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Abstract

The three-dimensional structure of the N-terminal SH3 domain (residues 583–660) of murine Vav, which contains
a tetra-proline sequence (Pro 607-Pro 610), was determined by NMR. The solution structure of the SH3 domain
shows a typical SH3 fold, but it exists in two conformations due to cis-trans isomerization at the Gly614-Pro615
bond. The NMR structure of the P615G mutant, where Pro615 is replaced by glycine, reveals that the tetra-proline
region is inserted into the RT-loop and binds to its own SH3 structure. The C-terminal SH3 domain of Grb2
specifically binds to the trans form of the N-terminal SH3 domain of Vav. The surface of Vav N-terminal SH3
which binds to Grb2 C-terminal SH3 was elucidated by chemical shift mapping experiments using NMR. The
surface does not involve the tetra-proline region but involves the region comprising the n-src loop, the N-terminal
and the C-terminal regions. This surface is located opposite to the tetra-proline containing region, consistent with
that of our previous mutagenesis studies.

Introduction

Vav is a guanine nucleotide exchange factor (GEF)
of the Rho/Rac family exclusively expressed in
hematopoietic cells (Katzaf et al., 1989). Vav contains
several functional domains characteristic to signal
transducing proteins, including a calponin homology,
a Dbl homology, a pleckstrin homology, a cystein
rich domain and src homology regions with an SH3-
SH2-SH3 in order. Numerous genetic analyses and
biochemical studies have demonstrated that Vav plays
pivotal roles in lymphocyte cell differentiation and
proliferation, lymphokine production and cytoskele-
tal reorganization (Bustelo, 2000). These cellular re-
sponses are induced by extracellular stimuli to various
types of receptors that trigger rapid tyrosine phospho-
rylation of Vav and enhance its guanine nucleotide
exchange activity (Fischer et al., 1998).
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Among the GEF family, Vav is unique in that it
contains src homology regions (Pawson, 1995), and
mutants that lack either of these regions lose trans-
forming activity (Bustelo, 1996). The Vav SH2 do-
main has several targets, including ZAP-70 (Katzav
et al., 1994) and EGFR (Bustelo et al., 1992, Margolis
et al., 1992). The Vav C-terminal SH3 domain binds
to hnRNP-K (Bustelo et al., 1995), Ku-70 (Romero
et al., 1996) and zyxin (Hobert et al., 1996). How-
ever, except for growth factor receptor-bound protein
2 (Grb2), none of target proteins has been identi-
fied as a binding partner of Vav N-terminal SH3.
A number of studies have demonstrated the forma-
tion of multimolecular complexes containing Vav and
Grb2 in various cells (Bustelo, 2000) and this as-
sociation is mediated through the Vav N-terminal
SH3 domain (Vav nSH3) and the Grb2 C-terminal
SH3 domain (Grb2 cSH3) (Ye and Baltimore, 1994;
Ramos-Morales et al., 1995). For example, Vav-Grb2
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Figure 1. (a) 1H-15N HSQC spectrum of Vav nSH3 with peak assignments using one-letter amino acid codes. Several amino acid residues
have double peaks, as shown by connecting lines. (b) Sliced subspectra from a 4D 13C/13C-edited NOESY spectrum of Vav nSH3 at (Cα, Hα)

of Gly614. Sliced subspectra for the major peak (44.7 ppm, 4.49 ppm) and the minor peak (44.7 ppm, 4.21 ppm), are shown on the left and
right, respectively. The assignments of the peaks are also shown.
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complex is tethered to cholesterol-enriched membrane
microdomains (GEM) from cytosol through binding
of Grb2 to Linker of activation of T-cell (LAT) or
CD28 (Simons and Ikonen, 1997; Bustelo, 2000). This
process is important for tyrosine phosphorylation of
Vav by T-cell or B-cell receptor associated tyrosine
kinase, which is essential for cell proliferation.

Vav nSH3 contains a proline-rich region consist-
ing of a tetra-proline sequence (Pro607-Pro610). Grb2
cSH3 was suggested to bind to Vav nSH3 through
a classical PRR recognition mechanism as the bind-
ing was abrogated by double mutation at Pro608 and
Pro610 (Ramos-Morales et al., 1995). However, a
peptide containing the proline-rich sequence of Vav
nSH3 did not bind to Grb2 cSH3, and, moreover,
the binding requires both intact SH3 domains, sug-
gesting that the Grb2-Vav interaction may be a novel
mode of protein-protein interaction involving intact
SH3 dimerization (Ye and Baltimore, 1994). These
conflicting views prompted us to investigate the three-
dimensional structure of Vav nSH3 in solution and in
the crystalline state to elucidate the interaction with
Grb2 cSH3. Here, we report the NMR results and
compare them with those from X-ray crystallography
(Nishida et al., 2001).

Materials and methods

The gene of the N-terminal SH3 domain of murine
Vav (residues 583-660) (Vav nSH3) was cloned into
the pHT-1 expression vector (Nagata et al., in prepa-
ration) using the NdeI and EcoRI restriction sites.
Proteins were expressed in E. coli BLR(DE3)pLysS
(Novagen, WI) cells. The P615G mutant, in which
Pro615 was replaced by glycine, was prepared us-
ing a Quickchange Mutagenesis kit (Novagen, WI).
Uniformly 15N- and 13C/15N-labeled proteins were
prepared by growing transformed E. coli cells in M9
medium containing CELTONE-CN (1 g l−1) (Martek
Biosciences, MD), 15NH4Cl (1 g l−1) (Shoko, Tokyo)
and [U-13C]-glucose (2 g l−1) (Shoko, Tokyo) in
H2O at 37 ◦C. Proteins were purified by affinity chro-
matography using His-Bind Resin (Novagen, WI),
followed by the removal of the polyhistidine-tag by
rTEV protease (Life Technologies, MD). The final
purification of the polyhistidine-tag-removed proteins
was achieved on a CHT-I (Bio-Rad, CA) ceramic
hydroxyapatite chromatograph with a 10–100 mM lin-
ear gradient of potassium phosphate (pH 6.8). NMR
samples contained 1.5 mM protein in a 10 mM potas-

sium phosphate buffer (pH 6.8), and 10 mM DTT
in H2O/2H2O (9:1) or 2H2O. The C-terminal SH3
domain of Grb2 (Grb2 cSH3) was prepared using a
procedure described by Kohda et al. (1994).

All NMR spectra were recorded on Varian Unity-
Plus 600 and Unity-Inova 500 spectrometers at
25 ◦C. The 1H, 13C and 15N triple resonance spec-
tra [HNCA, HN(CO)CA, CBCANH, CBCA(CO)NH,
HBHA(CBCACO)NH, C(CO)NH] (Cavanagh et al.,
1995) were obtained from samples in an H2O buffer.
The 4D HCCH-TOCSY (Olejniczak et al., 1992) spec-
trum was obtained from samples in a 2H2O buffer.
The distance restraints were obtained from 15N- or
13C-edited 3D NOESY (Cavanagh et al., 1995) and
13C/13C-edited 4D NOESY (Cavanagh et al., 1995)
spectra with 100 ms mixing time. {1H}-15N heteronu-
clear NOE (Kay et al., 1989) was measured using
15N-labled protein in a H2O buffer. All NMR spec-
tra were processed with NMRPipe (Delaglio et al.,
1995) and Felix 95.0 (Molecular Simulations, CA)
programs.

Results and discussion

Trans and cis forms of Vav nSH3

The 1H-15N HSQC spectrum of Vav nSH3 shows
well-resolved resonances (Figure 1a). However, the
number of observed resonances is much larger than
that expected for the Vav nSH3 construct (78 amino
acid residues). The present observation indicates that
Vav nSH3 exists in two conformations, a major and a
minor forms, with an intensity ratio of approximately
2:1, and the conformation change between these two
forms is slow on the NMR chemical shift time-scale.
The main chain resonances of Vav nSH3 for the ma-
jor and minor forms were subsequently assigned by
an analysis of a suite of three-dimensional NMR ex-
periments (Cavanagh et al., 1995). Interestingly, the
residues that have two peaks with appreciable chem-
ical shift differences (assigned to Gly611, Ala612,
Phe613, Gly614, Phe616, and Leu617) encompass
Pro615. Since the slow conformational change of pro-
teins generally occurs through cis-trans isomerization
at an X-Pro bond (Evans et al., 1987), Pro615 is
the candidate most likely to be responsible for the
two observed conformations. To confirm this, the 4D
13C/13C-edited NOESY spectra were analyzed. The
sliced subspectra at the 1H and 13C chemical shifts
of Gly614α for the major and minor forms are shown
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Figure 2. (a) Stereo-pair of overlays of the backbone (N, Cα , C′) atoms of the 20 final solution structures of the P615G mutant. Color changes
every 10 residues. The residues 593 and 658 are labeled with N and C to indicate the N- and C-terminus, respectively. (b) Ribbon diagram
of the backbone (residues 593-659) conformation in the averaged structure of the P615G mutant. The tetra-proline region (Pro607-Pro610) is
shown in a ball-and-stick model. (c) A close-up view of the tetra-proline region (green) and surrounding residues (yellow). Pro609 is stuck into
the hydrophobic pocket formed by Trp636, Phe613 and Phe616. These figures are prepared using the Molscript program (Kraulis, 1991).
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in Figure 1b. In the major form (left), we observed a
NOE cross peak between Gly614α and Pro615δ, while
in the minor form (right), the NOE cross peak was be-
tween Gly614α and Pro615α. Thus, the major and the
minor forms are assigned to the trans and the cis forms
at Gly614-Pro615, respectively. Subsequently, we pre-
pared a mutant protein, P615G, in which Pro615 was
replaced by glycine. In the 1H-15N HSQC spectra of
the mutant protein, all the minor resonances disap-
peared, while the chemical shifts of almost all of the
major resonances were unchanged. The binding affin-
ity of the P615G mutant to Grb2 cSH3 was similar to
that of the wild type (data not shown). Therefore, we
concluded that the P615G mutant possesses essentially
the same structure and biological activity as those of
the trans form of the wild type.

The structure of the P615G mutant

The structures of the P615G mutant were calculated
using an automated NOE assignment program, ARIA
(Nilges and O’Donoghue, 1998) that has an inter-
face with the CNS program (Brünger et al., 1998),
based on the distance restraints obtained from 3D 15N-
or 13C-edited NOESY spectra and the dihedral φψ-
angle restraints obtained from the program TALOS
(Cornilescu et al., 1999). The experimental restraints,
structural statistics and the structural evaluation using
the program Procheck-NMR (Laskowski et al., 1996)
are shown in Table 1. There were no NOE violations
greater than 0.2 Å and no dihedral angle violations
greater than 1.5◦ in the final structures. An over-
lay of the final ensemble of 20 simulated annealing
structures is shown in Figure 2a.

The three-dimensional structure of the P615G mu-
tant demonstrates the same general features as the
canonical SH3 fold (Noble et al., 1993; Kohda et al.,
1994; Eck et al. 1994). It consists of two triple-
stranded antiparallel β-sheets (βI and βII) and a single
turn of a 310-helix. An additional double-stranded an-
tiparallel β-sheet (βIII) in the RT loop bends over
the β-sandwich formed by the two other sheets (Fig-
ure 2b).

It should be noted that the tetra-proline sequence
is inserted in the RT-loop, which is not fully exposed
to the solvent but is fixed to the region close to the
putative proline-rich peptide binding surface on the
SH3 domain. A close-up view of the tetra-proline re-
gion together with surrounding residues is shown in
Figure 2c. Pro609 is stuck into the pocket lined by
Trp636, Phe613 and Phe616, while Pro608 is directed

Table 1. Experimental restraints and structural statistics for the 20
lowest energy structures

Number of experimental restraints

Total unambiguous distance restraints 1282

Intra-residual 560

Sequential (|i − j| = 1) 255

Medium range (1 < |i − j| < 5) 66

Long range (|i − j| ≥ 5) 401

Hydrogen bonds 14

Ambiguous distance restraints 122

Dihedral restraints

φ 44

ψ 36

Structural statistics

RMSD from mean coordinatea

Backbone (N, Cα , C′) (Å) 0.27 ± 0.06

Heavy atoms (Å) 0.73 ± 0.41

RMSD from experimental restraints

NOE distances (Å) 0.003 ± 0.001

Dihedral angles (deg.) 0.155 ± 0.04

RMSD from idealized geometry

Bonds (Å) 0.001 ± 0.000

Angles (deg.) 0.249 ± 0.003

Impropers (deg.) 0.92 ± 0.12

Final energies (kcal/mol)

Etotal 51.07 ± 1.24

Ebonds 1.15 ± 1.10

Eangles 21.61 ± 0.47

Eimpropor 0.92 ± 0.12

Evdw 26.39 ± 1.23

ENOE 0.87 ± 0.27

Ecdih 0.12 ± 0.06

Ramachandran analysisb

Residues in most favored regions 85.0%

Residues in additionally allowed regions 15.0%

Residues in generously allowed regions 0

Residues in disallowed regions 0

aCalculated with the residues except for N-terminal (1–13), C-
terminal (77 and 78), and a long RT-loop (23–33) regions.
bAll the non-Gly/Pro residues for mean coordinate.

outward so that it does not interact with the SH3 do-
main. Pro607 interacts with Pro651 and Tyr603, and
Pro610 with Phe613 and Trp636. Thus, the tetra-
proline region is fixed by a number of hydrophobic
interactions with the side chains of the SH3 domain.
Ramachandran analysis using the program Procheck-
NMR (Laskowski et al., 1996) gives the (φ, ψ) values
of the proline-rich region as (−85◦, 145◦) for Pro607,
(−64◦, 153◦) for Pro608, (−68◦, 147◦) for Pro609 and
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Figure 3. (a) Molecular surfaces of the P615G mutant (left) and the c-Src SH3 domain complexed with the peptide, AFAPPLPRRR (right).
The surface of the P615G mutant was calculated excluding the residues of Ile606-Gly611. Residues 606–611 (left) and the binding peptides
(right) are shown in the wire model (green). In both figures, the conserved and non-conserved residues forming the peptide-binding sites are
shown in red and blue, respectively. These figures were prepared using the program Grasp (Nicholls et al., 1991). (b) Structure-based sequential
alignment of SH3 domains. VavN, murine Vav N-terminal; VavC, murine Vav C-terminal; Grb2C, human Grb2 C-terminal; c-Src, chicken
c-Src; Fyn, human Fyn; Abl, human Abl; Lck, human Lck. The assignments of the structural elements are shown at the bottom. Conserved
residues in SH3 domains are shown in red. Residues that are highly conserved in SH3 domains but are replaced in Vav nSH3 are shown in blue.
(c) {1H}-15N heteronuclear NOE values for individual residues of the trans-form of Vav nSH3. Gly614 is as flexible as the residues at the N
or C-terminus, but the residues encompassing Gly614 are relatively rigid, suggesting the local flexibility of Gly614, which enables cis-trans
isomerization at the Gly614-Pro615 bond. A similar tendency was observed in the cis-form.
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(−74◦, 146◦) for Pro610, respectively. These four pro-
line residues form the polyproline type-II helix, where
Pro609 occupies the apex, while (Pro607, Pro608) and
(Pro610, G611) occupy the basement of the polypro-
line type-II helix prism. It should be also noted that the
Ile606-Pro607 bond takes a cis configuration.

Comparison of Vav nSH3 with c-src SH3

Figure 3a shows the protein surface of the P615G mu-
tant (left) compared with that of c-Src SH3 bound to
the ligand peptide, AFAPPLPRRR (PDB entry code:
1PRM) (right) (Feng et al., 1994). The surface of
P615G mutant was calculated excluding the region
from Ile606 to Gly611, upon which, the structure of
Ile606-Gly611 is superposed with a wire model. The
sequence alignment of the SH3 domains is also shown
in Figure 3b. In c-Src SH3, the ligand-binding pockets
are occupied by Ala3′, Pro4′, Leu6′, Pro7′ and Arg9′
of the peptide, respectively. The first binding pocket
(site 1: P+3, P+2) of the SH3 domain is formed
by Tyr14, Asn59 and Tyr60, and the second bind-
ing pocket (site 2: P0, P-1) consists of Tyr16, Trp42,
Pro57, Asn59 and Tyr60. These six residues, which
are highly conserved in the SH3 domains, play an im-
portant role in PXXP motif-recognition (Figure 3b).
The third binding pocket (site 3: P-3) is formed by
Thr22 and Asp23, which are highly variable residues
located on the RT-loop, and generally binds the basic
side chain of Arg9′. On the other hand, in P615G, the
tetra-proline sequence is bound to the region close to,
but different from site 2 and site 3 of the canonical
SH3 domains. The region in P615G corresponding
to site 1 is formed by Gln601 and Arg654, which
are extremely conserved with aromatic residues in the
SH3 domains (Figure 3b). While Trp636 and Pro651,
which form site-2, are highly conserved residues in all
SH3 domains. Pro607 binds to P0 through mainly hy-
drophobic interaction. In the canonical SH3 domains,
site-3 consists of various acidic amino acid residues
and binds basic residues of the peptide through elec-
trostatic interaction. In contrast, in Vav nSH3, Pro610
is recognized by Ala612, Phe613 and Gly614. Since
the putative proline-rich peptide binding region of Vav
nSH3 is partially blocked by its own tetra-proline
sequence and the canonical aromatic residues are re-
placed by Gln and Arg, Vav nSH3 appears to have no
targets of proline rich sequences.

Structural flexibility of Vav nSH3

{1H}-15N heteronuclear NOE analysis of the trans
form of Vav nSH3 revealed that Gly614, which is
located in the RT-loop and close to the tetra-proline
region (Pro607-Pro610), is flexible with a NOE value
of 0.33 (Figure 3c). Although such flexibility is
required for cis-trans isomerization of the Gly614-
Pro615 bond, the residues on the RT-loop encom-
passing the tetra-proline region, including Gly605,
Ile606, Gly611, Ala612, Phe613, Phe616 and Leu617,
show large NOE values (around 0.7), indicating that
the RT-loop is restrained except for Gly614. Similar
observations were made concerning the {1H}-15N het-
eronuclear NOE values for the cis form. In both trans
and cis forms, the RT-loop is relatively rigid except
for the region at Gly614-Pro615. Based on the three
dimensional structure of the P615G mutant, the tetra-
proline region inserted in the RT-loop is bound on
the surface of its SH3 domain, resulting in a partial
masking of the ligand-binding pocket. In spite of local
flexibility at the Gly614-Pro615 bond in both cis and
trans forms, the tetra-proline region is fixed on the
surface of the Vav nSH3 domain.

Interaction of Vav nSH3 with Grb2 cSH3

Interestingly, the tetra-proline region forms the poly-
proline type-II helix. The apex of the prism is stuck
into the core of Vav nSH3, while the basement, which
may be recognized by the target proteins, is exposed.
Previous mutagenesis studies suggested that the tetra-
proline region was recognized by Grb2 cSH3 in the
classical manner (Ramos-Morales et al., 1995). How-
ever, there is contradicting experimental evidence.
First, the binding is not abrogated by the peptide
containing the tetra-proline region (Ye and Baltimore,
1994). Second, both intact SH3 domains are required
for the binding (Ye and Baltimore, 1994). In order
to elucidate the interaction between Vav nSH3 and
Grb2 cSH3, we recorded a series of 2D 1H-15N HSQC
spectra of uniformly 15N-labeled Vav nSH3 (0.5 mM)
upon addition of aliquots of Grb2 cSH3 stock solu-
tion, thus changing the molar ratio of Grb2 cSH3 to
Vav nSH3 from 0 to 2. The cross peaks corresponding
to the cis form disappeared upon complex formation
with Grb2 cSH3. Thus, Grb2 cSH3 binds selectively
to the trans form. The dissociation constant was es-
timated from the analysis of the binding curves by
fluorescence intensity enhancement to be ca. 10 µM
(data not shown). A number of residues displayed
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Figure 4. (a) The chemical shift changes of individual residues of 15N labeled Vav nSH3 upon complex formation with Grb2 cSH3 as revealed
by 1H-15N HSQC spectra. The weighted net changes in chemical shifts in ppm (�δ = (�δ2

1HN + 0.17�δ2
15N)1/2) are evaluated at the 1:2

molar ratio of Vav nSH3:Grb2 cSH3. (b) The Vav nSH3 residues affected by Grb2 cSH3 binding are mapped on the P615G mutant structure.
The residues with large chemical shift changes are colored red (chemical shift changes is more than 0.3 ppm) and yellow (0.3–0.18 ppm),
respectively. The tetra-proline region is indicated in (b). The left and right pictures are related by 180◦ rotation along y axis.
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large chemical shift changes, while small but appre-
ciable chemical shift changes were observed over the
whole molecule, indicating the occurrence of a global
conformation change upon complex formation (Fig-
ure 4a). When the residues with large weighted net
change in chemical shifts of more than 0.18 ppm
(�δ = (�δ2

1HN + 0.17�δ2
15N)1/2) (Vav nSH3:Grb2

cSH3=1:2) are mapped on the structure of Vav nSH3,
they are found to be located in a specific region (Fig-
ure 4b), formed by the N-terminal region, C-terminal
region, βI, βII and the n-src loop (left). While, on
the opposite surface (Figure 4b, right), appreciable
chemical shift changes were observed for Ala612,
Gly614 and Leu617 which are located posterior to
the tetra-proline region, while, the residues anterior to
the tetra-proline region showed small chemical shift
changes of less than 0.1 ppm. These results, taken to-
gether, led to the conclusion that the surface of Vav
nSH3 opposite to the tetra-proline region (Figure 4b,
left) was the major site for Grb2 cSH3 binding, al-
though we could not precisely delineate the binding
interaction. There may be a possibility that the tetra-
proline region is the secondary binding site for Grb2
cSH3, nor do we neglect the possibility that the ap-
preciable chemical shift changes on the RT-loop may
be due to the conformation change induced by the
Grb2 cSH3 binding. The interaction mode found in the
present study is novel in that it is independent of the
recognition of proline-rich sequence. The present re-
sults reconcile the conflicting experimental evidence.
First, since the tetra-proline region is involved in a part
of the structural core, double mutation in this region
may disrupt the structure of Vav nSH3, thus decreas-
ing the binding affinity (Ramos-Morales et al., 1995).
Second, since the tetra-proline region is not a binding
site for Grb2 cSH3, the peptide containing the tetra-
proline region does not bind to Grb2 cSH3 (Ye and
Baltimore, 1994) and does not disrupt the interaction
of either molecule. Finally, since the binding surface
is formed by the N-teminal and C-terminal regions as
well as βI, βII and the 310 helix, the binding requires
the entire structure of Vav nSH3.

Recently, we have solved the crystal structure of
the Vav nSH3-Grb2 cSH3 complex to elucidate the
molecular interaction in detail (Nishida et al., 2001).
In the crystal structure, there are two interaction sur-
faces on the Vav nSH3 domain corresponding to the
tetra-proline region and the concave surface at the op-
posite side of the tetra-proline region. In the solution
NMR study, HN and N chemical shift values sur-
rounding tetra-proline region of Vav nSH3 were not

perturbed by Grb2-binding. Therefore we concluded
that the interaction surface formed by tetra-proline re-
gion is an artifact by the crystal packing effect. This
was consistent with our mutagenesis study (Nishida
et al., 2001).

In conclusion, we demonstrated that Vav nSH3 has
no target proline rich sequences, as the putative bind-
ing region is partially occupied by its tetra-proline re-
gion and the consensus aromatic residues are replcaed
by more hydrophilic residues. In stead, Vav nSH3 de-
velops a surface specifically prepared for Grb2 cSH3
binding. This binding mode is unique and requires the
whole structure of Vav nSH3.

Coordinates

The coordinates of the minimized average structure of
Vav nSH3 (P615G mutant) were deposited in the PDB
with the accession code 1K1Z. The NMR chemical
shifts were deposited at the BioMagResBank under
accession code 5179.
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