
Definition of the Switch Surface in the Solution Structure of Cdc42Hs†,‡
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ABSTRACT: Proteins of the rho subfamily of ras GTPases have been shown to be crucial components of
pathways leading to cell growth and the establishment of cell polarity and mobility. Presented here is the
solution structure of one such protein, Cdc42Hs, which provides insight into the structural basis for
specificity of interactions between this protein and its effector and regulatory proteins. Standard
heteronuclear NMR methods were used to assign the protein, and approximately 2100 distance and dihedral
angle constraints were used to calculate a set of 20 structures using a combination of distance geometry
and simulated annealing refinement. These structures show overall similarity to those of other GTP-
binding proteins, with some exceptions. The regions corresponding to switch I and switch II in H-ras are
disordered, and no evidence was found for anR-helix in switch II. The 13-residue insertion, which is
only present in rho-subtype proteins and has been shown to be an important mediator of binding of
regulatory and target proteins, forms a compact structure containing a short helix lying adjacent to the
â4-R3 loop. The insert forms one edge of a “switch surface” and, unexpectedly, does not change
conformation upon activation of the protein by the exchange of GTP analogs for GDP. These studies
indicate the insert region forms a stable invariant “footrest” for docking of regulatory and effector proteins.

The rho subfamily (Barbacid, 1987; Boguski & McCor-
mick, 1993; Bourneet al., 1991) of ras-like GTP-binding1

proteins has been shown in recent years to control various
cellular signaling pathways leading to changes in cell
morphology and polarity, as well as increased DNA synthesis
and cell cycle progression (Chant & Stowers, 1995; Ridley,
1995; Vojtek & Cooper, 1995). Initial indications of rho
family involvement in the regulation of cytoskeletal archi-

tecture and cell polarity came primarily from studies of
homologous proteins in yeast, where Cdc42 is a crucial
facilitator of bud site assembly (Adamset al., 1990; Johnson
& Pringle, 1990). Microinjection studies in fibroblasts have
shown rho proteins to be involved in similar cytoskeletal
reorganizations in higher cell types, although the various
family members appear to act downstream of different
extracellular signals and lead to distinct cytoskeletal re-
sponses (Kozmaet al., 1995; Nobes & Hall, 1995). Micro-
injection of Cdc42Hs, for instance, mimics the fibroblast
response to bradykinin by generating actin-containing mem-
brane protrusions called filopodia. Similarly, Rac1 acts
downstream of growth factors such as PDGF to cause
membrane ruffles called lamellipodia, and RhoA microin-
jection results in the formation of stress fibers and focal
adhesion plaques. These studies have also shown that, at
least in fibroblasts, the rho GTPases are capable of regulating
each other in a signaling cascade where Cdc42Hs activates
Rac1, which in turn activates RhoA.

More recently, however, it has become apparent that
regulation of cytoskeletal architecture is only one function
of the rho subfamily members. In fact, these proteins have
long been suggested to be enhancers of cell growth and
division, based on the fact that thedbl oncogene product is
capable of stimulating nucleotide exchange on both Rho and
Cdc42Hs (Hartet al., 1994). Since common domains of
thedbl protein are required for both its nucleotide exchange
and cell transformation capabilities, rho subfamily proteins
may be responsible for mediating the unregulated growth
signal fromdbl. Cdc42Hs and Rac1 have since been shown
to be capable of activating the mitogen-activated protein
kinases JNK and p38Via direct stimulation of the p21-
activated serine/threonine kinases (PAKs; Bagrodiaet al.,
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1995; Cosoet al., 1995; Mindenet al., 1995; Zhanget al.,
1995). Cdc42Hs apparently can act downstream of the
cytokine IL-1 to this end. It is not yet clear how or if these
signals to the nucleus relate to the cytoskeletal rearrange-
ments also controlled by rho GTPases.
As with all G proteins, the activity of rho proteins is

controlled by the type of nucleotide bound in the active site
(Barbacid, 1987; Bourneet al., 1991). With GDP bound,
they are quiescent or nonsignaling. Exchange of the GDP
for GTP activates the protein by causing structural rear-
rangements which allow it to interact with downstream
effectors. The signal from the active protein is eventually
turned off by an intrinsic GTP hydrolytic activity, resulting
in a return to the inactive GDP-bound state. In the case of
Cdc42Hs, the active protein can interact with a number of
effectors in addition to the PAK serine/threonine kinase
already mentioned, including the p120ACK tyrosine kinase
(Manseret al., 1993), Wiskott-Aldrich syndrome protein
(WASP; Symonset al., 1996), IQGAP’s 1 and 2 (Brillet
al., 1996; Hartet al., 1996; Kurodaet al., 1996; McCallum
et al., 1996), pp70S6K (Chou & Blenis, 1996), phospholipase
D (Singeret al., 1995), kinectin (Hottaet al., 1996), and
the p85 regulatory subunit of PI-3 kinase (Zhenget al., 1994).
These effector proteins in turn participate in a variety of
different cellular functions.
The GTPase cycle of rho proteins is controlled by several

classes of regulatory proteins. The rate of activation by
exchange of bound GDP for GTP is enhanced through
interaction with upstream signaling molecules known as
guanine nucleotide exchange factors (GEFs), which catalyze
the exchange of nucleotide. Bothost and dbl oncogene
products are capable of stimulating nucleotide exchange on
Cdc42Hs (Hartet al., 1991a; Horiiet al., 1994). The rate
of GTP hydrolysis can be enhanced by interaction with a
GAP, such as Cdc42GAP (Barfodet al., 1993; Hartet al.,
1991b), which terminates the active signal. Additional
regulation of the GTPase cycle of rho subfamily proteins
arises from interaction with GDIs, which bind to both GTP-
and GDP-bound proteins and are capable of solubilizing them
from membranes as well as inhibiting GTP hydrolysis and
GDP dissociation (Leonardet al., 1992).
Extensive structural studies of H-ras (Krauliset al., 1994;

Paiet al., 1990; Tonget al., 1991), Arf (Amoret al., 1994;
Greasleyet al., 1995), and Ran (Scheffzeket al., 1995), as
well as the heterotrimeric G proteins (Gt and Gi; Lambright
et al., 1996; Wallet al., 1995) and bacterial elongation factors
(EF-Tu and EF-G; Aevarssonet al., 1994; Czworkowskiet
al., 1994; Polekhinaet al., 1996), have illustrated that the
core GTP-binding domain is a conserved structural unit into
which insertions can be built at a number of locations. In
most cases, these structural insertions confer unique attributes
upon each protein, such as dimerization of Arf proteins
through an additionalâ-strand, and the GAP activity of the
helical insertion (Gail) of heterotrimeric GR subunits (Markby
et al., 1993). It is the unique structural features of each GTP-
binding protein which result in specificity in its interactions
with effector and regulatory proteins. Of particular interest
in rho subfamily proteins is a 13-residue insertion which has
been shown to be an important mediator of target binding
as well as GDI function (Freemanet al., 1996; McCallum
et al.; 1996, Wuet al., 1997). Currently, structural informa-
tion about rho subfamily proteins includes a model of
Cdc42Hs built on the basis of homology to H-ras (Sutcliffe

et al., 1994) and a crystal structure of a mutant Rac1 protein
complexed with a GTP analog (Hirshberget al., 1997).
Presented here are the results of an investigation into the
solution structure of wild-type Cdc42Hs in both active and
inactive conformations using NMR methods.

EXPERIMENTAL PROCEDURES

Protein Expression.Cdc42Hs‚GDP used in these experi-
ments is expressed as a GST fusion protein inEscherichia
coli from a pGEX-CDC42Hs expression plasmid (Shinjoet
al., 1990). Nonenriched protein samples were expressed in
the TG1 strain ofE. coli in M9 minimal medium (Muchmore
et al., 1989). For samples labeled homogeneously with15N
or 15N/13C, 15NH4Cl and [13C]glucose were substituted for
their unlabeled counterparts in the M9 media. Proteins
selectively labeled with specific [15N]amino acids (Tyr, Phe,
Leu, Val, Ala, Lys) were expressed from the DL39 aux-
otrophic strain ofE. coli (Muchmoreet al., 1989) in M9
minimal medium supplemented withL-Asp, L-Tyr, L-Phe,
L-Leu, L-Ile, and L-Val. 15N-Labeled amino acids were
substituted for their unlabeled counterparts (Tyr, Phe, Leu,
and Val) or added (Lys, Ala) at the following concentra-
tions: L-Tyr, L-Phe, andL-Lys, 100µg/mL; L-Leu, 150µg/
mL; L-Val and L-Ala, 200 µg/mL. Protein was expressed
using the following protocol: 500 mL of a cell culture grown
to late log phase were used to inoculate 4 L of media in a
Hi-Density Fermentor (Lab-Line Instruments, Melrose Park,
IL). Cells were induced at mid-log phase with 0.3 mM IPTG
and harvested 6 h after induction. Proteins expressed with
a suppressed-labeling protocol for identification of amino
acid type were expressed in the BL21E. coli strain as
described (Shortle, 1994), except a minimal medium was
used which contained 2× M9 salts (with15NH4Cl), 2 mM
MgSO4, 1-4 g/L glycerol, 0.1 mM CaCl2‚H2O, and 35µg/
mL ampicillin.
Protein Purification. All procedures were performed at

4 °C. Cells were harvested from a 4 Lfermentor culture by
centrifugation at 14300g for 10 min, washed in 100 mL of
lysis buffer (20 mM Tris-HCl, pH 8.0, 6 mM EDTA, 1 mM
DTT, 1 mM NaN3, 0.1 mM GDP, 2µg/mL aprotinin,
leupeptin and pepstatin, and 10µg/mL benzamidine and
PMSF), and recentrifuged. Cell pellets were frozen in liquid
nitrogen and stored at-80 °C until use. For preparation of
cellular lysates, frozen pellets were thawed in 100 mL of
lysis buffer and homogenized. Cells were treated with
lysozyme (2 mg/mL) for 30 min, followed by the addition
of MgCl2 (50 mM) and DNase (2 mg/mL) and subsequent
cell disruption with a Polytron homogenizer. Deoxycholate
(40 mg) and an additional aliquot of PMSF (to 20µg/mL
final) were added, followed again by Polytron homogeniza-
tion. The insoluble fraction was removed by centrifugation
at 96000g for 45 min. After addition of a final aliquot of
PMSF (to 30µg/mL final), the supernatant was mixed with
GSH-agarose beads by rocking for 1 h. The beads were
subsequently extensively washed in a column with HMAG
buffer (20 mM HEPES, pH 8.0, 5 mM MgCl2, 1 mM NaN3,
and 0.1 mM GDP), and fusion protein was eluted in 10 mM
glutathione in HMAG buffer at pH 8.0. The protein was
cleaved with thrombin and applied to a MonoQ anion-
exchange column. Pooled flow-through containing Cdc42Hs‚-
GDP was concentrated and applied to a Sephadex G-25 gel
filtration column preequilibrated with NMR buffer (5 mM
NaH2PO4, pH 5.5, 25 mM NaCl, 5 mM MgCl2, and 1 mM
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NaN3) to effect buffer exchange and to remove residual
glutathione. Purified Cdc42Hs‚GDP was dialyzed exten-
sively against NMR buffer and concentrated. Yields of pure
protein varied widely according to theE. coli strain used,
with TG1 providing about 6 mg/L of culture, and BL21 and
DL39 only about 1 mg/L.
Exchange of GDP for GMPPCP.For experiments on the

active conformation of Cdc42Hs, bound GDP was exchanged
for the nonhydrolyzable GTP analog, GMPPCP, by a
variation of the method in Johnet al. (1990). Specifically,
15 mg of Cdc42Hs‚GDP was placed in a buffer containing
50 mM HEPES, pH 8.0, 20 mM EDTA, and a 10-fold molar
excess of GMPPCP (relative to Cdc42Hs). This mixture was
added to 150µL of alkaline phosphatase beads and rocked
for 3 h on ice, resulting in specific degradation of GDP.
Removal of alkaline phosphatase by low-speed centrifugation
was followed by the addition of MgCl2 to 25 mM. This
sample was then chromatographed on a Sephadex G-25 gel
filtration column equilibrated in NMR buffer to remove
excess unbound GMPPCP. The extent of the exchange
reaction was verified by HPLC under ion-pairing conditions.
Preparation of NMR Samples.Protein samples for NMR

were 0.5-0.6 mL in NMR buffer with D2O added to 10%
for deuterium lock. The concentration of protein in unlabeled
and homogeneously labeled samples was 0.8 mM, while
selectively labeled and suppressed label samples were
roughly 0.2 mM. Protein concentrations were assayed by
Bradford assay (Bradford, 1976), which was normalized to
the results of a quantitative amino acid analysis. Samples
in 100% D2O were prepared by lyophilizing a sample
prepared as described above and resuspending to the original
volume with ampule D2O. No pH correction was applied
to counter isotope effects.
NMR Spectroscopy. All NMR experiments were con-

ducted at 25°C primarily on Varian Unity 500 or Unity

Inova 600 spectrometers with triple resonance pulsed-field
gradient probes, except where otherwise noted. In all cases,
data were acquired in the States-TPPI mode (Marionet al.,
1989a; Stateset al., 1982) for quadrature detection. Proton
chemical shifts are referenced to an external 1 mM DSS
standard (in D2O at 25°C) at 0 ppm. Carbon chemical shifts
are referenced to an external methyl iodide standard at-20.7
ppm. Carrier frequencies were as follows, except where
noted otherwise:1H, 4.75 ppm;15N, 118-125 ppm; aliphatic
13C, 41.1-43.3 ppm;13CR, 51.6-56.7 ppm; and13C′, 172.2-
179.8 ppm. Unless otherwise noted, parameters for these
experiments are listed in Table 1.
(A) 2D Homonuclear and Heteronuclear Experiments. 2D

homonuclear TOCSY (Braunschweiler & Ernst, 1983) and
NOESY (Kumaret al., 1980) spectra were acquired with
presaturation during the recycle period to reduce the water
signal, followed by SCUBA recovery (Brownet al., 1988).
In the TOCSY, a DIPSI-2 (Rucker & Shaka, 1989) mixing
sequence of 30 ms duration was applied to transfer magne-
tization. The 75 ms mixing period in the 2D NOESY
included an additional SCUBA recovery sequence.
2D 1H, 15N, and 1H, 13C heteronuclear single-quantum

coherence (HSQC; Bodenhausen & Ruben, 1980) spectra
were acquired on Cdc42Hs samples which were homoge-
neously labeled with15N, as well as protein samples with
specific [15N]amino acids incorporated and samples partially
labeled (8-10%) with 13C. Deuterium-exchange HSQCs
were collected with 192-512 complex points int1 and 2048
in t2 and with spectral widths of 16 ppm inω2 and 59.2
ppm inω1 at intervals of 0.5, 1.5, 2.5, 4, 8, 12, 24, 272, and
864 h after resuspension in D2O.
(B) 3D Experiments for Sequential Backbone Assignments.

HNCO experiments (SE HNCO) were collected essentially
as in Kayet al. (1994), except that the selective water pulse
was excluded, and SEDUCE decoupling of CRs during

Table 1: Acquisition Parameters for NMR Experiments

nucleus no. of complex points spectral width (ppm)

ligand experiment protein labelω1 ω2 ω3 ω1 ω2 ω3 ω1 ω2 ω3

GDP 2D TOCSY unlabeled 1H 1H 962 2048 16 16
2D NOESY unlabeled 1H 1H 512-896 2048-4096 16 16
1H, 15N HSQC 15N 15N 1H 322-1024 2048 33.6-59.2 16
1H, 13C, HSQC 8-10%13C 13C 1H 806 1024 63 16
SE HNCO 13C, 15N 15N 13C 1H 58 160 1024 47.4 31.8 16
SE HNCA 13C, 15N 15N 13C 1H 64 148 1024 47.4 47.8 16
SE HN(CO)CA 13C, 15N 15N 13C 1H 68 128 1024 47.4 47.8 16
SE CBCA(CO)NH 13C, 15N 15N 13C 1H 76 100 1024 33.6 60.9 16
HCACO 13C, 15N 13C 13C 1H 62 150 1024 30.3 20.2 11.74
1H, 15N TOCSY HSQC
30 ms mix 15N 15N 1H 1H 64 144 1024 39.5 16 16
50 ms mix 15N 15N 1H 1H 54 144 1024 37.0 15 15
70 ms mix 15N 15N 1H 1H 64 144 1024 33.6 16 16

HCCH TOCSY
7 ms mix 13C, 15N 13C 1H 1H 116 144 1024 67.7 12 12
14 ms mix 13C, 15N 13C 1H 1H 106 144 1024 33.4 12 12
21 ms mix 13C, 15N 13C 1H 1H 58 176 1024 69.6 12 12

1H, 15N NOESY HSQC 15N 15N 1H 1H 60 144 1024 49.3 16 16
1H, 13CNOESY HSQC 13C, 15N 13C 1H 1H 144 160 1024 19.9 16.67 16.67
aromatic1H, 13C NOESY HSQC 13C, 15N 13C 1H 1H 90 200 1024 31.8 16.67 16.67
4D 1H, 13C HMQC NOESY HMQC 13C, 15N 13C 1H 1H 34 32 100, 512 25 25 7; 7

GMPPCP 1H, 15NHSQC 15N 15N 1H 256 2048 47.4 16
SE HNCO 13C, 15N 15N 13C 1H 62 144 1024 34.5 15.9 16.67
HNCA with Câ decoupling 13C, 15N 15N 13C 1H 66 128 1024 36.2 26.5 16.67
HNCOCA with Câ decoupling 13C, 15N 15N 13C 1H 68 128 1024 36.2 26.5 16.67
1H, 15NTOCSY HSQC 15N 15N 1H 1H 64 144 1024 33.6 16 16
HCCH TOCSY 13C, 15N 13C 1H 1H 120 144 1024 42.4 6.67 6.67
1H, 15NNOESY HSQC 15N 1H 15N 1H 256 64 1024 16 49.3 16
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nitrogen evolution was replaced by a 180° refocusing pulse.
An HNCA (SE HNCA) experiment collected on the GDP-
bound form of Cdc42Hs used the same pulse sequence except
for the positioning of the carbon carrier and the direction of
shifted pulses. An HN(CO)CA experiment [SE HN(CO)-
CA] also collected on Cdc42Hs‚GDP was acquired with a
pulse sequence similar to that of the SE HNCO but modified
as suggested in Grzesiek and Bax (1992). On the GMPPCP-
bound form of Cdc42Hs, an HNCA was collected (HNCA
with Câ decoupling) as in Yamazakiet al. (1994b) except
for the removal of sensitivity enhancement pulses. Also,
during t1, WALTZ-16 decoupling was applied to protons,
allowing the removal of Tc (CR constant time period), and
WURST decoupling (Kupce & Freeman, 1996; Kupce &
Wagner, 1995) is applied to both the carbonyls and Câs
(Matsuoet al., 1996). An HN(CO)CA also collected on
Cdc42Hs‚GMPPCP used a nonsensitivity-enhanced version
of the pulse sequence in Yamazakiet al. (1994a), except
for the addition of SEDUCE decoupling of CRs duringτc
(in which coupling develops between nitrogen and the
carbonyl) and WURST decoupling of Câs in t1, as well as
WALTZ-16 decoupling of protons int1, allowing the removal
of Tc (CR constant time period). An HCACO collected on
Cdc42Hs‚GDP with a Bruker AMX-600 spectrometer used
the pulse sequence in Do¨tschet al. (1995).

(C) 3D Experiments for Side Chain Assignments.15N, 1H
TOCSY HSQC experiments (Norwoodet al., 1990) were
recorded with various mixing times on Cdc42Hs with both
GDP and GMPPCP bound. The 50 ms mixing time
experiment on Cdc42Hs‚GDP was collected on a Varian
Unity Plus 400 MHz spectrometer. HCCH TOCSY spectra
were collected on Cdc42Hs‚GDP and Cdc42Hs‚GMPPCP
with a pulse sequence exactly as described in Kayet al.
(1993). The proton carrier in the GMPPCP HCCH TOCSY
was shifted upfield of the water resonance (2.37 ppm). A
CBCA(CO)NH spectrum was acquired on Cdc42Hs‚GDP
exactly as described (Muhandiram & Kay, 1994).

(D) 3D and 4D NOESY Experiments.Several multidi-
mensional NOESY experiments were collected with mixing
periods of 100 ms. A1H, 15N NOESY HSQC (Fesik &
Zuiderweg, 1988; Marionet al., 1989b) was acquired on
Cdc42Hs‚GDP using a pulse sequence which features water
suppression by a selective pulse on the water resonance
followed by dephasing with a gradient during the mixing
period, as well as by a gradient applied while the magnetiza-
tion of interest is spin-ordered during the final INEPT transfer
step. Similar data were acquired on Cdc42Hs‚GMPPCP but
with the pulse sequence of Talluri and Wagner (1996). Both
spectra were acquired on a Varian Unity Plus 750 MHz
spectrometer. A1H, 13C NOESY HSQC spectrum was
recorded on Cdc42Hs‚GDP in 100% D2O. The pulse
sequence was as described above for the GDP-bound1H,
15N NOESY HSQC, except that water suppression was
accomplished by presaturation during the recycle period
rather than by a selective proton pulse, and nitrogen
decoupling was added during the carbon chemical shift
evolution period. An aromatic carbon-edited1H, 13C NOE-
SY HSQC was recorded with a slight modification of the
same pulse sequence: SEDUCE decoupling of both aliphatic
and aromatic carbons occurred during proton evolution and
the carbon carrier was set on the aromatics (125.7 ppm) for
all other carbon pulses.

A 4D 13C/13C-separated HMQC NOESY HMQC spectrum
was collected on Cdc42Hs‚GDP in 100% D2O as in Vuister
et al.(1993), except that a 180° decoupling pulse on nitrogen
was added in the middle of both carbon evolution periods
and presaturation of water was used in the recycle period.
The parameters listed underω3 in Table 1 include bothω3

and ω4 dimensions, respectively. In this experiment the
carbon carrier was set in the methyl region (19.1 ppm) and
the proton carrier at 3.2 ppm.
Processing of NMR Experiments.Data were processed

with versions 2.1 and 2.3 of Felix software (Molecular
Simulations, Inc.) on Sun UltraSparc 140 and Sparc 5
workstations. Sensitivity-enhanced experiments were ini-
tially processed as in Kayet al. (1992). Data corrected in
this way were then processed like nonenhanced data. When
necessary, reduction of the water peak in the directly detected
dimension was accomplished by convolution of the FID with
a sine-bell function of empirically determined width to
identify the lowest frequency component, followed by
subtraction of this component from the FID. In the typical
case, data were zero-filled to double the original number of
data points and apodized by convolution with a squared sine-
bell window function shifted by 60° to 90°, depending on
the relative amount of signal in the data. For experiments
with a limited number of sampling points inω1, linear
prediction was sometimes applied during the transformation
of this final dimension to increase resolution. Data visual-
ization and spectral assignment utilized the XEASY (Bartels
et al., 1995) program. Peaks were integrated with the Peakint
program (N. Scha¨fer, diploma thesis, ETH, Zu¨rich, Swit-
zerland).
Structure Calculation.Distance constraints for structure

calculation were derived from both1H, 15N and 1H, 13C
NOESY HSQC experiments. In some cases ambiguities in
the 13C-dispersed spectrum were resolved by consulting a
4D 1H, 13C HMQC NOESY HMQC spectrum, which was
of fairly low sensitivity. The relationship between peak
volume and the distance between the two atoms involved
was derived in different ways for each of the NOESY spectra
used. In the1H, 15N correlation spectrum, the peak volumes
of 13 well-dispersed sequentialdRN NOE peaks and 6 well-
disperseddRN(i,j) NOE peaks (resulting from correlations
within and between parallelâ-strands, respectively) were
compared to the distances expected in idealâ-sheets (2.2
and 3.0 Å, respectively). In the1H, 13C NOESY HSQC, the
same type of relationship was derived by comparison of the
peak volumes of 3 well-dispersed leucine and valine in-
traresidue methyl-to-methyl NOEs to ideal distance values
within leucine or valine side chains. In this manner, it was
possible to correlate quantitatively peak volumes in each of
these spectra with distances between pairs of protons.
Approximately 1850 constraints from NOESY spectra were
then classified into five categories depending on the relative
strength of the NOESY cross peak (<2.4,<2.9,<3.4,<4.0,
and<5.5 Å). In addition to these distance constraints, 50
hydrogen bonds were included (as indicated by the secondary
structures presented below, based on deuterium exchange
rates, chemical shift indices, and characteristic NOE patterns),
each as two separate restraints. For every hydrogen bond,
the amide proton to carbonyl oxygen distance was con-
strained between 1.8 and 2.3 Å and the amide nitrogen to
carbonyl oxygen between 2.5 and 3.3 Å. Since experiments
designed to generate dihedral angle restraints were unsuc-
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cessful, the backbone dihedral angles of those residues
involved inR-helices andâ-strands were loosely constrained
to “favorable” regions ofφ, ψ space in the following way:
R-helix, φ -80° ( 50°, ψ -20° ( 50°; â-strand,φ -105°
( 65°, ψ 145° ( 45° (Laskowskiet al., 1993).
This list of roughly 2100 distance and dihedral angle

constraints was used to calculate several preliminary struc-
tures using X-PLOR 3.843 (Brunger, 1996). Structure
calculation involved four main steps. First, 50 substructures
containing only N, HN, CR, HR, C′, Câ, and Cγ atoms were
calculated using metric matrix distance geometry. Next,
missing atoms were added, and the resultant structures were
refined by simulated annealing and energy minimization,
using center averaging (the pseudoatom approach) to rep-
resent constraints to nonstereospecifically assigned atoms and
a square well potential to hold constrained atoms together.
A second phase of simulated annealing and energy minimi-
zation was then used which also included “Ramachandran
refinement” (this constrains dihedral angles to those that are
known to be physically realizable; Kuszewskiet al., 1996).
Twenty “best” structures were selected on the basis of low
overall energy values and low numbers of constraint viola-
tions. These 20 structures were then refined once again by
energy minimization but with the additional incorporation
of HR, CR, and Câ chemical shifts as restraints (Kuszewski
et al., 1995a,b).
Those constraints which were violated consistently and

significantly within the set of calculated structures (i.e., those
for which the distance between the two protons in the refined
structures exceeded the input constraint value) were reex-
amined to see if other possibilities existed for that particular
NOESY peak assignment. The violation of a constraint
could arise from one of three possibilities, which were
addressed in the following order: (1) If the violation
corresponded to a misassignment, it was reassigned. (2) If
the violation did not correspond to a misassignment but could
have arisen as a result of the misassignment of another peak,
it was left in the constraint set. (3) In several cases, some
ambiguity was present due to the inability to assign all of
the side chains. In these few cases, the constraint was
removed. In addition, the calculated structures were used
to help resolve previously ambiguous NOESY assignments.
An amended constraints list was then used to calculate a
new set of structures, and this entire procedure was iterated
several times.
Due to a paucity of intermolecular restraints between the

GDP and the protein, it was not possible to constrain the
GDP satisfactorily within the calculation protocol used to
determine the Cdc42Hs structures. Instead, the position of
the GDP was modeled in conjunction with two intermolecu-
lar NOEs: Phe28 HZ‚‚‚GDP H1 and Ile117 HB‚‚‚GDP (H21
and H22). The starting position of the GDP was determined
to a first approximation by superposition of the H-ras‚GDP
crystal structure onto the “core” CR atoms of each of the 20
structures [determined by NMRCORE (Kelley, 1997) to
consist of residues 3-9, 16-28, 41-47, 49-56, 77-85,
88-102, 109-114, 117, 118, and 141-176]. The GDP was
then copied directly into the Cdc42Hs structure from its
position in the H-ras‚GDP structure. The Cdc42Hs‚GDP
structures were subsequently energy minimized using X-
PLOR to remove steric conflicts in the complex, initially
keeping the atoms in the protein fixed, and then, once the
position of the GDP was more favorable, minimizing the

whole complex (this resulted in slight rearrangement of some
of the protein side chains lining the GDP-binding site).
Structures were visualized and analyzed using Insight II
(Molecular Simulations, Inc.), MOLMOL (Koradiet al.,
1996), PROCHECK-NMR (the NMR version of the
PROCHECK program; Laskowskiet al., 1993), and NMR-
CLUST (Kelleyet al., 1996).

RESULTS AND DISCUSSION

Backbone Assignments for Cdc42Hs‚GDP. Several types
of heteronuclear experiments were used to assign main chain
nuclei sequentially in Cdc42Hs‚GDP. The most useful of
these experiments was an HNCA and HN(CO)CA pair,
which provides correlations between a given amide proton
and nitrogen and both the intraresidue and the (i - 1) CRs
(Figure 1). In some cases, where the CR chemical shifts were
well dispersed, the correlations in these two spectra allowed
the unambiguous identification of sequential residues and
sometimes even the exact identification as specific amino
acids in the protein sequence due to characteristic CR

chemical shifts. However, in most cases, unambiguous
identification of sequential residues using the HNCA and
HN(CO)CA spectra alone was complicated by overlap in
the CR chemical shifts. In these cases additional information
from selective amino acid labeling and 3D TOCSY and
NOESY spectra was used to aid in the selection of the correct
neighbor. For instance, assuming that neighboring residues
in the protein sequence will encounter a similar complement
of protons and will therefore have in common a large
percentage of NOESY cross peaks, comparison of the1H,
15N NOESY HSQC slices for potentially neighboring spin
systems [identified in the HNCA/HN(CO)CA spectra] often
narrowed the choices considerably. Several different meth-
ods were used to assign residues which were correlated in
this way to specific amino acids in the protein sequence.
First, inspection of the corresponding slices from1H, 15N
TOCSY HSQC spectra sometimes allowed the identification
of a particular spin system to amino acid type. Second, six
protein samples were made in which selective [15N]amino
acids were incorporated (Lys, Val, Leu, Tyr, Phe, Ala).1H,

FIGURE 1: F2,F3 slices extracted from HN(CO)CA (A) and HNCA
(B) spectra collected on Cdc42Hs‚GDP, illustrating the sequential
backbone assignment of residues Gly164 to Phe169.
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15N HSQC spectra collected on these samples illustrated
which amide peaks belong to each amino acid type. Finally,
some additional assignments to amino acid type were
accomplished by a suppressed-labeling protocol (Shortle,
1994), in which proteins are expressed in15N-containing
minimal media supplemented with unlabeled amino acids
to block specifically the incorporation of15N into those
residues. Many threonines, arginines, and glycines were
uniquely identified using this method.
Since proline residues lack an amide proton, they are

absent from all spectra mentioned above. Backbone assign-
ment of most proline residues employed a set of three
experiments: HNCO, HN(CO)CA, and HCACO. The first
two of these provide correlations from the amide of a given
residue to the (i - 1) C′ and CR chemical shifts, respectively.
The HCACO then provides an intraresidue correlation from
these CR and C′ chemical shifts to the HR chemical shift,
which completes the backbone assignment for proline
residues.
Side Chain Assignments for Cdc42Hs‚GDP. Assignment

of side chain nuclei relied on several 3D TOCSY experiments
as well as a CBCA(CO)NH. Most HR and Hâ nuclei, as
well as some Hγ, were assigned in1H, 15N TOCSY HSQC
spectra collected with a variety of mixing times (30-70 ms).
Extension of assignments further along the side chain
required the additional use of HCCH TOCSY experiments
with 7, 14, and 21 ms mixing periods. The CBCA(CO)NH
aided in the interpretation of these spectra by providing Câ

chemical shifts correlated through the (i + 1) amide
resonance.
(A) Stereospecific Assignment ofγ- andδ-Methyls. The

methyls of 29 out of 35 leucine and valine residues were
stereospecifically assigned using the 10%13C-labeling
method described in Szyperskiet al. (1992). Due to the
biosynthetic pathways for valine and leucine, a1H, 13C HSQC
(without carbon decoupling) collected on this 10%13C-
labeled sample exhibits singlets forγ2- and δ2-methyls,
whereas theγ1- and δ1-methyls are split in the carbon
dimension.
(B) Assignment of Asn, Gln, Phe, Tyr, Met, His, and Trp

Side Chains. Some residues are impossible to assign
completely with spectra using TOCSY transfers only since
portions of the side chains are isolated by the presence of a
carbon atom without a bound proton. Asn and Gln side chain
amides were easily correlated to the rest of the residue
because the amido moiety resembles the arrangement of
nuclei in the peptide backbone. As a result these side chain
amides are present in HN(CO)CA and CBCA(CO)NH
spectra, which provide intraresidue correlations to the Asn
Câ, CR and Gln Cγ, Câ chemical shifts.
Phenylalanine and tyrosineδ, ε, and ú protons were

assigned within a particular side chain using a 2D homo-
nuclear TOCSY taken in D2O, as well as by comparison of
cross peak patterns in slices from an aromatic carbon-edited
1H, 13C NOESY HSQC. Aromatic side chain protons were
then matched with the backbone resonances of a particular
phenylalanine or tyrosine by comparison of the1H, 15N
NOESY HSQC slice for the backbone amide with the side
chain aromatic slices from the1H, 13C NOESY HSQC.
The two methionineε-methyls were located in a region

of the 1H, 13C HSQC unique to this type of methyl group
and then matched with the Met1 and Met45 residues by
comparison of the cross peak pattern in the methyl1H, 13C

NOESY HSQC slices to those of the backbone amides in
the 1H, 15N NOESY HSQC. Theδ- and ε-protons of the
two histidine side chains (103 and 104) were not assigned.
Finally, the tryptophanε-amide was easily located in1H,
15N HSQC spectra due to the large downfield shift of the
ε-proton (11.46 ppm), and the neighboringδ-proton was
correlated with it using a1H, 15N TOCSY HSQC experiment.
Summary of Cdc42Hs‚GDP Assignments.These assign-

ments are summarized in an HSQC spectrum collected on
15N-Cdc42Hs‚GDP (Figure 2A). It was not possible to fully
assign Cdc42Hs. Three residues that remain completely
unassigned are individual prolines (P34, P87, and P99),
which are generally difficult to characterize because they
lack an amide proton. In addition, the four C-terminal
residues of Cdc42Hs are missing from all spectra and have
been shown by mass spectrometry to have been removed
by proteolysis. However, an additional ten unassigned
residues fall into three contiguous stretches of the protein
sequence (F37-N39, T58-G60, and R66-P69), which
correspond to residues in the switch I and II regions of H-ras.
On the basis of the fact that the resonances of residues
flanking the unassigned regions are of substantially decreased
intensity (Figure 2B), we propose that conformational
dynamics on an intermediate time scale in these regions result
in line broadening to such a degree as to make the peaks
disappear into background noise. Preliminary measurements
of 15N relaxation times (data not shown) support this
proposition, indicating motion in the millisecond to micro-
second time scale for residues flanking the unassigned
regions. Both switch I and switch II of H-ras have been
shown to undergo slow conformational exchange in solution
(Kraulis et al., 1994).
Secondary Structure.The location and extent of secondary

structures were determined on the basis of amide proton
exchange rates, ensemble Ramachandran plots, the chemical
shift index (Wishart & Sykes, 1994; Wishartet al., 1992),
and patterns of NOE connectivities. This information is
summarized in Figure 3.
The secondary structures indicated in Figure 3 are for the

most part similar to those of H-ras and other low molecular
weight GTP-binding proteins. One notable exception is that
no evidence is found either from experimental data (the
chemical shift indices, the amide exchange rates, and the
NOE connectivities; Figure 3) or from the calculated
structures for the existence of theR2 helix, which spans
residues 69-75 of switch II in the H-ras‚GDP crystal
structure (Tonget al., 1991) and residues 66-75 in the
solution structure of that protein (Krauliset al., 1994). This
short helix is unlikely to occur in a similar location in
Cdc42Hs due to the presence of prolines at positions 69 and
73. However, a recent crystal structure of a mutant Rac1
protein bound to GMPPNP (Hirshberget al., 1997) contains
two short 310-helices spanning residues 62-64 and 68-71.
Considering that the sequences of Cdc42Hs and Rac1 are
identical between residues 57 and 79, it is surprising that
their structures would differ in this region. It might be
supposed, since the mutant Rac1 structure represents the
active conformation, that these short helices form upon
binding of GTP (or a GTP analog). However, in the present
study chemical shifts of Cdc42Hs bound to GMPPCP have
been assigned using a strategy similar to that used for the
GDP-bound form, and the chemical shift indices of Cdc42Hs
bound to GMPPCP (Figure 3) also do not support the
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presence of any helix in this region. In addition, similar to
the behavior observed in the GDP-bound protein, peak
intensities are reduced for residues corresponding to the
switch I and switch II domains of Cdc42Hs‚GMPPCP,
suggesting that these resonances may be broadened by
conformational exchange even in the active conformation.
Although the reason for the presence of these 310-helices in
Rac1Vs their absence in Cdc42Hs is unclear, one possibility
is that it reflects a difference in conformation in this region
between the crystal and solution states.
Another difference between Cdc42Hs and other low

molecular weight GTP-binding proteins concerns the insert
region which is only found in members of the rho subfamily.
In the Rac1‚GMPPNP structure, two helices are observed

in this region. The first, which extends from residue 117 to
residue 120, is not present in Cdc42Hs‚GDP despite a nearly
identical amino acid sequence, nor does it form upon
activation of Cdc42Hs by GMPPCP binding, since only a
single backbone chemical shift change occurs within these
residues upon protein activation (D118 HR shifted by 0.05
ppm). On the other hand, residues 124-128 within the insert
region of Cdc42Hs may adopt a helical structure (RI) as
indicated by short-range NOEs, chemical shift indices, and
the φ, ψ dihedral angles of these residues in the final
calculated structures (see below). This helix corresponds
fairly closely to helix H3b in the Rac1 structure (residues
123-130); however, in Cdc42Hs the stability of this helix
appears to be fairly low, since no amide protons are

FIGURE 2: (A) 1H, 15N HSQC spectrum collected on Cdc42Hs‚GDP with peaks labeled with assignments. (B)F2,F3 slices extracted from
an HNCO spectrum collected on Cdc42Hs‚GDP representing residues Ser30 to Thr43. In each strip, the peak for that residue is indicated
by an arrow. No strips are shown for Pro34, which lacks an amide proton and therefore does not appear in the HNCO, or for Val36, for
which no peak is found in this spectrum.
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measurably protected from deuterium exchange. The low
stability of this helix could perhaps explain why, in the
crystal structure of mutant Rac1 (Hirshberget al., 1997),
the electron density in this region required enhancement using
a “growing density” method.
A number of other more subtle differences also exist

between Cdc42Hs and both the H-ras and the Rac1 structures.
For instance, theR3 helix in Cdc42Hs is truncated by three
residues N-terminally and two residues C-terminally relative
to the corresponding helices in H-ras and Rac1. Once again,
the sequences of Cdc42Hs and Rac1 are highly conserved
in this region, and differences between the Rac1 and
Cdc42Hs structures cannot be attributed to nucleotide-
induced conformational changes since the chemical shift
indices of Cdc42Hs bound to GMPPCP are identical to those
in the GDP-bound form. Both Cdc42Hs and Rac1 structures
are in agreement, however, that a proline residue at position
99 does not break the helix but only causes a small degree
of distortion. The finalR5 helix is truncated in Cdc42Hs
by two turns at the C-terminus compared to H-ras, presum-
ably due to a cluster of three prolines between residues 179
and 182 in Cdc42Hs which are absent from H-ras. As a
result, residues in the C-terminal tail of Cdc42Hs exhibit
extremely narrow line widths characteristic of fast exchange
and presumably form a flexible tether to the membraneVia
posttranslational prenylation as in H-ras. Using medium-
range NOE cross peaks, the packing order of the six-stranded
â-sheet was established asâ2-â3-â1-â4-â5-â6, with
all strands parallel exceptâ2 (Figure 4).
Description of the Final Structures.From the 20 aligned

structures in Figure 5, it can be seen that the “core” of the
protein is well-defined, with an rms deviation of 0.57( 0.08
Å for all non-hydrogen atoms. Most of the structural

disorder is confined to four regions of the protein sequence.
First, seven non-native amino-terminal residues, which
remain after cleavage of the fusion protein, are completely
flexible in solution, as are all C-terminal residues after E178.
In addition, regions corresponding to switch I and switch II
of H-ras also show a high level of disorder (residues 31-40
and 57-74, respectively). While the conformational het-
erogeneity in these two regions is primarily caused by a lack
of constraints since they contain some residues which could
not be assigned,15N relaxation data as well as peak intensity
differences suggest that these regions are indeed more
flexible than the remainder of the protein. Corresponding
regions in the H-ras‚GDP solution structure (residues 30-
40 and 58-66) also show a higher level of disorder than
the rest of the protein, which suggests that flexibility in these
domains may be characteristic of ras-like proteins in solution.
When considering the entire structure, including all disor-
dered regions, an rms deviation of 3.8( 0.5 Å is calculated
for all non-hydrogen atoms. Statistics on the stereochemical
quality, restraint violations, and the energies of the different
components in the potential function across the ensemble of
20 structures are presented in Table 2.
In summary, Cdc42Hs consists of a central six-stranded

â-sheet which is curled about the axis of helixR5. Helix
R1 lies perpendicular to theâ-strands, also on the concave
side of the sheet. Flanking the convex surface are helices
R3 andR4, which lie parallel to theâ-strands. As discussed
above, no evidence is found for theR2 helix in Cdc42Hs.
The shortRI helix of the insert region is apparently less stable
than other helices and lies adjacent to the loop betweenâ4
andR3, perpendicular to theâ4 andR3 axes. The insert
region itself forms a relatively compact loop structure which
does not occlude the nucleotide binding site as predicted

FIGURE 3: Summary of the assignments and the secondary structure of Cdc42Hs. Amide protons in Cdc42Hs‚GDP exhibiting deuterium
exchange (H-D) with half-lives of less than 1 h in D2O are shown using open circles; closed circles indicate exchange half-lives of greater
than 1 h. The second and third rows show the composite chemical shift indices of the HR, CR, Câ, and C′ protons (CSI; Wishart & Sykes,
1994; Wishartet al., 1992) in the GDP-bound and GMPPCP-bound forms, respectively, where (+) is correlated withâ-strand, (-) with
helix, and (O) with coil. NOE intensities are represented in the rows labeleddRN, dNN, anddRN(i+3), with thick bars indicating strong NOEs
(<2.9 Å), medium bars indicating intermediate NOEs (<4 Å), and thin bars indicating weak NOEs (<5.5 Å). Secondary structural elements
are indicated in the bottom row.
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(Sutcliffe et al., 1994) but appears to flank portions of
Cdc42Hs which do bind the nucleotide. Close contacts are
made between residues 120-129 in the insert region and
residues 84-89 which lie in the loop betweenâ4 andR3.
While a fair amount of disorder is seen in the insert region
of the 20 fully aligned structures, alignment of the insert
region alone shows it to be well-defined structurally (Figure
5). The disorder seen with respect to the remainder of the
protein is due either to molecular motion or to a lack of NOE
constraints.
Definition of a Switch Surface.Assignment of an active

Cdc42Hs protein bound to the nonhydrolyzable GTP analog,
GMPPCP, illustrated which regions of the protein undergo
conformational changes upon activation, as evidenced by
chemical shift changes between the active and inactive states.
As expected, the P-loop betweenâ1 andR1, as well as those
portions of switch I and switch II which were assignable, is
dramatically affected by activation of the protein. However,
the R3-â4 loop and helixR3 also experience significant
chemical shift changes when GMPPCP binds (labeled switch
III in Figure 6), forming a large “switch surface” (Figure 6)
in Cdc42Hs. The unspecified conformational change in helix
R3 is the likely cause of changes in the quantum yield of
intrinsic tryptophan fluorescence (at position 97) and extrinsic
sNBD fluorescence (covalently attached at K150 in the
neighboringR4 helix) upon GTP binding and hydrolysis
(Leonardet al., 1994; Nomanbhoyet al., 1996). Interest-
ingly, the chemical shifts of the nuclei within the insert region

are almost entirely invariant, suggesting that no conforma-
tional changes are induced within the insert region upon
activation of the protein by GTP binding. Nevertheless, the
location of the insert region relative to the Cdc42Hs switch
surface helps to explain its role in the mediating the binding
of target and regulatory proteins.
The structure of the insert region is of critical importance

for understanding the function of rho subfamily members.
Studies in another rho subfamily protein, Rac, have shown
that deletion of, or point mutations within, the insert region
disrupts normal binding to a primary target, the NADPH
oxidase complex (Freemanet al., 1996). Interactions of
activated Rac with the PAK serine/threonine kinase, on the
other hand, are not affected by changes in this region,
whereas both PAK binding and stimulation of NADPH
oxidase activity are disrupted by mutations within the
“effector” domain residues 32-38. While our studies on
Cdc42Hs‚GMPPCP rule out the possibility that the insert
region functions as an additional switch domain that deter-
mines selectivity of target proteins for the active conforma-
tion, it is clear that both the insert region and the effector
domain are crucially involved in the binding of the NADPH
oxidase effector complex. If both the insert and the effector
domain contribute to the binding of the NADPH oxidase
effector complex, then the most likely orientation for the
(bound) effector complex would cover the nucleotide binding
site. This suggests that the insert may be viewed as a region
that is either important as a secondary binding site for the
effector protein or as a transduction element which mediates
the interaction between Rac and the NADPH oxidase system.

FIGURE 4: Illustration of the alignment and packing of theâ-sheet.
Amide protons exhibiting deuterium exchange (H-D) with half-
lives of greater than 1 h in D2O are indicated by solid circles,
whereas dotted circles indicate those amide protons for which it
was not possible to measure the exchange rate due to peak overlap.
Hydrogen bonds are indicated by heavy bars, and strong NOEs
(<2.9 Å) and weak NOEs (<5.5 Å) are indicated by solid and
dashed arrows, respectively.

Table 2: Structural Statistics

(a) Stereochemical Qualitya

av value std dev

Ramachandran plot
residues in most favored regions (%) 63 3
residues in additional allowed regions (%) 28 3
residues in generously allowed regions (%) 6 2
residues in disallowed regions (%) 3 1

nonbonded contacts (no. within 2.1 Å) 0 0
overall quality (G-factor) -0.59 0.02

(b) NOE Constraint Violations
no. of violations

av value std dev

violations
>0.3 Å 58 5
>0.4 Å 22 3
>0.5 Å 4 2
>0.6 Å 1.0 1.1
>0.7 Å 0.3 0.6
>0.8 Å 0 0

(c) Energy Values in Potential Function
av value std dev

total energy (kcal/mol) 4360 120
bonded energy terms
bond length (kcal/mol) 153 7
bond angle (kcal/mol) 720 40
improper (kcal/mol) 130 10

nonbonded energy terms
simplified van der Waals repulsive (kcal/mol) 790 50
NOE (kcal/mol) 840 40
carbon chemical shift (kcal/mol) 630 40
proton chemical shift (kcal/mol) 380 40
Ramachandran dihedral restraints (kcal/mol) 700 20
a This analysis was performed using Procheck-NMR (Laskowskiet

al., 1993).
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Similarly, the insert is involved in the binding of a primary
target protein, IQGAP, to Cdc42Hs (McCallumet al., 1996).
Replacement of the insert region of Cdc42Hs with the smaller
H-ras loop 8 leads to decreased affinity of this chimera for
IQGAP. It is expected that IQGAP binds primarily to those

regions of Cdc42Hs which change conformation upon GTP
binding. Indeed, the fluorescence of an extrinsic sNBD
reporter group covalently attached at K150, which monitors
conformational changes within the Switch surface, is also
sensitive to IQGAP binding. Whereas in H-ras most of the

FIGURE 5: (A) Stereoview of the CR atoms of 20 aligned Cdc42Hs‚GDP structures. (B) Insert region residues Asp118 to Lys135 from the
20 final structures are aligned against each other and displayed as a CR plot. (C) The most representative structure, determined by NMRCLUST
(Kelley et al., 1996), shown in two orientations. This figure was produced with MOLSCRIPT and Raster3D (Kraulis, 1991; Merritt &
Murphy, 1994).

FIGURE 6: Switch surface of Cdc42Hs shown as (A) a schematic representation of the backbone and (B) a rendering using Insight II (MSI).
In both cases GDP is shown in the “stick” representation. The colors indicate the degree to which chemical shift changes are observed
between the GDP-bound state and the GMPPCP-bound state. Chemical shift changes were placed in three groups: large (red), medium
(magenta), and small (blue). The categories were based on chemical shift changes in backbone resonances only. (C) Structure of GDP-
bound H-ras (Tonget al., 1991) rendered using Insight II showing the positions of switch I and switch II.
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changes which occur upon activation are confined to switch
I and switch II (Wittinghofer & Pai, 1991), in Cdc42Hs
regions of R3 and the adjacentâ4 strand also exhibit
significant chemical shift changes between the active and
inactive forms of the protein. The insert region may play a
role in the binding interaction with IQGAP, precisely due
to its orientation relative to both the loop betweenâ4 and
R3 and the P-loop betweenâ1 andR1.
The insert region is also intimately involved in the

mechanism of action of the RhoGDI. While the RhoGDI
protein is capable of binding to the chimeric Cdc42Hs protein
in which H-ras sequences replace the insert, the binding event
has no effect on the dissociation rate of GDP from the
chimera. In addition, whereas the fluorescence of mant-GDP
bound to wild-type Cdc42Hs is quenched by 20% upon GDI
binding, no quench is observed in similar experiments with
the Cdc42Hs chimera (Wuet al., 1997). These studies
suggest a regulatory role for the insert region in the function
of rho subfamily proteins, namely, transducing the signal
from GDI binding to inhibition of GDP dissociation. While
it is known that GDI binding to Cdc42Hs requires the
prenylated C-terminus (Leonardet al., 1992), the high
mobility of the C-terminal region and its location on the
opposite side of the protein from the GDP binding site
suggest that more proximal residues, such as the insert region,
would be required for GDI-induced inhibition of GDP
dissociation. However, because of the high flexibility of the
C-terminal region, the exact interaction cannot be predicted.
An attractive hypothesis is that, after binding to the preny-
lated C-terminus, the flexibility of the C-terminal region
would allow RhoGDI to interact with the insert region, which
lies adjacent to residues that line the nucleotide binding
pocket. On the basis of modeling studies which suggested
that the insert region could cover the guanine nucleotide
binding site (Sutcliffeet al., 1994), it was originally assumed
that the effect of RhoGDI binding would be to stabilize this
conformation. The possibility remains that binding of
RhoGDI could induce the insert to occlude the nucleotide
binding site, thereby impeding diffusion of GDP out of the
binding site, or that RhoGDI binding induces the insert to
contribute side chains to the binding of the GDP (an
interesting proposition given the basic nature of the insert
sequence and the acidic nature of the nucleotide). Although
the exact details of this interaction cannot be determined
without the structure of the complex, it is important to note
that no known GDIs exist for Ras proteins, which lack the
insert.

The H-ras structure can be viewed as a minimal scaffolding
for guanine nucleotide binding and hydrolysis into which
structural insertions can be built at a number of locations
(Bourneet al., 1991). The solution structure of Cdc42Hs is
no exception to this rule; however, it is the structural
differences between Cdc42Hs and other GTP-binding pro-
teins that confer the specificity of Rho proteins and ultimately
their unique biological activity. Clearly the switch surface
with the Rho-specific insert along one edge is a crucial
element in the specificity of these proteins, as is the flexible
C-terminal tail which binds GDI proteins. Building on the
solution structure of Cdc42Hs, further work on the complexes
between Cdc42Hs and its regulatory and effector proteins
will be essential for understanding the molecular details of
the biological function of this important signaling pathway.
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