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The adapter molecules SLP-76 and LAT play central roles in T cell activation by recruiting enzymes and other adapters into mul-
tiprotein complexes that coordinate highly regulated signal transduction pathways. While many of the associated proteins have
been characterized, less is known concerning the mechanisms of assembly for these dynamic and potentially heterogeneous sig-
naling complexes. Following T cell receptor (TCR) stimulation, SLP-76 is found in structures called microclusters, which contain
many signaling complexes. Previous studies showed that a mutation to the SLP-76 C-terminal SH2 domain nearly abolished
SLP-76 microclusters, suggesting that the SH2 domain facilitates incorporation of signaling complexes into microclusters. S. C.
Bunnell, A. L. Singer, D. I. Hong, B. H. Jacque, M. S. Jordan, M. C. Seminario, V. A. Barr, G. A. Koretzky, and L. E. Samelson, Mol.
Cell. Biol., 26:7155–7166, 2006). Using biophysical methods, we demonstrate that the adapter, ADAP, contains three binding
sites for SLP-76, and that multipoint binding to ADAP fragments oligomerizes the SLP-76 SH2 domain in vitro. These results
were complemented with confocal imaging and functional studies of cells expressing ADAP with various mutations. Our results
demonstrate that all three binding sites are critical for SLP-76 microcluster assembly, but any combination of two sites will par-
tially induce microclusters. These data support a model whereby multipoint binding of SLP-76 to ADAP facilitates the assembly
of SLP-76 microclusters. This model has implications for the regulation of SLP-76 and LAT microclusters and, as a result, T cell
signaling.

Engagement of a T cell antigen receptor (TCR) by a cognate
peptide-major histocompatibility complex (MHC) on an an-

tigen-presenting cell triggers complex molecular cascades that
control signaling pathways crucial for gene transcription, cytokine
production, cell adhesion, mobility, proliferation, and differenti-
ation (1). Appropriate T cell responses depend on the formation
of multiprotein complexes at the plasma membrane that regulate
efficient signal transduction via multiple pathways. TCR stimula-
tion facilitates phosphorylation of the TCR� chains by the Src
family kinase Lck, which allows for the recruitment and activation
of the protein tyrosine kinase Zap-70. Phosphorylation of the es-
sential adapter proteins LAT and SLP-76 by Zap-70 creates dock-
ing sites for SH2 domain-containing adapter and effector pro-
teins. The adapter, Grb2, binds LAT and recruits the guanine
exchange factor, Sos, while the Grb2-related adapter, Gads, re-
cruits the adapter SLP-76 (1). LAT and SLP-76 recruit other sig-
naling proteins, thereby inducing the assembly of multiprotein
complexes. Molecular associations within the multiprotein
complexes are dynamic and highly cooperative, which might
allow tight regulation of signal transduction pathways in T cells
(2–5, 9, 32).

In confocal imaging studies of T cell lines and peripheral blood
lymphocytes stimulated on anti-CD3-coated glass coverslips,
within seconds of TCR engagement LAT and SLP-76 are visual-
ized in microclusters, which contain many protein complexes (6,
7). Numerous reports indicate that effective TCR signaling de-
pends on the assembly and persistence of the microclusters that
contain LAT and SLP-76 (8–13). Microclusters containing LAT
are abolished by tyrosine-to-phenylalanine (Y-F) changes of crit-

ical Gads and Grb2 binding sites on LAT (8, 9, 14). Microclusters
containing SLP-76 are abolished by a mutation to the Gads bind-
ing motif of SLP-76, which prevents recruitment to LAT. In both
cases, losses of microclusters are associated with defective signal-
ing. A mutation of the C-terminal SH2 domain of SLP-76 also
resulted in a similar loss of SLP-76 microclusters along with se-
verely reduced CD69 upregulation and NFAT activity (8). This
result was completely unanticipated, because the mutation is not
expected to prevent recruitment to LAT. Instead, the result indi-
cated that the SH2 domain plays a central and essential role in the
stabilization of SLP-76 microclusters and signal transduction in T
cells.

The adapter protein, ADAP, binds the SLP-76 SH2 domain,
and the interaction appears to affect TCR signaling (15, 16). SLP-
76-deficient J14 cells transfected with SLP-76 containing an SH2
mutation (SLP-76-SH2*) showed reduced NFAT activity, CD69
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upregulation, and phospholipase C-�1 (PLC-�1) phosphoryla-
tion (8, 17). Recently, studies of T cells from conditional knockout
mice expressing SLP-76-SH2* were described (18). Similarities to
T cells from ADAP knockout mice were observed, including re-
duced thymocyte positive selection, cytokine production and pro-
liferation, and defective peripheral T cell activation (19, 20).

Data in the literature suggest that ADAP has up to five binding
sites for SLP-76 (21–24). The presence of multiple SLP-76 binding
sites raises the question of whether these sites could promote the
assembly of SLP-76 microclusters through multipoint binding of
SLP-76 to ADAP. In this study, we demonstrated SLP-76 oli-
gomerization mediated by the SH2 domain binding to multiple
ADAP sites and examined a role for these interactions in TCR
signaling. We used biophysical methods to demonstrate direct
and multipoint binding of the SLP-76 SH2 domain to fragments
of ADAP containing multiple phosphorylation sites in vitro. The
significance of these results was confirmed by multicolor confocal
imaging, signaling, and adhesion assays, which demonstrated that
multipoint binding of SLP-76 to ADAP has functional conse-
quences and controls the assembly of SLP-76 into microclusters in
stimulated T cells.

MATERIALS AND METHODS
Reagents. The anti-CD3ε antibodies UCHT1 (BD Pharmingen) and
OKT3 were used for T cell stimulation. TGA resin and N-�-Fmoc-pro-
tected amino acids, including phosphorylated Tyr and the pseudoproline
(oxazolidine) dipeptides Fmoc-Gly-Ser(�Me,Mepro)-OH and Fmoc-Ile-
Ser(�Me,Mepro)-OH, were purchased from Novabiochem. Solvents were
obtained from Sigma-Aldrich. All short interfering RNA (siRNA) re-
agents were purchased from Dharmacon, including three specific human
Fyb duplexes targeting the untranslated region (UTR) of endogenous
ADAP, GCUUUGGCUACAAUUAUGA, UCUCUCUGCUUAAUUG
UUA, and GUGAGAUGUAAGAAUUAUU, as well as siGENOME non-
targeting siRNA pool 1 (D-001206-13-20).

Peptide synthesis. Peptides were synthesized by the solid-phase
method, utilizing 9-fluorenylmethoxycarbonyl (Fmoc)–tert-butyl chem-
istry, and performed with an Applied Biosystems 431A synthesizer. Pep-
tides were assembled on Fmoc-Asp(tBu) NovaSyn TGA resin (0.24
mmol/g substitution). The coupling reactions were conducted by the
1-hydroxybenzotriazole–2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HOBt–HBTU) method. Cleavage of the
peptide from resin was achieved with a trifluoroacetic acid-water-triiso-
propylsilane mixture (92.5:5:2.5, vol/vol/vol) for 6 h at room tempera-
ture. After the resin had been removed by filtration, the filtrate was con-
centrated by flushing with nitrogen gas and crude peptides were
precipitated with diethyl ether. Crude peptides were purified using re-
verse-phase high-performance liquid chromatography (RP-HPLC) on a
BioAdvantage preparative C4 column with a water-acetonitrile solvent
system containing trifluoroacetic acid. Purified peptides were character-
ized by matrix-associated laser desorption ionization time-of-flight mass
spectrometry (MALDI micro MX; Waters) and RP-HPLC on a Vaydac
analytical C4 column.

Protein expression and purification. The SH2 domain of human
SLP-76, residues 421 to 533, was expressed with an N-terminal polyhisti-
dine (6-His) tag in BL21(DE3) cells (Invitrogen). Cells were grown at
37°C in LB medium, and protein overexpression was induced with 1 mM
isopropyl-�-D-thiogalactopyranoside (IPTG) (MP Biomedicals, LLC) for
4 h. Harvested cells were resuspended in buffer A (phosphate-buffered
saline [PBS; Quality Biologicals, Inc.], 5 mM imidazole, pH 7.4) and
Complete EDTA-free protease inhibitor (Roche) and lysed using a French
press. The supernatant was loaded onto a HisTrap FF 1-ml column (GE
Healthcare), and the protein was eluted with a linear gradient of 5 to 500
mM imidazole. The protein was further purified with a Superdex 75 16/60

gel filtration column equilibrated in PBS, pH 7.4. Purity of SLP-76 SH2
was confirmed by SDS-PAGE and sedimentation velocity analytical ultra-
centrifugation.

Analytical ultracentrifugation. Sedimentation velocity experiments
were executed according to a standard protocol described previously (25).
Briefly, 400 or 100 �l of protein sample in PBS buffer was loaded into 12-
or 3-mm centerpieces, respectively. The sedimentation boundary was re-
corded at a rotor speed of 50,000 or 59,000 rpm and temperature of 20.0°C
using both interference detection and absorbance at 280 nm and/or 230
nm in an analytical ultracentrifuge (Beckman Coulter, Indianapolis, IN)
equipped with data acquisition software, version 5.7. SV experiments
were carried out on the individual peptides and were performed as a
titration series with constant ADAP peptide and variable SLP-76 SH2
concentrations. The buffer density (1.0051 g/ml) and viscosity (1.0100 cP)
were measured using an Anton Paar DMA5000M density meter and an
AMVn automated microvisometer (Graz, Austria).

The raw sedimentation velocity profiles of the individual components
and their mixtures were analyzed by the software SEDFIT (version 12.5),
using a continuous sedimentation coefficient [c(s)] distribution model
(26) and allowing for the refinement of the meniscus position and average
frictional ratio. In order to test whether peak positions in the sedimenta-
tion coefficient distribution were dependent on the extent of diffusional
deconvolution, some c(s) analyses were carried out by fixing the weighted-
average frictional ratio (f/f0,w) to values ranging between 1.25 to 1.80.

The molar interference fringe increment (at 655 nm) was calculated
using SEDFIT for SLP-76 SH2 (45,873 M�1 cm�1), ADAP-70 (20,963
M�1 cm�1), ADAP-70-pY595 (21,182 M�1 cm�1), ADAP-70-pY651
(21,182 M�1 cm�1), and ADAP-70-pY595-pY651 (21,402 M�1 cm�1)
(27). Because of the effects of phosphorylation on the predicted tyrosine
contributions to the measured absorbance at 250 and 280 nm, the molar
extinction coefficients for protein and adapter peptides at UV-visible
wavelengths were calculated based on the concentrations determined by
the number of interference fringes. Unexpectedly, the 280/250 extinction
ratios for the ADAP-70-pY595 and ADAP-70-pY651 peptides were not
identical despite the symmetry of the two phosphorylated tyrosine sites,
although, as would be expected intuitively, they were bracketed by the
values for the peptides with 0 or 2 phosphorylated tyrosine residues. The
partial specific volumes for SLP-76 SH2 (0.7288 ml/g) and ADAP-70
(0.6902 ml/g) were calculated based on the amino acid composition using
SEDFIT (28).

For the determination of binding constants, weighted-average sedi-
mentation coefficient (sw) isotherms of weighted-average sedimentation
coefficients were constructed by integration of the c(s) distributions. The
isotherms were globally modeled for all peptides using custom-written
MATLAB scripts (Mathworks, Natick, MA). The sedimentation coeffi-
cients of the individual components were fixed at values obtained from
the respective c(s) analyses, whereas the s values of the complexes were
refined within the constraints of 1.9 to 2.4S for the 1:1 complexes and 2.6
to 3.3S for the 1:2 complex, which were derived from hydrodynamic con-
siderations. To account for binding to nonphosphorylated sites, for all
peptides, binding to nonphosphorylated sites was included and, in the
absence of contradictory information, assumed to be of the same average
affinity. The Kd for the high-affinity binding to pY651 was constrained to
be within the range of uncertainty of this parameter derived from isother-
mal titration calorimetry (ITC) experiments. Hydrodynamic interactions
were approximated with a nonideality coefficient (ks) of 0.01 ml/mg.

Direct Lamm equation global modeling of the absorbance and inter-
ference profiles of ADAP-70-pY595-pY651 with various concentrations
of SLP-76-SH2 was carried out using SEDPHAT (29, 30). In this analysis,
the s values of individual free components were fixed, while the binding
constant, cooperativity factor, and s values of the 2:1 and 1:1 complexes
were fitted parameters, as were the total loading concentration and disso-
ciation rate constant. Plots of the direct boundary modeling were created
in the software GUSSI (http://biophysics.swmed.edu/MBR/software
.html).
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Isothermal titration calorimetry. Samples were prepared by dilution
from concentrated stocks using dialysate from exhaustive dialysis against
PBS. Concentrations of the protein and peptide solutions were deter-
mined spectrophotometrically using experimentally determined molar
extinction coefficients: SLP-76 SH2, ε280 � 20,400 M�1 cm�1; ADAP-70,
ε280 � 3,566 M�1 cm�1; ADAP-70-pY595, ε280 � 2,742 M�1 cm�1; ADAP-
70-pY651, ε280 � 2,567 M�1 cm�1; ADAP-70-pY595-pY651, ε280 � 2,016
M�1 cm�1; ADAP-14-pY559, ADAP-14-pY595, ADAP-14-pY625, ADAP-
14-pY651, and ADAP-14-pY771, ε276 � 505 M�1 cm�1. Titrations were car-
ried out using a MicroCal VP-ITC or ITC200 titration microcalorimeter
(Northampton, MA). Raw thermograms were integrated with automated
shape analysis using NITPIC (31) and then imported into the software
SEDPHAT (32) for individual analysis or global analysis of multiple titra-
tions, using models for 1:1 and 2:1 association schemes and nonlinear
least-squares fitting. In addition to parameters for binding constants,
change in enthalpy (	H), and baseline offsets, where necessary, a param-
eter to account for local incompetent fractions was included and refined.
Statistical uncertainties for best-fit estimates of affinity and 	H were cal-
culated using standard error surface projection methods built into
SEDPHAT.

Expression vectors and mutations. All point mutations were intro-
duced with the QuikChange II XL site-directed mutagenesis kit (Strat-
agene). All construct sequences were verified by DNA sequencing. A DNA
sequence encoding the SH2 domain of SLP-76 from residues 421 to 533
was cloned into a pET28 plasmid (Novagen) using the restriction sites
BamHI and HindIII. The SLP-76-YFP construct has been described pre-
viously (6); however, a monomeric mutation, A206K, was introduced into
yellow fluorescent protein (YFP) as previously described (33). Also, an
S342F mutation was introduced in order to make the sequence identical to
the published sequence (NCBI reference sequence NM_005565.3). An
additional construct with the SLP-76 SH2 domain mutation R448K was
also made.

A plasmid for retroviral expression of wild-type ADAP was a gift from
Mira Barda-Saad. In this plasmid, the cDNA sequence encoding ADAP
amino acids 1 to 783, followed by a C-terminal Cerulean tag with the
monomeric mutation A206K, had been cloned into the pMSCVhyg vector
(Clontech). Additionally, the tyrosine-to-phenylalanine mutations
Y595F, Y651F, and Y771F were introduced into the wild-type ADAP se-
quence in different combinations for this study.

Cell culture, transfection, and generation of stable Jurkat T cell
lines. SLP-76-deficient J14 Jurkat cells were a gift from Arthur Weiss and
have been described previously (34). Jurkat cells were cultured under
standard conditions in RPMI 1640. Stable J14 clones expressing SLP-76-
mYFP or SLP-76-SH2*-mYFP were generated as described previously (7).
For generation of stable cell lines expressing ADAP constructs (described
above), retroviral expression plasmids were transfected into Phoenix-A
packaging cells by the calcium phosphate method. After 48 and 72 h, the
virus-containing medium was removed and concentrated with Retro-
Concentin (System Biosciences) according to the manufacturer’s instruc-
tions. J14 cells stably expressing either wild-type or R448K SLP-76 were
infected with the concentrated retroviral particles. Drug selection me-
dium was added at 72 h postinfection, and the cells were sorted for similar
levels of Cerulean fluorescence. At 48 h prior to experiments, stable cells
were transfected with siRNA reagents at 2 �M per 3.5 
 106 cells using
AMAXA electroporation. For imaging experiments, cells were also trans-
fected with an mKate reporter plasmid (1.58 �g per 3.5 
 106 cells).

Fixed- and live-cell imaging. The cell-spreading assay has been de-
scribed previously (35). Briefly, chambered coverslips (LabTek) were
coated with the stimulatory antibody in PBS overnight at 4°C. Cells were
plated onto anti-CD3ε-coated (UCHT1; 10 �g/ml) coverslips containing
imaging buffer (RPMI 1640 without phenol red, 10% fetal calf serum, 20
mM HEPES) and fixed at 3 min with 2.4% paraformaldehyde. Images
from live and fixed samples were collected with a Zeiss Axiovert 200 mi-
croscope, equipped with a PerkinElmer Ultraview spinning-disk confocal
system, using a 63
 objective (numeric aperture, 1.4). Images were cap-

tured with an Orca-ERII charge-coupled device camera (Hamamatsu). A
hot air blower and an objective warmer were used to maintain live samples
at 37°C.

Image processing and quantitation. Imaris 7.4.0 (Bitplane; Andor)
was used for image processing of fixed cells and colocalization analysis.
Cells were excluded from the analysis if expression of the mKate transfec-
tion reporter was not observed. Briefly, single z-slices with the highest
intensity SLP-76 punctae at the cell surface were chosen. The 514 channel
was used to generate surfaces for analyses of all punctae, including calcu-
lation of the microcluster area. For colocalization, the surfaces were used
to make a channel with all pixels outside the surfaces assigned a value of 0.
This new channel was used to define a region of interest for the Imaris
colocalization analysis. All pixels above background levels within the
channel were included in the analysis. Average protein recruitment to
punctae was determined by calculating the average YFP or Cerulean flu-
orescence on the surfaces and normalizing data to the average YFP or
Cerulean fluorescence in a cytoplasmic region without punctae from the
same z-slice of the cell. Movies were prepared from z-stacks by making a
maximum-intensity projection of each time point and assembling a se-
quence of all projections. The particle-tracking feature of Slidebook 5.0
software (Intelligent Imaging Innovations, Inc.) was used for determina-
tion of metrics related to SLP-76 microcluster movement from live-cell
imaging data.

Adhesion assay. Wells of 96-well plates (Costar) were coated with
anti-CD3 (OKT3; 10 �g/ml) in PBS overnight at 4°C. The wells were
washed 3 times with PBS and then coated with VCAM-1 (1 �g/ml; R&D
Systems) in PBS for 3 h at 25°C. The antibody solution was aspirated, and
the wells were washed 3 times with PBS. Cells (1 
 106) were resuspended
in 1 ml of PBS with 10% fetal bovine serum (FBS), dispensed at 100 �l per
well, and allowed to adhere at 37°C for 1 h. Images of cells were collected
from 4 nonoverlapping fields with a 10
 objective using an IN Cell Ana-
lyzer 2000 (GE Healthcare) based on expression of the SLP-76-mYFP or
SLP-76-SH2*-mYFP chimera. Cells were counted using IN Cell Analyzer
software. The percentage of cells remaining was determined after stepwise
30-s bursts with a Vortex-Genie2 plate shaker set to 6 as described previ-
ously (10).

Flow-cytometric analysis of cytosolic Ca2�. Cells (1 
 106) were in-
cubated with 5 �M indo-1-acetoxymethyl-ester (Indo-1-AM; Molecular
Probes) and 0.5 mM probenecid (Sigma) in RPMI 1640 without supple-
ments for 45 min at 37°C. The cells were washed and resuspended in
RPMI 1640 without phenol red, 20 mM HEPES, and 0.5 mM probenecid.
The cells were maintained at room temperature for 30 min and incubated
at 37°C for at least 10 min before measurements. The cells were stimulated
with 6.25 ng/ml OKT3, and Ca2� flux was measured by flow cytometry
using an LSR II cytometer (BD Biosciences). All fluorescence-activated
cell sorter (FACS) data were analyzed using FlowJo software.

Statistical analysis. Data are presented as means � standard errors of
the mean (SEM). The statistical significance of differences between the
means of two data sets was determined with a two-tailed Student’s t test
for unpaired samples using GraphPad Prism software. A P value of 0.05
was considered to be statistically significant.

RESULTS
Characterization of multiple SLP-76 binding sites in ADAP.
Several ADAP phosphotyrosine residues, pY559, pY595, and
pY651, have been reported to bind the SLP-76 SH2 domain. One
study indicated that pY595 and pY651 bound SLP-76 (21), while a
second study implicated pY559 (22). Recent mass spectrometry
studies identified SLP-76 among a list of proteins affinity precip-
itated from Jurkat lysates by ADAP-based phosphopeptides con-
taining pY625 and pY771 (23, 24). However, the latter two asso-
ciations could result from either direct or indirect interactions. To
evaluate direct binding of SLP-76 to these sites, we used isother-
mal titration calorimetry (ITC) to characterize the association be-
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tween the purified SLP-76 SH2 domain and individual 14-amino-
acid phosphorylated and nonphosphorylated peptides with
ADAP sequences (ADAP-14). Although we did not observe bind-
ing by ITC to either the ADAP-14-pY559 or ADAP-14-pY625
peptide, our ITC studies demonstrated that the SLP-76 SH2 do-
main binds to three ADAP phosphopeptides centered around
pY595, pY651, and pY771 with strong affinities (Table 1). There-
fore, our results confirm that SLP-76 binds two of the previously
proposed sites and one new site. Because multiple binding sites
might contribute to interactions between SLP-76 and ADAP, our
results raised the possibility that multipoint binding of SLP-76 to
ADAP oligomerizes SLP-76.

Oligomerization of the SLP-76 SH2 domain by multipoint
binding to ADAP. We next investigated multipoint binding using
analytical ultracentrifugation (AUC) and ITC. For these studies,
we synthesized 70-amino-acid peptides corresponding to ADAP
residues E589 to D658 (ADAP-70) specifically and differentially
phosphorylated at Y595 and Y651 (Fig. 1, top). Peptides including
either all three binding sites together or the Y651 and Y771 pair
would require substantially longer polypeptide chains; therefore,
they posed significant technical challenges. We examined associ-
ations between the purified SLP-76 SH2 domain and the non-

phosphorylated, singly phosphorylated, and doubly phosphory-
lated peptides by AUC and ITC. The continuous sedimentation
coefficient (c[s]) distributions indicated that individual compo-
nents are monomeric and do not self-associate (Fig. 1, dotted and
dashed lines). Unexpectedly, we observed binding of the SLP-76
SH2 domain to the nonphosphorylated peptide, ADAP-70, by
AUC (Fig. 2A). We used a global analysis procedure to fit a model
to data from multiple independent AUC experiments (see Mate-
rials and Methods). In the global analysis of all weighted-average
sedimentation coefficient (sw) data, the data fit well to a model that
allows weak binding to the nonphosphorylated Y595 and Y651
binding sites. The average affinity of binding (Kd) to nonphosphor-
ylated sites was estimated to be 120 �M (range, 80 to 200 �M)
(Table 2). Conversely, the sw data did not fit well to a model that
does not allow binding to the nonphosphorylated sites (Fig. 2A),
which caused a 1.6-fold increase in the root mean square deviation
(RMSD) for the fit (data not shown). We also observed weak af-
finity binding to the nonphosphorylated 14-amino-acid peptides
ADAP-14-Y595 and ADAP-14-Y651 by ITC (Table 1). Because of

TABLE 1 Thermodynamic binding parameters for the association of
14-amino-acid ADAP phosphopeptides to the SLP-76 SH2 domain as
determined by ITCa

Peptide Apparent Kd (nM) Apparent 	H (kcal/mol)

ADAP-14-pY559 ND ND
ADAP-14-Y595 180,426b (59,744–787,589) �3.30 (�1.51 to �13.17)
ADAP-14-pY595 45 (16–99) �5.37 (�4.99 to �5.8)
ADAP-14-pY625 ND ND
ADAP-14-Y651 Weak-affinity binding ND
ADAP-14-pY651 59 (41–84) �6.07 (�5.85 to �6.32)
ADAP-14-pY771 242 (90–542) �3.92 (�3.41 to �4.68)
a Values in parentheses represent the 95% confidence intervals as determined by
standard error surface projection methods from a global analysis of two or more
experiments using SEDPHAT. ND, not determined.
b This value is from a single experiment, and the values in parentheses represent the
68.3% confidence intervals.

FIG 1 Sedimentation coefficient distributions of 30 �M equimolar mixtures
of SLP-76 SH2 with phosphorylated and nonphosphorylated 70-amino-acid
ADAP fragments (solid lines) or individual components (broken lines). The
primary sequence of the 70-amino-acid peptides is shown at the top, with the
positions of Y595 and Y651 indicated.

FIG 2 Global analysis of weighted-average sedimentation coefficients (sw) as a
function of SLP-76 SH2 concentration in mixtures with ADAP peptides. Sym-
bols indicate experimentally determined sw values, with red circles for inter-
ference optical detection and triangles and blue circles for absorbance detec-
tion. Lines represent different best-fit models for the experimental data as
described below. (A) Mixtures of nonphosphorylated ADAP-70 peptide (at
concentrations ranging from 2.5 to 25 �M) and a 5-fold molar excess of
SLP-76 SH2. Thick lines represent a model allowing for binding to both non-
phosphorylated sites, while the thin lines represent a model lacking binding to
the nonphosphorylated sites (leading to a 1.6-fold increase in the RMSD). (B
to D) A global analysis of the sw data for all singly and doubly phosphorylated
peptides. This model assumes that the affinity of SLP-76 SH2 to each site is
equivalent among different peptides and only dependent on the phosphoryla-
tion state. The affinity of SLP-76 SH2 to pY651, as determined by ITC, was
used as a constraint in this model. Thick lines are the global best fit to a model
accounting for weak binding to nonphosphorylated sites and allowing for
simultaneous binding to both phosphorylated sites in ADAP-70-pY595-
pY651. The thin lines are the global best fit to a model lacking the potential for
simultaneous occupancy of both sites (leading to a 2.1-fold increase in RMSD
of the fit). (B) ADAP-70-pY595 at 9.1 �M (circles). The thick and thin lines
superimpose exactly, so the thin lines are not visible (indicating a similar fit to
both models). (C) ADAP-70-pY651 at 10 �M (circles). (D) ADAP-70-pY595-
pY651 at 2.3 �M (circles and triangles).
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the weak affinities, the ITC experiments required concentrations
near the solubility limit of both components; therefore, the data
quality is limited. Nevertheless, the results suggest that binding to
the nonphosphorylated sites of the 14-amino-acid peptides is suf-
ficient to account for the detected binding to the 70-amino-acid
peptide. For all ADAP peptides, nonphosphorylated or phosphor-
ylated, mixed with the SLP-76 SH2 domain, there was a concen-
tration-dependent increase in the sw with increasing loading con-
centrations, indicating interactions between the ADAP peptides
and the SLP-76 SH2 domain (Fig. 2A to D).

An equimolar mixture of SLP-76 SH2 and ADAP-70-pY595
resulted in a bimodal c(s) distribution (1.6S and 2.25S), consistent
with the sedimentation pattern of a mixture with reversibly form-
ing complex, which undergoes slow dissociation on the time scale
of sedimentation, and unbound SLP-76 SH2 (Fig. 1, blue line).
We were unable to extract reliable estimates of binding parameters
for SLP-76 SH2 and ADAP-70-pY595 by ITC due to low heats of
reaction, despite numerous attempts to optimize the conditions.
The global analysis of sw isotherms from sedimentation experi-
ments at a range of concentrations fit well to a two-site model with
a best-fit moderate affinity (Kd) of 5.4 �M for binding to pY595, in
addition to weak binding (Kd � 120 �M) that was assumed to
reflect interactions with nonphosphorylated Y651 at the same
magnitude as that measured for the average binding to the non-
phosphorylated peptide (Table 2 and Fig. 2B). The sw data fit
equally well to a one-site binding model, which is seen as an over-
lap between the thick and thin lines that represent the two models
in Fig. 2B. However, we favor the two-site binding model, because
data from our studies of all the long peptides were well described
by two-site binding models with affinities that vary according to
the phosphorylation status of the sites, as described below. Inter-
estingly, in comparing the ADAP-14-pY595 and ADAP-70-pY595
peptides, the affinities to SLP-76 SH2 are substantially different
(Tables 1 and 2). We do not know the reason for this difference,
but it is possible that the larger peptides are more representative of
the full-length protein.

The association between SLP-76 SH2 and ADAP-70-pY651 is
of stronger affinity than that between SLP-76 SH2 and ADAP-70-
pY595 (Table 2). The c(s) distribution of an equimolar mixture of
SLP-76 SH2 and ADAP-70-pY651 shows a broad monomodal
peak with a weighted-average s value that is larger than that of any
of the individual reactants alone. The peak shape is consistent with
a reaction boundary of a reversible interaction that reflects the
time-averaged state of complex formation between SLP-76 SH2
and the pY651 site (Fig. 1, black line). A global analysis of four ITC
titration experiments was consistent with a 1:1 association model

with a strong affinity (Kd) of 137 nM (Table 2). AUC experiments
confirm a strong interaction, with a Kd too high to be indepen-
dently determined. However, a two-site model of the sw isotherm
with an estimate for the strong-affinity site taken from ITC, again
superimposed with weak binding (Kd � 120 �M) to the nonphos-
phorylated Y595, can describe the data well (Fig. 2C). In compar-
ing the thick and thin lines in Fig. 2C, it is clear that the two-site
binding model is a better fit to the data than a one-site binding
model.

Mixing equimolar mixtures of SLP-76 SH2 with the doubly
phosphorylated ADAP-70-pY595-pY651 peptide resulted in the
appearance of two major peaks in the c(s) distribution (Fig. 1, red
line). The peak representing slower-sedimenting material (1.9S)
presumably represents some time-averaged distribution of free
SLP-76 SH2 and a 1:1 complex with the ADAP-70-pY595-pY651
peptide. The peak representing faster-sedimenting material
(2.75S) presumably corresponds to components involved in a 2:1
association. Upon direct boundary modeling with Lamm equa-
tion solutions for reactive systems, the two-site binding model
provides a significantly better description of the association be-
tween SLP-76 SH2 and the doubly phosphorylated peptide than a
single-site binding model as judged by the global reduced chi-
squared values (1.19 versus 1.40) (data not shown). The two-site
binding model indicates a stronger-affinity site (best-fit Kd of 0.5
�M) (Table 2) and an s value for the 1:1 complex of 2.36S (not
shown). The second site is described by moderate affinity (Kd �
3.9 �M) (Table 2) and an s value for the 2:1 complex of 2.95S (not
shown). A global analysis of four ITC titration experiments of
ADAP-70-pY595-pY651 and SLP-76 SH2 indicated strong-affin-
ity binding (i.e., nM levels) (data not shown). From the ITC data,
it could not be definitively discerned whether there is a single
strong-affinity site or two sites where the second site has little heat
associated with binding. Together, our analyses suggested that the
doubly phosphorylated peptide contains strong- and moderate-
affinity binding sites; however, it remained formally possible that
the moderate affinity resulted from negative cooperativity be-
tween the two sites.

In order to determine whether negative cooperativity accounts
for the observed moderate-affinity binding site in the doubly
phosphorylated peptide, a global analysis of the sw isotherms from
the singly and doubly phosphorylated peptides together was per-
formed. The model assumed that the intrinsic affinity of each site
is equivalent among different peptides and only dependent on the
phosphorylation state, but it allowed for site-site interactions (co-
operativity) in the doubly phosphorylated peptide. This model
also incorporated the strong-affinity Kd, determined by ITC for
binding to pY651. The data fit well to that model (Fig. 2D, thick
lines), with a best-fit cooperativity factor of 1.8 (0.2 to 5.8). Within
error, this is consistent with independent binding to both sites,
and it excludes the possibility of strong, negative cooperativity
(Fig. 2D, thin lines). The data did not fit well to a one-site binding
model, which led to a 2.1-fold increase in the RMSD of the fit (data
not shown). Thus, the doubly phosphorylated peptide contains
the strong-affinity site characterized for pY651 and the moderate-
affinity site characterized for pY595. Together, the AUC and ITC
observations provide experimental evidence that ADAP can oli-
gomerize SLP-76 by multipoint binding.

SLP-76 microclusters translocate with ADAP in T cells. Re-
cent imaging studies by Pauker and colleagues demonstrated that
ADAP is present in SLP-76 microclusters of fixed Jurkat T cells

TABLE 2 Binding parameters for the association of the SLP-76 SH2
domain with 70-amino-acid ADAP peptidesa

Peptide Apparent Kd1/Kd2 (nM) Apparent 	H (kcal/mol)

ADAP-70 120,000/120,000 ND
ADAP-70-pY595 5,400/120,000 ND
ADAP-70-pY651 120,000/137 (103–171)* �6.53 (�6.33 to �6.72)*
ADAP-70-pY595-pY651 3,900/513 ND
a Values in parentheses represent the 95% confidence intervals as determined by
standard error surface projection methods from a global analysis of two or more
experiments using SEDPHAT. The values marked with an asterisk were determined
from ITC studies; the others were from the global fit of AUC sw isotherms shown in
Fig. 2. Dissociation constants for the two binding sites of the 70-amino-acid peptides
are given as Kd1 and Kd2. ND, not determined.
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(36). Moreover, the authors reported that knocking down the lev-
els of ADAP by siRNA reduced the persistence of SLP-76 micro-
clusters in live cells. These results indicate an association of ADAP
with SLP-76 in microclusters and suggest a role for ADAP in the
assembly and stabilization of these microclusters. We investigated
the association between SLP-76-mYFP and ADAP-mCerulean in
live cells by multicolor imaging. Our results indicate that ADAP
continues to associate with SLP-76 microclusters throughout
their lifetime (Fig. 3). Together, these results are consistent with a
model in which ADAP stabilizes SLP-76 microclusters by contin-
uous association with SLP-76.

SLP-76 microclusters require multivalent interactions with
ADAP for assembly and persistence. Our biophysical data dem-
onstrated direct binding of SLP-76 SH2 to three phosphorylated
ADAP sites and showed that binding to multiple ADAP sites oli-
gomerizes SLP-76 in vitro. In order to extend these observations
and ask whether the potential for oligomerization translates to
microcluster stability, we used the SLP-76-deficient Jurkat T cell
line J14 to generate nine cell lines stably expressing wild-type or
mutated SLP-76-mYFP and ADAP-mCerulean chimeric proteins.
We generated all possible combinations of Y-F mutations at the
three ADAP sites: Y595, Y651, and Y771. The cells were sorted for
matched expression of fluorescent proteins, which was further
confirmed by Western blot analysis (data not shown). Prior to
experiments, siRNAs targeting the noncoding region of ADAP were
used to reduce the endogenous ADAP levels. Despite a substantial
reduction, endogenous ADAP protein was still expressed in excess of
the exogenous Cerulean-tagged, chimeric ADAP proteins.

To examine whether the three binding sites of ADAP contrib-
ute to the assembly of SLP-76-mYFP-positive microclusters, we

fixed the cell lines on anti-CD3-coated coverslips after 3 min of
stimulation and quantified the area of SLP-76 microclusters in
single cells. As reported previously, the R448K mutation of the
SLP-76 SH2 domain nearly abolished all SLP-76 microclusters
(Fig. 4A, SLP-76-SH2*) (8). Interestingly, expression of the 3YF
mutation of ADAP resulted in a loss of SLP-76 microclusters that
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FIG 3 SLP-76 and ADAP translocate together in punctae. SLP-76-deficient
Jurkat T cells (J14) expressing wild-type SLP-76-mYFP and wild-type ADAP-
mCerulean proteins were plated onto coverslips coated with stimulatory anti-
bodies and imaged with a spinning-disk confocal system. Live-cell imaging
began shortly after the cell contacted the coverslip, and the first image was
defined as t � 0. The images are maximum-intensity projections of z-stacks
(four sections 0.5 �m apart) of selected time points. For each time point, the
ADAP-mCerulean fluorescence signal is shown at the top and the SLP-76-
mYFP fluorescence signal is shown in the center. In the merged images shown
at the bottom, comigration (shown in yellow) of SLP-76 (shown in green) and
ADAP (shown in red) is apparent.

FIG 4 Assembly and persistence of SLP-76 microclusters requires multiple ADAP
binding sites. (A) Area of TCR-induced SLP-76 microclusters in stable cell lines.
The indicated cell lines were plated on stimulatory coverslips, fixed after incuba-
tion at 37°C for 3 min, and imaged with a spinning-disk confocal system. Single
z-slices with the highest intensity punctae at the cell surface were chosen, and the
total area of SLP-76 microclusters in each cell was calculated using Imaris software
and plotted. Means are presented along with error bars representing �SEM. Sig-
nificant deviations from the values of cells expressing wild-type proteins or SLP-
76-SH2* are indicated, respectively, as follows: * or #, P � 0.01 to 0.05; ** or ##,
P � 0.001 to 0.01; *** or ###, P � 0.0001 to 0.001; **** or ####, P  0.0001. The
number of cells analyzed for each sample is shown above the symbols. (B and C)
Analysis of SLP-76 microclusters from live-cell imaging. SLP-76-deficient Jurkat T
cells (J14) expressing wild-type SLP-76-mYFP and either wild-type ADAP-mCe-
rulean or ADAP-Y595F-Y651F-mCerulean proteins were imaged with a spinning-
disk confocal system. Live-cell imaging began shortly after the cell contacted the
coverslip. Movies were prepared with Slidebook software from z-stacks by making
a maximum-intensity projection of each time point and assembling a sequence of
all projections. Microcluster lifetimes were determined using particle tracking
from Slidebook software. Mutations to Y595 and Y651 reduce the number (B) and
lifetime (C) of SLP-76 microclusters in live cells.
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was statistically indistinguishable from that of SLP-76-SH2*. This
indicates that the assembly of SLP-76 microclusters requires one
or more of the three ADAP binding sites. Adding back any single
binding site was not sufficient to increase clustering of SLP-76, as
all three 2YF ADAP mutations were similar to the 3YF mutation.
Therefore, the assembly of SLP-76 microclusters requires multiple
binding sites. Interestingly, adding back any two of the three bind-
ing sites resulted in a significant increase in SLP-76 microclusters.
However, the levels were significantly reduced compared to those
of cells expressing wild-type ADAP-mCerulean. Note that all of
the effects of the 2YF and 3YF ADAP mutants take place in the
presence of higher levels of endogenous ADAP. This fact suggests
a dominant-negative effect (see Discussion). Regardless of this
effect, our data support a model in which SLP-76 microclusters
are stabilized by multipoint binding of the SLP-76 SH2 domain to
the three ADAP binding sites, pY595, pY651, and pY771.

As the microcluster areas were quantified at a fixed time point,
we reasoned that the loss of microclusters in cells expressing
ADAP mutations could result from either reduced assembly or
reduced persistence. If the ADAP binding sites control SLP-76
microcluster assembly, there should be fewer microclusters at all
time points in cells expressing mutated ADAP. However, if the
binding sites stabilize microclusters, ADAP mutations should de-
crease microcluster persistence. To address these issues, we per-
formed live imaging studies of stimulated cells expressing either
the wild type or one of the 2YF ADAP-mCerulean constructs
(Y595F/Y651F) and quantified the movement of SLP-76 micro-
clusters by single-particle tracking. Our results demonstrate that
both the number and persistence of SLP-76 microclusters are re-
duced by mutations to ADAP (Fig. 4B and C). These results are
consistent with a role for ADAP in both microcluster assembly
and stabilization.

SLP-76 and ADAP association and recruitment into micro-
clusters depend on multipoint binding. Although mutations to
either the SLP-76 SH2 domain or the ADAP binding sites reduce
SLP-76 microclusters, even in the most severe cases (SLP-76-SH2*
or ADAP-3YF), SLP-76 microclusters are not completely absent
(Fig. 4A). In cells expressing SLP-76-SH2*-mYFP, the remaining
SLP-76 clusters might result from indirect interactions with clus-
tered LAT. There is also evidence for SH2-independent interac-
tions between SLP-76 and ADAP (36). In cells expressing exoge-
nous wild-type SLP-76-mYFP, the clusters could also result from
interactions with endogenous ADAP. These possibilities raised
the question of whether SLP-76 microclusters from cells ex-
pressing mutated forms of SLP-76-mYFP or ADAP-mCerulean
are quantitatively different from those of cells expressing wild-
type proteins. To address this, we compared the colocalization
of SLP-76-mYFP and ADAP-mCerulean in SLP-76 microclus-
ters by calculating Pearson’s correlation coefficients. Associa-
tion of wild-type SLP-76-mYFP with endogenous ADAP is
expected to reduce the Pearson’s coefficient between SLP-76-
mYFP and ADAP-mCerulean proteins; however, that associa-
tion is expected to occur similarly in all of the stable cell lines.
For cells expressing wild-type proteins, there is a high Pear-
son’s coefficient, indicating an association in microclusters
(Fig. 5A). Either the SLP-76 SH2 domain mutation or the 3YF
mutation to ADAP significantly lowered the Pearson’s coeffi-
cients, indicating a reduced association. Interestingly, adding
back any single ADAP binding site did not increase colocaliza-
tion, indicating yet again that a single binding site is not suffi-

cient to increase the association between SLP-76 and ADAP
(Fig. 5A, ADAP 2YF mutations). Adding back a combination of
Y595 and either Y651 or Y771 increased the Pearson’s coeffi-
cients; however, they were reduced compared to those of cells

FIG 5 Altered molecular composition of SLP-76 microclusters with a SLP-76
SH2 mutation or ADAP Y-F mutations. The single z-slices selected to deter-
mine the area of SLP-76 microclusters shown in Fig. 4A were further analyzed.
(A) Colocalization between SLP-76 and ADAP was determined by Imaris soft-
ware as described in Materials and Methods. Wild-type SLP-76 and ADAP
proteins colocalize in the SLP-76 punctae, but mutations to either SLP-76 or
ADAP reduce the Pearson’s coefficient between the two proteins. Means are
presented along with error bars representing �SEM. Significant deviations
from the values of cells expressing wild-type proteins or SLP-76-SH2* are
indicated, respectively, as follows: * or #, P � 0.01 to 0.05; ** or ##, P � 0.001
to 0.01; *** or ###, P � 0.0001 to 0.001; **** or ####, P  0.0001. The number
of cells analyzed for each sample is shown above the symbols. (B and C) Re-
cruitment of SLP-76-mYFP and ADAP-mCerulean into SLP-76 punctae. The
average fluorescence of wild-type or mutated SLP-76-mYFP and ADAP-mCe-
rulean in punctae was calculated and normalized to the average fluorescence in
a cytoplasmic region of the same z-slice. Mutations to either SLP-76 or ADAP
reduce the amount of SLP-76 (B) and ADAP (C) recruited into punctae.
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expressing wild-type ADAP-mCerulean. These data demon-
strate that mutations to the SLP-76 SH2 domain or the ADAP
binding sites impair interactions between the two proteins in
microclusters. Moreover, the data indicate that two SLP-76
binding sites in ADAP suffice for binding, but all three binding
sites are required for optimal interactions.

We also observed that SLP-76 microclusters from cells with
mutations to SLP-76 or ADAP had reduced fluorescence intensi-
ties compared to those of cells expressing wild-type proteins. The
fluorescence intensity is proportional to protein concentration,
which suggests a reduced recruitment of SLP-76 and ADAP to
these microclusters. To investigate this, we calculated the average
fluorescence intensity for both SLP-76 and ADAP within SLP-76
microclusters and normalized these values to the corresponding
average fluorescence intensity in a cytoplasmic region not con-
taining microclusters from the same z-slice. Upon comparing the
average normalized fluorescence intensities, we found that either
the SH2 domain mutation to SLP-76 or the 3YF mutation to
ADAP caused a reduction in average recruitment of both proteins
to microclusters (Fig. 5B and C).

Therefore, both the SLP-76 SH2 domain and the three ADAP
binding sites are required for associations between the two pro-
teins and their recruitment into microclusters. Collectively, these
data provide quantitative evidence that the molecular composi-
tion of SLP-76 microclusters, which do assemble in cells express-
ing mutated SLP-76 or ADAP proteins, are different from those
assembled from wild-type proteins. We anticipated that these dif-
ferences are also associated with signaling defects.

Impaired calcium signaling and adhesion results from mu-
tations to the SLP-76 SH2 domain or the SLP-76 binding sites of
ADAP. Mutations to the ADAP residues Y595 and Y651 have been
shown to reduce NFAT activity, cytokine production, and calcium
signaling in transfected T cells (21, 37, 38). Also, defects in TCR-
induced adhesion to integrin ligands are associated with muta-
tions to ADAP, including the 1YF mutation Y771F and the 2YF
mutation Y595F/Y651F, as well as a mutation to the SLP-76 SH2
domain (24, 38, 39). In order to compare the functional conse-
quences of mutations to the three ADAP binding sites in our stable
cell lines, we evaluated calcium signaling and adhesion. TCR-in-
duced calcium flux is an early signaling event which coincides with
both the assembly of SLP-76 microclusters and the time scale of
our imaging experiments. We observed that, relative to cells ex-
pressing wild-type SLP-76 and ADAP, cells with changes to either
protein had reduced TCR-induced calcium flux (Fig. 6A). TCR-
induced calcium fluxes of cells expressing the Y595F mutation
were not consistent among four experiments, varying between the
levels of wild-type ADAP and the Y651F mutation (data not
shown). Cells expressing the Y651F mutation had higher TCR-
induced calcium flux than cells expressing Y771F or any 2YF mu-
tation. While cells expressing 2YF mutations had detectable TCR-
induced calcium flux under these conditions, cells expressing
either the 3YF ADAP mutation or the SLP-76 SH2 mutation had
no detectable TCR-induced calcium flux (Fig. 6A). Similarly, we
observed adhesion defects resulting from mutations to the three
ADAP sites or the SLP-76 SH2 domain (Fig. 6B). Of the 1YF
ADAP mutations, only Y771F resulted in reduced TCR-induced
cell adhesion to VCAM-1. Reduced adhesion was also observed
from cells expressing the 2YF and 3YF ADAP mutations. A muta-
tion to the SLP-76 SH2 domain caused the most severe adhesion
phenotype. These functional data are comparable to our imaging

results and are consistent with a model in which multipoint bind-
ing of SLP-76 promotes the assembly of SLP-76 microclusters to
drive signaling.

DISCUSSION
Multipoint binding to ADAP oligomerizes SLP-76. Using bio-
physical methods, we have verified that SLP-76 associates directly
with three ADAP binding sites: pY595, pY651, and pY771. Due to
the presence of multiple binding sites for SLP-76, we hypothesized
that ADAP oligomerizes SLP-76 by multipoint binding. As pre-
dicted, in examining the doubly phosphorylated ADAP pep-
tide, our AUC data are consistent with a trimolecular complex
containing two SLP-76 SH2 domains and the peptide (Fig. 1,

FIG 6 Mutations to the SLP-76 SH2 domain or the three ADAP binding sites
cause defects in calcium signaling and adhesion. (A) Calcium signaling is re-
duced in cell lines expressing SLP-76 or ADAP mutations. SLP-76-deficient
Jurkat T cell lines (J14) stably expressing wild-type or mutated versions of
SLP-76 and ADAP (as indicated) were stimulated with anti-CD3 (OKT3), and
the Ca2� influx was measured as described in Materials and Methods. (B) The
percentage of cells retained in the wells of 96-well plates coated with anti-CD3
(OKT3) and recombinant human VCAM-1 is shown. The percentage of cells
remaining was determined after high shear stress was applied. Averages from 8
replicates were calculated from each experiment, and the means � SEM from
two independent experiments are shown.
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red line). A global analysis of AUC data indicates two binding
sites, one with strong affinity and one with moderate affinity,
which is consistent with the affinities determined for the singly
phosphorylated peptides (Table 2 and Fig. 2D). The results of
these studies provide direct evidence for oligomerization of
SLP-76 by ADAP in vitro.

Our studies with the ADAP-70-pY595 and ADAP-70-pY651
peptides indicated that the pY595 site binds with weaker affinity to
SLP-76 SH2 than the pY651 site (Table 2). This is consistent with
previous coimmunoprecipitation data, which showed that the
Y651F mutation resulted in a greater loss of SLP-76 association
than did the Y595F mutation (21). However, it was surprising that
the affinity of the SLP-76 SH2 domain to the pY595 site was sub-
stantially different between the large and small peptides, whereas
the affinity to the pY651 site was similar (Tables 1 and 2). This
discrepancy in the pY595 site might result from adding back more
of the native ADAP sequence to the larger peptide.

The affinity of the SLP-76 SH2 domain to ADAP-14-pY771
was weaker than that to ADAP-14-pY595 and ADAP-14-pY651.
We were unable to obtain a large peptide also including the pY771
site. Therefore, we cannot address whether the affinity of pY771
changes as more of the native ADAP sequence is restored. Never-
theless, our imaging and functional data clearly indicate an im-
portant role for pY771 in microcluster assembly, calcium signal-
ing, and adhesion.

Our AUC data allowed us to exclude the presence of strong
negative cooperative interactions in binding of SLP-76 SH2 to
pY595 and pY651 on the large ADAP peptides. Other regions of
the peptide sequence might modulate binding of SLP-76 to this
site, although circular dichroism experiments did not suggest any
secondary structural changes to the ADAP-70-pY595-pY651 pep-
tide upon binding SLP-76 SH2 (data not shown). Interestingly,
there are two isoforms of ADAP (ADAP-120 and ADAP-130) that
differ only by the addition of a 46-amino-acid sequence insertion
positioned directly between Y595 and Y651 (40). The insertion in
the larger isoform might serve to alter binding of SLP-76 SH2 to
these sites.

Unexpectedly, our AUC results indicated an interaction of
SLP-76 SH2 with the nonphosphorylated ADAP-70 peptide
(Table 2 and Fig. 2A), and these data fit well to a model of this
peptide having two weak-affinity sites. Binding of SLP-76 SH2
to the singly phosphorylated peptides ADAP-70-pY595 and
ADAP-70-pY651 is described best by a two-site model, with
each weak-affinity site having an affinity similar to that of the
nonphosphorylated peptide. Weak-affinity binding of the
SLP-76 SH2 domain to ADAP-14-Y595 and ADAP-14-Y651
was observed by ITC (Table 1), which strongly suggests that the
SLP-76 SH2 domain binds the nonphosphorylated ADAP sites
of the 70-amino-acid ADAP peptides. Such binding is not un-
precedented, as the Src SH2 domain was shown to bind a non-
phosphorylated peptide with an affinity four orders of magni-
tude weaker than that of the corresponding phosphorylated
peptide (41). Also, dissociation rates in the micromolar range
were observed for the Grb2 and Grb7 SH2 domains binding
nonphosphorylated peptides. Such binding is attributed to
highly polar residues at the �1 or �2 position relative to ty-
rosine, which partially compensate for the nonphosphorylated
tyrosine (42–45). The Y595 and Y651 sites of ADAP share the
same motifs, EVYDDV, with glutamate at the �2 position.

Therefore, a similar association mechanism might underlie the
weak binding events observed in our studies.

Multipoint binding of SLP-76 to ADAP mediates the assem-
bly and persistence of SLP-76 microclusters. Our in vitro bio-
physical results, indicating a role for ADAP binding sites in oli-
gomerizing SLP-76, were supported and extended by our imaging
studies in live and fixed cells. Importantly, either a 3YF ADAP
mutation or a mutation to the SLP-76 SH2 domain resulted in a
similar loss of SLP-76 microclusters (Fig. 4A). This indicates a
functional link between the SH2 domain and the ADAP binding
sites in microcluster assembly. The presence of only a single SH2
binding site on ADAP did not increase SLP-76 clustering; how-
ever, microclusters were significantly increased with any combi-
nation of two SLP-76 binding sites. Of the 1YF mutations, Y771F
appeared most severe, although the difference was not statistically
significant. Together, our results indicate that all three sites are
critical for SLP-76 microcluster assembly. Moreover, the colocal-
ization data indicate that the three sites are required for optimal
interactions between SLP-76 and ADAP.

We further demonstrated that the integrity of the three ADAP
binding sites has functional consequences that correlate with the
extent of SLP-76 clustering. We observed reduced TCR-induced
calcium flux and adhesion to VCAM-1 from cells expressing ei-
ther mutated SLP-76 or ADAP proteins (Fig. 6). Interestingly, the
reduction in TCR-induced calcium flux for a given cell line corre-
lates, to an extent, with the amount of SLP-76 microclusters ob-
served. 1YF ADAP mutations resulted in both reduced SLP-76
clustering and calcium flux, while the 2YF and 3YF mutations
resulted in substantial reductions of TCR-stimulated SLP-76 mi-
crocluster assembly and calcium flux. In contrast to calcium sig-
naling, not all ADAP mutations resulted in apparent adhesion
defects. The only 1YF ADAP mutation associated with a reduction
in adhesion was Y771F, which is consistent with previous studies
of the three 1YF mutations (24). The 2YF and 3YF mutations also
reduce adhesion, comparable to reported studies of the 2YF mu-
tation Y595F-Y651F (24, 38). Finally, our results are consistent
with studies showing adhesion defects due to the SLP-76 SH2
domain mutation (39). Unexpectedly, the SLP-76 SH2 domain
mutation caused a more severe adhesion phenotype than the
ADAP 3YF mutation. We attribute this difference to the presence
of wild-type endogenous ADAP in the stable cell lines used for this
study.

Despite our best efforts to eliminate endogenous ADAP pro-
tein from the stable cell lines, Western blot analysis indicated that
the exogenous ADAP-mCerulean proteins are expressed at only 5
to 10% of the levels of endogenous ADAP (data not shown). Nev-
ertheless, we still observed significant effects on SLP-76 micro-
cluster assembly, calcium signaling, and adhesion. Due to the
strong phenotypes we observed, the mutated ADAP constructs
described in this study appear to function as dominant-negative
proteins with very disruptive effects on cluster assembly and per-
sistence. Photobleaching studies have shown that SLP-76 in mi-
croclusters remains in rapid exchange with cytoplasmic pools
(46). Rapid exchange among signaling proteins could allow low
levels of mutant ADAP proteins to significantly disrupt SLP-76
microclusters. Therefore, our data might underestimate the effect
of mutating the SLP-76 binding sites of ADAP on SLP-76 micro-
cluster assembly, calcium signaling, and adhesion.

Multivalent interactions with ADAP might stabilize SLP-76
microclusters by multiple mechanisms. Both SLP-76 and LAT
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are phosphorylated in microclusters, indicating that they are in an
activated state and able to interact with other signaling proteins
(46). Consistent with this, microclusters have been shown to con-
tain numerous adapter and effector molecules, including SLP-76,
LAT, Grb2, Gads, NCK, WASP, ADAP, Zap-70, Sos, PLC-�1, Vav,
and c-Cbl (6, 7, 9, 36, 47). If SLP-76 in microclusters is in rapid
exchange with cytoplasmic pools, it is possible that multipoint
binding to ADAP acts to shift the equilibrium of SLP-76 toward
the bound and phosphorylated state in microclusters to promote
signaling. Without multipoint binding, SLP-76 would have a
higher dissociation rate and would be more accessible to phospha-
tases. The result would be reductions in both the number and
persistence of microclusters, which is consistent with our analyses
of microclusters in live cells (Fig. 4B and C). Moreover, we ob-
served reduced recruitment of SLP-76 and ADAP into microclus-
ters of cells expressing either the SLP-76-SH2* or ADAP-3YF pro-
teins (Fig. 5B and C). Although our biophysical results suggest
different binding affinities for the three ADAP sites to the SLP-76
SH2 domain, our imaging results indicate that all three binding
sites contribute similarly to microcluster assembly. During the
early stages of TCR signaling, it is possible that high local concen-
trations of SLP-76 recruited to the plasma membrane drive bind-
ing and minimize any differences in affinity among the ADAP
binding sites. The presence of weaker affinity binding sites may be
more critical to microcluster disassembly.

The SLP-76 SH2 domain can also bind to the serine threonine
kinase HPK1 (48). Upon association, it was shown that HPK1
phosphorylates SLP-76, leading to a reduction of SLP-76 micro-
clusters (49). Occupancy of the SLP-76 SH2 domain by ADAP
would block interactions with HPK1 and prevent microcluster
disassembly. According to this model, HPK1 and ADAP compete
for interactions with SLP-76. Our ITC titrations with 14-amino-
acid phosphopeptides indicate that SLP-76 binds the HPK1 site
with an affinity (Kd) of 8 nM (range, 3 to 17 nM) (data not shown),
which is 5 to 30 times stronger than the affinities to the 14-amino-
acid ADAP phosphopeptides. HPK1 could be at an advantage to
compete with ADAP for SLP-76, depending on the cellular con-
centrations of ADAP and HPK1. However, HPK1 only contains a
single binding site for SLP-76, so multipoint binding of the SH2
domain to HPK1 is not possible (48). Therefore, ADAP might
promote SLP-76 microclusters by oligomerizing SLP-76 as well as
preventing HPK1-mediated microcluster disassembly. These
mechanisms are not mutually exclusive, and it is possible that both
contribute to the stability of microclusters (Fig. 7A).

Oligomerization of SLP-76 has implications for LAT cluster-
ing. The roles of three ADAP binding sites in facilitating SLP-76
clustering and calcium signaling is reminiscent of two other ex-
amples of multipoint binding required in TCR-mediated signal-
ing. First, studies from our laboratory showed that three LAT
phosphotyrosines (pY171, pY191, and pY226) contribute to LAT
signaling and clustering. While 1YF mutations to LAT were toler-
ated, 2YF and 3YF mutations resulted in altered TCR-induced Erk
and NFAT activation (50), similar to the effects of the 2YF and 3YF
ADAP mutations on TCR-induced calcium flux. To bind LAT,
Grb2 requires multiple binding sites and did not associate with
mutated LAT molecules containing individual tyrosine motifs. At
a minimum, two of three binding sites were required for Grb2 to
associate with LAT (51). Similarly, colocalization between SLP-76
and ADAP required two of the three ADAP binding sites (Fig. 5A).

Second, in vitro studies by Houtman and colleagues extended

the results described above and demonstrated that Grb2 can bind
all three LAT phosphotyrosines in vitro (9, 32). Mixtures of Grb2,
Sos, and LAT resulted in 1:2:1 complexes of LAT-Grb2-Sos along
with larger complexes, thereby demonstrating evidence support-
ing the potential for the Grb2/Sos complex to cross-link LAT.
Functional imaging data also supported this model. Nag and col-
leagues have described a model for LAT oligomerization which
showed that the number of available binding sites for Grb2 could
have a dramatic effect on the extent of oligomerization. If LAT
contains two available Grb2 binding sites, association of a Grb2/
Sos complex can induce linear chains. However, the model pre-
dicted a dramatic rise in oligomerization when the number of sites
was increased from two to three (52). According to this model, if a
Gads/SLP-76 complex competed for Grb2 and associated with one
of the three Grb2 binding sites of LAT, oligomerization by the
Grb2/Sos complex would be limited to the assembly of linear
chains. However, the association of ADAP would add two addi-
tional SLP-76 binding sites and dramatically increase the oli-
gomerization potential of LAT and SLP-76 (Fig. 7B). Our imaging
data show that reducing the number of ADAP sites from three to
two substantially reduces the extent of SLP-76 oligomerization.

Our studies indicate that multipoint binding of SLP-76 to
ADAP is essential for the assembly and persistence of SLP-76 mi-
croclusters initiated by the TCR. The theme for all of these studies,
i.e., the requirement for multipoint binding of LAT, oligomeriza-

FIG 7 (A) Multipoint binding of SLP-76 to ADAP induces oligomerization of
SLP-76 upon TCR stimulation. The binding of ADAP favors SLP-76 clustering
and interferes with the binding of HPK1. (B) Separate models for oligomer-
ization of LAT and SLP-76/LAT complexes. (1) Interactions between bivalent
LAT and Grb2/Sos complexes can induce oligomerization of LAT into chains.
However, if LAT binds 3 Grb2/Sos complexes, the oligomerization potential
increases. (Adapted from reference 52 with permission.) (2) Association of the
Gads/SLP-76 complex with LAT reduces the number of Grb2 binding sites to
two, allowing only the assembly of chains. Multipoint binding of SLP-76 to
ADAP oligomerizes SLP-76 and increases the oligomerization potential of
LAT complexes.
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tion mediated by Grb2-Sos and by SLP-76-ADAP interactions, is
that the multiple levels of cooperative interactions are required for
optimal TCR-mediated signaling. Ultimately, this allows for a
highly ordered, organized, and stable association of kinases, effec-
tors, and adapters, which are necessary for appropriate T cell re-
sponses to different types of stimuli.
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