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Backbone Dynamics of an Oncogenic Mutant of Cdc42Hs Shows Increased
Flexibility at the Nucleotide-Binding Site
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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. (IBi®¢hemistry 368755-8766),

and the backbone dynamics have been characterized by NMR spectroscopy (Loh et aBid&8&hnistry

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. (18@it) Biol. 7, 794—797).

Here, we describe the backbone dynamics of Cdc42Hs(F28L)-GDP it NMR measurements of

Ti, T1,, and steady-state NOE at two magnetic field strengths. Residue-specific values of the generalized
order parametersS¢ and $?), local correlation time 1), and exchange ratdR{,) 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, hydrogendeuterium 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 cleotide dissociation inhibitors (GDIs), which inhibit GTP
that are involved in a variety of cellular processes controlled hydrolysis and GDP dissociatiof)( Mutations in Cdc42Hs
by cycling between a biologically active GTfrm and an and other Ras proteins have been shown to lead to uncon-
inactive GDP-bound forml( 2). GTP is hydrolyzed to GDP  trolled cell proliferation {, 7). In the case of Ras p21,
by the intrinsic GTPase activity of the protein; however, the mutations that inhibit the GTPase activity (e.g., G12V) are
cycle of binding, hydrolysis, and rebinding of the nucleotide responsible for a number of types of cancgr. Mutations
is controlled by a number of regulatory proteins including in Cdc42Hs that increase the rate of cycling between the
guanine nucleotide exchange factors (GEFs), which catalyzeactive and inactive forms are oncogen®}. (
nucleotide exchange3( 4); GTPase-activating proteins Studies have shown that GTP-binding proteins, including
(GAPs), which stimulate hydrolysiss); and guanine nu-  Cdc42Hs, contain a nucleotide-binding region that is highly
conserved. The nucleotide-binding site of H-Ras p21 has
T This material is based on work supported by the National Science been described using X-ray crystallograpBy. (The bound
Foundation under a grant awarded to P.D.A. in 2002 and by a grant nucleotide interacts with several regions of the H-Ras
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*To whom correspondence should be addressed: Department ofStrUCture' Loop 1, residues 13419, residues 145147, and

Molecular Medicine, College of Veterinary Medicine, Comell Univer- ~ F?2. Loop 1 (P loop), which contains the consensus sequence
sity, Ithaca, NY 14853. Phone: (607) 253-3877. Fax: (607) 253-3659. 1I0GXXXXGKST?, interacts with the terminal phosphate

E-mail: reol@cornell.edu. ; ; ; ;

* Department of Molecular Medicine, Cornell University, Ithaca, NY group of the nqdem.lde.' This S.equence is found in mO_St
14853 guanine nucleotide-binding proteins as well as a few adenine
§ Department of Chemistry, University of WisconsihaCrosse, La nucleotide-binding proteind (). The nucleotide also interacts

Crosse, W1 54601. with residues 116119, particularly with the hydrophobic

1 Abbreviations: F28L, mutation of phenylalanine 28 in Cdc42Hs : ; ; 7 :
to leucine; GDP, guanosiné-8iphosphate; GTP, guanosinetfiphos- portion of the side chain of a¥'. The sequence of residues

phate; GAP, GTPase-activating protein; GEF, guanidine exchange 116-119 (NKXD %) is well-conserved in GTP-binding
factor; GDI, guanidine nucleotide dissociation inhibitor; HSQC, het- proteins (1), although the sequence (but not the function)
eronuclear single-quantum correlation; IPTG, isoprgpyptthiogalac- differs in the Rho proteins¥TQXD18). The residue at 116

topyranoside; Loop 1, residues 108 on Cdc42Hs; NMR, nuclear . . . .
magnetic resonance; NOE, nuclear Overhauser effect; Switch |, residuesfo"mS a link to the Loop 1 region and residues 437 via

31-40 on Cdc42Hs; Switch |1, residues 574 on Cdc42Hs; Insert  hydrogen bonding. The residu&8SAK#7in H-Ras appear

region, residues 118134 on Cdc42HSsT3, longitudinal relaxation time; to contribute to the nucleotide-binding pocket via hydrogen
T,, transverse relaxation timdy,, transverse relaxation time in the bonding with residues 116119, and the hydrocarbon chain
rotating frame;S, generalized order parametet, local correlation 147" . T .

time; m, molecular or global correlation tim&, chemical exchange ~ Of K**/interacts with the aromatic side chain GFEhrough

rate. 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 Cdc42HSISAL60),
Despite these other interactiong® 5 the principal stabilizer

of the nucleotide in these proteins via a strong interaction
with the aromatic ring of the bound nucleotide?(-14). 3P
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 proteid4]. In
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10 mM NaHPQO,, 5 mM MgChL, and 1 mM NaN with

8% D,O at pH 5.5 (not adjusted for isotope effect) at
Cdc42Hs(F28L) concentrations of 6:2.4 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 25C in States-TPPI mode for quadrature
detection 28). Carrier frequencies fdH and'>N were 4.77

addition, the GDP dissociation rate increased by more thanand 115.9 ppm, respectivel{N T, and Ty, values were

28-fold in the F28L mutantl(4, 15). These findings suggest
that P2 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

measured at 500 and 600 MHz using 12812 real data
points at 16 scans per point using the pulse sequences
provided by Kay et al. Z9), with 12 delays forT,; of
12—-1100 ms and 8100 ms forTy,. The spin lock field
strength forT,, was 2.5 kHz. Steady-state heteronuclear

for correlations between the structure, dynamics, and function 'H-"°N NOE values were also measured at 500 and 600 MHz

of proteins (6). Dynamics studies have provided valuable
information on structurefunction relationships in a variety
of protein systemsl(7/—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

and acquired using 128 512 real data points with 16 scans
per point. Hydrogerrdeuterium exchange was assessed by
lyophilizing the sample and resuspending in 100%DA
series of!H-1"N HSQC experiments were performed, and
the decrease in the volume and eventual disappearance of
IH-5N cross peaks were used to determine the extent of
exchange of deuterons for protons.

NMR spectra were processed using NMRPipe version 1.6

decreased affinity for the nucleotide and an increased rate(30). The spectra were zero-filled and then apodized using

of cycling between the GDP and the GTP-bound forB)s (
An analysis of the'H-1>N NMR backbone relaxation

a Gaussian window function prior to Fourier transformation.
After Fourier transformation, a baseline correction was

measurements of Cdc42Hs(F28L) in comparison to those ofapplied. Peaks were assigned using the PIPP suite of

the wild-type proteinZ1) 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 PurificatioA Cdc42Hs construct
with a C-terminal truncation2(7) was used to prepare the
F28L mutation. The construct was cloned into a pET-15b
vector and subsequently overexpressetsoherichia coli
Cultures (5 mL) were initially grown to saturation and used
to seed 1- or 2-L cultures grown in minimal media containing
15N-NH,4CI as the sole nitrogen source. The cultures were
grown at 37°C to an OBRgo 0f 0.4—0.6, and expression was
induced by adding 1 mM IPTG (isopropgtp-thiogalacto-
pyranoside) for 712 h. The'*N-labeled Cdc42Hs(F28L)

was expressed as a His-tagged protein, and after expression,

the protein was purified by column chromatography as
previously described for Cdc42H27), except that 1 mM
Mg?t was maintained in all solutions. The Kfgaided 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

programs 81). Peak volumes were calculated using the
nonlinear least-squares fitting program, nlinl®)), Values

of the relaxation timesT, and Ty, 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 poinis. values were
calculated by correction for off-resonance effectsTgf as
described previously2(). Individual NOE values were
measured by calculating the ratio of the peak volumes of
cross peaks according to

VS at

V,

nosat

NOE=

1)

where Vs and Viyesarare 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

gel electrophoresis was used to check the purity of the proteinwas used as the error in the NOE measurements.

sample. All buffer solutions were at pH 8 until the final stage
of purification when the pH of the NMR sample buffer was

Data AnalysisThe measured relaxation paramefgysTy,,
and NOE are related to the spectral density functitfo)]

reduced to 5.5. Cdc42Hs(F28L) was expressed in thethrough the order paramete@)and local correlation times

GDP-bound (inactive) form. For dynamics studies using (z,) as described by LipariSzabo 83, 34) and extended by
N-labeled GDP, unlabeled Cdc42Hs wild-type and Clore et al. 85)

Cdc42Hs(F28L) samples were prepared as described above,

except that natural abundance MHwas used, and 0.1 mM o2\ 2 ;

*N-GDP was incorporated in all buffers throughout purifica-  j(w) = 2 Szfm + (1~ §97 + S S)r °l(2)

tion. 31+ (a)rm)2 1+ (cur’f)2 1+ (a)r's)2
NMR Spectroscopyll protein samples were prepared in

an NMR sample buffer solution containing 25 mM NaCl, where
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Table 1: Dynamic Models Used to Fit Experimental Relaxation
Data to the Extended LipafiSzabo Formalism33—35)

model

fit parameters assumptions

andw is the Larmor frequency of theN nucleus;, is the

global-tumbling time,z; is the local correlation time that 1 222 &zi 1,Rex<=0 B
describes motion on either a fast (f) or slow (s) time scale g SZZESTRZ sz _ i'fe Tm Rex=0
relative to that ofrm (t1 < 7s < 7m), andS = § 252 is the 2 2 7o, andRe S2=110<1
generalized order parameter, whe®¢ and S? are the 5 S2, S andre Te < Tm, Rex=0

amplitudes that describe motions on fast and slow time

scales, respectively& ranges from 1 representing rigid or  compared to those obtained from wild-type Cdc42Hs-GDP
restricted motion to O representing isotropic motion. As (21) at 500 and 600 MHz in Table 2, and relaxation
described by Mandel et al3§), four simpler models of the parameters for Cdc42Hs(F28L) are shown in partsOAof
spectral density function were also considered in the datapigyre 3. Because the concentrations of the two proteins are
analysis (Table 1). Model 1 includes motion for which the gitferent, relaxation parameters cannot be directly compared
time scale is too fast to measure; model 2 includes an expliCit hocquse the global-tumbling times are different (see below).
correlation time; and models 3 and 4 are equivalent to mOdelsHowever, in comparison to the average behavior of the
1 and 2 with a term for chemical exchange. The value:0f  mojecule, some differences in the relaxation parameters are
for Cdc42Hs(F28L) was calculated from a grid search using apparent in the nucleotide-binding site of Cdc42Hs(F28L)
a filtered average value df/T, measured at 500 and 600 \grsus the wild-type protein. In the Loop 1 region of
MHz (37). Assuming an isotropic model for Cdc42Hs(F28L) - ccaoHs(F28L) (residues +18), T values are higher than
as determined for the wild-type protei@l], values of the e qveragd,, with little variation inT; over the rest of the
dynamics parameters characterizing residue-specific dynam-ytein. In contrast, very little variation if, was observed
ics were obtained by fitting the relaxation data at both field 5.r0ss the entire wild-type protei@l). The Loop 1 region
strengths to five standard models based on eq 2 (Table 1)3,59 shows a decrease Ta from the averagd, value for
using ModelFree (version 438). For each model, 300 data Cdc42Hs(F28L), whereas in the wild type, the LoofTal
sets were generated from the experimental relaxation data, 5 ,es do not deviate from the average. Residues-118
points with a Gaussian distribution of experimental errors. g a slight decrease i with respect to the average
The quality of the fits was evaluated using®acomparison  yajye of the protein in Cdc42Hs(F28L), but this is similar
of the experimental and calculated relaxation parameters, and, the T, behavior of the corresponding residues in the wild
the motional model that best fit the data was chosen type. Residue #8in Cdc42Hs(F28L) shows an increased
according to methods outlined previousBa), using anF relative to the rest of the protein2&also shows this trend
test criterion. in T, in the wild-type; however, the deviations are much less
RESULTS significant for 8 in the wild type than that for 8. The T,
behavior of residues 158L60 was similar in both proteins;
Backbone AssignmentsAn overlay of the *H-5N however, there was a drop in the NOE values relative to the
HSQC spectrum of Cdc42Hs(F28L)-GDP on the wild-type average in Cdc42Hs(F28L).
Cdc42Hs-GDP spectrum is shown in Figure 1A. The chem-  The relaxation behavior dPN-GDP bound to the natural
ical shifts of the majority of the resonances were unchangedabundance Cdc42Hs wild type and Cdc42Hs(F28L) (with
(parts A and B of Figure 1). The previous sequential assign- both proteins at the same concentration) was also measured
ments for the Cdc42Hs-GDP construgg) and the!*>N-sep- (Table 3).>N-GDP in Cdc42Hs(F28L) showsal.3-fold
arated NOESY and TOCSY spectra of Cdc42Hs(F28L) were decrease iif;, ~1.5-fold increase iff,, and>2-fold decrease
used to assign backbone amide proton/nitrogen resonancesn NOE relative to'>N-GDP in the wild type. Overall, the
resulting in assignments for 142 cross peaks of the mutantbackbone and nucleotide relaxation parameters show that (1)
protein compared to 143 assignments for the wild type. relaxation measurements for the F28L mutant in or near the
Interestingly, significant chemical-shift differences were nucleotide-binding site suggest increased motion relative to
observed between Cdc42Hs(F28L) and the wild type in the >N-GDP wild type and that (2) the nucleotide in
regions involving the nucleotide-binding site: the Loop 1 Cdc42Hs(F28L) exhibits increased motion relative to the

region (residues 1918), residues 158160, and E&.
Hydrogen-Deuterium ExchangeFlexibility on a slow
time scale was studied by NMR hydrogetleuterium

nucleotide in the wild type as shown by the distinct increase
in T, and decrease in NOEQ).
Backbone Dynamic®Residue-specific dynamics param-

exchange experiments. The results of the experiment areetersS, 7., andRex and the global dynamics parametgy
outlined along with the sequences of the constructs in Figurefor Cdc42Hs(F28L) were obtained by fitting the relaxation
2. As was the case with the chemical shift data, the wild- data at both field strengths to five different dynamics models
type and mutant proteins exhibited similar-B exchange of the extended LipariSzabo modelfree formalism (Table
behavior for most of the protein. However, there were some 1), assuming isotropic global tumbling1). Values ofS,¢
noticeable differences for residues comprising the nucleotide-and z, for the two constructs are shown in Table 4. Also

binding site (residues 10, 12, 438, 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 BO.

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

given are differences i between the mutant and wild

type in the nucleotide- and effector-binding regions. The
differences inc,, 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 @1). A decreased concentration usually results
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Ficure 1: Chemical-shift perturbation arising from the F28L
mutation. (A) Overlay otH->N HSQC experiments dfN-labeled
wild-type Cdc42Hs-GDP (red) antiN-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: whitey( = 0), blue-cyan (0< y < 1.5),
cyan—green (1.5< y =< 2.5), greeryellow (2.5 < y < 3.5),

wdd ‘ Ng

yellow—red (3.5 < y =< 4.5), red ¢ > 4.5), wherey

V(AH/0.03f+(AN/O.3}.
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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 7o approached the value of, (considered the upper bound

of motion) or the error i, 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
Sw¢ between the proteins was evident. The dynamics
parameters generated for the wild ty2d)(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 noigd)( 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 br
Vhosat 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 differencesSh we repeated
dynamics calculations for Cdc42Hs(F28L) using the calcu-
latedT; andT, 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, the& values of Cdc42Hs(F28L)
remained virtually unchanged. Thus, the discrepanci
is probably due to the differences in the way the NOEs were
calculated. It is known that NOE is sensitive$% provided
that the overall tumbling time for the proteinsl0 ps 32).
However, it should not be discounted that the difference in
< 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 thez 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 $ffor several residues
in Loop 1 of Cdc42Hs(F28L) are significantly decreased
relative to the mear® 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

in a faster tumbling time because of the decreased viscositya chemical-exchange term (Figure 4). In contrast, all of the
of the solution. For each residue in Cdc42Hs(F28L), the residues of the Loop 1 region (£@8) of the wild type obey

model describing the motion of the-NH bond vector was

model 1 dynamics with& > 0.9 with the exception of

chosen as the one that produced the best fit between theesidue 16, an& in this region deviates only slightly from
experimental and calculated values of the relaxation param-the averageS for the wild-type protein. The chemical
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Ficure 2: Sequence of Cdc42Hs showing the position of the F28L mutation. Also shown is the hyddmygarium exchange data. A

filled circle indicates that the exchange of the amide proton4® Bad 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) (s also shown.

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

T1 (S) T2 (S) NOE
construct 500 MHz 600 MHz 500 MHz 600 MHz 500 MHz 600 MHz
Cdc42Hs(F28L)-GDP 0.7% 0.06 0.99%+ 0.05 0.073+ 0.003 0.068+ 0.003 0.77+ 0.06 0.80+ 0.06
Cdc42Hs-GDP 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 0.8Daith from Loh et al. 21).

exchange and lowered order parameters indicate a significant e A
increase in motion as a result of th&mutation. The value L E !
of & for L2 also drops significantly~29%) below the mean 12 LI T A Y T

value of & for the Cdc42Hs(F28L) protein. This finding is

T, (s)

consistent with the observed increaselyand decrease in

NOE for the residue, indicating a reduced ordet® was 0.6

best fit by model 5, which includes complex motion on fast 0.4

and slow time scales. The order parameter féf i 02

Cdc42Hs-GDP was similar to the mean valueSbfor the 0

protein and was also best fit by model 5. The differ&ht | - B
values for the residues at position 28 in the two proteins 0.10 _

clearly indicate a greater amplitude of motion f&f in the 0.08 "%

mutant protein. Residues 11318 and residues 15860 2 '? TR Chwada e
directly facilitate the stabilization of the nucleotide-binding Fl006 TR IS A TR SR
site in Cdc42Hs through interactions with the guanine 0.04 i IR

nucleotide ring. The values & for residues 115118 and '

158-160 in Cdc42Hs(F28L) show similar dynamics char- 0.02

acter to the corresponding residues in the wild type, with

negligible differences ir in these regions for both pro- M 1 A R C
teins relative to the bulk molecule. The model compari-

sons between the two proteins in these regions are also L5

essentially identical. However, there are two residues in the

region comprising 115118 (3¢ and 1) that have notice- I U | Vo
ably decreased® values relative to the averag® for § grst] e Fan Pl e s,
Cdc42Hs(F28L), which was not seen in the wild type. 05 Pl e LI AR | I
DISCUSSION .

0
0 20 40 60  BO 100 120 140 160

The single-point mutation of F28L in Cdc42Hs introduces i
Residue Number

several differences in flexibility at or near the nucleotide-

binding site, with few differences elsewhere. The most .
' L . . Ficure 3: Relaxation data for Cdc42Hs(F28L) measured at 600
pronounced results are (1) a significant difference in the MHz. The shaded bars indiate the nu(cleoti21e-binding regions

amplitude of motion for B® versus P (2) increased  (residues 1618, 28, 115-119, and 158 160). (A) Ty, (B) T2, and
chemical exchange and a significant decreas# in Loop (C) NOE.
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Table 3: Relaxation Parameters of t-GDP Nucleotide in
Cdc42Hs Constructs

construct T1(s) T2(s) NOE

Cdc42Hs(F28L)-GDP  0.6% 0.08 0.063+ 0.003 0.38+ 0.07
Cdc42Hs-GDP 0.8%0.05 0.04%-0.003 0.814-0.18

a Concentration of both constructs was 0.4 mM.

Table 4: Average Values of the Overall Order Parameters,
Deviations from the Averag& (AS),2 and Global Correlation
Times (m) for Cdc42Hs(F28L)-GDP and Cdc42Hs-GDP (Wild

Typep

construct

Cdc42Hs(F28L) Cdc42Hs
Tm 12.2 ns 14.8 ns
averages 0.871+ 0.005 0.952+ 0.010
%AS (28) 29% 0.5%
%AS (10—18) 12% 1.7%
%A (115-118) 1.0% 0.9%
%AS (158-160) 4.5% 3.3%
%AS (Switch I) 1.0% 14%
%A (Switch 11) 3.1% 0.2%
%A (Insert) 0.1% 0.2%

AUAS = |(*Fprotein — 2 Sregion/Sproteid x 100.° Region of the
protein over which the order parameter is averaged is indicated in
parentheses after A&

1O+ .

' ot T mam = ot el . -'-_.. g o

08wl T EI UL .:':“-"'5:":;’-:"-".; b
-
o 0.6 *
0.4
0.2

Uo 80 100 120 140 160

Residue Number
Ficure 4: & extracted using the extended LipaBzabo modelfree
formalism for Cdc42Hs(F28L)M) and wild-type Cdc42HsL).
Because of systematic differences in the valu&ofor the wild
type, thes? values for the wild type were offset such that the average
< was equal to that of Cdc42Hs(F28L). The shaded bars indiate
the nucleotide-binding regions (residues-1, 28, 115-119, and

158-160). For residues fit by model & = $2S2.

20 40 60

1 (residues 1618), (3) increased HD exchange in Loop
1, residues 115118, and residues 15860, and (4)
differences in relaxation parameters for the nucleotide itself.
Likewise, NMR (14) and X-ray studies42, 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
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Leucine 28.Solution @9) and crystal structures of
Cdc42Hs 44), as well as other Ras proteirs; (4, 45), show
an orientation of the nucleotide with?Fthat allows for a
stabilizing overlap between the orbitals of the nucleotide
and the aromatic ring of the amino acid. This interaction is
lost when L is substituted for F. In Cdc42Hs(F2885j,for
L?8is ~29% lower than the average, while in Cdc42Hs, the
2 for F8is indistinguishable from the average. This indicates
an increased amplitude of local motion fofélrelative to
F28. Interestingly, both B8 and P® are best fit to models
showing motion on two time scales (model 5). This suggests
that both P8 and 128 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¥and the aromatic ring of the
nucleotide.

The higher amplitude motions oft.allow the nucleotide
to be more flexible in the binding site. X-ray studies of
Cdc42Hs show that the aromatic ring ¢fi5 also stabilized
through a hydrophobic interaction witH4% Similar hydro-
phobic contacts are seen between the corresponding residues
in H-Ras proteinsq, 46). The 3-D*H-1>N-NOESYHSQC
spectrum of wild-type Cdc42Hs-GDP indicates close contacts
between residues comprising the nucleotide-binding site and
several residues adjacent to and includirt§ (89). These
include contacts between the amide proton éf &hd H3
of A the amide proton of & and H5 of L1, and amide
protons of $°and L. In contrast, for Cdc42Hs(F28L), the
corresponding spectrum shows only one relatively weak NOE
between the amide protons offand L*® indicating a
disruption of interactions between thé&kegion 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 (1818). As in most GTP-binding proteins
(45—48), residues 1318 of the Loop 1 region interact with
the phosphate groups of the nucleotide via hydrogen bonding.
Residues & and G2 are highly conserved and are essential
to the proper functioning the Rho GTP-binding proteifs (
49). Substitutions of & (e.g., G12V) abolish GTPase activity
and lead to cell transformation in H-Ra&9 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 thaflateracts with the
carbonyls of the glycine residues to help stabilize the Loop
1 region with the bound nucleotide (1ANO), similar to
stabilizing interactions found in this region of H-R&s %2).
Clearly, the Loop 1 residues are intimately involved in
nucleotide binding. In Cdc42Hs(F28LY¥ is 12% lower in

the mutation. The results of these studies suggest that theLoop 1 relative to the average, indicating an increase in the
functional changes as a consequence of the F28L mutationamplitude of motion for these residues. Most residues in this

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

region are best fit by models exhibiting chemical exchange
(model 3 dynamics for residues 10 and-118 and model 4
dynamics for residue 16). The corresponding residues of
Loop 1 in wild-type Cdc42Hs are all fit to a simple motional

changes introduced by the single-point mutation, seemingly model (model 1), with only A showing chemical exchange

without disrupting the structure of the entire protein, and

(model 4). In addition, the values &F for these residues in

discuss the impact of the observed increased backbonehe wild type @1) do not deviate significantly from the

dynamics in regions of the nucleotide-binding site on the
rapid cycling rate between GDP and GTP in Cdc42Hs(F28L).

average (Table 4). Furthermore, more residues exhibited
H—D exchange in Cdc42Hs(F28L) than that in the wild type.



9974 Biochemistry, Vol. 43, No. 31, 2004 Adams et al.

In wild-type Cdc42Hs, the backbone amide protons of shift of 12.81 ppm versus 12.92 ppm in the Cdc42Hs(F28L)
residues 1318 are shielded from the solver®9), presum- complex. This downfield shift of the N1-H resonance in
ably, at least in part, because of hydrogen bonding with the the nucleotide bound to Cdc42Hs(F28L) indicates a more
phosphate groups of the nucleotide. For example, the crystalpolar chemical environment, suggesting that the nucleo-
structure of Cdc42Hs shows that the main chain NH's of tide is more exposed to the solvent or some other polar/
residues 15 and 18 hydrogen-bond with thgphosphate  electron-rich group 53, 54). The H-SN-NOESYHSQC
group (LANO). In Cdc42Hs(F28L), all amide protons ex- spectrum of Cdc42HEN-GDP shows several NOE cross
changed with the solvent within the first 5 min of deuterium peaks between the nucleotide N1 proton and residues 119
exposure. The observation of chemical andMexchange and 160 that were not evident in the corresponding spectrum
for the residues in this region indicate a significant in- of Cdc42Hs(F28LY*N-GDP (data not shown), consistent
crease in motion in the Loop 1 region over a wide range with the looser packing or increased dynamics of the
of time scales. Thus, it seems likely that th&® Imutation nucleotide-binding site. Samples'8N-GDP complexed with
causes a conformational disruption of these residues suchthe wild-type and Cdc42Hs(F28L) proteins were prepared
that there is an opening up of the nucleotide-binding site in in equimolar concentrations, allowing the direct comparison
Cdc42Hs(F28L), resulting in lost interactions between the of the relaxation data for the nucleotide in both proteins.
nucleotide phosphate groups and Loop 1 and increasedThe value ofr, can be determined from the ratio of/To,
dynamics in this region. provided T, is not shortened by chemical exchand®)(
Residues 115118 and 158-160.The15TQID8residues Because dynamics parameters for the nucleotide were not
in Cdc42Hs are thought to behave similarly to the conserved calculated because relaxation parameters were acquired at
motif found in Ras proteind!ANKXD (9, 11). In Cdc42Hs, only one field strength, chemical exchange cannot be
the amide protons ofSTQID*!® are involved in hydrogen-  confirmed or ruled out for the nucleotide. However, the ratio
bonding networks that facilitate interactions with two other of T./T, for N1 of the nucleotide provides a way of estimating
regions directly involved in the nucleotide-binding site: Loop the degree of motion of the nucleotide alone. Th&> ratio
1 and residues 158160. In addition, the hydrophobic portion for Cdc42Hs(F28L}*N-GDP is 8.4, smaller by almost a
of the side chain of &8 interacts with the nucleotide base factor of 2 compared to the wild typel{T, = 14.2),
on the opposite side of’E The side chain of B8 forms a suggesting a greater degree of motion of the nucleotide in
hydrogen bond with the N1-H of the nucleotide base, and Cdc42Hs(F28L) compared to that in Cdc42Hs. This is
the backbone amide proton ofBforms a hydrogen bond  consistent with the 2-fold decrease in NOE #&-GDP in
with residues of the side chain of*8 Hydrogen-bonding Cdc42Hs(F28L) compared to that in the wild type.
networks in residues 158L60 also play a crucial role in Effects of the F28L Mutation on Effector-Binding Regions
the stabilization of the nucleotide-binding site in Cdc42Hs, of Cdc42Hs.The principal aim of this study was to com-
with the amide protons of residues 159 and 160 forming pare the dynamics character of the single-point mutant,
hydrogen bonds with the carbonyl oxygen of the nucleotide Cdc42Hs(F28L), to wild-type Cdc42Hs to determine if the
base. Also, the side chain of% packs with the phenylring  single-point mutation causes local changes in the dynamics
of F?8 contributing to the stabilizing interaction betweefi F  at the nucleotide-binding site of the protein or if more global
and the nucleotide base. changes in the dynamics of the molecule were apparent that
Residues 115118 and 158160 in Cdc42Hs facilitate  could affect nucleotide exchange and protein function (e.g.,
the stabilization of the nucleotide-binding region. Only small changes in effector-binding regions). The dynamics analysis
chemical-shift differences [Cdc42Hs(F28L) relative to the of Cdc42Hs-GDP by Loh et al2() showed three regions
wild type] were observed for residues 518, but resi- of the molecule with enhanced segmental flexibility with
dues 158-160 showed significant changes. In addition, respect to the protein. These regions: (1) Switch I (residues
residues 115118 in Cdc42Hs(F28L) and the wild-type 28—40), (2) Switch Il (residues 5774), and (3) the insert
protein are fit to similar motional models on the micro- to region (residues 122134) are all involved in protein
millisecond time scale (chemical exchange; Figure 5), and protein interactions27, 56—59). Values of AS for these
A for this region is the same for both proteins (Table 4). regions in Cdc42Hs(F28L) and the wild type are given in
In Cdc42Hs(F28L) and the wild type, residues £3%0 all Table 4. The dynamics of the Switch Il region are very
exhibit model 1 dynamics. However, the exchange  similar in both proteins. As reported by Loh et &1, the
differs between the wild type and Cdc42Hs(F28L) for both Switch | region is very mobile, resulting in the loss of signal
regions. In the wild type, the backbone amide protons of all for many Switch | residues because of line broadening. Thus,
residues in these two regions are protected from exchangea comparison of the dynamics in this region for the two
over several days, whereas in Cdc42Hs(F28L), the backboneproteins is difficult to assess because there is so little
amide protons of &% D8 and residues 158160 are all information. Of those residues that are detected, residues in
exchanged within 5 min. This solvent exposure of residues the wild type tended to have more complex motions than in
in the nucleotide binding site of Cdc42Hs(F28L) may suggest Cdc42Hs(F28L), but this may not be representative of the
that the hydrogen bonds are weaker and/or that the moreentire switch region.
water molecules can enter the binding site perhaps because Although AS for the insert region in both proteins is
of a looser packing that results from the mutation. similar in Cdc42Hs(F28L) and the wild type (Table 4), all
Nucleotide. Relaxation measurements performed on but two of the insert residues in Cdc42Hs(F28L) fit Model
Cdc42Hs(F28L)Y*N-GDP and Cdc42H$N-GDP provide 1; whereas, in the wild type, all but two residues in the insert
clear evidence of the increased motion of the nucleotide in region fit models that include motions on multiple time scales
Cdc42Hs(F28L) with respect to the wild type. The N1 proton (models 3-5). Also, several residues in the insert region
of the nucleotide in the wild-type complex has a chemical show much slower HD exchange than those in the wild
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Switch II

Gl{i GIO
C18 C18
L160 L160
116 116
Q SlSS / Q 8158 /
L2 F28
GDP L119 GDP L1

Ficure 5: Structure of Cdc42Hs-GDP [1AJBY)] 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.

type (Figure 2). The removal of the insert region blocks cell place, and this flexibility can be reduced upon binding, for
transformation by Cdc42Hs(F28L%8), suggesting that it  example, binding of p21-activated kinase to Cdc4228.(
may play a role in the interaction with downstream effectors Flexibility can also play a role in substrate binding and
associated with transformation. Thus, the changes in dynam-catalysis 82, 60). In light of these observations, the dynamics
ics in the insert may play a role in this process. of Cdc42Hs(F28L) foreshadow the importance of motion
constriction as it relates to the oncogenic potential of the
SUMMARY protein. Just as flexibility in certain locations is important
NMR spectroscopy is an important tool useful in the for proper function, so is rigidity in certain locations. For
investigation of protein dynamics because of its sensitivity example, the mutation of phenylalanine to leucine at position
to motions over a wide range of time scales. From the 28 in Cdc42Hs results in a loss of hydrogen bonding and an
dynamics analysis of the wild-type protein, the motion in increase in the flexibility of the binding site, which ultimately
Cdc42Hs can be correlated with the function of the protein, leads to an increased rate of nucleotide dissociation and
because various types of segmental flexibility may be eventually cell transformation. By characterizing the motions
necessary for regions where effector-binding interactions takein this oncogenic mutant protein of Cdc42Hs, we have shown
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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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