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Iron-sulfur clusters are an important class of protein-bound prosthetic center that find wide utility in
nature. Roles include electron transfer, enzyme catalysis, protein structure stabilization, and regulation
of gene expression as transcriptional and translational sensors. In eukaryotes their biosynthesis requires
a complex molecular machinery that is located within the mitochondrion, while bacteria exhibit up to
three independent cluster assembly pathways. All of these paths share common themes. This review
summarizes some key structural and functional properties of three central proteins dedicated to the
Fe-S cluster assembly process: namely, the sulfide donor (cysteine desulfurase); iron donor (frataxin),
and the iron-sulfur cluster scaffold protein (IscU/ISU).
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1. Introduction

Iron-sulfur clusters are one of the most ancient, ubiquitous
and versatile classes of metal cofactor in nature. They are exem-
plified by three common forms ([2Fe-2S], [3Fe-4S] and [4Fe-4S],
Fig. 1), although more complex cluster arrays are known, such as
the [8Fe-7S] center in nitrogenase [1,2]. In these clusters the iron
ions are typically bridged by inorganic sulfide and ligated to the
protein by cysteine residues, although non-cysteinyl ligands, such
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Fig. 1. Prototypical structures of the most common iron-sulfur centers. [2Fe-2S], [3Fe-4S] and [4Fe-4S] clusters with cysteines typically providing the additional ligand

contacts to iron.

as histidine, arginine, lysine, serine and water [3-6] are occasionally
used. Eukaryotic iron-sulfur clusters are localized in the mitochon-
drion, cytosol, endoplasmic reticulum and nucleus. The variability
of oxidation state between +2 and +3 valency allows for a complex
biological redox chemistry, and potentials ranging from —500 mV
to 300 mV [7]. The functional chemistry includes both redox and
non-redox roles in pathways as diverse as mitochondrial respira-
tion, enzymology, gene regulation and DNA/RNA metabolism.
Three distinct pathways have been identified for bacterial Fe-S
cluster biosynthesis [2,8-11]. The ISC system provides for general
Fe-S cluster assembly [12,13], the NIF system is dedicated to clus-
ter maturation for nitrogenase [14] and the SUF system [15] is
suggested to serve as an independent pathway that is activated
in times of oxidative stress. The components of the ISC machin-
ery include a cysteine desulfurase IscS (the sulfide donor), frataxin
(theiron donor), IscU and IscA (scaffold proteins), ferredoxin (redox
chemistry), and chaperones. The NIF and SUF systems possess many
homologous proteins and domains for the IscS, IscU and IscA fami-
lies. The iron donor protein(s) for the NIF and SUF pathways remains
uncertain, although an iron donor role for IscA-type proteins has
been suggested [16-18]. Certain classes of bacteria contain both
the ISC and SUF operons, with SUF associated with harsh cellular
environments, such as oxidative stress or limited iron availability,
while the ISC operon appears most relevant for cells functioning
under normal conditions [19]. The fundamental cluster biosynthe-
sis mechanisms in all three pathways appear very similar and two
of these three systems, ISC and SUF, have adapted to eukaryotic use.
Mitochondria possess a set of gene products that are homologous
to those associated with ISC, while homologues to SUF components
are found in plastids [20,21]. The mitochondrial machinery appears
to be essential for cellular cluster biosynthesis in eukaryotes, irre-
spective of the final destination of the cluster (cytosol, nucleus, etc.).
Additional protein components that constitute part of a cytosolic
iron-sulfur cluster assembly machinery (CIA) have been identified,
and understanding the CIA and its linkage to mitochondrial cluster
export is an emerging area of investigation [7,13,20,22]. Key mem-
bers of the CIA include a Cfd1-Nbp35 scaffold complex [23-25]
that bind clusters with the assistance of other CIA component pro-
teins, Nar1 and Cia1 [26,27]. The former two are ATPases that bind
[4Fe-4S] centers in a C-terminal Cys-rich domain in each protein,
and an N-terminal site in Nbp35. The most plausible explanation
for this linkage is for the CIA to be a family of proteins engaged
in the transport and transfer of clusters to cytosolic (or nuclear,
etc.) targets following export from the mitochondrion. Although
the molecular details of how clusters are exported from the mito-
chondria remains uncertain [7], and in particular the chemical
formulation of the transported species, nevertheless several impor-
tant components have been successfully identified. Atm1p/ABCB7
has been identified as a key element of the export apparatus and
is located on the inner mitochondrial membrane [22,28-30]. The
exported compound is believed to involve thiol functional groups
[30-32]. Genetic studies suggest another component to be Erv1,

which is located in the intermembrane space and catalyzes the
formation of disulfide bonds [33].

Iron-sulfur cluster biosynthesis can be viewed in terms of
three major steps (Fig. 2) [11]; namely cluster assembly on the
scaffold protein ISU/IscU, mitochondrial export (where neces-
sary) [28,30,34], and transport and delivery to a target protein.
This review will focus on the first step of cluster assembly on
the scaffold protein, including NFS/IscS mediated sulfide deliv-
ery following desulfurization of cysteine amino acid [35-37], and
frataxin-promoted iron delivery to IscU/ISU [38].

2. Scaffold protein - IscU/ISU

The IscU family is one of the most conserved and ubiquitous
classes of protein in nature, and homologues have been identified
in essentially all cellular forms. While a [4Fe-4S]-bound cluster
has been characterized in the specific case of A. vinelandii IscU,
the general holo state and most likely biologically relevant form
is clearly the [2Fe-2S] bound cluster. Three conserved cysteines,
together with a non-cysteinyl ligand serve to bind the cluster. This
section summarizes the structural and conformational chemistry
of the IscU class of protein, characterization of the non-cysteinyl
ligand, and molecular pathways for cluster formation.

2.1. Conformational flexibility of IscU/ISU

Knowledge of the structure of the scaffold protein is clearly
important for the understanding of their function in iron-sulfur
cluster biosynthesis. However, it is also increasingly evident that
this class of protein displays unusual conformational dynamics that
is both important for a complete understanding of their functional
chemistry, and has complicated the process of structure determi-
nation. Until recently only a very limited number of representative
structures had been elucidated - a reflection of the conformational
flexibility and dynamic behavior associated with this class of pro-
tein.

The first structure of a representative IscU was determined by
NMR in the case of Haemophilus influenzae IscU [39]. These stud-
ies were performed under reducing conditions in the presence of
bound zinc in the cluster binding site. While the bound zinc has
no clear physiological function, it did appear to stabilize a spe-
cific conformer of the protein to facilitate structure determination.
In the zinc-bound form Hi IscU is monomeric, having a compact
core structure of an a-[3 sandwich with three antiparallel -sheets
packed between four o helixes. Upon removal of zinc from the
binding site, Hi IscU demonstrated substantial loss of structure and
greater structural flexibility [39]. The NMR solution structures for
the zinc-bound forms of Mus musculus (Mm)IscU (PDB entry 1WFZ),
Bacillus subtilis (Bs) IscU (PDB entry 1X]JS) and the crystal structure
of Thermus thermophilus (Tt) IscU (PDB entry 2QQ4) all show the
same core structure with variable N-terminal conformation (Fig. 3).
The crystal structure of Aquifex aeolicus (Aa) IscU reveals a unique
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Fig. 2. Schematic illustration of the key steps and proteins involved in iron-sulfur cluster biosynthesis. In the first step, IscU/ISU receives iron and sulfide from the iron donor
protein frataxin and sulfur donor protein IscS, respectively, and assembles the [2Fe-2S] iron-sulfur cluster. Subsequently the assembled cluster is transferred to an apo target

protein.

asymmetric trimer with only one subunit carrying a [2Fe-2S] cen-
ter [40]. The three subunits in the Aa IscU trimer exhibit similar core
structures, with observed differences between the N-terminus and
the L2, L4 and L7 loops. These differences reflect the coordination
of a cluster in one of the subunits, and the relative interactions
between them, consistent with the structural flexibility of IscU.

In earlier efforts to structurally characterize the Thermotoga
maritima (Tm) IscU, various secondary structure elements were
clearly identified by CD and NMR [36,41], however, the paucity
of long-range NOE’s made it difficult to define the overall fold of
the protein. Both NMR and various biochemical studies led to the
conclusion that Tm IscU is a conformationally flexible protein that
samples multiple conformations with unusually slow dynamics
[41,42]. The experimental evidence was consistent with a model
wherein the protein could exist in multiple discrete conformations
in the absence of an external stabilizing factor, such as binding to

HilscU (1Q48)

TtlscU (2QQ4)

a metal cofactor or protein partner that would stabilize a specific
conformer appropriate for that interaction.

A number of related studies also support the conformational
flexibility of this family of proteins across the range of bacterial
to eukaryotic organisms. X-ray structural characterization of the
complex of the IscU-derived peptide ELPPVKIHC [43], a chaper-
one recognition motif, and the substrate binding domain of HscA
[44,45] indicates a significant conformational change of the pep-
tide upon binding to HscA. NMR studies of the interaction between
Escherichia coli IscU and E. coli HscB have also demonstrated IscU
to exist in solution in two major conformations that exchange
slowly, and where binding of HscB stabilizes the ordered state of
IscU [46]. Crystallographic studies of the E. coli IscS/IscU complex
reveals major conformational changes of the N-terminal residues
(Glu5-Glu12), following complex formation, which are largely dis-
ordered in all available structures, but become ordered and folded

BslscU (1XJS)

(\

AalscU (2Z7E)

Fig. 3. IscU core structures. Crystallographic and NMR solution studies show very similar core structures for Hi IscU, Mm IscU, Bs IscU, Tt IscU and Aa IscU.
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into an a-helix following complex formation and provide the cru-
cial contacts with IscS [47].

The structural flexibility of IscU-type proteins appears to be nec-
essary for their physiological role of assembling a [2Fe-2S] cluster
building block via interactions with several key partner proteins
(including frataxin, NFS/IscS, chaperones, holo Fd’s [48], as a mini-
mal set). The holo form of the assembly protein must then recognize
a wide range of apo target proteins, to which the cluster is trans-
ferred intact [48], including ferredoxin [48,49], and aconitase [50].
The complexity of the cluster transfer chemistry, with residues on
the target protein required to effect ligand substitution reactions of
the IscU-bound cluster, coupled with the range of partner proteins
and distinct functional chemistries that each performs, all presum-
ably underlie the need for conformational flexibility of the IscU
protein. In certain cases specific chaperones may also be required
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Saccharomyces cerevisiae
Haemophilus influenzae
Escherichia coli

Aquifex aeolicus

691

to promote selectivity or facilitate individual cluster transfer steps.
For example, human Ind1 is required for effective cluster assem-
bly in complex I [51,52]. It is also expected that binding of IscU to
a specific target protein would induce the stabilization of a spe-
cific conformation, as suggested by IscU-IscS docking studies [53]
described in a later section.

2.2. Iron and sulfide transfer

Assembly of the iron-sulfur cluster requires the scaffold pro-
tein to receive iron and sulfide from appropriate donor proteins.
Uptake of free iron and sulfide is precluded by the cellular toxi-
city of these isolated species, and so NFS/IscS and frataxin serve
as sulfide and iron donors, respectively. While earlier reports had
suggested direct sulfur delivery from the IscS-type sulfur donor to
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Fig.4. Sequence alignment for IscU-type proteins. Three conserved cysteine residues that are directly coordinated to the cluster are highlighted in yellow. The semi-conserved
histidine and corresponding lysine residues are marked as green or purple, respectively. Other possible non-cysteinyl ligands include Asp39 and Ser65 (numbering as in H.

influenzae) are marked in blue.
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form persulfide bonds with cluster binding Cys residues of IscS and
subsequent delivery of iron from the iron donor protein [35,54],
later studies demonstrated the persulfide adduct of IscS to be inca-
pable of conversion to the cluster-bound form following addition
of iron [55]. Both fluorescence quenching and isothermal titration
calorimetry demonstrate Tm IscU to bind ferrous ion [36], which is
subsequently converted to cluster following sulfide delivery, either
by direct addition or via IscS. Either method results in the rapid
formation of holo IscU, although the latter is clearly more phys-
iologically relevant. Additional mechanistic details for sulfide and
iron delivery will be described in later sections that discuss NFS/IscS
and frataxin, respectively.

2.3. Non-cysteinyl ligand

Both site-directed mutagenesis and more recent crystallo-
graphic studies suggest the IscU-bound cluster to be ligated by
three well conserved cysteine residues and one non-cysteinyl lig-
and [56] (Fig. 4). In the NMR structure of zinc bound Hi IscU, zinc
ion is ligated by these three conserved cysteine residues (Cys37,
Cys63 and Cys107) and a fourth ligand which appears to be His105
[39]. Although zinc is presumably bound at the cluster binding site,
His105 is not necessarily the ligand used to coordinate a bound
[2Fe-2S] cluster, since other potential coordinating ligands are also
available in the pocket, including Asp39 and Ser65. Indeed the NMR
structure of Bs IscU (PDB entry 1X]S), suggests the fourth ligand to
bound zinc to be the neighboring aspartate residue instead of histi-
dine (Fig. 5). However, point substitutions of this conserved residue
with alanine result in a stabilized cluster [48,57], and so this aspar-
tate is unlikely to serve as the fourth non-cysteinyl ligand to the
cluster. This aspartate has been implicated in stabilization of bound
iron prior to sulfide incorporation to form cluster [48,50,57] and has
also been implicated in the conformational isomerism noted for the

His106

native apo structure [46]. In the crystal structure of the trimeric
Aa IscU, where one of the subunits has a bound [2Fe-2S] clus-
ter, the cluster is coordinated by three conserved cysteine residues
and one histidine [40] (Fig. 5). Substitution of this semi-conserved
histidine in human IscU does not cause IscU to lose the ability to
coordinate cluster [58], but does result in a decrease in iron bind-
ing affinity to IscU and a slower cluster reconstitution rate. Studies
suggest that this histidine facilitates interaction with the iron donor
protein frataxin, and also mediates iron delivery to the cluster bind-
ing site [58] (Fig. 6). However, the amino acid sequences of IscU’s
from gram-positive bacteria and archaebacteria have lysine at this
position, rather than histidine, and it has been suggested that the
lysine promotes contact with the iron donor frataxin, while the
previously mentioned conserved aspartate mediates iron delivery
[58]. In other words, the roles accomplished by His alone in gram-
negative bacteria and eukaryotes are divided between two residues
in the case of gram-positive and archaebacteria.

2.4. Role as a carrier protein

While ISU/IscU proteins are viewed as [2Fe-2S] assembly scaf-
folds, alternative scaffold proteins have been identified, including
the ISA, IscA and NFU type proteins [59-62]. The distinct roles
of cluster assembly versus cluster transport or carriers are at this
time often intertwined. While both the ISU and ISA classes of pro-
teins have been demonstrated to serve as assembly proteins, they
have also been shown to give up the cluster to a target ferredoxin
[48,62], potentially serving as carriers. As discussed later, members
of the NFU class of protein and glutaredoxin families have also been
implicated with cluster assembly and carrier roles. This remains an
emerging field of study, and whether the roles of assembly or car-
rier proteins are truly distinct, and which class each protein might
fall into remains a question to be resolved.

Fig. 5. Cluster coordination. Solution and crystal structures of zinc-bound (A and B) or cluster-bound (C) forms of IscU proteins provide evidence that the cluster is ligated by
three conserved cysteine residues and a fourth non-cysteinyl ligand. (A) The structure of the zinc-bound Hi IscU shows that the fourth ligand is His106. (B) In the structure
of zinc-bound Bs IscU, the fourth ligand is Asp43. (C) Structure of one subunit of the trimeric Aa IscU, which has a bound [2Fe-2S] cluster with His106 (Aa numbering) as the

fourth ligand.
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Fig. 6. Iron transfer from frataxin to ISU. In human ISU, residue His106 appears to play a role in promoting interaction between ISU and the iron donor protein frataxin
(schematically illustrated), as well as mediating iron delivery to the cluster binding site [58].

3. Iron donor protein - frataxin

Frataxinis a conserved protein found in prokaryotes and eukary-
otes. A deficiency of functional frataxin is related to Friedreich’s
ataxia, a degenerative disease characterized by neurodegenera-
tion and cardiomyopathy [63-66]. Although the varied roles for
cellular frataxin remain a matter of debate, there is substantial
evidence in support of a major role in cellular iron homeosta-
sis, and as a mediator of iron delivery to the iron-sulfur cluster
scaffold protein IscU/ISU, as well as ferrochelatase in heme biosyn-
thesis. Deletion of the frataxin gene in yeast results in the
accumulation of mitochondrial iron and mitochondrial dysfunc-
tion, resulting in hypersensitization to oxidative stress [63]. There
is also a loss of aconitase activity and a deficiency of mitochondrial
iron-sulfur cluster proteins [65,67,68], while iron-dependent pro-
teins that do not require clusters are not affected [69,70]. These
results suggest that frataxin plays a direct and central role in
iron-sulfur cluster biosynthesis. In vitro studies also demonstrate
iron binding by yeast, human and bacterial frataxins [71,72]. Co-
immunoprecipitation experiments suggest yeast frataxin Yfh1p
to bind to the ISU1/NFS1 complex and play a crucial role for
iron-sulfur cluster assembly in ISU1 [73]. Iron appears to promote
binding of frataxin to ISU in the sub-micromolar range, while apo
frataxin binds very weakly, suggesting a role for iron as a bridging
agent between each protein [38]. Yeast frataxin and E. coli frataxin
were also characterized as iron donor proteins [74,75], while kinetic
studies have quantified the rate of frataxin-mediated delivery of
iron to human ISU to form a bound [2Fe-2S] cluster [38]. Frataxin,
as an iron donor, has also been implicated in modulating aconi-
tase activity [76] and heme biosynthesis [77,78]. While deficient in
substantial sequence homology across species, the general role for
frataxin in the homeostatic control of cellular iron chemistry is sup-
ported by an apparent structural homology of frataxin, irrespective
of sequence homology (Section 3.3).

3.1. Truncation of human frataxin

Following mitochondrial import in human cells, the targeting
sequence (residues 1-55) is removed in a two-step process by
mitochondrial processing peptidases located in the mitochondrial
matrix [79]. Recent studies have demonstrated human frataxin to
be truncated beyond the expected residue site following removal
of the mitochondrial targeting sequence through the action of two

mitochondrial processing peptidases (MPP’s). Such cleavage has
been suggested to occur by natural degradation during purifica-
tion [80] or by an unknown protease [79]. Recent cellular studies
by Testi and coworkers suggest that this truncated form of human
frataxin is a principal active form within the cell [81], and that it
also is formed by cleavage of a longer precursor protein in vivo.
In fact the truncated form is similar in overall size to that of yeast
and other bacterial frataxins or structural homologues of frataxin
(Figs. 7 and 8). It has been suggested that this truncation is the
result of a catalytic self-cleavage reaction rather than a result of
protease activity. Moreover, the self-cleavage activity appears to
be stimulated by iron ion [82].

3.2. Iron binding sites

Although the mechanism of iron import into mitochondria is
still not well understood, it is known that mitoferrin functions as a
mitochondrial iron importer that mediates iron transport through
the inner mitochondrial membrane [83-86]. Controlling mitoferrin
levels within the mitochondrial membrane provides a mechanism
to regulate mitochondrial iron levels [85]. Frataxin deficiency in
cells leads to up regulation of mitoferrin, causing increased mito-
chondrial iron uptake [86,87]. Iron binding to frataxin has been
confirmed in many frataxin homologs [38,72,74,88-90]. ITC and
fluorescence quenching experiments indicate that the N-terminal
truncated form of human frataxin is able to bind six to seven fer-
rous or ferric ions with an apparent Kp in the 10-50 M range [38].
Isothermal titration calorimetry (ITC) studies have also revealed
that E. coli frataxin (CyaY), yeast frataxin and Bs frataxin all bind
at least two ferrous ions and Drosophila frataxin binds one ferrous
ionwith a Kp also in the wM range [74,89-91]. While many of these
affinities appear of borderline significance in light of physiologically
available concentrations, the affinities do increase dramatically in
the presence of cognate partner proteins, consistent with a role in
promoting delivery of iron to such partners.

The structures determined for yeast [78,92], human [80,93] and
E. coli frataxins [94-96] are extremely similar, with an overall pla-
nar o—f3 sandwich structure motif [97]. Conserved acidic residues
are located in the a1 and 1 region, constituting an exposed neg-
atively charged surface that suggests a plausible binding site for
metal ions. Iron titration studies monitored by solution NMR have
essentially validated the a1-31 surface as the metal binding site
(Fig. 7). Perturbation of resonances was observed for the residues
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Bos taurus LRIGTAKAPARSQSSLSLRCLNQTLDVKKQSVCWINLRTAGTLGDAGTLD 50

Saccharomyces cerevisiae -—-IAAAGGERARFCPAVTNKKNHTVNTFQKRFVESSTDGQVVPQEVLNLP 48

Escherichia coli = ——---------m—mmmm o MN 2

Homo sapiens TTY LABKPYTFEBYBVSFGSGVLTVKLGGDLG 86

Bos_taurus TTY RLA TL SLA FF LABKPYTFEBYBVSFGSGVLTVKLGGDLG 100

Saccharomyces cerevisiae LEKYHEEA YL HLL SL LSEAHPDCIP-BVELSHGVMTLEIP-AFG 96

Escherichia coli ISIFHRL QLWLTI 17— GI———SII CEINGGVLTITFE-NGS 47

.. . ~k~k ~k .

Homo_ sapiens TYVINKQTPNKQIWLSSPSSGPKRYDWTGKNWVYSHDGVSLHELLAAELT 136

Bos taurus TYVINKQTPNKQIWLSSPSSGPKRYDWTGRNWVYSHDGVSLHELLATELT 150

Saccharomyces cerevisiae TYVINKQPPNKQIWLASPLSGPNRFDLLNGEWVSLRNGTKLTDILTEEVE 146

Escherichia coli KIIINRQEPLHQVWLATKQGG— YHFDLKGDEWICDRSGETFWDLLEQAAT 96
** * ok * ** R _* ::* . :*: . . ._

Homo sapiens KALKTKLDLSSLAYSGKDA-—-—-——— 155

Bos_taurus QALKTKLDLSALAYSGKDTCCPAQC 175

Saccharomyces cerevisiae KAISKSQ-———=—==——————————— 153

Escherichia coli QQAGETVSFR-———————————-——— 106

Fig. 7. Sequence alignment for frataxin homologs. Conserved acidic residues on the a1-31 surface that are proposed to be responsible for iron binding are marked as blue.

lying on a1-1 region following titration of ferrous ion to E. coli
[94] or yeast [74] frataxin. XAS studies were performed on iron
loaded yeast frataxin and human frataxin. In both cases ferrous ion
is bound in a symmetric six-coordinate oxygen/nitrogen based lig-
and environment [74,98]. This is consistent with ligation through
the conserved Asp, Gluand His residues in the «1-31 region as indi-
cated by NMR (Fig. 8). To better define the locations of potential iron
binding sites on the polyanionic surface, and those sites at the inter-
face with human ISU, block mutants were investigated that covered
the 12 conserved acidic residues. These mutants exhibit similar ITC
determined binding affinities, relative to wild type frataxin, with
decreased stoichiometry of iron to protein and a stoichiometry of
two for derivative A (E100A/E101A/D104A/E108A/E111A/D112A);
four for derivative B (D115A/E121A/D122A/D124A); and five for
derivative C (E92A/E96A/E100A/E101A), compared to seven for
native protein [99]. Cellular studies show that mutation of five
acidic residues in yeast frataxin D86A/ESOA/E93A/D101A/E103A
results in severe growth defects, while mutation of D86A/E90A
or E93A/D101A/E103A as separate domains had little effect [100].
These and other reports [74,94,98,100-102] suggest significant
flexibility for iron and partner binding to frataxin.

3.3. Structural homologs

Solution and crystal structures have been reported for E. coli
[94-96], yeast [78,92] and human frataxin [80,93], and each exhibit
similar secondary and tertiary folds, with an overall a—[3 sandwich
structure motif and a general topology a:13132B3B4B5B6a2 [97].
It was once thought that the structural similarity between fratax-
ins derives from the high level sequence similarity among these
homologs. Conserved N-terminal acidic residues in the a1-31
domain construct a negatively charged surface that is important
for both iron and partner protein binding. The sequence identity of
yeast frataxin versus E. coli frataxin and human frataxin are 28.1%
and 37.8%, respectively, with the similarities been 59.8% and 65.0%
[97]. However, the lack of a sequence-wise frataxin homolog in
many other classes of organism, such as thermophiles and gram-
positive bacteria, is inconsistent with a general role for frataxin as
iron donor protein in iron-sulfur cluster assembly. In fact, sequence
homologs for almost all of the other components of the ISC machin-
ery were found in these organisms [41,103-106]. A functionally
unknown protein Nqo15 was revealed in the structure of the T.
thermophilus (Tt) mitochondrial respiratory complex I [107,108].

Although the sequence is very different, Nqo15 is structurally
superimposable on both the E. coli CyaY frataxin (RMSD=2.5 A, 13%
sequence identity) and truncated human frataxin (RMSD=3.3A,
11% sequence identity) [107] (Fig. 8). Possible iron binding sites are
also present on the a1-31 surface, and so it was proposed that Tt
Nqo15 is a frataxin analog. It was subsequently demonstrated that
B. subtilis (Bs) YdhG also exhibits a very similar structural topology
to human frataxin in spite of the very low sequence similarity [89].
Infact Bs YdhG possesses all of the functional attributes expected for
a frataxin family member; including iron binding sites, binding to
ISUin aniron-dependent manner, and stimulation of cluster forma-
tion in the ISU scaffold protein. All of these factors support Bs YdhG
as a frataxin analog in B. subtilis [89]. Homologs of Bs YdhG, though
of uncharacterized function, are present in many gram-positive
bacteria, but suggest that they belong to the broader frataxin family
and demonstrate that frataxins are conserved structurally through-
out all species.

3.4. Cellular role

Several cellular processes related to iron metabolism have
implicated iron binding roles for frataxin. These include (1) iron
delivery to the iron-sulfur cluster assembly machinery [73,75,77]
or heme biosynthetic pathway [77,78,98,109,110]; (2) iron stor-
age [71,111,112]; (3) Fe-S cluster repair [76]; and (4) cellular iron
sensors that regulate iron sulfur cluster biosynthesis based on the
availability of cellular iron [113]. Each of these areas is discussed in
turn.

There is clear evidence for a direct role for frataxin in cellu-
lar iron sulfur cluster assembly. A deficiency in the activity of the
iron-sulfur cluster-containing subunits of the mitochondrial respi-
ratory complexes and aconitase was found in FRDA patients [68].
Moreover, disruption of the YFH1 gene in yeast resulted in the
loss of several iron sulfur cluster protein activities (aconitase and
succinate dehydrogenase) and respiratory deficiencies [68,114,69],
while depletion of Yfh1p resulted in deficiencies in the assembly
of cytosolic iron sulfur cluster proteins as reflected by the signifi-
cant decrease in iron incorporation in two reporter proteins Leulp
and Rlilp in Yfh1p-depleted yeast [115]. Cytosolic Fe-S proteins
were also affected in frataxin-deleted mouse tissues [116]. Yfh1
and human frataxin interact with either the ISU1/NFS1 complex
(presumably through contact to ISU1 rather than to both, although
this point was not addressed in that report [73]) or to ISU. In each
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Human frataxin (1EKG)

Bs YdhG (20C8)

TtNgo15 (319V)

Fig. 8. Structures of E. coli, yeast and human frataxins show an extremely similar core structure. The conserved acidic residues lying on the a1-31 surface appear to be iron
binding sites [99,100]. Structures of the Tt Nqo15 [107,108] and Bs YdhG proteins [89] are both observed to be very similar to the frataxin core.

case binding occurred in an iron-dependent manner and stimulated
cluster formation on the scaffold protein ISU [38,73,101,117,118].
A direct interaction between E. coli CyaY and IscS was also demon-
strated [75], leading to an interesting interpretation of the role for
frataxin in cellular iron sulfur cluster assembly, which will be dis-
cussed later. All of these in vivo and in vitro studies provide a solid
indication that frataxin serves an important role in cellular iron
sulfur cluster assembly as an iron donor protein.

The relationship between frataxin and cellular heme biosynthe-
sis was first observed in a genetic study, which showed that Yfh1p
functionally interacts with the yeast OCT1 gene, a metalloprotease
required for maturation of ferrochelatase and other iron proteins
[119].Inyeast cells lacking the YFH1 gene, a cytochrome deficiency
and a low level of ferrochelatase was observed [109]. However,

the observed accumulation of zinc protoporphyrin demonstrated
that the cytochrome deficiency was not caused by the low level of
ferrochelatase. In vitro assays using either permeabilized cells or
intact mitochondria showed that protoporphyrin was produced at
normal levels and was not used for heme synthesis in Ayfh1 cells,
but rather the ligand was used for zinc protoporphyrin synthesis
instead. These experiments demonstrated the Ayfh1 cell line to be
defective in the use of iron by ferrochelatase [109]. Overexpression
of Yfh1p in yeast made mitochondrial iron more available to fer-
rochelatase and resulted in higher rates of heme synthesis [110].
The interaction between human frataxin and ferrochelatase has
been studied by ITC and binding was observed to be iron-dependent
with a measured Kp ~ 17 nM [77]. The binding interface was deter-
mined through NMR studies and a significant overlap with the
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frataxin iron binding surface was found, consistent both with the
iron-dependent binding as well as an iron delivery role for the
protein [78,98]. Kinetic studies demonstrated the ferrochelatase
activity to increase with frataxin concentration and the optimal
ratio to be one frataxin per ferrochelatase dimer [77]. These results
support a specific role for frataxin as an iron donor to ferrochelatase
for the synthesis of heme.

Other proposed cellular functions for frataxin in cellular iron
chemistry include protecting and repairing protein-bound clusters
and iron storage. Frataxin is observed to bind to mitochondrial
aconitase in a citrate dependent manner, protecting aconitase clus-
ter from the oxidative disassembly [76] as well as reactivating
aconitase by converting the [3Fe—4S] cluster to the native [4Fe—4S]
form [76]. Yeast frataxin (Yfh1),and the bacterial (CyaY) and human
frataxin homologs are all capable of binding multiple iron ions in
an oligomeric form [71,88,111], leading to a proposed iron stor-
age function similar to ferritin. However, the solution conditions
required to form such oligomers appear non-physiological, and so
the cellular relevance of this chemistry remains uncertain. Another
interesting report suggests that E. coli frataxin is not only an iron
chaperone but works as a gatekeeper of iron-sulfur cluster forma-
tion [113]. In vitro Fe-S reconstitution of either IscU or ferredoxin
is faster in the absence of the bacterial frataxin CyaY, leading to the
suggestion that CyaY mightactas aninhibitor [113]. However, there
is no free cellular iron under physiological conditions, since iron is
always complexed by small molecule chelators or proteins, and so
adirect comparison of the relative rates of cluster assembly for free
iron versus frataxin-mediated iron delivery may not be physiologi-
cally relevant. In the absence of IscU the reconstitution of ferredoxin
was also observed to be slower in the presence of bacterial CyaY
when reconstituted via IscS/cysteine/FeZ*, and so it was proposed
that the inhibition involves IscS rather than IscU. Again, however,
comparison of relative rates for free iron versus frataxin-mediated
reconstitution is not physiologically relevant and is not readily
interpretable in terms of an inhibitory role for frataxin. By mon-
itoring cysteine-to-alanine conversion it was shown that the IscS
desulfurase activity is not affected by CyaY. The observed inhibitory
effect of CyaY on cluster reconstitution rates is greater at higher
iron concentrations, and so the inhibitory effect was rationalized
in terms of iron-promoted binding of frataxin to IscS. Alternatively,
one might explain such observations by an iron buffering effect of
frataxin with a change of free iron concentration resulting from
iron binding to CyaY. NMR perturbation and immunoprecipitation
assays also supported a direct interaction between CyaY and IscS
[113], and led to the proposed gatekeeper role. In this model the
iron-dependent binding of CyaY to IscS acts as an inhibitor when
iron is in excess, preventing the unnecessary overproduction of
Fe-S clusters [113]. This is certainly an interesting hypothesis for
an alternative role for frataxin on the iron-sulfur cluster assembly
pathway, although the conclusions are inconsistent with previous
studies that show stimulation of cluster formation in the pres-
ence of frataxin and a direct interaction between frataxin and ISU
[38,73-75,89]. More recently it has been shown that overexpres-
sion of CyaY does not interfere with sulfur transfer between IscS and
IscU, favoring CyaY as an iron donor protein [47]. Some additional
work is clearly needed to elaborate these details.

4. Sulfur donor protein - NFS/IscS

The final key component of the cellular iron sulfur cluster assem-
bly machinery is the sulfur donor protein (NFS1 in eukaryotes) and
its bacterial homologs (NifS, IscS, and SufS), all of which are pyri-
doxal 5'-phosphate-dependent cysteine desulfurases. Members of
this enzyme family convert cysteine to alanine with the assistance
of abound PLP cofactor, resulting in a modified surface Cys in a per-

sulfide form [120], which is later transferred to a variety of sulfur
acceptors: including the iron-sulfur cluster assembly machinery,
thiolation of tRNAs [47,121,122], and biotin synthesis [123]. Solu-
tion and crystal structures are available for Tm Nifs [105], and E. coli
IscS [47,124]. They exist as a homodimer, with each monomer
divided into two domains. The larger domain contains the PLP
cofactor and the smaller domain hosts the conserved active site
cysteine in the middle of a highly flexible loop [105].

4.1. Sulfur donor protein

Biochemical studies have shown that NFS1 is essential for
cellular iron-sulfur cluster protein biogenesis and cellular iron
metabolism [22,121,125-128]. A deficiency of the yeast NFS1p or
E. coli IscS genes resulted in a deficiency of cellular iron sulfur
cluster proteins and, in the case of yeast, accumulation of mitochon-
drial iron [28,125,127,129,130]. While other sulfur donor proteins
have been implicated in other metabolic pathways in eukary-
otes, NFS has been implicated more broadly as a cellular sulfur
donor rather than exclusively focused on cluster-related chemistry
[47,121-123].

Prior mass spectrometric studies and experiments with radio-
labeled cysteine have been used to demonstrate direct transfer of
sulfane sulfur, SO, from the cysteine persulfide on IscS to the cys-
teine residues on IscU [35,54]. However, the IscS family of proteins
are relatively promiscuous when studied in vitro with regard to sul-
fur transfer chemistry to Cys-containing proteins [131-133], with
evidence for multiple sulfur transfers to form polythianes [35,54].
Mechanistic studies of the role of IscS in cluster biosynthesis are
typically carried out in vitro, where the lack of control over both
selectivity and the number of sulfur centers transferred is certainly
evident. In the case of sulfur delivery to apo IscU, later iron binding
studies demonstrated the IscU protein product (a cysteinyl persul-
fide) obtained from initial sulfur transfer from IscS to have a low
affinity for iron ion, and provided evidence in support of a mecha-
nistically more reasonable pathway involving reductive cleavage of
the IscS-persulfide (described in the next section, Fig. 10) yielding
inorganic sulfide for addition to IscU pre-loaded with bound iron
centers [55].

Tight binding between E. coli IscS and IscU, with a Kp ~2 uM
determined by ITC and SPR studies [35,53,54], coupled with the
crystallographic definition of the IscS-IscU complex [47], are con-
sistent with physiologically relevant complex formation and a
direct transfer pathway for sulfur. The mechanism of IscS cat-
alyzed desulfurization of cysteine includes the steps of coupling
of substrate cysteine with the PLP factor, nucleophilic attack by a
conserved cysteine residue to form the persulfide, and the release
of alanine [120]. The crystallographically defined structures of Tm
Nifs and E. coli IscS both reveal the PLP cofactor to be anchored at
Lys206 with a histidine residue, His104, lying nearby, possibly as
an acid-base catalyst [105,124]. The structure of E. coli IscS also
shows the active site cysteine (C328) on another domain [124].
Using 1,5-IAEDANS- and 5-BMF-labeled Tm IscS, the Kp for Tm IscS
binding to Tm IscU was determined to be ~6 wM [53]. Calculation
from FRET data is consistent with this conserved cysteine as the
active site cysteine [53]. Recently, it was found that in eukary-
otes NFS functions as a sulfur donor only when complexed with
Isd11 [134-137]. Depletion of Isd11 in yeast or human cells causes
defective activity in iron—sulfur cluster containing proteins, as well
as failure to form cluster in the ISU scaffold protein [134,135].
Co-immunoprecipitation results have demonstrated human Isd11
to form a tight complex with human NFS and that the com-
plex possesses cysteine desulfurase activity [137]. Interestingly,
immunoprecipitation results also suggest Isd11 to form a complex
with the iron donor protein frataxin [136]. While solution studies
suggest bacterial IscS alone to be capable of sulfide delivery to the
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IscU scaffold protein [54,129,138], recent evidence suggests that
eukaryotic NFS might require Isd11 to be fully functional as a sulfur
donor [20].

4.2. IscU-IscS complex formation

While the crystallographically defined complex between IscS
and IscU [47] is consistent with a direct functional interaction
between these two proteins, the structure obtained does little to
infer the mechanism of sulfur transfer, since the active Cys that
promotes formation of inorganic sulfide is far removed from the
cluster formation site on IscU (Fig. 9A). Possibly the reported crys-
tallographic structure does not represent the active state required
to promote transfer of reduced sulfur between the two proteins.
Recent docking simulations of representative IscU and IscS pro-
teins, and experimental FRET studies reveal critical contact surfaces
at the N-terminal helix of IscU and a C-terminal loop (comprising a
chaperone binding domain) that position the sulfide donor Cys on
the flexible loop of IscS directly adjacent to the cluster formation
site of IscU (Fig. 9).

4.3. NFU as a persulfide reductase

The final step of IscS cysteine desulfurization involves cleavage
of the protein persulfide bond. A variety of reductive mechanisms
have been proposed, including electrons derived from the incoming
ferrous ions [139] and ferredoxin-derived electrons [140]. Human
NFU, a protein with a thioredoxin-like C-terminal domain has been
shown to bind to the sulfur donor protein and mediate cysteinyl
persulfide bond cleavage (Fig. 10) [141]. The active site within
human NFU is the C-terminal domain and is homologous with the
C-terminal domain of Av NFU domain [56,142], yeast NFU [13,143]
and Synechocystis PCC6803NifU [144], all of which are important
for the biogenesis of iron—sulfur clusters. The Synechocystis protein
is capable of assembling a [2Fe-2S] cluster in vitro, and a prelim-
inary report also suggests [4Fe-4S] formation on the human NFU,
prompting speculation that these might be alternative scaffold pro-
teins [61,142,145]. Whether these proteins serve dual functions, or
if cluster formation is a physiologically relevant species remains to
be elaborated.

Similarly, recent reports show that several glutaredoxin pro-
teins, which have CxxC or CGFS motifs in the active site, are capable
of coordinating a [2Fe-2S] cluster that bridges a glutaredoxin dimer
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Fig. 9. Sulfide transfer from the IscS-IscU complex. (A) Adapted from the crystallo-
graphically defined E. coli IscS-IscU complex [47]. IscS is in light green and IscU is in
gray. Residues 328-332 of IscS where Cys328 lie are not solved due to the flexibility
of this region, shown as red dotted line. The three conserved cysteine residues of
IscU where cluster binds are shown in yellow. Cys328 of IscS is at the position that
is not directly close to cluster binding site of IscU. (B) Simulated structural model
for the complex of H. influenzae IscU monomer with Tm IscS monomer [53]. Tm IscS
is depicted in gray, with the blue region comprising a loop, and a portion of an a-
helix adjacent to the disordered loop (residues 321-332) that contains the putative
active cysteine residue C324 that mediates sulfide delivery. The position of the latter
residue is illustrated with the dotted circle, but is not directly observed in the struc-
ture as a result of the flexibility of this loop. IscU is represented in yellow, with the
red regions depicting the three conserved cysteine residues (C37, C63, and C106),
where the asterisk represents C63, which is poised close to the catalytic C324 of Tm
IscS.
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Fig. 10. Sulfide delivery to IscU/ISU. Cleavage of the IscS persulfide bond by reduced NFU, yielding inorganic sulfide, which is positioned adjacent to the iron-loaded IscU
cluster binding site, where X is a presumed stabilizing bridging ligand (possibly a conserved carboxylate [48,57]). Details of how the iron centers are coordinated to the IscU

Cys at the time of sulfide delivery remain to be established.
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Hs KLOGSCTSCPSSIT
M KLOGSCTSCPSSII
Dm KMQGSCSSCPSSIV
Ce KMQGSCTGCPSSGV
Av KLTGACTGCOMASM

Sys ~ RLOGACGSCPSSTM

Fig. 11. Sequences of Cys-X-X-Cys domains in NFU-type proteins. Hs, Homo sapi-
ens; Mm, Mus musculus; Dm, Drosophila melanogaster; Ce, Caenorhabditis elegans;
Av, Azotobacter vinelandii; Sys, Synechocystis PCC6803.

and is stabilized by glutathione coordination [146-151], result-
ing in speculation that in addition to thioredoxin-type activity,
glutaredoxin might also serve as a cluster carrier protein [152]. As
evidence for such, it has been reported that [2Fe-2S] clusters on
plant chloroplast glutaredoxin can be quantitatively transferred to
apo chloroplast ferredoxin [153]. Given that the NFU and glutare-
doxin families of proteins are non-homologous and serve distinct
cellular roles, any functional similarity or relationship must be
viewed as tenuous at this time.

ITC and kinetic studies of human NFU have demonstrated bind-
ing to IscS and a facility to promote the cluster reconstitution in the
human ISU scaffold protein [141,154]. Considering the highly con-
served thioredoxin-like CXXC motif present in human NFU (Fig. 11),
human NFU would appear to be a likely candidate to serve as a
reductase for persulfide bond cleavage yielding inorganic sulfide
for cluster formation [141,154] (Fig. 10).

5. Summary and conclusions

Iron sulfur cluster proteins are involved in a wide range of cel-
lular processes and dysfunction in cluster biosynthesis has been
related to many diseases. Much effort has been directed toward
elucidation of iron sulfur cluster biosynthesis pathways, including
cellular and genetic studies, and isolation and characterization of
novel classes of protein. There remains a number of very interest-
ing questions pertaining to the coordination chemistry of cluster
assembly and transfer that will need to be answered to better
understand the biosynthesis of iron sulfur clusters and related
cofactors. The detailed mechanism of cluster assembly on the scaf-
fold protein is not well defined. The structural and coordination
chemistry underlying cluster transfer from scaffold protein to tar-
get protein has barely been addressed, including structural recog-
nition by the partners involved. There is a clear role for redox chem-
istry in promoting cluster assembly and transfer, but again this is
poorly understood. Finally the cellular iron chemistry of frataxin
has become increasingly diverse and complex as it has become the
focus of greater attention. While not a subject of this review, the
ligand exchange and transport chemistry, underlying iron-sulfur
cluster export from the mitochondrion and how all of this is regu-
lated, is a problem where some answers might finally be emerging.
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