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The Rho-type GTPase, Cdc42, has been implicated in a variety of functions in the yeast life cycle, including
septin organization for cytokinesis, pheromone response, and haploid invasive growth. A group of proteins
called GTPase-activating proteins (GAPs) catalyze the hydrolysis of GTP to GDP, thereby inactivating Cdc42.
At the time this study began, there was one known GAP, Bem3, and one putative GAP, Rgal, for Cdc42. We
identified another putative GAP for Cdc42 and named it Rga2 (Rho GTPase-activating protein 2). We
confirmed by genetic and biochemical criteria that Rgal, Rga2, and Bem3 act as GAPs for Cdc42. A detailed
characterization of Rgal, Rga2, and Bem3 suggested that they regulate different subsets of Cdc42 function. In
particular, deletion of the individual GAPs conferred different phenotypes. For example, deletion of RGA1, but
not RGA2 or BEM3, caused hyperinvasive growth. Furthermore, overproduction or loss of Rgal and Rga2, but
not Bem3, affected the two-hybrid interaction of Cdc42 with Ste20, a p21-activated kinase (PAK) kinase
required for haploid invasive growth. These results suggest Rgal, and possibly Rga2, facilitate the interaction
of Cdc42 with Ste20 to mediate signaling in the haploid invasive growth pathway. Deletion of BEM3 resulted
in cells with severe morphological defects not observed in rgalA or rga2A strains. These data suggest that Bem3
and, to a lesser extent, Rgal and Rga?2 facilitate the role of Cdc42 in septin organization. Thus, it appears that
the GAPs play a role in modulating specific aspects of Cdc42 function. Alternatively, the different phenotypes

could reflect quantitative rather than qualitative differences in GAP activity in the mutant strains.

In the yeast Saccharomyces cerevisiae, the Cdc42 protein (33)
is a member of the Rho subfamily of the Ras superfamily of
GTPases, which act as molecular switches and regulate many
cellular processes (1, 34). Like all GTPases, Cdc42 can exist in
two states, a GTP-bound, active state and a GDP-bound, in-
active state. The cycling of Cdc42 between these states is con-
trolled by two sets of proteins: guanine nucleotide exchange
factors (GEFs) and GTPase-activating proteins (GAPs). There
is one GEF for Cdc42 in yeast, called Cdc24 (62, 67, 69). At the
time this study began, there was one protein with demon-
strated biochemical GAP activity for Cdc42, Bem3 (68), and
one protein with potential GAP activity based on the presence
of a 170-amino-acid GAP domain, Rgal (14, 63). Although
Bem3 and Rgal are fairly similar in their GAP domains, they
are divergent over the remainder of their protein sequences.
Rgal contains two tandem Lin-11, Isl-1, Mec-3 (LIM) domains
(23, 35, 63, 66). LIM domains bind zinc ions and are thought to
mediate protein-protein interactions (2, 18, 45). In contrast,
Bem3 contains a Pleckstrin homology (PH) domain. PH do-
mains are thought to play roles in membrane localization and
protein-protein interactions (40).

Cdc42 is required for polarization of the actin cytoskeleton,
for cytokinesis, and for morphological changes that accompany
activation of some signal transduction pathways, specifically
the pheromone response pathway and the filamentous growth
pathway (for review, see reference 32). Several proteins, aside
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from Cdc24, Rgal, and Bem3, that bind to Cdc42 have been
identified and are presumed to be effectors of various Cdc42
functions. These proteins include Ste20 and Cla4, two protein
kinases (17, 61), and Gicl and Gic2, two proteins of similar
sequence but as-yet-undefined biochemical activity (7, 13).
Ste20 is required for operation of the pheromone and filamen-
tation pathways (38, 53, 56), Cla4 plays ill-defined roles in
septin organization and cytokinesis (4, 9, 17, 41), and together
Gicl and Gic2 are required to polarize the actin cytoskeleton
(5).

The finding that there is more than one potential GAP for
Cdc42 raises the possibility that each GAP may regulate Cdc42
activity with respect to only a subset of its biological roles. To
explore this possibility, we sought to identify the full comple-
ment of GAPs for Cdc42 and examine the phenotypic conse-
quences of the absence of one or more of these GAPs. Here we
report the identification of a third potential GAP, Rga2, which
has strong sequence similarity to Rgal. We demonstrate that
Rgal and Rga2 have biochemical GAP activity for Cdc42.
Finally, we provide evidence that strains lacking Rgal, Rga2,
and Bem3 display distinct phenotypes, supporting the idea that
they influence Cdc42 activity in different biological settings.

MATERIALS AND METHODS

Strains, plasmids, and microbiological techniques. The yeast strains used are
listed in Table 1. Gene deletions were constructed by PCR and confirmed by
PCR and phenotyping when applicable. In all cases, the entire coding region was
replaced with the indicated marker. Yeast and bacterial strains were propagated
using standard methods (8, 57, 59). Yeast extract-peptone-dextrose and synthetic
dextrose media were prepared as previously described (58). Yeast transforma-
tions were performed using modifications of the LiOAc method (12, 24). Bac-
terial transformations, DNA preparations, and plasmid constructions were per-
formed by standard methods (59). Growth capabilities at various temperatures
were measured by spotting equal volumes of serial dilutions of mid-log phase
cultures to agar plates and incubating at the indicated temperatures.
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TABLE 1. Yeast strains

. Source or
Strain Genotype reference
DJTD2-16D  MAT« cdc42-1° ura3 trpl leu2 his4 gal2 45a
YEF24H MATa cdc24-H® ura3 trpl leu2 his4 ade2 34
EGY40 MATao ura3-52 his3 trpl leu2 26
PJ69-4A MATa GALI-HIS3 GAL2-ADES GAL7- 30
lacZ leu2 ura3 his3 gal4 gal80
>1278B MATo ura3 G. Fink
YAGS512 31278B except his3::ura3- A. Goehring
YGS45 YEF24H except rgal::HIS3 This study
YGS46 YEF24H except rga2::HIS3 This study
YGS47 YEF24H except bem3::HIS3 This study
YGS156 PJ69-4A except rgal::URA3 This study
YGS157 PJ69-4A except rga2::URA3 This study
YGSI158 PJ69-4A except bem3::URA3 This study
SY2002 MATa FUSI::HIS3 his3 mfa2-A1::FUS1- Lab strain
lacZ adel leu2 trpl ura3
YGS2 SY2002 except rgal::URA3 This study
YGS7 SY2002 except rga2::TRP1 This study
YGS50 SY2002 except bem3::TRP1 This study
YGS72 SY2002 except rgal::URA3 rga2::TRPI This study
YGS51 SY2002 except rgal::URA3 bem3::TRPI This study
YGS56 SY2002 except rga2::TRP1 bem3::TRPI This study
YGS57 SY2002 except rgal::URA3 rga2::TRP1 This study
bem3::TRPI1
YGS58 SY2002 except ste4::LEU2 This study
YGS59 YGS2 except ste4::LEU2 This study
YGS60 YGS7 except ste4::LEU2 This study
YGS61 YGSS0 except ste4::LEU2 This study
YGS62 YGSS51 except ste4::LEU2 This study
YGS63 YGS72 except ste4::LEU2 This study
YGS64 YGSS56 except ste4::LEU2 This study
YGS65 YGS57 except ste4::LEU2 This study
YGS281 YAGS512 except rgal::HIS3 This study
YGS328 YAGS512 except rga2::HIS3 This study
YGS329 YAGS512 except bem3::HIS3 This study
YGS105 MATa mfa2-Al::FUSI-lacZ his3 leu2 This study
trpl ura3 adel
YGS286 YGS105 except ste20::URA3 This study
YGS351 YGS286 except rgal::HIS3 This study
YGS352 YGS286 except rga2::HIS3 This study
YGS353 YGS286 except bem3::HIS3 This study
IDY22 MATocla4::-TRP1 mfa2-Al1::FUSI-lacZ D. Mitchell
leu2 ura3 ade?2 ade3 lys2
YGS80 IDY?22 except rgal::URA3 This study
YGS81 IDY?22 except rga2::URA3 This study
YGS82 IDY22 except bem3::LEU2 This study

Two-hybrid analysis. Two-hybrid analysis (22) of interactions between the
panel of GTPases and Rgal, Rga2, and Bem3 was performed with strain EGY40
(26). To assess B-galactosidase activity, strain EGY40 containing the LexAop-
lacZ reporter plasmid pSH18-34 (26) was transformed with a pEG202-derived
LexA DNA-binding domain (DBD) plasmid and a pJG4-5-derived Gal4 activa-
tion domain (AD) plasmid. At least three separate isolates were grown to
mid-log phase in rich medium containing 2% galactose and quantitated as pre-
viously described (63). Most of the LexA DBD fusions in pEG202 and Gal4 AD
fusions in pJG4-5 were previously described (63). pJG4-5-RGA2 was constructed
using gap repair (42) of the entire RGA2 coding region and EcoRI-cut pJG4-5
(26). pPEG202-RGA2 was constructed by ligating an XhoI-EcoRI fragment of
pJG4-5-RGA2 into Xhol-EcoRI-cut pEG202 (26). The expression of two-hybrid
constructs was confirmed by Western blotting techniques (59) using a-LexA
DBD and «-Gal4 AD antibodies, respectively (52). B-Galactosidase assays were
used to determine the relative strength of the interactions and were performed
essentially as described previously (29).

Additional two-hybrid analysis was performed with the PJ69-4A strain (30).
pGS38 and pGS39 were constructed by ligating the EcoRI-Xhol fragments from
pEG202-CDC42512V-C188S and pEG202-CDC429011-C1885 (63), respectively, into
the Gal4 activation domain fusion vector pGAD-C(2) (30), which was cut with
EcoRI and Sall. pSL2682 contains a truncation of STE20 (encoding amino acids
1 to 565) cloned into pOBD. CYH2 (64) was a kind gift from Megan Keniry. The
expression of these fusion proteins was confirmed by Western blot analysis using

EUKARYOT. CELL

a a-Gal4 DBD monoclonal antibody (52). pGS40 was constructed by ligating a
Kpnl-HindIIl fragment from YEp13-RGAI containing the coding region and
1,500 nucleotides upstream of RGAI to KpnlI-HindIII-cut YEp352 (28). pGS41
was constructed by ligating a SacI-Xhol fragment from YEp13-RGA2 containing
the coding region and 800 nucleotides upstream of RGA2 to Sacl-Xhol-cut
YEp352. pGS42 was constructed by ligating a SacI-PstI fragment from YEp13-
BEM3 containing the coding region and 800 nucleotides upstream of BEM3 to
Sacl-Pst] cut YEp352. B-Galactosidase assays were used to determine the rela-
tive strength of the interactions and were performed essentially as described
previously (29).

Protein purification. The GTPases Cdc42 and Rsr1 (Budl) were purified as
glutathione S-transferase (GST) fusion proteins using hybrid genes present in
the plasmid pGEX-5X-1 (47). pGEX-5X-1-Cdc42¢'%%5 and pGEX-5X-1-
Cdc42001-CI88S wwere gifts from David Mitchell, and pGEX-Rsrl was kindly
provided by Hay-Oak Park (49). Escherichia coli cells (DH5a) were grown to
mid-log phase, protein expression was induced with 1 mM IPTG (Sigma) for 2 h,
and cells were lysed by two passages through a French press. The lysate was
centrifuged at 5,000 rpm in an SS-34 Sorvall rotor for 10 min to pellet unbroken
cells and cellular debris. Swollen glutathione agarose beads were added to the
supernatant, incubated at 4°C for 2 h, washed, and frozen at —80°C in GTPase
storage buffer (20 mM Tris-HCI [pH 7.5], 1 mM dithiothreitol [DTT], 100 pM
GTP, 1X protease inhibitors cocktail [Roche], and 15% glycerol).

The GAP domains of Rgal, Rga2, and Bem3 were purified as maltose binding
protein (MBP) fusions. These fusions were expressed from plasmids based on
PMAL-c2 (25). pGS53 was constructed by addition of Sa/l and HindIII sites to
the ends of an RGAI PCR product using a plasmid containing the RGAI coding
region as a template. This PCR product was digested and ligated to Sa/I-HindIII-
cut pMAL-c2. pGS54 was constructed by addition of Sall and PstI sites to the
ends of an RGA2 PCR product by using a plasmid containing the RGA2 coding
region as a template. This PCR product was digested and ligated to Sa/I-PstI-cut
PMAL-c2. pGS55 was constructed by addition of EcoRI and Sall sites to the ends
of a BEM3 PCR product by using a plasmid containing the BEM3 coding region
as a template. This PCR product was digested and ligated to EcoRI-Sall-cut
PMAL-c2. Bacterial protein expression and cell lysis were performed essentially
as described above for the GST fusions, except proteins were purified using an
amylose column (44) and eluted with Column Buffer IT (20 mM Tris-HCI [pH
7.4],1 mM EDTA, 200 mM NaCl, 10 mM maltose). In all cases, standard sodium
dodecyl sulfate-polyacrylamide gel electrophoresis separation and Coomasie
staining confirmed protein expression and purification (59).

Biochemistry. Purified GST, GST-Cdc42¢'885, GST-Cdc42201-C188S or GST-
Rsrl was incubated with ~2 pCi of [y-**P]GTP or [a-**P]GTP (New England
Nuclear Life Sciences) at room temperature for 10 min in reaction buffer (20
mM Tris-HCI [pH 7.5], 1 mM DTT, 100 .M GTP). Then, 2 nmol of GTP was
added to each reaction mixture. Each reaction mixture contained one of the
following: 25.6 pmol of GST-Cdc42 (C188S), 21.3 pmol of GST-Cdc42 (Q61L,
C188S), or 71.6 pmol of GST-Rsr1. As a result, 5.7% of the GST-Cdc42 (C188S)
bound [a-**P]GTP, 5.9% of the GST-Cdc42 (C188S) bound [y-**P]GTP, and
7.6% of the GST-Rsrl bound [y-*P]GTP. Glutathione agarose beads bound
with a [y-*P]GTP- or [«->*P]GTP-loaded GTPase were added to micro-spin
columns (Bio-Rad) and washed six times with 250 wl of wash buffer (20 mM
Tris-HCI [pH 7.5], 1 mM DTT, 5 mM MgCl,). The beads were resuspended,
removed from the column, and added to ~2 ug (28.6 pmol) of MBP, MBP-Rgal,
MBP-Rga2, or MBP-Bem3. The mixtures were incubated at room temperature
for the indicated time, added to a micro-spin column, spun, and washed. Then,
100 wl of elution buffer (1% sodium dodecyl sulfate—20 mM EDTA) was added
to the column and incubated at 65°C for 15 min to denature the protein. The
samples were centrifuged to collect the released nucleotides. The reaction buffer,
wash buffer, and eluate were counted in a scintillation counter. The ratio of
bound to released counts was used to determine GAP activity.

Microscopy. Standard microscopic techniques were used and cells were exam-
ined using a 100X objective. Methods for staining with rhodamine phalloidin to
visualize F-actin, Calcofluor to visualize chitin deposits in bud scars, and DAPI
(4',6'-diamidino-2-phenylindole) for visualization of DNA were performed es-
sentially as previously described (51). Septins were visualized by immunofiuo-
rescence using a a-Cdc3 antibody (36; purified by April Goehring) followed by
fluorescence microscopy.

FUS1-lacZ assays. Cells containing a FUSI-lacZ reporter construct integrated
at mfa2A (6) were grown to mid-log phase at 30°C in yeast extract-peptone-
dextrose medium. B-Galactosidase assays were performed as described previ-
ously (31).

Invasive growth assays. The plate-washing assay was performed as previously
described (56). The single cell assay was also performed essentially as previously
described (16). For some experiments, cells were scraped from plates using 4 ml
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FIG. 1. Protein sequence alignments of Rho-GAPs in yeast. (A) Protein alignment of putative GAP motifs for Rho-type GTPases in the yeast
S. cerevisiae. Consensus residues are shaded for residues shared by seven or eight of the proteins and unshaded for residues shared by four to six
of the proteins. **, 61 omitted residues for Sac7. (B) A graphical representation of the known and putative GAPs for Cdc42. The numbers
correspond to amino acid positions in the protein sequence. I, identity; S, similarity; LIM, tandem LIM domains; PH, a pleckstrin homology

domain; Rho-GAP, consensus GAP motif as shown in panel A.

of distilled water, concentrated by centrifugation, resuspended in 20 ul of water,
and visualized by microscopy. For other experiments, a coverslip was placed
directly on the agar medium and cells were visualized by microscopy at 100X.

RESULTS

Rga?2 is putative Rho-GTPase-activating protein for Cdc42.
In an effort to find putative GAPs for Cdc42, we performed a
homology search of the Saccharomyces Genome Database
(http://genome-www.stanford.edu/Saccharomyces/) by using
the BLAST algorithm. Searching for proteins similar to Rgal
identified seven proteins that contained a potential Rho-GAP
motif: Ydr379w, Bem3, Lrgl, Rgdl, Bem2, Sac7, and Bag7
(Fig. 1A). Many of these proteins have been previously de-
scribed as GAPs for a variety of Rho-type GTPases. Bem3 was
shown to be a GAP for Cdc42 (68). Rgd1 was demonstrated to
have GAP activity for Rho3 and Rho4, but not for Cdc42 (3,
20). The putative Rho-GAP, Lrgl, acts as a GAP for Rhol
during 1,3-B-glucan synthesis (65). Bem2 was shown to be a
GAP for Rhol, but not for Cdc42 (67, 68). Sac7 is thought to
act as a GAP for Rhol (60). Since Rgd1, Lrgl, Bem2, Sac7,
and Bag7 have been at least partially characterized as being
involved in other processes, they were not pursued as putative
GAPs for Cdc42.

One of the open reading frames identified, YDR379W,
showed a high degree of similarity to RGAI across the entire
protein sequence and was renamed RGA2 for Rho-GTPase-
activating protein 2. RGA2 encodes a 1,009-amino-acid protein
that contains two tandem LIM domains and a Rho-GAP do-
main (Fig. 1B). Rgal and Rga2 share particularly high levels of
identity in these regions. Rga2 also has sequence similarity to
Bem3 over the GAP domain, but Bem3 does not contain LIM
domains (Fig. 1B). Due to its high sequence similarity to Rgal
and, to a lesser extent, to Bem3, Rga2 was designated a puta-
tive GAP for Cdc42p.

Genetic support for Rga2 as a GAP for Cdc42. To investi-
gate the possibility that Rga2 is indeed a GAP for Cdc42, we
first asked whether RGA2 showed the same genetic interac-
tions with CDC42 and CDC24 as do RGA1I and BEM3 (63). We
reasoned that an increase in GAP activity for Cdc42 should
reduce the amount of active Cdc42 in the cell, thereby lowering
the restrictive temperature of a temperature-sensitive CDC42
mutant. Consistent with this reasoning, overexpression of
RGA2 lowered the restrictive temperature of a cdc42-1 strain
(data not shown), as was observed for RGAI and BEM3 (63).
Conversely, we expected that a reduction in GAP activity
would reduce the requirement for Cdc24 (GEF) activity. In
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TABLE 2. Two-hybrid interactions of Rgal, Rga2, and
Bem3, with Cdc42 and Rsrl1“

Level of interaction with products of:

Plasmid

Original Rgal Rga2 Bem3

plasmid hybrid hybrid hybrid
pEG202 6 6 4 6
pEG202-CDC42 1 2 1 1
pEG202-CDC42¢158S 18 135 4 5
pEG202-CD(C42¢12¥-C1858 143 2,576 1,327 1,303
pEG202-CD (42901 €188 137 2,442 1,399 1,324
pEG202-CD(C42P1184.€1888 1 1 1 1
pEG202-RSRI 1 96 55 1
pEG202-RSR1"2V 1 84 56 1
pJG4-5 9 1 1 1
pJG4-5-CDC42 6 1 1 2
pIG4-5-CDC42¢158S 3 1 1 1
pIG4-5-CDC42612V:C1885 2 100 10 6
pJG4-5-CDC429011-C1858 2 109 8 6

“ Products of plasmid pEG202 and its constructs interacted with products of
pJG4-5 and its constructs and vice versa. B-Galactosidase activity was deter-
mined as described in Materials and Methods. The reported values are given in
Miller units and are an average of three independent determinations.

accord with this expectation, deletion of RGA2 or BEM3 in-
creased the restrictive temperature of a cdc24-H strain (data
not shown), just as previously shown for RGAI (63). Thus,
genetic evidence supports the hypothesis that Rga2, as well as
Rgal and Bem3, are GAPs for Cdc42.

As a second test of the possibility that Rga2 is a GAP for
Cdc42, we investigated the two-hybrid interactions between
Rga2 and known GTPases of the Rho subfamily. Rga2 inter-
acted with activated forms (G12V and Q61L) but not an inac-
tive form (D118A) of Cdc42, as had previously been seen for
Rgal and Bem3 (63; Table 2). Rga2 failed to interact with
Rhol, Rho2, Rho3, or Rho4, including activated versions of
these proteins that could not be prenylated (data not shown).
In addition, Rgal and Rga2, but not Bem3, interacted with the
GTPase, Rsrl, in both its wild-type and activated (G12V)
forms (Table 2). This interaction pattern is distinct from the
pattern seen for GTPases and their GAPs: GAPs usually in-
teract preferentially with the active form of the GTPase. Rsrl
is a Ras-type GTPase involved in bud site selection and has
been shown to interact with Cdc24 (49). Together, these ex-
periments support the hypothesis that Rgal, Rga2, and Bem3
are all GAPs for Cdc42 and also suggest that Rgal and Rga2
may have a connection with Rsrl.

Rgal and Rga2 have in vitro biochemical GAP activity. To
expand on these genetic studies, we sought to determine
whether Rgal and Rga2 have biochemical GAP activity toward
Cdc42; that is, we asked whether they accelerate GTP hydro-
lysis by Cdc42. A fusion protein containing the Bem3 GAP
domain joined to GST was previously shown to catalyze the
hydrolysis of GTP to GDP when the nucleotide was bound to
Cdc42 (68). GST-Cdc42<'85S was purified using glutathione
agarose beads and bound to [y->’P]GTP (see Materials and
Methods), and the GAP domains of Rgal, Rga2, and Bem3
were purified as MBP fusions. When mixed with the
[y->*P]GTP-loaded GST-Cdc42<'855  all three GAP domains
catalyzed the hydrolysis of GTP to GDP (Fig. 2A). After only
2.5 min, the GAP domains of Rgal and Rga2 had catalyzed the
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hydrolysis of over 94% of the GTP on Cdc42 (summary of
multiple data sets). In contrast, incubation with MBP alone
resulted in hydrolysis of less than 20% of the GTP after 2.5
min. Incubation with the Bem3 GAP domain resulted in hy-
drolysis of ~75% of the GTP bound to Cdc42 after 2.5 min.
Thus, it appears that Rgal, Rga2, and Bem3 all catalyze GTP
hydrolysis on Cdc42. However, Rgal and Rga2 may do so
more efficiently than Bem3.

To ensure that the loss of counts from the beads was due to
GTP hydrolysis and not simply dissociation of the bound nu-
cleoside triphosphate, purified Cdcd2<'*8S was bound to
[a-*?P]GTP instead of [y->*P]GTP and then incubated with the
GAPs. If Rgal, Rga2, and Bem3 were to cause dissociation of
GTP rather than hydrolysis to GDP, [a->*P]GTP would be
released in this experiment, resulting in a loss of bound radio-
activity. In fact, very little radioactivity was released, indicating
that [a-**P]GTP did not dissociate from Cdc42<'®*S when in-
cubated with the GAP domains of Rgal, Rga2, or Bem3 (Fig.
2B). The GAP assay was also performed with GST-
Cdc42@01-C1885 Gince the Q61L substitution locks Cdc4?2 in
its GTP-bound, active state (70), this mutant should not be
capable of GTP hydrolysis. Indeed, incubation with Rgal,
Rga2, or Bem3 did not cause hydrolysis of [y-**P]GTP when
bound to Cdc422%'™- 1885 (Fig. 2C). These results show that
the GAP domains of Rgal, Rga2, and Bem3 catalyze the
hydrolysis of GTP by Cdc42.

Motivated by the two-hybrid results discussed above (Table
2), biochemical GAP assays were performed to ask whether
the GAP domain of Rgal, Rga2, and Bem3 could accelerate
GTP hydrolysis by the bud-site selection GTPase, Rsrl. The
presence of the Rgal, Rga2, or Bem3 GAP domains did not
catalyze the hydrolysis of GTP bound to GST-Rsr1 (Fig. 2D).
Thus, Rgal, Rga2, and Bem3 are GAPs for Cdc42 and, based
on two-hybrid and biochemical evidence, it seems unlikely that
they act as GAPs for Rsrl, Rhol, Rho2, Rho3, or Rho4.

Deletion of GAPs for Cdc42 alters cell morphology. Why are
there three GAPs for Cdc42? One possibility is that Rgal,
Rga2, and Bem3 are responsible for regulating distinct subsets
of Cdc42 function. To explore this possibility, we examined the
phenotypes conferred by deletion of RGAI, RGA2, and BEM3,
singly and in combination. We first observed cellular morphol-
ogy, which, for ease of quantification, was divided into five
classes: normal, elongated, peanut, fingered, and misshapen.
Elongated cells were defined as cells whose length is greater
than 1.5 times but less than three times, their width. Peanut
cells appeared as two round or elongated cells with a smooth
connection between them, reminiscent of two newly fused mat-
ing cells. Cells of the fingered class had multiple growth pro-
jections or had a length greater than three times their width.
Misshapen cells were defined as cells of aberrant morphology
that did not fit in any of the other classes. As previously re-
ported (63), some rgalA cells displayed an elongated cell mor-
phology (40% versus 9% for wild type; Table 3). No morpho-
logical aberrations were observed for rga2A cells. Interestingly,
a small percentage of the bem3A cells (8% versus <3% for the
wild type; Table 3) displayed severe morphological defects
(peanut, fingered, and misshapen cells). The combination of
rgal A and bem3A deletions resulted in a high percentage
(60%) of cells with severe morphological defects. Deletion of
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FIG. 2. GAP domains of Rgal, Rga2, and Bem3 display biochemical GAP activity for Cdc42, but not for Rsrl. The relative percentage of
[y->*P]GTP bound to GST-Cdcd2'8%5 (A), [«-**P]GTP bound to GST-Cdcd2¢'¥S (B), [y-**P]GTP bound to GST-Cdc429°!- €185 (C) and
[y-**P]GTP bound to GST-Rsr1 when incubated with ~2 pg of purified MBP, MBP-Rgal GAP, MBP-Rga2 GAP, or MBP-Bem3 GAP (D). The
ratio of released counts (*P;) to counts still bound to protein is plotted as a function of time. (A) Shown is a representative graph from multiple
data sets.

rga2A from the single and double mutants increased slightly However, the rgal A bem3A and rgalA rga2A bem3A deletion

the severity of cell morphology defects in all cases. strains both showed a growth defect at 30°C when compared to
Despite the high percentage of severe morphologies ob- wild-type and single mutant strains (data not shown). The
served in rgal A rga2A bem3A mutants, these cells were viable. viability of the triple mutant may indicate that there are addi-

TABLE 3. Quantification of cell morphologies for deletions of the GAPs for Cdc42*

Strain Genotype % Normal % Elongated % Fingered % Peanut % Misshapen
SY2002 Wild type 90 9 <1 <1 <1
YGS2 rgal A 59 40 <1 <1 <1
YGS7 rga2A 90 9 <1 <1 <1
YGS50 bem3A 73 18 3 4 1
YGS51 rgal Arga2A 49 49 <1 <1 <1
YGS72 rgal Abem3A 14 26 21 34 5
YGS56 rga2Abem3A 90 21 4 10 3
YGS57 rgal Arga2Abem3A 13 14 16 51 4

“ All strains are in the SY2002 background. More than 400 cells were counted for each strain.
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FIG. 3. Septin localization in normal, peanut, and fingered cells. Septins were visualized in the YGS57 (rgalA rga2A bem3A) strain. Nomarski
optics was used to examine cell morphology and an a-Cdc3 antibody was used to reveal septins. Localization patterns are shown for round, peanut,
and fingered cells. See Table 4 for quantitation.
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TABLE 4. Quantification of septin localization”
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TABLE 6. Activation of FUSI-lacZ by deletion of GAPs for Cdc42

Strain Cell type % With‘ no_rmal % wi‘th mislo- % thh no
localization calization localization
SY2002 Round 99 <1 <1
YGS57 Round 96 2 2
YGS57 Peanut 57 34 9
YGS57 Fingered 33 36 32

“ Septin staining was performed as described in the Materials and Methods.
Only cells with large buds were counted. More than 200 cells were counted for
each class.

tional proteins with GAP activity for Cdc42 or that the inher-
ent GTPase activity of Cdc42 is sufficient for viability (27, 67).
The localization of actin, chitin, and septin rings was exam-
ined in peanut and fingered cells. Such cells had defects in
chitin localization as revealed by Calcofluor staining. In par-
ticular, these cells showed diffuse staining around the periph-
ery in contrast to the rings of staining seen at previous bud sites
in normal cells (data not shown). Immunofluorescence micros-
copy using the a-Cdc3 antibody to highlight septins revealed
defects in the peanut and fingered cells (Fig. 3). Septins nor-
mally localize as a double ring at the bud neck (19; for review,
see reference 21; Fig. 3). However, the septins rings were
improperly localized in some peanut and fingered cells (Fig. 3).
For cells with large buds, 43% of peanut cells and 68% of
fingered cells failed to properly localize their septins rings,
compared to only 4% of round cells in the same strain (Table
4). In most of the cells displaying mislocalized septins, a single
septin ring had formed on one side of the bud neck. Because
many of these cells had not yet undergone nuclear division, the
mother cell could be identified by the presence of the only
nucleus. In all cases, this single septin ring was located on the
daughter side of the bud neck (data not shown). Finally, no
defects in actin localization were detected in the GAP mutants
(data not shown). Thus, peanut and fingered cells were found
to have defects in the organization of septins (Fig. 3; Table 4)
and chitin (data not shown), but not actin (data not shown).
Bud site selection defects in GAP deletion strains. Wild-type
haploid cells are round and bud in an axial pattern in which
each new bud is adjacent to the site of the previous bud (10,
11). Using Calcofluor to visualize bud scars, we observed non-
axial budding patterns for rgalA cells. In toto, 78% of cells in
a rgalA deletion strain displayed a nonaxial budding pattern
(Table 5; see also reference 63): 51% of the rgalA cells had a

TABLE 5. Budding patterns of GAP deletion strains”

Strain Genotype % Axial % Bipolar % Random
SY2002 Wild type 89 8 3
YGS2 rgal A 22 51 27
YGS7 rga2A 90 6 3
YGS50 bem3A 90 7 3
YGS51 rgal Arga2A 14 64 22
YGS72 rgal Abem3A ND”? ND ND
YGS56 rga2Abem3A 94 4 3
YGS57 rgal Arga2Abem3A ND ND ND

“ Bud scars were visualized using Calcofluor as described in Materials and
Methods. Only cells with three of more scars were counted. More than 200 cells
were counted for each strain.

? ND, not determined. Accurate counts could not be determined due to diffuse
chitin staining and abnormal cell morphologies

Strain Genotype® FUSI1-lacZ expression”
YGS58 ste4A 12+0.1
YGS59 ste4Argal A 389 £25
YGS60 ste4Arga2A 1.8 0.5
YGS61 ste4Abem3A 1301
YGS62 ste4Argal Arga2A 455 =28
YGS63 ste4Argal Abem3A 303 3.7
YGS64 ste4Arga2Abem3A 39+1.2
YGS65 ste4Argal Arga2Abem3A 396.1 = 20.5

“ All strains are in the SY2002 background.

b B-Galactosidase activity was determined as described in Materials and Meth-
ods. The reported values are given in 100X Miller units and are averages
(= standard deviation) of three determinations.

bipolar pattern in which buds were seen at both poles of the
cell and 27% of cells showed a random budding pattern with
bud scars at either or both poles and in the middle of the cell
(Table 5). In contrast, rga2A, bem3A, and rga2A bem3A cells
exhibited an axial pattern with all of the bud scars at one pole
(Table 5). The rgalA rga2A double mutant cells had a budding
pattern similar to that of rgalA cells (Table 5). Budding pat-
terns for rgal A bem3A and rgalA rga2A bem3A cells could not
be accurately determined due to the aberrant cell morpholo-
gies and diffuse chitin staining (see above). Thus, Rgal has a
distinct function in bud site selection that is not shared by Rga2
or Bem3.

Activation of FUSI-lacZ reporter in GAP deletion strains.
RGAI was first identified in a screen for negative regulators of
the pheromone response pathway (63). It was shown that ste4A
rgal A cells activated a FUSI-lacZ reporter construct (63). We
determined that deletion of RGA2 or BEM3 did not cause
activation of the FUSI-lacZ reporter (Table 6). Thus, the
rgalA deletion appears to be unique in its ability to affect
FUS1-lacZ expression. Deletion of RGA2 in a rgalA strain
caused a slight increase in FUSI-lacZ expression (38.9 for
ste4A rgal A versus 45.5 for ste4A rgalA rga2A). However, de-
letion of all three GAP genes caused an eightfold increase in
expression (Table 6). Thus, although Rgal has a primary role
in controlling the activation of FUSI-lacZ, Rga2, and Bem3
must also have a negative regulatory role, albeit a modest one.

Roles of Rgal, Rga2, and Bem3 in haploid invasive growth.
We also examined the roles of Rgal, Rga2, and Bem3 in
haploid invasive growth, a process involving Cdc42 (46). These
experiments were done with the 21278b strain (provided by G.
Fink), a strain that exhibits more vigorous agar invasion than
other lab strains. Two techniques were used to assess filamen-
tous growth: the plate-washing assay (56), which assesses agar
invasion, and the single-cell assay (16), which provides detailed
information on cell morphology and budding patterns. By
the plate-washing assay, rgalA cells displayed hyperinvasive
growth, whereas rga2A and bem3A cells invaded the agar at a
level similar to wild-type cells (Fig. 4). On glucose-rich me-
dium, rgal mutant cells showed a propensity to bud at the
distal pole (17%), whereas bem3 (2% distal), rga2 (1%), and
wild-type (1%) cells did not (Fig. 4b). The rgal mutant also had
an elongated cell morphology in glucose-rich medium; 45% of
the cells were elongated compared to less than 1% for wild-
type and the rga2 mutant. The berm3 mutant also had elongated
cells (18%) on this medium, but the cells were not as elongated
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FIG. 4. Haploid invasive growth phenotypes of strains lacking the Cdc42 GAPs. (A) Cells of the %1278b background were grown for 4 days at
30°C on synthetic medium. Plates were washed with water and rubbed with a wet finger. (B) Single-cell invasive growth assay. Equal concentrations
of wild-type (wt), rgal, rga2, and bem3 cells were spread onto SCD (+Glu) or SC (—Glu) medium, incubated for 16 h at 25°C, and photographed
at 100X by placing a coverslip directly on the agar medium. All images were taken at the same scale. Bar, 30 pm.

as rgal cells. On glucose-limited medium, rgal cells were hy-
perelongated compared to wild-type cells or rga2 and bem3
mutants, and the rgal cells displayed a more exaggerated
unipolar budding pattern. Thus, among the GAPs, Rgal ap-
pears to play a unique role in regulating haploid invasive
growth.

Genetic interactions between GAP proteins and Cdc42 ef-
fectors. The data presented above suggest that the GAPs for
Cdc42 play unique roles in septin organization (Bem3) and
haploid invasive growth (Rgal). The p2l-activated kinase
(PAK) kinases Ste20 and Cla4 both interact with Cdc42 and
are known to be important for these processes (17, 61). Ste20
is required for haploid invasive growth (56) whereas Cla4 in-
fluences septin organization (4, 17). Furthermore, ste20A and
cla4A deletions are synthetically lethal, implying that these
kinases share an essential activity (4, 17). It seemed plausible
that these PAK kinases could link the GAPs for Cdc42 to the
processes they mediate.

If the GAPs for Cdc42 facilitate the interaction between
active Cdc42 and Ste20 or Cla4, the GAPs might exhibit ge-
netic interactions with the protein kinases. We examined the
effect of rgalA, rga2A, and bem3A deletions on ste20A or cla4A
strains. The rgalA cla4A and rga2A cla4A strains displayed
synthetic temperature sensitivity at 37°C (Fig. SA). The cells
arrested with fattened bud necks, and some cells had multiple
projections emanating from the cell body (data not shown). In
contrast, cells of the cla4A strain, the bem3A cla4A strain, and
all GAP single deletions grew well at this temperature (Fig.
5A; data not shown). Since Rgal, Rga2, and Ste20 each dis-
played synthetic interactions with cla4A deletions, we hypoth-
esize that they may play roles in the same cellular function.
Moreover, because BEM3 did not show genetic interactions
with cla4A, we infer that the GAPs can have specific functions
with respect to effectors for Cdc42. However, we cannot rule
out the possibility that these phenotypic differences reflect
quantitative rather than qualitative differences in GAP activity.
RGAI, RGA2, and BEM3 also showed genetic interactions

with ste20A. In this case, loss of any individual GAP for Cdc42
resulted in synthetic temperature sensitivity, though the effect
may be more pronounced for bem3A (Fig. 5B). These findings
suggest that the GAPs may coordinate Cla4 activity, perhaps
via Cdc42.

Deletion or overexpression of RGA1, RGA2, and BEM3 af-
fects interaction of Cdc42 and Ste20. To explore further the
hypothesis that Rgal, Rga2, and Bem3 play differential roles in
regulating Cdc42 function, we investigated the effects of their
deletion or overexpression on the two-hybrid interaction be-
tween Cdc42 and Ste20. Specifically, the interaction between
two activated forms of Cdc42 (G12V, C188S and Q61L,
C188S) and a truncated form of Ste20 (provided by M. Keniry)
was compared under a variety of conditions. The interaction
was measured for four different strains: PJ69-4A, YGS156
(PJ69-4A rgalA), YGS157 (PJ69-4A rga2A), and YGSI158
(PJ69-4A bem3A) (Fig. 6A). Deletion of RGAI or RGA2 de-
creased expression of the lacZ reporter, suggesting a decrease
in the interaction between Ste20 and Cdc42. Loss of BEM3 had
no significant effect. This experiment suggests that Rgal and
Rga2 may facilitate the interaction between Ste20 and active
Cdc42. In a complementary experiment, the interaction be-
tween Ste20 and active Cdc42 was compared in strains over-
expressing the GAPs for Cdc42. The PJ69-4A strain was trans-
formed with YEp352, pGS40 (YEp352-RGAI), pGS41l
(YEp352-RGA2), or pGS42 (YEp352-BEM3). Overexpression
of RGAI or RGA2 increased the expression of the lacZ re-
porter, suggesting an increased interaction between Ste20 and
the activated forms of Cdc42 (Fig. 6B). Together, these data
suggest that Rgal and Rga?2 facilitate the two-hybrid interac-
tion between Ste20 and Cdc42.

DISCUSSION

We have presented evidence that there are three distinct
GAPs for Cdc42: Rgal, Rga2, and Bem3. Each of these pro-
teins exhibited two-hybrid interactions with Cdc42, and genetic
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experiments argued that their activity influences the amount of
active Cdc42 in the cell. Moreover, each protein was shown to
have GAP activity; that is, the ability to accelerate the hydro-
lysis of GTP bound to Cdc42. The loss of individual GAPs
conferred distinct phenotypes, suggesting that each GAP reg-
ulates a subset of Cdc42 functions. Hence, these studies com-
plement and extend previous studies that demonstrated that
Bem3 has biochemical GAP activity against Cdc42 (68) and
that suggested that Rgal was a Cdc42 GAP (63).

Bem3 and, to a lesser extent, Rgal and Rga2, play roles in
septin organization. Phenotypic analysis suggests that Bem3
may moderate the function of Cdc42 in morphogenesis. This
conclusion is supported by the observation that bem3A strains
produce peanut and fingered cells whereas rgalA and rga2A
strains do not (Table 3). However, the double and triple dele-
tions, especially the rgalA bem3A and rgalA rga2A bem3A
strains, produce many more peanut and fingered cells than the
single deletions, suggesting that Rgal and Rga2 play a lesser
role in the formation of these morphologies. Cells exhibiting
the peanut and fingered morphologies were shown to have
mislocalized septin rings and occasionally display no septin
localization, thus linking loss of BEM3 and, to a lesser extent,
RGAI and RGA2, to septin ring organization.

The finding that ste20A rgalA, ste20A rga2A, and ste20A
bem3A cells display synthetic temperature sensitivity (Fig. 5B)
also supports the idea that Bem3, Rgal, and Rga?2 play roles in
septin organization and/or bud neck morphogenesis. This sug-
gestion is based on two pieces of information: Cla4 is involved
in the process of bud neck morphogenesis (4, 9, 41) and cla4A
and ste20A are synthetically lethal (17). Thus, proteins that
participate in the same process as Cla4 might also display
synthetic interactions with ste20A, as seen for deletions of
RGAI, RGA2, and BEM3. The bem3A ste20A strain may have
a slightly greater defect than the rgalA ste20A or rga2A ste20A
strains (see Fig. 5B), suggesting that Bem3 may play a more
central role in mediating the function of Cdc42 and Cla4 in
cytokinesis.

Unpublished results from E. Bi and J. Pringle also support
the hypothesis that Rgal, Rga2, and Bem3 play roles in septin
organization. They showed the level of expression of Cdc42
GAPs affects the temperature sensitivity of a cdcl12-6 strain.
Cdcl12 is a component of the septin ring (41). Overexpression
of CLA4, RGAIl, RGA2, or BEM3, but not STE20, raises the
restrictive temperature of a cdcl2-6 strain. In addition, dele-
tion of any of the GAPs for Cdc42, but particularly bem3A,
lowers the restrictive temperature of a cdci2-6 strain (E. Bi
and J. R. Pringle, unpublished data). Thus, GAP function for
Cdc42 appears to play a positive role in septin organization.
Furthermore, immunolocalization showed that Rgal, Rga2,
and Bem3 localize to the bud neck during late anaphase and
early telophase (E. Bi and J. R. Pringle, unpublished data),
consistent with a function in septin ring organization.

Finally, mutational analysis of Cdc42 also supports the hy-
pothesis that Bem3 mediates the interaction of Cdc42 with
Cla4. Point mutations in the effector domain of Cdc42 lead to
a variety of phenotypes, often including abnormal cell mor-
phologies and mislocalization of actin, chitin, and/or septins
(37, 54, 55). Furthermore, some of these Cdc42 alleles display
altered interactions with Cla4 and Bem3, but interactions with
Rgal, Rga2, and Ste20 are not affected (54; T. J. Richman and
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FIG. 5. Temperature-dependant growth of strains lacking a PAK
kinase and one of the Cdc42 GAPs. (A) Aliquots of 10 wl of a 1:100
dilution of IDY22 (cla4A), YGS80 (rgalA cla4A), YGSS81 (rga2A
cla4A), or YGS82 (bem3A cla4A) mid-log phase liquid cultures were
spotted onto rich plates and incubated at the indicated temperatures.
(B) Aliquots of 10 wl of a 1:1,000 and a 1:10,000 dilution of YGS 286
(s1e20A), YGS 351 (rgalA ste20A), YGS 352 (rga2A ste20A), and YGS
353 (bem3A ste20A) mid-log phase liquid cultures were spotted onto
rich plates and incubated at the indicated temperatures.

D. I. Johnson, unpublished data). Thus, mutational analyses
provide additional support to link Bem3 and Cla4 in septin ring
organization.

Role of Rgal and Rga2 in haploid invasive growth and in
regulating interaction between Cdc42 and Ste20. The pheno-
types of the rgalA deletion strain imply a role for Rgal in
haploid invasive growth. In particular, loss of Rgal causes cells
to display hyperinvasion, to elongate, and to exhibit a nonaxial
budding pattern, each a characteristic of invasive growth (43).
In addition, activation of the FUSI-lacZ reporter, previously
thought to be specific for pheromone response activation (63),
may actually reflect activation of the Ste12/Tecl transcription
factor complex, another characteristic of haploid invasive
growth (15, 48). This explanation is supported by the observa-
tion that deletion of the pheromone response pathway scaffold,
Ste5, which has no role in invasive growth but is important for
pheromone response, does not affect the FUSI-lacZ activation
in an rgalA strain (63). Moreover, diminished interaction be-
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FIG. 6. Effects of deletion or overexpression of Cdc42 GAPs on
two-hybrid interaction between Ste20 and activated versions of Cdc42.
(A) The interaction of Ste20 residues 1 to 565 fused to the Gal4 DBD
(pSL2682) with three versions of the Gal4 transcription activation
domain—GAD itself and GAD fused either to Cdc429'2V-C1888
(pGS38) or to Cdc42961-C1885 (5GS39)—in four separate strains were
compared: PJ69-4A, YGS156 (rgalA), YGS157 (rga2A), and YGS158
(bem3A). Expression of the lacZ reporter in three separate isolates was
measured. (B) The same two-hybrid interactions investigated above
were compared for strain PJ69-4A transformed with four different
plasmids: YEp352, pGS40 (YEp352-RGAI), pGS41 (YEp352-RGA2),
and pGS42 (YEp352-BEM3). The expression of the lacZ reporter was
measured for three separate isolates in four independent trials. The
combined normalized data were graphed.
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tween Ste20 and active Cdc42 had little effect on pheromone
response pathway signaling and mating but did result in de-
creased invasive growth (39, 50). Together, these findings sup-
port the idea that Rgal affects haploid invasive growth, possi-
bly by mediating the interaction of active Cdc42 with Ste20.

A role for Rgal in mediating the interaction between Cdc42
and Ste20 is also supported by the synthetic temperature sen-
sitivity of rgalA and cla4A mutations (Fig. 5). Since cla4A and
ste20A are synthetically lethal (17), it would follow that a pro-
tein involved in the same process as Ste20 might also display
synthetic interactions with cla4A. Interestingly, rga2A cla4A
cells, but not bem3A cla4A cells, also display synthetic temper-
ature sensitivity, suggesting that Rga2 might also play a role in
mediating the interaction between Cdc42 and Ste20. These
phenotypic differences may reflect different quantitative con-
tributions to overall GAP activity by Rgal, Rga2, and Bem3.
However, the phenotypic differences could also indicate that
the GAPs have qualitatively different roles in orchestrating
Cdc42 activity. Consistent with the proposed role of Rgal and
Rga2 as facilitators of the interaction between Cdc42 and
Ste20, deletion of RGAI or RGA2 decreased the two-hybrid
interaction between activated forms of Cdc42 with Ste20,
whereas RGAI or RGA2 overexpression increased this inter-
action. These experiments suggest that Rgal and Rga2 facili-
tate the interaction between Cdc42 and Ste20. This function
would appear to be distinct from the GAP activity of Rgal and
Rga2 since these two-hybrid experiments were performed with
versions of Cdc42 locked in the GTP-bound, active form (70).
How do Rgal and Rga?2 facilitate this interaction? Given that
Rgal and Rga2 have not been observed to interact with Ste20
by two-hybrid analysis (63; data not shown), perhaps these two
GAPs do not directly promote an interaction between Ste20
and Cdc42. Rather, perhaps Rgal and Rga2 prevent Cdc42
from interacting with other effectors or perhaps they recruit
some unidentified protein that aids in this process.
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