Crystal Structure of a Carbon
Monoxide Dehydrogenase
Reveals a [Ni-4Fe-5S] Cluster
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The homodimeric nickel-containing CO dehydrogenase from the anaerobic
bacterium Carboxydothermus hydrogenoformans catalyzes the oxidation of CO
to CO,. A crystal structure of the reduced enzyme has been solved at 1.6
angstrom resolution. This structure represents the prototype for Ni-containing
CO dehydrogenases from anaerobic bacteria and archaea. It contains five metal
clusters of which clusters B, B’, and a subunit-bridging, surface-exposed cluster
D are cubane-type [4Fe-4S] clusters. The active-site clusters C and C' are novel,
asymmetric [Ni-4Fe-5S] clusters. Their integral Ni ion, which is the likely site
of CO oxidation, is coordinated by four sulfur ligands with square planar

geometry.

The capacity to oxidize carbon monoxide
(CO) is a central metabolic feature of several
groups of bacteria and archaea. CO is used as
a growth substrate by the aerobic carbox-
idotrophic bacteria, species of the anaerobic
acetogenic bacteria, sulfate-reducing bacteria
and archaea, phototrophic bacteria, methano-
genic archaea, and hydrogenogenic bacteria
(I-4). Carboxydothermus  hydrogenofor-
mans, the most extensively studied represen-
tative of the hydrogenogenic bacteria, cou-
ples the oxidation of CO to CO, with the
reduction of protons to H, in the energy-
conserving reaction CO + H,0 — CO, +
H,, AG®’= —20 kJ mol "' (4, ).

Carbon  monoxide dehydrogenases
(CODHs), the enzymes responsible for CO
metabolism in microorganisms, all formally
catalyze the same reaction: CO + H,0 —
CO, + 2e¢” + 2H". Two principal types of
CODHs have been defined: Mo—[2Fe-2S]—
FAD CO dehydrogenases from aerobic bac-
teria (3), and Ni-[4Fe-4S] CODHs from an-
aerobic bacteria (I, 2, 5, 6). Some of the
latter operate in a complex with acetyl-CoA
synthase (ACS).

Crystal structures were first reported for
Mo CODHs from the aerobic carboxidotro-
phic bacteria Oligotropha carboxidovorans
and Hydrogenophaga pseudoflava (3, 7, 8).
The Mo CODHs are composed of an FeS
protein, containing type I and type II [2Fe-
28] clusters; a flavoprotein, binding the FAD
cofactor; and a Mo protein, which carries the
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molybdopterin-cytosine dinucleotide (MCD)-
containing CO oxidation site.

Carboxydothermus — hydrogenoformans
contains two homodimeric Ni CODHs, which
are associated with the inner aspect of the
cytoplasmic membrane (5). Both CODHs are
monofunctional; they have no ACS activity.
The electrons supplied by CODH I drive the
translocation of protons across the cytoplas-
mic membrane by a complex [-related hydro-
genase. CODH 1I has a key function in the
supply of reducing power and CO, for carbon
assimilation. Both C. hydrogenoformans
CODHs show high sequence similarity to the
monofunctional CODH from the phototroph
Rhodospirillum rubrum and the CO-oxidiz-
ing (3-subunit of the bifunctional CODH/ACS
from the acetogen Clostridium thermoaceti-
cum (9).

The holoenzymes CODH 1 (137.0 kD;
protein subunit, 67.5 kD) and CODH II
(136.6 kD; protein subunit, 67.3 kD) contain
(atoms per mole of subunit) about 1 Ni, 10
Fe, and 11 labile sulfurs per monomer, as
determined by inductively coupled plasma
mass spectroscopy, neutron activation, and
chemical analysis. Electron paramagnetic

Table 1. Data and wavelength statistics.

resonance (EPR) spectroscopy indicates
[4Fe-4S] clusters and EPR-silent Ni, inter-
preted as a Ni** ion.

Previous work on the CODHs from R.
rubrum or C. thermoaceticum has identified a
mixed Ni-Fe cluster (cluster C) and a conven-
tional cubane-type [4Fe-4S] cluster (cluster
B) [for review, see (2)]. It has been proposed
that cluster C is composed of an [4Fe-4S]
cluster containing a pentacoordinated Fe
atom that is bridged to the Ni atom by an
unidentified ligand “X” (10). Another model
structure proposes a binuclear [Fe-Ni] cluster
that is bridged by two cysteines and is coor-
dinated via its Fe atom and an unknown
ligand “X” with [4Fe-4S] (11, 12).

Here, we describe the three-dimensional
structure of the Ni CODH 1I from C. hydrog-
enoformans as determined by x-ray crystal-
lography to a resolution of 1.63 A. This
shows the positions and coordinations of the
five metal clusters of the dimeric enzyme and
reveals a [Ni-4Fe-5S] cluster in the active
site. C. hydrogenoformans CODH 1I is a
prototype of the entire class of Ni-containing
CODHs from anaerobic bacteria and archaea.

Overall structure. The structure of the
C. hydrogenoformans CODH II was solved
by multiple wavelength anomalous disper-
sion (MAD) methods (/3) as described in
Table 1 and has been refined to 1.63 A
resolution (Table 2). The overall dimensions
of dimeric CODH are 88 X 63 X 60 A with
an accessible surface area of 37,300 A2 (Fig.
1). The enzyme has a mushroom shape of two
identical, intertwined subunits that are co-
valently linked.

The dimeric enzyme coordinates five metal
clusters (Fig. 1). Each subunit contains a
mixed-type cluster composed of Ni, Fe, and S
(cluster C or C') along with a conventional
cubane-type [4Fe-4S] cluster (cluster B or B").
An additional [4Fe-4S] cluster (cluster D) is
bound at the subunit interface. The presence of
one, but not two, types of clusters in addition to
cluster C has been reported on the basis of
spectroscopic results [for review, see (2)]. Our
proposed assignment of the two identical [4Fe-
48] clusters as cluster B, and of the [4Fe-4S]

Parameter Data

Wavelength (A) 1.7389 1.7422 1.4856 1.5418
Resolution limits (A) 30-2.5 30-2.5 30-2.1 19-1.63
Completeness (%) 97.3 96.9 95.1 99.7
Rerge (%)* 3.4 34 3.6 5.2

! —5.8 —8.2 —-0.8
f" 4.1 2.5 29

Phasing power, T 37 37

Phasing power, 1 2.1 2.3 2.0

ReunieS 40.5 30.9

*Rmerge = 2,080 — (2, N0

‘tlsomorphous phasing power = 3 [FHIJ3, [EL] where FH is the calculated
structure-factor amplitude of the heavy-atom structure and E is the residual lack of closure.
power = 23 [F'HIY3, [E[] where [F'HUis the anomalous-contribution amplitude.

fAnomalous phasing

SRcutis = pie I FPH = FPO—

FH(Calc) O'%,,, OFPH + FPOfor centric reflections and isomorphous contributions.
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cluster in the interface as the new cluster D,
does not necessarily coincide with the spectro-
scopic cluster B and is retained to conform to
the traditional nomenclature.

Each subunit comprises three domains,
the NH,-terminal, the middle, and the
COOH-terminal domain (Fig. 2). The NH,-
terminal domain (residues 4 to 237) is pre-
dominantly o-helical and can be separated
into two functional subdomains. The first
subdomain (residues 3 to 72) contains two
binding regions for clusters B and D (Fig. 2).
Three NH,-terminal o helices are followed
by a small double-stranded 3 sheet, which
contributes to binding the two [4Fe-4S] clus-
ters, as well as separating them. Cluster D
establishes the covalent link between the two
monomers. It lies on the crystallographic
two-fold axis relating the subunits and is
coordinated to each through Cys® and Cys*’.
Cluster B (or B’) is coordinated by Cys*®,
Cys®!, Cys®%, and Cys’°, corresponding to a
binding motif of CysX,CysX,CysX,,Cys,
which is similar to the binding motif charac-
teristic of low-potential [4Fe-4S] ferredoxins
(CysX,CysX,CysX, Cys) (/4). The ho-
modimer is created by an approximately or-
thogonal interaction between this three-helix
bundle and its symmetrical partner, and the
covalent linkage through cluster D. The tight
association of the dimer is illustrated by its
extensive interface, which covers about 16%
of the total accessible surface of the mono-
mer. The middle and the COOH-terminal
domains both show a Rossmann-fold topolo-
gy and superpose with a root mean square
(rms) deviation of 1.7 A.

Active site cluster. The mixed-type Ni-
Fe clusters C and C' in C. hydrogenoformans
CODH appear to be the active sites of CO
oxidation (Fig. 3). This view agrees with
genetic evidence and extensive kinetic, elec-
tron nuclear double-resonance (ENDOR)
spectroscopy, and rapid freeze-quench EPR

Table 2. Refinement statistics.

Parameter Value
No. of measured reflections™* 196,092
No. of independent reflections 57,646
Resolution range (A) 19-1.63
No. of nonhydrogen atoms 5435
Protein residues 633
Water molecules 838
I/o(l) overall (1.72-1.63 A) 9.8(1.9)
Crystallographic R-factor 16.1
Free R-factorf 20.9
Average B-factor for protein (A2) 17.8
r.m.s.d. in bond lengths (A) 0.006
r.m.s.d. in bond angles (°) 1.9
rm.s.d AB (A?) 46

*In the data set used for refinement, collected at N =
1.5418 A, Friedel mates were merged for refinement.
1The free R-factor was calculated from 3% of the data,
removed at random before the refinement was carried
out. rm.s.d., root mean square deviation.
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studies by several groups on the CODHs
from R. rubrum and C. thermoaceticum (2,
10, 15-17). In the CODH from C. hydrog-
enoformans, cluster C is located about 18 A
below the protein surface close to the subunit
interface. Cluster C contains one Ni atom,
four Fe atoms, and five labile sulfur atoms,
which are arranged as an asymmetrical het-
eronuclear [Ni-4Fe-5S] cluster (Fig. 3). The
metal ions of the cluster are covalently bound
to the protein by five cysteine residues and
one histidine residue, which originate from
the middle (Cys?>*°, Cys®33, His**!) and

COOH-terminal (Cys**¢, Cys*7¢, Cys>2°) do-
mains. All Fe atoms of the cluster are tetra-
hedrally coordinated. The geometry of a
[3Fe-3S] subsite assembled by Fe2, Fe3, and
Fe4 and three p;-S atoms of cluster C (Fig.
3A) approximates the corresponding geome-
try of a cubane-type [4Fe-4S] cluster. Fel is
unusually coordinated by Sy of Cys?*® and
Ne2 of His?®! (Fig. 3A). The distances be-
tween the irons in the [3Fe-3S] subsite, which
range from 2.6 to 2.8 A, are similar to those
usually found in [2Fe-2S], [3Fe-4S], and
[4Fe-4S] clusters. The sequestered position

Fig. 1. Stereo presentation of the CODH Il dimer of Carboxydothermus hydrogenoformans. The
subunits are colored differently. The left subunit is colored from blue at the NH,-terminus via green
through yellow to red at its COOH-terminus. The right subunit is colored according to its secondary
structure, with red for « helices and green for B sheets. Figures 2, 3, and 5 were also created by

using BOBSCRIPT (36) and RASTER3D (37).

406 238

407

636

Fig. 2. Fold topology of the CODH Il monomer. (A) Stereoview of one subunit. The subunit can be
divided into three domains. The NH,-terminal domain shows a predominantly a-helical fold and is
depicted in red. The two [4Fe-4S] clusters B and D are bound by the NH,-terminal domain. Only
one-half of cluster D is shown, as the complete cluster is shared between the monomers. Cluster
C is coordinated by residues of the middle (green) and the COOH-terminal domain (blue) and is
close to the interface of the three domains. (B) Isolated domains (NH,-terminal, middle, and
COOH-terminal domain from left to right) are colored according to their secondary structure.
These domains are oriented differently from those in (A) in order to display their arrangement of
secondary structure elements. NH,- and COOH-terminal residues of the domains are marked by

the corresponding sequence numbers.
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of Fel in cluster C is apparent from nearest
Fe-Fe distances of 3.3 A and a distance of 2.8
A to the Ni (Fig. 3B).

The Ni ion is an integral constituent of
cluster C (Fig. 3). It is coordinated by four S
atoms and shares two inorganic p,-S atoms
and one ,-S atom with the four Fe atoms of
the cluster. Cys®2¢ donates the fourth S-li-
gand to the Ni ion and completes the slight
tetrahedrally distorted square-planar geome-
try. The Ni ion lies about 0.3 A above the
center of the plane spanned by its four li-
gands. Observed Ni-S bond lengths are all
~2.3 A. The integration of Ni in cluster C is
also evident from the short distances of ~2.8
t0 2.9 A between Ni and Fel and Ni and Fe3.
The square-planar geometry of the metal li-
gands in cluster C is characteristic of elec-
tronic configurations of 3d®, with the most
prominent example, Ni'' (18). Its four similar
ligands strongly suggest a low-spin Ni'! state,
which is supported by a diamagnetic EPR
silent Ni** ion in all oxidation states of
CODH 1II (9).

Previous models proposed for the Ni-Fe
clusters in the CODHs from R. rubrum (10—

A
Cys 446
Fel cys295
His 261
C
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12) or C. thermoaceticum (10) essentially
assume a cubane-type [4Fe-4S] cluster to
which an outside Ni ion is indirectly ligated.
In contrast, Ni is an integral constituent of
cluster C of the CODH from C. hydrogeno-
formans, with all four Fe atoms bridged to the
Ni ion by labile sulfur ligands (Fig. 3). The
geometry and arrangement of cluster C thus
differ substantially from the models and have
not been previously observed in biological
metal clusters (/9, 20); although it has been
shown for sulfite reductase (27) and Fe-only
hydrogenase (22) that a covalent linkage of a
cubane-type [4Fe-4S] cluster to another met-
al-containing prosthetic group is possible. No
ordered nonprotein ligands in addition to la-
bile sulfur were observed coordinating any of
the Fe atoms of cluster C of the dithionite-
reduced CODH from C. hydrogenoformans
(Fig. 3).

Active site environment. In addition to
the six residues binding cluster C, other highly
conserved residues in the vicinity of the cluster
are likely essential in defining the active-site
environment (23). This applies to Lys*®* in hy-

drogen-bonding distance to w,-S between Ni

Fig. 3. Cluster C, the active site of CO dehydrogenases. (A) View of the cofactor with its protein
ligands. The identification of Fe and Ni ions in cluster C is based on anomalous difference Fourier
maps at A = 1.7389, 1.5418 (contoured at 40 and depicted in red) and 1.4856 A. Although the Fe
ions are strong anomalous scatterers at all three wavelengths, the contribution of Ni is weak for
the first two wavelengths but strong for the third wavelength. This identification is in agreement
with the ligand geometries found for the five metal ions. When the occupancies used for the
refinement of cluster C were all set to 0.9 to achieve similar B values for all three clusters, a slightly
reduced occupancy for cluster C compared to the other prosthetic groups was found. (B) Schematic
presentation of cluster C with Ni-Fe (blue) and selected Fe-Fe (red) distances. The short distances
between Ni and Fe1 and Ni and Fe3 show additionally the integration of the Ni ion into the cluster.
(C) Stereo view of 1.63 A resolution £, _— F._,_ omit map (blue), contoured at 7o, calculated for the
“inorganic” part of cluster C.
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and Fel, and to His* about 5 A away from Ni,
which could help in orientating molecules bind-
ing to Ni. Although the lower part of cluster C
carrying Fel, Fe2, and Fe4 is exposed to a
mixed hydrophobic-hydrophilic environment
with several well-ordered water molecules near
Fel, the upper part near Ni and Fe3 faces the
end of a branch of a continuous channel that
extends from the surface of the dimer and along
all metal clusters (Fig. 4). In the COOH-termi-
nal domain the channel is hydrophobic and is
lined by the two middle strands of the central 3
sheet. The main branch of this putative substrate
channel tightens at Leu**? and then continues to
a positively charged wide channel that harbors
more than 40 water molecules. This water de-
posit is situated close to the clusters B, B, and
D (Fig. 4) near the subunit interface and allows
water molecules to enter the active site through
an extension of the main branch of the channel.
It has two hydrophilic entrance sites for water
molecules consumed during CO oxidation near-
by (Fig. 4). CO, could possibly leave the active
site in both directions. Shortly after the restric-
tion at Leu**? a negatively charged cavity,
about 7 A long, ends directly above the Ni ion of
the active site (Fig. 4). A 4.2 peak in a differ-
ence density (£, — F,,,.) map is situated at the
end of the cavity and indicates an unidentified
molecule with low occupancy at an apical co-
ordination site ~2.4 A above the Ni ion.

CO binding and oxidation. The struc-
ture of cluster C in the dithionite-reduced
CODH 1I from C. hydrogenoformans does not
provide conclusive evidence to identify the ex-
act positions where CO and H,0O would bind.
However, several lines of evidence suggest that
the major part of the CO oxidation chemistry
might involve the neighboring Ni ion and the
Fel ion of clusters C or C' in a bimetallic
mechanism (Fig. 5A). The Ni ion has an empty
apical coordination site external to the cluster
and accessible to the substrate channel. ENDOR
spectroscopy of the CODH from C. thermoace-
ticum suggested that in the C_, state a hydrox-
yl-group is donated by a histidine-coordinated
Fe ion of cluster C, designated ferrous compo-
nent I (/6). In cluster C of the CODH II from
C. hydrogenoformans, the proximity of the
asymmetrically coordinated Fel to the Ni ion
and its histidine coordination (Fig. 3) suggest
that Fel could function as a hydroxyl donor for
a Ni-bound CO (Fig. 5A). The OH group is
absent in the structure of cluster C of CODH II,
because the enzyme was investigated in the
dithionite-reduced state. According to the struc-
ture-based model for the reaction mechanism
depicted in Fig. 5A, an incoming CO molecule
would bind at the external apical coordination
site of the Ni, forming a Ni-carbonyl, which,
after a ligand rearrangement, is subject to a
nucleophilic attack by a hydroxyl group at Fel.
Protons liberated during the reaction can be
absorbed by basic residues in the vicinity of
cluster C. Consistent with this hypothesis, con-
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served basic residues are found at Lys>®3, His%3,
and the Fel-coordinating His?®' (23). Oxidation
of a Ni-bound CO would leave two electrons at
the Ni site, presumably resulting in the interme-

RESEARCH ARTICLE

diate formation of an Ni* ion, which would be
paramagnetic. The fact that the Ni ion remains
EPR silent under all experimental conditions
applied so far with the CODH from C. hydrog-

enoformans (5), or from other anaerobic bacte-
ria (2, 11, 24, 25), seems to be in conflict with
the formation of a Ni-carbonyl. However, the
incorporation of Ni into a polynuclear cluster

1284

H,0

N

@ Fe1

Fig. 4. A putative substrate and water channel ranging through the dimer of CODH II. A
hydrophobic channel in the COOH-terminal domain of the protein shows a restriction shortly
before it reaches the active-site cluster C. A branch of the channel depicted in the inset ends at
cluster C directly above the apical coordination site of the Ni ion. The channel continues (as it
becomes more hydrophilic) to a positively charged water-filled cavity near the subunit interface. A
continuous channel from the surface to the active-site cluster C only became apparent when a
small probe of 1.0 A radius was used in the calculation because of a restriction at Leu**2. The
calculation of the water channel and/or cavity has been carried out with a probe radius of 1.4 A.
Arrows mark the potential entrances for the substrates CO and H,O. The channel mask has been
calculated with GRASP (38) and was subsequently rendered with POVRAY.

A o B

S(Coos) 446'
N(Hy5:)
47¢'
Fig. 5. Structure-based model of CO binding

and initiation of the CO oxidation reaction at C
cluster C and pathway for electron transfer. (A)

The model assumes that an incoming CO mol- 295'-\.5
ecule binds at the empty and accessible apical 526'
coordination site of the square-planar Ni ion. 261"

The binding of CO leads to a square-pyramidal

ligated Ni ion, a coordination geometry frequently found for penta-
coordinated Ni complexes. The binding of CO does not interfere with
neighboring atoms, because all closest distances are larger than 3.5 A.
The binding of OH leads to a trigonal-bipyramidal geometry of the
pentacoordinated Fe1. This geometry with the OH group bound in
trans position to His?®" can be achieved by a slight movement of Fe1
by 0.3 to 0.4 A, which has been assumed in the model. The distances
between the OH group and neighboring atoms are larger than 2.6 A
and are not in conflict with the indicated position of the OH group.
The CO to OH distance of larger than 4 A does not allow interaction.
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with w-S ligands might allow significant delo-
calization of the metal d electrons over the li-
gand orbitals and adjacent Fe atoms. This would
favor fast electron withdrawal from Ni or Fel by
using the [3Fe-3S] subsite of cluster C as an
electron sink.

Intramolecular electron transfer. The
observed spatial arrangement of the five met-
al clusters in C. hydrogenoformans CODH II
provides a plausible electron transfer path
extending from the buried active site to the
molecular surface (Fig. 5B). The mixed-type
Ni-Fe clusters C and C’ represent indepen-
dent active sites, because they are ~33 A
apart from each other. They are the starting
points for two separate branches of the elec-
tron transport path, which has a junction at
cluster D. Electron transfer from cluster C to
cluster D involves cluster B’, and electron
transfer from cluster C' to cluster D involves
cluster B (Fig. 5B). Thus each branch of the
electron transport path is built up by both
monomers of the enzyme. In the same mono-
mer, the shortest distances are 28 A between
cluster C and cluster B (or cluster C' and
cluster B') and 23 A between cluster C and
cluster D (or cluster C" and cluster D). In the
dimer, cluster C of one monomer and cluster
B’ of the other monomer (or cluster C' and
cluster B) are only 11 A apart, allowing an
effective transfer of electrons (26). The [3Fe-
3S] subsite of cluster C (or C’) is orientated
toward cluster B" (or B), which further sup-

39' D
39

56 56'

47 47 B !

/'"/10A\ v 51"
‘\_. 48 48

70' 446

70
e
333" 476
/ A 11 A as3

295

261 e 520

A rearrangement of the initial square-pyramidal Ni coordination into
a trigonal-bipyramidal geometry (78), which would mainly involve the
side chain of Cys®25, could move CO toward the OH, making a
nucleophilic attack possible. (B) The distances indicate the necessity
for electron transfer after CO oxidation from cluster C to cluster B’
(the prime denotes that the cluster is donated by the other subunit),
where they can continue to cluster D. Distances of 28 A between
cluster C and B (or cluster C’ and B’) and 23 A between cluster C and
D (or cluster C’ and D) are too long to allow effective electron
transfer within the same subunit (26).
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ports the direction of electron transfer (Fig.
5B). From cluster B (or B), electron transfer
continues to cluster D, which is a 10 A
distance away. As cluster D is exposed to the
solvent, it can allow facile electron transfer to
external acceptors.

The proposed intramolecular electron path
is supported by functional evidence. EPR of
the C. hydrogenoformans CODH has sug-
gested the presence of at least two different
redox active [4Fe-4S] clusters (5). A rhombic
signal obtained at 10 to 25 K with g, = 1.94
was interpreted to originate from a [4Fe-
4S]'* cluster similar to the reduced electron-
transferring cluster B of the CODHs from R.
rubrum or C. thermoaceticum. Another
rhombic signal appearing at 10 K and absent
at 25 K with g, = 1.84 was believed to come
from a faster-relaxing [4Fe-4S]'" cluster
similar to the fully reduced CO-oxidizing
cluster C of the CODHs from R. rubrum or C.
thermoaceticum.

CODH of C. hydrogenoformans is the
prototype for Ni-containing CODHs. CODH
II from C. hydrogenoformans exhibits extended
sequence similarity to Ni CODHs from anaer-
obic phototrophic, acetogenic, sulfate-reducing,
and methanogenic bacteria and archaea, as well
as to the hybrid-cluster protein (HCP) from
different sources, suggesting similarity in glob-
al folding of these proteins (23).

The amino acids 150 to 637 of CODH II
are 23% identical to the amino acids 139 to
553 of HCP (23), a metalloprotein of un-
known function from Desulfovibrio vulgaris
(27), which contains an unusual hybrid clus-
ter. The database search program DALI (28)
reveals a highly homologous structure (Z
score of 22.5) in HCP. Like CODH II subunit
(637 residues), the HCP (553 residues)
monomer has three domains. Structural ho-
mology between the two proteins extends
over all three domains, but is most striking in
the middle and COOH-terminal domains that
contain similar Rossman-type folds. The
NH,-terminal domain of HCP contains two
three-helix bundles in contrast to the single
three-helix bundle in CODH II. HCP contains
two Fe-S clusters. Cluster 1 is a conventional
[4Fe-4S] cubane-type, and cluster 2 an asym-
metric, open structured hybrid [4Fe-2S-20]
cluster (29). The cubane-type [4Fe-4S] clus-
ter of HCP resides in the first three-helix
bundle of the NH,-terminal domain, which is
missing in CODH II (Fig. 2). The orientation
of the three-helix bundle in the CODH II
dimer is similar to the orientation of the two
bundles in HCP, so that cluster B" occupies a
similar position (Fig. 1). A structural align-
ment of the sequences from both proteins
reveals that the position of the residues bind-
ing cluster C and those binding the hybrid-
cluster are mostly conserved, although their
roles and features are apparently adapted to
coordinate different types of Fe-containing
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clusters. Although the hybrid-cluster and
cluster C differ in essential characteristics,
such as arrangement and type of metal li-
gands, both show an open spatial arrange-
ment of their Fe atoms with one Fe position
coordinated by histidine, indicating a possi-
ble evolutionary relationship.

Residues coordinating cluster C (motif
His?¢'X,,Cys??°X,,Cys*?3X | ,Cys**°X,,
Cys*7°X,,Cys®?%; consensus HisX,, 55
CysXy7 35Cy8Xo; 107Cy8X57 50CysXoy 4o
Cys), cluster B (motif Cys**X,Cys®'X,
Cys>¢X,,Cys’®; consensus CysX, ,CysX,
CysX, ,,Cys) or cluster D (half motif
Cys*?X,Cys*’; consensus Cys-X, ,Cys) in
CODH 1I from C. hydrogenoformans are
highly conserved in all other known Ni
CODHs with very rare conservative ex-
changes (23). The structural and sequence
data presented here, along with previous
spectroscopic evidence (2, 10, 16), indicate
that all known Ni-containing CODHs from
anaerobic bacteria and archaea essentially
use the same three metal clusters identified
in the CODH II from C. hydrogenoformans
for CO/CO, redox catalysis: Cluster C is
the active site for CO/CO, redox chemistry,
cluster B mediates the electron transfer
from cluster C to cluster D, and cluster D
functions in transferring electrons between
cluster B and external redox agents.
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