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Cla4 kinase triggers destruction of the Rac1-GEF
Cdc24 during polarized growth in Ustilago maydis

Sonja Helene Frieser, Andrea Hlubek, Bjérn Sandrock, and Michael Bélker
Department of Biology, University of Marburg, 35032 Marburg, Germany

ABSTRACT Dimorphic switching from budding to filamentous growth is a characteristic fea-
ture of many pathogenic fungi. In the fungal model organism Ustilago maydis polarized
growth is induced by the multiallelic b mating type locus and requires the Rho family GTPase
Rac1. Here we show that mating type—induced polarized growth involves negative feedback
regulation of the Rac1-specific guanine nucleotide exchange factor (GEF) Cdc24. Although
Cdc24 is essential for polarized growth, its concentration is drastically diminished during fila-
ment formation. Cdc24 is part of a protein complex that also contains the scaffold protein
Bem1 and the PAK kinase Cla4. Activation of Rac1 results in Cla4-dependent degradation of
the Rac1-GEF Cdc24, thus creating a regulatory negative feedback loop. We generated mu-
tants of Cdc24 that are resistant to Clad-dependent destruction. Expression of stable Cdc24
variants interfered with filament formation, indicating that negative feedback regulation of
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Cdc24 is critical for the establishment of polarized growth.

INTRODUCTION

Highly polarized growth occurs in many eukaryotic cells and requires
precise temporal and spatial control of the cytoskeleton, vesicular
trafficking, and membrane fusion. Apical growth of fungal cells serves
as an excellent system in which to study the molecular mechanisms
of cell polarization and the functional contributions of Rho-family
GTPases (Etienne-Manneville and Hall, 2002). These proteins act
as molecular switches and exist in two conformations—the active,
GTP-bound form and the inactive, GDP-bound form. Rho GTPases
are activated by guanine nucleotide exchange factors (GEFs) that
catalyze the exchange of GDP for GTP (Rossman et al., 2005). Inacti-
vation of GTPases is mediated by GTPase-activating proteins (GAPs)
that enhance the low intrinsic GTPase activity (Bernards and Settle-
man, 2004). In the yeast Saccharomyces cerevisiae, the essential Rho
protein Cdc42p acts as central regulator of polarity (Johnson and
Pringle, 1990; Etienne-Manneville, 2004). Cdc42p and its GEF
Cdc24p interact with the scaffold Bem1p and form a ternary com-
plex that also contains the downstream effector of Cdc42p, the PAK
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kinase Cladp (Peterson et al., 1994; Gulli et al., 2000; Bose et al.,
2001). Many studies have addressed the question of how this com-
plex regulates yeast morphogenesis (Gulli et al., 2000; Bose et al.,
2001; Kozubowski et al., 2008). Localization and activity of Cdc24p
are regulated at different levels (Gulli and Peter, 2001). Cdc24p is
subject to cell cycle-dependent nuclear sequestration (Toenjes et al.,
1999; Nern and Arkowitz, 2000; Shimada et al., 2000), oligomeriza-
tion (Mionnet et al., 2008), and autoinhibition (Shimada et al., 2004).
In addition, Cdk- and Cla4-dependent phosphorylation of Cdc24 has
been observed, but the biological function of these modifications is
still elusive (Gulli et al., 2000; Bose et al., 2001; Moffat and Andrews,
2004; Cole et al., 2009; Wai et al., 2009).

The dimorphic basidiomycetous fungus Ustilago maydis is an ex-
cellent model system in which to study the molecular mechanisms
of fungal pathogenesis and hyphal growth (Bélker, 2001; Steinberg
and Perez-Martin, 2008; Brefort et al., 2009). Haploid cells grow by
budding, whereas dikaryotic cells, which result from fusion of com-
patible cells, display highly polarized growth. This dimorphic switch
is controlled by the b mating type locus and is critical for virulence
(Banuett, 1995). Here we address the regulation of the Rac1-specific
GEF Cdc24 during filamentous growth. We observe that Cla4-
dependent phosphorylation targets Cdc24 for destruction. We pro-
vide evidence that this negative feedback loop plays an important
role during polarized growth.

RESULTS

b mating type-induced polarized growth involves
Cdc24-dependent activation of Rac1

Sexual and pathogenic development in the plant pathogenic fun-
gus U. maydiis requires the morphogenetic transition from budding
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FIGURE 1: Mating type—-dependent dimorphic switching involves activation of Rac1.
(A) Schematic representation of U. maydis dimorphic switching. Haploid cells of different mating
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level of active Rac1-GTP in a pull-down as-
say using the Cdc42/Racl interaction and
binding (CRIB) domain of the U. maydis
Smu1 kinase (Leveleki et al.,, 2004; Smith
et al., 2004). The genomic copy of Rac1 was
tagged atits N-terminus with a 3xHA epitope
and expressed in strain AB31. AB31 carries
the bE1 and bW2 mating type proteins
under control of a regulatable promoter
(Figure 1B; Brachmann et al., 2001). If grown
under inducible conditions, these cells
switch from budding to filamentous growth
(Figure 2A). We observed that in filaments
the level of active Rac1-GTP was significantly

< Coomassie

<4 3xHA-Rac1 total

< Cdc42 total enhanced, whereas the level of active
Cdc42-GTP was unaffected (Figure 1C).
< Tub1 Next we asked which GEF is responsible

for stimulation of Rac1 activity during po-
larized growth. Although in yeast the GEF
Cdc24p is specific for Cdc42 (Zheng et al.,
1994), its U. maydis orthologue (Cdc24)

<4 3xHA-Rac1-GTP

<Cdc42-GTP was proposed to act as Rac1-specific GEF
(Mahlert et al., 2006). This view is sup-
ported by the observation that overexpres-
M Cdc42-GTP sion of Cdc24 induces filamentous growth
[1Rac1-GTP in U. maydis (Castillo-Lluva et al., 2007)

(Supplemental Figure 1A). Here we ob-
served that induced expression of Cdc24
results in significantly increased levels of
active Rac1-GTP but not Cdc42-GTP
(Figure 1C). These results indicate that the
b mating type-dependent morphogenetic
transition involves stimulation of Ract,
most presumably by Cdc24.

type fuse at their tips to form a dikaryotic filament. (B) Strain AB31 expresses the active

combination of bW2 and bE1 under control of the arabinose inducible crg promoter. The
endogenous copy of Rac1 was tagged by an N-terminal 3xHA tag. (C) The levels of active
Rac1-GTP and Cdc42-GTP were determined by CRIB pull-down assays before (=) and after (+)
induction (4 h) of either bE1/bW2 or Cdc24 overexpression. GSH agarose beads were loaded
with GST-CRIB and incubated with protein extracts from cultures grown under noninducing (-)
and inducing (+) conditions. The amount of GST-CRIB is indicated by Coomassie staining. Rac1,
Cdc42, and tubulin were detected with antibodies. The diagram shows the mean values of three

independent determinations. Standard deviations are indicated.

to filamentous growth (Figure 1A). This dimorphic switch is con-
trolled by the multiallelic b mating type locus. The b locus encodes
a pair of homeodomain transcription factors, which form heterodim-
ers if derived from different alleles (Kémper et al., 1995). Expression
of an active bE/bW heterodimer is sufficient to trigger filamentous
growth in haploid cells (Brachmann et al., 2001). Many genes have
been identified that are regulated by the bE/bW heterodimeric tran-
scription factor (Heimel et al., 2010; Wahl et al., 2010). However, the
molecular mechanism of filament formation is largely unknown. In
U. maydis, polarized growth depends on the Rho GTPase Rac1,
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Dimorphic switching is accompanied
by down-regulation of Cdc24

To study the role of the GEF Cdc24 during
dimorphic switching in more detail, we
expressed a C-terminal Cdc24-green fluo-
rescent protein (GFP) fusion protein under
control of the constitutive tef promoter
in AB31 cells. Before induction of the b
mating type genes, Cdc24-GFP was evenly
distributed in the cytoplasm and showed some accumulation in
nuclei and at the bud tip (Figure 2A). Four hours after induction of
the bE1/bW2 heterodimer, cells grow as filaments and Cdc24
accumulated at the growing tip (Figure 2A). Much to our sur-
prise, the intensity of Cdc24-GFP fluorescence decreased dramati-
cally upon prolonged induction (8 h) of the b mating type genes
(Figure 2A). The mRNA level of Cdc24-GFP was not affected un-
der these conditions (Figure 2B). Western analysis using anti-GFP
antibodies confirmed that the level of Cdc24-GFP protein was
strongly reduced upon induction of bE1/bW?2 (Figure 2C). A time
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FIGURE 2: Cdc24 is degraded upon mating type-dependent dimorphic switching.

(A) Localization of Cdc24 was followed by constitutive expression of Cdc24-GFP fusion protein
in strains AB31 and AB31Arac?. These strains express the active bE1/bW2 heterodimer under
control of the arabinose-inducible crg promoter. DIC and fluorescence micrographs were
taken before induction (0 h) and 4 and 8 h after induction of bE1/bW2 expression. Bars,

10 pm. (B) Northern analysis of cdc24-GFP mRNA levels in strains AB31 and AB31Arac1 before
(0 h) and after induction (8 h) of the bE1/bW2 heterodimeric transcription factor. The ppi gene
encoding peptidyl-prolyl cis/trans isomerase served as loading control. (C) Western blot
analysis of Cdc24-GFP protein levels in strains AB31 and AB31Arac1 before (0 h) and after
induction (8 h) of the bE1/bW2 heterodimeric transcription factor. A monoclonal antibody
against GFP was used for detection of Cdc24-GFP. Tubulin (Tub1) served as loading control.
(D) The protein level of Cdc24 was determined at various time points after induction of bE1/
bW2 overexpression in wild-type cells and in cells deleted for the endogenous copy of rac’.
Cells were grown overnight in noninducing medium (0 h) and transferred to inducing medium.
Proteins were isolated before induction and at 2, 4, 6, and 8 h after induction. (E) The protein
level of Cdc24-3xHA expressed under control of its endogenous promoter was determined in
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course experiment revealed that degra-
dation of Cdc24 started within 2 h after in-
duction of bE1/bW2 expression (Figure 2D).
To rule out that the constitutive expression
of Cdc24-GFP was responsible for the
observed down-regulation of Cdc24, we
tagged the genomic copy of Cdc24 at its
C-terminus with a 3xHA epitope. It is reas-
suring that, also in these strains, significant
degradation of Cdc24 was observed during
mating type induced-filament formation
(Figure 2E). Together, these data suggest
that mating type-dependent dimorphic
switching results in significant destabiliza-
tion of Cdc24 protein.

Because induction of the bW2/bE1
heterodimer enhances the level of active
Rac1 (Figure 1C), we determined whether
degradation of Cdc24 depends on Rac1.
If the racl gene is deleted in strain
AB31Araci, down-regulation of Cdc24
upon expression of bE1/bW2 is com-
pletely abolished (Figure 2, A, C, and D).
Of interest, Cdc24 was stabilized in the
absence of Rac1 also in uninduced bud-
ding cells (Figure 2, A, C, and E). Further-
more, overexpression of Racl was suffi-
cient to trigger destruction of Cdc24-3xHA
(Figure 2E), whereas neither depletion nor
overexpression of Cdc42 affected the pro-
tein level of Cdc24 (Figure 2E). This con-
firms our previous hypothesis that Cdc24
acts as Racl-specific GEF and suggests
that the Racl-dependent destabilization
of Cdc24 constitutes a negative feedback
loop. Apparently, this feedback mecha-
nism operates not only during filamentous
growth, but also during budding.

The assumption that activation of Rac1
is required to trigger down-regulation of
Cdc24 was corroborated by our observation
that the nonactivatable variant Rac17"7N fails
to destabilize Cdc24 (Figure 3A). In addi-
tion, a mutant version of Cdc24 (Cdc2472854)
that has no GEF activity (Aghazadeh et al.,
1998) was significantly more stable than
wild-type Cdc24 (Figure 3B). Surprisingly,
expression of constitutive active Rac1?¢'t
did not result in degradation of Cdc24
(Figure 3A). Instead, we even observed sig-
nificant stabilization of endogenously ex-
pressed Cdc24-3xHA (Figure 3A). Because
overexpression of Rac1%'t is deleterious in
U. maydis (Mahlert et al., 2006), stabilization

strain AB31 and in conditional mutants of
rac1 and cdc42 that express the GTPases
under control of the crg promoter at the
genomic loci. Cells were grown in liquid
medium under noninducing (=) or inducing
(+) conditions.
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FIGURE 3: Negative feedback regulation of Cdc24 depends on a functional Bem1-scaffolded signaling module. (A) The
protein level of Cdc24-3xHA expressed under control of its endogenous promoter was determined in cells that
overexpress constitutive active Rac12't, dominant negative Rac1™”N, and constitutive active Cla4ACRIB kinase. Cells
were grown in noninducing medium, and proteins were isolated before induction (OFF) and 8 h after induction (ON).

(B) The protein level of constitutively expressed mutant Cdc247285A-GFP was determined in comparison with the level of
wild-type Cdc24-GFP expressed under the same conditions. (C) The effect of Rac1 overexpression on the protein level
of Cdc24-GFP was determined in the presence (+) or absence (=) of either the Rac1 effector Cla4 or the scaffolding
protein Bem1. Rac1 was ectopically expressed under control of the nitrate-inducible nar1-promoter in wild type, in Acla4
mutants, and in a conditional bem1¢9 mutant strain that expresses the bem1 gene under control of the arabinose-
inducible crg promoter. Cells were grown in liquid minimal medium containing glucose (=) or arabinose (+) as carbon
source and ammonium (OFF) or nitrate (ON) as nitrogen source. (D) Rac1-GTP needs both the scaffold Bem1 and the
effector Cla4 to target Cdc24 for degradation. (E) The protein level of Cdc24-GFP was determined before (OFF) and
after induction of an ectopic copy of constitutive active Cla4ACRIB kinase in the wild type, in the rac1 deletion mutant,
and in the conditional bem1 mutant. Growth conditions were the same as described in C. (F) Constitutively active
Cla4ACRIB needs the bridging function of Bem1 to induce degradation of Cdc24. (G) Phenotypes of AB31, AB31Acla4,
and AB31cla4-AS before (0 h) and after induction of bE1/bW2 overexpression (8 h). Strain AB31cla4-AS expresses the
analogue-sensitive mutant cla4V¢?2, which can be inhibited by 1NM-PP1. Scale bars, 10 um. (H) Determination of

endogenous Cdc24-3x-HA levels in the cells shown in G.

of Cdc24 might result from toxic side effects. This hypothesis could
be ruled out since wild-type Rac1 was still able to trigger Cdc24
destruction even in the presence of Rac1%'t (Supplemental Figure
1G). Thus it is not just the active form of Rac1 that destabilizes
Cdc24. Obviously, negative feedback regulation of Cdc24 requires
that Rac1 is able to cycle between its inactive, GDP-bound form and
its active, GTP-bound form.

Feedback regulation of Cdc24 occurs within

a ternary complex

Rho GEFs are often part of larger, multiprotein complexes
(Marinissen and Gutkind, 2005; Garcia-Mata and Burridge, 2007).
In the yeast Saccharomyces cerevisiae, Cdc24p interacts with the
scaffold protein Bem1p, which also binds the GTPase Cdc42p and
its downstream effector Cladp (Gulli and Peter, 2001; Kozubowski
et al., 2008). Homologues of both the p21-activated kinase Cladp
and the scaffold protein Bem1p exist in U. maydis (Leveleki et al.,
2004; Alvarez-Tabares and Perez-Martin, 2008). To test for ternary
complex formation, we performed pull-down assays using GST-
Rac1 fusion proteins (Supplemental Figure 3C). Purified GST-Rac1
was preloaded with either GDP or nonhydrolyzable GTPYS and in-
cubated with cell extracts from U. maydis strains overexpressing
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Cdc24-GFP, Cla4-GFP, or GFP-Bem1 either singly or in all possible
pairwise and triple combinations. Rac1-GDP showed high affinity
only for Cdc24 and for neither Bem1 nor Cla4 (Supplemental
Figure 3D). In contrast, active Rac1-GTPyS was unable to precipi-
tate Cdc24 but showed strong interactions with Cla4 and Bem1
(Supplemental Figure 3D). Further coprecipitation experiments re-
vealed that Bem1 interacts directly with Cdc24 and Cla4 (Supple-
mental Figure 3E). Interaction between Cdc24 and Cla4 was ob-
served only in the presence of Bem1 (Supplemental Figure 3, E-G),
indicating that Bem1 acts as scaffold protein for Cdc24, Racl,
and Cla4.

To follow ternary complex formation in vivo, GFP fusion proteins
of Cdc24, Cla4, and Bem1 were expressed in either wild-type cells
or in cells depleted for either one of these proteins. In wild-type
cells, all fusion proteins accumulated at the growing tips of filaments
and buds (Supplemental Figure 2). Tip localization of Cdc24 and
Cla4 required the presence of the scaffold protein Bem1 (Supple-
mental Figure 2), demonstrating that Bem1 is critical to recruiting
Cdc24 and Cla4 to the growing tip.

Next we asked whether complex formation is required for
the negative regulation of Cdc24. To avoid any side effects
by other b-regulated genes (Scherer et al., 2006), we used
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Rac1-overexpression—-induced destabilization of Cdc24-GFP as
readout in the following experiments. First, we tested whether
Cla4 kinase is required for negative autoregulation of Cdc24. De-
struction of Cdc24 upon overexpression of Rac1 was abolished in
Acla4 mutants (Figure 3C) and in cells depleted for Bem?1
(Figure 3C). Interaction between Cdc24 and Bem1 is mediated by
their C-terminal PB1 domains (Supplemental Figure 3F; Bose
et al., 2001). If we deleted the PB1 domain of Cdc24, the resulting
protein Cdc24APB1 became resistant to Rac1-induced destabiliza-
tion (Figure 4C). These data strongly suggest that negative feed-
back regulation of Cdc24 requires ternary complex formation.

Cla4-dependent phosphorylation targets Cdc24

for destruction

The Rac1 downstream effector Cla4 kinase is required for fila-
ment formation, but overexpression of Cla4 is not sufficient to
induce filamentous growth (Supplemental Figure 1) and had only
a very minor effect on the protein level of Cdc24 (unpublished
data). In contrast, expression of a mutant version of Cla4 that
lacks the inhibitory CRIB domain (Cla4ACRIB; Leveleki et al.,
2004) triggered destruction of Cdc24 (Figure 3E and Supplemen-
tal Figure 1A). Cla4ACRIB-induced degradation of Cdc24 was
independent of Rac1 but still required the presence of the scaf-
fold protein Bem1 (Figure 3E). These data strongly suggest that
Cdc24 degradation is induced by active Cla4 kinase tethered to
Cdc24 via Bem1 (Figure 3F).

To prove that Cla4 kinase activity is critical for degradation of
Cdc24, we generated the analogue-sensitive variant Cla4Mé274,
which can be specifically inhibited by 4-amino-1-tert-butyl-3-(1'-
naphthylmethyl)pyrazolo[3,4-d]pyrimidine (1NM-PP1; Bishop et al.,
1998; Liu et al., 1998; Weiss et al., 2000). If treated with TNM-PP1,
cells displayed a phenotype similar to that of Acla4 mutants
(Figure 3G; Leveleki et al., 2004). Inhibition of Cla4 kinase activity
interfered with both b-induced filament formation and destabiliza-
tion of endogenous Cdc24-3xHA (Figure 3, G and H). This indi-
cates that the kinase activity of Cla4 is necessary to trigger Cdc24
degradation, most probably by direct phosphorylation.

To find out whether Cdc24 is a substrate for Cla4-dependent
phosphorylation, we designed a test system. We reasoned that di-
rect interaction between Cdc24 and active Cla4ACRIB should result
in degradation of Cdc24, independent of Bem?1 and Racl
(Figure 4A). To this end, we fused the Cla4-interacting SH3 domain
of Bem1 to C-terminally truncated Cdc24APB1. Because Cdc24APB1
is resistant to Cla4-dependent degradation (Figure 4C), we tested
whether fusion of the SH3 domain restores Cla4-dependent degra-
dation. Indeed, expression of Cla4ACRIB resulted in degradation
of the SH3-Cdc24APB1 fusion protein. This indicates that the
bridging function of Bem1 during feedback regulation can be mim-
icked by direct interaction between Cla4 and SH3-Cdc24APB1. We
used this assay to delimit the region within Cdc24 that is sufficient
to target Cdc24 for destruction and tested several fragments of
Cdc24 for Clad-induced destabilization (Figure 4B). As control, we
expressed the respective Cdc24 fragments also without SH3 do-
main. These experiments revealed that a region comprising 394
amino acids between the pleckstrin homology domain and the C-
terminal PB1 domain was sufficient to trigger Clad-dependent deg-
radation (Figure 4D). If analogue-sensitive CladACRIBMé2%A was
used, degradation could be inhibited by addition of TNM-PP1
(Figure 4E). This confirms that kinase activity is essential for destabi-
lization and suggests that Cdc24 is a direct substrate of Cla4 kinase.

To detect CladACRIB-dependent phosphorylation of the
394-amino acid Cdc24 fragment, protein extracts were prepared
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shortly after induction of Cla4ACRIB and in the presence of phos-
phatase inhibitors. When proteins were separated by SDS-gel elec-
trophoresis, less mobile variants of the Cdc24 peptide were de-
tected (Figure 4F). We confirmed that the observed mobility shift
results from phosphorylation by treatment with alkaline phosphatase
(ALP) (Figure 4F). If the analogue-sensitive variant Cla4dACRIBMé2%A
was used for phosphorylation of the Cdc24 fragment, the mobility
shift was observed only in the absence of inhibitor (Figure 4F). To-
gether these data clearly indicate that phosphorylation of Cdc24
depends on Cla4 kinase activity.

Expression of a stabilized version of Cdc24 affects
polarized growth
Next we addressed the biological function of negative autoregula-
tion of Cdc24. We constructed a strain that expresses a mutant
version of Cdc24 that lacks the region that was shown to be suffi-
cient to trigger degradation (Figure 4H). The resulting protein,
Cdc24A622-1016, displayed significantly enhanced stability com-
pared with wild-type Cdc24 (Figure 41). We were able to delimit the
domain that is necessary to confer instability on a short region im-
mediately adjacent to the PH domain (Figure 4, H and I). This do-
main consists of 63 amino acids and contains a total of nine serine
or threonine residues, which might be phosphorylated by Cla4. We
replaced these potential phosphorylation targets by alanine either
singly or in groups of two. In neither of these mutants was the stabil-
ity of the resulting protein significantly affected (Figure 4J). However,
exchange of all serine and threonine residues within this region
resulted in significant stabilization of the mutant protein Cdc24*
(Figure 4J). When a fragment carrying these amino acid exchanges
was assayed in our test system, we also observed significant stabiliza-
tion (Figure 4, B and D). We noted that the stabilized fragment SH3-
Cdc24(622-1016)* is still a substrate for Clad because it still displays
a weak mobility shift in the SDS gel (Figure 4D). Apparently, this re-
sidual phosphorylation does not affect protein stability (Figure 4G).
To exclude that the observed stabilization of mutant Cdc24* might
result from loss of GEF activity, we tested whether Cdc24* was still
able to activate Rac1. Significant increase of active Rac1-GTP was
observed upon expression of Cdc24* indicating that GEF activity is
not affected in this mutant (Figure 4K and Supplemental Figure 4).
To determine whether removal of potential Cla4 phosphoryla-
tion sites affects the stability of Cdc24 during b-dependent dimor-
phic switching, we followed the level of endogenously expressed
mutant Cdc24* protein in strain AB31. On expression of active bE1/
bW?2 heterodimer, the level of wild-type Cdc24 protein decreased
by more than 50%, whereas mutant Cdc24* was only slightly af-
fected (Figure 5A). Next we determined whether stabilization of
Cdc24 interferes with its biological function. Cells expressing Cdc24*
were significantly wider and longer (Figure 5, B and C). Remarkably,
cells carrying Cdc24* were also affected in dimorphic switching.
Both number and length of filaments were reduced in Cdc24* mu-
tant cells (Figure 5, D and E). These data highlight the importance of
negative autoregulation by Cla4-dependent degradation for the
function of Cdc24 during both budding and hyphal tip growth.

DISCUSSION

In this study, we present evidence that polarized growth in U. maydis
involves activation of Rac1 by the Rho-GEF Cdc24. We show that
Cdc24 is part of a multiprotein complex that comprises the scaffold
protein Bem1, the small GTPase Rac1, and the protein kinase Cla4.
Activation of Rac1 by Cdc24 stimulates Cla4 kinase activity, which
then triggers destruction of Cdc24. We identified a region within
Cdc24 that confers Cla4-dependent destabilization. Expression of a

Negative feedback regulation of Cdc24 | 3257



Cdc24 [ JeH[ [on JIPHT] [PB1] -

Cdc24APB1
degradation / QA SH3-Cdc24APB1  [SHa]  [cH] [ oA [[ PH ]| \ -

B Cdc24 stability

Cdc24APB1 [ fen[[on J[pH] ] +

\
aa vy, SH3-Cdc24 (1-621) [sHal  [cH| [Lon [ Pr] +
— Cdc24’_,
BN SH3-Cdc24 (622-1016) [sws] ] -
SH3-Cdc24 (622-1016)* [sHa [orree ] +
test system
Cdc24APB1 Cdc24 (1-621) Cdc24 (622-1016) _Cdc24 (622-1016)*

Rac1 - + CladACRIB OFF ON OFF ON OFF ON OFF ON OFF ON OFF ON OFF ON OFF ON
i <«Cdc24APB1-GFP — e <« GFP
E <« Tub1 = -;.." a o e : 4 Ponceaus

+SH3 -SH3 +SH3 -SH3 +SH3 -SH3 +SH3 -SH3
G
N $ &
E { F G S8
. . 3 *
-~ i‘ SH3-Cdc24 (622-1016)-GFP +PI 4 GFP
= = <« PonceauS é |:|< Ponceau$
CladACRIB-AS OFF ON ON + CladACRIB +Clad4ACRIB- + CladACRIB

H stability |
Cdc24 CH DH PH PB1 = J J
S & $
F& g
4622-1016 [ Ten[ [Ton J["PH ] + F v 3 ¢
2622-684 [ JeAl [on L pa]~ = + - e HA
A
46841016 [ GR] [ DI [ PR -t Pl - -

Cdc24* [ JcA] [ oA T PH [== P5i] + [=—— ] T

NMRRQQAAAQHYSQQQQNMNMAGAGAMGRRITQTSSHFPQTPLAEIAPVNPFTTAVLPH&AL

o F ¥ o & O
& E & &
N &
& 8
CRIB-pulldown
J . . K wT Cdc24 A622-1016  A622-684 Cdc24*
oy ©
B 2
" 0 © - - - - -
o c}‘é & o v?'« ol o + + + + +
& P S &

3.0

e AR
e panllAlAls
0.0 L —

FIGURE 4: Characterization of the region within Cdc24 that confers Cla4-dependent destabilization. (A) Schematic
representation of the test system for Cdc24 fragments that are important for Cla4-induced Cdc24 destabilization. Bem1
normally interacts with Cdc24 via its PB1 domain and with Cla4 via an SH3 domain. The “bridging” function of Bem1 is
mimicked by direct fusion of the SH3 domain of Bem1 to the Cdc24 fragments. (B) Schematic overview of the tested
Cdc24 fragments. (C) Protein stability of ectopically expressed mutant Cdc24APB1-GFP was determined in the presence
(+) and absence (-) of Rac1. (D) Western blot analysis of C-terminal GFP fusions of the indicated Cdc24 fragments.
Cdc24 fragments were expressed in AracT mutant cells as N-terminal fusions to the SH3 domain of Bem1 (+SH3). Cdc24
fragments without the SH3 domain (-SH3) served as control. Probes were taken before (OFF) and after 4 h of
Cla4ACRIB overexpression (ON). (E) Determination of the protein level of fragment SH3-Cdc24(622-1016)-GFP before
(OFF) and 6 h after induction of the overexpression of the analogue-sensitive variant of Cla4ACRIB (Cla4ACRIB-AS),
which carries the M629A mutation. Cultures were grown in the presence and absence of the inhibitor 1INM-PP1.

(F) Detection of mobility shifts in SH3-Cdc24(622-1016)-GFP caused by expression of Cla4ACRIB or Cla4ACRIB-AS.
Protein extracts of kinase-overproducing cultures were prepared in the presence of phosphatase inhibitors (Pls) or after
addition of ALP. Cla4ACRIB-AS was expressed in the presence and absence of the inhibitor 1INM-PP1. Asterisks mark
phosphorylated SH3-Cdc24(622-1016)-GFP. (G) Wild-type SH3-Cdc24(622-1016)-GFP and the stabilized protein
SH3-Cdc24(622-1016)*-GFP were prepared in the presence of Pls shortly after induction of Cla4ACRIB overexpression.
Mobility shifts are indicated by asterisks. (H) Schematic representation of internal Cdc24 deletions that were introduced
at the genomic locus. In Cdc24* all serine (S) and threonine (T) residues of the indicated domain were exchanged for
alanine (1). Protein levels of the indicated Cdc24 mutant proteins. For visualization, the proteins were C-terminally fused
to a 3xHA tag. (J) Western blot analysis of the protein levels of Cdc24 mutants carrying the indicated mutations.

(K) Quantification of active Rac1-GTP before (=) and after (+) 4 h of the overexpression of the indicated Cdc24 variants.
The diagram shows the mean values of three independent determinations. SDs are indicated.
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activity (Bose et al., 2001; Kozubowski
et al., 2008). To distinguish between these
competing models, phosphorylation sites
have been mapped in yeast Cdc24p by
mass spectrometry. Surprisingly, however,
even removal of all mapped phosphoryla-
tion sites affected neither Cdc24p stability
nor function (Wai et al., 2009).

Within U. maydis Cdc24 we could iden-
tify a short region of 63 amino acid residues
that is both necessary and sufficient to trig-
ger Clad-dependent destruction. Mutation
of all serine and threonine residues within
this region abolished Cla4-dependent de-
stabilization but did not affect the GEF activ-
ity. Comparison with the yeast Cdc24p se-
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quence revealed that none of these putative
phosphorylation sites is conserved between
both organisms. Because exchange of sin-
gle phosphorylation sites did not altered
protein stability, we assume that phosphory-
lation of multiple residues within this region
is required to trigger Cdc24 degradation.
Multisite phosphorylation is a widespread
phenomenon in protein regulation (Salazar
and Hofer, 2009). In yeast, degradation of
the CDK inhibitor Sic1p and the filamentous
growth regulator Tec1p also requires muilti-
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FIGURE 5: Expression of Cla4-resistant Cdc24* interferes with induction of filamentous growth.
(A) The relative concentration of Cdc24-3xHA and Cdc24*-3xHA in which all serines and
threonines within the critical region for destabilization were mutated into alanines was
determined before (0 h) and after 8 h of bE1/bW2 overexpression. Shown are the mean values
of three independent experiments. SDs are reflected by the bars. (B) Phenotype of U. maydis
cells expressing either wild-type Cdc24 or Clad-resistant Cdc24* at the endogenous locus.
Scale bars, 10 um. (C) Quantification of length and diameter of the cells shown in B (n = 50).
(D) Quantification of the percentage of cells without filaments and cells with filaments of
indicated length (shorter than 10 pm, between 10 and 20 um, between 20 and 50 pm, and
longer than 50 um) 4 h after the induction of bE1/bW2 overexpression in strains expressing
wild-type Cdc24 or mutated Cdc24* at the endogenous locus (n = 100). (E) Representative
images of cells from the cultures quantified in D. Pictures were taken 4 h after bE1/bW2

induction. Bars, 10 pm.

Clad-resistant variant of Cdc24 severely affected filament formation,
demonstrating that negative feedback regulation of Cdc24 plays an
important role during polarized growth.

We observed that in U. maydis the Rac1-specific GEF Cdc24 is
subject to posttranslational control during both budding and fila-
mentous growth. During both biological processes Cdc24 is de-
stabilized by Cla4-dependent phosphorylation. Phosphorylation
of Cdc24p by Cladp also has been observed in budding yeast, but
the function of this modification is a matter of debate (Gulli et al.,
2000; Bose et al., 2001; Irazoqui et al., 2003). It was reported that
Cladp-dependent phosphorylation of Cdc24p triggers release
from Bem1p and thus may be part of a negative feedback loop
(Gulli et al., 2000). However, this view was challenged by conflict-
ing data that suggested that phosphorylation of Cdc24p had no
effects on Bem1p interaction but even enhanced Cdc24p GEF
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ple phosphorylation events (Nash et al.,
2001; Bao et al., 2010). It has been shown
that multisite phosphorylation of Sic1 and
Tec1 triggers their recognition by the F-box
adaptor protein Cdc4 of the SCF E3 ubig-
uitin ligase complex (Deshaies and Joazeiro,
2009). SCF-dependent degradation has also
been shown for the mammalian Cdc42 GEFs
FGD1 and FGD3 (Hayakawa et al., 2005,
2008). Thus we speculate that in U. maydis
phosphorylated Cdc24 is recognized by
a yet-uncharacterized ubiquitin ligase that
targets Cdc24 for ubiquitin dependent
degradation.

One of the most challenging aspects of
cell polarization is to concentrate growth ac-
tivity at a single, defined spot. In yeast, bud
sites are normally formed at landmarks pro-
vided by the bud site selection machinery
(Casamayor and Snyder, 2002). Of interest, cells defective in bud
site selection nevertheless are able to form a single bud at a random
position. This phenomenon has been termed “symmetry breaking”
and has been used extensively to address the problem of how a
gradient of active GTPase can be established and maintained
(Wedlich-Séldner and Li, 2003). Two different models were pro-
posed to explain spontaneous symmetry breaking. In the first model,
active Cdc42p-GTP at the cell cortex promotes actin-driven trans-
port of Cdc42p-containing vesicles, resulting in enhanced accumu-
lation of Cdc42p. The growing cluster of Cdc42p attracts more actin
cables, and this dynamic feedback loop results in stable and robust
cell polarization (Wedlich-Séldner et al., 2003, 2004). This hypothe-
sis has been challenged by mathematical modeling. Simulation
of vesicle dynamics predicts that actin-directed traffic would per-
turb rather than reinforce polarization (Layton et al., 2011). As an
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(Mahlert et al., 2006) and at the same time
stabilized Cdc24. We assume that in both
cases Rac1 activity is not sufficiently focused
to the tip: in one case, Cdc24* is not re-
moved from the ternary complex and there-
fore not able to reactivate Racl immedi-
ately; in the other case, it is the insensitivity
of Rac19't toward GAP inactivation that al-
lows the GTPase to pass the supposed zone

FIGURE 6: Schematic model of the negative feedback loop that triggers destruction of the
Rac1-specifc Rho-GEF Cdc24. Cdc24 and Cla4 are assumed to be associated with the scaffold
protein Bem1. Inactive GDP-loaded Rac1 (orange) is recruited into this complex by Cdc24.
Within this transient quaternary complex Cdc24 activates Rac1 by stimulating GDP/GTP cycling.
In its GTP-bound form, Rac1 (green) interacts with Cla4 and induces a conformational change in
Cla4 (open shape). This relieves autoinhibition of the kinase domain and results in
phosphorylation of Cdc24 (red dot). Phosphorylated Cdc24 is rapidly destroyed, most probably
by proteasomal degradation. This results in the release of an active Bem1-Rac1-Cla4 complex,
which triggers polar growth by interaction with yet-unknown effectors. Recycling of Bem1 and
Rac1 is accomplished by interaction with Rac1-specific Rho-GAP and Rho-GDI proteins.

alternative model, it was postulated that active Cdc42-GTP recruits
cytoplasmic Cladp-Bem1p-Cdc24p complexes to the membrane
(Irazoqui et al., 2003). The membrane-associated complex activates
additional Cdc42p molecules, resulting in highly focused concentra-
tion of active Cdc42p-GTP (Irazoqui et al., 2003; Goryachev and
Pokhilko, 2008; Kozubowski et al., 2008). The growing foci of
Cdc42p activity compete for the limiting pool of Cladp-Bem1p—
Cdc24 complexes, thus allowing only one of these foci to develop
into a bud (Howell et al., 2009).

In U. maydis polarization depends strictly on formation of a ter-
nary Cla4-Bem1-Rac1 complex. We assume that several mecha-
nisms cooperate to generate a steep gradient of active Bem1-Rac1-
Cla4 at the tip of growing buds and hyphae. We assume that the
GEF Cdc24 interacts with Bem1-Cla4 and recruits active Rac1 into
the transient Cdc24-Bem1-Rac1-Clad complex (for a model see
Figure 6). The complex is anchored at the plasma membrane via
interaction with the membrane-bound Rac1. Active Rac1-GTP inter-
acts with and presumably stimulates its effector Cla4, which then
triggers polarized growth by activation of yet-unknown downstream
effector proteins. We could show that Cla4 concomitantly phospho-
rylates Cdc24, which is then removed from the complex and de-
graded. This regulatory scheme generates a constant flow of “ac-
tive,” membrane-bound Bem1-Rac1-Cla4 complex, which then
diffuses in lateral directions. We assume that activity of this complex
is spatially restricted to the growing tip region by a subapical “zone
of inhibition” presumably formed by Rac1 GAP proteins. A compa-
rable zone of GAP activity was observed in budding yeast, where it
prevents bud initiation within the previous bud site (Tong et al.,
2007; Figure 6). We assume that destabilization of Cdc24 is required
to prevent immediate reactivation of Rac1 and thus plays an impor-
tant role in our model of polarized growth. We provide evidence
that both inactivation of Rac1 and destabilization of Cdc24 are criti-
cal for polarized growth during budding and filament formation.
First, mutants that express stabilized Cdc24* are characterized by
wider bud tips and reduced filament formation. Second, expression
of a constitutively active Rac19' resulted in strong isotropic growth
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ofinhibition. That overexpression of Rac19¢
resulted in significant stabilization of Cdc24
appears unanticipated on first glance but
can be reconciled with our model. Because
Bem1 is continuously recycled during polar-
ized growth, the observed stabilization of
Cdc24 most likely results from sequestration
of Bem1 in the Rac19'-Bem1-Cla4 com-
plex, which is insensitive to GAP inactiva-
tion. This was supported by the observation
that overexpression of Bem1 suppresses the
stabilizing effect of Rac19¢™ (Supplemental
Figure 11).

During the life cycle of U. maydis fila-
ment formation is controlled by the b mat-
ing type locus. We observed that induced
expression of the active bW2/bE1 transcrip-
tion factor results in a significant increase in the levels of active Rac1-
GTP. There is no indication that expression of Rac1 or Cdc24 is sig-
nificantly enhanced in the presence of the active bW2/bE1
transcription factor. This implies that b mating type induction either
stimulates the activity of the Rac1-specific GEF Cdc24 or promotes
its relocalization to the tip. In budding cells significant nuclear local-
ization of Cdc24 is observed, which decreases after b induction. This
may indicate that active bW2/bE1 transcription factor triggers trans-
location of Cdc24 rather than activation. A similar nucleocytoplas-
mic shuttling was described for budding yeast, where Cdc24p is
sequestered in the nucleus by interaction with Far1 (Nern and
Arkowitz, 1999; Toenjes et al., 1999; Shimada et al., 2000). Cell cy-
cle-dependent release of Cdc24p is triggered by Cdc28-dependent
degradation of Far1 (Nern and Arkowitz, 2000). Because U. maydis
does not contain an obvious homologue of Far1, this mechanism of
nucleocytoplasmic shuttling appears to be not conserved. Therefore
we assume that if comparable nucleocytoplasmic shuttling of Cdc24
occurs in U. maydis, it must operate by a different mechanism.

Negative feedback regulation of Cdc24 appears to be critical for
induction of filamentous growth during dimorphic switching in the
phytopathogenic fungus U. maydis. Similar morphogenetic transi-
tions are features of many plant and human pathogenic fungi. Thus it
will be interesting to elucidate whether in other fungal systems simi-
lar regulatory feedback loops operate during hyphal tip growth.

MATERIALS AND METHODS

Strains, plasmids, and culture conditions

The haploid U. maydis strains Bub8 and AB31 were used (Schulz
et al., 1990; Brachmann et al., 2001). Cells were grown as described
(Leveleki et al., 2004; Mahlert et al., 2006). Deletion mutants for
racl, cdc42, and cla4 were generated by replacing the open read-
ing frame with a hygromycin or nourseothricin resistance cassette
using the method described in Brachmann et al. (2004). Conditional
mutants of rac1, cdc42, and bem1 were obtained by replacing the
endogenous promoter with the arabinose-inducible crg promoter
(Bottin et al., 1996). To generate a strain expressing the Cdc24-3xHA
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fusion protein, the epitope sequence was C-terminally fused to the
cdc24 open reading frame. Strain AB31/3xHA-Rac1 was obtained
by replacing the wild-type racT allele by 3xHA-rac1, which codes for
an N-terminally extended version, followed by the hygromycin resis-
tance cassette. For transformation the construct was flanked by
1000 base pairs upstream and downstream of the rac1 open read-
ing frame. Correct integration of all constructs was verified by South-
ern analysis. For overexpression of Rac1, Cdc42, Cla4, Cdc24, and
Bem1, the open reading frames were cloned into the U. maydis vec-
tors pRU2 and pRU11 (Brachmann et al., 2001). Single amino acid
substitutions (Rac12t, Rac1T'7N, Cdc245635A, Cdc24T654AT656A  Cdc-
DUSOSTASESBA  CcATOOA  Cc4TOTSATETN  CAc2456824) were intro-
duced into the open reading frames by PCR-directed mutagenesis
and verified by DNA sequencing. GFP fusions were constructed in
plasmid p123, which carries the constitutive otef promoter (Spellig
et al., 1996). For RFP and cMyc fusions derivatives of p123 were
used in which GFP was replaced by the respective epitopes. All con-
structs were targeted to the cbx locus by homologous recombina-
tion, and single-copy integration was verified by PCR (Brachmann
et al., 2001). cdc24-GFP under control of the otef promoter was
integrated into the nar1 locus by homologous recombination. Cor-
rect integration was verified by Southern analysis. Cla4-RFP was
expressed from a plasmid that was randomly integrated into the
genome. Construction of plasmids was performed using standard
procedures (Sambrook and Russell, 2001). Detailed cloning proce-
dures can be requested from the authors.

Microscopy and staining

U. maydis cells from logarithmically growing cultures were visualized
by differential interference contrast (DIC) and epifluorescence mi-
croscopy using a Zeiss (Jena, Germany) Axiovert 200 microscope.
Images were taken using a cooled CCD camera (Hamamatsu Orca-
ER, Hamamatsu, Japan) with an exposure time of 100-1000 ms. Im-
age acquisition was performed using Volocity software (Improvision,
PerkinElmer, Waltham, MA). Image analysis and processing was per-
formed using ImageJ (National Institutes of Health, Bethesda, MD;
Abramoff et al., 2004).

Protein expression and purification

The DH-PH domain of Cdc24 (Cdc24py.pr) and full-length Rho-
family GTPases were expressed in Escherichia coli as glutathione-
S-transferase fusion proteins using the pGEX vector system (GE
Healthcare, Piscataway, NJ) or as NusA-6His fusion proteins using
PETM-60 (Dimmler et al., 2005). Purification was performed in ac-
cordance with published procedures (Self and Hall, 1995). Cells
were resuspended in lysis buffer containing 50 mM Tris-HCI, pH
7.5, 100 mM NaCl, 10 mM MgCl,, and 5 mM dithiothreitol (DTT) or
2.5 mM 2-mercaptoethanol, supplemented with protease inhibitors
(Roche, Mannheim, Germany), and disrupted using a French press.
After centrifugation, the clarified supernatant was loaded on gluta-
thione agarose (Macherey-Nagel, Diren, Germany) or Ni-NTA aga-
rose (Qiagen, Valencia, CA), respectively. Proteins bound to gluta-
thione beads were washed with lysis buffer and eluted with 10 mM
reduced glutathione at pH 8.8. Ni-NTA-bound proteins were
washed with lysis buffer containing 50 mM imidazole and eluted in
the presence of 1 M imidazole. Proteins were stored at -80°C.

Pull-down assays

Purified GTPases were bound to glutathione agarose (Macherey-
Nagel) or Ni-NTA agarose (Qiagen). For nucleotide loading, bound
GTPases were incubated in lysis buffer containing 20 mM EDTA
and either 10 mM GDP or 1 mM GTPyS for 1 h at 4°C. The reaction
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was stopped by adding MgCl; to a final concentration of 20 mM.
Nucleotide-loaded GTPases were washed twice with lysis buffer
containing 10 mM MgCl,. For preparation of whole-cell extracts,
U. maydis cells were resuspended in lysis buffer containing pro-
tease inhibitor cocktail (Sigma), 50 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 10 mM MgCl,, and 5 mM DTT or 2.5 mM 2-mercaptoetha-
nol and disrupted with glass beads. A total of 10 pl of matrix bound
GTPases was added to 100 pl of cleared extract and incubated for
1 h at 4°C. To maintain the loading status, 10 mM GDP or 1 mM
GTPyS was added. Beads were washed five times with lysis buffer
and loaded on a SDS—polyacrylamide gel, and proteins were visu-
alized by Western blotting. For CRIB pull-down assays, the gluta-
thione agarose was loaded with purified GST-CRIB protein.
Extracts from U. maydis strains overexpressing either the bE1/
bW2 heterodimeric transcription factor or the various Cdc24 ver-
sions were prepared as described earlier, but the lysis buffer was
supplemented with 1% (vol/vol) Triton X-100. Cleared extracts
with equalized protein concentrations were incubated with equal
amounts of GST-CRIB-loaded beads for 30 min at 4°C. Beads
were washed three times with lysis buffer, and proteins were visual-
ized by Western blotting.
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