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Abstract The (bacterio)chlorophylls of photosynthetic antenna
and reaction centre complexes are bound to the protein via a
¢fth, axial ligand to the central magnesium atom. A number of
the amino acids identi¢ed as providing such ligands are con-
served between the large antenna of the cyanobacterial Type-I
reaction centre and smaller antennas of the Type-I reaction
centres of green sulphur bacteria and heliobacteria, and these
numbers match closely the estimated number of antenna bacte-
riochlorophylls in the latter. The possible organisation of the
antenna in the latter reaction centres is discussed, as is the
mechanism by which the more pigment-rich antenna of the cy-
anobacterial reaction centre evolved. The homology modelling
approach is also extended to the six-helix antenna proteins
CP47 and CP43 associated with the Photosystem II reaction
centre.
% 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Reaction centres are integral membrane protein complexes
that convert light energy into a biologically useful form. They
consist of a protein sca¡old that encases a number of cofac-
tors involved in the harvesting of light energy and electron
transfer. Reaction centres show considerable variety in terms
of their protein and cofactor composition (see [1] for a recent
review). However, at the most basic level they have a common
design and operate according to a common mechanism, in
that light energy is used to drive a series of electron transfer
reactions that are linked to vectorial proton translocation
across the membrane, generating a transmembrane protonmo-
tive force [1].
The energy-transducing domain of all known reaction

centres consists of a protein structure formed by two sets of
¢ve membrane-spanning K-helices. This protein sca¡old en-
cases six (bacterio)chlorin and two quinone cofactors that
are arranged in two pseudo-symmetrical membrane-spanning
branches. These cofactors catalyse the photochemical trans-

membrane electron transfer reaction that is the key to the
photosynthetic process. Added to this basic structural blue-
print are a variety of protein^cofactor structures, such as
light-harvesting (antenna) complexes, the oxygen-evolving
complex or proteins containing iron^sulphur centres, that rep-
resent further adaptations [1].
Reaction centres have been classi¢ed into two basic types

[2]. Type-II reaction centres are found in purple bacteria,
green ¢lamentous bacteria and in the Photosystem-II complex
of oxygenic photosynthetic organisms ^ plants, algae and cy-
anobacteria. The terminal electron acceptor in Type-II reac-
tion centres is a quinone species that is able to dissociate from
the complex in the form of the doubly reduced and doubly
protonated quinol. The Type-II reaction centres engage in
non-covalent protein^protein interactions with separate mem-
brane protein complexes that contain light-harvesting pig-
ments such as (bacterio)chlorophylls ((B)Chls) and carote-
noids. In the particular case of the Photosystem-II complex,
the reaction centre is closely associated with two antenna pig-
ment^protein complexes, termed CP43 and CP47. Each of
these antenna proteins has six membrane-spanning K-helices
that are connected by loops, and this protein sca¡old encases
the light-harvesting chlorophylls (Chls) and carotenoids. The
structure of a preparation of the Photosystem-II complex
from spinach, containing CP47 but not CP43, has been re-
ported at resolution of 8 A? [3]. More recently, the structure of
a preparation of Photosystem-II containing both CP47 and
CP43, from the thermophilic cyanobacterium Synechococcus
elongatus, has been reported at a resolution of 3.8 A? [4].
Type-I reaction centres are found in the strictly anaerobic

green sulphur bacteria and heliobacteria, and in the Photo-
system-I complex of plants, algae and cyanobacteria. The two
main structural polypeptides that make up Type-I reaction
centres are larger than their counterparts in the Type-II com-
plexes, and each can be divided into two regions [5^8]. The
C-terminal regions consist of ¢ve membrane-spanning K-heli-
ces that associate together to form a pseudo-symmetrical di-
meric structure that encases the two branches of electron
transfer cofactors. This core domain has strong structural
homologies to the Type-II reaction centres described above
[5^8]. The N-terminal region of each of the two main struc-
tural polypeptides has six membrane-spanning K-helices that
form a domain that binds antenna (B)Chls and carotenoids.
These six-helix antenna domains are located on either side of
the core domain, and have structural homologies to the an-
tenna CP47 and CP43 pigment proteins of Photosystem-II
[3,7], but do not have counterparts in the purple bacteria or
green sulphur bacteria. The electron transfer chain of Type-I
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reaction centres terminates in low potential iron^sulphur
centres.
Recently a 2.5 A? resolution X-ray crystal structure has been

determined for the Photosystem-I complex of S. elongatus
[9,10]. This new and detailed structure of a Type-I reaction
centre from an oxygenic organism has provoked new interest
in the mechanism of energy and electron transfer in the Type-I
reaction centre complexes. In addition to variations in struc-
ture and organisation, di¡erences in the mechanism of trans-
membrane electron transfer between Photosystem-I and the
Type-II reaction centres are already becoming apparent, in
particular the likelihood that electron transfer in Photosys-
tem-I can occur along either of the two pseudo-symmetrical
branches of electron transfer cofactors [11^15]. Furthermore,
the new structural information has provided insights into the
control of function in reaction centres that operate at very low
redox potentials [9,10], and has prompted new queries about
the evolution of photosynthesis and photosynthetic reaction
centres (see [16] for a recent review).
In this report the possible structures of the antenna do-

mains of the Type-I reaction centres from green sulphur bac-
teria (Chlorobium limicola) and heliobacteria (Heliobacillus
mobilis) have been investigated (see [17,18] for recent reviews
of these Type-I reaction centres). The modelling takes into
account evolutionary conservation of residues that provide
the ¢fth (axial) ligand to the (B)Chl molecules of the antenna.
We show that it is possible to account for the reported bac-
teriochlorophyll (BChl) composition of the antenna domains
of these bacterial Type-I reaction centres through this simple
approach. Implications for chlorophyll (Chl) binding by the
CP47 and CP43 antenna complexes of Photosystem-II are
also discussed.

2. Results and discussion

2.1. Donors of the axial ligands to the antenna Chls in the
cyanobacterial reaction centre

Comparison of the antenna domains of the Type-I reaction
centres was based on a protein sequence alignment con-
structed by Baymann and co-workers [16]. This alignment
was derived from computer-based secondary structure predic-
tions and alignment of structural elements, with ¢nal assign-
ments being made manually, taking into account knowledge
relating to important residues within the complex. The align-

ment compares the sequences for the PsaA and PsaB polypep-
tides from Synechocystis PCC6803, the PscA polypeptide from
C. limicola, the PshA polypeptide from H. mobilis and the
PsbB (CP47) and PsbC (CP43) polypeptides from Synechocys-
tis PCC6803 [16].
To model the antenna domains of the C. limicola and H.

mobilis reaction centres, and the CP47 and CP43 complexes of
Photosystem-II, the sequences of the Synechocystis PCC6803
PsaA, PsaB, PsbB and PsbC polypeptides were replaced by
the highly homologous (v 80%) sequences for the same poly-
peptides from S. elongatus [19^21]. Residues of the PsaA and
PsaB polypeptides that provide axial ligands to the Chls of the
antenna domains were then identi¢ed from the X-ray crystal
structure of the S. elongatus Photosystem-I complex (Protein
Structure Database, deposition code 1JBO [9,10]). These PsaA
and PsaB residues, and the equivalent residues in the aligned
sequences, are shown in Fig. 1.
The X-ray crystal structure of the S. elongatus Photosys-

tem-I complex includes six Chls in the two transmembrane
electron transfer chains of the reaction centre core, and 90
additional antenna Chls. Of the latter Chls, 40 are bound
by the PsaA polypeptide, 39 by the PsaB polypeptide and a
further 11 by minor polypeptides [9]. The latter do not have
equivalents in the Type-I reaction centres from green sulphur
bacteria and heliobacteria, and were not included in the anal-
ysis.
As can be seen from Fig. 1, a total of 32 of the Chls bound

by PsaA have a histidine residue as the liganding amino acid,
with two ligands provided by glutamine and one provided by
the backbone carbonyl of a threonine (shown in bold, shaded
in Fig. 1) [9]. The remaining ¢ve Chls have an axial ligand
provided by a water molecule, and were not considered in the
analysis. Eleven of the liganding residues are located in the
¢ve-helix C-terminal (reaction centre) domain of PsaA, and
the remainder in the six-helix N-terminal (antenna) domain of
PsaA. In the case of PsaB, 29 axial ligands are provided by
histidines, one by aspartic acid, one by glutamine and one by
tyrosine (shown in bold in Fig. 1) [9]. The remaining seven
Chls have an axial ligand provided by a water molecule, and
again were not considered in the analysis. Once again, 11 of
the liganding residues are located in the reaction centre do-
main of PsaB, and the remainder in the antenna domain of
PsaB.
A striking feature of the data in Fig. 1 is the correspon-

dence between the histidine ligands of PsaA and PsaB. Of the

Fig. 1. Conservation of amino acids donating axial ligands to the antenna (B)Chls in Type-I reaction centres and in the Photosystem-II CP43
and CP47 antenna proteins. Numbering is as for the Chl axial ligands of the PsaA and PsaB proteins from S. elongatus. Partition of the resi-
dues between the antenna and reaction centre domains is shown, as is the location of membrane-spanning helices (numbering as in [16]). Key:
Bold, shaded ^ axial ligands in the S. elongatus PsaA or PsaB proteins; bold ^ conserved residues in other protein sequences; italics ^ non-con-
served residues capable of providing an axial ligand; a gap in the alignment is indicated by the symbol V.
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32 and 29 histidine ligands in PsaA and PsaB, respectively, 28
occupy equivalent positions in the aligned sequences of the
PsaA and PsaB polypeptides. This points to a high degree
of symmetry in the arrangement of the Chls in the two anten-
na domains which, as revealed by the X-ray crystal structure,
are related by the two-fold symmetry axis that runs through
the middle of the reaction centre core domain [9]. This sym-
metry is evident from the views of the complex in Fig. 2a. The
data in Fig. 1 also highlights the strong conservation of these
residues between S. elongatus and Synechocystis, with only
four di¡erences in PsaB and none in PsaA. In the case of
PsaB, the residues Gln B94, Tyr B329, His B340 and His
B470 in S. elongatus are replaced by His, Ile, Ala and Ser,
respectively.

2.2. Conservation of axial ligands to antenna Chls in the
reaction centre of green sulphur bacteria

The Type-I reaction centre of green sulphur bacteria is
composed of a homodimer of a polypeptide termed PscA,
rather than the PsaA/PsaB heterodimer as found in Photo-
system-I [22] (for a recent review of this complex see [18]).
Although the PscA polypeptide is comparable in size to PsaA
and PsaB it binds far fewer pigments, with only eight BChls a
and two Chls a (esteri¢ed to 2,6-phytanediol) bound per PscA
[23]. Allowing for the binding of one BChl and two Chls per
PscA in the electron transfer chains of the reaction centre core
[18], this indicates the presence of 14 antenna BChls in the
complex, the symmetry implying that seven BChls are bound
to each copy of the PscA polypeptide. This is in marked con-
trast to the total of 90 antenna Chls bound by the PsaA and
PsaB polypeptides in Photosystem-I. Similarly there are also
only two carotenoids per reaction centre in green sulphur

bacteria, in contrast to the 22 carotenoids bound to the Pho-
tosystem-I reaction centre, perhaps re£ecting a reduced need
for photoprotection in this strictly anaerobic phototrophic
organism.
The residues in the PscA polypeptide from the green sul-

phur bacterium C. limicola that align with the ligand donors
in the cyanobacterial PsaA and PsaB polypeptides are shown
in Fig. 1. Of the 35 PsaA residues listed in Fig. 1, six residues
^ all histidines ^ were conserved in the aligned sequence of the
PscA polypeptide (in bold in Fig. 1). All of these histidines are
also conserved between PsaA and PsaB. A seventh histidine,
equivalent to PsaB residue His B340, is also highlighted in
Fig. 1. Residue His B340 is located near to the central mag-
nesium of antenna Chl 1221 and adjacent to residue Tyr B329,
which appears to be the ligand donor in the cyanobacterial
complex. However in the absence of Tyr B329 the adjacent
His B340 would be a good candidate to provide an axial
ligand, being close to the central magnesium, and for this
reason the latter is included in the alignment. Six of the con-
served His residues are located in the putative N-terminal
(antenna) domain of PscA (including the His equivalent to
His B430), and the seventh in the C-terminal (reaction centre)
domain of PscA. The alignment also highlights a number of
non-histidine residues that could act as ligand donors in PscA
(shown in italics). However, it is possible to account for the
predicted 14 BChls of the C. limicola antenna by considering
only the conserved histidines.

2.3. Model of the antenna BChls in the C. limicola reaction
centre

Using the sequence alignment data outlined above, a model
of the antenna BChls in the C. limicola reaction centre was

Fig. 2. Organisation of the cofactors of the S. elongatus Photosystem-I complex, and the proposed organisation of their counterparts in the
C. limicola and H. mobilis complexes. a: In S. elongatus the electron-transferring Chls (cyan), quinones (cyan) and iron^sulphur centres (green
and orange spheres) are surrounded by antenna Chls (cpk colours) and carotenoids (not shown). Linker Chls A40 and B39 are highlighted in
dark blue, Chls A36 and B35 are highlighted in dark green, and candidates for red-shifted Chls are highlighted in red. b: The same view of
the modelled organisation of the antenna BChls in the C. limicola complex. c: The modelled organisation of the antenna BChls in the H. mobi-
lis complex. The ¢gure was constructed using Molscript [36] and Raster3D [37].
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constructed, based on the X-ray crystal structure of the
S. elongatus reaction centre. Fig. 2a shows the cofactors of
the electron transfer chain of the S. elongatus reaction centre,
and the arrangement of the antenna Chls. Energy transfer
from the antenna to the electron transfer chain is rapid and
extremely e⁄cient [24], facilitated by the proximity of the
antenna Chls to each other in what is a densely packed
pigment array. The Chls liganded to residues A743 and
B718 (labelled A40 and B39 in Fig. 2a) have been identi¢ed
as a possible conduit for excitation energy transfer between
the bulk of the antenna Chls and the Chls of the electron
transfer chain (the so-called ‘linker’ Chls) [9,10]. In addition
a sub-set of the antenna Chls in Fig. 2a absorb at lower
energies than the remainder of the antenna Chls (the so-called
long-wavelength or red Chls). These could be responsible
for capturing light energy at the red end of the spectrum
when S. elongatus is shaded by other photosynthetic organ-
isms, and/or directing and retaining excitation energy close to
the electron transfer chain (reviewed in [25]). The X-ray crys-
tal structure of the cyanobacterial Photosystem-I complex
[9,10] revealed a number of tightly interacting antenna Chls
that form dimers and trimers (highlighted in red in Fig. 2a).
These could be excitonically coupled, and are possible candi-
dates for some of the long-wavelength Chls [9,10]. The
relevance of the Chls labelled A36 and B35 is explained be-
low.
Fig. 2b shows the same view of the modelled organisation

of the antenna BChls in C. limicola. The model was con-
structed by taking the X-ray crystal structure of the S. elon-
gatus reaction centre, and deleting those antenna Chls whose
axial ligand donor is not conserved in C. limicola. The result-
ing model contained 14 antenna BChls that are liganded by
conserved His residues. The proposed linker Chls of Photo-
system-I (A40 and B39 in Fig. 2a) are not conserved in the
model, nor are equivalents of the tightly interacting Chls pro-
posed to be the long-wavelength Chls (except for one single
BChl shown at the top, right in Fig. 2b).
Only two of the seven BChls modelled into each C. limicola

PscA protein are located on the same side of the membrane as
the pair of BChls that form the primary donor in the electron
transfer chain (P840) (Fig. 2b). One of these is the single BChl
located in the C-terminal antenna domain, and the second is
bound to the outer surface of the reaction centre core domain
(labelled A36 and B35 in Fig. 2b). The remaining ¢ve BChls
are located on the opposite side of the membrane, with a
group of three separated from two single BChls by approx-
imately 10 and 15 A? .
The antenna BChls bound to the outer surface of reaction

centre core are rather isolated, approximately 25 A? from the
nearest other antenna Chl. These Chls, labelled A36 and B35
in Fig. 2b, make the closest approach between the seven an-
tenna BChls and the six chlorins of the reaction centre core,
being approximately 15 A? from the reaction centre Chl lo-
cated approximately half-way across the membrane, in the
position assigned to the A0 electron acceptor (and equivalent
to the (bacterio)pheophytin cofactors in Type-II reaction
centres)). An interesting point is that the histidine that binds
this Chl is conserved in the D1 (His 118) and D2 (His 117)
polypeptides of the Photosystem-II reaction centre (see [4,16]),
and as a result the Photosystem-II reaction centre can be
prepared with eight bound chlorins (six in the electron trans-
fer chain and the two others bound to the outside of the core).

These Chls have been proposed as a possible conduit for en-
ergy transfer from the antenna Chls of CP43 and CP47 to the
Chls of the reaction centre core in Photosystem-II [4], and a
redox role for one or both of these Chls has also been sug-
gested [26,27].

2.4. Conservation of axial ligands to antenna Chls in the
reaction centre of heliobacteria

The Type-I reaction centre of heliobacteria is also homodi-
meric, consisting of two copies of the PshA polypeptide [28].
Once again, although the PshA polypeptide is of comparable
size to PsaA and PsaB it binds fewer pigments, although more
than the PscA polypeptide of the green sulphur bacteria. The
heliobacterial reaction centre is usually described as contain-
ing about 35 BChl g molecules (reviewed in [17]), although
there is some uncertainty over the correct number and it may
be rather larger than this (R. Blankenship, personal commu-
nication). Presumably it must contain an even number of such
pigments since it is composed of a homodimeric pair of core
PshA proteins. Van de Meent and co-workers [29] identi¢ed
an 8P-hydroxychlorophyll a as a functional reaction centre
pigment in heliobacteria, and determined an 8P-hydroxychlo-
rophyll a :BChl g molar ratio of 1:17. On the basis that there
are two 8P-hydroxychlorophyll a and four BChl g per electron
transfer chain (two of which form the electron donor P798
and are presumably 132 epimers of BChl g), it therefore seems
reasonable to assume that there are 30 antenna BChl g mol-
ecules per reaction centre. As can be seen from Fig. 1, the
PshA polypeptide of H. mobilis contains 13 conserved His
residues, which would account for 26 antenna BChls. The
alignment also contains three additional residues, Lys, Tyr
and Arg, that could increase the number of potential ligand
donors to 32. Five of the seven His ligand donors conserved
in the C. limicola PscA protein are also conserved in the
H. mobilis PshA protein.
Of the 11 potential additional ligand donors observed when

comparing PshA with PscA (see Figs. 1 and 2c), six are lo-
cated in the N-terminal antenna domain, and ¢ve are located
in the C-terminal reaction centre domain. In the antenna do-
main, all six of the additional ligand donors are located in the
membrane-spanning K-helices (two in helix I, two in helix III,
two in helix IV). In the reaction centre domain, three of the
additional ligand donors are located in the membrane-span-
ning K-helices, one in an amphipathic connecting helix and
one in a loop region.
Turning to the cyanobacterial complex (see Figs. 1 and 2a),

of the additional Chl ligands present in the PsaA and PsaB
polypeptides (compared to PshA and PscA), almost all of
these are located in loop regions of either the antenna or
reaction centre domains, rather than in the membrane-span-
ning K-helices.

2.5. Development of the light-harvesting capacity of the Type-I
reaction centres

The protein sequence analysis suggests a evolutionary sce-
nario in which the basic light-harvesting capacity represented
by the 14 antenna BChls seen in the reaction centres of the
extant green sulphur bacteria was enhanced in the organisms
that led to the extant heliobacteria through the binding of an
additional set of BChls, largely to the membrane-spanning
K-helices of both the C-terminal and N-terminal domains of
the complex. This enhancement presumably occurred in re-
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sponse to physiological pressure for increased light-harvesting
capacity in these bacteria, which do not contain any light-
harvesting pigment proteins other than PshA. In the line
that led to the extant green sulphur bacteria, the acquisition
of accessory light-harvesting structures such as the chloro-
some presumably made a similar enhancement unnecessary,
and the BChl content of the reaction centre remained at a
more basic level. In the ancestors of the modern-day cyano-
bacteria, the light-harvesting capacity of the reaction centre
was further enhanced through the binding of Chls to (mainly)
inter-helix loop regions of the protein.
Fig. 3a^e shows the positions of the di¡erent groups of Chls

in the cyanobacterial Photosystem-I complex, coloured ac-
cording to their proposed presence in the C. limicola and/or
H. mobilis complex. The view is down the two-fold symmetry
axis of that part of the complex formed by the PsaA and PsaB
proteins, with cross-sections taken at di¡erent depths in the
membrane. The protein is colour coded in yellow (PsaA) and
orange (PsaB), with the 10-helix heterodimeric reaction centre
domain in the middle. The two £anking six-helix antenna
domains are indicated by the dotted lines. In the membrane,
these antenna domains are built from three pairs of helices,
dubbed a ‘trimer of dimers’ [7], that have a triangular ar-
rangement in cross-section.
The spatial arrangement of the di¡erent groups of Chls

shown in Fig. 3 supports the proposal, strongly implied by
the protein sequence alignments, that the basic protein fold of
the antenna and reaction centre domains is conserved across
the di¡erent Type-I reaction centres. The Chls equivalent to

the 14 BChls proposed to be present in the C. limicola com-
plex are highlighted in dark blue, and are mainly attached to
(in some cases encased by) the helices of the antenna domains.
The additional BChls proposed to be present in the H. mobilis
complex are highlighted in cyan. Some of these are again
attached to (or partially encased by) the helices of the antenna
domains, whilst the remainder are attached to the outer faces
of the reaction centre domain. Finally, the Chls proposed to
be exclusive to the cyanobacterial complex are highlighted in
green. With a couple of exceptions, these are located in more
peripheral regions on the outer faces of the complex formed
between PsaA and PsaB, and in particular ¢ll up much of the
space between the antenna domains and the central reaction
centre domain. This arrangement is consistent with the idea
that the (B)Chl complement of the antenna could be built up
through the addition of extra (B)Chls to increasingly periph-
eral regions of the complex, rather than through more drastic
changes in the backbone fold of the antenna domains of the
protein.
Fig. 3f shows the same cross-section as Fig. 3c, but with the

additional polypeptides of the cyanobacterial Photosystem-I
complex shown in grey, and the Chls bound by these poly-
peptides highlighted in red. These additional polypeptides
provide a protein environment for the antenna Chls that are
attached to the periphery of the main PsaA/PsaB complex
[9,10]. The Type-I complexes from green sulphur bacteria
and heliobacteria do not have this additional complement of
antenna Chls, and lack these additional polypeptides and as-
sociated Chls.

Fig. 3. Spatial location of di¡erent groups of Chl molecules in the Photosystem-I complex from S. elongatus. All views are along the axis of
two-fold symmetry, and show cross-sections of the complex at di¡erent depths in the membrane. a^e: Space-¢ll representations of the PsaA
(yellow) and PsaB (orange) proteins, and associated cofactors. The (B)Chls and quinones of the electron transfer chains are shown in magenta.
The antenna BChls proposed to be present in the C. limicola complex are in dark blue, the additional antenna BChls proposed to be present in
the H. mobilis complex are in cyan, and the Chls proposed to be exclusive to the cyanobacterial complex are in green. Cross-sections are taken
at the level of (a) the P700 primary electron donor Chls located close to the near side of the membrane, (c) the A0 Chl electron acceptor lo-
cated approximately half-way across the membrane, (e) the A1 quinone electron acceptor located close to the far side of the membrane and (b,
d) two intermediate positions. Panel (f) shows the same cross-section as in (c), but includes the additional polypeptides of the Photosystem-I
complex (grey) and the associated antenna Chls (red).
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2.6. Homologies with the CP43 and CP47 antenna proteins of
Photosystem-II and related six-helix antenna proteins

The alignment constructed by Baymann and co-workers
also includes the PsbC (CP43) and PsbB (CP47) polypeptides
of the Synechocystis Photosystem-II complex. A low resolu-
tion (3.8 A? ) X-ray crystal structure for this complex from
S. elongatus has been described [4], that included 12 antenna
Chls bound to CP43 and 14 antenna Chls bound to CP47.
Both CP43 and CP47 show the six-helix ‘trimer of dimers’
arrangement that is seen for the antenna domains of the
Type-I complexes [3,4], which taken together with their posi-
tion relative to the reaction centre core suggest a common
evolutionary origin for the CP43/CP47 and the antenna do-
mains of Type-I complexes [7,30,31].
In the present work, the sequences of the CP43 and CP47

proteins from S. elongatus were added to the alignment of
Baymann and co-workers, and the resulting conservation of
Chl ligands is shown in Fig. 1. According to the alignment,
four His residues are absolutely conserved between the three
Type-I reaction centres, CP43 and CP47 (equivalent to PsaA
residues A76, A301, A313 and A411), with a ¢fth found in all
sequences except PscA (A79). The CP47 sequence contains
three additional His residues of note; the ¢rst is found in
all sequences except CP43 (A397), the second is found in all
sequences apart from CP43 and PshA (A215), and the third is
found in PsaA, PsaB and CP47 only. In addition to these, the
alignment indicates three alternative residues in CP47 and ¢ve
in CP43. This produces a total of 11 potential ligand donors
for the CP47 complex and 10 for the CP43 complex, com-
pared with the Chl contents of 14 and 12, respectively, as
determined from the X-ray crystal structure. Thus this ap-
proach also makes a reasonable prediction of the Chl content
of these Photosystem-II antenna complexes, despite the rather
weak sequence homologies between the CP43/CP47 complexes
and the antenna domains of the Type-I complexes.
Six-helix antenna proteins that are related to CP43 have

been identi¢ed in the phycobilisome-containing cyanobacteria
(the CP43P protein, encoded by the iron-stress-induced isiA
gene), and in non-phycobilisome containing oxyphotobacteria
such as Prochlorococcus (the Pcb protein, encoded by the pcb
gene). Recent reports that these proteins can form rings of
antenna pigment^protein around Photosystem-I [32^35] have
prompted considerable interest in these other representatives
of the family of six-transmembrane K-helical antenna pro-
teins. The sequences of the CP43P and CP43 proteins of Syn-
echocystis 6803 have been compared, and shown to have nine
His residues in common in the (predicted) membrane-span-
ning helices [33]. Comparison with the alignment described
above shows that three of these His residues are also con-
served in PsaA and PsaB of the cyanobacterial Photosys-
tem-I, PscA of C. limicola and PshA of H. mobilis, whilst
two others are present in all but the C. limicola PscA protein.

2.7. Conclusions
In summary, the X-ray crystal structure of the cyanobacte-

rial Photosystem-I complex has revealed the amino acid resi-
dues responsible for binding the central magnesium atom of
the antenna Chls. The sequence alignment outlined above
shows that a sub-set of these residues are either identical, or
are conserved as residues with the potential to provide a li-
gand, in the Type-I reaction centres from green sulphur bac-
teria and heliobacteria. For both of these reaction centres, the

number of predicted liganding residues matches closely the
estimated number of antenna BChls, and the data has been
used to model the possible organisation of the antenna Chls in
these reaction centres. This approach can also account for
most of the antenna Chls in the CP43 and CP47 antenna
proteins of Photosystem-II. Analysis of the location of the
(B)Chls predicted to be present in green sulphur bacteria,
heliobacteria and cyanobacteria suggests mechanisms by
which the antenna of this type of reaction centre was devel-
oped from a relatively simple precursor into the complex ar-
rangement seen in modern-day cyanobacteria.
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