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T-cell antigen receptor (TCR) engagement induces forma-

tion of multi-protein signalling complexes essential for

regulating T-cell functions. Generation of a complex of

SLP-76, Nck and VAV1 is crucial for regulation of the

actin machinery. We define the composition, stoichiome-

try and specificity of interactions in the SLP-76, Nck and

VAV1 complex. Our data reveal that this complex can

contain one SLP-76 molecule, two Nck and two VAV1

molecules. A direct interaction between Nck and VAV1 is

mediated by binding between the C-terminal SH3 domain

of Nck and the VAV1 N-terminal SH3 domain. Disruption of

the VAV1:Nck interaction deleteriously affected actin poly-

merization. These novel findings shed new light on the

mechanism of actin polymerization after T-cell activation.
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Introduction

Actin polymerization in Tcells is induced after engagement of

the T-cell antigen receptor (TCR). In addition to controlling

cellular shape and polarity, this process regulates vital T-cell

responses, such as T-cell activation, adhesion and prolifera-

tion. Alterations in dynamic actin cytoskeletal rearrangement

can also result in immunodeficiency. Multiple signalling

cascades link the TCR to actin polymerization (Bubeck

Wardenburg et al, 1998; Bunnell et al, 2001; Cannon et al,

2001; Badour et al, 2003; Barda-Saad et al, 2005; Dombroski

et al, 2005; Nolz et al, 2006). Immediately after TCR engage-

ment, several protein tyrosine kinases are activated leading to

phosphorylation of TCR components and various effector

molecules (Kane et al, 2000). One of these effector proteins

is the transmembrane adapter, linker for activation of T cells

(LAT) (Zhang et al, 1998). LAT is rapidly phosphorylated on

conserved tyrosines and, once phosphorylated, directly

binds to the SH2 domains of several proteins, including

Grb2, Grb2-related adaptor protein (Gads) and phospholipase

Cg1 (PLCg1).

The recruitment of SLP-76 also brings a number of addi-

tional associated molecules into LAT-nucleated signalling

complexes. SLP-76-binding proteins include, among others,

the Rho-family GTPase exchange factor (GEF), VAV1, the Nck

adapter molecule and the nucleation-promoting factors

(NPFs) including the Wiskott–Aldrich syndrome family pro-

tein (WASp), key regulators of the actin cytoskeleton (Wu and

Koretzky, 2004; Smith-Garvin et al, 2009). Several lines of

evidence suggest that phosphorylation of SLP-76 is critical to

bring VAV1 and Nck into proximity (Raab et al, 1997; Bubeck

Wardenburg et al, 1998; Zeng et al, 2003). VAV1 then acti-

vates the small G-proteins including Cdc42 (GTP-Cdc42) and

Rac (Rac-GTP) specifically at the site of TCR signalling,

whereas Nck recruits NPFs to the same site (Buday et al,

2002; Tybulewicz, 2005). NPF activation leads to the activa-

tion of the Arp2/3 complex, which induces the nucleation of

branched actin filaments at the site of the T-cell/antigen-

presenting cell interface, and to the formation of the immu-

nological synapse (IS) (Fuller et al, 2003; Billadeau and

Burkhardt, 2006; Burkhardt et al, 2008; Dustin, 2008).

Structure-function studies of SLP-76 have shown the

importance of multiple SLP-76 domains in TCR signalling.

SLP-76 consists of at least four domains: (1) the N-terminal

sterile a motif (SAM) domain; (2) an acidic domain contain-

ing three tyrosine residues subject to phosphorylation: Y113

(in humans, Y112 in mice), Y128 and Y145; (3) the central

proline-rich domain that mediates the interactions with Gads

and PLCg1 and (4) the C-terminal SH2 domain that binds to

the adhesion- and degranulation-promoting adaptor protein

(ADAP) and to the hematopoietic progenitor kinase 1 (HPK1)

(Fang et al, 1996; Zeng et al, 2003; Wu and Koretzky, 2004;

Kliche et al, 2006; Koretzky et al, 2006).

It has been demonstrated that although phosphorylation of

Y113 and Y128 enables the binding of SLP-76 to either VAV1

or Nck, the interaction of SLP-76 with Nck is more dependent

on phosphorylation of Y128 than Y113 (Wu et al, 1996;

Bubeck Wardenburg et al, 1998; Wunderlich et al, 1999;

Jordan et al, 2006). Y145 is important for optimal association

of SLP-76 with the inducible tyrosine kinase, Itk, a key

regulator of T-cell function (Wunderlich et al, 1999; Bunnell

et al, 2000; Clements, 2003; Dombroski et al, 2005). Recent

studies using a panel of murine SLP-76 tyrosine mutants

demonstrated that phosphorylation of Y112 and Y128 facil-

itates the phosphorylation of Y145, suggesting a functional

hierarchy among SLP-76 tyrosines (Jordan et al, 2006).

However, to date, there are no definitive measurements of

binding at these phosphorylation sites, and details of protein

interactions at this domain of SLP-76 are still lacking.
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Earlier, we have taken a multi-dimensional approach to the

study of the binding interactions of multi-molecular com-

plexes. For example, we used fluorescence resonance energy

transfer (FRET) to follow the interactions between Nck and

WASp, which leads to actin polymerization (Barda-Saad et al,

2005). In other studies, we measured thermodynamic para-

meters and calculated the binding affinity of LAT to the SH2-

containing proteins Grb2, Gads and PLCg1 using isothermal

titration calorimetry (ITC) (Houtman et al, 2004, 2006, 2007).

Our studies provided a description of the highly cooperative

nature of the interactions of Gads, SLP-76 PLCg1 and LAT

during the formation of signalling complexes (Houtman et al,

2004, 2006). In one of these earlier studies, we focused on the

interactions of SLP-76 at its proline-rich central domain. In

the current work, we have turned to the SLP-76 acidic

domain, the site of tyrosine phosphorylation and binding of

VAV1, Nck and Itk. In this study, we take a multi-disciplinary

approach by using molecular imaging, FRET analysis and

biophysical techniques to focus on the binding properties of

SLP-76, Nck and VAV1 and their multi-molecular interactions.

Our data reveal an unexpected stoichiometry of association

and an unexpected direct molecular association between Nck

and VAV1. We show the functional importance of this direct

association and demonstrate the cooperative nature of the

multi-molecular interaction, which is critical to the regulation

of actin dynamics in activated T cells.

Results

Evaluation of Nck and VAV1 binding to SLP-76 using ITC

Our study began with an analysis of Nck and VAV1 binding to

SLP-76. ITC experiments were performed with purified full-

length Nck and a large polypeptide fragment of VAV1 to

measure their specificity of binding and binding affinities

to short or long synthesized SLP-76 phosphopeptides

(Supplementary Figure S1A–C; Supplementary Table S1)

(Houtman et al, 2004, 2006; Ladbury, 2007). As detailed in

the Supplementary data, these studies show that at least two

molecules of VAV1 or Nck can associate with one molecule of

SLP-76. These data also imply that VAV1 and Nck can bind

directly.

Analytical ultracentrifugation studies of VAV1 and Nck

binding to SLP-76

We turned to analytical ultracentrifugation (AUC) to further

pursue these complex-binding events, to confirm higher-

order protein complex formation, and to determine whether

there is cooperativity of binding at SLP-76 in the presence of

VAV1, Nck or both.

We used labelled VAV1-FAM (after verifying by ITC that

VAV1-FAM has the same binding constant to SLPpY128 as

unlabelled VAV1) (as described in detail in Supplementary

data), unlabelled Nck and rhodamine TAMRA end-labelled

SLP-76 phosphopeptides. The multi-signal sedimentation

coefficient distribution analysis then can display the distribu-

tion of s-values (Sv) specifically of all species containing SLP-

76 (cSLP(s)), VAV1 (cVAV(s)) and Nck (cNck(s)) coexisting in the

same sample.

We conducted preliminary experiments with SLP-76 pep-

tides alone (Figure 1A), with VAV1-FAM alone, and with Nck

alone (Figure 1B). The preparation of VAV1-FAM showed

some contaminations with irreversible VAV1-FAM oligomers

(B15), which could not be further purified. However, by

considering only cSLP(s) from SLP-76-containing species,

VAV1:SLP-76 complexes could still be rigorously character-

ized. With free SLP-76 peptides sedimenting at B1.2 S, all

contributions to cSLP(s) 42 S are peptides bound to VAV1 or

Nck. We recorded their weight-average s-value (sw) to esti-

mate their average size (Table I). Only for the largest

mixed complexes observed in experiments with ternary mix-

tures (magenta line in Figure 1C) were the s-values higher

than the contaminants of VAV1 and Nck, so that the

sedimentation coefficient cVAV(s) and cNck(s) allowed us to

assess the stoichiometry of VAV1-FAM and Nck in the mixed

complexes.

When we studied mixtures of VAV1:SLP-76 and Nck:SLP-

76 separately, we observed that the size of the complexes

with SLP-76 increased with the triple phosphorylated peptide

relative to both double phosphorylated complexes. This is

illustrated in Figure 1A for VAV1 where for both doubly

phosphorylated SLP-76 peptides the main cSLP(s) peak was

found at s-values only slightly higher than that of VAV1-FAM

(B3 S, commensurate with the small increase of the complex

molar mass compared to the mass of VAV1-FAM alone).

However, for pY113,128,145 cSLP(s) exhibited a strong peak

at 4.2 S. It is not possible to directly conclude from the s-value

what the molar mass of this species is due to uncertainties of

hydrodynamic shape and because the reaction boundary of a

rapidly interacting system always sediments slower than the

sedimentation coefficient of the complex species. Assuming

no drastic change in the translational friction coefficient

between the ligated and unligated protein, we could estimate

lower limits of the complex molar mass. For the VAV1—

SLPpY113, 128, 145 being B4.2 S, the complex is likely

460 kDa, that is containing two VAV1 molecules. It is highly

unlikely that this peak represents binding to VAV1 dimer

fraction, as a much lower amount of the 4.2 S populations

were observed with the double phosphorylated SLP-76 pep-

tides despite their higher affinity for VAV1 (Supplementary

Table S1). This result corroborates the finding by ITC that the

triple phosphorylated peptide offers two binding sites. Similar

results were found for Nck binding to SLP-76 peptides

(Table I). As in the analogous experiments with VAV1, a

significant shift of the peak s-value is observed, again sup-

porting the observation by ITC of two simultaneous Nck sites

on the triple phosphorylated peptide.

Next we asked whether offering both VAV1 and Nck to the

SLP-76 peptides could lead to mixed triple complexes. In a

control experiment with VAV1-FAM and Nck at 4 mM in the

absence of SLP-76, we only observed a slight increase

(B0.15 S) of the sedimentation coefficients of the mixture

over the individual free components, indicating weak and

rapidly reversible binding of the purified molecules in solu-

tion (data not shown). Figure 1B shows the sedimentation

coefficient distribution cSLP(s) of SLPpY113, 145 containing

species in the presence of VAV1, Nck, and both VAV1 and

Nck. A slightly higher average sedimentation rate of the

complexes is observed for the binary mixture with SLP-

76:Nck relative to SLP-76:VAV1, likely because of the higher

molar mass of Nck (B47 versus B32 kDa for VAV1).

However, a drastic shift was observed in the simultaneous

presence of both VAV1 and Nck under otherwise identical

conditions (magenta line, compared with blue and green

lines for the individual proteins), clearly demonstrating the
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formation of mixed complexes on a peptide previously shown

to bind only one protein.

The s-value of the main peak of the ternary mixture is

consistent with that of a 1:1:1 complex, and the absence of

the B3–3.5 S species predominant for the binary mixtures

suggests the possibility of cooperative binding of VAV1 and

Nck to SLP-76. Unfortunately, these data do not allow us to

distinguish possible structural configurations and answer

whether both proteins bound by each making contact to

different sites on SLP-76, or VAV1 bound to Nck on a

preformed Nck:SLP-76 complex.

We have seen that, on one hand, phosphorylation at all

three tyrosines 113, 128 and 145 allows for two binding sites

each for VAV1 and Nck, and on the other hand, that VAV1 and

Nck can bind simultaneously, possibly cooperatively, to the

same double phosphorylated SLP-76 peptide. Thus, we asked

whether the presence of both proteins in solution with the

triple phosphorylated peptide could generate even larger

complexes. We conducted sedimentation experiments with

the SLPpY113, 128, 145 peptide with VAV1, Nck and

VAV1þNck (Figure 1C). Strikingly, a large shift in the peak

s-value of the cSLP(s) distribution of the ternary mixture can

be discerned relative to either VAV1:SLP-76 or Nck:SLP-76, as

well as the absence of species with sedimentation coefficients

of B4 S that were predominant in the binary mixtures. This

indicates the cooperative formation of larger mixed multi-

protein complexes. The weighted-average sw value of 5.6 S

corresponds (assuming a translational frictional coefficient

similar to the free proteins) to molar masses 4107 kDa,

suggesting the presence of a complex with at least three, or

possibly four proteins per SLP-76 peptide. Interestingly, the

relative peak areas of the different distributions suggest a

2:2:1 VAV1:Nck:SLP-76 molar ratio (on average) for the 6 S

species. The data are not consistent with a complex com-

prised of multiple SLP-76 molecules associated with Nck and

VAV1 at the measured ratio. For example, a dimer of SLP-76

with Nck and VAV1 (with a ratio of 4:4:2) would have an

apparent molecular weight of 350 kDa and would migrate at

Figure 1 SLP-76, Nck and VAV1 complex formation. Sedimentation
coefficient distributions ck(s) of the SLP-76 complexes formed
in the presence of Nck and/or VAV1. The data are from sedimenta-
tion velocity experiments with different mixtures, of SLP-76 pep-
tides pY113pY145 (squares), pY128pY145 (triangles) or
pY113pY128pY145 (circles), all at 1.5mM, in the presence of 6mM
VAV1 (blue), 6mM Nck (green) or both (magenta). All data shown
with symbols and/or solid lines are cSLP(s) distributions of SLP-76
peptides and its complexes only, calculated by exploiting a spec-
trally distinct chromophoric label. In the presence of protein, the
peptides track the sedimentation of complexes at s-values 42 S.
(A) The control sedimentation coefficient distribution of SLP-76
peptides alone is shown as black solid line. The result of a control
experiment with VAV1 alone is shown as blue dotted line, which
displays cVAV(s) calculated by taking advantage of its own charac-
teristic spectral properties of the FAM label on VAV1. In the presence
of the triply phosphorylated peptide, a population of 4.2 S com-
plexes (likely in 2:1 stoichiometry) can be discerned. (B) VAV1 and
Nck can both simultaneously bind to SLP-76 pY113,145, as can be
discerned from the shift towards faster-sedimenting complexes in
the presence of VAV1þNck. The sedimentation coefficient distribu-
tion from an experiment with Nck alone, as observed through its
own specific spectral signature cNck(s), is shown as dotted line.
(C) Higher-order complexes are formed on the triply phosphory-
lated peptide in the presence of VAV1þNck. For the experiment
with both proteins (magenta), the dotted lines show the
sedimentation coefficient distributions calculated from multi-signal
analysis for VAV1-containing complexes cVAV(s) (blue dotted line)
and Nck-containing complexes cNck(s) (green dotted line) in the
same solution.

Table I Complex formation of VAV and Nck with phosphorylated
49mer SLP-76 peptides by sedimentation velocity

Interaction Weighted-average
sw-value of

complexes (S)a

Concentration of
SLP-76 in

complexes (mM)

VAV–SLPpY113,145 3.4 1.5
VAV–SLPpY128,145 3.4 1.5
VAV–SLPpY113,128,145 3.8 1.2
Nck–SLPpY113,145 3.8 1.5
Nck–SLPpY128,145 3.9 1.3
Nck–SLPpY113,128,145 4.4 1.6
VAV–Nck–SLPpY113,145 4.8 1.0
VAV–Nck–SLPpY128,145 4.8 1.0
VAV–Nck–SLPpY113,128,145 5.6 0.7

aCalculated by integration of cSLP(s) over all populations 42 S.
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410 S. Thus, our data unequivocally show the formation of a

mixed multi-protein complex on a multiply phosphorylated

SLP-76 peptide in vitro.

The formation of the Nck, VAV1 and SLP-76 triple

molecular complex

The preceding analysis of VAV1, Nck and SLP-76 resulted in

the determination of basic binding parameters and the con-

clusion that these proteins can interact to create a multi-

molecular complex at the N-terminal region of SLP-76. To

independently confirm a multi-molecular complex simulta-

neously containing VAV1, Nck and SLP-76, and to examine

such complexes in vivo, we used a molecular imaging

approach (Barda-Saad et al, 2005; Houtman et al, 2006).

T cells expressing fluorescently tagged versions of Nck or

VAV1 were dropped onto a surface coated with a stimulatory

monoclonal antibody that binds the TCR. Activation resulted

in recruitment of multiple signalling molecules, including the

tagged versions, to cluster at the points of contact with the

stimulatory surface. These structures are known as signalling

microclusters. This process leads to activation of tyrosine

kinases, intracellular calcium elevation and cellular spread-

ing, all functions seen with normal T-cell activation.

To assess the possibility of a trimolecular complex contain-

ing VAV1, Nck and SLP-76 by imaging, we studied the binding

of these proteins by a pairwise analysis of colocalization and,

more definitively, FRET (Barda-Saad et al, 2005; Wallrabe and

Periasamy, 2005; Sohn et al, 2006). We determined FRET

between yellow fluorescent protein (YFP) and cyan fluores-

cent protein (CFP) tagged to either VAV1, Nck or SLP-76. The

association of wild-type (wt) versions of these proteins in

stimulated T-cell lines was examined by using mutant T cells

(J14 and J-VAV) lacking the expression of specific signalling

proteins (SLP-76 and VAV1, respectively) versus their recon-

stituted counterparts (Yablonski et al, 1998; Cao et al, 2002).

Where mutant T cells were not available, as in the case of

Nck, gene-targeting approaches to silence both Ncka and

Nckb using small interfering RNA (siRNA) were used.

VAV proteins are not required for the association

of Nck to SLP-76

Nck recruitment to signalling clusters has been observed

earlier (Zeng et al, 2003; Barda-Saad et al, 2005). To deter-

mine whether Nck can bind to SLP-76 independently of VAV

proteins, we used the mutant Jurkat Tcell, J-VAV, which lacks

the expression of VAV1 protein. Both CFP-SLP-76 and YFP-

Nck were then expressed in these cells (Figure 2A). FRET

analysis in live activated T cells showed that Nck associated

with SLP-76 and was recruited to the TCR signalling complex

in the absence of VAV1. No differences in the FRET efficiency

was measured in J-VAV cells lacking VAV1 (22.7%±2) com-

pared with J14 cells reconstituted with YFP-SLP-76

(27.5%±5.5) (Pp0.094). To eliminate the possibility that

VAV2 and VAV3 isoforms expressed in J-VAV cells recruit Nck

to SLP-76, gene silencing of these isoforms was performed

and FRET efficiency between SLP-76 to Nck was measured

(Supplementary Figure S2A). Our results indicate that VAV

proteins were not required for the stabilization of the mole-

cular interaction between Nck and SLP-76 (Figure 2A;

Supplementary Figure S2A). These results are consistent

with the earlier biophysical binding data.

Nck is required for the recruitment of VAV1 to SLP-76

To test whether VAV1 binds SLP-76 without Nck, we used J14

SLP-76-deficient T cells expressing YFP-SLP-76 and VAV1-

CFP. Gene silencing was used to regulate Nck expression.

We used siRNA specific for the SH2 domains of Nck a and b
(Figure 2B). Treatment of YFP-SLP-76 VAV1-CFP, J14 with

Nck-specific siRNA resulted in B90% reduction in Nck

expression in comparison to almost no effect with irrelevant

siRNA (Figure 2B). When control siRNA oligos were used

(Figure 2C), FRET levels between SLP-76 and VAV1 were

readily detected (18.9%±1.5). However, FRET efficiency

between SLP-76 and VAV1 was dramatically reduced

(Pp0.000015) between these two proteins in Nck gene

silenced cells (3%±2). These results indicate that optimal

VAV1 binding to SLP-76 in activated Jurkat Tcells requires the

presence of Nck.

The FRET data thus indicate that VAV1 binding to SLP-76

in vivo is dependent on the Nck–SLP-76 interaction. These

results in combination with our biophysical data, suggesting

a VAV1:Nck:SLP-76 binding stoichiometry of 2:2:1 lead to two

important predictions. First, disruption of each of the two

specific sites of interaction between Nck and SLP-76 should

partially block VAV1 interaction with SLP-76, whereas dis-

ruption of both sites would be more dramatic. Second, VAV1

and Nck must directly interact. To test the first prediction,

VAV1-deficient J-VAV cells expressing VAV1-YFP were transi-

ently transfected with constructs expressing SLP-76 mutated

at tyrosine 113 (Y113F) or tyrosine 128 (Y128F) or at both

sites (Y113, 128F). FRETanalysis was performed to follow the

interaction between VAV1 and SLP-76 mutants compared

with VAV1 and SLP-76 wt. Our data indicate that point

mutation at each site (Y113F or Y128F) individually partially

reduced the FRET efficiency between VAV1 and SLP-76,

whereas a double mutation (Y113, 128F) dramatically

abolished this interaction (Supplementary Figure S2B).

Assuming that Nck binding to SLP-76 is required for VAV1–

SLP-76 interactions (Figure 2C), this result shows that each

Nck-binding site recruits a VAV1 molecule. This experiment

thus also provides strong support for the biophysical results.

Each of the two Nck sites supports binding to a VAV1

molecule and therefore two VAV1 molecules and two Nck

molecules can bind SLP-76.

SLP-76 is not required for the molecular association

between Nck and VAV1

Our second prediction, that Nck binds VAV1 directly in cells,

was tested next. We used the T-cell spreading assay, to

determine the distribution of Nck and VAV1 in the presence

or absence of SLP-76. Nck-YFP and VAV1-CFP interactions

were examined in wt Jurkat E6.1 cells, SLP-76-deficient J14

cells or in J14 cells reconstituted with wt SLP-76 (SLP-76 wt,

J14). Our results showed that stimulation of E6.1 cells stably

expressing VAV1 and Nck resulted in the formation of signal-

ling clusters containing both molecules (Figure 3A). In the

absence of SLP-76 (J14 cells), the distribution of Nck and

VAV1 was altered. The proteins remained homogenously

dispersed in the cytosol and no clusters were observed.

These data are consistent with our earlier findings (Barda-

Saad et al, 2005; Braiman et al, 2006), indicating altered Nck

and VAV1 recruitment to the TCR sites in the absence of SLP-

76. Surprisingly, no significant alterations (Pp0.07) in the

FRET efficiency was measured between Nck and VAV1 in the
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presence (25.9%±1) or the absence (22.6%±1.2) of SLP-76

(J14) (Figure 3A). J14 cells reconstituted with SLP-76 demon-

strated FRET efficiency of about 25.6%±7.5 between Nck to

VAV1 similar to that observed in E6.1 (Figure 3A). As FRET

can occur between fluorescent species separated no further

than B10 nm, detection of FRET between these two mole-

cules strongly suggests their direct interaction.

To confirm a direct VAV1–Nck interaction, we subjected

cell lysates from E6.1, SLP-76-deficient or VAV1-deficient

T cells to immunoprecipitation with anti-Nck antibody

and blotting with anti-VAV1 antibody (Figure 3B;

Supplementary Figure S2C and S2D). As a control for the

specificity of the immunoprecipitation, we used cell lysates of

VAV1-deficient T cells. No non-specific binding was observed

between Nck to the anti-VAV1 beads (Figure S2C). The

protein level of VAV1 (the 122 kDa chimeric protein)

was determined and found to be 1.4-fold higher in J14 than

the overexpressed protein in E6.1 cells, however, similar

(1.05-fold) to endogenous VAV1 (Supplementary Figure

S2D). In agreement with the imaging results, Nck coprecipi-

tated with VAV1 both in stimulated and non-stimulated wt,

Jurkat E6.1 cells and in SLP-76-deficient T cells, J14

(Figure 3B), indicating a constitutive interaction between

the two proteins independent of SLP-76.

To demonstrate that the interaction between Nck and

VAV1 occurs independently of the acidic domain of SLP-76,

we transiently expressed SLP-76 wt or SLP-76 mutated at

tyrosines 113, 128 and 145 (Y3F) in SLP-76-deficient

T cells, J14 cells. Cell lysates were prepared and immunopre-

cipitated with anti-VAV1 and blotted with anti-Nck. Our

data clearly indicate a constitutive interaction between

VAV1 and Nck regardless of whether wt or Y3F SLP-76 is

expressed. The association of Nck and VAV1 seemed to be

increased in stimulated SLP-76 wt compared with J14 cells

though the difference was not significantly different

(Figure 3C).

Figure 2 FRET analysis of the triple molecular complex SLP-76, Nck and VAV1. (A) SLP-76-deficient Jurkat J14 cells were reconstituted with
YFP-SLP-76 and transfected with CFP-Nck. VAV1-deficient Jurkat J-VAV cells were cotransfected with CFP-SLP-76 and YFP-Nck. High FRET
efficiency was observed in the presence, as well as in the absence, of VAV1 (Pp0.094). (B) J14 cells expressing YFP-SLP-76 CFP-Nck were
transiently transfected with double-stranded siRNA oligonucleotides comprising Ncka&b SH2 domain-specific sequences or a non-specific
sequence (negative control). At 48 h after transfection, cells were analysed as described above for protein levels of Nck using anti-Nck antibody.
The siRNA-mediated Nck downregulation was compared with the level of GAPDH. (C) J14 cells were reconstituted with YFP-SLP-76 and
transfected with VAV1-CFP. The decrease in FRET efficiency using Ncka&b siRNA shows that Nck is essential for the recruitment of VAV1 to
SLP-76 signalling complexes (Pp0.000015). The results are based on more than three independent experiments.
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Figure 3 The interaction between Nck and VAV1 is independent of SLP-76. (A) FRET analysis of the molecular interaction between Nck and
VAV1 in Jurkat E6.1 T cells expressing YFP-Nck VAV1-CFP was performed in comparison to SLP-76-deficient Jurkat J14 cells (Pp0.07) or J14
reconstituted with SLP-76 wt (Pp0.57) expressing VAV1-YFP CFP-Nck. No significant difference in the FRETefficiency was measured between
Nck and VAV1 expressed in J14 to J14 reconstituted with wtSLP-76 cells (Pp0.412). Different cell panels are presented. The results are based on
more than five independent experiments. (B) Immunoprecipitation assay of the interaction between Nck and VAV1 in the presence of SLP-76,
E6.1 Jurkat cells, and in the absence of SLP-76, J14 Jurkat cells. Three independent experiments were performed. One representative
experiment is shown. (C) J14 cells were reconstituted with SLP-76 wt or SLP-76Y3F mutant form. Immunoprecipitation was performed with
anti-VAV1, and the membrane was immunoblotted with anti-VAV1 and anti-Nck. (D) Nck and VAV1 interaction was confirmed in PBLs. The
molecular interaction was detected in unstimulated as well as TCR-stimulated cells. Six independent experiments were performed. One
representative experiment is shown. (E) Samples from stimulated and unstimulated PBLs were analysed by western blotting for pSLP-76 levels
using anti-phosphotyrosine antibody.
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To confirm this finding in normal non-transformed T cells,

coprecipitation of VAV1 with Nck was performed in human

peripheral blood lymphocytes (PBLs). PBLs were activated as

described earlier (Astoul et al, 2003; Laurence et al, 2004;

Barda-Saad et al, 2005) with anti-CD3 and anti-CD28. T-cell

lysates from unstimulated and stimulated cells were immuno-

precipitated with the VAV1 antibody and probed with anti-

Nck. Nck proteins could be detected in unstimulated cells,

confirming that Nck and VAV1 form a constitutive interaction

(Figure 3D). However, the relative amount of the complex

was higher in stimulated T cells than that in unstimulated

cells, suggesting that this complex is enhanced on T-cell

stimulation and phosphorylation of SLP-76 in PBLs as

described earlier (Zeng et al, 2003). The lysates were thus

also probed with anti-phosphotyrosine antibody both to

confirm phosphorylation of SLP-76 in the activated cells

and to demonstrate the absence of basal phosphorylation of

SLP-76 in unstimulated cells (Figure 3E). The results clearly

show a constitutive association between Nck and VAV1 in

unstimulated primary human T cells, which is further in-

duced on activation. Although a direct interaction between

Nck and VAV1 was documented by FRET analysis, we also

subjected purified, recombinant Nck and the binding do-

mains of VAV1 (SH3–SH2–SH3) to a direct binding analysis.

As noted earlier, a weak binding was seen by AUC, and as

well by ITC analyses (data not shown).

The C-terminal SH3 domain of Nck is required for

its association with VAV1

We next sought to identify the sites mediating the interaction

between Nck and VAV1. Earlier, it was shown that VAV1 binds

to the Grb2 C-terminal SH3 domain through its own SH3

domain located on the N-terminal side of the SH2 domain

(Ye and Baltimore, 1994; Nishida et al, 2001). As a high

homology exists between the C-terminal SH3 domain of Grb-

2 and SH3 domains of Nck (Supplementary Figure S3), we

aimed to assess whether a similar interaction occurs between

Nck and VAV1.

To identify which of the three SH3 domains of Nck might

mediate the association with VAV1, the three individually

SH3-point mutated full-length Nck molecules were checked:

the N-terminal SH3 domain (Nck W38K or YFP-Nck*

SH3(N)), the central SH3 domain (Nck W143K or YFP-

Nck*SH3(mid)) and the C-terminal SH3 adjacent to the

SH2 (Nck W229K or YFP-Nck*SH3(C)). The proteins were

fluorescently tagged with YFP, and their association to VAV1-

CFP was measured in J14, SLP-76-deficient T cells by FRET

analysis. Levels of YFP-Nck wt or mutants and VAV1-CFP

were appropriate for FRET analysis as detected by FACS

analysis (Supplementary Figure S4A and S4B, respectively)

and by western blot (Supplementary Figure S4C). FRET

efficiency between VAV1-CFP and YFP-Nck wt during T-cell

spreading averaged about 32.9%±2.3. Our results clearly

show a significant reduction in the FRET efficiency between

VAV1-CFP and the Nck W229K mutant throughout the spread-

ing process (average of about 9.4%±2.4) (Figure 4A).

However, no significant differences were measured between

VAV1-CFP and the two other constructs, Nck W38K and Nck

W143K (Figure 4A and B; Supplementary Figure S4C).

To further examine the association between the C-terminal

SH3 domain of Nck with VAV1 and its independence on TCR

activation, cell lysates were produced from non-activated and

activated stable cells and coimmunoprecipitation between

VAV1 and YFP-Nck*SH3(C) or YFP-Nck wt was performed.

Levels of YFP-Nck wt and YFP-Nck*SH3(C) were appro-

priate for immunoprecipitation as detected by FACS analysis

and western blot (Supplementary Figure S4D and S4E,

respectively). Biochemical analysis (Figure 4C) confirmed the

imaging approach. Coimmunoprecipitation between Nck

and VAV1 was abolished in the presence of the mutated

C-terminal SH3 domain of Nck. Also, the constitutive binding

between the two wt proteins was verified.

VAV1 N-terminal SH3 domain is required for the direct

interaction with Nck

To determine the site on VAV1 responsible for the interaction

with Nck, we again turned to the comparison with VAV1-Grb2

binding. The interaction between VAV1 and Grb2 was shown

to involve the proline-rich region located in the N-terminal

SH3 domain of VAV1 (Nishida et al, 2001). Therefore, we

examined whether a mutation in the proline-rich region of the

N-terminal SH3 of VAV1 perturbs its binding to Nck. We used

a mutant form of VAV1 and determined its association to Nck

wt using biochemical coprecipitation and in vivo cellular

FRET analysis. To examine Nck and VAV1 signalling complex

formation in the absence of SLP-76, VAV1-YFP mutated at the

proline-rich site, VAV1 W637A was introduced into SLP-76-

deficient T cells (J14). No FRET efficiency was measured

between VAV1 W637A-YFP and CFP-Nck. In contrast, an

average FRET efficiency of about 38.6%±3.4 was observed

between VAV1 wt-YFP and CFP-Nck (Figure 5A). To verify

that the mutation at the VAV1 W637A disrupts Nck–VAV1

association, VAV1 W637A and VAV1 wt were introduced into

J-VAV lacking the endogenous form of VAV1 (Figure 5B and

C). Although the expression levels of VAV1 W637A-YFP

were found higher than the wt both by western blot and

FACS analysis (Figure 5B and Supplementary Figure S4F,

respectively) coprecipitation of VAV1 and Nck was dramati-

cally reduced in the VAV1 W637A mutant cell lysate in

contrast to a constitutive interaction detected between VAV1

wt and endogenous Nck (Figure 5C). In combination, the

data shown in Figures 4 and 5 indicate that point mutations

in either the C-terminal Nck SH3 domain or the previously

known SH3-binding site in VAV1 disrupt the Nck–VAV1

interaction.

The stoichiometric analysis with purified proteins in vitro

(Figure 1A–C; Supplementary Figure S1A–C) suggests that a

2:2:1 VAV1:Nck:SLP-76 complex can be detected. Such

a result can be explained only if there is a direct interaction

between Nck and VAV1. To confirm the above in vivo findings

and better integrate them with the model derived from our

biophysical data, VAV1 wt or VAV1 W637A were expressed in

VAV1-deficient, J-VAV cells. Cell lysates were prepared and

immunoprecipitated with anti-SLP-76 and blotted with anti-

VAV1 or anti-Nck (Figure 5D). Our data clearly indicate an

interaction between VAV1 wt and SLP-76 in stimulated cells;

however, this interaction is substantially reduced in J-VAV

cells expressing the VAV1 W637A mutant protein in which the

Nck-binding site was abolished. The binding of Nck to SLP-76

is similar in both cell types. These data confirm that the

binding of VAV1 to SLP-76 is mainly mediated through the

interaction of VAV1 to the Nck bound to SLP-76.

Next, we explored whether Nck–VAV1 interaction is phy-

siologically relevant. As VAV1 has been found to have a
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critical function in the regulation of actin polymerization, we

explored if a point mutation in the VAV1-binding site for Nck

impairs actin polymerization. For this study, actin polyme-

rization was detected by phalloidin staining in VAV1-deficient

T cells, J-VAV, and J-VAV cells reconstituted either with VAV1

wt or with VAV1 W637A. Cells reconstituted with VAV1 wt

showed a prominent actin ring, similar to normal T cells.

Predictably, J-VAV cells exhibited very poor spreading and

actin polymerization as quantified by fluorescence intensity

(41.88±3.4) (Figure 6A). Strikingly, a similar result was

Figure 4 Direct interaction between VAV1 and Nck is mediated by the C-terminal SH3 domain of Nck. (A) FRET analysis of the association
of Nck wt with VAV1 was determined in J14 cells expressing VAV1-CFP YFP-Nck versus J14 cells expressing Nck mutated at the C-terminal SH3
domain. Different cell panels are presented. (B) Mutations at the N- or middle-SH3 domain of Nck were examined as well and compared with
the Nck wt. The cells were plated on stimulatory coverslip and fixed after 1, 3 or 5 min. Three independent experiments were performed.
(C) Immunoprecipitation assay of the interaction between VAV1 wt and Nck wt in comparison to VAV1 wt and mutant form of Nck mutated at
C-terminal SH3 domain, Nck*SH3(C) expressed in J14. More than three independent experiments were performed. One representative
experiment is shown.
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detected with the VAV1 W637A reconstituted J-VAV cells

(59.3±2.2), which showed a significant difference from the

J-VAV cells expressing the VAV1 wt form (150.38±6.78)

(Pp0.00001). This difference was proven to be not because

of low transfection efficiency of the VAV1 forms or poor TCR

expression (Figure 5B; Supplementary Figure S4F and data

not shown). To eliminate the possibility that the point muta-

tion of VAV1 at the Nck-binding site altered TCR-induced

phosphorylation of signalling molecules such as PLCg1 as

determined in J-VAV (Cao et al, 2002), the phosphotyrosine

profile of VAV1 W637A reconstituted J-VAV cell lysate was

compared with J-VAV reconstituted with VAV1 wt and was

found to be qualitatively similar (data not shown). These

results were supported by the ability of J-VAV stably trans-

fected with wt VAV1 or the mutant VAV1 W637A to flux Ca2þ

and restore NFAT(IL2)-dependent luciferase expression

in response to OKT3 stimulation (data not shown and

Figure 6B). Calcium flux of J-VAV reconstituted with VAV1

wt was similar to VAV1 W637A and dramatically different

from that in J-VAV as published earlier (Reynolds et al, 2002)

(data not shown). Interestingly, expression of VAV1 W637A

also retained a significant ability to maintain TCR-induced

NFAT(IL2) activation similar to VAV1 wt (Pp0.59). These

results suggest that although the VAV1 W637A mutant

enables signal(s) for NFAT(IL2) activation (Figure 6B), it

delivers an impaired signal for actin polymerization.

Figure 5 The N-terminal SH3 domain of VAV1 is required for a direct association with Nck. (A) FRET analysis of the association of VAV1 with
Nck in J14 cells was performed and compared between VAV1 wt-YFP and VAV1 W637A-YFP. The results are based on three independent
experiments. (B) Analysis of VAV1-deficient cells, J-VAV, stably expressing VAV1 wt-YFP or VAV1 W637A-YFP for their VAV1 protein expression
was performed. Cells were lysed. The whole-cell lysates were resolved on SDS–PAGE and probed with anti-VAV1 antibodies to determine
protein level expression. (C) Immunoprecipitation experiments were performed to detect the interaction between Nck to VAV1 wt or mutated
VAV1 W637A form in J-VAV cells. Six independent experiments were performed. One representative experiment is shown. (D) The interaction
between SLP-76 to VAV1 was detected by immunoprecipitation using VAV1 wt-YFP versus VAV W637A-YFP expressed in J-VAV cells.
Immunoprecipitation of SLP-76 and immunoblotting with anti-VAV1 and anti-Nck antibodies were performed.
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Discussion

Key features of T-cell activation after TCR engagement are the

activation of protein tyrosine kinases, the phosphorylation of

LAT on multiple tyrosine residues and the recruitment to LAT

of additional adapter molecules and enzymes. The multi-

domain adapter SLP-76 is central to this process. Many

studies have focused on the binding properties of the SLP-

76 proline-rich region, which binds Gads and PLCg1 and the

C-terminal SH2 domain, which binds ADAP and HPK. In this

study, we focused on a detailed analysis of the SLP-76

N-terminal acidic region and its three tyrosine residues. These

three tyrosine sites Y113, Y128 and Y145 are critical for TCR

signalling and thymocyte development (Jordan et al, 2006,

2008). Earlier studies have shown that Nck and VAV1, which

are known to bind SLP-76 at phosphorylated Y113 and Y128,

have a critical function in the activation and actin polymer-

ization pathways of T lymphocytes (Zeng et al, 2003). Nck

recruits NPFs such as WASp to the IS where they activate the

Arp2/3 complex and actin polymerization (Buday et al,

2002), whereas VAV1 acts as a GEF of Rho-family GTPase

proteins that activate NPFs after stimulation (Tybulewicz,

2005). The existing model has been that cooperation between

these proteins is essential and necessary for a complete T-cell

immune response. This model is mainly based on biochemi-

cal studies, suggesting that SLP-76 functions as a necessary

Figure 6 The N-terminal SH3 domain of VAV1 is necessary for an efficient actin polymerization. (A) J-VAV cells were reconstituted with VAV1
W637A mutant or VAV1 wt. Cells were seeded over a stimulatory coverslip pre-coated with anti-CD3 antibody then fixed 5 min into the
spreading process and their actin polymerization measured by phalloidin staining. The integration of fluorescence intensity of cells labelled
with phalloidin is presented. The results were compared with J-VAV cells. Different cell panels are presented. Three independent experiments
were performed. (B) J-VAV cell lines stably expressing VAV1 wt or VAV1 W637A mutant or vector were transiently cotransfected with an NFAT
luciferase reporter plasmid. After 16 h, the cells were incubated for 6 h in tissue culture medium alone (unstimulated), with plate-bound
monoclonal antibody to CD3, or with a combination of phorbol 12-myristate 13-acetate (PMA) and ionomycin. Cells were then lysed and
assayed for luciferase activity as described in Materials and methods. All values were normalized to internal Renilla controls. The results are
expressed as a fraction of the activity obtained on stimulation with PMA and ionomycin. No significant difference was found between VAV1 wt
and VAV1 W637A mutant cells (Pp0.59). The results are the average of five independent experiments.
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scaffold that can bind both Nck and VAV1 (Bubeck

Wardenburg et al, 1998; Zeng et al, 2003).

This model was generated primarily using coimmunopre-

cipitation, which is powerful, but limited. In our current

work, we used ITC techniques to measure the affinity,

stoichiometry and specificity of Nck and VAV1 binding to

sites of tyrosine phosphorylation on SLP-76. AUC was used

to further explore the stoichiometry of the complex and to

address the potential cooperativity of protein binding. These

experiments were performed using purified full-length Nck

and a large polypeptide fragment of VAV1 containing its

interaction domains to test binding to SLP-76 phosphopep-

tides. Finally, molecular imaging techniques were used to

demonstrate intramolecular interactions in vivo. This analy-

sis including FRET was supported by gene silencing and

confirmatory biochemical experiments.

ITC analyses of VAV1 and Nck binding to short phospho-

peptides (17-mers) with sequences centred at the three SLP-

76 phosphotyrosines showed that VAV1 and Nck both bind at

pY113 and pY128. There is no binding of VAV1 to pY145; Nck

binds this site with low affinity. Unfortunately, our inability

to purify Itk precluded studies of its binding to the pY145 site

where it is thought to bind.

Additional results emerged during the study of longer

peptides (49-mers) made with the SLP-76 sequence and

containing two or three phosphorylated tyrosines. The thermo-

dynamic analysis performed with the SEDPHAT software

(Houtman et al, 2007) revealed that only one molecule of

either VAV1 or Nck bound to phosphopeptides containing two

phosphoproteins, either pY113 or pY128 with pY145.

Surprisingly, only one molecule of VAV1 bound the doubly

phosphorylated long peptide containing the two sites, pY113

and pY128, which are each alone capable of binding VAV1.

Also of note was that two molecules of either VAV1 or Nck

bound the triply phosphorylated long peptides. We cannot

conclude that both pY113 and pY128 are occupied in these

peptides, though that is what we would expect. However, we

can conclude that phosphorylation at Y145 influences the

binding, and it at least for the case of Nck binding, phos-

phorylation on this site is required for the 2:1 (Nck:SLP-76)

stoichiometry.

AUC confirmed our ITC results and enabled us to probe

higher-order complex formation. VAV1 and Nck individually

mixed with doubly phosphorylated SLP-76 showed sedimen-

tation profiles, suggesting a stoichiometry of binding of 1:1.

VAV1 or Nck binding to the triply phosphorylated peptides

generated an additional peak with a greater s-value consistent

in both cases with the binding of two molecules to this

peptide. These data are consistent with the results of the

ITC analysis.

The strength of the multi-signal sedimentation velocity

method is the capacity to track the inclusion of several

molecular species in multi-molecular complexes. Thus, a

mixture of VAV1 and Nck added to the doubly phosphorylated

SLPpY113, 145 phosphopeptide resulted in a marked shift in

sedimentation profile consistent with both Nck and VAV1

binding to the SLP-76 phosphopeptide with a 1:1:1 stoichio-

metry. The mechanism of binding, that is, whether both

proteins bind to the two sites or whether a complex of the

two binds to one site cannot be determined. The AUC

sedimentation of the mix of VAV1 and Nck with the triply

phosphorylated peptide was even more striking. In this case,

the sedimentation pattern suggests three or even four mole-

cules bound to the phosphopeptide. In the latter case, the

binding stoichiometry of VAV1 to Nck to peptide was likely

2:2:1. From this result, one would have to conclude that Nck

and VAV1 interacted directly in the complex even though we

only observed a weak interaction of these proteins in the

absence of SLP-76 with purified preparations. Moreover, one

and perhaps two Nck–VAV1 complexes would bind SLP-76,

one at pY113 and one at pY128, with pY145 again in some

way enabling these binding events.

We turned to molecular imaging and specifically to FRET

analysis to further study the binding properties of these

proteins in intact, living cells. Nck binding to SLP-76 was

shown to be independent of VAV1 as the level of FRET

efficiency between Nck and SLP-76 was unaffected in VAV1-

deficient cells. It is important to emphasis the point that our

data did not support an interaction between Nck to VAV2

and/or VAV3, eliminating the involvement of these proteins

in the recruitment of Nck to SLP-76 in the absence of VAV1.

In our in vitro studies, VAV1 binding to SLP-76 was readily

detected. Surprisingly, in vivo binding of VAV1 to SLP-76 was

very weak in the absence of Nck. We note that for technical

reasons, we used a large polypeptide fragment of VAV1 for

our binding studies and not the full-length protein. This

difference and the possibility of multiple, cooperative-binding

events in vivo in the setting of numerous other binding events

may account for this difference in the in vitro and in vivo

results.

As VAV1 interaction with SLP-76 in vivo is dependent on

Nck binding, we tested the function of the individual Nck-

binding sites on SLP-76 for VAV1 binding. FRET efficiency

between SLP-76 and VAV1 molecules tagged with fluorescent

proteins was detected in VAV1-deficient T cells (J-VAV cells).

The interaction between these proteins decreased when

either the SLP-76Y113F or SLP-76Y128F mutant was used.

When we mutated both sites (Y113 and Y128), the FRET

efficiency between SLP-76 and VAV1 was dramatically re-

duced. Thus, each of the two SLP-76 phosphotyrosine resi-

dues that bind Nck contributes to VAV1 recruitment. FRET

was not completely abolished with the mutation of Y113 and

Y128, so a weak interaction of Nck at phosphorylated Y145 is

possible.

Further analysis revealed that the Nck requirement for

VAV1 binding reflected the fact that Nck interacts directly

with VAV1. This association depends on binding between

the C-terminal SH3 domain of Nck and proline residues in the

N-terminal VAV1 SH3 domain. Our conclusion from the

imaging studies of the Nck–VAV1 interaction shed light on

the AUC results. We suggest that it is likely that two

Nck–VAV1 dimers bind phosphorylated SLP-76 through the

interaction of the Nck SH2 domain with SLP-76 (Figure 7A).

However, based on the ITC data, we do not rule out the

possibility that minor fraction of VAV1 directly associate to

SLP-76 after TCR stimulation as suggested by Wu et al (1996)

(Figure 7B). The question of whether multiple SLP-76 mole-

cules interact in a complex has been raised earlier (Jordan

et al, 2008). Our AUC data do not support this idea, but our

cellular data do not address this point. Regardless of the exact

orientation of molecules, it is clear that the binding of Nck,

VAV1 and SLP-76 is highly cooperative within the cell.

Our mapping of the Nck–VAV1 interaction was simplified

by a sequence alignment between the SH3 C-terminal
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domains of Nck and Grb-2, which showed a high homology

between the two. As Grb-2 is a known VAV1-binding protein

(Ye and Baltimore, 1994), it is possible that Nck competes

with Grb-2 for the binding to VAV1. We have found that the

interaction between Nck and VAV1 is constitutive and is

upregulated by TCR activation. These results were confirmed

in primary T cells.

Functional studies have shown that the point mutation in

the VAV1 N-terminal SH3 domain, which alters the direct

interaction between Nck and VAV1, has minimal effects on

ZAP-70, LAT or PLCg1 phosphorylation or Ca2þ flux, but

causes severe defects in actin reorganization. To date, most if

not all studies relating to the regulation of actin machinery

have indicated the central function of SLP-76 in actin

rearrangement (Zeng et al, 2003; Barda-Saad et al, 2005).

One of the questions frequently raised was how SLP-76-

deficient Tcells organize their actin cytoskeleton. Our finding

that Nck and VAV1 directly interact independently of SLP-76

partially addresses this question. Experiments with Jurkat

T cells expressing a tyrosine mutant of SLP-76 (Y3F) showed

that VAV1 recruitment to the IS was diminished but not

completely abrogated (Zeng et al, 2003). In addition, an

SLP-76 mutant that contains tyrosine to phenylalanine sub-

stitutions at positions 112, 128 and thus lacking the VAV1-

binding sites exhibited a reduction in VAV1 association but

not a complete blockage (Jordan et al, 2006, 2008), indicating

an alternative indirect binding site possibly through Y145 that

binds Nck. An additional possible mechanism for actin poly-

merization in the absence of SLP-76 is the function of

alternative NPFs other than WASp, such as WAVE2, HS1

and others (Gomez et al, 2006, 2007; Nolz et al, 2006;

Zipfel et al, 2006; Schwartzberg, 2007). Recently, WAVE2

has been shown to have a central function in actin polymeri-

zation (Nolz et al, 2006; Zipfel et al, 2006). Although WASp

and WAVE2 share several structural features and are involved

in the formation of actin-rich structures (Billadeau and

Burkhardt, 2006; Nolz et al, 2006; Zipfel et al, 2006;

Takenawa and Suetsugu, 2007) they are involved in different

actin-mediated events. Whereas WASp has been implicated in

vesicular trafficking and endocytosis (McGavin et al, 2001;

Schafer, 2002), WAVE2 was shown to control integrin-

mediated adhesion (Billadeau et al, 2007). However, whereas

the molecular cascade linking WASp to TCR site was defined,

the molecular mechanism that couples WAVE2 to the IS

remains mostly unknown (Billadeau and Burkhardt, 2006).

Thus, further studies are required to better identify and define

the function of the NPFs regulated by Nck:VAV1 molecular

complexes suggested by this work.

Materials and methods

Reagents
Mouse anti-CD3 and anti-CD28 were purchased from BD Bio-
sciences. Primary antibodies were purchased from the following
suppliers: anti-GFP was purchased from Roche, this antibody cross-
reacts with YFP and CFP; anti-Nck from Upstate; anti-VAV1 used for
immunoprecipitation from Epitomics; anti-VAV1 and anti-panVAV
for immunoblotting from Santa Cruz; anti-VAV3 was kindly
provided by Daniel D Billadeau (University of Minnesota, Minnea-
polis, MN), anti-phosphoTyrosine 4G10 from Upstate; phalloidin
from Molecular Probes. Ncka&b targeted siRNA or irrelevant siRNA
(SMARTpool) were purchased from Dharmacon. VAV2 and VAV3
targeted siRNA from Santa Cruz.

Plasmid construction and GFP mutation
Human Nck wt and individually SH3-point mutated Nck cDNA were
kindly provided by B Mayer (University of Connecticut Health
Center, Farmington, CT). The cDNA was cloned into the expression
vector pECFP-C or pEYFP-C to obtain the CFP- or YFP-tagged Nck.
GFP derivates used were rendered monomeric by a published
A206K substitution (Zacharias et al, 2002).

Cell transfection and generation of stable cells
Cells were transfected with an AMAXA electroporator using
AMAXA solution T and protocol H-10. Stable clones were derived
from transiently transfected cells with a combination of drug
selection and cell sorting. Cells transiently expressing chimeras
were selected in either neomycin (parental Clontech vectors) or
hygromycin (vectors with a pcDNA3.1þHygro backbone). Cell
fluorescence analysis and cell sorting were done on a FACSVantage
(Becton Dickinson Biosciences).

PBL isolation and stimulation
Human PBLs were isolated from whole blood of healthy donors as
described earlier (Barda-Saad et al, 2005). The cells were then
stimulated with anti-CD3 (OKT3 ascites, 1/200) and anti-CD28
(10 mg/ml) for 30 min on ice. Cells were warmed at 371C for 10 min
and stimulated with anti-mouse IgG (50 mg/ml) for 2 min.

Spreading assay and molecular imaging
The spreading assays were performed as described earlier (Bunnell
et al, 2002; Barda-Saad et al, 2005) Dynamic fluorescent and
interference reflection microscopy images were collected on a
Zeiss LSM510 Meta confocal microscope. All images were collected
with a � 63 Plan-Apochromat objective (Carl Zeiss).

FRET analysis
FRET was measured by the donor-sensitized acceptor fluorescence
technique as described earlier (Barda-Saad et al, 2005). Briefly,
three sets of filters were used: one optimized for donor fluorescence
(excitation, 468 nm; emission, 475–505 nm); a second, for acceptor
fluorescence (excitation, 514 nm; emission, 530 nm LP) and a third,
for FRET (excitation, 468 nm; emission, 530 nm LP). FRET was
corrected and its efficiency was determined as described in detail in
Supplementary data. To estimate the importance of the obtained
FRET efficiency values and to exclude the possibility of obtaining
false-positive FRET, we prepared cells expressing free CFP and free
YFP as negative controls. The FRET efficiency in the negative

Figure 7 Schematic representation of possible oligomerization
models of SLP-76-binding sites (A, B). On TCR activation, SLP-76
is fully phosphorylated. This event leads to the oligomerization of
SLP-76 by Nck and VAV1 and possibly Itk-containing complexes.
The oligomerized SLP-76 molecules then serve as a nucleation site
for other signalling molecules, resulting in the activation of intra-
cellular signalling pathways.
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control system was measured and calculated in the same way as in
the main experiment. FRET efficiency values obtained from the
negative control samples were subtracted from the values obtained
in the main experiments.

Immunoblotting and immunoprecipitation
Jurkat cells were either stimulated with anti-CD3 C305 for 2 min or
left untreated. The optimal concentration of the stimulatory
antibody was determined by titration. Protein A/G Plus-Agarose
beads (Santa Cruz Biotechnology) were used for immunoprecipita-
tion. Protein samples were resolved on sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE), transferred to
nitrocellulose membrane, and immunoblotted with appropriate
primary antibodies. Immunoreactive proteins were detected with
either anti-mouse or anti-rabbit horseradish peroxidase-coupled
secondary antibody followed by detection with enhanced chemil-
uminescence (Pierce). The lanes ‘No Ab’ define the negative control
samples. The samples represent cell lysates, which underwent the
same procedure as the experimental samples in the absence of a
specific antibody to eliminate the possibility of non-specific binding
between the cell lysates and the beads.

Luciferase assay
Cells were transiently cotransfected with 15mg of an NFAT
luciferase reporter plasmid along with the plasmids indicated in
the figure legends. After 16–20 h, cells were aliquoted into a 96-well
cell culture dish at 2�105 cells/well and stimulated for 6 h at 371C,
with the stimuli indicated in the figure legends. Cells were lysed and
assayed for luciferase activity as described earlier (Gonen et al,
2005). To correct for variations in transfection efficiency, the NFAT
luciferase activity obtained on receptor stimulation was normalized
to the activity obtained on treatment with phorbol 12-myristate 13-
acetate (50 ng/ml) plus ionomycin (1 mM).

Analytical ultracentrifugation
The SH3–SH2–SH3 domains of VAV1, corresponding to residues
580–845 and full-length human Nck were expressed and purified.
SLP-76 peptides were synthesized (see Supplementary data).

Centrifugation experiments were carried out in a ProteomeLab
XL-I analytical ultracentrifuge (Beckman Coulter, Palo Alto, CA) as
described earlier (Brown et al, 2008). SLP-76 peptides were end

labelled with rhodamine TAMRA, as above, allowing for their
specific detection in the absorbance optical system at 555 nm. VAV1
was modified with a site-specific label (VAV1-FAM), as described in
detail in Supplementary data, for detection at 494 nm. In a control
experiment, VAV1-FAM was shown by ITC to have unaltered
binding properties to SLP-76 peptides. Sv experiments were
conducted with 400ml samples of both proteins at equimolar (4 or
6 mM) concentration, at a four-molar excess relative to the SLP-76
peptide (at 1 or 1.5mM), dissolved in PBS. Sedimentation took place
in an 8-hole rotor at 50 000 r.p.m. at a temperature of 201C, and
absorbance profiles at 494 and 555 nm and interference optical
profiles were acquired in intervals of 15 min. The data were
analysed in SEDPHATwith the ck(s) method (Balbo et al, 2005). The
molar sedimentation coefficient distributions for the SLP-76 peptide
were integrated to determine the concentration and average
sedimentation coefficient of the protein/peptide complexes.

Statistical analyses
All graphs were prepared with the use of Microsoft Excel. Standard
errors were calculated with the use of Microsoft Excel. Statistical
significances were calculated in Kaleidagraph or Excel, with
Student’s t-tests used for unpaired samples. In all cases, the
threshold P-value required for significance was 0.05.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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