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Biogenesis of iron-sulfur (Fe/S) proteins in eukaryotes is an
essential process involving the mitochondrial iron-sulfur clus-
ter (ISC) assembly and export machineries and the cytosolic
iron/sulfur protein assembly (CIA) apparatus. To define the
integration of Fe/S protein biogenesis into cellular homeostasis,
we compared the global transcriptional responses to defects in
the three biogenesis systems in Saccharomyces cerevisiae using
DNAmicroarrays. Depletion of amember of theCIAmachinery
elicited only weak (up to 2-fold) alterations in gene expression
with no clear preference for any specific cellular process. In con-
trast, depletion of components of themitochondrial ISC assem-
bly and export systems induced strong and largely overlapping
transcriptional responses of more than 200 genes (2–100-fold
changes). These alterationswere strikingly similar, yet not iden-
tical, to the transcriptional profiles developed upon iron starva-
tion. Hence, mitochondria and their ISC systems serve as
primary physiological regulators exerting a global control of
numerous iron-dependent processes. First, ISC depletion acti-
vates the iron-responsive transcription factors Aft1/2p leading
to increased cellular iron acquisition. Second, respiration and
heme metabolism are repressed ensuring the balanced utiliza-
tion of iron by the two major iron-consuming processes, iron-
sulfur protein and heme biosynthesis. Third, the decreased res-
piratory activity is compensated by induction of genes involved
in glucose acquisition. Finally, transcriptional remodeling of the
citric acid cycle and the biosyntheses of ergosterol and biotin
reflect the iron dependence of these pathways. Together, our
data suggest a model in which mitochondria perform a global
regulatory role in numerous cellular processes linked to iron
homeostasis.

Proteins with iron-sulfur (Fe/S) cofactors play important
roles in fundamental cellular processes such as redox reactions,
metabolic catalysis, and the regulation of gene expression

(1–3). In eukaryotes such as Saccharomyces cerevisiae, mito-
chondria play a central role in the biosynthesis of cellular Fe/S
proteins (reviewed in Refs. 4–7). The mitochondrial matrix
harbors the iron-sulfur cluster (ISC)2 assembly machinery that
is essential for biosynthesis of all cellular Fe/S proteins. The
functional core of this system consists of the scaffold proteins
Isu1p/Isu2p for the de novo synthesis of a transiently bound
Fe/S cluster. In yeast, Fe/S cluster synthesis on Isu1p involves
the cysteine desulfurase complex Nfs1p/Isd11p as the sulfur
donor, Yfh1p (frataxin), and an electron transfer chain consist-
ing of the ferredoxin Yah1p and its cognate reductase, Arh1p.
The specialized Hsp70 chaperone Ssq1p, its cognate J-type co-
chaperone Jac1p, the nucleotide exchange factor Mge1p, and
the monothiol glutaredoxin Grx5p are involved in subsequent
steps following Fe/S cluster synthesis on Isu1p. The ISC system
has been inherited frombacteria that encode proteins of similar
structure and function in the isc operon (3). In yeast, several of
the ISCmembers are essential for cell viability underscoring the
fundamental role of Fe/S protein maturation for the eukaryotic
cell.
The mitochondrial ISC assembly system is also required for

biosynthesis of cytosolic and nuclear Fe/S proteins (8–10).
Their maturation further depends on the mitochondrial “ISC
export machinery” that consists of the mitochondrial inner
membrane ABC transporter Atm1p, the mitochondrial inter-
membrane space sulfhydryl oxidase Erv1p, and glutathione (8,
11, 12). This export system is responsible for sequestering an
unknown component frommitochondria to the cytosol to facil-
itate maturation of cytosolic and nuclear Fe/S proteins, a step
carried out by themembers of the cytosolic Fe/S protein assem-
bly (CIA) system. The CIA machinery includes the cytosolic
iron-only hydrogenase-like protein Nar1p, the soluble P-loop
NTPases Cfd1p and Nbp35p, and the WD40 repeat protein
Cia1p, which catalyze thematuration of cytosolic Fe/S proteins
in an ordered pathway (13–16). All components are highly
conserved in eukaryotes and essential for viability of S. cer-
evisiae (5, 7).
In S. cerevisiae, the disruption of the mitochondrial ISC

assembly and export machineries induces the accumulation of
iron withinmitochondria (8) and the constitutive expression of
a set of iron-regulated genes that are referred to as the iron
regulon (17–19). Gene expression of the iron regulon is under
control of the iron-responsive transcription factors Aft1p and
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Microarray data are available from ArrayExpress at EBI, accession number
E-MEXP-1215.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1, Tables SI–SIV, and additional references.
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