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The photosynthetic reaction center (RC) is the first membrane protein whose three-di-
mensional structure was revealed at the atomic level by X-ray crystallograph more than
fifteen years ago. Structural information about RC made a great contribution to the
understanding of the reaction mechanism of the complicated membrane protein com-
plex. High-resolution structures of RCs from three photosynthetic bacteria are now
available, namely, those from two mesophilic purple non-sulfur bacteria, Blastochloris
viridis and Rhodobacter sphaeroides, and that from a thermophilic purple sulfur bacte-
rium, Thermochromatium tepidum. In addition, a variety of structural studies, mainly
by X-ray crystallography, are still being performed to give more detailed insight into the
reaction mechanism of this membrane protein. This review deals with structural studies
of bacterial RC complexes, and a discussion about the electron transfer reaction be-
tween RCs and electron donors is the main focus out of several topics addressed by
these structural studies. The structural data from three RCs and their electron donors
provided reliable models for molecular recognition in the primary step of bacterial pho-
tosynthesis.

Key words: bacterial photosynthetic reaction center, electron transfer, membrane
protein, three-dimensional structure, X-ray crystallography.

Electron transfer coupled with the uptake of protons across
the membrane is a fundamental feature of bioenergetic pro-
cesses such as oxidative phosphorylation and photosynthe-
sis, and the resulting electrochemical gradient of protons is
finally utilized for ATP synthesis. Key players in bioener-
getics are integral membrane proteins and co-factors
embedded in the membrane protein complexes, where
polypeptide chains spanning across the membrane provide
a scaffold for the specific arrangement of co-factors in mem-
brane protein complexes. Hence, structural data about
membrane protein complexes contributes greatly to obtain-
ing a profound understanding of reaction mechanisms. In
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fact, a great deal of effort has been made to elucidate the
three-dimensional structures of membrane proteins in-
volved in bioenergetics for the sake of functional analyses.
Of such structural studies, crystallographic studies of the
photosynthetic reaction center (RC) provided the first suc-
cessful description of the three-dimensional structure at an
atomic resolution, and the methodology established in this
structural work has had a strong influence on subsequent
structural studies of membrane proteins. In addition, struc-
ture analyses of RC complexes remain one of the most ac-
tive fields in membrane protein structural biology. This is
because it is not yet clear how the RC complex regulates
the electrochemical properties of co-factors, especially that
of the bacteriochlorophyll dimer (the special pair) that acts
as the initiator of photosynthetic electron transfer, how the
RC complex takes up protons to reduce quinone, which acts
as the final electron acceptor in the complex, and how the
RC complex accepts electrons from the electron carrier pro-
tein to reduce the photo-oxidized special-pair. Consequently,
structure analyses of some modified RC complexes, such as
mutants or complexes with substrate analogues, have been
carried out extensively so as to relate structural informa-
tion to physical and chemical properties, in spite of the fact
that the three-dimensional structure of the native RC com-
plex has already been determined precisely. As a result,
abundant structural data have been accumulated, which
can explain the functional properties of RC to some extent.
Since membrane proteins involved in bioenergetics share
some functional features as mentioned above, knowledge
deduced from structural studies of RC complexes can pro-
vide useful information for analyses of the other membrane
proteins, for example, with respect to intra- and inter-
molecular electron transfer and proton uptake through the
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membrane. This review summarizes what has been and
will be shown about the three-dimensional structures of RC
complexes.

Photosynthesis in bacteria
Photosynthesis is a reaction in which light energy is con-

verted into chemical energy. The primary process of photo-
synthesis is carried out by a pigment-protein complex em-
bedded in the membrane, that is, RC. In photosynthetic
purple bacteria, the cyclic electron transfer reaction is per-
formed by RC and two other components: the cytochrome
(Cyt) 6cj complex, and the soluble electron carrier protein
(Fig. 1). First, RC accepts light energy from antenna pro-
teins, and promotes a light-induced charge separation
across the membrane, which results in the oxidation of the
special pair and the reduction of quinone to quinol. The
quinol molecule then leaves RC and moves to the Cyt bc^
complex through the quinone-pool in the membrane. Sec-
ond, the Cyt foe, complex re-oxidizes quinol to quinone, and

Soluble electron
carrier proteins
(Cyt c2 or HiPIP)

Light energy

LHI & LHIICyt be, complex

ADP

ATP

Fig. 1. Photosynthetic electron transfer reactions in purple
bacteria. In purple bacteria, the primary reactions of photosynthe-
sis are performed on the inner membrane, referred to as the photo-
synthetic membrane (shown as gray circles and lines). First, RC
(pink) accepts light energy from light harvesting antenna com-
plexes, LHI and LHII (purple). The RC complex contains various
prosthetic groups that serve as the photosynthetic pigments, such as
the bacteriochlrophyll dimer (special-pair), bacteriopheophytin, and
quinone; charge separation occurs in this RC complex. As a result of
the charge separation, quinone is reduced to quinol. Second, quinol
moves to the Cyt 6c, complex (green) through the membrane. The
Cyt 6c, complex re-oxidizes quinol to quinone, and transfers elec-
trons to the soluble electron carrier proteins (blue). The soluble elec-
tron carrier proteins are classified into two groups, Cyt c2 and the
high-potential iron-sulfur protein (HiPIP), depending on the species
used physiologically. In each case, the soluble electron carrier pro-
tein contains a redox center, such as a heme c group or an Fe-S clus-
ter. Finally, the soluble electron carrier proteins move through the
periplasmic space, and transfer electrons to RC. The photo-oxidized
special-pair is reduced, and RC returns to the initial state. In the
course of this cyclic electron transfer, the oxidation and reduction of
quinone bring about a trans-membrane electrochemical gradient of
protons, and the resulting energy is utilized for ATP synthesis by
ATP synthase (yellow). The electron flow and proton transfer are re-
presented by green and cyan arrows, respectively. The absorption of
light energy and ATP synthesis are represented by red arrows.

the released electrons are transferred to soluble electron
carriers. Third, the soluble electron carriers transport the
electrons to RC through the periplasmic space. Finally, the
photo-oxidized special-pair is reduced by the soluble elec-
tron carriers, and RC returns to the initial state. In the
course of the oxidation and reduction of quinone, a trans-
membrane electrochemical gradient of protons is formed,
and the energy is utilized for ATP synthesis by ATP syn-
thase.

The purple bacterial RC possesses bacteriopheophytin
and quinone as the electron acceptor from the exited spe-
cial-pair, and is, therefore, classified the same as photosys-
tem (PS) II in plants and cyanobacteria. Significant
differences are known to exist between purple bacterial RC
and PSII in peripheral reactions, such as the light-harvest-
ing mechanism and the presence of the oxygen-evolving
system. However, the fundamental reactions are quite simi-
lar, for example, the charge separation initiated at the spe-
cial-pair and the reduction of quinone. To date, many
structural studies have been performed on purple bacterial
RC complexes in order to elucidate the spatial arrangement
of the prosthetic groups and the high quantum yield of the
charge separation. Such studies are a help in understand-
ing the structural features of PSII in plants and cyanobac-
teria.

Crystal structures of bacterial photosynthetic reac-
tion centers

The bacterial RC is the first membrane protein whose
three-dimensional structure was determined at an atomic
resolution. Table I summarizes the crystallographic studies
of bacterial RCs. First, the crystal structure of RC from
Blastochrolis (Blc; formerly Rhodopseudomonas) viridis
was determined by the mutiple isomorphous replacement
method [1PRC] (1-3) (Fig. 2c), and those from Rhodobacter
(Rba.) sphaeroides were determined by the molecular
replacement method [2RCR, 4RCR, 1PSS, 1PCR, and
1YST] (4-8) (Fig. 2d). Based on their subunit compositions,
bacterial RC complexes are classified into two group (9):
Group I is composed of three major subunits (L M, and H),
and Group II possesses an additional peripheral subunit,
referred to as the Cyt subunit, on the cytoplasmic side.
Hence, Rba. sphaeroides RC and Blc. viridis RC belong to
Group I and Group II, respectively.

In addition to these two RCs, the crystal structure of RC
from The.rmochroma.tium (Teh.; formerly Chromatium)
tepidum has recently been determined at 2.2 A resolution
by the molecular replacement method [1EYS] (10) (Fig. 2a).
Teh. tepidum RC possesses a Cyt subunit as in the Blc. vir-
idis RC, and is therefore classified into Group II. Since the
three-dimensional structure of Teh. tepidum RC was the
first from a thermophilic organism to be determined, it is of
peculiar interest to understand not only the original func-
tion of the photosynthetic apparatus, but also the thermo-
stability of its RC molecule.

The RC complex maintains a number of prosthetic
groups in the protein subunit scaffold. The prosthetic
groups in the trans-membrane region apparently form two
branches (A and B) that are related by a pseudo twofold
axis perpendicular to the membrane plane (Fig. 2b). These
two branches run from the special-pair of bacteriochloro-
phyll (DA and DB) to the non-heme iron. Each branch con-
sists of a bacteriochlorophyll monomer (BChA or BChB),
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TABLE I. Crystallographic studies of bacterial photosynthetic reaction centers.
Native form

PDB ID Resolution Space group Organism Classification and status Reference
1PRC

2RCR

4RCR

1PSS

1PCR

1YST

1EYS

Mutant
PDB ID
1PST

IMPS

1QOV

1E14
1E6D

1DXR

2.30

3.10

2.80

3.00

2.65

3.00

2.20

Resolution
3.00

2.55

2.10

2.70
2.30

2.00

P4a2,2

P2,2,2)

P2,2,2,

P2,2,2,

P3,21

P2,2,2,

P2,2,2,

Blc. vindis

Rba. sphaeroides, strain R-26

Rba. sphaeroides, strain R-26

Rba. sphaeroides, strain 2.4.1

Rba. sphaeroides, strain ATCC17023

Rba. sphaeroides, strain Y

Teh. tepidum

Space group Organism
P2,2,2,

P3,21

P3,21

P3,21

P3,21

P4a2,2

Rba. sphaeroides, strain 2.4.1

Rba. sphaeroides, antenna-deficient strain

Rba. sphaeroides, antenna-deficient strain

Rba. sphaeroides, antenna-deficient strain

Rba. sphaeroides, antenna-deficient strain

Blc. viridis

Complex with Qg-analogue, or analysis of Cfe-site
PDB ID
1AIG
1AIJ

2PRC

3PRC

4PRC

5PRC

6PRC

7PRC

Additional
PDB ID
1DS8

1DV3

1DV6

Resolution
2.60
2.20

2.45

2.40
2.40

2.35
2.30

2.65

Space group
P432,2

P4j2,2

P432,2

P4j2,2
P432,2

P432,2

P432,2

P432,2

Metal binding
Resolution

2.50

2.50
2.50

Space group
P432.2

P4j2,2

P4j2,2

Organism
Rba. sphaeroides, strain R-26

Rba. sphaeroides, strain R-26

Blc. viridis

Blc. viridis
Blc. viridis

Blc. viridis

Blc. viridis

Blc. viridis

Organism
Rba. sphaeroides, strain R-26

Rba. sphaeroides, strain R-26

Rba. sphaeroides, strain R-26

Group II

Group I, Carotenoid-deficient strain

Group I, Carotenoid-deficient strain

Group I

Group I, Wate chains to Cfe-site

Group I

Group II, Lipid (PE) binding

Status
HM202L, Replacement of BChl (DB) with BPhe
FM197R/YM177F

AM260W, Lipid (CL) binding

FM197R/GM203D
FM197R/WM115F

HL168F, Terbutryn complex

Status
Charge-separated state

Charge-neutral state

Ubiquinone-2 complex

Qg-depleted state

Stigmatellin complex
Atrazine complex

DG-420314 (Triazine) complex

DG-420315 (Triazine) complex

Status
Cd** complex, Charge-neutral state

Cd2* complex, Charge-separated state

Zn2* complex, Charge-neutral state

3

4

5

6

7

8

10

Reference
6

13

20

14

15

17

Reference
21

21

18

18

18

19

19

19

Reference
23

23

23

bacteriopheophytin (BPhA or BPhB), and quinone (QA or
QB). A carotenoid molecule is present in the trans-mem-
brane region near BChB. Branch A, mainly associated with
the L subunit, is selectively utilized as the pathway of elec-
tron transfer, which is induced by charge-separation; in this
process, an electron is emitted from the excited special-pair
and transferred though BPhA and QA. The involvement of
BChA, which is located between the special-pair and BPhA,
in the electron transfer remains a matter of debate. QB is
the final electron acceptor at this stage, and the reduced QB

molecule serves as the electron carrier to the Cyt 6c, com-
plex.

Topics on RC structure
In addition to the structures of the three native RC com-

plexes, the crystal structures of mutants and complexes
with QB analogues have also been determined, and the
refined models of native RC structures have been re-
assessed so as to examine the biophysical and biochemical
functions of RC in more detail. Since prosthetic groups play
a central role in photosynthetic energy conversion, it is nec-
essary to describe the three-dimensional arrangement of
these prosthetic groups and their interactions with protein
subunits precisely; this will lead to a better understanding
of the functional aspects of RC. In the following sections,
the most extensively discussed points about RC structures
are reviewed and compared with those from the newly

determined structure of Teh. tepidum RC.
Specific interactions with the special-pair. The crys-

tal structures of Rba. sphaeroides RC have been deter-
mined by several research groups, and a number of differ-
ences have been found in the cofactor-protein interactions
as compared with Blc. viridis RC. Especially in the coordi-
nation bonds with the Mg2* ions of the special-pair, al-
though both of the two Mg2* ions in DA and DB in Blc. viri-
dis RC are suggested to be coordinated with His residues,
the presence of the coordination bonds remained in ques-
tion because of the long distance between each His residue
and the corresponding Mg2* ion in Rba. sphearoides RC (5,
11). To test the interaction between the Mg2* ion of DB and
the neighboring His residue (His M202), a mutant
(HM202L) was constructed in Rba. sphaeroides RC and the
structure of the mutant was determined [1PST] (6). In this
mutant, the Mg2* ion of DB was depleted, which indicates
that the bacteriochlorophyll of the special-pair was replaced
by bacteriopheophytin. This finding strongly suggests the
presence of a coordination bond in the native Rba.
sphaeroides RC. Thereafter, the Rba. sphaeroides RC struc-
ture was re-determined at a higher resolution [1PCR] (7)
using crystals with a different space group from the former
crystals (4-6, 8). The latter structure strongly supports the
existence of the coordination bond, showing that cofactor-
protein interactions in the trans-membrane region are
almost the same in Blc. viridis and Rba. sphaeroides RCs.
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Periplasm

M

Membrane

Cytoplasm

(a) Overall structure (b) Prosthetic groups

Teh. tepidum

Heme-1 protruding site
of the Cyt subumt

f *

Fig. 2. RC structures from three
photosynthetic bacteria, (a)
Overall structure of Teh. tepidum
RC: 1EYS (10). The polypeptide
chains are colored as follows: Cyt
(brown), L (green), M (purple), and
H (yellow). The stick models repre-
sent the prosthetic groups embed-
ded in the polypeptide chains. Yel-
low squares on both sides of the RC
model represent the membrane re-
gion, and up represents the peri-
plasmic side while down is the
cytoplasmic. (b) Configuration of
prosthetic groups. The stick model
represents the prosthetic groups of
Teh. tepidum RC (DA & DB: special-
pair; BChA and BChB: bacteriochlo-
rophyll a monomers; BPhA and
BPhB: bacteriopheophytin a mole-
cules; QA: menaquinone-8; Fe: non-
heme iron; Carotenoid: spirilloxan-
thin; Heme-1, 2, 3, and 4: heme c
groups). The QB site (blue dotted cir-
cle) is empty in this model. These
prosthetic groups in the trans-mem-
brane region apparently form two
electron transfer pathways, that is,
Branches A and B. However, only
Branch A is utilized physiologically,
and the electrons are transferred
from the special-pair through BPhA
to QA, and consequently to QB. The
black dotted arrows indicate elec-
tron flow among these prosthetic
groups. The involvement of BChA in
the electron transfer is still a matter
of debate, (c) Overall structure of
Rba. sphaeroides RC: 1PRC (3). The
polypeptide chains are colored in the
same manner as in (a). Blc. viridis
RC also possesses a Cyt subunit
(brown), and is, therefore, attributed
to Group II. (d) Overall structure of
Rba. sphaeroides RC: 1AIJ (21). Un-
like the other two RCs, Rba.
sphaeroides RC is composed of only
three subunits, L (green), M (pur-
ple), and H (yellow), and is, there-
fore, attributed to Group I. The
black dotted circles in (c) and (d) in-
dicate the presumed positions of the
soluble electron carrier proteins in the electron transfer for the reduction of the photo-oxidized special-pair (c) In Group II, the Cyt subunit
intervenes between the soluble electron carrier and the special-pair. Therefore, the Cyt subunit interacts directly with the soluble electron car-
rier. The binding site on the Cyt subunit is presumed to be around the heme-1 protruding site, and molecular recognition mechanisms in
Group II RC are discussed in Fig. 4. (d) In Group I, the soluble electron carrier protein, Cyt c2, transfers electrons directly to the special-pair.
The binding site on the RC complex is presumed to be located on the periplasmic surface of the M subunit, which is negatively charged so as
to interact with the basic surface of Cyt c2.

Soluble electron carrier
binding position

Periplasmic surface
of the M subunit

(c) Blc. viridis (d) Rba. sphaeroides

In addition, these structural data indicate that the spatial
arrangements of the prosthetic groups are also consistent.
This is the case with Teh. tepidum RC, and, furthermore,
the spatial arrangement of the prosthetic groups, including
the four heme groups in the Cyt subunit, is quite similar to
that of the former two RCs (.10). These findings imply that
the arrangement of the prosthetic groups is highly opti-
mized in the primary reaction of photosynthesis.

The only exception concerns the hydrogen bond involving
the Ring-I keto oxygen atom of DB. In the crystal structure
of Blc. viridis RC, this oxygen atom interacts with a Tyr

residue (Tyr M195) by a hydrogen bond. In contrast, no Tyr
residue is present at the same position in Rba. sphaeroides
RC (Phe M197), and, therefore, no hydrogen bond can be
formed with the oxygen atom. Since the surrounding resi-
dues would regulate the electrochemical properties of the
special-pair, several mutant Rba. sphaeroides RCs were
prepared in order to examine how the mutation affects the
properties of the special-pair. Crystallographic studies of
the mutant Rba. sphaeroides RC (FM197Y) suggested that
a hydrogen bond was formed between the oxygen atom and
the introduced Tyr residue. The presence of this hydrogen
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bond in the mutant was also confirmed by Fourier trans-
form infrared (FTIR) spectroscopy (12). In particular, the
antenna-deficient strain of Rba. sphaeroides was employed
to introduce many different single and double mutations
around the Ring-I keto oxygen atom of DB. The absence of
antenna proteins made it possible to compare the proper-
ties of in vitro RC directly with that of in vivo RC. The
three-dimensional structures of several of these mutants
were also determined to elucidate the relationships be-
tween the observed changes in the optical and electrochem-
ical properties and structural differences induced by these
mutations [IMPS, 1E14, and 1E6D] (13-15). On the other
hand, Teh. tepidum RC possesses a Tyr residue in the same
position, and it is thought that a hydrogen bond is formed
based on the arrangement of the Tyr residue and the spe-
cial-pair. The presence of the hydrogen bond was also antic-
ipated by FTIR. It has been proposed that this hydrogen
bond could account for the increased redox potential of the
special-pair and provide for the further delocalization of the
positive charge in the oxidized state, as compared with
those of Rba. sphaeroides RC (16).

The Ring-I keto oxygen atom of DA interacts with the His
residue by hydrogen bonding; the residue in question is His
L168 in Blc. viridis. Mutagenesis studies of Blc. viridis RC
indicated that the replacement of this His residue with Phe
(HL168F) results in a decrease in the redox potential of the
special-pair and thus an accelerated rate of charge separa-
tion. The structural change caused by this mutation was
monitored by the crystal structure [1DXR] (17); the oxygen
atom of DA is closer to the Mg2* ion of DB due to the absence
of the hydrogen bond with the His residue. Moreover, this
structure was determined at the highest resolution (2.0 A
resolution) among 24 available crystal structures of bacte-
rial RCs (Table I).

cis-Bond in carotenoid. In the early stages of crystal-
lographic studies, there was some debate about the position
of the cjs-bond in the carotenoid molecule. For example, the
position of the cis-bond was too ambiguous to be assigned
precisely in the case of Rba. sphaeroides RC [1PSS] (5). In
Blc. viridis RC, the cis-bond position was formerly assigned
between the 13th and 14th carbon atoms [1PRC] (3). How-
ever, recent crystallographic studies have provided im-
proved electron density data, and the position was then
considered to be between the 15th and 15th carbon atoms
in both RCs [1YST, 2PRC, 3PRC, 4PRC, 5PRC, 6PRC,
7PRC, IMPS, 1QOV, 1DXR, IE 14, and 1E6D] (8, 13-15,
17-20). In Teh. tepidum RC, the carotenoid is spirilloxan-
thin, and the electron density around the carotenoid was
sufficiently clear throughout that the cis-bond could be con-
firmed at the same position, between 15th and 15th carbon
atoms (10).

Reduction mechanism of QB. Light-induced charge
separation results in the reduction of the secondary
quinone, QB, and proton uptake from the cytoplasm, in
which QB is reduced to a quinol, QBirLi, when QB accepts two
electrons and two protons. The structures of the QB binding
sites were not well defined in the original crystal struc-
tures. For example, the QB site was only about 30% occu-
pied by ubiquinone-9 in Blc. viridis RC [1PRC] (3). In Rba.
sphaeroides RCs, the structures of QB molecules varied sig-
nificantly depending upon each structure determination (4-
8). In Teh. tepidum RC, the occupancy was too low to con-
struct the QB model at the binding pocket (10). Thereafter,

crystallographic studies were carried out under controlled
conditions. For example, the regulation of light (21), the
reconstitution of QB (18), and the addition of herbicide,
namely the QB analogue (29), were carried out so as to
determine the precise configuration of QB at the binding
pocket. In Rba. sphaeroides RC, X-ray diffraction data were
collected under dark and luminescent conditions, which
would reflect the charge-neutral [1AIJ] and the charge-sep-
arated states [1AIG], respectively (21). The most significant
difference between these two states is the movement of the
QB molecule (Fig. 3b). Compared with the QB molecule
(charge-neutral state), the QB~ molecule (charge-separated
state) moves to the cytoplasmic side, and the head group of
the QB" molecule twists around the isoprene tail. The bind-
ing affinity of each state of QB (quinone, semiquinol, and
quinol) was examined in terms of its position at the binding
pocket, and a quinol-releasing process was estimated. On
the other hand, in Blc. viridis RC, the crystal structures of
the QB-depleted state [2PRC] and the QB reconstituted
state [3PRC] were reported (18). In this study, the original
structure of Blc. viridis RC [1PRC] was also re-examined
and compared with the newly determined structures, and
two possible binding modes were found at the QB binding
pocket. This was mostly consistent with the data obtained
from the above-mentioned Rba. sphaeroides RC, in spite of
the fact that the binding modes of QB were estimated in a
slightly different way. Furthermore, the three-dimensional
structures of RCs binding several herbicides were also
reported [4PRC, 5PRC, 6PRC, 7PRC, and 1DXR], and the
binding affinities of these herbicides were discussed (17-
19).

Proton pathway and additional cation binding.
Since the QB binding site is deeply buried in the cytoplas-
mic side of the RC complex, protons must be transferred a
long distance from the cytoplasm to the QB binding site.
Possible proton transfer pathways were identified in sev-
eral structures of Rba. sphaeroides RC [1PCR, 1AIG, and
1AIJ] (7, 21), where water molecules were linked along a
line from the cytoplasmic surface to the QB binding site
(Fig. 3a). In the structure of Teh. tepidum RC, the most dis-
ordered regions of electron density were around the H sub-
unit near the QB binding site (10). Hence, no distinct water
chains could be denned in the region similar to that of Rba.
sphaeroides RC.

Recently, the stoichiometric binding of cations, such as
Zn2+ and Cd2+, to the RC complex has been reported, and
cation binding was found to decrease the electron transfer
rate between QA and QB (22). The cation binding site was
determined precisely by x-ray crystallography [1DS8,
1DV3, and 1DV6] (23), and was assigned to the entrance of
the possible proton pathway on the cytoplasmic surface.
The crystallographic data suggest that the bound cation
inhibits proton uptake directly by capping the entrance to
the pathway. It is also possible that the dynamic motions of
the RC complex that accompany the proton transfer are
suppressed by cation binding. In fact, Glu H173, the disor-
dered residue in the native RC structure, was found to take
a more rigid conformation in the cation-bound RC struc-
ture, which suggests a decrease in protein mobility around
this region.

Lipid binding model. One lipid molecule was observed
on the molecular surface of the trans-membrane region in
each of the two recently determined RC structures. One is
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Proton uptake^
from cytosol to
via water chain

'Of! ffOW
k special-pair

i |4cpQiB via Branch A

(a) Water chain to the QB-site

Fig. 3. QB-reduction mechanism, (a) Several
water chains or clusters from cytosol to the QB
binding site are found in the Rba. sphaeroides RC
structures, which could serve as a proton pathway
for the reduction of QB (blue dotted arrow). The
cyan spheres represent water molecules that are
linked along a line from the cytoplasmic surface to
the QB-site; this water chain was found in the
structural analysis of 1PCR (7). The QB molecule
is represented by a magenta space-filling model.
Similar to the diagram in Fig. 2b, electrons used
for QB-reduction are emitted from the excited spe-
cial-pair and transferred through the prosthetic
groups in Branch A (red dotted arrow). Yellow
squares on both sides of the RC model represent
the membrane region, and up represents the peri-
plasmic side and down the cytoplasmic side, (b)
Movement of the QB molecule was observed in the
charge separation. The area indicated by the
black dotted square in (a) is highlighted in this
figure. The light-purple stick model represents QB
in the charge-neutral state, 1AIJ (21), and the
pink model represents the charge-separated state,
1AIG (21). While the QA molecule (the green stick
model) is located at almost the same position dur-
ing charge separation, the QB molecule moves to
the cytoplasmic side, and the head group twists
around the isoprene tail.

(b) QB-movement

caldiolipin in the mutant Rba. sphaeroides RC [1QOV] (20).
The other is phosphatidylethanolamine in the native Teh.
tepidum RC [1EYS] (10, 24). These lipids bind to the RC
complexes with the following common features: the lipid
molecule rests on the clefts of the molecular surface of RC,
and these clefts are formed between the trans-membrane
helix of the H subunit and the helix-bundle of the L and M
subunits. The lipid molecules point their head groups to-
wards the cytoplasm, where the phosphate group is strong-
ly bound by electrostatic forces to relatively conserved polar
residues.

Electron transfer from soluble electron carriers
In addition to the structural features of RC itself, interac-

tions with other proteins, especially with soluble electron
carrier proteins, are of interest from the viewpoint of struc-
tural analyses. In the course of photosynthetic electron
transfer, RC is reduced by soluble electron carriers and
then returns to the initial state. A description of the molec-
ular recognition mechanism is important not only for
understanding photosynthetic electron transfer, but also for
a general understanding of intermolecular electron trans-
fer.

Electron donors to reaction centers. In Group I RCs
such as Rba. sphaeroides RC, soluble electron carrier pro-
teins directly reduce the photo-oxidized special-pair, where-
as in Group II RCs, such as Blc viridis and Teh. tepidum
RCs, the Cyt subunit accepts electrons from soluble elec-
tron carriers and reduces the special-pair. There are four
covalently bound heme groups in the Cyt subunit of most
Group II RCs, which serve as the reductants of the special-
pair. Recently the isolation of an RC containing only three
heme groups has also been reported (25). The four heme
groups are referred to as heme-1, heme-2, heme-4, and
heme-3, proceeding from the distal side to the special-pair
(Fig. 2b). Heme-1 and heme-4 are low potential, while
heme-2 and heme-3 are high potential; these characteris-
tics are conserved among all known species. For example,
the redox potentials of heme-1, heme-2, heme-4, and heme-
3 are -60, +320, +20, and +380 mV, respectively, in the Blc.
viridis RC (26).

On the other hand, the electron donors to RC are classi-
fied as Cyt c2, and the high-potential iron-sulfur protein
(HiPIP) (9). In most Group I species and some Group II
species, Cyt c2 transfers electrons to RC; HiPIP is utilized
as a reductant in other Group II species. HiPIP, an iron-sul-
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fur protein containing a [4Fe-4S] cluster, exists abundantly
in the periplasmic space of some purple bacteria. HiPEP
shows 2+/3+ redox transition, and its redox potential is pos-
itive and relatively high compared to that of ferredoxins,
which show a 1+/2+ redox transition (27, 28). In addition to
HiPEP, another type of electron donor, Cyt c8, is known to be
involved in the electron transfer chain of Group II RCs (29,
30).

Electron transfer between RC and Cyt c2. Due to
the absence of the Cyt subunit, molecular recognition and
electron transfer between RC and soluble electron carriers
are relatively easy to describe in Group I RCs, in which Cyt
c2 transfers electrons directly to the special-pair of RCs. In
view of the individual crystal structures of Rba. sphaeroi-
des RC and Rhodospirillum ruburum Cyt c2 (31), Cyt c2

was assumed to dock to the acidic surface of RC on the
periplasmic side by using the basic surface around the pro-
truding part of the Cyt c2 heme group. The binding site for
Cyt c2 was estimated to be located directly above the spe-
cial-pair. Furthermore, RC and Cyt c2 were co-crystallized
to examine the interactions in the complex (32). Although
the arrangement of Cyt c2 to RC could not be determined
precisely on the electron density map due to the low occu-
pancy of Cyt c2, a plausible binding model was proposed
with the aid of information about their individual struc-
tures. The crystallographic study of the complex suggested
that Cyt c2 is not located at a position directly above the
special-pair, but that the binding site is somewhat shifted
to the M subunit side, which coincides with the results
obtained from linear dichroism measurements (33, 34).

In contrast, the binding site in Group II RCs has been far
more difficult to describe, since the Cyt subunit intervenes
between the soluble electron carrier and the special-pair. It
is natural to expect that all four of the heme groups in the
Cyt subunit are involved in the electron transfer reaction.
One would also assume that the most distal heme to the
special-pair, heme-1, is the first electron acceptor. However,
the midpoint redox potential of heme-1 is much lower than
that of the soluble electron carrier, and heme-1 is unfavor-
able for accepting electrons in terms of thermodynamics.
Therefore, the identity of the first electron acceptor among
the four heme groups has been a matter of debate.

Since Blc. viridis RC was the only Group II RC whose
three-dimensional structure was available, kinetic studies
on electron transfer in Group II were carried out mainly
using this RC. Moreover, the crystal structure of Blc. viridis
Cyt c2 has been determined (35), which provided informa-
tion useful for kinetic analyses. Similar to the molecular
recognition mechanism in Group I, Blc. viridis Cyt c2 pos-
sesses a large basic surface around the protruding part of
the heme group, and the binding site on the Cyt subunit is,
therefore, expected to be negatively charged. In fact, the
Cyt subunit of Blc. viridis RC possesses a large acidic sur-
face around heme-1, but it remains unclear whether heme-
1 is the first electron acceptor, due to its unfavorable redox
potential. Recently, extensive site-directed mutagenesis
studies were designed based on the structural data, and
the electron transfer rate was measured in each mutant
RC (36, 37). In the mutagenesis studies, substitutions of
acidic residues near heme-1 to basic residues brought about
a strong inhibition of electron transfer. These studies sup-
port the notion that the binding site for the soluble electron
carrier is located near heme-1. The candidates for the first

electron acceptor have thus been narrowed down to heme-1
and heme-2, since an acidic residue cluster is also proximal
to heme-2.

Electron transfer between RC and HiPIP. Much less
is known about electron transfer from HiPIP than from Cyt
c2. Although the three-dimensional structures of HiPEPs
from several species are available and the common features
of HiPIP structures have been clarified to some extent,
there are no three-dimensional structures of RCs that uti-
lize HiPIP as a reductant. The individual crystal structures
of RC and HiPEP from Teh. tepidum, which are physiologi-
cal electron transfer partners, have recently been deter-
mined (10). These structures are expected to pave the way
for the elucidation of molecular recognition between RC
and HiPIP.

As is common among the previously determined HiPIP
structures, Teh. tepidum HiPIP possesses a large hydro-
phobic patch on the molecular surface near the redox cen-
ter, the [4Fe-4S] cluster. Crystallographic and spectroscopic
studies have shown the possibility that HiPIP molecules in
solution aggregate to the dimeric state (38-40). However,
the intermolecular interactions in the dimeric structure are
not so rigid, nor so specific, and at least two kinds of
dimeric interactions might be present. In both of the two
dimeric states, the HiPEP monomers interact with each
other through their hydrophobic surfaces, and a self-ex-
change of electrons has been observed between monomers.
These observations suggest that the HiPIP monomer could
temporally interact with another protein using its hydro-
phobic surface; in other words, HiPIP is assumed to dock to
RC by hydrophobic interactions. On the other hand, the
Cyt subunit of Teh. tepidum RC possesses a hydrophobic
surface around heme-1; the other surfaces are relatively
charged. These findings suggest that HiPIP interacts with
the Cyt subunit near heme-1 by hydrophobic interactions.
Furthermore, several mutations have been introduced to
Rubrivivax gelatinosus RC so as to analyze the electron
transfer rate between RC and HiPIP (37, 41). The muta-
genesis studies have shown that the hydrophobic residues
around heme-1 are involved in the intermolecular interac-
tions, where the substitution of hydrophobic residues to
charged residues results in a remarkable inhibition of elec-
tron transfer.

Redox potentials of the four heme groups in the
Cyt subunit. Not only electron transfer from the soluble
electron carrier to heme-1, but also that from heme-2 to
heme-4 is a matter of argument. Spectroscopic studies have
revealed that electrons are transferred through heme-2 and
heme-3, and, consequently, to the special-pair. Since heme-
4 is located between these two heme groups, heme-4 is
expected to be involved in the reaction. However, the redox
potential of heme-4 (+20 mV) is lower than that of both
heme-2 (+320 mV) and heme-3 (+380 mV; each redox
potential refers to Blc. viridis RC). Hence, there are two
possible explanations: either electrons move directly from
heme-2 to heme-3, or electrons are transferred through
heme-4.

The three-dimensional structure of the mutant Blc. viri-
dis RC has recently been determined, where the replace-
ment of the Arg residue around heme-3 by Lys lowers the
redox potential of heme-3 to a level lower than that of
heme-2 (42). In this mutant, electron transfer from heme-2
to heme-3 is an uphill reaction (from +320 to +270 mV), but
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the rate of the reaction is not vely different from that
observed in the native RC. This observation indicates that
the rate-determining step of this reaction is the electron
transfer from heme-2 to heme-4, that is, electrons are pre-
sumed to be transferred via heme-4 in a step-wise manner.
Furthermore, the experimentally suggested uphill electron
transfer is supported by theoretical considerations, which
indicate that the proximity of the redox centers, together
with thermal activation, promote electron tunneling, even
in the case of an uphill reaction (43). Based on this theory,
the electron transfer rate calculated as a step-wise reaction
shows good agreement with the observed value. These re-
sults strongly support the hypothesis that heme-l is the
first electron acceptor from the soluble electron carrier pro-
tein. Electrons would be transferred first to heme-l in the
thermodynamically uphill reaction, and thereafter to heme-
2. In addition, such up-hill electron transfer is not a rare
case, but has been found in other systems (43). The thermo-
dynamically unfavorable reaction would have some mean-
ing in biological function, for example, the regulation of the
electron transfer rate or unidirectionality.

Evolution of the Cyt subunit. Regardless of type of
soluble electron carrier proteins, the binding site on the Cyt
subunit is presumed to be located near heme-l in Group II
RCs. However, the charge distributions of their molecular
surfaces are quite different depending on which electron
transfer partner is used, namely, there is an acidic binding
site for Cyt c2 and a hydrophobic binding site for HiPIP
(Fig. 4). This phenomenon may be due to the fact that the
Cyt subunits have changed their molecular surfaces to fit

those of their partners.

Future studies
Many high-resolution structures are now available for

individual bacterial RC complexes, in which structure-
function relationships have been extensively examined as
mentioned above. Further investigations will also promote
a comprehensive understanding of photosynthetic reactions
in the field of structural biology. Such investigations will
lead to discussions on the following topics, which are
thought to be universally important problems in the field.

Assembly of the photosynthetic apparatus. Bacte-
rial RCs accept light energy from light-harvesting antenna
proteins, referred to as LHI and LHII. In the photosyn-
thetic apparatus, the RC complex is surrounded by the
LHI-ring. Although the crystal structures of LHII are
already available (44-46), the three-dimensional structure
of LHI has not yet been determined. The assembly of RC
and these light-harvesting proteins also remains unknown.
The stoichiometry and arrangement of the LHI-ring have
been investigated in several electron microscopic studies,
and various arrangements were observed. For example,
there is a circular (47, 48) or rectangular (49) arrangement
of the LHI-ring around RC and an S-shaped arrangement
of the RC-LHI dimer, in which RC is surrounded by a C-
shaped LHI assembly in each RC-LHI monomer (50). Fur-
thermore, an additional membrane protein, PufX, has been
found in the photosynthetic apparatus, and this component
is thought to affect dimerization of the RC-LHI complexes
(51). Since the assembly would be largely susceptible to dif-

Fig. 4. Comparison of molecular recogni-
tion mechanisms, (a) The Cyt subunit of Teh.
tepidum RC [1EYS] (10). (b) Teh. tepidum
HiPIP [1EYT] (10). (c) The Cyt subunit of Blc.
uiridis RC [1PRC] (3). (d) Blc. viridis Cyt c2
[1CO6] (35). The molecular surface with the
charge distribution is shown in each figure.
Negatively charged surfaces are colored red,
and positively charged surfaces are blue. Hy-
drophobic or less polar surfaces are white. The
binding site of each molecule is represented by
a dotted green circle, (a, b) Teh. tepidum. HiPIP
possesses a large hydrophobic patch [white-col-
ored surface indicated by the green dotted cir-
cle in (a)] on the molecular surface near the
redox center, the [4Fe-4S] cluster, and this hy-
drophobic patch is conserved among HiPIPs of
many species. On the other hand, the Cyt sub-
unit of Teh. tepidum RC possesses a hydropho-
bic surface around the heme-l protruding part
[white-colored surface indicated by the green
dotted circle in (b)]; other regions are charged.
Therefore, Teh. tepidum HiPIP is presumed to
interact with the Cyt subunit near heme-l
through hydrophobic interactions, (c, d) The
heme-protruding part of Blc. viridis Cyt e2 is
positively charged [blue-colored surface indi-
cated by the green dotted circle in (c)J. In con-
trast to the case of Teh. tepidum RC, the mole-
cular surface near heme-l of Blc. viridis RC is
negatively charged [red-colored surface indi-
cated by the green dotted circle in (d)l, and the
other regions of Blc viridis RC are positively
charged. Therefore, Blc viridis Cyt c2 interacts with the Cyt subunit near heme-l through electrostatic interactions These observations sug-
gest that HiPIP and Cyt c2 recognize the Cyt subunits by completely different mechanisms despite the fact that the binding sites on the two
Cyt subunits are almost identical.
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ferences in the preparation of the materials, observations of
the intact photosynthetic apparatus are quite difficult. In
order to elucidate a more detailed mechanism of energy
transfer from antenna complexes to RC, it is indispensable
to determine three-dimensional structures at much higher
resolution under conditions that match the intact physio-
logical state much more closely.

Structural and functional relevance to the photo-
system. All of the above-mentioned bacterial RCs are
derived from purple bacteria, and are thought to be the
ancestors of PSII in the thylakoid membrane of higher
organisms; purple bacterial RC and PSII are classified into
the pheophytin-quinone type. On the other hand, RCs
belonging to the iron-sulfur type are present in green sulfur
bacteria and heliobacteria, and are thought to be the ances-
tors of PSI. The subunit composition of bacterial RC com-
plexes is simpler than that of PSI and PSII in higher
organisms. However, the basic function and assembly of
bacterial RC are significantly similar to those of PSI and
PSII. Three-dimensional structures of PSI and PSII have
already been determined by X-ray crystallography, and the
spatial arrangement of co-factors and trans-membrane
helices have also been described to some extent (52, 53).
These three-dimensional structures have shown, together
with those of bacterial RCs, that RCs of any type possess
common structural features. For example, a heterodimer of
protein subunits forms the central part of the complex.
Each monomer possesses five trans-membrane helices and
maintains co-factors including the special-pair. These di-
meric assemblies, including co-factors as well as protein
subunits, are arranged with a pseudo twofold symmetry
axis perpendicular to the membrane plane.

In the future, continuous efforts will be made to elucidate
the structure—function relationship of PSI and PSII. Until
the final goal is reached, however, the high-resolution
structures of bacterial RCs will continue to provide impor-
tant information for understanding the structural features
of PSI and PSII. For example, the structure determinations
of RC-herbicide complexes have explained the difference in
the binding affinities of two chiral herbicides (19). These
studies are quite helpful for understanding the effects of
herbicides on the photosynthetic activities of higher plants,
since the structural properties of the QB binding site are
presumed to be similar in structure between bacterial RCs
and plant photosystems.

Remarkable progress in the techniques of crystallization
and structure determination has made it possible to reveal
the three-dimensional structures of super-molecular com-
plexes, including membrane proteins. In particular, pro-
gress in the crystallization method of membrane proteins
should be emphasized. For example, co-crystallization with
Fv-fragments (54), and utilization of the lipidic cubic phase
(55) or spherical vesicles (56), have been developed for this
purpose. Further studies in this field will make it possible
to determine the structure of the super-complex of the pho-
tosynthetic apparatus more accurately, which, in turn, will
lead to a profound understanding of its molecular mecha-

nisms.
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