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bstract

Recent studies of [NiFe]-hydrogenases have provided a significant amount of new structural and kinetic data on the many states th
isplays upon enzyme inhibition, its activation and during catalysis. Other Ni–Fe containing active sites have been found in the b
arbon monoxide dehydrogenase/acetyl coenzyme A synthase that is involved in anaerobic carbon fixation through the Wood
athway. Here, we discuss the influence of the protein environment on the reactivity of these three active sites and analyze the diff
imilarities in their structural and chemical properties.
2004 Elsevier B.V. All rights reserved.

eywords:Hydrogenase; Nickel–iron–sulfur clusters; Gas metabolism; Carbon monoxide dehydrogenase; Acetyl coenzyme A synthase

. Introduction

Several NiFeS clusters found in enzyme active sites re-
emble natural minerals like greigite (NiFe5S8), which may
ave played a crucial role in the emergence of life ([1] and

Abbreviations:EPR, electron paramagnetic resonance; FT-IR, Fourier
ransform infrared; XAS, X-ray absorption spectroscopy; EXAFS, extended
-ray absorption fluorescence spectroscopy; DFT, density functional theory;
NDOR, electron nuclear double resonance; ESEEM, electron spin echo
nvelope modulation
∗ Corresponding author. Tel.: +33 4 38 78 59 20; fax: +33 4 38 78 51 22.
E-mail address:juan.fontecilla@ibs.fr (J.C. Fontecilla-Camps).

references therein). Such mineral systems catalyze, fo
ample, the formation of peptides from amino acids in
treme environments such as geothermal vents[2]. During
evolution, incorporation of similar, sometimes only sligh
modified clusters in a protein matrix has lead to a be
controlled and more efficient catalysis. Here, we focu
the NiFe containing active sites of [NiFe] hydrogenase
compare these with NiFe active sites in carbon mono
dehydrogenase (CODH) and acetyl coenzyme A synt
(ACS).

[NiFe]-hydrogenases play an essential role in the en
metabolism of numerous microorganisms by catalyzing

010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2004.12.009
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Fig. 1. Polypeptide folds of (A)Desulfovibrio gigas[NiFe]-hydrogenase (pdb code 2FRV) and (B)Moorella thermoaceticacarbon monoxide dehydroge-
nase/acetyl coenzyme A synthase (CODH/ACS, pdb code 1OAO). The large and the small subunit of the hydrogenase are shown in violet and blue, respectively.
The two CODH subunits and the three domains of the two ACS subunits are depicted in pink, violet, light-blue, orange and yellow, respectively. Gas accessible
tunnels are shown in dark-green. Ni, Fe, Mg and S atoms are shown as spheres that are colored green, red, light-blue and yellow, respectively.

heterolytic cleavage of molecular hydrogen, according to the
reaction:

H2 ⇔ H− + H+ ⇔ 2e− + 2H+ (1)

(for recent reviews see[3–8]). In spite of the apparent sim-
plicity of this reaction, a large number of both inhibited and
active states have been characterized in these highly complex
enzymes. [NiFe]-hydrogenases have been classified in four
classes, according to sequence similarity, subunit composi-
tion, cellular location and function. They can also be clas-
sified as either H2 uptake, H2 evolving, or bidirectional en-
zymes and as H2 sensors[4,5,9]. So far, crystal structures
have only been reported for a few H2 uptake hydrogenases
[10–18]. These are all composed of a small subunit carry-
ing three FeS clusters and a large subunit that contains the
Ni–Fe active site (Fig. 1A). Along with Fe-only hydroge-
nases[19] they are the only enzymes that contain both CO
and CN− in their active site. Incorporation to [NiFe] enzymes
of both these usually toxic molecules and the metal ions re-
quires complex pathways involving fairly well-characterized
proteins[20].

The aim of this review is to analyze the most recent spec-
troscopic, electrochemical and kinetic data concerning stan-
dard H2 uptake [NiFe] hydrogenases in the context of already
available structural information. In addition, a comparison is
made with the Ni–Fe active sites of carbon monoxide dehy-
drogenase (CODH) and acetyl coenzyme A synthase (ACS).
Although the three enzymes catalyze different reactions and
have completely different structures (Fig. 1), they are all in-
volved in gas-based processes and have a similar coordination
of the catalytic nickel ion. A main goal is to determine how
the differences in active site structures and their respective
protein environments determine the specificity of the reac-
tion.

2. Nickel–iron hydrogenases

2.1. Structural description

High-resolution X-ray crystal structures have been ob-
tained for five [NiFe] hydrogenases purified from closely

F ized. giga n,
F e. Dash high
a arge an een mo
a

ig. 2. Stereo pair showing part of the active site environment of oxidD
e red, Mg light-blue, S yellow, O orange-red, N dark-blue and C whit
s a dark-green grid. Residues are labeled in violet and blue for the l
s an O-atom.
s[NiFe]-hydrogenase (same view as inFig. 1A.Used color code: Ni gree
ed lines indicate putative H-bonds. A gas-accessible tunnel region islighted
d small subunit, respectively. X is a Ni-Fe bridging ligand that has bdeled
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related sulfate-reducing bacteria;Desulfovibrio (D.) gigas
[10,11], D. vulgaris (Miazaki) [12–14], D. fructosovorans
[15,16] andD. desulfuricans[17], and fromDesulfomicro-
bium(Dm.) baculatum[18]. A common feature of the active
site structures is the presence of one nickel and one iron ion
bridged by two cysteine ligands (Fig. 2). The nickel ion is
further coordinated by two terminal cysteine ligands, one of
which is substituted by seleno-cysteine in theDm. baculatum
enzyme. The iron ion is bound by three additional diatomic
ligands. The protein environment is virtually identical in the
five enzymes of known structures and it is highly conserved
in all [NiFe]-hydrogenases for which amino acid sequence
data are available.

The Ni–Fe site is completely buried close to the center of
the enzyme, at about 30̊A from the surface. Consequently,
specific pathways should exist for molecular hydrogen, elec-
trons and protons. A hydrophobic tunnel points at an empty
Ni-coordination site, opposite to the apical S533 ligand that is
hydrogen-bonded to the side chain of His72. Access of small
gas molecules to the active site should be favored by this
tunnel. The three FeS clusters of the small subunit define an
electron transfer pathway between the Ni and the surface with
typical center-to-center distances between successive redox
centers of about 12̊A (see alsoFig. 1A). The Mg2+ site at the
C-terminus of the large sub-unit (which is replaced by Fe in
theDm. baculatumenzyme[18]) may be involved in a proton
t u18,
f e of
H ater
l
s lu18
i unit
( tive
p ans-
f also
c ter-
m
i ac-
c 73.
O

When [NiFe] hydrogenases are purified under air, the re-
sulting oxidized preparations usually display two EPR signals
called Ni-A and Ni-B. The corresponding states are both inac-
tive but show very different activation properties when treated
anaerobically with H2 or other reducing agents like dithion-
ite. The Ni-A state requires hours of such reductive treatment
before it is fully converted to active enzyme, which then dis-
plays the so-called Ni-C EPR signal. On the other hand, the
Ni-B state activates within minutes. Accordingly, Ni-A, Ni-B
and Ni-C have respectively been called unready, ready and
active states of the enzyme[22,23]. Based on their EPR spec-
tra, they have been assigned to paramagnetic Ni(III) species
[24,25]. One-electron reductions of Ni-A, Ni-B and Ni-C re-
sult in EPR-silent Ni(II) intermediates that have been called
Ni-SU (for Silent Unready), Ni-SI (SIlent ready) and Ni-R
(fully Reduced and active), respectively[3]. An alternative
nomenclature that is widely used in the literature is given in
Table 2.

2.2. Crystallographically characterized structures of the
Ni–Fe active site

FT-IR studies have shown that the active site diatomic lig-
ands correspond to one CO and two CN− molecules (Fig. 3)
[26–28]. In the initially published 1.8̊A resolution structure
of theD. vulgaris(Miazaki) enzyme[12] one of the diatomic
l struc-
t -
e
C
z nvi-
r tein
a hy-
d we
h
A has
c f
t ce
r s
1 of

F icansen (B) a
r cystein ve
p

ransfer pathway comprising, in that order, Cys530, Gl
our internal water molecules, the C-terminal carboxylat
is536, another internal water molecule, Glu46 and a w

igand of Mg, located close to the molecular surface[3]. A
econd series of hydrogen bonds extending beyond G
nvolves Thr18, Glu16 and Glu73 from the small sub
seeFig. 2). Taken together, the two regions define a puta
athway that might couple rapid electron and proton tr

er between the active site and the proximal cluster (see
hapters 6 and 8 in[4]). Along these lines, it has been de
ined that its redox midpoint potential is pH-dependent[21],

ndicating that reduction of the cluster is most probably
ompanied by a protonation event, possibly involving Glu
ther pathways for proton transfer may also exist[17].

ig. 3. Ni–Fe active site structures: (A) an oxidized state of theD. desulfur
educed state of theDm. baculatumenzyme, which has a natural seleno-
db deposition codes are 1E3D, 1CC1 and 1UBK.
igands was modeled as SO. However, in subsequent
ures obtained at 1.4–1.2̊A resolution[14] the authors mod
led the three ligands as CO, which isiso-electronic with
N−. As first observed in the structure of theD. gigasen-
yme, two of the ligands are located in a hydrophilic e
onment and establish H-bonding interactions with pro
toms, whereas the third one is entirely surrounded by
rophobic residues (Fig. 2). Based on these observations,
ave assigned the former to CN− and the latter to CO[27].
dditional crystallographic evidence for this assignment
ome from the refinement at 1.8Å resolution of a mutant o
heD. fructosovoransenzyme performed with weak distan
estraints for the iron ligands. The resulting FeCO bond wa
.7Å long, whereas the CN− ligands refined to a distance

zyme, with the bridging ligand X assigned to a 50% occupied S-atom,
e, and (C) a CO complex of theD. vulgaris(Miyazaki) enzyme. The respecti
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Table 1
Ni–Fe and ligand distances based on crystal structures and on DFT analyses

Organism/model Enzymatic
state

dmax (Å) Nmol
a Ni–Fe Ni–S65 Ni–S530 Ni–S68 Ni–S533 Ni-Xb Fe–S68 Fe–S533 Fe–Xb Fe-L1 Fe-L2 Fe-L3

D. gigas Oxidized 2.5 6 2.8 2.3 2.3 2.5 2.5 1.8 2.3 2.3 2.2 1.8 1.8 1.7
D. vulgaris

(Miyazaki)
Oxidizedc 1.8 1 2.6 2.2 2.3 2.4 2.4 2.2 2.1 2.4 2.2 2.1 1.8 1.9

D. fructosovorans Oxidized 1.8 4 2.9 2.2 2.3 2.5 2.5 1.9 2.3 2.3 2.2 2.0 1.9 1.7
D. desulfuricans Oxidized 1.8 2 2.9 2.2 2.2 2.6 2.5 1.9 2.3 2.3 2.3 1.8 1.9 1.8
Dm. baculatum Reducedd 2.1 1 2.5 2.3 2.5 2.3 2.6 – 2.3 2.4 – 1.9 1.9 1.9
D. vulgaris

(Miyazaki)
Reducedc 1.4 1 2.6 2.3 2.2 2.3 2.4 - 2.3 2.4 - 2.2 1.9 1.8

D. vulgaris
(Miyazaki)

CO complex 1.2 6 2.6 2.3 2.3 2.3 2.3 1.8 2.2 2.3 – 1.9 1.9 1.8

D. vulgaris
(Miyazaki)

CO*e 1.3 3 2.6 2.3 2.3 2.3 2.4 – 2.3 2.3 – 1.9 2.0 1.7

Selected DFT
models:

SI-CO (S = 1)f – – 2.9 2.3 2.7 2.4 2.4 nr 2.4 2.3 – 1.9 1.9 1.7

Ni–Cg – – 2.7 2.3 2.3 2.4 2.4 1.7 2.4 2.4 1.7 nr nr nr
Ni-R (S = 0)h – – 2.5 2.2 2.3 2.3 2.5 1.6 2.3 2.3 1.7 nr nr nr
Ni–R (S = 1)h – – 2.5 2.4 2.4 2.4 2.3 1.7 2.4 2.4 1.6 nr nr nr

nr: not reported.
a Number of independent molecules/structures (average distances are given).
b Exogenous ligand (O, S, C or H, see text).
c L1 assigned as SO ligand.
d S530 replaced by Se atom.
e After photolytic cleavage of CO.
f From[32].
g From[53].
h From[55].

1.9–2.0Å from Fe [16]. This result is in close agreement
with the structure of a small molecule with a Fe(CN)2CO
moiety [29] and with DFT calculations[30,31]. An equiva-
lent refinement of theD. gigasenzyme, performed at 2.54̊A
resolution using strict six-fold non-crystallographic symme-
try gave similar bond lengths for the diatomic ligands[16]
(Table 1). A similar distribution of metal-ligand distances af-
ter unrestrained refinement at 1.2Å resolution has been found
more recently for theD. vulgaris(Miazaki) enzyme[14].

Three kinds of active site structures have, so far, been
characterized by X-ray crystallography. In oxidized forms of
the enzyme an exogenous ligand bridges the Ni and Fe ions
(Fig. 3A). Its identity seems to vary according to the organ-
ism and/or the redox state[11,12,16,17]. When the bridging

ligand is present the Fe and Ni ions have distorted octahe-
dral and distorted square pyramidal coordination respectively
with Cys533 (D. gigasnumbering) as the apical ligand in the
latter. In reduced, active enzymatic states, no electron density
has been found for an exogenous ligand, but the conformation
of the cysteine ligands suggests that the bridging site is occu-
pied by H−, a ligand undetectable at the resolution of these
crystallographic studies (Fig. 3B) [13,18]. The presence of a
bridging H− would again result in square pyramidal Ni and
octahedral Fe coordinations.

Crystal structures of the enzyme bound with CO have
also been published[14]. They show that this competitive
inhibitor binds to the vacant terminal Ni site (Fig. 3C), next
to the tip of a long hydrophobic tunnel. As discussed further

Table 2
FT-IR bands of diatomic Fe-ligands in 15 Ni–Fe active site intermediates

State of the enzymea νCN,sym (cm−1) νCN,asym(cm−1) νCO (cm−1) State of the enzymea νCN,sym (cm−1) νCN,asym(cm−1) νCO (cm−1)

Ni-A (Ni u
* )b 2093 2082 1945 Ni-CI (Nia-C*)c 2085 2073 1951

Ni-SU (Niu-S)c 2100 2088 1948 Ni-CII (Nia-C*)c 2084 2073 1948
Ni-B (Ni r

* )b 2090 2079 1943 SI-COd (Nia-SCO) 2084 2069 1931
Ni-“S” (Na2S-treated)c 2066 2057 1909 SI-COred

d (Nia-SCO) 2083 2068 1928
Ni-SII (Nir-S1910)b 2067 2052 1910 Ni-RI (Nia-SR1913)c 2058 2043 1913
Ni-SIII (Nir-S1931)c 2084 2073 1931 Ni-RII (Nia-SR1921)c 2064 2048 1921
Ni-SIII (Nia-S1931)c 2084 2073 1931 Ni-RIII (Nia-SR1936)c 2072 2059 1936
Ni-L (Ni a-L* )b 2058 2043 1898

an EP
a Alternative nomenclature in parentheses, an asterisk (*) indicates
b FromA. vinosum[39].
c FromA. vinosum[40].
d FromD. fructosovorans[32].
R-detectable state.
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below, the Ni is probably in a divalent state. If we assume that
in this complex the bridging site is not occupied by H− [32],
both the Fe and the Ni have a square pyramidal coordination,
which for the latter is significantly distorted. When compared
to the other active site structures, Cys533 and Cys65 (D.gigas
numbering) switch roles as Ni ligands: the former becomes
equatorial whereas the latter is apically bound. Upon photoly-
sis of the Ni CO bond[14] a structure similar to the reduced,
active enzyme is obtained with Cys533 occupying again an
apical position (Table 1).

Additional information on Ni-ligand interactions has been
obtained from XAS studies[33-36]. A range-extended EX-
AFS analysis of an oxidized preparation of theD. gigasen-
zyme showed one NiO bond at 1.91̊A, two Ni S bonds
at ≈2.2Å and 1–2 additional NiS bonds at 2.35± 0.05Å
[36]. These values are close to the distances found by X-ray
crystallographic analyses for similar enzyme states (Table 1).
For the H2-reduced enzyme, the same authors found that two
Ni S bonds remain at≈2.2Å, but that the remaining ones
increase to 2.47± 0.05Å. Moreover, a better fit to the exper-
imental data was obtained when a Ni–O interaction at 2.03Å
was included. However, the latter proposition does not agree
with the crystal structures.

A former EXAFS study of theA. vinosumenzyme[34]
suggested the presence of one O-ligand in Ni-A and Ni-B
and two O-ligands in Ni-SU, at a distance of≈1.9Å from
t s of
t nce
o ub-
l e
v s
t i-B
t led
N -C
s ed as
l d
f with
t

ctive
s hy.
H anism
o nse-
q will
b

2

g and
c ed by
[ arned
a
d erally
c e of a
s in-
f
g nds

Scheme 1.

[26,28]and the subsequent observation that, as expected, they
respond to changes at the active site[11,27,39], the FT-IR
technique has allowed the detection of many additional dia-
magnetic states. In addition, it has provided an independent
characterization of the paramagnetic ones. Through a combi-
nation of EPR and FT-IR results, at least 13 stable active site
forms have been detected[32,40], with additional less-stable
ones found only at low temperature (Table 2).

Thus, in a recent FT-IR spectro-electrochemical study of
A. vinosum[NiFe]-hydrogenase[40], several new active site
states were detected and characterized. An EPR-silent un-
ready state was obtained when excess Na2S was added to
enzyme in the Ni-C state at pH 6.5, at room temperature and
under Ar. This state, which is called Ni-“S” here, was as-
signed to an S-bound species, showing a unique set of three
IR bands close to those of the Ni-SII species, which has one
fewer proton than the Ni-SIII state (Scheme 1, Table 2). Two
Ni-SIII states with identical spectroscopic properties have
been distinguished in theA. vinosumenzyme according to
their response to H2: a ready, inactive state at 2◦C and an
active one at room or higher temperature[40]. For simplicity
only the ready Ni-SIII state is included inScheme 1.

DFT calculations have suggested that an OH− ligand
bridges the Ni and Fe ions in the Ni-B state[41,42]. If a
bridging OH− were also present in the Ni-SII state, as pro-
posed by some authors[40,43], the similarity between its
F ld
b ht
c the
c
D
p
d n
o ion
r de-
p ed
t te
u Ni-SI
s state
[ hese
p

he Ni. No O-ligand was found in the more reduced state
he active site, for which a shortening of the Ni–Fe dista
f about 2.9–2.6̊A was proposed. This agrees with the p

ished crystal structures except for the oxidized state of thD.
ulgaris(Miyazaki) enzyme (Table 1). The number of ligand
o the Ni was proposed to decrease at pH 6 from five in N
o four in both Ni-R and a protonated form of Ni-SI cal
i-SIII . The proposal of a six-coordinated Ni(III) in the Ni
tate requires that both the Fe ion and a hydride be includ

igands. A nickel–carbon interaction at 1.78Å was observe
or the EPR-silent CO complex, in excellent agreement
he crystal structures of Higuchi and coworkers[14].

The redox and protonation state of the hydrogenase a
ite cannot be directly obtained from X-ray crystallograp
owever, these states need be known before the mech
f hydrogen bio-catalysis can be fully understood. Co
uently, results from other techniques are essential and
e discussed below.

.3. Recent spectroscopic studies

EPR spectroscopy has been instrumental in detectin
haracterizing the various paramagnetic states display
NiFe] hydrogenases. Although a great deal has been le
bout these fascinating enzymes using this technique[37], a
isadvantage of EPR spectroscopy is that it cannot gen
haracterize diamagnetic states, except by the absenc
ignal. With the observation of intrinsic high-frequency
rared bands forAllochromatium(A.) vinosum[NiFe] hydro-
enase[38] that correspond to one CO and two CN-liga
T-IR spectrum and that of the Na2S-treated enzyme wou
e due to a SH− bridging ligand in the latter. This mig
orrespond to the sulfur bridging ligand postulated in
rystal structures of as-preparedD. vulgaris(Miyazaki) and
. desulfuricans[NiFe]-hydrogenases[12,17]. However, the
resence of a bridging OH− ligand in both Ni-B and Ni-SII is
ifficult to reconcile with the irreversibility of the reductio
f Ni-B at 2◦C and with the observation that the oxidat
ate of Ni-SII to Ni-B at higher temperature does not
end on the applied potential[44]. It has also been propos

hat the putative OH− ligand in Ni-B leaves the active si
pon reduction, remains trapped nearby in the unready
tates and is finally released upon transition to an active
42]. Clearly more structural data are needed to clarify t
oints.
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Using theD. fructosovoransenzyme, De Lacey et al. re-
ported a kinetic effect in the anaerobic conversion of Ni-SII
and Ni-SIII to Ni-B when H2O was replaced by D2O. Be-
cause the kinetics of this reaction are independent of pH, it
seems that the rate-limiting step is the incorporation of an
OH− ligand originating from solvent[45]. Along the same
lines, the anaerobic oxidation rate of the Ni-SI states in the
E25Q mutant was found to be six times slower than the corre-
sponding rate in the native enzyme. In the wild type enzyme
the carboxylate group of the glutamic acid (E18 in theD. gi-
gasenzyme) may exchange a proton with a terminal cysteine
ligand of the Ni (Cys530 inD. gigas, seeFig. 2). The slower
oxidation rate in the mutant is most likely due to the inabil-
ity of glutamine to abstract a proton from a water molecule.
The mutant has EPR and FT-IR spectra identical to the na-
tive enzyme but displays no catalytic activity (except for the
para-H2 toortho-H2 conversion) showing that E25 is crucial
for proton transfer reactions occurring during turnover[46].

De Lacey et al.[32] have also reported a small shift of the
IR bands of an EPR-silent CO-complex they called SI-CO at
pH 6 and SI-COredat pH 9 (seeTable 2). Using DFT they pro-
posed that in the CO-complex the Ni(II) is high-spin and that
in the SI-COred state a spin–spin interaction with the reduced
proximal cluster is responsible for the small change in the FT-
IR signal. However, the DFT model is significantly different
from the crystallographic model of the CO-complex in theD.
v it
i l co-
o ilize
a of
t ry
t ent
b from
r

cked
i that
o r
s -
p s oxy-
g and
N e
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T h H
i e
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c hifts
w ,
a ster
a gnal
[ tate
i
I
H light
c ing as
d py; it

also generates another EPR signal called Ni-L[48]. This has
been interpreted as the consequence of photolytic cleavage
of a Ni-bound hydride[50]. Direct evidence for the presence
of a bridging hydride in Ni-C has recently been obtained
from ENDOR and four-pulse ESEEM measurements of the
H2-sensing hydrogenase fromRalstonia eutropha[51].

Very recent DFT analyses ([52] and references therein)
show good agreement between calculated and observed EPR
parameters for the Ni-C when it is modeled as a formal Ni(III)
and a bridging hydride ligand (Fig. 3B). A DFT model of Ni-
L where Ni is assigned the 1+ redox state is also in excellent
agreement with EPR results at low temperature:

Ni(III)–H − + hν ⇒ Ni(I) + H+ (2)

Careful examination of the IR frequencies also suggests the
presence of a hydride in both Ni-C and Ni-R states. If fre-
quency differences are calculated among the various states, it
becomes evident that in certain cases the shifts of the CN and
CO bands differ significantly. For instance, the differences
between Ni-SIII and Ni-C are (0, 0, 17) for the symmetri-
cal and asymmetrical stretching frequencies of CN− and for
CO. The simplest explanation for this difference is the trans
influence of H− on the C Fe bond of the CO ligand. Trans
effects occur when two ligands share a metal orbital[53].
In [NiFe]-hydrogenases a bridging ligand would share the
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s not clear whether the distortion from square pyramida
rdination observed in the crystal is high enough to stab
high spin Ni(II). The relatively high vibration frequency

he bound exogenous CO[32,38], which suggests a not ve
ight terminal ligation mode, agrees very well with the b
inding mode observed by crystallography and deduced
esonance Raman spectroscopy[14].

Both electron and proton exchange reactions are blo
n the SI-CO state. CO binding studies have also shown
nly Ni-SI and Ni-C can react with CO[32]. In the othe
tates, the Ni is probably coordination-saturated[47] and ap
arently CO cannot displace exogenous ligands, such a
en, from the active site. Also, in the more reduced Ni-C
i-R states simultaneous binding of H− and CO does not tak
lace because of a competition between the two ligands[32].
he Ni-C state is obtained by reducing hydrogenase wit2

n the absence of inhibitors such as O2 and CO. Under thes
onditions, no traces of the Ni-SI states are observed
n the SI-CO complex mentioned above, the IR frequen
haracteristic of the Ni-C species underwent very small s
hen the pH was changed from 6 to 9[40]. This may result
gain, from the reduction of the proximal [4Fe–4S] clu
t pH 9, which generates the so-called split Ni-C EPR si

21,48]. Redox titrations have indicated that the Ni-C s
s most likely two electrons more reduced than Ni-B[49].
f these two states have Ni(III), the latter should bind H− or

2. Exposure of an active enzyme preparation to white
auses the disappearance of a proton hyperfine coupl
etected at very low temperature by ENDOR spectrosco
amedz orbital of the Fe with CO. H has a strong tran
nfluence: it preempts the orbital and makes the CFe bond
eak which, in turn, strengthens the triple CO bond. T
lthough the active site is being reduced in going from NiII

o Ni-C, the CO frequency increases. Because the differe
etween Ni-C and the various Ni-R states are similar for C−
nd CO (seeTable 2), the latter should also have a bridg
ydride.

The EPR spectrum of a CO complex that is only stab
ery low temperature can be closely mimicked by a Ni(I)-
odel using DFT[52]. It is also known that photolytic clea
ge of the Ni-CO bond produces the Ni-L EPR spectrum[54].
owever, the absence of a significant shift of the Ni abs

ion edge after the Ni-C to Ni-L transition does not agree
he two-electron reduction of Ni[34]. Overall, the spectro
copic results are consistent with the crystal structure o
O complex ofD. vulgaris(Miyazaki) [NiFe]-hydrogenas
nd its photosensitivity[14], although in that case diffractio
ata were collected at 100 K and the structure is likel
orrespond to the EPR-silent SI-CO state resulting from
eaction:

Ni(III)–H − + CO + [4Fe–4S]2+

⇒ Ni(II)–CO + [4Fe–4S]+ + H+ (3)

he structural similarity between the photolyzed species
educed enzyme (Table 1) suggests that the latter could c
espond to the Ni-C state, resulting from the revers
eaction(3). Alternatively, the photolytic cleavage of t
ickel–carbon bond may have produced the Ni-SIII state, a
bserved in FT-IR studies[38,39].
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Bleijlevens et al.[40] detected three different sets of IR
bands for the fully reduced Ni-R state (Table 2). The state
with the highest frequencies was more abundant at low pH,
whereas the state with the lowest frequencies was only de-
tectable at high pH. These results suggest that three different
protonation states are possible for Ni-R. Alternatively, fre-
quency changes may also be due to different spin states:
a DFT analysis of Ni-R models with a bridging hydride
and either high or low spin Ni(II)[55] indicated that the
latter model was quite close to the crystal structure of re-
duced enzyme, whereas the former was significantly different
(Table 1). Nevertheless, there was a very small energy dif-
ference between the two states so both might be catalytically
relevant.

2.4. Recent kinetic data

The first stopped-flow FT-IR studies of reactions of ac-
tive and inactive [NiFe]A. vinosumhydrogenase preparations
with H2, CO and O2 have been recently reported[43,56]. The
redox state of the FeS clusters had to be included in the in-
terpretation of the data, as these are involved in fast electron
transfer to and from the active site. The ready Ni-B state acti-
vated rapidly upon H2 addition with a lag time of 6 s[43]. The
putative bridging hydroxide ligand of Ni-B was proposed to
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Reaction(6) was faster in the presence of redox mediators
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the reaction was much slower than the Ni-R to Ni-C transition
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⇒ Ni(II) + H2O + [4Fe–4S]+ + H+ (4)

hen a minor Ni-B fraction was activated with H2 and then
lamped in the inactive SI-CO state, the larger Ni-A frac
id not change after subsequent addition of H2. When no CO
as used, a slow transition from the Ni-A to the Ni-SU s
as observed, which was ascribed to a one-electron tra

eaction from a small fraction of activated enzyme[43]. This
xperiment indicated that unready enzyme does not reac
2. On the other hand, both Ni-SIII and Ni-C states of theA.
inosumenzyme reacted with H2 on a milli-second timescal
howing very high affinity for the substrate. For the form
tate, the reaction had to be performed at 25◦C or higher
hereas for the latter the proximal cluster had to be oxid

56]:

Ni(III)–H − + [4Fe–4S]2+ + H2

⇒ Ni(II)–H− + [4Fe–4S]+ + 2H+ (5)

s already reported[49,57] (5)was the only reaction whe
ydrogen and the enzyme were at equilibrium. At pH 6, w
n oxidized proximal cluster and in the absence of H2, the
i-C state remained stable for at least 1 day[56,58]. At pH
and in the absence of one-electron redox mediators, a

ransition from the Ni-C to the Ni-SI state was observ
aintained electrochemically.
A very powerful technique to study the kinetic proces

s protein film voltammetry[8,44,47] (for a recent review
he reader is referred to Lamle et al.[59]). The H2 oxidation
ate of a small amount ofA. vinosum[NiFe]-hydrogenas
dsorbed on a graphite electrode approached 10,000−1 at
5◦C, comparable to that of a Pt-coated electrode. It
oncluded that the rate-limiting step is the diffusion of H2 to
he active site[60].

.5. Proposed catalytic mechanisms

Using DFT models, it has been proposed that a struc
ater molecule is the base that accepts a proton upo
eterolytic splitting of H2, which, in turn, generates a hydri

n Ni-C [52]. However, this water was hydrogen-bonde
he two CN− ligands of the active site iron, a proposit
hat is not stereochemically feasible. In addition, there i
ndication of a water molecule in the vicinity of the act
ite in any of the reduced [NiFe] hydrogenase structures
races of any Ni-SI state have been observed under H2 [40],
uggesting that it may not be involved in catalysis and tha
ormation of the Ni-C state is part of the activation proc
f the enzyme.

The terminal Ni binding site occupied by CO in the inh
ted enzyme has been proposed to be also the site of initi2
ctivation[14]. In the 1.2Å resolution Fourier map of a C
omplex, unexplained electron density was found at b

ng distance from Cys530S. Ogata et al. suggested tha
ensity is part of a trapped intermediate, maybe a proton
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species. This proton could have originated from the puta-
tive bridging hydride upon reaction of the crystalline Ni-C
form with CO (see reaction(3)). The S�-atom of Cys530 and
the side chain of Glu18 show relative high B-factors. These
are a measure of discrete and/or dynamic disorder in a crys-
tal structure, suggesting that these residues can adopt more
than one conformation and protonation state. Besides play-
ing a role in the formation of the Ni-B species, Glu18 is also
likely to be involved in proton transfer; its mutation to glu-
tamine abolishes both hydrogen turnover and H/D exchange
[46].

In vivo, both Ni-SIII and Ni-C forms of hydrogenase may
react with hydrogen depending on temperature and overall
redox state. Binding of hydrogen to either state will generate
one of the N-R species, although the mechanism would not
be exactly the same. Initially, the Ni-SIII to Ni-R transition
should involve the heterolytic cleavage of H2, generation of a
bridging hydride and re-oxidation to the Ni-C state by trans-
fer of one electron to an oxidized [4Fe–4S] cluster, according
to the reverse of reaction(6). After this step, catalysis will
continue through the binding of H2 to the terminal Ni bind-
ing site of the Ni-C state, possibly triggering the transient
formation of a Ni-L-like state by transfer of a proton (the for-
mer bridging hydride) to Cys530 and reduction of Ni(III) to
Ni(I) (reaction(2)). Subsequently, one electron from Ni and
the proton from Cys530 would be transferred to the proxi-
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CO according to the reaction:

CO2 + H+ + 2e− ⇒ CO + OH− (8)

ACS combines the produced CO molecule with a methyl
group according to the reaction:

CO + CH3
+ + CoA-S− ⇒ CoA-SC(O)CH3 (9)

The methyl group originates from the reduction of a sec-
ond CO2 molecule and is transferred to ACS by a cobalt-
containing corrinoid iron–sulfur protein (CFeSP). In aceto-
gens likeMoorella (M.) thermoacetica, the ACS (�-subunit)
and the CODH (�-subunit) form�2�2 heterotetramers[63].
Both enzymes are also found in methanogens where they
function in a reverse pathway that generates low potential
electrons from acetyl-CoA by decarbonylation of the acetyl
group and oxidation of the resulting CO to CO2 [64]. They are
associated with three other protein subunits���, where��
corresponds to CFeSP, in a (�����)8 multi-enzyme complex
[65]. Isolated homodimeric CODHs have been characterized
in Carboxidothermus(C.) hydrogenoformans[66] andRho-
dospirillum (R.) rubrum [67]. By catalyzing the reverse of
reaction(8) they allow these organisms to use CO as sole
carbon and energy source.

A number of recent reviews have addressed the abun-
dant spectroscopic and kinetic data on CODH and ACS
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al cluster. After heterolytic cleavage the resulting hyd
ould move to the vacant Ni–Fe bridging position (see r
ion (5)). Alternatively, H2 could move to the bridging sit
et polarized between Fe and Ni and then be heterolyti
leaved. Thus, there are several candidates for the bas
ould initially bind the proton generated by the first par

eaction(1). One can even conceive that it is the bridging
ride in the Ni-C state that abstracts a proton from H2. In that
ase one electron from a transient terminally bound hyd
ould bind the Ni ion generating the Ni-R state; the o
lectron and one proton would be transferred to the prox
luster.

Hydride binding to a FeCOCN unit following the h
rolytic cleavage of H2 has also been postulated in Fe-o
ydrogenases[61].

Fraser Armstrong has remarked that, given the high a
ty of [NiFe]-hydrogenases, it is doubtful that all spectrosc
cally observed active enzyme states are catalytic interm
tes[8]. This situation complicates the interpretation an

s clear that additional studies will be needed in order to
rove our understanding of the catalytic mechanism of t

ascinating enzymes.

. Structural comparisons with CODH and ACS

Carbon monoxide dehydrogenase (CODH) and a
oenzyme A synthase (ACS) are found in many anaerobi
roorganisms that use the anaerobic Wood–Ljungdahl
ay of acetyl CoA synthesis[62]. CODH reduces CO2 to
t

64,68–72]. Here we will focus on the structural inform
ion obtained in the last few years. Two crystal struct
f CODH, fromC. hydrogenoformansandR. rubrum, were
eported in 2001 at 1.6 and 2.8Å resolution, respective
66,67]. They showed that the CODH dimer contains two
lusters and two C-clusters, as expected from spectros
ata. Surprisingly, another cluster called D was found a
imer interface. The B and D clusters are regular [4Fe
ubanes that provide an electron transfer pathway bet
he molecular surface and the Ni-containing C-cluster.
atter constitutes the active site and consists of a [3Fe
ub-site that is connected to a Ni and a unique Fe ion c
errous component II (FCII) via three of its inorganic S-ato
Fig. 4a). An almost identical CODH dimer was subseque
ound in two crystal structures of the CODH/ACS comp
fM. thermoacetica(Fig. 1B) [63,73].

In all the CODH structures, the B-factors of the C-clu
toms are rather high. This indicates that the C-cluster

her partially occupied, as found for theC. hydrogenoforman
nzyme[66] or present in more than one conformation
eported for the 1.9̊A resolution crystal structure of the C
omplex of theM. thermoaceticaenzyme[73]. Significan
ifferences are apparent between the four reported C-c
tructures and they will be discussed elsewhere. The C-c
as two cis Ni binding sites available for exogenous liga
ere called E1 and E2. E2 bridges the Ni ion and FCII

n theC. hydrogenoformansstructure it is occupied by a fif
abile sulfide[66]. This ligand may arise from the reducti
f COS, which is an alternative substrate of CODH[74]:

OS + H+ + 2e− ⇒ CO + SH− (10)
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Fig. 4. Comparison of Ni–Fe active sites of (a) CODH, (b) hydrogenase and (c) ACS.

Thus, the hydroxide produced by reaction(8) could also oc-
cupy a Ni–Fe bridging position prior to its protonation and
release as a water molecule. CO may bind to E1, as suggested
by the structure of the CO-complex of theM. thermoacetica
enzyme[73]. In a more recent report concerning CODH from
C. hydrogenoformans, it was found that treating the enzyme
with excess CO results in the absence of a labile sulfide at
E2 but also in the loss of enzymatic activity[75]. This sug-
gested that E2 is permanently occupied by an S-atom. How-
ever, such a structure would not provide the two open cis
coordination sites to the Ni that are most likely required to
bind CO and OH−, products of the two-electron reduction of
CO2. Furthermore, in a recent paper Feng and Lindahl have
shown that incubating CODH from eitherM. thermoacetica
or R. rubrumwith Na2S inhibits the catalytic activity[76]
and modifies the EPR spectrum of the C-cluster. Removal of
S2− restores the catalytic activity. Based on these results, the
authors suggested that SH− occupies the E2 site, as seen in
theC. hydrogenoformansCODH crystal structure.

The 2.2Å resolution structure of ACS/CODHMt revealed
the presence of an extensive hydrophobic tunnel network con-
necting the four active sites, i.e. the two A- and C-clusters
of the heterotetramer (Fig. 1) [63]. The CO produced at the
C-cluster is thought to diffuse through the tunnels to the A-
cluster because under normal turnover conditions no CO es-
capes from the enzyme[77,78]. Moreover, the acetylation
o t
t
i
T the
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g tions
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s -
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important for the correct gating of substrates and products at
the A cluster[73,81]. So far, three metal compositions have
been found for the active site A-cluster: Fe4S4CuNi [63],
Fe4S4ZnNi [73] and Fe4S4NiNi [73,80]. It is now widely
accepted that the Fe4S4NiNi structure is the only active one
(Fig. 4c). The distal Ni ion (with respect to the FeS cluster) is
called Nid and is probably catalytically inert. The proximal
Nip is thought to be the catalytic center because it is more
accessible to solvent and has two cis coordination sites (again
labeled E1 and E2) available for CO and CH3 binding (see
reaction(9)). In the closed ACS conformation, E1 points to
the exit of the long hydrophobic tunnel so this is most likely
where CO binds. In the open conformation, E2 becomes very
exposed to the solvent, making it the best candidate to accept
the methyl group from the bulky CFeSP. More structural ev-
idence is clearly needed to confirm this.

In the twoM. thermoaceticastructures, the C-cluster has
no visible ligand at the E2 position, leaving FCII with appar-
ently only three ligands. One possibility is that E2 binds a hy-
dride, which would make it similar to the proposed bridging
hydride site in the active states of [NiFe] hydrogenase. The
hydride could react with CO2 bound to the E1 site, produc-
ing a CO at E1 and an OH− at E2 (reaction(10)). Because
of the already mentioned heterogeneity at the C-cluster in
the different crystal structures, data from more homogenous
samples will be needed to improve our understanding of the
c

4

and
[ y act
o r with
t nel.
I ordi-
n . E1
p
a sons
f CoA is more effective when using CO2 plus reductan
han with CO provided from the medium[78]. In fact, CO
s probably never an external substrate in ACS/CODHs[79].
he 1.9Å resolution structure of another crystal form of
ame enzyme showed that ACS, which is composed of
lobular domains, may adopt closed and open conforma

73]. In the former, the A-cluster is relatively inaccessible
onnects to the C-cluster by the hydrophobic tunnel, whe
n the latter the A-cluster lies exposed at the molecular su
nd the tunnel is blocked (Fig. 1B). Recently, the structu
f a monomeric ACS ofC. hydrogenoformanshas also bee
olved in an open domain conformation[80]. We have pro
osed that the observed conformational changes of AC
atalytic mechanism at the C-cluster.

. Conclusion

In summary, the active site structures of CODH, ACS
NiFe]-hydrogenase show several common features. The
n gaseous substrates and they all contain a Ni–Fe pai

he Ni located near the exit of a long hydrophobic tun
n each case, the catalytic Ni ion has two open cis co
ation sites, E1 and E2, available for substrate binding
oints at the tunnel and binds CO in [NiFe]-hydrogenase[14]
nd CODH[74]. For mechanistic and stereochemical rea
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E1 is also very likely the CO binding site in the A-cluster
[73,81]. E2 has been postulated to bind a hydride in [NiFe]-
hydrogenase[51] and it might also bind H− in the C-cluster
of CODH. In both [NiFe]-hydrogenase and CODH, an in-
organic S-atom has been found at the Ni-Fe bridging site
[12,66], which further indicates that the two active sites have
remarkably similar properties. What is missing in CODH is
the presence of structural CO and CN ligands to the Fe, which
might explain why it does not function as a very effective hy-
drogenase: only a low hydrogen evolution activity has been
reported for this enzyme[82]. In the A-cluster, E2 is a termi-
nal coordination site thought to bind CH3.

The association of Ni, Fe and S has been shown to have
interesting catalytic properties even in an abiotic context. In
enzymes, NiFe-containing clusters are involved in reactions
that provide reducing power and, in the case of CODH, a
carbon source, from very simple molecules such as CO and
H2. These gases, along with CO2, were very abundant in
the early history of earth and it is almost certain that they
were extensively used by primitive anaerobic microorgan-
isms. At present, the required anoxic environments are con-
fined to a few niches. Nevertheless, relatives of ancestral
bacteria and archaea continue to thrive there, carrying out
fascinating chemical reactions that we are just beginning to
understand.
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