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Oxidative modifications of cellular components have
been described as one of the main contributions to aged
phenotype. In Saccharomyces cerevisiae, two distinct
life spans can be considered, replicative and chronolog-
ical. The relationship between both aging models is still
not clear despite suggestions that these phenomena
may be related. In this work, we show that replicative
and chronological-aged yeast cells are affected by an
oxidative stress situation demonstrated by increased
protein carbonylation when compared with young
cells. The data on the identification of these oxida-
tively modified proteins gives clues to better under-
stand cellular dysfunction that occurs during aging.
Strikingly, although in both aging models metabolic
differences are important, major targets are almost the
same. Common targets include stress resistance pro-
teins (Hsp60 and Hsp70) and enzymes involved in glu-
cose metabolism such as enolase, glyceraldehydes-3-P
dehydrogenase, fructose-1,6-biphosphate aldolase,
pyruvate decarboxylase, and alcohol dehydrogenase.
In both aging models, calorie restriction results in de-
creased damage to these proteins. In addition, chrono-
logical-aged cells grown under glucose restriction dis-
played lowered levels of lipid peroxidation product
lipofuscin. Intracellular iron concentration is kept al-
most unchanged, whereas in non-restricted cells, the
values increase up 4–5 times. The pro-oxidant effects
of such increased iron concentration would account
for the damage observed. Also, calorie-restricted cells
show undamaged catalase, which clearly appears car-
bonylated in cells grown at a high glucose concentra-
tion. These results may explain lengthening of the vi-
ability of chronological-aged cells and could have an
important role in replicative life span extension by
calorie restriction.

Reactive oxygen species (ROS)1 generated by aerobic me-
tabolism cause oxidative damage to cell components such as
proteins, DNA, and lipids. Such damage will lead to altered

structure and loss of biological function (1, 2). Superoxide
anions cause the release of iron-sulfur clusters of several
enzymes leading to its inactivation (3). The hydroxyl radical
generated by H2O2 and transition metals, such as iron or
copper, or by radiolysis is involved in protein backbone frag-
mentation or modification of amino acid side chains (1).
There are increasing evidence that accumulation of these
dysfunctional molecules in the cell over a lifetime contributes
to the aging phenotype (4, 5). In this context, the pioneering
studies of Stadtman and co-workers (6, 7) describe that oxi-
datively modified proteins (measured as protein carbonyla-
tion) accumulate as a function of cell age in human erythro-
cytes and fibroblasts. Moreover, protein damage in
premature aging diseases such as progeria and Werner’s
syndrome was much higher than in age-matched normal
individuals (7). Oxidative modification of proteins has also
been associated to aging-related pathologies such as Alzhei-
mer’s disease (8). Using a proteomic approach, the identifi-
cation of specific damaged proteins provided new insights
into mechanisms of this neurodegenerative disease (9–11).

In yeast cells, two types of aging have been described, chro-
nological and replicative. Chronological aging refers to the
ability of stationary cultures to maintain viability over time.
Investigations on this field have been used as a valuable model
to study oxidative damage and aging of post-mitotic tissues of
higher organisms (2, 13, 14). The damaged cell components
cannot be diluted in these non-dividing cells. Consistently, the
systems that get rid of these damaged components or prevent
such damage will contribute to an increased chronological life
span. Stationary phase cells become more resistant to heat and
oxidative stresses, and overexpression of Sod1 and Sod2 ex-
tends life span by 30%. The metabolism of these cells tends to
accumulate glycogen and trehalose, and the cell wall thickens
(15). Respiration is the main source of energy obtained from
previously stored nutrients.

Cell division in budding yeast cells occurs a finite number
of times. As cells grow old, they accumulate bud scars, in-
crease their size, and become unfertile and the nucleolus
fragments. At the metabolic level, glucose metabolism shifts
from glycolysis toward gluconeogenesis, which depends on
the function of snf1, a kinase involved in cellular-adaptive
responses to glucose deprivation (reviewed in Ref. 16). The
regulation of this replicative aging points toward the Sir2
protein, a class III histone deacetylase that consumes NAD�

and suppresses rDNA recombination (17). Such recombina-
tion leads to the formation of extrachromosomal rDNA cir-
cles, which accumulate in old cells and are involved in cell
death (18).

Calorie restriction is one of the models that has been proven
to extend life span from yeast to mammals (19, 20). Lengthen-
ing of yeast life span was described by limiting the available
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glucose (0.5%) in a sir2-dependent manner or by reducing the
activity of glucose-sensing cyclic AMP-dependent kinase (21,
22). Cultures with limited glucose showed increased respira-
tion compared with 2% glucose. Interestingly, overexpression
of transcription factor Hap4, which triggers the expression of
genes involved in aerobic respiration, also extended life span
even in 2% glucose (22). Because under aerobic respiration the
NAD�/NADH ratio differs with respect to fermenting condi-
tions, changes in this ratio would regulate Sir2 activity under
calorie restriction (22, 23).

Aging studies in budding yeast have reported recently that
(i) carbonylated proteins accumulate with replicative age and
(ii) oxidized proteins are not inherited by daughter cells (24). In
this work, we have identified oxidatively damaged proteins
produced as the yeast cell age as well as other markers such as
lipofuscin accumulation, iron concentration, and lipid peroxi-
dation. The effect of calorie restriction on these parameters has
also been analyzed. A survey of enzyme activities of the main
protein targets indicated that oxidative modification of catalase
can play an important role on the cell viability in chronological
aging.

EXPERIMENTAL PROCEDURES

Organisms and Culture Conditions—The strain used throughout
this work was Saccharomyces cerevisiae CML128 (25). Yeast cells were
grown in rich YPD medium (1% yeast extract, 2% peptone, 2% glucose)
or under calorie restriction (YPD medium with 0.5% glucose) by incu-
bation in a rotary shaker at 30 °C. Cell viability was compared by
spreading serial dilutions of the cultures in YPD plates with solid
medium and incubation at 30 °C for 3 days. When indicated, cell growth
were performed in synthetic medium either with 2 or 0.5% glucose and
supplemented with amino acids, adenine and uracil, as described pre-
viously (26).

Isolation of Replicative Old Mother Cells—Old cells (16–18-genera-
tion-old) were purified by a modification of the biotin-streptavidin mag-
netic sorting procedure (27). 60 ml of exponentially growing cells to an
A600 of 0.5–0.6 (�6–12 � 108 cell) were labeled with 50 mg of biotin for
30 min. After several washes with phosphate-buffered saline to remove
unbound biotin, streptavidin-coated paramagnetic iron beads (Qiagen)
were added. Cells were incubated for 60 min and resuspended in 250 ml
of the corresponding YPD medium (normal or calorie-restricted). Cell
growth was allowed for �400–450 min (four generations). At this time,
cells were centrifuged, resuspended in the respective medium, and
sorted in a magnet. Unbound cells were removed, and the sorting
procedure was repeated once. After purification, cells were resuspended
in fresh medium (250 ml) and allowed to grow for four generations. The
entire procedure was repeated twice, resulting in 16–18-generation-old
cells. In the last sorting separation, the purification step was repeated
three times. At the end, cells were collected by centrifugation and stored
at �20 °C. In our hands and compared with published procedures, (i)
more cells could be isolated in each experiment, (ii) final recovery was
better, and (iii) the amount of medium needed was reduced. To deter-

mine age and purity, bud scars were counted after labeling with fluo-
rescent brightener (Calcofluor) followed by fluorescent microscopy vi-
sualization as described previously (27).

Preparation of Cell Extracts—Cells isolated by the sorting proce-
dure were resuspended in 100 mM Tris-HCl buffer, pH 7.5, plus 10 mM

dithiothreitol and treated with zymoliase at 30 °C for 90 min to digest
the cell wall. A concentrated solution of SDS previously heated at
95 °C was added (final SDS concentration: 6%) and incubated for 5
min at 95 °C. Cell extracts were obtained after centrifugation to
remove cell debris and magnetic beads. Protein concentration was
determined by the Micro Dc Bio-Rad kit. Protein carbonyl groups
were derivatized with dinitrophenylhydrazine as published previ-
ously (28). In the case of chronological aging, cell extracts were
prepared as described previously (29). Protein concentration was
determined by the Bradford method, and protein was derivatized
with dinitrophenylhydrazine as before.

Two-dimensional Gel Electrophoresis and Western Blot Analysis—
Protein from cell extracts was precipitated with acetone (at room tem-
perature to minimize SDS precipitation), rinsed three-times in acetone,
and resuspended in rehydration buffer (9 M urea, 4% CHAPS, 50 mM

dithiothreitol, 0.5% immobilized pH gradient buffer (Amersham Bio-
sciences), and traces of bromphenol blue) at a final concentration of 2–4
mg/ml. Isoelectric focusing (10–30 �g of protein) was performed in
immobilized pH gradient strips. Second dimension SDS-PAGE was
performed on 11% acrylamide gels followed by anti-dinitrophenyl West-
ern blot (30). Parallel gels were silver-stained to visualize total protein
and were used for protein identification. Proteins were identified by
fingerprint mass spectrometry.

Analyses—Total cellular iron was determined under reducing condi-
tions with bathophenanthroline sulfonate as chelator (29). Detection of
thiobarbituric acid-reactive substances (TBARS) was carried out by
means of a fluorimetric assay (31). Lipofuscin was detected by its broad
spectrum of autofluorescence, but to simplify the figure, only one bar-
rier filter image is shown (�ex 450–490; �em 520 nm). Quantification of
protein carbonyl content of crude extracts was performed by high pres-
sure liquid chromatography after dinitrophenylhydrazine derivatiza-
tion (28). Values are given in nmol/mg protein. Resistance to H2O2 was
tested on cells grown either on 2% glucose or 0.5% glucose. At the
middle of exponential phase (A600 0.5), 5 mM H2O2 was added to the
culture. After a 1-h treatment, viability was measured by plating serial
dilutions (1:5) on YPD plates.

Enzyme Activities—The following cell extracts were broken using
glass beads and assayed as described in the respective references:
alcohol dehydrogenase and enolase (32), pyruvate decarboxylase (33),
glyceraldehyde-3-phosphate dehydrogenase (34), catalase, and super-
oxide dismutase (SOD) (35). To determine Mn-SOD activity, 1 mM

NaCN, which inhibits 95% of the CuZn-SOD activity, was added to the
reaction mixture (36). CuZn-SOD activity was obtained by subtracting
Mn-SOD activity from the total activity.

RESULTS

Calorie Restriction Prevents Protein Oxidative Damage Re-
sulting from Replicative Aging—One of the most studied mark-
ers resulting from oxidative stress is protein carbonyl forma-
tion (30, 37–39). Although protein damage produced under

FIG. 1. Protein oxidation under replicative aging and the effect of calorie restriction. Identification of major targets is shown.
2-generation-old (Young) and 16/18-generation-old (Old) yeast cells grown either with 2 or 0.5% glucose were purified as described under
“Experimental Procedures,” and cell extracts were obtained. Proteins were separated by two-dimensional electrophoresis, and anti-dinitrophenyl
Western blot was performed. Major damaged proteins from old cells grown in 2% glucose were identified by mass spectrometry (Table I).
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replicative aging in yeast was already described (24), identifi-
cation of major oxidized proteins has not yet been performed.
Crude extracts from purified populations of young (1–2-gener-
ation-old) and old (16–18-generation-old) cells were derivatized
with dinitrophenylhydrazine. Proteins were submitted to two-
dimensional electrophoresis followed by Western blot anti-di-
nitrophenyl. The results shown in Fig. 1 indicated that there
was an increased level of protein damage in old cells compared
with young ones. Oxidized proteins were identified by mass
spectrometry (Table I). Main targets involved glycolytic en-
zymes and stress resistance proteins like Ssa1 and Ssa2
(Hsp70 proteins) and the mitochondrial Hsp60. Damage to
these proteins was clearly reduced in old cells isolated from
cultures grown under calorie restriction (Fig. 1). This result is
consistent with the role of calorie restriction extending repli-
cative life span in yeast.

Calorie Restriction Prevents Protein Oxidative Damage Re-
sulting from Chronological Aging—Non-replicative aging,
measured as the ability of stationary cultures to maintain
viability over time, has been extensively related to oxidative
stress (16). However, as for replicative aging, identification of
oxidized proteins under chronological aging has not been per-
formed. Western blot anti-dinitrophenyl of two-dimensional
gels from cells grown for several weeks in YPD showed an
increase in protein carbonylation (Fig. 2, A and B). Peptide
fingerprinting mass spectrometry allowed identification of
main oxidized proteins (Table I). It is worth noting that repli-
cative and chronological-aged cells shared most of the oxidized
proteins. Hsp70 and the mitochondrial Hsp60 were common
targets, but Hsp90s (both the inducible Hsp82 and the consti-
tutive Hsc82) and catalase T were only present as damaged
proteins under chronological aging. Also, the enzymes from the
glycolytic and the energy metabolism pathways became highly
oxidized in both models.

Enolase 1 is highly induced after the diauxic shift and pres-
ent in equally amounts along the stationary phase compared
with enolase 2. This isoenzyme was more prone to oxidation
than enolase 1, which could only be detected after day 23 (Fig.
2A). It is also interesting to observe that several major spots

were clearly resistant to oxidation (Fig. 2C). Those spots are
indicated in the legend of Fig. 2. Calorie restriction also pre-
vented oxidative damage on budding aging (Fig. 2D). A time
course of protein oxidation was quantitated by high pressure
liquid chromatography (Fig. 2E). A clear increase was observed
in cells grown at high glucose concentration; meanwhile, cells
grown with 0.5% glucose showed lower and stable levels of
protein carbonyls.

Calorie Restriction Prevents Several Phenotypic Characteris-
tics of Aging and Increases Chronological Life Span—In addi-
tion to protein oxidation, we analyzed several phenotypic traits
(iron, lipofuscin, and TBARS) on chronological-aged yeast
grown either on 2 or 0.5% glucose. Iron is one of the main
agents involved in oxidative damage, which through the Fen-
ton reaction produces the highly reactive hydroxyl radical. As
shown in Fig. 3A, there was a 4–5-times increase of iron accu-
mulation in cells grown on 2% glucose. In these cells, lipofuscin
accumulation, which has been known for many years as a
hallmark of aging in higher organisms (40), also was clearly
visible (Fig. 3B). Its broad fluorescent spectrum has been de-
scribed as indicative of this insoluble mixture of lipids, pro-
teins, and nucleic acids, which present additionally high con-
centrations of metals, especially iron (40). Lipid peroxidation
measured as TBARS showed a straight increase over time in
cells grown on 2% glucose, reaching (after 40 days) values 8–10
times higher than those observed in exponentially growing
cells (Fig. 3C). These aging markers were greatly reduced un-
der calorie restriction (Fig. 3, A–C).

The results described above are in agreement with the dif-
ferences in cell viability observed over the stationary phase
(Fig. 3D). Under our conditions, �5% of the cells remained
viable when grown in YPD with 2% glucose after 60 days in
culture. After the same period, �90% of the cells were viable
when cultured in YPD with 0.5% glucose. Calorie restriction
also increased survival when synthetic medium was used in-
stead of YPD (Fig. 3E). The increase in viability could be
explained by an improved resistance to oxidative stress. In-
creased respiration on low glucose would trigger the synthesis
of antioxidant systems. In agreement with this assumption, the

TABLE I
Identification of major oxidized proteins in both replicative and chronologically aged cells

Replicative Chronological

Spot numbera Proteinb Spot numberc Proteinb

Stress resistance proteins
1 Ssa1 (Hsp70 family) 1 Hsc82 (Hsp90 family)
2 Ssa2 (Hsp70 family) 2 Hsp82 (Hsp90 family)

3–5 Hsp60 3 Ssa1 (Hsp70 family)
4 Ssa2 (Hsp70 family)
5 Hsp60

7–9 Catalase T

Glucose and energy metabolism
6–7 Pyruvate decarboxilase 6 Transketolase
8–10 Enolase 2 10–13 Pyruvate decarboxilase

11–13 Fructose-1,6-bisphosphate
aldolase

14 ATP synthase (� subunit)

14–16 Alcohol dehydrogenase I 20–23 Enolase 2
17–18 Glyceraldehyde-3-phosphate

dehydrogenase
24–26 Enolase 1

28–30 Fructose-1,6-bisphosphate aldolase
31, 32 Alcohol dehydrogenase I
33, 34 Glyceraldehyde-3-phosphate

dehydrogenase

Cytoskeleton
27 Actin

a Spot number refers to two-dimensional gels obtained from replicatively aged cells (Fig. 1).
b Proteins were identified by fingerprint mass spectrometry. Proteins identified in both types of aging are in boldface type.
c Spot number refers to two-dimensional gels obtained from chronologically aged cells (Fig. 2). Spots 15–16 refer to ORF Ymr 323wp, spot 17

refers to ORF Yfr044cp, and spots 18–19 refer to ORF Ylr252wp.

Oxidative Damage in Aged S. cerevisiae 31985

 at U
N

IV
E

R
SIT

A
T

 D
E

 L
L

E
ID

A
 on M

arch 29, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


results shown in Fig. 3F indicated that calorie-restricted cells
presented higher resistance to H2O2.

Enzyme Activities Are Differentially Affected by Aging and
Calorie Restriction—The relevance of protein oxidation in en-
zyme activity could give a clue of its role in cell viability. The
activity of the main oxidatively damaged enzymes was com-
pared among cells cultured on 2 or 0.5% glucose from exponen-
tial to late stationary phase (60 days). As is shown in Fig. 4, the
evolution of catalase activity was clearly different among cells
grown on 2 and 0.5% glucose. While the activity remained high
in 0.5% glucose, a progressive decrease starting around day 20
was observed in the 2% glucose. Interestingly, this inactivation
was concomitant with its carbonylation (Fig. 4). The difference
observed in catalase activity prompted us to study SOD, an-
other antioxidant enzyme, especially relevant in stationary
phase (41). There was a well known increase in both cytosolic
and mitochondrial SOD activities during the diauxic shift. In
stationary phase, a greater decrease was observed in cells
grown in 2% glucose compared with 0.5% glucose. These differ-
ences were maintained until day 60 (36 versus 92 units/mg in
CuZn-SOD and 36 versus 68 units/mg in Mn-SOD) (Fig. 4).

Activities of the glycolytic enzymes showed a decrease
starting around day 30, reaching a minimum level at day 60,
in accordance with maximum protein oxidation. During this
period, no differences in protein levels, measured by Western
blot, were found (data not shown). The lack of correlation
between increase in protein carbonylation and maintenance
of enzyme activities at the beginning of stationary phase may
be explained by synthesis of isoenzymes with different phys-
iological functions to those present in exponential phase.
However, no relevant differences between restricted versus
non-restricted cells were observed at the end of the stationary
phase (Fig. 4).

DISCUSSION

The results described in this paper showed that oxidative
damage found in both replicative and chronological-aged yeast
presented clear differences between cells grown on 2% and cells
grown on 0.5% glucose. In chronological aging, the metabolic
change occurring along the diauxic shift triggered a huge in-
duction of stress defenses. As a result, cells in stationary phase
are highly resistant to several stresses including oxidative
stress (42, 43). Nevertheless, there is a ROS increase observed
in old cells grown at high glucose concentration. ROS formation
may be a consequence of the iron accumulation throughout the
stationary phase. Iron is a transition metal essential in redox
reactions, but this property makes it potentially toxic. Lipofus-
cin, which contains high amounts of this metal, also accumu-
lates in this phase. This often called age pigment is an intraly-
sosomal, insoluble polymeric substance primarily composed of
cross-linked protein residues and lipids and is formed because
of iron-catalyzed oxidative processes (40). Because iron accu-
mulated in lipofuscin is not available for the cells, this situation
could be sensed as an intracellular metal depletion and iron
transport system would be induced to promote entrance of iron.
Consequently, ROS generation will increase and damage to all
cellular macromolecules will occur.

Protein carbonyl detection as a measure of oxidative damage
revealed that two important groups of proteins became modi-
fied in this situation: 1) enzymes of the glycolytic pathway and
2) molecular chaperones. Interestingly, these targets were al-
ready identified as oxidatively modified proteins by treatment
of yeast cells with H2O2 (30). Under such stress, major targets
such as enolase and glyceraldehyde-3-phosphate dehydrogen-
ase were highly inactivated because of oxidative modification.
Beside the susceptibility of glycolytic enzymes to oxidation

FIG. 2. Protein oxidation under chronological aging and the effect of calorie restriction. Identification of major targets is shown. A and
B, anti-dinitrophenyl Western blots from two-dimensional gels obtained from cells grown in YPD (2% glucose) at different days of culture
(exponential (Exp.), 7, 16, 23, and 30 days (d.)). Eno2 and Eno1 are indicated in A by a closed and open arrowhead, respectively. Spot numbers
indicated in B are major target proteins identified by mass spectrometry (Table I). C, silver stain of two-dimensional gel obtained from 30-day-old
cells. Several major unoxidized spots indicated by letters were identified by mass spectrometry as Hsp26 (a), thioredoxin peroxidase (b), thioredoxin
peroxidase (c), triose-phosphate isomerase (d), phosphoglycerate mutase (e), and 3-phosphoglycerate kinase (f). D, anti-dinitrophenyl Western blot
from two-dimensional gel obtained from cells grown for 30 days under calorie restriction (YPD with 0.5% glucose). E, protein carbonyl content
(measured by high pressure liquid chromatography) from cells grown at the indicated days on 2% glucose (closed symbols) and 0.5% glucose (open
symbols).

Oxidative Damage in Aged S. cerevisiae31986
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during aging, an interesting observation is the different oxida-
tive modification of enolase isoenzymes. Although enolase 2
involved in glycolytic flux appears to be one of the first oxidized
proteins, enolase 1 expressed in the post-diauxic shift and
involved in gluconeogenesis showed a marked resistance to
oxidation. Whether this means that an evolutionary adaptation
to stressing conditions occurs in yeast cells as they age (24, 44)
will deserve future investigations.

It has been described that replicative aged cells show markers
of oxidative stress (24, 44). The results presented here obtained

from a proteomic analysis revealed that oxidatively modified
proteins in replicative aged cells were, interestingly, highly sim-
ilar to those we found in chronological aging. Five enzymes of the
glycolytic pathway were oxidatively damaged. How can such a
modification be interpreted with respect to life span? An inacti-
vation of glycolytic enzymes will lead to the impairment of glu-
cose utilization, which correlates with the enhancement of the
gluconeogenic and energy storage pathways observed during rep-
licative aging (45). In addition, reducing glycolysis has proved to
increase longevity in several organisms (46). Therefore, de-

FIG. 3. Effect of chronological aging and calorie restriction on several parameters. Cells were grown either on 2 or 0.5% glucose for
several days, and different parameters were measured. A, iron concentration in cells grown with 2% glucose (closed symbols) or 0.5% glucose (open
symbols). B, autofluorescence of lipofuscin granules observed using a fluorescent microscope as described under “Experimental Procedures.” C,
TBARS in cells grown with 2% glucose (closed symbols) or 0.5% glucose (open symbols). D and E, survival of cells grown on YPD (D) and synthetic
media (E) at the indicated days of culture. In both cases (D and E), viability was measured by plating serial dilutions (1:10) on YPD plates. F,
resistance to 5 mM H2O2 treatment. Viability was measured by plating serial dilutions (1:5) on YPD plates.

FIG. 4. Effect of chronological aging on enzyme activities: the role of calorie restriction. Cells were grown either with 2% (closed
symbols) or 0.5% glucose (open symbols) for several days, and enzyme activities were measured. They were given as �mol min�1 mg�1. CAT,
catalase; mSOD, mitochondrial Mn-SOD; cSOD, cytosolic CuZn-SOD; ADH, alcohol dehydrogenase; ENO, enolase; GADPH, glyceraldehyde-3-
phosphate dehydrogenase; and PDC, pyruvate decarboxylase. Protein stain and carbonylation of catalase at day 30 are also shown.
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 at U
N

IV
E

R
SIT

A
T

 D
E

 L
L

E
ID

A
 on M

arch 29, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


creased activity of these enzymes on high glucose cultures would
act in favor of life span lengthening.

Molecular chaperones are involved on protein translocation,
folding, and assembly, and their expression is induced in sev-
eral stresses (47). Our results showed that Hsp60, Hsp70s, and
Hsp90s became carbonylated under replicative and/or chrono-
logical aging. It is reasonable to assume that such modifica-
tions would alter their chaperone activity, thus affecting cell
survival. This assumption is based on the fact that mutants of
mitochondrial Hsp60 are not viable (48) and that increased
expression of Hsp60 confers a higher resistance to oxidative
stress (29). Also, mutations on Hsc82 results in a decrease of
chronological life span (49).

Our results also showed that, in chronological aging, actin
appeared as a carbonylated protein. Aguilaniu et al. (24)
propose that actin skeleton is required for proper segregation
of oxidized proteins during cytokinesis. This hypothesis is
based on both the inhibition of actin assembly by latrunculin
A and the atypical spatial distribution of actin in a �sir2
mutant. In each case, retention of oxidized proteins by
mother cells was abolished. Based on these results, oxidative
modification of actin provides some clues to explain why
replicative life span decreased after passage through the
stationary phase (50).

Calorie restriction has been described to extend life span in
several organisms (19), including replicative life span in yeast
(21). With respect to high glucose, the main metabolic change
is a shift from fermentation to respiration. The increase in
mitochondrial activity then would trigger the formation of
ROS, and consequently, antioxidant defenses would be in-
duced. Such mild stress may promote a better adaptation to
ROS, explaining the decreased oxidative damage observed in
calorie-restricted aged cells (both replicative and chronolog-
ical). Consistently, resistance to H2O2 was higher in cells
grown on 0.5% glucose with respect to those grown on 2%
glucose. In replicative aging, the reduction of protein damage
observed in 18-generation-old yeast grown on 0.5% glucose
was especially relevant for Hsps (Fig. 1). This reduced oxida-
tive damage may work synergically with Sir2p, which is
regulated by NAD�/NADH levels, to lengthen life span (22).
Respiratory metabolism increases this ratio and thus favors
Sir2p activity.

Chronological life span was also increased on calorie-re-
stricted cells. Additionally, markers of aging such as protein
oxidation, TBARS, and lipofuscin as well as iron accumulation
were also reduced in these cells. Elucidation of how calorie
restriction prevents iron and lipofuscin accumulation could be
crucial for understanding the aging of post-mitotic cells. One of
the important results described in this paper refers to the
different evolution of catalase activity in stationary phase in
calorie-restricted versus non-restricted cells (see Fig. 4). The
oxidative inactivation observed could be the result of an anom-
alous reaction between H2O2 and iron in the catalytic center. In
fact, irreversible inactivation in the presence of an excess of
H2O2 has been described in in vitro assays (51). Maintenance of
catalase activity in calorie-restricted cells may account for the
higher viability observed (Fig. 3). Nevertheless, it has been
reported that mutations in ctt1 of S. cerevisiae have a small
effect on cell viability in stationary phase (41). This apparent
contradiction can be attributed to differences in culture condi-
tions. Although in our experiments cells were inoculated in rich
medium and cultured without any change, cells were pre-
grown in synthetic-defined medium and replaced by water at
the initial stationary phase as described by Longo et al. (41).
This could imply a different metabolism, making catalase ac-
tivity less important. Alternatively, one might consider the

altered regulation of antioxidant genes in catalase-deficient
cells. It has been reported that overexpression of SOD2 in-
creased SOD1 and catalase activities as a consequence of H2O2

production (52). It has been demonstrated that SOD1 and
SOD2 are essential for stationary phase survival, especially the
cytosolic isoenzyme (12, 41). In accordance with the increased
life span of calorie-restricted cells, higher levels of cytosolic
SOD activity were found in cells at late stationary phase com-
pared with non-restricted ones.

The results described in this paper provide evidence that
both aging models can be explained, at least in part, by phys-
iological changes triggered by oxidative damage to specific pro-
teins produced by a stress situation inside the cell. The success
of calorie restriction slowing down aging may be attributed to a
better preparation of young cells to cope with increased stress
situation. This would keep molecular chaperones catalase and
SOD functional as the cells grow old.
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