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Control of cell cycle progression by stress-activated protein
kinases (SAPKs) is essential for cell adaptation to extra-
cellular stimuli. Exposure of yeast to osmostress leads
to activation of the Hogl SAPK, which controls cell cycle
at G, by the targeting of Sicl. Here, we show that survival
to osmostress also requires regulation of G, progression.
Activated Hogl interacts and directly phosphorylates a
residue within the Hsl7-docking site of the Hsll check-
point kinase, which results in delocalization of Hsl7 from
the septin ring and leads to Swel accumulation. Upon
Hogl activation, cells containing a nonphosphorylatable
Hsll by Hogl are unable to promote Hsl7 delocalization,
fail to arrest at G, and become sensitive to osmostress.
Together, we present a novel mechanism that regulates the
Hsl1-Hsl7 complex to integrate stress signals to mediate
cell cycle arrest and, demonstrate that a single MAPK
coordinately modulates different cell cycle checkpoints to
improve cell survival upon stress.
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Introduction

Activation of stress-activated protein Kinases (SAPKs)
is essential for proper cell adaptation to extracellular
stimuli (Kyriakis and Avruch, 2001). In budding yeast
(Saccharomyces cerevisiae), the presence of high osmolarity
in the extracellular environment results in the activation of
the stress-activated Hogl kinase. Activation of Hogl is essen-
tial for cell survival in response to high osmolarity, because
the MAPK elicits an extensive programme required for
cell adaptation that includes regulation of gene expression,
translation and cell cycle progression (de Nadal et al, 2002;
Hohmann, 2002).
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The HOG pathway comprises a central core of kinases
composed of the MAPK Hogl, the MAPKK Pbs2 and a set
of three MAPKKKSs (Ssk2/Ssk22 and Stell) activated by two
independent upstream mechanisms (de Nadal et al, 2002).
The best-understood mechanism of activation involves a
‘two-component’ osmosensor that involves the SIn1 histidine
kinase (Posas et al, 1998), which activates the Ssk2 and Ssk22
MAPKKKs. The SInl osmosensor utilizes a phospho-relay
mechanism inactivated under high osmolarity conditions,
thus SInl is a negative regulator of the HOG pathway.
Mutations that inactivate the SInl osmosensor (i.e., sin1®%)
are detrimental for growth and this can be prevented by
disruption of the HOGI gene (Maeda et al, 1994; Posas
et al, 1996). The HOG pathway can also be activated by
expression of either constitutively active MAP3K mutants, or
a constitutively active MAPKK mutant (Pbs2PP)(Maeda et al,
1995; Posas and Saito, 1997).

Recent reports have shown that exposure of yeast cells to
high osmolarity or mutations that lead to activation of the
Hogl SAPK (i.e. sin1®?, Pbs2PP) result in arrest of cell cycle
progression (Alexander et al, 2001; Belli et al, 2001; Yaakov
et al, 2003; Escote et al, 2004). It has been reported that
activated Hogl leads to G; arrest by a dual mechanism that
involves downregulation of cyclin expression and direct
phosphorylation of the CDK-inhibitor protein Sicl. This com-
bination results in Sicl stabilization and inhibition of cell
cycle progression to prevent premature entry into S phase
without proper cell adaptation (Escote et al, 2004; Zapater
et al, 2005). Previous reports suggested that osmostress also
induces a delay at G, (Alexander et al, 2001; de Nadal et al,
2002). However, the molecular mechanism mediating this
effect is poorly understood (Alexander et al, 2001).

Entry into mitosis is controlled by the activity of the cyclin
B-Cdk1 (Clb2-Cdc28) complex, which is held in check by the
protein kinase Weel, Swel in S. cerevisiae. Swel is thought to
delay entry into mitosis until critical cell size has been
reached (Rupes, 2002; Kellogg, 2003; Harvey et al, 2005) or
defects in bud formation or cytoskeletal function are mon-
itored by the ‘morphogenesis checkpoint’ (Cid et al, 2002;
Lew, 2003).

Several requirements are critical for regulating Swel sta-
bility, its phosphorylation by the Clb2-Cdc28 (Asano et al,
2005; Harvey et al, 2005) and also the activity of the Hsll
checkpoint kinase together with Cdc5 (Hanrahan and Snyder,
2003; Asano et al, 2005). When bound to the septins (Versele
and Thorner, 2005), Hsl1 tethers Hsl7 at the bud neck, which
is in turn required for recruitment of Swel to the bud neck to
facilitate spatially controlled Swel phosphorylation, prior
to ubiquitin-mediated degradation (Lew, 2003). Thus, timely
phosphorylation and subsequent degradation of Swel are
critical for proper activation of the Clb2-Cdc28 complex.

Here, we show that Hogl prevents G, progression by direct
phosphorylation of the Hsll kinase protein, which leads to
Swel accumulation and decrease on Clb-associated Cdc28
activity. Failure to arrest at G, upon osmostress is deleterious

©2006 European Molecular Biology Organization



for cell survival. Interestingly, we propose a mechanism
to regulate G, progression that involves components of
the morphogenesis checkpoint, such as Hsll, but with
novel regulatory properties to integrate stress signals. Taken
together, it is shown that a single MAP kinase is able to
modulate different cell cycle checkpoints, at G; and G,,
coordinately to prevent cell cycle progression in the presence
of stressful conditions to allow cells to survive upon osmo-
stress.

Results

Activation of the Hog1 MAPK results in modulation

of cell cycle progression in both G; and G,

Recently, we showed that Hogl was involved in the control
of G, progression. Briefly, we analysed the effect of Hogl
activation on cell cycle progression in cells allowed to pro-
ceed into S phase after release from a-factor arrest. Direct
release of a-factor-arrested cells carrying a temperature-sen-
sitive allele of SLN1 (sin1*%) at nonpermissive temperature
resulted in accumulation of a large number of cells in G;
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Figure 1 Activation of the HOG pathway results in G; and G, cell
cycle arrest. (A) Cells arrest at G, in response to SInl inactivation.
The sin1%? or wild-type strains were synchronized with a-factor for
2h, shifted to 37°C for 1h and then released into YPD medium
at 37°C. Total DNA content was assessed by FACS analysis and
presented as cell counts (y-axis) versus 1C and 2C DNA content
(x-axis). The percentage of budding cells is depicted on the right-
hand side of each graph. (B) Cells arrest at G, in response to Slnl
inactivation. The sin1®* or wild-type strains were synchronized
with a-factor for 3 h, released into fresh media at 25°C and shifted to
37°C after 50 min in YPD (time 0). Total DNA content was analysed
as in (A). (C) Cells arrest at G; in the presence of osmostress. Wild-
type cells were synchronized in G, phase with a-factor and released
into YPD medium containing 0.4 M NaCl. Total DNA content was
assessed as in (A). (D) Cells arrest at G, in the presence of
osmostress. Wild-type cells were synchronized with a-factor and
released into YPD medium. After 50 min, NaCl was added (0.4 M)
(time 0). Total DNA content was assessed as in (A).
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(unbudded cells with 1C DNA content) (Figure 1A) (Escote
et al, 2004). This accumulation was not observed in wild-
type cells and was prevented by deletion of HOGI and
SIC1 (Escote et al, 2004). Similar results were obtained
when cells were treated with osmostress (Figure 1C)
(Escote et al, 2004).

It was reported that in response to osmostress, cells
arrested at G, (Alexander et al, 2001). To characterize the
involvement of Hogl in this arrest, we took advantage of the
system described above in which we analysed the effect of
sustained activation of Hogl in G, either by mutations in the
Sinl osmosensor or the Pbs2 MAPKK (Maeda et al, 1994;
Maeda et al, 1995; Posas et al, 1996; Wurgler-Murphy et al,
1997; Posas and Saito, 1997) and by osmostress. sin1™* cells
were arrested in G; phase with a-factor then released from
the arrest and monitored until they were in G, and incubated
at nonpermissive temperature. As shown in Figure 1B, a high
percentage of cells remained in G, phase (about 76% after
120 min were budded cells with 2C DNA content, 43% of
them contained a single nuclei near the bud neck and showed
short spindles as judged by tub1-GFP localization), whereas
only a small proportion of wild-type cells remained in G,
(~39% budded cells with 2C DNA content, and only 3% of
them contained a single nuclei near the bud neck after
120 min). Activation of the HOG pathway can also be trig-
gered by expression of an allele of the Ssk2 MAPKKK, which
contains a deletion of the N-terminal regulatory domain
(Ssk2AN), or expression of the active allele of Pbs2
(Pbs2PP). However, the G, arrest caused by expression of
these alleles was not as efficient as observed by the inactiva-
tion of SInl (Supplementary Figures S1/S4 and data not
shown). Osmostress treatment of wild-type cells synchro-
nized at G, also resulted in delayed G, exit when compared
to nontreated cells (83% of cells in G, upon 80min of
stress versus 30% without stress) (Figure 1D). Thus, activa-
tion of Hogl results in both G; and G, arrest of cell cycle
progression.

Deletion of SWE1 prevents the G, arrest caused

by activation of the Hog1 MAPK

Activation of the HOG pathway at G, resulted in accumula-
tion of cells with an elongated bud, which is reminiscent of
altered Clb2-Cdc28 activity (Figure 2A). The phosphorylation
that regulates Cdc28-Clb2 activity is driven by the activities
of the Swel kinase and the Mihl phosphatase (Morgan,
1997). Previous results indicated that deletion of SWEI pre-
vented G, arrest in response to osmostress (Alexander et al,
2001); however, osmostress causes profound cytoskeleton
defects which could be monitored by Swel to arrest cell
cycle at G, independently of Hogl. To test whether SWEI
was mediating the G, arrest caused by Hogl activation,
sin1™*, sin1®* hogl and sinl1®* swel were synchronized at
G, and incubated at nonpermissive temperature. As shown in
Figure 2A, upon Hogl activation, deletion of SWEI resulted
in a clear decrease of cells arrested in G, when compared
to cells carrying wild-type SWEI (65 versus 93% of cells in
G, respectively, after 80 min at nonpermissive temperature).
Correspondingly, deletion of SWEI prevented bud enlarge-
ment. It is worth noting that deletion of SWEI causes already
some morphological defects in cells growing under normal
conditions in w303 strain background (Buscemi et al, 2000)
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Figure 2 Swel mediates the G, arrest caused by Hogl activation.
(A) Deletion of HOG1 or SWEI abolishes cell cycle arrest at G,
caused by SInl inactivation. sini®%, sin1®* hoglA, and sini®*
swelA strains were synchronized with o-factor for 3 h, released
into fresh media at 25°C and shifted to 37°C after 50 min in YPD
(time 0). Total DNA content was analysed as in Figure 1A. (B) Wild-
type, YPC89 (hoglA) and YPC166 (swelA) cells containing an
empty vector or Pga;-Pbs2PP were grown for 7h in SD-Ura plus
galactose and visualized by differential interference contrast.

(Figure 2B). In contrast, deletion of MIHI only enhanced the
effect of Hogl activation (not shown). Therefore, Swel plays
an important role in the G, arrest caused by activation of the
Hogl MAPK.

Activity of Cdc28 at G, can be controlled by its state of
phosphorylation and by the levels of Clb2. Clb2 mRNA and
protein levels were diminished upon expression of the
Pbs2PP (Figure 3A and B). Similar results were observed
when Clb2 mRNA levels were monitored in the Slnlts mutant
(Supplementary Figure S1). In addition, the relative levels
of Clb2-Cdc28 activity diminished upon expression of the
Pbs2PP (Figure 3A and B), as reported to occur in response to
osmostress (Alexander et al, 2001). Actually, Cdc28-Clb2
activity was almost not downregulated when the Cdkl com-
plex was purified from swel cells (Supplementary Figure S2).
Taken together, Hogl activation results in a decrease of the
activity of the Clb-Cdc28 complex and this modulation is
mediated by the downregulation of the Clb2 levels and the
activity of the Swel kinase.
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Figure 3 Activation of Hogl causes a decrease on Clb2 levels and
Clb2-Cdc28 activity. (A) The levels of Clb2 protein decreases upon
Hogl activation. Wild-type and YPC89 (hoglIA) cells containing
Pgar-Pbs2PP were transformed with a plasmid expressing HA-
tagged Clb2 under its own promoter. Cells were grown in raffinose
and then galactose was added (time 0). Cells were collected at the
indicated times and Clb2 was visualized by immunoblotting with
monoclonal antibody 12CAS5 to HA. Wild-type cells without the
Clb2-HA plasmid are shown as negative control (—). (B) Hogl
activation leads to a reduction on the relative levels of Clb2-Cdc28
activity. Cells as in (A); wild type (@) and hoglA (V) were grown
in the presence of galactose and collected at the indicated time
points. Protein extracts were prepared and Clb2-Cdc28 kinase
activity was assessed by an in vitro kinase assay of immunopreci-
pitated Clb2-Cdc28 using Histone H1 (HH1) as a substrate. Kinase
activity was normalized to that of wild type, time 0. Data+s.d. from
three independent experiments are shown.

Sustained activation of the Hog1 MAPK pathway results
in stabilization of the Swe1 kinase

We therefore decided to investigate how Swel was regulated
upon Hogl activation. It was reported that stability of Swel is
critical to regulate its activity towards Cdc28-Clb2 (Sia et al,
1996; Sia et al, 1998). Swel degradation is stimulated by
protein phosphorylation. We therefore analysed the phos-
phorylation of Swel in synchronized cells in the presence or
absence of stress (Figure 4A). Osmostress induced a delay in
Swel phosphorylation, suggesting that Swel stability could
be affected by Hogl activation. We then analysed whether
Swel accumulates in response to Hogl activation. Expression
of Pbs2PP or the addition of NaCl (as reported previously (Sia
et al, 1998)) resulted in a strong accumulation of Swel
protein (Figures 4B and C). Therefore, activation of Hogl
results in accumulation of the CDK regulator, Swel.

Failure of sicI1A cells to arrest at G; upon osmostress causes
premature entry into S phase and cells become partially
osmosensitive (Escote et al, 2004). Because Swel was re-
quired for Hogl-mediated G, arrest and Swel was stabilized
upon stress, we analysed whether the lack of SWEI also
resulted in cells unable to adapt to osmostress. As shown in
Figure 4D, swel-deficient cells also become partially osmo-
sensitive. It is worth noting that swel-deficient cells do not
arrest at G, in the presence of high osmolarity and this results
in a high percentage of binucleated cells due to a premature
entry into mitosis (Figure 2A and data not shown). Synthetic
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Figure 4 Swel stabilization is critical for cell survival upon stress.
(A) Swel phosphorylation is affected by osmostress. Cells expres-
sing epitope-tagged Swel from its chromosomal locus were syn-
chronized by pheromone treatment and 50 min after release, cells
were subjected (NaCl) or not (control) to 0.4 M NaCl. Swel and
Cdc28 (loading control) were detected from cell extracts by im-
munoblotting using specific antibodies. Control strain (without
tagged Swel) was wild type W303 (—). (B) Swel accumulates in
response to osmostress. Tagged Swel was expressed from its
chromosomal locus in wild-type cells (YPC130). Cells were syn-
chronized as in (A) and subjected (NaCl) or not (control) to 0.4 M
NaCl. Swel was detected from yeast extracts using monoclonal
anti-myc-specific antibodies. Cdc28 is presented as loading control.
Control strain was wild type W303 (—). The percentage of acryla-
mide on (A) was lower than in (B) to increase the separation
between the phosphorylated forms of Swel. (C) YPC130 strain
(which expresses Swel-myc) containing either control vector (vec-
tor) or Pgar;-Pbs2PP plasmid were grown in SD-Ura plus raffinose
and after addition of galactose cells were collected at the indicated
times. The presence of myc-tagged Swel was detected as in (C). The
asterisk indicates an unspecific protein detected by the myc anti-
bodies that is kept constant along the culture. It is presented as a
loading control. (D) Deletion of SWEI or SICI results in osmosensi-
tive cells. The wild-type (W303) strain and its derivatives hogIA,
siclA, swelA and siclA swelA mutants were spotted on YPD plates
or YPD plates containing 0.4 M, 0.8 M or 1M NaCl. Growth was
scored after 3 days at 30°C.

sicl and swel mutations render cells even more osmosensi-
tive than the single mutations, resulting in sensitivity similar
to the hogl mutation (Figure 4D). Therefore, modulation of
cell cycle progression at different phases of the cell cycle, in
G; and G, is required for cell survival upon stress.

Hsl7 delocalizes from the bud neck in response to Hog1
activation

It is known that localization of the septin cytoskeleton, the
activity of the checkpoint protein kinase Hsll and the pre-
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sence of its interacting protein Hsl7 in the bud neck regulate
Swel stability. Actually, Hsl7 interacts directly with both Hsl1
and Swel and mutations that impair either of these interac-
tions, or change the localization of Hsll or Hsl7, stabilize
Swel protein (Barral et al., 1999; McMillan et al, 1999;
Shulewitz et al, 1999; Cid et al, 2001; Hanrahan and
Snyder, 2003; Lew, 2003; Theesfeld et al, 2003). We then
followed the localization of septins (i.e., Cdc1l and Cdc12),
of the Hsll kinase and the Hsl7 protein fused to GFP.
Localization of the septins Cdcll and Cdcl2 (not shown)
and Hsll kinase in the bud neck were not affected by Hogl
activation, nor by osmostress or expression of Pbs2PP (Figure
S5A and C). However, Hsl7 localization dramatically changed
upon Hogl activation. Cells exposed to osmostress showed
a dramatic delocalization of Hsl7 from the bud neck. Hsl7
delocalization was transient and correlated to the level of
Hogl activation (Figure 5A and B). In addition, whereas Hsl7
was recruited at the bud neck in more than 70% of control
cells, only 15% of these cells displayed Hsl7 in the bud neck
when expressing Pbs2PP (Figure 5C). It was reported that
when delocalized from the septin ring, Hsl7 is rapidly dephos-
phorylated (Theesfeld et al, 2003; Sakchaisri et al, 2004).
Correspondingly, activation of Hogl results in rapid Hsl7
dephosphorylation (not shown). Thus, activation of the
MAPK results in the delocalization of Hsl7 from the bud
neck, which promotes Swel stabilization.

Hog1 interacts and directly phosphorylates the Hsl1
checkpoint kinase

To analyse whether the regulation of Hsl7 localization at the
bud neck was a direct event regulated by Hogl, we tested
whether Hogl was able to interact with and phosphorylate
Hsll or Hsl7. In vivo co-precipitation experiments were
performed with yeast cells containing a chromosomally
HA-tagged Hsll or Hsl7 transformed with plasmids that
expressed GST-tagged full-length Hogl or GST control. As
shown in Figure 6A, Hogl is able to interact with Hsl1 but not
with Hsl7 (not shown). Therefore, we investigated whether
Hsll was phosphorylated upon osmostress by Hogl. Yeast
cells were exposed to a brief osmotic stress (10 min, 0.4 NaCl)
after 50 min of release from pheromone arrest. Osmostress
induced a rapid phosphorylation of Hsll, as seen by a shift
on Hsll mobility in an SDS-polyacrylamide gel. Interestingly,
stress-induced Hsll phosphorylation was not observed in
a hoglA strain (Figure 6B).

We then tested whether Hsll was directly phosphorylated
by the Hogl MAPK. Several fragments of Hsl1 were expressed
and purified from Escherichia coli, and then incubated with
activated recombinant Hogl in presence of radioactive ATP.
Those experiments showed that, whereas Hsl7 or Swel were
not phosphorylated by the MAPK (not shown), Hsll was
phosphorylated in its C-terminal region (amino acids (aa)
711-1517) but not in the N-terminal domain (aa 1-900)
(Figure 6C). It was described that Hsl7 recruitment to the
bud neck requires the binding of Hsl7 to the Hsl1 C-terminal
region (Shulewitz et al, 1999; Cid et al, 2001). In vitro kinase
assays testing several Hsll fragments for direct phosphoryla-
tion pointed at the Ser1220 as the Hogl phosphorylation site
in the Hsll C-terminal region. Mutation of Ser1220 to Ala
abolished phosphorylation of Hsll by Hogl (Figure 6D).
Correspondingly, in vivo phosphorylation assays showed

The EMBO Journal VOL 25 | NO 11 | 2006 2341



The Hog1 SAPK targets Hsl1 upon osmostress
J Clotet et al

A Cdc11GFP

HsI1GFP
hog1A

Control

NaCl

Wit
o .

NaCl

Hsl7GFP
hog1A

hsl1A

B NaCl 0 60 Min
NaCl 0 60 Min
Hog1-P -_-—

Cdc11GFP HslI1GFP HsI7GFP

Figure 5 Localization of Hsl7 is affected by activation of the HOG
pathway. (A) Localization of Hsl7 but not Cdc11 or Hsll is affected
by osmostress. Wild-type, hoglA or hslIA cells containing chromo-
somal GFP-tagged Cdcll, Hsll or Hsl7 were grown in YPD and
subjected (NaCl) or not (control) to a brief osmostress (10 min at
0.4 M NaCl). GFP proteins were visualized by direct fluorescence.
Numbers represent percentage of cells with GFP fluorescence at the
bud neck and is the result of the measurement in triplicate of 200
cells each. (B) Time course of Hsl7?GFP localization upon osmo-
stress. Wild-type cells containing Hsl7GFP were subjected to 0.4 M
NaCl at the indicated times. Hogl phosphorylation was followed
using specific antibodies against phosphorylated p38 in whole-cell
extracts. Numbers represent percentage of cells with GFP fluores-
cence at the bud neck and is the result of the measurement in
triplicate of 200 cells each. (C) Localization of Hsl7 is affected by
Hogl activation. Wild-type cells expressing Pgaz;-Pbs2PP or a
control vector and GFP-tagged Cdcll, Hsll or Hsl7 were grown in
minimal media containing galactose. Numbers represent percentage
of cells with GFP fluorescence at the bud neck and is the result of
the measurement in triplicate of 200 cells each.

that the Hsl1S1220A mutant was not phosphorylated upon
osmostress (Figure 6B). Interestingly, Ser1220 is situated in
the middle of the Hsl7-binding domain in Hsll (Shulewitz
et al, 1999; Cid et al, 2001). Therefore, the Hogl MAPK is able
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to interact and directly phosphorylate a single residue within
the Hsl7-binding domain of the Hsl1 kinase.

Phosphorylation of Hsl1 S1220 by the Hog1 MAPK is
critical for Hsl7 localization, G, arrest and proper
adaptation to osmostress

To assess the relevance of the phosphorylation of Hsll
Ser1220 in the localization of Hsl7 in response to Hogl
activation, we analysed Hsl7 localization in cells expressing
wild-type Hsll or the unphosphorylatable mutant of Hsll,
Hsll S1220A (Hsl1%*). Whereas Hsl7 localization changed
dramatically in response to osmostress or in response to
Pbs2PP expression in cells containing wild-type Hsl1, it did
not change in cells expressing the unphosphorylatable Hs11*
protein (Figure 7A and B). The amounts of Hsl7-GFP were
similar in a wild-type and the Hsl1% strain (not shown). It is
worth noting that in cells carrying the Hsll S1220E allele
(Hsl1%E, which cannot be phosphorylated by Hogl, but the
acid residue mimics the phoshorylated state), the amount of
Hsl7 present in the bud neck under normal conditions was
already half of that observed in wild-type cells (72% wild
type versus 35% HSLISE). Correspondingly, they showed
an abnormal morphology reminiscent to hsli-deficient cells
(data not shown).

To obtain direct evidence for the role of Hsl1 phosphoryla-
tion in Hsl7 binding, we tested by two-hybrid analysis
whether binding of Hsl7 to Hsll was affected by osmostress
and whether this association was altered by mutations in
the Hsl1S1220 phosphorylation site. Wild-type Hsll or
Hsl1S1220A and Hsl1S1220E mutants (from aa 729 to the
stop) were fused to the GAL4 activator domain and their
interaction with the Hsl7 fused to the LexA-DNA-binding
domain was tested. As shown in Figure 7C, binding of Hsl7
to Hsll decreases in response to osmostress. Interstingly, the
interaction of Hsl7 to Hsll did not change when Hsll was
unable to be phosphorylated by Hogl (Hsl1%%). Furthermore,
the binding of Hsl7 to Hsl1 was reduced when Hsl1 contained
a mutation that mimics Hogl phosphorylation (Hsl15F). It is
worth noting that Hsll phosphorylation by Hogl was much
more stronger than Hsll autophosphorylation and did not
alter in vitro Hsll kinase activity (Supplementary Figure 3).
Thus, phosphorylation of Hsll by Hogl is likely to be the
key determinant for Hsl7 localization in response to high
osmolarity.

We showed that in response to osmostress, Swel was
stabilized (Figure 4B). We therefore tested whether mutation
of Hogl phosphorylation site in Hsl1 was important for Swel
accumulation. As shown in Figure 7D, whereas Swel accu-
mulated upon osmostress in wild-type cells, it failed to
accumulate in cells containing the HSLI®* mutation.

We then analysed the relevance of Hsll S1220 phosphor-
ylation in the G, arrest mediated by Hogl. sin1®* or sin1**
HSL1512294 cells were synchronized at G, and incubated at
nonpermissive temperature. As shown in Figure 7E, mutation
of Hsl13'22°* resulted in a clear decrease of cells arrested in
G, when compared to cells carrying wild-type Hsl1 (48 versus
85% of cells in G,, respectively, after 50 min at nonpermissive
temperature). Thus, phosphorylation of S1220 in Hsll is
a critical event for G, arrest upon Hogl activation.
Correspondingly, cells containing the Hsl13* allele were
more sensitive to osmostress than cells carrying the wild-
type Hsll (Figure 7F).
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Discussion

Activation of the Hogl SAPK is a key step for the generation
of adaptive responses that allow for cell survival upon
osmostress. Modulation of cell cycle progression is essential
for adaptation to stress. Previous reports have shown that
activation of Hogl modulates G; by the direct targeting of the
CDK inhibitor Sicl (Escote et al, 2004) and that, in response
to osmostress, cells arrested at G, by an unknown molecular
mechanism involving somehow the product of the SWEI
gene (Alexander et al, 2001). Here we show that, in response
to stress, Hogl controls G, progression by downregulation of
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the cyclin B levels, as well as the direct phosphorylation of
the Hsll kinase, which leads to the stabilization of the Swel
kinase and the decrease of Clb-Cdc28 activity.

It is known that Swel stability is regulated by Clb2-Cdc28
(Asano et al, 2005; Harvey et al, 2005) and Hsll Kkinases
(Hanrahan and Snyder, 2003; Lew, 2003). The Hsll check-
point kinase is part of the so-called ‘morphogenesis check-
point” which monitors cytoskeleton alterations or delayed
bud formation and regulates Swel stability. Under normal
growth conditions, Hsll binds to the septin ring at the bud
neck which triggers the recruitment of Hsl7 and phosphor-
ylation and degradation of Swel prior to entry into mitosis
(Lew, 2003). In response to morphogenetic defects, the Hsl1
kinase is inhibited and this prevents Hsl7 and Swel recruit-
ment (Lew, 2003). Here, we have shown that osmostress
induces Swel stability by the direct regulation of components
of the ‘morphogenesis checkpoint’. However, whereas the
lack of Hsll localization at the bud neck or the inactivation
of the kinase activity is the leading signal for Swel accumula-
tion, a novel mechanism of regulation seems to modulate the
Hsl1-Hsl7 complex formation in response to osmostress.
Upon stress, Hsll localization is maintained and it is the
phosphorylation of Ser1220 at the Hsl7-binding domain that
promotes Hsl7 delocalization from the bud neck and Swel
accumulation. Thus, we propose a novel regulatory mechan-
ism of the Hsll morphogensis checkpoint kinase that allow
cells to integrate stress signals to modulate cell cycle.

Hogl controls G; transition by a dual mechanism that
involves regulation of cyclin expression and the targeting of
the cell cycle regulatory protein Sicl. It is worth noting that in
G,, Hogl is also controlling cell cycle progression by down-
regulation of Clb2 transcription, and the phosphorylation
of the cell cycle regulatory protein Hsll. Again, it seems
that the coordinated action of the MAPK over cyclin tran-
scription and components of the cell cycle machinery
mediated cell cycle progression in different steps of cell
cycle. If the direct phosphorylation of Sicl or Hsll were to

Figure 6 Hogl phosphorylates Ser1220 within the Hsl7-binding site
in Hsl1. (A) Hogl interacts with Hsl1 in vivo. Yeast extracts contain-
ing GST or GST-Hogl and untagged or tagged HA-Hsll (from its
chromosomal locus) were precipitated using glutathione beads and
precipitated Hsll was probed using anti-HA antibodies. GST pro-
teins were detected using anti-GST antibodies. (B) Hsll is phos-
phorylated upon osmostress in a HOG1-dependent manner. hslI
cells or hogl cells were transformed with a plasmid expressing a
catalytically inactive Hsll, contains the K110A mutation (HSLI1) or
in addition the S1220A mutation (hsl15*) under the GALI promoter.
Cells were synchronized with pheromone treatment in the presence
of galactose and 50 min after release, cells were subjected (+) to a
brief osmotic shock (0.4 M NaCl, 10 min). Extracts were treated (+)
with alkaline phosphatase (AP). The effect of AP was prevented by
the addition of phosphatase inhibitors (not shown). The presence of
Hsll and Cdc28 was probed. (C) Hogl directly phosphorylates the
C-terminal region of Hsll in vitro. Hogl and the constitutively
activated Pbs2 allele (Pbs2EF) purified from E. coli were incubated
in the presence of kinase buffer and ATP. Then, catalytically inactive
Hsl1 kinase domain (1-600), an Hsll fragment (from aa 600 to 900)
or the C-terminal domain of Hsll that contains aa 717-1517,
purified from E. coli, were added in the presence of radioactive
ATP. Phosphorylated proteins were detected by autoradiography
(P32) or Coomassie staining. Position of Hsl1 fragments is indicated
on the left. (D) Hogl directly phosphorylates the Ser1220 of Hsll
in vitro. The wild-type Hsll and the Hsll S1220A mutant were
expressed in E. coli and assayed as in (C). Phosphorylated proteins
were detected by autoradiography (P32) or Coomassie staining.
Position of Hsl1 proteins is indicated on the left.
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Figure 7 Phosphorylation of Hsll Ser1220 by Hogl determines Hsl7 localization and is essential for G, arrest and survival upon stress.
(A) Mutation of Hsl1 Ser1220 affects Hsl7 localization. The hsl1A HSL7GFP strain transformed with plasmids containing wild-type Hsl1 or the
mutated alleles Hsll Ser1220A (Hsl15%) or Hsll Ser1220E (Hsl1°%) and Pg,;;-Pbs2PP or a control vector were grown as in Figure 5C. HsI7GFP
was visualized by direct fluorescence. Numbers represent percentage of cells with GFP fluorescence at the bud neck and is the result of the
measurement in triplicate of 200 cells each. (B) Cells as in (A) were grown in minimal media and subjected (NaCl) or not (control) to a brief
osmostress (10 min, 0.4 M NaCl). Hsl7?GFP was visualized as in (A). Numbers represent percentage of cells with GFP fluorescence at the bud
neck and is the result of the measurement in triplicate of 200 cells each. (C) The interaction between Hsl7 and Hsl1 decreases upon osmostress
depending on Hogl phosphorylation. Two-hybrid analyses were performed in liquid assays with cells carrying wild-type Hsl1 and mutant Hsl1
(Hsl15* or Hsl1%%) fused to the GAL4 activator domain together with Hsl7 fused to the LexA BD. B-Galactosidase activity was assayed in cells
grown to mid-log phase that were subjected (NaCl, filled bars) or not (control, open bars) to hyperosmotic stress (0.4 M NaCl for 60 min).
B-Galactosidase activity is given in nmol/min/mg and is the result of the measurement in duplicate of three independent transformants. Error
bars indicate standard error of the mean. (D) Accumulation of Swel by osmostress depends on phosphorylation of Hsll S1220. hsll cells
carrying HA-tagged wild-type (Hsl1) or the Hsl1S1220A mutant (Hsl13*) were grown as in Figure 4A and collected after the indicated time
points under osmostress (filled bars). Swel was detected by using anti-HA antibodies. Cdc28 was detected by specific antibodies on the same
membranes and used as a loading control. Data were quantified by phosphoimager and is the mean of two independent experiments. (E) Cells
with the Hsl1%* mutant fail to arrest at G, in response to SIn1 inactivation. Wild-type cells (SLN1 HSL1) or an sin1® hslI strain containing wild-
type HSL1 or Hsl154 in a plasmid were synchronized with a-factor for 3 h, released into fresh media at 25°C and shifted to 37°C after 75 min in
YPD (time 0). Total DNA content was assessed by FACS analysis and presented as cell counts (y-axis) versus 1C and 2C DNA content (x-axis).
The percentage of budding cells is depicted on the right-hand side of each graph. (F) Cells containing an unphosphorylatable allele of Hsl1
become osmosensitive. hslIA cells as in (E) were spotted on YPD plates containing NaCl or Sorbitol. Growth was scored after 3 days.

permanently stabilize Sicl or Swel, an extra decrease stress at any stage of cell division and thus, they have to be
in cyclin-Cdc28 activity to further stabilize Sicl or Swel able to adapt before progressing into the sensitive phases
would be unnecessary. Nevertheless, the sole phosphoryla- of cell cycle. As stated before, in response to stress, the MAP
tion of Sicl or Hsl1l by the MAPK cannot totally account for kinase is able to regulate both, G; and G,, through its
the G; and G, arrest observed upon stress, which suggests coordinate action over two-independent checkpoints, the
that there must be a selective advantage for maintaining such control of Sicl at G, and Hsl1 at G,, to allow cells to recover
a complex regulatory mechanism. An obvious advantage of before they progress into S phase and mitosis. Exposure of
the coordinated effect over the inhibitors could be the in- mammalian cells to osmotic imbalances results in the activa-
crease of the efficiency of the G; and G, arrests by establish- tion of the p38 SAPKSs. As observed in yeast, mammalian cells
ing two converging (additive) mechanisms over Sicl and also respond to high osmolarity by modulating cell cycle
Swel, neither of them too strict to interfere with the normal progression. Actually, different reports and our own unpub-
cell cycle progression without stress. lished observations indicate that different type of mammalian

Here, we show that multiple checkpoint activation by the cells arrest at several stages of the cell cycle (G;-S, G, and
MAPK is required to transiently arrest cell cycle and generate mitosis) upon osmostress (Ambrosino and Nebreda, 2001; de
the required responses for cellular adaptation. This observa- Nadal et al, 2002; Dmitrieva et al, 2002; Mikhailov et al, 2004;
tion is coherent with the idea that cells might be subjected to Sheikh-Hamad and Gustin, 2004). Different mechanisms
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have been proposed for the control of cell cycle progression
by the p38 SAPKs and several targets have been defined
(Ambrosino and Nebreda, 2001; Pearce and Humphrey,
2001; Goloudina et al, 2003; Xiu et al, 2003; Todd et al,
2004). In such a complex scenario, where several targets for
the SAPKs have been described, it is still not clear whether
specific mechanisms are used to respond to different stimuli
or if different cell types use different mechanisms to cope
with stressful situations. From the yeast studies we propose
that in response to stress, the SAPKs might coordinate
different mechanisms, probably involving modulation of
cyclin levels together with the targeting of specific cell cycle
regulators, to promote transient cell cycle arrest at several
steps of cell cycle allowing for proper cellular adaptation to
extracellular stimuli.

Materials and methods

Yeast strains and plasmids

Strains used: W303 (MATa, his3 leu2 trpl ura3 ade2 canl) and
its derivatives YPC88 (hogl::LEU2), YPCG65 (sicl::KanMX), YPC166
(swel::KanMX), YPC343 (sicl::KanMX swel::URA3), YPC410
(SWEI-HA::TRP1), YPC253 (HSLI-GFP::KanMX), YPC251 (ho-
gl::LEU2  HSLI-GFP::KanMX), YPC361 (HSL7-GFP::KanMX),
YPC357 (hogl::LEU2 HSL7-GFP::KanMX), YPC425 (hsll::URA3
HSL7-GFP::KanMX). TM141 (MATa ura3 leu2 trpl his3) and its
derivatives YPC38 (slnl-ts4), YPC29 (sinl-ts4 hogl::LEU2), YPCG60
(sin1-ts4 swel::KanMX), YPC130 (SWEI1-9xMyc::TRP1). L40 (MATa
trpl leu2 his3 LYS2::lexA-HIS3 URA3::lexA-lacZ). The Pgap,-Pbs2P
expresses a PBS2 allele that contains two mutations that replace
both phosphorylation sites required for Pbs2 activation (Ser514 an
Thr518 to Asp). Plasmid expressing Cdc11::GFP under the control of
its own promoter was a generous gift from Drs A Casamayor and M
Snyder. The last 800 aa from wild type Hsll (pJCE 1060) or the
corresponding mutant S1220A (pJCE 1096) were cloned into pGEX-
4T plasmid. Centromeric plasmid pYB117 expressing HSL1-HA from
its own promoter was a generous gift from Dr Y Barral. To express
haemaglutinin (HA)-tagged mutated versions of Hsll in yeast,
an S1220A or S1220E substitutions were introduced in pYB117
generating pJCE1090 and pJCE1099, respectively. A plasmid
expressing GST-Hsl7 was a generous gift from Dr J Thorner.

Growth conditions, cell synchrony and cytometry analyses

Cells were grown in YPD or SC medium without uracil (URA)
supplemented with either 2% dextrose, or 2% raffinose, when
indicated. Galactose induction was accomplished by initial growth
in URA plus raffinose, followed by addition of galactose to 2%. Cell
synchrony was accomplished by treatment of cells with 40 pg/ml
of pheromone for the indicated times. Pheromone was added to the
cultures after 10 min upon osmostress or after 15 min that cells were
shifted to 37°C (slnlts) to avoid re-entry of the cells into S phase
(Figures 1 and 2). For flow cytometry analyses, cells were fixed in
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and GST antibodies.

Kinase assays

The Hsll proteins were expressed in E. coli and purified using
glutathione-sepharose beads, mixed with 1 pg of purified GST-Hogl
or Hogl (KN) activated with GST-PBS2°" and radioactive ATP. Clb2-
associated Cdc28 kinase activity assays were performed on
immunoprecipitated Clb2-HA. Clb2-Cdc28 complexes were immuno-
precipitated using anti-HA antibodies from 1mg of total cellular
protein and assayed essentially as described by Belli et al (2001),
using histone H1 as substrate. Phosphorylated histone H1 was
assessed by using a Phosphoimager and referenced to the time 0
wild-type activity.

Two-hybrid analysis

The two-hybrid analysis was carried out essentially according to
that given by Durfee et al (1993), using pACTII and pBTM116, as the
activation domain (AD) plasmid and the LexA DNA-binding domain
(DB) plasmid, respectively. LexA-Hsl7 plasmid (containing the full-
length Hsl7) was cotransformed with the pACTII plasmid contain-
ing the c-terminal region of Hsll (aa 729 to stop) either wild type,
S1220A or S122E mutations, using the L40 reporter strain. Positive
clones were selected and further tested for B-galactosidase activity.
B-Galactosidase activity was quantified in liquid media before or
after 60 min of osmotic stress (0.4 M NaCl) (Durfee et al, 1993).

Supplementary data
Supplementary data are available at The EMBO Journal Online.

Acknowledgements

We thank Y Barral, J Ayté, E Herrero, S Moreno, M Winey,
A Casamayor, G Gil and G Ammerer for valuable advice, plasmids
and strains; Oscar Fornas, Laia Subirana and Marisa Rodriguez
for their excellent technical assistance. XE was recipient of an FPI
fellowship (MEC, Spanish Government) and MA Adrover is reci-
pient of an FPU fellowship (MEC). We declare that we have no
financial conflict of interest. This work was supported by grants
from Ministerio de Ciencia y Tecnologia (BMC2003-00321),
‘Distincié de la Generalitat de Catalunya per a la Promoci6 de la
Recerca Universitaria, Joves Investigadors’ DURSI (Generalitat de
Catalunya) and the EURYI program (ESF) to FP.

Buscemi G, Saracino F, Masnada D, Carbone ML (2000) The
Saccharomyces cerevisiae SDA1 gene is required for actin cytos-
keleton organization and cell cycle progression. J Cell Sci 113:
1199-1211

Cid VJ, Jimenez J, Molina M, Sanchez M, Nombela C, Thorner JW
(2002) Orchestrating the cell cycle in yeast: sequential localiza-
tion of key mitotic regulators at the spindle pole and the bud
neck. Microbiology 148: 2647-2659

Cid VJ, Shulewitz MJ, McDonald KL, Thorner J (2001) Dynamic
localization of the Swel regulator Hsl7 during the Saccharomyces
cerevisiae cell cycle. Mol Biol Cell 12: 1645-1669

de Nadal E, Alepuz PM, Posas F (2002) Dealing with osmostress
through MAP kinase activation. EMBO Rep 3: 735-740

Dmitrieva NI, Bulavin DV, Fornace Jr AJ, Burg MB (2002) Rapid
activation of G2/M checkpoint after hypertonic stress in renal

The EMBO Journal VOL 25 | NO 11| 2006 2345



The Hog1 SAPK targets Hsl1 upon osmostress
J Clotet et al

inner medullary epithelial (IME) cells is protective and requires
p38 kinase. Proc Natl Acad Sci USA 99: 184-189

Durfee T, Becherer K, Chen PL, Yeh SH, Yang Y, Kilburn AE, Lee
WH, Elledge SJ (1993) The retinoblastoma protein associates
with the protein phosphatase type 1 catalytic subunit. Genes
Dev 7: 555-569

Escote X, Zapater M, Clotet J, Posas F (2004) Hogl mediates cell-
cycle arrest in G1 phase by the dual targeting of Sicl. Nat Cell Biol
6: 997-1002

Goloudina A, Yamaguchi H, Chervyakova DB, Appella E, Fornace Jr
AJ, Bulavin DV (2003) Regulation of human Cdc25A stability by
Serine 75 phosphorylation is not sufficient to activate a S phase
checkpoint. Cell Cycle 2: 473-478

Hanrahan J, Snyder M (2003) Cytoskeletal activation of a check-
point kinase. Mol Cell 12: 663-673

Harvey SL, Charlet A, Haas W, Gygi SP, Kellogg DR (2005) Cdk1-
dependent regulation of the mitotic inhibitor Weel. Cell 122:
407-420

Hohmann S (2002) Osmotic stress signaling and osmoadaptation in
yeasts. Microbiol Mol Biol Rev 66: 300-372

Kellogg DR (2003) Weel-dependent mechanisms required for coor-
dination of cell growth and cell division. J Cell Sci 116: 4883-4890

Kyriakis JM, Avruch J (2001) Mammalian mitogen-activated protein
kinase signal transduction pathways activated by stress and
inflammation. Physiol Rev 81: 807-869

Lew DJ (2003) The morphogenesis checkpoint: how yeast cells
watch their figures. Curr Opin Cell Biol 15: 648-653

Maeda T, Takekawa M, Saito H (1995) Activation of yeast PBS2
MAPKK by MAPKKKs or by binding of an SH3-containing osmo-
sensor. Science 269: 554-558

Maeda T, Wurgler-Murphy SM, Saito H (1994) A two-component
system that regulates an osmosensing MAP kinase cascade in
yeast. Nature 369: 242-245

McMillan JN, Longtine MS, Sia RA, Theesfeld CL, Bardes ES, Pringle
JR, Lew DJ (1999) The morphogenesis checkpoint in
Saccharomyces cerevisiae: cell cycle control of Swelp degradation
by Hsllp and Hsl7p. Mol Cell Biol 19: 6929-6939

Mikhailov A, Shinohara M, Rieder CL (2004) Topoisomerase II and
histone deacetylase inhibitors delay the G2/M transition by
triggering the p38 MAPK checkpoint pathway. J Cell Biol 166:
517-526

Morgan DO (1997) Cyclin-dependent kinases: engines, clocks, and
microprocessors. Annu Rev Cell Dev Biol 13: 261-291

Pearce AK, Humphrey TC (2001) Integrating stress-response and
cell-cycle checkpoint pathways. Trends Cell Biol 11: 426-433

Posas F, Saito H (1997) Osmotic activation of the HOG MAPK
pathway via Stellp MAPKKK: scaffold role of Pbs2p MAPKK.
Science 276: 1702-1705

2346 The EMBO Journal VOL 25| NO 11 | 2006

Posas F, Takekawa M, Saito H (1998) Signal transduction by
MAP kinase cascades in budding yeast. Curr Opin Microbiol 1:
175-182

Posas F, Wurgler-Murphy SM, Maeda T, Witten EA, Thai TC, Saito H
(1996) Yeast HOG1 MAP kinase cascade is regulated by a multi-
step phosphorelay mechanism in the SLN1-YPD1-SSK1 ‘two-
component’ osmosensor. Cell 86: 865-875

Rupes 1 (2002) Checking cell size in yeast. Trends Genet 18:
479-485

Sakchaisri K, Asano S, Yu LR, Shulewitz MJ, Park CJ, Park JE, Cho
YW, Veenstra TD, Thorner J, Lee KS (2004) Coupling morphogen-
esis to mitotic entry. Proc Natl Acad Sci USA 101: 4124-4129

Sheikh-Hamad D, Gustin MC (2004) MAP kinases and the adaptive
response to hypertonicity: functional preservation from yeast to
mammals. Am J Physiol Renal Physiol 287: F1102-F1110

Shulewitz MJ, Inouye CJ, Thorner J (1999) Hsl7 localizes to a septin
ring and serves as an adapter in a regulatory pathway that
relieves tyrosine phosphorylation of Cdc28 protein kinase in
Saccharomyces cerevisiae. Mol Cell Biol 19: 7123-7137

Sia RA, Bardes ES, Lew DJ (1998) Control of Swelp degradation by
the morphogenesis checkpoint. EMBO J 17: 6678-6688

Sia RA, Herald HA, Lew DJ (1996) Cdc28 tyrosine phosphorylation
and the morphogenesis checkpoint in budding yeast. Mol Biol Cell
7: 1657-1666

Theesfeld CL, Zyla TR, Bardes EG, Lew DJ (2003) A monitor for bud
emergence in the yeast morphogenesis checkpoint. Mol Biol Cell
14: 3280-3291

Todd DE, Densham RM, Molton SA, Balmanno K, Newson C,
Weston CR, Garner AP, Scott L, Cook SJ (2004) ERK1/2 and
p38 cooperate to induce a p21CIP1-dependent G1 cell cycle arrest.
Oncogene 23: 3284-3295

Versele M, Thorner J (2005) Some assembly required: yeast septins
provide the instruction manual. Trends Cell Biol 15: 414-424

Wurgler-Murphy SM, Maeda T, Witten EA, Saito H (1997)
Regulation of the Saccharomyces cerevisiace HOG1 mitogen-acti-
vated protein kinase by the PTP2 and PTP3 protein tyrosine
phosphatases. Mol Cell Biol 17: 1289-1297

Xiu M, Kim J, Sampson E, Huang CY, Davis RJ, Paulson KE, Yee AS
(2003) The transcriptional repressor HBP1 is a target of the p38
mitogen-activated protein kinase pathway in cell cycle regulation.
Mol Cell Biol 23: 8890-8901

Yaakov G, Bell M, Hohmann S, Engelberg D (2003) Combination
of two activating mutations in one HOG1 gene forms hyper-
active enzymes that induce growth arrest. Mol Cell Biol 23:
4826-4840

Zapater M, Clotet J, Escote X, Posas F (2005) Control of cell
cycle progression by the stress-activated Hogl MAPK. Cell Cycle
4: 6-7

©2006 European Molecular Biology Organization



