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regulate Sho1-dependent activation of the Hog1
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The adaptive response to hyperosmotic stress in yeast,
termed the high osmolarity glycerol (HOG) response,
is mediated by two independent upstream pathways
that converge on the Pbs2 MAP Kkinase Kkinase
(MAPKK), leading to the activation of the Hogl MAP
kinase. One branch is dependent on the Shol trans-
membrane protein, whose primary role was found to
be the binding and translocation of the Pbs2 MAPKK
to the plasma membrane, and specifically to sites of
polarized growth. The yeast PAK homolog Ste20 is
essential for the Shol-dependent activation of the
Hogl MAP Kkinase in response to severe osmotic stress.
This function of Ste20 in the HOG pathway requires
binding of the small GTPase Cdc42. Overexpression
of Cdc42 partially complements the osmosensitivity of
ste20A mutants, perhaps by activating another PAK-
like kinase, while a dominant-negative Cdc42 mutant
inhibited signaling through the SHO1 branch of the
HOG pathway. Since activated Cdc42 translocates
Ste20 to sites of polarized growth, the upstream and
downstream elements of the HOG pathway are
brought together through the membrane targeting
function of Shol and Cdc42.

Keywords: Cdc42/MAP kinase/signal transduction/
Ste20/stress response

Introduction

In eukaryotic cells, a variety of external stimuli are
converted to appropriate cellular responses through acti-
vation of a small number of signal transduction modules
termed mitogen-activated protein (MAP) kinase pathways
(for areview see Robinson and Cobb, 1997). In the budding
yeast Saccharomyces cerevisiae, five of these MAP kinase
cascades have been characterized, which respond to such
diverse environmental conditions as the presence of mating
pheromone, changes in osmotic pressure, heat stress and
nutrient availability (for review see Herskowitz, 1995;
Gustin et al., 1998). The MAP kinase cascades are
comprised of three sequentially activated kinases: MAP
kinase kinase kinase (MAPKKK), which activates MAP
kinase kinase (MAPKK), which subsequently activates
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MAP kinase. Once activated, MAP kinase can in turn
activate a set of target proteins, often transcription factors,
such that an appropriate cellular response is generated by
the external signal.

The yeast S.cerevisiae adapts to growth under condi-
tions of increased external osmolarity through activation
of the high osmolarity glycerol (HOG) MAP kinase
pathway (for a review see Gustin et al., 1998). The Hogl
MAP kinase is activated upon osmotic stress by two
independent upstream mechanisms that converge on Pbs2
MAPKK (Maeda et al., 1995). Activation of the pathway
and ultimately phosphorylation of Hogl at conserved
threonine and tyrosine residues initiates the osmo-adaptive
response, which includes efflux of water from the cell and
intracellular accumulation of glycerol (Gustin et al.,
1998). Two transmembrane proteins, Slnl and Shol,
have been identified that can independently mediate
activation of the HOG pathway in response to increased
external osmolarity (Ota and Varshavsky, 1993; Maeda
etal., 1994, 1995). Thus, we will refer to the two upstream
activation mechanisms of the HOG pathway as the SLN1
branch and the SHOI1 branch. The SInl transmembrane
protein, which is a homolog of bacterial two-component
signal transducers, is composed of an N-terminal extra-
cellular domain, a cytoplasmic histidine kinase domain
and a C-terminal receiver domain. Under low osmotic
conditions, the activated Slnl histidine kinase phosphor-
ylates a histidine residue in Sln1, which is then transferred
to an aspartate residue in the SInl receiver domain. The
phosphate is further transferred, via a phospho-relay
mechanism through an intermediary phospho-carrier
protein Ypdl, to another receiver domain protein, Sskl
(Posas et al., 1996). Under high osmolarity conditions,
Sin1 histidine kinase activity is suppressed, leading to the
accumulation of non-phosphorylated Ssk1 (Maeda et al.,
1994; Posas et al., 1996). The unphosphorylated form of
Ssklp in turn activates the MAP kinase cascade composed
of the redundant Ssk2 and Ssk22 MAPKKKs, the Pbs2
MAPKK and the Hogl MAP kinase (see Figure 1).

The SHO1 branch of the HOG pathway has been shown
to require Shol, Stell and Ste50 for transmission of the
osmotic stress signal (Maeda et al., 1995; Posas and Saito,
1997; Posas et al., 1998). The Shol protein comprises four
transmembrane domains near its N-terminus, and a
cytoplasmic SH3 domain that binds a proline-rich motif
near the N-terminus of the Pbs2 MAPKK (Maeda et al.,
1995). In the SHO1 branch, activation of Pbs2 is effected
by its phosphorylation by the Stell MAPKKK (Maeda
et al., 1995; Posas and Saito, 1997). Stell is also a
component of other MAP kinase modules that regulate the
mating response, pseudohyphal development and invasive
growth response (Liu ef al., 1993; Roberts and Fink,
1994). Ste50 is a Stel1-binding protein, and its presence is
essential for activation of Pbs2 by Stel1p (O’Rourke and
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Herskowitz, 1998; Posas et al., 1998; Wu et al., 1999).
Ste50 also has roles in the mating response and the
pseudohyphal growth response (Ramezani Rad er al.,
1992, 1998). Mutation of a single gene that is common to
both branches, namely PBS2 or HOGI, confers severe
osmosensitivity by itself. In contrast, mutants in either the
SLN1 branch (for instance, the ssk2A ssk22A double
mutant) or in the SHO1 branch (shol A4, stel I A or ste50A)
can grow normally under hyperosmotic stress conditions,
because there are two independent branches leading to the
activation of Pbs2 MAPKK. However, mutants that are
defective in both branches, for instance ssk2A4 ssk22A
sholA or ssk2A ssk22A stel 1 A, are osmosensitive (Maeda
et al., 1995; Posas et al., 1998).

Activation of the Stell MAPKKK in response to
nutrient depletion or mating pheromone requires the p21-
activated kinase (PAK) yeast homolog Ste20, which is
believed to activate the MAPKKK by direct phosphoryl-
ation (Wu et al., 1995; Mosch et al., 1996). The Ste20
kinase is known to function downstream of the hetero-
trimeric G-protein associated with the mating factor
receptors (Leberer et al., 1992; Ramer and Davis, 1993).
Two other PAK-like kinases (Cla4 and Skm1) have been
identified in yeast and are thought to function upstream of
MAP kinase modules that regulate polarized growth and
cytokinesis (Cvrckova et al., 1995; Martin et al., 1997).
Deletion of the CLA4 gene alone is non-lethal, but does
produce morphological abnormalities; deletion of both the
CLA4 and STE20 genes, however, is lethal (Cvrckova
etal., 1995). This suggests that, in addition to its role in the
mating response, Ste20 has a role in vegetative growth that
is at least partially redundant with that of Cla4.

Members of the PAK family kinases bind the Rho-like
GTPase protein Cdc42 or Rac through a conserved Cdc42/
Rac interactive binding (CRIB) domain of 16 amino acid
residues (Manser et al., 1994). For example, p65°AK was
first identified in human cells through its activation by
Cdc42 (Manser et al., 1994). In mammalian cells, Cdc42
and Rac regulate cytoskeletal and morphological changes
in response to numerous extracellular stimuli (reviewed in
Hall, 1994). Furthermore, the mammalian stress-activated
MAP kinases, namely JNK1/2 and p38, can be activated
by the Cdc42-induced PAK kinase activity (Bagrodia et al.,
1995; Polverino et al., 1995; Pombo et al., 1995). In yeast,
the GTPase Cdc42, together with its GTP exchange factor
Cdc24 and its target Ste20, is required to establish cell
polarity during the cell cycle, and is involved in cellular
responses to mating pheromone and to nutritional limita-
tion (reviewed in Pringle et al., 1995; Johnson, 1999).
Binding of the activated form (i.e. GTP-bound form) of
Cdc42 to Ste20 localizes Ste20 to plasma membrane sites
at the tip of an emerging bud during vegetative growth, or
at the shmoo tip during the mating response (Peter ef al.,
1996).

We found that Shol is localized to the emerging bud, as
is Cdc42, and that the main function of Shol is to localize
the Pbs2 MAPKK to the cell membrane. Thus, we
investigated the potential role of Ste20 and Cdc42 in the
osmotic stress response, using STE20 alleles that were
either kinase-inactive or in which the CRIB domain was
deleted. We present evidence that Ste20 is required for
osmotic stress signaling via the SHO1 branch of the HOG
pathway. In the absence of Ste20 kinase activity, over-
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Fig. 1. Schematic model outlining the role of Shol, Cdc42 and Ste20
in the HOG MAP kinase pathway. The membrane-bound protein Shol
anchors the Hogl MAP kinase module to the membrane through its
interaction with the Pbs2 MAPKK, which in turn interacts with the
Stell MAPKKK and Hogl MAP kinase. In response to osmotic stress,
Cdc42-bound, membrane-localized Ste20 phosphorylates Stel1, which
leads to the activation of the Pbs2 MAPKK and the Hogl MAP kinase,
and eventually to the osmo-adaptive response. Exactly how osmotic
stress induces Ste20 activation is unclear. S0BD, Ste50 binding
domain; CRIB, Cdc42/Rac interactive binding domain; PPP, proline-
rich sequence.

osmoadaptation

expression of either Cdc42 or another PAK family kinase
Cla4 can substitute for Ste20 function in activation of the
Hogl kinase. The data support a model whereby Shol
anchors the Stel1/Ste50/Pbs2/Hogl MAP kinase module
to the cell membrane site where it can be activated by
Cdc42-bound membrane-localized Ste20 in response to
osmotic stress.

Results

The role of Sho1 in the HOG pathway

Shol is composed of three structural domains: four
transmembrane segments near its N-terminus, an SH3
domain at the C-terminus and a linker domain in between.
The transmembrane segments are essential for Shol
function, since deletion of all four transmembrane seg-
ments completely abolished the ability of SHOI to
complement the sholA mutation, even if overexpressed
(data not shown). We then addressed the question as to
whether the specific sequence of Shol transmembrane
domains was essential for Shol function, or whether any
transmembrane sequence could fulfill the function of
Shol. To distinguish between these two possibilities, we
made a chimeric construct, Ste2-Shol, in which the four
transmembrane segments of Shol are replaced by the
seven transmembrane segments of the o-factor receptor,
Ste2 (see Figure 2A). The Ste2-Shol hybrid could
complement the osmosensitivity of the ssk2A ssk22A
sholA mutant, but not that of the ssk2A4 ssk22A ste50A,
ssk2A ssk22 A stel 1 Aand pbs2 A mutant strains (Figure 2B).
Furthermore, the Ste2—-Shol chimeric protein could induce
tyrosine phosphorylation of Hog1 in response to increased
osmotic stress (Figure 2C). These results clearly indicate
that neither the number nor the specific sequence of the
Shol transmembrane segments is essential for its function
in the osmotic stress response.

We next tested whether targeting of the cytoplasmic
region of Shol to the plasma membrane is sufficient
for Shol function. A Shol variant (Myr—Shol) was
constructed in which the four transmembrane segments
were replaced with an oligopeptide containing the
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Fig. 2. A chimeric protein composed of the transmembrane domains of
Ste2 and the cytoplasmic domain of Shol is functional. (A) Schematic
representation of the wild-type Shol and the Ste2—Shol chimeric
constructs. A region of the STE2 gene encoding the seven trans-
membrane (TM) domains was fused to a region of the SHOI gene
encoding the cytoplasmic linker region and the SH3 domain (residues
146-367). (B) Complementation of sholA mutation by the Ste2-Shol
chimera. Yeast strains MYO007 (ssk2A ssk22A sholA), FP67 (ssk2A
ssk22A ste50A), FP50 (ssk2A ssk22A stel1A) and TM260 (pbs2A) were
transformed with wild-type SHO! (pShol), the STE2-SHO1 chimeric
construct (pSte2—Shol), or the empty vector pYES2 (Vector). Rescue
of the osmosensitive phenotype of this strain was assessed by spotting
transformed cells onto YPD plates containing 1.5 M sorbitol. Although
the Ste2—Shol chimeric protein could functionally substitute for wild-
type Shol, it failed to complement the osmosensitive defect of ste50A4,
stel 1A and pbs2A strains (ssk2A and ssk22A mutations are included in
some strains to inactivate the SLN1 branch of the HOG pathway).
(C) The Ste2-Shol chimera can activate the Hogl MAP kinase with
kinetics similar to wild-type Shol protein in response to external
osmotic stress. The same transformants as in (B) were tested by 4G10
immunoblot assay to detect phosphorylation of the Hogl MAP kinase
before (time 0), and 5, 10, 15 and 30 min after the addition of 0.4 M
NaClL.

N-terminal myristoylation site of Gpal, the Go. subunit of
the trimeric G-protein that mediates the mating response in
yeast. A mutant version (MyrAS—Shol) in which the
myristoylation site Met-Gly-Cys is altered to Met-Ala-Ser
is not membrane-localized and served as a negative
control. These constructs were placed under the control
of the inducible GALI promoter and transformed into an
osmosensitive mutant strain, ssk2A ssk22A sholA. In the
presence of glucose, which represses expression of the
chimeric Myr—Shol protein, the transformed cells are
clearly osmosensitive and fail to grow on media containing
1.5 M sorbitol (Figure 3A). However, in the presence of
galactose, expression of Myr—Shol rescued the osmosen-
sitive phenotype of the host strain; cells expressing the
MyrAS-Shol construct or vector alone failed to grow on
media containing sorbitol. Similarly, in ssk2A ssk22A
shol A cells, expression of the Myr—Shol chimera induced
tyrosine phosphorylation of Hogl after the addition of
0.4 M NaCl, whereas the mutant MyrAS—Sho1 protein and
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Fig. 3. Membrane localization of Shol is necessary and sufficient for
its role in the osmotic stress response. (A) Osmosensitivity of sholA
mutant transformed with the indicated plasmids. pMyr—Shol encodes a
variant of Shol that lacks the four transmembrane domains but does
contain a membrane-targeting myristoylation site. pMyrAS—Shol is a
derivative of pMyr—Shol with a myristoylation-defective mutation.
These constructs were placed under control of the inducible galactose
promoter in the pYES2 vector, and used to transform the yeast strain
MYO007 (ssk2A ssk22A sholA). Thus, expression of the Myr—Shol
constructs is suppressed on glucose media (YPD) and induced on
galactose media (YPGal). Expression of the membrane-targeting
Myr-Shol construct, but not that of the mutant MyrAS-Shol,
complemented the osmosensitive defect of sholA mutation.

(B) Tyrosine phosphorylation of Hogl following the addition of

0.4 M NaCl. The same strains used in (A) were subjected to
immunoblot analysis using anti-phosphotyrosine antibody 4G10.

vector alone failed to do so (Figure 3B). Thus, this result
indicates that membrane targeting of the cytoplasmic
domain of Shol, either through the transmembrane
segments or by myristoylation, is necessary and sufficient
for its role in the osmotic stress response.

We then tested whether the Shol linker segment, which
separates the N-terminal transmembrane domains from the
C-terminal SH3 domain, is essential for Shol function. For
this purpose, we constructed two deletion mutants of the
Ste2—Shol construct, in which one half (Ste2-Shol-A) or
the entire (Ste2-Shol-B) linker sequence is deleted
(Figure 4A). Neither of these deletion mutants comple-
mented the osmosensitivity of ssk2A ssk2A sholA mutant
cells, suggesting that a linker region is essential
(Figure 4B). However, the specific linker sequence was
not found to be critical, because replacement of Shol
linker sequence with an unrelated peptide of similar length
(Ste2-Shol-C) fully reconstituted the Shol function.
These results are consistent with the interpretation that
the role of the linker sequence is as a non-specific spacer
between the membrane segment and the C-terminal SH3
domain.

Finally, we tested whether the Shol SH3 domain has a
role other than binding to Pbs2. This was tested by directly
targeting Pbs2 to the plasma membrane by fusing the Ste2
transmembrane segments and the Shol linker sequence to
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Fig. 4. Requirement for the Shol cytoplasmic linker region and the
SH3 domain for Shol function in the osmotic stress response.

(A) Schematic representation of the Shol constructs used in this
experiment. The pSte2—Shol chimeric construct is described in

Figure 2. Its derivatives, pSte2-Shol-A and pSte2—Shol-B, contain
deletions within the Shol linker region. In pSte2—-Shol-C, the Shol
linker region is replaced with an unrelated sequence of similar length
(150 amino acids) derived from the SLN/ gene. pSte2-Shol-D contains
a truncation of Shol in which the SH3 domain is replaced by the PBS2
coding region. (B) Shol-Ste2 chimeric constructs were transformed
into the yeast strain MY007 (ssk24 ssk22A shol A), and the
osmosensitivity of the transformed cells was tested on YPD plates
containing 1.5 M sorbitol. (C) Tyrosine phosphorylation of Hogl at
various times after the addition of 0.4 M NaCl to the medium. The
same cells used in (A) were subjected to immunoblot analysis using
anti-phosphotyrosine antibody 4G10.

the N-terminus of Pbs2 (Ste2-Shol-D). This construct
lacks any SH3 domain sequence. As shown in Figure 4B,
Ste2—Shol-D could complement the osmosensitivity of
the sholA mutant. It could also induce tyrosine phos-
phorylation of Hogl upon hyperosmotic shock
(Figure 4C). Thus, the sole function of the Shol SH3
domain appears to be binding of Pbs2, and thus target it to
the plasma membrane.

Sho1 is localized to regions of polarized cell
growth

Although the primary function of the transmembrane
domains of Shol appears to be targeting of the Pbs2
MAPKK to the plasma membrane, we sought to identify a
more subtle, regulatory role for these membrane spanning
regions. For this analysis we investigated the localization
of Shol in the cell. In order to determine the localization of
the Shol protein, a genomic copy of the SHO! gene, under
its own promoter, was tagged at the C-terminus with the
green fluorescent protein (GFP) coding sequence, and
placed in a low copy-number (CEN) vector to construct the
pSHO1-GFP plasmid. The use of the native SHOI
promoter and a low-copy vector ensures that the level of
Sho1-GFP expression is within physiological levels. This
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Fig. 5. Localization of Shol to sites of polarized growth. Localization
of the Shol protein was determined using a Shol-GPF fusion construct
(pSHO1-GFP). Expression of the Shol-GFP fusion protein is
maintained at physiological levels by using a low copy-number vector
(pRS416) and the promoter of the SHO! gene itself. (A) The majority
of the Shol-GFP protein is localized to the incipient bud (top panel),
and to the plasma membrane of the growing bud (lower panels), during
vegetative growth. pSHO1-GFP is expressed in the yeast strain FP66
(sholA), and exponentially growing cells in YPD medium were
examined by fluorescence microscopy. (B) Shol-GFP is localized at
the shmoo tip during the mating response. pSHO1-GFP is expressed in
the wild-type strain TM141 in the presence of 3 UM o mating factor.

Sho1-GFP fusion protein could rescue the osmosensitivity
of ssk2A ssk22A sholA mutant cells, indicating that it is
functional (data not shown).

Examination of exponentially growing cultures of
sholA cells transformed with the pPSHO1-GFP construct
revealed a marked asymmetric distribution of the Shol—
GFP protein. Shol-GFP was clearly localized to the bud in
G,-S cells, and was particularly enriched in the plasma
membrane of the emerging bud (Figure 5A). The protein
appeared more diffusely distributed throughout the
cytoplasm of the mother cell, perhaps associated with
vacuolar membranes. To determine whether this asym-
metric distribution of Shol-GFP was related to polariza-
tion of cell growth, wild-type cells transformed with
pSHO1-GFP were incubated in the presence of o mating
factor. This produces an altered cell morphology whereby
cells of the a mating type (such as TM141) arrest in the G,
phase of the cell cycle and polarize their growth, forming a
characteristic shmoo. In the presence of o mating factor,
Shol-GFP was localized to sites of active polarized
growth, and specifically to the shmoo tip (Figure 5B).
These observations are of particular interest in the light of
previous findings that both Ste20 and Cdc42 are also
localized to the bud in G;-S cells and to the shmoo tip in
cells treated with mating factor (Ziman et al., 1993;
Leberer et al., 1997). More recently, the Cdc24 guanine
nucleotide exchange factor for the Cdc42 GTPase was also
shown to translocate from the nucleus to the bud and
shmoo tip (Toenjes ef al., 1999; Nern and Arkowitz, 2000;
Shimada et al., 2000).

PAK-like kinases Ste20 and Cla4 are involved in
the SHO1 branch of the HOG pathway

The above finding that the major role of Shol is to
translocate Pbs2 to specific sites on the plasma membrane
suggests that the Shol-dependent activation of Stell and
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Fig. 6. Deletion of the STE20 gene in cells which are defective for the
SLNT1 branch of the HOG pathway (in this case, ssk24 ssk22A double
mutant) leads to osmosensitivity with galactose but not dextrose, as the
sole carbon source. Wild-type strain TM141 (WT), and mutant strains
FP58 (ste204), TM252 (ssk2A ssk22A) and DR76 (ssk2A ssk22A
ste20A4) were streaked onto rich media containing 2% glucose (YPD)
or 2% galactose (YPGal) with or without 1.5 M sorbitol.

Pbs2 is effected by factors that are localized to similar
membrane locations. We will demonstrate that at least one
such factor is membrane-associated Cdc42. Furthermore,
the yeast PAK homologs Ste20 and Cla4, which bind
Cdc42, are involved in this process.

Recently, evidence has been presented for a role of the
yeast PAK homolog Ste20 in the Hogl MAP kinase
pathway (O’Rourke and Herskowitz, 1998). It was shown
that a ssk/A ste20A mutant was sensitive to conditions of
extreme osmotic stress, such as the presence of 1.2 M
NaCl, but not sensitive to less severe conditions, such as
1.0 M NaCl. The ssklA mutation alone did not confer any
osmosensitivity. Consistent with these observations, other
ste20A mutants (such as ssk2A4 ssk22A ste20A) could grow
normally on rich media containing 1.5 M sorbitol (whose
osmotic strength is <1.0 M NaCl) (Posas and Saito, 1997).
A more systematic examination revealed that ste20A cells
that have additional mutations in the SLNI branch
exhibited an enhanced osmosensitivity when grown in
media containing galactose rather than glucose. Thus,
ssk2A ssk22 A ste20A mutant cells can grow on YPD media
containing 1.5 M sorbitol but fail to grow on YPGal media
containing 1.5 M sorbitol (Figure 6). The corresponding
ssk2A ssk22A STE20% or SSK2+ SSK22* ste20A mutant
cells, which are defective in only one of the upstream
branches of the HOG pathway, could grow normally on
either medium. Possible mechanisms of the galactose
effect will be discussed later (see Discussion).

The significantly weaker osmosensitivity of ste20A4
mutants relative to that of the hoglA or pbs2A mutants
suggests that another factor, perhaps a kinase related to
Ste20, may partially complement the lack of Ste20. It was
of interest, therefore, to determine whether another yeast
PAK homolog, Cla4, which also binds Cdc42 (Benton
et al., 1997), could rescue the osmosensitivity of the ssk2A4
ssk22 A ste20A triple mutant cells. Expression of CLA4 on
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Fig. 7. Overexpression of Cdc42 or the PAK homolog Cla4 rescues the
osmosensitive phenotype caused by a ste20A mutation. Strain DR76
(ssk2A ssk22A ste20A) was transformed with the galactose promoter
containing pYES2 (Vector), wild-type CDC42 inserted into pYES2
(Cdc42) or a high copy-number plasmid, pCC1079 (Chen et al., 1997)
containing the wild-type CLA4 gene under its own promoter (Cla4).
Transformants were streaked onto YPGal or on YPGal containing 1.5 M
sorbitol and incubated at 30°C.

a high copy plasmid was found to rescue the osmosensi-
tivity of the mutant strain (Figure 7), indicating that
overexpression of Cla4 can complement the osmosensitive
defect of a ste20A mutation. Because the ste20A cla4A
double mutation is lethal, we could not test the effect of the
double mutation on the HOG pathway.

Both Ste20 kinase activity and its Cdc42-binding
domain are required for activation of the HOG
pathway

In yeast, the small Rho-type GTPase protein Cdc42 has
been shown to directly bind to two PAK-like kinases,
Ste20 and Cla4 (Cvrckova et al., 1995; Peter et al., 1996;
Benton et al., 1997; Leberer et al., 1997). Yeast cells that
are defective in Cdc42 activity show defects in pheromone
response, polarized growth and the invasive growth
response (Simon et al., 1995; Zhao et al., 1995; Mdosch
et al., 1996). In order to define more precisely the role of
Ste20 in the osmotic stress response, we analyzed the
ability of various mutant forms of STE20 to rescue the
osmosensitivity caused by a ste20A mutation (the mutant
also contains the ssk2A4 and ssk22A mutations to inactivate
the SLN1 branch). In this regard, two specific domains of
Ste20 were of particular interest, namely the C-terminal
kinase domain and a region of 36 amino acids between
residues 334369, which is the CRIB domain conserved in
members of the PAK-family kinases (Manser et al., 1994;
Leberer et al., 1997). Yeast strain DR76 (ssk2A ssk22A
ste20A) was transformed with high copy-number plasmids
expressing either wild-type Ste20, a kinase-inactive
mutant Ste20%¥/4, in which the catalytically essential lysine
residue Lys649 is converted to alanine, or a CRIB site
deletion mutant Ste20ACRB (Leberer et al., 1997). The
ability of these STE20 alleles to restore growth of ssk2A
ssk22 A ste20A cells on galactose medium containing 1.5 M
sorbitol was then assessed (Figure 8A). While the
expression of wild-type Ste20 clearly rescued the growth
defect of DR76 on CAGal + 1.5 M sorbitol medium, both
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Fig. 8. Both the kinase activity and the CRIB domain of Ste20 are
required for the osmotic stress response mediated by the SHO1 branch
of the HOG pathway. (A) Strain DR76 (ssk2A4 ssk22A ste204) was
transformed with a multicopy (2 wm) plasmid containing either wild-
type STE20, the kinase inactive STE20XA allele or the STE20ARB
mutant allele lacking the Cdc42-binding domain. Transformants were
streaked onto selective media containing galactose as the sole carbon
source in the absence (upper panel) or presence (lower panel) of 1.5 M
sorbitol. Whereas wild-type STE20 could rescue the osmosensitivity
of the ste20A4 strain DR76, both mutant alleles of STE20 and the

high copy-number expression vector alone failed to suppress the
osmosensitive phenotype. (B) Activation of the Hogl MAP kinase by
osmotic stress in the transformants detailed in (A) was determined by
immunoblot analysis using the 4G10 anti-phosphotyrosine antibody.
Exponentially growing cultures were harvested before (0), or at the
indicated times after, the addition of 0.4 M NaCl, and subjected to
immunoblot analysis.

Ste20%/A and Ste20ACRB failed to restore growth under
these conditions of osmotic stress.

To investigate further the requirement of both Ste20
kinase activity and binding of Cdc42 in the osmotic stress
response, we directly assayed Hogl phosphorylation in
response to osmotic stress by immunoblot analysis. Thus,
the ssk2A ssk22 A ste20A strain was transformed with either
vector alone, or a plasmid expressing wild-type Ste20,
kinase inactive STE20X/A or Ste20ACRE. The ssk2A ssk22A
ste20A cells were defective for Hogl activation in response
to the addition of 0.4 M NaCl (Figure 8B, lanes 1-3).
Furthermore, tyrosine phosphorylation of Hog1 in response
to osmotic shock was dependent on both Ste20 kinase
activity and the presence of the Cdc42-binding domain,
since Ste20 mutants defective in either kinase activity or
Cdc42 binding failed to induce Hogl phosphorylation
(Figure 8B, lanes 4-9). These results therefore suggest an
essential role of both Ste20 kinase activity and its ability to
bind Cdc42 in the SHO1 branch of the HOG osmosensing
pathway. In clear contrast, only Ste20 kinase activity, but
not the Cdc42 binding, was implicated in mating phero-
mone signal transduction (Leberer et al., 1997).

Dominant-negative CDC4277%8 inhibits the SHO1
branch of the HOG pathway

As a member of the Ras superfamily of low molecular
weight GTP-binding proteins, Cdc42 cycles between the

4628

GDP-bound (inactive) form and the GTP-bound (active)
form. The activated form of Cdc42 is localized to
membrane sites at the bud neck and shmoo tips (Ziman
et al., 1993). Membrane association is aided by geranyl-
geranyl modification of the conserved Cys188 within the
consensus Cys-Ala-Ala-Xaa motif at the C-terminus;
mutation of this conserved cysteine residue to alanine
(A188) blocks the membrane translocation of Cdc42. The
CD(C424188 mutant is not only inactive, but also exerts a
dominant inhibitory effect, perhaps by abortively inter-
acting with the GTP/GDP exchange factor Cdc24. Other
Cdc42 mutants, such as CDC42V!2, lock the protein into a
GTP-bound conformation and therefore into a constitu-
tively active state. To further determine the potential role
of Cdc42 in the HOG pathway, we performed phospho-
tyrosine immunoblot assays to analyze the effect of
overexpressing the dominant-active CDC42V/? and the
dominant-negative CDC4241%8 alleles (Ziman et al.,
1993).

The effect of overexpression of dominant-negative
Cdc422188 on Hogl activation in wild-type cells, in
which both the SLN1 and SHOI branches are intact, was
compared with that in ssk2A4 ssk22A mutant cells, in which
only the SHO1 branch is functional. Galactose-induced
overexpression of the dominant-negative CDC424/58 allele
substantially reduced Shol-dependent Hogl phosphoryl-
ation in response to osmotic stress (Figure 9A, lower
panel). In contrast, overexpression of CDC424/88 in wild-
type cells, with a fully functional SLN1 branch of the
pathway, did not significantly affect Hogl activation in
response to stress (Figure 9A, upper panel). Conversely,
overexpression of the dominant-active CDC42"V'? induced,
albeit weakly, Hogl phosphorylation in the absence of
osmotic stress (Figure 9B). This effect seemed to be
specific to the Cdc42 GTPase, since galactose-induced
expression of the dominant-active form of the Rho GTPase
(RHOI9"”) had no effect on Hogl phosphorylation
(Figure 9B). These data, however, do not exclude the
possibility that this weak Hogl activation is an indirect
effect of non-specific cellular changes caused by Cdc42V12
overexpression. Finally, we tested whether overexpression
of wild-type Cdc42 could rescue the osmosensitivity of
ssk2A ssk22A ste20A cells. Expression of wild-type
CDC(C42 under the control of the galactose promoter on a
high copy-number plasmid was found to rescue the
osmosensitivity of the triple deletion mutant strain
(Figure 7). This effect is likely to be mediated by the
enhanced activation of Cla4 by overexpressed Cdc42.
These data presented above suggest a direct and specific
role for the Cdc42 GTPase in the activation of the Shol—
Ste20-Stel1 branch of the HOG MAP kinase pathway.

Discussion

Activation of the Hogl MAP kinase pathway is initiated
by either of two independent upstream pathways; the Slnl
transmembrane histidine kinase is required for activation
of the Ssk2 and Ssk22 MAPKKKSs, while the Shol
transmembrane protein mediates activation of the Stell
MAPKKK. Here, we have demonstrated that targeting of
the Pbs2 MAPKK to appropriate membrane sites is the
major role of the Shol transmembrane protein. Through
the use of chimeric proteins containing the cytoplasmic
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Fig. 9. Effect of dominant-active and dominant-negative CDC42 on
Hogl activation. (A) The dominant-negative CDC424/8 allele inhibits
the SHOI branch of the HOG pathway. Wild-type strain TM141
(SSK2+ SSK22*) and a mutant strain TM252 (ssk2A ssk22A) were
transformed with an expression plasmid pYES2 with a galactose-
inducible promoter (Vector), or pYES2 containing the dominant-
negative CDC424/88 allele (pCDC424!%8). Expression of the CDC424158
allele was induced by the addition of 2% galactose to exponentially
growing cultures containing non-repressing raffinose as carbon source.
Two-and-a-half hours after the addition of galactose, the ability of the
cells to activate the HOG pathway was determined by monitoring Hog1
tyrosine phosphorylation following osmotic shock. Samples were taken
before (time 0), and at 5 and 10 min after the addition of 0.4 M NaCl
for 4G10 immunoblot analysis. Expression of the dominant-negative
CDC424188 gllele significantly inhibited signaling through the SHO1
branch of the HOG pathway in ssk2A4 ssk22A cells. In contrast,
activation of Hogl was unaffected in wild-type cells (SSK2* SSK22*),
in which the SLN1 branch is intact. (B) Expression of the dominant-
active CDC42V"? allele activates the HOG pathway in the absence of
osmotic stress. Strain TM252 (ssk2A ssk22A) was transformed with
galactose-inducible constructs of dominant-active CDC42"/2 or
dominant-active RHO1"V!?. Hogl activation was assessed as above

by 4G10 immunoblot analysis. Exponentially growing cells in
non-inducing raffinose media (time 0) were either untreated (-) or
treated with NaCl for 5 min (+) as controls for baseline and maximal
Hogl activation, respectively. At the indicated times after addition of
2% galactose to induce expression of RHOIV!? or CDC42"'2, samples
were harvested (without osmotic shock) for 4G10 analysis. At 6 h of
CDC42V"2? expression, weak, but significant, phosphorylation of the
Hogl kinase was detected in the absence of osmotic stress.

domain of Shol fused to unrelated membrane localization
domains, we showed that membrane localization of the
Shol cytoplasmic domain was necessary and sufficient for
its role in the osmotic stress response. Furthermore, it was
found that once Pbs2 MAPKK is targeted to the mem-
brane, no specific part of Shol is required for HOG
pathway activation. Using a Shol-GFP fusion protein we
found that Shol was enriched in the emerging bud of
vegetatively growing cells and the shmoo tip during the
mating response. Thus, we propose that the primary role of
Shol is to localize the Pbs2 MAPKK to the plasma
membrane, specifically to sites of polarized growth.
Because Pbs2 also binds Stell and Hogl (Posas and
Saito, 1997), and Stell constitutively binds Ste5S0 (Posas
et al., 1998), it is possible that the entire complex
composed of Stell, Ste50, Pbs2 and Hogl is localized to
the plasma membrane site by Shol (see Figure 1). The
function of Shol as a membrane-bound anchor of the
HOG1 MAP kinase pathway, although integral to the
osmosensing mechanism, does not constitute an osmo-
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sensor per se. Clearly, activation of other as yet uniden-
tified elements of the pathway, in addition to the
appropriate localization of the Stel1-Pbs2-Hog1 module,
is required for cellular adaptation to osmotic stress.

The pseudohyphal growth pathway and the HOG
pathway share several upstream elements, namely
Cdc42, Ste20, Stell, Ste50 and, interestingly, Shol
(Roberts and Fink, 1994; Mosch et al., 1996; O’Rourke
and Herskowitz, 1998). Their signal specificity appears to
derive from the activation of distinct MAPKKs and
MAPKSs, namely Ste7 and Kssl, in the case of pseudo-
hyphal growth (Madhani et al., 1997), and Pbs2 and Hogl
in the HOG pathway. There does not appear to be any
requirement for Pbs2 in the pseudohyphal pathway,
however, suggesting that Shol may have an additional
role in pseudohyphal development distinct from that in the
osmotic stress response.

In this paper, we have shown that activation of Hogl by
the SHOI1 branch requires the yeast PAK homologs Ste20
and Cla4, and the small GTPase Cdc42. The PAK-like
Ste20 kinase is involved in a number of signal transduction
pathways in yeast, for instance the pseudohyphal and
invasive growth response, as well as in the mating
response (Herskowitz, 1995). Evidence for a requirement
for Ste20 for growth under conditions of extreme
hyperosmolarity was also presented recently (O’Rourke
and Herskowitz, 1998). Here we show that cells with a
defect in the SLN1 branch of the HOG pathway combined
with a deletion of STE20 (for example ssk2A ssk22A
ste20A) fail to grow on media containing 1.5 M sorbitol
with galactose as the carbon source. However, these cells
can grow in the presence of 1.5 M sorbitol with glucose as
the carbon source (Figure 6). Since this strain can grow on
galactose-containing media in the absence of sorbitol,
there appears to be no defect in galactose metabolism per
se. This differential osmosensitivity could be accounted
for by a number of possible factors. First, altered Ras2
activity could affect the activation of Cdc42 and Ste20, as
was found for the pseudohyphal pathway (Mdsch et al.,
1996; Lorenz and Heitman, 1997). Alternatively the
reduced levels of cAMP in galactose media might affect
cellular stress responses through altered protein kinase A
activity or localization (Gancedo, 1998; Griffioen et al.,
2000). Growth on galactose rather than glucose may in
addition affect the expression or activity of a gene
redundant with STE20. Finally, it is also possible that
the galactose effect is simply caused by the combination of
a poorer carbon source and elevated osmotic stress. Under
conditions of moderate stress, for instance on YPD
containing 1.5 M sorbitol, ste204 cells can survive,
perhaps through activation of another Cdc42-binding
PAK-like kinase, Cla4. This activity may provide suffi-
cient activation of the Hogl pathway to allow growth
under moderate conditions, but not under more severe
conditions of osmotic stress (O’Rourke and Herskowitz,
1998). Indeed, if overexpressed, Cla4 can fully comple-
ment the osmosensitive defect of sfe20A4 mutants.

A role of Cdc42 in the SHOI branch of the Hogl
pathway was implicit in the failure of the Ste20 CRIB
deletion mutant to complement a ste20A strain, and was
more directly demonstrated by the effect of expressing
dominant-active and dominant-negative forms of Cdc42
on Hogl activation. Overexpression of the constitutively
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activated, membrane-localized form of Cdc42 (CDC42V12)
weakly activates the Hogl pathway in the absence of
external stress, whereas expression of the dominant
inhibitory form (CDC424/88), which cannot be membrane
localized, significantly reduced activation of Hogl in
response to osmotic stress. While these results suggest that
Cdc42 is involved in Hogl activation, it also suggests that
active Cdc42 alone is not sufficient for robust Hogl
activation. Thus, involvement of additional factors seems
likely.

Cdc42-binding is not required for Ste20 kinase activity
itself. Indeed, signaling in response to . mating factor is
not affected by deletion of the Cdc42-binding domain in
Ste20 (Peter et al., 1996). However, the Cdc42-binding
domain does appear essential for Ste20 activity in the
pseudohyphal/invasive growth response and for the sup-
pression of the cell cycle defect of a ste20A cla4A mutant
(Peter et al., 1996; Leberer et al., 1997). Similarly, our
results indicate that the function of Ste20 in the Hogl
MAP kinase pathway requires Cdc42 binding (Figure 8).
Cdc42 binding is required for localization of the Ste20
kinase to the emerging bud during the G;—S phase of the
cell cycle and to the shmoo tip during the mating response
(Peter et al., 1996; Leberer et al., 1997). Thus, we propose
that appropriate localization of Ste20, as mediated by
binding of Cdc42-GTP, is essential for the function of the
Ste20 kinase in the Hogl MAP kinase pathway.

The data are consistent with a model whereby activation
of Cdc42 brings Ste20 into close proximity to the Hogl
MAP kinase module and thereby facilitates its activation,
presumably through phosphorylation of the Stell
MAPKKK (see Figure 1). Furthermore, our data suggest
a unique role for the SHO1 branch of the HOG pathway
during periods of polarized growth. During shmoo forma-
tion towards a mating partner or during bud emergence,
Shol may localize the Hogl MAP kinase cascade to the
site of polarized growth. This will allow the cell to monitor
increased osmotic stress in those vulnerable regions of the
cell undergoing morphological change and new cell wall
deposition.

Materials and methods

Yeast strains

The following yeast strains, which are all isogenic, were used: TM141
(MATa ura3 leu2 trpl his3); TM252 (MATa ura3 leu2 trpl ssk2::LEU2
ssk22::LEU2); TM257 (MATo. wura3 leu2 trpl his3 ssk2::LEU2
ssk22::LEU2); TM260 (MATa ura3 leu2 trpl pbs2::LEU2); DR76
(MATa leu2 ura3 trpl ssk2::ura3::Neo ssk22::ura3::Neo ste20::TRPI);
FP50 (MATa ura3 leu2 his3 ssk2::LEU2 ssk22::LEU2 stell::HIS3);
FP58 (MATa ura3 leu2 trpl his3 ste20::HIS3); FP66 (MATa ura3 leu2
trpl his3 ste50::HIS3); FP6T (MATo ura3 leu2 trpl his3 ssk2::LEU2
ssk22::LEU2  ste50::HIS3); and MYO007 (MATa wura3 leu2 his3
ssk2::LEU2 ssk22::LEU2 shol::HIS3).

Media

Standard yeast media and genetic procedures were as described
previously (Rose et al., 1990). YPD contains 10 g/l yeast extract; 20 g/l
tryptone and 2% glucose; YPGal contains 10 g/l yeast extract; 20 g/l
tryptone and 2% galactose; YPD- and YPGal-sorbitol media contain the
indicated concentrations of sorbitol; CAGal-Ura contains 5 g/l casamino
acids, 6.7 g/l yeast nitrogen base, 40 pg/ml tryptophan, 40 pg/ml adenine
and 2% galactose (casamino acids lack uracil).

Plasmids

The following STE20 plasmids used in this study were kind gifts from
E.Leberer (Leberer et al., 1997): pVTU-STE20 contains wild-type STE20
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coding region on the 2 um URA3* plasmid pVTU (Vernet et al., 1987);
pVTU-STE20A42 contains a deletion between residues 334-369
spanning the Cdc42-binding domain; and pCW1 is a high copy-number
vector containing the entire STE20 coding region with a lysine-to-alanine
(K649A) mutation in the kinase domain. The coding region of wild-type
CDC42, dominant-negative CDC424/88 and dominant-active CDC42"/2
(Ziman et al., 1991) was placed in the galactose-inducible expression
vector pYES2 (Invitrogen). The high copy CLA4 expression vector,
pCC1079, was a gift from C.Chan (Chen et al., 1997). pRS416-GFP was
constructed by cloning the GFP coding sequence and the NUF2 3’
untranslated region from pPS934 (J.Kahana and P.Silver, unpublished)
into the Xhol and Kpnl sites of pRS416 (URA3*, CEN) (Sikorski and
Hieter, 1989). A PCR fragment containing the SHOI promoter region and
the SHOI ORF was then inserted at the Xhol site 5 of the GFP coding
sequence in pRS416-GFP to construct pSHO1-GFP. The dominant-
active form of the RHOI gene, RHO1"'Y, was isolated from the plasmid
pRHO1VY (a gift from D.Levin) and cloned into pYES2.

The plasmid vector pMyr-Shol for membrane targeting of the
C-terminal domain of Shol was constructed by fusing the myristoylation
signal sequence of Gpal (MGCTVSTQIG) to residue Asp146 of Shol,
and the hemagglutinin epitope coding sequence to the 3" end of the SHO!
ORF, using appropriate PCR primers. The Myc—Shol sequence is then
cloned into pYES2 downstream of the galactose-inducible promoter. The
non-myristoylation mutant (MyrAS—Shol) was generated similarly,
except the mutant myristoylation sequence (MASTVSTQIG) was used.

Using a similar PCR-based strategy, Ste2—Shol fusion constructs
between the Ste2 transmembrane domains and the cytoplasmic domain of
Shol were generated. A region of the STE2 gene encoding the seven
transmembrane domains (amino acid positions 1-301) together with the
preceding promoter region (535 nucleotides upstream from the initiating
methionine codon) was fused to the following coding segments of the
SHO! gene. The prototype pSte2—Shol construct contains the entire
C-terminal region of Shol (residues 146-367); pSte2—-Shol-A contains
residues 215-367 of Shol, which spans half of the Sho1 linker region and
the entire SH3 domain; pSte2-Shol-B contains residues 294-367
comprising only the SH3 domain of Shol. Construct pSte2—Shol-C
contains only the Shol SH3 domain fused to a region of 150 amino acids
between residues 637 and 787 of the SLNI coding sequence, approxi-
mately the same length as that of the Shol linker region. The construct
pSte2—Sho1-D contains the Ste2 transmembrane region and only the Shol
linker region (residues Asp146-Tyr303) fused to full-length PBS2 ORF.
All pSte2-Shol plasmids were based on the plasmid vector pRS416
(Stratagene).

Microscopy

Yeast cells were observed using a Nikon Optiphot-2 epifluorescence
microscope equipped with a MicroMax charge-coupled device camera
(Princeton Instruments). GFP signal was detected using a Chroma filter
#41018 (Chroma Technology Corp., Brattleboro, VT). Digital images
were converted to PhotoShop format (version 4.0, Adobe Systems).

Electrophoresis and immunoblot analysis

Activated, tyrosine phosphorylated Hog1 was detected by use of the 4G10
anti-phosphotyrosine antibody (a gift from T.Roberts). Cell samples were
harvested at the times indicated and quickly frozen on dry ice; after the
addition of 2X SDS-PAGE sample buffer, samples were boiled for
10 min, pelleted in a microfuge and supernatants loaded onto a 7.5%
polyacrylamide gel for PAGE analysis. Proteins were transferred to
nitrocellulose, probed with antibody, and visualized by ECL
(Amersham).
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