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ABSTRACT: Cdc42Hs, a member of the Ras superfamily of GTP-binding signal transduction proteins, binds
guanine nucleotides, and acts as a molecular-timing switch in multiple signal transduction pathways. The
structure of the wild-type protein has been solved (Feltham et al. (1997)Biochemistry 36, 8755-8766),
and the backbone dynamics have been characterized by NMR spectroscopy (Loh et al. (1999)Biochemistry
38, 12547-12557). The F28L mutation of Cdc42Hs is characterized by an increased rate of cycling between
the GTP and GDP-bound forms leading to cell transformation (Lin et al. (1997)Curr. Biol. 7, 794-797).
Here, we describe the backbone dynamics of Cdc42Hs(F28L)-GDP using1H-15N NMR measurements of
T1, T1F, and steady-state NOE at two magnetic field strengths. Residue-specific values of the generalized
order parameters (Ss

2 andSf
2), local correlation time (τe), and exchange rate (Rex) were obtained using

the Lipari-Szabo formalism. Chemical-shift perturbation analysis suggested that very little structural
change was evident outside of the nucleotide-binding site. However, residues comprising the nucleotide-
binding site, as well as the nucleotide itself, exhibit increased dynamics over a wide range of time scales
in Cdc42Hs(F28L) relative to the wild type. In addition to changes in dynamics measured by relaxation
methods, hydrogen-deuterium exchange indicated a substantial disruption of the hydrogen-bonding network
within the nucleotide-binding site. Thus, local dynamic changes introduced by a single-point mutation
can affect important aspects of signaling processes without disrupting the conformation of the whole
protein.

Cdc42Hs is a member of the Ras superfamily of proteins
that are involved in a variety of cellular processes controlled
by cycling between a biologically active GTP1 form and an
inactive GDP-bound form (1, 2). GTP is hydrolyzed to GDP
by the intrinsic GTPase activity of the protein; however, the
cycle of binding, hydrolysis, and rebinding of the nucleotide
is controlled by a number of regulatory proteins including
guanine nucleotide exchange factors (GEFs), which catalyze
nucleotide exchange (3, 4); GTPase-activating proteins
(GAPs), which stimulate hydrolysis (5); and guanine nu-

cleotide dissociation inhibitors (GDIs), which inhibit GTP
hydrolysis and GDP dissociation (6). Mutations in Cdc42Hs
and other Ras proteins have been shown to lead to uncon-
trolled cell proliferation (1, 7). In the case of Ras p21,
mutations that inhibit the GTPase activity (e.g., G12V) are
responsible for a number of types of cancer (1). Mutations
in Cdc42Hs that increase the rate of cycling between the
active and inactive forms are oncogenic (8).

Studies have shown that GTP-binding proteins, including
Cdc42Hs, contain a nucleotide-binding region that is highly
conserved. The nucleotide-binding site of H-Ras p21 has
been described using X-ray crystallography (9). The bound
nucleotide interacts with several regions of the H-Ras
structure: Loop 1, residues 116-119, residues 145-147, and
F28. Loop 1 (P loop), which contains the consensus sequence
10GXXXXGKST18, interacts with the terminal phosphate
group of the nucleotide. This sequence is found in most
guanine nucleotide-binding proteins as well as a few adenine
nucleotide-binding proteins (10). The nucleotide also interacts
with residues 116-119, particularly with the hydrophobic
portion of the side chain of a K117. The sequence of residues
116-119 (116NKXD119) is well-conserved in GTP-binding
proteins (11), although the sequence (but not the function)
differs in the Rho proteins (115TQXD118). The residue at 116
forms a link to the Loop 1 region and residues 145-147 via
hydrogen bonding. The residues145SAK147 in H-Ras appear
to contribute to the nucleotide-binding pocket via hydrogen
bonding with residues 116-119, and the hydrocarbon chain
of K147 interacts with the aromatic side chain of F28 through
hydrophobic interactions (because of the 13-residue insert
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region (122-134) unique to Cdc42Hs and other Rho
proteins, the corresponding region in Cdc42Hs is158SAL160).
Despite these other interactions, F28 is the principal stabilizer
of the nucleotide in these proteins via a strong interaction
with the aromatic ring of the bound nucleotide (12-14). 31P
NMR studies on the single-point mutant of H-Ras p21, F28L,
showed significant chemical-shift changes for the GDP-
bound mutant relative to the wild-type protein (14). In
addition, the GDP dissociation rate increased by more than
28-fold in the F28L mutant (14, 15). These findings suggest
that F28 is an important contributor to the stability of GDP
binding in H-Ras p21, as well as other Rho proteins,
including Cdc42Hs.

NMR spectroscopy provides an excellent way to probe
for correlations between the structure, dynamics, and function
of proteins (16). Dynamics studies have provided valuable
information on structure-function relationships in a variety
of protein systems (17-24). Intramolecular motions may be
crucial for many aspects of protein functions including
regulatory control (25, 26). In this paper, we present a
detailed analysis of the backbone dynamics of the single-
point mutant of Cdc42Hs, Cdc42Hs(F28L). This mutation
results in cell transformation that is thought to be a result of
decreased affinity for the nucleotide and an increased rate
of cycling between the GDP and the GTP-bound forms (8).
An analysis of the1H-15N NMR backbone relaxation
measurements of Cdc42Hs(F28L) in comparison to those of
the wild-type protein (21) indicates how the mutation disrupts
interactions that destabilize the local structure, leading to
multiple time-scale motions of residues in the binding site.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification.A Cdc42Hs construct
with a C-terminal truncation (27) was used to prepare the
F28L mutation. The construct was cloned into a pET-15b
vector and subsequently overexpressed inEscherichia coli.
Cultures (5 mL) were initially grown to saturation and used
to seed 1- or 2-L cultures grown in minimal media containing
15N-NH4Cl as the sole nitrogen source. The cultures were
grown at 37°C to an OD560 of 0.4-0.6, and expression was
induced by adding 1 mM IPTG (isopropylâ-D-thiogalacto-
pyranoside) for 7-12 h. The15N-labeled Cdc42Hs(F28L)
was expressed as a His-tagged protein, and after expression,
the protein was purified by column chromatography as
previously described for Cdc42Hs (27), except that 1 mM
Mg2+ was maintained in all solutions. The Mg2+ aided in
preventing denaturation of the protein before completion of
purification. After purification, the molecular weight of the
protein was confirmed by MALDI mass spectrometry, and
gel electrophoresis was used to check the purity of the protein
sample. All buffer solutions were at pH 8 until the final stage
of purification when the pH of the NMR sample buffer was
reduced to 5.5. Cdc42Hs(F28L) was expressed in the
GDP-bound (inactive) form. For dynamics studies using
15N-labeled GDP, unlabeled Cdc42Hs wild-type and
Cdc42Hs(F28L) samples were prepared as described above,
except that natural abundance NH4Cl was used, and 0.1 mM
15N-GDP was incorporated in all buffers throughout purifica-
tion.

NMR Spectroscopy.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
Cdc42Hs(F28L) concentrations of 0.2-0.4 mM. NMR
spectra were obtained using Varian Inova 600 and 500 MHz
spectrometers. Both spectrometers were equipped with triple-
resonance pulsed-field-gradient probes. All NMR spectra
were acquired at 25°C in States-TPPI mode for quadrature
detection (28). Carrier frequencies for1H and15N were 4.77
and 115.9 ppm, respectively.15N T1 and T1F values were
measured at 500 and 600 MHz using 128× 512 real data
points at 16 scans per point using the pulse sequences
provided by Kay et al. (29), with 12 delays forT1 of
12-1100 ms and 8-100 ms forT1F. The spin lock field
strength forT1F was 2.5 kHz. Steady-state heteronuclear
1H-15N NOE values were also measured at 500 and 600 MHz
and acquired using 128× 512 real data points with 16 scans
per point. Hydrogen-deuterium exchange was assessed by
lyophilizing the sample and resuspending in 100% D2O. A
series of1H-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.

NMR spectra were processed using NMRPipe version 1.6
(30). 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. Peaks were assigned using the PIPP suite of
programs (31). Peak volumes were calculated using the
nonlinear least-squares fitting program, nlinLS (30). Values
of the relaxation timesT1 and T1F were obtained using
conjugate-gradient minimization and Monte Carlo simula-
tions to fit the relaxation data points to an exponential decay
function (32). The errors in the relaxation times, which were
expressed as standard deviations, were chosen as the larger
of those from the exponential fit or from the replicate sets
of the measured relaxation delay points.T2 values were
calculated by correction for off-resonance effects ofT1F as
described previously (21). Individual NOE values were
measured by calculating the ratio of the peak volumes of
cross peaks according to

whereVsat andVnosat are peak volumes measured with and
without proton saturation, respectively. Three sets of each
type of data (with and without proton saturation) were
obtained. All nine possible ratios were used to calculate the
final NOE values, and the standard deviation of the data set
was used as the error in the NOE measurements.

Data Analysis.The measured relaxation parametersT1, T2,
and NOE are related to the spectral density function [J(ω)]
through the order parameters (S2) and local correlation times
(τe) as described by Lipari-Szabo (33, 34) and extended by
Clore et al. (35)

where

NOE )
Vsat

Vnosat
(1)

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 ] (2)
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andω is the Larmor frequency of the15N nucleus,τm is the
global-tumbling time,τi is the local correlation time that
describes motion on either a fast (f) or slow (s) time scale
relative to that ofτm (τf < τs < τm), andS2 ) Sf

2Ss
2 is the

generalized order parameter, whereSf
2 and Ss

2 are the
amplitudes that describe motions on fast and slow time
scales, respectively.S2 ranges from 1 representing rigid or
restricted motion to 0 representing isotropic motion. As
described by Mandel et al. (36), four simpler models of the
spectral density function were also considered in the data
analysis (Table 1). Model 1 includes motion for which the
time scale is too fast to measure; model 2 includes an explicit
correlation time; and models 3 and 4 are equivalent to models
1 and 2 with a term for chemical exchange. The value ofτm

for Cdc42Hs(F28L) was calculated from a grid search using
a filtered average value ofT1/T2 measured at 500 and 600
MHz (37). Assuming an isotropic model for Cdc42Hs(F28L)
as determined for the wild-type protein (21), values of the
dynamics parameters characterizing residue-specific dynam-
ics were obtained by fitting the relaxation data at both field
strengths to five standard models based on eq 2 (Table 1)
using ModelFree (version 4) (38). For each model, 300 data
sets were generated from the experimental relaxation data
points with a Gaussian distribution of experimental errors.
The quality of the fits was evaluated using aø2 comparison
of the experimental and calculated relaxation parameters, and
the motional model that best fit the data was chosen
according to methods outlined previously (21), using anF
test criterion.

RESULTS

Backbone Assignments.An overlay of the 1H-15N
HSQC spectrum of Cdc42Hs(F28L)-GDP on the wild-type
Cdc42Hs-GDP spectrum is shown in Figure 1A. The chem-
ical shifts of the majority of the resonances were unchanged
(parts A and B of Figure 1). The previous sequential assign-
ments for the Cdc42Hs-GDP construct (39) and the15N-sep-
arated NOESY and TOCSY spectra of Cdc42Hs(F28L) were
used to assign backbone amide proton/nitrogen resonances,
resulting in assignments for 142 cross peaks of the mutant
protein compared to 143 assignments for the wild type.
Interestingly, significant chemical-shift differences were
observed between Cdc42Hs(F28L) and the wild type in
regions involving the nucleotide-binding site: the Loop 1
region (residues 10-18), residues 158-160, and L28.

Hydrogen-Deuterium Exchange.Flexibility on a slow
time scale was studied by NMR hydrogen-deuterium
exchange experiments. The results of the experiment are
outlined along with the sequences of the constructs in Figure
2. As was the case with the chemical shift data, the wild-
type and mutant proteins exhibited similar H-D exchange
behavior for most of the protein. However, there were some
noticeable differences for residues comprising the nucleotide-
binding site (residues 10, 12, 15-18, 116, 118, 158, and
160), which were shielded from the solvent in the wild type
but were fully or nearly fully exchanged in Cdc42Hs(F28L)
after only 5 min in D2O.

Relaxation Data.The average backbone relaxation pa-
rameters (T1, T2, and NOE) for Cdc42Hs(F28L)-GDP are

compared to those obtained from wild-type Cdc42Hs-GDP
(21) at 500 and 600 MHz in Table 2, and relaxation
parameters for Cdc42Hs(F28L) are shown in parts A-C of
Figure 3. Because the concentrations of the two proteins are
different, relaxation parameters cannot be directly compared
because the global-tumbling times are different (see below).
However, in comparison to the average behavior of the
molecule, some differences in the relaxation parameters are
apparent in the nucleotide-binding site of Cdc42Hs(F28L)
versus the wild-type protein. In the Loop 1 region of
Cdc42Hs(F28L) (residues 10-18),T1 values are higher than
the averageT1, with little variation inT1 over the rest of the
protein. In contrast, very little variation inT1 was observed
across the entire wild-type protein (21). The Loop 1 region
also shows a decrease inT2 from the averageT2 value for
Cdc42Hs(F28L), whereas in the wild type, the Loop 1T2

values do not deviate from the average. Residues 115-118
show a slight decrease inT2 with respect to the averageT2

value of the protein in Cdc42Hs(F28L), but this is similar
to theT2 behavior of the corresponding residues in the wild
type. Residue L28 in Cdc42Hs(F28L) shows an increasedT2

relative to the rest of the protein. F28 also shows this trend
in T2 in the wild-type; however, the deviations are much less
significant for F28 in the wild type than that for L28. TheT2

behavior of residues 158-160 was similar in both proteins;
however, there was a drop in the NOE values relative to the
average in Cdc42Hs(F28L).

The relaxation behavior of15N-GDP bound to the natural
abundance Cdc42Hs wild type and Cdc42Hs(F28L) (with
both proteins at the same concentration) was also measured
(Table 3).15N-GDP in Cdc42Hs(F28L) shows a∼1.3-fold
decrease inT1, ∼1.5-fold increase inT2, and>2-fold decrease
in NOE relative to15N-GDP in the wild type. Overall, the
backbone and nucleotide relaxation parameters show that (1)
relaxation measurements for the F28L mutant in or near the
nucleotide-binding site suggest increased motion relative to
the 15N-GDP wild type and that (2) the nucleotide in
Cdc42Hs(F28L) exhibits increased motion relative to the
nucleotide in the wild type as shown by the distinct increase
in T2 and decrease in NOE (40).

Backbone Dynamics.Residue-specific dynamics param-
etersS2, τe, andRex and the global dynamics parameterτm

for Cdc42Hs(F28L) were obtained by fitting the relaxation
data at both field strengths to five different dynamics models
of the extended Lipari-Szabo modelfree formalism (Table
1), assuming isotropic global tumbling (21). Values ofSavg

2

and τm for the two constructs are shown in Table 4. Also
given are differences inS2 between the mutant and wild
type in the nucleotide- and effector-binding regions. The
differences inτm between the two protein samples are attrib-
uted to the more dilute concentrations of Cdc42Hs(F28L)
(0.2-0.3 mM) versus the concentration (0.9 mM) used for
the wild type (21). A decreased concentration usually results

Table 1: Dynamic Models Used to Fit Experimental Relaxation
Data to the Extended Lipari-Szabo Formalism (33-35)

model fit parameters assumptions

1 S2 Ss
2 ) 1, Rex ) 0

2 S2 andτe Ss
2 ) 1, τe < τm, Rex ) 0

3 S2 andRex Ss
2 ) 1,

4 S2, τe, andRex Ss
2 ) 1, τe < τm

5 Sf
2, Ss

2, andτe τe < τm, Rex ) 0

1
τ′i

) 1
τi

+ 1
τm

(3)
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in a faster tumbling time because of the decreased viscosity
of the solution. For each residue in Cdc42Hs(F28L), the
model describing the motion of the N-H bond vector was
chosen as the one that produced the best fit between the
experimental and calculated values of the relaxation param-

eters. The model assignments for Cdc42Hs(F28L) are
compared to the assigned models for the wild type in parts
A and B of Figure 5. For eight residues in Cdc42Hs(F28L)
(residues 57, 58, 72, 75, 80, 113, 127, and 178), the value
of τe approached the value ofτm (considered the upper bound
of motion) or the error inτe was 80-110%. In these cases,
it was concluded that the local motions in these residues were
either too difficult or complex to model accurately.

In comparing the overall dynamics for Cdc42Hs(F28L)
to that of the wild type, a clear difference in the values of
Savg

2 between the proteins was evident. The dynamics
parameters generated for the wild type (21) were calculated
using NOE data at only one field strength (600 MHz),
whereas for Cdc42Hs(F28L), the dynamics analysis was
performed using NOE data at two field strengths. In addition,
error estimates in the NOE data for the wild type were
determined from the rms baseline noise (41), whereas for
Cdc42Hs(F28L), the error estimates in the NOE data were
calculated from the standard deviation of all permutations
of the ratio of peak volumes from triplicate measure-
ments of peak intensities in the presence and absence of
proton saturation. Also, anomalous measurements ofVsat or
Vnosat could be identified from the triplicate data sets for
Cdc42Hs(F28L), which was not possible for the wild type.
In an attempt to interpret the differences inS2, we repeated
dynamics calculations for Cdc42Hs(F28L) using the calcu-
latedT1 andT2 relaxation parameters and (1) only 600 MHz
NOE data, (2) modifying the error estimates in the 600 MHz
NOE data to be on the order of the magnitudes of the error
estimates in the NOE data for the wild type and rerunning
the simulation of Cdc42Hs(F28L) using only 600 MHz NOE
data, and (3) modifying the error estimates in both the 600
and 500 MHz NOE data to be on the order of the deviations
in the NOE data for the wild type and rerunning the
simulation of Cdc42Hs(F28L) using both NOE data sets.
Under all three conditions, theS2 values of Cdc42Hs(F28L)
remained virtually unchanged. Thus, the discrepancy inSavg

2

is probably due to the differences in the way the NOEs were
calculated. It is known that NOE is sensitive toS2, provided
that the overall tumbling time for the protein is>10 ps (32).
However, it should not be discounted that the difference in
S2 between the proteins might in fact be due to a greater
amplitude of motion for all residues in Cdc42Hs(F28L)
versus the wild type. This possibility seems unlikely be-
cause theS2 profile is similar for both proteins [except for
Loop 1 in Cdc42Hs(F28L), where the values were uniformly
lower throughout the region; Figure 4] and the models used
to fit a majority of the residues in both proteins are similar
(Figure 5).

As was the case with the relaxation parameters, the
nucleotide-binding regions show some interesting deviations
in their dynamics behaviors. Values ofS2 for several residues
in Loop 1 of Cdc42Hs(F28L) are significantly decreased
relative to the meanS2 value of the protein, indicating a
greater amplitude of internal motion for these residues in
the binding region (Table 4). In addition, residues 10 and
13-18 were best fit by models 3 or 4, both of which contain
a chemical-exchange term (Figure 4). In contrast, all of the
residues of the Loop 1 region (10-18) of the wild type obey
model 1 dynamics withS2 > 0.9 with the exception of
residue 16, andS2 in this region deviates only slightly from
the averageS2 for the wild-type protein. The chemical

FIGURE 1: Chemical-shift perturbation arising from the F28L
mutation. (A) Overlay of1H-15N HSQC experiments of15N-labeled
wild-type Cdc42Hs-GDP (red) and15N-labeled Cdc42Hs(F28L)-
GDP (black) at 500 MHz. (B) Solution structure of Cdc42Hs [1AJE
(39)] indicating chemical-shift changes in Cdc42Hs(F28L) relative
to wild-type Cdc42Hs: white (γ ) 0), blue-cyan (0< γ e 1.5),
cyan-green (1.5< γ e 2.5), green-yellow (2.5 < γ e 3.5),
yellow-red (3.5 < γ e 4.5), red (γ > 4.5), where γ )

x(∆H/0.03)2+(∆N/0.3)2.
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exchange and lowered order parameters indicate a significant
increase in motion as a result of the L28 mutation. The value
of S2 for L28 also drops significantly (∼29%) below the mean
value ofS2 for the Cdc42Hs(F28L) protein. This finding is
consistent with the observed increase inT2 and decrease in
NOE for the residue, indicating a reduced order. L28 was
best fit by model 5, which includes complex motion on fast
and slow time scales. The order parameter for F28 in
Cdc42Hs-GDP was similar to the mean value ofS2 for the
protein and was also best fit by model 5. The differentS2

values for the residues at position 28 in the two proteins
clearly indicate a greater amplitude of motion for L28 in the
mutant protein. Residues 115-118 and residues 158-160
directly facilitate the stabilization of the nucleotide-binding
site in Cdc42Hs through interactions with the guanine
nucleotide ring. The values ofS2 for residues 115-118 and
158-160 in Cdc42Hs(F28L) show similar dynamics char-
acter to the corresponding residues in the wild type, with
negligible differences inS2 in these regions for both pro-
teins relative to the bulk molecule. The model compari-
sons between the two proteins in these regions are also
essentially identical. However, there are two residues in the
region comprising 115-118 (Q116 and I117) that have notice-
ably decreasedS2 values relative to the averageS2 for
Cdc42Hs(F28L), which was not seen in the wild type.

DISCUSSION

The single-point mutation of F28L in Cdc42Hs introduces
several differences in flexibility at or near the nucleotide-
binding site, with few differences elsewhere. The most
pronounced results are (1) a significant difference in the
amplitude of motion for L28 versus F28, (2) increased
chemical exchange and a significant decrease inS2 in Loop

FIGURE 2: Sequence of Cdc42Hs showing the position of the F28L mutation. Also shown is the hydrogen-deuterium exchange data. A
filled circle indicates that the exchange of the amide proton in D2O had an exchange half-life of greater than 1 h, and a plus sign indicates
that an exchange was complete within 5 min. If the exchange could not be determined because of the overlap or a weak signal, the column
was left blank. The secondary structure from solution NMR (39) is also shown.

Table 2: Average Backbone Relaxation Parameters for Cdc42Hs(F28L)-GDP and Cdc42Hs-GDP (Wild Type)a

T1 (s) T2 (s) NOE

construct 500 MHz 600 MHz 500 MHz 600 MHz 500 MHz 600 MHz

Cdc42Hs(F28L)-GDP 0.71( 0.06 0.99( 0.05 0.073( 0.003 0.068( 0.003 0.77( 0.06 0.80( 0.06
Cdc42Hs-GDPb 0.72( 0.07 1.05( 0.02 0.053( 0.002 0.049( 0.001 0.76( 0.02
a Concentration for Cdc42Hs(F28L) was 0.2 mM, and concentration for Cdc42Hs (wild type) was 0.8 mM.b Data from Loh et al. (21).

FIGURE 3: Relaxation data for Cdc42Hs(F28L) measured at 600
MHz. The shaded bars indiate the nucleotide-binding regions
(residues 10-18, 28, 115-119, and 158-160). (A)T1, (B) T2, and
(C) NOE.
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1 (residues 10-18), (3) increased H-D exchange in Loop
1, residues 115-118, and residues 158-160, and (4)
differences in relaxation parameters for the nucleotide itself.
Likewise, NMR (14) and X-ray studies (42, 43) on mutations
in the nucleotide-binding site (positions 10 and 12) in H-Ras
proteins have revealed only local perturbations of the
structure of the protein immediately adjacent to the site of
the mutation. The results of these studies suggest that the
functional changes as a consequence of the F28L mutation
are likely to be solely the result of modifications in the
interactions involving the nucleotide and not a result of
changes in effector-binding regions of the protein (Table 4).
Here, we provide a detailed analysis of the localized dynamic
changes introduced by the single-point mutation, seemingly
without disrupting the structure of the entire protein, and
discuss the impact of the observed increased backbone
dynamics in regions of the nucleotide-binding site on the
rapid cycling rate between GDP and GTP in Cdc42Hs(F28L).

Leucine 28. Solution (39) and crystal structures of
Cdc42Hs (44), as well as other Ras proteins (9, 14, 45), show
an orientation of the nucleotide with F28 that allows for a
stabilizing overlap between theπ orbitals of the nucleotide
and the aromatic ring of the amino acid. This interaction is
lost when L is substituted for F. In Cdc42Hs(F28L),S2 for
L28 is ∼29% lower than the average, while in Cdc42Hs, the
S2 for F28 is indistinguishable from the average. This indicates
an increased amplitude of local motion for L28 relative to
F28. Interestingly, both L28 and F28 are best fit to models
showing motion on two time scales (model 5). This suggests
that both F28 and L28 exhibit complex motions on the pico-
to nanosecond time scale but suggests that, in the wild type,
these motions are low-amplitude because of the interaction
between the side chain of F28 and the aromatic ring of the
nucleotide.

The higher amplitude motions of L28 allow the nucleotide
to be more flexible in the binding site. X-ray studies of
Cdc42Hs show that the aromatic ring of F28 is also stabilized
through a hydrophobic interaction with L160. Similar hydro-
phobic contacts are seen between the corresponding residues
in H-Ras proteins (9, 46). The 3-D 1H-15N-NOESYHSQC
spectrum of wild-type Cdc42Hs-GDP indicates close contacts
between residues comprising the nucleotide-binding site and
several residues adjacent to and including F28 (39). These
include contacts between the amide proton of N26 and Hâ
of A159, the amide proton of F28 and Hδ of L160, and amide
protons of S30 and L160. In contrast, for Cdc42Hs(F28L), the
corresponding spectrum shows only one relatively weak NOE
between the amide protons of L28 and L160, indicating a
disruption of interactions between the L28 region and residues
158-160, presumably contributing to the destabilization of
the nucleotide-binding site in the mutant protein (Adams and
Oswald, unpublished data).

Loop 1 Region (10-18).As in most GTP-binding proteins
(45-48), residues 13-18 of the Loop 1 region interact with
the phosphate groups of the nucleotide via hydrogen bonding.
Residues G10 and G12 are highly conserved and are essential
to the proper functioning the Rho GTP-binding proteins (7,
49). Substitutions of G12 (e.g., G12V) abolish GTPase activity
and lead to cell transformation in H-Ras (49) and Cdc42Hs
(50). However, the structure of neither H-Ras(G12V) nor
Cdc42Hs(G12V) shows global changes in the protein, with
the structural modifications specifically localized to the site
of the mutation (42, 43, 46, 51). Furthermore, the crystal
structure of Cdc42Hs-GDP shows that K16 interacts with the
carbonyls of the glycine residues to help stabilize the Loop
1 region with the bound nucleotide (1AN0), similar to
stabilizing interactions found in this region of H-Ras (9, 52).
Clearly, the Loop 1 residues are intimately involved in
nucleotide binding. In Cdc42Hs(F28L),S2 is 12% lower in
Loop 1 relative to the average, indicating an increase in the
amplitude of motion for these residues. Most residues in this
region are best fit by models exhibiting chemical exchange
(model 3 dynamics for residues 10 and 13-18 and model 4
dynamics for residue 16). The corresponding residues of
Loop 1 in wild-type Cdc42Hs are all fit to a simple motional
model (model 1), with only A13 showing chemical exchange
(model 4). In addition, the values ofS2 for these residues in
the wild type (21) do not deviate significantly from the
average (Table 4). Furthermore, more residues exhibited
H-D exchange in Cdc42Hs(F28L) than that in the wild type.

Table 3: Relaxation Parameters of the15N-GDP Nucleotide in
Cdc42Hs Constructsa

construct T1 (s) T2 (s) NOE

Cdc42Hs(F28L)-GDP 0.67( 0.08 0.063( 0.003 0.38( 0.07
Cdc42Hs-GDP 0.85( 0.05 0.045( 0.003 0.81( 0.18

a Concentration of both constructs was 0.4 mM.

Table 4: Average Values of the Overall Order Parameters,
Deviations from the AverageS2 (∆S2),a and Global Correlation
Times (τm) for Cdc42Hs(F28L)-GDP and Cdc42Hs-GDP (Wild
Type)b

construct

Cdc42Hs(F28L) Cdc42Hs

τm 12.2 ns 14.8 ns
averageS2 0.871( 0.005 0.952( 0.010
%∆S2 (28) 29% 0.5%
%∆S2 (10-18) 12% 1.7%
%∆S2 (115-118) 1.0% 0.9%
%∆S2 (158-160) 4.5% 3.3%
%∆S2 (Switch I) 1.0% 14%
%∆S2 (Switch II) 3.1% 0.2%
%∆S2 (Insert) 0.1% 0.2%
a %∆S2 ) |(avgS2

protein - avgS2
region)/avgS2

protein| × 100. b Region of the
protein over which the order parameter is averaged is indicated in
parentheses after %∆S2.

FIGURE 4: S2 extracted using the extended Lipari-Szabo modelfree
formalism for Cdc42Hs(F28L) (9) and wild-type Cdc42Hs (0).
Because of systematic differences in the value ofS2 for the wild
type, theS2 values for the wild type were offset such that the average
S2 was equal to that of Cdc42Hs(F28L). The shaded bars indiate
the nucleotide-binding regions (residues 10-18, 28, 115-119, and
158-160). For residues fit by model 5,S2 ) Sf

2Ss
2.
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In wild-type Cdc42Hs, the backbone amide protons of
residues 13-18 are shielded from the solvent (39), presum-
ably, at least in part, because of hydrogen bonding with the
phosphate groups of the nucleotide. For example, the crystal
structure of Cdc42Hs shows that the main chain NH’s of
residues 15 and 18 hydrogen-bond with theR-phosphate
group (1AN0). In Cdc42Hs(F28L), all amide protons ex-
changed with the solvent within the first 5 min of deuterium
exposure. The observation of chemical and H-D exchange
for the residues in this region indicate a significant in-
crease in motion in the Loop 1 region over a wide range
of time scales. Thus, it seems likely that the L28 mutation
causes a conformational disruption of these residues such
that there is an opening up of the nucleotide-binding site in
Cdc42Hs(F28L), resulting in lost interactions between the
nucleotide phosphate groups and Loop 1 and increased
dynamics in this region.

Residues 115-118 and 158-160.The115TQID118 residues
in Cdc42Hs are thought to behave similarly to the conserved
motif found in Ras proteins,116NKXD119 (9, 11). In Cdc42Hs,
the amide protons of115TQID118 are involved in hydrogen-
bonding networks that facilitate interactions with two other
regions directly involved in the nucleotide-binding site: Loop
1 and residues 158-160. In addition, the hydrophobic portion
of the side chain of Q116 interacts with the nucleotide base
on the opposite side of F28. The side chain of D118 forms a
hydrogen bond with the N1-H of the nucleotide base, and
the backbone amide proton of D118 forms a hydrogen bond
with residues of the side chain of S158. Hydrogen-bonding
networks in residues 158-160 also play a crucial role in
the stabilization of the nucleotide-binding site in Cdc42Hs,
with the amide protons of residues 159 and 160 forming
hydrogen bonds with the carbonyl oxygen of the nucleotide
base. Also, the side chain of L160 packs with the phenyl ring
of F28, contributing to the stabilizing interaction between F28

and the nucleotide base.
Residues 115-118 and 158-160 in Cdc42Hs facilitate

the stabilization of the nucleotide-binding region. Only small
chemical-shift differences [Cdc42Hs(F28L) relative to the
wild type] were observed for residues 115-118, but resi-
dues 158-160 showed significant changes. In addition,
residues 115-118 in Cdc42Hs(F28L) and the wild-type
protein are fit to similar motional models on the micro- to
millisecond time scale (chemical exchange; Figure 5), and
∆S2 for this region is the same for both proteins (Table 4).
In Cdc42Hs(F28L) and the wild type, residues 158-160 all
exhibit model 1 dynamics. However, the H-D exchange
differs between the wild type and Cdc42Hs(F28L) for both
regions. In the wild type, the backbone amide protons of all
residues in these two regions are protected from exchange
over several days, whereas in Cdc42Hs(F28L), the backbone
amide protons of Q116, D118, and residues 158-160 are all
exchanged within 5 min. This solvent exposure of residues
in the nucleotide binding site of Cdc42Hs(F28L) may suggest
that the hydrogen bonds are weaker and/or that the more
water molecules can enter the binding site perhaps because
of a looser packing that results from the mutation.

Nucleotide. Relaxation measurements performed on
Cdc42Hs(F28L)-15N-GDP and Cdc42Hs-15N-GDP provide
clear evidence of the increased motion of the nucleotide in
Cdc42Hs(F28L) with respect to the wild type. The N1 proton
of the nucleotide in the wild-type complex has a chemical

shift of 12.81 ppm versus 12.92 ppm in the Cdc42Hs(F28L)
complex. This downfield shift of the N1-H resonance in
the nucleotide bound to Cdc42Hs(F28L) indicates a more
polar chemical environment, suggesting that the nucleo-
tide is more exposed to the solvent or some other polar/
electron-rich group (53, 54). The 1H-15N-NOESYHSQC
spectrum of Cdc42Hs-15N-GDP shows several NOE cross
peaks between the nucleotide N1 proton and residues 119
and 160 that were not evident in the corresponding spectrum
of Cdc42Hs(F28L)-15N-GDP (data not shown), consistent
with the looser packing or increased dynamics of the
nucleotide-binding site. Samples of15N-GDP complexed with
the wild-type and Cdc42Hs(F28L) proteins were prepared
in equimolar concentrations, allowing the direct comparison
of the relaxation data for the nucleotide in both proteins.
The value ofτm can be determined from the ratio ofT1/T2,
providedT2 is not shortened by chemical exchange (55).
Because dynamics parameters for the nucleotide were not
calculated because relaxation parameters were acquired at
only one field strength, chemical exchange cannot be
confirmed or ruled out for the nucleotide. However, the ratio
of T1/T2 for N1 of the nucleotide provides a way of estimating
the degree of motion of the nucleotide alone. TheT1/T2 ratio
for Cdc42Hs(F28L)-15N-GDP is 8.4, smaller by almost a
factor of 2 compared to the wild type (T1/T2 ) 14.2),
suggesting a greater degree of motion of the nucleotide in
Cdc42Hs(F28L) compared to that in Cdc42Hs. This is
consistent with the 2-fold decrease in NOE for15N-GDP in
Cdc42Hs(F28L) compared to that in the wild type.

Effects of the F28L Mutation on Effector-Binding Regions
of Cdc42Hs.The principal aim of this study was to com-
pare the dynamics character of the single-point mutant,
Cdc42Hs(F28L), to wild-type Cdc42Hs to determine if the
single-point mutation causes local changes in the dynamics
at the nucleotide-binding site of the protein or if more global
changes in the dynamics of the molecule were apparent that
could affect nucleotide exchange and protein function (e.g.,
changes in effector-binding regions). The dynamics analysis
of Cdc42Hs-GDP by Loh et al. (21) showed three regions
of the molecule with enhanced segmental flexibility with
respect to the protein. These regions: (1) Switch I (residues
28-40), (2) Switch II (residues 57-74), and (3) the insert
region (residues 122-134) are all involved in protein-
protein interactions (27, 56-59). Values of∆S2 for these
regions in Cdc42Hs(F28L) and the wild type are given in
Table 4. The dynamics of the Switch II region are very
similar in both proteins. As reported by Loh et al. (21), the
Switch I region is very mobile, resulting in the loss of signal
for many Switch I residues because of line broadening. Thus,
a comparison of the dynamics in this region for the two
proteins is difficult to assess because there is so little
information. Of those residues that are detected, residues in
the wild type tended to have more complex motions than in
Cdc42Hs(F28L), but this may not be representative of the
entire switch region.

Although ∆S2 for the insert region in both proteins is
similar in Cdc42Hs(F28L) and the wild type (Table 4), all
but two of the insert residues in Cdc42Hs(F28L) fit Model
1; whereas, in the wild type, all but two residues in the insert
region fit models that include motions on multiple time scales
(models 3-5). Also, several residues in the insert region
show much slower H-D exchange than those in the wild
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type (Figure 2). The removal of the insert region blocks cell
transformation by Cdc42Hs(F28L) (58), suggesting that it
may play a role in the interaction with downstream effectors
associated with transformation. Thus, the changes in dynam-
ics in the insert may play a role in this process.

SUMMARY

NMR spectroscopy is an important tool useful in the
investigation of protein dynamics because of its sensitivity
to motions over a wide range of time scales. From the
dynamics analysis of the wild-type protein, the motion in
Cdc42Hs can be correlated with the function of the protein,
because various types of segmental flexibility may be
necessary for regions where effector-binding interactions take

place, and this flexibility can be reduced upon binding, for
example, binding of p21-activated kinase to Cdc42Hs (21).
Flexibility can also play a role in substrate binding and
catalysis (32, 60). In light of these observations, the dynamics
of Cdc42Hs(F28L) foreshadow the importance of motion
constriction as it relates to the oncogenic potential of the
protein. Just as flexibility in certain locations is important
for proper function, so is rigidity in certain locations. For
example, the mutation of phenylalanine to leucine at position
28 in Cdc42Hs results in a loss of hydrogen bonding and an
increase in the flexibility of the binding site, which ultimately
leads to an increased rate of nucleotide dissociation and
eventually cell transformation. By characterizing the motions
in this oncogenic mutant protein of Cdc42Hs, we have shown

FIGURE 5: Structure of Cdc42Hs-GDP [1AJE (39)] colored according to the best-fit dynamics model for (A) Cdc42Hs(F28L) and (B)
wild-type Cdc42Hs (21). Corresponding expanded views of the nucleotide binding sites are shown in (C) Cdc42Hs(F28L) and (D) wild-
type Cdc42Hs. Model assignments are represented as white, unassigned; blue, model 1; green, model 2; orange, model 3; red, model 4; and
yellow, model 5. The nucleotide is purple.
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how increasing the flexibility in important ligand-binding
regions, without disrupting the conformation of the entire
protein, can alter signaling processes.
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