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ABSTRACT The PKC1–MPK1 pathway in yeast functions
in the maintenance of cell wall integrity and in the stress
response. We have identified a family of genes that are putative
regulators of this pathway. WSC1, WSC2, and WSC3 encode
predicted integral membrane proteins with a conserved cys-
teine motif and a WSC1–green fluorescence protein fusion
protein localizes to the plasma membrane. Deletion of WSC
results in phenotypes similar to mutants in the PKC1–MPK1
pathway and an increase in the activity of MPK1 upon a mild
heat treatment is impaired in a wscD mutant. Genetic analysis
places the function of WSC upstream of PKC1, suggesting that
they play a role in its activation. We also find a genetic
interaction between WSC and the RAS–cAMP pathway. The
RAS–cAMP pathway is required for cell cycle progression and
for the heat shock response. Overexpression of WSC sup-
presses the heat shock sensitivity of a strain in which RAS is
hyperactivated and the heat shock sensitivity of a wscD strain
is rescued by deletion of RAS2. The functional characteristics
and cellular localization of WSC suggest that they may me-
diate intracellular responses to environmental stress in yeast.

Stress challenges all organisms and a response has evolved to
protect cellular components and to repair damage (1, 2). In the
yeast Saccharomyces cerevisiae, the PKC1–MPK1 pathway
regulates cell wall biosynthesis during periods of polarized
growth such as budding and mating projection formation and
is necessary for a normal response to stress (3–8). PKC1
controls the activity of a mitogen-activated protein kinase
cascade that is composed of BCK1ySLK1 (6, 9), MKK1 and
MKK2 (10), and MPK1ySLT2 (7, 11). PKC1 is a target of the
GTPase RHO1 (12, 13), which is regulated by the phosphati-
dylinositol 3-kinase homolog TOR2 (14). Null mutations in the
PKC1–MPK1 pathway result in a lysis defect that can be
rescued by osmotic stabilizers, such as 1M sorbitol. This
phenotype is thought to be a consequence of a defect in
polarization of the actin cytoskeleton that may result in the
inability to recruit vesicles necessary for biosynthesis of the cell
wall (15). RHO1 functions in the organization of the actin
cytoskeleton (16, 17) possibly by regulation of the PKC1–
MPK1 cascade (12, 13) and directly regulates cell wall biosyn-
thesis by activation of b-glucan synthase, an enzyme that
synthesizes one of its major components (18, 19). Mutants in
the PKC1–MPK1 pathway have defects in their response to
stress as measured by their inability to acquire thermotoler-
ance and by lack of activation of MPK1 upon treatment with
mild heat (20). Acquisition of thermotolerance is a response in
which cells are able to withstand an otherwise lethal heat shock
(50–55°C), if they are pretreated with mild heat (37°C) or if
they are starved (21, 22).

Defects in acquisition of thermotolerance are also associ-
ated with mutations that constitutively activate the RAS–
cAMP pathway (21–23). RAS regulates the activity of adenyl-
ate cyclase to produce cAMP, which activates cAMP-
dependent protein kinase (PKA). Deletion of IRA1 or IRA2,
which encode GTPase-activating proteins, result in a heat-
shock-sensitive phenotype because activated GTP-bound RAS
accumulates in the cell (23). We reasoned that we could
identify inhibitors of the activity of RAS or its targets, by
screening for genes that suppress the heat shock sensitivity of
an ira1D strain. By this approach, we isolated two genes with
sequence homology, WSC1 and WSC2 (for cell wall integrity
and stress response component). We identified another ho-
molog, WSC3, by searching the GenBank database. Interest-
ingly, the characterization of the function of these genes
indicate that they may be components of the PKC1–MPK1
signaling pathway and that they function in the heat shock
response and in the maintenance of cell wall integrity in yeast.

MATERIALS AND METHODS

Media and Strains. The composition of the media and
manipulation of yeast for transformation was as described (24).
Strains used in this study are as follows: SP1 (25), IR-1 (26),
IR2.53 (27), TF1.5prC (28), JF36A (29), DJ13 (30), DL251 (9),
and KT626, MATa leu2 ura3 his4 (Kelly Tatchell, North
Carolina State University). ALHWT MATa leu2 his3 ura3 trp1
ade8; ALH7 MATa leu2 his3 ura3 trp1 ade8 wsc1::ADE8;
ALH18 MATa leu2 his3 ura3 trp1 ade8 wsc2::URA3; ALH15
MATa leu2 his3 ura3 trp1 ade8 wsc3::TRP1; ALH715 MATa
leu2 his3 ura3 trp1 ade8 wsc1::ADE8 wsc3::TRP1; ALH718
MATa leu2 his3 ura3 trp1 ade8 wsc1::ADE8 wsc2::URA3;
ALH758 MATa leu2 his3 ura3 trp1 ade8 wsc1::ADE8
wsc2::URA3 wsc3::TRP1; HRB718, MATa leu2 his3 ura3 trp1
ade8 wsc1::ADE8 wsc2::HIS3; JV758Dras, MATa leu2 his3 ura3
trp1 ade8 wsc1::ADE8 wsc2::URA3 wsc3::TRP1 ras2::LEU2
(this study).

Genetic Screen. The ira1D strain (IR-1) was transformed
with a yeast genomic library cloned into a high-copy-number
plasmid (30). Transformants were replica-plated and heat-
shocked at 55°C for 15 min. Surviving colonies were subjected
to segregation analysis (31). Clones were mapped for regions
of complementation and sequenced. pIRIS7 contains the gene
that we named WSC1. pIRIS18 and pIRIS22 contain WSC2.
To study the function of WSC3, we amplified the gene from a
yeast genomic library. The sequence of these genes are acces-
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sible as a result of the S. cerevisiae genome project. The locus
for WSC1 is YOR008C, for WSC2 is YNL283C, for WSC3 is
YOL105C, and for WSC4 is YHL028W.

Gene Disruptions. The details of the constructs used for
deletion of the WSC genes are available upon request from the
authors. The plasmids were used to conduct sequential gene
replacement experiments (32) in the diploid strain DJ13.
Southern blot hybridization was used to verify the deletions,
generating the strain DJ13–7y18y15. Tetrad analysis was per-
formed to isolate the individual mutant strains that we named
ALH (see Table 1). The HRB718 strain was obtained by
deletion of WSC2 in a wsc1D strain. The JV758Dras strain was
generated by deletion of RAS2 (33) in the strain ALH758.

Treatment of Cells and Preparation of Cell Extracts. To
measure activation of MPK1 after a mild heat treatment, we
followed published procedures (20) except that 40 mg of
protein was loaded onto an 8% gel and immunoblotted with
phospho-specific p44y42 mitogen-activated protein kinase an-
tibody (New England Biolabs, product 9101).

To prepare extracts from cells expressing the WSC1–green
fluorescence protein (GFP) fusion protein, we grew cultures in
glucose or galactose containing medium. Cells were washed
and lysed by vortexing with glass beads in buffer A (50 mM
TriszHCl and protease inhibitors; ref. 27). Extracts were cen-
trifuged at 1,000 rpm in an Eppendorf centrifuge for 10 sec,
and the supernatant was removed and centrifuged at 14,000
rpm in an Eppendorf centrifuge for 30 min. The supernatant
was removed and used as the cytosolic fraction. The remaining
pellet was washed, centrifuged, and resuspended in buffer A
containing 1% Nonidet P-40 followed by incubation on ice for
10 min and centrifugation at 14,000 rpm for 30 min. The
supernatant from this centrifugation was used as the mem-
brane fraction.

RESULTS AND DISCUSSION

Sequence Comparison of the WSC Proteins. We have
recently identified other proteins related to WSC. One is from
S. cerevisiae and we named the gene WSC4. A second gene,
Hp-WSC, encodes a partial hypothetical protein in the 39
region of LEU2 (34) of the related yeast Hansenula polymor-
pha. The sequence of all WSC proteins and their comparison
is shown in Fig. 1A. The WSC proteins are 50% similar and
35% identical. WSC2 and WSC3 show the highest degree of
conservation, 61% similar and 50% identical. The sequence
does not suggest a known enzymatic activity but predicts that
they are transmembranous. The WSC proteins have similar
characteristics (Fig. 1B). A hydrophobic domain at the N
terminus, which may be a signal peptide, is followed by a
cysteine motif. A serineythreonine-rich domain that is variable
in length may be sites for glycosylation and is located between
the cysteine motif and the predicted transmembrane domain.
The C terminus is also variable in length and is highly charged.
It is predicted to be intracellular and has the highest degree of
divergence among the WSC family, with the exception of

WSC2 and WSC3. There are, however, two conserved se-
quences in the S. cerevisiae WSC proteins, a KXYQ after the
transmembrane domain and a DXXD at the end of the C
terminus (Fig. 1 A). These amino acids are not present in
Hp-WSC, but the sequence of the gene is incomplete. These
blocks may be important for the function of the proteins, with
the tyrosine residue being a putative site for phosphorylation.

Significantly, the most highly conserved domain among the
WSC proteins is the cysteine motif which is predicted to be
extracellular. The motif is as follows: C1-X-S-X12–16-F-Q-S-
X3-C2-X3-C3-X5–8-A-L(I)-X5–6-C4-F-C5-X12–17-C6-X3-C7-X-
G-F-X4-C8-G-X6(30)-VY, where the cysteine (C) residues are
numbered 1 to 8. Cysteine motifs occur in receptors, tran-
scription factors, and many proteins with diverse functions.
They are involved in ligand binding, dimerization, and coor-
dination with zinc ions (35–37). The cysteine residues stabilize
a protein fold that is necessary for protein–protein or for
protein–DNA interactions. The presence of the cysteine motif
in the WSC proteins suggests that it plays an important role in
their function. Searches of this motif in the GenBank database
result in no significant matches.

WSC4, which may be functionally related to the other WSC
genes, was identified as a suppressor (YFW1) of the sensitivity
to alkylating agents of an Escherichia coli alkB mutant (38).
alkB is one of a group of genes induced by alkylating agents.
The significance of this finding awaits further characterization
of the function of alkB in E. coli and the function of WSC4 in
yeast.

Cellular Localization of WSC1. To establish cellular local-
ization, we expressed a fusion of WSC1 and GFP (Fig. 2A).
GFP expressed alone is seen as a diffuse signal throughout the
cell, whereas the fusion protein (WSC–GFP) is located in the
periphery of the cell. The same distribution is seen in the
absence of the cell wall. By using antibodies to GFP, we
established that GFP partitions equally between a crude
membrane fraction and the soluble fraction, whereas the
WSC–GFP protein fractionates mostly with the crude mem-
brane fraction (Fig. 2B). This indicates that WSC1 is localized
to the plasma membrane.

Phenotypes Caused by the Deletion of the WSC Genes.
Deletion of WSC2 and WSC3, individually or in combination,
do not cause phenotypes that are different from the wild type.
Deletion of WSC1 results in a cell lysis defect that is also
observed in mutants of the PKC1–MPK1 pathway (3–12). A
wsc1D mutant has a thermosensitive growth defect at 37°C on
YPD (Table 1). It grows at all temperatures in SC medium.
Deletion of WSC2 andyor WSC3 exacerbates the phenotype of
the wsc1D strain, suggesting that the WSC genes may be
partially redundant. Double deletion mutants become tem-
perature sensitive in SC medium at 37°C and deletion of the
three genes results in inability to grow on YPD at any
temperature. The growth defect is due to cell lysis, determined
by its suppression by an osmotic stabilizer (Fig. 3) or by
assaying alkaline phosphatase activity upon incubation at 37°C
on SC medium.

Table 1. Phenotypes caused by deletion of WSC

Genotype
Growth on
YPD 28°C

Growth on
YPD 37°C

Growth on
SC 28°C

Growth on
SC 37°C

Caffeine
sensitivity
SC 28°C

Glycogen
accumulation

Staurosporine
sensitivity SC

28°C

Nitrogen
starvation
sensitivity

Wild type 1 1 1 1 2 1 2 2
wsc1D 1 2 1 1 2 1 2 2
wsc1wsc3D 1 2 1 2 1 2 6 2
wsc1wsc2D 2 2 1 2 1 2 6 2
wsc1wsc2wsc3D 2 2 1 2 1 2 1 6

YPD, 1% yeast extract, 2% peptone, 2% dextrose; SC, synthetic complete medium containing yeast nitrogen base at 0.67 gyliter, 2% dextrose,
and amino acid supplements. Cells were streaked on plates to test for growth at the designated temperatures, sensitivity to caffeine (3 mM), and
staurosporine (1 mgyml). Plates were scored after 2 days. Glycogen accumulation was determined by iodine staining of patches on SC plates.
Nitrogen starvation was tested after 2 weeks of incubation on plates lacking a nitrogen source.

Genetics: Verna et al. Proc. Natl. Acad. Sci. USA 94 (1997) 13805



Because mutants in the PKC1–MPK1 pathway in yeast have
other phenotypes (6, 40), we tested whether deleting the WSC
genes has the same effects (Table 1). Strains with deletion of
WSC1, WSC2, or WSC3 are wild type in these responses. The
wsc1D strain, but not the wsc2D or the wsc3D, shows sensitivity
to caffeine (a phosphodiesterase inhibitor) when the concen-
tration is increased from 3 mM to 10 mM. Deletion of WSC2
or WSC3 in a wsc1D background results in sensitivity to 3 mM
caffeine, in a weak sensitivity to staurosporine (a kinase
inhibitor), and in a defect in glycogen accumulation. Deletion
of the three WSC genes increases the sensitivity to staurospor-
ine and results in sensitivity to nitrogen starvation. These
results suggest that the WSC genes are required for mainte-
nance of cell wall integrity and that their function is similar to
the PKC1–MPK1 pathway in yeast.

Heat Shock Sensitivity of the wsc1wsc2wsc3D Mutant. The
wsc1wsc2wsc3D mutant is more sensitive than a wild type to a
direct exposure to a strong heat shock (Fig. 4). Preexposure of
the wild-type strain to a mild heat treatment results in a high
survival rate after the strong heat shock (72% at 20 min). In
contrast, in the wscD mutant, the survival rate is very low (3%
at 20 min) and similar to a wild-type strain that has not been
preexposed to the mild heat treatment. Although the survival
rate of the wscD mutant is extremely low, they acquire some
thermotolerance. This can be seen by comparing the survival

rate of the wscD culture that has not been preexposed to mild
heat to the wscD culture that has (Fig. 4). These results indicate
that the WSC genes are required for a normal response to heat
shock.

Genetic Interaction of WSC and the RAS–cAMP Pathway.
We determined the effect of inhibiting the activity of RAS in
the heat shock sensitivity of a wscD mutant. Fig. 5A shows that
overexpression of IRA2, which encodes a GTPase-activating
protein that inhibits RAS (23), can suppress the heat shock
sensitivity of the wscD mutant. Significantly, deletion of RAS2
rescues the heat shock sensitive phenotype of the wscD strain
(Fig. 5B). Deletion of RAS2 alone does not make the cells
more resistant to a direct exposure to the strong heat shock.
These results indicate that there is a functional relation
between WSC and RAS.

Two models can be proposed to explain this genetic inter-
action. In one, WSC and the RAS–cAMP pathway may be
acting on the same downstream target with opposing results.
In the second, WSC could be releasing the negative effect that
RAS imposes on the target by inactivating the RAS–cAMP
pathway. To distinguish between these models, we determined
at what point in the RAS–cAMP pathway the WSC genes are
exerting their effects by testing for their ability to suppress the
heat shock sensitivity of strains with different mutations in the
RAS–cAMP pathway (Table 2).

FIG. 1. Sequence comparison of the WSC protein family. (A) Identical amino acids in at least two of the proteins are highlighted in white with
a dark background. Gaps were used to maximize the alignment generated with the GCG software package. Different domains in the proteins are
labeled. The conserved cysteine residues in the cysteine motif are designated by a solid circle, and the aromatic amino acids are designated by the
symbol F. The last amino acids of this motif VY are designated by inverted solid triangles. Conserved sequences in the C terminus, KXYQ and
DXXD, are boxed. (B) Schematic diagrams of the WSC family. SP, signal peptide; Cys, cysteine motif; SeryThr, serine and threonine-rich domain;
Tm, transmembrane domain.
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The effects of WSC are not mediated by IRA1 or IRA2
because they both suppress the heat shock sensitivity of an
ira1ira2D strain expressing a dominant interfering form of
RAS2, which attenuates its strong heat shock sensitivity (41).

The effect of WSC1 and WSC2 seem to be mediated by PKA
because they do not suppress the heat shock sensitivity of a
strain in which the activity of PKA cannot be regulated. In this
strain (Table 2) the regulatory subunit of PKA, BCY1, and two
catalytic subunits, TPK2 and TPK3, have been deleted. It also
contains a mutation, tpk1w, that attenuates the activity of the
kinase but leaves it strong enough to make the cells heat shock
sensitive (28).

To determine whether the WSC genes require RAS to
mediate their effects, we used a strain with a deletion of both
RAS genes (Table 2). This strain is heat-shock-sensitive be-
cause it is overexpressing adenylate cyclase (CYR1) in a
high-copy-number vector (29). Overexpression of WSC1 but
not WSC2 suppresses the heat shock sensitivity of this strain.

This suggests that WSC1 acts downstream of RAS perhaps
modulating the activity of adenylate cyclase or the activity of
PKA. The inability of WSC2 to suppress the heat shock
sensitivity of the ras1ras2 pCYR1 strain indicates that WSC2
may function to regulate the activity of RAS. This discrepancy
suggests that WSC1 and WSC2 may have multiple targets,
consistent with the variability of their C termini and their
partial redundancy. Also consistent is the alternative model
that the WSC genes act parallel to the RAS–cAMP pathway
but their input is weak, explaining their inability to suppress
the heat shock sensitivity of the bcy1Dtpk2Dtpk3Dtpk1w mutant
or, in the case of WSC2, the heat shock sensitivity of the
ras1Dras2DpCYR1 strain. Further studies will be necessary to
establish the molecular basis of the interaction between WSC
and the RAS–cAMP pathway but this interaction seems to be
restricted to the heat shock response. Overexpression or
deletion of WSC1 does not rescue the lethal phenotype of a
ras1Dras2ts strain, which suggests that WSC does not mediate
the effects of RAS in cell cycle progression. Conversely, the
role of the WSC genes in the maintenance of cell wall integrity
seems to be independent of the RAS–cAMP pathway because
deletion or overexpression of RAS2 does not rescue the cell
lysis defect of the wsc1wsc2wsc3D strain. There is evidence that
RAS in yeast has other functions. One such function is linked
to the regulation of the actin cytoskeleton because the cyclase-

FIG. 2. Cellular localization of WSC1. WSC1 was amplified by PCR
and cloned into pMTS395 (39) to generate pMTS395-WSC1. This is
a single-copy plasmid that contains a GFP (S65T) mutant gene,
expressed under the control of a galactose-inducible promoter. The
WSC1 gene was cloned 59 to GFP. A functional test of this construct
is shown in Fig. 6. (A) The strain KT626 was transformed with the GFP
or the WSC1–GFP fusion construct. Transformants were selected on
medium containing glucose and then grown for 12 h on galactose-
containing medium. Cells were fixed in 4% paraformaldehyde fol-
lowed by analysis using fluorescence confocal microscopy. (B) Cul-
tures from A were diluted in glucose (glu)- or galactose (gal)-
containing medium and grown for 12 h. Cells extracts were prepared
and 20 mg of protein from membrane or cytosolic fractions was loaded
unto a 10% gel. Immunoblot analysis was performed with a GFP
monoclonal antibody (CLONTECH, product 8362–1).

FIG. 3. Suppression of the lysis defect of the wscD strains by
sorbitol. Yeast strains containing deletions of WSC1 (wsc1D) or WSC1
and WSC2 (wsc1Dwsc2D) were streaked and scored for growth after 2
days on YPD or YPD supplemented with 1 M Sorbitol at 37°C. A
bck1D strain was used for comparison.

FIG. 4. Heat shock sensitivity of a wsc1wsc2wsc3D mutant. Cells
were grown on YPD containing 1 M sorbitol at 30°C until they reached
an OD600 of 1. Cultures were washed and resuspended in SC medium.
They were shifted to 50°C for the indicated periods of time or first
shifted to 37°C for 30 min followed by the shift to 50°C. After heat
shock, the cells were plated on YPD containing 1 M sorbitol and
scored for growth after 2–3 days at 30°C. The results are shown as
percent survival relative to the cultures before treatment at 50°C. The
strains are SP1, wild type, or the ALH758 wscD strain. Results are from
three experiments.

FIG. 5. Suppression of the heat shock sensitivity of the
wsc1wsc2wsc3D strain by overexpression of IRA2 or by deletion of
RAS2. (A) The wsc1wsc2wsc3D (ALH758) strain was transformed with
IRA2 or a control plasmid. Transformants were grown for 2 days and
were then shifted to 50°C for the indicated times. Cells were diluted,
plated, and grown as in Fig. 4. The wild-type strain (SP1) was used for
comparison. (B) The wild type (SP1), wsc1wsc2wsc3D (ALH758), and
wsc1wsc2wsc3ras2D (JV758Dras) strains were grown and treated as in
Fig. 4.
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associated protein (CAP) that is required for RAS activation
of adenylate cyclase is also required for the normal distribution
of actin (42–47). The lysis defect of the wscD mutants may be
in part a result of a defect in the function of CAP. We have not
found evidence of a genetic interaction between WSC and
CAP, but because the role of CAP in the function of the actin
cytoskeleton and the mechanism by which CAP is regulated
are not known, a possibility for a functional relation between
WSC and CAP cannot be discarded.

Genetic Interaction of WSC, PKC1, RHO1, and RHO3. PKC1
expressed in a multicopy vector suppresses the lysis defect of
a wsc1wsc3D mutant (Fig. 6A) and a wsc1wsc2wsc3D strain.
Overexpression of BCK1 or MPK1 does not rescue the lysis
defect of the wscD strains. A single copy of an activated mutant
allele, BCK1–20, suppresses the defect very weakly and over-
expression of BCK1 potentiates the suppression by PKC1.
These results are consistent with the observation that BCK1
does not suppress the lysis defect of a pkc1D strain, but the
activated mutant allele BCK1–20 does (9).

Overexpression of the WSC genes suppress the lysis defect
of the wsc1wsc3D mutant (Fig. 6A) or the wsc1wsc2wsc3D
mutant strain, further demonstrating that they have overlap-
ping functions. Overexpression of WSC1 or WSC2 in a pkc1D
or in a bck1D background does not suppress the lysis defect.
This epistasis analysis places the function of WSC upstream of
PKC1.

To further characterize the genetic interaction between
WSC and the PKC1–MPK1 pathway, we tested the phenotypes
of strains with deletion of the WSC genes in combination with
a deletion of PKC1 or BCK1. We deleted the PKC1 gene in a
diploid strain with deletions in WSC1, WSC2, and WSC3 and
performed tetrad analysis. Deletion of the WSC genes indi-
vidually or in combination are not synthetic lethal with pkc1D.
We tested the effect of deletion of the WSC genes (all
combinations) on the growth of a pkc1D strain on YPD
medium containing 0.5 M sorbitol at room temperature and at
30°C and on YPD medium containing 1 M sorbitol at 33°C.
Under these conditions a pkc1D mutant grows poorly (ref. 48
and this study), whereas the wscD strains grow normally.
Deletion of the WSC genes does not exacerbate the growth
defect of the pkc1D strain. In addition, the lysis defect of a
wsc1wsc2D strain is not exacerbated by deletion of bck1D.
These results strongly suggest that the WSC genes function in
the PKC1–MPK1 pathway in yeast.

Because RHO1 acts upstream of PKC1 (12, 13), we tested
whether its overexpression can rescue the lysis defect of a wscD
mutant strain. Expression of RHO1 or the constitutively active
mutant RHO1H68 (19) rescues the lysis defect (Fig. 6B), further
supporting that the WSC genes function upstream of the
PKC1–MPK1 pathway.

RHO3 and RHO4 encode GTPases required for bud for-
mation and organization of the actin cytoskeleton and their
deletion results in a lysis defect. They do not complement
defects of a rho1D strain and RHO1 does not suppress the lysis
defect of a rho3rho4D strain (49, 50). RHO3 does not regulate
b-glucan synthase activity (18). An activated allele, RHO3A131,
is able to rescue the defect of the wscD mutant (Fig. 6C).
Expression of this allele with a second mutation (RHO3S47–131)
is unable to suppress the lysis defect of the wscD strain. This
mutation is analogous to mutations in the effector domain of
mammalian Ha-ras and has been shown to abolish the activity
of RHO3A131 (49). These results suggest that the wscD mutants
have defects that affect other pathways in addition to the
RHO1-regulated PKC1–MPK1 pathway.

Requirement of WSC for the Activation of the PKC1–MPK1
Cascade. Activation of the PKC1–MPK1 kinase cascade can be
assessed by measuring the activity of MPK1 in response to a
mild heat shock (20). The catalytic activity of MPK1 increases
upon phosphorylation by the dual specificity kinases MKK1y
MKK2. We measured activation of MPK1 in a wscD strain by
using a specific antibody that recognizes only the phosphory-
lated active form of MPK1. A mild heat shock treatment of the
wild-type strain results in a strong signal in both endogenous
and epitope-tagged MPK1–hemagglutinin (HA; Fig. 7A, lanes

FIG. 6. Suppression of the lysis defect of the wscD strains by
overexpression of PKC1, RHO1, RHO3, and WSC. (A) The strain
ALH715 (wsc1wsc3D) was transformed with various multicopy plas-
mids: pAD4D (control) (26), pIRIS7 (WSC1), pIRIS18(WSC2),
pAD4D-WSC3, and PKC1 (3). Patches were made on selective medium
with 1 M sorbitol, grown for 2 days, replica-plated onto YPD plates,
and then incubated at 37°C for 3 days. The WSC3 gene (1.5 kb) was
amplified by PCR and is expressed under the control of the alcohol
dehydrogenase promoter (ADH). (B) The HRB718 (wsc1wsc2D) was
transformed with plasmids expressing RHO1 or the RHO1H68 mutant
(19) under the control of a galactose-inducible promoter and the
plasmids pMTS395 and pMTS395-WSC1 described in Fig. 2. Patches
were made on medium containing glucose and 1 M sorbitol and after
2 days, the plates were replica-plated onto YPgal plates (yeast extract
1%ypeptone 2%ygalactose 2%). They were then incubated at 30°C for
3 days and scored for growth. (C) Same as in B, but the cells were
transformed with plasmids expressing the mutant RHO3A131, or
RHO3S47A131 (48).

FIG. 7. Phosphorylation of MPK1 in response to a mild heat
treatment in the wscD mutant. (A) A wild-type (ALHWT; lanes 1 and
2) or a mutant wsc1wsc2wsc3D (ALH758; lane 3 and 4) strain
overexpressing MPK1–HA were incubated at 23°C (lanes 1 and 3) or
39°C (lanes 2 and 4) for 30 min. Phosphorylated MPK1–HA or
endogenous MPK1 are marked with an arrow and were detected by
immunoblotting with a phospho-specific p44y42 mitogen-activated
protein kinase antibody. Lane 5 contains an untreated cell extract that
is not expressing MPK1–HA. (B) Cell extracts identical to those in A
were immunoblotted with the anti-HA antibody.

Table 2. Suppression of the heat shock sensitivity of mutants in
the RAS–cAMP pathway

CDC25
GDP-RAS ^ GTP-RAS 3 CYR1yCAP 3 cAMP 3 BCY1y

IRA1yIRA2 TPK1, TPK2, TPK3

Mutant strains Genotype WSC1 WSC2

IR2.53 ira1Dira2DR2Y64 1 1
JF36A ras1Dras2DpCYR1 1 2

TF1.5prC bcy1Dtpk2Dtpk3Dtpk1w 2 2

Cells were transformed with high-copy-numberyplasmids express-
ing WSC1 or WSC2 and tested for heat shock sensitivity at 55°C. 1,
Growth; 2, no growth after heat shock treatment.
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1 and 2). Previous analysis of the phosphorylation state of
MPK1–HA in response to changes in osmolarity (51) showed
that the lower molecular weight band is not present in mpk1D
strains. We confirmed that the upper band is the HA-epitope-
tagged protein by immunoprecipitation. In contrast to the wild
type, the wscD shows only a small increase in phosphorylation
of MPK1–HA (Fig. 7A, lanes 3 and 4) in cells that are all
expressing equivalent amounts of the MPK1–HA (Fig. 7B).
This indicates that the WSC genes are required for signaling in
the PKC1–MPK1 pathway, further supporting results from the
epistasis analyses. Similar results have been obtained in a
wsc1D (called HCS77) strain (52). The residual MPK1 phos-
phorylation that is seen in Fig. 7B suggest that these cells have
other mechanisms to activate the PKC1–MPK1 pathway upon
exposure to a mild heat treatment and is consistent with the
residual ability of these strains to acquire thermotolerance.

In summary, the WSC family of genes are components of the
stress response in yeast. Environmental stress affects all or-
ganisms and there are multiple elements of this response that
have been conserved in evolution, including the involvement of
small GTPases and mitogen-activated protein kinase cascades
(53, 54). Perhaps, this conservation also extends to the pres-
ence of proteins that may function like WSC in animal cells.
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