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The inability to produce normal levels of the mitochondrial protein frataxin causes the hereditary
degenerative disorder Friedreich’s Ataxia (FRDA), a syndrome characterized by progressive gait instability,
cardiomyopathy and high incidence of diabetes. Frataxin is an iron-binding protein involved in the biogen-
esis of iron—sulfur clusters (ISC), prosthetic groups allowing essential cellular functions such as oxidative
phosphorylation, enzyme catalysis and gene regulation. Although several evidence suggest that frataxin
acts as an iron-chaperone within the mitochondrial compartment, we have recently demonstrated the exist-
ence of a functional extramitochondrial pool of mature frataxin in various human cell types. Here, we show
that a similar proteolytic process generates both mature mitochondrial and extramitochondrial frataxin. To
address the physiological function of human extramitochondrial frataxin, we searched for ISC-dependent
interaction partners. We demonstrate that the extramitochondrial form of frataxin directly interacts with
cytosolic aconitase/iron regulatory protein-1 (IRP1), a bifunctional protein alternating between an enzymatic
and a RNA-binding function through the ‘iron—sulfur switch’ mechanism. Importantly, we found that the
cytosolic aconitase defect and consequent IRP1 activation occurring in FRDA cells are reversed by the
action of extramitochondrial frataxin. These results provide new insight into the control of cytosolic
aconitase/IRP1 switch and expand current knowledge about the molecular pathogenesis of FRDA.

INTRODUCTION ISCU acts as scaffold protein in all eukaryotes (6). The

Frataxin is an iron-binding protein strictly conserved during
evolution, from proteobacteria to humans (1). Although differ-
ent evidence indicates an involvement of frataxin in intracellu-
lar iron homeostasis (2), the primary function of this protein is
still elusive. Frataxin deficiency clearly leads to defective
iron—sulfur clusters (ISC) and heme biosynthesis, with
further consequences concerning mitochondrial iron overload,
impaired mitochondrial respiration, low ATP production, oxi-
dative damage and enhanced stress-induced apoptosis (3). The
ISC-dependent proteins play an essential role in several
aspects of cellular metabolism including respiratory electron
transfer, enzyme catalysis and DNA repair (4,5). Studies in
yeast models have shown that biogenesis of ISC requires a
large number of proteins catalyzing the process (4). The
central components are those involved in transient assembly
of ISC on a scaffold protein, within mitochondria. Isul/

cysteine desulfurase Nfsl/ISCS provides the sulfur moiety,
together with the Isd11 protein (7,8). Although the source of
iron to synthesize ISC is less well defined, several data
support the notion that frataxin is the iron donor of the reaction
(9,10). In yeast, ISC biosynthesis seems to occur exclusively
in the mitochondria. This hypothesis implies that mitochondria
are indispensable to build all cellular ISC proteins, leading to
the proposal that the preformed ISC are transported outside
mitochondria by the ISC export machinery and finally inserted
in extramitochondrial targets by the cytosolic ISC assembly
(CIA) machinery (4). Little is known about the extramitochon-
drial ISC biogenesis in mammalian cells. Homologues of the
yeast proteins involved in export and cytosolic assembly
exist and are functional in humans (11-13). Moreover, extra-
mitochondrial isoforms of the central components ISCU (14),
NFU (15) and ISCS (16) have been identified in human cells.
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Thus, mammalian biogenesis of extramitochondrial ISC shows
partial similarity with the yeast’s model, but nevertheless the
pathways may be specified by fundamental distinctions.

In humans, a paradigm for frataxin defect is the degenera-
tive disorder Friedreich’s ataxia (FRDA). FRDA is an autoso-
mal recessive monogenic disease characterized by progressive
gait instability, loss of coordination, hypertrophic cardiomyo-
pathy and increased incidence of diabetes mellitus (17). In
almost all of the patients (95—-98%), this disorder is caused
by the homozygous hyperexpansion of a GAA-triplet repeat
within the first intron of the FXN gene (18), a condition that
results in lowered expression of the encoded frataxin protein
(19). Human frataxin is synthesized as a 23 kDa precursor
protein, which needs N-terminal proteolytic processing
within the mitochondria to be converted into the functional
mature form (20). Although initially considered a protein
exclusively confined to the mitochondrial matrix (19), we
and others recently demonstrated the existence of an extrami-
tochondrial pool of mature frataxin in different human cell
types (21-23). Extramitochondrial frataxin is a functionally
relevant protein, since its expression directly suppresses apop-
tosis in transformed cell lines and protects FRDA patients’
lymphoblasts from stress-induced cell death (22). A growing
body of evidence indicates that mitochondrial frataxin acts
as an iron-chaperone by providing ferrous iron (Fe*") in a
bioavailable form. /n vitro and in vivo studies proved that fra-
taxin interacts with several proteins involved in the biogenesis
of ISC: the scaffold ISCU/Isul (9,24), the chaperone GRP75
(25) and the adaptor protein ISD11 (25). Moreover, mitochon-
drial frataxin physically binds the ISC-containing enzymes
ferrochelatase (26), succinate dehydrogenase (27) and mito-
chondrial aconitase (28,29). The direct interaction with ISC-
dependent proteins reveals an additional role for frataxin in
modulating the activity of its partners, as demonstrated by
the protection/reactivation of mitochondrial aconitase (28).

In this study, we provide evidence for a physiological role of
extramitochondrial frataxin in the cytoplasmic compartment.
We first characterized the amino terminus of extramitochondrial
frataxin generated in human cells. Our results indicate that the
extramitochondrial frataxin matches the mature mitochondrial
frataxin. Moreover, using a co-immunoprecipitation approach,
we found that extramitochondrial frataxin directly interacts
with the ISC-dependent cytosolic aconitase/iron regulatory
protein-1 (IRP1) bifunctional protein. Importantly, we demon-
strate that the cytosolic aconitase defect and consequent IRP1
activation in FRDA patients’ cells can be reverted by extramito-
chondrial frataxin. Our findings suggest a direct function of
frataxin in the regulation of cytosolic aconitase/IRP1 activity.

RESULTS

Mitochondrial processing generates the
extramitochondrial frataxin

We previously reported that expression in human cells of wild-
type frataxin cDNA (frataxin' *'°, FXN' *'%), encoding the
210 aminoacid precursor protein, generated a mature product
that not only localized within mitochondria but also in the
cytoplasm (22). This subcellular distribution is independent
of forced expression, because endogenous extramitochondrial
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Figure 1. Mitochondrial processing generates the extramitochondrial frataxin.
(A) Left panel: anti-frataxin western blot analysis of total extracts from
HEK-293 cells stably transfected with either empty vector (EV) or wild-type
frataxin' ~2'® (FXN'~2'%); precursor, intermediate and mature forms of fra-
taxin are indicated. Right panel: western blot analysis of mitochondrial (M)
and cytosolic (C) extracts from HEK-293 cells stably transfected with
FXN'~21°_(B) Edman degradation analysis was performed on frataxin immu-
nopurified from FXN'~2'% cytosolic extracts. The arrow shows the band that
was sequenced and the position of obtained N-terminal residues (underlined)
within the frataxin sequence.

frataxin is detectable in primary cells as well as in tumor cell
lines (21-23). To better characterize extramitochondrial
frataxin, we took advantage of the Flp-In-293 cells stably
expressing FXN'2'° previously described (20) (Fig. 1A, left
panel). The stable expression of FXN'?'” results mainly in
accumulation of the mature mitochondrial product, generated
by a proteolytic cleavage between Lys80 and Ser8l
(FXN®17210, 20). Furthermore, subcellular fractionations
showed the presence of the extramitochondrial form in the
cytosolic fractions prepared from the above cells (20).
HEK-293 cells stably expressing FXN' 2'® were then used
to identify the N-terminus of the extramitochondrial frataxin.
To this end, highly purified cytosolic fractions were prepared
and checked by western blot analysis. The mature frataxin
recovered from mitochondrial fractions comigrates with the
extramitochondrial form obtained from cytosolic fractions
(Fig. 1A, right panel). To rule out cross-contamination of
fractions, mitochondrial matrix MnSOD and cytosoplasmic
tubulin were used as controls. The purity of subcellular
fractions was further confirmed by the analysis of additional
mitochondrial and cytosolic markers (Supplementary Material,
Fig. S1). Frataxin was immunoprecipitated from the
above cytosolic fractions, resolved on SDS—PAGE and
subjected to sequential Edman degradation. As summarized
in Figure 1B the N-terminal sequence obtained was
S-G-T-L-G-H, corresponding to the same residues previously
identified in the N-terminus of mature frataxin generated
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upon mitochondrial processing. Together, these results indi-
cate that the extramitochondrial protein is a FXN®' 219 poly-
peptide and that a similar proteolytic processing accounts for
both mature mitochondrial and extramitochondrial frataxin.

Extramitochondrial frataxin physically interacts with
the cytosolic aconitase/IRP1 protein

To address the physiological function of extramitochondrial fra-
taxin, we investigated its involvement in regulation of cytosolic
ISC. To this purpose, we searched for interaction partners of
extramitochondrial frataxin in human cells. Given the ability
of mitochondrial frataxin to act as an iron-chaperone that inter-
acts with mitochondrial aconitase by modulating its ISC-
dependent enzyme activity, we reasoned that a corresponding
interaction between their cytosolic counterparts could be
possible. To determine if extramitochondrial frataxin and
cytosolic aconitase/IRP1 share the same subcellular localization,
HEK-293 cells were transiently transfected with extramitochon-
drial FXN®'21° together with a Myc-tagged IRP1 (Myc-IRP1)
and analyzed by immunofluorescence microscopy. As expected,
both proteins were predominantly located in the cytoplasm. The
merged images demonstrate their co-localization as revealed by
the yellow areas (Fig. 2A). To test for the possible interaction
between extramitochondrial frataxin and cytosolic aconitase/
IRP1, we carried out a co-immunoprecipitation approach.
HEK-293 cells were transiently transfected with either empty
vector (EV), FXN' 2% or extramitochondrial FXN®'~21°
together with Myc-IRP1. In order to avoid artefactual inter-
actions caused by excessive overexpression of Myc-IRPI,
HEK-293 cells were transfected with amounts of the correspond-
ing construct leading to moderated expression levels (Sup-
plementary Material, Fig. S2). Cell extracts from transfected
cells were immunoprecipitated with anti-frataxin mAb, and
anti-Myc immunoblot analysis demonstrated the co-purification
of Myc-IRP1 (Fig. 2B). Conversely, immunoprecipitation of
Myc-IRP1 with anti-Myc resulted in co-purification of frataxin,
as detected by anti-frataxin immunoblot analysis (Fig. 2C). In
neither case negative control for immunoprecipitations with an
irrelevant isotype-matching antibody or without antibody
allowed detection of the above proteins (Fig. 2D). Notably, in
both cases the interaction is evident in the absence of frataxin
overexpression, demonstrating that endogenous extramitochon-
drial frataxin is sufficient to bind transfected Myc-IRP1. The
interaction is slightly increased in FXN' 2'"_transfected cells
and it is strongly enhanced in the presence of transfected fra-
taxin®' ~21% (FXN®' ~219). To further characterize the interaction,
we examined if the binding between FXN®' 2! and cytosolic
aconitase is modulated by the presence of enzyme’s ISC. We
generated a mutant protein (IRP1 C437S) lacking a critical
cysteine responsible for coordination of the cluster. This
mutant lacks aconitase activity and displays only the RNA-
binding activity (30,31). As shown in Figure 3, immunoprecipi-
tation and immunoblot analysis in both directions demonstrate
that the presence of C437S substitution in IRP1 strongly inhib-
ited the interaction with extramitochondrial frataxin.

These data collectively demonstrate that FXN®' 2! can
directly interact with cytosolic aconitase/IRP1 in the extrami-
tochondrial compartment.
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Figure 2. Extramitochondrial frataxin physically interacts with the cytosolic
aconitase/IRP1 protein. (A) HEK-293 cells were transiently transfected with
extramitochondrial frataxin®' ~2'% (FXN®'2'%) together with a Myc-tagged
IRP1 (Myc-IRP1) and analyzed by immunofluorescence with anti-frataxin
(red), anti-IRP1 (green) and the nuclear DAPI stain (blue). The last panel
shows the merged image. (B) HEK-293 cells were transiently transfected
with either EV, FXN' 2! or extramitochondrial FXN®' 2!° together with a
Myc-IRP1. Cell extracts were immunoprecipitated with anti-frataxin antibody
and immunoblotted with anti-Myc antibody or anti-frataxin antibody. (C)
HEK-293 cells were transiently transfected as in (B). Cell extracts were immu-
noprecipitated with anti-Myc antibody and immunoblotted with anti-frataxin
antibody or anti-Myc antibody. The results are representative of three indepen-
dent experiments. The densitometric quantitation of frataxin or IRP1
co-immunoprecipitated in the various samples is indicated (mean + 1 SD).
(D) HEK-293 cells were transiently transfected with FXN®!'~21* together
with Myc-IRP1. Left panel: cell extracts were immunoprecipitated with anti-
frataxin antibody (IP anti-Fxn), without antibody (IP no Ab) or with an irrele-
vant isotype-matching antibody (IP IgG) and immunoblotted with anti-Myc
antibody. Right panel: cell extracts were immunoprecipitated with anti-Myc
antibody (IP anti-Myc), without antibody (IP no Ab) or with an irrelevant
isotype-matching antibody (IP IgG) and immunoblotted with anti-frataxin
antibody.

Extramitochondrial frataxin rescues the cytosolic
aconitase activity

As known, reduced frataxin expression determines a contem-
porary loss in activity of mitochondrial and cytosolic aconi-
tases (32,33), two ISC-requiring enzymes encoded by two
different genes (34). To investigate the functional implications
of the interaction between extramitochondrial frataxin and
cytosolic aconitase/IRP1, we looked for a functional relation-
ship between frataxin localization and aconitase activity. To
this purpose, frataxin-deficient lymphoblasts derived from a
FRDA patient were stably reconstituted with either an EV,
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Figure 3. ISC-dependent interaction between extramitochondrial frataxin and
cytosolic aconitase/IRP1. HEK-293 cells were transiently transfected with
either wild-type (wt) or mutated (C437S) Myc-IRP1 together with extramito-
chondrial FXN®' 210 (A) Cell extracts were immunoprecipitated with anti-
frataxin antibody and immunoblotted with anti-Myc antibody or anti-frataxin
antibody. (B) Cell extracts were immunoprecipitated with anti-Myc antibody
and immunoblotted with anti-frataxin antibody or anti-Myc antibody. The
results are representative of three independent experiments.

FXN' 2% or extramitochondrial FXN®' 2! (Fig. 4A) and
total and subcellular protein extracts were assayed for aconi-
tase activity. To evaluate the status of both aconitases, two
independent activity assays were used. Enzyme activity was
monitored both in subcellular fractions, by spectrophotometric
analysis (Fig. 4B and C), and in total lysates, by native in-gel
assays (Fig. 5). As expected, both mitochondrial and cytosolic
extracts from FRDA lymphoblasts show a significant deficit of
aconitase activity with respect to control lymphoblasts derived
from an healthy brother of the patient (Figs 4 and 5). Mito-
chondrial aconitase is rescued in FRDA cells reconstituted
with FXN'2'® but could not be significantly restored in
FRDA cells reconstituted with FXN®' 2! (Figs 4B and 5B).
On the other hand, although cytosolic aconitase is rescued in
FRDA cells reconstituted with FXN' 7210, it is even more effi-
ciently rescued in FRDA cells reconstituted with FXN®!'~2!°,
The in-gel assay fully confirmed this finding (Fig. 5). Further-
more, since the native in-gel assay allows the simultaneous
visualization of both activities, we could quantitate the relative
contribution of the cytosolic enzyme with respect to the total
aconitase activity. We calculated that the cytosolic aconitase
represents ~16% of total cellular aconitase activity in
EV-reconstituted FRDA lymphoblasts. The simultaneous
effect on the activity of both isoz?/mes did not significantly
change this proportion in FXN' ?'°reconstituted FRDA
cells, whereas the reconstitution with FXN®!'"21% raised the
percent of the cytosolic activity to ~30% of total, mostly
due to a specific boost of the cytosolic enzyme (Fig. 5B).
These results suggest that extramitochondrial frataxin can
directly affect the enzymatic activity of cytosolic aconitase.

Extramitochondrial frataxin modulates the RNA-binding
activity of IRP1

The enzymatic activity of cytosolic aconitase and the RNA-
binding activity of IRP1 are two mutually exclusive functions
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Figure 4. Extramichondrial frataxin rescues the cytosolic aconitase defect. (A)
Western blot analysis of mitochondrial and cytosolic extracts from FRDA cells
stably transfected with either EV, FXN' 2! or extramitochondrial FXN® 210,
Aconitase assays were performed with mitochondrial (B) or cytosolic extracts
(C) from lymphoblasts derived from a FRDA patient (FRDA), from his
healthy brother (Healthy) and from the patient lymphoblasts stably reconsti-
tuted with either EV, FXN'72!° or extramitochondrial FXN®'~2!°. Error
bars in the graph indicate 1 SD. Statistical analysis by Student’s t-test:
*P < 0.05; **P < 0.01.

of the same protein. The presence of a 4Fe—4S cluster allows
its enzymatic function as aconitase, whereas a complete loss of
this cofactor triggers its mRNA-binding ability (35). We thus
analyzed FRDA lymphoblasts for the iron responsive element
(IRE)-binding ability of IRP1. As previously reported for
FRDA patient cells (36,37), as well as for a human cell
model of frataxin depletion (33), we found that FRDA lym-
phoblasts showed increased IRP1 activity compared with
their healthy control (Fig. 6A). RNA band-shift analysis indi-
cates a strong increase of IRPs-binding activity without any
variation of IRP1 expression levels between FRDA and
control cells, as judged by in vitro B-mercaptoethanol acti-
vation and by western blot studies (Fig. 6A). In this band-shift
assay human IRP1 and IRP2 comigrate. IRP2 is another IRE-
binding protein which is not an ISC-dependent protein and
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Figure 5. Extramichondrial frataxin specifically boosts cytosolic aconitase.
(A) Aconitase in-gel assays were performed with total extracts from patient
lymphoblasts (FRDA), from control lymphoblasts (Healthy) and from the
patient lymphoblasts stably reconstituted with either EV, FXN'2!% or extra-
mitochondrial FXN®!~21%; the bands corresponding to mitochondrial aconitase
(mAco) and cytosolic aconitase (cAco) are indicated. Loading control rep-
resents an irrelevant coomassie-stained band from the above gel. The results
are representative of four independent experiments. (B) The mitochondrial
(grey bar) and cytosolic (black bar) aconitase activities were calculated by
densitometric analysis of four independent native in-gel assays. Error bars
in the graph indicate 1 SD. Statistical analysis by Student’s #-test: *P <
0.05; **P < 0.01.

whose activity is regulated through protein degradation. To
exclude a contribution of IRP2, protein expression level was
therefore analyzed in control and FRDA cells. Western blot
analysis revealed equal levels of IRP2, thus confirming an
exclusive activation of IRP1-binding activity in the above
FRDA lymphoblasts (Fig. 6A). We then performed experiments
to examine the effects of extramitochondrial frataxin on IRP1
activation. Extracts from FRDA cells stably reconstituted
with either EV, FXN' 2% or FXN® 21° were analyzed by
RNA band-shift and western blotting (Fig. 6B). RNA band-shift
showed a marked reduction of IRPs-binding activity in FXN'~
210 reconstituted FRDA cells compared with corresponding
EV-reconstituted FRDA cells (Fig. 6B). This effect is indistin-
guishable from that observed in FXN®'?'reconstituted
FRDA cells (Fig. 6B), demonstrating the specific action of
extramitochondrial frataxin on IRP1 status. The reduced IRPs
activity cannot be accounted by altered IRP1 expression
levels, as judged by in vitro 3-mercaptoethanol activation and
by western blot studies (Fig. 6B), consistent with the fact that
extramitochondrial frataxin functionally converts IRPI to its
cytosolic aconitase form. Moreover, western blots confirmed
that IRP2 protein levels were not altered (Fig. 6B), ruling out
a contribution by IRP2. Collectively, the data indicate that
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Figure 6. Extramitochondrial frataxin inhibits IRP1 RNA-binding activity.
(A) Cell extracts from a FRDA patient (FRDA) and from healthy control lym-
phoblasts (Healthy) were incubated with an IRE RNA probe, with or without
3% B-mercaptoethanol (BME) which fully activates IRP1-binding ability, and
analyzed for IRPs band shift by 6% native PAGE. The same extracts were ana-
lyzed for IRP1 and IRP2 expression levels by western blotting. (B) Cell
extracts from the patient lymphoblasts stably reconstituted with either EV,
FXN'2!% or extramitochondrial FXN®!'~2'% were analyzed for IRPs band
shift and IRPs protein levels as in (A).

the extramitochondrial form of human frataxin plays a critical
function in the cytosolic aconitase/IRP1 switch.

DISCUSSION

In the past few years, the understanding of the function of fra-
taxin has grown rapidly (3). Consequently, pathophysiological
defects of FRDA have become more comprehensible, thus
allowing the design of new therapeutic approaches (38—40).
However, the molecular function of this protein was
investigated mainly with respect to mitochondrial physiology.
Subcellular localization of frataxin in mammalian cells is
currently under debate. Recently, an extramitochondrial pool
of mature frataxin was detected in several cell types of
human origin (21-23). We demonstrated that overexpression
of extramitochondrial frataxin confers protection against
stress-induced apoptosis in frataxin-deficient cells (22). More-
over, forced expression of wild-type frataxin precursor in
different cell lines leads to a substantial production of a
frataxin form that does not reside in the mitochondrial com-
partment (20,22). Strikingly, in the microsporidian parasite
Trichomonas hominis, which has mitosomes instead of mito-
chondria, the main pool of frataxin is located in the cytosol
(41). In contrast to the mitochondrial frataxin, very little is
known about biogenesis and function of extramitochondrial
frataxin. A recent analysis of the mitochondrial maturation
process allowed us to identify for the first time the 14 kDa
active form of mature frataxin generated in human living
cells (20). In the present study, we have made an effort to
characterize the mature extramitochondrial form. Edman
degradation of extramitochondrial frataxin purified from
living cells indicates that this form has an amino terminus
starting with Ser81. The N-terminal sequence obtained corre-
sponds to that previously identified in the N-terminus of
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mature frataxin generated upon mitochondrial processing (20).
These results demonstrate that both mitochondr1al and extrami-
tochondrial isoforms are identical FXN®'~ polygeptldes
Thus, our data support a view in which mature FXN

first produced by a two-step mitochondrial proteolytic process
and then it is partially exported outside the mitochondria by a
still unknown mechanism. The multiple distribution of a
protein between subcellular compartments usually arises from
multiple transcription start sites, alternative splicing or different
translation initiations (42). On the contrary, the notion that
mature mitochondrial and extramitochondrial frataxin are identi-
cal is reminiscent of the dual targeting of yeast fumarase enzyme
(43). Similarly to frataxin, the fumarase precursor is directed to
mitochondria and matured by mitochondrial processing pepti-
dase. A subset of mature fumarase is then imported into the
matrix, whereas another part is released in the cytosol by retro-
grade movement through the translocation pore (44). As a
result of such mechanism, mitochondrial and cytosolic forms
of yeast fumarase share identical N-termini (45).

To investigate the metabolic role of extramitochondrial fra-
taxin, we sought to identify its cytosolic targets. Mitochondrial
frataxin is a double-side modulator of mitochondrial aconitase
activity. First, the role of frataxin in the biosynthesis of ISC
impacts on cellular availability of prosthetic group required
for enzyme s function (32,33). Second, frataxin directly cha-
perones Fe?™ to the inactive 3Fe—4S cluster of mitochondrial
aconitase in order to reconstitute a functional 4Fe—4S cluster
(28). Two distinct genes encode mammalian mitochondrial
and cytosolic aconitases. Both proteins require a 4Fe—4S
cluster for enzymatic activity. Moreover, the two aconitases
share 30% overall identity, showing a striking overlap of
active site residues (46). By co-expression in HEK-293 cells,
we demonstrate that extramitochondrial frataxin co-localizes
and interacts with cytosolic aconitase/IRP1 protein. Immuno-
precipitation of transfected frataxin results in co-precipitation
of transfected IRP1, and this is confirmed by the reverse
approach. Strikingly, physical association between the two
proteins is evident without a forced expression of extramito-
chondrial frataxin. This provides additional evidence that
human cells express a functional endogenous frataxin in the
cytoplasm. Moreover, we report that such interaction is
largely, although not exclusively, dependent on the presence
of an ISC inserted into the cytosolic aconitase form.
Through the so-called ‘ISC-switch’ cytosolic aconitase/IRP1
alternates between two mutually exclusive functions: the ISC-
containing form is an enzyme converting cytosolic citrate to
isocitrate, whereas the ISC-devoid form regulates gene
expression by the binding to specific mRNA targets (35).
The defective activity of mitochondrial and cytosolic aconi-
tases, as well as an increased IRP1 RNA-binding activity,
are clearly associated with frataxin deficiency in model organ-
isms (47—49), in human cell cultures (23,33) and in patients
affected by FRDA (32,36,37). We looked for a compartment-
specific function of frataxin on aconitases activity. Our results
indicate that expression of FXN'2'® in FRDA cells rescues
the activity of both mitochondrial and cytosolic aconitases.
Moreover, IRP1 act1v1t¥ returns to basal levels. Conversely,
expression of FXN®'"2!® impacts on IRP1-binding ability
and activates the cytosolic aconitase, without an evident
effect on the mitochondrial one. Given that FRDA cells

show a localization of frataxin in both compartments when
reconstituted with FXN' 210 (Fig. 3A), the above data
strongly suggest a compartment-specific role for frataxin
forms. Accordingly, cytosolic aconitase activity was described
to decline in parallel with cytosolic frataxin depletion, with no
significant deficit in mitochondrial aconitase activity, until
depletion of the mitochondrial frataxin pool (23).

In view of the physical interaction between extramitochon-
drial frataxin and cytosolic aconitase/IRP1, protection or reac-
tivation of enzyme’s ISC represents a major hypothesis for the
cytosolic function of frataxin. The molecular mechanisms by
which cytosolic aconitase is converted to its IRE binding
form are still enigmatic. The 4Fe—4S cluster of cytosolic aco-
nitase is highly sensitive to reactive oxygen species and reac-
tive nitrogen species (50). These perturbants lead to loss of the
labile Fe, atom by generating a transient 3Fe—4S cluster (51—
53), followed by a complete removal of covalent linkages
between aconitase and its cofactor (54). The protein contain-
ing a 3Fe—4S cluster was reported to possess neither
enzyme activity nor RNA binding act1v1ty, however, it can
be reverted to the aconitase form by Fe*™ supply (51). As
recently demonstrated (55), the equilibrium of cycling
between 4Fe—4S and 3Fe—4S seems critical for conversion
to the RNA binding form. Because oxidative stress endogen-
ously occurs in FRDA cells, cytosolic aconitase deficit and
IRP1 activation are ascribed, at least in part, to an excessive
ISC damage. Thus, although not directly addressed by this
work, extramitochondrial frataxin could impact on the 3Fe—
4Fe equilibrium by direct delivery of Fe*" to damaged 3Fe—
4S cluster of cytosolic aconitase. Moreover, a more general
role in biogenesis of cytosolic ISC cannot be excluded and
will require further investigations. In this regard, extramito-
chondrial frataxin was described to interact with the cytosolic
isoform of ISCU (cISCU or ISCU1) (21), a scaffold protein for
ISC biosynthesis. The isoform specific depletion of human
mitochondrial and cytosolic ISCU provided evidence for a
selective function in their respective compartments (14).
Although silencing of cISCU resulted in only slight changes
in the steady-state activity of cytosolic aconitase, the impact
on ISC repair/regeneration toward this enzyme is strongly
evident (14). In addition, two recently identified homologues
of the yeast CIA machinery were involved in maturation of
cytosolic ISC in mammals. As a result, RNAi knockdown of
IOP1 (12; homologue of yeast Narl) or huNbp35/Nubpl
(13; homologue of yeast Nbp35) impairs activity of cytosolic
aconitase and activates IRP1-binding ability, whereas mito-
chondrial aconitase remains intact.

Results presented here provide the first evidence on the mol-
ecular control of cytosolic aconitase/IRP1 activity by extramito-
chondrial frataxin. These data propose an extramitochondrial
role for frataxin in the emerging pathways governing cytosolic
ISC-dependent proteins in humans and contribute to a better
understanding of molecular pathophysiology of FRDA.

MATERIALS AND METHODS
c¢DNA expression constructs and cell transfections

The 8leEsz/FXN1 210 HIRES2/FXN®!' 210 and pcDNA3/
FXN®'21% constructs were described elsewhere (20). Human
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IRP1 cDNA containing Xhol site at 5'-end/Xbal at 3’-end was
obtained by PCR from the clone MGC-8709 (ATCC) and
inserted in pcDNA3Myc vector to express an N-terminal
Myc-IRP1 protein. The mutant construct pcDNA3Myc/
IRP1“**7S was generated using the QuickChange site-directed
mutagenesis kit (Stratagene) using pcDNA3Myc/IRP1 as tem-
plate. All final constructs were verified by sequencing.
GM15850B lymphoblasts, from a clinically affected FRDA
patient and GM15851B lymphoblasts from a clinically unaf-
fected brother of GM15850 were obtained from NIGMS
Human Genetic Cell Repository, Coriell Institute for
Medical Research. FRDA lymphoblasts were stably trans-
fected by electroporation and selected with 500 pg/ml G418
(Invitrogen) as reported (20). Human embryonic kidney
HEK-293 cells were transiently transfected with 20 wg total
DNA using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instructions.

Subcellular fractionations

Mitochondrial and cytosolic extracts were prepared as pre-
viously described (22) with minor modifications. Cells were
harvested, washed twice with ice-cold PBS and resuspendend
into an ice-cold isotonic buffer (210 mm mannitol, 70 mm
sucrose, 10 mm HEPES pH 7.4, 1 mmM EDTA and 1 mm
DTT) supplemented with Complete protease inhibitor cocktail
(Roche). The suspension was left on ice and mixed period-
ically for 20 min, then passed through a 25-gauge syringe
needle several times. The homogenate was centrifuged twice
at 800g for 10 min at 4°C to eliminate nuclei and unbroken
cells. The supernatant was further centrifuged twice at
10 000g for 30 min at 4°C and collected as the cytosolic frac-
tion. The mitochondrial pellet was resuspended in the above
isotonic buffer containing 0.5% Triton X-100 and Complete
cocktail. After a 20 min incubation on ice, the sample was cen-
trifuged at 14 000g for 15 min at 4°C and the resulting super-
natant was collected as the mitochondrial fraction.

Purification and N-terminal sequencing of
extramitochondrial frataxin

Frataxin was immunoprecipitated from ~50 mg of cytosolic
extracts from Flp-In-293 cells stably expressing FXN' 2!
(20) with mAb anti-frataxin (MAB-10876 Immunological
Sciences) and protein G-sepharose beads (GE Healthcare
Life Sciences). Immunocomplexes were then resolved by
15% SDS—PAGE and coomassie-stained bands were excised
from the gel. N-terminal aminoacid sequence was determined
by automated Edman degradation performed by Alta Bio-
science (University of Birmingham, UK).

Immunofluorescence analysis

HEK-293 cells were plated onto glass chamber slides
(Lab-Tek) and grown in complete medium for an additional
day after plating Cells were then co-transfected with
pcDNA3/FXN® 21 and pcDNA3/Myc-IRP1 (1:1) using
Lipofectamine 2000 (Invitrogen) following the manufacturer’s
instructions. Twenty-four hours after transfection, cells were
fixed for 15 min with 4% paraformaldehyde in phosphate-
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buffered saline (PBS) at room temperature (RT). Coverslips
were rinsed twice with PBS and permeabilized for 30 min at
37°C with 60 pwm digitonin, washed twice with PBS and fol-
lowed by a blocking step, with PBS containing 10% FBS
1 h at RT to minimize non-specific staining. Samples were
then incubated for 1 h at 37°C with anti-frataxin monoclonal
antibody MAB-10876 or isotype-matched control mAb,
diluted 1:400 in PBS/10% FBS. After three washing with
PBS, cells were incubated for 1h at RT with secondary
Alexa 594-conjugated goat anti-mouse antibody (Molecular
Probes) diluted 1:1000 in PBS/10% FBS, rinsed three times
in PBS and then incubated with primary anti-IRP1 polyclonal
rabbit antibody (a kind gift from Dr Sonia Levi, Vita-Salute
San Raffaele University, Italy) diluted 1:200 in PBS/10%
FBS. After three washing with PBS, cells were incubated for
1 h at RT with secondary Alexa 488-conjugated goat anti-
rabbit antibody (Molecular Probes) diluted 1:1000 in PBS/
10% FBS, rinsed three times in PBS and mounted on glass
slides with Prolong Antifade (Molecular Probes). All images
were acquired by using a BX60 Olympus microscope
equipped with a Cohu High-performance CDD camera.

Immunoprecipitation and western blotting

Cell extracts from HEK-293 cells transiently co-transfected with
frataxin and Myc-IRP1 constructs were used to immunoprecipi-
tate either frataxin by mAb anti-frataxin MAB-10876, or
Myc-IRP1 by mAb anti-human c-myc 9E10 (554205 BD Phar-
mingen). Immunoprecipitates were separated by 12% SDS—
PAGE, transferred on Protran nitrocellulose membranes
(Whatman) and analyzed by immunoblotting using ECL system
detection (GE Healthcare Life Sciences). To analyze total
protein extracts, cells were lysed in ice-cold RIPA buffer sup-
plemented with Complete protease inhibitor cocktail. Cell
extracts were separated by 12 or 15% SDS—PAGE and immuno-
blotted with the following antibodies: mAb anti-frataxin
(MAB-10876 Immunological Sciences), mAb anti-a-Tubulin
(Sigma), anti-MnSOD (StressGen), mAb anti-c-myc 9E10
(BD Pharmingen), anti-IRP1 N-17 (sc-14216 Santa Cruz
Biotechnology) and mAb anti-IRP2 7H6 (sc-33682 Santa Cruz
Biotechnology).

Aconitase assays

Aconitase activity was measured spectrophotometrically at
340 nm by a coupled reaction of aconitase and isocitrate dehy-
drogenase. The assay reactions contained 50—100 g of sub-
cellular fractions in 50 mm Hepes pH 7.4, 1 mm sodium
citrate, 0.6 mm MnCl,, 0.2 mm NADP™ and 2 U/ml isocitrate
dehydrogenase from porcine heart (Sigma-Aldrich). For the
calculation of the activities, 1 milliunit of enzyme was
defined as the amount of protein that converted 1 nmol of
NADP™ in 1 min at 25°C.

The aconitase in-gel assay was performed as described (14).
Briefly, 100 g of total extracts from cells lysed in CelLytic M
buffer (Sigma-Aldrich) with Complete cocktail were resolved
in a 4% stacking, 8% separating gel by electrophoretic run at
18 V/cm for 3.5h at 4°C. Densitometric quantitation was
obtained using ImageJ software.
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Statistical analysis was performed using a Student’s -test;
all values are expressed as means + SD.

IRPs RNA band-shift (RNA EMSA)

The probe used was a 32-mer RNA oligonucleotide correspond-
ing to IRE sequence from human H-ferritin gene (5'-GGU UUC
CUG CUU CAA CAG UGC UUG GAC GGA AC-3'), labeled
with a biotin molecule at 5" end (Metabion International AG).
Cell lysates were prepared in CelLytic M buffer supplemented
with Complete cocktail. Binding reaction contained 5—10 g of
total extracts in a final volume of 15—-20 pl containing 10 mm
Hepes pH 7.4, 40 mm KCI, 3 mm MgCl, and 5% glycerol.
When needed, B-mercaptoethanol was included to a final con-
centration of 3% in order to fully activate IRP1-binding
ability. After incubation at RT for 10 min, RNAse TI1
(Sigma-Aldrich) was added for 10 min, followed by addition
of 5 mg/ml heparin (Sigma-Aldrich) for another 10 min, both
at RT. Binding reactions were separated by a 6% native
PAGE in TBE 0.3X at 16 V/cm for 2 h at RT, transferred on
Biodyne B Nylon Membranes (Pierce) and detected using
Chemiluminescent Nucleic Acid Detection Module (Pierce).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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