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Summary. The major enzyme of the methionine sulfoxide reductase (Msr)
system is MsrA. Senescing msrA knockout mother yeast cells accu-
mulated significant amounts of protein-carbonyl both at 5 generation-
old (young) and 21 generation-old (old) cultures, while the control
mother cells showed significant levels of protein-carbonyl mainly in
the old culture. The Msr activities of both yeast strains declined with
age and exposure of cells to H,O, caused an accumulation of protein-
carbonyl especially in the msrA knockout strain. It is suggested that
a compromised MsrA activity may serve as a marker for non-repli-
cative aging.
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lation modification

Introduction

Accumulative posttranslational modification to proteins,
mediated by the action of reactive oxygen species (ROS),
is thought to be one of the major causes of aging and age-
related diseases. Thus, mechanisms have evolved to pre-
vent or reverse these protein modifications. While most
protein damage by ROS is irreversible, methionine oxida-
tion (MetO) to proteins can be reversed by the methionine
sulfoxide reductase system (consists of MsrA which re-
duces S-MetO and MsrB which reduces R-MetO, thiore-
doxin reductase, thioredoxin, and NADPH) (Moskovitz
et al., 2000, 2002a). The action of the Msr system may
prevent irreversible protein damage (e.g. protein carbon-
ylation), contribute to the cellular antioxidant resistance,
and as a consequence extend organism’s life span. An
evidence for the possible functions of the Msr system is
demonstrated by the adverse effects shown in several or-
ganisms lacking the MsrA protein (Moskovitz et al., 1995,

1997, 2001; Romero et al., 2004). Furthermore, overex-
pression of MsrA in human T cells, yeast, plant, and flies
protects them from oxidative stress toxicity, and has
demonstrated a 2-fold increase in the life span of flies
(Moskovitz et al., 1998; Romero et al., 2004; Ruan et al.,
2002). A major biological role of the Msr system is sug-
gested by the fact that the MsrA~/~ mouse is more sen-
sitive to oxidative stress, accumulates higher levels of car-
bonylated protein, and has a shorter life span (by ~40%)
than wild-type mice (Moskovitz et al., 2001). Abolishing
the msrA gene in yeast caused enhanced accumulation of
MetO (both as a free amino acid and protein-bound), while
shortening their survival rate in response to oxidative
stress (Moskovitz et al., 1997, 1998). Recently, the bud-
ding yeast Saccharomyces cerevisiae has been extensively
investigated as a model organism for aging research.
Yeast consists of constantly proliferating cells in which
their reduced level of replication is associated with rep-
licative aging. The life span of yeast is reflected in the
number of daughter cells produced by a single mother cell
(Mortimer and Johnston, 1959). The ability of yeast cells
to produce daughter cells declines as a function of their
age in the cell culture (Jazwinski, 1999), while the age of
the mother cell increases with each cell division. The cells
and their nucleolus sizes are increased as a function of age
and they become sterile (Mortimer and Johnston, 1959;
Sinclair and Guarente, 1997). The causes for the mother
cell arrest are yet to be determined. The median replicative
life span of most S. cerevisiae cells is about 25 genera-
tions and the maximum life span is about 40 generations
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(Jazwinski, 1993). In light of these observations, it is im-
portant to know whether non-replicative aging of the msrA
knockout yeast strain will demonstrate elevated levels of
protein-carbonyl, which is considered to be one of the
markers for oxidative stress-related aging (Moskovitz
et al., 2002b).

Materials and methods

Materials

Dabsyl-chloride was purchased from Pierce and hydrogen peroxide was
purchased from Fisher.

Yeast strains

The Saccharomyces cerevisiae strain lacking the msrA gene (Mata
AmsrA::URA3 his6 leu2), denoted as MT, was made according to pre-
viously described method by (Moskovitz et al., 1997). The corresponding
parental strain (Mata ura3-52 his6 leu2), denoted as WT, was a gift by
Alan Hinnebusch (National Institutes of Health, Bethesda, MD).

Yeast growth and exposure to hydrogen peroxide (H;0;)

Yeast cells were grown to late log phase and then inoculated into liquid
YPD media (2% glucose, 1% yeast extract, 2% peptone in water) in the
presence or absence of 2mM of H,0, at 30 °C. When cell density reached
early log phase (Agpo = 0.3), the cells were harvested, washed three times
with PBS, and homogenized by a cell bead-beater using glass beads.
Following centrifugation, the resulting supernatants of the cell extracts
were used for further analysis.

Isolating young and old yeast cells by elutriation

The method for the isolation of young and old yeast mother cells depends
on cell size as previously described by Laun et al. (2001). Cells were sep-
arated according to their diameter using the Beckman elutriation system
and rotor JE-6B with a standard elutriation chamber. First, wild-type and
msrA knockout yeast were grown in YPD medium at 30°C into either
mid-logarithmic phase culture (Aggo = 1.0) for isolating mother cells with
an average life span of ~5 generation (young) or into stationary phase
(one week of growth) for isolating mother cells with an average life span
of ~21 generations (old). Following the growth, the resulting cells were
harvested and resuspended in PBS buffer. Young and old mother cells (at
about 5 and 21 generations, respectively) were isolated by elutriation. The
elutriation chamber was loaded with 10° cells for each separation. Cells
with different diameters were separated into five fractions (I-V). The
chamber was loaded at a flow rate of 10ml/min and a rotor speed of
3200 rpm to elutriate cells with a diameter <5 um (fraction I). To collect
fraction II (diameter 5—7 pm), the flow rate was set to 15 ml/min and rotor
speed to 2700rpm. Fraction III (diameter 7-8.5um) was elutriated at
2400 rpm; fraction IV (diameter 8.5-10pum) at 2000rpm; and fraction
V (diameter 10-15pm) at 1350 rpm. Fraction V was used as the repre-
sentative source for the mother cells of both the young and old cultures.
The quality of separation of fraction V from the other fractions was
verified microscopically.

Following the final separation step, the corresponding cells were stored
at —80°C.

Determination of Msr activity

The ability of the cellular Msr activity to reduce protein-MetO was assayed
using a mixture of 200 pM dabsyl-methionine sulfoxide as substrate,
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20mM DTT, 25 mM Tris-HCI (pH 7.0), and yeast protein extract. Follow-
ing incubation for 30 min at 37 °C, the reaction mixture was monitored for
the formation of dabsyl-methionine using an HPLC-reverse phase column
(C-18) separation, as previously described by (Moskovitz et al., 1997).

Determination of cellular protein-carbonyl

Disrupted yeast cell extracts were monitored for their protein-carbonyl
content by measuring the soluble protein fraction for dinitrophenol bind-
ing, using spectrophotometric measurements as previously described by
(Starke-Reed and Oliver, 1989). The protein-carbonyl assay was per-
formed according to a carbonyl-assay kit that is based on this procedure
and manufactured by Cayman Chemical (Ann Arbor, MI). Additionally,
the treated protein extracts were also subjected to western blot analysis
using antibodies against DNPH (Oxyblot, Chemicon) for protein-carbonyl
detection.

Results and discussion

Non-replicative senescence in yeast is evaluated by iso-
lating old mother cells through the yeast cell generations.
The wild-type yeast cell does not show many signs of
aging up to 8 cell divisions/generations (McMurray and
Gottschling, 2003). Accordingly, 5 and 21 generation-old
cells were isolated representing young and old mother
cells, respectively. Previously, it was shown that msrA null
mutant yeast cells (MT) had a shorter life span due to
oxidative stress-mediated damage (Moskovitz et al., 1997,
1998). Moreover, an MsrA-overexpressed strain was more
resistant to oxidative stress with a slightly better survival
rate than in its respective wild-type strain (WT) (Moskovitz
et al., 1998). These observations suggest that the MT strain
is more prone to oxidative damage to proteins resulting in
shorter life span. To investigate the possibility that this
MT strain also accumulates non-reversible posttransla-
tional modifications with age, its protein-carbonyl levels
were monitored in 5 and 21 generation-old cells relative
to its control WT strain. As shown in Fig. 1A, the level of
protein-carbonyl in the msrA null mutant strain was dramat-
ically higher than its WT control strain at the age of 5
generations (a representative generation for young cells).
The 21 generation-old cells (a representative age for old
cells) of the WT strain accumulated significant amount
of protein-carbonyl, relative to its 5 generation-old cells
(Fig. 1A). However, the protein-carbonyl level was still
significantly lower than observed with the MT strain, re-
spectively (Fig. 1A). To support the notion that the observed
protein-carbonyl accumulations may be a consequence of
enhanced oxidative stress, the protein-carbonyl accumula-
tions in both yeast strains were monitored following expo-
sure of the cells to H,O,. As expected, the MT strain accu-
mulated 2.6-fold more protein-carbonyl relative to the WT
strain under these conditions (Fig. 1B). It is important to
note that the highest levels of accumulated protein-car-
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Fig. 1. Protein-carbonyl levels in msrA null mutant (MT) and wild-type
control (WT) yeast strains. White bars represent WT yeast cells and
Black Bars represent MT yeast cells. Each bar represents an average
value resulting from three independent experiments. For both A and B the
differences between WT and MT values were significant with P <0.001
in all cases, except for the difference between WT and MT under control
conditions in B. The protein-carbonyl measurements in A and B were
carried out using a specrtrophotometric method following dinitrophenol
absorbance at 360 nm. A Young yeast cells (5-generation old cells) and
old yeast cells (21-generation old cells) were isolated by elutriation. The
method for the isolation of young and old yeast mother cells depends
on cell size as described by Laun et al. (2004), and under Materials and
methods. 5 Gen 5-generation old cells; 2/ Gen 21-generation old cells.
B Yeast cells at logarithmic phase were inoculated into liquid YPD
media in the presence or absence of 2mM of H,0, at 30 °C. When cell
density reached early logarithmic phase (Agpp = 0.3), the cells were spun
down, washed three times with PBS, and disrupted. Following centri-
fugation, the resulting supernatants of the cell extracts were used for
protein-carbonyl determination as described under Materials and meth-
ods. Control and H,O, represent non-treated and H,O,-treated cells,
respectively. kDa Molecular mass markers in kilo-Dalton. C Protein
extracts of both yeast strains from A and B were probed for protein-
carbonyl by western-blot analysis using antibodies against dinitrophenol
(Cayman). /-4 parallel the protein extracts used in B. / Wild type (WT)
untreated control cells; 2 msrA null mutant cells (MT) untreated control
cells; 3 WT cells treated with H,O, ; 4 MT cells treated with H,O,;
5-8 parallel the protein extracts used in A. 5 5-generation old WT cells;
6 5-generation old MT cells; 7 21-generation old WT cells; 8 21-gen-
eration old MT cells

bonyl, in both mother and H,O,-exposed cells, were similar
(Fig. 1A, B).

The western blot analysis results, using anti-dinitrophe-
nol antibodies (Fig. 1C), confirmed the pattern of protein-

carbonylation of the WT versus the msrA null mutant
strain as obtained by the specrtrophotometric measure-
ments of protein bound-dinitrophenol (Fig. 1A, B). The
reason that the untreated msrA null mutant cells (Fig. 1B)
have far less accumulation of protein-carbonyl relative to
its respective 5 generation-old mother cells (Fig. 1A) is
suggested to be the following: the untreated msrA null
mutant cells were less than 1 day old (early logarithmic
phase) and comprised of both mother and daughter cells.
However, the 5 generation-old cells comprised of only
mother cells that were grown into mid- logarithmic phase.
Obviously, the cells of the latter culture were more ex-
posed to naturally occurring reactive oxygen species com-
pare to the untreated cells, and consequently have accu-
mulated more protein-carbonyl. In contrast, the WT strain
was more protected from oxidative stress due to the pre-
sence of MsrA. This was further demonstrated by main-
taining a low protein-carbonyl level at the 5 generation-
old culture (Fig. 1A) that was compatible with the level
shown in the untreated cells, respectively (Fig. 1B).

Accumulation of protein-carbonyl in human tissues
(Moskovitz et al., 2002b) and in yeast mother cells
(Aguilaniu et al., 2003) was shown to be one of the char-
acteristics of aging (Moskovitz et al., 2002b). Based on
the latter observations and the current presented results
(Fig. 1), it is suggested that the MT strain is aging at a
faster pace when compared to the WT strain. Additionally,
lower antioxidant defense is associated with the progres-
sion of the aging process. Among the functions of the Msr
system is to serve as antioxidant via its MetO-dependent
reducing activities. Moreover, the MsrA activity was shown
to decline in various mammalian tissues with age or oxida-
tive stress (Moskovitz et al., 2001; Stadtman et al., 2002).
Therefore, it was important to monitor the Msr activity as
a function of age in both the msrA null MT and it control
WT yeast strains.

As shown in Fig. 2, both the WT and the MT strains
demonstrated a significant loss of total Msr activity at the
21 versus 5 generation-old cells. The observed decline in
Msr activity with age in both examined yeast strains is
similar to the activity reduction shown in most aged mam-
malian tissues (Stadtman et al., 2002). Also, the level of
total Msr activity in the MT strain represents MsrB activ-
ity only, and its further decline at 21 generation-old cells
may contribute to the additional protein-carbonyl accu-
mulation at that age (Fig. 1A). However, lack of MsrA ac-
tivity in the MT strain seems to have a major contribution
to its protein-carbonyl accumulation at the 5 generation-
old cells (Fig. 1A). The above results provide supportive
evidence for the importance of the Msrs’ activities in
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Fig.2. Total Msr activity in msrA null mutant (MT) and wild type
control (WT) yeast strains. Young cells (5-generation old cells) and old
cells (21-generation old cells) were analyzed for total Msr activity using
Dabsyl-MetO as substrate and DTT as a reduction power, according to
the procedure described under Materials and methods. Msr specific ac-
tivity is calculated as pmoles dabsyl-Methionine formed per mg protein
per min. White bars represent WT yeast cells and black bars represent
MT yeast cells. Each bar represents an average value resulting from three
independent experiments. 5 Gen 5-generation-old cells; 27 Gen 21-gen-
eration old cells. For 5 Gen, P <0.001; for 21 Gen, P <0.05

preventing age-associated damage to proteins. Irreversi-
ble post-translation modification to proteins may result
in their malfunction, aggregation, and thereby causing
cellular damage leading to senescence and apoptosis.
Consequently, removal of faulty proteins that accumulate
as a function of age or oxidative stress conditions is es-
sential for cell survival.

In summary, the present study reinforces the impor-
tance of the Msr system in protecting against age-depen-
dent accumulative protein oxidation with age. Future
research will be focused on determining the identity of
the oxidized proteins in the msrA null mutant yeast strain
and elucidating their role in the aging process.

Acknowledgment

This work was supported by the School of Pharmacy at the University of
Kansas start-up funds.

References

Aguilaniu H, Gustafsson L, Rigoulet M, Nystrom T (2003) Asymmetric
inheritance of oxidatively damaged proteins during cytokinesis.
Science 299: 1751-1753

Jazwinski SM (1993) The genetics of aging in the yeast Saccharomyces
cerevisiae. Genetica 91: 35-51

Jazwinski SM (1999) Molecular mechanisms of yeast longevity. Trends
Microbiol 7: 247-252

Laun P, Pichova A, Madeo F, Fuchs J, Ellinger A, Kohlwein S, Dawes I,
Frohlich KU, Breitenbach M (2001) Aged mother cells of Saccharomyces

cerevisiae show markers of oxidative stress and apoptosis. Mol Micro-
biol 39: 1166-1173

McMurray MA, Gottschling DE (2003) An age-induced switch to a hyper-
recombinational state. Science 301: 1908—1911

Mortimer RK, Johnston JR (1959) Life span of individual yeast cells.
Nature 183: 1751-1752

Moskovitz J, Rahman MA, Strassman J, Yancey SO, Kushner SR, Brot N,
Weissbach H (1995) Escherichia coli peptide methionine sulfoxide
reductase gene: regulation of expression and role in protecting against
oxidative damage. J Bacteriol 177: 502-507

Moskovitz J, Berlett BS, Poston JM, Stadtman ER (1997) The yeast
peptide-methionine sulfoxide reductase functions as an antioxidant in
vivo. Proc Natl Acad Sci USA 94: 9585-9589

Moskovitz J, Flescher E, Berlett BS, Azare J, Poston JM, Stadtman ER
(1998) Overexpression of peptide-methionine sulfoxide reductase in
Saccharomyces cerevisiae and human T cells provides them with
high resistance to oxidative stress. Proc Natl Acad Sci USA 95:
14071-14075

Moskovitz J, Poston JM, Berlett BS, Nosworthy NJ, Szczepanowski R,
Stadtman ER (2000) Identification and characterization of a putative
active site for peptide methionine sulfoxide reductase (MsrA) and its
substrate stereospecificity. J Biol Chem 275: 14167-14172

Moskovitz J, Bar-Noy S, Williams WM, Requena J, Berlett BS, Stadtman
ER (2001) Methionine sulfoxide reductase (MsrA) is a regulator of
antioxidant defense and lifespan in mammals. Proc Natl Acad Sci USA
98: 12920-12925

Moskovitz J, Singh VK, Requena J, Wilkinson BJ, Jayaswal RK,
Stadtman ER (2002a) Purification and characterization of methionine
sulfoxide reductases from mouse and Staphylococcus aureus and their
substrate stereospecificity. Biochem Biophys Res Commun 290:
62-65

Moskovitz J, Yim MB, Chock PB (2002b) Free radicals and disease. Arch
Biochem Biophys 397: 354-359

Romero HM, Berlett BS, Jensen PJ, Pell EJ, Tien M (2004) Investigations
into the role of the plastidial peptide methionine sulfoxide reductase
in response to oxidative stress in Arabidopsis. Plant Physiol 136:
3784-3794

Ruan H, Tang XD, Chen ML, Joiner ML, Sun G, Brot N, Weissbach H,
Heinemann SH, Iverson L, Wu CF, Hoshi T (2002) High-quality life
extension by the enzyme peptide methionine sulfoxide reductase. Proc
Natl Acad Sci USA 99: 2748-2753

Sinclair DA, Guarente L (1997) Extrachromosomal rDNA circles — a
cause of aging in yeast. Cell 91: 1033-1042

Stadtman ER, Moskovitz J, Berlett BS, Levine RL (2002) Cyclic oxida-
tion and reduction of protein methionine residues is an important
antioxidant mechanism. Mol Cell Biochem 234-235: 3-9

Starke-Reed PE, Oliver CN (1989) Protein oxidation and proteolysis
during aging and oxidative stress. Arch Biochem Biophys 275:
559-567

Authors’ address: Jackob Moskovitz, Department of Pharmacology and
Toxicology, School of Pharmacy, University of Kansas, Lawrence, KS
66045, U.S.A.

Fax: +1-785-864-5219, E-mail: moskovij@ku.edu

Verleger: Springer-Verlag GmbH, Sachsenplatz 4-6, 1201 Wien, Austria — Herausgeber: Prof. Dr. Gert Lubec, Universitits-Kinderklinik, Wahringer Giirtel
18-20, 1090 Wien, Austria — Redaktion: Sachsenplatz 4-6, 1201 Wien, Austria — Hersteller: Satz und Umbruch: Thomson Press (India) Ltd., Chennai;
Offsetdruck: Krips bv, Kaapweg 6, 7944 HV Meppel, The Netherlands — Verlagsort: Wien — Herstellungsort: Meppel — Printed in The Netherlands.



