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When Saccharomyces cerevisiae cells are exposed to hyper-osmotic stress, the high-
osmolarity glycerol response (HOG) pathway is activated to induce osmotic responses.
The HOG pathway consists of two upstream osmosensing branches, the SLN1 and SHO1
branches, and a downstream MAP kinase cascade. Although the mechanisms by which
these upstream branches transmit signals to the MAP kinase cascade are well under-
stood, the mechanisms by which they sense and respond to osmotic changes are elusive.
Here we show that the HOG pathway is activated in an SLN1 branch-dependent manner
when cells are exposed to cold stress (0°C treatment). Dimethyl sulfoxide (DMSO) treat-
ment, which rigidifies the cell membrane, also activates the HOG pathway in both SLN1
branch- and SHO1 branch-dependent manners. Moreover, cold stress, as well as hyper-
osmotic stress, exhibits a synergistic effect with DMSO treatment on HOG pathway acti-
vation. On the other hand, ethanol treatment, which fluidizes the cell membrane,
partially represses the cold stress-induced HOG pathway activation. Our results suggest
that both osmosensing branches respond to the rigidification of the cell membrane to
activate the HOG pathway.

Key words: cold-stress, HOG pathway, membrane fluidity, Saccharomyces cerevisiae,
stress-activated MAP kinase pathway.

Abbreviations: HOG pathway, high-osmolarity glycerol response pathway; MAP kinase, mitogen-activated

protein kinase; DMSO, dimethyl sulfoxide; HPt domain, histidine-containing phosphotransfer domain.

Cells show adaptive responses to various extracellular
changes. In Saccharomyces cerevisiae, increases in extra-
cellular osmolarity induce the activation of the high-
osmolarity glycerol response (HOG) pathway, which in
turn provokes osmotic responses (1, Fig. 1). The HOG path-
way consists of two upstream osmosensing branches,
SLN1 and SHO1 branches, and a downstream MAP kinase
cascade. The SLN1 branch, consisting of Slnlp, Ypdlp,
and Ssklp, constitutes a multi-step His-Asp phosphorelay
(2—4). Under normal osmotic conditions, the transmem-
brane protein Slnlp phosphorylates its own histidine
kinase domain (3, 4). The phosphate group is transferred
to the receiver domain of Slnlp, then to the HPt domain of
Ypdlp, and finally to the receiver domain of Ssklp (3, 4).
Upon hyper-osmotic stress, Slnlp phosphorylation is
repressed, and thus phosphotransfer to Ssklp via Ypdlp
is also inhibited. As a result, unphosphorylated Ssk1 acti-
vates Ssk2p and Ssk22p MAP kinase kinase kinases
(MAPKKKS) to phosphorylate Pbs2p MAP kinase kinase
(MAPKK) (5, 6). Phosphorylated Pbs2p phosphorylates
Hoglp MAP kinase (MAPK) on threonine 174 and tyrosine
176 residues, the phosphorylation of both of which is
required for Hoglp activity (7, 8). In the case of the
SHO1 branch, Pbs2p MAPKK is recruited to the trans-
membrane anchor Sholp upon hyper-osmotic stress
(5, 9), and is activated by Stellp MAPKKK, which also
participates in the pheromone signal transduction
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pathway (10). Despite considerable information about
the machinery by which these two osmosensing branches
activate the downstream MAP kinase pathway, the actual
mechanism by which they sense and respond to osmotic
changes is not well understood. In particular, it is not clear
whether hyper-osmolarity is sensed directly or indirectly
through other physical parameters reflecting hyper-
osmolarity, such as decreased turgor pressure, which
also activates the HOG pathway through the SLN1 branch
(11). Other stimuli that activate the HOG pathway are also
known: heat stress activates the pathway through the
SHO1 branch (12) and some oxidative stress does so
through both the SLN1 and SHO1 branches (13), although
increased Hoglp phosphorylation is not detected in the
latter case. The homologous pathway in Schizosaccharo-
myces pombe is also activated by various stresses, includ-
ing hyper-osmotic, heat, oxidative, UV, starvation, and
cold stresses (14-19).

The cell membrane largely consists of a lipid bilayer.
Membrane fluidity is determined by free movement of
the acyl group of membrane phospholipids, lateral diffu-
sion of phospholipids, wobbling of phospholipids, and the
interaction among various domains (rafts) of the cell mem-
brane. Various factors influence membrane fluidity. For
example, increases in temperature cause increases in
membrane fluidity (20), and decreases in temperature
cause decreases in membrane fluidity in various organ-
isms including yeast (21-24). Dimethyl sulfoxide
(DMSO) added in vitro causes decreases in fluidity in an
artificial membrane (25), as well as the cellular membrane
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Fig. 1. High-osmolarity glycerol response (HOG) pathway.

(26, 27). Conversely, ethanol added in vitro causes
increased fluidity of the cellular membrane (28-30).

A number of reports have shown that membrane fluidity
functions in sensing temperature. For example, low tem-
perature or cold stress is proposed to be sensed as
decreases in membrane fluidity in cyanobacteria (31), in
Bacillus subtilis (32), and in plants (27). Membrane fluidity
altered by temperature or a membrane fluidizer, benzyl
alcohol, also affects the induction temperature of heat
shock genes in cyanobacteria (24). Similarly, in yeast, alco-
hols that increase membrane fluidity lower the maximum
induction temperature of heat shock—induced genes (33),
and an increase of unsaturated fatty acid induced by heat
acclimation increases the induction temperature of heat
shock—induced genes (34). Membrane fluidity also affects
osmotic responses. It was reported that membrane fluidity
is reduced with hyper-osmotic stress (35-37). In fact,
hyper-osmotic stress-specific genes are induced by muta-
tions that change the phospholipid composition of the cel-
lular membrane in Escherichia coli (38). Furthermore,
the Slt2p/Mpklp pathway in yeast, or the cell integrity
MAPK pathway, is activated by decreases in extracellular
osmolarity (39), up-shift of temperature (40, 41), and
chlorpromazine treatment, all of which induce membrane
fluidization (40). Interestingly, a cold sensor in cyanobac-
terium Synechocystis, the Hik33 histidine kinase, also acts
as a sensor for hyper-osmotic stress, raising the possibility
that Hik33 senses decreases in membrane fluidity as a cue
for hyper-osmotic stress, in addition to cold (42).

In this study, we found that the HOG pathway is
activated by cold stress. Moreover, DMSO treatment
also caused HOG pathway activation. Conversely, ethanol
treatment partially repressed HOG pathway activation.
These results suggest that the fluidity of the plasma
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membrane is sensed by upstream branches of the HOG
pathway.

MATERIALS AND METHODS

Yeast Strains and Media—All S. cerevisiae strains used
in this study are isogenic to TM101 (MATo ura3-52
leu241 his34200), a GAL2" derivative of S288C (3, 5, 43).
Their relevant genotypes are as follows: TM101, wild-
type; TM193, ssk1::URA3; TM231, pbs2::URA3; TM253,
ssk2::LEU2 ssk22::LEU2; and TM282, MATa trplA63
shol::URA3.YPD medium contains 1% (w/v) yeast extract,
2% (w/v) peptone and 2% (w/v) glucose.

Stress Treatments—For cold stress, cells were grown to
the logarithmic phase at 30°C in YPD medium, then 2-ml
aliquots of culture were transferred to 2-ml sampling tubes
and incubated at 30, 10, or 0°C. DMSO and ethanol were
obtained from Wako Pure Chemical. For DMSO treatment,
DMSO was added to the cell culture at a concentration of
1, 3, or 10% (v/v) and cultures were incubated at 30°C. For
ethanol treatment, ethanol was added to the cell culture
at a concentration of 0.3, 1, or 3% (v/v) and cultures were
incubated for another 1 h at 30°C. Cells treated with or
without 0.5 M sorbitol stimulation for 5 min at 30°C were
used for control samples.

Western Blotting—Cells were harvested by spin-down
for 20 s, then suspended in sample buffer (20 pl each)
and immediately boiled for 4 min. After centrifugation
for 4 min, aliquots of cell lysate corresponding to 0.5 Aggo
equivalents of cells were subjected to immunoblotting.
Phospho-Hoglp was detected with anti—phospho-p38
antibody (Cell Signaling Technology) and anti-rabbit anti-
body labeled with peroxidase (Amersham Biosciences).
Hoglp was detected with anti-Hoglp polyclonal antibody
yC-20 (Santa Cruz Biotechnology) and anti-goat anti-
body labeled with peroxidase (Santa Cruz Biotechnology).

RESULTS

Activation of the HOG Pathway upon Cold Stress—
Using immunoblot analysis, we found that phosphoryla-
tion occurred when exponentially growing culture at 30°C
was transferred to an ice-water bath (0°C) (Fig. 2A, top).
Phosphorylation was not observed in cells kept at 30°C or
transferred to 10°C (Fig. 2A, top). Upon transferring cells
to 4°C, weaker Hoglp phosphorylation than at 0°C was
observed (data not shown). An immunoblot of the same
cell extracts with an anti-Hoglp antibody revealed that
an equal amount of Hoglp was loaded on each lane
(Fig. 2A, bottom). These results indicate that the HOG
pathway is activated in response to decreased extra-
cellular temperature besides increased extracellular
osmolarity or heat shock. Compared with sorbitol stimula-
tion, phosphorylation at 0°C was weaker and slower in
kinetics. It should be noted that decreased temperature
itself is not sufficient, but that a certain magnitude of
temperature decrease is required for Hoglp phosphory-
lation. The temperature shift from 30°C to 0°C is referred
to as cold stress hereafter.

The HOG pathway has two upstream sensing branches,
the SLN1 and SHO1 branches (Fig. 1). We examined
whether the phosphorylation of Hoglp upon cold stress
is SLN1 branch- or SHO1 branch-dependent. As shown

J. Biochem.

2702 ‘62 Jequeldes uo A1sieaiun Bued e /Bio'seulnolplioixoql/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

Cold Stress Activates the HOG Pathway

(A)

Temp. (°C) 30 0

799

Fig. 2. The HOG pathway is activated
upon cold stress. (A) Phosphorylation of
Hog1p upon cold stress. Wild-type TM101
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in Fig. 2B, Hoglp phosphorylation upon cold stress was
observed in wild-type and sholA cells, but not observed
in pbs2A, ssk24 ssk22 A, or ssk14 cells. This result indicates
that the phosphorylation of Hoglp upon cold stress
depends only on the SLN1 branch.

Activation of the HOG Pathway by DMSO Treatment—
Decreases in extracellular temperature lead to decreases
in membrane fluidity. We hypothesized that the SLN1
branch senses the rigidification of the plasma membrane.
To test this hypothesis, we examined Hoglp phosphoryla-
tion upon membrane rigidification. DMSO rigidifies an
artificial membrane (44) and was used as a membrane
rigidifier in a rat synaptic membrane (26) and plant alfalfa
cells (27). On adding 10% (v/v) DMSO to the cell culture,
Hoglp was phosphorylated (Fig. 3A): however, under this
condition, cell growth was also hampered. To minimize the
toxic effect of DMSO treatment we employed a milder con-
dition of 3% DMSO, under which the growth curve of cells
was not perturbed (data not shown). Hoglp was not phos-
phorylated on adding 3% DMSO or shifting to 10°C,
whereas it was observed on adding 3% DMSO in combina-
tion with shifting to 10°C. These results indicate that
DMSO treatment activates the HOG pathway, and that
cold stress and DMSO treatment have synergistic effects
on the phosphorylation of Hoglp.

We monitored the time course of Hoglp phosphorylation
after 10% DMSO was added. At 5 min after the addition
of DMSO, Hoglp phosphorylation was already observed
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(Fig. 3B). A similar time course was observed for phos-
phorylation induced by adding 3% DMSO in combination
with shifting to 10°C (data not shown).

SLN1 branch— or SHO1 branch—dependency of Hoglp
phosphorylation induced by 10% DMSO was examined.
As shown in Fig. 3C, Hoglp phosphorylation was observed
in all cells examined except pbs24 cells. In detail, shol4
cells showed a somewhat stronger and more persistent
signal than ssk24 ssk224 or sskiA cells. These results
indicate that Hoglp phosphorylation induced by 10%
DMSO treatment depends more on the SLN1 branch
than on the SHO1 branch. A similar result was obtained
for phosphorylation on adding 3% DMSO in combination
with shifting to 10°C (data not shown).

Effects of DMSO Addition on Hyper-Osmotic Stress—
Induced Hoglp Phosphorylation—To determine whether
membrane rigidification affects the hyper-osmotic stress
sensing of the pathway, we examined the effects of
DMSO treatment on Hoglp phosphorylation induced by
hyper-osmotic stress. Phosphorylation of Hoglp was
observed following 3% DMSO treatment in combination
with 0.5 M (and to a lesser extent, 0.2 M) sorbitol stimula-
tion, whereas it was not induced by either treatment alone
as shown in Fig. 3D. This result indicates that DMSO
treatment and hyper-osmotic stress have synergistic
effects on Hoglp phosphorylation.

The SHO1 Branch Is Defective at Low Temperature—In
response to DMSO treatment, Hoglp phosphorylation is
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Fig. 3. Phosphorylation of Hoglp by
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YPD medium. Aliquots of cell culture were
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observed in both SLN1 branch— and SHO1 branch-
dependent manners, as in Hoglp phosphorylation induced
by hyper-osmotic stress. However, upon cold stress, only
the SLN1 branch was responsible for Hoglp phosphoryla-
tion, for which there are two possible explanations: the
SHO1 branch is not able to sense the membrane rigidifica-
tion induced by cold stress, or the SHO1 branch is not
functional at low temperature irrespectively of the rigidity
of the membrane. To test the latter possibility, Hoglp
phosphorylation in response to hyper-osmotic stress was
examined in sskI4 cells at 0°C. In sskIA cells, Hoglp
phosphorylation upon sorbitol stimulation was observed
at 30°C, but was drastically decreased at 0°C (Fig. 2C).
Similar results were obtained in experiments using
ssk24 ssk22A cells (data not shown). These results indi-
cate that the SHO1 branch is hardly functional at low
temperature, even for sensing hyper-osmotic stress.

Repression of HOG Pathway Activation by Ethanol
Treatment—As shown above, Hoglp was phosphorylated
upon cold stress or by DMSO treatment, both of which
cause membrane rigidification. It can therefore be asked
whether membrane fluidization represses Hoglp phos-
phorylation. Ethanol affects the plasma membrane in
yeast (45), and also increases membrane fluidity in the
rat synaptic membrane (28) and in yeast (29, 30). Adding
3% (v/v) ethanol alone to the cell culture did not cause
Hog1p phosphorylation for at least 1 h (data not shown).
Hoglp phosphorylation induced by cold stress was par-
tially repressed by pretreatment with 3% ethanol for 1 h
(Fig. 4A), and this effect was dose-dependent. Similar
results were obtained with 3% ethanol treatment for 15
or 30 min instead of 60 min (data not shown). These results
suggest that Hoglp phosphorylation in response to cold
stress was repressed by fluidization of the cell membrane
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Fig. 4. Repression of Hoglp phos-
phorylation by ethanol treatment.
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then transferred to 0°C and incubated
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were prepared for immunoblotting. (B)
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(Agoo = 0.4) at 30°C in YPD medium. Ali-
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quots of cell culture were pretreated with
ethanol at a concentration of 0 or 3% (v/v)

for 1 h at 30°C, then distilled water or

Hog1p ——

sorbitol was added to each cell culture
to give a sorbitol concentration of 0, 0.2,

induced by ethanol treatment. Treatment with 3% ethanol
also partially repressed Hoglp phosphorylation induced by
hyper-osmotic stress (Fig. 4B).

DISCUSSION

In this study, we have shown that the HOG pathway,
which is the osmosensing MAP kinase pathway in
S. cerevisiae, is activated upon cold stress, i.e., a rapid
and substantial decrease in temperature. The HOG path-
way is known to be activated by several stimuli, including
extracellular hyper-osmolarity, heat stress, oxidative
stress, and changes in turgor pressure, and now cold
stress can be added to the list (7, 11-13). Low tempera-
ture induces decreases in membrane fluidity (21-24).
DMSO treatment [10% (v/v)], which also rigidifies the
membrane, also activates the HOG pathway. Moreover,
a combination of mild cold stress (10°C) and mild DMSO
treatment [3% (v/v)] activates the HOG pathway, whereas
these treatments alone do not. On the other hand,
ethanol treatment, which induces membrane fluidization,
represses cold stress-induced HOG pathway activation.
These results suggest that cold stress induces activation
of the HOG pathway through rigidification of the cell
membrane. The yeast Slt2p/Mpklp MAPK pathway, or
the cell integrity pathway, is activated by decreases in
extracellular osmolarity (39), up-shifts of temperature
(40, 41) and chlorpromazine treatment for membrane
stretching (40). All these stress conditions increase
membrane fluidity. Therefore, the HOG pathway and
the Slt2p/Mpklp pathway may sense opposite changes
in cell membrane fluidity.

Each stimulus that activates the HOG pathway may do
so through a mechanism specific to the stimulus. Alter-
natively, there may be a common consequence of some of
these stimuli that is sensed by a common sensing mech-
anism. Consistent with the latter possibility, it was
proposed that hyper-osmotic stress activates the HOG
pathway partly through decreased turgor pressure (11).
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or 0.5 M. At the indicated times, cell lysa-
tes were prepared for immunoblotting.

Hyper-osmotic stress, as well as low temperature, reduces
membrane fluidity (35-37). It therefore is possible that
both hyper-osmotic and cold stresses activate the HOG
pathway through decreased membrane fluidity. In fact,
mild hyper-osmotic stress (0.2 M) in combination with
mild DMSO treatment also activated the HOG pathway
(Fig. 3D). Consistently, the cyanobacteria sensor Hik33
is also activated by both hyper-osmotic stress and low tem-
perature, and is proposed to do so through sensing
decreases in membrane fluidity as the primary signal
(42). More studies are necessary to confirm this hypothesis,
however.

Decreases in temperature induce the rigidification of
any cell membrane. However, the localization of Slnlp
and Sholp at the plasma membrane suggests that it is
fluidity of the plasma membrane that affects HOG path-
way activation (9, 11). A synergistic effect between cold
stress and exogenously applied DMSO, as well as an
antagonistic effect between cold stress and exogenously
applied ethanol, is consistent with this view.

Different stimuli show different dependences on two
upstream sensing branches. Hyper-osmolarity activates
the HOG pathway by both SLN1 branch— and SHO1
branch—dependent mechanisms (5), heat stress by the
SHO1 branch—dependent mechanism (12), oxidative stress
by both SLN1 branch— and SHO1 branch—dependent
mechanisms (13), and changes in turgor pressure by the
SLN1 branch—dependent mechanism (11). Although both
cold stress and DMSO treatment induce membrane rigidi-
fication, they show different branch dependences: cold
stress activates the HOG pathway only by the SLN1
branch—dependent mechanism (Fig. 2B), but DMSO treat-
ment does so by both SLN1 branch— and SHO1 branch—
dependent mechanisms (Fig. 3C). This discrepancy,
however, is most likely because the SHO1 branch is hardly
functional at 0°C, not even in response to hyper-osmolarity
(Fig. 2C). Furthermore, mild cold stress in combination
with mild DMSO treatment activates the HOG pathway
through both mechanisms. These results suggest that
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the HOG pathway is activated upon decreases in mem-
brane fluidity through both the SLN1 and the SHO1
branches, but the latter is defective at 0°C.

Although any decrease in temperature leads to some
rigidification of the membrane, it appeared that a certain
amount of decrease is required for activation of the HOG
pathway. The phosphorylation of Hoglp is observed when
cells are shifted from 30°C to 0°C (Fig. 2A), but is not when
they are shifted to 10°C. Shifting from 30°C to 4°C induces
more phosphorylation of Hoglp than to 10°C but less
than to 0°C (data not shown). This may be due to phase
transition rather than mere rigidification of the mem-
brane being required to activate the HOG pathway. In
line with this suggestion, phase transition of the plasma
membrane in Aspergillus nidulans occurs upon shifting
from 28°C to 5°C, while shifting from 30°C to 10°C only
causes changes in membrane fluidity (31).

The requirement of a gross temperature decrease for
activation of the HOG pathway raises the possibility
that this activation may not be a physiological response.
In fact, we were not able to find a significant difference
in growth or survival rates after cold stress between wild-
type and hoglA strains (data not shown). In contrast,
the homologous pathway in S. pombe is activated by milder
and more physiologically relevant temperature change,
from 28°C to 15°C (19). Further investigation is required
to appraise the physiological significance of the activation
of the HOG pathway upon cold stress.

During the last stages of preparing this manuscript, a
report describing cold stress—induced activation of the
HOG pathway was published online in JBC Papers in
Press (46). The observations described, however, differ
from ours at several points. Most noticeably, DMSO treat-
ment was reported to selectively stimulate the SLN1
branch, whereas we found that it stimulates both the
SLN1 and SHO1 branches. The reason for the discrepancy
is not currently clear, although the different DMSO con-
centrations used might be a cause. Based on their
observations, the authors of the report hypothesize that
change in membrane fluidity specifically activates the
SLN1 branch, and that the specificity accounts for the
SLN1 branch—dependence of the cold stress—induced HOG
pathway activation. In contrast, we propose that the
SLN1 branch—dependence is caused because the SHO1
branchishardly functional atlow temperature, even though
change in membrane fluidity can activate both branches.
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