Molecular Biology of the Cell
Vol. 15, 532-542, February 2004

Unique and Redundant Roles for HOG MAPK
Pathway Components as Revealed by Whole-Genome
Expression Analysis®

Sean M. O’Rourke** and Ira Herskowitz

Department of Biochemistry and Biophysics, University of California, San Francisco, San Francisco,
California 94143-0448

Submitted July 23, 2003; Revised September 30, 2003; Accepted October 1, 2003
Monitoring Editor: Pamela Silver

The Saccharomyces cerevisiae high osmolarity glycerol (HOG) mitogen-activated protein kinase pathway is required for
osmoadaptation and contains two branches that activate a mitogen-activated protein kinase (Hog1) via a mitogen-activated
protein kinase kinase (Pbs2). We have characterized the roles of common pathway components (Hogl and Pbs2) and
components in the two upstream branches (Stell, Shol, and Ssk1) in response to elevated osmolarity by using whole-
genome expression profiling. Several new features of the HOG pathway were revealed. First, Hogl functions during gene
induction and repression, cross talk inhibition, and in governing the regulatory period. Second, the phenotypes of pbs2
and hogl1 mutants are identical, indicating that the sole role of Pbs2 is to activate Hogl. Third, the existence of genes whose
induction is dependent on Hogl and Pbs2 but not on Stell and Ssk1 suggests that there are additional inputs into Pbs2
under our inducing conditions. Fourth, the two upstream pathway branches are not redundant: the SIn1-Ssk1 branch has
a much more prominent role than the Shol-Ste1l branch for activation of Pbs2 by modest osmolarity. Finally, the general
stress response pathway and both branches of the HOG pathway all function at high osmolarity. These studies
demonstrate that cells respond to increased osmolarity by using different signal transduction machinery under different

conditions.

INTRODUCTION

Unicellular organisms such as Saccharomyces cerevisiae live in
environments that are constantly changing. In their natural
environment, yeast cells adapt to a variety of fluctuating
stress conditions such as nutrient availability and external
osmolarity. Cells respond to increased external osmolarity in
a number of ways, including accumulation of a compatible
solute inside the cell. S. cerevisiae uses glycerol, whose intra-
cellular accumulation leads to retention of cellular water to
prevent dehydration and protein aggregation (Reed et al.,
1987). During conditions of increased osmolarity, both the
general stress response pathway and the high osmolarity
glycerol (HOG) pathway are used to stimulate transcrip-
tional responses that counteract the stress (for reviews, see
Gustin et al., 1998; Sprague, 1998; Estruch, 2000; O'Rourke et
al., 2002).

The HOG pathway (Figure 1) uses two membrane-span-
ning proteins (Shol and SInl) to respond to high external
osmolarity. Signals from each are transduced by unique
components and converge to activate the mitogen-activated
protein kinase kinase (MAPKK) Pbs2. The Shol branch re-
quires Cdc42, Ste20 (a PAK homolog), and Ste50 to activate
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the mitogen-activated protein kinase kinase kinse (MAP-
KKK) Stell (Maeda et al., 1995; Posas and Saito, 1997;
O'Rourke and Herskowitz, 1998; van Drogen et al., 2000;
Raitt et al., 2000; Reiser et al., 2000). The SInl protein uses
Ypdl and Sskl to activate two partially redundant MAP-
KKKs, Ssk2 and Ssk22 (Posas et al., 1996; Posas and Saito,
1998). Any of the three osmoresponsive MAPKKKSs (Stell,
Ssk2, or Ssk22) is able to activate Pbs2, which then phos-
phorylates the MAPK Hogl, resulting in translocation of
Hogl to the nucleus and an increase in its kinase activity
(Brewster et al., 1993; Ferrigno et al., 1998; Reiser et al., 1999;
Zhan and Guan, 1999; Bilsland-Marchesan et al., 2000; Proft
et al., 2001). Hog1 regulates gene expression through several
transcription factors, Hotl, Skol and Smpl, and perhaps
also through Msnl, Msn2, and Msn4 (Schiiller et al., 1994;
Proft and Serrano, 1999; Rep et al., 1999; de Nadal et al.,
2003). Whole-genome analyses of the response to high os-
motic stress demonstrate both unique and overlapping roles
for some of these transcription factors (Rep et al., 2000). It has
recently been shown that Hogl is localized to promoters of
some regulated genes through interaction with the above-
mentioned transcription factors (Alepuz et al., 2001; Proft
and Struhl, 2002).

The two upstream branches of the HOG pathway use very
different components and exhibit some functional special-
izations. The SIn1-Ypd1-Ssk1 branch uses a multistep phos-
phorelay system, which is widely used in bacteria for envi-
ronmental monitoring (Stock et al., 2000), whereas the Shol
branch uses a novel protein containing an SH3 domain. The
Shol branch makes use of several proteins (Ste20, Ste50, and
Stell) that are components of two other mitogen-activated
protein kinase (MAPK) cascades, the pheromone-response
and pseudohyphal/invasive growth pathways (Posas and
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Figure 1. Model of the yeast hyperosmotic-response MAPK path-
way. See INTRODUCTION for details.

Saito, 1997, O’'Rourke and Herskowitz, 1998; Posas et al.,
1998). In some respects, the Shol and SInl branches are
functionally redundant. Both can stimulate phosphorylation
of Pbs2, phosphorylation and nuclear translocation of Hog1,
induction of several reporter genes, and growth on high-
osmolarity media (Posas and Saito, 1997; Van Wuytswinkel
et al., 2000). Some distinctions between these two branches
have, however, been noted; they seem to have slightly dif-
fering sensitivities to the concentration of external solute, as
assayed by Hogl phosphorylation (Maeda et al., 1995; Van
Wuytswinkel et al., 2000). In addition, the entire Shol branch
upstream of Pbs2 is essential for pseudohyphal develop-
ment (O'Rourke and Herskowitz, 1998; Ramezani Rad et al.,
1998). Thus, stimulation of the Shol and SInl branches may
lead to differential activation of gene targets.

We have sought to determine the roles of different com-
ponents of the HOG pathway in generating the transcrip-
tional output during response to high extracellular osmolar-
ity. We have therefore characterized the relationship
between external solute concentration and transcriptional
response in wild-type strains and in strains blocked at var-
ious positions in the HOG pathway. Our work provides
insights into the mechanisms of the cellular response to
increased osmolarity and clarifies the roles of individual
HOG pathway components.

MATERIALS AND METHODS

Strains, Media, and Genetic Techniques

Yeast strains were derived from an ADE2 strain in the W303 strain back-
ground (trpl leu2 ura3 his3 canl GAL™ psi*). Yeast strains were IH4506
(MATa), 1H4553 (MATa hogl:hisG), 1H4522 (MATa pbs2:LEU2), IH4508
(MATa  ssk1:HIS3%), 1H4510 (MATa shol:TRP1), 1H4537 (MATa
stel1::TRP1<€), TH4531 (MATa ssk1::HIS3 ste11::TRP1<€), and TH4514 (MATa
ssk1::HIS3¢ shol:: TRP1¢3). Yeast strains were grown in YEPD medium (1%
yeast extract, 2% Bacto-Peptone, 2% glucose) at 30°C. Synthetic complete solid
media (Rose et al., 1990) were used for selecting gene replacements during
strain construction. p-Sorbitol and KCI (Fisher Scientific, Pittsburgh, PA) were
used at final concentrations as indicated. For the a-factor time course, a-factor
in 0.01 M HCI was added to a final concentration of 38.5 uM. Yeast transfor-
mations were carried out using the lithium acetate procedure (Schiestl and
Gietz, 1989). Gene disruptions using Candida glabrata markers (HIS3% or
TRP1€) were constructed by polymerase chain reaction-mediated gene dis-
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ruption as described previously (Sakumoto et al., 1999). Gene disruptions
were confirmed by phenotypic analysis and polymerase chain reactions with
gene-specific primers.

Culture Conditions for Time Courses

Overnight cultures were grown to ODyg, 5.0 in rich YEPD medium (100 ml in
a 500-ml flask). Once the cultures were at the proper density, 31 ml of culture
was transferred to a triple baffled 2.8 1 Fernbach flask containing 11 YEPD (for
a final ODg of 0.15). This culture was grown at 30°C until it reached ODyg
0.6 (typically 3-4 h), at which time a 250-ml aliquot was harvested for the
0-min time point. 0.5 1 YEPD containing KCI or sorbitol was then added,
yielding a 1.25-1 culture containing the indicated solute concentration. At
various time points, 250-ml aliquots were harvested for RNA isolation. For
time series involving 10 samples, two cultures were used for growing the
required quantity of cells. Cells were recovered by vacuum filtration using a
Fisher 11 filter unit with nitrocellulose filters (0.45-um pore size). After the
media was separated from the cells, the nitrocellulose filter and cells were
placed into a 50-ml plastic tube and frozen in liquid nitrogen. The samples
were then stored at —80°C until processed. Using this procedure, cells were
harvested from culture flasks and transferred to liquid nitrogen within 2 min.
The detailed yeast growth protocol can be found on http://www.microar-
rays.org.

RNA Isolation and Microarray Techniques

Protocols and information on reagents were obtained from http://www.
microarrays.org/. DNA microarrays were made in-house by spotting poly-
merase chain reaction products onto glass microscope slides. Open reading
frame (ORF) DNA microarrays, total RNA isolation, and mRNA purification
followed published procedures (DeRisi et al., 1997), except that 4 ug of mRNA
was used for cDNA synthesis in the presence of amino-allyl dUTP before
labeling of the cDNA with Cy3 or Cy5 (Shoemaker et al., 2001). After RNA
isolation, cDNA synthesis, and Cy5 dye labeling, samples were hybridized to
a DNA microarray along with a control wild-type cDNA sample labeled with
Cy3, which was derived from yeast exponentially growing in YEPD medium
of standard osmolarity.

Data Acquisition and Analysis

Microarrays were scanned with GenePix 4000A or 4000B microarray scanners
(Axon Instruments, Foster City, CA). Genes were assigned to the resulting
microarray images with GenePix Prosoftware. After removing data from gene
spots that were damaged, data were uploaded to the database program
AMAD (http:/ /www.microarrays.org/software. html), which normalized the
data over the entire array. Red-to-green expression ratios (the ratio of means)
were used only if the spot intensity was >150 U, which reduced variance due
to weak fluorescence signal. We subsequently renormalized the data (ratio of
means) to each microarray grid section, of which there are 16 per array, which
decreased variance due to array position in the data set. Ultimately, expres-
sion data were handled and analyzed using the software programs FileMaker
Pro (FileMaker, Santa Clara, CA), Excel (Microsoft, Redmond, WA), Cluster
and TreeView (Eisen et al., 1998; http:/ /rana.lbl.gov /EisenSoftware htm). For
performing average linkage clustering in the Cluster program, the similarity
metric setting used was “Correlation (uncentered).”

To define regulated genes for our analyses, we used a criterion of two
occurrences of induction or repression of greater than twofold (at any time
during a given time course). Genes were considered to exhibit altered regu-
lation in various mutants if they displayed a threefold difference in expression
compared with wild-type strains at two or more time points. To determine the
noise and sensitivity of our experimental and analysis procedures, we con-
sidered the expression ratios for every gene over seven different microarrays.
Six wild-type RNA samples were harvested on different days before any
osmolarity treatment and one sample that varied only slightly from the other
six samples: wild-type treated with 0.0625 M KCl for 2.5 min. We found that
the six zero time-point samples displayed variances of 0.05-0.08 when com-
pared with each other. However, the sample treated with KCl displayed
higher variances (0.16—-0.19) compared with the six untreated samples. Thus,
even in samples that differ only slightly, we can detect meaningful changes in
gene expression. For reference, we compared wild type treated with 0.5 M
KCl for 20 min (a condition in which many genes show regulation) to the six
untreated wild-type samples, which yielded a variation of ~1.85.

RESULTS

Response of Wild-Type Cells to High Osmolarity

We began investigating the S. cerevisine response to high
osmolarity by examining gene regulation in response to
sorbitol and KCI, both of which are commonly used to study
the osmotic stress response. We performed two time-course
analyses of the response of wild-type yeast cells to high
external osmolarity, sampling at 10 time points throughout
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Figure 2. Identification of high osmolarity-regulated genes. DNA microarrays containing yeast open reading frames were used to assay
gene expression in wild-type yeast (IH4506) treated with 0.5 M KCl or 1 M sorbitol. ORF microarrays were cohybridized with two samples:
one derived from treated yeast and one derived from an untreated wild-type strain growing in normal osmolarity YEPD medium. Only genes
that were regulated twofold or more in at least two time points in either the KCI or sorbitol time course were included. Osmolarity-regulated
genes were defined as induced or repressed according to their position determined by hierarchical clustering (our unpublished data). (A)
Example of the output of hierarchical clustering. Red color indicates increased mRNA abundance and green indicates decreased mRNA
abundance (relative to the untreated reference culture). The solid black triangles in this and subsequent figures indicate increasing time of
treatment, here from 0 to 180 min (0, 5, 10, 20, 30, 40, 60, 90, 120, 180 min). (B) The average fold change of mRNA levels is displayed as a plot
for 488 osmoinduced and 1789 osmorepressed genes. Solid squares represent the average magnitude of regulation by 0.5 M KCI; open squares
represent the average magnitude of regulation by 1 M sorbitol. (C) The number of induced and repressed genes is plotted according to their
time point of maximal regulation for 0.5 M KCl (black bars) or 1 M sorbitol (open bars) treatments (genes as in B).

180 min of exposure. mRNA was isolated and used for Based on hierarchical clustering of the data, 1 M sorbitol
two-color hybridization to DNA microarrays as described in treatment altered the transcript levels of 1196 genes at least
MATERIALS AND METHODS (DeRisi et al., 1997). twofold (see MATERIALS AND METHODS); 0.5 M KCl
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treatment altered the levels of 2144 genes at least twofold.
Merging these two data sets yielded a “hyperosmolarity-
regulated” set of 2277 genes whose expression is altered by
at least one solute. Almost all of the genes showed similar
regulation by both 1 M sorbitol and 0.5 M KCl as demon-
strated by the finding that >96% of the hyperosmolarity-
regulated genes showed a positive Pearson correlation dur-
ing response to KCl and sorbitol treatment (the mean
Pearson r was 0.69 with a SD of 0.27). Expression of 488
genes increased and 1789 genes decreased; representative
genes are displayed in Figure 2A.

To compare the responses to the two different solutes, the
average gene expression values were plotted for induced
and repressed genes (Figure 2B). The changes in RNA levels
in response to KCI and sorbitol seemed similar, with most
changes taking place within the first 40 min of treatment. For
the 488 osmoinduced genes, 82% underwent maximal
changes in RNA levels within 40 min of KCI treatment, and
91% underwent maximal changes in RNA levels within 40
min of the sorbitol treatment (Figure 2C). For both KCI and
sorbitol, the time at which the most genes showed maximal
change was 20 min (Figure 2C). The response to high exter-
nal osmolarity as assessed by gene expression was, there-
fore, rapid and occurred in the same time frame as other
cellular events, such as presence of phosphorylated Hogl
protein in the nucleus (Ferrigno ef al., 1998; Reiser et al.,
1999).

Although 1 M sorbitol and 0.5 M KCl affected gene ex-
pression in a highly similar manner, there were several
differences (Figure 2). Cells responded faster to KCl than to
sorbitol, as can be observed by comparing the response to
KCl or sorbitol at 5 min in Figure 2. Also, the magnitude of
regulation was greater in response to KCl than to sorbitol.
For example, 1 M sorbitol caused an average repression of
2.1-fold, whereas 0.5 M KCl caused a 2.9-fold repression at
20 min (Figure 2B). We found four genes that were regulated
by only one of the solutes (Figure 2A, bottom). Because cells
responded to KCl more vigorously than to sorbitol, KCI was
used for subsequent experiments.

Response of a hogl Mutant to KCI

To determine the contribution of the HOG pathway to the
high osmolarity response, we first compared isogenic HOG1
and hogIA strains after exposure to 0.5 M KCl. 2144 genes
exhibited altered regulation in the wild-type strain and 1809
genes in the mutant. Fifty-three percent (1369) of the genes
were in common. In other words, approximately one-half of
the genes whose expression was affected by high osmolarity
in the wild-type strain exhibited a similar response in the
absence of HOGI.

Further analysis of HOGI-dependent genes was accom-
plished by calculating the ratio of expression of a gene in
wild-type cells to that in 10g1 mutant cells, which defines the
mutant effect ratio (Me). Genes with an Me of greater than
threefold (up or down) for at least two time points defined
a set of 579 genes that is strongly dependent on Hogl for
regulation. Clustering of these genes revealed six distinct
gene expression patterns (Figure 3). Representative genes of
all six clusters and plots of the average expression values for
these selected genes are shown in Figure 3.

We have previously demonstrated that high osmolarity
inappropriately induces FUSI-lacZ expression and a mating
response in hog1 and pbs2 mutants (O’Rourke and Herskow-
itz, 1998). Cluster I consists of genes that were inappropri-
ately induced in the hogl mutant. This cluster includes the
pheromone-induced genes, FUS1, STE2, KAR5, AGA1, and
PRM1 and several genes associated with filamentous
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growth, TEC1, PHD1, and PGUI1 (shown previously for
TEC1 by Davenport ef al., 1999; and for several pheromone-
inducible genes by Rep et al., 2000).

The second class of genes is a small cluster of nine ORFs
that required HOGI for basal expression and in some cases
for very modest induction. Two genes encoding proteins
with known or predicted biochemical roles are RHR2, which
encodes a glycerol-3-phosphatase that produces glycerol
and phosphate from glycerol 3-phosphate, and YKLI16Ic,
which codes for a MAPK. Three genes encoding cell wall
proteins also required HOGI for their basal expression:
CWP1, SED1, and PIR3.

The third class contains 32 genes that exhibited very
strong induction in wild-type cells but little in the hogl
mutant. Although the roles of these gene in adaptation to
high osmolarity is unknown in most cases, some genes have
known or predicted functions: ENAI plays a role in ion
homeostasis, STL1 codes for a putative hexose transporter,
TKL2 codes for a transketolase, DAKI codes for a putative
dihydroxyacetone kinase, and THI4 codes for a putative
enzyme involved in vitamin Bl biosynthesis. HBT1 is in-
volved in polarized morphogenesis.

HOG Pathway-independent Induction of Genes

The fourth and fifth clusters of Figure 3 contain genes in-
duced in both wild-type and hogl mutants in response to
high osmolarity. The response in wild-type cells was tran-
sient, peaking at 20 min and decreasing to near uninduced
levels by 40-90 min. In cells lacking HOGI, some of these
genes were still induced normally (especially genes in clus-
ter V), although the down-regulation that occurred in wild-
type cells was delayed or absent. Three of the genes in
cluster V (HSP26, CVT17, and SSAI) encode proteins in-
volved in protein stability or transit. Others code for pro-
teins involved in glycogen utilization during stress condi-
tions (GLK1, GSY1, SGA1, GDBI1, and GLC3), stress-
regulated small molecule production (HOR2, which encodes
a DL-glycerol-3-phosphatase), and a phosphoglucomutase
required for trehalose metabolism (PGM?2). General stress-
response genes such as CTT1, GRE1, HSP26, HSP12, and
DDR48 are also in this group. Many genes in clusters IV and
V are induced in response to diverse environmental stresses
such as heat shock, protein-damaging agents, nitrogen star-
vation, and stationary phase adaptation (Gasch et al., 2000).

The final and largest group of genes (cluster VI) exhibited
transient reductions in transcript levels in the wild-type
strain in response to osmotic stress but greatly prolonged
reductions in the hogl mutant. Among genes of this group,
96 code for ribosomal protein subunits (RPS and RPL genes).
Gasch et al. (2000) have observed that genes coding for
ribosomal subunits are down-regulated during diverse
stresses. Finding that ribosomal subunit-coding genes are
down-regulated during osmotic stress is therefore not sur-
prising. Our observations indicate that Hogl plays a role in
reestablishment of expression of these genes after stress. The
defect in expression of these ribosomal genes in a hogl
mutant likely leads to global alterations in protein synthesis.

Roles of PBS2, STE11, and SSK1 in Response to 0.5 M KCI

To evaluate how upstream components of the HOG path-
way contribute to the pattern of gene regulation in response
to high osmolarity, we carried out time-course analyses of
strains deleted for PBS2, STE11, SSK1, or both STE11 and
SSK1. Because the majority of gene regulation exhibited by
wild-type cells took place within 40 min of KCl treatment
(Figure 2), we assessed the response of mutant cells to 0.5 M
KClI at 0, 10, 20, 30, and 40 min. We found that osmotic-
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regulated genes showed a variety of gene expression pat-
terns in the absence of the HOG pathway components tested
(Figure 4).

The gene expression patterns of hogl and pbs2 mutants
were remarkably similar: of 196 genes that exhibited altered
regulation within 40 min in either mutant, only four had
significant differences between the two mutants (Figure 4;
our unpublished data). Alterations in expression of LEUI
and YHR114w probably resulted from the fact that the PBS2
deletion was marked with LEU2, which seems to cause
altered expression of these genes (also observed for other
strains marked with LEU2; our unpublished observations).
The other two genes (FIGI and YBR012c) are a-factor induc-
ible and displayed stronger induction in the pbs2 mutant
than in the hogl mutant. Because YBR012c was expressed
very weakly, the difference between the hogl and pbs2 mu-
tants may not be significant. hogl and pbs2 mutants thus
exhibited an essentially identical response to osmotic stress.

Mutation of both SSK1 and STE11, which inactivates the
two known inputs to Pbs2, resulted in some distinctive gene
regulation patterns compared with the hogl and pbs2 mu-
tants (Figure 4). For example, among the 57 genes whose
induction required HOGI and PBS2 (see MATERIALS AND
METHODS), 33 also showed reduced expression in the ssk1
stell mutant, indicating that Stel1, Ssk1, or both are neces-
sary to activate Pbs2. In contrast, a number of genes whose
induction was absolutely dependent on Hogl and Pbs2
(STL1, ENA1, GRE2, RHR2, YJL107c, and others; Fig. i, web
supplement) were still significantly induced in the ssk1 ste11
mutant. In addition, genes that displayed prolonged reduc-
tions at late time points in the /0g1 and pbs2 mutants (Figure
3, cluster VI) did not show this response in the ssk1 stell
double mutant. These observations suggest that there may
be inputs in addition to the Stell and Sskl branches that
activate Pbs2. Finally, unlike hog1 and pbs2 mutants, the ssk1
stell strain showed no detectable induction of pheromone-
inducible genes. This was expected, as STE11 is required for
signaling in the pheromone-response pathway (Fields et al.,
1988; Roberts et al., 2000). Twelve pheromone-induced
genes, including BAR1, SST2, STE2, MFA2, AGA2, GPA2,
and NDJ1, showed reduced expression throughout the time
course in both the ssk1 stell and stell mutants, indicating
that the pheromone-response pathway plays an important
role in maintaining a basal signal even when cells are not
actively mating (as noted previously by Fields et al., 1988).
Thus, blocking the two upstream branches of the HOG
pathway, as in an sskl stell mutant, only partially pheno-

Figure 3 (facing page). Identification of 579 genes dependent on
Hogl for normal regulation. Genes are displayed which showed at
least a twofold change in expression (at two or more time points) in
either wild-type (IH4506) or hog1 (IH4553) strains treated with 0.5 M
KCI and which showed at least two occurrences of a threefold
difference (increased or decreased) between wild-type and hogl
strains. Six clusters were identified based on gene expression pat-
terns and dependence on Hogl. The left-most three cluster dia-
grams represent gene expression values in the wild-type strain
treated with 0.5 M KCI (0-180 min), the h0g1 strain treated with 0.5
M KCl (0-180 min), and the wild-type strain treated with 38.5 uM
a-factor (10—40 min). Samples were taken at intervals as in Figure 2
for the cultures treated with KCl and at 10-min intervals for the
culture treated with a-factor. The two right-most cluster diagrams
are expanded views of selected areas showing gene expression in
wild-type and hogl strains treated with 0.5 M KCl. Average gene
expression plots of all genes within the expanded clusters shown on
the far right further illustrate the various ways in which Hogl
influences gene expression.
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copies blocking the HOG pathway at the level of Hogl or
Pbs2.

Shol has been proposed to feed into Stell (Posas and
Saito, 1997). To determine whether all of the actions of Stell
in response to high osmolarity result from input from Shol,
we compared the high-osmolarity response of ssk1 shol and
ssk1 stell strains. The ssk1 shol strain was qualitatively sim-
ilar to the ssk1 stell strain except for two differences. First,
the effect of the sholA mutation was less severe than stel1A:
the shol mutation allowed greater induction of individual
osmoresponse genes than the ste1l mutation. Second, the
ssk1 shol mutant exhibited induction of many of the genes
that are inappropriately induced in the hogl and pbs2 mu-
tants, although the level of induction was lower than seen in
hog1l mutants. Both of these observations support our hy-
pothesis that an additional osmosensor works in parallel
with Shol to promote Stell activation in wild-type cells and
promote cross talk in mutants with a compromised HOG
pathway (O'Rourke and Herskowitz, 1998, 2002).

Mutants defective in single components of the upstream
HOG pathway (SHO1, STE11, or SSKI) resulted in few
consistent perturbations of gene expression in response to
0.5 M KCI. Mutation of STE11 caused failure of basal and
salt-induced expression of pheromone-inducible genes, as
noted for the sskl stell strain. Deletion of SSK1 or SHO1
affected expression of few if any genes. Clearly, for response
to 0.5 M KCl, either the SHO1 or SLN1 branch is sufficient for
triggering the HOG pathway.

The Two Upstream HOG Pathway Branches Are Not
Redundant In Vivo

The ability to assay expression of thousands of genes as
reporters of the response to high osmolarity provided us
with the opportunity to examine the response of cells to
osmostress lower than that induced by 0.5 M KCI. We thus
performed time-course analyses with wild-type and sskl
stell double mutant strains by using KCl concentrations of
0.0625, 0.125, 0.25, 0.5, and 1.0 M (Table 1, supplemental
data). We found that modest osmotic stress elicits changes in
fewer genes than more severe osmotic stress (0.5 and 1.0 M).
For example, 0.0625 M KCl altered the expression of only 279
genes, whereas 0.5 M KCl altered expression of 1828 genes in
wild-type cells.

The two upstream branches of the HOG pathway are
redundant for providing input to Pbs2 and Hog1 as assayed
by growth on high-osmolarity medium (1.5 M sorbitol;
Maeda et al., 1995) and induction of gene expression by 0.5
M KCI (Figure 4). We sought to determine whether the two
branches are redundant for regulating gene induction at
lower solute concentrations (0.0625 and 0.125 M KCl). Time-
course analyses were performed on four strains: wild-type,
and ssk1 stell, stell, and sskl mutants. For each KCl con-
centration, genes exhibiting strong alterations in regulation
in any of the three mutant strains were selected and clus-
tered together along with wild-type expression data.

Figure 5 shows the results of this analysis for genes that
were osmoinduced. There are several notable features. First,
functional redundancy of the SIn1-Ssk1 and the Shol-Stell
branches was clearly exhibited at 0.5 M KCl: for a substantial
cluster of genes (YNL194C, AFR1, etc.), the ssk1 and stell
single-mutant strains exhibited induction similar to that of
the wild-type strain. In contrast, little or no induction was
observed for the ssk1 stell double mutant. Gene induction
was strikingly different at lower KCl concentrations. At both
0.0625 and 0.125 M KCl, the ste11 single mutant exhibited an
induction pattern similar to the wild-type pattern. In con-
trast, the ssk1 mutant was severely defective for induction
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Figure 4. Expression pattern of 296 genes that show altered expression in response to 0.5 M KCl in the absence of various HOG pathway
components. Gene expression (green/red) is as in Figure 3 and Me ratio (yellow/blue) as described previously (O’'Rourke and Herskowitz,
2002). Genes displayed here were those that satisfied two criteria: 1) an Me ratio of >3 or <0.333 for any two time points in any strain, and
2) induction or repression in at least two time points more than twofold in any individual strain treated with 0.5 M KCl. Gene expression
values and corresponding Me ratios are displayed for samples taken at 0, 10, 20, 30, and 40 min. For clarity, the Me ratio is displayed in color
only if it is >3 or <0.333. The number of genes that exhibited altered expression in each time series, as defined by the above-mentioned
criteria are hogl, 145; pbs2, 162; ssk1 stell, 133; ssk1 shol, 75; stell, 20; ssk1, 8; and shol, 5. We compared expression of these 296 genes in four
different wild-type time series and found that between one and three genes varied significantly between the different time series, which serves
as a baseline for false-positive detection. Hierarchical clustering of the data defined three main clusters, denoted here as osmoinduced,
osmorepressed, and cross-talk. Strains were wild-type (IH4506), hogl (IH4553), pbs2 (IH4522), ssk1 stell (IH4531), ssk1 shol (IH4514), stell
(IH4537), ssk1 (IH4508), and shol (IH4510).
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Figure 5. Redundancy and nonredundancy of the Shol-Stell and SIn1-Sskl branches at different osmolarities. Genes that exhibited severe
induction defects in response to different concentrations of KCl are displayed. The genes shown exhibited alterations in regulation at two or
more time points by a factor of at least threefold in any mutant strain and showed induction in the wild-type strain. For conciseness, only
12 of 98 genes are displayed. Samples were taken at 0, 5, 10, 20, and 30 min. The plots below the gene display show the average fold induction
[in log(2) scale] of the genes shown. Wild-type (IH4506), ssk1 ste11 (IH4531), ssk1 (IH4508), and ste11 (IH4537) strains were used.

even though it carried the wild-type STE11 allele. These
observations indicate that at moderate concentrations of
KCl, the SIn1-Ssk1 branch is functional, whereas the Shol-
Stell branch is not. Thus, these branches are not functionally
redundant at these osmolarities. The analysis shown in Fig-
ure 5 also reveals a cluster of genes, which includes
YGR243W, ALD2, and NCE103, that was induced in the ssk1
stell strain at 0.5 M KCI but not at the lower osmolarities.
This seems to be a set of genes that is induced at moderate
osmolarities via the SIn1-Ssk1 branch and at high osmolarity
by any of three mechanisms, the SIn1-Ssk1 branch, the Shol-
Stell branch, or an SSK1- and SHOI-independent branch,
presumably the general stress response system.

Even though the ssk1 single mutant strain is clearly defec-
tive for induction of many genes at the lowest two KCl
concentrations, the ssk1 and ssk1 stell mutants did not ex-
hibit a growth defect under these osmolarity concentrations
(Figure 6). In contrast, the ssk1 ste11 strain exhibited a severe
growth defect at 0.5 M KCL.

DISCUSSION

We have used genome-wide expression profiling to examine
the response of wild-type and mutant yeast cells to a variety
of osmotic conditions. Response of wild-type cells to 1 M
sorbitol and 0.5 M KCl occurred with rapid kinetics and was
transient (Figure 2). Response to KCI and sorbitol was very
similar, though KCl induced a stronger response (Figure 2, B
and C). A total of 2277 genes, nearly one-third of the yeast
genome, exhibited significant regulation by KCI or sorbitol.
These genes were identified by a time-course analysis in
which expression levels were assessed at 10 time points (at
5,10, 20, 30, 40, 60, 90, 120, and 180 min). We found that most
genes exhibited maximal response at 20 min, which declined
by 30 min and approached uninduced levels by 40 min
(Figure 2D). Prior genomic studies of response to high os-
molarity used fewer time points and provide a less complete
picture of the response. For example, Posas et al. (2000)
examined expression at 10 and 20 min of 0.4 and 0.8 M NaCl
treatment; Rep et al. (2000) assayed response at 45 min of 0.7
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M NaCl treatment and at 30 min after 0.5 M NaCl or 0.95 M
sorbitol treatment; Yale and Bohnert (2001) assessed re-
sponse at 10, 30, and 90 min after 1 M NaCl treatment; and
Gasch et al. (2000) examined mRNA levels in response to 1 M
sorbitol at 5, 15, 30, 45, 60, 90, and 120 min. Our studies
indicate that a time course analysis up to 40 min provides a
relatively complete picture of the response. In general, our
observations on gene induction in wild-type cells agree with
previous studies. However, some differences were observed,
in particular, concerning the large group of genes coding for
ribosomal proteins. We and others (Gasch et al., 2000; Rep et
al., 2000; Causton et al., 2001) find that these genes are
repressed, whereas Posas et al. (2000) and Yale and Bohnert
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+0.125 M KCI +0.5 M KCI
Figure 6. Growth on high-osmolarity media. Strains were streaked
onto the indicated media and photographed after 48 h of growth at
30°C. Strains as in Figure 4.
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(2001) find that this group of genes is induced by osmotic
stress. The basis for this difference may result from differ-
ences in growth conditions.

Hog1 Plays Multiple Roles in the Response to
High Osmolarity

We identified 579 genes whose RNA levels are dependent on
Hogl and showed that Hogl controls three major aspects of
the response to increased osmolarity: it determines the mag-
nitude of gene induction, determines the duration of gene
regulation, and limits activation of other MAPK cascades.

Only a relatively small subset of high osmolarity-induced
genes (32; cluster III) have a strong requirement for HOG1
for induction. These genes, for example, STL1 and GRE2, are
likely to be directly regulated by the HOG pathway because
the kinetics of induction are rapid (beginning by 5 min) and
because Hogl and two transcription factors Hotl and Skol
(each of which bind Hog1) are associated with the promoters
of STL1 and GRE2 (Alepuz et al., 2001; Proft and Struhl,
2002). In contrast, the ~100 genes of cluster IV require HOG1
only for maximal induction. Rep et al. (2000) have shown
that genes in this cluster (CTT1, ALD2, ALD3, HSP26, and
SOL4) require the general stress response pathway (specifi-
cally Msn2 and Msn4) for their osmotic induction. Maximal
induction of these genes thus requires both a HOG-depen-
dent process and the general stress-response pathway.

Hogl is required for restoration of gene expression after
osmotic stress. The genes in clusters V and VI show essen-
tially normal regulation at early times in the hogl mutant,
but mRNA levels fail to return to basal levels (Figure 3).
Thus, Hogl seems to play a role in down-regulating the
response after cells have adapted to new osmotic conditions.
Because only a minority of osmotically induced genes re-
quires HOGI for induction, it seems that Hog1 is involved in
resetting expression levels of genes that are induced by the
general stress response. Protein phosphatases activated by
osmotic shock inactivate Hogl after osmotic shock (Jacoby et
al., 1997; Wurgler-Murphy et al., 1997; Mattison and Ota,
2000; Warmka et al.,, 2001) and are thereby involved in
restoring gene expression to basal levels. These phospha-
tases may also be involved in resetting the general stress
response pathway to basal levels.

The findings described here and by Rep et al. (2000) dem-
onstrate that a large set of genes (cluster I; 88 genes) is
misexpressed in hogl mutants. The comprehensive identifi-
cation of this group of genes confirms earlier work that
demonstrates inappropriate activation of the mating and
filamentation pathways in hogl mutants (Hall et al., 1996;
O'Rourke and Herskowitz, 1998; Davenport et al., 1999). We
show elsewhere that expression of two-thirds of this gene set
is mediated by Shol or Msb2 (O’Rourke and Herskowitz,
2002). Interestingly, some of these genes (e.g., SVSI and
PRY1) are not induced by mating pheromone, yet are in-
duced by osmotic stress in a hogl mutant.

Hogl also maintains the basal expression of a group of
genes whose expression is not regulated strongly by high
osmolarity (including CWP1, SED1, and PIR3; Figure 3, clus-
ter II). Correspondingly, HOGI has known roles outside of
the osmoresponse: HOGI is required for pH-dependent in-
duction of genes coding for cell wall structural proteins,
including CWP1 (Kapteyn et al., 2001) and induction of
various genes during heat stress (Winkler et al., 2002).

Pathway Profiling Reveals Additional Inputs for Pbs2
and Stell

We have analyzed the induction profile in a variety of mu-
tant strains to examine additional features of the HOG path-
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way and response to high osmolarity and have drawn sev-
eral conclusions. First, it seems that the only role of the
MAPKK Pbs?2 is to regulate the MAPK Hogl, because mu-
tants defective in PBS2 and HOGI have nearly identical gene
expression patterns (Figure 4; our unpublished data). Thus,
the circuitry of the downstream portion of the HOG path-
way is strictly linear.

Second, a comparison between the transcript profiles of
pbs2 (or hogl) and ssk1 stell mutants indicates that addi-
tional inputs into Pbs2 may exist (Fig. i, web supplement).
We find that STLI and GRE2 are induced 8- to 38-fold in ssk1
stel1 and ssk1 shol mutants but exhibit little induction (<1.7-
fold) when HOGI or PBS2 is deleted. These observations
indicate the existence of an input to Pbs2 in addition to Stell
and SSK1. Such an input may be provided by a new MAP-
KKK that activates Pbs2 (e.g., Bckl) or by Ssk2/Ssk22 that
is somehow activated independently of Sskl. Van
Wuytswinkel et al. (2000) have also argued for the existence
of an input for Pbs2 that does not require Stell, Ssk2, or
Ssk22, which functions in response to high-solute condi-
tions, e.g., 1.4 M KClI or NaCl (Van Wuytswinkel ef al., 2000).
This same input may be responsible for the induction that
we observe in stell ssk1 mutants treated with 0.5 M KCI.

A third feature of the HOG pathway revealed by analysis
of mutants is the existence of an additional osmosensing
activity that functions in parallel with Shol to activate Stell
(O'Rourke and Herskowitz, 1998, 2002). If Shol provided the
sole input into Stell, then shol mutants should exhibit the
same phenotype as stell mutants. This was decidedly not
the case: stell sskl1 strains exhibited a more severe pheno-
type than shol sskl strains with respect to the extent of
induction of various genes (e.g., YLR042C) and inappropri-
ate induction of pheromone-response genes. These differ-
ences indicate that there is another osmosensor in addition
to Shol that can provide input to Stell, a conclusion reached
on other grounds by O’Rourke and Herskowitz (1998). We
have recently identified this additional input, Msb2
(O'Rourke and Herskowitz, 2002).

Response to Different Osmolarities Reveals Redundancy
and Nonredundancy between the Shol and Sinl Branches

The Shol and SInl branches are redundant for promoting
growth on high-osmolarity medium (Maeda et al., 1995), but
they also display some functional differences. For example,
these two branches activate Hogl at different osmolarities
and with different kinetics (Maeda et al.,, 1995; Van
Wuytswinkel et al., 2000). In addition, the two branches
differ in their roles in pathways other than response to high
osmolarity. Shol is required for production of pseudohy-
phae (O'Rourke and Herskowitz, 1998), for signaling to
Stel2 in response to protein glycosylation defects (Cullen et
al., 2000), and for activating Hogl in response to heat stress
(Winkler et al., 2002). The SIn1 branch does not influence any
of these responses but is specifically required for Hogl
activation in response to defects in GPI anchor synthesis
(Toh-e and Oguchi, 2001).

We have taken advantage of the sensitivity of transcrip-
tional profiling to show that the SIn1-Ssk1 branch governs
the response to stress by moderately high osmolarity, e.g.,
0.0625 M KCl or 0.125 M KCl (Figure 5) and thus that the
Shol-Stell and SIn1-Sskl branches are not equivalent for
inducing gene expression in vivo (Figure 6). These results
were surprising, because yeast mutants defective in HOGI,
PBS2, and other components of the HOG pathway do not
exhibit growth defects on media of moderate osmolarity
(0.125 or 0.25 M KCl, Figure 6; our unpublished data). Pre-
sumably, the response to modest osmotic stress has biolog-
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Figure 7. Different hyperosmotic conditions trigger different re-
sponse pathways. C, concentration of solute shown increasing from
left to right. The environmental stress response (ESR) pathway is
preferentially used during extreme osmotic stress (Gasch et al.,
2000). The SIn1-Sskl branch of the HOG pathway but not the
Shol-Stell branch is used during modest osmotic stress. At inter-
mediate hyperosmotic stress, the ESR, SIn1-Ssk1, and Shol-Stell
pathways each contribute significantly to changes in gene expres-
sion.

ical consequences that are not captured in the simple labo-
ratory tests that we have performed.

At higher osmolarities, both branches of the HOG path-
way as well as the general stress response pathway are
involved in the response. Previous work has shown that
Hogl phosphorylation in response to moderate osmolarity
(0.1 and 0.2 M NaCl; Maeda et al., 1995) or severe osmotic
stress (1.4 M KCl or NaCl; Van Wuytswinkel et al., 2000) is
defective when the SIn1-Ssk1 branch is disabled. Thus, the
SIn1-Ssk1 branch is active over a wide range of osmolarities
for promoting Hogl phosphorylation and gene induction.
We likewise observed HOG1-dependent induction of genes
at high osmolarity. We also observed HOG pathway-inde-
pendent regulation at high osmolarities: for example, expo-
sure of ssk1 stell mutants to high or extremely high osmo-
larity (0.5 or 1 M KCl) caused clear induction and repression
of most osmoregulated genes. In summary, it seems that the
SLN1-SSK1 branch of the HOG pathway is specialized for
response to conditions of modest osmolarity, and other
pathways such as the general stress response pathway ap-
parently contribute, along with both branches of the HOG
pathway, to osmoresponse during more extreme conditions
(Figure 7).

Our results demonstrate that the bioassays originally used
to monitor the cellular response to high osmolarity (in par-
ticular, osmosensitivity; Brewster et al., 1993) are not suffi-
ciently sensitive to observe responses to more modest osmo-
stresses. In this regard, it would be of interest to use
transcript profiling to assay for differential functions of the
Shol and SInl branches during response to other stimuli
that activate these sensing pathways (O’'Rourke and Hers-
kowitz, 1998; Cullen et al., 2000; Toh-e and Oguchi, 2001;
Winkler et al., 2002). In addition, screens could be performed
on osmotically challenged yeast strains individually deleted
for every nonessential gene using whole-genome expression
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profiling as a readout. This approach may identify knockout
strains, which, like sskIA, do not display growth defects on
high-osmolarity medium but do exhibit a submaximal gene
expression response.
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