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Cells employ a vast network of regulatory pathways to manage
intracellular levels of reactive oxygen species (ROS). An effec-
tual means used by cells to control these regulatory systems are
sulfur-based redox switches, which consist of protein cysteine or
methionine residues that become transiently oxidized when
intracellular ROS levels increase. Here, we describe a methio-
nine-based oxidation event involving the yeast cytoplasmic
Hsp70 co-chaperone Fes1. We show that Fes1 undergoes revers-
ible methionine oxidation during excessively-oxidizing cellular
conditions, and we map the site of this oxidation to a cluster of
three methionine residues in the Fes1 core domain. Making use
of recombinant proteins and a variety of in vitro assays, we
establish that oxidation inhibits Fes1 activity and, correspond-
ingly, alters Hsp70 activity. Moreover, we demonstrate in vitro
and in cells that Fes1 oxidation is reversible and is regulated by
the cytoplasmic methionine sulfoxide reductase Mxr1 (MsrA) and
a previously unidentified cytoplasmic pool of the reductase Mxr2
(MsrB). We speculate that inactivation of Fes1 activity during
excessively-oxidizing conditions may help maintain protein-fold-
ing homeostasis in a suboptimal cellular folding environment. The
characterization of Fes1 oxidation during cellular stress provides a
new perspective as to how the activities of the cytoplasmic Hsp70
chaperones may be attuned by fluctuations in cellular ROS levels
and provides further insight into how cells use methionine-based
redox switches to sense and respond to oxidative stress.

Oxidative stress is associated with an intracellular accumu-
lation of high levels of reactive oxygen species (ROS).2 ROS are

widely appreciated as damage-inducing agents, based on their
potential to irreversibly oxidize biological macromolecules,
including lipids, nucleic acids, and proteins. Macromolecule
oxidation as a consequence of excessive levels of cellular ROS
can lead to a loss of vital cell functions and a deterioration of
essential cellular processes. Historically, it has been generally
accepted that decreasing or detoxifying ROS is key to limiting
the cellular damage associated with oxidative stress. However,
more recently, ROS have emerged also as signaling molecules,
which can help cells initiate scavenging, protection, and repair
pathways during oxidative stress (1). This conceptual shift sug-
gests that preserving cell function during oxidative stress likely
depends both on limiting ROS-induced damage and maintain-
ing beneficial signaling events mediated by ROS.

Many of the identified ROS-based signaling pathways employ
the use of labile, reversible redox-active post-translational protein
modifications (PTMs) (2–7). Akin to the more established PTM
phosphorylation, protein oxidation can reversibly alter the confor-
mation and/or activity of a given protein. Altered protein activity
can allow for the initiation of distinct downstream signaling events
to benefit cells during oxidative stress, including the activation of
pathways that serve to scavenge ROS before they exert detrimen-
tal effects as well as systems that act to manage and/or repair ROS-
incurred damage (2–7).

Reversible oxidation of methionine side chains is one exam-
ple of a redox-based PTM that can elicit beneficial cellular out-
comes during oxidative stress (8, 9). Methionine modification
by ROS occurs upon oxidation of the sulfur atom in the methi-
onine side chain; addition of an oxygen molecule (from the
ROS) to the sulfur generates a structure termed methionine
sulfoxide (MetO). In eukaryotic cells, MetO adducts are
reduced (reversed) by methionine sulfoxide reductase (Msr)
enzymes (10). Advances in mass spectrometry (MS) and chem-
ical biology tools have led to the identification of many proteins
with methionine residues that are susceptible to oxidation (11,
12). Yet relative to other post-translational modifications, we
are just beginning to uncover the impact of methionine oxida-
tion on the function of individual proteins. Determining how
oxidation influences protein function is an essential first step to
reveal how modification may affect cell function during oxida-
tive stress conditions.

Here, we report the susceptibility of, and consequences for,
oxidation of three methionine residues in the yeast Hsp70
nucleotide-exchange factor (NEF) Fes1. Members of the heat-
shock protein 70 (Hsp70) class of molecular chaperones play
critical roles in maintaining protein homeostasis during peri-
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ods of oxidative stress. Extensive biochemical and biophysical
studies have revealed a clear and conserved catalytic mecha-
nism shared by the Hsp70 family (13–15). These prior studies
establish that Hsp70s consist of two functional domains: a
nucleotide-binding domain (NBD), which binds and hydro-
lyzes ATP, and a substrate-binding domain (SBD), which asso-
ciates with peptide substrates. Hsp70 chaperone activity is facil-
itated by the binding and hydrolysis of ATP within the NBD,
which promotes iterative cycles of peptide binding and release
by the SBD. The intrinsic rate of Hsp70 ATP hydrolysis is low,
and in cells, ATP turnover is facilitated by co-chaperones,
including J-domain– containing proteins (which stimulate
ATP hydrolysis) (16 –18) and NEFs (which facilitate the
exchange of ADP for ATP) (19, 20). The Saccharomyces cerevi-
siae protein Fes1 (HspBP1 in mammals) belongs to one of the
three classes of cytosolic NEFs used by budding yeast to stimu-
late nucleotide exchange for the cytosolic Ssa and Ssb Hsp70s
(21–24). Based on structural data for the Fes1 ortholog
HspBP1, a mechanism for Fes1 NEF activity is proposed,
wherein the C-terminal core region (that adopts series of
Armadillo repeats) complexes with the Hsp70 NBD to mediate
a conformational change in the NBD and ADP release (25). Fes1
additionally can help clear aggregation-prone peptides from
the Hsp70 SBD through the action of its N-terminal region,
which is predicted to be largely unstructured (26).

Here, we establish that Fes1 undergoes post-translational
methionine sulfoxide modification during oxidative stress. We
show that Fes1 oxidation is reversible and is mediated by cyto-
solic pools of the two yeast Msr enzymes: Mxr1 and Mxr2. We

demonstrate that MetO modification diminishes the interac-
tion between Fes1 and Hsp70, lessening the capacity for Fes1 to
influence Hsp70 nucleotide exchange, peptide binding, and
peptide release. We speculate that altering Hsp70 activities, as a
consequence of Fes1 modification during stress, may help cells
cope with elevated ROS by limiting peptide aggregation and/or
activating cellular stress-response pathways.

Results

Fes1 is post-translationally modified in cells by ROS

We observed a striking change in the electrophoretic migra-
tion of Fes1 when cell lysates were prepared from yeast exposed
to ROS. The most prominent change in Fes1 electrophoretic
mobility was seen upon treatment of cells with sodium hypo-
chlorite (NaOCl), a strong oxidant, classified as both a ROS and
reactive chloride species (Fig. 1A). The extent of the mobility
change in Fes1 intensified as the concentration of NaOCl in the
medium was increased. Treatment with 0.5 mM NaOCl for 30
min resulted in several slower migrating Fes1 species (com-
pared with untreated cells), and a single slow-migrating band
was recovered in the presence of 1 mM NaOCl (Fig. 1A). Treat-
ment of cells with a range of peroxides also resulted in changes
to Fes1 mobility. Treatment with the organic peroxide cumene
peroxide (CHP) caused a clear change in Fes1 migration; a strik-
ing shift was observed upon exposure of cells to 10 mM CHP for
30 min (Fig. 1A). In addition, a weaker but reproducible shift in
Fes1 migration was observed upon addition of 10 mM hydrogen
peroxide for 30 min (Fig. 1A). The same concentrations of tert-
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Figure 1. Oxidation of Fes1 methionines occurs in cells exposed to exogenous ROS. Lysates were prepared from WT yeast containing a plasmid encoding
Fes1–FLAG after a 30-min treatment with peroxide (5 or 10 mM) or NaOCl (0.5 or 1 mM) (A) or after exposure to elevated heat (37 °C, 1 h), cycloheximide (CHX)
(10 or 50 �g/ml, 30 min), DTT (5 or 10 mM, 30 min), or diamide (5 or 10 mM, 30 min) (B). Lysate proteins were separated by SDS-PAGE, and Fes1 was detected by
Western blotting with anti-FLAG antibody. Mobility-shifted Fes1 corresponds to oxidized protein (see text). C, Fes1 methionine mutants complement temper-
ature-sensitive growth of a fes1� strain. Yeast (fes1� cells) containing CEN plasmids encoding WT or methionine mutant Fes1–FLAG alleles were spotted onto
selective synthetic minimal medium and assayed for growth at 30 or 37 °C for 2 days. D, suppression of the elevated fes1� cellular heat-shock response by Fes1
methionine mutant alleles. Cells (fes1�) containing plasmids encoding WT or methionine mutant Fes1–FLAG alleles and an HSE-lacZ reporter were cultured at
30 °C to log phase in minimal medium, and cultures were either maintained at 30 °C or shifted to 37 °C for 1 h. Three independent transformants of each strain
were grown and assayed in duplicate. Data points represent the averaged values for the three independent transformants. Bars show the averaged values for
the three transformants � S.E. ****, p � 0.0001; ***, p � 0.001; p � 0.05 is defined as not significant (ns) by one-way analysis of variance, relative to the WT Fes1
expressing strain. E, lysates were prepared from a WT yeast strain containing the indicated Fes1–FLAG-expressing plasmids after treatment (or mock treatment)
with 5 mM cumene hydroperoxide (CHP) for 30 min. Fes1 was detected by Western blotting with anti-FLAG antibody. Western images are representative of the
data obtained from three independent experiments.
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butyl-hydroperoxide (tBHP) did not result in a detectable
change in Fes1 migration (Fig. 1A), although even higher con-
centrations of tBHP were found to induce mobility changes
(data not shown). The relative sensitivity of Fes1 to the distinct
peroxides is in keeping with the relative yeast toxicity reported
for these peroxides; a �10% survival has been established for 4
mM CHP, 6 mM hydrogen peroxide, and 15 mM tBHP, respec-
tively (27, 28). Although exposure to several types of ROS
resulted in a clear migration change in Fes1, exposure to other
common stressors did not alter Fes1 mobility on SDS-PAGE.
Yeast that underwent heat shock, treatment with cyclohexi-
mide (CHX), exposure to the reductant (DTT), or incubation
with the thiol-oxidant diamide yielded no change in Fes1
mobility (Fig. 1B).

The mobility change we observed for Fes1 was suggestive of a
post-translational protein modification triggered by ROS expo-
sure. Prior studies have demonstrated that oxidation of protein
methionine residues can cause a pronounced change in protein
migration through a reducing SDS-polyacrylamide gel (29 –31).
We reasoned that the shift in Fes1 mobility could be a conse-
quence of methionine oxidation induced by ROS exposure. To
monitor whether Fes1 methionine residues are oxidized in cells
exposed to exogenous ROS, we used MS to analyze peptides
from Fes1 immunoisolated from untreated yeast cells or from

cells exposed to 10 mM CHP for 30 min. It is established that
methionine oxidation can be induced at several steps during
sample preparation for MS analysis (32–34), and care was taken
to minimize methionine oxidation post-cell lysis (see “Experi-
mental procedures”). Fes1 contains seven methionines distrib-
uted throughout the protein; matched peptides for five of the
seven methionines were recovered and identified by ESI-LC-
MS/MS from both the untreated and treated samples. Methio-
nines in peptides from stressed and unstressed cells were
identified in the reduced state (Met; red) and also oxidized to
methionine sulfoxide (MetO; ox) or methionine sulfone
(MetO2; diox) (Table 1). Some methionine oxidation was de-
tected at all five methionines in both the CHP-treated and -un-
treated samples (Table 1). Although we cannot exclude the pos-
sibility that Fes1 methionine oxidation occurs in cells under
basal growth conditions, we think it is likely given the numer-
ous reports on artificial oxidation during the MS workflow that
sample preparation induced some (or most) of the Fes1 oxida-
tion observed in the unstressed samples. Closer analysis of the
MS data revealed four methionine residues in Fes1 (Met-19,
Met-45, Met-49, and Met-53) showed increased oxidation lev-
els in the protein isolated from peroxide-treated cells (Table 1).
These four methionines appeared selectively susceptible to oxi-
dation; an enrichment in oxidation was not observed for Fes1

Table 1
Fes1 methionine-containing peptides identified by mass spectrometry
Fes1 protein was immunoisolated from yeast cells grown in the absence or presence of peroxide, and Fes1 peptides were analyzed by mass spectrometry. Matched peptides
containing five of the Fes1 methionines were recovered from both the untreated and treated samples. Methionines were identified in the reduced state (red), oxidized to
methionine sulfoxide (diox), and oxidized to methionine sulfone (diox). ND, peptide not detected.
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methionine Met-126 (Table 1). We were further struck by the
increased relative abundance of peptides containing oxidized
Met-45, Met-49, and Met-53 under basal conditions (5.2–5.8-
fold relative to reduced peptides), which was further increased
upon peroxide treatment (Table 1). We suggest that increased
oxidation of a given methionine during sample preparation
may also indicate a methionine residue particularly prone to
modification, especially when recovery of the same oxidized
methionine is further noted in peroxide-treated samples. The
three Fes1 methionines that attracted our attention (Met-45,
Met-49, and Met-53) cluster within the area of sequence pre-
dicted to localize to the first �-helix (�1) of the Fes1 core
domain (Fig. S1).

To determine whether oxidation of methionines 45, 49, and
53 accounts for the slower mobility of Fes1 observed upon per-
oxide treatment (Fig. 1A), we generated alleles of Fes1 with
Met-45, Met-49, and Met-53 mutated to the somewhat struc-
turally similar residues isoleucine and phenylalanine, and to
glutamic acid. Mutation of the three methionines resulted in
Fes1 protein that retained in vivo activity. Yeast cells lacking a
functional copy of FES1 (a fes1� strain) show decreased growth
at elevated temperatures, compared with WT cells (21, 35, 36).
Expression of a Fes1 Met–to–Ile, Met–to–Phe, or Met–to–Gln
triple mutant in the fes1� background restored growth to sim-
ilar levels as expression of WT Fes1 (Fig. 1C). It has been shown
that a double deletion strain lacking two of the cytoplasmic
yeast NEFs (a fes1� sse1� strain) shows a strongly up-regulated
heat-shock response (HSR) (21). Expression of a Fes1 Met–to–
Ile or a Met–to–Phe triple mutant was found to dampen the
HSR in a fes1� sse1� strain, similar to the decrease in HSR
observed with addition of a WT Fes1 encoding plasmid (Fig.
1D). Despite rescuing the high-temperature growth defect, a

Fes1 Met–to–Gln mutant showed only a partial down-regula-
tion of the heat-shock response, relative to a fes1� sse1� strain
(Fig. 1D), and we suggest that this mutant may be partially com-
promised for Fes1 activity. Importantly, consistent with the MS
data, we found that the electrophoretic mobility of a Fes1 Met–
to–Ile, Met–to–Phe, or Met–to–Gln triple mutant did not
change when cells were exposed to CHP (Fig. 1E), supporting
the conclusion that the Fes1 size shift induced by oxidant expo-
sure is a consequence of methionine oxidation at residues Met-
45, Met-49, and Met-53. A Fes1 Met–to–Gln triplet mutant
showed a slower electrophoretic mobility (similar to that
observed for oxidized WT Fes1) in both untreated and oxidant-
treated cells, which is likely a consequence of the negative
charge associated with the glutamine side chain. Similarities
between protein methionine sulfoxide and glutamine have
been previously described (37, 38), and we speculate that the
Met–to–Gln allele could be mimicking (in part) the oxidized
form (see under “Discussion”).

Oxidative modification of Fes1 is reversed by R- and S-type
methionine sulfoxide reductases

Protein methionines oxidized to methionine sulfoxide
(MetO) can be reversed by methionine sulfoxide reductase
(Msr) enzymes (39). To determine whether the activity of the
yeast Msrs could reverse oxidation of Fes1, we established a
cell-free assay to monitor Fes1 oxidation. Recombinant Fes1
was purified from bacteria and treated with NaOCl. Similar to
what was observed in cells, we saw a clear change in Fes1 mobil-
ity when protein was incubated with increasing concentrations
of oxidant (Fig. 2A). Modest changes in mobility were observed
even the presence of an equimolar concentration of NaOCl
(Fig. 2A, lane 2). When Fes1 was treated with a 10-fold (or
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Figure 2. Oxidation of Fes1 is reversed by both R- and S-type methionine sulfoxide reductases. A, electrophoretic mobility shifts are observed when
recombinant Fes1 protein is treated with NaOCl at increasing concentrations (0 –20-fold molar excess). B, purified recombinant Fes1 methionine mutants are
resistant to oxidation. Fes1 protein with Met residues 45, 49, and 53 mutated to Ile or Phe were treated with a 10-fold molar excess of NaOCl. Oxidation of Fes1
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separated by SDS-PAGE, and Fes1 was detected by Western blotting with anti-FLAG antibody. Images shown are each representative of three independent
experiments.
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higher) molar excess of NaOCl, there was very little, or a com-
plete absence, of any Fes1 species co-migrating with untreated
(reduced) Fes1 (Fig. 2A, lanes 5 and 6). Recombinant Fes1 Met–
to–Ile and Met–to–Phe triple mutants did not undergo a
mobility change in the presence of oxidant, establishing that the
same Fes1 methionines oxidized in cells are susceptible to mod-
ification in vitro (Fig. 2B).

Yeast encode two Msr enzymes (Mxr1 and Mxr2) that reduce
protein-incorporated MetO modifications in a stereospecific
manner. Yeast Mxr1 (MsrA) and Mxr2 (MsrB) have been linked
to the reduction of protein S-MetO and R-MetO, respectively
(Fig. 2C) (40). We purified recombinant versions of Mxr1 and
Mxr2 and set up an in vitro system to monitor activity toward
oxidant-treated Fes1. Recombinant Fes1 protein was oxidized
with NaOCl and then incubated with substoichiometric
amounts (a 1–to–10 ratio of Mxr–to–Fes1) of Mxr1 and Mxr2,
either alone (Fig. 2D, lanes 5 and 6) or in combination (Fig. 2D,
lanes 7–10). To catalyze multiple reaction turnovers, DTT or a
reconstituted yeast thioredoxin system (consisting of thiore-
doxin (Trx1), thioredoxin reductase (Trr1), and NADPH) was
provided to recycle (reduce) the Msrs. Note, the presence of
DTT alone is insufficient to reduce protein–MetO adducts. We
observed a clear loss of the slowest migrating, oxidant-induced
Fes1 band in the presence of both Msr enzymes and a recycling
system (Fig. 2D, lanes 7 and 9). Both the thioredoxin and DTT
recycling systems yielded a similar reduction in the slower-mi-
grating Fes1 species (Fig. 2D). Incubation of Fes1 in the pres-
ence of a single Msr led to a very modest decrease in the more
slowly migrating oxidized Fes1 species (Fig. 2D, lanes 5 and 6
versus 4), and we hypothesize that the synergistic effect of Mxr1
and Mxr2 results from their combined ability to reduce the
anticipated mixtures of R- and S-MetO Fes1 species. Of note, a
complete restoration of a band that co-migrates with reduced
Fes1 was not obtained, and we speculate that some portion of
the in vitro-modified Fes1 contains methionines oxidized to
methionine sulfone (MetO2), which is resistant to reduction by
Msrs. Such an overoxidation of protein methionines in the cell-
free system is not unexpected, given the 10-fold excess of oxi-
dant used to oxidize Fes1 in the absence of any cellular system
that may serve to limit overoxidation. In addition, we cannot
eliminate the possibility that Fes1 is oxidized also at nonme-
thionine residues, which would not be reversed by Msr activity;
however, the oxidant-treated Fes1 methionine mutants did not
show a shift in size upon oxidant treatment (Fig. 2B), suggesting
that the remaining size-shifted species in the Msr-treated oxi-
dized Fes1 samples (Fig. 2D) reflect methionine modification.
Altogether, these data confirm that the migration change for
Fes1 induced in the presence of oxidant is a by-product of
methionine oxidation, which can be reversed (in part) through
the activity of the yeast Msr enzymes Mxr1 and Mxr2.

Given the ability of recombinant Mxr1 and Mxr2 to reverse
Fes1 oxidation in vitro, we next sought to establish the ability of
either or both enzyme(s) to modulate Fes1 oxidation in vivo.
We reasoned that if the Msr enzymes mediate reduction of Fes1
in cells, yeast strains lacking Msr activity would accumulate
more oxidized Fes1 protein. In keeping with our expectation,
we observed yeast deleted for either Msr enzyme (mxr1� or
mxr2�) and treated with peroxide showed an increased level of

Fes1 oxidation, compared with WT cells treated with the same
concentration of oxidant (Fig. 2E). In contrast to our in vitro
experiments, we did not see a clear combinatorial effect for a
loss of both Mxr enzymes on Fes1 oxidation; an mxr1� mxr2�
double deletion strain showed no further increase in oxidized
Fes1 levels compared with the single mutant strains (Fig. 2E).
Although we expected a loss of both enzymes would yield a
further increase in the accumulation of oxidized Fes1, due to
their distinct activities toward MetO isomers, we speculate that
the observed yeast phenotype could reflect compensatory yeast
systems that allow for the growth and viability of the double
mutant strain.

Cytoplasmic pool of Mxr2 influences Fes1 oxidation

Previous studies have localized yeast Mxr1 to the cytoplasm
and Mxr2 within the mitochondria (40, 41), and thus we were
initially surprised to observe an impact for loss of Mxr2 activity
on the oxidation of cytoplasmic Fes1. Although the impact for
loss of Mxr2 on cellular Fes1 oxidation could be indirect, we
were intrigued by the alternative possibility that an uncharac-
terized cytoplasmic pool of Mxr2 may exist that could directly
reduce Fes1, as observed in our in vitro system. Mining the
compiled ribosome-profiling and mRNA-sequencing database
(42) revealed the potential for prominent use of an internal
methionine start codon in Mxr2 (Met-34), numbered relative
to the annotated start site (Met-1) (Fig. S2). We hypothesized
that translation initiated from Met-34 would generate a protein
with an intact enzymatic core that would lack the amphipathic
mitochondrial targeting sequence encoded by residues 1–30
(43). We speculated that an Mxr2 protein translated from
Met-34 would be localized to the cytoplasmic space, where it
could facilitate reduction of oxidized proteins. A similar binary
start-site mechanism has been described for other proteins
dual-localized to the cytosol and mitochondria (44).

To determine the subcellular distribution of Mxr1 and Mxr2
in yeast, we fractionated lysates prepared from cells expressing
GFP-tagged Mxr1 or Mxr2 proteins. Lysates were separated
into mitochondrial and cytosolic fractions, and proteins in each
fraction were probed for Mxr1/2 (using anti-GFP serum) or for
established mitochondrial (porin; Por1/2) and cytosolic (phos-
phoglycerate kinase; Pgk1) proteins, to confirm the separation
of the mitochondrial and cytoplasmic protein pools (Fig. 3A).
Consistent with prior reports, Mxr1 fractionated with the cyto-
solic marker Pgk1 (Fig. 3A) (40). Some Mxr1 and Pgk1 signals
were detected in the mitochondrial fraction (Fig. 3A); given the
established localization of Pgk1 in the cytoplasm, we speculate
that the mitochondrial signal for these proteins is a conse-
quence of carryover from the cytosolic fractions during the
experimental protocol. Strikingly, the Mxr2 protein also
appeared predominantly in the cytosolic fraction (Fig. 3A); no
signal for Mxr2 was detected in the mitochondrial fraction. We
cannot rule out that a lower level of mitochondrial Mxr2 pro-
tein exists in addition to the cytosolic pool and that this mito-
chondrial Mxr2 protein pool is below the limit of detection of
our assay. Yet, overall our data suggest a predominant cytosolic
localization for both Mxr1 and Mxr2. To link the presence of a
cytosolic Mxr2 pool and the potential use of an internal (Met-
34) start codon, we next mutated the two potential start sites in
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Mxr2, generating Met–to–Leu substitution alleles at Mxr2
Met-1 and Met-34. An Mxr2 lacking the annotated Met-1 start
codon (Mxr2–M1L) resulted in a cytosolic localization for
Mxr2, which appeared unchanged from the expression level
and localization of WT Mxr2 (Fig. 3A). These data suggest the
cytosolic pool is generated by initiation at a methionine other
than the annotated Met-1 start site. In contrast, signal from an
Mxr2–M34L protein was not detected in any cellular fractions
(Fig. 3A). Although it is possible that the lack of detectable
Mxr2–M34L expression arises from instability (and subse-
quent turnover) of a mutant protein (initiated at Met-1), we
suggest this result indicates Met-34 is the predominant start
codon for Mxr2 translation in cells. Indeed, use of Met-34 as a
primary start site is supported by data from the compiled ribo-
some-profiling database, which reveals minimal footprints for
both scanning and elongating ribosomes at the Met-1 site com-
pared with Met-34 (Fig. S2).

To determine whether the cytosolic Mxr2 modulates Fes1
oxidation, we took advantage of the increase in Fes1 oxidation
observed in an mxr2� strain treated with peroxide (Figs. 2E and
3B, lane 5). We confirmed first that addition of a plasmid

encoding WT Mxr2 could rescue the increased Fes1 oxidation
phenotype of the mxr2� strain; we established that the pres-
ence of a MXR2 plasmid resulted in less Fes1 oxidation upon
peroxide treatment (Fig. 3B, lane 2) similar to what was
observed in a WT yeast strain (Fig. 3B, lane 1). Addition of a
plasmid encoding Mxr2–M1L protein resulted in a similar out-
come as observed for a plasmid encoding WT Mxr2 (Fig. 3B,
lane 3), suggesting that a cytoplasmic pool of Mxr2 (initiated at
a start site distinct from Met-1) accounts for the relative
decrease in accumulated Fes1 oxidation in a WT strain versus
an mxr2�. A strain containing a plasmid coding for Mxr2–
M34L accumulated higher levels of oxidized Fes1 (Fig. 3B, lane
4), analogous to the levels in an mxr2� strain. The absence of
detectable, tagged Mxr2–M34L protein (Fig. 3A) leads us to
suggest that the absence of Fes1 MetO-reduction activity in this
stain is a consequence of no (or low levels of) functional Mxr2
protein.

Our results indicate an underappreciated cytoplasmic pool
of Mxr2 that can influence the level of oxidized Fes1; these
results contrast with prior reports of a sole mitochondrial local-
ization for Mxr2 (40, 41). A distinction between our experi-
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of the endogenous MXR promoters were subject to differential centrifugation to separate mitochondria (Mito) from the cytosolic (Cyto) fraction. Fractionated
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ments and these previous studies is our use of constructs
wherein Mxr2 expression is controlled by the endogenous
MXR2 promoter; prior localization of Mxr2 to the mitochon-
dria was established using constructs with stronger, nonnative
promoters to drive Mxr2 expression: GAL (40) or TEF (41).
Notably, in each case, this strong promoter was fused proximal
to the Met-1 codon sequence; correspondingly, the Met-34
codon would be more distant in sequence (�100 bp) from the
nonnative promoter sequence. To follow localization of Mxr2
under similar conditions as those previously reported, we gen-
erated C-terminally–tagged mNeonGreen Mxr constructs
under control of the TEF2 promoter. We assessed the localiza-
tion of these proteins using fluorescence confocal microscopy
(Fig. 3C). Under these conditions, Mxr1 showed a diffuse fluo-
rescence distribution throughout the cell (Fig. 3C); the cyto-
plasmic localization of Mxr1 was consistent both with previous
studies (40) and also the localization we observed for Mxr1
expressed from its endogenous promoter (Fig. 3A). Impor-
tantly, we observed that the TEF-promoted Mxr2 co-localized
with the mitochondria, visualized by a mitochondrial-targeted
RFP (Fig. 3C). Substitution of Met-34 had no impact on local-
ization of the TEF-promoted Mxr2; the Mxr2–M34L proteins
localized to the mitochondria similar to WT Mxr2 (Fig. 3C). In
contrast, an Mxr2–M1L protein resulted in a cytoplasmic local-
ization for Mxr2 (Fig. 3C), suggesting that use of an internal
start methionine allows for generation of a cytoplasmic form of
Mxr2 (in the absence of Met-1). Altogether, we conclude that a
mitochondria-localized Mxr2 protein is translated when the
annotated open reading frame (ORF) is juxtaposed with a
strong promoter. Yet, our data suggest that when translation is
mediated by endogenous sequences surrounding the annotated
ORF, translation preferentially starts at an internal methionine.
We suggest that this internal methionine is Met-34; in support
of this conclusion, mutation of Met-34 to Leu, in a construct
containing the native 5� UTR, results in no detectable Mxr2
protein (Fig. 3A).

To determine whether the subcellular localization of Mxr2
influences its ability to modulate Fes1 oxidation, we took
advantage of the distinct intracellular distribution of the TEF-
promoted WT and mutant Mxr2 proteins (Fig. 3C). We
observed that the predominantly cytoplasmic Mxr2 (Mxr2–
M1L) was most efficient at limiting the accumulation of oxi-
dized Fes1 in peroxide-treated cells (Fig. 3D, lane 3). In con-
trast, more oxidized Fes1 accumulated in peroxide-treated cells
containing the mitochondria-localized Mxr2 and Mxr2–M34L
proteins (Fig. 3D, lanes 2 and 4). Of interest, the strain express-
ing TEF-promoted Mxr2 showed higher levels of oxidized Fes1
than a WT strain (Fig. 3D, lane 2 versus 1), suggesting that
overexpression of Mxr2 from a nonnative promoter results in
less reduction of Fes1 than observed in a strain containing a
lower level of Mxr2 expression mediated by its endogenous
promoter. We speculate that endogenous Mxr2, present in the
cytoplasm of a WT strain, is able to reduce cytoplasmic Fes1,
whereas a mitochondrial pool of Mxr2 (driven by the nonnative
promoter) is not sufficient to fully rescue the observed elevated
levels of Fes1 oxidation in an mxr2� strain.

Our data suggest the potential for both cytoplasmic and
mitochondrial Mxr2 forms that modulate MetO oxidation of

protein substrates within these respective compartments. Such
a cross-organelle distribution would be consistent with the
reported multiple isoforms of the mammalian methionine sulf-
oxide reductase MsrB, which are localized to multiple intracel-
lular compartments, including the cytosol, mitochondria,
nucleus, and endoplasmic reticulum (45).

Fes1 oxidation alters its ability to modulate Hsp70 activities

Having established the susceptibility of Fes1 to methionine
oxidation, we next sought to determine how oxidation impacts
the established abilities of Fes1 to facilitate Hsp70 nucleotide
exchange and substrate release (Fig. 4A) (22, 24, 26, 35).

To monitor NEF activity, we employed stopped-flow spec-
troscopy and the fluorescent ADP analog MABA-ADP. When
bound to Hsp70, MABA-ADP shows enhanced fluorescence;
nucleotide release from the Hsp70 manifests as a decrease in
fluorescence (46, 47). Yeast contain two classes of cytoplasmic
Hsp70s, grouped based on sequence homology: the Ssa and Ssb
proteins (48). Prior reports have demonstrated that Fes1 shows
a similar affinity toward Ssa1 and Ssb1 (22) and that Fes1 is
effective as an Ssa1 and Ssb1 NEF (22, 24). A majority of pub-
lished reports focus on Ssa1 as the model cytoplasmic Hsp70,
and we continue this trend for most of our biochemical assays.
However, we found that the Ssa1 protein purified with bound
nucleotide, which we were unable to effectively remove (see
“Experimental procedures”). Thus, for the NEF assays we made
use of recombinant Ssb1 protein, which in its apo-state could be
efficiently loaded with MABA-ADP. Complexes were formed
between recombinant Ssb1 and MABA-ADP. Release of
MABA-ADP from Ssb1 (in the presence of an excess of unla-
beled ADP) was found to be relatively slow in the absence of a
NEF (Fig. 4, B and C); an average MABA-ADP off-rate of
0.189 � 0.009 s�1 was measured (Fig. 4C), which is similar to
the previously reported rates of 0.205 � 0.001 s�1 (22) and 0.27
s�1 (24). Addition of Fes1 accelerated the rate of MABA-ADP
release from Ssb1 �9-fold, increasing the off-rate to 1.634 �
0.098 s�1 (Fig. 4C). These data are consistent with the previ-
ously reported ability of Fes1 to stimulate MABA-ADP release
from Ssb1 (22, 24).

To test the effect of Fes1 oxidation on its activity as a NEF,
oxidized Fes1 was prepared by treating recombinant protein
with a 10-fold molar excess of NaOCl. To prevent oxidation of
Ssb1 protein, all the oxidant-treated Fes1 samples (and the oxi-
dant-treated buffer control) were run through a desalting col-
umn prior to injection into the stopped-flow apparatus. Treat-
ment with oxidant was observed to lessen Fes1 NEF activity
(Fig. 4, B and C). The rate of Ssb1 nucleotide release stimulated
by oxidized Fes1 was diminished �4-fold relative to reduced
Fes1, exhibiting an average measured off-rate for MABA-ADP
of 0.404 � 0.083 s�1. The inhibitory effect of oxidant treatment
was partially reversible. Treatment of the desalted oxidized
Fes1 protein with a mixture of Mxr1 and Mxr2, prior to mixing
with Ssb1–MABA-ADP, resulted in a Fes1 protein that stimu-
lates nucleotide release �5-fold, relative to the rate observed in
the absence of Fes1 (Fig. 4C). The partial restoration of Fes1
activity was consistent with the partial restoration in Fes1
mobility seen upon incubation with a combination of Mxr1 and
Mxr2 (Fig. 2D). It is worth noting that we were unable to mon-
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itor the activity of the Fes1 triple methionine mutants in the
NEF assay. Based on our prior data (Fig. 2B), we expected that a
Fes1 methionine mutant treated with oxidant would likely
retain NEF activity. However, we found that the Met–to–Ile,
Met–to–Phe, and Met–to–Gln mutants were compromised for
NEF activity even in the absence of oxidant (Fig. S3). We sug-
gest the lessened activity for these mutants reflects the bio-
chemical importance of these methionine residues for Fes1
NEF activity, which is, in turn, altered upon modification
of these residues either post-translationally (by oxidant) or
through mutagenesis. We speculate that the lower NEF activity
measured for the Met–to–Ile and Met–to–Phe mutants in vitro
may be sufficient to complement the yeast phenotypes associ-
ated with a loss of cellular Fes1 activity (a fes1�) (Fig. 1, C and
D). Alternatively, it was recently reported that a Fes1 mutant
protein deficient for Hsp70 binding (Fes1–A79R-R195A) can
complement some fes1� phenotypes in yeast, including the
slower growth of a fes1� strain at high temperature (49). Thus,
the ability of the Fes1 methionine triplet mutants to support
growth comparable with WT Fes1 at elevated temperatures
(Fig. 1C) may reflect an activity of Fes1 independent of its NEF
activity.

We reasoned the lower NEF activity observed for oxidized
Fes1 would translate to a decreased ability of oxidized Fes1 to
stimulate Hsp70 ATPase activity. To monitor ATPase activity,
we followed ATP hydrolysis by Ssa1 protein purified from yeast.
Similar to the NEF activity assays, we observed that WT Fes1
stimulated ATP turnover by Ssa1 and that the stimulatory
activity of Fes1 was decreased upon treatment of Fes1 with
oxidant (Fig. 4D). The damped activity for oxidized Fes1 was
reversed by treatment with Mxr1 and Mxr2 (Fig. 4D). Given the
location of the oxidation-sensitive methionines in proximity to
the N-terminal domain (Fig. S1), we speculated that the lack of
activity observed for oxidized Fes1 might be mediated by
changes to the N-terminal region. However, we observed that
the presence of the N terminus is not necessary to mediate
oxidant-induced changes to Fes1 activity (Fig. S4).

A consequence of stimulated Hsp70 nucleotide release by a
cytoplasmic NEF is the association of Hsp70 with ATP, which
facilitates peptide release (Fig. 4A) (22, 25, 50). The NR peptide
(sequence: NRLLLTG) and a derivative of the APPY peptide
(Ala-P5: ALLLSAPRR) have been shown to be substrates for
the cytoplasmic Hsp70 Ssa1 (25, 50 –52). Hence, to monitor the
influence of Fes1 on peptide binding, we made use of the Ssa1
protein and an NR peptide labeled with the environmentally-
sensitive fluorophore NBD, which shows enhanced fluores-
cence when in complex with an Hsp70. We initially planned to
also monitor Ssb1–peptide interactions, but we were unable to
detect an association of labeled peptide with Ssb1 (data not
shown); a similar lack of detectable interaction between Ssb1
and APPY–peptide has been noted previously (51). Complexes
of Ssa1 were formed with the NBD–NR peptide. Using
stopped-flow spectroscopy, we monitored the ability of Fes1 to
stimulate a decrease in NBD–NR fluorescence upon mixing of
the Ssa1–NBD–NR complex with an excess of ATP and unla-
beled peptide. In the absence of Fes1, we observed a peptide
release off-rate of 0.083 � 0.002 s�1, which was accelerated
�8-fold by Fes1 (kobs of 0.66 � 0.017 s�1) (Fig. 4, E and F).
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Figure 4. Oxidation lessens Fes1 regulation of Hsp70 activities. A, model
for Fes1–Hsp70 interactions. Fes1 binds to an Hsp70 –ADP–peptide complex
and mediates the separation of the lobes of the Hsp70 NBD to facilitate ADP
release. The association of ATP with apo-Hsp70 induces peptide release. The
Fes1 core domain dissociates from ATP-bound Hsp70. The Fes1 N terminus
can bind to the open Hsp70 substrate-binding pocket to prevent peptide
re-association. B and C, ability of Fes1 to catalyze the exchange of nucleotide
bound to Ssb1 was monitored by stopped-flow. Ssb1 preloaded with MABA-
ADP was chased with an excess of ADP in the presence of untreated Fes1,
oxidant-treated Fes1 (Fes1(ox)), or Fes1(ox) pre-incubated with Mxrs. Aver-
aged fluorescence values, from a minimum of six replicates, are shown for one
independent experiment in B. C shows the rates � S.E. for three independent
experiments, where the rates for each experiment were determined from the
nonlinear fit of the average values from at least five technical replicates. D,
Ssa1 ATPase activity was monitored by following the accumulation of free
phosphate in the presence of the Ydj1 J-domain and Fes1. Data depict the
average from three independent experiments. Error bars represent the S.E. E
and F, release of bound NBD-labeled NR peptide from Hsp70 was monitored
by stopped-flow. Hsp70 preloaded with peptide was chased with an excess of
unlabeled NR peptide and ATP in the presence of Fes1, Fes1(ox), or Fes1(ox)
pretreated with Mxrs. E shows the averaged fluorescence values of a mini-
mum of six replicates from one independent experiment. F shows the rates
from three experiments, determined from the nonlinear fit of the average
data from at least five technical replicates per experiment. Error bars repre-
sent the S.E. G, ability of Fes1 to inhibit peptide association with Hsp70 was
monitored by anisotropy. Hsp70, or preformed Hsp70 –Fes1 complexes, were
rapidly mixed with FAM–NR peptide, and data were collected over 1 h. Aver-
age anisotropy values from three independent experiments are shown � S.E.
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Oxidant-treated Fes1 showed a decreased ability to stimulate
peptide release from Ssa1; relative to the off-rate observed in
the presence of untreated Fes1, oxidant-treated Fes1 peptide
release was slowed �5-fold (kobs of 0.136 � 0.023 s�1) (Fig. 4, E
and F). The activity of oxidant-treated Fes1 was restored when
incubated with a combination of Mxr1 and Mxr2, resulting in
an average off-rate for the Ssa1–peptide complex of 0.503 �
0.17 s�1 (Fig. 4F). Interestingly, peptide release kinetics
appeared to be more resistant to the effects of Fes1 oxidation, as
Fes1 inhibition required more oxidant (20-fold molar excess
NaOCl) compared with other Hsp70 activity assays, where Fes1
inhibition was observed upon oxidation with 10-fold molar
excess NaOCl (Fig. 4, B–D). It is unclear whether the increased
oxidant requirement we observed relates to technical differ-
ences for the distinct assays or whether the necessity for addi-
tional oxidation to impact peptide release has biological
implications.

Most recently, a new activity for the N-terminal region of
Fes1 as a pseudo-peptide has been reported, wherein the
association of the Fes1 N terminus with the substrate-binding
domain prevents the re-association of released peptide with the
Hsp70, to further facilitate Hsp70 peptide clearance (Fig. 4A)
(26). Fes1 was found to limit association of a dansyl-labeled NR
peptide with Ssa1, and this activity of Fes1 depended on the
presence of an intact Fes1 N terminus (26). Using anisotropy,
we observed a similar decrease in the association of Ssa1 with a
6-carboxyfluorescein (FAM)-labeled NR peptide in the pres-
ence of Fes1 (Fig. 4G). We found that oxidant-treated Fes1 was
less effective in limiting peptide association (Fig. 4G). Alto-
gether, these data suggest that oxidation diminishes all known
Hsp70-associated Fes1 activities; oxidation decreases the abil-
ity of Fes1 to facilitate Hsp70 nucleotide exchange, mediate
peptide release, and limit peptide association.

Interaction between Fes1 and Hsp70 is diminished upon Fes1
oxidation

Structural data for the Fes1 ortholog HspBP1 shows that the
core domain adopts a largely �-helical structure with a concave
face that embraces lobe II of the Hsp70 NBD (25). Four helical
repeats (formed by helices 3–14) adopt a structure similar to
Armadillo repeats; these repeats are capped at each end by lon-
ger helices (�1 and �15–17) (25). Homology modeling based on
the HspBP1 core structure predicts that the oxidant-sensitive
methionines for Fes1 map along �1 (Fig. S1) (22). It has been
suggested that a steric clash between �1 and the Hsp70 NBD is
what propels the change in NBD conformation that facilitates
nucleotide exchange (25). We reasoned that oxidized Fes1
(when associated with Hsp70) may be unable to facilitate a
change in NBD conformation (and nucleotide release). Alter-
natively, we speculated that conformational changes with �1
induced by oxidation may serve to more globally disrupt the
core domain structure and alter the ability for major contacts to
form between the Hsp70 lobe II and the Armadillo repeats,
precluding the association of Hsp70 and Fes1.

To test the latter possibility, we examined whether the asso-
ciation of Fes1 and Hsp70 was altered upon oxidation. Purified
recombinant His6-tagged Fes1 was immobilized on Ni-NTA
resin after treatment with oxidant (or mock treatment). Immo-

bilized Fes1 was then incubated with an equimolar amount of
untagged recombinant Ssb1. Yeast-purified Ssa1 preparations
could not be used in this assay, as Ssa1 was tagged with a His6-
tag. Consistent with prior studies, we observed a stable associ-
ation of Fes1 with Ssb1 (Fig. 5A) (22). We found that the inter-
action between Fes1 and Hsp70 was diminished upon Fes1
oxidation (Fig. 5A). The decreased interaction correlated with
the degree of Fes1 oxidation; treatment of Fes1 with increasing
amounts of NaOCl corresponded with the appearance of
increasingly-slower migrating Fes1 species and a decrease in
Hsp70 association (Fig. 5A). A modest background binding of
Ssb1 with the Ni-NTA beads was observed even in the absence
of Fes1 protein (Fig. 5A, lane 7); however, the majority of recov-
ered Ssb1 signal in the pulldowns required the presence of Fes1.
The decreased association between oxidized Fes1 and Ssb1
could be reversed by Mxr1/2 treatment; the recovery of Hsp70
bound to immobilized Fes1 was increased in samples where
oxidant-treated Fes1 was incubated with Mxr1/2 prior to
immobilization (Fig. 5B, lanes 6 versus 5). The presence of
Mxr1/2 and the thioredoxin system alone did not alter the asso-
ciation of unmodified Fes1 and Ssb1 (Fig. 5B, lanes 3 and 4).

Similar results were obtained also for experiments wherein a
more complex mixture of yeast cell lysate was used in lieu of
purified Hsp70 protein. Cytoplasmic Hsp70s of both the Ssa
and Ssb class were isolated from yeast lysates by immobilized
FLAG-tagged Fes1 (Fig. 5C), similar to what has been reported
previously (21, 22). Treatment of Fes1–FLAG with oxidant
prior to immobilization decreased the recovery of Ssa–Fes1 and
Ssb–Fes1 complexes (Fig. 5C). A striking protein band of �70
kDa was isolated in complex with untreated (reduced) Fes1, and
recovery of this band decreased upon Fes1 oxidation (Fig. 5C).
The �70-kDa band was confirmed to include both Ssa and Ssb
proteins by Western blotting (Fig. 5C). We noted above that
similar to oxidized Fes1, a Met–to–Gln mutant shows altered
NEF activity (Fig. S3). We observed that recovery of both Ssa
and Ssb proteins was decreased also for a FLAG-tagged Fes1
Met–to–Gln mutant (Fig. 5D), relative to untreated (reduced)
WT Fes1–FLAG. Altogether, these data suggest that Fes1 oxi-
dation disrupts the interaction with Hsp70. A decreased asso-
ciation between Hsp70 and Fes1 upon oxidation is consistent
with the overall disruption of Fes1 activities, including the abil-
ity to facilitate nucleotide exchange, peptide binding, and pep-
tide clearance (Fig. 4).

Discussion

We identified the yeast cytoplasmic NEF Fes1 as prone to
methionine oxidation under excessively-oxidizing conditions.
Our data show that when a cluster of three methionines (Met-
45, Met-49, and Met-53) in the Fes1 core domain are oxidized,
the physical association of the cytoplasmic Hsp70s and Fes1 is
diminished (Fig. 5), which correlates with an observed decrease
in the ability of oxidized Fes1 to stimulate Hsp70 nucleotide
exchange, peptide release, and/or peptide association (Fig. 4).
Although the impact for Fes1 oxidation on yeast physiology
remains a focus for future research efforts in the lab, we specu-
late that altered activity of Fes1 upon oxidation may benefit
cells during oxidative stress by helping to maintain cytoplasmic
proteostasis (53).
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A variety of proteins post-translationally modified by MetO
have been identified from a range of species, including many
proteins identified as oxidized in proteome-wide studies of
human cells treated with various oxidants (9, 12, 54, 55).
Recently, a database (MetOSite) was constructed, which
catalogs MetO sites from 3562 different proteins identified
across 23 species (56). Notably few S. cerevisiae methionine
oxidation–susceptible proteins are annotated in the MetOSite,
and our identification of Fes1 further extends the known targets
of MetO oxidation in this widely-studied model organism.
MetOSite lists only two yeast proteins identified as susceptible
to methionine oxidation: Mge1 (41) and enolase (shown to be
oxidized in vitro) (12).

Interestingly, one of the two reported yeast proteins suscep-
tible to oxidation (Mge1) is a NEF for the mitochondrial
Hsp70s, and it is attractive to consider that changes to Hsp70
chaperone function through modulation of NEF activity could
be a common theme in the response to oxidative stress in the
mitochondria and cytoplasm of yeast. The human orthologs of
the Hsp70 NEFs Fes1 (HspBP1) (54, 55), Mge1 (GrpEL) (54, 57),
and the cytoplasmic BAG family (54, 55) have also been identi-
fied with MetO adducts in proteomic studies, and we further
speculate that modulation of Hsp70 activity through NEF oxi-
dation may be conserved across species. Similar to what we
report for Fes1, directed studies of yeast Mge1 have demon-

strated that methionine oxidation lessens the interaction
between Mge1 and Hsp70 and decreases Mge1 NEF activity (41,
58, 59). In vitro oxidation of GrpEL similarly was shown to
lessen the ability of GrpEL to stimulate Hsp70 ATPase activity
(58).

We propose that a decrease in Fes1 activity upon oxidation
may be of benefit to cells during oxidative stress. A global inac-
tivation of cellular NEF activity during oxidative stress could
result in a prolonged association of ADP-bound Hsp70 with
peptide, which could serve to limit protein aggregation during
overly-oxidizing conditions. However, cells contain multiple
NEFs from distinct structural families (GrpE, Hsp110, Fes1, and
BAG family proteins) (13), and not all cellular NEF proteins
have been identified as prone to oxidation. In addition, for the
subset of NEFs identified as susceptible to MetO oxidation in
prior proteomic studies (mammalian HspBP1, GrpEL, and
BAG proteins), only GrpEL has been shown to become inacti-
vated upon methionine oxidation (58). Thus, we find it inter-
esting to consider specifically how inactivation of Fes1 activity
might benefit cells.

It has been previously shown that a strain disrupted for Fes1
activity (a fes1�) displays a decreased translation rate (35) and a
constitutively up-regulated heat-shock response (21). Given
that oxidation inactivates Fes1 activity (as would be true for a
fes1�), we speculate that Fes1 MetO modification could acti-
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vate beneficial stress responses such as translation attenuation
or the HSR, which would help cells cope with excess ROS dur-
ing oxidative stress. Ssb1/2 have an established role in protein
translation (60), and consistent with a change in translation
upon Fes1 oxidation, we found Fes1 oxidation lessened the
association of Fes1 with Ssb1/2 (Fig. 5). It has been suggested
that Fes1 may help to unload (release) the nascent chain from
Ssb1 (22), and a loss of Fes1 activity could slow translation by
stalling the nascent chain release. A decrease in protein load
during unfavorable folding conditions could benefit cells by
decreasing the folding burden on an already stressed cytoplas-
mic system. We also observed an elevated HSR for cells con-
taining a Fes1 Met–to–Gln mutant (Fig. 1). Similar functional
outcomes have been reported for proteins with methionine(s)
modified with methionine sulfoxide or mutagenized to gluta-
mine (37, 38). Consistent with the behavior of the Fes1 Met–
to–Gln substitutions as oxidomimetics, we observed that oxi-
dized Fes1 and a Fes1 Met–to–Gln mutant both showed a
decrease in NEF activity (Fig. 4 and Fig. S3) and a lessened
association with Hsp70 (Fig. 5). We suggest that the elevated
HSR seen for the Fes1 Met–to–Gln allele would be consistent
with HSR up-regulation as a consequence of Fes1 methionine
oxidation. We speculate that an increased production of HSR
targets (including additional chaperones) could serve to buffer
against an unfavorable folding environment during excessively-
oxidizing conditions.

Moreover, the recently reported role for the Fes1 N-terminal
region in peptide clearance suggests a unique activity for Fes1,
relative to the other classes of cytoplasmic NEFs (Hsp110 and
BAG proteins) that may be modulated by oxidation (26). It was
reported that the unstructured Fes1 N-terminal domain asso-
ciates with the Hsp70 SBD to limit Hsp70 re-association of
aggregation-prone substrates; aggregation-prone substrates
are proposed to include substrates with multiple exposed
hydrophobic patches that possess low apparent Hsp70 off-rates
(26). We suggest that during oxidative stress, the chance for
productive folding is low. We hypothesize that Fes1 inactiva-
tion during these suboptimal folding conditions would prolong
the interaction of substrates with the cytoplasmic Hsp70s, due
to the continued re-association of released substrates in the
absence of the action of the Fes1 N terminus. We propose this
extended Hsp70 binding may serve to limit the release and sub-
sequent aggregation of aggregation-prone substrates. It is
inferred that substrates prevented from re-associating with
Hsp70 (due to normal Fes1 activity) are delivered to the protea-
some to be degraded (26), and it is interesting to consider why
cells under oxidative stress might prioritize prolonged Hsp70 –
substrate interaction over substrate degradation. We propose
that an extended Hsp70 association of aggregation-prone sub-
strates during oxidative stress may be advantageous due to the
compromised activity of the 26S proteasome and ubiquitina-
tion-activating/conjugation machinery during oxidative stress
(61).

Alternatively (but not mutually exclusively), a decreased
association of oxidized Fes1 with the cellular Hsp70s may pro-
mote the interaction of Hsp70 chaperones with other binding
partners that in turn act to beneficially modulate Hsp70 chap-
erone activity. In mammals, HspBP1–Hsp70 complex forma-

tion precludes the association of Hsp70 with the ubiquitin
ligase CHIP (62), and HspBP1–Hsp70 association has been
shown to interfere with CHIP-induced degradation of mis-
folded Hsp70 substrates, including the cystic fibrosis trans-
membrane regulator (CFTR) and sequestered antigens (62–
64). Although yeast do not contain a CHIP homolog, it is
tempting to speculate that additional Hsp70 interactors exist
that may complex with Hsp70 in the absence of Fes1 to alter
Hsp70 chaperone function during oxidative stress. In mam-
mals, we speculate that oxidation of HspBP1 could promote the
association of Hsp70 with CHIP to facilitate protein turnover.

How oxidation of Met-45, Met-49, and Met-53 disrupts
Hsp70 association (and decreases Fes1 activity) remains to be
determined. For the structurally distinct NEF Mge1 (65), oxi-
dation was demonstrated to disrupt dimer formation (59), and
it was speculated that the dissociation of Mge1 dimers accounts
for the concomitant decrease in Hsp70 association (59). Given
the monomeric structure of HspBP1 (25), we anticipate that
Fes1 oxidation disrupts Hsp70 association through a different
means. Based on homology modeling, we suggest that all three
Fes1 methionines localize to one face of the first helix (�1) in
the Fes1 core domain (Fig. S1). Physical contact between the
Hsp70 NBD and the analogous �1 helix of human HspBP1 or
the yeast ER ortholog Sil1 was not observed in the published
Hsp70 –NEF complex structures (25, 66). Thus, we do not
expect Fes1 oxidation to disrupt an Hsp70 –NEF interface. Yet,
both structures were solved for only a portion of the NEF (the
core domain), and it remains possible that the �1 helix forms
direct Hsp70 contacts that remain to be observed and that may
be altered upon NEF oxidation. We can envision also that oxi-
dation of methionines in �1 may perturb the structure of helix
1, which could limit Hsp70 association as a consequence of
concomitant changes to the positioning of the flanking N-ter-
minal region and/or to the conformation of the Fes1 core. Helix
destabilization would be consistent with other reported exam-
ples of the outcome for methionine oxidation; for example, a
loss of the secondary helical structure as a consequence of
methionine sulfoxide formation was shown to disrupt interac-
tions normally formed by the �-amyloid peptide and small
heat-shock proteins (67, 68). Similar to what we observed for
Fes1, methionine residues within and around the �1 helix of
human HspBP1 (Met-93 and -104) have been identified as sus-
ceptible to oxidation (9, 54, 55). Despite an overall poor primary
sequence homology between yeast Fes1 and human HspBP1
(Fig. S1), we speculate that oxidation may occur at structurally
analogous positions and serve to similarly impact NEF activity.
Although our understanding of the exact nature of MetO-in-
duced structural perturbations in Fes1 remains imprecise, it is
evident that altering the oxidant-susceptible methionine resi-
dues in the �1 region perturbs Fes1 function; all of the site-
directed mutations we generated at these residues resulted in
proteins with compromised activity (Fig. S3).

Our characterization of Fes1 oxidation also revealed a cyto-
plasmic pool of the methionine sulfoxide reductase enzyme
Mxr2 (Fig. 3), which was characterized previously as a mito-
chondrial enzyme (40). Our data establish Fes1 as the first sub-
strate of cytoplasmic Mxr2 activity (Fig. 3); Mge1 has been
characterized as a mitochondrial Mxr2 substrate (41). To the
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best of our knowledge, our data characterize Fes1 also as the
first substrate of yeast Mxr1.

Uncovering a pool of cytoplasmic Mxr2 begins to explain
how reversible methionine oxidation is achieved for cytoplas-
mic yeast proteins. It is anticipated that oxidation of proteins
results in a mixture of both S-MetO and R-MetO adducts. A
MetO epimerase enzyme (capable of interconverting S- and
R-MetO species) has not been identified in yeast (or any other
organism), and until now the cytoplasm was expected to con-
tain a single enzyme with select activity toward S-MetO (40). A
cytosolic pool of both Mxr1 and Mxr2 explains how yeast can
reduce cytoplasmic proteins modified by both S-MetO and
R-MetO. The efficient reduction of MetO adducts allows cells
to regulate signaling events brought about by MetO protein
modifications and also limits the overoxidation of methionine
sulfoxide residues to irreversible methionine sulfone species,
which may lead to protein aggregation and damage. Although
identification of two cytoplasmic Msrs begins to clarify how
reversible methionine oxidation is achieved in the yeast cytosol,
we speculate that other yeast Msr proteins likely remain to be
identified, including a mitochondrial enzyme with activity
toward S-MetO as well as enzymes localized to the nucleus or
endoplasmic reticulum. Furthermore, we anticipate that yet to
be uncovered mechanisms may exist to regulate the distribu-
tion of Mxr2 between the cytoplasm and mitochondria depend-
ing on the redox conditions within these organelles.

In conclusion, our data establish a role for reversible methi-
onine oxidation of Fes1 in regulating the interaction between
Fes1 and Hsp70 and in modulating Hsp70 activities. Our results
provide a new perspective on how activities of the well-studied
Hsp70 family can be attuned by ROS and further define how
methionine modification is used as a means for cells to sense
and respond to oxidative stress. We anticipate that Fes1 MetO
modification may be conserved in other species, and we specu-
late that inactivation of Fes1 via MetO modification may be an
important means to regulate the critical activities of Hsp70
chaperones during oxidative stress.

Experimental procedures

Plasmid construction

A complete list of plasmids can be found in Table S1. Yeast
expression plasmids derive from the pRS vector series (69).
Gene sequences were amplified from genomic DNA prepared
from S288C strains CSY5 or BY4741 (70). For expression from
the endogenous promoter elements, sequences coding for the
ORF plus �1 kb and �500 bp of the 5� and 3� UTR, respectively,
were amplified. Epitope-tagged versions of Fes1 were con-
structed by insertion of sequence for a 3�FLAG epitope or GFP
immediately prior to the stop codon. Plasmids pEN254 –257
were generated by insertion of amplified MXR1 or MXR2
sequences plus sequence coding for a C-terminal mNeonGreen
tag into a p416TEF vector (53) (ATCC plasmid no. 87368).
pEN3 and pEN86 were constructed by cloning the DNA for the
complete Fes1 coding sequence or sequence coding for Fes1
residues 38 –290 into a pET21b vector (EMD Millipore) to gen-
erate an in-frame C-terminal His6-tag. The coding sequences
for yeast Mxr1, Mxr2 (beginning at residue 30), Trx1, and Trr1

and were similarly cloned into pET28a (EMD Millipore) to cre-
ate an in-frame N-terminal His6-tag and to generate plasmids
pEN55, pBM1, pEN208, and pEN108. Complete Ssb1 and Fes1
coding sequences were inserted into a modified version of the
pET28a vector containing a His6–SUMO tag to construct
pEN130 and pEN253. For pEN253, a C-terminal 3�FLAG was
inserted immediately prior to the stop codon. To make pEN21,
DNA sequence coding for the Ydj1 J-domain (residues 1– 69)
was inserted into pGEX-5X-3 (GE Healthcare). pCS980 was
constructed by inserting the upstream sequence from SSA3
(nucleotides �468 to 	6) prior to the bacterial lacZ sequence
in a pRS315 vector. QuikChange site-directed mutagenesis
(Agilent Technologies) was performed to generate amino acid
substitutions. All plasmids and mutations generated were con-
firmed by sequencing.

Yeast strains and growth conditions

S. cerevisiae strains were grown and genetically manipulated
using standard techniques (71). Cultures were grown in rich
medium (1% Bacto-yeast extract and 2% Bacto-peptone) con-
taining 2% dextrose (YPD) or 2% galactose (YPGal) or minimal
medium (0.67% nitrogen base without amino acids supple-
mented with 14 amino acids, uracil, and adenine) containing 2%
dextrose (SMM) or 2% galactose (SGal). Uracil or leucine sup-
plements were removed from minimal media to select for plas-
mids as needed.

A complete list of yeast strains used in this study can be found
in Table S2. Strain CSY751 was made by one-step gene replace-
ment of the coding region of FES1 with KanMX in BY4741 (72).
Strains CSY974-976 were generated from standard crosses ini-
tiated from the mxr1� and mxr2� BY47411 and BY4742 dele-
tion collection strains (Research Genetics). Strain CSY825 was
a kind gift from Dr. Kevin Morano (University of Texas Health
Science Center) and is described in Ref. 21. Strain AJMY28 was
generously provided by Dr. Jeffrey Brodsky (University of Pitts-
burgh) and is described in Ref. 73.

Cell-based assays to monitor levels of oxidized Fes1 in vivo

Yeast cells expressing Fes1–FLAG constructs were grown to
mid-log phase in minimal medium, and cultures were treated
for the final 30 min prior to harvesting at 30 °C with the follow-
ing stressors: 5–10 mM hydrogen peroxide (EMD), 5–10 mM

tert-butyl hydroperoxide (Alfa Aesar), 5–10 mM cumene
hydroperoxide (CHP) (Alfa Aesar), 0.5–1 mM sodium hypo-
chlorite (Sigma), 10 –50 �g/ml, cycloheximide (Amresco),
5–10 mM dithiothreitol (DTT) (GoldBio), or 5–10 mM diamide
(TCI). Heat-shocked samples were shifted to a 37 °C water bath
for 1 h prior to harvest. Cells (5 OD600) were harvested and
washed in sterile water, and lysates were prepared by alkaline
lysis (74). Proteins were suspended in 100 �l of SDS sample
buffer (60 mM Tris-HCl, pH 6.8, 5% glycerol, 2% SDS, 0.0025%
bromphenol blue) with 5% BME, and samples were boiled at
100 °C for 5 min. Insoluble material was removed with a 1-min
spin at 21,130 � g. Soluble proteins were separated by reducing
SDS-PAGE (12% gel) and transferred to nitrocellulose. Proteins
were detected using an anti-FLAG mouse mAb (Agilent Tech-
nologies; catalog no. 200472) or anti-FLAG rat mAb (Thermo
Fisher Scientific; clone L5, catalog no. MA1-142), and an Alexa
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488 – conjugated anti-mouse (Invitrogen; catalog no. A11029)
or an Alexa 488- or Alexa 546 – conjugated anti-rat (Invitrogen;
catalog nos. A11006 and A11081) secondary antibody. Fluores-
cent signals were detected with a ChemiDoc MP system (Bio-
Rad). Images shown are representative of at least three indepen-
dent experiments.

Heat-shock activation assay

Yeast (CSY825) transformed with an HSE-lacZ reporter plas-
mid (pCS980) and the indicated CEN FES1 plasmids (pEN139
and pEN141–143) were grown in SMM medium at 30 °C until
mid-log phase (OD600 between 0.5 and 0.7). Heat-shocked sam-
ples were shifted to a 37 °C water bath for the last 1 h prior to
harvest. Cells were permeabilized using Y-PER (Thermo Fisher
Scientific), and �-gal activity was quantified as described (75).
For each experiment, three yeast transformants of each strain
were assayed in duplicate. Error bars denote standard deviation
of the average from three independent experiments.

Mass spectrometry

WT cells expressing Fes1–FLAG from a 2-�m plasmid were
grown in SMM medium at 30 °C until mid-log phase and were
treated with 10 mM CHP for 30 min at 30 °C prior to harvest.
Cells (200 OD600) were collected, washed in sterile water, and
lysed by alkaline lysis (74). Proteins were suspended in 100 �l of
SDS sample buffer with 5% BME, and samples were boiled at
100 °C for 5 min. Lysate proteins were incubated for 30 min at
room temperature in 1 ml of IP buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1% Triton X-100). Unbroken cells and insoluble
material were removed by centrifugation for 5 min at 21,130 �
g. The remaining supernatant (1 ml) was added to 250 �l of
anti-FLAG bead resin slurry (Sigma) and incubated overnight
at 4 °C. Beads were washed five times with 1 ml of IP buffer, and
bound proteins were eluted using 250 �l of SDS sample buffer
with 5% BME and boiled at 100 °C for 5 min. To concentrate
proteins, 1.5 ml of cold acetone was added and incubated at
�20 °C overnight. Protein precipitate was collected after a
21,130 � g spin at 4 °C for 15 min, dried, and resuspended in 40
�l of SDS sample buffer with 5% BME. Proteins were separated
by reducing SDS-PAGE (10% gel) and visualized with SYPRO
Ruby (Invitrogen). Gel bands corresponding to Fes1–FLAG
were extracted and analyzed by MS at the Cornell University
Proteomics and Mass Spectrometry Core facility. To limit
spontaneous methionine oxidation, all sample preparation
steps at the facility were conducted in the presence of 20 mM

methionine, and trypsin digestion was limited to 3 h at room
temperature, and the HPLC trapping column was pre-washed
with 20 mM EDTA three times prior to nanoLC-MS/MS
analysis.

Protein expression and purification

Plasmids encoding for recombinant His6-tagged proteins
(Fes1, Mxr1, Mxr2, Trx1, and Trr1) were transformed into
BL21 (DE3) cells, and fresh transformants were grown over-
night at 37 °C in LB medium containing 100 �g/ml ampicillin or
15 �g/ml kanamycin. The following morning, cells were diluted
1:50 into LB containing fresh antibiotic, and cultures were
grown at 37 °C until an OD600 of 0.5 was reached. Cells were

shifted to 18 °C for 30 min, and protein expression was induced
with 0.5 mM isopropyl �-D-thiogalactopyranoside (GoldBio).
After 18 h, cells were harvested, and pellets were stored at
�80 °C. Cells were thawed and resuspended in lysis buffer (50
mM sodium phosphate, pH 8, 0.5 M NaCl, 10 mM imidazole, 10%
glycerol) containing an EDTA-free protease inhibitor mixture
(Pierce), 5 mM BME, 12.5 units/ml benzonase (Pierce), and 2
mg/ml lysozyme (VWR). Resuspended cells were lysed on ice
with a microtip sonicator using five 30-s pulses (with a 2-min
rest between pulses) at a 60% duty cycle. Insoluble material was
removed by centrifugation at 23,700 � g for 20 min at 4 °C.
Soluble material was loaded onto a HiTrap chelating column
(GE Healthcare) charged with nickel. The column was washed
with at least 10 column volumes (cv) of lysis buffer and 10 cv of
wash buffer (50 mM sodium phosphate, pH 8, 0.5 M NaCl, 20 mM

imidazole, 10% glycerol) until the A280 signal baselined. Protein
was eluted with 5 cv of elution buffer (50 mM sodium phos-
phate, pH 8, 0.5 M NaCl, 250 mM imidazole, 10% glycerol). Pro-
tein fractions were collected, exchanged into desalting buffer
(10 mM Tris-HCl, pH 7.4, 50 mM NaCl, 10% glycerol) using a
PD-10 desalting column (GE Healthcare), and concentrated
using a centrifugal filter (Millipore). Purified proteins were
flash-frozen in liquid nitrogen and stored at �80 °C. Concen-
trations were determined by BCA protein assay (Thermo Fisher
Scientific) using BSA as a standard.

His6–SUMO–Ssb1 (pEN130) and His6–SUMO–Fes1–
FLAG proteins (pEN253 and pEN258) were expressed and
purified by metal-affinity chromatography as above. Protein
elution fractions were collected and concentrated, and the
His6–SUMO tag was cleaved off the protein at 4 °C using
recombinant yeast His6–Ulp1 protease. Proteins were ex-
changed into lysis buffer with a PD-10 column (to remove im-
idazole), and the uncleaved protein, protease (His6-tagged), and
the released His6–SUMO tag were removed with a HiTrap
chelating column charged with nickel and equilibrated in lysis
buffer. Fes1–FLAG was used without additional purification.
Untagged Ssb1 was further purified to facilitate nucleotide
removal. Ssb1 protein fractions were exchanged into 10 mM

Tris-HCl, pH 7.4, 10% glycerol, 10 mM EDTA using a PD-10
desalting column and incubated at 4 °C overnight to allow for
nucleotide release. Apoprotein was isolated using a HiTrap
Blue HP column (GE Healthcare). Ssb1 was eluted with a salt
gradient (0 –2 M NaCl), and fractions containing Ssb1 were col-
lected and concentrated, and Ssb1 protein was stored in desalt-
ing buffer (10 mM Tris-HCl, pH 7.4, 50 mM NaCl, 10% glycerol)
at �80 °C. Purified protein was confirmed to be nucleotide-free
by HPLC.

Plasmid coding for GST–Ydj1(1– 69) (pEN21) was similarly
transformed into BL21 (DE3) cells, and protein was expressed
as above. Harvested cells were thawed and resuspended in PBS
containing an EDTA-free protease inhibitor mixture, 5 mM

BME, 12.5 units/ml benzonase, and 2 mg/ml lysozyme and
lysed by sonication as above. After sonication, 0.1% Triton
X-100 final was added to the lysate mixture. Insoluble material
was removed by centrifugation at 23,700 � g for 20 min at 4 °C,
and soluble material was loaded onto a GSTrap column (GE
Healthcare). The column was washed with at least 20 cv of wash
buffer 1 (PBS with 2 mM EDTA), 20 cv of wash buffer 2 (PBS
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with 2 mM EDTA, 1 M KCl, and 0.1% Triton X-100), 20 cv of
ATPase wash buffer (50 mM Tris-HCl, pH 7.4, 2 mM ATP, 10
mM MgOAc2, 200 mM KOAc), and 10 cv of PBS until the A280
signal of the column flow-through baselined. Protein was
eluted with 5 cv of elution buffer (50 mM Tris-HCl, pH 8, 10 mM

reduced GSH, 10% glycerol). Protein fractions were collected,
desalted, concentrated, flash-frozen, and stored as above.

The yeast strain AJMY28 was generously provided by Dr.
Jeffrey Brodsky (University of Pittsburgh), and His6–Ssa1 was
purified from this strain as described previously (73), with
minor alterations. Cells freshly streaked from a frozen glycerol
stock were grown in SGal-ura medium at 30 °C to saturation.
Saturated cultures were diluted 1:20 into YPGal, and cultures
were grown overnight (�20 h) at 30 °C until cells reached late
log phase (OD600 between 2.5 and 3). Cell pellets were har-
vested and resuspended at a 1:1 volume ratio in Ssa1 lysis buffer
(50 mM sodium phosphate, pH 7.8, 300 mM NaCl, 10 mM imid-
azole, 5 mM BME) containing 1 mM PMSF (VWR) and 1 �M

pepstatin A (Alfa Aesar). Suspended cells were frozen by drop-
wise addition of the cell slurry into liquid nitrogen, and frozen
cells were stored at �80 °C. Cells were lysed with 10 2-min
runs/1-min rests in a cryomill (SPEX SamplePrep) set at 12 cps.
Insoluble material was removed by centrifugation at 23,700 � g
for 20 min at 4 °C, and soluble material was incubated with
Ni-NTA–agarose resin (Thermo Fisher Scientific) for 2 h at
4 °C. The resin was washed with 10 cv of Ssa1 lysis buffer, and
bound protein was eluted with 3 cv of Ssa1 elution buffer (50
mM sodium phosphate, pH 7.8, 300 mM NaCl, 200 mM imidaz-
ole, 5 mM BME). Ssa1 protein fractions were subsequently
diluted with an equal volume of ATP-agarose buffer (25 mM

HEPES-KOH, pH 7.4, 10 mM NaCl, 10 mM KCl, 5 mM MgCl2,
2.5% glycerol, 5 mM BME) and loaded onto a 5-ml ATP-agarose
column (Sigma, catalog no. A2767). The column was washed
with 5 cv of ATP-agarose buffer and then with 5 cv of ATP-
agarose buffer with 50 mM NaCl. Bound protein was eluted
from the column with 3 cv of ATP-agarose buffer containing 2
mM ATP. Final eluted fractions were collected, exchanged into
desalting buffer (10 mM HEPES-KOH, pH 7.4, 50 mM NaCl, 10%
glycerol), and concentrated using a centrifugal filter (Milli-
pore). Purified proteins were flash-frozen in liquid nitrogen and
stored at �80 °C. Concentrations were determined by a BCA
protein assay as above.

In vitro Fes1 oxidation and reduction

Purified recombinant Fes1–His6 protein (10 �M) was diluted
in desalting buffer (10 mM Tris-HCl, pH 7.4, 50 mM NaCl) with
sodium hypochlorite (Sigma) in quantities ranging from
equimolar (10 �M NaOCl) to 20-fold molar excess (200 �M

NaOCl) for 60 min at room temperature. To monitor the extent
of oxidation, proteins were separated by reducing SDS-PAGE
(12% gel) and visualized by staining with Coomassie Brilliant
Blue.

To prepare oxidized Fes1 for later reduction with methio-
nine sulfoxide reductase enzymes, Fes1–His6 (50 �M) was incu-
bated with 500 �M NaOCl in desalting buffer for 60 min at room
temperature, and excess oxidant was removed with a Bio-Gel
P6 Microspin column (Bio-Rad). For all Hsp70 assays making
use of oxidant-treated Fes1, buffer with oxidant was similarly

desalted for the no Fes1 control. To reduce Fes1 and recycle the
Mxr enzymes, oxidized Fes1–His6 (5 �M) was added to His6–
Mxr1 (0.5 �M), His6–Mxr2(�1–29) (0.5 �M), and either 0.5 mM

DTT or a mixture of 0.25 �M His6–Trx1, 0.25 �M His6–Trr1,
and 0.5 mM NADPH in a final reaction volume of 50 �l. For
Hsp70 assays, oxidized Fes1 was reduced by incubation with
equimolar His6–Mxr1 and His6–Mxr2(�1–29) in the presence
of 10 mM DTT. Samples were incubated with Mxrs for 60 min at
room temperature. When analyzed by electrophoresis, samples
were quenched with the addition of SDS sample buffer, and
proteins were separated by reducing SDS-PAGE (12% gel) and
visualized by staining with Coomassie Brilliant Blue.

ATP-hydrolysis measurements

ATP hydrolysis was measured using a modified version of
the EnzChek Phosphate Assay kit (Thermo Fisher Scientific) as
described previously (76). In brief, ATP hydrolysis was assayed
in ATPase buffer (50 mM Tris-HCl, pH 7.4, 50 mM KCl, 5 mM

MgCl2, 1 mM DTT) containing 200 �M 2-amino-6-mercapto-
7-methylpurine riboside, 0.2 units/ml purine nucleoside phos-
phorylase, and 5 mM ATP. Phosphate generation was moni-
tored by following the change in absorbance at room tem-
perature using a BioTek Synergy 2 microplate reader. Final pro-
tein concentrations were as follows: 0.5 �M His6–Ssa1, 1 �M

GST–Ydj1(1– 69), and 1 �M Fes1–His6 (reduced or oxidized
with 10-fold molar excess NaOCl). Fes1–His6 or GST–Ydj1
proteins were assayed alone to confirm an absence of contam-
inating ATP hydrolysis activity.

Stopped-flow nucleotide and peptide release assays

Experiments were carried out in HKM buffer (25 mM

HEPES-KOH, pH 7.4, 150 mM KCl, 5 mM MgCl2, 1 mM DTT),
and data were collected with a Hi-Tech SFA-20 stopped-flow
coupled to a Fluoromax-4 spectrofluorometer. To monitor nu-
cleotide release, Ssb1–MABA-ADP complexes were prepared
by incubation of 2 �M nucleotide-free Ssb1 and 2 �M MABA-
ADP (Jena Bioscience) in a final volume of 2 ml at room tem-
perature for 5 min. Dissociation of the fluorescent nucleotide
analog was monitored upon addition of Fes1–His6 and an
excess ADP, for a final reaction of 1 �M Ssb1, 1 �M MABA-
ADP, 125 �M ADP, and 1 �M Fes1–His6 (reduced or oxidized
with 10-fold molar excess NaOCl). Data were collected at 0.05-s
intervals during a 60-s time course, with an excitation wave-
length of 335 nm, an emission wavelength of 440 nm, and a
3-nm slit width. To monitor peptide release, His6–Ssa1–
NBD–NR complexes were prepared by incubation of 5 �M

His6–Ssa1 and 2 �M NBD–NRLLLTG peptide (NBD–NR; Elim
Biopharmaceuticals) in a final volume of 2 ml at room temper-
ature for 1 h. Dissociation of the fluorescently-labeled peptide
was monitored upon addition of excess unlabeled NR peptide
(Elim Biopharmaceuticals), ATP, and 5 �M Fes1–His6 (reduced
or oxidized with 20-fold molar excess NaOCl). The final reac-
tion consisted of 2.5 �M His6–Ssa1, 1 �M NBD–NR, 250 �M

ATP, 125 �M NR peptide, and 2.5 �M Fes1–His6. Data were
collected at 0.05-s intervals during a 60-s time course, with an
excitation wavelength of 465 nm, an emission wavelength of
533 nm, and a 5-nm slit width. Data curves for nucleotide and
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peptide release assays were fit to a one-phase exponential decay
using GraphPad Prism (version 8.0).

Peptide-association measurements

Experiments were carried out in HKM buffer, and anisotropy
measurements were performed with a Fluoromax-4 spectro-
fluorometer using a sub-micro quartz fluorometer cell (Starna).
Ssa1–Fes1 complex was prepared by incubation of 50 �M His6–
Ssa1 with an equimolar concentration of Fes1–His6 (reduced or
oxidized with 10-fold molar excess NaOCl) in a final volume of
50 �l at room temperature for 30 min. Fluorescently-labeled
peptide association was monitored upon addition of a 10 �M

complex to a reaction containing 50 nM fluorescein-labeled NR
peptide (FAM–NR; Elim Biopharmaceuticals) in a 150-�l final
volume. Fluorescence anisotropy measurements were collected
at 12-s intervals over 60 min at an excitation wavelength of 492
nm, an emission wavelength of 516 nm, and a 12-nm slit width.

Cellular subfractionation

WT yeast cells expressing GFP-tagged Mxr constructs were
grown to mid-log phase in minimal medium. Cells (100 OD600)
were harvested, washed with sterile water, and washed with a
buffer of 50 mM Tris-HCl, pH 7.4, 10 mM sodium azide. Cells
were incubated in 100 mM Tris-SO4, pH 9.4, with 50 mM BME
for 15 min at room temperature, and cells were harvested and
resuspended in 1.2 M sorbitol with 10 mM Tris-HCl, pH 7.4, plus
lyticase. After a 45-min incubation at room temperature,
spheroplasts were harvested by centrifugation, washed with 10
mM Tris-HCl, pH 7.4, 1.2 M sorbitol, and lysed on ice using a
Dounce homogenizer in 1 ml of lysis buffer (0.2 M sorbitol, 50
mM Tris-HCl, pH 7.4, 1 mM EDTA) containing a yeast Protease
Arrest protease inhibitor mixture (G Biosciences). Cell debris
was cleared by centrifugation at 3000 � g at 4 °C, and mito-
chondria-containing pellets were collected by centrifugation of
the post-nuclear supernatant (500 �l) at 20,000 � g at 4 °C. The
mitochondria-containing pellet was resolubilized and saved for
further analysis. A portion (250 �l) of the post-mitochondrial
(cytosolic) fraction was re-centrifuged at 70,000 � g at 4 °C to
remove high-density membranes and protein aggregates, and
the remaining soluble material was saved as a representative of
the cytosol. SDS sample buffer and 5% BME final were added to
proteins collected in each fraction sample, and proteins were
separated by reducing SDS-PAGE (12% gel). Proteins were
transferred to nitrocellulose, and Mxr proteins were detected
using an anti-GFP mouse mAb (Clontech; catalog no. 632569).
Control proteins were detected using mouse monoclonal anti-
porin (Invitrogen; clone 16G9E6BC4, catalog no. 459500) or
anti-Pgk1 (Invitrogen; clone 22C5D8, catalog no. 459250) anti-
bodies. Protein signals were visualized using an Alexa 488 –
conjugated anti-mouse secondary antibody and a ChemiDoc
MP system. A representative image of three independent
experiments is shown.

Fluorescence microscopy

Images were acquired using a CSU-X spinning-disk confocal
microscopy system (Intelligent Imaging Innovations) equipped
with a DMI 6000B microscope (Leica) and a �100 1.47NA field
planarity apochromat objective lens and a scientific comple-

mentary metal-oxide-semiconductor (sCMOS) camera (ORCA
Flash4.0 V2, Hamamatsu). WT cells transformed with pTB3390
(Mito-RFP) (obtained from Dr. Anthony Bretscher, Cornell Uni-
versity, New York) and the indicated MXR-mNeonGreen plasmid
were grown to log phase at 30 °C in SMM medium, and cells were
harvested, attached to a glass-bottomed dish coated with conca-
navalin A (EY Laboratories, Inc.), and washed with cell medium.
Cells were live-imaged at room temperature. SlideBook 6.0 soft-
ware was used to operate the microscopy system and analyze the
images. Multiplane images to reach the top and bottom of each cell
were taken at 0.3-�m steps (�20–25 total planes) and used to
create z-stack maximum projections.

Protein pulldown assays

To assess complex formation between recombinant Fes1 and
Ssb1, Fes1–His6 (10 �g) was incubated with 20 �l of HisPur
Ni-NTA magnetic bead suspension (Thermo Fisher Scientific)
in a total volume of 100 �l of binding buffer (50 mM sodium
phosphate, pH 8, 100 mM NaCl, 10 mM imidazole, 0.1% Igepal,
2% glycerol, 1 mM DTT, 1 �M pepstatin A). Samples were
rotated for 1 h at 4 °C, and beads were collected by magnetiza-
tion. Beads were washed three times with 500 �l of binding
buffer to remove unbound proteins, and washed beads were
suspended in a final volume of 100 �l of binding buffer.
Untagged Ssb1 (20 �g) was added to the beads, and samples
were rotated at 4 °C for 1 h. Beads were magnetized and washed
three times with 500 �l of binding buffer. Bound proteins were
solubilized in 25 �l of sample buffer containing 5% BME. Sam-
ples were resolved on an SDS-acrylamide gel (12%) and visual-
ized with Coomassie Brilliant Blue. Band intensities were quan-
tified using Image Lab software (version 5.2). A representative
image of three independent experiments is shown.

To assess association of recombinant Fes1 with yeast cytoso-
lic proteins, Fes1–FLAG (�40 �g) or an equivalent amount of
BSA (Calbiochem) was incubated with 25 �l of anti-FLAG bead
slurry (Sigma) in a total volume of 200 �l of desalting buffer.
Samples were rotated for 1 h at 4 °C, and beads were collected
by centrifugation at 1000 � g for 2 min. Beads were washed
three times with 500 �l of binding buffer to remove unbound
proteins. Cytosol was prepared from WT yeast (BY4741),
which were grown to saturation at 30 °C, harvested by centrif-
ugation, and resuspended in a 1:1 volume ratio of desalting
buffer containing 1 �M pepstatin A and 1 mM PMSF. Cells were
lysed using a cryomill (SPEX SamplePrep) using 10 2-min runs
(with 1-min rest between cycles) at 12 cps. Insoluble lysate
material was removed by centrifugation at 23,700 � g for 20
min at 4 °C, and the remaining cytosolic fraction (1 ml) was
added to the prepared FLAG beads and incubated for 2 h at
4 °C. Beads were collected by centrifugation at 1000 � g for 2
min and washed three times with 500 �l of binding buffer, and
proteins were solubilized in 50 �l of sample buffer containing
5% BME. Proteins were resolved on an SDS-acrylamide gel
(12%) and visualized with Coomassie Brilliant Blue stain or by
Western blotting. Primary antibodies against the yeast cytoso-
lic Hsp70s (anti-Ssa, anti-Ssa3/4, and anti-Ssb) were generously
provided by Dr. Elizabeth Craig (University of Wisconsin-Mad-
ison). Proteins were visualized using an Alexa 488 – conjugated
anti-rabbit secondary antibody (Invitrogen; catalog no. A21206)
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imaged with a ChemiDoc MP system. A representative image of
three independent experiments is shown.

Statistical analysis

Data quantification and statistical analysis, including normal-
ization, calculation of means and error, data fitting, and statistical
tests, were conducted using GraphPad Prism (version 8.0).
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62. Alberti, S., Böhse, K., Arndt, V., Schmitz, A., and Höhfeld, J. (2004) The
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