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A hybrid cluster (HC) is a 4Fe cluster with both sulfur and oxygen bridges. Hybrid cluster proteins (Hcps)
contain two 4Fe clusters, a one electron transferring iron-sulfur cluster and a hybrid cluster. The struc-
tural gene, hcp, is diffusely found in bacteria, archaea, and monocellular eukarya, and the HC binding
motif involving amino acids H, E, C, C, C, C, E, (K) appears to be fully conserved. HC is the active site of
the enzyme Hcp. Of several reported Hcp enzymatic activities the conversion of nitric oxide into nitrous
oxide, NO reductase, has been established as physiologically relevant. Other activities, notably signal
transduction by NO transfer to other proteins, are controversial. The HC undergoes a complex structural
change associated with single-electron iron based redox chemistry as well as electron-pair redox chem-
istry of a persulfidocysteine sulfur atom. A mechanistic scheme is proposed for the HC encompassing its
structural, magnetic, and enzymatic properties.
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1. Introduction

The hybrid cluster protein (Hcp) was discovered serendipi-
tously in 1988 in the bacterium Desulfovibrio vulgaris as a 60-kDa
monomeric iron-sulfur protein of unknown function, and was orig-
inally named the prismane protein [1]. Follow-up studies came in
three subsequent waves of research dominated respectively by
magnetic spectroscopy, protein crystallography, and genetics-
physiology, culminating today in a quest to link the full set of its
structural elements to Hcp’s molecular mechanism in biological
functioning.
ig. 2. Comparison of D. vulgaris hybrid cluster structures in RED versus OX/SEMI states. T
re in the RED state is [4Fe 2l3-S l2-S (O)] and in the OX/SEMI states it is [4Fe l3-S l2-
ction 6.

ig. 1. The hybrid cluster protein consists of three domains. This picture is for D.
lgaris Hcp (1GNT.pdb). Domain 1 (dark blue) is predominantly a-helical and
mprises two perpendicular bundles each consisting of three anti-parallel helices.
he electron-transferring iron-sulfur cluster is bound near the N-terminus of
omain 1. Domains 2 and 3 each consist of a central b-sheet (gray) with helices on
ther side (green for domain 2 and cyan for domain 3). The hybrid cluster is
ordinated jointly by scattered residues of domains 2 and 3.

2

In a nutshell, Hcp contains two metal clusters each with four
iron ions, one is a garden-variety [4Fe-4S](2+;1+) electron-transfer
cluster, the second one, the active site, is the hybrid cluster, an
unprecedented structure in which irons are bridged by sulfur, m2-
S2- and m3-S2- and by oxygen, m2-O2- [2]. As illustrated in Fig. 1,
the protein is made up of three domains: domain 1 is predomi-
nantly a-helix and binds the regular [4Fe-4S] cluster near the N-
terminus of the protein. Domains 2 and 3 each consist of a central
b-sheet with helices on either side, and together they bind the
hybrid cluster, which is roughly located in the middle of the pro-
tein. The Hcp is a nitric oxide reductase [3], and it may also func-
tion in NO transfer to other proteins [4]. The structural gene hcp
is widely, but not ubiquitously, distributed amongst the bacteria,
archaea, and mono-cellular eukarya. In facultative anaerobes hcp
is only expressed during oxygen-limited or anaerobic growth;
the gene has not been found in obligatory aerobic bacteria. Fur-
thermore, it does not appear to be present in higher eukarya,
including man. Hcp is likely to be of medical interest as an impor-
tant enzyme in human pathogens protecting against host NO
attack. The hcp gene shows significant homology with the gene
of only one other protein, the nickel–iron containing carbon
monoxide dehydrogenase (COdh). The active-site clusters of both
enzymes undergo drastic structural changes as a function of redox
state [5,6].

For reference throughout the review these changes in Hcp are
illustrated in Fig. 2. Fe and S counting starts at 5 because the num-
bers 1–4 are reserved for the cubane cluster. Numbering of bridg-
ing oxygens starts at 8 in a sequel to the sulfur numbering of 5–7.
Briefly, when the irons in the fully reduced cluster (RED) release
one (SEMI) or two (OX) electrons Fe8 moves over a distance of ca
2 Å, and three l2-O bridges are formed. Also, the l3-S bridge of
S7 is broken and S7 moves over ca 4 Å to become g1-S as part of
a persulfidocysteine ligand to Fe8. A detailed discussion of these
complex changes is deferred to Section 6 when the reader will be
armed with background knowledge on redox chemistry and para-
magnetism of the HC, on its protein binding motif, and on its puta-
tive substrates and activities.

This review covers the complete Hcp literature from 1989 till
now. Previously only one other review has been published in
1999 [7] shortly after the first X-ray structure was determined
he figure was constructed from pdb files 1OA1 (RED) and 1W9M (SEMI). The cluster
S g1-S* 3l2-O] These redox-dependent structural changes are addressed in detail in
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[2], but before it became clear that the hybrid cluster can undergo
extensive structural changes [5], and also preceding all functional
studies [3,4,8,9].
2. Elemental biochemistry

2.1. Discovery of the hybrid cluster protein

In 1989 ohmics were still in their infancy with six more years to
go until the first complete genome sequence ever was published,
and therefore the only alternative to the classical approach of dis-
covering ‘novel’ enzymes by following activity chromatographi-
cally at that time was visual inspection of chromatograms.
Indeed in bioinorganic chemical research it was quite popular to
load microbial cell-free extracts on separation columns and to look
for coloured bands in the eluate as a sign of proteins containing
transition metals with potentially interesting magneto-
spectroscopic properties. Thus enters the Hcp as a brownish band
partially overlapping with the band of FeFe-hydrogenase in cell-
free extract of Desulfovibrio vulgaris, sub-strain Hildenborough
[1]. Once purified the dithionite-reduced Hcp gave a single
S = 1/2 signal in EPR with g values 2.004, 1.819, 1.32, which were
unprecedented in metalloprotein EPR, but which closely matched
the g values 2.029, 1.79, 1.3 of the [6Fe-6S]3+ prismane core in
the synthetic compound (Et4N)3[Fe6S6(SC6H4-p-Me)6] [10]. Com-
bined with the elemental analysis of 6.3 Fe and 6.2 S per 52-kDa
protein the conclusion was readily drawn that the protein was
likely to contain a prismane-like cofactor, hence the name pris-
mane protein.

In hindsight this erroneous assignment can be traced back to
two unusual facts. First, for want of the sequence of the structural
gene, sedimentation-equilibrium runs in an analytical ultracen-
trifuge were used as presumed most reliable method to determine
molecular weight [11]. The result of 52 kDa later turned out to be
off by 15% compared to the gene-predicted value of 60 kDa (there-
fore: 7.3 Fe and 7.2 S) presumably due to inaccuracy in the pro-
tein’s partial specific volume value. Second, it became clear in
the course of time that the EPR spectrum contained a second signal
[12,13], which was initially overlooked due to its extreme width
and therefore low intensity, and which eventually could be
assigned to the [4Fe-4S] cluster [14]. Initially, however, the pro-
posal of a prismane-like cluster was found to be so convincing that
Mössbauer spectroscopic results were interpreted to be fully con-
sistent with a single 6Fe cluster [15] or even with two different
6Fe clusters [12]. A crystallographic protein structure determina-
tion was required to eventually transfer the concept of a biological
prismane-like cluster to the realm of fables [2].
2.2. Nomenclature

The name prismane has remained to be associated with the Hcp
up to this day, for example in annotations, by sequence homology,
of genomes. In the PFAM (protein families) database the designa-
tion ‘prismane’ is used in its listings of architectures, or domain
organizations, to identify the binding pattern of the hybrid cluster
(pfam.xfam.org/family/Prismane). Even after the hybrid cluster
had been given its name in the first Hcp crystallographic structure
paper, the habit of identifying the Hcp as prismane protein lingered
on for some time. Alternative names were also proposed, e.g., ‘Fepr’
in the 1999 review on Hcp [7], or ‘fuscoredoxin’ (brownish redox
protein) in the work of the Moura’s [16,17]. We preferred to extend
the name ‘hybrid cluster’ to also be part of the name of the protein
as ‘hybrid cluster protein’ [18] and this has become general prac-
tice now.
3

After I determined, with analytical chemistry, that the active
site of FeFe-hydrogenase contains 6 Fe [19] and, using EPR spec-
troscopy, that the P-cluster in nitrogenase contains 8 Fe [20], I pro-
posed in 1992 that these enzymes together with the presumed 6
Fe-cluster containing prismane protein, and the enzyme CO dehy-
drogenase (whose unusual paramagnetism [21,22] exhibits simi-
larity to that of the prismane protein [15]) all should be
classified as Fe-S proteins containing ‘superclusters’, or Fe-S clus-
ters with more than 4 Fe and exhibiting multiple redox transitions
[15,23]. The underlying idea was of course to probe these enzymes
for common spectroscopic, structural, and mechanistic properties.
The name ‘superclusters’ has not stood the test of time, but a sim-
ilar name in a similar vein, ‘great metalloclusters’, was launched
later by Rees [24] and appears to be surviving, e.g., in the work
of the Drennan group on CO dehydrogenase as ‘great clusters of
biology’ [6]. The quest for unifying principles in the catalysis of
enzymes with unusual metal clusters is prevalent.

2.3. Hybrid clusters in other proteins

When the first crystal structural determination of an Hcp
revealed that the ‘prismane protein’ does not contain a prismane
cluster, the name ‘hybrid cluster’ was given to the novel 4Fe pros-
thetic group to denote that its structure contains both S2- and O2–

bridges between the iron ions. This labelling raises the question
whether such a combination occurs also in other metallocluster
proteins either sensu stricto or under the broader definition of hav-
ing two different bridges of any nature in metal clusters of nucle-
arity � 4. Examples of the latter are readily found, e.g., in the Fe-S-
Fe-C-Fe motif of the active site of nitrogenases [25,26], in the Fe-S-
Fe-(CO)-Fe motif of the active site of Fe-Fe hydrogenases [27], or in
the Cu-S-Cu-(OH)-Cu motif in the CuZ* form of the active site of
nitrous oxide reductase [28,29]. The name hybrid cluster has thus
far not been used in relation to these systems.

The narrower definition of sulfo and oxo bridges in 4Fe clusters
applies, in addition to Hcp, to one other protein only: NiFe hydro-
genases typically have, in addition to their NiFe active site, three
electron transferring FeS clusters called proximal, medial, and dis-
tal with respect to their spacial distance from the active site [30].
The proximal FeS cluster in some NiFe hydrogenases is reversibly
converted to an Fe4SxOy cluster upon inactivation by molecular
oxygen. For example, when the O2-tolerant [NiFe] hydrogenase
from Ralstonia eutropha is crystallized aerobically, the proximal
[4Fe-3S] cluster is found to have taken up an oxygen atom to form
a [4Fe-O-3S] cluster. This, however, is not a hybrid cluster since the
O atom is not bridging as it coordinates to a single iron only [31].
Only two cases have been described in which the proximal FeS
cluster appears to form a genuine hybrid cluster under the action
of molecular oxygen. In an early paper the [NiFe] hydrogenase of
D. desulfuricans was reported to oxidatively convert its [4Fe-4S]
proximal cluster into a [4Fe-3O-3S] hybrid cluster with two l2-O
bridges [32]. A decade later essentially the same structure was
found in the [NiFeSe] hydrogenase from D. vulgaris (Hildenbor-
ough) [33]. However, a few years later the structure was revised
as [4Fe-3O-4S] [34], and in a yet more recent study to 1.3 Å reso-
lution it was once more revised now into [4Fe-2O-4S] [35]. With
this state of affairs my cautious conclusion would be that until
today presumably only one hybrid cluster has been identified in
addition to the one in the hybrid-cluster protein. Remarkably, the
two HCs exhibit a striking structural similarity upon visual inspec-
tion (Fig. 3).

Zanello has attempted to make an inventory of what he calls
‘hybrid iron sulfur proteins’ encompassing six different HCs,
namely, [4Fe-O-2S], [4Fe-O-3S], [4Fe-2O-2S], [4Fe-3O-2S], and
two types of [4Fe-3O-3S] clusters [36]. I have the following misgiv-
ings. For [4Fe-O-2S] he cites our work [37], in which, however, we



Fig. 3. Comparison of hybrid clusters in hydrogenase and in Hcp. The proximal cluster in D. vulgaris O2-oxidized [NiFeSe] hydrogenase [4Fe l3S 2l2-S g1-S 2l2O] is similar to
the oxidized HC in D. vulgaris Hcp [4Fe l3-S l2-S g1-S* 3l2-O]. A bridging sulfur in the one is replaced with a bridging oxygen in the other protein. Also, the persulfidocysteine
coordinates to different Fe ions in the two proteins.
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do not report such a cluster. Also, the [4Fe-O-3S] in R. eutropha
[NiFe] hydrogenase is not an HC since there is no oxygen bridge
[31]. Furthermore, the [4Fe-3O-3S] was initially claimed to be pre-
sent in some hydrogenases [32,33], but this structure is probably in
error [35]. Also, with reference to Hcp X-ray studies he claims [4Fe-
O-2S] to differ from [4Fe-3O-3S], however, in one paper the persul-
fido S was not counted as part of the HC [38] while in earlier work
it was included [39]. In other words, the two clusters are identical.
Taken together, the inventory reduces to no more than the two HCs
presented here in Fig. 3. As a final note, several of the ball-and –
stick models in Zanello’s review have direct Fe-Fe bonds [36]
although direct metal–metal bonds are not known to occur in
proteins.
Fig. 4. EPR spectral signature of the hybrid cluster in D. vulgaris Hcp. The OX state of
the HC is a mixture of two spin states, S = 9/2 (red) and S = 1/2 (black). One-electron
reduction to the SEMI state affords an integer-spin system with S = 4 (green). A
second one-electron reduction gives the RED state which is S = 1/2 (blue). Data
replotted from [15].

4

3. Redox chemistry and paramagnetism

3.1. Multiple redox states and spin states of the hybrid cluster

The optical spectrum of iron-sulfur clusters in proteins is typi-
cally rather structureless, and the Hcp is no exception to this rule
[12,15,40,41]. Their EPR spectroscopy thus gains a prominent
place, and again the Hcp is no exception. Four redox states of the
hybrid cluster have been identified with EPR, and they interconvert
by three one-electron transitions. For reasons to be explained,
below, I have recently proposed to name these states in increasing
order of oxidation, respectively, ‘reduced’, semi-reduced’ (or ‘semi-
oxidized’), ‘oxidized’, and ‘super-oxidized’ [42], which may be
abbreviated as RED, SEMI, OX, and SUPER. The SUPER state has
no EPR spectrum and therefore both clusters presumably are in a
diamagnetic ground state, S = 0, at low temperature.

Fig. 4 gives an overview for D. vulgaris Hcp of the EPR spectral
shapes of the other three forms on a single magnetic-field scale
and with amplitudes normalized to unity. When purified aerobi-
cally the Hcp ends up in the OX state [1,40]. Anaerobic purification
predominantly affords the SEMI state [37]. The RED state is
obtained by reduction with, e.g., sodium dithionite [1].

Magnetically, the OX state is a mixture of half-integer high spin
and low spin. Based on effective g values (17, 15.3, 9.7, 8.1, 6.65,
5.7–5.2) the high-spin signal has been assigned S = 9/2 [15]. The
two spin states, S = 9/2 and S = 1/2 are not the components of a
thermal equilibrium; their relative concentration has been esti-
mated at 90% and 10%, respectively [15]. Physiological relevance
of this spin mixture, if any, is unknown. All g values of the
S = 1/2 system (1.968, 1.953, 1.903) are below that of the free-
electron value ge = 2.00232, which is common for iron-oxo but
not for iron-sulfur clusters. Anaerobic purification or stepwise
reduction of the aerobically purified Hcp in the presence of redox
mediators gives the SEMI form, which should either have an inte-
ger spin or S = 0. The method of parallel-mode EPR, which allows
for detection of integer spins, produces a single sharp line with
an effective g value of 16 consistent with S = 4 [15]. Extended step-
wise reduction or incubation with excess reductant produces the
RED state, which is half-integer low spin, that is, S = 1/2. This is
the signal (g = 2.004, 1.819, 1.32) that is reminiscent of the EPR
of reduced synthetic prismane clusters [10]. A minor second
S = 1/2 component is detected, e.g., as a small gz on the high-
field side of the main gz peak.
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The EPR spin-state assignment is corroborated by data from
other spectroscopies. In particular magnetization curves as a func-
tion of temperature in magnetic circular dichroism (MCD) spec-
troscopy are consistent with the EPR observed high spins S = 9/2
and S = 4. The data suggest that the SEMI form may actually be a
spin mixture of S = 4 and S = 0 [43]. Magnetic Mössbauer spectro-
scopic studies have also been found to concur with the EPR assign-
ments of S = 4, S = 9/2, S = 0 for SEMI, OX, SUPER-OX, respectively
[16,44,45]. In addition to being supportive of the EPR analyses
Mössbauer spectroscopy has also provided the unique information
that all four iron ions in the states SEMI, OX, and SUPER-OX have
full valency, that is, they are Fe2+ or Fe3+, and there is no delocaliza-
tion into mixed-valence (sub)clusters of irons with formal frac-
tional oxidation states [44,45]. The RED state has not been
studied in detail because here the regular [4Fe-4S] cubane is
reduced and contributes four paramagnetic irons, which compli-
cates the Mössbauer analysis.

3.2. Iron redox chemistry in the hybrid cluster

Hcps have been subjected to stepwise reductive (with sodium
dithionite) or oxidative (with potassium ferricyanide) titrations
in the presence of a cocktail of mediators to approach redox equi-
librium on a minutes time scale, with monitoring of the protein’s
redox states on the amplitudes of the EPR half-integer spin signals.
The complete data set for three different Hcps is compiled in Fig. 5.
Fig. 5. EPR-monitored redox titrations of hybrid cluster proteins from three bacteria
amplitudes of EPR signals have been normalized to unit amplitude. Pink areas are from h
RED), .(S = 1/2 OX), h(S = 9/2 OX, g � 5.45), r(S = 9/2, OX, g � 6.5). Data are for Hcp
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Pink colour signifies half-integer spins; gray is for integer (or
zero) spins. The data have been fitted to the Nernst equation for
one-electron transitions. The different redox states of the hybrid
cluster have been labeled with the RED to SUPER-OX system and
with the cluster-spin values, but also with the historical labeling
scheme from ‘‘3+” through ‘‘6+”. The latter is based on the assump-
tion of the presence of a [6Fe-6S] core in the cluster, whereby S is
2- and so a fully oxidized core of six Fe(III) would have a charge of
6 + . Although this notation is now obsolete, as it bears no rele-
vance to the actual structure of the hybrid cluster, it is still regu-
larly found in contemporary literature on Hcp.

In addition to the data in Fig. 5, recently, EPR-monitored titra-
tions have been reported for an Hcp from Chlamydomonas rein-
hardtii. These data have not been included in Fig. 5 because the
report appears to be internally inconsistent: the reduced HC is
claimed to have an EPR feature at g = 1.82, however, the presented
spectra are devoid of such a signal (cf Fig. 4A, traces a and b in
[46]).

Midpoint potentials (solid-trace amplitudes at 50%) can be seen
to be similar for the three species. The transition at highest poten-
tial, ca 0.3–0.4 V, is probably too high to be of physiological rele-
vance in strict, or facultative anaerobes, hence the naming
SUPER-OX for the highest oxidation state. The other two transi-
tions should be in physiological reach. The SEMI/OX transition in
the D. desulfuricans Hcp has been measured on two different peaks
(geff = 5.45 and 6.52) of the S = 9/2 spectrum, and they do not coin-
l sources. Four redox states interconvert via three one-electron steps. Maximal
alf-integer spins, gray areas represent integer or zero spins. Symbols are d(S = 1/2

from D. vulgaris [15], D. Desulfuricans [13], and E. coli [18].



Fig. 6. EPR spectral signature of the electron-transfer cluster of three Hcp’s. The
upper two traces (S = 3/2 in D. vulgaris and D. desulfuricans Hcp) were taken at a low
temperature of 4.2 K and a high microwave power of 80 mW to partially saturate
away the hybrid cluster signal. The lower trace (S = 1/2 in E. coli Hcp) was taken at a
temperature of 60 K to completely broaden away the hybrid cluster signal. Data are
replotted from refs [14] and [18].
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cide, suggesting some heterogeneity. Generally, the data exhibit
significant scatter indicating that approach to redox equilibrium
with artificial electron donors/acceptors is slow. All data were
taken with a 50 mM Hepes buffer at pH 7.5, and so there is no
information on pH dependence of the reduction potentials.

3.3. Sulfur redox chemistry in the hybrid cluster

There is an elephant in the redox room and her name is sulfane
sulfur. As discussed below, crystallography has revealed that a per-
sulfido cysteine ligand to one of the irons in the OX and the SEMI
form becomes a regular cysteine ligand in the RED state, whereas
the extra sulfur turns into a m3-sulfide bridge between three irons.
In other words, associated with the transition from SEMI to RED
there is not only a one-electron metal-based reduction but also a
two-electron sulfur-based reduction. Comments in the Hcp litera-
ture on this mechanistic enormity are distinctly scant. Tavares
et al note that ‘‘.. the persulfido ligand .. may be involved in the
redox behaviour of the cluster” [16]. Aragão et al. (including the
present author) venture that ‘‘.. it cannot be excluded that at least
one of the EPR-detected transitions is due to this process, and not
to a reduction based on the iron atoms in the cluster” [5]. The latter
proposal is of course incorrect: a two-electron process cannot be
related to an integer-spin to half integer spin transition, and, fur-
thermore, sulfur-atom redox chemistry, when involving a sulfur
radical (S = 1/2), cannot be related to high-spin EPR. It is perhaps
time to admit that there is a serious problem with the bookkeeping
of the stoichiometry of reducing-equivalents (cf section 7).

3.4. Redox chemistry and spin of the electron-transfer cluster

Hcp contains two iron clusters: crystal structures of the pro-
teins from D. vulgaris and D. desulfuricans show, in addition to
the hybrid cluster, a regular [4Fe-4S] cluster. In hindsight this hap-
pened to be the most elusive cluster in the EPR analysis as its spec-
trum turned out to be not regular at all, escaping identification for
a decade of intensive spectroscopic research. In redox terms the
cluster is of the standard ferredoxin type, that is, in its oxidized
state, with formally 2 Fe(III) and 2 Fe(II), it has a diamagnetic
ground state, S = 0, at cryogenic temperatures. It can be reduced
with one electron equivalent to the state with formally 1 Fe(III)
and 3 Fe(II), whereupon its spin becomes half integer, S = n/2.

Fig. 6 gives EPR spectral shapes of the reduced electron-transfer
cluster in D. vulgaris, D. desulfuricans, and E. coli Hcp [14,18]. The
spectra from the sulfate reducers are very broad and their shape
is unprecedented in metalloprotein EPR. In the figure the signal
from the reduced hybrid cluster has been suppressed as much as
possible by lowering the temperature to that of liquid helium
and reducing its amplitude by partial power saturation and by
overmodulation.

Signals similar to those of Fig. 6 trace a and b have previously
been observed in reduced synthetic [4Fe-4S] model complexes,
e.g., in (Et4N)3[Fe4S4(S-o-C6H4StBu)4], where they have been
assigned to so-called quantum-mechanically spin-admixed
S = 3/2 states, that is, to an S = 3/2 ground state that is coupled, pre-
sumably by spin–orbit coupling, to a very low-lying excited spin
state. This unusual magnetism has been proposed to be associated
with an idealized geometric deformation of the [4Fe-4S] core as
schematically outlined in Fig. 7a (red arrows): the cube with Td
symmetry, encompassing the intertwined 4Fe and 4S tetrahedra,
is deformed, by compression along one of the S4 symmetry axes,
to D2d symmetry, resulting in four parallel edges (Fe-S bonds) of
shorter length than the remaining eight edges [47]. Checking the
pdb files of the Hcps I find that this deformation is also operative
in the oxidized cubane of the two Desulfovibrio proteins (pdb files
1GNT, 1W9M and 1GNL). In the reduced proteins (pdb files 1OA1
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and 1OA0), in which the cubane is S = 3/2, the deformation is
retained, however, there is an additional shortening of one of the
other Fe-S bonds (blue arrows in Fig. 7a and blue number in
Fig. 7b). Re-inspection of the work on the model compounds
reveals that this extra deformation also occurs there (Fig. 7c).
Taken all this together I draw two conclusions: (i) cubanes that
exhibit an EPR spectrum indicative of a QM spin-admixed S = 3/2
are subject to a compressed tetragonal distortion both in model
compounds and in metalloproteins; (ii) the overall distortion also
includes an extra compression along one Fe-S bond perpendicular
to the four parallel shortened ones. It would be interesting to know
if this unusual connection between magnetism and geometry is of
physiological relevance, for example, in the form of a reduction
potential confined to a particular range of values. Unfortunately,
perhaps due to the difficulty of measuring the broad EPR signal,
redox titrations of the distorted cubanes have yet to be reported.

The spin-admixed cubanes are bound to the protein with the
sequence Cx2Cx8Cx5CG, and this motif is highly conserved in all
Hcps from the three domains of life, except for the class of c-
proteobacteria, e.g., E. coli, whose Hcps bind their electron-
transfer cluster with the sequence Cx2Cx11Cx6CG. The EPR spec-
trum of the cluster in E. coli Hcp is given in Fig. 6, blue trace; it
is the common S = 1/2 pattern with one g value above 2 and the
two others below 2 characteristic of the majority of studied
reduced [2Fe-2S] and [4Fe-4S] clusters. It was assigned to a [2Fe-
2S] cluster [18] on the basis of its slow spin–lattice relaxation as
evidenced from the absence of signal broadening up to 60 K [48].
However, several [4Fe-4S] clusters with comparable relaxation
behaviour have since been found (e.g., [49]), which means that
the cluster type has not been established by EPR. In fact, Pereira
et al reported a stoichiometry of 8 ± 1 Fe per E. coli Hcp [17], which
would be consistent with a [4Fe-4S] cluster next to the 4Fe hybrid
cluster. Very recently, Fujihiro et al. have determined a crystal
structure of E. coli Hcp, which, although carried out at a relatively
low resolution of 3.6 Å, allowed them to conclude that to all like-
lihood indeed that electron-transfer cluster in this protein is also
a [4Fe-4S] cluster [50]. Based on an EPR-monitored redox titration



Fig. 7. Deformation of cubane cluster associated with spin admixed S = 3/2 EPR. (a) Schematic deformation of idealized cube made up of intertwined 4Fe and 4 S tetrahedra.
The red arrows represent the deformation from Td to D2d symmetry proposed to be related to spin-admixed S = 3/2 EPR in certain synthetic clusters [47]. The blue arrows are
an additional deformation found in Hcp’s and also, in hindsight, retraceable in the early work on model clusters. (b) Cubane cluster in D. vulgaris Hcp with Fe-S bond length
specified and shorter bond lengths indicated in red and blue. (c) Cubane cluster in model compound (Et4N)3[Fe4S4(S-o-C6H4StBu)4] with Fe-S bond length of the originally
proposed deformation in red and an additional deformation in blue. This figure (c) was reprinted with permission from M.J. Carney et al., Inorg. Chem. 28, 1497–1503,
Copyright 1989 American Chemical Society.
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of E. coli Hcp a reduction potential of �35 mV at pH 7.5 has been
reported, which is close to the potential of �50 mV for the RED/
SEMI transition of the hybrid cluster [18].
4. Genetics of hybrid cluster proteins

4.1. Division of hybrid cluster proteins into classes

On the basis of systematic differences in their structural genes
Hcps have been divided into three classes [18]. Class-I Hcps have
the Cx2Cx8Cx5CG pattern to bind the electron-transferring iron-
sulfur cluster and they have the overall polypeptide length of ca
550 residues found in the Desulfovibrio proteins. The structural
gene is monocistronic, that is, it is not part of an operon. Faculta-
tive anaerobic gram-negative bacteria, in particular the Enterobac-
teriales, with E. coli as an example, encode class-II Hcps which have
the Cx2Cx11Cx6CG cluster-binding pattern. The structural gene is
part of the hcp-hcr operon, where hcr encodes the NADH-
dependent hybrid cluster protein reductase, Hcr, which contains
an FAD and a [2Fe-2S](2+;1+) cluster. Class-III is a variant of class-I
in which a stretch of ca 166 residues has been deleted from the
sequence in between the two binding patterns for the iron clusters.
The deletion corresponds to one of the two bundles of three
antiparallel helices that in class-I make up the iron-sulfur cluster
binding domain 1. Class-III Hcps occur in (hyper)thermophiles
and form dimers [51].

It has recently been noticed that the grouping into classes I, II,
and III is ‘somewhat difficult’ from a phylogenetic viewpoint since
class II is at a higher clastidic level, being a Clade’s subgroup, than
the other two classes [46]. It should, however, be noted that the
classification was originally intended to be of a structural nature,
where later authors have used it in building simple phylogenetic
trees [46,52]. In a further mix-up Han et al draw a phylogram
which carries a branch called class-IV, encompassing certain
eukaryotic Hcp sequences. Their class-IV branch has a sub-
branch, now of a structural nature, exemplified by the parasite
Giardia lamblia, where a 20-residue insertion is proposed to have
occurred in the middle of the hybrid cluster binding motif [52].
Both proposals are questionable: the new branch has no structural
definition and its level in phylogeny is undefined; regarding the
sub-branch, in a CLUSTALW comparison under standard settings
between the Hcps from D. vulgaris and G. lamblia I find the hypo-
thetical 20-residue insert scattered into three fragments, and a
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3D modelling of the G. lamblia protein on the basis of the crystal
structure of the D. vulgaris protein places the scattered fragments
peripherally away from the clusters.

All in all I suggest not to make too much of the division of Hcps
into classes. In brief, there are two distinct binding motifs for the
electron-transfer cluster, and there is a thermophilic, shortened,
and possibly more stable Hcp version forming dimers. Note espe-
cially, that the class division has nothing to report on the structure
of the hybrid cluster: all cluster-binding residues are fully con-
served and there is no indication of significant divergence of the
protein structure around the cluster.
4.2. Evolution of hybrid cluster proteins

It was noticed early on that the structural gene of Hcp exhibits
significant sequence homology only with that of NiFe-containing
CO dehydrogenase [18,53,54] in particular in the hybrid cluster
binding region [8,37]. The Protein families (Pfam) database for
classifying sequences into families and domains defines the Pris-
mane / CO dehydrogenase family (PF03063) which at the time of
writing includes 3159 sequences assigned to hybrid cluster pro-
teins or to the beta chain of carbon monoxide dehydrogenase.
The evolutionary relationship between the two enzymes is pre-
sently unclear. The binding motifs for the active-site clusters have
similarity but are far from identical (see Fig. 8).

Thus, there are no rational grounds to suggest, as was recently
done [55], that the product of an hcp gene is a candidate COdh
enzyme. Also, the wrapping of the protein binding motif around
the cluster is different in the two enzymes: in COdh the primary
sequence maps onto the metal ions in a simple, linear fashion,
while in Hcp the mapping is a complex knot of multiple ligation
(Fig. 8).

The structure of the hybrid cluster and its direct protein sur-
rounding appears to be remarkably conserved over all three
domains of life as if Hcp was ‘invented’ only once and in subse-
quent times was judged by nature to be sufficiently adequate for
its job as to obviate the need for evolutionary improvements. Con-
sistent with this observation is the proposal that eukaryotic hcp
genes are the result of one or two lateral gene transfer events from
prokaryotes to anaerobic protists [56]. In fact, an extended analysis
suggested multiple intra- and inter-domain hcp gene transfers
[57]. Also, (repeated) internal gene duplication has been proposed
[46].



Fig. 8. Comparison of active-site cluster binding motifs in Hcp vs COdh. The two motifs are superficially similar, but differ significantly in their details. Residue numbering is
for D. vulgaris Hcp, 1GNT.pdb [37], and for D. vulgaris COdh, 6B6X.pdb [6]. The conserved Lys496 in Hcp is in hydrogen bonding distance from a bridging oxygen [37]. The
conserved Lys556 in COdh becomes a ligand to the nickel ion upon cluster oxidation [6].
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4.3. Regulation of hybrid cluster protein expression

In Desulfovibriones expression of the hcp gene is under control of
a transcription factor HcpR (regulator of hcp transcription) [58–62].
HcpR is a member of the Crp/Fnr family of global transcription reg-
ulators. The hcpR gene is typically found in the neighbourhood of
the structural hcp gene (separated by 0–2 genes). The environmen-
tal signal for HcpR is nitric oxide or an NO producing molecule, e.g.,
nitrite. In D. desulfuricans, strain ATCC27774 the hcpR2 gene
encodes a 26.7 kDa protein that maturates as a dimer with a
[4Fe-4S] cluster in each of the monomers. This dimer binds to a
specific location on the DNA near the hcp gene and represses hcp
transcription. The signal NO induces disintegration of the [4Fe-
4S] cluster and the apo-protein can no longer bind to the DNA
resulting in expression of the hcp gene [63,64].

In the unrelated anaerobe Porphyromonas gingivalis (Bac-
teroides) hcp expression is also under control of an NO sensing
HcpR [65–68]. Molecular details are unknown.

In facultative anaerobe E. coli expression of the hcp-hcr operon
depends on two separate signals. The global oxygen-responsive
transcriptional regulator FNR (fumarate and nitrate reductase reg-
ulator) makes the general aerobic/anaerobic switch by acquiring a
[4Fe-4S] cluster that is destroyed by oxygen. Under anaerobiosis
the intact FNR binds to a target site upstream (centered at
�72.5) from the hcp-hcr transcription initiation site [69]. In addi-
tion, there is an NO-responsive regulator NsrR (nitric oxide sensi-
tive repressor) [59,69–73]. NsrR binds to the DNA near (+6) the
hcp-hcr transcription initiation site [69].

Collectively the data indicate that a general mechanism for the
regulation of expression of hybrid cluster proteins is effected by a
specific repressive transcription factor whose iron-sulfur pros-
thetic group is labilized by nitric oxide.
5. Activities of hybrid cluster proteins

Four different activities have been reported for Hcps, in histor-
ical order: hydroxylamine reductase, peroxidase, nitric oxide
reductase, and S-nitrosylase. The generic reaction equations are:
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NH2OH þ 2 H½ � ! NH3 þ H2O ð1Þ

H2O2 þ 2 H½ � ! 2H2O ð2Þ

2NOþ 2 H½ � ! N2Oþ H2O ð3Þ

NOþ protein� SH ! protein� SNOþ H½ � ð4Þ
I will now evaluate the possible physiological relevance of these

reactions in the light of available microbiological, biochemical, and
structural data.

5.1. Hydroxylamine reductase activity

Methyl viologen-dependent reduction of NH2OH of E. coli Hcp
was historically the first activity to be established for any Hcp
[8]. By consequence in numerous databases Hcps are annotated
as hydroxylamine reductase, although the activity is probably of
little physiological relevance (below). The incitement to test for
hydroxylamine reduction came from the observation that Rho-
dospirillum rubrum COdh acquired this activity when its NiFe-
cluster ligand His-265 was substituted by valine [74]. The activity
of E. coli Hcp obeyed Michaelis-Menten kinetics with Vmax = 458 m
mol NH2OH min�1 (mg protein)-1 (i.e., kcat � 458 s�1 for mw �
60 kDa) and a KM = 2.5 mM at pH 9.0 at ambient temperature. At
the physiologically rather more realistic pH of 7.5 the activity
dropped to 92 s�1 and the Michaelis constant increased to KM = 39-
mM. The latter value doesn’t really strike one as an evolutionary
success, and the authors concluded that ‘other enzymatic roles
for this enzyme cannot be dismissed at this time’ [8]. Activity with
the natural electron donor, the NADH-dependent Hcp reductase,
has not been reported.

Methyl viologen-dependent reduction of hydroxylamine
reported for other Hcps is typically some two orders of magnitude
below that of the E. coli enzyme.D. desulfuricansHcp has a Vmax = 3.6
when measured with 100 mM NH2OH in the pH range of 7.0–8.8 at
ambient temperature [5]. R. capsulatusHcp has Vmax = 3 and KM = 1-
mM at pH 9.0 and 40 0C [41]. Hcp from the hyperthermophile P.
furiosus has Vmax = 4.5 and a KM = 0.4 mM at pH 9.0 and 70 0C



Scheme 1.

Fig. 9. Kinetic analysis of NO reductase activity by Hcp in E. coli cells. The data
points have been read out from Fig. 7B of [3] and replotted. The used strain JCB5210
is devoid of NO reductases NorVW and Hmp, so the data should reflect activity of
Hcp only. Three fits are shown to the data. The red trace is a straightforward
Michaelis-Menten fit as proposed by Wang et al. [3], here with KM = 384 nM. The
other two traces are fits according to Scheme 1 with K1 = 10 nM, K2 = 190 nM
(green) or K1 = 100 nM, K2 = 39 nM (blue). It is concluded that the quality of the data
do not allow for a discrimination between the three fits; the model of the red trace
is physically impossible.
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[51]. Taken together it appears that the hydroxylamine reductase
activity of E. coli Hcp is probably an accidental, promiscuous, rather
than a physiologically relevant activity.

This conclusion finds further support in the long-known fact
that hydroxylamine reduction is a common side activity of several
other enzymes present in the relevant species. It was, for example,
reported 60 years ago that the NADPH-dependent sulfite reductase
in E. coli exhibits hydroxylamine reductase activity at pH 9.0 that is
an order of magnitude higher than the bacterial intrinsic sulphite
reductase activity at pH 8.0 [75]. The observation has been rein-
forced several times [76,77]. Similar results have been reported
for the preponderant sulfite reductase of D. vulgaris [78]. In this
light it doesn’t seem to make sense to synthesize yet another com-
plex enzyme (Hcp) to exhibit a poorer version of this activity. It is
perhaps time, in contrast to recent literature [79,80], to remove
‘hydroxylamine reductase’ from the databases as ‘the’ activity of
hybrid cluster proteins.

5.2. Peroxidase activity

When Almeida et al. [9] found that expression of the hcp gene in
E. coli was upregulated under the influence of H2O2 and that this
induction was regulated by the redox-sensitive transcription factor
OxyR they hypothesized that Hcp might play a role in oxidative
stress protection. With sodium ascorbate as the electron donor a
low peroxidase activity was found: Vmax = 0.17 mmol H2O2 reduced
min�1 (mg protein)-1, and KM (H2O2) = 0.3 mM. For D. desulfuricans
Hcp the numbers were Vmax = 0.05 U�mg�1 and KM = 0.3 mM. These
very low activities made the authors express that ‘this suggests
that the true physiological substrate is not known’ and that ‘the
physiological reductant for either Hcp was not available, further
hindering a correct enzymatic assay’ [9]. Furthermore, excess addi-
tion of H2O2 to D. desulfuricans Hcp had no detectable effect on the
EPR spectrum of the OX or the RED form. To put the numbers in
perspective note that, e.g., cell-free extract from D. vulgaris already
has a peroxidase activity that is two orders of magnitude higher
[81] than the value reported for the purified D. desulfuricans Hcp.
The rubredoxin-rubrerythrin system is likely to be a major contrib-
utor to this activity [82]. The proposal of Hcp peroxidase activity
has not led to any follow-up studies except for a vague allusion
to involvement in defense against reactive oxygen species produc-
tion [83].

5.3. Nitric oxide reductase activity

Following their observation that hcp expression in E. coli is
under the NO-sensing regulator NsrR [71] Cole and collaborators
set out to characterize NO reductase activity of the Hcp [3,84].
They constructed a mutant that lacked the known NO reductases
NorVW and flavohemoprotein (flavoHb or Hmp). While anaerobic
growth of this mutant was virtually insensitive to repeated addi-
tions of 1 mM NO, growth of its Dhcp derivative (that is, hcp
deleted) was almost completely inhibited by 1 mM NO. The hcp+

strain stoichiometrically converted 2NO into N2O. Purified Hcp also
actively reduced NO but remarkably, and hitherto unexplained,
only if isolated and purified as an integral complex with its reduc-
tase Hcr. A mixture of separately purified Hcp and Hcr was devoid
of activity [3]. Future studies should address this unusual
observation.

Enzyme kinetics were analysed in whole cells and in 80% puri-
fied Hcp-Hcr complex in terms of straightforward Michaelis-
Menten kinetics. Whole-cell studies afforded a KM

(NO) = 575 nM, and with this number the catalytic efficiency (or:
specificity constant, kinetic efficiency) kcat/KM for the purified
Hcp-Hcr complex was calculated to be 2400 � 106 M�1 s�1, which
made the authors to conclude that they ‘‘have shown that Hcp-Hcr
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is the major reductase activity at very low concentrations of NO”
[3]. I have previously expressed concern over the reported value
of the catalytic efficiency because it exceeds the approximate value
of 108-109 M�1 s�1 generally assumed to be the diffusion-
controlled limit of any enzyme activity [42]. The number is possi-
bly the result of a calculation error. The authors report a
Vmax = 2390 nmol NO reduced s�1 (mg protein)-1 [3]. Taking a
molecular weight of ca 97.5 kDa for the holo-proteins Hcp + Hcr,
the reported Vmax translates into a kcat = 2.39 mmol NO s�1

(1/97.5 mmol enzyme)-1 = 233 s�1. Using this number the catalytic
efficiency is reduced by an order of magnitude to ca 4 � 108 M�1

s�1, which now is a possible, but still an extremely high value.
So where is the catch? I suggest a critique of the model chosen

to fit the kinetic data. Girsch and De Vries have formulated a min-
imal scheme for the reaction in which an enzyme has to bind two
identical substrate molecules in which the K’s are dissociation con-
stants [85]. This leads to the rate equation for NO reduction

v = kcat[ETotal] / (1 + K2(1/[NO] + K1/[NO]2) ð5Þ
Using this equation for the analysis of Hcp activity in whole

cells Wang et al found that in a fit to their data K1 converged
towards zero ‘‘thus resulting in a simple Michaelis-Menten model
V = Vmax /(1 + K2/[NO])” [3]. In other words K2 is equal to the KM. I
have previously noted that K1 = 0 would imply the physical impos-
sibility of an infinitely strong association between Hcp and the first
NO to bind [42]. For additional insight I have now re-analyzed
some of the original data of Wang et al. using the proper equation
(5). The data are reproduced in Fig. 9 with the Michaelis-Menten fit
in red giving KM = 384 nM (and K1 = 0). Two other fits, now on the
basis of Eq. (5), are in green (K1 = 10 nM, K2 = 190 nM) and in blue
(K1 = 100 nM, K2 = 39 nM). The three fits have unweighted mean
square errors of 0.68, 0.70, and 0.76, respectively. So the
Michaelis-Menten fit is the best by a smidge, but its underlying
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mechanism is also physically impossible. The other two fits indi-
cate that the two dissociation constants (i.e. not KM) are in the
nanomolar range but the quality of the data is insufficient to deter-
mine their relative and absolute magnitude.

All in all Cole and collaborators have convincingly shown that
expression of Hcp in E. coli is induced by NO (which has been con-
firmed in recent studies [86–88]), and that NADH-dependent Hcp-
Hcr complex is an NO reductase apparently with respectable, but
not exceptionally high activity. The enzyme’s affinities for NO are
in the nanomolar range, but a KM is undefined and there is, there-
fore, in this case no such thing as a catalytic efficiency in terms of
Michaelis-Menten kinetics.

The natural electron donor for D. vulgaris Hcp is not known.
With dithionite-reduced benzyl viologen and with high NO con-
centrations a modest NO to N2O reduction activity is detected
against a significant background of chemical reduction [42].

5.4. S-nitrosylase activity

Stammler and collaborators have reported that anaerobic
growth of E. coli on nitrate leads to S-nitrosylation of transcription
factor OxyR by NO produced by nitrate reductase, which result in
de-repression of expression of the hcp gene and, to a lesser extent,
of the hcr gene [89]. In a subsequent proposal they envision Hcp to
auto S-nitrosylate as the initial event in a signal cascade, through
S-nitrosylation, of a large number of interdependent proteins, or
Hcp interactome, thus conferring, e.g., enhanced motility and pro-
tection against nitrosative stress [4]. Criticism has been ventured
by the present author on mechanistic grounds [42] and more
recently, and more extensively, in a review by Cole on physiologi-
cal grounds [90].

A major conclusion of the Stammler group is that E. coli Hcp is
an SNO synthase and protein S-nitrosylase [4]. The term ‘SNO syn-
thase’ is new and not defined, but inspection of the paper’s graph-
ical abstract suggests that it is identically equal to auto-S-
nitrosylase. That latter activity is also not unproblematic: the
authors suggest that NO first binds to a cluster iron and subse-
quently is transferred to a cysteine residue, whereupon the formed
Hcp-SNO can S-nitrosylate other proteins. Since none of the free
Cys residues is found to be nitrosylated, they propose that it is a
cluster–ligand Cys that takes up NO and becomes one-electron oxi-
dized. No evidence is presented to support the idea that it is possi-
ble for the hybrid cluster to detach one of its Cys ligands without
cluster disintegration. As a matter of fact, in D. desulfuricans the
Cys428Ser mutant of Hcp (Cys434 in D. vulgaris Hcp) has lost the
hybrid cluster completely [14]. And Ser substitution for any of
the four Cys coordinating the cubane cluster in D. vulgaris Hcp
leads to a protein that does not fold [2]. Furthermore, my EPR stud-
ies show that incubation of D. vulgaris Hcp with NO in absence of
electron donors/acceptors semi-quantitatively leads to dinitrosyl
iron derivatives of the hybrid cluster [42]. Seth et al. also propose
that in the E. coli Hcp-Hcr system the electron that is released upon
S-nitrosylation of a cysteine is eventually (presumably after two
cycles) taken up by NAD+ [4]. However, the lowest reduction
potential of Hcp, i.e. the SEMI/RED potential (Fig. 5) is several hun-
dred millivolt less negative than the NAD+/NADH potential of
�320 mV which makes the proposed electron transfer thermody-
namically impossible in absence of an external energy source. Seth
et al. further propose that E. coli Hcp undergoes disulfide bridge
formation as part of the signalling process [4]. How this occurs
and what the underlying redox chemistry is remains obscure.
Finally, but importantly, Cole has pointed out that the experiments
of Seth et al. on whole cells have been carried out under physiolog-
ically unrealistically high NO concentrations [90]. Also, in their
experiments on isolated Hcp the authors have incubated with con-
siderable excess of NO [4].
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It is not impossible that Hcp transfers NO directly to other pro-
teins, i.e., that its transnitrosylase activity is actually a non-redox
NO transferase activity. It is not even impossible that the Hcp-
Hcr system would be the cause of true S-nitrosyl formation on
other proteins, but this would require an electron acceptor other
than NAD+. Taken the above together the unavoidable conclusion
must be that the proposed signalling role of Hcp at this time is
interesting but at the same time highly speculative as well as
highly controversial. Any notion of this controversiality is not yet
apparent in recent literature [91–98] with an occasional exception
[99].
6. Mechanics of the hybrid cluster

6.1. Redox structural changes in the hybrid cluster

High-resolution crystal structures in different redox states have
been determined for the Hcps of D. vulgaris and D. desulfuricans
[2,5,37–39,100,101] (and a low-resolution structure was very
recently reported for the E. coli Hcp [50]). When the protein is puri-
fied aerobically the hybrid cluster ends up in the OX state (cf
Fig. 5). The SEMI state is predominantly obtained after purification
and crystallization under anaerobic conditions. Crystal structures
of the RED state have been determined on protein anaerobically
purified and crystallized and subsequently soaked in a solution of
reductant dithionite. Structures of the hybrid cluster in the OX and
SEMI state of D. vulgaris Hcp are identical except for a m2-bridging
oxygen, O10 (see Fig. 2) which in the OX state is disordered
between two positions around the single position it takes in the
SEMI form [38]. Physiological significance of this disorder, if any,
is unknown.

In Fig. 2 the structures of the hybrid cluster are compared in the
OX/SEMI vs the RED form. Of the coordinating amino acid side
chains only the ligand atom and the next carbon are shown. The
numbering of cluster atoms is taken from [5,37]. In the RED state
the three m2-oxo bridges have disappeared; there is now a single
oxygen labelled Y to indicate that its relation, if any, to the O’s in
the OX structure is unknown. Structure of the cluster as a whole
in both states is highly irregular. The only sub-structure with reg-
ularity is the (Fe5, S5, Fe6, S6) diamond, which is reminiscent of
[2Fe-2S] clusters or of a side plane of a [4Fe-4S] cubane or a
[6Fe-6S] prismane. A key difference between the two states is that
the RED structure is open and the OX structure is closed, as if the
RED structure is ready to accept a substrate while the OX structure
has closed up after getting rid of a product. Arguably the most
stunning aspect of the comparison is the considerable, but local-
ized, structural change that comes with reduction: the Fe2S2 dia-
mond essentially remains in place and so does the position of
Fe7, however, Fe8 makes a move over ca 2 Å. The most drastic
change, in terms of position as well as coordination is for the
end-on S7 of persulfidocysteine-406. It detaches from the side
chain, moves over ca 4 Å, and turns from g1-ligand of Fe8 into a
m3 bridge of Fe5, Fe7, and Fe8. Since residue 406 has now turned
into a regular cysteine coordinating Fe8, the overall change of
S70s move is associated with an electron-pair reduction process
that comes on top of the one-electron metal-based reduction.
The nature of oxygen Y in the RED structure is uncertain. In the
D. vulgaris Hcp the distance between Y and Fe7 is 2.77 Å, which
may qualify as a very weak bond, however, in the D. desulfuricans
Hcp this distance is 3.13–3.16 Å. In both structures Y is in
hydrogen-bonding distance (2.92 and 2.88 Å respectively) from
the NH3

+ group of conserved residue Lys496.
Either in hindsight or contemporaneously with the first crystal-

lographic studies, multiple spectroscopic observations were found
to be consistent with the X-ray determined structure of the hybrid
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cluster. Nitrogen ligation was inferred from linewidth changes in
multi-frequency EPR [15]. Electron spin echo envelope modulation
(ESEEM) spectroscopy was consistent with a histidine ligand [14].
Resonance Raman spectroscopy suggested an oxygen ligand [102],
more specifically a solvent-exchangeable oxygen bridging between
Fe7 and Fe5 [2]. Extended X-ray absorption fine structure (EXAFS)
spectroscopy data were consistent with the presence of an FeS2Fe
diamond sub-structure, with two different Fe-Fe distances of ca
2.7 and 3.1 Å, respectively, and with the absence of a long 3.8 Å
Fe-Fe distance found in prismanes [2]. Contributions from EPR,
MCD, and Mössbauer spectroscopies in delineating the magnetic
properties of the hybrid cluster have already been outlined, above.
6.2. The pinball mechanism of product release

Reading out redox-dependent structural changes by compar-
ison of crystallographic structures in two redox states has an
aspect of arbitrariness in the choice of how the two structures
are superimposed in a single 3D space. A common approach is to
minimize the sum of all squared distances between corresponding
atoms of the protein’s main chain structures, as was done in [5] for
the RED and SEMI structures of D. desulfuricansHcp to elucidate the
movements of Fe8 and the Cys399 persulfido S7. However, normal-
izing on protein atoms may suppress and thus obscure possible
local protein movements associated with the structural transfor-
mation of the hybrid cluster. In D. vulgarisHcp, since Fe8 is not only
coordinatively bound to Cys406, but also to Glu494, and possibly,
via oxygen ‘Y’, to Lys496, I have normalized the 3D positions of
the hybrid cluster in the RED and SEMI structures by minimization
of the distances between the corresponding iron positions other
than Fe8, that is, on Fe5, Fe6, and Fe7. The overlay presented in
Fig. 10, shows only minor variations in the Fe2S2 diamond and
the sulfurs of its two Cys ligands and a virtual invariant structure
for the (N, O, S) coordination of Fe7 by His244, Glu268, and
Cys459. In contrast, the movements of Fe8 and S7 are found to
be associated with considerable movement not only of the sulfur
Fig. 10. Concerted movement in the RED to SEMI/OX state transition of the HC in D.
vulgaris Hcp. Overlay of the core cluster structures was effected by mutual
anchoring on Fe5, Fe6, and Fe7 to emphasize the movement not only of Fe8 and S7,
but also the side chains of residues Cys406 and Glu494 that coordinate Fe8. The
complex overall movement is given the name ‘pinball mechanism’; its function is
proposed to be the forced release of product N2O.
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(s) of Cys406, but also of the coordinating oxygen of Glu494. On
the other hand, the nitrogen of Lys496, hydrogen bonding to oxy-
gen ‘Y’, hardly moves. In other words, the closure of the hybrid
cluster, in going from the RED to the SEMI structure is a concerted
local event involving predominantly four atoms, as indicated in
Fig. 10, reminiscent of the movement of a flipper in a pinball
machine.

Then what is the ‘ball’ that has to be expelled from the hybrid
cluster? When D. vulgaris Hcp with its hybrid cluster in the OX
form (that is, structurally equivalent to the SEMI form) is incubated
with excess N2O, no spectral changes whatsoever are observed in
its EPR spectrum. The same experiment, however, carried out with
the cluster in the RED form affords considerable changes in the EPR
spectrum (Fig. 11), which can be taken to attest to the fact that the
nitrous oxide molecule is not only able to reach and bind to the
hybrid cluster, but also to significantly affect its structure [42]. At
first sight this observation is unexpected where N2O is the product
of the NO reductase reaction and Hcp in the RED form is supposed
to be the enzyme ready to bind its substrates, that is, two mole-
cules of NO. Apparently, the RED hybrid cluster is ‘open’ enough
to accommodate the product N2O, be it with low affinity, while
the OX cluster is sufficiently ‘closed’ to block access of N2O. The fol-
lowing hypothesis naturally presents itself: since Hcp has a high
affinity for its gaseous substrates 2NO, it may well have a similarly
high affinity for its structurally not so different gaseous product
N2O. In order for the catalysis not to stall, the pinball movement
is required to kick out the product and to close up the active site
in order to prevent futile rebound.
6.3. Comparison with the NiFe cluster of CO dehydrogenase

Hybrid cluster proteins and NiFe-containing carbon monoxide
dehydrogenases show significant sequence homology in particular
in the part that coordinates the active-site cluster. Also the shapes
of the hybrid cluster and the NiFe cluster exhibit similarity in that
both are made up of an incomplete cubane bridged to an ‘external’
iron ion (in CO dehydrogenase literature called ‘unique Fe’), cf [2]
vs [103,104]. In both enzymes this cluster undergoes redox-
dependent structural changes involving the breaking and making
of several coordination bonds associated with movement of atoms
over considerable distances (cf ref [5] vs [6]). In search for a unify-
ing principle of action one would be tempted to compare the
details of these flexible clusters. Unfortunately, this comparison
is presently not yet possible because the crystallographically doc-
Fig. 11. Product N2O binds to the RED state of the HC in D. vulgaris Hcp. The EPR
spectrum of the reduced HC, with g = 2.010, 1.823, 1.34, is partially converted into a
new spectrum with g = 1.982, 1.823, 1.29 upon flushing the protein solution for
1 min with nitrous oxide. The figure was reproduced from ref. [42].
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umented structural changes in the two enzymes apply to mutually
incomparable redox states.

Scheme 2 summarizes the fact that the active-site cluster in
both enzymes can occur in four different redox states [15,105],
where the three states on the low-potential side are considered
to be involved in the two-electron associated substrate conversion.
The state on the high-potential side in Hcp is considered physiolog-
ically irrelevant [2]; in COdh it has been proposed to be a cluster
state that is protected from O2 damage [6]. In Scheme 2 solid
enclosing lines indicate that the state has been characterized crys-
tallographically; broken lines indicate that the protein with the
cluster in the indicated state has not been crystallized yet.
Scheme 2 tries to make apparent what is somewhat veiled by the
different nomenclature used for the redox states of the two pro-
teins, namely, that only one cluster state has been structurally
determined for both enzymes. The cluster structural change in
COdh is for a redox transition that has not been characterized in
Hcp, and vice versa. A meaningful comparison would require a
crystal structure of COdh with the NiFe cluster fully reduced, that
is, in the Red2 state.
7. Hybrid cluster mechanism of action

EPR and Mössbauer spectroscopies have pinned down the
hybrid cluster to occur in four redox states connected by iron-
based single-electron transitions and with no fractional iron valen-
cies in the three most oxidized states. Tying together this redox
chemistry of the HC, its activity as an NO reductase (with stoichio-
metric reduction of two NOs to one N2O), its switching between
open and closed structures, its binding affinity for N2O when
reduced and the absence thereof when oxidized, the enigmatic
behaviour of its three oxygen bridges that disappear upon full
reduction, and above all its hitherto unaccounted for redox chem-
istry associated with the persulfidocysteine, let us be daring and
put forth, in Scheme 3, a first elementary proposal for a reaction
mechanism of Hcps, not to be cast in stone but as a road map that
suggests future experiments.

States that have been characterized in protein crystallography
are marked with a thick dark grey surrounding line. The key
assumption in Scheme 3 is that there are two basic configurations
of the hybrid cluster: an open one and a closed one (cf Fig. 2). The
transition from open to closed is associated with the pinball move-
ment of sulfur S7 and iron Fe8 (and, not shown here, the protein in
the form of Cys406 and Glu494 in D. vulgaris Hcp counting). Impor-
tantly, this transition brings along an intra-cluster re-distribution
of two electrons in which S7 becomes a part of a persulfido side
chain (indicated in the Scheme as S7*) and Fe7 and Fe8 concomi-
tantly become reduced to ferrous.
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A complete catalytic cycle follows the five solid black arrows in
the lower part of Scheme 3. Starting point is the hybrid cluster in
the RED state with open configuration, that is, the RED structure
of Fig. 2. Two NO molecules sequentially bind to Fe7 (where bind-
ing to a single iron is indicated by EPR spectroscopy [42]) and are
converted to N2O with two iron-based electrons (lighter color indi-
cates higher Fe oxidation state). Release of the product N2O is
mandatorily coupled to a pinball switch into a closed configura-
tion, in which S0 is shorthand for Cys406 turning into a persulfido
ligand to Fe8. The open state is re-gained by two-electron redistri-
bution, and two subsequent one-electron reductions (via the
cubane and an external electron donor) regenerate the free
enzyme.

In the RED state the two irons in the Fe2S2 diamond are pre-
sented as a mixed-valence pair with individual formal charge of
2.5 + rather than as a charge-localized Fe2+-Fe3+ pair. There is pre-
sently no direct experimental evidence to support this view, except
that HCP got its original ‘prismane protein’ name from a remark-
able correspondence between its EPR spectrum in the RED state
and the spectrum of the [6Fe-6S]3+ core in synthetic prismanes
[10]. The [6Fe-6S] core can be viewed as constructed from three
[2Fe-2S] diamonds, and its Mössbauer spectrum indicates full
charge delocalization with formally six Fe2.5+ ions [10].

At the top of the Scheme green broken arrows indicate subse-
quent oxidations that afford closed configurations of the crystallo-
graphically characterized SEMI and OX states and, finally, (not
shown in the Scheme) the spectroscopically described SUPER-OX
state. The RED to SEMI reaction has been labelled ‘slow’ since it
has thus far only been achieved by prolongued incubation (typi-
cally 10 min.) with excess dithionite. The kinetics of the reaction
have not been studied yet. The reaction is associated with the
release of two bridging oxygens possibly as H2O molecules as sug-
gested by the observation an Fe-O stretch frequency in resonance
Raman spectroscopy that is solvent exchangeable in an H2

16O/
H2

18O experiment [2,102].
On the basis of Scheme 3 we can now formulate specific ques-

tions to be addressed in future research. Clearly, a key issue is the
affinity of the product N2O for different HC states, that is, whether
the RED-closed state is really part of the catalytic cycle as a
requirement to push out N2O, or whether it is not, in which case
the cycle takes the shortcut indicated in the Scheme with a red
broken arrow. Addressing this question requires pre-steady-state
experimentation because according to Scheme 3 neither this inter-
mediate nor the previous OX-open-N2O state can be build up in
steady state, and thus each would have a lifetime of less than the
time span of a single enzyme turnover. A related point is whether
there is a direct redox route to the SEMI-closed state from the RED-
closed state either as a reaction cycle intermediate or as an inter-
mediate in the slow oxidation of RED-open. Both questions address
the fundamental role of the S7 persulfido form of Cys406 in Hcp: is
it central to catalysis and/or is it part of an oxidative re-
arrangement to protect the protein in an aerobic environment?

Scheme 3 also predicts that the OX-open state can be build up,
namely, by incubating HCP with the HC in the RED-open state with
two-fold excess of NO but in the absence of external electron
donors. Possibly, one electron will be transferred from Hcp’s
[4Fe-4S] cluster before steady state is reached. This stable interme-
diate should be amenable to spectroscopic and possibly even crys-
tallographic analysis.

Furtehrmore, an inquiry into the nature of the Fe-NO bond(s) is
suggested. Are the NOs bound to Fe7, to Fe8, or to both? And is
there cooperativity in their binding? Spectroscopically monitored
pre-steady-state experimentation once more appears to be the
way to go, now combined with variable initial NO concentrations.
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8. Concluding remarks

Some 33 years down the line of the first observation of a protein
with a prismane-like EPR spectrum it is now firmly established
that the hybrid cluster protein of bacteria (and presumably also
of archaea and monocellular eukarya) is a nitric oxide reductase.
Whether it also functions in signal transduction by means of some
form of transnitrosylation remains to be rigorously tested. The
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enzyme contains two prosthetic groups, a one-electron transfer-
ring iron-sulfur cluster and an active site iron-sulfur-oxo hybrid
cluster. The latter has an unprecedented, complex structure whose
core in the oxidized state may be described as [4Fe m3-S m2-S g1-S*
3m2-O], in which S* stands for the coordinating sulfur of a persul-
fido cysteine, and in the reduced state may be described as [4Fe
2m3-S m2-S (O)], in which the parentheses indicate that the status
of an oxygen as a ligand is presently not clear. The hybrid cluster
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undergoes two metal-based one-electron transitions in a potential
range that is considered to be physiologically relevant. Each of the
states involved, OX, SEMI, and RED, has very characteristic EPR
spectroscopic properties. Reduction is associated with a drastic
structural rearrangement of part of the hybrid cluster, which
specifically involves redox chemistry of a sulfur atom. This two-
electron transition should be included in any description of the
enzyme’s catalytic mechanism, which has been attempted in the
present review for the first time. Hybrid cluster proteins show sig-
nificant sequence and structural homology with the enzyme car-
bon monoxide dehydrogenase in particular in the structure of the
hybrid cluster versus the NiFe-cluster. Whether this homology
has any mechanistic implication is presently still difficult to evalu-
ate for lack of a crystal structure of COdh in the fully reduced Red2
state. With a solid body of knowledge on hybrid cluster proteins
now available in terms of structure, spectroscopy, biochemistry,
genetics, and microbiology the time appears right for a serious
research effort into elucidating the enzyme’s mechanism of action.
The first bits of information have already been obtained in an EPR
spectroscopic study of equilibrium incubations with substrate and
product. The next leap will require fast kinetics methodology to
identify and characterize short-lived enzyme intermediates in
pre-steady state kinetics.
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