MOLECULAR AND CELLULAR BIOLOGY, July 2011, p. 2653-2666
0270-7306/11/$12.00  doi:10.1128/MCB.01358-10

Vol. 31, No. 13

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Functional Cooperation between the Proteins Nck and ADAP
Is Fundamental for Actin Reorganization"

Maor H. Pauker, Barak Reicher, Sophie Fried, Orly Perl, and Mira Barda-Saad*
The Mina and Everard Goodman Faculty of Life Sciences, Bar-Ilan University, Ramat-Gan 52900, Israel

Received 26 November 2010/Returned for modification 7 January 2011/Accepted 11 April 2011

T cell antigen receptor (TCR) activation triggers profound changes in the actin cytoskeleton. In addition to
controlling cellular shape and polarity, this process regulates vital T cell responses, such as T cell adhesion,
motility, and proliferation. These depend on the recruitment of the signaling proteins Nck and Wiskott-Aldrich
syndrome protein (WASp) to the site of TCR activation and on the functional properties of the adapter proteins
linker for activation of T cells (LAT) and SH2-domain-containing leukocyte protein of 76 kDa (SLP76). We now
demonstrate that Nck is necessary but insufficient for the recruitment of WASp. We show that two pathways
lead to SLP76-dependent actin rearrangement. One requires the SLP76 acidic domain, crucial to association
with the Nck SH2 domain, and another requires the SLP76 SH2 domain, essential for interaction with the
adhesion- and degranulation-promoting adapter protein ADAP. Functional cooperation between Nck and
ADAP mediates SLP76-WASp interactions and actin rearrangement. We also reveal the molecular mechanism

linking ADAP to actin reorganization.

T cell activation triggers multiple molecular events, includ-
ing the activation of protein tyrosine kinases (PTKs), forma-
tion of multiprotein signaling complexes, and activation of
enzymes and transcription factors (25, 37, 47). Cytoskeletal
actin reorganization is also dependent on these events initiated
at the T cell-antigen-presenting cell (APC) interface, the im-
munological synapse (IS). Interference with actin dynamics
results in an impaired immune response and can induce T cell
anergy (40).

We and others (2, 4, 8, 11, 12, 16) have demonstrated com-
plex molecular events linking T cell antigen receptor (TCR)
activation to actin rearrangement. One major pathway, medi-
ated by the activation of multiple PTKs, leads to phosphory-
lation of the adapter molecules linker for activation of T cells
(LAT) and SH2-domain-containing leukocyte protein of 76
kDa (SLP76). Phosphorylation of SLP76 leads to recruitment
of the Nck adapter molecule, which is associated with key
regulators of the actin cytoskeleton Wiskott-Aldrich syndrome
protein (WASp) and WAVE2.

The molecular structure of SLP76 consists of an N-terminal
sterile-alpha motif (SAM) (41), an acidic domain containing
tyrosine residues subject to phosphorylation, a central proline-
rich region, and a C-terminal SH2 domain. Phosphorylation of
the tyrosines allows the interaction of SLP76 with the adapter
Nck, the Rho-family GEF, VAV, and Itk, all via their SH2
domains (5, 8, 48, 49, 51). The interactions of SLP76, Nck, and
VAV are essential for the activation of WASp and its recruit-
ment to the IS (51). TCR engagement also induces the asso-
ciation of the SLP76 SH2 domain with the adhesion- and
degranulation-promoting adapter protein (ADAP) and to the
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serine-threonine kinase hematopoietic progenitor kinase 1
(HPK-1) (38). In addition to SLP76, ADAP is capable of
binding other proteins, and it is recruited to the IS (26, 35).
The role of ADAP in integrin function has been explored (10,
23, 36, 46); however, its involvement in actin cytoskeleton
reorganization is controversial (18, 22, 35, 43). Currently, the
molecular mechanism by which ADAP regulates the actin ma-
chinery remains unclear.

WASD has been implicated in a variety of cellular processes
associated with dynamic actin-mediated events, such as mem-
brane structure formation (e.g., lamelliopodia or filopodia),
vesicular trafficking, and endocytosis (3). The role of WASp in
actin filament formation depends on two distinct processes,
WASD recruitment to the T cell-APC contact site and its func-
tional activation, triggered by the Rho GTPase, Cdc42, and
phosphorylation on Y291 (1, 44). In addition to WASp,
WAVE2 was shown to control actin reorganization and integ-
rin-dependent adhesion in T lymphocytes (33, 52) Notwith-
standing the extensive characterization of multiple signaling
proteins regulating actin polymerization, their mechanisms of
interaction and the potential for molecular cooperation be-
tween them have not been fully explored. Here, we demon-
strate a functional cooperation between Nck and ADAP in
stabilizing the recruitment of WASp to SLP76 and thus in
regulating actin rearrangement.

MATERIALS AND METHODS

Reagents. Mouse anti-CD3e (UCHT or HIT3a) and anti-CD28 were pur-
chased from BD Pharmingen. The expression vectors pEYFP-N1, pEYFP-C1,
and pECFP-C1 were obtained from Clontech, and pcDNA3.1"/Hygro was ob-
tained from Invitrogen. Antibodies or reagents were obtained from the following
suppliers: anti-WASp and anti-Nck from Santa Cruz Biotechnology and Upstate
Biotechnology, respectively; anti-SLP76 from Antibody Solutions; anti-green
fluorescent protein (GFP) from Roche; anti-ADAP from BD Transduction Lab-
oratories; and phalloidin from Molecular Probes. Alexa Fluor-conjugated, iso-
type-specific secondary antibodies were purchased from Molecular Probes.

Pools of the following three independent specific RNA duplexes for human
SKAP1 were purchased from Invitrogen: UGGCAGAAGGUUUGCGGAAU
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GAGAA, UUCUCAUUCCGCAAACCUUCUGCCA, and GGAGCUCAAG
AACUUGAUAACGUAA.

Pools of the following independent specific RNA duplexes were purchased
from Dharmacon: human Fyb small interfering RNA (siRNA) oligonucleotides
GAGAUGAAGUUUACGAUGA, GAAGAUAGAUGCUGCUAAG, GCAA
AGGCCAGACGUCUUA, and AACCAGAGAUCUACAGGUA; human
Nck1 siRNA oligonucleotides ACUAAAAGCACAAGGGAAA, AGAAAUG
GCAUUAAAUGAA, and GAUAGUGAAUCUUCGCCAA; and human Nck2
siRNA oligonucleotide CUUAAAGCGUCAGGGAAGA.

Plasmid construction and GFP mutations. Human Nck ¢cDNA and human
WASp cDNA were kindly provided by B. Mayer from the Connecticut University
Health Center, Farmington, CT, and by D. Nelson from the National Cancer
Institute, National Institutes of Health, Bethesda, MD, respectively. The cDNAs
were cloned into expression vector pECFP-C/N or pEYFP-C/N to obtain cyan
fluorescent protein (CFP) or yellow fluorescent protein (YFP)-tagged proteins.
Aequorea GFP derivatives were rendered monomeric by the A206K substitution
described by D. A. Zacharias et al. (50).

Primary cell culture, cell transfection, and generation of stable cells. Human
T lymphocytes were prepared from the peripheral blood of healthy donors as
described previously (27). Cells were transfected with an Amaxa electroporator
using Amaxa solution. Transiently transfected T cell cultures and stable clones
were used in this study. Stable clones were derived from transiently transfected
cells using a combination of drug selection and cell sorting. Cell fluorescence
analysis and cell sorting were performed on a FACSVantage (BD Biosciences).

Cellular and live-cell imaging. Dynamic fluorescent and interference reflec-
tion microscopy (IRM) images were collected on a Zeiss 510 Meta confocal
microscope. Image stacks were collected over time, using an autofocusing algo-
rithm based on reflection images obtained by imaging the plane of the T cell-
cover glass contact. All images were collected using a 63X Plan-Apochromat
objective (Carl Zeiss). For live-cell imaging, a hot-air blower (Nevetec) was used
to maintain the sample at 37°C. Fine adjustments were made by using a digital
temperature probe to monitor the buffer temperature in the chamber. Image
processing and measurements were performed using IPLab software, version 3.9.

Spreading assay. Chambered cover glasses (LabTek) were cleaned by treat-
ment with 1 M HCI, 70% ethanol for 30 min and dried at 60°C for 30 min. The
chambers were treated with a 0.01% (wt/vol) poly-L-lysine solution (Sigma) for 5
min, drained, and dried at 60°C for 30 min. Chambers were coated with stimu-
latory monoclonal antibodies (10 pg/ml) overnight at 4°C, using anti-CD3 for
Jurkat cells or anti-CD3 and anti-CD28 for primary cells. Excess antibody was
removed by extensive washing with phosphate-buffered saline (PBS). Cells were
seeded onto chambers containing imaging buffer (RPMI medium without phenol
red containing 10% fetal calf serum [FCS] and 25 mM HEPES). T cells were
seeded over the bottom of chambers in 100 ul of imaging buffer at a concentra-
tion of 2 X 10° cells/ml for the times indicated below. Cells were fixed for 25 min
with 4% paraformaldehyde in PBS followed by permeabilization with 0.1%
Triton X-100 for 5 min. Cells were blocked for 1 h in PFN buffer (PBS without
Ca*? and Mg*? and containing 10% FCS and 0.02% azide) containing 2%
normal goat serum (Jackson ImmunoResearch). Cells were incubated with the
indicated primary antibodies and diluted in blocking medium for 1 h, followed by
staining with isotype-specific Alexa Fluor-conjugated antisera for 30 min. Cells
were washed three times with PFN between steps.

FRET analysis. Fluorescence resonance energy transfer (FRET) was mea-
sured by the donor-sensitized acceptor fluorescence technique. Three sets of
filters were used: one optimized for donor fluorescence (excitation, 468 nm, and
emission, 475 to 505 nm), a second for acceptor fluorescence (excitation, 514 nm,
and emission, 530 nm longpass [LP]), and a third for FRET (excitation, 468 nm;
emission, 530 nm LP). FRET was corrected as described below, and the FRET
efficiency was determined.

FRET correction. The non-FRET components were calculated and removed
using calibration curves derived from images of single-labeled CFP- or YFP-
expressing cells. Sets of reference images were obtained using the same acqui-
sition parameters as were used for the FRET experimental images. To correct
for CFP “bleed through,” the intensity of each pixel in the CFP image from
CFP-expressing cells was compared to the equivalent pixel in the FRET image of
the same cells. A calibration curve was derived that defined the amount of CFP
fluorescence seen in the FRET image as a function of the fluorescence in the
CFP image. A similar calibration curve was obtained defining the amount of YFP
fluorescence appearing in the FRET image as a function of the intensity in the
YFP image, using images of cells expressing only YFP. Separate calibration
curves were derived for each set of acquisition parameters used in the FRET
experiments. Then, using the appropriate calibration curves, together with the
CFP and YFP images, the amount of CFP bleed through and YFP cross-
excitation was calculated for each pixel in the experimental FRET images. These
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non-FRET components were subtracted from the raw FRET images, yielding
corrected FRET images.

FRET efficiency calculation. The FRET efficiency (FRET, ) was calculated on
a pixel-by-pixel basis with the following equation: FRET . = FRET,/(FRET,,,, +
CFP) X 100%, where FRET,,,, is the pixel intensity in the corrected FRET image
and CFP is the intensity of the corresponding pixel in the CFP channel image.

To increase the reliability of the calculations and to prevent low-level noise
from distorting the calculated ratio, we excluded pixels below 50 intensity units
and saturated pixels from the calculations and set their intensities to zero. These
pixels are shown in black in the “pseudocolored” FRET efficiency images.

To estimate the importance of the FRET efficiency values obtained and to
exclude the possibility of obtaining false-positive FRET results, we prepared cells
expressing free CFP and free YFP as negative controls. The FRET efficiency in
the negative-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.

Image processing and quantitation. The acquired images were extracted with
the LSM browser (Carl Zeiss) and cropped and composed into figures within
Adobe Photoshop.

Colocalization analysis. Colocalization was detected by two different methods
as previously described (14, 30, 42). For the colocalization analysis based on
fluorescence intensity peak, positive colocalization was defined by two simulta-
neous criteria: (i) the signal from one channel accumulated at the same site of
the other channel to more than 2-fold above the basal signal and (ii) at least half
of one fluorophore intensity peak overlapped with at least half of the other
fluorophore intensity peak. All quantitations were performed on unprocessed
8-bit grayscale images with no saturated pixels. The mean intensity of fluores-
cence and the line profiles were determined using Image]. Statistical analysis was
performed using a standard Student’s ¢ test (14, 30).

In addition, colocalization analysis was performed by determining the Pear-
son’s colocalization correlation coefficient, generated as previously described
(42), for each colocalization experiment. Imaris 4.2 software (Bitplane AG,
Zurich Switzerland) was used to distinguish between actual colocalization and
random association between signals from two labels in the entire three-dimen-
sional image. Pearson’s colocalization coefficient varies from —1 to 1, when 1
means perfect colocalization and —1 means perfect exclusion.

Actin shape index. A quantitative estimate of the actin shape changes was
obtained as previously described (17), with some modifications, using the fol-
lowing equation: actin shape index = P*/4mS, where P and S are the perimeter
and the surface of the cell, respectively. These values were obtained by thresh-
olding images of phalloidin staining to outline the polymerized actin. A perfectly
circular shape of the polymerized actin yields a shape index of 1, and departure
from a circle yields a shape index larger than 1. Colocalization was measured
following 1 to 3 min of stimulation, when cluster formation is optimal. However,
actin reorganization was determined following 5 min of activation, which is the
best time for observing this process.

Immunoblotting and immunoprecipitation. Cells were either stimulated with
anti-TCR 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 immunoprecipitation. Protein
samples were resolved with sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), transferred to nitrocellulose membrane, and immuno-
blotted with appropriate primary antibodies. Immunoreactive proteins were de-
tected with either anti-mouse or anti-rabbit horseradish peroxidase-coupled
secondary antibody followed by detection with enhanced chemiluminescence
(Pierce) (7).

Statistical analyses. Standard errors were calculated with the use of Microsoft
Excel. Statistical significances were calculated in Excel, with Student’s  tests used
for unpaired, two-tailed samples. In all cases, the threshold P value required for
significance was 0.05.

RESULTS

Recruitment of WASp TCR-induced clusters is dependent
on SLP76. We have previously shown that WASp is recruited
to the TCR immediately upon activation (4). WASp colocal-
izes with SLP76, Nck, and other multiple signaling molecules
in small clusters. To determine the role of SLP76 in WASp
recruitment, we stably expressed WASp fused to CFP in
SLP76-deficient J14 T cells. SLP76 deficiency abolished WASp
recruitment to the TCR-induced clusters. Reconstitution of
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these cells with wild-type (wt) SLP76 restored WASp recruit-
ment (see Fig. S1A in the supplemental material). High FRET
(27.8% = 8.7% [mean = standard error]) was detected be-
tween SLP76-YFP and WASp-CFP (see Fig. S1B in the sup-
plemental material), indicating a close and stable interaction
between these molecules.

Actin rearrangement and the association between SLP76
and WASp do not depend solely on the functional activity of
Nck. Nck has been shown to mediate the interaction of SLP76
and WASp (8). To assess the requirement of Nck for actin
rearrangement, E6.1 Jurkat T cells expressing actin-GFP were
treated with siRNA specific for the Ncka,B isoforms, which
resulted in a >90% reduction of Nck expression (see Fig. S2A
in the supplemental material). Imaging analysis indicated that
silencing either Ncka or B had no discernible effect on actin
filament formation (Fig. 1A). Inhibition of both Ncka and B
simultaneously caused an impairment in actin rearrangement
and lamellipodium formation, as detected by measurements of
the actin shape index. The actin shape index provides a math-
ematical representation of the cell’s contour, i.e., perimeter
and area, and reflects the cell’s spreading. A perfectly spread
cell with normal morphology yields a circular shape of the
polymerized actin, i.e., an index of 1; an impaired actin cyto-
skeletal rearrangement results in departure from a circle and
yields a shape index larger than 1. In the experiment whose
results are shown in Fig. 1A, cells treated with siRNA specific
to Ncka or B exhibited an actin shape index similar to that of
control cells treated with nonspecific (NS) siRNA and close to
1. However, cells gene silenced for Ncka and B presented a
significantly higher actin index of ~2.5 (P = 0.0002). These
results show that Ncka and Nck@ share a redundant role in
actin cytoskeletal reorganization and that the elimination of
both Nck isoforms partially impairs this process.

Previously, we showed a stable interaction between SLP76
and WASp following TCR engagement (4, 6). In the current
study, we tested whether Nck is required for this association.
J14 cells reconstituted with SLP76-YFP and stably expressing
WASp-CFP were treated with siRNA specific to Ncke,B. A
slight decrease in their Pearson’s colocalization coefficient was
detected (P = 0.67) (Fig. 1B). These results suggest that the
model in which only Nck mediates the interaction between
SLP76 and WASp is incomplete and that other molecules are
involved.

It was previously shown that the SLP76 acidic domain is
required for recruitment of the Nck-WASp complex, via the
Nck SH2 domain, to the TCR complex (51). As another way
of analyzing the Nck-SLP76 interaction, we reassessed the
role of the Nck SH2 domain in the recruitment of Nck to
SLP76. We stably expressed CFP-Nck conjugates bearing an
SH2 domain deletion (CFP-NckASH?2) in J14 cells reconsti-
tuted with SLP76-YFP. The SH2 domain deletion insignifi-
cantly reduced TCR-induced clustering of Nck but did not
abrogate it (P = 0.94) (Fig. 1C; also see Video S1 in the
supplemental material). The Pearson’s colocalization coef-
ficient was used to measure colocalization between SLP76
and Nck wt versus its colocalization with ASH2 Nck. This
colocalization was evident in the clusters, as indicated by the
overlay images (Fig. 1C, yellow).

The SH2 domain of Nck does not exclusively mediate the
binding to SLP76. Nck dimerization has been reported to be
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very weak and unlikely to be physiologically relevant (31).
However, to rule out the possibility that the mutant, tagged
Nck forms are recruited to the TCR complex by endogenous
Nck, we performed several experiments. Nck gene-silencing
experiments were done with the aim to target only the endog-
enous molecules by using siRNA oligonucleotides correspond-
ing to the Nck SH2 domain (see Fig. S2B to D in the supple-
mental material). J14 cells expressing SLP76-YFP CFP-
NckASH2 and transfected with the Nck SH2 domain-specific
siRNA achieved about 90% downregulation of endogenous
Nck (47 kDa) without affecting the truncated CFP-NckASH2
molecule (~59 kDa) (see Fig. S2C in the supplemental mate-
rial). Knockdown of full-length Nck did not abolish CFP-
NckASH2 clusters (see Fig. S2D and Video S1 in the supple-
mental material), suggesting that either WASp interacts
directly with SLP76 in the absence of Nck or that other sig-
naling proteins stabilize the SLP76-WASp interaction and re-
cruit Nck in a manner independent of the SH2 domain.

Next, we focused on actin rearrangement and investigated
whether the expression of SLP76 Y3F (mutated in tyrosines
113, 128, and 145, known as Nck binding sites) (5) has an effect
similar to that of gene-silenced Nck on the actin shape index.
Actin rearrangement was compared in J14 cells gene silenced
for Nck and expressing SLP76 wt versus J14 cells expressing
SLP76 Y3F. Our data clearly indicate no significant difference
in the actin shape index between these two experimental
groups (P = 0.38) (see Fig. S2E in the supplemental material).

The results of these experiments (Fig. 1C; also see Fig. S2
in the supplemental material) are consistent with the notion
that the SH2 domain of Nck does not exclusively mediate the
binding to SLP76 and suggest an alternative pathway for Nck
recruitment to the SLP76-nucleated complex.

SLP76 SH2 domain is required for interaction with WASp
following TCR stimulation. The phosphorylation of WASp at
Y291 is critical for the release of WASp autoinhibitory struc-
tural constraints and induction of its effector functions, includ-
ing NFAT activity, actin polymerization, and immunological
synapse formation (3, 13). Phosphorylation at a WASp tyrosine
residue raises the possibility that WASp activation can induce
an interaction at this site with SH2 domain-containing signal-
ing effectors, such as SLP76. Thus, J14 cells expressing SLP76
with an SH2 mutant tagged with YFP (R448K, SLP76*SH2-
YFP) were derived and the interaction between SLP76 and
WASp was detected and compared to that of J14 reconstituted
with SLP76 wt (see Fig. S3A in the supplemental material).
Coprecipitation of WASp and SLP76 was observed in the pres-
ence of SLP76 wt and, to a lesser extent, in the presence of the
SLP76 with the mutated SH2, implying an alternative pathway
of WASp recruitment to the SLP76 signaling complex.

Since biophysical data eliminate the possibility that WASp
phosphotyrosines bind directly to the SLP76 SH2 domain (data
not shown), we checked whether an SLP76 SH2-associated
protein, i.e., ADAP, mediates this interaction. Previously, it
was suggested that phosphorylation of ADAP enables its as-
sociation via tyrosine 651 to the SLP76 SH2 domain (15, 19,
32). In order to check this interaction in vivo, we incorporated
a point mutation, Y651F, in ADAP and determined the bind-
ing between ADAP and SLP76 using molecular imaging. As
seen in Fig. S3B in the supplemental material, the FRET
efficiency between SLP76 and ADAP Y651F versus that be-
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FIG. 1. Actin polymerization and the recruitment of WASp to SLP76 signaling clusters are not solely dependent on Nck. (A) Cells were plated,
fixed, and stained with phalloidin. Confocal images were collected after 5 min of activation. In the right panel, the results of >4 independent
experiments are presented The actin shape index was determined as described in Materials and Methods. ¢ tests were performed to compare the
results of nonspecific (NS) siRNA treatment with the results for other experimental groups; error bars show standard errors. (B) SLP76-deficient
J14 cells expressing SLP76-YFP and WASp-CFP were treated with siRNA specific to Ncke,B. Cells treated with NS siRNA served as a negative
control. After 48 h, cells were plated and activated for 3 min as described for panel A. Overlays (insets) of the fluorescence peaks of the punctae
are shown. Colocalization analysis is based on these fluorescence intensity peaks and was further analyzed by obtaining Pearson’s colocalization
coefficients (scatter diagrams). Imaging analysis was performed on more than 50 cells for each experimental group. (C) The association of Nck with
SLP76 is not exclusively dependent on the Nck SH2 domain. J14 T cells expressing SLP76-YFP and the indicated CFP-Nck forms (wt or SH2
domain deletion [NckASH2]) were seeded on stimulatory coverslips. Live-cell images were collected 3 min after activation. Two out of 30 cells are
presented for each experimental group. The combined images (overlays) are presented. A ¢ test was performed, comparing the colocalization of
CFP-Nck wt clusters with SLP76-YFP to the colocalization of the CFP-NckASH2 mutant with SLP76-YFP.
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FIG. 2. The SH2 domain of SLP76 is important for stabilization of SLP76 signaling clusters and for actin polymerization. (A) J14 cells
expressing the SLP76 SH2 mutant form (R448K, *SH2) or SLP76 wt tagged with YFP were treated with siRNA specific to Ncke,3 or NS siRNA.
After 48 h, cells were plated, fixed, and stained with phalloidin 5 min (5.0") into the spreading process (Ai to iv). IRM and combined fluorescence
images (overlay) are presented. (B) The results of three independent experiments are summarized. Significant differences were found in actin
rearrangement as determined by the actin shape index of SLP76 wt-YFP cells treated with NS siRNA compared to the results for the other
experimental groups. A ¢ test analysis between SLP76 wt-YFP and SLP76*SH2-YFP, treated with Nck siRNA, was performed, and the P value was

found to be =0.00002. Error bars show standard errors.

tween SLP76 and ADAP wt was dramatically reduced, to 9.1 +
2 versus 16.9 = 0.6, respectively (P = 0.002). Our results,
obtained by an in vivo system, support the evidence suggesting
that the phosphorylated ADAP Y651 residue interacts directly
with the SLP76 SH2 domain and partially mediates the inter-
action between SLP76 and ADAP (15, 19, 32, 46).

The SH2 domain of SLP76 is critical for stabilization of
SLP76-containing signaling clusters and for actin rearrange-
ment. SLP76 interactions with WASp, independent of Nck,
might be mediated by the SLP76 SH2 domain. To assess the
potential role of this domain in the cytoskeletal reorganization
induced by TCR activation, J14 cells expressing SLP76*SH2-
YFP were used. The dynamic behavior of SLP76*SH2-YFP
during the stimulation of J14 cells was dramatically different
from that of SLP76 wt-YFP (see Videos S2A and B in the
supplemental material). While the latter was recruited into
mobile clusters that moved from the cell periphery to the
center along microtubules, as previously reported (4, 9), the
mutant chimeras were assembled into short-lived clusters and
moved randomly.

When actin was examined, the SH2 mutation appeared to

have a slight effect on actin rearrangement in J14 cells recon-
stituted with SLP76*SH2-YFP compared to the results ob-
tained with SLP76 wt-YFP (as determined by the actin shape
index; P = 0.002) (Fig. 2Ai versus Aiii and B). However, the
additional application of Ncka,B siRNA to the SLP76*SH2-
YFP-reconstituted cells resulted in the severe impairment of
actin cytoskeletal rearrangement (Fig. 2Ai versus Aiv and B;
P = 0.00002) in comparison to that in the corresponding
SLP76 wt-YFP cells, indicating the importance of Nck in this
system. Furthermore, these results suggest that the SLP76 SH2
domain mediates an alternative route of actin regulation, pos-
sibly by the indirect binding of the SLP76 SH2 domain to
WASp. The SLP76 SH2 domain can partially compensate for
disruption of the Nck-dependent pathway.

ADAP is recruited to the activated TCR site, colocalizes with
ZAP-70 and SLP76, and migrates with WASp to sites of actin
rearrangement. In view of the association of ADAP, when
phosphorylated at Y651, with the SH2 domain of SLP76, we
asked whether ADAP could contribute to TCR-mediated actin
polymerization. Immunostaining experiments revealed colo-
calization of ADAP with SLP76 and pZAP-70 in signaling
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clusters. A significant portion of ADAP molecules was also
found at the perimeter of the cell, where the actin ring is
located, particularly after 5 min of activation (see Fig. S4 in the
supplemental material).

To assess the dynamic behavior of ADAP following TCR
stimulation, J14 cells reconstituted with either SLP76-YFP or
SLP76*SH2-YFP were stably transfected with ADAP tagged
with CFP. Molecular imaging demonstrated that ADAP-CFP
was rapidly recruited to signaling clusters with SLP76-YFP.
However, after 5 min of activation, some ADAP translocated
to the perimeter of the cells and was diffused (Fig. 3A). FRET
analysis between ADAP and SLP76 was performed. An aver-
age FRET efficiency of about 16.9% =+ 0.9% was observed,
mainly at the signaling clusters and less at the periphery (Fig.
3A, top). When the SLP76 SH2 domain was mutated, a few
short-lived clusters of SLP76 were observed (within 1 min of
activation) along with a dispersed pattern of ADAP, not nec-
essarily correlated with the clusters. A dispersed FRET signal
of about 10.5% =+ 1.45% was measured between ADAP and
SLP76*SH2 (P = 0.0002) (Fig. 3A, bottom). Although a sig-
nificant reduction of FRET efficiency was measured in cells
expressing SLP76*SH2 compared to the FRET efficiency in
those expressing SLP76 wt, a constitutive interaction between
ADAP and SLP76*SH2 was detected (Fig. 3A and B). Since
recent studies using the two-hybrid system suggested that
ADAP associates directly with Nck (28), we checked whether
SLP76-ADAP interaction is also supported by Nck. J14 cells
reconstituted with SLP76*SH2-YFP and stably expressing
ADAP-CFP were gene silenced to Nckae,B, and the FRET
efficiency between ADAP and SLP76*SH2-YFP was deter-
mined. Our data clearly indicate a dramatic reduction in their
interaction (2.4 = 1.6; P < 0.00004) (Fig. 3B).

To understand the role of ADAP in the dynamic localization
of SLP76, we used J14 cells expressing SLP76-YFP and tran-
siently transfected with either siRNA directed at ADAP or an
NS siRNA. The NS siRNA had no deleterious effects on
SLP76 cluster formation or trafficking. Live-cell imaging of
activated T cells, in the setting of decreased ADAP expression,
revealed the formation of randomly moving, short-lived SLP76
clusters, similar to the pattern observed in SLP76*SH2-YFP
J14 cells (see Videos S3A and B in the supplemental material).
To further follow the dynamic localization of ADAP and de-
termine its relationship to WASp and its dependency on
SLP76, ADAP-YFP and WASp-CFP were simultaneously ex-
pressed in either E6.1 (Fig. 4A, top) or SLP76-deficient J14
cells (Fig. 4A, bottom). In the presence of SLP76, colocaliza-
tion between ADAP and WASp was observed from the mo-
ment of stimulation and throughout the spreading process
(Fig. 4A, top, and Fig. 4B). However, the distribution of the
ADAP-WASp complex was extremely altered in the absence of
SLP76. No recruitment to the TCR site was observed; instead,
the complex remained homogenously dispersed in the cytosol.
Interestingly, no significant difference was obtained in FRET
efficiency between WASp and ADAP in the presence
(19.5% = 1.95%) or absence of SLP76 (16.02% * 0.7%; P =
0.06) (Fig. 4A and B). The expression levels of the fluorescence
proteins used for FRET analysis in this study were determined
by Western blot analysis (see Fig. SS5A in the supplemental
material).

To corroborate the interactions observed using imaging
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techniques, we evaluated the interaction of WASp or SLP76-
YFP with ADAP by immunoprecipitating WASp or SLP76-
YFP and blotting with anti-ADAP sera. The results confirmed
the FRET analysis and indicated a constitutive association
between WASp and ADAP in the presence of SLP76 wt (J14/
SLP76 wt) or mutated SLP76 (J14/SLP76*SH2) (see Fig. S5B,
top left, in the supplemental material). Furthermore, copre-
cipitation of WASp and ADAP was observed in the presence
(J14/SLP76-YFP) and in the absence of SLP76 (J14) (see Fig.
S5B, top right, in the supplemental material).

The interaction between SLP76 and ADAP was detectable
in unstimulated and stimulated cells. An interaction between
SLP76 and ADAP also occurred in J14 cells expressing
SLP76*SH2-YFP (see Fig. S5B, bottom, in the supplemental
material), suggesting some independence of this interaction on
a functional SLP76 SH2 domain.

Both Nck and ADAP participate in stabilizing the SLP76
interaction with WASp. The results described thus far indicate
that (i) the SLP76-WASp interaction is not solely dependent
on Nck, (ii)) ADAP-WASp colocalization is independent of
SLP76, (iii) the SLP76 SH2 domain contributes to signaling
complex formation and actin polymerization, and (iv) the
SLP76-ADAP interaction does not necessarily depend on the
SLP76 SH2 domain. We next decided to assess the relative
contributions of Nck and ADAP to the process of WASp
recruitment using gene-silencing experiments. J14 cells ex-
pressing SLP76-YFP and WASp-CFP were transiently trans-
fected with siRNA specific for Ncka,3 or ADAP (see Fig. S6A
in the supplemental material). Cells transfected with NS
siRNA served as a control. As shown before, a high-resolution
colocalization and a high FRET efficiency (Fig. 5A; also see
Fig. S1B in the supplemental material), about 27.8% = 8.7%,
were measured between SLP76 and WASp. Cells transfected
with siRNA to Ncka, or ADAP exhibited lower FRET effi-
ciencies, about 10.8% = 4.9% (P = 0.06) and 9.5% = 4.65
(P = 0.01), respectively (Fig. 5A). Silencing of ADAP and
Ncka,B together dramatically reduced colocalization and abol-
ished the occurrence of FRET measured between SLP76 and
WASp (P = 0.001) (Fig. 5A). Interestingly, the FRET effi-
ciency values for the SLP76*SH2-YFP interaction with WASp-
CFP were similar to those obtained with SLP76-YFP and
WASp-CFP in cells treated with ADAP siRNA (Fig. 5A). A
significant reduction (P = 0.01) was found in the Pearson’s
colocalization coefficient or FRET efficiency between WASp-
CFP and SLP76*SH2-YFP versus that between WASp-CFP
and SLP76 wt-YFP, suggesting that ADAP plays a role in
stabilizing the interaction between SLP76 and WASp via its
interaction with the SLP76 SH2 domain (Fig. 5A; see Fig. S6B
in the supplemental material).

Loss of ADAP was previously shown to induce degradation
of SKAP1 (24). In order to check whether the effects observed
with ADAP suppression might have occurred due to the sup-
pression of SKAP1, SLP76-YFP- and WASp-CFP-expressing
cells were treated with siRNA specific to SKAP1, and the
interaction between SLP76 and WASp was determined by
FRET analysis. Our data demonstrated no effect of SKAP1
downregulation (P = 0.74) on this interaction (see Fig. S6C in
the supplemental material).

The FRET between SLP76 and ADAP was measured in the
presence or absence of a point mutation that inactivates the
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FIG. 3. ADAP recruitment to TCR-induced clusters is dependent on SLP76. (A) SLP76-deficient cells stably reconstituted with SLP76 wt or
SLP76*SH2 tagged with YFP were transfected with ADAP-CFP. FRET analysis between SLP76-YFP and ADAP-CFP is presented. A slight but
significant reduction in FRET efficiency between ADAP and SLP76*SH2 was measured in comparison to that between ADAP and SLP76 wt (P =
0.0002). 1.0", 3.0", and 5.0’ indicate minutes of activation. (B) FRET analysis of the molecular associations between ADAP and SLP76 wt versus
those between ADAP and SH2 mutant SLP76 is shown. J14 cells expressing SH2 mutant SLP76-YFP and ADAP-CFP were pretreated with specific
Nck siRNAs. Cells were seeded and fixed 3 min after the initiation of spreading. The average value of FRET efficiency = standard error obtained

for each given pair is presented. The data shown are representative of >3 independent experiments.
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FIG. 4. The association between ADAP and WASp is independent of SLP76. E6.1 Jurkat T cells or SLP76-deficient J14 cells stably
reconstituted with WASp-CFP were transfected with ADAP-YFP. Cells were plated, and FRET efficiency between ADAP and WASp was
determined. No significant difference was measured between the two molecules in the presence versus the absence of SLP76 (P = 0.06). 1.0', 3.0',
and 5.0" indicate minutes of activation. (B) FRET analysis of the molecular associations between WASp and ADAP. J14 or E6.1 cells expressing
WASp-CFP and ADAP-YFP were seeded and were fixed 3 min after the initiation of the spreading process. The average value of FRET
efficiency = standard error obtained for a given pair is shown. The data shown are representative of >3 independent experiments.
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FIG. 5. Both Nck and ADAP participate in stabilizing the SLP76 interaction with WASp. (A) J14 cells, expressing SLP76-YFP and WASp-CFP
and pretreated with specific sSiRNA, were seeded and fixed. The colocalization between SLP76 and WASp was observed and calculated for >3
independent experiments. FRET analysis is shown. ¢ tests were performed comparing the results of NS siRNA treatment to the results of specific
siRNA treatment for other experimental groups. (B, C) FRET analysis of the molecular associations between ADAP and Nck. Various cell types
were seeded and were fixed 3 min into the spreading process. The average value of FRET efficiency = standard error obtained for a given pair
is shown. The data are representative of >3 independent experiments. (D) Results for FRET positive controls (cells expressing CFP and YFP
encoded on the same plasmid, i.e., maximal FRET obtained in this system) and negative controls (CFP and YFP expressed by different plasmids
and undergoing minimal FRET, i.e., only that produced by random colocalizations).

SLP76 SH2 domain (10.5% = 1.45%; P = 0.0002) (Fig. 3A,
bottom, and B). This result indicates that partial association
between SLP76 and ADAP occurs independently of the SLP76
SH2 domain. This result is in agreement with the immunopre-
cipitation data (see Fig. S5B in the supplemental material) and
suggests alternative ways for recruiting ADAP to SLP76, po-
tentially by the Nck-WASp complex.

Next, we analyzed the interaction between Nck and ADAP.
The results of recent studies suggested that Nck associates
directly with ADAP (28, 29). In order to examine this interac-
tion in vivo in our system, we used FRET analysis to investigate
the binding of ADAP to the Nck SH2 domain. E6.1 Jurkat T
cells expressing ADAP-YFP and CFP-Nck wt versus the CFP-
Nck SH2 mutant (K308W, CFP-Nck*SH2) were analyzed for
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FRET efficiency. The FRET data clearly demonstrate that
these proteins interact (24.7% =+ 2.2%), and the mutation at
the Nck SH2 domain dramatically decreased FRET efficiency
(6.55% * 4.4%) (Fig. 5B, P < 0.001). Interestingly, the FRET
was not reduced to zero, most probably due to a weak indirect
interaction between Nck and ADAP via WASp. In addition,
we checked the interactions between Nck and ADAP in the
presence and absence of SLP76. SLP76-deficient J14 cells
expressing ADAP-YFP and CFP-Nck were compared to J14
cells reconstituted with SLP76 wt, and the FRET efficiency
was measured in both experimental systems. Our data indi-
cate no significant difference in this protein interaction in
the presence (25.4% *+ 6.5%) or absence (23.8% * 9.7%) of
SLP76 (P = 0.88) (Fig. 5C).

Since intramolecular associations between signaling proteins
in a complex are difficult to follow by a biochemical approach,
we decided to study the Nck requirement for a putative SLP76-
Nck-WASp-ADAP tetramolecular interaction by FRET anal-
ysis. SLP76*SH2-YFP- and ADAP-CFP-expressing J14 cells
were transiently transfected with siRNA specific for Ncka,.
Inhibition of Ncka,B expression dramatically reduced the
FRET between SLP76 and ADAP (P = 0.00004) (Fig. 3B),
suggesting a cooperatively assembled tetramolecular signaling
complex composed of SLP76, ADAP, Nck, and WASp follow-
ing T cell activation. The results for FRET negative and pos-
itive controls are shown in Fig. 5D.

Nck and ADAP contribute to actin rearrangement in a com-
plementary fashion. We then examined the requirement of the
SLP76-Nck-WASp-ADAP tetramolecular interaction for actin
rearrangement. First, we tested the role of Nck and ADAP
interactions for this activity. ADAP-deficient T cells (JDAP)
were gene silenced for endogenous Nck by using siRNA
specific to the SH2 domain of Nck (see Fig. S2C in the sup-
plemental material for siRNA efficiency), and their actin rear-
rangement was compared to that in cells expressing the YFP-
NckASH2 mutant (see Fig. S7A in the supplemental material).
No differences in actin rearrangement were observed (P =
0.38). The actin shape index was completely impaired (2.25 *
0.09 versus 2.14 = 0.08, respectively), suggesting the require-
ment of the Nck SH2 domain in mediating the interactions
between WASp and both SLP76 and ADAP, as expected.

Next, in order to check the role of Nck and/or ADAP in this
system, we used J14 cells expressing SLP76-YFP and WASp-
CFP. The application of siRNA specific for Ncka,f or ADAP
resulted in the partial impairment of actin distribution (Fig. 6);
however, treating the cells with siRNA to both Ncka,3 and
ADAP dramatically abolished actin rearrangement, as mea-
sured by the actin shape index (Fig. 6, bottom image and
graph). Both the spreading of the cells and actin rearrange-
ment were poor, suggesting the requirement of both Nck and
ADAP for optimal actin rearrangement.

Furthermore, in order to study the role of SLP76-ADAP
interactions in actin rearrangement, ADAP-deficient T cells
transfected with ADAP wt or ADAP mutated in SLP76 bind-
ing sites Y595, 651F were used, and their actin shape indices
were compared. Our results demonstrate that the interaction
of ADAP with SLP76 is important not only for SLP76-WASp
interactions (Fig. 5A) but also for actin rearrangement, as
shown in Fig. S7B in the supplemental material. Actin rear-
rangement of ADAP-deficient T cells expressing ADAP wt
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versus ADAP Y595, 651F was dramatically impaired, as indi-
cated by an increase in the actin shape index, the indices being
1.38 £ 0.03 versus 2.69 = 0.11, respectively (P < 0.00003).
To confirm that the results obtained in transformed cell lines
apply to primary T cells, human peripheral blood lymphocytes
(PBLs) were isolated and transiently transfected with siRNA
to Ncka,3 or ADAP (Fig. 7A). Effects similar to those ob-
served in Jurkat cells were detected in PBLs (Fig. 7B). Inhibi-
tion of Ncka,B or ADAP expression caused a slight impair-
ment in actin rearrangement. However, inhibition of all three
not only caused severe damage in actin distribution (P =
0.000005) but also severely altered cell shape and spreading.
Taken together, these data suggest that Ncka,f and ADAP
participate cooperatively to stabilize the interaction between
SLP76 and WASp and to transduce the signal to actin polym-
erization (see Fig. S8 in the supplemental material).

DISCUSSION

The activation of human T cells via stimulation of the TCR
is critical for the immune response to pathogens. The signaling
cascades linking the TCR to actin polymerization play a critical
role in controlling vital cellular properties, such as cell shape,
motility, and proliferation. Many molecules involved in TCR-
mediated actin polymerization have been described, including
SLP76, Nck, WASp (4, 8, 26), WAVE2 (33, 34), HS1, and
formins (20, 21, 39). The results of a previous study suggest
that the Nck carboxyl-terminal SH3 domain is critical for the
recruitment of WASp to the IS (51); however, these data are
based on the transient overexpression of a Nck mutant in the
presence of endogenous Nck. In our current study, we dem-
onstrated for the first time that Nck is not uniquely required
for SLP76-WASp interactions. Using a gene-silencing ap-
proach, we examined the roles of the two Nck isoforms in actin
rearrangement and the recruitment of WASp to SLP76 signal-
ing complexes. We showed that although Ncka and B had
overlapping functions, together they were not sufficient for
optimal recruitment of WASp to the SLP76 complex. We de-
fined a new role for the adapter molecule ADAP in WASp
recruitment and demonstrated novel cooperative molecular
interactions between SLP76, Nck, ADAP, and WASp in the
TCR-mediated actin machinery. T cells stably expressing an
SLP76 mutant in which tyrosines 112, 128, and 145 are mutated
to phenylalanine fail to efficiently recruit Nck to the T-B cell
contact site (51). This suggests that the interaction of Nck with
tyrosine-phosphorylated SLP76 is mediated by the Nck SH2
domain. In agreement with these results, we showed that a
deletion or mutation of the SH2 domain caused a slightly
dispersed pattern of Nck upon TCR induction. However, the
SLP76-Nck association did not depend solely on the Nck SH2
domain, since a partial colocalization between SLP76 and Nck
SH2 domain mutants was still observed. Furthermore, recruit-
ment of WASp to SLP76 signaling clusters was detected in the
setting of Nck suppression, suggesting an alternative pathway
linking the SLP76 signaling complex to WASp and the actin
polymerization machinery.

SLP76 is known to bind the ADAP adapter molecule via its
SH2 domain upon phosphorylation of ADAP tyrosine residue
651 (15, 19, 32). Indeed, using FRET analysis, we demon-
strated that a point mutation, Y651F, in ADAP caused a dra-
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FIG. 6. Nck and ADAP are both required for actin rearrangement. SLP76-deficient J14T cells expressing SLP76-YFP and WASp-CFP were
pretreated with siRNA specific for Ncka,3 and/or ADAP and were plated for 5 min on stimulatory coverslips, fixed, and stained with phalloidin
(blue). Confocal images were obtained at the coverslip. The fluorescence images of SLP76-YFP, WASp-CFP, and phalloidin staining are shown.
Representative fields of cells stained with phalloidin are shown for conditions in the panels on the right. The final panel shows a graph of the actin
shape index obtained from the phalloidin-stained images of each sample, as explained in Materials and Methods. A graph of the results of 4
independent experiments is presented; error bars show standard errors. The results of ¢ tests between cells treated with NS siRNA and each
experimental group are presented. Significant differences were found between cells treated with Nck or ADAP siRNA and cells treated with both
Nck and ADAP siRNA, with P values of =<0.029 and =0.026, respectively.
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FIG. 7. Nck and ADAP are both required for actin rearrangement,
as was detected in PBLs. (A) PBLs were treated with siRNA specific
to Ncka,3 or ADAP. After 48 h, cell lysates were prepared and ana-
lyzed for protein levels. The siRNA-mediated ADAP or Nck down-
regulation was compared to the level of GAPDH (glyceraldehyde-3-
phosphate dehydrogenase). (B) Ncka, and ADAP knockdown
experiments of were performed with human PBLs. PBLs pretreated
with siRNA specific for Ncka,3 and/or ADAP were seeded on stimu-
latory coverslips coated with anti-CD3 and anti-CD28. After 20 min of
spreading, cells were fixed and stained with phalloidin (red). Overlay
images and a summary of the results of 3 independent experiments
(bottom) are presented. The actin spreading index was determined as
described in Materials and Methods. ¢ tests were calculated between
cells treated with NS siRNA and the experimental groups. Gene si-
lencing of both Ncka,f and ADAP caused a dramatic impairment of
actin rearrangement in comparison to that in cells treated with NS
siRNA (P < 0.000005). Slight impairments were detected in cells
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matic reduction in the FRET efficiency between SLP76 and
ADAP. In functional studies, we showed that RNA interfer-
ence-mediated silencing of ADAP caused effects similar to the
SLP76 SH2 domain mutation, including a decreased retention
of SLP76 molecules at the TCR and a slight impairment of
actin polymerization. The role of ADAP in integrin-mediated
adhesion controlled by TCR-induced inside-out signaling is
well known (36, 45, 46); however, the involvement of ADAP in
the actin cytoskeleton is a matter of debate (35). Previously, it
was shown that ADAP-deficient T cells do not present any
impairment in actin polymerization (22). However, confocal
studies revealed that ADAP colocalizes with F-actin filaments
(18), and ADAP was recently shown to be involved in out-
side-in and inside-out T cell signaling, which are known to
involve the actin machinery (43, 46).

Our studies point to a novel role of ADAP in TCR-mediated
events and the actin machinery. Suppression of both ADAP
and the two Nck isoforms completely blocked the interaction
between SLP76 and WASp, as quantified by FRET analysis,
and caused a severe defect in actin reorganization. These data
strongly suggest that ADAP mediates an interaction between
SLP76 and WASp. In addition, biochemical and FRET anal-
yses indicated that ADAP constitutively interacted with WASp
independent of TCR activation or SLP76. Furthermore, the
SLP76-WASp interaction did not depend exclusively either on
Nck isoforms or on ADAP. WASp was still recruited to SLP76
signaling complexes in the absence of Ncka, or in the pres-
ence of SLP76*SH2. Thus, we concluded that optimal actin
polymerization, mediated by the TCR through SLP76, involves
both Nck and ADAP interactions with WASp, and we suggest
that a tetramolecular complex of SLP76, Nck, ADAP, and
WASPp is formed by TCR activation.

Multiple results confirm the interaction of these four mole-
cules and the presence of a tetramolecular complex at the site
of TCR engagement. We demonstrated that the recruitment of
ADAP to SLP76 did not solely depend on the SLP76 SH2
domain, since positive FRET was detected between the two
molecules in SLP76-deficient T cells exclusively expressing the
SH2 mutant form of SLP76. Gene silencing of both Nck iso-
forms in these cells caused a dramatic reduction in the FRET
efficiency between SLP76 and ADAP, suggesting that the Nck-
WASPD interaction served as an alternative pathway for recruit-
ing ADAP in the absence of a functional SLP76 SH2 domain.
The results of our study emphasize that the elimination of a
single link in this tetramolecular complex dramatically reduces
the functional activity of each component and adversely affects
actin reorganization (as demonstrated in Fig. S8 in the supple-
mental material). Recently, Lettau et al. demonstrated by a
two-hybrid system an association between Nck and ADAP
(28). This finding supports our data on the existence of a
tetrameric complex consisting of SLP76, Nck, ADAP, and
WASp following TCR stimulation.

treated with Ncka, or ADAP siRNA (P < 0.001 and P < 0.00001,
respectively). ¢ test analyses between the results for Nck or ADAP
siRNA and a combined treatment with both Nck and ADAP siRNA
were performed, and the P values were <0.00061 and 0.02, respec-
tively.
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Regulation of actin polymerization in mammalian T cells
involves other WASp-related proteins, including WAVE?2 (33).
These proteins are highly conserved, especially at the carboxyl-
terminal VCA domain, which is responsible for the interaction
with monomeric and filamentous actin, as well as the Arp2/3
complex (3). We demonstrated that the impairment in actin
polymerization observed in cells lacking Nck and ADAP pro-
teins correlated with a lack of WASp recruitment to SLP76
signaling complexes. However, although the WASp family pro-
teins share a redundant role in lamelliopodium formation and
actin polymerization, it will be valuable in the future to check
the role of Nck and ADAP in alternative actin polymerization
pathways involving other members of the WASp family, e.g.,
WAVE2.
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