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The replicative life span of Saccharomyces cerevi-
siae was previously shown to be modulated by the
homologous signal transducers Ras1p and Ras2p in a
reciprocal manner. We have used thermal stress as a
life span modulator in order to uncover functional
differences between the RAS genes that may contrib-
ute to their divergent effects on life span. Chronic
exposure of cells throughout life to recurring heat
shocks at sublethal temperatures decreased their repli-
cative life span. ras2 mutants, however, suffered the
largest decrease compared to wild-type and ras1 mutant
cells. The decrease was correlated with a substantial
delay in resumption of budding upon recovery from
these heat shocks, indicating an impaired renewal of cell
cycling. Detailed analysis of gene expression showed
that, during recovery, ras2 mutants were selectively im-
paired in down-regulation of stress-responsive genes
and up-regulation of growth-promoting genes. Our re-
sults suggest that one of the functions of RAS2 in main-
taining life span, for which RAS1 does not substitute, is
to ensure renewal of growth and cell division after bouts
of stress that cells encounter during their life. This ac-
tivity of RAS2 is effected by the cyclic AMP pathway.
Overexpression of RAS2, but not RAS2ser42 which is de-
ficient in the activation of adenylate cyclase, completely
reversed the effect of chronic stress on life span. Thus,
RAS2 is limiting for longevity in the face of chronic
stress. Since RAS2 is known to down-regulate stress re-
sponses, this demonstrates that for longevity the ability
to recover from stress is at least as important as the
ability to mount a stress response. © 1998 Academic Press
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INTRODUCTION

The yeast Saccharomyces cerevisiae possesses a fi-
nite replicative capacity as measured by the total num-

ber of divisions an individual cell undergoes [reviewed
in 1]. The mean replicative life span of a strain, under
given conditions, is a characteristic feature. As the
cells age, they display morphological and physiological
changes, such as increased cell size and generation
time, decreased protein synthesis, and altered expres-
sion of some genes [reviewed in 1, 2]. The aging process
is also accompanied by loss of transcriptional silencing
at telomeric loci [3] and at silent mating type loci [4],
and changes in resistance to ultraviolet (UV) irradia-
tion [5]. Among the genes that are differentially ex-
pressed are the highly homologous genes RAS1 and
RAS2, which share a similar profile of age-dependent
expression, peaking in young cells and decreasing to-
ward the end of life [6]. They encode small G-proteins
that are activated by the exchange factor Cdc25P and
inactivated by the GTPase-activating proteins Ira1
and Ira2. The Ras proteins stimulate adenylate cyclase
which in turn activates cAMP-dependent protein ki-
nase (PK-A). Either RAS1 or RAS2 is sufficient for cell
viability, but a double deletion is lethal [reviewed in 7].
Nevertheless, the RAS genes have reciprocal effects on
life span, since RAS2 has a life extending effect, while
RAS1 shortens life span [6].

PK-A is known to modulate activation of transcrip-
tion of a variety of genes in response to various stress
conditions [8]. The heat shock response is typical in
this regard [9]. The divergent effects of the RAS genes
on life span may be related to differences in their
effects on the response to stress, such as heat shock.
Thermal stress induces a heat shock response that is
characterized by a temporary arrest in the G1 phase of
the cell cycle, at the regulatory step Start, as indicated
by the accumulation of unbudded cells. The arrest is
accompanied by a sharp, but temporary, decline in the
abundance of most cellular RNAs, alterations in the
pattern of protein synthesis, alteration of membrane
fluidity, and ultrastructural changes [reviewed in 10].
Simultaneously, heat shock selectively induces expres-
sion of stress-responsive genes that encode repair and
defense proteins, such as heat shock protein Hsp104
which has been implicated in resolubilization of pro-
teins [11] and reactivation of mRNA splicing [12] after
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heat inactivation. Hsp104p is both necessary and
largely sufficient for cell survival at high temperatures
after prior exposure to sublethal temperatures [13, 14].
Another gene induced by heat shock is CTT1 that codes
for cytoplasmic catalase, which is required for protec-
tion against the oxidative stress associated with heat-
induced cell death [15]. HSP104 and CTT1 are also
induced by other types of stress [16, 17]. The transcrip-
tional induction of HSP104 and CTT1 is mediated by
the stress-responsive element (STRE) [18, 19], which is
negatively regulated by the Ras-cAMP pathway [8, 20].
Consistently, ras2 and cyr1 (adenylate cyclase) mutant
cells had a higher survival rate after exposure to a
single lethal heat shock [9, 16].

In this report, we show that repeated heat shocks, at
sublethal temperatures, decrease yeast replicative life
span. The heat-induced decrease in life span is much
larger in ras2 mutants compared to ras1 and wild-type
strains, despite more robust stress responses in ras2.
This effect is associated with an impaired recovery at
the levels of budding and growth-promoting gene ex-
pression and the inability to down-regulate stress
genes. Thus, Ras2p, not Ras1p, is a mediator of growth
resumption upon relief from heat shock. This may re-
flect a role for RAS2 in maintenance of replicative life
span during recurring episodes of stress. We also show
that the adenylate cyclase-stimulatory activity of
Ras2p is essential for it to perform this role.

MATERIALS AND METHODS

Strains, growth conditions, and transformations. S. cerevisiae
YPK9 (MATa, leu2-D1, ura3-52, trp1-D63, ade2-101ochre, lys2-801amber,
his3-D200) is a haploid derivative of YPH501 (supplied by P. Hieter,
The Johns Hopkins University). The following strains were gener-
ated in the YPK9 background: A RAS2-null mutant (ras2) was gen-
erated with pRa530 and a RAS1-null mutant (ras1) was essentially
generated as previously described [6], except that the RAS1 se-
quences were cloned in pRS405 [21]. Deletion and disruption events
were confirmed by Southern blot analyses (not shown). Overexpres-
sion of RAS2 and RAS2ser42 was obtained from the galactose-induc-
ible GAL10 promoter in plasmid pBM150, which carries the URA3
gene [6]. Media were YPD (2% peptone, 1% yeast extract, 2% glu-
cose), YPRG (same as YPD, but with 2% raffinose and 2% galactose
instead of glucose), SC [0.67% yeast nitrogen base without amino
acids and supplemented with uracil (0.012 mg/ml), adenine (0.041
mg/ml), leucine (0.051 mg/ml), lysine (0.029 mg/ml), histidine (0.0198
mg/ml), tryptophan (0.04 mg/ml), and 2% glucose]. Yeast cells were
transformed with 1–2 mg DNA using the lithium acetate procedure
[22], without carrier DNA. Transformants were selected on SC me-
dium lacking the appropriate nutrients. Cells were cultured at 30°C.
Heat shock treatments of batch cultures are described in the rele-
vant figure legends.

Northern blot analysis. Total yeast RNA was prepared by the
acidic phenol procedure [23]. Ten micrograms of total RNA were
denatured in MOPS buffer (20 mM MOPS, pH 7.0, 5 mM sodium
acetate, 1 mM EDTA), 50% formamide, and 2.2 M formaldehyde at
68°C. Samples were electrophoresed in 1% agarose gels containing
20 mM MOPS buffer (pH 7.0) and 2.2 M formaldehyde. RNA was
transferred to Nytran membranes (Schleicher & Schuell) by capil-
lary action in 203 SSC (13 SSC 5 0.15 M NaCl, 0.015 M sodium

citrate). Prehybridization and hybridization were carried out at 42°C
in 53 SSC, 50 mM sodium phosphate buffer, pH 7.0, 0.1% Na2P4O7,
0.5 mg/ml heparin, 0.5% SDS, 50% formamide, and 1.0 mg/ml
salmon sperm DNA. mRNA-specific probes were generated by ran-
dom oligonucleotide-primed DNA synthesis by Klenow enzyme
(Boehringer Mannheim), in the presence of [a-32P]dCTP. The labeled
probes were purified on Nick columns (Pharmacia Biotech), dena-
tured, and added to the hybridization solution. Membranes were
washed 20 h post-hybridization in 0.13 SSC, 0.25% SDS at 55°C, and
subjected to autoradiography or were exposed to a phosphor screen
in an imaging plate (Molecular Dynamics). Imaging plates were
scanned using the Molecular Dynamics 400E PhosphoImager. The
molecular probes were: (i) a 0.9-kb ACT1 fragment PCR-amplified
from yeast DNA. One microgram template DNA was diluted in PCR
buffer (Promega) in the presence of 1.25 mM MgCl2, 0.1 mM dNTPs,
2.5 units of Taq polymerase (Promega), 1 mM of the upstream and
downstream primers (59-CCCATCTATCGTCGGTAG-39 and 59-
CCAATCCAGACGGAGTAC-39, respectively). The reaction was car-
ried out in a Gene Amp PCR system thermocycler (Perkin–Elmer) at:
94°C/1 min, 30 cycles (94°C/30 s, 48°C/30 s, 72°C/30 s), 72°C/5 min;
(ii) a 0.4-kb RPL16A fragment was PCR-amplified in the presence of
3.8 mM MgCl2. The upstream and downstream primers were 59-
CATCTCCGTTGGTGAATCTG-39 and 59-CCTTAGTTGTCTTGTGG-
GAG-39, respectively. The reaction was carried out at: 94°C/1 min, 30
cycles (94°C/30 s, 56°C/30 s, 72°C/30 s), 72°C/5 min; (iii) a 1.2-kb
EcoRI fragment of the RAS2 gene from pBM150-[GAL10:RAS2] [6];
(iv) a 3.5-kb BamHI fragment of the HSP104 gene from p2HG-
HSP104 (supplied by S. Lindquist, University of Chicago); (v) a
3.9-kb HindIII-BamHI fragment of the CTT1 gene from pBR322-
7309 [24]; (vi) a 1.64-kb XhoI-ClaI fragment of the CLN2 gene from
pHCS39 [25].

Western blot analysis. Total proteins were extracted from cells as
previously described [6] and protein concentration was determined
using a protein assay kit based on the method of Bradford (Bio-Rad).
Ten micrograms were separated on 7.5% polyacrylamide gels in the
presence of SDS. Prestained SDS–PAGE protein standards (Bio-
Rad) were also included on the gel as size references. After electro-
phoresis, the proteins were transferred to PVDF membranes (Milli-
pore). Proteins on the blot were reacted with Hsp104p-specific
antisera [14], followed by goat anti-mouse secondary antibody (Am-
ersham). Immune complexes were visualized with the ECL reagent
(Amersham) and quantitated by soft laser scanning (Biomed Instru-
ments).

Life span determination. A Nikon Labophot-2 microscope with a
203 long working-distance objective and a micromanipulator attach-
ment was used. A fresh colony of yeast cells was grown to logarithmic
phase in YPD. For life span analyses with strains containing plas-
mids, growth was instead in SC (-uracil) medium containing raffin-
ose as the carbon source. One microliter of the culture was spotted
onto a YPD plate or onto a YPRG plate in the case of overexpression
experiments. Individual cells were pulled aside with the microma-
nipulator, and were allowed to grow until buds emerged. Thirty-five
buds were removed, and were referred to as “virgins” (i.e., cells that
have never budded). After they underwent their first cell division,
buds were removed from these cells, and the virgin cells, now moth-
ers, were recorded as one generation old. This process was continued
until budding ceased. At the end of their life span cells lysed. The
number of buds produced prior to lysis is the individual yeast’s life
span. During the course of the experiment, cells were transferred to
12°C during the night (approximately 14 h) to slow division and
allow relief for the investigator. Depending on the age of the cells,
1–2 generations were completed at this temperature per night. This
treatment does not alter the replicative life span [26]. Heat-shocked
cells were exposed to 37 or 42°C for 1 h, after which they were
returned to 30°C. Heat shocks were first applied to virgin cells, and
continued daily (i.e., one heat shock per day) throughout the exper-
iment. The nonparametric Mann–Whitney test was used to compare
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survival curves. Life spans were considered to be different if P ,
0.05. The significance of differences between changes in mean life
spans on heat shock was determined by deriving the means from
several experiments and performing ANOVA using the Tukey test.
The same procedure was used for analysis of bud emergence, which
is described in the legend to Fig. 2.

RESULTS

Recurring Heat Shocks Decrease Yeast Replicative
Capacity, Particularly in the Absence of RAS2

Understanding the reciprocal effects of the homolo-
gous signal transducers Ras1p and Ras2p on life span
in the absence of environmental manipulations [6] is a
difficult task. We hypothesized that stress-generating
environmental changes might influence life span and
be useful for uncovering functional differences between
the RAS genes that contribute to their effects on life
span. We focused on thermal stress. Wild-type, ras1,
and ras2 strains were subjected daily to transient heat
shocks at either 37 or 42°C while their life spans were
determined (Fig. 1). Repeated heat shocks at 37°C re-
sulted in slight shortening of the mean life spans of
wild-type and ras1 strains by 10 and 14%, respectively,
and a larger shortening of the mean life span of the

coisogenic ras2 strain by 20%. Increasing the severity
of heat shocks (42°C) exacerbated the effect. The mean
life spans of wild-type and ras1 strains were identically

FIG. 2. The effect of recurring heat shocks on bud emergence
throughout life. During life span determination, the total number of
new buds produced by the mother cells was counted daily during a 1-h
heat shock and for 1 h during recovery (i.e., a 2-h interval) and was
divided by the number of new buds in the same strain in the absence of
heat stress during that time. The results are expressed, for each strain
(YPK9, open bars; ras2 mutant, closed bars; ras1 mutant, stippled
bars), as the average ratio 6 SEM of three experiments (35 cells per
experiment), at 37°C (a) or at 42°C (b). The age groups to which each set
of bars refer are indicated at the bottom. These are not synchronously
dividing cells. The relative budding rate from one experiment to the
next can vary substantially. Thus, the means of these rates have a
significant variance. The range provided by the error bars (SEM) may
provide a better estimate of the difference between strains than the P,
which varied from ,0.001 to 0.18, for the comparison between ras2 and
the wild-type and ras1 strains. There were no differences between ras1
and the wild-type.

FIG. 1. The effect of recurring heat shocks on replicative life
span. Life spans of parental YPK9, ras2 mutant, and ras1 mutant
cells were determined on YPD plates as explained under Materials
and Methods. Cells were maintained at 30°C during the day. Heat-
shocked cells were transferred to 37 or 42°C for 1 h per day, starting
with virgin cells (i.e., cells that have never budded), throughout the
experiment. (The time required for a one-generation old YPK9 cell to
complete a cell cycle is 2 h. Cell generation time increases with age
[27].) The percentage change in mean life span relative to the non-
heat-shocked cells of the same strain was calculated for YPK9, ras2,
and ras1 cells. The results are presented as the means of three to five
experiments 6 SEM (35 cells per experiment), for each strain at each
temperature. The mean life span of the non-heat-shocked wild-type
control was 19.2 generations. The differences between ras2 and the
wild-type and ras1 strains were significant when the cells were
heat-shocked at 37 or 42°C (P , 0.05). There was no significant
difference between the wild-type and the ras1 strains with treatment
at either temperature (P . 0.5).
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shortened by 18%, while that of the ras2 strain was
shortened by 28%.

RAS2 Is Required for Efficient Renewal of Bud
Emergence upon Recovery from Heat Shock

During life span determination, the total number of
new buds produced by the mother cells was counted daily
1 h after the heat-shocked cells recovered from a 1-h heat
shock, and was compared to the emergence of new buds
in the same strain during that time but in the absence of
heat shock. Heat shock at 37°C slowed down the emer-
gence of new buds in the wild-type and ras1 strains only
slightly, while in ras2 cells the process was significantly
slowed throughout life (Fig. 2a). Heat shocks at 42°C
further slowed down emergence of new buds in all
strains, but the effect was again about twofold greater in
the ras2 strain compared to the wild-type and ras1
strains, which were almost identical (Fig. 2b). It is worth
noting that in all the strains virgin cells (Fig. 2, “zero”
generations) are most sensitive to heat shock as they go
through their first division.

Growth and budding properties during heat shock and
recovery were also examined in liquid cultures. Liquid
cultures served later for a molecular analysis of gene
expression. Both ras mutant strains showed the same
growth rate as the wild-type strain, with a doubling time
of 1.5 h (not shown). Cells proliferating at 30°C were
heat-shocked at 42°C for 1 h and were returned to 30°C.
This protocol did not decrease cell viability (not shown).
During recovery, the number of wild-type or ras1 mutant
cells doubled within 2.5 h and tripled within 3.5 h, while
that of the ras2 mutants doubled only after 3.5 h and
tripled within 4.5 h (Fig. 3a). All strains eventually
reached stationary phase (not shown). The budding in-
dex, which dropped dramatically upon heat shock in all
strains, increased in wild-type and ras1 strains during
the recovery period within 2 h to its level prior to the heat
shock, while the ras2 strain resumed budding much more
slowly (Fig. 3b). Bud emergence is an indicator of passage
through the G1/S boundary [27]. Thus, the prolongation
of the first doubling in the ras2 strain indicated a delayed
passage through the G1/S boundary. These results dem-
onstrate for the first time that RAS2 is required for rapid
renewal of cell cycling upon recovery from heat shock. We
have shown previously that the budding rate decreases
as a function of replicative age [28]. This could be due to
the decrease in RAS2 expression during aging [6] and to
the presence of stress.

RAS2 Is Required for Efficient Down-Regulation of
Stress-Responsive Genes and Up-Regulation of
Growth-Promoting Genes upon Recovery
from Heat Shock

The impaired recovery of the ras2 strain from suble-
thal heat stress might possibly be the result of im-

paired stress responses and/or growth renewal. To ad-
dress this question, we carried out Northern blot
analyses of several stress-responsive genes and
growth-promoting genes. Analyses were performed

FIG. 3. Growth and budding properties of recovering cultures.
YPK9 (circles), ras2 (squares), and ras1 (triangles) cells were grown
in liquid cultures in YPD at 30°C to logarithmic phase. Cells were
transferred to 42°C (21 h time point) for 1 h after which they were
allowed to recover at 30°C (zero time point). Aliquoted cells, at the
indicated time points, were sonicated and cell concentrations were
determined in a hemacytometer. Cell concentrations at the begin-
ning of recovery were: YPK9, 11 3 106 cells/ml; ras2, 15.7 3 106

cells/ml; and ras1, 11.3 3 106 cells/ml. The relative growth of the
cultures (a) is expressed as the ratio between cell concentration at
the indicated recovery time points and that at the beginning of the
recovery (zero time point). Simultaneously, the budding index (per-
centage of cells with buds) was determined (b).
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with cultures that were either heat-shocked up to 2 h
(Figs. 4a and 6a, left panels, “heat shock”) or were
recovering at 30°C from a 1-h heat shock at 42°C (Figs.
4a and 6a, right panels, “recovery”). Quantitative anal-
ysis of representative Northern blots revealed that
HSP104 (Fig. 4b) and CTT1 (Fig. 4c) mRNAs were
transiently induced upon heat shock in all three
strains. ras2 cells, however, displayed a sustained ele-
vation of these mRNAs, which was particularly evident

for CTT1. In ras2 cells, HSP104 mRNA, although de-
creasing, was still maintained at a detectable level
after 120 min of recovery at 30°C (Fig. 4d). CTT1
mRNA, which became undetectable in wild-type or
ras1 strains soon after initiation of heat shock, re-
mained relatively high in ras2 cells throughout recov-
ery (Fig. 4e). Elevated basal Ctt1p activity in ras2
mutants was previously shown in another strain [29],
and the delayed down-regulation of induced activity

FIG. 4. Changes in the abundance of stress-responsive mRNAs during heat shock and recovery. YPK9, ras2, and ras1 batch cultures were
grown in YPD medium to early logarithmic phase. Cells were then transferred from 30 to 42°C (left panels, “heat shock”) or were
heat-shocked for 1 h at 42°C, after which they were transferred back to 30°C (right panels, “recovery”). Ten micrograms of RNA isolated from
these cells at the indicated times were analyzed by Northern blot hybridization with gene-specific probes as indicated at the left (a). The
ethidium bromide-stained 18S rRNA indicated even RNA loading in each lane (not shown). Note that different exposures were chosen for
each probe. Northern blots were exposed to a phosphor screen in an imaging plate and quantitated. Changes in gene-specific mRNA
abundance in each strain (YPK9, circles; ras2, squares; ras1, triangles) were related to their zero time points during heat shock (b, c) or
recovery (d, e). Similar profiles were obtained in several experiments. Representative results are shown.
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found here confirms and extends that study. To deter-
mine whether the differences in HSP104 mRNA were
also evident at the protein level, we performed a West-
ern blot analysis. Upon heat shock, Hsp104 protein
was induced in all strains approximately threefold
(Figs. 5b and 5c), as also shown recently in a wild-type
strain [30]. However, the ras2 strain had almost a
twofold increase in basal levels of Hsp104p compared
to wild-type and ras1 strains (Fig. 5a). Thus, relative to
the wild-type strain, the ras2 strain had a sixfold in-
crease in Hsp104p, and its level remained significantly
higher even when the cells were placed at 30°C to
recover (Figs. 5b and 5c). As shown here, the effects of
ras2 mutation on expression of HSP104 are evident at
the protein as well as the mRNA level.

The growth-promoting genes we monitored were

CLN2 and RPL16A, which are clear markers of growth
renewal [31, 32], and ACT1. In comparison to the
stress-responsive genes, growth-promoting genes ex-
hibited the opposite pattern of change in their expres-
sion. ACT1 (Fig. 6b), RPL16A (Fig. 6c), and CLN2 (Fig.
6d) mRNA levels declined dramatically upon heat
shock. As cells were allowed to recover, ACT1 (Fig. 6e),
RPL16A (Fig. 6g), and CLN2 (Fig. 6f) mRNA levels in
wild-type and ras1 strains started accumulating after
30 min. The increase in ACT1 mRNA in ras2 cells
started only after 60 min (Fig. 6e). The increase in
RPL16A and CLN2 mRNAs started only after 90 min,
and pre-heat-shock levels were not fully reestablished
even after 2 h (Figs. 6f and 6g). This analysis provides
an explanation, at the molecular level, for the ras2
defect in growth resumption.

The Northern blot analyses clearly show that upon
recovery the ras2 strain is impaired in the kinetics of
down-regulation of stress-responsive genes and in up-
regulation of growth-promoting genes. Thus Ras2p, not
Ras1p, acts as the molecular switch that is required for
concerted modulation of gene expression upon resump-
tion of proliferation. This is one of only a few instances
in which differences between RAS1 and RAS2 have
been examined and identified.

Overexpression of RAS2 in ras2 Mutants Abolishes
the Heat Shock-Induced Decrease in Replicative
Life Span, in Association with Improved
Recovery from Heat Shock

The results presented thus far show that in ras2
mutants the exaggerated attenuation of replicative life
span due to heat stress coincides with an impaired
resumption of growth upon recovery from heat shock.
Therefore, shortening of life span could, at least in
part, be attributed to the accumulation of impaired
growth resumption events, due to inefficient renewal of
cell cycling. Given the pivotal role of RAS2 as the
mediator of efficient growth resumption, we hypothe-
sized that its overexpression in the ras2 mutant should
not only improve the ability to recover, but also should
alleviate the heat-induced decrease in replicative life
span. To test this hypothesis, GAL10 promoter-driven
RAS2 was overexpressed in the ras2 background, and
the effects of recurring heat shocks on both life span
and growth resumption were examined. Overexpres-
sion of RAS2 in these cells completely abolished the
decrease in longevity. In fact, the mean life span of the
heat-shocked cells was similar to that of cells that did
not experience heat stress (Fig. 7a).

Analysis of bud emergence during the experiment
showed that, almost at any given stage in life, resump-
tion of budding upon recovery was faster in the pres-
ence of the exogenous RAS2 (Fig. 7b). Thus, overex-
pression of RAS2 in ras2 mutants abolishes the heat

FIG. 5. The abundance of Hsp104 protein during heat shock and
recovery. (a) Basal levels. YPK9, ras2, and ras1 cells were grown in
YPD medium at 30°C to early logarithmic phase. Ten micrograms of
protein extracted from each culture were analyzed on Western blots
with Hsp104p-specific antibodies. (b) Transient induction. The above
cultures were heat-shocked at 42°C, after which they were allowed to
recover at 30°C. Protein was extracted at the indicated time points
(in min) of heat shock (HS) and recovery (REC), and 10 mg were
subjected to Western blot analysis. Note that different exposures
were chosen for each strain. (c) Quantitation of Hsp104p induction.
Hsp104p signals were quantitated by soft laser scanning. The basal
Hsp104p amount in YPK9 cells (a) was arbitrarily chosen as one and
all signals shown in (b) were related to it. YPK9, circles; ras2,
squares; ras1, triangles.
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FIG. 6. Changes in the abundance of growth-promoting mRNAs during heat shock and recovery. Northern blot analysis (a) of the
growth-promoting genes indicated at the left was performed as described in the legend to Fig. 4a. Changes in gene-specific mRNA abundance
in each strain (YPK9, circles; ras2, squares; ras1, triangles) were related to their zero time points during heat shock (b, c, d) or recovery (e,
f, g). Similar profiles were obtained in several experiments. Representative results are shown.
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shock-induced decrease in replicative capacity, which
is associated with inefficient recovery from heat shock.
The same cannot be said of RAS2ser42 overexpression

(Figs. 7a and 7b). This RAS2 allele is defective in
stimulation of adenylate cyclase [33]. The life spans of
cells overexpressing the RAS2ser42 allele did not differ
from control cells containing the vector alone that were
subjected to heat stress. These results implicate the
RAS-cAMP pathway in the life span-maintaining role
of efficient recovery from stress. This role is distinct
from the capability of RAS2ser42 overexpression to ex-
tend life span in the absence of overt stress [6].

DISCUSSION

We have established that recurring, sublethal ther-
mal stress decreases the replicative capacity of yeast.
This observation enabled us to show that efficient re-
covery from this stress, mediated primarily by RAS2,
plays a significant role in life span maintenance. ras2
mutants, although maintaining higher levels of stress-
responsive functions (Figs. 4 and 5), suffered the larg-
est heat-induced decrease in life span compared to
wild-type and ras1 strains (Fig. 1). This result appears
to contradict previous data showing that ras2 and cyr1
(adenylate cyclase) mutant cells had a higher survival
rate after exposure to a single lethal heat shock [9, 16].
ras2 mutants indeed have an advantage in surviving a
lethal heat shock, since they sustain their stress re-
sponses and delay the renewal of cell cycling. This
probably allows a longer period of damage repair prior
to growth renewal. However, maintenance of replica-
tive life span, or in other words completion of many
successive cell cycles, during bouts of nonlethal stress
that cells might face during their life span, appears to
require rapid renewal of cell cycling as soon as damage
has been repaired. In other words, the individual yeast
pays a price to have the ability to rapidly resume
growth following repeated episodes of nonlethal heat
stress during its lifetime. This price is the attenuation
of the capacity to resist a lethal heat shock. It is RAS2
that allocates resources between these distinct capa-
bilities.

Our analysis clearly indicates that a significant
problem in ras2 mutants was the delayed up-regula-
tion of growth-promoting genes (ACT1, RPL16A, and
CLN2) (Fig. 6). The inhibition in CLN2 mRNA accu-
mulation may be sufficient to postpone passage
through Start in cells recovering from heat stress, if
not in normally cycling cells. Our results are consistent
with the Ras-cAMP-mediated induction of CLN2 [31]
and RPL16A [32] upon release from nutrient-induced
arrest. The coordinated expression of several G1 cyc-
lins, including CLN2 [34], and some ribosomal protein
genes [35] has been recently shown to be mediated by
the TFIID auxiliary factor, TAFII145, which is essen-
tial for progress through the G1/S boundary. An inter-
action of TAFII145 with the RAS genes has not been
addressed in these papers, but may be worthwhile in

FIG. 7. Life span and bud emergence are dependent on the cAMP
stimulatory effects of Ras2p. ras2 cells were transformed with plasmids
containing either RAS2 or RAS2ser42, under the control of the galactose-
inducible promoter GAL10, or with the empty vector pBM150 as con-
trol. Life span analyses were performed on YPRG medium to induce
expression. (a) The life span of chronically heat-stressed cells (as de-
scribed in Fig. 1) expressing RAS2ser42 (open circles) (mean of 10.5
generations) was significantly shorter (P ! 0.001) than the life span of
cells expressing RAS2 (open squares) (mean of 17.9 generations). RAS2-
overexpressing cells had a similar life span (P 5 0.75) whether they
were heat stressed (open squares) (mean of 17.9) or not (closed squares)
(mean of 17.2), which was significantly longer (P ! 0.001) than that of
the non-heat-stressed control (closed triangles) (mean of 12.5). Heat
stress shortened (P , 0.05) the life span of the control (open triangles)
(mean of 10.8), and overexpression of RAS2ser42 (open circles) (mean of
10.5) did not correct this (P 5 0.74). (b) Bud emergence was determined
for each age group as described in the legend to Fig. 2. The strains are
ras2 pBM150, open bars; ras2 pBM150-RAS2, closed bars; ras2
pBM150-RAS2ser42, stippled bars.
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view of our findings. On the other hand, it is known
that RAP1 is involved in the Ras-cAMP-modulated in-
duction of RPL16A [32, 36] and some other ribosomal
protein genes by nutrients [37]. The effect of RAS2 on
the expression of ACT1 has not been previously de-
scribed. To our knowledge, neither the ACT1 nor the
CLN2 promoters contain Rap1p-binding sites. There
are other reasons to suspect RAP1-independent mech-
anisms. The induction of several ribosomal protein
genes upon nutritional shift-up does not require RAP1
nor does it require the cAMP pathway [38], alluding to
the participation of a cAMP-independent pathway(s) in
recovery from stressful conditions as well. Interest-
ingly, life extension by RAS2 in the absence of overt
stress involves a cAMP-independent pathway [6].

The N-termini of yeast Ras1p and Ras2p are 91%
homologous, yet the Ras2p N-terminus is a more po-
tent activator of adenylate cyclase than the N-termi-
nus of Ras1p. Overexpression of exogenous Ras1p or its
N-terminal domain elevated cAMP levels in ras2 cells,
but did not complement several ras2 phenotypes [39],
suggesting that the hypervariable domains are respon-
sible for these differences, possibly through interaction
with other regulatory pathways. RAS2 has been shown
to (i) participate in the induction of filamentous
growth, upon nitrogen starvation, via the Ste20/MAP
kinase module [40]; (ii) genetically interact with PBS2,
a MAP kinase kinase that is involved in adaptation to
osmotic shock [41]; and (iii) participate in completion of
mitosis via a cAMP-independent pathway [42]. A pu-
tative cAMP-independent RAS2 pathway and its in-
volvement in life span determination was first docu-
mented by Sun et al. [6]. Based on the insufficiency of
RAS1 for mediating efficient recovery in the absence of
RAS2 and the fact that RAS1 is dispensable for the
recovery process in the presence of RAS2 (Figs. 2 and
3), we conclude that Ras2p, and not Ras1p, acts as the
molecular switch that is required for the efficient re-
sumption of proliferation. Recent published articles, in
which other growth renewal conditions have been ex-
amined, support our conclusion. First, RAS2 and a
functional cAMP pathway are required for the early
steps of spore germination, in which cells reenter the
cell cycle [43]. Second, RAS2, but not RAS1, sup-
pressed the synchronous growth arrest of cells, induced
by overexpression of the protein–tyrosine phosphatase
gene, PPS1, in a cAMP-independent manner [44].

RAS2 appears to operate as a homeostatic device in
yeast longevity. It utilizes a cAMP-dependent, as well
as a cAMP-independent, pathway in this capacity. We
propose that these pathways function to establish a
balance between promotion of longevity [6] in the ab-
sence of significant stress and life maintenance in the
presence of chronic, sublethal stress (described here).
The latter function requires RAS2 for recovery from
stress. The attenuation of stress responses in the pres-

ence of Ras2p activity is the price yeasts pay to possess
this capability. We suggest that this allows them to
“run away” from stress by resumption of cell division
and production of large numbers of progeny, at least
some of which can survive stress. In stationary phase,
yeasts must be able to “stay and fight” by full and
sustained induction of stress responses, if necessary.
How this is achieved is not entirely clear at present.

The impaired recovery in ras2 mutants is associated
with a heat-induced decrease in life span. We expect
that maintenance of replicative capacity under other
forms of stress would also require RAS2-mediated re-
covery. UV irradiation and the UV-mimetic agent 4-ni-
troquinoline-1-oxide (4NQO) induce a delay in G1 pro-
gression [45]. RAS2 is required for both the UV
response [46] and survival in the presence of 4NQO (S.
Kim and S.M. Jazwinski, unpublished data), for which
RAS1 is expendable. In addition, we have previously
shown that resistance to UV stress during the life span
correlates with RAS2 expression [5]. We therefore pre-
dict that exposure of yeast to repeated, sublethal UV
irradiation will result in a severe shortening of life
span in ras2 mutants.

In summary, our results indicate that efficient re-
covery from stress plays an important role in main-
taining replicative capacity during recurring stress.
The recovery process is primarily mediated by
Ras2p, and not Ras1p. These results lead us to pro-
pose that the shorter life span of ras2 mutants in the
absence of external stress [6] may, at least in part, be
due to impaired recovery from bouts of stress gener-
ated intracellularly or to cryptic environmental
stress. Furthermore, assuming that RAS1 and RAS2
compete for downstream effectors, elimination of
RAS1 would facilitate RAS2 action. In fact, life span
is extended in ras1 mutants, as such a model would
predict [6].

We thank Dr. S. Lindquist for supplying p2HG-HSP104 and
Hsp104p-specific antisera, and Dr. S. Kim for comments on early
drafts of this article. This work was supported by grants from the
National Institute on Aging/National Institutes of Health. S. Shama
was a postdoctoral fellow of the World Health Organization/Interna-
tional Agency for Research on Cancer (IARC/R.2502). P.A. Kirchman
was the recipient of a postdoctoral fellowship from the National
Institute on Aging.

REFERENCES

1. Jazwinski, S. M. (1993). The genetics of aging in the yeast
Saccharomyces cerevisiae. Genetica 91, 35–51.

2. Jazwinski, S. M. (1996). Longevity, genes, and aging. Science
273, 54–59.

3. Kim, S., Villeponteau, B., and Jazwinski, S. M. (1996). Effect of
replicative age on transcriptional silencing near telomeres in
Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun.
219, 370–376.

376 SHAMA ET AL.



4. Smeal, T., Claus, J., Kennedy, B., Cole, F., and Guarente, L.
(1996). Loss of transcriptional silencing causes sterility in old
mother cells of S. cerevisiae. Cell 84, 633–642.

5. Kale, S. P., and Jazwinski, S. M. (1996). Differential response to
UV stress and DNA damage during the yeast replicative life
span. Dev. Genet. 18, 154–160.

6. Sun, J., Kale, S. P., Childress, A. M., Pinswasdi, C., and Jazwin-
ski, S. M. (1994). Divergent roles of RAS1 and RAS2 in yeast
longevity. J. Biol. Chem. 269, 18638–18645.

7. Tatchell, K. (1993). RAS genes in the budding yeast Saccharo-
myces cerevisiae. In “Signal Transduction” (T. Kurjan, Ed.), pp.
147–188, Academic Press, San Diego.

8. Marchler, G., Schuller, C., Adam, G., and Ruis, H. (1993). A
Saccharomyces cerevisiae UAS element controlled by protein
kinase A activates transcription in response to a variety of
stress conditions. EMBO J. 12, 1997–2003.

9. Engelberg, D., Zandi. E., Parker, C. S., and Karin, M. (1994).
The yeast and mammalian Ras pathways control transcription
of heat shock genes independently of heat shock transcription
factor. Mol. Cell. Biol. 14, 4929–4937.

10. Mager, W. H., and Morodas-Ferriera, P. (1993). Stress response
of yeast. Biochem. J. 290, 1–13.

11. Parsell, D. A., Kowal, A. S., Singer, M. A., and Lindquist, S.
(1994). Protein disaggregation mediated by heat-shock protein
Hsp104. Nature 372, 475–478.

12. Vogel, J. L., Parsell, D. A., and Lindquist, S. (1995). Heat-shock
proteins Hsp104 and Hsp70 reactivate mRNA splicing after
heat inactivation. Curr. Biol. 5, 306–317.

13. Sanchez, Y., and Lindquist, S. L. (1990). HSP104 required for
induced thermotolerance. Science 248, 1112–1115.

14. Lindquist, S. L., and Kim, G. (1996). Heat-shock protein 104
expression is sufficient for thermotolerance in yeast. Proc. Natl.
Acad. Sci. USA 93, 5301–5306.

15. Davidson, J. F., Whyte, B., Bissinger, P. H., and Schiestl, R. H.
(1996). Oxidative stress is involved in heat-induced cell death in
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 93, 5116–
5121.

16. Wieser, R., Adam, G., Wagner, A., Schuller, C., Marchler, G.,
Ruis, H., Krawiec, Z., and Bilinski, T. (1991). Heat shock factor-
independent heat control of transcription of the CTT1 gene
encoding the cytosolic catalase T of Saccharomyces cerevisiae.
J. Biol. Chem. 266, 12406–12411.

17. Sanchez, Y., Taulien, J., Borkowich, K. A., and Lindquist, S. L.
(1992). HSP104 is required for tolerance to many forms of
stress. EMBO J. 11, 2357–2364.

18. Schuller, C. Brewster, J. L., Alexander, M. R., Gustin, M. C.,
and Ruis, H. (1994). The HOG pathway controls osmotic regu-
lation of transcription via the stress response element (STRE)
of the Saccharomyces cerevisiae CTT1 gene. EMBO J. 13, 4382–
4389.

19. Martinez-Pastor, M. T., Marchler, G., Schuller, C., Marchler-
Bauer, A., Ruis, H., and Estruch, F. (1996). The Saccharomyces
cerevisiae zinc finger proteins Msn2p and Msn4p are required
for transcriptional induction through the stress-response ele-
ment (STRE). EMBO J. 15, 2227–2235.

20. Belazzi, T., Wagner, A., Weiser, R., Schanz, M., Adam, G.,
Hartig, A., and Ruis, H. (1991). Negative regulation of tran-
scription of the Saccharomyces cerevisiae catalase T (CTT1)
gene by cAMP is mediated by a positive control element. EMBO
J. 10, 585–592.

21. Sikorski, R. S., and Hieter, P. (1989). A system of shuttle
vectors and yeast host strains designed for efficient manip-
ulation of DNA in Saccharomyces cerevisiae. Genetics 122,
19 –27.

22. Ito, H., Fukuda, Y., Murata, K., and Kimura, A. (1983). Trans-
formation of intact yeast cells treated with alkali cations. J.
Bacteriol. 153, 163–168.

23. Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seid-
man, J. G., Smith, J. A., and Struhl, K. (Eds.) (1993). “Current
Protocols in Molecular Biology,” Wiley, New York.

24. Spevac, W., Fessl, F., Rytka, J., Traczyc, A., Skoneczny, M., and
Ruis, H. (1983). Isolation of catalase T structural gene of Sac-
charomyces cerevisiae by functional complementation. Mol.
Cell. Biol. 3, 1545–1551.

25. Ogas, J., Andrews, B. J., and Herskowitz I. (1991). Transcrip-
tional activation of CLN1, CLN2, and a putative new G1 cyclin
(HCS26) by SWI4, a positive regulator of G1-specific transcrip-
tion. Cell 66, 1015–1026.

26. Muller, I., Zimmermann, M., Becker, D., and Flomer, M. (1980).
Calendar life span versus budding life span of Saccharomyces
cerevisiae. Mech. Ageing Dev. 12, 47–52.

27. Pringle, J. R., and Hartwell, L. H. (1981). The Saccharomyces
cerevisiae cell cycle. In “The Molecular Biology of the Yeast
Saccharomyces: Life Cycle and Inheritance” (J. N. Strathern,
E. W. Jones, and J. R. Broach, Eds.), pp. 97–142, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

28. Egilmez, N. K., and Jazwinski, S. M. (1989). Evidence for the
involvement of a cytoplasmic factor in the aging of the yeast
Saccharomyces cerevisiae. J. Bacteriol. 171, 37–42.

29. Bissinger, P. H., Weiser, R., Hamilton, B., and Ruis, H. (1989).
Control of Saccharomyces cerevisiae catalase T gene (CTT1)
expression by nutrient supply via the Ras-cyclic AMP pathway.
Mol. Cell. Biol. 9, 1309–1315.

30. Lee, D. H., and Goldberg, A. L. (1998). Proteasome inhibitors
cause induction of heat shock proteins and trehalose, which
together confer thermotolerance in Saccharomyces cerevisiae.
Mol. Cell. Biol. 14, 30–38.

31. Hubler, L., Bradshaw-Rouse, J., and Heideman, W. (1993).
Connection between the Ras-cyclic AMP pathway and G1 cyclin
expression in the budding yeast Saccharomyces cerevisiae. Mol.
Cell. Biol. 13, 6274–6282.

32. Neuman-Silberberg, F. S., Bhattacharya, S., and Broach, J. R.
(1995). Nutrient availability and the Ras-cyclic AMP pathway
both induce expression of ribosomal protein genes in Saccharo-
myces cerevisiae but by different mechanisms. Mol. Cell. Biol.
15, 3187–3196.

33. Marshall, M. S., Gibbs, J. B., Scolnick, E. M., and Sigal, I. S.
(1988). An adenylate cyclase from Saccharomyces cerevisiae
that is stimulated by RAS proteins with effector mutations.
Mol. Cell. Biol. 8, 52–61.

34. Walker, S. S., Shen, W-C., Reese, J. C., Apone, L. M., and
Green, M. R. (1997). Yeast TAFII145 required for transcription
of G1/S cyclin genes and regulated by the cellular growth state.
Cell 90, 607–614.

35. Shen, W-C., and Green, M. R. (1997). Yeast TAFII145 functions
as a core promoter selectivity, not a general activator. Cell 90,
615–624.

36. Moehle, C. M., and Hinnebusch, A. G. (1991). Association of
Rap1 binding sites with stringent control of ribosomal protein
gene transcription in Saccharomyces cerevisiae. Mol. Cell. Biol.
11, 2723–2735.

37. Klein, C., and Struhl, K. (1994). Protein kinase A mediates
growth-regulated expression of yeast ribosomal protein genes
by modulating Rap1 transcriptional activity. Mol. Cell. Biol. 14,
1920–1928.

38. Kraakman, L. S., Griffioen, G., Zerp, S., Thevelein, J. M., Ma-
ger, W. H., and Planta, R. J. (1993). Growth-related expression

377CHRONIC STRESS AND YEAST LONGEVITY



of ribosomal protein genes in Saccharomyces cerevisiae. Mol.
Gen. Genet. 239, 196–204.

39. Hurwitz, H., Segal, M., Marbach, I., and Levitzki, A. (1995).
Differential activation of yeast adenylyl cyclase by Ras1 and
Ras2 depends on the conserved N terminus. Proc. Natl. Acad.
Sci. USA 92, 11009–11013.

40. Mosch, H-U., Roberts, R. L., and Fink, G. R. (1996). Ras2
signals via the CDC42/STE20/mitogen-activated protein kinase
module to induce filamentous growth in Saccharomyces cerevi-
siae. Proc. Natl. Acad. Sci. USA 93, 5352–5356.

41. Boguslawski, G. (1992). PBS2, a yeast gene encoding a putative
protein kinase, interacts with the RAS2 pathway and affects
osmotic sensitivity of Saccharomyces cerevisiae. J. Gen. Micro-
biol. 138, 2425–2432.

42. Morishita, T., Mitsuzawa, H., Nakafuku, M., Nakamura, S., Hat-
tori, S, and Anraku, Y. (1995). Requirement of Saccharomyces
cerevisiae Ras for completion of mitosis. Science 270, 1213–1215.

43. Herman, P. K., and Rine, J. (1997). Yeast spore germination: A
requirement for Ras protein activity during re-entry into the
cell cycle. EMBO J. 16, 6171–6181.

44. Ernsting, B. R., and Dixon, J. E. (1997). The PPS1 gene of
Saccharomyces cerevisiae codes for a dual specificity protein
phosphatase with a role in the DNA synthesis phase of the cell
cycle. J. Biol. Chem. 269, 9332–9343.

45. Siede, W., Friedberg, A. S., and Friedberg, E. C. (1993). RAD9-
dependent G1 arrest defines a second checkpoint for DNA in the
cell cycle of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA 90, 7985–7989.

46. Engelberg, D., Klein, C., Martinetto, H., Struhl, K., and Karin,
M. (1994). The UV response involving the Ras signaling path-
way and AP-1 transcription factors is conserved between yeast
and mammals. Cell 77, 381–390.

Received July 15, 1998

378 SHAMA ET AL.


