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Fe-S clusters are critical prosthetic groups for proteins involved in
various critical biological processes. Before being transferred to
recipient apo-proteins, Fe-S clusters are assembled on the highly
conserved scaffold protein Isu, the abundance of which is regulated
posttranslationally on disruption of the cluster biogenesis system.
Here we report that Isu is degraded by the Lon-type AAA+ ATPase
protease of the mitochondrial matrix, Pim1. Nfs1, the cysteine
desulfurase responsible for providing sulfur for cluster formation,
is required for the increased Isu stability occurring after disruption
of cluster formation on or transfer from Isu. Physical interaction
between the Isu and Nfs1 proteins, not the enzymatic activity of
Nfs1, is the important factor in increased stability. Analysis of
several conditions revealed that high Isu levels can be advantageous
or disadvantageous, depending on the physiological condition.
During the stationary phase, elevated Isu levels were advantageous, resulting in prolonged chronological lifespan. On the other
hand, under iron-limiting conditions, high Isu levels were deleterious. Compared with cells expressing normal levels of Isu, such cells
grew poorly and exhibited reduced activity of the heme-containing
enzyme ferric reductase. Our results suggest that modulation of the
degradation of Isu by the Pim1 protease is a regulatory mechanism
serving to rapidly help balance the cell’s need for critical ironrequiring processes under changing environmental conditions.
proteolysis
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ron, a critical element for virtually all living organisms, has a
number of essential cellular roles. For example, heme, a critical
iron-containing prosthetic group whose ﬁrst and last biosynthetic
steps occur in mitochondria, serves important roles in oxygen
sensing and electron transfer (1). Most pertinent to the present
work, iron-sulfur (Fe-S) clusters are a versatile prosthetic group
found on proteins that play crucial roles in electron transport,
catalytic reactions, environmental sensing, and regulation (1, 2).
Given that iron enhances the production of intracellular reactive
oxygen species that damage cellular macromolecules, it is not
surprising that the level of cellular iron is tightly regulated. For
example, under iron-limited conditions, the Aft transcription
factors of the budding yeast Saccharomyces cerevisiae activate the
so-called “iron regulon,” increasing expression of proteins important for cellular iron metabolism, including high-afﬁnity iron
transporters of the plasma and mitochondrial membranes (3).
A single Fe-S cluster biogenesis system closely related to the
iron-sulfur cluster (ISC) assembly system of bacteria exists in the
mitochondria of eukaryotes (2, 4). In both eukaryotes and prokaryotes, Fe-S clusters are not built de novo on proteins, but
rather are ﬁrst assembled on a scaffold protein and then transferred to recipient proteins. In S. cerevisiae, the scaffold Isu is
encoded by two very closely related genes, ISU1 and ISU2, of
which ISU1 is the more highly expressed (5). In the assembly
process, a cysteine desulfurase, Nfs1, provides sulfur to Isu via
the conserved cysteine located in the active site (6, 7). The ferredoxin Yah1 and ferredoxin reductase Arh1 supply the required
electrons (8). Yfh1, the yeast frataxin homolog, has been proposed to serve as an iron donor and/or a regulator of Nfs1
function (9–11). Isu, Nfs1, and Yfh1 can bind with one another
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to form a so-called “Fe-S cluster assembly” complex (11–13).
Transfer of the assembled clusters to recipient proteins requires
a specialized Hsp70 chaperone system composed of the Hsp70
Ssq1 and the J-protein cochaperone Jac1, as well as the nucleotide release factor Mge1 (14, 15). The physical and functional
interactions between Isu (a small 14-kDa protein) and the
components critical for cluster assembly and transfer are just
beginning to be understood. The conserved tripeptide PVK
(residues 134–136 in Isu) is known to be critical for interaction
with Ssq1. Alterations of single residues in this motif disrupt the
interaction and result in cell inviability (16). The interface between Isu and Nfs1 is complex. Structural analysis of crystals of
a complex formed between the Escherichia coli proteins IscU and
IscS (orthologs of Isu and Nfs1, respectively) revealed a large
interaction surface (17).
Along with generating Fe-S clusters per se, the mitochondrial
ISC system is central to cellular iron homeostasis. Activity of the
Aft transcription factors is negatively regulated by an as-yet
unidentiﬁed signal generated by the ISC system and exported to
the cytosol (18). Consistent with this idea, mutations that affect
the functions of components of the ISC system, such as Ssq1 and
Jac1 of the specialized Hsp70 cluster transfer system, result in
Aft activation. Pertinent to this report, Isu levels are 10- to 15fold higher in jac1 and ssq1 mutants than in WT cells. However,
this up-regulation is due not to Aft activity, but rather to an
increase in the stability of ISU protein (5). To better understand
the mechanism behind the control of Isu levels, as well as the
biological relevance of this control, we assessed the requirements
for stabilization of Isu and the cellular consequence of higher Isu
levels. We found that up-regulation of Isu, a substrate of the Pim1
protease, can be advantageous or disadvantageous depending on
the physiological context, providing a biological rationale for
posttranslational regulation of Isu.
Results
Isu Is a Substrate of the Pim1 Protease. To better understand the
posttranslational regulation of Isu, we sought to identify the
protease responsible for its degradation. We ﬁrst tested a strain
lacking Pim1, the abundant ATP-dependent Lon-type protease
of the mitochondria matrix (19). As determined by immunoblot
analysis, the Isu level was ∼20-fold higher in lysates from Δpim1
than from WT cells, comparable to the increased Isu levels in
lysates of SSQ1 and JAC1 mutants known to have defects in Fe-S
cluster biogenesis (5) (Fig. 1A).
To conﬁrm that the high Isu levels were due to slow degradation, we performed pulse-chase analysis. After a 2-min incubation
with [35S] amino acids, an excess of nonradioactive amino acids
was added. The decrease in radiolabeled Isu was monitored by
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immunoprecipitation (IP) using Isu-speciﬁc antibodies (Fig. 1B).
As expected (5), Isu was rapidly degraded in WT cells, with only
20% remaining at the 30-min time point. Over the course of the
experiment, Isu was so stable in Δpim1 cells that a half-life could
not be determined; radiolabeled Isu did not drop below 90% of
initial levels during the 200-min chase. In comparison, in Δssq1
cells, Isu had a half-life of ∼110 min. Jac1, Ssq1, Mge1, Nfs1, and
Yfh1 levels were not signiﬁcantly different in Δpim1 and WT cells
(Fig. 1C), indicating that Isu is a speciﬁc target within the Fe-S
cluster biogenesis system of the Pim1 protease.
To test whether Pim1 activity per se is altered in cells defective
in Fe-S cluster biogenesis, we assessed the level of a known Pim1
substrate, the ribosomal protein Mrs20 (20). Although Mrp20
levels were increased in Δpim1 cells, as expected, they were not
increased in Δssq1 cells (Fig. S1). Thus, our data do not indicate
that altered Pim1 activity is the cause of Isu stabilization, suggesting that a change within the Fe-S cluster biogenesis system
itself is responsible.

Increased Isu1 Stability in the Presence of Nfs1 Variant Lacking
Cysteine Desulfurase Activity. We next directly tested the idea that

Nfs1 interaction is necessary for Isu stabilization. The rationale

Fig. 2. Effect of amino acid alterations on Isu1’s stability and association with Nfs1. (A) Lysates of cells expressing WT Isu1 or variants with indicated
alterations were subjected to immunoblot analysis using antibodies speciﬁc for Isu and, as a control, Mge1 (c). Dotted line indicates position of a lane, which is
not relevant to this report, removed from the image. (B) Cells were pulse-labeled with [35S] amino acids. Lysates prepared from aliquots removed at indicated
times after initiation of the chase were subjected to IP with Isu-speciﬁc antibodies. The amount of labeled Isu at time 0 was set at 100%. (C) Mitochondrial
lysates of cells expressing WT Isu1 or an indicated variant were subjected to IP using Nfs1-speciﬁc antibodies. Precipitated Nfs1 and Isu1 (IP) were detected by
immunoblot analysis using speciﬁc antibodies, with 4% mitochondrial lysate used as a loading control (Input). Δisu2 ISU1-myc background was used to
eliminate comigration of WT Isu1 with variants. In C, As discussed in the text, Δpim1 was included to ensure comparable protein levels.
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Fig. 1. Degradation of Isu by Pim1. (A) Cell lysates of indicated strains were
subjected to immunoblot analysis using Isu, Pim1, and, as a control, Mge1speciﬁc antibodies (c). (B) Cells were pulse-labeled with [35S] amino acids.
Lysates prepared from aliquots removed at indicated times after initiation of
the chase were subjected to IP with Isu-speciﬁc antibodies. The amount of
labeled Isu at time 0 was set at 100%. (C) Mitochondrial lysates from WT and
Δpim1 cells were analyzed by immunoblotting using antibodies speciﬁc for
the indicated proteins.

Stabilization of Isu1 Variants. Given that the absence of Ssq1
results in stabilization of Isu, we next tested Isu1 variants with
alterations of the well-deﬁned PVK Ssq1 binding site. Because
Hsp70 binding is essential, we constructed a strain expressing
WT Isu fused to Myc epitopes. The Isu1–Myc fusion supported
viability, but migrated more slowly during electrophoresis (Fig.
S2), allowing assessment of the abundance and stability of Isu
variants. We tested the following mutants encoding a single alteration: P134A, P134S, V135E, K136A, and K136E. Those with
alterations at residues P134 and V135 were present at 5- to 20fold higher levels than WT protein (Fig. 2A). The level of K136
variants did not differ signiﬁcantly from that of WT Isu.
To determine the basis of the difference, we compared the
protein degradation rates of three variants with that of WT Isu
using pulse-chase analysis (Fig. 2B). Degradation of Isu1K136A
was indistinguishable from that of WT Isu1; however, the halflives of Isu1P134S and Isu1V135E exceeded 200 min, consistent
with their higher steady-state levels.
In light of previous results suggesting that the increase in Isu
levels in the absence of Ssq1 requires the cysteine desulfurase
Nfs1 (5), we compared the interaction of Isu1 variants with Nfs1
in mitochondrial lysates. Initially such comparisons proved difﬁcult, because Nfs1 levels are signiﬁcantly higher than Isu levels
and thus more Nfs1–Isu complex is formed when Isu is present at
higher levels (Fig. S3). Therefore, we took advantage of the
stabilization of Isu in the Δpim1 background to assess the interaction between Nfs1 and Isu1. We performed coimmunoprecipitation (co-IP) experiments using antibodies speciﬁc for
Nfs1, followed by detection of Isu by immunoblot analysis. The
amounts of Isu1P134S and WT Isu coimmunoprecipitated with
Nfs1 were not signiﬁcantly different (Fig. 2C); however, the efﬁciency of co-IP of Isu1K136A and Isu1K136E were only ∼30% and
5%, respectively, of that seen for WT Isu1. These results suggest
that residue K136 is important for interaction with Nfs1, as well
as Ssq1. Consistent with this idea, structural analysis indicates
that the analogous lysine residue of the E. coli ortholog K103IscU
is in close proximity to IscS in the IscS–IscU complex (17).

behind our approach was to engineer a strain background in
which (i) Isu was stabilized due to a mutation in the JAC1 gene
and (ii) NFS1 was under a regulatable promoter, allowing us
to control WT Nfs1 concentration and thus test whether Nfs1
variants, which on their own could not support cell viability,
affected Isu stability. Speciﬁcally, our strain background had the
jac1LKDDEQ mutation (5) (Fig. 1A) and the chromosomal copy of
WT NFS1 under the control of the GAL1 promoter, allowing
depletion of the essential NFS1 protein on a shift from a galactose-based to a glucose-based medium. As a test of the system,
we used two GAL-NFS1 jac1LKDDEQ strains, one with a plasmid
harboring a NFS1 gene under the control of its endogenous
promoter (NFS1-NFS1) and thus competent to express Nfs1
after the shift to a glucose-based medium, and a second with only
a control vector, in which case the Nfs1 levels dropped dramatically after glucose addition. We observed a decrease in Isu levels
after Nfs1 depletion (Fig. 3A).
We performed pulse-chase analysis with both strains after the
addition of glucose (Fig. 3B). Isu had a half-life of 125 min in
jac1LKDDEQ cells in which Nfs1 levels were maintained. Isu was
less stable in cells depleted of Nfs1, with the amount of radiolabeled Isu dropping below 40% of initial levels by 25 min after
initiation of the chase. As a control, we also assessed the stability
of Isu in JAC1 cells and found rapid degradation of Isu regardless of whether or not Nfs1 was depleted. These results indicate
that the longer Isu half-life observed in the jac1LKDDEQ background requires Nfs1.
Next, to ask whether the enzymatic activity of Nfs1 is required
for Isu stabilization, we altered the codon for the essential and
conserved active site cysteine, residue 421, such that it encoded
alanine. Puriﬁed Nfs1C421A had a background desulfurase activity level of 1.3 ± 0.04 nmol sulﬁde/min/mg Nfs1, compared
with 45.7 ± 4 nmol sulﬁde/min/mg Nfs1 for puriﬁed WT Nfs1. A
plasmid harboring nfs1C421A was introduced into jac1LKDDEQ
GAL-NFS1 cells. After the addition of glucose, the Nfs1C421A-

expressing cells had nearly the same high levels of Isu found in
cells expressing WT Nfs1 (Fig. 3C).
We next evaluated the stability of Isu in jac1LKDDEQ GALNFS1 cells expressing Nfs1C421A. Isu was more stable in cells
expressing Nfs1C421A than in cells carrying the empty control
vector and thus depleted of WT Nfs1 (Fig. 3D). For example, at
30 min into the chase, only 20% of the pulse-labeled Isu
remained in Nfs1-depleted cells, compared with more than 75%
in the cells expressing Nfs1C421A. The half-life of Isu was 60 min
in Nfs1C421A-expressing cells, compared with 100 min in cells
expressing WT Nfs1.
The longer half-life of Isu in Nfs1C421A-expressing cells compared with cells depleted of Nfs1 suggested to us that the presence of a cluster in Isu was not necessary for stabilization. Thus,
we assessed the half-life of Isu in strains lacking Yfh1, the putative iron donor and Nfs1 regulator, whose absence causes
a severe defect in cluster formation (11). The steady-state levels
of Isu were approximately 10-fold higher in Δyfh1 than in WT
cells (Fig. 3E). Moreover, the half-life of Isu in Δyfh1 of ∼100
min was approximately fourfold longer than that seen in WT
cells (Fig. 3F). Isu levels were 10-fold higher in cells depleted of
Yah1, the essential electron donor for Fe-S cluster formation,
than in WT cells. Together, these results indicate that Fe-S
cluster formation is not required for an increase in Isu stability.
No Increase in Isu1 Stability in the Presence of Nfs1 Variant with
Defective Interaction with Isu. Given that the catalytic activity of

Nfs1 is not essential for increased stability of Isu, we next asked
whether a physical interaction between the two proteins was
important. We designed a NFS1 C-terminal truncation mutant,
deleting codons 476–497, because this conserved segment of the
orthologous IscS protein of E. coli is known to be important
for interaction with the scaffold IscU (17, 21). Nfs1Δ476–497
(henceforth designated Nfs1ΔC) had similar cysteine desulfurase
activity to WT Nfs1 (42.5 ± 4 vs. 45.7 ± 4 nmol sulﬁde/min/mg
Nfs1). However, less Isu was coimmunoprecipitated from

Fig. 3. Effect of Nfs1 on Isu up-regulation. (A) GAL-NFS1 jac1LKDDEQ cells harboring WT NFS1 under control of NFS1 promoter (WT) or empty control vector
(−) were shifted from galactose-based to glucose-based medium to repress expression of NFS1 from the GAL1 promoter (GAL-NFS1). Cells were harvested
either before (+) or 28 h after glucose addition (downward arrow). Cell extracts were prepared and analyzed by immunoblotting with antibodies speciﬁc for
Isu and, as a control, Mge1 (c). (B) Indicated cells from A along with analogous controls with a WT rather than a jac1LKDDEQ background were pulse-labeled
after depletion of Nfs1. Samples were removed at indicated times after initiation of chase, and the amount of radiolabeled Isu was monitored by IP using Isuspeciﬁc antibody. (C) Cell extracts from GAL-NFS1 jac1LKDDEQ cells described in A, harboring the control vector (−) or the following NFS1 genes under control
of the NFS1 promoter: WT, C421A, and Δ476–497 (ΔC). Relative Isu and Mge1 (c) levels were determined by immunoblot analysis. Cells were harvested either
before (+) or 28 h after addition of glucose (downward arrow) to repress expression from the GAL promoter. (D) Cells in C were pulse-labeled at 28 h after the
shift to glucose-based medium and subjected to pulse-chase analysis. (E) Cell lysates from indicated strains were subjected to immunoblot analysis with Isuspeciﬁc antibodies or, as a loading control, Mge1-speciﬁc antibodies (c). To deplete Yah1, GAL-YAH1 cells were harvested at 28 h after the shift to a glucosebased medium. (F) WT and Δyfh1 cells were pulse-labeled and subjected to pulse-chase analysis. (G) GAL-NFS1 Δpim1 cells harboring a plasmid containing
either WT NFS1 or indicated mutants under control of its endogenous promoter were harvested at 28 h after the addition of glucose. Mitochondrial extracts
were prepared and subjected to IP using Nfs1-speciﬁc antibodies. Precipitated Nfs1 and Isu proteins (IP) were detected by immunoblot analysis using speciﬁc
antibodies, with 4% mitochondrial lysate used as a loading control (Input).
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High Isu Levels Compromise Growth Under Iron-Depleted Conditions.

The dramatic increase in stability of Isu when Fe-S cluster biogenesis is compromised raises the question of the biological
importance of cells maintaining the “normal” low levels of Isu.
Speciﬁcally, we speculated that levels might be carefully regulated to help balance the needs of other iron-requiring processes.
To test this idea, we constructed a strain (Isu-UP) expressing Isu
at levels similar to those seen in cells defective in cluster biogenesis (Fig. 4A), making use of the strong tetR promoter system.
We also included an aft1 deletion to diminish the transcriptional
response to iron deprivation, thereby sensitizing the strain

Fig. 4. Effect of overexpression of Isu under iron-depleted conditions. (A)
Cell extracts prepared from Δssq1, jac1LKDDEQ, and WT cells harboring empty
vector (control) or plasmid with ISU1 under the control of the tetR promoter
plasmid (Isu-UP) were subjected to immunoblot analysis with Isu- and, as a
control, Mge1-speciﬁc antibodies (c). (B and C) Cells harboring either control
vector or Isu-UP plasmid were compared using two genetic backgrounds, WT
and Δaft1. Δaft1 cells were of the genetic background: Δaft1Δisu2 ISU1*.
ISU1* denotes mutations in the Aft binding consensus site in the promoter of
ISU1 (5). (B) Cells were inoculated into minimal media containing the indicated concentrations of BPS. The density of the culture with no BPS was
monitored. When an OD600 of 1.0 was reached, OD600 measurements were
also obtained from the cultures containing BPS and plotted as a percentage
of the density reached by the control culture. (Upper) Δaft1. (Lower) WT
background. (C) Exponentially growing Δaft1 cells were diluted to an OD600
of 0.1 in minimal media in the presence or absence of BPS. After 4 h, aliquots
were removed. FRE1 mRNA levels were determined by quantitative PCR
(Upper), and ferric reductase activity was measured (Lower). Error bars represent SDs from three or more independent experiments.

Song et al.

background. We carried out a growth assay to compare the cell
density attained in liquid cultures with different concentrations
of the iron chelator bathophenanthroline disulfonate (BPS) (Fig.
4B, Upper). In the absence of BPS, control and Isu-UP cells grew
to the same density during the course of the experiment. At
concentrations above 4 μM BPS, no growth of either strain was
observed; however, at concentrations between 1 and 4 μM, IsuUP cells were more sensitive to BPS. For example, in media
containing 3 μM BPS, Isu-UP cells grew to only one-tenth of the
density of cells with normal Isu levels. We also tested Isu-UP
cells in an AFT1 background. Both AFT1 strains were more resistant to BPS than Δaft1 mutants, with no growth difference
observed up to a concentration of 4.5 μM BPS. A reproducible
growth difference between WT and Isu-UP cells was observed at
higher concentrations, but was much less pronounced than in
Δaft1 cells (Fig. 4B, Lower).
To more directly test the idea that high Isu levels disrupt other
iron-dependent processes, we assessed the activity of the hemedependent enzyme, ferric reductase (Fre1) (22). We measured
both Fre1 mRNA levels and enzyme activity at 4 h after the
addition of BPS and approximately threefold higher mRNA
levels in both the control and Isu-UP cells (Fig. 4C, Upper), an
expected response to iron limitation given that FRE1 is a target
gene of the Aft transcription factor (23). However, although
Fre1 enzyme activity in controls cells increased threefold in that
4-h span, the activity in Isu-UP cells did not change signiﬁcantly
(Fig. 4C, Lower). These results are consistent with the idea that
high Isu levels can be deleterious to cells under iron-limiting
conditions and may limit iron availability for other iron-requiring
processes, such as maturation of heme-containing proteins.
High Isu Levels Prolong Chronological Lifespan. The foregoing results indicate that Isu levels exceeding those normally present
during exponential growth can be deleterious. We wanted to
determine whether high Isu levels are advantageous under certain conditions. We noted during our studies that Isu-UP cultures appeared to retain a higher proportion of viable cells on
prolonged storage; thus, we carried out chronological lifespan
experiments to compare cell longevity. Exponentially growing
liquid cultures of control and Isu-UP cells were grown to stationary phase, and incubation continued over a 35-d period.
Cells were periodically removed from each culture. Aliquots
were used to prepare extracts for determination of Isu levels or
diluted before plating to determine the number of cells able to
form colonies. As before, strains with AFT1 intact and AFT1
deleted were tested. Immunoblot analysis revealed 10- to 15-fold
higher Isu1 levels in Isu-UP cells of both backgrounds at the
beginning of the experiment, with levels remaining the same or
rising slightly over 20 d. Isu levels also rose in control cells. In
AFT1 cells, Isu levels were sixfold to eightfold higher at 3 wk
after initiation of the experiment (Fig. 5A).
Control AFT1 cells lost viability slowly (Fig. 5B); at day 12,
∼80% of cells remained viable, with viability dropping slowly,
such that by day 34 less than 0.01% were viable. AFT1 Isu-UP
cells maintained viability even longer, with 10% of cells viable at
day 34. Even greater differences were observed in the aft1Δ
background. Less than 0.01% of the control Δaft1 cells were viable at 16 d, but 10% of Δaft1 Isu-UP cells were viable at 30 d.
These ﬁndings indicate a longer chronological lifespan in cells
expressing high levels of Isu than in cells with normal Isu expression, regardless of the presence of Aft1.

Discussion
A picture emerges from the work presented here in which the
stability of the Fe-S cluster scaffold is regulated posttranslationally due to changes in its rate of degradation by the Lon-type
protease of the mitochondrial matrix. Our results also strongly
support the idea that a physical interaction between Nfs1 and Isu
PNAS | June 26, 2012 | vol. 109 | no. 26 | 10373
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mitochondrial lysates with Nfs1ΔC compared with WT Nfs1 (Fig.
3G), whereas the amount of Nfs1C421A was only slightly less than
with WT Nfs1. The slight decrease in Nfs1C421A might be related
to the close proximity of the active site cysteine to the Isu interaction surface (17).
To test the effect of Nfs1ΔC on Isu stability in vivo, we again
used the GAL-NFS1 system in the jac1LKDDEQ genetic background. On repression of WT Nfs1 synthesis, the Isu level dropped to that seen in WT cells (Fig. 3C), suggesting instability of Isu.
Pulse-chase analysis conﬁrmed this interpretation, showing similarly rapid decreases in the level of radiolabeled Isu in Nfs1ΔCexpressing cells and cells depleted of Nfs1 (Fig. 3D). We conclude
that Nfs1ΔC, which is defective in interaction with Isu, is not capable of substituting for WT Nfs1 to increase the stability of Isu.

Fig. 5. Effect of Isu overexpression on chronological lifespan. WT or Δaft1
cells harboring the control or Isu-UP plasmid, as described in Fig. 4, were
inoculated and cultured in minimal media at 30 °C. (A) From day 1, cell
extracts were prepared and relative levels of Isu and, as a control, Mge1
were determined. Data are plotted as the relative intensity of the Isu/Mge
signal as arbitrary units. The Mge1 signal varied little over the time course of
the experiment. Background: Left, WT; Right, Δaft1. (B) Cell viability was
monitored by measuring colony-forming units. Viability of the cells at day 1
was set as 100%. Experiments were repeated a minimum of three times,
with similar results obtained.

is a prerequisite for increased stability of Isu. Because the exact
mechanism(s) by which Pim1, or indeed other Lon-type proteases, recognize substrates is not known, what makes Isu susceptible or resistant to degradation remains unclear. Yeast Pim1,
like Lon-type proteases in bacteria and human mitochondria, is
able to recognize both unfolded (24) and folded (25) segments as
“degrons,” depending on the substrate protein. Adding to the
challenge in understanding Isu degradation, structural studies of
bacterial IscS and IscU, the orthologs of Nfs1 and Isu, respectively, found that their interaction stabilized the structure of
IscU in one case and destabilized it in another (17, 26–28).
Detailed in vitro analysis of Isu degradation by Pim1 are needed
to identify the Isu degron recognized by Pim1.
Regardless of the exact mode of recognition by Pim1, the most
straightforward model of Isu stabilization is that binding of Nfs1 is
sufﬁcient to protect the unknown recognition site from Pim1. In
one sense, such a model has appeal, because only known factors
are needed. However, such a mechanism requires that Nfs1 be
able to protect Isu regardless of whether cluster formation or
transfer is compromised, as demonstrated by the ﬁnding that
mutations in every gene encoding a component of the mitochondrial Fe-S cluster biogenesis system tested other than NFS1
resulted in increased Isu stability. It can be envisioned that an
intricate interplay of Isu-interacting proteins could have evolved
to achieve this stabilization, given sufﬁcient selective pressure
favoring this regulatory mechanism. The involvement of other
factors is possible as well. In this regard, it is intriguing that the
mitochondrial ISC system produces an as-yet unidentiﬁed signal
that inhibits activation of Aft transcription factors and whose
export from mitochondria requires the ABC inner membrane
transporter Atm1 (18). The idea that this elusive signal, whose
absence appears to indicate a defect in cluster biogenesis (and in
the native environment, likely a paucity of iron), may have both
intramitochondrial and extramitochondrial affects, is appealing.
Identiﬁcation of this signaling molecule, as well as a better understanding of Isu1’s interaction with Nfs1 (including its interplay
with other Isu-interacting proteins, such as Yfh1, Jac1 and Ssq1),
is needed to better understand this regulatory mechanism.
10374 | www.pnas.org/cgi/doi/10.1073/pnas.1206945109

The results presented here underscore the idea that the activity
of the Fe-S biogenesis system can have strikingly beneﬁcial or
detrimental effects depending on the physiological context and/or
environmental conditions. The ﬁnding that increasing the capacity
to generate Fe-S clusters is deleterious under conditions of iron
limitation without regard to other cellular needs for iron is perhaps
not surprising. It is widely accepted that cells ﬁne-tune a wide
variety of cellular pathways when iron becomes limiting, with
global changes in regulation in mRNA transcription and degradation (29–31) occurring when iron metabolism is perturbed.
These mechanisms both increase iron availability and modulate
metabolism, sparing only the most critical iron-using metabolic
pathways. On the other hand, we found high Isu levels to be greatly
beneﬁcial during stationary phase, dramatically prolonging longevity. Although the mechanism behind this increased lifespan is
not known, it is plausible that the increase in Isu molecules loaded
with Fe-S clusters serves to repair clusters in proteins required for
emergence from stationary phase, a time during which little protein synthesis occurs (32). Interestingly, defects in Fe-S cluster
biogenesis have been implicated as a primary cause of the genome
instability that occurs during replicative aging (33).
In summary, our results suggest that modulating the stability
of Isu provides a built-in mechanism to rapidly alter Isu levels,
and thus generate Fe-S clusters. Given that studies in the laboratory are generally poor mimics of the diversity and severity of
environmental situations faced by organisms in the wild, it is
likely that the level of Isu is regulated posttranslationally under
a variety of extreme conditions.
Materials and Methods
Yeast Genetics. All strains used were of the W303 genetic background. The
Δssq strain contained Δaft1 to partially suppress the growth defect caused by
iron accumulation (18). ISU1 under the control of the tetR promoter (18) is
referred to as Isu-UP throughout. jac1LKDDEQ (34), Gal-Nfs1, and Δaft1 Δisu2
ISU1* (5) strains were described previously. The coding region of PIM1 was
replaced with the KanMX4 cassette, generating Δpim1. ISU1 (16) and NFS1
mutants were generated in pRS314-ISU1 and pRS316-NFS1 using the Stratagene QuikChange protocol. Rich glucose-based (YPD) or minimal media, as
described previously (5, 35) were used. Glucose was replaced by galactose to
derepress GAL promoters. ISU1-Myc has three Myc tags at the C terminus
of Isu1.
Protein Stability and Interaction. Protein stability was determined essentially
as described previously (18). First, 10 OD600 units of exponentially growing
cells were concentrated, labeled with [35S]Express protein labeling mix
(PerkinElmer) for 2 min, and diluted into minimal media containing 0.2 mg/
mL of methionine and cysteine. Then the amount of labeled Isu in collected
samples was determined by IP with antibody speciﬁc for Isu and detection of
radioactivity by PhosphoImager (GE Healthcare) after separation by SDS/
PAGE. Data were ﬁt to a single two-parameter exponential decay (y = ae−bx,
where y is the percent of radiolabeled Isu and x is minutes) using Sigmaplot
11.0 (Systat Software).
Whole-cell and mitochondrial lysates were prepared by bead beating (5).
Co-IP was performed as described previously (36). In brief, anti-Nfs1 antibodies were crosslinked to protein A-Sepharose beads (Sigma Aldrich) and
incubated with lysates for 1 h at 4 °C. After three washings, bound proteins
were eluted with 0.1 M glycine, separated by SDS/PAGE, and detected by
immunoblotting using anti-Nfs1 or anti-Isu antiserum.
Other Procedures. For longevity tests, cells were inoculated to an OD600 of
0.05 in synthetic minimal medium (day 0) and cultured at 30 °C with continuous shaking. From day 1, when the cells reached stationary phase,
samples were collected and levels of Isu determined by immunoblot analysis.
Cell viability was monitored by plating diluted cultures onto YPD and
counting the number of colonies formed.
To determine FRE1 mRNA levels and ferric reductase activity, total RNA
and cell lysates were prepared from exponentially growing cells cultured in
minimal media in the presence or absence of 200 μM BPS for 4 h. Reversetranscription and quantitative real-time PCR were carried out according to
the manufacturer’s instructions (Applied Biosystems). Ferric reductase activity was measured as described previously (22).
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