
Crystal structures of photosynthetic reaction center
and high-potential iron-sulfur protein from
Thermochromatium tepidum: Thermostability
and electron transfer
Terukazu Nogi*, Insan Fathir*†, Masayuki Kobayashi†‡, Tsunenori Nozawa†‡, and Kunio Miki*‡§¶

*Department of Chemistry, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan; †Department of Biomolecular Engineering,
Graduate School of Engineering, and ‡Center for Interdisciplinary Science, Tohoku University, Aoba-ku, Sendai 980-8579, Japan;
and §RIKEN Harima InstituteySPring-8, Koto 1–1-1, Mikazukicho, Sayo-gun, Hyogo 679-5148, Japan

Edited by Johann Deisenhofer, University of Texas Southwestern Medical Center, Dallas, TX, and approved September 21, 2000 (received for review
May 17, 2000)

The reaction center (RC) of photosynthetic bacteria is a membrane
protein complex that promotes a light-induced charge separation
during the primary process of photosynthesis. In the photosyn-
thetic electron transfer chain, the soluble electron carrier proteins
transport electrons to the RC and reduce the photo-oxidized
special-pair of bacteriochlorophyll. The high-potential iron-sulfur
protein (HiPIP) is known to serve as an electron donor to the RC in
some species, where the c-type cytochrome subunit, the peripheral
subunit of the RC, directly accepts electrons from the HiPIP. Here
we report the crystal structures of the RC and the HiPIP from
Thermochromatium (Tch.) tepidum, at 2.2-Å and 1.5-Å resolution,
respectively. Tch. tepidum can grow at the highest temperature of
all known purple bacteria, and the Tch. tepidum RC shows some
degree of stability to high temperature. Comparison with the RCs
of mesophiles, such as Blastochloris viridis, has shown that the Tch.
tepidum RC possesses more Arg residues at the membrane surface,
which might contribute to the stability of this membrane protein.
The RC and the HiPIP both possess hydrophobic patches on their
respective surfaces, and the HiPIP is expected to interact with the
cytochrome subunit by hydrophobic interactions near the heme-1,
the most distal heme to the special-pair.

In photosynthetic purple bacteria, the electron transfer reac-
tions of photosynthesis are performed by the following three

components: the photosynthetic reaction center (RC), the cy-
tochrome (Cyt) bc1 complex, and the soluble electron carrier
protein. First, the RC promotes the light-induced charge sepa-
ration across the plasma membrane, which results in the oxida-
tion of the special-pair and the reduction of the quinone to the
quinol. The quinol then leaves the RC and moves to the Cyt bc1
complex through the quinone pool of the plasma membrane.
Second, the Cyt bc1 complex reoxidizes the quinol to the
quinone, and the released electrons are transferred to the soluble
electron carriers. Third, the soluble electron carriers transport
the electrons to the RC through the periplasmic space. Finally,
the photo-oxidized special-pair is reduced by the soluble electron
carriers, and the RC comes back to the initial state. In the course
of the oxidation and the reduction of the quinones, the trans-
membrane electrochemical gradient of the protons is formed,
and its energy is used to produce ATP by ATP synthase.

Thermochromatium (Tch.; formerly Chromatium) tepidum is a
purple sulfur bacterium originally isolated from the hot springs
in Yellowstone National Park (1, 2) and belongs to the g-sub-
class. Tch. tepidum is a thermophilic bacterium and can grow at
the highest temperature of all known purple bacteria. The
optimum growth temperature is 48–50°C, the maximum tem-
perature 58°C. The RC from Tch. tepidum is stable up to 70°C
in chromatophore and to 48°C in detergent-micelle (3). The RC
is the first membrane protein whose three-dimensional structure
has been determined at an atomic resolution (4, 5), and the

crystal structures of the RCs from two mesophiles, Blastochloris
(Blc.; formerly Rhodopseudomonas) viridis (6) and Rhodobacter
(Rb.) sphaeroides (7–10), are now available. Compared with the
RCs of these two species, the functional features unique to the
Tch. tepidum RC are focused on the following two points: the
thermostability of the membrane protein and the electron
transfer from the soluble electron carrier proteins.

The RC of Tch. tepidum, like Blc. viridis, possesses the c-type
Cyt subunit (11), which accepts electrons from the soluble
electron carriers and reduces the photo-oxidized special-pair,
whereas the soluble electron carriers directly reduce the special-
pair in other species like Rb. sphaeroides. The Cyt subunit
contains four covalently bound heme groups, which form the
electron pathway to the special-pair. The soluble electron carrier
proteins are classified into two groups: the c-type Cyt and the
high-potential iron-sulfur protein (HiPIP) (12, 13). The HiPIP,
which contains a [4Fe-4S] cluster, exists abundantly in the
periplasmic space of some purple bacteria. The HiPIP shows the
21y31 redox transition, and its redox potential is positive and
relatively high compared with that of ferredoxins with the
11y21 redox transition (14, 15). Which type of electron carrier
is used depends on the species, and both types are involved in the
electron transfer chain in some species (16, 17). For example,
whereas the Blc. viridis RC uses Cyt c2 as a reductant, the Tch.
tepidum RC accepts electrons from the HiPIP. In Blc. viridis, the
crystal structures of the RC and Cyt c2 both have been deter-
mined independently (18, 19), and the docking site and the
mechanism of the molecular recognition have been discussed
(20, 21). In contrast, although the crystal structures of HiPIPs
from some species have been determined (22–26), structural
information on the RC whose physiological electron donor is the
HiPIP is not yet available, and the mechanism of the molecular
recognition has not yet been fully examined.
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Here we report the crystal structures of the RC and the HiPIP
from Tch. tepidum at 2.2-Å and 1.5-Å resolution, respectively.
The present RC structure is the first one for the thermostable
RC and is expected to show structural features with regard to
thermostability of the membrane protein in comparison with
other mesophiles. In addition, the structural information on the
RC and the HiPIP makes it possible to discuss where and how
these two proteins interact in the electron transfer reaction.

Materials and Methods
Purification and Crystallization. The RC and HiPIP both were
purified from Tch. tepidum, which was grown under luminescent
conditions according to published procedures (2). The RC
proteins first were solubilized from the intracytoplasmic mem-
branes of Tch. tepidum by using the detergent lauryldimethyl-
amine oxide (LDAO) and purified by anion-exchange chroma-
tography as reported (27, 28). The purified RCs were charged to
the anion-exchange column to exchange the detergent LDAO
for n-octyl-b-D-glucopyranoside (b-OG). The HiPIPs were iso-
lated from the soluble fraction of Tch. tepidum by using anion-
exchange chromatography and gel filtration as reported (29).
The RC proteins solubilized with b-OG were crystallized at 277
K by using polyethylene glycol 4000 and sodium chloride as
precipitants (27, 28). The HiPIPs were crystallized at 293 K by
using ammonium sulfate (29).

Data Collection and Structure Determination. X-ray diffraction data
were collected at BL-6A (Photon Factory, Tsukuba, Japan) and
BL-41XU (SPring-8). At the Photon Factory, a screenless Weis-
senberg camera was used with a cylindrical cassette with a
286.5-mm radius (30), and the x-ray was monochromatized to
1.000 Å. The diffraction intensities were recorded on 200 3
400-mm imaging plates (Fuji) and read out on a Fuji BAS2000
scanner (31). At SPring-8, an Raxis-IV imaging-plate camera
system (Rigaku, Tokyo) was used as a detector, and the x-ray was
monochromatized to 0.708 Å. In data collection of the RC at
SPring-8, the crystal was soaked in the solution containing 25%
(wtyvol) glycerol as a cryoprotectant and frozen in a nitrogen-
gas stream. The intensity data were processed with the program
DENZO and merged with the program SCALEPACK (32).

The molecular replacement was carried out by using the
program AMORE (33) in the CCP4 program suite (34). The
atomic coordinates of the Blc. viridis RC (PDB code: 1PRC) (6)
and the Allochromatium (Ach.; formerly Chromatium) vinosum
HiPIP (1HIP) (23) were used as search models. The molecular
model was built by manual fitting to the electron density map by
using the programs TURBO FRODO (35) and O (36), followed by
the structure refinement using the program X-PLOR (37). The
electron density maps were calculated with sA weights by using
the program SIGMAA (38) in the CCP4 program suite so as to

reduce the model bias. The structure refinement by X-PLOR
included the simulated-annealing protocol (39) and individual B
factor refinement. The topology and parameter files by Lan-
caster and Michel (40) were used for the prosthetic groups in
X-PLOR, and those for the carotenoid, detergent, and lipid
molecules were generated by using the program XPLO2D (41),
where the parameters were improved by the energy minimiza-
tion in X-PLOR. The stereochemistry of the structure was assessed
by the program PROCHECK (42).

The rms deviation between two structures was calculated by
using the program LSQMAN (43). The charge distribution of the
molecular surface was calculated and represented by using the
program GRASP (44). The molecular models in the figures were
drawn by using the programs MOLSCRIPT (45) and RASTER3D (46).

Results and Discussion
Crystal Structure of the Tch. tepidum RC. The intensity data at 2.2-Å
resolution were obtained with an overall Rmerge of 9.3% and a
completeness of 92.6% as shown in Table 1. The bulk solvent
refinement (47) was introduced in the final stage of the refine-
ment by using X-PLOR, which contributed largely to the reduction
of the R values. Finally, the structure was refined at 2.2-Å
resolution to a crystallographic R factor of 23.1% with a free R
factor of 28.7%. The refinement statistics are shown in Table 2.
The final model includes four protein subunits and six kinds of
prosthetic groups (Fig. 1). Whereas the nucleotide sequence has
indicated that the L, M, H, and Cyt subunits of the Tch. tepidum
RC consist of 280, 324, 259, and 381 residues, respectively (48),
those in the final model consist of 280, 318, 238, and 310 residues,
respectively. The highly disordered regions in the electron
density maps are omitted from the final structure as follows: six
of the C-terminal residues in the M subunit, six of the N-terminal
residues in the H subunit, and the peripheral loop region in the
H subunit between Asn-H44 and Phe-H58. In the Cyt subunit,
71 of the C-terminal residues are not observed in the electron
density maps. Notably, mass spectrometry also has suggested
that the polypeptide chain of the Cyt subunit in the RC complex
is shorter than expected from the nucleotide sequence. Over
84% of all residues are assigned in the most favored regions of
the Ramachandran plot, and only eight residues appear in the
generously allowed and disallowed regions. The following pros-
thetic groups, which form two branches (A and B branches) that
are related by the pseudo 2-fold axis perpendicular to the
membrane plane, are included in the final structure: a bacteri-
ochlorophyll a dimer (DA and DB) as a special-pair, two acces-
sory bacteriochlorophyll a monomers (BChA and BChB), two
bacteriopheophytin a molecules (BPhA and BPhB), a menaqui-
none-8 molecule as primary quinone (QA), a nonheme-iron
atom, a spirilloxanthin molecule as carotenoid, and four c-type
heme groups. The secondary quinone (QB) is known to be

Table 1. Data collection statistics

Data set RC1 RC2 HiPIP
X-ray source BL-6A(PF) BL-41XU(SPring-8) BL-6A(PF)
Wavelength (Å) 1.000 0.708 1.000
Temperature (K) Ambient 100 Ambient
Resolution limits (Å) 20–2.5 20–2.2 20–1.5
Highest-resolution shell (Å) 2.56–2.5 2.25–2.2 1.53–1.5
Space group P212121 P212121 P212121

Unit cell dimensions (Å) 134.2, 200.6, 85.0 133.3, 196.6, 84.2 47.2, 59.6, 23.6
Measured reflections 245,871 508,729 50,767
Unique reflections 63,727 110,923 10,306
Rmerge (%)* 7.7 (39.2) 9.3 (36.2) 6.7 (21.9)
Completeness (%)* 80.3 (55.5) 92.6 (78.6) 86.7 (67.6)
l/s(l)* 9.4 (2.9) 12.6 (2.6) 13.1 (6.0)

*The value for the highest resolution shell in parenthesis.
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ubiquinone, but no electron density corresponding to the ubiqui-
none is observed around the QB site. The spectroscopic data
have suggested that spirilloxanthin has one cis-bond, which is
thought to be at the position 15 based on the electron density.

In addition, one lipid and seven detergent molecules were
observed on the molecular surface of the Tch. tepidum RC (Fig.
1c). Six of seven detergents were assigned as b-OGs. The
remaining one was thought to be LDAO, which was used for the
initial solubilization of the RC, because the electron density
corresponding to the head group was too small to cover the large
head group of b-OG, but was completely fit to the head group
of LDAO. The lipid molecule could be assigned as phosphati-

dylethanolamine (PE), and both of the two lipidic acids were
thought to have 16 carbon atoms where the presence of double
bonds could not be detected in the electron density. The
phosphate group of PE is bound to Arg-H31 and Lys-H35 of the
RC by the electrostatic interaction, and Tyr-H39 and Gly-M256
by hydrogen bonds. There are two clefts on the molecular
surface of the RC in the transmembrane region, both of which
are formed between the transmembrane helix of the H subunit
and the helix bundle of the L and M subunits. This PE molecule
fits into one of these clefts and covers the tail groups of BChA,
BPhA, and QA that protrude out of the RC complex. It recently
was shown that one lipid molecule (cardiolipin) was associated
with the RC complex of Rb. sphaeroides (49). This cardiolipin
also was buried in the cleft formed by the transmembrane helix
of the H subunit, but the binding site was located on the opposite
side of this PE-binding cleft (Fig. 1c).

Comparison with the Blc. viridis and Rb. sphaeroides RCs. Although
the sequence identities of the RCs between Tch. tepidum and Blc.
viridis are not so high (65.0, 59.4, 49.0, and 48.8% for the L, M,
H, and Cyt subunits, respectively), the conformation of each
subunit is almost conserved between these two species, showing
rms deviations in the superposition of Ca atoms of 1.18 Å for the
whole RC complex (0.72, 1.04, 1.16, and 1.22 Å for the L, M, H,
and Cyt subunits, respectively). Conformation changes are lim-
ited to the loop regions. The region between Gly-L56 and
Leu-L64 forms a large loop (Fig. 1a), which does not appear in
the RCs of Blc. viridis and Rb. sphaeroides. In the primary
structure, this loop region is located in the connection of the first
and second transmembrane helices. Other significant confor-
mation changes of the Tch. tepidum RC are found only in the Cyt
subunit, where two long deletions exist: one located between
Gln-C161 and Asn-C162, the other between Ala-C197 and
Gly-C198. The former deletion causes the flipping of the loop
region (Fig. 1a). The loop region of the Blc. viridis RC is close
to the interface of the Cyt and M subunits, whereas that of the
Tch. tepidum RC is separated from this interface. The latter
deletion results only in a shortcut of the loop.

Specific interactions between the prosthetic groups and pro-

Table 2. Refinement statistics

Data set RC2 HiPIP
Resolution limits (Å) 10–2.2 10–1.5
Highest resolution shell (Å) 2.3–2.2 1.57–1.5
Rwork (%)* 23.1 (30.2) 21.2 (24.7)
Rfree (%)* 28.7 (31.2) 23.8 (24.8)
No. of non-H atoms 10,047 667

Protein 9,010 616
Prosthetic group 664 8
Water 188 43
Detergent 136
Lipid 47

Mean B factors (Å2)
Protein 34.9 7.4
Prosthetic group 27.3 5.2
Water 34.8 20.3
Detergent 53.1
Lipid 51.7

rms deviation from idealty
Bond length (Å) 0.011 0.005
Bond angle (deg.) 1.89 1.17
Dihedral angles (deg.) 22.9 26.7
Improper angles (deg.) 0.87 0.70

*The value for the highest-resolution shell in parenthesis.

Fig. 1. Overall structures of the RC from Tch. tepidum. (a) The ribbon models represent four polypeptide chains: Cyt (red), L (green), M (blue), and H (yellow).
The dotted circles indicate two regions where the loop conformations are different from those of the Blc. viridis RC (Left: Gln-C161–Asn-C162; Right:
Gly-L56–Leu-L64). (b) The ball-and-stick models represent the configuration of the prosthetic groups (DA and DB: special-pair; BChA and BChB: bacteriochlorophyll
a monomers; BPhA and BPhB: bacteriopheophytin a molecules; QA: menaquinone-8; Fe: nonheme iron; Spx: spirilloxanthin; Heme-1, -2, -3, and -4: heme c groups).
The secondary quinone (QB) site (blue dotted circle) is empty because QB was not observed in the electron density maps. (c) The space-filling models represent
the detergent and lipid molecules observed on the molecular surface. Six b-OG molecules are represented by cyan. One LDAO molecule and one lipid molecule
(P) are represented by green and magenta, respectively. The dotted circle indicates the binding site of the cardiolipin in the Rb. sphaeroides RC structure (49).
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tein subunits are almost conserved, except the hydrogen bond
with the ring-I keto-O atom of DB. Whereas both the RCs of Blc.
viridis and Tch. tepidum have a Tyr residue in a position where
it can interact with the ring-I keto-O atom of DB (Tyr-M196 in
Tch. tepidum), the RC of Rb. sphaeroides has no Tyr residue in
this position. The analyses of the primary structure and the
Fourier transform-IR study have anticipated the presence of this
hydrogen bond in the RC of Tch. tepidum (50). This hydrogen
bond could provide the higher redox potential of the special-
pair. In addition, this hydrogen bond could affect the delocal-
ization of the positive charge in the oxidized special-pair.

Thermostability of the Tch. tepidum RC. Although Tch. tepidum is a
thermophilic bacterium and its RC shows some stability to
higher temperature (3), no significant structural differences that
might contribute to the stability of the soluble proteins were
observed when the structure was compared with the RCs from
mesophiles; for example, the ionic bonds and hydrogen bonds
formed in the complex, the increased Pro residues in the loop
region, the shortening of the loop region, and so on. The loop
deletions in the Cyt subunit are not peculiar to the RC of Tch.
tepidum, but common among the closely related species includ-
ing mesophiles. In contrast, the sequence alignment has shown
a significant difference between Tch. tepidum and mesophiles.
The L and M subunits of Tch. tepidum have three more Arg
residues than do the mesophiles, and it is noteworthy that all of
these Arg residues are located at the interface of the transmem-
brane and peripheral regions, as shown in Fig. 2. Comparison
with the Ach. vinosum RC (51) has revealed that these Arg
residues exist only in the RC of Tch. tepidum, despite the fact that
the sequence identities of the L and M subunits are 91.1 and
89.2%, respectively. The Arg and Lys residues at the membrane
surface could interact with the phosphate groups of the lipids, as
observed in this crystal structure, which would affect the affinity
of this RC to the membrane.

Crystal Structure of the Tch. tepidum HiPIP. The intensity data at
1.5-Å resolution were obtained with an overall Rmerge of 6.7%
and a completeness of 86.7% as shown in Table 1. After the
refinement, the structure was refined to a crystallographic R
factor of 21.2% with a free R factor of 23.8%, and all of the
83 amino acid residues and a [4Fe-4S] cluster could be assigned

to the electron density maps. Over 92% of all residues were
assigned in the most favored regions of the Ramachandran
plot, and no residue was located in the generously allowed or
disallowed regions. The final refinement statistics are shown in
Table 2.

Comparison with Other HiPIPs. The overall structure of the HiPIP
from Tch. tepidum is quite similar to the previously determined
crystal structures of the HiPIPs of Ach. vinosum (23, 25),
showing rms deviations in the superposition of Ca atoms of less
than 1.0 Å. Most of the differences in the primary structure are
present in the segment between Asn-52 and Asp-57, which forms
two strands of antiparallel b-sheets in the Tch. tepidum HiPIP.
In the Ach. vinosum HiPIP, the b-sheet is interrupted by the
hairpin loop, and this segment is one of the most flexible regions.
On the other hand, the b-sheet seems more rigid in the Tch.
tepidum HiPIP, because the segment is two residues shorter than
that of Ach. vinosum and more hydrogen bonds are formed
between the two b-strands without the hairpin loop interruption.
It has been reported that the Tch. tepidum HiPIP is a little more
stable than that of Ach. vinosum (52), and the deletion might
reduce the flexibility of the segment and affect the thermosta-
bility of the Tch. tepidum HiPIP.

Although the crystal structures of HiPIPs of other species have
shown that HiPIPs can form dimers (24, 25), the dimeric
structures are significantly different among these crystal struc-
tures. In contrast, the Tch. tepidum HiPIPs exist as monomers in
the crystal, and the dynamic light scattering also has suggested
that the Tch. tepidum HiPIP molecules in solution do not form
stable dimers (29). These findings suggest that the HiPIPs do not
form a rigid dimer, where dimer-monomer exchanges can easily
occur in solution.

Implication for Molecular Recognition. The HiPIP and the RC must
possess the molecular surfaces that can complementarily interact
with each other to transfer electrons. The binding site of these
two proteins was screened on the basis of the charge distribution
of the molecular surface. Based on the crystal structure, the Tch.
tepidum HiPIP possesses a large hydrophobic patch on its surface
adjacent to the [4Fe-4S] cluster, and the backside of this surface
is charged and mostly acidic (Fig. 3). This hydrophobic patch is
conserved among the three-dimensional structures of HiPIPs of
other species. Spectroscopic study has shown that HiPIPs are
capable of forming temporary dimers in solution by using the
hydrophobic surface and that the electron transfer can occur
between the two monomers in the dimeric structure (53, 54),
suggesting that the HiPIP monomer in solution interacts tem-
porally with the other protein via its hydrophobic patch to
transfer electrons.

On the other hand, the Cyt subunit of the Tch. tepidum RC
possesses a hydrophobic surface only around the heme-1,
whereas other surfaces are mostly charged (Fig. 4). The site-
directed mutagenesis of the RC of Rubrivivax gelatinosus has
suggested that the electrostatic force has little influence on the
interaction between the HiPIP and the Cyt subunit and that the
electron transfer is inhibited in replacement of the Val and Leu
residues near the heme-1 with the charged residue (21, 55). The
Val residue conserved in the RC of Tch. tepidum (Val-C65) is
located near the heme-1 and is indeed exposed to the solvent in
the crystal structure (Fig. 4a). The Leu residue is not conserved
in the Tch. tepidum RC, but the corresponding residue, Trp-C94,
also contributes to the hydrophobicity of the surface around the
heme-1. Considering all of these results together, the HiPIP
monomer is suggested to dock to the heme-1-protruding site on
the Cyt subunit for the electron transfer, by using hydrophobic
interactions.

It also was found that the surface around the heme-1 is the
best candidate for a binding site of Cyt c2 in the Blc. viridis RC

Fig. 2. Three Arg residues located at the membrane surface of the RC from
Tch. tepidum. In the crystal structure, all three additional Arg residues (drawn
by the space-filling model) are found to be located at the membrane surface.
Each subunit is colored red (Cyt), green (L), blue (M), or yellow (H). The model
of the membrane is placed on the ribbon model of the RC complex, and the
head groups of the phospholipids are represented by the red circles. All three
Arg residues are exposed to the solvent and located in a position from which
they can interact with the head groups of the phospholipids.
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(20). The heme-protruding site of Cyt c2 is positively charged
(18), whereas the molecular surface around the heme-1 of the
Cyt subunit of Blc. viridis is negatively charged (6) (Fig. 4). In
the site-directed mutagenesis, the substitutions of acidic res-
idues around the heme-1 inhibited the electron transfer be-
tween these two proteins (20, 21). Therefore, the electrostatic
force probably dominates the interaction in the case of Cyt c2.
Between these two cases, the HiPIP and Cyt c2, the binding
sites of the soluble electron carrier proteins are common, but
the interactions with the Cyt subunits are controlled by
completely different mechanisms. As mentioned above, the
conformations of the two loop regions in the Cyt subunit are
largely different between the Tch. tepidum and Blc. viridis RCs.
However, these conformation changes have no inf luence on
the molecular recognition of the soluble electron carrier
proteins, because these loop regions are remote from the
heme-1 protruding site.

It has been thought that the heme-1 is unfavorable for
accepting the electrons from the soluble electron carriers, be-
cause the redox potential of the heme-1 (Blc. viridis RC; 260
mV) is much lower to those of the soluble electron carrier
proteins (Tch. tepidum HiPIP; 1323 mV, Blc. viridis Cyt c2; 1285
mV). The redox potential of the heme-1 of the Tch. tepidum has
not been determined precisely, but is known to be far lower than
that of the HiPIP. However, it was shown that the uphill electron
transfer occurs in the Cyt subunit of the Blc. viridis RC (56). The
electron transfer from the heme-2 to the heme-3 is stepwise. The
first step, from the heme-2 to the heme-4, is thermodynamically
unfavorable, but it definitely occurs. Furthermore, the uphill
electron transfer is supported from the theoretical aspect (57),
where proximity of the redox centers, together with thermal
activation, promote the electron tunneling, even if it is ender-
gonic. These facts suggest that the heme-1 can serve as the first
electron acceptor in the electron transfer chain from the soluble
electron carrier to the heme-2, and consequently, to the special-
pair.

The Cyt subunits of the Tch. tepidum and Blc. viridis RCs are
similar in many aspects, for example, the conformations of the
polypeptide chain, the order of redox potentials of the four heme

groups, and the docking site of the soluble electron carriers. In
contrast, the charge distributions of their molecular surfaces are
completely different and complementary to those of their re-
spective electron carrier proteins. This might be because these
RCs have changed their molecular surfaces to fit those of their
electron transfer partners, while they have kept the biological
architecture and function as electron conductors to the special-
pair. These results give a good example of the biological molec-
ular evolution, in terms of preservation of the folding and
adaptation to the environment.
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Fig. 3. Overall structure (a and b) and charge distribution of the molecular
surface (c and d) of the HiPIP from Tch. tepidum. The molecule is viewed from
the side proximal to the [4Fe-4S] cluster (a and c) and from the side distal to the
[4Fe-4S] cluster (b and d). (a and b) Ribbon model with the [4Fe-4S] cluster
shown in green. The dotted circles indicate the two strands of b-sheet whose
conformation is different from that of the Ach. vinosum HiPIP. (c and d)
Molecular surface with the charge distribution (negative charge: red; positive
charge: blue). The molecular surface proximal to the [4Fe-4S] cluster forms a
large hydrophobic patch, as shown in the dotted circle, whereas that of the
distal side is hydrophilic and mostly negative.

Fig. 4. Structures of the Cyt subunits of Tch. tepidum RC (a–d) and Blc.
viridis RC (e and f ). (a and b) Charge distribution of the Cyt subunit of Tch.
tepidum around the heme-1 (a) and viewed from the backside of the
heme-1 (b). The negatively charged surfaces are shown in red, and the
positively charged surfaces in blue. The molecular surface around the
heme-1 is mostly hydrophobic, which is shown in the black dotted circle.
The protruding part of the heme-1 is shown in the green dotted circle. V
and W indicate the Val-C65 and Trp-C94, respectively, which affect the
molecular recognition of the RC and HiPIP. The yellow dotted circles
indicate the two loop regions whose conformations are different from
those of the Blc. viridis RC. (c and d) Ribbon model of the Cyt subunit of Tch.
tepidum viewed from the same angle as that for a and b, respectively. Each
heme is shown in green. (e and f ) Charge distribution of the Cyt subunit of
Blc. viridis viewed from the same angle as that for a and b, respectively. The
molecular surface is generated by using the atomic coordinates of the RC
from Blc. viridis (PDB code: 1PRC). In Blc. viridis, only the molecular surface
around the heme-1 is acidic, which is shown in the black dotted circle, and
most of the other surfaces are basic.
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