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ABSTRACT The mitochondrial Hsp70 chaperone Ssq1 plays a dedicated role in the matura-
tion of iron—sulfur (Fe/S) proteins, an essential process of mitochondria. Similar to its bacterial
orthologue HscA, Ssq1 binds to the scaffold protein Isu1, thereby facilitating dissociation of
the newly synthesized Fe/S cluster on Isu1 and its transfer to target apoproteins. Here we use
in vivo and in vitro approaches to show that Ssq1 also interacts with the monothiol glutare-
doxin 5 (Grx5) at a binding site different from that of Isu1. Grx5 binding does not stimulate the
ATPase activity of Ssq1 and is most pronounced for the ADP-bound form of Ssq1, which inter-
acts with Isu1 most tightly. The vicinity of Isu1 and Grx5 on the Hsp70 chaperone facilitates
rapid Fe/S cluster transfer from Isu1 to Grx5. Grx5 and its bound Fe/S cluster are required for
maturation of all cellular Fe/S proteins, regardless of the type of bound Fe/S cofactor and
subcellular localization. Hence Grx5 functions as a late-acting component of the core Fe/S
cluster (ISC) assembly machinery linking the Fe/S cluster synthesis reaction on Isu1 with late
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assembly steps involving Fe/S cluster targeting to dedicated apoproteins.

INTRODUCTION

Proteins with iron—sulfur (Fe/S) cofactors play important roles in fun-
damental cellular processes such as redox reactions, catalysis, and
the sensing of environmental conditions (Beinert, 2000; Fontecave,
2006; Py and Barras, 2010). In eukaryotes, mitochondria perform a
central function in the biosynthesis of cellular Fe/S proteins (Lill,
2009; Sheftel and Lill, 2009; Lill et al., 2012; Balk and Pilon, 2010; Ye
and Rouault, 2010). They harbor the Fe/S cluster (ISC) assembly sys-
tem that is essential for maturation of all cellular Fe/S proteins,
whether located in mitochondria, cytosol, or nucleus. The ISC as-
sembly system has been inherited from bacteria, which encode pro-
teins of similar structure and function in the isc operon, which is
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widely distributed throughout the bacterial kingdom (Johnson et al.,
2005; Ayala-Castro et al., 2008; Py and Barras, 2010). Biosynthesis of
cytosolic and nuclear Fe/S proteins additionally requires the mito-
chondrial ISC export machinery and the cytosolic Fe/S protein as-
sembly system (Lill, 2009; Sheftel and Lill, 2009; Sharma et al., 2010).
The components involved in the biogenesis of Fe/S cofactors in eu-
karyotes are highly conserved, and the majority are essential for cell
viability, underscoring the importance of Fe/S proteins for a eukary-
otic cell.

In the mitochondrial ISC assembly system the de novo synthesis
of Fe/S clusters is accomplished on the scaffold protein Isu (related
to bacterial IscU; Johnson et al., 2005; Lill and Muhlenhoff, 2006,
2008; Fontecave and Ollagnier-de-Choudens, 2008; Ye and Rouault,
2010). Isu1 binds to the cysteine desulfurase complex Nfs1-Isd11,
which releases sulfur from cysteine and transfers it to Isu1 as a per-
sulfide (Gerber et al., 2003; Schmucker et al., 2011). De novo Fe/S
cluster synthesis on Isul further involves the electron transfer chain
consisting of the ferredoxin reductase Arh1 (Li et al., 2001) and the
ferredoxin Yah1 (Lange et al., 2000; Sheftel et al., 2010; Shi et al.,
2012), as well as frataxin (yeast Yfh1) as a putative iron donor and/or
regulator of the desulfurase activity (Stemmler et al., 2010; Tsai and
Barondeau, 2010).
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Fe/S cluster transfer from the Isu1/IscU scaffold protein to target
apoproteins requires a dedicated Hsp70 chaperone, its J-type co-
chaperone, and the monothiol glutaredoxin 5 (Grx5; Rodriguez-
Manzaneque et al., 2002; Muhlenhoff et al., 2003; Vickery and
Cupp-Vickery, 2007; Kampinga and Craig, 2010; Craig and
Marszalek, 2011). Most eukaryotes use the multifunctional Hsp70 of
the mitochondrial matrix together with the specialized cochaperone
Jac1, which specifically recruits Hsp70 for Fe/S protein maturation
(Schilke et al., 2006; Kampinga and Craig, 2010; Pukszta et al.,
2010). In contrast, several fungi, including Saccharomyces
cerevisiae, and the isc operon—containing bacteria use a specialized
Hsp70 chaperone (yeast Ssq1 and bacterial HscA) for Fe/S protein
biogenesis (Ciesielski et al., 2012). Unlike multifunctional Hsp70s
that bind to a large variety of hydrophobic substrates, Ssq1/HscA
selectively recognizes and interacts with the conserved LPPVK pep-
tide loop of Isul/IscU (Hoff et al., 2002, 2003; Dutkiewicz et al.,
2004; Tapley and Vickery, 2004; Knieszner et al., 2005). This interac-
tion is regulated by the cochaperone Jac1 (bacterial HscB), which
recruits the scaffold protein Isu1/IscU via its conserved recognition
domain and guides it to the chaperone (Silberg et al., 2004; Andrew
et al., 2006; Fuzery et al., 2011). Jac1 and Isu1 synergistically stimu-
late the ATPase activity of the Hsp70 chaperone, as expected for
cochaperones and client proteins (Dutkiewicz et al., 2003; Mayer
and Bukau, 2005; Vickery and Cupp-Vickery, 2007). Depletion of
Jacl or Ssq1 results in the accumulation of Fe/S clusters on Isu
because they are not actively transferred to target apoproteins
(Dutkiewicz et al., 2003, 2006; Muhlenhoff et al., 2003). Consistently,
in vitro experiments with bacterial ISC assembly proteins have docu-
mented an accelerated transfer of Fe/S clusters from IscU to accep-
tor apoproteins in the presence of HscA and HscB (Chandramouli
and Johnson, 2006; Bonomi et al., 2008, 2011; Shakamuri et al.,
2012). ATP hydrolysis by Ssq1/HscA leads to tight binding of Isu1/
IscU and is accompanied by a conformational change that decreases
the affinity for the bound Fe/S cluster and thus facilitates its dissocia-
tion. The fate of the Fe/S cluster after its release from Isul/IscU is
unknown.

Deficiency of the mitochondrial monothiol glutaredoxin Grx5
diminishes the activities of Fe/S proteins and impairs heme biosyn-
thesis in yeast, zebrafish, and humans (Rodriguez-Manzaneque
et al., 2002; Wingert et al., 2005; Camaschella et al., 2007; Ye et al.,
2010). Depletion of yeast Grx5 results in the accumulation of Fe/S
clusters on Isu1, suggesting that Grx5, similar to Ssq1 and Jac1, is
also involved in Fe/S cluster transfer from Isul to apoproteins
(Muhlenhoff et al., 2003). Purified monothiol glutaredoxins are ca-
pable of binding a bridging [2Fe-2S] cluster that is coordinated by
two active-site cysteine residues and two non—covalently bound glu-
tathione molecules (GSH; Herrero and de la Torre-Ruiz, 2007;
Picciocchi et al., 2007; Lillig et al., 2008; Johansson et al., 2011). The
Grx5-bound Fe/S cluster is labile and can be readily transferred to
recipient apoproteins in vitro, consistent with an ISC transfer role of
Grx5 (Bandyopadhyay et al., 2008; lwema et al., 2009; Rouhier et al.,
2010). However, the relevance of these in vitro observations for its
physiological role is unclear.

In this work we investigate the roles of the glutaredoxin Grx5 and
the Ssq1-Jacl chaperones in transferring the Fe/S cluster from its
site of synthesis on Isu to target apoproteins. We search for interac-
tion partners of Grx5 in the ISC assembly system, ask whether Grx5
binds an Fe/S cluster in vivo, and address its Fe/S target protein
specificity. Taken together, our findings suggest a molecular model
for how Grx5 cooperates with the Ssq1-Jac1 chaperone system to
mechanistically connect the early and late steps of mitochondrial
Fe/S protein assembly.
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RESULTS

Grx5 specifically interacts with the dedicated Hsp70
chaperone Ssq1

Yeast SSQ1 and GRX5 genetically interact (Rodriguez-Manzaneque
etal., 2002), and both gene products participate in the same step of
Fe/S protein biogenesis (Muhlenhoff et al., 2003). This prompted us
to analyze a potential physical interaction between the two proteins.
A yeast expression vector encoding an Ssql-glutathione S-trans-
ferase (GST) fusion protein (Gerber et al., 2003) was cotransformed
with a vector overproducing Grx5 into wild-type and grx5A yeast
cells. Mitochondria were purified and lysed in detergent-containing
buffer, and extracts were subjected to GST-affinity purification
(Figure 1A) or immunoprecipitation of Grx5 with specific antibodies
(Figure 1B; Gerber et al., 2003). In both cases, Grx5 and Ssq1-GST
were coisolated as identified by immunostaining and quantitative
densitometry (Figure 1, A and B, lanes 2 and 3). This interaction was
specific, because no Grx5-specific signal was detected in wild-type
mitochondria that overproduced Grx5 but lacked Ssq1-GST (Figure
1, A and B, lane 1) or in mitochondria isolated from grx5A cells that
expressed only Ssq1-GST (lane 4). Furthermore, the amount of
copurified Grx5 increased twofold upon overproduction of Grx5,
indicating a dosage-specific interaction with Ssq1-GST (Figure 1, A
and B, lanes 2 and 3). Conversely, no Ssq1-GST-specific signal was
observed in an anti-Grx5 immunoprecipitation using mitochondria
from cells that did not express Ssq1-GST or did not contain Grx5
(Figure 1B, lanes 1, 2, and 4).

We asked whether the observed Grx5-Ssq1 interaction is specific
or related to a general Hsp70 chaperone function of Ssq1. Previously,
it was found that Ssql1 does not cooperate with the cochaperone
Mdj1 and thus should not be involved in protein folding in yeast mi-
tochondria (Dutkiewicz et al., 2003). On the other hand, purified Ssq1
has been shown to be capable of protecting denatured rhodanese
from aggregation in vitro (Dutkiewicz et al., 2006). A similar situation
is observed in Escherichia coli, in which the ISC-specialized Hsp70
HscA is not able to promote protein folding in vivo but can prevent
protein aggregation in vitro (Silberg et al., 1998). Hence it was impor-
tant to analyze the relative Grx5-binding efficiencies of Ssq1 and Ssc1.
Extracts from wild-type mitochondria containing overproduced Ssq1-
GST and Grx5 were subjected to GST-affinity purification or anti-Grx5
immunoprecipitation, and bound Ssq1-GST or Ssc1 was analyzed by
immunostaining and quantified (Figure 1C). As expected for a pro-
tein-folding chaperone, both GSH and anti-Grx5 beads copurified a
small amount of Ssc1 (Figure 1C, lanes 3 and 4). However, the amount
of Ssq1-GST binding to anti-Grx5 immunobeads was at least four
times higher than that of Ssc1 (lanes 1-3) documenting the preferen-
tial interaction of Grx5 with Ssq1 rather than with Ssc1. This result is
even more significant, since Ssc1 is at least 500 times more abundant
than Ssq1 in yeast mitochondria (Schilke et al., 1996; Voisine et al.,
2000). Hence, if the Grx5-Ssq1 interaction were due to a general
Hsp70 chaperone function, Grx5 would be expected to bind almost
exclusively to Ssc1. Collectively our in vivo coprecipitation results
suggest a specific interaction between Ssq1 and Grx5. Of note, we
could not detect any significant interaction of Ssq1 with canonical
Fe/S proteins, in neither the holo nor in the apo form (see Supple-
mental Figure S1 for aconitase; and data not shown).

ISC components and ATP modulate interaction of Grx5

and Ssq1

We next examined which parameters influence Grx5-Ssq1 associa-
tion. First, we investigated whether this interaction is modulated by
the availability of other ISC components. Regulatable GAL1-10
promoter-exchange strains of ISC components overproducing both
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FIGURE 1: Grx5 specifically interacts with the dedicated Hsp70 chaperone Ssq1 in vivo.

(A, B) Mitochondria (Mito) from wild-type (WT) and grx5A yeast cells overproducing Ssq1-GST,
Grx5, or both were lysed by detergent (0.5% Triton X-100) in buffer A and subjected to affinity
purification with (A) glutathione (GSH)-Sepharose or (B) antibodies against Grx5 bound to
protein A-Sepharose. The purified proteins Ssq1-GST and Grx5 were analyzed by SDS-PAGE
and immunostaining (left; by 0-Ssq1 and a-Grx5 antibodies) and quantified by densitometry
(right). Data were normalized to the protein levels in the respective extracts. Numbers on the
right correspond to lane numbers of the immunoblots. +, presence, and -, absence, of the
indicated overproduced protein. (C) Mitochondrial lysates from WT cells with overproduced
Ssq1-GST and Grx5 were subjected to immunoprecipitations with GSH-Sepharose or antibodies
against Grx5. Analysis for the presence of Ssq1 or Ssc1 was as described.

the two proteins were performed on the same gel in parallel. The a-Ssq1

show slight cross-reactivity due to similarities between Ssq1 and Ssc1 proteins. Error bars, SEM

(n=3).

Ssq1-GST and Grx5 were grown in glucose-containing minimal me-
dium until the regulated ISC proteins were depleted to critical lev-
els. Mitochondrial extracts were subjected to immunoprecipitation
with anti-Grx5 antibodies, and the amount of coimmunoprecipi-
tated Ssq1-GST was quantified by densitometry. When compared
with the wild-type situation, mitochondria from Gal-NFS1 cells
showed a fourfold increase in Ssq1-GST association with Grx5
(Figure 2A). Because no Fe/S clusters are formed on the scaffold
protein Isul in the absence of the cysteine desulfurase Nfs1, this
increase indicated that Grx5 can efficiently associate with Ssq1 be-
fore the chaperone binds Fe/S cluster-loaded Isu1. A 1.5-fold in-
crease in Grx5-Ssq1 association was observed in mitochondria de-
pleted for Jac1, the J-type protein known to deliver Isu1 to Ssq
(Figure 2A). The relatively low increase in Grx5-Ssq1 complex forma-
tion was likely due to the less efficient depletion of this ISC protein.
Mitochondria from depleted Gal-ISU1/isu2A cells showed a fivefold
increase in Ssq1-GST association with Grx5 (Figure 2B). These data
strongly suggest that Grx5 binding to Ssq1 can occur independently
of both Fe/S cluster formation on Isu1 and complex formation be-
tween Ssq1 and holo-Isu.
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Ssq1-GST coimmunoprecipitation in the
presence of the nonhydrolyzable ATP ana-
logue AMP-PNP as with endogenous ATP
levels (Supplemental Figure S2). Taken to-
gether, these data indicate that the ADP-
bound state of Ssg1 has the highest affinity
for Grx5.

Previous in vivo studies showed that the
active-site cysteine residue of the monothiol
glutaredoxin Grx5 is essential for protein
function (Belli et al., 2002; Lillig et al., 2008).
To test whether binding of Grx5 to Ssq1 was
dependent on this active-site residue, we
created a point mutation in which Cys-60
was exchanged for serine. The resulting
Grx5C%S protein was overproduced together with Ssq1-GST in
grx5A cells. Mitochondrial extracts were subjected to immunopre-
cipitation with antibodies against Grx5, and the Ssq1-GST associa-
tion with Grx5C®S was determined. Ssq1-GST bound to wild-type
and mutant Grx5 with similar efficiency (Figure 2C). The indepen-
dence of the Grx5-Ssq1 interaction on the active-site cysteine of
Grx5 suggests that the Grx5-Ssg1 complex formation does not di-
rectly involve the thiol-related function of Grx5. The active-site
cysteine residue therefore may play a role in either the stimulation of
Ssq1 ATPase activity, Fe/S cluster binding, and/or Fe/S cluster deliv-
ery from Isul to client apoproteins, as previously suggested
(Bandyopadhyay et al., 2008).

The immunoblots for
and 0-Ssc1 antibodies

Grx5 does not stimulate the ATPase activity of Ssq1,
distinguishing it from Isu1

Client proteins interacting with the peptide-binding domain of
Hsp70 chaperones stimulate their ATPase activity (Mayer and Bukau,
2005; Craig and Marszalek, 2011). The increased ATPase activity of
Hsp70 is considered to be a hallmark of productive interaction with
partner proteins. The effect of Grx5 on the Ssq1 ATPase activity was
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action between Grx5 and Ssq1 can be ob-
served with the isolated proteins, we carried
out an in vitro association study by mi-
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FIGURE 2: ISC components and ATP/ADP levels modulate the interaction of Grx5 and Ssq1.
(A) Mitochondrial detergent lysates (Mito) from Gal-NFS1, Gal-JAC1, and wild-type (WT) cells
(grown on SD medium) with overproduced Ssq1-GST and Grx5 were subjected to
immunoprecipitations (IPs) with antibodies against Grx5. Immunobeads were analyzed for the
presence of Ssq1-GST by SDS-PAGE, immunostaining (left), and quantitation by densitometry
(right) as in Figure 1. (B) Mitochondrial lysates from WT or Gal-ISU1/isu2A cells (grown on SD
medium) overproducing Ssq1-GST and Grx5 were subjected to IPs with antibodies against Grx5
in buffer A without ATP supplementation (endogenous [en]) or with 1 mM ATP (1. Another
sample was first depleted for ATP in the presence of hexokinase and glucose-6-phosphate ({).
The amount of coimmunopurified Ssq1-GST was determined by immunostaining and
densitometry as in Figure 1. (C) Mitochondrial lysates from WT and grx5A cells with
overproduced Ssq1-GST, Grx5, or the site-directed mutant protein Grx5C°S in the indicated
combinations were subjected to IPs with antibodies against Grx5. +, presence, and —, absence,
of the indicated protein. The amount of coimmunopurified Ssq1-GST was determined by
immunostaining and densitometry as in Figure 1. Error bars, SEM (n = 3).

tested in vitro using purified proteins, and the results were com-
pared with those for added Jac1 and Isu1 (Dutkiewicz et al., 2003).
The Ssq1 ATPase activity was measured in presence of Mge1 and
either Isu1 (Figure 3A) or Jac1 (Figure 3B) under steady-state condi-
tions. Under these conditions, the overall rate of ADP formation de-
pends on the rates of three subreactions: ATP binding, ATP hydroly-
sis, and dissociation of the reaction products ADP and phosphate.
Hardly any stimulation of the ATPase activity of Ssq1 was detected
upon addition of up to 10 pM Grx5 in the presence of Mge1 and
Isul (Figure 3A) or Jacl (Figure 3B), whereas increasing levels of
JacT and Isu1, respectively, were highly effective. The slight increase
in ATP hydrolysis at higher concentrations of Grx5 might be due to
contaminants present in the protein samples. Taken together, these
data suggest that Grx5 differs from Isu1 and Jac1, the specific chap-
erone cycle interaction partners of Ssq1, in that Grx5 is not able to
stimulate the ATPase activity of Ssq1. Grx5 is thus unlikely to interact
at the canonical peptide-binding site of Ssq1 (see later discussion).
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croscale thermophoresis (MST). MST is the
directed movement of particles in a micro-
scopic temperature gradient. Changes in
the structure, hydration, and/or conforma-
tion of biomolecules result in a change of
their thermophoretic behavior. This effect
can be used to determine binding affinities,
binding kinetics, and activity kinetics
(Wienken et al., 2010; Zillner et al., 2012). To
observe the interaction between purified
Grx5 and Ssql, we fluorescently labeled
Grx5 and subjected it to microscale thermo-
phoresis in the presence of increasing
amounts of Ssql. The presence of Ssq
changed the thermophoretic behavior of
Grx5, suggesting a binary association (Figure
3C and Supplemental Figure S5A). From a
theoretical fitting, we calculated a binding
constant K, = 0.44 (+ 0.1) uM~". This interac-
tion was specific, because no significant
binding of Grx5 to the cytosolic protein Cia2
was observed under the same experimental
setup (Figure 3C, bar 1). Remarkably, the
Grx5-Ssq1 interaction did not significantly
0—= 5 increase upon addition of ATP or ADP (bars
3 and 5). This might suggest that Ssq1 did
not function as a canonical Hsp70 under
these conditions and possibly bound Grx5
outside of its substrate-binding site.

To investigate this hypothesis, we per-
formed Grx5-Ssg1 binding studies in the
presence of the Isul-derived peptide LP-
PVK, which specifically and tightly interacts
with the peptide-binding pocket of Ssql
and stimulates its ATPase activity (Hoff et al.,
2003; Dutkiewicz et al., 2004; Vickery and
Cupp-Vickery, 2007). If IsuT and Grx5 were
using overlapping binding sites on SsqT,
the LPPVK peptide would be expected to
compete with Grx5 for Ssq1 binding. How-
ever, in the presence of both ATP and ADP
the Grx5-Ssq1 interaction increased twofold rather than decreased
upon addition of excess LPPVK peptide (Figure 3C, bars 3, 4, and 6,
and Supplemental Figure S3A). Because no direct interaction of
Grx5 with the LPPVK peptide was detected (Figure 3C, bar 7), these
observations indicate that the Ssq1-binding sites for Grx5 and Isu'
do not overlap. This conclusion is consistent with the observation
described previously that Grx5 is not a client protein of Ssq1, as it
failed to stimulate the chaperone ATPase activity of Ssq1. We note
that the interaction between Grx5 and Ssq1 was strongest in the
presence of nucleotide and the LPPVK peptide. Because ATP may
hydrolyze upon binding of the peptide, this finding was qualitatively
reminiscent of the strong Grx5-Ssq1 interaction seen upon ATP de-
pletion in organello (Figure 2B).

As a control for the specificity of the binding of the LPPVK-con-
taining peptide to the substrate-binding site of Ssq1, we analyzed
the interaction of Ssq1 with the cytosolic protein Cia1, unlikely to
functionally engage with Ssq1 in Fe/S cluster assembly, and also
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500004 conditions (lane 3). When binding experi-
ments were carried out in the presence of
the LPPVK-containing peptide the Grx5-
25000 Ssq1 interaction remained unchanged, even
in the presence of a 100-fold excess of the
i i - peptide (Figure 3E, lanes 4 and 5). Taken to-
1 2 3 4 5 6 7 1 2 3 4 5 gether, the results from these different inter-

Ssq1 association to
aGrx5 beads

L JL ]
IP (aGrx5 beads) input (10ug) action studies indicate that the Grx5- and
Isu1-binding sites on Ssq1 do not overlap.
FIGURE 3: Grx5 interacts with Ssq1 in vitro but does not stimulate its ATPase activity. (A, B) The Finally, we investigated whether Grx5

ATPase activity of Ssq1 (0.5 pM) was measured in the presence of various amounts of Grx5asa  modulated the known interactions of Isu
potential substrate. Samples contained (A) 0.5 uM Mge1 and 10 pM Isu1 or (B) Mge1 and Jac1 with Jac1 and Ssq1. We subjected purified
(0.5 uM each). The ATPase stimulation by increasing amounts of (A) Jac1 or (B) Isu1 as a
substrate is included for comparison. The ATPase activity in the absence of titrated proteins was
set to zero. Reactions (15 pl) were started by the addition of [y-32P]ATP (1 pCi) to a final
concentration of 120 pM. Incubation was carried out at 25°C, and the reaction was terminated
after 15 min by the addition of 100 pl of 1 M perchloric acid and 1 mM sodium phosphate. The

mitochondria from wild-type and grx5A cells
overproducing both Isu1 and Jac1 to coim-
munoprecipitation experiments with specific
anti-lsul and anti-Jac1 immunobeads. No

release of radioactive P; from [y-22P]JATP was measured as described (Dutkiewicz et al., 2003). significant difference in the binding of Isut
(C, D) NT-647 dye-labeled Grx5 (C) or Cial (D) at 200 nM each was titrated with serial (1:2) to Jacl was observed between wild-type
dilutions of Cia2 (ranging from 116 pM to 3.5 nM), Ssq1 (87 pM to 2.65 nM), or the Isul-derived  and grx5A cells (Supplemental Figure S4A).
peptide AKELSLPPVKLHC (LPPVK; 130 pM to 3.9 nM) in the indicated combinations in the For studying the Isu1 -Ssq1 association, mi-

presence of 1 mM ATP or ADP as indicated. MST assays were performed, and apparent affinity ~ tochondrial extracts from wild-type and
constants (K,) were calculated by theoretical fitting (see Supplemental Figure S3). Error bars, SD gr5A cells overproducing Ssq1-GST were
(n=3). n.d., not determinable, meaning that due to the lack of significant protein interactions,
MST data cannot satisfactorily be used to determine Kj values by fitting. (E) Purified Grx5 and/
or Ssq1 proteins (4 pM each) were incubated in buffer H containing 2 mM ADP and, where
indicated, the Isu1 peptide (LPPVK) at 200 pM (50x) or 400 uM (100x) concentration.
Immunoprecipitations were carried out with antibodies against Grx5. The presence of (co-)

subjected to affinity purification with gluta-
thione-Sepharose. In both cells, Isul was
bound to glutathione-Sepharose (Supple-
mental Figure S4B). However, in grx5A cells

immunoprecipitated Grx5 and/or Ssq1 was analyzed by SDS-PAGE and Coomassie staining the overproduction of Ssq1-GST was ineffi-
(left), and Ssq1 was quantified by densitometry (right). Numbers on the right graph correspond  cient and could be achieved only by omit-
to lanes of the left. C-E: +, presence, and —, absence, of the indicated component. ting lysine and glutamate from the medium
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FIGURE 4: Grx5 binds a Fe/S cluster in vivo and in vitro.

(A) Ultraviolet-visible spectra of recombinant Grx5 from S. cerevisiae
were recorded for 1 mg of protein, as purified or after reduction by
2 mM sodium dithionite. The inset shows a Coomassie staining of the
purified protein analyzed by SDS-PAGE. (B) Wild-type cells
overproducing Grx5 from S. pombe (SpGrx5-Myc), Homo sapiens
(HsGrx5-HA), or S. cerevisiae (Grx5) or harboring the empty vector
p424-TDH3 (-) were radiolabeled with 10 pCi of %Fe for 2 h. The
overproduced proteins were immunoprecipitated from cell extracts
with antibodies against Myc (SpGrx5-Myc), HA (HsGrx5-HA), or Grx5,
and the amount of coprecipitated 5°Fe was quantified by scintillation
counting. (C) The indicated yeast strains overproducing SpGrx5-Myc
and wild-type (WT) cells overproducing SpGrx5C>'S-Myc (C>'S) were
grown in iron-poor SD medium. The %Fe binding to SpGrx5-Myc
proteins was determined by radiolabeling and immunoprecipitation
as described. Gal strains were depleted to critical levels before
experiments. Error bars, SEM (n > 4).
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(Supplemental Figure S4C). As a consequence, the amount of copu-
rified Isu1 during Ssq1-GST affinity purification was low. When the
amount of copurified Isu1 per Ssq1-GST was quantified by densi-
tometry, no difference in relative binding was detectable between
wild-type and grx5A cells (Supplemental Figure S4D). Taken to-
gether, the results indicate that Grx5 specifically binds to Ssq1 at a
site different from that of Isu1. This interaction does not stimulate
the chaperone ATPase activity of Ssq1 and does not influence the
interactions of Ssq1 with its other partners, Isu1 and Jac1.

Grx5 transiently binds a [2Fe-2S] cluster and is involved in
maturation of both [2Fe-2S] and [4Fe-4S] proteins

Monothiol glutaredoxins have been shown in vitro to bind a labile,
GSH-coordinated Fe/S cofactor that can be transferred to recipient
apoproteins, suggesting a role as an Fe/S scaffold or transfer protein
(Bandyopadhyay et al., 2008; lwema et al., 2009; Rouhier et al.,
2010). When Grx5 from S. cerevisiae was synthesized and purified
from E. coli, the protein carried a [2Fe-2S] cluster as judged by ultra-
violet-visible spectroscopy (Figure 4A). However, the physiological
relevance of Fe/S cluster binding to mitochondrial Grx5 has not
been confirmed by in vivo approaches. We therefore investigated
this question in yeast. Cells overproducing S. cerevisiae Grx5 were
radiolabeled with 55Fe, Grx5 was immunoprecipitated with specific
antibodies, and the amount of coimmunoprecipitated >°Fe was
quantified by scintillation counting. The amount of >°Fe specifically
coimmunoprecipitated with Grx5 was low, yet the signal was signifi-
cantly above background (Figure 4B). Given that we previously ob-
served largely increased Fe/S cluster binding to ectopically ex-
pressed cytosolic monothiol glutaredoxins Grx3-Grx4 (Hoffmann
et al, 2011), we analyzed whether Grx5 homologues from other
species would bind iron more efficiently. We used a Myc-tagged
Grx5 from Schizosaccharomyces pombe (Sp) and a hemagglutinin
(HA)-tagged version of human Grx5 (Hs). Both foreign Grx5 proteins
were targeted to mitochondria and were functional, as they rescued
the growth defects of grx5A cells (Supplemental Figure S5). Remark-
ably, upon %Fe radiolabeling, both SpGrx5 and HsGrx5 bound
much higher levels of °Fe than S. cerevisiae Grx5 (Figure 4B). Sub-
sequent >°Fe-binding studies were therefore performed with
SpGrx5.

We first determined whether the >°Fe is coordinated by the ac-
tive-site cysteine residue of SpGrx5. When this amino acid was ex-
changed to serine (mutant C51S), °Fe binding to SpGrx5 was com-
pletely abolished, indicating the specificity of >°Fe binding (Figure
4C). To analyze whether the bound iron is part of a Fe/S cluster, we
determined the dependence of 5°Fe binding on components of the
mitochondrial ISC assembly machinery such as the cysteine desul-
furase Nfs1, the scaffold protein Isu1, and the chaperones Jac1 and
Ssqg1. The ISC proteins were depleted to critical levels by cultivation
of the corresponding GAL promoter—regulated strains in presence
of glucose, and >°Fe binding was measured by the described radio-
labeling-immunoprecipitation assay. On depletion of the four ISC
proteins, the amounts of 5°Fe coimmunoprecipitated with SpGrx5
were severely decreased (Figure 4C). These results suggest that
Grx5 binds an Fe/S cluster under physiological conditions. The de-
pendence on the active-site cysteine supports the physiological rel-
evance of the [2Fe-2S] cluster assembled on Grx5 under in vitro con-
ditions (Picciocchi et al., 2007; Figure 4, A and C). Of importance,
the fact that *Fe binding to Grx5 was dependent on Isul made a
scaffold function of Grx5 in the de novo synthesis of Fe/S clusters
unlikely. Instead, our findings indicate that Grx5 receives its Fe/S
cluster from Isul and hence might function subsequently to Isu.
This scenario fits perfectly with our previous in vivo observation that
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FIGURE 5: Grx5 is required for both mitochondrial and cytosolic Fe/S protein maturation.
Wild-type (WT), Gal-SSQ1, Gal-GRX5, and grx5A cells (grown on SD medium) overproducing
mitochondria-targeted (A) [4Fe-4S] (HiPIP) or (B) [2Fe-2S] (Bfd) cluster—containing bacterial
proteins were radiolabeled with %Fe. Protein-bound radioactivity was determined by
immunoprecipitation as described in Figure 4B. (C) The 5°Fe binding to endogenous Leu1 was
determined by radiolabeling and immunoprecipitation as described in Figure 4B. The inset
shows Leu protein levels in analyzed samples (1, WT; 2, Gal-SSQT; 3, Gal-GRXS5; 4, grx5A).
(D) LeuT enzyme activities were determined in whole-cell extracts from the indicated strains
cultivated in YPD. Gal strains were depleted to critical ISC protein levels by cultivation in SD

cells depleted of Ssq1 (Figure 5, C and D).
Thus Grx5 is also required for cytosolic Fe/S
protein biogenesis, unlike the Isa and Iba57
proteins (Gelling et al., 2008; Muhlenhoff
et al., 2011). Consistent with this observa-
tion, depletion of yeast Grx5 showed a
strong activation of the Aft1-dependent iron
regulon (Gelling et al., 2008). This pheno-
type is observed in cells with defects in core
members of the mitochondrial ISC assembly
machinery but not in cells lacking late-acting
ISC proteins, such as the Isa or Iba57 pro-
teins. Taken together, these data strongly
suggest that Grx5 belongs to the core part
of the mitochondrial ISC assembly system
that is involved in the maturation of all cel-
lular Fe/S proteins and participates in cellu-
lar iron regulation.

DISCUSSION

In this work we report several key observa-
tions that allow us to better define the func-
tion of the monothiol glutaredoxin Grx5 in
the mitochondrial ISC assembly pathway.
First, we show in vivo that Grx5 is an Fe/S
protein and receives its Fe/S cluster from
the Isul scaffold. This makes it unlikely that
Grx5 per se functions as a scaffold protein as
previously  suggested  (Bandyopadhyay
et al., 2008; Rouhier et al., 2010). Second,
we identified an as-yet-unknown protein in-
teraction between Grx5 and the dedicated

medium for 64 h before the experiments. Error bars, SEM (n > 4).

depletion of Grx5 leads to an accumulation of Fe/S clusters on Isu
(Muhlenhoff et al., 2003). We therefore suggest a role of Grx5 in
mediating the transfer of Fe/S clusters from Isul to target apopro-
teins, possibly by acting as a Fe/S cluster transfer protein, as recently
proposed (Rouhier et al., 2010).

We next asked whether Grx5 was required for the maturation of
both [2Fe-2S] and [4Fe-4S] cluster—containing proteins or whether
its function was specific for one type of Fe/S cluster, as was found,
for example, for the Isal-Isa2 or Iba57 proteins, which specifically
assist the maturation of mitochondrial [4Fe-4S] proteins but are dis-
pensable for [2Fe-2S] protein maturation (Gelling et al., 2008;
Muhlenhoff et al., 2011; Sheftel et al., 2012). The previously ob-
served genetic interaction of GRX5 and ISA2 and the fact that grx5A
cells display a glutamate auxotrophy, similar to ISA- and IBA57-
defective cells, might suggest a specificity for [4Fe-4S] proteins
(Rodriguez-Manzaneque et al., 2002; Kim et al., 2010). To clarify the
Fe/S cluster specificity of Grx5, we used the *Fe radiolabeling assay
to study the maturation of two bacterial reporter Fe/S proteins: the
HiPIP ferredoxin, which harbors a [4Fe-4S] cluster, and the small
[2Fe-2S] protein Bfd from E. coli (Garg et al., 1996; Muhlenhoff et al.,
2011). For both proteins, the amount of 5Fe binding declined to
background levels in grx5A cells and was strongly diminished in
Grx5-depleted Gal-GRX5 cells similar to the extent found for
cells depleted of Ssq1 (Figure 5, A and B). This observation clearly
distinguishes Grx5 from the Isa and Iba57 proteins, which do not
affect [2Fe-2S] protein maturation (Gelling et al., 2008; Muhlenhoff
etal., 2011; Sheftel et al., 2012). In a similar manner, maturation and
enzyme activity of the cytosolic Fe/S protein Leu1 were both strongly
diminished in grx5A and Grx5-depleted Gal-GRX5 cells, similar to
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Hsp70 chaperone Ssq1. This specific com-
plex formation was verified by several independent in vivo and in
vitro approaches and appears to be crucial for the transfer of the
Fe/S cluster synthesized on the scaffold protein Isu1 to target Fe/S
apoproteins. Third, formation of the Ssq1-Grx5 complex was in-
creased when Fe/S cluster synthesis was impaired. This indicates
that already the apo form of Grx5 may bind to Ssq1. Because Fe/S
cluster binding to Grx5 was dependent on the Ssq1-Jac1 chaperone
system, it seems likely that apo-Grx5 binds to Ssq1 and is matured
to its holo form in this bound state. Fourth, the Isu1peptide LPPVK
and Grx5 were shown to bind simultaneously to the Ssq1 chaperone
using independent binding sites. Most efficient Ssq1-Grx5 interac-
tion was observed in the ADP state of Ssq1, that is, the conforma-
tion that tightly binds Isu1 (Dutkiewicz et al., 2003; Silberg et al.,
2004; Vickery and Cupp-Vickery, 2007; Craig and Marszalek, 2011).
In the bacterial ISC system, the conformational change of the
U-type scaffold protein induced upon binding to the Ssq1 ortho-
logue HscA induces the weakening of Fe/S cluster association to
IscU (Bonomi et al., 2011). Thus the simultaneous binding of the
holo U-type scaffold protein and the monothiol Grx5 on the dedi-
cated Hsp70 chaperones Ssq1 or HscA likely facilitates the efficient
Fe/S cluster transfer from the U-type scaffold to Grx5 in both bacte-
ria and eukaryotes. In the bacterial ISC system, the presence of the
Hsp70 HscA/HscB largely stimulates Fe/S cluster transfer from IscU
to Grx5 (Shakamuri et al., 2012). Hence the formation of this
trimeric complex likely provides a kinetic advantage for holo Grx5
maturation over the accidental collision of the two proteins. Finally,
we show that the Grx5-bound Fe/S cofactor is crucial for Grx5 func-
tion, as mutation of the active-site cysteine of Grx5 impaired both
Fe/S cluster binding and its physiological function (Belli et al., 2002;

Molecular Biology of the Cell
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FIGURE 6: Working model for the roles of the mitochondrial chaperones Ssq1-Jac1 and the glutaredoxin Grx5 in Fe/S
protein maturation in eukaryotes. The model is based on the well-established working cycle of the Hsp70 chaperone
system in the ISC assembly pathway (Vickery and Cupp-Vickery, 2007; Kampinga and Craig, 2010) and integrates the
findings on Grx5 function from this work. 1) Initially, an ISC is synthesized de novo on the scaffold protein Isu1 involving
early-acting ISC assembly components such as Nfs1-Isd11 (Lill et al., 2012). 2) The cochaperone Jac1 recruits the
ISC-loaded Isu1 and targets it to the ATP-bound form of the Hsp70 chaperone Ssq1. 3) Grx5 binds to Ssq1 in either its
ATP- and ADP-bound state but has a higher affinity for the ADP-bound form of Ssq1. Most likely Grx5 binding to Ssq1
precedes that of Isu1, but the presence of Grx5 on Ssq1 is no prerequisite for binding of Isu1 to the chaperone.

4) Jac1- and Isul-induced ATP hydrolysis triggers a conformational change of the peptide-binding domain of Ssq1,
leading to tight binding of the LPPVK peptide of Isu1 and of Grx5. 5) The simultaneous presence of these two proteins
on Ssq1 facilitates efficient ISC transfer from Isu1 to Grx5. 6) The nucleotide exchange factor Mge1 mediates the
exchange of ADP to ATP on Ssq1. The associated conformational switch leads to less stable binding of Isu1 and Grx5,
resulting in dissociation of the trimeric Ssq1-Isu1-Grx5 complex. 7) Finally, Grx5 facilitates ISC integration into recipient

5

Isa1/2 Ibas7
Ind1 Nfu1 [4Fe-4S]

/7

ATP

apoproteins, a function performed in cooperation with late-acting ISC targeting factors such as Isa1-Isa2, Iba57, Ind1,

and Nful. For further details see the text and Lill et al. (2012).

and this work). Our in vivo data are consistent with the idea that
Grx5 binds the Fe/S cluster only transiently and further transfers it
toward apoproteins as previously suggested from in vitro data
(Bandyopadhyay et al., 2008; Rouhier et al., 2010). However, based
on the available data, it cannot be excluded that, after maturation to
its holo form, Grx5 fulfills an enzymatic function or serves as a redox
partner within the ISC assembly pathway. The sum of our observa-
tions strongly supports the idea that the monothiol Grx5 1) receives
its own Fe/S cluster from Isu1 during complex formation of both
proteins with the Ssq1 chaperone, 2) functions in Fe/S cluster trans-
fer from the site of cluster synthesis on the Isu1 scaffold to target
apoproteins, and 3) operates after the Ssq1-Jac1 chaperone-medi-
ated Fe/S cluster release from Isu1. The recent data from the bacte-
rial system strongly suggest that this scheme is likely a general
feature of all ISC systems (Bandyopadhyay et al., 2008; Bonomi
et al., 2011; Shakamuri et al., 2012).

These findings suggest a detailed model of how Grx5 is inte-
grated into the ISC assembly pathway, in particular into the well-
established catalytic cycle of the dedicated Ssq1-Jac1 chaperones
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(Figure 6; Vickery and Cupp-Vickery, 2007; Kampinga and Craig,
2010). Unraveling of this Hsp70 cycle has largely benefited from
numerous studies on the role of these chaperones in protein folding
(Bukau and Horwich, 1998; Mayer and Bukau, 2005; Craig and
Marszalek, 2011; Hartl et al., 2011; Schlecht et al., 2011). According
to the current model for Hsp70 chaperone function (Vickery and
Cupp-Vickery, 2007; Kampinga and Craig, 2010), Ssq1 in its ATP
state binds the holo form of Isu1, which has been assembled by the
cysteine desulfurase complex Nfs1-Isd11 and other early-acting
components of the ISC assembly machinery (Lill et al., 2012; Figure
6, steps 1 and 2). Complex formation between Ssq1 and holo Isu1 is
facilitated by the J-type cochaperone Jac1, which recruits Isu1 and
targets it to Ssql (Figure 6, step 2). ATP hydrolysis, stimulated by
both Isu1 and Jac1, induces a conformational change of Ssq1 to its
closed ADP state, thus stabilizing the interaction between the Ssq1
peptide-binding domain and the LPPVK motif of Isu1, while Jac1
leaves the complex (Figure 6, step 4). This induces a conformational
change on Isul that is, in analogy to the bacterial ISC system
(Bonomi et al., 2011; Shakamuri et al., 2012), likely to destabilize
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Fe/S cluster binding on the Isul scaffold protein (Figure 6, step 5;
see also later discussion). The nucleotide exchange factor Mge1
then supports the exchange of ADP to ATP, which in turn leads to
dissociation of Isu and the closing of the cycle (Figure 6, step 6).

The monothiol Grx5 enters this cycle by associating with Ssq1
at a specific binding site that is independent of that of Isu1, since
both proteins can interact simultaneously with Ssq1 (Figure 6, step
3). In keeping with this view, the LPPVK peptide of Isul increased
rather than interfered with Ssq1-Grx5 association, making it un-
likely that Grx5 binds to the canonical peptide-binding site of
Hsp70. This fully explains why Grx5 was unable to stimulate the
ATPase activity of Ssq1, unlike Jac1 and Isu1. Even though the ADP
state of Ssq1 binds Grx5 most efficiently, the entry of Grx5 may
also precede the association of Ssq1 and the Isu1 scaffold. This is
evident from the fact that the in vivo interaction between Grx5 and
Ssq1 was even stronger in the absence of Isu1. Although this shows
that Grx5-Ssq1 can interact independently of Isul, the observed
increase in binding in vivo might be mostly due to low ATP levels
prevailing in the absence of functional Isu1 and other ISC members
such as Jac1 and Nfs1. In vitro, a twofold increase in Grx5-Ssq1
affinity was observed upon addition of the LPPVK peptide. At first
glance, the in vivo and in vitro observations are contradictory.
However, they can easily be understood in terms of the fact that in
vivo depletion of Isu1 results in low ratios of ATP/ADP. Thus Grx5 is
expected to be associated with the ADP-bound state of SsqT,
which represents the optimal binding partner for Grx5. In vitro, the
nucleotide exchange factor Mge1 was not present. Hence Ssql
will be mostly in the ADP conformation, where Isu1 and Grx5 are
bound most efficiently. The tight binding and vicinity of both Isu1
and Grx5 on the ADP-state of Ssg1 may then facilitate Fe/S cluster
transfer from Isu1 to Grx5 (Figure 6, step 5). As mentioned, Fe/S
cluster binding to IscU is loosened up by ATP hydrolysis, favoring
its transfer to Grx5 in the bacterial system (Bonomi et al., 2011,
Shakamuri et al., 2012). After dissociation of the trimeric complex
Ssq1-Isu1-Grx5 (Figure 6, step 6), holo Grx5 cooperates with the
late-acting targeting factors of the ISC assembly machinery to de-
liver and assemble Fe/S clusters on target apoproteins (Figure 6,
step 7). Thus Grx5 functions at the interface of the early phase of
Fe/S protein biogenesis, leading to the synthesis of the Fe/S clus-
ter and the late phase of cluster integration into apoproteins. This
raised the interesting question of whether Grx5 belongs to the
core ISC machinery involved in the maturation of all Fe/S proteins
or fulfills a more specific function.

An important clue toward answering this question came from
our finding that Grx5 was required for the maturation of mitochon-
drial [2Fe-2S] and [4Fe-4S] proteins, as well as of cytosolic Fe/S
proteins. This behavior is similar to that of Nfs1, Isu1, Jac1, or Ssq1
and clearly defines Grx5 as a member of the core mitochondrial
ISC assembly machinery, which is needed for maturation of all cel-
lular Fe/S proteins (Lill et al., 2012). We therefore conclude that
Grx5 is a late-acting component of the core ISC assembly machin-
ery, yet precedes the function of the more specific ISC-targeting
factors. These include the Isa and Iba57 proteins, which are in-
volved in the biogenesis of [4Fe-4S] proteins by facilitating the
conversion of [2Fe-2S] to [4Fe-4S] clusters (Gelling et al., 2008; Kim
et al., 2010; Muhlenhoff et al., 2011; Sheftel et al., 2012; Figure 6,
step 7). The [4Fe-4S] clusters generated by the Isa and Iba57 pro-
teins are then believed to transiently bind to the ISC-targeting pro-
teins Ind1 and Nfu1, which specifically deliver them to target apo-
proteins, such as respiratory complexes | and Il or lipoate synthase
(Bych et al., 2008; Sheftel et al., 2009; Cameron et al., 2011;
Navarro-Sastre et al., 2011). In support of this sequence of events,
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maturation of the Fe/S cluster of Nful requires Grx5 function
(Navarro-Sastre et al., 2011).

Binding of Grx5 was specific for the dedicated chaperone Ssq1.
Grx5 hardly bound to the general mitochondrial protein-folding and
import Hsp70 chaperone Ssc1. Moreover, we did not observe any
significant interaction of Ssq1 with canonical Fe/S apoproteins in
mitochondrial extracts (Supplemental Figure S1). As mentioned, the
Grx5 interaction does not involve the peptide-binding site of Ssq1.
This unusual association is reminiscent of the interaction between
the chaperone Ssc1 and Tim44 during mitochondrial protein im-
port, in which the Ssc1-bound Tim44 is released from Ssc1 upon
peptide binding before ATP hydrolysis (D'Silva et al., 2004,
Chacinska et al., 2009). As a further example, the cochaperone CHIP
has no effect on the basal ATPase activity of Hsp70s and Hsp90s
(Stankiewicz et al., 2011). The observation that Grx5 can bind to
Ssq1 in the absence of its client protein Isul is again reminiscent of
the interaction of Ssc1 with Tim44 during mitochondrial protein im-
port. Ssc1 binds to Tim44 independently of the ability of Ssc1 to
associate with unfolded proteins in transit (D'Silva et al., 2004;
Chacinska et al., 2009).

Taken together, our work establishes an unusual interaction be-
tween a monothiol glutaredoxin and a specialized mitochondrial
Hsp70 chaperone, which both play a crucial role in the maturation
of all cellular Fe/S proteins. The simultaneous association of both
the scaffold protein Isul and Grx5 on this dedicated chaperone
leads to Fe/S cluster transfer from Isu1 to Grx5. This scenario mech-
anistically explains the accumulation of Fe/S clusters on Isu1 in cells
depleted of Ssq1, its cochaperone Jac1, or Grx5 (Muhlenhoff et al.,
2003). Single-domain monothiol glutaredoxins are widespread in
bacteria and eukaryotes, indicating that their function in ISC assem-
bly is highly conserved (Lillig et al., 2008). Despite severe pheno-
typic consequences, the deletion of GRX5 is not lethal in yeast
(Rodriguez-Manzaneque et al., 1999, 2002). This indicates that in
this organism its function can be bypassed, likely through a direct
yet inefficient transfer of Fe/S clusters from the Isu scaffold protein
to late ISC assembly factors and/or target apoproteins. In multicel-
lular organisms, however, mutations in Grx5 are lethal and associ-
ated with fatal human disease (Rodriguez-Manzaneque et al., 2002;
Wingert et al., 2005; Camaschella et al., 2007; Ye et al., 2010). Of
note, humans and most other eukaryotic species do not possess a
dedicated Hsp70 chaperone for the mitochondrial ISC assembly
pathway and instead use the multifunctional Ssc1 (Pukszta et al.,
2010). It will be interesting to see whether Grx5 binds to the gen-
eral mitochondrial Hsp70 chaperone in these organisms and how
Grx5 and Hsp70 may have evolved to efficiently cooperate in Fe/S
protein assembly.

MATERIALS AND METHODS

Strains and growth conditions

Yeast strains used in this study are listed in Supplemental Table S1.
Cells were cultivated in rich medium (YP) or synthetic minimal
medium (SC) supplemented with amino acids as required and
2% (wt/vol) glucose or galactose (Sherman, 2002). Iron-depleted
minimal media were prepared using yeast nitrogen base without
FeCls (ForMedium, Hunstanton, United Kingdom) and 20 pg/ml
methionine. Regulatable GAL-promoter yeast strains were depleted
for the respective ISC proteins by cultivation in SD medium for 16 h
(Gal-ISU1/isu24), 40 h (Gal-NFS1), or 64 h (Gal-SSQ1 and Gal-JAC1)
before analysis (see Supplemental Table S1). Plasmids used in this
study are listed in Supplemental Table S2. Plasmid constructs were
verified by DNA sequencing and/or functional complementation of
a corresponding yeast mutant.
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Recombinant proteins

The N-terminally histidine (His)-tagged versions of S. cerevisiae
Grx5, Cial, and Cia2 were purified from E. coli strain BL21, which
expressed indicated proteins from vector pET15b using nickel-
nitriloacetic acid affinity chromatography (Qiagen, Valencia, CA).
Recombinant, His-tagged versions of S. cerevisiae proteins Jacl
(Voisine et al., 2001), Mge1 (Horst et al., 1997), Ssq1, and Isu
(Dutkiewicz et al., 2003) were purified as described. ATPase activi-
ties of Ssq1 were measured as described (Dutkiewicz et al., 2003),
using 0.5 uM Ssq1, 0.5 uM Mge1, and 10 pM Isul or 0.5 uM Jac1
and variable amounts of Isu1, Jac1, or Grx5. For in vitro interaction
studies, recombinant proteins were incubated at 4 uM concentra-
tions each in buffer H (25 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid—KOH, pH 7.5, 200 mM KCl, 1 mM MgCl,, 1 mM ADP)
in 25°C for 45 min. After incubation samples were subjected to im-
munoprecipitation with antibodies against Grx5 bound to protein
A-Sepharose.

Miscellaneous methods

The following published methods were used: manipulation of DNA
and PCR (Sambrook and Russel, 2001); transformation of yeast
cells (Gietz and Woods, 2002); isolation of yeast mitochondria and
postmitochondrial supernatants (Diekert et al., 2001); immunos-
taining (Harlow and Lane, 1988); determination of enzyme activi-
ties (Molik et al., 2007); and in vivo labeling of yeast cells with
55FeCl (Perkin Elmer) and measurement of %5Fe incorporation into
Fe/S proteins by immunoprecipitation and scintillation counting
(Molik et al., 2007). Coimmunoprecipitation experiments and affin-
ity purification of GST-tagged mitochondrial proteins were per-
formed as described using buffer A (20 mM Tris-HCI, pH 7.4,
2.5 mM EDTA, 150 mM NaCl, 10% glycerol) for detergent
(0.5% Triton X-100) lysis of mitochondria (Gerber et al., 2003).
Antibodies were raised in rabbits against recombinant proteins.
Antibodies against c-Myc or HA were obtained from Santa Cruz
Biotech (Heidelberg, Germany) and protein A-Sepharose from GE
Healthcare (Piscataway, NJ).

Microscale thermophoresis

For MST, Grx5 or Cial was labeled using the Monolith NT Protein
Labeling Kit RED (NanoTemper Technologies, Munich, Germany)
with NT-647 dye as recommended by the manufacturer. Labeled
bait proteins were mixed with serial dilutions of Cia2, Ssq1, or the
Isu1-derived peptide AKELSLPPVKLHC (LPPVK), either alone orin
combinations. Binding assays were performed in buffer T (50 mM
KPi, pH 7.4, 150 mM NaCl, 1 mM MgCl,, T mM GSH) using Mono-
lith NT.015 (NanoTemper Technologies) at 21°C (light-emitting di-
ode power, 100%; infrared laser power, 75%). Three independent
experiments were recorded at 680 nm, and data were processed
by NanoTemper Analysis package 1.2.009 and Origin 8G software
(OriginLab, Northampton, MA) to estimate the apparent Ky
values.
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