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Abstract

Frataxin is a conserved mitochondrial protein deficient in patients with Friedreich’s ataxia.
Frataxin has been implicated in control of iron homoeostasis and Fe-S cluster assembly. In yeast
or human mitochondria, frataxin interacts with components of the Fe—S cluster synthesis
machinery, including the cysteine desulfurase Nfs1, accessory protein Isd11 and scaffold protein
Isu. In the present paper, we report that a single amino acid substitution (methionine to isoleucine)
at position 107 in the mature form of Isul restored many deficient functions in Ayfhl or frataxin-
depleted yeast cells. Iron homoeostasis was improved such that soluble/usable mitochondrial iron
was increased and accumulation of insoluble/non-usable iron within mitochondria was largely
prevented. Cytochromes were returned to normal and haem synthesis was restored. In
mitochondria carrying the mutant Isul and no frataxin, Fe-S cluster enzyme activities were
improved. The efficiency of newFe-S cluster synthesis in isolated mitochondria was markedly
increased compared with frataxin-negative cells, although the response to added iron was minimal.
The M1071 substitution in the highly conserved Isu scaffold protein is typically found in bacterial
orthologues, suggesting that a unique feature of the bacterial Fe-S cluster machinery may be
involved. The mechanism by which the mutant Isu bypasses the absence of frataxin remains to be
determined, but could be related to direct effects on Fe—S cluster assembly and/or indirect effects
on mitochondrial iron availability.
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INTRODUCTION

Iron is an essential nutrient for virtually all organisms because many important proteins
require iron as a constituent of haem and Fe-S cofactors. Iron is toxic when present in
excess, capable of reacting with oxygen to generate superoxide or hydroxyl radicals that
damage proteins, lipids and DNA [1]. Therefore cells have evolved mechanisms for
regulating the uptake, distribution and utilization of iron. In eukaryotic cells, mitochondria
play a special role in iron homoeostasis [2]. Mitochondria contain large numbers of haem
and Fe-S proteins in membrane-bound complexes that mediate cellular respiration or in
matrix proteins of the tricarboxylic acid cycle (e.g. aconitase). Furthermore, synthesis of
these cofactors takes place in mitochondria. Haem is made by insertion of iron into
protoporphyrin 1X by the enzyme ferrochelatase, which is found exclusively in
mitochondria. Fe-S clusters are made in mitochondria by a catalysed process involving
more than 20 proteins in mitochondria [3]. Iron uptake in mitochondria is controlled in the
physiological setting such that iron is assimilated for biogenesis of iron proteins and excess
iron does not accumulate. In some pathological settings, this homoeostasis is perturbed. For
example, in cells lacking the mitochondrial protein frataxin, Fe—S cluster proteins are
deficient and iron accumulates in mitochondria, producing cellular and organellar damage

2.

Frataxin is a conserved mitochondrial protein originally identified by its connection to
Friedreich’s ataxia, an inherited degenerative disease affecting particular types of neurons,
cardiac myocytes and pancreatic islet cells [4]. The affected tissues in individuals with this
disease exhibit frataxin deficiency. The cellular phenotypes of the disease include iron
homoeostatic abnormalities characterized by iron accumulation in mitochondria, Fe-S
cluster deficiencies and haem protein deficiencies [5]. The principal role of frataxin has been
a topic of extensive study and controversy, and primary and secondary effects of frataxin
deficiency have been difficult to distinguish [2]. Recent evidence supports a critical role of
frataxin in Fe-S cluster biogenesis in mitochondria. Fe—S cluster biogenesis can be broadly
understood in terms of two phases: the formation of Fe-S cluster intermediates on the
scaffold protein Isu, and the transfer of the intermediates to apoprotein recipients [6]. The
formation of the intermediates requires a source of sulfur, which is provided by the cysteine
desulfurase Nfsl. In eukaryotes, Nfsl interacts with an essential small accessory protein
Isd11. The Nfsl-Isd11 enzyme acts on the amino acid substrate cysteine, generating a
persulfide and transferring sulfane sulfur to a critical cysteine residue of Isu. Iron must be
provided at this stage, and frataxin may play a crucial role in this process. Frataxin appears
to interact with iron [7] and also exhibits iron-dependent protein interactions with other
components of the Fe—S cluster assembly machinery [8]. Electrons are also required, and
these are provided by Arhl and Yahl, a reductase and ferredoxin couple. For the transfer
phase, a specialized Hsp70 (heat-shock protein 70) chaperone Ssql and co-chaperone Jacl
are involved, and they interact directly with the client protein Isu, thereby facilitating
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transfer of the Fe—S cluster intermediate to apoprotein recipients. Other components such as
a glutaredoxin, Grx5, are also involved [9].

The role of frataxin in the first phase of Fe-S cluster assembly (formation of the Fe-S
cluster intermediate on Isu) was initially shown by iron-labelling experiments in yeast cells.
Frataxin-depleted cells failed to form the Fe-S cluster intermediate on Isu [8]. More recently
a multiprotein complex has been described, consisting of Nfs1, Isd11, frataxin and Isu [10-
12]. When all four components were present together in the complex, a large enhancement
of cysteine desulfurase activity was observed [11]. The association of cysteine desulfurase
with frataxin and the scaffold Isu is consistent with the functions of these proteins during
formation of Fe-S cluster intermediates on Isu. In bacteria such as Escherichia coli, the Fe—
S cluster assembly components are conserved and the frataxin (CyaY) deletion mutant
exhibits very minimal phenotypes, suggesting a lesser role of frataxin in this organism [13].
Furthermore, although the bacterial cysteine desulfurase, scaffold and frataxin homologue
are associated in a protein complex, Isd11 is not present. Another difference is that, unlike
the human complex, the bacterial complex appears to inhibit rather than promote cysteine
desulfurase activity [14].

We previously described the occurrence of spontaneous suppressor mutants of frataxin-
deleted (Ayfhl) yeast strains [15]. These mutants recoveredmany of the functions that were
deficient in Ayfhl cells. In the present paper, we report that a single amino acid substitution
in the scaffold protein Isul conferred most of the frataxin-bypassing activity. The
substitution altered a conserved amino acid in Isul to one that is found exclusively in
bacterial scaffolds, suggesting that the amino acid change might be mimicking a feature of
the bacterial Fe-S cluster machinery.

EXPERIMENTAL

Spontaneously occurring mutants of Ayfh1

The frataxin-deletion strain of Saccharomyces cerevisiae, 5Cyfhl (MATa Ayfhl::HIS3
ade2-1 leu2-3, 112 trp1-63 ura3-52) (strain no. 52-18), was derived from a cross of the
parents CM3260 (strain no. 41-46) and Ayfh1 [strain no. 50-67; a gift from Jerry Kaplan
(Department of Pathology, University of Utah, Salt Lake City, UT, U.S.A.)]. 5Cyfhl was
grown in rich YPAD medium (1% yeast extract, 2% peptone, 2% o-glucose and 100 mg/I
adenine), and 1 ml of stationary phase culture was poured on an agar plate containing rich
glycerol-based medium (same composition as above except glycerol was used in place of
glucose) and allowed to dry. After 1 week, papillae appeared on top of a lawn of non-
growing cells, and independent colonies called Sup3, Sup4 and Sup10 were picked with a
fine needle. The suppressors ‘bred true’ in that they grew more rapidly than the background
cells if re-inoculated under similar growth conditions. In crossing with the deletion of the
opposite mating type, 2Dyfhl (MATa Ayfhl::HIS3 ade2-1 leu2-3, 112, trp1-63 FRE1-
HIS3::URA3) (strain no. 52-24), the suppressor mutants behaved as genetic dominants.
Following sporulation of the diploid and meiosis, the enhanced growth characteristics of the
suppressor phenotype could be recovered in the tetrads in a 2* ;2™ pattern, suggesting that a
single gene was involved [15]. In other genetic backgrounds (W303 and YPH499), similar
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effects were discerned, i.e. slow growth and respiratory deficiency of the knockout and
appearance of papillae on glycerol plates after prolonged incubation [15].

Plasmid construction

Centromere-based TRP1-marked plasmids were constructed in the YCplac22 backbone as
follows: YCplac22-YFH1 was made by introducing the YFH1 Hindlll genomic fragment
into the corresponding vector sites. YCplac22-1SU1 contains the 700 bp upstream sequence
of ISU1 introduced into Eagl/Ndel sites, followed by the open reading frame between Ndel
and Xhol, followed by a stop codon and 200 base pairs of 3" untranslated sequence between
BamHI and Sacl. Amino acid 107 of the mature protein was changed from methionine to
isoleucine by site-directed mutagenesis in this plasmid to generate YCplac22-1SU1-M1071.
Other point mutations were introduced in this plasmid, changing Met1%7 to valine, threonine,
proline, histidine or glycine. The amino acid Asp3’ was changed to alanine by site-directed
mutagenesis, generating the plasmid YCplac22-1SU1-D37A.

Strains and media

A shuffle strain was constructed in the YPH499 background in which YFH1 was deleted
from the genome and covered by a YFH1-expressing plasmid [MATa ura3-52 lys2-801
ade2-101 trp1-A63 his3-A200 leu2-Al Ayfhl::HIS3 (pGal-Yfhl, URA3)] (no. 70-31). This
strain was transformed with various TRP1-marked plasmids, and the covering plasmid was
removed by counter selection in the presence of 5-fluoro-orotic acid under anaerobic
conditions. Growth characteristics of the transformants were then evaluated aerobically. A
promoter-swap strain was constructed in which the coding region of the YFH1 gene in
YPH499 was placed under control of GAL1, using the HIS3MX6-PGAL1 cassette [16],
creating strain Gal-Yfh1 (strain no. 99-51). This strain was transformed with YCplac22,
YCplac22-1SU1-M1071 or YCplac22-YFH1, and, after selection for tryptophan prototrophy
in the presence of galactose, the promoter was turned off by growth in raffinose-based
medium (6.7 g/l yeast nitrogen base without amino acids, 2 g/l complete medium
supplements minus tryptophan, and 2% raffinose). As described elsewhere [17], iron-
buffered medium was used to evaluate the growth of some strains. The composition was 50
mM Mes buffer, pH 6.5, standard defined medium, 1 mM ferrous iron chelator ferrozine and
various concentrations of ferrous ammonium sulfate (0, 25, 100 and 350 pM). The
unopposed activity of the chelator produces iron starvation, whereas iron addition to the
chelator results in various amounts of soluble iron. Addition of 350 uM ferrous iron
completely reverses the chelator effect.

Candidate gene sequencing

The open reading frames of NFS1, ISD11, ISU1 and ISU2 were amplified by yeast colony
PCR from fresh patches of different yeast strains using a 1:1 mixture of Pfu and Taq
polymerases with addition of 2.5 mM MgCls,. The products were subcloned using the
StrataClone PCR cloning kit (Agilent Technologies), and two clones of each were subjected
to DNA sequencing.
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Biochemical assays

In order to measure new haem synthesis in isolated mitochondria, radioactive iron (1 uM
[2°Fe]ferrous ascorbate, 100 mCi/mg; CNL Scientific) and PPO (protoporphyrinogen, 1 uM
final concentration) were added. The samples were incubated at 30°C for 5 min, acidified
with 0.2 M hydrochloric acid, and extracted with methyl ethyl ketone followed by counting
of the organic phase. PPO was prepared from protoporphyrin IX by reduction with sodium
amalgam [18]. Low-temperature spectra (=191°C) of whole cells were recorded [19]. For
assessment of new Fe—S cluster synthesis, mitochondria were incubated with [3®S]cysteine
and nucleotides, with or without 50 uM ferrous ascorbate. The radiolabelled Fe-S cluster of
endogenous aconitase was visualized by native gel electrophoresis and autoradiography
[17].

Iron labelling and cell fractionation

Yeast cells were radiolabelled during growth by addition of trace amounts of radioactive
iron (20 or 50 nM [°Fe]ferrous ascorbate) to the cultures. Unincorporated iron was removed
by washing, and total cellular iron was measured by scintillation counting of the entire lysate
following spheroplasting and douncing. The PMS (post-mitochondrial supernatant) fraction
was the supernatant remaining following differential centrifugation to obtain the
mitochondrial pellet. The mitochondrial pellet was washed in isotonic buffer (50 mM Tris/
HCI, pH 7.5, 0.6 M sorbitol and 5 mMEDTA) prior to scintillation counting. Purified
mitochondria were subjected to sonication in hypotonic buffer (50 mM Tris/HCI, pH 7.5)
followed by centrifugation (15000 g for 15 min) to separate the supernatant (*soluble mito”)
and pellet (“insoluble mito”). Iron in the fractions was quantified by scintillation counting.

RESULTS

Characterization of spontaneously arising suppressors of a Ayfhl yeast strain

The parental yeast strain, Ayfhl, and Sup3, Sup4 and Sup10 were evaluated for their growth
characteristics. The deletion mutant grew very poorly on glucose plates and virtually not at
all on ethanol plates, consistent with the known respiratory deficiency of Ayfhl cells. The
suppressors recovered normal growth on glucose or ethanol plates (Figure 1A).
Mitochondrial protein composition was examined by immunoblotting. Frataxin protein
(Yfh1) was present only in the wild-type parental cells as expected. Aconitase protein was
present in the wild-type, virtually absent from Ayfh1l mitochondria consistent with instability
of the apoprotein, and recovered in the suppressors. Similarly, aconitase activity was present
in the parent, virtually absent from Ayfhl (2%of normal) and partially recovered in the
suppressors (20%, 30% and 100% for Sup3, Sup4 and Sup10 respectively). Cytochrome ¢
was present in the wild-type, not detected in Ayfhl, and recovered partially or completely in
the suppressors. Isu was increased in Ayfh1 compared with the wild-type parent as described
previously [20]. In the suppressors, Isu abundance was still increased compared with the
parent, although to various extents (Figure 1B).
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Identification of a common extragenic point mutation in Ayfhl suppressors

In view of the identification of a protein complex containing Yfh1, Nfs1, Isd11 and Isu [10-
12], we considered that the improved phenotypes of the suppressor strains might arise from
alterations in Yfhl-interacting proteins. Therefore the corresponding candidate genes were
rescued from genomic DNA by PCR and subjected to sequencing. In the suppressor strains,
NFS1 exhibited multiple changes compared with the database sequence, but these changes
were also present in the wild-type parent and thus were likely to represent polymorphisms.
No changes in ISD11 were found. Two redundant genes, ISU1 and ISU2, encode Isu, the
scaffold protein for Fe-S cluster assembly in yeast. The ISU2 genes had no sequence
alterations. Remarkably, however, the ISU1 genes from Sup3, Sup4 or Sup10 exhibited a
single G to A transversion of nucleotide 423 of the full-length open reading frame, resulting
in a change of amino acid 141 (amino acid 107 of the mature protein) from methionine to
isoleucine. As expected, this ISU1 mutation was not found in the parental strain or in the
Ayfhl strain. In addition, the highly homologous ISU2 gene did not exhibit any mutations in
the parental, Ayfhl or suppressor strains. In order to demonstrate that the ISU1 mutation was
responsible for the phenotypic changes observed in the suppressors, the mutation was
generated by site-directed mutagenesis in a low-copy-number plasmid containing the
complete ISU1 gene. The plasmid was introduced into a Ayfhl shuffle strain constructed in
the YPH499 yeast genetic background, distinct from the genetic background utilized for the
original suppressor isolation. The covering YFH1 plasmid was removed from the shuffle
strain by 5-fluoro-orotic acid treatment under anaerobic conditions, and the transformants
were evaluated further. Markedly enhanced growth of the transformant carrying the mutated
ISU1 was observed, compared with Ayfhl carrying an empty plasmid. Iron-dependent
growth was evaluated for Ayfh1 transformed with plasmids carrying no insert, YFH1,
unmutated 1ISU1 or mutant ISU1-M1071 (Figure 2A). No growth differences were observed
under severe iron starvation (0 uM added iron in the presence of 1 mM ferrozine chelator).
Under less-severe iron starvation or iron-replete conditions, the Ayfhl mutant (YCplac22
transformant) grew slowly, and the unmutated ISU1 afforded no growth enhancement. In
contrast, the suppressor (ISU1-M1071 transformant) grew like the wild-type (YFH1
transformant) (Figure 2A). The results show that expression of ISU1-M1071 from a plasmid
in a different Ayfh1l strain and strain background recapitulated the improved growth
observed for the original suppressor isolate.

Mitochondrial protein profiles and enzyme activities

Owing to the extreme slow growth and genetic instability of the Ayfh1l mutant, subsequent
experiments were performed with a Gal-Yfh1 strain in which the YFH1 gene was placed
under the control of the regulated GAL1 promoter. Even under non-inducing conditions, this
strain did not exhibit genetic instability, and the slow growth of the deletion strain was
mitigated, perhaps due to leaky expression from the GAL1 promoter. The Gal-Yfh1 strain
was transformed with several plasmids, and the transformants were cultured in raffinose-
based medium to repress genomic Gal-Yfh1 expression. Yfh1 protein was detected only in
the ‘wild-type’ (YFH1 transformant) (Figure 2B). Aconitase and cytochrome c, the most
abundant Fe-S and haem proteins of mitochondria respectively, were decreased in the Yfh1-
depleted mitochondria (YCplac22 transformant) compared with the ‘wild-type’ (YFH1
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transformant), probably due to instability of the apoproteins. The levels were completely
restored in the suppressor (ISU1-M1071 transformant) (Figure 2B). Increased Isu levels have
been described in Yfh1 mutants due to both increased transcription and decreased protein
turnover [20]. Interestingly, in the suppressor (ISU1-M1071 transformant), Isu levels were
still abnormal, in contrast with aconitase and cytochrome c¢. Our antibody does not
distinguish between Isul and Isu2, and so one or both may be increased. A slower-migrating
band reacting with anti-Isul antibody was also increased in the ISU1-M1071 transformant.
This is probably attributable to the plasmid-borne ISU1-M1071, which carries three extra
amino acids introduced at the C-terminus for ease of cloning. Activities of the Fe-S cluster
proteins aconitase and succinate dehydrogenase were markedly reduced in Yfh1-depleted
cells (YCplac22 transformant), and these were partially or completely restored in the
suppressor (M1071 transformant). Malate dehydrogenase does not contain any Fe-S clusters,
and its activity was unaffected in all cases (Figure 2C).

Cytochromes and haem synthesis

New haem synthesis was assessed in isolated mitochondria supplemented with the porphyrin
precursor PPO and radioactive iron (1 or 5 pM [2°Fe]ferrous ascorbate). The Yfh1-depleted
mitochondria (Y Cplac22 transformant) synthesized haem slowly, and the ‘wild-type’ (YFH1
transformant) made 4-fold more haem during 5 min. The suppressor (ISU1-M1071
transformant) mitochondria also made new radiolabelled haem, with 80% of the wild-type
efficiency (Figure 3A). Steady-state levels of haem proteins were evaluated. Low-
temperature spectra of whole cells showed deficient cytochromes in the YCplac22
transformant and equivalently restored cytochrome c in the YFH1 and ISU1-M107I
transformants, with only slightly smaller ¢c; and b peaks in the latter (Figure 3B).

Fe-S cluster synthesis

An assay has been developed for examining the synthesis of new Fe-S clusters in isolated
mitochondria [17]. If intact mitochondria are incubated with [3°S]cysteine, the radiolabelled
amino acid is processed by the endogenous Fe-S cluster assembly machinery, and the
radiolabelled sulfur is incorporated into newly formed aconitase clusters that can be detected
on a native gel. Using this assay, in the frataxin-depleted (Y Cplac22) mitochondria, no new
Fe-S clusters were detected on aconitase. In contrast, in the suppressor (ISU1-M1071
transformant), significant restoration of new Fe-S cluster synthesis was detected, consistent
with the presence of aconitase activity in these mitochondria. However, the efficiency and
rate of formation of new Fe-S clusters were compromised compared with ‘wild-type’
mitochondria (YFH1 transformant). A parallel set of experiments was performed in the
presence of iron added during the assay (50 uM iron). Surprisingly, iron addition to the
isolated mitochondria resulted in detectable and markedly improved Fe-S cluster synthesis
in the frataxin-depleted mitochondria. In contrast, Fe—S cluster synthesis in the mitochondria
from the ISU1-M107I transformant was marginally if at all improved by iron addition. The
‘wild-type’ (YFH1 transformant) showed iron-enhanced labelling of aconitase at both the 15
and 45 min time points (Figure 4). In summary, the expression of the mutant ISU1 conferred
improved Fe-S cluster assembly to frataxin-depleted mitochondria. The effect was
mimicked to some extent by the addition of iron during the assay.
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Iron homoeostasis

One of the salient features of the frataxin mutant is its abnormal iron homoeostasis [21]. The
mutant phenotype is characterized by constitutively induced cellular iron uptake and
diversion of cellular iron to mitochondria [21]. Within mitochondria, iron accumulates as
insoluble ferric phosphate nanoparticles [15]. The Gal-Yfh1 transformants were evaluated
by addition of a trace amount of radioactive iron to the growth medium followed by cell
fractionation and scintillation counting of the fractions. Mitochondrial iron was further
assessed by sonication and centrifugation to separate soluble from insoluble iron species.
Results confirmed that total cellular and mitochondrial iron were markedly increased in the
frataxin-depleted cells (Table 1, compare YCplac22 with YFHL1 in two separate
experiments). The ratio of soluble iron to insoluble iron was also decreased in these frataxin-
depleted cells, reflecting iron aggregation/precipitation in the mutant mitochondria (Table
1). The effect of the ISU1-M1071 expression was to reverse to a large extent the features of
the frataxin mutant phenotype in relation to iron homoeostasis. The whole-cell iron,
mitochondrial iron and mitochondrial iron solubility were all markedly improved in the
suppressor (ISU1-M1071 transformant) (Table 1, compare M1071 with YCplac22 and
YFH1).

Other substitutions of amino acid 107 of Isul

Amino acid 107 of Isul was changed to various other amino acids by site-directed
mutagenesis of YCplac22-1SU1, a centromere-based plasmid carrying the genomic ISUL.
These mutated plasmids were reintroduced into the Ayfh1 shuffle strain and treated with 5-
fluoro-orotic acid to remove the covering YFH1 plasmid (Figure 5). The red colour from
adenine pigment deposition indicates robust growth in this assay. The YCplac22 vector and
unmutated Isul showed no growth-promoting effect. The plasmids carrying isoleucine and
valine substitutions of Isul at position 107 were effective in restoring growth and red colour
to the Ayfhl patches, similar to the YFH1-containing plasmid. On the other hand, proline,
glycine, threonine or histidine substitutions at position 107 of Isul were inactive. The D37A
substitution of Isul further worsened the defective growth phenotype of Ayfhl. This Isul
allele has been shown to impede Fe-S cluster synthesis by blocking cluster transfer from Isu
scaffolds [22].

DISCUSSION

Frataxin, a conserved mitochondrial protein, has been implicated in control of iron
homoeostasis, Fe-S cluster assembly and other iron-related processes. The striking
phenotype of frataxin mutant cells is characterized by mitochondrial iron accumulation and
deficient iron proteins, both haem and Fe-S [21]. In the present paper we report that in yeast
cells lacking frataxin (Ayfhl or Yfh1-depleted), a single amino acid substitution in the Fe-S
cluster assembly scaffold protein Isul effectively reversed many of the mutant phenotypes.
The cells with the mutated Isul and no frataxin were able to grow well, with little apparent
difference from the wild-type. The iron-homoeostatic defects of the frataxin-depleted or
Ayfh1l cells were mitigated or reversed by the mutant Isul. Some cellular iron accumulation
still occurred, but this was much less than in the original Ayfh1, and diversion of iron to
mitochondria was minimal. Iron solubility and bioavailability were improved.
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The fact that a single amino acid change in the Fe-S scaffold protein Isul was responsible
for these changes in the phenotype of the Ayfh1 frataxin-depleted cells suggests that the
effect is mediated via changes in Fe-S cluster assembly. Consistent with this idea, in assays
with isolated mitochondria, significant Fe-S cluster synthesis was restored in the suppressor
(M1071-1SU1 expressing and frataxin-depleted) compared with frataxin-depleted
mitochondria alone. The restored activity was still abnormal, however, and exhibited slower
kinetics, lower efficiency and less iron responsiveness than in the wild-type. A conundrum
that is difficult to resolve is whether the restored Fe-S cluster assembly activity is
responsible for the improved iron homoeostasis or vice versa. It is probable that both are
true to some extent. Iron overload and mitochondrial iron accumulation have been shown to
worsen the Fe-S cluster defect inAyfh1 cells. Conversely, mitochondrial iron overload itself
is thought to arise as a consequence of regulatory signals initiated by deficient Fe-S cluster
proteins [23]. The problem with Fe-S cluster assembly in Ayfh1 cells is unlikely to be
entirely due to iron toxicity, as shown by experiments in which Mrs3 and Mrs4 iron
transporters were deleted. In these experiments, mitochondrial iron accumulation was
abrogated, and yet the Fe-S cluster assembly defect persisted [24]. Similarly, in a time
course of frataxin depletion in genetically engineered mice, Fe—S cluster deficiency was
found to develop before mitochondrial iron accumulation, suggesting an upstream or causal
role for Fe-S cluster deficiency [25].

In mammalian cells, knockout or knockdown of frataxin leads to inviability, consistent with
the key roles of this protein in iron metabolism and Fe-S cluster assembly [26]. In yeast, the
frataxin deletion is viable. However,Ayfh1 strains in various yeast genetic backgrounds are
extremely sick and slow growing, exhibiting severe defects in iron metabolism and Fe-S
cluster assembly [4,21]. Some strains have been noted to grow significantly better and to
harbour Fe-S cluster enzyme activities, but these may have been selected for suppressor
mutation(s) by prior growth on non-fermentable substrates [27,28]. The implication of the
results of the present study is not that frataxin is superfluous for Fe-S cluster assembly, but
that a genetic bypass of frataxin deficiency can occur, mediated by a small alteration in Isul,
the Fe-S cluster scaffold protein.

Eukaryotic compared with prokaryotic Isu scaffolds

A large number of amino acid sequences for Isu scaffold are available in the databases, and
the proteins are extremely similar in both prokaryotes and eukaryotes [29]. The change from
methionine to isoleucine in the Isul suppressor appears in a highly conserved region of the
protein (Figure 6A). Interestingly, the choice of conserved methionine at this position
segregates with eukaryotes across different kingdoms and large evolutionary distances.
Methionine occurs not only in budding yeast Isul and Isu2 paralogues, but also in the
human scaffold orthologue 1ISCU2 at this location. Similarly, methionine occurs in
vertebrates (mouse and zebrafish), insects (Drosophila), plants (Arabidopsis) and primitive
protists (Trichomonas) [29]. In contrast, in prokaryotes, the amino acid found at this
conserved location is almost always a branched-chain amino acid, such as isoleucine, valine
or leucine. Examples include Gram-negative bacteria (E. coli), primitive intracellular
pathogens (Rickettsia), and nitrogen-fixing bacteria (Azotobacter). Thus the amino acid
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change in the yeast Isul mutant with frataxin-bypassing activity apparently utilizes an amino
acid preference of prokaryotic-type proteins (Figure 6A).

Fe-S cluster assembly in mitochondria of eukaryotes such as yeast is similar to that in
prokaryotes such as E. coli. However, there are additional eukaryote-specific features, such
as the requirement for Isd11, an essential protein associated with Nfs1. In prokaryotes the
frataxin-deletion phenotype is very mild, indicating that Fe-S cluster synthesis is less
frataxin-dependent [13]. It is possible that the methionine-to-isoleucine substitution in yeast
Isul alters Fe-S cluster synthesis to a more bacterial type, thereby relieving the dependence
on frataxin.

Mechanism of frataxin bypass

Therapeutic

Isu structures from different species are highly similar, exhibiting a + p features with
cluster-liganding amino acids somewhat buried in the protein interior [30]. The amino acid
substitution in the M1071 Isul is predicted to be exposed on the surface of a prominent C-
terminal a-helix (Figure 6B). How might the substitution in Isul enhance Fe-S cluster
synthesis in the absence of frataxin? The methionine-to-isoleucine substitution in Isul is
unlikely to produce a major conformational change in the protein. Interestingly, the position
in question is separated by two amino acids in the primary sequence from a critical Fe-S
cluster-liganding cysteine residue. Thus the altered Isu might facilitate increased exposure of
this cysteine residue and improved sulfur transfer from Nfs1/Isd11 to Isu. In an alternative
scenario, the iron-donation pathway could be targeted. The physiological iron source for
forming the scaffold Fe-S may involve iron donation by frataxin [31], and in the absence of
frataxin, the mutant form of Isul might recruit an alternative iron donor. Finally, the I1sul
amino acid substitution might work by enhancing transfer of the scaffold cluster
intermediate to recipient apoproteins. Residues introduced at position 107 designed to
disrupt helices (glycine or proline), thereby exposing the critical Cys19%, had little effect.
The lack of effect of threonine and the positive effect of the isosteric valine suggest that
hydrophobicity is important for the suppression effect. The M1071 (or M107V) substitution
might enhance Isul interaction with Jacl by improving a hydrophobic interface. A similar
hydrophobic interface between HscB (heat-shock cognate B) and the IscU helix has been
described [32]. The Isu interaction with Hsp70 has been mapped to a conserved peptide
LPPVK [33], very close to the Isul mutation in the suppressor (Figure 6B, cyan loop in
structure). Thus the footprint of the chaperone Hsp70 and co-chaperone Jacl on Isu may
overlap the area of the suppressor substitution (Figure 6B). Further work will be required to
discriminate between these possible mechanisms.

potential

Frataxin deficiency in patients with Friedreich’s ataxia causes a progressive degenerative
disease affecting dorsal root ganglia, heartmyocytes and pancreatic B -cells. Emergent
therapies seek to increase frataxin levels or to decrease cellular toxicity by chelating iron or
mitigating oxidative stress [34]. Data from the present study raise the possibility that the
genetically dominant effect of the Isu suppressor mutation observed in yeast may provide a
therapeutic avenue for treatment of the human disease. A drug that mimics the effects of the
mutant Isu might enhance Fe-S cluster synthesis in the absence of frataxin.
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Figure 1. Extragenic suppressors of Ayfhl

(A) Growth phenotypes. Wild-type (WT; CM3260), Ayfhl (5Cyfhl), Sup3, Sup4 and Supl10
were serially diluted and spotted on to agar plates containing rich medium with glucose or
ethanol. The plates were photographed after 3 days. (B) Protein expression. Mitochondria
from the above strains were analysed by Western blotting for aconitase (Acol), phosphate
carrier (Mirl), frataxin (Yfhl), scaffolds (Isul/2), cytochrome ¢ (Cycl) and cysteine
desulfurase (Nfsl). Isu(short) refers to a short film exposure (15 s) and Isu(long) refers to a
long film exposure (2 min). Cells were grown in rich raffinose-based medium until a Dggq
(attenuance at 600 nm) of 2.0 was reached, and mitochondria were isolated.
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Figure 2. Effects of expression of mutant Isul (YCplac22-1SU1-M1071) on frataxin-deleted or
frataxin-depleted yeast

(A) Growth. The YFH1 shuffle strain was transformed with the TRP1 plasmids YCplac22,
YCplac22-1SU1, YCplac22-1SU1-M1071 or YCplac22-YFH1. The YFH1 covering plasmid
carrying URA3 was removed by counterselection on 5-fluoro-orotic acid plates.
Transformants were serially diluted and spotted on chelator plates containing 1 mM
ferrozine and different amounts of ferrous ammonium sulfate (0 pM, 25 pM, 100 uM and
350 uM). (B) Mitochondrial proteins. Gal-Yfh1 transformants with plasmids Y Cplac22,
YCplac22-YFH1 or YCplac22-1SU1-M1071 were cultured in defined raffinose medium
lacking tryptophan to repress expression of the chromosomal copy of YFH1. Mitochondria
were isolated and immunoblotted with the indicated antibodies. (C) Enzyme activities.
Mitochondria were analysed for aconitase, succinate dehydrogenase (SDH) or malate
dehydrogenase (MDH) activities. Results shown are means + S.D. for triplicate assays.
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Figure 3. Effects of expression of the mutant Isul (YCpla22-1SU1-M1071) on haem synthesis and
cytochromes in the absence of frataxin

(A) Haem synthesis. Mitochondria (200 g of proteins) from Gal-Yfh1 transformants with
YCplac22, YCplac22-YFHL1 or YCPlac22-1SU1-M1071 were evaluated. Haem synthesis
was measured by addition of 1 uM PPO and 1 uM or 5 uM [°°Fe]ferrous ascorbate, followed
by organic extraction of the haem and scintillation counting. Results shown are means +
S.D. for triplicate assays. (B) Cytochrome spectra. Gal-Yfh1 transformants as in (A) were
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grown in defined raffinose medium lacking tryptophan and shifted to rich raffinose medium
for 12 h prior to measurement of low-temperature spectra of whole cells.
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Figure 4. Fe-S cluster synthesis in isolated mitochondria
Mitochondria from cells grown as described in the legend to Figure 2(B) were incubated

with [35S]cysteine for different time periods (15 and 45 min) and new Fe—35S clusters on
aconitase were visualized by native gel electrophoresis. In a parallel set of samples, 50 uM
ferrous ascorbate was added.
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Figure 5. Amino acid substitutions of Isul
ISU1 on a TRP1-marked plasmid (YCplac22-1SU1) was mutated, changing amino acid 107

of the coding region to valine (Isul-M107V), isoleucine (Isul-M1071), threonine (Isul-
M107T), proline (Isul-M107P), histidine (Isu1-M107H) or glycine (Isu1-M107G). On the
same plasmid, amino acid 37 was changed from aspartic acid to alanine (Isul-D37A).
YCplac22 alone and Y Cplac22-YFH1 were included as controls. All of the above plasmids
were transformed into the YFH1 shuffle strain (Ayfhl covered by a YFH1-URA3 plasmid),
and three transformants of each were reselected and streaked on a fresh agar plate (bottom
row of plates). Following counterselection against the covering YFH1-URA3 plasmid by
growth on 5-fluoro-orotic-acid-containing plates, the transformants were again selected for
tryptophan auxotrophy (top row of plates). The red colour is caused by accumulated adenine
precursor and reflects robust growth. The results show growth complementation of Ayfhl by
plasmids carrying Yfh1, Isul-M107V or Isul-MOQ7I.
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Isul-M107I  KIKNTEIAKELSLPPVKLHCSMLAEDAIKAAIKDYKSKRNTPTMLS
9 | Ho_sap TIKNTDIAKELCLPPVKLHCSWILAEDATKAALADYKLKQEPKKGEA
& Mu_mus TIKENTDIAKELCLPPVELHCSRILAEDAIKAALADYELKQESKKEEP
2 Da_rer KIKNTEIAKELCLPPVELHCSEILAEDAIKAALADYRLKQKDEKETL
§ Dr_mel KLENTDIAKELRLPPVELH AEDAIKAALADYKVKQOKKVAN-
9| Ar tha TIKNSQIAKHLSLPPVKLHCSMLAEDAIKAAIKNYKEKQDKANGET
Tr_vag AIKNTAIAKELNLPPVEQHCSRILAQDAIKAAINSWREKQAAKKAMR
En_cun KISNRDIAKKLSLPPIKLHCSEILAEDAIKMAIKDFLDKNKPSP==~
9| Es_col ATKNTDIAEELELPPVKIHCSHMLAEDATKAAIADYKSKREAK==~-
O | Ri_typ TIKNTEIAKELSLPPVKLHCSI#LAEDAIKAAIADYKQKKESKKDS-
; Sh_dys AIKNTDIAEELELPPVEKIH AEDAIKAAIADYKSKREAK====
% Ne_men AIKNSEIAEELELPPVKIH DAVEKAAVADYREKRQENR == ==
| Az_vin TIKNTQIAEELALPPVKIHCS{YLAEDATKAAVRDYKHKKGLY ===

:.i **: * Q**:* ***:Q*:*i:* *:

Key: Ho_sap, Homo sapiens; Mu_mus, Mus musculus, Da_rer, Danio rerio; Dr_mel, Drosophila melano-
gaster ; Ar_thal, Arabidopsis thaliana, Tr_vag, Trichomonas vaginalis; En_cun, Encephalitozoon cuniculi;
Es_col, Escherichia coli; Ri_typ, Rickettsia typhi, Sh_dys, Shigella dysenteriae, Ne_men, Neisseria
meningitidis, Az_vin, Azotobacler vinelandi,

Figure 6. Isu orthologues
(A) Alignment. Amino acid sequences from the C-terminal portions of Isu scaffold proteins

from various species were aligned using ClustalW. The substituted amino acid 107 in the
mature Isul is shaded in black; the cluster-liganding Cys%® and the Hsp70-binding LPPVK
motif are shaded in grey. The C-terminal helix is indicated by a corkscrew symbol at the top.
(B) Structure. Left-hand panel: the structure of the E. coli IscU [35] is shown with the
isoleucine residue (magenta) as found in bacteria and in the yeast Isul suppressor. Also
shown are the Hsp70-interaction site LPPVK (cyan) and HscB/Jacl-interaction sites
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(yellow) [32]. Right-hand panel: the bottom portion of the structure is rotated to the left so
that the Fe-S cluster-liganding residues can be seen (orange). The bacterial isoleucine
residue is replaced with methionine as found in eukaryotes (magenta).
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