RC have been determined, enabling the first correlations between 

spectroscopy, mutagenesis and structure (Jones et al., 1992a,b; Jones et ai., 1994; 

McAuley et at., 1999; McAuley et al., 2000). 

A lipidic cubic phase crystal structure of the RC from Rba. sphaeroides has been 

reported (Katona et al., 2003). The crystals of the complex grown were 3D, the first 

type I crystal packing (where 3D crystals grow as multilayered 2D crystals) reported 

for a RC from a purple bacterium; the X-ray structure was refined to 2.35 A resolution. 

The results revealed that the 2-fold pseudo-symmetry axis of the RC and the normal 

vector to the membrane plane are inclined at an angle of 11.5° relative to each other. 

An additional cardiolipin molecule was identified in addition to the one reported by 

McAuley et al. (1999), which contacts the membrane-exposed surfaces of the Hand M 

subunits. The more recently identified cardiolipin molecule forms an additional 

interaction with a loop of the L subunit. A chloride-binding site was also identified 

and is located just within the membrane-spanning region of the RC within the M 

subunit. The chloride-binding site lies close to a water channel connecting the 
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quinone-binding site (QB) with the protein's surface. Katona et al. (2003) have 

suggested that this chloride ion could provide specific sites for interaction with other 

integral membrane proteins. 

The H-subunit has a single membrane spanmng polypeptide, the majority of the 

protein forming a globular region at the cytoplasmic surface of the membrane. The 

function of the H-subunit is not well defined, although there is evidence to suggest that 

it is involved in the assembly of the RC (Chory et al., 1984). 

1.4.4 The LHI-RC Core complex 

The RC and LH 1 complexes have been discussed individually in detail. The two 

molecules exist in a fixed I: I stoichiometry in the membrane, with a number of low 

resolution studies showing LH 1 surrounding the RC (Stark et al., 1984; Engelhardt 

et al., 1986; Boonstra et al., 1994; Walz et al., 1998; Jungas et al., 1999; Fotiadis et 

al., 2004; Scheuring el al., 2004; Seibert et al., 2004; Roszak et al., 2003). As 

previously discussed. the core complex in Rba. sphaeroides forms a dimer, when 

associated with a third protein PufX. The dimeric core complex structure has been 

solved to 8.5 A by cryoEM (Qian et al., 2005). 

Work done by Roszak et al. (2003) reveals the crystal structure of the RC-LHI core 

complex of Rps. palusrris at 4.8 A resolution. Initial phases were calculated by the 

molecular replacement method using the RC from Rba. sphaeroides as a model. The 

electron density map shows electron density is located around the outside of the RC, 

which is assigned to LH I. The LH I protein a-helices and BChl pigments were 

allocated to the density through a number of steps; after the first step, where the four 

inner-ring a-helices were fitted into the best elongated stretches of the density 

surrounding the RC. one of the helices was substantially out of rank compared with the 

others. After all the inner-ring a-helices had been assigned it was found there were 16 
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in total, which included the helix that appeared to be out of place, which is called helix 

w. The outer-ring a-helices were then applied to specific stretches of density, but 

only 15 a-helices could be assigned; there was no density for the putative 16th a-helix 

of the outer-ring and the position of this gap was opposite the helix W of the inner­

ring. It therefore appears that the LH 1 ring surrounding the RC is interrupted by 

another protein in much the same way that PufX does in Rba. sphaeroides (Figure 

1.6). The crystal structure of the RC-LHI core complex from Rps. palustris revealed 

that the LH I complex appears to surround the RC in an elliptical shape with 

dimensions of -II 0 A by -95 A for the outer ring. The space within the LH 1 complex 

is sufficiently large enough to accommodate the RC, the longest dimension of the inner 

LH I ellipsoid is -78 A (Roszak et al., 2003). 

Qian et at,. (2005) were able, for the first time, to unambiguously define the position 

and orientation of the RC within the dimeric core complex, with the planes of the BChl 

special pair lying at -17.5° relative to the long axis of the dimer. Surrounding the two 

Res are two arcs of 14 ap heterodimer pairs, which can be identified in the projection 

map as doublets of clearly separated density peaks, with nearest neighbour a-p and 

a-a distances ranging from 13.5 A - 18.5 A and 14.5 A - 20.0 A respectively (Figure 

1.9a). 12 of the 14 ap pairs could be immediately and unambiguously identified within 

the arc of paired densities. At either end of the arc additional pairs of density are seen; 

a very strong density doublet is found close to the dimer interface, and a second area of 

weaker densities is seen at the end of the arc, indicating a fourteenth ap pair. The 

densities ascribed to ap pairs vary in strength throughout the arc, which may be 

consequence of the inherent flexibility of the dimer, a lower occupancy of certain ap 

pairs or a tilt within the membrane plane. The weakness in density of the fourteenth 

ap pair explains its absence in previous projections using negative stain (Jungas et al., 

1999: Seibert et al., 2004: Scheuring et al .. 2004), however the a-a spacing from the 

adjacent a 13 of 15.5 A is close to the average of 16.5 A for the whole complex. In 

contrast the 13-13 spacing between p13 and Pl4 is 24.5 A compared to the average of 

22.0 A, indicating a specific weakening in this region of the LHI ring in the area 

associated with the QB site of the RC. As previously discussed, the LH 1 p-apoprotein 
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Figure 1.9 The core complex dimer of Rba. sphaeroides resolved to 
8.5 A 

(a) Contour map of the averaged projection density of the core complex from 
Rba. sphaeroides. The axis of symmetry is marked by the lens symbol , with the long axis 
marked by the arrow. The 14 a~ heterodimer pairs are numbered 
(b) Grey level representation of the density is shown. a and ~ polypeptides are represented by 
red and blue circles respectively . PufX is shown as a green circle . The terminal subunits of 
LH 1 are shown as open circles . 
(c) The RC was fitted into the EM densities by translating and rotating the known RC structure 
The position and orientation shown is the only one possible The outline of the RC complex IS 

denoted by a white dashed line. The area of diffuse electron density assigned to PufX IS 

shown by an open green circle; it lies outside both the RC and LH 1 densities 
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has been shown to be inherently flexible (Conroy et a/., 2000) and the diffuse area of 

density associated with ~14 reflects a highly mobile region of the LHI assembly. 

The electron density map also revealed an area of diffuse density outside of the 

envelope representing the RC, and clearly out of register with the arc representing the 

14 a~ heterodimers (Figure 1.9b). Qian et a/., attribute this density to PufX, as it lies 

adjacent to the QB site of the RC and within 12 A of an LH I a-apoprotein, with which 

PufX is known to interact (Parkes-Loach et a/., 2001). This proposed location fits with 

the notion that PufX acts as a gating protein, regulating the flow of quinone/quinol 

between the RC and the cytochrome bel complex. The proposed location precludes 

PufX helix-helix interactions being responsible for the dimerisation of the core 

complex; however it does not exclude the possibility for PufX-PufX or PufX-LHl 

interactions taking place via their N- or C-termini. This would fit with previous studies 

which showed truncations at the N-terminus of PufX caused the abolition of dimer 

formation (Francia et a/., 2002). The positioning of PufX between the RC QB site and 

the mobile LHI ~14 subunit, coupled with inherent flexibility in the dimeric structure, 

plays a role in optimising quinnone exchange during photosynthesis. It is worth 

mentioning that the superimposition of the core complex structure obtained by Roszak 

et a/., (2003) and that of dimer core complex which Qian et a/., (2005) resolved, places 

PufX and PufW within 12 A of each other (Aleks Roszak, University of Glasgow, 

Data not shown). 

The most up-to-date images of RC-LHI core complexes from Rs. rubrum have been 

reported by Fotiadis et al. (2004). High-resolution AFM was used to image 

2D-crystals, with topographs recorded of both the periplasmic and cytoplasmic side of 

the complex. These are the only AFM images to show two rings arising from the a­

and J3-polypeptides. The images of the RC-LHI complexes have extended previous 

ideas on the flexibility of the LH 1 ring; elliptical rings of LH I were found whether the 

RC was present or not and the ellipticity of the ring is conserved on the periplasmic 

and cytoplasmic sides of the complex. Upon closer inspection the LHI complex is not 

perfectly elliptical, and is instead more 'D' shaped. Thus, the flexibility of LHI is 

sufficiently pronounced to allow it to conform very closely to the real shape of the RC, 

which is also not perfectly elliptical in shape. Due to the nature of AFM, the relative 
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heights of the RC and LH 1 complexes and their position in the membrane could be 

deduced. The data obtained showed that the highest part of the complex is the 

H-subunit of the RC and protrudes the membrane by 40 A. The LHI complex 

protrudes the membrane surface on the cytoplasmic side by 19 A and it appears there is 

no height difference between the (X.- (inner) and ~- (outer) rings. On the periplasmic 

side, LHI protrudes the membrane surface by 12 A. 

1.4.5 PufX 

The pujX gene is located at the end of the puf operon and is found in both 

Rba. sphaeroides and Rba. eapsulatus (Youvan et al., 1984; Zhu et al., 1986; Lee 

et al., 1989). The Rba. sphaeroides and Rba. capsulatus PufX proteins are 82 (9 kDa) 

and 78 (8.5 kDa) amino acids in length respectively. The pujX gene is essential for 

normal photosynthetic growth in Rba. sphaeroides, and its absence causes an increase 

in LH 1 levels when compared with wild type (Farchaus et al 1990; 1992). These 

authors have also shown that the PufX protein is contained within the ICM, on 

extraction of this fraction with 1 % OG (detergent) PufX co-purifies with RC-LHI. 

They concluded that PufX is part of the RC-LH 1 core complex. PufX is oriented with 

its N-terminus exposed on the cytoplasmic side of the ICM (Pugh et al., 1998). The 

deletion of pujX in Rba. eapsulatus also produces mutants which are non­

photosynthetic and have an increase in LH 1 levels as compared with wild type (Klug 

and Cohen, 1988). Further investigations of these mutants by Lilburn et al. (1992) 

revealed that their ICM invaginations are approximately 50 % larger than WT and that 

individual complexes seemed fully functional but that electron transfer from the RC to 

the cytochrome bel complex is impaired. This was the first indication that PufX has an 

important functional role in electron transfer. Westerhuis et al. (1993) demonstrated 

similar effects on electron transfer in Rba. sphaeroides pujX mutants and went on to 

show that the fluorescence excitation spectra of membrane fractions indicated a re­

organisation of the functionally important aggregation state and supramolecular 

organisation of LH 1. 
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When mutants of Rba. sphaeroides that contained RC and lacked LH complexes were 

studied in the presence and absence of the pujX gene it was evident that no significant 

difference between the two strains was seen when grown photosynthetically. This 

demonstrates that PufX is not an essential component of photochemistry at the RC or 

the transfer of electrons to the cytochrome bCI complex (McGlynn et al., 1994). These 

same authors also found that when pujX is absent in strains deficient in LH2 the RC­

LH 1 complex size is increased by 1.16 fold, indicating that the overall increase in LH 1 

levels seen in pujX mutants is due to larger rather than more LH 1 complexes. The main 

conclusion from McGlynn et al. (1994) was that the PufX protein interacts with the 

RC and prevents its total encirclement by LH 1, which allows efficient electron transfer 

between the RC and bCI complex. 

Purification of PufX from the native membranes of Rba. sphaeroides and 

Rba. capsulatus has been reported. The purified proteins were shown to inhibit the 

in vitro association of LH 1 a and ~ subunits and pigments at low concentration, 

however only LH 1 a was shown to bind to PufX. These results bolster further the idea 

that PufX prevents the encirclement of the RC (Recchia et al., 1998). Parkes-Loach et 

al. (2001) showed that the C-terminus ofPufX is processed in Rba. sphaeroides (12 C­

terminal residues) and Rba. capsulatus (8 C-terminal residues). Francia et al. (2002) 

demonstrated a role for the C-terminus in the assembly / insertion of PufX into the 

ICM and a role for the N-terminus in dimerisation of core complexes through 

hydrophobic interactions, possibly with another PufX molecule. The stochiometry of 

PufX with reference to the RC has been calculated by Francia et al. (1999), to be 1 

PufX polypeptide to 1 RC complex. However these results should be viewed critically 

as the calculations were based on a method for detecting PufX which relies on its C­

terminal segment that Parkes-Loach et al. (2001) have shown to be removed in the 

mature PufX protein. 

Recent work by Tunnicliffe et al., (2006) solved the solution structure of PufX by 

NMR (Figure 1.10). It was shown to be two hydrophobic helices flanked by two 

unstructured regions at the N- and C-termini. The two helices are connected by a 
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Figure 1.10 The NMR structure of PufX 

Structure of PufX. The structures are shown with the C-terminal (periplasmic) end at the 

bottom , in a possible 'side-on' orientation, as if viewed from within the membrane. Adapted 

from Tunnicliffe et al., (2006) 

A. Ensemble of 10 structures chosen at random from the 37 lowest energy structures, 

coloured from blue at the N-terminus to red at the C-terminus. The structures are aligned on 

residues 19-29. The C-terminal 12 residues are completely disordered and are not shown for 

clarity 

B. As (A), but aligned on residues 36-52. 

C. Cartoon representation, showing the locations of the tryptophan sidechains (yellow), the 

glyclnes (green), Iysines and arginines (blue) and aspartates and glutamates (red). The 

residues that shift most on addition of LH10 are shown as wireframe and labelled. Glycines 32, 

36 and 40, which encompass two successive GXXXG motifs, are labelled. A suggested 

position for the membrane is shown, with the solid lines marking the boundary of the 

hydrophobic core and the dashed lines showing the limit of the lipid headgroup region . 
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helical bend. The angle of the interhelical bend allows the N-tenninal helix to lie 

within the lipid head group region or just outside it. The transmembrane helix spanning 

the hydrophobic core of the membrane lies between residues Gly30 and Gly52. The 

exposure of the C-tenninus seen on the periplasmic side of the membrane is 

consistent with the post translation cleavage mentioned previously (Parkes-Loach et 

ai., 2001).The GXXXG motifs previously thought to drive dimerisation are in 

positions thought unlikely to be responsible for the direct coupling of RC-LHI core 

complexes. The N-tenninus of the polypeptide is predicted to extend ~40 A along the 

membrane interface, which would be sufficient to allow PutX-PutX interaction within 

a dimer complex. 

t .4.6 The function of bacteriochlorophyll in the light-harvesting complexes 

The absorption of light energy by pigment molecules is the first step in photosynthesis. 

In order to increase the efficiency with which excitation energy is utilised by the RC it 

is surrounded by an excess of pigment molecules held in position by the proteins of the 

LH complexes. The role of the LH complexes is to increase the surface area for the 

efficient absorption of incident light energy, and enable light in the 810 - 910 nm range 

to be utilised by the RC. Direct excitation of one of the BChl or carotenoid molecules 

of the ring in either LH I or LH2 yields an excited state. It is proposed that the circular 

arrangement of the B850 and B800 BChl molecules of LH2, and the B875 BChl(s) of 

LH 1 allows any excitation arising from incident light to become rapidly delocalised 

over a number of adjacent BChl(s), and to facilitate efficient energy transfer to an 

adjacent LH I, or LH2 complex (Cogdell et al., 1996). Hence the organisation of the 

photosystem components enables captured light energy to be funnelled from the 

relatively high- energy pigments of the LH2 antenna to the lower energy pigments of 

the LH I antenna and the RC. This process is energetically favourable as the 

delocalisation of energy around the LH2 B850 ring reduces the need for LH2 to be 

specifically orientated with respect to LHI. Furthennore, since the B850, B875 and 

RC special pair BChl(s) are at the same level in the membrane, the efficiency of 
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transfer between the rings is maximised by movement along a level plane (Hunter 

et al., 1989; McDermott et al., 1995; Fotiadis et al., 2004). 

There are many potential pathways for photons to be absorbed and for subsequent 

excitations to reach the RC. Absorption of an 800 nm photon by one of the LH2 8800 

8Chl(s) will require at least three sequential steps for the B800 excitation to be 

transferred to the RC: 8800 (LH2) ~ 8850 (LH2) ~ LHI ~ RC. Time-resolved 

picosecond and femtosecond spectroscopy have been employed to determine the rate 

of excitation transfer between complexes and have revealed that the B800-8850 

excitation transfer proceeds within approximately 700 fs (Shreve et al., 1991; Pullerits 

and Sundstrom, 1996). Two-colour pump-probe femtosecond measurements revealed 

that the excitation transfer between 8850 and LH 1 takes place in 3-5 ps (Hess et al., 

1995). Finally, the slowest of the transfer steps and therefore the rate-limiting step, is 

that of transfer between LHI and the RC, which requires approximately 35 ps 

(Visscher et al., 1989; Beekman et al., 1994). Hence, this suggests that the greatest 

distance for excitation transfer occurs between the LHI 8Chl(s) and the RC special 

pair (reviewed by Hu et al., 2002). 

1.5 Electron flow and A TP synthesis in the photosynthetic 

membrane 

1.5.1 Light-driven electron flow in the RC 

Electron flow in the RC has been the subject of many reviews (Deisenhofer and 

Michel, 1991; Deisenhofer and Norris, 1993; Fleming and van Grondelle, 1994; 

Woodbury and Allen, 1995; Hoff and Deisenhofer, 1997; 8ixon and Jortner, 1999). 

Following excitation transfer from the LHI complex, an electron within the special 

pair (P A, PB) is promoted to an excited state. This electron is transferred, through the 

accessory BChl (8A), to the bacteriopheophytin (HA) in 2-3 ps. The reduced 

bacteriopheophytin (HA-1) donates an electron to the adjacent quinone molecule (QA) 

in about 200 ps. The QA in tum passes an electron to the QB molecule in 200 J..ls, 

converting QB to a semiquinone radical. In the meantime, the positively charged 
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special pair is neutralised by the transfer of an electron from a reduced cytochrome C2 

molecule located on the periplasmic side of the membrane. A second photon is then 

absorbed by the special pair and the flow of a second electron to QB takes place. The 

QB quinone molecule, now it has accepted two electrons, is reduced to the quinol form 

(QH2) by the simultaneous uptake of two protons from the cytoplasmic side of the 

membrane. It is at this point that the cycle leaves the RC by the release of the QH2 

molecule into a mobile pool of quinones. A diagram of the RC cofactors is displayed 

in Figure 1.88. The electron transfer cycle is completed by the oxidation of quinol by 

cytochrome bCI complex; this results in the release of protons on the perip1asmic side 

of the membrane and production of a reduced cytochrome C2. The transfer of protons 

from the cytoplasmic side to the periplasmic side produces a proton gradient (PMF, 

proton-motive-force) that drives ATP synthesis at the ATP synthase (Abrahams et al., 

1994). A summary of the cyclic electron flow can be seen in Figure 1.11 

1.5.2 The cytochrome bel complex 

The complexes of the cytochrome bCI family are multi subunit complexes of integral 

membrane proteins that couple the redox energy of electron transfer reactions to proton 

translocation across the membranes of bacteria, mitochondria and chloroplasts. In 

doing so they conserve energy from the oxidation-reduction reactions in a form (the 

proton electrochemical gradient) that can be used to synthesize ATP. Electrons are 

transferred from a hydroquinone (ubiquinol, menaquinol or plastoquinol) to a small 

soluble redox protein such as cytochrome C or plastocyanin. The cytochrome bCI 

complex, or ubiquinol-cytochrome C oxidoreductase, is present in mitochondria and 

a-proteobacteria such as Rba. sphaeroides, where it functions in the electron transfer 

chain for both respiration and anaerobic photosynthesis (Crofts and Berry, 1998; Berry 

et al., 2000). An X-ray crysallographic structure of the Rba. capsulatus bCI was 

resolved to 3.8 A (Berry et al., 2004). It was shown to comprise of an intertwined 

homodimer with two monomers organised around a two-fold molecular axis. The Fe-S 

protein is found with the cyt band cyt CI subunits on one monomer, while its 

membrane anchor assembles with the same subunits on the other monomer. 
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Figure 1.11 Cyclic electron flow within the photosynthetic apparatus of 
Rba. sphaeroides 

The subunits: LH2, LH 1, RC, Q-pool , cytochrome bc, complex, cytochrome C2 and ATPase are 
represented schematically. The RC (red) is surrounded by LH1 (green) to form the RC-LH1 
core complex, which is surrounded by multiple LH2 (green) complexes . Photons are absorbed 
by LH complexes and excitation is transferred to the RC initiating a charge separation. 
Electrons are shuttled by the cytochrome C2 complex (blue) from the cytochrome bc, complex 
(yellow) back to the RC . The electron transfer across the membrane produces a proton 
gradient that drives the synthesis of ATP fron ADP by the ATPase (orange) . Electron flow is 
represented by black arrows and proton flow by red arrows . 
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1.5.3 A TP synthase 

In the light driven synthesis of A TP represents the movement of protons and electrons 

results in the formation of a proton-motive force and, according to the chemiosmotic 

hypothesis, synthesis of A TP is promoted by the backflow of protons via the enzyme 

A TPsynthase located in the membrane, which acts to redress the osmotic imbalance 

(Mitchell, 1968). Proton uptake is coupled to electron flow in the Q-cycle. The 

synthesis of ATP from ADP, Pi and protons is catalysed by a multiprotein complex, 

ATPase or ATP synthase, also known as the coupling factor as it couples electron (and 

proton) flow to phosphorylation (reviewed in McCarty et al., 2000). ATP synthase is 

made up of two components. CF I is a hydrophilic 325 kDa multi-subunit factor which 

projects towards the cytoplasmic space; it is composed of three u and three ~ subunits 

arranged as trimers and three other subunits called y, b, and E. CFo constitutes the 

hydrophobic membrane spanning component; it is composed of subunits I to IV, and is 

responsible for proton translocation. A structure at 2.8 A resolution of the F I-ATPase 

from bovine heart mitochondria has been published (Abrahams et al., 1994). 

1.6 Photosynthetic gene clusters of Rba. sphaeroides and other 

purple bacteria 

Following the detailed studies of the photosynthesis genes of Rba. capsulatus (Marrs, 

1981; Taylor et al., 1983; Zsebo and Hearst, 1984) analysis of the organisation of the 

Rba. sphaeroides genome revealed a high level of conservation between the two 

species. R-prime derivatives carrying large sections of genomic DNA were studied, 

and the subsequent isolation of two cosmid clones led to the generation of a linkage 

map of six crt and two bch loci (Pemberton and Bowen, 1981; Pemberton and 

Harding, 1986). The first physical map linking the bch, puh and puf genes of 

Rba. sphaeroides was determined using complementation of non-photosynthetic 

mutants, which facilitated the isolation of a number of overlapping clones and which 

represented a 45 kb region of the genome (Hunter and Coomber, 1988; Coomber and 
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Hunter, 1989). Localised transposon Tn5 mutagenesis was then used to characterise 

the cluster further, and enabled nine bch genes for BChl biosynthesis, and six crt genes 

to be mapped within the 45 kb region, flanked by the puh and puf operons (Coomber et 

al., 1990). 

The sequence of the Rba. sphaeroides gene cluster has now been determined (reviewed 

by Naylor el al., 1999), with many more genes having been identified within it 

(Figure 1.12). Figure 1.12 also shows which photosynthetic components certain 

operons/genes encode for and the order in which they are assembled. The 

superoperonal organisation of the photosynthesis genes of both Rba. sphaeroides and 

Rba. capsulatus enables the organisms to respond rapidly to environmental change and 

closely regulate the expression levels of pigments and pigment-binding proteins (Bauer 

et al., 1991; Wellington et al., 1991). 

The advent of whole genome sequencing has led to the publication of the 

Rba. sphaeroides 2.4.1. genome sequence (www.rhodobacter.org). Analysis of this 

sequence has led to the discovery of another functionally significant operon, puc2BA, 

located outside of the PGe. The puc2BA operon will be discussed further in section 

1.6.5 of this chapter. 

1.6.1 The put operon 

The structural genes encoding the Rba. sphaeroides LH 1 a. and p polypeptides, pufA 

and pujB, and the RC Land M subunits, pujL and pujM, reside within the puf operon, 

which contains six genes transcribed in the order pufQBALMX (Williams et al., 1983, 

1984; Kiley et al., 1987; Lee et al., 1989; Hunter et at., 1991; Naylor et at., 1999). 

This arrangement is also conserved in Rba. capsulatus (Youvan et al., 1984). The 

expression of the puf operon in Rba. sphaeroides and Rba. capsulatus involves 

regulation of both transcription and mRNA degradation. Two major puf operon 

transcripts have been identified, one of 2.7 kb which encodes the pujBALMX genes, 

and one of 0.5 kb which encodes the pujBA genes (Zhu and Kaplan, 1985; Belasco et 

al., 1985). 
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Figure 1.12 The Rba. sphaeroides photosynthesis gene cluster 

A physical map of the photosynthetic gene cluster from Rba. sphaeroides is shown as well as a model of the protein and pigments 

which the genes encode. The assembly factors puce and ORF479 are shown in their respective assembly pathways. 
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The 0.5 kb rnRNA transcript is 10-15 times more abundant than the 2.7 kb transcript. 

This molar excess of pujBA -specific mRNA over pujLM is the principal determinant of 

the 15:1 LHl:RC stoichiometry in the RC-LHI core complex (Zhu and Kaplan, 1985; 

Belasco et aI., 1985). The levels of the puf operon transcripts have been shown to be 

regulated by oxygen and light. In response to a shift from high aeration to anaerobic 

growth both transcripts were shown to rise 10-30 fold, whereas shifting from high to 

low light photosynthetic growth conditions increased puf transcript levels 

approximately 3-fold (Zhu et al., 1986a). The increased transcript levels, which have 

been shown to rise rapidly within the first hour of shifting from high aeration to low 

aeration growth (Hunter et al., 1991), are not only due to increased puf operon 

transcription, but are in part the result of altered puf mRNA stability (Klug et al., 

1991). Hence, it is proposed that the oxygen- and light-regulated levels of puf 

transcripts directly account for the levels of LHI and RC complexes in the ICM of 

Rba. sphaeroides. 

The oxygen-regulated puf operon promoter has been functionally mapped to a region 

approximately 700 bp upstream of the pujB gene in both Rba. sphaeroides and 

Rba. capsulatus (Bauer et al., 1988; Adams et al., 1989; Hunter et al., 1991). In both 

bacteria the promoter has been localised to a 37 bp region, which is highly conserved 

between the two species. This sequence contains a region of dyad symmetry and is 

located within the bchZ (formerly called bchA) structural gene that encodes a subunit 

of an enzyme involved in BChl biosynthesis (Bauer et al., 1988; Hunter et al., 1991). 

In addition, it was discovered that this promoter was upstream of the pufQ gene, which 

led to the proposal that the operon was transcribed as pufQBALMX. There is strong 

evidence for the co-transcription of pufQ with the rest of the puf operon in 

Rba. capsulatus (Bauer et al., 1988; Adams et al., 1989), and it is likely that the 

inability to detect pufQ on Northern blots is due to the unstable nature of the mRNA, 

which rapidly degrades and gives rise to the 2.7 kb pujBALMX transcript. In vitro 

analysis of the Rba. sphaeroides puf operon transcripts revealed a separate pufQ 

transcript, and the absence of a transcript linking pufQ expression to the other puf 

genes. These findings led to the proposal that pujBALMX is transcribed independently 
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of pufQ in this organism (Gong et al., 1994). However, in the absence of another 

identifiable promoter region, and in the light of the results of an in vivo analysis which 

showed that removal of the promoter upstream of pufQ effects the level of both 

pujBALMX and pufQ transcription (Hunter et al., 1991), it remains feasible that the puf 

operon is transcribed as the pufQBALMX unit. The presence of sequences within or 

upstream of pufQ involved in regulating puf operon expression has not been ruled out, 

although it was demonstrated that the product of pufQ was not directly involved in the 

transcription of the puf operon (Gong et al., 1994). 

1.6.2 The function ofpu/Q andpujK 

Genetic studies of pufQ in both Rba. capsulatus and Rba. sphaeroides have shown that 

there is a strong correlation between the amount of pufQ expression and the level of 

BChl synthesis (Bauer and Marrs, 1988; Hunter et al., 1991). It is unlikely thatpufQ 

itself encodes a BChl biosynthetic enzyme, as BChl is still produced in a pufQ-deletion 

mutant of Rba. capsulatus; but when pufQ is absent, the amount of BChl in the cell is 

greatly reduced. Levels of BChl are returned to normal levels upon introduction of a 

plasmid borne pufQ gene into the mutant cell. In addition, when deletions of the pufQ 

gene were introduced into mutants defective in bch genes, which accumulated BChl 

precursors, the production of these tetrapyrrole intermediates (of which ranged from 

protoporphyrin IX to bacteriochlorophyllide) was greatly reduced (Bauer and Marrs, 

1988). It is proposed that the PufQ protein has a regulatory role in the BChl pathway; 

possibly to function as a carrier protein for intermediates of the magnesium branch of 

BChl biosynthesis, but does not affect the synthesis of hemes and cytochromes (Bauer 

and Marrs, 1988). 

The effects of a series of mutations of the Rba. sphaeroides pufQ gene were analysed 

with respect to the spectral complexes of each mutant (Gong et al., 1994). It was 

shown that, despite the presence of pUf and puc transcripts at levels comparable to that 

of the WT, several of the mutants failed to assemble either one, or both, of the 

light-harvesting pigment-protein complexes. It was therefore proposed that PufQ was 

directly involved in the assembly of the photosynthetic complexes, specifically 
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interacting with complex-specific assembly factors at the point of BChl insertion 

(Gong et al., 1994). This hypothesis could, therefore, explain the observed 

RC>LH1>LH2 order of preference for complex assembly when BChl is limiting. 

Conflicting evidence therefore exists to explain the role of PufQ; is it involved in the 

assembly of light-harvesting complexes or in the biosynthesis of BChl itself? 

The PufQ protein of Rba. capsulatus was first detected in vivo by Western blot 

analysis of its chromatophore membranes (Fidai et al., 1994). The protein could not 

be detected from a strain where the puf operon had been deleted, however, elevated 

amounts of PuiQ were detected in a mutant strain defective in two bch genes and 

unable, therefore, to make BChl. When Rba. capsulatus was transferred from aerobic 

to semi aerobic growth, therefore inducing the production of BChl, an increase in the 

level of PufQ was observed after 3 hours. The extreme hydrophobic nature of the 

protein was also discovered as it was not solubilised by 3 % n-octyl-~-D­

glucopyranoside, a treatment that solubilises the RC-LH1 core complex (Fidai et al., 

1994b). 

The gene designated pujK in Rba. sphaeroides by Gong and Kaplan, (1996) has no 

formal counterpart in Rba. capsulatus; however there is a region of DNA between 

pufQ and pujB that encodes a protein with 41.2 % similarity to Rba. sphaeroides PufK 

protein (Naylor et al., 1999). Rba. sphaeroides pujK is a putative transcriptional 

regulator; the relatively rare codons in the gene may act as a 'ribosome gate', 

controlling differential translation of the large and small puf transcripts. 

1.6.3 The puhA operon 

The puhA operon, which is located 39 kb upstream of the put operon at the 5' end of 

the photosynthetic gene cluster, is a monocistronic operon which encodes the RC-H 

subunit. puhA has been cloned and sequenced in both Rba. sphaeroides and 

Rba. capsulatus (Donohue et al., 1986; Williams et al., 1986; Youvan et al., 1984). 
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1.6.4 The puc operon 

The puc operon consists of two structural genes, pucB and pucA, which encode the 

~- and a-polypeptides of the LH2 complex, respectively and the assembly factor gene 

puce. These pucBA genes have been cloned and sequenced in both Rba. sphaeroides 

and Rba. capsulatus (Ashby et al., 1987; Kiley and Kaplan, 1987; Youvan and Ismail, 

1985). The pucC gene of Rba. sphaeroides (Gibson et al., 1992), identified in the 

region downstream of pucBA, shows extensive sequence homology to the pucC gene 

of Rba. capsulatus (Tichy et al., 1989, 1991). However, the pucDE genes of 

Rba. capsulatus were not identified in Rba. sphaeroides, suggesting that the puc 

operon of this species is similar, but not identical. 

When transcribed, the puc operon of Rba. sphaeroides yields a stable 0.5 kb pucBA 

transcript, and a less abundant 2.3 kb puc-specific transcript. Expression of both 

transcripts is highly regulated by both oxygen and light; the 0.5 kb transcript increases 

in abundance up to a hundred-fold in response to lowering of the oxygen tension, 

lowering the light-intensity results in a four to five-fold increase in the abundance of 

this mRNA (Kiley and Kaplan, 1987). In addition, the observed response to changes 

in the environmental conditions directly reflects the level of LH2 complex in the ICM 

under these conditions (Aagaard and Sistrom, 1972), which led to the proposal that 

transcription of pucBA regulates the abundance of the LH2 complex. The rate of 

increase in the level of pucBA mRNA in response to a shift from aerobic to anaerobic 

growth, was slower than that observed for the puf operon (Hunter et al., 1987). This 

observation is consistent with that of Niederman et al., (1976) who showed that in the 

hierarchy of assembly in the ICM, the LH2 complex is preceded by both the RC and 

LH 1 complex. The similarly sized pucBA transcript of Rba. capsulatus was shown to 

respond to environmental changes in a similar fashion (Klug et al., 1987; Zhu et al., 

1986b; Zhu and Hearst, 1986). 
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The 5' ends of both Rba. sphaeroides pucBA and pucBA C transcripts were mapped to 

117 bp upstream of the pucB gene, therefore the 2.3 kb transcript runs to 

approximately 1.8 kb downstream of pucA, whereas the 3' end of the 0.5 kb transcript 

mapped to approximately 50 bp downstream of pucA (Lee et al., 1989b). 

Complementation studies of a pucBA deletion mutant indicated that the sequences 

downstream of pucBA were required for LH2 assembly (Burgess et al., 1989). 

Insertional disruption of this downstream region resulted in an LH2-minus phenotype, 

which was attributed to the loss of the 2.3 kb transcript in this mutant, and despite 

almost wild-type levels of the 0.5 kb transcript (Lee et al., 1989b). Therefore it was 

suggested that the products of puce and the additional open reading frames 

downstream of pucA, were involved in post-translational control of LH2 assembly 

(Lee et al., 1989b; Tichy et al., 1991). 

Deletion analysis suggests that the puc operon promoter resides in the -84 to -66 bp 

region (Gibson et al., 1992; Lee and Kaplan, 1992a,b), and enabled the 600 bp region 

of DNA upstream of the 5' end of the puc transcripts to be subdivided into two 

functionally separate regulatory domains. The upstream regulatory sequence and 

downstream regulatory sequence domains were proposed to be independently 

responsible for the enhanced and basal level transcriptional regulation of the puc 

operon, under aerobic and anaerobic conditions respectively (Lee and Kaplan, 

1992a,b) 

1.6.5 A second puc operon in Rba. sphaeroides 

The genomes of Rps. acidophila and Rps. palustris have been observed to contain 

multiple copies of gene pairs encoding the 0.- and ~-apoproteins of LH2 (Tadros et al., 

1989; Tadros et al., 1993; Gardiner et al., 1996). All five gene pairs in Rps. palustris 

have been shown to be expressed and are subject to regulation according to light 

intensity. However, only two copies of the puc gene products have been detected in 

complexes purified from Rps. palustris. 
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Recent work on the Rba. sphaeroides 2.4.1. genome uncovered a second copy of the 

pucBA genes, which were designated puc2BA and given the gene numbers RSP1556 

and RSP1557 respectively (www.rhodobacter.org). The discovery of this gene pair has 

significant implications for any mutagenesis studies focused upon the manipulation of 

residues within the ~-polypeptide of LH2 from Rba. sphaeroides. The role which the 

second gene pair plays in the genetic regulation of LH2 expression, and the function of 

the individually encoded polypeptides within the complex, has been explored by 

Samual Kaplan's laboratory (Zeng et ai, 2003). 

Zeng et aI., (2003) reported the mRNA transcript at the puc2BA locus to be 963 bp in 

length, which is substantially longer than that observed for puc1BA (337 bp). The 

Puc2B polypeptide shares 94 % identity and 95 % similarity with Puc 1 B, differing in 

only three amino acid residues, which are 1 ~LyS-35-2~Pro-35, 1 ~Asn-34-2~Lys-34 and 

I~VaL25-2~Ile_25. A comparison of PuclA and the first 48 amino acids of Puc2A 

shows 58 % identity and 72 % similarity, however a long C-terminal extension 

beginning at the 49th amino acid of Puc2A is observed. The extension contains the 

repeating amino acid sequence PV AAAPAEEAAA or PV[A]EAAAPV[A]AEAAA. 

Transmembrane hidden Markov model 2.0 computer predictions suggest the presence 

of just one membrane spanning region for the Puc2B polypeptide, between residues 

AsnJ3 and Thr37. A sequence comparison of the four Puc polypeptides is shown in 

Figure 1.13. Both Puc2B and 2A polypeptides retain the conserved ~-His4o and a-His3! 

residues which are presumed to ligand the central Mg2+ of the B850 BChl(s) in 

Rba. sphaeroides. The Tyr44 and Tyr45 residues crucial in the binding of the B850 

BChl are also conserved within the first 48 amino acids of Puc2A, as is the ~Arg3o 

residue, which forms an integral part of the B800 BChl binding site. 

Zeng et al., (2003) tagged the three polypeptides Puc2B, Puc2A, and Puc2AS 

(containing only the first 48 amino acids of Puc2A) with a Pho-A fusion protein in an 

effort to map their transcription and incorporation into the complex. Western blotting 

of extracted membrane fractions showed the presence of two fusion proteins 52 and 51 

kDa in size, corresponding to Puc2B-PhoA and Puc2AS-PhoA respectively. The 

observed molecular mass ofPuc2A was 75 kDa, compared to the calculated value of 



1------------------20------------------40----------
RS 2.4.1. 18 MTDDLNKVWPSGLTVAEAEEVHKQLILGTRVFGGMALIAHFLAAAATPWLG 
RS 2.4.1. 28 MTDDPKKVWPSGLT I AEAEEVHKQLILGTRVFGGMALIAHFLAAAATPWLG 

49 

1------------------20------------------40-----------------60 
RS 2.4.1. IA MTNGKIWLVVKPTVGVPLFLSAAVIASVVlHAAVLTTTTWLPAYYQGSAAVAAE-----­
RS 2.4.1. 2A MNNSKMWLTVNPNLGVPLLLGSVAVASLVVHGAVLTTTPWIANYYQGSEPWPVAAAPAEE 

-------------------80------------------100---------------120 
AAAPVEAAAPADEAAAPVEEAAPVAEAAAPAEEAAPAAEAAVPAEEAAPAAEAAAPAEEA 
-------------------140-----------------160---------------180 
APAAEAAAPAEEAAPAAEAAAPVEEAAPAAEAAAPAEEAAPVAEAAAPAEEAAPVAEPAA 
-------------------200-----------------220---------------240 
EPAPAAEAAAPVAEVSAPAAELAAPVAMSLVDlAAKLNGLGYSVQSVTKTEGGYVVNMTD 
-------------------260-
ANGMPVAATLDPVTGLPFVPAAQ 

Figure 1.13 A sequence alignment of the polypeptides encoded by the 
two puc operons from Rba. sphaeroides 2.4.1. 

The three amino acid changes observed in Puc2B are highlighted in red . The long C-terminal 
extension is clearly seen in Puc2A. The transmembrane regions are shown in bold. 
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72 kDa, showing no significant processing of the polypeptide takes place. It is 

important to note that the three fusion proteins are not seen in the supernatant fraction, 

and so are all membrane associated. All three were expressed even when the 

chromosomal copies of the corresponding genes were deleted, but more importantly, 

deletion of the pucl BAC operon did not effect Puc2 polypeptide expression in trans; 

meaning transcription of puc2BA and expression of its encoded polypeptides is a 

process independent of control by puc1 BA or pucC . 

Immunopreciptation of the Puc2BA-PhoA fusion proteins was carried out. Anti-PhoA 

antibodies and protein-A agarose beads were used to immunoprecipitate LH2 

complexes containing the Puc2B, Puc2A, or Puc2AS-PhoA chimeric proteins. In the 

case of Puc2B-PhoA and Puc2AS-PhoA, an interaction between the ~- and 0.­

apoproteins encoded by the puclBAC operon was observed, with the resulting LH2 

complexes displaying near wild type absorbance properties. Immunoprecipitated 

complexes containing the Puc2A-PhoA fusion protein displayed no absorption 

properties and did not form discemable LH2 complexes. To confirm the predicted 

topologies of the Puc2A and 2B polypeptides, alkaline phosphatase assays were 

carried out in cells of Rba. sphaeroides where different lengths of the puc2B or puc2A 

encoded polypetides were fused with the PhoA protein. The results showed agreement 

with the predicted Markov models, with the N-terminal regions of both polypeptides 

being located on the cytoplasmic side of the membrane and the C-terminus on the 

periplasmic side. The entire extension at the C-terminus of Puc2A was observed 

present on the periplasmic side of the membrane. 

1.6.6 The role of the puc2BA operon in LH2 assembly 

Zeng et al., (2003) produced a series of in-frame deletion mutants, in which puc2B, 

puc2A and puc2BA were removed. The amount of LH2 complex expression in the 

resulting mutants revealed a 30 % decrease in the absence of puc2B, whereas the 

absence of puc2A caused no obvious decline in LH2 abundance. The removal of both 

puc2 genes resulted in LH2 levels similar to those observed upon removal of puc2B 

alone, with the levels of B875 and hence LH 1 assembly apparently unaffected by the 

deletions made. These results indicate that the Puc2B polypeptide is exposed to the 
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same assembly pathway as the p- and a-polypeptides encoded by puc1BA. The 

addition of extra copies of puclBA in trans in the puc2BA deletion background failed 

to restore wild type levels of LH2 assembly, indicating levels of LH2 encoded by 

puc 1 BA e are under critical control and independent of transcript levels within the cell. 

The Puc2A polypeptide was seen to be translated and incorporated into the membrane, 

however it is not present in the LH2 complex itself, leaving ambiguity surrounding the 

role it plays. 

A transcriptional fusion plasmid containing puc2BA upstream of a lacZ reporter gene 

was conjugated into puc1 BA. puc1 e and puc2BA deletion mutants. The 

p-galactosidase activity in these mutants was compared with the wild type at different 

light intensities in an attempt to establish whether the regulation puc 1 B exerts over 

puc2BA is at the level of transcription or is post transcriptional. The results showed the 

expression of puc2BA was regulated inversely with respect to the light intensity, and 

was independent of any mutations made to the puc1 BAe operon. Translational fusions 

of lacZ and the puc2B. puc2A and puc2BA genes were introduced into wild type 

Rba. sphaeroides 2.4.1. and the three previously mentioned mutant backgrounds. No 

change in p-galactosidase activity was seen in any of the mutant backgrounds 

compared to wild type, indicating LH2 complex formation which incorporates Puc2B 

polypeptides is dependent upon the presence of a functioning puc 1 BA e operon and is 

regulated at a post translational level. Transcriptional fusion experiments also showed 

puc1 BA expression was reduced by -67 % in the absence of puc1 e. showing a strong 

effect upon transcription which it is not exerted over puc2BA. In addition, it was noted 

that the puc1 BA promoter was more active than its puc2BA counterpart. 

1.7 The organisation of the photosynthetic membrane 

Until 2004, the native architecture of the photosynthetic membrane was not known, 

and two opposing models for the organisation of the photosynthetic apparatus within 

the chromatophore existed. The first reported model was by Monger and Parson, 

(1977) who proposed the 'Lake' model. If a 'domain' in the antenna region is defined 



52 

as unifonn with respect to the transfer of singlet excitations, does the RC trap 

excitations only within a relatively small and exclusive domain (,Puddle' model) or 

can 10-50 RCs in a chromatophore compete for a common pool of excitations in an 

extended domain ('Lake' model)? Their data indicated that singlet excitations could 

migrate over large domains in the antenna, and that the 'Lake' model was more likely. 

Singlet -singlet annihilation studies of developing ICM vesicles showed that wild type 

membranes fonned a domain of -3000 BChl molecules involving 30 RCs (Hunter et 

at., 1985). Further models of antenna organisation were reported in Hunter et at. 

(1989) where models were based on singlet-singlet quenching data reported in Vos et 

at. (1988). Their findings agreed with the qualitative 'Lake' model and reported that at 

least eight RC-LHI core complexes were interconnected to fonn a single domain for 

energy transfer in a LH2 mutant strain of Rba. sphaeroides. For the WT this energy 

transfer domain is extended to include LH2 molecules. In the absence of the RC the 

energy transfer domain decreases in size suggesting the RC has a role in modifying the 

aggregation properties ofLH1 in the membrane (Hunter et at., 1989). 

1.7.1 The native architecture of the photosynthetic membrane in 

Rba. sphaeroides 

The advent of AFM as a biological tool enabled the possibility for the direct 

visualisation of the photosynthetic complexes within their native membrane. The 

native architecture of the photosynthetic apparatus of Rba. sphaeroides was visualised 

by Bahatyrova et at., (2004). The multi-component membrane divides into specialised 

domains, each with a specific network organisation and with a particular 

pigment-protein complex predominating. LH2 exhibits two types of organisation; in 

the first, groups of 10 to 20 molecules fonn interconnecting 'energy conduits' between 

rows of dimeric core complexes, in the second; they are outside of these arrays in 

small clusters. The rows of dimeric core complexes form a highly efficient energy hub 

into which excitation energy can be funnelled and temporarily stored until it is passed 

on to the RC, with the possibility of the core complexes within the rows acting in a 
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cooperative manner as regards 'energy trapping'. If any particular RC is undergoing 

charge separation and thus is unable to accept excitation energy from its LHI (a 

'closed' state), this energy can migrate along a succession of dimer complexes until an 

'open' RC is available. Images of the two separate LH2 domains and the associated 

core complex dimers are shown in Figure 1.14. The organisation seen in 

Rba. sphaeroides can be equated with the 'Lake' model proposed by Monger and 

Parson, with the RC's grouping together, utilising a common pool of excitons to 

facilitate charge separation. The images failed to identify the cytochrome be] complex 

or any ATP synthase molecules, this is a limitation of the work, but low numbers of 

these complexes within the membrane, and the lack of any recognisable features 

protruding from its cytoplasmic face make their identification a difficult task. 

1.7.2 A comparison of photosynthetic membranes in purple bacteria 

Work carried out previous to Bahatyrova et al., (2004) paved the way for AFM 

imaging of native biological membranes from Rba. sphaeroides. It is now possible to 

compare the organisation of chromatophore membranes from six different species. 

Blastoehloris viridis (previously Rhodopseudomonas viridis) membranes were 

visualised with high lateral (lOA) and vertical (-1 A) resolution in 2003 (Scheuring 

et al .. 2003). The study revealed single RCs surrounded by closed ellipsoidal LHI 

complexes, each comprising of 16 a~-heterodimers. A technique termed 

nanodissection removed the tetraheme cytochrome subunit from the RC complex, 

caused by the lateral shearing forces of the tip across the surface of the membrane. 

This revealed the Land M subunits below, which show an asymmetric topography 

associated with the short ellipsis axis of the LHI molecule. The LHI molecules are 

seen to rearrange into a circular morphology after removal of the RC, perhaps 

indicating the elliptical shape of the RC-LHI core complex confers specific energy 

transfer properties to the system (Figure 1.15a). Blastochloris viridis contains no 

peripheral light harvesting antenna complexes. The first images of membranes 

containing LH2 were taken from Rba. sphaeroides and Rhodospirillum photometrieum 

(Bahatyrova et al,. 2004, Scheuring et al., 2004) the membrane organisation in 
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Figure 1.14 AFM images of native membranes from Rba. sphaeroides 
a. The circled region shows a domain comprising of mostly LH2. 
b. A higher magnification image of the same region of membrane.The red arrow pOints at an 
individual LH2 complex within the highlighted domain. 
c. A three dimensional view of a core complex array surrounded by LH2 complexes. The inset 
is a representation of the region denoted by the dashed box in the centre, using models 
derived from structural data. 
(Bahatyrova et a/., 2004) 
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Rba. sphaeroides has been discussed previously, and IS different to 

Rps. photometricum. Comparatively little is known about Rsp. photometricum, with no 

extensive genetic or biochemical analysis of the complexes comprising its 

photosynthetic unit having been carried out. The stoichiometry of LH2 to core 

complexes in its membrane was seen to vary (Figure 1.15c). Core complexes were 

seen to be monomeric and clustered together, segregating out of protein free lipid 

bilayers. A similar architecture is observed in Phaeospirillum molischianum 

(Goncalves et al., 2005). The octomeric LH2 complexes of Phsp molischianum were 

found to arrange in a hexagonal lattice, forming large antenna domains. Monomeric 

core complexes were seen to cluster together (Figure 1.15d). 

The membrane topology of a close relative of Rba. sphaeroides, Rhodobacter blasticus 

has been reported at high resolution (Scheuring et al., 2004). The core complexes are 

seen to be dimeric as in Rba. sphaeroides, however their arrangement within the 

membrane is less ordered. The core complexes do not form rows of dimers; though the 

core dimers do form contacts, these appear to be random in orientation (Figure I.15b). 

It is not possible to determine if this is a feature of the native membrane architecture in 

Rba. blasticus, since the imaged membranes have undergone a fusion process, which 

both disrupts the chromatophore structure and leads to membranes being bound to the 

mica in different orientations. The discreet arrays of LH2 are thus similarly disordered 

when compared to the membranes of Rba. sphaeroides . 

The most recent work in this area has detailed the structure and organisation of the 

photosynthetic apparatus in Rps. palustris under varying light intensities (Scheuring 

et al., 2006). The LH2 content of Rps. palustris is highly specific to the light levels in 

which it is grown. In low light conditions Low Light LH2 (LL-LH2) is produced, 

exhibiting a single Qy absorbance band at 800 nm (Evans et al., 1990). In high light, 

-50 % of LH2 are seen to absorb at both 800 and 850 nm. Comparison of highly 

resolved single LH2 complexes revealed an average difference in radius of 5 A 

between LH2 and LL-LH2. LL-LH2 was seen to measure -40 A radially, and was 

predominantly octomeric in structure, while LH2 was seen to measure -45 A radially 
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Figure 1.15 A comparison of differing membrane architectures in purple 
photosynthetic bacteria 

a.The membrane of Rps. viridis imaged using AFM . The tetraheme cytochrome can be seen 
attached to the reaction centre (white circle) . Nanodissection of the tetraheme cytochrome 
reveals the Land M subunits beneath (yellow circle) . (Scheuring at al., 2003) 
b. The membrane of R. blasticus is seen by AFM . The dimeric core complex is highlighted by 
the dashed white oval. (Scheuring et al., 2005) 
c . The membrane of Rsp. photometricum is imaged using AFM . Monomeric core complexes 
can be seen to cluster, surrounded by variable amounts of LH2 complex . (Schuering at al,. 
2004) 
d . The membrane of Phsp molischianum imaged by AFM . Monomeric core complexes are 
seen to cluster together, surrounded by octomeric LH2 complexes . (Goncalves at al., 2005) 
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and was predominantly nonameric (Figure 1.16c and 1. 16d). Under low light growth 

conditions, membrane patches displayed different properties within discreet domains. 

Areas of membrane containing only para-crystalline core-complex were observed 

packing in a hexagonal fashion; these areas were seen to be adjacent to areas devoid of 

peripheral antenna complexes. However, mixed domains containing LL-LH2 and LH2 

(-10 %) in close contact with core complexes predominated (Figure 1. 16b). Under 

high light conditions, three types of membrane patches were observed. Type 1 

membranes were densely packed with photosynthetic complexes, type 2 membranes 

showed areas of packed complexes adjoining areas of "pure" lipid. The third type of 

membrane patch displayed completely smooth surfaces, devoid of any complexes 

(Figurel.16a). Core complexes were again seen to pack hexagonally, with low levels 

of disordered LH2 surrounding them. In this study, as in all carried out to date, the 

location of the cytochrome bel complex was not elucidated. 

1.8 Protein patterning utilising self assembled monolayers and 

photolithograpy 

The ability to pattern proteins at the nanoscale is of vast importance in producing 

biologically integrated devices for high throughput experiments in the field of 

proteomics. Several techniques are available for creating two dimensional arrays of 

proteins on surfaces (reviewed by Blawas and Reichert, 1998), including the use of 

photolithography and self assembled mono I ayers (SAMs). The field of protein 

patterning was originally conceived as a critical technology for the integration of 

biological molecules into miniature bio-electrical devices (Haddon and Lamola, 1985). 

The recent elucidation of the human genome sequence has increased in importance the 

ability to selectively immobilise proteins on the nanoscale, whilst retaining their 

function. 
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Figure 1.16 Analysis of membrane organisation and its associated 
structures in Rps. palustris by AFM. 

a. The three different classes of membrane patches observed under high light conditions. 1. 
shows areas of densely packed complexes. 2. shows areas of complex segregating within 
large areas of protein free lipid. 3. shows areas of lipid devoid of protein. The image on the 
right depicts height, while the corresponding image on the left shows the measured deflection. 
b. AFM Images of low light membranes are shown. Areas containing densely packed core 
complexes are seen (yellow dashed line) . Areas of only LH2 are also observed (white dashed 
line) 
c . LH2 and LL-LH2 are compared . The image shows averaged height images of many highly 
resolved complexes. LH2 are nonomeric. LL-LH2 are octomeric. 
d. A comparison of the average radius of the LH2 and LL-LH2 complexes is shown. LH2 is 
seen to measure -45 A, while LL-LH2 measure -40 A. 

Images were adapted from published data (Scheuring et al., 2006) 
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1.8.1 Self assembled monolayers 

SAMs are spontaneously formed regular arrays of organic molecules. These molecules 

are adsorbed onto solid surfaces (usually metals or metal oxides) from a solution (and 

sometimes gaseous) phase, resulting in the formation of thin crystalline or 

semi- crystalline films. The ligands that form SAMs possess a head group with a high 

affinity for the surface and a tail group which becomes the exposed surface of the 

SAM. The tail group can be specifically customized to introduce a wide range of 

surface chemistries to the exposed SAM. 

SAMs make ideal candidates as the chosen substrate for the patterning of 

bio-molecules for a number of reasons. Their creation is simple and they remain stable 

at varying temperatures (up to -70°C). The well ordered surface of the SAM can be 

manipulated by changing the exposed tail group, allowing interactions with the 

bio-molecule to be modified to the user's specifications. The binding of linker 

molecules to the tail groups can also confer specificity, allowing attachement of the 

bio-molecule either electrostatically or covalently. The patterning of SAMs can be 

done using a variety of different techniques and can be carried out on a very small 

scale, with features below 100 nm in size being reported. Investigations into 

monolayer formation kinetics have utilised contact angle studies, infa-red 

spectroscopy, ellipsometry and X-ray photoelectron spectroscopy (Bain et al., 1988). 

Evidence to date suggests the majority (90 %) of the monolayer is formed within 

2 min, with the remaining 10 % forming in the following 18 hr. More recent work 

agrees with this premise, but claims the kinetics of adsorption are more complex than 

first thought (Huang and Hemminger, 1993; Pan et al., 1996). 

The most extensively studied class of SAMs are constructed using alkanethiols, which 

carry a thiol moiety as the head group and have a very high affinity for the noble 

metals. Their formation on gold, silver, copper, platinum and palladium has been 

extensively investigated (Laibinis et al., 1991; Biebuyck et al., 1994; Li et al., 2003; 

Love et al., 2003). The alkanethiol incorporates either an alkyl chain (which may be 

saturated) or an aryl group, with a tail group that can be tailored to give the exposed 
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interface the required characteristics for further modification. The alkanethiols have a 

tilt angle of 30° and fonn a layer -1-2 nm thick (Figure 1.17 A). 

As previously mentioned, the exposed tail group of the alkanethiol monolayers can be 

tailored to further functionalise the monolayer. The bio-molecules can be attached 

directly to the tail group if its specific chemistry promotes protein adhesion. The use of 

electrostatic interactions to immobilise proteins is comparatively simple, and has the 

benefit of being easily reversible while the biological activity of the protein is often 

maintained (Topoglidis et al., 2001). However, the interactions are non-specific and 

the orientation of the bio-molecules on the surface is difficult to control. Alternatively, 

the tail group can be used to attach a chemical linker to the surface which is capable of 

binding covalently to the surface exposed residues of proteins. Covalently attaching 

proteins is of use due to the high stability of the bond, and the ability to control protein 

orientation at the surface. One of the most studied methods of covalent protein 

tethering utilises a peptide bond, reacting a carbodiimide and N-hydroxysuccinimide 

(NHS) with a carboxcylic acid tail group to fonn an active ester. This active ester can 

be further reacted with a protein solution and will fonn a covalent bond via any 

exposed amine groups (usually Lys residues) on the protein surface (Figure 1.17B). 

The creation of SAMs which poses a surface chemistry that repel proteins are also well 

characterised, with oligoethylene glycol linker molecules being used to create 

non-biofouling surfaces (Vanderah et al., 2002) 

1.8.2 Photolithography 

There are numerous lithographic techniques available for the micro and 

nanofabrication of chemical surfaces. The most utilised methods are photolithography, 

particle beam lithography, and soft lithography. Photolithographic methods all share 

the same operational principle. That is to sayan appropriate material is exposed to 

electromagnetic radiation at a selected wavelength, creating a set of chemical changes 

in the molecular structure of the material. A latent image is created on the regions of 

the material exposed to the radiation and this image is used as a template for the final 
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A. Alkanethiol monolayer on a gold surface is shown . Thiol moieties are shown in blue, the 
variable tail group is shown in red . 

B. Mechanism of protein attachment via N(3-Dimethylaminopropyl)-N'elthylcarbodiimide 
hydrochloride (EDC)/NHS crosslinking to a carboxcylic acid terminated alkanethiol SAM. 
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patterning process. Many SAMs undergo chemical changes when exposed to UV 

radiation, making them ideal candidates for patterning by photolithography. 

SAMs of alkanethiols on gold substrate undergo oxidation upon exposure to UV 

radiation in air, with the S-Au thiolate bond being converted to a more weakly bound 

sulfonate group (RS03-) (Huang and Hemminger, 1993), however this mechanism of 

oxidation is still not completely understood. It was initially thought the species 

responsible for thiolate oxidation is the ozone produced by UV photolysis of O2 

(Norrod et al., 1998. Zhang et al., 1999), it is not known however if it is the ozone, or 

the singlet oxygen molecules generated by the degradation of the ozone at the metal 

surf~ce, that are responsible for the oxidation. Recent work by Leggett et al., (2004) 

reproduced the oxidation experiments in ozone free conditions and still found RS03 - to 

be present. It was proposed the reaction proceeds in the following way: 

R S - Au + J O2 + e-~ Au + RS03-

2 

It is thought the reaction is initiated by 'hot electrons' being ejected from the metal 

surface upon irradiation with UV light. In order for the photo-oxidation to occur 

oxygen must penetrate the alkyl chain of the SAM, for this reason longer chain SAMs 

require increased exposure times to achieve complete oxidation (Cooper and Leggett, 

1998). 

After oxidation the sulfonates can be either washed away using a polar solvent such as 

water or ethanol, or alternatively they can be displaced by another alkanethiol. This 

mechanism of displacement can be utilised to pattern areas with contrasting surface 

chemistries. If a mask is placed over a SAM prior to photo-oxidation, the areas 

protected from the radiation will maintain their strong thiolate bond, while those 

exposed can be displaced by a new alkanethiol molecule. This technique is an 

inexpensive way of creating reliably patterned SAMs, which carry different properties 

with regards to protein adsorption. However, the size of the features possible to create 
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using this technique IS limited by the SIze of the masks which can be easily 

manufactured. 

1.9 Principles of atomic force microscopy 

AFM (Binnig et at., 1986) has evolved into a sensitive tool for the elucidation of 

membrane topology, capable of imaging the surface of fragile biological samples 

under physiologically relevant conditions with a lateral resolution of - 6 A and a 

vertical resolution of 1 A (Muller et al., 1995; Schabert et al., 1995; Czajkowsky & 

Shao, 1998; Scheuring et al., 1999; Fotiadis et al., 2000; Scheuring et al., 2003; 

Fotiadis et a/., 2003). Its ability to image biological samples directly at the nanometre 

scale has proved invaluable in answering questions regarding protein-protein 

interactions as well' as native membrane architecture (Bahatyrova et a/., 2004; 

Schuering et al., 2006). 

In general, samples are scanned with a sharp probe (tip) which is mounted to the free 

end of a cantilever. Forces between the sample and the tip cause deflection in the 

cantilever. These forces are recorded by a reflected laser beam from the back of the 

cantilever onto a split photodiode array. This array measures both the vertical and 

horizontal deflections of the beam. The tip is moved using a piezoelectric scanner, 

which is controlled by a feedback loop with the photodiode. 

As the cantilever approaches a surface, an attractive force is exerted upon it by the 

surface. This attraction reaches a maximum point, if the cantilever is brought still 

closer to the surface a strong repulsive force is exerted upon it. These effects are 

known as a force curve (Binnig et al., 1986). Two modes of imaging are used 

primarily when imaging biological samples. Contact mode imaging maintains the tip in 

constant contact with the surface. Repulsive forces are recorded as the sample surface 

is scanned, providing the topological information. Tapping mode™ involves 

oscillating the cantilever at its resonant frequency, through the attractive and repulsive 

regions of the force curve, so that it is intermittently brought into contact with the 
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surface. This intennittent force applies less lateral force to a surface and so is ideally 

suited to imaging fragile samples such as biological membranes. 
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Chapter 2: Materials and Methods 

2.1 Materials 

Unless otherwise stated, chemicals were obtained from Sigma Chemical Co. and were 

of analytical grade. All chemicals for SDS-PAGE were purchased from Invitrogen™ 

UK. 

2.2 Standard buffers, reagents and media 

All buffers and culture media were prepared as described in Sambrook et al. (1989), 

unless otherwise stated. Growth media were prepared using deionised water. Solutions 

for DNA work were prepared using distilled water which was further purified by 

passage through a Milli-Q system (Millipore) or NANOpure Diamond™ system. 

Analar-grade reagents were used for DNA work. Growth media and solutions used for 

DNA work were sterilised by autoc1aving at 15 psi for at least 20 min, or by filtration 

through 0.45 J.1m filters. Heat-labile solutions, such as vitamins and antibiotics, were 

only added to culture media once it had cooled to below 50°C. 

2.3 Escherichia coli strains 

All E. coli strains used in this work are listed in Appendix I. Strains were grown in 

Luria-Bertani (LB) medium (Sambrook et al., 1989) with antibiotics added, when 

required, at the following concentrations (J.1g mr)): neomycin, 30, or 20; streptomycin, 

1000 (high); ampicillin, 200; tetracycline, 10. To select for insertion into the lacZ gene 

of pUC-derived plasmids, 5-bromo-4-chloro-3-indolyl-~-D-galactoside (X-gal) and 

isopropyl-~-D-thiogalactopyranoside (IPTG) were used at concentrations of 

120 J.1g mr) and 80 J.1g mr) , respectively. 

Stocks of E. coli strains were maintained at -70°C in LB medium supplemented with 

15% (v/v) glycerol. 
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2.4 Production of E. coli competent cells 

Various E. coli strains were treated as described by Hanahan (1985). The competent 

cells were stored as 200 III aliquots at -70°C. 

2.5 Transformation of E.coli competent cells 

An aliquot of competent E. coli cells (prepared as in section 2.4) was thawed on ice. 

10-50 ng of plasmid DNA in TE buffer (1 mM EDTA, 10 mM Tris, pH 8.0 were added 

to 100 III of the cell suspension in a 1.5 ml microcentrifuge tube. After incubation on 

ice for 30 min, the cells were heat-shocked at 42°C for 45 sec and then placed on ice 

for 5 min. Subsequently, 1 ml of SOC medium (2% (w/v) tryptone, 0.5% (w/v) yeast 

extract, 20 mM glucose, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCh, 10 mM MgS04, 

at a final pH of 6.8-7.0) were added to the suspension, the cells were incubated at 

37°C for I hr, and then spread on an LB agar plate with appropriate selection. 

Colonies were grown overnight at 37°C. 

2.6 Nucleic acid manipulation 

2.6.1 Small-scale preparation of plasmid DNA (mini-prep) 

Small quantities of plasmid DNA were prepared using the FastPlasmid™ Miniprep 

DNA purification system (Eppendort), according to the manufacturer's instructions, a 

copy of which can be downloaded from www.eppendorf.com. Transformed E. coli 

cultures were grown overnight in sterile plastic 7 ml universals containing 3 ml of LB 

medium with the appropriate antibiotic selection at 37°C in an orbital shaker 

(180 rpm). The DNA pellets were resuspended in 30 III of TE buffer and stored at 

-20°C. The yield was typically about 5 Ilg of plasmid DNA per mini-prep. 
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2.6.2 Larger-scale preparation of plasmid DNA (midi-prep) 

Larger quantities of plasmid DNA were prepared using the Plasmid Midi Kit (Qiagen), 

according to the manufacturer's instructions, a copy of which can be downloaded from 

www.qiagen.com. Transformed E. coli cultures were grown overnight in 250 ml 

conical flasks containing 100 ml of LB medium with the appropriate antibiotic 

selection at 37°C in an orbital shaker (180 rpm). The DNA pellets were resuspended 

in 300 JlI of TE buffer and stored at -20°C. The yield was typically about 50 Jlg of 

plasmid DNA per midi-prep. 

2.6.3 Polymerase chain reaction (peR) 

Site-directed mutagenesis of DNA fragments by the polymerase chain reaction (PCR) 

was performed by the Quikchange® method (Stratagene). Reactions were performed 

in a total volume of 50 JlI containing 5 JlI of lOx reaction buffer, 125 ng of each primer 

(Appendix I), 2 mM dNTPs and 2.5 units of ACCUZYME™ (Bioline). Primers were 

produced by MWG Biotech and resuspended in water to 100 ng Jlrl. Reactions were 

carried out using conditions appropriate to the T m of the primers and the length of the 

fragment to be amplified, as specified in the Quikchange® Site-Directed Mutagenesis 

Kit instruction manual, a copy of which can be downloaded from 

www.stratagene.com.Primers were denatured for 30 sec at 95°C followed by 20 

cycles of amplification (95°C, 30 sec; 55°C, 1 min; 68 °C, 2.5 min) and a final 

extension for 5 min at 68°C in a PHC-3 Thermal Cycler (Techne). Following 

amplification, PCR reactions were cleaned up via gel purification (section 2.6.7). 

2.6.4 Restriction enzyme digestions 

Restriction enzymes were purchased from New England Biolabs (USA) or Promega 

(UK), and the suppliers' instructions followed with regard to reaction buffers and 

incubation temperatures. All resulting Quikchange® PCR reactions had the addition 

of DpnI as stated in the Quikchange® Site-Directed Mutagenesis Kit instruction 

manual (Stratagene). The DNA was then gel-purified (section 2.6.7). 
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2.6.5 Dephosphorylation of DNA 

The 5' -phosphate groups were removed from the ends of DNA fragments, where 

necessary, by the addition of 1 unit of calf intestinal phosphatase (Boehringer 

Mannheim) to a restriction digest at the end of the digestion period. Incubation was 

continued for a further 30 min at 37°C. The reaction was then incubated at 65 °C for 

10 min prior to DNA gel purification (section 2.6.7). 

2.6.6 Agarose gel electrophoresis of DNA 

Restriction enzyme digests, PCR reactions and purified DNA fragments were routinely 

analysed by electrophoresis through 0.8 % agarose gels in 1 x T AE (40mM Tris­

acetate, ImM EDTA) running buffer containing 0.5 Ilg mrl ethidium bromide 

(Sambrook et al., 1989). 6 x gel loading buffer (0.03 % bromophenol blue, 0.03 % 

xylene cyanol, 60 % glycerol, 60 mM EDTA in 10 mM Tris-HCI, pH 7.6) was added 

to DNA samples, and 10-500 ng of DNA were typically loaded per lane; 200 ng of 

1 kb DNA ladder (Fermentas) was run as a marker alongside the samples in order to 

estimate the sizes of DNA fragments. DNA was visualised by exposure to a source of 

254 nm ultraviolet light. 

2.6.7 Recovery of DNA from agarose gels 

DNA fragments requiring purification were electrophoresed through low-melting-point 

agarose gels in 1 x T AE. The desired fragment was excised from the gel and the gel 

slice incubated at 65°C for 5-10 min. The DNA was extracted from the melted 

agarose usmg the QiaQuick Gel Extraction Kit (Qiagen), according to the 

manufacturer's instructions, a copy of which can be downloaded from 

www.qiagen.com. 

2.6.8 Ligation of DNA fragments 

Typically lOng of vector DNA and three molar equivalents of the desired insert 

fragment were ligated together in a total volume of 10 f..ll, containing 1 unit ofT4 DNA 

ligase (Gibco BRL) and 1 x ligation buffer (50 mM Tris/HCI, pH 7.6, 10 mM MgCh, 

5 % (w/v) PEG 8000, 1 mM ATP, 1 mM DTT; King and Blakesley, 1986). Ligation 

mixtures were left at 12°C overnight and then transfonned into E. coli DH5-a. cells as 

described in section 2.5. 
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2.7 DNA sequencing 

Plasmid DNA required for sequencing was transformed into E. coli DHS-a cells 

(sections 2.4 and 2.5). After overnight incubation at 37°C colonies were stabbed into 

I ml LB medium with appropriate antibiotic selection contained in a 1.S ml screw top 

microfuge tube. Samples were sent to Lark Technologies Inc. for sequencing. Results 

were returned by email and sequences analysed using DNA Star software programme 

2.8 Protein Manipulation 

2.8.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Protein samples were separated by SDS-polyacrylamide gel electrophoresis using the 

NuPAGETM pre-cast gel system produced by InvitrogenTM life technologies. The MES 

buffer system was used according to the manufacturer's instructions. A 12 % Bis-Tris 

polyacrylamide gel was used in all cases. All samples were heated at 37°C for 30min 

prior to loading; 10-20 JlI were loaded per well. Protein bands were visualised by 

staining gels with Coomassie Brilliant Blue R2S0. The protein standards used were 

SeeBlue molecular weight markers (InvitrogenTM). 

2.8.2 Purification of proteins featured in this thesis 

The purification of proteins carried out as part of this study is detailed in Chapter 4. 

2.8.3 Quantification of LH2 complex 

Absorbance units are used in this thesis to quantify amounts of light harvesting 

complex, rather than for example protein concentration. 1.0 Absorbance Unit (AU) of 

membrane sample or light harvesting complex is defined as 1 ml of material having an 
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absorbance of 1.0 with a pathlength of 1 cm. For example 50 ml of LH2 complex 

having A = 1.0 is 50 AU, as is 500 ml of A = 0.1. 

2.8.4 Crystallisation trials of purified LH2 

LH2 was purified as in section 4.3.2. For crystallisation, the protein was concentrated 

to an absorbance of 100 at 850nm and stored at 4 °c prior to trials. The sitting drop 

method of vapour diffusion was used for each trial. Typically 1 ml of ammonium 

sulphate solution was added to the well of the crystallisation tray (Hampton Research) 

to form the reservoir. Initial screens saw 20 III of protein solution containing 0.1 % 

LDAO, 3.5 % Benzamidine Hydrochloride, with varying concentrations of phosphate 

buffer and NaCI, being added to the sitting drop. Crystal trays were sealed and stored 

at 17°C. Later screens utilised the Innovadyne Screenmaker 96+8 at Daresbury SRS. 

The sitting drop containing the protein solution was 400 nl in volume. A full list of all 

the crystallisation conditions that were screened is available in Appendix II . 

2.8.5 Screening of LH2 crystals 

The screening of crystals for their diffraction properties was carried out by 

Dr. Miroslav Papiz at Daresbury SRS. This was carried out at station 9.6, which was 

set at a wavelength of 0.92 A. It has a single crystal Si(111) monochromator 20 m 

from the source, a vertical focusing 1.2 m mirror at 11 m from the source and a 

vertically microfocus mirror (0.28 m long) 0.5 m from the sample. The beam used was 

130 micron vertical x 150 micron horizontal 10 dimension. 

The detector is a Quantum 4 CCD detector (ADSC, California, U.S.A.). Crystals were 

screened within Free Mounting System (FMS) humidifier (Proteros Gmb, Germany) 

2.8.6 N-terminal sequencing of proteins 

Purified LH2 samples were denatured and the individual polypeptides were separated 

using SDS-P AGE. N-terminal sequencing of light harvesting polypeptides and of 

RSP6124 was carried out by Dr Arthur Moir at the Krebs Institute sequencing and 

synthesis facility. 

2.8.7 Mass spectroscopy of light harvesting polypeptides 

All mass spectroscopy was carried out by Dr Mark Dickman at the Chemical & 

Process Engineering Department, University of Sheffield. Purified light harvesting 
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complexes were mixed with Switchos solvent (3 % acetonitrile, 0.1 % formic acid) 

working in a total volume of - 7111. Separation of the peptide mixture was carried out 

on an LC Packings Ultimate Nano-LC system with a flow rate of 300 nL min-) using 

the following buffers along a 0-70 gradient: Ultimate Solvent A: 5 % ACN, 0.1 % FA, 

Ultimate Solvent B: 95 % ACN, 0.1 % FA. The system is controlled by Chromeleon 

software (Dionex). Samples were passed through a pre-column for filtering and de­

salting before the analytical Cl8 column (reverse phase material PepMAP™ 100 CI8 

silica, 100 A pore size). The Nano-LC system is directly coupled to an Applied 

Systems QStarXL Hybrid ESI Q-ToF MSIMS. The range of the mass detector was 

limited to 300 to 2000 m/z and all data were collected with Analyst software (Applied 

Biosystems) settings in positive ion mode. 

Identification of RSP6124 was carried out after tryptic digest of the purified LH2 

sample was carried out. The enzymatically cleaved samples were then subjected to the 

same process as described previously in this section. 

2.9 Rhodobacter sphaeroides strains 

Rha. sphaeroides strains used in this study are listed in Appendix I. Strains were 

grown in M22+ medium (Hunter and Turner, 1988); liquid cultures were supplemented 

with 0.1 % casamino acids. Antibiotics were used at the following concentrations 

(J..lg mr)): tetracycline, 1.0; neomycin, 20; streptomycin, 5. Stocks of strains were 

maintained as for E. coli. 

2.10 Growth of Rba. sphaeroides 

2.10.1 Semi-aerobic growth 

Rha. sphaeroides cultures were grown semi-aerobically in the dark, conditions which 

induce maximal pigment synthesis (Niederman et aJ., 1976). Single colonies were 

inoculated into 10 ml of M22+ and grown overnight at 34°C with 180 r.p.m. shaking. 

The following day, each 10 ml culture was added to 70 ml of M22+ in a 100 ml 

conical flask. This was shaken overnight at 180 rpm at 34°C, after which time the 
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cells were suitable for spectral analysis. The culture could be further increased by 

transferring into a 2 litre flask containing a total volume of 1.6 litres of M22+. 

2.10.2 Photosynthetic growth 

For growth under photosynthetic conditions, 2 litre semi-aerobic cultures were used to 

inoculate a 20 litre culture flask completely filled with M22+ media. This was capped 

tightly with a rubber bung and placed under low light intensity (5 W/m2) at room­

temperature. The internal temperature of the culture was regulated by a water cooled 

element immersed within the culture flask. 

2.11 Conjugative transfer of plasmid DNA from E. coli to 

Rba. sphaeroides 

A simplified form of the method of Hunter and Turner (1988) was used to transfer 

pRK derivatives from E. coli strain S17-l into Rba. sphaeroides. 10 ml of 

Rba. sphaeroides cells, grown overnight in semi-aerobic culture, were pelleted and 

resuspended in 1 ml of LB medium. To 100 III of this suspension, a single fresh 

E. coli colony was added, and the cells mixed by vortexing. The mixture was pipetted 

onto well-dried LB agar, allowed to dry into the medium, and incubated for 6-8 hours 

at 34°C. The dried patch of cells was then scraped off the plate and resuspended in 

I ml of M22+ medium. 100 III of resuspended cells was spread onto each of several 

M22+ agar plates with appropriate antibiotic selection. Transconjugant 

Rba. sphaeroides colonies appeared after 4-6 days incubation at 34°C. 

2.12 Membrane preparation from Rba. sphaeroides 

2.12.1 Intracytoplasmic membrane preparation 

Unless otherwise stated, all intracytoplasmic membranes (leMs) were prepared as 

described in Jones et al. (1994) and stored at -20 °C until required. All steps were 
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perfonned, as far as possible, at 4°C. Harvested cells were resuspended in 10 ml of 

membrane buffer (1 mM Tris-HCI, 1 mM EDTA, pH 7.5), a few grains of DNase I 

were added, and the cells disrupted in a French pressure cell at 18,000 psi. The broken 

cells were layered onto a discontinuous (15-40 % w/v) sucrose gradient, and the 

gradient centrifuged in a Beckmann Ti45 rotor at 27,000 rpm (57000 x g) for 16 hr. 

The ICM fraction fonned a band just above the 15 % - 40 % interface, and was 

collected with a micropipette. 

2.12.2 ICM partial solubilisation and fractionation 

ICM prepared as described in section 2.11.1 was pelleted by ultracentrifugation at 

100,000 x g for 4 hr and resuspended with gentle homogenisation in 50 mM HEPES 

buffer at pH 8.0 containing 0.03 % ~ DDM (Buffer A) to A=16 at 850 nm in a total 

volume of 200 Jll. When required membranes were solubilised by the addition of 

~-DDM dropwise from a 10 % w/v stock in buffer B. Samples were incubated on ice 

in the dark for 15 min with occasional gentle mixing 250 Jl.I of sample per gradient was 

loaded onto a 20/25/30/35/40/50 % w/w sucrose density step gradient in buffer A and 

centrifuged for 20 hr at 200000 x g. Pigmented fractions were harvested using a sterile, 

blunted hypodennic syringe and frozen at -20°C until required. ~-DDM of ~ 99.5 % 

purity was sourced from Glycon Biochemicals, TGZ, Zapfholzweg, 1 D-14943 

Luckenwalde, Gennany 

2.13 Spectroscopy 

2.13.1 Room temperature absorbance spectra 

Absorbance spectra of purified LH2 complexes and membrane fractions were recorded 

on a Cary 50 UV-Vis spectrophotometer between 250-950 nm. Baselines were 

corrected and spectra were processed with DatamaxiGrams 32 software as required 

(Jobin Yvon Ltd. U.S.A.). 

2.13.2 Low temperature absorbance spectra 

Absorbance spectra were recorded as described in section 2.13.1. Samples were cooled 

to 77 K in a OptistatDN-V optical cryostat made by Oxford Instruments. Samples were 
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suspended in a cryo-stable buffer comprising of 50 mM Tris, 55 % glycerol (v/v) 25 % 

sucrose (w/v). 

2.13.3 Fluorescence spectroscopy 

All emission and excitation fluorescence spectra were recorded in a cryo-stable buffer 

comprising of 50 mM Tris, 55 % glycerol (v/v) 25 % sucrose (w/v). Samples were 

cooled to 77 K in a OptistatDN-V optical cryostat made by Oxford Instruments. 

Measurements were recorded on a SPEX FluoroLog spectrofluorimeter (SPEX 

Industries Inc.). Excitation was provided from a Tungsten light source in the 

visible-IR region of the spectrum. 

2.14 Electron microscopy 

Samples were applied to glow discharged carbon coated copper grids and negatively 

stained with 0.75 % w/v uranyl formate. Images were recorded at 100 kV on a Philips 

CM 1 00 microscope equipped with a Gatan Ultrascan 667 CCD camera at 

magnifications between X 5000 and X 52,000. Images were recorded by Dr Pu Qian at 

the Robert Hill Institute, Department of Molecular Biology and Biotechnology, 

University of Sheffield. 

2.15 Self Assembled Monolayers 

2.15.1 Formation of evaporated gold surfaces 

Gold surfaces were prepared on glass slides by evaporation. This was done by Stefan 

Janusz and Nick Reynolds in the Department of Chemistry, University of Sheffield. 

Gold depositon was achieved using an Edwards Auto 306 evaporator system at a base 

pressure of 1 x 10-7 mbar. After deposition of the evaporated film, surfaces were left to 

cool in the evaporator then immediately placed into the alkane thiol solution to 

facilitate SAM formation. 
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2.15.2 Self Assembled Monolayer formation 

All SAMs were formed on the surface of freshly evaporated gold surfaces. The gold 

surface was placed in a HPLC grade ethanol solution containing 1 mM alkane thiol. 

Degassing of this solution by sparging with oxygen free N2 gas for 20 min had taken 

place before insertion of the gold surface. The samples were left for 18 hr to ensure 

optimum monolayer coverage. After SAM formation, samples were sonicated to 

remove any aggregated material. 

2.15.3 Photo patterning of SAMs 

The photopatterning of SAMs was carried out by Nick Reynolds and Stefan Janusz 

(Department of Chemistry, University of Sheffield). A Coherent Innova 300 C 

frequency doubled argon ion laser emitting light at 244 nm was used to photopattern 

SAMs of 1 H, 1 H,2H,2H-Perfluorooctanethiol. An electron microscope square 

patterned grid (Agar Scientific, UK) was placed over the nitrogen dried SAM and held 

in place with a (UV transparent) quartz disk. The sample was then exposed to the beam 

(100 m W) via focusing lenses for a period of 12 min. After exposure, the patterned 

SAM was immediatedly placed in a solution of 1 mM mercaptoundecanoic acid and 

left for 2 hr to ensure the complete displacement of the sulfonates generated by the 

photopatterning. 

2.16 Atomic force microscopy 

2.16.1 AFM of membrane fragments 

Membrane samples were prepared as described in section 2.11. A 1 in 20 dilution of 

sample solution (10 mM Hepes, pH 7.5) was adsorbed to the surface of freshly cleaved 

mica (Ted Pella, Redding, CA, USA). A small drop of adsorption buffer (10 mM Tris­

HCI, pH 7.5, 150 mM KCI, 25 mM MgCh) was applied to the mica surface to ensure a 

firm attachment of the membranes. At the same time 1 ~l of the sample was injected 

into the thin film of adsorption buffer and left for 1-l.5 hr. The sample was then gently 

washed with the recording buffer (10 mM Tris-HCI, pH 7.5, 150 mM KCl) and placed 

onto the AFM stage, where 1 00 ~l of recording buffer was added to the liquid cell. 
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Images were recorded on a Digital Instruments Nanoscope 4.0. NSP-20 ShN4 

cantilevers (Veeco Instruments Ltd, UK) had a spring constant of 0.06 Nm-1 and 

operating frequencies 7-10 kHz in liquid. AFM topographs were obtained using 

Tapping moden.· in liquid. The images with the highest resolution could be achieved 

when the free tapping amplitude was 1-2 nm and the amplitude setpoint was adjusted 

to minimal forces, resulting in the damping of the free amplitude by only 5-10 %. 

Images were recorded as 512 x 512 pixel arrays at a typical scanning frequency of 

1-3 Hz. Quantitative analysis of the AFM topographs, was done using Scanning Probe 

Image Processor program (Image Metrology ApS, Lyngby, Denmark). 

2.16.2 Atomic force fluorescence microscopy (AFFM) 

AFFM images were recorded usmg a custom built Atomic Force Fluorescence 

Microscope (Kassies, Thesis 2005). This machine combines an AFM with a confocal 

microscope, allowing for the simultaneous capture of both optical and topographic 

details of the sample being imaged. The confocal microscope used a diode laser 

(RLT800IOMG, A. = 800 nm, Roithner Laser Technik, Vienna, Austria) as the 

excitation source. The fluorescent light was captured using either a single photon 

counting avalanche photo diode (APD) (SPCM-AQR-14, Perkin Elmer 

Optoelectronics) or by a Charge Coupled Device (CCD) camera (Spec-l0: 100B, 

Princeton Instruments). AFFM images were recorded by Nick Reynolds, Chemistry 

Department, University of Sheffield and Mariana Escalantarium at the Biophysical 

Techniques Group, Department of Science & Technology, BMTI, MESA, University 

ofTwente, Enschede, The Netherlands. 

2.16.3 Friction Force Microscopy 

Friction force microscopy was carried out by Nick Reynolds at the chemistry 

Department, University of Sheffield. Friction images were generated in contact mode 

by scanning the tip across the sample surface at 90 0 to the sample normal. Scans were 

performed at a scan speed of 3 Hz over an area of 40J.lm. NSP-20 ShN4 cantilevers 

with a spring constant of 0.06 Nm-1were used for imaging (Veeco Instruments Ltd). 
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2.17 Surface Plasmon Resonance 

All surface plasmon resonance studies were carried out using a Biacore3000 

instrument (Biacore Life Sciences, GE Healthcare, UK). The LH2 complexes were 

purified as detailed in section 4.2.2. Purified LH2 complex (A = 12.5) was injected 

onto the sensor chip at a rate of 10 ~l min-! for a period of 10 min. The LH2 were 

exposed to a modified biacore sensor chip, possessing various SAM surface 

chemistries. The SAMs were adsorbed onto gold chips as described in section 2.15.1. 

Washing of the chip was carried out at a rate of 30 ~l min-! for a period of 30 sec with 

a solution of I % sodium dodecyl sulphate (SDS). All spectra were analysed using 

DatamaxiGrams 32 software (Jobin Yvon Ltd. U.S.A.). 
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The role of the Puc2B polypeptide in the LH2 

complex of Rhodobacter sphaeroides. 

The spectroscopic properties of the LH2 complex from Rba. sphaeroides have been 

extensively characterised. The elucidation of the genome sequence of this organism 

has provided new insight into the genetic components which are expressed to comprise 

the polypeptides that assemble to form this pigment-protein complex. The second puc 

operon encodes two polypeptides, Puc2B and Puc2A, which are transcribed and 

translated. Puc2B is assembled into LH2 complexes whilst Puc2A is found in ICM but 

not incorporated into LH2 complexes. 

The work in this chapter details the attempts to assign any contribution which Puc2B 

makes to the binding of BChl(s) within the LH2 complex, and thus measure any effect 

it has on the spectroscopic properties of the complex. Mass spectroscopy has allowed 

the incorporation of Puc2B within the LH2 complex to be observed for the first time in 

native complexes. 

The effect the second puc operon has on the ability of the cell to adapt to high light 

conditions is measured, with this gene pair being shown to be crucial in modulating 

LH2 complex levels under these conditions. 

Initial attempts to analyse any effects the second puc operon has upon the membrane 

architechture were attempted using AFM. Images of Rba. sphaeroides 2.4.1 . .d2BA 

were obtained, with the regular hexagonal packing of LH2 complexes in large scale 

arrays being observed for the first time. 
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3.2 Introduction 

The existence of multiple operons encoding polypeptides that assemble into the LH2 

complexes of photosynthetic organisms has been known for some time, this being the 

case for both Rps. acidophila and Rps palustris (Tadros and Waterkamp., 1989; Tadros 

et al., 1993; Gardiner et al., 1996). Before publication of the genome sequence of 

Rba. sphaeroides (www.rhodobacter.org) it had been thought the organism possessed 

only one puc operon (pucJ RAe). However, it is now known that the ~-polypeptides 

comprising the LH2 complexes in Rba. sphaeroides are comprised of two populations, 

designated Puc I Band Puc2B (Zeng et al., 2003). Several mutagenesis studies were 

previously carried out under the assumption that only Puc lB was present within the 

LH2 complex. For example, Fowler et al., (1997) produced a series of site directed 

mutants designed to replace the ~Arg_ \0 residue of the LH2 complex. These mutants 

assembled LH2 complexes which displayed a range of blue shifted B800 peaks. 

The mutagenesis studies above were carried out under the assumption that the genes 

encoding the LH2 apoproteins had been removed by the insertion of a streptomycin 

resistance cassette replacing the puc 1 BAC operon (Jones et al., 1992). However, as 

stated previously, genome sequencing (www.rhodobacter.org) has revealed the 

presence of a second puc operon, designated puc2BA (Zeng et al., 2003). It has been 

demonstrated that puc2B is transcribed and translated, forming Puc2B, with three 

amino acid changes when compared to PuclB; these are ~Lys-35-Pro, ~Asn-34-Lys 

and ~VaL25-lle (Zeng et al., 2003). 

The work carried out by Zeng et al .. (2003) also established that the incorporation of 

Puc2B into the LH2 complex occurs in Rba. sphaeroides. Results also demonstrated 

that the B800 and B850 absorbance properties of complexes in which the 

~-polypeptide was either Puc I B, or a mixture of Puc 1 Band Puc2B, are unchanged. 

However, these measurements were carried out at room temperature on 

immunoprecipitated LH2 complexes. These complexes were made up of chimeric a­

and p- apoproteins which had been combined with PhoA fusion proteins. This chapter 

endeavours to build on this work, attempting to analyse the spectroscopic contribution 
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Puc28 makes within the LH2 complex more stringently and to quantify the 

contribution of Puc28 to the complex previously assumed to be Puc I 8 I A. Zeng el al., 

(2003) measured the absorbance of immunoprecipitated LH2 derived from PhoA 

fusion proteins. This work characterises the spectroscopic properties of LH2 

complexes solubilised from native membranes and purified to homogeneity. 

The extent to which the Puc2B polypeptide is incorporated within LH2 in wild type 

complexes is currently unknown, as is the role of this polypeptide within the LH2 

complex, or within the context of the photosynthetic membrane. This chapter presents 

results which analyse the low temperature absorbance and fluorescence properties of 

LH2 complexes containing, in addition to Puc I A, exclusively Puc I B, exclusively 

Puc28, or a mixture of both polypeptides (wild type). Attempts have been made to 

assess the level of contribution Puc28 makes to the ring of nine p-polypeptides present 

in the LH2 complex. The phenotype of a puc2BA deletion mutant is explored under 

differing light conditions and AFM is used to assess the ICM architecture in the same 

deletion mutant. 

3.3 Results 

3.3.1 The creation of the strain Rba. spl.aeroides 2.4.1. A 18A-A28A(pRKCBCI-

2BIAC), which has an LH2 complex comprising Puc2BIA. 

3.3.1.1 Site directed mutagenesis ofpucJ8 

The plasmid pUCHS27 (Appendix I) was used to create a pseudo puc operon, 

containing the genes puc2BIAC. Site directed mutagenesis was performed using two 

rounds of QuikChange™PCR on the wild type puel B gene contained within 

pUCHS27, producing the plasmid pUCHS27-2BIA. The conditions used in these PCR 

reactions are detailed in section 2.6.3. The first round produced the residue changes 

PLYS.3S-+Pro, pAsn.34-+Lys. using the primers Pl-2B and P2-2B; the sequences of 

these primers can be found in Appendix I. The second round of PCR produced the 

residue change pVa1.2s-+pIle.2s. The primers used in this reaction were P3-2B and P4-

2B; the sequences of these primers can be found in Appendix 1. The resulting plasmid 
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was isolated and the modified gene sequence was confirmed usmg sequencing 

reactions carried out by Lark Technologies Ltd, UK (Figure 3.1, Figure 3.2A and B). 

3.3.1.2 Subcloning of the puc2BIA genes and conjugation into the deletion mutant 

Rba. sphaeroides AIBA-A2BA 

The puc2BIA genes were sub-cloned from the plasmid pUCHS27-2B1A, into the 

plasmid pRKCBCl, creating the plasmid pRKCBCl-2BIAC (Figure 3.2D). 

pUCHS27-2B1A underwent digestion using the restriction enzymes KpnI and BamHI. 

The -350bp fragment was ligated with linearised pRKCBC1, which had also 

undergone digestion using restriction enzymes KpnI and BamHI. The resulting plasmid 

was isolated and designated pRKCBC 1-2B 1A. The sequence of the cloned genes was 

again confirmed by sequencing reactions carried out by Lark Technologies Ltd, UK. 

The pRKCBCI-2BIAC vector was transformed into E.coli 817-1, for conjugative 

transfer ofpRKCBCl-2BIAC into the strain Rba. sphaeroides 2.4.1. A1BA-A2BA by 

the method described in section 2.11. This strain was received from Professor Samuel 

Kaplan's laboratory (University of Texas, U.S.A.). Rba. sphaeroides 2.4.1. A1BA­

A2BA carries in-frame deletions of the pucJ BA and puc2BA genes (Zeng et ai., 2003), 

creating a null LH2 background for observing expression from the pRKCBC-2BIAC 

plasmid. Cell growth was controlled by tetracycline resistance conferred by 

pRKCBC-2BIAC and whole cell spectra were recorded of the resulting colonies using 

a Guided Wave Model 260 spectrophotometer; the expression of the LH2 complex 

within these strains, as well as the acquired antibiotic resistance, confirmed successful 

complementation with the puc2BIA genes (Figure 3.2E and F). 



pUCHS27 -2B 1 A 
puc2B 

GGTACC TTTTGGNAGACGNCACKATGACTGACGAT 
25 

TCTGG 
V W Kpnl M T D D 

CCGAGCGGCCTGAC 
PSG L T 

50 75 . . 
CCGAAGCCGAAGAAGTTCATAAGCAACTCAT 
A E A E E V H K Q L I 

100 125 

CCTCGGCACCCGCGTCTTCGGTGGCATGGCGCTCATCGCGCACTTCCTCG 
L G T R V F G G MAL I A H F L 

150 puc1A 

CCGCCGCTGCGACCCCGTGGCTCGGCTGATAGGAGAAGCTTGACATGACC 
A A A A T P W L G Hind II I M T 

25 50 . . 
AACGGCAAAATCTGGCTCGTGGTGAAACCGACCGTCGGCGTTCCGCTGTT 

N G K I W L V V K P T V G V P L F 
75 100 . . 

CCTCAGCGCTGCCGTCATCGCCTCCGTCGTTATCCACGCTGCTGTGCTGA 
L S A A V I A S V V I H A A V L 

125 150 

CGACCACCACCTGGCTGCCCGCCTACTACCAAGGCTCGGCTGCGGTCGCG 
T T T T W L PAY Y Q GSA A V A 

GCCGAGTAATCGCGAGCAAGGCGCGGGCCTGCGGGCCCACGCCAGCCAGT 
A E 

CCGTGAGTTCCGAGCAGGCCGGGATCC 
BamHI 
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Figure 3.1 A puc2B1A gene pair created by site directed mutagenesis 

The sequence data obtained for pUCHS27-28 1A are shown. The mutated residues following 
conversion from 18 to 28 are highlighted in green. The restriction sites used during the cloning 
process are highlighted in yellow. Start and stop codons are shown in bold. Sequencing was 
carried out by Lark Technologies Ltd, UK. 
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Figure 3.2 Creation of transconjugant strain Rba. sphaeroides 
~ 1 BA-L12BA(pRKCBC1 -2B1 AC) 
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A. pUCHS27 vector used for the QuikChange mutagenesis puc1B . Primers P1 and 
P2 used to carry out the mutagenesis are detailed in Appendix I. 
B. pUCHS27-2B1A vector carries puc2B with puc1A. 
C. The Puc2B protein sequence obtained from pUCHS27-2B is shown. 
D. pRKCBC1-2B1A was created after insertion of the puc2B-puc1A genes into the 
multiple cloning site of pRKCBC1 
E. The absorbance spectrum of R. sphaeroides 2.4 . 1 . ~ 1 BA-~2BA is shown before 
complementation with pRKCBC1- 2B1AC. 
F. The absorbance spectrum of R. sphaeroides 2.4.1 .~1BA-~2BA(pRKCBC1 -2B1AC) 
is shown after complementation. 

All spectra have been normalised to an absorbance of 1.0 at peak maxima for comparison 
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3.3.2 Spectroscopic comparison of purified LH2 complexes containing differing 

rl-polypeptide compositions. 

Detailed in this section are the spectroscopic properties of three different LH2 

complexes, purified from the strains Rba. sphaeroides 2.4.1., 

Rba. sphaeroides 2.4.I.L12BA (which were provided by Professor Samuel Kaplan, 

University of Texas, U.S.A.), and Rba. sphaeroides 2.4.1.L11BA-L12BA (pRKCBCl-

2BIAC) (section 3.3.1.2) (Appendix I). The only observable difference between the 

LH2 complexes in these three strains is the rl-polypeptide composition of the LH2 

complex they assemble. Rba. sphaeroides 2.4.1. produces a wild type complex, 

containing PuclB, Puc2B and Puc lA, which is referred to in this study as WT-LH2. 

Rba. sphaeroides 2.4.1.L12BA carries an in-frame deletion of the puc2BA operon, the 

LH2 complex assembled in this strain contains only the Puc I B ~-polypeptide and is 

referred to in this study as LH2-lBIA. Rba. sphaeroides L11BA-L12BA(pRKCBC1-

2B 1 AC) assembles LH2 containing exclusively Puc2B, which is referred to in this 

study as LH2-2B IA. All the spectroscopic values of the complexes purified from these 

strains compared in sections 3.3.2.2, 3.3.2.3 and 3.3.2.4 are summarised in Table 3.1. 

3.3.2.1 Purification of the LH2 complexes. 

All three strains described in section 3.3.2 were grown photosynthetically with an 

incident light level of 5 W m-2 as detailed in section 2.10.2. The purifications of the 

LH2 complexes from the three different cell stocks produced were carried out using 

the method detailed in section 4.3.2. The final purification product from each strain is 

shown by SDS-PAGE in Figure 3.3A. The purification procedure produces 

monodisperse complexes, as exemplified by the negative stain electron micrograph of 

purified LH2-1BIA (Figure 3.3B). 

3.3.2.2 LH2 absorbance properties 

Absorbance spectra of WT -LH2, LH2-1 B 1 A and LH2-2B I A were recorded at 77 K. 

Figure 3.4A shows that WT-LH2 absorbs maximally at 800 nm and 851nm. The 

B800:B850 peak height ratio is 0.96. The Qx absorbance peak occurs at 588 nm. The 

carotenoid absorbance maxima occur at 453 nm, 479 nm, and 



Absorbance Fluorescence excitation Fluorescence emission Fluorescence emission 
Complex maxima (nm) maxima (nm) maxima (nm) fwhm (nm) 

B800 8850 B800 8850 Ex479 Ex590 Ex800 Ex479 Ex590 Ex800 

WT- 800 851 802 856 871 871 868 32 32 36 
LH2(1 B2B1A) 
LH2-1B1A 800 851 801 855 871 871 870 32 32 33 

LH2-2B1A 798 851 802 859 872 872 871 30 30 30 

Qx Qx 
Complex Carotenoid absorbance maxima absorbance Carotenoid fluorescence excitation fluorescence 

(nm) maxima maxima (nm) excitation 
(nm) maxima 

(nm) 
WT- 453 479 515 588 457 483 518 593 

LH2(1 B2B1A) 
LH2-1B1A 453 479 515 587 453 480 517 590 

LH2-2B1A 453 479 515 585 458 485 520 592 

- -

Table 3.1 The spectroscopic properties ofWT-LH2, LH2-1B1A and LH2-2B1A 

A summary of the spectroscopic data detailed in Chapter 3 of this thesis is shown. The values quoted are derived from the spectra recorded at 77 K 
displayed in Figures 3.4, 3.5 and 3.6. 
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Figure 3.3 Purification ofWT-LH2, LH2-1B1A and LH2-2B1A 
A. A 12% SOS-PAGE of the final purification products of all three LH2 complexes 

1 WT-LH2 
2 LH2-2B1A 
3 LH2-1 B1A 

InvItrogen SeeBlue™ MW markers are represented by blue lines 
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B A negatIve stain electron micrograph showing purified monodispersed LH2. The sample 
was staIned wIth 0 75% uranyl acetate Electron microscopy was carried out by Dr Pu Qian 
(UnIversIty of Sheffield) 
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515 nm, indicating the presence of spheroidene as the predominant form of bound 
carotenoid. 

Figure 3.5A shows that LH2-IBIA also absorbs maximally at 800 nm and 851 nm~ 

with a peak height ratio of 0.92. The Qx absorbance peak occurs at 587 nm, a blue shift 

of I nm compared to WT -LH2. The carotenoid absorbance maxima are identical to 

those ofWT-LH2. 

The absorbance spectrum of the purified LH2-2BIA complex is shown in Figure 3.6A. 

The B800 absorbance peak at 798nm is blue shifted by 2 nm with respect to 

WT-LH2, but the absorbance maximum at 851 nm is identical to that of the 

WT-LH2 complex. The B800:B850 peak height ratio is 0.95. The Qx absorbance peak 

displays a blue shift of 3 nm, occurring at 585 nm. The carotenoid absorbance maxima 

are identical to those ofWT-LH2. 

3.3.2.3 Fluorescence excitation properties of WT and mutant LH2 complexes. 

The fluorescence excitation properties of each complex were compared at 77 K. The 

recorded spectra are shown in Figures 3.4B, 3.5B and 3.6B. Each spectra shown are 

the average of four separate scans. Excitation wavelengths between 400 nm and 870 

nm were monitored at an emission wavelength of 890 nm. 

Figure 3.4B shows the fluorescence excitation spectrum of WT-LH2. The B800 and 

B850 fluorescence peak maxima occur at 802 nm and 856 nm respectively. The Qx 

fluorescence peak occurs at 593 nm, while the carotenoid fluorescence maxima occur 

at 457,483 and 518 nm. Two small excitation peaks are seen at 730 and 753 nm. 

Figure 3.5B shows the fluorescence excitation spectrum of LH2-IB lA, with maxima 

occurring at 801 nm and 855 nm (a red shift of I nm) respectively. The Qx maximum is 

at 590 nm (a blue shift of 3 nm), while the carotenoid excitation maxima (453, 480, 

and 517 nm) all occur within 4 nm of those seen in WT -LH2. 
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Figure 3.4 Spectroscopic analysis of WT -LH2 at 77 K 
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A. Absorbance spectrum. Data have been normalised to an absorbance of 1.0 at 850nm 
B. Fluorescence excitation spectrum. Data have been normalised to 1.0 AU at Qx 

maxima. Excitation slit widths of 1.25 mm and emission slit widths of 5 mm were used. 
C. Fluorescence emission spectrum with an excitation wavelength of 479nm. 
D. Fluorescence emission spectrum with an excitation wavelength of 590nm . 
E. Fluorescence emission spectrum with an excitation wavelength of 800nm 

All fluorescence emission spectra have their peak maxima and full width half maxima 
labelled. The spectra have been normalised to 1 AU at peak maxima. Excitation slit widths 
of 25 mm and emission slit widths of 2.5 mm were used. 
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Figure 3.5 Spectroscopic analysis of LH2-1B1A at 77 K 
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920 

A. Absorbance spectrum. Data have been normalised to an absorbance of 1.0 at 850nm 
8 Fluorescence excitation spectrum. Data have been normalised to 1 AU at Ox maxima 

for clarity with excitation slit widths of 1.25 mm and emission slit widths of 5 mm. 
C Fluorescence emission spectrum with an excitation wavelength of 479nm. 
D Fluorescence emission spectrum with an excitation wavelength of 590nm . 
E Fluorescence emission spectrum with an excitation wavelength of 800nm 

All fluorescence emission spectra have their peak maxima and full width half maxima 
labelled The spectra has been normalised to 1 AU at peak maxima. Excitation slit widths 
of 2 5 mm and emisSion slit widths of 2.5 mm were used. 



A 
851 

798 

10.2 (Abs) 

300 400 500 600 700 800 900 

859 

B 
802 

11 .0 (AU) 

520 592 

400 450 500 550 600 650 700 750 800 850 

c 

840 

Ex479 nm 0 
872nm 

880 920 840 

Ex590 nm E 
872nm 

880 920 840 

Wavelength (nm) 

Ex800 nm 
871nm 

880 920 

Figure 3.6 Spectroscopic analysis of LH2-2B1A at 77 K 
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A Absorbance spectrum Data have been normalised to an absorbance of 1.0 at 850nm. 
B Fluorescence excitation spectrum . Data have been normalised to 1 AU at Qx maxima 

for clanty, with excitation slit widths of 1.25 mm and emission slit widths of 5 mm. 
C Fluorescence emission spectrum with an excitation wavelength of 479nm. 
D Fluorescence emisSion spectrum with an excitation wavelength of 590nm. 
E. Fluorescence emission spectrum with an excitation wavelength of 800nm 

All fluorescence emission spectra have their peak maxima and full width half maxima 
labelled The spectra has been normalised to 1 AU at peak maxima. Excitation slit widths 
of 2 5 mm and emission slit widths of 2 5 mm were used. 
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LH2-2B lA (Figure 3.6B) displays near-IR peak maXIma at 802 and 859 nm 

respectively, the latter being a red shift of 3 nm compared with WT. The Qx excitation 

peak occurs at 592 nm (a blue shift of 1 nm), while the carotenoid fluorescence 

maxima are all within 2 nm of the WT-LH2 complex. Both LH2-2BIA and 

LH2-1BIA display the same small excitation peaks at 730 and 753 nm seen in the 

WT-LH2 complex. 

3.3.2.4 Fluorescence emission properties of WT and mutant LH2 complexes 

The fluorescence emission properties of all three complexes were measured at 77 K 

(Figures 3.4, 3.5 and 3.6). All three complexes were excited at wavelengths of either 

479 nrn (carotenoid), 590 nrn (Q.t) or 800 nm (B800 BChl). Each spectrum shown is 

the average of 4 separate scans. 

Figures 3.4C, 0 and E display the fluorescence emission spectra of 

WT-LH2 upon excitation at 479, 590 and 800 nm respectively. The fluorescence 

emission maximum is at 871 nrn when the complex is excited at 479 and 590 nm 

although there is a 3 nm blue shift to 868 nm when the B800 BChl(s) are excited 

directly. The full width half maxima (fwhm) at each excitation wavelength were 

calculated using DatarnaxiGrarns 32 software (Jobin Yvon Ltd. U.S.A.). A value of 32 

nrn was seen upon excitation at 479 and 590 nm, with an increase to 36 nm when the 

B800 BChl(s) were excited directly. 

The fluorescence peak maxima of the LH2-1BIA complex seen upon excitation at 479 

and 590 nrn are identical to those of WT -LH2 (Figures 3.5C and D). However a 2 nm 

red shift in the emission maximum compared to WT-LH2 is seen upon excitation at 

800 nrn (Figure 3.5E). This 870 nrn maximum is blue shifted by 1 nm with respect to 

the emission peaks of the same complex at excitation wavelengths of 479 and 590 nm. 

The fwhm is identical upon excitation at 479 and 590 nm, with a value of 32 nm. An 

increase in fwhm of 1 nm is seen when the B800 BChl(s) are excited directly. This is 

in contrast with the 4 nm fwhm increase seen in WT -LH2 upon excitation at 800 nm, 

with respect to excitation at 479 and 590 nrn. 
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The fluorescence emission maxima of LH2-2BIA (Figure 3.6C, D and E) with 479 

and 590 nm excitation are red shifted by 1 nm when compared to those of 

WT-LH2 and red are shifted by 3 nm with 800 nm excitation. This 871 nm emission 

maximum is blue shifted by 1 nm with respect to excitation wavelengths of 479 and 

590 nm. The fwhm of 30 nm is identical at all three excitation wavelengths and is in 

contrast with the 4 nm increase seen in WT -LH2 when excited at 800 nm. 30 nm is the 

narrowest fwhm at all wavelengths for all three complexes examined. 

3.3.3 Analysis of the contribution of the Puc2B polypeptide to wild type LH2 

complexes. 

This section details the attempts made to analyse the contribution of the second puc 

operon, and its resulting polypeptides, upon the phenotype of Rba. sphaeroides 2.4.1. 

and to assess their direct contribution to the assembled WT -LH2 complex. The strains 

used in this section are Rba. sphaeroides 2.4.1. and Rba. sphaeroides 2.4.1 . .12BA. The 

complexes analysed were obtained from the same purifications as those characterised 

in section 3.2.2. 

3.3.3.1 Growth curve comparison of Rba. sphaeroides 2.4.1. and 

Rba. sphaeroides 2.4.1. A2BA 

Comparison of the growth rates of Rba. sphaeroides 2.4.1. and Rba. sphaeroides 2.4.1. 

L12BA under both low and high light conditions were carried out. A 10 ml inoculum of 

semi-aerobically grown cells with an A650 of 1.5 was added to a total culture volume of 

600 ml. Low light cells were grown at 30°C under 5 Wm-2 illumination. High light 

cells were grown at 30°C under 25 Wm·2 illumination. The optical densities of the cell 

cultures were measured at 650 nm. The growth curves of both strains at low and high 

light are displayed in Figure 3.7. 
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Figure 3.7 Growth curve comparison 

The growth curves for Rba. sphaeroides 2.4.1. (red squares) and 
Rba. sphaeroides 2.4 1 . .12BA (yellow triangles) are shown. The cultures were grown at 30°C. 
Cultures were inoculated with cells previously grown semi-aerobically in the dark, to an A650 
of 0 1 Cell density was measured at 650 nm . 

A Low light cu lture 
B High light cu lture. 
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Under low light conditions both strains display almost identical phenotypes. There is a 

slight difference in the final A650 achieved after 100 hrs, with that of Rba. sphaeroides 

2.4.1. being -2.4, while Rba. sphaeroides 2.4.1. L12BA reached 2.8 (Figure 3.7 A). 

Under high light conditions there is a contrasting difference in the lag phase exhibited 

by the two strains. This lag phase is present due to the need for the semi-aeorbically 

grown cells to adapt to photosynthetic growth conditions. Figure 3.7B shows that the 

lag phase displayed by Rba. sphaeroides 2.4.1. lasts for -4 hrs, whereas that of 

Rba. sphaeroides 2.4.1. L12BA lasts for -llhrs. With the exception of the lag phase, the 

growth curves of both strains are almost identical, reaching a final cell density (A650) 

of 3.6. Figure 3.8 compares the near-IR spectra recorded for the high light cell cultures 

of Rba. sphaeroides 2.4.1. and Rba. sphaeroides 2.4.1. L12BA. The levels of LHI and 

LH2 in the wild-type display the typical 1: 1 ratio expected in high light cultures much 

earlier in the experiment than in the mutant lacking the second puc operon. The 

retardation in LH2 assembly in the wild-type occurs within the first 7 hr(s) of growth, 

whereas it is not until the 24 hr stage that a similar reduction in LH2 levels is seen in 

the mutant, as it adapts to the high light conditions. 

3.3.3.2 Electrospray mass spectroscopy analysis of purified WT -LH2 and 

LH2-1BIA complexes 

The p-polypeptides of the purified WT-LH2 and LH2-IBIA complexes were 

compared by electrospray mass spectroscopy. The purified complexes were prepared 

as described in section 2.8.7 before being injected into an Applied Systems QStarXL 

Hybrid ESI Q-ToF MS/MS. All mass spectroscopy was carried out by Dr Mark 

Dickman in the Department of Chemical and Process Engineering, University of 

Sheffield. The p-polypeptide component of each complex was identified, and the 

amino acid sequence confirming the identity of both Puc I Band Puc2B was obtained 

by tandem mass spectroscopy (MSIMS). 
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Figure 3.8 A comparison of light harvesting complex expression under 
high light conditions. 

Whole cell spectra of Rba sphaeroides 2.4.1.(WT) and Rba. sphaeroides 2.4 .1.Ll2BA are 
shown Cells were grown with an illumination of 25 Wm-2.Spectra have been normalised to an 
absorbance of 1 0 with a manual baseline applied for clarity. 
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WT-LH2 complexes comprised both Puc I Band Puc2B. Figure 3.9A shows the 

electrospray ionisation (ESI) spectrum obtained for Puc I B in WT-LH2. The peaks 

corresponding to the three charged species of the peptide are labelled. The MS/MS 

data obtained allowed the peptide sequence to be elucidated. confinning the 

identification of Puc I B (Figure 3.9B). The b series ion values obtained for Puc I Bare 

displayed in Appendix I. The same identification of Puc I B was made in the 

LH2-1BIA complex (data not shown). 

The presence ofPuc2B in the WT-LH2 complex was confinned. The ESI spectrum for 

the peptide is shown in Figure 3. lOA, and the three charged species observed are 

labelled. The peptide sequence was con finned by MS/MS (Figure 3. lOB), and the b 

series ion values obtained are displayed Appendix I. No identification of Puc2B was 

made in LH2- I B I A, confinning its absence from this complex. 

It should be noted that successful identification of the a-polypeptide encoded by 

Puc I A in both complexes was made using both ESI and MS/MS. This polypeptide was 

shown to be identical in both complexes and corresponds in amino acid sequence to 

that identified by Zuber el al .. 1985 (data not shown). 

3.3.3.3 AFM analysis of low light membranes from Rba. sp/.aeroides 2.4.1. .t12BA 

An initial analysis of the ICM architecture of Rba. sphaeroides 2.4. I .A2BA was carried 

out using AFM. ICM fragments were prepared (as described in 2.12.2) from 

Rba. sphaeroides 2.4. I .t12BA cells grown at 30°C with 5 Wm'2 itlumination. 

Membranes fragmented by treatment with 0.00 I % P-DDM were harvested from a 

20/25/30/35/40 % sucrose step gradient (Figure 3. I I A) and finnly adhered to a freshly 

cleaved mica surface as described in section 2.16.1. AFM images were recorded with 

help gratefulty received from Dr. Jaimey Tucker (University of Sheffield). Atl AFM 

images shown in this section were recorded with a scan rate of 2.0 kHz, with 512 x 

512 sample lines, as described in section 2.16. 
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Figure 3.9 Identification of Puc1 B in purified WT LH2 complexes by 
mass spectroscopy 
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A Positive ESI-MS mlz spectrum showing three charged species of the Puc1 B polypeptide. 
The sample was analysed in 95% acetonitrile, 0 .1 % form ic acido 

B Peptide sequencing by tandem mass spectroscopy. The b series ions corresponding to the 
N-termlnal sequence of Puc1 B are shown . Inset is the corresponding gene sequence for 
puc1 B The variable res idues are highlighted in red . 
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Figure 3.10 Identification of Puc2B in purified WT LH2 complexes by 
mass spectroscopy 

A Positive ESI-MS m/z spectra showing three charged species of the Puc28 polypeptide. The 
sample was analysed in 95% acetonitrile, 0.1 % formic acid . 

8 Peptide sequencing by tandem mass spectroscopy. The b series ions corresponding to the 
N-terminal sequence of Puc28 are shown . Inset is the corresponding gene sequence for 
puc2B. The variable residues are highlighted in green . 
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Figure 3.11 Sucrose gradient purification of leM fragments from 
Rba. sphaeroides 2.4.1.l12BA. 

A. A 20/25/30/35/40 % sucrose step gradient containing 0.001 % P-DDM used for 
purifying ICM fragments from Rba. sphaeroides 2.4.1.112BA. Cells were grown 
photosynthetically with 5 Wm-2 illumination . A room temperature absorbance spectrum 
of the harvested membrane fragments is shown . 

B. An AFM topograph of a membrane patch isolated in Figure 3.10A is shown. A height 
scale of 30 nm is shown . Domains containing dimeric core complexes are highlighted 
by dashed yellow ovals, domains containing only LH2 complexes are highlighted by 
dashed black ovals. 
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Figure 3.11B shows an AFM topograph of a membrane fragment isolated by sucrose 

gradient fractionation. At this low magnification it is possible to discern ordered 

regions within the membrane. The areas highlighted by dashed yellow ovals in Figure 

3.11 B contain arrays of core complex dimers. The dashed black ovals highlight regions 

of highly ordered LH2 arrays. The core complexes are not evenly dispersed among the 

LH2 complexes. Instead the LH2 only domains pack in a hexagonal lattice and the 

cores tend to aggregate. 

The LH2-only domains within the Rba. sphaeroides 2.4.1. L12BA membrane patches 

were analysed in more detail. Figure 3.l2C shows a high magnification image of the 

LH2 only domains typical of this sample. The angle between the lowest point within 

three adjacent LH2 complexes was calculated to be 125.0 ± 4.10 (n = 25). This is in 

approximate agreement with an angle of 122.1 ± 4.80 (n = 26 Figure 3.12B) calculated 

for LH2-only membranes purified from the strain DPF2-R (Appendix I), which were 

previously imaged by Bahatyrova., (2005). The LH2 complexes form an array of rows 

each exhibiting this angle, which are arranged in a 'high-low' orientation. This lattice 

order is maintained in all the membrane patches imaged from the Rba. sphaeroides 

2.4.1. L12BA sample. The height difference between the 'high' and 'low' rows of LH2 

was shown to be 1.0 ± 0.2 nm (n = 28). A graphical representation of the height profile 

taken along a line perpendicular to several rows of LH2 is displayed in Figure 3.13B. 

The average horizontal distance from the centre of a 'high' LH2 complex to the centre 

ofa complex in an adjacent 'high' row is 16.4 ± 1.7 nm (n = 16). 
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Figure 3.12 A comparison of LH2 arrangement in LH2-only and 
Rba. sphaeroides L12BA membranes. 

A. An AFM topograph of a membrane fragment purified from Rba. sphaeroides 
2.4.1.112BA grown under 5 W m-2 illumination. A height scale of 30 nm is shown. The 
area highlighted by a white dashed oval is displayed in Figure 3.12C. 

B. An AFM topograph of a membrane fragment purified from DPF2-R grown under semi 
aerobic conditions. A height scale of 6 nm is shown. The marked angle between LH2 
rings IS -122.1 ± 4.80 (n = 25). 

C. A high magnification AFM topograph of the area marked by a dashed white oval in 
Figure 3.12A. A height scale of 11 nm is shown. The marked angle between LH2 rings 
IS -125.0 ± 4.5 0 (n = 25) 
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Figure 3.13 An AFM topograph and height profile of ordered LH2 arrays 
within the membrane 

A. An leM patch from Rba. sphaeroides 2.4.1.f12BA grown photosynthetically with 
5 W m'2 illumination. A height scale of 13 nm is shown. Red arrows indicate rows of 
'high ' LH2 complexes. blue arrows indicate rows of 'low' LH2 complexes . 

B. A height profile recorded along the white line drawn in panel A is shown. The red lines 
mark the positions of the two white crosses shown in panel A. 
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3.4 Discussion 

3.4.1 Context 

The existence of multiple operons which encode polypeptides that assemble into LH2 

complexes has been known for some time, this being the case for both Rps. acidophila 

and Rps. palustris (Tadros and Waterkamp., 1989; Tadros et al., 1993; Gardiner et al., 

1996). Since the discovery of the second puc operon in Rba. sphaeroides (Zeng et al., 

2003), the p-polypeptide composition of the LH2 complex in this organism has been 

unclear. An understanding of the structural, and hence spectroscopic contribution, that 

Puc2B makes within the complex is required to place into context the considerable 

amount of previous work carried out. This work has often focused on mutagenesis of 

the LH2 apoproteins, with subsequent analysis of the spectroscopic contributions that 

their amino acid side chains confer to the bound pigments. It is also important to 

elucidate any role the polypeptides play in LH2 assembly or the regulation of complex 

assembly within the membrane. 

3.4.2 The spectroscopic properties ofWT-LH2, LH2-1BIA and LH2-2BIA 

The B800 and B850 absorbance peaks of LH2 can be a used to discern the local 

environment in which the complexed BChl(s) are housed. Shifts in these peaks often 

indicate the structural perturbation of these environments. The Qy maxima in 

LH2-1 B I A are identical to those of WT -LH2. However the 2 nm blue shift observed 

in the B800 peak of LH2-2B lA, although small, indicates that the change in 

p-polypeptide composition has slightly disturbed the B800 BChl binding site. The 

amino acid alterations which convert the original pucJB1A gene pair into puc2B1A 

(Figure 3.1) are all present in the N-terminal region of the p-polypeptide. This region 

has been shown to be proximal to the B800 binding site in Rps. acidophila LH2; the 

B800 molecules are positioned between the P-polypeptides within the outer ring of the 

complex (McDermott et al., 1995; Papiz et al., 2003). The N-terminal region of the 

p-polypeptide in Rba. sphaeroides LH2 is 10 amino acids longer than that of 

Rps. acidophila. Changes in this region could cause the small shift observed in the 
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B800 peak. It is also possible the changes at the N-terminus could have an effect on the 

global structure of the p-polypeptide and thus affect a shift in absorbance. The 3 nm 

blue shift in the Qx absorbance band of LH2-2BIA in comparison to WT-LH2 is 

further evidence that the binding of the B800 BChl(s) has been perturbed in some way. 

For further discussion of B800 binding in relation to the p-polypeptide see Chapter 5. 

The absorbance spectra shown in Figures 3.4A, 3.5A and 3.6A indicate that the 

carotenoid composition of WT-LH2, LH2-1BIA, and LH2-2BIA appear to be 

identical. 

A comparison of the fluorescence excitation spectra of the three different complexes 

shows the presence of a red shift in the B850 excitation peaks of LH2-2B lAo It is 

apparent there is a population of 'red' B850 BChl(s) where the complex is comprised 

of a homogenous Puc2B p-polypeptide ring, and these BChl(s) are the terminal 

emitters. This homogeneity is associated with a narrowing of the B850 emission band 

and an accompanying red shift. 

There are no significant differences in the peak maxima of the fluorescence emission 

spectra of the three complexes when excited at 479 and 590 nm. The fwhm of B850 

fluorescence emission in WT-LH2 and LH2-IBIA at these wavelengths are identical. 

However, the reduction ofLH2-2BIA fwhm by 2 nm in comparison with WT-LH2 for 

479 and 590 nm excitation may again be indicative of the loss of heterogeneity 

conferred by the homogenous ring of the Puc2B polypeptide reducing the number of 

differing environments in which the BChl(s) are housed. The 3 nm blue shift observed 

in WT -LH2 upon excitation at 800 nm is significant, compared with carotenoid and Qx 

excitation and does not occur in LH2-IBIA or LH2-2BIA (though a blue shift of I nm 

does occur in both complexes). The appearance of an emission maximum of 868 

nm with 800 nm excitation is accompanied by a 4 nm increase in fwhm for the 

emission band. These two results indicate a group of 'blue' B850 BChl(s) in the WT 

complex accepting excitation energy specifically from B800 BChl(s), which are not 

present in either mutant complex, and which widen the B850 emission band. The less 

pronounced blue shifts seen in LH2-IBIA and LH2-2BIA, as well as the conservation 

of their smaller fwhm values, indicate a reduction in the number of different 
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environments in which the B850 BChl(s) are housed in the homogenous ~-polypeptide 

mutants. This could be attributed to the elimination of heterogeneity in the N-terminal 

region having an effect upon the global structure of the ~-polypeptide. Thus any slight 

heterogeneity in B850 binding in the WT -LH2 complex which favours a population of 

'blue' environments is removed in the mutants. The lack of this effect upon excitation 

at 479 nm may be due to the energy transfer from the carotenoids being preferential 

towards the same type of 'red' chlorophylls. Excitation at 590 nm would excite all 

BChl(s) simultaneously, masking small variations between the three complexes in the 

energy transfer from the B800 BChl(s). 

The fact that LH2-2B lA displayed the largest shifts in absorbance and fluorescence 

with respect to WT-LH2 may indicate that Puc2B could playa role in modulating the 

tuning of the BChl( s) housed within LH2 in WT -LH2. The spectroscopic contribution 

the Puc2B polypeptide makes, although not large, is significant. Previous 

spectroscopic data which has come from complexes subjected to mutagenesis of the ~­

polypeptide must now be evaluated in the knowledge that a significant number of the 

polypeptides in the complex have not been mutated. The fact that changes in the 

spectroscopic properties of these previously studied complexes were still seen even 

though they were only partial mutants may indicate that the contribution the residues 

investigated have on pigment binding has been underestimated. 

Further work should focus on low temperature CD, in an attempt to detect the small 

changes in the BChl environments which may be causing the peak maxima and fwhm 

shifts observed so far. 

3.4.3 Analysis of the contribution the second puc operon and its resulting 

polypeptides makes to the phenotype of Rba. sphaeroides 2.4.1. 

The two cultures were inoculated with dark grown cells and subjected to either low 

(5 Wm-2) or high (25 Wm-2
) light intensity. The growth curve presented in section 

3.3.3.1 also provides the first evidence of a significant phenotypic effect attributable to 

the second puc operon. Under low light both the wild type and mutant (Apuc2BA) 



106 

behaved identically. The increase of -7 hr in the lag phase observed in the absence of 

puc2BA when grown under high light is of great interest. It appears counter intuitive, 

since under high light conditions there is significantly less LH2 produced by the 

organism, so any puc mutation would be expected to influence low light, not high light 

growth. 

The cause of this phenotypic effect could be a result of factors other than the absence 

of Puc2B. Zeng et al., (2003) have already demonstrated the complex regulatory 

relationship which exists between the two puc operons. The deletion of puc2BA may 

interrupt an important transcriptional or post-translational regulatory pathway and be 

responsible for the extended lag phase observed. In addition, Puc2A is incorporated 

into the ICM (Zeng et al., 2003); its absence in the mutant analysed may also 

contribute to the observed phenotype. The second puc operon appears to be necessary 

for rapid adaptation to high light conditions. 

It is apparent from the spectra presented in Figure 3.8 that this lag in adaptation 

involves LH2 assembly; cells lacking both Puc2B and Puc2A are unable to down 

regulate the production of LH2 when the incident light levels are increased. In other 

words, the L12BA mutant assembles too much LH2 when its environmental conditions 

are considered. This inability to adapt means the photosynthetic membrane of 

Rba. sphaeroides 2.4.I.L12BA absorbs a potentially damaging amount of light, to the 

point where the onset of the log phase of the culture is delayed by up to 9 hr(s). It is 

possible that Puc2B or Puc2A have the effect of retarding the assembly of LH2 in high 

light conditions when the presence of large amounts of this complex is not required. A 

large pool of LH2 in the Rba. sphaeroides 2.4.1. L12BA mutant increases the amount of 

excitation energy being funnelled into the RC complexes which will shift the 

equilibrium between reduced and oxidised ubiquinone that shuttles between the RC 

and the cytochrome bCI complex. The ideal state of the quinone pool is one where 

there is a roughly equal proportion of oxidised and reduced species, with a membrane 

potential of + 150 m V (Vermeglio and Joliot., 2002 ). The extended lag phase displayed 

by Rba. sphaeroides 2.4.1. 112BA could be due to the poor efficiency in energy 

production causing an imbalance in the redox poise of the quinone pool, which has 
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resulted from the overproduction of QH2 by the RC. The hypothesis that Puc2B or 

Puc2A somehow retards the production of LH2 and maintains Q/QH2 equilibrium is 

similar in principle to mechanisms in other photosynthetic organisms, in which they 

can reduce the size of their light harvesting antenna systems when light levels increase. 

This type of photoacclimation is demonstrated in Denaliella tertioiecta, where the 

light-intensity-dependent changes in LHCII are due to changes in cab gene expression 

(Escoubas et ai., 1995). 

3.4.4 The analysis of the LH2 complex by electrospray mass spectroscopy 

The identification of Puc2B in the WT -LH2 complex by mass spectroscopy is the first 

direct evidence that this polypeptide is incorporated into the native LH2 complex. The 

level to which the incorporation occurs cannot be discerned from the data obtained, 

since the method used does not allow quantitative analysis. The confirmation of the 

presence of both 'PucB' polypeptides in WT-LH2 does further support the supposition 

that the heterogenous nature of the ~-polypeptide ring dictates some of its 

spectroscopic properties. A study investigating the level of contribution Puc2B makes 

to the complex should be undertaken. The labelling of the polypeptides in WT -LH2 

with NI5 would allow for the quantitative analysis of the composition of the ~­

polypeptide ring by electrospray mass spectroscopy. This should be carried out for 

complexes purified from cells grown at varying light levels, thus allowing any 

variation in the amount of Puc2B in complexes grown under high light to be linked to 

the observed phenotype. This quantitative analysis could also be used on complexes 

isolated specifically from UPB and ICM, allowing the possibility of any role for 

Puc2B in complex assembly to be investigated. 

3.4.4 AFM analysis of the ICM from Rba. sphaeroides 2.4.1. AlBA 

The AFM images presented in this chapter are part of the initial attempts which were 

made to characterise the membrane architecture of mutants lacking in genes which 

constitute the two puc operons. Although time constraints meant it was only possible 

to image the membrane of Rba. sphaeroides 2.4.l.il2BA grown in low light conditions, 
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and no comparison with wild type has been made, the results are highly significant and 

so are presented in this chapter. 

For the first time it has been possible to visualise large scale LH2-only domains from 

Rba. sphaeroides. This kind of information was missing from the original report of 

membrane architecture in this bacterium (Bahatyrova et al., 2004) The LH2 antenna is 

arranged in highly ordered arrays, packing within a para-crystalline hexagonal lattice. 

This arrangement has not been seen before in native membranes of any wild-type 

purple bacteria. However, it is almost identical to that seen in membranes purified 

from the LH2-only mutant DPF2R (Figure 3.12B) (Bahatyrova., 2005). The angles 

between adjacent LH2 complexes in the Rba. sphaeroides 2.4.1. ~2BA membranes and 

the LH2-only membranes purified from DPF2R are in approximate agreement. The 

small increase in angle seen in the membranes imaged in this study (-3 0) could be 

caused by interruptions in the LH2 arrays by the core complexes, or perhaps the 

absence of Puc2B and Puc2A has slightly affected packing of the complexes. To 

clarify this it is necessary to image comparable wild-type membranes. However it 

should be recognised this is the first evidence of the regular arrangement of LH2 in this 

fashion in pseudo-wild type membranes. 

It has been previously hypothesised (Bahatyrova., 2005) that the observed 

'high-low' packing arrangement with alternating height levels is due to the shape of 

the LH2 complex, which is either inherently slightly conical in cross-section, or which 

acquires this shape due to tight binding of lipids on one side of the complex. It has 

been suggested the deposition of a curved membrane patch onto a flat mica surface 

induces lateral pressures, which are responsible for forcing alternate rows of LH2 to 

move in both their vertical and possibly horizontal position, thus causing the 'high­

low' arrangement observed (Bahatyrova., 2005). The images obtained in the present 

work support this hypothesis. A schematic representation of a possible cause for the 

rows of 'high' and 'low' LH2 complexes is shown in Figure 3.14A, Band C. A full 

analysis of the packing arrangement of LH2 domains should be carried out when 

images of the wild-type membranes have been obtained. 



109 

A 

B 

c 

Figure 3.14 Modelling the movement of LH2 on mica 

A model of the possible translations forced upon the 'high' rows of LH2 after deposition on a 
mica surface is shown. This figure is displayed courtesy of Dr John Olsen (University of 
Sheffield) . 
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The dimeric core complexes imaged are associated spatially, forming contacts with 

each other. Only one membrane patch imaged provided data which clearly showed 

core complexes interacting with each other. Previous images of wild-type membranes 

(Bahatyrova et al., 2004) showed dimeric core-complexes arranged in discrete rows, 

which were separated by LH2 acting as conduits that deliver excitation energy to the 

LHI-RC-PufX assemblies. This is not the case in the image presented here; the core 

complexes cluster at the edges of the LH2 arrays, contacting each other in either an 

'end on end' or 'side by side' fashion. The fact that core complexes cluster and are not 

dispersed throughout the membrane supports the conclusions drawn by Bahatyrova 

et al., (2004), that excitation energy is able to be delocalised throughout a matrix of 

core complexes. Thus if an RC is in a 'closed' state, the excitation energy is able to 

transfer to a closely associated 'open' RC. 

The AFM topographs presented in this chapter are highly significant. The areas of 

LH2-only membrane imaged are extensive and much greater than any seen before. The 

images have provided further insight into the way in which Rba. sphaeroides arranges 

its multi-complex antenna system. It should now be possible to study the properties 

which the four different Puc polypeptides confer upon membrane structure by directly 

imaging the ICM of selected mutants. It is of particular interest to elucidate the ways in 

which they may affect the formation and arrangement of not only the LH2 domains, 

but also the core complex arrays within the membrane. 

From the spectroscopic whole cell data in Figure 3.8 it would appear that the L12BA 

mutation produces larger amounts of LH2 than those expected under high light growth 

conditions. The AFM data shown in Figure 3.12 demonstrate that these unwanted LH2 

form large ordered assemblies that are connected to regions containing core 

complexes. Thus it is likely in the L12BA mutant that the high light intensity is 

harvested and transmitted to the RCs, over-reducing the quinone pool and stalling 

growth. 
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Chapter 4: The purification and crystallisation ofLH2-1BlA, 

and the identification of the novel protein RSP6124 from 

Rhodobacter sphaeroides. 

4.1 Summary 

The structural characteristics of bacterial light harvesting complexes have been 

elucidated over the last two decades using a variety of techniques. However, as yet no 

atomic resolution structure exists for the peripheral light harvesting complex of 

Rba. sphaeroides. The recent discovery of a second puc operon in this organism 

encoding a- and ~-apoproteins of the LH2 complex has provided insights into the 

heterogeneous nature of its ~-polypeptide ring. The deletion of the second puc operon 

removes this heterogeneity and may provide an opportunity to crystallise the LH2 

complex from Rba. sphaeroides and elucidate its 3D structure to atomic resolution. 

This chapter describes the development of a purification protocol for the LH2-IB lA 

complex. This complex possesses a ~-polypeptide ring comprised exclusively of 

Puc 1 B. The crystallisation of LH2 complexes purified using this protocol is detailed, 

along with the unsuccessful attempts to obtain structural data from the resulting 

crystals by X-ray crystallography. 

A previously undescribed protein, RSP6124, was identified during the purification of 

LH2-1 B 1 A. A bio-informatic analysis of this protein is presented. Although its role 

within the organism is still unclear, there is evidence which suggests that strong 

electrostatic interactions between RSP6124 and the extrinsic regions of the LH2 

complex may exist. RSP6124 contamination of the purified LH2-1BIA sample 

provides an alternative explanation for current failures to obtain high resolution 

diffraction data from 3D crystals. 
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4.2 Introduction 

The structures of the bacterial light harvesting complexes have been extensively 

studied using EM, AFM, NMR, and X-ray crystallography, elucidating their key 

structural features (Miller 1982; Stark et al., 1984; Engelhardt et al., 1986; Boonstra 

et al., 1994; McDermott et al., 1995; Wa1z et al., 1998; Jungas et al., 1999; Jamieson 

et al., 2002; Papiz et al., 2003., Scheuring et al., 2004); in the case of the 

Rba. sphaeroides RC, structural information is available at atomic resolution 

(Deisenhofer et al., 1985; Deisenhofer et al., 1995; Chang et al., 1986, 1991; Allen et 

al., 1987a and b; Ermler et al., 1994; McAuley et al., 2000; Katona et al., 2003). It is 

known that LH2 acts as the peripheral antenna complex within the light harvesting 

array of the photosynthetic membrane. Depending upon incident light levels it is 

present in variable stoichiometry to the RC-LHI-PufX core complex; its expression is 

tightly regulated at the transcriptional, translational and post-translational levels (Kiley 

and Kaplan, 1987; Zeng et ai, 2003). LH2 harvests solar energy from the photons 

which excite its bound pigment molecules, transferring this excitation energy with high 

efficiency to the LH1-RC-PufX core complex (Hunter et al., 1989; McDermott et al., 

1995; Bahatyrova et al., 2004). The structural and functional role of the LH2 complex 

has been discussed extensively in section 1.4 and 1.6 of this thesis. 

The two structural genes, puc1 Band puc1 A, encode the ~- and a-polypeptides of the 

LH2 complex respectively, with the LH2 assembly factor PucC encoded by puce 

(Gibson et al., 1992). Recent work sequencing the Rba. sphaeroides 2.4.1. genome 

(www.rhodobacter.org) uncovered a second copy of the pucBA genes, which was 

designated puc2BA. Zeng et ai, (2003) demonstrated that the Puc2B polypeptide plays 

a significant role in complex assembly, showing that LH2 levels are 30% lower in its 

absence. Puc2A was not observed to be incorporated into the LH2 complex, and to 

date its function is still unclear. An excess of puc1 B transcript did not rescue LH2 

expression levels inpuc2B null mutants (Zeng et al., 2003) 

LH2 from Rba. sphaeroides has been extensively studied for many years and despite 

attempts no atomic resolution structure yet exists. In the light of the extensive body of 
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biophysical data on this complex it is important that its structure is solved to atomic 

resolution. The discovery of the second ~-polypeptide indicates that the population of 

LH2 rings is structurally heterogeneous (See also Chapter 5). This offers a plausible 

hypothesis for the lack of a 3D structure of the Rba. sphaeroides LH2 complex, as 

heterogeneity within or between rings could disrupt the lattice contacts required to 

form a regular crystal structure possessing high diffraction properties. This chapter 

details attempts to crystallise the purified LH2-1 B 1 A complex using a new protocol. 

The discovery of the previously unknown protein RSP6124, which co-purifies with 

LH2-1 B 1 A, is also discussed. The presence of RSP6124 is proposed as one possible 

reason for the an atomic structure of LH2 in Rba. sphaeroides. 

4.3 Results 

4.3.1 Mutant strains of Rba. sphaeroides 

The mutant strain Rba. sphaeroides 2.4.1. tJpuc2BA was kindly provided by Professor 

Samuel Kaplan (University of Texas, USA). The strain carries an in-frame deletion of 

the puc2BA operon. The puel BAC operon is unchanged, as are all the other genes 

encoded within the PGc. The LH2 complex purified from this strain contains only 0.­

and ~-polypeptides encoded by the puc1BAC operon (Zeng et al., 2003) and will be 

referred to in this study as LH2-1BIA. 

4.3.2 The purification ofLH2-1BlA 

The LH2-1BIA complex studied In this chapter was purified from 

Rba. sphaeroides 2.4.1. tJpuc2BA, which was grown photosynthetically as described in 

section 2.10.2. Cells were disrupted in a French press cell at 18,000 psi. The lysate was 

centrifuged at 20,000 rpm for 30 min in the Beckman JA-20 rotor and the supernatant 

containing the crude membrane fraction was collected for concentration. The crude 

membranes were centrifuged at 40,000 rpm for 2hr in a Beckman Ti45 rotor. The 

membrane pellet obtained was homogenised in membrane buffer (20mM Tris, pH 8.0 

at 4°C) to a concentration of 200 A850 units mrl. LDAO at stock concentration of 

30 % was added to the homogenised membranes to a final concentration of 3 %. The 
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membranes were then allowed to solubilise with stirring for 1 hr at room temperature in 

the dark. After solubilisation, the detergent extract was passed through a 0.25 Ilm 

syringe filter to remove any particulate matter. The filtered membranes were then 

applied to a DEAE-Sepharose anion exchange column. After washing with purification 

Buffer A (20mM Tris, 0.1 % LDAO, pH 8.0), a gradient with an increasing NaCI 

concentration of 5mM mr'min-' was applied to the column (using high salt buffer B 

comprising 20mM Tris, 0.1 % LDAO, pH 8, 1M NaCl). The bound protein eluted at a 

NaCI concentration of -150 mM. 

The ratio of absorbance of the purified sample at 850 and 280 nm gives an indication 

of the ratio of LH2 present compared to bulk protein. Absorbance at 280nm gives a 

measure of absolute absorbance by the aromatic residues of all proteins within the 

sample, whereas the 850 nm absorbance is specific to LH2 B850 BChl(s). This ratio 

allows an approximate assessment of the purity of the sample throughout the various 

stages of the purification. After the first DEAE-Sepharose column, fractions with an 

850:280 ratio greater than 2.2 were collected and pooled. This pooled fraction was 

buffer exchanged into Buffer A using a Centriprep spin concentrator (Millipore, 

Bedford, USA) and applied to a second DEAE-Sepharose column. The same washing 

and elution protocol was applied to the bound protein as with the first 

DEAE-Sepharose column. After elution, fractions possessing a ratio greater than 2.7 

were pooled. 

The second pooled fraction was then applied to a Source 15Q ion exchange column. 

The bound protein was washed with Buffer A then eluted from the column using an 

increasing NaCl gradient of 6mM mr'min-'. The main elution peak eluted from the 

column at a NaCI concentration of -350 mM. This peak was multi-component in 

nature, and the elution profile changed depending upon the amount of protein that was 

loaded onto the column. The different elution patterns observed with differing protein 

loading are described in more detail in section 4.3.3. Eluted fractions with an 850:280 

ratio greater than 3.0 were pooled for further purification. 
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Pooled fractions were concentrated using a CentriprepTM spin concentrator, to a 

volume of 500 J.t!. This sample was then loaded onto a Superdex 200 preparation grade 

gel filtration column (GE Healthcare, UK) pre-equilibrated with Buffer A at a flow 

rate of 0.3 ml min-I. At this stage, the fractions with an 850:280 nm ratio greater than 

3.3 were pooled and spin concentrated to a final concentration of 100 A850 units mrl. 

Typically a total yield of - 6 - 8 % can be expected for a purification of this type. Over 

90 % of LH2 from the starting membranes is lost during the purification process. 

An SDS-PAGE gel showing the pooled fractions at each step of the purification is 

shown in Figure 4.1. The a,- and p-polypeptides have been labelled and they are the 

major protein bands following purification. The H, M and L subunits of the RC can 

also be seen in the lanes 1-4, but these are absent in the later stages of the purification 

(lanes 5-8). Figure 4.2 shows the absorbance spectra of the pooled fractions at each 

stage of the purification. An increasing 850:280 nm ratio is observed, and this can be 

clearly tallied with the increasing purity of the LH2 sample, as seen by SDS-PAGE in 

Figure 4.1. The purified complexes were visualised by electron microscopy using 

negative stain. They are seen to be monodisperse, as required for 3D crystal trials 

(Figure 4.3). 

4.3.3 Identification of different populations ofLH2-1BlA by Source 15Q ion 
exchange chromatography 

The elution profile of the LH2-1 B 1 A complex from the Source 15Q ion exchange 

column contains multiple components. When LH2-1BIA samples containing -200 AU 

were applied to a column with a Iml bed volume, the elution profile was seen as a 

single peak with two distinct shoulders on the ascending side occurring at -300 mM 

and -325 mM NaCl. A third shoulder is seen on the descending side of the elution 

peak at a NaCI concentration of -360 mM (Figure 4.4). 
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Figure 4.1 Purification of LH2-1 B1A 

A 12% SDS-PAGE of samples taken at each stage of a LH2-1B1A purification. 

Lane 1 -Invitrogen SeeBlue™ MW markers 
Lane 2 - Rba. sphaeroides 112BA cell lysate 
Lane 3 - ICM pre-solubilisation 
Lane 4 - ICM post-solubilisation with 3 % LDAO 
Lane 5 - Flow through of first DEAE Sepharose column 
Lane 6 - Sample post first DEAE Sepharose column 
Lane 7 - Sample post second DEAE Sepharose column 
Lane 8 - Sample post Resource-QTM column 
Lane 9 - Sample post Superdex-200™ gel filtration column 
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Figure 4.2 Absorbance spectra of LH2-1B1A throughout purification 

The absorbance spectra of LH2 samples at each stage of purification are shown. Spectra have 
been normalised to a value of 1 AU at 850nm and stacked for clarity. Measurements were 
taken at room temperature. 850:280 nm ratios are shown in brackets in the figure key. 
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Figure 4.3 Monodisperse LH2 for crystalisation 

A negative stain electron micrograph showing purified monodispersed LH2. The sample was 
stained with 0.75% uranyl acetate. Electron microscopy was carried out by Dr Pu Qian 
(University of Sheffield). 



119 

NaCI (mM) 

............................................................................................................................................................................... 500mM 

..................................................................................................................... ··· .... · .. · .. · .... ····· .. · ...... ·· .. ····· .. · ...... · .... ·400mM 

............................................................................................................................................................................. 300mM 
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----"~---. ~ ....................................................... -. -----............................. 0 mM 

Figure 4.4 Source 1S-Q column elution profile with low sample loading 

The elution profile of LH2-1 B1A from a Source 15-0 ion exchange column is shown. The 

column was loaded with A850 = -200 LH2-1 B1A. The concentration of NaCI was increased 

along a gradient of 6 mM mr1. The NaCI gradient is shown in red ; sample absorbance was 

measured at 280nm and is shown in blue. 
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When the amount of LH2-IBIA added to a column with an identical bed volume 

totalled -600 AU, the elution profile changed markedly. 600 AU of LH2-IBIA was 

seen to saturate the column's binding capacity. When eluted along an increasing NaCI 

gradient at 6 mM min-I, the elution profile changed from one single multi-component 

peak, into two distinct major peaks, and one minor peak. The first peak eluted at a 

NaCI concentration of -300 mM, with the second eluting at -390 mM. The minor peak 

eluted between the two major peaks, at a NaCI concentration of -360 mM (Figure 4.5). 

LH2-1BIA from the two major peaks was isolated for further analysis, which included 

the B800-B850 absorbance spectra recorded at 77 K. These were identical for both 

major elution peaks, with absorbance maxima at 799.5 nm and 850 nm (Figure 4.6). 

4.3.4 N-terminal sequencing analysis of purified LH2-1BIA 

The two major populations of LH2-1BIA that eluted from the Source 15Q ion 

exchange column underwent further purification separately by gel filtration as 

described in section 4.3.1. Each purification product was then N-terminally sequenced 

as described in section 2.8.6 N-terminal sequence data was obtained from the 

SDS-PAGE gel bands corresponding to the a- and ~- polypeptides of LH2. The 

blotting membrane onto which the polypeptides were transferred and isolated from is 

shown in Figure 4.7 A. The N-terminal sequence of the ~-polypeptide agreed with 

previously published data (Zuber et al 1985). The a-polypeptide sequence also agreed 

with Zuber et al., (1985), however the a-polypeptide gel band was seen to contain a 

significant contribution from a previously undescribed peptide. The N-terminal 

sequence obtained for this peptide is SDMEXAMSQM. 

A BLAST search was carried out using the sequence SDMEXAMSQM, and the 

peptide was shown to be hypothetical protein RSP6124, which has been putatively 

identified after genome analysis of Rba. sphaeroides 2.4.1. The gene encoding 

RSP6124 has been assigned the accession number CPOOOl43 (www.rhodobacter.org); 

CP000143 will be referred to in this study as rsp6124. RSP6124 is predicted to be 

103 amino acids in length. The LH2 a bands for peaks 1 and 2 of the Source 15Q 

purification were composed of 46 % and 32 % of RSP6124 respectively (Figure 4.7B). 
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Figure 4.5 Source 15-Q column elution profile with high sample loading 

The elution profile of LH2-1 B2A from a Resource Q ion exchange column is shown. The 

column was loaded with Aaso = -600 LH2-1 B1A.The concentration of NaCI was increased 

along a gradient of 6 mM mr1. The NaCI gradient is shown in red ; sample absorbance was 

measured at 280nm and is shown in blue. 
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Figure 4.6 Comparison of Qy absorbance maxima between elution 
peaks 
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The Qy absorbance maxima of purified LH2 after elution from a Source15Q column are 

shown. LH2 from the first major elution peak is shown in blue, LH2 from the second major 

elution peak is shown in red. Data collection was carried out at 77K. Spectra have been 

normalised to 1AU at 850nm and stacked for clarity. 
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Source 15Q column peak 1 
Residue aa Residue aa 
(LH2-a) (pM) (RSP6124) (pM) 

Met xx Ser xx 
Thr 140.9 Asp 52 
Asn 128.2 Met 59 
Gly 106.5 Glu 49.8 
Lys x Lys x 
lie 110.9 Ala 48.8 

Trp 14.3 Met 48.5 

Leu 88 Ser 33.8 
Val 85.6 Gin 34.3 
Val 110.5 Met 34.3 

Total 784.9 360.5 

RSP6124 45.92 % 

LH2-a and RSP6124 
LH2-P 

Source 15Q column peak 2 
Residue aa Residue 
(LH2-a) (pM) (RSP6124) 

Met 31 .8 Ser 
Thr 51.2 Asp 
Asn 30 Met 
Gly 17.8 Glu 
Lys x Lys 
lie 20.5 Ala 

Trp 1.8 Met 
Leu 14.7 Ser 
Val xx Gin 
Val xx Met 

167.8 

31.85 % 

Figure 4.7 N-terminal sequence analysis of purified LH2-1 B1A 
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aa 
(pM) 
15.4 
5.8 
4.7 
10.9 

x 
5.8 
3.6 
6.8 
xx 
xx 

53 

A The blotting membrane from which protein bands were extracted and sequenced is shown. 
The a- and p-polypeptide are labelled. Lane 1 shows elution peak 1, Lane 2 shows elution 
peak 2. An indication of the Invitrogen SeeBlue™ markers used is shown . 
B The amount of LH2-a and RSP6124 in the 'a ' gel band is shown . A comparison of relative 
concentrations, and the percentage contribution of RSP6124 to the gel band is shown . 
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4.3.5 Electrospray mass spectroscopy analysis of purified LH2-1BIA 

In an attempt to further understand the contribution of RSP6124 to the purified 

LH2-1 B 1 A sample, electrospray mass spectroscopy was carried out on samples 

isolated from both major elution peaks from the Source 15Q column. Both samples 

underwent trypsin cleavage before analysis. The results were analysed using the 

Mascot search engine (Perkins et al., 1999) and the first half of the RSP6124 peptide 

was identified (amino acids 2-51), with the ion scores corresponding to the peptide 

fragments suggesting a high level of significance. No peptide fragments were observed 

for the second half of the peptide (amino acids 52-104). However, peptide fragments 

from residues 52-97 of a homologous hypothetical protein in 

Rba. sphaeroides ATCC 17029 were observed. The peptide fragments identified, 

along with their ion scores are displayed in Figure 4.8 

4.3.6 Bioinformatic analysis of RSP6124 

The amino acid sequence of RSP6124 is shown in Figure 4.8. The protein has been 

probed using a range of different bioinformatic tools in order to characterise any 

primary, secondary or tertiary structural domains present. BLAST searches using the 

primary amino acid sequence of RSP6124 showed no significant homology with any 

known protein. Homology was identified with two hypothetical proteins which were 

putatively assigned after analysis of the draft genome sequences of the related strains 

Rba. sphaeroides ATCC 17025 and Rba. sphaeroides ATCC 17029 

(www.genome.jgi-psf.org). Sequence alignments of rsp6124 and RSP6124 have been 

carried out with the corresponding hypothetical gene and protein sequences of the two 

related strains and are displayed in Figure 4.9. The homologous protein, hypothetical 

protein rsph 17025 _3142, from Rba. sphaeroides ATCC 1725 will be referred to as 

RSP3142 in this study. Hypothetical protein rsphI7029_1843, from Rba. sphaeroides 

ATCC 17029 will be referred to as RSP1843 in this study . 
... 

RSP3142 and RSP 1843 share 100% and 98.5% sequence identity respectively with 

RSP6124, between residues Met) and Thr69. Between residues GlY70 and Arg 103 , 

RSP6124 shares no identity with either hypothetical protein. 



Residue Expected Observed 

number molecular molecular Peptide sequence 
(start-end) mass mass 

7 - 18 1322.5897 1322.6032 K.AMSQMLADMTPK.K 

7 - 18 1338.5856 1338.5982 K.AMSQMLADMTPK.K (oxidation M) 

19 - 29 1274.6811 1274.6870 K.KLPTNEEIFGK.G 

19 - 37 2015.0603 2015.0687 K.KLPTNEEIFGKGAQLGDAK.A 

38 - 51 1525.7087 1525.7156 K.AMGFTDILDSMTPK.K 

52 - 81 3404.7552 3404.7867 K.KLPTNEEIFGQLAELDTT AFDALLDLFRPK.K 

82 - 91 1182.5838 1182.5954 K.KLMSYDELGK.M 

92 - 97 711.3368 711.3447 K.MVGMKF.-

Amino acid sequence for RSP6124 

1 MSDMEKAMSQMLADMTPKKLPTNEEIFGKGAQLGDAK 

38 AMGFTDILDSMTPKKLPTNEEIFGQLAELDTTGLRR 

74 AARSLPAEEADELRRARQDGRDEVLIDKGRM 

Amino acid sequence for RSP1843 
- -+ ++ + - + 

1 MSDMEKAMSQMLADMTPKKLPTNEEIFGKGAQLGDAK 
++ 

38 AMGFTDILDSMTPKKLPTNEEIFGQLAELDTTAFDAL 
+ ++ + + 

74 LDLFRPKKLMSYDELGKMVGMKF 

Figure 4.8 Identification of RSP6124 by electrospray mass 
spectroscopy 
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Ion 

score 

71 

74 

51 

36 

58 

44 

85 

38 

The purified LH2 sample underwent trypsin cleavage. The peptide fragments of RSP6124 
were identified by mass spectroscopy. Matched peptides are shown in red . Regions of 
RSP1843 from Rba. sphaeroides ATCC 17029 were also identified; these are shown in blue. 
Charged residues have been highlighted within the RSP1843 sequence. 
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Figure 4.9 DNA and protein sequence alignments 
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The DNA sequences which encode the hypothetical proteins RSP6124, RSP1843 and 
RSP3142 are aligned for comparison . The organisms in which these proteins are found are 
Rba. sphaeroides 2.4.1., Rba. sphaeroides ATTC 17029 and Rba. sphaeroides ATTC 17025 
respectively. Protein sequence alignments are also shown . 

A - DNA sequence alignment 
B - Protein sequence alignment 
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RSP3142 and RSP 1843 comprise 97 amino acids, and share 80% sequence identity 

and 92% similarity between residues 70 and 97. The stark contrast in the C-terminal 

region of RSP6124 in comparison to the two hypothetical proteins can be explained 

when the DNA alignments are analysed, with a frame shift being observed between 

base pairs 208 and 209 (Figure 4.9). This observation explains the discrepancy in the 

C-terminal sequence of peptide fragments observed in section 4.3.5, and this is 

discussed further in section 4.4.3. It should be noted that all bioinformatic analyses on 

RSP6124 were carried out using the amino acid sequence obtained by electrospray 

mass spectroscopy, not the sequence proposed after analysis of the Rba. sphaeroides 

2.4.1. genome (www.rhodobacter.org) . 

The I D secondary structure of RSP6124 was predicted using the PROFsec programme 

at www.predictprotein.org. The analysis was not conclusive, but a stretch of II amino 

acids at the N-terminus is predicted to form an helical structure, with the 8 residues 

immediately following forming a loop region. The probabilities for these regions of 

secondary structure as well as other less well defined regions are shown in 

Figure 4.1 OA. 

The ammo acid motif LXXMTPKKLPTNEEIFGXXAXL is repeated within the 

primary sequence of RSP6124 between residues Leu12 - Leu33 and Le14s - Le1l66 

(Figure 4.1 OB). This motif has been subjected to a BLAST search, but no homology 

was found to any other protein sequence. 

Transmembrane hidden Markov model 2.0 analysis predicted RSP6124 to be 

completely extramembranous, with no transmembrane or membrane associated 

domains being recognised. In addition, no homology with any 3D domains of known 

proteins was found by the SWISS MODEL comparative modelling programme 

(swissmodel.expasy.org). 28 of the 97 amino acids in this sequence are charged polar 

side chains. almost equally proportioned between positive charges (12) and negative 

charges (16). 



A 

1 ~S~MEKAMS MLADMTPKKLPTNEEIFGKGAQLGOAKAMGFTOILOSMTPKKLPTNEE IFGQLAELOTT 69 

2 . ..... . ... • ..... ..... . .. .. . . . . . .......... _. 

3 I ...... · ······ .... .... .. . .. . .......... . . .. . .... .. .• .. 
4 947889888887 505 8887998 1 7 6888 6888 27 887778 

1 AfOALLOLFRPKKLMSYOELGKMVGMKF 97 
2 .... • ........... . . . . ...... 

3 

4 88888 63 

B 

7 AMSQMLADMT PKKLPTNEEl FGKGAQLGDA 36 
I I' I I I I I I I I I 

40 GFTDILDSMT PKKLPT EEl FGQLAELDTT 69 

Figure 4.10 Predict protein analysis of RSP6124 

A. The results of a Pred ictProtein analysis of RSP6124 are shown. 

1. The amino acid sequence of RSP6124 is shown 

2. Predicted reg ions of alpha helix are shown in red 

3. Predicted loop regions with in the protein are shown in green . 

4 The probability for each prediction is scored out of 9 (O=low, 9=high) . Predictions with 

scores higher than 6 are highlighted in yellow 

B. A repeated motif LXXMTPKKLPTNEEIFGXXAXL is observed within the primary 

ammo acid sequence of RSP6124 
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The region of DNA containing rsp6124 was identified using the genome sequence for 

Rba. sph aero ides 2.4.1. published online (www.rhodobacter.org). Sequence 

alignments of the 1000 bp region of DNA directly upstream of rsp6124, and the 

known sequences of the oxygen regulated promoters of the puf and puc 1 BA C operons 

were carried out using the T -coffee alignment software (Notre dame et al., 2000). 

Figure 4.11 highlights regions 1 and 2 showing 43 and 50 % identity respectively to 

the puc promoter. Regions 3,4, and 5 share 41,31, and 37 % sequence identity with 

the pufpromoter respectively. 

4.3.7 Crystalisation trials ofLH2-1BlA 

The screening of crystallisation conditions for LH2-1BIA was carried out in three 

stages. Firstly, the conditions at which LH2 from Rps. acidophi/a formed crystals were 

initially used as a template for LH2-1 B 1 A crystallisation. As described in section 

2.8.4, the sitting drop method was used, with ammonium sulphate at concentrations 

ranging from 2.4 - 3.2 M present as the reservoir solution. The drop solution initially 

contained a combination of phosphate buffer (at 0.8 M or 0.9 M concentration), 

LH2-1BIA (at 100 A850 units mr) and the amphiphile benzimidine hydrochloride (at 

3.5 % w/v). The screens applied are all listed in Appendix II; this work was carried out 

in Professor Richard Cogdell's laboratory at Glasgow University. The initial screens 

yielded clustered crystals, which are shown in Figures 4.12A and 4.128. 

Secondary screens narrowed the range of crystallisation conditions attempted. Varying 

concentrations of MgCl or NaCI were added to the protein solution in the sitting drop. 

These screens are also detailed in Appendix II. The crystals obtained are displayed in 

Figures. 4.12C and 4.12D. The addition of MgCh yielded no crystals, however, 

varying the concentration of NaCl altered the morphology of the crystals which 

formed. Crystal formation occurred on a 2 - 3 week timescale. 

Finally, tertiary screens were designed around the results obtained in the first two 

screens. Duplicate tertiary screens were set up, with the two distinct populations of 
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Rsp 2.4.1. 
Puc Promoter 

Rsp 2.4.1. 
Puf Promoter 

Rsp 2.4.1. 
Put Promoter 

Rsp 2.4.1. 
Puf Promoter 

Rsp 2.4.1. 
Puf Promoter 
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·196 
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·385 
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~~_ctgatcgacaclS~ccgcgcac .376 
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--------------- 4 
·145 -------------------

·136 

·123 __________________ _ 
5 

gcaccttcccgcgclCgtt~gcgtg~a~~at~aac~~tc~ ·76 
9I9tgc9IFgatcc9lcgcllt~cgdIPgttalSllata~ 

·72 

tcatcccgaggcgtgttgcgcgtctgatcatgagttctaatgcccg ·16 

Figure 4.11 Sequence alignments of oxygen sensitive promoters 

Sequence al ignments of oxygen sensitive promoters with the 2000 bp reg ion upstream of 
rsp6124 are shown. Base pair numbers displayed are in relation to the start codon of rsp6124. 

A. Regions 1 and 2 show 43% and 50% identity respectively to the puc promoter (Lee 
and Kaplan , 1992). 

6 . Regions 3, 4, and 5 show 41%, 31% and 37% sequence identity respectively, with 
the pUf promoter (Hunter et a/., 1991). 
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Figure 4.12 Crystalisation of the purified LH2-1 81 A 

A. Clustered crystals grown at Glasgow University during first phase trials. 
B. Smaller monoclinic crystals grown at Glasgow University during first phase trials. 
C. Crystals grown In the absence of NaCI during second phase trials at the University of 
Sheffield. 
o Crystals grown in the presence of NaCI during second phase trials at the University of 
Sheffield 
E. A diffraction pattern obtained from the crystal cluster shown in panel F. 
F. An enlarged image of the crystal cluster seen in panel A, which is seen to diffract in panel E 

All the conditions at which the crystals shown are seen to form are detailed in Appendix \I 
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LH2-181A seperated during the SourcelSQ ion exchange purification process, being 

crystallised independently of each other. The final screens were carried out at 

Daresbury-SRS laboratories. The Innovadyne Screenmaker 96+8 crystalisation robot 

was used to screen S76 different crystalisation conditions. Crystals grew at 130 of 

these conditions, taking -3 weeks to form. For each crystal trial, identical crystal 

morphology was observed for both populations of LH2-1 8 1 A. A full description of all 

the conditions trialled and a summary of the crystals formed are shown in Figures 4.13, 

4.14 and4.1S. 

4.3.8 Diffraction of LH2-1BIA crystals 

Of the crystals produced in the laboratory of Professor Richard Cogdell, the most 

highly diffracting showed diffraction to 9A resolution, using the X-ray source located 

at Glasgow University. The resulting diffraction data could not yield any structural 

details as there was too high a degree of mosaic spread (Figure 4.12E). 

Large scale screening of the crystals for their diffraction properties was performed by 

Dr Miroslav Papiz at the Daresbury-SRS facility. This was carried out by the method 

described in section 2.8.S. No changes were observed in diffraction when the humidity 

of the crystal environment was altered. The intrinsic humidity of the crystal's 

phosphate buffer was 92%, which was established using the Free Mounting System 

(FMS) (Proteros Gmb). All screenings were subsequently carried out at this relative 

humidity. The most highly diffracting crystals formed in well 8-V displayed in 

Figure 4.13A, with resolution achieved at the lOA level (Figure 4.138). 
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A • • • • • • • • • • 0 

B • • • • • • • • • • • • 0.091 

C • • • • • • • • 0.182 
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G • • 0.545 

H 0.636 
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Figure 4.13 Crystal growth and screening at Oaresbury SRS ( i ) 

A The crystal tnal conditions carried out upon the Innovadyne Screenmaker 96+8 are 
summansed A blue diamond indicates crystal formation. The protein solution crrstallised 
contained 08 M Phosphate buffer (pH 8.0), 0.1% LDAO, LH2-1 B1A (A850 100 mr ), 3.5 % 
benzamldlne hydrochloride and the NaCI concentration was varied as shown. The (NH4hS04 
(pH 90) reservoir concentrations were varied and are shown. Both elution peaks from the 
Source 15Q Ion exchange column were crystallised separately. Panels denoted by odd 
numbers were from Peak 1, panels denoted by even numbers were from Peak 2. 

B A representative sample of the crystals which were later screened for diffraction at 
Daresbury SRS The diffraction pattern obtained for the crystals displayed in panel B-V is 
shown 
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Figure 4.14 Crystal growth and screening at Daresbury SRS ( ii ) 
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A The crystal trial conditions carried out upon the Innovadyne Screenmaker 96+8 are 
summarised A blue diamond indicates crystal formation . The protein solution c~stallised 
contained 08M phosphate buffer (pH 8.0) , 0.1% LOAO, LH2-1 B1A (AS50 100 mr) , 3.5 % 
benzamldine hydrochloride, 0.2% n-undecyl-~-O-maltoside and the NaCI concentration was 
varied as shown The (NH.h SO. (pH 9.0) reservior concentrations were varied and are shown. 
Both elution peaks from the Source 15Q ion exchange column were crystallised separately. 
Panels denoted by odd numbers were from Peak 1, panels denoted by even numbers were 
from Peak 2 

B A representative sample of the crystals which were later screened for diffraction at 
Oaresbury SRS 
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Figure 4.15 Crystal growth and screening at Daresbury SRS ( iii) 
A The crystal tnal conditions carried out upon the Innovadyne Screen maker 96+8 are 
summarised A blue diamond indicates crystal formation . The protein solution c~stallised 
contained 09M phosphate buffer (pH 8.0), 0.1% LDAO, LH2-1B1A (A850 100 mr), 3.5 % 
benzamidine hydrochloride and the NaCI concentration was varied as shown. The (NH4hS04 
(pH 90) reservoir concentrations were varied and are shown . Both elution peaks from the 
Source 150 Ion exchange column were crystallised separately. Panels denoted by odd 
numbers were from Peak 1, panels denoted by even numbers were from Peak 2. 

B A representative sample of the crystals which were later screened for diffraction at 
Daresbury SRS. 
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4.4 Discussion 

4.4.1 Context 

The discovery of the second puc operon in Rba. sphaeroides, and the revelation that 

the LH2 ring is heterologous in nature with regard to the l3-polypeptide (Zeng et al., 

2003), placed a new emphasis on not only the mutagenesis work previously carried out 

on the complex, but also provided the possibility of a new avenue for investigating its 

3D structure. It is postulated that a reason behind the failure of previous 3D structural 

investigations could be the heterogeneity introduced into the complex by the presence 

of the second l3-polypeptide, with the regular lattice contacts required in the third plane 

of the crystal being interrupted by the variations in the extramembranous regions of the 

p-polypeptides. The deletion of puc2BA provides the opportunity to purify and 

crystallise a homogenous LH2 complex. The results presented in this chapter detail 

attempts to crystallise the protein for 3D structural analysis. During this process a 

novel protein, RSP6124, co-purifies with LH2, suggesting an alternative explanation 

for previous failures to elucidate the 3D structure of the LH2 complex in 

Rba. sphaeroides. 

4.4.2 The purification ofLH2-1BlA 

The purification described in section 4.3.2 was adapted from a method developed at 

the University of Glasgow. Stringent purification of the LH2-1BIA complex was 

required to obtain monodisperse protein for crystallisation (Figures 4.1, 4.2, 4.3). 

There are clearly different populations of LH2-1 B 1 A present in the purified sample. 

The different peaks that eluted from the Source 15Q ion exchange column (Figure 4.5) 

cannot be attributed to complexes differing markedly in their structure, as the spectral 

properties of the two peaks are identical (Figure 4.6). The difference in the 

contribution of RSP6124 to each peak may explain the elution pattern. The putative 

association of RSP6124 may affect the binding of LH2-1 B 1 A to the ion exchange 

matrix, with higher concentrations of RSP6124 seen in the first peak than the second 

(Figure 4.7). The possibility of using a higher resolution binding resin, such as 
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monoQTM, should be explored in future to explore the possibility of separating the 

different populations completely. 

At 10.8 kDa, RSP6124 is ~ 1 0 times smaller than an intact LH2 complex, but is seen to 

elute with LH2 after gel filtration. Co-purification of the two proteins after selection 

for their size and charge properties indicates a significant interaction between them. It 

seems likely that RSP6124 adheres very strongly to extrinsic regions of LH2, with 

almost 1 in 3 amino acid residues of RSP6124 carrying a charge (Figure 4.8). The 

C-tenninus of LH2 has a total of 9 negative charges; in contrast the N-tenninus of the 

complex has 54 negative and 45 positive charges. The extent of contamination of the 

a-polypeptide band with RSP6124 is consistent with between 2-3 RSP6124 molecules 

per LH2 ring balancing out the charges and possibly adhering electrostatically to the 

extrinsic N-tenninus. Such is the strength of these interactions that not even 400 mM 

NaCl can separate the two proteins. 

4.4.3 RSP6124: a novel protein in Rba. sphaeroides 

The role RSP6124 plays within the cell is currently unknown. Its co-purification with 

LH2-1 B 1 A after such a stringent series of purification steps is certainly significant. 

The fact electrospray mass spectroscopy of samples purified from 

Rba. sphaeroides 2.4.1. uncovered peptide fragments identical to the second half of 

RSP 1843 from Rba. sphaeroides A TIC _17029 indicates the frame shift observed in 

Figure. 4.9 is in fact a genome sequencing error; the C-tenninal sequence ofRSP6124 

is actually identical to that of RSP1843. Unfortunately, bioinfonnatic tools have not 

yielded any compelling infonnation that could assign a putative role to RSP6124. The 

Transmembrane hidden Markov model 2.0 analysis, which showed no membrane 

associated regions within the protein, indicates any association with LH2 would likely 

be at the cytoplasmic or periplasmic interface of the complex. The lack of any 

homology with any known 3D protein domains shown by SWISS MODEL means the 

nature of any interactions RSP6124 shares with other proteins cannot be speculated 

upon. The repeated motif, LXXMTPKKLPTNEEIFGXXAXL, may be of significance 

in a structural or interaction recognition role, but the lack of homology this motif 
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shares with any other known sequence does not allow any further conjecture. The 

PredPlot analysis shows RSP6124 is likely to be soluble, comprising predominantly u­

helical and loop regions, but again the level of significance which can be placed upon 

this conclusion is not high. 

The region of DNA upstream of rsp6124 shares two regions of sequence homology 

with the puc promoter (Lee and Kaplan, 1992); one is -400 bp more distal to the start 

of rsp6124 than the puc promoter is to the puc operon, so this may be too far upstream 

to be implicated in RSP6l24 expression. The second observed homology is with the 

puf promoter, with regions between -500 and -100 bp upstream of the start codon; 

these are more proximal to the start of rsp6124 (Figure 4.11) than those seen for the 

regions of puc homology. These alignments suggest oxygen regulated expression 

could be acting upon rsp6124. If rsp6124 does possess an oxygen regulated promoter, 

its transcription would be concomitant with that of light harvesting polypeptides. This 

coupled with the co-purification of RSP6124 with LH2-1 B 1 A means that it is possible 

to propose a role in the assembly or function of the light harvesting complexes, 

particularly LH2 for example. However it should be noted that RSP6124 has never 

been identified in any AFM studies of Rba. sphaeroides membranes, so the procedures 

used to prepare these membrane patches appear to remove RSP6124. 

In work carried out by Dr Jaimey Tucker, RSP6124 has been shown to be present 

within the Upper Pigmented Band (UPB) precursor fraction of purified membranes 

from Rba. sphaeroides 2.4.1. The UPB is the biosynthetic precursor of the mature ICM 

(N iederman et al.. 1979). The presence of RSP6124 was determined by electrospray 

mass spectroscopy, but it was absent from the ICM fraction of the same sample (data 

not shown). This result adds support to the hypothesis that RSP6124 is involved in 

either assembly of the LH2 complex, or that it directs its arrangement within the 

developing photosynthetic membrane. 

Unfortunately the discovery of RSP6124 was made at a late stage within the lifetime of 

this project. Future work should focus on the creation of a rsp6124 null mutant, to 

probe any phenotypic effects upon LH2 complex assembly. It is also of fundamental 
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importance to remove the protein from purified samples intended for crystallisation 

studies as its presence in such high quantities could be have a deleterious effect upon 

the order of the crystal lattice being formed. Once rsp6J 24 has been isolated 

genetically, the protein can be tagged and expressed, allowing the production of 

antibodies, which can be used to track its assembly and location during membrane 

development. 

4.4.4 Crystallisation ofLH2-1BlA 

To date the highest resolution structural data obtained pertaining to LH2 from 

Rba. sphaeroides has been achieved by EM, with a 6A projection structure 

(Waltz et al., 1998). Attempts to achieve atomic resolution by 3D x-ray 

crystallography have, to date, all been unsuccessful. Atomic resolution data will 

increase understanding of carotenoid binding within the complex, which has been 

shown to be different to that of Rps. acidophila (Gall et al., 2003). It will also raise the 

possibility that site directed apoprotein and carotenoid mutants can be analysed 

structurally. The work presented in this chapter achieved resolution to -loA regularly 

with crystals screened at Daresbury-SRS. These data does not provide any structural 

information. The original hypothesis, which supposes the reduction in ~-polypeptide 

heterogeneity gained from the L12BA deletion, would increase the regularity of lattice 

contacts within the crystal, must be modified after the discovery of RSP6124. It is 

thought that contamination of the purified samples by RSP6124 is a causative factor in 

unsuccessful attempts to obtain an atomic resolution structure of Rba. sphaeroides 

LH2, since it introduces irregularity into the crystals which form. The genetic deletion 

of rsp6124 would be the quickest and most effective way of removing the 

contaminating protein from the purified LH2-IB IA sample. In addition to this, further 

crystallisation conditions should be explored, using the successful screens detailed in 

this chapter as a template. Recent work manipulating the phospholipid (PL) content 

during crystallisation of lactose permease (LacY) showed three different crystal forms, 

of increasingly better resolution, occurred as the concentration of co-purified E. coli 

PL was increased (Guan et al., 2006). Further screens should expand the addition of 
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secondary detergents, along with exploring the inclusion of lipids native to Rba. 

sphaeroides in the trial conditions. 

Alternative methodologies that have proven successful for membrane protein 

crystallisation could also be attempted. Lipidic cubic phase crystallisation of 

LH2-IBIA has begun in collaboration with Professor Martin Caffrey at the University 

of Limerick, Ireland. This work is still very early in its development and so has not 

been detailed in this chapter. This method was recently used to clarify ambiguity 

surrounding the carotenoid content of LH2 in Rps. acidophila (Cherezov et al., 2006), 

the 3D structure obtained identified regions of electron density previously assigned to 

a 'bent' carotenoid molecule and showed that they are in fact detergent molecules. 

Lipidic sponge phase crystallisation has recently been shown to provide practical 

advantages when working with membrane proteins. Wadsten et al., (2006) used the 

sponge phase to crystallise the RC from Rba. sphaeroides allowing them to build and 

refine the mobile ubiqinone, in contrast with their previous lipidic cubic phase RC 

structure. Sponge phases allow membrane protein crystallisation in a native like lipid 

environment. 



141 

Chapter 5: The creation of the Rha. sphaeroides deletion 

mutants A3 and A4, and the comparison of LH2-only 

membranes containing WT- LH2, LH2-1BIA and LH2-2BIA 

5.1 Summary 

The spectroscopic properties of the LH2 complex from Rba. sphaeroides have been 

extensively characterised. The elucidation of the genome sequence of this organism 

has provided new insight into the genetic components which are expressed to comprise 

the polypeptides that assemble to form this pigment-protein complex. The second puc 

operon encodes two polypeptides, Puc2B and Puc2A, which are transcribed and 

translated. Puc2B is assembled into LH2 complexes whilst Puc2A is found in ICM but 

not incorporated into LH2 complexes. 

This chapter details the creation of two new deletion strains of Rba. sphaeroides 2.4.1. 

which lack the ability to assemble any LH2, LHI or RC. The expression of puc genes 

in trans is carried out, and the assembly levels of the LH2 complex in the deletion 

strains lacking both puc operons is shown to be markedly lower than in a deletion 

strain which carries puc2BA on its genome. 

The spectroscopic characteristics of LH2 complexes comprising exclusively Puc 1 B, 

Puc2B or a mixture of both are analysed whilst bound within the membrane. Puc2B is 

shown to be integral to B800 BChl binding within the LH2 complex of Rba. 

sphaeroides 2.4.1. A hypothesis for the cause of the reduction of B800 BChl binding 

in the absence of Puc2B is proposed. 
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5.2 Introduction 

The elucidation of the Rba. sphaeroides genome sequence (www.rhodobacter.org) has 

added to an already extensive understanding of the genetic properties of this organism. 

Of the mutants created those seen to halt the expression of light harvesting complexes 

are of most interest to this study. The creation of the Rba. sphaeroides strain DD 13 

(Jones et a!., 1992) saw the deletion of puel BA by the insertion of a streptomycin 

resistance cassette (Smr), coupled with the insertion of a kanamycin resistance cassette 

(Kmr) knocking out the pujBALMX genes. The loss of all LH2 assembly, as displayed 

by absorbance spectroscopy, was consistent with the removal of all the genes encoding 

the LH2 apoproteins. However, Zeng et a/., (2003) discovered a second puc operon, 

puc2BA, which is now thought to contribute significantly to the levels of LH2 

assembly. 

The discovery of this gene pair has had significant implications on previous 

mutagenesis studies, which have focused on the manipulation of l3-polypeptide 

residues in the Rba. sphaeroides LH2 complex. The role which this second gene pair 

plays in the genetic regulation of LH2 expression, as well as the function of the 

individually encoded polypeptides within the complex, has been explored by Samuel 

Kaplan's laboratory (Zeng et a/, 2003). Zeng et a/., (2003) produced a series of in­

frame deletion mutants, which included the removal of puc2B, puc2A and puc2BA. The 

amount of LH2 complex assembly in the resulting mutants in comparison with wild 

type revealed a 30% decrease in the absence of puc2B, whereas the absence of puc2A 

caused no obvious decline in LH2 abundance. The removal of both puc2 genes 

resulted in LH2 levels similar to those observed upon removal of puc2B alone, with 

the levels of B875 and hence LHI assembly apparently unaffected by the deletions 

made. 

These results indicate that the Puc2B polypeptide is exposed to the same assembly 

pathway as the 13- and a-polypeptides encoded by puel BA. The addition of extra 

copies of puel BA in trans in the puc2BA deletion background failed to restore wild 

type levels of LH2 assembly, indicating that levels of LH2 encoded by puel BAe are 
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independent of transcript levels within the cell and that heterogeneity of puc 

expression is important in some way. The Puc2A polypeptide is translated and 

incorporated into the membrane, however it is not present in the LH2 complex itself, 

leaving ambiguity surrounding the role it plays. 

This recent work has implications for results obtained from mutagenesis of pucl B 

using existing LH2 deletion backgrounds, since there are two ~-polypeptides to 

consider rather than the presumed one. This chapter details the creation of two new 

deletion backgrounds, which are completely lacking in LH2, LHI and RC encoding 

genes. The levels of LH2 assembly within these mutants upon complementation 

in trans with puc genes are evaluated and compared to those seen in 0013. The 

contribution of the second ~-polypeptide is examined in LH2-only membranes, 

comparing the spectroscopic properties of LH2 complexes comprising exclusively 

PuclB, Puc2B or a mixture of the two polypeptides. 

5.3 Results 

5.3.1 Creation of the Rba. sphaeroides deletion strains 1\3 and 1\4 

The creation of the deletion strains ~3 and ~4 is detailed in this section. The suicide 

vector pSUP202-8BALM was gratefully received from Dr Emma Radcliffe 

(University of Sheffield). The kanamycin antibiotic resistance cassette carried by this 

plasmid, derived from the transposon Tn5, is flanked by two regions of DNA 

homologous to regions -1.6 kb upstream of pujB and -3 kb downstream of pujM. A 

representation of this plasmid can be seen in Figure 5.1A. A double homologous 

recombination event occurring between these regions and those located on the genome 
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Figure 5.1 The creation of deletion mutants fl3 and fl4 

A The pSUP202-LlBALM vector is shown . The double homologous event knocking out the 
pufBALM genes is depicted . Homologous regions are depicted in green . 
S The whole cell absorbance spectra of Rba. sphaeroides ..11 BA-2BA and 
Rba. sphaeroides ..11 BAC-2BA were recorded at room temperature . The loss of all light 
harvesting complex expression is seen in the resulting mutant background Ll3 and Ll4. Spectra 
have been stacked and corrected for light scattering for clarity. 
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of a strain of Rba. sphaeroides would result in the abolition of the genes pujBALM and 

its replacement with the KanT cassette. In this chapter the strains of Rba. sphaeroides 

into which the antibiotic resistance cassette was incorporated are Rba. sphaeroides 

L11BA-L12BA and Rba. sphaeroides L11BAC-L12BA (Appendix I). These strains were 

gratefully received from Professor Samuel Kaplan (University of Texas, USA). The 

conjugative transfer and homologous recombination of pSUP202-~BALM into 

Rba. sphaeroides L11BA-L12BA and Rba. sphaeroides L11BAC-L12BA created the strains 

~3 and ~4 respectively (Figure 5.1). 

5.3.1.2 Conjugative transfer of the suicide plasmid pSUP202~BALM 

The conjugative transfer of pSUP202-~BALM into the strains 

Rba. sphaeroides L11BA-L12BA and Rba. sphaeroides L11BAC-L12BA was carried out 

using the method described in section 2.11 (Figure 5.1). Selection for recombinant 

colonies was carried out on M22+ medium agar plates containing neomycin (0.02 mg 

mr)). The recombinant colonies were isolated and their whole cell spectra were 

recorded using the Guided Wave Model 260 spectrophotometer. Those colonies 

displaying the abolition of an absorbance peak at 875 nm were replica plated onto 

identical grids on M22+ medium agar plates containing either neomycin 

(0.02 mg mr\ or both neomycin (0.02 mg mr)) and carbenicillin (0.02 mg mr)). This 

double selection method discriminates between colonies which have undergone single 

and double recombination events, as a single homologous recombination event would 

incorporate the entire length of the plasmid DNA into the genome of the host, 

including the carbenicillin resistance gene found on pSUP202-~BALM. Double 

recombination events give neomycin resistant colonies but not carbenicillin resistance. 

Colonies that grew on M22+ media supplemented with neomycin and carbenicillin 

were assumed to have undergone single homologous recombination events and were 

discarded. One of the neomycin resistant colonies derived from Rba. sphaeroides 

L11 BA-L12BA was isolated and named ~3. One of the colonies that grew on neomycin 

only which was originally derived from Rba. sphaeroides L11 BAC-L12BA was isolated 

and named A4. Absorbance spectra showing the abolition of light harvesting complex 

assembly in these deletion strains is shown in Figure 5.1 B. A comparison of the 
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genetic backgrounds of the three deletion mutants presented in this chapter is shown in 

Figure 5.2 

5.3.2 Analysis of LH2 assembly within Rba. sphaeroides A3 and A4 

Conjugative transfer of the plasmid pRKCBCl (Appendix I), which encodes 

puc1BAC, into the strains DD13, ~3 and ~4 was carried out as described in section 

2.11. Whole cell absorbance spectra were recorded of the resulting tetracycline 

resistant colonies using a Guided Wave Model 260 spectrophotometer; the assembly of 

LH2 within these strains, as well as the acquired antibiotic resistance, confirmed 

successful complementation with the puclBAC genes. 

A comparison of the levels of LH2 assembly within the resulting transconjugate strains 

was carried out. Cultures of ~3-pRKCBC1, ~4-pRKCBCl and DD13-pRKCBC1 were 

grown to late log phase semi-aerobically in the dark as described in section 2.10.1. The 

whole cell absorbance spectra of these cultures were recorded at a normalised cell 

density of 2.0 at 650 nm. The resulting spectra are shown in Figure 5.3. The levels of 

LH2 assembly in ~3(pRKCBC 1) and ~4(pRKCBC 1) were -53 % and -69 % lower 

respectively when compared to that ofDD13(pRKCBCI). 

5.3.3 A comparison of LH2-only membranes comprising WT-LH2, LH2-1BIA 

and LH2-2BIA. 

The availability of these new deletion strains provides the opportunity to compare the 

complexes WT-LH2, LH2-IBIA and LH2-2BIA in the membrane environment. 

WT-LH2 complexes have a ~-polypeptide complement comprised of both PuclB and 

Puc2B. The LH2-IBIA complex is comprised of a ~-polypeptide ring containing 

exclusively Puc lB. The LH2-2B 1 A complex was created by mutation of the puc 1 BA 

gene pair to encode puc2BIA (see Chapter 3), and thus possesses a l3-polypeptide ring 

containing only Puc2B. This section details the absorbance and fluorescence spectral 

properties of these complexes in isolated ICM. This type of analysis avoids any 

potential problems associated with differential effects of detergent on the structure or 
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Strain Genome Plasmid 
puc ppf puc pUf 

Wild-Type 18 lA C 28 2A 8 A L M X -- -- - -- -- - - - - -

0013 -- -- C 28 2A - - - - - -- -- - -- -- - - - - -

~3 -- -- c -- -- - - - - x -- -- - -- -- - - - - -

~4 -- -- - -- -- - - - - x -- -- - -- -- - - - - -

0013(pRKCBC1 ) -- -- C 28 2A - - - - - 18 lA C -- -- - - - - -

~3 (pRKCBC 1) -- -- C -- -- - - - - X 18 lA C -- -- - - - - -

~4 (pRKCBC1) -- -- - -- -- - - - - X 18 lA C -- -- - - - - -

0013(pRKCBC- -- -- C 28 2A - - - - - -- lA C 28 -- - - - - -

2B1A) 

puc2BA puc1BAC pufQBALMX 

/I 
II 

/1 . 
// • Wild Type 

I~ Strepr ~ 7 Kan r ~ 0013 

* * /I 
/I * * ~ I Kan r ~ ~3 

* * II 
II * * * 1-8-1 7 Kan 1 ~ ~4 

* = In-frame deletion 

Figure 5.2 Rba. sphaeroides deletion backgrounds 

A comparison of the three deletion backgrounds and their transconjugant derivatives used in 
this chapter is presented. 0013 was first described by Jones et al., (1992). The creation of ~3 
and t.4 are detailed in th is chapter. 
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Figure 5.3 LH2 complex assembly in 0013, ~3 and ~4 
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DD13(pRKCBC1 ) 

~3(RKCBC1) 

~4(pRKCBC1 ) 

950 

The expression of puc1 BAC genes in the three deletion strains is compared. Whole cell 

spectra were recorded in late log phase at a cell culture absorbance of 2.0 at 650 nm. Spectra 

have been corrected for light scattering and are stacked for clarity. LH2 complexes assembled 

in both b.3 and b.4 are LH2-1B1A, LH2 complexes assembled in DD13 are WT-LH2. 
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aggregation states of the complexes. These ICM were isolated from the strains 

DD13(pRKCBCl), ~3(pRKCBC1) and DD13(pRKCBC-2BIA) respectively, using 

the method described in section 2.12.1. The strain DDI3(pRKCBC-2B lA) was created 

using the conjugative transfer methods detailed in sections 2.11 and 5.3.1.2. The puc 

genetic complement of all three strains is detailed in Figure 5.2. In this chapter, the 

membranes isolated from these strains will be referred to according to their LH2 

complex p-polypeptide content for clarity. Thus WT- LH2, LH2-1BIA and 

LH2-2BIA have been analysed. 

A companson of LH2-1BIA and LH2-2BIA yields information on the relative 

function ofPuclB versus Puc2B. A comparison ofWT-LH2 with either LH2-1BIA or 

LH2-2B 1 A provides an insight into the role of heterogeneity within the ring. 

5.3.3.1 Low temperature (77 K) absorbance properties of WT-LH2, LH2-1BIA 

and LH2-2BIA. 

The absorbance spectra of the membrane samples were recorded at 77 K as described 

in section 2.13.1. The WT-LH2 B800 and B850 absorbance maxima are compared in 

Figure 5.4. WT -LH2 membranes display absorbance peaks at 799 and 854 nm (Figure 

5 AA). The position of the B800 maximum of LH2-1 B 1 A is identical to that of WT­

LH2, however a 2 nm red shift is observed in the B850 peak, occurring at 856 nm 

(Figure 5.4B). The position of the peak maxima ofLH2-2BIA are identical to those of 

the wild type complex (Figure 5.4C). 

The B800:B850 peak height ratios of the three membrane samples were calculated and 

are compared in Figure 5.4. WT-LH2 membranes display a ratio of 0.94. A marked 

reduction is seen in LH2-1BIA membranes, which have a ratio of 0.51. The ratio of 

0.88 displayed by LH2-2BIA membranes is similar to that seen in WT-LH2. 

The absorbance spectra of all three membrane samples were recorded between 300 and 

920 nm and are displayed in Figure 5.5. These spectra show that the 
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Figure 5.4 Absorbance spectra at low temperature (77 K) 
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Spectra of the membranes purified from the three different strains are shown. Spectra have 
been normalised to an absorbance va lue of one and corrected for light scattering for clarity. 
A. WT-LH2 
B. LH2-1B1A 
C. LH2-2B1A 
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Figure 5.5 Absorbance spectra in the carotenoid and near IR regions at 
77 K 

Spectra of the extracted membranes from the three different strains are shown . Spectra have 
been normalised to an absorbance value of 1.0 at 850 nm and are corrected for light scattering 
for clarity. 
A. WT-LH2 
B. LH2-1 B1A 
C. LH2-2B1A 



152 

WT-LH2 and LH2-2BIA complex closely resemble each other, but that LH2-IBIA is 

distinguished by the lower B800:B850 absorbance ratio, as noted above, as well as the 

differing carotenoid absorbance maxima. The position of the Qx maxima of WT-LH2 

and LH2-2B I A are identical. A red shift of 4 nm is seen in the Qx peak of LH2-1 B I A 

compared to WT-LH2, occurring at 591 nm. The peak maxima of all three carotenoid 

regions are labelled in Figure(s) 5.5A, Band C. The most significant differences occur 

in LH2-1 B 1 A membranes when compared to WT -LH2, with an extra peak being seen 

at 412 nm. A double peak is also observed centred at 553 nm which is not seen in 

WT-LH2. 

5.3.3.2 Low temperature (77 K) fluorescence excitation properties of 

WT-LH2, LH2-1BIA and LH2-2BIA. 

Fluorescence excitation spectra of each of the three purified membrane samples were 

recorded at 77 K as described in section 2.13.3. The acquired spectra displayed in 

Figure 5.6 are the average resulting from 4 separate scans. The peak maxima of the 

BChl(s) occur at 590, 801 and 860 nm in the WT-LH2 LH2 complex. The Qx 

maximum displayed by LH2-I B 1 A membranes is red shifted by 2 nm compared to the 

WT-LH2, while the B800 and B850 maxima are identical. All the BChl peak maxima 

seen in LH2-2BIA are red shifted, occurring at 591, 803 and 861 nm. Excitation 

spectra of the carotenoid region of all three membrane samples were poorly resolved 

and so are not displayed. 

5.3.3.3 Fluorescence emission properties 

The fluorescence emission properties of each of the three samples were recorded at 77 

K as described in section 2.13.3. Each spectrum shown in Figure 5.7 are the averages 

resulting from three separate scans. The peak maxima and fwhm for each sample have 

been labelled. All three membrane samples were excited at 520, 590 and 800 nm. 

The peak maxima of WT -LH2 membranes when excited at 520, 590 and 800 nm 

occurred at 887, 890 and 890 nm respectively. The fwhm values for the three 
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Figure 5.6 Fluorescence excitation at low temperature (77 K) 
Excitation spectra of the membrane fraction purified from the three strains are shown. 
Fluorescence emission was measured at 900 nm. Excitation slit widths of 2.5 mm, and 
emission slit widths of 5 mm were used. All spectra have been normalised to a value of 1 A U 
at the B850 maxima for clarity. 
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Figure 5.7 Fluorescence emission spectra at low temperature (77 K) 
The fluorescence emission spectra of membranes purified from the three strains are shown. 
Spectra were recorded with excitation slit widths of 5 mm, and emission slit widths of 2.5 mm. 
The spectra have been normalised to a value of 1 AU at peak maxima and stacked for clarity . 
Peak maxima have been labelled . 
A. WT-LH2 
B. LH2-1B1A 
C. LH2-2B1A 
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spectra were 36, 37 and 36 nm respectively. The 3 nm red shift in emission maximum 

observed in the WT -LH2 upon excitation at 590 and 800 nm when compared with 520 

nm excitation is not seen in either LH2-1BIA or LH2-2BIA. In samples comprised of 

homogenous l3-polypeptide rings (either LH2-1 B 1 A or LH2-2B 1 A), all three peak 

maxima lie within 1 nm of each other, occurring at either 886 or 887 nm. The fwhm of 

all three peaks displayed by LH2-IBIA is 37 nm and the fwhm ofLH2-2BIA are 40, 

37 and 37 nm upon excitation at 520, 590 and 800 nm respectively. The large 

difference in fwhm upon carotenoid excitation is only seen in this mutant, and is an 

increase of 4 nm when compared to WT-LH2. 

5.4 Discussion. 

5.4.1 Context 

The creation of a new deletion background lacking the second puc operon in which 

LH2 mutagenesis studies can be carried out is important. The previous mutagenesis 

studies using DO 13 (Jones et ai, 1992; Fowler et al., 1997) must now be viewed with 

the caveat that not all the l3-polypeptides contained the desired mutation. The fact that 

the sometimes large spectroscopic effects of the mutations were observed in these 

studies may indicate that a system in which all l3-polypeptides undergo change could 

demonstrate further, more dramatic shifts in the spectral properties of its bound 

BChl(s). 

The spectroscopic characteristics of the different solubilised and purified LH2 

complexes previously described in this thesis (Chapter 3) were collected from 

monodisperse single particles. In contrast this chapter details the spectroscopic 

properties of the complexes in their natural membrane environment, which includes a 

highly aggregated state. It is important to understand their behaviour in this 

environment since any roles of the different l3-polypeptides within the membrane 

system may become apparent. Unfortunately the systems used in this chapter cannot be 

analysed after photosynthetic growth because the puf operon has been removed. 



156 

However, a direct comparison can be made between the spectroscopic properties of 

membrane bound (this chapter) and detergent solubilised complexes (Chapter 3) as 

long as the carotenoid background and aggregation state are borne in mind. 

In addition, the AFM results in section 3.3.3 of this thesis have already shown that 

LH2 comprised of a homogenous ~-polypeptide complement (LH2-1B1A) displays 

long range arrangements in the membrane which have not been seen previously in 

WT-LH2. The study of the effects the different ~-polypeptides have upon purely LH2 

arrangement within the membrane can be studied most effectively in an LH2-only 

system, free of any effects from the RC-LHI-PufX core complexes. 

5.4.2 Analysis of LH2 assembly in A3 and A4 

There is a much larger loss ofLH2 assembly when only pucJBIA genes are expressed 

in trans in il3 and il4 when compared with a genetic background which also contains 

LHI-RC-PufX complexes. In such a background, a loss of 30 % of assembled LH2 

was recorded upon removal of the second puc operon (Zeng et a/., 2003). Losses of 

LH2 increase to 53 % (il3 background) and 69 % (il4 background) when the puf 

operon is removed. Regulatory effects conferred by the puJ operon or its encoded 

complexes, cannot be discounted as being responsible for this further reduction in LH2 

assembly. It is likely the 16 % reduction seen in il4 compared to il3 is due to the 

absence of puce on the host genome. Although this assembly factor gene is present on 

all the plasmids which are used in these complementation studies, it is apparent the 

extra copy carried on the genome il3 increases the levels of LH2 complex when 

compared with il4. 

The low level of LH2 complex expression in these mutants hinders their usefulness 

when considering them as vehicles for large-scale LH2 overexpression. This problem 

was first identified when undertaking the crystal trials detailed in Chapter 4 of this 

thesis. This work required large amounts of highly pure LH2, which is not practicably 

feasible using il3 or il4 as hosts for complex expression. However, these mutants do 

provide a suitable null background for LH2-only studies where the spectroscopic 

properties of the complexes in the membrane environment are to be analysed. 
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5.4.3 The spectroscopic properties ofWT-LH2, LH2-1BIA and LH2-2BIA 

5.4.3.1 Absorbance properties 

A 2 nm red shift in the B850 peak position observed in LH2-1 B 1 A is coupled with a 

significant reduction in 800:850 peak height ratio compared to WT-LH2. The second 

of these observations represents an important phenotypic difference. The reduction in 

B800 binding can be tallied with a similar but smaller reduction in the B800:B850 

peak height ratio exhibited by purified LH2 complexes comprised solely of Puc 1 B 1 A 

(Chapter 3 of this thesis). The relative B800:B850 peak height ratios of the purified 

complexes from Chapter 3 and their respective membrane fragments purified in this 

chapter are compared in Figure 5.8. The reductions observed indicate a significant 

lessening in the ability of an LH2 ring assembled with only the Puc 1 B ~-polypeptide to 

bind B800 BChl. The reduction in B800 absorbance observed both in membrane 

bound and purified complexes when Puc2B is absent means it is likely this polypeptide 

is responsible for the stabilisation of the B800 binding site. A comparison of the 

relative areas underneath the B850 and B800 absorbance peaks confirms that the 

reduction in peak height ratio for LH2-1BIA complexes (Figure 5.8) is due to a 

significant loss in the amount of bound B800 BChl and not simply the broadening of 

the B800 absorbance peak possibly caused by changes in the B800 binding 

environment. 

An analysis of the carotenoid absorbance bands shows that two classes of complex 

exist. Firstly, WT-LH2 and LH2-2BIA show identical patterns of absorbance. The 

second class contains only LH2-1 B 1 A, which exhibits a wide variation in carotenoid 

absorbance peaks when compared to WT-LH2. This observation, in conjunction with 

the reduced B800:B850 peak height ratio in this mutant allows the conclusion that it is 

specific interactions brought by residues in the N-terminal region of the ~-polypeptide, 

and not the heterogenous nature of the ~-polypeptide ring, which are important in 
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Figure 5.8 8800:8850 absorbance comparison at 77 K 
Absorbance spectra of the purified membranes are shown. Spectra have been normalised to 
an Aaso of 1.0 and corrected for light scattering for clarity. The area of each BChl peak has 
been calculated. For comparison all B850 areas have been normalised to 1.0 with respect to 
the wild-type for comparison. Inset in each panel is the 77 K absorbance spectra of the purified 
complex (Chapter 3) containing an identical ~-polypeptide composition to their respective 
membranes. All purified complex spectra have been normalised to an Asso of 1.0 
A. WT-LH2(1B2B1A) 
B. LH2-1B1A 
C. LH2-2B1A 
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determining the stability and spectroscopic properties of the B800 BChl(s) bound 

within the LH2 complex in Rba. sphaeroides. 

5.4.3.2 Fluorescence excitation properties 

A comparison of the B800 and B850 peak positions of LH2-1BIA and LH2-2BIA 

with WT-LH2 uncovers red shifted pigments in LH2-2BIA membranes. LH2-2BIA 

membranes exhibited peaks which occur at 803 and 861 nm, whilst Qy maxima in 

WT-LH2 and LH2-1B1A occurred at 801 and 860 nm. These shifts are indicative ofa 

small variation in the B800 BChl(s) of LH2-2BIA, with some red-shifted molecules 

being involved in preferentially transferring energy to the B850 BChl(s). However, 

these peak shifts, although more pronounced upon energy transfer from B800 BChls, 

are small in nature. The presence of an exclusively Puc2B N-terminal region of the 

~-polypeptide apparently causes the observed red shifts, and thus is likely to slightly 

alter the binding of B850 BChl within the complex due to minor long range changes in 

its structure. 

Of more significance than the observed Qy peak shifts, in LH2-2BIA membranes, is the 

decrease in fluorescence energy transfer seen upon excitation of the B800 BChl(s) in 

LH2-IBIA membranes. The excitation spectra presented in Figure 5.6 were 

normalised at their B850 excitation maxima for comparison. This was necessary due to 

the poor resolution obtained in the carotenoid and Qx excitation regions. Consequently 

a quantitative analysis comparing all three membrane samples for their energy transfer 

properties is not possible. However a qualitative assessment can conclude that the 

consequence of the previously observed reduction in B800 absorbance in LH2-1 B I A 

membranes corresponds with a reduction in energy transfer from B800 to B850. this 

is further evidence that it is the Puc2B polypeptide which is responsible for the 

stabilisation of the B800 binding site within the WT-LH2 complex. 

The results presented in this chapter cannot conclusively explain the decrease in B800 

binding observed in membrane bound LH2-1 B 1 A complexes, when compared to the 

smaller losses in the respective purified complexes. A comparison of these losses is 
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made in Figure 5.8. It is possible the purification process used to isolate the 

complexes analysed in Chapter 3 preferentially selects for LH2 complexes of higher 

structural integrity. Thus the observed reduction in B800 absorbance is not as 

pronounced, but may not represent the true reduction in B800 binding. 

5.4.3.3 Fluorescence emission properties 

Upon excitation at 590 and 800nm the fluorescence emission maxima of LH2-1 B 1 A 

and LH2-2B lA are blue shifted by 3 and 4 nm respectively. This suggests that a 

homogenous ~-polypeptide ring modifies the B850 BChl(s) in membrane bound LH2 

complexes so that they fluoresce at shorter wavelengths. This shift in fluorescence 

does not occur upon excitation at 520 nm, indicating that energy transfer from the 

carotenoids to the B850 ring is not influenced by the specific ~-polypeptide present 

(even though their absorbance properties are altered). 

A blue shift in B850 emission is not seen in purified LH2 complexes (Chapter 3 of this 

thesis). Also, the membrane bound WT-LH2 complexes do not exhibit the marked 

increase in fwhm upon B800 excitation that is seen in purified WT-LH2 complexes. It 

is possible that the structural constraints imposed by the lipid bilayer, as well as 

intercomplex interactions within the membrane, remove the variability in the number 

of distinct environments which the B850 BChl(s) can occupy. However, the carotenoid 

content of the purified complexes (mostly spheroidene) is not the same as those in the 

membrane bound complexes (mostly spheroidenone) analysed in this section, so a 

direct comparison is not completely legitimate. 

Future work should focus upon repeating the spectroscopic analyses put forward in 

this thesis, in a consistent carotenoid background. This would facilitate not only a 

clearer understanding of any role the ~-polypeptide has in carotenoid binding, but 

would also allow for the direct comparison of spectroscopic data obtained for the 

bound BChl(s) within the solubilised monomeric and membrane bound complexes. 
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5.4.3.4 The role of the (3-polypeptide in the LH2 complex 

The differences which occur between PuclB and Puc2B are all in the N-terminal 

region. An amino acid sequence alignment comparing the (3-polypeptide seen in the 

Rps. acidophila LH2 3D structure (McDermott et al., 1995) with PucIB and Puc2B 

from Rba. sphaeroides is shown in Figure 5.9D. It is clear from this comparison that 

the major difference between the two species' polypeptides is their length at the 

N-terminus, with those belonging to Rba. sphaeroides being 10 amino acid residues 

longer in this region. A representation of the 3D structure ofLH2 from Rps. acidophila 

is shown in Figures 5.9A and B. The location of the variable residue (3X-25 from 

Rba. sphaeroides has been highlighted in red, whilst the four amino acids which 

precede it at the N-terminus are highlighted in blue. (3X-25 was the only position of the 

three variable residues seen in Rba. sphaeroides PucB polypeptides which is present in 

Rps. acidophila. The other two, (3)(.34 and (3X-35, are found in the extended N-terminal 

region possessed by Puc I Band Puc2B so their locations could not be mapped on the 

Rps. acidophila LH2 structure. 

The position of the (3Ala_25 residue is of interest, since it lies at the N-terminal end of 

the transmembrane helix. If this remains true in Rba. sphaeroides LH2, it may provide 

an explanation for the variability of B800 binding observed upon alteration of the 

amounts of Puc 1 Band Puc2B within the complex. (3X-25 is in close proximity to 

aLys-32, which is highlighted in purple at the N-terminal region of the a-polypeptide in 

Figure 5.9C. aLys-32, which is also present in Rba. sphaeroides, lies close to the 

position at which the a-polypeptide re-enters the membrane and thus facilitates the 

H-bonding of the B800 Mg2
+ by COO-aMet36 (Papiz et al., 2003). Variability in the 

size of the residue located at (3X-25 may confer different steric effects upon the 

membrane re-entry of the a-polypeptide at aLys-32, hence affecting the binding site of 

the B800 BChl(s). It is possible that a (3-polypeptide ring composed solely of PuclB 

places unfavourable constraints upon the a-polypeptide when it re-enters the 

membrane, which is reflected in the significant loss of B800 BChl binding. 
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Alternatively, an explanation for the variability in B800 binding in these mutants may 

be found by considering the length of the ~-polypeptide N-terminal region. Puc 1 Band 

Puc2B of Rba. sphaeroides possess a significantly larger N-terminal region than that 

found in the ~-polypeptide of Rps. acidophUa LH2. If the structure is considered as a 

whole, this means an extra 90 amino acid residues need to be accommodated within 

the LH2 ring in this region. The accommodation of a large number of residues at the 

N-terminus of Rba. sphaeroides LH2 may confer long range constraints upon the 

a- and ~-polypeptides. Even small changes at the N-terminal region may have 

significant effects upon the binding of the B800 BChl(s) within the complex. 

It is also possible that interactions between Puc 1 Band Puc2B at the N-terminus confer 

specific structural characteristics in this region which stabilise the complex. It is 

potentially the loss of these stabilising interactions which is reflected by the marked 

reduction in B800 binding in the absence ofPuc2B. Coincidently, ~LyS-34 from Puc2B 

carries a positive charge which is not found in its counterpart in Puc 1 B (~Asn_34), 

adding weight to the previous supposition, since Puc2B could potentially form 

electrostatic interactions with neighbouring ~- and a-polypeptides which Puc1B could 

not. However, it is important to mention that the nature of ~-polypeptide heterogeneity 

within the LH2 population in WT -LH2 is not properly understood. It is possible that 

Puc 1 Band Puc2B are incorporated within the same LH2 ring. Alternatively there may 

be two populations of LH2 in wild type organisms, comprising a homogenous 

~-polypeptide ring containing either Puc 1 B or Puc2B. 

The long N-terminal extension present in the Rba. sphaeroides ~-polypeptides but 

absent from Rps. acidophUa ~-polypeptides may be explained by the carotenoids 

which they bind. Rps. acidophUa LH2 binds exclusively rhodopin-glucoside, which 

possess a large glucoside head group located next to the N-terminus of the 

~-polypeptide, as shown in Figure 5.10 (McDermott et al., 1995). However, 

Rba. sphaeroides binds carotenoids from the spheroidene or neurosporene family. 

These do not carry large head groups such as glucoside, and in fact there is evidence 
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Four views of rhodopin-glucoside bound within LH2 from Rps. acidophila are presented in 
panels A-D. In all cases the first four residues at the N-terminus of the ~-polypeptide are 
highlighted in blue, the ~Ala.25 residue is shown in red . Rhodopin-glucoside is coloured purple. 
Panel 0 depicts the possible orientation of the long N-teminus of the ~-polypeptide in 
Rba. sphaeroides, which is represented by the dashed blue line. The conserved 13Pro.26 has 
been highlighted by a red circle. 

Panel E presents a sequence alignment of the ~-polypeptides from Rps. acidophila, 
Rba. sphaeroides 2.4 .1. Rps. palustris and Rba. capsulatus. All sequences have been aligned 
to the conserved Hiso residue for clarity. The N-termini belonging to polypeptides which extend 
beyond that seen in Rps. acidophila are denoted by blue text. A conserved proline residue 
which immedIately precedes the start of the Rps. acidophila ~-polypeptide is highlighted. 
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that carotenoids are inserted in the Rba. sphaeroides LH2 complex in the opposite 

orientation to that seen in Rps. acidophila, with the head group being located proximal 

to the B850 binding site (Gall et al., 2003). 

It is possible that during the evolution of the Rps. acidophUa LH2 complex a portion of 

the p-polypeptide N-tenninus was removed. This removal may have allowed the 

binding of a carotenoid with a large head group at membrane interface, such as 

rhodopin-glucoside, consequently fonning a more stable complex. An analysis of the 

N-tenninal amino acid sequence of p-polypeptides from other organisms which 

assemble LH2 (Figure 5.lOE) uncovers two significant facts. Firstly, all species 

analysed in Figure 5.10 posses a p-polypeptide with an N-tenninus at least six amino 

acids longer than that of Rps. acidophila, and none of them synthesise 

rhodopin-glucoside. Secondly, a conserved proline residue can be seen, occurring in 

the PX26 position. It is possible that a tum in the coil at the N-tenninus caused by this 

residue means that the binding site where the glucoside head group is located in 

Rps. acidophila is occupied by the large N-terminus of the p-polypeptide in these 

organisms (Figure 5. WE). Despite the lack of a comparable head group, it is possible 

that the Puc 1 B or Puc2B polypeptide interacts differently with the native carotenoid, 

producing the effects seen on both the carotenoid absorbance maxima (Figure 5.5) as 

well as the intensity of the B800 absorbance (Figure 5.8) 
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Chapter 6: Micron patterning of functional light harvesting 

2 complexes by specific covalent attachment to N­

hydroxysuccimide ester self-assembled monolayers. 

6.1 Summary 

The field of bio-nanotechnology is rapidly expanding. The ability to sequence whole 

genomes has brought with it the necessity to further understand their accompanying 

proteomes. The patterning of proteins at the micron and nano-scale could allow for the 

development of protein arrays similar to the DNA micro-arrays currently available. 

The attachment of light harvesting complexes to surfaces is also a field of growing 

interest. There exists a marked difference in energy conversion efficiency between 

biological light harvesting systems and conventional man-made photovoltaic cells. The 

incorporation of highly efficient light harvesting complexes from nature to these 

photovoltaic cells may help bridge the existing gap. 

The use of Self Assembled Monolayers (SAMs) to provide surfaces possessing 

specific surface chemistries has been extensively studied in recent years. The 

modification of these SAMs using UV illumination is known as photolithography. This 

technique provides the opportunity to pattern SAMs, imparting specific features at the 

surface on the micron scale. 

This chapter details the specific attachment of purified LH2 complexes from 

Rba. sphaeroides to micron patterned SAMs. Surface plasmon resonance studies have 

been used to select SAMs possessing tail groups with specific chemical properties. 

Two surfaces that have contrasting attractive and repulsive responses to membrane 

protein adsorption have been identified. The functionality of the purified LH2 

complexes is shown by confocal mICroscopy to be maintained whilst they are 

covalently attached to the surface. 
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6.2 Introduction 

The ability to pattern proteins on the micron and nano scales is of vast importance in 

producing biologically integrated devices for high throughput experiments in the field 

of proteomics. Several techniques are available for creating two dimensional arrays of 

proteins on surfaces (reviewed by Blawas and Reichert., 1998), including the use of 

photolithography and self assembled mono layers (SAMs). The field of protein 

patterning was originally conceived as a critical technology for the integration of 

biological molecules into miniature bio-electrical devices (Haddon and Lamola., 

1985). The recent elucidation of the human genome sequence has increased in 

importance the ability to selectively immobilise proteins on the nanoscale, whilst 

retaining their function. 

Light harvesting complexes are an ideal candidate as a test protein for developing this 

technology. They are a membrane proteins, which is also true of many of the proteins 

of interest to which a patterning technology could be applied. For instance drug targets 

are often cell receptor proteins which bind extrinsically or intrinsically to the 

membranes in mammalian cells. In addition, a protocol is in existence for the 

isoloation of LH2 to a high degree of purity (Chapter 4 of this thesis), which is 

important, since the patterning of specific proteins is dependent upon sample 

homogeneity. LH2 also possess its own chromophore system, which allows the 

functionality of the protein to be probed easily. This can be done whilst it is covalently 

attached to the patterned surface by using fluorescence based microscopy. Assessing 

the fitness of the protein is important, since it is necessary to show that the patterning 

techniques do not dramatically change or reduce its function. 

The attachment of light harvesting complexes themselves to surfaces is a field of 

growing interest. There exists a marked difference in energy conversion between 

biological light harvesting systems and conventional man-made photovoltaic cells (-60 

% versus 10-20 %) (FroIo et al., 2005) This dichotomy has led to the evolution of a 

growing body of work, probing the usefulness and practicalities of increasing the 
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efficiency of existing photovoltaic cells by incorporating light harvesting molecules 

within them (Ogawa et al., 2002; Trammel et al., 2004; Lebedev et al., 2006). 

Self-Assembled Monolayers are ideal templates for the patterning of protein molecules 

(Ostuni et al., 2003; Deckert et al., 2004; Senaratne et al., 2005). Their creation is 

simple and they remain stable at varying temperatures (up to -70°C). The well 

ordered surface of the SAM can be manipulated by changing the exposed tail group, 

allowing interactions with the bio-molecule to be modified to the user's specifications. 

The binding of linker molecules to the tail groups can also confer specificity, allowing 

attachment of the bio-molecule either electrostatically or covalently. The 

photopatterning of SAMs relies on the fact that many types of SAM undergo chemical 

changes when exposed to UV radiation, thus making them ideal candidates for 

patterning by photolithography. The mechanisms by which SAMs are photo-patterned 

are explored in section 1.8.2. 

The work in this chapter involves the micron scale photo-patterning of alkanethiol 

self-assembled monolayers. The properties of the patterned SAMs were manipulated 

by changing the chemical nature of their exposed tail group. The patterning of purifed 

LH2 complexes onto these features is explored using a combination of techniques, 

including SPR, AFM and confocal microscopy. 

The results detailed in this Chapter represent a collaborative piece of work, involving 

Professor Graham Leggett (Department of Chemistry, University of Sheffield), Dr 

Cees Otto (University of Twente, Enschede, The Netherlands.) and my laboratory. The 

AFM, fabrication of SAMs and their subsequent patterning were carried out by Nick 

Reynolds and Stefan Janusz in the Department of Chemistry (University of Sheffield). 

Confocal microscopy using an AFFM was carried out at the University of Twente by 

Nick Reynolds and Maryana Escalantarum. 
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6.3 Results 

6.3.1 Purification of WT-LH2 

The LH2 used in this chapter was purified from wild-type Rba. sphaeroides 2.4.1., 

which was photosynthetically grown under low light (5 Wm-2
) illumination as 

described in section 2.10.2 The purification of the LH2 complex from this strain was 

carried out as described in section 4.3.2. An SDS-PAGE analysis of the WT-LH2 

purity throughout the purification process is shown in Figure 6.1. The spectroscopic 

properties of the purified complex were characterised using low temperature (77 K) 

absorbance and fluorescence microscopy. The absorbance maxima of the B800 and 

B850 BChl(s) occurred at 800 and 851 nm respectively, with fluorescence excitation 

maxima of 802 and 856 nm. The absorbance, fluorescence excitation and fluorescence 

emission spectra for the complex are shown in Figure 6.2. For a full analysis and 

discussion of the purified complexes spectroscopic properties see Chapter 3. 

6.3.2 The creation of SAMs 

The fabrication of the SAMs used for protein patterning was carried out as described in 

section 2.15.2. Four specific SAMs were created, each possessing different chemical 

properties at their tail groups thus allowing for the functionalisation of the exposed 

surface. The four SAMs probed were mercaptoundecanoic acid (MUA), oligo ethylene 

glycol (OEG), IH,IH,2H,2H-Perfluorooctanethiol (Pfot) and N-hydroxysuccimide 

(NHS) ester. The creation of the NHS tail group was carried out via 

N(3-Dimethylaminopropyl)-N'ethylcarbodiimide hydrochloride (EDC)INHS 
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Figure 6.1 Purification of WT -LH2 

A 12% SOS-PAGE of samples taken at each stage of a WT-LH2purification . 

Lane 1 -Invitrogen SeeBlue™ MW markers 
Lane 2 - Rba. sphaeroides 2.4.1. cell lysate 
Lane 3 - ICM pre-solubilisation 
Lane 4 - ICM post-solubilisation with 3 % LOAO 
Lane 5 - Flow through of first OEAE Sepharose column 
Lane 6 - Sample post first OEAE Sepharose column 
Lane 7 - Sample post second OEAE Sepharose column 
Lane 8 - Sample post Resource-O™ column 
Lane 9 - Sample post Superdex-200™ gel filtration column 
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Figure 6.2 Spectroscopic analysis of WT-LH2 at 77 K 
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F. Absorbance spectrum. Data have been normalised to an absorbance of 1.0 at 850nm 
G. Fluorescence excitation spectrum. Data have been normalised to 1.0 AU at Qx 

maxima Excitation slit widths of 1.25 mm and emission slit widths of 5 mm were used. 
H. Fluorescence emission spectrum with an excitation wavelength of 479nm. 
I. Fluorescence emission spectrum with an excitation wavelength of 590nm. 
J. Fluorescence emission spectrum with an excitation wavelength of 800nm 

All fluorescence emission spectra have their peak maxima and full width half maxima 
labelled. The spectra have been normalised to 1 AU at peak maxima. Excitation slit widths 
of 2.5 mm and emission slit widths of 2.5 mm were used. 
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crosslinking to a carboxcylic acid terminated SAM (MUA). This crosslinking IS 

depicted in the first reaction shown in Figure 1.17B. 

6.3.3 SPR 

Surface plasmon resonance (SPR) studies were carried out to assess the degree of 

attractive or repulsive forces which the fabricated SAMs showed towards purified LH2 

complexes. The experiments were performed on a Biacore 3000 instrument as 

described in section 2.17. Figure 6.3 shows the traces obtained for all four SAMs. The 

data shown are each an average of four individual traces for each sample. Each trace 

has four distinct phases. Firstly the purified LH2 complex (12.5 AU) was passed over 

the sensor chip at a rate of 10 ,.Ll min- t for 10 min (a). The SAM surface was then 

washed with Buffer A (20 mM Tris, 0.1 % LDAO, pH 8.0) at 10 ~l min· t for 3 min (b). 

Aggressive washing of the surface using 1 % SDS detergent at 30 ~l min- t for 30 sec 

followed (c). The chip was then exposed to Buffer A at 10 ~l min- t for 1 min (d). All 

four traces have been normalised to a starting value of 20 170.0 RU for comparison. 

When analysing this data, there are two useful comparisons to make. Firstly, how 

much LH2 complex is bound to the SAM surface after exposure to the protein, while 

undergoing washing with Buffer A (phase b) when compared to the period before the 

SAM was exposed to the protein solution. This gives an indication of the attractiveness 

or repulsiveness of the surface to the protein at the conditions which further 

experiments will be performed. Secondly, how much protein remains bound to the 

surface after washing with SDS detergent (phase d) when compared to after washing 

with Buffer A (phase b). This comparison gives an indication of the nature of the 

interaction between the LH2 complex and the SAM. If a significant amount of protein 

remains bound after SDS washing, it is a strong indication that it is covalently bound 

to the surface. 

These comparisons are made for each SAM and displayed in the table in Figure 6.3. It 

is evident that Pfot and OEG resist any protein binding to the surface. Both exhibit 

none or almost no protein binding after washing with BufferA. 
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SPR analysis of SAMs after exposure to purified 
WT -LH2 complex 

The SPR traces shown are the average of four separate exposures at identical conditions. 
Purified LH2 complex (12.5 AU) was passed over the sensor chip at a rate of 10 1-11 min-1 for 
600 sec (a) . The SAM surface was then washed with Buffer A (20 mM Tris , 0.1 % LDAO, pH 
8.0) at 1 0 ~I min-1 for 3 min (b) . Aggressive. washing of the surface using 1 % SDS detergent at 
30 1-11 min- for 30 sec followed (c) . The chip was then exposed to Buffer A at 10 1-11 min-1 for 1 
min (d) . All traces have been normalised to a starting value of 20170.0 RU for comparison. 
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MUA binds a significant amount of protein, 2665.0 RU, after initial exposure to the 

LH2 complex. However, this is completely removed by washing with SDS. In fact. the 

trace shows that there is less bound to the surface than before the protein was applied. 

This may be due the removal of small amounts of contamination from thc chip which 

was present before it was exposed to the LH2 complex. 

The NHS terminated SAM initially binds a similar amount of LH2 complex to MUA 

(2934.0 RU). however, 38 % of this complex remains bound after aggressive washing 

with SDS. 

6.3.4 Micron patterning 

The SPR experiments successfully identified conditions for either binding or repelling 

LH2. It is important to realise that both of these binding characteristics are needed for 

successful patterning. Analysis of the SPR data obtained meant that the two SAMs 

chosen to create the micro-patterns were Pfot (resistant) and an NHS terminated alkane 

thiol (attractive). The creation of the photopattemed Pfot / MUA SAM is detailed in 

section 2.15.3. A friction force microscopy image of this SAM is displayed in Figure 

6.4A. The light squares seen are areas of MUA, the dark grid seen between the squares 

is a SAM of protein resistant Pfot. 

Before exposure to purified LH2 complex, the patterned SAM was derivatiscd via N(3-

Dimethylaminopropyl)-N'ethylcarbodiimide hydrochloride (EDC)INHS crosslinking 

to the carboxcylic acid tail group ofMUA. This created squares comprising an alkane 

thiol possessing a tail group (NHS) which is capable of covalently binding purified 

protein. The SAM was then immersed in ButTer A containing purified LH2 complex 

(A85o = 0.1) for 15 min. 

A Tapping mode™ AFM height image recorded under liquid shows the SAM after 

immersion in a LH2 protein solution (Figure 6.4B). A clear height difference is seen 

between the protein resistant grid areas (Pfot) and the squares comprised of NBS tail 

groups. 
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Figure 6.4 Micron patterning of WT -LH2 imaged by AFM 

A A fnctlon force Image of 1 H, 1 H, 2H, 2H- pefluorooctanethioll HS(CH2)11 COOH 
(interstitial areas/squares) chemical pattern . 

S A Tapping Mode™ AFM height Image of the pattern displayed in panel A is shown. 
The functlonalisatlon of the HS(CH2)l1COOH alkane thiol with (EDC)/NHS has 
occurred, meaning the square regions now possess an NHS tail group. Purified LH2 
complexes have been bound covalently to the functionalised NHS squares, which is 
shown by the Increase In height In these areas. 
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6.3.4 Fluorescence imaging of LH2 bound to photopatterned SAMs 

The patterned LH2 complexes shown in Figure 6.48 were then probed using a 

confocal microscope attached to an AFFM as described in section 2.16.2. The 

fluorescence images recorded are displayed in Figures 6.5A and 6.58. 

Figure 6.5A shows the fluorescence image recorded using a single photon counting 

avalanche photo diode (APD), which records light at all wavelengths. The image 

shown in Figure 6.58 was recorded using a Charge Coupled Device (CCD) camera 

(Spec-l 0: 1008, Princeton Instruments). Fluorescence recorded using this camera was 

measured at a wavelength of 890 nm. 80th images show an increased fluorescence in 

the square regions of the pattern where the LH2 is bound. 

A more detailed analysis of the CCD fluorescence image obtained is shown in 

Figure 6.6. The emission spectrum recorded by the CCD of the LH2 complex in 

solution is shown in Figure 6.6A as a reference. A comparison of the fluorescence in 

the resistant (Pfot) and attractive (NHS) regions of the SAM is shown in Figure 6.68. 

The spectrum collected from the NHS region is an average of 25 pixels along the white 

line labelled (a). The spectrum collected from the Pfot region is an average of25 pixels 

along the white line labelled (b). There is an almost 10 fold increase in fluorescence at 

890 nm seen in the NHS regions compared to the Pfot regions. A peak occurring at 

820 nm is present in both areas of the SAM, which can be attributed to fluorescence of 

the underlying gold surface. 
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Fluorescence images of patterned purified WT-LH2 
complex 

A. Fluorescent images of WT-LH2 immobilized onto Pfot / NHS ester micron pattern captured 
with a single photon counting APO 

B. Fluorescent images of WT-LH2 immobilized onto Pfot / NHS ester micron pattern captured 
by a prism based spectrograph equipped with a liquid nitrogen cooled back illuminated 
CCO camera. The image taken is fluorescence emission recorded at 890 nm. 
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A. Fluorescence emission spectra of purified LH2 complexes in solution (20 mM Tris, 0.1 
% LDAO, pH 8.0) recorded at room temperature. Spectrum has been normalised to a 
value of 1.0 AU for clarity. 

B. Fluorescence emission spectra of purified LH2 complexes immobilised onto NHS ester 
surface (a) and from the protein resistant Pfot surface (b) . Spectra collected are an 
average of 25 pixels along a line chosen from the image inset. 

All spectra measured using a prism based spectrograph equipped with a liquid nitrogen 
cooled, back illuminated CCD camera. 
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6.4 Disscussion 

6.4.1 Context 

The patterning of proteins at the micron and sub micron scale is becoming increasingly 

important as the fields of proteomics and bionanotechnology grow. The directed 

immobilisation of specific proteins in a precise spatial arrangement could herald a new 

diagnostic technology similar in usefulness to that of DNA and mRNA micro-arrays. 

The key problem when developing this technology is maintaining the specificity of 

protein deposition on a surface, whilst reducing the scale at which the proteins are 

patterned. The work presented in this chapter demonstrates not only highly specific 

deposition of a purified membrane protein on the micron scale, but it also shows the 

protein remains functional when bound to the surface. 

6.4.2 SPR analysis of SAM properties 

The SPR studies presented in Figure 6.3 have provided qualitative evidence which has 

allowed the identification of suitable protein resistant (Pfot) and attractive (NHS 

terminated alkane thiol) surfaces from which it is possible to reproducibly fabricate 

patterned SAMs. The resu~ts observed for OEG indicate a level of efficiency similar to 

that of Pfot in terms of preventing protein binding. However the integrity of the SAMs 

of this compound upon patterning was degraded (data not shown), meaning the 

specificity of LH2 patterning would be reduced. 

The SPR traces obtained for NHS-terminated SAMs show that the specific covalent 

attachement of purified LH2 complexes is achieved (for a mechanism of attachement 

see Figure 1.178), since a significant amount remains bound even after aggressive 

washing with the denaturant SDS. The inability of MUA SAMs to bind purified LH2 

complexes, when electrostatic interactions are compromised by SDS washing, means 

that it is not suitable for use in the long term development of this technology. 
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6.4.3 Micron patterning of purified LH2 complexes 

The AFM height image presented in Figure 6.4, along with the fluorescence images 

detailed in Figures 6.5 and 6.6 prove the binding of purified LH2 complexes in specific 

spatial arrangements has been achieved. The fluorescence images (Figures 6.5A and B) 

in conjunction with the spectroscopic data (Figure 6.6A and B) prove the LH2 

complex remains functional after being covalently attached to the surface. The B850 

fluorescence emission which is seen in the squares of liganded complexes is -10 fold 

higher than that seen in the protein resistant (Pfot) areas of the pattern (Figure 6.5B), 

showing that the deposition of the purified complex was specific and controlled. 

The micron patterning of proteins per se is not novel; this has been achieved before for 

soluble proteins such as biotin (Harnett et at., 2001). The work in this chapter is novel, 

since it has shown for the first time that it is possible to pattern membrane proteins at 

the micron scale whilst maintaining their intrinsic functionality. This is of importance 

in not only the wider context of developing protein arrays for use in proteomics, but 

also the more specific field of creating hybrid photovoltaic technologies. The fact that 

these techniques have been applied to the LH2 complex means that it is now possible 

to imagine similar work being carried out using other important membrane proteins. It 

is possible various cell receptor proteins could be studied, perhaps screening them as 

possible drug targets in pharmaceutical research. 

It should be noted that if the practical application of protein arrays as a diagnostic tool 

is to become a reality then further work needs to be carried out. This should focus upon 

reducing the level of protein patterning to the nano-scale, as well as developing 

methods by which multiple proteins can be specifically patterned in close proximity. 

Possibilities for achieving this could focus upon the patterning of SAMs using Near 

Field Scanning Opitical Miroscopy (NSOM). This technique allows for the 

circumvention of the diffraction limit (usually IJ2 nm) to in some cases IJ20 nm (Xia 

et ai., 1998; Piner et aI., 1999). 
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Appendix I 

E. coli strains used in this thesis 

Strain Relevant properties Source/reference 

DHSa supE44 ~lac U 169 (<I>80lacZ~M IS) hsdR 17 Hanahan (198S) 
recAI endAl gyrA96 thi-I relAI 

S17-1 RP4-2 (Tc::Mu, Nm::Tn7) integrated into Simon et al. (1983) 
the chromosome: thi pro hsdR hsdM+ recA 
TpR (SmR) 

Rba. sphaeroides strains used in this thesis 

Strain Relevant properties Source/reference 

2.4.1. Wild-type Samuel Kaplan (University 
of Texas) 

~IBA- In-frame genomic deletion of puclBA and Zeng et ai., (2003) 
~2BA puc2BA 
~2BA In-frame genomic deletion of puc2BA Zeng et al.,(2003) 
~IBAC- In-frame genomic deletion of puelBAC and Zeng et ai., (2003) 
~2BA puc2BA 
~3 In-frame genomic deletion of puel BA and Chapter 5 of this thesis 

puc2BA. TnS insertion within puf operon, 
deleting pujBALM (Kmr) 

~4 In-frame genomic deletion of puclBAC and Chapter S of this thesis 
puc2BA. TnS insertion within puf operon, 
deleting pufBALM (Kmr) 

DD13 Genomic deletion of puel BA by insertion of Jones et al., (1992) 
Smr gene. Genomic deletion of pujBALMX 
+ 1.6Kb downstream of the puf operon by 
insertion of Kmr gene. 
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peR Primers 

Primer Name Primer sequence 5'-3' Relevant 
section of 

thesis 
PI-2B AGTGACTGACGATCCGAAGAAAGTCTGGCCGAGC 3.2.1.1 
P2-2B GCTCGGCCAGACTTTCTTGCGATCGTCAGTCACT 3.2.1.1 
P3-2B CGAGCGGCCTGACCATTGCCGAAGCCGAAGAAG 3.2.1.1 
P4-2B CTTCTTCGGCTTCGGCAATGGTCAGGCCGCTCG 3.2.1.1 

b-series ions generated upon MS/MS of LH2 ~-polypeptides 
(section 3.3.3.2) 

PuclB 

Residue Mass b - ion 
M 131.04 132.04 
T 101.04 233.10 
D 115.02 348.12 
D 115.02 463.15 
L 113.08 576.23 
N 114.04 690.28 
K 128.09 818.37 
V 99.07 917.44 
W 186.08 1103.52 

Puc2B 

Residue Mass b - ion 
M 131.04 132.04 
T 101.04 233.10 
D 115.02 348.12 
D 115.02 463.15 
P 97.05 560.20 
K 128.09 688.30 
K 128.09 816.40 
V 99.07 915.46 
W 186.08 1101.54 
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Appendix II 

Crystallisation screens perfonned on LH2-1 B 1 A at the University of Sheffield 

(Chapter 4) 

Screen one 
Concentration 

Protein type: 

Drop conditions: 

LH2-1B1A 

Phosphate buffer 

Benzamideine Hydrochloride 

Sodium Chloride 

Reservoir conditions: Ammonium sulphate 

Screen two 

Protein type: 

Drop conditions: 

LH2-1B1A 

Phosphate buffer 

Benzamideine Hydrochloride 

Sodium Chloride 

Reservoir conditions: Ammonium sulphate 

Screen three 

Protein type: 

Drop conditions: 

LH2-1B1A 

Phosphate buffer 

Benzamideine Hydrochloride 

Sodium Chloride 

Reservoir conditions: Ammonium sulphate 

100 Aaso units mr1 

0.8M 

3.5% 

300Mm 

present at 0.1 M intervals in 

the range 2.4 M - 3.2 M 

Concentration 

100 Aaso units mr1 

0.9M 

3.5% 

300Mm 

present at 0.1 M intervals in 

the range 2.4 M - 3.2 M 

Concentration 

100 Aaso units mr1 

0.8M 

3.5% 

150 Mm 

present at 0.1 M intervals in 

the range 2.4 M - 3.2 M 



Screen four 

Protein type: 

Drop conditions: 

LH2-1B1A 

Phosphate buffer 

Benzamideine Hydrochloride 

Sodium Chloride 

Reservoir conditions: Ammonium sulphate 

Screen five 

Protein type: 

Drop conditions: 

LH2-1B1A 

Phosphate buffer 

Benzamideine Hydrochloride 

Magnesium Chloride 

Reservoir conditions: Ammonium sulphate 

Screen six 

Protein type: 

Drop conditions: 

LH2-1B1A 

Phosphate buffer 

Benzamideine Hydrochloride 

Magnesium Chloride 

Reservoir conditions: Ammonium sulphate 

Concentration 

100 Aaso units mrl 

0.9M 

3.5% 

150Mm 

present at 0.1 M intervals in 

the range 2.4 M - 3.2 M 

Concentration 

100 Aa50 units mrl 

0.8M 

3.5% 

300Mm 

present at 0.1 M intervals in 

the range 2.4 M - 3.2 M 

Concentration 

100 Aaso units mrl 

0.9M 

3.5% 

300Mm 

184 

present at 0.1 M intervals in 

the range 2.4 M - 3.2 M 
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