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Pheromone Signalling in Saccharomyces cerevisiae Requires the
Small GTP-Binding Protein Cdc42p and Its Activator CDC24
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Pheromone signalling in Saccharomyces cerevisiae is mediated by the STE4-STE18 G-protein bg subunits. A
possible target for the subunits is Ste20p, whose structural homolog, the serine/threonine kinase PAK, is
activated by GTP-binding p21s Cdc42 and Rac1. The putative Cdc42p-binding domain of Ste20p, expressed as
a fusion protein, binds human and yeast GTP-binding Cdc42p. Cdc42p is required for a-factor-induced
activation of FUS1. cdc24ts strains defective for Cdc42p GDP/GTP exchange show no pheromone induction at
restrictive temperatures but are partially rescued by overexpression of Cdc42p, which is potentiated by
Cdc42p12V mutants. Epistatic analysis indicates that CDC24 and CDC42 lie between STE4 and STE20 in the
pathway. The two-hybrid system revealed that Ste4p interacts with Cdc24p. We propose that Cdc42p plays a
pivotal role both in polarization of the cytoskeleton and in pheromone signalling.

In eukaryotic cells, many growth and differentiation signals
are channelled through protein phosphorylation cascades that
involve the mitogen-activated protein (MAP) kinase family.
The similarity of MAP kinase cascades in multicellular organ-
isms to those in the yeast Saccharomyces cerevisiae is a subject
of great interest (7, 17, 42, 50). One of the best studied of these
cascades at the genetic level is the pheromone-dependent
pathway in S. cerevisiae, which links occupation of pheromone
receptors by a- or a-factor to a variety of events that lead to
mating (for reviews, see references 3, 27, and 41). The phero-
mone-induced transcriptional activation of mating-specific
genes requires a kinase cascade that includes the protein ki-
nases encoded by STE20, STE11, STE7, KSS1, and FUS3.
Activation of the pathway is initiated by the heterotrimeric
G-protein bg subunits encoded by STE4 and STE18 (71,
72); the STE20 gene product is a kinase which may lie at
the top of the kinase cascade and has been implicated as a
target of the STE4-encoded b subunit (32). In mammalian
cells, the activation of MAP kinase by various proto-oncogenic
tyrosine kinases requires small GTP-binding proteins (p21s)
of the Ras family; more recently, heterotrimeric G-protein
signalling to MAP kinase has been shown to be mediated
by bg subunits via Ras (13). While the mating pathway in
Schizosaccharomyces pombe parallels this pathway in requir-
ing ras1 (73), there has been no evidence for the involvement
of a p21 in the S. cerevisiae pheromone-induced kinase cas-
cade.
We have described a number of proteins that appear to be

the target of the Rho subfamily of p21s (39, 40). One of these
proteins was purified and shown to be a serine/threonine ki-
nase that is directly activated by GTP-binding Cdc42 (GTP-
Cdc42p) and GTP-Rac1. This brain-enriched kinase, desig-
nated PAK (40), is related to Ste20p both in the kinase domain
and in a separate region identified as the p21-binding domain.
These findings suggested that Cdc42p, a p21 first identified as

a gene product required for polarized budding (29), partici-
pates in the mating response (Rac has not been found in S.
cerevisiae). S. cerevisiae Cdc42p (Cdc42Sc) has been localized
to both the bud site and the mating projection (77) and is
closely related to its mammalian homologs (48, 61). Other
yeast polarization genes such as BEM1 have been found to be
required for mating, and indeed mating-defective alleles which
do not affect vegetative growth have been identified (10). Re-
cently a gene encoding an S. cerevisiae RhoGAP-like protein
has been shown to affect mating efficiency (47), suggesting that
a specific signal from a p21 of this family (Rho1/2/3/4 or
Cdc42p) is required.
If the similarity of Ste20p to PAK extends to its mode of

activation, GTP-Cdc42p could be required for the signalling of
MAP kinase cascade which leads to transcriptional changes
and cell cycle arrest (27). This possibility, in turn, implies that
the guanine nucleotide exchange/release factor for Cdc42p,
namely, the gene product of CDC24 (75), might also play a role
in this pathway; temperature-sensitive cdc24 (cdc24ts) strains
have long been known to show deficiencies in mating (56).
Recently homologs of CDC24 and BEM1 have been identified
in S. pombe; these genes, designated scd1 and scd2, respec-
tively, are required for both normal morphology and mating
(8). This requirement is probably reflected in the interaction of
scd1 with ras1, which is a component of the mating MAP
kinase cascade in this organism.
We have investigated the role of Cdc42p in the pheromone-

induced mating response of S. cerevisiae, using cdc42ts and
cdc24ts strains. The complete absence of signalling at restric-
tive temperatures indicated that loss of either CDC42 or
CDC24 function prevents pheromone signalling. The nature of
the defect in FUS1 induction upon a-factor treatment in these
strains has been investigated by the use of constructs which
behave as dominant activated alleles of STE4 and STE20 in the
absence of pheromone. Protein-protein interaction assays in-
dicate that Ste4p binds to Cdc24p and that GTP-Cdc42p binds
to Ste20p. These findings suggest that signalling to the MAP
kinase cascade from bg subunits may require coactivation of
the Cdc42Sc p21, which could thus allow coupling of nuclear
and cytoskeletal events.
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MATERIALS AND METHODS

Reagents. [a-32P]dCTP (;3,000 Ci/mmol) and Hybond-N hybridization mem-
branes were from Amersham. [g-32P]GTP (;6,000 Ci/mmol) was from Dupont-
NEN. D-(1)-glucose was purchased from BDH Laboratory Supplies (Poole,
United Kingdom). The constituents used in the synthetic media, a-factor, D-(1)-
raffinose, D-(1)-galactose, and sand (white quartz, 250170 mesh), were pur-
chased from Sigma Chemical Company (St. Louis, Mo.).
Preparation of recombinant p21-binding domain proteins and analysis by

[g-32P]GTP Cdc42 overlays. The GST-Ste20p fusion was constructed in the
pGEX-2T (Pharmacia) vector cloned into the BamHI and EcoRI sites as follows.
PCR (25 cycles) was used to amplify the Ste20p coding sequence (residues 327
to 378) with a 59 primer containing a BamHI site (underlined) (gact gga TCC
TCA TCT TCT ATA ACC ACC G; uppercase letters refer to STE20 codons)
and a 39 primer containing an EcoRI site (gact gaa ttc TCT TTT GGA AAT
ACC AC) and using a template W303 genomic DNA. The cDNA corresponding
to PAK residues 69 to 149 was amplified (25 cycles of PCR) by using a 59 primer
(gat gga tcc GAG AGG GAG CGG CAC GAG) and a vector 39 primer, and the
product was cut at the internal PvuII site and cloned into pGEX-4T-1 (BamHI-
SmaI). The insert was confirmed by sequencing. Human ACK residues 499 to
570 were derived from a truncated human ACK cDNA (clone 5) cut at the 59 end
with BstEII (filled in) and at the 39 end with EcoRI (plasmid cloning site); the
fragment was cloned into pGEX-3X (SmaI-EcoRI). Cdc42p coding sequences
were cloned in pGEX-2T as described previously (38). GST fusion proteins were
purified from Escherichia coli BL21 induced with 0.5 mM isopropylthiogalacto-
pyranoside (IPTG) at room temperature for 4 h as described previously (40) and
diluted to 1 mg/ml for storage.
After sodium dodecyl sulfate (SDS)-polyacrylamide electrophoresis on 12%

gels, proteins were transferred to polyvinylidene difluoride (PVDF) membranes
(NEN). Filters were blocked for 2 h in phosphate-buffered saline (PBS) contain-
ing 1% bovine serum albumin, 5 mM dithiothreitol, 0.5 mM MgCl2, and 0.1%
Triton X-100 at 48C prior to overlay analysis (39). Briefly, [g-32P]GTP was
incorporated into the p21s, using 5 mg of each protein in 50 ml of exchange buffer
(50 mM NaCl, 25 mM morpholineethanesulfonic acid [MES]-NaOH [pH 6.5],
2.5 mM EDTA, 0.05% Triton X-100) containing 10 mCi of [g-32P]GTP (;6,000
Ci/mmol; NEN) and incubated for 4 min at 248C. This solution was added to 2
ml of binding buffer (50 mM NaCl, 25 mM MES-NaOH [pH 6.5], 2.5 mM
dithiothreitol, 1.25 mM MgCl2, 0.05% Triton X-100) containing 0.5 mM GTP.
Each PVDF membrane was evenly covered with the appropriate p21 solution
and then transferred to a 1% agarose plates for 10 min at 48C. The filters were
then washed three times for 1 min each in PBS containing 25 mM MES-NaOH
(pH 6.5), 5 mM MgCl2, and 0.05% Triton X-100.
Yeast strains, media, and genetic manipulation. The S. cerevisiae strains used

in this study are listed in Table 1. Standard genetic protocols were used to
manipulate yeast strains (21, 58). The compositions of the rich medium and the
synthetic medium were as described previously (21). Yeast transformation was
carried out by the alkali cation method (60). To induce genes under control of
the GAL1 promoter, cells were pregrown in SC selective medium with 2%
raffinose to log phase (optical density at 600 nm [OD600] 5 0.8) and then in SC
selective medium with 2% galactose for the indicated time.
Modification of vectors. The yeast galactose-inducible expression vectors were

constructed from the yeast-E. coli shuttle vector YCplac111, YEplac181 (20),
pRS425, or pRS426 (12). The GAL1/10 (0.8-kb) promoter region was amplified
from W303 genomic DNA by PCR with primers 59-aattcgacaggttatcagcaacaaca
cag-39 and 59-tatagttttttctccttgacg-39. The PCR product and vectors were treated
with T4 DNA polymerase and deoxynucleoside triphosphate and inserted into

the HindIII-SphI sites in YEplac181 and YCplac111 (gifts from R. D. Gietz) and
the SacI site in pRS425 and pRS426 (obtained from the American Type Culture
Collection; catalogue no. 77106 and 77107). The sequence and orientation of the
GAL1/10 promoter in the resultant vectors were verified by double-stranded
DNA sequencing using the Sequenase 2.0 system (U.S. Biochemical). The ga-
lactose-inducible vectors used in this study were pGAL45 (YCplac111-GAL1
[with LEU2 marker and CEN origin of replication]), pGAL48 (YEplac181-
GAL1 [with LEU2 marker and 2mm origin of replication]), pGAL51 (pRS425-
GAL1 [with LEU2 marker and 2mm origin of replication]), and pGAL52
(pRS426-GAL1 (with URA3 marker and 2mm origin of replication]).
The yeast two-hybrid vectors pGBT9M (GAL4 DNA-binding domain) and

pGAD424M (GAL4 activation domain) are derivatives of pGBT9 and pGAD424
(purchased from Clontech Laboratories, Inc.) by replacing the polylinker
(EcoRI-PstI) with the complementary oligonucleotides 59-aattgggatccccgaattcccg
ggtcgactcgagcggccgcctgca-39 and 59-ggcggccgctcgagtcgacccgggaattcggggatccc-39,
which contain restriction sites in the following order: BamHI, EcoRI, XmaI,
SmaI, SalI, XhoI, NotI, and PstI. The modified polylinkers of both pGAD424M
and pGBT9M contain a BamHI site whose reading frame is GGA TCC. The
expression of fusion proteins in these vectors is directed by a crippled ADH
promoter (22).
Gene cloning and Cdc42p mutagenesis. The plasmid constructs used in this

study are listed in Table 2. The coding regions of CDC24, STE4, STE20, and
CDC42Sc were amplified by using Taq DNA polymerase (Cetus) and W303
genomic DNA through 25 cycles of PCR. The ULTma DNA polymerase with
proofreading activity (Cetus) was used to generate derivatives of the parent
sequence by 15 cycles of PCR. The pGAL::STE4 clone was tested by lethality and
FUS1 induction, the pGBT::Cdc24 clone was tested by its ability to complement
cdc24-4ts at 378C, and the pGAL::STE20 full-length clone was tested by comple-
mentation of the Dste20 mutant strain. The wild-type and mutant constructs of
human Cdc42 (Cdc42Hs) and Cdc42Sc were completely sequenced.
A two-round PCR-based mutagenesis method was used to introduce muta-

tions into CDC42Hs. In the first round, the N-terminus region of CDC42Hs was
amplified by PCR using plasmid (39) pGEX-CDC42Hs(BamHI-EcoRI) as the
template and vector forward primer and phosphorylated oligonucleotide 59-
tttaccaacagcaccatc-39. The adjacent 39 CDC42Hs sequence was amplified by
another PCR using vector reverse primer and phosphorylated mutagenic oligo-
nucleotide 59-aattgtctcgtgatatcctac-39, which contains a threonine-to-asparagine
mutation at amino acid residue 17 position (the nucleotide changes in the
oligonucleotide are underlined). The purified PCR products were ligated by
using T4 DNA ligase (Bethesda Research Laboratories) at 148C overnight and
used as the template for the second-round PCR using vector forward and reverse
primers. The second-round PCR product was purified, digested with BamHI-
EcoRI, and subcloned into pGAL48(BamHI-EcoRI). The Cdc42Hs17N mutant
was verified by double-strand sequencing.
Northern (RNA) analysis. Yeast total RNA was isolated by a single-step

phenol-chloroform-isoamyl alcohol method (15). For a-factor induction, 20 ml
of cells cultured to log phase (OD600 5 0.8, with pH adjusted to 4.0 with HCl)
was treated with a-factor at a final concentration of 5 mM for 15 min at 378C, 25
min at 308C, or 30 min at 248C. These cells or untreated cells were harvested by
pouring the culture into a 50-ml Falcon tube containing crushed ice and centri-
fuging it at 4,000 rpm for 2 min. The cells were transferred into a 2-ml Eppendorf
tube with a safe lock cap in 1 ml of ice-cold PBS for RNA isolation. Total RNA
(50 mg) from each sample was denatured and separated on 1% agarose formal-
dehyde gel as described previously (59). The RNA was transferred onto Hy-
bond-N (Amersham) and UV cross-linked onto the membrane, and the mem-
brane was baked for 2 h at 808C. The filter was hybridized with [a-32P]dCTP-
labelled FUS1 probe in buffer containing 7% SDS, 0.23 M Na2HPO4-0.27 M
NaH2PO4 (pH 6.8), and 10% formamide at 608C for 18 h, washed twice with 13
SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.1% SDS at 258C for
15 min, and washed once with 0.23 SSC–0.1% SDS at 608C for 10 min.
The FUS1 DNA fragment (50 to 571 bp of coding region) was amplified by

PCR from W303 genomic DNA with oligonucleotides 59-cgcaatgtctactacc-39 and
59-ccagaccaagcatatg-39, and the 0.5-kb PCR product was subcloned into cloning
vector PCRII (Invitrogen) and sequenced. The BamHI-XbaI 0.5-kb FUS1 DNA
fragment from plasmid PCRII-FUS1 was labelled by random priming with
[a-32P]dCTP (Amersham). Comparative RNA loading was determined either by
methylene blue staining of rRNA (59) before hybridization or by probing filters
with an ACT1 fragment (derived by PCR with oligonucleotides 59-cgggatctggcat
cataccttc-39 and 59-acaaagcttctggggctcgga-39) or a URA1 fragment (derived by
PCR using oligonucleotide 59-gtccatatggtatcttcccaccctaaa-39 and 59-attgccggcat
taaatgctgttcaact-39) under conditions as described for FUS1.
Morphological analysis. Yeast cells were fixed with 150 mM NaCl–3.7% form-

aldehyde for 10 min at the relevant culture temperature and sonicated for 10 s
before examination under a microscope. The photomicrographs of yeast cells
were taken with a phase II contrast lens (320) on a Nikon Microphot FXA
microscope.
Halo and complementation assays. cdc24-4ts cells containing plasmids pGAL::

Cdc42Hs, pGAL::Cdc42Sc, and pGAL::Cdc4212V were streaked on glucose se-
lective plates and grown at 248C for 24 h. These plates were replica plated to a
selective plate containing 2% galactose and 1 M sorbitol (48) and incubated at
368C for 2 days. A second replica on the selective Gal plate showed growth
rescue clearly. The cells from the rescue plate were resuspended and diluted in

TABLE 1. Yeast strains used in this study

Strain Genotype Reference
or source

YPH499 MATa ura3-52 lys2-801 ade2-101
trp1-63 his3-200 leu2-1

62

W303 MATa ade2-1 trp1-1 can1-100
leu2-3,112 his3-11,15 ura3 GAL
psi1

65

DJTD2-16A (cdc42-1ts) MATa cdc42-1 ura3 his4 leu2 trp1
gal2

29

Y147 (cdc24-4ts) MATa cdc24-4 ura3 leu2-3,112
his3 gal2

5

cdc24-1ts MATa cdc24-1 ura1 tyr1 arg4 thr4
ade1 ade2 gal1

25

HF7c MATa ura3-52 his3-200 lys2-801
ade2-101 trp1-901 leu2-3,112
gal4-542 gal80-538 LYS2::GAL1-
HIS3 URA3::(GAL4 17-mers)3-
CYC1-lacZ
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YEP-Gal medium prewarmed to 368C, and 106 cells in 400 ml were spread evenly
on a 368C YEP-Gal plate, which was then air dried. Eight micrograms (1 mg/ml)
of a-factor (Sigma) dissolved in 90% methanol was dotted on Whatman 3MM
filter discs (diameter 5 6 mm) on the cell spread plate. The plate was incubated
at 368C for 2 days before photography.
Two-hybrid protein interaction assay. HF7c competent cells were cotrans-

formed with 8 mg of each GAL4 DNA-binding domain fusion plasmid DNA and
GAL4 activation domain fusion plasmid DNA; equal amounts of the cell mix
were plated on an SC agar plate for selection of uracil, leucine, tryptophan, and
histidine and on a plate for selection of uracil, leucine, and tryptophan. The
colony numbers on both plates were scored after 3 days of incubation at 308C.

RESULTS

Mammalian and yeast GTP-Cdc42s bind to recombinant
Ste20p. The significant homology between a region in Ste20p
and the PAK binding/activation domain, both N terminal to
their highly conserved kinase domains (40), led us to test
whether the Ste20p region binds [g-32P]GTP-Cdc42. The se-
quence in Ste20p of 52 amino acids (bracketed in Fig. 1A)
corresponding to the minimal p21-binding region of the ty-
rosine kinase ACK (39) was expressed as a glutathione S-
transferase (GST) fusion protein (Fig. 1B) and analyzed for
binding to human and yeast Cdc42p. The p21s, labelled with
[g-32P]GTP under identical conditions, were overlaid onto
PVDF filters containing the immobilized GST fusion proteins.
The putative p21-binding domain of Ste20p indeed bound to
[g-32P]GTP-Cdc42Hs (Fig. 1B, middle) with similar affinity as

the proteins containing the p21-binding domains of the two
mammalian kinases. The small proteolytic breakdown prod-
ucts in the Ste20p lane do not bind p21. Interestingly, labelled
Cdc42Sc interacted more strongly with the Ste20p fusion pro-
tein than the mammalian sequences. This domain of PAK
appears to regulate autophosphorylation and activation of the
kinase domain upon binding of the activated Cdc42. None of
the fusion proteins bound to the related mammalian p21 RhoA
or RhoG (not shown).
The GTPase activities of recombinant Cdc42Hs and the two

putative dominant mutants Cdc42Hs12V and Cdc42Hs5R,12V

used in this study are shown in Fig. 1C. The slower rate of GTP
hydrolysis of the mutant proteins relative to wild-type Cdc42
(with a half-life of 5 min at 308C) parallels the G-123V mu-
tation in the related p21 Rac1 (57), which gives a dominant-
activated phenotype in vivo because the mutant p21 tends to
remain in its GTP-bound active conformation.
FUS1 transcriptional activation in response to a-factor is

defective in cdc42ts and cdc24ts strains. Pheromone activation
leads to STE12-mediated transcriptional activation of a num-
ber of yeast mating-specific genes (16), including FUS1, whose
product is required for cell fusion (14). To assay activation of
the kinase cascade, we directly monitored FUS1 mRNA levels
following a short a-factor treatment (15 to 30 min, depending
on the temperature), since this is a highly induced and widely
used reporter gene for the function of the pathway. Where

TABLE 2. Plasmid constructs used in this study

Plasmid Vector Insert Comment Reference or derivation

pGAL::Cdc42Hs pGAL48 CDC42Hs (BamHI-EcoRI) 36a
pGAL::Cdc42Hs17N pGAL45 CDC42Hs17N This report
pGAL::Cdc42Hs12V pGAL48 CDC42Hs12V (BamHI-EcoRI) 36a
pGAL::Cdc42Hs5R12V pGAL48 CDC42Hs5R12V (BamHI-EcoRI) 36a
pGAL::Cdc42Sc pGAL48 CDC42Sc (BamHI-EcoRI) PCR using oligonucleotides 59-gatggatccaaaatgcaaacgctaaagtg-

39 and 59-gtgaattctacaaaattgtacattttttac-39
pGAL::Cdc42Sc12V pGAL48 CDC42Sc12V (BamHI-EcoRI) PCR using oligonucleotides 59-cgggatccaaaatgcaaacgctaaagtgtg

ttgtcggtgatgttgc-39 and 59-gtgaattctacaaaattgtacattttttac-39
pGAL::Rac112V pGAL48 RAC112V (BamHI-EcoRI) 2
pGAL::STE4 pGAL48 STE4 (BamHI-EcoRI) PCR using oligonucleotides 59-acggatccatggcagcacatcagatg-39

and 59-aggaattccaattcgaagctattg-39
pGAL::DN494Ste20 pGAL52 DNSTE20(495–937) (BamHI-XhoI) PCR using oligonucleotides 59-gcatggatccgcttcagctccaat-39 and

59-ccgctcgagtttacttttgtttatcatc-39
pGAL::STE20 pGAL51 STE20 (BglII-XhoI) (full length) PCR using oligonucleotides 59-gatcctcgactaaagatcttaatgagcaatg

atcc-39 and 59-ccgctcgagtttacttttgtttatcatc-39
pGBT::Cdc24 pGBT9M CDC24 (BamHI-PstI) (full length) PCR using oligonucleotides 59-cgggatccatggcgatccaaacccgttttg-

39 and 59-ttctgcagtcaatacagacgaatgttcaag-39
pGAD::Cdc24 pGAD424M CDC24 (BamHI-PstI) The BamHI-PstI fragment from pGBT::Cdc24 was cloned into

BamHI-PstI-linearized pGAD424M
pGBT::Cdc24(1-289) pGBT9M CDC24(1–289) (BamHI-PstI) PCR using oligonucleotides 59-cgggatccatggcgatccaaacccgttttg-

39 and 59-ttctgcagcgttgcaacgaattcctt-39
pGBT::Cdc24(1-487) pGBT9M CDC24(1–487) (BamHI-PstI) PCR using oligonucleotides 59-cgggatccatggcgatccaaacccgttttg-

39 and 59-ttctgcagatataataactcaccgaac-39
pGBT::Cdc24(1-779) pGBT9M CDC24(1–779) (BamHI-BglII) The larger fragment from pGBT::Cdc24 cut with BglII and

PstI was recircularized by blunt-end ligation
pGBT::Cdc24(280-487) pGBT9M CDC24(280–487) (BamHI-PstI) PCR using oligonucleotides 59-cgggatccgttaaaattatcaaggaatt-39

and 59-ttctgcagatataataactcaccgaac-39
pGBT::Cdc24(280-854) pGBT9M CDC24(280–854) (BamHI-PstI) PCR using oligonucleotides 59-cgggatccgttaaaattatcaaggaatt-39

and 59-ttctgcagtcaatacagacgaatgttcaag-39
pGBT::Cdc24(473-854) pGBT9M CDC24(473–854) (BamHI-PstI) PCR using oligonucleotides 59-gatggatccaactggaagggttatagaatt-

39 and 59-ttctgcagtcaatacagacgaatgttcaag-39
pGBT::Cdc24(473-701) pGBT9M CDC24(473–701) (BamHI-XhoI) PCR using oligonucleotides 59-gatggatccaactggaagggttatagaatt-

39 and 59-gatctcgagttgtggtgggtgacatca-39
pGBT::Cdc24(766-854) pGBT9 CDC24(766–854) (EcoRV-PstI) The 280-bp EcoRV-PstI fragment from pGBT::Cdc24 was

cloned into SmaI-PstI-linearized pGBT9
pGBT::DN494Ste20 pGBT9 DNSTE20(495–939) (BamHI-XhoI) The BamHI-XhoI (blunt-ended) fragment from

pGAL::DNSte20 was cloned into BamHI-EcoRI (blunt-
ended)-linearized pGBT9
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possible, the temperature-sensitive strains were maintained for
as short a time as necessary at the lethal restrictive tempera-
ture to avoid pleiotropic effects of the gene deficiency. The
level of FUS1 mRNA induction (following 15 min of exposure
to a-factor) declined with time after transfer of cdc42-1ts cells
(1) to restrictive temperatures (Fig. 2A). To confirm this in-
volvement of Cdc42 in the mating response, we expressed the
17N putative dominant negative Cdc42Hs mutant in wild-type
cells. Induction of this protein under a GAL promoter led to
the expected phenotype of large unbudded cells (at 308C; Fig.
2C) and a concomitant decrease in level of a-factor-induced
FUS1mRNA (Fig. 2A). Thus, the pheromone signalling defect
correlates with phenotypic loss of function produced by the
putative dominant negative Cdc42. Similarly, the cdc24-1ts (25)
and cdc24-4ts (63) strains, which exhibit a similar morpholog-

ical defect genetically upstream of CDC42 (5) and have a
normal pheromone response without preincubation at restric-
tive temperatures (Fig. 2B, lanes 1 and 4), completely lose the
ability to respond to pheromone after 2 h at 378C. Wild-type
cells show no change in the extent of FUS1 induction with
prolonged incubation at 378C, while cdc24-1ts and cdc24-4ts

strains remain unresponsive on this time scale, as expected
(Fig. 2B). Because the cdc24-4ts strain required the shorter
time at restrictive temperatures for complete loss of a-factor
signalling, it was used for most of the subsequent experiments.
CDC24 is required for STE4 signalling. To rule out the

possibility that cdc42ts and cdc24ts cells become nonresponsive
to pheromone because of down-regulation of some component
in the receptor complex or a failure in coupling of pheromone
receptor to the G-protein a and bg subunits, STE4 (encoding
the b subunit) placed under a galactose-inducible promoter
was introduced into the cdc24-4ts strain. FUS1 mRNA levels at
various times after addition of galactose to cells at 248C were
compared with those in cells preincubated at 378C for 2 h
before galactose addition (Fig. 3). The data demonstrate that
the constitutive induction of FUS1 mRNA by Ste4p overex-
pression in the absence of pheromone occurs in the cdc24-4ts

strain at the permissive but not restrictive temperature. This
STE4-mediated induction of FUS1 achieves levels ;50% of
that obtained with a-factor, as previously reported (72). Wild-
type W303 cells containing the pGAL::STE4 construct showed
similar FUS1 induction at 378C (data not shown). Phenotypi-
cally irregularly shaped cells are seen at permissive tempera-
tures in galactose, while at restrictive temperatures, cdc24-4ts

pGAL::STE4 cells remain rounded and enlarged (data not
shown). Thus, CDC24 appears to act at the same level or
downstream of STE4 in the pheromone-induced kinase cas-
cade.
Effects of Cdc42p overexpression on FUS1 induction in

cdc24ts cells. The growth defect in cdc42ts strains at restrictive
temperatures can be rescued by overexpression of human or
worm Cdc42 (9, 61). Similarly, the cdc24-4ts strain has been
rescued by overexpression of Cdc42Sc and Cdc42Hs (5, 48) (as
also shown in Fig. 5A). Figure 4A shows that galactose-in-
duced overexpression of Cdc42Sc partially restored (;30%)
a-factor-mediated FUS1 induction in cdc24-4ts cells at the re-
strictive temperature compared with the non-temperature-sen-
sitive cdc24-4ts::CDC24 strain, in which the temperature-sen-
sitive allele has been rescued by homologous recombination
with wild-type CDC24 coding sequence. Thus, CDC42 appears
to act downstream of CDC24 in the a-factor-initiated signal-
ling pathway. Overexpression of Cdc42Sc and Cdc42Hs al-
lowed budding and thus viability at the restrictive temperature
(Fig. 5A). The partially defective pheromone signalling in
these cells cannot be ascribed to secondary effects, such as cell
cycle arrest at an inappropriate stage for the mating response.
Galactose-induced expression of dominant positive (GTPase-
defective) Cdc42Sc12V and of the Cdc42Hs5R,12V mutant (orig-
inally characterized with respect to its ability to activate PAK
in vivo) in cdc24-4ts cells were equally effective in promoting
induction of FUS1mRNA in response to a-factor at 378C (Fig.
4B). No FUS1 induction was observed in any case without
pheromone treatment, implying that another factor additional
to activated Cdc42p was required for stimulating the path-
way. Expression of the human activated Cdc42Hs12V and
Cdc42Hs5R,12V was lethal at all temperatures and gave rise to
cells with an irregular multibudded phenotype (Fig. 4C) similar
to that described by Ziman et al. (76) for the Cdc42Sc12V

mutant.
A pheromone halo assay on galactose plates (Fig. 5B)

showed that the cdc24-4ts cells overexpressing either yeast or

FIG. 1. Ste20p contains a GTP-Cdc42p binding domain. (A) Alignment of
the p21-binding domains of PAK and ACK with the homologous region of
Ste20p. Residues conserved between PAK and Ste20p are in uppercase and
marked (p). The Ste20p residues expressed in the GST fusion construct are
bracketed. (B) Purified recombinant GST fusion proteins (adjusted to;1 mg per
band) were separated on a 12% polyacrylamide gel and Coomassie blue stained
(left); the proteins corresponded to GST-Ste20p(327–379), GST-PAK(69–150),
and GST-ACK(499–570). For the p21 overlay assay, duplicate sets were trans-
ferred to PVDF membranes (NEN). Recombinant p21s were each labelled with
10 mCi of [g-32P]GTP and overlaid at a concentration of 2 mg/ml onto the
corresponding filters. Binding on 1% agarose was allowed for 10 min. Filters
were washed and exposed to hyperfilm (Amersham) without an intensifying screen
for 2 h at2708C. (C) Hydrolysis of bound GTP by recombinant human Cdc42- and
GTPase-impaired mutants. [g-32P]GTP was exchanged into the p21 in the presence
of 2.5 mM EDTA, then transferred to buffer containing 1.25 mM MgCl2, and
incubated at 308C. At each time point, 20-ml aliquots (in duplicate) were removed,
absorbed onto nitrocellulose, washed, and assayed for bound [g-32P]GTP. The
average counts were expressed as a percentage of counts at t5 0. Data shown are
from two independent experiments, and curves were drawn by hand.
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FIG. 2. The cdc42ts and cdc24ts strains are defective in a-factor induction of FUS1 at the restrictive temperature. (A) The cdc42-1ts strain was grown at 248C in
YEPD medium; cells at an OD of 0.7 were transferred to 378C at the start of the experiment. Total RNA was isolated from cells (107/ml) treated with a-factor (5 mM)
for 15 min and subjected to Northern analysis using a FUS1 probe. Strain YPH499 was transformed with the putative dominant negative construct pGAL::Cdc42Hs17N.
Cells were grown in raffinose to an OD of 0.8 and then transferred to medium containing either galactose or glucose at 308C. At the time shown, 107 cells per ml were
treated with 5 mM a-factor for 20 min. (B) The cdc24-1ts and cdc24-4ts strains were grown at 248C and then transferred to 378C. At the appropriate time, a-factor was
added as described above. (C) Comparison of the phenotype of YPH499 cells overexpressing Cdc42Hs17N from a galactose-inducible plasmid at 308C with those of
cdc42-1ts and cdc24-4ts cells grown at 378C. Cells were incubated for 8 h as indicated, fixed, sonicated, and observed under phase-contrast microscopy. All fields were
photographed at the same magnification.
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human Cdc42 displayed defective pheromone signalling at the
restrictive temperature. Halos from cdc24-4ts cells rescued by
constitutive expression for pGAD::Cdc24 were like those of
the wild-type strain W303. The smaller halos from cdc24-4ts

cells overexpressing Cdc42Sc indicate an attenuated phero-
mone-induced G1 arrest which appears to reflect the lower
level of FUS1 induction (Fig. 4A and B). However, we cannot
discount induction of protease activity for this effect; the use of
bar2 strains would resolve this issue.
Signalling from truncated Ste20p is independent of CDC24.

The expression of Ste20p as an N-terminally truncated form
(containing residues 495 to 939) has been shown to activate
constitutively the mating pathway in the absence of phero-
mone, as assayed with a Fus1p::LacZ reporter construct (54).
We placed this truncated STE20 sequence under a GAL pro-

FIG. 4. The pheromone response in the cdc24-4ts strain is potentiated by overexpression of Cdc42p. (A) Galactose-inducible yeast and human Cdc42p constructs
in the cdc24-4ts strain were induced for 10 h at 248C. Following heat shock at 378C for 2 h, cells were treated with 5 mM a-factor under standard conditions. The FUS1
mRNA levels in a-factor-treated and untreated cells were examined by Northern analysis. The last lane corresponds to RNA isolated from the cdc24-4ts::CDC24
(non-temperature-sensitive) strain transformed with an empty vector plasmid. (B) The FUS1 mRNA levels were determined quantitatively, using a PhosphorImager
(Molecular Dynamics). The values shown represent the averages from two independent experiments; error bars indicate the higher value of the two. (C) The phenotype
of the cdc24-4ts strain at 248C overexpressing the dominant active mutants Cdc42Hs12V and Cdc42Hs5R,12V.

FIG. 3. Constitutive induction of FUS1 by STE4 overexpression is defective
in the cdc24-4ts strain at the restrictive temperature. The cdc24-4ts strain har-
boring plasmid pGAL::STE4 was grown to an OD600 of 0.8 in raffinose at 248C.
At the start of the experiment, either galactose was immediately added to the
cells at 248C or the cells were transferred to 378C for 2 h prior to galactose
addition. At the times shown after the start of the experiment, cells were har-
vested on ice and analyzed for FUS1 mRNA levels.
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moter and tested the ability of such as plasmid to induce FUS1
mRNA. Because the constitutive induction was ;2-fold lower
in W303 than in cdc24-4ts strains at restrictive temperatures
(not shown), a variation attributable to a strain differences, we
compared the effects of DN494STE20 in cdc24-4ts and cdc24-4ts

pGBT::Cdc24 cells (in which viability and pheromone respon-
siveness are normal at 378C). The levels of FUS1 mRNA pro-
duced in response to galactose-induced expression of DSte20p
at 378C were essentially identical in cells with and without
CDC24 (Fig. 6, lanes 1 and 2). Maximal levels of FUS1 mRNA
were achieved only after relatively long periods of galactose
induction, corresponding to ;5% of that resulting from a-fac-
tor treatment at the same temperature (by quantification of
FUS1 band). This constitutive induction was weaker at 378C
than at 308C (data not shown) perhaps because of instability or
down-regulation of DN494Ste20p at higher temperatures. In-
terestingly, cells expressing DN494Ste20p were found to re-
spond to a-factor treatment at restrictive temperatures, achiev-
ing levels of FUS1 mRNA (Fig. 6, lanes 3 and 4) like those in
wild-type cells. Again, the absence or presence of CDC24 did
not affect the level of FUS1 induction in this case. However,
overexpression of full-length Ste20p did not lead to FUS1
induction either in the presence or in the absence of phero-
mone (Fig. 6, lanes 7 and 8) at restrictive temperatures. We
have found that W303 ste202 cells containing pGAL::
DN494Ste20 can also respond to pheromone (not shown), in-
dicating that in cdc24-4ts cells expressing DN494Ste20p, the

FIG. 5. Overexpression of wild-type yeast and human Cdc42p does not rescue the transmission of the growth arrest signal in the cdc24-4ts strain at 368C. (A) Growth
rescue in the cdc24-4ts strain by overexpression of human or yeast Cdc42p from a galactose-inducible vector. Cells were grown on glucose for 2 days at room
temperature, then replica plated twice onto a galactose plates, and grown for 2 days at 368C on each occasion. (B) The cdc24-4ts strain transformed with a Cdc42Sc
or Cdc42Hs plasmid, under the GAL promoter, or the constitutive pGAD::Cdc24 vector were spread on galactose plates. Each circle of filter paper placed on the lawn
contained 8 mg of a-factor; the photograph shows plates incubated for 2 days at 368C.

FIG. 6. Constitutive and a-factor-dependent FUS1 induction mediated by
the truncated Ste20p kinase is not dependent on CDC24 function. Overexpres-
sion of a truncated kinase from plasmid pGAL:DN494Ste20 (as indicated) leads
to weak constitutive induction of FUS1 mRNA as determined by Northern
analysis. Cells were moved to 378C in raffinose for 2 h before addition of
galactose for 8 h. The first two lanes show this induction to be equivalent in the
cdc24-4ts strain with or without functional Cdc24p expressed from plasmid
pGBT::Cdc24. In both cases, a-factor (added under standard conditions) led to
further FUS1 induction. At the restrictive temperature, the truncated but not
full-length Ste20p allowed the cdc24-4ts strain to respond to pheromone.
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pheromone response is not indirectly mediated by wild-type
Ste20p. Although the level of FUS1 induction is relatively low,
our results show that the truncated kinase DSte20p bypasses
the normal requirement for active Cdc42p for pheromone sig-
nalling, consistent with deletion of the Cdc42p-binding domain
(Fig. 1A). Since FUS1 mRNA is not detectable when full-
length Ste20p is overexpressed (Fig. 6, lane 8), the sequence
containing residues 1 to 494 of Ste20p clearly suppresses the
activity of the kinase domain in the absence of pheromone
signalling. The properties of the N-terminally deleted STE20
construct assayed in the cdc24ts strain therefore indicate the
existence of another pheromone-responsive element on the
kinase in addition to the p21-binding domain, which in the full
protein responds to GTP-Cdc42p. The mammalian PAK when
expressed in the ste202 strain is unable to complement the
mating defect (Fig. 7), suggesting that the mammalian kinase is
unable to phosphorylate appropriate downstream targets or
that it is insufficiently activated by Cdc42Sc (Fig. 1B).
Ste4p may interact with the N-terminus of Cdc42p. Recent

reports of an interaction between the b-ARK pleckstrin ho-
mology domain and mammalian bg subunits (67) suggested
the possibility that the STE4-encoded b subunit interacts with
Cdc42p, which, in common with all mammalian Dbl-like gua-
nine nucleotide exchange factors, also contains a flanking
pleckstrin homology domain (49). We detected an interaction
between these two yeast proteins by the two-hybrid system
(18), using hybrid constructs pGAD::STE4 and pGBT::Cdc24
driven by a weak truncated ADH constitutive promoter in
strain HF7c (Fig. 8A). Viability of the cotransformants in the
absence of histidine indicates a positive interaction, although
b-galactoside activity is much lower than with other promoters
(36); under these conditions, no false-positive colonies were
observed under His2 selection. Plasmid pGBT::Cdc24, which
contained the complete coding sequence of CDC24 (CLS4
[45]), using the corrected initiation site (46), rescued both
growth and pheromone response defects in the cdc24-4ts strain,
indicating the fusion protein to be functional (Fig. 5). Unlike
the inducible expression from pGAL::STE4, the pGAD::STE4
vector was not deleterious to growth, perhaps because of the
lower expression level and nuclear targeting signal of the prod-
uct (this was also true for the pGAD::DN494Ste20 product).
The specificity of the in vivo Cdc24p-Ste4p interaction assay
was tested by using a variety of CDC24 deletion constructs
(Fig. 8B). To normalize results, the interaction was assayed by
cotransformation of the plasmids and comparative analysis of
viability on His-containing and His-deficient plates (Fig. 8C).
The data suggest that an N-terminal domain upstream of the
guanine nucleotide exchange domain of Cdc24p was sufficient
for the observed interaction with the b subunit. Whether the
interaction requires the presence of endogenous g subunits or
other proteins remains to be tested. The absence of colonies
by cotransformation of plasmids pGAD::STE4 and pGBT::
DN494Ste20 indicated lack of a direct interaction of DN494

Ste20p with Ste4p, or that such an interaction was weaker than
can be detected by this method. Similarly, we were unable to
detect interaction between Cdc42p and Ste4p or between
Cdc24p and Ste20p (data not shown).

DISCUSSION

In this report, we have examined the significance of the
homology between the Cdc42/Rac-binding domain of the
mammalian p21-regulated kinase PAK (40) and predicted se-
quence of a similar region in the S. cerevisiae mating response
kinase Ste20p. Binding of GTP-p21 to p65-PAK leads to acti-
vation of the kinase by an autophosphorylation mechanism,

while GDP-p21 is ineffective. The kinase domains of Ste20p
and PAK share 70% amino acid identity, suggesting that they
may be regulated similarly. As predicted from the amino acid
sequence homology, the recombinant Cdc42-binding domain
of Ste20p binds [g-32P]GTP-Cdc42 as effectively as the related
region of a-PAK (Fig. 1).
The substrates of Ste20p are as yet unresolved. STE5 was

isolated as a multicopy suppressor in an ste20-1 strain (33), and
its ability to rescue mating appeared to be related to the ab-
sence of any disruption in the Ste20p kinase domain. STE5 acts
closely downstream of the G-protein b and g subunits (26).
While Ste5p forms multicomponent complexes with Ste11p,
Ste7p, and Fus3p, it is apparently unable to bind Ste20p (11).
Ste7p has been shown to be directly activated by Ste11p in vitro
(51). Within the limits of our current knowledge of the pher-
omone pathway, the simplest model would place the Ste11p
kinase as directly regulated by Ste20p, with Ste5p providing a
scaffolding for the kinase cascade (11).
The experiments described here provide evidence that

CDC42 is required for transducing the pheromone signal to the
nucleus. CDC24 clearly acts upstream of CDC42, and it is likely
that STE4 acts upstream of these genes although the alterna-
tive scenario that they can modulate STE4 signalling is not
ruled out. The ability of the partially active DN494Ste20 con-
struct to induce FUS1 mRNA to the same extent in cdc24-4ts

with or without wild-type Cdc24p (at restrictive temperatures)
shows the truncated kinase to be independent of GTP-Cdc42p,
placing CDC42 upstream of STE20 in the pheromone re-
sponse. This placement is consistent with the normal STE20
gene product binding to, but acting downstream of, CDC42.
One interpretation of these interactions is illustrated in the
model shown in Fig. 9. The STE4-encoded b subunit may
activate Cdc24p, which would explain the biochemical obser-
vation that Cdc42p is translocated to the plasma membrane
fraction upon pheromone treatment (77). Activated Cdc42p is
probably required for formation of the polarized structures
called shmoos; however, expression from pGAL::STE4 in
ste202 cells is not lethal and does not lead to abnormally
shaped cells (not shown), suggesting the morphological
changes caused by Ste4p overexpression have requirements at
or below the level of STE20. These results together with those
of studies of PAK indicate that one function of GTP-Cdc42p,
via an interaction with the p21-binding domain of STE20, is

FIG. 7. Overexpression of mammalian PAK is insufficient to complement the
mating defect in an ste202 strain. (A) The ste202 strain (74) was transformed
with pGAL::STE20, pGAL::PAK (40), and vector (with LEU2marker), and four
individual transformants of each were patched onto an SC 2 Ura 2 Leu [SC-
U-L (galactose)] plate and grown at 308C for 2 days. (B) The plate shown in
panel A was replicated on a YEP-Gal plate containing a lawn of STX318-1A
mating tester cells (Yeast Genetic Stock Center). Following incubation at 308C
for 10 h, the plate was replicated on an SD plate without amino acids to select
for the diploid cells (growth at 308C for 20 h is shown).
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likely to involve activation of the Ste20p kinase by stimulating
autophosphorylation. In the absence of CDC24, it is clear that
the activated yeast and human mutant Cdc42ps are more ef-
fective in signalling to Ste20p than wild-type proteins. This
finding provides evidence that the behavior of mutant Cdc42p
in the pheromone signalling pathway is similar to its effects in
the budding pathway, i.e., Cdc4212V is hyperactive.
In an early study of mating in 19 cdc mutants (56), two

temperature-sensitive alleles of CDC24 were shown to exhibit
the greatest deficiency in diploid formation at 358C (,0.01%
of that at the permissive temperature) when mixed with a
wild-type a tester strain. The CDC24 gene product has a com-
plex role during bud formation and growth (63) and is a pu-
tative calcium-regulated protein (46). Most of the steps of the
pheromone response pathway have been defined genetically by
null alleles of so-called sterile (STE) genes that block mating.

Other genes involved include two alleles of BEM1 (10) ob-
tained by screening for cells that were unable to form shmoos
when treated with pheromone. Interestingly, bem1 null mu-
tants have a disordered actin cytoskeleton. BEM1 codes for a
protein containing two SH3 domains that was also isolated as
a synthetically lethal gene with MSB1, a multicopy suppressor
of the budding defect in cdc42ts and cdc24ts strains (6). It is
likely that one role of CDC24 and CDC42 in mating is to
coordinate the downstream cytoskeletal reorganization accom-
panying the mating response and allowing cells to override the
normal program of cell polarization. Evidence for the presence
of bud proteins at the site of shmoo formation comes from the
observation that cells which form such a projection (but do not
mate) produce a bud at the site if they resume mitotic growth
(66). In S. pombe, the protein product of the CDC24 homolog
scd1 complexes to the Bem1p homolog protein Scd2p (8). In

FIG. 8. The G-protein b subunit interacts with an N-terminal region of Cdc24p. (A) Reporter strain HF7c containing the indicated plasmids was selected for
cotransformants on His-containing medium; from these cells, a single colony was streaked onto a His-deficient plate shown (in every case, several colonies were tested
with the same result). Only pGAD::STE4 and pGBT::Cdc24 allowed cell growth. (B) Schematic diagram of the regions of Cdc24p tested for interaction with Ste4p in
the two-hybrid system. CDC24 DNA corresponding to the amino acid residues shown was cloned in frame to the pGBT vector for cotransformation with pGAD::STE4.
(C) For each analysis, 8 mg of each plasmid was transformed with 200 ml of cells; 40-ml equivalents of cells were spread onto His-containing or His-deficient agar plates.
Colonies were counted after 3 days at 308C. In every case, more than 100 colonies were scored on the His-containing plate. This analysis indicated that the interaction
occurs within the first 289 residues of Cdc24p.
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contrast to the S. pombe homologs (8, 44) our analysis clearly
placed CDC42 downstream of CDC24.
The mating/starvation response pathway in S. pombe utilizes

the ras1 gene product for both morphological and MAP kinase
responses to pheromone (for a review, see reference 52). As is
the case with overexpression of Cdc42Sc12V in S. cerevisiae
(Fig. 4), the activated Ras1p17V in S. pombe does not cause a
mating response in the absence of pheromone (or bypass the
requirement for nitrogen starvation [53]). Targets of GTP-
Ras1p in S. pombe appear to be the STE11 kinase homologs
encoded by byr2 (68) and scd1 (8). Whether a Ste20p-like gene
product is linked to S. pombe Cdc42 activation downstream of
ras1 remains to be resolved. The response to nutrient starva-
tion in this case might parallel regulation of Ste20p in diploid
S. cerevisiae cells leading to polarized pseudohyphal growth
(37).
Our data suggest that part of the pheromone-induced path-

way can operate independently of Cdc42p with N-terminally
truncated Ste20p. Together with the failure to detect an inter-
action between Ste4p and DN494Ste20p, this finding implies
that there is a mediator (X factor) between the heterotrimeric
G protein and Ste20p (Fig. 9). One such candidate might be
STE50 (55). The mediator could be a coactivator of Ste20p
with GTP-Cdc42p; we have so far been unable to show acti-
vation of full-length recombinant Ste20p with GTP-Cdc42p in
vitro (not shown). Since without CDC24-CDC42 signalling no
FUS1 induction can be observed in response to a-factor or
Ste4p overexpression (even with overexpressed full-length
Ste20p), CDC24 and CDC42 appear to act as a checkpoint in
the pathway. Although overexpression of full-length Ste20p
was shown to rescue the effects of a dominant negative mutant

of STE4 (32, 34), it cannot relieve the block to a-factor signal-
ling in cdc24-4ts cells at restrictive temperatures.
The mating deficiency of ste202 strains cannot be rescued by

overexpression of mammalian PAK (Fig. 7). It is probable that
the additional domains in Ste20p (the protein is ;40 kDa
larger than PAK) are required for appropriate activation, cou-
pling, or targeting of the kinase to other proteins involved in
the mating response. Experiments with chimeric mammalian-
yeast kinases may resolve this issue.
A number of kinases which interact with activated p21s are

being identified. Most effort has been put into understanding
the Ras-Raf interaction in mammalian cells (69, 70), although
no close homolog exists in S. cerevisiae; in this case, it appears
that the p21 is responsible for the localization but not the
direct activation of Raf (35, 64), in contrast to the in vitro
activation of PAK by GTP-Cdc42 and GTP-Rac. We suggest,
on the basis of its similarity to PAK, that GTP-Cdc42p binding
to Ste20p might fulfill both functions, although other coacti-
vators are probably involved. Ste20p may not be the only
Cdc42p-associated kinase in S. cerevisiae: it has recently been
reported that the CLA4 gene product is a kinase similar to
Ste20p (7) and contains a region similar to the Cdc42p-binding
domain of PAK (15a). The SPS1-encoded kinase which is
required for spore formation is also related to Ste20p and PAK
in the kinase domain (19). Similarly, there appear to be a
number of PAK-like proteins in mammalian tissue extracts
(40).
The involvement of CDC24 and CDC42 in nuclear signalling

has implications for the signalling of Rho family p21s in mam-
malian cells. Oncogenes such as dbl (23), ect2 (43), and ost (28)
have been identified as containing functional CDC24-like gua-
nine nucleotide exchange/release domains that act on Rho
family p21s. For dbl, its ability to transform NIH 3T3 cells
correlates with the functional activity of the nucleotide ex-
change domain (24). Constitutively active (GTPase-deficient)
RhoA has been shown to be transforming (4) and is required
for cytoplasmic division of Xenopus embryos (30), though its
mechanism is unknown. Significantly, tyrosine phosphorylation
and phosphatidylinositol 3-kinase activities are modulated by
RhoA in fibroblasts (31). The direct involvement of Cdc42p in
a yeast mating response pathway will prompt the search for a
parallel mammalian Rho-p21-dependent MAP kinase cascade.
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