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Friedreich ataxia is an inherited neurodegenerative disease
caused by frataxin deficiency. Frataxin is a conserved mito-
chondrial protein that plays a role in FeS cluster assembly in
mitochondria. FeS clusters are modular cofactors that per-
form essential functions throughout the cell. They are syn-
thesized by a multistep and multisubunit mitochondrial
machinery that includes the scaffold protein Isu for assem-
bling a protein-bound FeS cluster intermediate. Frataxin
interacts with Isu, iron, and the cysteine desulfurase Nfsl,
which supplies sulfide, thus placing it at the center of mito-
chondrial FeS cluster biosynthesis.

Friedreich ataxia is an inherited disease that is characterized
by progressive symptoms of ataxia and sensory loss, often lead-
ing to gait impairment and the need for a wheelchair. A pro-
gressive and sometimes lethal cardiomyopathy is another fea-
ture, and in some cases, diabetes mellitus is associated. At the
pathological level, degenerative changes affect certain large
sensory neurons, heart cells, and islet cells, thus involving a
unique target tissue distribution (1). The gene was identified by
genome mapping of affected kindreds, and the encoded pro-
tein, frataxin, is decreased in affected individuals most often
due to expansion of a GAA repeat in the first intron of the gene
(2). The protein is found primarily in mitochondria (3). Human
frataxin is synthesized on cytoplasmic ribosomes with a mito-
chondrial targeting sequence that mediates organelle targeting
and is subsequently removed by proteolytic processing steps in
the mitochondrial matrix (4—7). Deficiencies of aconitase and
other mitochondrial FeS proteins occur as first noted in cardiac
biopsies of affected individuals (8). FeS clusters are modular
cofactors consisting of iron and sulfur, most often anchored by
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bonds joining cysteine sulfur atoms in the polypeptide chain of
a protein and iron atoms of the cluster. They perform essential
and diverse biochemical functions (electron transfer in cellular
respiration, substrate interaction, and biological signal trans-
duction among other functions), and their biogenesis is cata-
lyzed by a multisubunit machinery (9). Frataxin has been a sub-
ject of intense study with contributions from many disciplines:
structural biology, cell biology, genetics of model organisms,
evolutionary biology, and medicine. A picture is emerging of a
direct role of frataxin in the complex and highly conserved
machinery of FeS cluster biogenesis in mitochondria. Addi-
tional functions may be mediated by direct frataxin-iron effects
or by other protein-protein interactions.

Frataxin Evolution

Frataxin is highly conserved throughout evolution, being
present in humans, plants, flies, worms, and bacteria (pro-
teobacteria but not archaebacteria) (10). Some hints about
frataxin function can be gleaned from the evolutionary record.
Three different bacterial operons capable of mediating FeS
cluster assembly have been identified: nif, suf, and isc. The nif
operon is specialized for high volume biosynthesis needed to
support nitrogenase supply during diazotrophic growth of
some organisms (e.g. Azotobacter vinelandii). The suf operon is
specially adapted for FeS cluster synthesis under conditions of
iron starvation and oxidative stress. Finally, the isc operon han-
dles housekeeping FeS cluster biogenesis (9). Although not
found on any of these operons, frataxin is strongly associated
with the isc operon. It appeared in proteobacteria about the
time that the specialized chaperones /scA and hscB appeared
on the isc operon. A frataxin ortholog was subsequently lost in
this phylogenetic lineage on two separate occasions, coinciding
with loss of hscA and hscB. The appearance of frataxin in
eukaryotes occurred about the time of the endosymbiotic event
creating mitochondria from the purple bacterial ancestor, and
it was probably acquired by mitochondria together with other
components of the isc operon (10). This notion of co-evolution
of frataxin and FeS assembly components of the isc operon is
supported by studies of primitive eukaryotes that lack typical
mitochondria. In Trichomonas vaginalis, a unicellular parasite,
a modified and stripped-down organelle called the hydrogeno-
some performs FeS cluster assembly and contains a frataxin
ortholog able to complement the phenotypic defects of a yeast
mutant lacking its own frataxin (11). An even more severe case
of organelle simplification is presented by mitosomes. These
are rudimentary organelles of obligate intracellular parasites
called microsporidia, and they lack respiratory complexes or
mitochondrial DNA. Virtually all that remain are a few compo-
nents recognizable for their homology to FeS cluster assembly
components (e.g. Isu, Nfs1, and Hsp70 homologs) and frataxin
(12). The co-retention of frataxin with these very few other
components involved in FeS cluster assembly in the mitosome
emphasizes their close functional relationship.
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Mitochondrial Iron Accumulation

In Saccharomyces cerevisiae, Yfh1 is the yeast frataxin hom-
olog, and the initial studies of the Ayfhl deletion strain
described a pleiotropic phenotype. The mutant exhibited con-
stitutive up-regulation of the cellular iron uptake system and
tremendous accumulation of iron in mitochondria (13). The
accumulated iron appeared as dense aggregates in unstained
electron micrographs. Chemical analyses revealed that the
accumulated iron was in the form of ferric phosphate nanopar-
ticles (14). Many additional studies have established a close
association of the mitochondrial iron accumulation phenotype
and deficiency of FeS clusters. Cellular depletion studies, in
which Yfh1 was put under the control of a regulated promoter
and turned off, recapitulated the phenotypes of deficient FeS
cluster proteins and mitochondrial iron accumulation. If the
promoter was turned on again, FeS clusters were restored, and
the accumulated iron returned to a normal distribution (15).
Other mutants of the mitochondrial FeS cluster assembly path-
way were similarly associated with this iron homeostatic phe-
notype (ssql, jacl, nfsl, etc.). In human cells, mitochondrial
iron accumulation has also been observed both in tissues from
Friedreich patients (e.g. heart and dorsal root ganglia) and in
cultured cells engineered to exhibit stable frataxin deficiency
(16). Thus, low level frataxin is associated with mitochondrial
iron accumulation and FeS cluster deficiency in both human
and yeast cells. However, an FeS cluster protein capable of
mediating these effects and conserved between yeast and
humans has not been identified. The best candidate protein for
this function, human IRP1, is not conserved with yeast, and the
yeast iron regulatory machinery, including Aft1/2, is not found
in humans (17).

FeS Cluster Assembly in Mitochondria

Frataxin has been found in mitochondria of virtually all
eukaryotes using biochemical and microscopic tools to ascer-
tain its subcellular location. Similarly, orthologs of many of the
other Isc FeS cluster assembly components have been found in
mitochondria (18). The steps and components involved in the
biogenesis of FeS cluster proteins in mitochondria are quite
similar to those in bacteria. The process can be understood in
terms of the central role of scaffolds as first shown by Dennis
Dean and co-workers (19) and now well established. An FeS
cluster intermediate is formed on the scaffold protein Isu and
then transferred to apoproteins (Fig. 1). Many steps must occur
in a coordinated fashion for proper FeS cluster synthesis on Isu.
The sulfide for FeS clusters originates from cysteine via the
action of Nfs1, a pyridoxal phosphate-containing cysteine des-
ulfurase. In eukaryotes, Nfs1 must be assembled with Isd11, a
small accessory subunit of unknown function (20, 21). The sul-
fide is probably transferred to Isu from the Nfs1 active site as a
persulfide. The source of the iron for the Isu intermediate is
unclear, although a role for mitochondrial carrier proteins
Mrs3 and Mrs4 in yeast (mitoferrin in humans) has been pro-
posed (22). Frataxin may play a role here and has been shown to
interact genetically with the mitochondrial carrier proteins.
This was shown by the exacerbated slow growth and mitochon-
drial iron starvation in the combined Amrs3Amrs4Ayfhl
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FIGURE 1. Scheme showing role of yeast frataxin (Yfh1) in mitochondrial
FeS cluster assembly. The mitochondrion is shown as an oval bounded by a
double membrane. Yfh1 is shown as a helix-sheet sandwich (green and tan).
A, mitochondrial carriers Mrs3 and Mrs4 (box) play a role in transfer of iron in
some form (Fe-X) across the mitochondrial inner membrane. Cysteine (Cys-
SH) enters mitochondria and is acted on by the enzyme Nfs1 and its accessory
protein Isd11 to provide sulfur for FeS clusters. Electrons or reducing equiva-
lents are provided by the reductase Arh1in the membrane and the associated
ferredoxin Yah1. Yfh1 physically interacts with Nfs1, Isd11, and Isu. B, the FeS
cluster intermediate (red diamonds) is assembled on the scaffold Isu, which
interacts with Nfs1, Isd11, and Yfh1. Another complex is formed by Isu with
Ssq1, Jac1, and Mge1, with the binding site being provided by the PVK trip-
eptide on Isu1. Grx5 acts at this step. C, the precursor proteins (squiggly black
lines) are nuclear encoded, translated on cytoplasmic ribosomes, targeted to
mitochondria, and imported in an unfolded state. After proteolytic process-
ing, they are folded and acquire the FeS cluster cofactor (red diamonds) by
action of the chaperones and glutaredoxin.

mutant (23). Other components implicated at this stage are
Arh1l and Yahl (adrenodoxin reductase and adrenodoxin in
humans), which are needed to provide reducing equivalents in
an electron transfer chain, although the substrate requiring
reduction has not been defined (24). The Isu protein appears to
be conserved in the context of primary sequence and function,
and structural information exists for a few bacterial orthologs.
Key features are three critical cysteines and one aspartate that
bind the cluster intermediate probably on each subunit of the
Isu dimer (25).

Most mitochondrial proteins, including FeS cluster proteins,
are translated on cytoplasmic ribosomes as precursors with
mitochondrial targeting sequences. Upon import into mito-
chondria, the unfolded precursors are subjected to various
processing steps that remove the targeting sequences (26). At
this point, the processed apoproteins become substrates for a
machinery dedicated to transferring the Isu cluster intermedi-
ate to recipient proteins. The scaffold Isu displays an interac-
tion site consisting of the tripeptide sequence PVK, and this
mediates binding to the Hsp70 chaperone (Ssql in yeast and
HSPA9 in humans) (27, 28). This interaction is modulated by
the ATP hydrolysis cycle in conjunction with accessory pro-
teins Jacl and Mgel (29). A monothiol glutaredoxin, Grx5, is
also implicated here (30). Through concerted action of the
chaperones, glutaredoxin, and accessory proteins, the Isu FeS
cluster intermediate is transferred to apoproteins.

A compartment problem exists for eukaryotic cells in that
many FeS cluster proteins reside in the cytoplasm and in the
nucleus. The biogenesis of these FeS clusters requires both
mitochondrial and extramitochondrial machineries (31, 32). In
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FIGURE 2.Imported frataxin (Yfh1) restores FeS cluster assembly in isolated yeast mitochondria. Upper panel, wild-type mitochondria (left) synthesize FeS
clusters on endogenous apoaconitase and imported apoYah1. Mutant Ayfh T mitochondria (middle) fail to synthesize clusters. Following Yfh1 precursorimport,
mutant Ayfh1 mitochondria (right) now synthesize clusters. OM, outer membrane; IMS, intermembrane space; IM, inner membrane. Lower panel, mitochondria
were isolated from wild-type or Ayfh1 strains. Full-length yeast frataxin (produced and radiolabeled on methionine and cysteine in the polypeptide) was
imported (18 °C, 10 min) (lanes 3, 4, 7, and 8), and mitochondria were recovered by centrifugation. In the second stage, [**S]cysteine and ferredoxin precursor
Yah1 were imported (30 °C, 10 min) with or without added iron. The mitochondria were recovered, and the matrix fraction was analyzed on a native gel and by
autoradiography (lanes 1-8). The imported Yfh1 labeled on the polypeptide is visible on the gel. The imported ferredoxin labeled on the sulfur of the FeS is
visible in Ayfh1 mitochondria only following Yfh1 import (lanes 7 and 8). Similarly, endogenous aconitase labeled on its FeS cluster is visible in AyfhT only

following Yfh1 import (lanes 7 and 8) (23).

this regard, it is notable that small amounts of frataxin have
been found outside mitochondria, and a role in synthesis of
extramitochondrial FeS clusters has been proposed (7).

Placement of Yfh1 in the Pathway of Mitochondrial FeS
Cluster Assembly

An experiment is described here that illustrates the role of
frataxin in promoting FeS cluster assembly in mitochondria.
Mitochondria were isolated from wild-type or Ayfhl yeast
strains. New synthesis of FeS clusters in the isolated organelles
was examined by providing [>*S]cysteine as a source of sulfide.
In the wild-type strain, radioactive sulfide was incorporated
into a pool of apoaconitase by the mitochondrial FeS cluster
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machinery. Synthesis of new clusters was also detected by label-
ing of imported ferredoxin, and these could be distinguished by
signals on a native gel (Fig. 2, upper panel, left; and lower panel,
lanes 1 and 2). In the mutant, however, no such labeling
occurred, indicating failure to make FeS clusters (Fig. 2, upper
panel, middle; and lower panel, lanes 5 and 6). Subsequently,
frataxin was imported into the mutant Ayfil mitochondria,
and the mitochondria were recovered by centrifugation. Now,
when a similar [**S]cysteine labeling experiment was per-
formed, the mutant mitochondria demonstrated restored abil-
ity to make FeS clusters on both aconitase and imported ferre-
doxin (Fig. 2, upper panel, right; and lower panel, lanes 7 and 8).
Thus, a very small amount of frataxin (estimated at <1 pmol)
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imported into isolated Ayfil mitochondria even without iron
addition was able to rapidly (in <10 min) restore FeS cluster-
synthesizing activity. This effect in isolated mitochondria
shows that everything is present in mitochondria for FeS cluster
formation and that a small quantity of frataxin is capable of
activating or mediating the process (23).

To begin to address where frataxin might act to promote FeS
cluster assembly, it was important to determine whether
frataxin acts before or after Isu. In one approach to this prob-
lem, a form of metabolic labeling was devised in which radioac-
tive iron was added to growing yeast cells, and the radiolabeled
Isu FeS cluster intermediate was recovered by immunoprecipi-
tation (33). This approach was combined with promoter swaps
to produce cellular depletion of one or another of the assembly
component(s) prior to iron labeling and Isu recovery. A reduc-
tion in iron labeling of Isu would indicate decreased formation
of FeS cluster intermediates. In that case, the depleted compo-
nent was placed upstream of Isu because it was necessary for
intermediate formation. In the case of increased iron labeling of
Isu, the component was placed downstream of Isu because it
was needed for transfer of the Isu clusters to recipient apopro-
teins. Using this assay design, Nfs1, Arh1, and Yah1 were placed
upstream, and Ssql, Jacl, and Grx5 were placed downstream of
Isu in the FeS cluster assembly process. Frataxin was placed
upstream because frataxin-depleted cells failed to efficiently
form the radiolabeled Isu intermediate (34).

A completely independent set of observations led to a similar
conclusion. The manganese superoxide dismutase (Mn-SOD),?
the dismutase of the mitochondrial matrix, was found to incor-
porate iron instead of manganese in some settings, with con-
comitant inactivation of the enzyme. For example, some of the
FeS cluster assembly mutants with a mitochondrial iron accu-
mulation phenotype were associated with Mn-SOD inactiva-
tion secondary to iron incorporation. Specifically, these
mutants, such as ssqgl and grx5, belonged to Isu downstream
events in transfer of FeS cluster intermediates to apoproteins
(35). By contrast, although frataxin mutants (AyfkI) dramati-
cally accumulated iron in mitochondria, Mn-SOD was active
because the iron was not available for insertion (36). Similarly,
Isu mutants (depletion or dominant-negative) were also not
associated with Mn-SOD inactivation (35). These data suggest
that frataxin should be grouped with Isu in the upstream part of
the FeS cluster biogenesis pathway and distinguished from Ssql
and Grx5. Although mismetallation is an aberrant situation,
these observations may point to a physiological role of frataxin
in modulating bioavailable iron pools in mitochondria.

Frataxin Structure, Isu Interaction, and Iron Interaction

Structures have been obtained for yeast (37), human (38), and
bacterial (39) frataxins. They are strikingly alike, characterized
by an a3-sandwich motif creating the two protein planes. The
a-helical plane consists of two parallel (N- and C-terminal)
a-helices, and the B-sheet plane consists of five antiparallel
B-strands; a sixth and possibly seventh strand intersect the
planes depending on the species (40). The structure and length
of the respective N termini vary among orthologs, whereas the

2 The abbreviation used is: Mn-SOD, manganese superoxide dismutase.
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unstructured C termini, also of variable length, help control
protein stability (41). A negatively charged surface is created by
clustering of contiguous acidic residues contributed by por-
tions of helix 1 and B-strand 1. Although the individual residues
are not always conserved, all known frataxins are characterized
by the presence of such an acidic surface. A second conserved
structural feature is a neutral flat area on the (3-sheet surface,
which is more hydrophobic toward the center and more hydro-
philic toward the periphery. This region contains a number of
perfectly conserved residues and appears to be well suited to
mediate an interaction with a protein partner.

Several lines of evidence point to Isu as a frataxin protein
partner. A functional relationship of frataxin and Isu was ini-
tially suggested by genetic experiments showing synthetic
lethality of Ayfh1 (deletion of the YFHI gene) and Aisul (dele-
tion of one of two homologous ISU genes, causing lowered lev-
els of Isu) (42). Physical interactions between frataxin and Isu
were subsequently demonstrated in pulldown experiments
from mitochondrial lysates. Interestingly, the pulldowns of
Yth1 by Isu, or reciprocally of Isu by Yfh1, were dependent on
iron addition to the buffer and were inhibited by the presence of
metal chelators (43). Iron dependence of a frataxin-Isu interac-
tion was also shown for the purified human proteins (44). The
clearest demonstration of the importance of frataxin-Isu inter-
action in FeS cluster assembly was provided by careful analyses
of frataxin proteins with substitutions of surface-exposed
amino acids in the interaction interface (Fig. 3A4). Alteration of
conserved surface-exposed residues of B-strand 3 (N122A/
K123T/Q124A) was associated with severely impaired frataxin-
Isu interaction (pulldown of Isu from a lysate on immobilized
Yfh1-His). The same mutant frataxin expressed in cells was
associated with decreased FeS cluster protein enzyme activities.
Other substituted forms of frataxin with alterations in exposed
areas of the B-sheets (Q129A in strand 4, W131A in strand 4,
and R141A in strand 5) (Fig. 34) were studied in vitro and in
vivo. These various amino acid changes were each associated
with decreased frataxin-Isu interaction and deficient activities
of FeS cluster proteins (45). These studies with minimally
altered frataxins were especially informative because they
avoided many of the secondary phenotypes associated with yfh1
deletion. The conclusion from these studies is that the interac-
tion between frataxin and Isu in mitochondria is required for
FeS cluster assembly.

Frataxins interact with iron in vitro, although not in the man-
ner of typical iron-binding proteins. Binding is relatively low
affinity, occurs on the protein surface rather than in a cavity,
and is mediated primarily by carboxylic amino acids rather than
cysteines and histidines (46). Analysis of iron interactions with
yeast frataxin monomers showed two ferrous iron atoms bind-
ing with an affinity of 2.5-5 uM as high spin ferrous iron. Chem-
ical shifts and line broadening induced by exposure of '°N-
labeled yeast frataxin to paramagnetic iron (ferrous iron under
anaerobic conditions) further defined iron-binding residues as
primarily carboxylate-containing amino acids in the helix
1-strand 1 region (37, 47). Studies with other frataxin orthologs
gave similar results, although with some variation in iron-bind-
ing stoichiometry and affinity: the human ortholog bound six
atoms with K, = 12-55 um (44), the Escherichia coli ortholog
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FIGURE 3. A, solution structure of monomeric apo-Yfh1 (Protein Data Bank code 2GA5) with residues involved in Isu binding identified in blue. Yfh1 amino acid
substitutions with effects on Isu interactions are as follows: N122A/K123T/Q124A, diminished Isu interaction, low aconitase and succinate dehydrogenase, and
iron accumulation (58); single amino acid changes Q129A, W131A, and R141A, diminished Isu interaction and low aconitase (45); and D101A/E103A, no
interaction with Isu and decreased aconitase (50). B, solution structure of monomeric apo-Yfh1 with residues involved in iron binding identified in red (37).
Published data on frataxins with substitutions of acidic amino acids are as follows: D86A/E90A/E93A/D101A/E103A, decreased iron-binding affinity, low
aconitase, and slow growth (50); D86A/E89A/E101A/E103A, decreased iron-dependent Isu interaction, low aconitase, and iron accumulation (51); D86A/E90A/
E93A, no oligomerization in response to iron exposure in vitro, normal Isu interaction, no FeS deficit, and no iron accumulation (53); D79A/D82A, low ferroxi-
dase, oxidant sensitivity, normal aconitase, and no iron accumulation (69); and E93A/D97A/E103A, oxidant sensitivity, normal aconitase, and no iron accumu-

lation (69). C-term and N-term, C and N termini.

bound two atoms with K, = 4 um (48), and the Drosophila
ortholog bound one atom with K, = 6 um (49).

Mutagenesis studies performed with the objective of corre-
lating in vitro iron binding and in vivo function have been prob-
lematic in part because of the redundant nature of the iron-
binding site(s) distributed over a surface and mediated by
multiple iron-binding amino acids. Alterations of single acidic
residues showed minimal effects. However, frataxins with mul-
tiple acidic residues changed to alanine were compromised in
terms of iron binding and in terms of supporting FeS cluster
formation. For example, an altered frataxin with Asp®®, Glu®°,
Glu®?, Asp'®', and Glu'® all changed to alanine was associated
with decreased iron binding by tryptophan fluorescence titra-
tion and decreased FeS cluster enzyme activities (50). Similarly,
frataxin with Asp®®, Glu®®, Asp'®!, and GIu'®® changed to ala-
nine (Fig. 3B) was associated with decreased aconitase activity,
iron accumulation in mitochondria, and abrogation of iron-de-
pendent Isu interaction in a mitochondrial lysate (51). Some
frataxins oligomerize when exposed to iron. Exposure of yeast
or E. coli frataxins to a 20-fold molar excess of elemental iron in
the absence of competing cations induced oligomerization, but
this did not occur with the human protein (52). Mutation of
three carboxylates (Asp®®, Glu®®, and Glu®?) to alanine (Fig. 3B)
completely abrogated iron-dependent oligomerization of the
yeast protein. When tested in vivo, this triple mutant showed no
deleterious effects on FeS cluster protein activities and iron
homeostasis, even when expressed at low levels (53); and thus,
frataxin oligomerization is probably not required for FeS clus-
ter synthesis.

How Frataxin Might Work

In summary, frataxin interacts with the FeS cluster assembly
scaffold protein Isu using the frataxin -sheet surface. It also
interacts with iron via surface carboxylates of the a-helix 1/3-
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strand 1 area. Furthermore, the frataxin-Isu interaction is iron-
dependent. Various in vitro assays have demonstrated these
interactions, and in vivo experiments with mutant alleles have
shown the importance of these interactions for FeS cluster for-
mation. Biochemical data show that frataxin facilitates iron use
for FeS cluster formation on Isu (44, 49). Frataxin might work as
a metallochaperone, similar to copper metallochaperones.
Copper chaperones function by high affinity interactions with
copper and with recipient proteins. Copper is bound to the
chaperone, then liganded between the chaperone and target
protein, and finally handed off to the target protein. The copper
is thus never free in solution and is targeted to its correct des-
tination in the cell by the protein-protein interactions between
the chaperone and target (54). Frataxin might work in a similar
fashion by transiently binding iron in mitochondria, interacting
with Isu in an iron-dependent fashion, transferring protein-
bound iron to Isu, and finally disengaging from Isu after metal
delivery. However, the affinity of frataxin for iron is relatively
low and coordination is incomplete, with the carboxylate-bind-
ing sites being completed by water molecules. The driving force
and mechanism of metal transfer to recipients also might be
different from those for the copper chaperones. A prediction of
this model is that the iron-liganding sites should overlap or be
contiguous with the Isu-binding sites. This may be the case
especially for the iron-binding site on the strand 1 sheet con-
sisting of the conserved Asp'®" and Glu'®® residues (Fig. 3, A
and B). Other functions in mitochondrial iron trafficking are
also possible. In line with the iron chaperone idea, frataxin
might bind iron and bind to other proteins, thereby targeting
the metal for delivery to aconitase (55), ferrochelatase (14, 37),
and succinate dehydrogenase (56). Iron-specific activities of
frataxin have also been suggested, and some bypass of frataxin
mutant phenotypes, including FeS cluster deficiencies, has

JOURNAL OF BIOLOGICAL CHEMISTRY 26741



MINIREVIEW: Frataxin and Mitochondrial FeS Cluster Biogenesis

been observed as a result of forced expression of mitochondrial
ferritin (57).

Alternatively, the function of frataxin in FeS cluster biogen-
esis might be primarily a regulatory one. The iron-dependent
frataxin-Isu interaction might signal formation of a protein
complex for creation of the FeS intermediate on Isu. Of note,
pulldown experiments with mitochondria using yeast frataxin
as bait yielded not only Isu but also Nfs1 (43) and Isd11 (58), the
functional cysteine desulfurase complex responsible for provid-
ing sulfide for FeS. Perhaps the data are pointing to the exist-
ence of a multisubunit complex consisting of frataxin, Nfs1/
Isd11, and Isu. Such a complex would be well situated to
mediate formation of the Isu-bound FeS cluster intermediate.
Iron and sulfide are toxic intermediates, and their insertion into
FeS clusters must be controlled to avoid toxicity. Frataxin
might regulate the flux of these key intermediates, permitting
delivery of enough for physiological FeS cluster formation and
not so much as to create iron and/or sulfide toxicity. The source
of iron and its biological form are not well understood. The
sulfide generated by the action of Nfs1/Isd11 on cysteine may
be provided to Isu as persulfide by direct protein interaction as
observed for some bacterial components. A role for frataxin in
regulating sulfide transfer has been proposed in bacteria (59,
60). For eukaryotes, regulation of sulfide delivery for FeS has
not been defined, and structural details of the frataxin-Nfs1/
Isd11 interaction remain to be clarified. The details of the
frataxin-Isu interaction from the Isu side also have not been
solved. These interactions might compete with Isu-chaperone
interactions that mediate transfer of the cluster intermediate to
apoproteins.

Is Friedreich Ataxia a Disease of FeS Cluster Assembly?

The molecular basis of Friedreich ataxia is deficiency of
frataxin protein. The question then arises as to how frataxin
deficiency causes the disease. As far as is known, neither the
cellular phenotype nor the human disease phenotype can be
explained by deficiency of a single FeS cluster protein. Perhaps
it is the combined effects from decreased activities of many FeS
cluster proteins that are pathogenic. Also the degree of frataxin
deficiency may be important for producing the unique cellular
disease phenotypes. A complete lack of frataxin is lethal for
growing mammalian cells, and somewhere between 20 and 30%
is needed for normal growth. In cells with decreased levels of
frataxin, some FeS cluster proteins are deficient, iron accumu-
lates in mitochondria, and oxidant sensitivity is observed as in
the human disease (16). The causal links among these effects
are not well defined, and an FeS cluster protein mediating the
mitochondrial iron accumulation or oxidant sensitivity has not
been identified. Conversely, several lines of evidence indicate
that mitochondrial iron accumulation (61, 62) and oxidative
stress (63) worsen the cellular phenotypes, perhaps mediated by
detrimental effects on FeS clusters or perhaps mediated inde-
pendently. Interventions that limit cellular iron have improved
growth of yeast mutants in some cases and have had some effi-
cacy in treatment of the human disease (64). However, opposite
effects have also been observed (i.e. worsening of phenotypes
associated with iron starvation) (65, 66). One final issue merits
mention, i.e. the tissue specificity of the disease. FeS cluster
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biogenesis is required for every cell in every tissue, as many
essential processes require FeS cluster proteins. Frataxin is
ubiquitously expressed in all cell types. Therefore, it is unclear
why some tissues are compromised by frataxin deficiency and
some are spared. The target tissue distribution for the disease
includes dorsal root ganglia, cerebellum, and heart muscle and
does not involve skeletal muscle or blood, for example. By con-
trast, an inherited disease ascribed to Isu deficiency, also char-
acterized by deficient FeS cluster proteins, affects primarily
skeletal muscle and spares nervous tissues (67, 68). Thus, Isu
deficiency and frataxin deficiency in humans bear some resem-
blance, but the tissue specificities are distinct with the differ-
ences still unexplained.
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