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A role for cell polarity proteins in mitotic exit
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The budding yeast mitotic exit network (MEN) is a
signal transduction cascade that controls exit from
mitosis by facilitating the release of the cell cycle phos-
phatase Cdcl4 from the nucleolus. The G protein
Teml regulates MEN activity. The Teml guanine
nucleotide exchange factor (GEF) Ltel associates with
the cortex of the bud and activates the MEN upon the
formation of an anaphase spindle. Thus, the cell
cortex has an important but ill-defined role in MEN
regulation. Here, we describe a network of conserved
cortical cell polarity proteins that have key roles in
mitotic exit. The Rho-like GTPase Cdc42, its GEF
Cdc24 and its effector Clad4 [a member of the p21-acti-
vated kinases (PAKSs)] control the initial binding and
activation of Ltel to the bud cortex. Moreover, Cdc24,
Cdc42 and Ste20, another PAK, probably function
parallel to Ltel in facilitating mitotic exit. Finally, the
cell polarity proteins Kell and Kel2 are present in
complexes with both Ltel and Teml, and negatively
regulate mitotic exit.
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Introduction

In budding yeast, the cell cycle phosphatase Cdc14 forms a
complex with the nucleolar protein Netl during interphase
and metaphase of mitosis (Shou et al., 1999). With
anaphase onset, Cdc14 is released from the nucleolus and
dephosphorylates key targets such as the anaphase
promoting complex subunit Cdhl/Hctl and the mitotic
cyclin inhibitor Sicl. Together, these proteins then
decrease the activity of mitotic cyclin-dependent kinase
(Cdk-CIb). This decrease in Cdk-Clb activity is a pre-
requisite for mitotic exit (ME) and the initiation of the next
cell cycle (Visintin et al., 1998).

The release of Cdc14 from the nucleolus is a two-step
process. In early anaphase, separase (Espl) and polo
kinase (Cdc)) are required for the partial release of Cdc14
from the nucleolus (FEAR network). The full release of
Cdcl14 from the nucleolus is essential for ME and is
regulated by a GTPase-driven signalling network, the
mitotic exit network (MEN) (Pereira et al., 2002,
Stegmeier et al., 2002).

A key protein of the MEN is the small Ras-like GTPase
Teml. The GTPase-activating protein (GAP) complex
composed of Bfal and Bub2 inactivates Teml (Bardin
et al., 2000; Pereira et al., 2000), while the guanine
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nucleotide exchange factor (GEF) Ltel activates Teml.
Tem1 forms a complex with the Bfal-Bub2 GAP at the
budding yeast microtubule organizing centre, the spindle
pole body (SPB) (Pereira et al., 2000). In contrast, the
GEF, Ltel, is associated with the cortex of the bud, but not
the mother cell (Bardin et al., 2000; Pereira et al., 2000). It
has been proposed that the SPB-associated Bfal-Bub2
GAP inactivates Tem1 until it becomes exposed to Ltel
with the migration of the nucleus into the bud during
anaphase. This interdependency between MEN activation
and nuclear migration into the bud prevents ME in cells
where the anaphase spindle forms in the mother cell body.

How the selective binding of Ltel to the bud cortex is
achieved and how this binding is regulated are not
understood. Moreover, at 30 or 37°C cells lacking LTE]
exit mitosis with nearly identical kinetics to wild-type
cells, while at 10°C, Altel cells arrest in the cell cycle at
the end of mitosis (Adames et al., 2001; Pereira et al.,
2002). In order to explain the non-essential role of Ltel
at 30°C, additional Ltel-independent mechanisms must
activate the MEN. These processes may involve cell cortex-
associated proteins, which ensure that, in the absence of
Ltel, cells can still restrain ME until the spindle is
correctly positioned along the mother-to-bud axis.

To understand how the MEN is activated in the absence
of LTEI, we performed a screen for high-dosage suppres-
sors of the cold-sensitive growth defect of Altel cells. The
conserved p21-activated kinase (PAK) STE20 was iden-
tified in this screen. Ste20 is associated with the bud cortex
and functions in polarized growth and mating (Holly and
Blumer, 1999). The cell polarity protein Cdc42 regulates
Ste20 activity. This Rho-like GTPase is in turn activated
by the GEF Cdc24 (Peter et al., 1996). Further data suggest
that the Cdc24—-Cdc42-Ste20 cascade has an overlapping
function with Lte1. Moreover, we show that Cdc24, Cdc42
and the PAK kinase Cla4, which is also regulated by
Cdc42 (Cvrckova et al., 1995; Benton et al., 1997), are
required to localize Ltel to the bud cortex and that
phosphorylation and activation of Ltel are dependent on
Cla4. Finally, Kell and Kel2, two cell cortex proteins that
regulate cell morphology (Philips and Herskowitz, 1998),
negatively control MEN activity.

Results

A role for the PAK kinase Ste20 in ME

The fact that LTE] is not essential at 30°C suggests that
there are additional ways of activating the MEN. At 10°C,
Altel cells may arrest in the cell cycle because these
alternative pathways are less active at lower temperatures.
Increasing the activity of one of these pathways by
overexpressing a gene functioning within it might rescue
the cold sensitivity of Altel cells. We therefore trans-
formed Altel cells with a high-copy-number yeast library
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Fig. 1. A role of STE20 in ME. (A) Suppression of the Altel growth defect by STE20. Serial dilutions (1:10) of cells of Altel (row 2) with the 2 pm-
based plasmids pRS426-STE20 (row 3), pRS426-TEM1 (row 4), pRS426-SPO12 (row 5), pRS426-LTE] (row 6) and pRS426 (row 7) were grown for
10 days at 10°C on YPAD. Wild-type cells were used as control (row 1). Cells grew equally well at 30°C (not shown). (B) Overexpression of STE20
suppresses the ME defect of Altel cells. Wild-type, Altel and Altel Gall-STE20 cells with CDC14-GFP in YPRA were arrested in G, with a-factor.
Cells progressed synchronously through the cell cycle at 10°C upon removal of o-factor by washing with pre-cooled YPRA galactose medium, which
also induced expression of Gall-STE20. The number of cells with large buds and nucleolar Cdc14-GFP (n > 100) was determined over time.
(C) Synthetic lethal phenotype of Altel Aste20 cells is suppressed by Abub2. Serial dilutions of cells of wild type (lane 1), Altel (lane 2), Aste20
(lane 3), Altel Aste20 pRS316-LTE] with the additional plasmid pRS315 (lane 4), pRS315-LTE! (lane 5) or pRS315-STE20 (lane 6) and Altel Aste20
Abub2 pRS316-LTEI were grown on 5’-fluoroorotic acid (5-FOA) and YPAD plates at 30°C for 2 days. 5-FOA selects against URA3-based pRS316
derivatives. (D) F-actin of wild-type and Altel cells grown at 14 and 30°C was stained with rhodamine—phalloidin. (E) Serial dilutions of wild-type,
Altel, Aste20 and Altel Aste20 cells with Gall-BUB2 were grown for 2 days at 30°C. (F) Altel Aste20 cells have a ME defect. Wild-type, Altel,
Aste20 and Altel Aste20 cells with Gall-BUB2 CDC14-GFP grown in YPRA medium were washed and incubated for 3 h at 30°C in YPRA galactose
medium to induce Gall-BUB2 expression. Cells were fixed, stained with DAPI and analysed by fluorescence microscopy. The circles in the cartoon
cells indicate the DAPI staining regions. n > 100. (G) An anaphase Gall-BUB2 Altel Aste20 CDCI14-GFP cell of (F). Bars: 5 um.

and selected for growth at 10°C. About 95 out of 27 000
transformants were able to grow at 10°C. Of these, 55
plasmids carried TEM1 (Figure 1A, row 4), which has
been described as a suppressor of Altel cells, two plasmids
harboured CDC15, which functions downstream of TEM ]
(Jaspersen et al., 1998), 11 plasmids contained SPOI2
(row 5), a common suppressor of MEN mutants (Jaspersen
et al., 1998), and two plasmids carried SIC1, coding for a
Cdk-CIb inhibitor (Schwob et al., 1994). In addition, 20
plasmids contained STE20 (Figure 1A, row 3), which
encodes a conserved PAK involved in polarized growth
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and mating (Holly and Blumer, 1999). The remaining
plasmids carried LTE].

We then asked whether overexpression of STE20
rescued the ME defect of Altel cells. Wild-type, Altel
and Altel Gall-STE20 cells with CDCI4-GFP were
arrested in G; with o-factor and released into galactose
medium, which induced expression of the Gall promoter
of the Gall-STE20 construct. We monitored the release of
Cdc14-GFP from the nucleolus and the decrease in the
proportion of cells, which had large buds, as markers of
ME. At 10°C, wild-type cells released Cdc14—GFP from



the nucleolus and exited mitosis after ~7 h (Figure 1B). In
contrast, most Altel cells arrested in anaphase with
separated DAPI staining regions (data not shown) and
Cdc14-GFP trapped in the nucleolus (Figure 1B). Altel
cells in which Gall-STE20 was induced did not arrest in
anaphase and released Cdcl4 from the nucleolus with
the same kinetics as wild-type cells (Figure 1B). This
suggested that Ste20 triggers ME of Altel cells by
facilitating the release of Cdc14 from the nucleolus.

An additional genetic interaction confirmed that STE20
shares a common function with LTE]. Deletion of either
LTE] or STE20 did not significantly affect growth of yeast
cells at 23 and 30°C (Figure 1C, rows 2 and 3). However,
cells lacking both Altel and Aste20 were unable to grow at
23 and 30°C (Figure 1C, row 4, 5-FOA). The genetic
interactions of LTE! and STE20 indicate that the two
genes share an overlapping function in mating, bud growth
or ME. However, LTE! did not show a synthetically lethal
phenotype with STEII (Table I), which functions down-
stream of Ste20. Thus, the overlapping function of LTE]
and STE20 is not dependent on the mating pheromone
MAP kinase cascade.

We next tested whether LTE] has a role in bud growth.
Cells with defects in polarized growth often fail to
organize the actin cytoskeleton (Chant, 1999). a-factor-
synchronized wild-type and Altel cells were grown at 10
and 30°C. At both temperatures, wild-type and Altel cells
grew buds with identical kinetics (data not shown) and
formed polarized actin patches and cables (Figure 1D).
These results exclude a major role of Ltel in the
organization of the actin cytoskeleton and polarized
growth.

Altel Aste20 cells may be unable to grow because the
products of both genes facilitate ME. If this was the case,
activation of the MEN should suppress the synthetically
lethal phenotype of Altel Aste20. Activation of the MEN
would not be expected to suppress the lethality if the
growth defect is caused by an overlapping function of both
genes in cell polarity. Inactivation of the Bfal-Bub2 GAP
complex results in a hyperactive MEN (Pereira et al.,
2002). Abub2 Altel Aste20 cells, but not Altel Aste20
cells, grew at 30°C (Figure 1C, compare row 4 with 7).
Similarly, the synthetically lethal phenotype of Altel
Aste20 cells was suppressed if the MEN was hyperacti-
vated through overexpression of TEM 1 or SPO12 (data not
shown). Taken together, activation of the MEN suppressed
the synthetic lethality of Altel Aste20 cells, suggesting that
these cells are defective in MEN activation. This, in turn,
implies that STE20 has a role in ME.

To confirm a function of STE20 in the regulation of ME,
we investigated the phenotype of Altel Aste20 cells. To
obtain conditional lethal Altel Aste20 cells, we made use
of the observation that Abub2 Altel Aste20 cells are viable
(Figure 1C, row 7). Therefore, Gall-BUB2 Abub2 Altel
Aste20 cells in which BUB2 expression was repressed by
glucose grew without defects (Figure 1E). However,
induction of Gall-BUB2 by the addition of galactose
prevented growth of the Gall-BUB2 Abub2 Altel Aste20
cells at 30°C. Controls established that Gall-BUB2
expression did not inhibit growth of wild-type, Alfel or
Aste20 cells.

We were now able to use this inducible BUB?2 strain to
determine the phenotypic consequences of the simultan-
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Table I. Genetic interactions and localization of Ltel

Genotype Synthetic lethality Suppression of ~ Bud cortex
with Altel? the Altel cold association of
sensitivity® GFP-Ltel¢

Abnil - - +

Abub2 - + +

Abud6 - - +

cdc24-1 + - -
cdc42-1 + - —
cdc42-118 + n.d. +d

Acla4 - - -

Agicl - +

Agic2 - +
AgiclAgic2 - - n.d.

Agind - n.d. +

Akell - + +

Akel2 - + +
AkellAkel2 n.d. n.d. +

Anuml n.d. n.d. +

Apea? n.d. n.d. +

Askml1 - n.d. +

Aspa2 n.d. n.d. +

Astel ] - n.d. n.d.
Aste20 + - +

Azdsl - n.d. +

Azds2 - n.d. +

Ayckl n.d. n.d. +

n.d., not determined.

aDetermined at 23 and 30°C.

bCells were grown at 10°C.

‘Determined at 30°C, with the exception of cdc24-1, cdc42-1 and
cdc42-118 cells.

dSee text for details.

eous loss of LTE] and STE20 function. BUB2 was induced
for 3 h in Gall-BUB2 Abub2 Altel Aste20 CDCI14-GFP
cells at 30°C by the addition of galactose. Eighty-nine per
cent of Gall-BUB2 Abub2 Altel Aste20 cells grown in
galactose arrested as large budded cells with separated
DAPI staining regions (Figure 1F) and Cdc14—GFP in the
nucleolus (Figure 1G), indicating a ME defect. In contrast,
Altel and Aste20 cells with Gall-BUB2 behaved as
Gall-BUB2 cells. In these three cell types, only ~25% of
cells were in anaphase after growth in galactose medium
(Figure 1F). Moreover, in contrast to the situation in Alfel
Aste20 cells, Cdc14-GFP of wild-type, Altel and Aste20
cells in anaphase was released from the nucleolus to
trigger ME. The result of this experiment established that
STE20 regulates ME.

Cdc24 and Cdc42 functionally overlap with Lte1
Ste20 interacts with the effector domain of GTP-bound
Cdc4?2 (Peter et al., 1996). In turn, Cdc42 is converted into
this active GTP-bound form by the GEF activity of Cdc24.
These interdependencies raised the possibility that Cdc24
and Cdc42, like Ste20, functionally overlap with Ltel. To
test this notion, we asked whether CDC24 and CDC42
show genetic interactions with LTEI. Altel, cdc24-1,
cdc42-1 and cdc42-118 single mutants can all grow at 23
and 30°C. In contrast, deletion of LTE] was lethal when
combined with cdc24-1, cdc42-1 or cdc42-118 at either
temperature (Figure 2A and B, row 4; Table I).

The genetic interaction of Altel with cdc24-1 and cdc42
implied that Cdc24 and Cdc42 function in ME or that
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Fig. 2. CDC24 and CDC42 interact with LTE1. (A) Serial dilutions of
cells of wild type (row 1), cdc24-1 (row 2), Altel (row 3), Altel
cdc24-1 pRS316-LTE! transformed with plasmid pRS315 (row 4),
pRS315-LTEI (row 5) or pRS315-CDC24 (row 6), and Altel cdc24-1
Abub2 (row 7) were grown on 5-FOA for 3 days at 23°C. (B) The indi-
cated cell types were grown on 5-FOA for 3 days at 23°C. (C) Purified
GST, GST-Cdc42 and GST-Teml bound to glutathione—Sepharose
beads were incubated with a yeast lysate of 3HA-LTEI cells. Eluted
proteins were analysed by immunoblotting.

the GEF Ltel, like Cdc24, regulates the GTPase Cdc42.
Two experiments were performed to discriminate between
these possibilities. We first investigated whether the
synthetically lethal phenotype of Altel cdc24-1 and
Altel cdc42-1 cells was suppressed by the hyperactivation
of the MEN through deletion of BUB2. Cells of Altel
cdc24-1 and Altel cdc42-1 were able to grow when BUB2
was deleted (Figure 2A and B, row 7). Secondly, we tested
whether Ltel interacts with Teml but not Cdc42. For
this approach, recombinant GST, GST-Tem1 and GST-
Cdc42, purified from Escherichia coli, were bound to
glutathione—Sepharose beads, which were incubated with
a yeast extract of LTEI-3HA cells. Ltel-3HA interacted
with GST-Tem1 (Figure 2C, lane 3), but not with GST
(lane 1) or GST-Cdc42 (lane 2), indicating that Ltel
regulates Tem1 but not Cdc42. When taken together, these
results are consistent with a function for Cdc24 and Cdc42
in ME.

Bud cortex binding of Lte1 is dependent on Cdc24
and Cdc42

Like Ltel, Cdc24, Cdc42 and Ste20 associate with the
cortex of the bud (Peter et al., 1996; Toenjes et al., 1999;
Bardin et al., 2000; Pereira et al., 2000). Cdc24, Cdc4?2
and Ste20 could therefore target Ltel to the bud cortex in
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G, of the cell cycle. These proteins could be required for
either the initial binding of Ltel to the bud cortex or to
maintain the bud cortex interaction. To address the first
possibility we determined the distribution of Ltel in wild-
type, cdc24-1 or cdc42 cells. For these localization studies,
the chromosomal LTE] was fused to GFP. The GFP-LTE1
gene fusion was under the control of the Gall promoter,
which is induced by galactose but only weakly active
when cells are grown in the presence of glucose.
Gall-GFP-LTE] cells were able to grow at 10°C in
galactose and glucose medium as wild-type cells. This
demonstrated that GFP-LTE] fulfilled the ME function of
Ltel, even when only weakly expressed.

Logarithmically growing wild-type, cdc24-1, cdc42-1
and cdc42-118 cells were shifted to 37°C, and
Gall-GFP-LTE]I was simultaneously induced by the
addition of galactose. Since Ltel is not associated with
the cell cortex of unbudded wild-type cells (Pereira et al.,
2000), only cells with a bud were scored in the experiment.
GFP-Ltel of wild-type cells associated with the bud
cortex (Figure 3A, 37°C and B). In contrast, GFP-Ltel of
budded cdc24-1 or cdc42-1 cells showed a diffuse staining
at this restrictive temperature (Figure 3A and B, 37°C). In
addition, for unknown reasons GFP-Ltel of cdc42-1 cells
often associated with tubular structures that were stained
by DAPI and may represent mitochondria (data not
shown). The plasmid-encoded wild-type genes comple-
mented GFP-Ltel mislocalization of cdc24-1 and cdc42-1
cells (data not shown). Mislocalization of GFP-Ltel was
not observed in cdc42-118 cells (Table I) (Kozminski
et al., 2000), indicating that only a subset of Cdc42 defects
affect Ltel localization. GFP-Ltel was expressed to
similar levels in all cell types when Gall-GFP-LTEI
was induced by the addition of galactose (Figure 3C).
When cdc24-1 and cdc42-1 cells were shifted back to the
permissive temperature, GFP-Ltel associated with the
bud cortex within 10 min, suggesting that the mislocalized
GFP-Ltel was able to bind to the bud cortex as soon as
Cdc24 and Cdc42 became functional once again
(Figure 3A and B, 23°C). A failure of GFP-Ltel to
associate with the bud cortex was also observed when
cdc24-1 and cdc42-1 cells were first arrested in metaphase
with nocodazole at 23°C, followed by a shift to 37°C and
the simultaneous induction of Gall-GFP-LTEI by the
addition of galactose (Figure 3D, 37°C). In contrast,
GFP-Ltel of wild-type cells bound under the same
condition to the bud cortex, as did GFP-Ltel when
cdc24-1 and cdc42-1 were further incubated at 23°C
(Figure 3D, 23°C). Finally, the role of Cdc42 in Ltel cell
cortex association was confirmed using the constitutively
GTP-bound Cdc426724 (Supplementary figure 9 available
at The EMBO Journal Online). In conclusion, Cdc24 and
Cdc42 were required for the initial binding of Ltel to the
bud cortex.

To determine whether Cdc24 and Cdc42 are also
required for maintaining Ltel association with the bud
cortex, we first expressed GFP-Ltel in cdc24-1 and
cdc42-1 cells incubated at the permissive temperature.
GFP-Ltel associated in 97 = 2% of the cases with small
and medium-sized buds of cdc24-1 and cdc42-1 cells.
When cells were then shifted from 23 to 37°C for 60 min, a
condition that was sufficient to inactivate cdc24-1 and
cdc42-1 functions in the previous experiment, GFP-Ltel
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of galactose (lanes 1, 4 and 7), 60 min after the induction of
Gall-GFP-LTEI at 37°C (lanes 2, 5 and 8) and when sifted back to
23°C (lanes 3, 6 and 9) were analysed by immunoblotting with anti-
GFP antibodies. Tub2 was detected as loading control. (D) cdc24-1 and
cdc42-1 cells with Gall-GFP-LTE] were arrested in YPRA in meta-
phase at 23°C with 15 pg/ml nocodazole. Gall-GFP-LTE] was either
induced at 23°C by the addition of galactose or cells were shifted to
37°C simultaneously with the addition of galactose. Bud cortex local-
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bud cortex in Aste20 cells. Gall-GFP-LTEI of Aste20 cells was in-
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remained associated with the bud cortex in 95 * 4%
(n =125, two experiments) of the cells. This result
indicated that Cdc24 and Cdc42 were not important to
maintain the bud cortex association of GFP-Ltel.

We then investigated GFP-Ltel localization in Aste20
cells. Upon the induction of the Gall promoter, GFP-Ltel
associated with the bud cortex of 97 £ 2% (n = 120, two
experiments) of Aste20 Gall-GFP-LTEI cells with small
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and medium buds (Figure 3E). Thus, Ste20 does not play
an essential role in Ltel binding to the bud cortex.

Activated Cdc42 regulates polarized growth by rearran-
ging the actin cytoskeleton (Li et al., 1995). Therefore,
Cdc42-dependent localization of Ltel might be mediated
by actin. This possibility was tested by studying GFP-Ltel
localization in cells treated with the actin monomer
sequestering drug latrunculin A (Lat-A) (Ayscough et al.,
1997). Gall-GFP-LTEI cells were treated with Lat-A
before or after the induction of the Gall promoter with
galactose. In both cases, GFP-Ltel associated with the
bud cortex, even though the F-actin cytoskeleton was
completely disrupted by Lat-A (Figure 3F; data not
shown). We concluded that F-actin was not required to
direct, or maintain, Ltel at the bud cortex. The function of
Cdc24 and Cdc42 in the initial binding of Ltel to the bud
cortex was, therefore, independent of their role in regu-
lating the actin cytoskeleton.

Bud cortex association of Lte1 is dependent on the
PAK kinase Cla4

Cdc24 and Cdc42 may directly localize Ltel to the bud
cortex or may do so indirectly by activating downstream
effectors such as the formin Bnil, the PAKs Cla4 and
Skml, Gicl, Gic2, Zdsl or Zds2 (Gulli and Peter, 2001).
To test whether these Cdc42 effectors were involved in the
binding of Ltel to the bud cortex, the localization of
GFP-Ltel was analysed in deletion mutants. GFP—Ltel
associated with the bud cortex of Abnil, Agicl, Agic2,
Askml1, Azdsl and Azds2 cells (Table I) as in wild-type
cells. In contrast, in Acla4 cells with small and medium-
sized buds, the GFP-Ltel signal was dispersed in the
cytoplasm (Figure 4A and B). This defect in GFP-Ltel
localization of Acla4 cells was complemented by an
episomal plasmid bearing CLA4, but not when the plasmid
carried the kinase-dead CLA4K°%R (Figure 4A and B). As
shown by immunoblotting, the levels of GFP-Ltel were
similar in the three cell types (data not shown). The role of
CLA4 in localizing Ltel to the bud cortex was confirmed
by demonstrating that the Cdc426/2V-induced cell cortex
targeting of GFP-Ltel in unbudded G, cells was depend-
ent on CLA4 (Supplementary figure 9). Thus, localization
of Ltel with the cortex of the bud was dependent on Cla4
kinase activity.

The septin ring is required for the compartmentalization
of cell cortex proteins. In cdci2-6 cells, which at the
restrictive temperature completely disassemble the septin
ring, bud cortex proteins such as Sec3, Sec5, Spa2 and
Myodp are mislocalized (Barral et al., 2000). Similarly,
GFP-Ltel became mislocalized when cdc12-6 cells were
incubated for 20 min at 37°C (Figure 4C). A mild defect
in septin ring morphology (but not assembly) has been
reported for Acla4 cells (Longtine et al., 2000). We
investigated whether this septin defect is responsible for
the failure of Ltel to bind to the bud cortex in Acla4 cells.
Cells deleted in the Niml-related kinase GIN4 have a
similar septin morphology defect as Acla4 cells (Longtine
et al., 2000). However, in contrast to Acla4 cells,
GFP-Ltel was still associated with the bud cortex of
Agin4 cells (Figure 4D; Table I). Moreover, the bud cortex
localization of Sec3—GFP, which is disturbed in cdcl2-6
cells (Barral et al., 2000) (data not shown), was not
affected in Acla4 cells (Figure 4E and F). When round,
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Fig. 4. Ltel phosphorylation is CLA4 dependent. (A) GFP-Ltel local-
ization was determined as described in Figure 3E. (B) Quantification of
(A). n > 100 (average of two experiments). Small and medium budded
cells were analysed. (C) GFP-Ltel of wild-type (THY279) and
cdc12-6 cells (THY278) was induced for 1.5 h at 23°C. Then cells
were incubated for 20 min at 37°C. GFP-Ltel was analysed by fluores-
cence microscopy. (D) GFP-Ltel localization of Agin4 cells was deter-
mined as in Figure 3E. (E) Sec3—GFP of CLA4 and Acla4 cells was
determined as in Figure 3E. (F) Quantification of (E). n > 100 (two
experiments). Bars: 5 um.

medium to large, budded CLA4 and Acla4 cells were
scored, ~40% of cells showed Sec3—GFP at the bud cortex
(Figure 4F). In addition, Acla4 cells displayed elongated
buds due to a delay in G,/M transition (Longtine et al.,
2000). In ~55% of these Acla4 cells, Sec3—GFP was at the
bud tip. Thus, the septin defect of Acla4 cells does not
cause mislocalization of Sec3. This result suggests that
mislocalization of Ltel in Acla4 cells is not caused by the
mild septin defect; rather, targeting Ltel to the cortex is a
specific function of Cla4.

Phosphorylation of Lte1 requires Cla4

Ltel is a phosphoprotein (Bardin et al., 2000). We asked
whether Ltel phosphorylation could depend on Cla4. Ltel
phosphorylation was studied in o-factor-synchronized
wild-type and Acla4 cells in which LTE] was fused to
protein A (LTEI-ProA) to make it easily detectable by
immunoblotting. In wild-type cells, Ltel-ProA became
phosphorylated at multiple sites with the emergence of
buds in late Gy of the cell cycle (Bardin er al., 2000)
(Figure 5A, t = 30-40) as indicated by the appearance of
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Fig. 5. Phosphorylation of Ltel is CLA4 dependent. (A) Phos-
phorylation of Ltel is disturbed in Acla4 cells. o-factor-synchronized
wild-type and Acla4 cells were analysed for budding (top) and
Ltel-ProA phosphorylation (bottom). (B) Ltel-ProA of CLA4 and
Acla4 cells of (A) (t = 60-80) was enriched with IgG beads and treated
with buffer (lanes 1 and 4), alkaline phosphatase (lanes 2 and 5) and
alkaline phosphatase with inhibitor (lanes 3 and 6). Samples were ana-
lysed by immunoblotting. (C) Wild-type (lane 1), Acla4 (lane 2) and
Aste20 cells (lane 3) with LTEI-ProA were arrested in metaphase with
15 pg/ml nocodazole at 30°C. Cell extracts were analysed for Ltel
phosphorylation.

Lte1-ProA phospho-forms that migrated more slowly than
the non-phosphorylated Ltel-ProA of o-factor-arrested
cells (Figure 5A, t=0). Most of Ltel-ProA became
dephosphorylated when cells had grown sufficiently to
accumulate large buds (Figure 5A, t = 90-100). In con-
trast, no Lte]-ProA phosphorylation was seen at any cell
cycle stage in Acla4 cells.

To ensure that Ltel was not phosphorylated in Acla4
cells, Ltel-ProA of small budded wild-type and Acla4
cells (Figure 5A, t = 60—80) was enriched with IgG beads.
The purified Ltel-ProA was incubated with buffer,
phosphatase or phosphatase in the presence of inhibitors.
While the mobility of Ltel-ProA of CLA4 cells was
changed when incubated with phosphatase (Figure 5B,
lane 2) due to dephosphorylation of Ltel, such a
phosphatase-induced mobility shift was not observed in
Acla4 cells (lane 5). This result confirmed that all
phosphorylation events of Ltel that contribute to the
mobility shift were dependent on Cla4.

Given the MEN function of Ste20, it was possible that
Ste20 could also be participating in Ltel phosphorylation.
We arrested wild-type, Acla4 and Aste20 cells with
LTEI-ProA in metaphase using the microtubule-depoly-
merizing drug nocodazole to assess this possibility.
Ltel-ProA was hyper-phosphorylated in wild-type and
Aste20 cells, but not in Acla4 cells (Figure 5C). In
summary, these results suggest a role for Cla4, but not
Ste20, in Ltel phosphorylation.

A role of Cla4 in ME

If Cla4-mediated binding and phosphorylation of Ltel are
essential for the activation of Ltel, we would expect Acla4
cells to show the same ME defect at 10°C as is seen in
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Fig. 6. Cla4 functions in ME. (A) Cells lacking CLA4 are cold sensi-
tive. Serial dilutions of the indicated cell types were grown for 10 days
at 10°C on YPAD plates. All cell types grew equally well at 30°C
(data not shown). (B) Cells of Acla4 arrest at the end of anaphase.
a-factor-synchronized wild-type and Acla4 cells with CDCI14-GFP
were analysed for cell cycle progression at 10°C. Large buds and nu-
cleolar Cdc14-GFP were determined (n > 100). (C) Acla4 cells of (B)
incubated for 6 h at 10°C were analysed by indirect immunofluores-
cence. DNA was stained with DAPI. The bud is elongated due to a
function of Cla4 in polarized growth. (D) Cells of (B) were analysed
after 8 h at 10°C. Cartoons are as in Figure 1F. (E) The indicated
cell types were incubated for 9 h at 10°C, fixed and DNA
stained with DAPI. Phase contrast with DAPI immunofluorescence.
(F) Quantification of (E). n > 100. Bars: 5 um.

Altel cells. Moreover, as is the case for Altel cells, this
ME defect should be suppressed by hyperactivation of the
MEN through overexpression of TEMI or deletion of
BUB2. Indeed, Acla4 cells failed to grow at 10°C
(Figure 6A, row 2) and this growth defect was suppressed
by high gene dosage of TEM1 and by Abub?2 (rows 5 and 7).

To ensure that the failure of Acla4 cells to grow at 10°C
was indeed due to a defect in ME, we monitored cell cycle
progression of o-factor-synchronized wild-type and Acla4
cells with CDCI14-GFP at 10°C. As expected, wild-type
cells released Cdc14-GFP at the beginning of anaphase
and exited mitosis to start a new cell cycle (as indicated by
the decrease of cells with large buds after 6 h, Figure 6B).
Acla4 cells progressed through interphase as wild-type
cells (Figure 6B), but then most Acla4 cells stopped cell
cycle progression in late anaphase. The late anaphase
arrest is indicated by the separated DAPI staining regions
(Figure 6D, cells of B after 8 h), the long anaphase spindle
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and Cdcl14-GFP entrapped in the nucleolus (Figure 6B
and C). Thus, Acla4 cells are defective in ME at 10°C.

The cold-sensitive ME defect of Acla4 cells may be a
direct reflection of the failure to localize and activate Ltel.
In this case, cells from which both Acla4 and Altel have
been deleted should have the same phenotype as cells with
the singly deleted CLA4 or LTEI, because the ME defect
in all three mutants resulted from lack of Ltel function.
Indeed, Acla4 Altel cells were similarly defective in ME
as Altel or Acla4 cells. In addition, overexpression of
CLA4 did not suppress the cold-sensitive growth defect of
Altel cells (data not shown). This supports the notion that
the role played by Cla4 in MEN activation is not
independent of Ltel, as is the case for Ste20, rather, it
indicates a function of Cla4 upstream of, or alongside,
Ltel.

Some of the phenotypes of Acla4 cells, like the
elongated bud, are dependent on the Weel-like kinase
Swel, which delays entry into mitosis through Cdkl
phosphorylation as part of the morphogenesis checkpoint
(Longtine et al., 2000). We investigated whether the late
anaphase arrest of Acla4 cells required Swel. Acla4 Aswel
cells resembled Acla4 cells in being cold sensitive for
growth and arresting in late anaphase with separated DAPI
staining regions when incubated for 9 h at 10°C (Figure 6E
and F). About 20% of the cell cycle-arrested Acla4 cells
showed elongated buds due to the Swel-dependent delay
in mitotic entry. Consistently, cells with elongated buds
were not observed in Acla4 Aswel cells (Figure 6E).
Together, SWE] is not involved in the late anaphase arrest
of Acla4 cells.

The kelch domain proteins Kel1 and Kel2
negatively regulate the MEN

Cdc24 and Cdc42 were only required for the initial
binding of Ltel to the bud cortex, but not for the
subsequent anchorage of Ltel. Therefore, it was likely
that Ltel interacted with additional proteins at the cell
cortex. We tested mutants deleted in BUD6, KELI, KEL2,
NUMI, PEA2, SPA2 and YCK1, which all encode cortical
proteins (Chant, 1999), for their involvement in Ltel
localization and genetic interaction with Alte/. In all
mutant cells, GFP-Ltel localized with the bud cortex
(Table I). We noticed that deletion of KELI or KEL2
suppressed the cold-sensitive growth defect of Alrel cells
(Figure 7A, rows 5 and 6). A similar suppression of the
Altel phenotype was observed when the inhibitory
Bfal-Bub2 GAP was inactivated by the deletion of
BUB2 (Figure 7B). This indicated that, like the
Bfal-Bub2 GAP complex, Kell and Kel2 have an
inhibitory influence on the MEN.

We asked whether the deletion of KELI suppressed the
ME defect of Altel cells at 10°C. For this experiment, the
formation of large buds and release of the nucleolar Cdc14
were used as markers for cell cycle progression and ME
of a-factor-synchronized wild-type, Altel, Akell, Abub2,
Akell Altel and Abub2 Altel cells that contained
CDCI4-GFP. As expected, Altel cells arrested in late
anaphase as large budded cells with Cdc14-GFP in the
nucleolus (Figure 7B) and separated DAPI staining
regions (data not shown). In contrast, Akell, Abub2,
Akell Altel and Abub2 Altel cells progressed though the
cell cycle and exited mitosis with similar kinetics to wild

4857



T.Hofken and E.Schiebel

A 1 wild type
2 Altel
3 Akell
4 Akel2
5 Akell Altel
6 Akel2Altel
B i type Altel _ Akell
~ 100 g 11717 SR & 100
] & a0 &
E’ o0 £ = :
S S b
1] — L] L
02 46 8 024 6 8 02468
Time (h) Time (h) Time (h)
Abub2 Akell Altel Abub2 Altel
~ 100 ~ 1004 ~ 1004
g a i 80 ® 80
&0 = &0 =~ 60
% 40 2w = @
U o o w 0w
[ 0 0
0246 8 024 6 8 02 468§
Time (h) Time (h) Time (h)
- e-budded cells
—a— I ar Cdel4-GFP
3 3
c e 3
- T X -
LERS LERS
- oy o
o H == TEE=
¥ EE TI8E
Kell-3Mye ———i Kel2-3Myc

Liel-3HA —:Elm 3HA

Teml Ehml
567 8

IDMJ '

123 4

Fig. 7. Kell and Kel2 are present in complexes with Ltel and Teml.
(A) Deletion of KELI or KEL2 suppresses the cold-sensitive growth
defect of Altel cells. Serial dilutions of the indicated cell types were
grown on YPDA plates for 10 days at 10°C. (B) Deletion of KELI sup-
presses the ME defect of Altel cells. The indicated cells were analysed
as in Figure 6B. (C) Co-immunoprecipitation of Teml and Ltel with
Kell and Kel2. Cells of KELI-3Myc (lanes 1-4) or KEL2-3Myc
(lanes 5-8) without additional tag (lanes 1 and 5) or with additional
LTEI-3HA (lanes 2 and 6), TEM1-3HA (lanes 3 and 7) and TEM1-3HA
Altel (lanes 4 and 8) were grown at 30°C. Anti-HA immunoprecipitates
were analysed by immunoblotting. The arrowhead indicates a protein
band that was non-specifically precipitated with the anti-HA beads and
migrated slightly faster than Ltel-3HA (arrow).

type (Figure 7B). The outcome of this experiment
suggested that, like the Bfal-Bub2 GAP, Kell and Kel2
oppose the activating function of Ltel.

Kell and Kel2 may regulate ME through binding to
Ltel and Teml. Immunoprecipitation experiments were
performed with strains in which Ltel and Teml were
tagged with the haemagglutinin (HA) and KELI and KEL2
with the Myc epitope. Co-immunoprecipitation of
Kell-3Myc and Kel2-3Myc, but not of Teml with
Ltel-3HA, was observed (Figure 7C, lanes 2 and 6),
indicating complexes containing Kell, Kel2 and Ltel.
Moreover, Kell-3Myc and Kel2-3Myc were detected in
the Teml-3HA immunoprecipitation (lanes 3 and 7).
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These anti-HA immunoprecipitations were specific since
they were not observed in cells without an HA-tagged
protein but with KELI-3Myc (lane 1) or KEL2-3Myc
(lane 5). The failure to detect Teml in the Ltel-3HA
immunoprecipitation indicates that the interaction of Ltel
and Teml, which was detected by in vitro binding
(Figure 2C), is either relatively weak or only transient.

Teml may bind to Kell and Kel2 independently of
Ltel. If this is the case, deletion of LTE should not affect
the ability to co-immunoprecipitate Kell or Kel2 with
Tem1. Consistently, Kell-3Myc and Kel2-3Myc were still
detected in the Teml-3HA immunoprecipitations from
Altel KELI-3Myc TEMI1-3HA and Altel KEL2-3Myc
TEM1I-3HA cells (Figure 7C, lanes 4 and 8). Thus, the
interaction between Teml and Kell or Kel2 was inde-
pendent of Ltel. When taken together, these data establish
that Kell and Kel2 interact with both Ltel and Tem1, and
have an inhibitory effect on the MEN.

Discussion

Most MEN components are associated with the SPB. In
contrast, Ltel, which acts in the early stages of MEN
activation, is localized at the bud cortex (Bardin er al.,
2000; Pereira et al., 2000). This raised the possibility that
proteins that regulate and target Ltel to the bud cortex
may also be cortical. In addition, cell cortex proteins may
regulate ME independently of Ltel, ensuring that in the
absence of Ltel, cells delay ME until the spindle is
correctly positioned along the mother to bud axis. In this
study, we report that the cell cortex proteins Cdc24,
Cdc42, Cla4, Ste20, Kell and Kel2 regulate ME in at least
three different ways (Figure 8).

Cdc24, Cdc42 and Cla4 target Lte1 to the

bud cortex

The Rho-type GTPase Cdc42 is a key regulator of cell
polarity in both yeast and higher eukaryotes. In yeast,
Cdc42 localizes to the plasma membrane around the entire
cell periphery and at internal membranes throughout the
cell cycle. However, Cdc42 clusters at the incipient bud
site prior to bud emergence in G; and at the mother-bud
neck region in late anaphase (Richman et al., 2002).
Central to the initiation of actin polymerization is the local
activation of Cdc42 through the GEF Cdc24. In the active
GTP-bound state, Cdc42 then interacts with its down-
stream effectors such as the PAKs Cla4 and Ste20, which
in turn control the assembly of actin filaments and their
organization into complex structures (Gulli and Peter,
2001).

We show that bud cortex binding of the MEN
component Ltel is dependent upon the function of
Cdc24, Cdc42 and the downstream effector Clad
(Figures 3 and 4). Moreover, a constitutively active
Cdc42672V was able to target Ltel prematurely to the
cell cortex of unbudded G; cells in dependence of Cla4
(Supplementary figure 9). Although GFP-Ltel bud cortex
localization is dependent on a functional septin ring
(Figure 8), the mild septin defect of Acla4 cells (Longtine
et al., 2000) is not the cause for the mislocalization of
GFP-Ltel. First, GFP-Ltel is still associated with the bud
cortex of Agin4 cells, which have a similar septin defect to
Acla4 cells. Secondly, Sec3 associates with the bud cortex



in dependence of the septin ring (Barral et al., 2000). We
show that Sec3 is still attached to the bud cortex of Acla4
cells. Therefore, we suggest that the Cdc24-Cdc42—-Clad
cascade has a direct role in localizing Ltel to the bud
cortex.

Neither actin nor microtubules were necessary for the
association of Ltel with the bud cortex (Figure 3F; our
unpublished data). It is, therefore, likely that Ltel diffuses
to the plasma membrane of the emerging bud, where it
becomes targeted to the cortex. A likely interpretation of
our results is that the Cdc24-Cdc42-Cla4 cascade is
involved in the initial targeting event of Ltel to the bud
cortex. The molecular mechanisms by which Cdc24,
Cdc42 and Cla4 target Ltel to the bud cortex remain to be
established. One possibility is that Cla4-mediated phos-
phorylation of Ltel may trigger a conformational change
in Ltel that allows bud cortex binding. Our findings
further indicate that Cdc24 and Cdc4?2 are only required
for the initial binding of Ltel to the bud cortex. This
suggests that after the initial targeting event, Cdc24,
Cdc42 and Cla4 do not seem to exercise any role as
adaptor proteins linking Ltel to the cortex.

Several observations suggest that Cla4 participates in
the activation of Ltel and that this is the primary function
of Cla4 in ME. Like Altel cells, Acla4 cells showed a ME
defect at 10°C that was suppressed by high gene dosage of
TEMI or deletion of BUB2 (this study). The lack of
genetic interactions between CLA4 and LTEI, and the
observation that the ME defect arising from loss of either
gene were not additive, suggest that the main function of
Cla4 in MEN regulation is the activation of Ltel. Thus, it
is likely that the Ltel protein of Acla4 cells, which is
mislocalized in a non-phosphorylated form, is inactive and
accounts for the ME defect of Acla4 cells. Considering the
role of protein phosphorylation in the activation of some
GEFs (Gulli and Peter, 2001), it is possible that Cla4-
mediated phosphorylation of Ltel leads to its activation.

Lee et al. (2001) reported that Ltel phosphorylation is
dependent on polo kinase Cdc5. However, in our hands,
Ltel phosphorylation was not affected in synchronized
cultures of cdc5-1 or Cdc5-depleted Gall-CDC5 cells.
This indicates that phosphorylation of Ltel is predomin-
antly Cla4 dependent.

Evidence for an Lte1-independent role for Cdc24,
Cdc42 and Ste20 in ME

Ste20 and Cla4 belong to the PAK-like kinases that
become activated through Cdc42. These closely related
kinases have overlapping functions in actin polarization
(Cvrckova et al., 1995; Peter et al., 1996; Benton et al.,
1997; Tjandra et al., 1998; Holly and Blumer, 1999).
However, in contrast to Cla4, Ste20 was not required to
localize Ltel to the bud cortex, nor was it essential for
Ltel phosphorylation and activation (Aste20 cells are not
cold sensitive). In addition, only STE20 but not CLA4
interacted with LTE] in genetic assays. The cdc24-1 and
cdc42-1 alleles, like Aste20, showed genetic interactions
with Altel and, like Acla4, were both defective for the
initial binding of Ltel to the bud cortex. The dual
behaviour of Cla4, Cdc24, Cdc42 and Ste20 suggests
that these proteins function in at least two ways. First,
Cdc24 and Cdc42 use the effector Cla4 to target Ltel to
the bud cortex and activate Ltel. Secondly, Cdc24 and
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Fig. 8. Model for how the bud cortex regulates ME. See Discussion for
details.

Cdc42 activate Ste20 to fulfil an essential function that
overlaps with Ltel. If this is the case, we would expect to
find cdc42 alleles, which are only defective for one of the
two functions. Indeed, in cdc42-118 cells Ltel was
targeted to the bud cortex in a wild-type manner, but
these cells required STE20 for survival (Table I).

Our results are consistent with a role of CDC24, CDC42
and STE20 in ME (Figure 8). Altel was only synthetically
lethal when combined with cdc24-1, cdc42 and Aste20, but
not with other cell polarity mutants that result in defects in
actin organization, such as Acla4, Abnil, Abud6 and Agicl
Agic2 (Figures 1 and 2; Table I). This emphasizes that the
Altel Aste20 lethality is due to a specific defect in the
regulation of ME rather than a secondary consequence of
defects in actin polarization. Altel also shows a synthet-
ically lethal phenotype with genes involved in MEN
activation, such as separase ESPI (Stegmeier et al., 2002),
polo kinase CDC5 (our unpublished data) and the MEN
component MOBI (Luca and Winey, 1998). A function of
Cdc24, Cdc42 and Ste20 in ME is further supported by the
suppression of lethality in cdc24-1 Altel, cdc42-1 Altel
and Aste20 Altel cells by the hyperactivation of the MEN
either through Bfal-Bub2 complex inactivation or TEM ]
or SPO12 overexpression. In addition, overexpression of
STE20 not only suppressed the cold-sensitive growth
defect of Altel cells, but also the failure of Altel cells to
release Cdc14 from the nucleolus at 10°C (Figure 1B). The
latter phenotype suggests that Ste20 triggers Cdc14 release
independently of Ltel. Moreover, Altel Aste20 cells
displayed a ME defect under conditions in which neither
mutant on its own had any defect (Figure 1E-G). Finally, it
is important to note that the fission yeast PAK-like kinase
Sid1 is part of the septum initiation network (SIN), which
is similar in composition and function to the MEN
(Balasubramanian et al., 2000).

At present, it is unclear how Cdc24, Cdc42 and Ste20
regulate ME. Overexpression of STE20 in cells arrested in
metaphase with nocodazole, when the MEN is inactive,
did not trigger the release of Cdc14 from the nucleolus
(our unpublished data). This contrasts with the MEN-
independent release of Cdcl4 from the nucleolus upon
overproduction of separase Espl (Stegmeier et al., 2002).
These results are consistent with a model in which Ste20
requires an active MEN to trigger Cdc14 release. One
attractive possibility is that Ste20 regulates the polo kinase
Cdc5, which in turn controls the MEN through inactivation
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Table II. Yeast strains and plasmids

Name

Genotype—construction

Source or reference

Yeast strains

CRY7 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al LTEI-ProA-KanMX6 Aste20::kITRPI* This study
CRY9 MATa ura3-52 his3A200 leu2Al Altel::KanMX6 Abub2::His3IMX6 cdc24-1 This study
ESM356 MATa ura3-52 trplA63 his3A200 leu2Al This study
ESM1192 MATa ura3-52 his3A200 leu2Al Altel::KanMX6 This study
ESM1362 MATa ura3-52 trplA63 his3A200 leu2Al CDC14-GFP-kITRP1 This study
GPY104 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al LTEI-ProA-KanMX6 This study
GPY405 MATa ura3-52 trplA63 his3A200 leu2Al Abub2::kITRP1 CDCI14-GFP-His3MX6 This study
GPY406 MATa ura3-52 trpl A63 his3A200 leu2Al Altel::KanMX6 Abub2::kITRP1 CDCI14-GFP-His3IMX6 This study
GPY413 MATa ura3-52 his3A200 leu2Al Altel::KanMX6 CDC14-GFP-His3MX6 This study
THYS5 MATa ura3-52 trplA63 his3A200 leu2Al KanMX6-Gall-GFP-LTE] Pereira et al. (2000)
THY72 MATa ura3-52 his3A200 leu2Al Altel::KanMX6 cdc24-1 pSM903 This study
THYS87 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al Altel::KanMX6 Aste20::kITRP1 pSM903 This study
THY91 MATa ura3-52 trplA63 his3A200 leu2Al Aste20::kITRP1 KanMX6-Gall-GFP-LTE] This study
THY%4 MATa ura3-52 trpl A63 his3A200 leu2Al Aste20::kITRP1 This study
THY95 MATa ura3-52 his3A200 leu2Al KanMX6-Gall-GFP-LTEI cdc24-1 This study
THY106 MATa ura3-52 his3A200 leu2Al KanMX6-Gall-GFP-LTEI cdc42-1 This study
THY121 MATa ura3-52 his3A200 leu2Al cdc42-1 This study
THY122 MATa ura3-52 his3A200 leu2Al cdc24-1 This study
THY136 MATa ura3-52 trpl A63 his3A200 leu2Al Akell::kITRPI This study
THY137 MATa ura3-52 trplA63 his3A200 leu2Al Akel2::kITRP1 This study
THY142 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al KELI-3Myc-His3MX6 TEM1-3HA-KanMX6 This study
THY145 MATa ura3-52 his3A200 leu2Al Altel::KanMX6 cdc42-1 pSM903 This study
THY 147 MATa ura3-52 lys2-801 ade2-101 trpl A63 his3A200 leu2Al KELI-3Myc-His3MX6 This study
THY 148 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al KEL2-3Myc-His3MX6 This study
THY 149 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al KEL2-3Myc-His3MX6 TEM1-3HA-KanMX6 This study
THY150 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al KEL2-3Myc-His3MX6 LTEI-3HA-KanMX6 This study
THY157 MATa ura3-52 lys2-801 ade2-101 trpl A63 his3A200 leu2Al KELI-3Myc-His3MX6 LTEI1-3HA-KanMX6 This study
THY163 MATa ura3-52 trplA63 his3A200 leu2Al Akell::kITRPI Altel::KanMX6 This study
THY164 MATa ura3-52 trplA63 his3A200 leu2Al Akel2::kITRPI Altel::KanMX6 This study
THY170 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al Acla4::kITRP1 KanMX6-Gall-GFP-LTE] This study
THY172 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al Acla4::kITRP1 LTEI-ProA-KanMX6 This study
THY175 MATa ura3-52 lys2-801 ade2-101 trpl A63 his3A200 leu2Al KELI-3Myc-His3MX6 This study
TEM1-3HA-KanMX6 Altel::kITRP1
THY176 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al KEL2-3Myc-His3MX6 This study
TEMI1-3HA-KanMX6 Altel::kITRP1
THY190 MATa ura3-52 trpl A63 his3A200 leu2Al Akell::kITRP1 CDC14-GFP-His3MX6 This study
THY191 MATa ura3-52 trplA63 his3A200 leu2Al Akell::kITRPI Altel::KanMX6 CDCI14-GFP-His3MX6 This study
THY192 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al Acla4::kITRPI1 This study
THY196 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al Abub2::His3MX6
Altel::KanMX6 Aste20::kITRP1 This study
THY204 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al Acla4::kITRP1 CDCI14-GFP-His3IMX6 This study
THY205 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al Acla4::kITRP1 Abub2::His3IMX6 This study
THY206 MATa ura3-52 his3A200 leu2Al Abub2::His3MX6 Altel::KanMX6 cdc42-1 This study
THY216 MATa ura3-52 his3A200 leu2A1-Gall-STE20-LEU2 Altel::KanMX6 CDC14-GFP-His3MX6 This study
THY217 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2Al CDC14-GFP-His3IMX6 This study
THY230 MATa ura3-52 trplA63 his3A200 leu2Al Agin4::kITRP1 KanMX6-Gall-GFP-LTE] This study
THY234 MATa ura3-52-Gall-BUB2-URA3 lys2-801 ade2-101 trpl1A63 his3A200 leu2Al Altel::KanMX6 This study
Aste20::kITRP1 Abub2::His3MX6
THY235 MATa ura3-52-Gall-BUB2-URA3 lys2-801 ade2-101 trplA63 his3A200 leu2Al Altel::KanMX6 This study
Aste20::kITRP1 Abub2::His3MX6 CDCI14-GFP-LEU2
THY236 MATa ura3-52-Gall-BUB2-URA3 lys2-801 ade2-101 trpIA63 his3A200 leu2Al This study
THY237 MATa ura3-52-Gall-BUB2-URA3 lys2-801 ade2-101 trplA63 his3A200 leu2Al Altel::KanMX6 This study
THY238 MATa ura3-52-Gall-BUB2-URA3 lys2-801 ade2-101 trplA63 his3A200 leu2Al Aste20::kITRP1 This study
THY278 MATa ura3-52 lys2 trpl his3 leu2 KanMX6-Gall-GFP-LTE] cdcl2-6 This study
THY279 MATa ura3-52 lys2 trpl his3 leu2 KanMX6-Gall-GFP-LTE] This study
THY285 MATa ura3-52 lys2-801 ade2-101 trpl A63 his3A200 leu2Al Acla4::kITRP1 Aswel::His3MX6 This study
YPH499 MATa ura3-52 lys2-801 ade2-101 trplA63 his3A200 leu2Al Sikorski and Hieter (1989)
Plasmids
pKA112 pRS315 carrying CDC42 K.Ayscough
pBBI1 pRS315 carrying Gall-CDC42 Benton et al. (1997)
pBB2 pRS315 carrying Gall-CDC426/2V Benton ef al. (1997)
pBB3 pRS315 carrying Gall-CDC42P!154 Benton et al. (1997)
pSM771 pRS426 carrying TEM1 This study
pSM903 pRS316 carrying LTE! This study
pSM919 pRS315 carrying LTE! This study
pSM923 pRS426 carrying LTE! This study
pSM1033 pRS316 carrying CLA4K3%R-9)Myc This study
pTH20 pRS426 carrying SPO12 This study
pTH31 pRS426 carrying STE20 This study
pTH35 pRS315 carrying STE20 This study
pTH37 pRS315 carrying CDC24 This study
pTH102 pRS316 carrying CLA4 This study
pTHI127 pRS316 carrying SEC3-GFP This study

3ITRP1 encodes the Kluyveromyces lactis TRP1 gene.
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of the inhibitory Bfal-Bub2 complex. PAK kinase has
been shown to activate polo kinase in other systems
(Ellinger-Ziegelbauer et al., 2000) and the role of Cdc5 in
regulating the Bfal-Bub2 complex is well established
(Lee et al., 2001).

Kel1 and Kel2 negatively regulate the MEN

Kell and Kel2 are conserved kelch domain proteins
associated with the bud cortex that are involved in cell
fusion and morphology (Philips and Herskowitz, 1998).
Co-immunoprecipitation revealed that both Kell and Kel2
form complexes with Ltel (this study). Consistent with our
data, a complex containing Kell and Ltel has been
purified, indicating a direct interaction between the two
proteins (Gavin et al., 2002). Kell and Kel2 may act as
adaptor proteins that target Ltel to the bud cortex.
However, binding of Ltel to the bud cortex in mutants
where both KELI and KEL2 have been deleted make such
a model unlikely. Instead, the observation that deletion of
KELI or KEL2 mimicked the inactivation of the inhibitory
Bfal-Bub2 complex in suppressing the cold-sensitive ME
defect of Altel cells supports the notion that Kell and Kel2
are negative regulators of ME (Figure 8). In this respect, it
is interesting that Kell and Kel2 co-immunoprecipitated
with Teml1 and that this interaction was independent of
Ltel. Kell and Kel2 therefore bind the GTPase Tem1 and
the GEF Ltel independently, possibly preventing their
association. This separation and the sequestration of Tem1
by Kell and Kel2 may prevent premature activation of
Tem1 by Ltel or by another mechanism.

Do Cdc24, Cdc42, PAKs and Kel homologues have
a role in regulating ME in other organisms?
Kell and Kel2 are related to the fission yeast Teal, which
interacts with the plus end of microtubules and also
functions in polarized growth (Mata and Nurse, 1997). It
will be important to test whether Teal regulates the SIN
network in fission yeast (Balasubramanian et al., 2000).
Cdc24, Cdc42 and PAK kinases are conserved from
yeast to mammalian cells. Human and yeast CDC42 are
80% identical and functionally interchangeable, suggest-
ing that the key functions of Cdc42 are highly conserved
(Shinjo et al., 1990). It is important to note that in higher
eukaryotes Rho GTPases have been implicated in the
regulation of late events in the cell cycle around the time
of mitotic exit, such as central spindle formation and
cytokinesis (Tatsumoto et al., 1999; Jantsch-Plunger et al.,
2000).

Materials and methods

Growth conditions and yeast strains

Yeast strains were grown in yeast extract, peptone, dextrose medium
containing 100 mg/l adenine (YPAD medium). For the induction of
the Gall promoter, yeast cells were grown in yeast extract, peptone,
3% raffinose, 100 mg/ml adenine medium (YPRA). Galactose (2%) was
added to induce the Gall promoter. Yeast strains were derivatives of
S288c (Sikorski and Hieter, 1989) (Table II) with the exception of
THY278 and THY279, which were derived from YEF473A (gift of Dr
D.Lew). Yeast strains were constructed using PCR-amplified cassettes
(Longtine et al., 1998).

In vitro binding experiments
GST, GST-Cdc42 and GST-Tem! were expressed in E.coli BL21 and
purified using glutathione—Sepharose (Amersham Pharmacia). The GST

A role for cell polarity proteins in mitotic exit

proteins bound to glutathione—Sepharose were presented to a yeast lysate
of 3HA-LTE]I cells for 60 min at 4°C in UB buffer (0.05 M HEPES pH 7.5,
0.1 M KCl, 3 mM MgCl,, | mM EGTA, 1 mM DTT, 1 mM PMSF,
0.2% Triton X-100, 1 mM GTP). After three washes with UB buffer,
the associated proteins were eluted with sample buffer and analysed
by immunoblotting.

Antibodies, immunoprecipitations, indirect
immunofluorescence, GFP-Lte1 localization and actin
staining with phalloidin

Monoclonal mouse anti-HA (12CAS), mouse anti-Myc (9E10) or rabbit
anti-GFP antibodies were obtained from Boehringer Ingelheim. Mouse
monoclonal anti-o-tubulin antibody WA3, rabbit anti-Tem1 and anti-
Tub2p antibodies have been described previously (Pereira et al., 2000).
Secondary antibodies were from Jackson Research Laboratories.
Ltel-3HA and Teml-3HA were immunoprecipitated from yeast cell
extracts using anti-HA antibodies covalently coupled to ProA—Sepharose
beads. Indirect immunofluorescence was performed using a standard
protocol. GFP-labelled cells were analysed by fluorescence microscopy
after fixing the cells with paraformaldehyde (Pereira et al., 2000). DNA
was stained with 4’,6-diamidino-2-phenylindole (DAPI). F-actin of yeast
cells was stained with rhodamine—phalloidin (Ayscough et al., 1997).

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