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ABSTRACT

Photosynthesis was established on the earth more than 3 hillion 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-11 and bacterial reaction center-Il, implying
common genealogy. Also, the similarity between photosystem-I heterodimers and
reaction center | 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 |
homodimer is placed nearly at the center between the photosystem | and Il
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-



aligned a-helices. Their structures show a striking amount of similarity in the
hydrophobic domains forming the transmembrane helices, very strongly
suggesting that al 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
gtill do not know some of the secrets of photosynthesis, even to this day and

photosynthesis remains amystery in fields like evolutionary studies.
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Figure 1. Basic photosynthetic machinery

Adapted from http://kvhs.nbed.nb.ca/gallant/biol ogy/biol ogy.html .



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 individua pancakes that make up the grana are called
thylakoid disks (Figure 1). It is at this location where photosynthesis does much of its

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

Adapted from http://www.life.uiuc.edu/govindjee/ZSchemeG.html



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 amost
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 I1, 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 | 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
[1, 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



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/psl limages/PSI | .html



The protein complex that isinvolved 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 al the organisms are somewhat similar and hence intriguing
from a phylogenetic and evolutionary viewpoint. The bacteria reaction centers (non —

oxygenic organisms other than Cyanobacteria) are similar either to photosystem | or 11.
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2. METHODS

2.1 Selection of Sequences
The apoproteins psaA (Al) and psaB (A2), of photosystem I, and the protein heterodimers
psbA (D1) and psbD (D2), of photosystem 11, were chosen from
Cyanaobacteria: (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 | protein homodimers were obtained from Chlorobium tepidum TLS
(Chlorobi) and Heliobacillus mobilis (Firmicutes) while reaction center |l proteins pufL and
pufM were from
Two green non-sulfur bacteria (Chloroflexi): Chloroflexus aurantiacus, Roseiflexus
castenholzi
Three a-proteobacteria: Blastochloris viridis, Rhodobacter sphaeroides, Erythrobacter sp.
One b-proteobacteria: Rubrivivax gelatinosus

One -proteobacteria: Allochromatium vinosum
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Roseiflexus castenholzi has a single gene coding for pufL as well as pufM proteins. The tota
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]. Thisdomain 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

analysisin this study. The investigation methodol ogy 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 aignments, 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 | and reaction center | was done next. This step is repeated for
photosystem Il and reaction center Il. Finaly, proteins from both systems were aligned to yield
the overall similarity picture. Multiple aignments are done with Clustal W [2] using GONNET

series matrix, as shown in the sequence alignment section.

psbA (D1) psbD (D2) psaA(Al) psaB(A2) pufL pufMm 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 F2AI117 S42646 139615 AAA18489.1
Arabidopsis thaliana CAA56270.1 AAO013251.1 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-1 and |1 and reaction center | and Il 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

adifferent 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 bel ow:
- a-protecbacteria

(a)Rhodobacter sphaeroides (1A1J), L,M chains, 2.20 A [5] (b)Rhodopseudomonas viridis

(IDXR), L, M chains, 2.00 A [6]

-proteobacteria:

Thermochromatium tepidum (1LEYS), L,M chains, 2.20 A [7]
- Cyanobacteria:

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

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

Multiple structural aignments, 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 ‘pileup’ 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 aignments are generated using
combinatoria 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 Il and
reaction center Il is done next. Finally, proteins of both systems are aligned to yield the overal
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 | proteins and one with these

proteins.

2.5 Computation of RM S distances

After aligning the structures, root mean sguare distances (RM SD) between the a-carbon atoms
of the backbone chains of al 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

L

0.5836
0.6728
0.342
0.3024
0.3305
0.2146
0.205
0.0591
0.0806

L
0.74

0.6654
0.368
0.2702
0.3348
0.2017
0.205
0.0699
0.086

L
0.65
0.65

0.3502
0.2717
0.318
0.195
0.2024
0.0729
0.0838

M
1.8
13

1.32

0.506
0.6494
0.2208
0.2161
0.0677

0.099

M
18
1.78
1.79
1.24

0.6151
0.1872
0.2083
0.0576
0.089

M
1.52
1.63
131

12
1.09
0.2174
0.217
0.0838
0.089

D1
2.59
2.37
2.42
2.26
3.99
3.61

0.3698
0.0773
0.0674

D2
3.46
2.32

24
2.19
3.38
3.42
1.73

0.0674
0.1146

A
3.86
3.61
3.97

3.9
3.24
411

4

3.84

0.4242

B
3.55
3.96
3.89
3.44
3.37
3.28
417
3.96
171

R. Sphaeroides R. Viridis T.Tepidum R. Sphaeroides R. Viridis T.Tepidum T.Elongatus T.Elongatus S. Elongatus S. Elongatus

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 apha 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 al transmembrane proteins, it is anticipated that their intraamembrane
a-helices show hydrophobicity. If al 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 a-helices shown in Figure 5.

2.7 ldentity and RM SD 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 aignment 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® 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 dl proteins.

These statistics were calculated using 3-D co-ordinates of apha 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 RM S 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

18



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 RM SD values.
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Figure 7. Variation of RMS and Identity between aligned carbon apha atoms along the alignment

length in R. sphaeroides pufL and pufM alignment

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

length in T. elongatus psbA and psbD alignment

20



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 aswith 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 11 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.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 Il and reaction center |1 had a common
ancestor (Figure 9). Also, the similarity between A1, A2 and reaction center | 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 a the end. The position of the Heliobacillus
mobilis and Chlorobium tepidum TLS branch is nearly at the center of the edge between the
photosystem | and photosystem 11/L-M portions of the tree. It suggests that it might be a more
ancestral type of reaction center. Certainly thefact that these are the only homodimeric

reaction centersis consistent with that conclusion.
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Figure 11. Overview of the unrooted neighbor-joining phylogenetic tree created with MEGA 2 software.
The tree comprises of reaction center proteins from photosystem-I, photosystem-11 and the bacteria
photosystem -l and photosystem-11 like reaction centers. Corresponding accesion numbers are given in

the text

The structural overlays portray likewise evolutionary drift. The five a 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 1l was also evident in the dimer alignments (Figure 4). The
alignments became less clear on addition of photosystem | proteins. Nonetheless, the overall
protein structure fold was preserved over al ten dimer helicesin all ten proteins. The sequence
alignments of these proteins show high degree of similarity in the hydrophobic domains
forming the intra-bilipid a-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 structura alignments of al proteins: apha-proteobacteria: (a)Rhodobacter
sphaeroides (1A1J ), L,M chains, 2.20, (b)Rhodopseudomonas viridis (1DXR), L, M chains, 2.00 A
gamma-proteobacteria : Thermochromatium tepidum (1EYS ), L,M chains, 2.20 A ; Cyanobacteria :
(a) Thermosynechococcus elongatus (1S5L), D1,D2 chains, 3.50 A, (b) Synechococcus elongatus (1J80),
A1, A2 chains, 2.50 A. The proteins show highly conserved five transmembrane apha-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
dissmilar amino acids, as expected. The points - red diamond and red triangle corresponding
to RMS of ~2.2 A° 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 A°, 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 cofactorsin R. viridis pufM and T. tepidum pufM proteins thereby increasing the RMS
26



values because of structure change. The identities for al three pufMs with respect to D1 and
D2 are amost same i.e. ~20%. The other set of plots - Figure 7 and Figure 8 renders a similar
drift in identity with respect to RMS aong 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 issuesis 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 bacteria 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

70 90 100 110 120 130 140 150 160
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PFYYG - FFGVTTLFFS IV\GA e . TWALVQ! EJAPPDLKYCLG: - - - - - == - - - - VAPLME | TVCAI GAFVS
PFYG - FFGVACEFFAL] CELL VWGATI GPNA- - ELQTYNI WQI SIAPPDLSYCLG - - - - - - - - - - - - | TI CAl GAFVS

L- R gel ati nosus
L- A. vi nosum

L- C. auranti acus PFYYG - FWGFVSVI Gl | FGSYFYI NI TVLFATI AFFG
L-R cast enhol zi i RFWG - LFGAI ST Gl | TMVAATI AFVG
L-B.viridis PYRYG- - FFGVSAI FFI QA TVCALGAFI S
L- R sphaer oi des PFYG - FFGVAT[FFF | TI CATGAFVS

PFYNG - FFVTTAFFALIIGTI LEFWeASEQG- | TI CATGAFI S

PI YlIG- - PLG LSI VF

PI G - FTGTLSI | F ﬁﬂ

PrVlG - F\/\mgl TCAIFTFI VL MVMFAQUNYNPVAFAKYFWWL
1

L- Eryt hrobacter. sp

M R gel ati nosus

M A vi nosum

M C. aur anti acus

M R cast enhol zi i
MB.viridis

M R sphaer oi des

M Eryt hr obact er. sp
D1- P. pat ens
D1-C.vulgaris
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D1- G vi ol aceus- 7421
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D1- A thaliana

D2- P. pat ens
D2-C.vulgaris

D2- C. cal dari um

D2- Synechocysti s- 6803
D2- Nost oc- 7120

D2- G vi ol aceus- 7421
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D2- A thal i ana

psaA- C. cal dari um
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psaA- P. pat ens

psaA- A thaliana

psaA- Synechocysti s- 6803
psaA- Nost oc- 7120
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psaB-C. vul gari s
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PI YG - ASGl AAZAFCSTAIL! [l FNMAAEVHFDPL QF FRQFFVIL.
Pl YBG - SLGVLSLFSCLRWFFTIRG W\ QAGAKNPAVFLRDLFF

REPVSGSLLYGNNI | S
REPVSGSLLYGNNI | S
REPVSGSLLYGNNI | T
REPVAGSLLYGNNI | S
REPVSGSLLYGNNI | TA
REP| SGSLLYGNNI | T
REPVAGSFLYGNNI | S
REPVSGSLLYGNNI | S

| PTSAAI GLHFYPI VEAAS- - - VDEWL YN
| PTSNAI GLHFYPI VVEAAS- - - LDEW. YN | VCHFFL
(VPTSNAI GLHLYPI VEAAS- - - LDEWLYN \VVLHFLL
(VPSSNAI CLHFYPI VIEAAS- - - LDEVLYN \VVEHFELI
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| PSSNAI GLHFYPI WEAAS- - - NDEWLYN \VVFHFLI
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| PTSAAI GLHFYPI VEEAAS- - - VDEWL YN | VLHFLL
STPANSLAHSLLLLWEPEAQEDFTRWCQL TFVALHGAF,
STPANSMGHSL L FLWEPEAQCGDF TRWCQL TFVALHGSF,
SSPANSMGHSL L FLWEPEAQCEDFTRWCQ TFTALHGAF
SSPADAFGHSL L FLWEPEAQGNL TRWFQI PFVALHGAF
SSPADSMGHSLLLLWEPEAQEDL TRWFQL PFVALHGAF
SSPADAMGHSLLLLWEPEAQCEDFTRWCQ AFI SFHGAL.
STPADAMCGHSL LLLWEPEAQCEDFVRWCQL TFVALHGSF!
STPANSLAHSLLLLWEPEAQEDFTRWCQL AFVALHGAF,
) TSYVFGG - - EWWAVA- NKI
=SDT. ) - - - TSPSWEG - - DWAVG- CKV/

=l | AHRAAPHYDI
=1 | AHRAAPRYDI
=1 | AHRAAPRYDI
=l | AHRAAPHYDI
D
D
Dl

TLMRPTLLTATT!
VLLIEPTALTAAI
VLMRPTLLSATI
VLMYPTLLAAAI
VLMEPTLLTATS
LLLFPCAYFSL
LLLFPTAYLAL
LLLFPCSYLAL
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| LLFPCAFLAL
LLFFPTAYLAV(
LLLFPTAYLAL
LLLEPCAYFAL
21| RHRDALI SHLNW/CI FLGT! HNDTYRAL CRS!
VL RHRDAM SHLNW/CI FLGH HNDTSAL CRP
RVLRHRDAI | SHLNW/CI FLGH HNDTSAL CRP
RVLRHRDAI | SHLNW/CI FLGH HNDTSAL CRP
EM_RHRDAI | SHLNW/CI FLGH HNDTYRAL CRP
2VI RHRDAI | SHLNW/CI FLGH HNDTYRAL CRP
RVLRHRDAI | SHLNW/TLFLGH HNDTQAL CRPI
EMFKARDAI | SHLNW/CMFL GH HNDSYRAL CRS
EM_DHKEAI | SHLSWASL FL GFHTL CLA g HNDVILAFGTP- - - - - EK
RVLDHKEAI | SHLSW/SL FL GFHTL CL Y HNDWYQAFGT P- -

= LAFRAAPI

I:NI HAAAPGGAT APWGGT SPTWYTGAL SSAATL QAN- - QVLALANDKI SI S
@S| WASS| G- TSAWGTTTG - - - - LPGAVSDVFNG- - - SWAVG- CKVAL
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OAAHCKTVYGFDFLLSSATSAPSLAG- - - QSLW.PG- - - W.QGl NSD- TNSL
psaB- C. Cal dari um EM_EHKEAI | SHLSW/SL FL GFHT L CLL QY HNDWYVAFGNP- - - - - EK( FAQ/ISATSCKTLYGFNVLLASSSSSATQAA- - - QSLWLPN- - - W.EAI NNN- NNSLHET| GPCDFL|
psaB- P. pat ens EM_EHKEAI | SHLSWASL FL GFHTL CLL W HNDVEL AFGTP- - - - - EK( FAQVIROSAHCKAL YGFDVLLS! PAFNAG- - - QTLW.PG- - - W.DAI NNN- SNSLHETI GPCDFL|

EM_EHKEAL| SHLSW/SL FL GFHTL CLY W HNDWYVAFGT P- -
RVLETKEAL| SHLSW/CM.LGFHTLAL)(BHNDWYI AFGTP- - - - - EK

6ATSGKAL YGFDVLLSNPDSI ASTTG- - - - AAVLPG- - - VILDAI NSG- TNSL
0 AASCKVMYCLDVLLANANSAPSLAA. - - - - AGMPCDHYVWDLI NASPEVSN
VL QHKEA! | SHLSW/SLFLGFHTLGL) \HNDWYVAFGTP- - - - - EK( 0AAHGKVL YGL DTL L SNPDSVAYTAYPNYANVVLPG- - - VILDAI NSG- TNSL
AMLEHKEAL| SHLSW/SLFLGFHTL GLY I HNDVILAFGRP- - - - - E YeVQSCKI | EGl PALFGEPG - VTAPG - - - - EFLTG - - WLGSVNAN- NSP
AVI VWNTI CELNI FGTN- - - - - - - | TMBFYVLKPLP- - - - - - -
@ ATHNTI ADLHHLARAG- MFANMTY! NIGTP

psaB- Synechocysti s- 6803
PsaB- P. mar i nus- 9313
PsaB- Nost oc- 7120

PsaB- G vi ol aceus- 7421
P840- C. t epi dum TLS
pshA-H nobi lis
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Mul tipl e sequence alignnent of pufL, pufM psbA psbD, psaA, psaB and RC-1 protein. The alignnents are generated
through Cdustal -Wsoftware using Gonnet series matrix.



L- R gel ati nosus

L- A. vi nosum

L-C. auranti acus
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L-B.viridis

L- R sphaer oi des

L- Eryt hrobacter. sp

M R gel ati nosus

M A vi nosum

M C. aur anti acus

M R cast enhol zi i
MB.viridis

M R sphaer oi des

M Eryt hr obacter. sp
D1- P. pat ens
D1-C.vulgaris

D1- C. cal dari um
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psaA- C. cal dari um
psaA-C.vul garis

psaA- P. pat ens

psaA- A thaliana

psaA- Synechocysti s- 6803
psaA- Nost oc- 7120
psaA- G vi ol aceus- 7421
PsaA- P. mari nus- 9313
psaB- A thal i ana
psaB-C. vul gari s

psaB- C. Cal dari um
psaB- P. pat ens

psaB- Synechocysti s- 6803
PsaB- P. mar i nus- 9313
PsaB- Nost oc- 7120
PsaB- G vi ol aceus- 7421
P840- C. t epi dum TLS
pshA-H. mobi li s

Continued nmultiple sequence alignnment of pufL, pufM psbA, psbD psaA psaB and RC |
generated through Custal -Wsoftware using Gonnet series matriX.
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Al ALGLHTTTL{LX
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Al ALGLHTTTL{LX
Al ALGLHTTAL{HL [N
G ALGLHTTALEL [MX
Al ALGLHTTTL{LX
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(W TVS- QNSLVSHWG
(W TVS- ANG- VSHI TG
(W SI S- DQGWTHI TG
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W TVS- PDGSVTHVTL- - - - - -

(W TVD- AAGNVSHI TG-

(W TVDRSTGAVNHI | GNTDVLLGGQTVALS
W TVN- SDGSVTHLVS- - - - - - - - - - - - N

pr ot ei n.

L AVSRFGCERELEQN ADRGTASERAQL FVRWT
LAVSRFGCDREI DQI TDRGTAAERAAI FVWRWT
WAL EKYAAHEEWEI QAPGTGTERAQLF!

VAT SKWKSEMEFTEMVAECPGT QRAQL !
LAVARFCGCDREI EQI TDRGTAVERAALFVWRWIT|
L AVSRFGCERELEQI ADRGTAAERAAL FVWRWT
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(TSSLI RETTENI

(TSSLI RETTENI
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TFRAFEPTQAEETYSM/TAN
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SQVI QSY- - - G- - SSI SAYGL
SQVI QSY- - - G- - SALSAYGLI
SQVI QSY- - - G - SSLSAYGLL
SQVI QSY- - - G - SSLSAYGL

NGALRDFLWAQAANVI NSY- - - G- - SALSAYG
SQVI NSY- - - G - SALSAYGL
SAVI NSY- - - G- - GPLSAYGL
EQULTSY- - - G- TALSGYCLL
SQLI NGYNPFG- MNSLSVWA)
SQLI NGYNPFG- MNSLSVWA)
SPI | NGYNPYG- MNNLSVWA
SQLI NGYNPFG- MNSLSVWA)

IMGWFRDYLWANSAQLI NGYNPYG- VNNLSVWA

IMOAFRDYLW NSEQ! | NGYNPFG- | NNLSPWAY]

MGWFRDYLWANSAQLI NGYNPYG- VNNL SVWA

MOALRDYLWANSAPL | GGYSPSGGTNAL SVWA

- AADAKAVIDS| AHLHHHYTSGA FYYFWIETVTI FSSSHLSTI LM G- - - -
EVYKQAAEFKANPTWFSLHAVSNFTSEGYFSYI | SQTTRVFKY YDGHL

The alignnments are
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Continued nmultiple sequence alignnment of pufL, pufM psbA, psbD psaA psaB and RC |
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RVAFWT GAASVLFSI
RLCGLFLASNI FLTGA

CETAKI JAP- WPNPDWAQYVFR: - - - - - - - - -
CVKHGAAPDYPAYLPATPD- - PASLPGAPK- - = - = = = = = mmmmemeeememeee e o

Gl EVMHERNAHNFPLDLADNSLLPVASSSPSI NS- - - - - === - - == - - - -
ADVLNRA | [NGFEVMHERNAHNFPLDLASCEQAPVAL TAPAVNG- - -
ADLLNRA) BG EVIVHERNAHNFPLDLASCEVQPI ALTAPAI AS- - -
ADI VNRA | MGVEVVHERNAHNFPLDLAGTESAPVAVGNADLNG- - -
ADVLNRS | MGVEVMHERNAHNFPLDLAAAESTPVALL APAI G- - - -
ADI | NRA) BGVEVVHERNAHNFPLDLA- - - - - - - AVEAPSTNG- - -
CLALNLRAYDFVSQEI RAAEDPEFET|ZYTKNI LI\ ECI RAWRACQDQ- PHENLVFPEEVLPRGNAL- - - - - - -
CGLALNLRAYDFVSQEI RAAEDPEFET|ZYTKNI L[N ECI RAWRAQDQ- PHEKLVFPEEVLPRGNAL- - - - - -
EC RAWWATQDQ PHENFVFPEEVLPRGNAL- - - - - - - - - - - oo oo -
EGVRAVWAPQDQ- PHENFI FPEEVL PRGNAL.
ECI RAWAPQDQ- PHEKFVFPEEVL PRGNAL
EG RAVWGPYDONYDETLKFPEEVL PRGNAL
EQ RAVWBVADQ- PHENFVFPEEVMPRGNAL
ECI RAWAAQDQ PHENLI FPEEVLPRGNAL.

CLALNLRAYDFVSQELRAAEDPEFET|ZYTKNI L{R
(CLALNLRAYDFVSQELRAAEDPEFET]

generated through Custal -Wsoftware using Gonnet series matriX.

protein. The alignnments are
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Sequence Alignments 2
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el ongat us: psaB
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FNES:

STYLEGA RBYEW NSSQLI NGYNPFGTNN- - - L

Sequence alignments of proteins that are structurally aligned. The | arge gaps correspond to the overhangs and b-

sheets of the transnenbrane photosynthetic proteins,
the structurally aligned helices.

connecting the intra bilipid |ayer a-helices.

The boxes encl ose
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