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ABSTRACT. The family of p2l-activated kinases (PAKs) has been shown to contain a domain that can
independently bind to the Ras-like proteins Cdc42Hs and Rac. We have expressed a 72 amino acid
recombinant form of this p21-binding domain (PBD) from mPAK-3Hscherichia Colifor use in
structure-function studies. The protein can be purified on a nickel affinity resin due to a hexa-His tag
that is incorporated onto the amino terminus of the domain. PBD binds to Cdc42Hs in a guanine nucleotide-
dependent manner as demonstrated by a novel fluorescence assay that takes advantage of the spectroscopic
properties ofN-methylanthraniloyl (Mant)-guanine nucleotides. lonic strength has little effect on the
affinity of PBD for Cdc42Hs, but alkaline pH values tend to weaken the interaction. We have shown
that the inhibition of the GTPase activity of Cdc42Hs, as well as a previously undescribed inhibition of
guanine nucleotide dissociation, is mediated by the PBD portion of the mPAK-3 molecule. These findings
suggest that PBD binding alters the geometry of the guanine nucleotide binding site on Cdc42Hs, perhaps
as an outcome of the target/effector molecule binding in close proximity to the nucleotide domain. We
therefore tested if mutations in the effector region of Cdc42Hs-@8D, which in Ras are very close to

the guanine nucleotide binding site, had any effect on PBD binding. Changing tyrosine 32 to lysine
(Y32K) resulted in a small (5-fold) inhibition of PBD binding, but the very conservative mutation D38E
yielded at least a 50-fold decrease in affinity. Finally, the catalytic domain of the GTPase activating
protein, Cdc42-GAP, was shown to inhibit PBD binding in a competitive manner, indicating that this
target molecule and the negative regulator (GAP) bind to overlapping sites on the Cdc42Hs molecule.

The Ras-superfamily of low molecular mass GTP-binding binds to the Ras-GAP (Settleman et al., 1992), and 3BP-1,
proteins plays essential roles in a variety of biological which was initially discovered through its ability to bind to
pathways including those that mediate cell-cycle progression,the SH3 domain of the Abl tyrosine kinase (Cicchetti et al.,
cytoskeletal alterations that stimulate cell shape changes and 995).

cell motility, and intracellular trafficking and secretion (Hall,
1990). The Ras-subfamily has been especially well studied
because of the involvement of the Ras proteins in cell growth
differentiation, and possibly apoptosis. However, recently
members of the Rho-subfamily, which include Cdc42Hs,
Racl, and RhoA, have also been receiving a significant ) o .
amount of attention because of the suggestions that these-9998; Coso et al., 1995; Minden et al., 1995). The ability

GTP-binding proteins may work closely with Ras to provide of Cdc42Hs and Rac1 to activate these nuclear MAP kinases
a full complement of cell growth regulatory events (Qiu et 2PP€ars to be the outcome of an interaction between the GTP-
al., 1995). binding proteins and members of the family of p21-activated

indicate that Rho-subfamily proteins are essential for the et al., 1995; Bagrodia et al., 1995a). Thus, Cdc42Hs and
normal regulation of cell growth and cytokinesis. These Rac appear to be capable of initiating a signaling pathway
include the findings that Dbl (Hart et al., 1991; Cerione & that leads to the nucleus and is analogous to the Ras signaling
Zheng, 1996) and a number of related oncoproteins [e.g., pathway that begins with the Raf serine/threonine kinase and
Ost, Lbc (Horii et al., 1994; Zheng et al., 1995)] or growth culminates in the activation of the nuclear MAP kinases, the
regulatory proteins [Tiam-1 (Michiels et al., 1995)] have been Erks [e.g., see Buday and Downward (1993)]. However,
shown to catalyze the GBFGTP exchange activities (and there are likely to be some interesting differences regarding
thus the activation of) Rho-subfamily proteins. In addition, the interactions of Cdc42Hs or Rac with members of the
a variety of growth regulatory proteins share sequence PAK family versus the interaction of Ras with Raf. For
similarity with the Cdc42Hs-GTPase-activating protein (GAP), example, the principle role of Ras appears to be to recruit
including Ber, which has been implicated in the development Raf to the membrane, where it then becomes activated
of human leukemias (Diekmann et al., 1991), p190, which through a mechanism that has yet to be determined. On the

The most recent evidence for the involvement of Rho-
subfamily proteins in the regulation of cell growth comes
' from the findings that Cdc42Hs and Racl stimulate the
p70S6 kinase (Chou & Blenis, 1996) and the nuclear MAP
kinases, the c-Jun kinase (JNK1) and p38 (Bagrodia et al.,

EY06429.

other hand, Cdc42Hs and/or Rac are absolutely essential for
T Supported by National Institutes of Health Grants GM47458 and the stimulation of PAK activity; in the absence of these GTP-
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In the present study, we have set out to develop methods12 h, 4°C), and then loaded onto a Q- Sepharose column
for clearly defining the nature of the regulatory interaction (2.5 x 10 cm) equilibrated with TEDA buffer. The column
between activated Cdc42Hs and mPAK-3, a ubiquitously was developed with a linear NaCl gradient80 mM);
distributed isoform of the PAK family (Bagrodia et al., the pooled GAP fractions ¢95% pure by SDSPAGE)
1995b). Toward this end, we have established an easy andvere concentrated, dialyzed into buffer TEDA supplemented
highly-sensitive fluorescent readout for Cdc42HsPAK-3 with 40% glycerol, and stored at20 °C.
interactions that takes advantage of the fluorescent properties Preparation of Mant-Nucleotides and Cdc42Hs/Mant-
of the GTP analogN-methylanthraniloyl GMP-PNP (Mant-  Nucleotide ComplexesMant-nucleotides were prepared as
GMP-PNP). Using this real-time assay, we have shown that described earlier (Hiratsuka, 1983). Cdc42Hs was incubated
a region of~60 amino acids (designated PBD) contains all with a 20-fold excess of purified Mant-nucleotide in the
the necessary determinants for the high-affinity binding of presence of 25 mM EDTA in TEDA buffer for 1.5 h at room
GTP-bound Cdc42Hs to mPAK-3. We also have obtained temperature. MgGlwas added to a final concentration of
direct evidence for the ability of PBD to inhibit both the 35 mM, and the mixture was filtered on a G-25 column (0.75
[y-¥2P]GTP hydrolytic activity of Cdc42Hs an@®B]GTP/S x 45 cm) equilibrated with 20 mM HepedNaOH, pH 8.0,
dissociation and have used the fluorescence assay for PBO6 mM MgCl,, and 1 mM sodium azide, (HMA buffer) to
binding to show that the Cdc42Hs-GAP competes with the remove unbound nucleotides. The protein was then con-
PBD for a common binding domain on the GTP-binding centrated and dialyzed against HMA buffer supplemented

protein. with 40% glycerol and stored at20 °C. Protein concentra-
tions were determined by BCA assay (Pierce), and nucleotide
MATERIALS AND METHODS concentrations were determined using published extinction

. . ) . coefficients (Hiratsuka, 1983).
Proteins. The construction of a bacterial expression vector £ orescence MeasurementsAll measurements were
containing the DNA fragment encoding the p21-binding yone on an SLM 8000C spectrofiuorometer [see Leonard et

domain (PBD) of mPAK-3, fuse_d to the_ qutathior& al. (1994)]. For Mant-nucleotides, excitation was set at 360
transferase gene, has been described earlier (Bagrodia et al; 1, "4nd the emission at 440 nm, using optical slit widths of

1995Db). To achieve higher expression levels, this fragment 15, -~ Al measurements were done af@5with continual
was transferred into thBanHI site of a modified pET15b stirring in 20 mM HepesNaOH, pH 7.5, 5 mM MgGl

vector, in-frame with the upstream hexa-histidine tag, and 54 100 mM NaCl unless otherwise indicated. For deter-
expressed ir. coli BL21(DES3). mination of the effects of ionic strength and pH on binding
Bacteria were grownni 4 L fermentors as described affinity, the buffer was modified to contain 0, 100, and 500
previously (Leonard et al., 1994). The bacterial pellet was mm NaCl at pH 7.5, or the pH was set at the indicated value
thawed and homogenized in 100 mL of a lysis buffer (20 in 20 mM MES-NaOH (pH 5.5 and 6.5), Tris-HCI (7.5 and
mM Tris-HCI, pH 8.0, 5 mM imidazole, 500 mM NaCl, 1 8 5), or sodium borate (9.5) with a constant salt concentration
mM NaNs;, 200 uM PMSF, 2ug/mL aprotinin, and 2ug/ of 100 mM.
mL leupeptin), and lysozyme (Sigma) was added to 0.5 mg/  Data Analysis. Fluorescence titration data (such as shown
mL. Upon completion of the lysis, 1 mg of DNase | in Figures 3, 6, and 7 and Table 1) were fit to a simple

(Boerhinger) and 1 mL MgGlI(1 M) were added, and the  bimolecular association model. The association between
suspension and incubated at@ until no longer viscous  Cdc42Hs (C) and an effector (E)

(ca. 30 min). Following centrifugation (20 min, 10Gf)0

the supernatant was applied to a 15 mL iminodiacetic-acid C+E<CE 1)
agarose column (Sigma) charged witi?Ni The column

was washed with TEDA buffer (20 mM Tris-HCI, pH 8.0, can be described by a simple bimolecular interaction equa-
5 mM imidazole, 500 mM NacCl, and 1 mM NaNand tion:
further developed with a gradient o200 mM imidazole,

and 4 mL fractions were screened by SEFAGE. PBD-
containing fractions{80% pure) were pooled, brought to

55% saturation with ammonium sulfate, and resuspended in

~10 mL of TEDA buffer. The 17 amino acid hexa-His tag \yhere [CE] is the concentration of the formed complex at

was removed 2 h incubation (2 h) with 1029 of thrombin equilibrium, [C] is the concentration of free Cdc42Hs in

at 4°C, and resolved by Q-Sepharose ion-exchange chro-gq|ytion, [E} is the total effector concentration, ahd is

matography. Fractions containing PBD were pooled, pre- ihe equilibrium dissociation constant. Since in this experi-

cipitated with ammonium sulfate, dialyzed twice against pental system it cannot be assumed that only a small,

IEDA buffer containing 40% glycerol, and stored -a20 negligible fraction of the total Cdc42Hs is bound, and

C. because the concentration of free Cdc42Hs is not easily
Wild-type and mutated Cdc42Hs proteins were expressedmeasured, it is necessary to fit the data to the quadratic form

in E. coli as hexa- histidine fusion proteins using pET15b of the solution. Thus, fluorescence titration data were fit to

and purified as described above for PBD [see also Leonardthe expression:

et al. (1994)]. Cloning of the carboxy-terminal catalytic

domain of Cdc42Hs-GAP (residues 22962; denoted here F =

as GAP*) into a glutathione expression vector was described | _ / 2_

earlier (Barfod et al., 1993).E. coli cells were grown, Kat Ert Crt YK+ B+ G — 4CEy

induced, and lysed as described above for Cdc42Hs. The -2Cy

GST-fusion protein was cleaved using thrombin (0.25 mg, Fo (3)

[El/IC]

CEI =gk,

(2)

(Ff - Fo) +
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whereF is the fluorescence intensitgr is total effector 1 2 3 4 5 6
concentration at any point in the titration, aRglandF; are 7
the fluorescence intensities at the starting point and end point 667
of the titration, respectively. Fitting of the data was done 45+
using a commercially available data analysis for Macintosh 31—
(lgor, WaveMetrics Inc., Lake Oswego, OR). gy ——
GTPase AssaysThe GTP hydrolytic activity of Cdc42Hs 14
was measured by assaying the release ®]p from 6.5
[y-®2P]GTP bound to the protein. First, Cdc42Hs (1)
was incubated with ZM [y-32P]GTP (360 000 cpm/pmol)  Ficure 1: SDS-PAGE profiles for the purified, recombinant
in 20 mM Tris-HCI, pH 7.5, 10 MM EDTA, 1 mM DTT, 50 proteins used in this study. Protein sampleg§J were boiled in

i i i Lammelli buffer, resolved on 14% acrylamide gels, and visualized
mM NaCl, and 8Qug/mL bovine serum albumin, for 20 min by Coomassie Blue staining. Lane 1, PBD; lane 2, D38E Cdc42Hs;

at room temperature. To initiate hydrolysis of the bound  5ne'3 'y3oK CdcazHs; lane 4, Q61L CdcazHs; lane 5, Cdc42Hs;
GTP, aliquots of the Cdc42Hs were then diluted into a |ane 6, GAP®

reaction mixture containing 25 mM Tris-HCI, pH 7.5, 1.3
mM DTT, 40 mM NacCl, 5 mM MgC}, 200ug/mL bovine
serum albumin, 10QtM nonradioactive GTP, and either o
purified PBD or control buffer (TEDA buffer, 40% glycerol). <
Aliquots were removed at the indicated times and filtered S i
on BA-85 nitrocellulose filters (Schleicher & Schuell), and a b
the amount of3?P still associated with Cdc42Hs was
determined by liquid scintillation counting of the filters. The
concentratiorresponse curve was generated by the same
method except that different dilutions of purified PBD were
used as indicated, and all samples were filtered following -
20 min in the hydrolysis reaction.

Nucleotide Exchange.Complexes of Cdc42Hs with '
radioactive nucleotide were as described above except that - '
10uM [35S]GTPY/S (specific activity 31 000 cpm/pmol) was
used instead ofy3?2P]GTP. After 30 min at room temper- -
ature, Cdc42Hs was diluted into a reaction mixture containing
25 mM Tris-HCI, pH 7.5, 1.3 mM DTT, 40 mM NaCl, 2.5
mM EDTA, 200 ug/mL bovine serum albumin, 0.5 mM
nonradioactive GTFS, and either 10.6M PBD or control Ficure 2: Binding of low molecular weight GTPases using hexa-

buffer. Aliquots were removed at the indicated time points histidine-tagged PBD. The various GTPases were complexed with

and filtered on nitrocellulose to determine the fraction of the indicated nucleotide using EDTA as described under Materials
bound fSS]GTP/S. The concentrationresponse curve was and Methods, and filtered on Pharmacia PD-10 columns equilibrated
oo p e with HMA buffer. The purified proteins (8@g) were incubated

generated by using different amounts of PBD and filtering with 15 4L of iminodiacetic acid-agarose beads and PBD (26)
after 40 min of dissociation. in 20 mM Tris-HCI, pH 8.0, 5 mM imidazole, 500 mM NaCl, and

Dissociation and hydrolysis kinetic data were fit to a single \}V argr'\]/'es'\‘iﬁ'\tlﬁ] éosra?]?e ngl'ﬂf;t ;;%f E;’ﬂﬁvrvér;%nfl,vf v\?:snﬁgguo%\?gg r;n
expongntlal function, and the concentratrcre;ponse Curvgs 12% SDS-PAGE and visu,alized using Coomassie blue staining.
were fit to a model for a bimolecular reaction as described 3 GDP complexes; b, GT5S.

above.
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exchange chromatographyt®5% purity (see Materials and

RESULTS Methods). Figure 1 shows the SB8AGE analysis of the

Expression of the p21-Binding Domain (PBD) of mPAK- recombinant purified PBD (lane 1) and the individual GTP-
3. Sequence alignments of different members of the PAK binding proteins examined in this study (lanesg).
family of serine/threonine kinases have shown that a stretch Recombinant PBD Is Able To Specifically Interact with
of ~60 amino acids is likely to contain the main binding Cdc42Hs. We have used the recombinant histidine-tagged
determinants for Cdc42Hs and Rac (Burbelo et al., 1995). PBD domain as an affinity reagent to examine the specificity
This region, originally termed PBD (p21-binding domain) of the PBD for RhoA, Racl, and Cdc42Hs in their GDP-
and later CRIB (Cdc42Hs and Rac interactive-binding bound and GTPS-bound states. Following incubation with
domain), appears to be present in a number of putative targetghe respective GTP-binding protein and extensive washes,
for Cdc42Hs and Rac including the activated-Cdc42Hs the immobilized PBD was subjected to SBBAGE and
(tyrosine) kinase (ACK; Manser et al., 1993), the Wiscettt  visualized by Coomassie Blue staining (see Figure 2). The
Aldrich Syndrome protein (WASP; Aspenstrom et al., 1996), data in Figure 2 clearly show that the PBD binds with high
and the p70S6 kinase (Chou & Blenis, 1996). In order to specificity to the GTRS-bound forms of Cdc42Hs and Rac.
fully characterize the biochemical properties of such domains, The PBD did not show detectable binding to RhoA or Ras,
we have recloned the PBD domain (residues 637) from nor to the GDP-bound states of Cdc42Hs or Rac. Thus, the
mPAK-3 (Bagrodia et al., 1995b) into the bacterial expres- specificity that has been observed for Cdc42Hs and Rac
sion vector pET-15b and expressed it as a hexa-histidine-interactions with the full-length mPAK-3 molecule (Bagrodia
tagged protein. The protein was purified using Naffinity et al., 1995b; Manser et al., 1994b) is fully preserved within
chromatography, ammonium sulfate precipitation, and ion the PBD.
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Development of a Fluorescence Readout for the Binding
of PBD to Cdc42HSs. In order to obtain quantitative
information regarding the binding of PBD to Cdc42Hs, we 105
developed a real-time fluorescence spectroscopic assay to SJ
monitor this proteir-protein interaction. The assay is based
on the fluorescent properties Nfisotoic- (Mant-) modified
guanine nucleotides which we (Leonard et al., 1994) and
others (Rensland et al., 1991; Moore et al., 1993) have shown
to serve as sensitive reporter groups for the immediate
environment of the nucleotide-binding site on Cdc42Hs and
related GTP-binding proteins. Cdc42Hs can be complexed
with Mant-derivatized guanine nucleotides by reducing the
Mg?* concentration with excess EDTA, such that the GDP
that was originally bound to Cdc42Hs is dissociated and
replaced by the Mant-nucleotide (e.g., Mant-GMP-PNP). The o : : : : . ' —
excess (unbound) Mant-GMP-PNP is then removed by gel 380 400 420 440 460

Relative Fluorescence

480 500 520 540
filtration chromatography, yielding a Cdc42Hs molecule that Wavelength (nm)
is labeled stoichiometrically (1:1) with Mant-GMP-PNP. u
Figure 3 shows the results obtained when the recombinant B Cdes2Hs*GDP
PBD was added to the Cdc42HBlant-GMP-PNP complex.
The addition of the PBD yielded a dose-dependent increase o l l i
in the Mant emission intensity (excitation 360 nm, Figure l

|

3A). The increased fluorescence was not accompanied by
a detectable shift in the wavelength of the maximum
emission, which suggests that the PBD does not significantly
alter the hydrophobic nature of the immediate environment
of the Mant fluorophore. Rather, it is more likely that the
binding of the PBD reduces the accessibility of the Mant
moiety to an amino acid side chain which quenches its
fluorescence (i.e., as an outcome of a PBD-induced confor-
mational change within the Cdc42Hs molecule). 6 T T T =

Figure 3B shows the time course for the PBD-induced 0 100 200 300 400 %00

] Time (seconds)
change in Mant fluorescence (for Mant-GMP-PNP bound Ficure 3: Fluorescence assay for the interaction of Cdc42Hs

to Cdc42Hs) at constant excitation (360 nm) and emission \,-nt-GMP-PNP with PBD. (A) One micromolar Cdc42Ngant-

(440 nm) wavelengths. The PBD caused a2-fold GMP-PNP was incubated in HMN buffer, and its emission spectrum
enhancement of the Mant fluorescence that was completewas measured (excitation, 360 nm; emission resolution, 4 nm, 25
within the time period of mixing €3 s). The addition of °C). PBD was then added to the final concentrations indicated (in

. M), and emission spectra were obtained. Each spectrum is an
the GTPase-defective Cdc42Hs mutant (Cdc42Hs[Q611]), gve)rage of twio scansr.) (B) One micromolar Cdc4-2\ma?1t-GMP-

which is purified with tightly bound GTP, fully reversed the  pNp was added to the fluorescence cuvette, and the Mant
PBD-induced enhancement of the Mant fluorescence, whereasgluorescence (emission, 440 nm; excitation, 360 nm) was monitored.
the addition of wild-type GDP-bound Cdc42Hs had very little At the times indicated by the arrows, PBD was added to final
effect. Thus, the binding of the PBD to Cdc42Hs, as concentrations of 0.98, 1.97, 2.95, 3.92, and 480 To assess

. : the reversibility and selectivity of the PBBCdc42HsMant-GMP-
monitored by changes in the Mant-GMP-PNP fluorescence, p\p interaction, wild-type (GDP-bound) Cdc42Hs and the

is fully reversible and shows the same specificity for the cdc42Hs(Q61L) mutant (GTP-bound) were added at the indicated
nucleotide state of Cdc42Hs that was originally observed in times to final concentrations of 40 and 281, respectively.
affinity precipitation experiments using His-PBD (Figure 2).  gjnce we are interested in obtaining structural information
Figure 4 shows a binding isotherm that was obtained when regarding a Cdc42HsPBD complex, we assayed the binding
monitoring the PBD-induced changes in Mant-GMP-PNP of PBD to Mant-GMP-PNP-bound Cdc42Hs under a number
bound to Cdc42Hs. The titration data could be fit to a simple of different conditions. Table 1 shows tKg values for the
bimolecular equilibrium model (see Materials and Methods) PBD—Cdc42Hs interaction measured at different concentra-
and yielded an apparery value of 0.9uM for the tions of NaCl and at different pH values. We found that
interaction of PBD with Cdc42HsMant-GMP-PNP. When  NaCl concentrations between 0 and 500 mM had only subtle
a similar titration was performed with the Cdc42Hdant- effects on the binding affinity, with th&y values ranging
GDP species, a relatively weak but detectable enhancemenfrom 0.9 to 1.7uM. However, when the pH of the
of the Mant fluorescence was observed. If we assume anincubation was varied, we observed a marked weakening of
identical fluorescence end point (as observed with Mant- the interaction (nearing a 50-fold increase in the dissociation
GMP-PNP), the fitting of the fluorescence data yielded a constant) at pH 9.5, while optimal binding between PBD
lower limit Kq4 value of ~70 uM for the binding of PBD to and Cdc42Hs occurred at pH 6.5.
the Cdc42Hs Mant-GDP complex. This then suggeststhat PBD Acts as an Inhibitor of GTP Hydrolysis and
the PBD binds to the Mant-GDP-bound Cdc42Hs with an Guanine Nucleotide Exchangd®uring the initial identifica-
at least~70-fold weaker affinity compared to its binding to  tion of PAK as a Rac1/Cdc42Hs target, it was shown that
the Cdc42Hs Mant-GMP-PNP species. PAK inhibited both intrinsic and GAP-accelerated

Fluorescence
—
(=)
|
-
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FiGURE 4: Fluorescence titration of Cdc42ti4ant-GMP-PNP with 1207
PBD. Experimental conditions were as described in Figure 3. One °
micromolar of either Cdc42HMant-GMP-PNP (circles) or S 100 < .
Cdc42HsMant-GDP (triangles) was titrated with the indicated <
amounts of PBD, while monitoring Mant fluorescence. Solid lines 'g 80
represent fits of the data to a bimolecular association model as 3
described under Materials and Methods. B g0
-9
=
Table 1: Effects of pH and lonic Strength on the Association of Q 404
PBD with Cdc42HsnGMP-PNP _J
pH [NaCl] (mM) Kq (uM) 20 ‘ ' — |
55 100 0.47 0 1 2 3
6.5 100 0.38 PBD (uM)
;g 188 %g FiGure 5: Inhibition of the GTPase activity of Cdc42Hs by PBD.
95 100 17.0 (A) Time course for the amount of/{*2P]GTP associated with
75 0 17 Cdc42Hs following M@*-induced GTP hydrolysis in the presence
' ’ or absence of 10.6M PBD. Solid lines represent a fit to a single
7.5 100 0.92 : - L
75 500 12 exponential procesg;f, = 17.0 and 3.4 min in the presence and

absence of PBD, respectively). (B) Desesponse curve for the

2 A fluorescence binding titration (12 PBD concentrations between inhibition of GTPase activity. Indicated amounts of PBD were added
0 and 30uM) was performed at each condition and the dissociation to a GTPase reaction assay (see above and Materials and Methods),
constant derived as described in Figure 3. and the amount of protein-associated radioactivity was measured
after 20 min. The solid line represents the best fit of the data to a
hydrolysis of GTP by the Rac1 protein (Manser et al., 1994). bimolecular association model as described under Materials and

We investigated whether the PBD was sufficient to elicit Methods.
this GTPase-inhibitory effect. Cdc42Hs was first complexed o o
with [y-3%P]GTP in the presence of EDTA. MggGkas then th.e afflr_nty of the binding of Cdc42Hs to PBD (see
added to initiate hydrolysis, in the presence of either control Discussion).
buffer or purified PBD, and aliquots were filtered on We next investigated whether PBD had any effect on the
nitrocellulose at the time intervals indicated in Figure 5A. It rate of guanine nucleotide exchange from Cdc42Hs. First,
can be seen that in the absence of any added PBD, Cdc42H§**S]GTPyS was exchanged onto Cdc42Hs in the presence
hydrolyzed GTP rapidly (i.e., the half-time for the reaction of EDTA. The dissociation of the radiolabeled Gi®was
was 3-4 min at room temperature). However, in the then initiated by the addition of excess unlabeled ¢SP
presence of 1M PBD, a significant decrease in the rate in the presence or absence of PBD. Figure 6A shows the
of 3%P release from the GTPase was obsertgg=< 17 min). amount of radiolabeled nucleotide still bound to Cdc42Hs
Figure 5B shows that the GTPase inhibitory activity is at the indicated time points, as detected by nitrocellulose
dependent on the PBD concentration. It is interesting that filter-binding assay. In the absence of PBD, G'EPdis-
even at concentrations of PBD significantly below (e.g., 50 sociation from Cdc42Hs was rapid with gtf ~10 min.
nM) the level used in the fluorescence binding assay However, in the presence of the PBD, Gidissociation
described above (see Figure 4A), a complete inhibition of from Cdc42Hs was completely eliminated. The concentra-
GTP hydrolysis was observed. When the desesponse  tion—response curve shown in Figure 5B indicates that the
data shown in Figure 5B were fitted to an association apparenKy for the interaction between PBD and Cdc42Hs
reaction, &y value of 27 nM was obtained, which suggested (which leads to the inhibition of GT)FS dissociation) is-30
a significantly tighter interaction between the PBD and GTP- nM, which again is significantly tighter than that measured
bound Cdc42Hs, compared to that measured for PBD andfor the binding of PBD to Mant-GMP-PNP-bound Cdc42Hs.
Mant-GMP-PNP-bound Cdc42Hs. Similar experiments uti-  Binding of PBD to Cdc42Hs Effector Region Mutants.
lizing Cdc42Hs bound to Mant-GTP instead of the nonhy- Given the ability of the PBD to cause significant perturba-
drolyzable GMP-PNP yield simildfq values (T. Nomanbhoy  tions to the hydrolysis and binding of guanine nucleotides
and R. Cerione, in preparation). This strongly suggests thatby Cdc42Hs, and its ability to elicit changes in the
the Mant modification of the guanine nucleotide influences fluorescence of (bound) Mant-guanine nucleotides, we
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100 hd of the Cdc42Hs proteins showed identical levels of guanine
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and Methods.

®
=}
|

o
o
| -

Table 2: Competition between PBD and Cdc42-GAP on Binding to
Cdc42HsmGMP-PNP

[GAP] (uM) initial fluorescence final fluorescence Kq (uM)

0 1.005 2.06 11
2.5 1.01 2.01 2.7
55 1.003 2.06 4.5

FN
o
L

GTPYS Bound (%)

N
o
|

T L T T . . . . .
10 a Titrations were carried out using Mant fluorescence as described

4 6 8
PBD (uM) in Figure 3, in the presence of the indicated amounts of Cdc42-GAP.
Dissociation constant were extracted from fits of the data to the

FIGURE 6: Inhibition of guanine nucleotide dissociation from  association reaction described under Materials and Methods.
Cdc42Hs by PBD. (A) Time-course for the amount 88]GTP/S

associated with Cdc42Hs following EDTA-induced guanine nucleo- pBD does bind to the Cdc42Hs(Y32K) mutant, albeit

tide dissociation in the presence and absence of ABGPBD. o oy .
Solid lines represent a fit to a single exponential process in the somewhat weaker than its binding to wild-type Cdc42Hs (i.e.,

absence of PBDt{, = 8.6 min), and to a linear function in the theré is an~5-fold increase in the apparemt). The
presence of PBD. (B) Dosaesponse curve for the inhibition of ~ Cdc42Hs(D38E) mutant, on the other hand, binds with a

guanine nucleotide exchange. Indicated amounts of PBD were addedsignificantly lower affinity to the PBD (i.e., there is at least
Rt os, o S e rhcpaty o & S0-fold increase n the apparetsvalue). It teresting
measured after 40 min. The sc?lid line represents the fit of thg datathat the extent of PBD-induced enhancement of the Mant
to the bimolecular association model as described under Materialsfluorescence measured for the Cdc42Hs(Y32K) mutant
and Methods. differs significantly from that for the wild-type Cdc42Hs
protein. Specifically, the binding of the PBD to Cdc42Hs-
reasoned that the PBD may bind closely to the guanine (Y32K) induces a 5-fold enhancement in the Mant fluores-
nucleotide itself. Also, because the PBD can discriminate cence, compared to the 2-fold enhancement observed with
between the GDP- and GTP-bound forms of Cdc42Hs, a the wild-type GTP-binding protein.
likely binding site would be the so-called switch | effector Inhibition of PBD Binding with the Catalytic Domain of
loop which has been shown to contribute to the binding Cdc42HsGAP.The observation that the interaction of PBD
interface between Ras and the Raf kinase (Nassar et al., 1995)ith Cdc42Hs is sensitive to mutations in the effector domain
as well as between Rac and its GAP (Diekman et al., 1995; of Cdc42HSs, a region previously implicated in GAP binding,
Lamarche et al., 1996). In order to examine the latter is suggestive of a common binding site (on Cdc42HSs) for
possibility, two mutant Cdc42Hs proteins were expressed the negative-regulator (GAP) and the target (PAK). We
in E. coli. One mutant contained a lysine in place of the tested this directly by measuring the effects of increasing
normal tyrosine at position 32 [i.e., Cdc42Hs(Y32K)], while concentrations of the Cdc42Hs-GAP catalytic domain on the
in the second mutant, a glutamic acid residue was substitutecbinding of the PBD to Cdc42Hs. The results of this
for aspartic acid at position 38 [Cdc42Hs(D38E)]. The latter competition experiment are presented in Table 2. We found
was shown to be a key residue for the GTP-specific that the presence of the Cdc42Hs-GAP increased the dis-
interaction of the Rap and Ras GTP-binding proteins with a sociation constant for the PBBCdc42Hs-binding interaction
limit domain on the Raf kinase; in these cases, aspatrtic acid(as measured by PBD-induced changes in Mant-GMP-PNP
38 appears to form a salt-bridge with a target basic residuefluorescence), without affecting the titration end point (i.e.,
(R89 in Raf). The Cdc42Hs mutants were precomplexed the maximal level of fluorescence change that can be attained
with Mant-GMP-PNP and titrated with PBD as described in at saturating levels of the PBD). These results are consist-
Figure 3. The results presented in Figure 7 show that theent with there being a simple competition between
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PBD and the Cdc42Hs-GAP for a common binding site on of the fluorescence of bound Mant-GMP-PNP), we have
the Cdc42Hs molecule. found that the PBD is capable of all of the biochemical
activities observed with full-length mPAK-3. Whether
DISCUSSION additional interactions occur between Cdc42Hs and the full-
During the past few years, a great deal of research attentionlength PAK is not known at present. However, since we
has been directed toward the role of Rho-subfamily GTP- observe high-affinity binding to the PBD region of PAK, it
binding proteins in a variety of biological processes. It is likely that any additional interactions, should they exist,
originally was felt that the primary roles for Rho, Rac, and are limited.
Cdc42Hs involved the regulation of a defined set of It is interesting that the binding of the PBD to Cdc42Hs
cytoskeletal changes (Ridley & Hall, 1992; Ridley et al., results in a strong inhibition of guanine nucleotide dissocia-
1992; Kozma et al., 1995; Nobes & Hall, 1995); however, tion. In fact, the inhibition of guanine nucleotide dissociation
more recently, it has become clear that these GTP-bindingcaused by the binding of the PBD is even more pronounced
proteins may play an important part in the regulation of cell- than that measured with the GDP dissociation inhibitor
cycle progression and cytokinesis. Related to this is the (GDI). Specifically, the PBD is able to completely inhibit
growing appreciation that each of these GTP-binding proteins the dissociation of GDP (see Figure 6A) under conditions
are capable of stimulating multiple target/effector molecules. where we routinely observed a 60% inhibition with the GDI.
This has been especially highlighted for the case of Cdc42Hs,In addition, the PBD is also able to strongly inhibit GTP
where it recently has been shown to engage a variety of dissociation (as well as GDP dissociation) from Cdc42Hs
putative targets including the 85 kDa regulatory subunit (p85) (which is not the case for the GDI molecule). Moreover,
of the PI 3-kinase (Zheng et al., 1994), the Wisedttdrich PBD elicits its GDI activity on Cdc42Hs producedfn coli
syndrome protein (WASP; Aspenstrom et al., 1996), the 1Q- (Figure 6) whereas Rho-GDlI inhibits nucleotide dissociation
GAP molecules (Hart et al., 1996; McCallum et al., 1996), only from posttranslationally modified Cdc42Hs (Leonard
the p70S6 serine/threonine kinase (Chou & Blenis, 1996), et al., 1992). These findings seem to indicate that the PBD
the ACK tyrosine kinase (Manser et al., 1993), and membersis likely to bind in close proximity to the guanine nucleotide
of the PAK family of serine/threonine kinases (Manser et sjte on the Cdc42Hs molecule, whereas Rho-GDI requires
al., 1994a; Bagrodia et al., 1995b). Although it is suspected interaction with the (isoprenylated) carboxy terminal of
that all of these potential Cdc42Hs-signaling responses mayCdc42Hs. This also is consistent with the fact that the PBD
be coordinated, the biochemical details underlying most of induces a strong enhancement in the fluorescence of Mant-
these putative target interactions remain to be elucidated. GMP-PNP (bound to Cdc42Hs) and that PBD binding
However, a significant amount of information has been appears to be weakened by the presence of the Mant moiety.
recently obtained for Cdc42Hs (or Racl) interactions with Some portion of the putative effector loop/‘switch-1’ domain
the PAKs (Bagrodia et al., 1995a; Martin et al., 1995; Minden (residues 3242) on Cdc42Hs also is likely to be involved
et al., 1995a; Coso et al., 1995; Zhang et al., 1995), suchin binding the PAK molecules, since mutations within this
that the current thinking is that the stimulation of PAK region influence the binding affinity of PBD. The ability
activity by Cdc42Hs/Racl initiates a protein kinase cascade of the Cdc42Hs-GAP to compete with PBD for binding to
that leads to the nucleus and culminates in the activation of Cdc42Hs supports the idea that PAK binds to a region within
two nuclear (stress-activated) MAP kinases, JNK1 and p38.the ‘switch-1' domain that is in close proximity to the
This is likely to be analogous to a pathway3accharomyces  guanine nucleotide site. It is worth noting that the binding
cerevisiae, where the PAK homolog Ste20 initiates a kinase site for PAK (as determined by its PBD) on Cdc42Hs appears
cascade that results in the activation of the MAP kinase Fus3/to be overlapping but nonetheless distinct from the binding
Kss1 (Ottilie et al., 1995). site for another class of targets, the IQ-GAP molecules
In the original identification of the brain PAK (also (McCallum et al., 1996). An important area of future work
designated mPAK-1) as a putative target for Cdc42Hs andwill be to determine how different regulators and targets
Racl, it was appreciated that a limited region of sequenceinfluence the binding of PBD to activated Cdc42Hs and
homology was shared between the PAK molecule and ACK ultimately the specific mechanism that underlies the conver-
(Manser et al., 1994a). This region, originally designated sjon of this binding interaction into a marked stimulation of
the p21-binding domain (PBD) or the Cdc42/Rac-interactive- PAK activity.
binding domain (CRIB), also appears to be present in WASP
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