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The success of target-based approaches to combat Ras-related
signal transduction events leading to diseases such as cancer

will depend upon understanding the correlations among struc-
tural biology, protein�protein interactions, and protein func-
tion. Indeed, binding events and the activation of protein
receptors may play a role in abnormal cell signaling activities.
Understanding such activities will require approaches that eluci-
date changes in both protein conformation and protein dynamics
that lead to particular molecular events and behaviors. Cdc42 is a
member of the Rho subfamily of Ras proteins, and they are
closely related to small GTPases. These proteins are ubiquitously
expressed, evolutionarily conserved, and among the first human
oncogenic proteins to have been identified.1,2 Mutations or
abnormal expression patterns of Ras proteins have been found
in up to 30% of cancer cell types.1,2 Ras proteins act as molecular
switches that couple extracellular signals to a variety of cellular
responses. Ras protein activities are controlled via cycling
between a biologically active GTP form and an inactive GDP-
bound form.1,3 The function of Cdc42, as well as other Ras
proteins, is largely mediated through protein�protein interac-
tions. Therefore, understanding the specificity governing these
interactions and associated conformational changes is vital for
understanding molecular mechanisms underlying the onset of

diseases such as cancer. Different signals can activate guanine
nucleotide exchange factors (GEFs) that induce the small
G-protein to switch from the inactive, GDP-bound state to the
active, GTP-bound state.4,5 In the active state, the GTPase binds
the downstream effector and the effector in turn can mediate
diverse biological responses. These different signals are termi-
natedwhenCdc42 is deactivated, either through its own ability to
hydrolyze GTP or by means of a reaction catalyzed by GTPase-
activating proteins (GAPs).6 Alternatively, interactions with
regulatory proteins that block GDP dissociation, such as GDP
dissociation inhibitors (GDIs), stabilize the GDP-bound inactive
state and prevent effective GTP�GDP cycling.7 Mechanisms by
which Cdc42 and most Ras proteins participate in cellular
proliferation and/or transformation include mutations that alter
the GTPase activity1,8�11 and mutations that alter the interac-
tions with effectors or regulators.12 The best understood muta-
tions have been those that result in cellular transformation by
inhibiting GTPase activity.1,8 In addition to this, Cdc42 muta-
tions have also been shown to facilitate cell transformation by
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ABSTRACT: Cdc42 is a Ras-related small G-protein and
functions as a molecular switch in signal transduction pathways
linked with cell growth and differentiation. It is controlled by
cycling between GTP-bound (active) and GDP-bound
(inactive) forms. Nucleotide binding and hydrolysis are modu-
lated by interactions with effectors and/or regulatory proteins.
These interactions are centralized in two relatively flexible
“Switch” regions as characterized by internal dynamics on
multiple time scales [Loh, A. P., et al. (2001) Biochemistry 40,
4590�4600], and this flexibility may be essential for protein
interactions. In the Switch I region, Thr35 seems to be critical for
function, as it is completely invariant in Ras-related proteins. To
investigate the importance of conformational flexibility in Switch I of Cdc42, we mutated threonine to alanine, determined the
solution structure, and characterized the backbone dynamics of the single-point mutant protein, Cdc42(T35A). Backbone dynamics
data suggest that the mutation changes the time scale of the internal motions of several residues, with several resonances not being
discernible in wild-type Cdc42 [Adams, P. D., and Oswald, R. E. (2007) Biomol. NMR Assignments 1, 225�227]. The mutation does
not appear to affect the thermal stability of Cdc42, and chymotrypsin digestion data further suggest that changes in the
conformational flexibility of Switch I slow proteolytic cleavage relative to that of the wild type. In vitro binding assays show less
binding of Cdc42(T35A), relative to that of wild type, to a GTPase binding protein that inhibits GTP hydrolysis in Cdc42. These
results suggest that the mutation of T35 leads to the loss of conformational freedom in Switch I that could affect effector�regulatory
protein interactions.
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increasing the rate of cycling between active and inactive forms of
the protein.13 Structural studies of the mutant Cdc42(F28L)
provided evidence that local environmental changes affect the
stability of the nucleotide-binding site leading to aberrant cell
signaling behavior.14

The binding of effector molecules to Cdc42 essentially
involves two regions, Switch I (residues 28�40) and Switch II
(residues 57�74), which can undergo rapid conformational
changes. In fact, it has been reported that the Switch I region
in H-Ras possesses two distinct conformational states, bound to
effectors and unbound.15,16 Indeed, Switch I is the principal
interacting surface for Cdc42 with downstream effectors.11,17 For
Cdc42 in solution, several resonances in the Switch regions
cannot be observed because of increased flexibility in these
regions.18 The binding of effectors to Cdc42 results in the loss
of backbone mobility of the Switch I region, suggesting that the
inherent dynamics may allow Cdc42 to bind to different effector
proteins.19 It has been widely thought that the conformational
freedom of the Switch I region may provide the basis for
nucleotide-dependent signal propagation of Cdc42, and that
the conformational flexibility of this region is central to the
engagement of downstream effectors.17,20,21 This premise agrees
with biological studies.22 Structural studies of Ras have impli-
cated Thr35 in the Switch I region as being critical for the
conformational changes as it is completely invariant in Ras-
related proteins. 31P nuclear magnetic resonance (NMR) studies
with H-Ras(T35A) and Cdc42(T35A) suggested that this muta-
tion causes a signaling defective state.11,16 The 31P NMR spectra
of both proteins in their GTP-bound state revealed only small
changes, suggesting that the nucleotide-binding site of the
mutant was similar to that of the wild type. However, binding
peptide effectors that target the Switch I region produced
significant shifts in 31P resonances in the wild-type Ras�peptide
complexes but not in the T35A�effector complexes, suggesting a
weaker interaction between effector peptide derivatives and the
mutant protein.11,16

To investigate the importance of the conformational flexibility
in Switch I of Cdc42, we have determined the solution structure,
examined the backbone dynamics, and characterized the bio-
chemical activity of Cdc42(T35A) [Protein Data Bank (PDB)
entry 2kb0]. Our results suggest that the mutation of Thr35 leads
to the loss of conformational freedom in Switch I relative to the
rest of the protein. Our results furthermore provide molecular
details about why the conformational flexibility of this region is
inherently important for the recognition of the Ras-related
effectors. Recent studies have implied that innovative strategies
for targeting cancer treatment in the future should target specific
mutant Ras proteins and directly block Ras protein interactions
with oncogenic potential, for example, using antibody
fragments.23 Taken together, the structural and dynamics results
for Cdc42(T35A) suggest that, in addition to strategies for
blocking Ras�protein interactions, strategies for restricting the
conformational flexibility of important binding regions of Ras
leading to the inhibition of effector interactions that facilitate
aberrant signaling activity may also have therapeutic potential.

’MATERIALS AND METHODS

Protein Expression and Purification. Cdc42(T35A) was
cloned, expressed, and purified as described previously for
Cdc42.14,24 Briefly, the Cdc42(T35A) construct was cloned into
a pET-15b vector and subsequently overexpressed in Escherichia

coli. Cultures (5 mL) were initially grown to saturation and used
to seed 1 or 2 L cultures grown in LB broth for unlabeled samples,
and in minimal medium containing 15NH4Cl for

15N-labeled
samples and 15NH4Cl and [

13C]glucose for 15N- and 13C-labeled
samples. Cell cultures were grown at 37 �C to an OD560 reading
of 0.4�0.6, and expression was induced by addition of 1 mM
IPTG (isopropyl β-D-thiogalactopyranoside) for 7�12 h.
(His)6-Cdc42(T35A) and the wild type were expressed and
purified by column chromatography. Matrix-assisted laser de-
sorption ionization mass spectroscopy was used to verify that the
molecular weight of the protein was correct, and gel electro-
phoresis was used to validate the purity of the protein samples.
NMRSample Conditions, Data Collection, and Processing.

All protein samples were prepared in an NMR sample buffer
solution containing 25 mM NaCl, 10 mM NaH2PO4, 5 mM
MgCl2, and 1 mM NaN3 with 8% D2O at pH 5.5 (not adjusted
for isotope effect) at Cdc42(T35A) concentrations of
0.2�0.5 mM in volumes of 500�550 mL for structural studies.
The concentrations of wild-type Cdc42 and T35A used for
relaxation data collection were 1mM.NMR spectra for structural
studies were recorded using Varian Inova 500, 600, and 800MHz
spectrometers. All spectrometers were equipped with triple-
resonance pulsed-field gradient probes. All NMR spectra were
recorded at 25 �C in States-TPPI mode for quadrature
detection.25 Carrier frequencies for 1H and 15N were 4.77 and
115.9 ppm, respectively. Two-dimensional 1H�15N HSQC
spectra were recorded on Cdc42(T35A) homogeneously labeled
with 15N, and resonance assignments were made and deposited
(BMRB entry 15424). Hydrogen�deuterium exchange was
assessed by lyophilizing wild-type Cdc42 or T35A and resus-
pending each in 100% D2O. A series of 1H�15N HSQC
experiments were performed, and the decrease in the volume
and eventual disappearance of 1H�15N cross-peaks were used to
determine the extent of exchange of deuterons for protons.
Three-dimensional 1H�15N TOCSY-HSQC experiments were
conducted with saturating delays of 50 and 70 ms. Three-
dimensional 1H�15N NOESY-HSQC spectra were recorded
using a mixing time of 125 ms. The pulse sequences used
included a water suppression by a selective pulse on the water
resonance followed by dephasing using a gradient in the mixing
period, as well as by a gradient applied while the magnetization
was spin-ordered during the final INEPT transfer step. NMR
spectra were processed using NMRPipe, version 1.6.26 The
spectra were zero-filled and then apodized using a Gaussian
window function prior to Fourier transformation. After Fourier
transformation, a baseline correction was applied. Spectra were
visualized and analyzed using SPARKY.27

Structure Calculation. The structure of Cdc42(T35A) was
modeled and refined using SPARKY27 and CNS.28 A combina-
tion of 1H�15N NOESY-HSQC and 1H�13C NOESY-HSQC
experiments was used to derive distance constraints. In the
spectra, the peak volumes of several well-dispersed and isolated
sequential dRN and dRN(i,i+1) NOE peaks within and between
parallel β-strands, respectively, were compared to the distances
expected for ideal β-sheets (2.2 and 3 Å, respectively). Approxi-
mately 1057 NOESY constraints were classified according to
their relative strength in the NOESY spectrum (<2.4, <3.4, <4.0,
and <5.5 Å). Also, 71 hydrogen bond constraints were also input
into the structure calculations on the basis of the rate of
deuterium exchange, the chemical shift index, and expected
NOE patterns indicative of hydrogen bonding. For each hydro-
gen bond, the constraint for the amide proton�carbonyl oxygen
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distance for the residue was held between 1.8 and 2.3 Å, and
that for the amide nitrogen�carbonyl oxygen distance was
between 2.5 and 3.3 Å.18 Dihedral restraints (total numbers of
101 for ϕ and 100 for ψ) were included for residues in R-
helices and β-sheets, and the constraints were held to favorable
regions of the ϕ�ψ space (for R-helix, ϕ = �80 ( 50� and
ψ = �20 ( 50�; for β-sheet, ϕ = �105 ( 65� and ψ = 145 (
45�) using methods developed by Wishart, Sykes, and
Richardson29,30 as done in the solution structure determina-
tion of other Cdc42 constructs.14,18 Residual dipolar coupling
restraints were generated using a sample of Cdc42(T35A)-
GDP that was partially aligned with a nonionic liquid crystal-
line medium composed of 4% C12E6 [n-dodecyl hexa-
(ethylene glycol)] with hexanol as described previously.14

RDCs were measured from partially aligned and unaligned
samples using TROSY experiments with the phase cycling
modified to observe the nitrogen components individually.
RDC restraints were developed using PALES,31 with optimal
values of Da and R being �9.8 and 0.64, respectively. All
restraints were used to calculate an ensemble of structures for
the protein using CNS. Twelve “best” structures were selected
on the basis of their overall low energies and minimal con-
straint violations, and these structures have been deposited in
the RCSB Protein Data Bank (entry 2kb0). Table 1 gives the
experimental statistics of the structure calculations. The struc-
tures were visualized using Swiss PDBviewer (version 3.7)32

and Chimera33 and analyzed using AQUA,34 PROCHECK-
NMR,35 and the NMR ensemble program, OLDERADO.36

Dynamics Data Analysis. For relaxation studies, T1, T2, and
1H�15N NOE experiments were conducted with wild-type and
T35A samples at 500 and 800 MHz.37,38 The relaxation delays
for T1 experiments were 0, 150, 300, 450, 600, 750, 900, and
1050ms with triplicate experiments recorded with 0 and 450ms
delays at 500 MHz. Delays of 0, 150, 500, 750, 1000, 1250,
1500, and 1750 ms with triplicate experiments with 0 and 1000
ms delays were collected at 800 MHz. T2 experiments used 5,
15, 25, 40, 55, 70, 85, and 100 ms delays in triplicate at 5 and 40
ms at 500MHz. Experiments conducted at 800MHz used 5, 15,
25, 40, 55, 70, and 85 ms delays with 5 and 40 ms delay
experiments repeated. Heteronuclear NOE experiments uti-
lized a 5 s saturation period and a 5 s recycle delay. Spectra
recorded with a 10 s recycle delay were used as references. All
NOE experiments were conducted in triplicate. T1 and T2

values were obtained by fitting the peak intensities to a single
exponential using NMRPipe.26 Heteronuclear NOEs were
measured as the ratio of peak intensity from the spectra
collected with saturation divided by the volume of the same
peak in the reference spectra. The relaxation data sets were
subjected to model-free analysis using TENSOR39 and Model-
free4.40 The diffusion tensors of wild-type Cdc42 and T35A
were determined using the three-dimensional coordinate files
of PDB entries 1aje and 2kb0, respectively.
In Vitro Binding Assays. For in vitro pull down assays, a

peptide derivative of p21-acivated serine/threonine kinase
(PAK) that binds to wild-type Cdc42, PBD46 (H2N-GSKER-
PEISLPSDFEHTIHVGFDAVTGEFTGIPEQWARLLQTS-
NIT-COO�), was expressed and purified,17 as was GST
(control). Aliquots (5 mg) of GST-PBD46 (or GST alone) were
mixed with 5 mg aliquots of partner proteins, wild-type Cdc42 or
Cdc42(T35A), according to quantification, and 0.5 mM
GMPPCP was added to the mixtures. The total mixture volume
was increased to 2 mL via addition of PBS buffer. After incuba-
tion of the mixture for 4 h at 4 �C, 50 μL of Glutathione
Sepharose beads (GEHealthcare) was added to precipitate GST-
PBD46 (or GST) after incubation for 1 h; then the supernatant
was discarded, and the beads were washed with PBS buffer at
least three times. Fifty milliliters of 10 mM glutathione in 25 mM
Tris (pH 8) was used to elute protein on the Sepharose beads.
Ten microliters of each elution sample was run on 15% sodium
dodecyl sulfate�polyacrylamide gel electrophoresis (SDS�
PAGE), and band intensities were measured to calculate the
relative amount of complex formed. In all gels, there was an equal
density representing a doublet of GST-PBD46 indicating that
equal amounts were pulled down by glutathione beads in wild-
type Cdc42/PBD46 and Cdc42(T35A)/PBD46mixtures, which
has been seen in other in vitro binding assays using PBD with
Cdc42 bound to various other nucleotides.11 The corresponding
intensity of the 20 kDa band on a 15% SDS�PAGE gel was
measured using a UVP Biospectrum Imaging System. As a
negative control, wild-type Cdc42 and Cdc42(T35A) were
incubated with GST alone, as mentioned above, and the incu-
bated mixture did not show a band for the wild type or T35A in
the eluted sample, indicating that there was specific binding with
PBD46 (data not shown).
Proteolytic Digestion Assay. Chymotrypsin (Sigma-Aldrich),

trichloroacetic acid (TCA), NaCl (BDH), sodium phosphate, and
urea (J. T. Baker) were of analytical or ultrapure grade. The
proteolytic experiments with wild-type Cdc42 and Cdc42(T35A)
were conducted at 25 �Cusing chymotrypsin in a buffer containing
100 mM NaCl and 10 mM NaH2PO4 (pH 8.0). Proteolytic

Table 1. Structural Statistics and Restraint Data for the
Structure Calculation of Cdc42(T35A)a

ensemble of 12

structures

most representative

structure

rmsd from

experimental constraints

NOE distances (Å) 0.018 ( 0.004 0.018

dihedral angles (deg) 0.37 ( 0.05 0.38

rmsd from

secondary structure

bonds (Å) 0.0015 ( 0.0001 0.0015

angles (deg) 0.33 ( 0.02 0.33

impropers (deg) 0.35 ( 0.02 0.34

Restraint Data (no.)

long-range

NOEs (|i � j| > 4)

174

medium-range

NOEs (4 > |i � j| > 1)

883

total NOEs 1057

intraresidue 457

sequential 475

medium-range 169

long-range 246

hydrogen bond 142

ψ 101

j 100

NH backbone

RDC restraints

74

a Fromthe average structure for backbonenon-hydrogen atoms: 0.859(0.01.
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digestions were performed in triplicate at an enzyme:substrate
(wild type or T35A) ratio of 10:1 (enzyme:protein). The protease
activity was stopped after incremental time intervals (20, 40, 50,
60, 70 80, 90, 100, and 110 min) by the addition of 100% TCA.
After TCA precipitation, 8 M urea was added to the protein
sample, and the degree of proteolytic cleavage was measured from
the intensity of the 20 kDa band on a 15% SDS�PAGE gel
corresponding to the uncleaved protein (time zero) (wild type or
T35A), using UN-SCAN-IT gel version 6.1 (Silk Scientific). The
control band was taken to be 100% to calculate the percentage of
cleavage that occurred.
Differential Scanning Calorimetry. Temperature-induced

unfolding of wild-type Cdc42 versus Cdc42(T35A) was per-
formed using a Nano-DSC III differential scanning calorimeter
(Calorimetry Sciences Corp.). A 1 mg/mL solution of Cdc42
(wild type and T35A) was dialyzed extensively against 1� PBS
with 0.5mMMg2+ at pH 7.5 and 4 �C. After dialysis, each protein
sample was degassed before it was heated from 20 to 80 �C using
a scan rate of 1.0 �C/min. The cells containing each protein
sample were equilibrated for approximately 10 min before each
run, and buffer samples without protein were run prior to each
experiment to obtain a baseline and subtracted from the protein
scan. Each protein sample was scanned in triplicate. CpCalc
(Calorimetry Sciences Corp.) was used to construct the melting
curve and to determine the Tm value.

’RESULTS AND DISCUSSION

Overall Structure andBackboneDynamics of Cdc42(T35A).
The solution structure of Cdc42(T35A) was characterized to
examine conformational differences imparted by the mutation in
the Switch I region when the side chain OH group of residue 35 is
removed. An ensemble of the 12 lowest-energy structures of
Cdc42(T35A) (PDB entry 2kb0) calculated from NMR-deter-
mined distance, hydrogen bonding, dihedral, and residual dipolar
coupling restraints is shown (Figure 1A). The core of Cdc42-
(T35A) is comprised of residues 3�11, 15�24, 28, 29, 39�46,
48�58, 75�103, 109�117, 123�133, 136�150, and 152�177.
The core region is similar to wild-type Cdc4218 and to other
Cdc42 mutants, such as Cdc42(F28L).14 There were no changes
observed for the secondary structure regions in Cdc42(T35A)

relative to those of the wild type, as Cdc42(T35A) consists of a six-
stranded β-sheet structure around its C-terminal R-helix just as in
the wild type (Figure 1B). As seen with the wild type, and other
mutants of Cdc42,14,18 the Switch I and II regions and, to a lesser
extent, the Insert region (RI) show structural disorder relative to
the rest of the protein. The nucleotide-binding site seemed to be
unaffected by themutation, as there were no noticeable differences
observed for residues that comprise the nucleotide-binding pocket
of Cdc42(T35A) relative to that of the wild type in 15N HSQC
spectra.24 This is in agreement with 31P NMR studies of H-Ras-
(T35A) andCdc42(T35A) that showed very small, if any, changes
in the 31P NMR spectra.11 Therefore, the mutation in Cdc42-
(T35A) does not seem to alter the overall folding of Cdc42, and
the globular structure of Cdc42(T35A) is largely similar to that of
wild-type Cdc42.
The backbone dynamics for Cdc42(T35A) were characterized

from 15N relaxation parameters. Plots of the longitudinal (T1)
and transverse relaxation (T2) rates and steady state hetero-
nuclear NOE values are shown in Figure 2. The primary
structure of Cdc42(T35A) consists of 166 non-proline residues,
and ∼72% of the backbone amide resonances for both the wild
type (119 residues) and T35A (120 residues) were observable.
One notable difference was that resonances for residues 40 and
41 were broadened and unobservable in the wild-type spectra.
This broadening is less significant in the Cdc42(T35A) spectra,
allowing analysis of NH bond vector internal dynamics for these
residues. Because of resonance overlap in both the wild type and
Cdc42(T35A), there were a number of resonances excluded
from the analysis, including residues 35�39 in the Switch I
region. However, in contrast to the wild-type spectra, the
Cdc42(T35A) spectra contained resonances from residues 38,
40, and 41 in Switch I and residues 57, 59, 61, 63, 71, and 74 in
Switch II for which internal dynamics parameters could be
obtained. The NH resonances from residues 35 and 36 were
also observed for Cdc42(T35A); however, they suffered from
resonance overlap, making confident analysis of relaxation data
impossible. Overall, relaxation data from regions with well-
defined secondary structure of both Cdc42 constructs corre-
spond very well to the previously published data for wild-type
Cdc42 and Cdc42(F28L).19,41 Because the Switch I (residues
28�41) and Switch II (residues 57�74) regions participate in
the interaction of Cdc42 with effector proteins, the internal
motions of these regions are of particular interest. However,
direct comparisons for these regions are not possible because of
the resonance broadening and signal overlap in the NMR spectra
of wild-type Cdc42.
Relaxation data were subjected to a model-free formalism,42

to extract parameters describing the internal motion of the
individual NH bond vectors. We compared the relaxation data
collected at both 500 and 800 MHz for both wild-type Cdc42
and Cdc42(T35A) and found that the trends in the plots of the
data as a function of residue number agreed very well for both
proteins. However, to minimize effects that can arise in the
amplification of the CSA term at high field strengths, only the
data collected at 500 MHz were used in the dynamics analysis.
The τC for wild-type Cdc42 was 10.9 ( 0.3 ns and that for
Cdc42(T35A) 11.0 ( 0.2 ns. An axially symmetric diffusion
tensor fit best, with a Dpar/Dper for wild-type Cdc42 equal to
0.84 ( 0.02 and that for Cdc42(T35A) equal to 0.71 ( 0.02.
Most of the core internal dynamics could be described by
models 1 and 2 (S2 or S2 and τe) (Figure S1 of the Supporting
Information). S2 order parameter values, which are used to

Figure 1. Structure of Cdc42(T35A)-GDP. The 12 lowest-energy
structures were superimposed relative to the average structure generated
using Xplor-NIH. They were visualized using Chimera.33 The GDP
nucleotide was superimposed on the structure(s) using coordinates
from the X-ray crystal structure of wild-type Cdc42 (PDB entry 1AN0).
(A) All 12 twelve structures overlaid with each other and (B) the most
representative structure, as defined by OLDERADO.36
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characterize themobility of backboneN�Hbonds, calculated from
both TENSOR and Modelfree4 were in agreement for both wild-
typeCdc42 andCdc42(T35A). The average per residuemagnitude
of the difference in S2 between TENSOR and Modelfree4 was
0.031 for the wild type and 0.039 for Cdc42(T35A), both being on
the same order of magnitude as the error of S2 determination. S2

values were consistently larger in Cdc42(T35A) relative to the
corresponding S2 values determined for the wild type (Figure 3).
Thus, it appeared that some regions of Cdc42(T35A) were more
conformationally constrained than the wild type, with the largest
differences occurring in the Switch regions. As listed in Table 2, the
overall average S2 for both proteins was∼0.89. However, the range
of S2 values for the Switch I region was 0.78�0.86 for Cdc42-
(T35A) compared to 0.60�0.79 for the wild type. These results
indicated that that the Switch I region of T35A showed some
differences in the amplitudes ofmotion, and/or less conformational
freedom, relative to the corresponding region in the wild type.
NMR studies of Cdc42 in complex with PBD46 (a peptide
derivative of p21-activated serine/threonine kinase) also revealed
chemical shift changes that were largest within Switch I and Switch
II, and the P-loop (phosphate-binding loop).17 These results may
account for the inhibition of GTP hydrolysis by PBD46.17

Structure and Backbone Dynamics of Switch Regions. Switch I.
The observation of additional backbone NH resonances suggests
that the Switch I region in Cdc42(T35A), while still poorly
structured, behaves differently than the corresponding region in

thewild type (Figure 4). Thr35 inRas proteins is crucial for binding
to effector proteins; however, it may not be directly involved in
effector interactions.16 This implies that other residues in the
Switch I regionmay be affected by the T35Amutation, as observed

Figure 2. Relaxation data for wild-type Cdc42 (black circles) and Cdc42(T35A) (red circles) measured at 800 MHz. The blue shaded bars indicate
residues 28�41 (Switch II), and the pink shaded bars highlight residues 57�74 (Switch 2): (A) T1, (B) T2, and (C) NOE.

Figure 3. Residue-specific S2 values extracted for wild-type Cdc42
(black circles) and Cdc42(T35A) (red circles) from the extended
Lipari�Szabo Modelfree formalism. The Switch I and II regions are
highlighted with a light green block around the regions. The data shown
are from an analysis of the relaxation data using TENSOR.
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in the NMR spectra. Shima et al.43 have shown via X-ray structures
that two conformational states for the Switch I region of H-Ras
may account for its ability to interact freely with effector proteins.
We were able to observe approximately 1.5 times as many back-
bone NHNOE restraints in the Switch I region for Cdc42(T35A)
(58 total, 23 inter-residue, 8 long-range) relative to the number in
the wild type (39 total, 20 inter-residue, 3 long-range). Figure 5A
depicts only the backbone of the ensemble of structures fromwild-
type Cdc42 (PDB entry 1aje) and Cdc42(T35A) (PDB entry
2kb0). A comparison of the backbone rmsd values revealed that
Switch I BBRMSDCdc42(T35A) = 1.48 ( 0.065, whereas Switch I
BBRMSDwild-type Cdc42 = 2.95 ( 0.115. As can be seen, the
backbone of Switch I from the ensemble of structures, while still
random coil in both proteins, highlights a reduced level of
conformational freedom, particularly at the C-terminal end of
Switch I (residues 38�41) for Cdc42(T35A). In addition, we
observed new medium to weak NOEs between residues near the
C-terminal end of Switch I and residues in and just adjacent to the
Switch II region in T35A; for example, one observes with Cdc42-
(T35A), but not with the wild type, medium and weak backbone

NOEs involving 39NH and 59HB, and 40HN and 55NH, and a
side chain NOE between 39HD and 56HZ (aromatic proton).
Mutagenesis studies and NMR measurements with Cdc42 and
PAK (p21-activated serine/threonine kinase) furthermore have
shown that residues 38 and 40 of Switch I are vital to the binding
and maximal interaction of the two proteins.7,44 Both the Switch I

Table 2. Average Values of Overall Order Parameters (S2)
and Deviations from the Average Overall S2 for the Switch I
and II Regions for Wild-Type Cdc42 and Cdc42(T35A)a

wild-type Cdc42 Cdc42(T35A)

average S2 protein 0.89 ( 0.04 0.89 ( 0.04

average Switch I S2 (28�41) 0.73 ( 0.10 0.81 ( 0.03

average Switch II S2 (57�74) 0.85 ( 0.091 0.88 ( 0.05

%ΔS2 (Switch I)b 18.5% 8.6%

%ΔS2 (Switch II)b 4.6% 1.5%
aBoth proteins were in the GDP-bound form. Residue ranges of
each region are given in parentheses. b%ΔS2 = |(avgS2protein �
avgS2region)/

avgS2protein| � 100.

Figure 4. Two-dimensional 15NHSQC spectrum of wild-type Cdc42 (black) overlaid with that of Cdc42(T35A) (red). The inset (top right) highlights
a region of the spectrum containing resonances from three residues on the C-terminal portion of the Switch 1 region of Cdc42T35A (residues 38, 40,
and 41). These resonances are well-defined in the Cdc42T35A spectrum but could not be detected in theHSQC spectrum of wild-typeCdc42 because of
excessive line broadening.18

Figure 5. (A) Stereoview of the backbone ensemble of the Switch I
region of wild-type Cdc42 and Cdc42(T35A). (B) Backbone of the
Switch I region colored on the basis of best-fit dynamics model assign-
ments from dynamics calculations. Model assignments are as follows:
white for unassigned, blue for model 1 (S2 only), green for model 2 (S2

and τe), orange for model 3 (S2 and Rex), red for model 4 (S2, Rex, and
τe), and yellow for model 5 (Sf

2, Ss
2, and τe).
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region and the β2 region (residues 40�46) following Switch I
have been implicated as the interface for effector protein binding
with Cdc42.17 As residues in these regions cannot be observed on
the NMR time scale in wild-type Cdc42, it seems plausible that the
fast time scales of motions may result from multiple, interconvert-
ing conformations of Switch Imade possible by the presence of the
OH group of Thr35 in Switch I, as has been examined previously.24

This could, in turn, lead to the notion that interactions with
effectors, such as PAK, are made possible by conformational
selectivity45 for a particular conformation, facilitating the strong
binding interactions that occur between effector proteins andwild-
type Cdc42.17 Nonetheless, our data highlight an apparent re-
duced flexibility that may reduce the number of possible con-
formations for the Switch I region in Cdc42(T35A) when the OH
group of Thr35 is not present. A study of the molecular details of
the complex of Cdc42(T35A) and effectors, such as PAK or
GTPase-binding derivatives of PAK, would be useful to confirm
these possibilities.
Spoerner et al.16 suggested from kinetics and 31PNMR studies

there are two dominant conformational states of Ras, one in the
absence and another in the presence of effectors; however, in
Ras(T35A), this was not the case. The arguments for two
conformational states of the Switch I region were strengthened
by X-ray studies of M- and H-Ras.43 The increased number of
observable resonances in Switch I in Cdc42(T35A) indicates that
the conformational flexibility of Switch I in T35A may be more
restricted than in wild-type Cdc42. This result could be due to a
change in the transition rate and/or populations of the possible
conformational states that have been suggested for H- andM-Ras
by Shima et al.43

The “Switch” binding regions in wild-type Cdc42 are unstruc-
tured and flexible, yet crucial for interactions of Cdc42 with
effectors that inhibit important regulatory control mechanisms,
such as GTP hydrolysis,17 a property seen also with other Ras
proteins.46,47 Cdc42 behaves like H-, K-, and M-Ras and Rap in
that, in these Ras proteins, millisecond time scale motions are
seen for the Switch I region.15,48 We characterized the backbone
dynamics of Cdc42(T35A) to discover which regions of the
protein might be most influenced by the T35A mutation.
Figure 5B depicts the models of motion, extracted for the
observable residues of Switch I for the wild type relative to
Cdc42(T35A). Even though the average overall order parameter,
S2, is 0.89 for both proteins (Table 2), a residue-by-residue
comparison leads to an average S2 difference of �0.06 ( 0.04
between the two forms [Cdc42(T35A) vs wild-type Cdc42].
There were, furthermore, regions in which backbone order
parameters differed significantly. As seen in Figure 3, the S2

values for residues that can be observed in both wild-type Cdc42
and Cdc42(T35A) in the Switch regions are consistently larger
in the mutant. For Cdc42(T35A), a number of observable
residues in Switch I have an S2 that is near the average value
for the entire protein. For wild-type Cdc42, some values of S2 are
significantly lower than the average S2 value calculated for the
protein, particularly N�H bond vectors of residues 31 and 32
(32 not measured for T35A), which have S2 values of <0.65
(Figure 3), with the internal dynamics of the N�H bond of
residue 32 being characterized by model 5 (Ss

2, Sf
2, and τe). This

suggests that the internal dynamics of N�H bond vectors of
residues following Y32 were probably complicated and contrib-
uted to resonance broadening in the NMR spectra of the wild
type. The Switch I region shows no residues with an S2 value
of <0.7 in T35A.

To understand the extent of the changes in the backbone
dynamics, we calculated %ΔS2 for the observable residues of
Switch I relative to the average S2 for each entire protein
(Table 2). We observed that S2 was 18.5% lower for the Switch
I residues in the wild type but only 8.6% lower for those in T35A.
Previous studies have implied that Thr mutants in the Switch I
region of Ras proteins exhibit a reduced affinity for effector
proteins, yet Thr35 is not directly involved in protein interactions
in this region.16 Our results clearly show that the T35A mutation
affects the backbone mobility of the Switch I region of Cdc42. As
previous studies suggested, when Ser is present at position 35,
two conformational states and a two-state binding model have
been implied for wild-type Ras and Ras(T35S), but not seen in
Ras(T35A).16 Therefore, the backbone flexibility in Switch I
seems likely to be important for effector interactions for Cdc42
and other Ras proteins and is lost in Cdc42(T35A).
Single-point mutations in Switch I involving residues 35, 37, and

40 markedly reduce the strength of the association of the Ras
protein with effector proteins.49 To test whether the binding of a
GTP hydrolysis inhibitory protein is altered for Cdc42(T35A) as
postulated from other studies, we performed an in vitro binding
assay of PBD46 with wild-type Cdc42 (Cdc42wt) and Cdc42-
(T35A) by measuring the intensity change of the pull-down band
of Cdc42 relative to that of Cdc42(T35A) in the presence of
equimolar amounts of PBD46 and compared the change in the
intensity (ΔI) (Figure 6). TheΔI of the wild-type Cdc42�PBD46
complex compared to that of the Cdc42(T35A)�PBD46 complex
was 4.2 ( 0.59, consistent with previous observations of Cdc42-
(T35A) showing weakened binding to effector proteins.50 We also
examined the overall stability of wild-type Cdc42 relative to the
Switch I mutant protein using differential scanning calorimetry
(Figure 7). The apparent Tm is seemingly unaffected by the
mutation as Cdc42(wt)Tm = 63.5 ( 0.06 �C and Cdc42(T35A)Tm =
64.2( 0.11 �C, suggesting no change in the overall conformational

Figure 6. Representative in vitro binding assay comparing the binding
affinities between GST-tagged Cdc42wt (left) and GST-tagged Cdc42-
(T35A) (right) for PBD46, a minimal GTPase-binding domain peptide
for an important Ras regulatory protein, mPAK-3. PBD46 is shown as a
doublet as has been shown previously.11 Fractions of purified GST alone
were used as nonspecific background binding control (data not shown)
and did not show any appreciable binding to Cdc42 or Cdc42(T35A);
however, any nonspecific binding was subtracted out by the equation

ΔI ¼ ðCdc42wt� PBD�GSTÞ � ðCdc42wt�GSTÞ
½Cdc42ðT35AÞ � PBD�GST� � ½Cdc42ðT35AÞ �GST�
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stability or folding of the constructs. The finding of similar overall
folding and stability, yet reduced conformational flexibility, for
Switch I in Cdc42(T35A) may help to explain some of the
biological consequences of mutations in the Switch I region.49

We also examined whether the Switch I region of Cdc42-
(T35A) would exhibit altered sensitivity to chymotrypsin as
four of the 13 residues in Switch I are aromatic. We observed
that ∼90% of the parent band for Cdc42wt, but only ∼38% of
Cdc42(T35A), is cleaved during a 110 min exposure to
chymotrypsin (Figure 8), which suggests that the Cdc42-
(T35A) construct is somewhat stabilized against chymotrypsin
cleavage. This finding is consistent with the structural and
dynamics results that showed that Switch I is more conforma-
tionally restricted in Cdc42(T35A). In summary, our results
point to reduced conformational flexibility for Cdc42(T35A).
The reduced flexibility in turn may lead to less efficient
interactions with effector proteins.
Switch II. Switch II as well as Switch I shows increased

conformational flexibility in wild-type Cdc42.19 The Switch II
region in Cdc42 is also believed to serve as a part of the binding
pocket for effector proteins, such as the Ser/Thr PAK kinase
that inhibits GTP hydrolysis. Indeed, chemical shifts could be
observed for some residues of Switch II upon binding of
effector proteins to Cdc42.17 The structure and the backbone
dynamics of this region are also changed by the T35A mutation
in Cdc42. Indeed, several NH backbone resonances can be

identified relative to the Switch II region in the wild type.
In Cdc42(T35A), only one non-proline residue (R68) is
unobserved, whereas the wild type is missing resonances for
residues 59, 60, 66�68, 71, 72, and 74. The NOE data for
Switch II resulted in more than 3 times as many observed
backbone NH NOEs in Cdc42(T35A) (76 total, 45 inter-
residue, 15 long-range) relative to the wild type (24 total, 13
inter-residue, 2 long-range). The region is random coil; how-
ever, unlike Switch I in T35A, the backbone residues of Switch
II display similar conformational freedom like the region in the
wild type, as most of the NOEs are sequential and there are no
NOEs seen in Switch II of Cdc42(T35A) that are more than
two residues apart in the primary sequence.
The dynamics of Switch II of Cdc42(T35A) (see Figure 3)

reveal comparisons of S2 values for the wild type and Cdc42-
(T35A). Thirteen residues in Switch II of the wild type have
either broad, barely visible, or unassigned peaks, compared to
only nine in T35A. As was true for Switch I, many Switch II
residues have S2 values that are higher in Cdc42(T35A) than in
the wild type. In Switch II, many of the N�H bond vectors are
best described by model 3 (S2 and Rex), with contributions of
motions on the micro- to millisecond time scale. The S2 values
for observable residues in Switch II for both proteins (Table 2)
show very little change relative to the overall S2 values, as there is
an only 4.6% change in the wild type and a 1.5% change in
Cdc42(T35A). The small changes suggest that, while important
for regulatory and effector interactions in Ras-related proteins,
Switch II may serve a more complementary role in effector
binding, whereas the functionally significant binding region is
likely Switch I.16,17,43 Solution structure studies have shown that
when the PAK derivative, PBD46, binds to Cdc42, the Switch II
region shows some chemical shift changes, but there are no NOE
constraints between the effector peptide and Switch II.17,21 X-ray
studies have suggested that the primary importance of Switch II is
direct interaction with the phosphate-binding or P-loop, as
residues 59�61 show contacts with the γ-PO4 group in Ras
and Cdc42.10,51 These studies also argued that GTP hydrolysis
results in the loss of stabilizing interactions with residues 59�61
when the γ-PO4 group leaves, suggesting that Switch II may
provide stability to the nucleotide cavity.51,52 In addition, struc-
tural studies using other transforming mutants have implicated a
series of congruent hydrophobic interactions between Switch II
and the nucleotide.53 Recent 31P NMR studies showed signifi-
cant chemical shift changes upon PBD46 binding for the wild
type (γ-31P shift of 7.473 for free vs 6.740 for bound), whereas
for Cdc42(T35A), the chemical shift difference was negligible
(γ-31P shift of 7.808 for free vs 7.844 for bound).11 Our data
suggest that, for Cdc42(T35A), the dynamics and conforma-
tional changes observed for Switch I might facilitate the wea-
kened binding of PBD46, and thus, the Switch II�γPO4

interaction in Cdc42(T35A) is minimally disturbed.
X-ray studies of transforming Switch II mutants (such as Q61)

of Ras have suggested a Switch II region more ordered than that
in wild-type Ras.53,54 The studies also suggested that, in each
Switch II mutant studied, Switch I and Switch II come closer
together forming a more hydrophobic pocket around the nucleo-
tide. In vitro binding studies using the Q61 mutant of Cdc42 with
two Ras effector proteins (IQGAP1 and -2) suggested that both
proteins could bind at various concentrations to this Cdc42
mutant, but that at least two Switch I mutations (Y32K and
T35A) lead to no appreciable binding.50 Moreover, structural
studies of Cdc42 with Cdc42 GAPs have highlighted several

Figure 7. Representative differential scanning calorimetry thermograms
showing the unfolding of Cdc42wt (top) and Cdc42(T35A) (bottom).
The Tm values are calculated from experiments conducted in triplicate for
both proteins. The protein concentration for each protein was 1.0mg/mL
in buffer as described in Materials and Methods. Both thermograms were
corrected for background noise, and each of the experiments (conducted
in triplicate) were performed at a scan rate of 1.0 �C/min.
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Switch II residues (residues 61�64) that are oriented toward
Switch I residues and also make direct contacts with GAPs.55

Therefore, while Switch II may not be critical for the optimal
binding of all Ras-related effectors, Switch II is nevertheless likely
to be important in facilitating interactions with Switch I that
indirectly support the binding of some effectors. The conforma-
tional freedom exhibited by both of these regions likely helps in
effector identification for the wild-type protein. We are not able
to compare through-space distances between Switch I and Switch
II in wild-type Cdc42 relative to Cdc42(T35A), primarily
because of the lack of observable resonances for some Switch
residues in the wild type. However, it seems plausible, in part
because of the presence of long-range NOEs between portions of
the two regions, that the slowed dynamics caused by the T35A
mutation in Switch I facilitates interactions between portions of
Switch I and Switch II that do not allow optimal interaction with
effector proteins, in part because of some lost entropic compo-
nent in the mutant construct.
The backbone dynamics in the Switch II region in Cdc42wt

and Cdc42(T35A) are similar to that of Cdc42 as a whole.
However, our studies imply that the formation of the binding
pocket involving the backbone residues of Switch I and Switch II

is altered, and perhaps in a more packed environment in T35A
than in the wild type. The major change again is the reduced
conformational flexibility of Switch I in this mutant. The minimal
changes seen in the backbone dynamics of Switch II suggest a
minimal or indirect role for this region in terms of effector
interactions. A more systematic investigation of Switch II, via
site-directed mutagenesis, in Cdc42 with PBD46, should help
confirm this hypothesis.
Clearly, the Switch regions have important features necessary

for proper effector binding, and Switch I has been shown to be
largely responsible for the regulation of effector binding that
could potentially influence cell signaling. Cdc42 mutations that
alter the intrinsic GTPase activity,9 facilitate anti-apoptotic
events,56 or alter interactions with regulatory proteins12 are all
involved in aberrant signaling activity. These findings have their
foundation in the impact of the Switch regions on the effector
interactions of Ras proteins. Therefore, Cdc42 has been and will
continue to be an excellent model for probing new aspects of
structure�function relationships with regard to cell signaling
processes. Our characterization of the solution structure and
dynamics of Cdc42(T35A) has outlined molecular details of the
Switch regions, particularly Switch I, that likely account for the

Figure 8. (A) Chymotrypsin digestion products of Cdc42wt and Cdc42(T35A). Intensity of the parent Cdc42 protein bands in lane 3 in both gels that
were not treated with chymotrypsin (zero incubation time with enzyme) and assumed to be 100% protein for each gel. Initial concentrations used for
each protein were the same. In each gel, corresponding Cdc42wt or Cdc42(T35A) bands were normalized to the parent band (lane 3) at ∼20 kDa
(denoted with an asterisk). Lanes 4�12 in each gel represent the chymotrypsin digestion products obtained after incubation with either Cdc42wt or
Cdc42(T35A) for 20, 40, 50, 60, 70, 80, 90, 100, and 110min, respectively. In each gel, lane 1 contains theMWmarker and lane 2 contains chymotrypsin
alone to show corresponding bands from the autolysis of chymotrypsin. (B) Graphical depiction of the percentage of undigested Cdc42wt (b) or
Cdc42(T35A) (9) incubated with chymotrypsin as a function of time. Error bars represent the standard deviation of triplicate measurements.
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importance of this region in faciliatating interactions with a
number of Ras-related effectors.
The Ras GTPases are promising drug targets for anticancer

therapy, presumably because of the high abundance of abnormal
cell signaling activities produced by mutation. Progress is evident
in the development of approaches to target aberrantly function-
ing Ras proteins. For example, small molecule inhibitors have
shown promise in impacting Ras-related cell death by inhibiting
transformation events by preventing Ras proteins from attaching
to the cell membrane; however, these drugs have also shown
differences in selectivity for individual Ras proteins.57,58 Also,
progress has beenmade in the design of small molecule inhibitors
to block interactions of Rho GTPases with GEFs via screening of
large databases.59,60 Recently, it was shown that Ras signaling in
transgenic mouse models could be altered by hindering RAS�
protein interactions using an antibody fragment, and that this
blocked Ras protein interaction resulted in the regression of
tumor growth.61 Characterization of human papilloma virus
protein complexes also has suggested that alternative mechan-
isms for blocking HPV-related infections should include the
development of ways to inhibit protein interactions.62 These
findings highlight the importance of understanding Ras-related
protein interactions that contribute to abnormal cell signaling
activities that lead to proliferation and transformation. New
approaches to inhibiting the transformation capability of Ras
proteins should involve considerations of dynamics as well as
structure. The results of our study of the solution structure and
backbone dynamics of Cdc42(T35A) suggest that, in addition to
strategies for blocking Ras�protein interactions with small
molecules, the development of strategies to restrict the confor-
mational flexibility of regions of Ras that interact with effectors
may be a beneficial way to target Ras-related abnormal cell
signaling activity. One such approach could involve the use of
molecules to catalyze the formation of covalent bonds to “tie
down” important interacting regions. Efforts are underway in our
laboratory to develop approaches to restrict the conformational
freedom of Switch I of Cdc42 without altering its overall globular
conformation. This study foreshadows the importance of under-
standing how aberrant Ras-related protein interactions might be
controlled via the restriction of conformational flexibility of the
Switch region(s).
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