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In budding yeast, the Rho-type GTPase Cdc42p is essential for cell division and regulates pseudohyphal
development and invasive growth. Here, we isolated novel Cdc42p mutant proteins with single-amino-acid sub-
stitutions that are sufficient to uncouple functions of Cdc42p essential for cell division from regulatory func-
tions required for pseudohyphal development and invasive growth. In haploid cells, Cdc42p is able to regulate
invasive growth dependent on and independent of FLO11 gene expression. In diploid cells, Cdc42p regulates
pseudohyphal development by controlling pseudohyphal cell (PH cell) morphogenesis and invasive growth.
Several of the Cdc42p mutants isolated here block PH cell morphogenesis in response to nitrogen starvation
without affecting morphology or polarity of yeast form cells in nutrient-rich conditions, indicating that these
proteins are impaired for certain signaling functions. Interaction studies between development-specific Cdc42p
mutants and known effector proteins indicate that in addition to the p21-activated (PAK)-like protein kinase
Ste20p, the Cdc42p/Rac-interactive-binding domain containing Giclp and Gic2p proteins and the PAK-like
protein kinase Skm1p might be further effectors of Cdc42p that regulate pseudohyphal and invasive growth.

The Rho-type GTPase Cdc42p is a member of the Ras
superfamily of small GTP-binding proteins that play an essen-
tial role in regulating proliferation and differentiation in all
eukaryotes (reviewed in references 24 and 35). In Saccharo-
myces cerevisiae, Cdc42p has been implicated in the regulation
of diverse processes essential for both cell division and cellular
development, and a great number of genetic and biochemical
studies have shown that the major roles of Cdc42p in these
processes are regulation of actin rearrangements and modula-
tion of protein kinase cascades (reviewed in reference 24).

Cdc42 proteins act as molecular switches that, by exchange
of GTP for GDP, are placed in an activated, signaling state,
which is terminated by the hydrolysis of GTP to GDP (35).
Cdc42p must interact with a variety of regulators and down-
stream effector proteins to constitute a functional GTPase
signaling module (24). Regulation is mediated by guanine nu-
cleotide exchange factors, which in S. cerevisiae are repre-
sented by Cdc24p (58, 64), and by GTPase-activating proteins
that in S. cerevisiae comprise Bem3p and Rgalp (7, 59, 64). A
growing number of Cdc42p downstream effector proteins are
known that interact with the GTP-bound (activated) form and
thereby mediate numerous downstream events. In S. cerevisiae,
Cdc42p effectors include the p21-activated (PAK) family pro-
tein kinases Ste20p, Cladp, and Skmlp (2, 9, 11, 27, 36, 47, 57,
63), the formin homology proteins Bnilp and Bnrlp (13, 15,
16, 22, 23, 60, 62), the Wiskott-Aldrich syndrome protein fam-
ily member Beelp/Lasl7p (28, 42), the IQGAP homologue
Iqglp/Cyklp (12, 30, 45, 55), and the novel Giclp and Gic2p
proteins, which share the conserved Cdc42p/Rac-interactive-
binding (CRIB) domain (4, 6).

The molecular mechanisms by which Cdc42p temporally and
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spatially discriminates between the distinct effectors are largely
unknown. Helpful tools for dissecting the distinct functions of
Cdc42p are effector mutant proteins that have lost the ability to
bind and activate certain effectors but not others. So far, only
a few such alleles have been uncovered (29, 46, 49). Most
Cdc42p mutants that have been studied to date display defects
in functions that are essential for cell division, based on their
lethal or temperature-sensitive growth phenotypes (10, 24, 25,
37, 49, 65). No alleles of CDC42 have been described that
separate the functions of Cdc42p required for cell division
from developmental functions, e.g., appropriate morphological
and signaling responses to changes in the environment.
Pseudohyphal development is a process in which S. cerevisiae
alters its morphology in response to nutritional signals. When
starved for nitrogen, diploid S. cerevisiae strains undergo a
developmental transition from growth as single yeast form
(YF) cells to a multicellular form consisting of filaments of
pseudohyphal (PH) cells (17). This dimorphic switch, referred
to as pseudohyphal development, is a composite of genetically
dissectable cellular changes, including alterations in the bud-
ding pattern, cell morphology, and invasive growth behavior
(17, 38). A related phenomenon, invasive growth, occurs in
haploid cells (51). Pseudohyphal development and invasive
growth are under the control of at least two signaling pathways.
One of the routes involves the GTP-binding proteins Ras2p
and Gpa2p and the cyclic AMP (cAMP)-dependent protein
kinase (26, 34, 61). Activation of the cAMP pathway stimulates
expression of FLO!1, encoding a cell wall protein required for
invasive growth and pseudohyphal development (32, 54). A
second pathway that regulates pseudohyphal development and
invasive growth involves Cdc42p (40, 41, 52). In this pathway,
Ras2p is thought to signal via Cdc42p and Ste20p to the Ksslp
mitogen-activated protein kinase (MAPK) cascade that shares
several components with the MAPK cascade required for mat-
ing (31). The role of Cdc42p in this signaling pathway was
deduced from several studies. Dominant activated Cdc42°'?Y
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TABLE 1. Strains used in this study

Strain Relevant genotype Plasmid Reference
RH2441 MATa/MATo cdc42A::HIS3/CDC42 ura3-52/ura3-52 his3::hisG/his3::hisG leu2::hisG/LEU2 trpl::hisG/TRPI pTF27-CDC42 This study
RH2197 MATo cdc42A::HIS3 ura3-52 his3::hisG leu2::hisG pTF27-CDC42 This study
RH2442 MATa cdc42A::HIS3 ura3-52 his3::hisG leu2::hisG pTF27-CDC42 This study
RH2199 MATa/MATo cdc42A::HIS3/cdc42A::HIS3 ura3-52/ura3-52 his3::hisG/his3::hisG leu2::hisG/leu2::hisG pTF27-CDC42 This study
RH2488 MATa/MATo bnil::LEU2/bnil::LEU2 ura3-52/ura3-52 leu2::hisG/leu2::hisG trp1::hisG/TRPI 38

and Cdc42°°'™ proteins not only induce pseudohyphal devel-
opment, but also stimulate expression of genes controlled by
the Ksslp MAPK cascade (41). Expression of the dominant
negative Cdc42P'*¥4 mutant protein inhibits Ras2p-dependent
activation of pseudohyphal development, and expression of
Cdc425'Vp or Cdcd2°°p rescues defective invasive growth
of haploid ras2A mutant strains, placing Cdc42p downstream
of Ras2p (40). Dominant active Cdc429'*Vp and Cdc42°%'p
require Ste20p for activation of the Kss1p MAPK pathway, and
Cdc42p-Ste20p interactions depend on the CRIB domain of
Ste20p, placing Cdc42p upstream of Ste20p (41, 47). However,
all studies investigating the function of Cdc42p in pseudohy-
phal development involved dominant active or inactive vari-
ants that also affect functions essential for cell division.

In this study, we isolated novel mutant alleles of CDC42 with
the goal of separating functions of Cdc42p required for
pseudohyphal and invasive growth from those required for cell
division. We find that single-amino-acid substitutions within
Cdc42p are sufficient to uncouple functions required for cell
division from those regulating cellular development. Several of
the Cdc42p mutants isolated here block PH cell morphogen-
esis in response to nitrogen starvation but do not affect mor-
phology or polarity of the yeast form in nutrient-rich con-
ditions, indicating that these proteins are signaling rather
than general morphology mutants. Interaction studies between
these development-specific Cdc42p mutants and an array of
known effectors indicate that in addition to Ste20p, the Giclp
and Gic2p proteins and the protein kinase Skm1lp might be
further effectors of Cdc42p that are important for pseudohy-
phal and invasive growth.

MATERIALS AND METHODS

Yeast strains and growth conditions. All yeast strains used in this study are
congenic to the 21278b genetic background (Table 1). The cdc42A::HIS3 dele-
tion mutation was introduced using deletion plasmid pME1758 (Table 2).
RH2197 and RH2442 are segregants of RH2441, and RH2199 was obtained by
mating RH2197 with RH2442. Standard methods for genetic crosses and trans-
formation were used, and standard yeast culture medium was prepared essen-
tially as described (20). Synthetic complete medium (SC) lacking appropriate
supplements was used for scoring invasive growth and for B-galactosidase assays.
Invasive growth tests were performed as described previously using solid SC me-
dium lacking appropriate supplements (51). Low-ammonium medium (SLAD)
was prepared as described (17). When required, uracil was added to SLAD
medium to a final concentration of 0.2 mM to make SLAD+ Ura.

Plasmid constructions. Plasmid pME1758 was created by replacement of the
CDC42 coding sequence with the HIS3 selectable marker using a PCR-based
three-step cloning strategy. Plasmid pME1534 was constructed by subcloning a
1.7-kb CDC42 BamHI-HindIII fragment from YCp(CDC42Sc) (65) into plasmid
pMEI1533 (pTF27; from J. Hegemann, Heinrich-Heine University, Disseldorf,
Germany). Plasmid pME1533 is a derivative of pRS316 (56) and contains a 24-bp
deletion in the CENG region that decreases the mitotic stability of the plasmid
(Fiedler and Hegemann, unpublished). Plasmids pME1759 and pME1760, both
expressing green fluorescent protein (GFP)-Ste20p from the STE20 promoter,
were constructed as follows. (i) A 4.9-kb KpnI-NotI fragment carrying STE20 was

subcloned from pRS426-STE20 (41) into pRS316 to yield plasmid pRS316-
STE20. (i) A 750-bp DNA fragment containing part of the STE20 promoter was
amplified from pRS316-STE20 by PCR, introducing a Bg/II site after the ATG
translational start site of STE20, and cloned into the EcoRV site of pBlue-
scriptKS (Stratagene). (iii) A 510-bp fragment coding for the N-terminal portion
of Ste20p was amplified by PCR, introducing a Bg/II site in front of the second
codon of STE20, and inserted as a Bg/II-Xbal fragment into the Bg/II and Xbal
sites of the construct (ii). (iv) The 375-bp BamHI-Sphl fragment from step iii was
then exchanged for the corresponding BamHI-Sphl fragments in both pRS316-
STE20 and pRS426-STE20, yielding plasmids pRS316-STE20-BglIT and pRS426-
STE20-Bglll, respectively, each containing a single Bg/II site between the ATG
translational start site and the second codon of STE20. (v) A 750-bp fragment
containing the GFPuv variant of GFP was amplified from plasmid pPBAD-GFPuv

TABLE 2. Plasmids used in this study

Plasmid Description Reference
or source
pPME1758 Cassette for full deletion of CDC42 This study
pME1533 Derivative of pRS316 with mutated J. Hegemann
CEN region
pME1534 CDC42 in pTF27 This study
YCp(CDC42Sc)  CDC42 in pRS315 65
pME1552 CDC42V?" in pRS315 This study
pME1555 CDC423°" in pRS315 This study
pMEI1538 CDC42"*M in pRS315 This study
pME1557 CDC42°*N in pRS315 This study
pPME1548 CDC42%%% in pRS315 This study
pME1536 CDC4257'" in pRS315 This study
pMEI1560 CDC42VP in pRS315 This study
pME1559 CDC425%°K in pRS315 This study
pMEI1551 CDC42%1%°% in pRS315 This study
PME1545 CDC42578" in pRS315 This study
pME1546 CDC42-1%F in pRS315 This study
pPMEI1759 Pg1p29-GFP-STE20 fusion in pRS316  This study
PME1760 P12 GFP-STE20 fusion in pRS426  This study
B3782 FLOII-lacZ reporter construct 54
pEG202 Vector for construction of LexA 21
fusion proteins

pME1913 LexA-CDC42<"%55 in pEG202 49
pME1914 LexA-CDC42N?01C1885 in pEG202 This study
pMEI1915 LexA-CDC42307-C1855 in pEG202 This study
pMEI1916 LexA-CDC42"0M-C1885 in pEG202 This study
pME1917 LexA-CDC42P0N-C1885 in pEG202 This study
pMEI1918 LexA-CDC42R085-C1585 jn pEG202 This study
pME1919 LexA-CDC425717-€1855 in pEG202 This study
pME1920 LexA-CDC42N?2P-C1855 in pEG202 This study
pPME1921 LexA-CDC425%K-C1855 in pEG202 This study
pME1922 LexA-CDC425190G-C1855 in pEG202 This study
pME1923 LexA-CDC425387-C1855 iy pEG202 This study
pME1924 LexA-CDC42M1607-C1855 in pEG202 This study
pIG4-5 Vector for construction of B42 tran- 21

scription activation domain
(B42AD) fusions

pIG4-5(GICI) B424D-GIC1 6
pIG4-5(GIC2) B42AD-GIC2 6
pJG4-5(BNI1 B42AD-BNI1(1-1214 aa) 13

1-1214 aa)
pJG4-5(STE20)  B42AD-STE20 This study
pIG4-5(CLA4) B424D-CLA4 9
pJG4-5(SKMT) B42AD-SKM1 49
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(Clontech) by PCR, introducing Bg/II sites before the ATG translational start
and before the translational stop codon of GFPuv. After restriction digestion
with BglII, the amplified GFPuv fragment was inserted into the Bg/II site of both
plasmids pRS316-STE20-Bglll and pRS426-STE20-Bglll, yielding plasmids
PME1759 and pME1760, respectively. Plasmid pJG4-5(STE20) was constructed
by (i) introducing a Bg/II site into the multiple cloning site of pJG4-5 and (ii)
inserting a 3.1-kb Bgl/II-Kpnl STE20 fragment from plasmid pRS426-STE20-
BgllI into the modified version of pJG4-5 from step i.

Library of CDC42 mutants. CDC42 was mutagenized by PCR amplification of
a 1.7-kb fragment from YCp(CDC42Sc) (65) using Tag DNA polymerase and
primers T3 and T7 in the presence of 0.24 mM MnCl,. The resulting DNA was
digested with BamHI and HindIII and exchanged for the 1.7-kb BamHI-HindIII
fragment carrying the wild-type version of CDC42 in plasmid YCp(CDC42Sc)
(65). A library of approximately 130,000 recombinants was obtained. Following
identification of mutants (see below), both DNA strands of the CDC42 coding
sequences were sequenced using the ABI Prism Big Dye terminator sequencing
kit and an ABI 310 Genetic Analyzer (Perkin-Elmer Applied Biosystems GmbH,
Weiterstadt, Germany).

Screen for CDC42 alleles. For isolation of haploid invasive growth mutants,
strain RH2197 was transformed with the CDC42 mutant library described above.
A pool of approximately 26,000 transformants was obtained by growth selection
on SC medium without Leu (SC—Leu medium) and subsequent growth on
medium containing 0.1% 5-fluoroorotic acid to remove plasmid pME1534 car-
rying the wild-type CDC42 gene by counterselection. This pool was plated on
YPD medium at a density of ~500 colonies per plate, and mutants were iden-
tified by an invasive growth test (51). Phenotypes were confirmed by isolating the
CDC42-containing plasmids and reintroducing them into the parental strain by
plasmid shuffling. For isolation of pseudohyphal development mutants, strain
RH2199 was transformed with the CDC42 mutant library, and a pool of approx-
imately 60,000 transformants was obtained as described above. This pool was
plated on SLAD+Ura. Pseudohyphal mutants were identified by the appearance
of colonies, visualized with a dissecting microscope. Phenotypes were confirmed
by isolating the CDC42-containing plasmids and reintroducing them into the
parental strain by plasmid shuffling using either centromere-based or integrative
versions.

Pseudohyphal development assays. Qualitative and quantitative assays for
pseudohyphal development, including determination of substrate invasion and
cell shape as well as determination of bud site selection patterns, were performed
as described previously (38). Pseudohyphal colonies were viewed with a Zeiss
axiovert microscope and photographed using a digital camera.

B-Galactosidase assays. (i) FLO11-lacZ activity. Strains carrying the FLOI1-
lacZ plasmid B3782 were grown to the exponential growth phase, and extracts
were prepared and assayed for B-galactosidase activity as described previously
(41). Specific B-galactosidase activity was normalized to the total protein in each
extract and equals [the optical density at 420 nm (OD,y,) X 1.7]/[0.0045 X
protein concentration X extract volume X time]. Assays were performed on at
least three independent transformants, and the mean value is presented. Stan-
dard deviations did not exceed 15%.

Northern blot analysis. Total RNA was prepared from cultures grown on solid
medium for 30 h according to the method described earlier (8). Total RNA was
separated on a 1.4% agarose gel containing 3% formaldehyde and transferred
onto nylon membranes as described earlier (39). CDC42 and ACTI transcripts
were detected using gene-specific **P-radiolabeled DNA probes. Hybridizing
signals were quantified using a BAS-1500 Phosphor-Imaging scanner (Fuji, To-
kyo, Japan).

Cell extracts and Western blot analysis. Preparation of total cell extracts and
subsequent Western blot analysis were performed essentially as described (52).
Cdc42p and Cdc28p proteins were detected using enhanced chemiluminescence
technology (Amersham, Buckinghamshire, United Kingdom) after incubation of
nitrocellulose membranes with polyclonal anti-Cdc42p (Santa Cruz Biotechnol-
ogy, Santa Cruz, Calif.) or anti-Cdc28p antibodies and a peroxidase-coupled goat
anti-rabbit immunoglobulin G secondary antibody (Dianova, Hamburg, Germa-
ny). Cde42p and Cdc28p signals were quantified using Molecular Analyst soft-
ware (Bio-Rad, Munich, Germany).

Photomicroscopy. Staining of bud site chitin rings and actin cytoskeleton was
performed essentially as described (1, 48). Briefly, cells were grown to mid-log
phase in liquid YNB+Ura medium, fixed in 3.7% formaldehyde for 1 h, and
stained in the dark with Calcofluor (Fluorescent Brightener 28; catalog no.
F-3543; Sigma) or with rhodamine-phalloidin (R-415; Molecular Probes). Cells
and stained bud scars or actin cytoskeleton were visualized on a Zeiss axiovert
microscope by either differential interference contrast (DIC) microscopy or
fluorescence microscopy using appropriate filter sets. Cells harboring plasmids
encoding GFP-Ste20p were grown to exponential growth phase and immediately
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viewed in vivo using Nomarski optics (DIC) or a GFP filter set (AHF Analysen-
technik AG, Tiibingen, Germany). All cells shown were photographed using a
Xillix Microimager digital camera and the Improvision Openlab software (Im-
provision, Coventry, England).

Two-hybrid protein interactions. All CDC42 alleles tested in two-hybrid pro-
tein interaction assays were subjected to site-directed PCR mutagenesis in order
to introduce the C188S mutations, avoiding membrane localization of the pro-
teins. CDC42 alleles were amplified by PCR and checked by sequence analysis
before introduction into vector pEG202 as described (49). The methods for
performing two-hybrid analysis have been described before (21). Reporter strain
EGY48-p1840 was cotransformed pairwise with the various pEG202(CDC42) and
pJG4-5 constructs (Table 2), and transformants were selected on SC—His—Trp
medium. Transformants were grown at 23°C in liquid SC—His—Trp medium
containing 2% galactose and 2% raffinose to an ODy, of between 1 and 2, and
B-galactosidase liquid assays were performed as described previously (18). B-Ga-
lactosidase activities were normalized to the activities obtained for Cdc42€1885p
(wild type) and the different effectors, with values set to 100. Absolute values for
Cdc42€1885p were 383 Miller units when interacting with Giclp, 323 U for Gic2p,
227 U for Bnilp, 39 U for Ste20p, 78 U for Cla4p, and 22 U for Skm1p. All assays
were performed in triplicate on at least four independent transformants for each
combination of plasmids.

Computer modeling. A three-dimensional structure model of S. cerevisiae
Cdc42p was obtained by homology modeling of the primary structure of S. cere-
visiae Cdc42p using the SWISS-MODEL service (19) and the WebLab Viewer
software (Molecular Simulations Inc., San Diego, Calif.).

RESULTS

Functions of Cdc42p required for cell division and cellular
development can be uncoupled by single-amino-acid substitu-
tions. We tested whether the different functions of Cdc42p for
regulation of distinct processes can be separated by specific
amino acid substitutions within the Cdc42p protein. Specifi-
cally, we wanted to uncouple functions of Cdc42p required for
cell division from those regulating pseudohyphal and invasive
growth development. We created a library of PCR-mutage-
nized CDC42 genes and introduced them on a centromeric
vector into both a haploid cdc42A mutant and a diploid
cdc42A/cdc42A null strain. Because genomic cdc42A null mu-
tations are lethal, CDC42 mutant genes were introduced by
plasmid shuffling (20). Mutants of CDC42 causing defective
haploid invasive growth on rich medium were isolated from the
haploid cdc42A background. Mutant alleles of CDC42 leading
to both reduced (nonfilamentous) and enhanced (hyperfila-
mentous) pseudohyphal development on low-ammonium me-
dium were identified from the diploid pool. In all cases, one or
more amino acid exchanges in Cdc42p were found, but only
mutants with single-amino-acid substitutions were investigated
further. The CDC42™™ and CDC4257' mutant alleles were
isolated from haploids that showed defective invasive growth
(Table 3, Fig. 1A). Five CDC42 mutants causing a nonfila-
mentous phenotype (CDC42N?%") CDC427%8S CDC42519°9
CDC425"%5T and CDC42-"%") as well as four alleles of
CDC42 conferring hyperfilamentation (CDC42%7, CDC42P%N,
CDC42N%2P  and CDC425°K) were identified in diploid strains
on low-ammonium medium (Table 3, Fig. 1B). Importantly,
none of the isolated CDC42 mutant genes caused significant
defects in the growth rate (Table 3), demonstrating that they
did not affect functions essential for cell division. Moreover,
strains harboring the mutant alleles did not display a detect-
able temperature-sensitive growth phenotype when grown at
37°C.

These results demonstrate that specific single-amino-acid
exchanges within Cdc42p are sufficient to separate the function
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TABLE 3. Regulation of growth and development
by different CDC42 alleles

Developmental phenotype® Mutation Growth rate” (h™1)
Haploid invasive growth
+ None 0.34
- 146M 0.34
- S71P 0.33
Diploid pseudohyphal growth
+ None 0.37
— N261 0.39
++ A30T 0.32
++ D65N 0.38
+/— R68S 0.39
++ N92D 0.36
++ E95K 0.38
— E100G 0.36
- S158T 0.33
— L160P 0.38

“ Haploid invasive growth was determined by expression of CDC42 alleles in a
haploid cdc42A mutant strain and growth on solid SC—Leu medium for 4 days
before performing a wash assay. +, wild-type invasiveness; —, complete loss of
invasive growth. Pseudohyphal growth was determined by expression of CDC42
alleles in a diploid cdc42A/cdc42A mutant strain and growth on solid SLAD+Ura
medium for 5 days. Symbols indicate the degree of filamentation: +, wild type;
++, enhanced; +/—, reduced; —, undetectable.

® Growth rate was determined in liquid SC—Leu medium.

of this Rho-type GTPase required for cell division from its
regulatory function in cellular development.

Cdc42p regulates haploid invasive growth by mechanisms
both dependent on and independent of FLO11 expression. Ex-
pression of dominant activated forms of CDC42, CDC42"?"
or CDC422%~ | not only induces pseudohyphal growth in dip-
loids (41) but also suppresses defective invasive growth caused
by loss of RAS2 in haploid cells (40). This suggests that the
functions of CDC42 in regulating haploid invasive growth and
diploid pseudohyphal development overlap. Therefore, we test-
ed the effects of all 11 isolated CDC42 alleles on invasive
growth when expressed in a haploid background. CDC42 mu-
tant genes were introduced into a haploid MATa cdc42A strain
by plasmid shuffling, and invasive growth was assayed on me-
dium rich in nitrogen (Fig. 2A). We found that with the ex-
ception of R68S, all amino acid exchanges in Cdc42p causing
reduced pseudohyphal development in diploid cells also lead
to a suppression of invasive growth in haploids. All amino acid
substitutions conferring hyperfilamentation in diploids sup-
ported invasive growth in haploid cells. CDC42 mRNA and
intracellular Cdc42 protein levels were measured in all strains
to exclude that the invasive growth phenotypes found were due
to altered expression or stability of Cdc42p mutant proteins
(Fig. 2B and C). No significant differences were found between
the wild type and any of the mutant forms of CDC42, demon-
strating that developmental phenotypes are caused by altered
function and not by intracellular amounts of the different
Cdc42p mutant proteins.

Invasive growth development in haploid cells is regulated by
at least two signaling pathways, the Kss1p MAPK cascade and
the cAMP protein kinase A pathway. Both pathways regulate
expression of FLO11, encoding a cell surface flocculin required
for invasive growth (32, 54), and FLOII expression is well
correlated with the invasiveness of yeast cells. Therefore, we

MoL. CELL. BIOL.

determined expression of the FLOII-lacZ reporter gene (54)
in all haploid strains containing the isolated CDC42 mutant
genes (Fig. 2D). We found that FLO11 expression was clearly
reduced in strains carrying either the CDC42™™ or the
CDC4257"F mutant allele. The 146M mutation caused a reduc-
tion to 45% compared to a wild-type control, whereas expres-
sion of FLO11 was reduced to 26% of the wild-type level in
strains expressing the S71P mutant protein. An increase in
FLOI1 expression to 175% was found in strains expressing the
N92D mutant protein. No significant changes in FLOI1 ex-
pression levels were detected in strains carrying any of the
other CDC42 mutant alleles, although most of them caused
clearly detectable changes in invasive growth behavior. These
measurements indicate that in haploid cells, Cdc42p might
regulate invasive growth by different mechanisms: one that
affects expression of FLOI1 by acting via the Ksslp MAPK
cascade, and a second one that must operate independently of
changes in FLOI11 expression levels.

We further tested whether mating of MATa haploid cells is
affected by the amino acid exchanges in Cdc42p that we found
affected haploid invasive growth. However, none of the muta-
tions significantly influenced pheromone-induced growth ar-

A

Total growth

Invasive growth

wt S71P

wt L160P N92D

FIG. 1. Cdc42p mutants causing specific defects in yeast develop-
ment. (A) Haploid invasive growth of strains expressing wild-type
CDC42 (wt), CDC42"M (146M), or CDC4257'" (S71P). Plasmids car-
rying the different CDC42 alleles were introduced into the haploid
cdc42A strain RH2197 (MATo) by plasmid shuffling. Resulting strains
were patched on SC—Leu medium for 4 days. After incubation, the
plate was photographed before (Total growth) and after (Invasive
growth) cells were washed off the agar surface. (B) Pseudohyphal
development of diploid strains expressing wild-type CDC42 (wt),
CDC4251%%P (L160P), or CDC42V%?P (N92D). Plasmids carrying the
different CDC42 alleles were introduced into the diploid cdc42A/
cdc42A strain RH2199. Resulting strains were streaked to obtain single
colonies on nitrogen starvation medium (SLAD+Ura). Plates were
incubated at 30°C, and representative colonies were photographed
after 3 days of growth. Bar, 100 pm.
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FIG. 2. Regulation of haploid invasive growth and FLOII expression by CDC42 alleles. (A) Haploid invasive growth of strains expressing
wild-type CDC42 (wt) and CDC42 alleles encoding proteins with single-amino-acid substitutions as indicated. Plasmids carrying the different
CDC42 alleles were introduced into the haploid cdc42A strain RH2442 (MATa), and the resulting strains were patched on SC—Leu medium for
4 days. After incubation, plates were photographed before (Total growth) and after (Invasive growth) cells were washed off the agar surface. (B)
Autoradiogram showing steady-state mRNA levels of CDC42 alleles in the strains described for panel A. ACTI gene expression was used as an
internal standard. Relative expression levels of CDC42 alleles (CDC42/ACT1I) are shown and were obtained using a Phosphor-Imaging scanner.
Numbers represent mean values of three independent measurements and were obtained by normalizing CDC42 transcript levels to ACT1 levels
and to wild-type CDC42 (wt). Standard deviation was below 20%. (C) Expression levels of Cdc42 proteins were determined in extracts from strains
described for panel A by Western blot analysis using a polyclonal anti-Cdc42p antibody. As an internal control, expression levels of Cdc28p were
measured in the same extracts using a polyclonal anti-Cdc28p antibody (lower panel). (D) FLO11-lacZ expression levels. B-Galactosidase (p-gal)
activity was measured in strains carrying FLO11-lacZ on a plasmid (B3782). Bars depict means of three independent measurements, with standard

deviations not exceeding 15%.

rest, induction of FUSI-lacZ expression, formation of mating
projections, or formation of diploid cells (data not shown).
This is in agreement with earlier studies showing that Cdc42p
does not appear to directly regulate pheromone-mediated
gene expression (27, 44, 47).

Cdc42p regulates pseudohyphal development by affecting
PH cell morphogenesis and invasive growth. Pseudohyphal
development is a composite of several cellular changes, includ-
ing alterations in cell morphogenesis and invasive growth be-
havior. We tested the effects of all 11 CDC42 mutant alleles on
diploid pseudohyphal growth in more detail. Mutant alleles
were introduced into a diploid cdc42A/cdc42A strain by plas-
mid shuffling, and diploid pseudohyphal development was as-
sayed on nitrogen starvation medium (Fig. 3). We found that
both alleles of CDC42 that were isolated from haploids as

suppressing invasive growth, CDC42"#™ and CDC4257'", also
led to reduced pseudohyphal development in diploids. We
further characterized each of the diploid CDC42 mutant
strains with respect to changes in cell shape upon nitrogen
starvation and the ability to invade agar as described earlier
(38). The shape of cells was determined by defining three
morphological groups: long PH cells, oval YF cells, and round
YF cells (Table 4). Substrate invasion was measured by deter-
mining the ratio of invasive to noninvasive cells after growth on
nitrogen starvation medium. Characterization of all CDC42
mutant alleles by these criteria defined three different classes.

The first class includes six alleles of CDC42, CDC42N?%!,
CDC42™M  CDC4257'F, CDC42F1°°¢, CDC425"°5T and
CDC42"'%°F which are impaired for pseudohyphal develop-
ment (Fig. 3). These mutants are unable both to produce
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FIG. 3. Regulation of pseudohyphal development by CDC42 alleles. Shown is the growth on nitrogen starvation medium of diploid strains
expressing wild-type CDC42 (wt) or mutant CDC42 alleles leading to single-amino-acid substitutions as indicated. Plasmids carrying the different

CDC42 alleles were introduced into the diploid cdc42A/cdc42A strain RH2199 by plasmid shuffling. Pseudohyphal development of resulting strains
was photographed after 4 days of growth on SLAD+Ura medium. Bar, 100 pm.

regular amounts of long PH cells and to invade the agar in
response to nitrogen starvation (Table 4). A second class com-
prises four CDC42 alleles, CDC42*3°", CDC42P%N, CDC42V%P,
and CDC425%°% which cause a hyperfilamentous growth phe-
notype (Fig. 3). The most prominent phenotype of mutants in
this class is that they produce significantly more cells of the
long PH type. A single CDC42 allele, CDC427%55 | defines a
third class of mutations. Although expression of this allele
impairs filament formation of diploids, PH cell morphogenesis
is normal and cells invade the agar in a manner almost indis-
tinguishable from that of cells expressing wild-type CDC42
(Fig. 3, Table 4). This result correlates with our finding that
haploids expressing the CDC42%%55 allele display normal inva-
sive growth behavior (Fig. 2A). Thus, regulation of cellular
functions other than PH cell morphogenesis or invasiveness
appears to be impaired in the mutants carrying the R68S mu-
tant protein that causes a nonfilamentous phenotype.
Mutations in Cdc42p blocking PH cell morphogenesis in
response to nitrogen starvation do not severely affect morphol-

ogy or polarity of the YF. Several mutations in actin or in
proteins associated with the actin cytoskeleton have been
found to affect pseudohyphal development, including Bnilp,
Tpmlp, Srv2p, and certain variants of Actlp (5, 38). However,
these mutations not only suppress PH cell morphogenesis in
response to nitrogen starvation, but additionally cause charac-
teristic morphological and polarity defects in the yeast form
when grown in nutrient-rich medium. Typical phenotypes in-
clude a random budding pattern, partially depolarized actin,
and consequently a very high proportion of round YF cells.
Therefore, we characterized all CDC42 mutations with respect
to their effects on bud site selection, actin distribution, and cell
morphology when strains were grown in nutrient-rich medium.
Bud site selection patterns were determined by staining bud
scars of exponentially growing YF cells with Calcofluor (Fig. 4)
and dividing them into three groups: bipolar, random, and
unipolar (Table 4). Actin was visualized by staining YF cells
with rhodamine-phalloidin (Fig. 5). Cell shape patterns of ex-
ponentially growing cells in nitrogen-rich medium were deter-
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TABLE 4. Budding patterns, morphology, and invasive growth behavior of diploid cdc42 mutants

Budding pattern®

Cell shape® (% of cells)

Genotype (% of cells) Long PH Oval YF Round YF Invasive growth®
yPp! g g
Bipolar Random Unipolar +N -N +N -N +N -N
CDC42 72 8 20 4 29 54 57 42 14 +
CDC42N*%! 75 6 19 1 3 48 61 51 36 -
CDC42130T 70 5 25 6 55 46 39 48 6 +
CDC421M 74 5 21 1 6 49 49 50 45 -
CDC42P%N 51 8 41 8 40 66 55 26 5 +
CDC42R%5S 67 2 31 12 33 59 55 29 12 +
CDC4257" 81 5 14 0 2 37 35 63 63 -
CDC42A"920 57 8 35 20 61 59 33 21 6 +
CDC42E%K 60 10 30 11 45 73 40 16 15 +
CDC4ZE:1006 69 6 25 1 6 43 55 56 39 -
CDC425158T 70 6 24 0 2 44 34 56 64 -
CDC42-100F 73 7 20 0 1 51 37 49 62 -
bnil/bnil 13 77 10 0 0 2 6 98 94 +

“ Budding patterns of strains were determined after growth to logarithmic phase in nitrogen-rich medium.
b Cell shape patterns were determined after growth in nitrogen-rich medium (+N) or on nitrogen starvation plates (—N).

¢ Invasive growth was determined after growth on nitrogen starvation plates.

mined as described above and directly compared to the pat-
terns obtained by growth under nitrogen starvation conditions
(Table 4).

This analysis revealed that none of the Cdc42p mutations
suppressing pseudohyphal development and invasive growth
(N26I, 146M, S71P, E100G, S158T, or L160P) significantly
affected the morphology or polarity of cells grown in the yeast
form. None of these mutations caused a random budding pat-

tern as found for a bnil mutant strain but led to regular bipolar
budding (Fig. 4, Table 4). Actin distribution in the N26I, I46M,
E100G, S158T, and L160P mutants was indistinguishable from
that in the CDC42 wild-type strain (Fig. 5). A higher percent-
age of mother cells containing actin patches at early stages of
the cell division cycle were found for the S71P mutant. How-
ever, this phenotype was clearly less pronounced compared to
a bnil mutant strain (Fig. 5). The cell morphology patterns of

FIG. 4. Chitin localization. Shown are representative YF cells of diploid strains expressing wild-type CDC42 (wt) or CDC42 mutant alleles
(S71P, E95K, E100G, and S158T) or carrying a bnil mutation (RH2488). Strains were grown to the logarithmic growth phase in nutrient-rich
medium, fixed, and stained with Calcofluor before fluorescence imaging. Bar, 5 pm.
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FIG. 5. Actin localization. Shown are representative YF cells at different stages of the cell cycle of diploid strains expressing wild-type CDC42
(wt) or CDC42 mutant alleles (N261, A30T, 146M, D65N, S71P, N92D, E100G, or L160P) or carrying a bnil mutation (RH2488). Strains were
grown to the logarithmic growth phase in nutrient-rich medium, fixed, and stained with the actin fluorescent stain rhodamine-phalloidin before
observation using either fluorescence microscopy or DIC microscopy. Bar, 5 pm.
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the N26I, 146M, E100G, S158T, or L160P mutants were nor-
mal, with 43 to 51% oval YF cells (Table 4, Fig. 4). The S71P
mutation had a slight but distinct effect on the yeast form
morphology, with 37% of cells being oval YF cells. In contrast,
only 2% of bnil mutant cells were oval and 98% were round.
Thus, with respect to cell polarity, distribution of actin patches,
and yeast form morphology, the N26I, 146M, E100G, S158T,
and L160P mutants do not resemble any of the bnil, tpmI, or
certain actl mutant strains. However, these CDC42 mutants
have a specific block in their morphological response to nitro-
gen starvation conditions and are unable to grow invasively
(Table 4). In contrast, bnil and tpml mutations do not affect
agar invasion (Table 4) (38).

Cdc42p mutations causing hyperfilamentous growth (A30T,
D65N, N92D, and E95K) did not significantly alter the bud site
selection patterns of the yeast form (Table 4, Fig. 4). Alter-
ations in cell morphology patterns could be detected in the
D65N, N92D, and E95K mutants, where higher proportions of
elongated cells were found when strains were grown in nutri-
ent-rich medium (Table 4). No changes in the yeast form
morphology pattern was found for the A30T mutation, al-
though this mutant produces a much higher amount of long
PH cells under nitrogen starvation conditions (Table 4). The
actin staining patterns of the A30T, D65N, N92D, and E95K
mutants were not significantly different from those of a CDC42
wild-type strain (Fig. 5). In summary, the D65N, N92D, and
E95K mutants exhibit hyperpolarized growth under both nu-
trient-rich and starvation conditions, partly explaining their
hyperfilamentous growth phenotype. In contrast, the A30T
mutant is hyperinducible for morphology changes specifically
in response to nitrogen starvation.

S71P

FIG. 6. Subcellular localization of GFP-Ste20p in CDC42 pseudohyphal mutants. Shown are cells of diploid strains that express wild-type
CDC42 (wt), CDC4257"" (ST1P), or CDC42%7%? (1.160P) and harbor plasmid pME1760 encoding GFP-Ste20p under the control of the STE20
promoter. Living cells at different stages of the cell cycle were chosen for photography according to their bud size and were viewed by either
fluorescence microscopy (GFP) or DIC microscopy. Identical results were obtained with centromere-based plasmid pME1759, although with
markedly decreased fluorescence signals due to lower expression of GFP-Ste20p. Bar, 10 pm.
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Localization of Ste20p to the bud tip by Cdc42p is not
sufficient for PH cell morphogenesis. Several lines of evidence
suggest that the Ste20p kinase is necessary for Cdc42p-depen-
dent induction of pseudohyphal development and that inter-
actions between Cdc42p and the CRIB domain of Ste20p are
necessary for this induction (27, 40, 41, 47). Moreover, Ste20p
is localized to the sites of polarized growth in emerging buds,
while the CRIB-deleted Ste20p shows a general cytoplasmic
staining (47). These results led to the view that Cdc42p is
necessary for proper localization of Ste20p to the sites of
polarized growth and that this localization of Ste20p during
cell growth might be important for the development of PH
cells. Therefore, we determined the localization of a GFP-
Ste20p fusion protein in strains expressing CDC42 mutant al-
leles causing specific defects in pseudohyphal development.
Diploid N261, 146M, S71P, E100G, S158T, or L160P mutant
strains were transformed with a plasmid carrying a GFP-STE20
fusion gene under the control of the endogenous STE20 pro-
moter. Expression of this STE20prom-GFP-STE20 fusion gene
is sufficient to rescue the filamentous growth defect of an
ste20A/ste20A mutant strain (data not shown). The resulting
strains were analyzed for localization of the GFP-Ste20p pro-
tein by fluorescence microscopy (Fig. 6). We predicted that if
localization of Ste20p to the tip of the emerging bud was
necessary for PH cell morphogenesis, all CDC42 mutant alleles
causing a nonfilamentous growth phenotype should display
general cytoplasmic staining. However, we found that only the
S71P mutation in Cdc42p causes general cytoplasmic staining
of cells by GFP-Ste20p (Fig. 6). In all other strains expressing
either the N26I, I146M, E100G, S158T, or L160P mutants,
GFP-Ste20p was found to be localized to the tip of emerging
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cells (for L160P, see Fig. 6), although these strains are unable
to form pseudohyphae. Thus, localization of Ste20p to the bud
tip of emerging daughter cells alone is not sufficient to induce
PH cell morphogenesis.

Cdc42p developmental mutations alter interaction patterns
with several downstream effectors. The specific developmental
defects caused by the novel mutations in CDC42 obtained here
suggested that these Cdc42p mutants do not display general
biochemical defects but might have altered interaction pat-
terns with downstream effectors. Indeed, analysis of the muta-
tions in a three-dimensional structure model of S. cerevisiae
Cdc42p revealed that most mutations were located on the
surface of Cdc42p, predicting altered interactions with other
proteins (Fig. 7). To test this prediction, we performed a two-
hybrid analysis between all Cdc42p mutants and the Giclp,
Gic2p, Bnilp, Ste20p, Cla4p, and Skm1p effector proteins. The
C188S mutation was additionally introduced into all mutants
to prevent localization of the proteins to the plasma mem-
brane. The interaction of mutant proteins with the diverse ef-
fectors was then measured and compared to that of Cdc42<%55p
as the control (Fig. 8).

This complex analysis of 72 different combinations revealed
specific changes in the effector interaction patterns for the six
Cdc42p mutants causing defects in pseudohyphal development
and invasive growth (N26I, 146M, S71P, E100G, S158T, and
L160P). Four distinct interaction patterns were found. For
N261, S158T, and L160P, binding to Giclp was clearly reduced
(between 17 and 32% of the control), and interaction with
Gic2p was reduced to 22 to 43%. In addition, the interaction of
these mutants with Skm1lp and Bnilp was partially reduced
(between 52 and 81% of the control). However, no alterations
in binding to Ste20p and Cla4p were found. The 146M mutant
protein was specifically reduced in its interaction with Skm1p,
with a binding efficiency of only 23% compared to the control.
No strong alterations were detected for the binding of 146M to
the other effectors. The most dramatic changes for effector
binding were measured for the S71P and E100G mutant pro-
teins. Whereas interaction of S71P with Giclp and Gic2p was
only partially altered, binding to Bnilp, Ste20p, Cla4p, and
Skm1p was strongly reduced. Yet another pattern was found
for the E100G mutant protein. Binding of E100G to Giclp,
Gic2p, Bnilp, and Skmlp was strongly reduced, whereas in-
teraction with Ste20p and Cladp was only partially affected. In
case of the nonfilamentous R68S mutant, no reduction in ef-
fector binding was measured, but a somewhat higher affinity to
Gic2p and Cladp was found. No significant alterations in ef-
fector binding were detectable for any of the hyperfilamentous
A30T, D65N, N92D, or E95K variants.

In summary, the effects on pseudohyphal development and
invasive growth of the nonfilamentous N26I, 146M, S71P,
E100G, S158T, and L160P Cdc42p variants can be correlated
with alterations in the binding to distinct subsets of down-
stream effectors. This suggests that several of the Cdc42p mu-
tants isolated here are specific effector mutants.

DISCUSSION

Evidence for specific Cdc42p signaling mutations. Here, we
have isolated novel Cdc42p mutant proteins that have lost the
ability to confer PH cell morphogenesis and invasive growth in

MoL. CELL. BIOL.

response to nitrogen starvation. A crucial finding of our study
is that many of these mutants do not affect polarity or cell
morphogenesis during yeast form proliferation, as measured by
morphology indices, actin staining, and bud scar distribution.
The developmental defects caused by the N26I, 146M, E100G,
S158T, and L160P mutations are very specific and are clearly
different from previously identified mutations in Cdc42p that
cause either lethality (e.g., G12V, K16A, T35A, D38A, Y40K,
Q61L, and D118A) or temperature sensitivity (e.g., K5A,
Y32K, V36T, V44A, D76A, and WI7R) and that lead to sig-
nificant changes in actin distribution or cell morphology and
polarity (10, 24, 25, 37, 49, 65). Mutations in Cdc42p identified
here also differ from mutations in actin-associated proteins
such as Bnilp or Tpmlp. Diploid bnil and tpml mutants dis-
play altered cell morphology already under yeast form growth
conditions (and consequently are suppressed for PH morpho-
genesis), but unlike the N261, 146M, E100G, S158T, and L160P
mutants, have no significant invasive growth defects (38). Phe-
notypically, the CDC42 mutants isolated here more strongly
resemble mutants with alterations in the known signaling path-
ways that control pseudohyphal growth. For instance, muta-
tions in components of the pseudohyphal and invasive growth
Kss1p-MAPK cascade (e.g., Ste20p, Stellp, Ste7p, Stel12p, and
Teclp) as well as mutations in Ras2p, Gpa2p, or Tpk2p spe-
cifically suppress PH morphogenesis and invasive growth.
Much like the N26I, 146M, E100G, S158T, and L160P muta-
tions isolated here, Kss1p-MAPK and cAMP signaling muta-
tions do not affect cell polarity or morphology during yeast
form proliferation. Expression of FLOII, a gene reporting
activities of both the Kss1p-MAPK and the cAMP pathways, is
also reduced in some of these Cdc42p mutants, whereas acti-
vated expression of FUSI and formation of mating projections
in response to pheromone are not affected. Thus, several of the
Cdc42p mutations uncovered in this study appear to be specific
signaling mutations rather than general morphological muta-
tions because the mutants display transcriptional and morpho-
logical defects only in response to certain nutritional signals.

We also found several mutations in Cdc42p that cause al-
terations in cell morphology independently of the growth con-
ditions. These include the hyperfilamentous D65N, N92D, and
E95K and to some degree the nonfilamentous S71P mutation.
However, these mutations also differ from other morphological
mutations of Cdc42p, as they do not cause lethality or temper-
ature sensitivity. Because these mutations also affect invasive
growth, they might cause both general morphological alter-
ations and signaling defects.

Novel Cdc42p effector mutations point to Giclp, Gic2p, and
Skmlp as development-specific Cdc42p effectors. A surprising
outcome of our study is the finding that several of the Cdc42p
mutations that suppress pseudohyphal and invasive growth
confer specific defects in binding to Giclp and Gic2p (S158T
and L160P) or Skm1p (I46M). These effectors of Cdc42p have
not yet been described as being involved in regulation of
pseudohyphal and invasive growth. Giclp and Gic2p are re-
quired for cell polarization but are dispensable for MAPK
signal transduction and thus have been suggested to link
Cdc42p to dynamic rearrangements of the actin cytoskeleton
(4, 6). Interestingly, Giclp and Gic2p act in a pathway for
signaling from Cdc42p to the actin cytoskeleton that operates
in parallel with a pathway that includes Bnilp, Msb3p, and
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FIG. 7. Cdc42p developmental mutations and structural model of Cdc42p. (A) Sequence alignment of Cdc42p from S. cerevisiae (Cdc42Sc) and
from human (Cdc42Hs). Vertical lines indicate identical residues. Known GTP-binding/hydrolysis domains (GTP/GDP), switch I and switch II
domains, and the Rho insert domain are underlined. Numbers indicate residues that were identified by mutations in the yeast Cdc42p sequence in this
study. (B) Three-dimensional structure model of S. cerevisiae Cdc42p was obtained by homology modeling of the primary structure of S. cerevisiae
Cdc42p using the Swiss-Model service (19) and is based on the X-ray crystal structure of Cdc42Hs (43, 53). Amino acid residues identified in this study
are indicated in different colors based on the phenotypes caused by their exchange. Substitutions of green residues were found to suppress pseudo-
hyphal or invasive growth, and exchanges of red residues enhanced pseudohyphal development. Switch I and switch II domains are colored yellow,
and the Rho insert domain is shown in purple.
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FIG. 8. Two-hybrid protein interactions between Cdc42 proteins and effector proteins Giclp, Gic2p, Bnilp, Ste20p, Cladp, and Skmlp. All
Cdc42p proteins measured (wild-type [wt] or mutant proteins N26I, A30T, 146M, D65N, R68S, S71P, N92D, E95K, E100G, S158T, and L160P)
carry the C188S mutation to prevent plasma membrane localization. Bars and values show relative (3-galactosidase activities normalized to the
activities obtained for wild-type Cdc42p (wt) and the different effectors, with values set to 100 (for absolute units, see Materials and Methods). The
value shown for each interaction represents the average of at least four independent B-galactosidase assays, each done in triplicate.

Msb4p (3). Because the Giclp/Gic2p pathway and the Bnilp/
Msb3p/Msb4p pathways are largely redundant in function, it
has been proposed that each of the pathways may be optimized
for distinct growth conditions. One interpretation of our re-
sults is that the Giclp/Gic2p pathway might be optimized for
cell polarization in response to the nutritional signals that
induce pseudohyphal and invasive growth. Whether interac-
tion of Cdc42p with the Bnilp/Msb3p/Msb4p pathway is also
essential for pseudohyphal development cannot be concluded
from our study, because the two mutations blocking interaction
with Bnilp (S71P and E100G) also diminish binding to other
effectors. However, these mutants allow the conclusion that
binding of Cdc42p to Bnilp is not essential for all functions of
this effector. Both the S71P and E100G mutations completely
abolish Bnilp binding, yet these mutants do not display the
polarity or morphology defects caused by a bnil mutation. This
finding is not unexpected, because Bnilp interacts with several
other proteins, such as Rholp, Rho3p, Rhodp, Pfylp, and
Spa2p (13, 16, 22). Yet S71P and E100G are novel mutations
as defining residues of Cdc42p that are essential for binding to
Bnilp.

Our results indicate that interaction between Cdc42p and
Giclp/Gic2p is required for pseudohyphal development. How-
ever, this function of Cdc42p alone cannot be sufficient for a
full developmental response. This interpretation can be made

based on the finding that the 146M mutant displays only min-
imal alterations in Giclp/Gic2p binding but has a much more
pronounced defect in binding to Skm1p. This points towards
Skmlp as a further effector of Cdc42p that affects pseudohy-
phal and invasive growth.

Our study did not uncover mutations in Cdc42p that exclu-
sively block binding to Ste20p. The only mutant showing sig-
nificantly reduced interaction with Ste20p is S71P. This finding
correlates with the fact that S71P is the only mutant found here
that affects both localization of GFP-Ste20p to the bud tip and
expression of the Kss1p-MAPK target gene FLOI11. However,
although reduced binding of Cdc42p to Ste20p causes some of
the phenotypes that would be expected based upon previous
studies defining Ste20p as an important pseudohyphal effector,
interpretation of these data is complicated by the fact that
S71P also affects interaction of Cdc42p with other effectors.

Altogether, the effector mutants isolated here are very help-
ful for dissecting the distinct functions of Cdc42p, although we
cannot exclude that some of the functions that are impaired in
these mutants are due to reduced binding or activation of
further effectors of Cdc42p. This might also explain the fact
that none of the hyperfilamentous A30T, D65N, N92D, or
E95K variants display altered binding patterns to the effectors
tested here. However, the novel mutants found in this study
point towards Giclp/Gic2p and Skmlp as effectors that, apart
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from Ste20p, might be important for morphological responses
to nutritional signals. Whether each of these effectors acts
independently or whether and how functions of Ste20p, Giclp/
Gic2p, and Skm1p are connected to control pseudohyphal de-
velopment remains to be investigated.

New insights into Cdc42p structure and effector binding. A
growing compendium of mutations in CDC42 together with
both the solution and the crystal structures of human Cdc42Hs
have defined several functional domains within Cdc42p (14, 24,
43, 50, 53). Four domains have been implicated in the binding
and hydrolysis of GTP, and three regions—switch I, switch II,
and Rho insert—are involved in protein-protein interactions
with downstream effector proteins (Fig. 7). With the exception
of Rho insert, all of these domains are highly conserved be-
tween human Cdc42Hs and S. cerevisiae Cdc42p (Fig. 7A).
Further important information on Cdc42p structure and effec-
tor binding domains comes from studies using specific effector
mutants that are selectively impaired for binding to certain
effectors but not to others. For instance, the V44A mutation
selectively blocks binding of Cdc42p to Giclp, Gic2p, and
Cladp but not to Bnilp, Skm1p, or Ste20p (49). Our study has
identified several residues of Cdc42p previously unknown to be
required for selective effector binding. Although specificity is
not absolutely clear-cut in all mutants, significant differences
can be observed. Residues S158 and L160 show selectivity for
interaction with Giclp and Gic2p. These two residues map to
a conserved region of Cdc42p that has been implicated in GTP
binding and hydrolysis. However, the S158T and L160P muta-
tions are not likely to inhibit the GTPase activity of the protein,
because neither binding to Bnilp, Ste20p, or Cladp nor func-
tions essential for cell division are affected. A more likely
explanation is that residues S158 and L160 are involved in
effector binding. N26 is another residue that is required for
binding to Giclp/Gic2p (and to a certain extent to Skm1p) but
not for interaction with Bnilp, Ste20p, or Cladp. N26 maps to
the end of switch I, a region that, together with switch II, is
among the regions of Cdc42p that display the most significant
flexibility in nuclear magnetic resonance measurement of the
protein (33). The three-dimensional structure model of
Cdc42p shows that N26, S158, and L160 are in close proximity
on the surface of Cdc42p (Fig. 7), defining this region of the
protein as important for binding of Giclp/Gic2p. Another res-
idue important for discrimination between distinct effectors is
146, due to the selective binding pattern of the [46M mutant
that is impaired for binding to Skm1p. 146 is located in the loop
between switch I and switch II, a region that also includes
residue V44, which is required for selective binding to Giclp/
Gic2p and Cladp (49). Our study has further identified S71,
located within the switch II region, and E100, residing within
helix a3, as residues that are crucial for binding to diverse
effector proteins. These residues do not appear to be selective
for a single effector. However, they still define a part of the
protein that appears to be highly important for binding to
Bnilp. The effects of the S71P and E100G mutations on bind-
ing of Cdc42p to Giclp/Gic2p (S71P) or Ste20p and Cladp
(E100G) are by far less pronounced than effects measured on
interaction with Bnilp (with 1% of binding capacity left). Be-
cause the two residues are very close to each other on the
Cdc42p surface (Fig. 7), this region might be an important
binding site for Bnilp.
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Taken together, our results help to improve our understand-
ing of the functions and functional domains of the essential
GTPase Cdc42p in S. cerevisiae. Given the high degree of
conservation of Cdc42p throughout the eukaryotic kingdom,
mutations identified here might help to dissect the distinct
functions of Cdc42p in other organisms.
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