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Studies of human, mouse and yeast
homologues indicate a mitochondrial

function for frataxin

Hana Koutnikova!, Victoria Campuzano!, Francoise Foury?, Pascal Doll¢!, Ornella Cazzalini* &

Michel Koenig!

Friedreich’s ataxia is due to loss of function mutations in the gene encoding frataxin (FRDA). Frataxin is a protein of
unknown function. In situ hybridization analyses revealed that mouse frataxin expression correlates well with the
main site of neurodegeneration, but the expression pattern is broader than expected from the pathology of the
disease. Frataxin mRNA is predominantly expressed in tissues with a high metabolic rate, including liver, kidney,
brown fat and heart. We found that mouse and yeast frataxin homologues contain a potential mitochondrial
targeting sequence in their N-terminal domains and that disruption of the yeast gene results in mitochondrial
dysfunction. Finally, tagging experiments demonstrate that human frataxin co-localizes with a mitochondrial
protein. Friedreich’s ataxia is therefore a mitochondrial disease caused by a mutation in the nuclear genome.

Friedreich’s ataxia (FRDA) is an autosomal recessive neurodegen-
erative disease with an estimated incidence of 1 in 50,000 (refs 1,2).
It is characterized by progressive gait and limb ataxia, hypertrophic
cardiomyopathy and increased incidence of diabetes mellitus®#.
The onset of symptoms usually occurs at about the time of puberty,
and typically before the age of 25. Most patients are wheelchair-
bound in the third decade of life.

FRDA primarily affects the central and peripheral nervous sys-
tems and heart. The first pathological changes occur in the dorsal
root ganglia, with the loss of large sensory neurons, followed by neu-
ron degeneration in Clarke’s and posterior columns and pyramidal
and dorsal spinocerebellar tracts of the spinal cord®. Mild degener-
ative changes are also observed in the medulla, cerebellum and pons.

FRDA is caused primarily by an unstable GAA repeat expansion
within the first intron of the FRDA gene that accounts for 98% of
mutant alleles®. A few patients are compound heterozygotes for a
nonsense or splice mutation and expansion, indicating that the lat-
ter mutation also leads to loss of function, most likely by lowering
FRDA mRNA abundance®’. The encoded protein, frataxin, is pre-
dicted to be a 210—amino acid protein with highly significant
sequence identity (49% and 31%, respectively) to proteins of
unknown function in Caenorhabditis elegans and Saccharomyces cere-
visiaé® and, to a lesser extent, to proteins in gram-negative bacteria®.
The recent suggestion that the frataxin gene and the neighbouring
STM7 gene® are part of the same transcription unit is based on indi-
rect evidence that contradicts observations concerning the structure
of cDNAs isolated from conventional cDNA libraries and the find-
ing of point mutations in FRDA%7, but not in STM7 (ref. 10).

Little is known about frataxin expression and function. In the
present work, we cloned the complete coding region of mouse
frataxin cDNA and investigated its pattern of expression in devel-
oping and adult tissues. Because the N-terminal sequence of mouse
and yeast frataxins revealed a potential mitochondrial targeting
signal, we investigated both the subcellular localization of human

frataxin by tagging experiments, and the yeast phenotype result-
ing from gene-targeted disruption.

Analysis of the mouse frataxin transcript

Murine frataxin ¢cDNAs were cloned by screening a 10.5-day-old
embryo cDNA library, using human FRDA as a probe. The obtained
clones— mf1, mf2 and mf3—overlap and encompass the complete
mouse frataxin coding sequence (Fig. 1a4; Genbank accession num-
ber U95736). The first in-frame ATG codon corresponds to the
postulated initiation codon found in FRDA. The mouse gene (Frda),
is predicted to encode a 207—amino acid protein showing 73%
amino acid identity to its human counterpart, with low conserva-
tion over the first two exons (Fig. 15). The N-terminal region of
mouse frataxin is predicted by the PSORT program!! to contain a
mitochondrial targeting sequence with a positive score of 1.95 (the
corresponding score for the human protein is 0.58) and an overall
probability of 0.6 to localize to the mitochondria. The independent
search of mitochondrial targeting signal in open reading frames
identified during the systematic sequencing of the yeast genome'?
revealed that the N-terminal sequence of Yd1120w (Fig. 1b), which
corresponds to the yeast frataxin homologue (YFH1), has a mito-
chondrial targeting discriminating score of 4.95 and is predicted to
localize to the mitochondria with a probability of 0.9. No other
possible localization is predicted.

The expression pattern of the Frda gene in adult tissues was stud-
ied by northern blot analysis. A major transcript of 1.2 kb, similar
in size to the human one, was detected in adult heart, liver, skeletal
muscle, kidney, spleen and thymus and, much more weakly, in
brain and lung (Fig. 2).

To test whether the faint signal on northern blots of brain tissue
corresponds to region-specific expression, we analysed adult brain
sections by in situ hybridization. Specific labelling was seen at the
level of the lateral ventricles, within both the choroid plexus and
the ependymal cell layer (Fig. 3¢). Signals above background were
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also observed in the Purkinje cell layer and granule cell layer of the
cerebellum. However, the labelling of the Purkinje cells may not
be specific, as similar signals were obtained in this layer with the
sense control probe (Fig. 3d).

Frda expression in embryos and newborns

In order to analyse the developmental pattern of frataxin expres-
sion, we performed in situ hybridization on sections of mouse
embryos, fetuses and young animals. We performed both trans-
verse and sagittal sections at embryonic days 8.5 to 18.5 and trans-
verse sections on young animals at post-natal days 7 and 14.

Frda transcripts appeared to be spatially restricted in the devel-
oping nervous system and signal was restricted to the ventricular
zone of the brain at the level of the telencephalon, including cere-
bral cortex and the ganglionic eminence, and of the posterior mes-
encephalon (Fig. 4a). Expression in the ventricular zone, which
corresponds to dividing neuronal precursors, was seen to start at
day 12.5, increase during embryonic development and persist at
post-natal day 7 (P7) in the ependymal layer, which is the remnant
of the ventricular zone. Weak signals were seen in the spinal cord
and medulla oblongata, starting at embryonic day 14.5 (E14.5,
Fig, 4a), but remained at or just above background level (Fig. 3b).
Expression was observed in dorsal root ganglia, starting at embryo-
nic day 14.5 (E14.5, Fig. 4a). At P14, expression in the dorsal root
ganglia was restricted to the cortical region (Fig. 3b), where the
sensory neuron cell bodies are located. However, the use of frozen
sections in these experiments prevented the identification of indi-
vidual cell types. Other parts of the central nervous system
appeared negative at these developmental stages. Weak signals were

Fig. 2 Total RNA northern-blot analysis of the mouse frataxin transcript.

a, Hybridization with the mf7 cDNA probe. Tissue is indicated above each lane.
b, Hybridization of the same blot with a mouse acidic ribosomal phosphopro-
tein PO (36B4) probe. ¢, Ethidium bromide-stained 285 RNA of the corre-
sponding gel, demonstrating that the acidic ribosomal phosphoprotein PO is
expressed to a lesser extend in brain compared to other tissues.
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Fig. 1 a, Schematic alignment of mouse frataxin cDNA clones, mf1, mf2 and
mf3, and mouse ESTs. b, Predicted amino acid sequences of the mouse, human
and yeast frataxins. Identical amino acid residues are indicated in bold. The
amino-terminal region with typical features of a mitochondria-targeting pep-
tide (an amphiphilic a-helix rich in basic and hydroxylated residues and lacking
acidic residues)'® is underlined.

found in the outermost (and possibly innermost) cells of the retina
from E12.5 onwards (Fig. 3a).

Frda was also expressed in specific patterns in non-neural tis-
sues. Strong expression was seen in the developing liver from E10.5
(shown at E14.5, Fig. 4a). In addition, expression was detected in
the heart and in the cortex of the developing kidney at E12.5 and
later (Fig. 4a,c and data not shown). Very high expression of Frda
was observed in brown adipose tissue, which contains high num-
bers of mitochondria. Expression was observed in small islands
around the neck and back at E14.5 (Fig. 4a), then in larger masses
at E16.5 (Fig. 4b) and E18.5. Brown adipose tissue expression was
absent at P14, as this tissue regresses after birth. Expression was
also seen in the thymus and developing gut at E14.5 (Fig. 4a) and
until post-natal life. At P14, expression in thymus was restricted
to the proliferating cells in the cortical zone, while it became appar-
ent in the spleen (data not shown). A signal was detected in the
lungs at E14.5 (Fig. 4a). Overall, frataxin expression increased dur-
ing development from E8.5 (not detectable) to E16.5, when it
reached a peak in liver, kidney and brown adipose tissue.

Mitochondrial localization of human frataxin

Both targeting signal prediction and tissue pattern of expression
suggest that mouse frataxin is a mitochondrial protein. To test
whether human frataxin also contains a mitochondrial targeting
sequence, despite low prediction, the human sequence was tagged at
the 3 end with B-galactosidase ([3-gal) in a eukaryotic expression
vector. When transfected in HeLa cells, the fusion protein appeared
to localize in cytoplasmic granules, consistent with mitochondrial
localization, while the 3-gal protein alone shows a diffuse cytoplas-
mic staining (Fig. 5 a,b). Confirmation of the mitochondrial iden-
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Fig. 3 In situ analysis of Frda transcripts in neural tissues. a, Parasagittal section through the eye of an embryo at £12.5 showing weak labelling in the retina. As
in all following figures, the three panels are, from left to right, a bright-field view of the section hybridized with an mf1 antisense riboprobe, a dark-field view
showing the autoradiography signal grains in white and a corresponding dark-field view of the neighbouring section hybridized to the mf1 sense (‘negative
control’) riboprobe. b, Post-natal expression of mouse frataxin transcripts in the dorsal root ganglia. Transverse section through the thoracic region of the spinal
cord of an animal at post-natal day 14. Transcripts are restricted to the peripheral region of the dorsal root ganglia. The higher background with the anti-sense
versus sense probes reflects a low level of expression in most tissues, as the sense probe had more radioactivity incorporated than the anti-sense probe. ¢, Sec-
tion of an adult mouse brain at the level of the lateral ventricle and choroid plexus. Note the labelling in the choroid plexus and ependymal layer. d, Section of
an adult mouse cerebellum showing signal in the granule cell layer. Signals in the Purkinje cell layer may not be specific, because similar labelling was obtained
in this layer with the sense control probe. cp, choroid plexus; dg, dorsal root ganglia; el, ependymat layer; gl, granular cell layer; le, iens; Pl, Purkinje cell layer; re,

retina; sc, spinal cord.

tity of the cytoplasmic granules was obtained by double indirect
immuno-cytofluorescence with anti—f-gal and an anti-mitochon-
drial protein antibody. Identical staining was obtained with both
anti—f-gal (stained in green) and anti~cytochrome-c oxidase anti-
body (stained in red; Fig. 55,¢). Co-localization of the two antibodies
was demonstrated by the appearance of an intermediate yellow
colour (Fig. 5d).

Phenotype after disruption of the yeast frataxin gene

Yeast gene disruption is a rapid means of screening for a metabolic
phenotype such as mitochondria-dependent respiration. The yeast

nature genetics volume 16 august 1997

frataxin gene, YFH1, was deleted in the haploid strain D273UK by
insertion at the homologous site of the selectable kan® marker. After
transformation, more than 50% of the deletant clones
(D273AYd1120) failed to grow on glycerol, a non-fermentable car-
bon source, and exhibited a petite phenotype (also shown by rho™
mutants defective in mitochondrial DNA). A glycerol-positive
D273AYd1120 clone was selected for further analysis of the stabil-
ity of the mitochondrial genome and respiratory competence. After
four to five generations in a glycerol-rich medium (YG), the wild-
type and deletant strains were transferred in a glucose-rich medium
(YPD) and grown at 28 °C and 37 °C for about ten generations,
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after which they were spread on YPD plates and grown at 28 °C.
D273AYd1120 colonies were scalloped and small compared to wild-
type strains (Fig. 6a). Replica-plating on YG medium gave rise to
sectors, papillae or even total absence of growth, suggesting that
many rho™ mutants were produced among cells in individual
colonies (Fig. 6b). We found that 25% of the D273AYdl120 cells
grown at 28 °C and 99% of those grown at 37 °C gave rise to rho™
colonies, in contrast with the wild-type strain (Table 1).

The rho™ character of a haploid colony, which does not grow
on glycerol, can be determined in a cross with a rho® tester strain
of opposite mating type and wild-type nuclear background.
Restoration of the capacity to grow on glycerol in the diploids
implies that the glycerol-negative haploid mutant has a wild-type
mitochondrial genome, while absence of restoration means that
the mutant has no mitochondrial DNA. Therefore, the colonies
that did not grow on glycerol or were sectored, were crossed with
the IL166-6C rho? tester strain. This cross gave prototrophic
diploids that were replicated on YG medium. Diploid growth on
glycerol was either absent or slow, and a good correlation with
the growth of the parental haploid colonies on glycerol was
observed (Fig. 6¢,d). These data suggest that the defect of growth
on glycerol originates from the loss of mitochondrial DNA in
D273AYd1120 deletants, reflecting instability of the mitochondr-
ial DNA on glucose medium.

Respiration rates of the wild-type and D273AYdI120 strains
grown in liquid YPD medium at 28 °C was measured;
D273AYd1120 was found to be less than 10% of the wild type
(Table 1).
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Fig. 4 in situ analysis of mouse
frataxin expression during develop-
ment. a, Parasagittal sections
through an embryo-at £14.5. Strong
labelling is shown in the ventricular
zone of the developing brain (lat-
eral ventricle and ganglionic emi-
nence), brown adipose tissue, liver,
intestine and thymus. Weaker
labelling is detected in the mesen-
cephalic vesicle, heart, lung, dorsal
root ganglia and spinal cord. b,
Expression of mouse frataxin tran-
scripts in the brown adipose tissue.
Detail of a sagittal section through
an embryo at day 16.5. ¢, Post-natal
expression of mouse frataxin tran-
scripts in the kidney during develop-
ment. Transverse section through
the lower abdominal region of an
animal at post-natal day 7. Frataxin
transcripts are detected in the corti-
cal region of the kidney during
development. b, brown adipose tis-
sue; ¢, cortex of kidney; dg, dorsal
root ganglia; h, heart; in, intestine;
li, liver; tu, lung; tv, lateral ventricle;
m, medulla of kidney; me, mesen-
cephalic vesicle; p, papilla of kidney;
s, spinal cord; t, thymus.

Discussion
As an initial step in assessing
the expression pattern of Frda,
we cloned the corresponding
mouse cDNA. Its sequence cor-
responded to the complete
coding region of FRDA®, and
the positions of the putative
initiation codons are conserved
between the two species.
Recently, Carvajal et al.® sug-
gested that the frataxin gene might represent an alternatively spliced
domain of an upstream gene designated STM7 in humans. The
mouse cDNA contig described here is 1.1 kb long and is missing
some sequences at both the 5" and 3" ends, as indicated by the
absence of polyadenylation signal and poly(A) tail. However, we
did not find the sequence of mouse frataxin exon 2 to be spliced to
the mouse STM7 gene, as reported for rare human transcripts’.
Frda was found to be expressed as a major transcript of 1.2 kb, a
size very similar to that of the human mRNA. The presence of a
1.2-kb transcript and the absence of sequences from the mouse
STM7 gene in the cDNA clones are consistent with the original for-
mulation of frataxin gene structure®.

In situ hybridization experiments demonstrate that frataxin tran-
scripts are expressed both within and outside the developing ner-
vous system. Expression in dorsal-root ganglia of the spinal cord

Table 1 » Mitochondrial defects of the D273AYdI120

deletion strain
Wild type D273AYdI120
Respiration 150+ 10 103
% rho™ mutants:
28 °C 0.5+02 24+3
37 °C 24+ 6 99+ 1

Sodium azide-sensitive respiration is expressed in ul O,xh™'x 108 cells™!. The
respiration and percentage of rho™ mutants in the cell population after
growth at 28 °C and 37 °C were measured as described in Methods.
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correlates with the principal site of neurodegeneration in FRDA
that accounts for the loss of the large myelinated sensory fibres and
neurodegeneration of the posterior columns. In contrast, degen-
eration of Clarke’s columns and pyramidal and spinocerebellar
tracts of the spinal cord® involves neurons in the posterior horn of
the spinal cord and in the cerebral cortex that did not show expres-
sion above background level. This might therefore represent either
post-synaptic or glial cell-induced degeneration, or a difference
between human and mouse expression. The cerebellum of FRDA

Fig. 5 Mitochondrial localization of human
frataxin. Hela cells transfected with an expression
vector for 3-gal (a) or frataxin—B-gal fusion protein
(b-d). a, Cells labelled with monoclonal anti-f-gal
detected with Cy3 anti-mouse secondary antibody.
b—d, Cells double-iabelled with monodonal anti—fi-
gal {(detected with FITC anti-mouse secondary anti-
body) and anti-cytochrome-c oxidase antibody
(detected with a Cy3 anti-rabbit secondary anti-
body). d, Co-localization of the two antibodies.

patients appears grossly normal when com-
pared to the pathology seen in dominant
ataxias and ataxia-telangiectasia®. However,
faint hybridization signals within the cere-
bellar granule cell layer may correlate with
clinical findings, such as nystagmus, that
cannot be accounted for by spinal cord
degeneration on its own.

It is of interest that some FRDA patients
suffer from optic atrophy, which may relate
to frataxin expression within the develop-
ing neural retina. Frda is also expressed in
the embryonic and adult heart, which is
consistent with human expression and cor-
relates with the hypertrophic cardiomyopa-
thy frequently seen in patients. Expression
was found in several other tissues (such as
the ventricular zone of the developing brain,
brown fat, thymus) that appear unaffected
in FRDA. This may indicate a lesser sensi-
tivity of these tissues to frataxin deficiency
or a difference in the level of expression
between human and mouse, as in the case of adult kidney®.

Our in situ data indicate that frataxin is predominantly expressed
in tissues with a high rate of metabolism. Although liver, brown
adipose tissue, heart and skeletal muscles differ in their use of fuels
to meet energy needs!>, they are rich in mitochondria. These tis-
sues, together with kidney and intestine, are typically affected in
mitochondrial diseases!*. Conservation of FRDA-like sequences in
gram-negative bacteria but not in gram-positive bacteria led Gib-
son et al. to suggest that FRDA might result from the transfer of a

Fig. 6 Glucose and glycerol growth defects of
D273aYd1120. a, The wild-type strain D273UK (left)
and deletion mutant D273AYdI120 (right) were
streaked for single colonies on YPD plates and grown
at 28 °C for 8 days. Note the small size and the scal-
lopped shape of the mutant colonies. b, Colonies of
D273AYdI120 grown on YPD medium were replicated
on YG plates and grown at 28 °C for 2 days. Small
arrow, small arrowhead and large arrowhead indi-
cate colonies unable to grow on glycerol, sectored
colonies and colonies giving rise to papillae, respec-
tively. ¢, Colonies of D273AYdI120 grown and grid-
ded on YPD medium were replicated on YG plates.
Arrows indicate the position of a wild-type control
(upper panel) and a rho® control (lower panel). d,
The YPD grid used in experiment ¢ was cross-repli-
cated on a YPD lawn of the rho® tester strain IL166-
6C; after 1 day at 28 °C, the mating plates were
replicated on glucose minimum medium to select the
diploids. The picture shows growth of the diploids
after replica-plating on YG medium. Note that in
most cases, growth of the diploids corresponding to
crosses with glycerol-positive D273AYdI120 haploids
is weaker than with the wild-type strain. It must also
be noted that several haploid colonies that did not
grow on glycerol gave rise to diploids exhibiting
papillae, suggesting that a small fraction of the cells

of these colonies still had mitochondrial DNA, which could be transmitted to the zygote and then correctly amplified in the presence of a wild-type YFH1 allele;
however, the number of mitochondrial DNA molecules present in the haploid deletant celis was probably too small to allow growth on glycerol.
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gene from the endosymbiotic bacterial ancestor of the mitochon-
dria to the nuclear genome® . Indeed, the N-terminal domain of
the mouse and yeast frataxins contains a potential mitochondrial
targeting sequence, corresponding to basic and hydroxylated
residues along an amphiphilic o-helix!>.

The clear co-localization of tagged human frataxin with
cytochrome-c oxidase, a well-known mitochondrial protein, indi-
cates that the human frataxin also contains such a sequence, despite
a lower fit with the consensus, and establishes frataxin as a mito-
chondrial protein encoded by the nuclear genome. The phenotype
of yeast colonies with a disrupted YFH1 gene supports a mito-
chondrial function for frataxin. When grown in glucose rich
medium, frataxin deficient cells accumulate alterations, presum-
ably mitochondrial DNA deletions, that make them unable to com-
plement a strain devoid of mitochondrial DNA (rho?). Oxygen
consumption of these cells is also dramatically reduced. A mito-
chondrial function for frataxin has important implications for the
understanding of the neurodegenerative process in FRDA.

Other neurodegenerative diseases are thought to involve oxida-
tive stress that can lead to necrotic or apoptotic cell death!S. Some
forms of familial amyotrophic lateral sclerosis, a motor-neuron
degenerative disease, are caused by mutations in the superoxide
dismutase gene (SOD1)'7. SOD1 catalyzes the formation of hydro-
gen peroxide from superoxide anions, and alterations of this cytoso-
lic enzyme may result in mitochondrial degeneration in the motor
neurons'®, An FRDA-like phenotype occurs in ataxia with isolated
vitamin E deficiency, which is caused by mutations in the a-toco-
pherol transfer protein!?, and vitamin E is known to inhibit lipid
peroxidation by reactive free radicals'®. Therefore, a plausible role
for frataxin in mitochondria may be a direct or indirect protection
against oxidative stress. Loss of this function in yeast defective for
frataxin would lead to selection against mitochondrial function,
accounting for the observed accumulating rho™ mutants.

Note added in proof: The yeast YSHI gene was independently
isolated by Babcock et al?%, as a multicopy suppressor of a mutant
defective in low iron growth. Analysis of the YSHI disruptant,
reported while this article was in press, similarly revealed a rho-
phenotype and severe reduction in oxygen consumption. The
authors also found a ten fold increase in mitochondrial iron, point-
ing to the likely cause of mitochondrial DNA deletion in the yeast
disruptant and strengthening the hypothesis that frataxin defi-
ciency results in oxidative stress, presumably as a result of iron-
catalyzed Fenton chemistry.

Methods

Screening of a mouse cDNA library. A total 2.7x 10° individual clones of a
mouse embryonic day-10.5 random-primed cDNA library (a gift of Dr. B.
Galliot, Geneva) were screened with a PCR fragment of the human fratax-
in cDNA generated with primers TC 250: 5'~-CTCTAGATGAGACCACC-
TATG-3" and TG 162: 5'-TGAGCTCTGCGGCCAGCA-3’. Hybridization
was performed as described by Sambrook et al.?!. The filters were washed
at 54 °C for 15 min in 2x $5C/0.1% SDS and 1x S§C/0.1% SDS.

RNA isolation and northern blotting. Total RNA was prepared from frozen
adult mouse tissues (CD-1 background) according to the Trizol protocol
(supplied by Gibco BRL, Grand Island, NE). Northern blots were prepared
according to standard procedures?!. Twenty micrograms of total RNA were
loaded per lane. The probes, mfl and 36B4 (gift of Dr. E. Metzger,
Strasbourg)??, were labelled by the random priming procedure. The mfl
probe had a 3x10° cpm/pg specific activity, and the northern blot was
exposed for 10 days with intensifying screen.

In situ hybridization. Embryos and fetuses from CD-1 mice were explant-
ed from the uterus in phosphate-buffered saline (PBS). The relatively low
level of expression of frataxin prevented the use of paraffin embedding,
which is less sensitive than frozen sections. Embryos were frozen in OCT
embedding medium and stored at —80 °C. Sections (10 um thick) were per-
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formed with a cryostat set at ~20 °C and collected on gelatinized slides. For
all samples, series of consecutive sections were collected for hybridization
with the antisense and sense probes (see below). The slides were treated
before the hybridization as follows: They were dipped in acetone at 4 °C for
5 min and 4% formaldehyde in PBS at 4 °C for 15 min, rinsed in PBS twice
for 5 min twice, immersed in 0.1M triethanolamine pH 8.0/0.25% acetic
anhydride solution for 10 min, rinsed twice in 2x SSC for 2 min, incubated
in 50% formamide/1x SSC at 60 °C for 10 min, dehydrated in increasing
series of ethanol concentrations and air-dried.

The 548-bp mfl cDNA sub-cloned into the EcoRI site of Bluescript I
SK+ (Stratagene, Palo Alto, CA) was used to prepare 33S-labelled ribo-
probes. The antisense and sense (control) probes were synthetized simulta-
neously in T3 and T7 in vitro transcription reactions, respectively, followed
by partial alkaline hydrolysis to reduce the average probe length to about
150 nucleotides?.

The in situ hybridization procedure was as described elsewhere?®. After
hybridization, the slides were washed twice in 1x SSC/50% formamide at
55 °C for 1 h, rinsed twice in 2x SSC for 5 min, treated with 20 mg/ml
RNAse A and 1 U/ml RNAse T1 at 37 °C for 30 min, washed twice in 2x
$8C/50% formamide at 55 °C for 1 h and in 0.1x SSC at 55 °C for 15 min,
rinsed in water for 2 min and dehydrated. Slides were exposed under Kodak
NTB-2 autoradiography emulsion for 4 to 5 weeks. All experiments inclu-
ded series of neighbouring sections hybridized to the antisense and control
(sense) probes, and signals were considered specific when the control probe
did not give labelling above background (as shown in Figs 3,4}.

Immunodetection of frataxin—f-gal fusion protein. Human frataxin cDNA
was amplified by PCR with flanking primers containing artificial Kpnl
restriction sites (ptimers 5-CCATGGTACCAAGTTCGAACCAACGTG-
GCCTC-3" and 5-GGCTGGTACCCAAGCATCTTTTCCGGAATAG-
GC-3"). The resulting PCR fragment was fused in frame via the Kpnl site to
the sequence encoding -galactosidase in pCHK vector?4, and proper fusion
was confirmed by sequencing. HeLa cells were plated on Leighton tubes
(Costar) and transfected with 1 ug/ml of plasmid DNA with calcium phos-
phate precipitation®” for the transient expression of the constructs.

Forty hours after transfection, cells were fixed in 4% paraformaldehyde
and permeabilized in 0.05% Triton X-100 (3x for 5 min). Cells were then
incubated for 2 h at room temperature together with a monoclonal anti—f-
gal antibody and a polyclonal antibody against cytochrome-c oxidase (gift
of Dr. A. Lombes, INSERM U153, Paris). Revelation was carried out with
FITC anti-mouse antibody and Cy3 anti-rabbit antibody (Jackson Lab).

Yeast manipulations. The following strain of S. cerevisiae was used:
D273UK (MAT alpha met6 ura3 lys2). Yd1120w, which is the open reading
frame of YFH1 and is located on chromosome IV (12), was deleted and
replaced via homologous recombination?® by a kan® marker containing
cassette as described elsewhere26. The YFHI deletion starts at Ser®” of the
amino-acid sequence and encompasses the last amino-acid residue. The
yeast strains were transformed and selected for resistance to geniticin G418,
and the transformant clones were purified?’. The correct insertion of the
cassette was verified by PCR at the 5" and 3" extremities of the chromoso-
matl deletion for 10 glycerol-positive and glycerol-negative transformants.

The cells were grown in 2% glucose (YPD medium) or 3% glycerol (YG
medium), 1% yeast extract and 2% bactopeptone supplemented with 2%
agar for solid media. The frequency of rho™ mutants was evaluated by the
number of colonies exhibiting a petite phenotype and failing to grow on
glycerol. The rho™ feature was verified by the absence of restoration of
growth on glycerol in crosses with an rho® tester strain, 1L166-6C (MATa
ural). The presence of complementary auxotrophies in D273UK and [L166-
6C allowed selection of diploids on minimum medium. By definition, a rho~
mutant (also called petite) has retained only small fragments of mitochon-
drial DNA or is completely devoid of mitochondrial DNA (rho?).

Sodium azide—sensitive respiration was measured at 30 °C with a Clark
electrode in a 3-ml vessel containing 2% glucose and 25 mM potassium phos-
phate, pH 6.5, at a cellular concentration of 200-300x 108 cells per ml.
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