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ABSTRACT. The Ras superfamily of GTP-binding proteins is involved in a number of cellular signaling
events including, but not limited to, tumorigenesis, intracellular trafficking, and cytoskeletal organization.
The Rho subfamily, of which Cdc42Hs is a member, is involved in cell morphogenesis through a GTPase
cascade which regulates cytoskeletal changes. Cdc42Hs has been shown to stimulate DNA synthesis as
well as to initiate a protein kinase cascade that begins with the activation of the p21-activated serine/
threonine kinases (PAKs). We have determined previously the solution structure of Cdc42Hs [Feltham
et al. (1997)Biochemisty 36, 8755-8766] using NMR spectroscopy. A minimal-binding domain of 46
amino acids of PAK was identified (PBD46), which binds Cdc42Hs withaof approximately 20 nM

and inhibits GTP hydrolysis. The binding interface was mapped by producing a fully deuterated sample
of N-Cdc42Hs bound to PBD46. AH,'SN-NOESY-HSQC spectrum demonstrated that the binding
surface on Cdc42Hs consists of the sec@rstrand (32) and a portion of the loop between the first
a-helix (a1) andf2 (switch I). A complex of PBD46 bound t8N-Cdc42HsGMPPCP exhibited extensive
chemical shift changes in tH&l,1®>N-HSQC spectrum. Thus, PBD46 likely produces structural changes

in Cdc42Hs which are not limited to the binding interface, consistent with its effects on GTP hydrolysis.
These results suggest that the kinase-binding domain on Cdc42Hs is similar to, but more extensive than,
the c-Raf-binding domain on the Ras antagonist, Rapl [Nassar et al. (188%e 375 554-560)].

A superfamily of low molecular weight G-proteins, for how these molecules interact with each other and how these
which the Ras proteins serve as prototypes, is involved in interactions are regulated remains unknown. Recent studies
many biological pathways including cell cycle progression, of the interaction between Cdc42Hs and Rac with PAKs
cytoskeletal organization, protein trafficking, and secretion (17—21) support the idea that activation of PAK by
(). The most intensively studied members of this super- Cdc42Hs/Rac initiates a protein kinase cascade that leads to
family are the Ras subfamily proteins which play a major the nucleus and culminates in the activation of two nuclear
role in cell growth, differentiation, and possibly, apoptosis. MAP kinases, JNK1 and p38. This kinase cascade pathway
The Rho subfamily, however, has been shown to control is similar to a pathway ilsaccharomyces cerisiae, where
various cellular signaling pathways leading to changes in STE20 (the PAK homolog) initiates a kinase cascade that
cell morphology and polarity, as well as increased DNA results in the activation of the MAP kinase Fus3/Ks22) (
synthesis and cell cycle progressid@i-@). Recent experi-  and resembles the Ras-signaling pathway that begins with
ments suggest that Cdc42Hs, a member of Rho subfamily,the Raf serine/threonine kinase and culminates in the
may work closely with Ras to provide a full complement of activation of the nuclear MAP kinase ErR3). However,
cell growth regulatory events). The evidence includes while the main role of Ras appears to be to recruit Raf to
the regulation of Cdc42Hs by the oncogenic protein Bhl (  the membrane where it then becomes activated, Cdc42Hs
7) and the fact that activated mutants of Cdc42Hs can or Rac is absolutely essential for the stimulation of PAK
transform cells %, 8). activity. Without one or more activated Rho proteins, the

During the past several years, a variety of Cdc42Hs target PAKs cannot be autophosphorylated and show no kinase
proteins have been identified including the p85 subunit of activity. Structural studies of the Ras-binding domain on
the PI3 kinaseq), the Wiscott-Aldrich syndrome protein ~ the Ras antagonist, Rap1/4) reveals that the interaction
[WASP (10)], the 1Q-GAP moleculesil, 19, the ACK between the two proteins is mediated by an antiparallel
tyrosine kinase 3, 14, and members of the PAKamily

of serine/threonine kinasesg, 1§. Although these potential lAbbf‘?Viatig”ZAF?Tg+PdithiOthf_e“Q'? EDTA, eggéenediamsi?e's
: : : etraacetic acid; , ase-activating protein; , guanosine
Cdc42Hs signaling responses are assumed to be coordlnate(ﬁﬁphosphate; GMPPCPS,y-methylene 3e$ivative of G?P; GSH,
glutathione (reduced form); GST, glutathior&transferase; GTP,
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pB-sheet formed by strang@2 from RBD (Ras-binding
domain) and strang2 from RaplA. In contrast to the
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expression plasmid was subcloned from the original pET-
15b-PBD @9) and contained 46 amino acids, including

interaction between Ras and Raf, PAK can decrease the rataylycine and serine introduced as an N-terminal linker before

of GTP hydrolysis by Cdc42HSs, suggesting that the interac-
tion may be different or more extensive than the Ras-Raf
interaction.

the PBD sequence. Expression was achieved in the same
manner as for Cdc42Hs, excepttda of LB medium was
used and induction by IPTG began when the medium reached

Presented here is the delineation of the binding interface ODsgo = 1.0 in the fermentor.

on Cdc42Hs for PAK and the backbone chemical shift
changes of Cdc42Hs upon binding of a peptide derived from

Protein Purification. All procedures were performed at
4 °C unless otherwise specified. Frozen cells containing

PAK. This peptide encompasses the CRIB (Cdc42/Rac Cdc42Hs were thawed in 100 mL lysis buffer (5 mM

interactive binding) domain, which is also present in WASP
and the ACKs and has been identified on the basis of

imidazole, 500 mM NaCl, 20 mM Tris-HCI, pH 8.0) with
0.1 mM GDP and a cocktail of protease inhibitorsu@/

sequence alignment as an important determinant in themL aprotinin, leupeptin and pepstatin, and 1@/mL

binding of Cdc42Hs and Ra@%). The binding interface is
more extensive than that described for Rapl1A-RE®)(

benzamidine and PMSF). Cells were homogenized using a
Teflon-glass homogenizer, and lysozyme and deoxycholic

and the chemical shift changes encompass a large surfacecid were added to 1 mg/mL and 0.8 mg/mL respectively.

of Cdc42Hs, suggesting that PAK binding has significant
effects on the tertiary structure of this GTP-binding protein.

EXPERIMENTAL PROCEDURES

Protein Expression.Cdc42Hs used in these experiments
was expressed as a hexa-histidine-tagged protetisameri-
chia coli strain BL21(DE3) from pET-15b-Cdc42Hs. This

Cell lysates were incubated for 30 min, followed by the
addition of DNase | and MgGto final concentration of 20

ug/mL and 20 mM, respectively. The lysates were then

disrupted using a Polytron. The insoluble fraction was
removed by centrifugation at 2009Cor 20 min. The
supernatant was applied to an iminodiacetic acid column (15
mL) previously charged with Ri and equilibrated with

expression plasmid was subcloned to contain the N-terminalbinding buffer (5 mM imidazole, 500 mM NaCl, and 20 mM

181 amino acids (including a glycine, serine, and histidine
before the starting methionine) from the original pGEX-
Cdc42Hs expression plasmigf) to improve the yield and

to remove the unstructured C-terminal t&r). For samples
labeled homogeneously withN or N/*3C, **NH,CI and

Tris-HCI, pH 8.0). The column was washed with binding
buffer and washing buffer (25 mM imidazole, 500 mM NacCl,
and 20 mM Tris-HCI, pH 8.0) and eluted with a 25 to 300
mM imidazole gradient containing 500 mM NaCl and 20
mM Tris-HCI, pH 8.0. Thrombin was added to the pooled

13C-glucose were substituted for their unlabeled counterpartsCdc42Hs-GDP (identified by 10% SB$AGE) and dia-

in the M9 media28). Specifically, a single colony contain-
ing plasmid pET-15b-Cdc42Hs was growrr #h in 5 mL

of LB containing 50ug/mL ampicillin (this concentration
of ampicillin was maintained in all media). This 5 mL
culture was washed twice with 5 mL of freshxM9
unlabeled media and transferred to 200 mL ofN29
unlabeled media to grow 12 h at 3T in a shaker flask.
The 200 mL culture was then washed twice with 200 mL of
2xM9 unlabeled media, resuspendedi L of 2x M9 1°N-

or N/3C-labeled media, and grown in a Hi-Density
Fermentor (Lab-Line Instrument, Melrose Park, IL) to £D
= 0.7. Cells were harvesie6 h after induction with 0.5
mM IPTG by centrifugation at 100@0for 15 min (4 °C)
and stored at-70 °C.

Several modifications of this procedure were required to
produce®®N,’H-Cdc42Hs. >NH,Cl and?H-sodium acetate
were used in the M9 as the sole nitrogen and carbon
sources, and 5@g/mL carbenicillin was used throughout
the procedure. A single bacterial colony containing expres-
sion plasmid pET-15b-Cdc42Hs was grown in 3 mL of 33%
D,O LB for 12 h at 37°C in a 15 mL culture tube. An
aliquot (100uL) was then transferred to 3 mL of 67%0
LB for an additional 12 h. Finally, 108L was transferred
to 3 mL of >98% D,O LB for 12 h. An aliquot (5QuL) of
this culture was transferred to 50 mL 808% D,O 2xM9
and was grown for 3 days at 3T in a shaker flask. This
50 mL culture was then transferred 2 L of >98% D,O
2xM9 and grown for 2 days at 37TC. When ORg = 0.5
was reached, induction began with 0.5 mM IPTG. Cells

lyzed agains4 L of 20 mM Tris-HCI (pH 8.0) for at least
5 h before the addition of 1@g/mL PMSF to stop the
reaction. The mixture (containing Cdc42@DP, hexa-
histidine tag, and thrombin) was loaded on a 15 mL
Q-Sepharose column (equilibrated with 20 mM Tris-HCI,
pH 8.0), washed with 20 mM Tris-HCI (pH 8.0), and eluted
with a 0 to 300 mMNaCl gradient. Cdc42H&DP was the
only protein in the mixture that bound to this column.
Following elution, Cdc42H&DP was identified by 10%
SDS-PAGE, concentrated to 20 mg/mL [Bradford assay
(30) after correction based on an amino acid analy3](
and dialyzed against NMR buffer (25 mM NaCl, 5 mM
NaH,PO;,, 5 mM MgCh, and 1 mM NaN, pH 5.5).
Exchange of GDP for GMPPCP was performed as described
by John et al.31). Cdc42HsGMPPCP was further dialyzed
extensively in NMR buffer and concentrated to 20 mg/mL.
A supernatant containing GST-PBD46 was extracted from
bacteria in the same manner as described for His-Cdc42Hs
except that PBS was used as the lysis buffer. The super-
natant was mixed with 50 mL of GST Sepharose-4B beads
which were equilibrated with PBS. The mixture was poured
onto a column, washed with 300 mL of PBS and 100 mL of
20 mM Tris-HCI, pH 8.0. The GST fusion protein was
eluted with 10 mM GSH in 20 mM Tris-HCI (pH 8.0), and
fractions containing GST-PBD46 (identified by 10% SBS
PAGE) were pooled+100 mL) and incubated with thrombin
for 5 h. The solution was lyophilized, resuspended in 3 mL
of H,O, centrifuged, and loaded on to a Sephacryl S-100
gel filtration column prior equilibrated with 20 mM Tris-

were harvested after 36 h of induction as described above.HCl and 150 mM NacCl, pH 8.0. Purified PBD46 was eluted,

PBD46 was expressed as a GST fusion protein (pGEX-

2T-PBD46) in Escherichia colistrain BL21(DE3). This

identified by SDS-PAGE, lyophilized, resuspended in 2 mL
of H,0, dialyzed in the NMR buffer described above, and
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FiIGURE 1. ThelH,>N-HSQC spectra of"N-Cdc42HsGMPPCP (black) anéPN-Cdc42HsGMPPCP-PBD46 (red) are shown with peaks

labeled with assignments. Side-chain glutamine and asparagine correlations are not labeled. Since only Cdc42Hs is uniformly labeled with
15N, only correlations between nitrogen and amide protons on Cdc42Hs are observable. Note: the extensive chemical shift changes between
the PBD-bound and PBD-free forms BN-Cdc42HsGMPPCP. The insert is an enlargement at lower contour levels of a partially bound
15N-Cdc42HsGMPPCP preparation showing both bound and unbound peaks, indicating that the complex is in slow exchange.

concentrated to 5 mg/mL. PBD46 and Cdc42BI&IPPCP
were then mixed (1 mL each of the protein stocks) and
incubated at 4C overnight. The complex was purified on
a Sephacryl S-100 column equilibrated with NMR buffer.

Protein samples used for NMR experiments were supple-

mented with 10% BO. The concentration 3PN-Cdc42Hs
GMPPCP was 1.0 mM>N-Cdc42HsGMPPCP-PBD46 was
1.0 mM, and*®N,?H-Cdc42HsGMPPCP-PBD46 was 0.8
mM. All samples were in NMR buffer at pH 5.5 without
pH correction to counter isotope effects.

Binding of PBD46 to Cdc42HsA fluorescence reporter

group, SNBD, was covalently attached to Lys150 on Cdc42Hs
(32). sNBD-labeled Cdc42Hs undergoes a characteristic

fluorescence decrease when bound to PBD [excitation at 488
nm and emission at 545 nr@3)], providing an environment-
sensitive probe for monitoring the binding of Cdc42Hs to
PBD. Accordingly, 55 nM of SNBD-Cdc42HGTP in NMR
buffer was excited at 488 nm, aliquots of concentrated PBD
constructs were added, and the fluorescence quenching was
monitored. TheKp was determined by nonlinear least-
squares fit to the following equation:

F

(Kp + L+ R) = y/(Kp + L, + Rt)2—4RtLt.
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A Construct o s s SeqUence Binding
PBD74 GSKERPEISLPSDEEHTIHVGFDAVTGEFTGIPEQWARLLQTSNITKLEQKKNPQAVLDVLKFYDSKETVNNQK +++
GSKERPEISLPSDFEHTIHVGFDAVTGEFTGIPEQWARLLQTSNITKLEQKKNPQAVLDVLKFYD +++
PBD4 6 GSKERPEISLPSDFEHTIHVGFDAVTGEFTGIPEQWARLLOQTSNIT +++
GSKERPEISLPSDFEHTIHVGFDAVTGEFTGIPEQWAR -
GS---PEISLPSDFEHTIHVGFDAVTGEFTGI PEQWARLLQTSNITKLEQKKNPQAVLDVLKFYDSKETVNNQK +
GS———PEISLPSDFEHTIH\{GFDAVTGEFTGI PEQWARLLQTSNITKLEQKKNPQAVLDVLKFYD -
CRIB domain
4t Kp = 5-20 ;M
+: Kp = 1000 nM
- Kp>1mM
B C 12
a2
0.12 s
1.0 5 . .
0.10 2
S L
2 08 o-PBD
> 0.08 - & s+ PBD
oo O 0.6[
5 0.06 =
0,04 [sNBD-Cdc42): 55 nM E 04l o
<3 o °
Kg4: 20 nM o
0.02 0.2
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ki ' i ' ' % s 10 15 2 25 30 38
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FiGure 2: Sequence and characterization of PBD46. (A) The amino acid sequences of the PBD constructs tested are shown along with an
indication of the affinity of each sequence for Cdc42BBIPPCP based on the sNBD-binding assay. PBD46 was the shortest construct
which bound with high affinity. (B) Binding of PBD46 to sSNBD-Cdc42#®MPPCP results in a fluorescence decrease upon binding

(the y-axis represents a decrease in fluorescence intensitip Af 20 nM was calculated as described in the Experimental Procedures.

(C) Inhibition of Cdc42Hs-catalyzed GTP hydrolysis by PBD46. In the absence of PBD46, Cdc42Hs hydrolyzed G fofvpproximately

14 min. In the presence of 1M of PBD46, a significant decrease in the rate’#? release from the GTPase was observed. The curve
shown for the GTPase activity in the absence of PBD is a single-exponential fit to the data.

where F is the change in fluorescence over the initial
fluorescence AF/F,), Fi is the initial value ofAF/F,, Fsis
the final value ofAF/F,, L; is the total concentration of PBD,
andR; is the total concentration of Cdc42Hs.

Measurement of GTPase Agty of Cdc42Hs. The
hydrolysis of GTP by Cdc42Hs was measured by monitoring
the release of?P from [y-32P]GTP bound to Cdc42H29).
Purified Cdc42Hs (1@M) was complexed with @M [ y-32P]-
GTP (360 000 cpm/pmol) in TEDA buffer (20 mM Tris-
HCI, pH 7.5, 10 mM EDTA, 1 mM DTT, and 50 mM NacCl)
and 80ug/mL bovine serum albumin for 20 min at room
temperature. To initiate hydrolysis of the bound GTP,
aliquots of the Cdc42Hs were then diluted into a reaction
mixture containing 25 mM Tris-HCI, pH 7.5, 1.3 mM DTT,
40 mM NaCl, 5 mM MgC}, 200 ug/mL bovine serum
albumin, 100uM nonradioactive GTP, and either purified
PBD46 or control buffer (TEDA buffer, 40% glycerol).
Aliquots were filtered on BA-85 nitrocellulose filters

(Schleicher and Schuell) and washed under negative pressure.

The amount of?P remaining associated with Cdc42Hs was
determined by liquid scintillation counting of the filters.

NMR SpectroscopyNMR experiments were performed
at 25°C on a Varian Inova 600 spectrometer with a triple

3D Experiments for Sequential Backbone Assignments
For both®N,**C-Cdc42HsGMPPCP and®N,**C-Cdc42Hs
GMPPCP-PBD46, an HNCA was collected (HNCA with
decoupling of G nuclei) as in Yamazaki et al36) except
for the removal of sensitivity enhancement pulses. During
t;, WALTZ-16 decoupling was applied to protons, allowing
the removal ofT; (C, constant time period), and WURST
decoupling 87, 3§ is applied to both the carbonyls ang C
nuclei 39). An HN(CO)CA experiment used a nonsensi-
tivity-enhanced version of the pulse sequence in Yamazaki
et al. @0), except for the addition of SEDUCE decoupling
of C, nuclei duringz (in which coupling develops between
nitrogen and the carbonyl) and WURST decoupling ¢f C
nuclei int;, as well as WALTZ-16 decoupling of protons in
t;, allowing the removal of (C, constant time period). An
additional series of experiments were used to correlate
backbone amides and amide protons gondclei: HBCB-
CACONNH and HNCACB ¢41-43).
3D NOESY ExperimentsH,'>N-NOESY-HSQC 84, 49
experiments were acquired &tN-Cdc42HsGMPPCP 1°N-
Cdc42HsGMPPCP-PBD46'*N,°H-Cdc42HsGMPPCP, and
15N,2H-Cdc42HsGMPPCP-PBD46 using a pulse sequence
which features water suppression by a selective pulse on the
water resonance followed by dephasing with a gradient

resonance pulsed-field gradient probe. Data were collectedqyring the mixing period, as well as by a gradient applied

in the States-TPPI mod&3, 39 for quadrature detection.
Chemical shifts were referenced as described previo@sg)y (

2D Heteronuclear Experiment2D *H,*N heteronuclear
single quantum coherence [HSQQG5|] spectra were ac-

while the magnetization of interest is spin-ordered during
the final INEPT transfer step.

Processing of NMR Experimentata were processed
with version 2.3 of Felix software (Molecular Simulations,

quired on Cdc42Hs, and Cdc42Hs-PBD46 samples in which Inc.) on an SGI Indy workstation, with preprocessing for

Cdc42Hs was homogeneously labeled wtN.

sensitivity-enhanced experimenéb). Data were, in most
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cases, zero-filled to double the original number of data points
and apodized by convolution with a squared sinebell window
function shifted by 66-90°, depending on the relative
amount of signal in the data. Linear prediction was
sometimes applied during the transformation of this final
dimension to increase resolution. Data visualization and
spectral assignment utilized the XEAS¥6G) program.

RESULTS AND DISCUSSION

Optimization of Cdc42Hs and PBD Constructa.com-
plex of full-length*N-Cdc42Hs 27) with a 74 amino acid
PBD construct described previouslygf gave rise tdH,N-
HSQC spectra with unacceptably broad lines (data not
shown). By removing the flexible C- and N-terminal
portions of the original Cdc42Hs construct [note that the
original construct contained 9 amino acids that were not
native to Cdc42HSs, but remained from the cloning of the
cDNA (27)], the resulting 178 amino acid protein produced
excellent spectra (Figure 1).

The original 74 amino acid PBD construct was found to
be unstable due to proteolysis during purification. Therefore,

to determine the core binding sequence of PBD, a series of

truncation mutants of both the N- and C-termini surrounding
the CRIB sequence [Figure 2A2%)] was expressed and
purified as GST fusion proteins. Following removal of GST
by thrombin and purification, binding assays of each peptide
to sNBD-labeled Cdc42Hs were performed according to
Nomanbhoy et al. 32) as described in the Experimental

Procedures. Among the constructs tested, PBD46 was the

smallest peptide which maintained an affinity for the GTP-
bound form of Cdc42Hs close to that of native mPAK-3
(Figure 2B,Kp = 20 nM vs 5 nM for the wild-type protein).
In addition, like mPAK-3, PBD46 inhibited the hydrolysis
of GTP by Cdc42Hs (Figure 2C). As shown in Figure 2C,
Cdc42Hs hydrolyzed GTP rapidlys, of approximately 14
min) in the absence of PBD46. However, in the presence
of 10uM of PBD46, no GTP hydrolysis was observed within
the time of the experiment. Thus, both the binding affinity
and function of the p21-binding domain found in mPAK-3
(15, 19 is preserved in PBD46. As shown in Figure 1, the
complex of PBD46 with'>N-Cdc42HsGMPPCP produced
excellent!H,'>N-HSQC spectra.

Backbone Assignments of Cdc428MPPCP and lIts
Complex with PBD46.The assignments for a full-length
construct of Cdc42H&MPPCP have been reported previ-
ously 27). The truncated form used in the current experi-
ments showed minor chemical shift changes, and the
assignments{C,'®°N-Cdc42HsGMPPCP) were verified us-
ing four triple resonance experiments (HNCO, HNCA,
HBCBCACONNH, and HNCACB) which provided assign-
ments for all backbone resonances as well ageSonances
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Ficure 3: Changes in chemical shift as a function of residue

with the exception of several resonances broadened bynumber upon Cdc42H&MPPCP binding to PBD46. The changes

conformational dynamics on an intermediate time scale
[resonances in the P-loop (residues—14%), switch |
(residues 3641) and switch Il (residues 5%1) (27)].

As described above, the binding of PBD46 to Cdc42Hs
GMPPCP exhibits high affinity, and HSQC spectralt-
Cdc42HsGMPPCP partially complexed with PBD46 ex-
hibits peaks arising from both bound and unbouf-
Cdc42HsGMPPCP, indicating that the complex is in slow
exchange (Figure 1, inset). As shown in Figure 1, a large

for the amide proton and amide nitrogen are derived from the
1H,5N-HSQC spectra and the changes in thenGclei are derived
from an HNCA spectrum. The weighted average was generated by
scaling to the range of chemical shifts in the samplelférand

15N nuclei (4.3 and 29.6 ppm, respectively) and to the average
chemical shift range fol°C, nuclei [6.6 ppm, calculated from the
data in Wishart et al.52)]. The gray bars indicate the residues for
which intermolecular contacts have been observed from the NOE
experiment shown in Figure 5. Ambiguity due to missing assign-
ments in either the bound or unbound spectra is present for positions
13-15, 35-40, 58-61, and 66-68.
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A

Switch 11

Ll st

Chemical sShift Changes NOE Contacts

Ficure 4: (A) The structure of Cdc42H&DP 27) colored to indicate the chemical shift changes upon binding of PBD46. Large chemical

shift changes (absolute value of the weighted average of the chemical shift change from Figure 3 is greater than 0.5) are shown in red and
smaller changes (absolute value of the weighted average of the chemical shift change from Figure 3 is greater than 0.2) are shown in cyan.
Residues for which there is an uncertainty are shown in green. The greatest uncertainty arises because a number of peaks in switch | are
not observable in the absence of PBD46 but can be observed and assigned in the complex, thus changes in chemical shift cannot be
determined. (B) The same structure colored red to indicate positions of the residues which have intermolecular NOEs to PBD46.

number of resonances exhibit significant chemical shift Cdc42Hs 29). Thus, the chemical shift changes are entirely
changes to the extent that the assignments could not be madeonsistent with the functional effects of PBD46. In contrast,
solely upon inspection of the HSQC spectrum. The same the binding of RBD to H-Ras does not modify the GTPase
four triple resonance experiments used for the uncomplexedactivity of H-Ras 48). Likewise, the structure of Rapl, a
form of Cdc42HsGMPPCP (HNCO, HNCA, HBCBCA- Ras antagonist, bound to RB®4) is identical to the
CONNH, and HNCACB) were used to assign tH€ °N- structure of H-Ras, suggesting that RBD does not produce a
Cdc42HsGMPPCP-PBD46 complex. Unlike uncomplexed structural change in H-Ras upon binding. Thus, the interac-
Cdc42HsGMPPCP, all resonances in switch | (residues 25 tion of PBD46 with Cdc42Hs is qualitatively different than
38) could be assigned in the complex. One likely explana- the interaction of RBD with H-Ras.

tion, consistent with the data presented below, is that Identification of the Binding Surface on Cdc42HShemi-
interaction with PBD46 modifies the dynamics of switch I, cal shift changes indicate where the chemical environment
presumably by stabilizing the structure of this region of the is modified upon binding PBD46. Although the changes
protein. The observed chemical shift changes (Figures 1 andoften map to the binding interface, other regions of the
3) are extensive and map to the N-terminal half of Cdc42Hs protein experiencing conformational changes upon binding
and theo5 helix. Figure 4A indicates where on the structure may also exhibit changes in chemical shift. For this reason,

of Cdc42Hs the chemical shift changes are observed. a more precise method of mapping the interface is to measure
The chemical shift changes map to the face of the protein intermolecular NOE interactiongt9). A fully deuterated
that encompasses switch | (residues—28), switch Il 15N-Cdc42HsGMPPCP sample was purified in ,8-

(residues 5867), and a portion of the P-loop (residues-10  containing buffers and complexed with natural abundance
15). Thus, the binding of PBD46 might be expected to affect PBD46. During the purification procedure, protons were
the binding and hydrolysis of nucleotide as well as interaction exchanged back onto the amides, providing a Cdc42Hs
with GAP proteins [which bind to the switch | and switch Il sample with deuterons on the carbons and protons on the
region of Cdc42Hs47)]. As shown above, PBD46 inhibits amides. A three-dimensiondH,*>N-NOESY-HSQC can
GTP hydrolysis (Figure 2), and other studies have shown then be used to detect NOE interactions between amide
that it decreases the dissociation of nonhydrolyzable GTP protons within Cdc42Hs and, more importantly, intermo-
analogues 29). Likewise, the original 74 amino acid lecular NOE interactions between Cdc42Hs and PBD46. In
construct of PBD inhibits the binding of Cdc42Hs-GAP to a'H,'>N-NOESY-HSQC spectrum of uncomplexéd,*>N-
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FiIGURE 5: Slices from a 3D'H,'>N-NOESY-HSQC spectrum of
15N,2H-Cdc42HsGMPPCP complexed with natural abundance

Guo et al.

Thus, mutations of critical residues facing PBD at the
interface would be expected to interfere significantly with
the binding interaction.

This binding surface is much more extensive than that
observed for the RapiRBD interaction 24). In that case,
the interaction was an intermolecular antiparaffetheet
extending from E37 to R41 of Rapl. The pattern of NOEs
defining the interface suggest that an antipardllsheet is
also present at the Cdc42HBBD46 interface, but that the
[B-sheet, in this case, extends for an additional six residues.
These results suggest that pzand switch | region of Ras-
like proteins may be an effector interface; however, the extent
of the interface likely varies and this variation could explain
the specificity of interaction and variety of functional effects
observed in different members of the Ras superfamily. The
indication that a number of other regions on the Cdc42Hs
molecule are affected by PBD (compare panels A and B of
Figures 4) raises the attractive possibility that the binding
of one effector (e.g., PAK) influences the contact sites for
other effectors or regulatory proteins. There is increasing
evidence that the signaling activities mediated by small GTP-
binding proteins require multiple effector interactions and
probably occur within multicomponent complex&s. ( Thus,
the ability of one effector (PAK) to influence the binding of
other effectors could provide a mechanism for coordinating
multiple signaling pathways emanating from a single G-
protein. Future work will be directed toward extending these
observations to establish whether PAK influences specific
effector interactions and what the biological consequences
might be for such types of interplay.
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