
J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

Mechanism and function of Vav1 localisation in TCR
signalling

Olga Ksionda1,*, Alexander Saveliev1,`, Robert Köchl1, Jonathan Rapley1,2,§, Mustapha Faroudi1,",
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Summary
The antigen-specific binding of T cells to antigen presenting cells results in recruitment of signalling proteins to microclusters at the cell-
cell interface known as the immunological synapse (IS). The Vav1 guanine nucleotide exchange factor plays a critical role in T cell
antigen receptor (TCR) signalling, leading to the activation of multiple pathways. We now show that it is recruited to microclusters and

to the IS in primary CD4+ and CD8+ T cells. Furthermore, we show that this recruitment depends on the SH2 and C-terminal SH3
(SH3B) domains of Vav1, and on phosphotyrosines 112 and 128 of the SLP76 adaptor protein. Biophysical measurements show that
Vav1 binds directly to these residues on SLP76 and that efficient binding depends on the SH2 and SH3B domains of Vav1. Finally, we

show that the same two domains are critical for the phosphorylation of Vav1 and its signalling function in TCR-induced calcium flux.
We propose that Vav1 is recruited to the IS by binding to SLP76 and that this interaction is critical for the transduction of signals leading
to calcium flux.
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Introduction
Antigen-specific activation of T cells is triggered by the binding

of the cell surface T cell antigen receptor (TCR) to antigenic

peptide bound to MHC molecules (pMHC) on the surface of an

antigen-presenting cell (APC). Initial binding of pMHC to TCR

results in signal transduction from the TCR, leading to activation

of integrins, binding of these adhesion molecules to their counter-

receptors on the APC and hence the formation of a stable T

cell:APC conjugate. The cell-cell interface of this integrin-

stabilised conjugate has been termed the immunological synapse

(IS) (Dustin et al., 2010; Dustin et al., 1998). In some cases the IS

is characterised by an ordered arrangement of proteins, with a

central accumulation of TCR molecules surrounded by a ring

of integrins in zones known as the central and peripheral

supramolecular activation clusters (cSMAC and pSMAC)

respectively (Monks et al., 1998). Imaging of signalling

proteins has shown that these also segregate within the IS,

with, for example, PKCh and talin found in the cSMAC and

pSMAC respectively. Kinetic analysis of T cells interacting with

pMHC and integrin ligands presented on supported lipid bilayers

has shown that within seconds of ligand engagement, the TCR

forms microclusters in the periphery of the IS which then move to

the centre of the synapse over the course of several minutes to

form the cSMAC (Campi et al., 2005; Grakoui et al., 1999;

Yokosuka et al., 2005). Signalling molecules such as the ZAP70

kinase and the LAT and SLP76 adaptors are also recruited to

microclusters within the IS, and these too migrate centripetally,

though they dissociate before reaching the cSMAC (Yokosuka

et al., 2005). Studies have shown that active signalling occurs in

the peripheral microclusters, but is usually extinguished within

the cSMAC, which may be an area from which TCR molecules

are internalised (Campi et al., 2005; Grakoui et al., 1999;

Mossman et al., 2005; Varma et al., 2006). TCR microclusters

have also been observed in an alternative imaging system where

T cells interact with antibodies to the TCR and, in some cases to

CD28, immobilised on glass (Barda-Saad et al., 2005; Braiman

et al., 2006; Bunnell et al., 2002; Bunnell et al., 2001). In these

studies, the TCR microclusters form but are unable to move

because they are bound by immobilised anti-CD3 antibodies, and

thus the system is best used to study the initial TCR proximal

signalling events (Bunnell et al., 2002; Bunnell et al., 2006).
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Finally, live cell 3D imaging of 30 different signalling sensors in

T cells conjugated to APCs has shown a diverse range of

spatiotemporal patterning, which may be important for efficient T

cell activation (Singleton et al., 2009).

Vav1 is a guanine nucleotide exchange factor (GEF) for Rho

family GTPases (Tybulewicz, 2005), which plays an important

role in TCR signalling, transducing signals that lead to an

increase in intracellular Ca2+ (calcium flux), and the activation of

Fig. 1. See next page for legend.
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ERK MAP kinases, phosphoinositide-3-kinase (PI3K), the Akt

kinase, and the transcription factors nuclear factor kB (NF-kB)

and nuclear factor of activated T cells (NFAT) (Costello et al.,

1999; Fischer et al., 1998; Holsinger et al., 1998; Reynolds et al.,

2004; Reynolds et al., 2002; Tybulewicz, 2005). Vav1 is also

required to transduce signals leading to integrin activation and

cytoskeletal rearrangements, and cell polarisation (Ardouin et al.,

2003; Fischer et al., 1998; Holsinger et al., 1998; Krawczyk et al.,

2002; Wülfing et al., 2000).

Structural analysis of Vav1 has shown that it contains multiple

domains (Fig. 2A). The GEF activity of Vav1 resides in the Dbl

homology (DH) domain, which is tightly associated with

pleckstrin homology (PH) and C1 domains, forming a catalytic

core (Chrencik et al., 2008; Rapley et al., 2008). N-terminal to

these are a calponin homology (CH) domain and an acidic region

that negatively regulate the GEF activity of Vav1 by binding to

the DH and PH domains and sterically blocking binding of the

GTPase substrates (Aghazadeh et al., 2000; Yu et al., 2010).

Phosphorylation of tyrosine residues located within the acidic

domain leads to dissociation of the CH and acidic domains from

the DH-PH-C1 catalytic core of Vav1 and hence increased

enzymatic activity (Aghazadeh et al., 2000; Yu et al., 2010). C-

terminal to the DH-PH-C1 domains of Vav1, the protein contains

one SH2 domain and two SH3 domains (SH3A, SH3B),

suggesting that Vav1 may function as an adaptor as well as a

GEF. Recently we showed that the GEF activity of Vav1 is

important for some but not all of its functions. In T cells

expressing a GEF-deficient Vav1, TCR-induced activation of

Rac1, Akt and integrins is defective (Saveliev et al., 2009). In

contrast, TCR-induced calcium flux, ERK activation and cell

polarisation are not affected by this GEF mutation, demonstrating

that Vav1 has GEF-independent functions, potentially as an

adaptor protein.

Vav1 has been reported to associate with a number of other

signalling proteins in T cells (Tybulewicz, 2005). Through its

SH2 domain Vav1 can bind to phosphotyrosine (pY) 315 on the

ZAP70 kinase, an interaction that may be required for subsequent
phosphorylation of Vav1 by ZAP70 (Katzav et al., 1994; Wu
et al., 1997). Additionally, the SH2 domain of Vav1 has been

reported to bind phosphotyrosine pY112 and pY128 of SLP76
(numbering given for mouse SLP76, corresponding to Y113 and
Y128 in human SLP76), an adaptor protein critical for TCR
signalling (Fang and Koretzky, 1999; Koretzky et al., 2006;

Tuosto et al., 1996; Wu et al., 1996). The SH3A domain of Vav1
can bind to an SH3 domain of the Grb2 adaptor protein through
an atypical SH3-SH3 interaction (Nishida et al., 2001), and may

also bind an SH3 domain of Nck1 by a similar mechanism
(Barda-Saad et al., 2010). In addition, Vav1 associates with the
Itk kinase, though the Vav1 domains required for this are

unknown (Bunnell et al., 2000; Dombroski et al., 2005).

The recruitment of TCR proximal signalling molecules to
microclusters at the IS, and the documented association of Vav1
with some of these, has led to the expectation that Vav1 may also

move to the IS. Biochemical and imaging studies in the Jurkat T
cell leukaemic cell line and in mouse CD4+ T cells have shown
that Vav1 is located in the cytoplasm in resting cells, but

recruited to the plasma membrane following TCR stimulation
and to the IS in T cell:APC conjugates (Groysman et al., 2002;
Miletic et al., 2006; Singleton et al., 2011; Sylvain et al., 2011;

Tamir et al., 2000; Villalba et al., 2001; Xavier et al., 1998; Zeng
et al., 2003; Zhang et al., 1998). However no studies to date have
examined the localisation of Vav1 in CD8+ T cells. In this study,
using primary CD4+ and CD8+ T cells, we show that Vav1

redistributes to the IS in conjugates and to microclusters
following TCR stimulation, we identify that the SH2 and SH3B

domains of Vav1 are required for this movement, and show that

the recruitment depends on Y112 and Y128 of SLP76.
Furthermore, we show that the SH2 and SH3B domains of
Vav1 are also required for its phosphorylation and subsequent

activation of GEF activity, and for TCR-induced calcium flux,
thereby demonstrating that both the GEF-dependent and
-independent signalling functions of Vav1 require its correct

localisation.

Results
Vav1 is recruited to the immunological synapse in both
CD4+ and CD8+ primary T cells

To investigate the recruitment of Vav1 to the synapse in primary
CD4+ T cells we used DO11.10 TCR transgenic T cells, which
are specific for an ovalbumin peptide (OVA323-339) presented

on I-Ad (Murphy et al., 1990). Activated DO11.10 T cells were
mixed with primary B cells from Vav1-deficient mice as antigen-
presenting cells (APCs) that had been pulsed with OVA peptide
to induce formation of T cell:APC conjugates. We used Vav1-

deficient APCs so that an anti-Vav1 antibody would detect Vav1
only in T cells. Cells were fixed at different time points and
stained with antibodies against phosphotyrosine (a mark of

active signalling) and against Vav1, and imaged by confocal
microscopy. Analysis showed clear accumulation of both
phosphotyrosine and Vav1 at the immunological synapse (IS)

between the T cells and the APCs (Fig. 1A–C). Similarly, we
analysed recruitment of Vav1 to the IS in CD8+ T cells using F5
TCR transgenic T cells, which are specific for the NP68 peptide

presented on H-2Db (Mamalaki et al., 1993). Once again,
activated F5 T cells were mixed with primary B cells from
Vav1-deficient mice as APCs that had been pulsed with NP68

Fig. 1. Localisation of Vav1 in primary CD4+ and CD8+ T cells.

(A,B,C) Activated CD4+ DO11.10 T cells conjugated with APCs (B cells

from BALB/c-Vav12/2 mice) loaded or not with the OVA peptide.

(D,E,F) Activated CD8+ F5 T cells conjugated with APCs (B cells from

129S8-Vav12/2 mice) loaded or not with the NP68 peptide. (A,D) Images

show single optical sections of T cell:APC conjugates stained with antibodies

against phosphotyrosine (pY) and Vav1, as well as DIC images. APCs are

indicated with asterisks. Scale bar: 10 mm. (B,E) Recruitment index (mean

6SEM) of pY and Vav1 in the T cells, a measure of polarisation towards the

IS, quantified from images such as those shown in (A) and (D), either in

conjugates generated in the absence of cognate peptide, or after 5–40 min of

conjugate formation, as indicated. n indicates the number of cells scored for

each time point. (C) and (F) Percentage of T cells showing accumulation of

pY and Vav1 towards the IS. (G) CD4+ DO11.10 or CD8+ F5 T cells

expressing EGFPVav1 were conjugated for 7 min with OVA peptide-pulsed

or NP68-pulsed APCs (B cells from Vav12/2 mice). Images show single

optical sections of T cell:APC conjugates stained with antibodies against

EGFP and phosphotyrosine (pY), as well as phase images. APCs are indicated

with asterisks. Scale bar: 5 mm. (H,I) (H) 5C.C7 CD4+ T cells expressing

EGFPVav1 were conjugated with CH27 cells pulsed with MCC peptide or

(I) P14 CD8+ T cells expressing EGFP-Vav1 were conjugated with B cells

pulsed with gp33 peptide. The graphs display the percentage of cell couples

that displayed accumulation of EGFPVav1 with the indicated patterns as a

function of time relative to formation of tight cell couples (Singleton et al.,

2009). Statistically significant differences were determined with a t-test;

*P,0.05, **P,0.01, ***P,0.001.
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Fig. 2. Correct localisation of mutant Vav1 proteins in F5 CD8+ T cells requires the SH2 and SH3B domains. (A) Schematic representation of EGFPVav1 constructs

used in this study. The mutations in the SH2 (R696A), SH3A (W637Y), and SH3B (W820K) domains of Vav1 and a mutation disabling the putative nuclear localisation

signal (NLS) (K487N R489A K493A) are highlighted with asterisks. (B) CD8+ F5 T cells expressing EGFPVav1 wild-type (WT), SH2, SH3A, SH3B, NLS and

NLS-SH3B mutants were conjugated for 7 min with NP68-pulsed APCs (B cells from 129S8-Vav12/2 mice). Images show single optical sections of T cell:APC conjugates

stained with antibodies against phosphotyrosine (pY) and EGFP, as well as DIC images. APCs are indicated with asterisks. For quantification of the SH3B mutant, the EGFP

signal from the nucleus was digitally subtracted as shown. Scale bar: 5 mm. (C) Graphs showing mean (6SEM) recruitment index of EGFPVav1 quantitated from images

such as those shown in (B). Number of cells analysed (n): WT (75), SH2* (103), SH3A* (76), SH3B* (63), NLS* (74), NLS-SH3B* (66). Statistically significant differences

were determined with a t-test; *P,0.05, **P,0.01, ***P,0.001. (D) Schematic representation of Vav1 proteins with mutations in the DH (LK334AA) and PH

(R422G) domains as highlighted with asterisks. (E) CD8+ F5 T cells expressing WT Vav1 or Vav1 with mutations in the DH or PH domains were conjugated for 7 min with

NP68-pulsed APCs (B cells from 129S8-Vav12/2 mice). Images show single optical sections of T cell:APC conjugates stained with antibodies against phosphotyrosine (pY)

and Vav1, as well as DIC images. APCs are indicated with asterisks. Scale bar: 5 mm. (F) Graphs showing mean (6SEM) recruitment index of Vav1 quantitated from images

such as those shown in (E). Number of cells analysed (n): WT (102); DH* (71); PH* (70). The recruitment index in the DH and PH mutants was not significantly (NS)

different to wild-type Vav1.

Vav1 localisation and function 5305
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peptide to induce formation of T cell:APC conjugates. Image

analysis of conjugates stained with antibodies against both

phosphotyrosine and Vav1 showed that both accumulated at the

IS (Fig. 1D–F). Thus Vav1 is recruited to the IS in both CD4+

and CD8+ primary T cells.

To allow further analysis of the mechanism of recruitment of

Vav1 to the IS, we generated a retroviral vector expressing a

fusion protein between enhanced green fluorescent protein

(EGFP) and Vav1 (EGFP-Vav1). Imaging of DO11.10 CD4+

and F5 CD8+ T cells infected with this viral vector showed that

similar to Vav1, EGFP-Vav1 was also recruited to the IS of

primary CD4+ and CD8+ T cells in peptide specific-conjugates

with APCs, but not in the absence of peptide (Fig. 1G, and data

not shown). Initially we used this fusion protein to image the

movement of Vav1 to the IS in real time, and to classify the

pattern of recruitment in terms of the distribution of Vav1 at the

IS (Singleton et al., 2009). The EGFP-Vav1 expressing retroviral

vector was used to infect 5C.C7 CD4+ or P14 CD8+ T cells and

these were conjugated with APCs pulsed with agonist peptides.

Image analysis of the conjugates was used to define the

distribution of EGFP-Vav1 at the IS as a function of time. This

showed that peak recruitment of EGFP-Vav1 occurred in the first

2 min following conjugate formation and that most of the EGFP-

Vav1 had a peripheral, diffuse or lamellal distribution across the

IS (Fig. 1H,I). EGFP-Vav1 was not found concentrated at

the centre of the IS in either CD4+ or CD8+ T cells. While the

distribution of Vav1 was broadly similar between CD4+ and

CD8+ T cells, the kinetics were somewhat different, with Vav1

persisting for longer at the IS in CD4+ T cells compared to

CD8+ T cells (Fig. 1B,C,E,F,H,I). This may reflect functional

differences between the cell types; in particular, the cytotoxic

responses of CD8+ T cells occur very rapidly, within 4–5 min of

conjugate formation (Stinchcombe et al., 2001). We also note

that while phosphotyrosine was usually found in the peripheral

regions of the IS in CD4+ T cells, it was generally most abundant

centrally in CD8+ T cells, in agreement with previous reports of

active signalling in the cSMAC of CD8+ T cells (Fig. 1A,D)

(Beal et al., 2009; Jenkins et al., 2009; O’Keefe et al., 2004;

Stinchcombe et al., 2001).

The SH2 and SH3B domains of Vav1 are required for

recruitment to the immunological synapse

Next we used the EGFP-Vav1 protein to determine which

domains of Vav1 were required for recruitment to the IS. We

generated retroviral vectors expressing EGFP-Vav1 with point

mutations in the SH2, SH3A and SH3B domains (Fig. 2A). The

R696A mutation (SH2*) abolishes the ability of the SH2 domain

of Vav1 to bind phosphotyrosine containing peptides; the W637Y

mutation (SH3A*) abolishes binding of the SH3A domain of

Vav1 to the C-terminal SH3 domain of Grb2 (Nishida et al.,

2001); the W820K mutation (SH3B*) abolishes the ability of the

SH3B domain of Vav1 to bind poly-proline motifs in target

proteins. Expression of these mutant EGFP-Vav1 proteins in

CD8+ F5 T cells showed that mutation of the SH2 domain

strongly reduced recruitment of the protein to the IS (Fig. 2B,C).

Mutation of the SH3B domain also decreased recruitment, but the

effect was only partial. In contrast the SH3A mutation had no

effect on recruitment to the IS. The SH2 domain of EGFP-Vav1

was also required for recruitment to the IS of CD4+ primary T

cells as shown by imaging of conjugates between DO11.10 or

5C.C7 T cells and agonist peptide-pulsed APCs (Fig. 3A–D).

In imaging the SH3B* mutant EGFP-Vav1, we noticed that

much of the protein was in the nucleus, in contrast to wild-type

Vav1 (Fig. 2B). Earlier studies had shown that deletion of the

SH3B domain of Vav1 caused the protein to move into the

nucleus (Houlard et al., 2002). In this work, the authors had

defined a nuclear localisation signal (NLS) in the PH domain of

Vav1. We wondered if the reduced recruitment of EGFP-Vav1-

SH3B* to the IS might be due to localisation of some of the

protein to the nucleus, rather than a direct role for the SH3B

domain in IS recruitment. To address this, we designed a novel

mutation to inactivate the NLS. Previous work had deleted eight

Fig. 3. The SH2 domain of Vav1 is required for correct

localisation in CD4+ T cells. (A) Schematic representation of

EGFPVav1 WT and SH2 mutant constructs used in this study. The

SH2 mutation is highlighted with an asterisk. (B) CD4+ DO11.10

T cells expressing WT Vav1 or Vav1 with a mutation in the SH2

domain were conjugated for 7 min with OVA peptide-pulsed

APCs (B cells from BALB/c-Vav12/2 mice). Images show single

optical sections of T cell:APC conjugates stained with antibodies

against phosphotyrosine (pY) and EGFP, as well as DIC images.

APCs are indicated with asterisks. Scale bar, 5 mm. (C) Graph

showing mean (6SEM) recruitment index of EGFPVav1

quantitated from images such as those shown in (B). Number of

cells analysed: WT (50), SH2* (57). (D) Graph showing mean

(6SEM) recruitment index of EGFPVav1 in 5C.C7 CD4+ T cells

conjugated with CH27 B cell lymphoma APCs pulsed with 10 mM

MCC agonist peptide, and imaged 5 and 7 min after initiation of

conjugate formation. Number of cell analysed: WT (14), SH2* (11

at 5 min, 7 at 7 min). Statistically significant differences were

determined with a t-test; *P,0.05, **P,0.01.

Journal of Cell Science 125 (22)5306
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amino acids in the NLS; however, several of these residues play a

structural role in the PH domain of Vav1, and thus the mutation

could result in unfolding of the domain, with unpredictable

consequences (Houlard et al., 2002; Rapley et al., 2008). In

contrast, we mutated just three amino acids (K487N, R489A,

K493A), which are the only basic residues in the NLS that play

no obvious structural role. When combined with the SH3B*

mutation, this novel NLS mutation (NLS*) abolished localisation

of EGFP-Vav1-SH3B* to the nucleus (Fig. 2A,B), thus allowing

study of the SH3B* mutation in the absence of confounding

effects from nuclear localisation. Image analysis of mutant

EGFP-Vav1 proteins in F5 T cell conjugates showed that the

NLS* mutation on its own had no effect on EGFP-Vav1

recruitment to the IS, whereas the double mutant still showed

reduced recruitment (Fig. 2B,C). Thus we conclude that the

SH3B domain of Vav1 is required for normal IS recruitment.

To analyse a potential role for the DH and PH domains of

Vav1 in recruitment to the IS, we made use of mice bearing point

mutations in these domains (Fig. 2D). The L334A K335A

(LK334AA, DH*) mutation abolishes the GEF activity of Vav1

Fig. 4. See next page for legend.

Vav1 localisation and function 5307
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without perturbing folding of the DH domain (Saveliev et al.,

2009); the R422G mutation (PH*) abolishes binding of

phosphoinositides to the PH domain (Han et al., 1998; Prisco

et al., 2005). Image analysis of F5 CD8+ T cells expressing the

DH* or PH* mutant Vav1 in conjugates with APCs showed that

neither mutation affected recruitment of Vav1 to the IS

(Fig. 2E,F). Taken together we conclude that the SH2 and

SH3B domains of Vav1 are required for normal recruitment to the

IS in primary T cells, whereas the DH, PH and SH3A domains

show no critical role in this process.

The SH2 and SH3B domains of Vav1 are required for

recruitment to microclusters

Next we examined whether Vav1 is recruited to microclusters at

the IS by using total internal reflection fluorescence microscopy

(TIRFM) to image EGFP-Vav1 in CD4+ T cells plated for

3 minutes onto coverslips coated with stimulatory antibodies.

Previous studies had shown the induction of TCR microclusters

in Jurkat T cells plated onto anti-CD3e or in primary T cells

plated onto anti-CD3e and anti-CD28 antibodies (Barda-Saad

et al., 2005; Braiman et al., 2006; Bunnell et al., 2002). Since

Vav1 is phosphorylated in response to stimulation through both
the TCR and CD28 and both TCR and CD28 transduce signals
via Vav1 (Michel et al., 2000; Nunes et al., 1996; Raab et al.,

2001; Tybulewicz, 2005), we compared T cells interacting with
anti-CD3e in the presence or absence of anti-CD28 antibodies.
We found that EGFP-Vav1 is rapidly recruited to microclusters
in cells plated onto anti-CD3e, and the frequency of cells with

Vav1 microclusters, or the size of the clusters was not changed by
inclusion of anti-CD28 (Fig. 4A; supplementary material Movies
1, 2).

Examination of T cells expressing mutant forms of EGFP-
Vav1 showed that the SH2* mutant strongly decreased
recruitment into microclusters as measured by the percentage
of cells showing microclusters of EGFP-Vav1 and the fractional

area occupied by EGFP-Vav1 microclusters (Fig. 4B–D). The
SH3B* mutation also affected recruitment into microclusters,
however the effect was partial as it resulted in decreased

fractional area occupied by EGFP-Vav1 microclusters, but had
no effect on the percentage of cells showing microclusters
(Fig. 4B–D). In contrast, the SH3A* mutation had no effect on

recruitment of EGFP-Vav1 to microclusters (Fig. 4B–D). Thus,
as with recruitment to the IS in general, the specific recruitment
of Vav1 to microclusters also requires the SH2 and, to a lesser

extent, the SH3B domains.

The recruitment of Vav1 to microclusters depends on Y112
and Y128 of SLP76

The SH2 domain of Vav1 has been previously reported to bind
phosphotyrosine (pY) 112 and pY128 of the SLP76 adapter
protein. To examine whether the recruitment of Vav1 to
microclusters at the IS is dependent on the phosphorylation of

these two residues we made use of T cells from SLP762F mice
carrying mutations in SLP76 where both tyrosine residues had
been replaced with phenylalanines (Y112F, Y128F) (Jordan et al.,

2008). SLP762F CD4+ T cells were infected with a retrovirus
expressing EGFP-Vav1 and the recruitment of the fusion protein
was monitored by TIRFM. Analysis showed that while the

SLP762F mutation did not affect the formation of microclusters as
judged by staining for phosphotyrosine, it caused a large
reduction in the recruitment of Vav1 (Fig. 4E–G). If Vav1 is
recruited to microclusters via binding to SLP76, the distributions

of the two proteins should be similar. Indeed TIRFM analysis
showed a very high degree of co-localisation of EGFP-Vav1 and
SLP76 in cells plated onto either anti-CD3e alone or anti-CD3e
with anti-CD28 (Fig. 4H, Pearson’s correlation coefficient,
r50.95960.002 or 0.96060.003, respectively).

Previous studies had shown that mutation of either Y112 or
Y128 of SLP76 abolished the interaction of the adaptor protein

with Vav1 (Fang and Koretzky, 1999). Given that the sequences
surrounding Y112 and Y128 of SLP76 are very similar and both
fit the consensus binding site for the Vav1 SH2 domain

(Songyang et al., 1994), it is not clear why mutation of either
residue alone would lead to loss of Vav1-SLP76 association. One
possible explanation is that there is co-operative binding between

two Vav1 molecules each binding to one pY on SLP76. To
explore this binding further we expressed the SH2 domain
of Vav1 in E.coli, purified it and used isothermal titration

calorimetry (ITC) to assess its ability to bind to peptides from
SLP76 containing pY112, pY128 or both residues (2pY). We
found that the SH2 domain bound to peptides containing either

Fig. 4. Recruitment of Vav1 into microclusters requires the SH2 and

SH3B domains of Vav1 and Y112 and Y128 of SLP76. (A) TIRFM images

of EGFP in CD4+ T cells expressing EGFPVav1. Cells were activated for

3 min on coverslips coated with anti-CD3e 6 anti-CD28 antibodies and

stained for GFP. Scale bar: 5 mm. Graphs show mean (6SEM) percentage of

CD4+ T cells forming EGFPVav1 microclusters and mean (6SEM) area

fraction occupied by microclusters (area of clusters/cell area), calculated only

in cells that formed any microclusters; inclusion of anti-CD28 caused no

significant change in either of these parameters. (B) TIRFM images of EGFP

in CD4+ T cells expressing EGFPVav1-WT, SH2, SH3A or SH3B domain

mutants. Cells were activated for 3 min on coverslips coated with anti-CD3e

and anti-CD28 antibodies and stained for GFP. Scale bar: 5 mm. (C) Mean

(6SEM) percentage of CD4+ T cells forming EGFPVav1 microclusters. Data

are from two independent experiments. Number of cells analysed (n):

EGFPVav1-WT (72), EGFPVav1-SH2* (43), EGFPVav1-SH3A* (73),

EGFPVav1-SH3B* (100). Statistically significant differences were

determined with Fisher’s exact test; ***P,0.001. (D) Mean (6SEM) area

fraction occupied by microclusters, calculated only in cells that formed any

microclusters. Number of cells analysed (n): EGFPVav1-WT (46),

EGFPVav1-SH2* (13), EGFPVav1-SH3A* (33), EGFPVav1-SH3B* (66).

Statistically significant differences were determined with a t-test; **P,0.01,

***P,0.0001. (E) TIRFM images of WT or SLP762F CD4+ T cells

expressing wild-type EGFPVav1. Cells were activated for 3 min on anti-

CD3e and anti-CD28 coated coverslips and stained for GFP or

phosphotyrosine (pY). Scale bar: 5 mm. For SLP762F T cells, example images

are shown of cells without (2ve) and with (+ve) EGFPVav1 microclusters.

(F) Mean percentage of CD4+ T cells (WT or SLP762F) forming EGFPVav1

or phosphotyrosine microclusters. Data are from five (EGFPVav1) and two

(pY) independent experiments. Number of cells analysed (n): WT T cells -

EGFPVav1 (163), pY (67); SLP762F T cells - EGFPVav1 (169), pY (123).

Statistically significant differences were determined with Fisher’s exact test;

***P,0.001. (G) Mean (6SEM) area fraction occupied by microclusters,

calculated only in cells that formed any microclusters. Number of cells

analysed (n): WT T cells – EGFPVav1 (80), pY (39); SLP762F T cells –

EGFPVav1 (15), pY (84). (H) TIRFM images of CD4+ T cells activated for

3 min on coverslips coated with anti-CD3e 6 anti-CD28 antibodies and

stained for GFP or SLP76. The merged images show an overlay of

EGFPVav1 (green) and SLP76 (red) with colocalization visualised by a

yellow colour. Scale bar, 5 mm. Graphs show the mean (6SD) percentage

colocalization of EGFPVav1 with SLP76 and vice-versa. (I) Graph shows

mean (6SEM) dissociation constants (Kd) of binding between the indicated

Vav1 fragments and peptides from SLP76 (pY112, pY128 and 2pY)

determined by isothermal titration calorimetry.
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pY112 or pY128 with a dissociation constant (Kd) of 1640 nM

and 990 nM, respectively (Fig. 4I). The binding of the SH2

domain to a peptide containing both pY112 and pY128 showed a

Kd of 520 nM and a stoichiometry of 2:1 (SH2 domain:peptide),

implying that each pY could independently bind the Vav1 SH2

domain, with a small enhancement of affinity in the two pY

peptide compared to the single pY peptides (Fig. 4I, and data not

shown). There was no detectable binding to a peptide in which

both Y112 and Y128 were unphosphorylated (not shown).

Next we examined the ability of a 3-domain SH3A-SH2-SH3B

fragment of Vav1 to bind to these peptides. Again binding to the

single pY peptides occurred with Kds in the micromolar range

(1846 nM and 1353 nM for the pY112 and pY128 peptides

respectively; Fig. 4I). However binding to the 2pY peptide was

significantly stronger with a Kd of 227 nM, and a stoichiometry

of two SH3A-SH2-SH3B molecules binding to one peptide

(Fig. 4I, and data not shown). Again there was no detectable

binding to an unphosphorylated peptide (not shown). This

enhancement in affinity when using the 3-domain fragment of

Vav1 and the 2pY peptide suggests that there is co-operativity of

binding, perhaps as a result of additional interactions between the

two Vav1 fragments, or between Vav1 and the peptide, outside

the SH2-pY binding pocket, although the latter is unlikely as we

saw no measurable binding with the unphosphorylated peptide.

To identify whether the SH3A or SH3B domains contributed to

this enhanced binding, we measured the affinities of SH3A-SH2

and SH2-SH3B 2-domain fragments for the pY peptides. The

SH3A-SH2 fragment behaved like the isolated SH2 domain with

weaker affinity for the single pY peptides (Kd: 1062 nM and

1043 nM for pY112 and pY128, respectively) and slightly

enhanced binding to the 2pY peptide (Kd: 579 nM) (Fig. 4I). By

contrast, the SH2-SH3B fragment behaved similarly to the 3-

domain fragment with weaker binding to the single pY peptides

(Kd: 1325 nM and 1062 nM for pY112 and pY128, respectively),

but strongly enhanced binding to 2pY (Kd: 111 nM) (Fig. 4I).

Once again the stoichiometry of the interaction was 2 Vav1

fragments to one 2pY peptide (not shown). These results show

that the SH2 domain of Vav1 binds to both pY112 and pY128 of

SLP76, and that the binding of two Vav1 molecules to the 2pY

peptide of SLP76 is enhanced by the presence of the SH3B

domain.

The SH2 and SH3B domains of Vav1 are required for its

phosphorylation

Next we examined the functional consequences of recruitment of

Vav1 to microclusters at the IS. Vav1 is phosphorylated on

tyrosine residues following TCR stimulation, a process required

for full activation of its GEF activity (Tybulewicz, 2005). To

evaluate the effects of domain mutations on phosphorylation of

Vav1, we used retroviral infection to express wild-type and

mutant EGFP-Vav1 in primary CD4+ T cells, and then examined

TCR-induced phosphorylation of the fusion protein. We found

that the SH2* mutation caused a complete loss of tyrosine

phosphorylation of EGFP-Vav1 (Fig. 5A). In contrast, mutation

of the SH3A domain had no effect, whereas the SH3B* mutation

caused a partial reduction in phosphorylation (Fig. 5B). In

previous studies we had shown that the PH* and DH* mutations

did not affect tyrosine phosphorylation of Vav1, suggesting that

the function of these domains is not critical for this process

(Prisco et al., 2005; Saveliev et al., 2009). Thus the same

Fig. 5. TCR-induced

phosphorylation of Vav1 requires

intact SH2 and SH3B domains.

Immunoblots of anti-Vav1

immunoprecipitates and total cell

lysates of CD4+ T cells transduced

with (A) no virus, or virus expressing

WT or SH2 mutant EGFPVav1, or

(B) with viruses expressing WT, SH3A

and SH3B mutants of EGFPVav1. The

cells were stimulated with anti-CD3e

and anti-CD28 antibodies for the

indicated times, and the immunoblots

were probed with antibodies to Vav1,

pY, Erk2 and pErk2 as indicated.

Graphs show mean (6SEM)

percentage phosphorylation of

EGFPVav1, from at least two

independent experiments.
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mutations in the SH2 and SH3B domains that, respectively,

completely or partially reduce recruitment to the IS and to

microclusters, also cause complete or partial loss of

phosphorylation, suggesting that recruitment of Vav1 to the IS

through these domains is required for phosphorylation, and hence

for activation of GEF activity.

The SH2 and SH3B domains of Vav1 are required for TCR-

induced calcium flux

In addition to its GEF-dependent functions, Vav1 also has GEF-

independent functions transducing TCR signals to calcium flux.

Previous studies had indicated that Vav1 is required for TCR-

induced activation of PLCc1 and hence to the production of

inositol-3,4,5-trisphosphate (IP3), a second messenger that

triggers release of Ca2+ from intracellular stores (Reynolds

et al., 2002). As expected from these earlier observations, Vav1-

deficient CD4+ and CD8+ T cells show a defective TCR-induced

calcium flux, when cells were stimulated in the presence of

EGTA to chelate extracellular calcium and thus limit the calcium

flux to release from intracellular stores (Fig. 6A).

To evaluate whether mutations in the SH2 or SH3 domains

perturb this function of Vav1, we used retroviral infection to

express wild-type or mutant EGFP-Vav1 proteins in Vav1-

deficient CD4+ T cells. Once again we found that mutation of the

SH3A domain had no effect, mutation of the SH3B domain

partially reduced TCR-induced calcium flux, whereas the SH2*

mutation resulted in no increase in calcium flux above that seen

in Vav1-deficient T cells (Fig. 6B,C). To understand whether the

reduced calcium flux in T cells expressing the SH3B* mutant

was due to its partial nuclear localisation, or to a cytoplasmic

function for this domain, we also compared the TCR-induced

calcium flux in Vav1-deficient T cells expressing the NLS* and

NLS*-SH3B* mutant EGFP-Vav1. These studies show that the

NLS* mutation does not affect TCR-induced calcium flux,

whereas the NLS*-SH3B* mutant is once again partially

compromised (Fig. 6C). In conclusion, as with recruitment to

the IS and with TCR-induced phosphorylation, the SH2 domain

is critical for the ability of Vav1 to transduce TCR signals to the

rise in intracellular calcium, while the SH3B domain plays a more

minor, yet detectable, role.

Discussion
We have shown that, in common with many other signalling

molecules that transduce proximal TCR signals, Vav1 is recruited

to the IS of primary CD4+ and CD8+ T cells. Dynamic imaging of

both 5C.C7 CD4+ and P14 CD8+ T cells showed that Vav1 was

Fig. 6. The SH2 and SH3B domains of Vav1 are required for normal TCR-induced calcium flux. (A) Graphs show mean ratio of Indo-1 violet/blue

fluorescence, a measure of intracellular Ca2+ as a function of time in Vav1+/+ (green) or Vav12/2 (black) CD4+ or CD8+ T cells in the presence of EGTA to chelate

extracellular calcium, thus limiting calcium flux to release from intracellular stores. The time at which cells were stimulated with crosslinking antibody is

indicated by a vertical arrow. (B,C) Vav1-deficient CD4+ T cells were transduced with (B) retroviruses expressing EGFPVav1 WT or SH2*, SH3A* and SH3B*

mutants, or with (C) retroviruses expressing EGFP-WT, or NLS*, SH3B* and NLS-SH3B* mutants. Inset histograms show EGFP expression in T cells transduced

with retroviruses expressing EGFPVav1 WT protein, and markers show gates used to distinguish GFP+ and GFP2 cells. Graphs show mean ratio of Indo-1 violet/

blue fluorescence, a measure of intracellular Ca2+ as a function of time in Vav1-deficient CD4+ T cells expressing indicated constructs and gated as on histograms.

To demonstrate the calcium flux in Vav1-deficient T cells, GFP2 cells are shown from cultures infected with a virus expressing EGFP Vav1 WT. In all other

cases, only GFP+ cells are shown. The time at which cells were stimulated with crosslinking antibody is indicated by a vertical arrow. One representative

experiment out of three is shown.
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localised predominantly to the periphery of the IS or diffusely
across the cell-cell interface, corresponding most closely to the

pSMAC distribution. A similar distribution was also seen in
DO11.10 CD4+ T cells where the distribution of Vav1 was most

closely correlated to that of F-actin and active Cdc42 (Singleton
et al., 2011). Furthermore, in CD4+ T cells Vav1 was found in
microclusters at the plasma membrane following stimulation with

immobilised anti-CD3e in the presence or absence of anti-CD28
antibodies. This recruitment to the IS and to microclusters was

completely dependent on the SH2 domain of Vav1 and partially
dependent on a functional SH3B domain. In contrast we found no

requirement for the DH, PH or SH3A domains. Furthermore, we
showed that Vav1 recruitment to microclusters was dependent on
Y112 and Y128 of SLP76, suggesting that this may be due to

direct binding of the Vav1 SH2 domain to these residues once
they become phosphorylated. Such an interpretation was

supported by a high degree of co-localisation of Vav1 and
SLP76 in microclusters. In addition, biophysical studies showed
that the SH2 domain of Vav1 binds to both pY112 and pY128,

that a doubly phosphorylated peptide can recruit two Vav1 SH2
domains, and that this binding was strongly enhanced by the

presence of the SH3B domain. This cooperative binding of two
Vav1 molecules to one SLP76 molecule potentially explains why

both the SH2 and SH3B domains of Vav1 are required for
recruitment to the IS and to microclusters, and may also explain
the observation that mutation of either Y112 or Y128 causes loss

of Vav1-SLP76 association, despite the ability of the Vav1 SH2
domain to bind to either phosphotyrosine (Fang and Koretzky,

1999).

In some PH domain-containing proteins the PH domain binds
phosphoinositides and this interaction is required for membrane

recruitment (Lemmon, 2008). The PH domain of Vav1 also binds
phosphoinositides (Han et al., 1998), however our data show that

this binding is not required for recruitment to the IS. Our results
agree with a recent study in Jurkat T cells, which showed that the

SH2 domain of Vav1 is required for its recruitment to SLP76-
containing microclusters and that mutation of the SH3B domain
partially inhibits this movement (Sylvain et al., 2011). In contrast

to our results, the same study also found a partial role for the
SH3A domain in this recruitment. The reason for this discrepancy

is unknown, but may be due to differences between Jurkat cells
and primary mouse T cells, or to the use of a different mutation
(P657A), though we note that both this mutation and the one we

have used (W637Y) are predicted to abolish binding to the SH3
domain of Grb2 (Nishida et al., 2001). In another study in Jurkat

cells, the binding of Vav1 to SLP76 was abrogated by mutations
in Y112 and Y128 of SLP76, in agreement with our data in

primary T cells (Barda-Saad et al., 2010). However the same
study showed that in Jurkat cells association of Vav1 with SLP76
was dependent on the adaptor protein Nck. The authors proposed

that through its SH2 domain, Nck binds to pY112 and pY128 on
SLP76, and through its C-terminal SH3 domain binds to the

SH3A domain of Vav1, thereby bridging the binding of SLP76
and Vav1. Such a model predicts that the SH3A domain of Vav1

is important for its recruitment, but provides no role for the SH2
domain in this process, in contrast to our results. It is certainly
possible that a Vav1-Nck-SLP76 complex is formed in T cells,

stabilised by multiple domain interactions, however the lack of
any effect of the SH3A mutation on Vav1 recruitment suggests

that in primary mouse T cells the Vav1-Nck interaction may be
less critical for the movement of Vav1.

Our studies showed that mutation of a single amino acid in the
SH3B domain (W820K) causes a large fraction of Vav1 to

localise to the nucleus. This is similar to results in a previous
study showing that deletion of SH3B causes Vav1 to move to the
nucleus of RBL-2H3 cells, a mast cell line (Houlard et al., 2002).
In this study the authors had defined an eight amino acid NLS

located within the PH domain that was required for nuclear
localisation. Inspection of the structure of Vav1 showed that
some of these eight residues are probably important for the

stability of the PH domain, and thus their mutation, a deletion of
all eight amino acids, may perturb functions other than just
nuclear localisation. In the present study we show that mutation

of just three amino acids (K487N, R489A, K493A) located on the
surface of the PH domain was able to block entry of Vav1 into
the nucleus, thereby more precisely defining the NLS. This more
restricted mutation may be useful in defining the physiological

role of Vav1 in the nucleus, about which little is currently known,
though a nuclear localisation of Vav1 has been reported in
several studies (Bertagnolo et al., 1998; Blanchet et al., 2005;

Brugnoli et al., 2010; Clevenger et al., 1995; Romero et al., 1996;
Romero et al., 1998). The dramatic change in Vav1 localisation
to the nucleus in the SH3B* point mutant suggests that this

domain is binding a cytoplasmic protein, which retains Vav1 in
the cytoplasm, perhaps through a canonical SH3-polyproline
interaction. Alternatively, the SH3B domain may bind to

sequences in Vav1 resulting in a conformation that masks the
NLS, as previously suggested (Houlard et al., 2002). A 3D
structure of the whole of Vav1 would help address this
possibility.

Mutations in the SH2 and SH3B domains of Vav1 fully or
partially inhibit its TCR-induced phosphorylation, suggesting
that correct localisation of Vav1 is critical for this GEF-activating

modification. The reverse possibility, that phosphorylation is
required for correct localisation, is unlikely because mutation of
all three tyrosine phosphorylation sites (Y142, Y160, Y174) did

not affect recruitment of Vav1 to microclusters in Jurkat cells
(Sylvain et al., 2011). Defective phosphorylation of the SH2*
mutant might be caused by failure of Vav1 to bind to pY315 on
ZAP70 and hence to be phosphorylated by the kinase.

Alternatively, the reduced phosphorylation could be caused by
failure to bind to SLP76, which in turn may be required to bring
Vav1 close to the kinase that phosphorylates it. In agreement with

this, TCR-induced Vav1 phosphorylation is reduced in SLP762F

thymocytes (Jordan et al., 2008). Such a possibility would also
explain the partial requirement for the SH3B domain, since this

domain is required for high affinity binding to SLP76.

Finally, we showed that mutations in the SH2 and SH3B

domains fully or partially inhibit TCR-induced calcium flux. This
signalling pathway depends on Vav1 most likely because Vav1 is

required for the phosphorylation of PLCc1 and its subsequent
activation, as judged by reduced TCR-induced IP3, a second
messenger which leads to calcium flux by triggering release of

calcium from intracellular stores (Fig. 6A) (Reynolds et al.,
2002). We and others have shown that in primary mouse T cells
this function of Vav1 is independent of its GEF activity (Miletic

et al., 2009; Saveliev et al., 2009), a finding recently corroborated
in Jurkat T cells (Sylvain et al., 2011). This GEF-independent
function of Vav1 has been proposed to be as an adaptor protein,

stabilising the binding of PLCc1 to the LAT/SLP76 complex,
which in turn binds the Itk kinase that phosphorylates PLCc1.
Our results indicate that through its SH2 domain, Vav1 binds to
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SLP76, a binding that is enhanced by the SH3B domain, the same

two domains that are required for a normal TCR-induced calcium

flux. In view of this, we propose that the binding of Vav1 to

SLP76 is critical for the TCR-induced activation of PLCc1,

leading to calcium flux. In agreement with our data, a recent

study in Jurkat T cells also implicated the SH2 and SH3B

domains in this pathway (Sylvain et al., 2011). In addition, the

same study identified that the CH domain and possibly other N-

terminal domains may contribute to this adaptor function for

Vav1. The mechanism by which these several domains of Vav1

contribute to the activation of PLCc1 is an area for future study.

In summary, we have shown that in primary mouse T cells,

Vav1 is recruited to the IS and to microclusters via SLP76, we

have identified domains required for this localisation and we

show that this recruitment is essential for both its GEF-dependent

and -independent functions.

Materials and Methods
Mice

Mice carrying a mutation disrupting Vav1 (Vav1tm1Tyb/tm1Tyb; Vav12/2) on a
129S8 or BALB/c background, or mutations in the PH (Vav1tm2Tyb/tm2Tyb;
Vav1R422G/R422G) and DH (Vav1tm4Tyb/tm4Tyb; Vav1) domains of Vav1 have been
described previously (Prisco et al., 2005; Saveliev et al., 2009; Turner et al., 1997).
Mice carrying the Y112F,Y128F mutation in the Lcp2 gene, which encodes for
SLP76, were described previously (SLP762F) (Jordan et al., 2008). Transgenic
mice expressing the F5, DO11.10, 5C.C7 and P14 TCRs have been described
previously (Mamalaki et al., 1993; Murphy et al., 1990; Pircher et al., 1989; Seder
et al., 1992). Mice bearing the F5 and DO11.0 TCRs were crossed onto a
background deficient in Rag1 (Rag1tm1Bal/tm1Bal) (Spanopoulou et al., 1994). All
animal experiments were performed following approval by the local Ethical
Review Process of the MRC National Institute for Medical Research and
authorisation by the UK Home Office under relevant Project Licence authority.

Generation of bone marrow chimeras

Bone marrow cells from C57BL/6J or SLP762F mice were injected intravenously
into C57BL/6J-Rag1tm1Mom/tm1Mom male mice previously irradiated with 5 Gy
from a 137Cs source. T cells from these mice were used 6 or more weeks after
reconstitution.

DNA constructs

To generate a fusion protein between enhanced green fluorescent protein (EGFP)
and mouse Vav1, the complete open reading frame of EGFP without the stop
codon was taken from pEGFP-C1 (Clontech) and joined to the 59 end of the
complete mouse Vav1 cDNA including a stop codon, with a linker between the
two consisting of the sequence AGTACTGGA, encoding the amino acids Ser-Thr-
Gly. This EGFP-Vav1 fusion open reading frame was cloned into an EcoRI site in
the pMSCV retroviral vector to generate pMSCV-EGFP-Vav1. Mutations in Vav1
were introduced into this construct using standard methods.

Cell culture

To isolate F5 CD8+ T cells, lymph nodes and spleens from F5 transgenic mice were
mechanically disrupted, and erythrocytes were removed from splenocyte preparations
by lysis with ACK buffer (0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM EDTA). To induce
activation, F5 T cells were cultured at a concentration of 16106 cells/ml with 10 nM
NP68 peptide for 72 h in T cell medium [RPMI-1640, 10% fetal calf serum, 10,000 U/
ml penicillin, 10 mg/ml streptomycin, 2 mM L-glutamine (Sigma), non essential
amino acids (Gibco), 10 mM HEPES (Gibco) and 50 mM 2-mercaptoethanol
(Gibco)]. Dead cells were removed using Lympholyte-M (Cedarlane Laboratories)
according to the manufacturer’s protocol. Viable lymphocytes were cultured for a
further 96 h at 0.26106 cells/ml in T cell medium with 15 ng/ml IL-2 (Peprotech) after
which they were used for conjugate formation experiments. DO11.10 CD4+ T cells
from lymph nodes were prepared as described above and activated by co-culturing
16106 DO11.10 CD4+ T cells for 72 h in T cell medium with 26106 BALB/c
splenocytes that had been previously irradiated (300 rads) and loaded with OVA323–339

peptide (final concentration 0.25 mM). Subsequently, T cells (16106 cells/ml) were
cultured with IL-2 (5 ng/ml) for 96 h and used for conjugate formation experiments.
CD4+ T cells from wild-type, Vav12/2 animals or radiation chimeras reconstituted
with wild-type or SLP762F/2F bone marrow, were isolated from lymph nodes and
purified by negative selection (Dynabeads) using anti-CD8, anti-B220 and anti-Mac1
antibodies. Purity was checked by flow cytometry and was typically in the range of
80–90%. 26106 purified CD4+ T cells were activated by plate-bound anti-CD3e (2C11
clone) and anti-CD28 (37.51 clone) antibodies at concentration 1.5 mg/ml for WT cells

and at 3 mg/ml for Vav12/2 T cells for 72 h in T cell medium. Subsequently, cells
were cultured (0.7–16106 cells/ml) with IL-2 (15 ng/ml) for 96 h. Vav1-deficient B
cells used as APCs in conjugate formation experiments, were isolated from the spleens
of 129S8-Vav12/2 or BALB/c-Vav12/2 mice by negative selection (Dynabeads) using
anti-CD43 and anti-TCRb antibodies. Purity was typically 85–95%.

Retroviral production and transduction

To produce retrovirions, the ecotropic packaging cell line PlatE (Morita et al.,
2000) was transfected with DNA encoding pMSCV1-based vectors and GeneJuice
(Novagen) according to the manufacturer’s instructions. Supernatant from
transfected cells was collected 48 h and 72 h after transfection, filtered through
0.45-mm filters to remove cell debris, concentrated by centrifugation (15,000 g,
2 h, 4 C̊) and resuspended in 1/10th of the original volume. Concentrated
supernatants were immediately used to infect target cells or frozen and stored at
280 C̊ for later use. T cells were transduced with retroviral vectors 24 h (F5 CD8+

or CD4+ BALB/c T cells) or 48 h post activation (DO11.10 CD4+ T cells). CD4+

BALB/c T cells were transduced in the presence of Polybrene (0.5 mg/ml). CD4+ T
cells were ‘spinfected’ by centrifugation of the cells with the concentrated viral
supernatant at 2000 rpm for 1 h, whereas CD8+ T cells were cultured in the
presence of virus for 48 h.

Imaging of conjugates and microclusters

Formation of T cell-APC conjugates, imaging and analysis were performed as
described earlier (Saveliev et al., 2009). Cells were stained with antibodies to Vav1
(2502, Cell Signaling) and phosphotyrosine (4G10, Millipore). Polarisation of Vav1 or
phosphotyrosine was calculated as a recruitment index (RI) being the ratio of mean
fluorescence intensity (MFI) at the APC contact site versus the MFI of the rest of the
cell. For scoring the recruitment of molecules toward the APC, positive conjugates
were defined as those where the RI of the molecules in question was at least 1 standard
deviation (SD) greater than the mean RI in T cells conjugated to APCs bearing no
antigen. Imaging of live 5C.C7 CD4+ or P14 CD8+ T cells expressing EGFP-Vav1 and
subsequent classification of the patterns of accumulation of EGFP-Vav1 was carried
out using image processing as previously described (Singleton et al., 2009). 5C.C7 T
cells were conjugated with CH27 B cell lymphoma APCs pulsed with 10 mM MCC
agonist peptide. P14 T cells were conjugated with B cells from C57BL/6 mice that had
been activated for 3 days with anti-CD40 (0.5 mg/ml) and pulsed with 10 mM gp33
agonist peptide.

To image microcluster formation, activated T cells were stimulated for 3 min at
37 C̊ on coverslips (MatTek Corporation; P35G-1.5-10-C) previously coated with
anti-CD3e (2C11 clone) and in some cases also with anti-CD28 (37.51 clone)
antibodies (both at 10 mg/ml). Poly-L-lysine coated coverslips were used as a negative
control. Following stimulation, cells were fixed with 3% paraformaldehyde for 20 min
at room temperature, washed twice with PBS, and permeabilised with 0.3% Triton X-
100 in PBS for 2 min. Binding of primary and secondary antibodies was performed in
blocking solution [PBS containing 0.1% saponin (Sigma, S4521) and 0.25% gelatin
(Sigma, G7765)]. EGFP-Vav1 was detected using anti-GFP (chicken IgY, A10262,
Invitrogen) with goat anti-chicken IgY NL493 (NL018, R&D Systems) as a secondary
antibody. SLP76 was detected using an anti-SLP76 (rabbit polyclonal antibody, sc-
9062, Santa Cruz) with AF568 donkey anti-rabbit Ig (A10042, Invitrogen) as a
secondary antibody. TIRF imaging was carried out as previously described (Knipe
et al., 2010), using an Olympus UPLSAPO6100 1.40NA objective and a custom build
objective based TIRF system (Mashanov et al., 2003). Excitation light was provided
by a 20 mW 488 nm laser (Point Source, Hamble UK), and a 50 mW 561 nm laser
(GLC-050-561, CrystaLasers, Nevada, USA), and illumination was synchronised with
image capture using Winfluor software (http://spider.science.strath.ac.uk ). Analysis
was performed using ImageJ and JACoP software. Area fraction was calculated as
area of all clusters/area of cell.

Measurement of Ca2+ flux

Ca2+ flux in T cells labelled with PerCP-conjugated anti-CD4, anti-CD3e (10 mg/
ml), and Indo-1 am (2 mg/ml, Molecular Probes) was measured with LSRII flow
cytometers (BD Biosciences) as previously described (Reynolds et al., 2002). To
measure calcium release from intracellular stores without influx across the plasma
membrane, ethylene glycol-bis(2-aminoethylether)-N,N,N9,N9-tetraacetic acid
(EGTA, 10 mM) was added to the medium.

Immunoprecipitation and immunoblotting

Activated T cells were rested in proliferation medium without IL-2 for 5 h.
Stimulation of the cells through the TCR by cross-linking with antibodies against
CD3e (10 mg/ml) and CD28 (10 mg/ml) and subsequent immunoprecipitation and
immunoblotting were performed as described earlier (Reynolds et al., 2002). Vav1
was immunoprecipitated using an antibody against Vav1 (C-14, Santa Cruz). The
following antibodies were used for immunoblotting: anti-Vav1 (Cell Signaling,
2502), anti-Erk2 (sc-154, Santa Cruz Biotechnology), anti-phospho Erk2 (sc-7383,
Santa Cruz Biotechnology), anti-phosphotyrosine (4G10; Upstate Biotechnology),
Alexa Fluor-680 conjugated anti-mouse (Invitrogen; A21058) and IRDye800 anti-
rabbit (Rockland; 611-132-122). Signals were detected with an Odyssey Infrared
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Imager (Li-Cor Biotechnology) and analysed with the manufacturer’s software.
The degree of phosphorylation was determined as a ratio of the intensity of the
bands of phosphorylated proteins to those of total proteins. Each signal was
normalised to the phosphorylation signal of EGFP-Vav1 at 1 min, which was set to
100% and multiple experiments were combined to generate mean6SEM.

Expression and purification of recombinant proteins and isothermal
titration calorimetry (ITC)

Recombinant fragments of mouse Vav1 were expressed in E. coli. The SH2
domain (669–771) was expressed at 16 C̊ as a GST fusion from pGEX-6P1 (GE
Life Sciences), purified by GST affinity chromatography. After removal of the
GST-tag by PreScission Protease the protein was purified to homogeneity by gel
filtration. SH3A-SH2 (596–771) and SH2-SH3B (669–845) were expressed at
37 C̊ from pET28a (Novagen) with a His6-tag, and purified by nickel affinity and
gel filtration chromatography according to standard protocols. SH3-SH2-SH3B
(596–845) was expressed in a modified pET22b vector containing a biotinylation
site preceded by a PreScission Protease site at the C-terminus of the protein. The
protein was bound to streptavidin-coated beads (Pierce), incubated overnight with
protease and purified to homogeneity by gel filtration. All gel filtration was carried
out in ITC buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
TCEP), which was also used to re-suspend the peptides. Protein and peptide
concentrations were determined by absorbance at 280 nM. Peptides were
synthesised by W. Mawby, University of Bristol and contained the following
sequences: pY112: EDDpYESPND, pY128: DGDpYESPNE and
2pY:EDDpYESPNDDDPDGEDDGDpYESPNE. ITC experiments were performed
at 20 C̊ using an ITC-200 calorimeter (GE Life Sciences). Heats of dilution were
subtracted from the raw ITC data prior to analysis with the software, Micro Origin
version 7.0, assuming a single-site binding model.

Statistical analysis

All statistical comparisons were carried out using the nonparametric two-tailed
Mann–Whitney test, an unpaired two-tailed t-test, or Fisher’s exact test.
Statistically significant differences are indicated on the figures: *P,0.05,
**P,0.01, ***P,0.001.
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