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ABSTRACT 

 

Photosynthesis was established on the earth more than 3 billion years ago. All 

available evidence suggests that the earliest photosynthetic organisms were 

anoxygenic and that oxygen-evolving photosynthesis is a more recent 

development. The reaction center complexes are integral membrane pigment-

proteins that span the membrane in vectorial fashion to carry out electron transfer 

reactions. The origin and extent of distribution of these proteins has been 

perplexing from a phylogenetic point of view, mostly because of extreme 

sequence divergence. Our study of both the sequences and structures of reaction 

center proteins from both the oxygenic photosystems and the anoxygenic reaction 

centers from bacteria reveal the conservation of certain key amino acids, as well 

as a surprisingly well conserved overall protein fold. The multiple sequence 

alignment and phylogenetic trees created from the proteins show high degree of 

conserved regions in photosystem-II and bacterial reaction center-II, implying 

common genealogy. Also, the similarity between photosystem-I heterodimers and 

reaction center I homodimer proteins, indicate them having a single precursor. It 

is seen that even though L-M and D1-D2 show a similar pattern of evolution with 

gene duplication, L-M proteins show a step-by-step diversification whereas the 

other branch bifurcates into D1s and D2s just at the end. The reaction center I 

homodimer is placed nearly at the center between the photosystem I and II 

portions of the tree, suggesting it to be perhaps closer to an ancestral type of 

reaction center. The structural alignment of these proteins depicts five well-
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aligned α-helices. Their structures show a striking amount of similarity in the 

hydrophobic domains forming the transmembrane helices, very strongly 

suggesting that all photosynthetic reaction centers are derived from a single 

ancestral form. The overall structural architecture of photosystems was apparently 

arrived at very early in their evolution and has changed remarkably little, despite 

extensive sequence divergence and functional specialization of the various types 

of photosystems. 

 

Keywords: Twilight zone, reaction center proteins, alignments, hydropathy,                 

        phylogenetic divergence.
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1. INTRODUCTION 

Photosynthesis – one of the most vital and complex physiological processes; which is 

brought about million times every second on this planet. The biochemical processes 

involved in photosynthesis are exceptionally complex, and yet an individual, diminutive 

cell can perform the complicated tasks many times over. Studies about this wonder- 

phenomenon started as early as 1772, when an English chemist, Joseph Priestley 

demonstrated that plants immersed in water give off a gas (oxygen), and that this gas is 

necessary for animals to live. Despite the discoveries that followed Priestley’s work, we 

still do not know some of the secrets of photosynthesis, even to this day and 

photosynthesis remains  a mystery in fields like evolutionary studies. 

 

Figure 1. Basic photosynthetic machinery 

 Adapted from http://kvhs.nbed.nb.ca/gallant/biology/biology.html. 
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In the case of a plant with leaves, the light strikes the leaf, penetrates the outer covering 

of the plant’s cells, and arrives at the first checkpoint of photosynthesis—the chloroplast. 

Chloroplasts, which specialize in photosynthesis, are often oval or disk-shaped organelles 

about two to ten micrometers long and have a double-membrane system. In the most 

common types, the inner membrane is the site where sunlight energy is trapped, and 

where adenosine triphosphate (ATP) is produced. The inner membrane is arranged as a 

system of stacked disks, called grana, which are surrounded by a semifluid matrix called 

the stroma. It is like a miniscule, bean-shaped structure that contains stacks of miniature 

pancakes inside of it. The individual pancakes that make up the grana are called 

thylakoid disks (Figure 1). It is at this location where photosynthesis does much of its 

work. 

 

 

Figure 2. Basic photosynthetic light reactions, also called as Z-scheme. 

 Adapted from http://www.life.uiuc.edu/govindjee/ZSchemeG.html 
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The outer portion of the thylakoid disks is where light becomes useful to the plant. There 

are many structures that function in absorbing the energy and converting it to a form that 

is useful to the cells. The complexity of energy synthesis soon becomes almost 

inconceivable. Once the pure light energy reaches the thylakoid membrane, it starts a 

chain reaction that ultimately will result in the production of energy for the cell. The 

beginning of these reactions constitutes the electron transport chain. The light reaction 

begins with photosystem II, when light excites a specific chlorophyll molecule known as 

P680 (Figure 2). The molecule absorbs the light energy and becomes excited, meaning it 

has more energy than usual. An electron “jumps” to a higher energy level in the molecule. 

Normally, the electron would immediately lose its additional energy and drop back down 

to its original position. However, it is transferred to an electron acceptor, Q, which sends 

the excited electron down a series of molecules known as an electron transport chain. As 

the electron is passed from one molecule to the next, a series of coupled redox reactions 

occurs. Some of the energy is eventually used to make ATP. The unexcited electron 

settles into a different chlorophyll molecule, known as P700, leaving behind a “hole” 

(electron deficiency) in P680.  

 

Photosystem I begins when a different molecule in P700 also absorbs light energy and 

becomes excited. It too jumps to a higher energy level, where it is met by the electron 

acceptor which is iron-sulfur cluster and it further sends the excited electron down a 

ferrodoxin chain, where coupled redox reactions occur. Meanwhile, back in photosystem 

II, the hole in P680 formed supplies the oxidizing energy used to split some molecules 

into their component hydrogen ions, electrons and oxygen molecules. The oxygen is 
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released into the air. One of its electrons is used to “plug” the hole in P680. The hydrogen 

atoms are concentrated into the lumen forming proton gradient and this gradient is useful 

in synthesis of ATP. The reaction is mediated by ATP synthase enzyme. The ATP 

(adenosine triphosphate) molecules and the NADPH (reduced nicotine amide adenine di-

nucleotide) molecules are used to produce glucose in another set of reactions that do not 

require direct sunlight i.e. the dark reaction. 

 

 

 

Figure 3. Reaction Center Proteins. 

 Adapted from http://www.bio.ic.ac.uk/research/barber/psIIimages/PSII.html 
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The protein complex that is involved in the electron transfer mechanism is called reaction 

center protein complex (Figure 3). The reaction center complexes are integral membrane 

pigment-proteins that span the membrane in vectorial fashion to carry out electron 

transfer reactions. The origin and extent of distribution of these proteins has been 

perplexing from a phylogenetic point of view, mostly because of extreme sequence 

divergence. Photosynthesis was carried out in non-oxygenic manner by primitive 

organisms; evolution has resulted in oxygenic mode of photosynthesis. However the 

reaction center proteins in all the organisms are somewhat similar and hence intriguing 

from a phylogenetic and evolutionary viewpoint. The bacterial reaction centers (non –

oxygenic organisms other than Cyanobacteria) are similar either to photosystem I or II.  
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2. METHODS 

 

2.1 Selection of Sequences 
 
The apoproteins psaA (A1) and psaB (A2), of photosystem I, and the protein heterodimers 

psbA (D1) and psbD (D2), of photosystem II, were chosen from  

• Cyanobacteria : (a)Synechocystis sp. PCC 6803, 

    (b)Nostoc sp. PCC 7120 

    (c)Gloeobacter violaceus PCC 7421  

    (d)Prochlorococcus marinus str. MIT 9313     

• Rhodophyta :  Cyanidium caldarium 

• Chlorophyta : Chlorella vulgaris  

• Streptophyta : (a)Physcomitrella patens 

     (b)Arabidopsis thaliana  

 

The reaction center I protein homodimers were obtained from Chlorobium tepidum TLS 

(Chlorobi) and Heliobacillus mobilis (Firmicutes) while reaction center II proteins pufL and 

pufM were from  

• Two green non-sulfur bacteria (Chloroflexi): Chloroflexus aurantiacus, Roseiflexus 

castenholzii  

• Three α-proteobacteria: Blastochloris viridis, Rhodobacter sphaeroides, Erythrobacter sp. 

• One β-proteobacteria: Rubrivivax gelatinosus   

• One �-proteobacteria: Allochromatium vinosum  
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Roseiflexus castenholzii has a single gene coding for pufL as well as pufM proteins. The total 

sequence is broken into these two proteins and individual sequence is used in this study. The 

C-terminal end of the psaB protein from Gloeobacter violaceus is cleaved (around 155 amino 

acids) [1]. This domain is associated with the outer membrane, not electron transfer mechanism 

and relates to the fact that the membrane organization in Gloeobacter violaceus is different 

from other organisms included in this study. Also, the first six N-terminal helices of psaA and 

psaB are cleaved off since they code for the antenna binding complex, not the electron transfer 

domain. The homodimeric proteins from Chlorobium tepidum and Heliobacillus mobilis have 

eleven helices, the last six similar to those in psaA or psaB. Only this portion is retained for 

analysis in this study. The investigation methodology is explained below. 

 

 

2.2 Sequence alignment 
 
In this study, multiple sequence comparison is the first step to recognize the sequence 

similarities. Subtle identities between sequences generally imply structural, functional, and 

evolutionary relationships among protein and DNA sequences. The protein sequences are 

much easier to align than the DNA sequences and hence are preferred for analyzing distantly 

related proteins. The sequences are obtained from protein database maintained at the National 

Center for Biotechnology Information (Bethesda, Maryland). The protein accession numbers 

are tabulated in Table 1. Pairwise alignments are computed using GONNET series matrix, to 

get pairwise scores. Further, for multiple alignments, proteins from same protein family are 

first aligned with each other. Then, protein families forming dimers in same photosystem, like 
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pufL-pufM, D1-D2, or A1-A2, are aligned forming protein family pairs. Alignment of these 

pairs from photosystem I and reaction center I was done next. This step is repeated for 

photosystem II and reaction center II. Finally, proteins from both systems were aligned to yield 

the overall similarity picture. Multiple alignments are done with Clustal W [2] using GONNET 

series matrix, as shown in the sequence alignment section.  

 

 

psbA (D1) psbD (D2) psaA(A1) psaB(A2) pufL pufM RC-I

Synechocystis sp. PCC 6803 CAA31899.1 PS0097 BAA17437.1 CAA41630.1 -- -- --
Nostoc sp. PCC 7120 BAB75441.1 BAB75989.1 BAB76853.1 BAB76854.1 -- -- --
Gloeobacter violaceus PCC 7421 NP_926090.1 BAC90264.1 BAC91379.1 BAC91380.1 -- -- --
Prochlorococcus marinus str. MIT 9313 CAE20594.1 CAE21354.1 CAE21945.1 CAE21944.1 -- -- --
Anabaena variabilis F2AI17 S42646 I39615 AAA18489.1 -- -- --
Arabidopsis thaliana CAA56270.1 AAO13251.1 BAA84385.1 BAA84384.1 -- -- --
Chlorella vulgaris BAA57842.1 BAA57876.1 BAA57926.1 BAA57928.1 -- -- --
Cyanidium caldarium AAB82694.1 CAA44459.1 AAF12880.1 AAF12881.1 -- -- --
Physcomitrella patens NP_904209.1 NP_904207.1 BAC05488.1 BAC05489.1 -- -- --

Chloroflexus aurantiacus -- -- -- -- CAA33102.1 CAA30694.1 --
Roseiflexus castenholzii -- -- -- -- BAC76414.1 BAC76414.1 --
Allochromatium vinosum -- -- -- -- BAA32740.1 BAA32741.1 --
Rubrivivax gelatinosus -- -- -- -- 2123297A BAA04101.1 --
Rhodobacter sphaeroides -- -- -- -- CAA44999.1 WNRFMS --
Blastochloris viridis -- -- -- -- CAA27550.1 CAA27551.1 --
Erythrobacter sp. -- -- -- -- CAA40818.1 CAA40819.1 --
Chlorobium tepidum TLS -- -- -- -- -- -- NP_662895.1
Heliobacillus mobilis -- -- -- -- -- -- T31454  

 

Table 1. Table showing accession numbers of photosystem-I and II and reaction center I and II proteins 

 

 

2.3 Phylogenetic Tree building 
 
From the results of sequence alignments, phylogenetic trees are built using MEGA2 

(Molecular Evolutionary Genetics Analysis) software [3], using neighbor-joining algorithm. 

Pairwise deletion is used for gap handing. Bootstrapping (500 times) is used as test of inferred 

phylogeny. The tree generated for all sequences depicts the same grouping as seen by trees for 

individual subunits. It is clear that the D1 - D2 cluster has an apparent ancient gene duplication 
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and then a very long edge followed by an explosion at the end, while the L - M data have quite 

a different edge length, despite the same overall topology. 

 

 

2.4 Structural alignment 
 
Alignment of multiple protein structures is the next and vital step for studying the similarity 

and homology between proteins. Although amino acid sequences of many proteins are 

available in databases, comparatively fewer protein structures are known. The coordinates for 

the three dimensional structures of the photosystem proteins are retrieved from Protein Data 

Bank (PDB) [4]. The PDB entry file names, PDB IDs, the protein chains studied and their 

resolution are enumerated below: 

• α-proteobacteria:  

(a)Rhodobacter sphaeroides (1AIJ ), L,M chains, 2.20 Å [5]  (b)Rhodopseudomonas viridis 

(1DXR), L, M chains, 2.00 Å [6] 

• �-proteobacteria :  

Thermochromatium tepidum (1EYS ), L,M chains, 2.20 Å [7] 

• Cyanobacteria :  

(a)Thermosynechococcus elongatus (1S5L), D1,D2 chains, 3.50 Å [8] 

(b) Synechococcus elongatus (1JB0), A1, A2 chains, 2.50 Å [9] 

 

 

 Multiple structural alignments, based on conventional methods like CE [10] or DALI [11], use 

‘master-slave’ pairwise alignments. These multiple alignments are not done by all-to-all 
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comparison of proteins but by ‘pile-up’ of structural neighbors. Other methods, like 

HOMSTRAD [12] and CAMPASS [13] provide multiple alignments not for user-selected 

chains, but only for predefined protein families. Hence to overcome the above problems, the 

CE-MC server is used to generate the overlays. The alignments are generated using 

combinatorial extension (CE) algorithm and are iteratively optimized using Monte-Carlo (MC) 

simulations [14]. Structures from same protein family are first aligned with each other. Further, 

protein families forming dimers in same photosystem, like pufL-pufM, D1-D2, or A1-A2, are 

aligned forming protein family pairs. Alignment of these pairs from photosystem II and 

reaction center II is done next. Finally, proteins of both systems are aligned to yield the overall 

homology picture. The sequence alignments for these proteins are also generated as shown in 

sequence alignment section. 

 

Next, the structural alignments of entire dimer proteins were generated using MultiProt [15]. 

Figure 4 shows two alignments – one without photosystem I proteins and one with these 

proteins. 

 

2.5 Computation of RMS distances 
 
After aligning the structures, root mean square distances (RMSD) between the α-carbon atoms 

of the backbone chains of all possible protein pairs are calculated (Table 2). The RMSDs 

gradually increase along the breadth of rows, depicting good conformity between related 

families L-M or D1-D2 and modest degree of similarity between sequences form distant 

families. 
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Figure 4. Structural alignments of entire protein dimers 

 

 

R. Sphaeroides 
L

R. Viridis          
L

T. Tepidum       
L

R. Sphaeroides     
M

R. Viridis         
M

T. Tepidum      
M

T. Elongatus   
D1

T. Elongatus   
D2

S. Elongatus        
A

S. Elongatus        
B

R. Sphaeroides L -- 0.74 0.65 1.8 1.8 1.52 2.59 3.46 3.86 3.55
R. Viridis L 0.5836 -- 0.65 1.3 1.78 1.63 2.37 2.32 3.61 3.96
T.Tepidum L 0.6728 0.6654 -- 1.32 1.79 1.31 2.42 2.4 3.97 3.89
R. Sphaeroides M 0.342 0.368 0.3502 -- 1.24 1.2 2.26 2.19 3.9 3.44
R. Viridis M 0.3024 0.2702 0.2717 0.506 -- 1.09 3.99 3.38 3.24 3.37
T.Tepidum M 0.3305 0.3348 0.318 0.6494 0.6151 -- 3.61 3.42 4.11 3.28
T.Elongatus  D1 0.2146 0.2017 0.195 0.2208 0.1872 0.2174 -- 1.73 4 4.17
T.Elongatus  D2 0.205 0.205 0.2024 0.2161 0.2083 0.217 0.3698 -- 3.84 3.96
S.Elongatus A 0.0591 0.0699 0.0729 0.0677 0.0576 0.0838 0.0773 0.0674 -- 1.71
S.Elongatus B 0.0806 0.086 0.0838 0.099 0.089 0.089 0.0674 0.1146 0.4242 --  

 

Table 2. The table shows the root mean square distances (RMSD) between any pair of proteins in 

Angstrom units as upper triangular values. The lower triangular values are identities calculated from p-

distance. The RMSDs are calculated between the alpha carbon atoms forming the protein backbone. 

The values show good conformity among proteins from related families like L-M or D1-D2 and 

gradually increase for distant families.  
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2.6 Hydropathy plots 
 
Proteins consist of several amino acids held together by peptide linkages. These linkages bind 

the amino acids that can be hydrophobic or hydrophilic. The hydrophobicity of the amino acids 

determines where the amino acid will be located in the final structure of protein. Since the 

proteins studied here are all transmembrane proteins, it is anticipated that their intra-membrane 

α-helices show hydrophobicity. If all proteins are similar in structure, they are expected to 

show hydrophobicity at same domains in the aligned structures. The hydropathy plot, for the 

structural alignments generated with CE-MC, is calculated using Kyte-Doolittle algorithm [16] 

and it shows the expected trend. In these plots, the transmembrane regions are identified by 

peaks with hydropathy scores greater than 1.8. A window of size 19 is used in hydropathy 

algorithm. It is observed that there are five peaks above the threshold line of 1.8 (Figure 5). 

Comparison of these overshoots with structural overlays and sequence alignments reveal that 

these indeed correspond to the five aligned α-helices shown in Figure 5. 

 

2.7 Identity and RMSD plots 
 
From the CE-MC alignment results, variation of identity versus RMSD values was plotted as 

shown in (Figure 6). The plot was generated for all possible protein pairs. The identity values 

were calculated from p-distances evaluated using MEGA2 [3]. Another set of plots was 

generated showing the variation of amino acid statistics along the alignment length. Two 

examples are shown for alignments of R. sphaeroides pufM and pufL in (Figure 7) and T. 

elongatus D1 and D2 (Figure 8). 
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Figure 5. The figure shows Kyte and Doolittle's hydropathy plots. The overshoots above the threshold 

of 1.8 values are highly hydrophobic regions and correspond to the membrane spanning helices. These 

appear to be well conserved in all proteins. 

 

These statistics were calculated using 3-D co-ordinates of alpha carbon atoms form CE-MC 

structural alignments and their sequences (fasta format) through Perl scripts and studied over a 

window of length 19. Over the entire length of alignment it was observed that as RMS between 

aligned alpha carbon atoms decreases, the identity increases. One may find the average identity 

from these plots lower than that portrayed by the plot of identity variation versus RMSD. This 

was because the latter one was calculated with pairwise deletion as well as deletion of spaces 

with gaps in one of the two aligned sequences. However, in the plots showing identity along 

the length, the calculations were done with pairwise deletion only. Positions with gaps in just 
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one of the two sequences were treated as dissimilarities and were not ignored since that would 

have led to wrong presentation of data along the sequence length. 

 

 

 

 

Figure 6. Plot of variation of identity between protein pairs with respect to RMSD values. 
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Figure 7. Variation of RMS and Identity between aligned carbon alpha atoms along the alignment 

length in R. sphaeroides pufL and pufM alignment 

 

 

 

 

Figure 8. Variation of RMS and Identity between aligned carbon alpha atoms along the alignment 

length in T. elongatus psbA and psbD alignment  
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3. RESULTS 

 

From pairwise alignments it was observed that D1-D2 proteins share around 15% identity with 

L-M proteins. Although this value is low, the conserved amino acids correspond largely to the 

binding sites of the photochemically active cofactors. The proteins psaA and psaB share very 

low identity with D1-D2 (6-7%) as well as with L-M (4-6%).  
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Figure 9. Neighbor-joining phylogenetic tree, with bootstrap values, depicting gene duplication between 

pufL-pufM and psbA (D1) - psbD (D2) proteins. The reaction center proteins L and M show gradual 

evolution as against the long branch of photosystem II exploding into D1-D2 at the end. 
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Figure 10. Phylogenetic tree, with bootstrap values, based on sequence alignments of photosystem-I and 

Reaction Center-I.  

 

 

From the multiple sequence alignments, it was observed that the two molecules of the 

heterodimeric reaction center of photosystem I i.e. psaA and psaB, are more closely related to 

each other than either is to any other protein family. In parallel, the high level of identity in 

amino acids between L and M or between D1 and D2 suggests that these pairs are results of 

two separate gene duplications. The proteins L, M, D1, and D2 show high degree of conserved 

regions, implying that these proteins of photosystem II and reaction center II had a common 

ancestor (Figure 9). Also, the similarity between A1, A2 and reaction center I homodimer 

proteins, indicate them having a single precursor (Figure 10).  
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The phylogenetic tree generated from the aligned sequence data (Figure 11), bring out the fact 

that even though L-M and D1-D2 show common topology of evolution with early gene 

duplication, L-M proteins show gradual diversification in contrast to the long-branch of D1-D2 

ancestral gene, exploding into D1s and D2s at the end. The position of the Heliobacillus 

mobilis and Chlorobium tepidum TLS branch is nearly at the center of the edge between the 

photosystem I and photosystem II/L-M portions of the tree. It suggests that it might be a more 

ancestral type of reaction center. Certainly the fact that these are the only homodimeric 

reaction centers is consistent with that conclusion. 
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Figure 11. Overview of the unrooted neighbor-joining phylogenetic tree created with MEGA2 software. 

The tree comprises of reaction center proteins from photosystem-I, photosystem-II and the bacterial 

photosystem -I and photosystem-II like reaction centers. Corresponding accesion numbers are given in 

the text 

 

 

The structural overlays portray likewise evolutionary drift. The five α helices align beautifully 

depicting good structural alignments and thereby functional similarity (Figure 12). These 

helices comprise of around 25-30 amino acids, mostly isoleucine, leucine, valine and 

phenylalanine. On careful observations it was seen that the fourth alpha helices were not as 

well aligned as other helices. Only the fourth alpha helices from pufLs, pufMs, D1 and D2 

proteins were very well aligned forming an almost straight helical structure while the fourth 

helices from A1 and A2 wound around this structure like creepers. This may be due to possible 

indels or pigment/cofactor arrangement in this region. Another reason can be protein-protein 

interactions constituting a selection pressure. This high similarity in the eight proteins from 

reaction centers and photosystem II was also evident in the dimer alignments (Figure 4). The 

alignments became less clear on addition of photosystem I proteins. Nonetheless, the overall 

protein structure fold was preserved over all ten dimer helices in all ten proteins. The sequence 

alignments of these proteins show high degree of similarity in the hydrophobic domains 

forming the intra-bilipid α-helices, which are the main functional regions. See sequence 

alignment section. The unaligned portions of certain proteins, corresponding to gaps in rest of 

the sequences, are large overhangs joining these helices. The trees generated from these 

alignments agree with the topology of those generated for the exhaustive sequence alignments 
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mentioned above (Figure Figure 13), showing early division into two branches, each 

diversifying into two offshoots of D1-D2 and L-M. 

 

 

 

 

Figure 12. The figure shows structural alignments of all proteins: alpha-proteobacteria: (a)Rhodobacter 

sphaeroides (1AIJ ), L,M chains, 2.20, (b)Rhodopseudomonas viridis (1DXR), L, M chains, 2.00 Å ; 

gamma-proteobacteria : Thermochromatium tepidum (1EYS ), L,M chains, 2.20 Å ; Cyanobacteria : 

(a)Thermosynechococcus elongatus (1S5L), D1,D2 chains, 3.50 Å, (b) Synechococcus elongatus (1JB0), 

A1, A2 chains, 2.50 Å. The proteins show highly conserved five transmembrane alpha-helices. The 

unaligned thread-like portions on the top and the bottom are the loops outside the membranes, joining 

these helices. The left figure shows the front-view with five aligned alpha helices while the right figure 

shows the side-view. 
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Figure 13. Phylogenetic tree based on the structural alignment results. 

 

 

The plot of identity variation versus RMSD (Figure Figure 6) shows inverse relation between 

these attributes. As the RMS distance increases, the identity decreases, portraying increase in 

dissimilar amino acids, as expected. The points - red diamond and red triangle corresponding 

to RMS of ~2.2 Ao depict the values for R. sphaeroides pufM protein and T. elongatus D1 and 

D2 respectively. These stand apart from points - red diamonds and red triangles at RMS of 

~3.3-4 Ao, corresponding to values for R. viridis pufM and T. tepidum pufM proteins with 

respect to T. elongatus D1 and D2. A possible reason for this discrepancy can be presence of 

certain cofactors in R. viridis pufM and T. tepidum pufM proteins thereby increasing the RMS 
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values because of structure change. The identities for all three pufMs with respect to D1 and 

D2 are almost same i.e. ~20%. The other set of plots - Figure 7 and Figure 8 renders a similar 

drift in identity with respect to RMS along the length. However, on careful observation, it was 

seen that region 230-270 in Figure 7 and region 150-200 in Figure 8 do not agree with the 

expected trend. Although RMS is small in these regions, the identity is low. A possible 

explanation can be positive selection in these areas. Another reason can be presence of certain 

cofactors. The study of these issues is beyond the scope of this project. 

 

 

Although the proteins belong to the twilight zone [17] of sequence alignments, other heuristic 

approaches yield quite good information about the evolution of reaction center proteins. There 

is no definitive structural data available for proteins of the reaction centers of two important 

classes of bacteria, the heliobacteria and the green sulfur bacteria. It would be interesting to 

incorporate this data, when it becomes available, to extend our study to these bacterial phyla. It 

is a common understanding that all photosynthetic reaction centers can be divided into two 

groups, one with pheophytin and quinone as electron acceptors and other with iron-sulfur 

center as electron acceptor. The above results provide support to the theory that a single 

primordial reaction center, probably a homodimer, produced these two separate systems 

through subsequent divergence and multiple gene duplications [18].  Further gene duplication 

and divergence resulted in heterodimeric complexes, thus developing the bacterial and plant-

type reaction centers. 
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4. SEQUENCE ALIGNMENTS 

Sequence Alignments 1  
 
                                      10        20        30        40        50        60        70        80        90       100       110       120       130       140       150       160                        
                             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
L-R.gelatinosus          1   ----------------------------------MAMLSFEKKYRVRGGTLVGG----DLFDFWVGPFYVG--FFGVTTLFFSVLGTALIIWGASQGP-------TWNLWQISIAPPDLKYGLG-------------VAPLMEGGLWQIITVCAIGAFVS  
L-A.vinosum              1   ----------------------------------MAMLSFERKYRVRGGTLIGG----DLFDFWVGPFYVG--FFGVAGFFFALLGVLLIVWGATIGPNA--ELQTYNIWQISIAPPDLSYGLG-------------MAPMTEGGLWQIITICAIGAFVS  
L-C.aurantiacus          1   MSRAKAKDPRFPDFSFTVVEGARATRVPGG----RTIEEIEPEYKIKGRTTFSAIFRYDPFDFWVGPFYVG--FWGFVSVIGIIFGSYFYINETILKG-P--YSIPQNFFAGRIDPPPPELGLGF------------AAPGEPGFAWQMTVLFATIAFFG  
L-R.castenholzii         1   MS-AVPRALPLPSGETLPAEAISSTGSQAASAEVIPFSIIEEFYKRPGKTLAARFFGVDPFDFWIGRFYVG--LFGAISIIGIILGVAFYLYEGVVN------EGTLNILAMRIEPPPVSQGLN-------------VDPAQPGFFWFLTMVAATIAFVG  
L-B.viridis              1   ----------------------------------MALLSFERKYRVRGGTLIGG----DLFDFWVGPYFVG--FFGVSAIFFIFLGVSLIGYAASQGP-------TWDPFAISINPPDLKYGLG-------------AAPLLEGGFWQAITVCALGAFIS  
L-R.sphaeroides          1   ----------------------------------MALLSFERKYRVPGGTLVGG----NLFDFWVGPFYVG--FFGVATFFFAALGIILIAWSAVLQG-------TWNPQLISVYPPALEYGLG-------------GAPLAKGGLWQIITICATGAFVS  
L-Erythrobacter.sp       1   ----------------------------------MALLSFERKYRVRGGTLVGG----DLFDFWVGPFYVG--FFGVTTAFFALLGTILIFWGASQQG-------TFNPWLINIAPPDLSYGLG-------------LAPLLEGGLWQIITICATGAFIS  
M-R.gelatinosus          1   --------MAEYQNIFTRVQVAGPAHMGVPLPEQ-------DSPRTGKKPWQIHLLGRLG-MAQIGPIYLG--PLGILSIVFGSLAIMIIGFNMLASVGWNPIEFFRQFFWLALEPPSPKYGLKL------------P-PLNDGGWWLMAGLFLTISILL  
M-A.vinosum              1   --------MPEYQNIFTTVQVRAPAYPGVPLPKG-------SLPRIG-KPIFSYWAGKIG-DAQIGPIYLG--FTGTLSIIFGFMAIFIIGFNMLASVDWNIIQFVKHFFWLGLEPPAPQYGLTI------------P-PLSEGGWWLMAGFFLTMSILL  
M-C.aurantiacus          1   --------MATINMTPGDLELGRDR------------------GRIGKP-IEIPLLENFGFDSQLGPFYLG--FWNAVAYITGGIFTFIWLMVMFAQVNYNPVAFAKYFVVLQIDPPSSRYGLSF-------------PPLNEGGWWLIATFFLTVSIFA  
M-R.castenholzii         1   --------VAGLSLLGVGLVLGRGRETPGPIDLHDEEYRDGLEGTIAKPPGHVGWMQRLLGEGQVGPIYVG--LWGVISFITFFASAFIILVDYGRQVGWNPIIYLREFWNLAVYPPPTEYGLSW------------NVPWDKGGAWLAATFFLHISVLT  
M-B.viridis              1   --------MADYQTIYTQIQARG-PHITVSGEWG-------DNDRVG-KPFYSYWLGKIG-DAQIGPIYLG--ASGIAAFAFGSTAILIILFNMAAEVHFDPLQFFRQFFWLGLYPPKAQYGMGI------------P-PLHDGGWWLMAGLFMTLSLGS  
M-R.sphaeroides          1   --------MAEYQNIFSQVQVRGPADLGMTEDVN-------LANRSGVGPFST-LLGWFG-NAQLGPIYLG--SLGVLSLFSGLMWFFTIGIWFWYQAGWNPAVFLRDLFFFSLEPPAPEYGLSF------------AAPLKEGGLWLIASFFMFVAVWS  
M-Erythrobacter.sp       1   ------MMYPEYQNIFTQVQVRGTPEMGMDDAGNNM-----MEERVG-KPFFSTLAGLFG-NGQIGPYYFG--WTSIVAFGTGIAWFVIVGFNMLAQVGWSIPQFIRQLFWLALEPPSPEYGLSM------------P-PLNDGGWYIIASFFLLVSVMT  
D1-P.patens              1   ------------------------------MTATLERRES--ASLWGRFCDWVTSTENRLYIGWFGVLMIPTLLTATSVFIIAFIAAPPVDIDGIREPVSGSLLYGNNIISAAIIPTSAAIGLHFYPIWEAAS---VDEWLYNGGPYELIVLHFLLGVAC  
D1-C.vulgaris            1   ------------------------------MTAILERRES--ASLWARFCEWVTSTENRLYIGWFGVLMIPTLLTATSVFIIAFIAAPPVDIDGIREPVSGSLLYGNNIISGAIIPTSNAIGLHFYPIWEAAS---LDEWLYNGGPYQLIVCHFFLGICS  
D1-C.caldarium           1   ------------------------------MTVTLERRES--TSLWERFCSWITSTENRLYIGWFGVLMIPCLLTATTVFIIAFIAAPPVDIDGIREPVSGSLLYGNNIITGAVVPTSNAIGLHLYPIWEAAS---LDEWLYNGGPYQLVVLHFLLGVAA  
D1-Synechocystis-6803    1   ------------------------------MTTTLQQRES--ASLWEQFCQWVTSTNNRIYVGWFGTLMIPTLLTATTCFIIAFIAAPPVDIDGIREPVAGSLLYGNNIISGAVVPSSNAIGLHFYPIWEAAS---LDEWLYNGGPYQLVVFHFLIGIFC  
D1-Nostoc-7120           1   ------------------------------MTTLLEQRSS--ANLWHRFGNWITSTENRMYVGWFGVLLIPTALTAAIVFILAFIAAPPVDVDGIREPVSGSLLYGNNIITATVVPTSAAIGLHLYPIWEAAS---LDEWLYNGGPYQMIVLHFLIAIYA  
D1-G.violaceus-7421      1   ------------------------------MTATLERRSS--QGLWDRFADWVTSTNNRFYVGWFGVLMIPTLLSATICFVVAFVAAPPVDMDGIREPISGSLLYGNNIITGAVIPSSNAIGLHFYPIWEAAS---MDEWLYNGGPYQLVVFHFLIGVFC  
D1-P.marinus-9313        1   ------------------------------MTTTIRSGR---LSGWESFCNWVTSTNNRIYVGWFGVLMVPTLLAAAICFTIAFIAAPPVDIDGIREPVAGSFLYGNNIISGAVVPSSNAIGLHFYPIWEAAS---VDEWLYNGGPYQLVVFHFLIGICC  
D1-A.thaliana            1   ------------------------------MTAILERRES--ESLWGRFCNWITSTENRLYIGWFGVLMIPTLLTATSVFIIAFIAAPPVDIDGIREPVSGSLLYGNNIISGAIIPTSAAIGLHFYPIWEAAS---VDEWLYNGGPYELIVLHFLLGVAC  
D2-P.patens              1   ------------------------------MTIAIGKSSKEPKGLFDSMDDWLR-RDRFVFVGWSGLLLFPCAYFSLGGWFTGTTFVTSWYTHGLAS----SYLEGCNFLTAAVSTPANSLAHSLLLLWGPEAQGDFTRWCQLGGLWTFVALHGAFALIG  
D2-C.vulgaris            1   ------------------------------MTIAIGK-TQEKRGLFDVVDDWLR-RDRFVFVGWSGLLLFPTAYLALGGWFTGTTFVTSWYTHGLAT----SYLEGCNFLTAAVSTPANSMGHSLLFLWGPEAQGDFTRWCQLGGLWTFVALHGSFALIG  
D2-C.caldarium           1   ------------------------------MTIAIERNI--QRGLFDLVDDWLK-RDRFVFIGWSGLLLFPCSYLALGAWFTGTTFVTSWYTHGLAS----SYLEGCNFLTAAVSSPANSMGHSLLFLWGPEAQGDFTRWCQIGGLWTFTALHGAFGLIG  
D2-Synechocystis-6803    1   ------------------------------MTIAVGRAPV-ERGWFDVLDDWLK-RDRFVFIGWSGLLLFPCAFMALGGWLTGTTFVTSWYTHGLAS----SYLEGANFLTVAVSSPADAFGHSLLFLWGPEAQGNLTRWFQIGGLWPFVALHGAFGLIG  
D2-Nostoc-7120           1   ------------------------------MTIAVGRAP--SRGWFDVLDDWLK-RDRFVFVGWSGILLFPCAFLALGGWLTGTTFVTSWYTHGLAS----SYLEGANFLTVAVSSPADSMGHSLLLLWGPEAQGDLTRWFQLGGLWPFVALHGAFGLIG  
D2-G.violaceus-7421      1   ------------------------------MTIAVGRSEQ-SQGWFDALDDWLK-KDRFVFIGWSGLLFFPTAYLAVGAWLTGTTFVTSWFTHGLAS----SYLEGGNFLTVAVSSPADAMGHSLLLLWGPEAQGDFTRWCQIGGLWAFISFHGALALMG  
D2-P.marinus-9313        1   ------------------------------MTIAVGRAP--QRGWFDVLDDWLK-RDRFVFVGWSGLLLFPTAYLALGGWFTGTTFVTSWYTHGIAS----SYLEGCNFLSAAVSTPADAMGHSLLLLWGPEAQGDFVRWCQLGGLWTFVALHGSFSLIG  
D2-A.thaliana            1   ------------------------------MTIALGKFTKDEKDLFDIMDDWLR-RDRFVFVGWSGLLLFPCAYFALGGWFTGTTFVTSWYTHGLAS----SYLEGCNFLTAAVSTPANSLAHSLLLLWGPEAQGDFTRWCQLGGLWAFVALHGAFALIG  
psaA-C.caldarium         1   --------------------------PSQHYNNVLDRLIRHRDALISHLNWVCIFLGTHSFGLYIHNDTMRALGRSQDMFSDTAIQLQPIFAQWIQSLHTLAPA-NTAPNALAT----------TSYVFGG---EVVAVA-NKIAMMPMKLGTADFMVHH  
psaA-C.vulgaris          1   --------------------------PTNNYNNLLDRVLRHRDAMISHLNWVCIFLGFHSFGLYIHNDTMSALGRPQDMFSDTAIQLQPVFAQWVQNTHFLAPG-FTAPNALAS----------TSPSWGG---DVVAVG-GKVAMMPISLGTADFMVHH  
psaA-P.patens            1   --------------------------PTTQYNNLLDRVLRHRDAIISHLNWVCIFLGFHSFGLYIHNDTMSALGRPQDMFSDTAIQLQPVFAQWIQNTHALAPS-LTAPNATAS----------TSLTWGGG--DLVAVG-GKVALLPIPLGTADFLVHH  
psaA-A.thaliana          1   --------------------------PTNRYNDLLDRVLRHRDAIISHLNWVCIFLGFHSFGLYIHNDTMSALGRPQDMFSDTAIQLQPVFAQWIQNTHALAPG-VTAPGETAS----------TSLTWGGG--ELVAVG-GKVALLPIPLGTADFLVHH  
psaA-Synechocystis-6803  1   --------------------------PAKNVNNLLDRMLRHRDAIISHLNWVCIFLGFHSFGLYIHNDTMRALGRPQDMFSDTAIQLQPIFAQWVQHLHTLAPG-ATAPNALAT----------ASYAFGG---ETIAVA-GKVAMMPITLGTADFMVHH  
psaA-Nostoc-7120         1   --------------------------PVVNQNNVLDRVIRHRDAIISHLNWVCIFLGFHSFGLYIHNDTMRALGRPQDMFSDTAIQLQPVFAQWVQNLHTLAPG-GTAPNALEP----------VSYAFGG---GVLAVG-GKVAMMPIALGTADFLIHH  
psaA-G.violaceus-7421    1   --------------------------PVTNQNNLLDRVLRHRDAIISHLNWVTLFLGFHSFGLYVHNDTMQALGRPRDMFADFAIPLQPVFAQWIQNIHAAAPGGATAPWVGGTSPTWYTGALSSAATLQAN--QVLALANDKISISPIHLGTADFMVHH  
PsaA-P.marinus-9313      1   --------------------------VSVHVDNVLDRMFKARDAIISHLNWVCMFLGFHSFGLYIHNDSMRALGRSQDMFSDSAIQLQPVLAQWIQSLWASSIG-TSAVVGTTTG-----LPGAVSDVFNG---SVVAVG-GKVALMAIPLGTADLMIHH  
psaB-A.thaliana          1   --------------------------PEQNEDNVLARMLDHKEAIISHLSWASLFLGFHTLGLYVHNDVMLAFGTP-----EKQILIEPIFAQWIQSAHGKTSYGFDVLLSSTSGPAFNAG---RSIWLPG---WLNAINEN-SNSLFLTIGPGDFLVHH  
psaB-C.vulgaris          1   --------------------------PEANRGNVLARVLDHKEAIISHLSWVSLFLGFHTLGLYVHNDVVQAFGTP-----EKQILIEPVFAQWIQAAHGKTVYGFDFLLSSATSAPSLAG---QSLWLPG---WLQGINSD-TNSLFLTIGPGDFLVHH  
psaB-C.Caldarium         1   --------------------------PKQNKDNVLYRMLEHKEAIISHLSWVSLFLGFHTLGLYVHNDVVVAFGNP-----EKQILIEPIFAQWIQATSGKTLYGFNVLLASSSSSATQAA---QSLWLPN---WLEAINNN-NNSLFLTIGPGDFLVHH  
psaB-P.patens            1   --------------------------PEQNKDNVLARMLEHKEAIISHLSWASLFLGFHTLGLYVHNDVMLAFGTP-----EKQILIEPVFAQWIQSAHGKALYGFDVLLSSADSPAFNAG---QTLWLPG---WLDAINNN-SNSLFLTIGPGDFLVHH  
psaB-Synechocystis-6803  1   --------------------------PVANKDNVLARMLEHKEALISHLSWVSLFLGFHTLGLYVHNDVVVAFGTP-----EKQILIEPVFAQWIQATSGKALYGFDVLLSNPDSIASTTG----AAWLPG---WLDAINSG-TNSLFLTIGPGDFLVHH  
PsaB-P.marinus-9313      1   --------------------------PEANKDNVLARVLETKEALISHLSWVCMLLGFHTLALYLHNDVVIAFGTP-----EKQILVEPIFAQFIQAASGKVMYGLDVLLANANSAPSLAA-----AGMPGDHYWMDLINASPEVSNFMPIGPGDFLVHH  
PsaB-Nostoc-7120         1   --------------------------PEQNKGNVLERVLQHKEAIISHLSWVSLFLGFHTLGLYVHNDVVVAFGTP-----EKQILIEPVFAQFIQAAHGKVLYGLDTLLSNPDSVAYTAYPNYANVWLPG---WLDAINSG-TNSLFLTIGPGDFLVHH  
PsaB-G.violaceus-7421    1   --------------------------PKANENNVLARMLEHKEALISHLSWVSLFLGFHTLGLYVHNDVMLAFGRP-----EDQLLIEPVFAQFVQVQSGKIIEGIPALFGGPG--VTAPG-----EFLTG---WLGSVNAN-NSPIFLPIGPGDFLVHH  
P840-C.tepidum-TLS       1   -----------------------------------------GMYNQIKSIWITKGRDQEVQVKILGTVMALCFATMLSVYAVIVWNTICELNIFGTN-------ITMSFYWLKPLP----------------------IFQWMFADPSINDWVMAHVITA  
pshA-H.mobilis           1   ---------------------------------------PKLAEALKDFKMLKRCYDHDFQKKFLALIMFGAFLPIFVSYGIATHNTIADLHHLAKAG------MFANMTYINIGTP--------------------LHDAIFGSHGTVSDFVAAHAIAG  
 
 
 
 

 
Multiple sequence alignment of pufL, pufM, psbA, psbD, psaA, psaB and RC-I protein. The alignments are generated 
through Clustal-W software using Gonnet series matrix. 
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                                     170       180       190       200       210       220       230       240       250       260       270       280       290       300       310       320                
                             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
L-R.gelatinosus          101 WALREVEICRKLGMQYHVPIAFSFAILAYVTLVVIRPILMGAWGHGFPYGIFSHLDWVSNVGYQYLHFHYNPAHMLAITFFFTTTL-------------------------AMSMHGGLILSAANPKKG-------EPMKTTDHEDTFFRDAVGYS----  
L-A.vinosum              106 WALREVEICRKLGIGFHIPFAFAFAIGAYLVLVVVRPILMGAWGHGFPYGILSHLDWVSNVGYQFLHFHYNPAHMLAITFFFTNCL-------------------------ALSMHGSLILSVTNPQKG-------EEVKTSEHENTFFRDIVGYS----  
L-C.aurantiacus          140 WMMRQVDISMKLDMGYHVPIAFGVAFSAWLVLQVIRPIALGMWHEGFVLGIMPHLDWVSNFGYRYNNFFYNPFHAIGITGLFASTW-------------------------LLACHGSLILSAAQY----------RGPEGGDIENVFFRDVQYYS----  
L-R.castenholzii         139 WLLRQIDISLKLDMGMEVPIAFGAVVSSWITLQWLRPIAMGAWGHGFPLGITHHLDWVSNIGYQYYNFFYNPFHAIGITLLFASTL-------------------------FLHMHGSAVLSEAK-----------RNISDQNIH-VFWRNILGYS----  
L-B.viridis              101 WMLREVEISRKLGIGWHVPLAFCVPIFMFCVLQVFRPLLLGSWGHAFPYGILSHLDWVNNFGYQYLNWHYNPGHMSSVSFLFVNAM-------------------------ALGLHGGLILSVANPGDG-------DKVKTAEHENQYFRDVVGYS----  
L-R.sphaeroides          101 WALREVEICRKLGIGYHIPFAFAFAILAYLTLVLFRPVMMGAWGYAFPYGIWTHLDWVSNTGYTYGNFHYNPAHMIAISFFFTNAL-------------------------ALALHGALVLSAANPEKG-------KEMRTPDHEDTFFRDLVGYS----  
L-Erythrobacter.sp       101 WALREVEICRKLGMGYHVPFGFAAAIIAYMTLVIFRPLLMGAWGHGFPYGIFSHLDWVSNVGYAYLHFHYNPAHMLAVTLFFTTTL-------------------------ALALHGGLILSACNPEKG-------EEAKTPDHEDTFFRDFIGYS----  
M-R.gelatinosus          130 WWVRMYTRARALGMGTHVAWAFAAAIWLYLVLGFIRPVLMGSWSEAVPFGIFPHLDWTAAFSLRYGNLFYNPFHALSIAFLYGATL-------------------------LFAMHGATILAVSRFGGERELEQIADRGTASERAQLFWRWTMGFN----  
M-A.vinosum              129 WWVRTYKRAEALGMSQHLSWAFAAAIFFYLSLGFIRPVMMGSWAEAVPFGIFPHLDWTAAFSIRYGNLYYNPFHMLSIAFLYGSAL-------------------------LFAMHGATILAVSRFGGDREIDQITDRGTAAERAAIFWRWTMGFN----  
M-C.aurantiacus          119 WYMHIYTRAKALGIKPYLAYGFTGAIALYLVIYIIRPVWMGDWSEAPAHGIKALLDWTNNVSVRYGNFYYNPFHMLSIFFLLGSTL-------------------------LLAMHAGTIWALEKYAAHEEWNEIQAPGTGTERAQLFWRWCMGFN----  
M-R.castenholzii         139 WWARLYTRAKATGVGTQLAWGFASALSLYFVIYLFHPLALGNWSAAPGHGFRAILDWTNYVSIHWGNFYYNPFHMLSIFFLLGSTL-------------------------LLAMHGATIVATSKWKSEMEFTEMMAEGPGTQRAQLFWRWVMGWN----  
M-B.viridis              128 WWIRVYSRARALGLGTHIAWNFAAAIFFVLCIGCIHPTLVGSWSEGVPFGIWPHIDWLTAFSIRYGNFYYCPWHGFSIGFAYGCGL-------------------------LFAAHGATILAVARFGGDREIEQITDRGTAVERAALFWRWTIGFN----  
M-R.sphaeroides          130 WWGRTYLRAQALGMGKHTAWAFLSAIWLWMVLGFIRPILMGSWSEAVPYGIFSHLDWTNNFSLVHGNLFYNPFHGLSIAFLYGSAL-------------------------LFAMHGATILAVSRFGGERELEQIADRGTAAERAALFWRWTMGFN----  
M-Erythrobacter.sp       133 WLLRAYLLAEQHKMGKHIFWGFAAAVWLFLVLGLFRPILMGSWSEAVPYGIFPHLDWTTAFSIRYGNLYYNPFHCLSIVFLYGSVL-------------------------LFCMHGGTILAVTRYGGDRELEQIYDRGTATERAALFWRWTMGFN----  
D1-P.patens              126 YMGREWELSYRLGMRPWIAVAYSAPVAAATAVFLIYPIGQGSFSDGMPLGISGTFNFMIVFQAEHN-ILMHPFHMLGVAGVFGGSL-------------------------FSAMHGSLVTSSLIRETTENESANAGYKFGQEEETYNIVAAHGYFGRLI  
D1-C.vulgaris            126 YMGREWELSFRLGMRPWIAVAYSAPVAAATAVFIIYPIGQGSFSDGMPLGISGTFNFMIVFQAEHN-ILMHPFHMLGVAGVFGGSL-------------------------FSAMHGSLVTSSLIRETTENESANEGYKFGQEEETYNIVAAHGYFGRLI  
D1-C.caldarium           126 YMGREWELSYRLGMRPWICVAFSAPVAAATAVFLIYPIGQGSFSDGMPLGISGTFNFMLVFQAEHN-ILMHPFHMAGVAGVFGGAL-------------------------FSAMHGSLVTSSLIRETTENESPNYGYKLGQEEETYNIVAAHGYFGRLI  
D1-Synechocystis-6803    126 YMGRQWELSYRLGMRPWICVAYSAPVSAATAVFLIYPIGQGSFSDGMPLGISGTFNFMIVFQAEHN-ILMHPFHMLGVAGVFGGSL-------------------------FSAMHGSLVTSSLVRETTEVESQNYGYKFGQEEETYNIVAAHGYFGRLI  
D1-Nostoc-7120           126 YMGRQWELSYRLGMRPWIPVAFSAPVAAATAVLLIYPIGQGSFSDGMMLGISGTFNFMIVFSPEHN-ILMHPFHMIGVAGVFGGAL-------------------------FSAMHGSLVTSTLVRETSEVESANTGYKFGQEEETYNIVAAHGYFGRLI  
D1-G.violaceus-7421      126 YLGREWELSYRLGLRPWICIAYSAPVAAAAAVFLIYPIGQGSFSDGMPLGISGTFNFMFVFQAEHN-ILNHPFHMLGVAGVFGGSL-------------------------FSAMHGSLVTSSLIRETSMEESQNYGYKFGQEEETYNIIAAHGYFGRLI  
D1-P.marinus-9313        125 WLGRQWELSYRLGMRPWICVAYSAPLSAAFAVFLIYPVGQGSFSDGMPLGISGTFNFMLVFQAEHN-ILMHPFHMIGVAGMFGGSL-------------------------FSAMHGSLVTSSLIRETTETESQNYGYKFGQEEETYNIVAAHGYFGRLI  
D1-A.thaliana            126 YMGREWELSFRLGMRPWIAVAYSAPVAAATAVFLIYPIGQGSFSDGMPLGISGTFNFMIVFQAEHN-ILMHPFHMLGVAGVFGGSL-------------------------FSAMHGSLVTSSLIRETTENESANEGYRFGQEEETYNIVAAHGYFGRLI  
D2-P.patens              126 FMLRQFELARSVQLRPYNAIAFSGPIAVFVSVFLIYPLGQSGWFFAPSFGVAAIFRFILFFQGFHN-WTLNPFHMMGVAGVLGAAL-------------------------LCAIHGATVENTLFEDG-DGANTFRAFNPTQSEETYSMVTANRFWSQIF  
D2-C.vulgaris            125 FMLRQFEIARSVKIRPYNAIAFSAPISVFVSVFLIYPLGQSGWFFAPSFGVAAIFRFILFFQGFHN-WTLNPFHMMGVAGVLGAAL-------------------------LCAIHGATVENTLFEDG-DGANTFRAFNPTQAEETYSMVTANRFWSQIF  
D2-C.caldarium           124 FCLRQFEIARLVGIRPYNAIAFSGPIAVFVSVFLIYPLGQASWFFAPSFGVAAIFRFILFLQGFHN-WTLNPFHMMGVAGILGGAL-------------------------LCAIHGATVENTLFEDG-EAANTFRAFTPTQSEETYSMVTANRFWSQIF  
D2-Synechocystis-6803    125 FMLRQFEISRLVGIRPYNAIAFSGPIAVFVSVFLMYPLGQSSWFFAPSFGVAGIFRFILFLQGFHN-WTLNPFHMMGVAGILGGAL-------------------------LCAIHGATVENTLFEDG-EDSNTFRAFEPTQAEETYSMVTANRFWSQIF  
D2-Nostoc-7120           124 FMLRQFEIARLVGIRPYNALAFSAPIAVFVSVFLMYPLGQSSWFFAPSFGVAAIFRFLLFLQGFHN-WTLNPFHMMGVAGVLGGAL-------------------------LCAIHGATVENTLFEDG-EGANTFRAFNPTQSEETYSMVTANRFWSQIF  
D2-G.violaceus-7421      125 FMLRQFEIARLIGIRPYNAIAFSAPIAVFVSVFLMYPLGQHSWFFGPSYGVNGIFRFLLFFQGFHN-WTLNPFHMMGVAGVLGGAL-------------------------LCAIHGATVENTLFEDG-EAPNTFKAFDPAQEEETYSMILANRFWSQIF  
D2-P.marinus-9313        124 FMLRQFEIARLVGIRPYNALAFSGPVVVFLACFLIYPLGQHSWFFAPSFGVAAIFRFILFLQGFHN-WTLNPFHMMGVAGILGGAL-------------------------LCGIHGATVQNTLFEDG-AMSNTFKGFDPTQEEETYSMVTANRFWSQIF  
D2-A.thaliana            126 FMLRQFELARSVQLRPYNAIAFSGPIAVFVSVFLIYPLGQSGWFFAPSFGVAAIFRFILFFQGFHN-WTLNPFHMMGVAGVLGAAL-------------------------LCAIHGATVENTLFEDG-DGANTFRAFNPTQAEETYSMVTANRFWSQIF  
psaA-C.caldarium         120 IHAFTIHVTLLILLKGVLFARNSRLIPDKANLGFRFPCDGPGRGGTCQVSSWDHVFLGLFWMYNCISVVIFHFSWKMQSDVWGTVS-QNSLVSHVVG-------------GNFSQSAITINGWLRDFLWAQASQVIQSY---G--SSISAYGLMFLA---  
psaA-C.vulgaris          120 IHAFTIHVTVLILLKGVLYARSSRLIPDKANLGFRFPCDGPGRGGTCQVSAWDHVFLGLFWMYNSISIVIFHFSWKMQSDVWGTVS-ANG-VSHITG-------------GNFAQSANTINGWLRDFLWAQSSQVIQSY---G--SALSAYGLIFLG---  
psaA-P.patens            121 IHAFTIHVTVLILLKGVLFARSSRLIPDKANLGFRFPCDGPGRGGTCQVSAWDHVFLGLFWMYNAISVVIFHFSWKMQSDVWGSIS-DQGVVTHITG-------------GNFAQSSITINGWLRDFLWAQASQVIQSY---G--SSLSAYGLLFLG---  
psaA-A.thaliana          121 IHAFTIHVTVLILLKGVLFARSSRLIPDKANLGFRFPCDGPGRGGTCQVSAWDHVFLGLFWMYNAISVVIFHFSWKMQSDVWGSIS-DQGVVTHITG-------------GNFAQSSITINGWLRDFLWAQASQVIQSY---G--SSLSAYGLFFLG---  
psaA-Synechocystis-6803  120 IHAFTIHVTALILLKGVLYARSSRLVPDKANLGFRFPCDGPGRGGTCQVSGWDHVFLGLFWMYNSLSVVIFHFSWKMQSDVWGTVS-PDGSVTHVTL-------------GNFAQSAITINGWLRDFLWAQAANVINSY---G--SALSAYGIMFLA---  
psaA-Nostoc-7120         120 IHAFTIHVTVLILLKGVLFARSSRLIPDKANLGFRFPCDGPGRGGTCQVSGWDHVFLGLFWMYNSLSIVIFHFSWKMQSDVWGTVD-AAGNVSHITG-------------GNFAQSAITINGWLRDFLWAQASQVINSY---G--SALSAYGLMFLG---  
psaA-G.violaceus-7421    133 IFALCIHVTVLILLKGVLFARSSRLIPDKANLGFRFPCDGPGRGGTCQSSAWDHVFLGLFWMYNTISVVIFHFSWKMQSDVWGTVDRSTGAVNHIIGNTDVLLGGQTVALSQYAASSININGWLRDFLWAQSSAVINSY---G--GPLSAYGLMFLG---  
PsaA-P.marinus-9313      125 IHAFTIHVTCLILLKGVLFARSSRLVPDKANLGFRFSCDGPGRGGTCQVSSWDHVFLGLFWMYNSLSMVIFYFSWKMQSDVWGTVN-SDGSVTHLVS-------------GNFAQSAITVNGWFRDFLWAQSSQVLTSY---G--TGLSGYGLLFLG---  
psaB-A.thaliana          123 AIALGLHTTTLILVKGALDARGSKLMPDKKDFGYSFPCDGPGRGGTCDISAWDAFYLAVFWMLNTIGWVTFYWHWKHITLWQGNVS-------------------------QFNESSTYLMGWLRDYLWLNSSQLINGYNPFG-MNSLSVWAWMFLF---  
psaB-C.vulgaris          123 AIALGLHTTTLILVKGALDARGSKLMPDKKDFGYSFPCDGPGRGGTCDISAWDAFYLAVFWMLNTIGWVTFYFHWKHLGIWQGNVN-------------------------QFNESSTYLMGWLRDYLWLNSSQLINGYNPFG-MNSLSVWAWMFLF---  
psaB-C.Caldarium         123 AIALGLHTTTLILVKGALDARGSKLMPDKKDFGYSFPCDGPGRGGTCDISAWDAFYLGVFWMLNTIGWTTFYWHWKHITIWQGNAS-------------------------QFNESSTYLMGWFRDYLWLNSSPIINGYNPYG-MNNLSVWAWMFLF---  
psaB-P.patens            123 AIALGLHTTTLILVKGALDARGSKLMPDKKEFGYSFPCDGPGRGGTCDISAWDAFYLAVFWMLNTIGWVTFYWHWKHITLWQGNVA-------------------------QFNESSTYLMGWLRDYLWLNSSQLINGYNPFG-MNSLSVWAWMFLF---  
psaB-Synechocystis-6803  122 AIALGLHTTALILIKGALESRGSKLMPDKKDFGYSFPCDGPGRGGTCDISAWDAFYLAMFWMLNTLGWLTFYWHWKHLGVWSGNVA-------------------------QFNENSTYLMGWFRDYLWANSAQLINGYNPYG-VNNLSVWAWMFLF---  
PsaB-P.marinus-9313      125 GIALGLHTTALILIKGALDARGSKLMPDKKDFGYAFACDGPGRGGTCDISAWDSTYMAIFWALNTIAWATYYWHWKHLAAWQGNMA-------------------------QFNESSTHLMGWFRDYLWINSSQIINGYNPFG-INNLSPWAYMFLA---  
PsaB-Nostoc-7120         126 AIALGLHTTTLILVKGALDARGSKLMPDKKDFGYAFPCDGPGRGGTCDISAWDSFYLSLFWALNTVGWVTFYWHWKHLGIWQGNVA-------------------------QFNENSTYLMGWFRDYLWANSAQLINGYNPYG-VNNLSVWAWMFLF---  
PsaB-G.violaceus-7421    119 AIALGLHTTTLILVKGALDARGSKLMPDKKDFGFAFPCDGPGRGGTCDISAWDAFYLAVFWMLNTIGWVTFYWHWKWISIWGDNVA-------------------------QFNASSTYLMGWLRDYLWANSAPLIGGYSPSGGTNALSVWAWMFLF---  
P840-C.tepidum-TLS       91  GSLFSLIALVRIAFFAHTSPLWDDLGLKKNS--YSFPCLGPVYGGTCGVSIQDQLWFAMLWGIKGLSAVCWYIDGAWIASMMYGVP-------------------------AADAKAWDSIAHLHHHYTSGIFYYFWTETVTIFSSSHLSTILMIG----  
pshA-H.mobilis           96  GLHFTMVPLWRMVFFSKVS-PWTTKVGMKAKRDGEFPCLGPAYGGTCSISLVDQFYLAIFFSLQVIAPAWFYLDGCWMGSFVATSS-------------------------EVYKQAAELFKANPTWFSLHAVSNFTSEGYFSYIISQTTRMFKYYDGHL  
 
 
 

 
Continued multiple sequence alignment of pufL, pufM, psbA, psbD, psaA, psaB and RC-I protein. The alignments are 
generated through Clustal-W software using Gonnet series matrix. 
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                                    330       340       350       360       370       380       390       400       410       420       430                 
                             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|... 
L-R.gelatinosus          224 ------IGSLGIHRLGLFLALSAAFWSAVCIVISGP--------------FWTRGWPEWWGWWLNLPIWSQWPLN-------------------------------------------  
L-A.vinosum              229 ------IGALAIHRLGLFLALSAVFWSAVCIVISGP--------------FWTRGWPEWWNWWLELPLW-------------------------------------------------  
L-C.aurantiacus          260 ------VGESGVHRLGYIFAIGGILSADLCILLSG---------------WPVQDWVSFWNFWNNLPFWSGV----------------------------------------------  
L-R.castenholzii         257 ------IGEIGIHRVAFWTGAASVLFSNLCIFLSG---------------TFVKDWNAFWGFWDKMPIWNGVGQGAL-----------------------------------------  
L-B.viridis              224 ------IGALSIHRLGLFLASNIFLTGAFGTIASGP--------------FWTRGWPEWWGWWLDIPFWS------------------------------------------------  
L-R.sphaeroides          224 ------IGTLGIHRLGLLLSLSAVFFSALCMIITGT--------------IWFDQWVDWWQWWVKLPWWANIPGGING----------------------------------------  
L-Erythrobacter.sp       224 ------VGTLGIHRLGYLLAINAGLWSAICIIISGP--------------VWTAGWPEWWNWWLDMPIWGEPIAVIGGM---------------------------------------  
M-R.gelatinosus          260 ------ATTESIHRWAWWFAVLCPLCGGIGILLSG---------------TVVDNWYLWAVKHGVAPSYPAVFAPTID--PATLQGVK------------------------------  
M-A.vinosum              259 ------ASMESIHRWAWWCAVLTVITAGIGILLTG---------------TVVENWYLWAIKHGVAPAYPEVVTAVDP--YATATGVTQ-----------------------------  
M-C.aurantiacus          249 ------ANAYSIHLWAFWFAWLCGITGALGVFFSMP--------------DFVNNWFQWGIEAGINYPQGPTPPVSLP----------------------------------------  
M-R.castenholzii         269 ------ANSYNIHIWAWWFAAFTAITGAIGLFLSG---------------TLVPDWYAWGETAKIVAP-WPNPDWAQYVFR-------------------------------------  
M-B.viridis              258 ------ATIESVHRWGWFFSLMVMVSASVGILLTG---------------TFVDNWYLWCVKHGAAPDYPAYLPATPD--PASLPGAPK-----------------------------  
M-R.sphaeroides          260 ------ATMEGIHRWAIWMAVLVTLTGGIGILLSG---------------TVVDNWYVWGQNHGMAPLN-------------------------------------------------  
M-Erythrobacter.sp       263 ------ATMEGIHRWAWWFAVLTPITGGIGILLTG---------------TVVDNWFIWAQEHHFAPMYDGSYGYEDYGSYEAFIGKEN-----------------------------  
D1-P.patens              260 FQYASFNNSRSLHFFLAAWPVVGIWFTALGISTMAFNLNGFNFN-QSVVDSQGRVINTWADIINRANLGMEVMHERNAHNFPLDLA-------SVEAPSVNG----------------  
D1-C.vulgaris            260 FQYASFNNSRSLHFFLAAWPVVGIWFTALGISTMAFNLNGFNFN-QSVVDSQGRVINTWADIINRANLGMEVMHERNAHNFPLDLA-------VVEAPAVNG----------------  
D1-C.caldarium           260 FQYASFNNSRALHFFLGLWPVVGIWLTSIGISTMAFNLNGLNFN-QSIVDSQGRVINTWADIINRANLGIEVMHERNAHNFPLDLADNSLLPVASSSPSINS----------------  
D1-Synechocystis-6803    260 FQYASFNNSRSLHFFLGAWPVIGIWFTAMGVSTMAFNLNGFNFN-QSILDSQGRVIGTWADVLNRANIGFEVMHERNAHNFPLDLASGEQAPVALTAPAVNG----------------  
D1-Nostoc-7120           260 FQYASFNNSRSLHFFLAAWPVIGIWFAALGISTMSFNLNGFNFN-NSILDHQGRTIDTWADLLNRANLGIEVMHERNAHNFPLDLASGEVQPIALTAPAIAS----------------  
D1-G.violaceus-7421      260 FQYASFNNSRSLHFFLAAWPVIGIWFTALGISVMAFNLNGFNFN-SSIVDSQGRAIYTWADIVNRANLGMEVMHERNAHNFPLDLAGTESAPVAVGNADLNG----------------  
D1-P.marinus-9313        259 FQYASFNNSRSLHFFLAAWPVICIWITSLGISTMAFNLNGFNFN-QSVLDAQGRVVPTWADVLNRSNLGMEVMHERNAHNFPLDLAAAESTPVALIAPAIG-----------------  
D1-A.thaliana            260 FQYASFNNSRSLHFFLAAWPVVGIWFTALGISTMAFNLNGFNFN-QSVVDSQGRVINTWADIINRANLGMEVMHERNAHNFPLDLA-------AVEAPSTNG----------------  
D2-P.patens              259 G--VAFSNKRWLHFFMLFVPVTGLWMSAIGVVGLALNLRAYDFVSQEIRAAEDPEFETFYTKNILLNEGIRAWMAAQDQ-PHENLVFPEEVLPRGNAL--------------------  
D2-C.vulgaris            258 G--VAFSNKRWLHFFMLFVPVTGLWMSAIGVVGLALNLRAYDFVSQEIRAAEDPEFETFYTKNILLNEGIRAWMAAQDQ-PHEKLVFPEEVLPRGNAL--------------------  
D2-C.caldarium           257 G--VAFSNKRWLHFFMLFVPVTGLWTSSIGIIGLALNLRAYDFVSQELRAAEDPEFETFYTKNLLLNEGIRAWMATQDQ-PHENFVFPEEVLPRGNAL--------------------  
D2-Synechocystis-6803    258 G--IAFSNKRWLHFFMLFVPVTGLWMSSVGIVGLALNLRAYDFVSQELRAAEDPEFETFYTKNILLNEGMRAWMAPQDQ-PHENFIFPEEVLPRGNAL--------------------  
D2-Nostoc-7120           257 G--IAFSNKRWLHFFMLFVPVTGLWMSAVGIVGLALNLRAYDFVSQELRAAEDPEFETFYTKNILLNEGIRAWMAPQDQ-PHEKFVFPEEVLPRGNAL--------------------  
D2-G.violaceus-7421      258 G--IAFSNKRWLHFFMLFVPVTGLWMASIGIIGVALNLRAYEFVSQEIRAAQDPEFETLYTANILINEGIRAWMGPYDQNYDETLKFPEEVLPRGNAL--------------------  
D2-P.marinus-9313        257 G--IAFSNKRWLHFFMLFVPVMGMWTPSVGIVGLAVNLRAYDFVSQEVRAAEDPEFETFYTKNVLLNEGIRAWMSVADQ-PHENFVFPEEVMPRGNAL--------------------  
D2-A.thaliana            259 G--VAFSNKRWLHFFMLFVPVTGLWMSALGVVGLALNLRAYDFVSQEIRAAEDPEFETFYTKNILLNEGIRAWMAAQDQ-PHENLIFPEEVLPRGNAL--------------------  
psaA-C.caldarium         257 ------AHFIWAFSLMFLFSGRGYWQELIESIVWAHS------------KLKIAPTI----QPRALSITQGRAVGAAHYLLGGIATTWAFFLSRAISIG-------------------  
psaA-C.vulgaris          256 ------AHFVWAFSLMFLFSGRGYWQELIESIVWAHN------------KLKVAPAI----QPRALSITQGRAVGVAHYLLGGIATTWSFFLARILAVG-------------------  
psaA-P.patens            258 ------AHFVWAFSLMFLFSGRGYWQELIESIVWAHN------------KLKVAPAI----QPRALSIVQGRAVGVAHYLLGGIATTWAFFLARIISVG-------------------  
psaA-A.thaliana          258 ------AHFVWAFSLMFLFSGRGYWQELIESIVWAHN------------KLKVAPAT----QPRALSIIQGRAVGVTHYLLGGIATTWAFFLARIIAVG-------------------  
psaA-Synechocystis-6803  257 ------GHFVFAFSLMFLFSGRGYWQELIESIVWAHN------------KLNVAPAI----QPRALSIIQGRAVGVAHYLLGGIVTTWAFFLARSLSIG-------------------  
psaA-Nostoc-7120         257 ------AHFVWAFSLMFLFSGRGYWQELIESIVWAHN------------KLKVAPAI----QPRALSITQGRAVGVAHYLLGGIATTWAFFHAHILSVG-------------------  
psaA-G.violaceus-7421    284 ------AHFIWAFSLMFLFSGRGYWQELIESIVWAHN------------KLKVAPAI----QPRALSITQGRAVGVAHYLLGGIATTWAFFLARFLALP-------------------  
PsaA-P.marinus-9313      262 ------GHFVWAFSLMFLFSGRGYWQELFESIIWAHN------------KLKLAPTI----QPRALSITQGRAVGVTHFLFGGIVTTWAFFHARLLGLG-------------------  
psaB-A.thaliana          253 ------GHLVWATGFMFLISWRGYWQELIETLAWAHE------------RTPLANLIRWKDKPVALSIVQARLVGLAHFSVGYIFTYAAFLIASTSGKFG------------------  
psaB-C.vulgaris          253 ------GHLIYATGFMFLISWRGYWQELIETLAWAHE------------RTPLANLVRWRDKPVALSIVQARLVGLTHFSVGYVLTYAAFLIASTSGKFG------------------  
psaB-C.Caldarium         253 ------AHLVWATGFMFLISWRGYWQELIESLVWAHE------------RTPLANLITWKDKPVALSIVQARLVGLVHFSVGYVLTYAAFVIASTAGKFN------------------  
psaB-P.patens            253 ------GHLVWATGFMFLISWRGYWQELIETLAWAHE------------RTPLANLVRWKDKPVALSIVQARLVGLAHFSVGYIFTYAAFLIASTSGKFG------------------  
psaB-Synechocystis-6803  252 ------GHLVWATGFMFLISWRGYWQELIETIVWAHE------------RTPLANLVRWKDKPVALSIVQARLVGLAHFTVGYVLTYAAFLIASTAGKFG------------------  
PsaB-P.marinus-9313      255 ------GHLVWATGFMFLISWRGYWQELIETLVWAHQ------------RSPIANLVGWRDKPVALSIVQARLVGVTHFAVGNIFTFGAFVIASTASKFG------------------  
PsaB-Nostoc-7120         256 ------GHLVWATGFMFLISWRGYWQELIETLVWAHE------------RTPIANLVRWKDKPVALSIVQARVVGLAHFTVGYVLTYAAFLIASTAGKFG------------------  
PsaB-G.violaceus-7421    250 ------GHLVWATGFMFLIAWRGYWQELIETLVWAHE------------RTPLANLVRWKDKPVAMSIVQGRLVGLAHFTIGYILTYAAFLIASTAALYP------------------  
P840-C.tepidum-TLS       219 -------HLVWFISFAVWFEDRGSRLEGADIQTRTIRWLGKKFLNRDVNFRFPVLTISDSKLAGTFLYFGGTFMLVFLFLANGFYQTNSPLPPPVSHAAVSGQQMLAQLVDTLMKMIA  
pshA-H.mobilis           230 VQALLGAHFIWAFTFSMLFQYRGSRDEGAMVLKWAH--------------EQVGLGFAGKVYNRALSLKEGKAIGTFLFFKMTVLCMWCLAMV-------------------------  
 
 
 

 
Continued multiple sequence alignment of pufL, pufM, psbA, psbD, psaA, psaB and RC-I protein. The alignments are 
generated through Clustal-W software using Gonnet series matrix. 
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Sequence Alignments 2 
 
                                 10        20        30        40        50        60        70        80        90       100       110       120       130       140       150       160                        
                        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
T.tepidum:L         1   AMLSFEKKYRVRGGTLIGGDLFDFWVG-----------------PFYVGFFGVVGFCFTLLGVLLIVWG-ATIGP------------T-GPTSDLQTYNLWRISIAPPDLSYGLRM---A----------------------------------------  
R.sphaeroides:L     1   ALLSFERKYRVPGGTLVGGNLFDFWVG-----------------PFYVGFFGVATFFFAALGIILIAWS-AVLQ---------------------GTWNPQLISVYPPALEYGLGG---A----------------------------------------  
R.viridis:L         1   ALLSFERKYRVRGGTLIGGDLFDFWVG-----------------PYFVGFFGVSAIFFIFLGVSLIGYA-ASQG---------------------PTWDPFAISINPPDLKYGLGA---A----------------------------------------  
R.sphaeroides:M     1   --------------------------------------------PIYLGSLGVLSLFSGLMWFFTIGIW-FWYQ--------------AGWNPAVFLRDLFFFSLEPPAPEYGLSFA--A----------------------------------------  
R.viridis:M         1   ---HIT-VSGEWGD--------NDRVGKPFYSYWLGKIGDAQIGPIYLGASGIAAFAFGSTAILIILFN-MAAE--------------VHFDPLQFFRQFFWLGLYPPKAQYGMGI---P----------------------------------------  
T.tepidum:M         1   --------------------------------------------PIYLGLTGTLSIFFGLVAISIIGFN-MLAS--------------VHWDVFQFLKHFFWLGLEPPPPQYGLRI---P----------------------------------------  
T.elongatus:D1      1   ------------------CNWVTSTDN-----------------RLYVGWFGVIMIPTLLAATICFVIAFIAAPPVDIDGIRE----P-VSGSLLYGNNIITGAVVPSSNAIGLHFYPIW------------EAASLDE---------------------  
T.elongatus:D2      1   -----------------LDDWLKRDRF------------------VFVGWSGILLFPCAYLALGGWLTGTTFVTS--------WYTHG-LASSYLEGCNFLTVAVSTPANSMGHSLLLLW--GPEAQGDFTR----------------------------  
S.elongatus:psaA    1   -----------------------------------------------ISHLNWVCIFLGFHSFGLYVHN-DTMR---------------AFGRPQDM-------------------FSDT-G--------------------------------------  
S.elongatus:psaB    1   -----------------------------------------------ISHLSWVSLFLGFHTLGLYVHN-DVVV----------------AFGTPEK-------------------QILIE------------------PVFAQFIQAAHGKLLYGFDTL  
 
                                170       180       190       200       210       220       230       240       250       260       270       280       290       300       310       320                
                        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
T.tepidum:L         86  --------------------------------------------------------------------------------------PLTEGGLWQIITICAAGAFISWALREVEICRKLG----------------------------------------  
R.sphaeroides:L     78  --------------------------------------------------------------------------------------PLAKGGLWQIITICATGAFVSWALREVEICRKLG----------------------------------------  
R.viridis:L         78  --------------------------------------------------------------------------------------PLLEGGFWQAITVCALGAFISWMLREVEISRKLG----------------------------------------  
R.sphaeroides:M     59  --------------------------------------------------------------------------------------PLKEGGLWLIASFFMFVAVWSWWGRTYLRAQALG----------------------------------------  
R.viridis:M         90  --------------------------------------------------------------------------------------PLHDGGWWLMAGLFMTLSLGSWWIRVYSRARALG----------------------------------------  
T.tepidum:M         58  --------------------------------------------------------------------------------------PLSEGGWWLIAGLFLTLSILLWWVRTYKRAEALG----------------------------------------  
T.elongatus:D1      87  --------------------------------------------------------------------------------------WLYNGGPYQLIIFHFLLGASCYMGRQWELSYRLG----------------------------------------  
T.elongatus:D2      86  --------------------------------------------------------------------------------------WCQLGGLWTFIALHGAFGLIGFMLRQFEIARLVG----------------------------------------  
S.elongatus:psaA    39  ------------------------------------IQLQPVFAQWVQNLHTLAPGGTAPNAAATASVAFGGDVVAVGGKVAMMPI---VLGTADFMVHHIHAFTIHVTVLILLKGVLFA------------------------------RSSRLIPDKA  
S.elongatus:psaB    60  LSNPDSIASTAWPNYGNVWLPGWLDAINSGTNSLFL--------------------------------------------------T---IGPGDFLVHHAIALGLHTTTLILVKGALDARGSKLMPDKKDFGYAFPCDGPGRGGTCDIS----------  
 
                                330       340       350       360       370       380       390       400       410       420       430       440       450       460       470       480                
                        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
T.tepidum:L         120 ----------------------IGFHVPFAFSFAIGAYLVLVFVRPLLMGA---------------------WGHGFPYGILSHLDWVSNVGYQFLHFH----------YNPAHMLAISFFFTNCLALSMHGSLILSVTNPQRGEP--------------  
R.sphaeroides:L     112 ----------------------IGYHIPFAFAFAILAYLTLVLFRPVMMGA---------------------WGYAFPYGIWTHLDWVSNTGYTYGNFH----------YNPAHMIAISFFFTNALALALHGALVLSAANPEKGKE--------------  
R.viridis:L         112 ----------------------IGWHVPLAFCVPIFMFCVLQVFRPLLLGS---------------------WGHAFPYGILSHLDWVNNFGYQYLNWF----------YNPGHMSSVSFLFVNAMALGLHGGLILSVANPGDGDK--------------  
R.sphaeroides:M     93  ----------------------MGKHTAWAFLSAIWLWMVLGFIRPILMGS---------------------WSEAVPYGIFSHLDWTNNFSLVHGNLF----------YNPFHGLSIAFLYGSALLFAMHGATILAVSR--------------------  
R.viridis:M         124 ----------------------LGTHIAWNFAAAIFFVLCIGCIHPTLVGS---------------------WSEGVPFGIWPHIDWLTAFSIRYGNFY----------YCPWHGFSIGFAYGCGLLFAAHGATILAVAR--------------------  
T.tepidum:M         92  ----------------------MSQHLSWAFAAAIFFYLVLGFIRPVMMGS---------------------WAKAVPFGIFPHLDWTAAFSIRYGNLY----------YNPFHMLSIAFLYGSALLFAMHGATILSVSR--------------------  
T.elongatus:D1      121 ----------------------MRPWICVAYSAPLASAFAVFLIYPIGQGS---------------------FSDGMPLGISGTFNFMIVFQAEH-NIL----------MHPFHQLGVAGVFGGALFCAMHGSLVTSSLIR----E--------------  
T.elongatus:D2      120 ----------------------VRPYNAIAFSAPIAVFVSVFLIYPLGQSS---------------------WFFAPSFGVAAIFRFLLFFQGFH-NWT----------LNPFHMMGVAGVLGGALLCAIHGATVENTLF----QDGEGASTFRAFNPTQ  
S.elongatus:psaA    131 NLGFRFPCDGPGRGGTCQVSGWDHVFLGLFWMYNCISVVIFHFSWKMQSDV------WGTVAPDGTVSHITGGNFAQSAITINGWLRDFLWAQASQVIGSY-----GSALSAYGLLFLGAHFIWAFSLMFLFSGRGYWQEL-------------------  
S.elongatus:psaB    156 --------------------AWDAFYLAMFWMLNTIGWVTFYWHWKHLGVWEGNVAQ---------------FNESSTYLMGWLRDYLWLNSSQLINGYNPFGTNN---LSVWAWMFLFGHLVWATGFMFLISWRGYWQEL-------------------  
 
                                490       500       510       520       530       540       550       560       570       580       590       600       610             
                        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|.... 
T.tepidum:L         213 ----------------------------------------------------------------VKTSEHENTFFRDIVGYSIG---ALAIHRLGLFLALSAAFWSAVCILISGPFWTRGWPEWWNWWLELPLW  
R.sphaeroides:L     205 ----------------------------------------------------------------MRTPDHEDTFFRDLVGYSIG---TLGIHRLGLLLSLSAVFFSALCMIITGTIWFDQWVDWWQWWVKLPWW  
R.viridis:L         205 ----------------------------------------------------------------VKTAEHENQYFRDVVGYSIG---ALSIHRLGLFLASNIFLTGAFGTIASGPFWTRGWPEWWGWWLDI---  
R.sphaeroides:M     180 ---------------------------------------------------FGGERELEQIADRGTAAERAALFWRWTMGFNAT---MEGIHRWAIWMAVLVTLTGGIGILLSGTVVDN-WYVWGQN-------  
R.viridis:M         211 ---------------------------------------------------FGGDREIEQITDRGTAVERAALFWRWTIGFNAT---IESVHRWGWFFSLMVMVSASVGILLTGTFVDNWYLWCVKHG------  
T.tepidum:M         179 ---------------------------------------------------FGGDREIDQITHRGTAAEGAALFWRWTMGFNAT---MESIHRWAWWCAVLTVITAGIGILLSGTVVDN-WYLWAVKHG-----  
T.elongatus:D1      209 -TTETESANYGYKFGQE-----------------------------------------EE----TYNIVAAHGYFGRLIFQYASFNNSRSLHFFLAAWPVVGVWFTALGISTMAFNLN----------------  
T.elongatus:D2      223 A---------------------------------------------------------EE----TYSMVTANRFWSQIFGIAFS--NKRWLHFFMLFVPVTGLWMSAIGVVGLALNLR--SYDFIS--------  
S.elongatus:psaA    260 -----------------I------------------ESIVWAHNKLKVAPA----------------IQPRA--------LS-I----IQGRAVGVAHYLLGGIATTWAFFLARIISV----------------  
S.elongatus:psaB    259 -----------------IETLVWAHERTPLANLVRW-------------------K-----------DKPVA--------LS-I----VQARLVGLAHFSVGYILTYAAFLIASTAAK----------------  
 
 
 
 
 

Sequence alignments of proteins that are structurally aligned. The large gaps correspond to the overhangs and β-
sheets of the transmembrane photosynthetic proteins, connecting the intra bilipid layer α-helices. The boxes enclose 
the structurally aligned helices. 
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