J. Biochem. 2009;146(5)705-712
doi:10.1093/jb/mvp116

Importance of Polarisome Proteins in Reorganization of Actin
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The actin cytoskeleton of the yeast Saccharomyces cerevisiae can be altered rapidly in
response to external cues. We reported previously that S. cerevisiae responds to low-
PH stress by transiently depolarizing its actin cytoskeleton, and that this step requires
a mitogen-activated protein kinase, high osmolarity glycerol 1 (Hoglp). This study
further investigated the components involved in this actin reorganization at pH 3.0.
Gene deletions on the Slnlp branch of the HOG pathway completely blocked actin
depolarization, suggesting that Hoglp activation depends mainly on the osmosensor
SInlp. The protein-synthesis inhibitor cycloheximide did not influence the time course
of actin depolarization, suggesting that the depolarization is a direct effect of the HOG
pathway. Deletion of the scaffolding protein, Spa2p, or the Spa2p-interacting protein
Pea2p, markedly inhibited the depolarization, and further deletion of the formin
protein, Bnilp, notably delayed actin repolarization. Our results suggest the involve-
ment of polarisome proteins, such as Spa2p, Pea2p and Bnilp, but not Bud6p,
in Hoglp-dependent reorganization of the yeast actin cytoskeleton at low pH.
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The budding yeast Saccharomyces cerevisiae is a widely
used model for studying cell adaptation and survival
under different forms of stress. Low pH is a commonly
encountered environmental stress for all micro-
organisms. Low pH induces various adaptations in cell-
wall composition and structure. Under low-pH conditions,
S. cerevisiae cells become highly resistant to Zymolyase
(B-1,3-glucanase) and use more extensively the alkali-
sensitive linkage between integral cell wall proteins and
B-1,3-glucan (I). These cell-wall structural changes
depend on activation of high osmolarity glycerol 1
(Hog1) mitogen-activated protein kinase (MAPK) signal-
ling pathway (1). The low pH-induced resistance to gluca-
nase may be vital under natural conditions such as
growth on acidic environments such as rotting fruit that
comprise many cell-wall-active hydrolytic enzymes (1).

We reported previously that S. cerevisiae transiently
depolarizes its actin cytoskeleton at low pH, and that
this step requires Hoglp (2). This effect is probably the
first step by which the organism reorganizes its cell
wall in response to damage (2). However, the mecha-
nisms regulating such dynamic changes in the actin cyto-
skeleton remain uncharacterized.

Saccharomyces cerevisiae undergoes polarized cell
growth during vegetative growth. The cells in early G1
grow isotropically and insert new cell-wall material
around the entire cell surface until they reach a critical
size, at which time activation of the G1-cyclin-dependent
kinase (Cdc28p-Clnp) initiates cytoskeletal polarization
and bud emergence (3). During bud growth, actin
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filaments assemble into cortical patches that cluster in
the expanding bud and into cables that extend along the
axis of growth (4). The cortical patches are implicated
in endocytosis (5), and their assembly depends on the
actin-nucleating Arp2/3 complex (6). Actin cables guide
the polarized movement of secretory vesicles containing
growth components (e.g. new cell wall and membrane) to
the growing bud (7), and their assembly dependents on
the formins, Bnilp and Bnrlp (8, 9).

GTPase Cdc42p is activated through the action of
Cdc28p-Clnp (10) and then it catalyzes the translocation
of bud-site components like Spa2p to the incipient bud
site (11, 12). Spa2p is involved in a wide variety of
responses that require dynamic organization of the
actin cytoskeleton (13, 14). Although the molecular func-
tion of Spa2p in cell polarity is unknown at present, it is
known to interact with a number of proteins involved in
cell polarity and signalling. Spa2p interacts with the cell
polarity proteins Pea2p, Bud6p and Bnilp in two-hybrid
and co-immunoprecipitation assays, and Spa2p, Pea2p
and Bud6p co-fractionate on sucrose gradients as a 12S
complex termed the ‘polarisome’ (14, 15). Cells with
deletion of any of these proteins are viable but show
defective bud emergence and response to pheromones,
pseudo-hyphal growth and correct bud site selection in
diploid cells (16). Furthermore, Spa2p co-immunoprecipi-
tates with Myolp, Myo2p, Panlp and the protein product
encoded by YFRO16¢, which are proteins involved in cell
polarity and/or actin function (I7). In addition, Spa2p
interacts with components of the pheromone-response
MAPK module (Stellp and Ste7p) and MEKSs of the
PKC cell-integrity pathway (Mkklp and Mkk2p) in the
two-hybrid assay (14). Spa2p also co-immunoprecipitates
with Ssk2p (MAPKKK of the HOG pathway) in osmoti-
cally stressed cells (18). The Mpklp—-MAPK module
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localizes to sites of polarized growth in a Spa2p-
dependent manner (19). Spa2p may function as a scaffold
protein for the cell wall integrity pathway during polar-
ized growth (19).

The HOG pathway (Fig. 1A) is initiated from two
membrane proteins, Sholp and Slnlp, which respond to
high external osmolarity (20, 21). Signals from each are
transduced by unique components and converge to acti-
vate the MAPKK Pbs2p. The Shol branch requires the
yeast PAK homologue Ste20p in complex with Cdc42p, to
activate the MAPKKK Stellp (22, 23). High osmolarity
suppresses Slnlp histidine kinase activity, leading to
accumulation of non-phosphorylated Ssklp (24). The
non-phosphorylated form of Ssklp in turn activates the
MAP kinase cascade, which comprises the redundant
Ssk2p and Ssk22p MAPKKXKs, the Pbs2p and Hoglp
(Fig. 1A). The activated Hoglp translocates to the
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Fig. 1. The S. cerevisiae HOG signal transduction path-
way (A). Model depicting the role of polarisome in polarized
growth in S. cerevisiae (B). See INTRODUCTION section for details.
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nucleus, where, with phosphorylation of at least three
separate transcription factors (Skolp, Hotlp and
Smplp), it can alter gene expression, most notably upre-
gulating genes involved in glycerol synthesis (25-30).

The present study looked specifically for components
involved in yeast actin reorganization at low pH. The
results showed that Hoglp is activated mainly through
the Slnl branch of the pathway and the actin cytoskel-
eton is depolarized without de novo protein synthesis.
The results further showed that polarisome proteins
Spa2p, Pea2p and Bnilp are required for reorganization
of the actin cytoskeleton.

MATERIALS AND METHODS

Yeast  Strains and  Growth  Conditions—The
Saccharomyces strains used in this study were isogenic
derivatives of BY4741 or BY22286 (Table 1) obtained
from Euroscarf (Institute of Molecular Biosciences,
University of Frankfurt, Frankfurt, Germany) or the
Yeast Genetic Resource Center (Osaka University,
Osaka, Japan), respectively. Yeast cells were cultured
at 30°C in YPD medium (2% peptone, 1% yeast extract
and 2% glucose). Cells in 1 ml of stationary-phase culture
(about 1 x 108 cells) were harvested by centrifugation at
4°C and then grown in 5ml of YPD medium at 30°C for
4h to exponential phase (5 x 10 cells/ml).

Fluorescence Microscopy—To examine the F-actin
architecture in the yeast, cells were incubated in
rhodamine-conjugated phalloidin, as described by
Adams and Pringle (4), with minor modifications.
Briefly, cells in 1ml of the exponential-phase culture
were harvested by centrifugation at 4°C and then incu-
bated at 30°C in 1ml of YPD medium, pH 3.0 (adjusted
from pH 6.5 with HCI and then filtered through a sterile
0.2-um filter). After incubation for various times, the cells
were fixed by adding 9ml of 4.2% formaldehyde/0.1 M
cacodylate buffer (pH 6.5) to the medium. After 1h, the
fixative was removed by washing twice with phosphate-
buffered saline (PBS, in millimoles: 53 Na,HPO,, 13
NaH,PO,4 and 75 NaCl) then the cells were permeabilized
for 20min using 0.2% Triton X-100 in PBS. After two
washes in PBS, the cells were incubated for 2h with rho-
damine—phalloidin at room temperature. After several
washes in YPD medium, the cell pellet was re-suspended
in mounting medium (p-phenylenediamine/90% glycerol)
and viewed under an Olympus BX50 fluorescence micro-
scope. Actin was examined in small- and medium-budded
cells that normally exhibit a polarized actin cytoskeleton
(4). Individual cells in the section figures were classified
either as polarized actin cytoskeleton (cells with more
actin patches in the mother cell than in the bud) or a
depolarized actin cytoskeleton (cells with more actin
patches in the bud).

For studies examining Hoglp localization, yeast
green fluorescent protein (GFP) clone was purchased
from Invitrogen (Carlsbad, CA, USA). In this yeast
strain (YLR113W), the genomic copy of Hoglp is
replaced with an allele that expresses Hoglp fused at
its C-terminus to GFP under an endogenous promoter.
After incubation for various times in YPD medium,
pH 3.0 at 30°C, the cells were fixed in 3.7%
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Table 1. Saccharomyces cerevisiae strains used in the present study.

Strain Genotype Source

BY22286 MATa leu2 his3 trpl ura3 Yeast Genetic Resource Center
sholA BY22286; shol:: TRP1 Yeast Genetic Resource Center
slnlA sskiA BY22286; sinl:: URA3 sskl:: LEU2 Yeast Genetic Resource Center
ssk1A BY22286; ssk1:: HIS3 Yeast Genetic Resource Center
BY4741 MATa leu2 his3 metl5 ura3 EUROSCARF

bnilA BY4741; bnil :: KanMX4 EUROSCARF

bnriAd BY4741; bnrl :: KanMX4 EUROSCARF

pea2A BY4741; pea2 :: KanMX4 EUROSCARF

spa2A BY4741; spa2 :: KanMX4 EUROSCARF

ssk24 BY4741; ssk2:: KanMX4 EUROSCARF

formaldehyde/0.1 M cacodylate buffer (pH 6.5). After
30min, the cells were permeabilized for 20 min using
0.2% Triton X-100 in PBS. After two washes in PBS,
the cells were incubated for 5min with 4/, 6'-diamidino-
2-phenylindole (DAPI) to stain nuclei. After centrifuga-
tion, the cell pellet was re-suspended in mounting
medium and viewed by fluorescence microscopy.

Cycloheximide Treatment—Yeast cells in 2ml of the
exponential-phase culture were harvested and then incu-
bated at 30°C in 2ml of YPD medium, pH 3.0, containing
cycloheximide at 10 pg/ml. Samples were removed at dif-
ferent time points, and actin distribution was determined
as described. To determine the effect of inhibition of pro-
tein synthesis on yeast colony-forming activity (CFA),
a known number of cells was plated and cultured on
YPD agar plates, at 30°C, and colonies were counted
after 2 days.

RESULTS

Involvement of the Slnl Branch in Activating Hoglp—
We showed previously that S. cerevisiae responds to low
pH by transiently depolarizing its actin cytoskeleton
through the action of Hoglp (2). The HOG pathway
(Fig. 1A) comprises signal transduction via both Slnl
and Shol branches in response to external stress such
as changes in osmolarity. To determine the branch used
in the low-pH response, several deletion mutants were
incubated at pH 3.0. At different time points, aliquots
were removed, and the cells were fixed and stained
with rhodamine—phalloidin to visualize polymerized (F)
actin. Actin was examined in small- and medium-
budded cells that normally exhibit a polarized actin cyto-
skeleton (4). Cells with more actin patches in the mother
cell than in the bud were classified as depolarized.
Wild-type cells showed actin depolarization with no vis-
ible cables and randomly distributed patches between
mother and daughter cells, peaking at 30 min after pH
shift from 6.5 to 3.0, and decreasing after 45 min (Fig. 2A
and B). The ssk1A4 and sskiA sinlA deletion mutants
showed no actin depolarization throughout the incuba-
tion (Fig. 2A, E and F), whereas the sholA cells
showed similar actin organization to wild-type cells
during the incubation (Fig. 2A and C). These findings
suggest that activation of Hoglp occurs mainly via the
SIn1 signalling pathway branch under conditions of low
pH. Deletion of the Slnlp is lethal, because the ensuing
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accumulation of non-phosphorylated Ssklp constitutively
activates the HOG pathway (20). Therefore, we used the
ssk1A sin1A deletion mutant.

The cell-wall status in yeast is monitored by a family of
five cell-surface proteins that includes Wscl-3p, Mid2p
and Mtllp. Wsclp is required for the Slt2 MAPK path-
way activation at high pH (31), while Mid2p regulates
activation of the protein kinase C pathway at low pH
(32). To determine if these stress sensors are directly
involved in the actin reorganization that occurs at low
pH, wsclA, wsc24, wsc34, mid24 and millA mutants
were incubated at pH 3.0 for 2h. The actin distribution
in all of these mutants during the incubation was similar
to that in wild-type cells (BY4741; data not shown),
suggesting that these stress sensors play no part in reor-
ganizing the actin cytoskeleton at low pH.

Subcellular Localization of HogIlp—To determine the
subcellular localization of Hoglp, we examined cells
expressing Hoglp-GFP by fluorescence microscopy after
incubation at pH 3.0. Hoglp-GFP was distributed
throughout the cytosol at pH 6.5 (Fig. 3A), whereas it
maintained a predominantly nuclear location after
5min of pH shift from pH 6.5 to 3.0 (Fig. 3B and C).
It was distributed throughout the cytosol again after
20 min of the pH shift (Fig. 3D). These findings indicate
that Hoglp rapidly translocates to the nucleus in
response to a low pH.

Hoglp Directly Influences the Actin Cytoskeleton—
Consistent with the nuclear localization of Hoglp under
low pH, DNA microarray studies showed the transcrip-
tional induction of 36 genes in S. cerevisiae exposed
to pH 3.5 (I). Most of the low-pH-induced genes were
inducible by hyperosmotic shock and dependent on
Hogl signalling. Hoglp regulates gene expression
through several transcription factors: Hotlp, Skolp,
Smplp, Msnlp, Msn2p and Msn4p (27-30). We showed
previously that Msn2p and Msn4p are not involved in
the reorganization of actin cytoskeleton (2). To determine
whether the other transcription factors play any role in
actin reorganization, several deletion mutants were incu-
bated at pH 3.0. The actin distribution in hotIA4, skolA,
smplA and msnlA cells was similar to that in wild-type
cells (data not shown), suggesting that these factors
are not required to reorganize the actin cytoskeleton at
low pH.

To examine if protein synthesis is required for the
depolarization, wild-type and hog14 cells were incubated
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Fig. 2. Distribution of actin in wild-type, sholA, ssk2A,
sskIA and sskIA slnlA cells during incubation in YPD at
pH 3.0 and 30°C. Wild-type (BY22286) (A and B), shol4 (A and
C), ssk24 (A and D), sskiA (A and E) and sskIA sinlA (A and F)
cells were grown in YPD (pH 6.5) to exponential phase, and then
shifted to pH 3.0 for the indicated period. The cells were fixed
and stained with rhodamine-conjugated phalloidin to visualize
the actin cytoskeleton. (A) Wild-type or mutant cells were incu-
bated for the indicated times. The percentage of cells (n>150)

at pH 3.0 with or without cycloheximide, which rapidly
induces inhibition of protein synthesis in yeast (33).
The non-treated cells grew 1.7-fold over a 2-h incubation
(Fig. 4A). Cycloheximide completely inhibited cell pro-
liferation while retaining the CFA in >90% of the cells
(Fig. 4A), suggesting that inhibition of protein synthe-
sis did not affect cell viability over the duration of

ssk1A (30 min) m

ssk1Asin1A (30 min)™m

exhibiting depolarized actin patches was determined. Data
are the mean+SD values of three independent experiments.
(B) Wild-type cells were incubated for 0, 30 or 60min. The
sholA (C), ssk24 (D), ssklA (E) or ssklA siniA (F) cells were
incubated for 30 min. Nomarski (a, c, e, g, i, k and m) and fluor-
escence (b, d, f, h, j, I and n) images are shown. Black arrows
indicate buds with polarized actin (a, c, e, g, i, k and m). White
arrows indicate mother cells with a depolarized distribution of
actin (¢, g and 1).

this experiment. The cycloheximide-treated cells showed
a similar rate of actin depolarization to the untreated,
control cells (Fig. 4B-D). The depolarization observed
within 30 min in the wild-type cells treated with cyclo-
heximide was therefore due to the low pH conditions, and
not dependent on protein synthesis, because the hoglA
cells retained the polarized cytoskeleton at least for
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Fig. 3. Subcellular localization of Hoglp. Cells expressing fluorescence microscopy. Cells shown are representative of >100

Hoglp-GFP were incubated in YPD at pH 3.0 for Omin (A),

cells observed. Nomarski (a, d, g and j), DAPI staining (b, e, h

5min (B), 10min (C) or 20min (D), and then examined by and k), and GFP (c, f, i and 1) images are shown.

30min in the presence of cycloheximide (Fig. 4B and F).
These findings suggest that the actin depolarization in
response to low pH is independent of de novo protein
synthesis, and is a direct effect by Hoglp. However,
protein synthesis is required for the formation of the
polarized cytoskeleton, because cycloheximide inhibited
the actin repolarization in the wild-type cells after
30min at pH 3.0 (Fig. 4B).

Involvement of Polarisome Proteins in Reorganizing the
Actin Cytoskeleton—QOsmotic stress also induces a tran-
sient and reversible depolarization of the yeast actin
cytoskeleton (34). Although the mechanism underlying
this phenomenon is unknown, Ssk2p and the polarisome
proteins, such as Bnilp, Spa2p, Pea2p and Bud6p, are
important players in recovery of the normal actin orga-
nization following osmotic stress (35). Thus, in this
study, we examined the requirement of Ssk2p in actin
reorganization at low pH. Deletion of Ssk2p partially
inhibited the actin depolarization, but did not affect the
actin repolarization (Fig. 2A and D), suggesting that
Ssk2p functions as a member of the Slnl branch to
disassemble polymerized actin cytoskeleton via Hoglp
activation at low pH.

Vol. 146, No. 5, 2009

Deletion mutants of the polarisome proteins were also
incubated at pH 3.0 to assess their effect on actin orga-
nization. While 85% of the wild-type cells had a depolar-
ized actin cytoskeleton after 30 min at pH 3.0, only 39%
of pea24 and 26% of spa24 cells were depolarized (Fig. 5,
Supplementary Fig. S1). The actin distribution of bud64
was very similar to that of the wild-type cells (Fig. 5,
Supplementary Fig. S1). These results suggest that
Spa2p and Pea2p play important roles at least in the
actin depolarization observed at low pH.

Bnilp and Bnrlp are nucleators in yeast for actin cable
formation (8, 9). Deletion mutants of these nucleators
were incubated at pH 3.0 and then analyzed for actin
distribution. The bnriA cells showed similar actin orga-
nization to wild-type cells during the incubation (data
not shown), whereas the deletion of Bnilp notably
delayed the actin repolarization after 30 min at pH 3.0
(Fig. 5). These results suggest that Bnilp is the main
player in nucleating actin repolarization in small- and
medium-budded cells at low pH. This conclusion is con-
sistent with the findings that Bnilp nucleates actin
cables that originate in the bud and that Bnrlp poly-
merizes actin cables at the bud neck, although Bnilp
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exposed to cycloheximide (CYH). The cells were incubated
in YPD at pH 3.0 and 30°C with or without CYH at 10 pg/ml.
The number of CFA-positive cells was calculated from the
percentage of active cells in the samples. The distribution of
actin was determined as described in Fig. 2. Untreated (C) or
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Fig. 5. Actin distribution in wild-type (BY4741), bnilA
bud6A, pea2A and spa2A cells during incubation in YPD
at pH 3.0 and 30°C. The distribution of actin was determined
as described in Fig. 2. Data are mean+SD values of three
independent experiments.
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CYH-treated wild-type cells (D), and untreated (E) or CYH-
treated hoglA cells (F) were incubated for 30min. Black
arrows: buds with polarized actin (¢, e and g), white arrows:
mother cells with a depolarized distribution of actin (a and c).
The results shown are representative of two independent
experiments.

and Bnrlp show some ability to compensate for the loss
of the other isoform (36).

DISCUSSION

The present study sought to identify more components of
the yeast response to low pH by assessing actin reorga-
nization in wild-type and mutant cells at pH 3.0.
The results showed that Hoglp activity was stimulated
predominantly via the SInl branch of the HOG pathway
to directly mediate actin depolarization. Furthermore,
the polarisome proteins Spa2p, Pea2p and Bnilp were
required for reorganization of actin cytoskeleton.

The findings here indicated Slnl-stimulated signal
transduction to be important for Hoglp activation in
response to low pH. The Shol and Slnl branches of
the HOG pathway are redundant for promoting growth
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on high-osmolarity medium (20), but differ in their
responses to other external stress signals. For example,
Sholp is required for activating Hoglp in response to
heat stress (37), while Slnl signalling has no effect.
However, Slnlp is specifically required for Hoglp activa-
tion in response to citric acid stress (38) and to defects in
GPI anchor synthesis (39).

The time course of actin depolarization in the present
study was unaffected by the deletion of transcription fac-
tors, Hotlp, Skolp, Smplp or Msnlp, or by the presence
of protein-synthesis inhibitor cycloheximide. Together,
these findings suggest that actin depolarization induced
by low pH is directly mediated via Hoglp.

Many of the components are required for cell polarity
in S. cerevisiae. Such factors include cytoskeletal ele-
ments, motor proteins, G proteins and polarisome.
Polarisome is a protein complex that alters polarized
growth in S. cerevisiae, but the underlying mechanisms
are not clear. It consists of Spa2p, Bnilp, Bud6p, Pea2p
and perhaps other proteins (14). Spa2p interacts with all
the known components through distinct domains and is
thus considered the scaffold protein of the polarisome
(14, 19). The Bnilp binds directly to the C-terminal
region of Spa2p (15). Bud6p is an actin monomer-binding
protein that promotes Bnilp-stimulated actin assembly
in vitro (40, 41). The polarized localization of Spa2p is
dependent on its binding partner Pea2p (42).

Regulation of Bnilp and Bnrlp is considered to involve
activation through a conformational change induced by
Cdc42p and other Rho GTPases (36, 43, 44). The binding
of the Rho-GTPases to Bnilp is thought to relieve an
autoinhibitory loop formed between the N-terminal and
C-terminal portions of Bnilp such that the C-terminal
fragment including the FH2 domain can nucleate actin
cable formation. Furthermore, conditional mutants of
BNII in a bnrl background exhibit a rapid and revers-
ible loss of actin cables after shifting to the restrictive
temperature, without any immediate effect on cortical
patches (8, 9). Therefore, Bnilp appears to be an import-
ant player in the regulation for the assembly of polarized
actin cables in the bud. When yeast cells are exposed
to low pH, inactivation of Bnilp may be involved in
Hoglp-mediated depolarization of the actin cytoskeleton.
Probably, Spa2p and Pea2p contribute to Bnilp localiza-
tion in the bud.

In summary, this is the first demonstration of the
involvement of yeast polarisome proteins Spa2p, Pea2p
and Bnilp in Hoglp-mediated actin reorganization.
These results enhance our understanding of HOG signal-
ling in the adaptation of yeast cells to low pH.

SUPPLEMENTARY DATA

Supplementary Data are available at JB online.

CONFLICT OF INTEREST
None declared.
ACKNOWLEDGEMENT

We are grateful to Mr S. Yaguchi for the excellent technical
assistance.

Vol. 146, No. 5, 2009

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Schott, D., Huffaker, T., and Bretscher, A.

711

REFERENCES

. Kapteyn, J.C., ter Riet, B., Vink, E., Blad, S., De Nobel, H.,

Van Den Ende, H., and Klis, F.M. (2001) Low external
pH induces HOG1-dependent changes in the organization
of the Saccharomyces cerevisiae cell wall. Mol. Microbiol.
39, 469-479

. Motizuki, M., Yokota, S., and Tsurugi, K. (2008) Effect of

low pH on organization of the actin cytoskeleton in
Saccharomyces cerevisiae. Biochim. Biophys. Acta 1780,
179-184

. Lew, D.J. and Reed, S.I. (1995) Cell cycle control of morpho-

genesis in budding yeast. Curr. Opin. Genet. Dev. 5, 17-23

. Adams, A.E. and Pringle, J.R. (1984) Relationship of actin

and tubulin distribution to bud growth in wild-type and
morphogenetic-mutant Saccharomyces cerevisiae. oJ. Cell
Biol. 98, 934-945

. Munn, A.L. (2001) Molecular requirements for the internali-

zation step of endocytosis: insights from yeast. Biochim.
Biophys. Acta 1535, 236-257

. Winter, D.C., Choe, E.Y., and Li, R. (1999b) Genetic dissec-

tion of the budding yeast Arp2/3 complex: a comparison
of the in vivo and structural roles of individual subunits.
Proc. Natl Acad. Sci. 96, 7288-7293

(2002)
Microfilaments and microtubules: the news from yeast.
Curr. Opin. Microbiol. 5, 564-574

. Evangelista, M., Pruyne, D., Amberg, D.C., Boone, C., and

Bretcsher, A. (2002) Formins direct Arp2/3-independent
actin filament assembly to polarize cell growth in yeast.
Nat. Cell Biol. 4, 32-41

. Sagot, 1., Klee, S.K., and Pellman, D. (2002) Yeast formins

regulate cell polarity by controlling the assembly of actin
cables. Nat. Cell Biol. 4, 42-50

Etienne-Manneville, S. (2004) Cdc42-the centre of polarity.
J. Cell Sci. 117, 1291-1300

Jaquenoud, M. and Peter, M. (2000) Gic2 may link activated
Cdc42p to components involved in actin polarization, includ-
ing Bnilp and Bud6p (Aip3p). Mol. Cell Biol. 20, 62446258
Rida, P.C.G. and Surana, U. (2005) Cdc42-dependent locali-
zation of polarisome component Spa2 to the incipient bud
site is independent of the GDP/GTP exchange factor Cdc24.
Eur. J. Cell Biol. 84, 939-949

Pruyne, D. and Bretscher, A. (2000) Polarization of cell
growth in yeast. J. Cell Sci. 113, 365-375

Sheu, Y.J., Santos, B., Fortin, N., Costigan, C., and
Snyder, M. (1998) Spa2p interacts with cell polarity proteins
and signaling components involved in yeast cell morphogen-
esis. Mol. Cell Biol. 18, 4053-4069

Fuyjiwara, T., Tanaka, K., Mino, A., Kikyo, M,
Takahashi, K., Shimizu, K., and Takai, Y. (1998) Rholp-
Bnilp-Spa2p interactions: implication in localization of
Bnilp at the bud site and regulation of the actin cytoskele-
ton in Saccharomyces cerevisiae. Mol. Biol. Cell 9,
1221-1233

Zahner, J.E., Harkins, H.A.,, and Pringle, J.R. (1996)
Genetic analysis of the bipolar pattern of bud site selection
in the yeast Sacchromyces cerevisiae. Mol. Cell Biol. 16,
1857-1870

Shih, J.L., Reck-Peterson, S.L., Newitt, R., Mooseker, M.S.,
Aebersold, R., and Herskowitz, I. (2005) Cell polarity protein
Spa2p associates with proteins involved in actin function in
Sacchromyces cerevisiae. Mol. Biol. Cell 16, 4595-4608
Yuzyuk, T. and Amberg, D.C. (2003) Actin recovery and
bud emergence in osmotically stressed cells requires the
conserved actin interacting mitogen-activated protein
kinase kinase kinase Ssk2p/MTK1 and the scaffold protein
Spa2p. Mol. Biol. Cell 14, 3013-3026

van Drogen, F. and Peter, M. (2002) Spa2p functions as a
scaffold-like protein to recruit the Mpklp MAP kinase

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

712

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

module to sites of polarized growth. Curr. Biol. 12,
1698-1703

Maeda, T., Takekawa, M., and Saito, H. (1995) Activation
of yeast PBS2 MAPKK by MAPKKXKs or by binding of an
SH3-containing osmosensor. Science 269, 554-558

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

Raitt, D.C., Posas, F., and Saito, H. (2000) Yeast Cdc42
GTPase and Ste20 PAK-like kinase regulate Shol-
dependent activation of the Hogl MAPK pathway.
EMBO J. 19, 4623-4631

Reiser, V., Salah, S.M., and Ammerer, G. (2000) Polarized
localization of yeast Pbs2 depends on osmostress, the mem-
brane protein Shol and Cdc42. Nat. Cell Biol. 2, 620-627
Posas, F., Wurgler-Murphy, S.M., Maeda, T., Witten, E.A.,
Thai, T.C., and Saito, H. (1996) Yeast HOG1 MAP kinase
cascade is regulated by a multistep phosphorelay mecha-
nism in the SLNI-YPDI1-SSKI “two-component” osmosen-
sor. Cell 86, 865-875

Gustin, M.C., Albertyn, J., Alexander, M., and
Davenport, K. (1998) MAP kinase pathways in the yeast
Saccharomyces cerevisiae. Microbiol. Mol. Biol. Rev. 62,
1264-1300

Hohmann, S. (2002) Osmotic stress signaling and osmoadap-
tation in yeasts. Microbiol. Mol. Biol. Rev. 66, 300-372
Schiiller, C., Brewster, J.L., Alexander, M.R., Gustin, M.C.,
and Ruis, H. (1994) The HOG pathway controls osmotic
regulation of transcription via the stress response element
(STRE) of the Saccharomyces cerevisiae CTT1 gene. EMBO
J. 13, 43824389

Proft, M. and Struhl, K. (2002) Hogl kinase converts the
Skol-Cyc8-Tupl repressor complex into an activator that
recruits SAGA and SWI/SNF in response to osmotic stress.
Mol. Cell 9, 1307-1317

Rep, M., Reiser, V., Gartner, U., Thevelein, J.M.,,
Hohmann, S., Ammerer, G., and Ruis, H. (1999) Osmotic
stress-induced gene expression in Saccharomyces cerevisiae
requires Msnlp and the novel nuclear factor Hotlp.
Mol. Cell Biol. 19, 5474-5485

de Nadal, E., Casadomé, L., and Posas, F. (2003) Targeting
the MEF2-like transcription factor Smpl by the stress-
activated Hogl mitogen-activated protein kinase. Mol. Cell
Biol. 23, 229-237

Serrano, R., Martin, H., Casamayor, A., and Arino, J. (2006)
Signaling alkaline pH stress in the yeast Saccharomyces
cerevisiae through the Wscl cell surface sensor and the
Slt2 MAPK pathway. «J. Biol. Chem. 281, 39785-39795
Claret, S., Gatti, X., Doignon, F., Thoraval, D., and
Crouzet, M. (2005) The Rgdlp Rho GTAase-activating
protein and the Mid2p cell wall sensor are required at low

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

M. Motizuki and Z. Xu

pH for protein kinase C pathway activation and cell survival
in Saccharomyces cerevisiae. Eukaryot. Cell 4, 1375-1386
Kerridge, D. (1958) The effect of actidione and other
antifungal agents on nucleic acid and protein synthesis
in Saccharomyces carlsbergenesis. J. Gen. Microbiol. 19,
497-506

Chowdhury, S., Smith, K.W., and Gustin, M.C. (1992)
Osmotic stress and the yeast cytoskeleton: phenotype-
specific suppression of an actin mutation. J. Cell Biol. 118,
561-571

Bettinger, B.T., Clark, M.G., and Amberg, D.C. (2007)
Requirement for the polarisome and formin function in
Ssk2p-mediated actin recovery from osmotic stress in
Saccharomyces cerevisiae. Genetics 175, 1637-1648
Pruyne, D., Gao, L., Bi, E., and Bretscher, A. (2004) Stable
and dynamic axes of polarity use distinct formin isoforms in
budding yeast. Mol. Biol. Cell 15, 4971-4989

Winkler, A., Arkind, C., Mattison, C.P., Burkholder, A.,
Knoche, 1., and Ota, K. (2002) Heat stress activates the
yeast high-osmolarity glycerol mitogen—activated protein
kinase pathway, and protein tyrosine phosphatases are
essential under heat stress. Eukaryot. Cell 1, 163-173
Lawrence, C.L., Botting, C.H., Antrobus, R., and Coote, P.J.
(2004) Evidence of a new role for the high-osmolarity
glycerol mitogen-activated protein kinase pathway in
yeast: regulating adaptation to citric acid stress. Mol. Cell
Biol. 24, 3307-3323

Toh-e, A. and Oguchi, T. (2001) Defects in glycosylphospha-
tidylinositol (GPI) anchor synthesis activate Hogl kinase
and confer copper-resistance in Saccharomyces cerevisiae.
Genes Genet. Syst. 76, 393—-410

Amberg, D.C., Zahner, J.E., Mulholland, J.W., Pringle, J.R.,
and Botstein., D. (1997) Aip3/Bud6, a yeast actin-
interacting protein that is involved in morphogenesis and
the selection of bipolar budding sites. Mol. Biol. Cell 8,
729-753

Moseley, J.B., Sagot, I., Manning, A.L., Xu, Y., Eck, M.J.,
Pellman, D., and Goode, B.L. (2004) A conserved mechanism
for Bnil- and mDial-induced actin assembly and dual
regulation of Bnil by Bud6 and profilin. Mol. Biol. Cell
15, 896-907

Valtz, N. and Herskowitz, I. (1996) Pea2 protein of yeast is
localized to sites of polarized growth and is required for
efficient mating and bipolar budding. J. Cell Biol. 135,
725-739

Alberts, A.S. (2001) Identification of a carboxyl-terminal
diaphanous-related formin homology protein autoregulatory
domain. J. Biol. Chem. 276, 2824-2830

Dong, Y., Pruyne, D., and Bretscher, A. (2003) Formin-
dependent actin assembly is regulated by distinct modes of
Rho signaling in yeast. J. Cell Biol. 161, 1081-1092

J. Biochem.

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

