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I. Introduction

Over the past two decades, clusters containing cubane-derived
[Fe;S,] cores have become established as a distinct class of physiologi-
cally relevant iron—sulfur centers. During this period, our under-
standing of the diverse roles and properties of biological iron—sulfur
clusters has greatly proliferated (1—4) and the rich cluster conversion
chemistry, redox, and electronic properties of [Fe;S,] clusters have be-
come a paradigm for understanding the properties of iron—sulfur clus-
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2 JOHNSON, DUDERSTADT, AND DUIN

ters in general. In many ways the discovery and characterization of
[Fe;S4] clusters is one of the classic stories in bioinorganic chemistry
and an excellent case study for students new to this area. In particu-
lar it serves to demonstrate the power of a multidisciplinary approach
incorporating X-ray crystallography, the full armory of biophysical
spectroscopic methods, molecular biology, and synthetic inorganic
chemistry.

The class of Fe—S proteins containing 3Fe clusters was reviewed (5)
soon after their discovery, and before the structure and physiological
relevance had been definitively established. However, this excellent
review posed the right questions and stimulated much of the research
described herein. The objective of this review is to summarize the
current understanding of the structural, electronic, and redox proper-
ties of biological and synthetic [Fe;S,] and heterometallic [MFe;S,]
clusters. Throughout, the relevance to structure—function relations of
iron—sulfur clusters, in general, and the major unresolved issues con-
cerning [Fes;S ] clusters, in particular, are emphasized. If this review
stimulates anything like the level of interest and research that re-
sulted from the Beinert and Thomson review (5), it will have served
its purpose.

Il. Historical Perspective

The discovery of Fe—S clusters containing 3Fe atoms in 1980 re-
sulted from Mossbauer studies of Azotobacter vinelandii 7Fe ferre-
doxin (FdI) (6) and Desulfovibrio gigas FdII (7) and the X-ray crystal-
lographic studies of A. vinelandii FdI (8). Although the Mossbauer
data and analysis have withstood the test of time, the same cannot
be said for the initial interpretation of the structure of the cluster in
A. vinelandii FdI at 2.5 A resolution. One of the clusters was correctly
modeled as a cubane [Fe,S,] center, whereas the other was erron-
eously modeled as containing an almost planar cyclic [Fe;S;] core with
Fe—Fe distances of 4.1 A (8, 9). The first clue as to the correct struc-
ture came from variable-temperature magnetic circular dichroism
(VTMCD) studies which revealed that 3Fe clusters can be formed via
oxidative degradation of cubane-type [Fe,S,] clusters in a bacterial
8Fe ferredoxin (Fd) (10). This result was subsequently confirmed by
resonance Raman (11) and Méssbauer (12) studies of bacterial 8Fe
and 4Fe Fds and lead to speculation that some or all of the 3Fe clus-
ters found in proteins were artifacts of oxidative degradation of
[Fe,S,] clusters (5). Taken together with the reports that the 3Fe clus-
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ter in aerobically purified aconitase could be reductively converted to
[Fe,S,] clusters by addition of ferrous ion (13) and of interconversion
between 3Fe and [Fe,S,] clusters in D. gigas FdII (14), this suggested
a structure derived from and closely related to a cubane-type [Fe,S,]
cluster.

More direct challenges to the crystallographically deduced struc-
ture came from analytical and spectroscopic studies of proteins con-
taining a single 3Fe cluster as the sole prosthetic group. Careful iron
and inorganic sulfide analysis of the aerobically purified, inactive
form of aconitase indicated a [Fes;S,] core stoichiometry (15). X-ray
absorption fine structure (EXAFS) studies of D. gigas FdII (16) and
inactive aconitase (15) showed average Fe-Fe distances of 2.7 A, that
is 1.4 A shorter than in the crystallographically deduced structure.
Resonance Raman studies of a range of 3Fe-containing Fds including
D. gigas FdII and A. vinelandii FdI pointed to a common [Fe;S,] core
in both the solution and crystalline states (17). The uncertainty over
the cluster stoichiometry and structure was reflected by the use of
[3Fe—xS] or [Fe;S,] in many publications during the 1980s. Resolution
of the conflicting structural information on 3Fe clusters finally came
in 1988 with the reinvestigation of A. vinelandii FdI crystal structure
(18) and the publication of the D. gigas FdII crystal structure at 1.7 A
resolution (19). Both structures indicated a [Fe;S,] core stoichiometry
with a Fes(us-S)(ue-S); structure that is best visualized as a cubane
cluster minus one Fe.

In the early 1980s, the combination of EPR, Moéssbauer, and
VTMCD studies demonstrated that biological 3Fe clusters undergo
one-electron redox cycling between S = 1/2 [Fe;S,]" and S = 2 [Fe;S,]°
states (6, 7, 10, 13, 20, 21). The unique magnetic and electronic prop-
erties in both oxidation states facilitated spectroscopic identification
of analogous clusters in a wide range of enzymes and proteins. In
addition to numerous ferredoxins, stoichiometric amounts of [Fe;S,]™°
clusters were identified in several enzymes: succinate dehydrogenase
(22), fumarate reductase (23), nitrate reductase (24), glutamate syn-
thase (25), and NiFe-hydrogenases (26, 27). Since it was clear that
the [Fe;S,] clusters in aconitase and many ferredoxins were artifacts
of oxidative degradation of [Fe,S,] clusters, the physiological rele-
vance of these clusters became a major issue. This question was first
addressed by EPR studies of whole cells of Escherichia coli with am-
plified expression of fumarate reductase that showed that the
[FesS,™° cluster is indeed an intrinsic component of the enzyme in
vivo (28). On the basis of primary sequence data, inability to effect
[FesS,] to [Fe, Sy cluster conversions and/or crystallographic and
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whole cell EPR data, [Fe;S,]™° clusters are now considered to be in-
trinsic redox components of each of these enzymes and of many 3Fe
and 7Fe Fds.

The electronic and magnetic properties of [FesS,"° clusters have
also provided the groundwork for understanding intracluster spin
coupling and valence delocalization in Fe—S clusters in general. Moss-
bauer spectroscopy played the crucial role in this endeavor by reveal-
ing a valence delocalized Fe?5*Fe?5* pair in [FesS,]° clusters (7, 29).
This led to the recognition that spin-dependent delocalization (SDD),
in addition to the conventional Heisenberg—Dirac—van Vleck (HDvV)
exchange, is required to explain the complex ground- and excited-
state properties of Fe—S clusters and the development of spin cou-
pling models to explain the S = 1/2 and 2 ground states of the oxi-
dized and reduced [Fe;S.*° clusters, respectively (29, 30). Further
insight into the electronic, magnetic, and redox properties of Fe—S
clusters, as well as information on the site-specific properties of cu-
bane clusters, has come from the preparation of heterometallic cu-
bane clusters [MFe;S,] by incorporation of the heterometal, M, in the
vacant coordination site of a [Fe;S,] cluster. Following the pioneering
work of Miinck, Moura, and co-workers to form heterometallic
[ZnFes;S,], [CdFe;S,] and [CoFe;S,] clusters in D. gigas FdII (31-33),
a wide range of heterometallic [MFe;S,] clusters (M = Zn, Cd, Co, Cr,
Mn, Ni, Cu, T1) have now been prepared and characterized in bacte-
rial and archaeal Fds (34-41).

Proteins containing 3Fe clusters have proven to be a particularly
fertile area for studying cluster conversions. In addition to the well-
established [Fe;S,] < [Fe,S,] interconversions, which occur particu-
larly readily in proteins such as aconitase, Pyrococcus furiosus Fd,
and Desulfovibrio africanus FdIII that contain site-differentiated
[Fe,S,] clusters (13, 42, 43), inactive aconitase has also been shown to
undergo an irreversible alkaline transition to yield a protein con-
taining a linear [Fe;S,]* cluster with an S = 5/2 ground state (44, 45).
More recently, a new type of reversible cluster conversion between
S = 1/2 and 5/2 [Fe;S]* clusters has been proposed in a variant form
of P. furiosus Fd containing an additional cysteine residue in close
proximity to the cluster (46).

Synthetic analog clusters have played a pivotal role in development
of Fe—S cluster biochemistry. Indeed, the synthesis and characteriza-
tion of clusters with [Fey(us-S)l, [Feyus-S)yd, and linear [Fes(uy-S)4l
cores by Holm and co-workers (47, 48) were crucial in establishing the
properties of these clusters and identifying these types of centers in
biological systems. However, the synthesis of a cluster with the physi-
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ologically relevant cuboidal [Fe;S,] core proved to be particularly chal-
lenging. Holm and co-workers were finally successful in 1995 (49),
and detailed accounts of the structure and properties of a synthetic
cluster with a [Fe;S,]° core (50) and the metal ion incorporation reac-
tions (51) appeared shortly thereafter. In addition to providing the
first detailed metrical assessment of this type of cluster, the valence
delocalization scheme and S = 2 ground state were shown to be an
intrinsic property of a [Fes;S,]° cluster as opposed to being a conse-
quence of the protein environment.

I1l. Occurrence and Function

The enzymes and proteins containing [Fe;S,] clusters as intrinsic
prosthetic groups are summarized in Table I, along with the pros-
thetic group composition and range of redox potentials for the
[FesS,™° couple. This tabulation illustrates that [FesS,] clusters are

TABLE I

ENzYMES AND PROTEINS CONTAINING INDIGENOUS [Fe;S,] CLUSTERS

E.([Fe;S,")
Protein/Enzyme Source Function Prosthetic groups (mV)* Refs.
Ferredoxin

3Fe Bacteria/Archaea Electron transport [FesS 0 —130 to —200 52

TFe Bacteria/Archaea Electron transport/ [FegSyl™%; [Fe Syl —140 to —460 52
Redox sensing

Succinate dehydrogenase Mitochondria and Succinate + Q — [FesSyl?*; [FegSyl 0 +90 to —30 53, 54

(Succinate:Q oxidore- aerobic bacteria Fumarate + [Fe,S,J*"*; FAD;

ductase) QH, 1-2Cyt b

Fumarate reductase Anaerobic bacteria Fumarate + MQH, [FeyS, 125 [FesS,10% —20 to =70 53, 54

(MQH,:fumarate re- — Succinate + [Fe Sy?**; FAD;

ductase) MQ (Cyt b)

Nitrate reductase (respi- Aerobic bacteria NO; + QH, — 3[Fe Sy*7; [FeyS.™ +60 24, 55
ratory) NO; +Q Mo-cofactor

(QHy:nitrate re-

ductase)

Glutamate synthase

NAD(P)H-dependent Plants, bacteria Glutamine + 2- [FeySil™%; 2[Fe,S*+; n.d. 56
oxoglutarate + FMN; FAD
NAD(P)H — 2
glutamate +
NAD(P)

Ferredoxin-dependent Chloroplasts Glutamine + 2- [FesS,17% FMN —170 to —225 25
oxoglutarate + 57,58
2Fd,, — 2 gluta-
mate + 2Fd,.q

NiFe-hydrogenase Bacteria H, - 2H" + 2e” [FeySil™%; 2[Fe,SJ2+; -70 59

NiFe center

“Versus NHE at pH 7; n.d., not determined.
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found as electron transfer catalysts in each of the three kingdoms of
life, eukarya, archaea, and bacteria. However, in contrast to the more
ubiquitous [Fe,S,;] and [Fe,S,] clusters (1-4), all the available evi-
dence indicates that biological [Fes;S,] clusters are ligated exclusively
by cysteine residues and function in electron transfer and/or redox
sensing regulatory roles.

A. FERREDOXINS

On the basis of the available structural data, evidence has accumu-
lated for a common ancestral 8Fd with two [Fe,S,] clusters for both
monocluster (3Fe and 4Fe) and dicluster (7Fe and 8Fe) Fds. The evo-
lutionary aspects of Fds have been discussed in detail in several re-
views (52, 60) and the arguments will not be repeated here. It is worth
noting, however, that the higher potential [Fe;S,]™° clusters are be-
lieved to have evolved from their low potential [Fe,S,]*"* counterparts
in order to facilitate higher potential electron transport processes.

1. 3Fe Ferredoxins

There are only a handful of examples of Fds containing a single
[FesS,] cluster and in each case the cluster is coordinated by two cys-
tines in a -C—X,—X-X,—C- arrangement with a more remote -CP- pro-
viding the third cysteine ligand (52). In the two best-characterized
examples, D. gigas FdII (19, 61) and P. furiosus Fd (42), X is C and
D, respectively, and these residues coordinate the removable Fe in
the [Fe,S,] forms of these Fds (62, 63). Indeed, D. gigas is remarkable
in that different oligomeric forms of the same ferredoxin polypeptide
accommodate different Fe—S clusters; Fdl is a trimer with one
[Fe,Sy?"* per subunit (E,, = —450 mV), whereas FdII is a tetramer
with one [Fe;S.* per subunit (E,, = —130 mV) (60, 64). The physio-
logical significance of the 3Fe form and of the interconversion between
FdII and FdI in D. gigas have been the subject of much debate (60),
but are still unresolved issues. Anaerobically purified P. furiosus Fd
is a monomer (M, = 7,500) containing a single [Fe,S,]*"" cluster
(E, = —370 mV), but the aspartyl-coordinated Fe is readily removed
by chemical oxidation with ferricyanide to yield a [Fe;S.*° cluster
(E, = —200mV) (42, 65). Kinetic analyses indicate that the [Fe,S,]-con-
taining form is optimal for accepting electrons from pyruvate oxidore-
ductase and donating electrons to ferredoxin : NADP oxidoreductase in
P. furiosus (65). Hence, the possibility of a physiological role for the
[FesS,] form of P. furiosus Fd seems remote at this point in time. It is,
however, interesting to note that both P. furiosus Fd and D. gigas FdII



BIOLOGICAL AND SYNTHETIC [Fe;S,] CLUSTERS 7

have redox active disulfides (66, 67), and the possibility that the [Fe;S,]
clusters are involved in some hitherto undefined redox function involv-
ing these disulfides cannot be excluded at this stage.

The only clearcut examples of 3Fe Fds that are likely to be phys-
iologically relevant are those associated with the sulfonylurea
herbicide-inducible monooxygenase system of Streptomyces griseolus
(68). Two ferredoxins, Fd-1 and Fd-2 (both M, ~ 7 kDa), have been
purified from sulfonylurea herbicide-induced S. griseolus, and each
was shown to contain a single [FesS,]™° cluster on the basis of analyti-
cal and spectroscopic studies. The genes for these ferredoxins were
located just downstream from each of the two inducible cytochrome
P450 enzymes, and either protein was found to restore sulfonylurea
monooxygenase activity to an aerobic mixture of NADPH, spinach fer-
redoxin : NADP oxidoreductase, the purified cytochrome P450, and the
herbicide substrate. One of the ferredoxins, Fd-1, has only three cys-
teines, and both ferredoxins have the customary cysteine motif for
ligation of a [Fe;S,] cluster with alanine in place of the cysteine or
aspartate that ligates the fourth iron (X = A), that is, -C—-X;—A-X,—
C---CP- for Fd-1 and -C—C-X-A—-X,—C---CP- for Fd-2.

2. 7Fe Ferredoxins

Approximately 20 7Fe Fds have been purified to homogeneity, and
a summary of the redox properties, sequence type, and key character-
ization or sequence references is presented in Table II. Although spe-
cific electron transfer functions are known in only a few cases, se-
quence data and/or whole cell EPR studies suggest that these Fds
contain [Fe;S,]*° and [Fe,S,*"" clusters in vivo. The redox potential
of each cluster varies over a wide range (£, = —140 to —460 mV for
the [Fe;S,0™° couple and E,, = —410 to —715 mV for the [Fe,S,1*"*
couple), with the tetranuclear cluster invariably having the lower po-
tential. In cases where a specific redox function has been identified,
only the [Fe;S,]*° cluster undergoes redox cycling under physiologi-
cal conditions.

On the basis of primary sequence considerations, 7Fe Fds
can be subdivided into at least two major classes. The first class
(Azotobacter-type) is typified by the structurally characterized A.
vinelandii Fdl (18, 69, 123, 124) and has two groups of coordinating
cysteine residues with consensus sequences of -C—X,—X-K-X;-C—
X;—C-P-V- and -C-X,-C—X,—C—X;—C-P- for the first and second
groupings, respectively. The C and C residues ligate the [Fe;S,] and
[Fe,S,] clusters, respectively, and the X residue is C, V, T, or E; see
Table II. In addition to the anomalous arrangement of cysteine resi-
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TABLE II

PROPERTIES OF 7TFe FERREDOXINS

E,[Fe;S,]*° E,[Fe,S)*

Source/name Sequence type® (mV vs NHE) (mV vs NHE) Refs.
Azotobacter vinelandii FdI A-type X = C) —425 (pH 7.8) —650 (pH 7.8) 6, 69-74
Azotobacter chroococcum Fdl A-type (X = C) —460 (pH 8.3) —645 (pH 8.3) 75,76
Pseudomonas stutzeri TFe Fd A-type (X = C) 77
Pseudomonas ovalis TFe Fd A-type (X = C) 78-81
Pseudomonas nautica TFe Fd A-type (X = C) —175 (pH 7.6) —715 (pH 7.6) 82
Rhodobacter capsulatus FdII A-type X = C) 83-87
Rhodospirillum rubrum FdII A-type (X = C) 88
Rhodopseudomonas palustris Unknown —260 (pH 8.0) —560 (pH 8.0) 89, 90

7Fe Fd
Thermus thermophilus 7Fe Fd A-type (X = V) —250 (pH 9.0) —530 (pH 9.0) 70,79, 81, 91-94
Mycobacterium smegmatis TFe Fd A-type (X = V) —435 95-98
Streptomyces griseus TFe Fd A-type (X = V) < —400 < =500 99, 100
Bacillus schlegelii TFe Fd A-type X = T) 101-105
Bacillus acidocaldarius 7TFe Fd A-type X = E) 106
Desulfovibrio africanus FAIII D-type X = E) —140 (pH 7.5) —410 (pH 7.5) 43, 107, 108
Desulfovibrio vulgaris Miyazaki FdI D-type X = E) +40, —140, —310 (pH 7.7) —440 (pH 7.7) 109-111
Sulfolobus sp. Strain 7 7Fe Fd D-type X = P) —280 (pH 7.0) —530 (pH 7.0) 112-115
Thermoplasma acidophilum TFe Fd D-type X = P) 116
Sulfolobus acidocaldarius TFe Fd D-type X = P) —275 (pH 6.4) —529 (pH 6.4) 117-119
Desulfurolobus ambivalens TFe Fd D-type ()_( =P) —270 (pH 7.5) —540 (pH 7.0) 120, 121
Pyrobaculum islandicum TFe Fd P-type 122

@ A-type = Azotobacter-type; —C—X,—X-K-X;-C—X;—C-P-V- and —C—X,—C-X,~C—X;—C—P- consensus sequence in regions
of cluster coordinating residues; D-type = Desulfovibrio-type; —Q—X2—D:X2—Q:X3—Q:P—V— and -C—X,—C-X,-C—X;—C-X- con-
sensus sequence in region of cluster coordinating residues C and C residues ligate_the [FesS4l and_[Fe4SH clust;rs, respectively,
for A-type and D-type); P-type = Pyrobaculum-type; —C-X,-C-X,~C-X;—C—P- and —~C-X,~D-X,~C-X,~C-P-V— arrangement
of cysteines, but the specific cysteines ligating each cluster have still to be determined.

® EPR redox titrations indicate heterogeneity in the [Fe;S,] center.

dues, Azotobacter-type 7TFe Fds have a 30- to 50-residue C-terminal
extension compared to clostridial 8Fe Fds, resulting in M, of approxi-
mately 12,700.

Ferricyanide oxidation of Azotobacter-type 7Fe Fds generally leads
to degradation of the [Fe,S,] cluster, with an [Fe3;S,] intermediate be-
ing observed in some cases, such as Pseudomonas ovalis (79), Thermus
thermophilus (79), and Mycobacterium smegmatis (79, 97). Since the
[FesS,] cluster does not undergo facile [Fe;S,] to [Fe,S,] cluster conver-
sion under reducing conditions, it is generally considered to be an
intrinsic redox active component rather than artifact of aerobic isola-
tion. Moreover, in the X-ray crystal structure of A. vinelandii FdI (18,
69), the nonconserved cysteine, X, is moved out of range for ligating
a fourth Fe site by the insertion of two additional residues between
the second and third cysteines of the -C—X,—C—X,—C- motif that cus-
tomarily ligates [Fe,S,] clusters in 4Fe and 8Fe Fds (52). Neverthe-
less, for Azotobacter-type 7Fe Fds with X = C, conditions have been
found to effect at least partial [Fe;S,] to [FesS,] conversion under re-
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ducing conditions in the presence of Fe(II) ion, such as in A. vinelandii
(125) and in Azotobacter chroococcum (75), and there is an uncon-
firmed report that A. vinelandii FdI can be reconstituted from apo-
protein as an 8Fe Fd (126).

Relatively little is known about the physiological function of
Azotobacter-type Fds. The most clearcut case for a specific function
can be made for S. griseus 7Fe Fd (99). This 7Fe Fd is induced along
with cytochrome P450 by adding soybean flour to the medium and
can act as an electron donor to the inducible cytochrome P450 in vitro.
The [Fe;S,]™° couple in the 7Fe Fd from the thermophilic hydrogen-
oxidizing bacterium Bacillus schlegelii has been shown to be func-
tional in mediating electron transfer to cytochrome ¢ from
NADPH : ferredoxin reductase (103). The roles of the 7Fe Fds in nitro-
gen-fixing and photosynthetic bacteria have been addressed by as-
sessing the consequences of disrupting the genes encoding for these
proteins in A. vinelandii (127) and Rhodobacter capsulatus (83). The
resulting A. vinelandii strain had no obvious phenotype with respect
to cell growth, but a regulatory role for Fdl was implicated by the
observation of dramatically elevated levels of NADPH : ferredoxin re-
ductase (128). Since this enzyme specifically binds FdI, they are likely
to be redox partners in vivo (129). Moreover, the most recent results
strongly suggest that the specific function of FdI is to serve as a redox
sensor that regulates the expression of of NADPH : ferredoxin reduc-
tase via inactivation of an oxidative stress response system (128, 130).
In contrast to A. vinelandii, disruption of the gene encoding for FdII
in R. capsulatus resulted in no growth even under conditions that
derepress the expression of the other three Fd genes (83), indicating
some type of specialized physiological function that is indispensable
for the bacterium.

The second class (Desulfovibrio-type) is typified by Desulfovibrio af-
ricanus FdIII and has two groupings of cysteine residues with consen-
sus sequence -C—X,—D-X,—C—X3—C-P-V- and -C—X,—-C-X,—C-X;—
C—X-. Once again the C and C residues ligate the [Fe;S,] and [Fe,S,]
clusters, respectively, and the X residue is E for the examples from
sulfate-reducing bacteria and P in the examples from thermoacido-
philic archaea; see Table II. The two examples from sulfate-reducing
bacteria, that is, D. africanus FdAIII and Desulfovibrio vulgaris Miya-
zaki FdI, have M, ~ 6,600 and primary sequences similar to those of
clostridial type 8Fe Fds (107, 110). However, the primary structures
of 7Fe Fds from the thermophilic archaea Sulfolobus sp. strain 7, Sul-
folobus acidocaldarius, Desulfolobus ambivalens, and Thermoplasma
acidophilum are distinct for those of the sulfate-reducing bacteria in
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two regions. They each have an ~40-residue N-terminal extension
that contains a Zn(II) ion tetrahedrally coordinated by three histi-
dines and one aspartate and an ~10-residue insertion in the middle
of the polypeptide chain, resulting in M, ~ 11,500 (131). On the basis
of the crystal structure of a 6Fe (2x[Fes;S,]) form of Sulfolobus sp.
strain 7 (114, 131), it seems likely that the zinc ion plays an important
role in stabilizing the structure by connecting the N-terminal exten-
sion and the core fold.

The [Fe3S,] clusters in D. africanus FAII and D. vulgaris FdI both
undergo facile conversion to [Fe,S,] clusters on addition of Fe(II) ion
under reducing conditions (43, 111). The resulting S = 3/2 [Fe,S,]*
clusters have properties very similar to those of the [Fe,S,] cluster in
P. furiosus Fd (42, 63), suggesting that the incorporated Fe is ligated
by the aspartate that replaces the cysteine in the conventional 4Fe
and 7Fe Fd sequences. There have been no reports thus far of
analogous reductive [Fe;S, — [Fe S, cluster conversion for any
of the 7Fe Fds from thermophilic archaea. However, on the basis of
results obtained with Sulfolobus 7Fe Fd (114, 115), this group of 7Fe
Fds is likely to readily undergo aerial oxidative [Fe,S, — [FesS,]
degradation at pH 5 to yield stable 6Fe Fds containing 2 [Fe;S,]
clusters.

In vitro studies suggest that D. vulgaris Miyazaki FdI is an electron
carrier in the phosphoroclastic reaction involving pyruvate dehydro-
genase and the hydrogenase—cytochrome c; system (109). No specific
role has been proposed for D. africanus FdIIl, and there is no direct
evidence that the [Fe;S,]-containing form is the physiologically rele-
vant form of either of the 7Fe Fds isolated from sulfate-reducing bac-
teria. Strong evidence that [Fe;S,]-containing forms of the 7Fe Fds
from thermophilic archaea are present in vivo has come from whole-
cell EPR studies of protein from D. ambivalens (120). Moreover, the
[Fe;S,]" cluster of purified D. ambivalens Fd is able to accept electrons
from the pyruvate oxidase and NADH oxidase isolated from this or-
ganism. A role in 2-oxoacid oxidation for the 7Fe Fds of thermophilic
archaea was first proposed based on studies of Sulfolobus 7Fe Fd
(132) and subsequent studies have shown that only the higher poten-
tial [FesS,]*° cluster is reduced at the physiological pH during steady-
state turnover of the purified 2-oxoacid :ferredoxin oxidoreductase at
50°C (112).

Very recently a new type of 7Fe Fd (M, ~ 12,000) has been purified
from the hyperthermophilic archaeon Pyrobaculum islandicum (122).
The protein has a C-terminal extension, as in A. vinelandii FdI, but
the overall sequence homology between these two Fds is low, and the
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arrangement of cysteines -C—X,—C-X,—-C—X;—C—-P- and -C-X,—D-
X,;—C—-X3—C—P-V- (P-type, see Table II) suggests that the [Fe;S,] clus-
ter is ligated by the last cysteine of the first motif and the first and
second cysteines of the second motif, that is, the opposite arrange-
ment to that encountered in all 7Fe Fds investigated thus far. The Fd
was rapidly reduced by the 2-oxoglutarate : ferredoxin oxidoreductase
isolated from the same organism, indicating a role as an electron ac-
ceptor for redox enzymes involved with glycolytic metabolism.

B. SuccINATE DEHYDROGENASE AND FUMARATE REDUCTASE

Succinate dehydrogenases and fumarate reductases constitute a
large group of iron—sulfur flavoenzymes with very similar catalytic
and physical properties (53, 54, 133). Succinate dehydrogenase is pres-
ent in aerobic organisms as a membrane-bound component of the re-
spiratory chain (Complex II of the mitochondrial respiratory chain).
As a tricarboxylic cycle enzyme, it catalyzes the oxidation of succinate
to fumarate and transfers electrons to the quinone pool for oxygen
reduction and energy transduction. Fumarate reductase catalyzes the
reverse reaction in anaerobic organisms and is the terminal enzyme
in the anaerobic electron transport chain when fumarate is utilized
as the respiratory oxidant. Both enzymes have a hydrophilic catalytic
domain that consists of a flavoprotein (M, ~ 70,000) containing cova-
lently bound FAD and iron-sulfur protein (M, ~ 27,000) containing
[Fe,Sot, [FeS, 2", [FesS,™0 clusters (Centers 1, 2, and 3, respec-
tively). The catalytic domain is attached to the membrane by one or
two hydrophobic subunits that usually contain one or two b-type cyto-
chromes.

The first suggestion that succinate dehydrogenase contained a
[Fe;S,] cluster came from the magnetic field dependence of the linear
electric field on the EPR spectrum of air-oxidized bovine heart Com-
plex II (134). This was confirmed by identification of the unique
VTMCD properties of the [Fe;S,]° clusters in dithionite-reduced solu-
ble succinate dehydrogenase preparations from bovine heart mito-
chondria (22) and in dithionite-reduced samples of the cytochrome b
deficient four-subunit complex and soluble form of fumarate reductase
from E. coli (23). The inability to effect [FesS,] to [Fe,S,] cluster con-
version under reducing conditions by addition of Fe(II) ion (22, 23),
coupled with observation of the characteristic EPR signal of the
[Fe;S,]" cluster in whole cells of E. coli with amplified expression of
fumarate reductase (28), provided strong evidence that the [Fe;S,]*°
cluster in these enzymes was an intrinsic redox active component
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rather than an isolation artifact. As indicated later, this conclusion
has subsequently been confirmed by primary sequence and mutagene-
sis data and the [Fe;S,]™° cluster has been shown to play an intrinsic
role in mediating electron transfer to or from the quinone/quinol.
Mutagenesis studies of E. coli fumarate reductase have identified
the cysteines ligating each of the three clusters in the iron—sulfur
protein subunit (135-137), and the three cysteines involved with li-
gating the [Fe;S,] cluster are conserved in all fumarate reductases
and succinate dehydrogenases sequenced thus far. The primary se-
quences of the iron—sulfur protein subunit of 14 succinate dehydroge-
nases and 6 fumarate reductases from a variety of eukarya and bacte-
ria are currently available in the Swiss Protein data base, and the
[Fe;S,] and [Fe,S,] clusters are ligated by the second and third groups
of cysteines in an arrangement similar to that found in 7Fe Fds, that
iS, -Q—Xz—Q—Xg—Q—Xg—Q—P- and -Q—Xz—}_(—XZ—Q—X3—Q—P- with the
C and C residues ligating the [Fe;S,] and [Fe,S,] clusters, respec-
tively. Support for the proposal that the [Fe,S,] cluster is not an isola-
tion artifact comes from the observation that the residue capable of
ligating a removable Fe by analogy with 4Fe and 8Fe Fds, X, is usu-
ally a noncoordinating residue such as I, V, L or A. Three lines of
evidence point to a direct role for the [Fe;S,]™° cluster in mediating
electron transfer to or from the quinone/quinol pool. First, the redox
potential of the [Fe;S,]™° couple is commensurate with a role as a
ubiquinone/menaquinone oxidoreductase. In succinate dehydroge-
nases using ubiquinone (K, = +65 mV) as the electron acceptor, the
[Fe;S,]™° cluster has a midpoint potential between +60 and +90 mV,
whereas in fumarate reductases using menaquinol (E,, = —74 mV)
as the electron donor, the midpoint potential is between —70 and
—20 mV; see Table I. Second, soluble preparations of succinate dehy-
drogenase that are deficient in the [Fe;S,] cluster are not able to medi-
ate electron transfer to ubiquinone in reconstitution experiments (22).
Third, conversion of the [Fe;S,]*? cluster (£, = —70 mV) to a lower
potential [Fe,S,>*" cluster (E,, = —350 mV) in E. coli fumarate reduc-
tase, via X = V to C site-directed mutagenesis, results in a marked
decrease in both the growth rate under conditions requiring a func-
tional fumarate reductase and the catalytic activity using menaquinol
as electron donor (137). A related study with B. subtilis succinate
dehydrogenase showed that the X = S to C mutation did not effect
[FesS, to [Fe,S,] conversion in this enzyme (138), but did result in
substantially impaired quinone reductase activity, adding further
support to a role for the [Fe;S,]"° cluster in mediating electron trans-
fer to quinone. Furthermore, there is now an example of an archaeal
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succinate dehydrogenase complex from Sulfolobus acidocaldarius
with X = C that appears to have a [Fe,S,] cluster in place of the
[Fe3S,] cluster on the basis of EPR studies and has poor activity with
the caldariella quinone, the physiological acceptor (139).

C. NITRATE REDUCTASE

When E. coli is grown anaerobically with nitrate as the respiratory
oxidant, it develops a respiratory chain terminated by a membrane-
bound quinol : nitrate oxidoreductase (NarGHI) that reduces nitrate
to nitrite. The enzyme is a heterotrimer comprising a Mo-cofactor-
containing catalytic subunit (NarG; 139 kDa), an Fe-S cluster-
containing electron transfer subunit (NarH; 58 kDa), and a heme-
containing membrane anchor subunit (Narl; 26 kDa) (140). The
presence of a single [Fe;S,]*° cluster in addition to multiple
[Fe,S.*"* clusters was first established on the basis of EPR and
VTMCD studies of the oxidized and reduced forms of the two subunit
(NarGH) soluble enzyme (24). More detailed EPR studies coupled
with extensive mutagenesis experiments have identified the redox
properties, subunit location, and ligation of the [Fe;S,*° cluster
(E, = +60 mV) and the three [Fe,S,*"" clusters (&, = +80, —200,
and —400 mV) (565, 141). All four clusters are located in the NarH
subunit and coordinated by cysteine residues in Fd-like arrange-
ments, that is, -C—X;—C—-X,—C—-X;—C-, except that the third group of
cysteines, which is responsible for two of the ligands to the [FesS,]
cluster, has W in place of the second C. Hence, the sequence data
argues strongly in favor of the [Fe;S,]*° center being an intrinsic re-
dox component of the enzyme in vivo, and it has not been possible to
assemble a [Fe,S,] cluster in this site even in the W to C mutant
(142). Rather, mutagenesis experiments involving selective removal
of individual centers point to a crucial role for the two high-potential
clusters in mediating electron transfer from the quinol to the Mo co-
factor active site (141-144). Although E. coli nitrate reductase is
closely related to several other Mo-containing oxidoreductases, such
as E. coli formate dehydrogenase (FdAnGHI) (145), Wolinella succino-
genes polysulfide reductase (PsrABC) (146), and E. coli dimethyl sulf-
oxide reductase (DmsABC) (147), each of these enzymes has four
[Fe S, clusters with complete cysteinyl ligation, in the Fe—S con-
taining electron transfer subunit. Since the nitrate/nitrite couple
(E}, = +420 mV) has by far the highest redox potential of any of the
reactions catalyzed by this class of enzymes, it seems reasonable to
speculate that the [Fe;S,]"° cluster in nitrate reductase has evolved
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in order to facilitate high-potential electron transfer to the Mo active
site.

D. GLUTAMATE SYNTHASE

Glutamate synthase, a key enzyme in the nitrogen assimilation
pathway in plants and microorganisms, catalyzes the reductive
transfer of the amide group from the side chain of glutamine to
2-oxoglutarate to form glutamate; see Table I. The reducing equiva-
lents are provided by NAD(P)H in bacterial enzymes and by ferre-
doxin in photosynthetic tissues. Both classes of enzyme have a com-
mon, highly conserved catalytic subunit (~160 kDa) with FMN as the
active site and a single [Fe;S,]*° cluster to mediate electron transfer
(25, 56, 58, 148). In the case of the NAD(P)H-dependent enzymes,
there is an additional subunit (~53 kDa) containing two [Fe,S,]*"*
clusters and a FAD which is the site of NAD(P)H oxidation (149).

The first suggestion that glutamate synthase contained a [Fe;S,]"°
cluster came from EPR and Méssbauer studies of the oxidized and
reduced forms of the NAD(P)H-dependent enzyme purified from A.
vinelandii (6, 150). Definitive evidence for a single S = 1/2 [Fe;S,]*
cluster in oxidized samples and an S = 2 [Fe;S,]° cluster in the dithio-
nite reduced samples came from EPR and VTMCD studies of the Fd-
dependent spinach glutamate synthase (25). Moreover, addition of
Fe(Il) ion to spinach glutamate synthase under reducing conditions
did not effect conversion to [Fe S, cluster, indicating that the
[Fe;S,]™° cluster was unlikely to be an artifact of oxidative degrada-
tion during purification. The specific ligands to the [Fe;S,] cluster
have yet to be determined, but each of the five Fd-dependent and six
NAD(P)H-dependent enzymes in the Swiss Protein data base has a
conserved group of closely spaced cysteines, —C—X;—C—-X,—~C-P-. By
analogy with [FesS,] clusters in Fds, succinate dehydrogenases, fu-
marate reductases, and nitrate reductase, it is likely that at least the
first two cysteines in this grouping are involved with ligation of the
[FesS4] cluster in glutamate synthases (25). The redox potentials of
the FMN and [Fe;S,]™° centers in the Fd-dependent spinach enzyme
were determined to be —180 and —170 mV, respectively, on the basis
of optical and EPR monitored redox titrations (57), and to be isopoten-
tial with E,, = —225 mV by cyclic voltammetry (58). While the 50-mV
discrepancy in the redox potential of the [Fe;S,]*° couple by these two
methods has yet to be resolved, the choice of a [Fe;S,] cluster to medi-
ate electron transfer to the FMN active site is probably dictated by
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the higher redox potentials generally associated with [Fe;S.]*° cou-
ples compared to [Fe,S,*"* or [Fe,S,*"" couples.

E. NiFe-HYDROGENASE

NiFe-hydrogenases enable microorganisms to use H, as an energy
source by catalyzing the oxidative cleavage of H, to 2H", thereby pro-
viding a source of electrons for substrate reduction and ultimately
ATP synthesis. All have a common, highly conserved large subunit
(~60 kDa) which contains the binuclear NiFe hydrogen activating
center and a smaller, more variable Fe—S cluster subunit, containing
one [Fe,S,] cluster, or three [Fe,S,] clusters, or two [Fe,S,] clusters
and one [Fe;S,] cluster, which mediates electron transfer to the elec-
tron acceptor (151, 152). Definitive spectroscopic evidence for a
[Fe;S,]™0 cluster that could not be converted to a [Fe,S,] cluster by
addition of Fe(Il) ion under reducing conditions initially came from
EPR, Mossbauer, and VTMCD studies of the NiFe-hydrogenase from
D. gigas (26, 27, 59, 1563) and Chromatium vinosum (154, 155). More-
over, on the basis of EPR studies and primary sequence considera-
tions, [Fe;S,] clusters are likely to be intrinsic components of many
of the NiFe-hydrogenases from sulfate-reducing and photosynthetic
bacteria (151, 156).

The structure of the novel binuclear NiFe active site and the iden-
tity of the diatomic ligands at the Fe site as one CO and two CN~
has been determined by the combination of crystallographic and FTIR
studies (157-161). The crystallographic results for D. gigas NiFe hy-
drogenase (157) also revealed the electron transport pathway to the
active site, the ligation of the Fe—S clusters in the small subunit, the
origin of the variability in the sequence, and Fe—S cluster content
among NiFe-hydrogenases in general. The Fe—S subunit invariably
contains an N-terminal domain with four conserved cysteines in a
unique arrangement that ligate the [Fe,S,J*"* cluster proximal to the
NiFe center. Variability occurs in the C-terminal domain, which is
absent, or has an arrangement of eight cysteines analogous to that of
an 8Fe—Fd, or has a novel fold with six or seven cysteines that ligate
two [Fe,S,?"" clusters or one [Fe,S,>"" and one [Fe;S,]™° cluster.
This C-terminal domain has -H-X;—C—X _5—C—-X;—C—-X;—C—X;;—X—
X;—C—-Xy,—C- with X = C for domains containing two [Fe,S,] clusters
and X = P for domains containing one [Fe;S,] and one [Fe,S,] cluster.
The crystallographically characterized enzymes from D. gigas (157)
and Desulfovibrio vulgaris Miyazaki (162) both have X = P, and the
structures show that the histidine and the first three cysteine resi-
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‘ active site

His219L

Cys246S
Cys219S

Fia. 1. Proposed electron transport pathway in D. gigas NiFe-hydrogenase. Selected
distances are given in angstroms. Modified with permission from Ref. (157).

dues ligate a distal [Fe,S,] cluster and that the last three cysteine
residues ligate the [Fe;S,] with the proline residue occupying the posi-
tion of a cysteine that would ligate a potential fourth Fe site. Indeed,
in NiFe-hydrogenases such as that from Desulfovibrio baculatus,
which have X = C, EPR and Mossbauer studies have shown that the
[Fes;S,] cluster has been replaced by a [Fe,S,] cluster (163). Hence, the
structural/sequence data indicate that the [Fe;S,] clusters in NiFe-
hydrogenases are intrinsic components of the functional enzymes and
are ligated by a unique arrangement of cysteines compared to other
indigenous [Fe;S,] clusters.

The spatial arrangement of the Fe—S clusters in D. gigas NiFe-
hydrogenase (see Fig. 1) suggests an active role for the [Fe;S,]™° clus-
ter in mediating electron transfer from the NiFe active site to the
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distal cluster, which has an exposed histidine ligand. However, the
high redox potential of the [Fe;S,]"° cluster (—70 mV) compared to
those of the two flanking [Fe,S,]*"* clusters (—290 and —340 mV at
pH 7) (59) and the reaction being catalyzed (—413 mV at pH 7), cou-
pled with the absence of this cluster in some NiFe-hydrogenases,
raises doubts about its involvement in electron transfer. Morevoer,
conversion of the [Fe;S,]*° cluster to a [FeS,]*"* cluster in Desulfouvi-
brio fructosovorans NiFe-hydrogenase via a P238C mutation resulted
in a 300-mV decrease in the midpoint potential, but had only a slight
effect on the enzymatic activity (164). The implication is that the
[FesS,]"° cluster is not required for efficient electron transfer through
the Fe-S subunit, and the role of this cluster in NiFe-
hydrogenases remains an enigma.

IV. Structures

X-ray crystal structures are now available for six proteins con-
taining [Fe;S,] clusters: A. vinelandii FdI (124, 165); D. gigas FdII
(19, 61, 166); Sulfolobus 7Fe Fd (114); mitochondrial aconitase (167);
and NiFe-hydrogenases from D. gigas (157, 158) and D. vulgaris Miya-
zaki (162). In each case the structure has been determined for the
oxidized protein containing a [Fe;S.]* cluster, and A. vinelandii FdI
is currently the only protein for which the structure has been ob-
tained for both oxidized and reduced forms containing [Fe;S,]* and
[FesS,° clusters, respectively (124). However, average Fe—Fe and
Fe—S distances have been determined by EXAF'S for the [Fe;S,]* and
[FesS,]° clusters in P. furiosus Fd (G. N. George, R. C. Prince, S. J.
George, Z. H. Zhou, M. W. W. Adams, and I. J. Pickering, unpublished
results) and D. gigas FdII (16), as well as for the [Fe;S,]" cluster in
mitochondrial aconitase (16). These EXAFS studies and the crystallo-
graphic data for A. vinelandii Fdl were important in demonstrating
that the overall Fes(us—S)(ue—S)s(S(Cys)); structure of the oxidized
cluster (best visualized as a cubane-type [Fe,S,] center minus one Fe
atom) is preserved on one-electron reduction. This has been confirmed
by the synthesis of a model complex, [FesS,(LS;)?~ (LS; is a trithiolate
cavitand ligand), which has a [Fe;S,]° core with properties analogous
to those of the protein counterparts (49).

A summary of the Fe—Fe and Fe-S distances in cuboidal [Fe;S]*°
centers as deduced by X-ray crystallography and EXAFS, is given in
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TABLE III

METRIC DATA FOR CUBOIDAL [Fe;S,] CLUSTERS AS DETERMINED BY CRYSTALLOGRAPHIC STUDIES®

Fe-Fe (A) Fe—usS (A) Fe-u,S (A)  Fe—S(Cys/L) (A)
Resolution Oxidation

Protein/model (A) state Values Ave. Range Ave. Range Ave. Range Ave. Ref.
[FesSy(LS;) 1> [Fe;S,I°  2.67,2.71,2.73 2.70 2.27-2.33 231 224-2.28 226 2.31-2.33 2.32 50°
A. vinelandii Fdl

pH 7.8 1.35 [Fe;S,]*  2.64,2.67,2.73 2.68 2.27-2.33 2.31 2.21-2.29 2.25 2.29-2.32 2.31 165

pH 8 1.9 [Fe;S,]°  2.64,2.65,2.71 2.67 2.26-2.29 2.27 2.25-2.30 2.28 2.27-2.31 2.29 124

pH 6 2.1 [Fe,S,0*  2.60,2.61,2.71 2.64 2.25-2.28 2.27 227-232 229 2.27-231 229 124

pH 8 2.1 [Fe,S,)° 2.54,2.62,2.65 260 2.23-2.26 2.24 227-2.33 229 2.28-235 231 124

pH 6 2.2 [Fe;S,l° 2.57,2.60,2.65 261 2.28-2.29 228 225-2.30 2.28 2.27-2.28 228 124
D. gigas FdII 1.7 [Fe;S,]° 2.70,2.76,2.79 2.75 2.31-2.32 2.32 2.22-2.33 2.27 2.22-2.29 2.26 61
Sulfolobus 6Fe Fd

Cluster I 2.0 [Fe,S,1*  2.63,2.66,2.71 2.67 2.32-2.33 2.32 2.31-243 2.33 2.31-2.31 231 114

Cluster IT 2.0 [Fe;S,J°  2.58,2.61,2.62 2.60 2.29-2.32 2.31 2.26-2.30 2.28 2.28-2.30 2.29 114
Aconitase 2.1 [Fe;S,]°  2.53,2.58,2.65 2.59 2.27-2.31 2.28 2.28-2.36 2.33 2.26-2.29 2.28 167°
D. gigas NiFe H,ase 2.5 [Fe;S,]°  2.69, 2.75, 2.77 2.74 2.25-2.29 2.27 2.21-2.35 2.26 2.25-2.35 2.29 158

@ All metric data for proteins are taken from the structures deposited in the Brookhaven Protein Data Bank.

 LS; is the trithiolate cavitand ligand, 1,3,5-tris((4,6-dimethyl-3-mercaptophenyl)thio)-2,4,6-tris(p-tolylthio)benzene(3-).

¢ The Fe—Fe distances in the published article, 2.64, 2.71, 2.73 A, differ significantly from those deduced from the structure
deposited in the Protein Data Bank.

Tables III and IV, respectively. Overall, the crystallographic data
indicate Fe-Fe distances ranging from 2.53 to 2.79 A (average =
2.67 A) and Fe-S distances ranging from 2.21 to 2.36 A (average =
2.29 A). At first sight, the large variation in Fe—Fe distances, in par-
ticular, suggests significant variations in core structure. However, the
variance in the interatomic distances is within the limits of experi-
mental error for the protein crystal structures refined at resolutions
=2 A (168). Hence, meaningful assessment of the variability and dis-
tortions in the core structures of [Fe;S,]™° clusters, must be confined
to a comparison of the two high-resolution protein structures (A. vine-
landii FdI at 1.35 A resolution and D. gigas FdII at 1.7 A resolution),

TABLE IV

AVERAGE Fe—Fe aAND Fe—S DISTANCES FOR [Fe3S,] CLUSTERS
AS DETERMINED BY EXAFS

Protein Oxidation state Fe-Fe (A) Fe-S (A) Ref.

D. gigas FdII [FesS,]* 2.70 2.25 16
[FesS,]° 2.67 2.27 16

Aconitase [FesS,]* 2.71 2.24 15
P. furiosus Fd [FesS,1* 2.67 2.24 a
[FesS,]° 2.67 2.27 a

¢ George, G. N., Prince, R. C., George, S. J., Zhou, Z. H., Adams, M. W. W,
and Pickering, I. J., unpublished results.
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Fia. 2. Metrical data for [FegﬂS4] clusters taken from the high-resolution crystaﬂl
structures of D. gigas FdII (1.7 A resolution) (19, 61, 166), A. vinelandii FdI (1.35 A
resolution) (165), and the model complex (Et,N)s[FesS,(LS;)] (50).

together with the structure of the synthetic complex and the EXAFS
data. Bond angles and interatomic distances for the three high-resolu-
tion crystal structures are compared in Fig. 2.

Metrical parameters for the [Fe;S,]* cluster in A. vinelandii FdI and
the [Fe;S,]° in the model complex have been determined to an accu-
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racy of at least 0.01 A or 1° and the close correspondence is particu-
larly striking (165). The average Fe—S bond lengths are the same
within experimental error, and the Fe—u,S bonds are on average
0.05 A shorter than the Fe—us3S and Fe—S(Cys/L) bonds. The average
Fe—Fe distances are very close (2.68 and 2.70 A) and lie within the
range established by EXAFS studies of protein-bound [Fe;S,]"° clus-
ters (2.67-2.71 A). The average wyS—Fe—uw,S bond angles (113° in
both) are 9° larger than the average u,S—Fe—wu;S bond angles (104° in
both), consistent with a more open or splayed configuration compared
to a cubane [Fe,S,] cluster as a result of the removal of an Fe (50).
Perhaps the most significant difference lies in the distribution of the
Fe-Fe distances: one short (2.67 A) and two long (2.71 and 2.73 A
for the [Fe;S]° cluster in the model complex, compared to one long
(2.73 A) and two short (2.64 and 2.67 A) for the [FesS]" cluster in A.
vinelandii FdI. Although it has yet to be proven, it is tempting to
speculate that the pseudomirror symmetry that is apparent in the
model complex is a consequence of the short Fe—Fe interaction corre-
sponding to the valance-delocalized Fe?**—Fe?5* pair (50); see later
discussion.

The structure of D. gigas FdII has been refined at 1.7 A resolution,
and the estimated variance in the cluster interatomic distances is
=0.05 A (19, 61). Bearing this limit of accuracy in mind, there do
appear to be some significant differences in the structures of the
[FesS,]* centers in D. gigas FdAII and A. vinelandii FdI (165); see Fig.
2 and Table III. The Fe—Fe distances are longer in FdII (range 2.70-
2.79 A, average 2.75 A, vs range 2.64-2.73 A, average 2.68 A in FdD)
and the Fe—S(Cys) distances are shorter in FdII (range 2.22—-2.29 A,
average 2.26 A, vs range 2.29-2.32 A, average 2.31 A in Fdl). Fur-
thermore, the splayed configuration is much less pronounced in FdII
as judged by the difference in the average w,;S—Fe—w,S and u,S—
Fe—w; S bond angles (4° vs 9° in FdI), and the shortest Fe—Fe distance
occurs between the Fe atoms ligated by the N-terminal and middle
cysteines (Cys8 and Cys14) in FdII as opposed to middle and C-termi-
nal cysteines (Cysl6 and Cys49) in FdI. Therefore, it seems likely
that the [Fe;S,]" clusters have somewhat different distortions in the
crystalline forms of these two proteins. However, the possibility that
these structures are not maintained in frozen solution is raised by
EXAFS studies of oxidized D. gigas FdII, which indicate a signifi-
cantly shorter average Fe—Fe distance (2.70 A) than the crystallo-
graphic data (2.75 A); see Tables III and IV.

Unfortunately, the question of the core structural changes accompa-
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nying reduction are poorly addressed by the available structures.
What is required are high-resolution crystal structures of a protein or
the model complex with the cluster in each of the accessible redox
states. EXAFS studies of D. gigas FdII and P. furiosus Fd indicate
that the structural changes accompanying one-electron reduction are
likely to be small; see Table IV. The average Fe—Fe distance in the
[FesS,]° clusters (2.67 A) was unchanged and showed a 0.03-A in-
crease on one-electron oxidation of P. furiosus Fd and D. gigas FdII,
respectively. In accord with the increase in formal oxidation state of
the Fe from +2.67 to +3.0, the average Fe—S distance (2.67 A) de-
creased by 0.03 and 0.02 A on one-electron oxidation of P. furiosus Fd
and D. gigas Fdll, respectively. X-ray crystal structures have been
refined at 1.9-2.2 A resolution for oxidized and reduced forms of A.
vinelandii FdI at pH 8 and 6 (124). The results added support to mu-
tagenesis studies that indicated that a nearby aspartate residue
(Asp15) participates in the protonation of the [Fe;S,]° cluster (pK, =
7.7) (169) and showed that no major structural changes in the [Fe;S,]
center accompany reduction and/or protonation. However, the resolu-
tion was not sufficient to address in detail the structural changes in
the [Fe3S,] core. Indeed, in contrast to the EXAFS data for D. gigas
FdII and P. furiosus Fd, the crystallographic data, taken at face value,
for the unprotonated form (pH 8), would indicate that one-electron
reduction is accompanied by a 0.07-A decrease in the average Fe—Fe
distance and no change in the average Fe—S distance; see Table III.

V. Electronic, Magnetic, and Vibrational Properties

Many techniques have contributed to the current understanding of
the electronic properties and intracluster magnetic interactions of bio-
logical [Fe3S4] clusters. EPR, ENDOR, Méssbauer, VIMCD, satura-
tion magnetization, and resonance Raman studies have been used to
elucidate ground-state magnetic and vibrational properties, and ex-
cited-state electronic structure has been assessed by absorption, CD,
VTMCD, and resonance Raman. Mossbauer has played a particularly
crucial role by demonstrating the presence of valence delocalized
Fe?5*Fe?%* pairs in both [Fe;S,]° clusters and [Fe;S,~ cluster frag-
ments. Hence, valence delocalized pairs are crucial for understanding
both the redox and electronic properties of [Fe;S,] clusters, and the
past few years have witnessed major new insights into the properties
and factors responsible for the generation of these units. A summary
of the current picture of the valence delocalization schemes in each



22 JOHNSON, DUDERSTADT, AND DUIN

@ 2 @ e; =
< <> e

[Fe384]* [Fee,S4]° [Fe3$4]’ [F9384]2’
S=1/2 S=2 S=5/2 S=7
Fic. 3. Ground state spin (S) and valence delocalization schemes for the known oxi-
dation states of [Fe3S,] clusters. Discrete [Fe;S,]~ clusters have not been observed in any
protein, but they have been identified as fragments in heterometallic cubane clusters.
Reduction of the [Fe;S]* cluster by three electrons, to yield a putative all-ferrous clus-

ter, occurs with the concomitant addition of three protons. Key: S*°, grey; Fe®*, black;
Fe?", white; Fe?5*, white with central black dot.

for the known oxidation states of [Fe;S,] clusters is presented in Fig.
3. The objective of this section is to summarize the electronic, mag-
netic, and vibrational properties of [Fe;S,] clusters in each of these
four redox states in light of the structural data discussed previously.

A. [Fe;S,]* CLUSTERS
1. Ground-State Properties

The fundamental ground-state properties of [Fe;S,]* clusters were
revealed in the original EPR and Mossbauer studies of A. vinelandii
FdI (6) and D. gigas FdII (7). These studies showed an S = % ground
state with an EPR signal centered around g = 2.01, which results
from magnetic interaction between three high-spin (S = §) Fe3* cen-
ters with rubredoxin-like isomer shift and quadrupole splitting pa-
rameters (6 ~ 0.3 mm/s and AEy ~ 0.6 mm/s), that is, tetrahedral
sulfur coordination; see Table V. Three magnetically inequivalent Fe
sites with substantially different 5"Fe coupling constants were appar-
ent in Mossbauer spectra recorded in applied magnetic fields up to
6 Tat 15 K; A, = —38 MHz, A, = +22 MHz, A; = —2 MHz for D.
gigas FdIl (7,66); A, = —42 MHz, A, = +17 MHz, A; = +2 MHz
for A. vinelandii FdI (6, 72). Similar values have been established by
Mossbauer and/or 5"Fe-ENDOR in all the [Fe;S,* clusters investi-
gated thus far; see Table V. These coupling constants and the S = }
ground state were successfully rationalized in terms of a simple spin
coupling model for three sites having intrinsic hyperfine interactions
similar to those of ferric rubredoxin (30). A simple HDvV exchange
Hamiltonian of the form 7= J15S;+ Sy + J935,-S3 + J13S;-S; involv-
ing three high-spin Fe?" ions (S; = S; = S; = $) predicts an S = 3
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23

SuMMARY OF EPR g-VaLUEs, *"Fe-HYPERFINE COUPLING CONSTANTS, ISOMER SHIFTS, AND
QUADRUPOLE SPLITTINGS FOR SOME REPRESENTATIVE [Fe3S,]" CLUSTERS

Protein g-values* A-values (MHz)® & (mm/s) AEq(mm/s) Refs.
D. gigas FdIlI 2.02, 2.00, 1.97 -39, +22, -2 0.28 0.54 7, 66
P. furiosus Fd 2.30, 1.95, ~1.87 —38, +26, —11 42, 170
A. vinelandii FdI 2.02, 2.01, ~1.99 —42, +17, +2 0.30 0.63 6,72,171
T. thermophilus TFe Fd 2.024, 1.992, 1.936 (—37, +26, +5)° 0.28 0.53 93, 94
D. gigas hydrogenase 2.032, 2.024, 2.016 —44, +20, ~+3 0.33 0.70 59, 153, 172
2.029, 2.017, 2.003 -39, +23, ud¢
C. vinosum hydrogenase 2.018, 2.016, 2.002 —44, +12, ud? 0.26 0.65 155, 173
Bovine heart aconitase
[Fe;S,]* 2.024, 2.016, 2.004 —31, +28, —11 0.27 0.72 13,174, 175
[FesSeql* 2.04, 1.985, 1.92 —32, +26, ud? 0.30 0.66 174
Bovine heart succinate de- 2.018, 2.011, 1.990 171
hydrogenase
E. coli fumarate reductase 2.02, 1.98, ~1.93 23
E. coli nitrate reductase 2.02, 2.00, ~1.94 24
Spinach glutamate synthase 2.02, 1.94, ~1.86 25

@ g-values are based on published and unpublished (M. K. Johnson and co-workers) simulations of the
resonances and may not accurately reflect the principal components of the g-tensor as explained in the text.
® Average A-values for each Fe as determined by Mossbauer and/or *Fe-ENDOR.

¢ Approximate values.
4 Undetermined.

ground state, provided all the coupling constants are greater than
zero, J;; > 0, that is, antiferromagnetic interaction, and 0.5 < oJ13/eJ53
<1, 0.6 < Jypldy < 1, and |Jy, — Jys)/d1, < 0.2, that is, asymmetric
coupling with 5 = Ji3 < Jy3, but with comparable values for all three
coupling constants. Such a model predicts that the first excited state
will also have S = 3§, provided 0.8 < Jy,/dJy3 < 1, with the ground state
corresponding to the more strongly coupled pair having Sy; = 2 (Sy; =
S, + S3) and the first excited state corresponding to Sy; = 3. Popula-
tion of the low-lying S = 3 excited state has been invoked to explain
the EPR relaxation properties and the anomalous temperature depen-
dence of the EPR lineshape exhibited by [Fe;S,]* clusters in some
bacterial Fds, such as D. gigas FdII (176). However, this analysis
leads to an estimate of JJ of around 40 em™!, which is much lower than
the lower limit of 200 cm™! for J determined in subsequent saturation
magnetization studies of oxidized D. gigas FdII (177) and the value
estimated based on NMR studies of the 8-CH, cysteinate protons of
the [FesS,]* cluster in the same protein, J = 300 cm™! (178). Strong
support for the values based on the saturation magnetization and
NMR analyses comes from the determination of the exchange cou-
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pling constant of an Fe?"—Fe®' pair in a cubane-type [Fe,S,] cluster,
J =~ 300 cm™ (179).

Initial identification of an [Fe;S,] cluster in a metalloprotein is usu-
ally based on a fast-relaxing EPR resonance centered around g = 2.01
in the oxidized protein, that is only observed at temperatures below
30 K. However, these resonances frequently differ significantly in
terms of both lineshape and apparent g-value anisotropy in different
proteins; see Table V. In general they exhibit a well-defined low-field
g-value at g ~ 2.02, but frequently have poorly resolved high-field
components due to conformational microheterogeneity in the cluster
structure (180), which results from a distribution in the single Fe®*
ion zero-field splitting (D) and exchange coupling parameters (JJ) in
frozen samples (172, 181, 182); see Table V. This can be viewed as a
type of “g-strain” (183) that can qualitatively alter the observed spec-
trum rather than being apparent solely in terms of linewidth contri-
butions. Hence, the g-values obtained for spectral simulations do not
necessarily correspond to the principal components of the g-tensor.

The importance of the cluster environment in determining the EPR
properties of [Fe;S,]* clusters has been demonstrated by mutagenesis
studies of P. furiosus 3Fe Fd (184). EPR spectra spanning the entire
range of those observed for [Fe;S,]* clusters in Fds were observed by
varying the residue proximal to the tri(u,-S) face of the cluster (D14
in the wild type); see Fig. 4. To a first approximation, the spectra fall
into two types with D14, D14H, D14S, and D14N displaying particu-
larly broad spectra, indicative of severe protein conformational distri-
bution, compared to those of D14Y, D14C, and D14V. On the basis of
VTMCD studies of the reduced samples (see later discussion) and the
two distinct types of sequence-specific assignments that have been
deduced via NMR studies of oxidized 3Fe Fds (see later discussion),
we have proposed that these two types of EPR characteristics reflect
different pairings for the more strongly coupled irons (184). A detailed
analysis of the Fe hyperfine coupling constants of the [Fe;S,]* clus-
ter in wild-type P. furiosus Fd, as deduced by 5Fe-ENDOR (see Table
V), indicated that the ground state corresponds to the more strongly
coupled pair having Sy; = 2, as in other Fds (170). However, the
ground state has more mixing of the low-lying S = 3 state with S,; =
3 than other 3Fe Fds, as a result of less symmetrical coupling, and
this presumably accounts for the extremely broad g distribution asso-
ciated with this conformation.

NMR is the only technique capable of assigning the cysteines ligat-
ing specific Fe atoms, since the asymmetric coupling of the three Fe3*
ions results in different temperature dependence for the contact shifts
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Fic. 4. X-band EPR spectra of [Fe;S,]* clusters in wild type and mutant forms of
P. furiosus Fd. All spectra were recorded at 4.2 K; microwave power, 1 mW; microwave
frequency, 9.60 GHz; modulation amplitude, 0.63 mT. All samples were in 100 mM
Tris-HCI buffer, pH 7.8.

of the B3-CH, protons of coordinating cysteine residues. This approach
has thus far been applied to three 3Fe Fds and two distinct types of
sequence-specific assignments have been observed. The unique Fe site
in the preceding coupling scheme (S;) was found to be ligated by the
N-terminal cysteine in P. furiosus Fd (185) and by the C-terminal
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cysteine in D. gigas FdII (178) and Thermococcus litoralis Fd (186).
D. gigas FdII and T. litoralis Fd have a cysteine in the position equiv-
alent to residue 14 in P. furiosus Fd and have EPR spectra identical
to that of the D14C mutant of P. furiosus Fd. Hence, the very broad
type of EPR spectra (typified by wild-type P. furiosus Fd) and the
more narrow type of EPR spectra (typified by D. gigas FdII) are tenta-
tively attributed to the more unique Fe site being ligated by the N-
terminal and C-terminal cysteines, respectively. Sequence-specific
NMR assignments of the 8-CH, protons of the cysteines ligating the
[FesS,]* clusters in numerous Azotobacter-type 7Fe Fds (74, 81, 90,
102) and one Defulfovibrio-type 7Fe Fd (121) have also been reported.
These data have been reinterpreted on the basis of an NMR study of
the Azotobacter-type 7Fe Fd from R. palustris (90), and in each case
the unique Fe sites is believed to be ligated by the C-terminal cys-
teine. At present it is difficult to see how this coupling scheme re-
lates to the crystal structures, since the more strongly coupled pair
corresponds to the shortest Fe—Fe distance in D. gigas FdII and the
longest Fe—Fe distance in A. vinelandii FdII, see Fig. 2.

This analysis raises the possibility that different conformations,
possibly with distinct pairwise Fe interactions, might be present in
frozen solution samples of some protein-bound [Fe;S,]* clusters. In-
deed, this might provide an alternative explanation for the anomalous
temperature dependence of the EPR lineshape exhibited by [Fe;S,]*
clusters in some bacterial Fds, such as D. gigas FdII (176). The first
direct evidence for this type of behavior was provided by EPR
and *Fe-ENDOR studies of the [Fe;S,* cluster in D. gigas NiFe-
hydrogenase (172). The EPR resonance is much narrower than those
associated with [Fe;S,]* clusters in Fds, presumably because of the
different arrangement of coordinating cysteine residues. As a result,
X-band and Q-band EPR studies were able to resolve two resonances,
g = 2.032, 2.024, 2.016 (70%) and g = 2.029, 2.017, 2.003 (30%), with
similar although not identical "Fe coupling constants as determined
by ENDOR (172) and Méssbauer (59, 153); see Table V. On the basis
of the 3Fe Fd data, these forms are likely to reflect different pairwise
Fe interactions, but there is as yet no direct evidence for this interpre-
tation.

The multifrequency EPR and Méssbauer properties of the [Fe;S,]*
in C. vinosum NiFe-hydrogenase are particularly interesting since
they provide evidence of magnetic interactions with nearby paramag-
netic species (151, 154, 155). The magnetically isolated form exhibits
a well-resolved, almost axial EPR signal, g = 2.018, 2.016, 2.002, in-
dicative of minimal conformational heterogeneity. However, a com-
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plex resonance corresponding to up to 50% of the [Fe;S,] clusters ap-
pears at potentials > +150 mV and has been shown to result from
weak magnetic interactions involving the S = § Ni** center, the S =
3[Fe;S,* cluster, and an as yet unidentified S = 3 species. By clamping
the Ni in the diamagnetic Ni?*—CO form, the interaction signal from
the [FesS]* cluster and the unidentified S = 5 species can be observed
in isolation, g = 2.01, 1.974, and 1.963 at X-band. This resonance has
been tentatively interpreted in terms of an S = 1 species resulting
from ferromagnetic interaction between two S = § species, on the ba-
sis of Mossbauer (155) and EPR (187) studies. However, the nature of
the unidentified S = 3 species still remains elusive. A radical species
resulting from oxidation of a cluster ligand or nearby residue now
seems more likely than the original suggestion of a nearby low-spin
Fe®* center (155), in light of the available crystallographic data for
NiFe-hydrogenases (157, 158, 162). However, it should be borne in
mind that although this magnetic interaction is apparent in several
NiFe-hydrogenases (151), it has not been observed in either of the two
crystallographically defined NiFe-hydrogenases.

The ground-state properties of the [Fe;S,]* cluster in inactive aconi-
tase have been extensively characterized by EPR and Méssbauer (13,
175); see Table V. Overall, the EPR resonance, g = 2.024, 2.016,
2.004, is more isotropic than in Fds and similar to those observed in
NiFe-hydrogenases, albeit with increased linewidths. This may be a
consequence of the more “hydrogenase-like” arrangement of the coor-
dinating cysteine residues (Cys358, Cys421, and Cys424 in mitochon-
drial aconitase (167, 175)). Aconitase has also provided the only exam-
ple of [FesS,]* suitable for spectroscopic investigation (174, 188).
Reconstitution of aconitase apoenzyme with selenide and iron to form
a [Fe;S,2"* cluster followed by oxidative degradation with ferricya-
nide yielded a route to a stable protein-bound [Fe;S,]*° cluster. The
ground-state properties of the [Fe;S,]* cluster are largely unperturbed
compared to those of the [Fe;S,* cluster. However, while the overall
EPR lineshape is maintained, the resonance is substantially more an-
isotropic, g = 2.04, 1.99, 1.92; see Table V. This is presumably a con-
sequence of the fourfold larger spin—orbit coupling for Se compared
to S.

2. Excited-State Properties

The relatively broad and featureless absorption spectra of [Fe;S,]*
clusters belies their complex excited-state electronic structure. This is
illustrated in Fig. 5 using P. furiosus 3Fe Fd as an example (42).
In addition to the protein band centered at 280 nm, the UV-visible
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Fic. 5. UV-visible absorption and VIMCD spectra of the [Fe;S,]* cluster in wild-
type P. furiosus Fd. The absorption spectrum was recorded at room temperature, and
the MCD spectra were recorded at 1.59, 4.22, 9.9, 17.6, and 53.0 K (all transitions
increase in intensity with decreasing temperature) with an applied magnetic field of
45 T.

absorption spectrum extends out to at least 800 nm and comprises
broad unresolved shoulders centered at ~340 nm, ~410 nm (¢ =
12-15 mM ! em ™! per cluster), ~460 nm, and ~550 nm. These absorp-
tion characteristics are qualitatively similar to those of diamagnetic
[Fe,S.** clusters, rendering absorption spectra alone useless for iden-
tifying cluster type.

The origin of the broad absorption spectrum and the true complex-
ity of the excited-state electronic structure is only revealed in the
VTMCD spectra (189). Since only paramagnetic metal chromophores
exhibit MCD bands that increase in intensity with decreasing temper-
ature, this technique can be used to investigate the electronic struc-
ture of [FesS,]* clusters in the presence of additional diamagnetic
clusters, metal centers, or other types of prosthetic groups. Bearing
in mind that each positive or negative absorption-shaped band corre-
sponds to a discrete electronic transition, at least 17 overlapping elec-
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tronic transitions associated with the [Fe;S,]* center are resolved in
the VTMCD spectrum in the 200—-800 nm region; see Fig. 5. MCD
magnetization studies at discrete wavelengths confirm that all transi-
tions originate from the EPR-detectable S = 3 ground state.

The overall pattern of VITMCD bands is highly conserved among
biological [Fe3;S,]" clusters, making VIMCD a useful adjunct to EPR
and/or Mossbauer for assessing or confirming Fe-S cluster type. This
is illustrated by the qualitative comparison of the VITMCD spectra of
representative examples of biological [Fe;S,]* clusters shown in Fig.
6. Each of the spectra can be resolved into an equivalent series of
positive or negative, temperature-dependent Gaussian-shaped bands,
and the spectral differences result primarily from minor changes in
the relative intensities and/or energies of the discrete MCD transi-
tions. A further illustration of how the excited-state electronic struc-
ture of biological [Fe;S,]* clusters is relatively independent of the pro-
tein environment has come from mutagenesis studies of P. furiosus
3Fe Fd. Except for minor changes in the weak bands in the 600—
800 nm region, the VTMCD spectra were found to be almost invariant
to changes in the residue occupying the position proximal to the
tri(uy,-S) face of the cluster (i.e., in D14, D14H, D14S, D14N, D14Y,
D14C, and D14V) (184).

As yet there are no detailed assignments for the electronic transi-
tions associated with [Fe;S,]" clusters. The only direct information
comes from VI'MCD studies of the [Fe;S,]* cluster in aconitase (188).
The higher energy transitions in the region 300-420 nm have been
attributed primarily to bridging-S* -to-Fe?* change transfer on the ba-
sis of large red shifts in the Se-substituted form. The lower energy
bands exhibit less pronounced red and blue shifts in the Se-substi-
tuted form and are therefore considered to result primarily from cys-
teinyl-S-to-Fe?* charge transfer and d-d transitions associated with
the Fe core.

3. Vibrational Properties

Resonance Raman has been used to investigate the Fe—S stretching
frequencies and/or establish the existence of [Fe;S,]* centers in a wide
variety of enzymes and proteins: 3Fe Fds from D. gigas (17, 190)
and P. furiosus (37, 42, 191); 7Fe Fds from A. vinelandii (17, 192),
T. thermophilus (17), P. ovalis (193), and M. smegmatis (98, 193);
ferricyanide-treated C. pasteurianum 8Fe Fd (11, 17); bovine heart
aconitase (194, 195); spinach glutamate synthase (25); and NiFe-hy-
drogenases from D. gigas (196) and D. desulfuricans (194). The reso-
nant enhancements of Fe—S stretching modes with blue/green excita-
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Fia. 6. Comparison of VTMCD spectra for biological [Fe;S,]* clusters. (A) D. gigas
FdII (20); (B) P. furiosus 3Fe Fd (42); (C) A. vinelandii FdI (70); (D) T. thermophilus
TFe Fd (70); (E) E. coli nitrate reductase (24); (F) E. coli fumarate reductase (53); (G)
spinach glutamate synthase (25); (H) beef heart aconitase (21). Spectra were recorded
at temperatures between 1.5 and 70 K with an applied magnetic field of 4.5 T (all
transitions increase in intensity with decreasing temperature). Bands originating from
minor heme contaminants are indicated by an asterisk.
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Fic. 7. Low-temperature (77 K) resonance Raman spectra for A. vinelandii FdI, T.
thermophilus Fd, D. gigas FdIl, and ferricyanide-treated C. pasteurianum Fd obtained
with 488.0-nm excitation. Taken with permission from Ref. (17).

tion are up to five times greater than for [Fe;S,]*" clusters. Hence, the
resonance Raman spectra of multicluster proteins such as 7Fe Fds
and NiFe-hydrogenases are generally dominated by bands from the
[FesS.* center. This is illustrated in Fig. 7, which compares reso-
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nance Raman spectra for the oxidized 7Fe Fds from A. vinelandii and
T. thermophilus with those of two proteins containing a single [Fe;S,]*
cluster, that is, D. gigas FdII and ferricyanide-treated C. pasteuria-
num Fd (17). Since the dominant band in the resonance Raman spec-
trum of biological [Fe;S,)*" clusters using 488.0-nm excitation is the
totally symmetric breathing mode of the cubane core, which occurs
near 334 cm™!, all bands are attributed to Fe—S stretching modes of
the [FesS,]* cluster, with the exception of the shoulder at 334 cm™.
The similarity among the spectra is striking. All have resolved bands
centered near 265, 290, and 345 cm™!, and a broad ill-defined feature
near 390 cm™! corresponding to at least two overlapping bands. The
major difference lies in the presence of one or two bands in the 350-
380 cm ! region. However these bands were assigned primarily to Fe—
S(Cys) modes on the basis on negligible 3S-isotope shifts in samples
of ferricyanide-treated C. pasteurianum Fd reconstituted with S?"
(17); see Table VI. Hence the differences were interpreted in terms of
changes in the Fe—S—C-C dihedral angles and/or Fe—S force con-

TABLE VI

VIBRATIONAL FREQUENCIES (cm™), **SP IsoroPE DOWNSHIFTS (cm ™! IN PARENTHESES), AND

ASSIGNMENTS FOR THE Fe—S STRETCHING MODES OF OXIDIZED Fe;SiS§ CENTERS IN BEEF HEART

AcoNITASE, A. vinelandii Fdl, T. thermophilus Fd, P. furiosus ¥Fd, D. gigas FdII, AND
C. pasteurianum Fd

Assignment Calculated®

C,, symmetry  Fe;S,(SEt);  Aconitase® Av FdI®* T¢tFd® PfFd® CpFd® Dg FdII®

Mainly Fe—S' stretching

A, 375(2) 372(1) 371 368 386(2)  385(0) ~392

E 353(2) 359(0) 360 360 367(1)  368(0) 368
Mainly Fe—S" stretching

A, 402(7) 400(4) 391 388 405(5)  392(0)¢ ~392

E 373(5) 397(6)

A, 345(8) 342(8) 348 347 347(7)  347(7) 347

A, 291(4) 305(4)

E 274(4) 293(4) 288 285 290(6)  285(4) 285

E 268(3) 264(5) 266 266 265(4) 267(6) 262

@ Taken from Ref. (195).
b Frequencies taken from Ref. (17).

¢ Taken from Ref. (191). Isotope shifts are the average of data collected with 457.9-, 488.0-,

and 514.5-nm excitation.

4 The 3SP isotope shifts was reported as zero (17), but the data are of poor quality and the
band is not well resolved. The isotope shift needs to be reinvestigated in light of isotope shifts
observed for the equivalent band in the high-quality data obtained for aconitase and Pf Fd.
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stants of the coordinated cysteines rather than structural differences
in the [Fe;S,] core.

In the 1980s, the distinctive resonance Raman spectrum proved ef-
fective in establishing oxidative [Fe;S,] to [Fe;S,] cluster conversion
in bacterial Fds (11), identifying [Fe;S,]* clusters in several enzymes
and proteins (197), and providing some of the most persuasive early
evidence for a common [Fe;S,] core for biological 3Fe clusters (17).
However, although the vibrational data were shown to favor a cuboi-
dal [Fe;S4] structure, detailed assignments were not attempted at
that time because of uncertainty in the core structure. Vibrational
assignments for the cuboidal Fe;SiS§ units (S bridging or inorganic
S; St = terminal or cysteinyl S) in aconitase have since been made
under effective C;, symmetry based on normal mode calculations and
3P isotope shifts (195); see Table VI. While there is substantial mix-
ing, the two symmetric (A;) Fe—SP modes at ~400 cm ™' and ~345 cm™!
can be considered, to a first approximation, as involving vibrations of
oS and usSP types of bridging sulfide. The calculated frequencies
were based on the force field used for cubane [Fe;S,] clusters, except
that one Fe was removed, the FeS—CC dihedral angles were adjusted
to those reported in the crystal structure of aconitase, and the six
Fe—u,SP force constants were increased by 17% compared to the three
Fe—pu3SP force constants. The last change would be expected to result
in a contraction of 0.07 A in the Fe—u,S" bonds on the basis of Bad-
ger’s rule, which is in excellent agreement with the 0.05-0.06 A con-
traction reported in the high-resolution crystallographic data for D.
gigas Fd 11, A. vinelandii FdI, and the synthetic model compound; see
Table III.

High-quality resonance Raman spectra and reliable SP isotopes
have also been reported for the [Fe;S,] cluster in P. furiosus 3Fe Fd
(37, 191); see Fig. 8 and Table VI. The major difference compared to
aconitase lies in the frequencies of the Fe—S' (Fe—S(Cys)) modes that
occur at higher frequencies for the [Fe;S,* center in P. furiosus Fd
(12 em™! higher on average). In general, the resonance Raman spectra
of [FesS,]* clusters can be subdivided into two groups on the basis
of the frequencies of the Fe—S' modes, with A. vinelandii and
T. thermophilus 7Fe Fds similar to aconitase and D. gigas FdII and
ferricyanide-treated C. pasteurianum Fd corresponding to P. furiosus
3Fe Fd; see Table VI. The difference in the Fe—S® frequencies between
the two groups is unlikely to relate to the Fe—S—C—C dihedral angles,
since very similar dihedral angles (80° = 10°, 90° + 10°, and 115° =
15°) are observed for the equivalent cysteines in the three crystallo-
graphically defined proteins, that is, aconitase (167), A. vinelandii FdI
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Fic. 8. Low-temperature (20 K) resonance Raman spectra of oxidized P. furiosus 3Fe
Fd as a function of excitation wavelength (191).

(124, 165), and D. gigas FdII (61). Hence, the difference must reflect
differences in Fe—S' bond strength, with stronger and therefore
shorter bonds in the 3Fe Fds. This is in accord with the high-resolu-
tion crystal structures that show Fe—S(Cys) bonds shorter by 0.05
A, on average, in D. gigas FdII compared to A. vinelandii FdI; see
Table III.

As illustrated by the spectra of P. furiosus 3Fe Fd shown in Fig. 8,
the relative intensities of the Raman bands for [Fe;S,]* clusters vary
considerably with excitation wavelength. However, because of the ex-
tensive mixing of Fe—S' and Fe—S® modes, excitation profiles in the
region 400—650 nm appear to be of little use in effecting electronic
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assignments in terms of cysteinyl-S-to-Fe®* or bridging-S-to-Fe®
charge transfer. Excitation profiles for discrete bands in D. gigas FdII
and T. thermophilus Fd were reported to fall into two sets with max-
ima at 470 and 500 nm (17), and this is now supported by data for P.
furiosus 3Fe Fd (191). However, these different maxima correlate bet-
ter with A; and E assignments, respectively, as opposed to predomi-
nantly Fe—S" and Fe-S' vibrational modes. This most likely reflects
the fact that non—totally symmetric modes can only be enhanced via
a vibronic mixing mechanism involving two electronic transitions, one
of which occurs near 500 nm. Hence, the enhancement profiles are
more useful in effecting vibrational assignments than in identifying
specific types of electronic transition.

B. [Fe;S,]° CLUSTERS
1. Ground-State Properties

The Mossbauer-determined ground-state properties of the one-
electron reduced [Fe;S,|° clusters in D. gigas FdII (29), P. furiosus
Fd (198), A. vinelandii FdlI (72), aconitase (174), C. vinosum NiFe
hydrogenase (155), D. gigas NiFe hydrogenase (59), and the synthetic
analog complex [Fe;S,(LS;)** (50) have been summarized; see Table
6 of Ref. (50). This tabulation will not be repeated herein, since the
ground-state properties have been found to be remarkably invariant
and therefore an intrinsic property of the cluster core (50). Moreover,
the ground-state properties are maintained for [Fe;Se,° clusters as
judged by Moéssbauer studies of Se-reconstituted aconitase (174) and
the [FesSe,(LLS;)]*~ analog complex (50). Méssbauer spectra recorded
in the absence of an applied field consist of two quadrupole doublets
with intensity ratio 2:1. The minor doublet has quadrupole splitting
AE, = 0.38-0.59 mm/s and an isomer shift § = 0.30—0.35 mm/s,
slightly larger than those for a Fe®' site with tetrahedral sulfur coor-
dination. The major doublet has AEq = 1.2—-1.67 mm/s and § = 0.46—
0.49 mm/s, and the isomer shift is about the mean of the values for
Fe3* and Fe?" sites with tetrahedral sulfur coordination, indicating a
valence delocalized Fe?>*Fe?5* pair. The S = 2 ground state, identified
initially via MCD magnetization studies (20), results in well-resolved
magnetic splittings in Mossbauer spectra recorded at low tempera-
tures in the presence of strong applied fields. Detailed analysis
showed that the components of the valence delocalized pairs have al-
most indistinguishable *"Fe-hyperfine tensors (A,, = —17.0 to —20.9
MHz) that are opposite in sign to those of the localized Fe®' sites
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Fic. 9. Zero-field splitting of the S = 2 ground state of [Fe;S,]° clusters. Constructed
for D = —2.5 cm ! and E/D = 0.23, where D and E are the axial and rhombic zero-field
splitting parameters, respectively.

(A, = 14.8 to 17.3 MHz). Overall, the Mossbauer data were shown to
be consistent with an S = 2 ground state, with D =~ —2.5 em™! and
E/D = 0.20-0.25, where D and E are the axial and rhombic zero-field
splitting parameters, respectively, that arises from antiferromagnetic
exchange interaction between an S = § valence-delocalized pair and
the S = § high-spin Fe?' site (29, 33); see Fig. 3. Similar axial zero-
field splitting parameters for the S = 2 ground state have been de-
duced from analysis of the temperature dependence of the MCD spec-
tra in weak applied fields (70, 71) and from saturation magnetization
studies (177). The ground-state zero-field splitting of the S = 2
ground state of [Fe;S,]° clusters is shown in Fig. 9.

The two lowest levels of the S = 2 manifold (Mg = *2 in the limit
of E = 0) are split in zero-field by an energy A = 3E?/D; see Fig. 9.
Using the spin Hamiltonian parameters derived from the Mossbauer
analysis, this rhombic zero-field splitting in the lowest doublet is ap-
proximately 0.4 cm™!, which is comparable with the microwave quan-
tum for X-band EPR. Hence, a broad integer spin EPR resonance
(i.e., one that increases in intensity and is sharper in parallel mode
(AMg = 0 selection rule) than in perpendicular mode (AMg = *1 selec-
tion rule)), can usually be observed in the low-field region of the X-
band EPR spectrum, for example, in 7. thermophilus 7Fe ¥d (94), D.
gigas FdIl (29), P. furiosus 3Fe Fd (42, 184), B. schlegelii 7Fe Fd
(104), D. ambivalens 7Fe Fd (120), S. acidocaldarius (118), spinach
glutamate synthase (25), D. gigas NiFe-hydrogenase (59), C. vinosum
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Fic. 10. X-band and P-band perpendicular mode EPR spectra of partially reduced
T. thermophilus TFe Fd and Fe?*-EDTA. The signal around g = 2 in T. thermophilus
Fd arises from approximately 1% of S = 1/2 [Fe;S,]* clusters in the partially reduced
sample. Taken from Ref. (94).

NiFe-hydrogenase (187), T. acidophilum succinate dehydrogenase
(190), and the synthetic analog complex [FesS,(LS3)? (50). The
breadth results from a distribution of E/D values in frozen solution,
and it is important to realize that only the fraction of molecules with
A = 0.3 cm™! contribute to the observed resonance at X-band. The
complete resonance is often only visible at higher frequencies, and
this is well illustrated by the X-band (~9 GHz) and P-band (~15 GHz)
perpendicular mode EPR spectra of partially reduced 7. thermophilus
7Fe Fd ([Fe;S,° and [Fe,S.%") (94); see Fig. 10. Even if EPR signals
from S = 2 [Fe;S,° clusters are not readily observable, their
presence is sometimes evident by enhanced relaxation and/or broad-
ening of S = } resonances of nearby [Fe,S,]" or [Fe,S,]" clusters as a
result of weak intercluster spin—spin interactions, such as in 7Fe Fds
(94) and in fumarate reductases and succinate dehydrogenases (53,
137).



38 JOHNSON, DUDERSTADT, AND DUIN

Studies of mutant forms of P. furiosus 3Fe Fd have shown that the
[Fe;S,]*° redox potential is strongly dependent on the protein environ-
ment. For example, changing the nonligating residue proximal to
the tri(u,—S) face of the cluster from aspartate to serine results in a
120-mV increase in the midpoint potential (65). However, any de-
tailed understanding of how the protein environment controls the re-
dox potential will clearly require assignment of the specific cysteines
ligating the valence delocalized pair and assessment of whether or
not the pairwise interactions established by NMR in the [Fe;S,]* clus-
ters are maintained on reduction. Unfortunately, despite numerous
NMR studies of Fds containing [Fe;S,]° clusters (74, 81, 90, 102, 121,
178, 185, 192, 199), resonances from the 8-CH, protons of the coordi-
nating cysteines have never been reported. The NMR linewidths are
considered to be too broad as a result of an abnormally long electronic
relaxation time or exchange broadening. Since dipolar line broaden-
ing is much less for ?H signals relative to 'H signals (because of the
smaller magnetic moment of 2H), the most recent attempt to use NMR
to make sequence-specific assignments of coordinating cysteine resi-
dues, utilized the 7Fe Fd from B. schlegelii in which the protein cyste-
ines had been deuterated at the 8 position (105). Although sharp *H
NMR signals were observed for the cysteines ligating the [Fe;S,]*
cluster, none were detected for the [Fe;S,]° cluster. Since theoretical
considerations predict that these signals should be observable, it was
concluded that the resonances coalesce because the Fe sites exchange
valencies faster than the NMR time scale.

Thus far the discussion of ground-state properties has been con-
fined to the unprotonated form of biological [Fe;S,]° clusters. The ini-
tial discovery that [Fe;S,]° clusters can undergo a reversible proton-
ation equilibrium came from VTMCD and direct electrochemical
studies of A. chroococcum 7Fe Fd, pK, = 7.8 (75, 76). Subsequent
VTMCD and direct electrochemistry studies of the 7Fe Fds from A.
vinelandii (70, 71, 169) and S. acidocaldarius (118) have demonstrated
a one-proton uptake with pK,s of 7.7 and 5.8, respectively. Direct elec-
trochemistry studies of wild-type and D14H, D14S, D14N, D14Y,
D14C and D14V mutant forms of P. furiosus 3Fe Fd as a function of
pH have also found evidence for protonation with pK, values in the
range 3.3—4.7 (65). Hence, this is likely to be a general property of
biological [Fe3S,]°, although for the majority of clusters it is not appar-
ent in the physiological pH range. Mutagenesis studies of A. vinelan-
dii FdI have shown that Aspl5, a residue immediately adjacent to the
cluster, participates in the proton transfer (169, 193). However, the
dramatic change in the VTMCD spectrum as a function of pH was
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shown to be a consequence of protonation of the cluster rather than
this proximal aspartate (169). Although the excited state properties
of [Fe;S,]° clusters are dramatically altered on protonation (see later
discussion), there is relatively little change in the ground-state prop-
erties and crystallographic studies of A. vinelandii FdI at pH 6.0 and
8.5 show that the cuboidal [Fe;S,] structure is preserved (124); see
Table III. As in the unprotonated form, the protonated [Fe;S,I° clus-
ters have S = 2 ground states with D = —2.5 = 0.5 cm™!, as evidenced
by VTMCD and Moéssbauer studies (70-72, 75, 118). Moreover, Moss-
bauer studies indicate that the protonation-induced changes are con-
fined to relatively minor perturbation of the magnetic hyperfine ten-
sor of one of the Fe sites of the valence delocalized pair (72). Taken
together, the Mossbauer and VIMCD data are consistent with proton-
ation of a doubly bridging sulfide, but the possibility that a cysteinyl
S is the protonation site cannot be excluded on the basis of the avail-
able data.

The discovery of an S = § valence-delocalized Fe?**Fe?5" pair in
[FesS,]° clusters led to the recognition that spin-dependent delocaliza-
tion (SDD), in addition to the more commonly observed HDvVV ex-
change, is required to understand the electronic and magnetic proper-
ties of Fe—S clusters (29). The basic idea of SDD (termed double
exchange in the original theory developed by Zener (194) and Ander-
son and Hasegawa (200)) is illustrated by the energy level diagram
for a symmetric Fe?’Fe3* dimer shown in Fig. 11. Spin coupling of
high-spin Fe?* (d% S = 2) and Fe?*' (d5, S = 3) by HDvV exchange
leads to a ladder of states with energies JS(S +1)/2 and the S = }
state lowest for antiferromagnetic exchange (J > 0). Each spin multi-
plet occurs twice since the extra (sixth) electron can be on either Fe
and both arrangements are assumed to be degenerate in this simpli-
fied view. Resonance delocalization of the extra electron via a direct
Fe-Fe interaction mixes the degenerate Fe?'Fe®* and Fe®'Fe?" con-
figurations and results in an additional splitting, =B(S + %), where B
is the SDD or double exchange parameter. It is intuitively obvious
that delocalization is favored by the ferromagnetic alignment, since
the extra electron is then free to visit both Fe sites without changing
spin orientation. Accordingly, as B/J increases the ground-state spin
switches from S = 3 to £ and the energy separation between the S = §
bonding and antibonding components corresponds to 10B or 23, where
B corresponds to the resonance energy of a Hiickel molecular orbital
treatment. Inclusion of the factors responsible for valence delocaliza-
tion, that is, vibronic coupling (201-203) and inequivalence in the
energies of the Fe?*Fe?" and Fe®*'Fe?* configurations (204), decreases
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Fic. 11. Energy level diagram for a symmetric, exchange-coupled Fe**Fe®* dimer as
a function of increasing spin-dependent delocalization. Taken with permission from
Ref. (207).

7

the B/J range in which the ground state has § = S = { and hence
decreases the likelihood of having valence delocalized pairs with in-
termediate-spin ground states. As discussed in the next section, the
discovery of valence delocalized S = % [Fe,S,]* clusters in mutant 2Fe
Fds (205-207) has led to the direct determination of B (=900 cm™?) in
both [Fe,;S;]" and [Fe;S,]° clusters, via the identification of the z-polar-
ized, electric dipole allowed, o — o* “intervalence” transition depicted
in Fig. 11.

2. Excited-State Properties

One-electron reduction to the [FesS,]° state results in partial
bleaching of the visible absorption. As illustrated by P. furiosus 3Fe
Fd in Fig. 12, the resulting absorption spectrum is relatively feature-
less, gradually increasing with increasing energy, except for a pro-
nounced shoulder at ~430 nm and a weak shoulder at ~660 nm. The
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Fic. 12. UV-visible absorption and VIMCD spectra of the [Fe;S° cluster in wild-
type P. furiosus Fd. The absorption spectrum was recorded at room temperature and
the MCD spectra were recorded at 1.67, 4.22, 9.0, 15.8, and 51.0 K (all transitions
increasing in intensity with decreasing temperature) with an applied magnetic field of
4.5 T. The band at 314 nm in the absorption spectrum (marked with an asterisk) is
due to excess dithionite.

latter is better resolved in spectra recorded at 4.2 K (20). Once again
the complexity of the excited-state electronic structure is only re-
vealed in the VIMCD spectrum, which comprises at least 14 overlap-
ping positive or negative bands in the 200—-800 nm region, each corre-
sponding to an electronic transition; see Fig. 12. The VTMCD
spectrum is remarkably conserved among [Fe;S,]° clusters in different
enzymes and proteins and more intense (by a factor of between 2 and
6) than those exhibited by other types of paramagnetic Fe—S clusters,
that is, S = 3 [Fe,S,*"* and [Fe,S,]" clusters, under comparable condi-
tions of measurement (189). In addition, the intense band centered
around 700 nm that is common to all [Fe;S,]° centers has characteris-
tic MCD magnetization behavior (20). The field-dependent saturation
curve at a fixed temperature below 2 K is invariably fit to a good
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approximation by a purely xy-polarized transition originating from a
doublet state with g, = 8.0 and g, = 0.0, that is, the effective g-values
in the axial limit of the lowest Mg = *2 doublet of an S = 2 ground
state with D < 0. Taken together, the characteristic MCD spectrum
and magnetization data provide a convenient, semiquantitative
method for establishing the presence of [FesS,]° clusters in proteins.
Indeed, this approach has proven particularly effective in multicluster
enzymes such as succinate dehydrogenase (22), fumarate reductase
(23), nitrate reductase (24), and NiFe-hydrogenases (27).

To illustrate the range of VITMCD spectra exhibited by biological
[FesS,]° centers and how the protein environment determines the lo-
cation of the valence delocalized pair, we have chosen to show data
for mutant forms of reduced P. furiosus 3Fe Fd that differ only in the
residue at position 14, that is, the non-ligating residue proximal to
the tri(u,—S) fact of the cluster; see Fig. 13. Each of these spectra can
be viewed as the sum of two distinct types, with the D14Y and D14N
mutants corresponding to almost homogeneous examples of type 1
and type 2, respectively (184). To a good approximation, the spectra of
the other mutants and wild type can be simulated by adding different
proportions of the D14Y and D14N spectra. By analogy with the EPR
analysis for the equivalent oxidized clusters (see earlier discussion)
and in light of the observation that the VTMCD spectra are domi-
nated by transitions associated with the valence-delocalized pair (see
later discussion), we have tentatively attributed the two distinct types
of VTMCD spectra to different locations of the valence-delocalized
pair. Since both types of spectra contribute to the VTMCD of the wild-
type, D14S, D14C, and D14H samples in frozen solution, it seems
likely these two distinct valence isomers are in dynamic equilibrium
at room temperature. Such an interpretation is clearly in accord with
the NMR data discussed previously. On surveying the published
VTMCD spectra for [Fe;S,]° clusters in different proteins, it is particu-
larly striking that each can be classified as predominantly type 1, for
example, D. africanus FAIII (108), S. acidocaldarius TFe Fd (high pH
form) (118), and spinach glutamate synthase (25), or predominantly
type 2, for example, D. gigas FdAII (20), P. furiosus 3Fe Fd (42), A.
vinelandii FdI (high pH form) (70), A. chroococcum 7Fe Fd (high pH
form) (75), T. thermophilus TFe Fd (70), and aconitase (21). In other
enzymes, it is difficult to classify the spectral type because of interfer-
ence from other paramagnetic clusters.

A major breakthrough in assigning the VTMCD spectra of [Fe;S,]°
clusters came with the discovery of S = § valence-delocalized [Fe,S,]*
clusters in the alkaline forms of the C56S and C60S mutants of C.
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Fig. 13. VTMCD spectra of [Fe;S,]° clusters in wild type and mutant forms of
P. furiosus Fd. In each case the spectra shown were recorded at temperatures between
1.5 and 50 K with an applied magnetic field of 4.5 or 6 T (all transitions increase in
intensity with decreasing temperature).
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Fic. 14. Comparison of the VIMCD spectra (~1.6 K and 6 T) of the valence-
delocalized S = 9/2 [Fe,S,;]* cluster in the alkaline form of the C60S mutant of
C. pasteurianum 2Fe Fd with those of the [ZnFe;S,]" and [Fe;S,1° clusters in P. furiosus
Fd. Magnetization and temperature dependence studies show that the bands marked
with an asterisk in the valence-delocalized S = 9/2 [Fe,S,]" spectra result from a va-
lence-localized S = 1/2 component.

pasteurianum 2Fe Fd via the combination of VIMCD, EPR, and
Mossbauer studies (205-207). The [FeyS,]* clusters in these mutants
reversibly interconvert between valence-localized S = 3 and valence-
delocalized S = % forms as a function of pH with a pK, = 9 (207).
Comparison of the VTMCD spectrum of the valence-delocalized S = §
[Fe,S,]" with that of a [Fe;S,]° cluster shows that the latter is domi-
nated by electronic transitions from the valence-delocalized pair; see
Fig. 14. Tentative assignments of the higher energy bands (<500 nm)
for the valence-delocalized [Fe,S;]" cluster have been made by anal-
ogy with the valance-localized form (207). Hence, the dominant posi-
tive band at 480 nm is assigned primarily to u,S*” — Fe?®* charge
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transfer (blue-shifted from the w,S* — Fe?" charge transfer band at
540 nm in the localized valence form) and the higher energy bands
are assigned primarily to CysS™ — Fe?%* charge transfer (again blue-
shifted compared to the equivalent bands in the localized valence
form). However, there are no counterparts in the valence-localized
[Fe,S;]" VIMCD spectrum for the near-IR bands in the valance-
delocalized [Fe,S;]* spectrum, that is, the negative band at 610 nm,
the positive band at 705 nm, and the weak positive bands at ~850
and 1070 nm. Hence, these bands have been attributed to the Fe—Fe
interactions that lead to spin-dependent valence delocalization; an as-
signment that is supported by the enhancement of vibrational modes
involving Fe—Fe displacement in the resonance Raman spectrum of
the alkaline form of C56S C. pasteurianum 2Fe Fd, using 676-nm
excitation (207).

A schematic molecular orbital diagram for the Fe—Fe interaction in
an S = % valence-delocalized Fe?>*Fe?®" pair based on effective Cy,
symmetry at the Fe sites and the observed electronic transitions for
the valance-delocalized [Fe,S;]* cluster is shown in Fig. 15. The domi-
nant interaction (responsible for the S = § ground state) is the o over-
lap between the pair of d.: orbitals, with progressively smaller 7 inter-
actions between pairs of d,, and d, orbitals and & interactions
between pairs of d,, and d,2_ 2 orbitals. The three highest energy tran-
sitions are predicted to be o — o* (electric-dipole allowed, but z-polar-
ized, resulting in weak VTMCD intensity), o — 7 (xy-polarized, but
electric-dipole forbidden, resulting in weak VIMCD intensity), and
o — 7* (xy-polarized and electric-dipole allowed, resulting in strong
VTMCD intensity). The latter two transitions are expected to be de-
rivative-shaped (pseudo A-terms) and are likely to be split in low-
symmetry biological environments. The assignments of these three
transitions for the S = % valence-delocalized [Fe,S;]™ cluster are
shown in Fig. 15. Hence, the intense derivative-shaped feature cen-
tered at 660 nm (negative band at 610 nm and positive band 705 nm)
is assigned to the o — 7* transition. Assignment of the 1070-nm band
as a z-polarized transition has been confirmed by MCD magnetization
data (207). The energy of this o — ¢* transition is particularly impor-
tant since it corresponds to 28 (=10B), and thereby provides a direct
measurement of 3 = 4650 cm™!) in a valence-delocalized [Fe,S,]* clus-
ter. This agrees well with the estimates based on density functional
calculations for [Fe,S,] clusters, B = 700—-900 cm™ (208), and extrapo-
lation of the analysis for structurally characterized valence-delocal-
ized S = 2 diiron centers to [Fe,S,]™ clusters, B ~ 965 cm™! (209). A
comprehensive discussion of electron delocalization in mixed-valence
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Fia. 15. Schematic MO diagram and proposed electronic assignments for the Fe—Fe
interaction in a valence-delocalized S = 9/2 [Fe,S;]* unit. Modified with permission
from Ref. (207).

Fe—S clusters can be found in a set of commentaries in the Journal
of Biological Inorganic Chemistry (204, 210-213).

In order to confirm analogous assignments for [Fe;S,]° clusters and
hence quantify the resonance energy for the S = § valence-delocalized
pairs in each of the two distinct types of VTMCD spectra, MCD mag-
netization data have been collected for bands centered around at 710
nm and 1150 nm; see Fig. 16. Uniaxial transitions such as the ¢ —
o* transition of an Fe—Fe interaction are predicted to have anoma-
lous MCD magnetization properties for transitions originating from a
highly anisotropic doublet (70, 214). Completely different MCD mag-
netization data are observed for the bands centered at 713 and 1148
nm. The lowest temperature data at 713 nm is well fit by theoretical
data constructed for a xy-polarized transition arising from a doublet
with g, = 8.0 and g, = 0.0. In contrast, the anomalous magnetization
behavior at 1148 nm, that is, increasing to a maximum and then de-
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Fic. 16. MCD magnetization data for the [Fe;S,]° cluster in the D14S mutant of
dithionite-reduced P. furiosus Fd. Upper panel: Magnetization data collected at 713
nm; magnetic fields between 0 and 6.0 T; temperatures, (&) 1.68 K, (O) 4.22 K, (A) 9.7
K. The solid line is theoretical magnetization data constructed according to Ref. (214)
for a xy-polarized transition originating from the M, = =2 doublet of an axial S = 2
ground state, with g = 8.0 and g, = 0.0. Lower panel: Magnetization data collected at
1148 nm; magnetic fields between 0 and 6.0 T; temperatures, (&) 1.75 K, (O) 4.22 K,
(A) 9.62 K. The solid line is theoretical magnetization data constructed according to
Ref. (214) for a predominantly z-polarized transition originating from the M, = *2
doublet of an S = 2 ground state, with gy = 8.0 and g, = 0.1, and m,/m,, = 55.

creasing as a function of BB/2kT, is predicted only for a predomi-
nantly z-polarized transition, when both the z-polarized and xy-polar-
ized transition dipole moments (m, and m,,, respectively) have the
same sign (214). For example, the lowest temperature data at 1148
nm is fit by a theoretical curve constructed of a z-polarized transition
(m,/m,, = 55) with g, = 8.0 and g, = 0.1. The lowest energy near-



48 JOHNSON, DUDERSTADT, AND DUIN

800 T— ; ‘ . — 200
5 6001 [ 150 §
= i s
@ 4004f @ 100
a A 2
£ 2001 5 E
3 8
g o 0
8 8
s 2001 50 o

-400 -100

400 500 600 700 800
Wavelength (nm)

Fic. 17. Comparison of the VIMCD spectra (4.5 K and 5 T) of the [Fe;S,]° and
[Fe;Se,]° centers in bovine heart aconitase. Taken from Ref. (188).

IR VTMCD band in each of the [Fe;S,]° spectra, therefore, corre-
sponds to the uniaxial o — ¢* transition of Fe—Fe interaction and
the resonance delocalization energy, B, is determined to be 4290 =+
25 ecm™! for Type 1 clusters and 4350 * 25 cm™! for Type 2 clusters.
Hence, the Fe—Fe interactions within the valence-delocalized pair are
very similar in both locations.

The close similarity in the VTMCD spectra of [Fe;S,]° and valence-
delocalized [Fe,S;]* clusters suggests that the majority of the bands
can be assigned to transitions associated with the valence-delocalized
pair. Hence, by analogy to the valence-delocalized [Fe,S;]* clusters,
the positive band at 450 nm is assigned to a u,S>~ — Fe?®" charge
transfer transition and bands to higher energy are likely to have a
large component of CysS™ — Fe?5* charge transfer. The only bands
attributable to S — Fe®" transitions at the localized-valence Fe3* site
are the relatively weak positive and negative features in the 480—600
nm region. This assignment is further supported by the comparison
of the VITMCD spectra of the [Fe;S,]° and [Fe;Se,]° clusters in aconi-
tase (188); see Fig. 17. The Se-induced red shifts of the bands in the
400-600 nm region are consistent with charge transfer transitions
involving primarily inorganic sulfide/selenide, and the Se-induced
blue shifts in the o — 7 and o — 7* transitions are consistent with
larger Fe d-orbital splitting in the Se-substituted form. Near-IR MCD
studies to longer wavelengths will be required to locate the ¢ — o*
transition and thereby assess the resonance energy for the delocalized
pair in the Se-substituted -cluster. VIMCD studies of the
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Fic. 18. VIMCD spectra (4.2 K and 4.5 T) of partially reduced (i.e., [Fe;S,]° and
[Fe Sy?*) A. vinelandii FdI at pH 8.3 and 6.4. Taken from Ref. (70).

[Fe;S(LS;)P~ and [FesSey (LS3)?~ synthetic analog complexes (50)
would also be very useful in testing these assignments.

Protonation of the [Fe;S,]° clusters in A. chroococcum TFe Fd, A.
vinelandii FdI, and S. acidocaldarius 7Fe Fd was discovered as a re-
sult of the dramatic changes in VITMCD spectra as a function of pH
(70,71, 75, 118). VTMCD spectra for the protonated and unprotonated
forms of A. vinelandii FdI are shown in Fig. 18. On the basis of these
assignments, the changes primarily involve the u,S*>~ — Fe?®* charge
transfer transition at 450 nm and the o — 7* Fe—Fe transition of the
valance-delocalized pair at 700 nm. This strongly suggests a u,S?" as
the protonation site. Near-IR MCD studies to longer wavelengths are
required to locate the o — o* transition in the protonated form and
thereby directly address the protonation-induced changes at the va-
lence delocalized pair.

A major discrepancy that remains unresolved in the excited-state
properties of the [Fes;S,I° cluster in D. gigas FdII concerns the exis-
tence of a low-lying, fully valence-delocalized state that becomes pop-
ulated at temperatures above 25 K. Such a state is clearly apparent
in the temperature-dependent Mossbauer studies of reduced D. gigas
FdII (29) and P. furiosus 3Fe Fd (198) and is represented by one quad-
rupole doublet with AEq ~ 0.9 mm/s and § = 0.45 mm/s. Such a
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state would not be expected to exhibit an S = 2 ground state, since
delocalization has a direct effect on the ground-state spin. However,
saturation magnetization data for reduced D. gigas FdII was found to
obey the Curie law from 4 to 200 K indicating that any excited state
populated over this temperature range must have the same spin as
the ground state S = 2 state (177). One possible explanation that
does not appear to have been considered explicitly is that the “fully
delocalized” form is due to a conformation in which the energy barrier
between configurations with different valence delocalized pairs is very
low, such that the Fe sites undergo rapid interchange compared to
the Mossbauer time scale even at temperatures as low as 25 K. As
detailed earlier, such rapid interchange between conformations has
been invoked to explain the absence of well-defined 8-CH, resonances
from the ligated cysteines in near-room-temperature NMR studies of
proteins containing [Fe;S,]° clusters (105), and VIMCD studies indi-
cate that the majority of [Fe;S,]° clusters exist as a mixture of two
conformations in frozen solutions that differ in the location of the
valence-delocalized pair (184).

3. Vibrational Properties

Published resonance Raman data of [Fe;S,]° centers are limited to
a poor-quality room-temperature spectrum of D. gigas FdII (215) and
a low-temperature spectrum of P. furiosus 3Fe Fd obtained with
457.9-nm excitation (37). In part, the paucity of the available data is
a consequence of the weak resonance enhancement compared to
[Fe;S,]* centers. Nevertheless, high-quality resonance Raman spectra
have been obtained for P. furiosus using excitation wavelengths in the
range 457.9-514.5 nm (see Fig. 19), and the bands have been catego-
rized as involving predominantly Fe—S? and Fe—S' stretching on the
basis of S’ isotope shifts; see Fig. 20 (191). The strongly enhanced
bands at 245, 271, 287, 368 and 379 cm! predominantly involve
Fe—SP stretching, since all have **S* downshifts = 5 cm ™. In contrast,
the weakly enhanced bands at 319, 334, and 349 em™! are assigned
primarily to Fe—S! stretching on the basis of *S* downshifts = 3 em™.
The spectra are completely different from those of the [Fe;S,]* clus-
ters discussed earlier, and this has impeded more detailed assign-
ments. However, the spectra are very similar to those we have ob-
tained for the valance-delocalized [Fe,S,;]" clusters in alkaline
samples of the C56S and C60S mutants of C. pasteurianum 2Fe Fd
(Duin, E. C., Crouse, B. R., Meyer, J., and Johnson, M. K., unpub-
lished results). This is, of course, in accord with the VIMCD studies
of [FesS,]° centers discussed previously, which indicate that the elec-
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Fic. 19. Low-temperature (20 K) resonance Raman spectra of dithionite-reduced
P. furiosus 3Fe Fd as a function of excitation wavelength (191). The asterisk indicates
a lattice mode of ice.

tronic absorption spectrum in the visible region is dominated by tran-
sitions localized on the valance-delocalized pair. The dominant en-
hancement of Fe—SP modes with excitation wavelengths >450 cm ™! is
also in excellent agreement with the electronic assignments present
in the previous section. Hence, the dramatic difference in the reso-
nance Raman of the oxidized and reduced [Fe;S,]™° clusters appears
to be a consequence of selective resonance enhancement of the
valence-delocalized pair of the reduced cluster. We are in the process
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Fic. 20. Low-temperature (20 K) resonance Raman spectra of natural-abundance
and **SP-enriched samples of dithionite-reduced P. furiosus 3Fe Fd with 457.9-nm exci-
tation (191). The asterisk indicates a lattice mode of ice.

of effecting detailed assignments for valence-delocalized [Fe,S,]* clus-
ters and [Fe;S,]° clusters based on isotope shifts and normal mode
analysis, and these results will be presented elsewhere.

C. [Fe;S,]” CLUSTERS AND CLUSTER FRAGMENTS

As yet there has been no spectroscopic or electrochemical evidence
for discrete [Fe;S,~ clusters in any biological sample. In contrast,
there is electrochemical evidence for a reversible three-membered
electron transfer series encompassing the [Fe;S,]"%~ core oxidation
states for the synthetic analog complex [Fe;S,(LSs)?~ (50). However,
since the [Fe;S,1° potential (—1.72 V in acetonitrile) is very negative
and 0.93 V lower than the [Fe;S,]"° potential (—0.79 V in acetoni-
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trile), the [Fe;S,]” state in a protein is likely to be inaccessible under
physiological conditions without protonation or binding of a positively
charged transition-metal ion. Accordingly, the properties of a
putative [Fe;S,]~ cluster have been deduced from studies of hetero-
metallic cubanes [MFe;S,]* where M is a redox-inactive and diamag-
netic d'° transition-metal ion such as Zn?* or Cd?*, that is, in D. gigas
FdII (32, 33, 64), D. africanus FdIII (38, 41), and P. furiosus Fd (35,
36, 198).

The combination of EPR, Méssbauer, and/or VTMCD has revealed
an S = § ground state for the [Fe;S,]” fragment in [ZnFe;S,]" and
[CdFe;S,]" clusters. On the basis of the Mossbauer studies of the
[ZnFes;S,]* clusters in D. gigas FdII (32, 33) and P. furiosus Fd (198),
the S = § ground state has been rationalized in terms of antiferromag-
netic exchange interaction between a valence-localized high-spin Fe?*
site (S = 2) and a valence-delocalized Fe?5*Fe?%* pair (S = 3). At all
temperatures, the Mossbauer spectra were analyzed as the sum of
two components in a 2:1 ratio, with the minor component having
AEq = 2.7-3.1 mm/s and é = 0.62 mm/s (slightly smaller than those
for a Fe?" site with tetrahedral sulfur coordination) and the major
component having AEq; = 1.5-1.6 mm/s and § = 0.51-0.54 mm/s
(slightly higher than the valence-delocalized Fe?*Fe?%* pair in the
[FesS,]° cluster). The components of the valence-delocalized pairs have
very similar *"Fe-hyperfine tensors (A,, = —14 to —15 MHz), whereas
that of the localized Fe?* site is not uniquely defined (|4,,| < 7 MHz).
The presence of an S = 9/2 valence-delocalized pair is strongly sup-
ported by the VTMCD studies of the [ZnFe;S,]* clusters in P. furiosus
Fd and D. gigas FdII (35) and the [CdFes;S,]* cluster in P. furiosus Fd
(36). As illustrated by the [ZnFe;S,]* cluster in P. furiosus Fd (see
Fig. 14), the VTMCD is very similar to that of the S = 9/2 valence-
delocalized [Fe,S,]" cluster and can be assigned accordingly. The
major difference is that the transitions associated with Fe—Fe interac-
tion are all shifted to lower energy, indicative of a longer Fe—Fe dis-
tance and smaller resonance delocalization energy. As in the case of
the valence-delocalized [Fe,S,]" clusters and [Fe;S,]° clusters, the uni-
axial o — o™ transition has been identified by its anomalous MCD
magnetization behavior, since the lowest doublet of the ground-state
manifold is highly anisotropic (Duderstadt R. E., Duin, E. C., and
Johnson, M. K., unpublished results). In [ZnFe;S,]* clusters, this
transition occurs at 1265 nm, indicating significantly smaller reso-
nance delocalization energy, 8 = 3950 cm™!, compared to the valence-
delocalized pairs in [Fe;S,]° clusters (8 = 4290-4350 cm™!).

The ground-state properties of the [ZnFe;S,* and [CdFe;S,]" clus-
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ters have been found to be identical in a given protein. However, al-
though it was not noted in the original publications (35, 36, 38), the
Cd and Zn heterometallic clusters in P. furiosus Fd and D. africanus
FdIII appear to exist as a mixture of two analogous forms with dis-
tinctive EPR signals. The dominant form in P. furiosus Fd has D =
—2.3 cm™! and E/D = 0.18, and the minor form is more rhombic with
E/D = 0.3. The minor species is responsible for the low-field reso-
nance at g = 9.7, and a broad feature centered at g = 4.3 is predicted,
but obscured by overlap with the dominant more axial species. The
situation is reversed in D. africanus FdIII, with the dominant species
being a rhombic component with E/D ~ 0.3 that gives rise to a broad
ill-defined resonance centered at g = 4.3. The evidence for a minor
species with D < 0 and E/D = 0.18 is the appearance of a resonance
at g = 8.8 that increases with increasing temperature. In contrast,
the [ZnFe;S,]" cluster in D. gigas FdII is more homogeneous, with
ground-state properties intermediate between these two extremes,
that is, D = —2.7 ecm™! and E/D = 0.25. This difference in ground-
state properties is likely to be a consequence of thiolate as opposed to
carboxylate coordination at the Zn site, since the residue ligating the
fourth site is cysteine in D. gigas FdII and aspartate in P. furiosus Fd
and D. africanus FdIII. Moreover, the addition of a large excess of
exogenous thiolate to the [ZnFe;S,]* cluster in P. furiosus Fd results
in EPR properties analogous to those of the [ZnFe;S,]* cluster in D.
gigas FdII. Whether the observed heterogeneity in [ZnFe;S,* and
[CdFe;S,]* clusters in P. furiosus Fd and D. africanus FAIII results
from monodentate/bidentate aspartate ligation at the Zn site and/or
conformations with different locations for the valence-delocalized pair
remains to be determined.

D. [Fe;S,]>~ CLUSTERS

Following the pioneering electrochemical studies of D. africanus
FdIII coadsorbed on the electrode surface as an electroactive film
(196), protonation-assisted reduction of adsorbed [Fe;S,]° proteins in
a cooperative two-electron process to yield a formal [FesS,]?~ cluster
has emerged as a general property of all 3Fe-containing proteins in-
vestigated thus far (118). These include A. vinelandii FdI (169), S.
acidocaldarius 7TFe Fd (118, 119), Sulfolobus sp7 TFe Fd (112), D.
gigas FdII (64), P. furiosus Fd (216), bovine heart aconitase (217),
and E. coli fumarate reductase (218). In each case, the reaction is
chemically reversible, the product is surprisingly inert, and the pH-
dependent redox potential is ~ —700 mV at pH 7. Voltammetry stud-
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ies of the pH dependence of three 7Fe Fds as coadsorbed films indi-
cate that reduction to the [Fe;S,]*” state involves the net uptake of
three protons relative to the [Fe;S,]* state (119). This protonation pre-
sumably facilitates multielectron reduction by counteracting the accu-
mulation of negative charge and the insensitivity to the protein host
suggests that the cluster itself is the site of protonation. In light of
the analysis presented earlier for the protonation site of the [Fe;S,]°
cluster, the three u,-S atoms are clearly the most likely sites for pro-
tonation. However, there is as yet no direct evidence to support this
proposal.

The ability to reversibly produce the [FesS,J?>” redox state in S. aci-
docaldarius 7TFe Fd by bulk electrochemical reduction in solution has
afforded the opportunity to investigate the ground- and excited-state
properties using absorption, VIMCD, and EPR spectroscopies (119).
The absence of an EPR signal in parallel or perpendicular mode, cou-
pled with the lack of significant visible absorption and a MCD spec-
trum that most closely resembles that of reduced rubredoxin, support
the notion of an all-Fe?' cluster with an integer spin ground state.
However, overlap with the MCD spectrum of the [Fe,S,]* cluster has
impeded reliable assessment of the temperature and field dependence
of the MCD bands below 400 nm that are attributable to the [Fe;S,]>~
center. Hence, the ground-state spin (S = 0, 1, 2. . .) remains to be
determined. Although it seems unlikely that the [Fe;S,°% couple is
physiologically relevant in any of the 3Fe-containing enzymes or pro-
teins investigated thus far, the discovery of [FesS,J*>~ clusters does il-
lustrate the potential of [FesS,] clusters to act as a multiple electron—
proton transfer agents, and they are attractive candidates for
intermediates in the assembly of cubane-type [Fe;S,] and [Fe,S,] clus-
ters (119).

VI. Cluster Conversions

Although [Fe;S,] clusters have been found to exhibit rich cluster
conversion chemistry, there is as yet no evidence that these processes
form the basis for regulatory roles to control enzyme activity or gene
expression. The three major types of cluster conversions that have
been observed or proposed for biological [Fe;S,] clusters are summa-
rized in Fig. 21. By far the most common type of cluster transforma-
tion involving biological [Fe;S]*° clusters is the reductive incorpora-
tion of Fe?" ion to yield [Fe,S.?"* clusters, as first demonstrated in
aconitase (13) and D. gigas FdII (14), and the reverse process, namely,
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Fia. 21. Cluster conversions involving [Fe;S,]* clusters. The cluster conversion in (c)
has been proposed on the basis of EPR, VITMCD, and resonance Raman studies, but
has yet to be confirmed by Mdéssbauer or more direct structural techniques.

the oxidative loss of Fe from [Fe,S,]*"" clusters to yield [FesS " clus-
ters, as first demonstrated in C. pasteurianum 8Fe Fd (10); see Fig.
21a. With the exception of aconitase, which has hydroxyl coordination
of the unique Fe site (175), the former process generally requires a
coordinating residue such as cysteinate, aspartate, or serinate in close
proximity to the tri—u,—S?" face of the cluster in order to ligate and
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stabilize the incorporated Fe. Ferricyanide has proven remarkably ef-
fective for inducing oxidative degradation of [Fe,S,]*"* clusters and
site-differentiated [Fe,S.*** clusters with oxygenic coordination at a
specific Fe site (e.g., hydroxyl in aconitase (175), and aspartyl in P.
furiosus Fd (42) and D. africanus FdIII (43, 108)) undergo particularly
rapid and facile conversion to [Fe;S,]" clusters. In many enzymes and
proteins, aerial oxidative degradation of [Fe,S.?*"* clusters to yield
[Fe;S,]™ clusters can occur during aerobic or semianaerobic isolation
procedures. Hence, there are numerous examples of enzymes and pro-
teins that have stoichiometric or substoichiometric amounts of
[FesS.* clusters as purified, as judged by EPR spin quantitations,
that turn out to be oxidative artifacts, such as 4Fe and 8Fe ferredox-
ins (10, 219), aconitase (13) and other Fe—S dehydratases (220, 221),
endonuclease III (222), glutamine phosphoribosylpyrophosphate ami-
dotransferase (223), lysine 2,3-aminomutase (224), anaerobic ribonu-
cleotide reductase (225, 226), pyruvate formate—lyase-activating en-
zyme (227), and fumarate and nitrate reductase regulation (FNR)
protein (228, 229).

The cuboidal [Fe;S,]* cluster in aconitase is unique in its ability to
undergo conversion to a linear [Fe;S,]* cluster at pH > 9 (44). This
cluster conversion was apparent from marked changes in the visible
absorption spectrum (brown to purple), loss of the characteristic g =
2.01 EPR resonance, and the appearance of a rhombic S = 5/2 EPR
signal with features at g = 4.3 and 9.6, similar to that observed for
adventitiously bound Fe?" ion. However, Mossbauer studies revealed
that the S = 5/2 spin system resulted from three antiferromagneti-
cally coupled Fe®' ions, each in an approximately tetrahedral environ-
ment of S atoms (44). Analysis in terms of a spin coupling model re-
vealed that the S = 5/2 ground state is a consequence of highly
asymmetric coupling among the three Fe atoms, i3 = Jy3 > 2J;,. This
is consistent with a linear as opposed to triangular arrangement of
Fe atoms, and the close correspondence in absorption, EPR, Méss-
bauer, and VIMCD properties (44, 45) compared to those of structur-
ally characterized clusters with linear [FesS,* cores (48), has pro-
vided unambiguous evidence for the structure shown in Fig. 21b.
Protein-chemical methods have shown that only two of the cysteine
residues ligating the cuboidal [Fe;S,]* cluster (Cys421 and Cys424)
are retained for the linear [Fe;S,]* cluster, with the other two cysteine
ligands (Cys250 and Cys257) being recruited from a nearby helix
(219). On the basis of the crystal structure of aconitase (167), a con-
siderable protein conformational change is required to bring these
new ligands into position.
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A new type of cluster conversion has been proposed in the A33C
mutant of P. furiosus Fd as a result of EPR, VITMCD, and resonance
Raman studies (46). On the basis of the 3D NMR structure of a
[Fe,S,]-containing form, the A33C mutation is expected to position a
fourth cysteine residue within 4 A of one of the Fe atoms of the [Fe;S,]
cluster. As expressed in E. coli, the mutant Fd contains a normal
cuboidal [Fes;S,]" cluster, but VTMCD and EPR data indicate that the
cluster can be reversibly converted to a form with a rhombic S = 5/2
ground state by the addition of polyethylene glycol (PEG). Although
the EPR resonance with features at g = 9.7 and 4.3 is very similar to
those of adventitiously bound Fe®" ion and a linear [Fe;S,* cluster,
the unique form of the VIMCD spectrum points to a new type of S =
5/2 [Fe3S,]" cluster. Since resonance Raman spectra in the presence
of PEG comprise features expected for [Fe,S,1*" and Fe'S, units, we
have tentatively interpreted this medium-dependent spin state
change in terms of ligation of the fourth cysteine and concomitant
cleavage of one of the usS—Fe bonds; see Fig. 21c. This type of struc-
ture was originally proposed as an alternative to the cuboidal [Fe;S,]
cluster, prior to definitive crystallographic characterization (5, 15, 17).
Moéssbauer and EXAFS studies are in progress to test the validity of
this proposal.

VII. Synthetic Model Compounds

Shortly after the discovery of 3Fe centers, Henkel and co-workers
synthesized the first example of a trinuclear Fe—S compound,
[FesS(Ss-0-xyl-4,5-Mey)s]*~ (Ss-0-xyl = o-xylene-o,o’-dithiolate) (230).
This compound and the closely related [Fe;S(Ss-0-xyl);]>~ compounds
synthesized by Holm and co-workers (231) contain an apical w;—S
atom bonded to three Fe(II) ions in a nearly equilateral triangle. Each
Fe is coordinated to one terminal and one bridging sulfur atom of
the dithiolate ligand, giving FeS, units and an overall structure that
approximates to C; symmetry (1). The average metrical parameters
(Fe-Fe = 282A Fe—usS = 232A Fe— ,LL2S—236A Fe—St = 2.29 A
(231)) are similar to those of the [Fe;S,1° cluster in the [Fe3S4(LS3)]3’
complex (Fe-Fe = 2.70 A Fe—usS = 2.31 A Fe—u,S = 2.26 A Fe—
St = 2.32 A see Table III), except for a 0.1 -A increase in the Fe—Fe
and Fe—u,S distances, which is consistent with bridging thiolates as
opposed to bridging sulﬁdes.
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Since the complex [Fe;S(S,-0-xyl);]?~ in acetonitile showed only one
quasi-reversible oxidation and irreversible reduction at very negative
potentials, characterization has been restricted to the overall —2 oxi-
dation state. NMR studies demonstrated retention of the solid-state
structure in acetonitrile solution, and the solution optical absorption
and magnetic properties are indicative of magnetically interacting
Fe'S, units (231). Clearly, these compounds are excellent models for
an all ferrous [Fe;S,1>~ clusters with protonated u,—S atoms and merit
more detailed investigation of their ground-state and excited-state
properties using Mossbauer, saturation magnetization, and VIMCD
studies. In the early 1980s, we carried out preliminary VIMCD stud-
ies of [FesS(S,-0-xyl);1*~ in acetonitrile solutions (Kowal, A. T., John-
son, M. K., and Holm, R. H., unpublished results). The VTMCD spec-
trum is indeed similar to that deduced for the [Fe;S,J?>~ cluster in the
four-electron reduced form of S. acidocaldarius 7Fe Fd (119), and
magnetization studies indicate a paramagnetic, integer spin ground
state.

The synthesis of a compound with a [Fe;S,] core analogous to that
found in proteins proved to be a challenging task that was finally
accomplished by Zhou and Holm in 1995 (49). This was the result of
an extensive research program initiated by the Holm group soon after
the discovery of biological 3Fe centers in 1980. A brief overview of the
different stages of this work is presented next.

In a systematic search for new species (48, 232), the reactions of
FeCl, or [FeCl,]?>~ with 1—4 equivalents of thiolate were investigated.
The intention was to use the resultant Fe(I)-thiolate complexes as
reactants with elemental sulfur in the synthesis of Fe—S clusters.
This approach led to the synthesis of trinuclear compounds such as
(Et,N)s[Fes(SPh);Cls] (232, 233); an all-ferric cluster with a IoJlanar
Fes;(u,—SPh); ring (£ Fe—S—Fe ~140°, Fe—Fe distances ~ 4.46 A, and
phenyl groups coplanar with the ring) and distorted tetrahedral
Fe(SPh),Cl; units (233). Another of the products, [Fe(SEt)>", proved
to be very reactive and afforded direct entry to a variety of bi-, tri-,
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and hexanuclear clusters (48). Of particular importance was the syn-
thesis and characterization of (Et,N);[FesS,SR),] (R = Et, Ph) (2),
which contains the linear [Fe(u,—S).Fe(u,—S).Fel* core (48, 234). Each
Fe atom occupies an approximately tetrahedral site with an Fe—Fe
separation of 2.71 A. Magnetic susceptibility and EPR measurements
indicated an S = 5/2 ground state, and Méssbauer spectra revealed
the presence of high-spin Fe(III) ions in two magnetic subsites in a
2:1 ratio. The more intense subsite corresponds to the two end Fe(III)
sites, which have magnetic moments parallel to each other and to the
total moment of the cluster. The less intense subsite is the central
Fe(IIl) site, which has its magnetic moment antiparallel to the cluster
total moment. Thus, individual iron spins, S; = 5/2, combine to pro-
duce a total spin S| = |S; + S, + S3| = 5/2. As discussed in the
preceding section, this complex was crucial to the discovery of linear
[Fe,S,]" clusters in alkaline forms of mitochondrial aconitase. It also
provided a synthetic route to several heterometallic cubanes,
[MFe;S,]; see later discussion.
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In the previous issue of this series devoted to “Iron—Sulfur Pro-
teins,” Holm summarized a body of work that showed how different
terminal ligation at one Fe site of a protein-bound or synthetic [Fe,S ]
cluster leads to 3:1 site-differentiated clusters (235). This results
not only in special properties for this unique Fe, but also in destab-
ilization of this site upon oxidation and the formation of the
cuboidal [Fe;S,] clusters in proteins. This suggested a strategy for the
synthesis of the cuboidal [Fes;S,] core that was based on iron-site-
differentiated [Fe,S,] clusters. However, the synthetic analogs
[Fe,S«SR),J> " possess effectively equivalent Fe subsites and un-
dergo statistical ligand substitution reactions. This problem was
solved by the synthesis of a semirigid trithiol ligand 1,3,5-tris((4,6-
dimethyl-3-mercaptophenyl)thio)-2,4,6-tris(p-tolylthio)benzene (LS;)
() (236). LS; is largely predisposed to capture a cubane cluster in a
ligand substitution reaction. The ligand is sufficiently flexible that it
binds the [Fe,Se *" core, which has a van der Waals volume ~25%
larger than that of a [Fe,S,]** core (50).
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The single cubane cluster [Fe,S(LS;)L']*~ (4) with L’ as Cl~ (z =
2), a good leaving group, formed the starting point for a systematic
investigation of the site-specific reactivity of cubane clusters and the
formation of a diverse set of products (235-240). The nature of the
ligand(s) L’ at the unique iron subsite influenced the isotropically
shifted 'H NMR resonances of the 4Me, 5H, and 6Me substituents of
the phenyl rings in the coordinating arms of the ligand and resulted
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in shifts in the cluster redox potential. Both of these properties were
also used for the characterization of mixed metal clusters coordinated
by LS; (51).

The 'H NMR isotropic shifts for nearly all [Fe,S/LS;)L']*~ com-
pounds were sufficiently similar to demonstrate a common S = 0
ground state, as expected for a [Fe,S,?*" core. However, this was not
the case for clusters obtained from reactions with alkyl isonitriles,
and the structure of the product revealed approximately octahedral
coordination at the unique Fe site with three isonitriles bound in fa-
cial arrangement (238, 239). Mossbauer spectroscopic and magnetic
susceptibility studies of [Fe,S,LS3)(#-BuNC);]~ (239) demonstrated
the existence of a valence-localized low-spin Fe(II) subsite (S = 0),
assigned to the trigonal Fe(t-BuNC); group, and a spin-isolated
[FesS,° cluster fragment. The latter was shown to have the same
ground-state and valence-delocalization properties as a protein-bound
S = 2 [Fe;S,]° cluster and hence provided the first evidence that these
were intrinsic properties of the cluster core as opposed to being in-
duced by the protein environment.

Based on the behavior in proteins, it might be expected that a sim-
ple oxidation step will transform an [Fe,S,] cluster into an [Fe;S,]
cluster. Such behavior is indeed observed with synthetic [Mo,S,]
clusters (235). This procedure was attempted by Weterings et al. us-
ing [Fe,Sy(S-t-Bu)* (241). Oxidation by [Fe(CN)s]*" in DMF/buffer
at —40°C yielded a cluster that was spectroscopically (EPR, Moss-
bauer) similar to the Fes;S, cluster in proteins. Unfortunately, the
cluster was not stable at room temperature, and no crystals could be
obtained. A similar method was used by Roth and Jordanov (242).
Oxidation of [Fe,S,(S-2,4,6-(i-Pr);C¢Hy),)?~ with [Fe(CN)J*~ in aprotic
media (CH,Cl,, CH;CN) resulted in a species with a [Fe,S,** core. In
aqueous media (DMF/H,;0 or CH3;CN/H,0) a [Fe;S,” center was
formed, but the cluster was unstable and underwent rapid decompo-
sition.

Since no other attempts are described in the literature, it would
appear that oxidative degradation of synthetic [Fe,S,] clusters has
thus far proven unsuccessful in furnishing [Fe;S,] models suitable for
crystallographic and detailed spectroscopic analysis. Holm and co-
workers tried a different approach that led to the synthesis and de-
tailed characterization of a synthetic compound containing a [Fe;S,]°
core (49, 50). The trinuclear cluster was formed by abstraction of a
Fe?* ion from a site-differentiated [Fe,S,** core ligated by the tri-
thiolate cavitand ligand, LS;. Reaction of [Fe,S,(LS;)(SEt)]>” with
(Et;NH)(OTY) (OTf = triflate) affords [Fe,S,LS;)(OTf)]*", in which the
unique Fe site is activated toward terminal ligand substitution.
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Treatment with 1 equivalent of the Fe*'-ion chelator (Et,N)(Meida)
(Meida = N-methylimidodiacetate), affords [Fe,S,(LS;)(Meida)l, which
was readily converted to [Fe;S,(1.S;)]>~ with 1-2 equivalents of addi-
tional reactant. The Fe?* was abstracted as [Fe(Meida),]>". Subse-
quently an alternative synthesis was found involving removal of the
Mo(CO); fragment in [(CO)sMoFe;S,(LS;)*~ by treatment with CO in
the presence of NaPF; (243). X-ray structure determination of
(Et,N)s[Fe;S4(LS;)] showed that the cuboidal core is metrically very
similar to the cubane core of [Fe,S,(LS;)C1"]*" and to protein-bound
[Fe;S,™° clusters (50). A detailed structural comparison was pre-
sented earlier; see Table III, Fig. 2, and Section IV. The similarity of
the EPR and Méssbauer data compared to protein-bound [Fe;S,1° clus-
ters (50), see Section V,B,1, showed unequivocally that the protein
structure is not needed to sustain the arrangement of an S = 9/2
valence-delocalized Fe?®*Fe?5* pair antiferromagnetically coupled to
an S = 5/2 Fe®' site that leads to the S = 2 ground state. Rather, it
is an intrinsic property of the [Fes;S,]° core and was shown to be pre-
served in the [Fe;Se ]’ core of the [FesSey(LSs)]?~ complex. Both the
[FesSyLSy)IP and [FesSe (LS;)I*~ were shown to undergo reversible
one-electron oxidation (£, = —0.79 and —0.80 V, respectively) and
reduction (E, = —1.72 and —1.67 V, respectively) in acetonitile solu-
tions (50). Detailed spectroscopic and structural characterizations of
these oxidized and reduced forms, containing [Fe;S,]" and [Fe;S,]~
cores, respectively, would answer many of the unresolved questions
concerning [Fe;S,] clusters and is awaited with great interest.

VIIl. Mixed Metal Clusters

A. ProTEIN-BoUND [MFe;S,] CLUSTERS

The concept of an [Fe;S,] cluster as a redox active, quasi-rigid li-
gand for heterometal ions to form heterometallic cubane clusters was
first demonstrated in 1986 by the formation of a [CoFe3S,]** cluster in
D. gigas FdII (31). Since then, experiments with three distinct pro-
teins, D. gigas FdIl, P. furiosus Fd, and D. africanus FdIII, have re-
ported the preparation and characterization of eight protein-bound
heterometallic cubanes [MFe;S,], M = Cr (36), Mn (35), Co (35, 64),
Ni (34, 64, 198), Cu (36, 40), Zn (32, 35, 38, 198), Cd (33, 38, 64), and
TI (37, 39), using the generalized reaction (n = 1, 2):

[Fe;S,0* + M?"" + ne” = [MFe,S,*"*
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Kinetics studies have provided evidence for binding of Co?*" and Mn?*
to the 3Fe cluster in aconitase (244), and electrochemical studies have
shown that the 3Fe cluster in D. africanus FdIII has a high affinity
for Pb?* (41), but these clusters have yet to be characterized spectro-
scopically. No crystallographic data are available for proteins con-
taining heterometallic cubanes, and evidence for their formation and
properties comes from changes in EPR, Méssbauer, VTMCD, and re-
dox properties in the presence of excess exogenous metal ion. The
spectroscopic evidence is particularly persuasive for clusters with S =
1/2 ground states involving heterometals with naturally abundant
magnetic nuclei, since they usually exhibit well-resolved nuclear hy-
perfine structure on one component of the EPR signal, for example,
[CoFe;S,* (31, 35), [TIFe S,* (37, 39) and [CuFe;S,J?* (36). The relia-
bility of the spectroscopic approaches for assessing the formation of
heterometallic cubanes in Fds has been attested to by the close simi-
larity in the properties of protein-bound and crystallographically de-
fined synthetic clusters with [NiFe;S,]* and [CoFe;S,** cores (245).
Armstrong and co-workers have devised an elegant electrochemical
method, in which the Fd is coadsorbed as a stable electroactive film,
to assess the formation and redox properties of heterometallic cu-
banes in D. africanus FdIII (38). This has led to estimates of equilib-
rium dissociation constants as a function of the metal ion and estab-
lished an affinity order Pb?** > Cu* > Cd?*" > TI* = Zn?" > Fe? >
Co*" with respect to metal ion binding to the [FesS,]° cluster (41).

A summary of the spin states identified for protein-bound
[MFe;S,1%* clusters is shown in Table VII. EPR and VIMCD studies
have shown that the [T1Fe;S,]?"" and [CuFe;S,]*"* clusters are best
considered as T1* and Cu® coordinated by S = 1/2 [FesS,* or S = 2
[FesS,]° fragments (36, 37, 39, 40). In general, [Fe;S,]" clusters have
low affinity for binding metal ions and stable heterometallic clusters
are only formed with large, polarizable, monovalent, thiophilic metal
ions. For all other heterometallic cubanes, VTMCD and/or Méssbauer
studies indicate that formulations in terms of a high-spin M2* ion in-
teracting with an S = 2 [Fe;S,1° or S = 5/2 [FesS,]™ fragment are more
appropriate (31, 33—-40, 198). For example, all heterometallic clusters,
except for [TIFe;S,** and [CuFe;S,J**, exhibit an intense positive
MCD band centered between 700 and 800 nm, which is the hallmark
of the S = 9/2 valence-delocalized Fe?5*Fe?5* pair in the [Fe;S,]° and
[FesS.™ cluster fragments. In 1991, this formulation led us to propose
that the ground-state spin for clusters involving paramagnetic diva-
lent transition metal ions could be rationalized on the basis of antifer-
romagnetic coupling between the high-spin M?* ion and an S = 2
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SUMMARY OF PREDICTED AND OBSERVED GROUND-STATE PROPERTIES OF PROTEIN-BOUND
[MFe;S,] CLUSTERS

Metal ion Cluster fragment Ground state
Cluster M+ Spin Ox. state Spin  Predicted Observed Ref.
[Fe,S,]* Fe? 2 [Fe;S,1- 5/2 1/2 1/2, 3/2 42,43
[Fe,S.** Fe? 2 [Fe;S,1° 2 0 0 42,43
[CrFe;S,]* Cr* 2 [Fe;S,1- 5/2 1/2 3/2 36
[CrFe;S, 1" Cr? 2 [Fe;S,1° 2 0 0 36
[MnFe;S,]* Mn?* 5/2 [Fe;S,1- 5/2 0 0 35
[CoFe;S,]* Co?* 3/2 [FesS,l™ 5/2 1 1 35
Co* 1 [Fe;S,1° 2 1 1
[CoFe;S,1** Co?* 3/2 [FesSyl° 2 1/2 1/2 31,35
[NiFe;S,]* Ni?* 1 [Fe;S,1- 5/2 3/2 3/2 34, 198
Ni* 1/2 [Fe,S,I° 2 3/2 3/2
[CuFe;S,]* Cu* 0 [Fe;S,1* 1/2 1/2 1/2 36, 40
[CuFe;S,** Cu* 0 [FesSyl° 2 2 2 36, 40
[ZnFe;S,]* Zn?* 0 [Fe;S,1- 5/2 5/2 5/2 32, 35, 38, 198
[ZnFe;S,1** Zn?** 0 [FesSyl° 2 2 2 35, 38
[CdFe;S,] Cd?* 0 [Fe;S,1- 5/2 5/2 5/2 36, 38
[CdFe,S,I* Cdz* 0 [Fe,S,I° 2 2 2 36, 38
[TIFe;S,]* T1* 0 [Fe;S,1° 2 2 2 37,39
[T1Fe,S, 1> T1* 0 [FesSyl* 1/2 1/2 1/2 37,39

[FesSy’ or S = 5/2 [FesS,]” fragment (35, 246); see Table VII. For
example, the ground states of the S = 1 [CoFe;S,]* and S = 1/2
[CoFesS, > clusters were rationalized by coupling a S = 3/2 Co?* ion
with an S = 5/2 [FesS,]” and S = 2 [Fe;S,]° fragment, respectively.
Although the simplicity of this model is attractive, it lacks theoretical
justification, and it does not explain the S = 3/2 [Fe;S,* and
[CrFesS,]" clusters in P. furiosus Fd (see Table VII), the variability in
redox potentials (see Table VIII), and the Mossbauer data for
[CoFe;S,]t clusters (14) and [NiFe;S,]* clusters (198, 245). The latter
point is best illustrated by a comparison of Fe isomer shifts. The
average Fe isomer shifts for the [CoFe;S,]" and [NiFes;S,]* clusters,
6 = 0.53 mm/s and 0.47-0.50 mm/s, respectively, are intermediate
between the values established for an [Fe;S,]° cluster (6§ ~ 0.42
mm/s) or an [Fe;S,]” fragment (§ ~ 0.56 mm/s), indicating hetero-
metal ion oxidation states between +1 and +2. Hence, the underlying
assumptions of this model, that is, well-defined oxidation states for
the heterometal ion and the cluster fragment, with the redox chemis-
try confined exclusively to the cluster fragment, are not strictly valid.
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TABLE VIII

Repox PoTENTIALS (MV vs NHE AT pH 7-8) FOR PROTEIN-BOUND CLUSTERS

Protein
Core couple D. africanus FA III ~ D. gigas Fd 11 P. furiosus Fd Refs.

[FeyS,I+0 —140¢° —130¢ —160° 35, 38, 64
[MnFe;S, 21+ >—100%¢ 35

[Fe Sy2tt* —400° —420° —345° 35, 38, 64
[CoFe;Sy2*1* —271° —245° —163° 35,41, 64
[NiFe;S 21" —360° >—100%¢ 35, 64
[ZnFe;S 21+ —480° —241° 35, 38
[CdFesS,*+1* —580¢ —495¢ —470° 36, 38, 64
[PbFe;S 21+ —440° 41
[CrFe,S, 21" —440° 36
[CuFesS 21" +148° +190¢° 36, 40
[T1Fe,S, >+ +81¢ +120%¢ 39

@ Determined by direct electrochemistry at a glassy carbon electrode (cyclic, differen-
tial pulse, or square-wave voltammetry).

® Determined by dye-mediated EPR redox titrations.

¢ At potentials above —100 mV, these clusters undergo loss of the heterometal ion
with concomitant formation of [Fe;S,]* clusters.

¢Fu, W., Adams, M. W. W., and Johnson, M. K., unpublished results.

Indeed, it seems likely that the success of the fragment formulation
model in explaining the ground-state spins of the S = 1 [CoFe;S,]*
and S = 3/2 [NiFe;S,]* clusters may be a consequence of both M*/
[Fe;S,]° and M?*/[FesS,]~ coupling schemes correctly predicting the ob-
served ground states; see Table VII. More sophisticated spin coupling
models for heterometallic cubanes based on density functional theory
calculations are now starting to be developed (247).

In comparing the redox and detailed spectroscopic properties of the
heterometallic cubanes assembled in D. gigas FdII, P. furiosus Fd,
and D. africanus FdIII, differences in the ligation at the heterometal
site must be borne in mind. Given the NMR evidence for aspartate
binding to the unique Fe site of the [Fe,S,] cluster in P. furiosus Fd
(63), it is likely that the heterometal site is ligated by aspartate in
both P. furiosus Fd and D. africanus FdIIl. However, the ability of
aspartate to act as a monodentate or bidentate ligand may be impor-
tant in understanding heterogeneity and differences in the properties
of the clusters in these two proteins; for example, see Section V,C.
Convincing evidence that cysteinate ligates the heterometal site in D.
gigas FdII comes from the observation that excess B8-mercaptoethanol
(at pH = 10) converts the EPR of the [Fe,S,*, [NiFe;S,]*, and
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[ZnFes;S,]* clusters in P. furiosus into spectra indistinguishable from
those observed for the equivalent clusters in D. gigas FdII (35, 248).
Moreover, mutation of the coordinating aspartate in P. furiosus Fd
(65, 249) and D. africanus FdIII (250) to cysteine converts the mixed
spin (S = 1/2 and 3/2) [Fe;S,]* clusters into homogeneous S = 1/2
[Fe, St clusters with EPR and MCD properties identical to those of
the all-cysteine-ligated [Fe,S,]" cluster in D. gigas FdII. There is also
persuasive spectroscopic evidence (EPR and/or VITMCD) for CN-
binding at the unique metal site of the [ZnFe;S,]*, [CoFe;S,]*, and
[NiFe;S " clusters in P. furiosus Fd (34, 35). Such behavior has been
observed for the [Fe,S,]" cluster in P. furiosus Fd, with combinations
of EPR, VTMCD, and ENDOR studies providing unambiguous evi-
dence for the binding of a single CN~ at the unique Fe site (251, 252).

The preceding discussion sets the stage for a qualitative rational-
ization of the trends in redox potentials of protein-bound [MFe;S,J>**
clusters; see Table VIII. The clusters are divided into two groups, de-
pending on whether or not they undergo formal redox cycling between
[FesSy™ and [FesS,]% fragments within the biologically accessible
range of potentials. In principle, both couples are accessible to each
heterometallic cubane, but only one is observed, that is, thiophilic,
monovalent ions such as Cu* and Tl* decrease the potential of both
couples, bringing the [Fe;S,]*° couple into the biologically accessible
range and taking the [Fe;S]% couple to < —700 mV, whereas diva-
lent transition-metal ions increase the potential of both couples, tak-
ing the [Fe;S,"° couple above +400 mV and bringing the [Fe;S,]%"
couple into the biologically accessible range. (The negligible affinity of
the [FesS,]* clusters for divalent heterometal ions would undoubtedly
result in loss of the heterometal even if potentials > +400 mV were
accessible.) Within each group, the range of potentials can be gener-
ally be rationalized on the basis of the ability of the heterometal site
to donate or withdraw electron density from cluster fragments, re-
sulting in a decrease or increase in the cluster potential, respectively.
For clusters with [Fe;S,]*° couples, the order of potentials Tl < Cu
has been established in both D. africanus FdIII and P. furiosus Fd.
This is consistent with T1* being a better electron donor than Cu* as
a result of its increased size and polarizability.

For heterometallic clusters with [Fe;S,]%" couples, the order poten-
tials can be summarized as follows:

Cd < Cr < Fe < Zn < Co < Mn,Ni in P. furiosus Fd
Cd < Zn < Fe < Co in D. africanus FdIII
Cd < Ni < Fe < Co in D. gigas FdIl
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The origin of the differences between these proteins, that is, the in-
version of the order of Zn and Fe between P. furiosus Fd and D. afri-
canus FdIII and the anomalously high potential of the Ni cluster in
D. gigas FdII, is unknown at present, but may well reflect differences
in the ligation of the heterometal (i.e., monodentate or bidentate
aspartate in D. africanus FdAIII and P. furiosus and cysteinate in D.
gigas FAIT). We have attempted to rationalize the sequence in P. furio-
sus on the basis of this model in light of the available spectroscopic
data (36). Relative to Zn, the heterometal sites in the Fe, Cr, and Cd
clusters are progressively better electron donors. For Cd, this is once
again explained on the basis of increased size and polarizability,
whereas for Cr and Fe this would require a formal oxidation state
between +2 and +3 for the unique metal site in the [FeFe;S,]* and
[CrFe;S,]* clusters. Such a conclusion is consistent with the propen-
sity of these metal ions for +2 and +3 oxidation states and NMR and
Fe-ENDOR studies of P. furiosus that indicate that the aspartyl-
ligated Fe atom of the [Fe,S,]* center is part of the valence-delocalized
Fe?®*Fe?5* pair (170, 253). In contrast, the heterometal sites in the Co
and Ni/Mn clusters are progressively better electron acceptors rela-
tive to Zn. Within the framework of this model, this would require a
formal oxidation state between +1 and +2 for the Co, Ni, and Mn
sites in [CoFe;S,]*, [NiFe;S,* and [MnFe;S " clusters. This is in ac-
cord with the Moéssbauer data for the [CoFe;S,]" and [NiFe;S,]* clus-
ters (see earlier discussion) which indicate an oxidation state slightly
below +2 for Co and intermediate between +1 and +2 for Ni. Al-
though additional Mossbauer studies for a wider range of clusters are
required, it seems likely that the [MFe;S,]*"* midpoint potential pro-
vides a reliable, albeit qualitative, indicator of the charge distribution
between the heterometal and the cluster fragment.

These studies of protein-bound heterometallic cubanes have amply
demonstrated that the heterometal site is redox active and able to
bind small molecules. Although they have yet to be identified as in-
trinsic components of any protein or enzyme (except as part of the
nitrogenase FeMo cofactor cluster (254)), they are clearly attractive
candidates for the active sites of redox enzymes.

B. SyntHETIC [MFe;S,] CLUSTERS

The systematic development of the chemistry of synthetic [MFe;S,]
clusters is largely the work of Holm and co-workers and has occurred
in parallel and synergistically with the development of the protein-
bound analogs. A comprehensive review of this work up to 1992 can
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be found in the previous issue in this series on iron—sulfur proteins
(235). Here we present a brief overview of the early work and focus
on the recent results, with particular emphasis on the metal ion incor-
poration reactions of the [Fe;S,(LS3)?~ cluster.

RS SR

/

/ AN

S—Fe Fe——S
RS\ \// \;{/ \SX/Fe/\SR
R
RS SR
5

The initial motivation for the synthesis of heterometallic cubanes
was provided by EXAFS data on nitrogenase, which indicated that
the active site FeMo cofactor contained a cuboidal MoFe;S; frag-
ment (255, 256). This led to the synthesis of a wide range of single and
double (5) cubanes involving [MoFe;S,*"?", [VFe;S, 22", [WFe S, IPY,
[NbFesS,2"?", and [ReFe;S,]*"?" cores, via self-assembly reactions in-
volving the appropriate tetrahedral [MS,F~ precursor (235, 257). An
alternative route involving reductive rearrangement of a linear
[Fe;S(SR),?~ cluster in the presence of low-valent metals (Mo(0),
W(0), Co(I), Ni(0)) was subsequently developed specifically for metals
that do not have stable tetrathiometalates (245, 258, 259). This
led to the synthesis of clusters with [MoFe;S,1°, [WFe;S,]°, [CoFesS,1*,
and [NiFes;S,]* cores. More recently, a range of new heterometallic
cubanes have been synthesized with [CuFe;S,]", [AgFe;S,],
[T1FesS,]", [CoFesS,]" cores, and new routes to clusters with
[MoFe;S,1° [WFe;S,1°, and [NiFe;S,]* cores have been developed, by
investigating the metal ion incorporation reactions of the
[FesSyLSy)P~ cluster (51, 260). These reactions and the compounds
involved are summarized in Fig. 22. The conformational flexibility of
the LS; ligand impedes crystallization, and the evidence for the heter-
ometallic structures shown in Fig. 22 is based largely on 'H NMR.
Isotropic shifts of protons on the pendant arms of the LS; ligand have
been found to be exquisitely sensitive to the identity of the hetero-
metal (51).

It has not been possible to obtain homogeneous samples of synthetic



pph, (2 r\!i c &
C' I i
Me Me g g\ S F|><F /(,JE,\SL o AN Me Me
] BN ¢ <
{2- _F Fe, Fe—gi St /Fle/ Feé ~—~SL S |2-
b s Ls \;XSL 57N P% _DNesEC T
F
/ZO\ A%es‘ 2) HSmes S/ e\s
N [Ni(PPhg)Cl] >
>\F /(F,S\SL s~ P /Fe\sL
s~ 9\B>(SL [Co(PPhy)sCl] 2 [FeCly* S 1%
PPhy 2 3{\4, PPh, 2

o—
Ag
| VN
?>/<s\>,s [AgPPhg))"* 2 Qe fcuPPhgd’ S S
Fe_ F \FB\SL s N > FS\SL
s e’\| /SL ?_f_ﬁ‘ss Me LS \

| Cu,

/ lg\ /S'; \S
RN TI(O48CF3) M(CO)3(MeCN)3] ?X ]
] g o
LS/FB\Fle\,Fe\SL L5~ B\FIeX ~sL
7 SL
e |2 \l 2 °
/ ! \ g \
‘\F /FS\SL |\/ \/FL\SL
s |°\/ s~ \| >,
3LS=LS; (M = Mo, W)

Fic. 22. Metal ion incorporation reactions of [Fe;S,(LS3)]*~ in acetonitrile solution. Taken with permission from Ref. (51).
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TABLE IX

SUMMARY OF THE GROUND-STATE PROPERTIES OF REPRESENTATIVE EXAMPLES OF SYNTHETIC SINGLE
AND DoUBLE CUBANES CONTAINING [MFe;S,] CLUSTERS AND RATIONALIZATION IN TERMS OF THE
FraeMENT FORMULATION MODEL

Cluster
Metal ion® fragment Ground state
Cluster
Complex® core M"" Spin Ox. state Spin Predicted Observed Ref.
[MoFe;S,(SR),(alycat)]? [MoFe;S,** Mo*"  1/2 [Fe,S,1° 2 3/2 3/2 261
[MoFe;S,(SR)y(al,cat)(EtCN)P~  [MoFe;S,J**  Mo**  1/2 [FesS,1™ 5/2 2 2 261
[(CO)sMoFesS,(LS;)1*~ [MoFe;S,°  Mo° 0 [FesS,I° 2 2 2 243
[W,FesSs(SEt),*~ [WFeS, Pt W3+ 1/2 [Fe;S,1° 2 3/2 3/2 257
[VoFesSs(SEt) >~ [VFe;S,** A% 1 [Fe;S,I° 2 1 0 257
[VFe;S,(SR);(DMF);]~ [VFesS,J** %A 1/2 [FesS,1° 2 3/2 3/2 262
Vet 1 [FesS,l™ 5/2 3/2 3/2
[NbyFesSs(SEt)y >~ [NbFesS,IP*  Nb** 1 [Fe;S,I° 2 1 0 257
[Nb,FesSs(SEt)y 1>~ [NbFe,S,** Nb*  1/2 [Fe,sS,1° 2 3/2 3/2 257
Nb#* 1 [FesS,l~ 5/2 3/2 3/2
[ReFe;S,(SEt),(dmpe)]” [ReFe;S,**  Re** 0 [Fe;S,I° 2 2 2 263
Re*! 1/2 [Fe;S,] 5/2 2 2
[Re Fe;Ss(SEt)]°~ [ReFe;S %" Re** 1/2 [Fe;S,I° 2 3/2 3/2 264
[(Ph3P)CuFe;S,(LS3) 1>~ [CuFe;S,]" Cu' 0 [FesS,1° 2 2 2 51
[(PhyP)AgFe S (LSs)1* [AgFe,S,]*  Ag' 0 [FesS,1° 2 2 2 51
[T1FesS,(LS3) 1>~ [T1Fe;S,1* T1* 0 [Fe;S,I° 2 2 2 51
[(Ph3P)CoFe;S,(LS;)1*~ [CoFe;S,*  Co** 3/2 [FesS,™ 5/2 1 1 51
Co* 1 [Fe;S,1° 2 1 1
[CoFe;S,(Smes),]* [CoFe;S,**  Co** 3/2 [FeS,1° 2 1/2 1/2 245
[(Ph;P)NiFe;S,(SEt)s]? [NiFe;S,]* Ni?! 1 [FesS,l 5/2 3/2 3/2 245
Ni* 1/2 [Fe;S,1° 2 3/2 3/2

“d® and d* metal ions are assigned S = 1/2 and 0, respectively. This is reasonable for a second- or third-
row transition-metal ion with a trigonally distorted octahedral environment, but is difficult to justify for V**.
b alycat = 3,6-diallylcatecholate(2—); dmpe = 1,2-dimethylphosphinoethane; Smes = mesitylthiolate(1—).

clusters with [ZnFe;S,)?"", [CdFe;S,2"*, [MnFe;S,]*, or [CrFe;S,2H"
cores. Only protein-bound forms of these clusters are known at
present. Conversely, clusters with [MoFe;S,2*2"0 [VFe S22,
[WFe;S, 2", [NbFe;S,2"%", [ReFesS,*?*, and [AgFe;S,]* cores have
yet to be formed in a protein matrix. The spin states of these cores in
a representative example of each of these clusters, as determined by
magnetic susceptibility, Mossbauer, proton isotropic shifts, or some
combination thereof, are given in Table IX. The observed spin states
are invariant to the nature of the ligation at the heterometal site and
can generally be rationalized in terms of the fragment formulation
model (see Table IX), with average isomer shifts providing an assess-
ment of the oxidation state of the [Fe;S,] fragment and thereby the
oxidation state of the heterometal ion (51, 235, 245, 257). The most
notable exceptions are the [VFe;S,** and [NbFe;S** clusters, which
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are predicted to be S = 1, but are diamagnetic with S = 0 ground
states. For clusters containing [CoFe;S,?"*, [NiFe;S,*, [CuFesS,],
[TIFe;S,]™ cores that have been characterized in both protein-bound
and synthetic forms, the available evidence points to congruent
ground-state properties and fragment formulations; cf. Tables VII and
IX (51, 245, 259).

The ability to compare redox properties of synthetic clusters with
identical ligation and parity of charge affords a meaningful compari-
son of the influence of the heterometal on redox potential. Reversible
[MFe;S,J*"* couples have been identified in cyclic voltammograms of
[(Smes)MFe;S,(LS;)]?” and the potential order of M = Fe < Co < Ni
was established (51). In a related series of complexes, reversible
[MFesS,]*° couples were characterized for [(PPhs)MFe;S,(LS;)]>~ and
the potential order of M = Co < Ni < Cu < Ag was determined (51).
Hence, the intrinsic effect of the heterometal on the redox potentials
of heterometallic cubanes has been established as Fe < Co < Ni <
Cu < Ag, in excellent agreement with the order established for the
protein-bound clusters in P. furiosus Fd.

IX. Future Directions

Although this review chronicles the remarkable progress that has
been made over the past 15 years in understanding the function,
properties, and reactivity of cuboidal [Fe;S,] clusters, many ques-
tions remain unanswered. Given that the primary function appears
to be electron transfer, understanding how the protein environ-
ment can tune the midpoint potential of the [Fe;S,]"° couple over a
range of >0.5 V is clearly of paramount importance. Determining
the structural changes associated with cluster redox reactions via
high-resolution crystal structures and the location of the valence-
delocalized pair via protein NMR studies, will be crucial to this en-
deavor. Theoretical calculations based on protein crystal structures
can then be used to assess the electrostatic gradient at the cluster
and thereby assess how the protein determines the pair of irons that
accepts the electron and the cluster redox potential. Elucidating the
functions for biological [Fe;S,] clusters presents another major chal-
lenge. The proven ability of [Fe;S,] clusters to undergo several types
of cluster conversions, incorporate heterometals, and exhibit redox-
linked protonation makes them attractive candidates for sensors in
regulatory processes, enzyme active sites, and coupling electron and
proton transfer. The extent to which [Fe;S,] clusters are involved in
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these types of biological processes remains to be determined. Finally,
there is clearly pressing need to develop rigorous spin coupling mod-
els that can rationalize the ground-state properties of heterometallic
cubanes.
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I. Introduction

In 1964, Rieske and co-workers reported the observation of an EPR
signal around g = 1.90 in the cytochrome bc; complex (1). They suc-
ceeded in the isolation of the iron sulfur protein that gave rise to the
EPR signal and showed that it contained a [2Fe—2S] cluster. Over the
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past 35 years, numerous studies of this so-called Rieske protein have
tried to unravel the molecular basis of its unusual properties; the un-
derstanding of the properties of the Rieske protein should also pro-
vide insight into general properties of iron sulfur clusters. The essen-
tial feature of Rieske clusters is their novel (His,—Cys;) coordination
environment, which was first established by magnetic spectroscopy
and finally proven by the crystal structure determination. In this re-
view, I will discuss how the distinct spectroscopic, electrochemical,
and functional properties of the Rieske protein are determined by the
ligand environment and by the protein structure. I will use the term
Rieske protein or cluster for hydroquinone-oxidizing electron trans-
port complexes and Rieske-type protein or cluster for dioxygenases or
homologous systems where the Rieske-type cluster does not interact
with quinone.

Il. Historical Background

In 1960, Beinert and Sands (2) reported the observation of an
EPR signal around g = 1.94 in fragments of the mitochondrial
electron transfer chain; this signal could be attributed to a complex
containing iron and inorganic sulfur (S?°), which established the
biological significance of iron sulfur clusters. In 1964, Rieske and
H. Beinert working at the Institute for Enzyme Research of the
Medical College of Wisconsin, reported the observation of an EPR
signal around g = 1.90 in complex III (the cytochrome bc; complex)
of the mitochondrial respiratory chain (I). They succeeded in the
isolation of the iron sulfur protein that gave rise to the EPR signal
and showed that it contained a [2Fe—2S] cluster. This protein,
which is generally referred to as Rieske protein (after its discov-
erer), was shown to have unique spectroscopic properties. An EPR
signal comparable to that of the Rieske protein of the mitochondrial
be; complex has been observed in the bgf complex of photosynthetic
electron transfer chains and in the membranes of archaebacteria
containing hydroquinone-oxidizing electron transfer complexes but
no bc; complex (3). Similar signals have also been observed in
water-soluble bacterial dioxygenases; these [2Fe—2S] clusters are
referred to as Rieske-type clusters.

From an analysis of the EPR spectra, Blumberg and Peisach (4)
suggested that the coordination environment of Rieske clusters must
include “one or more atoms which are less electron donating than
sulfur.” This was significantly substantiated by studies of the Rieske
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protein from the archaebacterium Thermus thermophilus (5). First
direct spectroscopic evidence for histidine coordination was obtained
by ENDOR spectroscopy of the Rieske-type cluster of phthalate dioxy-
genase from Burkholderia cepacia (formerly known as Pseudomonas
cepacia) (6) and then by ENDOR and ESEEM spectroscopy of the
Rieske cluster in bc; and bgf complexes (7, 8). Finally, the X-ray struc-
tures of the water-soluble domains of the Rieske proteins from bovine
heart mitochondrial bc; complex (9) and from spinach bsf complex
(10) could be determined that allow an in-depth analysis of the infor-
mation obtained from spectroscopic analyses, and electrochemical and
mutational studies. The first structure of a Rieske-type cluster has
been reported in naphthalene dioxygenase (11).

Ill. Structural Aspects

A. PRIMARY STRUCTURES: AMINO ACID SEQUENCES

The first sequence of a Rieske protein has been obtained by se-
quencing of the nuclear gene of the Rieske protein of the bc; complex
from the fungus Neurospora crassa (12). The primary structure of the
Rieske protein from bovine mitochondrial b¢; complex has been deter-
mined by direct amino acid sequencing (13). Subsequently, the genes
of Rieske proteins from many mitochondrial, bacterial, and plastidial
complexes have been sequenced, as well as numerous gene clusters of
bacterial dioxygenases. From the sequences of established Rieske and
Rieske-type proteins as well as from three-dimensional structures, it
is known that the four ligands of Rieske and Rieske-type clusters
show the following sequence motif:

CyS_X_HiS—X15_47—CyS —X-X-His

In order to get an insight into the diversity of proteins that may con-
tain a Rieske or Rieske-type cluster, a database search was performed
in the following way.

A similarity search was performed using the program BLAST
through the service provided by the ExPASy Molecular Biology Server
(http://www.expasy.ch) and using the sequences of established Rieske
proteins: the water soluble fragment of the Rieske protein from bovine
heart bc; complex and of spinach bgf complex or the ferredoxin and
the a subunit of benzene dioxygenase from Pseudomonas putida. After
eliminating all sequences that did not contain the Rieske ligand mo-
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tif, approximately 125 sequences were obtained that were regarded
as proteins which may contain a Rieske or Rieske-type cluster. These
sequences were aligned and clustered using the programs ClustalW
and Multalin from the Antheprot suite (14). The sequences could be
grouped in the following way:

TA1. Rieske proteins from mitochondrial bc; complexes [12]

IA2. Rieske proteins from bacterial bc¢; complexes [7]

IB. Rieske proteins from plastidial b4f complexes [11]

IC. Bacterial Rieske proteins that are not from bc; or bgf com-
plexes or of unknown origin [9]

ITA. Bacterial Rieske-type ferredoxins [37]

IIB. Bacterial Rieske-type oxygenases [33]

IIC. Proteins from eukaryotes that show homology to bacterial
Rieske-type oxygenases [9]

IID. Other putative Rieske-type proteins [6]

1. Rieske Proteins

Rieske proteins are constituents of the bc complexes that are hydro-
quinone-oxidizing multisubunit membrane proteins. All b¢c complexes,
that is, be; complexes in mitochondria and bacteria, bsf complexes in
chloroplasts, and corresponding complexes in menaquinone-oxidizing
bacteria, contain three subunits: cytochrome b (cytochrome bg in bgf
complexes), cytochrome c; (cytochrome f in bsf complexes), and the
Rieske iron sulfur protein. Cytochrome b is a membrane protein,
whereas the Rieske protein, cytochrome c;, and cytochrome f consist
of water-soluble catalytic domains that are bound to cytochrome b
through a membrane anchor. In Rieske proteins, the membrane an-
chor can be identified as an N-terminal hydrophobic sequence (13).

In addition to the four ligands of the Rieske cluster, three residues
are fully conserved in all Rieske proteins:

Cy —X-Hi —X-Gly—Cys—X,, u—Cy —X—Cys—Hi

The residues printed in bold are the ligands of the cluster; the two
underlined cysteine residues form a disulfide bidge stabilizing the
cluster (9).

a. Group IA: Rieske Proteins from Cytochrome be; Complexes. Mito-
chondrial Rieske proteins include those of plant mitochondria, Chla-
mydomonas reinhardtii, C. elegans, three species of fungi, and of
higher vertebrates. Fifty residues (26%) are fully conserved between
11 Rieske proteins; two of the conserved residues are located in the
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Fic. 1. Phylogenetic tree of Rieske proteins from mitochondrial and bacterial bc,
complexes. The tree was generated from the ProtoMap web site, Release 2.0 (http:/
www.protomap.cs.huji.ac.il).

flexible linker (Asp 67 and Ala 70 in bovine heart numbering; cf. Sec-
tion III,B,5), while all other conserved residues are in the C-terminal
region comprising the catalytic domain. No insertions or deletions are
observed within the catalytic domain except at the C-terminus. In a
highly conserved sequence of 44 residues, 30 residues (68%) are fully
conserved; these 44 residues form the cluster binding subdomain (see
Section II1,B,2).

The bacterial Rieske proteins contain 3—20 extra residues in the
catalytic domain; these insertions occur in the helix—loop structure
and in the loop B5—B6 (see Section III,B). The insertion of a single
residue is observed in some bacterial sequences between the flexible
linker and B strand 1 as well as in the “Pro loop.” Twenty-eight resi-
dues are fully conserved between 11 mitochondrial and 6 bacterial
sequences; 22 of these conserved residues are located in the cluster
binding subdomain.

Figure 1 shows the phylogenetic relationship of the mitochondrial
and bacterial Rieske proteins. Plant mitochondrial Rieske proteins
form a separate cluster, whereas bacterial Rieske proteins are more
closely related to Rieske proteins from fungi or mammals, although
the subunit composition and organization of the bc; complex is compa-
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rable in mitochondria from plants, fungi, and mammals: All mito-
chondrial bc; complexes contain up to eight subunits without redox
centers (two “core” proteins that are related to the general mitochon-
drial protease (MPP) o and 8 subunits as well as several small sub-
units), whereas bacterial bc, complexes comprise only the three sub-
units that contain the redox centers and at most one small subunit
with no known function.

b. Group IB: Rieske Proteins from Cytochrome bs;f Complexes
Rieske proteins from b4f complexes include those from higher plants
(spinach, tobacco, pea), from algae (Chlamydomonas), and from cyan-
obacteria (Anabaena, Nostoc, Synechocystis). Fifty out of 177-180 resi-
dues (28%) are fully conserved between all 11 sequences; 24 of the
conserved residues are located in the cluster binding subdomain (59%
conservation over a 41-residue stretch).

The Rieske proteins of menaquinone-oxidizing bc complexes from
Bacilli cluster with the Rieske proteins of b4f complexes, although the
complexes differ in their subunit composition: Both contain a short
cytochrome b(bg) that comprises only the first four transmembrane
helices of the full length cytochrome b as found in bc; complexes, but
the menaquinone-oxidizing bc complexes from Bacilli contain, not cy-
tochrome f, but rather a soluble cytochrome ¢ that is fused to subunit
IV of bsf complexes (15). However, the Rieske protein of the
menaquinone-oxidizing bc complex from Chlorobium limicola, which
is coded in a petCB transcription unit together with the full-length
cytochrome b (16), is more closely related to Rieske proteins from bc;
complexes than to Rieske proteins from b4f complexes. Therefore, it
appears that in bc complexes the character of the Rieske protein is
related not to the type of substrate, but to the nature of the cyto-
chrome b: bgf-type Rieske proteins (group IB) are found in complexes
together with a split cytochrome b(bs), whereas bc;-type Rieske pro-
teins (group IA) are found in complexes together with a full-length
cytochrome b.

c. Group IC: Rieske Proteins That Are Not from Cytochrome b¢c Com-
plexes This group includes sequences of Rieske proteins where the
nature of the corresponding complex has not been established; several
of the sequences show similarity to Rieske proteins of menaquinone-
oxidizing bc complexes from Bacilli discussed in the previous section.
In addition, there are three sequences of Rieske proteins from archae-
bacteria that do not contain a “classical” bc complex; the Rieske pro-
tein (TRP) from Thermus aquaticus and two Rieske proteins (SoxF
and SoxL) from Sulfolobus acidocaldarius (17). Sulfolobus has no bc;



STRUCTURES OF RIESKE AND RIESKE-TYPE PROTEINS 89

complex and the two Rieske proteins are constituents of hydroquinone
(caldariellaquinone) oxidizing terminal oxidases: Rieske protein II
(SoxF) is part of the SoxM oxidase complex (18), whereas Rieske pro-
tein I (SoxL) is likely to be part of a yet unidentified terminal oxidase
(19). SoxF and SoxL cluster together in sequence alignments (to-
gether with the Rieske protein from Thermus aquaticus), but they
differ substantially from each other: 67 residues (27%) are identical
in SoxF and SoxL; 23 of these are in the cluster binding subdomain
(39% identity).

2. Rieske-Type Proteins

Sequences of proteins containing Rieske-type clusters have been de-
duced from the complete operons of several dioxygenases; these dioxy-
genases require electrons from NAD(P)H to convert aromatic com-
pounds to cis-arene diols. The water-soluble dioxygenase systems
consist of a reductase and a terminal dioxygenase; many dioxygenases
also contain a [2Fe—2S] ferredoxin (20). The terminal oxygenases con-
tain a Rieske-type cluster and the ferredoxins may contain either a
Rieske-type or a 4-cysteine coordinated [2Fe—2S] cluster.

a. Group IIA: Bacterial Rieske-Type Ferredoxins 'These proteins
are water-soluble electron transfer proteins of typically 95—111 resi-
dues that show no similarity to plant-type ferredoxins containing a 4-
cysteine coordinated [2Fe—2S] cluster. Rieske-type ferredoxins show
a high degree of variability; only the four residues coordinating the
cluster are fully conserved between the 37 proteins that can be classi-
fied as Rieske-type ferredoxins based on their size and the conserved
ligand pattern:

Cy -X-Hi X, ,—Cy -X-X-Hi

Only a few residues show more than 75% sequence identity, includ-
ing four glycine residues, a proline residue at the beginning of the
“Pro loop,” and a phenylalanine residue in a position corresponding
to the conserved residue Tyr 165 of the bovine heart Rieske protein.
However, structure prediction and sequence comparison with Rieske
proteins from bc; complexes suggests that the fold will be very similar
in all Rieske-type ferredoxins, as in the other Rieske or Rieske-type
proteins (see Section III,B,1).

b. Group IIB: Bacterial Rieske-Type Oxygenases The catalytic sub-
unit of bacterial oxygenases consists of 439-461 amino acid residues
and contains a Rieske cluster as well as a catalytic mononuclear iron
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site. Most of the sequences have been determined from various
strains of Pseudomonas, but two ORFs coding for members of the
group have been found in the genome of E. coli. The Rieske cluster is
coordinated within a separate Rieske domain within the N-terminal
third of the protein (17). Only the sequences of the Rieske domains
will be discussed here.

Within the whole group of 33 sequences, 8 amino acid residues are
fully conserved: in addition to the four ligands to the Rieske cluster,
two glycine residues (Gly 112 and Gly 146 in naphthalene dioxygen-
ase, NDO), one tryptophan (Trp 39 in NDO) and one arginine (Arg 68
in NDO). Gly 112 corresponds to Gly 169 in the Rieske protein from
bovine heart bc; complex; this residue is conserved in all Rieske and
Rieske-type proteins analyzed here with only three exceptions (the
Rieske protein from Chromatium vinosum and the Rieske-type ferre-
doxins from Pseudomonas putida OUS82 and from o Proteobacterium
MZ2), which makes it the most highly conserved residue in all Rieske
and Rieske-type proteins after the ligands of the Rieske cluster. Sur-
prisingly, the other fully conserved residues are at least 20 A away
from the Rieske cluster.

When the distantly related sequences are excluded from the align-
ment, a total of 22 residues are found to be conserved between 28
sequences; 14 of 42 residues around the cluster binding loops are con-
served. Therefore, it can be concluded that Rieske domains of the «
subunits of dioxygenases show a higher degree of conservation than
Rieske-type ferredoxins.

In addition to the dioxygenase subunits just discussed, several bac-
terial sequences show a more distant homology to dioxygenases but
contain the conserved cluster binding ligands. Most of these se-
quences are shorter than established dioxygenase subunits (347-397
residues). Whether these sequences represent a distant subgroup of
dioxygenase subunits, truncated genes, or pseudogenes remains to
be established.

c. Group IIC: Proteins from Eukaryotes that Show Homology to Bac-
terial Rieske-Type Oxygenases Several gene products from eukaryotic
cells show homology to bacterial dioxygenases and contain the
ligand pattern to accommodate a Rieske-type cluster as well as a mo-
nonuclear iron site (Table I). EPR spectra of choline monooxygenase
from spinach (21) and of CMP-N-acetylneuraminic acid hydroxylase
from pig (22) unequivocally demonstrated the presence of a Rieske-
type cluster in these proteins. While CMP-N-acetylneuraminic acid
hydroxylase from pig and from mouse contains the Rieske cluster
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TABLE I

PROTEINS FROM EUKARYOTES THAT SHOW HOMOLOGY TO BACTERIAL
RIESKE-TYPE OXYGENASES

D Protein Organism Related to Reference
022553  Choline monooxygenase B. vulgaris 004121 122
004121  Choline monooxygenase S. oleracea 022553 21
004127  LLS1 cell death suppressor Z. mays 004422 25
004422  LLS1 cell death suppressor A. thaliana 004127 123
PSTIC55 TIC55, chloroplast inner P. sativum 004127, 004422, 24

envelope import complex 574825
S74825 7 Synechocystis sp. 004127, 004422 124
014004 SPAC29A4.01C S. pombe 042346 125
042346  Nrfl (neurula-specific ferre- Xenopus merula 014004 126
doxin reductase-like
protein)
Q19655 F20D6.11 C. elegans — 127
D21826  CMP-neuraminic acid Mouse — 22
hydroxylase

within the N-terminal 100 residues, the human protein lacks these
N-terminal residues and therefore the Rieske cluster (23). The N-
terminal truncation of the human enzyme is caused by a deletion of
an exon in human genomic DNA. Since the enzyme is inactive in the
absence of the Rieske cluster, N-acetylneuraminic acid is synthesized
in most mammals but not in humans.

The TIC55 protein contains a Rieske-type iron sulfur cluster and a
mononuclear iron site; there is good evidence indicating that the pro-
tein is part of the chloroplast inner envelope translocation machinery
(24). The function of TIC55 is yet unknown; the primary structure
shows the highest homology to the LLS1 protein, which is highly con-
served in plants. The LLS1 (lethal leaf spot 1) protein functions as a
suppressor of cell death in mature leaves (25); it contains the ligands
for both a Rieske-type cluster and a mononuclear iron site, and it has
been suggested that the LLS1 protein may degrade phenolic com-
pounds that would promote cell death.

d. Group IID: Proteins That May Contain a Rieske-Type Clus-
ter The small subunit (NasE or NirD) of the assimilatory nitrite re-
ductase from Bacillus subtilis (EC 1.6.6.4) is a protein of 106 amino
acid residues that shows sequence homology to Rieske-type ferredox-
ins (see Section III,A,2,a). It contains the sequence

Cy —Pro-Hi —-X;;—Cy —Pro—Met-Hi
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which suggests that the protein might contain a Rieske-type cluster.
However, the putative Rieske ligands are not conserved in the corre-
sponding NasD protein of the assimilatory nitrite reductase from E.
coli.

In order to check whether the occurrence of the Rieske-type se-
quence motif is unique for the assimilatory nitrite reductase from Ba-
cillus subtilis, the sequences of other assimilatory nitrite reductases
were searched for the presence of the four putative ligands of Rieske-
type clusters. A well-conserved sequence pattern

Cy —Pro-Hi —Lys—X;_5,—Cy —Pro—X-Hi

was found in four fungal assimilatory nitrite reductases from N.
crassa (Nit-6) (26), Aspergillus nidulans (niiA) (27), Aspergillus fumi-
gatus (28), and Hansenula polymorpha (ynil) (29). The four proteins
contain between 1044 and 1176 amino acid residues; they are homolo-
gous to sulfite reductases that contain flavin as well as siroheme in
close vicinity to a [4Fe—4S] cluster. The likely flavin binding site is
close to the N-terminus of the protein; the potential NAD(P) binding
site is located between residues 150 and 210, whereas the ligands of
the [4Fe—4S] cluster are located around residue 760. The putative
binding site for the Rieske-type cluster is located in the sequence be-
tween the flavin binding site and the potential NAD(P) binding site
within the N-terminal part of the protein. Little is known about the
biochemistry of fungal assimilatory nitrite reductases; knowledge of
siroheme-containing enzymes is largely based on studies of sulfite re-
ductases. However, sulfite reductases are much smaller than nitrite
reductases (570 compared to 1100 residues) and lack the part of the
sequence containing the putative binding site for the Rieske-type
cluster. Therefore, it is an open issue whether a Rieske-type cluster
is present in fungal nitrite reductases.

B. 3D STRUCTURES: X-RAaY CRYSTALLOGRAPHY

The X-ray structures of three water-soluble proteins containing a
Rieske or Rieske-type cluster have been reported so far (Fig. 2):

* The water-soluble fragment of the Rieske protein from bovine
heart bc, complex (ISF) was crystallized by Link et al. (30) and the
structure was solved at 1.5 A resolution by Iwata et al. (9) (PDB file
1RIE).

* The water soluble fragment of the Rieske protein from spinach
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Fic. 2. Ribbon diagram of the structures of (a) the water-soluble Rieske fragment
from bovine heart bc, complex (ISF, left; PDB file 1RIE), (b) the water-soluble Rieske
fragment from spinach bsf complex (RFS, middle; PDB file 1RFS), and (c) the Rieske
domain of naphthalene dioxygenase (NDO, right; PDB file INDO). The [2Fe—2S] cluster
is shown in a space-filling representation, the ligands as ball-and-stick models, and
residues Pro 175 (ISF)/Pro 142 (RFS)/Pro 118 (NDO) as well as the disulfide bridge in
the ISF and RFS as wireframes.

bef complex (RFS) was crystallized by Zhang et al. (31) and the struc-
ture was solved at 1.83 A resolution by Carrell et al. (10) (PDB file
1RFS).

» Naphthalene-1,2-dioxygenase (NDO) from Pseudomonas sp. NCIB
9816-4 expressed in E. coli was crystallized by Lee et al. (32), and the
structure was solved at 2.25 A resolution by Kauppi et al. (11) (PDB
file INDO).

The crystallography as well as the quality criteria of the crystallo-
graphic models are summarized in Table II. In NDO, the Rieske do-
main is formed by residues 38—155 of the « subunit; only this part of
the structure will be discussed in this review.

The structure of the full-length Rieske protein has been determined
by X-ray crystallography of the whole bc; complex, but at lower reso-
lution (3.0 A), by Zhang et al. (41) and by Iwata et al. (42).

1. The “Rieske Fold”

When we reported the first Rieske structure of the bovine heart
fragment (ISF) (9), we could not detect any similar structure in the
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TABLE II

CRYSTALLOGRAPHY OF RIESKE AND RIESKE-TYPE PROTEINS

1RIE

1RFS

INDO

Protein
Organism

Crystallized Form
Size

Crystallization conditions

State of the Rieske cluster
Space group
Cell dimensions

Solvent content
Data collection
i
No. of unique reflections
Completeness (%)"
Rym (%)°
Phasing®
R-factor (no. of reflections)
R-free (no. of reflections)
Residues in model
Non-H atoms
Water sites
Average B values (A%
Main chain
Side chain
Rieske cluster
Water
Reference

cytochrome bc; complex
bovine heart

water-soluble Rieske fragment

129 aa, M, = 14,593

pH 6.2

PEG 6000 (23%)
22°C

hanging drop

reduced

P2,

a=2321Ab=530A4,
c=380A

B = 100.3°

41%
1.000 A, 100 K
15A

18,058

89.4 (68.0)

5.1 (27.0)
MAD

19.2% (15,880)
21.4% (817)
127

1169

167

6.9

7.8

7.0

20.4

Link et al., 1996 (30)
Iwata et al., 1996 (9)

cytochrome bsf complex
spinach

water-soluble Rieske fragment

139 aa, M, = 14,797

pH 4.6

PEG 4000 (30%)
20°C

hanging drop

reduced

P1

a=29.05A,b = 3187A,
¢=3579A

« = 95.6° 8 = 106.1°,
y=117.8°

31%

1.500 A, 110 K

183 A

8,785

89.7 (57.3)

4.8 (10.8)

MAD

17.0% (8,367)

22.0 (391)

127

1110

143

10.3

11.4

74

26.9

Zhang et al., 1996 (31)
Carrell et al., 1997 (10)

naphthalene dioxygenase

Pseudomonas sp. NCIB
9816-4

E. coli (expression)

holoprotein hexamer
(ersB)

3 X (449 + 194) aa,
M, = 218,322

pH 6.0

(NH,),S0,(2.31 M), PEG
(2%)

8°C

hanging drop

oxidized

1222

a=10504,b=17394A,
c=2825A

53%
0.95 A, 100 K

2.5 A

117,067

96 (97)

9.1(38.6)

MAD + MIR (Se-Met)
19.4% (110,479)
23.8% (5,868)

640 + 640 + 638
15250

1061

31.7

35.5

26.2

39.0

Lee et al., 1997 (32)
Kauppi et al., 1998 (11)

@ Values in parantheses are for the last shell.
® MAD: multiwavelength anomalous dispersion; MAD + MIR (Se-Met): The phasing was done using MAD on a selenomethio-

nine-substituted protein.

databases using the program DALI (33). (The similarities of the clus-
ter binding loops are discussed in Section III,B,4). However, the topo-
logy observed in the bovine Rieske protein has been found to be well
conserved in the other Rieske proteins investigated; it is also present
in the Rieske-type ferredoxin of biphenyl oxygenase from Burkhold-
eria cepacia (BphF; Colbert, C. L.; Couture, M. M.-J.; Eltis, L. D.;
Bolin, J. T., manuscript in preparation). Therefore, the “Rieske fold”
is present in all four major groups of Rieske proteins. It appears that
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a

Sheet 1 Sheet2

Fic. 3. (a) The “Rieske fold.” Only the 10 B strands forming the three antiparallel 8
sheets and the loops surrounding the Rieske cluster in the cluster binding subdomain
are shown. The numbering of the 8 strands corresponds to the ISF and RFS. (b) Struc-
ture of the Rieske cluster binding subdomain of the ISF. The [2Fe—2S] cluster is shown
in a space-filling representation, the ligands as well as the disulfide bridge as ball-and-
stick models and residue Pro 175 in the “Pro loop” as a wireframe model.

the “Rieske fold” is an archaetypical structural unit, comparable to,
for example, the “cupredoxin fold” observed in copper proteins.

The Rieske fold consists of three antiparallel 8 sheets (Fig. 3a):
Sheet 1 is formed by the conserved B strands 1, 10, and 9; sheet 2 is
formed by the 8 strands 2, 3, and 4; and sheet 3 by the 8 strands 5-8.
Sheet 3 and its loops form the “cluster binding subdomain,” which is
described in the next section. The three sheets can be considered as a
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“double B sandwich.” The central 8 sheet 2 contains longer strands
and can be regarded as the “spine” of the structure; it interacts with
both sheets 1 and 3. Sheets 1 and 2 interact through mostly hy-
drophobic residues at their interface. In the chloroplast protein (RFS),
B sheet 1 is distorted so that it forms a barrel-like structure with 3
sheet 2 rather than the 8 sandwich observed in the other three pro-
teins.

Highly conserved residues are found predominantly in the loops be-
tween the B strands, in particular in the loops 81-82, 82—83, 88—£9
(the “Pro loop”), and in the cluster binding loops.

2. The Rieske Cluster Binding Subdomain and the Rieske Cluster

The cluster binding subdomain comprises 43 or 44 residues in the
Rieske proteins from bc; or bgf complexes and in Rieske-type ferredox-
ins (Colbert, C. L.; Couture, M. M.-J.; Eltis, L. D.; Bolin, J. T., manu-
script in preparation) and 32 residues in dioxygenases. The subdo-
main is formed by the 8 sheet 3 (8 strands 5-8 in the ISF and RFS;
B strands 8—12 in NDO) and the loops connected to it (Fig. 3b). Loops
B4—B5 and B6—B7 contain the ligands coordinating the [2Fe—2S] clus-
ter: Each loop contributes one cysteine and one histidine ligand. The
inner iron (Fe-1) is coordinated by Cys 139 (ISF)/Cys 107 (RFS)/Cys
81 (NDO) from the loop 84—85 and Cys 158 (ISF)/Cys 125 (RFS)/Cys
101 (NDO) from the loop 86—87, whereas the outer iron (Fe-2) is coor-
dinated by His 141 (ISF)/His 109 (RFS)/His 83 (NDO) from the loop
B4—B5 and His 161 (ISF)/His 128 (RFS)/His 104 (NDO) from the loop
B6—B7. Thus, the coordination pattern is 2 + 2 compared to the 3 +
1 pattern observed in 4-cysteine coordinated [2Fe—2S] clusters.

In the Rieske proteins from bc; or bsf complexes, loops 84—B5 and
B6—B7 both contain an additional cysteine residue (Cys 144 and Cys
160 in the ISF and Cys 112 and Cys 127 in RFS); these cysteines
form a disulfide bridge connecting the two loops (Fig. 3b). These cyste-
ines are not present in the sequences of Rieske-type proteins, that is,
in neither NDO nor Rieske-type ferredoxins. In Rieske proteins, the
disulfide bridge appears to be important for the stabilization of the
fold around the cluster as the two loops are not shielded by other
parts of the protein; in NDO, the Rieske cluster is stabilized without
a disulfide bridge since it is completely buried by surrounding o and
3 subunits.

In the Rieske proteins from bc; or bgf complexes, a third loop (“Pro
loop,” part of B8—B9 containing the highly conserved sequence Gly-
Pro-Ala-Pro) covers the cluster from the other side. Mutations in the
“Pro loop” have shown that this loop is critical for cluster stability
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TABLE III

COMPARISON OF DISTANCES AND ANGLES IN THE [2Fe—2S] CLUSTER IN RIESKE PROTEINS
AND IN PROTEINS CONTAINING 4-CYSTEINE COORDINATED [2Fe-2S] CLUSTERS

Cluster Rieske 4-Cys-coordinated

PDB file* 1RIE (9) 1RFS (10) 1AWD (70) 1FRR (71)
Fel-Fe2 2.71 A 2.72 A 2.73 A 2.76 A
Fe—SP (av.) 224 A 2.32 A 2.20 A 2.23 A
Fe-St (Fe' site, av.) 2.26 A 2.27 A 2.28 A 2.25 A
Fe2-N (Fel site, av.) 2.14 A 221 A
Fe-St (Fe" site, av.) 2.32 A 2.28 A
Fe-S'—Fe (av.) 74° 72° 77° 77°
SP—Fe—SP (av.) 106° 107° 103° 103°
St—Fe—St (Fe' site) 106° 110° 105° 111°
N-Fe—N (Fe' site) 91° 91°
Si-Fe—St (Fe! site) 105° 106°

@ 1AWD: ferredoxin from the alga Chlorella fusca, resolution 1.4 A; 1FRR: ferredoxin
from Equisetum (horsetail), resolution 1.8 A.

S, bridging sulfurs; S, terminal sulfurs (cysteine Sy); N§, coordinating imidazoles;
av., average distances.

(834). In NDO, the corresponding loop is much longer and does not
interact with the environment of the Rieske cluster, but is involved
in subunit interactions with the catalytic domain in a neighboring
subunit (11).

The cluster is coordinated at the tip of the cluster binding subdo-
main. Fe' (Fe-2) is close to the surface of the protein with its histidine
ligands fully exposed to the solvent, whereas Fe' (Fe-1) is buried
within the protein and surrounded by the three loops forming the
cluster binding subdomain. However, in NDO the histidine ligands
are not solvent accessible, but buried at the interface between the
Rieske domain and the catalytic domain; both histidine ligands form
hydrogen bonds with acidic side chains in the catalytic site close to
the catalytic iron.

The geometry of the Rieske cluster is the same within the error of
the X-ray experiment in all three structures. Table III compares dis-
tances and angles within the Rieske clusters to those observed in
high-resolution structures of proteins containing 4-cysteine coordi-
nated [2Fe—2S] clusters. In all these [2Fe—2S] clusters, the coordinat-
ing sulfurs form an almost perfect tetrahedron around the iron of the
Fe' site. In contrast, the geometry around the nitrogen-coordinated
iron in Rieske clusters is distorted from tetrahedral geometry; the
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F1c. 4. Structure of the Rieske [2Fe—2S] cluster in the water-soluble Rieske frag-
ment from bovine heart bc; complex (ISF). Residues where the side chains have been
omitted are indicated by lowercase lettering. Dotted lines indicate hydrogen bonds to
the sulfur atoms; the two OH—S hydrogen bonds formed by the side chains of Ser 163
and Tyr 165 are shown as dashed lines.

angle N6—Fe—N§ is 91° in all Rieske proteins studied so far, a value
expected for octahedral rather than for tetrahedral coordination.

All sulfur atoms of the cluster are highly constrained by the pres-
ence of multiple hydrogen bonds (Fig. 4); these hydrogen bonds are
highly conserved between the Rieske proteins from bc; and bgf com-
plexes, whereas three of these hydrogen bonds are absent in NDO
(Table IV). Sulfur S-1 participates in three hydrogen bonds; S-2 and
the Sy of the coordinating Cys in loop 1 participate in two hydrogen
bonds each; only the Sy of the Cys in loop 2 (Cys 158 in the ISF, Cys
125 in RFS, and Cys 101 in NDO) has only a single hydrogen bond
to the nitrogen atom of Cys 160 (ISF)/Cys127 (RFS)/Cys 103 (NDO).
Hydrogen bonds between a cysteine Sy atom of a residue i and a
main-chain N atom of residue (i + 2) are frequently observed in iron
sulfur proteins. In the three Rieske proteins, the hydrogen bonds be-
tween the coordinating cysteines (i, j) and the nitrogen atoms of resi-
dues (I + 2,  + 2), respectively, stabilize type-I turns. In the Rieske
proteins from bc; and bgf complexes, two of the eight hydrogen bonds
are OH-S hydrogen bonds from amino acid side chains: the Oy of a
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TABLE IV

HyprROGEN BoNDs INTO THE [2Fe—2S] CLUSTER IN THE X-RAY STRUCTURES OF RIESKE AND
RIESKE-TYPE PROTEINS

1RIE (9) Distance 1RFS (10) Distance INDO* (11) Distance

S-1-His 161 N 32A S-1-His 128 N 32A S-2-His 104 N 34 A
S-1-Ser 163 N 36A S-1-Ser 130 N 34A S-2-Trp 106 N 36A
S-1-Ser 163 Oy 32A S-1-Ser 130 Oy 32A —

S-2-Leu 142 N 32A S-2-Leu 110 N 34 A S-1-Arg 84 N 32A
S-2-Cys 144 N 36A S-2-Cys 112 N 36 A [S-1-Lys 86 N 4.0 Ap
Cys 139 Sy-Tyr 165 On 3.1A Cys 107 Sy-Tyr 132 On 32A —

Cys 139 Sy—His 141 N 35A Cys 107 Sy—His 109 N 36A Cys 81 Sy-His 83 N 35A
Cys 158 Sy—Cys 160 N 38A Cys 125 Sy—Cys 127 N 36A Cys 101 Sy-Cys 103 N 36A

@ S-2 in 1INDO is equivalent to S-1 in 1RIE or 1RFS and S-1 in 1NDO is equivalent to S-2 in 1RIE or 1RFS.
® This distance is too long for a hydrogen bond.

highly conserved serine (Ser 163 in the ISF, Ser 130 in RFS) forms a
hydrogen bond to the bridging sulfur S-1, and the O of a highly con-
served tyrosine (Tyr 165 in the ISF, Tyr 132 in RFS) forms a hydro-
gen bond to the Sy of the coordinating Cys in loop 1 (Cys 139 in the
ISF, Cys 107 in RFS). The serine and the tyrosine are not conserved
in Rieske-type proteins; the absence of these hydrogen bonds contrib-
utes to the difference of the redox potential between Rieske and
Rieske-type proteins (see Section V). The importance of these hydro-
gen bonds for the redox potential of the cluster has been tested by
site directed mutagenesis in yeast (35) and in Paracoccus denitrifi-
cans (36).

3. Comparative Aspects of Rieske Proteins: Similarity and Diversity

Overall, a very high degree of similarity is observed between the
three Rieske proteins whose structures are known thus far. Of the
127 Ca atoms of the Rieske fragment from bovine heart bc; complex
(79) (normal text site), can be superposed on the corresponding Ca
atoms of the Rieske fragment from spinach b/ complex with an rms
deviation of 1.75 A; the corresponding value for the superposition of
84 Coa atoms of the ISF and the Rieske domain of NDO is 1.8 A.
The structural similarity is even closer in the Rieske cluster binding
subdomain and in particular in the loops coordinating the Rieske
cluster; here, the rms deviation is less than 0.5 A between 56 back-
bone atoms in loop 1 and loop 2 of 1RIE, 1RFS, and 1NDO. The struc-
tural similarity extends to the Rieske-type ferredoxin from biphenyl
oxygenase (BphF): The rms deviation between 24 Ca atoms in loop 1,
loop 2, and the “Pro loop” in 1RIE and BphF is 0.93 A (Colbert, C. L.;
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Couture, M. M.-J.; Eltis, L. D.; Bolin, J. T., manuscript in prepara-
tion); the corresponding value for 1RIE and 1RFS is 0.64 A.

Despite this close structural similarity, specific differences are ob-
served between different Rieske and Rieske-type proteins. Although
the essential features of the “Rieske fold,” that is, the three 8 sheets
as well as the metal cluster binding loops in the Rieske cluster bind-
ing subdomain, are well conserved, great variability among different
Rieske proteins is observed in sequence alignments (see Section
III,A). Most Rieske or Rieske-type proteins contain insertions be-
tween the conserved structural elements comprising the “Rieske fold”
compared to a “minimal” structure; these insertions occur in the loops
between the 10 conserved 8 strands and at the C-terminus and vary
in length between 1 and 34 residues. The structure that appears to
be closest to the “minimal” structure is that of Rieske-type ferredox-
ins; these proteins are smaller (104—111 amino acid residues) than
any of the structures reported so far (118-127 residues). Figure 5
gives a structure-based alignment of the sequences of the three pro-
teins whose crystal structures are known and Fig. 6 compares their
topologies. The Rieske protein from mitochondrial bc; complex has a
helix and a long loop with a total length of 29 residues between the
strands B3 and B4 of B sheet 2; this compares to a short loop of 3—4
residues between strands 83 and B4 in the Rieske proteins from bgf
complexes or in dioxygenases. The helix and the loop interact with
the “bottom” of the Rieske cluster binding subdomain, that is, the loop
between the strands 87—88 and the 8 strand 88 (9). The 8 strand B8
extends into the “Pro loop” that covers one side of the exposed Rieske
cluster; therefore, the helix—loop structure is critical for the stabiliza-
tion of the environment of the Rieske cluster. In Rieske proteins from
several bacterial bc; complexes, the helix—loop insertion is even
longer, by 11 residues.

Rieske proteins from b4f complexes contain an insertion of 11 resi-
dues between strands 81 and B2 compared to mitochondrial Rieske
proteins as well as an extension of 16 residues at the C-terminus. In
the N-terminal part, there is an additional short 8 strand (B1’), as
well as a short helix that has no counterpart in the mitochondrial
Rieske protein or in NDO. The N-terminus of 8 strand 31 is hydrogen-
bonded to strand 810 in B sheet 1 as it is in the other Rieske proteins,
but the end of strand 81 connects to strand 82 in 8 sheet 2; thus, the
sandwich structure of the 8 sheets 1 and 2 is perturbed and a barrel-
like structure is formed. The core of this barrel is less hydrophobic
than the core of the sandwich formed by 8 sheets 1 and 2 in the
ISF.



STRUCTURES OF RIESKE AND RIESKE-TYPE PROTEINS 101

31 B2 B3
157 ’AMSKIEIR EriTR -~ SDIPEGKNMA FKW>RGKPLF
! a
RES HTIARDAL GND}IAAEWL KTHAPqDRTL TOGLKGDPPTY,
NDO P NWLELTH D-—---——— S LIPAPGDYVT ARMG-IPEVI]
B3 * 85

B3 . mmQle
ISF RH Bﬂ KEID QEAAVEVSQL RDPQHDLERV KKPEWVILIE}
b e

RFS DKT ———————————————————————— LATFGINA
DO SVSROND--=m mmmmmmmmmm oo o GEIRAFLN
35 36 37

rr Hrgoxerk

RXN 5v TGy PvEGA

15 S5 :
rsF  PVETELGCVHT ANAGD-HEGY ¥ ? SHYD> ASGRIRBGPA

rEs  "vETELACVVE FRARE--NKE 1GPCEJSOYR> NOGRVVBGPA
oo ® RGKTDV sv GF VCsYRdWGEG> SNCELQSVPF
% * 38 B10 % B11 * 12 *

177 B B0
ISF e - PLNLEVP- [SYEEDSODMV IVG
RFS --PLSLALAZ “HCDVDDGKVY FVP@TETDFR
npo  "’EKDLYGESLN KKCLGIKEYA [RVESH GFIY GC poE"*
* %0613 Bi4

rrs  Mrerapwwsal”’

Fic. 5. Structure-based alignment of the sequences of the water-soluble Rieske frag-
ment from bovine heart bc¢; complex (ISF), the water-soluble Rieske fragment from
spinach b4f complex (RFS), and of the Rieske domain of naphthalene dioxygenase
(NDO) and of the metal binding loops of rubredoxin (RXN) and transcriptional factor
TFIIS (TFI). The numbering of the B strands is the same for the ISF and RFS. The
metal binding ligands are highlighted; the asterisks indicate those residues that are
fully conserved between the three Rieske proteins.

The C-terminal extension (residues 163—179) of the Rieske proteins
of the bsf complex appears to have the same role in stabilizing the
“open” side of the cluster binding subdomain as the helix—loop inser-
tion in the mitochondrial Rieske protein. The C-terminal part of RFS
contains a fully conserved arginine (Arg 170 in spinach); this arginine
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has the same position and the same function as Arg 126 of the ISF.
Arg 170/126 form hydrogen bonds with two backbone oxygens in
strand 38 (the carbonyl oxygens of Gln 135 and Gly 136 in RF'S corre-
sponding to Ser 168 and Gly 169 in the ISF, respectively); in addition,
both N7 groups of Arg 170 (RFS) and Arg 126 (ISF) form hydrogen
bonds with the carbonyl oxygen of Leu 147 (RFS)/Leu 180 (ISF) in
the “Pro loop.” Arg 170/Arg 126 is backed up by two hydrogen bonds
from the fully conserved Asp 168 in RFS or by a hydrogen bond from
Gln 121 in the ISF. The part of the loop that is interacting with the
cluster binding subdomain is stabilized by the adjacent helix in mito-
chondrial Rieske proteins, but is stabilized by a cluster of five aro-
matic residues in RFS (Phe 101, Trp 164, Phe 169, Trp 176, and Trp
177; Phe 169 is next to the critical residue Arg 170).

Therefore, although the function of the helix—loop insertion in mito-
chondrial Rieske proteins appears to be the same as that of the C-
terminal extension in chloroplast Rieske proteins, both structures
show no structural similarity or sequence homology.

Another difference between Rieske proteins from bc¢; and from bgf
complex occurs in the conserved “Pro loop.” The peptide bond between
Gly 141 and Pro 142 is in the cis conformation in 1RF'S, whereas the
peptide bond between Gly 174 and Pro 175 is in the #rans conforma-
tion in the ISF. The cis-Pro conformation is 1RFS is stabilized by a
hydrogen bond of the carbonyl oxygen of Gly 141 through a well-
ordered water molecule to the Ne of Arg 140; the corresponding resi-
due in the ISF is Lys 173, which cannot form a hydrogen bond with
the adjacent glycine residue. The trans-Pro conformation in the ISF
is stabilized through a bifurcated hydrogen bond of the carbonyl oxy-

Fic. 6. Comparison of the structures of the water-soluble Rieske fragment from bo-
vine heart bc; complex (ISF, middle), the water-soluble Rieske fragment from spinach
bef complex (RF'S, right), and of the Rieske domain of naphthalene dioxygenase (NDO,
left). (Top) Ribbon diagram indicating the location of the insertions in the three pro-
teins. The conserved Rieske fold is shown as a thin ribbon; the inserted structural
elements are shown as thick black ribbons. The dashed lines show the approximate
borders of the three sheets of the “Rieske fold.” The structurally equivalent residues
Arg 126 (ISF)/Arg 170 (RFS)/Arg 75 (NDO) are shown as ball-and-stick models; residue
Trp 106 in NDO as well as the cluster of aromatic residues stabilizing the C-terminal
loop of RFS are shown as wireframe models. (Bottom) The hydrogen bond/salt bridge
network around B strand B8 (812 in NDO) involving residues Arg 126 (ISF)/Arg 170
(RFS)/Arg 75 (NDO). Backbone bonds are shown as heavy lines, hydrogen bond/salt
bridges as dotted lines. In the sequence, Arg 75 of NDO is equivalent to Val 133 of the
ISF (shown above as wireframe model adjacent to Arg 126) and Phe 101 of RFS, which
is part of the cluster of aromatic residues shown above.
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gen of Gly 174 with both N7 atoms of Arg 118 in the inserted loop
between the a helix and strand 4.

In bovine heart mitochondrial b¢; complex, the trans conformation
is observed for Pro 175 of the Rieske protein in the P6;22 crystal form,
whereas the cis conformation is observed in the P6; crystal form (42)
(see Section III,B,5).

The structure of the Rieske domain of NDO is very similar to the
structure of the ISF, but contains an insertion of three residues com-
pared to mitochondrial Rieske proteins in the loop 83—34 (correspond-
ing to 81-B2 in other Rieske proteins) as well as an insertion of 12
residues in the region of the “Pro loop.” The side chains of the three
extra residues in the loop 83—84 (His 44—Asp 45—Ser 46) are involved
in stabilizing interactions both within the Rieske domain and with
the catalytic domain: the side chain of Ser 46 interacts with the back-
bone atoms of Leu 182 in the catalytic domain; the carboxylate group
of Asp 45 forms a salt bridge with the fully conserved Arg 68 at the
end of strand B5 (corresponding to 83 in other Rieske proteins); and
the imidazole ring of His 44 interacts with the phenyl ring of Phe 147
in strand B15 (corresponding to 810 in other Rieske proteins).

The long extra loop in NDO (residues 118—132) replaces the fully
conserved residues Pro-Ala-Pro in the “Pro loop” of Rieske proteins
from bc; and bgf complexes (175—-177 in the ISF, 142—144 in RFS),
which are in a position similar to that of residue Trp 106 in NDO.
The side chain of Trp 106 covers one side of the Rieske cluster and
stacks against the iron ligand His 83; therefore, this side chain is the
structural equivalent of the “Pro loop” in the ISF or RFS. The long
extra loop does not interact with the environment of the Rieske clus-
ter, but is involved in subunit interactions with the catalytic domain
in a neighboring subunit (11). In the Rieske domain of NDO, there is
a small salt bridge/hydrogen bond network stabilizing the “bottom” of
the Rieske cluster binding subdomain, that is, the loop between the
strands 811-812 and the B strand 812 (corresponding to strands 87
and B8 in the ISF or RFS). This network involves residue Arg 75 from
B strand B6 (corresponding to strand B4 in the ISF and RFS); this
residue has a similar role as Arg 126 in the ISF or Arg 170 in RFS.
Both N7 atoms of Arg 75 form a bifurcated hydrogen bond with the
carboxyl oxygen of Asn 111 in the loop 811-812. The Ne atom of Arg
75 forms a bifurcated salt bridge with the carboxylate group of Glu
137 in the short 8 strand 13 that is connected to sheet 2; therefore,
Arg 75 mediates the interaction of residues that are located at the N-
and the C-terminus of the extra loop.

From the detailed description given here, it is apparent that a simi-
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lar salt bridge/hydrogen bond network exists in all three Rieske pro-
teins; although the structural motives are similar in the three pro-
teins, the residues involved are not homologous in amino acid
sequence. The network has a quite different function in Rieske pro-
teins from bc; and b¢f complexes and in NDO: In Rieske proteins from
bc; and bgf complexes, the exposed cluster has to be stabilized by the
“Pro loop,” which is supported by the salt bridge/hydrogen bond net-
work. In NDO, the cluster is not exposed, but completely buried by
surrounding « and 8 subunits; the parts of the structure correspond-
ing to the “Pro loop” are used to stabilize subunit interactions. In the
NDO «;8; hexamer, the histidine ligands of the Rieske cluster are
also buried at the interface between the Rieske domain and the cata-
lytic domain; both form hydrogen bonds with carboxylate residues in
the catalytic domain (His 83—Glu 410 and His 104—Asp 205). This is
in contrast to the situation in Rieske proteins of bc; and b4zf com-
plexes, where the histidine ligands are completely exposed to solvent.

4. Comparison to Other Metalloproteins

The “Rieske fold” has been found only in Rieske and Rieske-type
proteins. Although no similarity is observed to proteins (ferredoxins)
containing a 4-cysteine coordinated [2Fe—2S] cluster, the topology of
the cluster binding subdomain shows similarity to that of rubredox-
ins. Rubredoxins are small (45—-54 amino acids) electron transport
proteins containing a single iron atom coordinated by four cysteine
residues. The X-ray structures of several rebredoxins have been re-
ported, the first being that of rubredoxin from Desulfovibrio vulgaris
(RdDv) (37). In rubredoxins, two metal binding loops are supported
by a three-stranded B sheet (Fig. 7); two of the four cysteines coordi-
nating the iron are in equivalent positions to the coordinating cyste-
ines in Rieske clusters. The metal-binding loops of Rieske proteins
and rubredoxin (PDB file 7TRXN) (38) can be superposed with an rms
deviation of 0.66 A; the two coordinating cysteine residues and iron
atom Fe-1 of the Rieske cluster superpose with two of the coordinat-
ing cysteine residues (Cys 6 and Cys 39) and the iron atom of RdDv,
while the acid-labile sulfur atoms of the Rieske cluster superpose with
the Sy atoms of the two other cysteine residues (Cys 9 and Cys 42) of
RdDv (9).

The general topology of rubredoxins is also observed in the general
zinc-ribbon motif in RNA polymerases or in transcription factors (39).
The first published zinc-ribbon structure was that of the nucleic-acid
binding domain of human transcriptional elongation factor TFIIS
(PDB file 1TFI) (40). These zinc binding domains and rubredoxins
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Fi1c. 7. Comparison of the cluster binding fold of the water-soluble Rieske fragment
from bovine heart bc; complex (ISF, left; PDB file 1RIE) with the structure of ru-
bredoxin (middle; PDB file 7TRXN) and with the zinc-ribbon motif (right; PDB file 1TFI).
The metal binding loops are shown as ball-and-stick models of the backbone atoms.

have the same spacing of the four cysteine residues coordinating the
metal ion and a similar topology comprising a three-stranded 8 sheet
supporting two metal binding loops. However, the only conserved
amino acid residues in the metal binding loops of Rieske proteins,
rubredoxins, and the zinc-ribbon domain are two coordinating cyste-
ines (Fig. 5). Despite this sequence variation, the two loops of TFIIS
can be superposed on the loops of the four other structures shown in
Fig. 5 with an rms deviation of 0.9-1.1 A for either 14 Ca atoms or
56 backbone atoms. This value compares to an rms deviation of 0.8 A
for the superposition of the loops of RdDv on the loops in the three
Rieske structures and an rms deviation of 0.3—0.5 A for the superpo-
sition of the loops of one Rieske structure on those of another. These
values show that a similar metal binding motif is observed not only
in different classes of electron transport proteins, but also in a metal
binding domain of nucleic acid binding proteins. This relationship is
particularly intriguing in view of concurrent hypotheses of the evolu-
tion of life from an “iron sulfur world.”

In view of the structural homology, it is likely that the cluster bind-
ing subdomain of Rieske proteins accommodating two metal ions has
evolved from an archaic mononuclear metal binding domain. A simi-
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lar situation as in the Rieske protein is observed in subunit II of cyto-
chrome oxidase. This subunit has a dinuclear copper center (Cu,), but
the protein fold is related to the mononuclear copper protein plastocy-
anin. In both the Rieske protein and subunit II, one of the metal ions
of the cluster superposes on the metal ion of the respective mononu-
clear counterpart. Therefore, these subunits seem to have originated
from water-soluble mononuclear redox proteins that were incorpo-
rated into the respective membrane protein complexes.

5. Structure of the Rieske Protein in Cytochrome bc Complexes

In bc complexes (be; complexes of mitochondria and bacteria and b4f
complexes of chloroplasts), the catalytic domain of the Rieske protein
corresponding to the isolated water-soluble fragments that have been
crystallized is anchored to the rest of the complex (in particular, cyto-
chrome b) by a long (37 residues in bovine heart bc; complex) trans-
membrane helix acting as a membrane anchor (41, 42). The great
length of the transmembrane helix is due to the fact that the helix
stretches across the bc; complex dimer and that the catalytic domain
of the Rieske protein is “swapped” between the monomers, that is, the
transmembrane helix interacts with one monomer and the catalytic
domain with the other monomer. The connection between the mem-
brane anchor and the catalytic domain is formed by a 12-residue flex-
ible linker that allows for movement of the catalytic domain during
the turnover of the enzyme (Fig. 8a; see Section VII). Three different
positional states of the catalytic domain of the Rieske protein have
been observed in different crystal forms (Fig. 8b) (41, 42):

* A “c; positional state” where the exposed NeH group of His 161
which is a ligand of the Rieske cluster forms a hydrogen bond
with a propionate group of heme c; (42)

* An “intermediate state” where the environment of the Rieske
cluster does not interact with any other subunit of the bc; complex

* A “b positional state” that is stabilized by the interaction of His
161 with a molecule of the inhibitor stigmatellin bound in the
quinone binding pocket (41), which is supposed to mimic the hy-
drogen bonding pattern of the reaction intermediate, semiqui-
none (43)

In addition to this large movement of the Rieske protein, small but
nevertheless significant conformational differences within the func-
tional domain are observed. The structure of the functional domain of
the Rieske subunit in the P6,22 crystal form showing the “c; posi-
tional state” is the same as that of the water soluble fragment
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Fic. 8. (a) Structure of the full-length Rieske protein from bovine heart mitochon-
drial bc; complex. The catalytic domain is connected to the transmembrane helix by a
flexible linker. (b) Superposition of the three positional states of the catalytic domain
of the Rieske protein observed in different crystal forms. The “c; state” is shown in
white, the “intermediate state” in gray, and the “b state” in black. Cytochrome & con-
sists of eight transmembrane helices and contains two heme centers, heme b, and by.
Cytochrome ¢, has a water-soluble catalytic domain containing heme ¢, and is anchored
by a C-terminal transmembrane helix. The heme groups are shown as wireframes, the
iron atoms as well as the Rieske cluster in the three states as space-filling representa-
tions.

(ISF). However, in the P65 crystal form (“intermediate state”), the
cluster binding subdomain appears to be detached from the base fold
(B sheets 1 and 2) in an “open” conformation (42). If the functional
domains of the two crystal forms are superposed using the base fold
residues, the rms deviation of the Ca positions of the cluster binding
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subdomain is 1.6 A. The relative position between the cluster binding
subdomain and the base fold in the P65 form shows greater similarity
to the structure of the RFS than to the ISF in the P6;22 form. When
the structure of the Rieske protein in the P6522 form and that of the
soluble b4f fragment (1RFS) were superposed on the P6; structure
using the common base fold residues (82 and f3), the rms deviation
of the Ca atoms in the cluster binding fold was 1.6 A for the P6522
form and 1.0 A for the RFS (42).

The similarity of the Rieske protein in the P6; crystal form to the
structure of the spinach RFS is also obvious from the conformation of
residue Pro 175 in the “Pro loop”: As in the structure of the soluble
ISF, the trans conformation is observed for Pro 175 of the Rieske pro-
tein in the P6;22 crystal form, while the cis conformation, as in the
RFS, is observed in the P6; crystal form (42). The conformational
change occurring at Pro 175 as well as a bend occurring at Gly 137
lead to a rotation by approximately 6° of the cluster binding subdo-
main between the two crystal forms.

C. MUTATIONAL STUDIES
1. Rieske Proteins from Cytochrome bc; Complexes

Early mutational studies of the Rieske protein from bc¢,; complexes
have been performed with the intention of identifying the ligands of
the Rieske cluster. These studies have shown that the four conserved
cysteine residues as well as the two conserved histidine residues are
essential for the insertion of the [2Fe—2S] cluster (44, 45). Small
amounts of a Rieske cluster with altered properties were obtained in
Rhodobacter capsulatus when the second cysteine in the cluster bind-
ing loop II (Cys 155, corresponding to Cys 160 in the bovine ISF) was
replaced by serine (45). The fact that all four cysteine residues are
essential in Rieske clusters from bc¢ complexes, but that only two cys-
teines are conserved in Rieske-type clusters, led to the suggestion
that the Rieske protein may contain a disulfide bridge; the disulfide
bridge was finally shown to exist in the X-ray structure (9).

Using a random mutagenesis approach, respiratory-deficient (34)
and temperature-sensitive (46, 47) mutants of the Rieske protein of
the yeast bc; complex have been selected. A large fraction of the point
mutants had changes of residues in the “bottom” of the cluster bind-
ing subdomain (the loop 87—838) and in the “Pro loop” comprising resi-
dues 174-180 of the ISF (Fig. 9; see Section III,B,3); this indicates
the importance of the “Pro loop” for the stability of the protein. Amino
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Fic. 9. The structure of the Rieske fragment from bovine heart bc; complex, indicat-
ing positions where deficient mutations have been selected in yeast (see text).

acid exchanges that led to the loss of the iron sulfur cluster or com-
plete loss of activity (when the cluster content was not checked) in-
clude Asp 166 — Asn, Ser 168 — Pro, Gly 169 — Asp, Arg 170 — Gly,
Ala 176 — Val, and Asn 179 — Lys (the bovine numbering system is
used throughout this section; the corresponding numbers for the ma-
ture yeast Rieske protein are obtained by subtracting 10). In the mu-
tant Pro 175 — Ser, the Rieske cluster content was 20% of wild type
levels while the specific activity per Rieske cluster was not reduced
(34). Additional amino acid exchanges that led to complete loss of the
cluster or of the activity were found in Trp 132 — Arg, Gly 137 —
Asp, and Pro 183 — Ser; these residues are fully conserved in all
Rieske proteins from bc; complexes (except for the exchange of Trp
for Tyr in the bc; complex of Chlamydomonas reinhardtii) (48), and
they have important structural roles. Gatti et al. (34) have identified
three mutants in which the midpoint potential of the Rieske cluster
was shifted to more negative values by 50 to 100 mV: Gly 143 — Asp,
Pro 146 — Leu, and Pro 159 — Leu. All these mutations will lead to
a distortion of the protein environment of the [2Fe—2S] cluster and
most probably of the hydrogen bond network surrounding the cluster
[discussed by Iwata et al. (9)]; the cluster content of the three mutants
is reduced by 32-70%.

The importance of hydrogen bonds for the redox potential of the
Rieske cluster has been demonstrated by site-directed mutagenesis of
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the conserved residues that form the following OH—S hydrogen bonds
from side-chain hydroxyl groups to sulfur atoms of the cluster: Ser
163 Oy—S-1 and Tyr 165 On—Cys 139 Sy.

Both residues were replaced by other amino acids through point
mutations introduced on plasmids either containing the gene for the
Rieske protein in yeast (35) or containing the fbc operon in Paracoc-
cus denitrificans (36), and the effect was comparable in both organ-
isms. When Ser 163 was replaced by alanine (eliminating the hydro-
gen bond to the S-1 of the cluster), the midpoint potential was lowered
by 95 or 130 mV, and when Tyr 165 was replaced by phenylalanine
(eliminating the hydrogen bond to the Sy of Cys 139), the midpoint
potential was lowered by 45 or 65 mV. Eliminating both hydrogen
bonds had an approximately additive effect. In all these variants, the
stability of the cluster was not perturbed; this is in contrast to the
effect of most other mutations, where rather small changes of the
midpoint potential are accompanied by a marked decrease of the sta-
bility. The activity of the bc; complex decreases with the decrease in
midpoint potential of the Rieske cluster; this clearly shows that the
midpoint potential of the Rieske cluster is critical for hydroquinone
oxidation. The interaction between the Rieske cluster and quinones
was not perturbed by the mutations (36).

A different effect was observed when Tyr 165 was replaced by non-
aromatic amino acids; in this case the Rieske protein was no longer
found in the membranes. The aromatic side chain is essential for the
stability of the environment of the cluster, so that protein is unstable
and susceptible to proteolytic degradation when the tight packing
around the cluster is perturbed. A different effect was observed in the
mutant Ser 165 — Cys, where the protein was present in full amount
but without any detectable Rieske cluster; this mutation affects, not
the stability of the protein, but the insertion of the cluster (35). In the
mutant Ser 165 — Thr where the hydrogen bond can be formed, a
slight decrease of both the midpoint potential and the activity of the
be; complex was observed, indicating a slight perturbation of the clus-
ter environment without loss of stability.

When the fully conserved residue Thr 140, which is packed against
the “Pro loop,” was substituted by Gly, His, or Arg in Rhodobacter
capsulatus, the midpoint potential of the Rieske cluster was de-
creased by 50—100 mV, the cluster interacted with the quinone pool
and the bc; complex had 10—-24% residual activity but the Rieske clus-
ter was rapidly destroyed upon exposure to oxygen (49). In contrast,
the residual activity was <5%, the cluster showed no interaction with
the quinone pool, and the interaction with the inhibitor stigmatellin
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was altered when Leu 142 was substituted by Gly, His, Arg, or Asp.
Leu 142 is exposed at the hydrophobic tip of the protein, adjacent to
the histidine ligands. In the mutants of Leu 142, the redox potential
of the cluster was lowered by 20—115 mV; this result is in contrast
to a preliminary report (50). Revertants of these photosynthetically
incompetent mutants were found at the same position (Leu 142 —
Ala, Leu 142 — Tyr) as well as in the flexible linker connecting the
catalytic domain of the Rieske protein to the membrane anchor (Val
68 — Leu, Val 68 — Phe, Ala 70 — Thr, Ala 70 — Val (bovine heart
numbering system) (51). The mutation Ala 70 — Thr has also been
found as an intergenic second-site suppressor for a mutation in cyto-
chrome b (Thr 163 — Phe in the Rhodobacter capsulatus sequence)
(52). The cytochrome b reduction rate, which was essentially zero in
the mutant Leu 142 — Gly, was five- to ten-fold slower in the second-
site revertants compared with the wild-type strain, but the interac-
tion with the quinone pool as observed in the EPR spectrum (cf. Fig.
15) was not restored; this indicates that the second-site revertants
suppress the defect inferred by the mutation in position 142 without
eliminating it.

When the second-site revertants were segregated from the original
mutations, the bc, complexes carrying a single mutation in the linker
region of the Rieske protein had steady-state activities of 70—100% of
wild-type levels and cytochrome b reduction rates that were approxi-
mately half that of the wild type. In all these mutants, the redox
potential of the Rieske cluster was increased by about 70 mV com-
pared to the wild type (51). Since the mutations are in residues that
are in the flexible linker, at least 27 A away from the cluster, it is
extremely unlikely that any of the mutations would have a direct ef-
fect on the redox potential of the cluster that would be observed in
the water-soluble fragments. However, the mutations in the flexible
linker will affect the mobility of the Rieske protein. Therefore, the
effect of the mutations described is due to the interaction between the
positional state of the Rieske protein and its electrochemical proper-
ties (i.e., the redox potential of the cluster).

2. Dioxygenase Systems

The coordination of the Rieske cluster in the a subunit of benzene
dioxygenase has been studied by site-directed mutagenesis. The re-
placement of His 98 or His 119 (corresponding to His 83/104 in NDO)
by Cys resulted in a protein that was unable to coordinate a normal
Rieske-type cluster (563). In the mutant His 98 — Cys, a novel EPR
spectrum with g,, = 1.94 was detected that is intermediate between
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the g values observed for Rieske proteins (g,, = 1.96) and those ob-
served for plant type ferredoxins (g,, = 1.91); however, the EPR spec-
trum represents only a minority species (<10%). A slightly perturbed
Rieske-type cluster with a shifted g, value was observed in the mu-
tant Tyr 118 — Ser (corresponding to the conserved Y103 in NDO);
this residue is located in the cluster coordinating loop II between the
two ligands and its sidechain is packed against one inorganic sulfur
(S-2). The EPR intensity of the Rieske cluster was approximately half
of that from the wild type and the activity was 1% of the wild-type
level.

The environment of the Rieske-type cluster was explored in site-
directed mutants of the Rieske-type ferredoxin from benzene dioxy-
genase (54). Four mutants where highly conserved residues in the
vicinity of the cluster were exchanged have been studied: Gly 46 —
Ala, Gly 57 — Ala, Glu 61 — Thr (this acidic residue is adjacent to
Cys 62, which is a ligand to the Rieske cluster), and Leu 64 — Phe
(this residue corresponds to residue Tyr 118 in the « subunit). These
exchanges led to small shifts of the redox potential (+45 and +25 mV
in the mutants Gly 46 — Ala, and Leu 64 — Phe, respectively; —35
mV in the mutant Glu 61 — Thr). Only the mutant E61T showed an
altered EPR spectrum (broadening of g,). On first sight it is surprising
that the exchange of an acidic, negatively charged residue in the vi-
cinity of the cluster for a neutral residue led to a decrease of the
redox potential.

IV. Spectroscopy

A. ELECTRONIC SPECTROSCOPY: ABSORPTION, CIRCULAR DICHROISM, AND
MacgNETIC CIRcULAR DicHroisM (MCD) SPECTROSCOPY

The spectra of iron sulfur proteins in the visible and near-UV range
show a broad absorption envelope resulting from a large number of
overlapping absorption bands deriving from transitions with predomi-
nantly S — Fe!l charge transfer character. The complexity of these
transitions is partially resolved in the natural circular dichroism (CD)
and magnetic circular dichroism (MCD) spectra because of different
selection rules and the appearance of both positive and negative
bands (Fig. 10). Natural CD spectra also serve as a sensitive monitor
of distortions of the iron sulfur cluster.

Both Rieske and Rieske-type proteins have absorption spectra
which are significantly different from those of proteins with 4-cysteine
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Fic. 10. Absorption, CD, and MCD spectra of the Rieske fragment from bovine heart
bc, complex. (Top panel) absorption spectra (298 K); (middle panel) CD spectra
, reduced protein; -.-, oxidized

(298 K); (bottom panel) MCD spectra (1.7 K).
protein.

coordinated [2Fe—2S] clusters. In the oxidized state, maxima at
325 nm and 458 nm as well as a shoulder between 560 and 580 nm
are observed (Table V) (5, 30, 55). In the reduced state, maxima are
observed around 380-383 nm, 425-432 nm, and between 505 and

550 nm.
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TABLE V

ExTINCTION COEFFICIENTS AND ELLIPTICITIES OF THE RIESKE PROTEIN FROM
BoviNE HEART be; CoMPLEX (ISF) AND OF THE RIESKE-TYPE FERREDOXIN FROM
BENZENE DIOXYGENASE (Fdggp)

ISF Fdggp
Absorption A (nm) g (MM lem™) A (nm) e (mMcm™)
Oxidized 323 15.7 325 9.0
458 8.4 457 4.8
579 4.3 573 2.7
Reduced 305 11.1
383 4.8 382 4.1
428 4.0 432 3.3
520 2.7 505 2.1
ISF Fdggp
CD A (nm) Ae M 'em™) A (nm) Ae M 'em™)
Oxidized 314 +22.7 323.5 +21.2
379 —18.8 376.5 —-17.7
Reduced 314.5 +18.1 312 +16.1
389.5 -194 386.5 -9.3
506 —6.6 502 -89

The CD spectra reveal several distinct features that are highly sig-
nificant for both Rieske and Rieske-type clusters. The CD spectra
of the oxidized proteins show two positive bands between 310 and 350
nm, a negative band at 375—-380 nm, and a set of positive bands be-
tween 400 and 500 nm. The CD spectra of the reduced proteins show
positive bands at 314 nm, a negative band at 384—-390 nm and a nega-
tive band around 500 nm.

These characteristic CD spectra differ significantly from those of
other iron sulfur proteins (Fig. 11); for example, proteins containing
4-Cys-coordinated [2Fe—2S] clusters (plant type ferredoxins as well
as adrenodoxin) show CD spectra that are dominated by strong posi-
tive CD bands between 420 and 460 nm in the oxidized state and
negative CD bands between 440 and 510 nm in the reduced state (56).
Therefore, CD spectra of Rieske proteins are highly significant and
can be used to identify Rieske and Rieske-type clusters even in the
absence of other evidence (57). The strong negative CD band of the
reduced cluster around 500 nm can be used to monitor the redox state
of the Rieske cluster even in the presence of hemes, such as in the
cytochrome bc; complex.
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Fic. 11. Comparison of the difference CD spectra (reduced — oxidized) of the Rieske
fragment from bovine heart mitochondria (ISF, ), of the Rieske-type ferredoxin
from benzene dioxygenase (Fdggp, --.-) and of spinach ferredoxin containing a 4-cysteine
coordinated [2Fe—28S] cluster (---).

The CD spectra of the oxidized Rieske protein from bc; complexes
are pH dependent. Although the general features of the spectra per-
sist, small but significant shifts of all bands in the near UV and visi-
ble regions occur between pH 6.5 and 10, while the far UV (secondary
structure) CD spectrum is not altered, indicating that the structure
of the oxidized protein does not change (58). The analysis of the CD
spectra indicated the presence of two deprotonation events with pK, .
values of 7.7 and 9.1 for the bovine protein. No deprotonation was
observed on the reduced protein over pH 6 to 11. The redox dependent
deprotonation has been ascribed to the histidine ligands of the [2Fe—
2S] cluster. In the Rieske-type ferredoxin of benzene dioxygenase
from Pseudomonas putida, no redox-dependent deprotonation of the
histidine ligands is observed below pH 9, but the deprotonation trig-
gers the unfolding of the oxidized protein with a pK, of 9.5 (Hatzfeld,
O. M.; Unalkat, P.; Cammack, R.; Mason, J. R.; Link, T. A., manu-
script in preparation).

S — Fe'! charge transfer bands are more intense in oxidized than
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in reduced iron sulfur proteins; upon reduction, the absorption inten-
sity of the Rieske cluster drops to approximately half the value ob-
served in the oxidized protein. However, the CD bands at 500 and
at 760 nm are observed only in the reduced Rieske proteins; their
assignment should provide valuable information on the ligand field
splitting of the iron ions, since strong CD bands are expected for mag-
netically allowed transitions, that is, d—-d bands. High-spin Fe! has
no spin-allowed d-d transitions, whereas high-spin Fe! has spin-
allowed d—d transitions derived from the excitation of the lowest-ly-
ing d orbital into the orbitals of the ¢,, set; these transitions are char-
acterized by anisotropy factors (dissymmetry ratios, As/e) > 0.05. In
reduced plant-type ferredoxins, CD bands belonging to the transi-
tions d,2 — d,. and d,» — d,, have been identified at energies AE,, and
AE,, of 6000 and 3800 cm ™! (59). From a ligand field analysis of Rieske
clusters, it has been suggested that the energy difference AE,, should
be increased in Rieske clusters compared to plant-type ferredoxins
(60). The only strong CD bands of the reduced cluster between 7000
and 22,000 cm™! are those at 13,000 ecm™! (760 nm) and 20,000 cm™
(500 nm); the anisotropy factor of the band at 760 nm has been calcu-
lated to be around 0.01, which is not indicative of a d—d transition.
Therefore, Link et al. (55) have assigned the band at 500 nm to the
highest energy d—-d transition (d,» — d,,), giving AE,, = 20,000 cm™..
This assignment is consistent with the EPR analysis of Bertrand et
al. (60), but it has been questioned based on the results of molecular
orbital (MO) calculations: (i) Model calculations for distorted tetrago-
nal 4-coordinate high-spin Fe show that the energy difference AE,, is
always significantly smaller than 20,000 cm™ (Grodzicki, M., unpub-
lished results). As there are no other putative d—d transitions ob-
served above 7000 cm ™!, this would suggest that the ligand field split-
ting in Rieske proteins is not significantly larger than in plant-type
ferredoxins. (ii)) MO calculations applying density functional theory
on the structure of the cluster of the water-soluble fragment of the
bovine Rieske protein indicate that the ligand field of the Fe' is more
symmetric in Rieske proteins than in plant-type ferredoxins, and the
spin-allowed d—d transition should be below 7000 ecm ™! (Grodzicki, M.;
Link, T. A., manuscript in preparation). This issue will be discussed
in the context of the interpretation of the EPR spectra.

In its reduced state, the paramagnetic Rieske cluster shows a tem-
perature-dependent MCD spectrum composed of numerous positive
and negative C-terms that originate from the S = § ground state. The
MCD spectra lack the Fe' — S charge transfer bands that are ob-
served as intense negative bands between 300 and 350 nm and a posi-
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tive band around 275 nm in rubredoxins, as well as in proteins con-
taining 4-Cys-coordinated [2Fe—2S] clusters (61). These transitions
should be shifted to higher energy (lower wavelength) in Rieske pro-
teins where the Fe! of the reduced cluster is coordinated by two histi-
dine residues.

B. MOSSBAUER SPECTROSCOPY

Fee et al. (5) have studied the *"Fe-enriched Rieske protein from 7.
thermophilus (TRP) using Mossbauer spectroscopy. The oxidized (dia-
magnetic) TRP showed a temperature-independent four-line spectrum
resulting from a superposition of two quadrupole doublets of equal
intensity. The reduced (paramagnetic) protein displayed temperature-
and field-dependent spectra that were “strikingly similar” to those
reported for putidaredoxin from Pseudomonas putida containing a
four-cysteine-coordinated [2Fe—2S] cluster (72). The major difference
between TRP and putidaredoxin as well as other proteins containing
a four-cysteine-coordinated [2Fe—2S] cluster is a more positive isomer
shift & of the Fe! site of the reduced cluster (0.68 mm/s compared
to 0.55-0.59 mm/s in four-cysteine-coordinated [2Fe—2S] clusters at
200 K), indicating coordination of a less electron donating ligand than
cysteinate to the Fe! site. An isomer shift similar to that in TRP was
observed in putidamonoxin from Pseudomonas putida (63), which has
a Rieske-type EPR spectrum (64), as well as in the Rieske-type ferre-
doxin from toluene 4-monooxygenase (T4MOC) (64a).

In TRP, the Fe™ site was shown to have a fairly isotropic A tensor,
while the A tensor of the Fe! site was quite anisotropic (5). The EFG
tensor of the Fe! site was axially symmetric around the x axis of the
A tensor, and the largest component was positive both for the Rieske
protein and for putidaredoxin. In contrast, in plant-type ferredoxins
the A tensor is symmetric around the z axis and the largest compo-
nent is negative. This field gradient is consistent with the Fe® having
an orbital ground state with d,> symmetry while the EFG tensor of
both the Rieske protein and putidaredoxin suggests a d,2_,> ground
state; however, an alternative explanation has been given by Ber-
trand and Gayda (65). This issue is discussed in Section IV,E,1 to-
gether with the interpretation of the EPR spectra.

In summary, the Mossbauer data presented by Fee et al. (5) gave
the first conclusive evidence that Rieske clusters contain noncysteine
ligands bound to the Fe! site of a localized mixed valence cluster. In
addition, strong similarities with [2Fe—2S] clusters in bacterial dioxy-
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genases were noted that gave a strong indication for the existence of
Rieske-type clusters in these systems.

C. RESONANCE RaAMAN SPECTROSCOPY

Resonance Raman (RR) spectroscopy provides information about
the vibrational characteristics of a chromophore, for example, a metal
center, within the complex environment of a protein. In RR spectra,
those vibrational transitions are observed selectively that are coupled
to electronic transitions. In iron sulfur proteins, this technique has
been used to resolve the complex electronic absorption spectra and to
identify both vibrational and electronic transitions.

RR spectra of the Rieske protein from 7. thermophilus (TRP) and
of phthalate dioxygenase from Burkholderia cepacia (PDO) have been
reported by Kuila et al. (66, 67), and those of the Rieske protein from
Sulfolobus sp. strain 7 tentatively called “sulredoxin” by Iwasaki et
al. (68). Although no complete analysis is yet available, several con-
clusions can be drawn from these spectra, in comparison to the spec-
tra of proteins containing a 4-cysteine coordinated [2Fe—2S] cluster
(Table VI).

In oxidized Rieske proteins, a larger number of peaks are observed
that have been attributed to vibrations of the iron—sulfur core; this is
indicative of the reduced symmetry of the iron—sulfur core in Rieske
proteins since ungerade vibrations are Raman-inactive in the centro-
symmetric (in first approximation) [2Fe—2S]-Cys, core (point group
D,, or Cy) while the corresponding modes are Raman-active in C,,
symmetry. The characteristic peak of the Bj, mode of proteins con-

TABLE VI

SELECTED RESONANCE RAMAN MoODES OF RIESKE PROTEINS AND OF PROTEINS CONTAINING A
[2Fe-2S]-Cys, CLUSTER®

Oxidized cluster Reduced cluster
Mode Mode
(Dy, symmetry) [2Fe-2S]-Cys, Rieske [2Fe-2S]-Cys, Rieske (Cy, symmetry)
Symmetry Dy, Cy, Symmetry
L, 283-291 cm™? — 263-273 cm™! — Al
AL 329-338 cm™! ? 307-314 cm™! 299-300 cm™! Al
4 350-357 ecm™' 357-360 cm™! 319-328 cm™! 316-321 cm! B}
A 387—400 cm™! 382-396 cm™* 370-385 cm™' 373-380 cm™! Ab

¢ Assignments for [2Fe—2S]-Cys, clusters were taken from Han et al. (128), those for oxidized
Rieske clusters from Kuila et al. (67). Symmetry labels refer to idealized cluster cores.
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taining a 4-cysteine coordinated [2Fe—2S] cluster around 291 ¢cm™ is
absent in oxidized Rieske proteins; this normal mode is the asymmet-
ric combination of the breathing motions of the terminal (*) sulfurs
that cannot occur in Rieske proteins where one iron atom is coordi-
nated by histidine residues. Rieske proteins show a (weak) peak at
266—-270 cm™! that is not observed in proteins containing a 4-cysteine
coordinated [2Fe—28S] cluster; this peak has a unique excitation profile
when compared to the other Raman peaks and has been tentatively
assigned to a Fe-N(His) stretching mode. This peak is upshifted
8 em™! at alkaline pH values, which is consistent with the suggested
deprotonation of histidine at elevated pH values.

A peak at 357-360 cm™! in oxidized Rieske proteins has been as-
signed to a B} mode (67); this mode corresponds to the B, mode in
proteins containing a 4-cysteine coordinated [2Fe—2S] cluster that
is predominantly Fe™-S' stretching and that is observed at 350—
357 cm™!. The similarity is an indication that the Fe™ site is structur-
ally very similar in Rieske proteins and in proteins containing a 4-
cysteine coordinated [2Fe—2S] cluster; the upshift in the frequencies
of the Fe'—St stretching mode in Rieske proteins could be explained
either by different hydrogen bonding interactions or by differences in
the Fe—Sy—CB—Ca dihedral angles. Higher frequencies of the BY(B},)
mode correspond to increased coupling between the Fe™-S! stretching
and the S'-CB-Ca bending modes that occurs when the dihedral
angle is close to 180°, whereas lower frequencies correspond to angles
closer to 90°. In the X-ray structure of the bovine Rieske fragment,
the dihedral angles are 172° and 151° for Cys 139 and Cys 158, re-
spectively, whereas the dihedral angles in the high-resolution struc-
ture of the [2Fe—2S] ferredoxin from the alga Chlorella fusca (PDB
file 1AWD) (70) and from Equisetum (horsetail, PDB file 1FRR) (71)
are close to 120°. This suggests that the differences observed in the
Bi(B%,) modes correlate with the variation of the dihedral angles of
the coordinating cysteine residues.

In the reduced [2Fe—2S]-Cys, cluster, the B mode is observed at
319-328 cm!; this peak is the only strong peak upon excitation below
450 nm (61). In the reduced bovine Rieske fragment (ISFb), two in-
tense peaks are observed at 321 and 341 cm ™! upon excitation below
450 nm (Link, T. A.; Crouse, B. R.; Johnson, M. K., unpublished re-
sults). The difference observed in the excitation profiles indicates that
S—Fe ligand-to-metal charge transfer bands are blue-shifted to
higher energies in Rieske clusters compared to [2Fe—2S]-Cys,
clusters.

Upon excitation of the reduced Rieske cluster above 500 nm, in-
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tense peaks are observed at 299-300 and 373-380 cm™!. These spec-
tra are remarkably similar to those reported for reduced proteins con-
taining a 4-cysteine coordinated [2Fe—2S] cluster upon excitation
above 500 nm (61) with the exception of the absence of the peak of
the A{ mode (in C,, symmetry) corresponding to the B, mode (in Dy,
symmetry) of the [2Fe—2S]-Cys, cluster. The peaks observed at 299—
300 and 373—-380 cm™ correspond to A} and A% modes (°, involving the
bridging sulfurs), respectively, which are observed at 307-314 and
370-385 cm™! in reduced 4-cysteine coordinated [2Fe—2S] clusters
(61).

In general, the resonance Raman spectra reveal strong structural
similarity of the Fe site in Rieske proteins and in proteins con-
taining a 4-cysteine coordinated [2Fe—2S] cluster, while additional
modes are observed for vibrations involving the Fe® site and the histi-
dine ligands.

D. X-RAY ABSORPTION SPECTROSCOPY

X-ray absorption spectroscopy has been performed on the isolated
Rieske protein from bovine heart mitochondrial bc¢; complex (69) as
well as on the Rieske-type cluster in Burkholderia cepacia phthalate
dioxygenase (PDO) (72). The analysis performed by Powers et al. (69)
was significantly hampered by the fact that the presence of two histi-
dine ligands was not fully recognized; therefore, only the results ob-
tained with the dioxygenase where the mononuclear iron has been
depleted will be considered here. Table VII gives a comparison of the
distances obtained from the fit of the EXAFS spectra assuming an
idealized Rieske model and of the distances in the crystal structures

TABLE VII

COMPARISON OF THE DISTANCES WITHIN THE RIESKE CLUSTER OBTAINED FROM EXAFS
MEASUREMENTS (72) AND FROM X-RAY CRYSTALLOGRAPHY

Cluster Oxidized Reduced

Distance® EXAFS (72) EXAFS (72) 1RIE (9) 1RFS (10)
Fel-Fe2 2.68 + 0.03 A 2.68 + 0.03 A 271 A 2.72 A
Fe-SP 2.20 A 2.25 A 224 A 2.32 A
Fel-St 2.32 A ) 2.31 A . 2.26 A 2.28 A
Fe2-Ns 2.05 + 0.04 A 2.09 = 0.04 A 2.15 A 221 A

@ S*, bridging sulfurs (average distances); S!, terminal sulfurs (cysteine Sy, average
distances); N, coordinating imidazoles (average distances).
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of the water-soluble Rieske fragments from bovine heart (PDB file
1RIE, 1.5 A resolution) and spinach (1RFS, 1.8 A resolution). Consid-
ering the error margins and the fact that the EXAFS data can only
give convoluted distances, there is excellent agreement between these
data; they show that the [2Fe—2S] core is structurally very similar to
that found in proteins containing a 4-cysteine coordinated [2Fe—2S]
cluster or in model compounds. The EXAFS data indicate a contrac-
tion of the [2Fe—2S] cluster upon oxidation; unfortunately, no high-
resolution structure of an oxidized Rieske cluster is yet available.

From an analysis of the intensity of the 1s—3d pre-edge transi-
tion in the XANES spectra, Tsang et al. (72) have suggested that
the histidine-coordinated Fe' of the reduced cluster may be 5-coordi-
nated; this is not supported by the X-ray structures.

E. MAGNETIC SPECTROSCOPY
1. EPR Spectroscopy

The nonheme iron protein of the cytochrome bc; complex has been
discovered through its unique EPR properties, that is, the “g¢ =
1.90 EPR signal” (1). The average g value g,, of Rieske proteins (1.90—
1.91) is well outside the range observed for other binuclear iron sulfur
proteins (1.945-1.975) (4). Since substitution of sulfur by selenium
(which is a more electron-donating ligand than sulfur) causes an in-
crease in g,,, the decreased g,, of Rieske proteins compared to plant-
type ferredoxins prompted Blumberg and Peisach (4) to suggest that
“the chemical makeup . . . must include one or more atoms which
are less electron donating than sulfur.”

a. Theoretical Models. The g values in antiferromagnetically cou-
pled [2Fe—28S] clusters with an effective spin S = § are given by

g =3g (Fe) —3g,(Fe) i = x,y,2), (@)

assuming parallel g tensors (73). The g tensor around the Fe' site

with almost ideal tetrahedral geometry is nearly isotropic (g,,. =
2.02) so that the effective g values of the whole cluster are determined
by the g tensor around the Fe! site. The g tensor around the Fe! site
depends on the energy splitting and rotational relationship of the d
orbitals and can be described by

ni)t
gl ge AE > (2)

i
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with g, being the free electron g value (2.00232), A the spin—orbit
coupling constant (—105 cm™! for the free Fe?' ion), n; = 2 X (rotation
matrix element)?, where the rotation matrix describes the rotations
relating the ground-state orbital to higher energy d orbitals by rota-
tions around the three axes i = (x, y, z), and AE; being the energy
differences between these d orbitals. Bertrand et al. (60) have devel-
oped a model where they can explain both the differences between
[2Fe—28S] clusters belonging to the “g,, = 1.96 class” and Rieske-type
clusters and the variation within both groups. In this model, the li-
gand field at the Fe! site is strongly compressed in Rieske-type clus-
ters so that the ligand field splitting between the ground state and
the highest energy state is increased compared to [2Fe—2S] clusters
belonging to the “g,, = 1.96 class.” The model is compatible both with
a d.2 ground state (highest energy orbital d,.) and with a d,2_,2 ground
state (highest energy orbital d,,). In both cases, the energy difference
between the ground state and highest energy state (AE,, or AE,,, re-
spectively), must be significantly greater than 10,000 cm™! in order to
explain the observed g values. Because of the compression, the energy
differences between the ground state and the lower excited states
(AE,, and AE,, in the case of the d,2 ground state, AE,, and AE,, in the
case of the d,2_,2 ground state), are small, which then leads to low g
values along two of the three axes in Rieske clusters.

The transition between the ground state and the highest energy
state is magnetically allowed both for a d.> and a d,>_,2 ground state
and should be observable in CD spectroscopy. Therefore, Link et al.
(55) have suggested that the strong negative CD band of the reduced
protein at 20,000 em™! should correspond to this transition. However,
this interpretation is not consistent with molecular orbital (MO) cal-
culations (Grodzicki, M.; Link, T. A., manuscript in preparation) since
an energy difference AE,, or AE,, respectively, of 20,000 cm™! is in-
compatible with a four-coordinate Fe! site. The MO calculations indi-
cate a smaller splitting of the ¢, set of d orbitals in Rieske proteins
compared to plant-type ferredoxins and a d,2-,» ground state as well
as a positive EFG tensor, which is consistent with the results of the
Moéssbauer experiments.

The existence of the d,>_,» ground state, which is well founded on
both experiment and theory, suggests a different model to account
for the observed EPR parameters. The general theoretical model for
[2Fe—2S] ferredoxins developed by Bertrand and Gayda (65) involves
mixing between the d,2 and d,2_,2 orbitals in the ground state ¢,, which
is described by a mixing angle 6:

@) = cos Oz, ) + sin O ]x? — y?). (3)
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A value of 6 = 0° corresponds to a pure d,: ground state, and 6 = 90°
to a pure d,2_,2 ground state. Since the d orbital rotation matrix ele-
ments are different for the d.» and d,>_,» orbitals, this will lead to a
variation of the local g tensor of the Fe® site with the mixing angle 6:

g. (Fe) =g, — Aéz‘\ sin? <9 + g) (4a)
yz

g, (Fel) = g, — ASI;’\ sin? <0 + g) (4b)

g, (Fel) = g, — 22 sin¥(o). (4¢)

AE

xy

By applying the values obtained in MO calculations using the core
structures of the ISFb (Grodzicki, M.; Link, T. A., manuscript in prep-
aration), AE,, =~ 3200 cm™}, AE,, =~ 5400 cm™, AE, ~ 6800 cm™, to
the model, we find that at § = 90° (d,>_,» ground state), g, < g, < g,
with g,, = 1.94. However, the g values depend critically upon the mix-
ing between d,>_,2 and d,z; when some d,: character is mixed into the
ground state, the order is reversed so that g, < g, < g, with g,, <
1.92. In this situation, g, and g, show opposite behavior upon varia-
tion of 0: g, will increase with decreasing g, and vice versa. This model
predicts that g, should be oriented along the Fe—Fe axis; this is con-
sistent with conclusions drawn from studies on oriented membranes
(W. Nitschke, this volume). However, the details of the model have
yet to be worked out.

b. EPR Spectra. Within the group of Rieske proteins, the EPR g
values vary considerably; Table VIII gives a compilation of published
g tensors. The values of g, vary between 2.008 and 2.042, of g, be-
tween 1.888 and 1.92, and of g, between 1.72 and 1.834; the calculated
average g value g,, varies between 1.883 and 1.921. The rhombicity
of the spectra can be calculated as

300(g, — 8.)/(28. — 8, — &)[%] (5a)
when g, is the unique g value (R,), or as

300(g, — g.)/(2g, — g, — 8.)| %] (5b)



TABLE VIII

g VALUES AND CALcULATED RHOMBICITY OF RIESKE AND RIESKE-TYPE CLUSTERS

Protein Species 8. g 8. Sav R, (%) R, (%) Reference
Isolated Rieske proteins
ISF (ISP) beef 2.029 1.896 1.761 1.897 101 99 30
ISF yeast 2.030 1903 1.760 1.900 108 92 Merbitz-Zahradnik, T.;
Link, T. A., unpub-
lished
ISF P. denitrificans 2.033 1.901 1.770 1.903 99 101 Merbitz-Zahradnik, T.;
Link, T. A., unpub-
lished
ISF P. denitrificans 2.021 1.890 1.758 1.892 101 99 89
ISP N. crassa 2.031 1900 1.752 1.894 108 92 cf. Ding et al. (79)
ISF spinach 2.03 1.90 1.74 1.89 114 87 31
ISp T. thermophilus 2.033 1.908 1.807 1.917 86 115 129
ISp T. thermophilus 2.023 1.906 1.78 1.905 105 95 82
SoxL Sulfolobus acidocald-  2.035 1.895 1.768 1.901 94 107 130
arius
SoxF Sulfolobus acidocald-  2.042 1.895 1.785 1.909 82 120 111
arius
ISP Nostoc 2.03 1.89 1.74 1.89 105 95 110
Isolated bc complexes
bc, complex beef (asc.) 2.019 1.891 1.805 1.906 75 128 131
bc, complex beef (dith.) 2.024 1895 1.775 1.900 95 105 131
bc, complex beef (Q.H,) 2.023 190 1.76 1.90 109 92 80
be; complex beef + EFA 2.017  1.90 1.80 191 90 111 80
be, complex yeast (asc.) 2.025 1.89 1.81 191 69 137 75
be, complex yeast (dith.) 2.026 1.89 1.79 1.904 81 121 75
be, complex yeast (dith.) 2.028 1902 1.760 1.899 108 93 Merbitz-Zahradnik, T.;
Link, T. A., unpub-
lished
be; complex P. denitrificans (asc.)  2.021 1.888 1.797 1.903 76 127 89
be; complex P. denitrificans (dith.)  2.03 1.898 1.76 1.898 103 97 131a
be, complex R. capsulatus 2.019 1.893 1.762 1.893 103 97 cf. Ding et al. (79)
be, complex R. sphaeroides (asc.) 2.03 1.90 1.81 1.915 77 126 132
be, complex R. sphaeroides (dith.)  2.029 1.90 1.76 1.898 106 95 132
bc complex H. chlorum (asc.) 2.035 1.89 1.81 191 65 143 133
be complex B. firmus (asc.) 2.028 1.90 1.832 1.921 63 145 100
bc complex B. firmus (dith.) 2.03 1.90 1.823 1919 69 137 100
bef complex spinach (dith.) 2.03 1.90 1.76 1.90 105 95 134
Rieske-type ferredoxins
Fdgep Ps. putida 2.026 1.890 1.834 1.918 51 165 135
T4MOC Ps. mendocina 2.009 1897 176 1.897 138 68 64a
BphF B. cepacia 2.02 1.92 1.82 1.92 100 100 135a
Oxygenases
Pyrazon DO ? 2.02 1.91 1.79 191 106 94 136
Putidamonooxin Ps. putida 2.008 1913 1.72 1.883 151 59 64
Benzene DO Ps. putida 2.018 1917 1.754 1.898 134 71 135
Phthalate DO B. cepacia® 2.016 1914 1.763 1.900 128 76 82
Naphthalene DO B. cepacia® 2.01 191 1.80 191 106 94 137
2-Halobenzoate-1,2-DO  B. cepacia® 2.025 191 1.79 1.91 103 97 86
2-0x0-1,2-dihydroquino- Ps. putida® 2.01 191 1.76 1.895 129 75 104
line 8-MO
Trichlorophenoxyacetate-  B. cepacia® 2.01 191 1.76 1.895 129 75 86a
MO
CMP-N-acetylneuraminic  pig 2.01 191 1.78 1.90 118 83 22
acid hydroxylase
Alkene MO Xanthobacter 2.016 1918 1.776 1.905 126 77 106
Choline MO spinach 2.008 1915 1.736 1.889 147 62 21

ISF, water soluble fragment of the Rieske protein; ISP, isolated Rieske protein; DO, dioxygenase; MO, monooxygenase;
EFA, ethoxyformic anhydride. For the isolated bc complexes, the reducing agent is given in parentheses: asc., ascorbate; dith.
sodium dithionite; Q,H,, ubihydroquinone-2. The rhombicity along the z axis R, was calculated as 300(g, — g.)/(2g. — g, — &)
[%], the rhombicity R, along the x axis as 300(g, — g.)/(2g. — g, — g.) [%].

@ Burkholderia cepacia has formerly been known as Pseudomonas cepacia.

125
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Fia. 12. EPR spectra of the Rieske fragment from the bc; complex of Paracoccus
denitrificans (ISFpd, top) and of the Rieske-type ferredoxin from benzene dioxygenase
(Fdggp, bottom). EPR conditions were as follows (ISF/Fdggp): microwave frequency,
9.021 GHz; modulation amplitude, 1 mT/0.9 mT; microwave power, 1 mW/9 mW; tem-
perature, 15 K/30 K.

when g, is the unique g value (R,). For a completely rhombic g tensor,
the value of both R, and R, will be 100%. Values of R, > 100% corre-
spond to R, values <100% and vice versa; therefore, when R, goes
from <100% to >100%, the unique axis changes from z to x. The
rhombicity is sensitive to the ligand field splitting and therefore also
to the geometry around the Fe site (4).

The rhombicity calculated for the Rieske proteins compiled in Table
VIII varies from 51% along the z axis over 100% to 59% along the x
axis; Fig. 12 shows the EPR spectra of the protein showing the lowest
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Fic. 13. Plot of the g values (g, g,, g.) and of the average g value g,, vs rhombicity
(R,) of the Rieske and Rieske-type proteins listed in Table VIII. The lines represent
linear fits to the data points.

rhombicity, the Rieske-type ferredoxin from benzene dioxygenase
(Fdggp, R, = 51%), and the rhombic EPR spectrum of the ISF (R, =
R, = 100%). In contrast to proteins having a 4-cysteine coordinated
[2Fe—2S] cluster (4), Rieske and Rieske-type protein show a strong
correlation between the three g values and the calculated rhombicity.
In Fig. 13, the average g value g,, as well as the three g values g,, g,,
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and g, are plotted against the rhombicity (in order to avoid confusion
about the axis change, the rhombicity along the z axis R, is used over
the whole range; values > 100% correspond to a rhombicity of approx-
imately 200% — R, along the x axis). g.,, g., and g, decrease with
increasing R, while g, increases with increasing R,. The scatter in the
data points is at least in part due to the difficulty of determining the
exact value of g, that gives a broad feature in the EPR spectra of most
Rieske and Rieske-type proteins.

The fact that all components of the g tensor correlate with the sin-
gle parameter rhombicity identifies that as a good parameter for the
description of the EPR spectra of Rieske and Rieske-type proteins and
therefore of the ligand field around the Fe! site having histidine coor-
dination. This situation is clearly different from that observed in pro-
teins having a 4-cysteine coordinated [2Fe—2S] cluster (4). The fact
that the variation of the EPR properties is controlled only by the li-
gand environment of the Fe' site is consistent with the resonance
Raman spectra discussed previously, which show that the Fe! site is
very similar in all Rieske proteins. It also reflects the close similarity
of the protein environment around the [2Fe—2S] cluster in all mem-
bers of the protein family so that the ligand field of Fe® site and the
electron distribution are controlled by subtle changes, including hy-
drogen bonds into the [2Fe—2S] cluster.

The effect of hydrogen bonds has been studied in the Rieske protein
of the bc; complex; this was possible because two of the eight hydro-
gen bonds formed with sulfur atoms of the cluster are derived from
side chains (see Section III,B). The highly conserved Ser 163 forms a
OH-S hydrogen bond to the bridging sulfur S-1, and Tyr 165 forms a
hydrogen bond to the Sy of Cys 139 that is a ligand of the 4-sulfur
coordinated Fe-1 (9). We have replaced these residues both in yeast
and in Paracoccus denitrificans by residues that are unable to form
OH-S hydrogen bonds (35, 36). These replacements had effects both
on the redox potential (discussed in Section V) and on the EPR spec-
tra of the Rieske cluster while the structural integrity of the protein
and of the cluster was maintained. The EPR g values of the variants
fall close to the line correlating the g values with rhombicity (Fig.
14a); the effect of the removal of a hydrogen bond can be described by
a decrease of the rhombicity compared to the wild-type enzyme. This
is consistent with the fact that very low values are calculated for the
rhombicity of Rieske proteins in menaquinone-utilizing bacteria (e.g.,
Heliobacter or Bacilli) where the residue corresponding to Ser 163 is
replaced by alanine, which cannot form the OH-S hydrogen bond
(16).
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Fic. 14. Plot of the g values (g, g,, g.) and of the average g value g,, vs rhombicity
(R,) of (a) wild type (open symbol) and variant forms (closed symbols) of the Rieske
protein in yeast bc; complex where the residues Ser 183 and Tyr 185 forming hydrogen
bonds into the cluster have been replaced by site-directed mutagenesis [Denke et al.
(35); Merbitz-Zahradnik, T.; Link, T. A., manuscript in preparation] and of (b) the
Rieske cluster in membranes of Rhodobacter capsulatus in different redox states of the
quinone pool and with inhibitors added [data from Ding et al. (79)]. The solid lines
represent linear fits to the data points; the dashed lines reproduce the fits to the g
values of all Rieske and Rieske-type proteins shown in Fig. 13.
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Fic. 15. EPR spectra of the Rieske cluster in membranes of Paracoccus denitrificans
in different redox states of the quinone pool and with inhibitors added. Q,, ascorbate
reduced; Q.q, reduced with trimethylhydroquinone dissolved in dimethyl sulfoxide;
+EtOH, reduced with trimethylhydroquinone dissolved in 90% ethanol; +Myxo, ascor-
bate reduced with myxothiazol added; +Stigma, ascorbate reduced with stigmatellin
added. Only the g, and g, signals are shown. The dotted line has been drawn at
g = 1.80.

In bc complexes, the EPR signal of the Rieske cluster was found to
be heterogenous (74); it varies with the redox state of the system, in
particular of the quinone pool (cf. Table VIII) (75, 76). Binding of qui-
nonoid inhibitors such as stigmatellin leads to a significant shift and
a sharpening of the signals (77). Figure 15 shows the effect of the
oxidation or reduction of the quinone pool as well as the effect of addi-
tion of inhibitors on the Rieske cluster in membranes from Paracoccus
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denitrificans (36). Addition to short-chain alcohols also has an effect
on the shape of the EPR signal (78).

The effect of quinones on the EPR signal of the Rieske cluster has
been systematically explored in membranes from Rhodobacter capsu-
latus (79). From the changes of the EPR lineshape, Ding et al. (79)
have concluded that two molecules of quinone can bind simultane-
ously to the Rieske cluster, but this issue is still controversial. When
the g values for the different states (“empty,” 1/2 hydroquinone (QH,)
bound, 1 quinone (Q) bound, 2 Q bound, and in the presence of either
stigmatellin or myxothiazol) are plotted against the calculated rhom-
bicity, the points all fall close to the line describing the relationship
of the g values vs rhombicity for the whole family (Fig. 14b). This
shows that also the effect of the binding of quinones or inhibitors to
the histidine ligands of the [2Fe—2S] cluster in membranes of Rhodo-
bacter capsulatus can be adequately described as a change of the
rhombicity of the cluster in the order of the states assigned as free (X
bound) > myxothiazol bound ~ QH; bound > 1 Q bound > stigmatel-
lin bound > 2 Q bound.

Treatment of bovine heart bc; complex with ethoxyformic anhydride
(EFA), which is known to modify amino acid residues covalently (pref-
erentially histidine residues), inhibits electron transfer and has an
effect on the EPR spectra of the Rieske cluster comparable to that
observed upon addition of stigmatellin, that is, a decrease in rhombic-
ity (80). This further supports the suggestion that quinones as well
as quinonoid inhibitors interact directly with the histidine ligands of
the Rieske cluster.

A completely different effect is observed when chloroplast bsf com-
plex is incubated with the inhibitor dibromothymoquinone (DBMIB),
leading to a shift of the EPR signal to g., = 1.95; this effect is reversed
by inhibitors such as undecylhydroxybenzothiazol (UHDBT), which
bind more strongly than DBMIB (81). The addition of DBMIB does
not alter the magnetic couplings of the nitrogen ligands (8); this indi-
cates that histidine ligation alone is not sufficient to explain the EPR
spectra with g,, = 1.91 observed in Rieske proteins. A similar shift of
the EPR signal to g values of 2.008, 1.95, and 1.91 has been observed
in bovine heart bc; complex, although at higher DBMIB concentra-
tions (Link, T. A., unpublished results).

2. ENDOR and ESEEM Spectroscopy

Nitrogen coordination of the Rieske cluster had been suggested by
Blumberg and Peisach (4) as early as 1974. However, it was only after
the pioneering Mossbauer studies of Fee et al. (5) that the coordina-
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Fic. 16. Three-pulse ESEEM spectrum of the Rieske cluster in bovine heart submit-
ochondrial particles at g, = 1.89 and 3.7 K. The pairs of transitions belonging to the
two nitrogen atoms are indicated. Conditions of measurement are as stated in (87).

tion environment was studied directly using ENDOR and ESEEM
spectroscopy. Cline et al. (82) reported X-band ENDOR and ESEEM
spectra of the Rieske protein from Thermus thermophilus (TRP) and
of the Rieske-type cluster in phthalate dioxygenase from Burkhold-
eria cepacia (PDO). The ENDOR signals were erroneously interpreted
as arising from a strongly coupled ligand with a “N hyperfine cou-
pling constant AY =~ 26-28 MHz and a weakly coupled ligand with
AN =~ 9 MHz; the ESEEM spectra revealed several peaks between 0.8
and 6.7 MHz. Very similar spectra have been observed for the Rieske
protein in yeast bc; complex (83); this supported the conclusion that
the [2Fe—2S] cluster is very similar in Rieske and Rieske-type pro-
teins. Using Q-band ENDOR spectroscopy, Gurbiel et al. (6) could
show that the higher frequency resonances attributed to strongly cou-
pled nitrogens are in fact due to protons.

ENDOR and ESEEM studies of phthalate dioxygenase (PDO) (7,
84), benzene dioxygenase (85), 2-halobenzoate 1,2-dioxygenase (86),
2,4,5-trichlorophenoxyacetate monooxygenase (86a), spinach bgf com-
plex (8), and the bc; complexes from Rhodobacter capsulatus (7, 84)
and in bovine mitochondrial membranes (87) (Fig. 16) have identified
two nitrogen nuclei coupled to the [2Fe—2S] cluster with isotropic “N
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TABLE IX

HypPERFINE COUPLING VALUES OF THE NITROGEN LIGANDS OF RIESKE AND RIESKE-TYPE
CrLusTERS DETERMINED BY ENDOR AnD ESEEM SPECTROSCOPY

A (MHz) e’qQ (MHz)
Cluster® Method N, N, N, N, Ref.
Rieske
be, (R. caps.) ENDOR 4.5 5.5 — — 7
bsf (spinach) ESEEM 3.8 4.6 2.5-2.9 2.5-2.9 8
be; (bovine) ESEEM 3.6 5.2 2.1-24 2.7-3.15 87

be, (bovine) + UHDBT ESEEM 3.4 5.3 2.3-2.65 2.6-3.0 87
Rieske-type

PDO ENDOR 4.3 5.5 2.3 2.6 6
BDO ESEEM 3.6 4.8 2.2-2.8 2.2-24 85
Halobenzoate-DO ESEEM 3.7 4.7 2.0-2.3 3.6-4.1 86
2,4,5-T-MO ESEEM 4.0 4.9 2.0-2.8 1.9-2.7 86a

“PDO, phthalate dioxygenase; BDO, benzene dioxygenase; 2,4,5-T-MO, 2,4,5-
trichlorophenoxyacetate monooxygenase; UHDBT, undecylhydroxybenzothiazole.

hyperfine coupling constants in the range of 3.4-4.5 MHz and 4.6—
5.5 MHz, respectively, and quadrupolar coupling constants e?q@ of
2-3 MHz (Table IX). Approximately 1.5—4% of the unpaired electron
spin density resides on each of the nitrogen ligands of the cluster (6,
7, 85).

The hyperfine coupling values are consistent with coordination of
the Rieske cluster by imidazole nitrogens. This conclusion was further
supported by labeling with ®N (nuclear spin I = 3), both for PDO (6)
and the bc; complex from Rhodobacter capsulatus (7). From the
ENDOR spectra, the hyperfine coupling tensors for both nitrogen
ligands and their orientation with respect to the g tensor could be
determined; when an improved algorithm was used to analyze the
spectra, the geometry was found to be essentially identical in the
Rieske-type cluster in PDO and in the Rieske cluster of the bc¢; com-
plex (84). In both systems, the nitrogen ligands lie in the g,—g; plane.
The “bite angle” N-Fe—N was 80° (or 100°) in the simulations; this
compares to an angle of 90° observed in the X-ray structures.

No alteration of the nitrogen couplings was observed when spinach
bsf complex was treated with dibromothymoquinone (DBMIB) (8) or
bovine mitochondrial membranes with undecylhydroxybenzothiazol
(UHDBT) (87), although these inhibitors cause shifts in the EPR spec-
tra of the Rieske cluster; therefore, the changes of the EPR spectra
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TABLE X

'H NMR REeSONANCES oF REDUCED RIESKE AND RIESKE-TYPE PROTEINS

Fd (Xanthobacter Py2) Fd (T4MOC) ISF (P. denitrificans)
(400 MHz, 300 K) (88) (400 MHz, 293 K) (88a) (300 MHz, 284 K) (89)
chemical shift (ppm) chemical shift (ppm) chemical shift (ppm) H/D exchange T dependence®  Assignment
82 82.7 ~109 - Curie Cys H?
73 76.7 ~T77 - Curie Cys H?
62 61.1 ~69 - Curie Cys HF
54 52.6 ~b4 - Curie Cys Hf
23.9 25.5 ~26 - Curie His H!
-14 - pseudo-Curie
—-2.4 - pseudo-Curie
-3.2 - pseudo-Curie
—5.4° —6.6° ~-—T7b - pseudo-Curie
-11.4 + ? peptidyl HN?
—15.5° -12.3° ~—9b + pseudo-Curie peptidyl HY?
~-15 - pseudo-Curie
~—23 - pseudo-Curie

@ Curie: A ppm/AT < 0; pseudo-Curie: A ppm/AT > 0.

® Since the signals have not yet been assigned, it is not clear whether they correlate with each other in the three proteins

listed here.

represent an altered electron distribution, but no change in the coor-
dination environment of the cluster.

3. NMR Spectroscopy

'H NMR spectra have been reported for the Rieske-type ferredoxins
from Xanthobacter strain Py2 (88) and of toluene 4-monooxygenase
from Pseudomonas mendocina (T4AMOC) (88a) as well as for the wa-
ter-soluble Rieske fragment from the bc; complex of Paracoccus deni-
trificans (ISFpd) (89). The spectra of these proteins are similar, which
is consistent with the close structural relationship between the three
proteins. In the reduced (paramagnetic) state, all three proteins show
several hyperfine-shifted 'H resonances between +83 and —16 ppm
at 400 MHz or between —110 and +25 ppm at 300 MHz (Table X).

Four strongly downshifted signals in each spectrum, between 50
and 110 ppm, were assigned to the four CB protons of the cysteines
coordinating the Fe™. The contact shifts of the protons reflect the co-
ordination of cysteine to the Fe of the antiferromagnetically coupled
Fe'-Fe! pair as the cysteine protons sense the spin down orientation
of the Fe' (S = %) site. This is supported by the observation that the
temperature dependence of the cysteine H® protons (measured be-
tween 276 and 308 K) follows Curie behavior (decreasing contact shift
with increasing temperature).

A sharp resonance around 25 ppm in all three proteins that had



STRUCTURES OF RIESKE AND RIESKE-TYPE PROTEINS 135

been tentatively assigned to one of the two cysteine H* protons based
solely on analogy with plant-type ferredoxins has been shown by se-
lective isotope labeling in T4MOC to arise from the histidine H* pro-
ton of one of the histidine ligands (88a). This histidine H®' proton
exhibited a weak Curie temperature dependence, whereas a pseudo-
Curie temperature dependence (increasing contact shift with increas-
ing temperature) would have been expected for a ligand bound to the
Fe' of the antiferromagnetically coupled Fe'-Fe! pair if a simple
spin coupling model was valid. This shows that the NMR spectra of
Rieske and Rieske-type proteins show unique properties when com-
pared to ferredoxins having a 4-cysteine coordinated [2Fe—2S] cluster
and rules out any assignment by simple analogy. In particular, this
is the case for several upshifted 'H resonances between —0.1 and
—23 ppm showing pseudo-Curie temperature dependence that had
been tentatively assigned to the histidine ligands. One or two of these
resonances between —9 and —15.5 ppm have been shown to be sol-
vent exchangable in D,O buffer and have been thought to arise from
H?? proton(s) of the N°H groups of the imidazole ligands. However, in
T4MOC the solvent exchange was very slow in the oxidized state (2
days at room temperature) while no measurable exchange was ob-
served in the reduced state even after four weeks (88a). These results
indicate a group donating a strong hydrogen bond to the Rieske clus-
ter and a redox dependence of the hydrogen bond strength. The fact
that exchange is slow also on the oxidized protein and that the num-
ber of exchangable protons differs between different proteins (two in
the ferredoxin from Xanthobacter, one in T4AMOC and the ISFpd) sug-
gests that these 'H resonances may be due to (a) peptidyl NH group(s)
rather than histidine H*2 proton(s) of the ligand(s).

The two iron ions of the Rieske cluster are antiferromagnetically
coupled; therefore, the ground state has a spin S = 3, while excited
states of the spin ladder S = §, %, §, and £, are at energies —3J, —8J,
—15J, and —24dJ (J, exchange coupling constant). The fact that the
temperature dependence did not strictly follow Curie behavior could
be explained by the population of excited states at room temperature,
indicating that the value of —3J must be in the order of £T (around
200 cm™! at room temperature). By fitting the temperature depen-
dence of the resolved protons, Holtz et al. (88) determined the ex-
change coupling constant —2J as 124 + 26 ecm™!; this value compares
to values of 100 = 10 em ™! and 190 * 20 cm ™! determined for the TRP
and for benzene dioxygenase, respectively, by EPR spectroscopy from
the temperature dependence of the spin—lattice relaxation rate (89a).
For proteins having a 4-cysteine coordinated [2Fe—2S] cluster, the ex-
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TABLE XI

REDOX POTENTIALS OF RIESKE AND RIESKE-TYPE PROTEINS

Protein Organism Preparation® E, (mV) Method® pH T(¢C) IMM) Reference

Rieske proteins

be; complex pigeon heart M +285 EPR 7.0 * 0.06 138
be, complex beef heart C +290 EPR 7.2 * 0.12 77
be, complex beef heart [} +304 CD/OTTLE 7.0 9 0.1 102
be, complex beef heart F +312 CV 7.0 25 0.075 92
be; complex beef heart F +306 EPR 7.0 * 0.075 30
be; complex beef heart F +315 CD/OTTLE 7.0 9 0.1 55
be, complex yeast M +262 EPR 7.0 * 0.05 34
be, complex yeast C +286 EPR 74 * 0.25 139
be, complex yeast C +285 CD/OTTLE 7.0 5 0.12 35
be; complex yeast F +285 CV 7.0 25 0.1 Merbitz-Zahradnik,
T.; Link, T. A,
unpublished
be, complex P. denitrificans C +298 CD/OTTLE 7.0 20 0.4-0.5 36
be; complex P. denitrificans F +280 CV 7.0 25 0.1 140
be; complex R. capsulatus M +310 EPR 7.2 * 0.12 141
be, complex R. capsulatus M +321 EPR 7.0 * 0.13 78
be, complex R. capsulatus M (+EtOH) +294 EPR 7.0 * 0.13 78
be, complex R. capsulatus F +285 EPR 7.0 * 0.13 52
be; complex R. sphaeroides M +285 EPR 7.2 * 0.12 141
be; complex R. sphaeroides M +300 CD 7.0 21 0.1 141a
be, complex R. sphaeroides C +300 CD 7.0 21 0.1 141a
be, complex Chromatium vinosum M +285 EPR 8.0 * 0.05 142
be, complex R. rubrum M +265 EPR 7.7 * ¢
bef complex spinach (¢} +320 EPR <8.0 * d 99
bef complex spinach F +375 EPR 7.0 * 0.07 31
bsf complex spinach F +320 Abs 7.0 25 0.07 31
bef complex Nostoc R +321 CD 70 25 0.13 110
be complex Chlorobium limicola M +160 EPR 7.0 * 0.1 96
be complex (?) B. alcalophilus M +150 EPR 7.0 * 0.115 143
be complex Heliobacterium M +120 EPR 7.0 * 0.05 133
chlorum

be complex Bacillus PS3 M +165 EPR 7.0 * 0.05 98
be complex B. firmus M +105 EPR 7.0 * 0.02 100
Rieske protein T. thermophilus P +140 Abs 7.0 129
Rieske protein II  S. acidocaldarius® P +375 CD/OTTLE 75 25 0.025 111

(SoxF)

Rieske-type pro-

teins/¢
Fdgep Ps. putida P -155 EPR 7.0 * 0.05 135
Fdgrp Ps. putida P —156 CD/OTTLE 7.0 9 0.025 55
Fdggp Ps. putida P -155 CV 70 25 0.15 55
Benzene dioxy- Ps. putida P -112 EPR 7.0 * 0.05 135

genase
2-Halobenzoate  B. cepacia® P -125 EPR 7.0 * 0.025 86

1,2-dioxy-

genase
2-Oxo0-1,2-dihy-  B. cepacia® pi -100 EPR 7.2 * 0.025 104

droquinoline 8-

monooxygenase

* The temperature is not well defined during an EPR monitored redox titration since the protein will reequilibrate with the
mediators during freezing [cf. discussion in Hagedoorn et al. (143a)].

@ Preparation: M, membranes; C, isolated complexes; P, isolated Rieske or Rieske-type proteins; F, isolated Rieske fragments;
R, reconstituted proteins.
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TABLE XI (Continued)

® Method: Abs, chemical reduction, monitored by absorption spectroscopy; CD, chemical reduction, monitored by CD spectros-

copy; CD/OTTLE, electrochemical reduction using an optically transparent thin layer (OTTLE) cell, monitored by CD spectros-

copy; CV, cyclic voltammetry; EPR, chemical reduction, monitored by EPR.
¢ Quoted in Malkin, R.; Bearden, A. J. Biochim. Biophys. Acta 1978, 505, 147, but the E,, value is not given in the reference
referred to.

4 Ammonium sulfate precipitate.
¢ Heterologous expression in E. coli.

/ Putidamonooxin: A value of +5 mV at pH 7.8 has been quoted (Bernhardt, F.-H.; Ruf, H.-H.; Ehrig, H. FEBS Lett. 1974, 43,
53), but experimental details have not been reported.
¢ Phthalate dioxygenase (PDO): Conflicting values have been quoted [—60 mV at pH 6.9 in an absorption monitored titration

performed at 10°C: Kuila and Fee (129); —120 mV at pH 7.0: Correll et al. (119)] but experimental details have not been reported.

" Isolated dioxygenase with a,8; subunit composition.

! Isolated dioxygenase with «yB; subunit composition.

J Isolated dioxygenase with a; subunit composition.

¥ Burkholderia cepacia has formerly been known as Pseudomonas cepacia.

change coupling constant in adrenal ferredoxin has been determined
as 170 = 10 ecm! (89a) while a value of —2J = 100 cm™! was mea-
sured in reduced spinach ferredoxin (90). This indicates that the mag-
nitude of the exchange coupling constant is determined by the bridge
between the two iron atoms and not by the nature of the terminal
ligands (89a).

V. Electrochemistry

A. RiEskE CLUSTERS: CYTOCHROME b¢c COMPLEXES

The second distinguishing feature of the Rieske protein apart from
its unique EPR spectrum that was recognized early is its high re-
dox potential (91). The redox potentials of Rieske clusters from mito-
chondrial and bacterial bc; complexes are in the range of +265 to
+310 mV (Table XI); the potentials in bgf complexes are even slightly
higher (around +320 mV). The redox potentials of Rieske clusters in
menahydroquinone oxidizing systems (e.g., Bacilli) are approximately
150 mV lower than those in ubihydroquinone-oxidizing bc¢,; complexes;
the potential difference between the Rieske clusters is the same as
that between the two types of quinones (ubiquinone: +90 mV; mena-
quinone: —60 mV).

The lower redox potential in menaquinone-oxidizing bc complexes
can be attributed to the absence of the hydrogen bond from the Oy of
Ser 163 (ISF)/Ser 130 (RFS) to the bridging sulfur S-1 (see Section
IT1,B,2). This serine is completely conserved in Rieske proteins of
bc; and bgf complexes, but in all sequences of Rieske proteins from
menaquinone-oxidizing bc complexes, alanine or glycine is found in
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this position. When the serine present in the Rieske protein of the bc,
complex was converted to alanine by site-directed mutagenesis in
yeast (35) or in Paracoccus denitrificans (36), the redox potential of
the Rieske cluster was decreased by 100—-130 mV. The magnitude of
the redox potential shift observed upon mutation of the serine is com-
parable to the redox potential difference between Rieske proteins
from menaquinone-oxidizing complexes and Rieske proteins from bc,
and bsf complexes; therefore, it can be stated that the exchange of the
single serine residue can fully account for the observed redox poten-
tial difference.

Various methods have been used to determine the redox potentials
(Table XI). Very commonly, EPR-monitored chemical redox titration
is performed, which can be used to measure the redox potential not
only in isolated complexes but also in membrane preparations. In gen-
eral, there is good agreement between redox potentials determined in
membranes, isolated complexes, or isolated Rieske proteins or frag-
ments; the only exception is the water-soluble Rieske fragment from
spinach bsf complex where differences of more than 50 mV have been
observed by the same group but using different methods (31).

The use of direct electrochemical methods (cyclic voltammetry; Fig.
17) has enabled us to measure the thermodynamic parameters of iso-
lated water-soluble fragments of the Rieske proteins of various bc;
complexes (Table XII)). (55, 92). The values determined for the stan-
dard reaction entropy, AS®, for both the mitochondrial and the bacte-
rial Rieske fragments are similar to values obtained for water-soluble
cytochromes; they are more negative than values measured for other
electron transfer proteins (93). Large negative values of AS° have
been correlated with a less exposed metal site (93). However, this is
opposite to what is observed in Rieske proteins, since the cluster ap-
pears to be less exposed in Rieske-type ferredoxins that show less
negative values of AS° (see Section V,B).

Cyclic voltammetry has also allowed us to observe for the first time
the second reduction step ([Fe'Fe™-2S] to [Fe"Fe'-2S]) in a biologi-
cal [2Fe—-28S] cluster (94). This transition was observed at —840 mV,
that is, approximately 1.1 V more negative than the first transition
[Fe"Fe'-2S] to [Fel'Fe™-2S]); this compares to a difference of ap-
proximately 0.7 V for two subsequent transitions in [4Fe—4S] clus-
ters (95).

The most striking electrochemical feature of Rieske proteins is the
pH dependence of the redox potential. This pH dependence has first
been demonstrated for the Rieske protein from Chlorobium, where
the redox potential shifted from +165 mV at pH 6.8 to +60 mV at
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Fig. 17. Cyclic voltammogram of the water-soluble Rieske fragment from the bc,
complex of Paracoccus denitrificans (ISFpd) at the nitric acid modified glassy carbon
electrode. Protein concentration, 1 mg/ml in 50 mM NaCl, 10 mM MOPS, 5 mM EPPS,
pH 7.3; T, 25°C; scan rate, 10 mV/s. The cathodic (reducing branch, I < 0) and anodic
(oxidizing branch, I > 0) peak potentials and the resulting midpoint potential are indi-

cated. SHE, standard hydrogen electrode.

TABLE XII

THERMODYNAMIC PARAMETERS OF THE RIESKE FRAGMENTS FROM THE bc;
CoMPLEXES OF BovINE HEART (ISFb) (92) aAND Paracoccus
dentrificans (ISFpd) (140) aAND oF THE RIESKE-TYPE FERREDOXIN
FROM BENZENE D10XYGENASE (Fdggp) (55)

E° (mV) +312 £ 5 +280 = 5 —-155 £ 5
AG®’ (kJ mol™?) —-30 = -28 1 +15 =1
AH*°" (kJ mol™?) —-76 * -71*+4 -7x4
AS°" (J mol* K1) —153 £ 11 —-144 = 11 —75 * 10
ASY (J mol ™t K™) —-88 = 11 -79 + 11 —10 = 10

dE°'/dVT (mV M2 -26*1 -10=1 0
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pH 8.4 (96); this corresponds to a shift of —66 mV/pH. Subsequently,
Prince and Dutton (97) showed that in pigeon heart mitochondria or
in membranes from Rhodobacter sphaeroides, the redox potential was
pH independent below pH 7.5 but showed a pH dependence with —60
mV/pH above pH 8, indicating a deprotonation of the oxidized protein
only with a redox-dependent pK,,, of approximately 8 on the oxidized
form. Using cyclic voltammetry, Link et al. (92) could measure the pH
dependence of the redox potential of the water-soluble Rieske frag-
ment (ISF) up to pH 10, and they could show that the slope (AE,/
ApH) approached —120 mV/pH above pH 9.5, indicating two redox-
dependent deprotonation reactions of the oxidized form; the data
could be fitted with two pK,,, values of 7.6 and 9.2 (Fig. 18a).

This result was confirmed by CD spectroscopy, where the visible
CD spectra of the oxidized ISF were measured over pH 6.1 to 10.6;
the CD spectra could be fitted with two pK,, values of 7.7 and 9.1
(Fig. 18b) (58). These values are identical within 0.1 pH unit to the
values obtained by cyclic voltammetry. No structural change of the
oxidized protein was observed in the far UV CD spectra between pH
6.0 and 10.7, and no deprotonation of the reduced cluster was ob-
served over pH 6 and 11. Therefore, it can be concluded that the pK,
of a group that is in contact with the Rieske cluster shifts from 7.6 on
the oxidized protein to above 11 on the reduced protein; the pK, of a
second group shifts from 9.2 to above 11. Two redox-dependent pK,
values or at least a slope —AE /ApH > 60 mV that cannot be ex-
plained with a single deprotonation step have been observed in all
Rieske proteins (98—-101); therefore, they can be considered as a char-
acteristic feature of Rieske proteins. Although this has not yet been
demonstrated directly, there is strong cumulative evidence that both
residues undergoing redox-dependent protonation/deprotonation are
the exposed histidine ligands of the Rieske cluster:

* Only the ligands of the Rieske cluster, the two cysteines forming
the disulfide bridge, and one glycine are fully conserved in all
Rieske proteins (see Section III,A,1)

* The CD spectra show that the groups with redox-dependent pK,
values must interact electronically with the [2Fe—2S] cluster

» Deprotonation of aspartate, glutamate, or tyrosine could be ex-
cluded by FTIR spectroscopy (Baymann, F.; Link, T. A.; Robert-
son, D. E.; Méntele, W., manuscript in preparation)

* In the structure, we could not identify any residues in the vicinity
of the cluster except the histidine ligands that are likely to un-
dergo redox-dependent protonation/deprotonation (9)

» No major structural change occurs upon deprotonation
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Fic. 18. pH dependence of the oxidized Rieske fragment from bovine heart mitochon-
dria (ISF). (a) Redox potential determined by cyclic voltammetry. The line was fitted to
the data points, giving pK, . = 7.6 and pK, . = 9.2. (b) CD intensity of the oxidized
ISF at 422 nm. The line was fitted to the data points, giving pK, . = 7.7 and pK, o =
9.1. (¢c) CD spectra of the three forms of the ISF obtained from a CD monitored pH
titration by singular value decomposition (SVD) analysis: , acidic form; ----, inter-
mediate form; -.-, basic form. The wavelength of the fit shown in (b) is indicated by
*--0

The same pK,, values as for the water-soluble Rieske protein have
been determined for the Rieske protein in bovine heart mitochondrial
be; complex (102); this is consistent with the fact that the redox po-
tential of the Rieske cluster is unperturbed within the bc¢; complex
and indicates that the environment of the Rieske cluster must be ac-
cessible within the complex. However, in the bc; complex from Para-
coccus denitrificans, the redox potential at pH 6.0 was found to be
45 mV lower than at pH 7, indicating the presence of a third group
with a redox-dependent pK, value below 7 (36). No redox potential
difference between pH 6 and 7 was found for the water-soluble Rieske
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fragment from Paracoccus denitrificans; therefore, the group with a
redox-dependent pK, value below 7 is not located on the Rieske pro-
tein but on other subunits, most likely cytochrome b.

Since the first pK, value of mitochondrial Rieske proteins is at 7.6,
the primary function cannot be redox-dependent proton uptake or re-
lease, since only a fraction of a proton would be taken up during oxi-
dation/reduction. However, the shift of the pK, values of the histidine
ligands, which is a consequence of the electronic structure of the clus-
ter, will influence the strength of hydrogen bonds formed by the histi-
dine ligands: Upon reduction, the strength of hydrogen bonds will be
greatly increased. As a consequence, the inhibitor stigmatellin, which
binds directly to the His 161 of the bovine Rieske cluster (41), binds
four orders of magnitude more tightly to the reduced than to the oxi-
dized Rieske cluster as indicated by a 250-mV shift of the redox poten-
tial of the Rieske cluster to higher values upon binding of stigmatellin
(77). Upon oxidation of the Rieske cluster, the tight binding of stig-
matellin will be released. The hydrogen bonding pattern of stigmatel-
lin resembles that of deprotonated hydroquinone or semiquinone (43);
therefore, it is reasonable to assume that the binding of semiquinone
will also depend on the redox state of the Rieske cluster (“affinity
change mechanism”) (116). Similar but weaker effects have been ob-
served for hydroxyquinone inhibitors, such as UHDBT (103).

B. Rieske-TYPE CLUSTERS

While the redox potentials of Rieske -clusters are above
+100 mV at pH 7, values between —100 and —150 mV have been
determined for the redox potentials of Rieske-type clusters (Table XI).
Several 4-cysteine coordinated [2Fe—2S] clusters have redox poten-
tials similar to those of Rieske-type clusters, for example, the [2Fe—
2S] clusters of the dioxygenase reductases [compilation in (104)];
therefore, the redox potential is not useful for distinguishing between
Rieske-type and ferredoxin-type clusters.

Although the redox potential of Rieske-type clusters is approxi-
mately 400 mV lower than that of Rieske clusters, it is 300 mV more
positive than the redox potential of plant-type ferredoxins (approxi-
mately —400 mV). Multiple factors have been considered to be essen-
tial for the redox potential of iron sulfur proteins:

» The overall charge of the cluster, 0/—1 for oxidized and reduced
Rieske clusters, respectively, compared to —2/—3 for 4-cysteine
coordinated [2Fe—2S] clusters
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* The electronegativity of the ligands (here: histidine vs sulfur)

* The presence of hydrogen bonds to bridging or terminal sulfur
atoms

» The solvent exposure of the cluster

The first two factors contribute to the difference between both Rieske
and Rieske-type proteins compared to plant-type ferredoxins while
the latter two factors are essential for the difference between Rieske
and Rieske-type clusters. In the hydrogen bond network around the
Rieske cluster, three of the eight hydrogen bonds formed by the sulfur
atoms of the Rieske cluster are not observed in the structure of NDO
(see Section III,B,2); two of these hydrogen bonds derive from side
chain oxygen atoms (Ser 163 and Tyr 165 in the bovine heart ISF)
and these residues are not present in Rieske-type proteins. The ex-
change of both serine and tyrosine for residues that cannot form hy-
drogen bonds from the side chains to the sulfur atoms of the cluster
will lower the redox potential by approximately 200 mV (35); there-
fore, hydrogen bonds into the cluster account for approximately half
of the observed redox potential difference between Rieske and Rieske-
type clusters.

A comparative study of the water-soluble Rieske fragment of the
be; complex (ISF) and of the Rieske-type ferredoxin from benzene di-
oxygenase (Fdggp) has provided additional insight into the factors that
are responsible for the different electrochemical properties (55). The
entropy of the redox reaction, AS;,, was comparable to values reported
for cytochromes for the ISF, whereas it was close to zero for Fdggp.
Moreover, although a strong pH dependence and a weaker ionic
strength dependence were observed for the ISF, the redox potential
was independent of pH or ionic strength in Fdggp (Table XII); the pH
independence has also been shown for various dioxygenases (86).
These data led us to the conclusion that “the [2Fe—2S] cluster is bur-
ied within the protein so that the solution dipoles do not ‘see’ the
cluster” (55). In the structure of naphthalene dioxygenase, the Rieske
cluster is buried at the interface with the catalytic domain of another
a subunit of the a;B; hexamer; both histidines are hydrogen-bonded
to carboxylate groups in the catalytic domain. However, in the struc-
ture of the ferredoxin of biphenyl oxygenase from Burkholderia cepa-
cia (BphF), it is not true that the histidines and cluster are shielded
by a loop; the histidine ligands are as exposed as in the ISF or RFS
(Colbert, C. L.; Couture, M. M.-J.; Eltis, L. D.; Bolin, J. T., manuscript
in preparation). This finding is surprising in view of the fact that the
electrochemical properties of Rieske-type clusters in ferredoxins and
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in dioxygenases are comparable. One possible explanation might be if
Fdggp forms a dimer in solution so that the Rieske cluster is shielded
at the dimer interface. This is inconsistent with a molecular weight
determination of the Fdggp (105); however, the ferredoxin of alkene
monooxygenase from Xanthobacter strain Py2 has recently been
shown to form a dimer (106).

VI. Biosynthesis

Little is known about the biosynthesis of Rieske and Rieske-type
clusters. There seems to be no requirement for a specialized assembly
protein since the fbc operons coding for bacterial bc; complexes or the
gene clusters coding for dioxygenases contain only the genes coding
for the structural proteins, and since several Rieske-type ferredoxins
and dioxygenases have been successfully overexpressed heterolo-
gously in E. coli.

The Rieske protein in mitochondrial bc; complexes is assembled
when the protein is incorporated into the complex. The Rieske protein
is encoded in the nucleus and synthesized in the cytosol with a mito-
chondrial targeting presequence, which is required to direct the apo-
protein to the mitochondrial matrix. The C-terminus is then targeted
back to the outside of the inner mitochondrial membrane where the
Rieske cluster is assembled. In addition, the presequence is removed
and the protein is processed to its mature size after the protein is
inserted into the bec; complex. In mammals, the presequence is
cleaved in a single step by the “core” proteins 1 and 2, which are
related to the general mitochondrial matrix processing protease
(MPP) o and B subunits; the bovine heart presequence is retained as
a 8.0 kDa subunit of the complex (42, 107). In Saccharomyces cerevis-
lae, processing occurs in two steps: Initially, the yeast MPP removes
22 amino acid residues to convert the precursor to the intermediate
form, and then the mitochondrial intermediate protease (MIP) re-
moves 8 residues after the intermediate form is in the bc¢; complex
(47). Cleavage by MIP is independent of the assembly of the Rieske
cluster: Conversion of the intermediate to the mature form was ob-
served in a yeast mutant that did not assemble any Rieske cluster
(35). However, in most mutants where the assembly of the Rieske
cluster is prevented, the amount of Rieske protein is drastically re-
duced, most likely because of instability (35, 44).

The assembly of the Rieske cluster requires the correct folding of
the Rieske protein, which will be aided by other subunits of the com-
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plex. The involvement of the 7.3-kDa subunit in the assembly of the
Rieske cluster has been implied in Saccharomyces cerevisiae (47, 108).
Subunits 10 and 11 (which is homologous to the yeast 7.3 kDa sub-
unit) of the bovine heart bc; complex form an invagination in the
membrane, which has been suggested to accommodate the Rieske
cluster binding subdomain during the assembly of the Rieske cluster
(42).

As mentioned previously, Rieske-type proteins have been success-
fully expressed in E. coli; this has facilitated the production of large
amounts of Rieske-type proteins for biophysical studies [e.g., (55)] and
for crystallography (32). The situation is quite different for Rieske
proteins of b¢c complexes. Homologous expression of the full-length
Rieske protein of the bc; complex from Rhodobacter sphaeroides in a
strain from which the genes coding for cytochrome b and ¢; had been
deleted gave a very small amount (1-2% of wild type level) of Rieske
protein containing the Rieske cluster (109). The low content has been
ascribed to instability due to enhanced susceptibility to proteolysis.
However, when the full-length Rieske protein from Rhodobacter
sphaeroides was expressed in E. coli, no typical Rieske cluster was
assembled, but weak signals were observed in the EPR spectrum at
g = 1.93 or g = 1.95, indicating assembly of a distorted iron sulfur
cluster (109). Expression in E. coli of the full-length Rieske protein
behind the mature portion of the E. coli maltose binding protein or of
a truncated form lacking the N-terminal membrane anchor did not
result in any EPR-detectable iron sulfur cluster.

Expression in E. coli of a water-soluble form of the Rieske protein
of the bsf complex from the cyanobacterium Nostoc sp. PCC 7906 pro-
duced only a very low level of soluble Rieske fragment (110). Expres-
sion of the full-length Rieske protein from Nostoc in E. coli gave inclu-
sion bodies containing the Rieske protein that did not show the
characteristic EPR signal of the Rieske cluster. When the molecular
chaperones GroEL and GroES were coexpressed, an iron sulfur clus-
ter, but no Rieske cluster, was incorporated into the Rieske protein
inclusion bodies. However, the Rieske cluster could be reconstituted
into the full-length Nostoc Rieske protein isolated from the inclusion
bodies (110): After unfolding in 5 M guanidine-HC], the protein was
allowed to refold in the presence of 0.5% B-mercaptoethanol and was
made anaerobic before FeCl; and Na,S were added in the presence of
1% B-mercaptoethanol or dithiothreitol. In an alternate procedure,
FeCl; and Na,S were added before the protein was allowed to refold
by dilution from 8 M urea. Approximately one-third of the reconsti-
tuted Rieske protein contained the Rieske cluster with a characteris-
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tic EPR spectrum with g, = 2.03, g, = 1.89, and g, = 1.74 and a redox
potential of E* = +321 mV (110). It is remarkable that apparently
the disulfide bridge connecting the cluster binding loops has been re-
formed even in the presence of 1% B-mercaptoethanol; although the
presence of the disulfide bridge has not been demonstrated, it is
highly unlikely that the Rieske cluster could be unperturbed if it was
stable at all in the absence of the disulfide bridge.

The Rieske protein II (SoxF) from Sulfolobus acidocaldarius, which
is part, not of a bc; or bgf complex, but of the SoxM oxidase complex
(18), could be expressed in E. coli, both in a full-length form con-
taining the membrane anchor and in truncated water-soluble forms
(111). In contrast to the results reported for the Rieske protein from
Rhodobacter sphaeroides, the Rieske cluster was more efficiently in-
serted into the truncated soluble forms of the protein. Incorporation
of the cluster was increased threefold when the E. coli cells were sub-
ject to a heat shock (42°C for 30 min) before induction of the expres-
sion of the Rieske protein, indicating that chaperonins facilitate the
correct folding of the soluble form of SoxF. The iron content of the
purified soluble SoxF variant was calculated as 1.5 mol Fe/mol pro-
tein; the cluster showed g values very close to those observed in the
SoxM complex and a redox potential of E°' = +375 mV (111).

In summary, it appears that the protein has to adopt the correct
fold before the Rieske cluster can be inserted. The correct folding will
depend on the stability of the protein; the Rieske protein from the
thermoacidophilic archaebacterium Sulfolobus seems to be more sta-
ble than Rieske proteins from other bacteria so that the Rieske clus-
ter can be inserted into the soluble form of the protein during expres-
sion with the help of the chaperonins. If the protein cannot adopt the
correct fold, the result will be either no cluster or a distorted iron
sulfur cluster, perhaps using the two cysteines that form the disulfide
bridge in correctly assembled Rieske proteins.

VII. Function

A. RiEsSkE CLUSTERS: CYTOCHROME bc COMPLEXES

The group of the b¢c complexes comprises bc; complexes in mitochon-
dria and bacteria and bsf complexes in chloroplasts. These complexes
are multisubunit membrane proteins containing four redox centers in
three subunits: cytochrome b (cytochrome b¢ in bsf complexes) com-
prising two heme b centers in a transmembrane arrangement, cyto-
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chrome ¢, (cytochrome fin b¢f complexes), and the Rieske iron sulfur
protein (Fig. 8b). All b¢ complexes oxidize hydroquinones (ubihydro-
quinone and plastohydroquinone, respectively) and transfer electrons
to their respective acceptors, cytochrome ¢ or plastocyanin. In addi-
tion, they translocate protons across the respective membranes by the
“Q-cycle mechanism” first proposed by Mitchell (7112). The essential
reaction of the “Q-cycle mechanism” is the bifurcation of the pathway
of electrons upon oxidation of hydroquinone: The hydroquinone oxida-
tion reaction is strictly coupled in that always one electron is trans-
ferred to the Rieske cluster and from there via cytochrome c; to cyto-
chrome c, while the second electron is transferred to heme b; and
from there across the membrane dielectric to heme by;. From heme
by, the electron is transferred to a molecule of quinone, which is re-
duced again to hydroquinone; thus, half of the electrons from the oxi-
dation of hydroquinone are cycled back to quinone, which leads to a
doubling of the protonmotive efficiency of ¢ complexes [reviews in
(113-117)].

The Rieske protein is essential for hydroquinone oxidation and for
the bifurcation of electron pathways: it catalyzes the oxidation of hy-
droquinone and it is the first electron acceptor. Not only is the Rieske
cluster involved in electron transfer, but it also interacts directly with
the substrate: Quinones and quinonoid inhibitors bind directly to the
exposed histidine ligands. This is supported both by EPR spectroscopy
(see Section IV,E;1)b) and by X-ray crystallography: In the X-ray
structure of the bc; complex with the inhibitor stigmatellin bound,
there is a hydrogen bond between the inhibitor and the NeH group of
His 161 that is one of the ligands of the Rieske cluster (41). In the bc,
complex, stigmatellin binds four orders of magnitude more tightly to
the reduced than to the oxidized Rieske cluster (see Section V). Since
stigmatellin appears to mimic the hydrogen bonding pattern of semi-
quinone (43), it appears that the stigmatellin inhibited state resem-
bles the intermediate semiquinone state during hydroquinone oxida-
tion. The tight binding of stigmatellin/semiquinone to the reduced
Rieske cluster will lower the barrier for hydroquinone oxidation; thus,
the Rieske protein catalyzes the oxidation of hydroquinone (“affinity
change mechanism”) (116).

The bifurcation of the electron pathways is aided by the mobility of
the catalytic domain of the Rieske protein. Three positional states of
the catalytic domain of the Rieske protein have been observed in dif-
ferent crystal forms of the bc; complex (Fig. 8b; see Section III,B,5)
(41, 42). In each single positional state, the Rieske protein is unable
to perform all electron transfer reactions occuring during turnover:
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F1c. 19. Proposed mechanism of hydroquinone oxidation by the cytochrome bc; com-
plex (see text). Open circles indicate oxidized metal centers; filled circles indicate re-
duced metal centers.

* In the “c; positional state,” fast electron transfer from the Rieske
protein to cytochrome c; will be facilitated by the close interaction and
by the hydrogen bond between His 161 of the Rieske protein and a
propionate group of heme c;, but the Rieske cluster is far away from
the quinone binding site.

e In the “b positional state,” The Rieske cluster can interact with
quinone bound in the reaction pocket, but the distance to heme c, is
too large (>30 A) to allow fast electron transfer.

* In the “intermediate state,” the Rieske protein interacts neither
with cytochrome b nor with cytochrome c;; the existence of this state
is consistent with the fact that the electrochemical properties of the
Rieske protein are apparently unperturbed within the b¢; complex.

Therefore, the Rieske protein has to switch between the positional
states during turnover. The following reaction scheme combines the
movement of the catalytic domain of the Rieske protein with the
redox-dependent stabilization of the intermediate semiquinone
(Fig. 19) (42):

* When the complex is fully oxidized and before substrate is bound,
the catalytic domain of the Rieske protein is in the “intermediate
state” (A).

* Hydroquinone will bind in a quinone binding site that is provided
by cytochrome b. Before hydroquinone can be oxidized, it must first
be deprotonated (step 2).

* The interaction with the deprotonated hydroquinone (QH™) will
move the Rieske protein toward the “b positional state” (C).
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» After the electron transfer (step 3), the resulting semiquinone is
tightly bound to the reduced Rieske cluster in the “b positional state”
(D); in this state, the semiquinone intermediate will be stabilized
(116).

« After the second electron transfer from semiquinone to heme by,
(step 4), the interaction between the Rieske cluster and the resulting
quinone is weakened so that the reduced Rieske protein can now oc-
cupy the preferred “c; positional state” (E), which allows rapid elec-
tron transfer from the Rieske cluster to heme c¢; (step 5).

* When both electrons have been transferred to cytochrome ¢ and
to heme by, the Rieske protein can go back to the “intermediate state”
(step 6) and the site is ready for the next reaction cycle.

The reaction mechanism presented here combines the evidence from
X-ray structures (41, 42) with elements of the “affinity change mecha-
nism” (116) and of the “catalytic switch mechanism” (118). All elec-
tron transfer reactions occur between species when they are hydrogen
bonded to each other; therefore, electron transfer will be extremely
rapid and most likely not rate limiting.

Because of the exposed histidine ligands of the [2Fe—2S] cluster,
the Rieske is capable of binding quinones in a redox-dependent man-
ner. The variation of the hydrogen bond strength and of the electro-
static properties will control the movement of the catalytic domain of
the Rieske protein. Therefore, the function depends on the unique
structural and electrochemical properties of the Rieske cluster.

B. RIESKE-TYPE CLUSTERS: DIOXYGENASES

Rieske-type clusters are found in aromatic-ring hydroxylating diox-
ygenase systems (20). These enzymes catalyze the conversion of dif-
ferent aromatic compounds into cis-arene diols:

OH
@ +NADPH+H*+0; — ©: + NADP*
OH

The dioxygenase systems consist of a reductase and a terminal oxy-
genase; many dioxygenases also contain a [2Fe—2S] ferredoxin. The
reductase reacts with NAD(P)H; it can be any of the following (20):
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* An iron sulfur—flavoprotein that transfers electrons directly to the
dioxygenase, as in phthalate dioxygenase (class I)

« A flavoprotein that transfers electrons to the ferredoxin, as in
benzene dioxygenase (class II)

e An iron sulfur—flavoprotein that transfers electrons to the ferre-
doxin, as in naphthalene dioxygenase (class III)

The structure of phthalate dioxygenase reductase that transfers elec-
trons directly from NADPH to phthalate dioxygenase has been deter-
mined by X-ray crystallography (119). In class II or class III dioxygen-
ases, the ferredoxin obligately transfers electrons from the reductase
to the terminal dioxygenase (64a); it can be either a Rieske-type ferre-
doxin or a ferredoxin containing a 4-cysteine coordinated [2Fe—2S]
cluster.

The terminal oxygenase contains a Rieske-type cluster as well as a
catalytic mononuclear iron site; the two centers are bound in different
domains but are in close proximity (12 A) (11). In naphthalene dioxy-
genase (NDO), His 104 (which is a ligand of the Rieske-type cluster)
and His 208 (which is a ligand of the catalytic iron) are bridged by
one carboxylate oxygen of Asp 205 so that the electron can be easily
transferred from the Rieske-type cluster to the catalytic iron site. The
importance of Asp 205 has been demonstrated by site-directed muta-
genesis; when the residue was converted to alanine, the enzyme lost
all activity (120). It is conceivable that the linkage between Rieske
cluster and the catalytic iron site does not only allow rapid electron
transfer, but that the redox state of the Rieske center controls inter-
actions within the catalytic site through the hydrogen bonds provided
by Asp 205 and that in return the Rieske cluster senses the ligand
state of the catalytic site. In putidamonooxin, an interaction between
the substrate binding site and the Rieske-type cluster has been dem-
onstrated by CD spectroscopy (121).

NDO can be classified as class III dioxygenase; the electron transfer
chain involves a Rieske-type ferredoxin. Electrons enter NDO through
the Rieske-type cluster of the dioxygenase. Kauppi et al. (11) have
suggested that the binding site of NDO for the ferredoxin involves the
B strands 10 and 12 of the Rieske domain as well as residues from
the catalytic domain that form a depression in the protein surface
close to Cys 101, which is a ligand of the Rieske cluster. In Rieske
proteins from bc complexes, access to this side of the cluster is blocked
by an acidic surface residue (Asp 152 in the ISF, Glu 120 in RFS).

Unlike Rieske clusters in bc complexes, Rieske-type clusters are in-
volved only in electron transfer and not in substrate binding or cataly-
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sis. This is consistent with the structure of Rieske-type proteins
where the ligands of the cluster are not exposed but buried inside the
protein, distant from the substrate binding site.

VIII. Outlook

Since their discovery, Rieske proteins have been the object of nu-
merous studies aimed at gaining insight into the molecular basis of
their unique properties. These studies not only have shed light on
Rieske and Rieske-type clusters, but also have contributed to the un-
derstanding of iron sulfur proteins in general.

By the application of modern spectroscopic techniques and through
the recent availability of high-resolution structural information, sev-
eral issues could be resolved, in particular the nature of the ligands
of the Rieske cluster. Now that structures are available, the research
will focus on new questions in order to provide a better understanding
of the electronic properties of Rieske and Rieske-type clusters as well
as of their function:

« How are the spectroscopic and electrochemical properties of
Rieske and Rieske-type clusters related to their structure?

* How is the affinity of Rieske clusters for the binding of ligands
(e.g., semiquinone) controlled, and what is the role of the exposed
histidine residues?

* How is the mobility of the Rieske cluster within the bc; complex
and the switch between different positional states related to (and
controlled by) the electrostatic properties of the Rieske cluster?

* What is the interaction between the Rieske-type cluster and the
catalytic iron site of dioxygenases?

I hope that this review will be regarded as a starting point for future
research rather than a historical recollection.

ABBREVIATIONS

ISF, water-soluble fragment of the Rieske protein from bc; complex; RFS, water-
soluble fragment of the Rieske protein from bsf complex; NDO, naphthalene dioxygen-
ase; TRP, Rieske protein from Thermus thermophilus; PDO, phthalate dioxygenase;
Fdggp, ferredoxin from benzene dioxygenase; BphF, ferredoxin from biphenyl dioxygen-
ase; rms, root mean square; CD, circular dichroism; MCD, magnetic circular dichroism;
EPR, electron paramagnetic resonance; ENDOR, electron nuclear double resonance;
ESEEM, electron spin echo envelope modulation; EFG, electric field gradient; RR, reso-
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nance Raman; EXAFS, extended X-ray absorption fine structure; XANES, X-ray absorp-
tion near edge structure.
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I. Introduction

If a plant is healthy and is supplied with enough water, then in
most agricultural soils, its growth is limited by the supply of nitrogen.
In intensive agriculture nitrogen is usually supplied as ammonium or
nitrate fertilizer and worldwide about 60M tonnes of N is applied to
agricultural soil annually. However, another 90M tonnes per year is
supplied to agriculture through biological nitrogen fixation. Thus bio-
logical nitrogen fixation is still the major contributor of new N to agri-
culture and the food supply. Biological nitrogen fixation is mediated
solely by bacteria, although in agriculture their contribution is mainly
through symbioses with legume plants.

A. THE NITROGENASES

The enzyme systems responsible for fixing atmospheric N, to form
ammonia are known as the nitrogenases. These enzymes function at
field temperatures and 0.8 atm N, pressure, whereas the industrial
Haber—Bosch process requires high temperatures (300-400°C) and
high pressures (200—300 atm) in a capital-intensive process that re-
lies on burning fossil fuel. Small wonder, then, that the chemistry of
the nitrogenases has attracted considerable attention for many years.

Three major types of nitrogenase have been identified: one con-
taining molybdenum with iron, a second containing vanadium with
iron, and a third apparently containing iron only. There have been
reports of a fourth type of nitrogenase, also based on molybdenum but
having many unique features, which will be discussed in Section VI,C.
Apart from that section, this chapter will mainly describe the other
three nitrogenases and most reference will be made to the molybde-
num nitrogenase, which has been isolated from a wide range of organ-
isms and studied intensively. Each of these nitrogenases consists of
two essential metallosulfur proteins: an iron protein (Fe protein) and
a molybdenum iron (MoFe) or vanadium iron (VFe) or an iron iron
(FeFe) protein. The Fe proteins are all o, dimers of molecular weights
of around 60-70 kDa. The larger MoFe, VFe, and FeFe proteins are
either ayB; (MoFe) tetramers or a,;8;y; (VFe and FeFe) hexamers of
M, 220-250 kDa. Figure 1 shows an overall electron transfer pathway
for the nitrogenases where the Fe proteins act as very specific, essen-
tial electron donors to the larger proteins. This is not the only role for
the Fe proteins (see Section IV,C) and their role in the mechanism is
almost certainly more complex than that of a simple electron transfer
agent (see below, Section V). Electron transfer from the Fe protein to
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No CoHa 2H+

Ferredoxin € . e MoFe protein
Flavodoxin > Fe protein VFe protein
FeFe protein
A

2MgATP 2 MgADP 2NH3 +H2 C2Hg Hs
*2Pi (C2Hg)

Fia. 1. The electron transfer path through the nitrogenases.

the larger proteins is accompanied by hydrolysis of MgATP. When the
enzyme is at its most efficient 2MgATP molecules are hydrolyzed to
MgADP for every electron transferred to substrate. The details of this
energy transduction process are still unclear (see Section V,C). Of the
three nitrogenases the Mo enzyme is probably the most efficient (at
least at 30°) at reducing N, to ammonia with a limiting stoichiometry
of the reaction as described by

N, + 8H* + 16MgATP + 8¢~ — 2NH; + H, + 16MgADP + 16P;. (1)

Equation (1) demonstrates that, even at its most efficient, one H,
molecule is evolved for every N, molecule reduced to ammonia by ni-
trogenase. Perturbation of the enzymic reaction conditions by temper-
ature or protein ratio can lead to this reaction becoming far less effi-
cient, with a large quantity of H; being produced per molecule of N,
reduced and/or the ratio of MgATP hydrolysed to electrons trans-
ferred exceeding two.

As indicated in Fig. 1, nitrogenase can reduce substrates other than
N;. In the absence of other reducible substrates it will reduce protons
to dihydrogen, but it can also reduce a number of other small triple-
bonded substrates, as indicated in Section V,E,1. Large substrates are
not reduced efficiently, indicating physical limitations on access to the
enzyme’s active site. CO is a potent inhibitor of all nitrogenase sub-
strate reductions except that of the proton to H,. In the presence of
CO the rate of electron transfer is generally not inhibited, but all
electrons go toward the production of H,.

B. Tuis REVIEW

In late 1992 the first crystal structures of the Fe and MoFe proteins
of Mo nitrogenase from Azotobacter vinelandii were published (1-3).
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These were relatively low-resolution structures, and with refinement
some errors in the initial structural assignments have been detected
(4-7). Since the structures were first reported the subject has been
extensively reviewed in this series (8) and elsewhere (9—15). This re-
view will focus on the structure, biosynthesis, and function of the met-
allosulfur clusters found in nitrogenases. This will require a broader
overview of some functional aspects, particularly the involvement of
MgATP in the enzymic reaction, and also some reference will be made
to the extensive literature (9, 15) on biomimetic chemistry that has
helped to illuminate possible modes of nitrogenase function, although
a detailed review of this chemistry will not be attempted here. This
review cannot be fully comprehensive in the space available, but con-
centrates on recent advances and attempts to describe the current
level of our understanding.

Molybdenum nitrogenase has been the subject of intensive study
for more than 30 years, but much less work has been done on the
vanadium and iron-only nitrogenases. Consequently, we first review
the properties of Mo nitrogenase, and then in later sections outline
what is known of the other two enzymes.

Il. The Fe Proteins of Molybdenum Nitrogenase

A. STRUCTURE

Although separable from the MoFe proteins, the Fe proteins are
essential to the enzymic process, where they act as very specific elec-
tron donors to the MoFe protein in a MgATP-activated reaction. No
other reductant has been shown to substitute for the Fe protein in
this reaction, and it seems probable that its interaction with the
MoFe protein is more complex than simply that of electron donation.
The DNA sequences of the nifH genes encoding the Fe protein poly-
peptides from well over 20 N,-fixing bacteria, including Archaebacte-
ria, Eubacteria and Cyanobacteria, yield derived amino acid se-
quences that are not less than 45% and usually greater than 85%
identical. There are five invariant cysteine residues in highly con-
served regions of the encoded polypeptides.

The Fe proteins are homodimers containing a single Fe,S, cluster.
Site-directed mutagenesis experiments showed that the cluster was
probably held between the two subunits by ligation to two of the in-
variant cysteine residues from each subunit (16). This observation
was confirmed later by X-ray crystallography (1) of the Fe protein
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F1c. 2. The structure of the Fe protein (Av2) from Azotobacter vinelandii, after Geor-
giadis et al. (1). The dimeric polypeptide is depicted by a ribbon diagram and the Fe,S,
cluster and ADP by space-filling models (MOLSCRIPT (196)). The Fe S, cluster is at
the top of the molecule, bound equally to the two identical subunits, and the ADP
molecule spans the interface between the subunits with MoO3%™ apparently binding in
place of the terminal phosphate of ATP.

(Av2)! from Azotobacter vinelandii. The crystal structure of Av2 re-
veals that each subunit consists of a single large domain of an eight-
stranded B sheet flanked by nine « helices (Fig. 2). The Fe,S, cluster
is situated at one end of the dimer interface and is exposed to solvent.
Analysis of the 2.9-A structure revealed, about 20 A from the Fe,S,
cluster, an ADP molecule (at about half occupancy) that was bound
across the subunit interface with the adenosine bound to one subunit
and the phosphate to the other. No ADP had been added to the crys-
tallization medium, so it is assumed that it copurified with the Av2.
Although in the same region of the protein, this binding mode differs
from that found in the Fe protein:MoFe protein putative transition-
state complex described in Section V,B and may not indicate a normal
binding mode of nucleotides to the Fe proteins.

! The nitrogenase proteins are generally characterized by two letters indicating the
species and strains of bacteria and the numerals 1 for the MoFe protein and 