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ABSTRACT: Vav proteins are Rho GTPase-specific guanine nucleotide exchange factors (GEFs) that are
distinguished by the tandem arrangement of Dbl homology (DH), Pleckstrin homology (PH), and cysteine
rich domains (CRD). Whereas the tandem DH-PH arrangement is conserved among Rho GEFs, the
presence of the CRD is unique to Vav family members and is required for efficient nucleotide exchange.
We provide evidence that Vav2-mediated nucleotide exchange of Rho GTPases follows the Theorell-
Chance mechanism in which the Vav2‚Rho GTPase complex is the major species during the exchange
process and the Vav2‚GDP-Mg2+‚Rho GTPase ternary complex is present only transiently. The GTPase
specificity for the DH-PH-CRD Vav2 in vitro follows this order: Rac1> Cdc42> RhoA. Results
obtained from fluorescence anisotropy and NMR chemical shift mapping experiments indicate that the
isolated Vav1 CRD is capable of directly associating with Rac1, and residues K116 and S83 that are in
the proximity of the P-loop and the guanine base either are part of this binding interface or undergo a
conformational change in response to CRD binding. The NMR studies are supported by kinetic
measurements on Rac1 mutants S83A, K116A, and K116Q and Vav2 CRD mutant K533A in that these
mutants affect both the initial binding event of Vav2 with Rac1 (kon) and the rate-limiting dissociation of
Vav2 from the Vav2‚Rac1 binary complex (thereby influencing the enzyme turnover number,kcat). The
results suggest that the CRD domain in Vav proteins plays an active role, affecting both thekon and the
kcat for Vav-mediated nucleotide exchange on Rho GTPases.

Rho GTPases have emerged as key regulators in the
control of cell differentiation and proliferation, cell motility,
cell adhesion, gene expression, transformation, apoptosis,
phagocytosis, and the cell cycle (1-3). Like Ras, Rho
proteins function as molecular switches, and cycle between
their active GTP-bound and inactive GDP-bound states (4-
7). Given their roles in cellular growth control, there is a
great deal of interest in understanding the mechanism by
which Rho GTPases are activated and regulated.

For most Rho proteins, the exchange of GDP for GTP is
accelerated by members of the Dbl family of guanine
nucleotide exchange factors (GEFs)1 (4-9). There are now
more than 30 mammalian members of the Dbl family of
GEFs, and these proteins are characterized by the tandem
arrangement of a conserved catalytic Dbl homology (DH)
domain N-terminal to a Pleckstrin homology (PH) domain.
Recent crystallographic structures of Rac1-Tiam1 DH-PH

(10), Cdc42-Dbs DH-PH (11), Cdc42-Intersectin DH-
PH, and RhoA-Dbs DH-PH (12) complexes along with
biochemical evidence from site-directed mutagenesis (13-
15) reveal that a critical helix,R5 (Tiam1 numbering), along
with the three helices that make up the conserved regions of
the DH domain, recognizes residues in the two switch regions
of the GTPase in a lock-and-key fashion. These studies
suggest that the DH domain is essential for GNE activity
such that the binding of the DH domain to the GTPase leads
to a conformational change in the nucleotide-binding pocket
which particularly affects the switch 2 region (residues 59-
67), resulting in perturbation of the Mg2+-binding site near
A59 and the loss of a key K16-GDP â-phosphate interac-
tion. The conserved PH domain of Dbl family proteins is
known to be involved in protein-protein and protein-lipid
interactions that may regulate the function of the DH domain
(16, 17).

The Vav2 family of proteins are a subfamily of the Dbl
family of GEFs and exhibit substrate specificity toward a
number of Rho GTPases (RhoA, RhoB, RhoG, Rac1, and
Cdc42) in vitro and in vivo (17-19). All Vav proteins (Vav1,
Vav2, Vav3,DrosophilaVav, andCaenorhabditis elegans
Vav) have a number of highly conserved protein-protein
and protein-lipid interaction domains, including a DH-PH
bidomain (4, 20). As in other Dbl family GEFs, the DH
domain of Vav1, Vav2, and Vav3 promotes GNE on Rho
GTPases (16, 17). However, the mechanism of Vav DH-
mediated Rho GTPase GNE has not been fully elucidated.
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While the DH domain of Vav1, Vav2, and Vav3 is essential
for facilitating GNE on Rho GTPases, Vav family GEFs also
have an additional cysteine-rich domain (CRD, also termed
the C1 domain) C-terminal to the DH-PH bidomain (16,
17). In Vav1 and Vav2, the PH domains are known to bind
the products and substrates of PI 3-kinase such as phos-
phatidylinositol 4,5-biphosphate (PIP2) and phosphatidyl-
inositol 3,4,5-triphosphate (PIP3) (21). These phosphoinosi-
tides have previously been shown to regulate Vav GEF
activity (21). In addition, the CRD of Vav1 and Vav2 can
also directly modulate GEF activity in the absence of a
membrane environment or phospholipids (16-18), suggest-
ing a distinct role for this domain in promoting GNE on Rho
GTPases. The molecular basis for this regulation remains to
be elucidated.

The kinetic results presented herein provide insight into
the mechanism of Vav1- and Vav2-mediated GNE on Rho
family GTPases. A multidisciplinary approach, including
fluorescence anisotropy, NMR-based chemical shift mapping,
and kinetic measurements, has been employed to elucidate
the role of the CRD in DH-mediated Rho GTPase GNE
catalyzed by Vav proteins.

MATERIALS AND METHODS

The chemicals used for all experiments were of the highest
grade unless otherwise documented. 2′(3′)-O-(N-Methyl-
anthraniloyl)guanosine 5′-diphosphate (mant-GDP) was pur-

chased from Molecular Probes. The mant-GDP-Mg2+ assay
mixture consists of 0.1 mM mant-GDP, 0.9 mM unlabeled
GDP, 5 mM MgCl2, and guanine nucleotide exchange assay
buffer (GNE assay buffer). The GNE assay buffer contains
10 mM MgCl2, 50 mM NaCl, and 20 mM Tris-HCl (pH
7.5).

Protein Sample Preparation.The GTPases Rac1(1-177),
Cdc42(1-188), and RhoA(1-181) were expressed and
purified as described previously (17). The final purities of
the proteins were>95% as determined by SDS-PAGE.
Protein concentrations were determined by the Bradford
method (22).

The Vav CRD constructs span residues 514-566 of Vav1
and residues 522-573 of Vav2 (Figure 1). These regions
encompass the structural limits of the Raf kinase (23) and
PKCδ (24) CRD domains for which NMR solution and
crystal structures are available. The Vav1 and Vav2 CRDs
and the Vav1 PH-CRD are not stably expressed as
individual domains inEscherichia coli, and upon cleavage
from a fused N-terminal maltose-binding protein (MBP) tag,
these constructs tend to be insoluble. However, when
expressed as a MBP fusion protein, both the Vav1 CRD and
the Vav1 PH-CRD are soluble. Therefore, the Vav1 CRD
was expressed as an MBP fusion protein from vector pMAL
(NEB) as described by the manufacturer. The Factor Xa site
of pMAL was re-engineered into a thrombin cleavage site.
However, since the Vav1 CRD was insoluble after thrombin
cleavage, the MBP was left as a solubility enhancement tag
for all NMR experiments. MBP alone was also expressed
and purified from the same vector and used as a control. In
addition to the Vav1 MBP-CRD and Vav1 MBP-PH-
CRD proteins, we also expressed the Vav1 MBP-DH-PH-
CRD protein. However, unlike the Vav2 DH-PH-CRD
(Vav2 DPC) protein which is highly active in fluorescence-
based Rho GTPase GNE assays, the Vav1 DH-PH-CRD
protein (Vav1 DPC) is not. This is consistent with previous
studies (25) in which a very high concentration (50-fold
molar excess) of the Vav1 DH domain was required relative
to the Rac1 GTPase for efficient Vav1-mediated GNE. At
these ratios, no measurable GNE activity was detected toward
Cdc42 and RhoA GTPases (25). In contrast to Vav1, we
require only catalytic amounts of the Vav2 DH-PH-CRD

2 Although traditionally the term Vav has been used to refer to Vav1,
for the sake of simplicity we have used the term “Vav” to refer to the
Vav family of proteins in general. When referring to a particular Vav
isoform, we specify Vav1 or Vav2. In this study, we present kinetic
results on various forms of Vav (Vav DH and Vav DH-PH-CRD),
Vav substrates (Rho GTPases, Rac1, Rac1 mutants, Cdc42, and RhoA),
and ligand GNPs (GDP and GMPPNP). To simplify the description of
the kinetic parameters, we have employed an abbreviated notation. For
example, the apparent dissociation constant (KD) describing interactions
of the Vav2 DH domain with Rac1 is represented asappKD(Vav2 DH-Rac1),
where the superscript app on the left side ofKD denotes that this is an
apparent equilibrium rate constant. Moreover, the subscripted notation
Vav2 DH-Rac1 within parentheses on the right side ofKD indicates
that the Vav2 DH domain is an enzyme while Rac1 is a substrate.
Similarly, the true dissociation constant of Rac1 for its GDP-Mg2+

ligand is depicted astrueKD(Rac1-GDP), where the superscripted true on
the left side ofKD denotes that the constant is not apparent. The
subscripted notation Rac1-GDP within the parentheses on the right
side ofKD indicates that GDP is a ligand of Rac1.

FIGURE 1: Multiple-sequence alignment of cysteine-rich domains shared by the Vav family of GEFs. Vav1 and Vav2 are the most closely
related members within the Vav subfamily, and the sequences of their CRDs are 62% identical and 72% similar. The multiple-sequence
alignment of the Vav1 and Vav2 CRDs with the CRDs from the atypical CRD of Raf-1 and that of the DAG-binding CRD of PKC-δ is
shown. The locations ofâ-strands and the C-terminal helix were obtained from the NMR structure of the Raf-1 CRD (PDB entries 1FAQ
and 1FAR) as designated above. Residues that are important for diacylglycerol and membrane binding in the typical CRDs, based upon the
PKC-δ crystal structures (PDB entries 1PTQ and 1PTR), are highlighted with red circles. These residues are not strictly conserved in the
CRD of the Vav subfamily or in the Raf kinase CRD, neither of which binds phorbol esters or DAG. The last two zinc-coordinating
cysteines are missing inC. elegansVav, suggesting that the CRD will either not fold properly or adopt a similar fold; however, the
significance of the difference in the CRD inC. eleganscompared to other Vav members remains unclear.
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protein such that GNE is observed at molar ratios of 1.000:
0.005 (GTPase:Vav2). Therefore, all kinetic measurements
were conducted in the context of the Vav2 protein. The
sequence of Vav3 CRD is 71% and 61% identical the Vav1
and Vav2 CRDs, respectively, and the Vav3 CRD has been
reported to bind directly to RhoA (26). Given the high level
of sequence identify among the Vav CRDs (sequences of
Vav1 and Vav2 CRDs are 62% identical), the general mode
of association of the Vav family of CRD domains with Rho
GTPases is likely to be similar. The final purities of the
proteins were>95% as determined by SDS-PAGE. Protein
concentrations were determined by the Bradford method (22).

Determination of Kinetic Parameters for VaV2-Mediated
GTPase Guanine Nucleotide Exchange. The kinetic data
were collected under conditions where the ligand and/or
substrate was present under saturating conditions; i.e., the
concentration of the GDP-Mg2+ ligand (e.g., 1 mM) is in
excess over the dissociation constant of GDP-Mg2+ for the
Rho GTPase (27, 28). These experimental conditions mimic
saturation conditions that are likely to occur in vivo, as
nucleotide (i.e., GTP) levels are present in excess of GTPase
(29). Quantitative kinetic values for Vav2-mediated GTPase
GNE were estimated using fluorescence-based approaches
employing fluorescent mant-labeled GDP (mant-GDP-Mg2+)
and measuring kinetics of mant-GDP association and dis-
sociation from Rac1, RhoA, and Cdc42 GTPases (30) (details
in the Supporting Information). The kinetic values measured
in these experiments include Vav2 catalytic activity (µM
mant-GDP-Mg2+ exchanged min-1), the specific activity of
Vav2 [µM GDP-Mg2+ exchanged min-1 (mg of Vav2)-1],
the Henri-Michaelis-Menten constant of Vav2 for
the GTPase [KM(Vav2-GTPase)], the maximum velocity
[Vmax(Vav2-GTPase)], and rate-limiting rate constant (kcat) of Vav2
for the GTPases (27). Binding constants for the GTPase‚
Vav2 binary complex (the true dissociation constants of Vav2
for the GTPase [trueKD(Vav2-GTPase)]) were determined using
two independent approaches: a fluorescence mant-GDP-
based assay (method I) and a tryptophan fluorescence-based
assay (method II) (details in the Supporting Information).
Rate constants for Vav2-mediated GNE on various Rho
family GTPases were determined from thetrueKD(Vav2-GTPase),
KM(Vav2-GTPase), andkcat (details in the Supporting Informa-
tion).

Apparent equilibrium dissociation constants for the
Vav1 MBP-CRD and Vav1 MBP-PH-CRD proteins with

Rac 1 and RhoA GTPases [Vav1 appKD(MBP-CRD-GTPase‚GNP) and
Vav1appKD(MBP-PH-CRD-GTPase‚GNP)] were determined by fluo-
rescence anisotropy using mant-GDP and mant-GMPPNP
(a nonhydrolyzable analogue of GTP) (details in the Sup-
porting Information).

NMR Sample Preparation. NMR samples used for chemi-
cal shift mapping experiments contained uniformly15N-
labeled Rac1dm GTPase (residues 1-188 with the C178S
mutation) and unlabeled MBP-CRD or MBP in 50 mM
Tris-maleate buffer, 50 mM NaCl, 100µM GDP, 20 mM
MgCl2, 10 mM DTT, and 0.1% sodium azide at pH 6.8 in a
9:1 H2O/2H2O mixture. The expression, purification, solution
behavior, and spectral characteristics of the Rac1dm isoform
have been described elsewhere (31). 1H-15N HSQC spectra
were acquired for MBP-Vav1 CRD:Rac1dm and MBP:
Rac1dm molar ratios (as a control) of 1.0:1.0, 1.0:0.5, and
1.0:0.0. The starting concentration of15N-labeled Rac1 and
unlabeled MBP or MBP-CRD was 0.25 mM. Serial dilu-
tions were made by exchanging equal volumes of the Rac1-
MBP complex with the starting stock solution of free Rac1.

NMR Data Acquisition and Processing. NMR data were
collected at 35°C on an Inova 600 MHz spectrometer
equipped with a 5 mmz-gradient triple-resonance probe.
Two-dimensional1H-15N gradient sensitivity-enhanced HSQC
spectra were acquired with 64 transients pert1 increment
and 256 t1s. Spectra were processed using Felix 98.2
(Accelrys).

RESULTS

Kinetic Comparison of VaV2-Mediated GNE of RhoA,
Rac1, and Cdc42. It has been previously shown that Vav2
can facilitate GNE on the GTPases Rac1, Cdc42, and RhoA
in vitro and in vivo (18, 19, 32, 33). However, a detailed
kinetic analysis of these GTPases with Vav2 has not been
performed. Since the Dbl homology domain of Vav2 (Vav2
DH) is considered to be the minimal functional domain
responsible for GNE of Rho GTPases, kinetic parameters
were initially determined for Vav2 DH-mediated Rho
GTPase GNE. Table 1 shows a comparison of theVmax and
KM values of the Vav2 DH domain for various Rho GTPase
substrates. Intriguingly, although theKM values of the Vav2
DH for RhoA, Rac1, and Cdc42 are similar, theVmax values
are quite variable such that theVmax for Rac1 is∼20- and
∼200-fold larger than that for Cdc42 and RhoA, respectively.

Table 1: Comparison of Kinetic Valuesa

Rac1

wild type S83A K116A K116Q Cdc42 RhoA

Vav2 DH Vmax(Vav2 DH-GTPase) (0.03( 0.01)× 105 480( 76 21( 4 13( 6 160( 34 14( 4
kcat(Vav2 DH-GTPase) 0.6× 106 0.1× 106 4200 2600 32000 2800
KM(Vav2 DH-GTPase) 5.1( 1.6 5.8( 0.7 6.4( 0.8 8.1( 0.7 9.5( 3.0 7.8( 2.0

Vav2 DPC Vmax(Vav2 DPC-GTPase) (0.12( 0.01)× 105 (0.03( 0.01)× 105 163( 13 150( 3 430( 30 19( 2
kcat(Vav2 DPC-GTPase) 12.9× 106 0.6× 106 32600 30000 86000 3800
KM(Vav2 DPC-GTPase) 5.1( 0.8 7.3( 1.2 8.2( 0.7 9.0( 0.4 5.9( 1.2 7.2( 1.7

Vav2 DPC K533A Vmax(Vav2 DPC K533A-GTPase) (0.05( 0.02)× 105 590( 53 24( 12 36( 15 320( 96 32( 6
kcat(Vav2 DPC K533A-GTPase) 3.8× 106 0.5× 106 12900 21700 63000 3400
KM(Vav2 DPC K533A-GTPase) 11.5( 1.8 12.9( 4.9 13.4( 5.0 11.3( 4.7 12.3( 3.6 11.5( 6.9

a The kinetic valuesVmax (µM GDP-Mg2+ min-1) andKM (µM GDP-Mg2+) are obtained (Figures 1 and 2 of the Supporting Information), but
with different combinations of Vav2 enzymes (Vav2 DH, Vav2 DPC, and Vav2 DPC K533A) and GTPase substrates (Rac1, Rac1 S83A, Rac1
K116A, Rac1 K116Q, Cdc42, and RhoA). A catalytic amount of either the Vav2 DH or Vav2 DPC enzyme (10-50 nM) was used for all GTPase
activity assays. Thekcat (min-1) values were estimated using eq 3 of the Supporting Information. The values presented in this table are the result
of the best fit (r2 > 0.8065) to a simple hyperbola with the corresponding SD.
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Vmax can be converted tokcat, the rate-limiting turnover
number for the overall enzymatic process, according to eq 3
of the Supporting Information. It is noteworthy that the
differences inkcat values of Vav2 DH for Rho GTPases were
identical to that ofVmax, since the same amount of Vav2
DH was used in all assays (Table 1). Whilekcat values are
variable for each Rho GTPase substrate, theKM values are
similar, indicating that the relative catalytic efficiency (kcat/
KM) (34) of Vav2 DH for Rho GTPases is primarily dictated
by thekcat. Therefore, the rank order of catalytic efficiency
in our kinetic studies is as follows: Rac1. Cdc42> RhoA
(relative ratios: ∼200 . ∼10 > 1). This result suggests
that, at least for the minimal DH-PH-CRD unit and in the
absence of post-translational modifications, Rac1 may be the
preferred substrate for Vav2. The overall catalytic efficiency
was greatly increased when the DH construct was extended
to include the CRD domain (DPC), yet the rank order of
catalytic efficiency paralleled that of the Vav2 DH domain
alone (Rac1. Cdc42> RhoA; relative ratios:∼4600.
∼30 > 1) (Table 1) [again, the ratio comparison was made
by setting thekcat of Vav2 DH for RhoA (2800 min-1) equal
to 1].

The Interaction of VaV2 DPC with Rac1 Follows the
Theorell-Chance Mechanism.Evidence from crystallo-
graphic (10, 12, 35) and kinetic measurements shows that
Rho GEFs interact with Rho GTPases at two sites, namely,
the Mg2+-binding site (primarily in the switch I region) and
the guanine nucleotide-binding site (both switches I and II)
(36). Zhang et al. showed that the Rho GEF (Trio) decreases
the Rho GTPase Rac1-Mg2+ binding affinity significantly
(36). More recently, kinetic studies showed a two-step
process for Rho GTPase Rac GNE, whereby Mg2+ is released
first followed by dissociation of the nucleotide (37). Intrigu-
ingly, the Mg2+-free GDP-bound structure of RhoA shows
a large conformational change only in the switch I region of
RhoA, but not the RhoA nucleotide-binding site (38). These
results, when taken together (36-38), indicate that Rho GEFs
perturb both the Mg2+-binding site and the nucleotide-binding
site of Rho GTPases. However, disruption of Mg2+ binding
appears to be the dominant effect on the rate-limiting
catalytic stepkcat. Thus, when a Rho GEF binds to a Rho
GTPase‚GDP-Mg2+ complex, the first step may involve
release of Mg2+ and the rate of release of bound nucleotide
from the GTPase may be rate-determining (36, 37). In this
case, a Mg2+-free GTPase‚GDP‚GEF complex should be
observable, wherein the GTPase‚GDP‚GEF complex reflects
interactions between the GEF and the Mg2+ site of the Rho
GTPase (the complex therefore lacks “Mg2+”) but not the
guanine nucleotide site of the GTPase. In our kinetic models
(vide infra, Schemes 1 and 2), Vav-mediated exchange of
guanine nucleotide and exchange Mg2+ are not described as
separate events. It is difficult to use equilibrium measure-
ments such as those employed herein to dissect the two

microscopic rate constants for these processes because they
may be coupled. The interaction of the GEF with the Mg2+-
binding site of the Rho GTPase influences the interaction
of GTPase with the nucleotide (which lacks Mg2+) (36, 37).
Therefore, we treat the nucleotide, GDP, and Mg2+ as a
single molecule (GDP-Mg2+). Moreover, the GTPase‚GDP-
Mg2+‚Vav2 complex is described as a ternary complex of
GTPase, GDP-Mg2+, and GEF. We use this notation
throughout the paper.

The catalytic mechanism proposed for Vav2-mediated
GNE of Rho GTPases is described in Scheme 1, and is based
on previous mechanistic studies of the Ras GTPase with its
GEF, Cdc25 (39).

In Scheme 1, the GTPase‚GDP-Mg2+‚Vav2 ternary com-
plex is formed first, followed by the release of GDP-Mg2+

to generate the GTPase‚Vav2 binary complex. The binary
complex dissociates to a GDP-deficient form of the GTPase
(apo-GTPase) and free Vav2. The apo-GTPase can then
rebind either GDP-Mg2+ or Vav2. Therefore, at equilibrium,
the GTPase, GDP-Mg2+, and Vav2 could be present as
GTPase‚GDP-Mg2+ binary, GTPase‚Vav2 binary, and
GTPase‚GDP-Mg2+‚Vav2 ternary complexes. The relative
populations of these individual components depend on the
individual equilibrium of the enzymatic reaction components,
as shown in eq 4 of the Supporting Information.

To determine the relative populations of these complexes
at equilibrium, the Rac1‚GDP-Mg2+ complex was titrated
with increasing amounts of the Vav2 DH domain, and the
formation of Rac1‚Vav2 DH complexes was monitored using
the intrinsic Rac1 W56 and W97 fluorescence. An increase
in the intrinsic tryptophan fluorescence (data not shown) was
observed upon titration of the Vav2 DH into Rac1, suggesting
that the titration produced either the Rac1‚GDP-Mg2+‚Vav2
DH ternary or Rac1‚Vav2 DH binary complex. To determine
whether the Rac1‚GDP-Mg2+‚Vav2 ternary complex is long-
lived (Scheme 1), an alternative approach was employed.
The fluorescent mant-GDP analogue was loaded onto Rac1
in the presence of Mg2+ to produce a Rac1‚mant-GDP-Mg2+

binary complex, and the mant-GDP-loaded Rac1 complex
was titrated with Vav2 DH at saturating levels of GDP and
Mg2+ (5 mM) to force the formation of the Rac1‚mant-GDP-
Mg2+‚Vav2 DH ternary complex (Figure 3). As shown in
Figure 3, the mant-GDP fluorescence intensity decreased in
response to the addition of the Vav2 DH domain, indicating
that mant-GDP-Mg2+ is released from Rac1. If mant-GDP-

Scheme 1

Scheme 2

6576 Biochemistry, Vol. 44, No. 17, 2005 Heo et al.



Mg2+ were not released from Rac1, the Rac1‚mant-GDP-
Mg2+‚Vav2 DH ternary complex would be formed during
the titration, and a decrease in mant fluorescence intensity
would not be observed. The release of mant-GDP-Mg2+ is
immediate, suggesting that the reaction approaches equilib-
rium rapidly under our experimental conditions. Using eq 1
of the Supporting Information, the fraction of mant-GDP
released can be calculated, and was found to be equivalent
to the amount of the titrant Vav2 DH, indicating that addition
of Vav2 DH to the Rac1‚mant-GDP-Mg2+ binary complex
results in a nearly 1:1 stoichiometric displacement of Rac1-
bound mant-GDP-Mg2+ with Vav2 DH to produce the Rac1‚
Vav2 DH binary complex. As summarized in Table 2, when
Cdc42 and RhoA were titrated with Vav2 DH under identical
experimental conditions, the binary Cdc42‚Vav2 DH and
RhoA‚Vav2 DH complexes were also observed. Similar

titration results were observed when Rac1‚mant-GDP-Mg2+,
RhoA‚mant-GDP-Mg2+, and Cdc42‚mant-GDP-Mg2+ com-
plexes were titrated with the Vav2 DPC, indicating that
titration of all Rho GTPase‚GDP-Mg2+ complexes studied
with Vav2 (both the Vav2 DH and the Vav2 DPC proteins)
results in an equilibrium mixture of the Rho GTPase‚Vav2
binary complex and free GDP-Mg2+. As shown in Scheme
1, formation of a GTPase‚GDP-Mg2+‚Vav2 ternary complex

FIGURE 2: Comparison of the cysteine-rich domains from PKC-δ,
Vav2, and Raf-1 kinase. The crystal structure of the “typical”
phorbol ester and DAG binding C1 domain (or CRD) from PKC-δ
C1A (PDB entry 1PTQ) is compared to the NMR structure of the
“atypical” CRD from Raf-1 kinase (PDB entry 1FAR). The Raf-1
kinase CRD is not known to bind phorbol esters and DAG, and
correspondingly, theâ1-â2 andâ3-â4 loops are smaller and not
hydrophobic as observed in the typical CRDs. Instead, they are
rich in charged amino acids that are known to bind unfarnesylated
H-Ras. Similar to the typical CRDs, the Vav family has a longer
â3-â4 loop that is also rich in hydrophobic amino acids, although
so far the Vav2 CRD is not reported to bind phorbol esters or DAG.
A homology model of the Vav2 CRD was constructed as described
in the Supporting Information to define the orientation of residues
K533, K538, and V568 that were previously (17) shown to be
important for Vav2 function in vivo. The model is compared to
the NMR structure of the Raf-1 CRD (PDB entry 1FAR) and the
crystal structure of the PKC-γ C1b (PDB entry 1TBN). It shows
an overall structure similar to that of the typical CRDs, and both
K533 and K538 are solvent-exposed and available for molecular
recognition with either phosphoinositide or GTPase substrates. The
side chain of V568 may be necessary for stabilization of the CRD.

FIGURE 3: Fluorescence mant-GDP-based determination of dis-
sociation constants for the GTPase‚Vav2 DH binary complex
(method I). (A) Rac1 (1.0µM) was placed in GNE assay buffer
containing the mant-GDP-Mg2+ mixture (1 mM). A catalytic
amount of the Vav2 DPC (1 nM) was added to facilitate exchange
of Rac1-bound GDP-Mg2+ with mant-GDP-Mg2+. Once the Rac1-
bound mant-GDP-Mg2+ and free mant-GDP-Mg2+ reach equilib-
rium as indicated by the arrow, mant-GDP-Mg2+-bound Rac1 is
titrated with the Vav2 DH domain and the corresponding changes
in fluorescence intensity are monitored. (B) Change in fluorescence
intensity due to the dissociation of mant-GDP-Mg2+ from Rac1
caused by the formation of the Rac1‚Vav2 DH binary complex
plotted against the Vav2 DH domain concentration. The plot
was fit to a simple hyperbola to obtainappKD(Vav2 DH-Rac1). The
appKD(Vav2 DH-Rac1)was converted to atrueKD(Vav2 DH-Rac1)using eq 6
of the Supporting Information. This compensation and conversion
gave atrueKD value of Rac1 for the Vav2 DH domain (0.09( 0.04
µM Vav2 DH with r2 ) 0.8505).
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must occur for catalysis of GNE, yet the lack of detectable
GTPase‚GDP-Mg2+‚Vav2 ternary complex under equilibrium
conditions indicates that this ternary complex occurs only
transiently. Therefore, the overall enzymatic process is
characteristic of the Theorell-Chance mechanism (28)
wherein the central enzyme-substrate complex is present
only transiently. Assuming a Theorell-Chance type mech-
anism, Scheme 1 can be reduced to Scheme 2, whererk
represents reduced rate constants. The term [GTPase‚GDP-
Mg2+]/[GDP-Mg2+] associated with the initial binding step
of Vav2 with the GTPase‚GDP-Mg2+ complex is kinetically
competent for the formation of GDP-Mg2+-deficient GTPase
(shown as [GTPase]), which includes both the association
and dissociation process of GDP-Mg2+ to and from GDP-
Mg2+-deficient GTPase, respectively, in the presence of
Vav2. In Scheme 2, formation of the GTPase‚GDP-Mg2+‚
Vav2 ternary complex is omitted, and only three reduced
rate constants (rk+1, rk-1, andkcat) dominate Vav2-mediated
Rho GTPase GNE.

Measurement of Equilibrium Binding Constants of VaV2
for Rho GTPases. According to the Theorell-Chance
mechanism (Scheme 2), both Vav2 and GDP-Mg2+ compete
for the same site of the GTPase; hence, the GTPase cannot
bind both GDP-Mg2+ and Vav2 at a time in Vav2-mediated
Rho GTPase GNE. In this case,appKD of Vav2, determined
for each GTPase, must be compensated by theKD of GDP-
Mg2+ to determine the true dissociation constant (trueKD) of
Vav2 for each GTPase (eq 6 of the Supporting Information).
On the basis of the Theorell-Chance-type mechanism, the
compensatedtrueKD values in combination with equilibrium
kinetic constants (Vmax and KM) can provide detailed rate
constants (rk+1 with rk-1 and kcat) for Vav2-mediated Rho
GTPase GNE.

Titration of the Rac1‚mant-GDP complex with Vav2 DH
in the presence of Mg2+ gives an apparent dissociation
constant of Rac1 for Vav2 DH [appKD(Vav2 DH-Rac1)] (method

I; see the Supporting Information). Accounting for the
Theorell-Chance-type mechanism, the binding of Vav2 DH
to the GTPase competes with free GDP-Mg2+ in solution.
Therefore, theappKD(Vav2 DH-Rac1) is compensated by the
dissociation constant of GDP-Mg2+ for Rac1 [trueKD(Rac1-GDP)]
by using eq 6 in the Supporting Information to give the
true dissociation constant (∼90 nM, Table 2) for formation
of the Rac1‚Vav2 DH complex [trueKD(Vav2 DH-Rac1)].
The trueKD(Vav2 DH-Rac1) value determined by method I is in
agreement with the value obtained by a tryptophan fluores-
cence-based reverse titration of the Rac1‚Vav2 DH binary
complex with GDP in the presence of Mg2+ (method II; see
the Supporting Information).

Table 2 summarizes the true and apparent dissoci-
ation constants for formation of the GTPase‚Vav2 com-
plexes [trueKD(Vav2-GTPase)andappKD(Vav2-GTPase)] measured by
methods I and II, and the GTPase‚GDP-Mg2+ complexes
[appKD(GTPase-GDP) andtrueKD(Vav2-GTPase)] (Figures 3 and 4). The
results suggest that tight binding interactions between Vav2
DH and the GTPase correlate with the rank order of catalytic
efficiency: Rac1. Cdc42> RhoA (vide supra).

ComparatiVe Kinetic Analysis of VaV2 Rate Constants for
GTPases. As shown in Table 3, detailed rate constants for
Vav2 DH-mediated GNE have been estimated. The estimated
rate constants are not readily comparable, sincerk+1 (M-1

min-1, second-order) is not the same reaction order asrk-1

(min-1, first-order) andkcat (min-1, first-order). Therefore, a
comparison ofrk+1 with rk-1 andkcat must take into account
the substrate concentration of the GTPase (or GDP-Mg2+).
When GTPase substrate concentrations are greater than the
KM of the Vav2 DH domain for the GTPase (i.e.,>5 µM
Rac1), the on-rate of the Vav2 DH domain for the GTPase
([GTPase]rk+1, now first-order) is larger than thekcat,
suggesting thatkcat is indeed the rate-limiting step. The Vav2
DH domain has largerrk+1 andkcat values for Rac1 than for
Cdc42 and RhoA.

Table 2: Dissociation Constants (µM) of the GTPase‚Vav2 Binary Complexa

Rac1

wild type S83A K116A K116Q Cdc42 RhoA

Vav2 DH I appKD(Vav2 DH-GTPase) 49 ( 22 58( 16 64( 9 65( 15 439( 136 NDb

trueKD(Vav2 DH-GTPase) 0.09( 0.04 0.14( 0.04 5.97( 0.84 6.28( 1.40 3.66( 1.13 NDb

II appKD(GTPase-GDP) 201( 32 NDb NDb NDb 69 ( 32 0.02( 0.01
trueKD(Vav2 DH-GTPase) 0.09( 0.02 NDb NDb NDb 1.52( 0.70 28.52( 19.01

Vav2 DPC I appKD(Vav2 DPC-GTPase) 23 ( 12 26( 7 49( 16 83( 27 694( 245 NDb

trueKD(Vav2 DPC-GTPase) 0.04( 0.02 0.06( 0.02 4.57( 1.49 8.14( 0.17 5.79( 2.04 NDb

II appKD(GTPase-GDP) 600( 220 NDb NDb NDb 46.5( 16.8 0.03( 0.02
trueKD(Vav2 DPC-GTPase) 0.03( 0.01 NDb NDb NDb 2.43( 0.88 9.82( 6.54

Vav2 DPC K533A I appKD(Vav2 DPC K533A-GTPase) 94 ( 46 121( 38 160( 46 128( 81 809( 93 NDb

trueKD(Vav2 DPC K533A-GTPase) 0.17( 0.08 0.28( 0.09 14.93( 4.29 12.56( 7.95 6.75( 0.78 NDb

II appKD(GTPase-GDP) 80 ( 10 NDb NDb NDb NDb 0.03( 0.02
trueKD(Vav2 DPC K533A-GTPase) 0.23( 0.03 NDb NDb NDb NDb 10.53( 7.20

a The dissociation constants (µM) were estimated as described in the Supporting Information for Figure 3 (I) and Figure 4 (II), but with different
combinations of enzymes (Vav2 DH, Vav2 DPC, and Vav2 DPC K533A) and GTPase substrates (Rac1, Rac1 S83A, Rac1 K116A, Rac1 K116Q,
Cdc42, and RhoA). Method I employed mant-GDP-Mg2+ fluorescence, which gave apparentKD values of Vav2 for the various GTPases
[appKD(Vav2-GTPase)] (see the Supporting Information). To convertappKD(Vav2-GTPase)values to the trueKD values [trueKD(Vav2-GTPase)] using eq 6 of the
Supporting Information, dissociation constants of GTPases for GDP-Mg2+ [trueKD(GTPase-GDP)] were measured separately (see the Supporting Information).
trueKD(Rac1-GDP), trueKD(Rac1 S83A-GDP), trueKD(Rac1 K116A-GDP), trueKD(Rac1 K116Q-GDP), trueKD(Cdc42-GDP), andtrueKD(RhoA-GDP) are 1.8( 0.9 µM, 2.4 ( 1.3 µM,
1.4 ( 0.8 mM, 5.2( 0.3 mM, 9.1( 2.1 µM, and 13( 6 µM, respectively. Method II employed GTPase and Vav2 DPC tryptophan fluorescence,
which gave apparentKD values of various GTPases for GDP-Mg2+ [appKD(GTPase-GDP)]. Using eq 8 of the Supporting Information in combination
with predeterminedtrueKD(GTPase-GDP) values, values fortrueKD(Vav2-GTPase)were estimated. Titration of RhoA with Vav2 DH, Vav2 DPC, and Vav2
DPC K533A using method I to obtainappKD(Vav2 DH-GTPase), appKD(Vav2 DPC-GTPase), andappKD(Vav2 DPC K533A-GTPase)did not give a saturation binding curve
at a Vav2 protein concentration of 20µM. Therefore, we were not able to obtain reasonableappKD(Vav2 DH-GTPase), appKD(Vav2 DPC-GTPase), andappKD(Vav2

DPC K533A-GTPase)values for RhoA employing method I (described in the Supporting Information). The data presented in this table represent results
obtained from the best fit (r2 > 0.8055) to a simple hyperbola with the corresponding SD.b Not determined.
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Previous studies have shown that mutation of the PH
domain in Vav2 does not affect GEF activity or transforming
activity (17, 18). Since the Vav2 DH-PH bidomain is
unstable, comparison of the Vav2 DH-PH bidomain reaction
kinetics with either the Vav2 DH or Vav2 DPC proteins was
not possible. However, the Vav2 DPC domain alone is stable
and active; thus, the role of the Vav2 CRD domain was
assessed using the Vav2 DPC construct. The presence of
the CRD increases the reduced kinetic rates (rk+1, rk-1, and
kcat) for both Cdc42 and RhoA, but the fold increase was
smaller than that observed for Rac1 (Table 3). Table 3 also
shows that the presence of CRD in the Vav2 DPC predomi-
nantly increases the kinetic ratesrk+1 andkcat compared to
rk-1. According to Scheme 2,rk+1 andkcat represent successful
binding interactions of the Vav2 DPC with the GTPase
substrate for GTPase GNE, whilerk-1 corresponds to an
unproductive kinetic binding process (i.e., dissociation). As
noted above, deletion of the PH domain in Vav2 does not
affect GEF activity or transforming activity (17, 18). We
therefore speculate that the PH domain does not contribute
to Vav2 DPC-mediated Rho GTPase GNE. Rather, the CRD
domain contained within the Vav2 DPC can enhance GNE
of Rho GTPases by the Vav2 DH domain. However, since
we cannot assess the true kinetic effect of the Vav2 PH
domain on Vav2 DH-mediated Rho GTPase GNE, we cannot

eliminate the possible role of the PH domain on Vav2 DH-
mediated Rho GTPase GNE. Our data do indicate that the
Vav2 CRD mediates favorable association of Vav2 DH with
Rho GTPases (rk+1), resulting in an increase in the number
of binding interactions between the Vav2 DH domain and
GTPase, particularly for the Rac1 GTPase substrate, thereby
facilitating GNE. Moreover, in Table 3, we show that the
Vav2 DPC K533A mutant drastically reducesrk+1 for Vav2
DH-mediated Rac1 GNE, consistent with our previous in
vivo study (17, 18).

Can the Isolated VaV CRD Couple with the Isolated DH
Domain to Enhance Catalysis?To ascertain whether the
isolated CRD can act synergistically with the Vav2 DH
domain to enhance Rho GTPase GNE, we titrated a mixture
of Vav2 DH and Rho GTPase substrate with the Vav1 CRD.
Unlike the Vav1 CRD, the Vav2 CRD alone was not stable
under our experimental conditions. Therefore, a direct
comparison of the effect of the Vav2 CRD and Vav1 CRD,
contained within the DPC domain, on the catalytic activity
of the Vav2 DH domain for Rho GTPase GNE could not be
made. As summarized in Table 4, the isolated Vav1 CRD
increases theVmax of the Vav2 DH domain for Rac1 and
Cdc42 by 1.7- and 1.3-fold, respectively. As in the Vav2
DPC (which contains the DH, PH, and CRD domains in a
multidomain fragment of Vav2), where an increase inkcat

was observed as compared to that for the Vav2 DH domain
alone, the isolated Vav1 CRD can increase the catalytic
efficiency of the Vav2 DH domain by increasing thekcat.
This result supports our premise that the CRD alters the
kinetics of Vav2 DH-mediated Rho GTPase GNE.

The effect of Vav1 CRD-mediated activation on the Vav2
DH domain also appears to be Rac1-specific (Table 4).
However, the overall increase in Vav2 DH domain activity
due to addition of the isolated Vav1 CRD is approximately
2-fold less than the increase observed for the Vav2 DPC
(Table 4). This may be due to an additive effect, in that the
extent of formation of the Rac1‚GDP-Mg2+‚Vav2 DPC
ternary complex is greater in the presence of the intact Vav2
DPC protein as opposed to the synergistic effects of the two
isolated CRDs and DH domains due to proximity effects.
Another possibility is that the Vav1 CRD may not effectively
couple with the Vav2 DH domain (as compared to the Vav2
CRD) due to sequence differences between the two Vav
isoforms (40, 41). In addition, we cannot eliminate the
possibility that the PH domain in the Vav2 DPC has a
positive regulatory effect on the binding of Vav2 DH on the
GTPase or/and may facilitate interaction of the CRD with
the Vav2 DH‚GTPase complex, as the Vav1 CRD alone is
2-fold less effective than the Vav2 DPC. Thus, we cannot
derive any conclusive results about the role of the PH domain
in this study, since we do not have kinetic data on the PH
domain and its effect on Vav2 DH-mediated Rho GTPase
GNE, as a DH-PH construct could not be stably generated.
Further study is required to account for the role of the PH
domain in Vav DH-mediated Rho GTPase GNE. Neverthe-
less, our results indicate that the isolated CRD is able to
enhance DH-mediated Rac1 GNE.

Fluorescence Anisotropy and NMR-Based Chemical Shift
Mapping Shows that the VaV1 MBP-CRD Protein Associ-
ates with Rac1 and RhoA. Like previous GST pull-down
experiments performed with the Vav3 CRD and RhoA (26),
our studies using Vav1 CRD and Vav1 PH-CRD proteins

FIGURE 4: Tryptophan fluorescence-based determination of dis-
sociation constants for the Rac1‚Vav2 DH binary complex (method
II). The Rac1‚Vav2 DH binary complex (100 nM) was titrated with
unlabeled GDP-Mg2+. Typically, tryptophan is excited at 295 nm,
and its maximum emission is observed near 340 nm (53). However,
since Rayleigh scattering at 295 nm dominates the Rac1 tryptophan
emission wavelength at 340 nm, the protein sample was excited at
a shorter wavelength (260 mm). While excitation at this wavelength
completely removes the Rayleigh scattering interference in the
tryptophan emission wavelength at 340 nm, the quantum yields of
tryptophan are significantly reduced. Although the change in
fluorescence intensity is relatively small, the proportion of the
tryptophan fluorescence intensity change is directly dependent on
the dissociation of the Vav DH domain from Rac1. Changes in
tryptophan fluorescence intensity at 340 nm corresponding to the
dissociation of Rac1 from the Vav2 DH domain (as indicated by
arrow), due to the binding of GDP-Mg2+ to Rac1, were plotted
against the titrant GDP-Mg2+ concentration (inset). The plot was
fit to a simple hyperbola to giveappKD(Rac1-GDP). TheappKD(Rac1-GDP)
was converted to atrueKD(Vav2 DH-Rac1)using eq 8 of the Supporting
Information to give atrueKD(Vav2 DH-Rac1)of 0.09( 0.02µM Vav2
DH with r2 ) 0.9065.
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showed that these proteins were capable of binding both Rac1
and RhoA GTPases in “pull-down” assays (data not shown).
The appKD values for the interaction of Vav1 MBP-PH-
CRD and MBP-CRD proteins with Rac1 and RhoA were
obtained using fluorescence anisotropy, and the results are
summarized in Table 5. We assume that theappKD values
presented in Table 5 lie close to the true equilibrium
dissociation constant (trueKD), since no other factors compete
or interfere with the binding of the isolated CRD to the Rho

GTPases in this assay. TheappKD for binding of the Vav1
MBP-CRD protein to Rac1 was measured using fluores-
cence anisotropy, fit assuming a single-binding site model,
and found to be 1.24( 0.07 and 1.97( 0.1 µM for the
Rac1‚GDP-Mg2+ and Rac1‚GMPPNP‚Mg2+ complexes, re-
spectively. The association appears to be sensitive to the
conformation of the GTPase switch regions as for both Rac1
and RhoA, the Vav1 MBP-CRD protein binds the Rac1‚
GDP-Mg2+ complex preferentially over the Rac1‚GMPPNP‚

Table 3: Enzymatic Rate Constants of Vav2 for GTPasesa

Rac1

wild type S83A K116A K116Q Cdc42 RhoA

Vav2 DH rk+1(Vav2 DH-GTPase) 0.1× 106 0.2× 105 658 321 0.3× 104 359
rk-1(Vav2 DH-GTPase) 0.9× 104 0.3× 105 0.4× 104 0.2× 104 1.2× 104 0.7× 104

kcat(Vav2 DPC-GTPase) 0.6× 106 0.1× 106 0.4× 104 0.3× 104 3.2× 104 0.3× 104

Vav2 DPC rk+1(Vav2 DPC-GTPase) 2.5× 106 0.9× 105 0.4× 104 0.3× 104 1.5× 104 527
rk-1(Vav2 DPC-GTPase) 0.1× 106 0.5× 104 1.8× 104 2.7× 104 8.7× 104 0.5× 104

kcat(Vav2 DPC-GTPase) 12.9× 106 0.6× 106 3.3× 104 3.0× 104 8.6× 104 0.4× 104

Vav2 DPC K533A rk+1(Vav2 DPC K533A-GTPase) 0.3× 106 0.04× 106 963 0.2× 104 0.5× 104 296
rk-1(Vav2 DPC K533A-GTPase) 5.1× 104 1.1× 104 0.5× 106 2.4× 104 3.5× 104 0.3× 104

kcat(Vav2 DPC K533A-GTPase) 3.8× 106 0.5× 106 1.3× 104 2.2× 104 6.3× 104 0.3× 104

a Rate constantsrk+1 (µM-1 GDP-Mg2+ min-1) andrk-1 (min-1) are expressed as described by Scheme 2 and were estimated using eqs 11 and
10 of the Supporting Information, respectively. In particular, thetrueKD(Vav2 DH-GTPase), trueKD(Vav2 DPC-GTPase), and trueKD(Vav2 DPC K533A-GTPase)values
determined by method I (Figure 3) were used for the calculations of allrk-1 values, except that thetrueKD(Vav2 DH-GTPase), trueKD(Vav2 DPC-GTPase), and
trueKD(Vav2 DPC K533A-GTPase)values determined by method II (Figure 4) were used for the calculations of RhoArk-1 values. Thekcat (min-1) values
were taken from Table 1. Values of the SD associated with the estimated rate constants obtained from the best fit (r2 > 0.7595) to a simple
hyperbola are less than 30% of the values presented here.

Table 4: Effects of the Vav1 CRD on the Vav2 DH Domain-Mediated Guanine Nucleotide Exchange of GTPasea

Rac1

wild type S83A K116A K116Q Cdc42 RhoA
Vav1 CRDVmax(Vav2 DH-GTPase) (0.05( 0.01)× 105 624( 29 NDb 180( 39 210( 65 ND
Vmax(Vav2 DH-GTPase)

c (0.03( 0.01)× 105 480( 76 21( 4 13( 6 160( 34 14( 4
Vmax(Vav2 DPC-GTPase)

c (0.12( 0.01)× 105 (0.03( 0.01)× 105 163( 13 150( 3 430( 30 19( 2
Vav1 CRDVmax(Vav2 DH-GTPase)/

Vmax(Vav2 DH-GTPase)

1.7-fold increase 1.3-fold increase ND 1.2-fold increase 1.3-fold increase ND

Vmax(Vav2 DPC-GTPase)/
Vmax(Vav2 DH-GTPase)

4.0-fold increase 6.3-fold increase 7.8-fold
increase

11.5-fold
increase

2.7-fold
increase

1.4-fold
increase

trueKD(Vav1 CRD-Vav2 DH‚GTPase‚GDP) 0.1( 0.0 0.2( 0.1 ND 0.2( 0.1 0.2( 0.2 ND
trueKD(Vav2 DH-GTPase)

c 0.09( 0.04 0.14( 0.04 5.97( 0.84 6.28( 1.40 3.66( 1.13 28.52( 19.01
trueKD(Vav2 DPC-GTPase)

c 0.04( 0.02 0.06( 0.02 4.57( 1.49 8.14( 0.17 5.79( 2.04 9.82( 6.54
a The kinetic values associated with the Vav1 CRD-enhanced maximum activity of the Vav2 DH domain for GTPase substrates [Vav1 CRDVmax(Vav2

DH-GTPase)] are represented in units ofµM GDP-Mg2+ min-1, and the true dissociation constants of the Vav1 CRD for the GTPase‚GDP-Mg2+‚Vav2
DH ternary complex [trueKD(Vav1 CRD-Vav2 DH‚GTPase‚GDP)] in units of µM GTPase‚GDP-Mg2+‚Vav2 DH were obtained as described in the Supporting
Information.b Not determined.c For comparison,Vmax andKD values associated with the Vav2 DH domain and the Vav2 DPC and their GTPase
substrates (Rac1, RhoA, and Cdc42) were taken from Tables 1 and 2. The values presented in this table are the result of the best fit (r2 > 0.8095)
to a simple hyperbola with the corresponding SD.

Table 5: Apparent Equilibrium Dissociation Constants for the Interaction of the Vav1 MBP-PH-CRD and Vav1 MBP-CRD Proteins with
Rac1 and RhoA GTPases in the Presence and Absence of Mg2+ a

GTPase‚nucleotide
(GNP) complex Mg2+ Vav1 appKD(MBP-PH-CRD-GTPase‚GNP) Vav1 appKD (MBP-CRD-GTPase‚GNP)

Rac1‚GDP no 1.09( 0.05 0.32( 0.06
yes 1.80( 0.09 1.24( 0.07

Rac1‚GMPPNP no 2.03( 0.08 1.02( 0.06
yes 3.80( 0.21 1.97( 0.10

RhoA‚GDP no 1.43( 0.13 0.58( 0.4
yes 4.07( 0.13 1.82( 0.07

RhoA‚GMPPNP no 1.94( 0.11 0.82( 0.05
yes 8.15( 0.45 4.15( 0.16

a The concentration of GTPase was 0.2µM, and the concentration of titrant (Vav1 MBP-PH-CRD or Vav1 MBP-CRD) ranged from 0 to 10
µM. No detectable binding was observed with MBP protein alone which was used as a control. The apparent dissociation constants (µM) associated
with Vav1 MBP-PH-CRD [Vav1 appKD(MBP-PH-CRD-GTPase‚GNP)] and Vav1 MBP-CRD [Vav1 appKD(MBP-CRD-GTPase‚GNP)] for Rac1, RhoA, and Cdc42
GTPases, in the presence and absence of Mg2+, were obtained as described in the Supporting Information. The data presented in this table are the
result of the best fit (r2 > 0.9540) to eq 14 with the corresponding SD.
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Mg2+ complex. A 2-fold higherappKD value was obtained
for RhoA than for Rac1 in all titrations, indicating that
although RhoA is capable of associating with the Vav1
MBP-CRD protein, Rac1 is the preferred GTPase substrate.
The MBP-PH-CRD protein had no effect on the overall
affinity of the complex, and no detectable binding was
observed with MBP alone, suggesting that the observed
association can be attributed to the CRD domain.

The anisotropy measurements were confirmed using NMR-
based chemical shift mapping studies. The1H-15N TROSY-
HSQC spectrum of15N-labeled Rac1 both free and bound
to the Vav1 MBP-CRD protein is shown in Figure 5. Each
spectrum shows a single resonance for each amide in the
spectrum. The15N-labeled Rac1‚GDP-Mg2+ complex was
titrated with the unlabeled Vav1 MBP-CRD protein up to
a 1:1 molar ratio (data not shown). Given the large size of
the complex, the total protein concentration at a 1:1 molar
ratio (with 0.25 mM Rac1) is∼18 mg/mL. At these
concentrations, the complex is solubility-limited, and thus,
it was not possible to increase the protein concentration to a
value greater than∼18 mg/mL. At substoichiometric amounts
of MBP-CRD, a decrease in peak intensity is observed for
a number of cross-peaks in the Rac1 HSQC spectrum and
the selective broadening for these Rac1 resonances increases
with increasing amounts of the titrant (MBP-CRD) added.
Most of the remaining cross-peaks remain unchanged in
chemical shift (Figure 5A-C), although a small increase in
the overall amide1HN and 15N line widths is observed for
all resonances due to the increase in the molecular mass of
the complex. The selective broadening of Rac1 resonances
suggests that only a subset of resonances are distributed
between the bound and free environments such that the
chemical shift difference between the two forms of the
protein is approximately equal to the rate of exchange
between the two sites. Therefore, residues that are either
directly or indirectly affected by complex formation with

the MBP-CRD protein display “intermediate exchange”
behavior on the NMR time scale, and the disappearance of
residues from the Rac1 HSQC spectrum is a result of the
chemical exchange behavior of these residues rather than
an increase in the molecular mass of the complex (∼68 kDa),
which would cause uniform broadening for all residues in
the protein. Rac1 residues that are perturbed due to the
addition of the Vav1 CRD include residues inâ-strand 1
(K5, C6, and V7), loop 1 (A13, G15, K16, and T17)R-helix
1 (Y23 and T24),â-strand 3 (L53, G54, and L55), loop 2
(Y64, S71, and Y72),â-strand 4 (S83),R-helix 3 (V93, R94,
and A95),â-strand 5 (I110, I111, L112, V113, G114, K116,
and T118), andR-helix 5 (S178 and A159) and the indole
side chains of W56 and W97. Intriguingly, many of these
Rac1 residues cluster near the guanine base in the nucleotide-
binding pocket (Figure 6). No spectral changes are observed
in the presence of MBP alone; therefore, the disappearance
of cross-peaks in the Vav1 CRD‚GDP-Mg2+‚Rac1 spectrum
is attributed to a specific interaction between Rac1 and the
Vav1 CRD.

Chemical shift mapping using NMR spectroscopy is a tool
commonly used to identify binding surfaces on proteins.
However, since ligand-induced chemical shift perturbations
can result from both direct and remote changes in the
protein’s chemical or electronic environment, extrapolation
of binding interactions from chemical shift changes needs
to be interpreted with caution. The analysis of NMR chemical
shift data is often simplified when information about the total
magnitude of perturbations is available. However, the
intermediate exchange behavior of the complex, as in the
case of the Vav1 CRD‚GDP-Mg2+‚Rac1 complex, prevents
quantification of chemical shift data. In such cases, NMR
chemical shift mapping data can be combined with informa-
tion from previous structural and mutagenesis results to aid
in identification of binding sites. To identify a contiguous
binding interface on Rac1 for the Vav1 CRD, we mapped

FIGURE 5: Chemical shift mapping studies using NMR.1H-15N HSQC spectra of the Rac1‚GDP-Mg2+ complex in the absence (A) and
presence (B) of the MBP-CRD protein from Vav1 and MBP alone (C) are depicted. Because of the limited solubility of the Vav1 MBP-
CRD protein and the inability to express the isolated CRD inE. coli, it was necessary to retain the MBP as a solubility enhancement tag.
This resulted in an∼70 kDa Rac1‚MBP-CRD complex. Residues that disappear from the spectrum in the presence of the MBP-CRD
fusion are designated. As expected, no spectral changes are observed in the presence of MBP alone. All spectra were collected at 35°C and
pH 6.8 on an Inova 600 MHz spectrometer.
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the perturbed Rac1 residues onto the Rac1‚GMPPNP crystal
structure (42) (Figure 6). Two contiguous surfaces could be
identified. The first surface consists of residues in the first
threeâ-strands, and in the switch regions (switch I and switch
II) of Rac1 which comprise part of the binding interface with
the DH domain of the Rho GEFs Tiam-1 and Dbs (10, 11).
In particular, Rac-1 residues K5, W56, Y64, and S71,
associated with this surface, make direct contacts with the
DH domain in the crystal structure of the Rac1/Tiam-1 DH-
PH complex. The second surface consists of residues that
do not form the DH domain interface and lie in loop 1,
â-strands 4 and 5, andR-helix 5.

The NMR solution structure of the Vav1 DH domain (25)
shows that many of residues in the Vav1 DH domain (such
as E201, T205, Q331, K335, L338, N371, and E372) that
are expected to interact with the GTPase are conserved in
sequence and in the conformation of their side chains,
suggesting a similar mode of GTPase recognition for the
Vav1 DH domain as is observed for Tiam-1 and Dbs. Given
the sequence and structural conservation of the recognition
interfaces between the DH domain of Vav and other Rho
GEF family members, the Vav DH domain is predicted to
interact with residues associated with the first contiguous
surface on Rac1 identified by NMR. Although it is possible
that the CRD- and DH-binding surfaces overlap, we focused
on the second surface, as these residues lie outside regions
of direct interaction with the DH domain and thus may be
involved in Vav CRD binding. This second surface consists
of basic, polar, and hydrophobic residues: K116, S83, G12,
A13, Y64, R94, and A95. These residues lie in a solvent-

exposed binding cleft formed byâ-strands 4 and 5 and lie
in the proximity of the bound nucleotide (Figure 6).

Identification of Residues outside the Known DH Domain-
Binding Interface on Rac1.Among the Rac1 residues that
comprise the second contiguous surface, residue K116 is
particularly intriguing. K116 is highly conserved in most Ras
family GTPases and is part of the NKXD motif that is
important for coordinating the guanine base (42). The side
chain of K116 appears to stabilize the nucleotide-binding
pocket by stacking against the guanine base, and forming
hydrogen bonding interactions with the ribose oxygen and
the backbone carbonyl of A13 in the Rac1‚GMPPNP (PDB
entry 1MH1) and RhoA‚GTPγS (PDB entry 1FTN) crystal
structures (42, 43). The crystal structures of Cdc42 in various
nucleotide-bound forms (PDB entry 1A4R) show that
whereas Q116 also packs against the guanine base, its
interactions in the nucleotide-binding pocket are not as
extensive as that of the corresponding lysine in Rac1 and
RhoA (42, 43). Cdc42, TC10, and TTF are the only Rho
GTPases in which K116 is replaced with a glutamine (44).

In H-Ras, the N116I, K117E, and D119N mutants are
considered to be dominant negatives (45, 46), and all three
mutants have been shown to inhibit SDC25C- or Cdc25-
mediated GNE (45, 46). It has been proposed that inhibition
of Ras GNE is due to formation of a catalytically inactive
complex between these mutants and the Ras GEF. The
kinetic importance of this residue in Rho proteins has also
been illustrated for Rac1, RhoA, and Cdc42 (42-44).
Although K116 is a glutamine in Cdc42, mutation of Q116
to lysine in Cdc42 has been reported to completely abolish

FIGURE 6: Residues sensitive to the presence of the Vav1 MBP-CRD protein are mapped on the Rac1‚GMPPNP structure. Backbone
amides that are perturbed in the presence of the Vav1 MBP-CRD protein are highlighted in blue on the Rac1‚GMPPNP crystal structure
(PDB entry 1MH1). The GMPPNP nucleotide is shown in ball-and-stick format, and the side chains of K116, F28, and S83 are colored
violet. The switch regions are colored red. Theâ1-â2-â3 face and the switch regions near the bound magnesium form the binding
interface for the DH domain of Rho GEFs. A second potential binding surface for the CRD is identified from NMR studies that either lies
in the proximity of the K116-S83 binding interface or indirectly perturbs this region by binding near switch 1.
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Cdc24-mediated nucleotide exchange (47). Recently, Heo
and Meyer (48) have identified several switch-of-function
mutants for Rac1 and Cdc42 based upon the ability of these
mutants to induce morphology changes in vivo (48). Intrigu-
ingly, K116 scored as the single most important specificity-
defining switch-of-function residue in Rac1. In addition,
using single-point mutations and deletion mutagenesis,
Movilla and Bustelo (49) have proposed that the region near
strandâ5 and K118 in RhoA (K116 in Rac1) is sensitive to
Vav3-mediated GNE (49). Given the observations described
above and results from our chemical shift mapping experi-
ments, we characterized the effect of K116A and mutations
on Vav2 DH- and DPC-mediated GNE. Since mutation of
K116 is also expected to alter the intrinsic exchange rate of
dissociation of the bound nucleotide, we also mutated S83
of Rac1 to an alanine. S83 lies in the proximity of K116 in
the Rac1 tertiary structure. However, since S83 does not
directly contact the nucleotide, and the S83 side chain is at
least partially solvent exposed, mutation of this residue was
not expected to affect the intrinsic rate of GDP dissociation
in Rac1.

In addition, previous studies on Vav2 CRD mutants
showed that Vav2 CRD residues K533, K538, and V568 are
critical for Vav2 function in vivo (17). Mutation of K533 to
alanine significantly inhibited both Vav2 transformation and
signaling and reduced GNE activity, although a rigorous
kinetic analysis was not previously performed. A homology
model of Vav2 (Figure 2) built using the CRD of PKCδ as
a template shows that K533 is expected to be solvent-exposed
and lies in a loop (between strandsâ1 andâ2) that in most
typical CRDs is important for binding DAG and lipid ligands.
In the protein kinase C-δ CRD, the loop between strands
â1 andâ2 is involved in interactions with the PKC activator,
phorbol ester, and may be involved in plasma membrane
insertion (50). The â1-â2 region is quite divergent in the
Vav1 CRD, and given the role of the Vav1 and Vav2 CRDs
in membrane association, it is possible that the Vav CRD
has diverged from other members of the typical CRD family
such as protein kinase C to recognize more divergent lipid
second messengers such as a phosphoinositides, or GTPase
substrates. Nevertheless, mutation of this residue to alanine
is not expected to affect the overall structure of the Vav2
CRD, although it does affect Vav2 function.

Kinetic Analyses of Rac1 and VaV Mutants. Kinetic results,
as summarized in Table 3, show that replacement of S83 of
Rac1 with alanine and K116 with an alanine or glutamine
decreasesrk+1 andkcat, but notrk-1, for Vav2 DH-mediated
Rac1 GNE. The observed perturbation of these kinetic rates
is CRD-independent, since the Vav2 DH construct lacks the
CRD. Moreover, when the CRD is present in the Vav2
protein (i.e., Vav2 DPC), a greater decrease inrk+1 andkcat

for the Rac1 S83A and K116A/Q variants is observed
(Table 3). The presence of the CRD in the Vav2 DPC
domain enhancesrk+1 andkcat relative to those of the Vav2
DH domain for wild-type Rac1 GNE∼25- and 21-fold
[rk+1(Vav2 DPC-Rac1)/rk+1(Vav2 DH-Rac1)) 2.5× 106/0.1× 106 )
25 and kcat(Vav2 DPC-Rac1)/kcat(Vav2 DH-Rac1) ) 12.9 × 106/
0.6× 106 ) 21], respectively. In contrast, only 10- and 12-
fold decreases inrk+1 and kcat [rk+1(Vav2 DPC-Rac1 K116Q)/
rk+1(Vav2 DH-Rac1 K116Q)) 3333/321) ∼ 10 andkcat(Vav2DPC-Rac1

K116Q)/kcat(Vav2 DH-Rac1 K116Q) ) 30000/2600) ∼ 12] are
observed for the Rac1 K116Q variant (Table 3). Similar

observations were made for K116A and S83A mutants,
suggesting that residues S83 and K116 are sensitive to the
association of the Vav2 DH domain with Rac1 via the CRD.

These kinetic results suggest that the Rac1 region encom-
passing S83 and K116 is involved in catalytic binding
interactions between Rac1 and the Vav DH domain as well
as the Vav CRD, and thereby mutations at these positions
discourage the catalytic processes ofrk+1 and kcat. On the
basis of our NMR, kinetic, and structural analyses, we
propose that binding of the Vav DH domain to the Rac1
region, including S83 and K116, may alter the Rac1 GDP
binding interactions to increaserk+1 and kcat. Additional
binding of the Vav CRD on, or near, the same site further
increasesrk+1 andkcat, resulting in facilitation of Rac1 GNE.
It is possible that the increase in catalytic stepsrk+1 andkcat

upon binding of the Vav DH domain to Rac1 is due to a
conformational change in the Rac1 region of S83 and K116
that couples with the conformational changes in the Ras
nucleotide-binding pocket. Additional binding interactions
with the Vav CRD may further facilitate conformational
changes in Rac1 (i.e., region containing S83 and K116),
which propagate to the Ras nucleotide-binding pocket,
resulting in the enhancement of the Vav DH-mediated Rac1
GNE.

Our kinetic studies also show that mutation of K533 to
alanine in the Vav2 DPC impairs the initial binding interac-
tion (rk+1) of Vav2 toward Rac1 (Table 3). Other rate
constants of Vav2 DPC K533A-mediated Rac1 GNE (rk-1

and kcat) were not significantly altered (Table 3). Similar
results were observed for Cdc42 and RhoA (Table 3).
Therefore, Vav2 CRD residue K533 plays an important role
in modulating the initial association (rk+1) between the Vav2
DH domain and the GTPase substrate, but is dispensable
for the subsequent steps in the enzymatic process.

Kinetic analysis of the interaction of the Vav2 DPC
K533A variant with Rac1 mutants S83A, K116A, and
K116Q was also examined (Table 3). As for the effect of
the Vav2 DPC K533A mutant on Vav2 DH domain activity
toward wild-type Rac1, the Vav2 DPC K533A variant did
not enhance therk+1 of Rac1 variants S83A and K116A/Q
by the Vav2 DH domain (Table 3). Thus, the modulation of
Vav2 DH domain activity for Rac1 GNE by CRD residue
K533 may be independent of Rac1 residues K116 and S83.

DISCUSSION

In this study, we have investigated the detailed catalytic
mechanism associated with both the DH domain and CRD
of Vav on Rho GTPase-mediated GNE. We show that the
enzymatic process of Vav-mediated GNE for Rho GTPases
is likely to proceed via a Theorell-Chance mechanism, in
which the ternary complex is only transiently populated
during the enzymatic process (28). Our observation is
consistent with the previous studies of Ras GTPase-Cdc25
interactions, in that the Cdc25Mm285‚GDP-Mg2+‚Ras ternary
complex was not observed when the Ras‚GDP-Mg2+ com-
plex was titrated with the Ras GEF core domain, Cdc25Mm285

(39).
Numerous biological and biochemical studies have deter-

mined that the DH domain of Vav1 and Vav2 can function
as a GEF for Rac1, RhoA, and Cdc42 in vitro and in vivo
(18, 19, 32, 33). Vav DH domain transforming activity has
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previously been attributed to activation of Rac1 in vivo (32,
51), although these data conflict with a recent report (52)
showing that Vav-mediated transformation is a complex
process that involves activation of RhoA, Rac1, and Cdc42
GTPases in addition to NF-κB and MAPK (52). Our kinetic
studies on the minimal DH domain of Vav2 show that outside
the cellular milieu, Vav2 is an active GEF toward all three
Rho GTPases, RhoA, Rac1, and Cdc42. However, whereas
values for the “unproductive” initial binding rate constant
(rk-1) are not significantly different for Rac1, RhoA, and
Cdc42, the “successful” binding interactions (combination
of rk+1 and kcat) for Vav2 DH-mediated GNE are vastly
different for the three GTPases studied: Rac1. Cdc42>
RhoA. These results suggest that at least for the minimal
DH unit, in the absence of phosphoinositides and phospho-
rylation, Rac1 is the preferred substrate.

The Vav CRD is known to be a positive modulator of
Vav2 DH activity and has sequence determinants that are
important for membrane targeting and GTPase recognition,
thereby enhancing the transforming activity of onco-Vav
(17). Previous studies have shown that some residues of the
CRD severely impair Vav2 DH activity as well as Vav
protein-mediated cellular signaling (16, 17). Our kinetic
studies show that the presence of the Vav2 CRD in Vav2
DPC increases therk+1 andkcat values for Vav2 DH-mediated
Rac1 GNE, suggesting that the CRD plays an active role in
the enzymatic process of Vav2 DH-mediated GNE of Rac1
by enhancing successful binding interactions between Vav2
DH and Rac1, but not by simply serving as an accessory
binding domain for Vav2 DH domain-GTPase interactions.

Our NMR spectroscopic studies and fluorescence an-
isotropy measurements show that the Vav1 CRD can directly
associate with both Rac1 and RhoA. In particular,1H-15N
HSQC spectra of Rac1 show that of a number of Rac1
residues, including S83 and K116, which are proximal to
the guanine base are perturbed by an addition of the Vav1
CRD. When Rac1 residues S83 and K116 were replaced with
other amino acids (e.g., alanine), no significant increase in
rk+1 and kcat in the presence of the CRD (Vav DPC) was
observed. These results suggest that the CRD-mediated
enhancement of Vav2 DH domain catalytic activity on Rac1
GNE is attributed to direct association of the Vav CRD with
Rac1. Residues S83 and K116 that lie near the Rac1
nucleotide-binding pocket may form part of this interface
or be indirectly perturbed in response to CRD binding.

In addition, we have shown that Vav2 CRD residue K533
is important for Rac1 association, and this facilitates Vav2
DH-mediated GNE of Rac1. Detailed kinetic analyses of the
Vav2 DPC K533A CRD variant for Rac1 GNE presented
in this study show that Vav2 CRD residue K533 may be
involved in the initial binding interaction (represented by
rk+1) of the Vav2 DPC with Rho GTPase substrates, since
the Vav2 DPC K533A mutant decreases therk+1 only for
wild-type Rac1, Rac1 variants (S83A and K116A/Q), and
Cdc42 and RhoA. Therefore, our results suggest that Vav2
CRD residue K533 is important for association of Vav2 with
Rac1 in a manner independent of the effects mediated by
Rac1 residues S83 and K116.

In conclusion, this study supports a Theorell-Chance-type
mechanism of Vav DH domain-catalyzed Rho GTPase GNE.
Moreover, the initial binding event and the rate-limitingkcat

step of the Vav DH domain for its GTPase substrate

determine the in vitro catalytic specificity of the Vav DH
domain toward the Rho GTPases, Rac1, RhoA, and Cdc42.
This study also shows that the Vav CRD promotes successful
binding interactions (rk+1 and kcat) between the Vav DH
domain and Rac1 and thus regulates Vav DH domain-
mediated Rac1 GNE. Rac1 residues S83 and K116 may serve
as modulatory sites.
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