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ABSTRACT: Cytochromec3 isolated from a sulfate-reducing bacterium,DesulfoVibrio Vulgaris Miyazaki
F, is a tetraheme protein. Its physiological partner, [NiFe] hydrogenase, catalyzes the reversible
oxidoreduction of molecular hydrogen. To elucidate the mechanism of electron transfer between cytochrome
c3 and [NiFe] hydrogenase, the transient complex formation by these proteins was investigated by means
of NMR. All NH signals of uniformly15N-labeled ferric cytochromec3 except N-terminus, Pro, and Gly73
were assigned.1H-15N HSQC spectra were recorded for15N-labeled ferric and ferrous cytochromec3, in
the absence and presence of hydrogenase. Chemical shift perturbations were observed in the region around
heme 4 in both oxidation states. Additionally, the region between hemes 1 and 3 in ferrous cytochrome
c3 was affected in the presence of hydrogenase, suggesting that the mode of interaction is different in
each redox state. Heme 3 is probably the electron gate for ferrous cytochromec3. To investigate the
transient complex of cytochromec3 and hydrogenase in detail, modeling of the complex was performed
for the oxidized proteins using a docking program, ZDOCK 2.3, and NMR data. Furthermore, the roles
of lysine residues of cytochromec3 in the interaction with hydrogenase were investigated by site-directed
mutagenesis. When the lysine residues around heme 4 were replaced by an uncharged residue, methionine,
one by one, theKm of the electron-transfer kinetics increased. The results showed that the positive charges
of Lys60, Lys72, Lys95, and Lys101 around heme 4 are important for formation of the transient complex
with [NiFe] hydrogenase in the initial stage of the cytochromec3 reduction. This finding is consistent
with the most possible structure of the transient complex obtained by modeling.

Cytochromec3 (cyt c3) is a small soluble protein (Mr ∼
14 000) including fourc-type hemes. It shows very low
oxido-reduction (redox) potentials (about-300 mV in
average), which are considered to be essential for sulfate
respiration. The three-dimensional (3D) structures (1 and
references therein) and macroscopic and microscopic redox
potentials (1-3 and references therein) of cytc3 from various
bacteria have been determined. To elucidate its functional
role, the redox interaction between cytc3 and either its
physiological or nonphysiological partners, such as hydro-
genase, ferredoxin (4-6), flavodoxin (7-10), rubredoxin
(11), nine-heme cytochromec (12), high molecular weight
cytochromec (hmc) (13), and type-II cytc3 (14), has been
investigated. The most extensively studied physiological
partner is hydrogenase, which plays a central role in

hydrogen metabolism. Hydrogenase catalyzes the reversible
oxidoreduction of molecular hydrogen and proton ions, and
therefore, cytc3 acts as an electron acceptor or donor. This
is one of the core reactions in the hydrogen cycling model
for energy production in the genusDesulfoVibrio (15).

Hydrogenases have been classified into three families
according to the metal compositions of their active centers,
namely, [Fe], [NiFe], and [NiFeSe] hydrogenases. [NiFe]
hydrogenase has been the most extensively investigated
among them. The three-dimensional crystal structures of
[NiFe] hydrogenase isolated fromDesulfoVibrio Vulgaris
Miyazaki F (DVMF) (16), DesulfoVibrio gigas (Dg) (17),
DesulfoVibrio fructosoVorans (Df) (18), andDesulfoVibrio
desulfuricansATCC 27774 (DdA) (19); [NiFeSe] hydroge-
nase fromDesulfomicrobium baculatum(Dmb) (20); and [Fe]
hydrogenase fromD. desulfuricans(Dd) (21) andClostrid-
ium pasteurianum(22) have been determined. The [NiFe]
hydrogenase fromDVMF is a heterodimer protein. Its small
subunit (Mr ∼ 29 000) contains three iron sulfur clusters,
proximal [4Fe4S], medial [3Fe4S], and distal [4Fe4S] ones,
which are distributed linearly from the active site to the
molecular surface. On the other hand, the large subunit (Mr

∼ 63 000) contains the Ni-Fe active center and the Mg
binding site (16).
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The site of interaction between cytc3 and hydrogenase
has been studied for a few systems. The [Fe] hydrogenase
from Dd and cytc3 from D. Vulgaris Hildenborough (DVH)
have been investigated by means of biochemical methods
(23, 24) and by structural modeling on the basis of NMR1

data (25). For the [NiFeSe] hydrogenase and octaheme cyt
c3 (Mr ∼ 26 000) system fromDesulfomicrobium norVegicum
(Dmn), a mutation of Y73E in the cytc3 has been examined,
which induced a decrease in the interaction (26, 27). A
structural modeling study has also been carried out on the
interaction between [NiFe] hydrogenase and cytc3 from DdA
(19), but no experimental evidence was provided.

We have determined the 3D solution structure of ferrous
cyt c3 from DVMF using the NMR method (2), in which
resonance assignments of the NH groups of cytc3 were
established. The assignments for ferric cytc3 were performed
in this work. Taking advantage of these assignments,
chemical shift perturbations were measured to identify the
interaction sites between cytc3 and hydrogenase in the
oxidized and reduced states. Then, modeling of the cytc3-
[NiFe] hydrogenase complex was carried out using a rigid-
body docking algorithm, ZDOCK (28and references therein),
and NMR data. Furthermore, the cytc3 overexpression in
Shewanella oneidensisprovided the effective production of
site-directed mutant proteins. To determine the roles of
surface residues of cytc3 in the transient complex formation,
electron-transfer kinetics were analyzed for the wild-type and
mutant proteins. The results provide a new insight into the
mechanism of electron transfer between cytc3 and hydro-
genase.

MATERIALS AND METHODS

Site-Directed Mutagenesis.All mutations were introduced
into the pKFC3k plasmid, which contains theDVMF cyt c3

gene (29). Site-directed mutagenesis was conducted with a
Mutan-Super Express Km kit (Takara Bio, Inc., Japan), and
synthetic oligonucleotides were purchased from Invitrogen
Co., Japan. The synthetic oligonucleotides used for the
mutation at lysine residues are summarized in Table 1. The
mutations were confirmed by nucleotide sequencing. This
was performed with an ABI PRISM 310 genetic analyzer
(Applied Biosystems Japan Ltd.) using a DNA sequence kit,
BigDye Terminator Cycle Sequencing Ready Reaction

(Applied Biosystems Japan Ltd.), and two M13 primers,
RV-N and M4 (Takara Bio, Inc., Japan).

Purification of Cytochrome c3. The wild-type and mutated
cyt c3 were overexpressed inS. oneidensisTSP-C as
described previously (30). 15N-Labeled cytc3 from DVMF
was overexpressed inS. oneidensisTSP-C using CHL
medium (Chlorella Industry Co., Ltd., Japan) as described
previously (31). Cyt c3 was purified at 4°C and pH 7.0.
The sonicated cell suspension was centrifuged at 70 000g
for 1 h. Ammonium sulfate was added to the supernatant to
50% saturation. After centrifugation at 70 000g for 30 min,
ammonium sulfate was added to the supernatant to 70%
saturation, followed by centrifugation for 40 min. The
supernatant was applied to a HiLoad 26/10 phenyl sepharose
HP column (Amersham Biosciences), which had been
equilibrated with 30 mM sodium phosphate buffer 70%
saturated with ammonium sulfate. Cytc3 fractions eluted with
70-0% saturation with (NH4)2SO4 in 30 mM sodium
phosphate buffer were collected and dialyzed against 30 mM
phosphate buffer. Finally, the solution was applied to a
HiLoad 26/10 SP Sepharose HP column (Amersham Bio-
sciences), which was eluted with 0-300 mM NaCl. The cyt
c3 fractions were collected, dialyzed against ultrapure water,
and then lyophilized. The purity was checked by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE).

To assign the1H-15N resonances of ferric cytc3, amino
acid-specific,15N-labeled cytc3 for Ala, Cys, Gly, His, Leu,
Lys, Met, Phe, Ser, and Val was obtained fromDVMF, which
was cultured using the chemical medium with amino acid
mixture and purified as previously described (4, 32).

Purification of [NiFe] Hydrogenase. DVMF was cultured
in medium C (32) in a 200-L anaerobic fermenter according
to the reported method (33). The sonicated cell suspension
was centrifuged at 143 000g for 1 h. The pellet was
suspended in a 2-fold volume of 25 mM Tris-HCl buffer,
pH 7.4, to which trypsin was added at the weight ratio of
0.0015 to the pellet. After the mixture was stirred for 12 h
at 4 °C under nitrogen gas, trypsin inhibitor was added at
the weight ratio of 0.625 to trypsin. The supernatant obtained
by centrifugation at 143 000g for 1 h was subjected to
dialysis. It was applied then to a DEAE TOYOPEARL 650S
column (Tosoh, Japan), which was eluted with 25 mM Tris-
HCl buffer, pH 7.4. The hydrogenase fractions were col-
lected, concentrated, and applied to a HiLoad 26/60 Superdex
200 pg column (Amersham Biosciences), which was eluted
with 50 mM NaCl and 25 mM Tris-HCl buffer, pH 7.4.
Then, the purification on DEAE TOYOPEARL 650S and

1 Abbreviations: NMR, nuclear magnetic resonance; HSQC, het-
eronuclear single-quantum coherence; TOCSY, total correlation spec-
troscopy; NOESY, nuclear Overhauser effect spectroscopy; HEPES,
N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid; rmsd, root-mean-
square deviation.

Table 1: Synthetic Oligonucleotides Used for Site-Directed Mutagenesisa

mutation synthetic oligonucleotide

K10M 5′(214)-GCC GAC GGT CTG ATG GAC AAG ACC-3′(240)
K15M 5′(229)-ATG GAC AAG ACC ATG CAG CCC GTG GTC-3′(255)
K26M 5′(262)-CAC TCG ACC CAC ATG GCC GTG AAG TGT G-3′(289)
K57M 5′(355)-GAC AAC ATG GAC ATG AAG GAC AAG TCC-3′(381)
K58M 5′(358)-AAC ATG GAC AAG ATG GAC AAG TCC GCC-3′(384)
K60M 5′(364)-GAC AAG AAG GAC ATG TCC GCC AAG GGC-3′(390)
K72M 5′(400)-GCC ATG CAT GAC ATG GGC ACC AAG TTC-3′(426)
K94M 5′(466)-GAC GCC GCC AAG ATG AAG GAA CTG ACG-3′(492)
K95M 5′(469)-GCC GCC AAG AAA ATG GAA CTG ACG GGC-3′(495)
K101M 5′(487)-CTG ACG GGC TGC ATG GGC TCC AAG TGC-3′(513)

a The numbers in parentheses are the sequence numbers according to ref29.
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HiLoad 26/60 Superdex 200 pg columns was repeated to
obtain the purified [NiFe] hydrogenase.

NMR Sample Preparation.The sample solutions for the
1H-15N resonance assignments of ferric cytc3 included 1-2
mM cyt c3 in 30 mM phosphate buffer, pH 7.0 or 6.0 (10%
2H2O). The sample solution for the chemical shift perturba-
tion experiments comprised 0.4 mM cytc3 in 30 mM sodium
phosphate buffer, pH 7.0 (10%2H2O). To examine the effect
of interaction, 0.6 and 0.4 mM hydrogenase were added to
the oxidized and reduced cytc3, respectively. Fully reduced
cyt c3 was obtained by flushing hydrogen gas into the sample
tube in the presence of a trace amount of hydrogenase (molar
ratio, ca. 0.001). Chemical shifts are referred to an internal
standard, 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).

NMR Experiments.All NMR measurements were per-
formed at 303 K with an AVANCE DRX-600 NMR
spectrometer (Bruker, Germany). 3D TOCSY-HSQC and
NOESY-HSQC experiments were performed for the sequence-
specific assignment of the ferric cytc3 with 1024 (1H) × 64
(15N) × 128 (1H) data points. The spectral widths were 16.93,
41.8, and 51.0 ppm in the1H, 15N, and 1H dimensions,
respectively. The mixing times were 30, 75, and 100 ms for
TOCSY-HSQC and 150 ms for NOESY-HSQC.1H-15N
HSQC spectra were recorded with 2048 (1H) × 128 (15N)
data points. The spectral widths were 21 (1H) × 40 (15N)
ppm for the oxidized sample and 18 (1H) × 38 (15N) ppm
for the reduced one. Spectra were processed using a standard
Bruker software, XWINNMR version 3.1, and analyzed
using software packages NMR-Pipe and Pipp. The average
chemical shift perturbation (∆δave) of each backbone amide
was calculated using the equation,∆δave ) [∆δH2 + (∆δN/
5)2]1/2, where∆δH and∆δN stand for the changes in the1H
and 15N chemical shifts, respectively. The values of∆δave

g 0.02 and 0.05 ppm were categorized as large perturbations
for the ferric and ferrous types, respectively. The minimum
values (0.02 and 0.05 ppm) were determined by averaging
all ∆δave values after removing∆δave in the top 10% and
bottom 10%.

Modeling of the Cytochrome c3-[NiFe] Hydrogenase
Complex.Modeling of the ferric cytc3-[NiFe] hydrogenase
complex was performed using a rigid body protein-protein
docking algorithm called ZDOCK. ZDOCK 2.3 optimizes
the desolvation (DE), pairwise shape complementarity (PSC),
and electrostatics (ELEC) by means of Fast Fourier Trans-
form (FFT). All default parameters and a 6° rotational
sampling interval were used. In this calculation, we used the
coordinates of the crystal structures of ferric cytc3 (PDB
code 1J0O) and hydrogenase (PDB code 1H2A). The water
molecules in these PDB files were excluded, except for those
bound to the Mg center. For cytc3, an amino acid residue
whose solvent accessibility is high (>50% for either the main
chain or side chain according to program NACCESS (34))
and NMR∆δave is smaller than 0.01 ppm was defined as a
noninteracting residue on the surface, which was blocked
from the interaction in the docking calculation. Thus, NMR
data were used to remove the unperturbed residues from the
possible interaction sites on the surface of cytc3. For
hydrogenase, metal centers were ignored in the calculation.
From the top 100 solutions, biologically meaningful orienta-
tions in which the distance between heme 4 iron in cytc3

and the Fe1 atom of the distal [4Fe4S] cluster in the

hydrogenase was smaller than 20 Å were selected. Then,
similar orientations (backbone rmsde 2 Å) were grouped.

The protein complexes obtained were subjected to energy
minimization using the X-PLOR 3.851 program (35). For
normal residues and water molecules, force fields were
applied to the complex structures based on the parameters
of CHARMM 22. Heme group parameters were corrected
at the positions of the thioether bonds with cysteine residues.
For the metal centers in hydrogenase, the charges were
assigned manually. Calculation according to the conjugate
gradient method (36) was carried out for 1000 steps. Position
restraints were applied to all atoms except those within 20
Å from heme 4 and the distal [4Fe4S] cluster. In addition to
them, four hemes, iron sulfur clusters, and their ligands were
also fixed.

Determination of Macroscopic Redox Potentials.The
macroscopic redox potentials of mutated cytc3 were
determined by differential pulse polarography (DPP). Po-
larograms were obtained with a 394 Digital Electrochemical
Trace Analysis System (PerkinElmer, Inc.), which was
controlled with Model 394 Analytical Voltammetry Software.
The working electrode was a dropping mercury electrode,
with a platinum wire coil as the counter electrode and an
Ag/AgCl electrode as the reference electrode. The pulse
height, scan rate, and drop time were 20 mV, 2 mV s-1, and
2 s, respectively. Cytc3 was dissolved at about 0.1 mM in
30 mM sodium phosphate buffer (pH 7.0). The polarograms
were fitted using an analytical equation for four consecutive
one-electron reversible electrode reactions (37). Macroscopic
redox potentials were referred to the standard hydrogen
electrode (SHE) at 30°C in this work.

Measurements of Cytochrome c3 Reduction by Hydroge-
nase. Whenever a diluted hydrogenase solution for kinetic
experiments was prepared, hydrogenase activity was deter-
mined as follows. A solution (1.5 mL) of 1 mM methyl
viologen and 50 mM HEPES (pH 7.0) in an anaerobic
cuvette was bubbled with high-grade hydrogen gas (purity
rate, 99.99999% and over) for 30 min. The absorbance at
604 nm was measured as a function of time with a
BECKMAN DU640 spectrophotometer after the addition of
a small amount (final, 7 nM) of hydrogenase. The slope of
the tangent at the beginning of the time course was used for
calculation of the hydrogen oxidation rate. An absorption
coefficient of 13 600 M-1 cm-1 for methyl viologen was
used.

Anaerobic cuvettes were filled with a cytc3 solution at
various concentrations (final, 1-30 µM) in 50 mM HEPES
(pH 7.0). They were bubbled with high-grade hydrogen gas
for 30 min. The change in absorbance at 552 nm (δε552 )
ε552red- ε552ox ) 84 000 M-1 cm-1) was measured after the
addition of hydrogenase (final, 7 nM). The slope of the
tangent at the beginning of the time course was used for
calculation of the initial rate of reduction of cytc3, which
was corrected using the [NiFe] hydrogenase activity deter-
mined previously. TheKm and kcat of each cytc3 were
determined by nonlinear least-squares fitting of the Michae-
lis-Menten equation to the experimental data.

RESULTS

1H-15N HSQC spectra of ferric and ferrous15N-labeled cyt
c3 are presented in Figure 1.1H-15N resonance assignments
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for ferrous cytc3 have been reported (2). All 15N and 1H
backbone signals except those of the N-terminus, Pro
residues, and Gly73 in the fully oxidized state were assigned
in this work by 3D NOESY-HSQC experiments. The NH
signal of Gly73 was very broad, and this signal disappeared
on measurement at 600 MHz. The NH signals of His35,
Asn38, and Ala89 disappeared at pH 7.0. However, these
signals were observed at pH 6.0 (His35,1H, 8.76 and15N,
121.0; Asn38, 9.96 and 126.4; Ala89, 8.65 and 126.7). Since
His35 is coordinated to heme 2, its signal suffered from a
significant paramagnetic effect. Asn38 and Ala89 are located
on the surface. To identify the NH cross-peak of Ala, Cys,
Gly, His, Leu, Lys, Met, Phe, Ser, and Val, amino acid-
specific, 15N-labeled proteins were used. In total, 98% of
the proton resonances at backbone were assigned. The
chemical shifts are deposited in the BioMagResBank with
the accession number 6572.

To investigate the interaction of cytc3 with [NiFe]
hydrogenase, the chemical shifts of1H-15N HSQC cross-
peaks of ferric15N-cyt c3 were measured in the absence and

presence of oxidized [NiFe] hydrogenase, respectively
(Figure 1A). The same measurement was carried out for
ferrous15N-cyt c3 and the reduced hydrogenase (Figure 1B).
Chemical shift changes and broadening of resonances were
observed in both cases. Average chemical shift perturbations
(∆δave) were calculated from these spectra and are shown in
Figure 2. Asterisks indicate the residues whose signals have
either disappeared or shifted to a great extent. For the ferric
type, Cys100 showed the largest shift. Cys100 is covalently
linked to heme 4. Besides for Cys100, large shifts were also
observed for Gly64, His70, Gly99, Lys101, and Ser103
(∆δave > 0.03 ppm). Compared to the∆δave values for the
ferric type,∆δave values for the ferrous one were generally
larger. In particular, Ser23, Asp59, Cys79, Gly99, and
Cys100 showed large shifts (∆δave > 0.08 ppm). The
resonances of His34, His35, His52, and His83 for the ferric
type and His22, Thr24-Lys26, His35, His52, His83, and
Thr98 for the ferrous type were lost in the presence of [NiFe]
hydrogenase. These histidine residues are heme axial ligands.
In the oxidized state, the line widths of these resonances were
broader than those of the other resonances because of the
paramagnetic effect. Furthermore, these heme axial ligands
are not exposed on the surface of cytc3. The residues
showing large chemical shift perturbations and that then
disappeared were mapped in the crystal structure of ferric
cyt c3 (PDB code: 1J0O) and the 20-averaged solution
structure of ferrous one (PDB code: 1IT1), respectively
(Figure 3). For the ferric type, chemical shift changes were
only observed around the heme 4 region. For the ferrous
type, however, the residues between hemes 1 and 3 (Asn21-
Lys26 and Val28) were affected in addition to the residues
around heme 4 (Lys57, His70, Thr98, Gly99, Cys100, and
Lys101).

FIGURE 1: 1H-15N HSQC spectra of cytochromec3 in the absence
(black) and presence (red) of [NiFe] hydrogenase at 600 MHz and
303 K. Assignments are given in the spectra. (A) Ferric and (B)
ferrous cytochromec3.

FIGURE 2: Average chemical shift perturbations of cytochromes
c3 observed in1H-15N HSQC spectra in the presence of hydrogenase.
(A) Ferric and (B) ferrous cytochromec3. Asterisks indicate residues
not detected in the complex.

1656 Biochemistry, Vol. 45, No. 6, 2006 Yahata et al.



To investigate the mode of interaction between cytc3 and
[NiFe] hydrogenase in detail, modeling of the transient
complex between cytc3 and [NiFe] hydrogenase in the
oxidized state was performed using ZDOCK 2.3. At first,
the noninteractive residues of cytc3 as to the interaction with
hydrogenase were selected. The residues with∆δave < 0.01
ppm on the surface (high solvent accessibility) were regarded
as the noninteractive ones. In total, 28 residues (K3, A4,
A6, D7, G8, K10, D12, K13, K15, Q16, V19, S23, K26,
A27, K29, D32, G39, E41, Q44, K45, G50, K75, K77, E85,
T86, G88, A91, and K104) were selected and blocked from
the interaction in docking calculation. Only the top 100
predictions were analyzed. The distribution of the predicted
positions of cytc3 around hydrogenase is shown in Figure
4. Spheres represent the heme 4 iron positions of cytc3. On
the basis of the structural architecture of metal centers, it
has been suggested that the region near the distal [4Fe4S]
cluster of hydrogenase interacts with the redox center of a
counterpart and exchanges electrons (17). This was supported
by mutational conversion of the [3Fe4S] cluster to the
[4Fe4S] one (38). So the predicted complexes with heme 4
of cyt c3 close to the distal [4Fe4S] cluster of hydrogenase
(the distance between the heme 4 iron and the FE1 of the
distal [4Fe4S] cluster,e20 Å) were selected. Thirty predicted
complexes met this condition. Then, the selected complexes
were grouped on the basis of docking orientations (backbone
rmsde 2 Å). The orientation with the best ZDOCK rank in
each group was regarded as a representative orientation. As
a result, the 30 orientations were classified to seven groups.
Then, energy minimization was performed for the seven
representative complexes. The refined seven complex struc-
tures were numbered according to the energy rank. The
characteristics of these seven final model structures are
summarized in Table 2. The shortest iron-iron distance was
found in structure no. 2 (13.6 Å). The distance between the
edges of heme 4 and the distal [4Fe4S] cluster was compared
for the structures nos. 1 and 2. The distances between the

HMB3 atom of heme and the S1 atom of the cluster are 6.5
and 6.4 Å for nos. 1 and 2, respectively. Since they are
similar to each other, these models can possibly be selected
as the most possible structures of the cytc3-hydrogenase
complex. These structures are shown in Figure 5. It should
be indicated that in model no. 2, heme 4 is close to His188
of hydrogenase, which is one of the ligands of the [4Fe4S]
cluster.

To determine the role of surface residues of cytc3 in the
interaction with [NiFe] hydrogenase, 10 lysine residues,
mainly around heme 4 (K10, K15, K26, K57, K58, K60,
K72, K94, K95, and K101), were substituted by methionine,
respectively. Two tyrosines, Y65 and Y66, around heme 4
were also mutated to Y65A and Y66L. The K26M mutant
was prepared based on the results of the chemical shift
perturbation experiment in the reduced state. There was no
change in the UV-visible spectra of any mutant cytc3 in

FIGURE 3: Chemical shift perturbation mapping of (A) ferric and
(B) ferrous cytochromec3 on the crystal structure and the
20-averaged solution structure, respectively (PDB codes, 1J0O and
1IT1). Residues are colored according to the following classifica-
tion: (A) ∆δave < 0.02 ppm (cyan),∆δave g 0.02 ppm (blue); (B)
∆δave < 0.05 ppm (cyan),∆δave g 0.05 ppm (blue). Unassigned
residues, residues not detected in the complex, and hemes are
colored gray, magenta, and red, respectively. Sequential numbers
and heme numbers are given for the latter two. These figures were
produced with GRASP (44).

FIGURE 4: Spatial distribution of the top 100 docking positions.
The heme 4 iron position of cytochromec3 is represented by an
orange sphere. The polypeptide chains of the large and small
subunits of hydrogenase are colored green and blue, respectively.
Iron, sulfur, nickel, and magnesium in the metal centers are shown
in magenta, yellow, purple, and cyan, respectively. The 30 predicted
complexes whose distance between the heme 4 iron and the FE1
of the distal [4Fe4S] cluster is 20 Å or less are contained in the
white circle.

Table 2: Properties of the Seven Final Model Structures for the
Cytochromec3-[NiFe] Hydrogense Complex

no.

the best
“zdock”
rank in

the group

Fe-Fe
distance

in
heme/cluster

(Å)a

interface
accessible

surface
area of

cyt c3/hyd.b
(Å2)

percentage of
polar/nonpolar

atoms at interfaceb
(%)

energy
(electrostatic

+ vdWc)
(kcal/mol)

1 26 14.4 (FE1) 907/882 40/60 -25086
2 8 13.6 (FE1) 717/681 47/53 -24948
3 68 17.6 (FE4) 861/757 38/62 -24909
4 67 14.3 (FE4) 571/594 39/61 -24883
5 78 15.3 (FE4) 984/961 43/57 -24621
6 19 16.3 (FE4) 820/827 35/65 -24592
7 4 16.6 (FE4) 967/929 45/55 -24381

a The numbers in parentheses indicate the atoms which are the closest
to the heme 4 iron in the distal [4Fe4S] cluster.b These parameters
were calculated at the website http://www.biochem.ucl.ac.uk/bsm/PP/
server/.c vdW, van der Waals.
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the fully oxidized and reduced states compared with those
of the wild-type. In contrast, there were changes in their 1D
1H NMR spectra for the oxidized forms. The heme methyl
signals in the low field (13-32 ppm), which are labeled
alphabetically (A-J) from low to high field, were assigned.
The observed spectra are given in the Supporting Informa-
tion. The signal of 181-CH3 for heme 4 in K57M cytc3

showed the largest change (1.18 ppm) among the 10 lysine
mutants. The four macroscopic redox potentials were deter-
mined by differential pulse polarography and are summarized
in Table 3. The effects of the lysine mutations on the redox
potentials were small (less than 10 mV).

The kinetics of reduction of cytc3 by hydrogenase in the
presence of hydrogen gas were investigated for these
proteins. The concentration of cytc3 was varied from 1 to
30µM to determine the steady-state reduction rate by means
of the Michaelis-Menten equation (Figure 6). The obtained
kinetic parameters are summarized in Table 4. Whilekcat was
similar for all proteins,Km changed with the mutation. The
increase ofKm means the decrease of the affinity between
cyt c3 and hydrogenase. Given thekcat/Km values, the mutant
cyt c3 could be classified to three groups, namely, group i
(unaffected, K10M, K26M, and Y65A), group ii (42-58%,
K15M, K57M, K58M, Y66L, and K94M), and group iii
(20-37%, K60M, K72M, K95M, and K101M). The largest
decrease in activity was observed for K60M cytc3. Since

kcat is more or less constant, thekcat/Km ratio reflects the
difference inKm.

DISCUSSION

This is the first case in which modeling of the cytc3-
hydrogenase complex was carried out on the experimental

FIGURE 5: The most possible model structures of the ferric cytochromec3-[NiFe] hydrogenase complexes. (A and C) Overall structures
of nos. 1 and 2 models, respectively. The polypeptide chains of cytochromec3 and the large and small subunits of hydrogenase are colored
orange, green, and blue, respectively. Hemes are drawn as red sticks. Iron, sulfur, nickel, and magnesium in the metal centers are shown
in magenta, yellow, purple, and cyan, respectively. (B and D) Interface region of nos.1 and 2 models, respectively. Cytochromec3 and the
large and small subunits of hydrogenase are colored white, green, and gray, respectively. Hemes, irons, and sulfurs in the cluster are
colored red, magenta, and yellow, respectively. Aromatic residues and ligands of the distal [4Fe4S] cluster which may be involved in the
electron-transfer pathway are colored cyan and pink, respectively.

Table 3: The Macroscopic Redox Potentials of the Wild-Type and
Mutated Cytochromesc3 in 30 mM Sodium Phosphate Buffer (pH
7.0) at 30°C (standard errors( 2 mV)a

EI°′ EII°′ EIII°′ EIV°′

wild-typeb -242 -296 -313 -358
K10M -235 (+7) -289 (+7) -306 (+7) -349 (+9)
K15M -250 (-8) -294 (+2) -315 (-2) -352 (+6)
K26M -240 (+2) -296 (0) -312 (+1) -359 (-1)
K57M -244 (-2) -291 (+5) -311 (+2) -353 (+5)
K58M -242 (0) -294 (+2) -313 (0) -354 (+4)
K60M -240 (+2) -289 (+7) -310 (+3) -351 (+7)
Y65Ab -227 (+15) -267 (+29) -296 (+17) -335 (+23)
Y66Lb -217 (+25) -288 (+8) -313 (0) -358 (0)
K72M -243 (-1) -291 (+5) -309 (+4) -353 (+5)
K94M -245 (-3) -295 (+1) -315 (-2) -356 (+2)
K95M -240 (+2) -291 (+5) -311 (+2) -351 (+7)
K101M -242 (0) -293 (+3) -311 (+2) -353 (+5)

a Ei°′ (i ) I-IV) is the macroscopic redox potential at theith
reduction step relative to the standard hydrogen electrode (SHE). The
values in the parentheses are the differences between wild-type and
mutants.b From ref31.
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evidence for the proteins from the same bacterium. Chemical
shift perturbation mapping suggested that the region around
heme 4 is involved in the interaction with hydrogenase in
the oxidized state (Figure 3). This is in good agreement with
the previous reports on other systems (4-8, 11-14). Since
cyt c3 possesses many lysine residues around heme 4 and
hydrogenase is an acidic protein, this is reasonable from the
electrostatic point of view. The pH-dependent, heme-specific
redox potentials ofDVMF cyt c3 were determined by means
of electrochemical methods and NMR (39). At the first
reduction step, the heme-specific redox potential of heme 4
is the highest at pH 7. So heme 4 is most suitable for
accepting an electron from the electrochemical point of view.
This supports the idea that heme 4 is the physiological
interaction site in the electron transfer from hydrogenase to
cyt c3.

Modeling of the complex was carried out on the basis of
chemical shift perturbations. In principle, we should have
dealt with the ferric cytc3-reduced hydrogenase system to
discuss the transient complex. However, it is extremely
difficult in the NMR experiments. Since NMR data were
determined under the ferric cytc3-oxidized hydrogenase

conditions, we used the oxidized hydrogenase structure in
the docking analysis. This can be justified by the fact that at
least the structure around the iron sulfur clusters in the
reduced form is identical with that in the oxidized form (40).

As shown in Figure 7A, K58, K60, K72, and K94 in cyt
c3 form salt bridges with E254/D256, N267 (terminal
carboxyl oxygen), E219, and E210 in the small subunit of
hydrogenase, respectively, in model no. 1. Also, the K95
amino proton and Y66 OH form hydrogen bonds with the
D198 carbonyl oxygen and Y218 OH, respectively. The latter
would be important to fix the orientation of Y218 at the
optimal position for electron transfer since the aromatic ring
of Y218 would be involved in the electron-transfer pathway
between the two proteins (Figure 5A). Furthermore, K60 and
K101 form intramolecular salt bridges with D71 and S107
(terminal carboxyl oxygen) in cytc3, respectively (Figure
7A). For the model no. 2 (Figure 7B), on the other hand,
K60, K72, K94, and K95 form salt bridges with N267
(terminal carboxyl oxygen), E210, E201, and D198 in the
hydrogenase small subunit, respectively. Y66 OH forms a
hydrogen bond with Y218 OH of the hydrogenase. Further-
more, K58, K60, and K101 form intramolecular salt bridges
with D56, D71, and S107 (terminal carboxyl oxygen) in cyt
c3, respectively. The transient complex should be consistent
with the effect of mutation on the hydrogen reduction
kinetics. Namely, the residues in group iii (K60, K72, K95,
and K101) in Table 4 should be involved in the interaction
between the two proteins. In models nos. 1 and 2, the same

FIGURE 6: Rate of reduction of cytochromec3 as a function of its
concentration in 50 mM HEPES buffer (pH 7.0) at 25°C. The
concentration of hydrogenase was 7 nM. Wild-type (9), K10M (]),
K15M (4), K60M (3), and K95M (O). The thick line and thin
lines are the curves fitted to the Michaelis-Menten equation for
the wild-type and mutated cytochromesc3, respectively.

Table 4: Kinetic Parameters of Electron Transfer between [NiFe]
Hydrogense and Either the Wild-Type or Mutated Cytochromesc3

in 50 mM HEPES Buffer (pH 7.0) at 25°C

Km (µM) kcat (s-1) kcat/Km (µM-1 s-1)a

wild-type 2.6( 0.3 49( 1 19
K10M 2.7( 0.3 48( 2 18 (i)
K15M 4.5( 0.4 45( 1 10 (ii)
K26M 3.0( 0.4 44( 1 14 (i)
K57M 5.1( 0.5 48( 2 9.4 (ii)
K58M 5.7( 0.5 45( 1 8.0 (ii)
K60M 10.4( 0.4 46( 1 4.4 (iii)
Y65A 2.2( 0.1 49( 1 23 (i)
Y66L 4.3( 0.5 47( 2 11 (ii)
K72M 6.7( 0.4 42( 1 6.4 (iii)
K94M 5.7( 0.3 45( 1 8.0 (ii)
K95M 7.3( 0.7 45( 2 6.2 (iii)
K101M 9.9( 0.9 51( 2 5.1 (iii)
a The parentheses show the grouping given in the text.

FIGURE 7: Open book views of nos. 1 (A) and 2 (B) cytochrome
c3-[NiFe] hydrogenase complex models, respectively. The cyto-
chromec3 and [NiFe] hydrogenase faces are shown on the right
and left, respectively. Hemes and sulfurs in the cluster are colored
red and yellow, respectively. Positively charged residues (lysine
and arginine) and negatively charged residues (glutamate and
aspartate) are colored cyan and pink, respectively. Contact residues,
which were affected by site-directed mutagenesis, are colored blue
and magenta. Aromatic residues, which are suggested to be involved
in the electron-transfer pathways, are colored orange. Bold and
dotted arrows connect the paired residues which form either salt
bridges or hydrogen bonds, respectively.
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three residues of group iii (K60, K72, and K95) are involved
in the interface interactions. This suggests both models satisfy
the requirement to the same extent. K60M exhibited the
largest increase inKm (Table 4). Models nos. 1 and 2 show
that this mutation not only removes a salt bridge but also
leaves two negative charges in repulsion. This explains the
largest increase inKm. In group iii, K101 is the only residue
which is not involved in the direct interaction in models nos.
1 and 2. K101 forms an intramolecular salt bridge with S107
in the complex, but it is free and exposed on the surface in
the monomer. The positive charge of K101 would contribute
to attract the hydrogenase to the interaction site. However,
since it has no partner for a salt bridge in the hydrogenase,
its long chain would become an obstacle for the close contact
between the [4Fe4S] cluster and heme 4. The intramolecular
salt bridge with the C-terminal carboxyl group would remove
the long side chain from the interface. In the K101M mutant,
the side chain of methionine cannot behave in this way,
leading to the suppression of the complex formation. This
would explain the decrease in the affinity between two
proteins.

The iron-iron distance between two redox centers (14.4
and 13.6 Å for models nos. 1 and 2) is greater than those in
the model structure for the cytc3-[Fe] hydrogenase (8.8 Å)
and cytc553-[Fe] hydrogenase (12.3 Å) complexes (25, 41).
The distal [4Fe4S] cluster in the [NiFe] hydrogenase is more
buried than that in [Fe] one. Although a pair of redox center
edges at a distance of 14 Å can be used for a functional
electron transfer (42), an aromatic residue would be helpful
for effective electron transfer. In model no. 1, [4Fe4S]d-
Y218-heme 4 is the putative electron-transfer pathway. In
model no. 2, two pathways ([4Fe4S]d-H188-F197-heme
4 and [4Fe4S]d-C216-F202-heme 4) are possible (Figure
5D). His188 and Cys216 are the ligands of the distal [4Fe4S]
cluster. The His ligand is a unique structural characteristic
for [NiFe] hydrogenase. His188 and Cys216 are conserved
in a newly classified gene family of [NiFe] hydrogenase
small subunit,hynS (43). Although the F202 and Y218
aromatic rings are not perfectly conserved in the [NiFe]
hydrogenase gene,hynS, the F197 aromatic ring is perfectly
conserved as either Phe or Tyr (43). Therefore, the pathway,
distal [4Fe4S] cluster-His188-aromatic ring (F197), seems
to be a conserved electron-transfer pathway for the reduction
by [NiFe] hydrogenase. Actually, F192 (identical to F197
in DdA sequence) was also assumed to be involved in the
electron-transfer pathway in the model structure for the cyt
c3-[NiFe] hydrogenase complex fromDdA. The distances
between heme 4 CMB and F192 CE1 and between F192
CE1 and distal [4Fe4S] cluster S3 were 4.5 and 4.4 Å,
respectively (20). In our model no. 2, the distance between
heme 4 CMB and F197 (which is sequentially identical to
F192 inDdA [NiFe] hydrogenase) CE1 and between F197
CE1 and H188 CE1 are 3.5 and 3.4 Å, respectively. So, our
model no. 2 should be more effective for electron transfer.
It was also suggested forDg [NiFe] hydrogenase that the
partially exposed His ligand of the distal [4Fe4S] cluster is
the gate for electron transfer to cytc3 (17), since histidine is
an unusual ligand for [4Fe4S] clusters. Our model no. 2 fits
to this idea.

On the other hand, evaluation for the conservation of
intermolecular salt bridges and hydrogen bonds is not
straightforward because of the low homology in cytc3 amino

acid sequence.DVMF cyt c3 is classified to the 2-4-2-4 group
on the basis of heme attachment sites (31). In hynSgenes
from DesulfoVibrio 2-4-2-4 species, E198, E201, E210,
Y218, E219, and E254 are conserved. However, lysine
residues of cytc3 belonging to the 2-4-2-4 group are not
exactly conserved (31). Conserved residues in group ii and
iii are Y66, K94, and K95. K58 and K72 are not conserved
in the current sequence alignment. However, they are
conserved in a way, because a lysine residue is located at
the direct neighbor on the replacement by another residue.
Although K60 is replaced by Gln inDdE cyt c3, it is
compensated by the replacement of D71 by Thr, suggesting
that they can form hydrogen bonds instead of salt bridges.
Therefore, the amino acid residues involved in cytc3-
hydrogenase interactions in models nos. 1 and 2 are
reasonably conserved in the relevant sequences. In summary,
both models nos. 1 and 2 are reasonably consistent with the
mutation experiments and conformational requirements for
electron transfer. However, model no. 2 is more favorable
in terms of the short iron-iron distance, the genetically
conserved electron-transfer pathway, and the involvement
of His ligand in electron transfer.

One of the most important findings in this work is that
the reduced cytc3 was more greatly and widely influenced
by hydrogenase (Figure 3B) compared to the ferric type. This
suggests that the affinity constant of the complex formation
was larger for the reduced form than for the oxidized form.
In the region around heme 4, Asp59, Gly99, and Cys100
showed the largest chemical shift changes, and the resonance
of Thr98 disappeared (Figure 2B). This indicates that the
residues close to heme 4 are also involved in the interaction
with hydrogenase in the reduced state. However, the
perturbed sites around heme 4 are more scattered in
comparison with the oxidized one (Figure 3). An important
point regarding the reduced state is the appearance of a new
perturbed site around heme 3. The chemical shift perturbation
at Cys79, which links heme 3, was one of the largest. The
resonances of Asn21-Lys26 and Val28, which are situated
between hemes 3 and 1, either disappeared or showed large
perturbations (Figures 2B and 3B). These perturbations might
indicate either a new interaction site with hydrogenase or
secondary effects of binding on other sites. If the latter is
the case, the binding site should be heme 4. Since the region
around heme 3 was not affected in the oxidized state, this
kind of secondary effect is unlikely. Therefore, the region
around heme 3 would be the major interaction site for the
electron transfer from cytc3 to hydrogenase. The microscopic
redox potential of heme 3 is the lowest in the last reduction
step at pH 7 (39). Therefore, heme 3 could be the gate for
the electron supply to hydrogenase. Actually, the conforma-
tion of cyt c3 including the region between hemes 1 and 3
changes on reduction (2). This conformational change would
be an origin of the new interaction site. A large affinity
constant will promote the electron transfer from cytc3 to
hydrogenase even if the redox potential of the latter is lower
than that of the former. The interaction site for the reduction
of hydrogenase by cytc3, however, is a subject open for
future investigations.

In conclusion, positive residues around heme 4 in cytc3

(K60, K72, K94, and K95) act in concert to interact with
[NiFe] hydrogenase, in which aromatic residues (H188 and
F197) are expected to play a central role in the electron-
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transfer pathway for the reduction of cytc3. In the reduction
of the hydrogenase, however, heme 3 in cytc3 is suggested
to play a key role.
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