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Iron-sulfur proteins are found in all lifeforms. Most frequently, they contain Fe,S,, Fe,S4, 
and Fe,S4 clusters. These modular clusters undergo oxidation-reduction reactions, may 
be inserted or removed from proteins, can influence protein structure by preferential side 
chain ligation, and can be interconverted. In addition to their electron transfer function, 
iron-sulfur clusters act as catalytic centers and sensors of iron and oxygen. Their most 
common oxidation states are paramagnetic and present significant challenges for un- 
derstanding the magnetic properties of mixed valence systems. Iron-sulfur clusters now 
rank with such biological prosthetic groups as hemes and flavins in pervasive occurrence 
and multiplicity of function. 

Iron-sulfur clusters are colnlnon to the 
most ancient colnponents of living matter, 
vet it was not until around 1960 that-in 
studies on photosynthetic organisms ( I ) ,  ni- 
trogen-fixing bacteria (Z) ,  and submitochon- 
drial fractions of ma~ninaliall origin (3)- 
signs were gleaned'that there existed thus far 
unknown proteins that were involved in bi- 
ological oxidoreductive functions. These 

u 

proteins were soon found to contain iron and 
to represent a single family of iron proteins 
(4). Those in plants and lnicroorganisms 
were of low ~nolecular weight and were wa- 

u 

ter-soluble, whereas those fro111 lnamlnals 
were membrane-bound. Bv the mid-1960~~ 
these proteins were shown to contain com- 
plexes of iron and cysteinate (Crs) sulfur 
atolns and to incorporate inorganic or "acid- 
labile" sulfide in the for111 of two- and four- 
iron clusters (4). Since then, our knowledge 
of iron-sulfur proteins has grown exponen- 
tially (5-7). They are ubiquitous in living 
matter and contain sites \vith one to eieht 
iron atoms, sometimes with multiple occur- 
rence of the smaller clusters in the same 
protein molecule. 

In the 1970s, it was delnonstrated that 
iron-sulfur species of nuclearities 1, 2, and 4 
could be synthesized (6, 8). As Inore detailed 
geometric and electronic structural data were 
gained, it became evident that these synthet- 
ic co~nplexes are accurate analogs of the 
protein-bound sites. This result i~nlnediately 
proved that protein structure is unnecessary 
for the sites' existence. Deviations from the 
intrinsic properties of these molecules reflect 
the influence of protein structure and envi- 
ronment, which cannot be readily assessed in 

any other way. Sulnmarized in Fig. 1 are 
synthetic routes to analog molecules starting 
with an Fe(I1) source, which is easily con- 
verted to  non no nuclear 1 and the cage com- 
plex 2 by reactions 1 and 2, respectively. 
Binuclear 3 and linear trinuclear 4 are ac- 
cessible through redox reactions 3 and 4 of 
precursor 1. In the similar reaction 5 ,  2 is 
converted to the cubane cluster 5a. The last 
member of the set, cuboldal cluster 6, IS 

conslderablv less stable: ~ t s  svnthesls has re- 
cently been achieved (9). Mononuclear site 
1 and clusters 3, 5 ,  and 6 are common 
constituents of proteins, with 3 and 5a being 
especially pervasive. The structures of pro- 
tein sites 1, 3 ,  5 ,  and 6 have been estab- 
lished by crystallography (7). The mecha- 
nisms of cluster biosynthesis are unknown. 
However, proteins containing clusters 3 and 
5a are readily formed in high yield in vitro by 
apoprotein reconstitution reactions 18 and 
8, respectively, which were first demonstrat- 
ed in the 1960s. Native clusters of even 
higher nuclearity can be constructed by 
bridging individual cuboidal modules (Fe4S3, 
MoFe,S,) with sulfide and thiolate, as in the 
P cluster (Fe8S,) and cofactor cluster 
(MoFe7S,) of nitrogenase ( lo) ,  with the in- 
dicated core compositions (Fig. 2).  These are 
the largest known native iron-sulfur clusters. 
Additional complex sites have evolved in 
which an Fe4S4 cluster is bridged by a Cys 
sulfur atom to a heme group in sulfite reduc- 
tase (1 1 ) or by an unknown atom to a nickel 
center in the t\vo distinct clusters of carbon 
monoxide dehydrogenase (1 2). 

Cluster Conversions 
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gradation, both of which are biologically 
sienificant. " 

Before we consider the numerous uses for 
iron-sulfur uroteins that nature has evolved. 
we draw attention to their remarkable 
structural versatilitv, which forms the basis , . 
for their various functions. Initially, the 
i~nuression was gained that the clusters in 

u 

proteins, when placed in aqueous solution 
in the presence of dioxygen, \vould readily 
decay when removed from the protein scaf- 
folding supporting them. To an extent, this 
ilnpression was reinforced by synthetic clus- 
ters, which are usually ~nanipulated in 
aprotic anaerobic solvents. The term "co- 
factor," in the sense that it was used for 
organic cofactors, did not seein appropriate. 
However, when methods were designed to 
"extrude" urotein-bound clusters from ire- 
actions 9 and 19) or transfer them between 
different (apo)proteins in the presence of 
mild denaturants and carrier thiols (1 3), the 
impression of the fragility of clusters had to 
be revised. Although these are sensitive 
molecules, especially in the presence of ac- 
ids and oxidants, they are more robust, 
more cofactor-like, than originally thought. 

The next revision of thought necessary 
for an eventually full appreciation of the 
chemical properties of clusters followed 
from observations of the conversion of one 
structure to another, the earliest example of 
which was 2[Fe2S2]lt + [Fe4S4I2+ (reac- 
tion 7 )  in synthetic complexes. (In describ- 
ing clusters and their reactions, it is conve- " 
nient to do so in terms of the cluster core, 
such that oxidation levels are ilnmediatelv 
apparent.) The next instances were en- 
countered with Desulfovibrio gigas ferredox- 
in I1 and the enzyme aconitase, in which 
facile interconversion between the cubane 
[Fe4S4I2+ and cuboidal [Fe3S4]lf structures 
occurs (reaction 12) (1 4,  15). Aconitase is 
inactive in the Fe,S, state (1 6). The spon- 
taneous cluster reconstruction 6 -+ 5b is 
the self-activation of aconitase, restoring 
the catalytic center with one substitution- 
ally labile iron subsite where substrate 
binds. Even more remarkable reorganization 
of protein-bound clusters followed and can 
be categorized under the term "Cys ligand 
swapping" (17). A striking example was 
reported, again with aconitase: V(/hen the 
inactive [Fe3S4]lt form of the enzyme was 
exposed to pH > 9 or treated with urea, a 
purple chro~nophore was generated ( 18). 
Spectroscopic studies and property compar- 
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ison with synthetic [Fe3S4(SR)4]3 clusters reduced metals [Co(I), Ni(O)] to afford 7 tative conversion of 5 a  to 3 was observed 
of known struct~lre (19) demonstrated the directlv. In these cases, the reductive rear- on exDosure of the FNR ifulnarate nitrate 
con\,ersion from cuboidal 6 to linear 4 (re- 
action 11 ), now with four Cvs ligands in , u 

complex 4 instead of three. One of the 
orlginal Cvs ligands was released, and two 

u , u 

new Cys ligands were recruited fromoa more 
distant a helix, as far as 14 and 17 A away. 
Simultaneously, a significant amount of 
Fe2S2 cluster 3 was formed. V(/hen the pH 
was lowered and an iron salt and thiol were 
added, >60% of the [Fe4S4I2+ cluster 5 b  
could be reconstituted from the linear 
[Fe3S4I1+ form (reaction lo) ,  and the cor- 
responding enzymatic activity was regained. 
The conversion of linear 4 to the cubane 
cluster 5  bu reaction with Fe2+ and a re- 
ductant occurs readily in synthetic systems 
119). , , 

In addition to being converted to linear 
4 and the cubane 5 .  cuboidal 6 exhlbits 
another type of reactivity in both proteins 
(20, 21) and synthetic systems (22). Upon 
reduction to the [Fe3S4]%xidation state 
(reaction 13), or to the [Fe3S4I1 state 
when associated with lnetal lons, these spe- 
cies tightly bind'lnetal ions to form hetero- 
metal MFe3S4 cubane clusters 7 (reaction 
14). Reduction below the [Fe3S4I1+ state is 
necessary to render the sulfur atoms that 
bridge two iron atoms (p2-S) sufficiently 
nucleophil~c to bind lnetal ions. Alterna- 
tlvely, in synthetic systems, 4 reacts with 

Fig. 1. Reacton scheme 
of iron-sulfur clusters 3 
through 7 showlng thelr 
synthesis in vitro from Fe 
( l l )  complexes 1 and 2 
and elemental sulfur, 
cluster conversions and 
nterconversions. and 
associated reactions (la- 
beled 1 to 21 by num- 
bers In parentheses). 
The gands R S  are al- 
kyl or aryl thiolates in 
synthetic clusters and 
cysteiny residues In pro- 
teins; overall cluster 
charges (core plus i -  
gands) are ndicated. All 
known protein-bound 
clusters with nuclearity 
four or less and thelr 
well-documented trans- 
formations (*) are includ- 
ed. (bpy = 2.2'-bipyrdy, 

rangeAent (reaction 20) proceeds by an 
inner-sphere pathway in which electron 
transfer between the lnetal and the cluster 
causes the latter to fold and bind the oxi- 
dized lnetal [Co(II), Ni(II)]. Metal ion in- 
corporation (reaction 14) elnphaslzes the 
lnodular nature of cuboidal Fe3S4 species, 
which function as tridentate cluster Ilgands. 
Given the widespread occurrence of cuboi- 
dal clusters in proteins, one might expect to 
flnd native MFe3S4 clusters formed under 
reducing conditions. Reaction 14 is the het- 
erolnetal version of reconstitution reaction 
12. The scope of hetero~netal cubanes has 
been substantlallv widened bv Coucouvanls 
and co-workers (23), \vho have si~nulated 
reductions of nitrogenase substrates using 
such cubanes and have synthesized bridged 
double cubanes. 

As early as 1984 lt was reported (24), 
and later independently confirmed (25), 
that the [Fe4S4I2+ form 5 a  of the Iron pro- 
teln of nitrogenase, when exposed to a che- 
lator in the presence of Mg adenosine 
triphosphate, was converted in significant 
yield to an Fe2S2 cluster 3 (reaction 16). 
This is the most direct conversion of the 
two cluster types in proteins, the formatton 
of 3 in aconitase proceeding through 
trinuclear 6 under denaturing conditions. 
More recently, however, an almost quanti- 

reduckn)  protein of ~scherichia coli to dl- 
oxygen (26). This protein is a transcription- 
al activator that controls numerous genes 
required for the synthesis of components of 
the anaerobic respiratory pathways of E. coli 
where substrates such as fu~narate or nitrate 
serve as oxidants instead of dioxygen. 
V(/hen isolated aerobically, FNR is inactive 
and occurs as a 30-kD monomer. The active 
protein 1s dilneric and contains two 
[Fe4S4I2+ clusters per dimer (27). On  expo- 
sure to dioxygen, these are readily convert- 
ed to [Fe2S2I2+ clusters, which are stable 
but do not sustain FNR activity. This work 
demonstrates that reaction 17 can occur 
with a pure protein and without any re- 
agents that are not found naturally. 

Ligand Swapping Without 
Cluster Conversion 

Observations of similarly unexpected ligand 
swapping have been reported for other pro- 
teins in which the number of Cys residues 
exceeds that required for ligand binding to 
clusters. Azotobacter vinelandzi ferredoxin 
contains 107 residues, of \vl~ich eight are 
Cys; seven of these bind the two clusters 
present, cuboidal Fe3S4 and cubane Fe4S4. 
Site-dlrected lnutagenesis of Cys2" a ligand 
to the Fe4S4 cluster, to Ala causes CysZ4, a 

L 7 I-.-, t?ssR 

[Fe4s4(sR)4I2- 

(9) * t xs RSH 

L 
RS RS ~e' Fe2+, e; <, L = RS- (5a) - OH- (5b) 

4 

6 
Fee+ (17) 

L = ligand, xs = excess, I 

Pr0tein-[Fe~S~(SCys)~]2- 
(14) 1 Ml+,2+, e- 

A = heat). 
L 

Fen+, HS-, 0 2  I &3- Pr~tein-[Fe,S~(S.Cys)~]~- 
H S X O H  

= Mn, Co, Ni, Zn, Cd (18) * t Fe2+, HS-, O2 
Apoprotein H S X O H  

RS Apoprotein 
7 
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free residue in the native protein, to bind to 
this cluster. When Cys20 is mutated to Ser, 
the cluster rejects oxygen ligation in favor 
of Cys" (28). The ferredoxin from Closrrzd- 
ium pasteurianum (Cp)-containing one 
Fe2S2 cluster and 102 residues with five Cys 
residues at positions 11, 14, 24, 56, and 
60-is another interesting case (17). Resi- 
dues 11, 56, and 60 were unambiguously 
shown to be cluster ligands by replacement 
through recombinant DNA techniques, 
whereas no decisive answer could be ob- 
tained for residues 14 and 24. It turns out 
that either Cys, although they are nine 
residues apart, can serve as a ligand because 
of its presence in a structurally flexible loop. 
A subunit of the NADH (reduced nicotin- 
amide adenine dinucleotide) quinone oxi- 
doreductase of Paracoccus denimficans (Pd), 
although showing very little sequence 
homology, has a spacing of Cys residues 
equivalent to Cys11*56*60 of CP ferredoxin. 
The fourth Cys ligand to the Fe2S2 cluster 
of the Pd protein corresponds to position 16 
in the Cp protein. When Leu16 of the latter 
protein was substituted with Cys, and CF14 
and CysZ4 were substituted with Ala, Cys16 
became a cluster ligand. It was also found 
that a stretch of up to 14 residues (19 to 32) 
could be deleted with no deleterious effect 
on protein stability or modification of spec- 
troscopic properties (17). In all of these 

cases, the avidity of cluster iron atoms for 
Cys coordination drives the reamngement 
of protein structure. 

Core Transformations 

Sulfide atoms in the cores of free and pro- 
tein-bound clusters 3, 5, and 6 are subject 
to exchange with external sulfide in the 
absence of thiols or denaturing agents. For 
example, after addition of 35S (sulfide), the 
isotope is found in the Fe3S4 core of acon- 
itase within minutes, and three of the four 
sulfides-presumably p2-S atoms, which 
bridge only two iron atoms-exchange 
completely in 1 to 2 hours. The fourth 
sulfide exchanges more slowly, within 5 to 
10 hours (29). Because sulfide is a reduc- 
tant, the initial [Fe3S411+ state may be re- 
duced to [Fe3S410, with which the actual 
exchange proceeds. Sulfide exchange is 
slower in the active (Fe4S4) form of aconi- 
tase, where all sulfides are of the p3-S type, 
and substrate inhibits exchange. In the 
presence of a large excess of sulfide, the 
cluster disintegrates. Synthetic clusters 3 
and 5a readily incorporate selenide into 
the core when exposed to a soluble source 
such as LizSe in tetrahydrofuran. Fur- 
ther, when the cluster pairs [Fe4S4(SR) JZ/ 
[Fe,Se,(SR).$ with = 2- or 3- are 
placed in acetonitrile solution, the mixed 

Fig. 2 Schematic structures of native assemblies in which a cubane-type or cuboidal iron-sulfur cluster 
is bridged to the other component of the active site: (A) Escherichia coli sume reductase (1 1); (B) carbon 
monoxide dehydrogenase (bridge moiety X is unidentified, and the ligands and stereochemistry at the Ni 
sites are not fully defined); (C) cofactor cluster of nitrogenase (10); and @) P cluster of nitrogenase (1 1). 
Structures (A), (C), and (D) have been detemined by crystallography; (B) has been deduced from 
spectroscopic evidence (12). 

ligand clusters [Fe4S4-,Se,(SR) J' (n = 0 to 
4) are formed in approximately statistical 
amounts (30). In the z = 3- system, all 
species are observable at room temperature 
after several hours, but the z = 2- clusters 
require heating at -50°C for extended pe- 
riods to approach equilibrium. The mecha- 
nism of intercluster chalcogenide atom ex- 
change, in particular, is decidedly unclear. 
The much more facile exchange between 
reduced cores may be associated with their 
somewhat longer (0.05 to 0.1 A) and weak- 
er Fe-S and Fe-Se bonds. In the context of 
these reactions, the cores could be described 
as "quasi-permeable" to sulfide. We also 
note that, whereas the core dimensions of 
[Fe2SZl2+ rhombs and tetragonally distorted 
[Fe4SJ2+ cubanes vary little with extrinsic 
factors, the geometries of [Fe4SJ1+ cores 
take on various distortions from idealized 
cubic symmetry that cannot yet be correlat- 
ed with extrinsic features or with any in- 
trinsic property such as spin state (31 ). In 
this sense, the reduced [Fe4SJ1 + cores have 
a structural "plasticity" that may be related 
to their enhanced reactivity toward chalco- 
genide exchange. 

Functions Beyond 
Electron Transfer 

Given the structural and reactivity proper- 
ties of iron-sulfur clusters, it is no surprise 
that in the course of evolution, multiple 
uses of these clusters have developed in 
addition to that first recognized, namely, 
electron transfer (4 ,  32). Indeed. a combi- , .  , 

nation of the chemical versatility of iron 
and sulfur might be expected to generate 
ideal devices for accepting, donating, 
shifting, and storing electrons. Although we 
will not expand on the electron trans- 
fer function, we note one recent and 
spectacular illustration of this function im- 
plied by the x-ray structure of the [NiFeI- 
hydrogenase of D. gigas (33). Three clusters 
are aligned nearly linearly in the order 
F ~ ~ s ~ F ~ ~ s ~ F ~ ~ s ~  from the Ni-Fe active site 
at which the reaction H2 + 2H+ + 2e- is 
catalyzed (Fig. 3). This juxtaposition of the 
four metal-containing sites in the enzyme 
would appear to prescribe the pathway for 
electron exit to the natural acceptor. 

Other functions not of an oxidoreduc- 
tive nature have emerged. These include 
the binding and activation of substrates at 
the unique iron site of 5b in the catalytic 
function of aconitase (34) and related en- 
zymes (33 ,  and apparently stabilizing radi- 
cals in reactions occurring by a free-radical 
pathway (36). There is evidence that the 
clusters can function in coupling electron 
transfer to proton transport (37). In the 
"Rieske" proteins containing the cluster 
[F~,S,(S-C~S),(N.H~S)~], ionization of a co- 
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ordinated imidazole group may be coupled 
to oxidation-reduction (38). By binding 
Cys ligands from different subunits, iron- 
sulfur clusters effect dimer formation, as in 
the Fe protein of ninogenase (39) and clus- 
ter F, of Photosystem I (40). Further, by 
straddling protein structural elements, iron- 
sulfur clusters are able to stabilize structures 
that are required for specific functions. 
That appears to be the case with endonu- 
clease 111 of E. coli, where a specific DNA 
binding site is stabilized (41 ). In a related 
function, clusters have been shown to pro- 
tect proteins from the attack of intracellular 
proteases, as with an amidotransferase of 
BaciUus subtilis (42). Enzyme stability re- 
quires the presence of one Fe4S4 cluster. 
When this enzyme is exposed to dioxygen 
in vivo, the rates of inactivation and pro- 
tein degradation are the same. The inacti- 
vation step is the destructive reaction of 
dioxygen with the cluster. Iron-sulfur clus- 
ters may also serve as storage devices for 
iron and possibly sulfide (43). 

Even more intriguing are the findings 
that iron-sulfur clusters serve as sensors of 
iron, dioxygen, superoxide ion (02-), and 
possibly nitric oxide (44-48). There appear 
to be (at least) two modes of sensing. In 
one, the oxidation [Fe2S2I1+ -, [Fe2S2I2+ 
by dioxygen provides the signal for activa- 
tion of a defense mechanism against super- 
oxide, as observed with the SoxR protein of 
E. coli (47, 48). In an alternative mecha- 
nism, oxidative disassembly or reassembly of 
a cluster provides the controlling signal, as 
in the FNR protein of E. coli. Here, the 

Fig. 3. Spatial disposition of the four metal centers 
in 0. gigas hydrogenase (33). In terms of nearest 
distances between cysteinate sulfur ligands, the 
nickel-iron catalytic site (red and blue) is separated 
by 6.1 A from the proximal Fe4S4 cluster. This unit 
is 5.7 A from an Fe3S4 cluster, which is separated 
by 5.1 A from the distal Fe4S4 cluster. The three- 
cluster may is an attractive electron transfer path- 
way, but the involvement of (all) clusters in trans- 
ferring electrons to the probable physiological ac- 
ceptor, cytochrome c,, is currently uncertain. 

active FNR dimer dissociates into inactive 
monomers when the clusters are destroyed 
(27). 

A second case where cluster assembly 
and disassembly provide the signals is found 
with IRP- 1, the iron regulatory protein (44, 
45). The control of intracellular iron levels 
depends critically on the function of two 
proteins: the transferrin receptor, which 
recognizes the iron-loaded transport protein 
transferrin and ushers it into cells. and the 
storage protein ferritin, which provides for 
reversible and safe storage of excess iron. 
The concentration of these proteins is reg- 
ulated at the translational level by a single 
ingenious control system. The messenger 
RNAs (mRNAs) for transferrin receptor 
and for ferritin contain so-called iron-re- 
sponsive elements (IREs). These are RNA 
stem-loop structures that occur in the un- 
translated regions. In the case of femtin 
mRNA, one IRE is in the 5' region, and in 
the transfemn receptor mRNA, five IREs 
are in the 3' region. These IRE bind with 
high affinity to the iron regulatory protein 
(IRP). This -100-kD protein is found in all 
higher forms of life from mollusks to insects 
and vertebrates. Iron regulatory protein is 
always present in an active or inactive form. 
It is activated during an iron deficiency and 
is inactivated when iron available for com- 
plexation is plentiful. When the IRE is in 
the 5' region of the mRNA, as in ferritin 
mRNA, translation is blocked by the bound 
IRP. In transferrin receptor mRNA, how- 
ever, five IREs are in the 3' untranslated 
region and protect the mRNA from nucleo- 
lytic degradation when IRP is bound to at 
least three of them. Thus, IRP is able to 
adjust the levels of transferrin receptor and 
femtin in an opposing sense, as required 
either for acquisition of iron for use or for 
storage of excess. 

-It was no minor surprise when it was 
discovered that the inactive form of IRP is 
identical to the cytoplasmic isoform of a 
long-known enzyme, the iron-sulfur protein 
aconitase, and that active IRP is apo-acon- 
itase, lacking its [Fe4SJ2+ cluster (34, 44, 
45, 49). When iron is scarce, the apo-form 
(the IRP) prevails, blocking femtin syn- 
thesis and protecting transfemn receptor 
mRNAs. When iron becomes available 
again, holo-aconitase is reconstituted from 
IRP so that the protein loses its function as 
IRP, but can now be recognized by its 
aconitase activity. Thus, assembly and dis- 
assembly of the iron-sulfur cluster is the 
regulatory step (46), although it seems like- 
ly that some adjuvants, proteins, or small 
molecules are involved in the process. The 
IREs that bind IRP are Dresent not onlv in 
femtin and transfemn receptor mRNAs; 
they are also found in the mRNA for ery- 
throid levulinic acid synthase, mitochondri- 

a1 aconitase, and the iron subunit of succi- 
nate dehydrogenase (in Drosophila). Thus, 
there is cross talk between various regula- 
tory pathways and metabolic systems (45). 

Both the FNR and IRP systems provide 
challenging opportunities for studying iron- 
sulfur cluster assembly and disassembly in 
biological systems. Concerning the sensitiv- 
ity of the sensors, we have established that 
the Fe4S4 cluster in wild-type FNR is ex- 
tremely sensitive to dioxygen. However, a 
single amino acid mutation stabilizes the 
cluster by at least 100-fold in rate of decay 
(26). This single observation makes obvious 
that nature has a means to design, when 
required, sensors of greatly different sensi- 
tivities. Lastly, there are other proteins 
where an iron-sulfur cluster is indispensable 
to biological activity, but where its actual 
role has vet to be defined. Mammalian fer- 
rochelake (50), which inserts iron in pro- 
toporphryin during heme biosynthesis, is 
one such case. The enzyme is strongly in- 
hibited by nitric oxide which destroys its 
Fe2S2 cluster, suggesting a possible role as 
an NO sensor. Another example is the 
DNA mismatch-repair protein MutY of E. 
coli (51 ), which seems to function in a way 
similar to endonuclease 111. 

Magnetochemistry 

In the characterization of any paramagnetic 
metal site in biology, elucidation of elec- 
tronic structure is imperative because it af- 
fects reactivity. Although it could not have 
been appreciated in the early phase of clus- 
ter synthesis and identification in proteins, 
iron-sulfur clusters pose uniquely challeng- 
ing problems in molecular magnetism. 
Spectroscopic studies of iron-sulfur clusters 
have provided insight into cluster-mediated 
catalysis and electron transfer. Moreover, 
these studies have led to substantial ad- 
vances in magnetochemisny, in particular 
to the appreciation of the phenomenon of 
spin-dependent delocalization (SDD, also 
called "double exchange"), which arises in 
delocalized mixed-valence systems. It is this 
aspect of iron-sulfur cluster research that we 
consider here. Experimentally, the effects of 
SDD are perhaps best illustrated by com- 
paring the MCissbauer spectra of various 
clusters. 

The isomer shift 6 of a 57Fe MCissbauer 
spectrum measures the s-electron density at 
the iron nucleus. Because the radial distri- 
butions of d and s electrons overlap, 6 pro- 
vides also a measure of the d electron pop- 
ulation and is a good indicator of the oxi- 
dation state of iron sites (52). Experimen- 
tally, 6 is obtained from the centroid of the 
Miissbauer spectrum and is quoted relative 
to a standard (such as iron metal) as a 
Doppler shift in velocity units (1 mmls = 
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4.8 X 10-' eV for "Fe). For instance, the 
high-spin FeS4 sites of Fe3+ and Fe2+ rubre- 
doxin (1) have 6 -= 0.25 mm/s and 6 .= 0.70 
mm/s, respectively. Oxidized Fe2S2 clusters 
( 3 )  contain two Fe3+ sites, each having 6 - 
0.27 mm/s. A typical Mossbauer spectrum 
of a (reduced) [Fe2S2I1+ cluster (Fig. 4A) 
exhibits two distinct quadrupole doublets 
with 6 = 0.30 mm/s (the inner doublet) and 
6 = 0.72 mm/s, showing that the cluster 
contains a valence-localized Fe3+ site and a 
valence-localized Fe2+ site (Robin-Day 
class I1 mixed valence compound) (53). 
The  ground state of the cluster has elec- 
tronic spin S =' 112 and exhibits the dis- 
tinctive g = 1.94 electrqnic paramagnetic 
resonance (EPR) signal. The observation of 
g values less than 2.0 puzzled researchers for 
many years before it was shown that the 
ground-state properties result from antifer- 
romagnetic co~rpling of high-spin Fe2+ (S, 
= 2) and high-spin Fe3+ (So = 512) ions 
(54); this co~rpling is described by the 
Heisenberg-Dirac-van Vleck (HDvV) 
Hamiltonian H = JSa.Sb, in which J is the 
exchange coupling constant. 

The Mossbauer spectra of [Fe3S4I1+ clus- 

-2 0 2 
Velocity (mmls) 

Fig. 4. Mossbauer spectra of iron-sulfur clusters. 
Quadrupoe doublets are ~ndcated by brackets. 
and Isomer sh~fts are marked by triangles. (A) 
[Fe2S2I1+ cluster of the R~eske protein from 
Pseudomonas mendocina, at temperature T = 

200 K. (B) [Fe3S,I1 + state of D. gigas ferredoxin I ,  
T = 90 K. (C) [Fe3S,IC state of D. gigas ferredoxn 
1 1 ,  T = 15 K. (D) [Fe,S,I2+ cluster of E. coli FNR 
protein, T = 4.2 K. (E) [Fe,S,I1+ cluster of E. coli 
suf~te reductase, T = 11 0 K. 

ters (6) exhibit one quadrupole doublet 
(Fig. 4B) with 6 = 0.27 mm/s, indicating 
three equivalent high-spin Fe3+ sites. Re- 
duction of the cluster by one electron yields 
a state with cluster spin S = 2 that exhibits, 
for all [Fe3S4]%lusters studied to date, a 
pattern such as that observed for ferredoxin 
I1 isolated from D. gigas (55). The spectrum 
shown in Fig. 4C consists of two doublets 
with intensity ratio 1 : 2. The minor doublet 
has 6 = 0.32 mm/s and represents an Fe3+ 
site, whereas the major doublet belongs to 
two identical sites with 6 = 0.46 mm/s. The 
latter shift is about the mean of the 6 values 
of a ferric and a ferrous FeS4 site, indicating 
a delocalized Fe2.5+Fe2.5+ pair. Studies in 
strong applied magnetic fields have shown 
that the sites of the pair are indistinguish- 
able even when magnetic and electric hp- 
perfine parameters of the two sites are com- 
pared. Analysis of the ferredoxin 11 Moss- 
bauer data led to the recognition that the 
presence of the delocalized Fe2,5+Fe2.i+ pair 
requires a treatment that talces SDD into 
account in addition to the commonly ob- 
served HDvV exchange (55). This analysis 
established that the S = 2 gro~rnd state of 
the [Fe,S,]%luster can be viewed as arising 
from antiferromagnetic coupling of the S3 
= 512 spin of the Fe3+ site to the S,, = 912 
spin of the delocalized Fe2.'+Fe2~'+ pair. 

Spin-dependent delocalization is a ver- 
sion of the theory of double exchange de- 
veloped by Zener (56) and by Anderson 
and Hasegawa (57). The basic idea can be 
illustrated (Fig. 5 )  by considering an elec- 
tron in an orbital delocalized over metal 

sites, a and b, of a symmetric Fe2+Fe3+ 
dirner. A delocalized Fe2~'+Fe2.'+ dimer can 
be viewed as an  Fe3+Fe3+ dimer that con- 
tains an additional, delocalizable electron. 
The spins of the five d electrons that occupy 
each Fe3+ site are aligned parallel by strong 
intra-atomic exchange. As the delocalizable 
electron "visits" each metal site, its spin 
aligns antiparallel to the spin of the d5 core 
because of the Pauli exclusion nrincinle. 
Because delocalization between sites a and 
b originates from electrostatic interactions. 

D 

the transfer occurs without spin flip, and 
the itinerant electron will thus nromote 
parallel alignment of the core spins of the 
two metal sites. Anderson and Haseeawa - 
have shown that resonance delocalization 
in a mixed-valence dimer leads to an energy 
splitting ?B(S + 1/2), where S is the spin 
of the dimer. For an Fe2.5+Fe2.5+ dimer, the 
coupling constant B can be written as B = 
P/5, where p is the transfer integral be- 
tween the two orbitals on sites a and b that 
contain the delocalized electron; P is the 
homolog of the resonance integral in 
Hiickel molecular orbital theory. The plus 
and minus signs correspond, respectively, to 
bonding and antibonding combinations of 
the two metal orbitals. A simplified repre- 
sentation of SDD is shown in Fig. 5; dia- 
grams stressing intra-atomic exchange are 
displayed elsewhere (58, 59) .  

The ideas of Anderson and Haseeawa 
were incorporated by Papaefthymiou et  al. 
(55) into the framework of a spin Hamilto- 
nian that allows one to analyze and corre- 
late the data obtained from various tech- 

Fig. 5. Spin-dependent Site a Site b 
delocalization (SDD) for Fez+ Fe3+ 
a symmetric Fez+ Fe3+ 
d~mer, dep~cting ferro- +' 
magnetic and antiferro- 

-3C 
t -4- magnetic sp~n align- 

- s = OI2 ments. Spin coupling of t 
Fez+ (S, = 2) and Fe3' g<--$- i (S, = 5/2) by HDvV ex- 
change leads to system 
states S with energles Ferromagnetic alignment / 12J 
JS(S + 1)/2. On the t -+ 1 r~ght, the lowest (S = 

1/2) and highest (S = 

9/2) states of the resut- 
4- i 

4- + S=li, ing sp~n ladder are 
shown for J > 0. The 
s~xth electron may be al- 
located to e~ther site a or = S = gi, 

b; thus, each spin m u t -  Antiferromagnetic alignment 
plet occurs twce. Reso- 
nance delocaizat~on of the s~xth electron (enclosed by the oval curve) mlxes the degenerate Fe"Fe3' 
and Fe3+Fe2+ conf~guratons, eadng to an add~t~onal spittng =B(S + 1/2). Deocalization IS favored for 
the parallel spn alignment of the S = 9/2 state (top) but Impeded for the S = 1/2 state. (As drawn for the 
antiferromagnetic configuration, the five remaining spns on site a do not represent a pure S, = 5/2 spin 
state of an Fe3' ion. Resonance Interaction mxes only configuratons with the same total spin. States 
with local spin S, < 5/2 are unfavorable, leading to a reduction of the resonance splitting for the S = 1/2 
state.) The diagram on the rght shows that SDD may reverse the order of the spin states obtained from 
antferromagnetic exchange. 
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niques. Noodleman and Baerends (60), and 
Noodleman, Case and co-workers (58) have 
treated the delocalization problem with 
broken-symmetry density functional theory. 
Girerd (61), Bominaar et  al. (62), and 
Borshch et  al. (63) have developed theoret- 
ical models that include vibronic interac- 
tions. The latter tend to localize electrons, 
and the situations encountered in real com- 
pounds reflect a delicate interplay between 
HDvV exchange, SDD, and vibronic trap- 
ping (64). 

Figure 6 illustrates the localization-delo- 
calization patterns of FelS clusters. Clusters 
of the Fe4S4 type (5) in their most com- 
mon oxidation states contain delocalized 
Fe2.5+Fe2.5+ pairs. The presence of these 
pairs in Fe4S4 clusters was recognized as 
early as 1974 (65), and there is now general 
agreement that the cubane clusters, in their 
most common oxidation states (66), con- 
tain such pairs (Fig. 6E). Characteristic 
Mossbauer spectra of [Fe4SJ2+ clusters (two 
equivalent Fe2.5+Fe2.5+ pairs with 6 = 0.45 
mm/s) and the reduced [Fe4S J1 + state (one 
F ~ z . ~ + F ~ z . ~ +  pair with 6 = 0.49 mm/s and 

one Fe2+Fe2+ pair with 6 = 0.62 mm/s) are 
shown in Fig. 4, D and E, respectively. 
Clusters with [Fe2S2I1+ cores generally 
show a localized pattern (Fig. 4A). The 

Fig. 6. Localization and delocalization patterns in 
Fe-S clusters, showing localized Fe3+ (red), local- 
ized Fez+ (blue) sites and delocalized 
Fez.5+Fe2.5+ pajrs (green). Indicated also are the 
spin of the cluster and its core oxidation state. 
With one exception (row C), [FezS2l1 + clusters 
have localized valences, as shown in row B. 
[Fe,SJ1 + clusters most frequently have an S = 

1/2 ground state; some protein-bound and syn- 
thetic clusters have S = 3/2 and exhibit a pattern 
of doublets reminiscent of a fully delocalized 
system. 

only exception is a cluster from a Cp pro- 
tein in which a Cys ligand has been mutat- 
ed to a Ser; the cluster has an S = 912 
ground state (67) that has been shown by 
Mossbauer spectroscopy to be valence-delo- 
calized (68). 

The NMR sdlution studies of 
bound Fe4S4 clusters have provided se- 
quence-specific and stereospecific assign- 
ments of the P-CH2 protons of cysteinate 
residues coordinated to the iron atoms of 
the cluster (69). If the proton coupling 
tensors are known ( ~ e r h a ~ s  from electron 
nuclear double-resonance studies), one can 
determine the exchange coupling constants 
B and j from the temperature dependence 
of the hyperfine shifts of these protons. 
Moreover, the spin density a t the  iron atom 
to which a specific residue is bound can be 
determined, and thus, the distribution of 
spins within the cluster can be evaluated 
(70). The WMR studies of protein-bound 
Fe4S4I3+ clusters indicate that the delocal- 
ized pair can reside on different Fe2S2 faces 
of the cluster and that, on the NMR time 
scale ( lop5 s), a cluster can exist in rapid 
equilibrium between the different forms 
(69). 

The 57Fe magnetic hyperfine tensors ex- 
tracted from the Mossbauer spectra of 
[Fe3SJ0 clusters provide strong evidence 
that the delocalized pair has spin S = 912 
(55). For the delocalized pair of [Fe4SJ3+ 
clusters, the situation is more varied. These 
clusters have been studied with Mossbauer 
and EPR spectroscopy, with protein NMR, 
and with magnetic susceptibility (70, 71 ). 
The Fe4S4I3+ clusters have also been ob- 
tained by y irradiation of synthetic 
[Fe4S4I2+ complexes and investigated by 
57Fe and 'H electron nuclear double-reso- 
nance spectroscopy (72). From these data, 
S = 912 (71), S = 712 (72), and S = 912,712 
mixed s ~ i n  (73) states have been inferred 
for the helocalized pair. The active site of 
oxidized sulfite reductase (Fig. 2A) contains 
a coupled siroheme-Fe4S4 assembly for 
which the siroheme iron is linked by a 
cysteinyl sulfur to one of the iron atoms of 
the cluster. This link provides an exchange 
pathway that perturbs the spin structure of 
the cluster. Considerable insight into the 
electronic structure of the [Fe4S4I2+ cluster 
has been obtained from analysis of the per- 
turbed state (62). . . 

Reliable experimental values for the 
double-exchange parameter B are scarce for 
a variety of reasons, foremost-of which is the 
problem of fitting data to models that con- 
tain many unknowns. For instance, the spin 
structure of Fe4S4I3+ clusters depends on as 
manv as six values of 1 and at least one B 
parameter. In addition, parameters describ- 
ing dynamic and static trapping mecha- 
nisms influence the energy level structure. 
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Magnetic susceptibility data (71 ) of a syn- 
thetic [Fe4S4I3+ cluster have been fitted 
with B values ranging from - 10 cm-' (73) 
to 600 cm-' (71) [see also (64)l. The pa- 
rameter B can be obtained from the split- 
ting of the bonding and antibonding com- 
binations of the local orbitals that contain 
the delocalized electron; optical transitions 
between these orbitals yield an intervalence 
band. Large values of B, -1000 cm-', have 
been inferred for [Fe2S2I1+ clusters in plant- 
type ferredoxins (74). Most recently, low- 
temperature magnetic circular dichroism 
studies of [Fe2S2I1+, [Fe3S4I0, and 
[Fe4S4]'+v3+ clusters by Johnson and co- 
workers (75) have led to the identification 
of intervalence bands in the near-infrared 
region of the magneto-optical spectra, indi- 
cating that B - 800 to 900 cm-' for all 
three cluster types. These values agree well 
with those obtained from density functional 
calculations, which suggest B values of 700 
to 900 cm-' for Fe4S4 clusters (58, 64). It 
should be noted that valence localization as 
identified by Mossbauer spectroscopy in the 
S = 112 ground state of Fe2S2I1+ clusters 
does not exclude large values for B. When 
trapping mechanisms (A) dominate SDD, 
the B term appears in a second-order per- 
turbation proportional to B2(S + 1/2)'/A - 
B2S(S + l)/A (apart from a spin-indepen- 
dent constant) (61 ). This term has the same 
S(S + 1) dependence as HDvV exchange 
and contributes, probably substantially, to 
the measured J values (76). 

Finally, a theoretical analysis indicates 
that intramolecular electron delocalization 
and HDvV exchange can have an impor- 
tant impact on the rate constant for inter- 
molecular electron transfer reactions in- 
volving exchange-coupled clusters (77). 
One should consider spin-state variability 
depending on cluster environment as a pos- 
sible control factor for substrate specificity 
and gated electron transfer. Considering 
that electronic structure and electron trans- 
fer capabilities depend on an intricate in- 
terplay of HDvV exchange, SDD, and vi- 
bronic trapping, we are perhaps just begin- 
ning to appreciate why nature has found so 
many uses for Fe-S clusters. 

REFERENCES AND NOTES 

1. D. I. Amon, F. R. Whatley, M. B. Allen, Nature 180, 
182 (1 957); ibid., p. 1325; A. San Pietro and H. M. 
Lang, J. Biol. Chem. 231, 261 (1958). 

2. L. E. Mortenson, R. C. Valentine, J. E. Camahan, 
Biochem. Biophys. Res. Commun. 7 ,  448 (1 962). 

3. H. Beinert and R. H. Sands, ibid. 3, 41 (1960). 
4. W. Lovenberg, Ed., Iron-Sulfur Proteins (Academic 

Press, New York, 1973), vols. I and II. 
5. T. G. Spiro, Ed., Iron-SuMN Proteins (Wley-lnter- 

science, New York, 1982); R. Camrnack, Adv. Inorg. 
Chem. 38,281 (1 992). 

6. J. M. Berg and R. H. Holm, in Iron-SuMN Proteins, 
T. G. Spiro, Ed. (Wley-Interscience, New York, 
1982), pp. 1-66. 



R. H. Holm. P. Kennepoh. E. I. Solomon, Chem. 
Rev. 96, 2239 (1996). 
R. H. Holm, Acc. Chem. Res. 16, 2565 (1 977); K. S.  
Hagen, J. G. Reynolds. R. H. Holm. J. Am. Chem. 
SOC. 103. 4054 11 9811 
J. Zhou, Z. Hu, E. MU& R. H. Holm, J. Am. Chem. 
Soc. 11 8, 1966 (1 996). 
M. K. Chan, J. Kim, D. C. Rees, Science 260. 792 
(1993); J. W. Peiers et a/., B~ochemistry 36. 1181 
(1 997). 
J, A. Christner et a/.. J. Am. Chem. Soc. 106. 6786 
(1984); B. R. Crane, L. M. Slegel, E. D. detzoff, 
Science 270, 59 (1 995). 
S. W. Raqsdae and M. Kumar, Chem. Rev. 96,251 5 
(1 996): Hu et a/. . J. Am. Chem. Soc. 11 8. 830 
(1 996) 
W. 0. G u m ,  L. E. Morienson, J.-S. Chen, R. H. 
Holm, J. Am. Chem. Soc. 99, 584 (1977): W. H. 
Orme-Johnson and R. H. Holm. Methods Enzymol. 
53, 268 (1 978). 
J. J. G. Mouraetal., J. Biol. Chem. 257,6259 (1 982). 
T. A. Kent et a/., Proc. Natl. Acad. Sci. U.S.A. 79. 
1096 (1 982). 
T. A. Kent et a/., J. 6/01, Chem. 260, 6871 (1985). 
M.-P. Golnel. L. A. Akn, B. R. Crouse. M. K, John- 
son, J. Meyer, Biochemistry 35, 8995 (1996). 
M. C. Kennedy et a/.. J. Biol. Chem. 259, 14463 
(1 984). 
K. S. Hagen. A. D. Watson. R. H. Holm, J. Am. 
Chem. Soc. 105,3905 (1 983) 
I. Moura, J. J. G. Moufa, E Munck, V. Papaefthy- 
mlou, J LeGall. ibid. 108, 349 (1986): M. G. 
Fnnegan et a/. , Inorg. Chem. 34, 5358 (1 995). 
J. N. Butt et a/., J. Am. Chem. Soc. 113, 6663 
(1991). 
J Zhou et a/. , ibid. 11 4, 10843 (I 992); J Zhou, J. W. 
Raeblger, C. A. Craj~ford, R. H. Holm, ibid. 119, 
E242 (1 997). 
D. Coucouvan~s.Acc. Chem. Res. 24.1 119911: K. D. 
Demadis. S. M. Mallnak, D. ~oucou~anis, ' lnorg. 
Chem. 35, 4038 (1 996). 
G. L Anderson and J. B. Howard, Biochemistry 23. 
2118 (1984). 
M. J. Ryle. Wl. N. Lanzotta, L C. Seefeldt. R. C. 
Scarrow, G. M. Jensen, J. Biol. Chem. 271, I551 
(1 996). 
N. Khoroshlova. C. Popescu, E Munck, H. Beinert, 
P J. Klley. Proc. Natl. Acad. Sci. U.S.A. 94, 6087 
(1 997). 
N. Khoroshlova, H. Benert, P. J. Kiey,ibid. 92, 2499 
(1995); B. A. Lazazzera, H. Beneri, N. Khoroshlova, 
M. C. Kennedy, P. J. K~ley. J. Biol. Chem. 271, 2762 
(1 996). 
A. Martn etal., Proc. Natl. Acad. Sci. U.S.A. 87. 598 
(1 990); B. Shen et a/. , ibid. 92, 10064 (1 995). 
M. C. Kennedy. M. H. Emptage, H. Benert, J. Biol. 

Chem. 259, 3145 (1984). 
30. J. G. Reynolds and R.  H. Holm, 1nor.q. Chem. 20. 

1873 (1 981). 
31. M. J. Carney, G. C. Papaefihymiou. R. B. Franke, 

R. H. Holm, /bid. 28, 1497 (1 989) 
32. M. K, Johnson, n Encyclopedia oflnorganic Chem- 

istry, R. B. Klng, Ed. (Wey,  New York, 1994), pp. 
1896-1915. 

33. A. Vobedaetal.. Nature 373.580 (1 995): A. Voloeda 
et a/., J. Am. Chem. Soc. 11 8, 12989 (1 996). 

34. H. Benert. M. C. Kennedv. C. D. Stout. Chem. Rev. 
96, 2335 (I 996). 

35, D. H. Flint and R. M. Allen, ibid.. p. 231 5. 
36. C. R. Staples etal. , Biochemistry 35, 1 1  425 (1 996). 
37, J, L. C. Duff, J. L. J. Breton. J. N. Butt, F. A. Arm- 

strong. A. J. Thomson. J. Am. Chem. Soc. 11 8, 
8593 11 996) 

38. T, lwaiakl. f, mal, A. Urushyama, T. Oshma. J. Biol. 
Chem. 271, 27659 (1 996). 

39. J. B. Howard and D. C. Rees, Chem. Rev. 96, 2965 
(1 996). 

40. J. H. Gooeck and D. A. Bryant, Curr. Top. Bioenerg. 
16, 83 (1 991 ) .  

41. M. M. Thayer, H. Ahern, D. Xing, R. P. Cunnngham, 
J. A. Tainer, EMBO J. 14. 41 08 (1 995). 

42, J A grand on^. R. L. Swltzer, C. A. Makaroff, H. 
Zakin. J. Biol. Chem. 264, 6058 (1989). 

43. R. K. Thauer and P. Schonhelt, n lron-Sulfur Pro- 
teins: T. G. Spiro, Ed, (wile;-niersc~ence, New 
York, 1982). pp. 329-341. 

44. T. A. Rouault etal. , BioMetals 5, 131 (1 992). 
45. W. Hentze and L. C. Kuhn, Proc. Natl. Acad. Sci. 

U.S.A. 93, 81 75 (I 996). 
46. H. Benert and P. Kev.  FEBS Lett. 382. 218 119961. 
47. P. Gaudu and B. Welis, Proc. Natl. Acad. SCI.'U.S.A. 

93, 10094 (1 996). 
48. E. Hdalqo. J. M. Bollnqer Jr., T. M. Bradley, C. T. 

Walsh, 6 .  Demple, J.-Biol. Chem. 270, 20908 
(1 995). 

49 D. J. Haile et a/.. Proc. Natl. Acad. Sci. U.S.A. 89. 
1 1735 (1 992). 

50. H. A. Dalley, M. G F~nnegan. M. K, Johnson. Bio- 
chemistry 33, 403 (1994); V. M. Sellers, M. K. John- 
son, H. A. Daley, ibid. 35, 2699 (1996). 

51. M. L. Mchaels, L. Pham, Y Nghem, C Cruz, J. H. 
Mller. Nucleic Acids Res. 18, 3841 (1 990). 

52 P. Gutl~ch. R. Llnk, A. Trautwen, Mossbauer Spec- 
troscopy and Transition Metal Chemistry (Sprnger 
Verag, Berlin, 19781, 

53. M. B. Robn and P. Day, Adv. lnorg. Chem. Radio- 
chem. 10, 247 (1 967). 

54. R. H. Sands and W. R. Dunham, Q. Rev. Biophys. 7, 
443 (1 975). 

55 V. Papaefthymlou, J.-J. Glrerd, I .  Moura, J. J. G. 
Moura, E. Munck. J. Am. Chem. Soc. 109, 4703 
(1 987). 

56. C. Zener, Phys. Rev. 82, 403 (1 951). 
57. P. W. Anderson and H. Hasegawa, bid. 100, 675 

(I 955). 
58. L. Noodleman, C. Y. Peng, D. A. Case, J -M. 

Mouesca. Coord. Chem. Rev. 144, 199 (1 995). 
59 B. Lamotte and J.-M. Mouesca, C. R. Acad. Sci. 

Paris Ser. IIB 324. 1 17 (1 997). 
60. L. Noodleman and J. Baerends, J. Am. Chem. Soc. 

106, 2316 (1984). 
61. J.-J. Glrerd. J. Chem. Phys. 79. 1766 (1 983). 
62. E. L. Bomnaar. Z. Hu, E. Munck, Grerd. S. A. 

Borshch. J. Am. Chem. Soc. 117,6976 (1 995). 
63. S. A. Borshch, E. L. Bominaar, G. Blondin. J.-J. 

Girerd, ibid. 11 5, 51 55 (1 993). 
64. For furiher commentary on electron delocal~zat~on n 

mixed-valence ron-sulfur clusters, see the colecied 
papers in J. Biol. lnorg. Chem. 1 ,  173-1 88 (I 996). 

65. D. P. E. Dickson etal.. J. Phys. (Paris) 35, C6-343 
(1 974). 

66. Receni Mossbauer and EPR studies of the fully re- 
duced Fe protein of nitrogenase have demonstrated 
an all-ferrous [Fe4S4IC cluster with an S = 4 ground 
state. All :on sltes of ihe [Fe4S4jo cluster have 8 = 
0.68 mm/s. H Angove, S. J. Yoo, B. K. Burgess, E. 
Munck, J. Am. Chem. Soc., In press. 

67. B. R. Crouse, J. Meyer, M. K. Johnson, ibid 117, 
961 2 (1 995). 

68. C. Achm, M.-P. Gol~nell~, E. L. Bominaar. J. Meyer. 
E. Mirnck, ibid. 11 8, 81 68 (1 996). 

69. L. Bane et a/. . Biochemistw 32. 9387 11 9931. 
70. 1 .  Bertin, S. Ciurl, C. ~uchna t ,  Struct. Bonding (Ber- 

lin) 83, 1 (1 995). 
71. J, Jordanov, E. K. H. Roth, P. H. Fres, L. Noodle- 

man. lnorg. Chem. 29, 4288 (1 990). 
72. The following snge-ciysta studies show that the 

delocal~zed par can resde on dfferent faces of the 
cube: J.-M. Mouesca, G. R~us. B. Lamoite, J. Am. 
Chem. Soc. 1 1  5, 471 4 (1 993), J. Gloux, P. Gloux, B. 
Lamotte, J.-M. Mouesca. G R~us, ibid. 11 6, 1953 
(1 994). 

73. M. Beinsky, I. Bertn. 0. Galas, C. Luchinat, lnorg. 
Chim. Acta 243, 91 (1996). 

74. D. A. Gamelln, E. L. Bominaar, M. L. Kirk, K. 
Wleghardt, E I .  Solomon, J. Am. Chem. Soc. 11 8, 
8085 (1 996). 

75. E. C. Dun etal., in preparaton. 
76. 0. Kahn. Molecular Maanetism IVCH. New York. 

1993), chap. 13. 
77. E L Bomnaar, C. Achim, S. A. Borshch, J.-J. Gr- 

erd, E. Munck, lnorg. Chem., In press. 
78. Research In ron-sulfur cluster chemisiiy and b~o-  

chemstry has oeen supported by NIH grants GM 
12394, GM 3481 2, and 5-K06 GM 18442 (H.B ), GM 
28856 (R.H.H.), and GM 22701 (E.M.), and by NSF 
grant MCB 94-06225 (E.M.). 

Discover a new sequence. 
Visit the SCIENCE Online Web site and you just may find the lzey piece of informhtion 
you need for your research. The fully searchable database of research abstracts and news 
summaries allows you to look through current and back issues of SCIENCE on the World 
Wide Web. Tap  into the sequence belo\v and see SCIENCE Online for yourself. 

www.~~ iencemag .org  

SC~ENCE 
. ~ v ~ ~ ~ ~ ~ , s c i e l ~ c e ~ n a g , o r g  SCIENCE VOL. 277 1 AUGUST 1997 659 


