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ABSTRACT. Cytochromec; isolated from a sulfate-reducing bacteriubesulfaibrio 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
¢z and [NiFe] hydrogenase, the transient complex formation by these proteins was investigated by means
of NMR. All NH signals of uniformly?>N-labeled ferric cytochrome; except N-terminus, Pro, and Gly73

were assignedH-*N HSQC spectra were recorded f6N-labeled ferric and ferrous cytochromg 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 cytoclegorfie investigate the
transient complex of cytochronme 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 cytochrongg 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, th&, 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 cytochrocageduction. This finding is consistent

with the most possible structure of the transient complex obtained by modeling.

Cytochromec; (cyt cs) is a small soluble proteinM; ~ hydrogen metabolism. Hydrogenase catalyzes the reversible
14 000) including fourc-type hemes. It shows very low oxidoreduction of molecular hydrogen and proton ions, and
oxido-reduction (redox) potentials (about300 mV in therefore, cyt; acts as an electron acceptor or donor. This
average), which are considered to be essential for sulfateis one of the core reactions in the hydrogen cycling model

respiration. The three-dimensional (3D) structurésagd for energy production in the geniBesulfaibrio (15).
references therein) and macroscopic and microscopic redox

potentials {—3 and references therein) of agfrom various Hydrogenases have been classified into three families

bacteria have been determined. To elucidate its functional 2°€0rding to the metal compositions of their active centers,
role, the redox interaction between ogg and either its ~ namely, [Fel, [NiFe], and [NiFeSe] hydrogenases. [NiFe]
physiological or nonphysiological partners, such as hydro- hydrogenase has been the most extensively investigated
genase, ferredoxind(6), flavodoxin (7—10), rubredoxin among them. The th_ree-d|men5|onal cry_stz_al structures of
(11), nine-heme cytochrome (12), high molecular weight [NiFe] hydrogenase isolated frofDesulfaibrio vulgaris
cytochromec (hmc) (13), and type-Il cytcs (14), has been ~ Miyazaki F OvMF) (16), Desulfaibrio gigas (Dg) (17),
investigated. The most extensively studied physiological Desulfaibrio fructosaorans (Df) (18), and Desulfaibrio
partner is hydrogenase, which plays a central role in desulfuricansATCC 27774 DdA) (19); [NiFeSe] hydroge-
nase fronDesulfomicrobium baculatu®mb) (20); and [Fe]
R — hydrogenase fror®. desulfuricangDd) (21) andClostrid-
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Table 1: Synthetic Oligonucleotides Used for Site-Directed Mutagehesis

mutation synthetic oligonucleotide

K10M 5(214)-GCC GAC GGT CTG ATG GAC AAG ACC-840)
K15M 5(229)-ATG GAC AAG ACC ATG CAG CCC GTG GTC-'g55)
K26M 5'(262)-CAC TCG ACC CAC ATG GCC GTG AAG TGT G*@89)
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-3384)
K60M 5(364)-GAC AAG AAG GAC ATG TCC GCC AAG GGC-3390)
K72M 5'(400)-GCC ATG CAT GAC ATG GGC ACC AAG TTC-8426)
K94M 5'(466)-GAC GCC GCC AAG ATG AAG GAA CTG ACG-3492)
K95M 5'(469)-GCC GCC AAG AAA ATG GAA CTG ACG GGC-3495)
K101M 5(487)-CTG ACG GGC TGC ATG GGC TCC AAG TGC{5313)

aThe numbers in parentheses are the sequence numbers according9o ref

The site of interaction between cgt and hydrogenase (Applied Biosystems Japan Ltd.), and two M13 primers,
has been studied for a few systems. The [Fe] hydrogenaseRV-N and M4 (Takara Bio, Inc., Japan).

from Dd and cytcs from D. vulgaris Hildenborough DvH) Purification of Cytochrome£ The wild-type and mutated
have been investigated by means of biochemical methodscyt c; were overexpressed iS. oneidensisTSP-C as

(23, 24) and by structural modeling on the basis of NMR  jescribed previously30). 15N-Labeled cytcs from DoMF
data @9). For the [NiFeSe] hydrogenase and octaheme cyt, a5 gyerexpressed iS. oneidensisTSP-C using CHL

Cs (M; ~ 26 000) system frorDesulfomicrobium nargicum e giym (Chlorella Industry Co., Ltd., Japan) as described
(Dr_nn), amutation of Y73E m_the ¥ has be_e-n examined, previously @1). Cyt cs was purified at 4°C and pH 7.0.
which induced a decrease in the '”‘era"“@f"' 27). A The sonicated cell suspension was centrifuged at 7@ 000
fstructur.al modeling stgdy has also been carried out on thefor 1 h. Ammonium sulfate was added to the supernatant to
interaction between [NiFe] hydrogenase andeftomDdA 504 <ot ration. After centrifugation at 70 @r 30 min,

(13)\/’6'3#;\?; :é'oefg?;igt?:}:\ggeggﬁ t\i/;?mssl?rrsgtljridbf ferrous ammonium sulfate was added to the supernatant to 70%
; . . saturation, followed by centrifugation for 40 min. The
cyt ¢; from DuMF using the NMR method2), in which : .
X supernatant was applied to a HiLoad 26/10 phenyl sepharose
resonance assignments of the NH groups of @ytvere | h L hich had b
established. The assignments for ferriceytvere performed HP..CO umn (Amers am B|o§C|ences), which hadbeen
equilibrated with 30 mM sodium phosphate buffer 70%

in this work. Taking advantage of these assignments, saturated with ammonium sulfate. Qyffractions eluted with
chemical shift perturbations were measured to identify the 70-0% saturation with (NE);SO; in 30 mM sodium

interaction sites between cyy and hydrogenase in the . .
oxidized and reduced states%l’hen m)cgdeli%g of theesyt phosphate buffer were collected and dialyzed against 30 mM
' d- Phosphate buffer. Finally, the solution was applied to a

[NiFe] hydrogenase complex was carried out using a rigi _ .
: : : HiLoad 26/10 SP Sepharose HP column (Amersham Bio-
body docking algorithm, ZDOCK28 and references therein), X : ;
y dadg ) sciences), which was eluted with-B00 mM NacCl. The cyt

and NMR data. Furthermore, the og4 overexpression in ; , X
Shewanella oneidensisovided the effective production of €3 fractions were collected, dialyzed against ultrapure water,

site-directed mutant proteins. To determine the roles of @nd then lyophilized. The purity was checked by SDS

surface residues of cgs in the transient complex formation, ~ Polyacrylamide gel electrophoresis (SBBAGE).

electron-transfer kinetics were analyzed for the wild-type and  To assign theéH-1°N resonances of ferric cyt;, amino

mutant proteins. The results provide a new insight into the acid-specific.’®N-labeled cytc; for Ala, Cys, Gly, His, Leu,

mechanism of electron transfer between ¢ytand hydro- Lys, Met, Phe, Ser, and Val was obtained frbwMF, which

genase. was cultured using the chemical medium with amino acid
mixture and purified as previously describet] 82).

MATERIALS AND METHODS Purification of [NiFe] Hydrogenase. BMF was cultured
Site-Directed Mutagenesiall mutations were introduced  in medium C 82) in a 200-L anaerobic fermenter according
into the pKFC3k plasmid, which contains tBe/MF cyt c3 to the reported metho®8). The sonicated cell suspension
gene R9). Site-directed mutagenesis was conducted with a was centrifuged at 143 0g0for 1 h. The pellet was
Mutan-Super Express Km kit (Takara Bio, Inc., Japan), and suspended in a 2-fold volume of 25 mM Tris-HCI buffer,
synthetic oligonucleotides were purchased from Invitrogen pH 7.4, to which trypsin was added at the weight ratio of
Co., Japan. The synthetic oligonucleotides used for the 0.0015 to the pellet. After the mixture was stirred for 12 h
mutation at lysine residues are summarized in Table 1. Theat 4 °C under nitrogen gas, trypsin inhibitor was added at
mutations were confirmed by nucleotide sequencing. This the weight ratio of 0.625 to trypsin. The supernatant obtained
was performed with an ABI PRISM 310 genetic analyzer py centrifugation at 143 0@0for 1 h was subjected to
(Applied Biosystems Japan Ltd.) using a DNA sequence kit, dialysis. It was applied then to a DEAE TOYOPEARL 650S
BigDye Terminator Cycle Sequencing Ready Reaction column (Tosoh, Japan), which was eluted with 25 mM Tris-
HCI buffer, pH 7.4. The hydrogenase fractions were col-
! Abbreviations: NMR, nuclear magnetic resonance; HSQC, het- lected, concentrated, and applied to a HiLoad 26/60 Superdex

eronuclear single-quantum coherence; TOCSY, total correlation spec- ; ; i
troscopy; NOESY, nuclear Overhauser effect spectroscopy; HEPES,200 pg column (Amersham Biosciences), which was eluted

N-2-hydroxyethylpiperaziné¢-2-ethanesulfonic acid; rmsd, root-mean-  With 50 mM NaCl and 25 mM Tris-HCI buffer, pH 7.4.
square deviation. Then, the purification on DEAE TOYOPEARL 650S and
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HiLoad 26/60 Superdex 200 pg columns was repeated tohydrogenase was smaller than 20 A were selected. Then,

obtain the purified [NiFe] hydrogenase. similar orientations (backbone rmst 2 A) were grouped.
NMR Sample Preparatiorithe sample solutions for the ~ The protein complexes obtained were subjected to energy
14-15N resonance assignments of ferric cyincluded +2 minimization using the X-PLOR 3.851 prograr8y. For

mM cyt ¢z in 30 mM phosphate buffer, pH 7.0 or 6.0 (10% hormal residues and water molecules, force fields were
2H,0). The sample solution for the chemical shift perturba- applied to the complex structures based on the parameters
tion experiments comprised 0.4 mM axtin 30 mM sodium ~ of CHARMM 22. Heme group parameters were corrected
phosphate buffer, pH 7.0 (10%,0). To examine the effect ~ at the positions of the thioether bonds with cysteine residues.
of interaction, 0.6 and 0.4 mM hydrogenase were added to For the metal centers in hydrogenase, the charges were
the oxidized and reduced cg4, respectively. Fully reduced ~ assigned manually. Calculation according to the conjugate
Cyt c3 was obtained by f|ushing hydrogen gas into the Samp|e gradient method:16) was carried out for 1000 steps. Position
tube in the presence of a trace amount of hydrogenase (molafestraints were applied to all atoms except those within 20
ratio, ca. 0.001). Chemical shifts are referred to an internal A from heme 4 and the distal [4Fe4S] cluster. In addition to
standard, 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).  them, four hemes, iron sulfur clusters, and their ligands were

NMR ExperimentsAll NMR measurements were per- . flxed.. ) , )
formed at 303 K with an AVANCE DRX-600 NMR Determln-atlon of MaCfOS-COp|C Redox Potentialkhe
spectrometer (Bruker, Germany). 3D TOCSY-HSQC and macroscopic redox potentials of mutated ay were
NOESY-HSQC experiments were performed for the sequence-détermined by differential pulse polarography (DPP). Po-
specific assignment of the ferric ogt with 1024 ¢H) x 64 larograms were obtained with a 394 Digital Electrochemical

(15N) x 128 (H) data points. The spectral widths were 16.93, '1ace Analysis System (PerkinElmer, Inc.), which was
41.8, and 51.0 ppm in théH, 1N, and H dimensions controlled with Model 394 Analytical Voltammetry Software.

respectively. The mixing times were 30, 75, and 100 ms for 11€ working electrode was a dropping mercury electrode,
TOCSY-HSQC and 150 ms for NOESY-HSQEH-5N with a platinum wire coil as the counter electrode and an
HSQC spectra were recorded with 204Bl) x 128 (5N) Ag/AgCI electrode as the reference electrode. The pulse
data points. The spectral widths were 2H) x 40 (5N) height, scan rate, and drop time were 20 mV, 2 mY and
ppm for the oxidized sample and 184) x 38 (5N) ppm 2 s, respectively. Cyt; was dissolved at about 0.1 mM in
for the reduced one. Spectra were processed using a standarge MM sodium phosphate buffer (pH 7.0). The polarograms

Bruker software, XWINNMR version 3.1, and analyzed were fitted using an analytical equation for four consecutive

using software packages NMR-Pine and Pipp. The avera eone-electron (eversible electrode reactid@3ig.(Macroscopic
9 P g P kb g redox potentials were referred to the standard hydrogen

chemical shift perturbatiorA.ve of each backbone amide D

was calculated using the equatidtae= [AGH? + (ASN/ electrode (SHE) at 3€C in this work.

5)22, whereAdH andAJN stand for the changes in thi Measurements of CytochromeReduction by Hydroge-
and 5N chemical shifts, respectively. The values 8ae nase Whenever a diluted hydrogenase solutllo'n for kinetic
> 0.02 and 0.05 ppm were categorized as large perturbations€XPeriments was prepared, hydrogenase activity was deter-
for the ferric and ferrous types, respectively. The minimum Mined as follows. A solution (1.5 mL) of 1 mM methyl
values (0.02 and 0.05 ppm) were determined by averaging¥iclogen and 50 mM HEPES (pH 7.0) in an anaerobic

all Adae values after removing\dave in the top 10% and cuvette was bubbled with high-grade hydrogen gas (purity
bottom 10%. rate, 99.99999% and over) for 30 min. The absorbance at

Modeli f the Cvioch NiFel Hvd 604 nm was measured as a function of time with a
ocdeling of the *ytoc remege[ ! _e] ydrogenase BECKMAN DU640 spectrophotometer after the addition of
ComplexModeling of the fef”c cyt;3_—[N|Fe] hydrqgenese a small amount (final, 7 nM) of hydrogenase. The slope of
gomkplex V\I/as Ft)ﬁ rformltled dusgg&?g;i[)tgg{(pzfo;emgte[n the tangent at the beginning of the time course was used for

ocking aigorithm called 2 ) > OPUMIZES ~ca1culation of the hydrogen oxidation rate. An absorption
the desolvation (DE), pairwise shape complementarity (PSC)’coefﬁcient of 13600 M cmL for methyl viologen was
and electrostatics (ELEC) by means of Fast Fourier Trans- used

form (FFT). All default parameters and & Gotational Anaerobic cuvettes were filled with a cgt solution at

sampling interval were used. In this calculation, we used the various concentrations (final—30 M) in 50 mM HEPES

coordinates of the crystal structures of ferric cyt(PDB o
(pH 7.0). They were bubbled with high-grade hydrogen gas
code 1J00O) and hydrogenase (PDB code 1H2A). The waterfor 30 min. The change in absorbance at 552 deidh —

molecules in these PDB files were excluded, except for thoseesszred_ cssoox= 84 000 M c-1) was measured after the

bound to the Mg center. For cgt, an amino acid residue = )
whose solvent accessibility is high $0% for either the main addition of hydrogenese (final, 7. nM). The slope of the
tangent at the beginning of the time course was used for

chain or side chain according to program NACCES&)X calculation of the initial rate of reduction of cgs, which

and NMR Adaye is smaller than 0.01 ppm was defined as a : ; s
. . i . was corrected using the [NiFe] hydrogenase activity deter-
noninteracting residue on the surface, which was blocked . .
mined previously. TheK,, and k.,; of each cytcs were

from the interaction in the docking calculation. _Thus, NMR determined by nonlinear least-squares fitting of the Michae-
data were used to remove the unperturbed residues from tht?is—Menten equation to the experimental data

possible interaction sites on the surface of cyt For q P '
hydrogenase, metal centers were ignored in the calculation.gregyL TS

From the top 100 solutions, biologically meaningful orienta-

tions in which the distance between heme 4 iron in @yt 1H-15N HSQC spectra of ferric and ferrotfiN-labeled cyt
and the Fel atom of the distal [4Fe4S] cluster in the c; are presented in Figure 1H-5N resonance assignments
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ms.‘;j oo evee oH10s b Ficure 2: Average chemical shift perturbations of cytochromes
£ 157 T140 K1049 ka5 Tg,s;? Y i ¢z observed itH-15N HSQC spectra in the presence of hydrogenase.
o s230 ol O orasMicas?H25 (A) Ferric and (B) ferrous cytochronw. Asterisks indicate residues
2 5] voor Yo o %aus T24 not detected in the complex.
Z K?sfn's T W s *, i
- K 43 L9 o T . .
128 Kize oo 9 ”"ﬁ'm H52 presence of oxidized [NiFe] hydrogenase, respectively
‘ 0125107 () . .
- poio 022 (Figure 1A). The same measurement was carried out for
F200 & Nt ferrous?®N-cyt c; and the reduced hydrogenase (Figure 1B).
1307 . A s Chemical shift changes and broadening of resonances were
observed in both cases. Average chemical shift perturbations
135+ (Adave Were calculated from these spectra and are shown in

2 1 1 9 8 1 &  ppm Figure 2. Asterisks indicate the residues whose signals have
'H/ppm either disappeared or shifted to a great extent. For the ferric

FIGURE 1: H-15N HSOC spectra of cvtochrong in the absence type, Cys100 showed'the largest shift. CyleO.is covalently
(black) and presenceQ(redF))of [NiFe] fydrog;:‘j‘;lse at 600 MHz and linked to heme 4. Besides for Cys100, large shifts were also
303 K. Assignments are given in the spectra. (A) Ferric and (B) observed for Gly64, His70, Gly99, Lys101, and Serl03
ferrous cytochromes. (Adave > 0.03 ppm). Compared to th&d,.e values for the
ferric type, Adave values for the ferrous one were generally

for ferrous cytcs have been reporte@). All **N and 'H larger. In particular, Ser23, Asp59, Cys79, Gly99, and
backbone signals except those of the N-terminus, ProCys100 showed large shiftsAdae > 0.08 ppm). The
residues, and Gly73 in the fully oxidized state were assignedresonances of His34, His35, His52, and His83 for the ferric
in this work by 3D NOESY-HSQC experiments. The NH type and His22, Thr24-Lys26, His35, His52, His83, and
signal of Gly73 was very broad, and this signal disappeared Thro8 for the ferrous type were lost in the presence of [NiFe]
on measurement at 600 MHz. The NH signals of His35, hydrogenase. These histidine residues are heme axial ligands.
Asn38, and Ala89 disappeared at pH 7.0. However, these|n the oxidized state, the line widths of these resonances were
signals were observed at pH 6.0 (His38, 8.76 and™N, broader than those of the other resonances because of the
121.0; Asn38, 9.96 and 126.4; Ala89, 8.65 and 126.7). Since paramagnetic effect. Furthermore, these heme axial ligands
His35 is coordinated to heme 2, its Signal suffered from a are not exposed on the surface of Cgét The residues
Significant paramagnetic effect. Asn38 and Ala89 are located Showing |arge chemical shift perturbations and that then
on the surface. To identify the NH cross-peak of Ala, Cys, disappeared were mapped in the crystal structure of ferric
Gly, His, Leu, Lys, Met, Phe, Ser, and Val, amino acid- cyt ¢; (PDB code: 1J0O) and the 20-averaged solution
specific, *°N-labeled proteins were used. In total, 98% of strycture of ferrous one (PDB code: 1IT1), respectively
the proton resonances at backbone were assigned. Therigure 3). For the ferric type, chemical shift changes were
chemical shifts are deposited in the BioMagResBank with only observed around the heme 4 region. For the ferrous
the accession number 6572. type, however, the residues between hemes 1 and 3 (Asn21

To investigate the interaction of cyts with [NiFe] Lys26 and Val28) were affected in addition to the residues
hydrogenase, the chemical shifts ¥1-15N HSQC cross-  around heme 4 (Lys57, His70, Thr98, Gly99, Cys100, and
peaks of ferrictSN-cyt c; were measured in the absence and Lys101).
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Ficure 3: Chemical shift perturbation mapping of (A) ferric and
(B) ferrous cytochromec; on the crystal structure and the
20-averaged solution structure, respectively (PDB codes, 1J00O and
1IT1). Residues are colored according to the following classifica-
tion: (A) Adave < 0.02 ppm (cyan)Adave = 0.02 ppm (blue); (B)
Adave < 0.05 ppm (cyan)Adawe = 0.05 ppm (blue). Unassigned
residues, residues not detected in the complex, and hemes a
colored gray, magenta, and red, respectively. Sequential number
and heme numbers are given for the latter two. These figures were
produced with GRASP44).

Ficure 4: Spatial distribution of the top 100 docking positions.
rd he heme 4 iron position of cytochroneg is represented by an
Qrange 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

To investigate the mode of interaction betweenaydnd of the distal [4Fe4S] cluster is 20 A or less are contained in the
[NiFe] hydrogenase in detail, modeling of the transient white circle.

complex between cyt; and [NiFe] hydrogenase in the
oxidized state was performed using ZDOCK 2.3. At first, Table 2: Properties of the Seven Final Model Structures for the
the noninteractive residues of agas to the interaction with ~ Cytochromecs—[NiFe] Hydrogense Complex

hydrogenase were selected. The residues tith. < 0.01 interface
Fe—Fe accessible

ppm on the surface (high solvent accessibility) were regarded . ot distance  surface percentage of  energy
as the noninteractive ones. In total, 28 residues (K3, A4, “zdock” in area ofb polar/nqnpola&e(electrostatic
A6, D7, G8, K10, D12, K13, K15, Q16, V19, S23, K26 rank in heme/clustercytczhyd. atoms at interfa + vdWe)

L} 1 L L L L L L L L L A th A a 2 0/ k I/ I
A27, K29, D32, G39, EA1, Q44, K45, G50, K75, K77, E85, 1o Negrour (&) ( 3 ( °)/ (keal/mol)
T86, G88, A91, and K104) were selected and blocked from ; 2;’ ig_‘g ((Egi)) ?%ggf iglgg :gzgig
the interaction in docking calculation. Only the top 100 3 68 17.6 (FE4)  861/757 38/62 —24909
predictions were analyzed. The distribution of the predicted 4 67 14.3 (FE4)  571/594 39/61 —24883
positions of cytcs around hydrogenase is shown in Figure 2 Zg 122 EEEZ‘; ggggg% gggg :gigg;
4. Spheres represent the heme 4 iron positions ofL£Lydn 7 4 16.6(FE4) 967/929 45/55 —24381

the basis of the structural arChlte.Cture of meta! centers, it aThe numbers in parentheses indicate the atoms which are the closest
has been suggested that the region near the distal [4Fe4S}, the heme 4 iron in the distal [4Fe4S] clusteThese parameters
cluster of hydrogenase interacts with the redox center of awere calculated at the website http://www.biochem.ucl.ac.uk/bsm/PP/
counterpart and exchanges electrdid.(This was supported ~ server/.°vdW, van der Waals.

by mutational conversion of the [3Fe4S] cluster to the

[4Fe4S] one §8). So the predicted complexes with heme 4 HMB3 atom of heme and the S1 atom of the cluster are 6.5
of cyt c; close to the distal [4Fe4S] cluster of hydrogenase and 6.4 A for nos. 1 and 2, respectively. Since they are
(the distance between the heme 4 iron and the FE1 of thesimilar to each other, these models can possibly be selected
distal [4Fe4S] clusters 20 A) were selected. Thirty predicted  as the most possible structures of the eythydrogenase
complexes met this condition. Then, the selected complexescomplex. These structures are shown in Figure 5. It should
were grouped on the basis of docking orientations (backbonebe indicated that in model no. 2, heme 4 is close to His188
rmsd=< 2 A). The orientation with the best ZDOCK rank in  of hydrogenase, which is one of the ligands of the [4Fe4S]
each group was regarded as a representative orientation. Agluster.

a result, the 30 orientations were classified to seven groups. To determine the role of surface residues of @yin the
Then, energy minimization was performed for the seven interaction with [NiFe] hydrogenase, 10 lysine residues,
representative complexes. The refined seven complex struc-mainly around heme 4 (K10, K15, K26, K57, K58, K60,
tures were numbered according to the energy rank. TheK72, K94, K95, and K101), were substituted by methionine,
characteristics of these seven final model structures arerespectively. Two tyrosines, Y65 and Y66, around heme 4
summarized in Table 2. The shortest iraron distance was ~ were also mutated to Y65A and Y66L. The K26M mutant
found in structure no. 2 (13.6 A). The distance between the was prepared based on the results of the chemical shift
edges of heme 4 and the distal [4Fe4S] cluster was comparegerturbation experiment in the reduced state. There was no
for the structures nos. 1 and 2. The distances between thechange in the UVvisible spectra of any mutant cgg in
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(B) (D)

[4Fe4S],

=

Ficure 5: The most possible model structures of the ferric cytochrogrgNiFe] hydrogenase complexes. (A and C) Overall structures

of nos. 1 and 2 models, respectively. The polypeptide chains of cytoctopamel 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. Cytganorie

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.

the fully oxidized and reduced states compared with those Table 3: The Macroscopic Redox Potentials of the Wild-Type and
of the wild-type. In contrast, there were changes in their 1D Mutated Cytochromess in 30 mM Sodium Phosphate Buffer (pH
H NMR spectra for the oxidized forms. The heme methyl /-9) & 30°C (standard errors: 2 mv)

signals in the low field (1332 ppm), which are labeled E° = En® Ev
alphabetically (A-J) from low to high field, were assigned.  wild-type® —242 —296 —-313 —358
The observed spectra are given in the Supporting Informa- K10M —235(t7) —289(+7) —306(t7) —349(+9)
tion. The signal of 18CH; for heme 4 in K57M cytcs _ KlSm :34518 E:rg; :ggg g)Z) :g%g g% :ggg Ef%
showed the largest change (1.18 ppm) among the 10 lysinexs7u —244(-2) -291(+5) -311(+2) —353(+5)
mutants. The four macroscopic redox potentials were deter- k58m —242 (0) —294(+2) -—313(0) —354(4)
mined by differential pulse polarography and are summarized $gggﬂb —34213 (I% —ggg (i% —gég (12)7 —ggé (I%
in Table 3. The effects of the lysine mutations on the redox Yo5#  —227 E+25; ! §+8)) 2 EO) ) 3 EO) )
potenna_ls were small (I(_ass than 10 mV). _ K72M —243(-1) —291(+5) —300(t4) —353 (+5)
The kinetics of reduction of cyt; by hydrogenase inthe  K94m —245(-3) —295(1) —315(-2) —356#2)
presence of hydrogen gas were investigated for theseK95M =240 (+2) —291(+5) —311(+2) —351(+7)
proteins. The concentration of cgt was varied from 1 to K101M  —242(0) —293(f3) —311(t2) —353(+5)
30uM to determine the steady-state reduction rate by means *E° (i = I-IV) is the macroscopic redox potential at tfia

of the Michaelis-Menten equation (Figure 6). The obtained reduction step relative to the standard hydrogen electrode (SHE). The
P . . ) . lues in the parentheses are the differences between wild-type and

kinetic parameters are summarized in Table 4. Whilevas va tantsb £ f31

similar for all proteinsK, changed with the mutation. The mutants” rom rers>

increase oK, means the decrease of the affinity between ) )

cyt s and hydrogenase. Given tke/Ko, values, the mutant kc'at is more or less constant, the./Kn, ratio reflects the

cyt c; could be classified to three groups, namely, group i difference inKp,

(unaffected, K10M, K26M, and Y65A), group ii (458%,

K15M, K57M, K58M, Y66L, and K94M), and group iii DISCUSSION

(20—37%, K60M, K72M, K95M, and K101M). The largest This is the first case in which modeling of the ay—

decrease in activity was observed for K6OM eyt Since hydrogenase complex was carried out on the experimental
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Ficure 6: Rate of reduction of cytochromag as a function of its
concentration in 50 mM HEPES buffer (pH 7.0) at 26. The
concentration of hydrogenase was 7 nM. Wild-tyl, (K10M (<),
K15M (a), K60M (v), and K95M (). The thick line and thin
lines are the curves fitted to the Michaetislenten equation for
the wild-type and mutated cytochromes respectively.

Table 4: Kinetic Parameters of Electron Transfer between [NiFe]

Hydrogense and Either the Wild-Type or Mutated Cytochromes FiGURE 7: Open book views of nos. 1 (A) and 2 (B) cytochrome
in 50 mM HEPES Buffer (pH 7.0) at 25C c;—[NiFe] hydrogenase complex models, respectively. The cyto-
~ e chromec; and [NiFe] hydrogenase faces are shown on the right
K (M) Keat (577) KealKm (M~ 57%) and left, respectively. Hemes and sulfurs in the cluster are colored
wild-type 2.6+0.3 49+ 1 19 red and yellow, respectively. Positively charged residues (lysine
K10M 2.7+0.3 48+ 2 18 (i) and arginine) and negatively charged residues (glutamate and
K15M 45+04 4541 10 (i) aspartate) are colored cyan and pink, respectively. Contact residues,
K26M 3.0+ 04 44+ 1 14 (i) which were affected by site-directed mutagenesis, are colored blue
K57M 5.1+05 4842 9.4 (ii) and magenta. Aromatic residues, which are suggested to be involved
K58M 57+05 45+ 1 8.0 (ii) in the electron-transfer pathways, are colored orange. Bold and
K60M 104+ 04 46+ 1 4.4 (iii) dotted arrows connect the paired residues which form either salt
Y65A 22+0.1 49+ 1 23 (i) bridges or hydrogen bonds, respectively.
Y66L 43405 47+ 2 11 (i) . s .
K72M 6.7+ 0.4 42+ 1 6.4 (iii) conditions, we used the oxidized hydrogenase structure in
K94M 57+0.3 45+ 1 8.0 (ii) the docking analysis. This can be justified by the fact that at
K95M 7.3+£0.7 45+ 2 6.2 (iii) least the structure around the iron sulfur clusters in the
K101M 9.9+09 51+2 5.1 (i reduced form is identical with that in the oxidized forsoy.
2 The parentheses show the grouping given in the text. As shown in Figure 7A, K58, K60, K72, and K94 in cyt

c; form salt bridges with E254/D256, N267 (terminal
evidence for the proteins from the same bacterium. Chemicalcarboxyl oxygen), E219, and E210 in the small subunit of
shift perturbation mapping suggested that the region aroundhydrogenase, respectively, in model no. 1. Also, the K95
heme 4 is involved in the interaction with hydrogenase in amino proton and Y66 OH form hydrogen bonds with the
the oxidized state (Figure 3). This is in good agreement with D198 carbonyl oxygen and Y218 OH, respectively. The latter
the previous reports on other systems3( 11—14). Since would be important to fix the orientation of Y218 at the
cyt c; possesses many lysine residues around heme 4 andptimal position for electron transfer since the aromatic ring
hydrogenase is an acidic protein, this is reasonable from theof Y218 would be involved in the electron-transfer pathway
electrostatic point of view. The pH-dependent, heme-specific between the two proteins (Figure 5A). Furthermore, K60 and
redox potentials oDvMF cyt c; were determined by means K101 form intramolecular salt bridges with D71 and S107
of electrochemical methods and NMRY). At the first (terminal carboxyl oxygen) in cyts, respectively (Figure
reduction step, the heme-specific redox potential of heme 4 7A). For the model no. 2 (Figure 7B), on the other hand,
is the highest at pH 7. So heme 4 is most suitable for K60, K72, K94, and K95 form salt bridges with N267
accepting an electron from the electrochemical point of view. (terminal carboxyl oxygen), E210, E201, and D198 in the
This supports the idea that heme 4 is the physiological hydrogenase small subunit, respectively. Y66 OH forms a
interaction site in the electron transfer from hydrogenase to hydrogen bond with Y218 OH of the hydrogenase. Further-
cyt Cs. more, K58, K60, and K101 form intramolecular salt bridges

Modeling of the complex was carried out on the basis of with D56, D71, and S107 (terminal carboxyl oxygen) in cyt
chemical shift perturbations. In principle, we should have cs, respectively. The transient complex should be consistent
dealt with the ferric cytcs-reduced hydrogenase system to with the effect of mutation on the hydrogen reduction
discuss the transient complex. However, it is extremely kinetics. Namely, the residues in group iii (K60, K72, K95,
difficult in the NMR experiments. Since NMR data were and K101) in Table 4 should be involved in the interaction
determined under the ferric cy-oxidized hydrogenase  between the two proteins. In models nos. 1 and 2, the same
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three residues of group iii (K60, K72, and K95) are involved acid sequenc®vMF cyt c; is classified to the 2-4-2-4 group
in the interface interactions. This suggests both models satisfyon the basis of heme attachment sitd$)(In hynSgenes
the requirement to the same extent. K6BOM exhibited the from Desulfaibrio 2-4-2-4 species, E198, E201, E210,
largest increase Ky, (Table 4). Models nos. 1 and 2 show Y218, E219, and E254 are conserved. However, lysine
that this mutation not only removes a salt bridge but also residues of cytc; belonging to the 2-4-2-4 group are not
leaves two negative charges in repulsion. This explains theexactly conserved3(l). Conserved residues in group ii and
largest increase iy, In group iii, K101 is the only residue iii are Y66, K94, and K95. K58 and K72 are not conserved
which is not involved in the direct interaction in models nos. in the current sequence alignment. However, they are
1 and 2. K101 forms an intramolecular salt bridge with S107 conserved in a way, because a lysine residue is located at
in the complex, but it is free and exposed on the surface in the direct neighbor on the replacement by another residue.
the monomer. The positive charge of K101 would contribute Although K60 is replaced by GIn irDdE cyt cs, it is
to attract the hydrogenase to the interaction site. However,compensated by the replacement of D71 by Thr, suggesting
since it has no partner for a salt bridge in the hydrogenase,that they can form hydrogen bonds instead of salt bridges.
its long chain would become an obstacle for the close contactTherefore, the amino acid residues involved in cyt
between the [4Fe4S] cluster and heme 4. The intramolecularhydrogenase interactions in models nos. 1 and 2 are
salt bridge with the C-terminal carboxyl group would remove reasonably conserved in the relevant sequences. In summary,
the long side chain from the interface. In the K101M mutant, both models nos. 1 and 2 are reasonably consistent with the
the side chain of methionine cannot behave in this way, mutation experiments and conformational requirements for
leading to the suppression of the complex formation. This electron transfer. However, model no. 2 is more favorable
would explain the decrease in the affinity between two in terms of the short ironiron distance, the genetically
proteins. conserved electron-transfer pathway, and the involvement

The iron—iron distance between two redox centers (14.4 of His ligand in electron transfer.
and 13.6 A for models nos. 1 and 2) is greater than those in  One of the most important findings in this work is that
the model structure for the cgt—[Fe] hydrogenase (8.8 A)  the reduced cyt; was more greatly and widely influenced
and cytcsss—[Fe] hydrogenase (12.3 A) complexé&s(41). by hydrogenase (Figure 3B) compared to the ferric type. This
The distal [4Fe4S] cluster in the [NiFe] hydrogenase is more suggests that the affinity constant of the complex formation
buried than that in [Fe] one. Although a pair of redox center was larger for the reduced form than for the oxidized form.
edges at a distance of 14 A can be used for a functional In the region around heme 4, Asp59, Gly99, and Cys100
electron transfer42), an aromatic residue would be helpful showed the largest chemical shift changes, and the resonance
for effective electron transfer. In model no. 1, [4Fe#4S] of Thr98 disappeared (Figure 2B). This indicates that the
Y218—heme 4 is the putative electron-transfer pathway. In residues close to heme 4 are also involved in the interaction
model no. 2, two pathways ([4Fe4SH188-F197-heme with hydrogenase in the reduced state. However, the
4 and [4Fed4S-C216-F202-heme 4) are possible (Figure perturbed sites around heme 4 are more scattered in
5D). His188 and Cys216 are the ligands of the distal [4Fe4S] comparison with the oxidized one (Figure 3). An important
cluster. The His ligand is a unique structural characteristic point regarding the reduced state is the appearance of a new
for [NiFe] hydrogenase. His188 and Cys216 are conservedperturbed site around heme 3. The chemical shift perturbation
in a newly classified gene family of [NiFe] hydrogenase at Cys79, which links heme 3, was one of the largest. The
small subunit,hynS (43). Although the F202 and Y218 resonances of Asn2iLys26 and Val28, which are situated
aromatic rings are not perfectly conserved in the [NiFe] between hemes 3 and 1, either disappeared or showed large
hydrogenase genbyn$S the F197 aromatic ring is perfectly  perturbations (Figures 2B and 3B). These perturbations might
conserved as either Phe or Ty3[. Therefore, the pathway, indicate either a new interaction site with hydrogenase or
distal [4Fe4S] clusterHis188—aromatic ring (F197), seems secondary effects of binding on other sites. If the latter is
to be a conserved electron-transfer pathway for the reductionthe case, the binding site should be heme 4. Since the region
by [NiFe] hydrogenase. Actually, F192 (identical to F197 around heme 3 was not affected in the oxidized state, this
in DdA sequence) was also assumed to be involved in the kind of secondary effect is unlikely. Therefore, the region
electron-transfer pathway in the model structure for the cyt around heme 3 would be the major interaction site for the
cs—[NiFe] hydrogenase complex fromdA. The distances  electron transfer from cyd; to hydrogenase. The microscopic
between heme 4 CMB and F192 CE1 and between F192redox potential of heme 3 is the lowest in the last reduction
CE1 and distal [4Fe4S] cluster S3 were 4.5 and 4.4 A, step at pH 7 39). Therefore, heme 3 could be the gate for
respectively 20). In our model no. 2, the distance between the electron supply to hydrogenase. Actually, the conforma-
heme 4 CMB and F197 (which is sequentially identical to tion of cyt ¢c; including the region between hemes 1 and 3
F192 inDdA [NiFe] hydrogenase) CE1 and between F197 changes on reductio); This conformational change would
CE1 and H188 CE1 are 3.5 and 3.4 A, respectively. So, ourbe an origin of the new interaction site. A large affinity
model no. 2 should be more effective for electron transfer. constant will promote the electron transfer from cytto
It was also suggested f@g [NiFe] hydrogenase that the hydrogenase even if the redox potential of the latter is lower
partially exposed His ligand of the distal [4Fe4S] cluster is than that of the former. The interaction site for the reduction
the gate for electron transfer to ayt(17), since histidine is of hydrogenase by cyts;, however, is a subject open for
an unusual ligand for [4Fe4S] clusters. Our model no. 2 fits future investigations.
to this idea. In conclusion, positive residues around heme 4 ingyt

On the other hand, evaluation for the conservation of (K60, K72, K94, and K95) act in concert to interact with
intermolecular salt bridges and hydrogen bonds is not [NiFe] hydrogenase, in which aromatic residues (H188 and
straightforward because of the low homology in cyamino F197) are expected to play a central role in the electron-
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transfer pathway for the reduction of ayt In the reduction
of the hydrogenase, however, heme 3 in@yils suggested

to play a key role.
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