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Methionine sulfoxide reductase 2 reversibly 
regulates Mge1, a cochaperone of mitochondrial 
Hsp70, during oxidative stress
Praveen Kumar Allu, Adinarayana Marada, Yerranna Boggula, Srinivasu Karri, 
Thanuja Krishnamoorthy, and Naresh Babu V. Sepuri
Department of Biochemistry, School of Life Sciences, University of Hyderabad, Gachibowli, Hyderabad 500046, India

ABSTRACT  Peptide methionine sulfoxide reductases are conserved enzymes that reduce 
oxidized methionines in protein(s). Although these reductases have been implicated in sev-
eral human diseases, there is a dearth of information on the identity of their physiological 
substrates. By using Saccharomyces cerevisiae as a model, we show that of the two methion-
ine sulfoxide reductases (MXR1, MXR2), deletion of mitochondrial MXR2 renders yeast cells 
more sensitive to oxidative stress than the cytosolic MXR1. Our earlier studies showed that 
Mge1, an evolutionarily conserved nucleotide exchange factor of Hsp70, acts as an oxidative 
sensor to regulate mitochondrial Hsp70. In the present study, we show that Mxr2 regulates 
Mge1 by selectively reducing MetO at position 155 and restores the activity of Mge1 both in 
vitro and in vivo. Mge1 M155L mutant rescues the slow-growth phenotype and aggregation 
of proteins of mxr2Δ strain during oxidative stress. By identifying the first mitochondrial sub-
strate for Mxrs, we add a new paradigm to the regulation of the oxidative stress response 
pathway.

INTRODUCTION
Persistent oxidative stress is responsible for several neurological 
disorders, heart failure, and ageing (Finkel and Holbrook, 2000; 
Orrenius et al., 2007). To combat oxidative stress, cellular systems 
have evolved several antioxidant defensive mechanisms. Methion-
ine sulfoxide reductases (Msrs) are among the important regulators 
of oxidative stress (Levine et al., 2000). These enzymes reduce either 
free or protein-bound oxidized methionine in a thioredoxin and thi-
oredoxin reductase–dependent mechanism to prevent the accumu-
lation of oxidized proteins and amino acids. In yeast, they are three 
methionine sulfoxide reductases, known as fRMsr, Mxr1/MsrA, and 
Mxr2/MsrB. The first is responsible for reducing free methionine sul-
foxide (free Met-SO), and the last two are involved in the reduction 

of oxidized methionine present in proteins (Boschi-Muller et  al., 
2008; Le et al., 2009). Oxidation of methionine can produce a di-
astereomeric mixture of R and S methionine sulfoxide forms. Mxr1 
apparently plays a role in reducing the S form of sulfoxide, whereas 
Mxr2 acts specifically on R sulfoxides. The mechanism of action of 
these enzymes has been well characterized in vitro using reconstitu-
tion assays containing purified Mxrs (Boschi-Muller et  al., 2008; 
Tarrago et al., 2012). Homologues of Mxr proteins are present across 
evolution and have been found to play an essential role in the pre-
vention of oxidative damage to proteins mediated by reactive oxy-
gen species (ROS) in bacterial, plant, and animal cells (Zhang and 
Weissbach, 2008). These enzymes have been implicated in ageing 
and age-related disorders such as Alzheimer and Parkinson disease, 
cataract development, and insulin resistance (Gabbita et al., 1999; 
Kantorow et al., 2004; Glaser et al., 2005; Styskal et al., 2013). De-
spite their clinical relevance, there is a paucity of information on the 
identity of the physiological substrates of Mxrs and their regulation. 
Several reports suggest NF-κBα, potassium channel, and calmodu-
lin as possible substrates of Mxrs (Ciorba et  al., 1997; Midwinter 
et al., 2006; Erickson et al., 2008). In a recent report, SelR, a homo-
logue of MsrB in Drosophila, was shown to reduce the oxidized R 
form of methionine in actin and thereby regulate actin polymeriza-
tion (Hung et al., 2013). In mammals, MsrA has two isoforms present 
in mitochondria and cytosol, whereas MsrB has multiple isoforms 
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of H2O2. Hence we monitored the growth of serially diluted yeast 
Saccharomyces cerevisiae cells in wild type (BY4741), deleted for 
MXR1 (mxr1Δ), or deleted for MXR2 (mxr2Δ) on yeast extract/
peptone/dextrose (YPD) plates with or without the addition of 1 mM 
H2O2. Both deletion strains exhibited normal growth, similar to wild-
type strain on control YPD plates (Figure 1A, top left), whereas slow 
growth was observed in the case of all the strains on YPD plates with 
1 mM H2O2. Of most interest, cells deleted for MXR2 were found to 
be highly sensitive to H2O2 compared to wild- type or mxr1Δ strains 
(Figure 1A, top right). Similar results were obtained when we 
grew all the strains in liquid YPD medium with or without H2O2 
(Figure 1B). These results implicate Mxr2 rather than Mxr1 as 
having a potential role in the oxidative stress response pathway. 
However, yeast having a double deletion of MXR1 and MXR2 are 
much more sensitive to H2O2 than yeast harboring only the MXR2 
deletion (Supplemental Figure S1).

Epifluorescence studies have shown that green fluorescent pro-
tein GFP–Mxr2 is present in the mitochondria, whereas GFP-Mxr1 
stays in the cytoplasm (Kaya et al., 2010). However, the precise sub-
compartmental localization of Mxr2 within the mitochondria is not 
known. To determine the localization of Mxr2 within the mitochon-
dria, we monitored the import of in vitro 35S-labeled Mxr2 along 
with cytoplasm-localized Mxr1 and a known mitochondrial matrix–
localized protein, Su9-DHFR, into mitochondria. Our results show 
that Mxr1 is poorly bound to mitochondria, as it is found to be sen-
sitive to externally added protease, confirming its cytosolic localiza-
tion (Figure 1C, bottom). We find that both Mxr2 and Su9-DHFR are 
enriched in the mitochondrial matrix fraction. Like Su9-DHFR, Mxr2 
appears to be effectively processed by a mitochondrial matrix–lo-
calized processing peptidase, and the processed mature protein 
band is protected from the externally added trypsin (Figure 1C). 
However, both imported proteins become accessible to trypsin 
when the membranes are solubilized with Triton X-100 before pro-
tease treatment (Figure 1C, lane 5), indicating the matrix localiza-
tion of Mxr2 and Su9-DHFR. Valinomycin dissipates the membrane 
potential and inhibits the import of matrix-targeted proteins. We 
observe complete abolition of the import of Mxr2 into valinomycin-
treated mitochondria (Figure 1C, lanes 3 and 4). To further confirm 
the matrix localization of Mxr2, we resolved the cytoplasmic and 
mitochondrial fractions from the strain expressing Flag-Mxr2 on 
SDS–PAGE before carrying out Western blot analysis using antibod-
ies against proteins that are benchmarks for the two fractions, be-
sides Flag antibody for detecting Mxr2. Flag-Mxr2 was detected 
only in the mitochondrial fraction (Figure 1D). Tom40, known to be 
enriched in the mitochondrial fraction, and Fun12, a marker for cy-
tosolic fraction, were used as controls. The mitochondrial fraction 
was further subfractionated to mitoplasts or subjected to Triton 
X-100 treatment as described in Materials and Methods. The frac-
tions containing mitochondria, mitoplasts, and Triton X-100 treated 
mitochondria were further incubated with or without Proteinase K 
and subjected to Western blot analysis. Proteins Tom40, CCP1, and 
aconitase, which are hallmarks of the outer membrane, inter mem-
brane space, and matrix fractions, respectively, were used as con-
trols. Flag-Mxr2 and aconitase were detected in the matrix fraction, 
as they were resistant to protease action in the mitochondria and 
mitoplasts fractions, whereas Tom40, and CCP1 protein were sus-
ceptible to protease treatment (Figure 1E). When the mitochondrial 
membranes were solubilized with Triton X-100, all proteins were 
susceptible to externally added protease (Figure 1E, lane 6). Taken 
together, these results clearly show that Mxr2 is targeted to matrix 
region of mitochondria and functions in the oxidative stress re-
sponse pathway.

scattered in various organelles of the cell. Multiple forms of Msrs 
have also been detected in mammalian mitochondria (Kim and 
Gladyshev, 2004). In yeast, Mxr1 is localized to cytosol, whereas 
Mxr2 is present in mitochondria. In yeast, deletion of MXR1 or MXR2 
or both abolishes growth on nonfermentable carbon sources, indi-
cating that mitochondrial function is derailed (Kaya et  al., 2010). 
However, the precise role of Mxr1 or Mxr2 in mitochondria and their 
physiological substrates has yet to be discovered.

Mitochondrial biogenesis requires continuous translocation of 
nucleus-encoded and cytoplasm-synthesized proteins to different 
compartments of mitochondria (Chacinska et al., 2009; Tammineni 
et al., 2013). Oxidative conditions within the cell influence the im-
port of preproteins into mitochondria (Wright et al., 2001). Pretreat-
ment of mitochondria with antimycin A, a superoxide-generating 
oxidizing agent, reduces the import of proteins into mitochondria 
in vitro. We recently discovered that a component of the mitochon-
drial protein import machinery, Mge1, acts as an oxidative sensor 
to regulate protein import into mitochondria and that this mecha-
nism is likely to be conserved across evolution (Marada et  al., 
2013).

Mge1 is an essential component of the molecular protein import 
motor present in the mitochondrial matrix. The other components 
of the molecular motor are Pam18, Pam16, and Hsp70 (Laloraya 
et al., 1995; Grimshaw et al., 2001). Proteins targeted to mitochon-
drial matrix require TOM and TIM complexes, which are present 
in the outer and inner membranes of mitochondria, respectively 
(Chacinska et al., 2009). The incoming precursor protein emerging 
from the TIM complex interacts with Tim44 and Hsp70 in an ATP-
dependent manner (D’Silva et al., 2004). Hydrolysis of ATP on Hsp70 
results in an Hsp70-ADP complex that has a high affinity for prepro-
teins. Mge1, an adenine nucleotide exchange factor, in its active 
dimeric form exchanges ATP for ADP on Hsp70 and thereby facili-
tates the release of precursor protein from Hsp70 (Mayer and 
Bukau, 2005). In addition, Mge1 also plays a critical role in protein 
folding and in the biogenesis of iron–sulfur clusters (Westermann 
et al., 1995; Lutz et al., 2001).

In response to heat or oxidative stress, Mge1 monomerizes and 
fails to interact with Hsp70-ADP complex. This failure results in the 
halting of protein import into mitochondria. We recently showed 
that the lone methionine at position 155 in Mge1 is crucial for the 
oxidative sensor function of Mge1. A single point mutation of methi-
onine to leucine at position 155 (M155L) within Mge1 prolongs the 
time taken for the cell to respond to oxidative stress (Marada et al., 
2013).

In this article, we present in vivo and in vitro evidence that Mge1, 
a conserved and an essential protein of mitochondria, is a physio-
logical substrate of Mxr2. Using genetic and biochemical methods, 
we show that Met-155 in Mge1 gets oxidized, and the oxidized 
Mge1 interacts with Mxr2. Mxr2 specifically reduces the oxidized 
Met-155 in Mge1 both in vivo and in vitro. Of most importance, 
Mge1 M155L mutant rescues the protein aggregation and slow-
growth phenotype of mxr2Δ during oxidative stress. Our studies 
reveal a novel reversible mechanism that the cell uses to regulate 
oxidative stress in mitochondria.

RESULTS
Deletion of MXR2 exacerbates sensitivity to H2O2
Yeast Mxr1 and Mxr2 are peptide methionine sulfoxide reductases 
located in the cytoplasm and mitochondria, respectively. Given the 
similar function for both enzymes, we investigated whether their 
functions are redundant in the oxidative stress response pathway. 
Oxidative stress response can be elicited in yeast cells by addition 
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were taken and pretreated with or without H2O2 and mixed with 
soluble bacterial protein fraction enriched in native untagged Mxr2 
and then allowed to bind to nickel-nitriloacetic acid (Ni-NTA) beads. 
After washing of the beads, Mge1 was eluted, resolved on SDS–
PAGE, and stained with Coomassie blue. Mge1 was detected in the 
eluates from both beads (Figure 2B). However, a protein band cor-
responding to the molecular weight of Mxr2 was consistently ob-
served only in the eluate from the beads that had H2O2-treated 
Mge1 (Figure 2B, lane 2). The band was excised from the gel and 
subjected to tandem mass spectrometry (MS/MS), and the protein 
was confirmed to be Mxr2 (Supplemental Figure S2). This finding 
suggests that Mxr2 has affinity only for Mge1, which is apparently 
oxidized by H2O2 in vitro.

Mxr2 harbors seven cysteine amino acids. The active site con-
tains two Cys amino acids, known as catalytic cysteine and resolv-
ing cysteine, respectively (Tarrago et  al., 2012). The binding of 
Mxr2 to Mge1 may be mediated by cysteine amino acids present in 
Mxr2. To test the importance of cysteine amino acids in the binding 

Mxr2 interacts with Mge1 in an oxidative stress–dependent 
manner
We showed earlier that Mge1, a nucleotide exchange–stimulating 
factor of Hsp70, undergoes oxidation in the presence of H2O2 and 
thereby loses its stimulating activity. Like Mxr2, as shown here, Mge1 
is also present in the mitochondrial matrix. Site-directed mutational 
studies suggested that Met-155, the lone methionine within Mge1, 
could be the likely oxidation site (Marada et al., 2013). Given that 
both Mxr2 and Mge1 respond to H2O2-triggered oxidative stress 
and the complementing activity of Mxr2 for restoring the functions 
of methionine-oxidized proteins in vitro, we hypothesized that Mxr2 
may be interacting with Mge1. To test our hypothesis, we initially 
expressed mature Mxr2 protein in its native form in bacterial cells. A 
prominent protein band corresponding to the molecular weight of 
Mxr2 (∼15 kDa) is observed upon induction (Figure 2A, left). We 
previously described purification of recombinant His-Mge1 (Marada 
et al., 2013), and Figure 2A, right, shows the purified product used 
in this study. Two equal amounts of recombinant purified His-Mge1 

FIGURE 1:  Mitochondrial localization and sensitivity of MXR2-deleted cells to H2O2. (A) Spotting assay. Yeast BY4741 
(WT) strain and its derivatives mxr1Δ (yNB114) and mxr2Δ (yNB115) were tested for growth on solid and liquid medium 
and monitored for mitochondrial localization of proteins. All three strains were grown overnight in YPD medium. Cells at 
0.5 OD were serially diluted (1:10), and 10 μl of each suspension was spotted on YPD plates supplemented with or 
without 1 mM H2O2 and incubated at 30°C for 2 d. (B) Strains were grown overnight in YPD medium before dilution in 
fresh YPD medium ± H2O2 (1 mM) and were allowed to grow at 30°C with shaking. Growth was monitored at various 
time points, as shown by taking the OD at 600 nm. (C) Autoradiogram of a mitochondrial import assay. 35S-labeled 
Su9-DHFR, Mxr1, and Mxr2 proteins were incubated with mitochondria in the presence (lanes 3 and 4) or absence (lanes 
1, 2, and 5) of 5 μM valinomycin. Import was carried out for 20 min at 30°C in the presence or absence of 50 μg/ml 
trypsin and Triton X-100 as shown. Samples were resolved on an SDS–PAGE gel and subjected to autoradiography. 
The “load” lane represents the 20% of Mxr1 that was used in the import assay. p, precursor; m, mature form of 
precursor protein. (D) Flag-Mxr2 protein localizes to mitochondria. Whole-cell extract (WCE; lane 1) of yeast strain 
expressing Flag-Mxr2 was subjected to differential centrifugation to fractionate mitochondrial (lane 3) and cytosolic 
fractions (lane 2). A Western blot probed with antibodies specific for Flag, Fun12, and Tom40. (E) Flag-Mxr2 is enriched 
in the mitochondrial matrix. Mitochondrial and mitoplast fractions were purified from a strain that expresses Flag-Mxr2. 
The two fractions were incubated with (lanes 2, 4 , and 6) or without proteinase K (lanes 1, 3, and 5). The mitochondrial 
fractions were additionally subjected to Triton X-100 (lanes 5 and 6). Samples were resolved by SDS–PAGE, Western 
transferred, and probed with antibodies that detect proteins that are hallmarks for various mitochondrial fractions—
aconitase (mitochondrial matrix), CCP1 (intermembrane space), and Tom40 (outer membrane)—as well as Flag for 
finding submitochondrial localization of Mxr2.
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efficient binding to Mge1. To test the specificity, we used recombi-
nant H2O2-treated methionine substitution mutant (Mge1 M155L) 
in the pull- down assay and could not detect any Mxr2 in the eluate 
(Supplemental Figure S3). This finding suggests that Mxr2 has affin-
ity only for Mge1 that is apparently oxidized by H2O2 in vitro. To 
extend these studies with isolated mitochondria, we repeated the 
binding assay, using cholate-solubilized mitochondrial extract pre-
pared from yNB124 cells expressing Flag-Mxr2 as a source for Mxr2 
instead of bacterial lysate and additionally pretreated recombinant 
His-Mge1 with increasing concentrations of H2O2. The eluates were 
resolved on SDS–PAGE, Western transferred, and probed with 
Mge1 and Flag antibodies. With increasing concentrations of H2O2, 
there is a concomitant increase in the binding of Flag-Mxr2, 
with the amount of Mge1 being almost same (Figure 2D). To 

of Mxr2 to Mge1, we used the classical biochemical route of reduc-
ing the cysteine with dithiothreitol (DTT), followed by blocking it 
with iodoacetamide (IAA) to prevent reverse reaction. Bacterial 
lysate enriched for Mxr2 was initially treated with either DTT or DTT 
and IAA and then allowed to bind Ni-NTA beads prebound with 
H2O2-treated recombinant His-Mge1. The beads were washed, 
His-Mge1 was made to elute and resolved on SDS–PAGE, and the 
gel was stained with Coomassie (Figure 2C). A protein band corre-
sponding to the molecular weight of Mxr2 is detected only in the 
eluate obtained from beads that had DTT-treated Mxr2. Recombi-
nant H2O2-treated His-Mge1 was able to pull down Mxr2 from the 
bacterial lysate that was treated with DTT but failed to do so when 
DTT and IAA were added to the bacterial lysate (Figure 2C). These 
results show that cysteine residues within Mxr2 are important for 

FIGURE 2:  In vitro and in vivo interaction of Mxr2 with Mge1 in the presence of H2O2. (A) Soluble protein fractions 
were prepared from bacteria transformed with vector (lane 1) or vector expressing recombinant Mxr2 (lane 2). An 
aliquot of the soluble protein fractions was resolved by SDS–PAGE and the gel Coomassie stained (left). Purified 
recombinant His-Mge1 was resolved by SDS–PAGE, and the Coomassie stained gel is shown (right, lane 3). (B) Soluble 
protein fraction of bacterial transformant expressing Mxr2 was incubated with purified His-Mge1 that was pretreated 
with (lane 2) or without H2O2 (lane 1). His-Mge1 was recovered using Ni-NTA beads and resolved on SDS–PAGE, and 
the Coomassie-stained gel is shown. (*Mxr2, **Mge1-His, and ***nonspecific bands coeluted with Mge1). (C) Bacterial 
lysate expressing Mxr2 was treated with 10 mM DTT for 10 min before dividing it into two equal portions, with one 
portion treated with 50 mM IAA (lane 2). Both portions containing Mxr2 were incubated with purified His-Mge1 that 
was pretreated with H2O2. His-Mge1 and its interacting partners were recovered using Ni-NTA beads and separated on 
an SDS–PAGE, and the proteins resolved on the gel were stained with Coomassie. (D) Purified His-Mge1 was treated 
with increasing concentrations of H2O2 (lanes 2 and 3) and mixed with mitochondrial extracts prepared from yeast 
expressing Flag-Mxr2 as described in Materials and Methods. His-Mge1 and bound proteins were recovered using 
Ni-NTA beads. As a control (lane 4), Ni-NTA pull down was also performed using only mitochondrial extracts to exclude 
any nonspecific binding to the beads (lane 1). Samples were resolved on SDS–PAGE and subjected to immunoblot 
analysis for the presence of Flag-Mxr2 and Mge1. (E) Three independent blots of D were quantified to assess the 
relative quantity of Mge1 to Mxr2 using ImageJ software. (F) Immunoprecipitation of Flag-Mxr2. Flag-Mxr2 was 
immunoprecipitated from mitochondrial extracts prepared from yeast strain expressing Flag-Mxr2. A control 
immunoprecipitation was carried out using IgG (lane 3). Samples were resolved on SDS–PAGE and subjected to 
immunoblot analysis using antibodies specific for Flag and Mge1. (G) Yeast stains BY4741 were grown to early log phase 
in different media as shown, and ROS was measured as described in Materials and Methods. The histogram represents 
the average emission values of DCFDA at 525 nm from three replicates.
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Oxidation of Mge1 at methionine 155 and its subsequent 
reduction by Mxr2 in vitro
Amino acids like Cys, Met, Trp, Tyr, Phe, and His are most vulnerable 
to oxidation in a protein. Given that Mxr2 interacts with Mge1 in an 
oxidation-dependent manner, we investigated which amino acids 
within Mge1 are being targeted for oxidation. We used matrix-as-
sisted laser desorption/ionization time-of-flight (MALDI-TOF) MS/
MS analysis to evaluate peptide fragments generated from Mge1 as 
described in Materials and Methods. Purified recombinant His-
Mge1 was pretreated with or without H2O2 before being resolved 
on an SDS–PAGE gel. Mge1 bands were in-gel digested with endo-
proteinase Lys-C and extracted peptides subjected to MALDI-TOF 
spectrum analysis. Peptides generated from Lys-C digestion (Sup-
plemental Table S4) were monitored for their spectrum (Supplemen-
tal Figure S4). All the peptides had the expected MALDI-TOF m/z 
values except for the Met-155–containing peptide (Figure 3). This 
peptide from the untreated Mge1 protein displayed two m/z val-
ues—a relatively higher intensity peak of m/z value 2643.3 and a 
lower-intensity peak with m/z value of 2659.3 (Figure 3A). The differ-
ence in the m/z values of the two peaks obtained from the Met-
155–containing peptide was ∼16 Da. The Met-155–containing pep-
tide from the oxidized Mge1 also displayed two peaks with ∼16 Da 
difference in m/z values (Figure 3B). However, the second sample 
had a majority of the intensity coming from the peak that had m/z 
value of 2659.3 (Figure 3B). The intensity peak profile for the Met-
155 peptide changed after oxidation (compare Figure 3, A and B). 

demonstrate that increased pull down of Flag-Mxr2 is indeed due 
to oxidation as opposed to better bait recovery, we quantified the 
amount of Mxr2 relative to that of Mge1 from three independent 
experiments and found that Flag-Mxr2 preferentially binds to oxi-
dized Mge1 (Figure 2E).

On the basis of our in vitro and quasi–in vivo binding assays, 
we conclude that Mxr2 interacts with Mge1 in an oxidative stress 
dependent manner and that the cysteines within Mxr2 are crucial for 
this interaction. We next proposed to examine whether Mxr2 is 
indeed capable of interacting with Mge1 in the cellular context. 
Coimmunoprecipitation studies were carried out using mitochondria 
isolated from yeast cells expressing Flag-Mxr2. Mxr2 was immuno-
precipitated with Flag antibody and probed with antibodies specific 
for Flag and Mge1 (Figure 2F). Intriguingly, Mge1 was detected in 
Flag-Mxr2 immunoprecipitates without the addition of any external 
oxidizing agent to the yeast cells grown in yeast extract/peptone/
lactic acid (YPL) medium before isolation of mitochondria. We spec-
ulate that the internal ROS that is being produced in the mitochon-
drial milieu is sufficient to cause oxidation of at least a certain frac-
tion of Mge1. To confirm our speculation, we measured the ROS 
levels in yeast cells grown in YPL medium and used cells grown in 
YPD as control. We observed relatively higher levels of ROS in yeast 
cells growing in YPL medium than in cells in YPD medium (Figure 
2G). The cellular ROS level suggests that indeed it is possible that 
Mxr2 is interacting with Mge1 in an oxidation-dependent manner in 
vivo, a suggestion that is consistent with our in vitro findings.

FIGURE 3:  Met-155 in Mge1 is oxidized by H2O2 and reduced by Mxr2. (A, B) MALDI-TOF spectrum of Met-155 
peptide from His-Mge1. Untreated His-Mge1 (A) and His-Mge1 treated with 20 mM H2O2 (B) were incubated at room 
temperature for 4 h and processed for MALDI-TOF as described in Materials and Methods. The peptides generated 
from LysC digestion were analyzed by a Bruker Daltonics mass spectrophotometer, and the MALDI-TOF spectrum of 
the Met-155–containing peptides is presented. (C). MS/MS spectrum of unoxidized (m/z 2643.3) peptide. (D). MS/MS 
spectrum of oxidized (m/z 2659.3) peptide. (E, F) Oxidized His-Mge1 was further treated with DTT (E) and DTT + Mxr2 
(F) for 4 h before processing for MALDI-TOF. The MALDI-TOF spectrum of the Met-155 containing peptide is 
presented.
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To determine whether Mxr2 activity on oxidized Mge1 is compa-
rable to any other known substrates of Mxr2, we adopted a coupled 
NADPH-dependent thioredoxin/thioredoxin reductase assay sys-
tem (Tarrago et al., 2012). Oxidized wild-type recombinant Mge1, 
free methionine sulfoxide (as a negative control), and glutathione 
S-transferase (GST; a known Mxr2 substrate protein) were used as 
substrates. Equimolar amounts of purified wild-type Mge1 and GST 
were treated with H2O2 for 4 h before addition of Mxr2 in a coupled 
assay as described in Materials and Methods. Mxr2 exhibits signifi-
cant activity on H2O2-treated Mge1 that is comparable to its activity 
on H2O2-treated GST (Figure 4A). However, Mxr2 shows very much 
less activity on free methionine sulfoxide, indicating the specificity 
of Mxr2 to reduce oxidized Mge1 and GST. Our results clearly show 
that Mge1 is a substrate for Mxr2, and Mxr2 significantly and specifi-
cally acts on oxidized methionine at position 155 in Mge1.

Because the results described unequivocally show that Mxr2 re-
duces oxidized Mge1 specifically, we further sought to see whether 
there is any correlation with the functional activity of Mge1. In an ear-
lier study, we showed that dimeric Mge1 interacts with Hsp70 to form 
Hsp70-Mge1 complex, which has a stimulatory effect on the ATPase 
activity of Hsp70. We also showed that H2O2 reduces this stimulatory 
function of Mge1 (Marada et al., 2013). To determine whether oxida-
tion of methionine 155 within Mge1 is directly responsible for its loss 
of stimulatory activity and whether the reducing activity of Mxr2 on 
Mge1 will restore this function, we examined the steady-state in vitro 
ATPase activity of Hsp70 as described in Materials and Methods. Mi-
tochondrial Hsp70 has low ATPase activity in the absence of Mge1 
(Figure 4B). In the presence of wild-type recombinant Mge1, the AT-
Pase activity of mHsp70 is enhanced threefold. However, H2O2-treated 
Mge1 has a negligible effect on the ATPase activity of mHsp70. Most 
important, prior treatment of oxidized Mge1 with Mxr2 restores the 
ATPase-stimulatory activity of Mge1 on Hsp70 in vitro (Figure 4B).

We further examined the Met-155–containing peptide from both 
the H2O2-untreated and -treated samples by MS/MS (Figure 3, C 
and D). From C-terminal sequencing, we find that all the amino ac-
ids were identical in both peptides up to methionine. In the case of 
the peptide from the oxidized sample, after Met, the subsequent 
peptide fragments show an apparent shift that corresponds to oxi-
dation (Figure 3D). The difference between unoxidized and oxidized 
Met-155 of 16 Da was ascertained by comparing the y11 and 
y12 ions derived from C-terminal fragmentation. Addition of 16 Da 
indicates formation of methionine sulfoxide in the oxidized peptide. 
Formation of methionine sulfoxide was also confirmed by the pres-
ence of ions with loss of methane sulfenate (CH3SOH, −64 Da) side 
chain due to instability of methionine sulfoxide immonium ion. 
MALDI-TOF MS/MS results provide evidence that Met-155 in Mge1 
is oxidized in the presence of H2O2. They also show that the appar-
ently unoxidized Mge1 is a mixture of a small fraction of oxidized 
and a major fraction of unoxidized Mge1.

Because the oxidized form of Mge1 alone is capable of signifi-
cant interaction with Mxr2, we were interested to test whether 
Mxr2 can reduce oxidized Mge1 and more specifically the oxidized 
Met at position 155 in Mge1. MALDI-TOF MS/MS was used to in-
vestigate whether Mxr2 targets the oxidized Met-155 for reduc-
tion. We repeated the MALDI-TOF analysis of H2O2-treated Mge1 
protein but with one modification. After H2O2 treatment, Mge1 
was further treated with DTT in the presence or absence of Mxr2. 
As shown in Figure 3E, H2O2-treated Mge1 in the absence of Mxr2 
was >75% enriched in the higher–m/z peak of 2659.3, indicating 
that H2O2 was able to efficiently oxidize Mge1 (Figure 3E). Of most 
importance, Mxr2 treatment reduces the intensity of the oxidized 
m/z 2659.3 peak by nearly 50% concomitant with a corresponding 
increase in the intensity of the unoxidized peak of m/z 2643.3 
(Figure 3F).

FIGURE 4:  Mxr2 reduces oxidized Mge1 and restores ATPase activity of Mge1. (A) Purified recombinant His-Mge1 
(50 μM) and GST (50 μM) proteins were treated with H2O2 before being used as substrates in Mxr2 enzymatic assay as 
described in Materials and Methods. Free methionine sulfoxide (Met-SO, 1 mM) was also included as a control 
substrate. Mxr2 activity was measured as a decrease in the absorption at OD340 nm. The graph represents the relative 
activity of the enzyme and is expressed as micromoles per milligram per milliliter. The basal activity observed in the 
absence of substrate was subtracted from the values obtained in the presence of substrate and enzyme. Given that 
there was no detectable enzymatic activity in the absence of Mxr2, this control is not shown. (B) Purified Mge1 was 
initially incubated with or without 5 mM H2O2 for 2 h in PBS, pH 7.2. Later, the proteins were treated with or without 
Mxr2 for 0, 30, or 60 min, followed by incubation with recombinant Hsp70 in an ATPase assay buffer as described 
previously (Marada et al., 2013). The release of labeled Pi was monitored at different time points in a scintillation 
counter. A control Hsp70 sample was incubated with Mxr2 to monitor nonspecific ATP hydrolysis.
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trols when testing for growth. We compared the growth-sensitive 
phenotype of all the foregoing yeast strains by spotting on YPD and 
synthetic complete (SC)-Leu plates that were supplemented with or 
without H2O2 (see later discussion of Figure 6A). All the strains had 
comparable growth on YPD and SC-Leu plates. However, the growth 
of WT MGE1–expressing strains in mxr2Δ background were severely 
retarded in the presence of H2O2 compared with the parent BY4741 
strain, which has an intact MXR2 (Figure 5A). Most important, 
yNB131 strain expressing MGE1 M155L in the MXR2 deletion back-
ground was able to grow robustly in the presence of H2O2. Similar 
results were obtained when yeast cells were grown to mid log phase 
and treated with H2O2 for 1 h before spotting on YPD or Sc-Leu 
plates (Figure 5B). Further, we observed similar results when the 
aforementioned yeast strains were grown in liquid YPD in the pres-
ence or absence of H2O2 (Figure 5C). Our results suggest that MGE1 
and MXR2 have a functional genetic interaction and that MXR2 is 
epistatic to MGE1. It was shown previously that deletion of MXR2 
compromises the growth of yeast on media containing nonferment-
able carbon sources (Kaya et al., 2010). To examine whether MGE1 

The aforementioned results clearly show that Mge1 is oxidized at 
Met-155 in the presence of H2O2, and Mxr2 specifically reduces the 
oxidized Met-155 in Mge1 in vitro. We additionally provide evi-
dence that Mge1 is a substrate for Mxr2 and that Mxr2 specifically 
reduces oxidized methionine at position 155 in Mge1 and modu-
lates mHsp70 function.

Mge1 is a physiological substrate of Mxr2
To determine whether Mge1 is a physiological substrate of Mxr2 
and if so, to elucidate the in vivo functional significance of Mge1 
MetO reduction by Mxr2, we studied the effect of deletion of MXR2 
on the growth of yeast strains expressing either wild-type MGE1 or 
MGE1 M155L mutant. Because Mge1 is an essential gene, we con-
structed haploid yeast strains that had chromosomal copies of both 
MGE1 and MXR2 deleted (indicated by ΔΔ) but ectopically ex-
pressed either wild-type (WT) MGE1 (yNB130:ΔΔ/WT MGE1) or 
MGE1 M155L mutant (yNB131:ΔΔ/M155L MGE1) from high-copy 
plasmids. The parent BY4741 strain and its derivatives yNB66 
(BY4741/vector) and yNB122 (mxr2Δ, vector) were included as con-

FIGURE 5:  Mge1 is a physiological mitochondrial substrate of Mxr2. Yeast strains yNB62 (BY4741/vector), yNB115 
(mxr2Δ), yNB130 (ΔΔ/WT MGE1), yNB131 (ΔΔ/M155L MGE1), yNB122 (mxr2Δ/vector), yNB132 (ΔΔ/WT MGE1/vector), 
and yNB133 (ΔΔ/WT MGE1/Flag-Mxr2) were studied for growth on solid and liquid media under stress conditions. 
(A, B, D) Spotting assay. All strains were grown overnight in YPD medium before being serially diluted for cells from 
strains yNB62, yNB115, yNB130, and yNB131 and spotted on YPD ± (A), SC-Leu ± 0.5 mM/1 mM H2O2 (A, middle), and 
YPGE (D) plates. (B) All strains were grown to mid log phase, treated with 1 mM H2O2, and spotted on YPD or SC-Leu 
plates. (C) Growth curve. Yeast strains were grown overnight in YPD medium and used to inoculate fresh YPD medium 
supplemented with or without H2O2. Growth was monitored by taking OD600 nm every 4 h over a 30-h time period. 
(E) Overnight-grown yeast cells from the strains yNB62, yNB130, and yNB131 were spotted on YPD plates with or 
without 1 mM H2O2. (F) Mitochondria were isolated from indicated strains, and increasing concentrations of the 
mitochondrial fraction (10, 25, and 50 μg) were resolved on SDS–PAGE and subjected to immunoblot analysis using 
antibodies against mitochondrial proteins. (∆∆ indicates the chromosomal deletion of both MXR2 and MGE1.)
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significant change in the expression of the 
tested proteins. Taken together, the results 
show that MGE1 M155L is not susceptible 
to oxidation and thereby overcomes the re-
quirement of MXR2 by the yeast cell to grow 
in the presence of oxidative stress.

In vivo oxidation of Mge1
To ascertain whether Mge1 is indeed being 
oxidized at methionine 155 in vivo and sub-
sequently reduced by Mxr2, we constructed 
two yeast strains, yNB134 (ΔΔ/His-MGE1) 
and yNB135 (ΔΔ/His-MGE1, Flag-MXR2) as 
described in Materials and Methods. Yeast 
strains yNB134 and yNB135 were spotted 
on YPGE plates. As expected, yeast strain 
yNB134 has very poor growth on YPGE 
plates. However, yNB135 exhibits better 
growth, as Flag-MXR2 is apparently able to 
compensate for the MXR2 deletion (Figure 
6A). Further, we observed that the internal 
ROS is much higher when cells are grown in 
nonfermentable carbon medium (YPGE) 
than with YPL/YPD medium (Figure 6B).

Yeast strains yNB134 and yNB135 were 
grown in liquid YPGE medium, and His-
Mge1 was affinity purified by passing the 
yeast cell extract through a Ni-NTA column 
as described in Materials and Methods. Puri-
fied His-Mge1 was resolved on SDS–PAGE 
and stained with Coomassie, and the His-
Mge1 protein band was extracted from the 
gel for MALDI-TOF MS/MS analysis as de-
scribed earlier. The relative mass spectra of 
His-Mge1 from strains yNB134 and yNB135 
are similar (Supplemental Figure S5). MALDI-
TOF analysis revealed that in the absence of 
MXR2, the Met-155 containing peptide of 
Mge1 exists in both oxidized (m/z 2659.3) 
and unoxidized (m/z 2643.3) forms (Figure 
6C). However, the relative intensity of the 

oxidized peak is much higher than the unoxidized peak in the case of 
the Met-155 peptide from yNB134, which lacks MXR2. In contrast, 
the reverse is true for yNB135, which ectopically expresses Flag-
MXR2. Of interest, this result shows that the internal ROS generated 
during growth in YPGE medium is sufficient to trigger oxidation of 
Mge1. Nevertheless, the MALDI-TOF results are consistent with the 
slow-growth phenotype of yNB134 strain (ΔΔ/His MGE1) on YPGE 
plates and our coimmunoprecipitation results, which showed that 
Mge1 interacts with Mxr2 in vivo (Figure 2E). Most important, ectopic 
expression of MXR2 is able to reduce the oxidized form of His-Mge1, 
as there is an increase in the intensity of the unoxidized Met-155 
peptide (m/z value 2643.3) concomitant with a decrease in the Met-
155 oxidized peptide (m/z value 2659.3; Figure 6D). We further con-
firmed the oxidation status of the Met-155 peptide by MS/MS analy-
sis using protein isolated from the foregoing strains (Supplemental 
Figure 6, A and B). Consistent with our in vitro findings, we find that 
Mge1 indeed is capable of being oxidized at Met-155 in vivo. Of 
greatest note, we show through genetic complementation experi-
ments and by MALDI-TOF MS/MS that expression of MXR2 is essen-
tial for restoring growth during oxidative stress and for reducing 
oxidized Mge1 at Met-155.

M155L mutant can rescue this growth defect, we tested the growth 
of yNB66, yNB122, yNB130, and yNB131 strains on YPGE plates, 
which contain ethanol and glycerol as nonfermentable carbon 
sources. As shown in Figure 5D, overexpression of MGE1 M155L 
mutant rescues the growth defect of mxr2Δ strain compared with 
the mxr2Δ strain expressing wild-type MGE1 on YPGE plates. We 
additionally transformed yNB130 with a high- copy URA3 vector or 
with pNB475 to create yNB132 (ΔΔ/WT MGE1, vector) and yNB133 
(ΔΔ/WT MGE1, FLAG-MXR2) strains, respectively, to check whether 
ectopic expression of MXR2 can compensate the chromosomal de-
letion of MXR2. Ectopic expression of MXR2 is able to compensate 
the chromosomal deletion of MXR2, as strain yNB133 displayed 
better growth than yNB132 in the presence of H2O2 (Figure 5E).

To rule out the possibility that altered protein expression might 
be responsible for the resistance offered by MGE1 M155L expres-
sion in the absence of MXR2, we evaluated the steady-state level of 
mitochondrial proteins in yNB122 (mxr2Δ), yNB130 (ΔΔ/WT MGE1) 
and yNB131 (ΔΔ/MGE1 M155L) strains. Isolated mitochondrial sam-
ples were resolved on SDS–PAGE, Western transferred, and probed 
with antibodies specific for porin, Tim44, mHsp70, Tim22, CCPO, 
aconitase, Tim23, and Tom40 (Figure 5F). We did not observe any 

FIGURE 6:  MALDI-TOF spectrum of Met-155 peptide of intracellular His-Mge1. (A) Yeast strains 
BY4741, yNB134 (∆∆/His-MGE1), and yNB135 (∆∆/His-MGE1/Flag-MXR2) were grown overnight 
in YPD medium serially diluted by 10-fold, and spotted on YPGE plates. (B) Yeast strains BY4741 
and yNB115 were grown to early log phase either in YPD or YPGE, and equal amount of cells 
were used to measure the ROS as mentioned in Materials and Methods. The histogram represents 
the average emission values of DCFDA at 525 nm from three replicates. (C, D). Reconstructed 
MALDI-TOF spectrum of His-Mge1 in vivo. Yeast strains YNB134 and yNB135 were grown in 
YPGE medium, and His-Mge1 was purified using Ni-NTA beads and subjected to MALDI-TOF 
analysis as described in Materials and Methods. MALDI-TOF spectra of the Met-155 containing 
peptide of His-Mge1 from yNB134 (C) and yNB135 (D) . The peak with m/z value 2643.3 
represents the unoxidized Met-155 peptide, and the peak with m/z value of 2659.3 represents the 
oxidized Met-155 peptide as deduced from the MS/MS spectrum (Supplemental Figure S6).
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oxidative stress. Toward this end, we used 
two strains, BY4741 as control and a second 
strain, yNB115, which is deleted for MXR2. 
Strains BY4741 and yNB115 were grown in 
YPL medium for 24 h before harvesting the 
cells. Mitochondria were isolated from both 
the strains and treated with increasing con-
centration of H2O2 (0, 5, 10 mM) for 30 min 
in the presence of energy before centrifug-
ing the samples. ATP-dependent Hsp70 ac-
tivity is inhibited when energy is not pres-
ent, and it is likely that any differences in 
protein aggregation will be masked by this 
low activity (Hartl et  al., 2011). Hence en-
ergy in the form of ATP was included. The 
supernatant and pellet fractions were re-
solved on SDS–PAGE and silver stained, 
and the protein profile was examined 
(Figure 7A) for protein aggregation. Ab-
sence of MXR2 triggers increased protein 
aggregation compared with control sample 
in the pellet fraction even at low concentra-
tion of H2O2 (Figure 7B). We repeated the 
experiment in strains ectopically expressing 
either MGE1 M155L mutant (yNB131) or 
MGE1 (yNB130) wild type in MXR2-deletion 
background (Figure 7, C and D). We find 
that the mitochondria isolated from the 
strain harboring MGE1 M155L mutant is 
partially protected from protein aggrega-
tion (Figure 7C). In the case of mitochondria 
from the strain carrying wild-type MGE1, 
protein aggregation is observed even at 
5 mM H2O2. These results indicate that the 
oxidation-resistant Mge1 M155L mutant 
prevents protein aggregation.

Our findings provide compelling evi-
dence that Mge1 and Mxr2 are components 
of the oxidative response pathway and that 
Mxr2 is epistatic to Mge1. We presented 
genetic and biochemical evidence to show 
that Mge1 is a physiological substrate of 
Mxr2. MGE1 M155L mutant can effectively 
compensate for the absence of MXR2, as it 
relieves the growth defect associated with 

MXR2 deletion in the presence of H2O2 and on nonfermentable 
carbon sources. Most importantly, we have shown that Met-155 in 
Mge1 is oxidized in vitro and in vivo and that Mxr2 very specifically 
can reduce oxidized Met-155 within Mge1. We conclude that oxi-
dized Mge1 is a substrate of Mxr2 and that methionine 155 is crucial 
for the reversible regulation of Mge1, adding a new paradigm to the 
regulation of the oxidative stress response pathway.

DISCUSSION
Oxidative stress causes an imbalance in the redox potential that 
may lead to the development of several neurological disorders and 
ageing (Moskovitz, 2005). Several antioxidative defensive mecha-
nisms have evolved to neutralize oxidative stress and protect cells 
from oxidative damage (Meyer et al., 2009; Pamplona and Costan-
tini, 2011). Greater than 90% of cellular oxygen is consumed within 
mitochondria, making mitochondria the main contributor of ROS 
and mitochondrial proteins as major and immediate targets of ROS 

Mge1 M155L protects cells from stress-mediated protein 
aggregation
To understand the functional consequence of Mge1 Met-155 oxida-
tion in the absence of MXR2, we monitored protein aggregation in 
strains that express wild-type MGE1 or MGE1 M155L mutant in an 
MXR2-deletion background. Most of the proteins have a finite ten-
dency to misfold or unfold during stress conditions and form pro-
tein aggregates. Oxidative stress in the form of H2O2 can induce 
aggregation of proteins in mitochondria. The evidence has impli-
cated Mge1 in the role of an oxidative sensor, modulator of Hsp70, 
and regulator of mitochondrial protein import. In addition, Mge1 
also acts as a cochaperone for Ssq1, a homologue of Hsp70 that is 
involved in the biogenesis of Fe-S clusters and also in protein fold-
ing (Langer et al., 1992; Westermann et al., 1995; Lutz et al., 2001). 
Of interest, Fe-S– containing proteins are readily prone to oxidation 
(Beinert et  al., 1997). We sought to examine the role of Mge1 
M155L mutant in the prevention of aggregation of proteins during 

FIGURE 7:  Oxidative modification of WT Mge1 causes loss of function. (A–D) Mitochondria 
(50 μg) were isolated from strains BY4741, yNB115 (mxr2Δ), yNB130 (ΔΔ/M155L Mge1), and 
yNB131 (ΔΔ/WT Mge1) and treated with increasing concentrations of H2O2 in the presence of 
energy as indicated and processed as in Protein aggregation assay in Materials and Methods. 
Images of silver-stained SDS–PAGE gels of supernatant (lanes 1–3) and pellet fractions (lanes 
4–6) of mitochondria.
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Mge1, is similarly sensitive to H2O2 (Marada et al., 2013). To our 
knowledge, Mge1 is the first in vivo substrate of mitochondrial Mxrs. 
We also showed that the function of Mge1 is reversibly regulated by 
oxidation/reduction status of its methionine-residue present in the 
four–α-helical bundle motif (Figures 3 and 4).

The Hsp70 complex (DnaK70-DnaJ-GrpE, prokaryotic homo-
logues) laterally with GroEl/GroEs chaperonins increases the effi-
ciency of protein folding and prevents misfolded proteins, which 
leads to aggregation (Langer et al., 1992; Westermann et al., 1995), 
whereas prokaryotic chaperone ClpB, in association with DnaK, the 
prokaryotic homologue of Hsp70, binds large aggregate of proteins 
and dissociates them into smaller aggregates or individual proteins. 
The small aggregates are further dissolved by the former system. In 
addition to protein folding, dissociation of the aggregated protein 
requires energy in the form of ATP, as the Hsp70 system and the 
other components of the chaperone system are otherwise in the 
switch-off mode (Hartl et al., 2011; De Los Rios and Goloubinoff, 
2012). In the absence of Mxr2, the oxidative-resistant mutant of 
Mge1 (M155L) stalls protein aggregation to a certain extent in the 
presence of energy (Figure 7). These results lend further support to 
our conclusion that oxidation of Met-155 in Mge1 causes loss of 
function of the Mge1-Hsp70 complex and this is manifested as an 
oxidative-sensitive phenotype in the mxr2Δ strain, which has wild-
type Mge1, in the presence of H2O2. The substitution of methionine 
to leucine at position 155 in Mge1 is a gain-of- function mutation, as 
it is able to protect yeast cells deleted for mxr2Δ from oxidative 
stress to a certain level. In addition, Mge1 function is essential for 
the Ssq1-mediated Fe-S cluster biogenesis pathway (Knight et al., 
1998; Lutz et al., 2001; Uzarska et al., 2013). Further, it is known that 
Mge1 plays a role in degradation of misfolded proteins, protein 
folding, and protein sorting (Savel’ev et al., 1998; Chacinska et al., 
2009; Iosefson et al., 2012). Hence a stable Hsp70-Mge1 complex 
may not be the only reason for the effect of the Mge1 M155L mu-
tant on protein aggregation. Given the vulnerability of the Fe-S–
containing proteins to oxidation, it would be of interest to study the 
interplay of Mxr2 and Mge1 in the biogenesis of Fe-S clusters.

Because Mge1 has multifunctional roles, it is important that a 
small perturbation in ROS levels should not alter the functions of 
Mge1. Most likely, the cell uses Mxr2 to reduce any oxidized Mge1 
so that Mge1-dependent pathways operate smoothly and continu-
ously. The cell may be using the reversible modification of the me-
thionine residues in such proteins to revert to normalcy rapidly once 
the stress is released. It is possible that such a mechanism operates 
during heat, cold, and other stresses besides the oxidative stress 
that has been described here. Thus the oxidative stress response 
pathway mediated by Mge1 and Mxr2 will eventually help in identi-
fying additional components involved in redox biology and in devel-
oping therapeutics for oxidative stress–mediated diseases.

MATERIALS AND METHODS
Plasmid construction
The primers and plasmids used in this study are listed in Supplemen-
tal Tables S2 and S3, respectively. The complete coding sequence of 
yeast MXR2 (Δ29 amino acids, without mitochondrial presequence) 
was amplified using yeast genomic DNA as a template with the 
primer pair MXR2_Fwd2 (5′-AAA ACC ATG GGC AAG AGC AAG 
AAA ATG AGT-3′)/MXR2_Rev2 (5′-ACCC AAGCTT ATC CTT CTT 
GAG GTT TAA AGA-3′). The amplified MXR2 product was cloned 
into Escherichia coli expression vector pET28a+ to generate pNB483 
with hexahistidine tag at the C-terminus of MXR2. To create plasmid 
pNB485, which harbors MXR2 (Δ29 amino acids), without any tag, 
MXR2 was amplified using primers MXR2_Fwd2/MXR2_Rev4 

(Finkel and Holbrook, 2000; Orrenius et al., 2007; Murphy, 2009). 
ROS generated in mitochondria has been implicated in multiple sig-
naling pathways ranging from apoptosis and tumor survival to turn-
over of mitochondria, also known as autophagy. Increasing evidence 
suggests that ROS is also essential for several biological processes, 
such as growth and development (Finkel and Holbrook, 2000; Win-
terbourn and Hampton, 2008). Sulfur-containing amino acids methi-
onine and cysteine are easily susceptible to oxidation, thereby plac-
ing the cell on alert. This mechanism plays an important role in 
regulating protein function and redox signaling. Like cysteine, hy-
drophobic methionine is also capable of being oxidized to create a 
hydrophilic environment within its proximity with an increased affin-
ity for hydrogen bonding. Hydrogen bonding causes a conforma-
tional change in the proteins. The reversibility of the oxidation status 
of Cys and Met amino acids in a protein transforms these amino 
acids into powerful regulators of the protein’s function and also reg-
ulate the interaction of the protein with its partners (Levine et al., 
2000; Winterbourn and Hampton, 2008). Of interest, yeast Mge1 
harbors only one methionine, and this is present in the helical region 
of the protein. Substitution of methionine to leucine renders the 
Mge1 protein resistant to oxidation and is also sufficient to stabilize 
the dimer formation and interaction with Hsp70 both in vitro and in 
vivo from oxidative stress (Marada et al., 2013).

Mge1-mediated ADP release is the rate-limiting step in the ex-
change of ADP for ATP by Hsp70. Presence of Mge1 increases this 
nucleotide exchange activity of Hsp70 by 5000-fold (Packschies 
et al., 1997). The Mge1 dimer has two long α-helices, a four-helix 
bundle, and six β-strands. The α-helical bundles are essential for 
dimer formation, besides providing a surface for Mge1-Hsp70 inter-
action (Mehl et al., 2003). The amino acids present on the exterior 
surface of the four α-helical bundles are uniquely exposed to high 
solvent content (Harrison et al., 1997). Impaired Mge1 dimer forma-
tion and failure to interact with Hps70 contributes to the lowered 
efficiency of Hsp70 (Wu et al., 1994). Intriguingly, the Met-155 re-
sides in this four–α-helical bundle motif. Our in vitro results shown 
that oxidation of Met-155 decreases interaction of Mge1 with Hsp70 
and decreases Hsp70 ATPase activity (Figure 4B). Hence we believe 
that the four–α-helical region is crucial for oxidation sensor activities 
of Mge1 for regulating Hsp70 function.

Methionine sulfoxide reductases are important regulators of oxi-
dative stress. Oxidation of methionines in proteins alerts these re-
ductases to reduce the oxidized proteins and thereby protect the 
function of proteins and the cell from oxidative damage. Although 
mitochondrial proteins have been known to be major targets of 
ROS, there have been no reports on the functional regulation of 
these proteins by methionine oxidation. The present study under-
scores the importance of the mitochondrially localized MXR2, as 
yeast cells devoid of MXR2 are sensitive to H2O2 stress. In yeast, 
deletion of cytosol-localized MXR1 also leads to dysfunctional mito-
chondria (Kaya et al., 2010). Yeast deleted for MXR1 are only sensi-
tive to H2O2 at higher concentrations (not shown), whereas deletion 
of MXR2 results in increased sensitivity even at low concentration 
(Figure 1A). Intriguingly, yeast having double deletion of MXR1 and 
MXR2 are much more sensitive to H2O2 than yeast harboring only 
MXR2 deletion (Supplemental Figure S1). We suspect that Mxr1 
might have a role in regulating the cytosolic redox balance and 
thereby indirectly affect mitochondrial function. The isoforms of re-
ductases have increased with evolution, underlining their increased 
requirement (Zhang and Weissbach, 2008). In higher eukaryotes, 
both Mxr1 and Mxr2 isoforms are present in mitochondria, indicat-
ing the presence of multiple substrates and increased complexity in 
regulation of redox homeostasis. HMGE, the human homologue of 
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mating the haploid yNB65 strain with haploid yNB115. Standard 
yeast genetic methods were used to sporulate diploid yNB118 on 
SC-URA, and the dissected haploid spores were screened for dou-
ble deletion of chromosomal MGE1 and MXR2 by PCR using prim-
ers MGE1_Fwd8, MXR2_Fwd9, and KAN_REV. For the yNB126 
strain, denoted ΔΔ, a haploid progeny contains deletion for both 
chromosomal genes of MGE1 and MXR2. pNB186 (pTEF-MGE1, 
2 μ, LEU2) and pNB187 (pTEF- MGE1 M155L, 2 μ, LEU2) were trans-
formed into yNB126 to generate yNB128 and yNB129 strains, re-
spectively. The URA3 plasmid pNB45 was evicted from yNB128 and 
yNB129 strains by growing them on SC plates supplemented with 
5-fluoroorotic Acid (5-FOA) plates to generate yNB130 and yNB131 
strains, respectively. The strains were confirmed by their inability 
to grow on SC-URA plates. Strain yNB115 was transformed with 
plasmid pNB475 to create strain yNB124. Strain yNB115 was trans-
formed with pNB402 (pTEF, 2 μ LEU2) vector to generate strain 
yNB122. The strain yNB134 expressing His-MGE1 was created by 
plasmid shuffling pNB579 (pTEF-MGE1-His6, 2 μ, LEU2) into 
yNB126 as described. Yeast strain yNB140 double deletion for 
MXR1 and MXR2 was constructed from haploid mxr1Δ and mxr2Δ 
strains. Briefly, the diploid strain obtained from mating of mxr1Δ and 
mxr2Δ was sporulated. Haploid strains were screened with selected 
markers and PCR using primers MXR1_Fwd10, MXR2_Fwd9, and 
KAN_REV to confirm the double deletion of MXR1 and MXR2.

Yeast media and growth conditions
Yeast S. cerevisiae was grown in standard YPD medium containing 
1% yeast extract, 2% peptone, and 2% dextrose unless otherwise 
stated. For retaining the plasmids, yeast strains were grown in SC 
medium containing yeast nitrogen base (YNB) with all amino acids 
except uracil (SC-Ura) or leucine (SC-Leu). Synthetic medium was 
prepared as follows: 2% dextrose and 0.67% SC medium, with pH 
was adjusted to 5.5 with NaOH. Nonfermentable carbon source 
medium had either 2% lactic acid (YPL) or 3% glycerol and 2% etha-
nol (YPGE) instead of dextrose in YPD. To evict URA3 plasmid, strains 
were grown on SC medium containing 5-FOA (0.67% SC-Ura, 2% 
dextrose, 60 μg/ml uracil, 2% agar, and 0.1% 5-FOA). Yeast transfor-
mation was done by the LiOAc chemical method (Gietz and Woods, 
2002). Yeast strains were grown at 30°C with shaking.

Spotting assay
Freshly streaked yeast cultures were grown overnight in YPD or SD 
medium and normalized to OD600 of 0.5. A 10 μl amount of each 
dilution was spotted on YPD or SC-Leu containing various concen-
trations of H2O2 as indicated in the legends, and plates were incu-
bated at 30°C for 2 d. Spotting assay that was carried out on YPGE 
plates incubated at 30°C for 4–5 d. Growth curve experiments were 
performed in YPD medium with starting OD600 of 0.02. The inocu-
lum for the growth curve was taken from overnight cultures grown in 
YPD. The cultures for monitoring growth rate were grown at 30°C in 
the presence or absence of H2O2, and OD600 was monitored at 
regular intervals. Growth of each strain was carried out in triplicate 
by taking three different colonies for culture, and the average was 
calculated for each time point.

Isolation of mitochondria
Yeast strains were grown in YPL/YPGE medium at 30°C, and cells 
were harvested when the cultures reached OD600 of 1 or 2. Cul-
tures were centrifuged at 5000 rpm for 5 min, and the cell pellets 
washed with autoclaved distilled water. The cells were treated 
with 10 mM dithiothreitol (DTT) in 0.1 M Tris-SO4, pH 9.4, buffer 
for 15 min and centrifuged at 5000 rpm for 5 min. Cells were 

(5′-ACCC CTCGAG TTA ATC CTT CTT GAG GTT TAA-3′) from yeast 
genomic DNA and cloned as NcoI-XhoI fragment into pet28a+ vec-
tor. Complete coding sequence of MXR1 was amplified from yeast 
genomic DNA with primers MXR1_Fwd1 (5′-AAAC GAATTC ACC 
ATG TCG TCG CTT ATT TCA-3′) and MXR1_Rev1 (5′-ACCC CTC-
GAG CTA CAT TTC TCT CAG ATA ATG-3′) and cloned into pcDNA 
3.1 to generate pNB467. MXR2 full length was amplified from yeast 
genomic DNA with primers using MXR2_Fwd4 (5′-AAAC GAA TTC 
ACC ATG AAT AAG TGG AGC AGG-3′)/MXR2_Rev4 and cloned 
into pcDNA 3.1 to generate pNB468.

To create a plasmid carrying FLAG-MXR2, full-length MXR2 was 
initially amplified with primers MXR2_Fwd4/MXR2_Rev5 (5′-ACCC 
AAGCTT ATC CTT CTT GAG GTT TAA AGA-3′) and cloned into 
pTEF-2 μ-URA to generate pNB472. pNB472 was digested with 
HindIII/XhoI restriction enzymes and a FLAG epitope inserted 
therein to generate plasmid pNB475. FLAG epitope linker was cre-
ated with predigested primers FLAG_Fwd6 (5′-AG CTT GAC TAC 
AAG GAC GAT GAT GAC AAG GAC TAC AAG GAC GAT GAT 
GAC AAG CTA C-3′) and FLAG_Rev6 (5′-TC GAG TAG CTT GTC 
ATC ATC GTC CTT GTA GTC CTT GTC ATC ATC GTC CTT GTA 
GTC A-3′).

Plasmid pNB579 (pTEF MGE1-HIS6, 2 μ, LEU) is a high-copy 
yeast shuttle vector harboring the His tag at the C-terminus of 
MGE1. To construct pNB579, full-length MGE1 was amplified with 
primers MGE1_Fwd7 (5′-CCCC GGATCC ACC ATG AGA GCT TTT 
TCA GA GCC-3′)/MGE1_Rev7 (5′-AAT T CTC GAG TTA GTG GTG 
GTG GTG GTG GTG CCA TGG AAT GTT CTC TTC GCC CTT 
AAC-3′) and cloned into pTEF 2 μ, LEU vector. Plasmids containing 
thioredoxin (Trx) and thioredoxin reductase (TrxR) were kind gifts 
from Charles Williams (University of Michigan Medical School, Ann 
Arbor, MI).

Expression and purification of recombinant proteins
E. coli BL21 (DE3) CodonPlus-RIL cells were transformed with 
pNB483 plasmid carrying HisMXR2. Recombinant protein expres-
sion was induced with 1 mM isopropyl-β-d-thiogalactoside (IPTG), 
and soluble protein was purified using Talon metal affinity resin (GE 
Healthcare, Uppsala, Sweden) and dialyzed in phosphate-buffered 
saline (PBS), pH 7.2, with 5 mM β-mercaptoethanol. pNB485 plas-
mid was transformed into E. coli BL21 (DE3) Codon Plus-RIL, and 
untagged MXR2 protein was expressed by inducing bacterial cul-
tures with 1 mM IPTG; the soluble protein fraction was stored in PBS 
at −20°C. Native untagged Trx and TrxR proteins were expressed in 
E. coli BL21 (DE3) Codon Plus-RIL as described (Lennon and 
Williams, 1995), and the soluble extracts were passed through a 
DEAE cellulose column. The column was washed with buffer and 
protein eluted with increasing concentration of NaCl. Eluted sample 
containing high fractions of Trx and TrxR were used for further steps. 
The eluted proteins were concentrated and dialyzed against PBS 
with 10% glycerol. Wild-type, mutant Mge1, and Hsp70 proteins 
were expressed and purified as described (Marada et al., 2013).

Yeast strains and construction
Yeast strains used in this study and their genotypes are shown in 
Supplemental Table S1. Yeast strains used in this study were deriva-
tives of BY4741 or BY4742. Haploid yeast strains yNB114 and 
yNB115 deleted for MXR1 and MXR2, respectively, were purchased 
from EUROSCARF (Frankfurt, Germany). The construction of hap-
loid yNB65 strain deleted for chromosomal MGE1 but expressing 
MGE1 ectopically from plasmid pNB65 (pTEF-MGE1, 2 μ, URA3) 
has been previously described (Marada et al., 2013). Diploid yNB118 
strain heterozygous for MGE1 and MXR2 was constructed by 
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centrifuging at 2000 rpm for 5 min at 4°C. The beads were directly 
processed for SDS–PAGE, followed by Coomassie staining or 
Western immunoblotting.

Coimmunoprecipitation
A 500-μg amount mitochondria from yeast expressing Flag-Mxr2 
was suspended in 100 μl of SEM buffer and centrifuged at 10,000 rpm 
for 10 min. The mitochondrial pellet was solubilized in RIPA buffer 
and precleared with protein A beads (GE Healthcare). The resultant 
supernatant was incubated with FLAG M2 (Sigma-Aldrich) antibody 
or control immunoglobulin G (IgG) at 4°C on a rotisserie for 4 h 
before addition of protein A beads. The sample was centrifuged at 
2000 rpm and the beads washed three times with RIPA buffer. The 
beads were suspended in sample buffer without β-mercaptoethanol 
and loaded on an SDS–PAGE gel to resolve the bound proteins. The 
resolved proteins were Western transferred, and the membrane was 
probed with Flag and Mge1 antibodies.

Mxr2 enzymatic assay
The enzyme activity assay of Mxr2 was followed as described (Le 
et al., 2009). The activity of oxidized protein (50 μM) or free MetO 
(1 mM) was assayed at 37°C in 50 mM sodium phosphate buffer, 
pH 7.2, containing 50 mM NaCl, 0.2 mM NADPH, 10 μg thiore-
doxin, and 20 μg thioredoxin reductase (Tarrago et al., 2012). Re-
combinant His-Mge1 and GST proteins were treated with 20 mM 
H2O2 for 4 h and dialyzed overnight before addition to the assay. 
The assay was initiated with the addition of Mxr2, and the decrease 
in absorption at 340 nm was continuously monitored for 60 min. A 
small decrease in the absorption with Mxr2 control in the absence of 
substrate was deducted at all time points and used to calculate the 
enzymatic activity of Mxr2.

ATPase assay of mHsp70
ATPase activity assay was performed as described (Marada et al., 
2013) with minor modifications. Recombinant Mge1 was treated 
with 5 mM H2O2 for 2 h and incubated with or without 5 μg His-
Mxr2 in presence of 10 mM DTT before using it for ATPase activity 
assay of Hsp70. An equivalent amount of His-Mxr2 was used in the 
control reactions, which had Hsp70 or Hsp70 and Mge1 before the 
start of the ATPase assay. The amount of radioactive Pi released at 
various time points was measured in a scintillation counter.

ROS measurement
Yeast strains were grown overnight in liquid medium before dilu-
tion in 10 ml of required medium at a starting OD600 of 0.1. The 
cultures were allowed to grow at 30°C until they reached OD600 of 
1.0. Dichlorofluorescin diacetate (DCFDA), 20 μM, was added to 
the cultures and further incubated for 1 h at 30°C. Next the cells 
were washed and suspended in 100 μl of PBS. The intensity of fluo-
rescence was measured in a fluorescence spectrophotometer 
(PerkinElmer, Waltham, MA) with an excitation wavelength of 480 
nm and an emission wavelength of 525 nm; the emission was taken 
as the total ROS level.

Purification of His-Mge1 from yeast cells
For purification of His-Mge1, yNB134 and yNB135 strains were 
grown in 4 l of YPGE medium at 30°C until the cultures reached 
OD600 of 1. Cells were harvested by centrifuging the cultures at 
5000 rpm. Cells were washed with double-distilled water and lysed 
with lyticase in 1.2 M sorbitol buffer. After formation of 50% sphero-
plasts, lysis buffer (6 M guanidium chloride, 150 mM NaCl, 50 mM 
Tris-HCl, pH 8.0, 10 mM imidazole, and 5 mM β-mercaptoethanol) 

converted to spheroplasts by using Zymolyase in 1.2 M sorbi-
tol/20 mM phosphate buffer, pH 7.0. After obtaining 50% lysis of 
cells (lysis correlated to a decrease in OD600 of 100 μl of cells in 
900 μl of water), the resulting spheroplasts were gently washed 
with 1.2 M sorbitol two or three times. The spheroplasts pellets 
were suspended in SEM buffer (250 mM sucrose, 1 mM EDTA, 
10 mM 3-(N-morpholino)propanesulfonic acid [MOPS], 1 mM 
phenylmethylsulfonyl fluoride, 0.2% bovine serum albumin 
[BSA], pH 7.0) and homogenized using a Dounce homogenizer 
(15 times). The homogenates were centrifuged at 3500 rpm. The 
supernatants were collected and centrifuged at 10,000 rpm for 
10 min. The resultant pellets were dissolved in SEM buffer and 
centrifuged at 3500 rpm for 5 min. The supernatants were once 
again centrifuged at 10,000 rpm for 10 min and pellets washed 
three times in SEM buffer. The mitochondria were solubilized to a 
concentration of 1 mg/ml in SEM buffer (without BSA) and kept 
frozen at −80°C.

In vitro protein import
The 35S-radiolabeled full-length proteins Mxr1, Mxr2, and Su9-
DHFR were generated using a T7 or Sp6 in vitro–coupled transcrip-
tion translation system (Promega, Madison, WI). A 100-μg amount 
of mitochondria was suspended in import buffer (0.2% fatty acid–
free BSA, 250 mM sucrose, 80 mM KCl, 5 mM MgCl2, 5 mM MOPS, 
pH 7.0, 5 mM ATP, and 1 mM DTT) and treated with valinomycin 
(5 μM) for 15 min. Next 35S-labeled proteins were added and 
incubated at 30°C for 20 min. After import, each import sample was 
divided into two equal halves. One half was treated with trypsin 
(50 μg/ml) for 15 min on ice, and the other half was processed di-
rectly. Trypsin inhibitor was added to the import sample after the 
trypsin treatment. The samples were washed with SEM buffer, solu-
bilized in 2× sample buffer, resolved on an SDS–PAGE gel, and ana-
lyzed by autoradiography.

Preparation of mitoplasts and treatment with proteinase K
A 100-μg amount of yeast mitochondria was suspended in hypo-
tonic buffer (20 mM KCl, 10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, pH 7.2) and incubated for 20 min with oc-
casional mixing on ice, followed by a spin at 10,000 rpm, 10 min at 
4°C to generate mitoplasts as pellet. Mitoplasts were collected and 
resuspended in SEM buffer. Mitochondria, mitoplasts, and 0.1% Tri-
ton X-100–solubilized mitochondrial extract were treated with or 
without proteinase K (50 μg/ml) in SEM buffer. After incubation for 
10 min on ice, PMSF (1 mM) was added and the samples centri-
fuged at 10,000 rpm for 10 min (Sepuri et al., 2012). Sample buffer 
was added to the pellets, and the protein suspensions were resolved 
on an SDS–PAGE, the gel western transferred, and the membrane 
probed with the antibodies.

Ni pull-down assay
Soluble bacterial protein fraction enriched in recombinant Mxr2 and 
yeast mitochondrial fractions containing Flag-Mxr2 or Flag alone 
were solubilized in RIPA buffer. The fractions were precleared with 
Talon metal affinity resin and the supernatants collected. Purified 
recombinant His-Mge1 or His-Mge1 M155L (Marada et al., 2013) 
proteins was treated with increasing concentrations of H2O2 for 2 h 
before allowing it to bind to Ni-NTA beads. The precleared Mxr2 
containing bacterial lysate fractions or mitochondrial fraction con-
taining Flag-Mxr2 was added to the Ni-NTA beads, which had been 
prebound with His-Mge1 in separate assays. The samples were kept 
on a rotisserie for 1 h at 4°C and washed three times in PBS/RIPA 
buffer containing 10 mM imidazole; the beads were collected by 
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was added. Lysates were precleared by centrifuging the samples at 
10,000 rpm for 10 min to remove cell debris. Ni-NTA beads were 
added to the lysates and incubated on a rotisserie for 4 h at room 
temperature. The Ni-NTA beads were collected by spinning the 
samples at 2000 rpm for 5 min. The beads were washed three times 
with wash buffer (6 M guanidium chloride, 150 mM NaCl, 50 mM 
Tris-HCl, pH 8.0, 20 mM imidazole, and 5 mM β-mercaptoethanol), 
followed by another wash with PBS buffer, pH 7.2. His-Mge1 protein 
was eluted in 400 mM imidazole in PBS buffer and resolved by SDS–
PAGE. The gel was Coomassie stained, and the His-Mge1 protein 
band was excised and submitted for mass spectrometry analysis.

In vitro treatment of Mge1 with H2O2 and Mxr2 
for MALDI-TOF analysis
Mge1 protein was oxidized with 20 mM H2O2 in PBS for 6 h and dia-
lyzed in PBS, pH 7.2, overnight to remove H2O2. A 20-μg amount of 
Mge1 protein pretreated with H2O2 was incubated with or without 
Mxr2 (2.5 μg) protein in presence of 10 mM DTT in 50 mM NaCl and 
50 mM sodium phosphate buffer, pH 7.2. After 4 h of incubation at 
room temperature, samples were processed for SDS–PAGE, and the 
gel was Coomassie stained. The Mge1 protein bands were excised 
and sent for mass spectrophotometric analysis at the proteomics 
facilities at the University of Hyderabad (Hyderabad, India) and the 
Indian Institute of Sciences (Bangalore, India).

Mass spectrometry
For mass spectrometric analysis, all protein samples were sepa-
rated by SDS–PAGE and Coomassie stained, and the protein band 
was excised and subjected to mass spectrometry analysis. Proteins 
were reduced (10 mM DTT) and alkylated (10 mM iodoacetamide) 
using standard protocols, followed by in-gel trypsin/LysC overnight 
digestion at 37°C. Peptides were concentrated in a vacuum centri-
fuge at room temperature and suspended in 0.1% trifluoroacetic 
acid/25% acetonitrile. The peptides were analyzed by MALDI-TOF/
MS and MALDI-TOF/TOF/MS/MS. MALDI spectra were obtained 
using a Bruker Daltonics mass spectrometer. Peptide Mass Finger-
print search was performed using the MASCOT server for protein 
identification. Graphs were plotted by taking percentage of rela-
tive intensity in relation to the peptide of interest. MS/MS fragment 
ions were assigned by comparing with predicted ions generated in 
silico by using a Protein Prospector (University of California, San 
Francisco, CA).

Protein aggregation assay
For each protein aggregation assay, 50 μg of mitochondria was sus-
pended in aggregation assay buffer (250 mM sucrose, 10 mM 
MOPS, 80 mM KCl, 5 mM MgCl2, 5 mM ATP, and 4 mM NADH) and 
treated with H2O2 for 30 min at room temperature (Bender et al., 
2011). The mitochondria were centrifuged at 10,000 rpm for 10 min, 
and the pellet was solubilized in lysis buffer (0.5% Triton X-100, 
200 mM KCl, 30 mM Tris-HCl, pH 7.5, 5 mM EDTA). The solubilized 
mitochondria were centrifuged at 25,000 rpm for 1 h. The superna-
tant fraction (soluble fraction) was collected, and the pellet (aggre-
gated fraction) was resuspended in lysis buffer. Twenty percent of 
supernatant fraction and total pellet fraction was separated by SDS–
PAGE, and the gel was silver stained.
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