






the N26I, I46M, 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 bni1 mutant cells were oval and 98% were round.
Thus, with respect to cell polarity, distribution of actin patches,
and yeast form morphology, the N26I, I46M, E100G, S158T,
and L160P mutants do not resemble any of the bni1, tpm1, or
certain act1 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, bni1 and tpm1 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.

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 N26I, I46M, 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
ste20D/ste20D 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, I46M, E100G, S158T, or L160P mutants,
GFP-Ste20p was found to be localized to the tip of emerging

FIG. 6. Subcellular localization of GFP-Ste20p in CDC42 pseudohyphal mutants. Shown are cells of diploid strains that express wild-type
CDC42 (wt), CDC42S71P (S71P), or CDC42L160P (L160P) 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 mm.

VOL. 21, 2001 Cdc42p REGULATES YEAST GROWTH AND DEVELOPMENT 243

 on M
arch 26, 2013 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 



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 Gic1p,
Gic2p, Bni1p, 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 Cdc42C188Sp
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, I46M, S71P, E100G, S158T, and
L160P). Four distinct interaction patterns were found. For
N26I, S158T, and L160P, binding to Gic1p 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 Skm1p and Bni1p was partially reduced
(between 52 and 81% of the control). However, no alterations
in binding to Ste20p and Cla4p were found. The I46M 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 I46M 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 Gic1p and Gic2p was
only partially altered, binding to Bni1p, Ste20p, Cla4p, and
Skm1p was strongly reduced. Yet another pattern was found
for the E100G mutant protein. Binding of E100G to Gic1p,
Gic2p, Bni1p, and Skm1p was strongly reduced, whereas in-
teraction with Ste20p and Cla4p 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 Cla4p 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, I46M, 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

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, I46M, 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 W97R) 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 Bni1p or Tpm1p. Diploid bni1 and tpm1 mutants dis-
play altered cell morphology already under yeast form growth
conditions (and consequently are suppressed for PH morpho-
genesis), but unlike the N26I, I46M, 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, Ste11p, Ste7p, Ste12p, and
Tec1p) as well as mutations in Ras2p, Gpa2p, or Tpk2p spe-
cifically suppress PH morphogenesis and invasive growth.
Much like the N26I, I46M, 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 FLO11, 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 FUS1 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 Gic1p, Gic2p, and
Skm1p 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 Gic1p 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. Gic1p 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, Gic1p and Gic2p act in a pathway for
signaling from Cdc42p to the actin cytoskeleton that operates
in parallel with a pathway that includes Bni1p, Msb3p, and

244 MÖSCH ET AL. MOL. CELL. BIOL.

 on M
arch 26, 2013 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/


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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Msb4p (3). Because the Gic1p/Gic2p pathway and the Bni1p/
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 Gic1p/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 Bni1p/Msb3p/Msb4p pathway is also
essential for pseudohyphal development cannot be concluded
from our study, because the two mutations blocking interaction
with Bni1p (S71P and E100G) also diminish binding to other
effectors. However, these mutants allow the conclusion that
binding of Cdc42p to Bni1p is not essential for all functions of
this effector. Both the S71P and E100G mutations completely
abolish Bni1p binding, yet these mutants do not display the
polarity or morphology defects caused by a bni1 mutation. This
finding is not unexpected, because Bni1p interacts with several
other proteins, such as Rho1p, Rho3p, Rho4p, Pfy1p, and
Spa2p (13, 16, 22). Yet S71P and E100G are novel mutations
as defining residues of Cdc42p that are essential for binding to
Bni1p.

Our results indicate that interaction between Cdc42p and
Gic1p/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 I46M mutant displays only min-
imal alterations in Gic1p/Gic2p binding but has a much more
pronounced defect in binding to Skm1p. This points towards
Skm1p 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 FLO11. 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 Gic1p/Gic2p and Skm1p as effectors that, apart

FIG. 8. Two-hybrid protein interactions between Cdc42 proteins and effector proteins Gic1p, Gic2p, Bni1p, Ste20p, Cla4p, and Skm1p. All
Cdc42p proteins measured (wild-type [wt] or mutant proteins N26I, A30T, I46M, D65N, R68S, S71P, N92D, E95K, E100G, S158T, and L160P)
carry the C188S mutation to prevent plasma membrane localization. Bars and values show relative b-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.
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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, Gic1p/
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 Gic1p, Gic2p, and
Cla4p but not to Bni1p, 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 Gic1p 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 Bni1p, Ste20p, or Cla4p 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 Gic1p/Gic2p (and to a certain extent to Skm1p) but
not for interaction with Bni1p, Ste20p, or Cla4p. 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 Gic1p/Gic2p. Another res-
idue important for discrimination between distinct effectors is
I46, due to the selective binding pattern of the I46M mutant
that is impaired for binding to Skm1p. I46 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 Gic1p/
Gic2p and Cla4p (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
Bni1p. The effects of the S71P and E100G mutations on bind-
ing of Cdc42p to Gic1p/Gic2p (S71P) or Ste20p and Cla4p
(E100G) are by far less pronounced than effects measured on
interaction with Bni1p (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 Bni1p.

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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