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ABSTRACT 

The photosynthetic reaction center of purple bacteria is a multimeric, membrane-

associated protein/chromophore complex. The function of the photosynthetic reaction 

center is to catalyze light-driven electron transfer across the photosynthetic membranes. 

The photosynthetic reaction centers of purple bacteria have been well 

characterized, and all of them contain three subunits that are designated as L (light), M 

(medium), H (heavy). The designation of the subunits is based upon their apparent 

molecular masses as determined by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis under denaturing conditions. 

Photosynthetic reaction centers are also associated with light harvesting 

complexes, that absorb light energy and transfer it to the bacteriochlorophyll dimer 

("special pair") that serves as the primary electron donor in the reaction center. The light 

harvesting complex is composed of (3 and a proteins, to which are bound pigment 

molecules. 

The reaction centers of some purple bacteria, e.g., Chromatium vinosum, 

Chromatium tepidum, Rhodopseudomonas viridis and Rubrivivax gelatinosus, contain a 

fourth subunit. The fourth subunit a peripheral membrane protein that protrudes into the 

periplasmic space is a otype cytochrome that contains four covalently bound heme 

groups, and is thus designated the tetraheme subunit. The function of the tetraheme 

subunit is to re-reduce the photooxidized bacteriochlorphyll dimer in the photosynthetic 

reaction center. 
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The genes coding for the photosynthetic reaction center are located on two 

separate operons. The puf operon contains pufL, pufM, and pufC that encode the L, M 

and cytochrome subunits of the reaction center as well as the puJB and puf A genes that 

encode the p and a proteins of the light-harvesting complexes in these bacteria. The 

genes of the puf operon are arranged in the order puJB, puf A, pufL, pufM and pufC, and 

encode the P,a,L,M,C subunits, respectively. 

Although the photosynthetic reaction center of the purple sulfur bacterium 

Chromatium vinosum has been purified and partially characterized, there are no available 

data on the sequence of the protein subunits or the genes encoding the respective 

subunits. This dissertation research has resulted in the cloning and sequencing of 

the genes encoding the reaction center in C. vinosum, and the discovery of a putative new 

operon structure. 
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CHAPTER I 

INTRODUCTION 

Photosynthesis can be defined as the utilization of the energy in sunlight by all 

plants and some bacteria for the light-driven biosynthesis of all their organic cellular 

components. The metabolic process of converting light energy to chemical energy is 

essential for all living organisms, either directly or indirectly. The sun's energy directly 

drives the biosynthetic processes in phototrophic organisms (primary producers). For all 

herbivores (primary consumers) sunlight is an indirect energy source because herbivores 

feed upon the plant tissue products (biomass) resulting from photosynthetic reactions. 

The sun indirectly supplies energy to the carnivores (secondary consumers) that feed 

upon the primary consumers. Thus, photosynthesis is either directly the source of energy 

for all photoautotrophic organisms or indirectly for all heterotrophic organisms through 

the food chain in the biosphere. 

In addition to producing essential food for heterotrophic organisms, 

photosynthesis is also the source of the energy for the daily energy requirements of 

humans. The majority of the energy used by mankind to supply heat, light, and power is 

derived from coal, and petroleum products and byproducts. Energy sources such as coal 

and petroleum are the decomposition products of biomaterials, resulting from 

photosynthesis that occurred millions of years ago. 

Because all life on earth depends upon the products created by the conversion of 

solar energy to usable chemical energy during photosynthesis, it is essential that scientists 

investigate and comprehend the mechanisms of photosynthesis. By understanding the 



mechanisms and regulation of photosynthesis, researchers will hopefully one day be able 

to genetically alter photoautrophic organisms, so that they can more effectively utilize the 

sun's energy. Such transgenic organisms could possibly harvest more of the energy 

available in sunlight, and thus produce more biomass. Increased biomass production by 

photosynthetic organisms would result in more food, feed and fuel that would be 

available to supply humankind's needs. Furthermore, the complete understanding of the 

fundamental processes of photosynthesis in photoautotrophs could eventually allow 

scientists to efficiently mimic these systems. This would allow humankind to more 

effectively utilize the energy available in sunlight to supply the rapidly growing demand 

for energy in today's society. Because sunlight provides the only renewable energy 

source for the biosphere, it is necessary that researchers design systems to more 

effectively utilize the earth's most valuable resource. This is becoming increasingly 

important as the supplies of fossil fuels keep dwindling, and the pollution byproducts of 

burning fossil fuels are damaging our ecosystem. At the present time, it is estimated that 

only 2% of the radiant energy reaching the earth's surface is actually converted by green 

plants into chemical energy during photosynthesis (Spurr and Barnes, 1980). 

Although many readers are probably most familiar with oxygenic photosynthesis 

carried out by green plants (Figure 1.1), there are many other photoautotrophic 

organisms. Other oxygenic photosynthetic organisms include algae, cyanobacteria, and 

phytoplankton. In fact, one-third of the 1011 tons of carbon dioxide (C02) that is 

converted ("fixed") into organic molecules annually on earth results from the activity of 

marine microorganisms (Zubay, 1987). 



Or, more generally 

6C02 + 6H20 + light -> C6Hi206 

CO2 + H2O -> (CH20)n + 0 2 

+ 0 2 

Figure 1.1. An overall general reaction describing carbon fixation into carbohydrates 
(CH20)n during oxygenic photosynthesis. 

There is also a whole group of anoxygenic organisms that grow 

photosynthetically, including the green sulfur bacteria, the purple sulfur bacteria, and the 

purple nonsulfur bacteria. In contrast to oxygenic photosynthesis, these phototrophic 

organisms utilize light driven reactions to convert CO2 into carbohydrates without 

concomitant oxygen generation (Figure 1.2) (Cusanovich et al., 1985; Pfennig et al., 

1978; Amesz and Knaff, 1988). These bacteria are positively phototactic, but negatively 

chemotactic to oxygen (Jorgenson, 1982). It has been demonstrated that oxygen actually 

inhibits the synthesis of chlorophyll and carotenoids in Rhodospirillaceae (Hurlbert, 

1967) and also in Chromatium vinosum (C. vinosum) (Kampf, 1984). Consequently, the 

presence of oxygen actually inhibits anoxygenic photosynthesis, and only bacteria that 

adapt to the presence of oxygen grow heterotrophically under aerobic growth conditions. 

The presence of oxygen has been shown to induce the de novo synthesis of a terminal 

oxidase that allows the heterotrophic growth of those bacteria utilizing oxygen (Saunders 

and Jones, 1974). The synthesis of the terminal oxidase completes the electron transfer 

chain necessary for aerobic growth (Wynn et al., 1985). As most purple bacteria are 

flagellated and motile, they can respond to environmental changes, such as light intensity 

and oxygen and find a niche where growth conditions are optimized (Pfennig, 1977) 



6C02 + 12H2 + light -> C6Hi206 + 6H20 

Or, more generally 

CO2 + H2* - (CH20)n + H20 

(A) 

Or, more generally 

6C02 + 12H2S + light -* C6Hi206 + 

C02 + H2S* -> (CH20)n + 2S + H20 

12S +6H 20 

(B) 

Figure 1.2. An overall reaction describing carbon fixation into carbohydrates (CH20)n 

during anoxygenic photosynthesis under anaerobic conditions. 

Panel (A); Anoxygenic photosynthesis in photosynthetic nonsulfur bacteria. 
* Other reduced compounds such as organic acids can also be used as the 
substrate. 

Panel (B); Anoxygenic photosynthesis under anaerobic conditions in 
photosynthetic sulfur bacteria. * Other sulfur compounds such as thiosulfate 
can also be used as the substrate, as can organic acids. 

Cyanobacteria, green bacteria, and the purple bacteria are members of the 

eubacterial kingdom. Although the cyanobacteria are prokaryotic organisms, they carry 

out light-driven splitting of water, like algae and green plants, with concomitant evolution 

of molecular oxygen as a by-product of photosynthesis (Stainer et al.,1977). 

The green bacteria are taxonomically divided into two groups, the non-motile 

green sulfur bacteria and the motile green gliding bacteria (Pfennig, 1977; Pierson and 

Olson, 1987; Amesz and KnafT, 1988). The green sulfur bacteria are obligate anaerobes 
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that absolutely require H2S and light for growth. In contrast, the filamentous green 

gliding bacteria are motile facultative anaerobes, growing photosynthetically only under 

anaerobic conditions (Pierson and Olson, 1987). The chlorophyll of the green bacteria is 

mainly stored within oblong vesicles that are called chlorosomes, that line the cell 

periphery (Staehelin et al., 1980; Staehelin et al., 1978) 

The purple bacteria are subdivided taxonomically based upon their ability to 

utilize reduced sulfur compounds as an electron source in anoxygenic photosynthesis. 

The purple sulfur bacteria that oxidize reduced sulfur to sulfate are classified into two 

groups, the Chromatiaceae and the Ectothiorhodospiraceae. Chromatium vinosum (C. 

vinosum) is a member of the phototrophic family of purple sulfur bacteria classified in 

Chromatiaceae. The Chromatiaceae are characterized by their ability to form 

intracellular globules of elemental sulfur under lithotropic growth conditions (Imhoff, 

1984). The best substrates for heterotrophic growth of C. vinosum are organic acids such 

as malate, fumurate, and propionate. During lithotrophic growth, these bacteria utilize 

H2S, S203 ", and S as the electron donors for reduction of ubiquinone. Ubiquinone, in 

turn, acts as the electron donor for pyridine nucleotide reduction required for 

photosynthetic C02 fixation (Baccarini-Melandri et al., 1973). During growth in the 

presence of low sulfide concentrations, these bacteria do not accumulate elemental sulfur 

but instead oxidize sulfide to sulfate. Growth in the presence of higher concentrations of 

sulfide leads to the formation of intracytoplasmic sulfur globules that can be used to 

supply additional reducing power for the reduction of pyridine nucleotides when the 

sulfide in the growth medium becomes exhausted (Truper and Pfennig, 1981). 



The bacterial photosynthetic reaction center (PRC) converts sunlight into 

chemical energy that is utilized by the cell to synthesize adenosine triphosphate (ATP) 

from adenosine diphosphate (ADP) and inorganic phosphate (Pi). Unlike higher plants 

and cyanobacteria, that possess two photosystems [photosystem I (PSI) and photosystem 

II (PSH)] (Voet and Voet, 1995), the photosynthetic bacteria cannot produce the reducing 

equivalents necessary for carbon fixation and biosynthetic processes by obtaining 

electrons from H20. Plants and cyanobacteria utilize PS II for the light-driven oxidation 

("splitting") of H20 to produce the reducing equivalents necessary for C02 fixation (Voet 

and Voet, 1995). In this reaction the electrons from water are transferred from H20 to a 

strong reductant that is capable of reducing NADPH. The reduced NADPH is then 

available for carbon fixation and other biosynthetic processes. Because the 

photosynthetic bacteria contain only one photosystem, one that is incapable of oxidizing 

water, they must have an alternative mechanism to produce the reducing equivalents 

necessary for C02 fixation into organic molecules. Photosynthetic bacteria contain two 

types of membrane bound NAD-dehydrogenases (NDH) as part of their respiratory 

systems (Yagi, 1991; Yagi, 1993). The presence of NDH enzymes has been reported in 

several purple bacteria including: Rhodospirillum rubrum (R. rubrum)(Keistev and Yike, 

1967; Jones and Vernon 1969), Rhodobacter capsulatus (Rb. capsulatus) (Klemme, 

1969; Baccarini-Melandri et al., 1973; Zannoni and Ingledew, 1983), Rhodopseudomonas 

viridis (Rps. viridis) (Jones and Saunders, 1972), and C. vinosum (Malkin et al., 1981). 

One of the NDH enzymes, designated NDH-1, has an energy-transducing, proton-

translocating site, while enzymes of the second type, designated NDH-2, are not linked 

to proton translocation. NDH-1 enzymes utilize the potential energy available in the 



electrical and chemical gradient (Ap.H+) created by translocating protons across the 

membrane during photosynthesis to reduce NAD+ to NADH. Electrons flow from the 

primary acceptor QA (Em7.0 = 0 to -lOOmV, depending on the bacterial species) (Knaff, 

1978; Prince and Dutton, 1978) to the quinone at the QB, followed by the subsequent 

uptake of two protons from water. QH2 is then released into the quinone pool from the 

PRC, and serves as the electron donating substrate for NDH-1 (Baccarini-Melandri et al., 

1973). NDH-1 then utilizes the energy of AriiH+ to pump electrons uphill from QH2 (Em7.o 

= +90mV) to NAD+ (Em7.o = -320 mV) to form NADH. In this way, the reducing 

equivalents are produced that are necessary, in conjunction with the ATP produced by 

cyclic electron flow, to enzymatically convert C02 to usable bioorganic molecules. 

Reduced substrates necessary for growth, such as H2S, S, S203
2", H2 and various 

organic acids must be obtained from the environment, to provide the reducing equivalents 

for other biosynthetic processes (Voet and Voet, 1995). Depending on the bacterial 

species involved and their enzyme complement these substrates function as electron 

donors to reduce quinone to QH2. In this way the relatively small quinone pool is 

maintained in a reduced state in order to provide electrons and protons to NDH-I 

enzymes for the reduction of NAD+. 

The light-driven process of photosynthesis involves membrane-associated 

protein:chromophore complexes. The major light-absorbing pigments are either 

bacteriochlorophyll a or bacteriochlorophyll b, depending upon the species involved: and 

the carotenoids. There are four bacteriochlorophylls (BChls) associated with the PRC, 

two of which form a dimer designated as the "special pair" (P), while the two other 

BChl's that are monomeric. Although, the "special pair" bacteriochlorophyll molecules 



are chemically identical to all other BChls, their spectral properties are unique due to 

their chemical environment and their dimer state (Youvan and Marrs, 1987; Amesz and 

Knaff, 1988; Pierson and Olson, 1987). The in any given species of bacteria the "special 

pair" BChls are usually named after the absorbance maximum in the near infared. For 

example, the "special pair" BChls in the reaction centers of Rps. viridis and Rb. 

sphaeroides have Xrmx values of 960 nm and 870 nm, respectively (Kirmaier and 

Holten, 1987). Thus, the "special pair" chlorophyll molecules associated with these 

bacteria are designated P870 and P960 to denote their respective absorption maxima in 

nanometers. The difference in the absorption maxima between these two species is due 

to the fact that the "special pair" of Rps viridis consists of two BChl b molecules, while 

that of Rb. sphaeroides consists of two BChl a molecules (Kirmaier and Holten, 1987). 

As the "special pair" BChls absorb only a relatively small portion of the total available 

solar energy, the capture of photons would be an inefficient process if the PRC BChls 

were the only absorbing pigments available to trap light for photosynthesis. In order to 

more efficiently utilize the sun's energy, there are antenna complexes that contain BChl 

and carotenoids associated with the PRC that effectively capture light over a broad range 

of wavelengths, and transfer the energy to the "special pair" in the reaction center. In 

fact, these complexes called the light-harvesting complexes capture most of the available 

solar energy. The structure of the light-harvesting complexes has been shown, using 

electron microscopy, to form a donut-shaped structure with the PRC sitting at the center 

of the donut (Stark et al., 1984; Meckenstock et al., 1972; Zuber 1987). The 

chromophore pigments BChl a or BChl b, and the carotenoids are non-covalently 

attached to the protein subunits that constitute the light-harvesting complexes or antenna 



complexes (Hawthornewaite and Cogdell, 1991; Zuber and Brunisholz, 1991). The 

protein subuints of the antenna are associated with chromophore pigments. Typically 

there are 20-200 BChls associated with the reaction center and the antenna complexes 

that make the integral membrane unit called the photosynthetic unit (PSU) (Aagaard and 

Sistrom, 1972). 

The overall photosynthetic process in bacteria consists of several steps that are 

outlined in Figure 1.3. 

2 H " 2 H _ 

C Y T O P L A S M 

ME:MjBRAJSrE 

P E R I P L A S M 

Figure 1.3. Overall scheme of bacterial photosynthesis, adapted from Characterization of 
the pet Operon of Rhodospirilum rubrum (Shanker, 1993). 

The first step involves absorption of a photon by the antenna complexes. The 

energy of the photon is subsequently transferred to the PRC via resonance energy or 

fluorescence energy transfer in the second step. The second step results in excitation of 

the "special pair" BChl (P) that passes the electron to a bacteriopheophytin, which passes 



the electron to a quinone (Q) occupying the QA site. The quinone occupying the QA site 

is menaquinone in Rps. viridis, and ubiquinone in Rb. sphaeroides. The electrons are 

then transferred to a ubiquinone molecule at the QB site where it is reduced to in two 

consecutive separate single electron transfers from the "special pair." The ubiquinone 

subsequently picks up two protons from the cytoplasm during its reduction, to yield 

quinol (QH2). Figure 1.4 shows the structure of the PRC, as well as the arrangement of 

cofactors is the bacterial reaction center involved in the primary photochemistry in the 

PRC of Rps. viridis. 

Figure 1.4. Arrangement of the cofactors in the bacterial photosynthetic reaction center 
in Rps viridis. The figure is adapted from EVIDAD software to accompany 
Biochemistry (Stryer, 1995) edition. The cofactors shown: heme groups 
(red), chlorophylls (green), bacteriopheophytin (blue), quinones (purple), 
non-heme iron (yellow). 
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The "special pair" can also directly absorb a photon resulting in the excitation of 

the "special pair" resulting in a state designated (P*). Once the excited state P* is 

created, either by energy transfer from the light harvesting complexes or direct absorption 

of a photon, P* passes the electron to the monomeric chlorophyll (Holzapfel et al., 1990), 

and subsequently to the bacteriopheophytin. These two steps are completed with a half-

time of approximately three picoseconds (Kirmaier and Holten, 1987). The result of 

electron loss creates a photoxidized state of the "special pair," designated P , and a 

reduced bacteriopheophytin (BPhA~), placing the PRC is in the state designated 

(P^BPhA-). In the next step the electron is passed from the BPheoA to a quinone (Q) 

molecule occupying the QA site in approximately 200 ps, creating (P+QA~) (Kirmaier and 

Holten, 1987). The electron is subsequently transferred to the ubiquinone occupying the 

QB yielding the state of the reaction center (P+QB~). At this point the special pair must be 

re-reduced in order that a second photon of light can be absorbed. In some purple 

bacteria P+ is directly re-reduced by cytochrome e'2, a mobile electron carrier in the 

(Figure 1.3). In the case of those organisms with a fourth subunit in the reaction center, 

the electron is transferred from the tetraheme cytochrome to P+. In bacteria where the 

tetraheme subunit serves as the reductant for P , a soluble cytochrome or high potential 

iron sulfur protein (HTPIP) re-reduces the tetraheme cytochrome subunit. In some cases 

the soluble cytochrome reducing the tetraheme subunit has been identified as a c2-

cytochrome (Skulachev, 1987; Holten et al., 1978; Shill and Wood, 1984), but in C. 

vinosum it has been suggested that the mobile electron carrier is instead cytochrome c8 

(Samyn et al., 1996). Once the PRC has been re-reduced, the absorption of the second 

photon results in the second electron being transferred from the "special pair" to QB" to 
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form the state P+QB2" The quinone also picks up two protons from the cytoplasm to yield 

quinol (QH2). In the next step, the QH2 is oxidized by a ubiquinol:cytochrome c (c2) 

oxidoreductase (cytochrome bc\ complex), and the protons are released into the 

periplasmic space creating an electric potential and a pH gradient. The potential energy 

of the membrane potential and pH gradient is utilized by the ATP synthase (F1F0-

ATPase) to produce ATP from ADP and inorganic phosphate, in a process called 

photophosphorylation (Trumpower, 1990). The electrochemical gradient is also used to 

drive the energy dependent electron transfer from ubiquinol to NAD+(see above). The 

cytochrome bc\ complex also functions to re-reduce the mobile electron carriers that were 

oxidized by the PRC, to complete cyclic electron flow. The final step of photosynthesis 

involves utilizing the energy trapped in the high energy phosphate bonds of the ATP 

molecules to assimilate molecules of CO2 into carbohydrates and other organic 

compounds. 

The best characterized PRC's are those of the purple bacteria (Okamura and 

Feher, 1992; Breton and Vermeglio, 1992; Deisenhofer and Norris, 1993) and the most 

common PRC's contain four subunits designated L, M, H, and C. The L, M, and H 

subunits are the only subunits present in the three subunit reaction centers of Rb. 

sphaeroides and Rb. capsulatus. The subunits are designated as light, medium and heavy 

respectively, on the basis of their apparent molecular weights as determined by sodium 

dodecylsulfate polyacrylamide gel electrophoresis, under denaturing conditions. The L 

and M subunits, both of which are integral membrane proteins, make up the central core 

of the PRC. The L and M subunits are absolutely essential to the structure and function 

of the bacterial reaction center. On the other hand it has been demonstrated that the H-
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subunit can be removed without impairing the photosynthetic capability of the reaction 

center (Debus et al., 1985). The L and M subunits bind the cofactors of the PRC: four 

BChls (a or b), two bacteriopheophytins, one carotenoid molecule, a non-heme iron, and 

one ubiquinone (Rb. sphaeroides) or menaquinone (Rps. viridis) as the primary electron 

acceptor at the QA site and ubiquinone as the final electron acceptor at the QB site of both 

reaction centers. The menaquinone or ubiquinone at the QA site is tightly associated with 

the L subunit while the ubiquinone is only loosely associated with the M subunit. The L 

and M subunits exhibit a significant amino acid sequence homology, typically 25-35% to 

each other (Youvan et al., 1984; Williams et al., 1986). The L and M subunits of the 

bacterial phototsynthetic reaction center are homologous to the Dl and D2 subunits of 

photosystem II in higher plants (Williams et al., 1983; Williams et al., 1984; Youvan et 

al., 1984). The fourth polypeptide subunit in the reaction centers of Rps. viridis and 

Rubrivivax gelatinosus (Rv. gelatinosus) contains four covalently bound heme c groups. 

The tetraheme subunit is a peripheral polypeptide of the reaction center that protrudes 

into the periplasmic space (Deisenhofer and Michel, 1991). 

At the time this work began there had been only partial characterization of the 

photosynthetic reaction center (PRC) from the family of bacteria Chromatiaceae. The 

PRC from C vinosum had been purified and subunit composition and the chromophore 

content determined. It was also shown that the C. vinosum reaction center contained both 

a high-potential and a low-potential heme (Lin and Thornber, 1975). The PRC from the 

related thermophillic bacterium Chromatium tepidum (C. tepidum) had also been purified 

and characterized, but no sequence data was available (Garcia et al., 1987; Nozawa et al., 

1987). More recently, the PRC from C. minutissium has been purified and well 
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characterized, but no sequence data is available for any of its subunits (Shinkarev et al., 

1991). Recently, the first reported cloning and sequence analysis of the puf operon from 

the purple-sulfur bacterium Chromatium tepidum has been published (Fathir et al., 1997). 

However no DNA or amino acid sequence data was known for the subunits of the C. 

vinosum PRC. 

The structural genes encoding the protein subunits of the photosynthetic reaction 

center (puf operon) from several purple non-sulfur bacteria have been cloned and 

sequenced (Belanger et al. 1988; Liebetanz et al. 1991; Michel et al.. 1986; Nagashima et 

al. 1993, 1994; Weyer et al., 1987; Williams et al, 1983, 1984; Youvan et al, 1984). 

Comparison of the primary structure of the genes of the puf operon from several species 

of photosynthetic bacteria has demonstrated that the gene organization is completely 

conserved with the order, from the 5' to the 3' direction, being pu/B, puf A, pufL, pufM. 

In those organisms that contain a fourth subunit in their PRC the pufC follows puflA. The 

pu/B and puf A genes of the puf operon encode the P and a subunits of the light 

harvesting complex I (LH-I) respectively, while the pufL and puftA genes encode the L 

and M protein subunits of the photosynthetic reaction center. The pufC gene encodes the 

tetraheme subunit that is the fourth subunit in the reaction in those bacteria that contain 

four subunit reaction centers. The remaining subunit of the reaction center the H subunit, 

is encoded by the puhA gene located 35 kb upstream from the puf operon in (Youvan et 

al, 1984; Socket et al, 1989). 

The original goal of this research was to clone and sequence the pufC gene from 

the purple sulfur bacterium C vinosum. At the time this work began there was only one 

pufC gene sequence available from the purple non-sulfur bacterium Rps. viridis The 
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data obtained in this research will allow researchers to compare sequences to search for 

conserved residues and conserved amino acid regions. These comparisons will allow the 

design of future experiments to elucidate the structure-function relationship of the 

important residues in the tetraheme subunit. The availability of a clone containing most 

of the C vinosum puf operon allowed a comparison of gene sequences and gene 

organization in this bacterium to that availabe for other purple bacterial PRC's. 
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CHAPTER II 

METHODS AND MATERIALS 

C. vinosum chromosomal DNA was isolated from 1 g (wet weight) of cells which 

had been washed in doubly distilled water, collected by centrifugation at 4000 rpm in a 

Beckman JA-20 rotor and resuspended in 10 mM Tris-HCl buffer (pH 8.0) containing 

100 mM NaCl and 1 mM EDTA. The DNA was isolated according to published 

procedures (Ausubel et al, 1987). Contaminating RNA was removed by treatment with 

RNAase, after the precipitated DNA was dissolved in 10 mM Tris-HCl buffer (pH 8.0) 

containing 1 mM EDTA (TE) (Silhavy et al, 1984). Following RNAase digestion, the 

DNA was extracted twice with phenol:chloroform:isoamyl alcohol (25:24:1), hereafter 

abbreviated P:C:I. The DNA was then extracted twice with chloroform:isoamyl alcohol 

(24:1), hereafter abbreviated C:I, to remove contaminating phenol. In order to effectively 

remove all the chlorophyll and carotenoids the P:C:I and C:I extraction mixtures were 

centrifiiged in a JA20 rotor at 20,000 rpm. The aqueous layer was collected with a large 

bore pipet to prevent DNA shearing, and the DNA was precipitated with 2 volumes of 

ethanol and 0.1 volume of 3 M sodium acetate. The pellet was subsequently washed with 

70% ethanol, and then resuspended in TE buffer pH 8.0. 

Prior to hydrolysis by restriction enzymes the genomic DNA was dialyzed 

overnight against TE buffer at 4 °C. Digestions by restriction enzymes were carried out 

with selected enzymes (Table 2.1), according to the Promega protocols provided for each 

enzyme. 
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Table 2.1 

Selected Restriction Enzymes 

Restriction Enzyme 

Apal 

BamHJ 

EcoRI 

Sad 

Xhol 

Recognition 

Sequence 

GGGCCC 

GGATCC 

GAATTC 

GAGCTC 

CTCGAG 

Enzyme-digested DNA was separated using horizontal slab gel electrophoresis on 

a one percent agarose gel, and transferred to nylon membranes (MSI) using high salt 

buffer and the filter paper wick method (Ausubel et al, 1987). The separated DNA 

fragments were permanently attached to the nylon membrane by UV crosslinking using a 

Stratagene UV-Stratalinker Model 1800. 

A pufC gene probe was prepared from either a Nru I or Sal I fragment of the 

Rhodopseudomonas viridis pufC gene that was generously provided by Professor Harmut 

Michel The fragment was isolated from a 1.5% agarose gel and purified using a 

glassmilk kit purchased from BIO 101 according to the protocol supplied by the vendor. 

A 32P-radioactively labeled pufC gene probe was prepared from the fragment, using a 

Boehringer Mannheim random priming labeling kit following the protocol provided by 

the vendor. 
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Hybridization was carried out overnight at 60 °C and the membrane was 

subsequently washed three times at 60 °C at 2XSET (0.3M NaCl; 0.04M Tris pH7.8; 

2mM EDTA) containing 0.1% SDS. The hybridized membrane was used to expose 

Kodak XAR film overnight, at -70 °C. 

Following Southern hybridization, a partial genomic library was constructed by 

cutting out EcoRI-digested DNA from 1% agarose gel after electrophoretic separation of 

the fragments at 70 volts for one and one-half hours. The EcoRI digested genomic DNA 

was ligated into pUC 19 plasmid vector using T4 DNA ligase (the reaction was incubated 

overnight at 15 °C). The ligation mixture was subsequently transformed into competent 

Escherchia coli DH-5a cells made competent by the Hanahan method (Hanahan, 1983) 

or using an ice cold calcium chloride procedure (Mandel et al, 1970). White colonies 

that contained inserts were selected from plates containing IPTG and X-gal, and 

transferred to fresh LB media containing 50 micrograms per milliliter ampicillin 

(LB/AMP) plates for screening. Following colony lifts and UV-crosslinking, the library 

was screened using the pufC gene probe and the hybridization conditions previously 

described. Positive colonies were picked with a sterile toothpick, and inoculated in 3 ml 

of LB/AMP liquid media, and used as a source of plasmid DNA that was isolated using 

the boiling mini-prep procedure. The plasmids from the mini-preps were digested with 

EcoRI and the fragments were separated on 1 percent agarose gel and transferred to nylon 

membrane. Secondary Southern blot screening with the P-labeled pufC gene probe of 

the isolated inserts to confirm the presence of the approximately 3.8 Kb EcoRI fragment, 

utilizing previously described conditions was performed to ensure that the correct insert 
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had been selected. Plasmid DNA was isolated on a larger scale using Qiagen columns 

and standard protocols and reagents supplied by the vendor. 

A restriction map of the DNA clone was created by digestion of the cloned DNA 

with selected restriction enzymes, using the protocols provided by Promega. The 

enzymes selected were: EcoRI, BamUl, Apal, Sacl, and Xhol. These enzymes were 

selected because they recognize sites in the multiple cloning region of either the pUC19 

cloning vector or the pBluescript vector. In order to facilitate DNA sequencing, the 

fragments identified in the restriction map that hybridized to the pufC probe were 

subsequently subcloned into either the pUC19 vector, or the pBluescript vector. The 

subclones were: two BamHIIApal, XhoVBamHl(c\oned into the SaH/BamHl site), 

SacVBamHI, SacVXhoI, and EcoRI/Sacl. 

Manual DNA sequencing was then attempted by the Sanger dideoxy method 

(Sanger et al, 1977), using Sequenase DNA polymerase following the protocols provide 

by Promega. The products of the sequencing reactions were separated using 

polyacryalmide gel electrophoresis. After several failed attempts, the BamHIIXhol 

sublcone was successfully sequenced using Bca polymerase, using the protocols provide 

by Takara. The approximately 3.8 kb EcoRI fragment was then completely sequenced 

using an Applied Biosystems 310 Genetic Analyzer, using standard ABI sequencing 

protocols and reagents. The subclones were sequenced using standard and reverse pUC 

primers. The remainder of the sequence was obtained using the primers listed in Table 

2.2. The sequencing strategy and diagram of the puf operon is outlined in Figure 2.1 

Analysis of the deduced amino acid sequences were performed on a PC computer 

using PCGENE software. Hydrophobic plots were created using the Chou-Fasman 
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method using a six amino acid window. The Chou-Fasman method is based upon the 

propensity of an amino acid residue to occur in an alpha helix, based upon 

crystallographic data available in the data banks. Transmembrane helices were predicted 

using the method of Rao and Argos contained in the PCGENE software package (Argos 

et al, 1982; Rao and Argos, 1986). The predictions were calculated based upon the 

following settings: nine amino acid residues, minimum length of a transmembrane helix 

is sixteen amino acids and the maximum length is set as thirty-five residues. The method 

of Rao and Argos is based upon five weighted parameters, based upon the properties of 

the amino acid residues, that are used to predict transmembrane helices. The five 

parameters are: hydration potential, buried transfer free energy, turn preference, bulk, and 

polarity 
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Table 2.2 
Sequencing Primers utilized to sequence the/?w/operon of C. vinosum 

PRIMER#/NAME 

2792-1/TETFOR1 

2809-1/TETFOR2 

2823-2/TETFOR3 

2882-3/TETFOR4 

2741-1/BAMSITE 

2 696-1/BAMFOR 

3068-1/TETM1 

3068-2/TETM2 

3068-3/TETM3 

3068-4/TETM4 

Ml3 FORWARD 

PRIMER#/NAME 

2792-2/TETREV1 

2792-3/TETREV2 

2809-2/TETREV3 

2823-1/TETREV4 

2894-2/TETREV5 

2894-1/TETREV6 

2 823-4/BAMREV 

3069-1/MRI 

3069-2/MR2 

3069-3/MR3 

Ml3 REVERSE 

Ml3 -4 0 REVERSE 

FORWARD PRIMERS 

5' -CGC-CGA-ACT-CCA-AAC-CTA-3 ' 

5'-TGG-GGC-CAT-GGC-TTC-CCC-3' 

5'-ATC-ATC-TTT-GGC-TTC-ATG-GCC-3' 

5'-AGT-GGC-GAA-CCG-GCC-CTT-3 * 

5'-ACC-TGC-TAC-ACC-TGT-CAC-CG-3' 

5' -CTA-CGA-CTG-GAA-GCA-GAG-CA-3 ' 

5' -GAG-ACT-ACA-ATG-CCC-GAA-3 ' 

5'-ATC-ATC-TTT-GGC-TTC-ATG-GGC-3' 

5'-TTC-CTG-ACC-ATG-TCG-ATC-CTG-3' 

5'-GGC-AAC-CTG-TAC-TAC-AAC-3' 

5'-TTA-AAA-TGA-CGA-CGG-CCA-GT-3' 

REVERSE PRIMERS 

5'-GTG-CGG-CGG-CTT-GCT-CGA-3' 

5'-CGG-TCG-TGA-AGA-TAT-TTT-GAT-3' 

5 ' -CGA-CAG-GAT-CAG-CGA-GCC-3 ' 

5'-ACC-ACC-AGG-CCC-AGC-GAT-3' 

5'-AGC-CGG-GGC-AAG-CAC-CTG-CAC-3' 

5'-ATT-AGG-GTC-CCG-CCA-CGG-ACG-3' 

5-GAG-GTC-GTG-TTG-CCT-GCC-3' 

5'-GTC-CAC-CGA-GGC-CAG-CAT-3' 

5'-AGC-GCG-CTT-GTA-GGT-GCG-CAC-3' 

5'-GT- GTA-GTA-CAG-GTT-GCC-3' 

5' -AAC-AGC-TAT-GAC-CAT-G-3' 

5'-GTT-TTC-CCA-GTC-ACG-A-3' 
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Figure 2.1. Organization and DNA sequencing strategy for the C vinosum puf operon. 
Restriction sites are shown above: E (EcoRI); S(SacI); X(XhoI); A(ApaI); 
B(BamHI). The arrows represent the sequencing primers used to sequence 
the puf operon. 
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CHAPTER ffl 

RESULTS 

The pufC gene of C. vinosum, encoding the tetraheme subunit of the PRC, was 

detected by hybridization to a heterologous pufC gene probe created by radioactively 

labeling a Sail fragment of the Rps. viridis pufC gene. Restriction enzyme digested C. 

vinosum genomic DNA was separated by horizontal slab gel electrophoresis on a 1% 

agarose gel. A picture of the ethidium bromide-stained gel is shown in Figure 3.1 After 

separation, the DNA contained in the gel was transferred to a nylon membrane and 

hybridized with a radioactively-labeled pufC gene probe to detect the presence of a pufC 

gene in C. vinosum genomic DNA. Probing of the enzyme digested DNA resulted in 

detection of DNA fragments that hybridized to the Rps. viridis pufC gene. As can be 

seen in Figure 3.2, the pufC gene probe hybridized with several C. vinosum DNA 

fragments, including a fragment of approximately 3.8 kb DNA fragment produced by 

digestion with EcoRI. A partial genomic DNA library was created from EcoRI digested 

C. vinosum genomic DNA, using the procedure described in Methods and Materials. 

Primary screening, using colony hybridization to detect the E. coli colonies containing 

the 3.8 kb EcoRI UN A fragment, was carried out using conditions described in Methods 

and Materials. The positive colony labeled Al (Figure 3.3) was chosen and subsequently 

subjected to secondary screening using the Rps. viridis pufC gene probe. Secondary 

screening was carried out on EcoRI digested DNA isolated from colony Al by the mini-

prep method, to provide further evidence that the 3.8 kb fragment was present in the 

colony selected. As shown in Figure 3.4 hybridization of this DNA occurred, re

confirming the presence of the 3.8 kb EcoRI fragment in the plasmid isolated from 
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Figure 3.1. Separation of restriction enzyme digested C vinosum genomic DNA with 1% 
agarose gel electrophoresis at 70 volts x 1 hour. Lane 1 Hind Hi-digested X 
DNA standards, lanes 2-6, C. vinosum genomic DNA digested with EcoRI, 
Apal, Hind III, Rsal, Sail, respectively. 
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Figure 3.2. Southern hybridization of the DNA in Figure 3.1 with radioactively labeled 
pufC gene probe, constructed from the Sal I fragment of a pUC19 plasmid 
containing the .ftps, viridis puf operon. 
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Figure 3.3. Primary colony screen with 32P-labeledpufC gene probe. Colony Al was 
picked as the positive colony. 
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Figure 3 4. Secondary screen of EcoRI enzyme digested plasmid 
DNA contained in the positive colony Al. The upper 
band is the cloned insert, and the lower band is pUC 19 
plasmid DNA. 

27 



colony Al. Plasmid DNA was then prepared from colony Al on a larger scale, and the 

DNA was further characterized by creating a partial restriction map of the cloned DNA 

fragment. The restriction map (Figure 2.1) was used to create subclones as described in 

Methods and Materials. The subclones, as well as the approximately 3.8 kb fragment, 

were analyzed using DNA sequencing as previously described in Methods and Materials. 

Results obtained using Sequenase DNA polymerase (Figure 3.5) did not provide data 

adequate for sequencing because of the presence of compressions on the gel These 

compressions, which are identified as thick black bands on the sequencing gel (Figure 

3.5), made it impossible to obtain unambiguous sequences from the data. DNA 

sequencing was subsequently performed using Bca DNA polymerase, removing the 

compressions and allowing unambiguous sequence determination (Figure 3.6). The 

complete DNA sequence of the 3.4 kb EcoRI fragment was obtained from a combination 

of manual sequencing data from Bca polymerase, and automatic sequencing on an ABI 

Prism Model 310 Genetic Analyzer using Taq DNA polymerase (Figure 3.7). The 

difference between the actual size of the 3.4 kb EcoRI fragment that was sequenced, and 

the initial estimate of 3.8 kb results from the experimental error involved in the initial 

size determined by agarose gel electrophoresis. 
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Figure 3.5. Sequencing data from BarnHI/XhoI subclone using Sequenase DNA 
polymerase sequencing reactions. 
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Figure 3.6. Sequencing data of the BamFQ/XhoI subclone using Bca DNA polymerase. 
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EcoRI 
GAATTCAACTGGCTCGAAGACGGCGTTCCGGCCGCTACGGTCCAGCAAGTGACGCCTGTC 

10 20 30 40 50 60 

GTTCCCCAACGGTAATCGCGTCCTTGACGGGGGTGGCGGGTCAGTGGGGTTCGTCCGCCA 
70 80 90 100 110 120 

GGTGAACCCCGCCCGCCACCGACAGTGCTCAGAGGAGGCGGCCGTCTCGATGGTGCCTCC 
130 140 150 160 170 180 

puf L 
CCAGCAGAGGATATTACGATGGCCATGCTCAGTTTTGAGAGAAAATACCGCGTCCGTGGC 

190 200 210 220 230 240 

GGGACGCTGATAGGGGGAGACCTATTCGACTTCTGGGTGGGGCCGTTCTATGTCGGCTTC 
250 260 270 280 290 300 

TTCGGGGTCGCGGGCTTCTTCTTTGCATTGTTGGGTGTGCTCCTGATCGTCTGGGGTGCA 
310 320 330 340 350 360 

ACCATCGGTCCAAACGCCGAACTCCAAACCTATAACATCTGGCAGATCAGCATTGCTCCC 
370 380 390 400 410 420 

CCGGATCTGAGTTACGGTTTGGGAATGGCCCCGATGACTGAAGGCGGTCTGTGGCAGATC 
430 440 450 460 470 480 

ATCACGATCTGTGCCATCGGCGCGTTCGTCTCCTGGGCACTCCGTGAAGTCGAGATCTGC 
490 500 510 520 530 540 

CGCAAGCTCGGTATCGGCTTCCATATTCCGTTTGCGTTCGCGTTCGCGATCGGCGCCTAT 
550 560 570 580 590 600 

CTGGTGCTCGTCGTGGTGCGTCCGATTCTGATGGGCGCCTGGGGCCATGGCTTCCCCTAT 
610 620 630 640 650 660 

GGCATCCTCAGCCATCTGGACTGGGTGTCGAATGTGGGGTATCAGTTCCTGCATTTCCAC 
670 680 690 700 710 720 

TACAACCCGGCGCACATGCTCGCCATCACTTTCTTCTTCACCAACTGCTTGGCGCTGTCG 
730 740 750 760 770 780 

ATGCACGGCTCGCTGATCCTGTCGGTGACCAATCCGCAGAAGGGCGAAGAAGTCAAGACC 
790 800 810 820 830 840 

AGCGAGCACGAGAACACCTTCTTCCGCGATATCGTGGGCTACTCCATCGGCGCACTGGCC 
850 860 870 880 890 900 

ATCCATCGTCTGGGTCTGTTCTTGGCCCTGAGCGCGGTGTTCTGGAGCGCGGTCTGTATC 
910 920 930 940 950 960 

Sacl 
GTGATCAGTGGCCCCTTCTGGACGCGCGGTTGGCCGGAATGGTGGAACTGGTGGCTTGAG 

970 980 990 1000 1010 1020 

Figure 3.7. Complete DNA Sequence of the Cloned EcoRI Fragment from C. vinosum 
and Representation of the Analysis of Selected Restriction Enzyme Cleavage 
Sites 
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pufa 
CTCCCGCTCTGGTAGGATCTAGGAGACTACAATGCCCGAATATCAAAATATCTTCACGAC 

1030 1040 1050 1060 1070 1080 

CGTGCAGGTGCGTGCCCCGGCTTATCCTGGGGTGCCGTTGCCGAAGGGCAGCCTGCCGCG 
1090 1100 1110 1120 1130 1140 

CATCGGTAAGCCGATCTTCTCCTACTGGGCCGGCAAGATCGGTGACGCGCAGATCGGTCC 
1150 1160 1170 1180 1190 1200 

GATCTACCTCGGCTTCACCGGCACGCTGTCGATCATCTTTGGCTTCATGGCCATCTTCAT 
1210 1220 1230 1240 1250 1260 

CATCGGCTTCAACATGCTGGCCTCGGTGGACTGGAATATCATCCAGTTCGTCAAGCACTT 
1270 1280 1290 1300 1310 1320 

CTTCTGGCTGGGTCTGGAACCGCCGGCGCCGCAGTACGGCCTGACCATTCCGCCTCTGTC 
1330 1340 1350 1360 1370 1380 

CGAGGGTGGCTGGTGGCTGATGGCAGGATTCTTCCTGACCATGTCGATCCTGCTGTGGTG 
1390 1400 1410 1420 1430 1440 

GGTGCGCACCTACAAGCGCGCTGAAGCCCTGGGCATGAGCCAGCATCTGTCCTGGGCCTT 
1450 1460 1470 1480 1490 1500 

CGCCGCCGCGATCTTCTTCTATCTGAGCCTGGGCTTCATCCGCCCGGTGATGATGGGGAG 
1510 1520 1530 1540 1550 1560 

CTGGGCGGAAGCCGTGCCCTTCGGCATCTTCCCGCACCTGGACTGGACGGCCGCTTTCTC 
1570 1580 1590 1600 1610 1620 

GATCCGGTACGGCAACCTGTACTACAACCCGTTCCACATGCTCTCGATCGCCTTCCTGTA 
1630 1640 1650 1660 1670 1680 

TGGCTCGGCCCTGCTGTTCGCCATGCACGGTGCGACCATCCTGGCGGTGAGCCGCTTCGG 
1690 1700 1710 1720 1730 1740 

TGGTGATCGCGAGATCGATCAGATCACCGATCGTGGTACGGCGGCTGAGCGTGCGGCCAT 
1750 1760 1770 1780 1790 1800 

CTTCTGGCGCTGGACCATGGGCTTCAATGCCTCCATGGAATCCATCCATCGCTGGGCCTG 
1810 1820 1830 1840 1850 1860 

GTGGTGCGCGGTCCTGACCGTGATCACGGCGGGTATCGGCATCCTTCTGACCGGAACGGT 
1870 1880 1890 1900 1910 1920 

CGTCGAGAACTGGTATCTCTGGGCCATCAAGCATGGCGTGGCTCCGGCATATCCAGAGGT 
1930 1940 1950 1960 1970 1980 

pufC 
CGTGACCGCTGTAGACCCATATGCCACGGCTACGGGGGTGACGCAATGAATCTCGGAAAG 

1990 2000 2010 2020 2030 2040 

Figure 3.7, Continued. 
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CAACTGACCCTGCCCGCTGTCGCCGTCGTCGCCTCCGTGGTGCTGCTCGGCTGCGAGCGT 
2050 2060 2070 2080 2090 2100 

CCGCCACCGGAAGTGGTGCAAAAAGGCTATCGCGGCGTGGCCATGGAGCAGAACTACAAT 
2110 2120 2130 2140 2150 2160 
Xhol 

CCGCGTCTGCTCGAGGCCAGTATCAAGGCCAATCTGCCGGTCGAGTCGCTGCCGGCGGCT 
2170 2180 2190 2200 2210 2220 

GCTCCGGGCGGTCCCAGTGTCTCGGACGTCTATGAGAACGTCCAGGTGCTGAAGGATCTG 
2230 2240 2250 2260 2270 2280 

AGCGTCGCTGAGTTCACCCGGACCATGGTCGCCGTGACCACCTGGGTGGCGCCGAAGGAA 
2290 2300 2310 2320 2330 2340 

GGCTGTAACTACTGCCACGTTCCCGGCAACTGGGCCTCCGACGACATCTACACCAAAGTG 
2350 2360 2370 2380 2390 2400 

GTGTCGCGCCGGATGTTCGAGCTGGTTCGGGCAACCAACAGCAACTGGAAGGACCACGTT 
2410 2420 2430 2440 2450 2460 

GCCGAGACGGGTGTGACCTGCTACACCTGTCACCGTGGCAACCCGGTGCCGAAGTATGTG 
2470 2480 2490 2500 2510 2520 

BamHI 
TGGGTGACGGATCCGGGTCCGAACCAGCCCTCGGGCGTGACGCCGACCGGCCAGAACTAT 

2530 2540 2550 2560 2570 2580 
BamHI 

GCCTCCTCGACGGTCGCCTACTCGGCACTGCCGCTGGATCCCTACACGCCGTTCCTGGAT 
2590 2600 2610 2620 2630 2640 

CAGTCCAACGAGATCCGGGTGATCGGTCAGACGGCGCTGCCGGCAGGCAACACGACCTCG 
2650 2660 2670 2680 2690 2700 

CTCAAGCAGGCAGAGTGGACCTATGGCCTGATGATGCAGATCTCCGACTCGCTCGGGGTC 
2710 2720 2730 2740 2750 2760 

AACTGCACCTTCTGCCACAACAGCCGATCCTTCTACGACTGGAAGCAGAGCACGCCGCAG 
2770 2780 2790 2800 2810 2820 

CGCACGACGGCCTGGTACGCCATCCGTCACGTCCGCGACATCAACCAGAACTACATCTGG 
2830 2840 2850 2860 2870 2880 

Apal 
CCGCTCAACGACGCGCTGCCCGCCTCGCGCAAGGGGCCCTACGGCGATCCCTTCAAGGTC 

2890 2900 2910 2920 2930 2940 

GGCTGCATGACCTGCCACCAGGGCGCTTACAAGCCGCTCTATGGTGCTCAGATGGCCAAG 
2950 2960 2970 2980 2990 3000 

Figure 3 7, Continued. 
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GACTACCCGGCGCTGTATGAGTCGGCTCCGGCCGAGGCCGCCCCGGCCACCGAGGAAGCT 
3010 3020 3030 3040 3050 3060 

CCGGCTGCTGAAGCCGAAGCCGTCGAGGCCGCTCCAGTGGAAGAGGCTGCGCCTGCTCCA 
3070 3080 3090 3100 3110 3120 

GTCGAGCAAGCCGCCGCACCTGTCGAGGACGCCGCACCGGCTCCGCAACAGCTGTAAGGC 
3130 3140 3150 3160 3170 3180 

CAGAGAGGATCGAACCGATGAGCAGGGATGCTCGCCAGGTGCCGGGGTAGGGAAGCCGAC 
3190 3200 3210 3220 3230 3240 

CAATGCAAGACCCGCGGCGAGGCTCGCATCAGTCCAGTCCGCGGTCGTCCCGGATGGCT 
3250 3260 3270 3280 3290 3300 

pufB' 
AGAGACCCAATCGTCGAAGCCGTCGCAGTGTTTGACCGAGGAATCATCCAATGGCTAACG 

3310 3320 3330 3340 3350 3360 

AAAACCGTTCGATGTCTGGGCTGACCGAAGATGAGGCAAGGGAATTC 
3370 3380 3390 3400 

Figure 3.7, Continued. 
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Table 3.1. Codon usage table created from the analysis of the complete sequence of the 
3.4kb DNA clone containing most of the C. vinosum puf operon. 

File name : C. 
Description : 

vinosum puf 

Genetic code: Universal 
Total 

The f 

number of codons: 

"ollowing sequence (s 
C. vinosum: bases 

TTT ( 
TTC 
TTA 
TTG 
CTT 
CTC 
CTA 
CTG 
ATT 
ATC 
ATA 
ATG 
GTT 
GTC 
GTA 
GTG 

Phe) : 
Phe) : 
Leu) 
Leu) 
Leu) 
Leu) 
Leu) 
Leu) 
(He) 
(He) 
(He) 
(MET) 
(Val) 
(Val) 
(Val) 
(Val) 

9 
32 
3 
6 

20 
25 
9 
43 
8 

28 
4 

: 16 
: 8 
: 32 
: 4 
: 35 

operon 

genetic code. 
1137 

») have been used to build this 
1 to 3409 

TCT 
TCC 
TCA 
TCG 
CCT 
ccc 
CCA 
CCG 
ACT 
ACC 
ACA 
ACG 
GCT 
GCC 
GCA 
GCG 

Ser) 
Ser) 
Ser) 
Ser) 
Pro) 
Pro) 
Pro) 
Pro) 
Thr) 
[Thr) 
(Thr) 
(Thr) 
(Ala) 
(Ala) 
(Ala) 
(Ala) 

6 
15 
4 

20 
18 
21 
12 
41 
2 

27 
2 
14 
26 
44 

: 20 
: 20 

TAT 
TAC 
TAA 
TAG 
CAT 
CAC 
CAA 
CAG 
AAT 
AAC 
AAA 
AAG 
GAT 
GAC 
GAA 
GAG 

Tyr) 
Tyr) 

— ) 
— ) 
His) 
His) 
Gin) 
Gin) 
Asn) 
Asn) 
Lys) 
Lys) 
Asp) 
Asp) 
Glu) 
Glu) 

15 
19 
4 
1 

27 
17 
18 
22 
14 
27 
8 
19 
19 
24 
20 
29 

table: 

TGT 
TGC 
TGA 
TGG 
CGT 
CGC 
CGA 
CGG 
AGT 
AGC 
AGA 
AGG 
GGT 
GGC 
GGA 
GGG 

Cys) 
Cys) 
— ) 
Trp) 
Arg) 
Arg) 
Arg) 
Arg) 
Ser) 
Ser) 
Arg) 
Arg) 
Gly) 
Gly) 
Gly) 
Gly) 

6 
16 

: 6 
34 
18 
22 
9 

22 
6 

11 
4 
3 

26 
58 
12 
19 
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CHAPTER IV 

DISCUSSION 

4.1 The DNA Sequence of the C. vinosum puf operon 

The complete DNA sequence of the C. vinosum puf operon is shown in Figure 

3.7 The sequence was analyzed for open reading frames in order to identify the genes of 

the puf operon. The ATG start codons of open reading frames that were identified as the 

puf A, pufL, pufisA, pufC, and the newly discovered pufB' are identified in Figure 3 7, 

except in the case of puf A where the start site was not present in the cloned DNA 

fragment. The putative ribosome-binding sites of the pufL, puftsA, pufC, and the newly 

discovered pufB' genes are shown in Figure 3.7 as underlined in the sequences. The 

homologies found when the amino acid sequences deduced from these C. vinosum genes 

were compared to the deduced amino acid sequences for PRC subunits from other purple 

bacteria allow one to conclude with good confidence that these genes are indeed the 

genes of the C vinosum puf operon. 
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4.2 Deduced amino sequence of the puf operon 

4.2.1 puf A gene product: oc-antenna subunit of the Light Harvesting Complex I 

The deduced amino acid sequence for the 5' end of the 3.4 kb EcoRI clone reveals 

a peptide that is identified as the C-terminal protion of XhepufA gene product. The puf A 

gene encodes a polypeptide that is a subunit of the core light harvesting complex LH-I. 

Subunits of the peripheral antenna complexes (LH-II and LH-III) are not encoded as part 

of the puf operon in purple bacteria (Ashby et al, 1987; Kiley and Kaplan, 1987). There 

was not enough sequence obtained in this dissertation to make a comparison to the 

sequences of the peripheral antenna polypeptides, so there is no homology comparison 

given. 

Confirmation for the sequence obtained in this dissertation work comes from 

unpublished results obtained at Tokyo Metropolitan University, where an identical DNA 

sequence was obtained (K. Nagashima and K. Matsuura, unpublished observation). The 

Tokyo group also obtained and sequenced a clone containing the entire puf A gene, and a 

portion of their sequence is identical to the portion of xhe puf A gene that was sequenced 

as part of this dissertation. 

Although the 5' end of the cloned EcoRI fragment encodes only 24 amino acids of 

the C-terminus of the a-subunit, there was enough coding information to identify the 

gene product as the a-subunit of the C vinosum LH-I complex. The deduced amino acid 

sequence of the puf A gene product of C. vinosum shows a high degree of homology to 

the published C. vinosum protein sequence of the core a-subunit, but there is an 

important point to note. The deduced amino acid sequence has three residues that differ 
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from those in the published sequence derived from protein sequencing of purified LH-I 

complex from C vinosum denoted B890a (Zuber and Cogdell)(Figure 4.1). As there are 

disagreements in sequence data presented from the cloned gene (this work), and data 

obtained from the purified protein, further studies will be needed to resolve these 

differences. 

The deduced amino acid sequence of the C. vinosum puf A gene product also 

shows a high degree of homology with the C-terminal portions of the a-subunits of other 

photosynthetic bacteria (Figure 4.1). The deduced amino acid sequence from the C 

vinosum clone contains the cluster of residues FNW, shown in bold type, that are 

conserved in the a-antenna polypeptides of LH-I complexes in all purple bacteria (Zuber 

and Brunisholz, 1991)(Figure 4.1). This region is also conserved in the a-subunit of the 

green gliding bacterium Chloroflexus aurantiacus (Figure 4.1). 
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C. vinosum 1 M HKIWQIFDPRRTLVALFGFLFVLGLLIHFILLSSPAFNWLSG 4 3 
C vinosum 2 EFNWLED 7 
R. rubrum M WRIWQLFDPRQALVGLATFLFVLALLIHFILLSTERFNWLEG 4 3 
Rps. marina M WKVWLLFDPRRTLVALFTFLFVLALLIHFILLSTDRFNWMQG 43 
Rp. acidophila 1 M YKLWLLFDPRRALVALSAFLFVLALIIHFIALSTDRFNWLEG 43 
Rp. acidophila 2 M YKLWLLFDPRRTLVALSAFLFVLGLIIHFISLSTDRFNWLEG 4 3 
Rp. acidophila 3 M YKLWLLFDPRRTLVALSAFLFVLGLIIHFISLSTDRFNWLEG 4 3 
E. halophila 1 M WRLWKLYDPRRVLIGIFSWLAVLALVIHFILLSTDRFNWVGG 4 3 
Rps. viridis ATEYRTASWKLWLILDPRRVLTALFVYLTVIALLIHFGLLSTDRLNWWEF 50 
E. halophila 2 M WRMWKILDYRRTWLAHVGMAVLALLIHFILLSTGSFNWLEG 43 
Rb. sphaeroides MSKF YKIWMIFDPRRVF-AQGVFLFLLAVMIHLILLSTPSYNWLEI 45 
Rb. capsulatus MSKF YKIWLVFDPRRVFVAQGVFLFLLAVLIHLILLSTPAFNWLTV 4 6 
Chi. aurantiacus MQP-RSPV RTNIVIFTILGFWALLIHFIVLSSPEYNWLSN 40 

C. vinosum 2 GVPAATVQQVTPWPQR 24 
R. rubrum 
Rps. marina 
Rp. acidopila 1 
Rp. acidophila 2 
Rp. acidophila 3 
E. halophila 1 
Rps. viridis 
E. halophila2 
Rb. sphaeroides 
Rb. capsulatus 
Chi. Aurantiacus 

ASTKPV 
APTAPA 
KPAVKA 
KPAVRA 
KPAVRA 
AAN 
QRGLPK 
NPY—G 
SAAKYN 
ATAHGY 
AEG—G 

49 
49 
49 
49 
49 
46 
56 
47 
51 
52 
44 

Figure 4.1. Alignment of amino acid sequences for the a-subunit of the core antenna 
complexes (LH-I complex) (Zuber and Cogdell). C. vinosum 1 (890p protein 
sequence), C vinosum2 (Deduced amino acid sequence from this 
dissertation) 
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4.2.2. pufL gene product: L-subunit of the C. vinosum PRC 

The deduced amino acid sequence of the pufL gene indicates that the L-subunit of 

the PRC of C. vinosum contains 278 amino acids and has a calculated molar mass of 

31,195 daltons. The amino acid sequence alignment shown below was obtained by 

comparing the deduced amino acid sequence of the C. vinosum L-subunit to the L-subunit 

sequences of several other photosynthetic purple bacteria: Rv. gelatinosus, Rps. viridis, 

Rb. sphaeroides, Rb. capsulatus, and R. rubrum (Figure 4.2). 

The amino acid sequence alignment illustrates that the L-subunits contain 44% 

identical amino acid residues. The alignment also shows that the sequences also contain 

29% conservative changes in which the chemical nature of the side chain is maintained 

despite a change in amino acid identity. The amino acid sequence alignment 

demonstrates that the C. vinosum L-subunit has homology to the L-subunit sequences of 

other purple bacteria. The L-subunit of C. vinosum contains several highly conserved 

regions. There are also several conservative amino acid changes in the C. vinosum L-

subunit. Comparison of the amino acid sequence of the L-subunit of C. vinosum and the 

recently published deduced amino acid sequence of C. tepidum (Fathir et al., 1997) 

demonstrates that the sequences are 92% identical, and also have 4% conservative 

changes (Figure 4.3). 
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Cv MAMLSFERKYRVRGGTLIGGDLFDFWVGPFYVGFFGVAGF 4 0 
Rg -AMLSFEKKYRVRGGTLVGGDLFDFWVGPFYVGFFGVTTL 39 
Rr "ALLSFERKYRVRGGTLIGGDLFDFWVGPFYVGFFGVTTL 39 
Re -ALLSFERKYRVPGGTLIGGSLFDFWVGPFYVGFFGVTTI 39 
Rs -ALLSFERKYRVPGGTLVGGNLFDFWVGPFYVGFFGVATF 3 9 
Rv -ALLSFERKYRVRGGTLIGGDLFDFWVGPYFVGFFGVSAI 39 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
• • • • •• . . . 

Cv FFALLGVLLIVWGATIGPNAELQTYNIWQISIAPPDLSYG 8 0 
Rg FFSVLGTALIIWGASQGP TWNLWQISIAPPDLKYG 7 4 
Rr LFTVLGTALIVWGAALGPS WTFWQISINPPDVSYG 74 
Re FFATLGFLLILWGAAMQ GTWNPQLISIFPPPVENG 74 
Rs FFAALGIILIAWSAVLQ GTWNPQLISVYPPALEYG 7 4 
Rv FFIFLGVSLIGYAASQGP TWDPFAISINPPDLKYG 74 

* * * * * * * * * * 
• • 

Cv LGMAPMTEGGLWQIITICAIGAFVSWALREVEICRKLGIG 120 
Rg LGVAPLMEGGLWQIITVCAIGAFVSWALREVEICRKLGMQ 114 
Rr L7AMAPMAKGGLWQIITFSAIGAFVSWALREVEICRKLGIG 114 
Re LNVA7ALDKGGLWQVITVCATGAFCSWALREVEICRKLGIG 114 
Rs LGGAPLAKGGLWQIITICATGAFVSWALREVEICRKLGIG 114 
Rv LGAAPLLEGGFWQAITVCALGAFISWMLREVEISRKLGIG 114 

* * * * -k-k -k-k * * * * * * * * * * * * k * * * 

Cv FHIPFAFAFAIGAYLVLVWRPILMGAWGHGFPYGILSHL 160 
Rg YHVPIAFSFAILAYVTLWIRPILMGAWGHGFPYGIFSHL 154 
Rr YHIPFAFGFAILAYVSLWIRPVMMGAWGYGFPYGFMTHL 154 
Re FHIPVAFSMAIFAYLTLWIRPMMMGSWGYAFPYGIWTHL 154 
Rs YHIPFAFAFAILAYLTLVLFRPVMMGAWGYAFPYGIWTHL 154 
Rv WHVPLAFCVPIFMFCVLQVFRPLLLGSWGHAFPYGILSHL 154 

* * * * * * * * * * * * * * * * * 
• • 

Figure 4.2. Alignment of L-subunit amino acid sequences of C. vinosum, Cv (Corson 
et al, 1997); Rubrivivax gelatinosus, Rg (Nagashima K et al, 1994); 
Rhodospirillum rubrum, Rr (Belanger G et al., 1988); Rhodobacter 
sphaeroides, Rs (Williams JC et al, 1984); Rhodobacter capsulatus, Re, 
(Youvan DC et al. 1984); Rhodopseudomonas viridis, Rv (Michel H et al, 
1986). The residues that are identical are marked underneath with ( * ), and 
the residues that conserved are marked underneath with a ( . ). 
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Cv DWVSNVGYQFLHFHYNP7AHMLAITFFFTNCLALSMHGSLI 2 00 
Rg DWVSNVGYQYLHFHYNPAHMLAITFFFTTTL7AMSMHGGLI 194 
Rr DWVSNTGYQY7ANFHYNPAHMLGITLFFTTCLALALHGSLI 194 
Re DWVSNTGYTYGNFHYNPFHMLGISLFFTTAWALAMHGALV 194 
Rs DWVSNTGYTYGNFHYNPAHMIAISFFFTNALAL7ALHGALV 194 
Rv DWVNNFGYQYLNWHYNPGHMSSVSFLFVNAMALGLHGGLI 194 

* * * * * * * * * * * * * * * * * 
• • 

Cv LSVTNPQKGEEVKTSEHENTFFRDIVGYSIGALAIHRLGL 2 4 0 
Rg LSAANPKKGEPMKTTDHEDTFFRDAVGYSIGSLGIHRLGL 2 34 
R r LSAANPGKGEWKGPEHENTYFQDTIGYSVGTLGIHRVGL 2 34 
Re LSA7ANPVKGKTMRTPDHEDTYFRDLMGYSVGTLGIHRLGL 2 3 4 
Rs LSA7ANPEKGKEMRTPDHEDTFFRDLVGYSIGTLGIHRLGL 2 34 
Rv LSVANPGDGDKVKTAEHENQYFRDWGYSIGALSIHRLGL 2 34 

* * * * * * * k * * * * * * * * * * * 
• • • • • • • • • • • • • • • • • 

Cv FLALSAVFWSAVCIVISGPFWTRGWPEWWNWWLELPLW— 27 8 
Rg FLALSAAFWSAVCIVISGPFWTRGWPEWWGWWLNLPIWSQ 27 4 
Rr ILALSAWWSIICMILSGPIYTGSWPDWWLWWQKLPFWNH 274 
Re LLALNAVFWSACCMLVSGTIYFDLWSDWWYWWVNMPFWAD 274 
Rs LLSLSAVFFSALCMIITGTIWFDQWVDWWQWWVKLPWWAN 274 
.Rv FLASNIFLTGAFGTIASGPFWTRGWPEWWGWWLDIPFWS- 273 

* * * * * * * * * 

Cv 278 
Rg WP LK 278 
Rr G 275 
Re MAGGING 281 
Rs IPGGING 281 
Rv 273 

Figure 4.2, Continued. 

The key feature of the C. vinosum L-subunit is that there is an insertion of 

residues in the sequence, as compared to the L-subunits of other purple bacteria The 

insertion of six amino acids between residues in the C. vinosum L-subunit between L59 

and L63 is also present it the L-subunit of C. tepidum between L59 and L65, except that 

the insertion in C tepidum is eight amino acid residues (Figure 4.3). The extra amino 

acids make the L-subunit of C. tepidum even more homologous to the M-subunit than 
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those of other purple bacteria, this data lends credence to the theory that one subunit 

arose from the other via gene duplication (Fathir et al, 1997). 

Computer calculations performed as described in Methods and Materials based 

upon the deduced amino acid sequence of the C. vinosum L-subunit of the reaction center 

were done in order to give some insight into the possible secondary structure of PRC 

Hydropathy plots of the C. vinosum, Rps. viridis andRb. sphaeroides L-subunits predict 

that the subunit is likely to be an integral membrane protein (Figure 4.4). The hydropathy 

plot also predicts that the protein would contain 4 transmembrane helices. This 

prediction is in disagreement with the known PRC crystal structures of Rps. viridis and 

Rb. sphaeroides L-subunits, both of which have been shown to contain five membrane-

spanning helices. 

In order to improve on structural predictions so that they are in better agreement 

with the known PRC crystal structures the method of Rao and Argos, contained in 

PCGENE software, was used to predict membrane-spanning helices of the L-subunit 

(Rao and Argos, 1986). To gain insight as to how well the program would predict 

transmembrane helices, the method was applied to the L-subunit sequences of Rps. viridis 

and Rb. sphaeorides. The program correctly predicted that the Rps. viridis L-subunit 

would contain five membrane-spanning helices (Figure 4.5). In this case, the helices are 

predicted to span Rps. viridis segments L13 to L5 3, L74 to L102, L111 to L151, L174 to 

LI98, and L219 to L252. The actual transmembrane helices derived from the X-ray 

crystal structure have been shown to span segments L33 to L53 (Helix A), L84 to LI 11 

(Helix B), LI 16 to L139 (Helix C), L171 to L198 (Helix D), and L226 to L249 (Helix E) 
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(Deisenhofer and Michel, 1989). The program correctly predicted the number of 

transmembrane helices in the L-subunit of Rps. viridis (Figure 4.5), and predicted their 

locations with reasonable accuracy. 

C. tepidum - AMLSFEKKYRVRGGTLIGGDLFDFWVGPFYVGFFGWGFCFTLLGVLLI -49 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I • I I I I I I I 
C.vinosum - MAMLSFEKKYRVRGGTLIGGDLFDFWVGPFYVGFFGVAGFFFALLGVLLI -50 

C.tepidum - VWGATIGPTGPTSDLQTYNLWRISIAPPDLSYGLRMAPLTEGGLWQIITI -99 
I I I I I I I I . 1 1 1 1 1 . 1 I I I I I I I I I I I I I I I • I I I I I I I I I I I 

C. vinosum - VWGATIGPNA ELQTYNIWQISIAPPDLSYGLGMAPMTEGGLWQIITI -97 

C. tepidum - CAAGAFISWALREVEICRKLGIGFHVPFAFSFAIGAYLVLVFVRPLLMGA -149 
I I I I I • M I I I I I I I I I I I I I I I I • I I I I • I I I I I I I I I I I I I • I I I I 

C. vinosum - CAIGAFVSWALREVEICRKLGIGFHIPFAFAFAIGAYLVLVWRPILMGA -147 

C. tepidum - WGHGFPYGILSHLDWVSNVGYQFLHFHYNPAHMLAISFFFTNCLALSMHG -199 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I • I I I I I I I I I I I I I 

C.vinosum - WGHGFPYGILSHLDWVSNVGYQFLHFHYNPAHMLAITFFFTNCLALSMHG -197 

C. tepidum - SLILSVTNPQRGEPVKTSEHENTFFRDIVGYSIGALAIHRLGLFLALSAA -24 9 
I I I I I I I I I I • I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

C.vinosum - SLILSVTNPQKGEEVKTSEHENTFFRDIVGYSIGALAIHRLGLFLALSAV -247 

C.tepidum - FWSAVCILISGPFWTRGWPEWWNWWLELPLW -280 
I I I I I I I . I I I I I I I I I I I I I I I I I I I I I I I 

C. vinosum - FWSAVCIVISGPFWTRGWPEWWNWWLELPLW -278 

Figure 4.3. Amino Alignment of the L-subunits of C. tepidum (Fathir et al, 1997) and C 
vinosum (Corson, 1997). The segment containing the extra amino acid 
residues that are inserted in these sequences relative to the L-subunits of 
other purple bacteria is shown in bold. 
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Figure 4.4. Hydropathy profiles of the complete amino acid sequences of the L-subunits 
of C vinosum (top) and Rps. viridis (bottom). Hydrophobicity index (y-axis) 
versus amino acid residue number (x-axis) 
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It therefore seemed appropriate to apply the method of Rao and Argos to the 

deduced amino acid sequence of the L-subunit of the C. vinosum PRC. This method 

predicted that the L-subunit of C. vinosum contains five membrane-spanning helices 

(Figure 4.5). The transmembrane helices in the C. vinosum L-subunit are predicted to 

span residues L14 to L57 (Helix A), L89 to L108 (Helix B), LI 17 to L157 (Helix C), 

LI78 to L201 (Helix D), L 225 to L 262 (Helix E). It is important to note that without 

available crystal structure information these types of calculations can only be used to 

make preliminary predictions of the C. vinosum PRC structure. Based solely on these 

calculations and sequence comparisons, a preliminary model can be developed 

representing the secondary structure of the C vinosum L-subunit based upon the known 

structures of the Rps. viridis and the Rb. sphaeroides. 
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ransmembrane helices predicted 

SEQUENCE 

GGTLIGGDLFDFWVGPYFVGFFGVSAIFFIFLGVS LIGYAA 

GLGAAPLLEGGFWQAITVCALGAFISWML 

LGIGWHVPLAFCVPIFMFCVLQVFRPLLLGSWGHAFPYGIL 

MSSVSFLFVNAMALGLHGGLILSVA 

WGYSIGALSIHRLGLFLASNIFLTGAFGTIASG 

(A) 

Analysis done on sequence of the C. vinosum L-subunit 

Total number of residues is: 278. 

Analysis done on the complete sequence. 

There are 5 transmembrane helices predicted. 

(n#) Position 

Sequence 

GGTLIGGDLFDFWVGPFYV//GFFFALLGVLLIVWGATIG 

GGLWQIITICAIGAFVSWAL 

LGIGFHIPFAFAFAIGAYLVLVWRPILMGAWGHGFPYGIL 

AHMLAITFFFTNCLALSMHGSLIL 

IVGYSIGALAIHRLGLFLALSAVFWSAVCIVISGPFWT 

( 

( 

( 

( 

( 

1) 

2) 

3) 

4) 

5) 

From 

14 

89 

117 

178 

225 

To 

57 

108 

157 

201 

262 

(B) 

Figure 4.5. Predictions of transmembrane helices utilizing the method of Raos and 
Argos. 

Panel (A); Transmembrane helices predicted for the R. viridis L-subunit. 

Panel (B); Transmembrane helices predicted for the C vinosum L-subunit. 
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The electron that is transferred from the special pair only travels to the 

chromophores more closely associated with the L-subunit, designated the A-branch 

(active-branch) that ends with QA (Hoff et al, 1988). In this discussion only the ligands 

and other residues associated with binding sites on the A-branch will be covered. The 

function of the ligands and other residues discussed in this, and the following sections, 

have been determined by X-ray crystallographic studies and site-directed mutagenesis 

experiments. These experiments that have allowed the assignments of the function of 

many ligands, and other residues involved in the binding of the chromophores are 

discussed in Anoxygenic Photosynthetic Bacteria (Blankenship et al, 1995), as well as 

several review articles (Feher and Okamura, 1978; Hoff, 1982; Parson, 1982, 

Deisenhofer and Michel, 1989). 

The amino acid domains of the L-subunit involved in binding the chromophores 

are well conserved throughout the purple bacteria. The "special pair" bacteriochlorphyll 

dimer is held in place by interactions between amino acids located at the interface of the 

L and M subunits near the periplasmic side (Figure 4.6). The "special pair" is held in 

position by interactions between a magnesium ion (Mg ) in the BChl and the amino acid 

ligands. The amino acid residues that bind strongly to Mg2+ of the "special pair" are His 

LI73 and His M200 in Rps. viridis, or correspondingly His LI73 and His M202 in Rb 

sphaeroides. 
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Thr L248 

His LI 

His 

Figure 4.6. Rps. viridis PRC: Ligands and other residues interacting with the special pair 
and the initial electron acceptor: the monomeric bacteriochlorophyll 
molecule that is more closely associated with the L-branch of the PRC 
(Lancaster, Ermler, and Michel, 1995) 

The amino acid alignment of the L-subunits shows that His LI73 (Rv) is 

absolutely conserved in all the purple bacteria, except that the position of the residue is 

shifted in the C vinosum sequence. The position of the ligand corresponding to His LI 73 

(Rv) in C vinosum has changed due to insertion of six amino acid residues in the C. 

vinosum sequence between position L57 and L60. As a result the residue numbers in the 

C vinosum sequence are shifted, relative to the sequence of Rps. viridis, and His LI79 in 

the C vinosum L-subunit would be predicted to be the ligand corresponding to His LI73 

(Rv). This assignment would also seem reasonable based on the fact that the extra amino 

acids inserted into the C vinosum (Cv) sequence are predicted to be in the segment 
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connecting two of the transmembrane helices. Thus it would be predicted that the 

structure of the helix providing the histidine ligand, as well as other ligands in the C 

vinosum sequence, has not been altered. 

The ligands interacting with the monomeric BChl that serves as the initial electron 

acceptor are Thr L248(i?v) or Met L248 in Rb. sphaeroides (Rs), His L153, His L168, His 

M180, and Tyr M195. The deduced amino acid sequence of the C vinosum L-subunit 

has He L256 as the residue corresponding to Thr L248 (Rv). Although, the isoleucine at 

position L256 of the C. vinosum L-subunit is the same amino acid found in by the Rv. 

gelatinosus L-subunit, the residue present at this position in Rb. sphaeroides, Rb. 

capsulatus and R. rubrum is methionine. In the Rps. viridis PRC Thr L248 hydrogen 

bonds to the keto carbonyl oxygen of ring V in one of the bacteriophyll dimer molecules , 

thus ring V is bent towards the Thr residue (Lancaster et al, 1995). In the Rb. 

sphaeroides PRC the interaction with the Thr residue is absent, and it has been shown 

that ring V is consequently oriented in the opposite direction (Lancaster et al, 1995). As 

the Thr residue is also missing in the PRC of C. vinosum it can be predicted that the 

orientation of the bacteriophyll dimer would be tilted similar to that in the PRC of Rb. 

sphaeroides. On the other hand the ligand His LI53 (Rv) is conserved as His LI59 (Cv), 

and His LI68 (Rv) is conserved as His LI74 (Cv). The ligands involved in binding the 

bacteriopheophytin are Trp L100 (Rv) and Trp Ml27 (Rv) or Trp Ml29 (Rs), that form 

hydrogen bonds to ester carbonyls of ring V of BPhA (Michel et al, 1986b; Ermler et al, 

1994)(Figure4.7). 
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Trp M266 
M214 

Val M263 

Trp L100 

Glu L104 

Figure 4.7. Rps. viridis PRC: Ligands and other residues interacting with the 
bacteriopheophytin molecule (Lancaster, Ermler, and Michel, 1995). 

The amino acid sequence of the C vinosum L-subunit also contains a tryptophan 

(Trp LI06) at the corresponding position, thus the residues provided by the L-subunit at 

this position are absolutely conserved. The ligands and other important residues provided 

by the M-subunit will be discussed in the section 4.1.3. 

The residues that form the QB binding site are exclusively contained on the L-

subunit of the PRC (Figure 4.8). The QB binding site loosely binds the quinone, to 

facilitate quinol exchange (Deisenhofer et al, 1985). 
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Tyr L222 

Ser L223 

AsnL213 

DG-420314 

Leu LI89 

(WATER 

GiuL212 

His LI 90 

Figure 4.8. Rps. viridis PRC: Ligands and other residues of the Rps. viridis L-subunit 
forming the QB binding site. Shown with the triazine inhibitor occupying the 
QBsite (Lancaster, Ermler, and Michel, 1995). 

Loose binding is necessary because the quinone molecule is released after 

sequential reduction to quinone, during the primary reaction of photosynthesis 

(Deisenhofer et al, 1985). Once released the quinol carries two electrons and two 

protons to the cytochrome bc\ complex. Following release of the reduced quinol 

molecule, the QB site is occupied by another quinone molecule. The amino acid residues 

involved in the protein:quinone interaction are contained on several helices. The helices 

in the Rps. viridis PRC involved in binding the quinone are contained on, transmembrane 
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helices D (L189, L190, L193), and E (L226, L229, L232), and also residues of the 

connecting helix DE (L212, L213, L216). Other residues involved in the formation of 

the QB binding site are located in the loop region (L222-L225) that connects the helices D 

and E. The C. vinosum residue at the position corresponding to Leu LI89 in Rps. viridis 

is Met LI95 (Cv). Although this residue is different than that found in Rps. viridis, and 

Rb. sphaeroides and R. rubrum, it is identical to that found in Rv. gelatinsous and Rb. 

capusaltus. The change from Leu to Met at position LI89 represents a conservative 

change and maintains the chemical properties of this position. The His residue at LI 90, 

and leucine at LI93 are absolutely conserved throughout the purple bacteria. The residue 

alanine L226 (Rv) and Ala L232 (Cv) are the same, but there is no pattern of conservation 

at L226. The position is occupied by Tyr in the L-subunit of R. rubrum, Rb. capsulatus, 

and Rb. sphaeroides, and by Ser in Rv. gelatinosus, thus the residues at this position are 

not well conserved. He L229 is absolutely identical in all purple bacteria. At position 

L232, and nonpolar amino acid is always found, Val L232 in Rps. viridis and Leu L232 

in all the other purple bacteria. Glutamic acid is found at the position equivalent to L212 

in all the purple bacteria, the function of which will be discussed later. Asn L213 is 

conserved in C vinosum, Rps. viridis, but glutamic acid is found at the corresponding 

position in Rb. sphaeroides, Rb. capsulatus, Rv. gelatinosus. Such a drastic switch in 

chemical properties at this location will require further investigation to determine the 

involvement of this position as an important residue. Phe L216 is absolutely identical in 

all purple bacteria, where it forms part of the QB binding site and is essential for quinone 

binding (Sinning et al, 1989). The highly conserved stretch of amino acid residues YSIG 
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or YSVG spanning the segment L222 to L225, is also highly indicative of the functional 

importance of this domain. 

There are also three residues that are implicated in proton transfer from the 

aqueous phase to the quinone occupying the QB site: this completes the reduction to 

quinol that has received two electrons, via two single electron transfers from the "special 

pair". The first proton is transferred to the quinone via Asp L213 (Rs) and Ser L223 (Rs). 

The second proton is transferred via Asp L213 (Rs) and Glu L212 (Rs). The 

corresponding residues in the L-subunit in C. vinosum are Ser L229, Glu L217, but Asn 

L220. Thus the Ser and Glu residues are absolutely conserved in the L-subunit of all 

purple bacteria. The residue corresponding to Asp L213 (Rs) is present in Rb. 

sphaeroides, Rv.gelatinosus, and Rb. capsulatus but is replaced by Asn in the L-subunits 

of C vinosum, Rps. viridis, and R. rubrum. These residues have also been discussed in 

the preceding paragraph in conjunction with the QB binding site. 

Thus, both the amino acid sequence comparisons and preliminary structural 

predictions, have been useful to begin modeling the secondary structure of the C 

vinosum PRC based upon the known X-ray crystal structure of the PRC's of Rps. viridis 

and the Rb. sphaeroides. 
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4.2.3 pufiA gene product: the M-subunit of the C. vinosum PRC 

The deduced amino acid sequence of the pufiA gene sequence indicates that the 

M-subunit of the PRC of C. vinosum contains 325 amino acids and has a calculated molar 

mass of 36,339 daltons. The amino acid sequence alignment was obtained by comparing 

the deduced amino acid sequence of pufiA of C vinosum to the sequences of the M-

subunit of several other photosynthetic purple bacteria: Rv. gelatinosus, Rps. viridis, Rb 

sphaeroides, Rb. capsulatus, and R. rubrum (Figure 4.9/ The amino acid sequence 

alignment illustrates that the M-subunits contain 35% identical residues and 28% 

conservative changes, as compared to each other. 

Comparison of the amino acid sequence of the C. vinosum M-subunit and the 

recently published deduced amino acid sequence of C. tepidum M-subunit demonstrates 

that these two bacteria have M-subunits that are very well conserved (Figure 4.10). The 

alignment of the two M-subunit amino acid sequences demonstrates that the sequences 

are 88% identical, and contain 5% conservative changes. 
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C v MPEYQNIFTTVQVRAPAYPGVPLPKGSLPRIGKPIFS-YW 39 
R9 -AEYQNIFTRVQVAGPAHMGVPLPEQDSPRTGKKPWQIHL 39 
R r -SEYQNILTGVQVRTAPHSA-PI7AKGIFPRLGKPGFS-YW 37 
R v -ADYQTIYTQIQARGP-HITVSGEWGDNDRVGKPFYS-YW 37 
R s -AEYQNIFSQVQVRGPADLGMTEDVNLANRSGVGPFSTL- 3 8 
R c -AEYQNFFNQVQVAGAPEMGLKEDVDTFERTPAGMFN-I- 37 

• * 

C v AGKIGDAQIGPIYLGFTGTLSIIFGFMAIFIIGFNMLASV 7 9 
R g LGRLGMAQIGPIYLGPLGILSIVFGSLAIMIIGFNMLASV 7 9 
R r LGKIGDAQIGPIYLGTTGVLSLVFGFFAIEIIGFNLLASV 77 
Rv LGKIGDAQIGPIYLGASGIAAFAFGSTAILIILFNMAAEV 7 7 
Rs LGWFGNAQLGPIYLGSLGVLSLFSGLMWFFTIGIWFWYQA 7 8 
Rc LGWMGNAQIGPIYLGIAGTVSLAFGAAWFFTIGVWYWYQA 7 7 

• * * * * * * * * * * * * 

• • • • • • • 

Cv DWNIIQFVKHFFWLGLEPPAPQYGLTIP-PLSEGGWWLMA 118 
Rg GWNPIEFFRQFFWLALEPPSPKYGLKLP-PLNDGGWWLMA 118 
Rr NWSPMEFGRQFFWLGLEPPAAEYGLGFA-PLAEGGWWQIA 116 
Rv HFDPLQFFRQFFWLGLYPPKAQYGMGIP-PLHDGGWWLMA 116 
Rs GWNPAVFLRDLFFFSLEPPAPEYGLSFAAPLKEGGLWLIA 118 
Rc GFDPFIFMRDLFFFSLEPPPAEYGLAIA-PLKQGGVWQIA 116 

* * * * * k-k kk k-k * k 

• • • • • • • • •• • • • • • 

Cv GFFLTMSILLWWVRTYKRAEALGMSQHLSWAFAAAIFFYL 158 
Rg GLFLTISILLWWVRMYTRARALGMGTHVAWAFAAAIWLYL 158 
Rr GFFLTTSILLWWVRMYRRARALKMGTHTAWAFASAIFLFL 156 
Rv GLFMTLSLGSWWIRVYSRARALGLGTHIAWNFAAAIFFVL 156 
Rs SFFMFVAVWSWWGRTYLRAQALGMGKHTAWAFLSAIWLWM 158 
Rc SLFMAISVIAWWVRVYTRADQLGMGKHMAWAFLSAIWLWS 156 

* * * * * * * * * * * * * 

Figure 4.9. Alignment of M-subunit amino acid sequences of C vinosum, (Cv) (Corson 
G et al, 1997); Rubrivivax gelatinosus, Rg (Nagashima K et al, 1994); 
Rhodospirillum rubrum, Rr (Belanger G et al, 1988); Rhodobacter 
sphaeroides, Rs (Williams JC et al, 1984); Rhodobacter capsulatus, Rc, 
(Youvan DC et al, 1984); Rhodopseudomonas viridis, Rv (Michel H et al, 
1986). The residues that are identical are marked underneath with (*), and 
the residues that conserved are marked underneath with a ( . ) . 
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Cv SLGFIRPVMMGSWAEAVPFGIFPHLDWTAAFSIRYGNLYY 198 
Rg VLGFIRPVLMGSWSEAVPFGIFPHLDWTAAFSLRYGNLFY 198 
Rr SLGFIRPLLMGNFSESVPFGIFPHLEWTNSFSLNYGNFFY 196 
Rv CIGCIHPTLVGSWSEGVPFGIWPHIDWLTAFSIRYGNFYY 196 
Rs VLGFIRPILMGSWSEAVPYGIFSHLDWTNNFSLVHGNLFY 198 
Rc VLGFWRPILMGSWSVAPPYGIFSHLDWTNQFSLDHGNLFY 196 

* * * * * * * * * * * * * 

Cv NPFHMLSIAFLYGSALLFAMHGATILAVSRFGGDREIDQI 238 
Rg NPFHALSIAFLYGATLLFAMHGATILAVSRFGGERELEQI 23 8 
Rr NPFHMLSIAFLYGSALLSAMHGATILAVSRLGGDREVEQI 23 6 
Rv CPWHGFSIGFAYGCGLLFAAHGATILAVARFGGDREIEQI 23 6 
Rs NPFHGLSIAFLYGSALLFAMHGATILAVSRFGGERELEQI 238 
Rc NPFHGLSIAALYGSALLFAMHGATILAVTRFGGERELEQI 23 6 

* * * * * * * * * * * * * * * * * * * * * * * * 
• • • . . . . . « 

Cv TDRGTAAERAAIFWRWTMGFNASMESIHRWAWWCAVLTVI 27 8 
Rg ADRGTASERAQLFWRWTMGFNATTESIHRWAWWFAVLCPL 27 8 
Rr TDRGTAAERAALFWRWTMGFNATMESIHRWAWWFAVLCTF 27 6 
Rv TDRGTAVERAALFWRWTIGFNATIESVHRWGWFFSLMVMV 27 6 
Rs ADRGTAAERAALFWRWTMGFNATMEGIHRWAIWMAVLVTL 27 8 
Rc VDRGTASERAALFWRWTMGFNATMEGIHRWAIWMAVMVTL 27 6 

* * * * * * * * * * * * * * * * * * * * • 
• • • • • • • • • • • • 

Cv TAGIGILLTGTWENWYLWAIKHGVAPAYPEWTAVDPYA 318 
Rg CGGIGILLSGTWDNWYLWAVKHGVAPSYPAVFAPTIDPA 318 
Rr TGAIGILLTGTWDNWFEWGVKHGLAPA 304 
Rv SASVGILLTGTFVDNWYLWCVKHGAAPDYPAYLPATPDPA 316 
Rs TGGIGILLSGTWDNWYVWGQNHGMAP 305 
Rc TGGIGILLSGTWDNWYVWAQVHGYAP 303 

* * * * * * * * * * * * * * 

Cv 
Rg 
Rr 
Rv 
Rs 
Rc 

TATGVTQ 
TLQGV-K 

p 
SLPGAPK 

LN-
VTP 

325 
324 
305 
323 
307 
306 

Consensus length: 327 
Identity : 115 ( 35.2%) 
Similarity: 92 ( 28.1%) 

Figure 4.9, Continued. 
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C. tepidum - MPEYQNIFTAVQVRAPAYPGVPLPKGNLPRIGRPIFSYWLGKIGDAQIGP -50 

I I I I I I I I I • I I I I I I I I I I I I I I I I I I I I . I I I I I I I I I I I I I I I I 
C. vinosum - MPEYQNIFTTVQVLAPAYPGVPLPKGSLPRIGKPIFSYWAGKIGDAQIGP -50 

C. tepidum - IYLGLTGTLSIFFGLVAISIIGFNMLASVHWDVFQFLKHFFWLGLEPPPP -100 

I I I I I I I I I I I I . 1 1 I I I I I I I I I I I . I • I I I I I I I I I I I 
C.vinosum - IYLGFTGTLSIIFGFMAIFIIGFNMLASVDWNIIHFVKHFFWLGLKPPAP -100 

C. tepidum - QYGLRIPPLSEGGWWLIAGLFLTLSILLWWVRTYKRAEALGMSQHLSWAF -150 

M l I I I I I I I I I I I • I I I I I . I I I I I I I I I I I I I I I I I I I I I I I I I I 
C.vinosum - HYGLTIPPLSEGGWWLMAGFFLTMSILLWWVRTYKRAEALGMSQHLSWAF -150 

C.tepidum - AAAIFFYLVLGFIRPVMMGSWAKAVPFGIFPHLDWTAAFSIRYGNLYYNP -200 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
C.vinosum - AAAIFFYLSLGFIRPVMMGSWAEAVPFGIFPHLDWTAAFSIRYGNLYYNP -200 

C. tepidum - FHMLSIAFLYGSALLFAMHGATILSVSRFGGDREIDQITHRGTAAEGAAL -250 

I I I I I I I I I I I I I I I I I I I I I I I I • I I I I I I I I I I I I I I I I I I I I I I -
C. vinosum - FHMLSIAFLYGSALLFAMHGATILAVSRFGGDREIDQITDRGTAAERAAI -250 

C. tepidum - FWRWTMGFNATMESIHRWAWWCAVLTVITAGIGILLSGTWDNWYLWAVK -300 
I I I I I I I I I I • I I I I I I I I I I I I I I I I I I I I I I I I I • I I I I • I I I I I I • I 

C. vinosum - FWRWTMGFNASMESIHRWAWWCAVLTVITAGIGILLTGTWENWYLWAIK -300 

C. tepidum - HGMAPAYPEWTAVNPYETAAEVMQ -325 
I I . I I I I I I I I I I I I I I I . I I 

C. vinosum - HGVAPAYPEWTAVDPYATATGVTQ -325 

Figure 4.10. Amino alignment of the M-subunits of C. tepidum (Fathir et al, 1997) and 
C vinosum (Corson, 1997). 

Computer predictions using the method of Rao and Argos was also applied M-

subunits of Rb. sphaeroides and C vinosum to predict the position of the transmembrane 

helices (Figure 4.11). As this method predicted the position of the helices with 

reasonable accuracy in the M-subunit of Rb. sphaeroides it seems reasonable to predict 

that the helices of the M-subunit of C vinosum are arranged similar to those of Rb. 

sphaeroides. 
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Analysis done on sequence Rb. sphaeroides M-subunit. 
Total number of residues is: 307. 

There are 5 transmembrane helices predicted. 

(n#) 

(1) 
(2) 
(3) 
(4) 
(5) 

Position 
From 
50 

112 
146 
201 
268 

To 
75 

131 
169 
227 
291 

Sequence 
IYLGSLGVLSLFSGLMWFFTIGIWFW 
GGLWLIASFFMFVAVWSWWG 
TAWAFLSAIWLWMVLGFIRPILMG 
FHGLSIAFLYGSALLFAMHGATILAVS 
WAIWMAVLVTLTGGIGILLSGTW 

(A) 

Analysis done on sequence of the C. vinosum M-subunit 
Total number of residues is: 325. 

There are 5 transmembrane helices predicted. 

(n#) 

1) 
2) 
3) 
4) 
5) 

Position 
From To 
51 

112 
145 
201 
268 

79 
131 
181 
227 
291 

Sequence 
IYLGFTGTLS11FGFMAIFIIGFNMLASV 
GGWWLMAGFFLTMSILLWWV 
HLSWAFAAAIFFYLSLGFIRPVMMGSWAEAVPFGIFP 
FHMLS IAFLYGSALLFAMHGATILAVS 
WAWWCAVLTVITAGIGILLTGTW 

(B) 

Figure 4.11. Position and sequence of the transmembrane helices using the method of 
Rao and Argos. 

Panel (A); Position and sequence of the transmembrane helices of the Rb. 
sphaeroides M-subunit of the PRC. 

Panel (B); Position and sequence of transmembrane helices of the C. vinosum M-
subunit of the PRC, using the method of Rao and Argos. 
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The QA binding site contains a tightly bound quinone and, has been shown to be 

located close to the BPhL. The QA binding site is highly hydrophobic pocket 

(Deisenhofer and Michel, 1989), and the protein:quinone interaction involves ligands 

contained on the M subunit (Figure 4.12). The three residues that interact most directly 

with the quinone occupying the QA site are Trp M250 (Rv) or Trp M252 (Rs), Thr M220 

(Rv) or Thr M222(Rs); Ala M258 (Rv) or Ala M260 (Rs). The corresponding residues on 

the M-subunit of C. vinosum are Thr M222, Trp M252, and Ala M260. This evidence 

suggests that these three residues on the M-subunit that interact with the quinone at the 

QA site are absolutely conserved in the PRC's of all purple bacteria. 

There are five amino acid residues that provide the six ligands that bind to the 

non-heme iron contained in the bacterial reaction center (Figure 4.12). Two of the 

ligands are donated by the L-subunit, and three are donated by the M-subunit. The 

ligands donated by the L-subunit in both of the reaction centers of Rps. viridis and Rb. 

sphaeroides are His LI90 and His L230. The other two ligands contained on the M-

subunit of the Rb. sphaeroides are His M219 and His M266: the corresponding ligands in 

Rps. viridis are His M217 and His M264. The final ligand is the bidentate ligand Glu 

M234 in the PRC of Rb. sphaeroides and the ligand corresponding in the PRC of Rps. 

viridis is Glu M232. The deduced amino acid sequence of the C. vinosum L-subunit 

contains His LI96 as the corresponding ligand to His LI90 (Rv), and also His L236 

corresponding to His L230. Thus the ligands provided by the L-subunit are absolutely 

conserved within the PRC of the purple bacteria. The two ligands contained on the C. 

vinosum M-subunit corresponding to His M217 (Rv) and His M264 (Rv) are His M219 

(Cv) and His M266 (Cv), respectively. The final ligand donated by the M-subunit 
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corresponding to Glu M232 (Rv) in the C. vinosum is Glu M 234 (Cv). The data suggest 

that the amino acid ligands interacting with the non-heme iron are absolutely conserved 

in the PRC's of all the purple photosynthetic bacteria. 

His L230 

HisL190 

Trp M252 

Glu M234 Ala M 2 6 0 

Figure 4.12. Rps. viridis PRC: Ligands and other residues forming the QAbinding site 
and interacting with the quinone molecule in the Rb. sphaeroides PRC (Lancaster, 
Ermler, and Michel, 1995). 
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4.2.4 pufC gene product: the Cytochrome-subunit of the C. vinosum PRC 

The deduced amino acid sequence of XhepufC gene sequence indicates that the 

cytochrome subunit of the PRC of C. vinosum contains 383 amino acids, and has a 

calculated molar mass of 41,478 daltons. The amino acid sequence alignment shown 

below was obtained by comparing the deduced amino acid sequence of pufC of C 

vinosum to the sequences of the cytochrome subunits of several other photosynthetic 

purple bacteria: Rv. gelatinosus, Rps. viridis, andC. tepidum. (Figure 4.13). The amino 

acid sequence alignment illustrates that the cytochrome subunits contain 26% identical 

residues and 26% conservative changes, as compared to each other (Figure 4.14). 

Comparison of the deduced amino acid sequences of the cytochrome subunit of C. 

vinosum and C tepidum demonstrates that the two sequences are 78% identical to each 

other, and there are 6% conservative changes between the two (Figure 4.14). 
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Cv 

Ct 
Rg 
Rv 

Cv 
Ct 
Rg 
Rv 

Cv 
Ct 
Rg 
Rv 

Cv 
Ct 
Rg 
Rv 

Cv 
Ct 
Rg 
Rv 

Cv 
Ct 
Rg 
Rv 

MNLGKQLTLPAVAWA-SWLLGC-ERPPPEWQKGYRGV 
MSPAQQLTLPAVIWA-SVMLLGC-EGPPPGTEQIGYRGV 
MALAVRISTLTVAVTA-AALLAGC-ERPPVDAVQRGYRGT 
M KQLIVNSVATVALASLVAGCFEPPPATTTQTGFRGL 
* * * * * * * * * * * * 

AMEQNYNPRLLEASIKANLP-VESLPAAAPGGPSVSDVYE 
GMENYYVKRQRALSIQANQP-VESLPAADSTGPKASEVYQ 
GMQHIVNPRTLAEQIPTQQA-PVATPVADNSGPRANQVFQ 
SMGEVLHPATVKAKKERDAQYPPALAAVKAEGPPVSQVYK 
* * * * 

• • • • • • • • • • • • • • 

NVQVLKDLSVAEFTRTMVAVTTWVAPKEGCNYCHVPGNWA 
SVQVLKDLSVGEFTRTMVAVTTWVSPKEGCNYCHVPGNWA 
NVKVLGHLSVAEFTRQMAAINEWVAPTEGCNYCHT-ENLA 
NVKVLGNLTEAEFLRTMTAITEWVSPQEGCTYCHDENNLA 
* * * * * * * * * * * * * * * * * * * * 

• * • • • • • • • • • • 

SDDIYTKWSRRMFELVRATNSNWKDHVAETGVTCYTCHR 
S DDIYTKWS RRMFE LVRAANS DWKAHVAE TGVTCYTCHR 
DDSKYQPCWSRRMLEMTQKVNTQWTHHVAATGVTCYTCHR 
SEAKYPYWARRMLEMTRAINTNWTQHVAQTGVTCYTCHR 

* * * * * * * * * * * * * * * * * * * * * * 
• • • • • • • • • • • • 

GNPVPKYVWVTDPG PNQPSGVTPT — GQNYA S 
GNPVPKYAWVTDPG PKYPSGLKPT — GQNYG S 
GNPVPKEIWFTAVP QNKRADFIGNLDGQNQA A 
GTPLPPYVRYLEPTLPLNNRETPTHVERVETRSGYWRLA 
* * * 
• • • • • • • • • • 

STVAYSALPLDPYTPFL-DQSNEIRVIGQTALPA G 
KTVAYASLPFDPLTPFL-DQANEIRITGNAALAG S 
KWGLTSLPYDPFTTFL-KEETNVRVYGTTALPT G 
KYTAYSALNYDPFTMFLANDKRQVRWPQTALPLVGVSRG 

* * * * * * * * * 
• • • • • • • • • • • • • 

38 
38 
38 
37 

77 
77 
77 
77 

117 
117 
116 
117 

157 
157 
156 
157 

187 
187 
188 
197 

221 
221 
222 
237 

Figure 4.13. Alignment of the cytochrome-subunit amino acid sequences of C. vinosum, 
(Cv) (Corson et al, 1997); C tepidium (CO (Fathir et al, 1997) Rubrivivax 
gelatinosus, Rg (Nagashima et al, 1994); Rhodopseudomonas viridis, Rv 
(Michel et al, 1986). The residues that are identical are marked underneath 
with ( * ), and the residues that conserved are marked underneath with a ( . ). 
The heme binding domains are highlighted in bold. 
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Cv NT-TSLKQAEWTYGLMMQISDSLGVNCTFCHNSRSFYDW- 259 
c t NP-ASLKQAEWTFGLMMNISDSLGVGCTSCHNTRAFNDW- 259 
R<3 TSKADIKQAEKTYGLMMHFSGALGVNCTYCHNTNGFGSW- 2 61 
Rv KERRPLSDAYATFALMMSISDSLGTNCTFCHNAQTFESWG 277 

* * * * * * * * * * * • * * * 

Cv KQSTPQRTTAWYAIRHVRDINQNYIWPLNDALPASRKGPY 2 99 
c t TQSTPKRTTAWYAIRHVRDINQNYIWPLNDVLPASRKGPY 2 99 
R<3 DNAAPQRATAWYGIRMARDLNNNFMEGLTKTFPAHRLGPT 301 
Rv KKSTPQRAIAWWGIRMVRDLNMNYLAPLNASLPASRLGRQ 317 

* * • * * * * * * * * * * * * 
• • • • • • • •• • • • * • • • 

Cv GDPFKVGCMTCHQGAYKPLYGAQMAKDYPALYESAPAEAA 33 9 
Ct GDPLRVSCSTCH 311 
RQ GDVAKINCSTCHQGAYKPLYGAQMAKDYPGL-KPAPA 337 
Rv GEAPQADCRTCHQGVTKPLFGASRLKDYPEL 34 8 

* * * * * 
• • 

Cv PAT E E AP AAE AE AVE AAP VE E AAP AP VE QAAAP VE DAAP A 37 9 
Ct 311 
Rg AAAASAVEAAPVDAAASA APVATVATA 3 64 
Rv GPIKAAAK 356 

Cv PQQL 383 
Ct 311 
Rg A K — 366 
Rv 356 

Figure 4.13, Continued. 

The tetraheme subunit of Rps. viridis has been shown to contain a leader sequence 

that is removed to yield the mature protein (Weyer et al, 1987). The deduced amino acid 

sequence of the C. tepidium also contains amino acid residues that are predicted to be a 

putative leader sequence similar to the Rps. viridis protein (Fathir et al, 1997). According 

to the hydrophobicity profile of the C vinosum cytochrome subunit (Figure 4.15), it is 

predicted to be an integral membrane protein with one membrane spanning helix (Figure 

4.16). The helix is predicted to be from residue 7 to residue 23. Once the values are 

recalculated with the putative leader sequence removed, the hydrophobicity plot was 
64 



redone (Figure 4.17), and the protein is then predicted to be a peripheral protein (Figure 

4.18). Such a location would be expected for a protein exposed to the aqueous 

environment in the periplasmic space (Deisenhofer and Michel, 1985). 

C. vinosum - MNLGKQLTLPAVAWASWLLGCERPPPEWQKGYRGVAMEQNYNPRLLE -50 

I M I I I I I I I I I I • I I I I I I I I I I I I I I I I • I I 
C. tepidum - MSPAQQLTLPAVIWASVMLLGCEGPPPGTEQIGYRGVGMENYYVKRQRA -50 

C. vinosum - ASIKANLPVESLPAAAPGGPSVSDVYENVQVLKDLSVAEFTRTMVAVTTW -100 
II I I I I I I I I I I II I . I I I I I I I I I I I I I I I I I I I I I I I 

C. tepidum - LSIQANQPVESLPAADSTGPKASEVYQSVQVLKDLSVGEFTRTMVAVTTW -100 

C. vinosum - VAPKEGCNYCHVPGNWASDDIYTKWSRRMFELVRATNSNWKDHVAETGV -150 

I • I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I • I I I I I I I I I I I 
C. tepidum - VSPKEGCNYCHVPGNWASDDIYTKWSRRMFELVRAANSDWKAHVAETGV -150 

C. vinosum - TCYTCHRGNPVPKYVWVTDPGPNQPSGVTPTGQNYASSTVAYSALPLDPY -2 00 
I I I I I I I I I I I I I I I I I I I I I I N . I I I I I I I I I I I • • I I II 

C. tepidum - TCYTCHRGNPVPKYAWVTDPGPKYPSGLKPTGQNYGSKTVAYASLPFDPL -200 

C. vinosum - TPFLDQSNEIRVIGQTALPAGNTTSLKQAEWTYGLMMQISDSLGVNCTFC -250 
I I I I I I • I I I I • I .. I I I . I I I I I I I I . I I M . I I I I I I I II I 

C. tepidum - TPFLDQANEIRITGNAALAGSNPASLKQAEWTFGLMMNISDSLGVGCTSC -250 

C. vinosum - HNSRSFYDWKQSTPQRTTAWYAIRHVRDINQNYIWPLNDALPASRKGPYG -300 
I I • I • I II I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I II I 

C. tepidum - HNTRAFNDWTQSTPKRTTAWYAIRHVRDINQNYIWPLNDVLPASRKGPYG -300 

C. vinosum - DPFKVGCMTCHQGAYKPLYGAQMAKDYPALYESAPAEAAPATEEAPAAEA -350 
II . 1 I I I I 

C. tepidum - DPLRVSCSTCH -311 

C. vinosum - EAVEAAPVEEAAPAPVEQAAAPVEDAAPAPQQL -383 

Figure 4.14. Alignment of the deduced amino acid sequences of the cytochrome subunit 
of C. vinosum and C. tepidum (Fathir et al, 1997). Identical amino acids 
are designated with a ( | ) between the residues, and conserved residues are 

marked with a (.) between the residues. 

The data are also consistent with the suggestion that the N-terminal residues are 

presequences that serve as a putative leader that is removed by a signal peptidase II to 

yield the mature protein (Weyer et al, 1987). A possible site for cleavage by signal 

peptidase II cleavage is observed in the C. vinosum sequence motif VLLGC at the 
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position -4 to 1 (based upon the mature protein sequence), and this motif is conserved in 

all the tetraheme subunits of purple bacteria (Figure 4.14). The presence of a cleavage 

site at this position would result in removal of the first 23 N-terminal amino acids of the 

precursor protein, leaving the cysteine residue C24 as the N-terminus of the mature 

protein in C. vinosum. The presence of the cysteine residue as the N-terminus suggests 

this residue is lipidated to provide a membrane anchor for the tetraheme subunit, as has 

been demonstrated for Rps. viridis (Weyer et al, 1987 ). Thus, it is predicted that the 

mature tetraheme subunit in C. vinosum begins at C24 of the deduced amino acid 

sequence and contains 359 residues. 

The deduced amino acid sequence of the C vinosum tetraheme subunit contains 

several highly conserved domains that are essential to the structure and function of the 

cytochrome-subunit. Most importantly, the deduced amino acid sequence of the C. 

vinosum contains four heme-binding regions, that are designated by the amino acid 

sequence Cys-X-X-Cys-His, where X can be any amino acid sequence, as in other c-type 

cytochromes subunit (Deisenhofer et al, 1985). The two cysteines are the sites of 

covalent attachment of the four hemes that are contained in the tetraheme cytochrome 

subunit. In c-cytochromes the hemes are covalently attached through thioether linkages 

involving the two cysteine residues. The histidine residues serve as the axial ligands to 

the heme iron. The crystal structure of the tetraheme subunit of R. viridis demonstrates 

that the four hemes are covalently attached near the C-terminus of a-helix domains in the 

protein. The four helical regions in the Rps. viridis cytochrome subunit are contained in 

the following amino acid sequences: C67-C82; C102-C119, C222-C240, C262-C286 

(Deisenhofer et al, 1985). 
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Figure 4.15. Hydrophobicity profile of the complete amino acid sequence of the 
C. vinosum tetraheme subunit. Hydrophobicity index (y-axis) versus 
amino acid residue number (x-axis) 

Analysis done on sequence C. vinosum Tetraheme subunit 
Total number of residues is: 383. 
Analysis done on the complete sequence. 

There is 1 transmembrane helix predicted. 

(n#) Position 
From To 

(1) 23 

Sequence 

LTLPAVAWASVVLLGC 

Figure 4.16. Prediction of the transmembrane helix of the complete amino acid sequence 
of the C. vinosum tetraheme subunit 
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Figure 4.17. Hydophobicity profile of the of the C. vinosum tetraheme subunit with the 
putative leader sequence removed before the analysis. Hydrophobic index 
(y-axis) versus amino acid residue (x-axis). 

Analysis done on the amino acid sequence of the C. vinosum tetraheme subunit. 
Total number of residues is: 383. 
Analysis done on residues 23 to 383. 

The protein was not classified as INTEGRAL, it was classified as PERIPHERAL. 

Figure 4.18. Prediction of membrane spanning helices of the C vinosum tetraheme 
subunit, with the putative leader sequence removed before the analysis 
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Comparison of these regions to the deduced amino acid sequence of the C. 

vinosum tetraheme subunit to that of other purple bacteria shows that region C67-C82 is 

well conserved, C102-C119 is also well conserved; C222-C240 is also well conserved; 

and C262-C286 is also well conserved. Although the regions corresponding to C222-

C240 and C262-C286 are well conserved, they are shifted in the sequence of C. vinosum, 

Rv. gelatinosus, and C. tepidium relative to that of R. viridis. The shift in the location of 

the helices is due either to an insertion of five amino acids in the R. viridis sequence 

(C72-C76 of the immature protein sequence) or a deletion of residues in the amino acid 

sequences of Rv. gelatinosus, C vinosum, and C. tepidum 

The fifth and six ligands to the heme iron are provided by the amino acid residues 

of the cytochrome, while the other four ligands are provided by the nitrogens contained in 

the pyrrolle ring. In each case the fifth ligand to the heme iron is the His residue located 

at the C-teriminus of the heme binding domains Cys-X-X-Cys-His. The sixth ligand is 

can be either His or Met. The result is His, His as the fifth and sixth ligands, versus His, 

Met ligands creates a different chemical environment around the hemes. The residues in 

Rps. viridis tetraheme protein providing the sixth ligands to the heme iron are Met in the 

cases of heme I, II, and in, while the sixth ligand to heme IV is His. The residues 

providing the sixth ligand in the R. viridis tetraheme subunit are M94, Ml30, M253, 

while the sixth ligand to heme 2 is provided by H144 (Deisenhofer and Michel, 1985). 

The corresponding residues that are predicted from the amino acid alignment (Figure 

4.11) to provide the sixth ligands in the deduced amino acid sequence of the C. vinosum 

tetraheme subunit are: M94, M130, H144, and M253. This data suggests that the ligands 
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in each case have been completely conserved in all the tetraheme subunit in all purple 

bacteria: Rps. viridis, C vinosum, C tepidum and Rv. gelatinosus. 

Another important feature of the tetraheme subunit is the cluster of amino acids 

that interact with the H-subunit. This interaction is between residues 227-230 in the Rps. 

viridis, specifically the amino acids involved are the cluster TALP(Nitschke and 

Dracheva, 1995). The deduced amino acid sequence of the C vinosum tetraheme subunit 

contains the cluster TALP, residues 216-219, that is also absolutely identical in the Rv. 

gelatinosus subunit. The sequence of the C tepidum contains the cluster AALA at the 

corresponding position. 

4.2.5 pufB' gene product: p'-subunit of the core Light Harvesting Complex-I 

While investigating the sequence contained in the 3'end of the EcoRI clone an 

open reading frame was discovered that encoded a polypeptide that contained homology 

to the p-subunit of the core Light Harvesting Complex I. The intercistronic distance 

between this open reading frame and the end of the pufC gene is approximately 180 

bases. Computer analysis of this region demonstrated that there is no obvious promoter 

sequences in the intercistronic region, thus suggesting that the pufB' gene is part of the 

puf operon and regulated by the puf promoter. The deduced amino acid sequence is 

hereafter designated as pufB'. The gene pufB' encodes nineteen amino acids and contains 

the cluster of amino acids: SMSGLTEDE that has pronounced homology to the p-subunit 

of LH-I. The amino acid sequence of P'-subunit was compared to the protein sequence of 

P-subunits of the C. vinosum LH-I complex, it has pronounced homology to these 

sequences, shown below (Figure 4.19). 
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C. vinosum B' MANENRSMSGLTEDEAREF 19 
C. vinosum B890 (1) ANSSMTGLTEQEAQEAHGIFVQS 23 
C. vinosum B890(2) DQKSMTGLTEEEAKEFHGIFTQS 23 

Figure 4.19. Amino acid alignment of the deduced amino acid sequence of thepuJB' 
gene product to the amino acid sequence of the P-subunit of LH-I from C 
vinosum. The cluster of amino acid residues with pronounced sequence 
homology is shown in bold. 

This homologous cluster of amino acids is also contained in all the P-subunits of 

the LH-I of all purple bacteria, shown below (Figure 4.20). The amino acid sequence 

alignment was obtained by aligning the pufB' gene product sequence of C. vinosum to the 

sequences of the P-subunit sequences of several other photosynthetic purple bacteria. 

The alignment includes the following purple bacteria: Rv. gelatinosus, Rps. viridis, Rb. 

sphaeroides, Rb. capsulatus, and R. rubrum, C vinosum B890i, C vinosum B8902, Rps. 

marina, E. halophila (Figure 4.20). 
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Figure 4.20. Amino acid alignment of the deduced amino acid sequence of the pufB 
gene product to the amino acid sequence of the P-subunit of LH-I from C. 
vinosum, and other purple bacteria. The cluster of amino acid residues with 
pronounced sequence homology is shown in bold. 
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CHAPTER V 

CONCLUSION 

A 3.4 kb EcoRI DNA fragment containing most of the puf operon from the 

photosynthetic bacterium C. vinosum was isolated, cloned and sequenced for this 

research project. Evidence indicates that the deduced amino acid sequences of puf 

operon encoded proteins in C. vinosum are highly conserved when compared to the puf 

operon sequences in other purple photosynthetic bacteria Furthermore, this research has 

also clearly shown that the puf operon isolated from C vinosum contains a pufC gene 

encoding a tetraheme subunit. This work thus provides further evidence that a c-type 

cytochrome containing four covalently attached heme groups is contained as the fourth 

subunit of the photosynthetic reaction center in C. vinosum. This is consistent with 

previous electron paramagnetic resonance (EPR) spectroscopy studies that supported the 

presence of the tetraheme subunit (Tiede et al, 1978; Nitschke and Dracheva, 1995). The 

data are also consistent with the data from characterization of PRC preparations from C 

vinosum that demonstrated that the PRC contains a tetraheme protein (Lin and Thornber, 

1985). Foremost, this work adds to the available sequence data of tetraheme subunit that 

will allow researchers to plan future experiments to elucidate structure function 

relationships of the individual amino acid residues. 

The gene sequences for pufL and pufiA show pronounced homology to the pufL 

and pufiA genes of other purple bacteria. This serves to add further evidence to the 

postulated theory that the puf operon was transferred from a single ancestor to all 

photosynthetic bacteria. The presence of sequence homology in all the puf operon 
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sequences that have been reported to date, provides evidence supporting such a gene 

transfer theory. 

Although this work failed to obtain the 5'-end of the puf operon containing the 

pufB gene, and the 3.4 Kb EcoRI fragment that was cloned contained only a portion of 

the puf A gene, the presence of complete puf A and pufB genes upstream from the C. 

vinosum pufL gene has been confirmed by our Japanese collaborators (unpublished data). 

The partial gene sequence for puf A clearly shows a deduced amino acid sequence 

containing the conserved cluster of amino acid residues FNW that is contained in the a-

subunit of the LH-I complex. The deduced amino acid sequence of the puf A gene is 

different than that of the published protein sequence from C. vinosum, in that there are 

three residues present in the deduced sequence that are different than the published 

protein sequence (Zuber and Cogdell, 1995). With regard to the sequence differences 

between the deduced amino acid sequence and the sequence data from the purified LH-I 

complex, further studies will be required to clear up these discrepancies. 

The discovery of a completely new operon structure which contains putative gene 

encoding a P'-subunit of the core light-harvesting complex immediately downstream from 

pufC, is the most novel part of this work. In order to clearly determine if this case is 

unique to the puf operon of C vinosum, the DNA sequences downstream from the puf 

operon of other purple bacteria that are available in the data base have been 

reinvestigated using PCGENE software. No other downstream genes encoding a p'-

subunit were found, indicating that the C. vinosum case does appear to be unique As 

there was no region between pufC and pufB' that could be identified as a promoter 

region, it seems plausible that transcription of the newly discovered pufB' is regulated as 
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the part of the puf operon. In order to establish this will require further investigation into 

transcript analysis of the C. vinosum puf operon. 

It will be interesting to see the results of the future work that will develop from 

the data deduced from cloning and sequnencing the puf operon, as well as work 

characterizing the genes encoding the light-harvesting complexes. To further 

characterize these genes, the work will necessarily include the isolation and 

characterization of the messenger RNA's to determine what growth conditions and 

environmental factors affect the transcription. Future studies will also need to include 

the effect of deleting genes for the light-harvesting complexes. These studies will help 

to determine the function of the other complexes by measuring the effect of deleting the 

proteins on the photosynthetic process. 

In order to have the complete deduced amino acid sequence of the photosynthetic 

reaction center from C vinosum it will be necessary to clone and characterize the puhA 

gene that encodes the H-subunit. JhepuhA is located at a different locus approximately 

35 Kb upstream of the puf operon in Rb. capsulatus (Youvan et al, 1984; Socket et al, 

1989), but that has yet to be established in C. vinosum. Once the genes for encoding the 

entire PRC and associated light-harvesting complexes have been obtained future genetic 

manipulation studies be possible. These studies would include to the effects of oxygen 

on gene transcription of the genes encoding the photosynthetic apparatus. 
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