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ABSTRACT: Cdc42Hs is a member of the Ras superfamily of GTPases which, when active, initiates a
cascade beginning with the activation of several kinases, including P21-activated kinase (PAK). We
previously determined the structure of a complex between a 46 amino acid fragment peptide derived
from the PAK binding domain (PBD46) and Cdc42Hs‚GMPPCP (Gizachew, D., Guo, W., Chohan, K.
K., Sutcliffe, M. J., and Oswald, R. E. (2000)Biochemistry 39, 3963-3971). Previous studies (Loh, A.
P., Guo, W., Nicholson, L. K., and Oswald, R. E. (1999)Biochemistry 38, 12547-12557) suggest that
the regions of Cdc42Hs that bind effectors and regulators have distinct dynamic properties from the
remainder of the protein. Here, we describe the backbone dynamics of PBD46 bound to Cdc42Hs‚GMPPCP.
T1, T2, T1F, and steady-state nuclear Overhauser effects were measured at 500 and 600 MHz. An extension
of the Lipari-Szabo model-free analysis was used to determine the order parameters (S2) and local
correlation times (τe) of the N-H bond vectors within PBD46. Both Cdc42Hs and PBD46 exhibit increased
mobility in the free versus the bound state, suggesting that protein flexibility may be required for high-
affinity PBD46 binding and, presumably, the activation of PAK. Different backbone dynamics were
observed in different regions of the peptide. Theâ-strand region of bound PBD46, which makes contacts
with â2 of Cdc42Hs, exhibits low mobility on the pico- to nanosecond timescale. However, the part of
PBD46 that interacts with Switch I of Cdc42Hs exhibits greater mobility. Thus, PBD46 and Cdc42Hs
form a tight complex that exhibits concerted dynamics.

The members of the Ras superfamily of low molecular
weight GTP binding proteins (G proteins) are involved in a
number of diverse biological processes, including cell
growth, differentiation, cytoskeletal organization, membrane
and protein trafficking, and secretion (1). G proteins are
molecular switches that play important roles in a variety of
signal-transduction pathways. Their biochemical activities
are determined by the nature of the guanine nucleotide (either
GDP1 or GTP) that is bound to the active site. When bound
to GTP (or GTP analogues), G proteins are active and cap-
able of mediating specific biochemical reactions or binding
events. They remain in this state until the GTP is hydrolyzed

to GDP by the intrinsic GTPase activity of the protein. The
levels of the active (GTP-bound) and inactive (GDP-bound)
protein are regulated by interactions with regulatory proteins,
such as GTPase activating proteins (GAPs), which increase
the GTPase activity, guanine nucleotide exchange factors
(GEFs), which catalyze the exchange of GDP for GTP, and
guanine nucleotide dissociation inhibitors (GDIs), which
inhibit the dissociation of nucleotide. The most extensively
studied member of the Ras superfamily is Ras P21. This
protein is found in almost all cell types; single amino acid
mutations of the ras genes are found in approximately 30%
of human tumors and thus constitute the most prevalent
oncogene in human carcinogenesis (2).

One subfamily of Ras-like proteins is the Rho subfamily.
Members of the Rho subfamily (including Cdc42Hs, Rho,
and Rac) play important roles in the regulation of cell
proliferation, differentiation, and cytoskeletal organization
by binding to different effectors, which initiate a cascade of
protein-protein interactions (1). A variety of effectors have
been identified and include the p85 subunit of the PI3 kinase
(3), the Wiskott-Aldrich syndrome protein (WASP;4), the
ACK tyrosine kinase (5), and the P21-activated serine/
threonine kinase (PAK;6, 7). In several cases (e.g., WASP,
ACK, and PAK), effectors have a common region called the
CRIB (Cdc42Hs-Rac interactive binding) domain (8).

Interaction of Cdc42Hs with PAK initiates a cascade of
kinase interactions, which leads to the activation of the
nuclear stress-responsive MAP kinases, JNK1, and p38.

† This work was supported by Grant R01 GM56233 from the
National Institutes of Health.

* To whom correspondence should be addressed at Department of
Molecular Medicine, Cornell University. Phone: 1-607-253-3877.
Fax: 1-607-253-3659. E-mail: reo1@cornell.edu.

1 Abbreviations: GDP, guanosine-5′-diphosphate; GTP, guanosine-
5′-triphosphate; GMPPCP,â,γ-methylene derivative of GTP; GST,
glutathione S-transferase; PBD46, 46 amino acid portion of the
Cdc42Hs binding domain on PAK; PAK, P21-activated kinase; GEF,
guanine nucleotide exchange factor; GAP, GTPase activating protein;
GDI, guanine nucleotide dissociation inhibitor; Switch I, residues 31-
40 on Cdc42Hs; Switch II, residues 57-74 on Cdc42Hs; HSQC,
heteronuclear single quantum correlation; NMR, nuclear magnetic
resonance;T1, longitudinal relaxation time;T2, transverse relaxation
time; T1F, longitudinal relaxation time in the rotating frame; NOE,
nuclear Overhauser effect; ACK, ACK tyrosine kinase that interacts
with Cdc42Hs; fACK, residues 504-545 of ACK tyrosine kinase;
WASP, Wiskott-Aldrich syndrome protein; WASP-GBD, residues
230-288 of WASP that bind to Cdc42Hs.

14368 Biochemistry2001,40, 14368-14375

10.1021/bi010989h CCC: $20.00 © 2001 American Chemical Society
Published on Web 11/02/2001



PAKs are members of a family of serine/threonine protein
kinases, and so far, four PAK (PAK1-4) subtypes have been
identified in mammals (9, 10). These are classified by their
interaction with the small GTPases, Cdc42Hs, and Rac.
PAK1-3 have an N-terminal half that includes autoregula-
tory and interaction segments and a C-terminal kinase
domain. The crystal structure of a PAK1 dimer has been
determined (11). In the inactive state, the inhibitory switch
domain of PAK1 positions a polypeptide segment across the
kinase cleft, and it has been suggested that GTPase binding
results in the conformational rearrangement of the inhibitory
switch domain which leads to activation of the enzyme. A
46 amino acid peptide (PBD46), which binds Cdc42Hs (KD

≈ 16 nM), was derived from the PAK1 dimerization domain
(12). This PBD46 construct includes the CRIB motif that is
required for Cdc42Hs binding and has shown a high affinity
for Cdc42Hs compared to other shorter constructs of PAK
binding domains (12). However, the binding affinity of
PBD46 is similar to that of longer constructs of PAK such
as PBD74 (which has an additional 28 amino acids at the C
terminus of PBD46;12). The NMR structure of the complex
between Cdc42Hs and PBD46 has been determined (13),
revealing that, while PBD46 is unstructured and highly
mobile in its free form, PBD46 becomes structured when it
is bound to Cdc42Hs. Cdc42Hs also shows complex internal
motion (particularly in the regions termed Switch I and
Switch II) when unbound, but upon binding to PBD46, the
degree of motional complexity is reduced (14).

While information on the three-dimensional structure of
the Cdc42Hs-PBD46 complex (13) has thrown light on the
finer details of the interactions between the two proteins, it
has been suggested that many of the regulatory functions
and mechanisms may be subtly dependent on the dynamic
properties of both Cdc42Hs and PAK (14, 15). In this work,
the backbone dynamics of PBD46 while bound to Cdc42Hs
have been studied by expressing and purifying15N-labeled
PBD46 and natural abundance Cdc42Hs. The extended
Lipari-Szabo model-free order parameters and local cor-
relation times were derived using measurements of NMR
relaxation parameters. PBD46 was found to have several
regions with distinct backbone dynamics that correlate with
specific regions of the binding interface and with the
backbone dynamics of Cdc42Hs in those regions.

EXPERIMENTAL PROCEDURES

Protein Preparation and Purification. The details of cell
growth and protein purification for Cdc42Hs have been
described previously (12). Briefly, unlabeled Cdc42Hs is

expressed as a hexahistidine-tagged protein inEscherichia
coli strain BL21(DE3) from pET-15b-Cdc42Hs. This expres-
sion plasmid was subcloned to include the 178 N-terminal
amino acids (and a glycine, serine, and histidine which occurs
before the starting methionine) from the original pGEX-
Cdc42Hs expression plasmid (16) to improve the yield and
to remove the unstructured C-terminal tail. The Cdc42Hs
construct as expressed is bound to GDP so that the protein
is in its inactive form. To activate Cdc42Hs, GDP was ex-
changed for GMPPCP (which is a nonhydrolyzable analogue
of GTP; one molecule of GMPPCP binds one molecule of
Cdc42Hs), using the protocol described by John et al. (17).
Each Cdc42Hs‚GMPPCP (active form) molecule binds one
molecule of PBD46.

The expression and purification of PBD46 have also been
reported previously (12). Briefly, the15N-labeled and GST-
fused PBD46 peptide was expressed in 2× M9 medium
using 15N-labeled NH4Cl as the sole source of15N. After
the glutathione S-transferase (GST)-fused PBD46 was ex-
tracted from the cells, the GST-PBD46 protein was purified
using a GST affinity column, and later was eluted from the
affinity column with 10 mM GSH in a 20 mM Tris-HCl
(pH ) 8) buffer. The GST was cleaved from PBD46 by
adding thrombin and incubating for 12 h. The completeness
of the cleavage was confirmed by PAGE on a 10% SDS
gel. The15N-labeled PBD46 was mixed with natural abun-
dance Cdc42Hs‚GMPPCP and incubated at 4°C for 12 h.
The complex was then dialyzed to exchange the Tris-HCl
buffer with an NMR buffer (25 mM NaCl, 5 mM NaH2PO4,
5 mM MgCl2, and 1 mM NaN3, pH ) 5.5). Unbound PBD46
was separated from bound PBD46 using a Superdex-75
(Pharmacia) sizing column. The sequence alignments of
PBD46 with peptides derived from PAK1 (18), ACK (19),
and WASP (20) are shown in Figure 1.

NMR Spectroscopy. Samples of both the Cdc42Hs‚
GMPPCP-PBD46 complex and free PBD46 were prepared
at approximately 0.5 mM in an NMR buffer with 10% D2O.
Spectra were obtained on Varian Inova 600 MHz (Cornell
Biomolecular NMR center) and Varian Unity 500 MHz
(Cornell Chemistry NMR facility) spectrometers. Both
spectrometers were equipped with triple-resonance pulsed-
field gradient probes. Spectra were obtained at 25°C in the
States-TPPI mode (21, 22) for quadrature detection. Carrier
frequencies for1H and 15N were 4.75 and 118.42 ppm,
respectively.

Data were processed using NMRPipe version 1.6 on a Sun
Ultra 5 workstation. Sensitivity-enhanced experiments were
preprocessed (23) and were zero-filled to double the original

FIGURE 1: Sequence alignment of PBD46 and peptides derived from PAK1 (18), ACK (19), and WASP (20). Numbering shown is that for
the intact proteins. For PBD46, both the protein and the peptide (as used in the text) numberings are shown. The CRIB sequence is underlined,
and secondary structures are indicated by an arrow for aâ strand and by a cylinder for a helix.
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data points. The data were apodized with a Gaussian window
function. Numerical solvent suppression was applied prior
to Fourier transformation, and a polynomial function was
applied for baseline correction after Fourier transformation.
Spectra were visualized and peaks picked using the PIPP
macro (version 4.3.1) assignment programs (24).

T1, T2, and T1F values were measured with sensitivity
enhancement using 128× 512 real data points at 16 scans
per point, using pulse sequences described elsewhere (25,
26). T1F data were obtained using continuous15N spin locking
(27). Twelve relaxation data points were used to define each
decay curve, and delay times were in the range of 12-1102
ms for T1, 16-150 ms forT2, and 8-96 ms forT1F. Peak
volumes were determined by fitting a Gaussian line shape
to the experimental peaks using the program nlinLS (24).
Relaxation times (T1, T2, andT1F) were then obtained using
conjugate gradient minimization and Monte Carlo simulation
to fit the relaxation delay points to an exponential decay
function (28). Errors in the relaxation times were chosen as
the larger of those from the relaxation fit or from replicates
of measured relaxation delay peak volumes (the average of
the standard deviations of two or three (in most cases) sets
of replicates).

T1F values were corrected for off-resonance effects using
the following equations (29):

whereθ is the tip angle,B0 is the stationary magnetic field,
B1 is the spin-lock field strength (2.5 kHz), and∆δ is the
chemical shift offset from the carrier frequency of15N. For
the nuclear Overhauser effects (NOEs), the ratio of the
integrated cross peaks of the1H-15N heteronuclear NOE
spectra was calculated from the equation

whereVsat andVno satare the volumes of a given peak from
the spectra collected with and without proton saturation,
respectively. Three sets of data (with and without proton
saturation) were obtained. The nine possible combinations
of NOE values were calculated, and the standard deviation
was used as the uncertainty in the measurement. Because
only one set of NOE data for the free PBD46 was obtained,
standard deviations in the NOE values were determined from
the root-mean-square baseline noise as described by Nichol-
son et al. (30).

Theory and Data Analysis. The major relaxation mecha-
nisms in1H-15N heteronuclear relaxation experiments are
the dipolar coupling between the amide15N nucleus and that
of the attached proton and the chemical shift anisotropy of
15N. The measurable relaxation parameters (T1, longitudinal
relaxation;T2, transverse relaxation; steady-state NOE) can
be related to the spectral density function (J(ω)) which, in
turn, depends on the dynamics parameters (eq 4). The
expression forT2 includes a chemical-exchange term (Rex),
which is dependent upon the field strength (31). Thus,
collecting data at more than one field strength is of value

for determining the contribution of the chemical exchange
to the dynamics parameters.

The spectral density function can be related to the
amplitudes and timescales of the internal motions through
order parameters (S2) and local correlation times (τe), using
an approach pioneered by Lipari and Szabo (32) and later
extended by Clore et al. (33).

for which

whereω is the Larmor frequency of the15N nucleus andτi

is the local correlation time on either the fast (f) or slow (s)
timescale relative toτm (τf < τs < τm), the molecular
correlation time.S2 ) Ss

2Sf
2 is the square of the generalized

order parameter characterizing the amplitude of the internal
motions of each N-H bond, andSf

2 andSs
2 are the squares

of the order parameters for the internal motions on the fast
(τf) and slow (τs) timescales, respectively. The value ofS2

ranges between 0 (unrestricted isotropic motion) and 1
(completely restricted motion).

Previous studies (14, 15) have shown that the Cdc42Hs‚
GMPPCP-PBD46 complex exhibits isotropic molecular
motion withτm ) 18.6 ns at 25°C. Using an isotropic model,
the values of the parameters that characterize the residue-
specific (Sf

2, Ss
2, τe, and Rex) dynamics of PBD46 were

obtained by fitting the relaxation data to five different dy-
namic models (Table 1) at two field strengths, while holding
the value ofτm fixed, using the program ModelFree (version
4; 34) as described previously (14). The most appropriate
model for each residue was chosen on the basis of the nested
F-test criterion, which takes into account the varying number
of degrees of freedom in the different models (34).

RESULTS

Relaxation Data. The 1H-15N HSQC spectrum of free
PBD46 (Figure 2A) is poorly dispersed in the proton
dimension, indicating that the peptide is not well structured.
In contrast, the well-dispersed spectrum of bound PBD46
(Figure 2B) is consistent with a highly structured peptide.

1
T2

) 1
T1F

csc2 θ - 1
T1

cot2 θ (1)

θ ) arctan(B0∆δ
B1

) (2)

NOE ) Vsat/Vno sat (3)

Table 1: Models Used in the Analysis of Backbone Dynamics

model fit parameters assumptionsa

1 S2 S2 ) 1, τf f 0, τs f 0, Rex ) 0
2 S2 andτe S2 ) 1, τe< τm, Rex ) 0
3 S2 andRex S2 ) 1, τf f 0, τs f 0
4 S2, τe, andRex S2 ) 1, τe< τm

5 Ss
2, Sf

2, andτe τf f 0, τe< τm,Rex ) 0
a For models 1, 3, and 5,τf is assumed to be sufficiently fast as

to make a negligible contribution to the relaxation parameters. In
models 2 and 4, the slow component is absent andτf ) τe. In models
1-4, S2 ) Sf

2. Models 3 and 4 are derived from models 1 and 2,
respectively, by including a nonzero chemical-exchange contribution,
Rex, in the relaxation model to accommodate chemical-exchange and
other pseudo-first-order processes that contribute to the decay of the
transverse magnetization on timescales slower than the overall cor-
relation time,τm.

J(ω) ) 2
5[ S2τm

1 + (ωτm)2
+

(1 - Sf
2)τ′f

1 + (ωτ′f)
2

+
(Sf

2 - S2)τ′s
1 + (ωτ′s)

2 ] (4)

1
τ′i

) 1
τi

+ 1
τm

(5)
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To assess the dynamics of PBD46,T1, T1F, T2, and NOE
values at 600 MHz andT1 andT1F values at 500 MHz were
determined for the bound form of PBD46;T1, T1F, T2, and
NOE values at 600 MHz were determined for the free form
of PBD46. Sequence assignments of the backbone N-H
resonances of bound PBD46 have been previously published
(13). Four 1H-15N correlations were unassigned, including
the first two residues in the peptide. A large error in the
exponential decay fits precluded the use of residue 46 in the
relaxation parameter analysis. Residue 46, the last residue
of the peptide, may relax much more slowly than the rest of
the amino acids because of its fast and complex motion,
which reduces effective relaxation mechanisms. The average
values (with standard errors of the mean) of the remaining
relaxation data for both the free and bound PBD46 are shown
in Table 2. The averageT1 and the NOE values are signifi-
cantly lower and the averageT2 values are significantly
higher for free PBD46 than for bound PBD46. This indicates
that the free peptide is highly mobile as compared to bound
PBD46.

Residue-specificT1 values are shown in Figure 3A. The
three regions of the bound peptide that were considered on
the basis of the structure of the complex (13) exhibit
differences in relaxation parameters. These include(1) N-
and C-terminal residues (T1 ) 0.96 ( 0.05 s), which have
shorterT1 values than the structured regions of the peptide,
(2) residues 9-19, which form aâ strand and have higher

T1 values (averageT1 ) 1.35( 0.03), and(3) residues 20-
40, which contact Switches I and II and have averageT1

values that are slightly lower than residues 9-19 (average
T1 ) 1.22 ( 0.02).

Similarly, the different regions of the bound peptide clearly
show different ranges ofT2 values (Figure 3B). Both the N
and C termini exhibit relatively longT2 values (up to 393
ms for residue 45 at 600 MHz) as compared to the average
T2 of 58.7 ( 1.1 ms for the remainder of the peptide.
Furthermore, the averageT2 in the â-strand region is 54.8
( 1.1 ms, while the averageT2 value in the region that
contacts Switches I and II increases to 60.7( 1.4 ms. In
particular, residue V25 has a particularly longT2 (75.2 ms)
for the structured regions of PBD46. The variation ofT2 in
the different parts of the peptide has been observed in both
the T1F and T2 experiments. As shown in Table 2, the av-
erage T2 values derived fromT1F are not significantly
different from those observed using directT2 measurements,
and no systematic differences between the two measurements
were found.

Like the other relaxation measurements, the different
regions of the peptide exhibit systematic differences in NOE
values. The N- and C-terminal residues have negative or low
NOE values. Theâ-strand region has an average NOE value
of 0.73( 0.02, and the region contacting the switches has
an average NOE of 0.63( 0.03, with V25 and E28
exhibiting the lowest NOE values of 0.36 and 0.38, respec-

FIGURE 2: 1H-15N HSQC spectra of(A) free PBD46 and(B) PBD46 bound to Cdc42Hs‚GMPPCP. Only PBD46 is uniformly15N-labeled;
therefore, Cdc42Hs resonances do not appear in the spectrum. In addition to1H-15N backbone correlations, several side-chain amide
resonances appear on the spectra. Both spectra were obtained at 600 MHz.

Table 2: Average Values of Relaxation Parameters with Standard Errors of the Mean for Bound and Free PBD46

600 MHz T1 (s) T2 from T1F (ms) T2 (ms) NOE S2

N and C termini 0.96( 0.05 198( 39 202( 40 0.014( 0.146 0.235( 0.065a

residues 9-19 1.35( 0.03 54.8( 3.3 55.8( 0.9 0.728( 0.024 0.752( 0.033
residues 20-40 1.22( 0.02 60.7( 1.4 64.2( 4.5 0.633( 0.033 0.625( 0.027a

bound PBD46b 1.19( 0.03 91.7( 13.3 94.6( 13.6 0.511( 0.059 0.566( 0.038
free PBD46b 0.78( 0.02 367( 17 0.14( 0.02

500 MHz T1 (s) T2 from T1F (ms) 500 MHz T1 (s) T2 from T1F (ms)

N and C termini 0.80( 0.04 238( 55 residues 20-40 0.99( 0.03 66.5( 4.9
residues 9-19 1.00( 0.03 55.6( 1.5 bound PBD46b 0.95( 0.02 104( 18

a Significantly different at the 0.01 level relative to residues 9-19 (ANOVA and Student’st test).b Average relaxation parameters for the entire
peptide.
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tively (Figure 3C). Thus, the three relaxation measurements
(T1, T2, and NOE) show consistent differences in different
regions of the peptide.

Backbone Dynamics. The dynamics model best describing
the data for each residue in bound PBD46 is shown in Figure
4A. Residues 18-21 and 36 are fit best with model 1,
whereas residue 10 is fit best with model 2. The remaining
residues are fit best with model 5, which indicates that the
peptide, despite the fact that it is somewhat immobilized in
its bound state, exhibits motion on two timescales. None of
the residues in the peptide fit either model 3 or model 4,
indicating the absence of chemical-exchange processes on
the micro- to millisecond timescale.

(a) N and C Termini.The residue-specific order parameters
and local correlation times for bound PBD46 are shown in
Figure 4. TheS2 values for the N and C termini are smaller
than theS2 values of the other regions of the peptide. This
indicates that both the N and C termini exhibit high mobility
on the pico- to nanosecond timescale, which is consistent
with relatively unstructured portions of the peptide that make
minimal contact with Cdc42Hs (13).

(b) Residues 9-19 (â-Strand Region). The averageS2 in
this region is 0.75( 0.03 (averageτe values of 1.48( 0.19
ns, excluding S12 and E15), indicating limited pico- to
nanosecond timescale motion. Residues S12 and E15 show
long τe with large error (Figure 4B), suggesting that these
residues may have complex backbone dynamics that were
not well-characterized by the models. From the NMR
structure (13), E15 and T17 make hydrophobic contacts with
the conserved residue Y40 in Cdc42Hs. In addition, the
carboxyl group of E15 can hydrogen bond with the hydroxyl
group of Y40 (Cdc42Hs). These interactions in addition to
the hydrogen bonding across theâ sheet may restrict the
internal motion of this region.

(c) Residues 20-40 (Region That Contacts Switches I and
II and the P Loop).The averageS2 value for this region is
0.63( 0.03, which indicates that this region has increased
mobility relative to the â strand. However, the order
parameters vary in this region, depending upon the contact
with Cdc42Hs. Those residues in PBD46 near the end of
theâ strand and in contact with Switch II (residues 19-21)
show somewhat decreased mobility and are best fit by model
1 (vs model 5 for most of the remainder of the peptide).
This parallels the motional characteristics of Cdc42Hs, which
suggest that although Switch II undergoes chemical exchange
in the free form, it exhibits a much simpler motion in the
bound form (14). Also, the Switch II region of the complex
of Cdc42Hs‚GMPPCP and PBD46 gives rise to more NOEs
and a better-defined structure (13) than the corresponding
region of free Cdc42Hs (35). An unusually low-order

FIGURE 3: Relaxation data at 600 MHz for PBD46 bound to
Cdc42Hs‚GMPPCP.(A) Residue-specific spin-lattice relaxation
times, T1. (B) Residue-specific spin-spin relaxation times,T2,
derived fromT1F measurements. The inset shows the expanded
region of theT2 plot that does not include the N and C termini.(C)
Residue-specific steady-state NOEs. The horizontal lines in each
of the three plots indicate the average values of the relaxation
parameters for residues 9-19 and 20-40.

FIGURE 4: Residue-specific dynamics parameters extracted from
the extended Lipari-Szabo model-free formalism (33) for PBD46
bound to Cdc42Hs‚GMPPCP: (A) order parameters and(B) local
correlation times. In part A, the residues fit best with model 1 are
indicated at the top of the plot by an open box, and those fit best
by model 2 are shown with a gray box. All others are best fit with
model 5. In a few cases (S10, E15, and G31), the best-fit model
producedτe values that almost reached the value ofτm and had a
very high error, indicating that local motions on a pico- to
nanosecond timescale for these residues are difficult to model
accurately. The value ofτe for G31 (14.05( 4.79 ns) is off-scale.
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parameter has been observed for residue V25 (S2 ) 0.27(
0.03). V25 interacts with T35 of Cdc42Hs and is in a region
of Cdc42Hs that exhibits significant internal motion, even
in the complex with PBD46 (Figure 5B;14). Likewise, other
residues in close proximity to flexible residues in Switch I
also exhibit low-order parameters (A24 and E28). In contrast,
several residues in close proximity to the P loop of Cdc42Hs
(E34, W36, and A37) exhibit somewhat higher-order pa-
rameters, consistent with the lack of motional complexity
and high-order parameters in the P loop of bound Cdc42Hs
(14). The P loop plays an important role in GTP hydrolysis,
and the interaction of PBD46 with this region of Cdc42Hs
may play a role in restricting the conformational adjustments
required for enzymatic activity. Thus, while residues 20-
40 have generally lower-order parameters than theâ-strand
region of PBD46, the order parameters vary according to
the dynamics characteristics of the regions of Cdc42Hs with
which they make contact.

DISCUSSION

Free PBD46 is highly mobile and unstructured, while
PBD46 when bound to Cdc42Hs is less mobile and highly
structured. The NMR structure of the Cdc42Hs‚GMPPCP-
PBD46 complex (13) shows that the binding of PBD46 to
Cdc42Hs encompasses a large surface area interacting with
Switches I and II, the P loop,R1, andR5 of Cdc42Hs (Figure
5). In addition, PBD46 forms an antiparallelâ sheet with
the â2 strand of Cdc42Hs. The extensive binding surface
between PBD46 and Cdc42Hs can account for the high
affinity of the complex and the effects of PBD46 on both
the GDP-GTP exchange rate and the rate of GTP hydrolysis
(12). This is reflected in the significant negative enthalpic
component of binding (∆H ) -13.0 kcal/mol,∆G ) -10.6
kcal/mol;36) accompanied by entropic loss associated with
loss of internal motion in both Cdc42Hs and PBD46 upon
complex formation (T∆S of -2.4 kcal/mol at 25°C; 36).
However, the net entropic loss is in part a balance between
the loss of entropy due to a restriction of the backbone and

the increase in entropy due to an increased flexibility of the
side-chain methyls in the complex (15).

Here, we have shown that bound PBD46 exhibits signifi-
cantly different dynamic properties (Table 2) in the regions
of the peptide that interact with different structural regions
of Cdc42Hs (13). The N- and C-terminal regions of the
bound peptide have low-order parameters (which suggests
that these regions of the peptide experience high-amplitude
motion on a pico- to nanosecond timescale). This is
consistent with the structure of the complex, which indicates
little or no interaction between Cdc42Hs and the termini of
the peptide. The one exception to this is K3 of PBD46, which
does interact with two leucines (L174 and L177) near the
C-terminal end of theR5 helix of Cdc42Hs (13). However,
this interaction occurs through relatively long side chains
so that the N-H bond vector of this residue could maintain
high flexibility while interacting significantly at the side
chains.

In contrast, theâ-strand region (residues 9-19) exhibits
order parameters higher than those of the other regions of
the peptide. The relatively low mobility of this region can
be attributed to the antiparallelâ sheet that is formed with
theâ2 strand of Cdc42Hs. In the absence of PBD46, theâ2
strand of Cdc42Hs is somewhat more mobile than the
remainder of theâ sheet (models 2 and 5;14). Upon binding
to PBD46,â2 is fit exclusively with model 1, and the order
parameters increase slightly (14). Significantly, residues in
Switch I and extending to the N-terminal end ofâ2 are not
observed in the unbound form of Cdc42Hs (apparently
because of exchange broadening) but are clearly observed
upon PBD46 binding (12). Thus, the binding of PBD46
seems to decrease the internal backbone motions of theâ2
strand of Cdc42Hs. Furthermore, the reduced motion ofâ2
is reflected in the reduced motion of PBD46 in this region.

Beyond theâ-strand region of PBD46 (residues 23-31,
V25 in particular), the bound peptide exhibits increased
internal motion. In general, these residues are in close
proximity to Switch I of Cdc42Hs. Figure 5B shows both

FIGURE 5: (A) NMR structure of the Cdc42Hs‚GMPPCP-PBD46 complex showing the secondary structures of both Cdc42Hs and PBD46.
Cdc42Hs is depicted in cyan and PBD46 in yellow. Switch I, Switch II, and the P loop are shown in white, and GMPPCP is shown in
green.(B) Ribbon structure colored according to the order parameters: blue, residues of Cdc42Hs that haveS2 values below 0.8; cyan,
residues of PBD46 that haveS2 values above 0.8; green, residues of PBD46 that haveS2 values below 0.8 and above 0.6; yellow, residues
of PBD46 that haveS2 values below 0.6 and above 0.4; orange, residues of PBD46 that haveS2 values below 0.4 and above 0.2; red,
residues of PBD46 that haveS2 values below 0.2. Residues in PBD46 for whichS2 has not been determined are shown in gray.
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Cdc42Hs and PBD46, colored according to the order
parameters. It is interesting to note that, excluding the termini
of both proteins, the regions showing the lowest-order
parameters in both Cdc42Hs and PBD46 in the complex are
in close contact. Switch I of Cdc42Hs is a highly mobile
region of the protein (14), and it is this part of the protein
that has extensive interactions with different effectors (e.g.,
ACK, WASP, and PBD46) and regulatory proteins (e.g., GDI
and GAP). Because this region of Cdc42Hs remains mobile
in the complex with PBD46 (14), PBD46 and Cdc42Hs are
likely to move in concert. Changes in the internal dynamics
of proteins upon complex formation have important conse-
quences for the binding energies of the interaction and
associated conformational changes. Given the dynamic
behavior of the two free species and the concerted motion
of the bound complex, the two species have adapted to each
other to form a low-energy, induced-fit conformation.
Considering the role of flexibility and the concerted motion
of the bound complex, one prediction would be that
restricting the number of conformations available to Switch
I or Switch II may modify the affinity or block the binding
of effectors. Thus, mutations that affect the flexibility of
Switch I might alter the energy landscape such that effector
binding is diminished or eliminated.

Although some similarities exist between the NMR
structure of the bound PBD46 (13) and the crystal structure
of isolated PAK1 (11), such as aâ strand in the same region
(Figure 1), the NMR data show the presence of neither the
â hairpin, the secondâ strand, nor the helix that are present
in the isolated PAK structure. In particular, the chemical shift
index, H-D exchange rates, and lack of diagnostic NOEs
indicate the absence of a helix in the bound structure of
Cdc42Hs-PBD46 (only one NOE was observed that would
be consistent with a helix in the region of PBD46 (residues
33-44) that corresponds to the helix in PAK1 (residues
100-111), and neither the chemical shift index nor the H-D
exchange are consistent with a helical structure;13). Our
dynamics studies on bound PBD46 support the absence of a
helical structure, because low-order parameters were ob-
served particularly for residues 40-45 which includes the
region of PAK1 that exhibits a helical structure. Recently,
Morreale et al. (18) reported an NMR structure of the
complex between Cdc42Hs and another PAK fragment
(residues 75-118). The 75-118 PAK peptide (Figure 1) is
longer at the C terminus (an additional five residues) but
shorter by five residues at the N terminus as compared to
PBD46. Their analysis indicates that, like the isolated PAK1,
residues 100-108 (which are equivalent to residues 33-41
in PBD46) form a helical structure in both the free and bound
peptide. The 75-118 PAK peptide binds with a lower
affinity than PBD46 (KD of 16 nM (12) vs 120 nM;37),
and the difference in affinity seems to be due to the truncation
at the N-terminal end (12). Previously Abdul-Manan et al.
(20) studied the NMR structure of Cdc42Hs and WASP-
GBD. Again, a helical structure in the C terminus of the
bound WASP-GBD (WASP-GBD‚Cdc42 complex) was
observed. However, neither free nor bound fACK forms a
helical structure in the C terminus (19). Both PBD46 and
fACK are shorter(Figure 1) at the C terminal as compared
to WASP-GBD and PAK (residues 75-118), but both
exhibit binding affinities as high as or higher than WASP-
GBD and PAK (75-118; 19). It has been shown that

including additional residues from PAK at the C terminus
of PBD46 does not increase the binding affinity (12). Thus,
although the helix may be present in the Cdc42Hs-PAK1
complex, it is unlikely that the helical structure contributes
significantly to the binding energy.

Kim et al. (38) have studied the autoinhibition and
activation mechanisms of WASP and have shown that
WASP-GBD, which is largely unstructured in the free state,
can be induced to form a compact, folded domain structure
by binding to its own VCA domain (a WASP region that
interacts with actin and Arp2/3) or by adding a small amount
of organic solvent to stabilize the secondary structure. It was
suggested that the binding of Cdc42Hs (in a manner that is
competitive with VCA) causes a structural transition in
WASP that results in the dissociation of its intramolecular
contacts and enhanced Arp2/3-mediated actin polymerization.
Likewise, the dimerization region of PAK1 (which includes
the CRIB sequence and encompasses PBD46) and a nearby
inhibitory switch are thought to lose the dimeric and internal
contacts in order to associate with Cdc42Hs. This removal
of the internal contacts between the inhibitory switch and
the kinase domain activates PAK1 (11). It is possible that
an intermediate step in this process would be a largely
unstructured dimerization domain, which would subsequently
bind to Cdc42Hs. This interaction would be analogous to
the interaction between Cdc42Hs and the free, unstructured
form of PBD46, suggesting that the two binding surfaces
form as an induced fit. The flexibility of Cdc42Hs at the
binding interface is characteristic of the interaction surface
of many proteins (39). Determining the characteristics of the
dynamics of both binding partners in the bound and free
states adds an important component to our understanding of
protein-protein interactions and is essential information in
cases where the inhibition of binding may lead to new
therapeutic agents.

SUMMARY

Free PBD46 is highly mobile and unstructured, but its
mobility decreases and it becomes highly structured when
bound to Cdc42Hs‚GMPPCP. Different dynamics charac-
teristics have been observed in the different regions of
PBD46 bound to Cdc42Hs. Both the N and C termini are
highly mobile, mirroring the weak interaction with Cdc42Hs
(13). However, theâ-strand region shows a high degree of
local order in the pico- to nanosecond timescale, reflecting
the high-order parameters observed for the corresponding
region on Cdc42Hs (theâ2 strand;14). Residues 23-31
exhibit increased mobility relative to theâ-strand region; in
particular, V25 has a low-order parameter and interacts with
a particularly mobile region of Cdc42Hs (Switch I). This
mobile region, which exists as a helix in isolated PAK1
(residues 33-44), exhibits somewhat lower-order parameters
than theâ-strand region in PBD46 and does not appear to
be helical. Because PBD46 binds Cdc42Hs with high affinity,
the absence of a helical structure in bound PBD46 indicates
that the contribution of this helix to the binding energy may
not be significant. The dynamic behavior of free PBD46 and
Cdc42Hs and the concerted motion of the bound complex
are consistent with an induced-fit model by which the two
species form a tight, low-energy configuration.
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