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Friedreich ataxia (FRDA) is an autosomal recessive degenerative disease caused by a deficiency of frataxin,
a conserved mitochondrial protein of unknown function. Mitochondrial iron accumulation, loss of iron-sulfur
cluster-containing enzymes and increased oxidative damage occur in yeast and mouse frataxin-depleted
mutants as well as tissues and cell lines from FRDA patients, suggesting that frataxin may be involved in
export of iron from the mitochondria, synthesis of iron-sulfur clusters and/or protection from oxidative damage.
We have previously shown that yeast frataxin has structural and functional features of an iron storage protein.
In this study we have investigated the function of human frataxin in Escherichia coli and Saccharomyces
cerevisiae. When expressed in E.coli, the mature form of human frataxin assembles into a stable homopolymer
that can bind approximately 10 atoms of iron per molecule of frataxin. The iron-loaded homopolymer can be
detected on non-denaturing gels by either protein or iron staining demonstrating a stable association
between frataxin and iron. As analyzed by gel filtration and electron microscopy, the homopolymer consists
of globular particles of ∼1 MDa and ordered rod-shaped polymers of these particles that accumulate small
electron-dense cores. When the human frataxin precursor is expressed in S.cerevisiae, the mitochondrially
generated mature form is separated by gel filtration into monomer and a high molecular weight pool of >600 kDa.
A high molecular weight pool of frataxin is also present in mouse heart indicating that frataxin can assemble
under native conditions. In radiolabeled yeast cells, human frataxin is recovered by immunoprecipitation with
approximately five atoms of 55Fe bound per molecule. These findings suggest that FRDA results from
decreased mitochondrial iron storage due to frataxin deficiency which may impair iron metabolism, promote
oxidative damage and lead to progressive iron accumulation.

INTRODUCTION

Friedreich ataxia (FRDA) is an autosomal recessive degenerative
disease clinically characterized by progressive ataxia of all
four limbs, cerebellar dysarthria, absent reflexes in the lower
limbs, sensory loss, and pyramidal signs (1). Cardiomyopathy
is found in most patients and represents the most frequent
cause of premature death (1). The FRDA locus encodes a
precursor polypeptide that is imported by the mitochondria and
processed to a 155 amino acid protein designated frataxin (2–4).
Most patients are homozygous for a large GAA repeat expansion
in the first intron of the FRDA gene which impairs transcrip-
tion, ultimately causing a severe reduction in the levels of
frataxin (reviewed in 5). How frataxin deficiency leads to
neuro- and cardio-degeneration is still unknown but potential
pathogenic mechanisms are emerging from studies in yeast and
mouse, which are made possible by the fact that frataxin is
conserved in eukaryotes (6). Yeast frataxin knock-out mutants
typically show accumulation of iron in mitochondria and loss
of respiration (3,7–9). Mutant mice in which the frataxin gene

is selectively inactivated in neuronal and cardiac tissues
develop neuronal sensory defect and cardiomyopathy at the
same time as mitochondrial iron-sulfur enzyme deficiencies,
and show at a later stage mitochondrial iron accumulation (10).
It has been proposed that these phenotypes may result from
impaired mitochondrial iron efflux (11,12), defective biosyn-
thesis of iron-sulfur clusters (13–15) or disabled antioxidant
defenses (16), with each of these conditions in turn leading to
mitochondrial iron overload and oxidative damage. The obser-
vation that the mitochondrial inner membrane potential and
ATP synthesis are increased in cultured cells overexpressing
human frataxin has suggested another pathogenic mechanism
in which frataxin deficiency leads to loss of oxidative phos-
phorylation while mitochondrial iron accumulation is a
secondary effect due to ATP depletion (17). Support for each
of these models is provided by evidence of abnormal cellular
iron homeostasis (18–22), increased oxidative damage (23–25)
and respiratory deficits (19,26,27) in tissues and cell lines
derived from FRDA patients.
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We have proposed that the involvement of frataxin in such
diverse functions as iron efflux, iron-sulfur cluster biogenesis,
stimulation of oxidative phosphorylation and protection from
oxidative damage could be rationalized if this protein were
able to keep iron in soluble and non-toxic form (5). This
hypothesis is supported by our previous observation that yeast
frataxin assembles with itself and binds iron in stable form
(28). In this study, we have expressed human frataxin in
Escherichia coli and Saccharomyces cerevisiae and have
analyzed its ability to assemble and bind iron. Consistent with
a role in iron management, we show that human frataxin has
structural and functional features of an authentic iron storage
protein.

RESULTS

Isolation of a high molecular weight form of human 
frataxin from E.coli

Human frataxin is normally synthesized as a precursor
polypeptide with a mitochondrial matrix targeting signal of
55 amino acids that is cleaved by mitochondrial processing
peptidase to yield the mature form (m-fxn) (4). When over-
expressed in E.coli, m-fxn (residues 56–210 plus an initiator
methionine residue at the N-terminus) was soluble and exhibited
the expected molecular weight (MW) of ∼17 000 on SDS–PAGE.
This protein was purified from the bacterial lysate in three
chromatographic steps. Ion-exchange chromatography yielded
two different m-fxn fractions that eluted at low and high salt
concentrations, respectively (data not shown). As analyzed by
Superdex 200 gel filtration, the low-salt fraction had an

apparent MW of ∼17 000 while the high-salt fraction eluted at
the size exclusion limit of the column, consistent with a MW of
>600 000 (Fig. 1A, low- and high-MW pool). Both pools were
isolated from the soluble fraction of the bacterial lysate, not
from insoluble inclusion bodies. In particular, the high-MW
pool remained soluble after centrifugation of the total lysate at
25 000 g for 20 min and throughout the isolation procedure,
and continued to be soluble in purified form at a protein
concentration of at least 2 mg/ml.

Non-denaturing PAGE of the low- and high-MW pools
isolated by gel filtration revealed two major protein bands of
different electrophoretic mobility (Fig. 1B). However, SDS–PAGE
showed that both pools contained the same species, including
an ∼17 kDa protein and smaller products ≥14 kDa (Fig. 1C).
Electrospray ionization mass spectrometry (ESI-MS)
confirmed the presence in the low-MW pool of a predominant
species of 17 252 Da corresponding within experimental error
to full-length m-fxn without the N-terminal methionine, that
was cleaved during expression in E.coli (29). ESI-MS also
detected a second species of 14 663 Da corresponding to resi-
dues 78–210 of m-fxn. Similarly, Pastore and co-workers (30)
reported previously that bacterially expressed human frataxin
was naturally and quantitatively degraded during purification
into a 14 kDa product. This species is ∼20 residues shorter than the
mature form and very likely corresponds to a major degradation
product of human frataxin that was originally observed during
import of the human frataxin precursor into isolated rat liver
mitochondria (4).

ESI-MS of the high-MW pool could not detect the macro-
molecular species observed by gel filtration and non-denaturing
PAGE, as expected (31), but did detect low levels of full-length

Figure 1. Isolation of low- and high-MW pools of m-fxn from E.coli. (A) Two different pools of overexpressed m-fxn were isolated from the bacterial lysate by
ion-exchange chromatography, and each pool was analyzed by gel filtration. The top chromatogram shows the elution profile of MW standards: V, vitamin B12 (1.4 kDa);
M, myoglobin (17 kDa; 81.8 ml elution volume); O, ovalbumin (44 kDa); G, gammaglobulin (158 kDa); T, thyroglobulin (669 kDa; 45.1 ml elution volume). A280,
absorbance at 280 nm; Vo, void volume (41.2 ml). The elution profiles of the low- and high-MW pool of m-fxn are also shown. Elution volumes were 80.6 ml for
the low-MW pool and 41.6 ml for the high-MW pool. (B) Native PAGE and (C) SDS–PAGE of the low- and high-MW pools isolated by gel filtration. Samples
from each pool were analyzed by 7% native PAGE (5 µg total protein per lane; lanes 1–2; arrowhead shows the top of the separating gel), or 12% SDS–PAGE (1 µg total
protein per lane; lanes 3–4; MW, molecular weight markers), and Sypro Orange staining. d, degradation products of m-fxn.
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m-fxn and the 14 kDa product (data not shown). In purified form,
low-MW m-fxn was spontaneously and progressively
degraded into the 14 kDa product. In contrast, high-MW m-fxn
was stable for several days at room temperature or 4°C. These
results indicate that stable polymers of full-length m-fxn are
formed during overexpression in E.coli.

Iron loading of high-MW m-fxn

As purified from bacterial cells, high-MW m-fxn contained
fewer than one atom of iron per molecule of m-fxn, as determined
by inductively coupled plasma emission spectroscopy (ICP) on
four different protein isolations. After incubation with ferrous
iron, however, iron levels increased to 7–10 Fe/molecule of m-fxn
(range of values from five independent experiments). A similar
behavior has been described for overexpressed bacterial
ferritins and recombinant human ferritin homopolymers, that
contain low iron levels as isolated from bacterial cells but can
subsequently be loaded with iron in vitro (32–34). Similar to
ferritin, iron-loaded m-fxn was detected as one discrete band
by either protein or iron staining on 7% native PAGE (Fig. 2).
This result demonstrates that protein and iron are associated in
one stable and soluble macromolecular complex. The electro-
phoretic mobility of iron-loaded m-fxn was not changed
compared to untreated m-fxn, as was the case for ferritin
compared to apoferritin, indicating that iron is stored within
these proteins and that iron loading does not result in protein
aggregation.

We showed previously that the yeast frataxin monomer does
not have any tendency to assemble during overexpression in
E.coli but assembles in vitro in the presence of high Fe2+/protein
ratios (28). In contrast, the human frataxin monomer assembled
spontaneously in E.coli (high-MW pool) but only minimally
(<10% of the low-MW pool) when treated with increasing iron

concentrations in vitro (data not shown). The concentration of
‘free’ iron has been estimated to be in the order of 10–5 M in
E.coli (35), which is close to the ‘free’ iron concentration
found in mammalian mitochondria (4.8–9.2 µM) (36). Thus,
we can assume that assembly of human frataxin in E.coli
occurs in the presence of physiologic concentrations of iron.
The inability of purified human frataxin monomer (i.e. the
low-MW pool) to undergo self-assembly in vitro suggests that,
unlike yeast frataxin, human frataxin requires additional
assembly factors that remain to be identified. The low-MW
pool does not assemble in E.coli either, however, and may
therefore represent protein incompetent for assembly. Similarly,
only ∼70% of the total yeast frataxin monomer obtained from
E.coli is able to undergo self-assembly (28).

Human frataxin is an iron storage protein

Electron microscopy (EM) of high-MW m-fxn stained with
uranyl acetate shows elongated rod-shaped structures of variable
lengths but uniform diameter of ∼16 nm (Fig. 3A). Isolated and
apparently globular particles are less frequently detected
(Fig. 3A and B). The edges of the rods are indented at regular
intervals, giving the appearance of individual particles stacked
on top of one another forming dimers, trimers and longer polymers
(Fig. 3B). We have consistently observed these structures in
four different protein isolations, independent of iron loading.
Elongated structures are also present in unstained samples of
iron-loaded high-MW m-fxn (Fig. 3A and C). These structures
consist of chains of small electron-dense iron cores; isolated
cores are less frequently detected (Fig. 3A and C). Multiple
electron-dense granules were previously observed in electron
micrographs of yeast frataxin multimer (28). A smaller number
of iron granules appear to be present in human frataxin particles,
which is explained by a ∼5-fold difference in iron-binding
capacity between yeast (∼50 Fe/molecule) (28) and human
frataxin (∼10 Fe/molecule). Size-wise, the structures detected
by negative staining correspond to those detected in unstained
samples (Fig. 3D). Dimers, trimers and longer polymers of
apoferritin particles are occasionally seen in negatively stained
apoferritin samples (Fig. 3A and B) and more frequently in
ferritin samples (Fig. 3A and C). The iron cores of ferritin are
larger than those of m-fxn, consistent with the much higher
iron-binding capacity of the former protein (up to 187 Fe/molecule)
(37). These results confirm that m-fxn can assemble with itself
and store iron in mineral form, similar to ferritin. In agreement
with these data, other investigators have previously noted
conserved structural features that may enable human frataxin
to assemble with itself and form a negatively charged cavity
similar to the anionic surface involved in the iron storage
mechanism of ferritin (30,38).

A tendency to form stable polymers has been previously
reported for apoferritin and ferritin particles (39–41), and can
be observed in Figure 3B and especially Figure 3C. A very
similar phenomenon has also been described for the spinach
chloroplast protein, cpn21 (42), and the oat chloroplast protein,
β-glucosidase (43). Electron micrographs of bacterially
expressed cpn21 or β-glucosidase show circular molecules and
fibrillar polymers of different lengths that consist of individual
circular molecules stacked on top of one another (42,43),
remarkably similar to the rod-shaped structures formed by m-fxn.
Fibrillar polymers of oat β-glucosidase exist in the chloroplast

Figure 2. Iron loading of high-MW m-fxn. Purified high-MW m-fxn (50 µg
per lane; lanes 1–2) and horse spleen apoferritin (12.5 µg per lane; lanes 3–4)
were analyzed in duplicate on 7% native PAGE. Prior to PAGE, samples in
lanes 2 and 4 were iron loaded as described in Materials and Methods. One-
half of the gel was stained for proteins with Sypro Orange and the other half for
ferric iron with Prussian Blue. Arrowheads show the top of the separating gel.
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stroma and are believed to be important for β-glucosidase
function (43). On the other hand, ferritin polymers have been
attributed to partial denaturation of the protein shell that
exposes hydrophobic parts to the aqueous environment
promoting hydrophobic interactions and thus oligomerization
(41). The significance of human frataxin polymers is not
known at this time. When yeast frataxin particles are assembled
in vitro from purified monomer they show little tendency to
polymerize (28 and unpublished data). This suggests that poly-
merization of human frataxin particles may result from over-
production in E.coli and mechanical stress during purification
from bacterial cells. It is important to note, however, that the
rod-shaped polymers are soluble, stable and ordered structures
that retain the ability to bind iron (Fig. 3A–D), and are there-
fore unlikely to be the product of random protein aggregation.
Thus, although the functional significance of the rod-shaped
polymers remains to be elucidated, we can conclude that they

reflect a natural tendency of human frataxin to assemble with
itself and form higher-order structures.

The high-MW pool consists of m-fxn molecules ranging 
from ∼1 to several MDa

In order to estimate the molecular mass of high-MW m-fxn,
this pool was fractionated on a Sephacryl 300 column (frac-
tionation range 1 × 104–1.5 × 106; exclusion limit up to 400 nm)
calibrated with different multimeric proteins and polymers of
known molecular mass (Fig. 4A). Most protein eluted in one
bell-shaped peak that raised near the elution volume of Blue
Dextran (2 MDa; fraction 38), and dropped near the elution
volume of the apoferritin polymers (>1.3 MDa; fraction 39),
followed by a small tail (fraction 40) near the elution volume
of the yeast frataxin multimer (∼1.1 MDa; fraction 41) (Fig. 4A).
Fractions were analyzed by 5% native PAGE and western
blotting with anti-human frataxin antibodies. No protein was

Figure 3. (Above and opposite) Electron microscopy of high-MW m-fxn. (A–D) Samples (∼0.1 mg/ml) of high-MW m-fxn or apoferritin were stained with
2% uranyl acetate, whereas iron-loaded high-MW m-fxn or ferritin were absorbed on a grid and analyzed without further manipulations. The accelerating voltage
was 80 kV and the initial magnification was 64 000×. Arrowheads indicate isolated particles or iron cores.
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detected in the void volume (fraction 36) by either Sypro
Orange staining (not shown) or western blotting (Fig. 4B).
Two diffuse bands were detected in fractions 38–42: a slower
band (denoted β) whose elution profile corresponded to the
main peak, and a faster band (denoted α) whose elution profile
corresponded to the peak’s tail (Fig. 4B). The diffuse appearance
of these bands suggested that each might represent a ladder of
species that could not be clearly resolved on 5% native PAGE.
This was confirmed by EM analysis. Fraction 38, which
contained mostly β and only traces of α (Fig. 4B), showed a
predominance of rod-shaped polymers and a few isolated
globular particles (Fig. 4C). Fraction 40, which contained
higher levels of α (Fig. 4B), showed a greater proportion of
individual particles as well as rod-shaped oligomers (Fig. 4C).
These results are consistent with a distribution of m-fxn macro-
molecules ranging from globular particles with a molecular
mass close to that of the yeast frataxin multimer (∼1.1 MDa) to
long polymers of these particles with a molecular mass in
excess of several MDa. A distribution of species is similarly
observed for apoferritin, except that the apoferritin particle
(MW 440 000) is well within the fractionation range of
Sephacryl 300 and can be clearly separated from its dimer and
longer polymers (Fig. 4A). The m-fxn particle (∼1.1 MDa) is at
the limit of the fractionation range of Sephacryl 300 which only
allows partial separation between long polymers (β band) and
short oligomers/particles (α band).

Assembly of m-fxn in S.cerevisiae and mouse heart

We showed previously that human frataxin rescues the respiratory-
deficient phenotype with mitochondrial iron accumulation
characteristic of the yeast frataxin knock-out model (44). High-MW
frataxin should therefore be detected in the complemented
yfh1∆[FRDA] strain if protein assembly and iron binding are
relevant to the protein’s ability to maintain normal mitochondrial
iron levels. Total cell extracts were prepared from this strain
under non-denaturing conditions, and were size-fractionated
through a Superdex 200 gel filtration column (fractionation
range 10–600 kDa) calibrated with different proteins of known
molecular mass (Fig. 5A). Fractions that eluted between the
void volume and a molecular mass ≥5 kDa were analyzed by
SDS–PAGE and western blotting, sequentially probing the
same membrane with polyclonal anti-human frataxin anti-
bodies and a monoclonal anti-yeast phosphoglycerate kinase
(Pgk1p) antibody. Mature frataxin (i.e. protein produced by
cleavage of frataxin precursor by mitochondrial processing
peptidase in the mitochondrial matrix; m-fxn) (4) and its
degradation products (d) were detected in all fractions
(Fig. 5A). Degradation of m-fxn was more pronounced for
low-MW m-fxn (fractions 11–12) compared to high-MW
m-fxn (fractions 1–2), as already observed for the low- and
high-MW pools isolated from E.coli (compare Figs 5A and 1C).
The levels of m-fxn and its degradation products were measured
by densitometry and the sum was considered the total amount
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of mature frataxin eluted in each fraction. By both visual
inspection of western blots and densitometric measurements it
is apparent that mature frataxin eluted in two main peaks, a
high-MW peak with molecular mass >600 kDa (fractions 1–2)
and a low-MW peak with the expected molecular mass of
17 kDa (fractions 11–12). In contrast, the internal control,
Pgk1p, eluted in a single peak with the expected molecular mass
of ∼45 kDa (Fig. 5A, fractions 8–10).

We also tested whether a high-MW pool of m-fxn could be
detected under physiological conditions. A total extract was
prepared from mouse heart and was analyzed by gel filtration
and western blotting as described above. Short chain acyl-CoA
dehydrogenase (SCAD), a 42 kDa mitochondrial matrix
protein that assembles into a homotetramer of ∼170 kDa (45),
was used as the internal control. By both visual inspection of
western blots (Fig. 5B) and densitometric measurements (Fig. 5C),

the elution profile of the endogenous mouse frataxin was
remarkably similar to that of the human protein expressed in
yeast. Degradation of mature frataxin was more pronounced in
the heart extract compared to the yeast extract, but in both
cases the high-MW pool was more stable compared to the
monomer pool (Fig. 5A and B). These findings were independ-
ently confirmed in several yeast cell extracts and two mouse
heart extracts.

Superdex 200 chromatography was chosen for these experi-
ments because it can clearly separate low-MW from high-MW
m-fxn in a relatively short period of time compatible with the
rate of m-fxn degradation. This particular support, however,
cannot separate molecules >600 kDa. In addition, EM analysis
of yeast- or mouse-derived high-MW frataxin was not feasible
due to low levels of frataxin relative to the total protein present
(∼0.1 µg m-fxn/mg total protein). We were, therefore, unable

Figure 4. Size-fractionation of high-MW m-fxn. (A) High-MW m-fxn was isolated from the bacterial lysate by ion-exchange chromatography, and further analyzed by
gel filtration on a column packed with Sephacryl 300. The chromatogram shows the elution volumes of different multimeric proteins and polymers. A280, absorbance at
280 nm; Vo, void volume. The elution profiles of high-MW m-fxn is shown in blue. The elution volume of the m-fxn peak was 36.8 ml. (B) Ten microliters from
each of the fractions corresponding to the m-fxn peak were analyzed by 5% native PAGE and western blotting with anti-human frataxin antibodies. Only the relevant
portion of the blot is shown. (C) Aliquots (∼0.1 mg total protein/ml) of fractions 38 and 40 were stained with 2% uranyl acetate and analyzed by EM as described
in the legend of Figure 3. Arrowheads indicate isolated particles.
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to define whether the high-MW pools of m-fxn detected in
yeast cells and mouse heart consist of isolated particles, poly-
mers or both. Immediately before gel filtration, however, each

extract was centrifuged at 100 000 g for 30 min as described in
Materials and Methods, a procedure expected to eliminate
insoluble material. Thus, the main conclusion that can be

Figure 5. Analysis of m-fxn assembly in yeast cells and mouse heart. (A) A total yeast cell extract (∼12 mg total protein) was prepared from the yfh1∆[FRDA]
strain (44); (B) a total tissue extract was prepared from mouse heart (∼10 mg total protein) as described in Materials and Methods. Each extract was centrifuged at
100 000 g for 30 min and the supernatant was immediately analyzed by Superdex 200 gel filtration. Fractions (0.5 ml each) that eluted between the void volume
and molecular mass ≥5 kDa were analyzed by western blotting. The arrowhead indicates the void volume. Molecular masses were deduced from the elution volumes of
MW markers as in Figure 1A. The same membrane was probed sequentially with polyclonal anti-human frataxin antibodies and a monoclonal anti-Pgk1p antibody
(blot A), or polyclonal anti-SCAD antibodies (blot B). Only the relevant portions of the blots are shown. The 14 kDa product and additional degradation products
(d) are detected in all fractions due to degradation of m-fxn during the manipulations that followed fraction collection. The highest levels of degradation are seen
in the low-MW pool (fractions 11–12), as observed for bacterially expressed m-fxn (Fig. 1C). (C) The intensity of the m-fxn and d bands was measured by densitometry
on a STORM 840 with the ImageQuant 5.0 software (Molecular Dynamics). The intensity of the m-fxn plus d bands was considered the total amount of mature
frataxin eluted in each fraction, and was expressed as a percentage of the total intensity measured in all fractions.
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drawn from these experiments is that both yeast cells
expressing human frataxin and mouse heart expressing normal
levels of endogenous mouse frataxin contain a soluble high-MW
pool of m-fxn. This indicates that frataxin assembly can occur
not only during overexpression in E.coli but also in eukaryotic
cells and under physiologic conditions. It is, therefore, reason-
able to conclude that ability to assemble is a natural property of
frataxin. The extent to which frataxin assembly occurs in
mammalian cells and how this process is regulated are critical
questions that remain to be addressed in future studies.

Iron loading of human frataxin in S.cerevisiae

To test iron binding by m-fxn in vivo, yeast cells were grown in
the presence of 55Fe and m-fxn was immunoprecipitated from
total cell extracts. In six independent experiments, ∼0.5 nmol 55Fe
were immunoprecipitated from each extract (corresponding to
∼0.5 g cells) by anti m-fxn antibodies plus protein A–Sepharose.
This amount was consistently and significantly above back-
ground levels of 55Fe recovered by treatment of each extract
with protein A–Sepharose alone or a pre-immune serum plus
protein A–Sepharose (Table 1). The amount of 55Fe immuno-
precipitated from each extract (∼0.5 nmol) corresponds to
∼50% of the estimated total mitochondrial iron present
(∼0.9 nmol, estimated as described in Materials and Methods).
This proportion is consistent with the presence in mitochondria
of a pool of ‘non-heme/non-iron-sulfur’ iron corresponding to
∼30% of the total mitochondrial iron (46) and the fact that
yfh1∆[FRDA] mitochondria contain twice as much total iron as
wild-type mitochondria (44). The concentration of m-fxn was
determined by western blotting using purified m-fxn as the
internal standard. We measured ∼0.1 nmol m-fxn/extract and
calculated a molar 55Fe:m-fxn ratio of ∼5:1.

DISCUSSION

We have investigated the function of human frataxin, the
protein deficient in Friedreich ataxia (2). The mature form of
this protein was expressed in E.coli and a full-length human
frataxin precursor in S.cerevisiae. In both experimental
systems, the protein has displayed structural and functional
features consistent with a role in iron-storage, as observed
previously for yeast frataxin (28). Human frataxin was isolated
from E.coli as a large homopolymer that accumulated at least
10 atoms of iron per subunit in vitro and was detected by either
protein or iron staining on non-denaturing gels, demonstrating
a stable association between frataxin and iron. Accordingly,
protein particles and higher order polymers of these particles
containing small iron cores were visualized by EM. These

findings were confirmed in a S.cerevisiae strain carrying a
genetically inactivated yeast frataxin gene in which human
frataxin was detected as a high-MW species and bound
approximately five atoms of 55Fe per subunit in metabolically
labeled cells. In this experimental system, the mature protein is
physiologically produced via mitochondrial import and
processing of the full-length human frataxin precursor and is
able to fully complement the respiratory-deficient phenotype
with mitochondrial iron accumulation and iron-sulfur protein
defects that are otherwise associated with the lack of endogenous
yeast frataxin (44). We can, therefore, conclude that assembly
and iron-binding are relevant to human frataxin’s ability to
restore mitochondrial iron homeostasis in the yeast model of
FRDA. In addition, the presence of a high-MW pool of frataxin
in mouse heart suggests that frataxin assembly can occur not
only during expression in E.coli or S.cerevisiae but also when
frataxin is expressed at physiologic levels under native condi-
tions. It is therefore reasonable to conclude that assembly and
iron-binding are specific properties of frataxin.

A large body of experimental evidence from the yeast model
of FRDA indicates that frataxin is critically involved in
multiple aspects of iron and energy metabolism, namely, the
conservation of cytoplasmic iron levels via stimulation of
mitochondrial iron efflux (3,11,47), maintenance of iron-sulfur
cluster-containing enzymes and oxidative phosphorylation
(13,14,48), and protection from iron-induced oxidative
damage (3). Similar observations have been made in the
human disease. Elevated serum transferrin receptor levels,
indicative of a limited cytoplasmic iron supply (20,21), and
increased protoporphyrin levels, indicative of impaired heme
synthesis (49), have been noted in FRDA patients. Signs of
increased oxidative damage, including loss of mitochondrial
DNA and iron-sulfur cluster-containing enzyme defects, have
been observed in FRDA heart (19,26,27), while hypersensi-
tivity to oxidative stress has been demonstrated in cultured
FRDA cells (23). The pathogenic role of oxidative damage in
FRDA is underscored by a study in which the antioxidant
idebenone led to a decrease in myocardial hypertrophy in three
patients (50), and a second study in which increased concentra-
tions of 8-hydroxy-2′-deoxyguanosine, a marker of oxidative
DNA damage, were noted in urine of 33 patients and were
found decreased after idebenone administration (24). Granular
iron deposits suggestive of mitochondrial iron overload can be
detected in heart and other tissues from FRDA patients (18,19),
and evidence of impaired mitochondrial iron homeostasis has
also been found in cultured FRDA cells (22,23,51). Similarly,
neuron/cardiac frataxin deficient mice develop early iron-
sulfur cluster-containing enzyme defects and time-dependent
mitochondrial iron accumulation (10).

Our findings provide a lead to explain the apparent involvement
of frataxin in such diverse processes as cellular iron homeostasis,
iron-sulfur cluster maintenance, energy metabolism and
protection from oxidative damage. By functioning as an iron
storage protein, frataxin could be able to keep iron in bioavailable
and non-toxic form, just like ferritin. Moreover, by performing
this function in the mitochondrial matrix, frataxin could play
overlapping roles in heme and/or iron-sulfur cluster biogenesis
and thus energy metabolism. Conversely, a deficiency of
frataxin might favor iron participation in oxygen radical reactions
and over time lead to accumulation of insoluble iron oxides
within mitochondria. It has been suggested that continuous

Table 1. Binding of 55Fe by m-fxn in the yfh1∆[FRDA] strain

Data represent the percentage of the total c.p.m. measured in each yeast cell
extract before any treatment (∼13.5 × 106 c.p.m., equal to ∼9 nmol 55Fe).
The means ±SD determined in six independent experiments are shown.

Protein A Preimmune serum + protein A Anti-fxn antibodies + protein A

0.74 ± 0.52 0.34 ± 0.18 5.55 ± 2.15

P = 0.1 versus protein A P = 0.002 versus protein A
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oxidative damage to iron-sulfur clusters from impaired induction
of superoxide dismutase genes may contribute to mitochondrial
iron accumulation in frataxin-deficient cells (16). Our findings
further suggest that lack of frataxin may cause mitochondrially-
generated O2·

– to preferentially react with excess Fe3+ in the
mitochondrial matrix. This reaction could interfere with signaling
to the SOD genes and at the same time promote Fenton chemistry
by recycling Fe3+ to Fe2+ (52).

The existence of mitochondrial iron ligands required to
maintain iron in bioavailable and non-toxic form has been
postulated since early studies showing that approximately one-
third of the total mitochondrial iron is not bound in heme or
iron-sulfur clusters and is bioavailable (46,53). A recently
identified human mitochondrial ferritin could play an important
role in mitochondrial iron management (54). The fact that this
protein has a limited tissue distribution (54), however, implies
the existence of additional iron ligands. Flatmark and Romslo
(53) reported previously that a hydrophilic molecule with MW
>106, different from ferritin, might represent the main iron
ligand in the matrix of rat liver mitochondria. Frataxin has a
broad tissue distribution and is particularly induced in tissues
with high oxygen consumption (2) and, therefore, represents
an ideal candidate to perform this role (5). The assembly and
iron-binding properties of human frataxin are consistent with
this model and should provide a framework for future studies
to address the mechanism of action of frataxin and the
biochemical consequences of frataxin deficiency.

MATERIALS AND METHODS

Expression and purification of m-fxn

A DNA fragment including an ATG codon in frame with
codons 56–210 of human frataxin was synthesized by PCR
using a forward primer with an NdeI site (5′-ttattattacatatgagt-
tcgaaccaacgtggcctc-3′) and a reverse primer with a stop codon
and an EcoRI site (5′-ccgaattcattaagcatcttttccggaataggc-
caagga-3′). This product was cloned downstream of the T7
promoter in vector pET24a(+) (Novagen) and sequenced
completely. The resultant pETHF-2 vector was transformed
into E.coli strain BL21(DE3) (Novagen) to produce the
BL21(DE3)[pETHF-2] strain. Protein expression and purifica-
tion were performed in three chromatographic steps including
Macro-Prep DEAE (Bio-Rad), High Q (Bio-Rad), and
Superdex 200 (Amersham Pharmacia Biotech), as described
for yeast frataxin (28) with the modifications noted below. The
bacterial lysate was loaded onto a Macro-Prep DEAE column,
and a 1 l linear gradient, from 50 to 550 mM NaCl, in 20 mM
Tris–HCl pH 8.0, 5 mM mannitol, was applied. The protein
was eluted at a flow rate of 10 ml/min in two main pools, from
91 to 166 mM NaCl (low-salt DEAE pool; 170 ml), and from
380 to 500 mM NaCl (high-salt DEAE pool; 180 ml). Each
pool was diluted to 600 ml and separately loaded onto a High Q
column, and a 500 ml linear NaCl gradient was applied as
described above. Most m-fxn from the low-salt DEAE pool
eluted between 111 and 178 mM NaCl (low-salt High Q pool),
and most m-fxn from the high-salt DEAE pool between 432
and 550 mM NaCl (high-salt High Q pool). These two pools
were concentrated to 1 ml each by ultrafiltration, they were

separately loaded onto a Superdex 200 column and eluted with
10 mM HEPES–KOH pH 7.4, 150 mM NaCl, 5 mM mannitol,
at a flow rate of 1.5 ml/min. Low- and high-MW pools were
recovered from the low- and high-salt High Q pools,
respectively. The purified protein was stored at a concentration
of ∼0.5–2 mg/ml at room temperature (high-MW m-fxn) or
4°C (low-MW m-fxn). This procedure was reproducible
regarding yield (∼1 mg for high-MW and ∼2.5 mg for low-MW
m-fxn) and purity (>90%). Protein concentration was
determined by the BCA kit (Pierce). ESI-MS and ICP were
performed on m-fxn samples as previously described (28). For
Sephacryl 300 chromatography, we used a 16 mm × 60 cm
Sephacryl S-300 HR column from Amersham Pharmacia
Biotech. The high-salt High Q pool was concentrated to 1 ml
and loaded on this column, and protein was eluted with 10 mM
HEPES–KOH pH 7.4, 150 mM NaCl, 5 mM mannitol, at a flow
rate of 0.5 ml/min.

In vitro iron loading, native PAGE and western blotting

High-MW m-fxn (10–100 µM) was aerobically incubated with
ferrous ammonium sulfate (Fe:m-fxn ratio of 10:1) in 10 mM
HEPES–KOH pH 7.4, for 2 h at room temperature or 1 h at 30
or 37°C. Samples were centrifuged at 20 800 g for 10 min at
4°C to eliminate insoluble material, and aliquots of the super-
natant were analyzed for iron and protein content by ICP and
SDS–PAGE, respectively. In some experiments, iron-loaded
m-fxn was re-isolated by gel filtration and its iron and protein
content determined by ICP and SDS–PAGE. Similar
iron:protein ratios were obtained by these procedures. Iron
loading of horse spleen apoferritin (Sigma) was carried out as
described (33). For native PAGE we used a discontinuous
system consisting of a 3.8% T stacking gel (pH 6.8) and a 7%
or 5% T separating gel (pH 8.9) prepared from a 40:1.7 ratio
acrylamide:bisacrylamide stock solution. Electrophoresis was
started at 100 V, shifted to 200 V after the samples had entered
the separating gel, and continued for an additional 120 (7% PAGE)
or 180 min (5% PAGE) after the dye had reached the bottom of
the gel (12.5 cm total length). Gels were soaked for 30 min in
192 mM glycine, 25 mM Tris Base, 0.1% SDS prior to protein
staining with Sypro Orange (Molecular Probes). For iron
staining, gels were incubated with a freshly prepared solution
of 100 mM potassium ferricyanide in 0.1 M HCl for 60 min in
the dark at room temperature, rinsed with water, and dried
(54). Dried gels were scanned in a ScanJet ADF (Hewlett
Packard). For western blotting, native gels were soaked for 30 min
in 120 mM glycine, 15.6 mM Tris Base, 0.1% SDS, 20% methanol,
and blotted onto a polyvinylidene fluoride membrane (Millipore)
in the same buffer.

Electron microscopy

Carbon-coated grids were glow-discharge activated (55).
Samples (5 µl; ∼0.1 mg/ml) were applied and allowed to
absorb for 30 s, after which samples were stained with 2%
uranyl acetate and examined in a Philips CM100 electron
microscope at 80 kV. Unstained samples were examined
directly after absorption. Images were recorded using
a MegaView II CCD camera at a primary magnification of
64 000× corresponding to a pixel size of 0.97 nm.
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In vivo analyses

For in vivo analysis of human frataxin, strain yfh1∆[FRDA]
(44) was grown in 10 ml of 1% yeast extract, 2% peptone, 2%
dextrose, at 30°C to an OD600 of 3–5. Cells were harvested by
centrifugation, washed with water and diluted to ∼1 g (wet
weight) per ml in 10 mM HEPES–KOH pH 7.4, 5 mM
mannitol, containing one tablet per 50 ml of complete EDTA-free
protease inhibitors (Boehringer Mannheim). Glass beads (350 mg
of 425–600 µm beads; Sigma) were added to 500 µl of this
suspension in an Eppendorf tube and the cells were broken by
vortexing four times for 1 min at room temperature with 1 min
intervals on ice. Beads and cell debris were removed by
centrifugation for 5 min at 420 g, and 1% Triton X-100 was
added to the samples that were subsequently incubated for 30 min
on ice and finally centrifuged for 30 min at 100 000 g at 4°C.
The supernatant (∼12 mg total protein) was collected, further
clarified through a 0.22 µm filter (Costar), and immediately
analyzed on a 7.5 mm × 30 cm column packed with 13 ml of
Superdex 200. 500 µl total extract were loaded on the column
and proteins were eluted with 14 ml of 10 mM HEPES–KOH
pH 7.4, 150 mM NaCl, 5 mM mannitol, containing one tablet
per 50 ml of complete EDTA-free protease inhibitors, at a flow
rate of 0.4 ml/min. Fractions (500 µl) were collected, concen-
trated to 50 µl by use of Ultrafree-0.5 cells (nominal MW limit
5000) (Millipore), and stored at –70°C. Fractions that eluted
from the Superdex 200 column between the void volume and
molecular mass ≥5 kDa were analyzed by 12.5% SDS–PAGE
and western blotting as previously described (4). For immuno-
precipitation of iron-loaded frataxin, the yfh1∆[FRDA] strain
was grown in medium supplemented with 31 µM 55FeCl3
(NEN) and total cell extracts were prepared as described
above, except that after treatment with Triton X-100 the
homogenate was clarified by centrifugation for 10 min at 20 800 g.
The supernatant (∼13.5 × 106 c.p.m.) was pre-treated with 100 µl
of protein A–Sepharose beads for 1 h at room temperature.
After removal of the beads, the supernatant was incubated with
10 µl of anti-human frataxin antiserum for 10 h at 4°C, and
immunocomplexes were precipitated by an additional 100 µl
of protein A–Sepharose. After removal of the beads, the super-
natant, which still contained >90% of the c.p.m. present before
treatment with protein A–Sepharose, was further treated with
10 µl of a rabbit pre-immune serum for 10 h at 4°C, followed by
100 µl of protein A–Sepharose. At each step, protein A–Sepharose
beads were washed twice with 10 mM HEPES–KOH pH 7.4,
100 mM NaCl, resuspended in buffer, and counted. For calcula-
tions, 1 µl of the 55FeCl3 stock was also counted (∼9 × 106 c.p.m.
= 6 nmol Fe). The total mitochondrial iron present in each
extract was estimated as follows. We showed previously that
the yfh1∆[FRDA] strain contains 1.3 nmol Fe/mg mitochondrial
protein (44), and we know that under the growth conditions
used for 55Fe labeling this strain typically yields ∼0.07 mg
mitochondrial protein/ml of culture. Each of the extracts
subjected to immunoprecipitation was prepared from a 10 ml
culture, corresponding to ∼0.7 mg mitochondrial protein and,
thus, ∼0.9 nmol mitochondrial iron.

Hearts were derived from wild-type C57BL6 mice in
compliance with institutional guidelines and stored at –70°C.
Frozen tissue was minced with a razor blade and homogenized
in 500 µl of ice-cold 10 mM HEPES–KOH pH 7.4, 5 mM
mannitol, containing one tablet per 50 ml of complete EDTA-free

protease inhibitors. Following centrifugation at 420 g for 5 min,
1% Triton X-100 was added to the supernatant which was
subsequently incubated for 30 min on ice, and centrifuged at
100 000 g for 30 min at 4°C. Protein concentration was deter-
mined in the supernatant and 10 mg total protein (final volume
500 µl) was analyzed by gel filtration and western blotting as
described above for total yeast extracts.

To produce polyclonal antibodies against human frataxin,
isolated m-fxn was injected into two rabbits. Total immune
sera from these animals recognized a protein of ∼17 kDa, that
we have shown previously to correspond to the form of
frataxin detected in human tissues (4). Monoclonal anti-yeast
Pgk1p antibody was purchased from Molecular Probes. Polyclonal
antibodies against SCAD were a generous gift of Dr G.Vockley,
Mayo Clinic, Rochester, MN.
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