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The ubiquitous Rho (Ras homology) GTPase Cdc42p can function in different settings to regulate cell polarity and cellular sig-
naling. How Cdc42p and other proteins are directed to function in a particular context remains unclear. We show that the
Cdc42p-interacting protein Bem4p regulates the mitogen-activated protein kinase (MAPK) pathway that controls filamentous
growth in Saccharomyces cerevisiae. Bem4p controlled the filamentous-growth pathway but not other MAPK pathways (mating
or high-osmolarity glycerol response [HOG]) that also require Cdc42p and other shared components. Bem4p associated with the
plasma membrane (PM) protein, Sho1p, to regulate MAPK activity and cell polarization under nutrient-limiting conditions that
favor filamentous growth. Bem4p also interacted with the major activator of Cdc42p, the guanine nucleotide exchange factor
(GEF) Cdc24p, which we show also regulates the filamentous-growth pathway. Bem4p interacted with the pleckstrin homology
(PH) domain of Cdc24p, which functions in an autoinhibitory capacity, and was required, along with other pathway regulators,
to maintain Cdc24p at polarized sites during filamentous growth. Bem4p also interacted with the MAPK kinase kinase
(MAPKKK) Ste11p. Thus, Bem4p is a new regulator of the filamentous-growth MAPK pathway and binds to general proteins,
like Cdc42p and Ste11p, to promote a pathway-specific response.

Acentral problem in the field of signal transduction is to under-
stand how proteins that function in interconnected networks

execute a precise response. The Rho-type GTPase Cdc42p is mas-
ter regulator of cell polarity (1–4) and signal transduction (5, 6).
In the budding yeast Saccharomyces cerevisiae, Cdc42p regulates
three mitogen-activated protein kinase (MAPK) pathways that
sense and respond to different stimuli that comprise an intercon-
nected network (filamentous growth, mating, and high-osmolarity
glycerol response [HOG]) (7–9). Cdc42p also has an essential
function in polarity establishment (3, 10–15) and exocytosis (16,
17). Therefore, Cdc42p and other general regulators can function
in different contexts to regulate cellular responses and control
proper growth.

One of the pathways in which Cdc42p operates is the MAPK
pathway that controls filamentous (invasive/pseudohyphal) growth.
Filamentous growth involves the differentiation to a new cell type
in response to nutrient limitation (18–21). In particular, depletion
of nitrogen (21) or glucose (22) can induce filamentous growth in
yeast. Cdc42p regulates the filamentous-growth pathway by bind-
ing to the p21-activated kinase (PAK) Ste20p, which regulates a
typical MAPK cascade (Ste11p ¡ Ste7p ¡ Kss1p) (18, 23–29). It
is not clear how Cdc42p is activated in the context of the filamen-
tous-growth pathway (Fig. 1A). During normal growth (budding)
and mating, Cdc42p is activated by its sole guanine nucleotide
exchange factor (GEF), Cdc24p (30–34). At present, it is not
known whether Cdc24p regulates the filamentous-growth path-
way. It is known that the signaling mucin Msb2p is a plasma mem-
brane regulator of the filamentous-growth pathway that interacts
with the active (GTP-bound) form of Cdc42p (26, 35, 36). Thus,
Msb2p may stabilize Cdc42p once the GTPase has been activated.
Msb2p also associates with Sho1p, another PM regulator of the
filamentous-growth pathway (26, 36–38). Sho1p associates with
Cdc24p, but the functional significance of this interaction remains
unclear (36).

By exploring a protein interaction network surrounding
Cdc42p, we identified the Cdc42p-interacting protein Bem4p,
which is a general regulator of Rho-type GTPases (39–41), as a
major regulator of the filamentous-growth pathway. Bem4p reg-
ulated the filamentous-growth pathway but not other MAPK
pathways that also require Cdc42p and other common components.
We show that Cdc24p regulates the filamentous-growth pathway.
Bem4p interacted with Cdc24p, and based on genetic and biochem-
ical evidence, may activate the GEF during filamentous growth.
Bem4p also associated with other proteins that regulate the filamen-
tous-growth pathway. Thus, Bem4p is a new regulator of the filamen-
tous-growth pathway that functions through Cdc42p and other gen-
eral proteins to generate a pathway-specific response.

MATERIALS AND METHODS

Strains, plasmids, and microbiological techniques. Yeast strains are
listed in Table S1 in the supplemental material, and plasmids are listed in
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FIG 1 Bem4p regulates the filamentous-growth pathway. (A) Filamentous-growth pathway. The question mark represents the question of how Cdc42p is activated in
the filamentous-growth pathway. (B) Role of the Cdc42p interaction network in regulating the filamentous-growth pathway. Red, positive regulator; green, negative
regulator; gray, no phenotype; white, not tested. Color is based on the results of three tests: invasive growth, MAPK growth reporter activity, and Kss1p phosphorylation
(see Table S3 in the supplemental material). Dashed line, genetic interaction. (Inset) P�Kss1p immunoblot from a subset of the network (outlined in blue) that contains
Bem4p. Kss1p�P was detected by anti-phospho-p42/44 antibodies. Pgk1p, loading control. (C) Plate-washing assay. Equal concentrations of cells were spotted onto
YEPD medium. Plates were incubated for 4 days and photographed (left). Plates were washed in a stream of water and photographed again (right). (D) Pseudohyphal
growth. Diploid strains were grown on low-nitrogen (SLAHD) medium for 4 days. SLAHD is synthetic low-ammonia medium containing glucose as a carbon source and
histidine as a nitrogen source (21). Microcolonies were photographed at a magnification of �5; representative colonies are shown. Bar, 50 �m. (E) Pseudohyphae (PS)
were counted at microcolony perimeters and divided by colony perimeters. Microcolonies for separate experiments were examined; error bars represent the standard
deviations between trials. Homozygous diploid strains were used for the experiment. (F) Biofilm/mat formation. Strains were spotted on nitrocellulose filters overlaid on
YEPD plus 0.3% agar for 4 days at 30°C. Mat expansion was determined by measuring mat areas (in mm2) by ImageJ. Areas were measured at 2 and 4 days; areas for the
4-day time point were normalized to those from the 2-day time point and set to a value of 1 for the wild type. Other values were normalized accordingly. Error bars
represent standard deviations between trials. (G) Example of biofilms/mats at 2 days. Bar, 1 cm. (H) Close-up of filamentous mats incubated on YEPD medium for 20d.
Bar, 50 �m. (I) P�Kss1p levels in strains grown to mid-log phase in YEPD (GLU) or YEP-Gal (GAL) medium. Blots were probed with anti-phospho-p42/44 antibodies
to detect P�Kss1p. Blots using antibodies to total Kss1p and Pgk1p are shown as controls. (J) Expression of the FRE-lacZ reporter by �-galactosidase assays (expressed
in Miller units). Values are averages from two independent trials; asterisks denote P values of �0.05.

418 mcb.asm.org January 2015 Volume 35 Number 2Molecular and Cellular Biology

http://mcb.asm.org


Table S2. Yeast and bacterial strains were grown and manipulated by
standard methods (42, 43). Gene disruptions and GAL1 promoter fusions
were made by PCR-based methods (44, 45), including antibiotic resis-
tance markers (46) and epitope fusions (47). Integrations were confirmed
by PCR analysis and phenotype. Unless otherwise stated, all fusion pro-
teins were functional with respect to filamentous-growth pathway activity
(by phosphorylated Kss1p [P�Kss1p] immunoblot analysis) and fila-
mentous/invasive growth (by the plate-washing assay).

Plasmid pIL30-URA3 containing FgTy-lacZ was provided by B. Errede
(48). Plasmid pFRE-lacZ was provided by H. Madhani (49). Plasmid re-
porters containing filamentous-growth pathway targets (KSS1, PGU1,
and YLR042c) were provided by C. Boone (50). Plasmid pMSB2-lacZ has
been described (51). Overexpression constructs were obtained from an
ordered collection from Open Biosystems (52). lacZ gene fusions to the
FUS1 promoter (53) were constructed in the V84 vector by in vivo recom-
bination (45). Vector V84 vector (50) was linearized by restriction digest
with NotI prior to integration.

Plasmids expressing the BEM4 gene from strong constitutive promot-
ers were constructed (54). The pTEF2 promoter was amplified by PCR
and inserted into YEp351 and YEp352 plasmids at SacI and XbaI sites. The
BEM4-green fluorescent protein (GFP) fusion was amplified from puri-
fied yeast chromosomal DNA and inserted downstream of the pTEF2
promoter at XbaI and SalI sites to create YEp351-pTEF2-BEM4-GFP and
YEp352-pTEF2-BEM4-GFP plasmids.

To construct His-tagged version of Cdc42p, the CDC42 open reading
frame (ORF) was amplified from PC4368 (pGBDU-Cdc42p) and ligated
into pET28b using primers that incorporated 5= BamHI and 3= SalI sites.
To construct pGST-Cdc24p, the CDC24 gene was subcloned from
PC4225 (pGBDU-Cdc24p) and ligated into pGEX4T1 by using BamHI
and SalI sites. To construct pMBP-Bem4, the BEM4 gene was amplified
from PC4190 (pOAD-Bem4) and introduced into pMAL-C2 with prim-
ers that contained 5= BamHI and 3= SalI sites. To construct the pMBP-
Bem4 truncation alleles, primers were designed to truncate the protein at
100, 200, 300, 400, 500, and 600 amino acid residues downstream of the N
terminus. The truncated alleles were amplified from PC4190 with primers
that contained 5= BamHI and 3= SalI sites.

Plasmids pRS316-CDC24-GFP and YEp351-CDC24-GFP were con-
structed by amplification of CDC24-GFP from the genomic GFP-tagged
strain PC1205 containing 600 bp of the CDC24 promoter using primers
that contained 5= BamHI and 3= SalI sites. Plasmids pRS315-cdc24-4 and
pRS425-cdc24-4 were constructed by amplification of the cdc24-4 allele
from PC1436. The PCR fragment included 600 bp of the CDC24 promoter
and the entire cdc24-4 ORF. A BamHI site was introduced at the 5= end of
the promoter and a PstI site was introduced at the 3= end of the cdc24-4
gene. YEp351-Myr-CDC24-GFP was generated in two steps. A PCR frag-
ment containing 600 bp of the CDC24 promoter was amplified with 5=
BamHI and 3= PstI sites and introduced into YEp351. A second fragment
was generated by PCR that introduced a myristoylation site (55, 163) into
the N terminus of Cdc24p. This PCR fragment was generated by amplifi-
cation of CDC24-GFP from strain PC1205. The PCR fragment was ligated
into YEp351 that contained the CDC24 promoter using 5= PstI and 3= SalI
sites.

Alleles of CDC24 were ligated into pGEX4T1 (see Fig. 6D, top). For all
CDC24 alleles used, pGEX4T1-CDC24 was used as the template for PCRs.
Primers were designed to delete specific regions of Cdc24p corresponding
to previously mapped domains. pGEX4T1-CDC24-CH� was generated
by amplifying the regions of Cdc24p corresponding to amino acids at
positions 226 to 854 of the protein. pGEX4T1-CDC24-PB1� was gener-
ated by amplifying the region of Cdc24p corresponding to amino acid
positions 1 to 780. pGEX4T1-CDC24-PH�PB1� was generated by ampli-
fying the region of Cdc24p corresponding to the amino acid positions 1 to
452. pGEX4T1-CDC24-CH�-PB1� was generated by amplifying the re-
gion of Cdc24p corresponding to the amino acids at positions 283 to 681.
pGEX4T1-CDC24-PH� was generated by amplifying the regions of
Cdc24p corresponding to the amino acids at positions 780 to 851. This

PCR fragment was then ligated to pGEX4T1-CDC24-PH�PB1� such that
a SalI restriction enzyme site served as a linker between the two fragments.
The pGEX4T1-CDC24-PH domain only was generated by amplifying the
region of Cdc24p corresponding to amino acids 472 to 681. pRS425-
CDC24-PH� was generated in a fashion similar to that used for YEp351-
Myr-CDC24-GFP. The region introduced into pGEX4T1 from the pGEX4T1-
CDC24-PH� plasmid was amplified and introduced into a pRS425 vector
that already contained 600 bp of the promoter.

Two-hybrid constructs in the pOAD and pOBD vectors (56) were
provided by S. Fields (University of Washington, Seattle, WA). To con-
struct other two-hybrid plasmids, plasmids pGAD-C1 and pGBDU-C1
were used (57). Complete ORFs were amplified by PCR from genomic
DNA isolated from a wild-type yeast strain (PC313). The Ste11p and
Cdc42p ORFs were amplified from lab plasmids. For N-terminal and
C-terminal truncations of Ste11p, the junction was 1,245 nucleotides
from the start of the STE11 ORF. pGAD-SHO1 was subcloned from
pGBDU-C1 Sho1p (57). The STE11 gene was subcloned from pGAD-
Ste11p (PC4369) and introduced into pGEX4T1 (PC5250) by digestion
with BamHI and SalI to create pGST-STE11 (PC6045).

Evaluating Cdc24p function by plasmid shuttle. CDC24 function
was assessed by plasmid shuttle. The CDC24 gene was disrupted by ho-
mologous recombination (cdc24::NAT) in a wild-type strain (PC1894)
harboring pRS316-CDC24-GFP. LEU2-based plasmids containing ver-
sions of CDC24 were introduced into the cdc24 strain. Strains were
patched onto 5-fluoroorotic acid (FOA)–Leu medium to force loss of
pRS316-CDC24-GFP and retain versions of CDC24 on LEU2-based plas-
mids. Strains were checked for growth on FOA-Leu and sensitivity on
SD-Ura.

Protein purification and in vitro pulldowns. His-Cdc42p was puri-
fied by the following method. Approximately 250 ml of cells (Escherichia
coli strain �BL21/DE3) harboring overexpression plasmids (pHis-Cdc42)
were grown to exponential phase in 2� yeast Terrific (YT) broth plus
kanamycin and induced with 0.1 mM isopropyl-�-D-thiogalactopyrano-
side (IPTG) for 3 h at 37°C. Cells were harvested by centrifugation, and
cell pellets were frozen at 	80°C. For purification, cells were thawed on
ice, resuspended in 10 ml of His column buffer (50 mM sodium phos-
phate [pH 7.0], 100 mM NaCl) with 1 mM phenylmethylsulfonyl fluoride
(PMSF) and incubated at 25°C with 1 mg/ml lysozyme for 30 min. Cells
were placed in an ice bath and sonicated for 20 s (2-s pulses with 30 s rest
on ice). Cell debris was removed by centrifugation at a relative centrifugal
force (RCF) of 10,000 for 10 min at 4°C. Cell lysates were applied to 500 �l
prewashed Talon metal affinity resin (product 633502; Clontech) and
incubated with end-over-end rotation at 25°C for 30 min. The resin
bound to His-tagged proteins was separated from cell lysates by centrifu-
gation at 1,000 rpm for 5 min and washed three times with 5 ml of His
column buffer. The resin was then washed in His column buffer with 500
mM NaCl and 10 mM imidazole. The resin was placed in columns, and
proteins were eluted with 2.5 ml of His elution buffer (150 mM imidazole,
50 mM sodium phosphate [pH 7.0], 100 mM NaCl). Approximately 30 �l
of the elution was saved as the input fraction. Eluted proteins were split
into equal concentrations for subsequent pulldown experiments.

To purify glutathione S-transferase (GST)–Cdc24p proteins, an E. coli
strain (�BL21/DE3) containing pGST-Cdc24 was grown to mid-expo-
nential phase. Approximately 500 ml of cells harboring GST-Cdc24p were
induced with 1.0 mM IPTG for 2 h. Cells were harvested by centrifugation
and frozen as cell pellets at 	80°C. Cells containing GST-Cdc24p were
resuspended in 40 ml of phosphate-buffered saline (PBS) buffer on ice.
Cell extracts were prepared as described for His-tagged proteins except
that lysates were applied to 400 �l of prewashed glutathione-Sepharose B
resin (product 17-0756-01; GE Life Sciences) and incubated with end-
over-end rotation at 25°C for 30 min. The resin was harvested by centrif-
ugation at 1,000 rpm for 5 min, washed three times with 4 ml of PBS
buffer, and placed in a disposable 20-ml column. GST-Cdc24p proteins
were eluted from the columns with 2 ml of GST elution buffer (10 mM
glutathione, 50 mM Tris HCl [pH 8]). A 30-�l portion of the elution was
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saved for the input fraction and elutions were divided into equal portions
for pulldown experiments.

To purify Bem4p, cells containing pMBP-Bem4p, pMBP-Bem4p
truncation mutants, and pMBP alone were grown to exponential phase in
the E. coli strain ER2508 (New England BioLabs). Maltose-binding pro-
tein (MBP)–Bem4p (250 ml) and MBP alone (50 ml) were induced with
0.3 mM IPTG for 3 h at 37°C. Cells were harvested by centrifugation and
frozen at 	80°C. Cells containing MBP-Bem4p were resuspended in 10
ml of MBP buffer (50 mM Tris HCl [pH 7.5], 100 mM NaCl) and 2.5 ml
for MBP alone. Cell extracts were prepared as described for His-tagged
proteins. A 30-�l portion of the lysates was retained at this step as the
input fraction. Lysates were applied to 250 �l of prewashed amylose resin
(product E8021S; New England BioLabs) and incubated with end-over-
end rotation at 25°C for 30 min. The resins containing MBP-Bem4p and
MBP were separated from lysates by gentle centrifugation and washed
three times in 2.5 ml of MBP column buffer. The resins were added to
disposable 10-ml columns.

To evaluate the interactions between Bem4p and Cdc24p, and
Cdc42p, purified His-Cdc42p, GST-Cdc24p, and GST proteins were
loaded onto columns that contained MBP-Bem4p or MBP alone, pre-
pared as described above. Columns were washed by addition of 3.75 ml of
MBP column buffer. Proteins were eluted in MBP elution buffer (10 mM
maltose, 50 mM Tris HCl [pH 7.5], 100 mM NaCl) and evaluated by
SDS-PAGE analysis.

For the Bem4p and Ste11p pulldowns, cells containing MBP-Bem4p
(PC5807), pGEX4T1 (PC5514), and pGST-STE11 (PC6045) were grown
in 200 ml of 2� YT plus 1.3 mM carbenicillin for 3 h to an optical density
(OD) of 0.6. IPTG was added to 0.3, 0.1, and 0.6 mM concentrations for
PC5807, PC5514, and PC6045, respectively, for 1.5 h. Cells were harvested
by centrifugation at 5,000 rpm and stored at 	80°C. Cells were thawed on
ice in 10 ml of phosphate-buffered saline (PBS) (140 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 11.8 mM KH2PO4 [pH 7.42]) containing 1 mM
PMSF and 1 mM dithiothreitol (DTT). Lysozyme was added to 0.75 mg/
ml. Individual cultures were sonicated, and unbroken cells and cell debris
were removed by centrifugation for 10 min at 10,000 rpm. Clarified lysates
containing GST and GST-Ste11p were incubated with 100 �l glutathione-
Sepharose beads for 30 min at 4°C using end-over-end rotation. Beads
and bound proteins were collected by centrifugation at 2,000 rpm. Clari-
fied lysates containing MBP-Bem4p were split and added to either the
GST- or GST-Ste11p-coated beads. Samples were incubated for 30 min at
4°C with end-over-end rotation. Beads and bound proteins were again
collected by centrifugation at 2,000 rpm. Samples were loaded onto col-
umns, which were washed twice with 10� bed volumes of PBS. GST and
GST-Ste11p were eluted in PBS containing 10 mM reduced glutathione.
Elutes were examined by SDS-PAGE for GST, GST-Ste11p, and MBP-
Bem4p.

In vitro PAK binding assays. In vitro pulldowns with the PAK binding
domain (PBD-GST, provided by E. Bi) and Cdc42p were performed as
described previously (58, 59). Cell lysates were prepared from strains ex-
pressing Cdc42p-GFP and a PBD-GST (pGEX-2T-PBD) expressed and
purified from Escherichia coli (60). Bacterial cells overproducing pPBD-
GST were harvested by centrifugation, resuspended in bacterial cell lysis
buffer (1� PBS [pH 7.4], 100 mM NaCl, lysozyme 1 mg/ml, 1� protease
inhibitor cocktail [number 11836170001; Roche]), and lysed by sonica-
tion (Branson digital sonifier, number 102C). The fusion protein was
isolated using immobilized glutathione-agarose beads (number 15160;
Thermo Scientific). A 750-�l portion of yeast cell lysate containing
Cdc42p-GFP was added to 200 �l of immobilized glutathione-agarose
beads with bound PBD-GST or GST alone as a control. A portion of the
yeast cell lysate was retained as the whole-cell extract (WCE) control sam-
ple. Samples were incubated at 4°C with end-over-end rotation for 1 h.
Immobilized beads were harvested by centrifugation at 500 � g for 3 min
at 4°C. A portion of the supernatant was retained as the flowthrough (FT)
sample. Samples were washed three times by resuspension in 1 ml of
bacterial cell lysis buffer containing 0.1% Triton X-100 and centrifuged at

500 � g for 3 min at 4°C. Addition of 200 �l of elution buffer (50 mM Tris
HCl [pH 8.0] and 20 mM reduced glutathione [GSH]) followed by incu-
bation at 25°C for 15 min was used to elute associated proteins from the
agarose beads and centrifugation 500 � g for 3 min at 25°C. A 200-�l
portion of elution buffer was added to the immobilized glutathione beads,
and the samples were boiled for 10 min and then centrifuged at 15,800 �
g for 3 min at 25°C. Nitrocellulose membranes were incubated for 2 h at
25°C in blocking buffer containing a primary antibodies to detect bound
Cdc42p-GFP.

Protein immunoblot analysis. Immunoblots were performed as de-
scribed previously (26). Proteins were isolated from cells by bead beating
using an MP FastPrep-24 (MP Scientific, Solon, OH) in Thorner buffer (8
M urea, 5% SDS, 40 mM Tris HCl [pH 6.8], 0.1 M EDTA, 0.4 mg/ml
bromophenol blue, and 1% �-mercaptoethanol [BME]). Proteins were
separated by SDS-PAGE and transferred to nitrocellulose membranes
(Protran BA85; VWR International Inc., Bridgeport, NJ). After transfer,
nitrocellulose membranes were incubated in blocking buffer (5% nonfat
dry milk, 10 mM Tris HCl [pH 8], 150 mM NaCl and 0.05% Tween 20) for
16 h at 4°C. Antibodies were used at the manufacturer’s concentrations.
SuperSignal West Pico (number 1856136; Thermo Scientific) or an ECL
Plus Western blotting detection system (RPN2132V1; GE Healthcare) was
used to detect secondary antibodies. Precision Plus All Blue protein stan-
dards were used as molecular weight markers (Bio-Rad).

Mouse monoclonal antibodies were used to detect green fluorescent
protein (clones 7.1 and 13.1; number 11814460001; Roche Diagnostics)
and hemagglutinin (HA) (12CA5; number 11583816001; Roche). Rabbit
polyclonal anti-HA antibodies (catalog number 600-401-384, lot number
21345; Rockland Immunochemicals Inc., Gilbertsville, PA) were used to
detect the HA epitope. Antibodies to phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (D13.14.4E) (number 4370; Cell Signaling Technology)
were used to detect phosphorylated Kss1p and Fus3p. Antibodies against
yeast Pgk1p (catalog number 459250, lot number P0660; Life Technolo-
gies–Molecular Probes, Grand Island, NY), Kss1p (Santa Cruz, Sc-6775-
R), Fus3p (Santa Cruz, Sc-6773), His (catalog number 34660; Qiagen),
MBP (E8030S; New England BioLabs), and GST (600-101-200; Rockland
Scientific) were also used. Secondary antibodies included goat anti-mouse
IgG– horseradish peroxidase (HRP) (170-6516; Bio-Rad), goat anti-rab-
bit IgG–HRP (111-035-144; Jackson ImmunoResearch Laboratories,
Inc.), and donkey anti-goat IgG–HRP (lot number L1010; Santa Cruz).

Colony immunoblots to detect shed Flo11p-HA were performed as
described previously (51). Approximately equal numbers of cells were
spotted onto yeast extract-peptone-dextrose (YEPD) medium overlaid
with a nitrocellulose membrane. Colonies were photographed and
washed under a stream of water to remove colonies. The nitrocellulose
membrane was removed and placed into blocking buffer for 16 h. The
membrane was washed with Tris-buffered saline–Tween (TBST) and in-
cubated with primary and secondary antibodies to detect proteins.

Subcellular fractionation analysis. Subcellular fractionation was per-
formed as described previously (26, 61) in wild-type strains expressing
tagged versions of Cdc42p or Bem4p and in a wild-type strain and a sho1�
strain expressing a tagged version of Bem4p. Approximately 10 ml of
exponentially grown cells were collected by centrifugation at for 5 min at
3,000 � g. Cell pellets were washed with 1 ml of sterile distilled water,
harvested by centrifugation, and resuspended in 1 ml DTT buffer (50 mM
Tris HCl [pH 8.8], 10 mM DTT). Cells were incubated for 15 min at room
temperature. After incubation, the cells were harvested by centrifugation
for 2 min at 5,000 � g and resuspended in 1 ml of spheroplast buffer (1.2
M sorbitol, 50 mM potassium phosphate [pH 7.4], 1 mM MgCl2, and 250
mg/ml zymolase). Cells were incubated at 30°C for 1 h, harvested by
centrifugation, and washed with 1 ml of 1.2 M sorbitol. Spheroplasts were
resuspended in 1 ml of spheroplast lysis buffer (200 mM sorbitol, 50 mM
Tris HCl [pH 7.5], 1 mM EDTA, and 1� protease inhibitor cocktail
(EDTA free; catalog number 11836170001; Roche Applied Science, Indi-
anapolis, IN) and incubated on ice for 20 min. Following the incubation
on ice, samples were harvested by centrifugation at 4°C for 5 min at 500 �
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g. Supernatants (a portion of which was retained as the S2 fraction) were
transferred to sterile tubes and centrifuged at 4°C for 10 min at 15,800 �
g. The pellet was retained as the P13 fraction. Supernatants were trans-
ferred to ultracentrifuge tubes and centrifuged at 100,000 � g at 30°C for
30 min. Portions of the supernatant and pellet were retained as fractions
S100 and P100, respectively. Fractions were immediately processed by
SDS-PAGE or frozen at 	80°C.

Co-IP analysis. To evaluate the interaction between Bem4p-HA and
GFP-Cdc42p, Cdc24p-GFP, and Ste11p-GFP, Bem4p-HA was precipi-
tated from cell extracts containing GFP-Cdc42p (PC3541), Ste11p-GFP
(PC4954), and Cdc24p-GFP (PC5388). Control extracts from wild-type
strains expressing GFP-Cdc42p (PC3448), Ste11p-GFP (PC4950), and
Cdc24p-GFP (PC5387) were also used. Coimmunoprecipitation (co-IP)
analysis was performed in wild-type (PC538) and Bem4p-HA (PC3398)
strains containing pSho1-GFP (PC1601) to assess that interaction.

The interaction between Bem4p and Kss1p was assessed using strains
containing C-terminally GFP-tagged proteins (Bem4p-GFP, Hog1p-
GFP, Fus3p-GFP, Kss1p-GFP, Rsr1p-GFP, Ste20p-GFP, Msb2p-GFP,
Ste4p-GFP, Ste5p-GFP, Ste18p-GFP, and Ste2p-GFP from reference 62)
that had been transformed with plasmid pGAL-BEM4-HA (52) or a con-
trol plasmid, pRS316 (63). Strains were grown to saturation in YEP-Gal
and subcultured in YEP-Gal to mid-log phase (7 h). Cells in 100-ml ali-
quots were harvested by centrifugation and stored at 	80°C. Cell extracts
were prepared and co-IP analysis was performed as described below.
Equal numbers of cells (as determined by OD at 600 nm [OD600]) were
harvested by centrifugation, and the pellets were stored at 	80°C.

Cell pellets were thawed in ice-cold PBS buffer and transferred to
FastPrep tubes (number 5076-200; MP Scientific). Approximately 0.2 ml
of glass beads and 1 ml of IP buffer (50 mM Tris [pH 8.0], 1 mM EDTA, 50
mM NaCl, 1.5% NP-40, 1 mM phenylmethylsulfonyl fluoride [PMSF],
1� protease inhibitor cocktail [number 11836170001; Roche]) were
added to each sample, followed by two 30-s pulses at 6.5 m/s in a MP
FastPrep-24 homogenizer (MP Scientific). Samples were placed on ice for
5 min between cycles. Following FastPrep homogenization, 600 �l of IP
buffer was added to each sample, and the samples were vortexed briefly.
Samples were centrifuged at 4°C for 10 min at 13,000 rpm. Clarified lysate
was then added to 75 �l washed protein G-agarose beads (number 20398;
Thermo Scientific, Pittsburgh, PA) and mixed with end-over-end rota-
tion for 30 min at 4°C to preclear lysates. Samples were centrifuged at 4°C
for 10 min at 13,000 rpm. Precleared lysates were then transferred to a
sterile 1.5-ml tube, and �8 mg of anti-HA antibody (Rockland, number
600-401-384, Gilbertsville, PA) was added. Samples were mixed with end-
over-end rotation at 4°C for 1 h. Lysate-antibody mixture was then added
to 75 �l of washed protein G-agarose beads and mixed with end-over-end
rotation at 4°C for 1 h. Samples were then centrifuged (500 � g) for 3 min
at 4°C, and the supernatant was discarded. Beads were then washed 3
times with 1 ml IP buffer. Fifty microliters of 2� SDS loading buffer with
2% BME was added to the beads, and they were boiled for 10 min with
frequent agitation. Samples were centrifuged at 13,000 rpm, and superna-
tants were frozen at 	80°C.

Two-hybrid analysis. Two-hybrid constructs were transformed into
the PJ69-4a (PC284) strain (57) and assessed by the LYS2::GAL1-HIS3
growth reporter. Approximately equal numbers of cells were spotted on to
SD-Ura-Leu or SD-Trp-Leu plates with or without histidine. Plates lack-
ing histidine and containing 5 mM 4-amino-1,2,4-triazole were used to
evaluate proteins that showed low levels of autoactivation. Additional
evaluation of protein interactions was carried out by assessing �-galacto-
sidase activity using the met2::GAL7-lacZ reporter.

Evaluating MAPK activity for the filamentous growth, mating, and
HOG pathways. Phosphorylation of the MAPK Kss1p (P�Kss1p) was
measured to assess activity of the filamentous-growth pathway (49, 64–
66). Phosphorylated Fus3p, Kss1p, and Hog1p were detected following
trichloroacetic acid (TCA) precipitation as described previously (67) with
suggestions from P. Pryciak and H. Dohlman. Cells were grown to mid-
log phase and frozen at 	80°C. For phosphorylation assays, wild-type

(PC538), msb2� (PC948), sho1� (PC1531), bem4� (PC3016), ste20�
(PC673), ste50� (PC3863), ste11� (PC3862), and ste12� (PC2382) strains
were used. pmi40-101 (PC2148), pmi40-101 sho1� (PC448), pmi40-101
bem4� (PC3525), pmi40-101 ste20� (PC522), pmi40-101 ste50� (PC446),
and pmi40-101 ste12� (PC389) strains were used to examine P�Kss1p in
response to glycosylation deficiency. Cell pellets were thawed by the ad-
dition of 300 �l of 10% TCA buffer (10 mM Tris HCl [pH 8.0], 10%
trichloroacetic acid, 25 mM ammonium acetate [NH4OAc], 1 mM Na2

EDTA). Approximately 0.2 ml of glass beads was added to each sample,
followed by five 1-min pulses at full speed in a multitube vortex mixer.
Samples were placed on ice for 3 min between cycles. Cell lysates were
transferred to sterile 1.5-ml tubes and centrifuged at 4°C for 10 min at
17,000 � g. Supernatants were transferred to 1.5-ml tubes, and 150 �l of
resuspension buffer (0.1 M Tris HCl [pH 11.0], 3% SDS) was added to
each sample. Samples were boiled for 5 min and then centrifuged at
17,000 � g for 30 s. Proteins were separated on 12% SDS-PAGE gels and
transferred to nitrocellulose membranes (Protran BA85; VWR Interna-
tional Inc., Bridgeport, NJ). After transfer, membranes were incubated
with primary (for 16 h) and secondary antibodies (1 h) in TBST contain-
ing 5% BSA.

For some experiments, MAPK activity was verified using the FUS1-
lacZ growth reporter, which in 
1278b strains lacking Ste4p shows depen-
dence on Msb2p, Sho1p, Bem4p, Ste20p, Ste11p, Ste7p, Kss1p, and Ste12p
(26, 51; this study). FUS1-HIS3 expression was measured by spotting cells
onto SD-His with 4-amino-1,2,4-triazole. �-Galactosidase assays were
performed as described previously (68). Halo assays were performed as
described previously (69).

Filamentous growth and biofilm/mat assays. The single-cell inva-
sive-growth (22), plate-washing (18), and diploid pseudohyphal-growth
assays (21) were performed to evaluate filamentous growth. Biofilm/mat
assays were performed as described previously (70). Colony perimeters
were examined for filamentous mats as described previously (55). Mats
and colonies were photographed using an Evolution MP Color camera
(32-0041C-212; MediaCybernetics, Bethesda, MD). Polygalacturonidase
activity of secreted Pgu1p was used to evaluate PGU1 expression as de-
scribed previously (71, 72). Strains were spotted onto synthetic medium
containing 1% polygalacturonic acid. Plates were incubated for 2 days
prior to addition of 0.1% ruthenium red to detect secreted Pgu1p. The
budding pattern was determined by established methodology (73) and
was confirmed for some experiments by visual inspection of connected
cells (74).

Microscopy. Differential interference contrast (DIC) and fluores-
cence microscopy using GFP filter sets were performed using an Axioplan
2 fluorescence microscope (Zeiss) with a Plan-Apochromat 100�/1.4
(oil) objective (numerical aperture [NA], 0.17). Digital images were ob-
tained with the Axiocam MRm camera (Zeiss). Axiovision 4.4 software
(Zeiss) was used for image acquisition and analysis. Protein localization
was performed as described previously (72) for Bem4p-GFP, Cdc42p-
GFP, and GFP-Cdc42p. For microscopic observations of cells exposed to
�-factor, strains were grown to mid-log phase and washed three times in
water. Cells were incubated in 1 to 5 mM �-factor for 150 min.

Data quantitation and analysis. Process/function and gene ontology
(GO) annotations, fungal homology information, and protein interac-
tions data were assessed using the Saccharomyces Genome Database (http:
//www.yeastgenome.org/) (75, 76). Protein interactions have been iden-
tified by many different studies to create global functional maps (41, 77–
81). Immunoblot data were quantitated by measuring band intensities by
ImageJ. Specifically, the average background intensity was sampled at
multiple positions and subtracted from band intensity values by taking
the absolute value of intensity measurements. Normalized values were
adjusted to Pgk1p band intensities (after background subtraction) to ac-
count for loading differences between samples. Normalized band inten-
sity was set to 1.0 for wild-type samples; other intensities were compared
to this value. The lightest exposures for which all bands were visible were
used for densitometric analyses. For Kss1p protein blots in which two
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bands were present, the intensities of both bands were counted. To quan-
tify Flo11p secretion, intensity values were normalized to colony size, and
the control was set to 1.0. Samples were analyzed at 1- and 2-day time
points. The values were similar, and the 1-day value is shown. Mat/biofilm
size and halo size were determined by quantifying the area using the circle
tool. A BLAST search was performed to identify BEM4 homologs (http:
//blast.ncbi.nlm.nih.gov/Blast.cgi). Iterative BLAST searching with
Bem4p homologous identified small GTP-binding protein GDP dissoci-
ation stimulator (Smg GDS) proteins. Clustal W alignment (http://www
.ebi.ac.uk/Tools/msa/clustalw2/) was used to align protein sequences.
Alignments are based on reference 82; Armadillo (ARM) repeats were
interpreted from reference 83. Statistical significance was determined by
the chi-squared test. P values were generated via a two-tailed unpaired
Student’s t test.

RESULTS
Bem4p Regulates the filamentous growth pathway. To identify
new regulators of the filamentous-growth pathway, genes that
comprise an interaction network surrounding Cdc42p, con-
structed from analysis of global protein interactions screens (41,
84–86), were disrupted and tested for roles in invasive growth and
MAPK signaling (Fig. 1B; see Table S3 in the supplemental mate-
rial). Most of the gene deletions did not induce a phenotype (Fig.
1B, gray circles), but one showed a 4-fold decrease in MAPK ac-
tivity (Fig. 1B, inset, bem4�). Bem4p interacts with Cdc42p (39,
41), the major GTPase that regulates the filamentous-growth
pathway (23–26). Bem4p was also uncovered in a genetic screen as
a regulator of alcohol-induced filamentous growth (87).

To further resolve the interaction network, proteins with ge-
netic and physical interactions with Bem4p were tested. Bem4p
has previously been shown to interact with the Rho-type GTPases
Rho1p, Rho2p, Rho4p, and Cdc42p and to function in cell polar-
ity regulation and cell integrity (39, 40). Rho2p and Rho4p did not
regulate the filamentous-growth pathway (Fig. 1B and data not
shown). Sbe2p and Sbe22p, which control protein trafficking
from the Golgi and exhibit genetic interactions with BEM4 (88),
did not regulate the filamentous-growth pathway (Fig. 1B, inset;
also, see Fig. S1A and B in the supplemental material). Septins,
which interact with Bem4p (41, 89) and regulate the formation
and constriction of the actomyosin ring (90), showed a normal
distribution in the bem4� mutant (see Fig. S1C in the supplemen-
tal material). Thus, Bem4p may regulate the filamentous-growth
pathway independently of its other functions in the cell.

Filamentous growth is a differentiation response that can be
quantitatively studied by clear-cut biological and biochemical as-
says (20, 91, 92). To define the role of Bem4p in regulating fila-
mentous growth, the BEM4 gene was disrupted in haploid
(MATa) and diploid (MATa/MAT�) strains of the filamentous
(
1278b) background. Compared to wild-type haploid cells, the
bem4� mutant was defective for invasive growth by the plate-
washing assay (Fig. 1C), which occurs in response to glucose de-
pletion (22). The invasive growth defect of the bem4� mutant was
more pronounced than that of mutants lacking PM regulators
(Fig. 1C, msb2� and sho1�) and equivalent to that of mutants
lacking core regulators (Fig. 1C, ste20�, ste50�, ste11�, and
ste12�). Homozygous bem4�/bem4� diploid colonies did not
produce pseudohyphae under nitrogen-limiting conditions (Fig.
1D and E; see also Fig. S2A and B in the supplemental material),
indicating that Bem4p is required for pseudohyphal growth. The
filamentous-growth pathway regulates the formation of colonial
mats or biofilms (70). Bem4p was required for the expansion

(Fig. 1F) and ruffled appearance (Fig. 1G) of mats. Bem4p was
required for the development of filamentous mats (Fig. 1H),
which occurs under nutrient-limiting conditions (55). Therefore,
Bem4p regulates filamentous growth and biofilm/mat formation
in haploid and diploid cells.

The filamentous-growth pathway is activated by glucose limi-
tation, one of the inducers of filamentous growth (22). Bem4p was
required for the phosphorylation of the mitogen-activated protein
(MAP) kinase Kss1p (P�Kss1p) during growth in the poor car-
bon source galactose (Fig. 1I, GAL). The filamentous-growth
pathway regulates the response to protein glycosylation deficiency
(68, 93, 94). Bem4p was required for the induction of the filamen-
tous-growth pathway in the pmi40-101 mutant (see Fig. S2C and
D in the supplemental material), whose conditional glycosylation
defect occurs by growth in medium lacking mannose (68). The
filamentous-growth pathway controls expression of genes re-
quired for differentiation to the filamentous cell type (50, 71, 95–
98). Bem4p was required for expression of the FRE-lacZ reporter
(Fig. 1J), for production of secreted Pgu1p (see Fig. S2E in the
supplemental material), and for production of shed Flo11p (see
Fig. S2F in the supplemental material). Thus, Bem4p is a positive
regulator of the filamentous-growth pathway.

Bem4p is a specific regulator of the filamentous growth path-
way. Most proteins that function in the filamentous-growth path-
way also regulate the mating and/or HOG pathways (35, 99–102).
To determine whether Bem4p also regulates these pathways, the
bem4� mutant was examined for defects in mating or osmotoler-
ance. As shown above, Bem4p was required for filamentous
growth. A clear example comes from colony morphology. Wild-
type colonies exhibit wrinkled morphology, whereas the bem4�
mutant, like other pathway mutants (ste12�), exhibits smooth
morphology (Fig. 2A, Filamentous Growth). By comparison, the
bem4� mutant showed a normal mating response. The bem4�
mutant showed growth arrest in response to the pheromone
�-factor (Fig. 2A, Mating). The bem4� mutant also showed wild-
type induction of a mating pathway reporter by �-factor (Fig. 2B),
which is different from its role in regulating a filamentous-growth
pathway reporter (Fig. 1J). The bem4� mutant showed normal
rates of shmoo formation (see Fig. S3A in the supplemental ma-
terial) and diploid formation (see Fig. S3B), concentration-de-
pendent sensitivity to �-factor (see Fig. S3C), and clustering of
GFP-Cdc42p at shmoo tips (see Fig. S3D). To determine whether
Bem4p regulates the HOG pathway, the BEM4 gene was disrupted
in cells lacking the Sln1p branch (ssk1�) (103–105). Compared to
the ste11� ssk1� double mutant, which is sensitive to growth in
high-salt medium (Fig. 2A, HOG), the bem4� ssk1� double mu-
tant was not sensitive to osmotic stress (Fig. 2A, HOG). Thus,
Bem4p does not play a major role in regulating the mating or
HOG pathways.

Different MAP kinases regulate the filamentous growth
(Kss1p), mating (Fus3p), and HOG (Hog1p) pathways. As deter-
mined by coimmunoprecipitation (co-IP) analysis, Bem4p-HA
associated with the MAP kinase Kss1p-GFP but not with the MAP
kinase Fus3p-GFP or Hog1p-GFP (Fig. 2C). High-copy-number
Bem4p, which stimulates the filamentous-growth pathway (see
below), did not stimulate the mating pathway in response to a-fac-
tor (Fig. 2D, P�Fus3p and P�Kss1p) or the HOG pathway in
response to salt (Fig. 2E, P�Hog1p). Thus, Bem4p has a specific
function in regulating the filamentous-growth pathway. Besides
Kss1p and the transcription factor Tec1p, Bem4p is the only path-
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way-specific regulator of the filamentous-growth pathway yet
identified.

Bem4p was compared to pathway-specific regulators of the
mating and HOG pathways. Bem4p is a globular protein that,
along with fungal homologs, exhibits similarity to Smg GDS pro-
teins (see Fig. S4 in the supplemental material), which in mam-
mals regulate the activity of Rho GTPases and play diverse roles in
development, cell differentiation, and cancer (106–109). By com-
parison, Pbs2p is a pathway-specific regulator and MAPKK for the
HOG pathway (99, 110–112). Ste2p and Ste3p are �-adrenergic-
type receptors that connect to a heterotrimeric G protein (Gpa1p,
Ste4p, and Ste18p) and the adaptor Ste5p, which is a fungus-spe-
cific protein related to E3 ubiquitin ligases, to regulate the mating
pathway (113–120). Thus, Bem4p is a unique MAPK regulatory
protein that is not related to other pathway-specific regulators.
Bem4p may have an evolutionary origin distinct from that of
Ste5p and Pbs2p. This conclusion implies that the evolution of
pathway-specific regulators may have diversified a core pathway,
which can account for why the filamentous growth, mating, and
HOG pathways share components, because they arose from a
common ancestor (see Fig. S5 in the supplemental material).

Sho1p functions through Bem4p in the filamentous-growth
pathway. To determine how Bem4p regulates the filamentous-
growth pathway, genetic suppression analysis was performed,
which allows the ordering of components in a pathway using
gain- and loss-of-function alleles. Hyperactive alleles of MSB2,
SHO1, and STE11 were tested for their ability to bypass the
signaling defect of the bem4� mutant. The hyperactive allele
MSB2�100 –181 (26, 36) stimulated Kss1p phosphorylation but did
not bypass the signaling defect of the bem4� mutant (Fig. 3A; also,
see Fig. S3E in the supplemental material). By comparison, the
hyperactive allele STE11-4 (121) bypassed the signaling defect of
the bem4� mutant (Fig. 3A; also, see Fig. S3E in the supplemental
material). The increase in Kss1p levels/expression (see Fig. S3E in
the supplemental material) is probably due to positive feedback,
because KSS1 is a transcriptional target of the filamentous-growth
pathway (50). A hyperactive allele of SHO1 gave mixed results
(data not shown), perhaps because Sho1p functions at multiple
points in the filamentous-growth pathway (100, 112). Thus,
Bem4p functions between Msb2p and Ste11p in the filamentous-
growth pathway (Fig. 1A).

A functional Bem4p-GFP fusion expressed from a strong con-
stitutive promoter (pTEF2) on a high-copy-number plasmid
(YEp351) induced the filamentous-growth pathway (Fig. 3B,
1Bem4p). High-copy-number Bem4p also caused hyperfilamen-
tous growth (Fig. 3C). This phenotype was observed only under
glucose-limiting conditions (Fig. 3C, compare GLU [glucose] to
GAL), which indicates that1Bem4p does not constitutively acti-
vate the pathway but hyperactivates it under conditions that are
permissive for pathway activity. High-copy-number Bem4p failed
to bypass the signaling defect of the ste20� mutant (Fig. 3B),
which indicates that Bem4p functions above Ste20p in the fila-FIG 2 Bem4p is a pathway-specific regulator of the filamentous-growth pathway.

(A) (Left) Colony ruffling as an indicator of filamentous growth. Bar, 1 cm. (Mid-
dle) Halo assay as a measure of growth arrest in response to �-factor. (Right)
Growth of cells in YEPD plus 1 M KCl. Images from the 2-day time point are
shown. (B) �-Galactosidase activity of the mating pathway FUS1-lacZ reporter.
Cells were grown to mid-log phase in YEPD, washed, and treated with 1 mM
�-factor for the indicated times. Values are the averages from two independent
trials; error bars show the standard deviations between trials, and asterisks denote
P values of �0.05. (C) Co-IP analysis of Bem4p-HA with Kss1p-GFP, Fus3p-GFP,
and Hog1p-GFP. Bem4p-HA was overexpressed in cells containing genomic fu-
sions to GFP. Band intensity relative to input levels after background subtraction

was determined by ImageJ. Input levels are 10% for WCE. (D) Role of high-
copy-number Bem4p-GFP in regulating the mating pathway. Cells were
grown to mid-log phase in YEPD and induced by 5 �M pheromone and eval-
uated by immunoblotting for phosphorylation of Kss1p and Fus3p. (E) Role of
high-copy-number Bem4p-GFP in activation of the HOG pathway. Cells were
grown to mid-log phase in YEPD and induced by 0.4 M KCl at the indicated
times for phosphorylation of Hog1p.
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FIG 3 Bem4p interacts with Sho1p and is an effector of Sho1p function. (A) P�Kss1p levels in wild-type cells and the bem4� mutant containing the indicated alleles.
The total levels of Kss1p and protein (assessed by Pgk1p) were similar between samples. (B) Wild-type cells and the ste20�mutant containing an empty plasmid (YEp351)
or high-copy-number Bem4p-GFP were grown to mid-log phase in YEP-GAL and evaluated by immunoblot analysis. (C) High-copy-number BEM4 stimulates
filamentous growth under nutrient-limiting conditions. Cells containing a control plasmid (YEp351) or high-copy-number Bem4p-GFP were grown to mid-log phase
in YEPD (GLU) or YEP-Gal (GAL) medium and examined by microscopy at a magnification of �100 (bar, 25 �m). (D) Bem4p-HA and Sho1p-GFP associate, as
determined by co-IP analysis. Band intensity relative to input levels after background subtraction was determined by ImageJ. Input levels are 10% for WCE. (E)
Dependency of Cdc24p, Cdc42p, Bem4p, and Ste12p on the hyperpolarized growth phenotype of Sho1p. Cells were grown for 24 h on YEP-Gal medium. Bar, 25 �m.
(F) Quantitation of cell length for the strains used for panel E. More than 100 cells were examined in separate trials for each experiment. With the exception of GAL-SHO1
and GAL-SHO1 ste12 strains, which show a diversity of cell lengths, �10% deviation is seen between trials. (G) Role of Sho1p in regulating the association of Bem4p with
the pellet fractions. The experiment was performed in triplicate; the asterisk denotes a P value of �0.05.
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mentous-growth pathway. Although this result is clear, epistasis
analysis with other proteins and conditions suggests that Bem4p
impinges on the pathway at multiple levels, including below the
Cdc42p-Ste20p module, which is discussed in detail below.

Proteins that function between Msb2p and Ste20p include
Sho1p, Opy2p, and Cdc42p (Fig. 1A). Protein interaction tests
were used to determine whether Bem4p interacts with these pro-
teins. A functional epitope-tagged version of Bem4p expressed
from its endogenous promoter at the BEM4 locus, Bem4p-HA,
associated with Sho1p-GFP (also functional and expressed from
its own promoter), as determined by co-IP analysis (Fig. 3D). A
small amount of Sho1p coprecipitated with a large amount of
Bem4p. This may be because Bem4p may associate transiently
with Sho1p or with the activated version of the protein, which may
comprise only a fraction of the total protein in the cell. Alterna-
tively, the nonionic detergent used to solubilize Sho1p from the
PM may affect the conformation of Sho1p or otherwise inter-
fere with the interaction between the proteins. Bem4p did not
interact with Msb2p or Opy2p (data not shown). Thus, Bem4p
associates with Sho1p and functions at the level of Sho1p in the
filamentous-growth pathway.

Sho1p is a PM regulator of the filamentous growth (26, 36, 38,
100, 112) and HOG pathways (35, 99–102). In the filamentous-
growth pathway, Sho1p controls the reorganization of cell polar-
ity, which is distinct from its function in the HOG pathway, be-
cause osmotic stress does not induce polarized growth. We have
previously shown that overexpression of Sho1p by the inducible
pGAL1 promoter causes hyperpolarized growth (Fig. 3E, pGAL-
SHO1) (36). Cdc42p is the major regulator of cell polarity in yeast
(122) and would be expected to mediate this phenotype. The po-
larized growth induced by pGAL-SHO1 was reduced in the
cdc24-1 and cdc42-1 mutants at the semipermissive temperature
(Fig. 3E and F). The polarized growth induced by pGAL-SHO1
was also suppressed in the bem4� mutant (Fig. 3E and F). This
phenotype was not seen in other filamentous-growth pathway
mutants (Fig. 3E and F, ste12�), which may indicate that Bem4p
plays a specific role in mediating the cell polarization induced
by overexpression of Sho1p. Subcellular fractionation analysis
showed that Bem4p associates with membrane (pellet) fractions
(see below). The association of Bem4p with membrane fractions
was reduced in the sho1� mutant (Fig. 3G), which may indicate
that Sho1p contributes to Bem4p localization to the membrane.
Therefore, Bem4p functions as an effector for one of the PM reg-
ulators of the filamentous-growth pathway and conveys nutrient
and polarity signals that emanate at the head of the pathway.

Bem4p regulates Cdc42p activity and can function at the PM.
Given that Sho1p is a PM regulator of the filamentous-growth
pathway, Bem4p may also function at the PM. To determine the
localization of Bem4p, the Bem4p-GFP fusion protein was exam-
ined, which showed a diffuse pattern that was typical of cytosolic
proteins but was otherwise uninformative (data not shown). To
further define the cellular location of Bem4p, subcellular fraction-
ation analysis was performed (61). By this method, Bem4p-HA
partitioned between the membrane fraction (Fig. 4A, P13) and the
cytosol (Fig. 4A, S100). Bem4p does not contain a recognizable
lipid-binding motif and may associate with the PM through inter-
actions with Sho1p or another protein.

To this point, the data indicate that Bem4p associates with
Sho1p and functions at or above Ste20p (Fig. 1A). Cdc42p also
regulates the filamentous-growth pathway at the level of Ste20p

(23–26) and functions at the PM (123–125). Bem4p and Cdc42p
were previously shown to interact and exhibit genetic interactions
(39, 41). Specifically, BEM4 (bud emergence) was identified as a
high-copy-number suppressor of temperature-sensitive alleles of
cdc24, which indicates that Bem4p regulates (in some manner)
Cdc42p activity (39). To determine whether Bem4p regulates the
activity of Cdc42p in the filamentous-growth pathway, the pro-
teins were examined by biochemical assays. By subcellular frac-
tionation analysis, GFP-Cdc42p showed a profile similar to that of
Bem4p (Fig. 4A). By two-hybrid analysis, Bem4p associated with
versions of Cdc42p that mimic the GTP-locked (Cdc42pQ61L) and
GDP-locked conformations (Cdc42pD118A) and robustly with a
dominant negative version of the protein (Cdc42pD57Y) (Fig. 4B).
This may indicate that Bem4p is not an effector of Cdc42p, be-
cause effectors bind preferentially to the GTP-bound conforma-
tion of GTPases.

Using affinity-tagged versions of Bem4p (MBP-Bem4p) and
Cdc42p (HIS-Cdc42p) overexpressed in Escherichia coli and puri-
fied by affinity chromatography, Bem4p and Cdc42p associated by
in vitro pulldown analysis (Fig. 4C). Coomassie staining showed
that the proteins interact at a 1:1 ratio (Fig. 4C, bottom). An in
vitro PAK binding assay (58) showed that the activity of Cdc42p
was dependent on Bem4p (Fig. 4D). This effect was subtle, which
is not surprising because Bem4p is not required for growth (bud-
ding) and would not be expected to regulate full GTP-Cdc42p
activity. Bem4p does not possess a PAK binding domain, which
are characteristic of Cdc42p effectors, and purified MBP-Bem4p
associated with purified HIS-Cdc42p in buffer with or without
EDTA (Fig. 4E), which chelates Mg2� ions and increases the ratio
of nucleotide-free Cdc42p (126). These tests together indicate that
Bem4p, rather than functioning as an effector, is a regulator of the
activity of Cdc42p in the cell. The in vitro data further indicate that
Bem4p can associate with Cdc42p independently of its lipid mod-
ification and in the absence of membrane.

Cdc42p is anchored to the PM by a specific lipid modification,
geranylgeranylation (11, 127). In the bem4� mutant, the localiza-
tion of GFP-Cdc42p at the PM was reduced (Fig. 4F; also, see Fig.
S6 in the supplemental material). This role for Bem4p was not due
to its function in regulating the filamentous-growth pathway, as
other pathway components did not show this phenotype (ste12�)
(Fig. 4F; also, see Fig. S6 in the supplemental material). This phe-
notype was observed under nonfilamentous (high-glucose) con-
ditions and may therefore represent a function for Bem4p that is
separate from its role in regulating the filamentous-growth path-
way. Bem4p was not required for the localization of Cdc42p to
mating projections (see Fig. S3D in the supplemental material),
which occurs by an ill-defined mechanism known as clustering
(128). Given that Bem4p is not required for viability, the reduced
levels of Cdc42p at the PM are sufficient for the protein to perform
its essential function in polarity establishment.

Cdc24p regulates the filamentous growth pathway. The ma-
jor regulator of Cdc42p during vegetative growth and mating is
Cdc24p (30–33). To determine if Cdc24p regulates the filamen-
tous-growth pathway, a plasmid-shuttle approach was employed,
because Cdc24p is essential for viability. A high-copy-number
plasmid containing CDC24 complemented the viability defect of
the cdc24� mutant and showed elevated P�Kss1p levels com-
pared to a CEN-based plasmid expressing normal levels of Cdc24p
(Fig. 5A). By comparison, a temperature-sensitive allele, cdc24-4
(129), was defective for filamentous-growth pathway activity at
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the nonpermissive temperature (Fig. 5A). These results were
confirmed at the semipermissive temperature with a growth
reporter (FUS1-HIS3), which in cells lacking an intact mating
pathway (ste4) provides a readout of filamentous-growth path-
way activity (Fig. 5B). Thus, Cdc24p regulates the filamentous-
growth pathway.

Cdc24p is highly regulated in terms of its localization and ac-
tivity. In the G1 phase of the cell cycle, Cdc24p exits the nucleus
and localizes at incipient bud sites at the PM (130–132). During
mating, Cdc24p localizes to mating projections (133). To deter-
mine whether the localization of Cdc24p at the PM is important
for its function in the filamentous-growth pathway, Cdc24p was
tethered to the PM by introduction of a myristoylation signal

(Myr-Cdc24p). Myr-Cdc42p showed predominately PM localiza-
tion (Fig. 5C) and showed elevated P�Kss1p levels (Fig. 5D).
Thus, the levels and PM localization of Cdc24p are important
determinants in its regulation of the filamentous-growth pathway.
This conclusion may be an oversimplification, as MYR-Cdc24p
cells are round (not hyperfilamentous), which may result in
Cdc42p activation outside its natural context. Nevertheless, these
results support the idea that Cdc24p regulates the filamentous-
growth pathway.

Bem4p is a regulator of Cdc24p in the filamentous growth
pathway. During vegetative growth, the adaptor Bem1p and the
Ras-like GTPase Rsr1p recruit and activate Cdc24p at bud sites
(134–136). During mating, Bem1p (3, 137), the heterotrimeric

FIG 4 Bem4p binds to and regulates Cdc42p activity. (A) Subcellular fractionation of cells expressing Bem4p-HA and GFP-Cdc42p. Whole-cell extract (WCE),
supernatant (S), and pellet (P) fractions from the centrifugation steps (P13, 13,000 � g; P100, 100,000 � g; S100, 100,000 � g) were analyzed by immunoblot analysis.
An integral membrane endoplasmic reticulum protein (Dpm1p) and a cytosolic protein (Pgk1p) are shown as controls. (B) (Top) The Gal4p activation domain
(GAD)-Bem4p and Gal4p binding domain (GBD)-Cdc42p associate, as determined by two-hybrid analysis. Strains were spotted onto SD-Ura-Leu (-UL) to maintain
selection for plasmids and SD-Ura-Leu-His (-ULH) to measure activity of a two-hybrid growth reporter. (Bottom) �-Galactosidase activities (in Miller units) of the
two-hybrid reporter GAL7-lacZ. Values are averages from two independent experiments; the standard deviation was less than 10% between trials. (C) MBP-Bem4p and
HIS-Cdc42p proteins associate by in vitro pulldown. Fifty percent of the WCE (input) was used for the pulldown. Numbers are band intensities normalized to input
protein levels by ImageJ. (D) PAK-binding assay. GFP-Cdc42p was precipitated by beads coated with GST or GST-PAK binding domain. Band intensity was determined
by normalizing precipitated GFP-Cdc42p to input levels from wild-type cells or cells lacking BEM4. Equal amounts of GST and GST-PAK binding domain were loaded
onto beads. Values are averages from two separate experiments, which showed less than 10% difference between trials. (E) MBP-Bem4p associates with HIS-Cdc42p in
buffer with and without 10 mM EDTA. Numbers represent band intensity normalized to input protein levels by ImageJ. (F) Localization of GFP-Cdc42p in wild-type
cells and the bem4� and ste12� mutants. Bar, 2 �m (left and middle) and 0.4 �m (right). Figure S5A in the supplemental material shows additional examples of cells, and
quantitation is provided in Fig. S5B and C.
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G-protein Ste4p (138), and the cyclin-dependent kinase inhibitor
Far1p (129) recruit and activate Cdc24p at shmoo tips. Bem1p,
Far1p, Rsr1p, and Ste4p were dispensable for filamentous growth
(Fig. 1B). Thus, Cdc24p is likely regulated by a different mecha-
nism in the filamentous-growth pathway. We tested and found
that Myr-Cdc24p bypassed the signaling defect of the bem4� mu-
tant (Fig. 6A), which indicates that Bem4p functions at or above
the level of Cdc24p in the filamentous-growth pathway.

Two-hybrid analysis of cell polarity regulators identified an
interaction between Bem4p and Cdc24p (41). Bem4p-HA inter-
acted weakly but reproducibly with Cdc24p-GFP by co-IP analysis
(Fig. 6B). Affinity-tagged Cdc24p (GST-Cdc24p) overexpressed
and purified from E. coli adhered to an affinity column to which
MBP-Bem4p was bound (Fig. 6C, MBP-Bem4p). Thus, Bem4p
interacts with Cdc24p in vivo and in vitro.

Cdc24p contains well-established protein-interaction domains
that mediate its activation in different contexts. Ste4p, Far1p, and
Rsr1p interact with the calponin homology domain (CH, residues
154 to 226). Cdc42p interacts with the Dbl homology domain
(DH, residues 284 to 452), and Bem1p interacts with the PB1
domain (residues 781 to 854) (133, 136, 139–142). Cdc24p also
contains a pleckstrin homology (PH) domain (residues 477 to
667) (132, 143). The PB1 and PH domains have an autoinhibitory
function (136). Binding of Bem1p to the PB1 domain contributes
to Cdc24p activation during vegetative growth and mating. To
further define the interaction between Bem4p and Cdc24p, in
vitro pulldowns were performed with versions of Cdc24p that lack
various protein-interaction domains. Bem4p interacted with a
version of Cdc24p lacking the PB1 domain (Fig. 6D, Cdc24p-
PB1�) and a version of Cdc24p lacking the CH domain (Fig. 6D,
Cdc24p-CH�). Bem4p failed to interact with a version of Cdc24p
that contained only the CH and DH domains (Fig. 6D, Cdc24p-
CH-DH) but interacted with a version that contained only the DH
and PH domains (Fig. 6D, Cdc24p-DH-PH). This analysis indi-
cates that Bem4p interacts with the PH domain of Cdc24p. To
further test this possibility, additional derivatives of Cdc24p were
constructed and purified. Bem4p was found to interact with a
version of Cdc24p that contained only the PH domain (Fig. 6D,
Cdc24p-PH) but not a version that lacked only the PH domain
(Fig. 6D, Cdc24p-PH�). Therefore, Bem4p interacts with the PH
domain of Cdc24p.

The interaction between Bem4p and the PH domain of Cdc24p
may function to relieve autoinhibition and promote activation of
the GEF. In support of this idea, expression of Cdc24p-PH� in
yeast caused an increase in cell size and cell polarization, which
resembled the hyperpolarized growth of cells undergoing filamen-
tous growth (Fig. 6E). PH domains are protein interaction do-
mains, and these domains can also bind to phosphatidylinositide
phosphates (PIPs) to selectively direct the association of proteins
with membranes (144). The PH domain of Cdc24p does not bind
specific PIPs and does not associate with membranes (145). The
idea that the binding of Bem4p to the PH domain of Cdc24p may
regulate its activity is consistent with the fact that Bem4p is a
positive regulator of the MAPK pathway, with the fact that Bem4pFIG 5 Cdc24p regulates the filamentous-growth pathway. (A) P�Kss1p levels in

cells containing wild-type CDC24 or the cdc24-4 allele. Cells were examined after 2
h of incubation at 37°C. (B) The same strains were assessed at the semipermissive
temperature (30°C) with the cross talk growth reporter (ste4 FUS1-HIS3). Growth
on SD-His is indicative of filamentous-growth pathway activity. (C) Localization
of pCdc24p-GFP and pMyr-Cdc24p-GFP in wild-type cells. Arrow heads indicate
Cdc24p-GFP, which is typically seen in the nucleus, at polarized sites, and at the
neck for wild-type Cdc24p but mainly at the PM for Myr-Cdc24p-GFP. Bar, 5�m.

(D) P�Kss1p levels determined by immunoblotting for the wild type, the
strain with high-copy-number CDC24, and the strain with high-copy-number
Myr-Cdc24p.
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FIG 6 Bem4p functions with Cdc24p and regulates its localization. (A) P�Kss1p levels in cells carrying pMyr-Cdc24p-GFP in the wild type, the sho1� mutant, and the
bem4� mutant. (B) Bem4p-HA interacts with Cdc24p-GFP by co-IP analysis. Band intensity relative to input levels after background subtraction was determined by
ImageJ. Input levels are 10% for WCE. (C) MBP-Bem4p interacts with GST-Cdc24p in vitro. Fifty percent of the WCE (input) was used for the pulldown. (D) Bem4p
interacts with the PH domain of Cdc24p. Deletion constructs were made at the indicated residues. Fifty percent of the WCE (input) was used for the pulldowns. (E) Cells
in mid-log phase expressing wild-type Cdc24p or Cdc24p-PH�. Bar, 25 �m. (F) Localization of Cdc24p-GFP in wild-type cells and the indicated mutants. Cells were
grown to mid-log phase in SD or S-Gal complete medium. Bar, 5�m. Approximately 50 cells were counted for each experiment in separate trials; asterisks denote P values
of �0.05. (G) Representative cells (from panel F) showing the localization of Sho1p-YFP and Cdc24p-CFP in wild-type cells and the ste20 mutant. Proteins were false
colored in red, green, and yellow. Bar, 5 �m.
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functions above Cdc24p in the pathway, and with the role of
Bem4p in regulating Cdc42p activity.

The selective recruitment of proteins to the PM increases their
local concentration and is a general mechanism for the activation
of signaling pathways in a potent and highly selective manner
(146, 147). Bem4p may regulate the localization of Cdc24p. To
test this possibility, a Cdc24p-GFP fusion protein was examined in
wild-type cells and the bem4� mutant. Under nutrient-rich (high-
glucose) conditions, Cdc24p-GFP was found transiently at polar-
ized sites in emerging buds with equal frequency in wild-type cells
and the bem4� mutant (Fig. 6F). Cdc24p-GFP was also found in
the nuclei of unbudded cells and at the mother bud neck. Under
nutrient-limiting (low-glucose) conditions, cells showed an in-
crease in the polarized localization of Cdc24p-CFP, which was
reduced in the bem4� mutant (Fig. 6F). Other MAPK pathway
mutants also showed reduced Cdc24p at polarized sites (Fig. 6F,
ste20�), and introduction of the hyperactive STE11-4 allele re-
stored polarized Cdc24p-GFP localization to the bem4� mutant
(Fig. 6F). Thus, Bem4p probably regulates Cdc24p localization
through its role in regulating the filamentous-growth pathway.
Given that filamentous-growth pathway mutants are viable, it is
unlikely that Bem4p and other MAPK regulators are required to
recruit Cdc24p to the PM. Rather, the filamentous-growth path-
way likely functions to maintain Cdc24p at polarized sites, which
may promote polarized growth through a positive-feedback loop
(133, 148). Interestingly, Cdc24p-CFP (and Sho1p-YFP) were de-
tected in internal sites in filamentous-growth pathway mutants
(Fig. 6G), perhaps because these proteins are internalized in a
protein complex from the PM. These findings show that Bem4p is
a regulator of Cdc24p in the filamentous-growth pathway and
identify a role for the filamentous-growth pathway in maintaining
Cdc24p at polarized sites under nutrient-limiting conditions.

Mapping functional Cdc42p and Cdc24p interaction do-
mains on the Bem4p protein. To map the sites of interaction
between Bem4p, Cdc24p, and Cdc42p, C-terminal deletions of
Bem4p were overexpressed in E. coli and assessed for interaction
with Cdc42p and Cdc24p. A version of Bem4p that lacked the last
233 amino acids of the protein (Bem4p1– 400) interacted with
Cdc42p (Fig. 7A). By comparison, a version of Bem4p that lacked
an additional 100 amino acid residues (Bem4p1–300) did not inter-
act with Cdc42p (Fig. 7A). This result indicates that a region of the
Bem4p protein (between residues 300 and 400) is required for
interaction with Cdc42p. In support of this possibility, a region of
the Bem4p protein from 300 to 400 residues interacted with
Cdc42p (Fig. 7B). The same truncations were used to map the site
of interaction between Bem4p and Cdc24p. All truncations asso-
ciated with Cdc24p (Fig. 7C), with more or less the same affinity.
This result indicates that amino acid residues 1 to 100 of Bem4p
are sufficient to mediate that interaction.

To determine the functional significance of these interac-
tions, internal deletions were constructed at the BEM4 locus in
the genome, by replacing these regions with a 3�HA epitope.
Bem4p-HA 16-99�, which encompassed the Cdc24p binding re-
gion, was present at the same levels as full-length Bem4p-HA but
failed to induce the filamentous-growth pathway (Fig. 7D). Sim-
ilarly, Bem4p-HA 300-400�, which encompasses the Cdc42p
binding region, was present at the same levels as Bem4p-HA but
failed to induce the filamentous-growth pathway (Fig. 7D). Other
deletions were also constructed and tested (99 –200� and 200 –
300�). These were nonfunctional but affected the stability of the

Bem4p protein (Fig. 7E, stability). Although there might be sev-
eral explanations for why these proteins are not competent to
regulate MAPK signaling, a straightforward possibility is that the
interaction between Bem4p and Cdc24p and between Bem4p and
Cdc42p are required for Bem4p function in the filamentous-
growth pathway.

Bem4p interacts with the MAPKKK Ste11p. Although the
major function of Bem4p is at the level of the GTPase module,
some data are consistent with a role for Bem4p functioning at
other points in the signaling cascade (for an example, see Fig. 2C).
To further resolve the roles that Bem4p may play in regulating the
filamentous-growth pathway, two-hybrid tests were performed
between Bem4p and a panel of pathway regulators (including
Bem4p, Ste20p, Ste11p, Ste50p, the cytosolic domain of Msb2p,
and the cytosolic domains of Opy2p, Pbs2p, Ste7p, and Ras2p).
These tests uncovered a specific interaction between Bem4p and
the MAPK kinase kinase (MAPKKK) Ste11p (Fig. 8A). Ste11p
regulates the filamentous-growth pathway (Fig. 1A, C, and I) (18,
27) and is a target of the PAK Ste20p (149). Bem4p associated with
N-terminal regulatory domain of Ste11p (Fig. 8A). Bem4p also
associated to the same degree with wild-type Ste11p and a consti-
tutively active version (Fig. 8A, Ste11-4p). In vitro pulldowns
showed that Bem4p-MBP associated with purified GST-Ste11p in
vitro (Fig. 8B). Therefore, Bem4p interacts with Ste11p in vivo and
in vitro.

Ste11p is brought to the PM by an adaptor protein, Ste50p,
which binds tightly and constitutively to Ste11p (100, 150–157)
and the PM regulator Opy2p (37, 158, 159). Given that Bem4p
interacts with Ste11p and functions at the PM, Bem4p may recruit
or stabilize Ste11p to the PM. To test this possibility, MAPK ac-
tivity in cells where Ste50p, and consequently Ste11p, was an-
chored to the PM by a myristoylation signal was recorded. Myr-
Ste50p showed elevated filamentous-growth pathway activity,
particularly when overexpressed from an inducible promoter
(Fig. 8C, Myr-Ste50p). Myr-Ste50p did not bypass the signaling
defect of the bem4� mutant (Fig. 8C). By comparison, Ste11-4p
fully bypassed the signaling defect of the bem4� mutant (Fig. 8C).
This result indicates that Bem4p plays a role in activating Ste11p at
the PM. Activation in this context may be mediated by Bem4p’s
role in regulating Cdc24p/Cdc42p or by interactions between
Bem4p and Ste11p.

DISCUSSION

A critical challenge in the field of cellular signaling is to under-
stand how proteins that function in multiple settings induce a
specific response. This is particularly true for small GTPases,
which can function in different contexts to execute different types
of responses. In this study, we identified a role for a protein which
interacts with Cdc42p and which induces a specific differentiation
response. Bem4p was first identified as a general regulator of Rho-
type GTPases. Our results do not challenge this conclusion. In
fact, it is clear that Bem4p has roles in cell polarity regulation and
cell integrity (39, 40). In this study, we identified a new and spe-
cific function for Bem4p as a regulator of the MAPK pathway that
controls filamentous growth. This role for Bem4p was uncovered
by exploring a protein interaction network surrounding Cdc42p.
Most Cdc42p-interacting proteins did not regulate the filamen-
tous-growth pathway, which is indicative of a highly specific func-
tion for Bem4p. The discovery of a new regulator of the filamen-
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FIG 7 Mapping functional domains on the Bem4p protein. (A) In vitro pulldowns with versions of Bem4p fused to MBP with HIS-Cdc42p. (B) A region of Bem4p from
amino acid residues 300 to 400 interacts with HIS-Cdc42p. (C) Versions of MBP-Bem4p that include amino acid residues 1 to 100 interact with GST-Cdc24p, as
determined by in vitro pulldown. Controls for the pulldowns can be found in Fig. 6. (D) Impact of internal deletions within the Bem4p protein on the stability of the
protein and filamentous-growth pathway activity. (E) Diagram of the Bem4p protein with Cdc24p and Cdc42p sites shown. One region of the protein that affects the
stability of the protein is also shown.
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tous-growth pathway is a key advance in understanding MAPK
regulation in this system.

Biochemical and genetic evidence show that Bem4p regulates
the filamentous-growth pathway at the level of the Cdc42p
GTPase module. Bem4p conveys nutrient and polarity signals that
emanate at the Msb2p/Sho1p module (Fig. 9). Bem4p also inter-
acts with the GEF Cdc24p. Cdc24p regulates the filamentous-
growth pathway, and we pinpoint a key role for Bem4p in regu-
lating an early step in Cdc24p regulation. We specifically show
that Bem4p interacts with the PH domain of Cdc24p. Generally
speaking, the PH domains of Rho GEFs can have positive or neg-
ative roles in GTPase regulation (160). In yeast, the PH domain of

FIG 8 Bem4p interacts with the MAPKKK Ste11p. (A) (Left) Bem4p interacts
with Ste11p by two-hybrid analysis but not Ras2p or Pbs2p. (Right) �-Galactosi-
dase activity (in Miller units) of the two-hybrid reporter GAL7-lacZ was measured
for the constructs shown. Values are averages from two experiments; the standard
deviation was less than 10% between trials. (B) MBP-Bem4p interacts with GST-
Ste11p in vitro. Fifty percent of the WCE (input) was used for the pull

down. (C) MAPK activity (based on the �-galactosidase activity of the ste4
FUS1-lacZ reporter) in wild-type cells and the bem4� mutant containing the
indicated versions of Ste50p and Ste11p. Asterisks denote P values of �0.05;
the double asterisk denotes a P value of �0.01.

FIG 9 Role of Bem4p in regulating the filamentous-growth pathway. Under nu-
trient-limiting conditions, Msb2p is activated by processing and release of the
inhibitory extracellular domain by the protease Yps1p (36). Activated Msb2p and
Sho1p function through Bem4p, which binds to the PH domain of Cdc24p to
relieve autoinhibition. Bem4p interacts with Cdc42p and Ste11p and functions in
a complex with Kss1p (dashed arrow), to further regulate the filamentous-growth
pathway. Although not shown, Cdc42p is at the PM, the PM sensor Opy2p recruits
Ste50p-Ste11p to the PM (37, 158, 159), activated Msb2p associates preferentially
with GTP-Cdc42p (26), and Sho1p associates with Cdc24p, Ste20p, and Ste11p
(100, 112).
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Cdc24p has an autoinhibitory function (136); thus, Bem4p may
relieve autoinhibition conferred by that domain (Fig. 9). Bem4p
interacts directly with Cdc42p (39; this study). We cannot exclude
the possibility that Bem4p facilitates the interaction between
Cdc24p and Cdc42p to promote Cdc42p activation (Fig. 9). Like-
wise, the interaction between Bem4p and the MAPKKK Ste11p
connects signaling at the Msb2p/Sho1p module to the MAPKKK
through Bem4p. The role of Bem4p in regulating Cdc24p dove-
tails with the roles of Msb2p and Sho1p in regulating the filamen-
tous-growth pathway. Msb2p interacts with the active (GTP-
bound) form of Cdc42p (26) potentially to stabilize activated
Cdc42p at complexes containing Sho1p and Bem4p. Sho1p also
associates with Cdc24p (36) and may regulate Cdc24p along with
Bem4p in the filamentous-growth pathway.

It is possible that Bem4p is a GEF for Cdc42p. As is typical for
Dbl-type GEFs (161) and Cdc24p (33), Bem4p associates with the
inactive (GDP-bound) conformation of Cdc42p. Bem4p also
shares limited homology with members of the Smg GDS-type
family of GTPase regulators, which regulate Rho-type GTPases in
mammals and possess GEF activity (106–109). A previous study
failed to uncover GEF activity for Bem4p (40), and the homology
between Bem4p and Smg GDS regulators is poorly conserved in
the GEF domain. Moreover, Cdc24p is itself required to activate
the filamentous-growth pathway. Thus, we favor the possibility
that Bem4p regulates Cdc24p-dependent activation of Cdc42p in
the filamentous-growth pathway.

The discovery of Bem4p is an important step toward under-
standing the long-standing mystery of how pathways that share
components induce selective responses. Like many pathways, the
filamentous-growth pathway is composed of proteins that
comprise a broader network that regulates multiple responses
(8, 18). A pathway-specific regulator of the filamentous-
growth pathway was first postulated in 1994 (18) and continues
to be invoked to answer questions surrounding pathway spec-
ificity in this system (8). Bem4p is the first pathway-specific
regulator to be identified that functions above the MAP kinase
Kss1p in the filamentous-growth pathway. Determining how
Bem4p executes a pathway-specific response will be an impor-
tant future challenge. Intriguingly, Smg GDS regulators bind to
GTPases and to protein kinases and have been implicated as
specificity factors (108, 162).
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