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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 Non-neuronal lesions are also found in Friedreich ataxia,
including hypertrophic cardiomyopathy present in most patients.
Progressive neurodegenerative diseases are conditions th&betes or glucose intolerance are common and possibly relate
unrelentingly lead to severe physical disability or death. Neuroms pancreatic deficiency. All the involved tissues are highly
with long myelinated axons running through the spinal cord amensitive to impaired energy production, as evidenced by their
affected by many of these diseases. These neurons mayfigguent involvement in mitochondrial diseases (3).
considered giant cells, which must bear a heavy burden for cellFriedreich ataxia is most commonly caused by a large GAA
maintenance and the underlying energy needs. The largégplet repeat expansion within the first intron of the gene
neurons in the human body are those located in the dorsal reoicoding frataxin (4). The majority of patient®%%) are
ganglia of the spinal cord. The corresponding axons, that may bemozygous for the GAA repeat expansion and the remaining
more than 1 m long, run from the peripheral sensory ending86 are compound heterozygous for the expansion and a point
through the sensory nerves and the posterior columns of the spimaltation affecting the frataxin coding sequence. In patients
cord, up to the medulla oblongata. These neurons are primariipmozygous for the expansion there is a correlation between the
affected in Friedreich ataxia (FRDA), an autosomal recessiveumber of GAA repeats on the smaller allele and age of onset,
progressive neurodegenerative disorder which is the madisease progression and cardiomyop&ng), confirming that
common cause of inherited ataxia in the Caucasian populatitite expansion is the primary cause of the disease. The expansion
(1). Other sites of neurodegeneration in Friedreich ataxia invohaauses severely reduced levels of mature frataxin mRNA (4,10).
neurons of the spinocerebellar and corticospinal tracts (2Jhe existence of nonsense and splice mutations leading to the
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same clinical presentation as homozygous expansions and - A
reduced levels of frataxin mMRNA found associated witt

homozygous expansions indicate that Friedreich ataxia is due NH , COOH

loss of frataxin function. L > T 3 T 4 | 5 1
Frataxin is a predicted 210 amino acid protein with nc 1 —_— —_— 210

homology with proteins of known function. Related genes hav pep A pep B

been found in the mouse (11) and, as anonymous open read 2D4 ] 1D4

frames (ORFs), in the nemato@aenorhabditis elegarend in 1H1 L—1 2F10

yeast (4). Frataxin also shows low but significant similarity witr L1 162

the CyaY proteins of Gram-negative bacteria, whose function
unknown(12). The domain encoded by humaorms 3-5 shows
the highest conservation throughout evolution.

In order to unravel how frataxin loss of function causes th B
disease, we sought to identify frataxin in cells of normal an

affected individuals. We developed specific monoclonal antibodie v s aile e d) e S e G
(mAbs) raised against different regions of the protein. These mAl i

detect an 18 kDa protein that is severely reduced in tissues 30kD— s; = _ g g
FRDA patients. An inverse correlation was observed between t 20kD- =0 i P
amount of protein and expansion size on the smaller allele. Usi - =
immunofluorescence and immunoelectron microscopy we sho

that frataxin localizes within the mitochondria and we found the 2D4 1D4 2F10 162

the mitochondrial target sequence is encoded by exon 1 of t
frataxin gene.

Figure 1. Epitope mapping of frataxin antibodie#\)(Localization of the
epitopes recognized by the different antibodies with respect to the exon
RESULTS boundaries, peptides A (CGLRTDIDATCTPRRASSNQRG) and B
(ERLAEETLDSLAEFFEDLADK) and the G130V mutationB) 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,
In order to develop mAbs against frataxin the complete codingyons 1-2 (amino acids 1-88). Antibodies 1D4, 2F10 and 1G2 recognize only

sequence of human frataxin was cloned in the prokaryotighe forms including exon 4 (lanes 1 and 2), while antibody 2D4 detects an
expression vector pATH (13)_ Overexpression of pATH epitope coded by exon 1 or 2 (lanes 1-4). mAb 1H1, raised against peptide A,

constructs in Escherichia coli produced fusion proteins gave a pattern similar to 2D4 (not shown). The blot used with antibody 2F10
S . - . orresponds to a slightly shorter migration of the proteins. On extracts of the
(containing the TrpE bacterial protein at the N-terminal end) aﬁjll—length construct all mAbs detected@0 kDa protein and smaller products,

inclusion bodies, which were isolated and injected into mice tQepending on the antibody (the faint larger products seen with 2D4 in lane 2 and
generate antibodies. Peptide A, a potentially immunogeniwith 1G2 in lane 1 are loading artifacts and not endogenous cross-reacting
peptide from the N-terminus (Fig. 1A), was also injected intoproteins, since they are not seen in the other lanes with the same antibody).
mice for mAb production. Mice sera and supernatants of positive

hybridoma clones were tested by Western blot of transfecte@nformational epitopes. In agreement with this hypothesis, mAb
COS-1 cells overexpressing the full-length frataxin protein. Fiv@ b4 showed cross-reaction with peptide B, encoded by exon 3

specific hybridomas were established, 1D4, 2D4, 2F10 and 1QFig. 1A), but reacted on Western blot only when exon 4-encoded
raised against the fusion protein and 1H1 raised againgéquences were also present.

N-terminal peptide A. Under our experimental conditions
endogenous frataxin was undetectable in non-transfected COS$s o — ;
cells. On Western blots of transfected COS-1 cells all mAt%tpg)zgspS:&jefr:?;axm 's decreased or absent in Friedreich
detected aiBO kDa protein and smaller products that showe
intensity pattern variations, depending on the antibody used (FiQur strongest reacting antibody, mAb 1G2, was used to detect
1B). The full-length 30 kDa frataxin expressed in COS-1 cellgendogenous frataxin on Western blots of normal human muscle,
was identical in size to thia vitro translated protein (data not heart, cerebellum and spinal cord extracts. In all tissues the 1G2
shown), excluding the possibility of major post-translationahntibody detected an 18 kDa protein corresponding to one of the
modification. major smaller products observed in transfected COS-1 cells (Fig.
In order to map the region of frataxin recognized by eacRB). This indicates that frataxin is processed into a smaller mature
anti-fusion protein mAb we expressed different forms of frataxifiorm by proteolytic cleavage, the larger products presumably
truncated at the C-terminus in COS-1 cells. Western blot analysispresenting intermediates of the maturation process. The same,
of these constructs indicated that antibodies 1D4, 2F10 and 1@&ugh fainter, band was obtained with mAbs 1D4 (Fig. 2A) and
recognize epitopes encoded by exon 4, while antibody 2D2F10. mAbs 1H1 and 2D4 failed to detect endogenous frataxin,
recognizes an epitope encoded by exon 1 or 2 (Fig. 1B), as daedicating that the N-terminal epitope they recognize is removed
anti-peptide A antibody 1H1. An ELISA test with syntheticduring maturation.
polypeptides showed that mAbs 1H1 and 2D4 both recognizeProof that the 18 kDa protein is indeed frataxin was obtained
peptide A (not shown). Antibodies 1D4, 2F10 and 1G2 do ndiy analysis of Friedreich ataxia samples. When tested with mAb
cross-react with overlapping peptides that encompass exon 4 dr@2, the 18 kDa protein was reduced or absent in skeletal muscle
flanking encoded sequences, suggesting that they recogni#gg. 2B) and cerebral and cerebellar cortex (Fig. 2C) of all tested

Antibody production and characterization



Human Molecular Genetics, 1997, Vol. 6, No. 1773

A B

B
& ‘?ﬁf Comss G
. . FAODa  Controls
m-.@légi?q’“w 12 34 56 7 8 ﬁm
162 112 S e
B4~ : =112
53—
-53

5= 35
29 . -29
20.5- ’ —20.5 ”
e —fratindn = e E 30 . .

104 35— ‘ '% 25
= actin. - = - — — — g .
- k]
205 . ~frataxin g
g w .
@ .
g 5 * -
o
Cerebral Cerebellar GAAT1 1100 1000 9501050 §50 600 B0 TOO11C0 300 N 0+ T T T T 1
kD corex cortex GAAZ coo 250 S50 600 BDOZO BDD N 800 N K gp ? 0 “° &0 o e
1 ] number of GAA on the smaller allele
a7 2 3 5 6 1T 23 4 5868 7 8 9100 a7
€8 - - 68
46 - 45
31 i 3
20 - b
6. © - i =~ —lrataxin - - =g

..-. - _in— ' ; ; h .6. q“ -

Figure 2. Processed frataxin is decreased in Friedreich ataxia patentetél protein extract (150g) from various control human tissues was immunoblotted with
mAb 1G2 (top) and 1D4 (bottom). Both mAbs detecia® kDa protein. Cross-reaction with tie0 kDa protein seen in the spinal cord sample with antibody 1G2
was not reproduced on two other Western blots (not shoBnYotal 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 afteibstripping the anti-frataxin
antibody (bottom). The sizes of the smaller expanded alleles of patients 2 and 4 are 570 and 370 GAA respectivelysRafi@atGAa 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 éhefresapansion in his carrier
sister (370 GAA). Cross-reaction of antibody 1G2 with myosin was verified by successive probing with 1G2 and an anti-ingdgioraatdifferent blot. The 70
kDa protein seen in lane 4 corresponds to a degradation product of myosin. The more extensive processing of fratamgfentéte@@S-1 cells compared with
Figures 1B and 2A is due to a longer expression time (66 versus 42 h) after transfor@)dtiemunoblots 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?) &mdrbingblot 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 antitifvatdyxifiogn). Expansion sizes for the
patients are indicated above each lane (N, GAA repeats are <50). Blots (C) and (D) were reprobed with anti-tubulin mAh&bett@gnd 9 were overloaded
compared with the other lanes, explaining the apparently normal level of frataxin in sample 6 from a patient with a ssiati sizpa(250 GAA).K) Correlation
between size of the GAA repeats on the smaller allele and the level of residual frataxin in lymphoblastoid cell lines: pbiatarto the data point corresponding
to the ‘Acadian’ patient.

patients. mAb 1D4 generated a similar result, but alsbence clinical severit§p—9). To test thisypothesis we analysed
cross-reacted with several unidentified proteins that did not shalve amount of residual frataxin in lymphoblastoid cell lines from
variation between control and FRDA samples (not shownkight Friedreich ataxia patients with known GAA expansion sizes
Relative loading of total protein extracts was verified by probingFig. 2D). The residual amount of frataxin varied between 4 and
the same blots with an antibody directed against a control prote28% of the level in the normal control. Some inverse correlation
(actin or tubulin). One patient is a compound heterozygote for amas observed between the residual frataxin level and size of the
expansion mutation (GAgYo and a missense mutation in exonGAA repeat on the smaller allele (GAAl= —0.51) (Fig. 2E).
4 (G130V; M.Cossée, personal communication). This patient h&sspection of the data showed that in seven patients the residual
no detectable frataxin in his muscle (Fig. 2B, lane 3). We testdrataxin level appeared to be strongly dependent on the size of
whether the absence of detection could be due to absenceGAAL (r = —0.84,P = 0.009), but a single patient (lane 7) had a
binding by expressing the mutant form in COS-1-transfectehuch higher residual frataxin level than expected from expansion
cells. Comparison with the 2D4 antibody, directed against theize. While the other seven patients have typical FRDA and
frataxin N-terminus, indicated that 1G2 binding is affected by thevident neurological impairment, this patient is a 12-year-old,
missense mutation (not shown), explaining in part the lack @fimost asymptomatic individual with ‘Acadian’ FRDA, a milder
frataxin detection in this patient. This further maps the 1Gfrm of FRDA observed in a specific population with a founder
epitope in the first part of the exon 4-encoded sequence. effect (7,14) who came to medical atien only because of a
Correlation between age of onset, disease progression and stight pes cavus foot deformity, without any ataxia symptoms.
expansion mutation suggested that the length of the expansideurological examination in this case revealed absent reflexes
modulates the amount of residual frataxin present in patients abdt normal coordination and deep sensation.
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Frataxin is a mitochondrial protein Immunocytoelectron microscopy (EM) was performed by

. , i .. peroxidase pre-embedding staining on transfected HelLa cells
A major clue for unravelling the function of a new protein is tQu\erexpressing full-length frataxin, due to the low abundance of
identify its subcellular localization. Immunocytofluorescence withyngogenous frataxin. It was important to permeabilize the cellular
antibody 1G2 revealed granular cytoplasm|c staining in transfectetbmbranes with saponin, a mild detergent, in order to allow
COS-1 and Hela cells overexpressing frataxin (Fig. 3A), as Wellntihody penetration with minimal damage to cell morphology.
as in non-transfected cultured mouse astroglial and neuronal cgligathin sections were analysed by EM with no counterstaining.
with only endogenous frataxin expression (Fig. 3B). Staining oftefihe |apelling was located at the level of the mitochondrial
appeared elongated and sometimes fibrillar, a typical morphologyempranes and crests (Fig. 6). The negative control (omission of
for mitochondria. To confirm the mitochondrial identity of the ;5o antibody) was devoid of electron-dense deposit. The results

frataxin-positive cytoplasmic organelles, double indirect immunGpgicate that frataxin localizes at or near the inner mitochondrial
cytofluorescence was first performed in transfected Hela cellyemprane.

Identical staining was obtained with both mAb 1G2 (red) and an
autoimmune anti-mitochondrial antibody (Menarini Diagnostic; ISCUSSION
green). Co-localization of the two antibodies was demonstrated Ey
the appearance of an intermediate colour (yellow; Fig. 3A)he discovery of a large intronic trinucleotide expansion as the
Subcellular localization of frataxin was not altered bycause of an autosomal recessive disease was unexpected an
overexpression, since identical staining was again obtained riaised the question of the pathogenetic mechanisms involved.
non-transfected mouse astroglial and neuronal cells using mAditial experiments, first by semi-quantitative PGR and then
1G2 (red) and MitoTracker Green (Molecular Probes), &y RNase protectiofl0), indicated that the level of frataxin RNA
mitochondrial-specific fluorescent dye (Fig. 3B). Frataxin stainings severely reduced in patients. These results, and the finding of
appeared very strong in the axons of cultured neuronBuncating point mutations in the frataxin gene causing the same
corresponding to the high number of mitochondria in axons, wheofinical presentation (4), suggested a loss of function mechanism,
high energy consumption takes place. in accordance with the recessive mode of inheritance of the
We obtained independent support for a mitochondriadlisease. In order to unravel the function disrupted by frataxin
localization of endogenous frataxin by subcellular fractionatiomutations and to directly test the steady-state amount of frataxin
using differential centrifugation. Frataxin was detected weakly ipresent in patients, we raised specific monoclonal antibodies. The
the low speed nuclear pellet fraction (P1), which contains mostipolecular weight of the full-length frataxin molecule produced
nuclei and cytoskeletal elements. After centrifugation at higfrom an eukaryotic expression vector appeared larger than
speed, the post-mitochondrial supernatant contained almost piedicted (30 versus 23 kDa), suggesting either post-translational
detectable frataxin and the twice washed mitochondrial pell@odification or aberrant electrophoretic mobility. The identity in
(P2) showed a very clear frataxin enrichment (Fig. 4)size with full-length frataxin produced in &mvitro translation
Co-purification of frataxin with subunit Il of cytochrome c assay indicated that frataxin has aberrant electrophoretic
oxidase in the P2 fraction supports the hypothesis that frataxinrigobility. The finding of smaller products in overexpressing
a mitochondria-associated protein. COS-1 cells suggested that frataxin is processed. Detection of
We tested several truncated forms of frataxin in order to localizndogenous frataxin in human tissues confirmed this hypothesis.
the mitochondrial target signal. All C-terminally truncated frataxirA single 18 kDa protein is detected with mAbs 1G2, 1D4 and
constructs were located in mitochondria, indicating that th8F10 and corresponds to the major processed form seen in
mitochondrial target signal is encoded in exon 1 or 2 (Fig. 5Apverexpressing COS-1 cells. The absence of detection of the
N-terminally truncated frataxin that lacks exon 1-encodedhature frataxin form with mAbs 1H1 and 2D4 indicates that the
sequences presented with a diffuse cytoplasmic and nuclédsterminus is removed during processing at least up to the end of
localization (Fig. 5B) and when both exons 1 and 2 encodedxon 1, which accounts fab kDa of the total size decrease.
sequences are missing the truncated protein is not detected at allhe severe reduction in the amount of the 18 kDa protein
(not shown). The mitochondrial target signal was further localizegbserved in muscle and lymphoblastoid cell lines from FRDA
by fusing the N-terminal portion of frataxin to a fluorescent tagpatients proves that it is indeed frataxin and is in full agreement
green fluorescent protein (GFP). The first 20 amino acids afith the previously observed reduction in the frataxin transcript
frataxin were sufficient to target a GFP fusion protein to thé10). dinical and molecular studies of a large series of patients
mitochondria, as shown by the similar pattern revealed by GRiemonstrated that the length of the smaller expanded allele
fluorescence (Fig. 5D) and by the autoimmune anti-mitochondrialccounts for 50% of the variance in age of onset, suggesting that
antibody (Fig. 5E). Since basic amino acids are important residugsnilder presentation might be the consequence of higher residual
in the consensus of the mitochondrial signal peptidd, we frataxin present in the tissues of patients (5-9). Géand an
mutated the two arginine residues at positions 6 and 7 into prolineserse correlation between the amount of protein produced in
in the full-length frataxin expression vector. The resulting proteilymphoblastoid cell lines of seven typical FRDA patients and the
detected with mAb 1G2, appeared to have a diffuse cytoplasmiength of the repeat expansion on the smaller allele. Strong
and nuclear localization (not shown). departure from the curve was observed in a single, almost

Figure 3. Transfected and endogenous frataxin co-localize with mitochordlyilgla 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 (yellomdiztem;o-localization of frataxin

in mitochondria. B) (Left) Immunofluorescence analysis of non-transfected mouse astroglial and neural cells showing that staining of endtaéndre) is
similar to the pattern obtained by staining with MitoTracker (green). (Right) Granular localization of endogenous frataghojiections of astroglial cells (centre)

and in the axon of a neuron (cell body on the bottom right).
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kO Pl P2 P3P4 S mitochondria, such as liver, heart, pancreas and muscle (4), but
84— also in brown fat, thymus and kidney (11). Frataxin is highly
conserved throughout evolutigh) and its most distant reilee
53 is the CyaY protein of Gram-negative bacteria. The fact that
Gram-negative bacteria share a common ancestor with the
35— precursor of eukaryotic mitochondria led Gibsiral. (12) to
29 - speculate that the frataxin gene might be an ancestral
mitochondrial gene that underwent transfer to the nuclear genome
— frataxin during mitochondrial/host cell endosymbiosis. Knock-out of the
i yeast frataxin counterpart led to a‘rlphenotyp_e with d_eficiency
= g of mitochondrial respiration {117,18). The biochemical defect
in patients must certainly be more subtle than in yeast, in order to
e ~ —ataxin 3 account for the very slowly progressive nature of the disease,
i 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
Figure 4. Frataxin is in the same subcellular fraction as cytochomadase. ~ tested by large fragment PCR (19; AtR, personal
Successive probing of a Western blot of subcellular fractions of a humancOmmunication) and in one heart and three brain samples tested
lymphoblastoid cell line with anti-frataxin 1G2 (top), anti-subunit Il of by Southern blot (M.Pandolfo and E.Shoubridge, unpublished
ﬁfgé?rgg‘eﬁa"sﬁ:sﬁe%?ﬂi 2’;‘; ;’i‘t‘ggéi’ggrig_ "’F‘jg‘bgr‘]’éf)s Ig;‘r’:i‘;"rg-ﬂc'm Tesults). The mitochondrial localization of frataxin definitively
memt;ranésp and peroxisomes; P4, microsomes;‘S, éuperngtant. The prote‘ﬁ§tab||5hes FRDA as a mltOChond“_al disease caused by loss of
detected immediately below ataxin 3 is a cross-reacting product from thfunction of a nuclear-encoded protein. We also demonstrate that
previous antibody, showing the presence of proteins in fractions P1, P3 and P/iuman frataxin contains a functional mitochondrial targeting
Analysis of the same fractions with anti-FMR1 antibodies (35) revealed, assignal, despite the low match with the mitochondrial targeting
expected, a clear enrichment in the P3 and P4 fractions (not shown). 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

asymptomatic ‘Acadian’ patient. Interestingly, FRDA patients o0 amino acids and is cleaved during mitochondrial import and
‘Acadian’ origin have a significantly milder phenotype whichmaturation. )
could not be accounted for by differences in expansion size or(E%/_\/''tOC_hO”d“aI _dysfunction has long been suggested for
differences in the frataxin coding sequence (7). Reduction &ffiedreich ataxia (20) dwause mitochondria have special
frataxin amount appears therefore to represent the moleculglevance for the three most affected tissues in the disease, i.e.
basis of the clinical variability in severity and age of onset and Reurons, heart and pancreas. However, no consistent metabolic
a consequence of the expansion mutation. The finding in tf#ysfunction had been observed to support a mitochondrial defect
single ‘Acadian’ patient, if confirmed in additional cases from thén Friedreich ataxia. Mitochondrial enzyme assays have so far
same population, suggests, however, the existence of sequehgen inconclusive, with unconfirmed reports of reduced activity
variants resulting in higher expression of the frataxin gene.  for a few enzymes [for example glutamate dehydrogefzd9e

A study based on the identification of very rare transcript§litochondrial malic enzyme(22), NADH g/tochrome ¢
suggested that Friedreich ataxia might be due to a defect of hybfifluctase, succinate dehydrogenase and succinate cytochrome
molecules comprising both frataxin and a phosphatidylreductase (23)]. On the other hand, soriteahondrial diseases,
inositol-4-phosphate  5-kinase domain encoded by theuch as MERRF (24), NARP (25) and Leigmdrome(26),
neighbouring gengl6). The gnificance of these rare transcripts share clinical features with FRDA, including ataxia, peripheral
in relation to the pathology is highly questionable, particularly imeuropathy and cardiomyopathy. Striking clinical similarities
the light of a Friedreich ataxia-causing mutation in the initiatindpetween Friedreich ataxia and ataxia with isolated vitamin E
ATG that is not translated in any of the described rare hybrideficiency (AVED) (27) may give a clue to frataxin ftioo.
transcripts(10). We show here that in several tissues there isA/ED is caused by mutations in thetocopherol transfer protein
single small protein containing frataxin sequences. The results (#8). Vitamin E is aipid-soluble antioxidant and free radical
well with the presence of a major transcript detected on Northeagavenger found in cell membranes. It is most abundant in the
blots (4). A hybrid molecule containing both frataxin and thenuclear and mitochondrial membrarf29). In anin vitro assay
phosphatidylinositol-4-phosphate 5-kinase domain would havean rat liver mitochondria, vitamin E, but not superoxide
larger molecular weight and therefore cannot be the 18 kDdismutase, was shown to have a protective role against both lipid
protein absent in Friedreich ataxia patients, seriously challengimgroxidation and mitochondrial DNA damg@®). On the other
the role of phosphatidylinositol-4-phosphate 5-kinase in thband, mitochondria are known to be the most important
pathology of the disease. physiological source of superoxide radicals in animal cells

We sought to define the subcellular localization of frataxin, a€31,32). Strong wpport in favour of free radical toxicity in
a first step in unraveling its function. Frataxin clearly appears tBriedreich ataxia comes from studies of the yeast model.
be localized in mitochondria in both overexpressing, transfectdthock-out of the corresponding frataxin gene led to
cells and non-transfected astrocytes and neurons, the latter beirygersensitivity to hydrogen peroxide and irv,18). Iron
a cell type that degenerates in FRDA. This subcellulameasurements in the mutant yeast revealed a 10-fold increase in
localization clarifies several aspects of frataxin expression amditochondrial iron, while total iron content was roughly normal.
phylogeny. Frataxin is highly expressed in tissues that are rich east frataxin was excluded from the mitochondrial outer

20,5~ -—
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Figure 5. The first 20 amino acids of frataxin are sufficient for mitochondrial targef)gm(munofluorescence of a transiently transfected HelLa cell with a construct
expressing only exons 1 and 2 of frataxin. The truncated protein was detected using mA¥) Didfedtion 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 3@258aihing pattern of a transiently transfected HeLa cell with
a construct expressing the fluorescent protein GFP albyieexpression of the first 20 amino acids of frataxin (MWTLGRRAVAGLLASPSPAQ) fused at the
C-terminus with GFP in transiently transfected HelLa cells. The staining matches that with the anti-mitochondria Bjtiboeyvfo arginines underlined in the
targeting sequence were simultaneously mutated in subsequent experiments (see Results).

membrane (17) and we dund human frataxin in the +164 and cloning into thEcdRl andClal sites of the frataxin
mitochondrial membranes and crests, suggesting that frataxinR&\CE cDNA (4), followed by addition of th&ba—Hindlll 3'
located at or near the inner mitochondrial membrane. Frataxfragment of EST clone 126314 (positions +270 to +1000)
might therefore be involved with iron transport through thgWashington University—Merck EST Project). The PCRritner
membrane or with electron transport by cytochromes and iratbntained an artificidtcaRl site introduced for cloning purposes.
sulphur proteins of the mitochondrial inner membrane. Alteratio8ynthesis of frataxin for immunization was achieved by cloning
of iron metabolism due to a reduction in frataxin would causghe entire coding sequence in @RI andHindlll sites of the
overproduction of free radicals within the mitochondria througpATH1 prokaryotic expression vect(¥3) and poduction of a

the iron-catalysed Fenton chemistry, resulting in arpE—frataxin fusion protein.

neurodegenerative pathway similar to that seen in isolatedFrataxin was also expressed in eukaryotic cells by cloning the
vitamin E deficiency. Demonstration that mitochondrial ironcomplete coding sequence or different fragments of the frataxin
metabolism is altered in Friedreich ataxia is needed to confirgDNA into the pTL1 expression vect(®5). These fragments
that the most frequent hereditary ataxia can be added to there generated by PCR with appropriate primers flanked by
growing list of neurodegenerative diseases caused by free radicglfficial restriction sites used for cloning. The same strategy was

and reactive oxygen speci@3,34). used to construct the GFP expression vectors (pPEGFP-C1;
Clontech)36). Mutagenesis of theitochondrial target sequence
MATERIALS AND METHODS and of Gly130 to Val was carried out by PCR with specific
. . primers containing the mutations. The ORF of all constructs
Construction of expression vectors (including the PATH1 constructs) was verified by sequencing.

The complete coding sequence of frataxin was constructed K0OS-1 and HelLa cells were transfected with the plasmids using
PCR amplification of a genomic fragment from positions +1 t@alcium phosphate precipitatid87). The @ll-length frataxin
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Figure 6. Immunoelectron microscopy reveals that frataxin is associated with mitochondrial membranes in transfected Hél)aNejistie control without
primary antibody.B) Pre-embedding mAb 1G2 peroxidase immunodetection labels the mitochondrial external membranes (large arrow headsyaaitianmests (
heads). M, mitochondria; N, nucleus. Scale bamlL

clone in the pTL1 expression vector was used innawtro  Western blot analysis

transcription and translation reaction with the TNT system
(Promega). Whole-cell extracts of transfected COS-1 and HelLa cells or of

lymphoblastoid cell lines were obtained by homogenization in
50 mM Tris—HCI, pH 8.0, 10% (v/v) glycerol, 5 mM EDTA,
) . 150 mM KCI, 1 mM phenylmethylsulphonyl fluoride followed

Monoclonal antibody production by sonication. Insoluble material was removed by centrifugation

at 10 00Qg at 4°C for 10 min. Extracts of human tissues were
Expression of the fusion protein by the pATH vector was inducedbtained by grinding the frozen biopsies into powder with a pestle
by growing cells in M9 medium with indolacetic acid and withoutand mortar and homogenization in SDS lysis buffer containing
Trp (13). The fusion protein represent@3-80% of the proteins 100 mM Tris—HCI, pH 9.0, 2% SDS, 58@mercaptoethanol and
found in inclusion bodies. Inclusion bodies were solubilized in 85% glycerol. The viscous extracts were heat denatured by
M urea and proteins were renaturated by sequential dialysis witlviling for 5 min followed by extensive sonication (2 min) to
decreasing concentrations of urea. The synthetic peptide used$bear the DNA. Insoluble material was removed by
immunization (peptide A, CGLRTDIDATCTPRRASSNQRG) centrifugation and protein concentration was estimated by
was conjugated to ovalbumin (Sigm@g) prior to injeion.  SDS—-PAGE with staining with Coomassie blue. Total protein
Mouse injections and fusions were carried out as desd@bg¢d extracts (50-200pg) were analysed on 12 or 15%
Hybridoma culture supernatants were screened using ELISBDS—polyacrylamide gels. Proteins were transferred to nitro-
tests, immunocytochemistry on COS-1 cells expressing theellulose membranes which were blocked with 4% non-fat milk
full-length frataxin and Western blots. Five hybridomas wereand then incubated with the different primary antibodies,
established and the corresponding antibodies were producedainti-frataxin (ascites fluid diluted 1:5000 or 1:10 000), anti-ataxin
mice ascites fluids. The weakly reacting antibodies were furth& (Y.Trottier, unpublished results), anti-actin (Sigma) or
purified from ascite fluids by affinity with the TrpE—frataxin anti-subunit Il of cytochrome c oxidase (a gift of Dr Anne
fusion protein (39). Class and subclass were determined usinglasmbes) overnight at°”A. Secondary antibody (goat anti-mouse
isotyping kit (Amersham). mAbs 1G2, 2D4, 2F10 and 1H1 are air anti-rabbit IgG) coupled to peroxidase was used for detection
IgG1,k and mAb 1D4 is a mixture Igtk and 1gGak. of the reaction with Supersignal Substrate Western blotting
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(Pierce, IL) or with the ECL kit (Amersham), according to the For electron microscopy studies transfected cells growing in
manufacturers’ instructions. Quantitation of frataxin inLeighton tubes were fixed for 5 h at°@ with 4%

lymphoblast immunoblots was obtained by analysing autgaraformaldehyde, 0.1% glutaraldehyde, in 0.1 M phosphate
radiograms on a video camera image with ISO 9000 softwarbuffer, pH 7.3, and then incubated for 16 h & 4vith antibody

The intensity of each frataxin band was corrected according to th&2 (1:1000) in the presence of 0.1% saponin. The primary
intensity of the’b0 kDa tubulin band obtained in the same lanentibody was revealed using the ABC method (Vector Laboratories
after rehybridization of the blot with control anti-tubulin Inc., CA) and diaminobenzidine as peroxidase substrate.
antibodies (Amersham). One homozygous normal individual antransfected cells were first detected at the optical level, then
two heterozygous carriers, assumed to have 50% frataxin, wemcessed for standard EM methods, sliced in ultrathin 70 nm
used as controls for the amount of frataxin. Measurements wesections and transferred to electron microscopy grids. Control
made in triplicate. experiments, where the primary antibody was omitted, were

performed in parallel.

Immunocytofluorescence and immunocytoelectron Subcellular fractionation of lymphoblastoid cells
microscopy analysis )
The method of Leet al. (41) was used to separate nuclei and
Differentiated striatal neurons and glia were generated frofytoPlasm. The cytoplasmic supernatant was further fractionated
normal mouse E14 striatal CNS stem cell cultures isolated frogfcording to standard d|ﬁerent|al centrifugation methods. Protein
embryonic CD1 albino mice, as described elsewHdf. concentration was determined by Bradford ag$2yand 10qQug
Briefly, following mechanical dissociation E14 single striataltot@! protein were loaded per lane.
cells were plated at a final density of 50000 cell$/dm
SATO/N2 basal medium in the presence of 20 ng/ml epidermACKNOWLEDGEMENTS
growth factor (EGF). Proliferating cultures were serially ) R , ,
passaged every 6 days, three times, by mechanical dissociatyg Wish to thank Dr A.Lombes for the anti-cytochranesidase
and replating into the same EGF-containing medium. Six da)a“_dm_bOdy, Dr R.Gatti for lymphoblastoid cell lines and Drs
after the last subculturing single clones (spheres) of cells wefeGibson and F.Foury for sharing unpublished results. Thanks are
plated onto Matrigel (Becton Dickinson, Sparks, MD)-coatedlue to Dr Cossée for analysis of patients and discussions and to
glass coverslips and grown in the presence of EGF for di-Koutnikova for discussions. We are grateful to L.Reutenauer,
additional 2 days after plating. Differentiation was then triggere-Vicaire, F.Ruffenach, N.Jung, F.Cottin and V.Schultz for their
by EGF removal and the cells were allowed to differentiate iffchnical assistance. This work was supported by funds from the
EGF-free basal medium (control) for an additional 5 days. Viabl8Ssociation Francaise contre les Myopathies (AFM), CNRS,
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