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ABSTRACT. The Cdc42 GTPase, a member of the Rho subfamily of Ras proteins, can signal to the
cytoskeleton through its effector, the Wiskott-Aldrich syndrome protein (WASP), activation of which
results in localized polymerization of new actin filaments. NMR structures of WASP peptide models in
the Cdc42-bound and free states suggest that GTPase binding weakens autoinhibitory contacts between
the GTPase binding domain (GBD) and the C-terminal actin regulatory (VCA) region of the protein. In
the study presented here, amide hydrogen exchange has been used with NMR spectroscopy to directly
examine destabilization of the autoinhibited GBBCA conformation caused by GTPase binding. A
truncated protein, GBD-C, which models autoinhibited WASP, folds into a highly stable conformation
with amide exchange protection factors of up toc3LCE. A novel hydrogen exchange labeling-quench
strategy, employing a high-affinity ligand to displace Cdc42 from WASP, was used to examine the amide
exchange from the Cdc42-bound state of GBD-C. The GTPase increases exchange rates of the most
protected amides by 5600-fold, with destabilization reducing the differences in the protection of segments

in the free state. The results confirm that Cdc42 facilitates the physical separation of the GBD from the
VCA in a tethered molecule, indicating this process likely plays an important role in activation of full-
length WASP by the GTPase. However, destabilization of GBD-C is not complete in the Cdc42 complex.
The data indicate that partitioning of free energy between binding and activation may limit the extent to
which GTPases can cause conformational change in effectors. This notion is consistent with the requirement
of multiple input signals in order to achieve maximal activation in many effector molecules.

GTPases in the Ras superfamily function as molecular are capable of binding to and activating downstream effector
switches in diverse systems, controlling processes such agroteins. In recent years, multiple effectors have been
cytoskeletal change, cell growth and vesicle transport. The discovered for many members of the superfamily. It is
GTPases cycle between an inactive GDP-bound state and
an active GTP-bound state in vivo. In the GTHRate, they 1 Abbreviations: CRIB, Cdc42/Rac interactive binding; DMSO,
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generally believed that the subset of these molecular targetshydrogen exchange, which is a sensitive probe for the
utilized in response to a particular stimulus, determines the stability of protein main chain structure, to examine these
resultant specific cellular response. But the structural and issues.

biophysical factors that determine the engagement of a The rates of amide proton exchange with solvent provide

particular effector and the means by which interaction is
coupled to activation are poorly understodd. (

Ras homologues in the Rho subfamily, including Cdc42,
Rac, and Rho, play important roles in signaling pathways
that control cell morphology, adhesion, motility, and gene
expressionZ). Cdc42 appears to function often as a regulator
of cell polarity, frequently through inducing localized po-
lymerization of new actin filaments3). Many Cdc42-

important information about protein dynamics, folding, and
stability (17—19). In a typical experiment, a protein sample
is prepared to the desired state (e.g., native, ligand-bound,
or a substantially unfolded conformation) and then a rapid
change of conditions allows “labeling” of protein amide sites,
for example, by hydrogen exchange with solvent deuterons.
After a defined period of time, hydrogen exchange is
“guenched” by a second rapid change into conditions where

dependent processes are mediated through downstreanfurther exchange is ideally eliminated (e.g., low pH or

effectors containing a conserved,-1P6-residue sequence

termed a CRIB (for Cdc42/Rac Interactive Binding) motif
that has now been identified in more than 25 different
proteins &). Biochemical and structural studies of several
effector protein-Cdc42 interactions have revealed a con-

denaturant concentration) and the amide hydregiute-

rium population of the protein can be readily measured. At
present, experiments based on amide hydrogen exchange
employ one or a combination of quenching conditions. A)
the pH is adjusted to near 4, where exchange is minimal for

served mode of interaction between the GTPase and CRIBmain chain amides2(). B) the temperature is lowered to

motif, involving extension of the GTPagksheet with an
additional strand §—7). In all cases examined to date,
additional effector-specific regions located immediately
adjacent to the CRIB maotif are involved in intramolecular
interactions which play an important role in autoinhibition
of the free effectorsg, 9). Disruption of these interactions
by GTPase binding is critical for activation.

The Wiskott-Aldrich syndrome protein (WASP) is a CRIB
motif-containing Cdc42 effector and a critical component
of pathways that link extracellular signals to the actin
cytoskeleton 10—12). WASP stimulates cytoskeletal rear-
rangement through binding and activation of Arp2/3 com-
plex, an important actin nucleating and cross-linking factor
in the cell L3). The ability of WASP to stimulate Arp2/3
complex is controlled by an autoinhibitory mechanism,
characterized by intramolecular interactions in WASP be-

minimize exchange. C) the solvent is replaced nearly
completely with an aprotic medium such as DMSX1)(or

a structure-stabilizing cosolvent, such as trimethylamine
N-oxide 22) or trifluoroethanol (M. Buck et al., manuscript
in preparation), is added. D) the denaturant or ligand is
removed from the sample by dilution followed by rapid
filtration or chromatography, returning the protein to a state
that protects amides welRB).

In this report, we describe a novel method for quenching
amide exchange from the Cdc42-bound state of WASP. The
procedure must both dissociate the Cde¥2ASP complex
and allow WASP to revert to the state of the free protein.
We find that addition of a ligand that binds Cdc42 more
tightly than WASP displaces the latter and allows it to regain
the structure of the autoinhibited statehere many amides
are highly protected from hydrogen exchange. We call this

the CRIB motif and adjacent sequences) and the C-terminalprgcedure D above except that the ligand is displaced rather

VCA region (weakly homologous to verprolin, cofilin, and
an acidic C-terminus)g; 14, 15). These interactions block
the ability of the VCA region to stimulate Arp2/3 complex,

although the exact mechanism of autoinhibition remains
unclear and may involve a series of basic residues im-

mediately N-terminal to the CRIB motiflg). Binding of

Cdc42 has been shown to physically displace GBD peptides

from VCA peptides, concomitant with enabling the VCA to
activate Arp2/3 complex. It is therefore likely that separation
of these regions of the polypeptide chain, facilitated by
Cdc42-induced destabilization of the GBIWCA conforma-
tion, is integral to the mechanism by which WASP is

activated by the GTPase. A molecular mechanism of this
destabilization was suggested by comparison of the structure

of a GBD—Cdc42 complex and a model for the GBIVCA

complex. The two structures were found to be incompatible

with one another, indicating that binding of Cdc42 to the
GBD could disrupt many contacts in the autoinhibited
conformation. A similar mechanism, involving destabilization

than removed from the solution. The general utility of the
ligand displacement strategy as a quench in hydrogen
exchange experiments is discussed below.

Hydrogen exchange measurements allow us to quantify
the effects of GTPase binding on the stability of different
segments of the WASP model protein. The data indicate a
large global destabilization of the WASP autoinhibited
conformation on interaction with Cdc42, consistent with the
structural incompatibility of the two state8)( Interestingly,
in the construct used here, which is more highly stabilized
than native WASP, this energy is not sufficient to fully unfold
the protein, and significant protection against amide hydrogen
exchange (1083000-fold) remains in the bound state.

Features of Cdc42effector interactions are reviewed in light

of our findings, and parallels are drawn to other systems.

MATERIALS AND METHODS

Constructs and Proteing®reparation and purification of

of an autoinhibited structure on binding to Cdc42, has been Cdc42 loaded with a nonhydrolyzable analogue of GTP

proposed for the activation of p21-activated kinase (PAK)
(9), another CRIB maotif-containing effector. However, the

(GMPPNP) and WASP fragments have been described
elsewhere}, 8). The WASP fragment of residues 22310

regions of the structure that are affected by Cdc42 binding linked to residues 461492 with a (GGS) linker (denoted
and the magnitude of their destabilization have not been GBD-C) used in this study was labeled wifiN and purified
determined. In the study presented here, we use amidein a similar manner.
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Experimental Procedure for Hydrogen Exchangdée VCA through a short linker, rather than through the large
GBD-C protein was lyophilized from 25aL of 50 mM proline-rich segment found in the wild-type molecule. The
phosphate buffer (pH 6.3), 100 mM NaCl, 5 mM MgCl  protein used here, GBD-C, links residues 2230 to
and 5 mM DTT, and redissolved in the same volume of residues 461492 with a (GGS) linker and, isolated from
99.9% DO to 0.3 mM by rapid pipetting. For analyses of other binding partners, adopts a folded structure we refer to
bound GBD-C, 25QuL of a 0.45 mM Cdc42GMPPNP as the autoinhibited stat8)( Such models are biochemically
solution (phosphate buffer as above in a 10%9190% DO more tractable than full-length WASP, while retaining many
mixture) was added immediately and mixed. The reaction of the essential features. However, the shorter linker sig-
was quenched after 1, 5, 10, 20, 40, 80, and 160 min at 15nificantly stabilizes the autoinhibited conformation in these
°C, by addition of 25Q:L of a 30% HO/70% D,O solution systems relative to the wild type. Thus, some aspects of
of the GBD (0.9 mM), followed by concentration to 2&0 function may differ quantitatively from those of WASP, and
using ultrafiltration (55 min at 4C). The pD values of the  the data must be considered with this in mind.
exchange samples were found to be within 0.05 unit of 6.3 NMR spectra of Cdc42-bound GBD-C have extremely
(electrode reading uncorrected for isotope effects). broad lines (not shown), preventing direct analysis of this

NMR Data Acquisition and Analysig€ach sensitivity- state of the protein. Therefore, we developed a procedure
enhancedH—N HSQC spectrum44) was recorded in 60  that allows amide exchange to be monitored from the Cdc42
min at 15°C on a Varian Inova 600 spectrometer. Peak complex through analysis of spectra of free GBD-C, where
volumes were integrated and compared to baseline noise foresonances are narrow and easily quantifiable. The method
error estimation (4% uncertainty in the first time point). In involves a quenching step, which we call ligand displace-
analyses of the GBD-ECdc42 complex, to correct for ment. The experimental protocol, pictured in Figure 1, makes
variations in sample concentration during workup, peak use of a WASP fragment (GBD, residues 23B8) that
volumes were scaled to the average peak volume of residuehinds Cdc42 with &4 of 11 nM, an affinity approximately
256, 480, 483, 491, and 492 which are not protected from 340-fold tighter than that of the autoinhibited GBD-C
exchange in GBD-C and report the 13% level of residual construct whose dynamic behavior we want to study=
H,0 in the final sample. Scaled amide intensities in a sample 3.5 uM). In the procedure, IfN]JGBD-C is exposed to
at 0.1 mM were nearly identical to those in the higher- unlabeled Cdc42 for a defined labeling period. An excess
concentration samples, excluding the possibility that hydro- of unlabeled GBD peptide is then added, which displaces
gen exchange is slowed due to aggregation. A single ['®*N]JGBD-C from the GTPase, allowing it to revert to the
exponential Y = a exp —kt + residual water offset) was autoinhibited conformation. As the free state highly protects
used to fit the peak volume data and to determine the many amides, displacement effectively quenches hydrogen
exchange rat&k. To assess exchange during sample prepara-exchange. Since the unlabeled GBD and Cdc42 are not
tion and spectral acquisition, spectra were acquired on afeatured in the NMR spectra of théN-labeled GBD-C,
sample prepared by simultaneously adding the GBD and spectra may be recorded without separation of the compo-
Cdc42 to >N-labeled GBD-C but which was otherwise nents. The effectiveness of this method requires several
treated in a manner identical to that of the samples of the conditions. First, hydrogen exchange from free GBD-C must
labeling exchange time course, thus providing a zero time be much slower than the sample preparation and NMR
point as a control. For amides with partial exchange during acquisition times. Second, displacement of GBD-C from
the sample preparation and NMR data acquisition, the Cdc42 in the guench must be complete, and allow the protein
intensity that remains in this time zero control was compared to regain the structure of the autoinhibited state. Finally,
that expected to remain using the relationshig= (1 — displacement and the conformational change must be rapid
offset) exp—k'(NMR acquisition+ sample preparation time)  with respect to the rate of hydrogen exchange from the
+ offset (here 0.13) as an estimate, whkrés the rate of complex. The following section reports on controls for
exchange from free GBD-C and assuming the intensity ascertaining each of these requirements.
buildup in spectra is dominated by the first third of the  Hydrogen exchange was measured in a sample of WASP
acquisition time. The hydrogen exchange rate during prepa-GBD-C at 15°C in D,O buffer (pH 6.3), allowing us to
ration is corrected for temperature. We similarly compared derive protection factors for 38 amides. These range from
the intensity change in two consecutively recorded'H 1.6 x 10?t0 2.6 x 10° (summarized in Table 1). Protection
15N HSQC spectra of this control sample and also comparedfactors were greatest in the center of tdaelices, with an
with intensities of a spectrum recorded in a 90%OHL 0% average value of 6« 10*. Hydrogen exchange was suf-
DO mixture, as a sample not affected by exchange. A groupficiently rapid in thes-strands that we could not measure
of 12 amides which have exchange rates faster than 0.75protection factors for any amides in these elements. For 16
h~ were excluded from the analysis. Intrinsic exchange rates of the 38 amides, exchange rates were relatively rapid,
were calculated with residue specific correction fact@® ( ranging from 3.0x 1072to 6 x 10-3 min~*. Although these
and were corrected for temperature. amides could be observed in spectra of freshly dissolved

GBD-C, the sample handling period following the quench
RESULTS AND DISCUSSION (~55 min) is sufficiently long in the ligand displacement

Development of a Hydrogen Exchange Strategy for Study- experiments that all but four of these amides have largely
ing Cdc42-Bound WASRVe have used hydrogen exchange exchanged and their peak volumes cannot be accurately
and NMR spectroscopy to examine how binding of Cdc42 measured. The four slower exchanging amides of this group
alters the stability and dynamics of an effector protein, have rates in the quenched mixture that are similar compared
WASP. We and others have developed model proteins ofto those obtained for the protein in isolation (see Materials
WASP in which the GBD region is joined to portions of the and Methods), suggesting that the quench of their exchange
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Ficure 1: Pulse quench strategy using ligand displacement. (1) WASP GBD-C is dissolve@inrDisolation, the protein exists in an
autoinhibited conformation which highly protects many of the amides. (2) A 1.25-fold excess of Cdc42 is added, destabilizing autoinhibited
WASP and initiating hydrogen exchange. The concentrationskan@®.7 «M) indicate that approximately 96% of the GBD-C WASP
molecules are bound by the GTPase. (3) Hydrogen exchange proceeds during the labeling period oft dlinatistnucture of the protein

bound to Cdc42 (shaded gray) is unknown but allows greater access to amide exchange than the autoinhibited conformation. (4) At the end
of the labeling period, a 2.5-fold excess of the GBD peptide, which binds Cdc42 approximately 340-fold more tightly than GBD-C WASP,

is added, displacing the GBD-C and allowing it to revert to its autoinhibited conformation. Displacement quenches hydrogen exchange to
>99.7% (0.3% of the GBD-ECdc42 complex remains), highly protecting 26 of the 121 main chain amides. (5) The sample is prepared
for NMR, and alH—*N HSQC spectrum is recorded, enabling selective observation of GBD-C in the presence of unlabeled Cdc42 and
GBD peptide.

is effective. The other 22 amides have exchange rates slowemagnitude. Representative regionstdf-1>N HSQC spectra
than 3.0x 1072 min~! in the free protein and exhibited no  recorded with different labeling times are shown in Figure
significant exchange<10% change in amide occupancy) 2a. Several features are notable. After the quench, GBD-C
in the quenched mixture during sample preparation or chemical shifts and line widths are nearly identical to those
spectral acquisition (see Materials and Methods). Thus, for of the free protein alone in solution, indicating that the protein
26 amides in GBD-C, hydrogen exchange is sufficiently slow has reverted to the autoinhibited conformation and that the
following the quench that it can be quantitatively accounted population of Cdc42-bound GBD-C is small. Less than 0.3%
for or neglected. of GBD-C is expected to be complexed on the basis of the

The WASP state is substantially destabilized on Cdc42 binding constants of WASP GBD-&§ = 3.7 uM) and the
binding, as inferred from the spectra of the complex (M. GBD peptide Kg = 11 nM). A small population of bound
Buck and M. K. Rosen, manuscript in preparation), and WASP would have a negligible effect on amide intensities
consequently, we anticipated that exchange of amide hydro-on the time scale needed for data acquisition (M. Buck and
gens from the complex would be faster by several orders of M. K. Rosen, manuscript in preparation).
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Table 1: Summary of Amide Exchange Data a) 0 ) v 9
8287

residues  kint (Min™Y) log P bound logP free difference f Ra6s
ol (267,268, 25.5 242+ 0.28 451+0.74 2.12+0.77 @0
270-272, 274) Control ) 0 vier
o2 (281) 22.4 2.2% 0.09 4.274+0.04 2.004+0.1P 0 93483
a3 (289-295) 10.5 27H0.52 5.48+0.79 2.69+0.58 AZT4
o4 (303,304) 19.7 2.620.37 3.93£0.80 1.73:0.30 Mant O
o5 (470,471, 45.8 245+ 040 4.24+096 1.79+0.75
473, 474)
average 23.330.8 256+041 4.77+0.89 221+0.71 o 0

aColumn 1: residues belonging to secondary structural elements 52870 0
used for averaging. Column 2: average intrinsic exchange kafe ( 0 o R268
Column 3: average of log protection fact®?) (of those amides in the 1 min @
Cdc42-bound state. Column 4: average of log protection factors in b e § vier
the unbound, autoinhibited protein. Column 5: average of the difference 0 0 A274
between log protection factors. The errat9 @re one standard deviation Ma71 0
of the values averagefiData for one residue; the error is the
uncertainty in fitting the exchange rate. The last row gives the average
over all residues listed. )

s287) ¢

Rapid displacement of the GBD-C protein from Cdc42 is v @O e
a further requirement for the labeling-quench protocol to be S min 8 8§ vier
successful in these experiments. If binding and displacement e M
kinetics were slow, amide intensity changes would reflect L . 0
both the exchange from the Cdc42-bound state and the
kinetics of the conformational changes on binding and
dissociation, in principle yielding multiexponential decays. — v 8
Multiexponentials are not required to fit the amide intensity 268
decay data. Moreover, during measurement of Cec42 20 mi @9
WASP affinities using fluorescence spectroscopy and iso- min s 9 vaer
thermal scanning calorimetry, we (M. K. Rosen and A. S. 0 0 AZ74
Kim, unpublished observation8) and others Z4) have Duwn 0

qualitatively observed that binding of a variety of WASP
constructs to the GTPase is complete withir2ls for protein
concentrations in the range of 8:50 M. Dissociation rates b) g
are similarly rapid, and we have seen that a fluorophore-
tagged GBD-C protein can be displaced by the GBD in less
that 5 s with concentration ratios similar to that used in the
hydrogen exchange experiments (data not shown). Once
displaced, the GBD-C should assume the stable autoinhibited
state on a time scale that is much faster than the shortest
labeling period (1 min), given that conformational changes, 0.2
such as folding processes, are fast (usually in the 10D
ms range for typical monomeric proteins). 0 20 40 60 80

We have shown in the section above that it is possible to Time (mins)
use a competitive, high-affinity ligand (GBD) to displace a Ficure2: (a) Amide exchange data illustrated for a representative
low-affinity ligand of interest (GBD-C) from a protein  region of the'H—'*N HSQC spectra. Spectra for the control, with

binding partner (Cdc42). The conformation of the displaced Cdc42 and the GBD added simultaneously, and exchange quenched
ligand reverts to a state allowing no further exchange of &ite"1 5, and 20 min are shown. Amides S287, R268, A274, V467,

. . and M471 have similar intensities in a control sample (immediate
amides so that the amide hydrogen occupancy reports onguench of exchange) but have different intensities in spectra of the
exchange that occurred while in the bound state. Therefore,protein that had been bound to Cdc42, reporting on different rates
the exponential decrease in amide intensity as a function ofof exchange while in the Cdc42-bound state. S483 is one of the

labeling period represents exchange from the Cdc42-boundfve residues used for the internal scaling of the protein concentra-
tion. (b) Time course showing the intensity decrease in samples

,State' Representatlve datg in Figure 2b show that eX_Chang%uenched at the different times and fits to exponential decays.
in GBD-C is much faster in the complex state than in the
free protein. procedures typically require significant perturbation of solu-
Comparison of the Ligand Displacement Strategy with tion conditions, and cannot be used with many systems. The
Other Techniques, and Its General UtilitWhen protein principal advantage of the ligand displacement strategy is
complexes are not amenable to NMR analysis, componentsthat a molecule of interest can be dissociated from a complex
must be separated in order to perform hydrogen exchangewithout physical separation of all the components, and thus
studies. In existing strategies, this often takes the form of without significant perturbation of conditions. In principle,
physical (e.g., chromatographic) separation of the compo-the competitor and protein under investigation need not be
nents, as in reported studies of proteantibody complexes  related. For example, it should be possible to probe other
(25, 26) and amyloid fibrils 27, 28). However, such Cdc42-effector interactions (Pak, Ack, etc.) using the WASP
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Ficure 3: (@) Schematic representation of the autoinhibited conformation of WASP. The structured parts of the GBD (resid@&6)250

and the cofilin homology helix (residues 46479) regions are shaded yellow and red, respectively. (b) Location and magnitude of protection
factors in the free and Cdc42-bound state as indicated on the backbone of the autoinhibited structure. The scaled range of the data is
indicated by color (red to blue via purple), whereas the absolute value is indicated by the size of the spheres. (c) Log of protection factors
of amides in free (red) and Cdc42-bound WASP (black) as a function of protein sequence. The secondary structure determined by NMR
in the native, unbound protein is also shown. For the 15 amides that could be monitored in free GBD-C, but exchanged too rapidly in the
complex, only a red bar is shown. The sites that exchange too quickly to be followed in the free protein, such as those belonging to the
pB-hairpin and a helical turn of the GBD (residues 2%53), could, in principle, be more highly protected in the complex.

GBD peptide, as long as the GBD is the ligand with a higher helix a5). Layers 1 and 2 compose the GBD, and layer 3 is
affinity for the GTPase. The ligand displacement procedure the “cofilin homology” region of the VCA. The first layer
need not result in a free protein but instead could involve is known to bind Cdc42 in a conformation that is incompat-
ligand substitution. Indeed, experiments are in progress inible with the remainder of the autoinhibited structure. Thus,
our laboratory that use unlabeled GBD and GBD-C to binding is likely to destabilize at least part of the GBD-C
monitor hydrogen exchange from®l]Cdc42 in the two structure §, 8). We tested this model by examining hydrogen
complexes. Furthermore, even if ligand substitution does not exchange rates of GBD-C in complex with Cdc42. Using
cause a large difference in hydrogen exchange rates, it couldhe methodology described above, we could fit amide
still be useful in cases where the dynamics or the chemical hydrogen intensities for 26 residues throughout the WASP
stability of the original ligand is unfavorable for NMR structure as a function of the time that allowed hydrogen
spectroscopic analysis. As long as hydrogen exchange is slonexchange to occur from the Cdc42-bound state. Protection
enough from the reference state to allow NMR detection, factors, which compare the exchange rates to those calculated
such experiments will reveal the difference in hydrogen for residues in a random coil conformation, can provide
exchange of the components involved. The strategy may thusinformation about the stability of the structures that are
be generalizable to cases in which the stability and dynamicsresponsible for the retardation of exchange. These are shown
of several protein binding partners are of interest. The useas a function of the GBD-C sequence in Figure 3c, along
of ligand substitution may open a door to new investigations with secondary structural elements, and thus provide site
of protein functional dynamics using amide hydrogen specific probes for the effect of Cdc42 binding. The amide
exchange. protection factors, also summarized in Table 1, demonstrate
Destabilization of Cdc42-Bound GBD-C Measured by that binding to Cdc42 has considerably increased rates of
Hydrogen Exchangdn the structure of GBD-C, a model exchange across the autoinhibited conformation. The ex-
for autoinhibited WASP that has been determined by NMR change rates are increased in WASP GBD-C by a factor of
spectroscopyd), the GBD, and part of the VCA interactto 130 on average compared to those of the same residues in
form a small, cooperatively folded domain, which can be the unbound protein. This effect could, in principle reflect
considered as three layers of secondary structural elementsn increase in only local fluctuations of the protein, without
in Figure 3a @-hairpin andal helix, helicesa2—a4, and an overall thermodynamic destabilization. However, we think
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this is unlikely since we have shown elsewhere (M. Buck  The data here support the notion that structural incompat-
and M. K. Rosen, manuscript in preparation) that exchange ibility leads to destabilization of the core of the autoinhibited
occurs in the EX2 regime and since the increase in exchangedomain on binding to Cdc42. The energy necessary for this
rates is seen across the entire structure. It also includes thelisruption must be drawn from the GBD binding energy.
most highly protected amides, which are likely to exchange This is consistent with the appreciably decreased affinity of
by fluctuations approaching global unfolding. Thus, the GBD-C compared to that of the GBD alone [3.8/ for
pattern of deprotection indicates a global destabilization of GBD-C compared to 186130 nM for various GBD con-
the autoinhibited conformation. Some variations in the level structs b, 8, 30)]. Similar data have been obtained for the
of destabilization exist for different elements of secondary p21 activated linase (PAK), where the full-length protein
structure. Then3 helix, which forms a significant part of interacts with Cdc42 with a 100-fold lower affinity than the
the hydrophobic core of the autoinhibited structure, is minimal binding element3). In other autoinhibited proteins,
destabilized most¢500-fold change in rates), while helices the effects of configurational entropy in the isolated activator-
a4 andob, which are furthest in sequence from the Cdc42 binding domain or of strain in the full-length protein could
binding site, are affected least-$0—60-fold). Although serve to equalize the affinities of the two polypeptides (32),
helix o5 is not sequence adjacent but linked to the GBD and could in principle reverse them. However, it is likely
structure, its destabilization is still similar to that of the GBD that the exchange of binding energy for activation or
structure. Interestingly, the secondary structural elements withconformational change will be a property of many autoin-
greater stability in GBD-C exhibit greater destabilization hibited systems.
(larger increases in hydrogen exchange rates) on binding to We are presently investigating other WASP constructs to
Cdc42 (see Table 1). Thus, binding serves to bring protectiondetermine the relationship between binding affinity, WASP
against hydrogen exchange across the molecule to a moreprotein stability, and the extent of activation by GTPase. The
similar level. results reported here indicate that Cdc42 is not able to
The protection factors in Cdc42-bound WASP GBD-C completely destabilize structure in GBD-C. This suggests
range from 18 to 1. If we assume a two-state model that it may not be possible to use all the energy that is
involving only bound and unbound species, this would imply available from binding Cdc42 to effect conformational
that the bound protein is maintained in a partially ordered change in autoinhibited effectors since this could, in principle,
conformation in which the helices have considerable per- result in a very weakly bound complex. Incomplete disrup-
sistency 23, 29). Alternatively, several Cdc42-bound states tion, and thus potentially incomplete activation, by a single
may account for the protection factors. In this case, a small signaling input could have important mechanistic conse-
population of relatively unstructured protein could be suf- quences. For example, in the case of PAK, recently published
ficient to cause the observed amide exchange kinetics. Wedata 81) indicate that Cdc42 binding may not be sufficient
have confirmed the magnitude of the protection factors in to completely disrupt the autoinhibited dimer or give
the Cdc42-bound state of GBD-C by a separate set of complete activation. Rather, the GTPase provides limited
experiments, which use the GTPase at much lower, hydrogendestabilization of the autoinhibitory switch domain, which
exchange catalytic concentrations (e.g., 0.025 molar equivis sufficient to facilitate autophosphorylation. The covalent
to WASP) but under otherwise similar solution conditions. modification then appears to cause dissociation of the dimer,
These data are consistent with the results shown here andffording complete and GTPase-independent activation.
will be reported elsewhere, together with a discussion of the Thus, limited activation by the GTPase allows PAK to
different models for hydrogen exchange from the Cdc42- function as a switch, activation of which is triggered by
bound state (M. Buck and M. K. Rosen, manuscript in GTPase but the lifetime of which is independent of the rise
preparation). and fall of the nucleotide cycle. The amount of destabilization
It is of interest to note here that the pattern of amides which energy that is required for a given system will be determined
are most highly protected in the Cdc42-bound state of by the extent of the incompatibility between the free and
GBD-C coincides qualitatively with the locations of amides bound structures and by the precise balance of interactions
whose rate is most strongly retarded in the unbound statethat are disrupted or created in the binding process. Thus, it
(e.g., F292 and 1293 at the C-terminal side of hel8 V303 may be different for different targets of the GTPase. In the
and R304 in heliba4, and V473 in heliba5). This suggests  context of WASP activation, incomplete destabilization of
that some of the interactions that stabilize these helices inthe autoinhibited state by Cdc42 may have a biological
the Cdc42-bound state are similar to those in the autoinhib- purpose. Recent evidence suggests that at low Cdc42
ited state. An interesting exception is halit. Here the most ~ concentrations additional signaling inputs, such as,PIP
protected amide is L270 in the Cdc42-bound state (with a Grb2, Nck, or profilin, are required to effect WASP
protection factor of 780, approximately 3 times that of the activation (L5, 33—37). Thus, by setting the threshold for
surrounding residues), whereas F271 is the most protectedactivation higher than a level that can be achieved by a single
residue in helixal in the unbound state (protection factor signal, a number of signaling inputs may be integrated,
of 3.7 x 10, almost 5 times higher than for the surrounding allowing both tighter control in binary switch mechanisms
residues), suggesting that the interactions of this helix areand a greater range of response, in case of proportional or
altered in the Cdc42-bound state. Intriguingly, the helix cooperative systems.
is known to have direct interactions with Cdc42 in the = The WASP-Cdc42 complex is one of relatively few
Cdc42-GBD complex b) and may be the primary site of characterized examples to date where macromolecular in-
the conformational change that occurs in WASP upon Cdc42 teractions lead to large-scale destabilization of a protein.
binding (M. K. Rosen and M. Buck, unpublished observa- However, other important examples have been reported.
tion). Binding of chaperones can lead to destabilization of certain
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substrates38, 39), which is likely to be critical in chaperone
function of dissociating partially folded proteins prior to
refolding them 88, 40). Serpins, such as-1 antitrypsin,
cause extensive structural disruption in the protease trypsin,
thus inhibiting the enzyme4(). Several cases have also
emerged in which interaction with DNA destabilizes proteins
(42). In the transcription factor Ets-1, for example, DNA
binding unfolds and releases an inhibitory N-terminal helix
of the protein, which is then available for binding to other
proteins 43). The ability of proteins to undergo conforma-
tional transitions has been extensively exploited for regula-
tory and for signal transduction purposes in cells. The method
described in this report adds to a wide repertoire of
biophysical techniques that can be used to investigate
mechanisms that involve changes in protein conformational
stability on complex formation.
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