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phase: involvement of different branches of the Ras—cyclic
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Abstract

The Ras—cyclic AMP (cAMP) pathway is a major determinant of intrinsic stress resistance of the yeast Saccharomyces cerevisiae.
Here, we isolated 1RA2, encoding the Ras GTPase activator, as a global stress response gene. Subsequently, we studied the other
negative regulators on the separate branch of the Ras—cAMP pathway, the low- or high-affinity cAMP phosphodiesterase encoded
by PDEI or PDE?2, respectively. Deletion of PDE?2, similar to ira2 deletion, rendered cells sensitive to freeze-thawing, peroxides,
paraquat, cycloheximide, heavy metals, NaCl, heat, or cold shock. However, deletion of PDEI did not affect stress tolerance,
although it exacerbated stress sensitivity caused by the pde2 deletion, indicating that PDEI can partly compensate for PDE2. Dele-
tion of /RA2 uniquely led to high sensitivity to cumene hydroperoxide, suggesting that /R42 may have a distinct role for the
response to this stress. Stress sensitivity of yeast cells in general correlated with the basal level of cAMP. Interestingly, yeast cells
lacking PDE2 maintained higher cAMP levels in stationary phase than exponential growth phase, suggesting that Pde2p is the major
regulator of cAMP levels in stationary phase. Depletion of Ras activity could not effectively suppress stress sensitivity caused by lack
of cAMP phosphodiesterases although it could suppress stress sensitivity caused by lack of /RA2, indicating that cAMP accumu-
lation in stationary phase can be mediated by other signaling proteins in addition to Ras. Our study shows that control of cAMP
basal levels is important for determining intrinsic stress tolerance of yeast, and that the cAMP level during stationary phase is a
result of a dynamic balance between its rates of synthesis and degradation.
© 2004 Elsevier Inc. All rights reserved.
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Survival of a cell in a stress situation is dependent on
its ability to respond appropriately to alterations in the
environment. It has been noted that cells in stationary
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phase show increased stress tolerance, which appears
to be an outcome of adaptation processes to nutrient
deficiency [1]. This indicates that stress defence systems
are in general responding to nutrient levels, and that a
signal transduction pathway is required for sensing
and transmitting nutrient signals to activate stress de-
fence mechanisms. In the yeast Saccharomyces cerevi-
siae, the Ras—cyclic AMP (cAMP) pathway may be a
mediator of this process. Indeed, the Ras—cAMP path-
way is involved in a variety of stress responses. For
example, the Ras—cAMP pathway can regulate cellular
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responses to the STRE-mediated stress [2-6], the Pos9/
Skn7-mediated oxidative stress [7], hyperosmotic stress
[8.,9], and freezing and thawing [10,11].

Ras proteins, shuttling between the GDP and GTP-
bound forms, play diverse physiological roles by mediat-
ing signaling for receptor protein kinases and tyrosine
kinase-associated receptors. Uniquely, Ras proteins in
yeast (encoded by RASI and RAS2) are associated with
adenylate cyclase (encoded by CYRI/CD(C35) and regu-
late the level of cAMP that functions exclusively to acti-
vate cCAMP-dependent protein kinase A (PKA) [12,13].
PKA is a heterotetramer of two regulatory subunits en-
coded by BCYI and two catalytic subunits redundantly
encoded by TPKI, TPK2, and TPK3 [14]. cAMP binds
to the regulatory subunits of PKA and induces dissoci-
ation of the catalytic subunits. PKA phosphorylates var-
ious target proteins involved in transcription, energy
metabolism, cell cycle progression, and accumulation
of glycogen and trehalose [3,15-22].

The efficacy of the Ras-cAMP pathway is deter-
mined by the level of cAMP. cAMP levels can be reg-
ulated at the level of its synthesis (the Ras-adenylate
cyclase module) and degradation (the cAMP phospho-
diesterases). The highly homologous Iralp and Ira2p
downregulate Ras activity by stimulating the GTPase
activity of Ras, while Cdc25p, the guanine nucleotide
exchange factor, activates Ras [23-26]. The cAMP
phosphodiesterases, encoded by PDE! or PDE?2, inhi-
bit PKA by hydrolyzing cAMP [27,28]. These enzymes
share no sequence homology, and have different affinity
to cAMP; Pde2p has higher affinity (K, =0.2 uM)
than Pdelp (K, =3 uM) [28-30]. Deletion of PDEI,
but not PDE2, results in a much higher cAMP accu-
mulation upon stimulation with reagents inducing
intracellular acidification, indicating a specific role of
the low-affinity cAMP phosphodiesterase in an ago-
nist-induced cAMP signaling [31]. The intracellular
cAMP level transiently increases upon addition of fer-
mentable carbon sources [32], and both Pdel and Ira
proteins are required for this process [25,28]. Mean-
while, yeast cells are known to maintain low basal lev-
els of cCAMP in stationary phase [33], which may be
important for relatively high stress tolerance in the
growth phase. However, it is not clear yet how the reg-
ulatory components of the Ras—cAMP pathway are in-
volved in maintaining the basal level of cAMP in
stationary phase.

Previously, we have shown that the Ras—cAMP path-
way is essential for survival of yeast cells following freez-
ing and thawing [10]. In the present study, we have
further studied the involvement of the Ras—cAMP path-
way in stress responses. Specifically, we isolated IRA2
and PDE2 as important genes for stress defence, and
studied the involvement of these negative regulators of
the Ras—cAMP pathway in determining the intrinsic
stress resistance. We also show that stress sensitivity is

correlated with basal cAMP levels, and that the basal
cAMP level in stationary phase is most affected by the
high-affinity cAMP phosphodiesterase.

Materials and methods

Strains, media, and transformation. Yeast strains used are described
in Table 1. Strain Ras2(II) was made by back-crossing JC302-26B [34]
to CY4 [35] four times. Strains, unless otherwise specified, were grown
at 30 °C, with shaking at 180 rpm in 3 ml medium in a 16 x 100-mm
culture tube. YEPD medium contained 2% glucose, 2% bactopeptone,
and 1% yeast extract and SD medium contained 2% glucose, 0.17%
yeast nitrogen base (Difco), 0.5% ammonium sulfate (Oxoid) and
auxotrophic requirements at 40 mg/L where necessary. Media were
solidified by adding 2% agar. Transformation of yeast cells was carried
out with lithium acetate [36].

Gene deletion and confirmation. Genes were deleted using a PCR-
based direct gene deletion technique [37]. Primers used for gene dis-
ruption were TGGTTGTATTCGAAATAACTATACTTGGGGC
CAATGGAGGACCCACCGAAGCAGATTGTACTGAGAGTGC
and ATTATAGAAACAAAGTGTGGCCTTCTAGCGCAATAGA
TATTCTCAAGTCTGCATCTGTGCGGTATTTCACAC for PDEI
deletion, TGTCCACCCTTTTTCTGATTGGAATACACGAGATT
GAGAAATCTCAAACAGCAGATTGTACTGAGAGTGC and TG
CTATTGTGGTTTCTTGTGTTTCATCCAGTATTCTTTATTGA
TTTTGACGCATCTGTGCGGTATTTCACAC for PDE2 deletion,
and ATTTTTTGATATCAACTAAACTGTATACATTATCTTTCT
TCAGGGAGAAGCCGGCATCAGAGCAGATTGTA and ATGC
TTACAGATAGATATTGATATTTCTTTCATTAGTTTATGTAA
CACCTCGCATCTGTGCGGTATTTCACA for IRA2 deletion. PCR
was performed using the single copy plasmid pRS414 as the template
to prepare PDEI disruption DNA, and pRS413 for PDE2 or IRA2
disruption. Successful disruption was confirmed by PCR using primers
designed from the upstream of target DNA and from the internal re-
gion of disruption markers. Primers used for confirmation were
ACAAGACGTTGATCCTGATCT and GGAATCTAGAGCACAT
TCTGCGGCC (TRPI primer) for PDEI deletion, AGAAGACAT
CATTGCTGGCTTC and CATGTATCATATGGTCCAGAAACCC
(HIS3 primer) for PDE2 deletion, and CTTGGACCTCTAG
AACCGATGT and HIS3 primer for IRA2 deletion. The pdel pde2
double-deletion mutant was made by crossing the pdel and pde2 mu-
tants, and subsequent dissection of the diploid strain. All deletions
were verified as single mutations by back-crossing each mutant strain
to its parental wild-type strain and measuring the segregation of
phenotypes.

Plasmids. YEp13PDE?2 was cloned by screening a yeast genomic
DNA library (ATCC37323) in the fsm! mutant Fsm4C. It contains
DNA from chromosome XV spanning 1,011,721-1,015,679 bp where
PDE2 is the only intact open reading frame. pSEY18YAPI and
YEp24IRA2 [25] were donated by W.S. Moye-Rowley and J. Cannon,
respectively.

cAMP determination. cAMP samples were prepared as previously
described [28]. An appropriate volume of cell culture was harvested
and washed in 20 mM potassium phosphate buffer (pH 7.0). Cells were
homogenized in 5% (w/v) TCA with glass beads. Supernatants were
collected, washed with water-saturated diethyl ether, and freeze-dried.
cAMP was measured using an enzyme-immunoassay system (Amer-
sham) as indicated by the manufacturer.

Freezing and thawing conditions. Cells were harvested by centrifu-
gation, washed in 0.1 M sodium phosphate buffer (pH 7.0), and sus-
pended to an Ay of 3 in the same buffer. Aliquots (0.3 ml) of cells
were transferred to thin-walled 1.5-ml polycarbonate tubes (Greiner
Labortechnik), frozen at —20 °C for 2 h, and thawed at room tem-
perature for 15 min as previously described [10]. Survival was deter-
mined by diluting cells into YEPD medium at room temperature and
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Table 1
Yeast strains used for this study
Strains Genotype Source
CY4 MATa ura3-52 leu2-3, 112 trpl-1 ade2-1 his3-11 canl-100 [35]
CY29 As in strain CY4 but yaplA::HIS3 fsml [35]
JY29 As in strain CY4 but yaplA::HIS3 [41]
Fsm4C As in strain CY4 but fsml This study
Jpdel As in strain CY4 but pdelA::TRPI This study
Jpde2 As in strain CY4 but pde2A::HIS3 This study
Jpdel2 As in strain CY4 but pdel A::TRPI pde2A::HIS3 This study
Jira2 As in strain CY4 but ira2A4::HIS3 This study
Fsmpdel As in strain CY4 but pdel A::TRPI fsml This study
Fsmpde2 As in strain CY4 but pde2A::HIS3 fsml This study
CY4D MATa/ MAToura3-52lura3-52 leu2-3, 112/leu2-3, 112 trpl-1ltrpl-1 ade2-1lade2-1 This study

his3-111his3-11 canl-100/canl-100
CY4/29 As in strain CY4D but YAPI/yapl A::HIS3 IRA2/fsml This study
CY29D As in strain CY4D but yaplA:: HIS3/yapl A:: HIS3 fsml|fsml This study
CY4/pde2 As in strain CY4D but PDE2/pde2 A:: HIS3 This study
CY4/fsm As in strain CY4D but IRA2/fsml This study
CY4/ira2 As in strain CY4D but IRA2/ira2A::HIS3 This study
Fsm/ira2 As in strain CY4D but fsmli/ira2A::HIS3 This study
Fsm/pde2 As in strain CY4D but PDE2/pde2 A:: HIS3 fsml/IRA2 This study
JC302-26B MAToura3-52 leu2 his4-539 ras2A::LEU2 [34]
Ras2(II) MATaade2 leu2 ura3 his3 ras2A::LEU2 This study
Fsm/ras2(II) MATa/ MAToura3lura3 leu2lleu2 trpl/ TRPI ade2lade2 his3lhis3 RAS2Iras2A.::LEU2 fsm1/IRA2 This study
Pdel12/ras2(1I) As in strain Fsm/ras2(I1) but pdel A:: TRP1/PDEI pde2A:: HIS3/PDE2 RAS2/ras2A:: LEU2 This study
LRASS MATahis4 leu2 ura3-52 cde35-11 K. Tatchell
Fsm/LRAS85 MATa/ MATohis3/HIS3 his4/ HIS4 leu2/leu2 ura3lura3 CDC35/cdc35-11 fsmi/IRA2 This study
MBI12 MATa ade2 canl his3 leu2 trpl ura3 tpkl A::LEU2 tpk2A::HIS3 [42]
Wmsn2msn4 MATa ade2 canl his3 leu2 trpl ura3 msn2-3.:: HIS3 msn4-1::TRPI [54]
Fsm/MB12 MATa/ MAToade2lade2 canllcanl his3/his3 leu2lleu? trplltrpl ura3lura3 TPKI/tpklA::LEU2 This study

TPR2[tpk2A:: HIS3 fsml/IRA2
dbceyl MATa his3 leu2 trpl ura3 ade8 canl suc2 ade2 canl beylA::LEU2 M. Yamamoto

plating on YEPD plates. Cells were grown at 30 °C for 2 days before
colony counting.

Assay for stress resistance on plate. Five microliters of cell culture,
diluted to an Agoo of 0.1, or 1 in fresh YEPD medium, was spotted
onto YEPD plates containing 3 mM H,0,, 0.7 mM tert-butyl hydro-
peroxide (1BHP), 0.1 mM cumene hydroperoxide (CHP), 0.5 mM
diamide, 2.5mM paraquat, 0.25 ug/ml cycloheximide, 0.05 mM
CdSO4, 1 mM CoCl,, or 1.5M NaCl, and incubated at 30 °C for
visualization of phenotype. Alternatively, cells were replica plated onto
the test plates. For heat or cold-shock test, cells were spotted onto
YEPD plates and incubated at 37 or 14 °C.

Results

Isolation of IRA2 as a gene required for global stress
defence

While maintaining the strain CY29 [35], a deletion
mutant of YAPI that encodes a transcription factor
for oxidative stress defence [38-40], we isolated a colony
that was highly sensitive to freezing and thawing relative
to the isogenic wild-type strain CY4 (Fig. 1A). This was
interesting since the Yapl transcription factor is not
essential for yeast cell survival after freeze-thaw stress
[41]. Overexpression of YAPI in CY29 did not restore
freeze—thaw tolerance, and JY29, another yapl mutant
on an isogenic background, displayed a wild-type level

of freeze-thaw tolerance (Fig. 1A), indicating that the
freeze—thaw sensitivity of CY29 was not due to the ab-
sence of YAPI. Subsequently, we crossed CY29 to
CY4 and analyzed the resulting heterozygous diploid
cells. The heterozygous diploid CY4/29 did not show
freeze-thaw sensitivity (Fig. 1A), and tetrad analysis of
asci from CY4/29 displayed 2:2 segregation of the
freeze—thaw sensitive phenotype (data not shown), indi-
cating that the freeze—thaw sensitive phenotype of CY29
was caused by a single recessive mutation. This muta-
tion was provisionally named fsml (freeze-thaw sensi-
tive mutation 1). In addition to the freeze-thaw
sensitivity, the fsml mutant was sensitive to oxidative
stresses induced by H,O,, tBHP, CHP, the superoxide
generator paraquat, and diamide, and other types of
stress induced by cycloheximide, NaCl, cobalt, cad-
mium, heat shock at 37 °C, and cold shock at 14 °C
(Fig. 1B). Compared to the yapl deletion, which elicited
sensitivity only to peroxides, cycloheximide, and heavy
metals, the fsm/ mutation broadly affected a cell’s ability
for stress resistance, indicating that FSM/ is a crucial
gene for stress response.

In attempts to clone FSMI, we screened genomic
DNA libraries under various stress conditions listed
above. Regardless of the conditions, PDE2 was isolated
as a major suppressor of the fsml phenotype, conferring
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Fig. 1. Isolation of IRA?2 as a stress defence gene. (A) Freeze—thaw tolerance of strains grown on YEPD medium for 2 days was determined. CY4 is
the wild-type strain for CY29, JY29, and Fsm4C (fsml). CY4D (wt/wt) is the homozygous diploid of CY4 and the wild-type for CY4/29 (CY29/wt)
and CY29D (CY29/CY29). Percentage survival (column) is expressed relative to the culture viability immediately prior to freezing (%). (x) Indicates
Agoo of each culture at the time points. The data shown are means (+SE) from a representative experiment performed in triplicate. (B) Strains were
grown on YEPD medium for 1 day prior to plate test. Stress resistance was determined by spotting 5 pl of each diluted fraction (A¢p of 1.0 or 0.1)
onto YEPD plates containing each of the agents indicated. (C) Freeze—thaw tolerance of strains grown on YEPD medium for 2 days was determined.
The ira2 deletion mutant is isogenic to CY4. The ira2/wt, fsml/wt, and fsml/ira2 mutant diploid strains are isogenic to CY4D (wt/wt). The data
shown are means (+SE) from a representative experiment performed in triplicate. (D) The fsm/ mutant strain Fsm4C was transformed with
YEp24I/RA2, and stress resistance of 1 day culture was determined by replica plating onto YEPD plates containing the agents indicated. Experiments

were repeated at least three times with similar results.

increased growth ability and freeze—thaw tolerance (Fig.
1C). Deletion of PDE2 also rendered cells freeze—thaw
sensitive (Fig. 2A); details on the stress responses of
pde2 deletion mutants are described below. However,
PDE?2 was not FSM1I since the fsml phenotype could
be complemented by crossing the fsm/ mutant to the
pde2 deletion mutant (data not shown). Next, we at-
tempted to locate fsml by genetic mapping. The fsml
mutation was mapped between GSH2
(PD:NPD:T =32:1:32, about 29cM) and COQ3
(PD:NPD:T =41:0:6, about 6 cM), where we found
IRA2 at approximately 23 ¢cM distant to GSH2. IRA2
was a valid candidate for further investigation since
IRA2 encodes a Ras-GTPase activator protein, and
PDE?2 was the major outcome of our screening. Overex-
pression of /RA2 conferred stress tolerance to the fsml

mutant (Figs. 1C and D), whereas deletion of /RA2 ren-
dered yeast cells stress sensitive (Figs. 1C and 2). The
heterozygous diploid cells made by crossing the fsml
mutant to the ira2 deletion mutant were still stress sen-
sitive (Fig. 1C for freeze—thaw response, data not shown
for other types of stress responses), and tetrad analysis
of asci from the diploid displayed only parental ditype
segregation of fsml and ira2 (PD:NPD:T = 50:0:0).
These data indicated that fsm/ is a mutant allele of
IRA2.

This identification was an extension of our previous
finding that the Ras—cAMP pathway is important for
yeast cell survival after freeze-thaw stress [10], and led
to further investigation of a global stress defence mech-
anism in yeast mediated by the Ras—cAMP signal trans-
duction pathway.
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Fig. 2. The involvement of cAMP phosphodiesterases in stress
response. Strains were grown on YEPD medium. CY4 is the wild-
type strain of pdel, pde2, pdel pde2, ira2, ira2 pdel, and ira2 pde2
deletion mutants. (A) Freeze-thaw tolerance of strains grown on
YEPD medium for 2 days was determined. Percentage survival
(column) is expressed relative to the culture viability immediately
prior to freezing (%). (x) Indicates Agpp of each culture at the time
points. The data shown are means (+SE) from a representative
experiment performed in triplicate. (B) Stress resistance of 1 day
culture was determined by replica plating onto YEPD plates contain-
ing the agents indicated. Experiments were repeated at least three times
with similar results.

cAMP phosphodiesterases are also required for
determination of intrinsic stress resistance: comparison of
stress responses mediated by IRA2 or PDE2

Since the Ras—cAMP pathway is bifurcated at the
metabolism of cCAMP, and /RA?2 is a negative regulator
working upstream of the synthesis of cAMP (i.e., on the
Ras-adenylate cyclase branch), we were interested in the
break down of cAMP mediated by cAMP phosphodies-
terases. The cAMP phosphodiesterases, encoded by
PDEI and PDE2, can be viewed as regulators of cAMP
level in yeast cells and it is therefore possible that these
two systems perform different regulatory roles for the
Ras—cAMP pathway under different stress situations.
To investigate this, PDEI and PDE2 were deleted both
singly and doubly in the wild-type strain CY4. Deletion
of PDE2 made cells sensitive to freeze-thawing (Fig.
2A) and oxidative stress induced by H,0O,, tBHP,
CHP, or paraquat (Fig. 2B), whereas deletion of
PDE] did not affect cellular stress resistance. However,
deletion of PDEI exacerbated stress sensitivity of the

pde2 mutant, indicating that PDEI can partly compen-
sate for the absence of PDE?.

We next investigated whether cAMP phosphodiester-
ases or IRA2 could have distinct roles in stress re-
sponses. We compared stress sensitivity of the mutants
lacking cAMP phosphodiesterases or /RA2 under differ-
ent stress conditions. The ira2 mutant and the pde2 mu-
tant showed, in general, a similar pattern of stress
sensitivity to freeze-thawing, H,O,, tBHP, and para-
quat while the pdel pde? double-deletion mutant
showed extreme stress sensitivity (Figs. 2A and B).
Interestingly, the ira2 mutant was uniquely sensitive to
CHP, even more than the pdel pde? mutant, indicating
that IRA2 may have a distinct role in the CHP-induced
stress response. Deletion of PDE?2 exacerbated the phe-
notype of the ira2 mutant while deletion of PDEI
showed no additive effects. Since these negative regula-
tors of the Ras—cAMP pathway can affect cAMP levels,
we investigated the correlation between stress tolerance
and cAMP levels in these mutants.

Correlation between intrinsic stress tolerance and basal
cAMP levels

The basal level of cAMP was measured at an early
exponential growth phase (Agoo of 1) and after cells
reached stationary phase (Table 2). At the early expo-
nential growth phase in YEPD, the wild-type strain
and the pdel mutant showed no difference in the intra-
cellular cAMP level, whereas the pde2 and the ira2 mu-
tants showed increased cAMP levels (about twofold in
both cases) relative to the wild-type cells. The highest le-
vel was observed in the pdel pde2 double-deletion mu-
tant (about sevenfold increase relative to the wild-type
strain). In stationary phase, the cAMP level slightly de-
creased in the wild-type strain, as previously reported
[33], and did not change significantly in the pdel or
the ira2 mutants although the ira2 mutant maintained
about twofold higher basal level than wild-type cells.
Surprisingly, significant increases in the cAMP level
were observed in the pde2 mutant (~twofold relative

Table 2
Determination of cAMP levels
Strain cAMP (fmol/10° cells)*

Exponential phase  Stationary phase
CY4 (wt) 3.20 +0.07 222+047
pdel A::TRPI 3.24+0.27 3.34 +0.06
pde2A::HIS3 6.53+0.03 12.5+0.75
pdel A::TRPI pde2A::HIS3 223+ 1.18 87.5 +4.66
ira2A::HIS3 6.81 +0.01 5.41+0.33

? Cells were grown on YEPD medium. Samples for exponential
phase were taken after 6-7 h growth (A4ep of 1), and samples for
stationary phase were taken after 48 h growth. The data shown are
means (£SE) from a representative experiment performed in triplicate.
Experiments were repeated at least three times with similar results.
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to exponential phase) and in the pdel pde2 mutant
(~fourfold relative to exponential phase). These data
indicated that stress sensitivity, in general, correlates
with cellular levels of cAMP, and that the basal cAMP
level, especially in stationary phase, is mainly affected
by cAMP phosphodiesterases.

Depletion of Ras activity can suppress stress sensitivity
caused by ira2 deletion, whereas it cannot suppress stress
sensitivity caused by lack of cAMP phosphodiesterases

We next investigated whether the Ras—-cAMP path-
way is essential for IRA2 or PDE2-mediated stress re-
sponses. First, we examined whether stress sensitivity
of the ira2 mutant could be nullified by blocking Ras,
adenylate cyclase, or PKA, which are the key compo-
nents of the Ras—cAMP pathway. Freez—thaw resistance
of the ira2 mutant was recovered to wild-type levels upon
deletion of RAS2 (Fig. 3A). Likewise, introduction of a
temperature-sensitive mutation of CYRI/CDC35,
encoding adenylate cyclase, rendered the ira2 mutant
freeze-thaw resistant at the restrictive temperature
(Fig. 3B). Depletion of PKA activity could also nullify
the ira2 phenotype (Fig. 3C). Introduction of the tpkl
tpk2 double deletion conferred wild-type levels of
freeze-thaw resistance to the ira2 mutant. Since the
expression of TPK3 is naturally low [42], deletion of both
TPKI and TPK2 was expected to significantly reduce
PKA activity. Taken together, these data showed that
IR A2 mediates stress responses through the Ras—cAMP
pathway.

We next examined whether depletion of Ras activity
could suppress the stress sensitivity caused by lack of
cAMP phosphodiesterases. If Ras is essential for deter-
mining the cAMP level in stationary phase, depletion of
Ras activity might neutralize stress sensitivity caused by
deletion of PDE genes. To test this, a set of haploid
segregants carrying ras2, pdel pde2, or ras2 pdel pde2
were generated from the diploid strain Pdel2/ras2(I).
Since RASI expression is strongly repressed during res-
piration [43], the ras2 deletion was expected to deplete
Ras activity in the culture. Furthermore, the data with
the ira2 mutant above also showed that ras2 deletion
alone was sufficient to deplete Ras activity. Neverthe-
less, deletion of RAS2 could not effectively rescue the
pdel pde2 mutant cells from the stress caused by
freeze-thawing or NaCl, although it could suppress
heat-shock sensitivity of the mutant (Figs. 4A and B),
indicating that Ras is partially required for a complete
heat-shock response. In contrast, PKA appeared to be
essential for PDE2-mediated stress responses. We exam-
ined the effect of PDE?2 overexpression in a bcyl mutant
strain, dbcyl, lacking the regulatory subunits of PKA,
and observed that the overexpression could not rescue
the bcyl mutant although it was sufficient to confer
stress tolerance to wild-type cells, msn2 msn4 mutants
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Fig. 3. Stress-sensitivity of the ira2 mutant can be neutralized by
blocking the Ras-adenylate cyclase and protein kinase A pathway.
Freeze-thaw tolerance of strains grown on YEPD medium was
determined. Percentage survival (column) is expressed relative to the
culture viability immediately prior to freezing (%). (x) Indicates Aoy of
each culture at the time points. (A) Strains used were 2 day culture of
haploid progeny of the heterozygous diploid, Fsm/ras2(I1) (ira2/ras2).
The data shown are means (£SE) for four independent sets of
dissection products. (B) One set of tetrad dissection products of the
heterozygous diploid Fsm/LRAS8S5 (ira2/cdc35) was grown to expo-
nential phase (Aggo of 2) at 22 °C (blank) and shifted to 37 °C (dark) or
maintained at 22 °C (dotted) for 1 h prior to freezing. The data shown
are means (£SE) from a representative experiment performed in
triplicate. (C) Strains used were 2 day culture of haploid progeny of the
heterozygous diploid, Fsm/MBI12 (ira2/tpkl/tpk2). The data shown are
means (+SE) for three independent sets of dissection products.
Experiments were repeated at least three times with similar results.

and yapl mutants (Figs. SA and B). Taken together,
these data indicated that yeast may utilize, in addition
to Ras, other signaling proteins to activate PKA in sta-
tionary phase, and these may function through the
PDE? gene product.
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Fig. 4. Stress-sensitivity of the pdel pde2 mutant cannot be neutralized
by depleting Ras activity. Strains used were dissection products of the
heterozygous diploid, Pdel2/ras2(Il) (pdel pde2lras2), grown on
YEPD medium. (A) Freeze-thaw tolerance of 2 day culture was
measured. Percentage survival (column) is expressed relative to the
culture viability immediately prior to freezing (%). (x) Indicates Ao of
each culture at the time points. The data shown are means (+SE) for
three independent sets of dissection products. (B) The resistance of 1
day cultured cells was determined by spotting 5 ul of each diluted
fraction (Agpo of 0.1) onto YEPD plates containing NaCl or by
incubating cells at 37 °C. Experiments were repeated using two other
tetrad sets with similar results.

Discussion

This study shows that control of cAMP level is
important for the intrinsic stress tolerance of yeast cells.
Comparison of the ira2 mutants with cells lacking the
Yapl transcription factor, a crucial component in stress
defence [38-40], clearly demonstrated that the Ras—
cAMP pathway is essential for stress defence. This study
also highlights how negative regulators on different
branches of the Ras—cAMP pathway are involved in
determining the intrinsic stress tolerance and basal
cAMP levels.

The role of cAMP is best understood as a second
messenger for transient responses to nutrient signals
[44,45]. Our study suggests that this second messenger
also has a role in determining the cellular stress toler-
ance. The basal level of cCAMP in stationary phase ap-
pears to be mainly determined by Pde2p, as
demonstrated by mutants deficient in the cAMP phos-
phodiesterases. IRA2 did not affect the cAMP level in
stationary phase as much as PDE2 although control of
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Fig. 5. Overexpression of PDE2 confers stress tolerance to wild-type
strains as well as yapl or msn2 msn4 mutants. (A) Strains CY4 or
dbcyl were transformed with YEpl13PDE2 or YEp24/RA2, and
freeze—thaw tolerance of exponentially growing cells (Agpo of 1) was
determined. Percentage survival (column) is expressed relative to the
culture viability immediately prior to freezing (%). The data shown are
means (£SE). p value obtained for PDE2 overexpression in CY4 was
0.0001 (n = 10). (B) Strains W303-1A (wt), Wmsn2msn4 (msn2 msn4),
and JY29 (yapl) transformed with YEpI13PDE?2 or the control vector
YEp13 were replica plated to YEPD plates containing 3 mM H,O,.
Experiments were repeated at least three times with similar results.

cAMP synthesis by TRA2 also appeared to be important
for determining some intrinsic stress tolerance. PDEI
appears to be required only when PDE? is not present,
in other words, when cAMP levels can rise to meet the
K., of the low-affinity enzyme. Therefore, while low-af-
finity cAMP phosphodiesterase has a specific function
in regulating cAMP level in response to signals of glu-
cose or intracellular acidification [28,31], the high-affin-
ity cAMP phosphodiesterase is essential for determining
intrinsic stress tolerance of yeast cells.

cAMP phosphodiesterase catalyzes the hydrolysis of
cAMP to AMP. AMP is considered to be involved in
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stress responses in mammalian systems through the
AMP-activated protein kinase [46]. However, in yeast,
there is no evidence for AMP-mediated activation of
Snflp, the yeast homologue of the mammalian AMP-ac-
tivated protein kinase [47,48]. Since overexpression of
PDE? could not confer stress resistance to mutant cells
lacking the regulatory subunits of PKA, cAMP phos-
phodiesterase in yeast appears to mediate its effect exclu-
sively through PKA inhibition. Thus, yeast may not
utilize AMP for stress signaling.

Overexpression of PDE2 could confer stress resis-
tance to mutants lacking the Yapl or the Msn2/4 tran-
scription factors, suggesting that PKA can employ
diverse stress defence systems with overlapping function.
Thus, modulation of PKA activity would be an efficient
way to control stress tolerance of yeast. PDE2 overex-
pression was more efficient in conferring stress tolerance
than IRA2. PDE?2 overexpression could even augment
stress tolerance of wild-type cells (Fig. 5), but IRA2
overexpression could rescue only the ira2 mutant (Figs.
1C and D). This could be due to limited availability of
Ras proteins in cells. Therefore, it appears that PDE2-
mediated cAMP control has greater potential in regulat-
ing PKA activity in response to various stresses, and
control of PDE?2 activity may be a critical step for deter-
mining intrinsic stress resistance of yeast cells.

While the ira2 mutant showed in general a similar
pattern of stress responses as the pde2 mutant, it dis-
played relatively high sensitivity to CHP. It was even
more sensitive than the pdel pde2 double-deletion mu-
tant, which showed higher sensitivity than the ira2 mu-
tant to other stress conditions. This suggests that
IRA2 may have a specific role in the CHP-induced stress
response, and thus supports the notion that each regula-
tory component of the Ras—cAMP pathway can respond
to different stress signals. For example, Ssalp, a chaper-
one of the HSP70 superfamily, has been shown to inter-
act with Cdc25p to reduce PKA activity, indicating that
Cdc25p connects heat-shock signaling to the Ras—cAMP
pathway [49].

In addition to Ras, yeast cells appear to utilize other
signaling proteins to control cAMP levels in stationary
phase. Deletion of RAS2 could not suppress stress sen-
sitivity of the pdel pde2 mutant, although ras2 deletion
could suppress ira2 mutation. This indicates that aden-
ylate cyclase can also be activated by other pathways
in stationary phase. It has been shown that the G-pro-
tein coupled receptor system, GPRI1-GPA2, can
activate adenylate cyclase in response to glucose in a
Ras-independent manner [50-53]. Similarly, yeast cells
may have a mechanism for activation of adenylate cy-
clase in stationary phase, which is independent of Ras.
Thus, it will be important to identify signaling proteins
involved in the control of cAMP levels and stress toler-
ance in stationary phase. Our study suggests that the ba-
sal level of cAMP maintained in stationary phase of

yeast is a result of a dynamic balance between its rates
of synthesis and degradation.
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