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ABSTRACT: Elevated levels of reactive oxygen species can damage proteins. Sulfur-containing amino acid
residues, cysteine and methionine, are particularly susceptible to such damage. Various enzymes evolved to
protect proteins or repair oxidized residues, including methionine sulfoxide reductases MsrA and MsrB,
which reduce methionine (S)-sulfoxide (Met-SO) and methionine (R)-sulfoxide (Met-RO) residues, respec-
tively, back to methionine. Here, we show that MsrA and MsrB are involved in the regulation of
mitochondrial function. Saccharomyces cerevisiae mutant cells lacking MsrA, MsrB, or both proteins had
normal levels of mitochondria but lower levels of cytochrome c and fewer respiration-competent mitochon-
dria. The growth of singleMsrA orMsrBmutants on respiratory carbon sources was inhibited, and that of the
double mutant was severely compromised, indicating impairment of mitochondrial function. AlthoughMsrA
and MsrB are thought to have similar roles in oxidative protein repair each targeting a diastereomer of
methionine sulfoxide, their deletion resulted in different phenotypes. GFP fusions ofMsrA andMsrB showed
different localization patterns and primarily localized to cytoplasm and mitochondria, respectively. This
finding agreed with compartment-specific enrichment of MsrA and MsrB activities. These results show that
oxidative stress contributes to mitochondrial dysfunction through oxidation of methionine residues in
proteins located in different cellular compartments.

Elevated levels of reactive oxygen species (ROS)1 can cause
damage to cellular components, including nucleic acids, proteins,
and lipids (1, 2). Aside from their deleterious effects,ROS are also
involved in the regulation of numerous cellular processes, such as
gene expression and cell growth. Therefore, cells need to tightly
regulate the levels of these oxidants. Cysteine andmethionine, the
two sulfur-containing amino acid residues, are particularly
susceptible to oxidation by ROS. However, several oxidized
forms of cysteine (e.g., sulfenic acid, sulfinic acid, and disulfide)
andmethionine (e.g., methionine sulfoxide) can be enzymatically
reduced to the original residues, restoring protein activities (3-5).
In addition, cyclic oxidation and reduction of cysteines and
methionines in proteins are thought to make up a mechanism
that protects cells from the deleterious effects of oxidants (6, 7).

Methionine sulfoxide has an asymmetric sulfur center, which
gives rise to twodiastereomers.Methionine sulfoxide reductaseA
(MsrA) was the first enzyme identified in the methionine repair
pathway (8), and it is stereospecific for methionine (S)-sulfoxide
(Met-SO). A second enzyme, methionine sulfoxide reductase B
(MsrB), which is a selenium-containing protein in mammals and

a cysteine-containing protein in most other organisms (9-11),
was also identified, and it is specific for methionine (R)-sulfoxide
(Met-RO). Because both enzymes participate in the methionine
sulfoxide reduction pathway, they are often expressed in a
coordinated fashion, and in many bacteria, the genes for these
two proteins are located within the same operon.

In addition, MsrA and MsrB have very similar phylogenetic
profiles: their patterns of occurrence in completed genomes are
essentially identical (9-12). This observation is particularly
interesting because these two enzymes evolved from unrelated
ancestral proteins. On the other hand,MsrA andMsrB use alternate
substrates and are not known to interact with each other. In this
regard, it is surprising that these two enzymes are sometimes
fused to form a single polypeptide. For example, the PilB protein
ofNeisseria gonorrheae has a secreted form that is associated with
the outer membrane and contains both MsrA and MsrB activ-
ities (13). What could then be the evolutionary advantage of
linking these two proteins and activities? The requirement of
Msrs for pathogenicity of certain microorganisms (14) suggests
that some periplasmic proteins contain methionine residues that
are oxidized and then repaired byMsrs. The pathogenecity of the
bacteria containing periplasmic Msr systems may simply reflect
the ability of these organisms to protect their electron transport
chain components from the host defense response.

Oxidative stress is known to participate in programmed cell
death. One early consequence of oxidative stress is the release of
cytochrome c from mitochondria to cytosol. In animal cells, this
process initiates a program that leads to cell death. However, the
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mechanisms by which the stress is sensed and causes mitochon-
drial dysfunction are not well understood. The cytochrome c has
a conserved methionine that coordinates the heme iron and
regulates the redox potential of this protein. This methionine has
been described as a target for oxidation by ROS (15, 16), and the
resulting methionine sulfoxide form of cytochrome c was shown
to be impaired in electron transfer (15). In a recent study, mouse
MsrA was shown to be important in cytochrome c repair and
protection against cataract (17).

In this study, we found that Msrs regulate mitochondrial
functions in yeast. Cells lacking MsrA and MsrB genes were
respiratory-deficient because of lower levels of mitochondrial
cytochrome c and had a shorter life span.Mitochondrial function
was particularly compromised in cells lacking both Msrs. How-
ever, these enzymes unequally affected mitochondrial function,
with MsrA being primarily located in the cytosol and MsrB in
mitochondria. This study illustrates how the cellular system for
methionine sulfoxide reduction regulatesmitochondrial function.

MATERIALS AND METHODS

YeastGrowth andMedia. Isolation of yeastmutants lacking
methionine sulfoxide reductases was previously described (9-18).
These cells were grown in either YPD medium (1% yeast extract,
2% peptone, 2% dextrose, or other carbon sources) or supple-
mented YNB (yeast nitrogen base). To analyze growth rates, 2%
glycerol, 2% ethanol, or 1% lactic acid was used as a carbon
source. SDC liquid medium [0.18% yeast nitrogen base without
amino acids, 0.5% ammonium sulfate, 0.14% NaH2PO4, 0.173%
complete amino acidmix, and 2%glucose (pH adjusted to 6.0with
NaOH)] was used for chronological life span and index of
respiratory competence (IRC) assays.
Localization of MsrA and MsrB. Open reading frames of

Saccharomyces cerevisiae MsrA and MsrB, without stop codons
and with BamHI and HindIII cloning sites, were PCR amplified
and cloned into the SmaI site of pBS. GFP was subcloned from
pEGFP-N2 into the HindIII-XhoI site of MsrA and MsrB con-
structs preserving the reading frames. A BamHI-XhoI fragment
encoding the Msr-GFP fusion protein was moved from pBS to
p426 yeast vector containing a galactose-inducible promoter. Cells
were transformed and initially grown in the presence of 2%glucose
and then switched to growth on galactose to induce expression of
the MsrA-GFP or MsrB-GFP fusion proteins. After 3 h, cells
were pictured with a confocal fluorescence microscope.
Growth Curves. Yeast mutant strains were grown in the

presence of 2% glycerol, 2% ethanol, or 1% lactic acid, and the
absorbance was measured at 600 nm at indicated time points.
Western Blot Analysis. Logarithmically growing cells (5 mL)

were harvested and lysed in extraction buffer containing 1� pro-
tease inhibitor cocktail (Sigma). Ten micrograms of total protein
from these cell extracts was fractionated via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels
and electrotransferred onto PVDFmembranes (Invitrogen).Mem-
branes were incubated with anti-cytochrome c1 (Cyc1), anti-
Tom40, and anti-phosphoglycerate kinase (PGK) antibodies. The
blotswere developedusing anECLdetection system (GEHealthcare).
Cytochrome c Isolation. Cells were grown to stationary

phase in YPD medium, shifted to YPG (3% glycerol), and
incubated with gentle shaking. Ten grams (wet weight) of wild-
type (WT) cells and 10 g of double mutant cells were harvested,
and Cyc1 protein was extracted in parallel from these cells as
described previously (19).

Analysis of Mitochondria. Flow cytometry was used to
monitor the levels of functional mitochondria inWT and indicated
mutant strains (20). Cells were grown to stationary phase in YPD
medium, then shifted to YPG, and kept for additional 12 h.
Approximately 107 cells were harvested and stained with Mito-
Tracker Red (Molecular Probes, Eugene, OR) as described by the
manufacturer and analyzed with a flow cytometer.
Yeast Aging and Index of Respiratory Competence (IRC)

Assays. For replicative aging assays, cells were grown on fresh
medium for 2 days. For each strain, 35 daughter cells (starter
mothers) were collected and lined upwith amicromanipulator on
agar plates. New buds (daughters) from these virgin cells were
removed and discarded as they formed. This process continued
until cells ceased dividing. The life span was determined as the
total number of daughter cells that each mother cell generated.
Chronological life span assays were conducted as described
previously (21). Briefly, frozen stocks of mutant yeast strains
were spread onto YPD plates and incubated at 30 �C for 2 days.
Several colonies were chosen and incubated in 5 mL of SDC
medium overnight. These cultures were diluted with 50 mL of
SDC medium and incubated at 30 �C with shaking at 250 rpm.
After 3 days, cells were diluted to anA600 of 0.1-0.2 and used for
viability assays wherein cells were spread onto YPD plates every
2 days and incubated at 30 �C and colonies counted after 3 days.

IRC assays were conducted according to themethod described
in ref 21. Briefly, from the same cultures that were used for chro-
nological aging assays, cells were diluted to an A600 of 0.1-0.2
and used for the IRC assay once in 2 days. Diluted cells were
spread onto YPG plates and incubated at 30 �C, and colonies
were counted after 3 days. The IRCwas calculated as the number
of colonies that were observed from YPG plates divided by the
number of colonies on YPD plates.
Overexpression of MsrA and MsrB in Wild-Type and

MsrMutant Cells.MsrA andMsrB genes were amplified from
yeast genomicDNAand cloned intoBamHI andXhoI restriction
sites of a p425 or p423 yeast expression vector under the GPD
promoter. These constructs were transformed into the WT,
Msr double mutant (MsrAΔ/MsrBΔ), and Msr triple mutant
(MsrAΔ/MsrBΔ/fRMsrΔ) cells using the lithium acetatemethod.
For coexpression, plasmids for MsrA and MsrB were used in
transformations. Also, 1 kb upstream of MsrA and MsrB along
with ORF of each genes was cloned into SacI and BamHI
restriction site of p425, which disrupts the GPD promoter for
native expression of each gene under its own promoter.
ComplementationAssay.Logarithmically growing wild-type,

double mutant (MsrAΔ/MsrBΔ), and triple mutant (MsrAΔ/
MsrBΔ/fRMsrΔ) cells, and the same cells expressing individual
Msrs, were grown in YNB medium, harvested, and washed with
distilled water. The cultures were diluted to an A600 of 0.5. The
double mutants were spotted on the appropriate YNB plates that
contained glycerol for complementation of respiratory growth.
Because the double Msr mutant strain had residual Msr activity,
due to the presence of fRMsr [free methionine (R)-sulfoxide
reductase] specific for the reduction of free Met-RO (22), the
complementation assay for reductase activity was checked using
the triple Msr mutant (MsrAΔ/MsrBΔ/fRMsrΔ). Appropriate
YNB plates without methionine but with a racemic mixture of
methionine sulfoxides (20mg/L) for reductase activitywere used for
the spotting assay. Plates were then incubated at 30 �C for 4 days.
Assays of Superoxide Levels in Yeast Cells. In assays

for mitochondrial superoxide, mitochondria-specific dye Mitosox
(Invitrogen) was used as described previously (23). For cytoplasmic
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superoxide levels, dihydroethidium dye (Sigma), which detects
superoxide radicals in cytosol regardless of their origin, was
used (23). Briefly, cells were grown overnight in YPD, diluted to
an A600 of 0.6, centrifuged, and washed with water. Pellets were
incubated in 5 mL of 2 mMH2O2 for 1 h, washed out of peroxide,
and incubated in YPD medium. Dihydroethidium (DHet) was
added to cultures to a concentration of 160 μM for detection of
cytosolic superoxide, andMitosox was added to a concentration of
5 μM to detect mitochondrial superoxide levels. Cultures were
incubated for 45min, washed, and resuspended in 2mLof 1� PBS.
Fluorescence was measured with a flow cytometer for 10000 cells
for each strain.
Isolation of Mitochondria and Analysis of MsrA and

MsrB Activities in Cellular Compartments. The procedures
were as previously described (24). Wild-type, MsrAΔ, MsrBΔ,
and MsrAΔ/MsrBΔ yeast strains were grown at 30 �C for 16 h
and then collected by centrifugation; 70-80 g of cells was
suspended with 50 mL of 100 mM Tris (pH 9.4) in the presence
of 10 mM DTT and incubated at 30 �C for 15 min with gentle
shaking. After the supernatant had been removed by centrifuga-
tion at 3500 rpm, cells were resuspended in 40 mL of 1.2 M
sorbitol buffer containing 2.5 mg of zymolyase 20T per gram of
cells. Following incubation at 30 �C for 30 min with gentle
shaking, cells were centrifuged at 5000 rpm for 5 min and
resuspended in 100 mL of breaking buffer [0.6 M sorbitol with
20 mMMES potassium (pH 6.0 for mitochondria or pH 7.4 for
cytosolic fractions)] containing 0.5 mM PMSF. These cells were
then homogenized and centrifuged at 3500 rpm for 5 min. After
the supernatant had been removed, it was centrifuged again at
10000 rpm for 10 min. The supernatant was collected as a
cytosolic part, and the pellet was resuspended in breaking buffer
(pH 6.0) lacking PMSF.After centrifugation and resuspension of
this pellet had been repeated to obtain pure mitochondria, this
mitochondrial pellet was finally resuspended in breaking buffer
(pH 7.4) by using a Teflon dounce and then stored at -80 �C.
Western blot analyses were performed to examine the pre-
paration of subcellular fractions using 10 μg of cytosolic or
mitochondrial protein lysates and anti-Tom40 and anti-PGK
antibodies.

MsrA and MsrB activities were measured in isolated mito-
chondria and cytosol of each strain using an HPLC procedure.
Briefly, 200 μg of protein was used in each assay. The reaction
(100 μL) was conducted at 37 �C for 30 min in the presence of 20
mM DTT, and either 200 μM dabsyl-methionine (S)-sulfoxide
(MsrA assay) or 200 μMdabsyl-methionine (R)-sulfoxide (MsrB
assay) was added to the reaction mixture. After the reaction had
been stopped by the addition of 200 μL of acetonitrile, the
mixture was centrifuged at 4 �C for 15min at 13000 rpm and then
supernatant (50 μL) was injected onto a C18 column (ZORBAX
Eclipse XDB-C18) to quantify dabsyl-methionine.

RESULTS

Localization of MsrA andMsrB in Yeast. To test the role
of Msrs in mitochondrial function, we used a yeast model
organism, S. cerevisiae, for which strains deficient in MsrA,
MsrB, or both enzymes are available (9). S. cerevisiae has single
MsrA and MsrB genes, and these proteins stereospecifically
reduce Met-SO and Met-RO, respectively. Interestingly, the
specific activity of the yeast MsrA is at least 10 times higher than
that ofMsrB, and this difference is also reflected in the severity of
phenotypes associated with the deficiency of one enzyme or the
other (9). To examine the relevance of MsrA and MsrB to
mitochondrial function, the localization of these enzymes was
determined by expressing fusion proteins with GFP. Figure 1
shows fluorescence microscopy images of WT cells transformed
with MsrA and MsrB expression constructs. MsrA exhibited
diffuse distribution in the cytosol, whereas MsrB was located
within defined subcellular compartments that resembled mito-
chondrial staining. The mitochondrial location of MsrB was
further confirmed by colocalization with Mitotracker Red. In
addition, it was noted that the MsrB protein sequence displays a
predicted mitochondrial signal, whereas MsrA lacked such a
signal peptide. Thus, localization experiments found that MsrA
was located primarily in the cytosol, whereas MsrB resided
mainly in mitochondria.
MsrA andMsrB Activities in the Cytosol andMitochon-

dria.We further examined the occurrence ofMsrA andMsrB by
characterizing the ability of cytosolic andmitochondrial fractions

FIGURE 1: Localization ofMsrAandMsrB in yeast cells. Confocalmicroscopy analysis ofWTcells expressingC-terminalGFP fused toMsrAor
MsrB. TheMsrA signal (derived from theMsrA-GFP fusion protein) shows distribution throughout the cell, whereas theMsrB signal (from the
MsrB-GFP fusion protein) shows a dotted pattern that overlaps with staining with MitoRed, a mitochondrial fluorescent dye.
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to reduce dabsyl derivatives of Met-RO and Met-SO. In wild-
type cells, mitochondria had higher MsrB activity than the
cytosol, whereas the cytosolic fraction was highly enriched for
MsrA activity (Figure 2A). Single mutants lacked the corre-
sponding activities, and the double mutant exhibited no activity
with either Met-SO or Met-RO (Figure 2A). Thus, MsrA is the
main enzyme that reduces Met-SO residues in proteins, and it is
primarily located in the cytosol ( p<0.0089); on the other hand,
MsrB is the main protein that repairs Met-RO residues and is
mostly located in mitochondria. The differential location of
MsrA and MsrB activities was further verified via examination
of the purity of cytosolic andmitochondrial fractions byWestern
blot analysis (Figure 2B).

Being antioxidant repair proteins, Msrs have roles in decreasing
the intracellular level of ROS as initially postulated by Levine
et al. (6). In addition, it was shown that MsrA knockout mice had
higher levels ofROS in lens cells (17) and thatMsrA-overexpressing
PC12 cells had lover levels of ROS (25). To assess the role of yeast
Msrs in regulatingROS, superoxide levels in single and doubleMsr
mutants were assayed in cytosol and mitochondria using fluores-
cent dyes and compared with those in control cells (Figure 3). We
found that deletion of eitherMsr gene or deletion of both genes led
to a significant increase in ROS levels in both compartments. This
result shows that bothMsrAandMsrBplayprotective roles against
ROS in mitochondria and cytosol in S. cerevisiae.
Methionine Sulfoxide Reductases Regulate Respiration.

To test whether mitochondrial function is impaired in cells lacking

MsrA and/or MsrB, the deletion mutant cells were grown in the
presence of respiratory substrates: lactic acid (Figure 4A), ethanol
(Figure 4B), and glycerol (Figure 4C). To derive energy from these
compounds, yeast cells need to utilize TCA cycle enzymes and the
electron transport system, which requires functional mitochondria.
We found that the growth of MsrAΔ and MsrBΔ mutants was
partially impaired and that of the MsrAΔ/MsrBΔ mutant was
dramatically decreased in cells grown on these respiratory sub-
strates. In lactate and ethanolmedia, the absence ofMsrA retarded
the growth more significantly than the absence of MsrB; thus,
MsrA seems to be a more prominent regulator of mitochondrial
function even if it is located mainly in the cytosol.

To improve our understanding of the finding of the slow
growth of mutant cells on respiratory substrates, we determined
Cyc1 levels in mutant and WT cells by Western blotting. As
shown in Figure 5A, MsrAΔ and MsrBΔ single mutants had
lower levels of cytochrome c, and the double mutant had
extremely small amounts of Cyc1. In addition, we purified native
cytochrome c, in parallel, from the same mass ofWT and double
mutant cells and analyzed proteins on an SDS-PAGE gel
(Figure 5B). Little cytochrome c could be seen in the double
mutant sample, whereas this protein was abundant in the sample
derived from WT cells. To test whether the decreased level of
Cyc1 in mutants was due to lower levels of mitochondria, lysates
from mutant and WT cells were analyzed for a mitochondrion-
specific marker protein, Tom40 (Figure 5A). Interestingly,
MsrAΔ and MsrBΔ single mutants and the double mutant
showed the same levels of mitochondria as WT cells.

We next utilized a flow cytometry approach to monitor the
levels of functional mitochondria in cells. The MitoRed marker
selectively accumulates within mitochondria in a membrane
potential-dependentmanner, which separates respiration-competent
cells from respiration-deficient cells. Figure 5C shows the relative
ratios of MitoRed-stained cells in WT and mutant strains. As
could be deduced from this experiment, respiration-competent
mitochondria in the doublemutant cells were at a level of 8%and
inMsrAΔ andMsrBΔ single mutants at levels of 17 and 75% of
WT cells, respectively. Thus, the effect of MsrA deletion was
stronger than that ofMsrB deletion. The double mutant cells had
few respiring mitochondria, showing thatMsr deficiency leads to
nonfunctional mitochondria rather than to a decrease in the
number of mitochondria.
MsrActivities and Aging. It has previously been shown that

calorie restriction extends the replicative life span of yeast cells by

FIGURE 2: Met-SO and Met-RO activities in preparations of yeast
cytosol and mitochondria. (A) Cytosol and mitochondria were
isolated from wild-type and single and double Msr mutant strains
and examined for the ability to reduceMet-SO andMet-RO in an in
vitro assay. Error bars show the standard error of the mean of three
independent analyses. (B) Purity of mitochondrial and cytosolic
fractions analyzed by Western blot analysis using anti-PGK and
anti-Tom40 antibodies.

FIGURE 3: Superoxide levels in Msr mutants. Cytosolic and mito-
chondrial superoxide levels were assayed for WT and Msr mutant
cells as described in Materials and Methods. Three independent
analyses were performed for each strain.
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promoting a metabolic shift toward an increased level of mito-
chondrial respiration (26). If a higher rate of respiration leads to a
longer life span, then respiratory substrates, such as lactic acid,
would be expected to increase the life span as well. We conducted
yeast aging assays and indeed found that all strains tested had
12-45% longer life spans on lactic acid compared to that of the
corresponding cells maintained on 2% glucose. However, when
analyzed within each growth condition, MsrAΔ single and
MsrAΔ/MsrBΔ doublemutants had reduced life spans compared
to that of WT cells (Figure 6A). The lack of mitochondrial
MsrB extended the life span by 25% in cells grown on lactate
compared to those on glucose (Figure 6B). Because of the
growth defect on respiratory substrates, we could not conduct

aging assays for the MsrAΔ/MsrBΔ strain under lactic acid
conditions. In addition, we assayed chronological aging for
single and double mutant strains (Figure 6C). With the samples
used for chronological aging assays, we further analyzed
the index of respiratory competence (IRC), which reflects the
fraction of cells that can grow on both fermentable (glucose)
and nonfermentable (ethanol, glycerol, or lactate) carbon
sources (21). The data suggested that theMsrAΔ/MsrBΔ strain
could not use nonfermentable respiratory sources, whereas
MsrBΔ used them better than MsrAΔ (Figure 7). Thus, MsrA
plays an important role in the mitochondrial function, and
MsrB contributes to this function.
Double Deletion of Msr Genes Causes Irreversible

Damage toMitochondrial Function. To test whether impaired
mitochondrial function could be rescued by overexpression of
Msrs, we performed a complementation assay. Both genes were
expressed under the control of their own promoters by cloning a
1 kb upstream region of each gene alongwith theORF. Figure 8A
shows that overexpression of MsrA or MsrB did not normalize
mitochondrial function of the doublemutant grown on a respira-
tory substrate, because respiratory substrates require functional
mitochondria. Furthermore, coexpression of each Msr gene in
the same cells also did not result in cell growth (Figure 8B). This
complementation assay was repeated using different types of
respiratory substrates (glycerol and ethanol) anddifferent vectors
(with GPD and TEF promoters). The same constructs were
utilized for cell growth assays in the presence of a racemic
Met-RO and Met-SO mixture to test whether Msr activity can
be complemented by overexpression of Msr genes. Because WT

FIGURE 5: Levels of cytochrome c and functional mitochondria are
lower in methionine sulfoxide reductase mutants. (A) Western blot
analysis of cell extracts with polyclonal antibodies specific for
cytochrome c1 and Tom40. Ten micrograms of protein was loaded
in each lane, and PGK was used as a loading control. (B)
SDS-PAGE analysis of native cytochrome c preparations isolated
fromWT and double mutant cells. The same amount of cells (10 g of
wet weight) was used for both strains; proteins were purified in
parallel using identical procedures, and 10 μL of each preparation
was loadedon the gel. (C)WTand indicatedmutant cellswere stained
withMitoRed and analyzed by flow cytometry, and relative ratios of
signal densities of a representative assay were plotted.

FIGURE 4: MsrA andMsrB regulate growth of yeast cells on respira-
tory substrates. Indicated WT and mutant cells were diluted to an
A600 of 0.05 in glucose-free rich medium containing 1% lactic acid
(A), 2% ethanol (B), or 2% glycerol (C) and incubated at 30 �C.
Growth rates were monitored on the basis of A600 measurements.
Error bars show the standard error of the mean. Three independent
analyses were performed for each strain.
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and indicatedmutant strains are methionine auxotrophs (9), cells
could be supplemented with methionine sulfoxides to test the
function of Msrs. As we discussed above (see Materials and
Methods), we used the triple Msr mutant, with additional
deletion of the free methionine-R-sulfoxide reductase (MsrAΔ/
MsrBΔ/fRMsrΔ) to assay the reductase activity. Figure 8C
shows that respiratory deficiency ofmutants could not be rescued
by overexpressing Msr genes. However, the reductase activity
could be restored by overexpressing each of the Msr genes in the
triple mutant (Figure 8D).

DISCUSSION

This study uncovered unexpectedly complex roles of MsrA
and MsrB in regulating mitochondrial function in S. cerevisiae.
Although these two oxidoreductases were expected to have
complementary functions, each repairing one-half of methionine
sulfoxide residues in proteins, we observed differences in the
localization of these enzymes as well as differences in MsrA and

MsrB activities in the cytosol and mitochondria. MsrA, in the
fusion protein with GFP, localized primarily to the cytosol,
whereas MsrB localized to mitochondria. Nevertheless, the
absence of MsrA caused stronger phenotypes with regard to
mitochondrial function.

In agreement with earlier observations in mice (27) and fruit
flies (28), it was found that the replicative life span of yeast cells
could bemodulated byMsrs (29). Deletion and overexpression of
Msrs could decrease and increase life span, respectively, under
aerobic conditions. Interestingly, under anaerobic conditions, life
span was significantly reduced compared to that in the presence
of oxygen, suggesting a role forROS-independent components of
aging. However, under anaerobiosis, yeast life span was not
influenced byMsrs, likely because ROS levels were low and thus

FIGURE 6: Life span analysis of WT and Msr mutant cells. Replica-
tive (A and B) and chronological (C) life spans were determined for
indicated WT and Msr mutant cells. For the replicative life span
assay, cells were grown on glucose (A) or lactate (B).

FIGURE 7: Analysis of the index of respiratory competence. An IRC
assay shows how respiratory carbon sources support the growth of
WT andMsr mutant cells. Error bars show the standard error of the
mean. Three independent analyses were performed for each strain.

FIGURE 8: Complementation assay. The GPD promoter was dis-
rupted in the p425 yeast expression vector, andMsrA andMsrBwere
expressed under their own promoters in Msr mutants. Designations
of yeast strains are as follows: ABΔ, cells missing MsrA and MsrB
genes;ABFΔ, cellsmissingMsrA,MsrB, and fRMsr genes. (A andB)
Spotting assay using respiratory substrates. WT and double Msr
mutant cells were analyzed as shown, together with mutant cells
containing a vector (þv), expressing MsrA (þpMsrA) or MsrB
(þpMsrB), or coexpressingMsrAandMsrB (þpMsrA-B). The triple
Msr mutant was also analyzed (C) for growth on respiratory
substrates and (D) following complementation of mitochondrial
function of cells grown on Met-free YNB medium supplemented
with 20 mg/L Met-RO or Met-SO.
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the enzymes that repair ROS damage were not needed (29). In
contrast, a recent study showed that the shortened life span in
MsrAknockoutmice cannot be reproduced, even though the loss
of MsrA made mice much more sensitive to oxidative stress (30).

The specific targets of Msrs are poorly understood. It is
thought that MsrA andMsrB catalyze reduction of all accessible
methionine sulfoxide residues, but this contrasts with the findings
that reversible methionine sulfoxide reduction regulates activities
of certain proteins, such as ion channels (31). In addition, one
should expect that if MsrA andMsrB lack specificity for protein
targets, susceptible methionine residues would have been coun-
terselected from occurring in proteins that reside in regions most
susceptible to oxidative damage. Following the findings that
Msrs may be required to protect electron transport system
components in bacteria (14) and cytochrome c in mouse (17),
we found that mitochondrial function requires Msrs in yeast.

Mitochondria, being generators ofROS in eukaryotic cells, are
also the targets of these reactive species. The steady state
concentration of ROS in mitochondria might be higher than
that in the rest of the cell (32).MitochondrialDNA, because of its
proximity to ROS generation sites and lack of protective
histones, is exposed to ROS damage, and as a result, mtDNA
accumulates mutations approximately 10 times faster than the
nuclear DNA. In eukaryotes, studies established a clear link
betweenmitochondrial function and aging (33).Whenmitochon-
dria become nonfunctional, NADH is not processed by the
electron transport chain and instead is oxidized by cytosolic
NADHoxidase, which produces higher levels of free radicals that
eventually may lead to cell death (34).

Our experimental analysis showed that yeast cells completely
lackingMsrs had decreased growth rates on lactic acid and other
respiratory substrates in liquid media and that they generally
displayed shorter life spans. Further analysis of thesemutant cells
revealed that the levels of active respiring mitochondria were
lower than those in WT cells and that cytochrome c levels were
significantly lower in both single and double mutant strains even
though they had normal levels of mitochondria. Indeed, over-
expression of Msrs did not rescue mitochondrial function in
double mutant cells, while the Msr function was restored under
these conditions. An earlier cDNA microarray analysis showed
that the expression level of cytochrome c and other respiratory
genes did not change in theMsrAΔ,MsrBΔ, andMsrAΔ/MsrBΔ
mutants (29), suggesting that the loss of cytochrome c was not
due to transcriptional regulation inmutants. The absence ofMsrs
is expected to lead to ROS accumulation both in mitochondria
and in cytosol, and the accumulation of ROS could lead to
mitochondrial genome instability, accumulation of mutations,
and eventually impaired mitochondrial function.

Yeast cells growing on 2% glucose preferentially utilize
glycolysis and repress the synthesis of mitochondrial proteins.
As a result, free radicals may be produced at intermediate
levels (26-35). However, when cells are grown on 0.5% glucose,
repression of respiratory genes is released, whereas life span is
increased (26-36). A similar effect may be seen in cells that grow
on respiratory substrates, such as lactate.When lactic acid is used
as a carbon source,most of the respiratory genesweremoderately
upregulated in wild-type cells (data not shown). Deficiency in
mitochondrial MsrB led to a dramatic activation of respiratory
genes by lactic acid, and this upregulation of respiration may be
the underlying reason why MsrB mutants had a longer life span
in lactic acid. However, in the cells overexpressing MsrB,
respiratory genes were not upregulated when these cells were

grown on lactic acid. Thus, the lack ofMsrB led to a deficiency in
the respiratory system and lactate-induced activation of the respira-
tory genes to meet the increased demand for energy production.

Because the MsrB-GFP fusion protein was primarily loca-
lized to mitochondria, we also searched for MsrB interacting
partners using a yeast two-hybrid system and found that Uth1
interacts with MsrB (data not shown). The Uth1 protein, a
member of the SUN family, was initially identified from a
mutational screen for stress resistance and life span extension
during starvation (37). Uth1 is a mitochondrial protein and is
also known to reside in the outer mitochondrial membrane. It
was shown to play a role in mitochondrial biogenesis and
autophagy and yeast cell death induced by heterologous expres-
sion of the pro-apoptotic proteinBax (38, 39). Interestingly,Uth1
deficiencywas shown todecrease the level of cytochromeproteins
by up to 25%; however, themechanisms bywhichUth1 regulates
mitochondrial function are not clear. The functional significance
of the observed Uth1-MsrB interaction needs to be investigated
further.

In eukaryotes, the release of cytochrome c from mitochondria
upon exposure to oxidative stress has been known for a long time,
but the molecular mechanism of how oxidative stress initiates
cytochrome c release is not fully understood. Our data suggest
that, in the absence of Msrs, oxidation of cytochrome c and
possibly other respiratory enzymes causes mitochondrial dys-
function, which leads to mitochondrial collapse, premature
aging, and cell death.

The functional differences between yeastMsrAandMsrBpose
new questions. For example, it is not clear how the complemen-
tary methionine sulfoxide substrates are reduced in cytosol and
mitochondria if each of these compartments has widely different
levels of individual Msrs. One clue may come from the observa-
tion that, in yeast, MsrA is 10-fold more active than MsrB (29),
which is consistent with the stronger phenotypes and changes in
gene expression observed in MsrA deficiency compared to the
deficiency of MsrB. Besides its involvement in oxidative protein
repair,MsrA has a role in reducing free methionine sulfoxide in a
process that supplies methionine to cells, whereas MsrB is only
active with protein substrates. The need for targeting Msrs to
different compartments is evident from the studies in mammals,
which evolved separate MsrBs for the cytosol (MsrB1), mito-
chondria (MsrB2), and endoplasmic reticulum (MsrB3) (40).
Moreover,MsrB3 andMsrA are alternatively spliced, andMsrA
can produce both mitochondrial and cytosolic forms from the
same transcript (41).
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