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Background: Leu1p is an abundant cytoplasmic [4Fe-4S] enzyme thought to require Fe-S clusters (ISCs) exported from
mitochondria via the Atm1p transporter.
Results: Active Leu1p is synthesized at the expense of mitochondrial aconitase independently of Atm1p overexpression or
depletion.
Conclusion: Atm1p is not implicated in exporting ISCs for Leu1p activation.
Significance: Further studies should identify molecules and mechanisms controlling ISC distribution between mitochondria
and cytoplasm.

Fe-S clusters (ISCs) are versatile cofactors utilized by many
mitochondrial, cytoplasmic, and nuclear enzymes. Whereas
mitochondria can independently initiate and complete ISC syn-
thesis, other cellular compartments are believed to assemble
ISCs from putative precursors exported from the mitochondria
via an ATP binding cassette (ABC) transporter conserved from
yeast (Atm1p) to humans (ABCB7). However, the regulatory
interactions between mitochondrial and extramitochondrial
ISC synthesis are largely unknown. In yeast, we found thatmito-
chondrial ISC synthesis is regulated by the leucine biosynthetic
pathway, which among other proteins involves an abundant
cytoplasmic [4Fe-4S] enzyme, Leu1p. Enzymatic blocks in the
pathway (i.e. leu1� or leu2� gene deletion mutations) induced
post-transcriptional up-regulation of core components of mito-
chondrial ISC biosynthesis (i.e. the sulfur donor Nfs1p, the iron
donor Yfh1p, and the ISC scaffold Isu1p). In leu2� cells, tran-
scriptional mechanisms also led to dramatic up-regulation of
Leu1p with concomitant down-regulation of mitochondrial
aconitase (Aco1p), a [4Fe-4S] enzyme in the tricarboxylic acid
cycle. Accordingly, the leu2� deletion mutation exacerbated
Aco1p inactivation in cells with mutations in Yfh1p. These data
indicate that defects in leucine biosynthesis promote the bio-
genesis of enzymatically active Leu1p at the expense of Aco1p
activity. Surprisingly, this effect is independent of Atm1p; pre-
vious reports linking the loss of Leu1p activity to Atm1p deple-
tionwere confounded by the fact that LEU2was used as a select-
able marker to create Atm1p-depleted cells, whereas a leu2�

allele was present inAtm1p-repleted controls. Thus, still largely
unknown transcriptional and post-transcriptional mechanisms
control ISC distribution betweenmitochondria and other cellu-
lar compartments.

ISCs2 are highly versatile enzyme cofactors that can perform
abroad range of functions including electron transfer; substrate
binding and activation; enzyme regulation; and sensing of iron,
oxygen, or reactive oxygen species (for a review, see Ref. 1). This
versatility explains why ISC enzymes are extensively utilized by
cells in different pathways localized to the mitochondria (e.g.
Krebs cycle and electron transport), the cytoplasm (e.g. leucine
biosynthesis and ribosome biogenesis), and the nucleus (e.g.
DNA synthesis and repairmechanisms) (for reviews, see Refs. 2
and 3). The number of newly identified ISC enzymes continues
to increase, and it is likely that examples of these proteins are
present in most if not all cellular pathways.
In yeast and animal cells, ISC synthesis is carried out bymul-

tienzyme machineries localized to the mitochondrial matrix,
the cytoplasm, and probably the nucleus (3). The components
of the mitochondrial matrix machinery are highly conserved
from yeast to humans, and most were inherited from pro-
karyotes (for a review, see Ref. 4). They include enzymes that
provide elemental iron and sulfur and reducing equivalents
needed for the assembly of [2Fe-2S] and [4Fe-4S] clusters on
molecular scaffolds as well as other proteins that help transfer
the clusters to the appropriate apoenzymes (2–4). Although
this mitochondrial machinery is able to independently initiate
and complete ISC synthesis in vivo and in vitro (5–8), the cyto-
plasmic machinery is believed to depend on ISC precursors
synthesized in the mitochondrial matrix and exported via a
conserved ABC transporter localized to the inner mitochon-
drial membrane (9–12).
In yeast, this situation is exemplified by the leucine biosyn-

thetic pathway (for a review, see Ref. 13). Leucine synthesis is
initiated with the generation of �-isopropylmalate (�-IPM),
which can be produced in both the mitochondrial matrix and
the cytoplasm from �-ketoisovalerate and acetyl coenzyme A.
The subsequent steps takeplace in thecytoplasmwherean isopro-
pylmalate isomerase (Leu1p) first converts �-IPM to �-isopropy-
lmalate, a �-isopropylmalate dehydrogenase (Leu2p) subse-
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quently oxidizes �-isopropylmalate to �-ketoisocaproate, and
lastly a branched-chain amino-acid transaminase (Bat2p) yields
leucine (14). The expression of most components of the path-
way is under the control of a transcription factor, Leu3p, which
can function as transcriptional activator or repressor depend-
ing on the presence or absence, respectively, of �-IPM (13).
It is well known that yeast cells respond to blocks in this

pathway (e.g. leu1� or leu2� deletionmutations) with a robust,
although futile, up-regulation of enzymes upstream and down-
streamof the block. This up-regulation is triggered by the accu-
mulation of �-IPM, which elicits the transcriptional activator
function of Leu3p (15). The activity of Leu1p, a [4Fe-4S] cluster
enzyme in this pathway, is thought to depend onmitochondrial
biosynthesis and subsequent exportation of ISC precursors (9).
Indeed, the dramatic loss of Leu1p activity associated with
defects in mitochondrial ISC assembly factors (e.g. the iron
donor Yfh1p) is generally regarded as evidence that mitochon-
dria are essential for cytoplasmic ISC assembly (9, 16–19).
Moreover, the dramatic loss of Leu1p activity apparently asso-
ciated with depletion of the inner mitochondria membrane
transporter Atm1p is regarded as evidence that assembly of the
Leu1p [4Fe-4S] cluster requires ISC precursors synthesized in
the mitochondrial matrix and exported by Atm1p (9, 10). The
nature of the putative ISC precursors has thus far remained
elusive, although a sulfur-containing compound has been
hypothesized (20). In addition, the regulatorymechanisms con-
trolling the distribution of ISCs or their precursors between the
mitochondria and the cytoplasm are largely unknown.
We present evidence that defects in leucine synthesis induce

changes in the levels of mitochondrial and cytoplasmic pro-
teins, which together promote the biogenesis of enzymatically
active Leu1p. We further show that the maintenance of Leu1p
activity is largely independent of the Atm1p transporter, sup-
porting the possibility that Atm1p is not directly involved in
mitochondrial ISC export. Our results also reveal that leucine
auxotrophic strains, which represent the vast majority of labo-
ratory yeast strains, are not suitable to study ISC synthesis
under physiological conditions.

EXPERIMENTAL PROCEDURES

Bacterial and Yeast Strains and Culture Conditions—Esche-
richia coli strain DH5-� was used for general DNA subcloning
procedures. All strains used in this study were derived from
Saccharomyces cerevisiae strain YPH500 (MAT� ura3–52
lys2–801amber ade2–101ochre trp1-�63 his3-�200 leu2-�1
yfh1�::HIS3 �YCP50-YFH1 [Y73A]-URA3 [��]) (Table 1).
Wild type YFH1 was expressed from a centromeric low copy
vector (YCplac22) under the control of its natural promoter.
Mutant yfh1Y73A, yfh1L44A, or yfh1V150A alleles were subcloned
into the TRP1-based integrating vector pRS404 under the con-
trol of the glyceraldehyde-3-phosphate dehydrogenase (GPD)
promoter and then integrated on the chromosome as described
(21). High copy 2-�m vectors YEp24 (New England Biolabs)
and pRS426 (22) as well as centromeric low copy vectors
pRS416 (22) and p416GPD (23) were used to express LEU2,
LEU1, and ACO1. For LEU2 gene integration, the DNA frag-
ment encoding the wild type gene was amplified from a yeast
genomic DNA library (24) and transformed into leu2� cells.

Gene deletions were carried out using a single step gene dis-
ruption procedure (25) with linear PCR products carrying
kanMX (26) or Kluyveromyces lactis URA3 (27). Leu1p, Leu2p,
and Atm1p were C-terminally FLAG-tagged by fusing the
FLAG coding sequence to the LEU1, LEU2, or ATM1 coding
sequence immediately upstream of the stop codon. A FLAG-
tagged LEU2 allele was chromosomally integrated in a LEU1
leu2� strain, and LEU1 was deleted by replacing the coding
sequence with kanMX, resulting in a leu1�::kanMX LEU2-
FLAG strain. Next, the kanMX was replaced by a LEU1-FLAG
allele, resulting in a LEU1-FLAG LEU2-FLAG strain. Finally,
the LEU2 coding sequence was deleted with kanMX to con-
struct the LEU1-FLAG leu2�::kanMX strain. To achieve induc-
ible expression of ATM1, the GAL10 promoter (pGal10) of S.
cerevisiae was fused with the kanMX cassette by PCR, and the
fusion product was chromosomally integrated immediately
upstream of the ATM1 coding sequence (Gal-ATM1). A 3�
FLAG allele (ATM1-FLAG3) was fused with K. lactis URA3 by
PCR, and the resultant ATM1-FLAG3 URA3 fragment was
chromosomally integrated in strains containing eitherwild type
ATM1 or Gal-ATM1, resulting in ATM1-FLAG3 URA3 and
Gal-ATM1-FLAG3URA3 strains. To obtain yeast cells inwhich
both Leu1p and Atm1p were C-terminally tagged with FLAG,
the mating type of the strains carrying LEU1-FLAG was
switched; these strains were crossed with strains carrying
ATM1-FLAG, diploids were sporulated, and haploid cells car-
rying both LEU1-FLAG and ATM1-FLAG were identified. The
functionality of the FLAG-tagged proteins was verified by com-
paring the phenotype of strains carrying the tagged versus non-
tagged versions. For Leu1p and Leu2p, the enzymatic activity
and growth rate on synthetic medium omitting leucine were
compared. For Atm1p, the growth rate on a non-fermentable
carbon source was compared. No significant differences were
observed.
To study ACO1 expression, four different constructs were

subcloned into pRS416 vector: 1) ACO1 coding sequence only,
2) ACO1 coding sequence plus 1 kbp of upstream and 1 kbp of
downstream flanking genomicDNA, 3)ACO1 coding sequence
plus 1 kbp of upstream genomic DNA only, and 4) ACO1 cod-
ing sequence plus 1 kbp of downstream genomic DNA only. In
constructs 1 and 4, ACO1 expression was driven by the GPD
promoter. These vectors were transformed into strains in
which the endogenous ACO1 coding sequence had been
replaced by kanMX (aco1�::kanMX). All plasmidswere verified
by DNA sequencing; strains were verified by PCR analysis of
genomic DNA andWestern blotting as appropriate.
To test potential transcriptional regulation of ACO1 by

Leu3p, 1 kbp of theACO1 upstream flanking region was cloned
into YEp356R vector. This fragment included the first seven
codons of ACO1 that were fused in-frame with the E. coli lacZ
gene sequence. Point mutations were introduced in the puta-
tive Leu3p binding site by PCR, and all constructs were verified
by DNA sequencing. The effects of the mutations were ana-
lyzed by measuring �-galactosidase activity as described (28).

The following liquid and solidmediawere used: richmedium
(2%peptone and 1% yeast extract) supplementedwith either 2%
dextrose (YPD) or 3% ethanol (YPE) and synthetic minimal
medium (6.7% yeast nitrogen base without amino acids) sup-
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plemented with appropriate amino acids and either 2% dex-
trose (SD), 2% galactose (SGal), or 3% glycerol (SG). All cultures
performed in S medium were supplemented with 20 mg/liter
leucine independently of the genotype. In all experiments, yeast
cells were grown aerobically on solid or liquidmedium at 30 °C.
Enzymatic Activity Assays—Enzyme activities were assayed

in cell lysates prepared from spheroplasts (29) obtained from
50-ml cultures grown in syntheticmedium (60–200mg of cells,
wet weight). Spheroplasts were resuspended in the same buffer
used tomeasure aconitase activity (150mg of cells/ml of 20mM

Tris, pH 7.4, 50 mM NaCl, 1 mM phenylmethanesulfonyl fluo-
ride) and disrupted by sonication on ice. Cell debris was
removed by centrifugation (10 min at 20,000 � g) at 4 °C. Pre-
viously published methods were used to assay the activities of
mitochondrial aconitase (30, 31) and isopropyl malate isomer-
ase (Leu1p) (32). Cell lysates used for enzymatic assays were
also used to perform Western blot analysis of the proteins of
interest. Protein concentrations were measured by the Bio-Rad
Protein Assay (Bio-Rad) or BCA (Pierce) method. Membranes
after Western blotting were stained using the MemCode
reversible membrane staining kit (Pierce), and total protein
staining was used to assess equal protein loading.
Suppressor Screening—The yfh1Y73A leu2� strain was trans-

formed with a yeast genomic library on a high copy URA3-
based YEp24 vector (24), and transformants were selected at
30 °C on SD plates lacking uracil. All transformants were
pooled by washing each plate with SD medium containing 100
�M FeCl3, and each pool was grown aerobically at 30 °C with
shaking at 250 rpm. Cells reached stationary phase after 24 h
and were harvested by centrifugation after 24, 48, or 72 h. Cell
pellets were washed with fresh SD medium without iron and
plated onto SGmedium at a density of �1,000 cells/plate. Col-
onies were analyzed after 5 days of incubation at 30 °C. The
yfh1Y73A leu2� strain yielded �90,000 initial transformants
(�15 genome equivalents), 160 ofwhich kept the ability to grow
on SG. The same procedure was repeated with the yfh1V150A
leu2� or yfh1L144A leu2� strain. Each yielded �40,000 initial
transformants and 87 and 29 respiratory-competent transfor-
mants, respectively.
RNA Isolation andQuantitative RT-PCR—Yeast strainswere

grown in SD medium for 24 or 48 h under the conditions used
for the suppressor screening butwithout iron supplementation.
Total RNA was isolated from �1.5 � 107 cells using the Mas-
terPure RNA isolation kit (Epicenter). One microgram from
eachRNA samplewas used to synthesize cDNAwith the Super-
script III First Strand cDNA synthesis kit (Invitrogen). One
microliter from each cDNA sample was used to determine the
mRNA copy number for the ISU1, NFS1, YFH1, and ACO1
genes with ACT1mRNA serving as an internal standard using
the LightCycler FastStart DNA Master SYBR Green I kit in a
LightCycler instrument (Roche Applied Science) according to
the supplier’s protocol. For the amplification of the specific
genes, the following primers were used: ISU1: fwd, GCTCC-
GCCATTGCCTCCTCT; rev, GGTTGGAGTGTTTCTCT-
TAGATTT; NFS1: fwd, CATTGGTAGCGGGATTTGGTGA;
rev, CCATCAATAAAGATTCTCCTTCCA;YFH1: fwd,GCT-
CATCCGGATTGTATACCTG; rev, GTTAGCTTTGTGC-
CATTTCTTAAC; ACO1: fwd, CTGGTATCACAACTGT-

CAAAGGT; rev, GGTCCTTGTGGTATAATTTAGCAA;
and ACT1: fwd, CTCCTCGTGCTGTCTTCCCAT; rev,
GTTGTAGAAGGTATGATGCCAGA.

RESULTS

LEU2 Gene Rescues Respiratory Function of Yeast Cells with
Mutations in Yfh1p—To screen for factors that influencemito-
chondrial ISC biosynthesis, we used yeast cells with defects in
the iron donor Yfh1p (6, 33). In earlier studies, the severe phe-
notype of yeast cells lacking Yfh1p completely (yfh1� cells)
could only be suppressed by genes that blocked mitochondrial
iron overload and/or limited iron toxicity (34–37). We rea-
soned that the milder respiratory-deficient phenotypes associ-
ated with certain Yfh1p point mutations (21, 38, 39) might
enable identification of genes more directly related to mito-
chondrial ISC biosynthesis and its regulation. We selected
point mutations in Yfh1p (Y73A, L144A, and V150A) that did
not result in obvious phenotypeswhen yeast cells grew logarith-
mically in richmedium (Ref. 21 and data not shown). However,
each of the three mutations caused the loss of respiratory func-
tion when yeast cells entered stationary phase upon growth in
SDmedium supplemented with iron (Fig. 1, A–C). This partic-
ular stationary phase is associated with a high metabolic rate
andmitochondrial iron uptake as well as an increased potential
for oxidative damage (40), conditions in which yeast cells are
expected to rely heavily on mitochondrial ISC biosynthesis.
Haploid yeast cells bearing a mutant yfh1Y73A, yfh1V150A, or

yfh1L144A allele were transformed with a high copy genomic
DNA library (24), and transformants were analyzed for the abil-
ity tomaintain respiratory function during the stressful station-
ary phase described above. Over 270 respiratory-competent
transformants were isolated. In most cases, the vector respon-
sible for suppression of the respiratory-deficient phenotype
carried a genomic fragment containing wild type YFH1, indi-
cating that the screening was suitable to identify genes related
to Yfh1p function. Interestingly, �12% of the suppressing vec-
tors contained a �16-kbp genomic fragment from yeast chro-
mosome III spanning five different genes. Deletion analysis
subsequently showed that one of these genes, LEU2, was solely
responsible for suppression of the phenotype. The extent of the
suppression depended on the yfh1 allele (yfh1L144A � yfh1V150A
� yfh1Y73A) and was only partial for the yfh1V150A LEU2 and
yfh1Y73A LEU2 mutants compared with YFH1 leu2� cells (Fig.
1, A–C).
Functional Leucine Biosynthetic Pathway Is Required for

Complementation of yfh1 Mutant Yeast by LEU2—Similar to
most laboratory yeast strains, our three yfh1mutants carried an
inactive leu2-�1 allele (henceforth designated leu2�), which
confers leucine auxotrophy (22), whereas LEU1 and all other
genes involved in leucine biosynthesis were intact (the geno-
types of the strains used in this study are shown in Table 1; in
the text and in the figures, strains are denoted by the status of
their YFH1 and LEU2 loci only, whereas the status of the LEU1
locus and of additional chromosomal or episomal alleles is indi-
cated as appropriate). In the stressful stationary phase
described above, yfh1Y73A leu2�, yfh1V150 leu2�, and yfh1L144A
leu2� cells remained viable (i.e. able to resume growth on YPD;
Fig. 1, A–C). However, after 24, 48, and 72 h, respectively,
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yfh1Y73A leu2�, yfh1V150 leu2�, and yfh1L144A leu2� cells lost
the ability to respire (i.e. resume growth onYPE; Fig. 1,A–C). At
the same time points, yfh1L144A LEU2, yfh1V150A LEU2, and
yfh1Y73A LEU2 cells remained at least partially capable of grow-
ing on YPE as described above (Fig. 1, A–C).
Additional analyses performed in cells bearing the yfh1Y73A

allele showed that the levels of respiratory growth achieved
with LEU2 overexpression could be achieved simply by low
copy vector expression or chromosomal reintegration of LEU2
(Fig. 1D, compare yfh1Y73A LEU2 (CEN) or yfh1Y73A LEU2with
yfh1Y73A LEU2 (2 �m)). Moreover, the positive effect of LEU2
was abrogatedwhen the LEU1 genewas deleted (Fig. 1,D andE,
compare yfh1Y73A LEU2 with yfh1Y73A leu1� LEU2). However,
addition of excess leucine to the medium during growth (dou-
ble the standard amount, added fresh every 12 h) was not suffi-
cient to maintain respiration (Fig. 1F, compare yfh1Y73A leu2�
with yfh1Y73A leu2� � Leucine). Thus, complementation of
yfh1mutant cells by LEU2 required a functional leucine biosyn-
thetic pathway but was independent of leucine per se.

Functional Leucine Biosynthetic Pathway Has Opposite
Effects on Protein Levels and Enzymatic Activities of Mitochon-
drial Aco1p andCytosolic Leu1p—Aco1p is a key enzyme in the
mitochondrial tricarboxylic acid cycle important for providing
isocitrate for 2-oxoglutarate and glutamate production, and it is
also required for mitochondrial DNA integrity (41). Aco1p
activity depends on a [4Fe-4S]2� cluster highly susceptible to
oxidant-induced inactivation (42) and thus provides a measure
of the mitochondrial ISC biosynthetic capacity (43). In the
stressful stationary phase described above, Aco1p activity was
strongly reduced in yfh1Y73A leu2� cells but increased �4-fold
in yfh1Y73A LEU2 cells (Fig. 2A, �Fe). LEU2 expression caused
a significant increase (�2-fold) in Aco1p activity even in the
presence of wild typeYFH1 (Fig. 2A,�Fe, compareYFH1 leu2�
withYFH1LEU2).Moreover, when ironwas not included in the
culture medium, LEU2 expression was sufficient to maintain
basal levels of Aco1p activity even in the presence of the
yfh1Y73A allele (Fig. 2A, �Fe, compare yfh1Y73A LEU2 with
YFH1 LEU2). These data together indicated that Yfh1p and
Leu2p independently, although synergistically, promoted
Aco1p activity.
Leu1p is a critical enzyme in the leucine biosynthetic path-

way that is structurally and functionally related to Aco1p (43).
Leu1p activity depends on a [4Fe-4S]2� cluster highly suscep-
tible to oxidant-induced inactivation and provides ameasure of
the cytoplasmic ISC biosynthetic capacity (43). The activity of
Leu1p was �3-fold lower in yfh1Y73A leu2� relative to YFH1
leu2� cells (Fig. 2A,�Fe). However, opposite to Aco1p activity,
Leu1p activity was nearly undetectable upon LEU2 expression,
indicating that Leu1p activity was abnormally enhanced in the
leu2� deletion mutant. This was the case in the presence of
either yfh1Y73A or YFH1 and was independent of iron supple-
mentation (Fig. 2A, �Fe or �Fe, compare yfh1Y73A leu2� with
yfh1Y73A LEU2 and compare YFH1 leu2� with YFH1 LEU2).
The upward changes in Aco1p activity associated with LEU2

expression correlated with upward changes in Aco1p protein
levels, which were more evident in the yfh1Y73A background
compared with the YFH1 background and were independent of
iron supplementation (Fig. 2B, �Fe or �Fe). In both back-
grounds, the increase in Aco1p activity was more pronounced
than the increase in protein levels (Fig. 2,Aversus B), suggesting
that LEU2 expression influenced not only Aco1p protein levels
but also the fraction of enzymatically active Aco1p. Conversely,
the downward changes in Leu1p activity associated with LEU2
expression correlated with downward changes in Leu1p pro-
tein levels and were independent of iron supplementation (Fig.
2B, �Fe or �Fe), indicating that both Leu1p activity and pro-
tein expression levels were abnormally enhanced in the leu2�
deletion mutant. The reduction in Leu1p activity was signifi-
cantly more pronounced than the apparent reduction in Leu1p
protein levels (Fig. 2,Aversus B). For example, in yfh1Y73A LEU2
cells, Leu1p activity decreased �10-fold (Fig. 2A), whereas
Leu1p protein levels decreased only �2-fold (Fig. 2B) as com-
pared with yfh1Y73A leu2� cells. Defects in leucine biosynthesis
had been shown previously to result in up-regulation of most
enzymes in the pathway including Leu1p (13). Our results fur-
ther indicated that LEU2 expression not only down-regulated
Leu1p protein levels but also limited the fraction of enzymati-

FIGURE 1. LEU2 gene rescues respiratory function of yfh1 mutant yeast.
The genotype of each strain is indicated in Table 1. In all cases, yeast cultures
were started from freshly streaked frozen stocks, synchronized to late loga-
rithmic phase in SD medium at 30 °C, diluted with fresh SD medium to an A600
of 0.1, and grown for 3 h at which point 100 �M FeCl3 was added to the
medium and incubation continued. All cultures reached stationary phase in
�24 h. After 24 (A, D, E, and F), 48 (B), or 72 (C) h, 10-fold serial dilutions were
spotted onto YPE or YPD plates that were subsequently incubated at 30 °C
and photographed after 3 (YPD) or 5 (YPE) days. � Leucine denotes cells that
were cultured as described above except that 40 mg/liter leucine was added
to the SD medium every 12 h throughout growth. The red pigment is due to
the ade2–101ochre mutation in the genome and is indicative of mitochondrial
respiratory function.
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cally active Leu1p. It is important to emphasize that the low
levels of Leu1p protein and activity present in LEU2 strains
reflect the normal phenotype; in contrast, the increased expres-
sion and activity of Leu1p present in leu2� strains is a mutant
phenotype. In agreement with the data shown in Fig. 1,D and E,
the positive effect of LEU2 expression on Aco1p activity was no
longer observed upon deletion of the LEU1 gene (Fig. 2, A and
B, compare LEU2 strains with leu1� LEU2 strains).
5� DNA Flanking Region of ACO1 Mediates Aco1p Down-

regulation in leu2�Cells—Leu1pwas consistently up-regulated
in leu2� versus LEU2 cells (Fig. 2B, �Fe or �Fe), which most
likely resulted fromaccumulation of�-IPM in leu2� cells,mak-
ing Leu3p function as a transcriptional activator of the LEU1
gene (15). Accordingly, this effect was no longer observedwhen
LEU3was deleted (data not shown).We investigated the possi-
bility that the down-regulation of Aco1p protein levels
observed in leu2� cells might also be transcriptionally driven.
We measured ACO1 mRNA levels by quantitative RT-PCR in
LEU2 and leu2� strains after 24 or 48 h of growth under the
conditions used in Fig. 2,A andB. After 24 h,ACO1mRNAwas
reduced �1.4-fold in the leu2� versus LEU2 background; this
differencewas no longer present at 48 h, the time point atwhich
Aco1p protein levels were measured in Fig. 2B (data not
shown). Next, we made plasmids carrying different ACO1
alleles (Fig. 3A), expressed them in the LEU2 or leu2� back-
ground upon deletion of the endogenous ACO1 gene, and
measured Aco1p protein levels and activity (Fig. 3, B and C).
Cells bearing a vector with ACO1 plus its upstream and down-
stream flanking regions (Fig. 3B, 5� & 3�) expressed levels of
Aco1p protein close to those present in cells with chromosomal
ACO1 (Fig. 3B, Empty). In both of these strains, Aco1p protein
levels increased over 2-fold in the LEU2 background compared
with the leu2� background. The use of plasmids with ACO1
plus either its upstream or downstream flanking region dem-
onstrated that the upstream region was largely responsible for
the down-regulation of Aco1p protein levels in the leu2� back-
ground (Fig. 3B, 5� versus 3�). Accordingly, with a construct
carrying only the ACO1 open reading frame under the control
of the constitutive glyceraldehyde-3-phophate dehydrogenase
(GPD) promoter, we observed equivalent levels of Aco1p
expression in the leu2� and LEU2 backgrounds (Fig. 3B,ORF).
In all cases, Aco1p activity showed good correlationwithAco1p
protein levels (Fig. 3C). As a control, Nfs1p expression was ana-
lyzed in parallel and was consistently down-regulated in the
LEU2 versus the leu2� background, opposite to what was
observed for Aco1p (Fig. 3B).

Leu3p recognizes a consensus CCG(N)4CCG sequence in
genes involved in leucine synthesis (44, 45). Analysis of the

yfh1Y73A LEU2 (�Fe) strain (denoted by **) as shown. For conditions with (�Fe)
or without (�Fe) iron supplementation, n � 4 and n � 2 independent cell
lysates, respectively, were analyzed; data shown are mean 	 S.D. For Leu1p,
� denotes p 0.004 compared with *; � denotes p 0.006 compared with **; for
Aco1p, � denotes p 0.003 compared with *; � denotes p 0.015 compared
with ** as determined by Student’s t test. n.d., not detectable as expected for
leu1� strains. The panel denoted Total protein shows the same membrane
analyzed by Western blotting (upper panels) upon staining with Pierce Revers-
ible Protein Stain to demonstrate equal total protein loading; shown is the
region of the membrane corresponding to the molecular mass range of
Aco1p (85.4 kDa) and Leu1p (85.8 kDa). mU, milliunits.

FIGURE 2. LEU2 expression has opposite effects on protein levels and
enzymatic activities of mitochondrial Aco1p and cytosolic Leu1p. Strains
carrying the YFH1 or yfh1Y73A allele with intact or deleted LEU1 and/or LEU2
alleles were used in these analyses as shown. Cells were grown in SD medium
as described in the legend of Fig. 1 with (�Fe) or without (�Fe) iron supple-
mentation. Cells were harvested, and total cell lysates were used to measure
enzymatic activities or protein levels as described under “Experimental Pro-
cedures.” A, three independent cell lysates were analyzed in triplicate, and the
three data sets were analyzed as n � 3 experiments; data shown are mean
(bar and number above each bar) 	 S.D. For leu1� and leu2� strains carrying
the YFH1 allele, p is 0.014 for Aco1p and 0.012 for Leu1p compared with the
corresponding LEU2 strain, with (�Fe) or without (�Fe) iron supplementation
as appropriate; for leu1� and leu2� strains carrying the yfh1Y73A allele, p is
0.004 for both Aco1p and Leu1p compared with the corresponding LEU2
strain, with (�Fe) or without (�Fe) iron supplementation as appropriate; p
was determined with Student’s t test. B, aliquots of the cell lysates described
above (10 �g of total protein) were analyzed by Western blotting using anti-
Aco1p polyclonal antiserum or anti-FLAG monoclonal antibody (Sigma) to
detect FLAG-tagged Leu1p. Protein bands were quantified by densitometry
using ImageQuant software (GE Healthcare), and values were normalized
to the signal present in the YFH1 LEU2 (�Fe) (denoted by *) or
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ACO1 upstream flanking region revealed a putative Leu3p
binding site (CCGAAATCGG; 312 bases upstream of the ATG
codon). We analyzed the effects of mutations in this putative
site by use of a reporter construct in which 1 kbp of the ACO1
upstream flanking region was fused to the �-galactosidase cod-
ing sequence (28). As compared with a construct carrying the
wild type sequence (CCGAAATCGG), constructs carrying
modified sequence (44) (TCGAAATCGGor AAGAAATCAA)
yielded equally up- and down-regulated levels of �-galactosid-
ase activity in the LEU2 and leu2� background, respectively
(data not shown). This suggested that Leu3p was probably not
involved in the transcriptional regulation of ACO1. Similarly,
an earlier study did not identify ACO1 as a target of Leu3p
regulation using DNA microarray analysis (46).
Defects in Leucine Biosynthesis Up-regulate Core Machinery

for Mitochondrial ISC Assembly—The first step in ISC assem-
bly in themitochondrial matrix involves a sulfur donor (Nfs1p-
Isd11p complex), an iron donor (Yfh1p), and a protein scaffold
(Isu1p) upon which a [2Fe-2S] cluster is assembled (for a
review, see Ref. 2). In the studies described above, we found that
LEU2 acted as a suppressor of mutations in Yfh1p under con-
ditions predicted to challenge the mitochondrial ISC biosyn-
thetic capacity. Under the same conditions, we analyzed by
Western blotting the levels ofNfs1p, Isu1p, andYfh1p in strains
carrying the YFH1 or yfh1Y73A allele together with deletions of
the LEU1 and/or LEU2 gene. We found that the protein levels
of Nfs1p, Isu1p, and Yfh1p were consistently higher in leucine
pathway-deficient mutants (leu1�, leu2�, or combinations
thereof) compared with LEU1 LEU2 cells (Fig. 4A).

To investigate themechanism ofNfs1p and Isu1p regulation,
we measured the levels of NFS1 and ISU1 mRNA in the LEU2
and leu2� backgrounds under the same conditions used to ana-
lyzeNfs1p and Isu1p protein levels. Because protein levels were
measured after 48 h of growth, mRNA levels were measured
after 24 and 48 h of growth. In both LEU2 and leu2� strains,
NFS1 and ISU1 mRNA levels were progressively up-regulated
over the course of the experiment; this up-regulation was espe-
cially evident in the yfh1Y73A background (Fig. 4D). At 24 or
48 h,NFS1 and ISU1mRNA levels were not significantly differ-
ent between LEU2 and leu2� strains except in the case of the
YFH1 LEU2 strain, which contained �2-fold higher levels of
NFS1 mRNA compared with the YFH1 leu2� strain (Fig. 4D).
We also measured the levels of YFH1 or yfh1Y73A mRNA. This
was of interest because expression of theYFH1 allele was driven
by its natural promoter, whereas expression of the yfh1Y73A

allele was driven by the GPD promoter (21). Similar to NFS1
and ISU1 mRNAs, YFH1 and yfhY73A mRNAs were progres-
sively up-regulated over the course of the experiment, and at
both time points analyzed, they were not significantly different
between LEU2 and leu2� strains (Fig. 4D). Together, these data
suggested that the higher levels of Nfs1p, Isu1p, and Yfh1p
observed in the leu2� background resulted from a combination
of transcriptional and post-transcriptional effects. Although
transcriptional effects were present in both LEU2 and leu2�
cells, post-transcriptional mechanisms were most active in
leu2� cells.

FIGURE 3. 5�-Flanking region of ACO1 mediates Aco1p down-regulation
in leu2� cells. A, schematic representation of the constructs used in this
analysis. ORF denotes a construct in which the ACO1 coding sequence was
under the control of the GPD promoter; 5� & 3� denotes a constructs in which
the ACO1 coding sequence was under the control of the natural upstream
and downstream regions (1,000 bp each), 5� denotes a construct lacking the
downstream region, and 3� denotes a construct in which the GPD promoter
replaced the upstream region. B and C, strains carrying the yfh1Y73A allele with
an intact LEU2 or a deleted leu2� allele were used in these analyses. These
strains were transformed with centromeric pRS416 vectors carrying the con-
structs described above after which the endogenous ACO1 gene was deleted.
“Empty” denotes strains carrying an intact chromosomal ACO1 gene and an
empty pRS416 vector. Cells were grown in SD medium as described in the
legend of Fig. 1 with 100 �M iron supplementation. B, cells were harvested,
and total cell lysates were used to measure Aco1p or Nfs1p protein levels by
Western blotting with specific antibodies (21). After Western blotting, the
membrane was stained to verify equal protein loading; shown is the region of
stained membrane encompassing the molecular mass range of Aco1p (85.4
kDa) and Nfs1p (54.5 kDa) (panel denoted Total protein). C, Aco1p protein
levels were determined by densitometry and normalized to the levels present
in the yfh1Y73A LEU2 strain transformed with empty pRS416 vector (denoted
by *). For each of the indicated strains, Aco1p protein levels were determined
from three independently prepared cell lysates and one or two separate
Western blots per lysate. The three data sets were analyzed as n � 3 experi-
ments; data shown are mean 	 S.D. � denotes p 0.005 compared with *.
Aco1p activity was measured in triplicate in one of the three lysates to dem-
onstrate good agreement with protein levels; values were normalized as
above.
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Leu1p Activity Is Not Influenced by Atm1p Overexpression or
Depletion—The data so far suggested that defects in leucine
biosynthesis resulted in down-regulation of Aco1p expres-
sion and up-regulation of mitochondrial ISC assembly pro-
teins and that these effects, coupled with up-regulation of
Leu1p expression, enabled the dramatic increase in Leu1p
activity observed in leu2� cells. Based on previous reports (9,
20), the mitochondrial inner membrane transporter Atm1p
appeared to be a likely link between these mitochondrial and
cytosolic effects. To test this, we compared LEU2 and leu2�
cells in which ATM1 gene expression was driven by its nat-

ural promoter or by the glucose-repressible GAL10 pro-
moter (Gal-ATM1) as described previously by others (9, 47).
In these previous studies, LEU2 had been used as a selectable
marker to create a Gal-ATM1 strain, and LEU2 Gal-ATM1
cells had been compared with leu2� ATM1 controls. We
instead used a KanMX4 cassette to create both a LEU2 Gal-
ATM1 and a leu2� Gal-ATM1 strain and compared these
two strains with a LEU2 ATM1 or a leu2� ATM1 strain,
respectively. In all cases, Atm1p was expressed with a C-ter-
minal FLAG tag and was detected by Western blotting using
a monoclonal anti-FLAG antibody.

FIGURE 4. Defects in leucine biosynthesis up-regulate core machinery for mitochondrial ISC assembly. A–D, strains carrying the YFH1 or yfh1Y73A allele
with intact or deleted LEU1 and/or LEU2 alleles were used in these analyses as shown. A and C, cells were grown for 48 h as described in the legend of Fig. 1
without iron supplementation, and cell lysates were analyzed by Western blotting using 10 �g of total protein for detection of Nfs1p and 40 �g for detection
of Isu1p or Yfh1p. B, protein bands were quantified by densitometry, and values were normalized to the signal present in the YFH1 LEU2 (denoted by *) or
yfh1Y73A LEU2 (denoted by **) strain as appropriate. For each of the indicated strains, protein levels were determined from three independently prepared cell
lysates and one Western blot per lysate and analyzed as n � 3 experiments; data shown are mean 	 S.D. � denotes p 0.037 compared with *; � denotes p 0.045
compared with **. C, after Western blotting, membranes were stained to verify equal protein loading; shown is the region of two stained membranes
encompassing the molecular mass ranges of Nfs1p (54.5 kDa) (top) and Yfh1p (13.7 kDa; migrates close to �20 kDa) and Isu1p (14.9 kDa) (bottom). D, the
indicated strains were grown as described above, and mRNA levels were determined by RT-PCR as described under “Experimental Procedures.” NFS1, ISU1, and
YFH1 or yfh1Y73A mRNA levels were normalized to ACT1 mRNA. Data shown are mean 	 S.D. of three independent experiments. For NFS1 mRNA levels, �
denotes p 0.02 compared with the YFH1 LEU2 strain. No other statistically significant differences were observed by Student’s t test analysis of NFS1, ISU1, and
YFH1 or yfh1Y73A mRNA levels.
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Growing Gal-ATM1 cells for 16 h in synthetic minimal
mediumcontaining galactose resulted in�20-fold higher levels
of Atm1p compared with ATM1 cells without obvious differ-
ences between the LEU2 and leu2� backgrounds (Fig. 5A,
Galactose 16 h, lanes 3 and 4 versus lanes 1 and 2). The levels of
Leu1p varied according to the LEU2 or leu2� background as
observed above in amanner that appeared to be independent of
Atm1p levels (Fig. 5A,Galactose 16 h, lanes 1 and 3 versus lanes
2 and 4). Aco1p levelswere otherwise similar between theLEU2

and leu2� backgrounds (Fig. 5A, Galactose 16 h, lanes 1 and 3
versus lanes 2 and 4), suggesting that the down-regulation asso-
ciated with leu2� status was not operational during growth in
galactose. As observed for Leu1p, Aco1p levels appeared to be
independent of changes in Atm1p levels (Fig. 5A, Galactose 16
h). We used cells analyzed as described above to measure
enzyme activities. As observed in Fig. 2A, Leu1p activity
decreased severalfold in the LEU2 versus the leu2� background
(Fig. 5B, Galactose 16 h, lanes 3 and 4 versus lanes 1 and 2).
Interestingly, LEU2 Gal-ATM1 and LEU2 ATM1 cells exhib-
ited similarly low levels of Leu1p activity (Fig. 5B, Galactose 16
h, lanes 4 and 2; p � 0.3). In addition, Leu1p activity was �50%
lower in leu2� Gal-ATM1 versus leu2� ATM1 cells (Fig. 5B,
Galactose 16 h, lanes 1 and 3; p 
 0.003). These data together
indicated that Leu1p activity was not enhanced by overexpres-
sion of Atm1p. Robust Aco1p activity was present in all cases,
and small differences among the four strains appeared to be
largely independent of Atm1p levels (Fig. 5B, Galactose 16 h,
lanes 1–4).
Growing Gal-ATM1 cells for 48 h on synthetic minimal

medium containing dextrose, thereby repressing the pGAL10
promoter (9), caused depletion of Atm1p to the point that it
became undetectable byWestern blotting (Fig. 5A,Dextrose 48
h, lanes 7 and 8). Under the same conditions, discrete levels of
Atm1pwere otherwise present inATM1 cells (Fig. 5A,Dextrose
48 h, lanes 5 and 6). The levels of Leu1p and Aco1p varied in
opposite directions according to LEU2 or leu2� status (Fig. 5A,
Dextrose 48 h) as observed in Fig. 2B. Accordingly, Leu1p activ-
ity decreased severalfold in the LEU2 versus the leu2� back-
ground, whereas Aco1p activity behaved in the opposite man-
ner (Fig. 5B,Dextrose 48 h; p 0.023 for Leu1p and p 0.014 for
Aco1p). All of these changes appeared to be largely independ-
ent of changes in Atm1p levels. There was a �30% reduction in
Leu1p activity in leu2�Gal-ATM1 (i.e.Atm1p-depleted) versus
leu2� ATM1 (i.e.Atm1p-repleted) cells (Fig. 5B,Dextrose 48 h,
lane 7 versus lane 5). However, Leu1p activity in leu2� Gal-
ATM1 cells was �1.4-fold higher during growth in dextrose
than during growth in galactose (Fig. 5B, lane 7 versus lane 3;
p 
 0.014), whereas Atm1p levels were undetectable during
growth in dextrose and highly induced during growth in galac-
tose (Fig. 5A, lanes 7 and 8 versus lanes 3 and 4). Therefore, the
�30% reduction in Leu1p activity noted above could not be
attributed to Atm1p depletion. These data were in contrast
with the general belief that Atm1p is required to maintain
Leu1p activity via export of an ISC precursor (9, 10). However,
we noted that in these previous studies LEU2 had been used as
selectable marker to create Atm1p-depleted cells, whereas a
leu2� allele was present in Atm1p-repleted cells. Thus, the
drastic reduction in Leu1p activity purportedly associated with
Atm1p depletion (9, 10) was the normal phenotype associated
with LEU2 expression as seen in Fig. 5B.

DISCUSSION

We conducted a screening for genes that could suppress the
respiratory-deficient phenotype associated with point muta-
tions in Yfh1p, the iron donor for mitochondrial ISC assembly
(6, 33). The phenotype was elicited by stressful conditions
expected to increase cellular demand for ISC synthesis. Under

FIGURE 5. Leu1p activity is independent of Atm1p overexpression or
depletion. A and B, in these analyses, the LEU1-FLAG LEU2-FLAG Gal-ATM1
and LEU1-FLAG leu2� Gal-ATM1 strains were compared, respectively, with the
LEU1-FLAG LEU2-FLAG ATM1 and LEU1-FLAG leu2� ATM1 strains. In all strains,
the C terminus of both Atm1p and Leu1p was FLAG-tagged (see “Experimen-
tal Procedures” and Table 1 for details). The strains were grown in synthetic
minimal medium containing galactose for 16 h (to induce Atm1p expression
in the Gal-ATM1 strains; Galactose 16 h) or dextrose for 48 h (to deplete Atm1p
in the Gal-ATM1 strains; Dextrose 48 h). Protein levels were analyzed in total
cell lysates (10 �g of total protein per sample) by Western blotting with anti-
FLAG antibody (for detection of Atm1p and Leu1p) or anti-Aco1p antibody.
Atm1p is detected as a diffuse band as observed previously by others (12, 51).
The panel denoted Total protein shows the same membrane analyzed by
Western blotting upon staining with Pierce Reversible Protein Stain to dem-
onstrate equal total protein loading; shown is the region of the membrane
corresponding to the molecular mass range of Atm1p (77.5 kDa), Leu1p (85.8
kDa), and Aco1p (85.4 kDa). B, Leu1p and Aco1p activities were measured in
triplicate in two independently prepared cell lysates. The two data sets were
analyzed as n � 2 experiments; data shown are mean (bar and number above
each bar) 	 S.D. p values are provided under “Results.” mU, milliunits.
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such conditions, the LEU2 gene was isolated as a suppressor at
high frequency in three different yfh1 mutants. This led to the
realization that the leu2� allele (present in our strain as inmost
laboratory yeast strains) caused cytoplasmic andmitochondrial
effects that acted synergistically with the yfh1 mutant alleles
used in the screening. In particular, we found that an incom-
plete leucine biosynthetic pathway profoundly altered the bio-
genesis and function of at least two [4Fe-4S] enzymes, Aco1p
and Leu1p, localized to the mitochondrial matrix and the cyto-
plasm, respectively. Aco1p is a mitochondrial matrix enzyme
structurally and functionally related to Leu1p. Both Aco1p and
Leu1p depend on a [4Fe-4S]2� cluster highly susceptible to oxi-
dant-induced inactivation (9, 42). These two abundant
enzymes are often used as representative markers of ISC
enzymebiogenesis in their respective cellular compartments (9,
43). Leu1p activity is also used as a marker of ISC (or ISC pre-
cursor) transport from the mitochondria to the cytoplasm by
Atm1p. Therefore, the focus on these two enzymes seemed a
reasonable starting point to address how the leucine biosyn-
thetic pathway might regulate the distribution of ISCs between
the mitochondria and the cytoplasm. The observations that
upward changes in Leu1p protein levels and enzymatic activity
occurred in leu2� cells and that they were associated with
opposite changes in Aco1p levels and activity led us to hypoth-
esize mechanisms that promote leucine biosynthesis at the
expense of Aco1p activity.
Activation of Leu3p by �-IPM followed by Leu3p-induced

expression of LEU1 (as well as other genes in the leucine bio-
synthetic pathway) is a well characterizedmechanism triggered
by blocks in the pathway (e.g. leu2� deletion mutation) (15).
Our data further indicate that the down-regulation of Aco1p
protein levels in leu2� versus LEU2 cells was mediated by tran-
scriptional mechanisms involving the 5�-flanking region of
ACO1. Mutational analysis of a putative Leu3p consensus
sequence (44, 45) within this region excluded a possible direct
role of Leu3p; and thus, the mechanism that couples Aco1p

down-regulation with Leu1p up-regulation remains to be
established.
The observation that Nfs1p protein levels were consistently

higher in leu2� versus LEU2 cells prompted us to extend our
analyses to the three core components of themitochondrial ISC
biosynthetic machinery: Nfs1p, Isu1p, and Yfh1p. The levels of
all three proteins were consistently higher in YFH1 or yfh1 cells
when LEU1, LEU2, or both were deleted. At least two enzymes
in the leucine biosynthetic pathway, mitochondrial Ilv3p and
cytoplasmic Leu1p, are ISC-dependent enzymes. Thus, up-reg-
ulation of Nfs1p, Isu1p, and Yfh1p may be part of the cellular
response to blocks in this pathway. Together, our analysis of
mRNA and protein levels suggests that the up-regulation of
Nfs1p, Isu1p, and Yfh1p observed in the leu2� background
resulted from a combination of transcriptional and post-tran-
scriptional effects. Although transcriptional effects (i.e. tran-
scriptional activation of NFS1 and ISU1) were present in both
LEU2 and leu2� cells, post-transcriptional mechanisms were
most active in leu2� cells. The latter mechanisms may include
mRNA stabilization, protein stabilization, or both. Up-regula-
tion of Isu1p through a reduction in protein turnover rate has
been reported previously by others (48). The up-regulation of
Yfh1p observed in leu2� cells was probably the result of both
mRNAup-regulation (likely throughmRNAstabilization as the
YFH1 and yfh1Y73A alleles were under the control of different
promoters (21)) and protein stabilization (suggested by the fact
thatmRNA levels were equally up-regulated inLEU2 and leu2�
cells but protein levels were up-regulated only in the latter).
BecauseNfs1p, Isu1p, andYfh1p up-regulationwas observed in
both leu1� and leu2� cells, Leu1p and Leu2p can be excluded
from being directly involved. Factor(s) present in both leu1�
and leu2� cells, possibly factors that modulate mRNA stability
and/or protein turnover, might be responsible. We could not
find a Leu3p consensus sequence in the upstream regions of
NFS1, ISU1, or YFH1, and accordingly, the levels of their cor-

FIGURE 6. Complex mechanisms regulate ISC distribution between mitochondria and cytoplasm in leu2� background. The sign � denotes normal
protein levels; upward and downward arrows denote increased or decreased protein levels; � and � denote transcriptional activation and repression; Leu3p-�
denotes �-IPM-activated Leu3p. In wild type (LEU2) cells, there is a balanced distribution of ISCs between the mitochondria and the cytoplasm. In leu2� cells,
accumulation of �-IPM makes Leu3p function as a transcriptional activator of the LEU1 gene (15), leading to up-regulation of Leu1p protein levels (as observed
in Fig. 2). Leu3p may also be indirectly involved in the transcriptional repression of ACO1, leading to down-regulation of Aco1p protein levels (as observed in
Figs. 2 and 3). Leu1p up-regulation together with Aco1p down-regulation shifts the mitochondrial-cytoplasmic ISC balance in a manner that promotes
synthesis of enzymatically active Leu1p at the expense of enzymatically active Aco1p. Mostly post-transcriptional mechanisms lead to up-regulation of Nfs1p,
Isu1p, and Yfh1p in leu2� cells (as observed in Fig. 4). This may reflect a direct role of mitochondria in providing ISCs (or ISC precursors) for Leu1p biogenesis
as proposed previously (9) although via an as yet unknown transporter different from Atm1p; alternatively, it could simply represent a secondary response to
the loss of Aco1p activity. Open questions that remain to be addressed include the following. 1) What are the factors that mediate ACO1 down-regulation in
leu2� cells? 2) What are the mechanisms involved in post-transcriptional up-regulation of Nfs1p, Isu1p, and Yfh1p in leu2� cells? 3) Are mitochondria directly
or indirectly involved in providing ISCs or ISC precursors to Leu1p and other cellular Fe-S enzymes?
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responding proteins were not significantly affected by the pres-
ence or absence of LEU3 (data not shown).
Previous studies that implicated Atm1p in the maintenance

of Leu1p activity had compared LEU2 Gal-ATM1 cells with
leu2� ATM1 controls (9, 47). We instead used a KanMX4 cas-
sette to create both a LEU2 Gal-ATM1 strain and a leu2� Gal-
ATM1 strain and compared these two strains with a LEU2
ATM1 or leu2� ATM1 strain, respectively. We found that
Aco1p activity was not significantly influenced by Atm1p over-
expression or depletion. More surprisingly, we found that
Leu1p activity was also largely independent of the levels of
Atm1p. This leads us to conclude that previous studies that
linked Atm1p function to the maintenance of Leu1p activity
were confounded by the fact that LEU2 was used as selectable
marker to create Atm1p-depleted cells, whereas a leu2� allele
was present in Atm1p-repleted controls. We further suggest
that Atm1p may not be involved in ISC export and is perhaps
involved in the export of heme or intermediates in heme bio-
synthesis as suggested previously by others (49, 50).
A unifying model for the findings discussed above is pro-

posed in Fig. 6. The model highlights the complexity of the
mechanisms that appear to regulate the distribution of ISCs
between the mitochondria and other cellular compartments.
Among a number of open questions, perhaps the most impor-
tant will be to define whether mitochondria provide ISCs for
cytoplasmic ISC synthesis via an as yet undefined mitochon-
drial transport mechanism or whether each compartment syn-
thesizes its own ISC pool and this is regulated according to the
metabolic needs of the cell.
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