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Ni-containing carbon monoxide dehydrogenases (CODH), present in many anaerobic microorganisms, catalyze the
reversible oxidation of CO to CO2 at the so-called C-cluster. This atypical active site is composed of a [NiFe3S4] cluster
and a single unusual iron ion called ferrous component II or Feu that is bridged to the cluster via one sulfide ion. After
additional refinement of recently published high-resolution structures of COOHx-, OHx-, and CN-bound CODH from
Carboxydothermus hydrogenoformans (Jeoung and Dobbek Science 2007, 318, 1461-1464; J. Am. Chem. Soc.
2009, 131, 9922-9923), we have used computational methods on the predominant resulting structures to investigate
the spectroscopically well-characterized catalytic intermediates, Cred1 and the two-electron more-reduced Cred2.
Several models were geometry-optimized for both states using hybrid quantum mechanical/molecular mechanical
potentials. The comparison of calculated M€ossbauer parameters of these active site models with experimental data
allows us to propose that the Cred1 state has a Feu-Ni2þ bridging hydroxide ligand and the Cred2 state has a hydride
terminally bound to Ni2þ. Using our combined structural and theoretical data, we put forward a revised version of an
earlier proposal for the catalytic cycle of Ni-containing CODH (Volbeda and Fontecilla-Camps Dalton Trans. 2005, 21,
3443-3450) that agrees with available spectroscopic and structural data. This mechanism involves an abnormal CO2

insertion into the Ni2þ-H- bond.

Introduction

Anaerobic bacteria such as Carboxydothermus hydrogeno-
formans (Ch) andRhodospirillum rubrum (Rr) can useCOas a
source of carbon and low-potential electrons thanks to the
presence of Ni-containing carbon monoxide dehydrogenases
(CODH)1 that catalyzes the reversible reaction COþH2OT
CO2 þ 2e- þ 2Hþ. In the acetogenic bacterium Moorella
thermoacetica (Mt), CODH forms a complex with another
enzyme of the Wood-Ljungdahl pathway of carbon fixa-
tion,2 acetyl-coenzyme A synthase (ACS): CO2 is reduced to
CO, which diffuses through a 70-Å-long tunnel1 before
reaching the ACS active site where it combines with CoA
andamethyl group to synthesize acetyl-CoA.CODHandACS
are also found in acetyl-CoA decarbonylase/synthase com-
plexes of methanogenic archaea.3 After metal and acid-labile

sulfide content analyses revealed that CODH was a nickel-
containing, iron-sulfur protein,4 numerous spectroscopic
studies followed.5-15 The reversible CO oxidation by CODH
was found to occur at the so-called C-cluster16 assumed to be
composed of Ni and a [Fe4S4]

þ1 cluster with spin S= 1/2 in
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its reduced states identified by EPR.5,6,12 The gav=1.82 EPR
signal (later assigned to the state called Cred1

8) was altered by
CN-, which acts as a strong inhibitor of CO oxidation.
ENDORdata suggested thatCN- binds theC-cluster directly,
most probably at the CO binding site.16 The state giving rise
to the gav= 1.86EPR signal (later calledCred2

8) is thought to
be two-electron more-reduced than Cred1. Although both
ligands bind to Cred1, neither CN- nor CO bind to Cred2,
indicating that CO is oxidized by the enzyme in the Cred1

state.7,8,10 One of the proposed putative [Fe4S4] cluster Fe
ionswas assigned to the so-called ferrous component II (FCII)
identified in a M€ossbauer study.6 Later, the Cred1 state was
described as containing also a ferrous component III (FCIII),
in addition to two iron ions belonging to a FeIIFeIII mixed-
valencepair.9Although itwasdifficult to identify theM€ossbauer
signals from the Cred2 state, given the presence of Fe ions in
other clusters, the authors concluded that its spectrum should
be very similar to the one from Cred1. A later ENDOR study
of the Cred1 state suggested that an observed strongly coupled
solvent-exchangeable proton signal originates from a hydro-
xide bound toFCII.11 This signal was lost in theCred2 state or
after CN- treatment. In addition, a nitrogen ENDOR signal
was attributed to a histidine ligand of the putative [Fe4S4]

þ1

cluster, whereas no 61Ni ENDOR signal was observed in
either Cred1 or Cred2. Finally, Ni L-edge and K-edge X-ray
absorption spectroscopic studies favored a low-spin diamag-
netic Ni2þ for both states, although high-spin Ni2þ was also
observed.13,15

Some interpretations from the spectroscopic studies de-
scribed above17 were challenged and others confirmed when
CODHcrystal structures becameavailable. In 2001, the 1.63 Å
resolution X-ray model of ChCODH revealed a dimer with
three standard [Fe4S4] clusters corresponding to twoB-clusters
and a novel D-cluster bound at the subunits’ interface,18

involved in electron transfer. X-ray crystallographic anom-
alous dispersion experiments showed that in the C-cluster Ni
is actually part of the cubane adding to a distorted [Fe3S4]
moiety, while a single iron atom corresponding to FCII (also
called the unique iron, Feu) is linked to the [NiFe3S4] cluster
via a sulfide ion. The ChCODHmodel included a μ2-sulfido
ligand between the Ni and Feu atoms.19 Given that (1) this
bridging sulfide was not found in subsequent structures of
RrCODH,20 MtCODH,21,22 or recombinant ChCODH23

and (2) sulfide reversibly inhibitedRrCODHandMtCODH,24

it may be concluded that the observed μ2-S is not a compo-
nent of the active species. Drennan and co-workers20 pro-
posed a binding mode for COOH at the C-cluster of the
RrCODH X-ray structure where the carbon atom interacts
with both Ni and Feu and its oxygen atoms interact with a

histidine and a lysine, respectively. In 2005, some of us,25 on
the basis of previous spectroscopic and crystallographic data
on CODHs and the observation that COS is also a
substrate,26 proposed a mechanism for reversible CO oxida-
tion in which, instead of the sulfide ion discussed above, the
Cred1 state has a Ni-Feu bridging OH- (similar to the Ni-B
state in [NiFe]-hydrogenase27). Furthermore, the redox-
active species11 in the two-electron more-reduced Cred2

state was proposed to be a hydride.25

In 2007, Jeoung and Dobbek reported high resolution
crystal structures of ChCODH with catalytically relevant
ligands bound at the C-cluster active site.23 Two structures
withanOHx-boundC-cluster fromsamples poised at-320mV
and-600 mVwere interpreted as corresponding to the Cred1

and Cred2 states, respectively (models I and IV in Figure 1).
Another sample poised at -600 mV and treated with bicar-
bonate led to a structure with a COOHx-bound C-cluster
(model III in Figure 1). Following this work, the X-ray
structure of Methanosarcina barkeri (Mb) CODH28 sug-
gested simultaneous binding of a putative CO ligand to Ni
and OHx to Feu, a species that would correspond to inter-
mediate II in Figure 1.
Taking advantage of Jeoung andDobbek’s high resolution

C-cluster structures,23 we decided to employ hybrid quantum
mechanical (QM)/molecularmechanical (MM) techniques29-31

to investigate the intermediate states in the reversible CO
oxidation at the C-cluster, including the effect of the protein
environment. However, we found that the published struc-
tures contained unexplained electron density. Consequently,
we further refined the crystallographic structuresofChCODH,23

introducing, when necessary, partially occupied structural
components in order to obtain essentially flat residual [Fobs-
Fcalc] electron density maps. This procedure led to better
refinement statistics, at the same time revealing several
features relevant to catalysis. We also noticed that although
Jeoung and Dobbek23 have assigned the nonbridging Feu-
bound OHx-containing structures poised at -320 mV and
-600 mV to the Cred1 and Cred2 states, respectively, they are
almost identical. Consequently, we compared calculated
M€ossbauer parameters from these models with experimental
data inorder to check the validity of thepublishedhypotheses
concerning these reduced states.23,25,32 During this study,
reports on the structural bases for CN- inhibition of
ChCODH33 and MtCODH34 were also published. Conse-
quently, we have also characterized the CN- inhibited state
of the former. Taken together, our results allow for the
proposal of a mechanism that involves a Ni-H- species in
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the Cred2 state resulting in the “abnormal” CO2 insertion,
which leads to a metallocarboxylate35 rather than the stan-
dard metal-bound formate generated by “normal” CO2

insertion.36,37

Materials and Methods

Structure Refinements.Using theCoot program,38 we noticed
thatmany features in the residual electron densitymapswere left
unexplained when using the high resolution published atomic
models [OH-600], [COO-600], [OH-320], and [CN-320] (X-ray
model names indicate the ligand and the reported imposed redox
potential). These structures correspond to PDB codes 3B51,
3B52, 3B53,23 and 3I39,33 respectively. Accordingly, we decided
to resume their refinements using the PDB-deposited structure
factors. Taking advantage of the high observation-to-parameter
ratio, we applied individual anisotropic temperature factors
with the program Refmac39 to all non-hydrogen atoms and
not only to metal cluster atoms, as Jeoung and Dobbek did.
Overall, the quality of the electronic density maps was improved,
and better refinement statistics were obtained (Table S1,
Supporting Information). The most significant modifications
in the active site region were the addition of (1) a second
conformation for an eight-residue segment (260-267) and
nearby residues 365 and 366 in all models, (2) an up to 35%
occupied COO in both [OH-320] and [OH-600], and (3) a 35%
occupied CO and water molecule in [COO-600] (see below).
Other modifications are described in detail in the Supporting
Information. All of the revised X-ray models are designated as
above with an added rev tag.

Figures 3-6 and S1 and S2 were prepared with the
MOLSCRIPT40 and RASTER3D41 programs, and the electron
density map was displayed using the CONSCRIPT42 program.

The cavity map in Figure 3 was calculated with the CAVsel
program, based on CAVEnv.43

Enzyme Hybrid Quantum Mechanical (QM)/Molecular
Mechanical (MM) Modeling. All modeling and simulations of
enzymemodelswereperformedusingprograms in theSchr€odinger
suite.44 With the exception of the CN--bound and the corre-
sponding H--bound starting models (see below), we used the
major conformation of the COOHx-boundCODHX-raymodel
in our calculations. Hydrogens were built and minimized,
and protonation states of titrable residues and water orienta-
tions were optimized. The quantum part consists of (1) the
[NiFe3S4] cluster and the unique iron Feu; (2) Cys333, Cys426,
and Cys476, which coordinate the Fe atoms of the cluster; 3)
His261 and Cys295, which are ligands of Feu; (4) Cys526,
which is a Ni ligand; (5) all of the tested nonprotein ligands
COO2-, COOH-, O2-, OH-, H-, and H2O, used to discrimi-
nate between variousmodels as explained below; and (6) Lys563
andHis93, which interact with these ligands, andAsp219, which
interacts with His93. Geometry was optimized with the QSite
program;44 the LACVP** basis set45,46 was used for metals,
whereas the 6-31G** basis set was used for all other atoms
treated quantum mechanically. Density functional theory
(DFT) with the B3LYP functional was used for the QM part,
while the OPLS-2005 force field47 was employed for the rest of
the enzyme. Link atoms48 ensured the junction between the QM
(Cβ atom) and the MM (CR atom) parts of cysteines 295, 333,
426, 476, and 526; histidines 93 and 261; Lys563; and Asp219.
His93 (Figure 1) was either singly protonated on Nδ (proton
interacting with the carboxylate group of Asp219) or doubly
protonated with Nε, interacting with nonprotein ligands at the
active site. The presence or absence of an additional water
(called We) found in the [OH-320], [OH-320rev], and [COO-
600rev] structures was also tested along with Ni oxidation states
þ2 and 0.

Figure 1. C-cluster reaction mechanism. Although the C-cluster reaction mechanism is reversible, the scheme proposed by Jeoung and Dobbek23 is only
depicted in the CO oxidation direction for simplicity.
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Given the significant number of models, we decided to adopt
a notation that may appear cumbersome but has the advantage
of being explicit: [Ligand,His(þ),(We)]Nin, where (1) the non-
protein ligand is indicated without its charge, (2) the proton-
ation state of His93 is denoted by its total charge, (3) the
presence of the extra water is indicated by We and its absence
by --, and (4) the oxidation state of Ni is specified by n. All of the
constructed models are defined in the Supporting Information.
The starting position of the oxygen atom of ligands O2-, OH-,
H2O, and of H- corresponds to the one occupied by the oxygen
ligand in the [OH-320] and [OH-600] X-ray models. Because
there is a significant conformational change of the 260-267
amino acid segment and nearby residues 365 and 366 between
the main conformations of [COO-600] and [CN-320], we used the
major conformation of these residues in the latter as a starting
structure for the CN--bound CODH. The [†CN,Hisþ,--]Ni2þ

model was built, where the † sign indicates (1) themajor alterna-
tive conformation of the 260-267 amino acid segment found in
[CN-320] (called †Seg) compared to its counterpart in [COO-
600] (called Seg) and (2) the alternative position of the unique
iron (called †Feu) compared to its counterpart in [COO-600]
(called Feu). For this model, His93 was doubly protonated
because of the short 2.69 Å distance between the N atom of
CN- and the Nε of His93 in the crystal structure. We also built
the correspondingH--bound form, the [†H,Hisþ,--]Ni2þmodel,
and two models with Ni0, no ligand, and either Seg or †Seg.

Here, we have assumed that the available X-ray models are
structurally representative of the electronic structures found by
EPR and M€ossbauer spectroscopy. EPR studies have shown
that the [FeuFe3S4] moiety exhibits a signal similar to a standard
[Fe4S4]

þ1 S = 1/2 cluster.12,17 It consists of a mixed-valence
(Fe2.5þ-Fe2.5þ) pair of spin S=9/2 and a ferrous (Fe2þ-Fe2þ)
pair of spin S=4, antiferromagnetically coupled.We approach
this pure spin S = 1/2 state by building corresponding broken
symmetry (BS) states (see ref 49 for details). These states of
mixed spin (Ms = 1/2) and spatial broken symmetry exhibit
local high-spin iron ions (S= 5/2 or 2 for ferric or ferrous ions,
respectively). We geometry-optimized the QM/MM [COO,
His,--]Ni2þmodel for the six possible BS states. These optimized
structures are very similar; the energies of the models where
Fe2-Fe4, Fe3-Fe4, and Feu-Fe4 are the mixed-valence pairs
are within 20 kJ mol-1, whereas models where Feu-Fe2,
Feu-Fe3, and Fe2-Fe3 are the mixed-valence pairs are higher
in energy (∼40 to 60 kJ mol-1). We retained Feu-Fe4 as the
(localized) mixed-valence pair and Fe2-Fe3 as the ferrous pair
(Figure 2) in our working model for further geometry optimiza-
tions because it corresponds to the lowest energy for [COO,
His,--]Ni2þ.

Note: Subsequent M€ossbauer data calculations on quantum
models showed that the pair combination where (Fe3-Fe4) is
the mixed-valence pair is the only one that fits the experimental
data. Therefore, we also tested theQM/MMoptimization of our
COO-- and H--containing models with this combination, but
no significant changes in the geometry were observed.

Ni L-edge X-ray spectroscopy suggested that the Ni atom is
mostly low spin (S = 0) Ni2þ,13 which is consistent with its
square planar coordination in the COOHx-bound crystal
structure,23 but a fraction of high spin (S = 1) Ni2þ was also
observed.13 We have confirmed that the S=0 is more stable by

about 58 kJ mol-1. Consequently, the Ni2þ spin was set to 0 in
our calculations on all models with coplanar Ni coordination
(two inorganic sulfur atoms from the [Fe3S4] moiety; the Cys526
thiolate; and either C of COO-, C of CN-, H-, or nothing).

The geometries of all constructed models were optimized
on the QM/MM potential surface. First, the MM part was
optimized with a decreasing harmonic constraint from 6.0 to
1.2 kJ Å-2mol-1 holding theQMpart fixed, and then, thewhole
QM/MM system was allowed to move.

QM Model Systems of Relevant States for Catalysis and
M€ossbauer Parameter Calculations. For the [OH,Hisþ,--]Ni2þ

and [H,Hisþ,--]Ni2þ (or [†H,Hisþ,--]Ni2þ) models, which we
thought could correspond to Cred1 and Cred2, respectively (ref 25
and this work), the QM part of QM/MM optimized structures
was extracted, and smaller QM models were built by adding
hydrogens to the Cβ atoms. Finally, we extracted the same
atoms from the published PDB file and built hydrogen atoms
for [OH-320] with Ni2þ, and [OH-600] with Ni0, as possible
X-ray models for the Cred1 and Cred2 states, respectively
(Figure 1).23

In order to compare calculated M€ossbauer quadrupole ten-
sors and isomer shift parameters with available experimental
data, we performed additional DFT calculations on these
models, using the Slater-based ADF2009 code50 with triple-ζ
basis sets for all atoms, with the Vosko, Wilk, and Nusair
(VWN) LDA functional51,52 and the Becke-Perdew ex-
change-correlation potential.53,54 For the quadrupole tensor
[Q], we relied on an in-house program coupled to ADF output
files, based on an analytical expression already published
elsewhere.55,56 From the three eigenvalues of [Q], we get ΔEQ =
(Qii)max(1 þ η2/3), where η is the asymmetry parameter defined
as η = |((Qii)int - (Qii)min)/(Qii)max|. In order to estimate the
isomer shifts {δFe}, we computed electron densities {FFe} at the
Fe nucleus. The isomer shift values are derived from linear
correlations between experimental isomer shifts of chemically
related systems and corresponding electron densities. Selected
data for ferrous and ferric-containing monomeric compounds
are given in the Supporting Information. For delocalizedmixed-
valence Fe ions, we averaged the two previous ferrous and ferric
correlations. Moreover, in order to determine whether the formal
[Ni2þ-H-] fragment in models [H,Hisþ,--]Ni2þ and [†H,Hisþ,--]
Ni2þwas eitherNi2þ-H-,Niþ-H, orNi0-Hþ, or if the [FeuFe3S4]

þ1

moiety was also affected by the addition of two electrons to the
system via a hydride, charge population analyses were done on
the basis of (1) theMulliken partitioning scheme, which relies on
equal sharing of the overlap charge population between two
atoms, and (2) the Voronoi scheme, which integrates the charge
density within appropriate atom-centered volumic cells.57

Results and Discussion

In the next four sections, we use crystallography and
QM/MMmethods to characterize the COOHx-, OHx-, and
CN-bound structures, in order to get suitable models for
the Cred1 and the Cred2 states. The fifth section deals with
the calculation of M€ossbauer parameters on these models
and their comparison to experimental data.

Figure 2. Atom name assignments in the C-cluster (n= 0 or þ2).
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COOHx Form at-600 mV. The COOHx-bound X-ray
model (PDB 3B52) is the most homogeneous of the [COO-
600], [OH-320], and [OH-600]C.hydrogenoformansC-cluster
structures.23 Our complete refined active site model is
shown in Figure S1 (Supporting Information). Like in the
original [COO-600] model, in the 65% occupied confor-
mation of our revised [COO-600rev] model, theNi-CCOO

bond completes the square planar coordination of this
metal ion, and one of the COOHx oxygen atoms binds
Feu, resulting in a distorted tetrahedral coordination. This
oxygen also interacts with Lys563, whereas the other
COOHx oxygen atom interacts with His93 (Figures 3 and
S1). Further refinement led to a decrease of the Ni-CCOO

distance from 1.96 Å to 1.86 Å. In the vicinity of the active
site (see also Supporting Information), we added alter-
native conformations: (1) for an Fe atom with a 20%
occupancy in a position we call †Feu that is very close to
the major position of this unique iron ion in the [CN-320]
X-ray model (see below) and (2) a 20% occupied con-
formation for the 260-267 segment and nearby residues
365 and 366 (†Seg), with His261 interacting with †Feu,
each 20% occupied. Finally, a Ni-bound CO molecule
located at the entrance/exit tunnel for gaseous substrates/

products18,22 and We (Figure 3), which interacts with a
conserved water network, were added to the model with
35% occupancy. Interestingly, Ni-bound CO and We are
potential substrates for CO2 production.
QM/MM geometry optimizations for the COO--bound

and COOH-bound C-cluster (Table 1) indicate that most
probably the [COO-600] structure corresponds to a Ni2þ-
bound unprotonated carboxylate. COOH may be ex-
cluded because its optimized structure does not corre-
spond to the revised model for the following reasons: (1)
the Feu-O1 and NζLys563-O1 distances are longer than
observed and (2) there is a large difference between the
C-O1 andC-O2 distances that might have been detected
at 1.50 Å resolution. However, this does not exclude Ni-
bound COOH as a catalytic intermediate. It is not clear
from our calculations whether His93 is doubly proto-
nated and interacts with both Asp219 and one oxygen
atom from the bound carboxylate (Figure 3) or whether it
is singly protonated and only interacts with the former.
In [COO-600rev], the Nε-O2 distance lies between the
values calculated for the singly and doubly protonated
states of His93 (Table 1).

OHx Form at -320 mV. In our [OH-320rev] revised
model, the main conformation corresponding to the bound
OHx is only 35%occupied, compared to 65%in theoriginal
[OH-320] model (Figure S2, Supporting Information). The
remaining30%of the electrondensitypeakhasbeenassigned
to COOHx (Figure 4) like in the [COO-600] and [COO-
600rev] models describedabove.Thus, in [OH-320rev], there
is a mixture of more or less equivalent amounts of OHx and
COOHx (Figure 4). The 35%-occupied water molecule We

in [COO-600rev] was modeled with a 65% occupancy in
[OH-320rev] in order to match its temperature factor to
those of atoms in its immediate vicinity. A 20% occupied
alternative conformation of the 260-267 amino acid seg-
ment †Segandnearby residues365-366wasalsoadded; this
conformational change was also seen in [COO-600rev] and
will be discussed below. In the 35%-occupied OHx-bound
[OH-320rev] model, Ni adopts a T-shaped coordination.
Conversely, in the remaining 30%-occupied COOHx-
bound [OH-320rev] model, Ni has a regular square planar
coordination like in [COO-600rev]. Feu displays a distorted
tetrahedral coordination in both [COO-600rev] and [OH-
320rev].
We were puzzled by the asymmetrical binding of OHx

in [OH-320] because we expected this ligand to bridge Feu
and Ni2þ instead of being only bound to Feu. Previously,
a sulfido species (most probably SH-) was found to bridge

Figure 3. Stereo view of the [COO-600rev] model active site with the
omit map contoured at 3.5 σ shown in blue and at-3.5 σ (red), where σ
corresponds to the RMSD value of the map. Minor structural compo-
nents are shown as gray balls and sticks. The ? represents a peak that may
be explained by a putative Fe atom with 15% occupancy or that may be
due to ripples originating from the cluster atoms. Putative CO and We

molecules and the ? marked atom were left out of phase and structure
factor calculations. † indicates the †Feu position of the unique iron. A
cavity calculation using a 0.8 Å probe radius and omitting the COO and
CO ligands reveals a hydrophobic tunnel (shown in gray) that reaches the
C-cluster. The three small red spheres represent conserved water mole-
cules, whereas We is a water molecule only included in the [COO-600rev]
and [OH-320]/[OH-320rev] models. Standard color codes are used for C,
N, O, and S atoms, while the Ni and the Fe atoms are indicated in green
and dark red, respectively, in Figures 3-6 and Figures S1 and S2
(Supporting Information).

Table 1. QM/MM Optimized Ni2þ-Bound COOHx Models, Compared to [COO-600rev]

models

distancesa [COO-600rev] main conformation [COO,His,--]Ni2þ [COO,Hisþ,--]Ni2þ [COOH,His,--]Ni2þ [COOH,Hisþ,--]Ni2þ

Ni-Feu 2.8 2.84b 2.86 2.76 2.93
Ni-Su 3.7 3.86 3.86 3.69 3.87
Ni-CCOO 1.9 1.87 1.86 1.84 1.85
C-O1,

c C-O2 1.2, 1.2 1.34, 1.22 1.33, 1.24 1.41, 1.21 1.46, 1.21
O2(O1)-NεHis93 3.0 3.22 2.68 (2.75) 2.81
Feu-O1 2.0 2.02 2.04 2.45 2.22
O1-NζLys563 2.7 2.66 2.75 2.96 2.99
Feu-NεHis261 2.1 2.35 2.33 2.30 2.34

a In Ångstroms. bCalculateddistances are givenwith two significant figures after the period, although the precision of the calculations is expected to be
(0.05 Å cO1 is the oxygen atom of COO that is bound to Feu.
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these ions with Ni-S and Feu-S distances of 2.47 Å and
2.09 Å, respectively.19 In [OH-320], the respective dis-
tances are 2.80 Å and 1.89 Å. It is not possible to
discriminate between O2-, OH-, or H2O on the basis of
the electron density, so we tested the three possibilities
with two protonation states for His93 and a Ni2þ oxida-
tion state, as suggested by the poised -320 mV redox
potential. Results of QM/MM geometry optimizations
with a hydroxide ligand are shown in Table 2. In all [Ni2þ,
OH-] models, the hydroxide bridgesNi and Feu. Although
the results shown inTable S2 (Supporting Information) also
indicate a bridging bindingmode forO2-, this is a less likely
ligand because it implies excessive negative charge at the
active site. H2O does not bridge the metal ions and is closer
to Feu than to Ni (Table S3, Supporting Information).
However, due to its interaction with either protonated or
unprotonated His93, H2O is further away from Feu and
Lys563 than the corresponding peak in the omit map
(Figure 4). In conclusion, we did not manage to reproduce
the [OH-320rev] C-cluster geometry with Ni2þ.
In a recent in vacuo quantum study of a C-cluster model

active site, Xie and Cao58 also found a bridging mode
when using a hydroxide ligand and a Ni ion in the þ2
oxidation state. Like us, in calculations using a H2O
ligand, these authors found it to bind asymmetrically to
both metals and concluded that this model represents the
Cred1 state, according to its assignment to [OH-320] by
Jeoung and Dobbek (intermediate I in Figure 1). How-
ever, as mentioned above, our own H2O models, gener-
ated including the protein matrix and allowing the whole
system to move during optimization, do not fit the
electron density in [OH-320].

One argument to assign the [OH-320] model to Cred1
23

is the strong ENDOR signal from an exchangeable pro-
ton observed for this state,11 which is compatible with a
C-cluster OHx ligand. Some of us have previously pro-
posed that the OH- ligand bridges Ni2þ and Feu in
Cred1,

25,59 a hypothesis that has been supported by the
calculations discussed above. We excluded models con-
taining the extra water molecule We, assuming that it is a
product and most probably not part of an intermediate
state of the reaction. In addition, we favored doubly pro-
tonated His93 because the C-cluster active site is already
quite negatively charged.We thus retained [OH-320] with
Ni2þ and [OH,Hisþ,--]Ni2þ as possible candidates for
M€ossbauer parameter calculations on the catalytically
relevant Cred1 state.

OHx Form at -600 mV. When we superimposed [OH-
320] and [OH-600], the root-mean square deviation was
only 0.12 Å. In addition, our revised refinements of the
[OH-600] model (PDB code 3B51) revealed that COOHx

was present, like in the case of [OH-320] (see section
above), but this time with 35% occupancy compared to
30% for OHx. This result led us to stop further refine-
ments on this model, which is, in fact, a mixture of [COO-
600] and [OH-320], and used the [OH-320rev] model for
subsequent calculations. The OH- and H2O ligands
(Tables 3 and S4, Supporting Information) were subse-
quently geometry-optimized with the nickel ion in the Ni0

state because the redox potential poised for [OH-600]
should lead to a more reduced species than [OH-320].
Interestingly, in our calculations, we found that OH-

binds Feu and interacts only weakly with Ni (Table 3), as
in [OH-320] and [OH-600]. Again, the optimized H2O
ligand lies further away from Feu and Lys563 than in the
X-ray model, probably due to its interaction with His93
(Table S4). These results, along with their very similar
structures, strongly suggest that [OH-320] and [OH-600]
correspond to the same reduced redox state with Fe-
bound OH-. The asymmetric binding of this ligand in
both [OH-320] and [OH-600] could be explained if the
C-cluster in the starting Cred1 fraction were reduced by
two X-ray-induced photoelectrons.60,61 Cred1 reduction
should result inOH-dissociation.However, atT=100K,
the X-ray data collection temperature, atomic movements
are severely limited, and the ligand only moves away from
Ni, without leaving the C-cluster. This new conformation
is stable because the OH- ligand occupies the position of
one of the COOHx oxygen atoms.
Jeoung and Dobbek proposed that the [OH-600] form

corresponds to the Cred2 state (intermediate IV in
Figure 1) with nickel in the formalNi0 redox state because

Figure 4. Stereo view of the [OH-320rev] model active site with the omit
map contoured at 3.5 σ shown in blue. Alternative side chain conforma-
tions ofCys295 andCys526, aswell asCOOandO (in red),were left out of
phase and structure factor calculations. † indicates the †Feu positionof the
unique iron. Minor structural components are shown as gray balls and
sticks.

Table 2. QM/MM Optimized Active Site Models with Ni2þ and Bound OH-, Compared to [OH-320rev]

models

distancesa [OH-320rev] main conformation [OH,His,We]Ni2þ b [OH,Hisþ,We]Ni2þ [OH,His,--]Ni2þ [OH, Hisþ,--]Ni2þ

Ni-Feu 2.8 2.69 2.72 2.71 2.72
Ni-Su 3.5 3.64 3.58 3.43 3.64
Ni-O 2.8 1.97 1.98 2.11 1.97
Feu-O 1.9 2.06 2.07 2.01 2.07
O-NεHis93 4.2 3.99 4.52 3.29 4.13
O-NζLys563 2.5 2.75 2.79 2.67 2.78
Feu-NHis261 2.1 2.25 2.29 2.23 2.25

a In Ångstroms. bThe conserved water network, though perturbed, is still present.
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Cred2 has been postulated to be two-electron more-
reduced than Cred1.

7,8 However, this model is problematic
because of the loss in Cred2 of the strong ENDOR signal
observed for the Cred1 state, which was attributed to the
departure of OH-.11 In addition, the spin analysis of our
QM/MMoptimized models with Ni0 and an OH- bound
to Feu (Table 3) shows that one of the electrons from Ni0

is transferred to the [FeuFe3S4] cluster, reducing it to all-
ferrous with 0 total charge and generating a Ni(I) species.
This is against experimental evidence from UV-visible10

and M€ossbauer9 studies, indicating that the electronic
structure of the [FeuFe3S4] cluster does not change upon
reduction and from EPR data,12,17 suggesting that it
remains in the þ1 oxidation state with a total spin S =
1/2 in Cred1 and Cred2. Besides, g-tensor components for
Ni(I) are above 2.0,62 while the Cred2 state gav is 1.86,8

similar to that of a standard [Fe4S4]
þ1 cluster. The same

objection applies to the model of a Cred2 state with aNi“0”

and a Feu-bound water proposed by Xie and Cao.58 In
addition, like for OH-, a Feu-bound water molecule
should be detectable by ENDOR spectroscopy.11 The
Cred2 state was also proposed to consist of a Ni in the
0 oxidation state with no exogenous ligand,17,32 but

Table 3. QM/MM Optimized Active Site Models with Ni0 and Feu-Bound OH-, Compared to [OH-320rev]

models

distancesa [OH-320rev] main conformation [OH,His,We]Ni0b [OH,Hisþ,We]Ni0 [OH,His,--]Ni0 [OH,Hisþ,--]Ni0

Ni-Feu 2.8 2.77 2.87 2.71 2.87
Ni-Su 3.5 3.78 3.84 3.77 3.80
Ni-O 2.8 3.06 3.04 3.03 3.09
Feu-O 1.9 2.12 2.05 2.13 2.26
O-NεHis93 4.2 4.02 4.13 3.66 3.36
O-NζLys563 2.5 2.65 2.52 2.66 2.70
Feu-NHis261 2.1 2.36 2.35 2.36 2.37

a In Ångstroms. bThe conserved water network is still present though perturbed.

Figure 5. (A) Active site of [CN-320] original model (PDB code 3I39). (B) Stereo image of [CN-320rev] model. † indicates the †Feu position of the unique
iron. Residual [Fobs- Fcalc] electron density maps are contoured at 3.5 σ (blue) and-3.5 σ (red). Minor structural components are shown as gray balls and
sticks. The gray / indicates a putative alternative position forNi, completing a partially occupied [NiFe3S4] cluster (see text). Anunidentified apical ligand to
the Ni was also observed and is indicated by a ?.

Figure 6. (A)The 260-267aminoacid segment (†Seg) and residues 365-366 in [CN-320] (PDBcode3I39). (Β) Stereoviewof [CN-320rev]. The alternative
conformation (Seg) is shown in cyan.Distances betweenwatermolecules running roughly parallel to the segment are given in Ångstroms, and the red arrow
indicates the protein surface.Residual [Fobs-Fcalc] electrondensitymaps are contoured at 3.5 σ (blue) and-3.5σ (red). The threewatermolecules closest to
the C-cluster are also shown in Figure 5.
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geometry optimization of this state ([--,Hisþ,--]Ni0)
also leads to a one-electron transfer from Ni to the
[FeuFe3S4] cluster and a highly distorted [NiFe3S4] cluster
(distances between 2.2 and 2.6 Å). This alternative Ni“0”

model may therefore also be excluded as a possible
structure for Cred2.
A different model for Cred2, with a bridging hydride

between Feu andNi2þ, was postulated by some of us.25 In
order to test this hypothesis, we geometry-optimized a
model with a hydride initially placed at 2.88 Å from Ni
and 2.08 Å from Feu (model [H,Hisþ,--]Ni2þ, see Materi-
als and Methods). After the optimization, H- moved to
distances of 1.50 Å and 2.26 Å from Ni and Feu, respec-
tively, whereas Ni adopted a distorted square planar
coordination and Feu conserved a distorted tetrahedral
coordination. Although the above results are clearly
against the [OH-600] model with a Ni0, we retained
[OH-600] and [H,Hisþ,--]Ni2þ as potential candidates
for the Cred2 state in M€ossbauer parameter calculations,
for comparison purpose (see below).

C-Cluster Inhibition by Cyanide. In the recent 1.36-
Å-resolution crystallographic study of a CN- ChCODH
complex, Jeoung and Dobbek found that CN- bind-
ing completes a square pyramidal coordination for Ni
(including a Ni-Feu bond), while the unique iron has
tetrahedral coordination.33 This structure differs signifi-
cantly from the recently reported 2.15-Å-resolutionX-ray
model of a CN-MtCODH,34 which proposed a bent axial
Ni-bound cyanide ligand with this metal ion adopting a
distorted tetrahedral coordination andwith a OHx ligand
bound to Feu. This model is very similar to the one
proposed for a 2.0-Å-resolution MbCODH model28 with a
bentCOor formyl ligand.Examinationof the corresponding

electron density maps did not provide us with con-
clusive evidence favoring the modeled orientation of the
putative CN- or CO/formyl ligands (not shown). Con-
sequently, only the 1.36 Å resolution ChCODH CN--
bound structure,33 where the cyanide is clearly hydrogen
bonded to His93, was used in our calculations. Key
distances at the [CN-320] active site are very similar in
our revised [CN-320rev] model (Figure 5A and B, re-
spectively) with the main conformation having 60%
occupancy. As noted by Jeoung and Dobbek, the major
position of the unique iron in [CN-320] corresponds to the
minor †Feu position found in [COO-600] and [COO-
600rev] and in [OH-320] and [OH-320rev]. The addition
of the major conformation of the 260-267 amino acid
segment in [COO-600] and [OH-320] (Seg) with 40%
occupancy explained the residual electron density in
[CN-320] (Figure 6A). Moreover, we used the main
alternative conformation of the 260-267 amino acid
segment (†Seg, 60% occupancy) as a minor conformation
in [COO-600rev] and [OH-320rev], as it fitted the unex-
plained density in [COO-600] and [OH-320] (Figure 6).
These results suggest that the †Seg conformation and the
†Feu position in [CN-320] can result from effects other
than CN- binding.33 As in the original model, the elec-
tron density is further explained by a 20%Feu occupancy,
which corresponds to the major position of the unique
iron in [COO-600rev] and [OH-320rev]. Furthermore, an
additional ([Fe4S4] or [NiFe3S4]) cluster was added with
20% occupancy (Figure 5B). The latter resembles the
[NiFe3S4] cluster in the previously reported RrCODH
structure.20

Table 5. Calculated M€ossbauer Parameters Compared to the Experimental Values Available for Cred1

atomsa M€ossbauer parameters exptlb Cred1 [OH-320]Ni2þ [OH,Hisþ,--]Ni2þ [OH-600]Ni0 [H,Hisþ,--]Ni2þ [†H,Hisþ,--]Ni2þ

FCII δ(Feu) 0.82 0.61 0.90 0.63 0.87 0.88
η -0.2 0.23 0.32 0.37 0.58 0.40
ΔEQ 2.82 2.40 2.60 1.90 2.04 2.37

FCIII δ(Fe2) 0.62 0.47 0.73 0.41 0.75 0.73
η -0.6 0.38 0.44 0.53 0.14 0.69
ΔEQ 2.35 0.49 2.10 -1.23 2.27 2.23

FeIIFeIII δ(Fe3) 0.53 0.38 0.54 0.41 0.55 0.52
η 0.8 0.42 0.49 0.31 0.56 0.42
ΔEQ 1.12 1.07 1.60 1.15 1.61 1.60

FeIIFeIII δ(Fe4) 0.53 0.41 0.42 0.44 0.44 0.41
η 0.8 0.65 0.43 0.42 0.43 0.39
ΔEQ 1.12 0.99 1.15 0.88 1.13 1.06

aFCII, FCIII, and FeIIFeIII correspond to Feu, Fe2, and Fe3Fe4, respectively, in Figure 2.
bExperimental data onCred1 state from ref 9; δ andΔEQ are

in mm/s.

Table 4. Comparison between the QM/MM Optimized Model with CN- Bound
to Ni2þ and [CN-320rev]

models

distancesa [CN-320rev] main conformation [†CN,Hisþ,--]Ni2þ

Ni-†Feu 2.6 2.74
Ni-Su 3.9 3.90
C-N 1.2 1.17
Ni-CCN- 1.8 1.82
NCN--NεHis93 2.7 2.84
†Feu-CCN- 3.4 3.06
†Feu-NεHis261 2.3 2.28

a In Ångstroms.

Table 6. Charge Analyses in Possible Models for Cred1 and Cred2

atoms Mulliken Voronoi

[OH,Hisþ,--]Ni2þ

Ni þ0.06 þ0.15
OH- -0.50 -0.48

[H,Hisþ,--]Ni2þ

Ni -0.03 þ0.43
H- -0.32 -0.87

[†H,Hisþ,--]Ni2þ

Ni -0.04 þ0.47
H- -0.31 -0.80
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QM/MM geometry optimization of a model with Ni2þ

and CN- led to a structure that is very similar to [CN-
320rev] (Table 4). One reason why CN- does not bind
Cred2

7,8 may be that it cannot displace the Ni-bound hy-
dride; thus in addition to the [H,Hisþ,--]Ni2þ model, where
the H- was optimized in the major [OH-320] conformation,
the hydride was also optimized starting from the CN-

carbon position in [CN-320]. After the calculations, the
hydride is still bound to the Ni atom whose coordination
is now undistorted square pyramidal. In this model, †Feu
is bound to Ni. We also tested the Ni“0” hypothesis with
no ligand in this conformation ([†--,Hisþ,--]Ni0) but, as in
[--,Hisþ,--]Ni0, Ni0 was oxidized by one electron. Thus, in
addition to [OH-600] and [H,Hisþ,--]Ni2þ, we retained
[†H,Hisþ,--]Ni2þ as a candidate for the Cred2 state.

M€ossbauer Parameter Calculations and Orbital Ana-
lyses on Quantum Models. A spectroscopic study of
RrCODHandMtCODHdetermined theM€ossbauer param-
eters of the Cred1 state and suggested that the corre-
sponding values for the Cred2 state are very similar.9 We
have constructed small QM models of the catalytically
relevant species for which we wanted to calculate the
M€ossbauer parameters (see Materials and Methods),
namely, [OH-320] with Ni2þ and [OH, Hisþ,--]Ni2þ for
the Cred1 state and [OH-600] with Ni0, [H, Hisþ,--]Ni2þ,
and [†H, Hisþ,--]Ni2þ for the Cred2 state.
Our results (Tables 5 and S5, Supporting Information)

clearly show that the [OH, Hisþ,--]Ni2þ structure where
OH- bridges Feu and Ni (Table 2) fits the experimental
M€ossbauer parameters for Cred1, whereas the [OH-320]
structure with a terminally Fe-boundOH- andNi2þ does
not. In particular, the experimental quadrupole splitting
difference between FCII and FCIII (2.82 mm/s versus
2.35 mm/s, respectively) is nicely reproduced computa-
tionally (2.60 mm/s versus 2.10 mm/s, respectively). More-
over, although we compute a slight difference between the
two other splittings (1.60 mm/s versus 1.15 mm/s), it
should be mentioned that the experimental fitting proce-
dure in ref 9 most probably constrained them to be equal

in order to reduce the number of free parameters; this was
based on the assumption that the [FeuFe3S4] cluster
geometry was cubane-like, which is clearly not the case.
The agreement between theory and experimental results is
therefore satisfying. The same holds true when one com-
pares the measured 0.82, 0.62, 0.53, and 0.53 and com-
puted 0.90, 0.73, 0.54, and 0.42 sets of isomer shifts (mm/s).
M€ossbauer parameters calculated for the [OH-600]model
are very different from the ones reported for the Cred1

state, while both [H,Hisþ,--]Ni2þ and [†H,Hisþ,--]Ni2þ

hydride models are significantly closer. In particular, the
values computed for [†H,Hisþ,--]Ni2þ are better because,
experimentally, the M€ossbauer data for Cred2 are known
to be relatively similar to those measured for Cred1.

9

However, from these data alone, the [H,Hisþ,--]Ni2þ

model cannot be ruled out.
A role for a hydride as the electron reservoir in Cred2

25

could, in principle, be questioned. Indeed, experimen-
tally, Ni most probably remains low spin at the þ2
oxidation state,9,13,15 whereas it cannot be excluded that,
in our models, the formal Ni2þ-H- is actually Ni0-Hþ or
Niþ-H. Analysis of the three models that fit M€ossbauer
data, namely, [OH,Hisþ,--]Ni2þ, [H,Hisþ,--]Ni2þ, and
[†H,Hisþ,--]Ni2þ, shows similar charge distributions and
magnetic properties (Table 5). More precisely, Mulliken
and Voronoi charges have been computed for [OH,
Hisþ,--]Ni2þ and the putative Cred2 models (Table 6). A
similar charge distribution for all of the models favors a
Ni2þ-H- species for the possible Cred2 states [H,Hisþ,--]
Ni2þ and [†H,Hisþ,--]Ni2þ, which is supported by X-ray

Figure 7. CO oxidation mechanism at the C-cluster. Although we cannot deduce it from our calculations, His93 could play the role of the base (B-).

Figure 8. Possible CO2 insertion into a metal hydride bond leading to
either a formate (normal) or a carboxylate (abnormal) metal-bound species.
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absorption studies.15 In addition, the absence of a 61Ni
ENDOR signal in Cred1 and Cred2

11 helps in discriminat-
ing between our [H,Hisþ,--]Ni2þ and [†H,Hisþ,--]Ni2þ

models. Indeed, in [H,Hisþ,--]Ni2þ, the hydride interacts
with the paramagnetic Feu at 2.26 Å and thus could be
expected to exhibit an ENDOR signal which is not
observed in Cred2.

11 By contrast, in [†H,Hisþ,--]Ni2þ,
the H--†Feu distance is 3.16 Å, and consequently, no
ENDOR signal should be expected because the Ni is
diamagnetic. [†H,Hisþ,--]Ni2þ is therefore our preferred
candidate for Cred2. This reasoning is based on the
hypothesis that the hyperfine coupling constant observed
by ENDOR spectroscopy for the exchangeable OH-

proton in the Cred1 state originates from Feu. This is also
supported by the absence of a 61Ni ENDOR signal. For
reasons explained elsewhere, we could not test this hy-
pothesis by computing reliable hyperfine coupling con-
stants (see the Supporting Information).

Conclusions

Heterogeneity of C-Cluster in CODH Crystals. The
spectroscopic and structural studies on Ni-containing
CODH of the past two decades have provided multiple
insights into the complex enzymatic mechanism of this
enzyme. Here, we have used the recent high resolution
structures of ChCODH, where COOHx and OHx bind at
the C-cluster active site,23 to further investigate the catal-
ytic mechanism of reversible anaerobic CO oxidation. In
addition, a subsequent high-resolution structure of CN--
boundChCODH33 has yielded valuable information con-
cerning conformational changes near the C-cluster. An
analysis of these structures and our revised refinements
confirmed the heterogeneity of the samples and re-
vealed features that provided further insights into the
mechanism:

(1) In [COO-600], we found structural evidence
(Figures 3 and S1B, Supporting Information)
for partially occupiedCO andH2O (We) that are
substrates/products of the reaction producing
CO2 or reducing it to CO. CO reaches the
C-cluster through a hydrophobic tunnel and
binds apically to Ni (intermediate II0 in Figure 7),
whereas We interacts with a conserved water
network near the equatorial plane of the Ni
coordination sphere.

(2) The main conformation of the 260-267 amino
acid segment in [CN-320] (†Seg) is a minor com-
ponent of the [COO-600rev] and [OH-320rev]
structures, whereas the main conformation for
this segment (Seg) in the latter is a minor com-
ponent in [CN-320rev] (Figure 6). Two major
positions for the unique iron, Feu and

†Feu, are
associated with Seg and †Seg, respectively, and
we find that this conformational change is
not uniquely caused byCN- binding. A network
of water molecules runs parallel to this segment
(Figure 6), which suggests that the observed
conformational change of the 260-267 amino
acid segment may be instrumental in the transfer
of water, a substrate of the CO oxidation and a
product of CO2 reduction, between the C-cluster
active site and the protein surface. The extra

water We found in [OH-320], [OH-320rev], and
to a lesser extent [COO-600rev] may represent
the closest bucket to the active site in a fire-
fighters’ bucket brigade scheme for water diffu-
sion. Hydrophilic cavity calculations for these
two structures (not shown) indicate that addi-
tional protein dynamics would be required for
the proposed diffusion pathway to exist. Inter-
estingly, analysis of the corresponding region in
theMtCODH structure shows that it has higher
temperature factors than its immediate environ-
ment.63

Revised Catalytic Cycle. The revised crystallographic
refinements, QM/MM geometry optimizations, and
M€ossbauer parameter calculations described above lead
to the catalytic mechanism presented in Figure 7, which is
an updated version of the one previously proposed by
some of us.25

In the CO oxidation direction, CO reaches the active
site via the hydrophobic tunnel apical to the Ni square
planar coordination consisting of three S atoms and the
Ni-Feu bridging OH- (intermediate I0 in Figure 7).
M€ossbauer parameters calculated for the corresponding
QM structure fit the experimental values attributed to the
Cred1 state.OnceCOisbound (intermediate II0), it reactswith
OH- to formCOO, formally charged-2 (intermediate III0).
Reductive elimination of CO2 leads to the structure
corresponding to the Cred2 state. Our results suggest that
this state consists of a hydride bound to the Ni ion that
adopts a square pyramidal coordination. The unique
iron goes from the Feu to the †Feu position adopting a
regular tetrahedral coordination that includes a Ni-Fe
bond, correlated with the 260-267 amino acid segment
conformational change, which needs to be at least as fast
as enzyme turnover in order to be operational during
catalysis.64 The mechanism in the CO2 reduction direc-
tion requires the unusual insertion of CO2 to a metal-
hydride to form a metallocarboxylate (IV0 to III0 in
Figures 7 and 8). This was only indirectly observed once
in a cobalt complex.35 CO2 insertion into ametal hydride
bond usually forms a formate bound to the metal through
a M-O bond (the “normal” mode).37 However, at the
C-cluster, the proteinmatrix prevents the arrival of CO2 in
the orientation leading to the transition state of the metal
formate formation. Indeed, we could not manually dock a
transition state with the substrate C atom facing the
hydride65 due to steric hindrance by His93 and Lys563
side chains, whereas the reverse orientation of CO2 (i.e., C
toward Ni and O toward H-) is favored by the hydro-
phobic tunnel (Figure 3). In addition, hydrogen bonding
from His93 and Lys563 side chains favors a carboxylate
(intermediate III0 in Figure 7) over a formate. Finally, the
binding to iron induces the weakening and subsequent
cleavage of the carboxylate single C-O bond that gener-
ates CO andH2O (III0 to II0 in Figure 7), as illustrated by a
Pd mimetic model compound.66
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In summary, we favor the hydride as the putative redox
active ligand of the Ni atom in the Cred2 state for the
following reasons:

(1) It occupies the position of CN-, which is known
not to bind Cred2.

7,8

(2) CODHs have weak hydrogenase activity,67 pro-
ducing H2 as a side reaction (possibly from
intermediate IV0 of Figure 7) of the catalytic
cycle.

(3) The proposition of hydroxide binding toFeuwith
a Ni0 for the Cred2 state23 (Figure 1) does not
explain the loss of the strong ENDOR signal
from a solvent-exchangeable proton, when going
from Cred1 to Cred2.

11 In addition, our calcula-
tions show that a Ni0 species with or without a
ligand cannot keep the two electrons, as one of
them migrates to the [FeuFe3S4] cluster. This, in
turn, is against experimental evidence from
EPR,12 UV-visible,10 and M€ossbauer spectro-
scopy.9,17 A Ni-bound hydride not only satisfies
the experimental data discussed above but it also
fits our calculations showing that the two elec-
trons stay with the hydrogen atom. Conse-
quently, the cluster remains [FeuFe3S4]

þ1, and
the Ni2þ remains low-spin, as indicated by ex-
periments.13,15 In conclusion, H- acts as a strongly
localized electron reservoir for CO2 reduction
and CO oxidation.

(4) No 61Ni ENDOR signal was observed in either
Cred1 or Cred2, indicating that the ENDOR signal
for the exchangeable proton in Cred1 arises from
Feu. This observation, combined with the fact

that in our preferred model the †H- is terminally
bound to Ni (i.e., not bound to †Feu), explains
the absence of an ENDOR signal for the hydride
in Cred2. Finally, to close the CO oxidation cycle,
the Cred2 to Cred1 step requires the elimination of
two protons and two electrons via an intermedi-
ate species (Cint in Figure 7). By analogy with the
Ni-C state of [NiFe]-hydrogenase,68 some of us
proposed aNi3þFeu bridging hydride for the Cint

state.59 A water molecule reaching the active site
at either the Cred2 or the Cint state and electron
transfer to the B-cluster would then lead to the
Cred1 state.

In conclusion, the cycle depicted in Figure 7 fits spec-
troscopic and structural experimental evidence concern-
ing CODHs’ catalytic mechanism. Further investigations
on the protein dynamics, which could add information on
the substrate/product routes to and from the active site,
are underway.
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