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Abstract Cysteine is the ubiquitous ligand of iron-sul-
fur clusters in proteins, although chemical models have
indicated that functional groups other than thiolates
can coordinate iron in iron-sulfur compounds. Only a
small number of naturally occurring examples of hy-
droxyl, histidinyl or carboxyl coordination have been
clearly established but many others are suspected.
Quite a few site-directed mutagenesis experiments have
been aimed at replacing the cysteine ligands of iron-
sulfur centers by other amino acids in various systems.
The available data set shows that substituting one li-
gand, even by another functional residue, is very often
destabilizing enough to impair cluster assembly; in
some cases, the apoprotein cannot even be detected.
One for one replacements have been demonstrated, but
they have been so far almost exclusively confined to
clusters with no more than one or two iron atoms. In
contrast, changes of the cluster nuclearity or recruit-
ment of free cysteine residues seem preferred ways for
proteins containing larger clusters to cope with removal
of a ligand, rather than using coordinating amino acids
bearing different chemical functions. Furthermore, the
possibility of replacing cysteines by other residues as li-
gands in iron-sulfur proteins does not uniquely depend
on the ability of the cluster to accept other kinds of
coordination than cysteinate; other factors such as the
local flexibility of the polypeptide chain, the accessibili-
ty of the solvent and the electronic distribution on the
active centers may also play a prominent role.
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Introduction

For the first two decades after their discovery
(1960–1980), the inorganic cores of iron-sulfur (Fe-S)
proteins were thought to be exclusively bound to thio-
late groups provided by cysteine residues of their poly-
peptide chains. This view arose from the first X-ray
crystallographic structures available [1–8], all from elec-
tron transfer proteins. In these cases no active chemis-
try involving the ligands of the Fe-S cores seemed
needed since no substrate turnover was required.
Moreover, differences in the redox reactivities of geo-
metrically identical clusters in different proteins could
be readily accounted for by other structural features
[9].

However, it was soon demonstrated that Fe-S pro-
teins participated in reactions involving the conversion
of substrates like molecular nitrogen [10] or pyruvate
[11]. The list has been increasing ever since, with the
discovery of new functions for Fe-S proteins accelerat-
ing in recent years. In most cases, Fe-S clusters are as-
sociated with other types of cofactors, such as other
metals (Ni, Mo, Fe, V etc.) or organic groups (FMN,
FAD), and definitive proof for the direct participation
of an Fe-S cluster in the binding and transformation of
a substrate has long been lacking. Such evidence has
now been obtained in at least one example (see below,
“A conitase”) and, in view of the increasing number of
proteins that interact with substrates and contain Fe-S
clusters only, other instances will probably soon be re-
vealed.

Various aspects of the bioinorganic chemistry of Fe-
S proteins are regularly reviewed, and recent compre-
hensive accounts are available [12, 13]. However, the
rules governing ligand substitutions on Fe-S clusters in
proteins have not received wide attention, in contrast
to synthetic analogues [14]. It is the purpose of the
present contribution to focus on recently reported site-
directed mutagenesis (SDM) experiments carried out
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on the ligands of Fe-S proteins1. Mixed metal clusters,
such as the Mo-Fe cofactor of nitrogenase or the Ni-Fe
cluster of some hydrogenases, are not included since
the relevant reactivity heavily depends on the poorly
understood coupling between iron and other transition
metal ions. Therefore, only those clusters for which
both the geometry and the electronic structure are rela-
tively well known, such as the most common [1Fe],
[2Fe-2S] and [4Fe-4S] clusters of rubredoxins and ferre-
doxins, are discussed. It is hoped that this compendium
will provide guidelines for designing future SDM ex-
periments on Fe-S proteins and for implementing
means to interpret them.

Ligand exchange on synthetic compounds

The field of Fe-S protein chemistry soon benefited
from the availability of synthetic analogues in which the
cysteine ligands of the proteins were replaced by small
organic thiols [15]. These compounds were obtained via
self-assembly reactions in which ferric ions, sulfide (or
elemental sulfur) and well-chosen thiolates sponta-
neously formed low-molecular-weight counterparts of
the [2Fe-2S] or [4Fe-4S] active sites of proteins [14].
These initial successes led to the exploration of other
potential terminal ligands in such structures. Among
the numerous anions able to coordinate Fe-S cores,
some provide functional groups which may be found in
proteins; examples are phenolates, carboxylates and
imidazolates [16–18]. Also, a significant Fe-O interac-
tion between one of the metal sites and the o–hydroxy-
benzenethiol ligand of [Fe4S4(SC6H4–o–OH)4]2- has
been evidenced in the solid state [19]. The binding of
esters of non-sulfur amino acids such as serine and ty-
rosine to Fe-S clusters has also been proposed [20].

A step forward in the synthesis of Fe4S4 analogues
bearing non-sulfur ligands came from the design of ap-
propriate tridentate thiols, leaving a single iron position
available for ligand exchange. This differentiated posi-
tion has been shown to bind acetate or hydroxide, as
well as many other functional groups [21]. From all
available studies on synthetic clusters, no major limita-
tion in the type of ligand stabilizing Fe2S2 or Fe4S4

cores seems to exist for a skilled chemist. It is thus of
the utmost interest to examine whether such diversity
occurs in – or can be engineered into – proteins as a
potential means of tuning the properties of Fe-S clus-
ters.

The likeliness of ligand exchange is evidently related
to the lability of the Fe-S bonds. Although this point
has not been thoroughly investigated, data obtained on
[4Fe-4S] ferredoxins show that the polypeptide can rap-
idly lose its cluster and reassemble it, if the required
reactants are available [22, 23]. These results are com-

parable with those of similar studies carried out on syn-
thetic analogues [24] and, together with other observa-
tions [25, 27], suggest that ligand exchange is indeed an
easy process for, at least, simple Fe-S proteins. This
property is one of the main factors explaining the wide-
spread instability of these proteins and it sets this fami-
ly apart from other metalloproteins organized around
complex metal-containing cofactors, such as hemopro-
teins or diiron-oxo proteins, for which the exchange of
all ligands is generally not an easy reaction. However,
the lability of Fe-S clusters depends on both the type of
cluster considered and on the polypeptide. For exam-
ple, Anabaena [2Fe-2S] ferredoxin denaturation in
guanidinium hydrochloride is a multistep process in
which the destruction of the [2Fe-2S] cluster follows
other structural changes [28]. Overall, neither what has
been gathered over 20 years of chemical research on
Fe-S clusters nor what is known of the chemical proper-
ties of such clusters in proteins suggests any reasons
why non-cysteinyl ligands of Fe-S clusters should not
occur in biological systems.

Naturally occurring non-cysteine ligands in proteins

Evidence from X-ray crystallography

Aconitase

A benchmark in the knowledge of the diversity of func-
tion and molecular mechanisms attainable by Fe-S clus-
ters was set by the thorough studies carried out on
aconitase. The enzyme from mammalian mitochondria
belongs to the Krebs cycle and interconverts citrate and
isocitrate. The involvement of an Fe-S cluster in the
reaction has been demonstrated and characterized by a
wealth of spectroscopic techniques including Möss-
bauer spectroscopy, EPR and ENDOR. One of the
main outcomes of these studies has been the definition
of the active [4Fe-4S] cluster environment in which
oxygen atoms belonging to the solvent or to bound sub-
strates interact strongly with one of the iron atoms [29,
30].

Further clues came from the resolution of the crys-
tallographic structure of the enzyme. The active [4Fe-
4S]-containing protein clearly showed coordination by
three cysteine residues, but no ligand other than a sol-
vent molecule within bonding distance of the fourth
iron [31]. The latter iron is the one that is lost during
aerobic purification of the protein to give the [3Fe-4S]
form [32]. Growth of aconitase crystals in the presence
of substrates or inhibitors [33–35] revealed that the
same iron switched from tetrahedral to generally octa-
hedral geometry, with the non-sulfur coordination pro-
vided by one monodentate carboxyl and one hydroxyl
from the substrate/inhibitor, and one water molecule.
Pentacoordinated iron occurred with trans-aconitate
[34]. At the level of resolution achieved (around 2Å),

Whenever possible, reference will be made to recent reviews rath-
er than to the original literature.
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Fig. 1 Examples of non-sulfur coordination in [4Fe-4S] proteins.
Left Coordination of the cluster by four cysteines, as in Clostrid-
ium acidurici ferredoxin [59]; center coordination by three cys-
teines and one solvent hydroxide in sulfate-complexed bovine mi-
tochondrial aconitase [35]; right coordination by three cysteines
and one histidine in Desulfovibrio gigas hydrogenase [36]. The
ligand side chains are drawn up to the b-carbon only

tetrahedral coordination of the iron involving a single
hydroxyl group (no substrate bound) does not lead to
major distortion of the core structure (Fig. 1): only the
Fe-hydroxyl distance is shorter by ca. 0.4 Å than the
most common Fe-Sg bond lengths [31–35]. Keeping
[Fe4S4(SR4)]2- clusters as references, hexacoordination
of one iron in the presence of substrates or inhibitors
induces a ca. 0.2 Å elongation along the diagonal of the
Fe4S4 unit passing through the iron of the S3FeO3 site
[33]. It was also found that the positions of the oxygen
ligands vary considerably with the type of substrate/in-
hibitor used, in agreement with the changes in the iron
coordination sphere proposed to occur during the cata-
lytic cycle [34, 35].

Aconitase is thus the first definitive example of non-
sulfur coordination for an Fe-S cluster obtained
through the combination of detailed crystallographic
studies and extensive spectroscopic investigations. In
all other cases discussed below, current knowledge is
mainly based on either one of these two approaches.

Hydrogenase

The recently elucidated structure of Desulfovibrio gigas
hydrogenase has afforded, among other new insights
into the bioinorganic chemistry of Fe-S and Ni proteins,
evidence for the occurrence of one [4Fe-4S] cluster
bound to the polypeptide chain by three cysteines and
one histidine [36] (Fig. 1). Refinement of this structure
at a resolution better than 2.85 Å is impatiently awaited
so that the structural consequences of histidine coordi-
nation on the detailed geometry of [4Fe-4S] clusters
might be more precisely evaluated.

Nitrogenase

New types of Fe-S clusters have also been disclosed by
the structures of the proteins of the nitrogenase com-
plex. In the large component of the system a cluster
made up of two bridged [4Fe-4S] cores has been de-

monstrated, in addition to the Fe-Mo cofactor thought
to be the site of substrate binding [37–40]. The so-called
P-cluster pair is, therefore, the first documented exam-
ple of an all-iron cluster expanding the classical nu-
clearity range beyond four metal ions. The environ-
ment of the eight irons consists almost exclusively of
sulfur atoms, except for the side contributed by sub-
unit b, which may provide a serine ligand to one of the
irons [37–40]. This situation is reminiscent of the penta-
coordinated iron atom shown in a synthetic analogue
[19] (see above, “Ligand exchange on synthetic com-
pounds”). However, an alternative interpretation of in-
dependently recorded X-ray diffraction data proposes
that the same serine residue would hydrogen-bond to
one of the inorganic sulfur atoms of the cluster (dis-
cussed in [41]).

Since the latter case is still a matter of controversy,
the only clear examples of non-sulfur coordination ob-
tained in X-ray diffraction studies involve [4Fe-4S]
clusters (Fig. 1). However, this observation may be
coincidental, as other Fe-S proteins are suspected to
use non-cysteinyl ligands, according to data obtained
with different methods.

Other evidence

Although often easier to implement, spectroscopic
studies of Fe-S clusters do not generally give evidence
for non-cysteinyl ligands as clear-cut as that from X-ray
crystallography. However, the spectroscopic signatures
of many systems suggest that cysteines may not be the
exclusive ligands of Fe-S clusters in proteins, and these
data will now be reviewed.

Rieske protein

The name ‘Rieske protein’ has been associated with an
Fe-S protein of the [2Fe-2S] type found initially in com-
plex III of mitochondrial respiratory chains, then in
other membranous electron transfer chains of plants
and bacteria [42]. More recently, components of some
bacterial dioxygenase systems have been added to the
group [43]. The most remarkable property of these re-
dox proteins is their high reduction potential compared
to conventional soluble [2Fe-2S] proteins with exclu-
sively sulfur ligands.

In order to explain such discrepancies, spectroscopic
techniques have been applied. It was soon demon-
strated that the [2Fe-2S] cluster has apparently an usual
geometry, but other differences with respect to
Fe2S2(SR)4–based proteins suggested that histidine li-
gation could be involved. Among relevant data, the
unusual Mössbauer isomer shift of one iron of the clus-
ter, EXAFS spectra, the low average value of the EPR
g-tensor, nitrogen hyperfine couplings in the ENDOR
and ESEEM spectra and the pattern of resonance Ra-
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man bands all pointed to the more easily reducible iron
being coordinated by two histidines [42, 43]. This would
involve two short peptide segments of sequences CXH
and CXXH (X p variable amino acid) as the coordi-
nating units of the cluster, although two additional con-
served cysteines are found nearby in the sequence (see
below, “Cases in which no cluster is associated with the
protein”).

[4Fe-4S] ferredoxins

A very interesting development in the chemistry asso-
ciated with Fe-S clusters in proteins was the discovery
of [3Fe-4S]/[4Fe-4S] cluster interconversions [44]. It
was then soon realized that some ferredoxins, e.g. De-
sulfovibrio africanus ferredoxin III, Desulfovibrio vul-
garis Miyazaki and Pyrococcus furiosus ferredoxins
(NCBI accession numbers 119957, 119924 and 517273,
respectively), have a cluster-binding sequence of the
CXXDXXC form with a remote cysteine available, in-
stead of the similar segment with three cysteines:
CXXCXXC (binding motif 1).

Since such proteins could be readily obtained in
their [4Fe-4S] form, the question arose as to the nature
of the ligands of the cluster. Evidence for the binding of
exogenous ligands, such as thiols or cyanide, to these
clusters has been obtained [45, 46]. Also, spectroscopic
data suggest the binding of non-sulfur amino acids to
the same clusters [47, 48]. However, definite evidence
for aspartate coordination to one of the metal has come
very recently from NMR studies of Pyrococcus furiosus
ferredoxin [49]. At the reduced level, strongly hyper-
fine-shifted signals can be assigned to four spin systems,
three corresponding to cysteines and one to a
–CH2–CH-fragment of the polypeptide chain, most
probably belonging to the aspartate of the cluster bind-
ing motif. The data did not determine the coordination
mode of the carboxylate, but suggested that the unique
non-sulfur ligand may play a role in the electron trans-
fer mechanism of the protein. Indeed, the regulation of
the electron transfer rate of Fe-S clusters by the ioniza-
tion or coordination state of amino acid groups (mainly
carboxylates) is a matter of emerging interest [50].

Miscellaneous

Many other, often complex, proteins containing Fe-S
centers are suspected of using non-sulfur amino acids as
ligands. It is the case of enzymes whose spectroscopic
and catalytic properties resemble those of a well-de-
fined system, such as many dehydratases functionally
related to aconitase [51]. In other instances, sequence
comparisons associated with spectroscopic identifica-
tion of the type(s) of Fe-S centers point to missing po-
tential cysteine ligands: Escherichia coli succinate dehy-
drogenase subunit B displays an aspartate in place of a

cysteine bound to the [2Fe-2S] cluster in other species
[52]. The role of this residue has been probed by SDM
[72].

Along similar lines, Fe-S clusters of elusive structure
in a few proteins are suspected of including non-cys-
teine ligands. The supposedly substrate activating H-
cluster of Fe-only hydrogenases [53] and the putative
[6Fe-6S] prismane cluster containing protein from sul-
fate-reducing bacteria [54] belong to this group. Such
predictions, when supported by SDM experiments, for
instance, can be proven correct, as has been shown in
the case of the Mo-Fe cofactor of nitrogenase [41].

Despite the increasing number of cases in which the
involvement of non-cysteine ligands has been con-
firmed, the convincing determination of the nature of
the ligands of Fe-S clusters requires a wealth of data
obtained through a variety of methods. In fact, ultimate
proof is seldom obtained by techniques other than the
genuinely structural ones (X-ray crystallography and, in
only one example so far, NMR). However, since these
methods cannot be conveniently applied to all proteins,
alternatives have to be sought, and SDM experiments
are among the most efficient means of elucidating the
coordination chemistry and reaction mechanism of Fe-
S proteins. It is the purpose of the next section to sum-
marize the currently available information on these
points.

Information obtained from SDM experiments

In many cases, heterologous expression has been a
prerequisite for the development of SDM of Fe-S pro-
teins. Due in part to the instability of these proteins,
this preliminary step is not always straightforward, and
widely variable yields of recombinant Fe-S proteins
have been observed. Many mutations have more drastic
effects than mere quantitative change in the properties
of the target protein: they can prevent the assembly of
the Fe-S cluster or even impair the detection of the po-
lypeptide. Such a classification can be applied to all
published data available on Fe-S proteins modified on
one or several of their ligands and will be used below.

Cases in which no peptide is detected or no
multisubunit complex assembly occurs

In some cases, the introduction of an alien amino acid
in place of a ligand of the Fe-S cluster cancels the pos-
sibility of expressing the mutated gene or impairs the
correct assembly of the functional multisubunit com-
plex. The transcription-translation series of events is
generally not responsible for this situation, since a sin-
gle, most often internal, mutation is unlikely to perturb
the expression of a gene which is otherwise (with the
native form for instance) well expressed. Rather, the
changes involve post-translational events and are re-
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Fig. 2 Activity of the native and of the cysteine-18-substituted
forms of Clostridium pasteurianum 2[4Fe-4S] ferredoxin as elec-
tron transfer agents. The activity was measured as the ability of
the ferredoxin to couple pyruvate oxidation catalyzed by pyru-
vate-ferredoxin oxidoreductase to hydrogen evolution catalyzed
by hydrogenase [64, 65]. The same amounts of Escherichia coli
soluble extracts containing the recombinant ferredoxins were
used for the native protein (squares) and for the C18H form (cir-
cles). The identical experiment carried out with cells containing
the plasmid encoding C18Q did not yield any hydrogen produc-
tion

lated to the folding of the protein. Indeed, the presence
and correct insertion of an Fe-S cluster is often a deter-
mining factor in the folding and stability of the protein.
When these properties are strongly impaired by the re-
placement of a ligand of the cluster(s), the expression
host can efficiently degrade the nascent polypeptide,
which is not only inactive but cannot even be de-
tected.

A significant example is provided by the substitution
of cysteine 565 by histidine and aspartate in the photo-
system I protein PsaB of the cyanobacterium Synecho-
cystis PCC6803 reaction center [55]. This single muta-
tion in one gene of the complex induces the almost
complete disappearance of all four polypeptides
(PsaABCD) constituting photosystem I and the loss of
phototrophic growth. The role of this cysteine as a li-
gand of the [4Fe-4S] cluster Fx was thus inferred and
sustained by the results obtained with the complemen-
tary Synechocystis mutant bearing the PsaB C565S
change [56, 57] (see below, “Cluster interconversion”).
A similar conclusion was reached when substituting the
other suspected cysteine ligand of Fx by histidine in the
PsaB subunit of the green alga Chlamydomonas rein-
hardtii photosystem I [58].

In contrast to the above complex, the structure and
ligands of Clostridium pasteurianum 2[4Fe-4S] ferre-
doxin can be precisely inferred from the strong similar-
ity with the homologues of known structure isolated
from Peptostreptococcus asaccharolyticus [1, 2] or Clos-
tridium acidurici [59]. Each cluster is held by binding
motif 1 (see above, “[4Fe-4S] ferredoxins”) with an ad-
ded remote cysteine followed by a proline. The expres-
sion system implemented for this protein affords rapid
screening of the stability of the modified forms [60–62].
The replacement of the second cysteine of the triplet
(cysteine 11) by S, D, A, Q or P destabilizes the protein
so much that no peptide can be detected in extracts.
Similarly, when the C42L change is carried out in Rhi-
zobium meliloti FdxN, expression of the corresponding
gene does not restore the symbiotic nitrogen fixation
activity of a mutant with a deleted fdxN gene [63].

When the remote cysteine (cysteine 18) associated
with binding motif 1 is subjected to similar changes, the
outcome is somewhat different. The C18Q and C18A
forms could not be detected in the extracts, like in the
case of the C11X peptides, but the polypeptide chains
were clearly present for C18S, C18Y, C18H and C18D,
in ascending order of concentration. None of these
molecules were stable enough to be purified. However,
extracts containing C18H could mediate electron trans-
fer between the two major redox partners of this ferre-
doxin, pyruvate-ferredoxin oxidoreductase and hydro-
genase, at a rate approximately 40 times slower than
with native recombinant ferredoxin (Fig. 2) in a biolog-
ical assay reproducing the in vivo electron transfer
chain [64, 65]. Although no evidence about the nature
of the prosthetic groups involved could be obtained, it
is likely that some redox active component can be asso-

ciated, at least transiently, with C18H. Similar experi-
ments carried out with C18Q failed to restore H2 evolu-
tion from pyruvate in the same conditions, hence con-
firming that the activity observed with C18H is indeed
linked to the modified form of the ferredoxin.

These experiments with Clostridium pasteurianum
2[4Fe-4S] ferredoxin clearly show that detection of the
polypeptide produced from a mutated gene might dis-
close the ability of the protein to be stabilized by the
insertion of the cluster(s), at least in the case of small
proteins. Therefore, care should be exercised when in-
terpreting the results of SDM experiments on ligands of
Fe-S proteins. It is not because a modified protein can-
not be isolated with a full content of cofactor that the
change introduced altogether impedes cluster assembly.
The protein may, instead, be able to bind a functional
core only transiently. Then measurements of the bio-
logical activity with marginally processed samples,
when possible, are a useful source of information.

Cases in which no cluster is associated with the
protein

Many SDM experiments carried out on presumptive
Fe-S cluster ligands have resulted in the synthesis of
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only the apoprotein of interest. The lack of cluster as-
sembly in a modified protein may indeed be taken as
an indication that the changed amino acid is directly
bound to the inorganic cofactor in the wild-type pro-
tein.

For instance, many clues point to mixed Cys/His li-
gation for the Rieske-like proteins (see above, “Rieske
protein”). Four cysteines and two histidines, conserved
in all bc1 complexes (C133, H135, C138, C153, C155
and H156 in the Rhodobacter capsulatus sequence), are
candidate ligands. All of these residues have been indi-
vidually replaced by various other amino acids [66–69],
and in only one case (C155S; see below “[2Fe-2S] cen-
ters”) was a [2Fe-2S] cluster assembled in the protein
[68]. For the other forms generated, data concerning
the presence of the aposubunit has varied depending
on the study or on the source of protein [67–69]. The
Rieske protein is one of the very few cases where SDM
experiments carried out on potential ligands of the
[2Fe-2S] cluster have not helped to resolve the issue.
The strongest piece of evidence concerning the ligands
of these proteins stems from sequence comparisons
with the Rieske-like proteins of bacterial dioxygenases,
which do not have the counterparts of C138 and C155
[43]. From this observation, the four remaining candi-
dates (two Cys and two His) are inferred as the most
likely ligands of the [2Fe-2S] cluster.

In adrenodoxin [70] and putidaredoxin [71], the
[2Fe-2S] cluster was not inserted upon C]S substitu-
tions of some of the cysteine residues, which were
thereby identified as ligands.

Attempts have been made to assign the ligands of
the [2Fe-2S] (center 1), [3Fe-4S] (center 3) and [4Fe-
4S] (center 2) clusters of the Fe-S subunit (FrdB) of fu-
marate reductase. While the Escherichia coli strains
having S or D instead of C65, a suspected ligand of cen-
ter 1, could grow with fumarate or succinate as sub-
strates (see below, “[2Fe-2S] centers”), those bearing
the C65A form could not. This variant lacked the char-
acteristic EPR spectrum of center 1, but not those of
centers 2 and 3 [72]. It was concluded that C65 was a
ligand of this [2Fe-2S] cluster.

Other cysteines of Escherichia coli fumarate reduc-
tase FrdB have been probed by SDM [73]. The three
cysteines in positions 204, 210 and 214 were individu-
ally replaced by serines. These changes resulted in the
loss of both centers 2 and 3 and in the failure of the
FrdAB complex to associate with the membrane.
Therefore, the identification of these ligands had to be
deduced from additional experiments (see below,
“Cluster interconversion”).

In Escherichia coli nitrate reductase A, the b-sub-
unit (NarH) contains three [4Fe-4S] clusters and one
[3Fe-4S] cluster. The cysteines of the sequence are ac-
cordingly arranged in four groups of four with the gen-
eric spacing found in ferredoxins (binding motif 1), ex-
cept that the third group has a tryptophan in place of
the second cysteine. The substitution of the first cys-

teine of groups II–IV by alanine led to the loss of all
Fe-S centers [74]. In contrast, individual replacements
of the first two cysteines of group I by alanine or serine
removed only the highest potential [4Fe-4S] center [75].
These thorough studies of a multicenter protein clearly
show that the role of each Fe-S cluster in the folding of
the recipient protein may be different despite the simi-
lar stretches of amino acid sequences binding them.

Azotobacter vinelandii hydrogenase contains two
[4Fe-4S] clusters and one [3Fe-4S] cluster in its small
subunit, like the enzyme from Desulfovibrio gigas. Oth-
er similarities, such as the sequence homology, between
the two enzymes enable use of the recently determined
structure of the D. gigas enzyme [36] to interpret the
results of SDM experiments carried out on A. vinelan-
dii hydrogenase [76, 77]. The individual substitution of
two of the cysteine ligands of the [3Fe-4S] cluster by
serines was found to abolish the activity [76], although
highly variable H2 evolution rates have recently been
reported [77]. In contrast, similar experiments carried
out on the cysteine-containing N-terminal motif that
binds the proximal (to the Ni center) [4Fe-4S] cluster
with all sulfur coordination [36] only decreased the ac-
tivity of the enzyme [76, 77] (see below, “[4Fe-4S] cen-
ters”).

The A. vinelandii Fe-protein of the nitrogenase com-
plex is a homodimer with five conserved cysteines on
each subunit as potential ligands for the sole [4Fe-4S]
cluster bridging the subunits. Their replacement by ser-
ine residues led to the identification of the two that
coordinate the cluster before the availability of the X-
ray structure, since no incorporation of the Fe-S cluster
occurred when the ligands were replaced [78].

In the glutamine phosphoribosylpyrophosphate ami-
notransferase from Bacillus subtilis, two C]S substitu-
tions individually impeded the building of the Fe-S
cluster, but, interestingly, the effect of one of them
could be partly counterbalanced by the introduction of
an additional cysteine [79, 80].

One of the most unexpected developments of re-
search on aconitase has been the discovery of the iden-
tity between the cytoplasmic form of the enzyme and
the protein binding to mRNA sequence elements,
known as iron-responsive elements, to regulate iron
homeostasis in eukaryotes [81]. The apo-form is the
RNA binding protein and, under iron-replete condi-
tions, the building of the [4Fe-4S] cluster converts the
protein into active aconitase (see above, “Aconitase”).
Substitution, by serine, of any of the three cysteines
holding the cluster does not abolish mRNA binding but
prevents the formation of the [4Fe-4S] cluster and
therefore the onset of aconitase activity [82, 83].

The ligands of the P-cluster pair of nitrogenase can
be arranged in two groups: one contains the singly
coordinating cysteines from each subunit and one ser-
ine of the b-subunit, while the other includes the two
cysteines bridging the Fe4 halves of the pair [37–40].
For the cysteines of the first group, all replacements
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have been found to suppress the assembly of the metal
centers, except for the replacement by a serine of one
cysteine of the b-subunit bound to the iron having an-
other serine nearby [84–88]. For the bridging cysteines,
only the substitution of the one contributed by the a-
subunit was allowed [87].

All these examples show that the failure to incorpo-
rate any Fe-S cluster in a protein is a very likely event.
This is true when the ligands of the cluster are changed,
but also when other residues are replaced. Although
such results are informative in terms of the factors re-
quired for the overall folding of Fe-S proteins, they are
of relatively little value from the point of view of the
bioinorganic chemist, since they generally do not reveal
whether the problem is chemical (the cluster cannot
swap coordinating groups) or biochemical (the protein
conformation is no longer suited to coordinate the clus-
ter). In order to alleviate the frustration of the patient
bioinorganic chemist who has followed the discussion
up to this point, those examples in which ligand substi-
tutions have permitted identification of proteins coordi-
nating a cluster will be presented below.

Cases in which a cluster is associated with the protein

In those cases where the incorporation of the Fe-S clus-
ter is not impeded by SDM experiments on its ligands,
either the cluster is converted into another one of dif-
ferent nuclearity, or the same cluster type is conserved
with a partially renewed set of ligands.

Cluster interconversion

The best documented example of Fe-S interconversion
is that between [3Fe-4S] and [4Fe-4S] clusters. Al-
though other types of reactions, e.g. the [4Fe-4S] ]
[2Fe-2S] step in the degradation of the nitrogenase Fe-
protein [89] and the formation of a linear trinuclear
cluster in partially unfolded aconitase [90], have been
described, only the interchange between [3Fe-4S] and
[4Fe-4S] clusters has been reported as the result of
SDM experiments on ligands. Interestingly, the latter
conversion is a rather facile biochemical event that oc-
curs in many proteins, but it is extremely difficult to re-
produce with synthetic analogues [21].

In the FrdB subunit of Escherichia coli fumarate re-
ductase, the replacement of valine 207 by cysteine in-
troduced the genuine binding motif 1 of [4Fe-4S] clus-
ters, and the produced protein was shown to contain a
[4Fe-4S] cluster instead of the native [3Fe-4S] cluster 3
[73]. Conversely, many examples of [4Fe-4S] ] [3Fe-
4S] transformations appeared as the result of cysteine
substitutions. This was the case for at least part of the
population of the PsaB protein of photosystem I when
serine replaced cysteine 565 [56]. A similar result oc-
curred in DMSO reductase DmsB when C102 was sub-

stituted by tryptophan, serine, tyrosine or phenylalan-
ine [91] and in protein PsaC of photosystem I when
either cysteine 14 or cysteine 51 was replaced by aspar-
tate [92, 93]. In these latter cases, the SDM experiments
mimicked the absence of the second cysteine of binding
motif 1 in some genuine [3Fe-4S] proteins. However,
the substitution of the cysteine in this position is not a
factor which, by itself, prevents the building of a [4Fe-
4S] center [94] (see above, “[4Fe-4S] ferredoxins”), and
similar amino acid replacements may lead to different
results in other systems, as exemplified below.

Ligand exchange

[1Fe] centers. The active site of rubredoxin is unusual in
that it does not contain inorganic sulfur and it is the
only example in which a single iron ion has a complete
tetrahedral coordination of sulfurs provided by cys-
teines. Indeed, a ferrous/ferric ion can be coordinated
by virtually any set of ligands, as shown by many exam-
ples of metalloproteins ([95] and references therein).
An all-sulfur (rubredoxin-like) site is even known to
coexist with a high-spin iron site displaying octahedral
coordination contributed by mainly oxygen or nitrogen
ligands in desulfoferrodoxin [96].

Therefore, an iron atom with non-sulfur ligands is
not a rare occurrence, but very few studies have been
aimed at changing one of the ligands of a complete sul-
fur coordination sphere in rubredoxin. It is worth men-
tioning that coordination by cysteines in rubredoxins
stabilizes tetrahedral geometry, while the involvement
of other functional groups in other Fe-proteins favors
penta- or, more often, hexa-coordination. The replace-
ment of either cysteine 6 or cysteine 9 of Clostridium
pasteurianum rubredoxin by aspartate induces signifi-
cant spectroscopic changes associated with the chromo-
phore [97]. Upon substitution of cysteine 42 of the
same rubredoxin by serine [98], the spectroscopic prop-
erties of the active site are also altered. These data are
all consistent with the coordination of one aspartate
(probably monodentate) or one serine to the iron, and
the available evidence suggests that the coordination
number of the iron has remained unchanged. However,
the two types of derivatives (C9D, C42S) exhibit redox
potentials differing by ca. 250 mV [97, 98]. No rationale
exists for this discrepancy, the elucidation of which
should deepen our understanding both of the coordina-
tion chemistry of iron in this case and of the factors that
tune the value of the reduction potential in rubredox-
ins.

[2Fe-2S] centers. [2Fe-2S] proteins provide the largest
data set of Fe-S proteins for which the replacements of
cysteine ligands by serine, and in a few instances by al-
anine or aspartate, have permitted assembly of the clus-
ter. Such experiments were performed on the Rieske
subunit of Rhodobacter capsulatus bc1 complex [68]
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(see above, “Cases in which no cluster is associated
with the protein”), on the FrdB subunit of Escherichia
coli fumarate reductase [72, 99], on the [2Fe-2S] ferre-
doxin from C. pasteurianum [100, 101], on the vegeta-
tive cell ferredoxin from Anabaena sp. 7120 [102], and
on the NQO2 subunit of Paracoccus denitrificans
NADH-quinone oxidoreductase [103]. The main goals
of these studies were the identification of the ligands, in
cases where they were unknown, and the engineering
of Fe-S clusters with new coordination spheres.

When cysteine ligands were replaced by serine, the
results were strongly dependent on the target protein
and on the position of the cysteine residue. Serinate
binding could be assessed in some cases by shifts to
higher energy of electronic absorption transitions [100,
102], by upshifts of some resonance Raman bands
[101], by increases in the rhombicity of EPR spectra,
often with concomitant decreases of the average g val-
ue [100, 102], and, apparently in one case, by crystal
structure [102]. Reduction potentials were shifted, in
many cases [99] (S.E.J. Fawcett, M.-P. Golinelli, J.
Meyer and F.A. Armstrong, unpublished data), to val-
ues at least 100 mV more negative, in agreement with
observations made upon analogous substitutions in syn-
thetic model compounds ([104] and references therein).
Smaller shifts of variable sign were also observed [99,
102], one significant exception being the ca. 100-mV
positive shift for the C49S mutant of Anabaena ferre-
doxin [102]. In the FrdB subunit [99] and in the C. pas-
teurianum [2Fe-2S] ferredoxin [101] (S.E.J. Fawcett,
M.-P. Golinelli, J. Meyer and F.A. Armstrong, unpub-
lished data), good correlation was found between large
negative potential shifts and increases in the rhombicity
of the EPR spectra, which suggests that in these cases
the serinate ligand is bound to the redox active iron.
C79S of Anabaena ferredoxin [102] and C11S of C. pas-
teurianum ferredoxin [101] were so unstable that their
thorough characterization was impeded. Their instabili-
ty alone agrees with the substituted cysteine being a li-
gand of the [2Fe-2S] cluster. In those cases where struc-
tural data are available, no correlations have been
found between the stability of the variants and either
the number of hydrogen bonds involving the sulfur
atom of the replaced cysteine or the conformation of
this ligand.

Somewhat puzzling was the observation of similar
properties for proteins in which cysteines were replaced
by either serine or alanine: this was the case for C. pas-
teurianum ferredoxin C24S and C24A [101] and for all
the cysteines of the NQO2 subunit [103]. Whereas such
results strongly suggest that serinate is not a ligand in
these cases, the actual ligands of the [2Fe-2S] cluster in
these variants remain to be identified. Recent data sug-
gest that C14 can act as a substitute for C24 in C. pas-
teurianum ferredoxin (M.-P. Golinelli and J. Meyer, un-
published data), a situation reminiscent of that demon-
strated with the C20A form of Azotobacter vinelandii
ferredoxin I [105–107] (see below, “[4Fe-4S] centers”).

Analogous exchanges of cysteines have been invoked
in the case of the NQO2 subunit [103], but their occur-
rence for all ligands appears unlikely. Coordination by
solvent molecules is another possibility in the case of at
least some of the NQO2 variants and for the doubly
substituted C14A/C24A form of C. pasteurianum ferre-
doxin [101], but experimental evidence remains to be
obtained. Replacement of cysteine ligands by alanine
prevented the assembly of the Fe-S cluster in the C65A
form of FrdB [72] (see above, “Cases in which no clus-
ter is associated with the protein”), and in the C56A C.
pasteurianum ferredoxin (M.-P. Golinelli and J. Meyer,
unpublished data), presumably because no substitute li-
gand could have access to these coordination sites.

The C56H, C56D and C56N variants of C. pasteu-
rianum ferredoxin contain very low amounts of unsta-
ble chromophore and yield intermediate results be-
tween complete lack of cluster assembly and involve-
ment of another set of ligands (J. Meyer and J. Gail-
lard, unpublished data).

It should be mentioned that the destabilizing effects
induced by each ligand substitution are at least additive
in the cases of multiple replacements. For instance, no
chromophore is assembled in the C56S/C60S form of C.
pasteurianum ferredoxin (M.-P. Golinelli and J. Meyer,
unpublished data), whereas the singly substituted var-
iants are relatively stable [100, 101]. This observation
suggests that [2Fe-2S] clusters with more than one seri-
nate ligand are unlikely to be assembled in any pro-
tein.

The different results obtained with C]S/A substitu-
tions in [2Fe-2S] proteins indicate that these effects ar-
ise from several causes. These may include solvent ac-
cess to the coordination site, the presence of neighbor-
ing functional residues that might act as substitutes for
the cysteine ligand, and the flexibility of the polypep-
tide chain which will have to accommodate a ca. 0.5-Å
shortening of the metal-ligand bond upon replacement
of cysteine by serine [18, 102]. The localization of the
Fe(II) valence is also an important parameter. In the
wild-type proteins, environmental factors contributed
by the polypeptide chain are likely to determine which
of the two irons is more reducible. Upon replacement
of one of the cysteine ligands by serine, the electron
localization may be preserved [102] or shifted to the
other iron atom. Recently, double exchange within a
valence-delocalized [2Fe-2S] cluster has been proposed
to be responsible for the S p 9/2 ground state observed
in the C60S variant of C. pasteurianum ferredoxin
[108]. The introduction of a serinate ligand in this case
might then cancel out some of the environmental dif-
ferences between the two iron atoms.

[4Fe-4S] centers. Besides the ligands of its [3Fe-4S] and
[4Fe-4S] clusters, Azotobacter vinelandii ferredoxin I
has an additional free cysteine residue in position 24.
When cysteine 20, which is the remote residue of the
[4Fe-4S] binding motif, was replaced by alanine, it was
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Table 1 Consequences of substituting ligands of Fe-S clusters in protein (asterisk result of substitution, question mark suspected but
unproven result)

Protein Source Cluster type Substitution No
peptide

Apo-
protein

Cluster
conversion

Ligand
exchange

References

PsaB Synechocystis sp.
PCC 6803

[4Fe-4S] (Fx) C565H
C565D
C565S
C556ScC565S

p
p

p p
p

[55]

[56]
[57]

Chlamydomonas
reinhardtii

[4Fe-4S] (Fx) C560H p [58]

2[4Fe-4S]
ferredoxin

Clostridium
pasteurianum

[4Fe-4S] C11S,D,A
C11Q,P
C18A,Q
C18S,Y,H,D

p
p
p

p ?

[110]

[109]

Rhizobium
meliloti

[4Fe-4S] C42L ? [63]

[2Fe-2S]
Rieske protein

Saccharomyces
cerevisiae

[2Fe-2S] C148Y p [66]
C159S, C164S, C178S,
C180S, H161R, H181R

p [67]

Rhodobacter
capsulatus

C133R,S
C138R,S,F
C153R,S
C155G,D
H135L,P
H156L,P,F,T,Y
C155S

p

p

p
p
p

p
?

[68]

Rhodobacter
sphaeroides

C129G, C134S,
C149Y
H131C, C151S

?
?
p

[69]

Adrenodoxin Adrenal cortex [2Fe-2S] C46S, C52S, C55S,
C92S

p [70]

Putidaredoxin Pseudomonas
putida

[2Fe-2S] C86S p [71]

FrdB Escherichia coli [2Fe-2S] C65A a [72]
C65S,D
C57S, C62S, C77S

p [72, 99]

[3Fe-4S]

[4Fe-4S]

C204S, C210S
V207C
C214S

a

a
p

[73]

NarH Escherichia coli [3/4Fe-4S]
[4Fe-4S]
[4Fe-4S]

C184A, C217A, C244A
C184S
C16A,S, C19A,S

p

a
?

[74]

[75]

DmsB Escherichia coli [4Fe-4S] C102W,S,Y,F p [91]

shown, most clearly by X-ray crystallography, that for-
mation of the same cluster could recruit the free cys-
teine 24 as a substitute ligand [105–107]. A similar situ-
ation may hold in the case of Azotobacter vinelandii hy-
drogenase, where the two cysteines 62 and 65 binding
the [4Fe-4S] cluster close to the Ni site were replaced
by serines [76]. Decreased activity was detected, sug-
gesting that the additional cysteine 64 may substitute
for the replaced ligand. However, the idea is not sus-
tained by a recent reevaluation of the activity of an en-
zyme in which cysteine 64 was replaced by serine as
well [77]. A related observation was made with the glu-
tamine phosphoribosylpyrophosphate aminotransfer-
ase from Bacillus subtilis when the deleterious effect of
one C]S substitution was cancelled out by a nearby

D]C change [79, 80] (see above, “Cases in which no
cluster is associated with the protein”).

A different situation can be invoked in the case of
the C184S form of Escherichia coli NarH [74]. Almost
all substitutions involving ligands of the Fe-S clusters
impaired the insertion of the prosthetic group in this
nitrate reductase [74, 75] (see above, “Cases in which
no cluster. . .”): this included the C184A replacement,
but not the C184S one which decreased the activity
without a clear alteration of the set of Fe-S clusters. A
serine ligand for one [4Fe-4S] cluster in this case is still
a tempting working hypothesis, but the definite in-
volvement of a serinate in the coordination sphere of a
protein-bound [4Fe-4S] cluster remains to be estab-
lished. Another example is provided by the PsaC pro-
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Table 1 (continued)

Protein Source Cluster type Substitution No
peptide

Apo-
protein

Cluster
conversion

Ligand
exchange

References

Nitrogenase
Fe-protein

Azotobacter
vinelandii

[4Fe-4S] C97S, C132S p [78]

PurF Bacillus subtilis [4Fe-4S] C448S, C451S
C451ScD442C

p
?

[79, 80]

Aconitase/
IRE-BP

Chimeric human
mouse

[4Fe-4S] C437S, C503S, C506S p [82]

Human C437S, C503S, C506S p [83]

Hydrogenase Azotobacter
vinelandii

[3Fe-4S]
[4Fe-4S]

C294S, C297S
C62S, C65S
C64ScC65S

?
?
?

[76, 77]

PsaC Synechococcus sp.
PCC 7002

[4Fe-4S] C14D, C51D
C14D

p
p

[92–94]

Rubredoxin Clostridium
pasteurianum

[1Fe] C6D, C9D
C42S

p
p

[97]
[98]

Nitrogenase
Mo-Fe protein

Azotobacter
vinelandii

P-cluster aC62A,S,K,V,D,L,G,E
aC154A,S,E,Q,N,T
aC88A,Q,P,V,R
aC88S,G,T,D
bC70A,S
bC153A
bC95S
bC153S

p
p
p

p
p
p

?

?

[84, 87, 88]

Klebsiella
pneumoniae

aC63A, aC155A,S
aC89A
bC69A, bC152A
bC94A
bC152S

p
p
p
p

?

[85, 86]

[2Fe-2S]
ferredoxin

Clostridium
pasteurianum

[2Fe-2S] C11S, C56S, C60S
C24S, C24A,
C14AcC24A
C56ScC60S

C56H, C56D, C56N
C56A

p

p

p
p
p

?

[100, 101]

Unpublished
data from
M.-P. Goli-
nelli, J. Gail-
lard and J.
Meyer

[2Fe-2S]
ferredoxin

Anabaena sp.
7120

[2Fe-2S] C41S, C46S, C49S,
C79S

p [102]

NQO2 Paracoccus
denitrificans

[2Fe-2S] C79A,S, C101A,S,
C137A,S, C141A,S

p [103]

Ferredoxin I Azotobacter
vinelandii

[4Fe-4S] C20A p [105–107]

a The protein is detected with only part of its clusters

tein of photosystem I, in which the C14D substitution
results in a mixed-ligand [4Fe-4S] cluster when the sub-
unit is associated with the rest of the photosystem I
complex [94].

Centers of higher nuclearity. Most substitutions involv-
ing the ligands of the P-cluster pair of nitrogenase lead
to the loss of both the nitrogen fixation activity and the
cofactors of the Mo-Fe protein [84–88]. However, of
the two cysteines bridging the Fe4S4 units of the P-clus-

ter pair, the one contributed by subunit a could be effi-
ciently replaced by threonine and aspartate, less so by
glycine and serine, and not at all by alanine, glutamine,
proline, valine or arginine [87]. It may be that the pres-
ence of a bridging ligand is not mandatory in this posi-
tion to afford an active cluster; this is not true, howev-
er, for the bridging cysteine ligand contributed by the
b-subunit, the substitution of which cancels both activi-
ty and cluster assembly [85, 87, 88]. For the monoden-
tate ligands of the P-cluster, the cysteine of subunit b
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coordinating the iron ion, in the vicinity of which a ser-
ine is also found (see above, “Nitrogenase”), can ap-
parently be replaced by a serine [85, 88]; this change
decreases the intramolecular electron flux between the
P-clusters and the FeMo cofactor [88]. Since this resi-
due is the only one among the terminal ligands of the
P-cluster to stand substitution by serine, one may infer
that interactions of the corresponding iron with the
nearby serinates can mimic, in part, those occurring
with the native ligands.

Conclusions

From the published data dealing with the substitution
of the ligands of Fe-S proteins, it seems that the
chances of creating molecules with mixed-type ligands
are slim (Table 1), especially compared with similar
studies carried out with synthetic analogues (see above,
“Ligand exchange on synthetic compounds”). In many
cases, substituting only one ligand results in complete
loss of the cluster(s). From the relatively limited data
set available, such occurrences seem unpredictable;
however, several factors, such as the intrinsic instability
of the native cluster, that of the holoprotein, the easy
access of the solvent to the Fe-S center and the role of
the cluster as a bridge between subunits, may be con-
sidered as detrimental. In this respect, targeting of pri-
mary structure positions, found interesting in some
studies, does not guarantee success with other sys-
tems.

For those studies that have afforded an active center
in the presence of a non-cysteine ligand, only the sim-
plest Fe-S centers of rubredoxins and [2Fe-2S] proteins
seem to easily accept serinyl or carboxyl coordination.
The ultimate proof of the formation of a Fe-O bond has
not yet been published but should soon appear for at
least some of these proteins [102].

In the cases of clusters with more than three iron
atoms, the removal of a native ligand leads to conse-
quences different from those observed with rubredox-
ins or [2Fe-2S] proteins. In such instances, it appears
that the modified protein tends to devise means of
either changing the cluster’s nuclearity or finding alter-
nate thiolates in order to avoid using a different func-
tional group. It may be that, in contrast to what has
been established with synthetic compounds, the stabili-
ty and properties of FemSn (m`2) clusters in proteins
rely heavily on the nature of their ligands. Only in spe-
cific cases, e.g. aconitase, can non-sulfur coordination
be accepted and even beneficial. The possibility of re-
placing ligands in Fe-S proteins may thus be the result
of a delicate balance between the versatility of the clus-
ter’s chemistry and the flexibility of the surrounding en-
vironment, in particular of the polypeptide stretches
bearing the ligands.

In view of the largely unexpected results obtained so
far from SDM experiments involving the ligands of Fe-

S centers, there seems to be little doubt that future
work along these lines will enlarge our understanding
of these proteins and disclose new frontiers for this
field of research.
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Note added in proof. The occurrence of serine coordination for
protein-bound [4Fe-4S] clusters (see above, “[4Fe-4S] centers”)
has very recently been extended to new cases [111, 112]. Howev-
er, the X-ray structure of the C20S form of Azotobacter vinelandii
ferredoxin I [113] confirms that a local rearrangement to recruit a
free cysteine as a substitute ligand may sometimes be preferred
over simple ligand replacement of the native cysteine by serine.


