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Background: A conserved threonine in [NiFe]-hydrogenases is a putative proton transfer relay.
Results: Poorly active variants have modified spectroscopic signatures associated with changes in local protein structure.
Conclusion: This threonine is not necessarily a proton transfer relay but, rather, stabilizes reaction intermediates.
Significance: Combined kinetic, spectroscopic, and structural characterizations of several variants are necessary to assess the
role of a residue in [NiFe]-hydrogenase.

The heterodimeric [NiFe] hydrogenase from Desulfovibrio
fructosovorans catalyzes the reversible oxidation of H2 into pro-
tons and electrons. The catalytic intermediates have been attrib-
uted to forms of the active site (NiSI, NiR, and NiC) detected
using spectroscopic methods under potentiometric but non-
catalytic conditions. Here, we produced variants by replacing
the conserved Thr-18 residue in the small subunit with Ser, Val,
Gln, Gly, or Asp, and we analyzed the effects of these mutations
on the kinetic (H2 oxidation, H2 production, and H/D
exchange), spectroscopic (IR, EPR), and structural properties of
the enzyme. The mutations disrupt the H-bond network in the
crystals and have a strong effect on H2 oxidation and H2 produc-
tion turnover rates. However, the absence of correlation
between activity and rate of H/D exchange in the series of vari-
ants suggests that the alcoholic group of Thr-18 is not necessar-
ily a proton relay. Instead, the correlation between H2 oxidation
and production activity and the detection of the NiC species in
reduced samples confirms that NiC is a catalytic intermediate

and suggests that Thr-18 is important to stabilize the local pro-
tein structure of the active site ensuring fast NiSI-NiC-NiR
interconversions during H2 oxidation/production.

[NiFe]-hydrogenases catalyze the multistep, reversible reac-
tion of H2 oxidation. The catalytic cycle involves H2 transport
through a dedicated tunnel network to a buried [NiFe] active
site where heterolytic cleavage occurs to produce protons and
electrons (Fig. 1A). When purified aerobically, the so-called
“standard” heterodimeric [NiFe] enzymes from the Desulfo-
vibrio genus are inactive and can be activated by reduction.
Using EPR or FTIR, the inactive sample appears as a mixture of
two forms called NiA and NiB (1–3). The proposed catalytic
cycle of the enzymes involves three intermediates (NiSI, NiC,
and NiR) that have only been detected under non-catalytic con-
ditions (2, 4). The most commonly accepted mechanism sug-
gests that H2 binds the nickel ion in the NiSI state to yield NiR
(both are in the Ni(II) state) (5). NiR would contain a Ni-Fe
bridging hydride ligand. This state is oxidized to NiSI in a two-
step process, with NiC being an intermediate in the Ni(III) state
and also with a putative bridging hydride (Fig. 1B) (2, 3). NiSI
and NiR are observed in different protonation states (NiSII and
NiSIII; NiRI and NiRII) (2, 6). A NiRIII state has also been
detected in Allochromatium vinosum hydrogenase (noted Nia-
SR1913) (7) and attributed to a NiR state with two fewer protons
than NiRI (8). NiL, a state observed upon irradiation of NiC, is
sometimes seen as a putative reaction intermediate as proposed
for Hyd-1 from Escherichia coli in which NiC could not be
detected (9).

In [NiFe]-hydrogenases, the electrons produced at the active
site are transferred to the redox partner at the protein surface
via a chain of three FeS clusters called proximal, medial, and
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distal clusters (Fig. 1A). The protons are transferred to the sol-
vent along pathways that consist of water molecules and proto-
natable amino acid side chains, most of which still remain elu-
sive. Identifying a proton transfer pathway in hydrogenase is a
considerable task (10) because there is no experimental method
that makes it possible to measure the rate of a single proton
transfer, and one has to rely on site-directed mutagenesis and
global measurements of turnover rates. Moreover, it is often
impossible to make sure that a mutation only affects the puta-
tive proton transfer step of interest. Several proton pathways
have nonetheless been proposed on the basis of crystallo-
graphic and theoretical studies (10 –17). In standard [NiFe]-
hydrogenases from Desulfovibrio species, some of the proposed
pathways start with a Glu residue (Glu-25L in the large subunit5

of the Desulfovibrio fructosovorans (Df)6 enzyme). An alterna-
tive pathway not involving this Glu and starting with an Arg is
proposed in a study of the [NiFe] enzyme from Thiocapsa
roseopersicina (17). The usual experimental approach for iden-
tifying proton transfer (PT) relays in [NiFe]-hydrogenases con-
sists of exchanging residues with others whose side chain is not
protonatable and measuring the H2 production/oxidation, the
para/ortho H2 conversion, and the H/D exchange (HDE) activ-
ities of the mutated enzymes (18). The H2 production/oxida-
tion reactions involve H2 intramolecular diffusion (in or out),
H2 splitting and oxidation at the active site, and H� and e�

transfers. The para/ortho reaction involves only H2 diffusion,
H2 binding, splitting, and recombination at the active site and
provides information on the ability of the active site to perform
chemistry (18). Finally, the electron transfer-independent HDE
activity reports on H2 diffusion and on the ability of the active
site to split H2 into a heavy hydride and a deuteron and transfer
the protons and deuterons to and from the solvent (19). It has
been proposed that the enzyme interconverts between NiSI and
NiR when catalyzing HDE (20, 21). A combination of these
three assays has been used to investigate PT in hydrogenase (22,

23); for example, if a certain variant is affected in both H2 pro-
duction/oxidation and H/D exchange, but catalyzes the conver-
sion between para and ortho H2, then it is likely that the
mutated residue is involved in PT. This approach was used to
show that Glu-25L in the large subunit of the enzyme from Df
and Glu-13L in the sensor enzyme from Ralstonia eutropha are
essential for PT (22, 23). On the contrary, a variant with
impaired H2 production/oxidation but unaffected in para/
ortho conversion and HDE activities is probably unable to rap-
idly transfer electrons to the redox partner, as observed for the
D15LH variant of the H2 sensor in R. eutropha (23).

In this paper we focus on the conserved Thr-18S residue in
the small subunit of the Df [NiFe] hydrogenase (Fig. 2B). Recent
calculations suggest it is a PT relay (14, 16), but alternative
pathways that do not include Thr-18S have also been proposed
(14, 17). Moreover, the examination of the structure of the
enzyme reveals that this residue is in a critical position; it is
H-bonded to the first proton transfer residue Glu-25L, it is near
Cys-17S (a ligand of the proximal FeS cluster), and its C�2
shapes the gas channel (Fig. 2B). This suggests that Thr-18S

may have other roles than transferring protons.
To address the role of Thr-18S, we studied the kinetic (H2

production/oxidation and HDE reactions), spectroscopic (EPR,

5 A residue X is noted XL or XS when it is located in the large or in the small
subunit, respectively.

6 The abbreviations used are: Df, D. fructosovorans; PT, proton transfer; HDE,
H/D exchange.

FIGURE 1. A, structure of the heterodimeric [NiFe]-hydrogenase from D. fructosovorans (PDB accession code 1YWQ). The large subunit (purple) contains the
[NiFe] cluster. H2 accesses to or escapes from the active site through hydrophobic gas channels. The electrons are transferred to or from the active site via a
chain made of three FeS clusters in the small subunit (cyan). The proximal and distal clusters are [4Fe4S] clusters, and the medial cluster is a [3Fe4S] cluster. B,
putative catalytic cycle involving states (NiSI, NiR, and NiC) observed by spectroscopy under non-catalytic conditions.

FIGURE 2. A, location of Thr-18S in the crystal structure of WT D. fructosovorans
[NiFe]-hydrogenase in the unready NiA/NiSU state (41). B, protein sequence
alignment showing that Thr-18S is conserved in [NiFe]-hydrogenases (R.e.,
membrane-bound hydrogenase (MBH) from R. eutropha; E.c., hydrogenase 1
from E. coli; A.a., MBH from Aquifex aeolicus; D.f., D.d, A.v., soluble enzymes
from D. fructosovorans, Desulfovibrio desulfuricans, and A. vinosum).
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FTIR), and structural (x-ray crystallography) properties of var-
iant enzymes in which Thr-18S is replaced by residues that bear
alcoholic (Ser), non-protonatable (Val, Gln, Gly), or protonat-
able (Asp) side chains.

EXPERIMENTAL PROCEDURES

Enzyme Production—The Strep-tagged WT and variant were
constructed using bacterial strains, plasmids, growth condi-
tions, site-directed mutagenesis strategy, and the enzyme puri-
fication protocol as described in references (24, 25). The aero-
bically purified WT enzyme exhibits a UV/visible spectrum of a
non-heme protein with a broad absorption peak around 400 nm
indicative of the three FeS clusters harbored by the small sub-
unit. The purity index (DO400 nm/DO280 nm) of purified WT is
0.26 – 0.27, and it can be used to assess the presence of the FeS
clusters in the variants (26). This value is 0.26 – 0.27 for the five
variants, suggesting the correct incorporation of the three FeS
clusters. This is supported by the EPR, FTIR, and crystallo-
graphic characterizations.

Kinetic Characterization—The H2 oxidation activity of the
enzymes was assayed spectrophotometrically using 50 mM

methyl viologen as electron acceptor at pH 8 and 30 °C (25).
H2 production was followed using mass spectrometry in a

solution initially saturated with argon, with 2 mM reduced
methyl viologen at pH 7.2 and 30 °C. The initial rates of H2
production were extrapolated using a plot of 1/rate against
1/[H2] as H2 inhibits H2 production (27, 28).

The HDE experiments were performed at pH 7.2 and 30 °C as
described in Leroux et al. (25) and used to measure the rate of
HDE and calculate the rate constant of H2 release (kout) and the
first order rate constant of H/D exchange at the active site (k) as
described in Abou-Hamdan et al. (19).

EPR and FTIR Spectroscopies—The EPR spectra were
recorded on a Bruker ELEXSYS E500 spectrometer fitted with
an Oxford Instruments ESR 900 helium flow cryostat. Quanti-
fications were made by using an external standard solution of
freshly prepared 1 mM Cu-EDTA in 100 mM Tris-HCl, 10 mM

EDTA at pH 8 transferred into a calibrated EPR tube. Potentio-
metric titrations were performed as previously described (29).
The infrared spectra were performed in a gas-tight transmis-
sion cell of CaF2 as reported in Volbeda et al. (30).

X-ray Crystallographic Analyses—Crystals of the Df [NiFe]-
hydrogenase T18D, T18V, and T18G variants were obtained at
20 °C either in an anaerobic glovebox or under air using the
hanging drop vapor diffusion method, mixing 1.5 �l of protein
solution with 1.5 �l of 17–20% polyethylene glycol 6000, 0.1–
0.2 M MES, pH 6.0 – 6.3, reservoir solution. Concentrations of
the protein solution were 9.15, 9.24, and 10.6 mg/ml for the
T18D, T18V, and T18G variants, respectively. Monoclinic crys-
tals with the usual P21 spacegroup with three hydrogenase het-
erodimers per asymmetric unit were typically obtained within 3
days (average cell dimensions: a, 62.9 Å; b, 99.6 Å; c, 182.4 Å, �
92.2°). All crystals were cryoprotected in the reservoir solution
used for crystallization supplemented with 20% glycerol before
they were flash-cooled in liquid nitrogen or in liquid propane
(31). X-ray data were collected at the European Synchrotron
Radiation Facility in Grenoble, France, and at the Swiss Light
Source in Villigen, Switzerland. After data reduction and scal-

ing with the XDS package (32), structures were solved by
molecular replacement using PHASER (33), starting from the
1.8 Å resolution structure of the S499A variant (34). Next they
were refined with REFMAC5 (35) using TLS bodies for the indi-
vidual hydrogenase subunits. In addition, non-crystallographic
symmetry restraints were used for the T18D variant. The
atomic models were manually corrected where necessary with
COOT (36). Averaged omit maps were used to resolve the
structural consequences of the performed mutations (see Fig. 6,
B–D). Table 1 lists the data and refinement statistics and PDB
accession codes.

RESULTS

All Thr-18S Mutations Affect H2 Oxidation and Production
Activities—The impact of mutations on the activities of the
enzyme was assessed by measuring the rates of H2 oxidation
and H� reduction using methyl viologen as redox partner. As
shown in Table 2, the T18S variant has approximatively half the
activities of the WT, but the T18V, T18Q, T18G, and T18D
variants very slowly oxidize H2 (�10% activity compared with
WT). Although the T18D mutation is less deleterious for H2
production activity than the T18V, T18Q, and T18G muta-
tions, our results show that the alcohol function is important

TABLE 1
Crystallographic statistics for D. fructosovorans [NiFe]-hydrogenase
Thr-18S variants

Variant T18V T18G T18D

Crystal growth conditions Anaerobic Anaerobic Aerobic
X-ray data

Synchrotron ESRF SLS ESRF
Beam line ID14-2 X06SA ID14-2
Detector ADSC Pilatus ADSC
X-ray wavelength (Å) 0.9330 0.9763 0.9330
Resolution range (Å) 40-2.3 50-1.95 40-2.6

Unique reflections 92,096 160,613 70,368
Rsym (%) 7.3 4.2 7.2
�I/�� 13.5 13.6 13.0
Data completeness (%) 93.5 99.2 99.2

High resolution shell (Å) 2.35-2.30 2.01-1.95 2.76-2.60
Unique reflections 4,142 13,832 11,371
Rsym (%) 26.0 37.0 35.7
�I/�� 3.9 2.3 3.4
Data completeness (%) 67.9 99.3 97.8

Refinement
Resolution range (Å) 25.0-2.3 25.0-1.95 25-2.6
Reflections used for Rwork 87,451 152,472 66,841
Reflections used for Rfree 4,581 8,066 3,462
Number of atoms 19,144 19,172 19,012
Rwork (%) 19.2 19.7 19.8
Rfree (%) 23.6 23.1 24.2
�bond (Å) 0.012 0.013 0.015
�angle (°) 1.5 1.4 1.6
��� (Å2) 28.5 40.9 49.7
PDB deposition code 4UCW 4UCX 4UCQ

TABLE 2
Kinetic properties of the Thr-18S variants
All activities are expressed in �mol.min�1�mg�1. ND, not determined. The errors
are 	20%.

Enzyme
H2

oxidation
H2

production
HD

exchange
H2

release

k kout
WT 330 80 700 1200
T18S 170 30 700 940
T18V 20 1 1 ND
T18Q 30 3 3 ND
T18G 5 2 270 1900
T18D 30 15 80 220
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for optimal functioning of the enzyme. For clarity under
“Results,” hereafter we qualify T18V, T18Q, T18G, and T18D
variants as “poorly active.”

A Protonatable Residue at the Small Subunit 18-position Is
Not Required for Active Site Chemistry—To test whether the
effects of the mutations are caused by the active site chemistry
being impaired, we used HDE measurements whereby the
enzyme uses protons from the solvent to transform D2 into HD
and then H2. The course of the reaction is monitored by using
mass spectrometry to follow the concentrations of D2, HD, and
H2 as a function of time. The data can be analyzed to calculate
the rate of H2 diffusion from the active site (kout) and the first
order rate constant of HD exchange at the active site (k), which
is an indicator of PT and H2 splitting recombination at the
active site (19, 25) (see Scheme 1).

Table 2 shows that the value of kout is similar for the WT
and T18S enzymes. The value of kout cannot be determined in
the T18V and T18Q variants because the HDE activity is too
low. The T18G mutation increases kout 1.5-fold, and the T18D
mutation decreases kout about 5-fold. The values of the rate
constant k for the T18S and T18D variants are, respectively,

100 and 10% that measured with WT. In the T18V and T18Q
variants, k is �1% that of the value the WT. These results are in
line with the H2 oxidation and proton reduction activities, sug-
gesting defects in proton transfer. However, the T18G variant
clearly stands apart as it is practically unable to oxidize and
produce H2, but it catalyzes HDE at a high rate (40% that of the
WT).

These results clearly show that the loss of activity provoked
by exchanging Thr-18S with a non-protonatable residue is not
necessarily the consequence of impaired proton transfer.
Because the above kinetic data are insufficient to identify which
step(s) is (are) affected by the mutations, we undertook a spec-
troscopic and structural characterization of the variants.

The Classical NiC Signature Is Either Undetected or Modified
in the Variants That Have Low H2 Oxidation/Production
Activity—We investigated the effects of the mutations on the
paramagnetic properties of the [NiFe] active site. After purifi-
cation in air, the EPR spectrum of the WT shows a mixture of
the NiA (gz,y,x � 2.312, 2.230, 2.00) and NiB (gz,y,x � 2.335,
2.155, 2.004) signals (22) (Fig. 3A). The amount of nickel species
corresponds to 20 – 80% that of total nickel, depending on the
enzyme preparation, the remaining nickel being EPR-silent
(37). The ratio of NiB over NiA also strongly varies between
preparations (37). The variants we studied displayed the NiA
and NiB signals (accounting for 15– 80% total nickel) with small
changes in the g values (Fig. 3A). We performed a redox titra-
tion of these inactive states with samples of the T18G and T18D

variants (Table 3). The NiA species of the T18G variant has a
reduction potential of �90 	 20 mV, slightly higher than
that measured with the WT. In the case of the T18D variant,
the signatures of the active site (NiA and NiB species) disap-
pear upon reduction at potential values (�160 	 20 mV and
�120 	 20 mV, respectively, Table 3) that are similar to
those measured with WT (�160 	 20 mV for both species)
(38). In this variant we observed another nickel signal with
lines at gz,y � 2.30 and 2.26 and accounting for �5% of the

SCHEME 1. Reaction of H/D exchange and its different steps. k and kout can
be deduced as described in Ref. 19.

FIGURE 3. EPR spectra of nickel of Thr-18S variants in the air-purified (A)
and dithionite-reduced (B) states. The EPR spectra were recorded at T �
100 K, microwave frequency (�) � 9.4135 GHz, modulation amplitude (MA) �
1 mT, microwave power (P) � 10 mW, number of scans � 4 (WT, T18D, T18Q)
or 9 (T18S, T18V) (A) and T � 30 K, � � 9.4069 GHz, MA � 1 mT, P � 10 mW,
number of scans � 1 (WT), 7 (T18D), 8 (T18S, T18G, T18V), or 9 (T18Q) (B).
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enzyme (Fig. 3A). This minor Ni(III) species disappears
below �320 mV.

Upon reduction of the WT enzyme with dithionite, the NiA
and NiB signatures vanish, and the standard NiC rhombic sig-
nal (gz,y,x � 2.189, 2.145, 1.996) grows (Fig. 3B) (22). This sig-
nature amounts to up to 50% that of the total nickel depending
on the reductive treatment. The T18S variant also exhibits this
typical signal, which we could not detect in the T18V, T18Q,
and T18G variants. In the T18D variant, no NiC signal was
detected, but we observed a low intensity nickel species at g �
2.30, 2.19, and 2.02 that appears below �320 mV (Fig. 3B). This
minor nickel species is completely reduced under �361mV.
Another low intensity nickel species at g � 2.30 and 2.19
appears below �327mV.

The Redox Properties of the FeS Clusters Are Not Affected by
the Mutations—We studied the effect of the mutations on the
redox properties of the FeS clusters of the as-prepared and
reduced enzymes by EPR spectroscopy. In the air-purified WT
and all the mutant enzymes, the medial [3Fe4S]� cluster is
paramagnetic (S � 1⁄2) and shows up as a weakly anisotropic
signal centered on g � 2.02, accounting for 1 spin per molecule
(Fig. 4A). After dithionite reduction, the two [4Fe4S]� clusters
are paramagnetic (S � 1⁄2) and magnetically interact together
and with the medial iron-sulfur cluster at 6 K, which results in a
large and complex signal that develops between 3000 and 4500
G (Fig. 4B) in addition to a large signal at low field (approxima-
tively 1500 G), corresponding to the reduced, medial [3Fe4S]0

(S � 2). We also observed a magnetic interaction between the
proximal [4Fe4S]� and NiC, whose signal splits and shows
major features at g � 2.21 and 2.10 (Fig. 4B) (39). In all variants
we observed the large and complex signature of the [4Fe4S]�
clusters, in some cases with small differences that may come
from different levels of reduction of the variants (Fig. 4B). In the
T18S variant, the magnetic interactions between NiC and
the proximal cluster are similar to those observed with WT.
The T18D variant also shows an interaction spectrum between
the reduced nickel species (gz,y,x � 2.30, 2.19, 2.02) and the
proximal cluster (Fig. 4B). In the T18G and T18D variants, the
reduction potentials of the medial [3Fe4S] (around �50 mV)
and proximal and distal [4Fe4S] (around �350 mV) clusters are
similar to those of the WT (Table 3). These results show that
the redox properties of the FeS clusters look the same in all
variants and suggest that electron transfer is unaffected in the
variants.

The HDE-active T18G Variant Shows a NiR Signal—We
investigated the effect of the mutations on the structural/redox
properties of the active site of the as-prepared and H2-treated
enzymes by FTIR. The diatomic ligands CO and CN� of the

active site iron atom can be detected by infrared spectroscopy
in the 1900 –2100-cm�1 region. Regarding the WT, each redox
state of the active site shows up as a specific set of three IR bands
(1 CO and 2 CN� ligands) (2). The spectrum of the air-purified
WT enzyme is composed of a mixture of NiA (bands at 1947,
2096, and 2084 cm�1) and NiB (1946, 2080, and 2091 cm�1)
and another presumably inactive state also present in prepara-
tions of several WT hydrogenases. The latter state is character-
ized by a CO band at 1911 cm�1 and two CN� bands at 2059

TABLE 3
Redox potentials of Ni and FeS clusters in the T18D and T18G variants
All values are in mV/standard hydrogen electrode 	 20 mV.

Enzyme NiA NiB [3Fe4S] 2[4Fe4S]

WTa �160 �120 �65 �340
T18G �90 NDb �25 �330
T18D �160 �120 �50 �370

a From Liebgott et al. (38).
b The intensity of the NiB signal in the T18G variant was too low to be followed in

redox titrations.

FIGURE 4. EPR spectra of FeS clusters of the Thr-18S variants. Medial
[3Fe4S] cluster in the air-purified enzymes (A) and [4Fe4S] clusters in the
dithionite-reduced enzymes (B) are shown. The EPR spectra were recorded at
T � 15 K, � � 9.4069 GHz, modulation amplitude (MA) � 0.5 mT (WT, T18Q,
T18V) or 0.2 mT (T18S, T18D, T18G), P � 0.4 mW (WT, T18Q, T18V) or 0.1 mW
(T18S, T18D, T18G), number of scans � 1 (A) and T � 6 K, � � 9.4069 GHz,
MA � 1 mT, P � 10 mW, number of scans � 1 (WT, T18Q), 4 (T18D, T18G), 10
(T18S, T18V) (B).
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and 2068 cm�1 (7, 38, 40), whose intensity varies from one
preparation to another (Fig. 5A). The signal was recently
assigned to a persulfide containing state called Ni-Sox (41).
After exposure to H2 for 4 h, the active site is reduced, and a
mixture of the bands of the states NiC (1951, 2074, and 2086
cm�1) and NiR (NiRI (1938, 2060, and 2074 cm�1) and NiRII
(1922, 2051, and 2067 cm�1)) is observed (Fig. 5B). In line with
the results obtained by EPR spectroscopy, the T18S variant

behaved similarly to the WT (Fig. 5, A and B) with the NiA state
predominating in the aerobically purified enzyme and a minor
contribution of the 1911 cm�1 band. Upon H2 reduction, the
bands of NiR and NiC were detected, but the frequencies of the
CN� bands of the NiC state (2100 and 2090 cm�1) were signif-
icantly different from those of the WT enzyme (2086 and 2074
cm�1). This difference may be related to the lower H2 oxidation
and production activities of the mutant (50% of the WT).

The spectrum of the air-isolated T18Q variant is similar to
that of WT. This variant cannot be reduced by H2; the CO
bands are unchanged after H2 treatment (data not shown). This
is consistent with the absence of NiC noted in the EPR experi-
ments. Note, however, that the NiA and NiB signatures disap-
pear and that the FeS clusters are reduced upon reduction of
this variant by dithionite as shown by EPR (see above). The
results suggest that H2 hardly reacts with the active site of this
variant and concurs with the very small H2 oxidation/produc-
tion and HDE activities measured. The T18V poorly active var-
iant was not characterized by FTIR.

Surprisingly, we could not detect the CN� bands in the T18D
sample either before or after exposure to H2 (Fig. 5B). However,
the CO bands are similar to those of the WT and T18S enzymes.
Although crystallography shows that the active site structure of
the variant is intact (including the three diatomic ligands; see
below), the T18D mutation has apparently modified the vibra-
tional properties of the CN� ligands, decreasing the intensity of
their FTIR bands to the noise level of the spectrum. This is in
accordance with the modified EPR signatures of this variant
whose HDE and H2 oxidation/reduction activities are 10 –20%
those of the WT enzyme.

The spectra of the aerobically purified and H2-treated T18G
samples are very different from those obtained with the WT
enzyme. After aerobic purification, the FTIR spectrum revealed
three enzyme forms with CO bands at 1943, 1951, 1953 cm�1

(Fig. 5A). Only 4 CN� bands (instead of 6) could be detected at
2082, 2090, 2093, and 2100 cm�1, suggesting that some bands
overlap. The CO bands at 1951 and 1943 cm�1 were still pres-
ent after H2 treatment (wavenumbers 1950 and 1942 cm�1,
respectively), although they were smaller, suggesting that the
corresponding enzyme forms are only partially reduced (Fig.
5B). In accordance with this, the CN� bands at 2100, 2092,
2090, and 2082 cm�1 were still present. The enzyme form with
the CO band at 1953 cm�1 was probably the NiA state, which is
detected with slightly modified g values in EPR experiments.
This form disappeared upon H2 reduction and was converted
into two forms, one of which (with bands at 1915, 2045, 2063
cm�1) is reminiscent of the NiRIII state observed in the enzyme
from A. vinosum (1913, 2043, 2058 cm�1) and D. vulgaris
(1919, 2050, 2065 cm�1) (2, 7). The other, with a CO band at
1921 cm�1, may be a NiR-like state, but we could not detect the
corresponding CN� bands. One or both of these two reduced
states are probably associated with the 40% HDE activity mea-
sured for this variant whose H2 oxidation/production activities
is severely impaired.

The Hydrogen-bond Network around the Active Site Was Dis-
rupted in T18D, T18V, and T18G Variants—To analyze the
effect of the mutations on the structure of the active site and its
protein environment, we solved the structures of the aerobi-

FIGURE 5. FTIR spectra of WT and Thr-18S variants from D. fructosovorans
[NiFe]-hydrogenase as isolated (A) or reduced under 1 atm H2 for 4 h at
room temperature (B). The concentrations are 50 �M WT enzyme, 220 �M

T18S, 90 �M T18D, 160 �M T18G. For WT, the CO and CN� bands are labeled as
follows: NiA (-A), NiB (-B), NiC (-C), NiRI (-R1), and NiRII (-R2). The CN� band at
2090 cm�1 of NiB of WT has too low intensity to be detected. For T18G, the CO
and CN� bands of the state assigned to NiRIII are labeled -R3, and the CO band
of the NiR-like state is labeled -R?.
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cally purified T18V, T18G, and T18D variants at 2.3, 1.95, and
2.6 Å resolutions, respectively (Fig. 6, Table 1). In these struc-
tures, the active site and FeS clusters are correctly formed, in
agreement with the spectroscopic UV/visible characterization
described under “Experimental Procedures” and the EPR
results. We focused on the modifications caused by the muta-
tions of the H-bond network; in the WT (Fig. 6A), this involves
a nickel thiolate-ligand (Cys-543L), the two oxygen atoms of the
carboxylate group of Glu-25L, and either the alcohol group of
Thr-18S or a water molecule, which are both H-bonded to the
carboxylate group of Glu-16S (Fig. 6A). The latter group is also
H-bonded to His-27S via one O atom, and it is within 4 Å from
the carboxylate group of Glu-75S via the other O atom (Fig. 2A).
Note that Cys-543L, Glu-25L, Thr-18S, Glu-16S, His-27L, and
Glu-75S are part of putative proton pathways (13, 14, 16). In the
T18V and T18G variants (Fig. 6, B and C), the side chain of
Glu-25L is rearranged, leading to the loss of the H-bond
between Cys-543L and Glu-25L and disrupting the first proton
transfer step from Cys-543L. In the T18V variant, a water mol-
ecule that is terminally bound to the nickel ion stabilizes the
new conformation of Glu-25L (Fig. 6B). In the T18D variant, the
side chain of the position-18 residue is moved away from
the active site (Fig. 6D) and forms H-bonds with His-13S, Thr-
21S, and Thr-47S (not shown); it is not H-bonded to Glu-25L,
whose position is the same as in the WT enzyme. Notably, the
Glu-16S putative proton relay (Fig. 2A) between the residue in
position 18S and Glu-75S is short-cut, but a conserved water
molecule might also be used for proton transfer between Glu-
25L and Glu-16S (14). All variants contain a significant fraction
of Cys-75 in the oxidized sulfenate form that has recently been
assigned to the unready NiA and NiSU states (41). The different

sulfenate conformation in T18V might explain the different
NiA EPR signal that is observed for this variant (Fig. 3A).

DISCUSSION

The catalytic cycle of hydrogenases involves many different
steps, including gas transport, long range electron and proton
transfer, and active site chemistry (Fig. 1B). Many kinetic, spec-
troscopic, and structural techniques are available to character-
ize these enzymes, but except for gas transport (19, 24, 25),
there is no tool allowing the direct measurement of the rates of
the individual steps. Each technique provides useful but only
fragmented and indirect information, and ingenious app-
roaches have to be used to learn about the rates of individual
steps in the catalytic cycle based on a global measurement of
turnover rate (29, 42). In this paper we have carried out an
extensive study of several variants using a combination of tech-
niques to assess the role of the position-18 residue in the small
subunit of the Df [NiFe]-hydrogenase. Except for T18S, the
Thr-18S mutations that we studied have severe effects on both
H2 oxidation and production activities, indicating an important
role of the alcohol function of position 18. We used the non-
redox HDE assay to show that changing the residue at this posi-
tion may moderately affect the rate of gas diffusion in the tunnel
(Table 2, for example, the rate constant for H2 release from the
active site in the T18D variant is approximatively 5-fold lower
than that in the WT enzyme). Because the H2 oxidation/pro-
duction rates and the rates of H/D exchange (k) are affected to
the same extent in the T18V, T18Q, and T18D variants, it may
have been tempting to assume that Thr-18S is involved in a step
that is involved in the three reactions, namely active site chem-
istry or proton transfer, as suggested by calculations and crys-
tallographic studies (13–16). However, a crucial observation is
that the T18G variant is almost inactive for H2 oxidation or
production and yet catalyzes HDE at a high rate. Therefore, the
absence of correlation between the rates of H2 oxidation/pro-
duction and HDE challenges the conclusion that Thr-18S is
involved in proton transfer. This phenotype of the T18G vari-
ant is reminiscent of that of the D15H variant of the sensor
hydrogenase from R. eutropha for which the authors suggested
that electron transfer between the active site and the proximal
FeS is impaired (23). Thus, attributing a role to Thr-18S based
on the turnover rates of the variants is not straightforward, and
we have expanded the study by a spectroscopic and structural
examination of the enzymes to analyze the effect of the muta-
tions on the properties of the redox centers, including the active
site.

We have measured or estimated the reduction potentials of
the three FeS clusters in the T18G and T18D variants using
redox titrations followed by EPR. We could detect no difference
with the WT enzyme, suggesting that electron transfer through
the chain of FeS clusters is not impaired in the variants
(although we cannot rule out the possibility that the mutations
have affected other important parameters such as the inner and
outer sphere contributions to the reorganization energy or
details of the electron tunneling pathways; Ref. 43). However,
we have observed that the mutations affect the spectroscopic
and structural properties of the active site.

FIGURE 6. Zoom around Glu-25L in the crystal structures of WT D. fruc-
tosovorans [NiFe]-hydrogenase (A) and of three aerobically purified Thr-
18S variants (B–D). For the latter, 3-fold averaged omit maps are included
(with contour levels of 5 � in T18V, 7 � in T18G, and 5 � in T18D), showing
three different conformations for Glu-25L and a modified NiA structure in the
T18V variant due to the stabilization of a terminally bound water ligand to the
nickel by the rearranged carboxylate group of Glu-25L. The * indicates a
conserved water molecule. Dashed lines indicate putative H-bonding
interactions.
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Indeed, the most striking effect of the mutations is a major
change in the EPR features of nickel and the FTIR signatures of
the active site in the reduced state. Most significantly, in both
EPR and FTIR experiments, none of the poorly active variants
exhibits the classical NiC signal after reductive treatment. The
behavior of the HDE active T18G variant is heterogeneous. A
significant fraction of the active site of this variant can be
reduced by H2 to yield states reminiscent of the classical
reduced states (NiR), but the NiC state could not be detected.
Thus, from the combination of kinetic and spectroscopic char-
acterization of this series of Thr-18S variants, we could corre-
late for the first time the detection of NiC with the H2 oxida-
tion/production activity and the observation of the NiR state
with the HDE activity. These results support the proposed cat-
alytic cycle drawn in Fig. 1B, and the phenotypes of the Thr-18S

variants can now be simply rationalized: (i) the T18D mutation
modifies the redox properties of the reduced states (detected by
EPR and FTIR spectroscopies) of the active site which, becomes
less efficient for catalysis (10 –20% of the turnover rate of the
WT enzyme), (ii) the active site of T18Q (and most probably
T18V) cannot be reduced into the active NiR and NiC states so
that the variants have very low activity (HDE is particularly
slow), and (iii) the T18G mutation partially preserves NiR-NiSI
interconversion, allowing HDE activity, but prevents NiR-
NiC interconversion, making the enzyme unable to quickly
turnover H2.

This interpretation is fully supported by the x-ray data, which
show that the T18D, T18V, and T18G mutations induce struc-
tural changes around the nickel. Although the structures were
determined using samples of the enzymes purified in air, the
rupture or disruption of the H-bond network linking nickel to
the residue at the 18-position seems detrimental because the
variants have little H2 oxidation or production activity after
reductive treatment. In particular, the H-bonding network con-
necting nickel, Glu-25L, and Thr-18S is interrupted because
Glu-25L is displaced in the T18V and T18G variants. In the
T18D variant, the H-bond between Glu-25L and the 18-posi-
tion residue is lost. Thr-18S was proposed to be a relay of PT,
next to Glu-25L (11, 13, 15). Alcoholic residues have frequently
been shown, including in [FeFe]-hydrogenases, to act as proton
relays or to influence the reactivity of neighboring relay resi-
dues (44, 45), but we cannot confirm this function, at least for
the Df enzyme. On the one hand exchanging this alcohol resi-
due with an acidic one (T18D) preserves the H-bond linking
nickel via Cys-543L to Glu-25L (Fig. 6D) but still impairs the
catalytic efficiency of the active site (Table 2). On the other
hand, having removed the OH function in the T18G variant
only slightly affects the HDE activity of the enzyme (i.e. does not
prevent PT) but breaks the H-bond network linking nickel to
the first relay Glu-25L as shown in the structure of as-prepared
enzyme. It may be that a water molecule, not detected in the
structure of the air-oxidized enzyme, is incorporated in the
enzyme upon activation so that a proton pathway is reconsti-
tuted and allows HDE. But even if that were the case, the fact is
that the T18G variant is unable to catalyze H2 oxidation and
production. In consequence, our study rather suggests an
important role of the alcoholic function of Thr-18S in maintain-
ing a local active site structure that ensures fast electron and

proton transfers involved in the NiSI-NiC-NiR interconver-
sions during redox catalysis.
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