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Abstract. Two hypotheses account for the evolu-
tion of the inner antenna light-harvesting proteins of
oxygenic photosynthesis in cyanobacteria, algae, and
plants: one in which the CP43 protein of photosytem
IT gave rise to the extrinsic CP43-like antennas of
cyanobacteria (i.e. IsiA and Pcb proteins), as a late
development, and the other in which CP43 and CP43-
like proteins derive from an ancestral protein. In or-
der to determine which of these hypotheses is most
likely, we analyzed the family of antenna proteins by
a variety of phylogenetic techniques, using align-
ments of the six common membrane-spanning heli-
ces, constructed using information on the antenna
proteins’ three-dimensional structure, and surveyed
for evidence of factors that might confound inference
of a correct phylogeny. The first hypothesis was
strongly supported. As a consequence, we conclude
that the ancestral photosynthetic apparatus, with 11
membrane-spanning helices, split at an early stage
during evolution to form, on the one hand, the
reaction center of photosystem II and, on the other
hand, the ancestor of inner antenna proteins, CP43
(PsbC) and CP47 (PsbB). Only much later in evolu-
tion did the CP43 lineage give rise to the CP43’
proteins (IsiA and Pcb) of cyanobacteria.
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Introduction

Photosynthesis is one of the most important and
earliest biological processes to have taken place on
the Earth (Blankenship 2001). For this reason and
because of the long time since its origin, possibly as
far back as ~3.5 gigayears ago (Ga), the early evo-
lution of photosynthesis is both intriguing and full of
uncertainty. Nevertheless, it is clear that the core
reactions of photosynthesis occur in homologous
reaction centers (RCs): (i) RC I type (RCI type) in
some anoxygenic photosynthetic bacteria; (ii)) RC 11
type (RCII type) in other anoxygenic photosynthetic
bacteria; and (iii) RCI together with RCII in all
oxygenic photosynthetic organisms, i.e., in cyano-
bacteria, algae, and plants. Accordingly, a study of
these RCs and their associated proteins might help
elucidate their origins, as it has in many other protein
families.

Light-harvesting (LH) proteins are an integral part
of all known photosynthetic systems (Blankenship
2002; Green 2003; Larkum et al. 2006), because the
RC proteins, which carry out the energy transduction
of light to chemical energy in photosynthesis, would
operate inefficiently if the LH system were not in
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Fig. 1. The two major hypotheses on the evolution of the reaction
center (RC) and the light-harvesting antenna systems. The first
scheme (A) is the 11-MSH starting scheme. It suggests that a
“primitive” RC included an 11-MSH motif that incorporated a
segment of the 6-MSH antenna near the N-terminal end. Following
gene duplication, this now ancestral RC diverged to become the
RCI type with the core and antenna fused together and the RCII
type with the antenna separated from the core. RCII later diverged
to purple bacteria, green nonsulfur bacteria with only the core RC,
and PSII with homologous inner antennae of CP43 and CP47, while
RCI diverged to Heliobacteria, Chlorobium, and PSI. The antenna
of RCII also evolved to IsiA and Pcb, which act as the outer an-

place. Anoxygenic photosynthetic bacteria evolved
three different types of LH proteins, an inner antenna
system, which comprises a unit of six membrane-
spanning helices (MSHs) fused to an RC unit com-
prising five MSHs (in Chlorobium and Heliobact-
erium), and two quite different families of outer
antenna proteins, LH1 and LH2, which form two
polymeric rings around the central photosystems
(Robert et al. 2003).

The six MSHs of the inner antenna of anoxygenic
photosynthetic bacteria are homologous with the in-
ner antenna parts of photosystem I (PSI), housing
RCI, and photosystem II (PSII), housing RCII,
which are found in oxygenic photosynthetic bacteria
(cyanobacteria) and the plastids of algae and plants.
However, the inner antenna of PSI is fused with the
RC to form an 11-MSH unit, as in the RCI type of
anoxygenic photosynthetic bacteria (Heliobacteria
and green sulfur bacteria). In addition to two RC
proteins (D1 and D2), there are two inner antenna
proteins, CP43 and CP47, in PSII, each of which is
comprised of six MSHs, five interconnected (loop)
extrinsic regions, and carboxy-terminal and amino-
terminal extrinsic regions.

Additionally, the inner antenna LH units of an-
oxygenic photosynthetic bacteria, of oxygenic bacte-
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tenna of PSI and PSII. The other scheme (B) is the five-plus-six-
MSH starting scheme. The primitive RC was comprised of only the
five MSHs of the core RC. Additionally, there was an ancient
protein LH precursor, which diverged to form IsiA/Pcb and, sep-
arately, the inner antenna part of the ancestral RC. Then, as in
Scheme 1, the RCI and RCII types evolved, and the RCII type
diverged to form that center in purple bacteria and green nonsulfur
bacteria without antennae, on the one hand, and PSII with CP43
and CP47 as its antennae, on the other hand. The IsiA/Pcb, which
derived from the ancient LH precursor, joined PSI as the outer
antenna at a much later stage.

ria (i.e., cyanobacteria), and of the plastids of algae
and plants are homologous with a family of LH an-
tenna proteins found in some cyanobacteria, where
they are known as (i) the iron stress-induced protein
(IsiA) of a small number of classical cyanobacteria,
where the protein is expressed as an LH protein in
response to low-iron conditions (Ting et al. 2002); (ii)
a prochlorophyte chlorophyll (Chl)-binding (Pcb)
protein of the cyanobacteria that possess Chl b, as in
prochlorophytes, or Chl d, as in Acaryochloris marina
(Chen et al. 2002); and (iii) IsiA in some prochloro-
phytes, in addition to the Pcb proteins (Bibby et al.
2001b). The IsiA and Pcb proteins have been found
to form supercomplexes with PSI and/or PSII (Bibby
et al. 2001a,b; Chen et al. 2005b). In PSI, this su-
percomplex is formed of a ring of 18 IsiA or Pcb
proteins around a core comprising a PSI trimer
(Bibby et al. 2001a,b; Chen and Bibby 2005).

There are two major hypotheses concerning the
evolution of the RC and the LH antennae (Larkum
et al. 2005). The first hypothesis (Fig. 1A) is the 11-
MSH starting scheme. It suggests that a primitive RC
included an 11-MSH motif that incorporated a seg-
ment of the 6-MSH antenna near the N-terminal end.
According to this model, the primitive RC underwent
gene duplication to become the ancestral RC, formed
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Fig. 2. Two phylogenetic trees representing the two hypotheses
on the evolution of the inner antenna protein family. A Tree in-
ferred from Fig. 1A, which is the 11-MSH model. B Tree inferred
from Fig. 1B, which is the five-plus-six-MSH model.

as a dimer. While it is likely that this dimer initially
was a homodimer, since a homodimer is still found in
some anoxygenic photosynthetic bacteria (i.e., He-
liobacterium and Chlorobium species), it must have
evolved further to become the heterodimer that is now
found in the RCs of all other photosynthetic organ-
isms (Blankenship 2002). The ancestral RC then di-
verged to become, on the one hand, the RCI type with
the core and antenna still fused together and, on the
other hand, the RCII type with the antenna separated
from the core. Subsequently, the antennas of PSII
evolved to form CP43 and CP47, the inner antennae
of PSII, and then, at a later stage in evolution, it is
proposed that IsiA and Pcb evolved from CP43 in
cyanobacteria and prochlorophytes, respectively.

The second hypothesis (Fig. 1B) is the five-plus-
six-MSH starting scheme. According to this model,
the primitive RC was initially comprised of five
MSHs; subsequently, it duplicated to become the
ancestral RC. It is then hypothesized that there was
another LH protein, the LH “precursor”, which
evolved, on the one hand, to become the IsiA and Pcb
proteins and, on the other hand, to become the an-
tenna parts of the RCs. The ancestral RC and the
antenna then evolved to form RCI, with the core RC
and LH protein fused together, and RCII, with the
core RC and LH protein separated. The IsiA and Pcb
proteins, which diverged from the ancient LH “pre-
cursor,” joined the RCI and RCII independently at a
later stage in evolution to form the outer antenna
polymeric ring.

To decide which of the above hypotheses is most
likely, it is necessary to identify the evolutionary
origin of IsiA/Pcb. This can be done using the sim-
plified hypotheses shown in Fig. 2, where support for
Fig. 2A would support the 11-MSH starting scheme
(Fig. 1A) and support for Fig. 2B would support the
5-plus-6-MSH starting scheme (Fig. 2B).
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While there have been previous reports on the
evolutionary relationship among the IsiA, Pcb, and
CP43 proteins (La Roche et al. 1996; Van der Staay
et al. 1988), the absence of a reliable outgroup, as well
as structural information on which alignments can be
inferred, leaves open significant levels of uncertainty
about the evolutionary relationships among these
antenna proteins. In order to develop a clearer pic-
ture of the origin and evolution of the RCs and the
antenna proteins, it is necessary to determine the
origin and subsequent evolution of the six-MSH an-
tenna proteins: IsiA, Pcb, CP43, CP47, PsaA/B,
PscA, and PshA. If they form a recently derived
group, then this supports the 11-MSH starting
scheme; if, on the other hand, they form a more
anciently derived group, then this supports the 5-
plus-6-MSH starting scheme. Recently, X-ray crys-
tallographic structures of PSI and PSII were obtained
from the cyanobacterium Thermosynechococcus
elongates—the resolution was 2.5 A for PSI (Fromme
et al. 2001; Jordan et al. 2001) and 3.5 A for PSII
(Ferreira et al. 2004; Loll et al. 2005). Given this new
and detailed information on the structure of PSI and
PSII, we can extend preliminary research on the
evolution of the inner LH antenna protein family
(Zhang et al. 2003) by developing structurally in-
formed alignments that can be used to test the
hypotheses concerning the origin and evolution of the
inner antenna proteins. In this study, we have focused
on the six-MSH regions because the loop regions and
C- and N-terminal ends differ so greatly that align-
ment is a major problem (see below).

Materials and Methods

Sequence Data

All available sequences studied were obtained from the GenBank,
EMBL, and Swiss-Prot databases. The data set was comprised of
53 amino acid sequences, including representatives of the antenna
protein complexes (accession numbers given in parentheses) from
plants (P06003, P56778, P12158, P41643, NP_051084, P04160,
CAA33973, BAA04386, P06511, P06512, Q85FM3, Q85FJ7),
diatoms (CAA91720, CAA91695), red algae (Q9TM4o6,
NP_045100), green algae (NP_958388, CAA50079, CAAS50133),
dinoflagellates (AAD44701, AAD44702), cyanobacteria (P15347,
NP_681841, NP_441268, S42648, CAA65757, AAC45351,
NP_875175, NP_875559, AAC45352, AAF61303, AAS76628,
AAS76632, CACI13147, CAA65756, AAS76629, CAE07191,
NP_875647, CAEI19617, CAE21355, NP_925270, NP_682421,
BABI19261, NP_874748, CAEI18774, CAE21840, NP_925945,
CAE08497, P0A406, P0OA408), and anoxygenic photosynthetic
bacteria (AAA74735, T31454, AAM73237).

Secondary Structure Prediction

Three online programs were used to predict the secondary struc-
ture: SOSUI Version 1.1 (Hirokawa et al. 1998), TMpred Version
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1.0 (Hofmann and Stoffel 1993), and TMHMM Version 2.0
(Krogh et al. 2001). In general, the results of these programs were
consistent with each other. However, TMHMM appeared to be the
most reliable program because it gave results that were most con-
sistent with the crystal structures of PSI and PSII.

We aligned the six-MSH regions of IsiA, Pcb, CP43, and CP47
with PSI, based on the published prediction of the three-dimen-
sional structure of PSI and PSII, as given below.

Crystal Structure Prediction and Superimposition

The three-dimensional crystal structures of PSI (Jordan et al. 2001)
and PSII (Ferreira et al. 2004) (PDB accession numbers 1JB0 and
ISSL), both obtained from Thermosynechococcus elongates, were
used as templates for modeling of the structure of the antenna
proteins. The modeling was done using SWISS-MODEL (Guex
and Peitsch 1997) and the superimposition of structures was
achieved using Swiss-Pdb-Viewer (Guex and Peitsch 1997).

Alignment of Amino Acid Sequences

A preliminary sequence alignment was inferred by ClustalX Ver-
sion 1.83 (Thompson et al. 1997) with (i) a gap opening penalty of
10.00, (ii) a gap extension penalty of 0.2, (iii) the Gonnet series for
protein weight matrix, and (iv) hydrophilic penalties for the fol-
lowing amino acids: G, P, S, N, D, Q, E, K, and R. Subsequent
refinements of this alignment were done using the Genetic Data
Environment (Smith et al. 1994) in accordance with the crystal
structure information.

Preliminary Data Survey

Because the phylogenetic methods used in this study are based on
assumptions and the photosystems have evolved over a very long
time, it is essential to assess whether the sequences violate phylo-
genetic assumptions (i.e., the assumptions of stationary, reversible
and homogeneous conditions; for details, see Ababneh et al. 2006;
Jayaswal et al. 2005). Following Ababneh et al. (2006), we used
Bowker’s (1948) matched-pairs test of symmetry to determine
whether the sequences are consistent with evolution under sta-
tionary, reversible, and homogeneous conditions. If sequences have
evolved under stationary, reversible, and homogeneous conditions,
then probabilities resulting from the test of symmetry are uniformly
distributed on (0, 1); on the other hand, if the sequences have
evolved under more complex conditions, then the probabilities may
tend to become small values. Assuming evolution under stationary,
reversible, and homogeneous conditions, the probabilities are
unaffected by invariant sites and covariance due to the phylogeny.
In practice, we used custom software to test for symmetry (avail-
able on request).

As sequences evolve and accumulate substitutions, their his-
torical signal becomes eroded (Ho and Jermiin 2004). In order to
determine how close a pair of sequences is to being random with
respect to each other—i.e., the point where they have lost their
historical signal completely—we employed the following statistic:

- —F— ()
1= Y (fufi)
where p; is the observed distance between sequence i and se-
quence j, f; and fj; are the frequencies of the kth amino acid in i
and j, and / is the number of character types in the data. When
S;; = 0.0, the sequences are identical, implying that they must
have had a recent common ancestor, so we say that they have a
strong historical signal with respect to each other; when S;; = 1.0,
the sequences are random with respect to each other, implying

S,‘f

Table 1. Comparison of amino acid substitution models with rate
heterogeneity across sites modeled by a discrete I" distribution. Five
different models were tested with program TREE-PUZZLE

Model o LogL

JTT 1.75 —10603.89
WAG 2.72 —-10524.47
Dayhoff 2.07 —10599.82
Blosum62 3.35 —-10532.65
VT 3.13 —-10534.92

that it is impossible to state, in the absence of other information,
whether or not they have a common ancestor, so we say that the
historical signal has been lost; and when 0.0 < S; < 1.0, there is
evidence of common ancestry as well as divergence from the in-
ferred common ancestor, so we say the historical signal has been
partially lost. Sj; is a rough, yet useful, measure of how reliable a
phylogenetic data set might be; for example, if sequence i pro-
duced extremely high values of S in relation to all the other
sequences, then it might be worth remove sequence i from the
alignment before further analysis.

The decay of historical signal was also analyzed by using the
program Reticulate (Jakobsen and Easteal 1996), which allows us
to view the compatibility of trees inferred on the basis of single
parsimony informative sites.

After the preliminary survey of the alignment using the methods
outlined above, suitable methods for inference of phylogeny were
chosen.

Phylogenetic Analysis

Phylogenetic trees were inferred using the distance-based neighbor-
joining (NJ) method as well as using maximum-likelihood (ML)
and Bayesian inference methods.

Pairwise distances were estimated using PROTDIST from the
PHYLIP program package, version 3.63 (Felsenstein 2005),
assuming the substitution model of Jones et al. (1992). Rate het-
erogeneity across sites was modeled using a discrete I distribution
with eight rate categories (Yang 1996). NJ trees were inferred from
distance matrices using NEIGHBOR from the PHYLIP program
package. Bootstrap analysis was used to assess the consistency of
the phylogenetic data. A total of 2000 pseudo-data sets were
generated using SEQBOOT from the PHYLIP program package.

TREE-PUZZLE version 5.2 (Schmidt et al. 2002) was used to
infer ML trees with six different substitution models. Fourteen
sequences (1 from PsaA, 1 from PsaB, 3 from CP43, 3 from CP47, 3
from IsiA, and 3 from Pcb) were selected from the complete data
set and were used to determine the most likely model of amino acid
substitution (Table 1); the most appropriate model found was the
WAG model (Whelan and Goldman 2001), with rate variation
among sites modeled using a discrete I'distribution of eight cate-
gories.

Following this, we explored tree space using a heuristic ap-
proach allowed for by TREE-PUZZLE. First, we sampled 10,000
unique trees using the j-option. Second, we estimated the likelihood
of each of these trees and obtained a subset of plausible trees using
a likelihood-ratio test (Kishino and Hasegawa 1989). Third, we
assigned a tree-specific weight to each tree using the likelihood-
weighted tree-averaging method with o = 0.05 and Class V
weighting of the plausible trees (Jermiin et al. 1997). Fourth, we
generated a likelihood-weighted, majority-rule consensus tree using
the trees and their tree-specific weights; this was done using
CONSENSE from the PHYLIP program package. Finally, using a
likelihood-ratio test (Shimodaira and Hasegawa 1999), the most
likely tree from the second step was compared to the (i) quartet-
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Helix I
Synechoaystis  isiA WN-terminal-18 ARFANLS | GLF IAAHVAQAALIMFWAGAFILYEIS | WLIAD
Prochlorococcus PcbA N-terminal-l8 AGTINRS | GKF LAAHIAHTIGLMAFWAGSFILFELS | RYDPS
S.elongatus CP43 WN-terminal-40 ARLINLS | GKL LGAJVAJRGLIVFWAGAMILEJLA | HFIPE
S.elongatus CP47 WN-terminal-10 TIVLINDP | GRL IAAZLMIALVAGWAGSMALYILA | IFDPS
S.elongatus PsaA N-terminal-64 DLED-IS| RKIFSA GEAWFIWLSGMYF Iak| £--sn
S.elongatus PsaB N-terminal—37 MIEENLY | QKI FASIFGILAIIFLWVSGSLE JJVAW| Q--GN
C.limicola PschA N-terminal—-66 DIEKIDD [ EQVVGGHLALLGVLGFIMAIYYISGIQ| V--FP
H.mobilis PshA N-terminal-20 DKVPAIR | GAV LKAHINHLGMVAGFVSEVLVHHLS | WL -SD

Belix II
Synechosystis isiA N-terminal-89 LEVVGAVHBLIASAVLGAGALFHT FRAP
Prochlorococcus PchA N-terminal-89 IVVIAVLHBLVLSMVYAAGGLMHS LLEN
S.elongatus CP43 N-terminal-lll [(FFVVGVV ILISSAVLGFGGVY IRGP
S.elongatus CP47 N-terminal-93 FEGVALA 3 VLSGLLFLAACW VYWD Fig. 3. Amino acid sequence
S.elongatus PsaA N-terminal-158 |LYCTAIGGLVMAGLMLFAGWE H-KR alignment of the helices of 8 of the
S.elongatus PasaB WN-terminal-135 |LYQGAIFLLILASLALFAGHWL QPKF .
C.limicola PscA N-terminal-143 |LLLWAGYHFIAGSVLIFGGWRHW | THNL 53 sequences used in the
H.mobilis PshA N-terminal-85 |ALMVARLHLLAAIIEWII -G-HI| KIPR phylogenetic analysis (the full

Belix IIL alignment is available upon

request). The MSH regions are

Synechosystis  isiA WN-terminal-135 PKQ [LGLILGHHLLF -LGVGALLLV-AKAIT | WGGLYDAASQ indicated by a box. The
Prochlorococcus PchR WN-terminal-136 PDK |LIFILGHHLFL -LGLGNVQFV-EWAKY YG-LYDNAEG hl hyll-bindi ami acid
S.elongatus CP43 N-terminal-154 KNK [MITILGF JLIV-LGIGALLLV-AKAMF | FGGLYDIWAP chlorophyfl-binding amino act
S.elongatus CP47 WN-terminal-132 ALD | LPKMFGI gL.FLA-GLLCFGFGAFILI-| GLFGPGMWVS residues are shown by shading;
S.elongatus PsaA N-terminal-190 FQN |VESMLNH JLAGLLGLGSLAWA-GIRI-| HVSLPINKLL gaps in sequences are indicated by
S.elongatus P2aB WN-terminal-168 FKN |AESRLNH zLAGLFGVSSLAWA-GZLI- HVAIPESRGQ dashes. The sequences (accession
C.limicola PscA WN-terminal-199 AKS | YKEALGPHA-YMSLLELGWGL--VMW-| LILGFAPIPD numbers given in parentheses) are
H.mobilis PshA N-terminal-118 SFG |KTLVAQFHFLALVATLWGM ----HMA-| YIGVRGANGG from plants (P06003, P56778,

Belix TV P12158, P41643, NP_051084,
Synmechosystis  isiA N-terminal-200 L | EDLVGGHVYVGVMLIAGGIWH P04160, CAA33973, BAA04386,
Prochlorococcus PchA N-terminal-199 L | EDVMGGHAFLALFMMS GGLWH P06511, P06512, Q85FM3,
S.elongatus CP43 N-terminal-230 L | EDVVGG JFWIGLICIAGGIWZ] Q85FJ7), diatoms (CAA91720,
S.elongatus CP47 N-terminal-195 P | GGVVA IEHAAGIVGIIAGLF 3] CAA91695), red algae (Q9TM46
S.elongatus PzaA N-terminal-29¢ L | SDIAH JELAIAVLEIIAGHMY NP 045100 ’ alo: ’
S.elongatus PsaB N-terminal-270 L | TOMAH IELAIAVLEIVAGHMY _045100), green algae
C.limicola PacA N-terminal-238 I | NSEIFMSEVFAVIFFALGIYW (NP_958388, CAAS50079,
H.mobilis PshA N-terminal-168 G | ATLAGNHVAFGALLFLGGVFH | CAAS50133), dinoflagellates

Belix V (AAD44701, AAD44702),
Synechosystis isiA WN-terminal-239 EA |ILS-YSLGGIALAGFVAAYFCAVNILAY PVEF cyanobacteria (P15347,
Prochlorococcus PchA WN-terminal-24l EA | QLS-WALAGVGWMALVAAFWCASNITIY PDIF NP—681841’ NP—441268’ 542648’
s.elongatus CP43 N-terminal-269 EAR |YLS -YZLGALSMMGFIATCEVWENNIVY| PSEF CAA65757, AACA45351,
S.elongatus CP47 N-terminal-234 IE |TIVLSS JIAAVFFAAFVVAGIMWYGSATI| PIEL NP_875175, NP_875559,
S.elongatus PsaA N-terminal-353 HA |QLA -INLAMMGSLSIIVAQ IMY-AMPPY| PYLA AAC45352, AAF61303,
S.elongatus PsaB N-terminal-335 HF |QLG-WHLACLGVITSLVAQ jMY-SLPPY| AFIA AAS76628, AAS76632,
C.limicola PscA N-terminal-28l1 HL | THRLHQHRAW -VIAFVAFQQPSFAPYYK| ELDK CAC13147. CAA65756
H.mobilis PshA WN-terminal-215 QV | LAFHFAIVVFAMIIWNRPDQPILSEYEM| ---- AAS76629’ CAE07191 ’

Balix IV NP_875647, CAE19617,

CAE21355, NP_925270,

Synechosystis isiA N-terminal-298 T |PRAWLSNAHFFLAFFCLQGHLWHALR | AMGFD NP_682421, BAB19261,
Prochlorococcus Pckhd WN-terminal-300 T |SRAWLINIHYYLGFFYIQGHLWHALR ALGFD NP 874748, CAE18774,
S.elongatus CP43 N-terminal-421 S |PRSWLATS JFVLAFFFLVGILWIRGR| ARAAA =
s. elongut us CP47 N-terminal-446 S |PRGWFIFA EVE‘ALLFE‘FG ENEAR TLFRD CAE21840, NP_925945,
S.elongatus PsaR WN-terminal-388 P | IQLSLFIH JMWIGGFLVVGGAA J6AI| FMVRD CAE08497, PQA4O6» POA408)_=
S.elongatus PsaB WN-terminal-370 T | IMAALYTH JRYIAGFLMVGAFAZEAI| FLVRD and anoxygenic photosynthetic
C.limicola PscA N-terminal-365 V |VINLITFNHII CGVLYVFAGVYHGGQ| YLLKI bacteria (AAA74735, T31454,
H.mobilis PshA N-terminal-267 F |LIKQVILGHLVFGVMFWIGGVFHGAH | FMLRA AAM73237).

puzzle tree from the first step and the (ii) majority-rule consensus
tree from the fourth step.

MrBayes version 3.1.1 (Ronquist and Huelsenbeck 2003) was
used to infer trees based on the Bayesian approach, with the WAG
substitution model. The rate variation among sites was again
modeled using a I' distribution with eight discrete categories. Eight
chains were run for the Metropolis-coupled Markov chain Monte
Carlo (MCMCMC) model. Each chain ran for 2 million genera-
tions and started with a flat prior for all trees. We sampled trees
from the chain every 100 generations. The “burn-in: period covered
the first 200,000 generations.

The programs BEAST version 1.3 and TRACER version 1.3
(Drummond et al. 2002; Drummond and Rambaut 2005) were
also used during the Bayesian analysis. The analysis involved a
chain of 3 million steps, where the first 300,000 steps were
dumped as the burn-in. The rate variation among the sites was
again modeled by a T' distribution with eight discrete categories.
A flat prior was used, so that all trees had the same probability at
the beginning of the analysis. BEAST uses a relaxed clock model,

based on an approach described by Thorne et al. (2002). Trees
were sampled every 100 steps. The molecular clock methods infer
rooted trees, so the final result was a rooted consensus tree.
TRACER was used to determine whether the chains had arrived
at a plateau, and the parameter values show the level of confi-
dence in the results.

Results

The aligned amino acid sequences of the MSH part
are illustrated in Fig. 3. The final refinement was
based on structural information, derived from the
superimposition of helices and ligand-forming amino
acids located in the helices (Fig. 4). Subsequently, we
aligned by eye the loop regions located between the
aligned MSH regions (not shown).
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Fig. 4. Superimposition of the antenna part of PSI and PSII of
Thermosynechococcus elongatus. The yellow ribbon is CP47, the
green ribbon is PsaB, the blue ribbon is CP43, and the red ribbon is
PsaA. The chlorophyll molecules were removed from the figure in
order to enhance its interpretation.

Preliminary Data Survey

The matched-pairs test of symmetry produced a
probability for each comparison. In most cases
(~97.5%), the probability was greater than 5%,
implying that the data are consistent with evolution
under stationary, reversible, and homogeneous con-
ditions. The six MSHs represent ~150 amino acids of
an alignment of ~600 amino acids, so it is possible
that the sequences might be violating these phyloge-
netic assumptions (Ababneh et al. 2006) but we were
unable to detect it. Thus, given the available data, it is
probably safe to assume that the commonly used
amino acid substitution models (e.g., those of Jones
et al. [1992] and Whelan and Goldman [2001]) may be
suitable for analysis of these data.

The assessment of the accumulation of multiple
substitutions at the same site showed that the se-
quences are fairly saturated with respect to each other
(i.e., in most cases, 0.5 < Sj; < 1.0), implying that
many sites in the alignment have undergone multiple
substitutions (Fig. 5SA). This, in turn, implies that
high levels of homoplasy may be present in the data.

The assessment of the accumulation of multiple
substitutions at the same site also showed that the
MSHs are less saturated than the loop regions
(Fig. 5B), suggesting that the MSHs are more con-
served and therefore more suitable for the phyloge-
netic analysis. Indeed, it is impossible to generate a
structural alignment based on the loop regions be-

cause they are almost completely different; the loop
regions are conserved only within the same small
groups and show no homology among them all.

The analysis of phylogenetic compatibility among
parsimony informative sites disclosed high levels of
homoplasy, thus corroborating the results from the
previous analyses. Accordingly, we concluded that it
was necessary to use phylogenetic methods that ac-
count for multiple substitutions at the same site
during the analysis. Therefore, we chose to use ML
and distance-based phylogenetic methods as well as
Bayesian inference. (The maximum parsimony
method using PAUP* version 4.0 [Swofford 2002)
gave 1874 equally parsimony trees and the consensus
tree did not fully resolve the topology of all the lin-
eages [data not shown].)

Estimation of the shape parameter (x) parameter
for the discrete I' distribution used to model rate
variation among sites yielded a value of o = ~2.5.
Since « > 1, we can infer that most sites evolved at
intermediate rates, while a few evolved at very low
rates or very high rates. This is consistent with deep
divergences among sequences as well as with many
sites having changed repeatedly over the period of
evolution. The result again corroborates the use of
phylogenetic methods that account for multiple sub-
stitutions at the same sites as well as rate heteroge-
neity across sites.

Phylogenetic Trees

The evolutionary relationship among the 53 antenna
proteins was inferred using three methods: Bayesian
inference, NJ analysis of distance matrices, and ML
analysis using TREE-PUZZLE. Since the helical re-
gions of the alignment are more conserved than the
loop regions, the trees were inferred using only the
helical regions. All three methods generated similar
trees with minor differences (discussed below). Using
the PshA (anoxygenic photosynthetic bacteria) se-
quence to define the root of the tree, the phylogeny
inferred using MrBayes (Fig. 6) shows that CP47
diverged from the lineage leading to CP43, IsiA, and
Pcb, and that IsiA and Pcb diverged from within the
CP43 clade. The tree inferred using BEAST is similar
to that inferred using MrBayes and showed that the
RCI-type antenna protein was the first lineage to
diverge from the other antenna proteins. The topol-
ogies of the NJ tree and the ML trees are similar to
that of the Bayesian tree, and the bootstrap values are
shown in a composite tree (Fig. 6). The four trees are
similar in that they have IsiA and Pcb as the most
recently diverged sequences, indicating that they ar-
ose from within the CP43 clade.

In order to analyze our data set using the Bayesian
inference method, we used TRACER. The effective
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sample size is the number of effectively independent
draws from the posterior distribution that the Mar-
kov chain is equivalent to. If the effective sample size
is larger than 200, then it demonstrates good mixing
of the MCMCMC. The effective sample size was
calculated as 637.579 for “likelihood” and ‘‘tree
likelihood,” which shows that the estimate of the
posterior distributions of parameters may be faily
accurate. Also, the graph analyzed by TRACER
showed that the Markov chain had already reached
an equilibrium before reaching the end of the ““burn-
in.” The phylogenetic trees provide evidence for the
evolutionary separation of the IsiA, Pcb, and CP43
from the CP47 and the antenna of PSI (Fig. 2A); this
is supported by a bootstrap value of 93.0% in the NJ
analysis (Fig. 6) and by a relative likelihood score of
98.5% in the ML analysis (Fig. 6). The consensus
Bayesian tree showed 100% support for this separa-
tion (Fig. 6).

The study of the accumulation of multiple substi-
tutions at the same site showed that the loop regions
are likely to be less reliable for phylogenetic analysis
(Fig. 5B), so it was of interest to determine whether
the inclusion of aligned loop regions would lead to
different trees. Further phylogenetic analyses, done
using all sites, showed that the inferred trees for the
whole data set are similar to those inferred on the
MSHs, irrespective of the method used (data not
shown). Thus, it seems that signals present in the loop
regions are not sufficiently strong to alter the esti-
mation of phylogeny for the IsiA, Pcb, CP43, CP47,
and antenna regions of RCI type proteins. The MSH
regions alone and loop regions alone affected the
phylogenetic position of some individual sequences,
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Fig. 5. Results from the analysis
of saturation of substitutions for
(A) whole sequences, (B) MSH
regions, and (C) loop regions.
Pairwise test was done on the
sequences to test whether they have
undergone multiple substitutions
per site. The x-axis shows the
different value range of S;; and the
y-axis is the number of S;; in these
different ranges.

but they had little effect on the overall topology of the
trees (not shown).

Discussion

The present analyses were designed to test the
hypothesis that the six-MSH LH proteins (IsiA and
Pcb) were an evolutionary development from CP43,
the inner antenna of PSII (Figs. 1A and 2A). This
hypothesis is supported by previous phylogenetic
studies (La Roche et al. 1996; Van der Staay et al.
1988). However, in these studies neither the antenna
sequences of PSI nor the RCI-type antennae of
anoxygenic photosynthetic bacteria, which satisfy
the criteria for an outgroup, were included. Fur-
thermore, the data were not subjected to the pre-
liminary data surveys employed here. Hence, while
being counterintuitive because it goes from a com-
plex model to a more simple one, the somewhat
surprising result of these phylogenetic studies
(Fig. 1A) deserved rigorous testing using modern
techniques based on the best structural information
to align the amino acids.

Using structural information to refine the se-
quence alignment greatly increases the confidence of
the various phylogenetic estimates. That is, based on
the crystal structure of PSI and PSII, it is clear that
these two photosystems are homologous, even
though >80% of their amino acids differ From the
structural superimposition it is clear that many of
the Chls are at equivalent positions in the inner
antenna of PSI and PSII and that the corresponding
ligand-forming amino acids are the same or very
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similar (Fig. 3). In our alignment we did not align
all the ligand-forming amino acids, only those whose
corresponding Chls are at the exactly same position;
this was different from Baymann et al. (2001) and
Fyfe et al. (2002). Schubert et al. (1998) published
only the first and the third helices, which have the
highest similarity of all the helices, and both of these
are consistent with our alignment. The structural
superimposition is also consistent with that found
by and Vasil’ev and Bruce (2004) and the recent
high-resolution crystal structures of PSII (Ferreira et
al. 2004; Loll et al. 2005). Furthermore, the low
root-mean-square of the superimposition of the
projection (1.62 A) supports the high accuracy of
the alignment of the MSH.

Thermosynechococcus elongatus CP47

CP47s

Fig. 6. A phylogenetic tree
obtained using the Bayesian

3 method. The numbers at the nodes
correspond to bootstrap values for
the NJ method, relative likelihood
scores for the ML method, and the
posterior probability of the
occurrence of those nodes. The
scale bar corresponds to 0.5

J expected substitutions per site.

PSls

The other important consideration in phylogenetic
analyses is the effect of rate variation across sites. In
the absence of any correction for this contributing
error, the trees showed some variability in the in-
ferred topology with regard to the RCI-type LH se-
quences. When rate variation among sites was
modeled using the I' distribution, the result was a
single group with all the RCI-type sequences to-
gether. Not surprisingly, the likelihood of the ML
tree was much higher than that for the ML tree in-
ferred without incorporation of the I' distribution.
This indicates that the sites that we used did indeed
evolve at different rates and that it was important to
take this feature into account during phylogenetic
estimation.



The final consideration in this phylogenetic study
is the outgroup chosen. The analysis conducted using
BEAST, inferred under the assumption of a relaxed
clock, led to a rooted consensus tree, where the root is
located between PshA and the other sequences, i.e.,
with the RCI-type anoxygenic photosynthetic bacte-
ria. Furthermore, irrespective of the phylogenetic
method used, all the RCI-type sequences formed a
highly supported monophyletic group (95.2%, 100%,
and 100% for the distance-based, ML, and Bayesian
methods, respectively), and the RCI types had by far
the longest edge lengths. A very similar conclusion
was reached in an analysis by Baymann et al. (2001)
of the bacterial photosystems, which indicated He-
liobacteria, which has an RCI-type arrangement, as
the most ancestral group.

All the trees inferred in the present study clearly
support the hypothesis that the IsiA and Pcb are
the closest neighbors to CP43. Given that CP43 and
CP47 must have evolved by gene duplication, it can
be inferred that IsiA and Pcb evolved from CP43 or
from an ancestor of this protein. The study also
showed that MSHs represent the parts of the se-
quences with the most consistent historical signals,
indicating that these are the most conserved parts
of the sequences. This is not unexpected as, for
example, the “E” loop, in CP43, has evolved to
take on a special function with regard to oxygen
evolution (Ferreira et al. 2004); and as neither IsiA
nor Pcb is involved in oxygen evolution, it would
not be expected that the E loop, and related
changes to the other loops, would occur in these
proteins. However, it is not known when IsiA and
Pcb diverged from CP43. If it was after the origin
of the splitting of water, then IsiA and Pcb will,
necessarily, have lost these special adaptations. If it
was before the origin of water splitting, then the
IsiA and Pcb sequences might be closer to the
ancestral condition.

Since all the phylogenetic trees supported the
evolution of IsiA and Pcb from CP43, this rules out
the second scheme (Figs. 1B and 2B), where IsiA and
Pcb arose earlier from an ancient LH six-MSH pro-
tein. Thus, it must be concluded from our analysis
that the ancestral RC was a dimer of an 11-MSH
protein, which contained both the core RC and the
LH antenna part. This does not rule out, however, an
even earlier fusion of a five-MSH RC protein with a
six-MSH antenna protein, but it does suggest that
this hypothetical antenna protein is only very dis-
tantly related to the CP43, IsiA, and Pcb proteins, the
latter all being closely related. The original 11-MSH
protein must have given rise to the RCI-type antenna
of anoxygenic photosynthetic bacteria and, in
oxygenic photosynthesis, to the 11-MSH RClI-type
protein of PSI. It follows that the separation of the 5-
MSH and 6-MSH proteins of RCII-type RCs evolved
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by a fission of the 11-MSH protein (Fig. 1A) at the
stage of anoxygenic photosynthetic bacterial evolu-
tion, giving rise to the five-MSH RC of purple an-
oxygenic photosynthetic bacteria (e.g., Rhodobacter),
with the loss of the six-MSH antenna unit, and later
to the typical structure of modern PSII. In the latter,
we are dealing with a heterodimer of proteins, which
in PSII form the D1/D2 (PsbA/PsbD) core proteins.
Thus, the six-MSH LH proteins of PSII clearly di-
verged substantially from each other, presumably as
the oxygen-evolving mechanism developed, forming
the current distinct proteins, CP43 and CP47. CP43
then gave rise to IsiA and Pcb antenna proteins,
which, in cyanobacteria, variously now form a mul-
timeric ring around trimers of PSI proteins (Bibby et
al. 2001a, 2003a), multimeric LH structures attached
to PSII (Bibby et al. 2003a,b; Chen et al. 2005b), and
serve as a down-regulation mechanism to protect
PSII (Sarcina and Mullineaux 2004).

The timing of the above events is very much a
matter of speculation at present, and no good yard-
stick is available on which to infer dates of important
divergence events. Assuming that cyanobacteria ar-
ose ~2.8 Ga (Larkum 2006; Summons et al. 1999),
CP43 may have arisen >2 Ga (assuming that it took
0.5 Ga for the full oxygen evolving mechanism to
develop [Larkum 2006]). The evolution of the 11-
MSH core proteins would be much older than this,
perhaps predating it by 1.5 Ga. This would mean that
these proteins were so ancient that site saturation of
the proteins would be an insuperable problem in
phylogenetic estimation, making speculation about
the order of events in the evolution of RCI-type and
RCII-type proteins of anoxygenic photosynthetic
bacteria very difficult. Indeed, the idea that the in-
ferred phylogeny might be a product of complex
interactions between factors confounding phyloge-
netic estimation cannot be rejected (examples of the
effects of interactions between factors confounding
phylogenetic analyses are given by Ho and Jermiin
[2004]).

On the other hand, there may be better hope for
using phylogenetic methods to probe when the IsiA
and Pcb proteins and their supermolecular structures
arose, since these are much more (relatively) recent
events. We have not addressed this question here, as
it needs a better understanding of the role of various
ligands and changes in the three-dimensional struc-
ture of the various proteins. It could be that these are
relatively recent events, say, within the last 0.5 Ga, in
which case they may have arisen in the cyanobacteria
as a response to the evolution of eukaryotic algal
diversity and accompanying reduction of marine iron
levels in the phototrophic layer of ocean (Kolber et
al. 2000). Alternatively, it might be a more ancient
event, say, 1.5-2.0 Ga, in which case it may have
evolved contemporaneously with the phycobilisome,
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the major LH protein of classical cyanobacteria. As
discussed by Chen and Bibby (2005) and Chen et al.
(2005a), a common assumption has been that IsiA
and Pcb proteins evolved to supplement LH in iron-
depleted seas where low iron is a proxy for low
nitrogen, in which the strategy was to conserve
nitrogen by building LH units using Chl proteins,
which are more efficient in conserving nitrogen than
phycobilisomes (Larkum and Howe 1997). However,
an equally appealing hypothesis is that these proteins
evolved as an iron-conserving strategy (since PSI ties
up a large number of iron atoms), by using flavo-
doxin in place of ferredoxin, and by conserving the
number of PSI units by increasing the turnover of
each PSI unit, in which the PSI trimer is surrounded
by the 18 IsiA/Pcb LH units.
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