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After a sudden shift to high osmolarity, Saccharomyces cerevisiae cells respond by transiently inducing the
expression of stress-protective genes. Msn2p and Msn4p have been described as two transcription factors that
determine the extent of this response. In msn2 msn4 mutants, however, many promoters still show a distinct
rise in transcriptional activity upon osmotic stress. Here we describe two structurally related nuclear factors,
Msnlp and a newly identified protein, Hotlp (for high-osmolarity-induced transcription), which are also
involved in osmotic stress-induced transcription. hotl single mutants are specifically compromised in the
transient induction of GPDI and GPP2, which encode enzymes involved in glycerol biosynthesis, and exhibit
delayed glycerol accumulation after stress exposure. Similar to a gpdl mutation, a hotl defect can rescue cells
from inappropriately high HOG pathway activity. In contrast, Hotlp has little influence on the osmotic stress
induction of CTT1, where Msnlp appears to play a more prominent role. Cells lacking Msnlp, Msn2p, Msn4p,
and Hotlp are almost devoid of the short-term transcriptional response of the genes GPD1, GPP2, CTT1, and
HSPI12 to osmotic stress. Such cells also show a distinct reduction in the nuclear residence of the mitogen-
activated protein kinase Hoglp upon osmotic stress. Thus, Hotlp and Msnlp may define an additional tier of

transcriptional regulators that control responses to high-osmolarity stress.

The HOG (high-osmolarity glycerol response) mitogen-ac-
tivated protein (MAP) kinase pathway plays a pivotal role in
the adaptation of Saccharomyces cerevisiae to conditions of
high external osmolarity. This is best illustrated by the fact that
cells deficient in this pathway cannot proliferate on media
containing high levels of osmotically active molecules (6). On
the other hand, ectopic activation of the pathway is also det-
rimental for cell growth (19, 31). This situation has allowed an
extensive genetic analysis, leading to the identification of many
positive and negative elements of the HOG signaling pathway
(19, 21, 24, 30, 31, 37-41, 60). The system relies on the input of
two independent and structurally unrelated sensors whose sig-
nals converge at the level of the MAP kinase kinase Pbs2p, the
direct activator of the MAP kinase Hoglp (reviewed in refer-
ences 19 and 39). In addition to countering the effects of
persistent high-osmolarity conditions, the HOG pathway also
mediates short-term responses to fluctuations in the osmolarity
of the environment. Sudden shifts to high osmolarity result in
the accumulation of intracellular glycerol due to a combination
of HOG pathway-regulated stimulation of glycerol synthesis
(1, 6) and decreased glycerol efflux that seems to occur inde-
pendently of the HOG MAP kinase (29, 53). One of the early
HOG pathway-triggered events is the nuclear accumulation of
Hoglp kinase (16, 43) followed by a distinct transcriptional
response that over a time period of about 90 min to several
hours (depending on the extent of osmotic challenge) tran-
siently induces expression of genes encoding enzymes involved
in glycerol synthesis, such as GPDI and GPP2 (HOR?2) (1, 2,
20, 36, 44). In addition, the HOG-mediated signal affects ex-
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pression of genes whose products have a more general role in
the protection from stress-induced damage, such as HSP104,
which encodes a chaperonin (28); CTT1, which encodes cyto-
plasmic catalase (49); and HSPI12, whose precise molecular
function is unknown (51, 57). One of the major unresolved
problems concerning this transcriptional response is the iden-
tity of the molecular targets recognized by the signaling path-
way (19). This problem further extends to the question of
whether and how short-term responses and long-term adapta-
tion, both requiring the HOG pathway (44), are mechanisti-
cally connected.

Many stress-responsive genes in yeast are regulated via a
common promoter element called the stress response element
(STRE). This element appears to be sufficient for mediating
the transcriptional response to many different environmental
challenges (33). Two redundantly acting transcription factors,
Msn2p and Msndp, that recognize this sequence have been
identified (35, 48). In response to a large variety of stress
situations, including osmotic stress, these factors are translo-
cated to the nucleus, where they bind and activate target pro-
moters such as those of the CTTI or HSPI2 gene (18). Al-
though Msn2p and Msn4p enhance the expression of these
genes, suggesting some connection to the HOG pathway,
HOG pathway-mediated transcriptional activation can still be
found in the absence of Msn2p and Msn4p function. The
extent of Msn2p- and Msn4p-independent activation varies
from promoter to promoter (this work and reference 35). Con-
sequently, this pair of transcription factors cannot be the only
ones responsible for high-osmolarity-induced gene expression.
In the case of some yeast promoters, induction appears to be
mediated by HOG pathway-dependent inactivation of Skolp
(34, 42, 45). Skolp is a transcriptional repressor, which binds to
CRE-like DNA elements and appears to tether the general
repressors Tuplp and Ssn6p to promoters (34, 42). This system
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TABLE 1. Yeast strains used in this study”

Strain Genotype Reference
W303-1A MATa leu2-3,112 ura3-1 trpl-1 his3-11,15 ade2-1 canl-100 GAL SUC2 mal0 54
YM24 MATa msn2-3::HIS3 msn4-1::TRPI 15
UG43 MATa hotl::kanMX4 This work
UG44 MATa msnl::URA3 14
K4327 MATa hogl::TRPI 9
YSH 818 MATa hogl::LEU2 44
YMR 56 MATa hogl::LEU2 hotl::kanMX4 This work
UuG62 MATao msn2-3::HIS3 msn4-1::TRPI hotl::kanMX4 This work
UG48 MATa msnl::URA3 hotl::kanMX4 This work
YMR119 MATa msnl::URA3 msn2-3::HIS3 msn4-1::TRPI This work
YMR120 MATa hotl::kanMX4 msnl::URA3 msn2-3::HIS3 msn4-1::TRP1 This work
VRY140 MATa hotl::HOTI-GFP (pRS306) This work
YSH392 MATa gpdl::TRP1 1
L40 MATa his3A200 trp1-901 leu2-3,112 ade2 LYS2::(lexAop) ,-HIS3 URA3::(lexAop)g-lacZ GAL4 gal80 58

“ All strains except L40 are isogenic to and possess the markers of W303-1A.

does not control expression of GPDI (44, 45), and hence it is
still unclear by which molecular mechanisms the Hoglp MAP
kinase triggers induction of transcription of this type of target
genes.

This study shows that the hitherto-undescribed nuclear pro-
tein Hotlp is important for HOG pathway-dependent osmotic
induction of genes encoding enzymes involved in yeast glycerol
biosynthesis. A protein with a similar putative DNA-binding
domain, Msnlp, contributes to both osmotic and heat stress
induction of GPD1, CTTI, and HSPI12. MSNI has previously
been isolated as a high-copy-number suppressor of snfl mu-
tants (14) and has been implicated in the regulation of iron
uptake (12) and of pseudohyphal growth (26, 27). It has been
shown to be a nuclear protein and to function as a transcrip-
tional activator when fused to the DNA-binding domain of
LexA (14). Our data suggest that together Hotlp and Msnlp
mediate the bulk of the Msn2p- and Msn4p-independent os-
motic stress activation of the genes GPD1, GPP2, CTT1, and
HSPI2.

MATERIALS AND METHODS

Yeast strains and general methods. The yeast strains used in this study are
summarized in Table 1. Except for L40, they all have the W303-1A genetic
background (54). The complete coding region of the HOTI gene (YMRI172w) was
deleted by the microhomology PCR method (32) with the kanMX4 cassette (59).
Deletion was verified by PCR analysis of chromosomal DNA with specific prim-
ers. Strain YMRS56 was obtained by crossing and sporulating YSH818 and UG62,
and YMR119 and YMR120 were constructed by crossing and sporulating UG44
and UG62. General cloning methods are described by Sambrook et al. (47).
Yeast media, growth conditions, and procedures were used as presented by Rose
et al. (46). To monitor gene expression after exposure to stress, cells were
pregrown at 30°C in rich glucose-containing medium to mid-exponential phase
(optical density at 600 nm [ODgq] of between 0.7 and 1.5). Osmotic stress was
applied by adding NaCl to the cultures to the concentrations indicated in the
descriptions of the experiments. Heat stress was applied by mixing the culture
with 1/3 volume of medium at 50°C, resulting in a temperature of about 37°C.
The culture was then incubated in a water bath at 37°C during the rest of the
experiment.

Northern blotting techniques. Total RNA was isolated at the time points
indicated in the figures and separated by electrophoresis as described previously
(10). Blots were hybridized in buffer containing 7% sodium dodecyl sulfate
(SDS), 0.5 M sodium phosphate buffer (pH 7.0), and 1 mM EDTA. The signal
was quantified by using a phosphorimager (Fuji BAS-1000). The lacZ probe was
a Pyull fragment internal to the lacZ open reading frame. All other probes were
generated by PCR from chromosomal DNA of W303-1A. The GPDI probe
includes sequences from position —527 to +95 relative to the start codon (this
excludes sequences homologous to GPD2). The probes for CTTI (—14 to 1007)
and HSPI2 (—139 to +493) were kindly provided by J. H. de Winde (Leuven,
Belgium). As a loading control we used an IPPI probe including sequences from
position +16 to +846 relative to the start codon (44). Probe fragments were
labelled with High Prime (Boehringer Mannheim).

Glycerol measurements. To determine glycerol production rates during an
osmotic upshift, samples of a yeast culture were taken at different time points
after the shift. The samples were heated for 10 min at 95°C, cells were sedi-
mented, and total glycerol in the supernatant was measured. To obtain the
glycerol production rate, differences in glycerol concentrations between subse-
quent time points were divided by the time interval and the mean of the ODy,s
at the two time points.

Internal glycerol was determined by harvesting cells by filtration and measur-
ing the glycerol released by boiling the filters for 10 min. Dry weight was
determined by drying filters with cells at 80°C overnight. Glycerol concentrations
were measured with a glycerol determination kit (Boehringer Mannheim).

Plasmid construction. The bait vector for the hybrid screen was constructed in
the following way. The HOGI coding sequence was amplified by PCR with
oligonucleotides designed according to the sequences corresponding to the N
terminus, TTATAAAGGATCCATATGACCACTAAC (the BamHI site and
the start are codon underlined), and the C-terminal part, AAACCTGGATCC
GTAGTCCGTAATGGTG (the BamHI site is underlined). The PCR product
was digested with BarnHI and cloned into the BamHI site of pBTM116 (kindly
provided by Paul Bartel and Stan Fields), resulting in pLexA-HOG1A. This
plasmid contains the full-length lexA4 gene linked in frame to a truncated HOG1
gene coding for the first 343 amino acids of the protein (creating a deletion of the
last 93 amino acids from its C terminus).

A GPDI-lacZ fusion construct, pGPDI-lacZ, was made in the following way.
Part of the GPDI promoter, from position —693 to —177 relative to the ATG,
was amplified by PCR by using primers with Bg/II and X%ol linkers (AAAAAG
ATCTCAAAGGCCTCTCCTGG [the Bg/IT site is underlined] and AAAACTC
GAGAGCCAGTCTACGTGCG [the Xhol site is underlined]). This fragment
was cloned into the CYCI promoter lacking the upstream activation sequence
(UAS) in front of lacZ in pJS205BXX, an episomal plasmid with URA3 as
selectable marker (a kind gift from H.-J. Schiiller, Greifswald, Germany) (50).

Creation of a Hotl-GFP fusion. Hotlp was tagged with green fluorescence
protein (GFP) by using the chromosomal gene replacement technique (61).
First, a plasmid construct with a NotI site in front of the stop codon of the
HOTI gene was prepared. Oligonucleotides 1 AATATCTCGAGTAAAATCA
GGATAGCACG (partly homologous to the sequence around 700 bp upstream
of the HOT1 stop codon; the Xhol site is underlined, and the double-underlined
sequence indicates the stop codon that serves to prevent the expression of the
truncated part of the HOTI gene, which results from the gene replacement
event) and 2 TATTATTTTATTGCGGCCGCCTATTCCAGCAAGGCTCTC
(partly homologous to the sequence upstream of the stop codon of the HOTI
coding sequence; the Norfl site is underlined) were used to prepare PCR product
A (700 bp). Another pair of oligonucleotides, 3 ATAATTATATATGCGG
CCGCTAGGCACGTACGATAG (partly homologous to the sequence down-
stream of the stop codon of the HOTI coding sequence; the Notl site is under-
lined) and 4 AATATGAGCTCTTTTTTCACCTTCCC (partly homologous to
the region around 250 bp downstream of HOTI stop codon; the Sacl site is
underlined) were used to prepare PCR product B (250 bp). PCR product A was
digested with Xhol and Notl, combined with an equimolar amount of PCR
product B digested with NotI and Sacl, and cloned in one step into pRS306 (52)
vector treated with Xhol and Sacl. The resulting plasmid, p603NotI, was digested
with Notl, and a GFP cassette (18) flanked by NotI sites was cloned into
p603Notl, resulting in p603GFP. This plasmid was linearized with HindIII (cuts
523 bp upstream of the HOTI stop codon) and used to transform yeast. The
correct integration was checked by analysis of chromosomal DNA by PCR with
specific primers.

Two-hybrid screen. Three genomic yeast libraries (YL2H-C1, YL2H-C2, and
YLH2H-C3, constructed in modified versions of pGAD424 [25]), were used to
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Hotlp 617 YRILKAPTDVKTIWEEYDTGIRGKPSIKHLEAKYGNKWRLNKN-KKTFSRRKRLYKFILNGMERGKTAQEMIETLENKRLYKDDEDGEVKKRTIGWL 712

Msnlp 278 FEFIKSPHSVMEVWKEYTEGVNGQPSTIRKMEALYQTAWRRDPAVNKRYSRRKVLWKAIQTGLNRGYSLNYVVEILENSR-YVNDKQ--KVKQPIGWL 371

Hotlp 617 YRILKAPTDVKTIWEEYDTGIRGKPSIKHLEAKYG-NKWRLNKNKKTFSRRKRLYKFILNGMERGKTAQEMIETLENKRLYKDDEDGEVKKRTIGWL 712

Gerlp 638 YKLSRENKTIWDLYAEWYIGLNGKSSIKKLIENYGWRRWKVSEDSHFFPTRRIIMDYIETECDRGIKLGRFTNPQQPREDIRKILVGDLEKFRINNG 734

FIG. 1. Hotlp is structurally related to Msnlp and Gerlp. Pairwise alignments of the C-terminal regions of Hotlp with Msnlp and Gerlp are shown. Arrows
delineate a region of 64 residues that has the highest similarity. The similarity between Hotlp and Msnlp extends further towards the C-terminal end.

transform yeast strain L40 (58) carrying the LexA-Hogl (residues 1 to 343)
fusion in pPBTM116 (pLexA-HOG1A). Around 2 million transformants obtained
after transformation with each of the three libraries were replica plated from
plates selective for the plasmids and containing 25 mM 3-aminotriazole onto
nitrocellulose filters and incubated with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside) chromogenic substrate (5). Around 200 clones reproducibly
produced positive signals in this assay after retransformation with plasmids
recovered from candidates isolated in the first round of selection. The second
round of selection with 45 mM 3-aminotriazole resulted in the isolation of 14
groups of candidates with different fragments of DNA fused to the GAL4
activation domain. A representative of the group with the highest p-galactosidase
activity was selected for further characterization. The plasmid recovered from
this strain contained an in-frame fusion of the GAL4 activation domain to
codons 140 to 645 of S. cerevisiae reading frame YMRI172w.

Fluorescence microscopy. Cells were grown to logarithmic phase (ODgo ~ 0.8
to 1.0) in synthetic complete medium with components used as selective markers
omitted. 4,6-Diamidino-2-phenylindole (DAPI) (final concentration, 2 g/ml) was
added as a DNA dye 15 min prior to microscopy. The number of cells with a
signal was expressed relative to the sum of cells showing fluorescence (total
number of cells examined, >300) after growth under normal conditions or after
exposure to 0.4 M NaCl for 5 min. For time course experiments, cells were scored
in a similar manner, using the camera pictures of samples taken at the time
points indicated. Living cells were viewed with a Zeiss Axioplan 2 fluorescence
microscope, and images were scanned with a Quantix charge-coupled digital
camera and IP LAB software.

Protein extract preparation and Western blot analysis. Cells were grown in
appropriate synthetic medium to an ODg, of ~0.8 to 1.0. For osmotic stress,
NaCl was added at room temperature to a final concentration of 0.4 M for the
time periods indicated. To prepare protein extracts, cultures were rapidly cooled
in ice water and harvested by centrifugation. The cell pellet was resuspended in
ice-cold lysis buffer (0.1 M morpholineethanesulfonic acid [MES], 10 mM
EGTA, 1% dimethyl sulfoxide, 1 mM dithiothreitol, pH 6.5) containing a com-
plete protease inhibitor mix (Boehringer) and phosphatase inhibitors (0.1 mM
Na vanadate, 10 mM NaF) and vortexed with glass beads three times for 5 min
each. Samples were centrifuged twice at 14,000 rpm in a microcentrifuge for 10
min each. All operations were performed at 4°C. Protein concentrations in the
supernatants were determined by using a Bio-Rad protein assay kit before the
supernatants were frozen in liquid nitrogen. Extracts (100 pl) were boiled with 50
wl of 4X sample buffer (0.12 M Tris, 20% [vol/vol] glycerol, 0.286 M 2-mercap-
toethanol, 0.086 mM bromophenol blue, 5% SDS, pH 6.8) for 3 min. Samples
were resolved by SDS-7.5% polyacrylamide gel electrophoresis (Bio-Rad Mini
Protean) and transferred onto nitrocellulose membranes (Schleicher & Schuell)
in a semidry blotting apparatus (Bio-Rad). Phosphorylated Hogl-GFP was im-
munodetected by phospho-specific p38 MAP kinase (T180/Y182) antibody (New
England Biolabs), and GFP was visualized with GFP polyclonal antibody (Clon-
tech). Immunoblots were developed by using a horseradish peroxidase-conju-
gated protein ECL detection kit (Amersham). Probes for immunodetection were
removed by incubation in stripping buffer according to recommendations of the
suppliers before application of another primary antibody to the same membrane.

RESULTS

Identification of a putative Hoglp-interacting factor with
similarity to the transcription factors Msnlp and Gerlp. In an
attempt to find target proteins of the Hoglp MAP kinase, we
carried out a two-hybrid screen with HOG1I coding sequences
as bait. To minimize the background signal, we chose a lexA4-
HOG1 fusion construct encoding only the first 343 residues of
Hoglp. Expression of this fusion from a truncated ADH1 pro-
moter indeed exhibited low intrinsic activation. Using libraries
expressing yeast genomic fragments fused to a transcription
activation domain, we screened around 6 million transformants
for increased LexA-dependent expression. Of 200 candidates

that reproducibly yielded a positive signal, we selected the
clone with the highest B-galactosidase activity (see Materials
and Methods for details). Further characterization of the clone
showed that it contained codons 140 to 645 of the uncharac-
terized open reading frame YMRI72w fused in frame to the
GAL4 activation domain. We called this gene HOT1 for high-
osmolarity-induced transcription (see below). The interaction
between Hotlp and Hoglp seemed to be specific, as DNA-
binding domain fusions with other MAP kinases did not raise
the transcriptional readout (not shown). Various attempts to
obtain biochemical evidence for Hoglp-Hotlp interaction by
coprecipitation assays or by immunokinase assays failed (data
not shown).

A homology search of the predicted amino acid sequence of
Hotlp (718 amino acid residues) did not uncover any close
overall match in the databases. However, Msnlp (382 amino
acids) and Gerlp (785 amino acids), two previously identified
S. cerevisiae proteins, showed similarity to Hotlp in their C-
terminal regions (Fig. 1). The similarity is most pronounced
within a stretch of 64 residues in which Hotlp and Msnlp
exhibit 42% identity and 64% similarity and Hotlp and Gerlp
exhibit 27% identity and 59% similarity (Fig. 1). The similarity
between Hotlp and Msnlp can even be extended beyond this
region to encompass 95 residues in total (41% identity and
61% similarity). The C-terminal region has been identified as
a DNA-binding domain in the case of Gerlp (22, 23), a factor
required for high expression levels of glycolytic genes (3, 4, 7,
8). Although specific DNA binding has not been proven for
Msnlp, the protein can function as a transcriptional activator
when fused to the LexA DNA-binding domain (14). Consistent
with such a function, Msn1p has been reported to be a resident
nuclear protein (14). To localize Hotlp in the cell, we made
use of a carboxy-terminal GFP tag. The construct was shown to
be functional by complementation of the sensitivity of the hot1
mutant to severe stress (see below). A strong fluorescence
signal colocalized with nuclear DNA under normal and hyper-
osmotic (Fig. 2) and hypo-osmotic (data not shown) condi-
tions.

Efficient induction of GPDI1 expression depends on Hotlp.
Since Hotlp may interact with Hoglp and exhibits similarity to
the transcriptional activators Gerlp and Msnlp, we tested
whether hotI mutations affect the expression of genes induced
by high-osmolarity stress via the HOG pathway. Particularly,
we tested whether the expression of the key glycerol biosyn-
thesis genes GPD1 and GPP2, which are known to be partly
regulated by the HOG pathway (1, 20, 36, 44), was affected by
the mutation. Northern analysis demonstrated that this was
indeed the case (Fig. 3). The main effect of a 1ot/ mutation was
a significant decrease of maximal transcript accumulation after
a shift to high-salt conditions (0.7 M NaCl). Unlike a hog!
mutant, hotl cells are not delayed in their transcriptional re-
sponse. In hogl hotl double mutants, the remaining response is
kinetically similar to that of a hogl mutant but is reduced even
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FIG. 2. Hotlp is a nuclear protein. Logarithmically growing cells of strain
VRY140 (HOTI-GFP) were examined by fluorescence or light microscopy under
normal growth conditions and 5 min after addition of NaCl to a final concen-
tration of 0.4 M. DIC, differential interference contrast.

further. This result indicates that Hot1 could act downstream
of Hoglp, perhaps as a mediator of nuclear kinase activity,
although it also suggests that the two proteins have indepen-
dent functions in the control of GPDI and GPP2 expression.
The specific reduction of mRNA levels in the kot mutant
should be caused at the transcriptional level, since a CYCI-
lacZ fusion gene driven by GPD1 UAS elements exhibited a
reduction of its mRNA level in a hot] mutant that was similar
to that for the entire GPDI gene (Fig. 4).

Hotlp and Msnlp are necessary for a complete transcrip-
tional response to osmotic stress. Having obtained evidence
that HOT1 controls the promoters of GPDI and GPP2, we
tested the influence of the absence of various combinations of
transcription factors that might affect expression of GPDI and
GPP2, as well as of CTTI and HSPI2, two general stress-
responsive genes predominantly controlled via STREs (33, 57).
While the upstream region of the GPDI gene contains STRE-
like sequences (at positions —330, —286, and —34), no evi-
dence for their functionality has yet been reported. Deletion of
MSN2 and MSN4, the two genes encoding two redundant tran-
scription factors binding to STREs, has little effect on osmotic
induction of GPDI and GPP2 beyond a slight delay (Fig. 5).
Deletion of the MSNI gene also has little effect on mRNA
induction. On the other hand, an important part of the re-
sponse still existing in ~ot] mutants is lost when MSN1, MSN2,
and MSN4 are also deleted, suggesting a complex functional
overlap and perhaps cooperation of these factors. Interest-
ingly, there was about a 5-fold induction of the GPDI mRNA
level even in the quadruple mutant (wild type, 13-fold), indi-
cating that additional factors must be involved in the regula-
tion of GPDI expression.

A similar but not identical pattern of dependencies became
apparent in the case of the predominantly STRE-regulated
genes. As previously published, osmotic induction of expres-
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sion of the CTTI gene is dependent mainly on MSN2 and
MSN4 (35). However, an msnl deletion has a strong negative
effect on expression in this case, while a single #ot/ mutation
has little effect. When various mutations are tested in combi-
nation, most of the response is lost in msnl msn2 msn4 triple
mutants, and the slight response still remaining is lost virtually
completely in the hotl msnl msn2 msn4 quadruple mutant (see
particularly Fig. 5A). A somewhat different pattern was ob-
served in the case of HSPI12, another STRE-regulated gene
(57). Like CTTI, this gene is regulated predominantly by
MSN2 and MSN4, as either the single hotl or single msnl
mutation has only negligible effects, while a combination of
both leads to a 50% reduction in maximal expression (Fig. 5B).
However, in the msn2 msn4 double mutant the remaining
induction (20% of maximal wild-type levels) is strongly depen-
dent on HOTI. Although there is still a visible increase of
HSPI2 mRNA in the quadruple mutant during the osmotic
upshift (Fig. SA), the maximal level is only 1% of wild type in
this mutant. Overall, it is apparent that individual contribu-
tions of the two sets of regulatory genes are highly dependent
on promoter context and cannot be predicted by the presence
or number of STRE elements alone. Nevertheless, since for all
genes tested by us the osmotic stress-specific expression was
drastically reduced in the absence of Hotlp, Msnlp, Msn2p,
and Msn4p, we suggest that this might also hold true for most
other osmotic stress-induced genes.

Having established that Hotlp, Msnlp, and Msn2p plus
Msn4p affect osmotic induction of glycerol biosynthesis and
general stress-responsive gene transcripts differentially, we
tested the effect of the respective mutations on the expression
of two of the genes affected, GPDI and CTT1, during contin-
uous growth under normal and high-osmolarity conditions
(Fig. 6). These data confirm the differential effects of Msnlp
and Hotlp on a glycerol biosynthesis gene and on a general
stress-responsive gene. They also demonstrate that the hotl
mutation results in increased CTTI mRNA levels in cells that
are fully adapted to high salt concentrations. This stimulating
effect of hotl is clearly dependent on the presence of Msnlp,
Msn2p, and Msn4p, since it is lost in the respective double and
triple mutants. A similar effect of 4ot was observed in the case
of other general stress-responsive genes, particularly HSPI2
(not shown). In the case of GPDI mRNA, there is a stimulat-
ing effect of hotl only in the absence of NaCl, which is again
dependent on MSNI1 and MSN2 plus MSN4. Under steady-
state growth conditions, Hotlp appears to be required for
proper regulation of GPDI expression in response to the NaCl
concentration, while Msnlp and Msn2p plus Msn4p contribute
to expression irrespective of the NaCl concentration (Fig. 6).

Hotlp is specifically required for the osmotic induction of
GPDI1. To establish if the effects mediated by Hotlp and
Msnlp are osmospecific, the respective mutants and the msn2
msn4 mutant were exposed to heat stress via a shift from 30 to
37°C, and mRNA induction of GPDI and CTTI was moni-
tored. In contrast to induction by osmotic stress, induction by
heat stress of CTTI mRNA was completely dependent on
Msn2p and Msndp (Fig. 7). However, deletion of MSNI also
reduced maximal mRNA levels, to about 40%. Heat induction
of GPDI is also affected by loss of MSNI1, MSN2, and MSN4
function but is completely independent of HOT! (Fig. 7). In-
volvement of Msn2p and Msn4p in GPDI expression indicates
that some or all of the STRE-like elements in its promoter may
be functional, at least under heat stress. More importantly,
these data indicate that Hotlp is dedicated to the induction by
high osmolarity, whereas Msnlp, like Msn2p and Msn4p, con-
tributes to the transcriptional response induced by several
kinds of stress.
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FIG. 3. Role of Hoglp and Hotlp in the induction of expression of GPDI and GPP2. Cells of the wild type (®) and of the hotI (O), hogl (X), and hotl hogl (m)
mutants were exposed to 0.7 M NaCl at time zero. (A) Northern blotting; (B) quantification. The highest relative mRNA level in the wild type was set to 100.

Hotlp is functionally linked to the HOG pathway. In a
wild-type strain, the MAP kinase kinase kinase Ssk2p is kept
inactive under basal conditions due to the function of an N-
terminal negative regulatory domain (37). Deletion of this
domain leads to constitutive activation of the downstream ki-
100 -
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FIG. 4. GPDI-lacZ induction is affected by the hot! mutation. The mutant
effect was tested by using a reporter consisting of a CYCI-lacZ construct lacking
its own UAS fused to part (position —693 to —177) of the GPDI promoter.
Wild-type (@) and hotI (O) cells were transformed with the pGPDI-lacZ plasmid
and exposed to 0.7 M NaCl, and total RNA was probed for lacZ mRNA. The
graph shows lacZ mRNA levels relative to those of IPPI; the highest relative
mRNA level in the wild type was set to 100.

nase cascade independent of the function of the upstream
osmosensors. While expression of this truncated kinase is det-
rimental for cell growth, this effect can be suppressed by de-
letions of genes encoding downstream components of the path-
way, such as HOG! (Fig. 8) (30, 37). Here we show that
deletion of GPDI also partially suppresses the growth defect
caused by a hyperactive HOG pathway (Fig. 8). Since a plas-
mid encoding a constitutively open Fps1p glycerol export chan-
nel (53) also partially suppressed unregulated Ssk2p (data not
shown), overaccumulation of intracellular glycerol probably
contributes to growth inhibition by an overactive HOG path-
way. If Hotlp was to act at or downstream of the HOG kinase
cascade controlling GPDI induction, then a hotI mutation
might also suppress the negative effect of a constitutively active
HOG pathway. Indeed, this appears to be the case (Fig. 8).
The partial suppression of negative effects of constitutive HOG
pathway activity by hot1 and gpdl mutations is consistent with
a role of Hotlp in GPDI expression. It is noteworthy that
deletion of MSN1 or of MSN2 plus MSN4 does not lead to such
a suppression phenotype (Fig. 8).

Nuclear factors mediating the transcriptional response to
stress contribute to nuclear retention of Hoglp MAP kinase.
Formally, the effects of the hotI mutation could be attributed
to inefficient activation of the kinase cascade of the HOG
pathway. We therefore investigated whether and how hotl
might influence Hoglp kinase activity. Activation of Hoglp in
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FIG. 5. Effects of combinations of hotl, msnl, msn2, and msn4 mutations on osmotic induction of GPD1, GPP2, CTTI, and HSP12. Cells of the wild type (®) and
the msnl (O), msn2 msn4 (X), msnl msn2 msn4 (m), hotl (O), hotl msnl (A), hot] msn2 msn4 (), and hotl msnl msn2 msn4 (®) mutants were exposed to osmotic
stress (0.7 M NaCl) at time zero. (A) Northern blotting; (B) quantification. The highest relative mRNA level in the wild type was set to 100.

wild-type cells can be correlated with its rapid translocation to
the nucleus. Also, during adaptation, the inactivation (dephos-
phorylation) of the kinase can be correlated with nuclear ex-
port (16, 43). Both nuclear accumulation and reexport of the

MAP kinase can be visualized by using a functional Hog1-GFP
fusion. When msnl hotl and msnl msn2 msn4 hotl mutants
were tested for kinetics of nuclear Hogl-GFP import, it was
apparent that Hoglp levels were not significantly affected by
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the mutations and that nuclear accumulation and Hogl-GFP
dual phosphorylation were not delayed compared to those in
the wild-type control. In contrast, the period of nuclear resi-
dence and dual phosphorylation of Hogl-GFP was clearly
shortened in the msn2 msn4 mutant, as previously reported
(43), and in the hotl msnl and quadruple mutants (Fig. 9).
This observation suggests that Hotlp and Msnlp may be part
of nuclear structures that help retain the activated Hoglp
kinase in the nucleus.

hotl mutants are delayed in glycerol accumulation and are
hypersensitive to killing by severe osmotic stress. To further
clarify whether the effects on gene expression described above
are relevant for a functional osmotic stress response, we tested
several physiological parameters, including glycerol production
and cell survival during or after stress exposure. Consistent
with effects on GPDI transcript levels, the glycerol production
rate (Fig. 10A) and internal glycerol accumulation (Fig. 10B)
were clearly decreased in sot/ mutants compared to the wild
type for a time period of about 2.5 h when the osmolarity of the
medium was suddenly increased (0.7 M NaCl). Wild-type and
mutant cells were tested for growth on 1.5 M sorbitol and on
0.7 M NaCl, a condition that prevents the growth of a hogl!
mutant. Surprisingly, none of the single or multiple mutations
tested caused a pronounced defect in growth under these con-
ditions (Fig. 11A and data not shown). Since the defect might
be apparent only during the period of adaptation to a changing
environment, we shifted cells from normal medium to 1.7 M
NaCl and counted the number of survivors after 20 h. Two sets
of experiments were performed. In one set cells were prein-
duced with a 15- or 60-min mild osmotic shock (0.4 M NaCl)
before exposure to 1.7 M NaCl, and in the other set cells were
directly transferred into 1.7 M NaCl. With the exception of
hogl mutants, all cells showed high survival rates when prein-
ducing conditions were applied. On the other hand, cells not
preconditioned by mild stress are dramatically more sensitive
to the severe type of stress. Under these conditions, hotl mu-
tant cells are more sensitive than wild-type cells or even mu-
tants lacking the general stress transcription factors Msn2p and
Msn4p (Fig. 11B). Perhaps not surprisingly, hog! cells are most
sensitive in this type of experiment, presumably because im-
portant targets of the Hoglp MAP kinase are transcriptional
effectors different from Hotlp or do not act at the transcrip-

tional level. Perhaps already under noninducing conditions,
Hotlp determines a pattern of gene expression that guards a
cell against sudden osmotic insults.

DISCUSSION

New factors mediating osmotic stress signaling. The S. cer-
evisiae Hoglp kinase is related to the p38 MAP kinase from
mammalian cells and to Styl from Schizosaccharomyces pombe.
While p38 and Styl are responsive to different types of stress,
Hoglp is activated specifically by osmotic stress, probably re-
flecting an adaptation to the specific environment of S. cerevi-
siae, whose osmotic pressure can change dramatically (19, 55).
Although the architecture of the HOG pathway of S. cerevisiae
is known in more detail than that of the pathway stimulating
p38, the actual targets of the Hoglp kinase have remained
elusive (19). In other eukaryotic systems the transcription fac-
tor substrate(s) of p38/Hoglp appears to be restricted to ATF-
related proteins. This does not appear to be the case in S.
cerevisiae. Skolp, which has been described recently as an
ATF-like transcriptional repressor, may be a Hoglp target, but
it appears to control only a subset of the Hoglp-regulated
genes (42, 44, 45). In our aim to identify nuclear regulators
involved in the osmotic response, we have focused our atten-
tion on two structurally related nuclear proteins, Msnlp and
Hotlp. Until now neither factor had been implicated in the
osmotic stress response. From the studies presented here, we
conclude that in addition to the general stress factors Msn2p
and Msn4p, these two proteins are required for most of the
short-term transcriptional response to hyperosmotic stress.
This raised the question of whether the novel factor Hot1p and
Msnlp are direct targets of the HOG pathway.

Hotlp may be a target of the HOG pathway. The first indi-
cation that HOTI might be implicated in osmotic stress came
from the fact that a partial clone was obtained as an interacting
partner of Hoglp in the yeast two-hybrid system. Although this
suggested a potential physical interaction of Hoglp and Hotlp,
we failed to find any corroborating biochemical evidence for
direct Hoglp-Hotlp interaction. On the other hand, our data
undoubtedly support a physiological interaction of Hot1p with
the HOG pathway. First, the fact that a ot mutation partially
suppresses the negative effects of constitutive hyperactivation
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of the HOG pathway is consistent with a functional role of
Hotlp in responses triggered via the Hoglp MAP kinase. Con-
sistently, we found that deletion of GPDI, a transcriptional
target of the HOG pathway, also suppressed the effects con-
ferred by hyperactive Hoglp. On the other hand, deletion of
MSNI1 and of MSN2 plus MSN4, which encode transcription
factors controlling STRE-controlled genes but not the hyper-
osmotic induction of glycerol biosynthesis genes, did not sup-
press these effects. This finding further supports a specific role
of Hotlp in mediating (part of the) HOG pathway-controlled
osmotic regulation of glycerol biosynthesis genes.

Two observations make the connection between Hotlp and
Hoglp even closer. The hot! defect reduces the transient in-
duction of GPDI and GPP2 mRNAs and, consistent with that,
also the rate of cellular glycerol accumulation upon an increase
in osmolarity. Finally, a hot] mutation has a negative effect on
survival of yeast cells upon severe high-salt stress. Therefore,
Hotlp must somehow affect the effectivity of the response
system downstream of the MAP kinase. The following argu-
ments support this notion. The dichotomy of the transcrip-
tional response—namely, Hotlp initiating mainly GPDI ex-
pression and Msnlp contributing mainly to CT7! induction—
indicates that these two factors are unlikely to influence the
activation mechanism of the MAP kinase per se. Unless their
activity is dedicated to signaling systems that act in parallel

with the HOG pathway, the Hoglp kinase must act upstream
of these two nuclear factors. This view is consistent with the
observations that upon osmotic upshift in a 4ot msnl mutant
or even a quadruple msnl msn2 msn4 hotl mutant, dual phos-
phorylation of Hoglp is unaffected and the kinase is able to
accumulate in the nucleus with unimpaired kinetics. What is
different from wild-type cells in such mutants, however, is the
abbreviated nuclear residence of Hoglp. In the fission yeast S.
pombe, a similar phenomenon concerning the Styl kinase and
the transcription factor Atfl has been interpreted to indicate
that the transcription factor provides nuclear anchorage for the
kinase (17). From such a viewpoint, Hotlp and Msnlp should
either be nuclear retention factors or at least control the ac-
tivity of such factors in some way. Another, more remote pos-
sibility is that loss of Hotlp and Msnlp function somehow
leads to an increase in the activity of stress adaptation factors
such as protein phosphatases controlling the Hoglp phosphor-
ylation state (60).

While the data are consistent with a role of Hotlp in medi-
ating osmotic stress signaling downstream of Hoglp, we note
that these two proteins may have roles in the control of ex-
pression of the glycerol biosynthesis genes GPDI and GPP2
independent of each other. This notion is based on the obser-
vation that the profiles of induction of the two glycerol biosyn-
thesis genes are different in #ogl and hot! mutants. Moreover,
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its N-terminal inhibitory domain (amino acids 1 to 1172) deleted (30). Expres-
sion of this construct is induced by a shift to galactose medium. Transformants
were grown to logarithmic phase in selective medium containing glucose, sedi-
mented, washed with water, and diluted to an ODy, of 1.0. Ten microliters of
this suspension and of a 1:10 dilution were dropped on plates containing glucose
or galactose.

additional deletion of HOTI in a hogl mutant results in a
hogl-like induction profile, but maximal induction is further
diminished. These observations are inconsistent with a simple
linear pathway from Hoglp to Hotlp and further to GPDI or
GPP2 expression but rather suggest that at least part of the

A

MoL. CELL. BIOL.

function of Hotlp (and Msnlp) function is exerted in a path-
way parallel to Hoglp.

A number of observations made in this investigation are in
line with the assumption that Hotlp acts as a transcriptional
activator of the expression of some genes, which are controlled
via the HOG pathway. Hotlp is a resident nuclear protein, and
its C-terminal region exhibits sequence similarity to the DNA-
binding domain of Gerlp and a similar region in the transcrip-
tional activator Msnl1p. The loss-of-function phenotype result-
ing in the diminished induction of GPDI and GPP2 mRNAs
indicates that Hotlp acts as a positive factor in this situation.
Since the function of a GPDI upstream region driving the
expression of a CYCI-lacZ reporter gene is also impaired in
hotl cells, the effect of Hotlp is most likely on transcriptional
induction rather than mRNA stability. Despite a number of
attempts, we have been unable to demonstrate binding of
Hotlp to upstream elements of the genes investigated (GPDI
and CTTI) by gel retardation experiments (data not shown).
Gerlp and Msnlp, which are similar to Hotlp in their (puta-
tive) DNA-binding domains, bind DNA only weakly and with
low sequence specificity (14, 22). Recently, we have obtained
preliminary evidence by use of chromatin precipitation meth-
ods that Msnlp indeed binds specifically to stress-responsive
promoters, suggesting that the same may hold true for Hotlp
in the case of glycerol biosynthesis genes. At least in some
Gecrlp-controlled promoters, interaction with another DNA-
binding factor, Raplp, is required for specific DNA binding
(11, 56). The GPDI1 promoter contains Raplp binding sites
(13), and Hotlp might well bind to promoters only in cooper-
ation with this or other DNA-binding proteins. In conclusion,
we presently favor a direct role of Msnlp and Hotlp in the
regulation of GPDI and GPP2 expression. We have observed,
however, that the expression of HOT1 is itself about twofold
stimulated after an osmotic shift in a time course similar to that
observed for GPDI (data not shown), which could indicate
further levels of interdependent regulation of these factors.

Msnlp, Msn2p, Msn4p, and Hotlp mediate a large part of
the osmotic induction of several stress-inducible genes. To
what extent do the four factors Msnlp, Msn2p, Msndp, and
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FIG. 9. Hotlp, Msnlp, Msn2p, and Msn4p affect kinetics of Hoglp phosphorylation and nuclear residence. (A) Logarithmically growing cells of the wild type (@)
and the hotl msnl (O), msn2 msn4 (X), and msnl msn2 msn4 hotl (m) mutants were transformed with pVR65-WT (HOG1-GFP) and examined in time courses by
fluorescence microscopy under normal growth conditions and after addition of NaCl to a final concentration of 0.4 M. (B) Determination of the phosphorylation profile
of Hogl-GFP. Samples were taken at the time points indicated, and protein extracts were prepared. Western blots were analyzed with anti-active p38 antibody (Ab)

or with anti-GFP antibody to determine the protein level of Hogl-GFP.
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Materials and Methods.

Hotlp account for the normally observed transcriptional ef-
fects upon an osmotic upshift? According to the present data,
all positive factors seem to have been recognized in the case of
CTTI, while at least one additional, still-unknown factor ap-
pears to contribute to the induction of HSPI2 and the glycerol
biosynthesis genes GPD1 and GPP2. The Skolp-Ssn6p-Tuplp
repressor system, which has been shown to play an important
role in negative control of some genes induced by high osmo-
larity (34, 42, 45), does not appear to be important at least for
regulation of GPDI1 (44, 45). Nevertheless, in all cases inves-
tigated, the contribution of the four factors is substantial, as
the residual expression levels found in the quadruple mutant
plunge to a minor fraction of those found in wild-type cells.
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With regard to the individual contributions, one can clearly
define separate spheres of influence. Hot1p appears to be most
important in the case of glycerol biosynthesis gene expression,
where Msn2p plus Msn4p and Msnlp have minor importance.
In the case of the general stress-responsive genes CT71 and
HSP12, where Msn2p plus Msn4p are much more important
for regulation, Msnlp and/or Hotlp makes an additional con-
tribution to the high-osmolarity response.

The described effects of the hot! mutation on the initial
transcriptional response when cells experience an increase of
medium osmolarity are also rather different from its long-term
effects, i.e., its effects on mRNA levels in cells fully adapted to
a given external osmolarity. Although deletion of HOTI has
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FIG. 11. (A) Growth of a hot! strain is unaffected by 1.5 M sorbitol. Cells were grown to logarithmic phase and diluted to an ODy, of 1.0. A 10-fold serial dilution
series was plated on rich glucose medium containing either no osmolyte or 1.5M sorbitol. (B) Cells with HOTI deleted are more sensitive to severe osmotic stress
conditions. Logarithmically growing strains were incubated in the presence of 0.4 M NaCl for 0 (black bars), 15 (grey bars), or 60 (open bars) min before the final
concentration of NaCl was increased to 1.7 M. After 20 h, the samples were appropriately diluted and plated at about 300 cells per plate. After 3 days, the total number
of colonies was counted and expressed relative to that in the corresponding unstressed sample.
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both a short- and a long-term negative effect on GPDI tran-
scription in salt-exposed cells, it has a strong stimulating effect
on CTTI and HSPI12 mRNA levels in fully adapted cells. This
increase in steady-state levels, already seen under basal condi-
tions, is dependent on Msnlp and on Msn2p plus Msn4p.
Although this may point to a specific repressor function of
Hotlp under some conditions, these effects could also be due
to compensating mechanisms acting on general stress response
genes, possibly via Msnlp and/or Msn2p plus Msn4p.

Effects on growth, survival, and glycerol accumulation. It
seems surprising that the reduced amount of GPDI mRNA in
the hot! mutant and, especially, in the hotl msnl msn2 msn4
quadruple mutant has no strong effect on growth in media with
high solute concentrations. In contrast to the case for hogl
mutants, there is no or only a minor effect of hotl on the
growth rate when assayed on plates or in liquid medium (not
shown). The GPDI mRNA level in adapted cells apparently
supports enough enzyme synthesis for glycerol production to
sustain the turgor pressure required for growth. This observa-
tion also makes it likely that the MAP kinase controls sub-
strates important for growth and proliferation in addition to
transcription factors. Nevertheless, the initial response to hy-
perosmotic stress, i.e., the accumulation of intracellular glyc-
erol, is clearly delayed in a hot! mutant, leaving it less well
prepared for sudden rises in osmolarity. Although this could
explain the reduced fitness of 4otl mutants upon sudden ex-
posure to high NaCl concentrations, this effect might still in-
volve as-yet-unrecognized targets of Hotlp.
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