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ABSTRACT The role of the high potential [3Fe-4S]1+0
cluster of [NiFe] hydrogenase from Desulfovibrio species
located halfway between the proximal and distal low potential
[4Fe-4S]?>* 1+ clusters has been investigated by using site-
directed mutagenesis. Proline 238 of Desulfovibrio fructoso-
vorans [NiFe] hydrogenase, which occupies the position of a
potential ligand of the lacking fourth Fe-site of the [3Fe-4S]
cluster, was replaced by a cysteine residue. The properties of
the mutant enzyme were investigated in terms of enzymatic
activity, EPR, and redox properties of the iron-sulfur centers
and crystallographic structure. We have shown on the basis of
both spectroscopic and x-ray crystallographic studies that the
[3Fe-4S] cluster of D. fructosovorans hydrogenase was con-
verted into a [4Fe-4S] center in the P238 mutant. The
[3Fe-4S] to [4Fe-4S] cluster conversion resulted in a lowering
of approximately 300 mV of the midpoint potential of the
modified cluster, whereas no significant alteration of the
spectroscopic and redox properties of the two native [4Fe-4S]
clusters and the NiFe center occurred. The significant de-
crease of the midpoint potential of the intermediate Fe-S
cluster had only a slight effect on the catalytic activity of the
P238C mutant as compared with the wild-type enzyme. The
implications of the results for the role of the high-potential
[3Fe-4S] cluster in the intramolecular electron transfer path-
way are discussed.

Hydrogenases catalyze the reversible oxidation of the most
simple of chemical compounds, molecular hydrogen, accord-
ing to the reaction: H, < 2H" + 2e~. They are widely
distributed among microorganisms including Archae, Bacteria,
and Eukaryotes and are involved in many relevant biological
processes where hydrogen is oxidized or evolved (1). In many
anaerobes that use H, as a source of energy, hydrogenases
couple H, oxidation to the reduction of electron acceptors
such as carbon dioxide, sulfate, nitrate, fumarate, and sulfur,
whereas H; is produced via hydrogenase as a means of disposal
of excess electrons during fermentation. These enzymes play a
central role in the energy-generating mechanisms of sulfate-
reducing bacteria of the genus Desulfovibrio that exhibit a
strictly anaerobic mode of respiration of sulfate. They are
involved both in the oxidation of hydrogen associated with the
generation of a proton gradient and in the production of
hydrogen through fermentation processes, depending on the
growth conditions of these microorganisms (2, 3).
Hydrogenases are metalloenzymes that have been classified
on the basis of their metal-centers composition in two major
classes: iron-only ([Fe]) hydrogenases (4) and nickel-iron
([NiFe]) hydrogenases (5, 6). Extensive biochemical and bio-
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physical studies have been performed on Desulfovibrio gigas
[NiFe] hydrogenase (7-11). This enzyme is a heterodimeric
periplasmic protein with a molecular mass of 89 kDa (28- and
60-kDa subunits) that contains four metal centers: one NiFe,
one [3Fe-4S], and two [4Fe-4S] clusters (12, 13). The spectro-
scopic signatures of the enzyme redox centers indicate that the
NiFe center, coordinated by four cysteine residues, is the
catalytic site of the enzyme responsible of the heterolytic
cleavage of H,, whereas the iron-sulfur clusters are secondary
electron carriers (14, 15). Its natural electron acceptor is the
low-potential tetraheme cytochrome c3 (16).

The D. gigas enzyme isolated under aerobic conditions is
inactive and its activation requires incubation under reducing
conditions, such as an hydrogen atmosphere. It exhibits two
types of EPR signals: one centered at g = 2.01 detected only
at low temperatures, which is assigned to an oxidized [3Fe-4S]
cluster, and two Ni-related superimposed signals termed Ni-A
and Ni-B (15). The most intense Ni-A signal is associated with
the so-called “unready” state of hydrogenase whose activation
requires prolonged exposure to hydrogen under anaerobic
conditions. The minor Ni-B signal is associated with the
“ready” state of the enzyme, which can be rapidly activated.
Upon reduction under hydrogen, the enzyme displays an
additional rhombic EPR signal, termed Ni-C, associated with
one of the active states of the enzyme (15). In addition, the
iron-sulfur clusters have been characterized at various stages
of the reductive activation process by EPR and Mdossbauer
studies (11, 15) and magnetic interactions between the Ni-C
form and a reduced [4Fe-4S] cluster have been described (15,
17).

The three-dimensional x-ray structure of the [NiFe] hydro-
genase from D. gigas determined by x-ray crystallography
revealed that the three iron-sulfur clusters are distributed
along an almost straight line in the small subunit, with the
[3Fe-4S] cluster intercalated between the two [4Fe-4S] clusters
(12, 13). This sequential arrangement provides a plausible
electron transfer pathway from the active site buried in the
protein through the proximal [4Fe-4S] and [3Fe-4S] clusters to
the distal [4Fe-4S] center located close to the molecular
surface. However, although the middle position of the [3Fe-4S]
cluster suggests an active redox role for this center, its high
midpoint potential (=70 mV) as compared with the two
[4Fe-4S] clusters (—290 and —340 mV, respectively) (11), casts
doubt about its involvement in electron transfer.

Recently, the [NiFe] hydrogenase from D. fructosovorans,
which is highly homologous to D. gigas enzyme (18), has been
cloned and expressed in a D. fructosovorans mutant lacking a
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wild-type copy of the enzyme (19, 20), thus opening the way
to site-directed mutagenesis studies. To investigate the role of
the [3Fe-4S] cluster in the intramolecular electron transfer,
Pro-238 of D. fructosovorans hydrogenase, which is homolo-
gous to Pro-239 of D. gigas enzyme (Fig. 1) and occupies the
position of a potential additional ligand to the intermediate
Fe-S cluster (12) was replaced by a cysteine residue, as is the
case of the native Desulfomicrobium baculatum [NiFeSe] hy-
drogenase (8) (Fig. 1).

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth Conditions. Esch-
erichia coli strain DH5«, F~, endAl, hsdR17(rx~ mg™"),
supE44, thi=!, A=, recAl, gyrA96, relAl, A(argF~ lac-
ZYA)U169, $80dlacZAM1S5 was used as a host in the cloning
of recombinant plasmids. The bacterium was routinely grown
at 37°C in Luria-Bertani medium. Ampicillin at 100 pg/ml or
chloramphenicol at 30 ug/ml were added when cell harbored
pUC or pBCF4 derivatives, respectively. The method de-
scribed by Inoue ez al. (24) was used to generate high-efficiency
E. coli competent cells. The cells were grown at 18°C in SOB
medium. The recently constructed shuttle vector pBMC6 (25)
was used in this study to carry the [NiFe] hydrogenase operon
from D. fructosovorans. The 3.8-kb Nsil-Dral fragment from
pHH?7 that contains the hynABC genes from D. fructosovorans
(20), was inserted in pPBMC6 digested with PstI and Smal. The
resulting plasmid was named pBCF4. Plasmid pBCF4 was
introduced into D. fructosovorans by electrotransformation
(25).

D. Fructosovorans strain MR400 (hyn::npt AhynABC) carry-
ing a deletion in the [NiFe] hydrogenase operon (19) was
grown anaerobically at 37°C in SOS medium (25). Kanamycine
at 50 ug/ml was present routinely, and 30 pg/ml of thiam-
phenicol was added only when cells harbored the plasmid
pBCF4.

Culture volumes were increased by a factor of 10 at each
subculture from 10 ml to 10 liters. All transfers were per-
formed by using strictly anaerobic procedures. Septum-
stoppered serum bottles were used for 100-ml and 1-liter
cultures for which the syringe-based anaerobic technique was
used (26).

Site-Directed Mutagenesis. The double PCR mutagenesis
technique (27) was used to generate the point mutation in the
hynA gene carried by the pBCF4 plasmid. The fragment
HindIII-Sacl from pBCF4 was subcloned into pUC18 in which
the EcoRI site had been previously removed. This construct,
called pUCmut, made unique the EcoRI site of the insert and
allowed us to work with the 410-bp EcoRI-Sacl cassette, which
contains the Pro-238 target codon. Complementary mutagenic
oligonucleotides B and C were designed to introduce the TGC
Cys codon in place of the CCC Pro-238 codon. Oligonucleotide
A was located upstream from the EcoRI site, and oligonucle-

[3Fe-4S]
D. g. 227 NCPKQLFN-QVNWPVQAGHPCIACS 250
D. F. 226 NCPLVLFN-QVNWPVQAGHPCLGCS 249
D. v. 230 NCPKIKFN-QTNWPVDAGHPCIGCS 253
R. c. 229 ACSTVPLERRRHFPIQSGHGCIGCS 253
B. 7. 229 ACSTVRWNGGVSFPIQSGHGCIGCS 253
Dm.b. 245 DCAKRRWNNGINWCVENA-VCIGCV 268

Fic. 1. Alignment of amino acid sequences of various [NiFe]
hydrogenase small subunits around the three cysteine ligands to the
[3Fe-4S] center. The sequences were taken from refs. 8 (D. gigas [NiFe]
hydrogenase, D. g.), 18 (D. fructosovorans, D. f.), 21 (D. vulgaris
Miyazaki F, D. v.), 22 (Rhodobacter capsulatus, R. c.), 23 (Bradirhizo-
bium japonicum, B. j.), and 8 (D. baculatum, Dm. b.). The cysteine
cluster ligands and the conserved proline residue corresponding to
position 239 in D. gigas enzyme are shown in bold.
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otide D was located downstream from the Sacl site. Vent DNA
polymerase (New England Biolabs) was used in the PCR
experiments. PCR1 performed in the presence of oligonucle-
otides A and C generated the mutated 5’ part of the cassette,
and PCR2 performed in the presence of oligonucleotides B
and D generated the mutated 3’ part of the cassette. In PCR3,
the products from PCR1 and 2 were mixed to generate the
whole mutated EcoRI-Sacl fragment. After completion of
PCR3, the mutated cassette was cloned in EcoRI-Sacl-
digested pUCmut. The sequences of four clones were verified.
The HindIlI-Sacl fragment that carried the Cys-238 mutation
then was cloned in the pBCF4 digested with HindIII and Sacl.
The mutated plasmid was introduced into D. fructosovorans
MRA400 by electrotransformation.

Protein Purification and Analysis. Recombinant native D.
fructosovorans [NiFe] and P238C mutant hydrogenases ex-
pressed in D. fructosovorans MR400 (pBCF4) strain were
purified following the procedure previously reported (28) with
minor modifications. Precautions were taken against oxygen by
flushing buffers with purified argon, by washing each column
with O,-free buffer and by collecting active fractions into
sealed tubes under argon. In a typical experiment, 45-g wet
weight cells stored at —80°C were thawed, and the soluble
protein extract was prepared as described (29). The purifica-
tion was achieved by using four chromatography steps (28), and
the yield of pure enzyme was lower for the mutant (18 mg) than
for recombinant native protein (30 mg).

Cytochrome c3 from D. fructosovorans was purified by using
the procedure previously reported for the basic cytochrome c3
from D. africanus (30). The pure cytochrome c3 exhibited a
purity index (Asszrea — As7ored/A2soox) Of 3.2.

Enzyme Assays. Enzyme activity was measured at 30°C by
using the spectrophotometric H, uptake (31) and the mano-
metric H; evolution assay (29) with methyl viologen (1 mM) as
mediator. H, uptake activity also was determined by using D.
fructosovorans tetraheme cytochrome c3 (25 uM) as electron
acceptor (16). One unit of hydrogenase activity in the H»
uptake assay is defined as the amount of enzyme that catalyzes
the reduction of 2 wmol methyl viologen or 0.5 wmol cyto-
chrome c¢3 per min, corresponding to the consumption of 1
pmol of Hy per min. The D,/H* exchange activity of the
enzymes was measured as previously reported (32). Hydroge-
nase activity in the different assays was determined with the
enzyme previously activated by prolonged incubation under H,
in a buffer containing 50 mM TrissHCl and 1 mM methyl
viologen (31) or in the same buffer with 20% of glycerol added
as protecting agent and 10 uM cytochrome c3 (16).

Analytical Procedures. Hydrogenase concentration of pure
enzyme preparations were determined spectrophotometrically
by using their extinction coefficient at 400 nm as described
(29). Native and SDS/PAGE followed by Western blotting
using a polyclonal antibody against D. fructosovorans [NiFe]
hydrogenase (29) were performed as previously reported (33,
34). The metal content of the proteins was estimated by
inductively coupled plasma emission spectroscopy using a
Jobin-Yvon model JY 38 apparatus (Longjumeau, France).

EPR Spectroscopy and Redox Titrations. Redox titrations
were carried out at 23°C in an anaerobic cell containing a
solution of purified hydrogenase (100 uM) in 50 mM Hepes
(pH 8.0) buffer as previously described (35). At each desired
potentials, a 150-ul sample was anaerobically transferred in an
EPR tube and quickly frozen in liquid nitrogen.

EPR spectra were recorded on a Bruker ESP 300E spec-
trometer fitted with an Oxford Instrument ESR 900 helium-
flow cryostat. For spin quantitation, the double integration of
the signal recorded in nonsaturating conditions was compared
with that given by a CuSOy standard at the same temperature.

X-Ray Crystallography. Crystals of the P238C mutant of D.
fructosovorans hydrogenase were grown at room temperature
under conditions [100 mM Mes buffer, pH 6.4, 100 mM
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NH4(CH3COO ™), 25 mM octyl-B-D-glucopyranoside, and 24—
26% polyethylene glycol (PEG) 6000 as precipitant], which are
similar to those used for the native enzyme (36), except that the
experiment was carried out in an anaerobic glove box (<1 ppm
O,) because the mutant appeared more sensitive to O than the
wild-type enzyme. Typically, crystals appeared after 3 days. A
crystal of dimensions 0.3 X 0.2 X 0.05 mm?was incubated a few
minutes in a buffer containing 100 mM Mes, pH 6.4, 100 mM
NH4(CH3COO™), 34% PEG 6000, and 20% of glycerol as
cryoprotectant. The crystal then was flashed-cooled in liquid
propane at —160°C and conserved in solid propane at —196°C.

Subsequently, a data set was collected at cryogenic temper-
ature (—150°C) at the D2AM synchrotron beam line of the
European Synchrotron Radiation Facility (Grenoble, France)
by using a XRII-CCD detector (37). Data then were processed
with XDS (38), and further data reductions were made with the
CCP4 package (39). The D. fructosovorans hydrogenase P238C
mutant crystal unit cell is isomorphous with the corresponding
native one at this same temperature. Data collection statistics
are summarized in Table 1. The structure was solved by the
molecular replacement method with the native D. fructoso-
vorans hydrogenase structure as the starting model (code 1frf)
using the AMORE program (40). The model of the native D.
Jructosovorans hydrogenase, including the [3Fe-4S] cluster and
Pro-238, was refined against the 3-A resolution data of the
P238C mutant with the programs X-PLOR (41) and REFMAC
(39). The model was adjusted first by a rigid-body rotation/
translation and then by positional and individual B-factor
refinements.

RESULTS

Expression, Characterization, and Catalytic Activity of
[NiFe] Hydrogenase P238C Mutant. The recombinant native
D. fructosovorans [NiFe] hydrogenase and P238C mutant were
expressed in D. fructosovorans MR400 pBCF4 strain as holo-
proteins and isolated as described. The purity of the proteins
was confirmed by SDS/PAGE and Western blotting, which
revealed specific bands at 28 and 60 kDa for both proteins. The
final purity index (4400 nm/A280 nm) Of the proteins was 0.28 and
0.27 for the native protein and the mutant, respectively (Table
2).

The iron content of the native hydrogenase was found to be
close to 12 atoms per molecule (Table 2), in agreement with
the presence of two [4Fe-4S] and one [3Fe-4S] clusters and one
additional iron atom associated to nickel in the active site (12,
13). The absorption spectrum of the P238C mutant and its
extinction coefficient at 400 nm (g400 = 52 mM~lcm™!) are
similar to those of the native hydrogenase (Table 2). These
properties are indicative of the presence of three Fe-S clusters
in the mutant enzyme in agreement with the presence of at
least 12 iron atoms per molecule (Table 2). In contrast to the
wild-type enzyme, the as isolated P238C mutant Fe-S clusters
exhibited oxygen sensitivity, which resulted in a decrease of its
Ago0/Aas0 absorbance ratio and a loss of catalytic activity.

Table 1. X-ray data statistics

Resolution 3A
Space group P2,
Cell parameters

a,b,c, A 68.35 99.73 182.61

B,° 92.04
A A 0.9798
Observed reflections 79,013
Unique reflections 33,794
I/a (I) 8.9
Completeness, % 74
Reym, *% 7.7

*Rym = 100 X (|1 — (D|/SI).
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Table 2. Physico-chemical and catalytic properties of native
D. fructosovorans [NiFe] hydrogenase and P238/C mutant

P238/C
Enzyme Wild type mutant

Spectrophotometric properties

€400 mM~l-cm™! 53 52

Auapo/A2s0 0.28 0.27
Metal content, atoms/mol

Ni 1.05 = 0.05 0.97 = 0.06

Fe 11.95 = 0.5 12.6 = 0.8
Catalytic activity

H> uptake* 330 205

H, productionT 65 104

Cytochrome c3 reduction™ 1,320 812

D>/H™ exchange activity* 223 175
Midpoint potentials, mV

Intermediate Fe-S cluster +65 (3Fe) —250 (4Fe)

[4Fe-4S]2+/1* prox —-340 —-380

[4Fe-4S12+/1+ dist —340 —380

*Specific activity expressed as reported in Materials and Methods.
TExpressed as pmol Hy produced min~!mg~1.

¥Expressed as umol HD + H produced min~!-mg~!.

The P238C mutant is a functional enzyme that shows
significant activity in the different reactions catalyzed by
hydrogenase (Table 2). The H, uptake activity of the mutant
using methyl viologen as electron acceptor exhibited a de-
crease of 38% as compared with the wild-type values, whereas
H, production activity showed an increase of 60% with the
same mediator as electron donor. In addition, a decrease of
38% of cytochrome c3 reduction activity was observed for the
mutant, which is in good agreement with the H, uptake activity
obtained by using the viologen dye. These results indicate that
the H, uptake and H, production activities of the P238C
mutant were only slightly modified. In addition, the data
suggest that the electron transfer pathway from the active site
to the electron acceptor is similar when using either methyl
viologen or cytochrome c3. The D,/H* exchange activity of the
P238C mutant exhibits a slight decrease (21%) as compared
with the wild-type value (Table 2).

EPR Spectroscopy and Redox Properties. Both the wild-
type and the P238C mutant hydrogenases were titrated from
about +300 mV to —480 mV. The EPR spectra were recorded
at various temperature and microwave power conditions to
analyze the redox behavior of the different metal centers.

As previously described (28, 42), the oxidized wild-type
enzyme exhibited a weakly anisotropic [3Fe-4S]'* signal cen-
tered atg = 2.02 (Fig. 2a), which overlapped a Ni signal having
amajor Ni-A (g = 2.32,2.23,2.01) and a minor Ni-B (g = 2.34,
2.16, 2.01) components (Fig. 2¢). The [3Fe-4S]'* signal ac-
counted for 0.85 spin/molecule, whereas the total Ni signal
intensity corresponded to 0.7 spin/molecule, a substoichio-
metric quantitation usually found in [NiFe] hydrogenases (42,
43). Upon reduction, these signals disappeared progressively,
leading to an EPR silent enzyme in the g = 2 region when
poised at about —250 mV (Fig. 3a). The reduction of the
[3Fe-4S] center is manifested by the increase of a broad line at
g ~ 12 arising from the S = 2 [3Fe-4S]° clusters (Fig. 3c). At
lower potentials (<—300 mV), the reduction of the two
[4Fe-4S] centers of the wild- type hydrogenase gave, as in the
D. gigas enzyme, an extremely broad spectrum (Fig. 3c), which
results from their magnetic coupling with the [3Fe-4S]° cluster
(11). In addition, the appearance of the Ni-C species, which is
associated with the active enzyme, gave at low temperature the
split Ni-C signal arising from magnetic interactions with the
proximal [4Fe-4S]'* cluster (17) and characterized by major
features at g = 2.21 and 2.10. This signal showed a bell-shaped
variation as a function of the redox potential with a maximum
at —360 mV.
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F1G. 2. EPR spectra given by the hydrogenases from D. fructoso-
vorans in the oxidized state. (a and ¢) Wild-type enzyme. (b and d)
P238C mutant. Conditions: temperature, 12 K; microwave frequency,
9.422 GHz; microwave power, 0.04 mW; modulation amplitude, (a and
b) 0.1 mT, (c and d) 1 mT.

In the oxidized P238C mutant, a Ni signal similar to that of
the wild-type enzyme though corresponding to a slightly
different Ni-A/Ni-B ratio was observed, but interestingly, no
[3Fe-4S] signal could be detected (Fig. 2 b and d). Upon
reduction, the Ni signal disappeared, but below —200 mV, in
contrast with the wild-type enzyme, a new-fast relaxing axial
signal increased at g = 2.08 and 1.88 (Fig. 3b), which is typical
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Fic. 3. EPR spectra given by reduced hydrogenases from D.
fructosovorans. (a and ¢) Wild-type enzyme. (b and d) P238C mutant.
Conditions: temperature, 6 K; microwave frequency, 9.420 GHz;
microwave power, (¢ and b) 0.1 mW, (c and d) 1 mW; modulation
amplitude, 1 mT.

Proc. Natl. Acad. Sci. USA 95 (1998)

of a reduced [4Fe-4S] center. At very low potentials (<—300
mV), this new signal broadened progressively, and the spin
intensity of the whole spectrum increased from 1 to 3 spins/
molecule, showing that the signal given by the fully reduced
mutant (Fig. 3d) arises from three [4Fe-4S]'* centers. In the
P238/C mutant, the Ni-C signal behaved as in the wild-type
enzyme.

Taken together, these results show clearly that the [3Fe-4S]
cluster of the wild-type hydrogenase is no longer present in the
P238C mutant and has been converted into a new [4Fe-4S]
center. By fitting the amplitude variations of the various FeS
signals as a function of the redox potential to Nernst curves, the
midpoint potentials of the FeS clusters of the two enzymes
were determined (Table 2). It then appears that the new
[4Fe-4S] cluster lying between the proximal and distal [4Fe-4S]
centers has a markedly more negative redox potential than the
[3Fe-4S] cluster of the wild-type enzyme. In contrast, the
potentials of the distal and proximal [4Fe-4S] centers are only
slightly negatively shifted in the mutant. Moreover, it is worth
noting that the properties of the Ni center were not signifi-
cantly affected by the mutation, as shown by the similar redox
behavior observed in both enzymes for the Ni-A, Ni-B, and
Ni-C signals.

Structure of the P238C Mutant [NiFe] Hydrogenase. To
model the mutation, the residue 238 was first included as a
glycine with the program 0O (44). After one cycle of energy
minimization (X-PLOR) (41), the resulting phases were used to
calculate a difference Fourier map with (Fo-Fc) coefficients.
This map showed residual density located between the [3Fe-
4S] cluster and the polypeptide chain (Fig. 4a). Next, we
modeled the residue 238 as a cysteine. In the difference map
calculated with the new model phases, a strong peak (13.2
times the rms value of the map) remained and was at 2.5 A
from each of the Fe atoms of the [3Fe-4S] cluster (Fig. 4b).
This peak could be explained by the presence of a fourth Fe
atom at this position. The final model of the mutant enzyme
containing three [4Fe-4S] clusters was refined and fitted to the
electron density with (2Fo-Fc) and (Fo-Fc) Fourier maps (Fig.
4c). Besides the [FeS] clusters and a Ni-Fe pair in the active
site, the final model contains 804 residues and 50 water
molecules with temperature factor values <40 A2 The stan-
dard and free R factors were 0.22 and (.31, respectively in the
range of 10 to 3 A resolution. The model has rms deviations
from ideality of 0.012 A for bonds and 0.036 A for angles.

In our study, all the electron density is unambiguously
explained by the final model including a Cys at position 238 in
the small subunit and where a third [4Fe-4S] cluster is found
instead of the original [3Fe-4S] center (Fig. 4c). The structures
of D. fructosovorans native hydrogenase and of the P238C
mutant superimpose with rms deviations of 0.288 A for all 804
Ca atoms and 0.286 for the Ca of the residues within 5 A from
the [3Fe-4S] cluster. This finding shows that the structural
rearrangement after mutation is minor, even around cysteine
238.

DISCUSSION

Understanding the role of the high-potential [3Fe-4S]'*+?
cluster of [NiFe] hydrogenase from Desulfovibrio species,
which is located halfway between the proximal and distal
low-potential [4Fe-4S]>*>!* clusters, is important for elucidat-
ing the intramolecular electron transfer pathway involved in
the catalytic cycle of the enzyme (12). In the present work, we
have shown on the basis of spectroscopic and x-ray crystallo-
graphic data that the [3Fe-4S] cluster of D. fructosovorans
[NiFe] hydrogenase was converted into a [4Fe-4S] center in the
P238C mutant without significantly altering the spectroscopic
and redox properties of the NiFe center and the two native
[4Fe-4S] clusters. The mutation results in a functional enzyme
that maintains its structural integrity and exhibits a decrease in
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a
/ Gly238

FiG. 4. Three-fold averaged electron density maps (45) calculated
with Fo-Fc coefficients in the 20-3 A resolution range and contoured
at the 3.2 o level (a and b) or with 2Fo-Fc coefficients and contoured
at the 1.1 o level (¢). (@) Fo-Fc map calculated with the native model
in which Pro-238 has been substituted by a glycine. The map confirms
the presence of a mutation close to the [3Fe-4S] cluster, as there is a
significant electron density peak, which is not explained by the native
model. (b) Fo-Fc map calculated with the native model in which
Pro-238 has been substituted by a cysteine. (c) 2Fo-Fc map calculated
with the final model of the mutant including both the Cys-238 and the
third [4Fe-4S] cluster.

midpoint potential of the modified center from +65 mV to
—250 mV. This study provides a x-ray crystallographic struc-
ture of a mutant protein where a [3Fe-4S] to [4Fe-4S] con-
version is observed. The structures of the inactive and acti-
vated aconitase already have provided direct crystallographic
evidence for such a Fe-S cluster interconversion (46). How-
ever, in that case, the fourth ligand of the Fe atom inserted into
the original [3Fe-4S] cluster was a water molecule, which
occupied a similar site in the crystal structure of the inactive
enzyme.

To our knowledge, the only other reported transformation
of a [3Fe-4S] cluster into a [4Fe-4S] center by site-directed
mutagenesis has been carried out in fumarate reductase from
E. coli (47). Interestingly, the mutated cluster had a 285-mV
drop in midpoint potential, a value that is similar to the one
observed in the modified center of hydrogenase. In fumarate
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reductase, the [3Fe-4S] to [4Fe-4S] cluster conversion was
accomplished by a Val-to-Cys substitution at the site normally
occupied by the second cysteine residue in a typical ferredoxin
arrangement (Cys-158, Cys-204, Val-207, and Cys-210). A
structural description of this transformation is lacking because
the three-dimensional structure of this enzyme has not yet
been determined. In D. fructosovorans hydrogenase, the Cys
arrangement coordinating the [3Fe-4S] cluster (Cys-227, Cys-
245, and Cys-248) is not ferredoxin-like, but the residue
Pro-238 that was mutated faces the empty potential fourth Fe
site of the cluster (12). It is worth noting that the same position
is occupied by Cys in the [NiFeSe] hydrogenase from D.
baculatum, an enzyme that possesses three [4Fe-4S] clusters
(Elsa Garcin, personal communication).

The spatial arrangement of the three Fe-S clusters in D. gigas
hydrogenase has suggested a plausible electron transfer path-
way from the active site buried in the protein to the exposed
His ligand (His-185) of the distal [4Fe-4S] cluster. In this
arrangement, the redox centers are separated by approxi-
mately 12 A and a potential electron transfer pathway involv-
ing H bonds and covalent bonds has been identified (12).
However, the midpoint potential of the [3Fe-4S] center (—70
mV), which is markedly higher than those of the [4Fe-4S]
clusters (—290 and —340 mV) (11), appears to be thermody-
namically unfavorable for electron transfer involving the [3Fe-
48] cluster.

The present work shows that the midpoint potential of the
median [3Fe-4S] cluster of the wild-type D. fructosovorans
hydrogenase is even higher (+65 mV) (Table 2). Therefore
electron transfer from and to hydrogen (E'° = —414 mV)
through the [4Fe-4S] (both E,,, = —340 mV) and the [3Fe-4S]
clusters is likely to be much less favorable from a thermody-
namic point of view. In this context, it is rather striking that the
decrease by about 300 mV of the midpoint potential of the
median cluster in the P238C mutant (—250 mV vs. +65 mV),
which is kinetically more favorable, has such a small effect on
the catalytic activity, as exemplified by the slight decrease of
H uptake activity in the presence of methyl viologen (E;, =
—440 mV) or cytochrome c3 (average E;, = —250 mV) (48)
(Table 2) as electron acceptor. This finding indicates that if the
median cluster is involved in electron transfer, electron trans-
fer is not a rate-limiting step of the catalytic reaction. Another
possible explanation could be that the median cluster (whether
[4Fe-4S] or [3Fe-4S]) is not involved in electron transfer and
merely plays a structural role in stabilizing the IIs domain of
the small subunit (12). This explanation would imply a direct
electron transfer between the two [4Fe-4S] clusters distant of
about 20 A that bypasses the [3Fe-4S] center. We also have to
keep in mind that the [3Fe-4S] cluster could undergo a further
two-electron reduction as it was reported for other [3Fe-4S]-
cluster-containing proteins (49). However, the bielectronic
character of the [3Fe-4S]%2~ redox transition and its very
negative potential (—720 mV) seem to exclude this hypothesis.
Another possibility is that the midpoint potential of the
[3Fe-4S] center as measured by equilibrium redox titration is
an apparent potential that is higher than the microscopic
potential related to the redox states involved in the catalytic
cycle of the enzyme as a result of redox cooperativity between
the clusters.

Interestingly, the D,/H™" exchange activity, which reflects
the intrinsic activity of the active site, including heterolytic
splitting of hydrogen, proton transfer, and gas access to the
active site, is also slightly decreased in the P238C mutant
(Table 2). This decrease and the corresponding decrease of the
H, uptake activity in a similar extent could indicate that the
catalytic activity is limited by proton transfer because electron
transfer is not involved in the exchange activity and neither the
properties of the active site nor the gas accessibility (36) are
affected by this point mutation. In this respect, the pH
dependence of both proximal and distal [4Fe-4S]**-1* clusters
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midpoint potentials (15) and the presence of the exposed
His-185 ligand of the distal [4Fe-4S]>*1* cluster (12), likely to
undergo redox-dependent protonation/deprotonation as in
the Rieske protein (50), suggests the existence of a proton-
coupled electron-transfer reaction during the catalytic cycle of
hydrogenase as reported for photosystem II (51) and cyto-
chrome oxidase (52). This hypothesis may imply that the
electron and proton pathways use some common structural
elements located in the “channel” connecting the active site
with the distal [4Fe-4S] center. In this context, the behavior of
the P238C mutant, which exhibits a slight decrease of the H,
uptake activity and a small increase in H, production activity,
could be explained if the [3Fe-4S] to [4Fe-4S] cluster conver-
sion alters the proton transfer rate depending on the direction
of the reaction. Further studies on other mutants will be
needed for a rational explanation of electron and proton
transfer pathways in [NiFe] hydrogenases.
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