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An interaction between frataxin and Isul/Nfs1 that is
crucial for Fe/S cluster synthesis on Isul

Jana Gerber, Ulrich Mihlenhoff & Roland Lill*

Institut fur Zytobiologie und Zytopathologie, Philipps-Universitat Marburg, Marburg, Germany

Depletion of the mitochondrial matrix protein frataxin is the mole-
cular cause of the neurodegenerative disease Friedreich ataxia. The
function of frataxin is unclear, although recent studies have sug-
gested a function of frataxin (yeast Yfh1) in iron/sulphur (Fe/S) pro-
tein biogenesis. Here, we show that Yfh1 specifically binds to the
central Fe/S-cluster (ISC)-assembly complex, which is composed of
the scaffold protein Isul and the cysteine desulphurase Nfsl.
Association between Yfhl and Isul/Nfs1 was markedly increased
by ferrous iron, but did not depend on ISCs on Isul. Functional
analyses in vivo showed an involvement of Yfh1 in de novo ISC syn-
thesis on Isul. Our data demonstrate a crucial function of Yfh1 in
Fe/S protein biogenesis by defining its function in an early step of
this essential process. The iron-dependent binding of Yfhl to
Isul/Nfs1 suggests a role of frataxin/Yfh1 in iron loading of the Isu
scaffold proteins.

EMBO reports 4, 906-911 (2003)

doi:10.1038/sj.embor.embor918

INTRODUCTION

The neurodegenerative disorder Friedreich ataxia (FRDA) is
caused by a deficiency of the mitochondrial matrix protein frataxin
(Babcock et al., 1997; Foury & Cazzalini, 1997; Wilson & Roof,
1997). Although the cellular function of frataxin and its yeast
orthologue Yfh1 is still a matter of debate (for a review, see Puccio
& Koenig, 2002; Wilson, 2003), arole in cellular iron homeostasis
seems likely. A deficiency of frataxin/Yfh1l leads to an accumula-
tion of iron in mitochondria (Babcock et al., 1997; Foury &
Cazzalini, 1997; Puccio et al., 2001). In vitro studies suggest that
frataxin may bind iron and form large aggregates that are reminis-
cent of the iron-storage protein ferritin (Adamec et al., 2000;
Cavadini et al., 2002). However, the physiological relevance of
the multimeric forms of frataxin has been questioned (Adinolfi
etal., 2002). Another general phenotype of frataxin-deficient cells
is a defect in mitochondrial Fe/S proteins (Rotig et al., 1997;
Foury, 1999; Chen et al., 2002; Lutz et al., 2001). Recently, frataxin
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was found to be required for de novo biogenesis of cellular Fe/S
proteins in vivo (Mihlenhoff et al., 2002a), which demonstrated a
direct function of frataxin in this essential process.

Biosynthesis of Fe/S proteins in eukaryotes is mediated by a
set of highly conserved components that are located in mito-
chondria (for a review, see Muhlenhoff & Lill, 2000; Craig &
Marszalek, 2002; Gerber & Lill, 2002). Central components of
this Fe/S cluster (ISC)-assembly machinery in yeast are the cys-
teine desulphurase Nfsl, which provides sulphur, and the
homologous protein pair Isul/Isu2, which bind ferrous iron and
function as scaffolds for de novo synthesis of the nascent ISC
(Frazzon & Dean, 2003). In addition, the electron-transfer system
that is comprised of the ferredoxin Yahl and the ferredoxin
reductase Arhl is essential and may reduce elemental sulphur
(S°) to sulphide. Furthermore, the DnaK-like and Dnal-like chap-
erones Ssql and Jacl, respectively, interact with Isul/2 and are
required after ISC assembly on Isul/2 (Dutkiewicz et al., 2003;
Muhlenhoff et al., 2003).

To elucidate the molecular function of frataxin, we attempted
to identify its cellular interaction partners. We report a direct
interaction between yeast Yfhl and the central ISC-assembly
complex Isul/Nfsl in mitochondrial extracts. Interaction was
strongly dependent on the presence of physiological concentra-
tions of ferrous iron. Furthermore, Yfhl is crucially involved in
the de novo synthesis of an ISC on the Isul scaffold, where it may
support the iron loading of Isul.

RESULTS

Yfh1 binds to the core ISC-assembly complex Isul/Nfsl
To identify the interaction partners of yeast frataxin (Yfhl), we
first used the glutathione-S-transferase (GST)-affinity system. We
constructed a yeast expression vector that allows the synthesis of
the fusion protein pSu9GST-Yfhl. This carries the amino-
terminal mitochondrial targeting sequence of the ATP synthase
subunit 9 (pSu9) and GST at the N terminus of Yfhl, which
replaces the Yfhl pre-sequence. As a control, the fusion protein
pSu9GST was used. After synthesis in Saccharomyces cerevisiae,
the mature forms of both fusion proteins were located exclusively
in mitochondria (data not shown). GST-Yfh1l was functional,
as it restored the growth defect of a Gal-YFH1 mutant in
which endogenous Yfh1l is depleted (data not shown; Mihlenhoff
etal., 2002a).
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Fig. 1| Yfh1 binds to the Isul/Nfs1 complex. The fusion proteins
pSU9GST-Yfh1, pSu9GST and Isul-GST (glutathione-S-transferase) were
produced in wild-type yeast cells grown in the presence of galactose.
Mitochondria were isolated, lysed in detergent-containing buffer A, and
GST-affinity purification was performed. Fractions were analysed for the
presence of specific proteins by immunostaining (A-C). Results obtained
using cells that overexpressed ISU1 are shown in the right panel of (A)
(ISU1 over.). Bound, GST-affinity purified protein; In, input mitochondrial
extract (10% of total); NB, non-bound fraction (10% of total).

Mitochondria that harboured the GST proteins were isolated
and lysed in detergent-containing buffer, and the extracts were
subjected to GST-affinity purification. The components associated
with the purified GST proteins were identified by immunostain-
ing. The two predominant proteins that precipitated with
GST-Yfh1 were Isul and Nfsl (Fig. 1A). No significant amounts
of other components of the ISC-assembly machinery, such as
Ssql, Yahl, Grx5, Jacl, or of other mitochondrial proteins, such
as aconitase, were detected (Fig. 1A; and data not shown). In par-
ticular, native Yfhl did not co-purify with GST-Yfh1, indicating
that the Yfh1 species that was isolated in our assay system func-
tions as a monomer (see below). Binding of Isul and Nfsl to
GST-Yfh1 was highly specific, as these and other mitochondrial
proteins were not found to be associated with GST
(Fig. 1B). Furthermore, the amount of co-purification of Isul
increased substantially when Isul was overproduced, indicating
the specificity of the interaction (Fig. 1A).
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Yfth1 is co-purified with Isul-GST

To verify the specificity of the protein—protein interactions
analysed above, we constructed an expression vector for the syn-
thesis of an Isul fusion protein (Isul-GST) that has the GST
domain at its carboxyl terminus. Isul-GST was imported into
mitochondria and fully restored the growth defects of the promoter-
exchange mutant Gal-ISU1/Aisu2 on depletion of Isul (see
below), which indicates that the Isul domain was functional (data
not shown). Wild-type mitochondria that harboured Isul-GST
were subjected to GST-affinity purification. In addition to
Isul-GST, purified fractions contained the ISC proteins Nfs1, Ssql
and Yfhl, thus supporting the data described above (Fig. 1C).
Moreover, untagged Isul was co-purified, indicating that both Isul
proteins interact, a finding that is consistent with that for the
dimeric form of purified yeast Isul (data not shown). Our data also
show that similar ISC protein complexes are formed in the yeast
and bacterial ISC systems (Frazzon & Dean, 2003). The interac-
tions detected were highly specific, as no other proteins of the
mitochondrial 1ISC-assembly machinery or of other pathways were
detected in the purified fractions (Fig. 1C; and data not shown).

Binding of Yfh1 to Isul-GST is concentration dependent
The amount of Yfhl that is co-isolated with Isul-GST should
decrease on overexpression of the ISU1 gene, due to competition
of native Isul with its tagged version. Similarly, the yield of Yfhl
and Isul-GST complex formation should increase on over-
production of native Yfh1l. Variation of Isul and Yfhl levels was
achieved by using the promoter-exchange mutant Gal-1ISU1/
Aisu2, which carries a disrupted I1ISU2 gene and ISU1 under the
control of the galactose-inducible and glucose-repressible GAL1-10
promoter (Fig. 2A). These cells were transformed with a plasmid
that carries the YFH1 gene downstream of the doxycycline-
repressible TetO2 promoter and a plasmid that encodes
Isul-GST. On downregulation of Isul, a significant amount of
Yfhl was co-isolated with Isul-GST by GST-affinity purification
(Fig. 2C). This amount was considerably higher than that seen in
wild-type cells (Fig. 1C) and increased further on overproduction
of Yfh1. This result indicates that the binding equilibrium between
Yfh1 and the two Isul proteins was shifted towards the formation
of the Yfh1/Isul-GST complex. Conversely, on overproduction of
Isul by the growth of Gal-ISU1/4isu2 cells in the presence
of galactose, no significant amount of Yfh1l was co-purified with
Isul-GST, even after overproduction of Yfh1 (Fig. 2B). These find-
ings show that Isul-GST efficiently competed with native Isul for
binding to Yfh1, Nfs1 and Ssq1, and therefore demonstrate further
the specificity of these interactions.

Co-immunoprecipitation of Yfh1 with Isul/Nfs1

As an independent method to study protein—protein interactions,
we used co-immunoprecipitation. Specific anti-Yfhl antisera
quantitatively immunoprecipitated Yfhl from mitochondrial
extracts (Fig. 3A). The anti-Yfhl immunoprecipitate contained
significant amounts of Isul and Ssql, but not of Yahl and non-
ISC proteins, such as Heat shock protein 60 (Hsp60; Fig. 3A;
and data not shown). No ISC proteins or other mitochondrial
proteins were detected in the antibody-bound fraction using
pre-immune serum (Fig. 3A, left panel). These findings establish
a specific interaction in vivo between the native forms of Yfhl
and Isul/Nfs1.
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Fig.2 | The interaction between Isul-GST and Yfh1 is dependent on the
concentrations of Isul and Yfh1. (A) Wild-type (WT) and Gal-1SU1/Aisu2
cells were grown on synthetic minimal media supplemented with galactose
(Gal) or glucose (D). Mitochondria were isolated and analysed by
immunostaining for Isul, porin (Por2) and Mgel. (B,C) Isul-GST was
overproduced in Gal-1SU1/Aisu2 cells containing a plasmid
(pCM182-YFH1) that carries YFH1 under the control of the TetO2
promoter. In this strain, levels of native Isul (without GST) are
downregulated by growth in the presence of glucose, and the overexpression
of YFH1 is blocked by the addition of 5 pg mI~* doxycycline. Mitochondria
were isolated from cells cultivated on synthetic minimal media
supplemented with galactose (ISU1 up) or glucose (ISU1 down) in the
absence (YFH1 up) or presence (YFH1 down) of doxycycline, as indicated.
Further analysis was carried out as described for Fig. 1. Bound, glutathione-
S-transferase (GST)-affinity purified protein; In, input mitochondrial
extract (10% of total); NB, non-bound fraction (10% of total).

Iron reversibly increases the binding of Yfh1 to Isul/Nfsl
As Isul binds iron in a labile manner in vitro (Agar et al., 2000;
Nuth et al., 2002), we tested the potential influence of reduced
iron on the physical interaction between Yfhl and Isul/Nfsl.
Maintenance of physiological concentrations of ferrous iron
(50 uM) during detergent lysis of mitochondria and throughout
the GST purification procedure induced a substantial increase in
the yield of Isul/Nfsl that co-purified with GST-Yfh1l (Fig. 4A).
When the glutathione beads were treated with EDTA or other
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Fig. 3| Co-immunoprecipitation of Yfh1 and the Isul/Nfs1 complex.

(A) Isolated wild-type mitochondria that overexpressed Isul (p426-Isul)
were lysed in detergent-containing buffer A and an immunoprecipitation was
performed using a specific antiserum raised against purified Yfhland a
pre-immune serum (PIS). The immunoprecipitates were analysed by
SDS-polyacrylamide gel electrophoresis, followed by immunostaining for the
indicated proteins. The staining below Ssq1 is due to the heavy chains of 1gG,
which preclude the analysis of Nfs1 by this method. (B) The lysis, purification
and washing steps were carried out in the absence or presence of 50 pM Fe?*/
1 mM ascorbate (Fe?*) and 1 mM EDTA, as indicated. Bound, glutathione-S-
transferae (GST)-affinity purified protein; In, input mitochondrial extract
(10% of total); NB, non-bound fraction (10% of total).

metal chelators during the washing steps, the yield of co-isolated
Isul/Nfsl decreased almost to the levels found in the absence of
added iron, indicating the reversible character of binding. Highly
similar results were obtained using the co-immunoprecipitation
method with anti-Yfh1l antibodies (Fig. 3B). The effect is specific
for iron, as 50 uM Mg?*, Ca?* or Mn?* ions did not influence
complex formation (Fig. 4B). Similarly, low-molecular-mass com-
pounds that are involved in Fe/S protein biogenesis (cysteine,
NADH and ATP; Mihlenhoff et al., 2002b) had no effect (data not
shown). In summary, reversible complex formation between Yfh1l
and Isul/Nfsl is strongly dependent on ferrous iron. In contrast to
previous in vitro studies, ferrous iron did not induce oligomeriza-
tion of Yfhl in our in organello assay system, as we could not
observe any co-purification of wild-type Yfhl with GST-Yfhl
(Fig. 4A; Cavadini et al., 2002).

Yfh1 binds to the Fe/S cluster-free apoform of Isul

Does Isul require a transiently bound ISC for its association with
Yfh1? To determine this, we synthesized Isul-GST in the promoter-
exchange mutant Gal-YAH1, which carries a regulatable YAH1
gene (Lange et al., 2000). In vivo analyses have shown that
depletion of the ferredoxin Yah1 results in severe defects in ISC
synthesis on the Isul scaffold, that is Isul remains in the apoform
in conditions of Yahl depletion (Muhlenhoff et al., 2003). In
Yahl-depleted Gal-YAH1 mitochondria, Yfhl was co-isolated
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Fig.4 | Binding of Isul to Yfhl is increased at higher iron concentrations,
but does not require an Fe/S cluster on Isul. (A,B) Mitochondria from
wild-type cells that overproduce glutathione-S-transferease (GST)-Yfhl
were used for GST-affinity purification, as described for Fig. 1. Treatment of
samples in (A) was as described for Fig. 3B; samples in (B) were incubated
in the presence of 50 uM of metal ions, as indicated. (C) Gal-YAH1 cells
that overexpress Isul-GST were grown on synthetic minimal media
supplemented with galactose (YAH up) or glucose (YAH down).
Mitochondria were isolated, Isul-GST was purified and bound proteins
were analysed as described for Fig. 1. Bound, GST-affinity purified protein;
In, input mitochondrial extract (10% of total).

with Isul-GST by GST-affinity chromatography (Fig. 4C). The
amount of purified Yfh1 relative to the input protein was similar
to that in wild-type cells (Fig. 1C), showing that Yfh1 bound effi-
ciently to the ISC-free apoform of Isul. For unknown reasons, the
level of affinity-purified 1sul-GST was lower in conditions of
Yahl depletion; that is, co-isolation of Yfh1l relative to purified
Isul-GST increased on depletion of Yahl. We conclude that
the interaction between Yfh1 and Isul/Nfsl does not require the
presence of an ISC on Isul. It was not possible to test whether
Yfh1 also associates with the ISC-containing holoform of Isul, as
the cluster is only transiently bound and the steady-state levels of
the Isul holoprotein in vivo may be low.
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Yfthl is crucial for Fe/S cluster synthesis on Isul

To obtain an insight into the functional significance of the interac-
tion between Isul/Nfsl and Yfhl, we analysed whether Yfh1 is
crucial for ISC synthesis on the Isul scaffold. Yfhl was depleted
using Gal-YFH1 cells that carry a regulatable YFH1 gene
(MUhlenhoff et al., 2002a). To monitor Isul-bound ISCs, Isul was
overexpressed in Gal-YFH1 and wild-type cells. After growth in
galactose- or glucose-containing media, cells were radiolabelled
with 5%Fe, cell extracts were prepared and Isul was immunopre-
cipitated. In wild-type cells or Gal-YFH1 cells cultivated in the
presence of galactose, a significant amount of radioactive 5°Fe
was co-immunoprecipitated with Isul (Fig. 5), indicating the for-
mation of an ISC on Isul (Muhlenhoff et al., 2003). The iron that
was associated with the immunobeads was specific, as levels of
radioactivity close to background levels (<0.3 pmol of %Fe per
gram of cells) were detected without overproduction of Isul, or
with preimmune serum. Conversely, on depletion of Yfhl by
growth in the presence of glucose, the amount of *°Fe associated
with Isul decreased fourfold. As the levels of overexpressed Isul
and other mitochondrial proteins did not decrease detectably
(Fig. 5, inset; Muhlenhoff et al., 2002a), the data strongly indicate
a crucial requirement of Yfh1 in de novo ISC assembly on Isul.

DISCUSSION

In this study, we have defined the molecular function of yeast
frataxin in the complex process of Fe/S-protein biogenesis. We
identified binding partners of Yfh1 in mitochondria, defined the
conditions for interaction and performed functional studies to
detect the site of action of Yfhl in Fe/S protein biogenesis.
Several lines of evidence indicate that Yfh1 specifically binds to
the core ISC-assembly complex Isul/Nfsl. Yfh1l was affinity puri-
fied with an Isul-GST fusion protein, and the Isul/Nfsl complex
was also found to associate with GST-Yfh1. The specificity of the
interaction was demonstrated by the fact that the extent of bind-
ing to the GST fusion proteins was decreased by increasing the
amounts of the corresponding native proteins. These findings
were supported using co-immunoprecipitation as a second,
independent method to demonstrate the association between
native Yfh1 and Isul/Nfs1l. As we used isolated mitochondria for
our analyses, the results reported here might reflect the situation
in vivo. In support of this, ISU1 gene expression is increased in
yfh1l mutant cells, which indicates a genetic link between these
genes (Foury & Talibi, 2001).

Binding between Yfh1l and Isul/Nfsl was significantly higher
when physiological concentrations of ferrous iron were main-
tained during complex isolation. However, formation of the
complex did not require an ISC on Isul. These observations are
consistent with our functional studies (Fig. 5), which indicate a
crucial involvement of Yfhl in de novo ISC synthesis on Isul.
Other components required for this early step in Fe/S protein bio-
genesis are Nfsl and Yahl1l/Arhl, whereas the chaperones Ssql
and Jacl are dispensable and may function later in biogenesis
(Mihlenhoff et al., 2003). What is the specific contribution of
Yfh1 to the synthesis of an ISC on Isul? Frataxin might be involved
in iron loading of Isul, sulphur transfer from Nfsl to Isul, or the
combination of iron and sulphur to a cluster on the Isul scaffold.
On the basis of the iron-stimulated binding of Yfh1 to Isul/Nfs1,
the most likely possibility is that frataxin supports the iron loading
of Isul. This suggestion, which is derived from our in organello
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Fig. 5| Yfhlis required for de novo Fe/S-cluster synthesis on Isul. Wild-type
(WT) and Gal-YFHL1 cells that overexpress ISU1 (ISU1 up) were incubated
in an iron-poor medium supplemented with galactose (SGal) or glucose
(SD). Cells were radiolabelled with %5Fe and lysed mechanically, and Isul
was immunoprecipitated from the cell lysates using Isul-specific
antibodies. The amount of radioactive Fe associated with the
immunobeads was quantified by liquid scintillation counting. The inset
(immunostaining) shows the levels of Isul and Yfh1 in Gal-YFH1 cells.

P1S, immunoprecipitation with pre-immune serum.

and in vivo studies, is supported by elegant in vitro work that was
published during the revision of our manuscript. Yoon & Cowan
(2003) have demonstrated direct iron transfer from frataxin to the
human ISU protein. The authors also reported stable binding of
6-7 iron ions per frataxin molecule. However, under more physio-
logical conditions, and with mitochondrial extracts, no stable
binding of iron to frataxin/Yfhl was seen (Adinolfi et al., 2002;
Muhlenhoff et al., 2002a). Further studies under conditions that
are close to the physiological situation are needed to resolve this
apparent discrepancy between in vivo and in vitro analyses and to
clarify the issue of stable versus labile iron-binding to Isu proteins.
Our investigation and the work of Yoon & Cowan (2003) now
open the way to elucidate the functions of Yfh1 in iron transfer to
Isul and in ISC synthesis at a molecular level.

The results presented here unequivocally support suggestions
of a primary function of frataxin in Fe/S protein biogenesis and
define the site of action of the protein. This function explains the
mitochondrial iron accumulation in frataxin-deficient cells, as an
increased mitochondrial iron concentration is a well-documented
secondary phenotype of cells that are defective in Fe/S protein
biogenesis (Lill & Kispal, 2000; Chen et al., 2002). As frataxin is
conserved from bacteria to humans, our data are of relevance to
the neurodegenerative disorder Friedreich ataxia, which is associ-
ated with defects in Fe/S proteins and mitochondrial iron accumu-
lation in affected cells and in mouse models (Rétig et al., 1997;
Puccio etal., 2001).
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METHODS

Yeast strains and cell growth. The Saccharomyces cerevisiae
strains used were as follows: W303-1A (MATa, ura3-1, ade2-1,
trp1-1, his3-11,15, leu2-3,112), which was used as a wild-type
strain; Gal-ISU1/Aisu2 (W303-1A; isu2::HIS3; nucleotides -477
to —16 of the ISU1 gene were replaced by the GAL1-10/LEU2 cas-
sette); Gal-YFH1 (Muhlenhoff et al., 2002a). Cells were grown as
described previously (Mihlenhoff et al., 2002a).

Plasmid constructs. The GST open reading frame was amplified
by PCR from the vector pGEX-2TK (Amersham). For pSu9GST,
codons 1-69 of the mitochondrial targeting sequence of the
ATPase subunit 9 from Neurospora crassa were fused to codons
1-220 of the GST gene from Schistosoma japonicum. For
Isul-GST, full-length ISU1 from S. cerevisiae (codons 1-163)
was fused to codons 1-220 of GST. For pSu9GST-Yfhl, pSu9
(codons 1-69) and GST (codons 1-233) were fused to YFH1 from
S. cerevisiae (codons 52-174). Constructs were inserted into the
ARS/CEN vector p416MET25 (Mumberg et al., 1995). The fusion
constructs were verified by DNA sequencing.

Affinity purification of GST fusion proteins and co-immuno-
precipitations. Mitochondria (250 pg of protein) were lysed for
3 min onice in 200 pl buffer A (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 0.2% Tween 20, 10 uM leupeptin, 10 UM pepstatin, 2 mM
PMSF (phenylmethylsulphonylfluoride), 50 uM pyridoxal phos-
phate, and 1 mM ascorbic acid). Membrane debris was removed
by centrifugation for 10 min at 15,000 r.p.m. and the supernatant
was incubated with 30 pl of Glutathione-Sepharose 4B beads
(Amersham) for 1 h on a rotary shaker at 4 °C. Beads were collected
by centrifugation for 5 min at 3,000 r.p.m. and washed three times
with 300 pl of buffer A. Bound proteins were subjected to
SDS-polyacrylamide gel electrophoresis and identified by
immunostaining. Co-immunoprecipitation was performed under
the same conditions using specific antiserum against Yfh1l. All
other methods have been described previously (Muhlenhoff
etal., 2002a).
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