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The free radical theory of aging states that oxidative damage to biomolecules causes aging and that anti-
oxidants neutralize free radicals and thus decelerate aging. Mitochondria produce most of the reactive
oxygen species, but at the same time have many antioxidant enzymes providing protection from these
oxidants. Expecting that cells without mitochondrial antioxidant genes would accumulate higher levels
of oxidative damage and, therefore, will have a shorter lifespan, we analyzed oxidative damages to bio-
molecules in young and chronologically aged mutants lacking the mitochondrial antioxidant genes:
GRX2, CCP1, SOD1, GLO4, TRR2, TRX3, CCS1, SOD2, GRX5, and PRX1. Among these mutants, ccp1A, trx3A,
grx5A, prx1A, mutants were sensitive to diamide, and ccs1A and sod2A were sensitive to both diamide
and menadione. Most of the mutants were less viable in stationary phase. Chronologically aged cells pro-
duced higher amount of superoxide radical and accumulated higher levels of oxidative damages. Even
though our results support the findings that old cells harbor higher amount of molecular damages, no sig-
nificant difference was observed between wild type and mutant cells in terms of their damage content.
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1. Introduction

Many essential biological processes such as apoptosis, calcium
homeostasis, ATP production, as well as many anabolic and cata-
bolic reactions take place in the mitochondria. During aerobic res-
piration, some of the oxygen taken up by mitochondria is
converted to superoxide radicals [1] that initiate the formation of
a series of reactive oxygen species which damage cellular
components.

Time-dependent accumulation of biological damages is known
to be important in the aging process [2]. The oxidative stress the-
ory of aging assumes that oxidation of biomolecules is the major
cause of aging [3-9]. Molecules such as DNA, proteins and lipids
are under constant attack of oxidants. [5,8—-14]. Since reactive oxy-
gen species (ROS) are primarily formed in the mitochondria, under-
standing the specific roles of mitochondrial antioxidant genes in
defense against oxidative stress is important for the assessment
of their roles in the aging and age-related disorders.

Superoxide dismutases (SOD1 and SOD2) and other mitochon-
drial ROS scavenging enzymes such as thioredoxin (TRX3), thiore-
doxin reductase (TRR2), peroxiredoxin (PRX1), glutaredoxins
(GRX2, GRX5), cytochrome-c peroxidase (CCP1), glyoxalase II
(GLO4), and copper chaperone (CCS1) constitute the major mito-
chondrial defense system against oxidative stress [15]. Among
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these genes, the role of superoxide dismutases (SOD1 and SOD2)
and copper chaperone (CCS1) in both replicative and chronological
aging have been studied previously [16,17]. The effects of deletion
of other mitochondrial antioxidant genes were only shown for rep-
licative lifespan in yeast [15].

In this study, we investigate the relationship between chrono-
logical aging and oxidative damages to DNA, lipids and proteins
in cells lacking mitochondrial antioxidant genes. Accumulation of
molecular damage was shown to be significantly higher in chrono-
logically aged cells when compared to young cell population, how-
ever, cells lacking mitochondrial antioxidant genes did not
experience extensive molecular damages.

2. Material and methods
2.1. Yeast growth and strains

Saccharomyces cerevisiae wild type strain (BY4741) and 10 iso-
genic deletion mutants were obtained from yeast deletion library

(Invitrogen). Yeast cells were grown in rich YPD (2% glucose, 2%
peptone and 1% yeast extract) media.

2.2. Chronological lifespan determination

The chronological aging pattern of yeast cells were identified by
using the colony formation unit (CFU) assay [18]. Briefly, yeast
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strains were grown in 5ml YPD media overnight at 30°C at
180 rpm. Two milliliters of overnight cultures were suspended in
25ml of fresh YPD in 250 ml flasks and incubated at 30°C at
200 rpm for 15 days. During this period, a number of cells were ta-
ken and plated on YPD-agar media every 72 h to measure the sur-
vival rate of the cells. Each sample was analyzed three times.

2.3. Determination of protein carbonylation and lipid peroxidation
levels

Cells were pelleted, washed with dH,0 twice and resuspended
in a mixture of 1 ml of PBS (phosphate buffer saline), 500 pl glass
beads, 50 pl of 100 mM PMSF (phenylmethylsulfonylfluoride) and
10 pl of 0.5 M BHT (butylated hydroxytoluene). Samples were vor-
texed for 10 min and kept cold. After spinning down at 3000 rpm
for 3 min, supernatants were analyzed for their protein contents
by Bradford assay [19] and stored at —80 °C until further analyses.
For the protein carbonylation, DNPH (2,4-dinitrophenylhydrazine)
assay [8] was used.

To determine the lipid peroxidation of cells, BIOXYTECH® LPO-
586™ colorimetric assay kit (OxisResearch, Portland, Oregon, USA)
was used, which is based on the reaction of N-methyl-2-phenylin-
dole with malondialdehyde (MDA) that yields a stable chromo-
phore with maximum absorbance at 586 nm.

2.4. Determination of spontaneous genomic DNA mutation rates

The spontaneous genomic mutation rates were determined by
using the canavanine resistance assay with few modifications
[20]. Briefly, overnight cultures were diluted in fresh YPD media
and incubated for 6 h. Samples were washed with dH,O twice
and suspended in 500 ul dH,0. For each strain, 107 cells were pla-
ted on SD-canavanine (60 mg/L) plates lacking arginine. The same
amount of cells was also plated on YPD plates as the control. The
cells were incubated at 30 °C for 4 days and the colonies were
counted.

2.5. Determination of superoxide production rate

The superoxide production rates of the yeast were measured
using the fluorometric dye MitoSOX™ red (Invitrogen) as described
by the manufacturer. Briefly, ODgg values of the overnight grown
cells were adjusted to approximately 0.2 with fresh media. Cells
were incubated for an additional 2 h. 107 cells were pelleted and
resuspended in 250 pl of YPD containing 5 pM of MitoSOX red
dye. After 1 h incubation at 30 °C, the samples were washed with
PBS twice and analyzed by a fluorometric spectrometer (Thermo
VarioScan Flash spectral scanning multimode reader).

2.6. Determination of oxidative stress tolerances

A spotting assay was done to observe the diamide and menadi-
one sensitivities. Overnight grown cell cultures were serially di-
luted to ODggg value of 0.2, 0.02, 0.002 and 0.0002. Five
microliters of each dilution was dropped on YPD plates containing
1.5, 2.0 and 2.5 mM diamide or 0.1 mM menadione. After 2 days of
incubation, pictures of plates were taken.

2.7. Statistical analysis

Mann-Whitney test was applied to test the significance of bio-
molecular damages between the young and the aged cell popula-
tions by using the ‘SPSS 15.0 for Windows Evaluation Version’
Programme.

3. Results
3.1. Oxidative stress tolerance

Mitochondrial antioxidant proteins were identified by using the
MitoP2 program [15], in which the mitochondrial target sequence in
genes were analyzed and compared with the published experimen-
tal data in order to predict the protein localizations with a high accu-
racy rate [21]. Ten different proteins, Grx2, Ccp1, Sod1, Glo4, Trr2,
Trx3, Ccs1, Sod2, Grx5 and Prx1, were found to reside in mitochon-
dria and to have antioxidant properties. Previously, cells lacking
these genes were shown to be sensitive to hydrogen peroxide treat-
ment [15]. Since superoxide is produced in mitochondria at high lev-
els, we rationalize that absence of mitochondrial antioxidant genes
may result in higher sensitivity to oxidizing agents like diamide and
menadione. As seen in Fig. 1A, all mutants except for grx2A were
shown to be sensitive to diamide, a thiol oxidizing agent. Surpris-
ingly, most of the cells, excluding ccs1A and sod2A mutants, were
only slightly sensitive to menadione, a superoxide generating agent
(Fig. 1A, right panel). Among these genes, deletion of CCS1 showed
the highest sensitivity to both diamide and menadione. This is inline
with a previous study which also showed that sod1A cells were
sensitive to both menadione and diamide [22].
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Fig. 1. Oxidative stress tolerance levels and chronological aging analyses. (A)
Diamide and menadione tolerance. Cells were grown in rich media and serially
diluted to 0.2, 0.02, 0.002, 0.0002 ODggo. Five microliters of each cell suspension was
applied to each spot and samples were incubated for three days. (B) Chronological
aging patterns. Cells were grown and kept in rich (YPD) media for 15 days. Viability
of cells was determined by CFU values of samples taken in every 3 days.
Experiments were repeated three times and a representative figure is shown. Table
in lower panel shows the mean values and standard errors of the mean for
chronological aging analyses.
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3.2. Chronological aging analyses

The deletion of SOD1 and SOD2 or simultaneous deletion of both
genes dramatically reduces chronological and replicative lifespan
in yeast [17]. When cells lacking mitochondrial antioxidant genes
were analyzed for replicative lifespan, absence of only SODI,
SOD2, and CCS1 genes caused a reduction in lifespan, while absence
of the other genes had very little effect [15]. Here we analyzed
chronological lifespan of mutants to see which antioxidant genes
play roles in preserving cell viability in the stationary phase. Apart
from glo4A and grx5A mutants, the others had lower rates of via-
bility when compared to the wild type cells (Fig. 1B). Three mu-
tants, trr2A, grx5A and sod2A, showed an adaptive re-growth
pattern, in which they had an increased rate of viability after 3
or 6 days of incubation which was followed by a decrease at later
time points. The sod2A mutants had the lowest rate of viability
among all the mutants.

3.3. Mitochondrial superoxide production rates

Superoxide production rates of the mutants were monitored by
using the fluorescent dye MitoSOX™ red (Invitrogen), which is oxi-
dized in mitochondria by superoxide and exhibits red fluorescence.
In young mutants (logarithmically growing cells), superoxide lev-
els were very similar to each other and did not differ from that
of wild type cells (Fig. 2). However, in old cells, superoxide levels
were increased 2.5- to 16-fold when compared to the correspond-
ing young cells. The highest amount of superoxide was detected in
old sod2A mutants which was 3-fold higher than that of old wild
type cells.

3.4. Protein carbonylation and lipid peroxidation levels

Since mitochondrial antioxidant genes are important in aging,
we reasoned that cells without these genes might accumulate
extensive oxidative damages which may accelerate the aging pro-
cess. First, molecular damages that each mutation would cause in
logarithmically growing mutants (young cells) in rich media were
monitored. As seen in Fig. 3A, mutants showed no increase in their
protein carbonylation levels. Similarly, their malondialdehyde
(MDA), a lipid peroxidation product, levels were also not higher
compared to that of wild type cells, except for the grx2A mutant
in which MDA level increased 2-fold (Fig. 3B). Thus, deletion of
most of the mitochondrial antioxidant genes did not result in accu-
mulation of oxidized protein and lipid products, and many mutants
had even lower levels of molecular damage in their young stage.
Next, we asked whether chronologically aged cells accumulate
more damages than the young ones and how elimination of the
antioxidant genes affects the damage profiles of the cells. As shown
in Fig. 3A and B as dark bars, levels of both protein carbonylation
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Fig. 2. Superoxide production rates. Young (logarithmically growing) and old
(15 day-old stationary phase) cells were stained by MitoSOX red dye and analyzed
by a fluorescent spectrophotometer. The relative values of samples were adjusted
by the value of young wild type cells, which was taken as 100%. Measurements
were performed three times and bars show the standard deviations of the means.
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Fig. 3. Comparison of oxidative molecular damages in cells. (A) Protein carbonylation
levels. (B) Lipid peroxidation product (MDA) levels. (C) Spontaneous DNA mutation
rates of the cells as detected by canavanine resistance. The relative values of samples
were adjusted by the value of young wild type cells, which was taken as 100%.

and lipid peroxidation products were significantly higher in old
cells when compared to those of young cells that are shown as
open bars (p <0001). Old ccs1A, grx5A and ccp1A strains showed
the highest increase in their carbonyl contents, which were 71%,
65% and 48% more than that of wild type cells, respectively. For
MDA content, grx2A, trr2A and ccs1A mutants had slightly higher
levels compared to that of wild type cells.

3.5. Spontaneous nuclear DNA mutation rates

We also investigated forward mutation rates of the antioxidant
mutants in both young and old stages. Young and old cells were
forced to grow in the presence of canavanine, which is a competi-
tive inhibitor of arginine permease that is encoded by the CANT1 lo-
cus. Cells that gain mutations in CAN1 locus could grow on this
media. Absence of glo4A and ccs1A lead to an 8- and a 4-fold in-
crease in spontaneous mutation rates in young cells, respectively
(Fig. 3C). All analyzed aged cells showed significant genomic insta-
bility. Old wild type cells showed a 4-fold and mutants showed a 2-
to 26-fold increase in their spontaneous mutation rates.

4. Discussion
Several studies reported that deletion or overexpression of

antioxidant genes (e.g., SOD1, SOD2, CTT1, MXR1) can modulate
the lifespan of yeast cells [15-17,23]. Decreased or increased ROS
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scavenging activity does not always affect the lifespan of organ-
isms in a predictable manner. A recent study has shown that dele-
tion of SOD2 in Caenorhabditis elegans extends lifespan, but
deletion of other SODs has no effect on lifespan [14]. Overexpres-
sion of Mn-SOD in human cells resulted in a cell cycle arrest and
subsequent accumulation of intracellular hydrogen peroxide,
which lead to a shorter lifespan [24]. Similarly, overexpression of
Cu-Zn dependent SOD gene has been shown not to extend the life-
span of Drosophila [25]. On the other hand, deletion of SOD1, SOD2
and CCS1 genes decreased the replicative or chronological lifespan
of yeast, however, deletion of the other mitochondrial antioxidant
genes had little or no effects [15,16]. The aim of this study was to
investigate the effects of different mitochondrial antioxidant genes
within the context of chronological lifespan and chronological life-
span dependent damages in yeast. Here, it is shown that the mac-
romolecular oxidative damage as observed in accumulation of lipid
peroxidation, protein carbonylation and spontaneous DNA muta-
tions increases as aging progresses. However, individual antioxi-
dant genes were found to have little importance in preventing
accumulation of molecular damages during the chronological
aging process.

When the oxidative stress sensitivity of cells were analyzed for
diamide and menadione, sod2A and ccs1A mutants were found to
be the two strains that were most dramatically affected by the
presence of both agents. In addition to that, sod2A and ccs1A cells,
ccplA, sodlA, trx3A, grx5A, and prx1A mutants were also found
to be sensitive to diamide (Fig. 1). In parallel to their sensitivity
to oxidants, these cells had a lower viability rate in the stationary
phase (Fig. 2A) which is in line with the oxidative stress theory of
aging. However, none of the mutants had a significantly higher
amount of superoxide radical in the logarithmically growing state
(Fig. 2). Consistent with their low superoxide contents, logarithmi-
cally growing mutants did not have elevated levels of oxidative
protein and lipid damages. Nevertheless, deletion of GLO4 and
CCS1 resulted in higher rates of spontaneous genomic DNA muta-
tions. In stationary phase (old) cells, however, the extent of both
protein oxidation and lipid peroxidation products was significantly
higher in the mutants and wild type when compared to the loga-
rithmically growing (young) cells (Fig. 3). The superoxide levels
were also higher in old cells compared to young cells which sup-
ports the finding that superoxide production levels increase upon
aging [26]. Thus, our results are consistent with the idea that cells
produce more ROS and accumulate more oxidative damages as
they get age.

Genomic instability and the rate at which genomic instability
occurs have been shown to increase during aging [27-30]. Our re-
sults also show that the rate of spontaneous mutations was higher
in old cells, especially for sod1A, ccs14, and glo4A strains (Fig. 3C).

Deletion of the CCS1 gene, which encodes for a copper chaper-
one for Sod1, resulted in high sensitivity to reactive oxygen species,
as well as a significant increase in protein carbonylation, lipid per-
oxidation, and genomic instability. Therefore, CCS1 seems to be one
of the most important mitochondrial antioxidant genes in the
chronological aging process. However, Ccs1 is not strictly neces-
sary for Sod1p function since Sod1p can supply its copper in a
Ccs1-independent manner [31]. Thus, the importance of CCS1 gene
in aging could be because of its roles in providing copper to other
proteins such as Cox11 rather than Sod1 [32].

Deletion of the GLO4 gene increased the rate of spontaneous nu-
clear DNA mutations, which indicates that the glyoxylase-II en-
zyme is important in maintaining genome stability. The functions
of glyoxalases were proposed to be important in genome stability
and other cellular damages because of their scavenging activity
of cytotoxic methylglyoxal, which is a byproduct of glycolysis
[33,34]. Glycation reactions of methylglyoxal with amino acids
can induce oxidative stress [35]. Therefore, methlyglyoxal

dependent ROS production could be the basis of high rate of spon-
taneous DNA mutations observed in glo4A cells. In addition to
genomic instability, glo4A mutants also showed a 275-fold in-
crease in their spontaneous mitochondrial DNA mutation rate as
measured by an erythromycin resistance assay (unpublished data)
which supports the idea that Glo4 is important in preserving gen-
ome stability.

There could be many reasons why deletion of mitochondrial
antioxidant genes did not result in extensive molecular damages
in our analyses. First, up regulation of oxidative stress response
pathways in the absence of antioxidant genes might compensate
the deficiency. This type of regulation has shown to be important
in oxidative stress tolerance pathways [36,37]. Second, yeast cells
have many antioxidant genes with overlapping functions such as
SODs and GRXs, in the case of mitochondria, and the absence of
one of these redundant genes could be tolerated by their functional
counterparts. Therefore, deletion of a single antioxidant gene may
not result in a significant outcome in many aspects of oxidative
stress tolerance.

Our results show that chronologically aged cells produce higher
amount of superoxide radical and harbor extensive oxidative dam-
ages to proteins, lipids and DNA. However, the roles of individual
mitochondrial antioxidant genes in protecting cells from these
damages may not always be in favor of the oxidative stress theory
of aging.
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