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Aging is thought to be caused by the accumulation of damage,
primarily from oxidative modifications of cellular components by
reactive oxygen species (ROS). Here we used yeast methionine sulf-
oxide reductases MsrA and MsrB to address this hypothesis. In the
presence of oxygen, these antioxidants could increase yeast lifespan
and did so independent of the lifespan extension offered by caloric
restriction. However, under ROS-deficient, strictly anaerobic condi-
tions, yeast lifespan was shorter, not affected by MsrA or MsrB, and
further reduced by caloric restriction. In addition, we identified
changes in the global gene expression associated with aging in yeast,
and they did not include oxidative stress genes. Our findings suggest
how the interplay between ROS, antioxidants, and efficiency of
energy production regulates the lifespan. The data also suggest a
model wherein factors implicated in aging (for example, ROS) may
influence the lifespan yet not be the cause of aging.

ging is typically viewed as the accumulation of damage that

results in death. This damage is thought to be caused by
reactive oxygen species (ROS). Indeed, ROS can damage biomol-
ecules, accelerate aging, and shorten lifespan (1-3), whereas anti-
oxidant enzymes alleviate these effects, providing support for a free
radical theory of aging (4). The contrasting effects of ROS and
antioxidants, as well as correlation between accumulation of oxi-
dative damage in cellular components and the lifespan of an
organism, have been the main arguments in favor of this theory.

Proteins become oxidatively damaged by oxidation of their
amino acid residues and cofactors. Methionine residues in proteins
are particularly susceptible to oxidation by ROS, resulting in
methionine-S-sulfoxides (Met-S-SO) and methionine-R-sulfoxides
(Met-R-SO) (5). Oxidized methionines can be repaired by antiox-
idant enzymes Met-S-SO reductase (MsrA) and Met-R-SO reduc-
tase (MsrB) (6). Recent studies revealed that methionine sulfoxide
reduction provides lifespan extension in animals: deletion of the
MsrA gene in mice reduced lifespan by ~40% (7), whereas MsrA
overexpression, predominantly in the nervous system, extended
fruit fly lifespan by ~70% (8). The correlation between methionine
sulfoxide reductase activity and lifespan has been attributed to
antioxidant function of MsrA. The role of MsrB in lifespan regu-
lation has not been previously addressed.

Most known modulators of the rate of aging are conserved across
species, suggesting that common, conserved processes regulate and
cause aging in diverse organisms. For example, caloric restriction
(CR) is a dietary regimen that is known to extend lifespan in
organisms from yeast to mammals (3, 9, 10). Saccharomyces cer-
evisiae has been extensively used as a model organism in studies on
the mechanisms of aging (9, 10). Yeast express methionine sulfox-
ide reductases and can grow both aerobically and anaerobically, and
in the present study, we used these features to examine the casual
role of ROS-dependent processes in aging.

Materials and Methods

Yeast, Growth, and Media. S. cerevisiae parental strain (referred to
as WT) BY4741 (MATa his3Al leu2A0 metl5SA0Q ura3A0) and its
isogenic MsrA and MsrB mutants lacking methionine sulfoxide
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reductases (msral, msrbA, and msraAmsrbA) were described in ref.
11. The pncl A mutant was kindly provided by D. Sinclair (Harvard
Medical School, Boston). Cells were grown in either YPD media
(1% yeast extract/2% peptone/2% dextrose) or supplemented
YNB (yeast nitrogen base) media containing 0.05 mg/ml required
amino acids and methionine sulfoxides. Samples that grew in the
presence of methionine sulfoxides did not receive methionine.

Preparation of Recombinant MsrA and MsrB. MsrA (YER042W;
MXR1) gene was amplified from yeast genomic DNA by PCR with
primers MsrA_F1 and MsrA B1, which contained Nhel and Xhol
restriction sites, respectively. The amplified fragment was first
cloned into the Smal site of pBS II KS (Stratagene) and then
subcloned into Nhel/Xhol sites of bacterial expression vector
pet28(a). MsrA protein carrying an N-terminal 6XHis tag was
purified from BL-21 Escherichia coli cells by using Talon metal
affinity resin (Clontech). MsrB (YCLO033C) gene was amplified by
using primers MsrB_F1 and MsrB_B1 containing Ndel and Xhol
restriction sites and cloned, expressed, and purified as described for
MsrA. Primer sequences were as follows: MsrA_F1, CTCG-
CTAGCGTAAATCAAGTTGCAATGTCG; MsrA Bl1, CTC-
CTCGAGCTACATTTCTCTCAGATAATGAG; MsrB_F1,
CATATGGAATAAGTGGAGCAGGCTGTAC; and MsrB_B1,
CTCGAGCATTTAGTCCTTCTTGAGGTTTAAAG.

Overexpression of MsrA and MsrB in Yeast. Both MsrA and MsrB
genes were subcloned from corresponding pBS constructs to
BamHI/Xhol sites of p423-GPD high copy yeast expression vector.
Yeast cells were transformed with the plasmids by a standard
lithium acetate method, and the transformants were selected for
histidine prototrophy on supplemented YNB media.

Possible Additional Component in the Yeast Methionine Sulfoxide
Reduction Pathway. The ability of msraAmsrbA double mutant cells
to grow on Met-R-SO (Figs. 7 and 8, which are published as
supporting information on the PNAS web site) suggested the
presence of an additional (unknown) MsrB activity in yeast cells.

Methionine Sulfoxide Reductase Activity. The ability of yeast MsrA
to reduce protein-bound Met-S-SO and the ability of MsrB to
reduce Met-R-SO was determined by the reduction of dabsylated
methionine sulfoxides to dabsylated methionine with an HPLC
assay as described in ref. 11. Reaction mixtures had 5 ug of purified
enzymes and 25-400 uM methionine sulfoxide substrates, and were
incubated for 30 min before HPLC analysis. Met-S-SO and Met-
R-SO were separated from L-methionine-R,S-sulfoxide according
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to the method of Lavine (12), and its purity (>95% for each
sulfoxide) was assessed by an HPLC procedure as described in
ref. 11.

To assay for Met-S-SO and Met-R-SO activities in parental cells
and in cells overexpressing MsrA or MsrB, yeast cells harboring
p423 (empty vector), pMsrA, or pMsrB were cultured in YNB
containing either 2% or 0.5% glucose at 30°C for 22 h. Crude
extracts were prepared with glass beads, followed by sonication.
Enzyme activities were assayed by using dabsylated L-Met-S-SO or
L-Met-R-SO as substrates. The reaction mixture (100 ul) contained
50 mM sodium phosphate (pH 7.5), 20 mM DTT, 200 uM
substrate, and 200 pg of crude extracts. The reaction was carried out
at 37°C for 60 min and stopped by adding 200 ul of acetonitrile, and
products were assayed by the HPLC procedure (11).

Yeast Aging Assay. Cells were kept growing on fresh media for 2 days
before analysis. For each strain, 35 daughter cells (starter mothers)
were collected and lined up by a micromanipulator on agar plates.
New buds (daughters) from these virgin cells were removed and
discarded as they formed. This process continued until cells ceased
dividing. Lifespan was determined as the total number of daughter
cells that each mother cell generated. In experiments involving
parental cells and deletion mutants, aging was assayed by using cells
grown on YPD, whereas cells overexpressing MsrA or MsrB were
assayed by using YNB media. This media factor contributed to
differences in lifespan. Therefore, lifespan comparisons could only
be made for cells grown on the same medium.

Anaerobic aging assays were performed as described above
except that they were performed in an anaerobic glove chamber
(Coy Laboratory Products, Ann Arbor, MI) operating at less than
1 ppm of oxygen. Supplies and cells were incubated for 24 h under
anaerobic conditions before aging experiments.

RNA Isolation from Old Cells. Large-scale isolation of old yeast cells
was described in detail by Park ez al. (13). This method is based on
the observation that the cell surface of new daughter cells is made
de novo at the budding site. Briefly, logarithmically growing cells
(20-ml culture) were harvested and washed with 1X PBS and
incubated with 15 mg of sulfo-NHS-LC-biotin (Pierce) in 2 ml of
PBS buffer for 10 min at room temperature to label the cell surface.
After washing with PBS, cells were grown in YPD at 30°C until 1.5
ODgoo was reached. Labeled old cells were sorted by 1 ml of
streptavidin-coated magnetic beads (PerSeptive Biosystems, Fra-
mingham, MA). To determine the age of sorted cells, bud scars of
samples were stained with Calcoflour white M2R (fluorescent
brightener 28, Sigma) and counted under UV fluorescence. By
using this method, ~10 million cells were collected that were 8—12
generations old (designated as 10-generation-old cells). The sorting
procedure was repeated twice to obtain the same amount of 18- to
24-generation-old cells (designated as 20-generation-old cells). To
extract RNA, cells were incubated with PBS containing 5% B-glu-
coronidase-HP-2S (Sigma) for 5 min at room temperature to digest
the cell wall. For cell lysis and total RNA isolation, the PicoPure
RNA isolation system (Arcturus, Mountain View, CA) was used to
purify ~5 pg of total RNA from 10 million cells. mRNAs were
selected and amplified by RiboAmp mRNA amplification system
(Arcturus) for DNA microarray analysis. Logarithmically growing
cells that were either biotinylated or unlabeled were also prepared
and used as controls.

DNA Microarray Analysis. Cells were grown to 0.8 ODg in 200 ml
of medium under indicated conditions, harvested by centrifugation,
and kept at —80°C. Total cellular RNA (~2 mg) was isolated by the
hot phenol method, and mRNA was isolated from total RNA by
using the PolyATtract mRNA Isolation System IV kit (Promega)
according to the manufacturer’s instructions. mRNA (1-2 ug) was
used to generate cDNA probes by reverse transcription (Super-
script II, GIBCO) with incorporation of Cy3-dCTP or Cy5-dCTP
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Fig.1. Stereospecific activities of yeast MsrA and MsrB. (Upper) MsrA activity of
recombinant yeast MsrA assayed as reduction of dabsylated L-methionine-S-
sulfoxide (Met-S-SO) to dabsylated methionine. (Lower) MsrB activity of recom-
binant yeast MsrB assayed as reduction of dabsylated L-methionine-R-sulfoxide
(Met-R-SO) to dabsylated methionine. DTT-dependent activities were detected
by absorbance at 436 nm in an HPLC procedure. Locations of dabsylated methi-
onine sulfoxide substrates (Met-S-SO and Met-R-SO) and dabsylated methionine
product (Met) are indicated.

(Amersham Biosciences). The arrayed slides were produced as
follows. The PCR amplification products of all S. cerevisiae ORFs
were purchased from Research Genetics (Huntsville, AL). Each
PCR product was reamplified and purified on glass fiber filter plates
(Millipore). The reamplified products representing ~6,000 ORFs
(4% not represented) were diluted to 50% DMSO and spotted in
duplicate on 3-aminopropyl-methyldiethoxy silane-coated slides by
using a Generation III Microarray Spotter or a Lucidea Array
Spotter (Amersham Biosciences). The cDNA-labeled probes were
then hybridized onto an arrayed slide, and fluorescence was cap-
tured with a GEN III dual-laser confocal scanner (Molecular
Dynamics) or a GenePix4000B Scanner (Axon Instruments, Foster
City, CA). Fluorescent intensities were quantified by using AR-
RAYVISION 6.0 (Imaging Research, St. Catherine’s, ON, Canada) or
IMAGENE 5.5 (BioDiscovery, El Segundo, CA).

Clustering Methods. DNA microarray data were mean centered and
hierarchically clustered by using CLUSTER (14), using array weights
calculated with a cutoff of 0.8 and an exponent 1, as described in the
CLUSTER manual (http://rana.lbl.gov/manuals/ClusterTreeView.

pdi).

Identification of Genes Affected During Aging. To identify genes
whose expression was changed during aging, the duplicate data for
each experiment were averaged, the 10- and 20-generation-old cells
were averaged, and then genes for which the averaged old data were
1.8-fold different (either higher or lower) in expression compared
to the control cells were selected. This identified 150 genes that

Table 1. MsrB and MsrA activities in yeast cells overexpressing
MsrA or MsrB

MsrA activity, pmol/min
per mg of crude protein

MsrB activity, pmol/min
per mg of crude protein

Strain 2% Glucose 0.5% Glucose 2% Glucose 0.5% Glucose
Vector only 7.5 6.6 ND ND
pMsrA 34.2 28.6 ND ND
pMsrB 9.4 5.0 44.4 44.0

Parental cells expressing either vector (Vector only), MsrA (pMsrA), or MsrB
(pMsrB) were grown on either 2% glucose or under CR conditions (0.5%
glucose), and MsrA and MsrB activities were determined by using dabsylated
methionine sulfoxides as substrates. ND, not detectable.

Koc et al.



z
/|
~ |

B-WT-CR
A-msraA-CR
®-msrbA-CR
#-msraAbA-CR

o
~1
(1]

A-msraA
O-msrbA
&-msras,bA

fraction viable
o
o
o

=
o
&

1 5 10 15 20 25 30 35
generations
B 17
@ a5 A-pMsrA
8 0-pMsrB
> —
& P20 m-v only-CR
S A-pMsrA-CR
E0251 e-pMsB-CR
I
1 5 10 15 20 25 30 35
generations
C !
a-wT
0.75 A-msraA
. 4 O-msrbA
B m-WT-CR

fraction viable
o
o
(=]

1 5 10 15 20
generations

O-v only
A-pMsrA
O-pMsrB
m-v only-CR
®-pMsrB-CR

fraction viable
b = =
o n ~
a =] (2]
1 L L

s
w

10 15 20
generations

Fig. 2. Effects of methionine sulfoxide reductases and CR on yeast lifespan
under aerobic and anaerobic conditions. (A) Lifespan analyses of parental (shown
as WT) cells and isogenic cells lacking MsrA (msraA) or MsrB (msrbA) genes grown
on YPD (contains 2% glucose) or on YPD under CR conditions (0.5% glucose). (B)
Lifespan analyses of parental (WT) cells overexpressing p423GPD vector only (v
only), MsrA (pMsrA), or MsrB (pMsrB) grown on supplemented YNB (2% glucose)
or corresponding CR media. (C) Lifespan analyses of parental (WT) msraA and
msrbA cells grown on YPD and parental cells grown on the CR medium under
anaerobic conditions. (D) Lifespan analyses of parental (WT) cells with vector only,
pMsrA, and pMsrB grown on YNB and parental cells with vector only and pMsrB
grown on the CR medium under anaerobic conditions. Experiments shown in A
and C were performed with cells grown on YPD (see Table 2), whereas those
shown in B and D were performed with cells grown on YNB media (see Table 3).
This media factor contributes to differences in lifespans of parental strains (com-
pare data shown A and C to data shown in B and D).

were more strongly affected in aged cells or that were more strongly
affected in the control.

Results and Discussion

Homology analyses revealed that S. cerevisiae has single MsrA
(MXRI1, YER042W) and MsrB (YCL033C) genes (11). We cloned
and prepared recombinant forms of these proteins and found that,
as expected, MsrA stereospecifically reduced dabsylated Met-S-SO
and MsrB dabsylated Met-R-SO in in vitro assays (Fig. 1). Dabsy-
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Table 2. Lifespan analyses of parental (WT), msraA, msrbA, and
msraAmsrbA cells grown on 2% glucose (YPD) or 0.5% glucose
(caloric restriction medium, CR) under aerobic and

anaerobic conditions

Aerobic conditions Anaerobic conditions

0.5% glucose 0.5% glucose

Strain 2% glucose (CR) 2% glucose (CR)
WT 235 25.9 15.3 12
msraA 17.4 22.8 14.6 ND
msrbA 22.7 27.4 15.7 ND
msraAmsrbA 8.7 17.7 ND ND

ND, not determined. Lifespans (average number of daughter cells pro-
duced by mother cells) were calculated from the data shown in Fig.2 Aand C.

lated methionine sulfoxides mimic methionine sulfoxide residues in
proteins, in contrast to free methionine sulfoxides, which are also
reduced by methionine sulfoxide reductases, but at much slower
rates. Overexpression of MsrA in a parental strain grown in YNB
resulted in the specific increase in dabsyl-MsrA activity, whereas
overexpression of MsrB specifically increased dabsyl-MsrB activity
(Table 1).

Contributions of MsrA and MsrB to the reduction of dabsylated
methionine sulfoxides were markedly different. Recombinant
MsrA was 11-fold more active with dabsyl-Met-S-SO (specific
activity 54.7 nmol/min/mg of protein) than recombinant MsrB
with dabsyl-Met-R-SO (specific activity 4.9 nmol/min/mg protein).
In addition, MsrA was required for efficient in vivo reduction of free
methionine sulfoxides by yeast cells, whereas MsrB did not con-
tribute to this process, unless yeast lacked the MsrA gene (Figs. 7
and 8). Taken together, these data suggested that MsrA was a major
contributor to the availability of methionine from free methionine
sulfoxides and to the reduction of protein methionine sulfoxides in
yeast cells, whereas MsrB played a minor role in these processes.
The fact that the MsrA/MsrB double mutant grew on Met-R-SO
(Fig. 8C) suggested the presence of a minor MsrB activity in yeast.
This finding was also consistent with the observation of additional
methionine sulfoxide reductase activities in E. coli (15, 16).

Following this initial characterization of the yeast methionine
sulfoxide reduction pathway, we tested the effects of deletion and
overexpression of MsrA and MsrB genes on the replicative lifespan
of yeast cells (Fig. 2 and Tables 2 and 3), determined as the number
of daughter cells produced by each mother cell (9, 10). Deletion of
the MsrA gene shortened lifespan by 26% (Fig. 2A4), and overex-
pression increased it by 25% (Fig. 2B). Deletion or overexpression
of MsrB had little effect on the lifespan; however, the lifespan of the
msraAmsrbA double mutant was further reduced compared to that
of msraA cells. Thus, under standard growth conditions (aerobic
growth in the presence of 2% glucose), both proteins contributed
to longevity, with MsrA being the major contributor to regulation
of yeast lifespan by methionine sulfoxide reduction. The fact that

Table 3. Lifespan analyses of parental (WT) cells expressing an
empty vector, MsrA (pMsrA), or MsrB (pMsrB) grown on 2%
glucose (supplemented YNB) or 0.5% glucose (caloric restriction
medium, CR) under aerobic and anaerobic conditions

Aerobic conditions Anaerobic conditions

0.5% glucose 0.5% glucose

Strain 2% glucose (CR) 2% glucose (CR)
Vector only 10.9 14.8 12 7.4
pMsrA 13.6 16 11.6 ND
pMsrB 121 23.9 10.3 6.8

ND, not determined. Lifespans (average number of daughter cells pro-
duced by mother cells) were calculated from the data shown in Fig. 2 Band D.
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Fig.3. Lifespan of yeast cells grown in the presence of different concentra-
tions of methionine in the medium. Replicative yeast aging assay was per-
formed to determine whether availability of methionine could alter lifespan.
Parental cells were grown and analyzed on YNB media, including all supple-
ments. The concentration of methionine was changed from 0.005 mg/ml to
0.5 mg/ml (1X = 0.05 mg/ml), but all of the other supplements were kept at
the same concentration. Average life spans were 23.6 generations for 0.1x, 21
generations for 0.5, 18.3 generations for 1X, 18 generations for 2x, 17
generations for 10X, and 22.5 generations for 1X methionine-R,S-sulfoxide.

the increased capacity for methionine sulfoxide reduction can
increase lifespan in such diverse organisms as fruit flies (8) and
yeast suggests evolutionary conservation of this function in aging.

We next addressed the role of MsrA and MsrB in yeast longevity
under CR conditions (growth in the presence of 0.5% glucose) (17)
(Fig. 2 A and B and Tables 2 and 3). We found that CR did not
abrogate the effects of MsrA deletion or overexpression: although
CR extended the lifespan of all strains tested, the lifespan of the
msraA strain was shorter than the lifespan of the parental strain in
both standard and CR growth conditions. Similarly, the lifespan of

cells was extended by MsrA overexpression (compared to the
parental cells expressing an empty vector) when cells were grown in
either standard or CR media. Thus, the influence of MsrA on yeast
lifespan was independent of that of CR.

Although MsrB had no effect on the lifespan under standard
growth conditions, overexpression of MsrB extended lifespan by
62% under CR conditions. In addition, CR prolonged the lifespan
of both msrbA mutant (21%) and MsrB overexpressing (97%) cells.
Interestingly, the combination of MsrB overexpression and CR
extended the lifespan by 119%. Thus, CR and MsrB overexpression
could synergistically extend the yeast lifespan. Cells missing both
MsrA and MsrB genes showed a 104% increase in their life span
by CR.

To better understand the relationship between lifespan exten-
sions by CR and MsrB overexpression, we analyzed cells lacking
pyrazinamidase/nicotinamidase 1 (PNC1) gene. PNC1 was recently
shown to govern lifespan extension by CR (18). However, the
extension of the lifespan by MsrB overexpression under CR con-
ditions was still evident in pnc/A mutant cells (data not shown).
Overall, these data further suggested that methionine sulfoxide
reductases and CR could independently extend yeast lifespan.

The lifespan extensions offered by MsrA and MsrB were not due
to increased supply of methionine. Indeed, the lifespan of yeast cells
grown on low methionine, or even on methionine sulfoxide, was
slightly higher compared to cells grown on standard concentrations
of methionine. Furthermore, an increase in methionine concen-
tration in the media above normal decreased the lifespan (Fig. 3).

ROS are viewed as by-products of aerobic metabolism, and the
free radical theory of aging proposed that ROS are the cause of
aging (2, 4). The effects of MsrA and MsrB on the lifespan of yeast
cells during aerobic growth (Fig. 2 4 and B) were consistent with
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vs. 0.5% glucose), and parental cells expressing MsrB and grown on 2% glucose versus same cells grown on 0.5% glucose (MSRB+ YNB vs. 0.5% glucose). In addition,
aging microarray data (as described in Fig. 4) are shown for the oxidative stress response genes.
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the idea that ROS decrease the lifespan, whereas antioxidants  the toxic levels of ROS and therefore extend lifespan by repairing
increase it. If so, cells characterized by the lack of ROS would be ~ ROS targets (or eliminating ROS). Taken together, the data
expected to live longer. To examine this issue, we studied the  suggest a model wherein a ROS-independent pathway(s) causes
lifespan of parental BY4741 cells, as well as cells deficient in and  aging, the rate of which can be modulated by efficiency of energy
overexpressing MsrA or MsrB, under strictly anaerobic conditions,  production, ROS, and antioxidants. For example, CR might in-
where oxygen concentration was controlled at below detection limit ~ crease lifespan because the longevity offered by respiration out-
(<1 ppm). Surprisingly, we found that under these ROS-deficient ~ weighs the detrimental effect of ROS damage. Under anaerobic
conditions parental cells exhibited a 35% decline in the lifespan  conditions, ROS and antioxidants do not play major roles in
(Fig. 2C) compared to cells grown in air (Fig. 2A4). lifespan regulation, and CR decreases lifespan because of reduction
Under anaerobic conditions, oxidative damage to cellular com-  in energy source under conditions where the compensatory in-
ponents is lower, and expression of major antioxidant genes, such  crease in the efficiency of energy production is not possible.
as catalases CTAI and CTT1, is decreased (19). Consistent with the To understand the changes that occur during aging in yeast, we
lack of ROS and diminished role of methionine sulfoxide reduc-  prepared, by a protocol involving biotinylation of cell membranes
tases in protection against oxidative stress under anaerobic condi-  (13), young, medium old (10 generation), and old (20 generation)
tions, neither deletion nor overexpression of MsrA or MsrBhadany  yeast cells and compared their gene expression patterns. Surpris-
effect on the lifespan (Fig. 2 C and D). ingly, gene expression was little affected by the age of cells: only 150
We further examined how CR affects the lifespan under anaer-  genes (=2.5% of all genes) showed =2 fold difference in expression
obic conditions. Unexpectedly, we observed that under anaerobic ~ between young and old cells (the full set can be found in Data Set
conditions, CR decreased lifespans of all strains tested by 22-38% 1, which is published as supporting information on the PNAS web
(Fig. 2 C and D). The decreased lifespan observed under anaerobic  site). We found that several genes involved in glycolysis and protein
CR conditions highlights the interplay between efficiency of energy  synthesis, folding, and degradation were repressed in old cells,
production, oxidative stress, and antioxidant defense in regulating ~ whereas several transporter genes were induced (Fig. 4). In addi-
the aging process. CR has been thought to extend yeast lifespan by tion, we found that biotinylation resulted in decreased expression of
decreasing metabolic rate, but a recent study revealed that it  several fatty acid metabolism and histone genes and increased
extends the lifespan by increasing respiration (17). Because respi-  expression of stress response and cell wall biogenesis genes, and that
ration depends on oxygen, anaerobic yeast cells lose the choice of  the expression of these genes normalized in old cells. The altered
shifting metabolic fluxes between respiration and glycolysis to  gene expression in aged cells is consistent with decreased flux
produce energy. through glycolysis, reduced protein turnover, more active utilization
Thus, a lower metabolic rate due to reduced glucose in a growth  of transport systems, and, possibly, reduced stress response. We
medium appears to decrease lifespan, whereas a more efficient  suggest that this gene expression pattern could serve as a signature
energy production through respiration appears to increase lifespan.  of aging in yeast cells. It should be noted that this signature did not
Furthermore, aerobic metabolism is accompanied by the produc-  include oxidative stress response genes, or MsrA and MsrB genes,
tion of ROS, which decrease lifespan via damage caused by various ~ because expression of these genes was not changed during aging
oxidative modifications, such as methionine sulfoxidation. How-  (Figs. 5 and 9, which is published as supporting information on the
ever, antioxidant enzymes, such as MsrA and MsrB, can counteract ~ PNAS web site). Previously, gene expression changes and major
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metabolic pathways were assessed in yeast cells at generation 7-8
(compared to generation 0-1), revealing increased gluconeogenesis
and energy storage (20).

To obtain better insights into gene expression patterns charac-
teristic of aging and methionine sulfoxide reduction, we also
analyzed gene expression under 22 conditions relevant to these
processes (Data Set 1). Deletion of MsrA or MsrB genes (or both),
overexpression of MsrA or MsrB, CR, hydrogen peroxide treat-
ment, and short- or long-term treatment of parental or mutant cells
with methionine sulfoxide resulted in significant changes in gene
expression, including oxidative stress response genes (Figs. 5 and 9).
However, these expression changes did not correlate with the
effects each treatment had on lifespan, underscoring that the
expression of oxidative stress defense genes is not a signature of
aging.

We also analyzed previous microarray data of yeast cells re-
sponding to various stresses (21, 22) and found that the MsrA gene
clustered with methionine biosynthesis genes (Fig. 64). In our data
set, MsrA did not cluster with these genes (Fig. 6B), because of the
expression differences specific to this gene due to its deletion or
overexpression. However, methionine biosynthesis genes had an
elevated expression in msraA mutant cells grown in the presence of
methionine sulfoxide, consistent with MsrA providing methionine
to yeast cells. Taken together, our data suggest that MsrA functions
in both antioxidant defense and methionine biosynthesis. In con-
trast, MsrB clustered neither with known antioxidant genes nor
with methionine biosynthesis genes, and was not required for these
processes unless the MsrA gene was absent, suggesting that MsrB
plays a minor role in antioxidant defense and methionine biosyn-
thesis under standard growth conditions.

In conclusion, our data revealed that the rate of aging in S.
cerevisiae can be modulated by oxidants and antioxidants of the
methionine sulfoxide reduction pathway. This finding is consistent
with the involvement of ROS and antioxidants in regulation of
aging under aerobic conditions. However, this effect is not equiv-
alent to the cause of aging, if defined as factors (or processes) that
are both necessary and sufficient for aging. For example, if (hypo-
thetically) aging in yeast is caused by ROS-independent senescence
factors (23), and protein(s) that function by repressing their syn-
thesis have essential methionine residues, ROS could influence
aging by generating methionine sulfoxides in these proteins, thus
inhibiting their function. Consequently, methionine sulfoxide re-
ductases would increase lifespan by repairing methionine residues
in these proteins.

However, under anaerobic conditions, methionine sulfoxide
reductases would not have the modulatory effect on the lifespan
because, in the absence of ROS, methionine sulfoxides would not
be formed in target proteins. Instead, these proteins might be
influenced by other cellular components (resulting in a shorter
lifespan under anaerobic conditions than in air), and the hypothet-
ical ROS-independent senescence factors would still cause aging.
Thus, the modulatory effects of MsrA and MsrB (and by analogy
certain other antioxidant enzymes) on the yeast lifespan are not
equivalent to ROS being the cause of aging. Instead, our data
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Fig.6. MsrAisamember of methionine biosynthesis cluster and contributes to

providing cells with methionine. (A) The data set of parental cells responding to
diverse stressful conditions (indicated on top of the figure) was analyzed, and the
top 23 genes that are most closely correlated to MsrA gene expression are shown.
The genes are organized by descending Pearson correlation with MsrA first. The
genes identified are either known to be involved in Met biosynthesis or sulfur
fixation or thought to be induced by the methionine transcription factors. Some
genes are also involved in the cellular response to nitrogen limitation, and the
function of several additional genes is not known. (B) Expression of genes in yeast
methionine biosynthesis cluster is shown at various conditions and mutations
relevant to methionine sulfoxide reduction pathway. Gene expression was ex-
amined in samples that are described in the legend to Fig. 5.

suggest that other, unknown processes cause aging in yeast and that
these processes can be modulated by ROS and antioxidants.
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