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The MAPKKK Stellp functions in three Saccharomyces cerevisiae MAPK cascades [the high osmolarity
glycerol (HOG), pheromone response, and pseudohyphal/invasive growth pathways], but its activation in
response to high osmolarity stimulates only the HOG pathway. To determine what restricts cross-activation
of MAPK cascades (cross talk), we have studied mutants in which the pheromone response pathway is
activated by high osmolarity (1 m sorbitol). We found that mutations in the HOG1 gene, encoding the
p38-type MAPK of the HOG pathway, and in the PBS2 gene, encoding the activating kinase for Hoglp,
allowed osmolarity-induced activation of the pheromone response pathway. This cross talk required the
osmosensor Sholp, as well as Ste20p, Ste50p, the pheromone response MAPK cascade (Stellp, Ste7p, and
Fus3p or Ksslp), and Stel2p but not Stedp or the MAPK scaffold protein, Ste5p. The cross talk in hogl
mutants induced multiple responses of the pheromone response pathway: induction of a FUS1::lacZ reporter,
morphological changes, and mating in ste4 and ste5 mutants. We suggest that Hoglp may prevent
osmolarity-induced cross talk by inhibiting Sholp, perhaps as part of a feedback control on the HOG pathway.
We have also shown that Ste20p and Ste50p function in the Sholp branch of the HOG pathway and that a
second osmosensor in addition to Sholp may activate Stellp. Finally, we have found that pseudohyphal
growth exhibited by wild-type (HOG1) strains depends on SHO1, suggesting that Sholp may be a receptor that

feeds into the pseudohyphal growth pathway.
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Multiple mitogen-activated protein kinase (MAPK) cas-
cades coexist in eukaryotic cells and mediate appropriate
cellular responses to distinct environmental inputs (Rob-
inson and Cobb 1997; Banuett 1998). The MAPK cascade
consists of a MAPK, a MAPK kinase (MAPKK), and a
MAPKK kinase (MAPKKK). In Saccharomyces cerevi-
siae, four complete MAPK cascade modules have been
identified (Herskowitz 1995; Levin and Errede 1995). The
pheromone response pathway is activated by peptide
pheromones and prepares cells for mating (Leberer et al.
1997). The pseudohyphal development/invasive growth
pathway responds to environmental conditions to allow
formation of pseudohyphal cells in a/« diploids and in-
vasive growth in haploids (Liu et al. 1993; Roberts and
Fink 1994). The PKC-regulated MAPK pathway responds
to heat stress and hypotonic shock (Davenport et al.
1995; Kamada et al. 1995), and the high osmolarity glyc-
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erol (HOG) pathway responds to hypertonic stress (Brew-
ster et al. 1993).

The MAPKKK Stellp plays an essential role in three
of the yeast MAPK pathways: the pheromone response
pathway, the pseudohyphal/invasive growth pathway,
and the HOG pathway (Fig. 1). In response to phero-
mones, a heterotrimeric G protein encoded by GPA1l
(Ga), STE4 (GB), and STE18 (Gv) is activated, liberating
free GBvy to stimulate downstream components (Dietzel
and Kurjan 1987; Miyajima et al. 1987). Free GBvy binds
to and is thought to activate Ste20p, a PAK-related pro-
tein kinase (Leeuw et al. 1998), and Ste5p, a scaffold pro-
tein that binds each component of the MAPK cascade
(Whiteway et al. 1995; Inouye et al. 1997; Feng et al.
1998). The MAPKKK Stellp is activated by a mecha-
nism, probably involving Ste20p-dependent phosphory-
lation (Wu et al. 1995), which allows Stellp to phos-
phorylate Ste7p, the MAPKK (Neiman and Herskowitz
1994). Ste7p then phosphorylates and activates the
MAPKSs Fus3p or Ksslp (Gartner et al. 1992; Errede et al.
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Figure 1. The pheromone response, high osmolarity glycerol
(HOG), and pseudohyphal growth pathways.

1993), which activate the transcription factor Stel2p
(Cook et al. 1996; Tedford et al. 1997), leading to expres-
sion of genes required for mating.

a/a cells of the 21278b strain background are capable
of forming pseudohyphae in response to low nitrogen
conditions (Gimeno et al. 1992). Haploid cells of this
background exhibit agar invasion on rich medium (Rob-
erts and Fink 1994). Components of the pheromone re-
sponse pathway are required for pseudohyphal develop-
ment and invasive growth (Liu et al. 1993; Roberts and
Fink 1994): Ste20p, Stellp, Ste7p, and Stel2p are re-
quired for both pathways. Kss1p appears to be the MAPK
for the pseudohyphal development and invasive growth
pathways (Cook et al. 1997; Madhani et al. 1997). The
upstream activators of these pathways remain to be iden-
tified: The pheromone receptors and associated het-
erotrimeric G protein are not required for pseudohyphal
or invasive growth (Liu et al. 1993; Roberts and Fink
1994). Although the pseudohyphal and invasive growth
pathways use a MAPK cascade containing Stellp, Ste7p,
and Ksslp, they do not require Ste5p (G. Fink, pers.
comm.).

During elevated osmotic conditions, yeast cells accu-
mulate high concentrations of glycerol to counteract the
osmotic differential between the inside of the cell and
the external environment (for review, see Blomberg and
Adler 1992). High osmolarity causes activation of the
MAPK, Hoglp (Brewster et al. 1993), which triggers in-
creased synthesis of glycerol by activating transcription
of genes required for glycerol synthesis such as GPD1
(Larsson et al. 1993; Albertyn et al. 1994). The HOG
pathway has two known input branches. One involves a
phosphorelay system related to the histidyl-aspartyl
phosphorelay systems of bacteria and includes the inte-
gral membrane protein Slnlp and the response regulator
Ssklp (Maeda et al. 1994). Ssklp activates two redundant
MAPKKKS, Ssk2p and Ssk22p, which subsequently acti-
vate Pbs2p, the MAPKK for Hoglp (Maeda et al. 1995;
Posas and Saito 1998). The other input is through the
osmosensor Sholp, which is a putative membrane-span-
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ning protein with a carboxy-terminal SH3 domain (Ma-
eda et al. 1995). This domain binds to a proline-rich re-
gion in Pbs2p. Activation of Pbs2p by Sholp requires
Stellp, which phosphorylates Pbs2p. Pbs2p has been
termed a scaffold protein because it binds multiple com-
ponents of the HOG MAPK pathway: Sholp, Stellp, and
Hoglp (Posas and Saito 1997). Because there are two in-
puts for activating Hoglp, mutants defective in either
the Sholp branch or the SInlp branch are not osmosen-
sitive. In contrast, mutants defective in both branches,
for example, ssk2 ssk22 shol or ssk2 ssk22 stell strains
are osmosensitive (Maeda et al. 1995; Posas and Saito
1997).

Although Stellp functions in both the pheromone re-
sponse and HOG pathways, activation of Stellp by high
osmolarity does not elicit a mating response (Posas and
Saito 1997). Similarly, activation of Stellp by «a-factor
does not activate the HOG pathway (Posas and Saito
1997). The mechanism by which signal specificity is
maintained during high osmolarity stress or during ex-
posure to pheromone remains to be determined. The
presence of Stellp in two different complexes (with
Ste5, Ste7p, and Fus3p or Ksslp or with Sholp, Pbs2p,
and Hoglp) has been proposed to be responsible for pre-
venting inappropriate activation of heterologous path-
ways (Posas and Saito 1997). Here we describe conditions
under which the pheromone response pathway is effi-
ciently activated by high osmolarity stress. These stud-
ies lead us to propose that Hoglp itself is responsible for
limiting cross talk during high osmolarity stress, perhaps
by inhibiting the Sholp branch of the HOG pathway. We
define the components of the pheromone response and
HOG pathways required for cross talk. Our findings also
suggest the existence of a third branch for activating the
HOG pathway and raise the possibility that Sholp is an
upstream component of the pseudohyphal development
pathway.

Results

Osmotic stress induces expression of FUS1::lacZ
in Hoglp-deficient strains

In the course of other studies of hogl mutants, which
revealed functional relationships between the phero-
mone response pathway and the HOG pathway (S.
O’Rourke, unpubl.), we tested whether 1 m sorbitol can
activate the pheromone response pathway. In our initial
experiments, we assayed activation of the pheromone
response pathway by induction of the FUS1:lacZ re-
porter gene, which is activated by Ste12p. Wild-type cells
exposed to 1 m sorbitol did not exhibit any expression of
the reporter even after 5 hr of incubation (Fig. 2). In con-
trast, an isogenic hogl deletion mutant produced a
clearly measurable level of B-galactosidase by 2 hr, [(20%
the level of these strains exposed to a-factor, which in-
creased steadily over 5 hr to reach a level comparable to
that observed in the a-factor-treated cells (Fig. 2). Wild-
type and hogl mutants exhibited similar induction in
response to a-factor. The presence of both «-factor and
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Figure 2. A hogl strain, but not wild type, induces FUS1::lacZ
in response to 1 m sorbitol. a wild-type FUS1:lacZ (SO329)
(solid symbols) and a hogl FUS1::lacZ (SO330) (open symbols)
strains were grown to log phase in YEPD medium, and t=0
samples were taken for B-galactosidase assays. The cells were
resuspended in YEPD + a-factor medium: (M wild type; (0 hog1l,;
YEPD +1 ™ sorbitol medium: (@, wild type; O, hogl), and
YEPD +1 ™ sorbitol + a-factor medium: (¢, wild type; ¢,
hogl). At the indicated times, 1-ml samples were harvested for
B-galactosidase assays as described in Materials and Methods.
Assays were done in duplicate and the average * s.p. of three
experiments is shown. LacZ activity is shown in Miller units.

sorbitol led to increased expression of the reporter by 5
hr in both wild-type and hog1l strains. Additional experi-
ments showed that 0.5 m NaCl and 0.4 m sorbitol also
stimulated FUS1::lacZ induction in hogl but not wild-
type strains (data not shown). These observations dem-
onstrate that high osmolarity induces the pheromone re-
sponse pathway in strains lacking Hoglp.

Next, we analyzed a series of strains defective in the
HOG pathway to determine whether they also exhibit
osmolarity-induced activation of FUS1::lacZ (cross talk)
(Fig. 3A). Mutants gave three different responses: (1) The
strain lacking Pbs2p behaved like the hogl mutant, ex-
hibiting high-level induction; (2) mutants defective in
either of the known input branches to the HOG path-
way, in SHO1 (affecting the Sholp branch) or in SSK1 or
in SSK2 and SSK22 (affecting the SInlp branch), exhib-
ited negligible cross talk; and (3) mutants defective in
both of these branches, because of mutation in both
SHO1 and SSK1 or in SHO1, SSK2, and SSK22, exhibited
low levels of induction (9%-15% of the level observed in
hogl and pbs2 mutants). All of these strains exhibited
similar induction of FUS1::lacZ in response to a-factor.
These results indicate that lack of Hoglp activity is re-
quired for osmolarity-induced cross talk: Both hogl and
pbs2 mutants are completely lacking in Hoglp activity.
Because hogl and pbs2 mutants are unable to increase
intracellular glycerol in response to osmotic stress, we
entertained the possibility that reduction of glycerol due
to mutation of GPD1 would also allow cross talk. How-
ever, we found the strain deleted for GPD1 did not ex-
hibit cross talk (Fig. 3A).

To determine whether mutants defective in genes
other than HOGL1 and PBS2 would exhibit osmolarity-
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induced cross talk, we carried out a screen for mutants
that express FUS1::lacZ in the presence of 1 m sorbitol
(see Materials and Methods). Of 19 mutants that exhib-
ited B-galactosidase activity, 3 were constitutive and
were not studied further. Of the 16 remaining mutants,
all of which were osmosensitive, 10 were defective in
HOGL1 and 6 in PBS2 (see Materials and Methods). The
mutant hunt therefore did not identify any genes other
than HOG1 and PBS2 that are necessary to restrict cross
talk.

Hoglp requires catalytic activity and phosphoacceptor
sites to prevent osmolarity-induced cross talk

The studies above showed that strains deleted for HOG1
exhibit osmolarity-induced cross talk. Next, we deter-
mined whether mutations that affect specific aspects of
Hoglp function also exhibit cross talk. The hogl-K52R
mutation is predicted to abolish the catalytic activity of
Hoglp; the hogl-T174A and hogl-Y176F mutations
block the sites at which Pbs2p phosphorylates Hoglp
(Schuller et al. 1994). hogl deletion strains carrying plas-
mids with different HOG1 alleles were assayed for
FUS1:lacZ expression in the presence of 1 m sorbitol
(Fig. 3B). The strain carrying the wild-type HOGL1 plas-
mid exhibited 3% of the full level of cross talk (prob-
ably because of plasmid loss). In contrast, the strain pro-
ducing catalytically inactive Hoglp (hogl-K52R) pro-
duced 34% of the full level of cross talk. The hogl-
Y176F and hogl-T174A mutants exhibited even higher
levels (58% and 102%, respectively). The two mutants
that exhibited lower levels of cross talk (hogl-K52R and
hogl-Y176F) appear to retain some Hoglp activity, as
they can support growth in the presence of intermediate
osmolarity (Schuller et al. 1994). These observations in-
dicate that catalytic activity of Hoglp is required to in-
hibit cross talk.

Osmolarity-induced cross talk requires components
of the pheromone response pathway downstream
of Stedp, but not Ste5p

Activation of the FUS1::lacZ reporter by high osmolarity
in Hoglp-deficient strains could in principle occur by
activation of the pheromone response pathway at any
level, from the receptor, Ste2p, to the transcription fac-
tor, Stel2p. To determine at what level the signal from
high osmolarity feeds into the pheromone response path-
way, we analyzed cross talk in hogl mutants defective in
different components of the pheromone response path-
way (Fig. 3C). These hogl strains exhibited two types of
behavior: Those defective also in STE4 or STE5 behaved
like a hogl single mutant and exhibited an essentially
full level of cross talk (74% and 81%b, respectively). In
contrast, hogl strains also defective in STE20, STES50,
STE11, STE7, STE12, or in both FUS3 and KSS1 exhib-
ited no cross talk (<1%). hogl mutants defective in either
FUS3 or KSS1 exhibited osmolarity-induced cross talk
like the hogl single mutant (data not shown), indicating
that Fus3p and Kss1p are functionally redundant for this
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Figure 3. Genetic control of osmolarity-induced cross talk using FUS1::lacZ as a reporter. Cultures of log phase yeast strains were
shifted to the indicated media for 5 hr (6 hr for B) and harvested. 3-Galactosidase assays were done in triplicate, and the average + s.D.
of three experiments is shown. LacZ activity is plotted in Miller units. (A) Dependence of osmolarity-induced cross talk on inacti-
vation of the HOG pathway. Strains SO329 (wild type), SO330 (hogl), SO382 (pbs2), SO351 (shol), SO352 (sskl), SO354 (ssk2 ssk22),
S0O353 (shol sskl), SO355 (shol ssk2 ssk22), and SO385 (gpd1) were tested. (B) Hoglp kinase activity and phosphoacceptor sites are
required to prevent cross-activation of FUS1::lacZ in response to 1 m sorbitol. Strain SO330 (hogl FUS1::lacZ) was transformed with
an empty vector (pRS316) or low-copy HOG1-containing plasmids: HOG1 (pJB15), hogl-K52R (pJBM3), hogl-T174A (pJBM4), or
hogl-Y176F (pJBM2). Two independent transformants were assayed for each plasmid. (C) Dependence on the pheromone response
pathway for osmolarity-induced cross talk in hogl mutants. Strains SO329 (wild type), SO330 (hogl), SO331 (hogl ste4), SO391 (hogl
ste20), SO373 (hogl ste50), SO332 (hogl ste5), SO333 (hogl stell), SO334 (hogl ste7), SO335 (hogl fus3 kss1), and SO143 (hogl stel2)
were analyzed. (D) Dependence on the Sholp osmosensor for osmolarity-induced cross talk in hogl mutants. The strains tested were
S0O329 (wild type), SO330 (hogl), SO383 (hogl pbs2), SO384 (hogl sskl), SO358 (hogl ssk2 ssk22), SO356 (hogl shol), SO357 (hogl
shol ssk1), SO359 (hogl shol ssk2 ssk22).

pathway (see Cook et al. 1997; Madhani et al. 1997).
These observations show that the pheromone response
MAPK cascade and downstream transcription factor
Stel2p are necessary for osmolarity-induced cross talk,
as are Ste20p and Ste50p, which play an imperfectly de-
fined role in activating Stellp (Ramer and Davis 1993;
Wau et al. 1995; Xu et al. 1996). In contrast, Ste4p, the G
component of the heterotrimeric G protein, and Ste5p,
the scaffold for the MAPK module, are not required. a/a
hogl/hogl diploids, which do not express STE4 or STE5
(see Bardwell et al. 1994), also exhibit cross talk (data not
shown). These observations indicate that the signal for
activating transcription of FUS1::lacZ in hogl mutants

enters the pheromone response pathway after Ste4p and
Ste5p and prior to Ste20p and Ste50p.

Only one of the known osmosensors, Sholp, is
required for osmolarity-induced cross talk

Because activation of the pheromone response pathway
in hogl and pbs2 mutants occurs in response to osmotic
stress rather than being constitutive, we anticipated that
components of the HOG pathway involved in sensing
high osmolarity stress would be required for induction.
To identify these components, we tested strains defec-
tive in both HOG1 and in additional genes of the HOG
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pathway. Strains defective in both HOG1 and PBS2, as
expected, behaved the same as singly defective strains
(Fig. 3D). Inactivating the SInlp branch of the pathway,
as in hogl sskl and hogl ssk2 ssk22 strains, similarly did
not affect the level of cross talk. In contrast, hogl strains
defective in SHO1 exhibited a 78% reduction in cross
talk. Cross talk exhibited by pbs2 mutants was similarly
reduced by a mutation in SHOL1 (data not shown). Inac-
tivation of the SInlp branch in the hogl shol strain by
deleting SSK1 or SSK2 and SSK22 did not reduce cross
talk further. These results indicate that the major source
of the high osmolarity signal that triggers the pheromone
response pathway in hogl mutants is the Sholp branch,
which shares components with the pheromone response
pathway (see below). The observation that osmolarity-
induced cross talk in hogl shol ssk1 mutants remains at
16% of the full level, much higher than observed in hogl
stell or hogl ste50 mutants (Fig. 3C), leads us to propose
the existence of a third osmosensing branch in addition
to Sholp and SIinlp (see Discussion).

High osmolarity induces shmoo formation and mating
in hogl mutants

The pheromone response pathway governs not only in-
duction of FUS1::lacZ but also mediates cellular mor-
phology changes and mating. To determine whether os-
molarity-induced activation of the pheromone response
pathway exhibited by hogl mutants extends to these
processes, we first examined the ability of high osmolar-
ity to induce morphological alterations (formation of
pear-shaped cells, shmoos) characteristic of pheromone-
treated cells. Shmoos formed by wild-type yeast in re-
sponse to a-factor are shown in Figure 4 (middle row), in
contrast to the budded morphology of cells grown in the
absence of pheromone (Fig. 4, top row). Exposure of wild-
type yeast cells to 1 m sorbitol had no effect on their
morphology (Fig. 4, bottom row). In contrast, 1 m sorbitol
induced hogl and pbs2 mutants to form shmoo-like
cells, a response that required functional SHO1 and
STE12 genes (Fig. 4, bottom row). In other studies, we
have observed that STE20, STE11, STE7, and FUS3 or
KSS1 are required for this morphological response in
hogl strains, whereas STE4, STE5, PBS2, SSK1, SSK2,
and SSK22 are not (S. O’Rourke, unpubl.). A strain de-
fective in SSK1 and SHO1 did not exhibit a morphologi-
cal change in response to 1 m sorbitol (Fig. 4, bottom

wild type hogl sl

Figure 4. High osmolarity induces a shmoo-

like morphology in hogl and pbs2 mutants. YEPD
(Top row) Cells incubated in YEPD liquid
medium; (middle row) cells treated with a-
factor in YEPD for 2 hr; (bottom row) cells
treated with 1 m sorbitol in YEPD for 6 hr.
Strains SO329 (wild type), SO330 (hogl),
S0O382 (pbs2), SO353 (sskl shol), SO143
(hogl stel2), and SO356 (hogl shol) were YEPD
grown to log phase and shifted into fresh =1 M sorbitol
liquid media as indicated.

YEFD
+ o -Eackor

2878 GENES & DEVELOPMENT

1
o

row), just as this strain did not exhibit a high level of
FUS1:lacZ induction when stimulated with 1 m sorbi-
tol.

Having found that high osmolarity can induce expres-
sion of FUS1::lacZ and a shmoo-like morphology in hogl
mutants, we tested whether high osmolarity could also
restore mating to hogl strains also defective in various
genes required for mating. Wild-type and hogl strains
mated efficiently in both the presence and absence of 1 m
sorbitol (Table 1). As expected, HOGL1 strains defective
in STE4, STE5, STE11, STE7, STE12, or both FUS3 and
KSS1 were defective in mating in the presence or absence
of 1 m sorbitol (Table 1; data not shown); hogl strains
defective in different STE genes exhibited three different
responses: (1) hogl strains defective in STE11l, STE7,
STE12, or FUS3 and KSS1 were defective in mating both
in the presence and absence of 1 m sorbitol (Table 1; data
not shown); (2) the substantial residual mating exhibited
by hogl ste20 strains ([1L0% that of hogl STE20 strains)
was reduced >70-fold by 1 m sorbitol (1 m sorbitol also
reduced mating of the HOG1 ste20 strain 4-fold); and (3)
mating by hogl ste4 was increased 670-fold in the pres-
ence of 1 m sorbitol, from 2.7 x 1077 to 1.8 x 10™*. An
even more striking improvement in mating was dis-
played by the hogl ste5 strain, which exhibited a 16,000-
fold increase in mating in the presence of 1 m sorbitol,
from 1.6 x 1077 to 2.6 x 1073, The improved mating due
to 1 m sorbitol resulted from osmolarity-induced cross
talk, as it was dependent on SHO1: The hogl shol ste4
strain mated equally poorly in the absence or presence of
1 m sorbitol, and the hogl sho1l ste5 strain exhibited only
a threefold improvement in mating in the presence of 1
M sorbitol. Interestingly, 1 m sorbitol slightly improved
mating by a HOG1 ste4 strain (a 4.5-fold incease), sug-
gesting that a low level of osmolarity-induced cross talk
might also occur in HOGL1 cells. Thus, the mating assays
parallel our results obtained with the FUS1:lacZ and
morphological assays of cross talk: hogl strains defective
in STE4 or STE5 exhibit osmolarity-induced cross talk,
but hogl strains defective in SHO1, STE20, or down-
stream pheromone response pathway genes do not ex-
hibit cross talk.

Ste50p and Ste20p are components
of the Sholp-dependent branch of the HOG pathway

Because STE50 and STE20 are required for osmolarity-

ss5k1 shol

feogl stell

hogl shol
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Table 1. A hogl mutation suppresses the mating defects of ste4 and ste5 strains in the presence of 1 m sorbitol

YEPD + 1 m sorbitol Effect of 1 m
a strains® YEPD mating (%)° mating (%)° sorbitol®
Wild type 585 74 +12 13
ste4 1.4+04x%x107° 6.8+2x107° 4.9
steb 47+2x107® 6.6+2x10° 1.4
ste20 29+0.6 0.79+£0.3 0.27
stell <3.3+2x10°® 53+2x10° —
hogl 6817 63+9 0.93
hogl ste4 27+1x107° 1.8+0.3x1072 670
hogl ste5 1.6+0.6 x107° 0.26 £ 0.08 16,000
hogl ste20 6.6 +2 9.4+3x107? 0.014
hogl stell <3.8+1x10° 1.2+0.7%x107° —
hogl shol 72+8 61+9 0.85
hogl shol ste4 35+2x10°° 3.1+0.8x10°° 0.89
hogl shol ste5 20+2x107° 6.1+4x10"° 3.1

aStrains tested were SO329 (wild type), SO341 (ste4), IH2731 (ste5), IH2735 (ste20), SO336 (stell), SO330 (hogl), SO331 (hogl ste4),
S0O332 (hog1l ste5), SO391 (hogl ste20), SO333 (hogl stell), SO356 (hogl shol), SO344 (hogl shol sted), and SO398 (hogl shol ste5).
PMating efficiency is the number of diploids formed divided by the number of total cells at the end of the experiment. Strains were

mated to wild-type « strain IH1793.

°The effect of 1 m sorbitol was calculated by dividing the mating efficiency on YEPD + 1 m sorbitol by the mating efficiency on YEPD.

induced cross talk (Fig. 3C) and function upstream of
Stellp, we reasoned that these genes may normally
function in the HOG pathway. The role of STE11 in the
HOG pathway is revealed in mutants that are defective
also in the SInlp branch: stell ssk2 ssk22 and stell ssk1
mutants are osmosensitive, as is a shol sskl strain (Po-
sas and Saito 1997; see below). As shown in Figure 5A,
wild-type, sskl, shol, ste50, and ste20 strains grew
equally well on YEPD and YEPD + NaCl plates. In con-
trast, the ste50 ssk1 double mutant was osmosensitive
on YEPD + 1 m NaCl plates, as was the shol ssk1 double
mutant. The ste50 shol double mutant was as osmore-
sistant as the ste50 and shol single mutants (data not
shown), suggesting that Ste50p functions specifically in
the Sholp-dependent branch of the HOG pathway. As
described previously, a ste20 mutation did not increase
osmosensitivity when present in a strain defective for
the SInlp branch (Posas and Saito 1997). We verified this
result in our strain background for growth on YEPD + 1
m NaCl medium. However, we observed that the sskl
ste20 strain was osmosensitive on YEPD + 1.2 m NacCl
medium (Fig. 5A). ste50 and ste20 mutations also caused
osmosensitivity in strains lacking SSK2 and SSK22 (data
not shown).

Because osmosensitivity can arise from a variety of
physiological defects and not necessarily because of in-
ability to activate Hoglp, we tested the role of Ste20p
and Ste50p in the HOG pathway by assessing phosphory-
lation of Hoglp directly. As described previously, incu-
bation of yeast cells in high osmolarity medium results
in tyrosine phosphorylation of Hoglp (Brewster et al.
1993). We utilized an anti-phospho-specific p38 antibody
that recognizes the phosphorylated form of p38 to detect
Hoglp activation. In Figure 5B, we show that the anti-
body recognized phosphorylated Hoglp in extracts from
wild-type yeast treated with 0.7 m NaCl for 5 min, but
not in untreated cells or in extracts prepared from NaCl-

treated hogl or pbs2 mutants. As shown previously for
ssk2 ssk22 strains (Maeda et al. 1995) and in Figure 5B for
sskl strains, Hoglp is phosphorylated efficiently in mu-
tants defective in the SInlp branch, presumably by the
Sholp pathway. However, when SHO1, STE20, STE50,
or STE11 is deleted in an sskl mutant, Hoglp was not
phosphorylated during exposure to 0.7 m NacCl (Fig. 5B).
The inability to phosphorylate Hoglp and the osmosen-
sitivity data indicate that Sholp, Ste20p, Ste50p, and
Stellp all function to transduce the osmotic stress signal
to Hoglp during high extracellular osmolarity. In con-
trast, we found no role for Ste7p in the HOG pathway: A
ste7 sskl double mutant phosphorylated Hoglp in re-
sponse to 0.7 m NaCl and was osmoresistant on medium
containing 1.2 m NaCl (data not shown).

SHOL1 is required for pseudohyphal growth
in wild-type and Hoglp-deficient strains

a/a strains of the X1278b background exhibit pseudohy-
phal growth when starved for nitrogen (on SLAHD me-
dium; Gimeno et al. 1992). Pseudohyphal development
requires STE20, STE11, STE7, KSS1, and STE12 but not
STE4, STE5, or STE18 (Liu et al. 1993; Cook et al. 1997;
Madhani et al. 1997; G. Fink, pers. comm.). a/a hogl/
hogl strains were reported recently to exhibit a hyper-
pseudohyphal phenotype on SLAHD medium, which is
at low osmolarity (Madhani et al. 1997; Fig. 6A, B). We
reasoned that Sholp-dependent cross talk may be re-
sponsible for this hyperpseudohyphal growth. The a/a
hogl/hogl shol/shol strain exhibited greatly reduced
pseudohyphal development (Fig. 6D): Only 0.5% of the
colonies had extensive pseudohyphae, compared to
84.5% of colonies produced by the isogenic SHO1/SHO1
strain (Table 2). The hyperpseudohyphal growth of hogl/
hogl strains thus requires function of Sholp under con-
ditions of low osmolarity. We observed furthermore that

GENES & DEVELOPMENT 2879



O’Rourke and Herskowitz

A

™, Y

| o 1

:Lwﬂﬂ type~, ~ steSD i

!. skl stedl |
\ stedg) :
-a.- o eskl | ss Ir._N__

YEPD YEPD
+ 1M MNalCl 12M Naﬂ
>R
SE F S
FFE FEFFFF
+ NalCl: - + 4+ + + + + + O+
200 —
o — -
T — O ———
6 — - 2
R e e
’ - . <Hogl-F)
w_ - p—p—
——— — - - —-——

Figure 5. Ste50p and Ste20p function in the Sholp branch of
the HOG pathway. (A) Osmosensitivity of ste50 and ste20 mu-
tants. Yeast strains were streaked on YEPD, YEPD + 1 m NacCl,
and YEPD + 1.2 m NaCl plates, as indicated, and grown for 3
days (YEPD), 6 days (YEPD + 1 m NacCl) or 8 days (YEPD + 1.2 m
NaCl), at 30°C to assay growth. SO329 (wild type), SO352
(ssk1), SO351 (shol), SO360 (ste50), IH2735 (ste20), SO353 (sskl
shol), SO361 (sskl ste50), and SO387 (sskl ste20) were exam-
ined. The osmosensitivities of the ste50 ssk1l and ste20 sskl
strains were complemented by low-copy STE50 and STE20 plas-
mids, respectively (data not shown), indicating that the pheno-
types are attributable to the ste50 and ste20 mutations. (B)
Ste50p- and Ste20p-dependent activation of Hoglp in an SSK1-
deficient strain. Yeast cultures were grown in YEPD and treated
with 0.7 m NaCl for 5 min, as indicated, prior to preparing total
protein. The presence of activated Hoglp was visualized by
probing a blot with an anti-phospho-specific p38 antibody as
described in Materials and Methods. Molecular size markers are
shown in kD. Strains analyzed were SO329 (wild type), SO330
(hogl), SO382 (pbs2), SO352 (sskl), SO353 (sskl shol), SO387
(sskl ste20), SO361 (sskl ste50), and SO399 (sskl stell).

HOGT1 strains also require SHO1 for pseudohyphal de-
velopment (Fig. 6C): Only 2% of the colonies formed by
the HOG1/HOG1 shol/shol strain exhibited robust
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Figure 6. Hyperfilamentous growth of hogl/hogl a/« %1278b
strains is dependent on SHO1. (A) wild type
(50O392) + YCplac22, (B) hogl/hogl (SO393)+ YCplac22, (C)
shol/shol (SO394), and (D) hogl/hogl shol/shol (SO395)
strains in the 21278b genetic background were streaked on a
SLAHD plate and grown for 5 days.

pseudohyphal development, and 92.5% lacked pseudo-
hyphae altogether (Table 2). In contrast, 43% of wild-
type colonies exhibited pseudohyphae like those in Fig-
ure 6A, and 31.5% lacked pseudohyphae. These observa-
tions demonstrate that SHOL1 is necessary both for the
hyperpseudohyphal response of hogl/hogl strains as
well as for normal pseudohyphal development in wild-
type strains.

Discussion

The presence of Stellp in three different MAPK path-
ways (the pheromone response pathway, the pseudohy-
phal development pathway, and the HOG pathway; see
Fig. 7) poses the problem of cross talk acutely: What is
the mechanism that restricts Stellp to activate only a
subset of potential targets? We have found that Hoglp,
the MAPK of the HOG pathway, limits activation of the
pheromone response pathway by high osmolarity (cross
talk). In particular, hogl mutants exhibit inappropriate
signaling (diagrammed as a dashed line in Fig. 7), which
is manifested in several different ways: activation of

Table 2. SHO1 is required for pseudohyphal growth

Filamentation (% of total colonies)

Strains® robust weak none
Wild type 43 25.5 31.5
hogl/hogl 84.5 15 0.5
shol/shol 2 6 92.5
hogl/hogl shol/shol 0.5 15 84.5

®a/a 21278b strains assayed were wild type (50392), hogl/hogl
(80393), shol/shol (SO394), and hogl/hogl shol/shol (SO395).
Two hundred colonies were counted for each strain. The SO392
and SO393 strains harbored plasmid YCplac22 to complement
the trpl auxotrophy in these strains. Robust, as in Fig. 6, A and
B; weak, one filament per colony.
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Figure 7. A revised model of the pheromone response, HOG,
and pseudohyphal growth pathways. The diagram shows feed-
back regulation of the Sholp branch of the HOG pathway by
Hoglp. Ste50p and Ste20p are shown as components of both the
pheromone response and HOG pathways. Sholp is shown as a
sensor for both the pseudohyphal growth and HOG pathways.
Processes that occur inappropriately in hogl mutants (osmolar-
ity-induced cross talk to the pheromone response pathway and
hyperpseudohyphal growth) are shown as broken lines.

FUS1::lacZ, induction of shmoo morphology, suppres-
sion of mating defects in ste4 and ste5 mutants, and
hyperpseudohyphal growth. Our studies have focused on
three aspects of this phenomenon. First of all, we have
identified the components of the HOG pathway and the
pheromone response pathway that are required for osmo-
larity-induced cross talk in hogl mutants. Second, we
have exploited features of this cross talk phenomenon to
reveal a role for Ste50p and Ste20p in the HOG pathway
and to suggest the existence of a third input to the HOG
pathway. Finally, our experiments with %1278b strains
suggest that Sholp provides input not only for the HOG
pathway but for the pseudohyphal pathway as well.

Osmolarity-induced cross talk uses components
of the HOG pathway, including some newly
identified components

Osmolarity-induced activation of the pheromone re-
sponse pathway exhibited by hogl mutants begins with
an osmosensing component of the HOG pathway
(Sholp) and culminates with the pheromone response
MAPK cascade. The importance of Sholp is demon-
strated by the observation that mutation of SHO1 causes
a 78% reduction in the level of cross talk in hogl strains.
The SInlp branch of the HOG pathway apparently plays
no role in osmolarity-induced cross talk: hogl mutants
defective in SSK1 or in SSK2 and SSK22 still exhibit high
levels of cross talk.

The finding that Ste50p and Ste20p are required for
osmolarity-induced cross talk in hogl mutants led us to
test their role in the HOG pathway of wild-type cells.
Such a role could be seen in strains lacking the Sinlp
branch of the HOG pathway as measured by osmosensi-
tivity and phosphorylation of Hoglp (Fig. 5). In particu-
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lar, a STE50 mutation caused osmosensitivity in a strain
lacking SSK1. Although prior studies (Posas and Saito
1997) had failed to find a requirement of STE20 in osmo-
tolerance, we observed that ste20 sskl strains are much
more sensitive than STE20 ssk1 strains to 1.2 m NaCl. In
addition to being osmosensitive, the ste20 sskl and
ste50 ssk1 strains similarly failed to activate Hoglp dur-
ing high osmolarity stress, as was found previously for
strains defective for both the SInlp branch (ssk2 ssk22)
and SHO1 or STE11 (Posas and Saito 1997). These obser-
vations indicate that Ste20p and Ste50p are involved in
activation of Stellp in both the HOG and pheromone
response pathways.

The HOG pathway may have a third input branch

Three different observations lead us to propose the exis-
tence of a third input branch to the HOG pathway. First,
in a hogl background, eliminating the two known input
branches to the pathway, by mutation in SHO1 and
SSK1 or in SHO1, SSK2, and SSK22, reduced but did not
eliminate osmolarity-induced cross talk. Second, we ob-
served that shol ssk1 and shol ssk2 ssk22 strains exhib-
ited a significant level of cross talk. Because the cross
talk observed in these strains is osmolarity-induced, it is
clear that an osmosensing function remains active even
in the absence of the two known inputs to the HOG
pathway. Finally, we observed that stell ssk1 and ste50
sskl strains display a stronger osmosensitive phenotype
than shol ssk1 strains (S. O’Rourke, unpubl.), suggesting
that the hypothetical third input to the HOG pathway
feeds into Stellp and Ste50p.

Osmolarity-induced cross talk uses some elements
of the pheromone response pathway, but not Ste5p

As expected, osmolarity-induced cross talk utilizes com-
ponents of the pheromone response pathway in addition
to those shared with the HOG pathway: The MAPK
module and the transcription factor Stel2p are also re-
quired. Given that Sholp is thought to normally activate
Stellp for the osmotic stress response, it is not surpris-
ing that a more upstream component of the pheromone
response pathway, GB (Ste4p), is not required for cross
talk. It is striking that Ste5p is not required for osmolar-
ity-induced activation of the pheromone response path-
way reporter FUS1::lacZ, given that it is required when
the pheromone response pathway MAPK cascade, com-
posed of Stellp, Ste7p, and the MAPK Fus3p, is activated
by pheromone (McCaffrey et al. 1987). This observation
parallels the finding that the MAPK module of the pseu-
dohyphal development pathway, containing Stellp and
Ste7p along with the MAPK Kss1p, also does not require
Ste5p (G. Fink, pers. comm.). These observations lead us
to propose that Sholp may perform some of the same
functions as Stebp, in particular, for linking the activa-
tion of Stellp to the external environment and for acti-
vation of Ste7p. As discussed further below, we propose
that Sholp performs these functions not only during os-
molarity-induced cross talk in hogl mutants, but also
during pseudohyphal growth in wild-type (HOG1) cells.
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hogl mutants induce multiple STE12-dependent
processes

High osmolarity induces all of the same processes in
hogl mutants as are induced by mating pheromones in
wild-type cells. The classical reporter for transcriptional
activation, FUS1::lacZ, is induced more slowly by 1 m
sorbitol than by a-factor, but the levels of induction are
comparable after a few hours (Fig. 2). Likewise, we ob-
served that 1 m sorbitol induces hogl and pbs2 mutants
to form projections similar to those induced by «-factor.
Perhaps most strikingly, high osmolarity improved mat-
ing by ste4 hogl and ste5 hogl mutants 670- and 16,000-
fold, respectively (Table 1). The greater increase seen in
the ste5 mutant than in the ste4 mutant may be due to
roles of Ste4p during mating in addition to stimulating
the MAPK module (Schrick et al. 1997). The ability to
activate the pheromone response MAPK module in the
absence of Stedp and Ste5p using sorbitol as a mating
pheromone offers some novel opportunities to dissect
early steps in the mating pathway.

In contrast to the ability of high osmolarity to improve
mating in ste4 hogl and ste5 hogl mutants, 1 m sorbitol
did not suppress the mating defect of stell hogl, ste7
hogl, fus3 kss1 hogl, or stel2 hogl strains. This lack of
suppression is consistent with the idea that the cross
talk signal enters the pheromone response pathway up-
stream of Stellp.

We observed that the hyperpseudohyphal growth of
hogl/hogl strains (Madhani et al. 1997) is dependent on
SHO1 and thus may represent osmolarity-independent
activation of Stellp by Sholp. To our surprise, we ob-
served that SHO1 is also required for pseudohyphal de-
velopment in wild-type (HOG1) strains. These results
indicate that Sholp provides input to the pseudohyphal
development pathway not only under the unnatural con-
ditions of a hoglp-mutant strain but in wild-type strains
as well. According to this view, the hyperpseudohyphal
growth of hogl/hogl strains would not represent cross
talk but, rather, constitutive activation of the pathway
by loss of a negative regulator (HOG1). It will be of in-
terest to determine whether Sholp and Hoglp respond
not only to osmotic stress but to other stimuli as well. In
Schizosaccharomyces pombe, the pathway that senses
high osmolarity responds to multiple stimuli, including
nutrient limitation (for review, see Banuett 1998).

Hoglp may down-regulate the Sholp branch
of the HOG pathway to limit cross talk

It has been proposed that the presence of Stellp in dif-
ferent protein complexes (with Ste7p, Fus3p, and Ste5p
and with Pbs2p, Hoglp, and Sholp) restricts cross acti-
vation (Posas and Saito 1997). Activated Stellp might
phosphorylate only the MAPKK (Ste7p or Pbs2p) present
within its complex. Evidence that SteSp can sequester
Ste7p comes from the observation that the ability of cer-
tain forms of Ste7p to partially bypass a mutation in the
PKC pathway (bck1) is greater in ste5 mutants than in
STES strains (Yashar et al. 1995). We have shown that
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high levels of cross talk are observed in the complete
absence of Hoglp or with mutant proteins that are de-
fective in its catalytic activity or in its activation. Be-
cause the hogl-K52R and hogl-T174A proteins are ty-
rosine phosphorylated during osmotic stress (Schuller et
al. 1994), they presumably form a complex with Phs2p,
Sholp, and Stellp. If they do form a complex, then scaf-
folding per se appears not be sufficient to maintain signal
specificity. Instead, we propose that phosphorylation of a
target protein by Hoglp is responsible for limiting cross
talk in wild-type strains.

In principle, the target of Hoglp responsible for limit-
ing cross talk might be any component of the osmolar-
ity-induced cross talk pathway (from Sholp to Stel2p). If
Hoglp inhibited a component of the pheromone re-
sponse MAPK cascade or other proteins necessary for
mating, we might expect 1 m sorbitol to inhibit mating
or induction of FUS1::lacZ by a-factor. Such inhibition
has not been observed (Fig. 2; Table 1; S. O’Rourke, un-
publ.). Based on these observations, we suggest that
Hoglp may down-regulate components of the HOG
pathway, specifically the Sholp branch, after stimula-
tion by high osmolarity. Although we cannot rigorously
exclude Ste50p, Ste20p, and Stellp as targets, a particu-
larly appealing possibility is that Sholp is phosphory-
lated by Hoglp.

Feedback regulation of receptor activity by protein
phosphorylation has been well documented for G-pro-
tein-coupled receptors (for review, see Ferguson et al.
1996). We propose that inhibition of the Sholp branch of
the HOG pathway ensures that activation of the path-
way is transient. Sustained activation of the HOG path-
way results in lethality (Maeda et al. 1994; Wurgler-Mur-
phy et al. 1997). Thus, mechanisms that down-regulate
the pathway after the appropriate responses have oc-
curred are essential. The protein phosphatases Ptp2p and
Ptp3p inhibit Hoglp activity (Jacoby et al. 1997; Wurgler-
Murphy et al. 1997), which is sufficient for inhibiting the
Ssklp-dependent branch, as Hoglp is the only known
target of this branch. However, if Hoglp were the only
point of down-regulation, high osmolarity would cause
chronic stimulation of the Sholp branch (including
Ste20p, Ste50p, and Stellp), which could lead to inap-
propriate activation of the pheromone response and
pseudohyphal growth pathways in wild-type cells. We
thus propose that Hoglp plays a critical role in adapta-
tion of yeast to high osmolarity conditions by inhibiting
the Sholp branch of the HOG pathway.

Hall et al. (1996) reported recently that high osmolar-
ity (0.5 m NaCl) can induce the pheromone response
pathway. These workers observed a twofold increase in
phosphorylation of Fus3p on tyrosine-182, which is
phosphorylated by Ste7p (Gartner et al. 1992). Strikingly,
phosphorylation was increased 13-fold after osmotic
shock of a hoglA strain. Hall et al. (1996) interpreted
these observations to indicate that high osmolarity in-
duced cross talk and that this cross talk was inhibited by
the HOG pathway. Other analyses led them to suggest
that this inhibition might be exerted both on Fus3p and
on an additional component. We suggest that this inhi-



bition is mediated by Hoglp acting early in the pathway,
perhaps on Sholp itself. Although there are aspects of
the observations by Hall et al. (1996) that we do not
understand (in particular, why they did not observe in-
duction of FUS1::lacZ by high osmolarity in their hogl
strain), we believe that their findings and ours on cross
talk in hogl strains concern the same phenomenon. In
particular, we propose that the transient activation of
Fus3p observed by Hall et al. (1996) with 0.5 m NaCl
treatment of wild-type strains represents a normal level
of cross activation of the pheromone response pathway
that is subsequently damped by Hoglp.

The observation that mutations in HOG1 and PBS2
allow high levels of cross talk explains prior observa-
tions, particularly on enhanced pseudohyphal develop-
ment exhibited by hogl mutants (Madhani et al. 1997)
and on increased basal expression of the pheromone re-
sponse pathway seen in mutants defective in PBS2
(Stevenson et al. 1995). Our discovery that osmolarity-
induced cross talk works via the Sholp branch of the
HOG pathway made it possible to uncover the role of
Ste20p and Ste50p in this branch of the HOG pathway.
We anticipate that Sholp may communicate similarly
with Ste20p and Ste50p to activate the pseudohyphal
development pathway in wild-type cells.

Materials and methods

Strains, media, and genetic techniques

Yeast strains were grown in YEPD medium (1% yeast extract,
2% Bacto-Peptone, 2% glucose) at 30°C. Synthetic complete
medium (Rose et al. 1990) was used for maintaining plasmids
and selecting gene replacements. p-sorbitol and NaCl (Sigma)
were used at final concentrations of 1 or 1.2 m as indicated. For
a-factor treatments, cells were grown in liquid YEPD medium,
and 0.5 mg/ml «-factor in 0.01 m HCI was added to a final
concentration of 0.005 mg/ml. Yeast transformations were
done by the lithium acetate procedure (Schiestl and Gietz 1989).
Yeast strains (Table 3) were derived from the EG123 strain back-
ground (trpl-1 leu2-3, 112 ura3-52 his4 canl; Siliciano and
Tatchell 1984), except for the X1278b-derived strains SO392,
SO393, SO394, and SO395, and the MATa mating tester
(IH1793). The four 31278b strains were derivatives of RRY1045
(MATa/MATa ura3-52/ura3-52 his3::hisG/his3::hisG leu2:
hisG/LEUZ2trpl::hisG/TRP1), which was obtained from G. Fink
(Whitehead Institute, MIT, Cambridge, MA). Gene disruptions
were confirmed by phenotypic analysis and/or PCR reactions
with gene-specific primers.

Escherichia coli strain DH5a was used for propagation of plas-
mids (Table 4). To construct the shol::TRP1 disruption plasmid,
a 1.7-kb fragment encompassing the SHO1 locus from -392 bp
from the initiating ATG to +229 bp from the stop codon was
amplified from genomic DNA prepared from yeast strain SO329
by PCR using Expand polymerase in Expand buffer no. 1. The 5’
primer had the sequence ATAGACCCTTGAACCTACATA-
TCCG, and the 3’ primer had the sequence GTCAAGTCAAT-
GACATGAGAGTGC. The PCR product was ligated into the
pCR2.1 vector (Invitrogen) to yield pSO19. pSO19 was cleaved
with SnaBl and Clal to remove the entire SHO1 coding region
except for the DNA encoding the 11 carboxy-terminal amino
acids. After treating the cleaved pSO19 with the Klenow frag-
ment, a Klenow-treated, 0.85-kb, BamHI TRP1 DNA fragment
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from YDp-W (Berben et al. 1991) was ligated into the cleaved
pSO19 to yield pSO72. The orientation of the TRP1 gene in
pSO72 was determined to be opposite that of the SHO1 gene.
Treatment of pSO72 with Notl and Spel liberated the
shol:: TRP1 deletion allele that was used for yeast transforma-
tions.

The FUS1:lacZ::LEU?2 integrating reporter gene, from plas-
mid pFC23, was introduced into a wild-type strain (IH1783),
which was crossed to other strains to create isogenic strains
with respect to the FUS1::lacZ::LEU2 gene. For creating the
FUS1::lacZ::leu2A reporter, plasmid p307 (LEU2::URAS3::leu24)
was transformed into yeast containing the FUS1::lacZ::LEU2
reporter and plated on synthetic complete medium lacking ura-
cil. Strains were then patched onto 5-fluoro-orotic acid plates to
select for loopouts of the URA3 gene (Boeke et al. 1984). A leu2
isolate was used in subsequent crosses to obtain strains con-
taining the FUS1::lacZ::leu2A reporter gene. The activity of the
FUS1::lacZ reporter gene was identical when marked with ei-
ther the LEU2 or leu2A allele.

B-Galactosidase assays

LacZ expression was measured as described previously (Stern et
al. 1984), except that log-phase cells were treated for 5 or 6 hr as
indicated by diluting into fresh medium, medium containing
a-factor, or medium containing 1 m sorbitol prior to harvesting.

Yeast mutagenesis and screening for hogl-like mutants

A FUS1::lacZ a strain (SO329) was mutagenized with methane-
sulfonic acid ethyl ester (Sigma) in four separate pools to 22%-
86% Kkilling and plated on YEPD plates at a density of 300
colonies per plate (Lawrence 1991). After growth for 3-7 days,
colonies were patched onto a YEPD plate at a density of 50/
plate. The plates were incubated at 30°C overnight and replica
plated to a No. 3 Whatman filter on a YEPD + 1 m sorbitol plate
and grown overnight. B-Galactosidase assays were performed on
the filters to identify strains expressing FUS1::lacZ. Of 2400
strains examined, 16 were isolated that induced FUS1::lacZ in
response to 1 m sorbitol. These were tested for complementa-
tion of the FUS1:lacZ induction phenotype by HOG1- and
PBS2-containing plasmids (Brewster et al. 1993). The sensitivity
of the screen was demonstrated by the isolation of one apparent
hogl mutant that exhibited 22% of the cross talk observed for
the hogl deletion strain.

Quantitative mating analysis

Mating efficiencies were performed as described (Valtz and Her-
skowitz 1996), except that 6.0 x 10° log-phase cells were used
per mating reaction, and mating reactions were performed for 24
hr. Additionally, sterile filters containing the mating mixes
were cut in half: One-half was incubated on YEPD, and the
other half was incubated on YEPD + 1 m sorbitol.

Microscopy

Yeast cells were photographed with a Zeiss axioskop micro-
scope with a 100x objective lens. Colonies on plates were pho-
tographed with a Zeiss Axioskop microscope using a 10x objec-
tive lens.

Detection of phosphorylated Hoglp

To assay Hoglp activation, 1.0 ODgy, unit of log phase yeast
was harvested for each strain and concentrated in 1 ml of YEPD
medium. For NaCl treatments, 0.25 ml of 3.5 m NaCl was added
to the cells for 5 min at room temperature in microcentrifuge
tubes. Protein extracts were prepared by centrifuging the tubes
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Table 3. Strains used
Strain Relevant genotype Source
IH1793 MATa lysl Ira Herskowitz (IH)
collection
IH2731 MATa ste5::LEU2 IH collection
IH2735 MATa ste20::TRP1 IH collection
SO143  MATa hogl::hisG stel2::TRP1 FUS1:lacZ::LEU2 this study
SO329 MATa FUS1::lacZ::LEU2 this study
SO330 MATa hogl::hisG FUS1::lacZ:leu2 this study
SO331 MATa hogl::hisG ste4::LEU2 FUS1::lacZ::leu2 this study
SO332 MATa hogl::hisG ste5::LEU2 FUS1::lacZ::LEU2 this study
SO333  MATa hogl::hisG stell::URA3 FUS1::lacZ::LEU2 this study
SO334 MATa hogl::hisG ste7::LEU2 FUS1::lacZ::leu2 this study
SO335 MATa hogl::hisG fus3::URA3 kss1::URA3 FUS1::lacZ::leu2 this study
SO336 MATa stell::URA3 FUSL1:lacZ:leu2 this study
SO341  MATa ste4::LEU2 FUS1::lacZ::leu2 this study
SO344 MATa hogl::hisG shol::TRP1 ste4::LEU2 FUS1::lacZ:leu2 this study
SO351 MATa shol:: TRP1 FUS1:lacZ:leu2 this study
SO352  MATa sskl::LEU2 FUS1:lacZ::leu2 this study
SO353 MATa ssk1::LEU2 shol: TRP1 FUS1::lacZ::leu2 this study
SO354 MATa ssk2::LEU2 ssk22::LEU2 FUS1::lacZ::leu2 this study
SO355 MATa ssk2::LEU2 sk22::LEU2 shol::TRP1 FUS1:lacZ:leu2 this study
SO356  MATa hogl::hisG::URAS3::hisG shol:: TRP1 FUS1:lacZ:leu2 this study
SO357 MATa hogl::hisG::URA3::hisG ssk1::LEU2 shol: TRP1 FUS1:lacZ:leu2 this study
SO358 MATa hogl::hisG::URA3::hisG ssk2::LEU2 ssk22::LEU2 FUS1:lacZ::leu2 this study
SO359 MATa hogl::hisG::URA3::hisG ssk2::LEU2 ssk22::LEU2 shol:: TRP1 FUS1::lacZ::leu2 this study
SO360 MATa ste50::hisG::URA3::hisG FUS1::lacZ::leu2 this study
S0O361 MATa ste50::hisG::URA3::hisG sskl::LEU2 FUS1::lacZ::leu2 this study
SO373 MATa hogl::hisG ste50::hisG::URA3::hisG FUS1::lacZ::leu2 this study
SO382  MATa pbs2::LEU2 FUS1::lacZ:leu2 this study
SO383 MATa hogl::hisG::URA3::hisG pbs2::LEU2 FUS1::lacZ::leu2 this study
SO384 MATa hogl::hisG::URA3::hisG ssk1::LEU2 FUS1:lacZ:leu2 this study
SO385 MATa gpd1:TRP1 FUS1:lacZ::LEU2 this study
SO387 MATa sskl1::LEU2 ste20::TRP1 FUS1:lacZ::LEU2 this study
SO391 MATa hogl::hisG ste20::TRP1 FUS1::lacZ::LEU2 this study
SO392 MATa/MATa leu2/LEU2 this study
SO0393 MATa/MATa leu2/LEU2 hogl::hisG::URA3::hisG/hogl::hisG::URA3::hisG this study
SO394 MATa/MATa leu2/LEU2 shol:: TRP1/shol: TRP1 this study
SO395 MATa/MATa leu2/LEU2 shol::TRP1/shol::TRP1 hogl::hisG::URA3::hisG/hogl::hisG::URAS3::hisG this study
SO398  MATa hogl::hisG::URAS3::hisG ste5::LEU2 shol:: TRP1 this study
SO399 MATa stell::ura3::TRP1 sskl:LEU2 FUS1::lacZ::leu2 this study

Strains SO392-S0O395 are in the 31278b strain background, whose full genotype is trp1 leu2 ura3 his3. All other strains (except IH1793)
are in the EG123 strain background, whose full genotype is trpl leu2 ura3 his4 canl.

for 30 sec and aspirating the supernatants. Cell pellets were
incubated on ice for 5 min prior to resuspension in 150 pl of 1.85
M NaOH, 7.4% B-mercaptoethanol. After incubation for 10 min
on ice, 150 pl ice-cold 50% TCA was added. Samples were in-
cubated on ice for 10 min followed by centrifugation at 4°C for
2 min. Pellets were washed with 1 ml of ice-cold acetone, cen-
trifuged at 4°C for 2 min, and resuspended in 100 pl of 1x sample
buffer containing 1 mm NagVO,. After boiling the samples for 5
min and briefly centrifuging, 15 pl was run on a 10% polyacryl-
amide gel that was transferred to a nitrocellulose membrane.
After blocking the nitrocellulose in 5% BSA, 20 mm Tris (pH
7.5), 428 mm NaCl, 0.2% Tween 20 (TBST) for 1 hr at room
temperature, the membrane was probed with the anti-phospho-
specific p38 antibody (New England Biolabs) in TBST overnight.
Immunoreactivity was localized with the ECL system (Amer-
sham) using horseradish peroxidase-conjugated anti-rabbit sec-
ondary antibodies.
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Table 4. Plasmids used

Hogl MAPK prevents cross talk

Plasmid Description Source/Reference

pRS316 CEN6 URAS3 Sikorski and Hieter (1989)

pJB15 pRS316 + HOG1 Brewster et al. (1993)

pJBM3 pRS316 + hogl-K52R Schuller et al. (1994)

pJBM4 pRS316 + hogl-T174A Schdller et al. (1994)

pJBM2 pRS316 + hogl-Y176F Schuller et al. (1994)

pJB41 pRS316 + PBS2 Brewster et al. (1993)

pste4::LEU2 sted::LEU2 Whiteway et al. (1989)

pDM4U ste50::hisG::URA3::hisG Xu et al. (1996)

pNC202 stell::URA3 Beverly Errede (University of North Carolina, Chapel Hill)
pDH90 ste7::LEU2 D. Higgins and K. Tatchell (Louisiana State University, Baton Rouge)
pBC99 hogl::hisG::URA3::hisG Bruce Cree/lIra Herskowitz (IH) collection

pMA1l1l pbs2::LEU2 Brewster et al. (1993)

pSO72 shol:TRP1 this study

pDSS14 sskl::LEU2 H. Saito (Dana-Farber Cancer Institute, Boston, MA)

pDSS24 ssk2::LEU2 H. Saito

pDYC734 ssk22::LEU2 H. Saito

pUCgpd1:TRP1 gpd1:TRP1 Albertyn et al. (1994)

pFC23 FUS1::lacZ::LEU2 Fred Chang/IH collection

p307 leu2A::URA3 Phil Hieter (University of British Columbia, Vancouver, Canada)
puUT11 ura3A:TRP1 Cross (1997)

YCplac22 CEN4 TRP1 Gietz and Sugino (1988)
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