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Hogl Targets Whi5 and Msal Transcription Factors To Downregulate

Cyclin Expression upon Stress
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Yeast cells have developed complex mechanisms to cope with extracellular insults. An increase in external osmolarity leads to
activation of the stress-activated protein kinase Hogl, which is the main regulator of adaptive responses, such as gene expression
and cell cycle progression, that are essential for cellular survival. Upon osmostress, the G,-to-S transition is regulated by Hogl
through stabilization of the cyclin-dependent kinase inhibitor Sicl and the downregulation of G, cyclin expression by an unclear
mechanism. Here, we show that Hog1 interacts with and phosphorylates components of the core cell cycle transcriptional ma-
chinery such as Whi5 and the coregulator Msal. Phosphorylation of these two transcriptional regulators by Hogl is essential for
inhibition of G, cyclin expression, for control of cell morphogenesis, and for maximal cell survival upon stress. The control of
both Whi5 and Msal by Hogl also revealed the necessity for proper coordination of budding and DNA replication. Thus, Hogl
regulates G, cyclin transcription upon osmostress to ensure coherent passage through Start.

Tight regulation of critical transitions through the cell cycle is a
conserved characteristic from yeast to mammals. One such
transition is the G,-to-S transition. In yeast cells, the commitment
to enter into S phase, known as Start, is the point when the cyclin
CLN gene and some CLB genes are strongly induced. Further-
more, transcriptional positive-feedback loops govern this transi-
tion (1-3). Two transcription factors are responsible for G,-spe-
cific transcription: the Swi4 cell cycle box binding factor (SBF)
(4-6) and the Mlul cell cycle box binding factor (MBF) (7). These
factors are composed of specific DNA binding proteins, i.e., Swi4
and Mbp1, respectively, and the common subunit Swi6 (8). SBF is
required for the transcription of a subset of G,-specific genes,
which includes the cyclin CLNI and CLN2 genes (9-11). On the
other hand, MBF triggers the transcription of the so-called
S-phase cyclins CLB5 and CLB6 (12, 13). The G, cyclins Clnl and
Cln2 are required for bud formation, whereas the S-phase cyclins
CIb5 and CIbé are essential for the initiation of DNA replication.
In early G,, the SBF transcription factor is kept inactive by the
transcriptional repressor Whi5, which is the yeast functional or-
tholog of the human pocket protein Rb. Whi5 is strongly bound to
SBF-dependent promoters, which keeps transcription blocked.
However, Cdc28 (the main cyclin-dependent kinase [CDK] in
yeast) and Pho85, in association with the G, cyclin Cln3 and Pcl9,
respectively, can phosphorylate Whi5, causing its eviction from
these promoters (14-16), thereby allowing its active export from
the nucleus by the karyopherin Msn5 (17, 18). These effects on
Whi5 enable RNA polymerase (Pol) II to trigger SBF-dependent
transcription, generating an initial burst of Cln2. Subsequently,
Cdc28-ClIn2 can reinforce Whi5 phosphorylation and fully allevi-
ate its repression of SBF (14, 15). Cln2 activity is further required
for the activation of MBF, which leads to the production of CIb5.
The CDK inhibitor Sicl specifically blocks CDK-CIb5 activity
during progression of G; (19, 20). However, Cdc28-Cln2 also
phosphorylates Sicl, targeting it for ubiquitination and degrada-
tion (21-23). This degradation is required for the sudden activa-
tion of Cdc28-Clb5, which phosphorylates the prereplicative
complex components Sld2 and Sld3 (24, 25), thereby licensing
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DNA replication origins for firing. It has been recently demon-
strated that CIb5 is also involved in the phosphorylation of Sicl,
creating another positive-feedback loop (26).

Other proteins have been shown to play a role in G;-specific
transcription. For instance, Stb1 and Nrm1 are required for cor-
rect regulation of MBF activity (8, 27, 28), whereas Msal interacts
with and can be found at SBF and MBF promoters. Msal is a
phosphoprotein with cell cycle-dependent nucleocytoplasmic
shuttling (17) that was isolated as a high-copy suppressor of
Dpbl1 and SId2 mutants (29) and as an interactor with the SBF
and MBEF transcription factors (30). Msal has been proposed to
act as a coactivator of G, transcriptional machinery, since its over-
expression leads to advancement of the timing of G, -specific tran-
scription (30). Msal has also been recently shown to interact with
other transcription factors such as Tecl and Stel2 to promote
transcription in developmental processes (31). The Msa2 protein
is a homolog of Msal that has been shown to participate in the
same processes as Msal (30, 30, 31). Although both Msal and
Msa2 have been proposed to function as transcriptional regula-
tors, the molecular mechanisms governing the functions of these
proteins remain unclear.

The stress-activated protein kinase (SAPK) Hogl/p38 is at the
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bottom of a prototypical mitogen-activated protein kinase
(MAPK) cascade signal transduction pathway that is activated
upon increase of extracellular osmolarity (32, 33). Upon osmo-
stress, Hog1 exerts a plethora of adaptive responses in the cell (33),
such as the control of gene expression (34) and the regulation of
cell cycle progression (35—40) for full adaption to stress. Hogl
induces a transient delay in the G,-to-S transition upon osmo-
stress by a dual mechanism that ensures a proper and robust delay
in cell cycle progression before DNA replication. First, Hogl
phosphorylates the CDK inhibitor Sicl at threonine 173, which
blocks its interaction with the E3 ligase Cdc4 and therefore inhib-
its its degradation. Stabilization of Sicl blocks the S-CDK activity
that is required for DNA replication (39). Second, Hogl can also
inhibit G, cyclin transcription by an unknown mechanism (36,
39). Mathematical modeling has shed light on the importance of
both apparently redundant mechanisms, showing that Sicl stabi-
lization has a predominant role in G, regulation when cells receive
the stress after Start, whereas cyclin transcription regulation is
more important earlier in G, (41, 42). Indeed, the overexpression
of CIb5 can overcome Sicl-dependent arrest in G, upon stress
(41).

In this report, we show that G, cyclin downregulation is medi-
ated by Hogl1 through direct regulation of the transcriptional ma-
chinery. Population and single-cell analyses revealed that this in-
hibition is exerted at the promoter of cyclins and depends on
Hogl phosphorylation of Whi5 and Msal. Both regulators are
required for the coordination of budding and DNA replication
upon osmostress (see Fig. S1 in the supplemental material). Fi-
nally, we show that proper downregulation of cyclins reveals an
additional level of control for adequate passage through Start
upon osmostress.

MATERIALS AND METHODS

Yeast strains and plasmids. A complete list of the yeast strains and plas-
mids used in this study is provided in the supplemental material. Genomic
disruptions were made by long flanking homology PCR-based gene dis-
ruption. Tagging of genomic open reading frames (ORFs) with hemag-
glutinin (HA) or fluorescent epitopes was performed by a PCR-based
strategy, with plasmids from the Toolbox collection as templates (43). All
mutated genes were sequenced and integrated into the genome at their
native loci and under the control of their own promoters. Unless other-
wise indicated, all cells were grown in rich yeast extract-peptone-dextrose
(YPD) medium at 30°C.

G, synchronization. Yeast cells were grown in rich medium to an
optical density at 660 nm (ODgg,) of 0.6. Synthetic a-factor was then
added to the cultures, and the cultures were grown at the appropriate
temperature for 2 h. Cells were then washed twice with fresh medium, and
the pellet was resuspended in rich medium with or without 0.4 M NaCl.
For barlA mutant cells, a-factor was used at a final concentration of 0.4
pg ml ™', whereas for non-bar1A mutant cells a-factor was used at a final
concentration of 20 g ml™".

HOG pathway activation. Genetic activation of Hogl was achieved by
growing yeast cells with the sln 1™ allele (39) at 37°C for 1 h. Release from
a-factor arrest maintaining Hogl activation was performed as follows.
Synthetic a-factor was added to cells growing exponentially in YPD me-
dium at 25°C. After 1 h, the cultures were shifted to 37°C and grown for a
further 60 min. a-Factor was washed out twice with warm YPD medium.
The cell pellet was finally resuspended in warm YPD medium and grown
at 37°C for the times indicated.

Northern blot analysis. Yeast strains were grown in rich medium to
an ODg, of 0.6, synchronized with a-factor, released into rich medium,
and immediately subjected to osmotic shock (0.4 M NaCl) for the time
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indicated or left untreated. Total RNA was extracted, and expression of
the following genes was detected by hybridization of the membranes with
radiolabeled PCR fragments containing the entire ORF of CLN2 (1.6
kbp), CLB5 (1.3 kbp), ACT1I (1.1 kbp), or ENOI (1.3 kbp). Signals were
quantified with a Fujifilm BAS-5000 phosphorimager.

In vitro kinase assays. Glutathione S-transferase (GST) fusion pro-
teins made with the wild-type and mutant versions of Whi5, Msal, Hogl,
and Pbs2"F were expressed in Escherichia coli DH5« and purified with
glutathione-Sepharose beads (GE Healthcare) in STET buffer (10 mM
Tris [pH 8.0], 100 mM NaCl, 1 mM EDTA [pH 8.0], 5% Triton X-100,
2 mM dithiothreitol [DTT], 1 mM phenylmethanesulfonyl fluoride
[PMSF], 1 mM benzamidine, 2 mg ml ! leupeptin, 2 mg ml ! pepstatin).
One milligram of Hogl was activated with 0.5 mg of Pbs2"* in the pres-
ence of kinase buffer (50 mM Tris-HCI [pH 7.5], 10 mM MgCl,, 2 mM
DTT) and 50 pM ATP. After 20 min at 30°C, 2 mg of WT or mutated
Whi5 or Msal was added to the Hogl-Pbs2"" mixture together with
[y->?PJATP (0.1 mCi/ml) and the mixture was incubated for 30 min at
30°C. The reaction was terminated by the addition of Laemmli buffer
and subsequent boiling. Labeled proteins were resolved by SDS-PAGE,
gels were stained with Coomassie blue, dried, and analyzed by autora-
diography.

Fluorescent promoter activity reporters. The CLN2 and CLB5 pro-
moters (800 bp) were PCR amplified from genomic DNA and cloned into
plasmids so as to drive the expression of double- or quadruple-Venus
fluorescent protein, respectively. The resulting plasmids were linearized
and integrated at the LEU2 locus in yeast cells. Venus-expressing cells were
grown on YPD medium, synchronized with a-factor, and released under
the desired conditions. At the time indicated, 1 ml of cells was taken and
cycloheximide (Sigma) was added to a final concentration of 100 g ml ™~ '.
Cells were then incubated in the dark at room temperature for 1 h to allow
for Venus protein folding, and samples were stored at 4°C. For analysis of
fluorescence content, 100 pl of cells from each time point were added to
fluorescence-activated cell sorter (FACS) tubes containing 1 ml of 50 mM
sodium citrate. Samples were sonicated and analyzed in a FACScalibur
cytometer. Twenty thousand cells were acquired at each time point. Data
were analyzed with Flow]Jo software.

DNA content measurement. At the times indicated, 100 pl of syn-
chronized cells was released in YPD medium or 0.4 M NaCl, fixed in 1
ml of 70% ethanol for at least 10 min, and kept at 4°C until further
processing. Ethanol was removed by centrifugation. Cells were resus-
pended in a 50 mM sodium citrate solution containing 0.1 mg ml ™"
RNase A and incubated overnight at 30°C. A 750-pl aliquot of cells was
mixed with 750 pl of a 4 g ml~ ! propidium iodide solution in 50 mM
sodium citrate in a FACS tube. Samples were sonicated and analyzed
with a BD FACScalibur cytometer. Ten thousand cells were acquired at
each time point. Data were analyzed with WinMDI 2.9.

Competition assay. Cells expressing Enol-green fluorescent protein
(GFP) or Enol-mCherry at its own locus were generated by homologous
recombination of PCR products. The combinations of cells indicated were
synchronized in G, with a-factor and mixed in a 1:1 ratio, released into
YPD medium or YPD medium plus 0.4 M NaCl at an initial ODg,, 0f 0.05,
and grown at 30°C. At the times indicated, cells were diluted again to an
ODyq, of 0.05. At these same time points, samples were fixed with 3.7%
formaldehyde (Sigma) for 10 min. The fixing solution was washed out,
and the cells were resuspended in 1X phosphate-buffered saline and kept
in the dark at 4°C until further analysis. Cells were diluted in 50 mM
sodium citrate, sonicated, and analyzed with a BD LSRFortessa analyzer.
Ten thousand cells were acquired at each time point. Data were processed
with FlowJo software.

In vivo phosphorylation assay. Msal and msal”” were tagged with
HA. Exponentially growing cells expressing the tagged factors were syn-
chronized in G, with a-factor and then subjected to a brief osmotic shock
(0.4 M NaCl for 10 min) or left untreated. For each condition, 100-ml
volumes of synchronized cultures were harvested by centrifugation, and
pellets were resuspended in 1 ml of lysis buffer (45 mM HEPES-KOH [pH
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7.5], 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100, 2 mM
DTT) supplemented with protease and phosphatase inhibitors (1 mM
PMSF, 1 mM benzamidine, 2 mg ml~' leupeptin, 2 mg ml ™" pepstatin, 25
mM B-glycerophosphate, 1 mM sodium pyrophosphate, 10 mM sodium
fluoride, 100 mM sodium orthovanadate). Glass beads were added, and
cells were lysed by vortexing. Proteins (5 mg) were incubated overnight
with an anti-HA antibody (12CA5) and then incubated with protein G-
Sepharose (GE Healthcare) beads for 4 h. Beads were washed five times in
lysis buffer, boiled in SDS loading buffer for 10 min, and analyzed by 8%
SDS-PAGE, and proteins were transferred to polyvinylidene difluoride
membranes. Proteins phosphorylated at SP/TP sites (Hogl consensus
phosphorylation sites) were detected by immunoblotting, for which
membranes were incubated overnight at 4°C with an anti phosphoserine
threonine antibody (BD Transduction Laboratories).

Coprecipitation assays. Cells expressing tagged versions of Whi5 or
Msal were transformed with a plasmid containing GST-Hogl or GST
alone. Cells were grown to mid-log phase on minimal medium for plas-
mid maintenance. Cells were then treated with 0.4 M NaCl for 10 min and
harvested at 4°C. Pellets were resuspended in lysis buffer (45 mM HEPES-
KOH [pH 7.5], 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton
X-100, 2 mM DTT) with protease and phosphatase inhibitors, glass beads
were added, and cells were vortexed at 4°C. Protein extracts were clarified
by centrifugation. Proteins (2 mg) were pulled down with glutathione-
Sepharose beads (GE Healthcare) for Msal-HA-GST-Hogl interaction
or rabbit IgG-agarose beads (Sigma) for Whi5-tandem affinity purifica-
tion (TAP)-GST-Hogl interaction. Beads were incubated with extracts
overnight and then washed seven times with lysis buffer. Beads were
boiled in Laemmli buffer, and proteins were resolved by 10% SDS-PAGE
and Western blotted with anti-HA (12CA5), anti-TAP, or anti-GST anti-
bodies. Protein extract (50 jg) was used as the input control.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were
performed as described previously (44). Briefly, early-log-phase cultures
(ODggp» 0.6 to 0.9) or synchronized-and-released cultures were exposed
to osmostress (0.4 M NaCl) or left untreated for the length of time spec-
ified in each experiment. Cells were cross-linked with 1% formaldehyde
for 20 min at room temperature, incubated with 330 mM glycine for a
further 15 min and washed four times with cold TBS buffer (20 mM
Tris-HCI [pH 7.5], 150 mM NaCl). Pellets were frozen at —20°C. Lysis
buffer (50 mM HEPES-KOH [pH 7.5], 150 mM NaCl, I mM EDTA, 0.1%
sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 1 mM PMSF) and
glass beads were added to the pellets, and the cells were vortexed for 15
min at 4°C. Samples were sonicated and clarified by centrifugation. Mag-
netic beads (Dynabeads; Invitrogen) previously conjugated with the ap-
propriate antibody were added to samples and incubated with rotation at
4°C for 2 to 4 h. Anti-HA (12CA5) and anti-Rpb1 (8WG16; Covance)
antibodies were used in this study. Beads were then washed twice with lysis
buffer, twice with lysis buffer plus 500 mM NaCl, twice with wash buffer
(10 mM Tris-HCI [pH 8.0], 0.25 M LiCl, 1 mM EDTA, 0.5% N-P40, 0.5%
sodium deoxycholate), and once with TE (10 mM Tris-HCI [pH 8.0], 1
mM EDTA). Chromatin was eluted, and cross-linking was reversed by
incubation at 65°C overnight. DNA was then phenol extracted and finally
resuspended in TE. Quantitative real-time PCR was used to analyze DNA
with an Applied Biosystems ViiA7 detector. Specific primers were used for
PCR analysis of G; cyclin promoters (CLN2, —627/—526 before start
codon; CLB5, —386/—255 before start codon) and coding regions (CLN2,
+325/+475 after start codon; CLB5, +429/+656 after start codon). A
telomeric region on the right arm of yeast chromosome VI was used as an
internal normalizing control sequence for each DNA analyzed (TELRTa
269437 to 269464 and TELRTD 269615 to 269637).

RESULTS
Osmostress induces a delay in transcription initiation from G,
cyclin promoters. Hyperosmotic stress causes a delay in entry into

S phase (38). This delay is, in part, due to a lag in the transcription
of G, cyclins CLN2 and CLB5 (Fig. 1A). Since osmostress affects
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many steps of mRNA biology, including processing, transport,
and stability (45-47), we checked if the delay in the appearance of
these transcripts was due to a defect in transcription initiation or
in other steps of mRNA biogenesis. We followed the dynamics of
RNA Pol II association with the CLN2 and CLB5 promoters by
ChIP with an anti-RNA Pol II (anti-Rpb1) antibody and cells syn-
chronized with a-factor and released into either YPD medium or
YPD medium containing 0.4 M NaCl. As shown in Fig. 1B, osmo-
stress produced a delay of approximately 20 to 30 min in the bind-
ing of RNA Pol II to both the CLN2 and CLB5 promoters, al-
though the effect was more dramatic with the CLN2 promoter. Of
note, RNA Pol II binding dynamics were consistent with the dy-
namics of mRNA expression shown in Fig. 1A under both control
and stress conditions. The reduced amount of RNA Pol Il required
for the transcription of similar amounts of RNA could be ex-
plained by the effect of Whi5 on the CLN2 promoter, in contrast to
the CLB5 promoter (see Fig. S2A and B in the supplemental ma-
terial). These data indicated that osmostress delays the transcrip-
tion initiation of both cyclins. To confirm that this effect of osmo-
stress on cyclin transcription was mediated through regulation of
cyclin promoter activity, we fused a fluorescent reporter to the
CLN2 and CLB5 promoters and used these reporters to follow
transcription at the single-cell level by flow cytometry (48). Cells
were synchronized in G, with a-factor and then released into fresh
medium, which triggered transcription from both cyclin promot-
ers, as reflected by an increase in fluorescence (Fig. 1C). In con-
trast, an increase in fluorescence was not observed upon osmo-
stress (0.4 M NaCl). Thus, osmostress causes a robust inhibition of
transcription initiation of CLN2 and CLB5 in all cells.

Global downregulation of gene expression of non-stress-re-
sponsive genes occurs through a reduction in RNA Pol II levels
(49), which is most likely due to activator eviction from promoters
that is caused by stress (50). To assess whether downregulation of
cyclin transcription was caused by eviction of activators, we fol-
lowed promoter association of the HA-tagged transcription factor
Swi4 by ChIP (see Fig. S2C in the supplemental material). At the
point of arrest by pheromone, HA-Swi4 was already bound to the
CLN2 promoter. Osmostress caused immediate eviction of HA-
Swi4 from the promoter. Reassociation of HA-Swi4 with the
CLN2 promoter was concomitant with induction of transcription.
Of note, HA-Swi4 eviction was HOGI independent (see Fig. S2D
in the supplemental material), although in hogIA cells, HA-Swi4
reassociation with the CLN2 promoter was less efficient than in
wild-type cells, possibly because of inefficient general adaptation.

Hogl downregulates G, cyclin transcription. Activation of
the HOG pathway by genetic manipulation has served to unravel
the direct role of Hogl in the cell cycle (37, 39, 41). Growth of
sln1® mutant cells at the restrictive temperature results in the con-
stitutive activation of Hogl independently of external stimuli
(39). Release of sln1* mutant cells from a-factor arrest at the non-
permissive temperature showed a clear downregulation of CLN2
and CLB5 expression that was totally dependent on Hogl (39)
(Fig. 2A). Strikingly, in contrast to the transcription inhibition
that occurs following activation of Hogl by osmostress, this pro-
moter inhibition was not due to a general eviction of the transcrip-
tion machinery from the promoters since both Swi4 and RNA Pol
II were retained on the promoters upon Hogl activation (Fig. 2B
and C). In contrast, in cells deficient in Hogl, the dynamics of the
association of Swi4 and RNA Pol II reflected mRNA transcription.
These findings suggested that even though the RNA Pol II ma-
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FIG 1 Osmostress delays transcription initiation of G, cyclins. (A) G, cyclin expression is delayed upon osmostress. Wild-type cells were released from a-factor
arrest into YPD medium (control) or 0.4 M NaCl. Samples were taken at the time points indicated for Northern blot analysis with radioactively labeled probes
against CLN2, CLB5, and ENOI (as aloading control). (B) Binding of RNA Pol Il to G, cyclin promoters is delayed in response to osmostress. Wild-type cells were
synchronized in G, with a-factor and released into either YPD medium (control) or 0.4 M NaCl. Chromatin-bound RNA Pol II was immunoprecipitated with
an anti-Rpb1 monoclonal antibody (8WG16; Covance) at the times indicated. The precipitate was analyzed by real-time PCR with primers specific for the CLN2
(left panel) or CLB5 (right panel) promoter region. Graphs represent the averages = the standard deviations from five independent experiments. (C) Osmostress
inhibits transcriptional firing of G, cyclin promoters. A fluorescent reporter of CLN2 or CLB5 promoter activation was integrated into wild-type cells. Promoter-
associated fluorescence of G,-arrested cells (a-factor) or cells released for 40 min into YPD medium (control) or 0.4 M NaCl was analyzed by flow cytometry. A
representative experiment with the CLN2 (left panel) and CLB5 (right panel) promoters is shown. Each overlaid histogram represents fluorescence distribution

from 20,000 cells.

chinery is present at the CLN2 and CLB5 promoters, firing of
transcription is somehow inhibited.

Hogl itself associates with stress-responsive loci upon activation
to induce gene expression (49, 51, 52). We therefore assessed the
association of Hog1 with the CLN2 and CLB5 promoters. ChIP anal-
yses showed that Hogl associates with both the CLN2 and CLB5 pro-
moters upon stress, albeit to different extents for the different pro-
moters (Fig. 2D). The association of Hogl with chromatin depends
on its interaction with specific transcription factors (45). Swi4 is
evicted upon stress and is thus unlikely to be the only factor respon-
sible for Hog1 association. ChIP analysis with Fkh1 (Forkhead pro-
tein) showed that this protein is present at the CLN2 and CLB5 pro-
moters upon stress, indicating that alternative transcription factors
are present at those promoters in the presence of stress (see Fig. S2E in
the supplemental material). Of note, Hogl also associates, albeit with
different kinetics, with the CLN2 and CLB5 promoters upon Hogl
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activation in sln1* mutant cells (Fig. 2E). These combined data indi-
cate that Hogl might act directly on the CLB5 and CLN2 promoters
to regulate their expression.

The transcriptional repressor Whi5 is phosphorylated by
Hogl. To characterize the mechanism by which Hogl controls
CLN2 and CLBS5 transcription, we tested the phosphorylation of
several components of SBF and MBF (i.e., Swi4, Swi6, Mbp1, and
Whi5), which were purified from bacteria as GST-fused proteins,
in an in vitro kinase assay with recombinant Hogl. Only one of the
proteins tested yielded significant phosphorylation by Hogl, the
transcriptional repressor Whi5, which is the yeast homolog of Rb
(Fig. 3A). Mutation of the Hog1 consensus sites in Whi5 indicated
that Whi5 is phosphorylated in vitro on three residues, Ser88,
Thr143, and Thr215. Simultaneous mutation of these three sites
to alanine (Whi5>*) resulted in total loss of phosphorylation by
Hogl (Fig. 3A).
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FIG 2 Hogl is involved in transcriptional downregulation of G, cyclins. (A)
Constitutive activation of the HOG pathway downregulates G, -specific cyclin
transcription. sln1* or sln1* hogl A mutant cells were synchronized in G, with
pheromone and then released into YPD medium at 37°C. RNA was extracted
from samples at the times indicated and analyzed by Northern blotting with
CLN2, CLB5, and ENOI probes. Quantification relative to the loading control
of each mRNA is depicted below each lane. A value of 100% is assigned to the
maximum level of a given transcript. (B) RNA Pol IT downregulation depends
on Hogl. sinI* and sln1* hogl A mutant cells were synchronized with a-factor
and released into YPD medium at 37°C. RNA Pol II was immunoprecipitated
with anti-Rpb1 antibodies at the times indicated after release, and associated
chromatin-DNA was analyzed by real-time PCR with primers specific
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In vivo interaction between SAPKs and their corresponding
substrates can often be detected by their coimmunoprecipitation.
We therefore determined if Hogl and Whi5 physically interact in
vivo by testing whether Hogl coprecipitates with Whi5 from cell
extracts. Yeast cells expressing TAP-tagged Whi5 and GST-tagged
Hog]1 expressed from their genomic loci were subjected to osmo-
stress and Whi5-TAP was immunoprecipitated with specific
monoclonal antibodies against the TAP epitope. As shown in Fig.
3B, GST-Hog]1 did coprecipitate with Whi5.

To gain further insight into the role of Whi5 in the downregu-
lation of CLN2 and CLB5 upon osmostress, the transcription of
both mRNAs was followed in whi5A mutant cells after their re-
lease from a-factor synchronization in the presence of osmostress.
Although there was a clear delay in the expression of cyclins
caused by stress in whi5A mutant cells, there is a slightly earlier
induction of CLN2 expression and, to a lesser extent, of CLB5 than
of the wild type (Fig. 3C). Consistent with these findings, whi5A
mutant cells still displayed the same delay in the initiation of DNA
replication upon osmostress as the wild type (Fig. 3D). Thus, the
Whi5 transcriptional repressor is a Hogl substrate, although its
role in CLN2 and CLBS5 transcription inhibition upon osmostress
is modest, suggesting that additional players may be involved in
the osmostress-induced downregulation of cyclin expression.

Msal, a transcriptional coregulator, is another target of
Hogl upon osmostress. In a quest for alternative players involved
in G, transcriptional regulation that are targeted by Hogl, we
applied the above-described in vitro kinase assay to several pro-
teins previously reported to be involved in the control of SBF and
MBF promoters (i.e., Whi5, Msal, Msa2, Mbpl, Swi6, Swi4,
Nrml, and Stb1). We found that, in addition of Whi5, Msal was
also phosphorylated in vitro by Hogl (Fig. 4A). Msal contains 25
SP/TP potential Hogl phosphorylation sites. We performed sys-
tematic deletion of these Msal phosphorylation sites, followed by
in vitro kinase assays together with mass spectrometry (MS) anal-
ysis. Finally, after systematic mutagenesis, we found that Hogl
phosphorylation of Msal in vitro could be abrogated by simulta-
neously mutating 9 of the 25 SP/TP sites of Msal to alanine
(Msal”™).

We then determined whether these nine phosphorylation sites
in Msal were also phosphorylated by Hogl1 in vivo. Cells express-
ing the HA-tagged wild type and the HA-tagged Msal®* mutant
were subjected to a brief osmotic shock. Msal-HA was immuno-
precipitated and analyzed by Western blotting with an antibody
specific for the detection of phosphorylation at SP/TP sites (BD

for the CLN2 promoter region. Graphs represent the averages * the standard
deviations from three independent experiments. (C) Swi4 is retained at the
CLN2 promoter upon Hogl activation. Swi4 was tagged with HA in an sln1* or
sin1® hogl A background. The resulting strains were synchronized with a-fac-
tor and released into YPD medium at 37°C. Swi4-HA was immunoprecipitated
with anti-HA antibodies at the time points indicated after release. Associated
chromatin-DNA was analyzed by real-time PCR with primers specific for the
CLN2 promoter. Bars represent the averages * the standard deviations from
three independent experiments. (D, E) Hogl binds to the promoter regions of
CLN2 and CLB5. Wild-type cells were incubated for 10 min in the presence or
absence (control) of 0.4 M NaCl (D), or sln1" mutant cells were incubated at a
nonpermissive temperature (37°C) for 30 min (E). HA-tagged Hogl was used
for chromatin immunoprecipitation in ChIP assays to monitor its association
with the CLN2 and CLB5 promoters as described previously (49). Bars repre-
sent the averages * the standard deviations from three independent experi-
ments.
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Transduction Laboratories). Osmostress increased the level of
phosphorylation of Msal-HA >8-fold. This increase in phos-
phorylation was dependent on Hogl and was not detected in the
Msal®* mutant (Fig. 4B; see Fig. S3 in the supplemental material).

We then assayed Hogl-Msal interaction as described for anal-
ysis of Hog1-Whi5 interaction. Yeast cells expressing HA-tagged
Msal and GST-tagged Hogl expressed from their genomic loci
were subjected to osmostress. GST-Hogl was immunoprecipi-
tated with glutathione beads, and the precipitate was immuno-
blotted for Msal-HA. As shown in Fig. 4C, Msal-HA coprecipi-
tated with GST-Hogl. These data indicate that Msal is a bona fide
target of Hogl upon stress.

The effect of Msal on the transcription of CLN2 and CLB5 was
then assessed by Northern blotting. An approximately similar de-
lay in the transcription of both cyclins upon stress was observed
following the release of G,-arrested wild-type and msalA mutant
cells at 0.4 M NacCl (Fig. 4D). Of note, although transcription was
initiated at the same time, cells deficient in MSAI showed a pro-
longed expression of cyclins that did not significantly affect the
dynamics of DNA replication (Fig. 4E). Therefore, although Msal
is also a target of Hogl, Msal alone does not mediate the delay in
cyclin expression caused by stress.

Whi5 and Msal/Msa2 act in parallel to regulate CLN2 tran-
scription upon osmostress. Since both Whi5 and Msal are tar-
geted by Hogl upon stress, we next assessed whether it might
be the coordinated action of both transcriptional regulators
that mediates cyclin regulation upon stress. Prior to this anal-
ysis, we assayed if the Msal homolog in S. cerevisiae, named
Msa2, might also be involved in the regulation of cyclin transcrip-
tion upon osmostress. However, we could detect no phosphory-
lation of Msa2 by Hogl in vitro and deletion of MSA2 did not alter
the pattern of cyclin expression upon osmostress (see Fig. S4A in
the supplemental material). However, it could not be formally
ruled out that the lack of Msal resulted in a compensatory effect
exerted by Msa2. We therefore analyzed the potential synergy of
Msal with Whi5 in the absence of Msa2. We created WHI5 MSA1
MSA2 triple deletion cells and followed cyclin transcription upon
osmostress. As shown in Fig. 5 (top and middle), there was only a
subtle difference between the wild type and the triple null strain in
transcriptional firing after release from synchronization in an un-
perturbed cell cycle. In clear contrast, the delay in CLN2 transcrip-
tion caused upon osmostress, and to a lesser extent that in CLB5,

representation of Whi5 is shown at the top, indicating the location of the three
residues phosphorylated by Hogl. The gray boxes denote predicted nuclear
localization signals. The blue boxes denote the nuclear export signal (NES),
and the GTB box denotes the G,/S transcription factor binding motif. aa,
amino acids. (B) Whi5 and Hogl interact in vivo. Cells expressing Whi5-TAP
with either GST-Hogl or GST alone were exposed to 0.4 M NaCl for 10 min,
and anti-TAP antibody was used to immunoprecipitate Whi5. Precipitated
proteins (Prec.) were resolved by SDS-PAGE and analyzed by immunoblotting
with anti-GST and anti-TAP antibodies as probes. The input represents 2.5%
of the immunoprecipitated protein. (C) Absence of Whi5 does not rescue the
delay in G, cyclin transcription induced by osmostress. Wild-type (wt) and
whi5A mutant cells were synchronized with a-factor and released into 0.4 M
NaCl. RNA extracted from samples taken at the time points indicated was
analyzed by Northern blotting with probes specific for CLN2 and CLB5
mRNAs. ENOI mRNA expression was analyzed as a loading control. (D) DNA
replication delay induced by osmostress is not dependent on Whi5. Wild-type
and whi5A mutant cells were synchronized in G, with a-factor and released
into YPD medium (control) or 0.4 M NaCl. DNA content was measured by
flow cytometry every 10 min after release.
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was clearly reduced in the whi5 msal msa2 mutant strain, which
showed an increase in the CLN2 transcript 15 min before an in-
crease was observed in the wild type. This premature induction of
CLN2 expression correlates with, albeit displaying similar Swi4
recruitment, an earlier recruitment of RNA Pol II to CLN2 upon
stress (see Fig. S2D and S4B in the supplemental material). There-
fore, both the Whi5 and Msal proteins are important for the
downregulation of cyclins observed upon stress.

We then assessed whether the phosphorylation of Whi5 and
Msal by Hogl was relevant for the prevention of cyclin expres-
sion. We constructed a strain bearing Whi5 and Msal with all of
their previously defined Hogl-dependent phosphorylation sites
mutated to Ala (Whi5** and Msa1”*) (Fig. 3A and 4A). The mu-
tant genes were integrated into the genome at their own loci and
expressed under the control of their own native promoters. The
cells were synchronized with a-factor and released under control
and osmostress conditions, and cyclin mRNAs were analyzed by
Northern blotting (Fig. 5, bottom). The dynamics of cyclin tran-
scription observed upon stress were almost identical to those ob-
served in the triple null strain, suggesting that the stress-induced
delay in CLN2 transcription was due to Hogl phosphorylation of
the sites that were mutated in Whi5 and Msal.

Upon stress, Swi4 is evicted from the CLN2 promoter. Then,
we followed promoter association of HA-tagged Whi5 and Msal
by ChIP. Similarly to Swi4, those factors are evicted upon stress
and reassociated with dynamics similar to those of Swi4, both
upon stress and in a sln 1" mutant strain, indicating that transcrip-
tion of cyclins upon reassociation of Swi4 might be prevented by
the presence of the two regulators (see Fig. S5 in the supplemental
material).

We then assessed the biological impact of earlier cyclin ex-
pression upon stress. It is known that CIb5 is required for the
initiation of DNA replication whereas Cln2 is required for bud

FIG 4 Hogl targets the Msal transcriptional coregulator. (A) Mutation of
nine residues in Msal abolished Hogl phosphorylation in vitro. GST-Msal or
GST-Msal®* was purified from bacteria, subjected to an in vitro kinase assay
with activated Hog1, and analyzed as described in the legend to Fig. 3A. Aster-
isks indicate bands that correspond to purified GST-Pbs2"". The location of
the mapped residues in the Msal protein is shown in the cartoon at top. The
gray box denotes a predicted nuclear localization signal. aa, amino acids. (B)
Msal is phosphorylated by Hogl in vivo. Wild-type (wt) yeast cells expressing
Msal-HA or msal®*-HA, as well as hogI A mutant cells expressing Msal-HA,
were synchronized with a-factor and treated with brief osmotic shock (0.4 M
NaCl, 10 min) or left untreated (control). Protein extracts were then immu-
noprecipitated with anti-HA antibody. SP/TP phosphorylated proteins were
detected with an anti-phosphoserine-threonine antibody (BD Transduction
Laboratories). Bars represent the average ratios of phosphorylated to total
Msal * the standard deviations from three independent experiments. (C)
Hogl and Msal coimmunoprecipitate in vivo. Cells expressing Msal-HA and
either GST-Hogl or GST alone were stressed with 0.4 M NaCl for 10 min.
Protein extracts were immunoprecipitated with anti-GST antibody. Precipi-
tated proteins (Prec.) were resolved by SDS-PAGE and immunoblotted for
Msal and Hogl with anti-HA and anti-GST probes, respectively. The input
represents 2.5% of the immunoprecipitated protein. (D) Transcription delay
of G, cyclins is not reduced in msalA mutant cells. Wild-type and msalA
mutant cells were synchronized in G, with a-factor and released into 0.4 M
NaCl. Samples were taken at the times indicated after release for RNA extrac-
tion for Northern blot analysis. CLN2 and CLB5 mRNAs were detected with
specific probes. ACT1 was probed as a loading control. (E) DNA replication is
delayed independently of Msal upon osmostress. Wild-type or msalA mutant
cells were synchronized with a-factor and released into control or 0.4 M NaCl
medium. Samples were taken every 10 min after release and analyzed for DNA
replication by flow cytometry.
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is assigned to the maximum level of a given transcript under control condi-
tions for each strain.

morphogenesis. We therefore reasoned that in the above-de-
scribed mutant cells, which are unable to delay CLN2 expres-
sion, bud emergence should occur earlier than in wild-type
cells, but there should be no clear effect on DNA replication.
Indeed, DNA replication was delayed to the same extent in
wild-type and mutant strains (Fig. 6A). In contrast, the delay in
budding caused by stress was almost abolished in both the whi5
msal msa2 and the whi5** msal®® msa2 mutant strains, in con-
trast to the wild type (Fig. 6B). These combined data indicate
that Hogl phosphorylation of Whi5 and Msal is important for
CLN2 downregulation upon stress and that prevention of this
phosphorylation results in the loss of coordination between
budding and DNA replication upon osmostress.

Whi5 and Msal Hogl-dependent phosphorylation mediates
G, arrest. In contrast to the situation under osmostress, down-
regulation of both CLN2- and CLB5-encoded cyclins occurs when
Hogl is genetically activated in sln1* mutant cells (39) (Fig. 2). To
further characterize the role of Hogl phosphorylation of Whi5
and Msal in the transcriptional downregulation of CLN2 and
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CLB5, we followed the dynamics of cyclin gene expression in syn-
chronization-and-release experiments with sln1® mutant cells
that contained mutations in WHI5, MSA 1, and MSA2. The down-
regulation of CLN2- and CLB5-encoded cyclins that was observed
upon Hogl activation was partially abolished in the mutant
strains (triple null and nonphosphorylatable mutants), in contrast
to that in the wild type (Fig. 7A). We then assessed cyclin gene
transcription in the sln1" background at the single-cell level with
fluorescent reporters for the CLN2 and CLB5 promoters. Expres-
sion from the CLN2 and CLB5 promoters was prevented upon
Hogl activation. In contrast, CLN2 and, to a lesser extent, CLB5
promoter activity was induced in the whi5>* msa1®* msa2 mutant
strain (Fig. 7B and C, see Fig. S6 in the supplemental material).
Thus, Hogl activation represses cyclin promoter activity through
Whi5 and Msal phosphorylation.

Sustained activation of the HOG pathway causes a pro-
longed arrest in G, (39, 53). We tested whether suppression of
cyclin downregulation in the above-described mutant cells
could suppress this arrest in G;. We synchronized sinl® or
sln1* mutant cells containing hogl or whi5 and msal mutations
with a-factor, released them at the restrictive temperature, and
then followed DNA replication and budding. In clear contrast
to sln1™ mutant cells, whi5 msal msa2 null mutant cells or cells
expressing their nonphosphorylatable mutant forms were able
to replicate DNA efficiently, showing only a slight delay with
respect to sln1* hogl A mutant cells (Fig. 7D). A similar result
was observed when the budding index was analyzed; the mu-
tant cells were able to bud with only a 10-min delay compared
to the budding of sln1* hogl A mutant cells (Fig. 7E). Of note,
the HOGI, whi5 msal, and msa2 mutations in the sln1* back-
ground vyielded results similar to those obtained with sin1®
hogl mutant cells in both budding and replication, indicating
an epistatic relationship between Hogl and those transcrip-
tional regulators (Fig. 7D and E). Correspondingly, msal msa2
whi5 hogl mutant cells responded similar to hogl mutant cells
upon stress (see Fig. S7 in the supplemental material). Thus, in
addition to Sicl stabilization, regulation of cyclin expression
upon Hogl activation is relevant for cell cycle delay in G;.

The ratio of Sic1 CDKi to Clb5 levels is critical for prevention
of replication upon Hogl activation. It is known that Hogl acti-
vation results in stabilization of the CDK inhibitor Sicl and that
this stabilization, together with the downregulation of CLB5, is
sufficient to inhibit DNA replication inhibition (39, 41). How-
ever, overexpression of CLB5 is able to overcome this delay in
replication (41). To understand why whi5 msal msa2 mutant cells
were able to enter replication when Hogl was activated by genetic
means, we quantified the levels of Sicl and analyzed the ratio of
CIb5 to Sicl proteins over time after release of sin1® and slni®
whi5A msal A msa2A mutant strains from pheromone arrest. This
assay showed that whereas the levels of CIb5 cannot overcome
those of Sicl in sln1" mutant cells, in the triple mutant, the levels
of Clb5 were greater than those of Sicl at 50 min after release (Fig.
8A; see Fig. S8 in the supplemental material). This increase in Clb5
levels compared to Sicl levels coincides with the entry into repli-
cation of the mutant cells. Thus, Hogl phosphorylation of Whi5
and Msal allows the cells to block G, and S cyclin transcription,
budding, and DNA replication initiation, thereby arresting the
cells in G;.

Downregulation of cyclin expression is important for cell fit-
ness in the presence of stress. Triple deletion of WHI5, MSAI,
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FIG 6 Whi5, Msal, and Msa2 are involved in the coordination of budding and DNA replication upon osmostress through Hogl phosphorylation. (A) The delay
in DNA replication initiation upon osmostress does not depend on Whi5, Msal, or Msa2. The wild-type (wt), triple null, or point mutant cells indicated were
synchronized in G, with a-factor and released into YPD medium (control) or 0.4 M NaCl. Samples were taken every 10 min after release, and DNA replication
was analyzed by flow cytometry. (B) The delay in budding caused by stress depends on Whi5, Msal, or Msa2. The same cells as in panel A were synchronized with
a-factor and released into either YPD medium (control) or 0.4 M NaCl. At the times indicated after release, the cells were mounted on glass slides and budded
cells were counted. Bars represent the averages = the standard deviations from three independent experiments. In each experiment, at least 100 cells were counted

at each time point.

and MSA2 has a clear effect on cell cycle reentry and a loss of
coordination between budding and DNA replication. We there-
fore reasoned that these defects could hamper cell fitness upon
stress. To test this possibility, we assessed the ability of these mu-
tant cells to compete in the same environment with wild-type
cells. To be able to distinguish between the two types of cells, we
fluorescently labeled both strains, mixed equal numbers of G-
synchronized cells, and followed the percentage of each strain
present over time in control medium or upon osmostress (Fig.
8B). While no difference in cell growth was noted in the absence of
stress, a clear enrichment of wild-type over mutant cells was ob-
served upon stress. Similar results were obtained when the fluo-
rescent reporters where expressed in the opposite strain, ruling
outany possible effect of the tagging (see Fig. S9 in the supplemen-
tal material). These combined data indicate that the downregula-
tion of G, cyclins through the activity of Whi5 and Msal is re-
quired for proper cellular fitness upon stress.
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DISCUSSION

Yeast cells modify their transcription pattern to cope with
changes in external osmolarity (34). Hogl is a key player in the
regulation of gene expression upon osmostress, causing a rapid
and transient upregulation of osmoresponsive genes. However,
Hogl also mediates the transcriptional downregulation of spe-
cific genes in addition to those globally downregulated by stress
(49). For instance, the G, cyclins are strongly downregulated by
Hogl in response to osmostress and this downregulation is
important for cell cycle control (36, 39, 41). Although these
previous data showed the relevance of Hogl cyclin regulation,
the mechanism by which this downregulation is achieved is
unknown. Here we show that Hogl downregulates G, cyclins
through, in part, phosphorylation of two cell cycle transcrip-
tional regulators, Whi5 and Msal. The absence or mutation of
both regulators results in less efficient downregulation of cy-
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FIG 7 Phosphorylation of Whi5 and Msal by Hogl prevents G, arrest. (A) The whi5 msal msa2 triple mutant suppress the delay of cyclin expression upon Hogl
activation. The strains indicated were synchronized with a-factor and released at 37°C into YPD medium. RNA was extracted from samples taken at the times indicated
after release and analyzed by Northern blotting with radiolabeled probes specific for the CLN2, CLB5, and ENOI mRNAs. (B, C) Downregulation of both the CLN2 and
CLB5 promoters depends on Hog1 phosphorylation of Whi5 and Msal. sl 1 and sln1® whi5>® msa1°* msa2A mutant cells were transformed with a fluorescent reporter
system for analysis of CLN2 (B) or CLB5 (C) promoter activity. Fluorescence-positive cells were synchronized with a-factor and released at 37°C into YPD medium, and
promoter-associated fluorescence was analyzed by flow cytometry in G,-synchronized cells (red lines) or at 90 min (blue lines) or 120 min (orange lines) after release.
Each line in the histogram represents the fluorescence distribution from 20,000 cells. (D) G, arrest depends on the phosphorylation of Whi5 and Msal by Hogl. The
strains indicated were synchronized with a-factor and released into YPD medium at 37°C. Cell samples were fixed every 10 min after release, and their DNA content was
measured by flow cytometry. (E) The Hogl-dependent budding block is mediated by Whi5, Msal, and Msa2. The same cells as in panel D were microscopically analyzed,
and budded cells were counted at the times indicated after release. sln1%, sln1* hoglA, sin1* whisA msalA msa2A, sin1® whi5>® msal®* msa2A, and sln1" whi5* msa1°*
msa2/ hogl A mutant cells were analyzed. At least 100 cells of each strain were counted at each time point. Bars represent the averages = the standard deviations from
three independent experiments.

clins, loss of coordination of CLN2 and CLB5 gene expression,
and reduced cellular fitness upon stress.

The activity of the Whi5 transcriptional repressor, which is the
ortholog of Rb in mammals, has been shown to be regulated by
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phosphorylation, and CDK Cdc28 is the major kinase for this
regulation of Whi5 (14, 15, 17). Whi5 phosphorylation affects its
ability to bind SBF promoters and controls its nuclear localization.
Other kinases can also phosphorylate Whi5, on the basis of the fact
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FIG 8 Transcriptional regulation of G, cyclins is important for cell fitness upon
osmostress. (A) Increased CIb5 levels can overcome Sicl-dependent G, arrest in
the absence of Whi5, Msal, and Msa2. sinI* and sln1* whi5A msalA msa2A mu-
tant cells were synchronized in G, and released from pheromone arrest into YPD
medium at 37°C. CIb5 and Sic1 protein levels were followed over time by Western
blotting with specific antibodies (Santa Cruz). Protein levels were normalized to an
internal control for each lane. The graphs represent the average =+ the standard
deviations from three independent experiments. (B) Correct downregulation of
G, cyclins is important for efficient cell survival upon stress. ENOI was fluores-
cently tagged in wild-type (wt) cells (with GFP) and in whi5 msal msa2 null cells
(with mCherry). These cells were mixed in a 1:1 ratio, synchronized with a-factor,
and released into YPD medium (top) or 0.4 M NaCl (bottom). At the times indi-
cated, the percentage of each strain present in the culture was assessed by flow
cytometry. Data represent the averages = the standard deviations from three in-
dependent experiments.

that non-CDK sites are phosphorylated in vivo (54). We mapped
three sites in Whi5 that are phosphorylated by Hogl, and these
sites differ from those previously reported to be functionally rel-
evant sites phosphorylated by Cdc28 (54). Briefly, the Hogl sites
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mapped in Whi5 are sites 6, 7, and 11 of the 12 SP/TP sites in
Whi5. By MS of asynchronously growing cells, Wagner et al.
found these sites, in addition to six non-CDK sites, to be phos-
phorylated (54). However, only CDK sites 8, 9, 10, and 12, which
are not coincident with the Hogl sites, were relevant for Whi5
inactivation and coordination between size and transcription ini-
tiation by SBF (54). Interestingly, two of the Hogl sites in Whi5
mapped in this work (threonines 143 and 215) flank the GTB
domain (G,/S transcription factor binding) of Whi5, which is re-
quired for binding of this repressor to SBF or Nrm1, which binds
to MBF (55). One possible function of Hogl-mediated phosphor-
ylation is that it could alter the binding dynamics or the affinity of
Whi5 for the transcription factors, thus altering SBF-dependent
transcription upon osmostress. The effect of Hogl phosphoryla-
tion of Whi5 in G, is rather limited, which suggested additional
regulators for cyclin expression. A clear effect on cyclin expression
and cell cycle progression was observed when, in addition to
Whi5, Msal and Msa2 were also deleted. The Msal and Msa2
proteins were previously implicated in the cell cycle by acting as a
coactivator of G, transcriptional machinery (30). Here, we have
shown a repressive role for these proteins at SBF and MBF pro-
moters when phosphorylated by Hogl. Although the best-studied
role of Hogl in transcription is that of gene induction, here we
show how Hogl can mediate transcriptional repression of cell
cycle phase-specific promoters.

Whi5 and Msal had different effects on transcription, depend-
ing on whether Hogl was activated by osmostress or by genetic
means. Although phosphorylation by Hogl induced transcrip-
tional downregulation in both cases, this downregulation was ob-
served mainly for CLN2 upon osmostress, whereas upon genetic
activation, the HOG pathway blocked transcription from both the
CLN2 and CLB5 promoters. These effects were consistent with the
suppression of the delay in budding but not in DNA replication
upon stress that was observed in the mutant containing nonphos-
phorylatable (or null) alleles of WHI5, MSA1, and MSA2, whereas
both budding and replication were delayed upon genetic activa-
tion. The initial response to osmostress is a major eviction of
DNA-associated factors from DNA that is independent of Hogl
(50). Indeed, we found that osmostress induces eviction of Swi4
and Pol II from SBF and MBF and that it is only after 15 to 20 min
of stress that transcription from these promoters can be induced.
The eviction of Swi4 is Hogl independent, but its reassociation
seems to be more efficient in wild-type than in hogl mutant cells,
suggesting either that Hogl is implicated in its reassociation or
that reassociation depends on proper cellular adaptation. In clear
contrast, activation of Hogl by genetic means in the absence of
stress does not result in transcription factor release, making this
system more suitable to study the direct effects of Hogl over Whi5
and Msal transcription factors. The differential effect seen in both
scenarios might suggest a different composition of transcription
factor complexes at cyclin promoters under the osmostress, and
genetic activation of Hogl could explain the observed differential
effect on SBF and MBF activation. If this is the case, then the
complexes associated with the CLN2 promoter appear to be more
sensitive to the lack of repression that is due to Hogl-induced
transcription factor phosphorylation than CLB5. Alternatively,
the differential effect could be caused by a quantitative difference
in Cln2 and ClIb5 levels and its effect in a transient versus sustained
cell cycle delay. Correspondingly, it is only when the CIb5 levels
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are higher than those of Sicl upon Hogl activation that cells can
reenter S phase.

Cell cycle delay is important to allow cells time for adaptation
before progressing into sensitive phases of the cell cycle (13, 37—
39). Cells deficient in WHI5, MSA1, and MSA2 are not osmosen-
sitive, probably because Sicl can still induce a small delay in rep-
lication. However, when mutant cells were grown in competition
with wild-type cells, the mutant cells clearly showed reduced fit-
ness upon stress. Thus, this finding supports the notion that effi-
cient transcriptional control over Start by Hogl confers an impor-
tant advantage for growth in hypertonic environments.

Control of transcription and cell cycle control are well-known
Hogl-dependent adaptive responses to osmostress (45, 56). Al-
though both effects have been studied independently, increasing
evidence suggests that Hogl-dependent regulation of transcrip-
tion and its modulation of cell cycle progression are processes that
are intertwined with osmostress. First, osmostress activates a new
Hogl-dependent checkpoint in S phase to prevent a collision be-
tween replication and transcription machineries, resulting in a
delay in DNA replication and therefore in a transient delay in
S-phase progression (38). Second, osmostress has been shown to
activate a subset of long noncoding RNAs, one of which is an
antisense RNA of CDC28 that can regulate Cdc28 levels, resulting
in more efficient reactivation of the cell cycle after adaptation to
the stress (57). Here, we show that downregulation of cyclin ex-
pression is required for the control of cell cycle progression upon
stress. In summary, we provide data regarding the role of Hogl as
atranscriptional repressor of CLN2 and CLB5 transcription that is
mediated by Hogl phosphorylation of Whi5 and Msal/2. This
regulation is required for coordinated progression into S phase
and to increase cellular fitness upon stress.
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