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Summary

Background: The fission yeast Schizosaccharomyces
pombe has a cylindrical cell shape, for which growth is
strictly limited to both ends, and serves as an excellent
model system for genetic analysis of cell-polarity deter-
mination. Previous studies identified a cell-end marker
protein, Tea1, that is transported by cytoplasmic micro-
tubules to cell tips and recruits other cell-end factors,
including the Dyrk-family Pom1 kinase. The �tea1 mu-
tant cells cannot grow in a bipolar fashion and show
T-shaped morphology after heat shock.
Results: We identified Wsh3/Tea4 as a novel protein
that interacts with Win1 MAP kinase kinase kinase
(MAPKKK) of the stress-activated MAP kinase cas-
cade. Wsh3 forms a complex with Tea1 and is trans-
ported to cell tips by growing microtubules. The �wsh3
mutant shows monopolar growth with abnormal Tea1
aggregate at the non-growing cell end; this abnormal
aggregate fails to recruit Pom1 kinase. Consistent with
the observed interaction between Win1 and Wsh3, cells
lacking Wsh3 or Tea1 show more severe cell-polarity
defects under osmolarity and heat-stress stimuli that
are known to activate the stress MAPK cascade. Fur-
thermore, mutants of the stress MAPK also exhibit cell-
polarity defects when exposed to the same stress.
Conclusions: Wsh3/Tea4 is an essential component of
the Tea1 cell-end complex. In addition to its role in bi-
polar growth during the normal cell cycle, the Wsh3-
Tea1 complex, together with the stress-signaling MAPK
cascade, contributes to cell-polarity maintenance un-
der stress conditions.

Introduction

A eukaryotic intracellular signaling module, the mito-
gen-activated protein kinase (MAPK) cascade, trans-
mits signals through sequential activation of three tiers
of protein kinases, MAP kinase kinase kinase (MAPKKK),
MAPK kinase, and MAPK [1]. In a number of signal-
transduction pathways from yeast to humans, MAPK
cascades link cell surface receptors to nuclear tran-
scription factors and regulate gene expression in re-
sponse to extracellular stimuli [2–4]. Although less well
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characterized, MAPKs also control cytoplasmic pro-
cesses. For example, phosphorylation of the myosin
light-chain kinase (MLCK) by MAPK in the cytoplasm
is believed to regulate cell motility [5]. Another striking
example for non-nuclear functions of MAPK is that the
JIP (JNK Interacting Protein) scaffold proteins, which
tether the stress-activated MAPK cascades, are trans-
ported away from the nucleus by kinesin, a plus-end-
directed microtubule motor protein [6, 7]. In developing
neurons, JIP proteins transported along the microtu-
bules accumulate at the tips of extending neurites
[8–10]. Studies of JIP-deficient animals suggest that
JIP proteins play roles in axonal vesicle transport and
morphogenesis of the nervous systems [11, 12].

The fission yeast Schizosaccharomyces pombe has
a cylindrical cell shape, which is maintained through
exclusive tip growth [13]. This highly polarized cell mor-
phology is established by cytoplasmic microtubules that
emanate from microtubule-organizing centers (MTOCs)
on the nuclear envelope and extend toward both cell
tips [14–16]. Plus ends of growing microtubules carry
the cell-end marker protein, Tea1; once they reach cell
tips, Tea1 is deposited to the cell cortex, establishing
the specific bipolar localization of Tea1 [17]. The cell-
end localization of Tea1 is also dependent on the Tea2
kinesin [18], a microtubule plus-end-tracking protein
called Tip1 [19], as well as the Mod5 protein, which is
anchored to the cell-tip plasma membrane through its
C-terminal lipid modification [20]. Gel filtration and den-
sity-gradient centrifugation experiments suggest that
Tea1 forms multiple high-molecular-weight protein com-
plexes with other proteins that also function at cell tips [17,
21]. Loss of the Tea1 protein complexes in the �tea1 mu-
tant results in mislocalization of other cell-end factors,
such as Tea3 [22], Bud6/Aip3 [23, 24], and a Dyrk-family
protein kinase, Pom1 [25].

Although absence of Tea1 does not lead to the loss
of the cylindrical cell morphology, the �tea1 mutant is
often bent and grows only in a monopolar fashion, in
contrast to bipolar growth of wild-type cells [17]. It was
also reported that the cell-polarity defect of �tea1 is
exacerbated after a heat shock that shifts the culture
temperature from 25°C to 36°C, leading to T-shaped
morphology [17]. These observations imply that Tea1
may play a role under certain stress conditions, in addi-
tion to its function during the normal cell cycle.

Here, we report a novel S. pombe cell-end protein,
Wsh3/Tea4, which moves to cell tips by forming a com-
plex with Tea1 and is essential for formation of the
functional Tea1 complex at cell tips. Strikingly, we iso-
lated Wsh3 in a yeast two-hybrid screen for its interac-
tion with Win1 MAPKKK of the stress-activated Spc1
MAPK cascade. Spc1 [26], also known as Sty1 [27], is a
structural, functional ortholog of the mammalian stress
MAPKs, such as p38 and JNK, and is responsive to
diverse forms of environmental stress, including high
osmolarity and heat shock [28, 29]. Indeed, the cell-
branching phenotypes in the �wsh3 and �tea1 mutants
are significantly accentuated after heat shock and high
osmolarity, stress stimuli that activate the Spc1 MAPK
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cascade. We propose that, in addition to its role in bi-
polar cell growth, the Tea1-Wsh3 complex contributes
to the maintenance of cell polarity under stress condi-
tions that affect the cytoskeleton.

Results

Isolation of Wsh3 as a Novel
MAPKKK-interacting Protein
Aiming to discover proteins that regulate the activity
and/or function of the stress-responsive Spc1 MAPK
cascade, we searched for proteins interacting with the
non-catalytic domain of Win1 MAPKKK [30] by yeast
two-hybrid screens. These screens repeatedly isolated
cDNA clones containing an open reading frame
SPBC1706.01; we named this gene wsh3+ (Win1-interact-
ing SH3-domain protein). Wsh3 is a 809-amino acid,
89.5 kDa protein with a Src homology 3 (SH3) domain
at residues 121–178, as well as a cluster of acidic amino
acid residues at positions 81–99 (Figure 1A). A data-
base search indicated that Wsh3 shares a weak se-
quence similarity with the budding yeast Bud14, which
is involved in bipolar bud site selection [31, 32]. Other
published fungal genome sequences also contain po-
tential orthologs (data not shown).

Interaction between Win1 MAPKKK and Wsh3 was
also detected biochemically in S. pombe. Wsh3 was
overexpressed from a plasmid with an N-terminal GST
(glutathione S-transferase) tag, and isolation of GST-
Wsh3 by glutathione-Sepharose led to coprecipitation
of Win1 both before and after high osmolarity stress
that activates the Spc1 MAPK cascade (Figure 1B).
However, despite repeated attempts, we failed to de-
tect significant copurification of the endogenous Wsh3
and Win1 proteins (data not shown); their physical as-
sociation may not be strong enough to survive protein
dilution during cell-lysate preparation.
Figure 1. Wsh3 Interacts with Win1 MAPKKK

(A) The sequence encoding residues 282–1123 within the noncatalytic extension of Win1 was used as bait in the yeast two-hybrid screen.
cDNA clones encoding the C-terminal region of Wsh3 (residues 587–809) were repeatedly isolated in the screen for an interaction with the
Win1 bait.
(B) Win1 is coprecipitated with Wsh3. win1:myc �wsh3 strains carrying a plasmid expressing either GST or GST-Wsh3 were harvested before
and 10 min after high-osmolarity stress induced by 0.6 M KCl. Proteins purified by glutathione-Sepharose beads (GSH Prep) were analyzed
via immunoblots with anti-myc and anti-GST antibodies. Win1 shows a gel-mobility shift upon activation by osmostress.
The wsh3 Mutant Shows Cell-Polarity Defects
Accentuated by Stress Conditions
To examine the cellular function of Wsh3, we con-
structed the wsh3 null (�wsh3) strain by the gene-dis-
ruption technique. We found that the haploid �wsh3
mutant was viable and had a doubling time similar to
that of wsh3+ strains (data not shown). We quantified
Spc1 MAPK activation under different stress conditions
by immunoblotting with the antibodies that specifically
crossreact with the phosphorylated, active Spc1 [33].
Spc1 activation in �wsh3 cells was comparable to that
in wild-type cells, suggesting that Wsh3 does not affect
the stress activation of Win1 MAPKKK for signaling to
Spc1 MAPK (data not shown).

However, under stress conditions, �wsh3 cells showed
significant morphological defects. After shifting to high-
osmolarity medium containing 0.6 M KCl or 1 M sorbi-
tol, 20%–30% of �wsh3 cells exhibited highly bent or
branched morphology (Figure 2A). Heat-shock treat-
ment that shifted cultures from 25°C to 36°C also had
similar effects on the �wsh3 morphology. On the other
hand, oxidative stress by hydrogen peroxide, which
also induces Spc1 activation [34], did not significantly
affect �wsh3 cells (data not shown). These observa-
tions indicate that Wsh3 function is important to main-
tain growth polarity under high osmolarity stress and
heat shock, and the loss of Wsh3 leads to initiation of
an abnormal growth site.

The aberrant cell morphology of the �wsh3 mutant
resembles the reported cell-polarity defects of tea mu-
tants, which were isolated for their T-shaped morphol-
ogy [35, 36]. The branching phenotype of the tea mu-
tants is dramatically enhanced in the cdc11 cytokinesis
mutant, which repeats nuclear division cycles without
cytokinesis [36]. We also found that the �wsh3 muta-
tion induced cell branching at a high frequency in the
cdc11 background after shifting up to its restrictive
temperature (Figure 2B). In early G2, S. pombe cells
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Figure 2. �wsh3 Shows Defects in Cell Polarity

(A) Wild-type and �wsh3 strains grown in YES medium were photographed before and after stress induced by either 0.6 M KCl for 3 hr or a
temperature shift from 25°C to 36°C for 3 hr. The scale bar represents 10 �m.
(B) The cell-polarity defect of �wsh3 is accentuated in the cdc11 background. cdc11-132 and cdc11-132 �wsh3 strains were grown in YES
medium at 25°C, followed by incubation at 36°C for 4 hr. The scale bar represents 20 �m.
(C) Monopolar distribution of actin by the �wsh3 mutation (arrowheads). Wild-type and �wsh3 strains were grown at 30°C. cdc25-22 and
cdc25-22 �wsh3 strains were grown at 25°C, followed by incubation at 36°C for 3.5 hr. Actin was stained with rhodamine-phalloidin. In some
�wsh3 cells, actin patches are scattered and not polarized (indicated by an asterisk). The scale bar represents 10 �m. Frequencies of the
actin distribution patterns are shown as a graph on the right.
(D) The �wsh3 mutant shows monopolar growth. �wsh3 cells were grown on YES agar medium and imaged by time-lapse microscopy. (Top)
Two pairs of daughter cells are shown. Arrows and outlines of cells at later time points indicate the growth direction of cells. The scale bar
represents 10 �m. (Bottom) Summary of growth end selection patterns in �wsh3. Twenty-six samples were examined.
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switch from monopolar to bipolar growth, a process
known as NETO (new end take off) [37]. However, like
tea1 mutants [36], �wsh3 cells were found to grow ex-
clusively in a monopolar fashion. Actin patches, which
are localized to the growing tips of fission-yeast cells
[38], were detected mostly in one tip of the �wsh3 cell
(Figure 2C). This observation was further confirmed
with the cdc25-22 mutant that arrests in late G2 and
continues bipolar growth with actin patches at both cell
tips (Figure 2C, middle panel). On the other hand, the
cdc25-22 �wsh3 cells exhibited monopolar growth, and
actin patches were mostly concentrated to one cell tip,
although some actin patches showed depolarized lo-
calization (bottom panel). Time-lapse observation of
growing �wsh3 cells (Figure 2D) demonstrated that di-
viding daughter cells initiated cell growth at either old
or new ends and continued monopolar growth.

Wsh3 Forms a Complex with the Cell-End
Marker Protein Tea1
Because of the observed role of Wsh3 in growth polar-
ity, we examined the cellular localization of Wsh3 by
tagging the chromosomal wsh3+ gene with the green
fluorescent protein (GFP) sequence (Figure 3A). The
majority of Wsh3-GFP was concentrated at both cell
tips and could also be observed as dots in the cyto-
plasm. In dividing cells, the Wsh3-GFP signal was also
detected as a medial band (Figure 3A, right panel).
These specific localization patterns of Wsh3 appeared
to be dependent on cellular microtubules; the cell-end
localization of Wsh3-GFP was abrogated by a β-tubulin
mutation, nda3-KM311 [39], even at its permissive tem-
perature, 30°C (Figure 3B, left). Consistently, treatment
with microtubule inhibitors thiabendazole (TBZ) and
methyl benzimidazol-2yl carbamate (MBC) significantly
reduced accumulation of Wsh3-GFP at cell tips (data
not shown).

The localization pattern of Wsh3 and its microtubule
dependency are very similar to those of the cell-end
marker protein Tea1, which is localized at plus ends of
growing microtubules and is deposited at cell tips [17,
20, 40]. Indeed, by using a strain that coexpresses the
GFP-fused α tubulin and Wsh3 fused to the red fluores-
cent protein (RFP) [41], we observed that Wsh3-RFP
localized at the tip of growing microtubules was trans-
ported toward cell ends (Figure 3B, right). To further
characterize the behavior of Wsh3-GFP in living cells,
we employed a microscope system (named OMX) re-
cently developed by John W. Sedat and David A. Agard
(Experimental Procedures). In the OMX system, as one
3D-data-acquisition modality, during each exposure the
sample stage of the microscope is moved in a linear
fashion along the z axis as a focus sweep through the
thickness of samples (typically 3–5 �m for fission-yeast
cells), so that all signals throughout the cell are pro-
jected as one two-dimensional image. Each 2D image
was deconvolved by computation [42]. OMX allows
rapid data acquisition at close time points (50 ms expo-
sure at one projection/s throughout this study). Using
this system, we captured the Wsh3-GFP localization in
living S. pombe cells every second over 10 min (Movie
S1, in the Supplemental Data available with this article
online). To trace the movement of individual Wsh3-GFP
dots over time, we converted the movie to the stereo
kymograph image shown in Figure 3C. Most Wsh3 dots
appeared around the middle of the cell and moved to-
ward cell tips at an average of approximately 3 �m/min,
a speed similar to that of the Tea1 dot movement [40].

Furthermore, we found that the normal Wsh3 distri-
bution is dependent on Tea1. The specific localization
of Wsh3-GFP was lost in the �tea1 mutant, and the
Wsh3-GFP signal was diffused throughout the cyto-
plasm (Figure 4A). These results suggest that Wsh3 is
localized at cell tips and cytoplasmic dots through its
binding to Tea1. Consistent with this model, associa-
tion between the Wsh3 and Tea1 proteins in cell lysates
was detected by coprecipitation experiments (Figure
4B). Furthermore, significant overlaps of cellular local-
ization of Wsh3 and Tea1 were confirmed with a
tea1:GFP strain in which the chromosomal wsh3+ gene
was tagged with the RFP sequence (Figure 4C).

Taken together, these results strongly suggest that
Wsh3 forms a complex with Tea1 and is transported to
cell tips by the cytoplasmic microtubule system in a
Tea1-dependent manner.

Wsh3 Is Essential for Bipolar Localization of the
Cell-End Marker Tea1 and the Pom1 Protein Kinase
To further characterize the role of Wsh3 in cell-polarity
determination, we tested whether Wsh3 affects the lo-
calization of Tea1 (Figure 5A). In wsh3+ cells, Tea1-GFP
was clearly observed at both cell tips, as reported pre-
viously [17]. In contrast, most �wsh3 cells showed
highly concentrated Tea1-GFP signals at one end,
whereas the other end contained significantly less
Tea1-GFP dots (Figure 5A, right panel). Because the
�wsh3 mutant grows in a monopolar fashion (Figure 2),
we examined whether this biased Tea1 localization cor-
relates with the tip-growth pattern of �wsh3 cells; con-
centrated actin patches and the Tea1-GFP accumula-
tion were localized at opposite ends of �wsh3 cells
(Figure 5B). Thus, the Tea1-accumulating tip of �wsh3
cells is not capable of growth.

Live-cell imaging of Tea1-GFP with the OMX system
(Figure 5C) showed that, in wild-type cells (Movie S2),
Tea1 dots appeared around the middle of the cell and
moved toward both cell tips (Figure 5C, left panels), as
previously reported [17, 40]. The kymograph that is ex-
panded for the tip region (Figure 5C [i]) shows that the
Tea1-GFP pattern altered with time, suggesting the dy-
namic nature of the cell-end structure containing Tea1.
This was in clear contrast with the kymograph of the
Tea1-accumulating cell tip of the �wsh3 strain (Figure
5C [v]); except for gradual photobleaching, very little
change was observed during the experiment. Transport
of Tea1-GFP dots to the opposite end of the �wsh3 cell
was also observed (Figure 5C [iv] and Movie S3), but
these dots often disappeared after they reached the
cell tip and never accumulated to the levels observed
in wild-type cells (Figure 5C [iii]).

Pom1 is a member of the Dyrk-family protein kinase
and localized at cell tips in a Tea1-dependent manner
[25]. In the �wsh3 cells, the cell-end localization of
Pom1 was lost, and Pom1-GFP often accumulated in
vesicle-like structures in the cytoplasm (Figure 5D). Im-
munoblotting analysis indicated that the Pom1 protein
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Figure 3. Cellular Localization of Wsh3

(A) A wild-type strain whose chromosomal wsh3+ gene is fused with the sequence encoding GFP (wsh3:GFP) was observed by deconvolution
microscopy. The scale bar represents 10 �m.
(B) Microtubule-dependent Wsh3 transport. (Left) A nda3-KM311 strain carrying the wsh3:GFP allele was grown at 30°C and observed by
deconvolution microscopy. (Right) Time-lapse microscopy of a wsh3:RFP strain expressing GFP-α tubulin. Numbers indicate the times in
seconds. Scale bars represent 10 �m.
(C) Cytoplasmic Wsh3 speckles move toward cell tips. Sequential images of a single wsh3:GFP cell were taken at 1 s intervals for 10 min at
room temperature and converted to a stereo kymograph that displays Wsh3 speckle movements through the time course in both x and y
(perpendicular to the images) axes (see the schematic representation on the left). The dark region in the middle corresponds to the position
of the nucleus. The scale bar represents 2 �m.
level was not significantly altered between wild-type n
(and �wsh3 strains (data not shown). These results sug-

gest that the Tea1-containing structures at cell tips of d
t�wsh3 are not functional and cannot recruit Pom1 ki-
ase. Consistently, the �wsh3 defects described above
Figure 2) are very similar to the phenotypes of Pom1-
efective strains [25, 43]; both �wsh3 and �pom1 mu-

ants showed monopolar growth, and their branching
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Figure 4. Wsh3 Interacts with Tea1 In Vivo

(A) Wsh3 is delocalized in the �tea1 mutant. A �tea1 wsh3:GFP
strain grown at 30°C was observed by deconvolution microscopy.
The scale bar represents 10 �m.
(B) Tea1 forms a complex with Wsh3. tea1:GFP and tea1:GFP
wsh3:HATAP strains grown at 30°C were treated with high-osmo-
larity stress conditions of 0.6 M KCl and harvested at the indicated
time points. Wsh3HATAP was purified by IgG-Sepharose, followed
by immunoblotting with anti-GFP and anti-HA antibodies. An ar-
rowhead indicates the position of Tea1GFP as detected by anti-
GFP antibodies.
(C) Wsh3 is colocalized with Tea1. A wsh3:RFP tea1:GFP strain was
grown at 30°C in EMM liquid medium, and a single focal plane was
captured for RFP and GFP signals. The scale bar represents 5 �m.
morphology was enhanced in the cdc11 background.
We also observed branched-cell morphology with the
�pom1 strain after osmostress and heat shock (data
not shown). In addition, their division septum was often
misplaced from the center of the cell (Figure 5E). These
observations strongly suggest that the Pom1 kinase is
not functional in the �wsh3 mutant. Consistently, the
�wsh3 �pom1 double mutant exhibited stress-induced
morphological defects similar to those of the �wsh3
single mutant (data not shown). On the other hand, cel-
lular localization of Wsh3-GFP appeared to be normal
in �pom1 cells, indicating that the Pom1 function is not
required for the proper localization of Wsh3 (data not
shown).

Wsh3, Tea1, and Spc1 MAPK Contribute to Cell-
Polarity Maintenance under Stress Conditions
As described above, Wsh3 interacts with Win1 MAPKKK
of the stress MAPK cascade, and the �wsh3 mutant
shows cell-polarity defects, which are accentuated by
stress stimuli that activate the MAPK cascade. Be-
cause Wsh3 forms a complex with Tea1, we examined
whether the Tea1 function might also be important un-
der these stress conditions. It was previously reported
that �tea1 cells exhibit branching at high frequency af-
ter the temperature shift from 25°C to 36°C (Figure 6A;
[17, 20, 44]). We found that high-osmolarity stress by
0.6 M KCl also promotes the appearance of T-shaped
cells in the �tea1 strain, to levels comparable to those
of the �wsh3 mutant (Figure 6B). The �wsh3 �tea1
double and �wsh3 �tea1 �pom1 triple mutants exhib-
ited T-shaped morphology at slightly higher frequencies
than the �tea1 and �wsh3 single mutants under stress
conditions. These results suggest that the Tea1-Wsh3
complex plays a role in maintaining growth polarity un-
der osmostress and heat shock.

To assess the involvement of the Spc1 MAPK cas-
cade in cell-polarity maintenance under stress, we ex-
amined the morphology of �spc1 cells under various
stress conditions. Spc1 is essential for cellular survival
of stress through transcriptional induction of resistance
genes, and the �spc1 mutant ceases cell growth and
loses viability under stress conditions [26, 27, 45]. Be-
cause expression of cell-polarity phenotypes requires
cell growth, we chose mild stress conditions that al-
lowed cell growth of the �spc1 mutant. Cell-polarity de-
fects with bent and branched morphology were ob-
served after the �spc1 mutant was shifted from 25°C
to 36°C (Figure 6C). We also found that, even under
optimal growth conditions, the �spc1 mutation ex-
acerbates the morphology defects of the �tea1 mutant;
�tea1 �spc1 double mutants grown at 30°C in rich YES
medium contain large fractions of significantly bent and
branched cells (Figure 6D).

These observations suggest that, together with
Wsh3-Tea1 complex, the Spc1 MAPK cascade contrib-
utes to cell-polarity maintenance, particularly under os-
mostress and heat-shock conditions.

Discussion

In this paper, we have identified a novel SH3-domain
protein, Wsh3, which forms a complex with the Tea1
cell-end marker protein and is required for proper Tea1
distribution and function; a new gene name, tea4+, was
recently reserved for wsh3+ in the S. pombe GeneDB
(http://www.genedb.org/genedb/pombe/index.jsp).
Wsh3/Tea4 was isolated through its interaction with the
stress MAPKKK, Win1. Indeed, both �wsh3 and �tea1
mutants exhibit cell branching under high-osmolarity
and heat-shock conditions, indicating that the Wsh3/
Tea4-Tea1 complex is required for maintaining cell po-
larity under environmental stress.

Both cytological and biochemical data strongly sug-
gest that Wsh3/Tea4 binds to Tea1 and that the com-
plex is transported to cell tips by growing microtubules.
On the other hand, in the �wsh3 mutant, cytoplasmic
dots of the Tea1-GFP are transported toward cell tips
but fail to accumulate at one cell end; they instead form
an abnormal static aggregate at the other end. There-
fore, Wsh3/Tea4 is not required for the localization of
Tea1 to microtubule plus ends but plays an essential
role in building functional Tea1-containing structures in

http://www.genedb.org/genedb/pombe/index.jsp
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Figure 5. Wsh3 Is Required for Normal Tea1 Localization

(A) Tea1 is concentrated at one end of the �wsh3 cell. Wild-type and �wsh3 strains carrying the tea1:GFP allele were grown at 30°C and
observed by deconvolution microscopy. The scale bar represents 10 �m.
(B) Actin is concentrated at the Tea1-free cell tip. A �wsh3 tea1:GFP strain was stained for Tea1GFP and actin by anti-GFP antibodies and
rhodamine-phalloidin, respectively. The scale bar represents 10 �m.
(C) The behavior of Tea1GFP at cell tips in wild-type and �wsh3 cells. Sequential images of a single tea1:GFP cell and a single tea1:GFP
�wsh3 cell were taken at 1 s intervals for 10 min at room temperature and converted to kymographs, which represent Tea1 dot movements
in the cytoplasm. In panels (i), (iii), and (v), kymographs at cell-tip regions (shown by squares on cell images above) are further spread out to
show the Tea1 movements in these areas. The scale bar represents 2 �m.
(D) Pom1 is delocalized in �wsh3. Wild-type and �wsh3 strains carrying the pom1:GFP allele were grown at 30°C and observed by fluores-
cence microscopy. The scale bar represents 10 �m.
(E) Septum displacement in �wsh3 cells. A �wsh3 strain grown in YES medium was pictured by DIC microscopy. Arrowheads indicate
positions of division septa.
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Figure 6. Environmental Stress Exacerbates
the Cell-Polarity Defects of �tea1, �wsh3,
and �spc1 Mutants

(A) A �tea1 strain was grown in YES medium
at 25°C. Cells were observed 3 hr after stress
of either a temperature shift from 25°C to
36°C or 0.6 M KCl. The scale bar represents
10 �m.
(B) Appearance of T-shaped cells in wild-
type, �tea1, �wsh3, �wsh3 �tea1, and �wsh3
�tea1 �pom1 strains was monitored 3 hr af-
ter osmostress induced by 0.6 M KCl and a
temperature shift from 25°C to 36°C. At least
200 cells were examined in each sample.
(C) Cell-polarity defects in �spc1 upon heat
shock. A wild-type strain and a �spc1 strain
were grown in YES medium at 25°C and ob-
served for T-shaped or severely bent cells at
the indicated time points after the temper-
ature shift to 36°C. At least 150 cells were
examined in each sample. The scale bar rep-
resents 10 �m.
(D) Synthetic morphological defects in the
�tea1 �spc1 double mutant. Wild-type, �spc1,
�tea1, and �tea1 �spc1 strains were grown
at 30°C in YES medium. More than 120 cells
were examined in each sample. The scale
bar represents 10 �m.
a bipolar fashion. Consistently, Pom1 kinase, which is
anchored to cell tips in a Tea1-dependent manner [25],
cannot localize properly in the �wsh3 mutant. This
Dyrk-family protein kinase is a major determinant of the
tip-directed cell growth, and the �pom1 mutant is de-
fective in bipolar growth and septum positioning [25,
46]. These phenotypes are similar to those of �wsh3,
indicating that mislocalization of Pom1 in �wsh3 cells
results in the loss of Pom1 function. Together, data pre-
sented in this paper establish that Wsh3/Tea4 is a novel
cell-polarity factor essential for the bipolar localization
and function of the cell-end marker, Tea1.

Although Wsh3-Win1 interaction was reproducibly
detected by both yeast two-hybrid and GST-Wsh3 pull-
down experiments, concentrated localization of Win1
or Wis4 MAPKKKs to cell tips is not detectable (our
unpublished results). Therefore, the Wsh3/Tea4-Win1
interaction may be transient, or Wsh3/Tea4 may recruit
only a small subpopulation of the MAPKKK to the Tea1
complex. The following observations further corrobo-
rate a link between the Wsh3/Tea4-Tea1 complex and
the Spc1 MAPK cascade. A temperature shift from
25°C to 36°C significantly increases the frequency of
cell branching in both �tea1 and �pom1 mutants [17,
25]. We found that not only heat shock but also high-
osmolarity stress accentuates the cell-polarity defects
in the �tea1 and �pom1 mutants, as in the �wsh3 mu-
tants. These mutants also exhibit severe polarity de-
fects when they exit the stationary phase and resume
cell growth [20] (data not shown). Importantly, all of
these conditions, heat shock, high osmolarity, and re-
covery from the stationary phase, induce activation of
the Spc1 MAPK cascade [26, 27, 34] (our unpublished
results). Moreover, the �spc1 mutant itself shows bent
and branched cell morphologies under mild stress con-
ditions. In addition, the Pyp1 tyrosine phosphatase,
which dephosphorylates and inactivates Spc1 MAPK
[26, 27], suppresses orb4 and orb12, cell-polarity mu-
tants that exhibit a round cell shape [36]. Together with
the detected Wsh3–Win1 MAPKKK interaction, these
results suggest that the Tea1-Wsh3/Tea4 complex and
the stress MAPK cascade play important roles in cell-
polarity maintenance under stressful conditions. It is
conceivable that the Wsh3/Tea4-recruited Spc1 cas-
cade modulates the Tea1 complex through phosphory-
lation because �wis1 and a mutant expressing a cata-
lytically inactive Spc1 MAPK show cell-morphology
defects similar to those of �spc1 cells (our unpublished
results). Exact molecular function of Spc1-dependent
phosphorylation in cell polarity has not been deter-
mined; the �spc1 mutation affects neither the Wsh3/
Tea4-Tea1 association nor their cell-end accumulation
either before or after stress (our unpublished results).
Identification of the direct Spc1 substrate in this con-
text will be necessary if we are to understand the exact
role of the MAPK in cell polarity.

Previous studies indicated that Tea1, Pom1, and
other cell-end factors are required for the establish-
ment of growth sites during the normal cell cycle; mu-
tants lacking these proteins are unable to initiate a sec-
ond growth site for bipolar growth [13, 47]. Why do the
Tea1-Wsh3/Tea4 complex and the stress MAPK cas-
cade become important under stress conditions? One
likely possibility is that environmental stress has signifi-
cant impacts on the cytoskeleton and that, therefore,
cells require active adaptation mechanisms to protect
or reorganize the polarized cytoskeletal structures. It is
known that high-osmolarity stress induces disassembly
of the actin cytoskeleton [48, 49]. We also observed
that, after osmostress, the dynamic polymerization/
depolymerization cycle of microtubules is almost com-
pletely stalled, a dramatic change detectable only by
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rtime-lapse observation of living cells (Supplemental
tData). Dynamic instability is a built-in characteristic of

microtubules, which undergo continuous polymeriza-
M

tion and depolymerization, and the static microtubule E
structures in osmostressed cells are quite unexpected. f
Although the mechanism for this transient loss of a

cmicrotubule dynamics is currently unknown, such a
6dramatic change is likely to affect the cell-polarity ma-
dchinery in light of the central role of the microtubule
a

system in the establishment of growth sites in S. pombe. A
A recent study of mutant mice lacking JNK1 suggests i

that the mammalian stress MAPK is involved in micro-
tubule dynamics of neuronal cells, in addition to its role

Sin regulation of the c-Jun transcription factor in the nu-
cleus [50]. The involvement of the stress-responsive

SMAPK in linking extracellular environment to cellular
w

cytoskeleton may be evolutionarily conserved, with
some variations specific to organisms. Because of its A
genetic tools and ease of microtubule studies, fission

Wyeast is expected to serve as an excellent model for
Rstudying the interaction of the stress MAPK cascade
Kwith the cytoskeletal systems.
o
DExperimental Procedures
a
tYeast Strains and General Techniques
AS. pombe strains used in this study are listed in Table S1. Detailed
sprocedures for strain construction are described in the Supplemen-
gtal Data. Growth media and basic techniques for S. pombe have

been described [51]. S. pombe cells were grown in yeast extract
medium YES and synthetic medium EMM. Stress treatments of R
S. pombe cultures have been described previously [33]. TBZ R
(Sigma) and MBC (Sigma) were used at final concentrations of 100 A
�g/ml and 25 �g/ml, respectively. P

Yeast Two-Hybrid Screen R
The win1+ sequence has a pair of repetitive sequences, which pre-
vents amplification in E. coli [30]. Therefore, we introduced two si-
lent mutations at 1278 (T/G) and 1281 (A/G) in win1+ and cloned
the fragment encoding amino acid residues 282–1123 into pGBT8
for expression as a fusion with the Gal4 DNA binding domain
(pGBT8-Win1N). Using an S. pombe cDNA library in pGADGH and
a budding-yeast strain HF7c [52], we screened approximately 1.0 ×
108 transformants by histidine prototrophy and β-galactosidase as-
say. A HF7c strain carrying pGBT8-Win1N and the pGADGH vector
as well as that carrying the pGBT8 vector and pGADGH-Wsh3 were
histidine auxotrophic, confirming the specificity of the Win1–Wsh3
interaction in the two-hybrid assay.

Protein Coprecipitation Experiments
For GST pull-down experiments, cells carrying the pREP1KZ-Wsh3
(GST-Wsh3) plasmid were grown in EMM liquid medium lacking thi-
amine at 30°C for 12 hr to induce expression of GST-Wsh3 proteins.
Cells were suspended in GST lysis buffer (50 mM Tris-HCl [pH 8.0],
5 mM EDTA, 400 mM NaCl, 10% glycerol, 0.1 mM Na3VO4, 1 mM
β-mercaptoethanol, 0.5% Triton X-100) containing protease inhibi-
tors and lysed by vortexing with glass beads, and centrifugation
followed. The soluble crude lysate was incubated with glutathione
Sepharose 4B (Amersham Biosciences) at 4°C for 30 min. Immu-
noblotting was performed with mouse monoclonal anti-myc anti-
bodies (9E10, BAbCO) and rabbit polyclonal anti-GST antibodies.

For affinity purification of the TAP-tagged Wsh3, cells grown in
YES medium were harvested and suspended in IP buffer (50 mM
Tris-HCl [pH7.2], 5 mM EDTA, 150 mM NaCl, 10% glycerol, 50 mM
NaF, 0.1 mM Na3VO4, 1 mM β-mercaptoethanol, and 0.5% Triton

1X-100) containing protease inhibitors. Cells were lysed by vortexing
with glass beads, and centrifugation followed. The soluble crude
lysate was incubated with IgG Sepharose 6 (Amersham Biosci-
ences) at 4°C for 2 hr. Immunoblotting was performed with mouse

1monoclonal anti-HA antibodies (12CA5, Boehringer Mannheim) and
abbit polyclonal anti-GFP antibodies (sc-8334, Santa Cruz Bio-
echnology).

icroscopy
xperimental procedures for the OMX optical microscope can be

ound in the Supplemental Data. This new microscope system will
lso be described in the near future in a publication. For other mi-
roscopy, an Eclipse E600 microscope (Nikon), equipped with a
0× oil-immersion objective lens and a digital charge-coupled-
evice camera (Orca C4742-95, Hamamatsu) was used for data
cquisition (see Supplemental Data). Openlab (Improvision) and
dobe Photoshop (Adobe Systems) were used for capturing

mages and figure preparation, respectively.

upplemental Data

upplemental Data are available with this article online at http://
ww.current-biology.com/cgi/content/full/15/11/1006/DC1/.
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Note Added in Proof

Wsh3/Tea4 was also recently reported as a cell-polarity factor that
interacts with both Tea1 and the formin For3 (Martin, S.G., McDon-
ald, W.H., Yates, J.R. and Chang, F. (2005) Dev. Cell 8, 479-491).
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