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Saccharomyces cerevisiae

A correlation is known to exist in yeast and other organisms between the cellular re-
sistance to stress and the life span. The aim of this study was to examine whether
stress treatment does affect the generative life span of yeast cells. Both heat shock
(38°C, 30 min) and osmotic stress (0.3 M NaCl, 1 h) applied cyclically were found to in-
crease the mean and maximum life span of Saccharomyces cerevisiae. Both effects
were more pronounced in superoxide dismutase-deficient yeast strains (up to 50%
prolongation of mean life span and up to 30% prolongation of maximum life span)
than in their wild-type counterparts. These data point to the importance of the antioxi-
dant barrier in the stress-induced prolongation of yeast life span.

The budding yeast Saccharomyces cerevisiae
constitutes an interesting model for studies of
cellular aging. In this species unequal cell divi-
sion makes possible to differentiate mother
cells from daughter cells and, in consequence,
to determine the number of divisions a yeast
cell can undergo. The replicative life span of
yeast cells is limited and there are good rea-

sons to assume that the mechanisms govern-
ing this limitation are common to yeast and
metazoan cells (Jazwinski, 1990; 1996).

The aging of yeast was demonstrated to de-
pend on a number of genes. It has been shown
that, in model metazoans, the genes con-
nected with longevity are related to enhanced
antioxidative defense (Gems, 1999; Jazwin-
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ski, 1996; Orr & Sohal, 1994). It seems there-
fore plausible that also in the yeast some ge-
netic determinants of longevity are strictly
connected with the antioxidant status of the
cell.

Previously we have shown that deficiencies
in superoxide dismutases (Wawryn et al,
1999) result in an almost threefold shortening
of the life span of individual yeast cells. These
mutant cells are known to be hypersensitive
to various types of oxidative stress (Bilinski et
al., 1985; VanLoon et al., 1986). The deficien-
cies in these enzymes, constituting the first
line of defense against oxidative stress, lead to
increased levels of reactive oxygen species
which result in intracellular damage or even
in cell death.

Cells respond to various mild, but potentially
dangerous, external factors by developing re-
sistance which extends also to more severe
treatments. For example, in yeast a rapid rise
of temperature from 22°C to 37°C results in
development of tolerance of 30 min exposition
to 48°C, at which the untreated cells are killed.
Acquirement of resistance is a consequence of
synthesis of various sets of proteins whose
presence makes possible survival when stress-
ing factors reach the lethal level. During heat
shock, expression of many yeast genes de-
pends on activation of heat shock factor
(Hsf1), which is bound to heat shock element
(HSE) of the promoters of numerous stress in-
ducible genes. The promoters of other genes
responding to numerous stress inducing fac-
tors, like high osmolarity, starvation or oxi-
dants, possess stress response elements
(STRE) (Wieser et al., 1991) sequences, differ-
ent from HSE (Martinez-Pastor et al., 1996). It
seems likely that the list of promoter se-
quences and transcription factors connected
with response to stress is incomplete (Sey-
mour & Piper, 1999). Interestingly, to the fac-
tors which induce the response to stress be-
long also reactive oxygen species, like hydro-
gen peroxide, and superoxide generating
chemicals (menadione and paraquat) (Lee et
al., 1995).

In yeast, the number of genes whose expres-
sion is induced after various stress treat-
ments is not identical and their spectrum de-
pends on the type of the stressing factor. As a
consequence, although the cells acquire resis-
tance principally to the stressing factor to
which they were exposed, they become also
partly resistant to other stressing factors.
Heat shock increases tolerance of most types
of stress. Some of the genes induced by heat
shock are involved in protection of cells
against oxidative stress. This is understand-
able because oxygen is involved in heat in-
duced killing of yeast cells (Davidson et al.,
1996). It has been reported that genes coding
for three antioxidant proteins: catalase T
(Wieser et al, 1991), mitochondrial super-
oxide dismutase (MnSOD) (Costa et al., 1993)
and thioredoxin peroxidase (Lee & Park,
1998) are induced by heat shock. At least two
of them, catalase T (Wieser et al., 1991) and
MnSOD (Flattery-O’Brien et al., 1997) possess
the STRE sequence in their promoters. The
protective role of these proteins under stress
conditions has been documented (Costa et al.,
1993; Lee & Park, 1998), although the role of
catalases is less evident except in the case of
hydrogen peroxide treatment (Bilinski et al.,
1985; Wieser et al., 1991).

Thus, apparently not only oxidative stress
but also the other two types of stress could in-
fluence the life span of yeast cells, especially
of those whose life span is shortened as a con-
sequence of deficiencies in various antioxi-
dant mechanisms. In fact, a correlation be-
tween stress resistance and replicative life
span of various yeast strains has been ob-
served (Kennedy et al., 1995). A similar corre-
lation was also found between resistance of
skin fibroblasts to oxidative, chemical and al-
kaline stress and life span of eight mamma-
lian species (Kapahi et al., 1999).

The aim of the present study was to examine
whether a relationship does also exist, i.e.
whether exposure of yeast mutants deficient
in antioxidant enzymes and wild-type yeast to
thermal and osmotic stresses affects their life
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span. While this study was in progress, re-
sults demonstrating that heat shock applied
during the early divisions of S. cerevisiae cells
increases their life span, have been published
(Shama et al., 1998a, b). However, the present
study deals with several further questions
concerning this problem, viz. (i) the effect of
different procedure of shock treatment (cycli-
cally repeated shock) on the replicative life
span of S. cerevisiae, (i) comparison of the ef-
fects of heat shock and osmotic stress, and
(iii)) comparison of the effect of stress on
wild-type yeast strains and on yeast mutants
deficient in superoxide dismutase.

MATERIALS AND METHODS

Yeast strains. The following yeast strains
were used: wild-type SP-4 (MATa leul arg4)
(Bilinski et al., 1978), strain DSCD1-1C devoid
of CuZnSOD (strain MATa leul arg4 sodl)
isogenic to SP4 (Bilinski et al., 1985), strain
devoid of MnSOD, MnSOD- (MAT«a
leu2-3,112, his3-11,15 ura3-251,372,328 lac2,
sod2# LEU) and its isogenic parent strain DL
1 (MATa leu2-3,112, his3-11,15 ura3-251,
372,328 lac2) (VanLoon et al., 1986), both ob-
tained from Dr. G. Schatz (Biozentrum,
Basel), a segregant DSCD6-6B (MATa ura3
sod1 sod2) deficient in both superoxide dis-
mutases obtained from the cross between
MnSOD- and a strain isogenic to DSCD1-1C,
bearing sodl mutation, and DSCD6-6BR
(MATa ura3 SOD1 sod2), a revertant of the
former strain deficient only in MnSOD.

Media and growth conditions. Yeast were
grown in a standard liquid YPGlucose me-
dium (1% Difco Yeast Extract, 1% Yeast
Bacto-Peptone, 2% glucose) on a rotary shaker
for about 20 h at 28°C until the logarithmic
phase was attained (1-5 X 107 cells/ ml), and
were then transferred to a solid medium con-
taining 2% agar (Difco).

The replicative life span was determined
according to Kim et al. (1999) on cells placed
on agar plates. Briefly, a fresh bud was iso-

lated by a micromanipulator and formation of
successive buds by such a virgin cell was moni-
tored, each appearing bud being removed us-
ing a Narishige MO-202 hydraulic micromani-
pulator. The number of buds formed by each
cell was referred to as its generative life span
(Fig. 1). At variance with the original protocol,
the plates were not placed overnight in a re-
frigerator, to avoid the stress caused by cool-
ing and warming.

DI
| Cell after 1 division | @& “—’EX{

|
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Cell after 2 divisions
etc.
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®
l
o

Figure 1. Scheme of the procedure for determina-
tion of generative life span of individual yeast
cells.

A bud is separated and after maturation constitutes a
virgin cell. Divisions of this cell are recorded, descen-
dant buds being removed and discarded. Maximal num-
ber of divisions is the generative life span of the yeast
cell.

Treatment of cells in liquid medium. Sam-
ples of logarithmic cultures of yeast cells in
liquid media were subjected to three types of
stress: heat, osmotic shock or ethanol. The
cells were heat-stressed by a rapid tempera-
ture shift from 22°C to 38°C for 30 min in a
water bath. After 3 h of subsequent cultiva-
tion at 22°C the samples were divided into two
parts, one of which was subjected to a second
heat shock. The procedure was repeated after
another 3 h of cultivation. Osmotic stress was
induced by addition of NaCl solution to a final
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concentration of 0.3 M at which the cells were
maintained for 1 h. Alternatively, the cells
were treated with 8% ethanol and incubated
for 1 h. After the stress treatment, the cell cul-
tures were centrifuged, the cells were sus-
pended in 50 mM phosphate buffer, pH 6.8,
containing appropriate concentrations of
menadione, and incubated for 1 h at 22°C.
Then the cell suspensions were diluted with
the same buffer to a density of 103/ ml, plated
on agar and their survival was determined by
colony counting. The sensitivity of the yeast to
oxygen was determined after exposure of 100
ul of yeast suspension (103 cells/ml) on Petri
dishes to 100% oxygen for 1 or 2 h. Then the
cells were kept for 2 days under the atmo-
sphere of air and the number of colonies
formed by the surviving cells was counted.
Catalase activity was estimated spectrophoto-
metrically (Beers & Sizer, 1952) and referred
to the cell density estimated by measurement
of turbidity of yeast cultures at 700 nm.

Treatment of cells on solid medium. Con-
trol and stressed cells were analyzed strictly
in parallel. Initial cultures were divided into
two groups of virgin cells randomly selected
from the same plate. Heat shock was applied
by heating one half of Petri dishes in a water
bath at 37°C for 30 min; then the temperature
was lowered to 23°C. The control Petri dishes
were kept throughout at 23°C. The heating
was repeated after a time corresponding to
about two generations, i.e. every 3 h for the
wild- type strains (SP-4 and DL 1) and every 5
h for the remaining strains.

Osmotic stress was performed cyclically at a
constant temperature of 28°C, by transfering
single cells to the medium supplemented with
0.3 M NaCl. After 60 min of incubation the
cells were transferred to the standard me-
dium for two generations (3 h and 5 h, respec-
tively), and the stress treatment was repeated.
Control cells were grown permanently on the
standard medium.

Statistics. Unless stated otherwise, the data
presented are means + confidence intervals
from at least three independent experiments,

each comprising measurements of at least 20
cells, unless stated otherwise. Confidence in-
tervals were calculated assuming the Stu-
dent’s distribution of data for P = 0.05. Statis-
tical significance of differences was estimated
using the Students’ t-test after assessment of
the lack of significance of variances with the
Snedecore’s ,F“ test.

RESULTS AND DISCUSSION

Heat, ethanol and hyperosmotic medium
were chosen in this study as stressing factors.
Since the CuZnSOD-deficient strain DSCD1-
1C shows a significantly higher sensitivity to
superoxide-generating agents, than the other
strains tested, it was chosen for studying the
protective effects of stress treatment with re-
spect to subsequent exposure to increased
intracellular superoxide flux. The results
shown in Fig. 2 indicate that, in liquid me-
dium, all types of the applied stress treatment
increased significantly the resistance of yeast
to pure oxygen and menadione, a superoxide-
generating redox cycling compound. Heat
shock was most effective, and since the effects
of ethanol stress were similar to those of os-
motic stress (Meaden et al., 1999), ethanol
stress was excluded from further experi-
ments.

Catalase T is a protein which is synthesized
under the control of the STRE promoter
(Wieser et al., 1991), therefore it was chosen
as a marker of the response to stress. Both
heat shock and osmotic stress augmented
catalase T activity of yeast cells, the effect of
osmotic stress being stronger (Fig. 3). It is
noteworthy that the elevation of catalase ac-
tivity was transient and repeated heat shocks
were necessary to maintain the increased en-
zyme level.

Enhancement by heat and osmotic stress of
the ability of yeast to cope with oxidative
stress prompted us to examine the effect of
stress on the life span of yeast. We investi-
gated several strains deficient in superoxide
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dismutases (SOD) as well as their standard
counterparts of basically identical genetic
background. We expected that the most pro-
nounced differences would be observed in the
SOD-deficient cells, in which the levels of anti-
oxidant enzymes (other than SOD) and repair
systems are consistently higher than in those
cells which divide under non-stressing condi-
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Figure 2. Effect of heat shock, osmotic stress and
ethanol stress on the survival of DSCD1-1C strain
(devoid of CuZnSOD) in the atmosphere of 100%
oxygen (A) and in the presence of menadione (B).

Cells were subjected to stress in liquid medium, then
exposed to oxygen or treated with menadione as de-
scribed under Materials and Methods. The survival was
determined by colony forming on agar plates. Data
from a representative experiment are shown.

tions. Taking into account that antioxidative
capacity of cells acquired after stress treat-
ment drops down during subsequent cell divi-
sions under non-stressing conditions we as-
sumed that it will be necessary to repeat sev-
eral times the exposure of cells to stress to
keep the protective mechanisms at the highest
level during the life span of a cell. Therefore,

the experimental procedures differed slightly
from those used in our previous experiments
and in the experiments of other authors
(Shama et al., 1998a, b).

The life span of all the six strains studied
was prolonged by heat treatment (Fig. 4). A
similar though less pronounced effect was ob-
served after osmotic stress (Fig. 5). The ef-

A

30
—o— Control

—8B— Heat shock
20

—¥— Osmotic stress

10 + —*— 2nd stress

Catalase [relative units]

—e— 3rd stress

0 —t L I
01 2 3 4 5 6 7 8 9

Time [h]
30
—o— Control
)
=
o 2 —*— Heat shock
2
®
o
= —— 2nd shock
g
= 10
8 —e— 3rd shock
0 PR S T S
o 1 2 3 4 5 6 7 8 9
Time [h]

Figure 3. Effect of heat shock and single or re-
peated osmotic stress (A) and of single and re-
peated heat shock (B) on the catalase activity of
DSCD1-1C strain (devoid of CuZnSOD).

Cells were subjected to stress in a liquid medium and
catalase activity was estimated immediately after the
stress treatment. Data from a representative experi-
ment are shown.

fects were, as expected, stronger for the
SOD-deficient than for the wild-type strains;
the mean life span of the DL 1 strain was not
prolonged by heat shock although the maxi-
mal life span was somewhat extended (Fig. 4).
The opposite was true for the effect of osmotic
stress on the life span of SP-4 strain (Fig. 5).
The effect of stress on yeast survival is well
visible on differential plots in which mean val-
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Figure 4. Effect of heat shock on the life span of
various yeast strains.

Empty symbols, control cells; filled in symbols,
heat-shocked cells. Cells were subjected to the shock
treatment (37°C, 30 min) on the solid medium every 3
or 5 h. Control cells were kept at ambient temperature
(23°C). SP4 and DL 1, wild-type strains; DSCB6-6BR1
and MnSOD-, strains devoid of MnSOD; DSCD1-1C,
strain devoid of CuZnSOD; DSCD6-6B, strain devoid of
CuZnSOD and MnSOD.
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ues of survival of non-stressed cells were sub-
tracted from mean values of survival of the
cells subjected to stress treatment (Fig. 6).
These plots demonstrate that the effect of
stress is especially evident in the late phase of
generative life. While the effects of stress
treatment are definitely beneficial for
SOD-deficient strains, except for the initial
negative effect of osmotic stress on the
MnSOD- strain (Fig. 6b and d), osmotic
stress initially decreases survival of the SP-4
strain (Fig. 6a) while heat shock has mostly a
negative effect on the survival of DL 1 strain
which turns into a positive one in the very last
period of generative life span (Fig. 6¢).

The effect of heat shock on the life span of S.
cerevisiae has been recently reported by
Shama et al. (1998a, b). The common conclu-
sion from those and our studies is that heat
shock can prolong the life span of yeast cells.
However, there are some differences between
the results obtained. Shama et al. (1998b) ob-
served beneficial effects of heat shock when
applied during the 1st and 4th generations
and when the duration of the two heat shocks
exceeded 2 h. When 1-h heat shock was ap-
plied on a daily basis, a shortening of life span
was observed. On the other hand, our experi-
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Figure 5. Effect of osmotic stress on the life span
of various yeast strains.

Empty symbols, control cells; filled in symbols, osmoti-
cally stressed cells. The cells were subjected to stress
on solid medium in cycles: stress with 0.3 M NaCl for
60 min and then incubation in standard medium for 2
generations. SP4 and DL 1, wildtype strains;
MnSOD-, strain devoid of MnSOD; DSCD1-1C, strain
devoid of CuZnSOD; DSCD6-6B, strain devoid of
CuZnSOD and MnSOD.

mental conditions involved repetition of
stresses every two generations throughout
the experiment. However, in our hands an ex-
perimental protocol similar to that of Shama
et al. (1998) (heat shock during the 1st and 4th
generations) did not affect significantly the
life span of DL 1 and MnSOD-strains (Ta-
ble 1).

DSCD1-1C

Survival [%]

Generation number

Survival [%]

Generation number

Reasons underlying the discrepancy of these
results are unclear. They could be due to dif-
ferences in the genetic background of the
strains employed, though we used two groups
of strains of different background and both of
them behaved in a similar way. Another dif-
ference concerns the methodology of life span
determination. Our attitude consisted in con-
stant monitoring of cell divisions, without
placing the cells in a refrigerator overnight.
We were afraid that such a treatment, though
undoubtedly more convenient for an investi-
gator, involves for the cells a stress of temper-
ature change, undesirable especially in experi-
ments on heat shock. Irrespective of the dis-
crepancies, our results confirm that heat
shock may prolong the life span of yeast cells
and demonstrate that osmotic stress has the
same effect.

Obvious candidates for mediation of the ben-
eficial effects of shock on yeast life span are
the heat shock proteins. Those proteins may
facilitate repair or removal of damaged pro-
tein molecules. If the mechanisms of aging in-
clude accumulation of malformed macromole-
cules, prevention of this effect by heat shock
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Figure 6. Differential plots showing the effect of stress treatment on the survival of various yeast strains.

Mean values of survival of control cells (not subjected to stress) were subtracted from mean values of survival after

stress treatment.

proteins may be of importance. Alternatively,
shock treatment may enhance the transcrip-
tion of longevity-assurance genes. The evi-

the antioxidative defense. In fact, deletion of
superoxide dismutase (resulting in perma-
nent oxidative stress) and stress treatment

Table 1. Effect of heat shock applied only during the 1st and 4th generations on mean replicative life
span, maximal replicative life span, generation time and mean chronological life span of control and

MnSOD-deficient strains; n = 11

Strain: DL 1, DL 1, MnSOD- MnSOD-
control heat-shocked control heat-shocked
Mean replicative life span 254 + 2.3 25.3 + 3.1 13.2 + 3.5 14.7 + 2.6
Maximal replicative life span 31 32 24 24
Generation time (min) 156 + 8 154 + 6 211+ 14 199 + 10
Mean chronological life span (h) 66.1 64.8 46.3 48.6

dence by other authors suggests the involve-
ment of HSP104, RAS1 and RAS2 in the ef-
fect of heat shock on yeast life span (Shama et
al., 1998a, b).

The list of proteins induced by stress treat-
ments in the yeast includes also elements of

show reciprocal effects on the life span of
yeast cells. Reasons for the much stronger
beneficial effects of stress treatment on SOD-
deficient cells as compared with their wild-
type counterparts are intriguing. Involvement
of antioxidants and/or antioxidative enzymes
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in the life span prolongation appears plausible
in view of the evidence that the action of vari-
ous types of stress is mediated by oxidative
stress (Costa et al, 1993; Davidson et al.,
1996; Lee & Park, 1998). The increase in
catalase activity is among the obvious effects
of stress (Fig. 2) but it seems improbable that
induction of catalase contributes to the in-
creased life span of yeast as catalase defi-
ciency was shown not to affect its life span
(Wawryn et al., 1999). MnSOD gene is also un-
der the control of the STRE sequence (Flat-
tery-O’Brien et al., 1997) but life span prolon-
gation has been observed also in the
MnSOD-deficient strains (Figs. 3 and 4). It
cannot be excluded, however, that other ele-
ments of the antioxidative defense which
bring about increased resistance to oxidative
stress contribute to the increased life span of
the yeast (Fig. 1). Elevation of glutathione
content (Jaruga et al., 1995) and thioredoxin
peroxidase activity (Lee & Park, 1998) were
observed in yeast subjected to a single heat
shock, although such effects could be
strain-dependent (Costa et al., 1993, Jaruga et
al., 1995). The question of mechanisms under-
lying prolongation of life span of the yeast
cells (and possibly of other organisms) by
stress treatment and the possible role of the
antioxidant barrier in this phenomenon un-
doubtedly deserves further studies.
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