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Friedreich ataxia is a progressive neurodegenerative disorder caused by loss of function mutations in the frataxin
gene. In order to unravel frataxin function we developed monoclonal antibodies raised against different regions
of the protein. These antibodies detect a processed 18 kDa protein in various human and mouse tissues and cell
lines that is severely reduced in Friedreich ataxia patients. By immunocytofluorescence and immunocytoelectron
microscopy we show that frataxin is located in mitochondria, associated with the mitochondrial membranes and
crests. Analysis of cellular localization of various truncated forms of frataxin expressed in cultured cells and
evidence of removal of an N-terminal epitope during protein maturation demonstrated that the mitochondrial
targetting sequence is encoded by the first 20 amino acids. Given the shared clinical features between Friedreich
ataxia, vitamin E deficiency and some mitochondriopathies, our data suggest that a reduction in frataxin results
in oxidative damage.

INTRODUCTION

Progressive neurodegenerative diseases are conditions that
unrelentingly lead to severe physical disability or death. Neurons
with long myelinated axons running through the spinal cord are
affected by many of these diseases. These neurons may be
considered giant cells, which must bear a heavy burden for cell
maintenance and the underlying energy needs. The largest
neurons in the human body are those located in the dorsal root
ganglia of the spinal cord. The corresponding axons, that may be
more than 1 m long, run from the peripheral sensory endings
through the sensory nerves and the posterior columns of the spinal
cord, up to the medulla oblongata. These neurons are primarily
affected in Friedreich ataxia (FRDA), an autosomal recessive
progressive neurodegenerative disorder which is the most
common cause of inherited ataxia in the Caucasian population
(1). Other sites of neurodegeneration in Friedreich ataxia involve
neurons of the spinocerebellar and corticospinal tracts (2).

Non-neuronal lesions are also found in Friedreich ataxia,
including hypertrophic cardiomyopathy present in most patients.
Diabetes or glucose intolerance are common and possibly relate
to pancreatic deficiency. All the involved tissues are highly
sensitive to impaired energy production, as evidenced by their
frequent involvement in mitochondrial diseases (3).

Friedreich ataxia is most commonly caused by a large GAA
triplet repeat expansion within the first intron of the gene
encoding frataxin (4). The majority of patients (∼95%) are
homozygous for the GAA repeat expansion and the remaining
5% are compound heterozygous for the expansion and a point
mutation affecting the frataxin coding sequence. In patients
homozygous for the expansion there is a correlation between the
number of GAA repeats on the smaller allele and age of onset,
disease progression and cardiomyopathy (5–9), confirming that
the expansion is the primary cause of the disease. The expansion
causes severely reduced levels of mature frataxin mRNA (4,10).
The existence of nonsense and splice mutations leading to the
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same clinical presentation as homozygous expansions and the
reduced levels of frataxin mRNA found associated with
homozygous expansions indicate that Friedreich ataxia is due to
loss of frataxin function.

Frataxin is a predicted 210 amino acid protein with no
homology with proteins of known function. Related genes have
been found in the mouse (11) and, as anonymous open reading
frames (ORFs), in the nematode Caenorhabditis elegans and in
yeast (4). Frataxin also shows low but significant similarity with
the CyaY proteins of Gram-negative bacteria, whose function is
unknown (12). The domain encoded by human exons 3–5 shows
the highest conservation throughout evolution.

In order to unravel how frataxin loss of function causes the
disease, we sought to identify frataxin in cells of normal and
affected individuals. We developed specific monoclonal antibodies
(mAbs) raised against different regions of the protein. These mAbs
detect an 18 kDa protein that is severely reduced in tissues of
FRDA patients. An inverse correlation was observed between the
amount of protein and expansion size on the smaller allele. Using
immunofluorescence and immunoelectron microscopy we show
that frataxin localizes within the mitochondria and we found that
the mitochondrial target sequence is encoded by exon 1 of the
frataxin gene.

RESULTS

Antibody production and characterization

In order to develop mAbs against frataxin the complete coding
sequence of human frataxin was cloned in the prokaryotic
expression vector pATH (13). Overexpression of pATH
constructs in Escherichia coli produced fusion proteins
(containing the TrpE bacterial protein at the N-terminal end) as
inclusion bodies, which were isolated and injected into mice to
generate antibodies. Peptide A, a potentially immunogenic
peptide from the N-terminus (Fig. 1A), was also injected into
mice for mAb production. Mice sera and supernatants of positive
hybridoma clones were tested by Western blot of transfected
COS-1 cells overexpressing the full-length frataxin protein. Five
specific hybridomas were established, 1D4, 2D4, 2F10 and 1G2
raised against the fusion protein and 1H1 raised against
N-terminal peptide A. Under our experimental conditions
endogenous frataxin was undetectable in non-transfected COS-1
cells. On Western blots of transfected COS-1 cells all mAbs
detected an ∼30 kDa protein and smaller products that showed
intensity pattern variations, depending on the antibody used (Fig.
1B). The full-length 30 kDa frataxin expressed in COS-1 cells
was identical in size to the in vitro translated protein (data not
shown), excluding the possibility of major post-translational
modification.

In order to map the region of frataxin recognized by each
anti-fusion protein mAb we expressed different forms of frataxin
truncated at the C-terminus in COS-1 cells. Western blot analysis
of these constructs indicated that antibodies 1D4, 2F10 and 1G2
recognize epitopes encoded by exon 4, while antibody 2D4
recognizes an epitope encoded by exon 1 or 2 (Fig. 1B), as does
anti-peptide A antibody 1H1. An ELISA test with synthetic
polypeptides showed that mAbs 1H1 and 2D4 both recognize
peptide A (not shown). Antibodies 1D4, 2F10 and 1G2 do not
cross-react with overlapping peptides that encompass exon 4 and
flanking encoded sequences, suggesting that they recognize

Figure 1. Epitope mapping of frataxin antibodies. (A) Localization of the
epitopes recognized by the different antibodies with respect to the exon
boundaries, peptides A (CGLRTDIDATCTPRRASSNQRG) and B
(ERLAEETLDSLAEFFEDLADK) and the G130V mutation. (B) Different
forms of frataxin truncated at the C-terminus were overexpressed in COS-1 cells
and analysed by Western blot. Lane 1, full-length protein (exons 1–5); lane 2,
exons 1–4 (amino acids 1–161); lane 3, exons 1–3 (amino acids 1–128); lane 4,
exons 1–2 (amino acids 1–88). Antibodies 1D4, 2F10 and 1G2 recognize only
the forms including exon 4 (lanes 1 and 2), while antibody 2D4 detects an
epitope coded by exon 1 or 2 (lanes 1–4). mAb 1H1, raised against peptide A,
gave a pattern similar to 2D4 (not shown). The blot used with antibody 2F10
corresponds to a slightly shorter migration of the proteins. On extracts of the
full-length construct all mAbs detected an ∼30 kDa protein and smaller products,
depending on the antibody (the faint larger products seen with 2D4 in lane 2 and
with 1G2 in lane 1 are loading artifacts and not endogenous cross-reacting
proteins, since they are not seen in the other lanes with the same antibody).

conformational epitopes. In agreement with this hypothesis, mAb
1D4 showed cross-reaction with peptide B, encoded by exon 3
(Fig. 1A), but reacted on Western blot only when exon 4-encoded
sequences were also present.

Processed frataxin is decreased or absent in Friedreich
ataxia patients

Our strongest reacting antibody, mAb 1G2, was used to detect
endogenous frataxin on Western blots of normal human muscle,
heart, cerebellum and spinal cord extracts. In all tissues the 1G2
antibody detected an 18 kDa protein corresponding to one of the
major smaller products observed in transfected COS-1 cells (Fig.
2). This indicates that frataxin is processed into a smaller mature
form by proteolytic cleavage, the larger products presumably
representing intermediates of the maturation process. The same,
though fainter, band was obtained with mAbs 1D4 (Fig. 2A) and
2F10. mAbs 1H1 and 2D4 failed to detect endogenous frataxin,
indicating that the N-terminal epitope they recognize is removed
during maturation.

Proof that the 18 kDa protein is indeed frataxin was obtained
by analysis of Friedreich ataxia samples. When tested with mAb
1G2, the 18 kDa protein was reduced or absent in skeletal muscle
(Fig. 2B) and cerebral and cerebellar cortex (Fig. 2C) of all tested
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Figure 2. Processed frataxin is decreased in Friedreich ataxia patients. (A) Total protein extract (150 µg) from various control human tissues was immunoblotted with
mAb 1G2 (top) and 1D4 (bottom). Both mAbs detect an ∼18 kDa protein. Cross-reaction with the ∼50 kDa protein seen in the spinal cord sample with antibody 1G2
was not reproduced on two other Western blots (not shown). (B) Total protein extracts from muscle of Friedreich ataxia patients (FRDA, lanes 1–4) and normal
individuals (controls, lanes 5–8) were immunoblotted with mAb 1G2 (top). The same filter was reproved with anti-actin antibody after stripping the anti-frataxin
antibody (bottom). The sizes of the smaller expanded alleles of patients 2 and 4 are 570 and 370 GAA respectively. Patient 3 has a 670 GAA expansion and a missense
mutation in exon 4 (see Results). A DNA sample was not available from patient 1 but FRDA diagnosis was confirmed by the presence of an expansion in his carrier
sister (370 GAA). Cross-reaction of antibody 1G2 with myosin was verified by successive probing with 1G2 and an anti-myosin antibody on a different blot. The 70
kDa protein seen in lane 4 corresponds to a degradation product of myosin. The more extensive processing of frataxin in the transfected COS-1 cells compared with
Figures 1B and 2A is due to a longer expression time (66 versus 42 h) after transformation. (C) Immunoblots with anti-frataxin mAb 1G2 (top) of extracts from cerebral
and cerebellar cortex of Friedreich ataxia patients (lanes 1, 3, 4 and 6) and a normal individual (lanes 2 and 5). (D) Immunoblot of lymphoblast cell line extracts from
eight FRDA patients (lanes 1–7 and 9), two FRDA carriers (lanes 8 and 10) and a control (lane 11), probed with anti-frataxin antibody (top). Expansion sizes for the
patients are indicated above each lane (N, GAA repeats are <50). Blots (C) and (D) were reprobed with anti-tubulin mAb (bottom). Lanes 6 and 9 were overloaded
compared with the other lanes, explaining the apparently normal level of frataxin in sample 6 from a patient with a small expansion size (250 GAA). (E) Correlation
between size of the GAA repeats on the smaller allele and the level of residual frataxin in lymphoblastoid cell lines. The arrow points to the data point corresponding
to the ‘Acadian’ patient.

patients. mAb 1D4 generated a similar result, but also
cross-reacted with several unidentified proteins that did not show
variation between control and FRDA samples (not shown).
Relative loading of total protein extracts was verified by probing
the same blots with an antibody directed against a control protein
(actin or tubulin). One patient is a compound heterozygote for an
expansion mutation (GAA)670 and a missense mutation in exon
4 (G130V; M.Cossée, personal communication). This patient has
no detectable frataxin in his muscle (Fig. 2B, lane 3). We tested
whether the absence of detection could be due to absence of
binding by expressing the mutant form in COS-1-transfected
cells. Comparison with the 2D4 antibody, directed against the
frataxin N-terminus, indicated that 1G2 binding is affected by the
missense mutation (not shown), explaining in part the lack of
frataxin detection in this patient. This further maps the 1G2
epitope in the first part of the exon 4-encoded sequence.

Correlation between age of onset, disease progression and the
expansion mutation suggested that the length of the expansion
modulates the amount of residual frataxin present in patients and

hence clinical severity (5–9). To test this hypothesis we analysed
the amount of residual frataxin in lymphoblastoid cell lines from
eight Friedreich ataxia patients with known GAA expansion sizes
(Fig. 2D). The residual amount of frataxin varied between 4 and
29% of the level in the normal control. Some inverse correlation
was observed between the residual frataxin level and size of the
GAA repeat on the smaller allele (GAA1, r = –0.51) (Fig. 2E).
Inspection of the data showed that in seven patients the residual
frataxin level appeared to be strongly dependent on the size of
GAA1 (r = –0.84, P = 0.009), but a single patient (lane 7) had a
much higher residual frataxin level than expected from expansion
size. While the other seven patients have typical FRDA and
evident neurological impairment, this patient is a 12-year-old,
almost asymptomatic individual with ‘Acadian’ FRDA, a milder
form of FRDA observed in a specific population with a founder
effect (7,14) who came to medical attention only because of a
slight pes cavus foot deformity, without any ataxia symptoms.
Neurological examination in this case revealed absent reflexes
but normal coordination and deep sensation.



 

Human Molecular Genetics, 1997, Vol. 6, No. 111774

Frataxin is a mitochondrial protein

A major clue for unravelling the function of a new protein is to
identify its subcellular localization. Immunocytofluorescence with
antibody 1G2 revealed granular cytoplasmic staining in transfected
COS-1 and HeLa cells overexpressing frataxin (Fig. 3A), as well
as in non-transfected cultured mouse astroglial and neuronal cells
with only endogenous frataxin expression (Fig. 3B). Staining often
appeared elongated and sometimes fibrillar, a typical morphology
for mitochondria. To confirm the mitochondrial identity of the
frataxin-positive cytoplasmic organelles, double indirect immuno-
cytofluorescence was first performed in transfected HeLa cells.
Identical staining was obtained with both mAb 1G2 (red) and an
autoimmune anti-mitochondrial antibody (Menarini Diagnostic;
green). Co-localization of the two antibodies was demonstrated by
the appearance of an intermediate colour (yellow; Fig. 3A).
Subcellular localization of frataxin was not altered by
overexpression, since identical staining was again obtained in
non-transfected mouse astroglial and neuronal cells using mAb
1G2 (red) and MitoTracker Green (Molecular Probes), a
mitochondrial-specific fluorescent dye (Fig. 3B). Frataxin staining
appeared very strong in the axons of cultured neurons,
corresponding to the high number of mitochondria in axons, where
high energy consumption takes place.

We obtained independent support for a mitochondrial
localization of endogenous frataxin by subcellular fractionation
using differential centrifugation. Frataxin was detected weakly in
the low speed nuclear pellet fraction (P1), which contains mostly
nuclei and cytoskeletal elements. After centrifugation at high
speed, the post-mitochondrial supernatant contained almost no
detectable frataxin and the twice washed mitochondrial pellet
(P2) showed a very clear frataxin enrichment (Fig. 4).
Co-purification of frataxin with subunit II of cytochrome c
oxidase in the P2 fraction supports the hypothesis that frataxin is
a mitochondria-associated protein.

We tested several truncated forms of frataxin in order to localize
the mitochondrial target signal. All C-terminally truncated frataxin
constructs were located in mitochondria, indicating that the
mitochondrial target signal is encoded in exon 1 or 2 (Fig. 5A).
N-terminally truncated frataxin that lacks exon 1-encoded
sequences presented with a diffuse cytoplasmic and nuclear
localization (Fig. 5B) and when both exons 1 and 2 encoded-
sequences are missing the truncated protein is not detected at all
(not shown). The mitochondrial target signal was further localized
by fusing the N-terminal portion of frataxin to a fluorescent tag,
green fluorescent protein (GFP). The first 20 amino acids of
frataxin were sufficient to target a GFP fusion protein to the
mitochondria, as shown by the similar pattern revealed by GFP
fluorescence (Fig. 5D) and by the autoimmune anti-mitochondrial
antibody (Fig. 5E). Since basic amino acids are important residues
in the consensus of the mitochondrial signal peptide (15), we
mutated the two arginine residues at positions 6 and 7 into prolines
in the full-length frataxin expression vector. The resulting protein,
detected with mAb 1G2, appeared to have a diffuse cytoplasmic
and nuclear localization (not shown).

Immunocytoelectron microscopy (EM) was performed by
peroxidase pre-embedding staining on transfected HeLa cells
overexpressing full-length frataxin, due to the low abundance of
endogenous frataxin. It was important to permeabilize the cellular
membranes with saponin, a mild detergent, in order to allow
antibody penetration with minimal damage to cell morphology.
Ultrathin sections were analysed by EM with no counterstaining.
The labelling was located at the level of the mitochondrial
membranes and crests (Fig. 6). The negative control (omission of
1G2 antibody) was devoid of electron-dense deposit. The results
indicate that frataxin localizes at or near the inner mitochondrial
membrane.

DISCUSSION

The discovery of a large intronic trinucleotide expansion as the
cause of an autosomal recessive disease was unexpected and
raised the question of the pathogenetic mechanisms involved.
Initial experiments, first by semi-quantitative PCR (4) and then
by RNase protection (10), indicated that the level of frataxin RNA
is severely reduced in patients. These results, and the finding of
truncating point mutations in the frataxin gene causing the same
clinical presentation (4), suggested a loss of function mechanism,
in accordance with the recessive mode of inheritance of the
disease. In order to unravel the function disrupted by frataxin
mutations and to directly test the steady-state amount of frataxin
present in patients, we raised specific monoclonal antibodies. The
molecular weight of the full-length frataxin molecule produced
from an eukaryotic expression vector appeared larger than
predicted (30 versus 23 kDa), suggesting either post-translational
modification or aberrant electrophoretic mobility. The identity in
size with full-length frataxin produced in an in vitro translation
assay indicated that frataxin has aberrant electrophoretic
mobility. The finding of smaller products in overexpressing
COS-1 cells suggested that frataxin is processed. Detection of
endogenous frataxin in human tissues confirmed this hypothesis.
A single 18 kDa protein is detected with mAbs 1G2, 1D4 and
2F10 and corresponds to the major processed form seen in
overexpressing COS-1 cells. The absence of detection of the
mature frataxin form with mAbs 1H1 and 2D4 indicates that the
N-terminus is removed during processing at least up to the end of
exon 1, which accounts for ∼6 kDa of the total size decrease.

The severe reduction in the amount of the 18 kDa protein
observed in muscle and lymphoblastoid cell lines from FRDA
patients proves that it is indeed frataxin and is in full agreement
with the previously observed reduction in the frataxin transcript
(10). Clinical and molecular studies of a large series of patients
demonstrated that the length of the smaller expanded allele
accounts for 50% of the variance in age of onset, suggesting that
a milder presentation might be the consequence of higher residual
frataxin present in the tissues of patients (5–9). We found an
inverse correlation between the amount of protein produced in
lymphoblastoid cell lines of seven typical FRDA patients and the
length of the repeat expansion on the smaller allele. Strong
departure from the curve was observed in a single, almost

Figure 3. Transfected and endogenous frataxin co-localize with mitochondria. (A) HeLa cells that had been transiently transfected with the frataxin gene were double
stained with frataxin mAb 1G2 (red) and anti-mitochondria human serum (green). Green and red signals overlap (yellow pattern), indicating co-localization of frataxin
in mitochondria. (B) (Left) Immunofluorescence analysis of non-transfected mouse astroglial and neural cells showing that staining of endogenous frataxin (red) is
similar to the pattern obtained by staining with MitoTracker (green). (Right) Granular localization of endogenous frataxin in the projections of astroglial cells (centre)
and in the axon of a neuron (cell body on the bottom right).
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Figure 4. Frataxin is in the same subcellular fraction as cytochrome c oxidase.
Successive probing of a Western blot of subcellular fractions of a human
lymphoblastoid cell line with anti-frataxin 1G2 (top), anti-subunit II of
cytochrome c oxidase (middle) and anti-ataxin 3 antibodies (bottom). P1,
nuclei; P2, plasma membranes and mitochondria; P3, endoplasmic reticulum
membranes and peroxisomes; P4, microsomes; S, supernatant. The protein
detected immediately below ataxin 3 is a cross-reacting product from the
previous antibody, showing the presence of proteins in fractions P1, P3 and P4.
Analysis of the same fractions with anti-FMR1 antibodies (35) revealed, as
expected, a clear enrichment in the P3 and P4 fractions (not shown).

asymptomatic ‘Acadian’ patient. Interestingly, FRDA patients of
‘Acadian’ origin have a significantly milder phenotype which
could not be accounted for by differences in expansion size or by
differences in the frataxin coding sequence (7). Reduction of
frataxin amount appears therefore to represent the molecular
basis of the clinical variability in severity and age of onset and is
a consequence of the expansion mutation. The finding in the
single ‘Acadian’ patient, if confirmed in additional cases from the
same population, suggests, however, the existence of sequence
variants resulting in higher expression of the frataxin gene.

A study based on the identification of very rare transcripts
suggested that Friedreich ataxia might be due to a defect of hybrid
molecules comprising both frataxin and a phosphatidyl-
inositol-4-phosphate 5-kinase domain encoded by the
neighbouring gene (16). The significance of these rare transcripts
in relation to the pathology is highly questionable, particularly in
the light of a Friedreich ataxia-causing mutation in the initiating
ATG that is not translated in any of the described rare hybrid
transcripts (10). We show here that in several tissues there is a
single small protein containing frataxin sequences. The results fit
well with the presence of a major transcript detected on Northern
blots (4). A hybrid molecule containing both frataxin and the
phosphatidylinositol-4-phosphate 5-kinase domain would have a
larger molecular weight and therefore cannot be the 18 kDa
protein absent in Friedreich ataxia patients, seriously challenging
the role of phosphatidylinositol-4-phosphate 5-kinase in the
pathology of the disease.

We sought to define the subcellular localization of frataxin, as
a first step in unraveling its function. Frataxin clearly appears to
be localized in mitochondria in both overexpressing, transfected
cells and non-transfected astrocytes and neurons, the latter being
a cell type that degenerates in FRDA. This subcellular
localization clarifies several aspects of frataxin expression and
phylogeny. Frataxin is highly expressed in tissues that are rich in

mitochondria, such as liver, heart, pancreas and muscle (4), but
also in brown fat, thymus and kidney (11). Frataxin is highly
conserved throughout evolution (4) and its most distant relative
is the CyaY protein of Gram-negative bacteria. The fact that
Gram-negative bacteria share a common ancestor with the
precursor of eukaryotic mitochondria led Gibson et al. (12) to
speculate that the frataxin gene might be an ancestral
mitochondrial gene that underwent transfer to the nuclear genome
during mitochondrial/host cell endosymbiosis. Knock-out of the
yeast frataxin counterpart led to a rho– phenotype with deficiency
of mitochondrial respiration (11,17,18). The biochemical defect
in patients must certainly be more subtle than in yeast, in order to
account for the very slowly progressive nature of the disease,
possibly reflecting the presence of residual frataxin. No alteration
in mitochondrial DNA of Friedreich ataxia patients has been
observed in 10 lymphoblastoid cell lines and two heart samples
tested by large fragment PCR (19; A.Rötig, personal
communication) and in one heart and three brain samples tested
by Southern blot (M.Pandolfo and E.Shoubridge, unpublished
results). The mitochondrial localization of frataxin definitively
establishes FRDA as a mitochondrial disease caused by loss of
function of a nuclear-encoded protein. We also demonstrate that
human frataxin contains a functional mitochondrial targeting
signal, despite the low match with the mitochondrial targeting
sequence consensus. A mitochondrial targeting signal was
predicted from analysis of the yeast and mouse frataxin sequences
(11). The mitochondrial targeting signal is located within the first
20 amino acids and is cleaved during mitochondrial import and
maturation.

Mitochondrial dysfunction has long been suggested for
Friedreich ataxia (20) because mitochondria have special
relevance for the three most affected tissues in the disease, i.e.
neurons, heart and pancreas. However, no consistent metabolic
dysfunction had been observed to support a mitochondrial defect
in Friedreich ataxia. Mitochondrial enzyme assays have so far
been inconclusive, with unconfirmed reports of reduced activity
for a few enzymes [for example glutamate dehydrogenase (21),
mitochondrial malic enzyme (22), NADH cytochrome c
reductase, succinate dehydrogenase and succinate cytochrome c
reductase (23)]. On the other hand, some mitochondrial diseases,
such as MERRF (24), NARP (25) and Leigh syndrome (26),
share clinical features with FRDA, including ataxia, peripheral
neuropathy and cardiomyopathy. Striking clinical similarities
between Friedreich ataxia and ataxia with isolated vitamin E
deficiency (AVED) (27) may give a clue to frataxin function.
AVED is caused by mutations in the α-tocopherol transfer protein
(28). Vitamin E is a lipid-soluble antioxidant and free radical
scavenger found in cell membranes. It is most abundant in the
nuclear and mitochondrial membranes (29). In an in vitro assay
on rat liver mitochondria, vitamin E, but not superoxide
dismutase, was shown to have a protective role against both lipid
peroxidation and mitochondrial DNA damage (30). On the other
hand, mitochondria are known to be the most important
physiological source of superoxide radicals in animal cells
(31,32). Strong support in favour of free radical toxicity in
Friedreich ataxia comes from studies of the yeast model.
Knock-out of the corresponding frataxin gene led to
hypersensitivity to hydrogen peroxide and iron (17,18). Iron
measurements in the mutant yeast revealed a 10-fold increase in
mitochondrial iron, while total iron content was roughly normal.
Yeast frataxin was excluded from the mitochondrial outer
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Figure 5. The first 20 amino acids of frataxin are sufficient for mitochondrial targeting. (A) Immunofluorescence of a transiently transfected HeLa cell with a construct
expressing only exons 1 and 2 of frataxin. The truncated protein was detected using mAb 1H1. (B) Detection of an N-terminally truncated frataxin lacking exon 1
with mAb 1G2. In (A) and (B) frataxin stained in red and DNA stained in blue with Hoescht 33258. (C) Staining pattern of a transiently transfected HeLa cell with
a construct expressing the fluorescent protein GFP alone. (D) Expression of the first 20 amino acids of frataxin (MWTLGRRAVAGLLASPSPAQ) fused at the
C-terminus with GFP in transiently transfected HeLa cells. The staining matches that with the anti-mitochondria antibody (E). The two arginines underlined in the
targeting sequence were simultaneously mutated in subsequent experiments (see Results).

membrane (17) and we found human frataxin in the
mitochondrial membranes and crests, suggesting that frataxin is
located at or near the inner mitochondrial membrane. Frataxin
might therefore be involved with iron transport through the
membrane or with electron transport by cytochromes and iron
sulphur proteins of the mitochondrial inner membrane. Alteration
of iron metabolism due to a reduction in frataxin would cause
overproduction of free radicals within the mitochondria through
the iron-catalysed Fenton chemistry, resulting in a
neurodegenerative pathway similar to that seen in isolated
vitamin E deficiency. Demonstration that mitochondrial iron
metabolism is altered in Friedreich ataxia is needed to confirm
that the most frequent hereditary ataxia can be added to the
growing list of neurodegenerative diseases caused by free radicals
and reactive oxygen species (33,34).

MATERIALS AND METHODS

Construction of expression vectors

The complete coding sequence of frataxin was constructed by
PCR amplification of a genomic fragment from positions +1 to

+164 and cloning into the EcoRI and ClaI sites of the frataxin
RACE cDNA (4), followed by addition of the XbaI–HindIII 3′
fragment of EST clone 126314 (positions +270 to +1000)
(Washington University–Merck EST Project). The PCR 5′ primer
contained an artificial EcoRI site introduced for cloning purposes.
Synthesis of frataxin for immunization was achieved by cloning
the entire coding sequence in the EcoRI and HindIII sites of the
pATH1 prokaryotic expression vector (13) and production of a
TrpE–frataxin fusion protein.

Frataxin was also expressed in eukaryotic cells by cloning the
complete coding sequence or different fragments of the frataxin
cDNA into the pTL1 expression vector (35). These fragments
were generated by PCR with appropriate primers flanked by
artificial restriction sites used for cloning. The same strategy was
used to construct the GFP expression vectors (pEGFP-C1;
Clontech) (36). Mutagenesis of the mitochondrial target sequence
and of Gly130 to Val was carried out by PCR with specific
primers containing the mutations. The ORF of all constructs
(including the PATH1 constructs) was verified by sequencing.
COS-1 and HeLa cells were transfected with the plasmids using
calcium phosphate precipitation (37). The full-length frataxin
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Figure 6. Immunoelectron microscopy reveals that frataxin is associated with mitochondrial membranes in transfected HeLa cells. (A) Negative control without
primary antibody. (B) Pre-embedding mAb 1G2 peroxidase immunodetection labels the mitochondrial external membranes (large arrow heads) and crests (small arrow
heads). M, mitochondria; N, nucleus. Scale bar 1 µm.

clone in the pTL1 expression vector was used in an in vitro
transcription and translation reaction with the TNT system
(Promega).

Monoclonal antibody production

Expression of the fusion protein by the pATH vector was induced
by growing cells in M9 medium with indolacetic acid and without
Trp (13). The fusion protein represented 50–80% of the proteins
found in inclusion bodies. Inclusion bodies were solubilized in 8
M urea and proteins were renaturated by sequential dialysis with
decreasing concentrations of urea. The synthetic peptide used for
immunization (peptide A, CGLRTDIDATCTPRRASSNQRG)
was conjugated to ovalbumin (Sigma) (38) prior to injection.
Mouse injections and fusions were carried out as described (35).
Hybridoma culture supernatants were screened using ELISA
tests, immunocytochemistry on COS-1 cells expressing the
full-length frataxin and Western blots. Five hybridomas were
established and the corresponding antibodies were produced in
mice ascites fluids. The weakly reacting antibodies were further
purified from ascite fluids by affinity with the TrpE–frataxin
fusion protein (39). Class and subclass were determined using an
isotyping kit (Amersham). mAbs 1G2, 2D4, 2F10 and 1H1 are all
IgG1,k and mAb 1D4 is a mixture IgG1,k and IgG2a,k.

Western blot analysis

Whole-cell extracts of transfected COS-1 and HeLa cells or of
lymphoblastoid cell lines were obtained by homogenization in
50 mM Tris–HCl, pH 8.0, 10% (v/v) glycerol, 5 mM EDTA,
150 mM KCl, 1 mM phenylmethylsulphonyl fluoride followed
by sonication. Insoluble material was removed by centrifugation
at 10 000 g at 4�C for 10 min. Extracts of human tissues were
obtained by grinding the frozen biopsies into powder with a pestle
and mortar and homogenization in SDS lysis buffer containing
100 mM Tris–HCl, pH 9.0, 2% SDS, 5% β-mercaptoethanol and
15% glycerol. The viscous extracts were heat denatured by
boiling for 5 min followed by extensive sonication (2 min) to
shear the DNA. Insoluble material was removed by
centrifugation and protein concentration was estimated by
SDS–PAGE with staining with Coomassie blue. Total protein
extracts (50–200 µg) were analysed on 12 or 15%
SDS–polyacrylamide gels. Proteins were transferred to nitro-
cellulose membranes which were blocked with 4% non-fat milk
and then incubated with the different primary antibodies,
anti-frataxin (ascites fluid diluted 1:5000 or 1:10 000), anti-ataxin
3 (Y.Trottier, unpublished results), anti-actin (Sigma) or
anti-subunit II of cytochrome c oxidase (a gift of Dr Anne
Lombès) overnight at 4�C. Secondary antibody (goat anti-mouse
or anti-rabbit IgG) coupled to peroxidase was used for detection
of the reaction with Supersignal Substrate Western blotting
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(Pierce, IL) or with the ECL kit (Amersham), according to the
manufacturers’ instructions. Quantitation of frataxin in
lymphoblast immunoblots was obtained by analysing auto-
radiograms on a video camera image with ISO 9000 software.
The intensity of each frataxin band was corrected according to the
intensity of the ∼50 kDa tubulin band obtained in the same lane
after rehybridization of the blot with control anti-tubulin
antibodies (Amersham). One homozygous normal individual and
two heterozygous carriers, assumed to have 50% frataxin, were
used as controls for the amount of frataxin. Measurements were
made in triplicate.

Immunocytofluorescence and immunocytoelectron
microscopy analysis

Differentiated striatal neurons and glia were generated from
normal mouse E14 striatal CNS stem cell cultures isolated from
embryonic CD1 albino mice, as described elsewhere (40).
Briefly, following mechanical dissociation E14 single striatal
cells were plated at a final density of 50 000 cells/cm2 in
SATO/N2 basal medium in the presence of 20 ng/ml epidermal
growth factor (EGF). Proliferating cultures were serially
passaged every 6 days, three times, by mechanical dissociation
and replating into the same EGF-containing medium. Six days
after the last subculturing single clones (spheres) of cells were
plated onto Matrigel (Becton Dickinson, Sparks, MD)-coated
glass coverslips and grown in the presence of EGF for an
additional 2 days after plating. Differentiation was then triggered
by EGF removal and the cells were allowed to differentiate in
EGF-free basal medium (control) for an additional 5 days. Viable
cultures were exposed for 40 min at 37�C to 200 nM MitoTracker
Green FM (containing a thiol-reactive chloromethyl moiety;
Molecular Probes, Eugene, Oregon) diluted in control medium.
Coverslips were rinsed once with control medium and once with
phosphate-buffered saline (PBS), pH 7,4 prior to fixation for 15
min with 4% paraformaldehyde in PBS. After rinsing with PBS,
coverslips were incubated for 10 min at room temperature in cold
acetone followed by double washings with PBS, 10% NGS.
Samples were then incubated for 1 h at 37�C with the primary
anti-frataxin monoclonal antibody 1G2, diluted 1:100 in PBS,
10% NGS. After thorough washing with PBS, 10% NGS cells
were reacted for 45 min at room temperature with secondary
rhodamine (TRITC)-conjugated goat anti-mouse antibody
(1:100; Boehringer Mannheim, Indianapolis, IN), rinsed three
times in PBS and mounted on glass slides with Fluorsave
(Calbiochem, La Jolla, CA). No labelling was ever observed in
control experiments in which primary antibody and/or
MitoTracker were omitted and neither was there evidence of
cross-reactivity between MitoTracker and the secondary
rhodamine (TRITC)-conjugated goat anti-mouse antibody.

Transfected HeLa cells, growing in Leighton tubes, were washed
in PBS, fixed in 4% paraformaldehyde (20 min) and permeabilized
in 0.05% Triton X-100 (3 × 5 min). Cells were then incubated for
16 h at 4�C with mAb 1G2 (ascites fluid 1:1000). Specifically
bound antibodies were directly revealed by Cy3-conjugated goat
anti-mouse antibody (Jackson Immunoresearch Laboratories). In
co-localization experiments a second human autoimmune
anti-mitochondrial primary antibody (Menarini diagnostics) was
added and revealed with a FITC- or Texas red-conjugated
anti-human antibody (Jackson Immunoresearch Laboratories).

For electron microscopy studies transfected cells growing in
Leighton tubes were fixed for 5 h at 4�C with 4%
paraformaldehyde, 0.1% glutaraldehyde, in 0.1 M phosphate
buffer, pH 7.3, and then incubated for 16 h at 4�C with antibody
1G2 (1:1000) in the presence of 0.1% saponin. The primary
antibody was revealed using the ABC method (Vector Laboratories
Inc., CA) and diaminobenzidine as peroxidase substrate.
Transfected cells were first detected at the optical level, then
processed for standard EM methods, sliced in ultrathin 70 nm
sections and transferred to electron microscopy grids. Control
experiments, where the primary antibody was omitted, were
performed in parallel.

Subcellular fractionation of lymphoblastoid cells

The method of Lee et al. (41) was used to separate nuclei and
cytoplasm. The cytoplasmic supernatant was further fractionated
according to standard differential centrifugation methods. Protein
concentration was determined by Bradford assay (42) and 100 µg
total protein were loaded per lane.
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