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Bem1 is a scaffold protein essential for the establishment of
cell polarity in Saccharomyces cerevisiae. This work reports the
solution structure of a Cdc42 bindingmodule of Bem1 compris-
ing the second SH3 domain (SH3b) and its C-terminal flanking
region termed Cdc42 interacting (CI). First, the structure of
Bem1 SH3b-CI was determined by NMR spectroscopy, which
shows that Bem1 SH3b-CI is a structurally and functionally
related domain that bindsCdc42.Next, the solution structure of
Bem1 SH3b-CI in complex with the proline-rich region of p21-
activated kinase Ste20 (Ste20 PRR) was determined. Finally, the
interaction surface of Bem1 SH3b-CI with Cdc42 was identified
based on chemical shift perturbation studies which reveals that
Bem1 SH3b-CI interacts simultaneously with both Ste20 PRR
and Cdc42 using the opposite surfaces. Thus, Bem1 can tether
Cdc42 and Ste20 in close proximity so that Cdc42 can efficiently
interact with Ste20 Cdc42 and Rac interactive binding (CRIB).
Based on the present results together with the previous bio-
chemical studies (Lamson, R. E., Winters, M. J., and Pryciak,
P. M. (2002)Mol. Cell. Biol. 22, 2939–2951 and Winters, M. J.,
and Pryciak, P. M. (2005) Mol. Cell. Biol. 25, 2177–2190), a
model was suggested that the autoinhibition of Ste20 kinase
activity by CRIB is released through the Cdc42-CRIB interac-
tion, which ismediated byBem1, and Ste20 is subsequently acti-
vated, an initial step for the establishment of the cell polarity.

Cell polarity is essential for the physiological functions of
eukaryotic cells. Yeast cells polarize during budding in vegeta-
tive growth and mating (1), and it is now recognized that a
variety of proteins are recruited in this process. Especially, the
Rho-type small GTPase, Cdc42, well conserved from yeasts to
humans, plays a crucial role for the cell polarity establishment
(2). In Saccharomyces cerevisiae, Cdc24, a guanine nucleotide
exchange factor ofCdc42, activatesCdc42 (GTP-boundCdc42)
(3). The GTP-bound Cdc42 can activate p21-activated kinase
(PAK) Ste20 through interaction with the Cdc42- and Rac-in-

teractive binding (CRIB)2 domain of Ste20 in mating (4). In
budding, PAK Cla4 is similarly activated by Cdc42 (5).
It is well established that Bem1 interacts with Cdc24, Ste20,

Cla4, and Cdc42, which facilitates efficient cell signaling (6–8)
and is therefore considered to work as a scaffold protein in
Saccharomyces cerevisiae. The Bem1 PB1 domain binds to the
Cdc24 PB1 domain through electrostatic interaction (9–11).
As a disruption of this PB1-PB1 interaction leads to defects in
budding andmating, the Bem1 PB1 domain is considered to be
crucial for the cell polarity establishment (6). The second SH3
domain (SH3b) of Bem1 interacts with the Ste20 proline-rich
region (Ste20 PRR) and this interaction contributes to the local-
ization of both Ste20 and Cdc42 in mating (7). The Cla4 pro-
line-rich region (Cla4 PRR)was also reported to bind to SH3b in
budding (8).
The GTP-bound form of Cdc42 was reported to bind Bem1

in vivo and in vitro (8, 12). Recently, the Cdc42 binding region
of Bem1 has been identified, that interacts directly with
GTP-bound Cdc42 (7, 13, 20). This region is comprised of
the second SH3 domain (SH3b), and its flanking C-terminal
sequence, named CI (Cdc42 interacting) (13). Because SH3b
alone was insoluble and CI alone did not interact with Cdc42,
both regions appear to be required to form a stable structural
and functional domain. Therefore, this Cdc42 binding region
was designated as SH3b-CI (13). Considering that the sequence
of the CI region in Bem1 homologues is well conserved but
exhibits no similarity to CRIB, SH3b-CI appears to be a novel
Cdc42 binding module.
Mutational studies using in vitro binding assays have verified

that the N253D mutation in the CI moiety blocks Cdc42 bind-
ing, but it does not block the Ste20 PRR binding. Whereas the
W192K mutation in the SH3b moiety inhibits the Ste20 PRR
binding, it does not inhibit the Cdc42 binding, indicating that
the binding surfaces of Bem1for Ste20 PRR and Cdc42 are dis-
tinct (13).
The biological role of the Bem1-Cdc42 interaction has been

studied in vivo using Bem1 mutants; although Bem1 N253D
exhibits slight mating defects around 50%, the W192K mutant
is highly defective in mating (less than 5%), whereas the Bem1
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W192K/N253D double mutant completely loses mating activ-
ity. These results indicate that to conduct efficient mating sig-
naling, SH3b anchors Ste20 and Cdc42 in collaboration with CI
(13).
Here, we determined the three-dimensional structures of

Bem1 SH3b-CI and its complex with Ste20 PRR using NMR.
The Bem1 SH3b-CI has a SH3 domain that has a canonical SH3
structure (22) and the CI region comprising of two �-helices
and a flexible tail. Because a number of hydrophobic interac-
tions between SH3b and CI are observed, it is possible to con-
clude that Bem1 SH3b and CI are structurally and functionally
related to each other. In addition, the structure of the Bem1
SH3b-CI/Ste20 PRR complex and the chemical shift perturba-
tion study of Bem1 SH3b-CI with Cdc42 showed that Bem1
SH3b-CI can bind both Ste20 PRR and Cdc42 simultaneously.
These results provide insights into the signal transduction
mechanism mediated by Bem1.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification for NMR Samples—The
Bem1 SH3b-CI-(156–260) was cloned into the pGEX-6P-1
vector (GE Healthcare), expressed in Escherichia coli strain
BL21 (DE3) as a glutathione S-transferase (GST) fusion protein
and purified using glutathione-Sepharose 4B (GE Healthcare).
The GST tag was removed with PreScission protease (GE
Healthcare). Finally, Bem1 SH3b-CI was purified by gel filtra-
tion on a HiLoad 26/60 Superdex 75 prep grade column (GE
Healthcare). The Ste20 PRR (463–486) was cloned into the
pGEX-6P-1 vector and expressed in E. coli strain BL21 (DE3) as
a glutathione S-transferase (GST) fusion protein. The Ste20
PRR was first purified using glutathione-Sepharose 4B and the
GST tag was removed with PreScission protease. Finally, Ste20
PRR was purified by reverse phase chromatography on a
Resource RPC column (GE Healthcare).
NMRExperiments—ForNMRsamples, the purified 13C/15N-

labeled Bem1 SH3b-CI was concentrated to 0.3 mM in 20 mM

MOPS buffer in 90% H2O/10% D2O with 150 mM NaCl at pH
6.5. In addition, the purified 13C/15N-labeled Bem1 SH3b-CI
complexed with unlabeled Ste20 PRR and 13C/15N-labeled
Ste20 PRR complexed with unlabeled Bem1 SH3b-CI were
prepared, and separately concentrated to 0.3 mM in 20 mM

MOPS buffer in 90% H2O/10% D2O, with 150 mM NaCl at pH
6.5. All NMR experiments were carried out at 25 °C on Unity
Inova 800 and 600 spectrometers (Varian) each equipped with
three radiofrequency channels and a triple resonance pulsed
filed gradient probe. The 15N-labeled Bem1 SH3b-CI was used
for the steady state heteronuclear 1H-15N NOE experiments.
The sequential assignments of 1H, 13C, and 15N were carried
out using the following spectra: HNCO, HN(CO)CA, HNCA,
CBCA(CO)NH, HNCACB, HBHA(CO)NH, CCH-TOCSY,
HC(C)H-TOCSY, HBCBCGCDHD, and HBCBCGCDCEHE
(14). Interproton distance information for structure calcula-
tions was obtained from 15N-edited and 13C-edited NOESY
spectra recorded with a 100msmixing time (14). These spectra
were processed using the NMRPipe program (15), and the data
analysis was made using the Sparky program (16).
Structure Calculations—The NOE peak assignments and

the structure calculations were made using the CYANA 2.1

program (17). The dihedral angle restraints were estimated by
the TALOS program (18). A total of 100 structures were calcu-
lated by simulated annealing and the mean structure was
obtained by averaging the coordinates of the 20 lowest CYANA
energy structures. The overlay of the 20 lowest energy struc-
tures were generated using the MOLMOL program (19), and a
ribbon diagram of the mean structure was generated using the
PyMOL program.
Chemical Shift Perturbation Experiments—The Bem1 SH3b-

CI and Cdc42 (1–179, Q61L) were cloned into the pGEX-6P-1
vector and expressed in E. coli strain BL21 (DE3) as GST fusion
proteins. The 13C/15N-labeled Bem1 SH3b-CI and unlabeled
Cdc42 were first purified using glutathione-Sepharose 4B.
After these GST-fusion proteins were mixed and the GST
tag was removed with PreScission protease, Bem1 SH3b-CI
complexed with Cdc42 was purified by anion exchange chro-
matography on a Resource Q column (GE Healthcare), and
then Cdc42 was activated by loading GTP�S. Finally, the com-
plex was purified by gel filtration on a HiLoad 26/60 Superdex
75 prep grade column (GE Healthcare). The purified 13C/15N-
labeled Bem1 SH3b-CI complexed with unlabeled Cdc42 was
concentrated to 0.3 mM in 20 mM MOPS buffer in 90% H2O/
10% D2O, with 150 mM NaCl at pH 6.5. The sequential assign-
ments of 1H, 13C, and 15N of Bem1 SH3b-CI were carried out as
was described in NMR experiments. Chemical shift perturba-
tions in Bem1 SH3b-CI upon complex formation with Cdc42
were monitored in the HSQC spectra. Normalized chemical
shift changes were calculated using the equation, �� �
[(��HN)2 � (��N/5)2]1/2.
In Vitro Pull-down Binding Assays—The Bem1 SH3b-CI, Ste20

PRR, and Ste20 CRIB domain (328–375) were cloned into the
pGEX-6P-1 vector and expressed in E. coli strain BL21 (DE3) as
GST fusion proteins. The Cdc42 (1–179, Q61L) were cloned
into a modified pET-28a (Novagen) where the thrombin prote-
ase cleavage site was changed to the PreScission protease cleav-
age site and were expressed in E. coli strain BL21 (DE3) as a
His-tagged protein. The GST fusion proteins were purified
using glutathione-Sepharose 4B and the His-tagged protein
was purified using Ni-NTA Superflow resin (Qiagen). For in
vitro pull down binding assays, the GST fusion and His-
tagged proteins were mixed in phosphate-buffered saline (137
mMNaCl, 2.7 mMKCl, 4.3 mMNa2HPO4, and 1.5 mMKH2PO4,
pH 7.4) or TBS containing 5 mM MgCl2, 0.5 mg/ml bovine
serum albumin, and 0.1% Triton X-100 and incubated at 4 °C
for 30 min. After the glutathione-Sepharose 4B resin was
washed with phosphate-buffered saline containing 0.1% Triton
X-100 or TBS containing 5mMMgCl2, 0.5mg/ml bovine serum
albumin, and 0.1% Triton X-100, bound proteins were eluted
with 10mM glutathione in 20mMTris-HCl, pH 8.0. The eluates
were subjected to 15% SDS-PAGE and stained by Coomassie
Brilliant Blue or immunoblotting using anti-GST and anti-His
antibodies.

RESULTS AND DISCUSSION

Identification of the SH3b-CI Structural Region—For the struc-
ture determination,we first expressed a construct of Bem1-(140–
271) in E. coli strain BL21 (DE3) cells as a GST fusion protein,
which was originally reported as a Cdc42-binding region and
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has been named SH3b-CI (13). However, an HSQC spectrum
showed that this construct was not suitable for the structure
determination because of the presence of a highly disordered
region (data not shown). Therefore, we prepared several con-
structs based on the sequence alignment of other SH3 domains
and the secondary structure prediction. Here, Tyr-159 was
found to be the N terminus of SH3b (data not shown) and Ala-
251 was estimated to be the C terminus of CI from the second-
ary structure prediction using the PSIPREDprogram (23). Con-
sequently, we expressed a construct of Bem1-(156–260) in
E. coli strain BL21 (DE3) cells as a GST fusion protein. The
HSQC spectrum of Bem1-(156–260) was highly dispersed,
showing that this construct corresponds to a structural domain
(Fig. 1A). Further, Bem1-(156–260) could interact with Cdc42
to an extent similar to Bem1-(140–271) in in vitro pull-down
binding assays (Fig. 1B).We concluded that Bem1-(156–260) is
a structurally and functionally related domain, and it is desig-
nated as SH3b-CI in the following.
Structure of Bem1 SH3b-CI—The assignments of 1H, 15N,

and 13C nuclei in Bem1 SH3b-CI were made using a suite of
NMR spectra as described under “Experimental Procedures.”
The solution structure of SH3b-CI was determined on the basis
of 1553 distance and 95 dihedral angle restraints. A total of 100
structures were calculated, and the 20 lowest CYANA energy
structureswere selected (Table 1). The residues 158–196, 204–
214, and 227–246, are well defined with the root mean square

deviation (r.m.s.d.) from the mean structure of 0.40 Å for the
backbone atoms as illustrated in Fig. 2A, while residues 156–
157, 197–203, 215–226, and 247–260 in SH3b-CI were not well
defined due to a lack of long range NOEs.
The solution structure of Bem1 SH3b-CI is comprised of two

�-helices (��:227–234, ��:239–246), one 310helix (209–211),
and five �-strands (�A:160–162, �B:180–188, �C:192–195,
�D:205–208, and �E:212–214) (Fig. 2B). The structure of the
SH3b moiety is similar to those of the canonical SH3 domains
(22), composed of five antiparallel �-strands and a single 310
helix. The CI moiety contains two �-helices, �A and �B, but
has a flexible C-terminal tail (247–260) as can be deduced from
the small or negative {1H}-15N heteronuclear steady-state

FIGURE 1. Identification of the SH3b-CI structural region. A, 1H-15N HSQC spectrum of Bem1-(156 –260). The cross peaks are labeled with one-letter codes of
the amino acids and residue numbers. B, in vitro pull-down binding assay. GST-Bem1-(156 –260) and GST-Bem1-(140 –271) were incubated with Cdc42-(1–179,
Q61L). The proteins pulled down with glutathione-Sepharose 4B were subjected to SDS-PAGE and stained with Coomassie Brilliant Blue.

TABLE 1
Structural statistics of Bem1 SH3b-CI

NOE distance constraints 1553
Short range (intra-residue and
sequential)

823

Medium range (2 � i-j � 4) 249
Long range ( i-j � 4) 481

Structural coordinates rmsd (158–196, 204–214, 227–246)
Backbone atoms 0.40 Å
All heavy atoms 0.91 Å

Ramachandran plot
Most favored regions 75.1%
Additionally allowed regions 24.3%
Generously allowed regions 0.7%
Disallowed regions 0.0%
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NOEs (Fig. 2C), including Asn-253,
an important residue for Cdc42
binding (13). The flexible C-termi-
nal tail of the CI moiety appears to
form an ordered structure only
whenCdc42 binds Bem1. A number
of interactions between SH3b and
CI were observed, suggesting that
SH3b-CI is a structural unit, and it is
a novel Cdc42 binding domain.
The interface between SH3b and

CI, has an extensive hydrophobic
core which is formed by Leu-158,
Ile-184, His-187, His-188, Phe-193,
and Ile-214 of SH3b together with
Val-227, Asp-230, Ile-231, Val-234,
Leu-236, Thr-238, and Val-239 of
CI (Fig. 2D). These residues are
conserved or type-conserved among
Bem1 homologs implying that CI
in Bem1 homologs also interacts
with SH3b in a manner similar to
Saccharomyces cerevisiae Bem1
(Fig. 2E). This is consistent with the
previous reports (13, 20, 21) that the
SH3b domain alone in the Bem1
homologs was insoluble (data not
shown), and Bem1 CI-(214–260)
failed to interact with Cdc42, indi-
cating that SH3b and CI are struc-
turally and functionally related and
synergistically bind Cdc42. In con-
trast, the linker between SH3 andCI
were not assigned because of broad-
ening, and were not defined in the
structure.
Structure of Bem1 SH3b-CI and

Ste20 PRR Complex—The assign-
ment of 1H, 15N, and 13C nuclei in
Bem1 SH3b-CI complexed with Ste20
PRR-(463–486) was made using a
suite of NMR spectra as described
under “Experimental Procedures.”
The solution structure of the com-
plex was determined on the basis of

1558 distance and 90 dihedral angle restraints. A total of 100
structures were calculated, and the 20 lowest CYANA energy
structureswere selected (Table 2). The residues 158–196, 204–
214, and 227–246 had a r.m.s.d. from themean structure of 0.48
Å for the backbone atoms, indicating that the backbone Bem1
SH3b-CI complexed with Ste20 PRR is well defined, while res-
idues 156–157, 197–203, 215–226, and 247–260 in Bem1 are
not well defined due to a lack of long range NOEs as illustrated
in Fig. 3, A and B. There are no appreciable backbone structure
differences in Bem1 SH3b-CI between the free and complexed
forms.
Interaction Mode between Bem1 SH3b-CI and Ste20 PRR—

The detailed molecular interactions observed between Bem1

FIGURE 2. Solution structure of Bem1 SH3b-CI. A, overlay of the backbone atoms (N, C�, and C�) of the 20 lowest
energy structures of Bem1 SH3b-CI. The SH3b and CI moieties are shown in blue and red, respectively. B, ribbon
diagram of Bem1 SH3b-CI. The C-terminal flexible regions (248–260) are omitted. C, main chain dynamics of Bem1
SH3b-CI. The {1H}-15N heteronuclear NOE intensities are plotted against the residue number of Bem1 SH3b-CI.
D, intramolecular interactions in Bem1 SH3b-CI. The residues involved in the hydrophobic interactions between
SH3b and CI are shown in stick models. Bem1 SH3b and CI are shown in blue and red, respectively. E, sequence
alignment among Bem1 SH3b-CI homologs. The secondary structural elements are indicated above the alignment.
The conserved residues are marked in red, whereas type-conserved residues are marked in blue. The residues
involved in the interactions between Bem1 SH3b and CI are marked with asterisks above the alignment. The atomic
coordinates of SH3b-CI were deposited in the Protein Data Bank (PDB code: 2RQV).

TABLE 2
Structural statistics of Bem1 SH3b-CI and Ste20 PRR complex

NOE distance constraints 1509
Short range (intraresidue and
sequential)

821

Medium range (2 � i-j � 4) 214
Long range (i-j � 4) 474
(Intermolecular NOEs) (104)

Structural coordinates rmsd (158–196, 204–214, 227–246)
Backbone atoms 0.46 Å
All heavy atoms 0.89 Å

Ramachandran plot
Most favored regions 66.7%
Additionally allowed regions 32.0%
Generously allowed regions 1.4%
Disallowed regions 0.0%
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SH3b-CI and Ste20 PRR-(463–486) are shown in Fig. 3C. The
470–480 residues in Ste20 PRRwere well defined, although the
flanking residues 463–469 and 481–486 were disordered. In a
manner similar to other SH3 domains, Arg-474 interacts with
an acidic residue in the RT loop, and this interaction deter-
mines the ligand orientation as Class I (22). The Ala-476—Pro-
480 interact with the hydrophobic pockets formed by the con-
served residues in Bem1 SH3b. The Pro-475–Pro-480 forms a
PPII helix: the side-chains of Pro-475 and Lys-478 are exposed,
whereas Ala-476, Pro-477, Pro-479, and Pro-480 fit into hydro-
phobic pockets of Bem1SH3b-CI. The Pro-479 and Pro-480 in
PPII are surrounded by Tyr-164 and Phe-211, while Ala-476
and Pro-477 fit into the pocket lined with Phe-166, Trp-192,
Pro-208, and Phe-211. These interactions between Bem1 and
Ste20 PRR are very similar to those observed in the canonical
SH3-PRR complex (22).
Although Ser-473 has no intermolecular NOEs with Bem1

SH3b-CI, Phe-470, Ile-471, and Pro-472 form a hydrophobic
cluster together with His-188, Trp-192, Ile-194, Pro-204, and
Leu-206 in the SH3bmoiety andVal-239, Gln-240, and Lys-243

in the CI moiety. These results are
consistent with the previous muta-
tion study using the yeast two-hy-
brid assay (7), showing that the
mutations of F470G, I471G, and
P472A in Ste20 inhibit the binding
between Bem1 SH3b-CI and Ste20
PRR, whereas the S473A mutation
retains its binding activity.
To identify the residues critical

to the interaction between Bem1
SH3b-CI and Ste20 PRR in vitro,
we performed pull-down binding
assays (Fig. 3D). The I471A mutant
was bound to Bem1 SH3b-CI but
the F470A mutant completely lost
binding affinity to Bem1 SH3b-CI,
although the core PRR sequence
of Ste20 remained intact. These
results together with the conserved
phenylalanine at this position among
Bem1 SH3b-CI binding proteins
(Ste20, Cla4, Boi1, and Boi2) indi-
cate that Phe-470 is critical for the
interaction between Bem1 SH3b-CI
and Ste20 PRR (Fig. 3, D and E).
Thus, Phe-470 located at the N-ter-
minally flanking region of Ste20
PRR is essential for the binding to
Bem1 SH3b-CI.
Identification of the Binding Re-

gion of Bem1 SH3b-CI for Cdc42—
Because of the high affinity binding
of Cdc42 to Bem1 SH3b-CI, Cdc42
was mixed with excess amounts of
13C/15N-labeled SH3b-CI and the
complex was purified by size-exclu-
sion chromatography as described

under “Experimental Procedures.” The backbone signals of
13C/15N labeled SH3b-CI complexed with unlabeled Cdc42
were assigned and the chemical shift difference between Cdc42
bound and unbound forms of Bem1 SH3b-CI was obtained as is
plotted in Fig. 4A.
Chemical shift changes of more than 0.20 ppm upon Cdc42

binding were observed for seventeen residues (Gly-156, Ser-
157, Val-162, Asn-181, Ala-186, Lys-196, Arg-200, Gly-203,
Lys-243, Ser-244, Asn-245, Ala-247, Arg-248, Tyr-249, Lys-
250, Ala-251, and Ser-255). In addition, four residues (Ile-161,
Ser-252, Asn-253, and Ile-254) disappeared upon complex for-
mation. The residues with disappearing peaks or appreciable
chemical shift changes weremapped on the surface of SH3b-CI
(Fig. 4B). It is to be noted that the residues on the C-terminal
flexible region of CI were highly affected, suggesting that this
region is critical for the Cdc42 binding. This is consistent with
the result that the N253D mutation in CI inhibited the Cdc42
binding in vivo and in vitro (13). Although the C-terminal
region is disordered in the free state, this region may form an
ordered structure upon complex formation with Cdc42. To

FIGURE 3. Solution structure of Bem1 SH3b-CI and Ste20 PRR complex. A, overlay of the backbone atoms (N,
C�, and C�) of the 20 lowest energy structures of Bem1 SH3b-CI in complex with Ste20 PRR. Bem1 SH3b, Bem1
CI, and Ste20 PRR are shown in blue, red, and green, respectively. B, ribbon diagram of Bem1 SH3b-CI complexed
with Ste20 PRR. Flexible regions in the N and C termini are omitted. C, interface between Bem1 SH3b-CI and
Ste20 PRR. Bem1 SH3b, Bem1 CI, and Ste20 PRR are shown in blue, red, and green, respectively. The residues
involved in interactions between Bem1 SH3b-CI and Ste20 PRR are shown in stick models. D, mutational analysis
of Ste20 PRR. The GST-Ste20 PRR, GST-Ste20 PRR F470A, GST-Ste20 PRR I471A, or GST was incubated with Bem1
SH3b-CI. The proteins pulled down with glutathione-Sepharose 4B were subjected to SDS-PAGE and stained
with Coomassie Brilliant Blue. E, sequence alignment of Bem1 SH3b-CI-binding proteins. The conserved resi-
dues are marked in red. The atomic coordinates of SH3b-CI complexed with Ste20 PRR were deposited in the
Protein Data Bank (PDB code: 2RQW).
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confirm that the C-terminal region of CI is critical for Cdc42
binding, mutation studies using an in vitro pull-down binding
assay was performed using S252A, N253D, and I254Amutants.
Compared with wild-type Bem1 SH3b-CI, these mutants com-
pletely lost binding affinity with Cdc42 (Fig. 4C). Thus, the
C-terminal region of CI plays a critical role for complex forma-
tion with Cdc42.
Next, themutation analyses using in vitro pull-down binding

assay were performed to elucidate whether the SH3b moiety
contributes to the binding to Cdc42. The residues that showed
considerable chemical shift changes upon complex formation
withCdc42weremutated toAla orAsp and thesemutantswere
applied for the pull-down binding assay with Cdc42. The
G156A, N181D, and G203A mutants showed binding affinity
similar to that of the wild type, supporting that these residues
were not involved in the interaction with Cdc42, but the bind-
ing affinity to Cdc42 decreased for the Ser-157, Ile-161, Lys-
196, and Arg-200 mutants. Interestingly, these residues are
located on the particular surface (Fig. 4B, right), but the oppo-
site surface (Fig. 4B, left) has no residues involved in the inter-

action. Therefore, Bem1 SH3b-CI uses both this particular
SH3b surface and the C-terminal region of CI for the interac-
tion with Cdc42. It should be noted that the Ste20 PRR binding
surface (dotted circle in Fig. 4B, left) is opposite to this expected
Cdc42 binding surface, facilitating the possible formation of the
ternary complex, Bem1 SH3b-CI, Cdc42, and Ste20 PRR.
A Model for Ste20 Activation Mediated by Bem1—To inves-

tigate the possibility of a ternary complex formation among
Bem1 SH3b-CI, Cdc42, and Ste20 PRR, we performed the in
vitro pull-down binding assay, using these proteins (Fig. 5A).
The GST-Ste20 PRR was bound to Bem1 SH3b-CI (Fig. 5A,
mid) but not to Cdc42 (Fig. 5A, right). However, Cdc42 was
pulled-downwithGST-Ste20 PRRonly in the presence of Bem1
SH3b-CI (Fig. 5A, left), indicating that the ternary complex for-
mation is mediated by Bem1 SH3b-CI. Thus, Bem1 SH3b-CI
appears to serve as a scaffold tethering both Ste20 and Cdc42
simultaneously. This is consistent with the NMR observations
(Fig. 5B). Fig. 5B shows the overlay of the 1H-15NHSQC spectra
of 15N-labeled Bem1 SH3b-CI in the presence of Cdc42 (blue),

FIGURE 4. Identification of the Cdc42 binding surface of SH3b-CI. A, back-
bone chemical shift changes of SH3b-CI complexed with Cdc42. The chemical
shift changes (�� � 0.20) upon Cdc42 binding are plotted in blue. The resi-
dues disappearing upon Cdc42 binding are plotted in red. B, surface and rib-
bon diagram of SH3b-CI. Residues are colored as noted in A. C, effect of amino
acid substitutions of SH3b-CI on the binding to Cdc42 by in vitro pull-down
binding assays. GST-Bem1-(156 –260) mutants were incubated with Cdc42
(1–179, Q61L). The proteins pulled down with glutathione-Sepharose 4B
were subjected to SDS-PAGE and stained with Coomassie Brilliant Blue.

FIGURE 5. Ternary complex formation among Bem1 SH3b-CI, Cdc42, and
Ste20 PRR. A, GST-Ste20 PRR was incubated either with Bem1 SH3b-CI or
Cdc42 (1–179, Q61L), or both. The proteins pulled down with glutathione-
Sepharose 4B were subjected to SDS-PAGE and stained with Coomassie Bril-
liant Blue. B, 1H-15N HSQC spectra of Bem1 SH3b-CI. 15N-Bem1 SH3b-CI com-
plexed with unlabeled Cdc42 (blue), complexed with unlabeled Ste20 PRR
(red), and complexed with both unlabeled Cdc42 and Ste20 PRR (green) are
overlaid. The chemical shift changes of Asp-172 (located on the PRR binding
surface of Bem1 SH3b-CI) and Lys-250 (located on the Cdc42 binding surface
of Bem1 SH3b-CI) are shown in the insets.
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in the presence of Ste20 PRR (red), and in the presence of both
Cdc42 and Ste20 PRR (green). In the presence of the three pro-
teins, Asp-172 located on the Ste20 PRR binding surface of
Bem1 SH3b-CI showed the chemical shift characteristic to a
complex with Ste20 PRR, while, Lys-250 located on the C-ter-
minal region of the CI moiety exhibited a chemical shift similar
to that of the complexwithCdc42. The in vitro pull-down bind-
ing assay and theNMR study taken together support that Bem1
SH3b-CI, Cdc42, and Ste20 PRR are able to form a ternary
complex.
Next, we performed an in vitro pull-down binding assay

using GST-Bem1 SH3b-CI, His-Cdc42, and Ste20 CRIB (Fig.
6A). It is to be noted that Bem1 SH3b-CI binds Cdc42 (Fig. 6A,
the third and fourth lanes) but cannot bind Cdc42 in the pres-
ence of Ste20 CRIB (Fig. 6A, the first and second lanes). An
NMR titration experiment with Ste20 CRIB showed that cross
peaks in the HSQC spectrum of 15N-labeled Bem1 SH3b-CI
complexed with Cdc42 (blue) shifted to those of free Bem1
SH3b-CI (red) upon addition of 1.0 eq. molar ratio of Ste20

CRIB to Bem1 SH3b-CI (green) (Fig. 6B). These results suggest
that Ste20 CRIB deprives Bem1 SH3b-CI of Cdc42 because
Cdc42 has amuch higher binding affinity to Ste20 CRIB than to
Bem1 SH3b-CI.
Based on the present experimental results, we propose the

following model for the Ste20 activation mechanism medi-
ated by Bem1 and Cdc42. First, GTP-bound Cdc42 binds
Bem1 through SH3b-CI. Next, Ste20 binds to the Bem1-Cdc42
complex through interaction between the Ste20 PRR moiety
and Bem1 SH3b-CI. Now, Ste20 CRIB is located in close prox-
imity to Cdc42 because of the ternary complex formation and
thus Ste20 CRIB can interact with Cdc42 and deprive Bem1
SH3B-CI of Cdc42. Because Ste20 CRIB interacts with the
Ste20 kinase domain to repress its enzymatic activity (4), the
interaction between Cdc42 and Ste20 CRIB can release this
repression and enhance the Ste20 kinase activity, essential for
the cell polarity establishment. In order to verify the last step in
the model for the Ste20 kinase activation in vitro, we expressed
intact Ste20, constructs including CRIB and the kinase domain
and only the kinase domain, respectively, using wheat germ
cell-free system. Although we confirmed the expression of
these constructs, we could not detect kinase activity even for
the kinase only construct using myelin basic protein as a sub-
strate. We could not verify the last step for the Ste20 activation
in the present study. However, in in vivo assay, the relief of
auto-inhibition of Ste20 kinase activity has been already dem-
onstrated that is mediated through interaction of Cdc42 with
Ste20 CRIB (4, 7). Thus, the present NMR evidence together
with the previous in vivo experiments indicated that Bem1 is a
scaffold protein which binds both Cdc42 and Ste20 to facilitate
efficient binding of Cdc42 with Ste20 CRIB, leading to Ste20
kinase activation.

CONCLUSION

Wedetermined the solution structure of a novel Cdc42 bind-
ing domain, Bem1 SH3b-CI. The study shows that Bem1 SH3b
and CI are structurally and functionally related. Further, we
determined the solution structure of Bem1 SH3b-CI com-
plexed with Ste20 PRR. In addition to the core region of Ste20
PRR, its N-terminally flanking region participates in the inter-
action with Bem1. This enhances the binding affinity between
Bem1SH3b-CI and Ste20 PRR. The chemical shift perturbation
study determined the Cdc42 binding surface of Bem1 SH3b-CI.
In vitro pull-down binding assay together with the NMR titra-
tion study shows that Bem1, SH3b-CI, Ste20 PRR, and Cdc42
forms a ternary complex but Ste20 CRIB disrupts the ternary
complex by removing Cdc42 from Bem1 SH3b-CI. This sug-
gests the activation mechanism of Ste20 mediated by Bem1,
which facilitates an efficient interaction of Ste20 CRIB and
Cdc42 to release auto inhibition of Ste20 kinase activity.
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