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Abstract

The costimulatory receptor, CD28, synergizes with the T cell antigen receptor (TCR) to promote 

IL-2 production, cell survival and proliferation; yet the obligatory interdependence of TCR and 

CD28 signaling is not well understood. Upon TCR stimulation, Gads, a Grb2-family adaptor, 

bridges the interaction of two additional adaptors, LAT and SLP-76, to form a TCR-induced 

effector signaling complex. SLP-76 binds the Tec-family tyrosine kinase, Itk, which 

phosphorylates SLP-76 Y173 and PLC-γ1 Y783. Here, we identified TCR-inducible, Itk-mediated 

phosphorylation of Gads Y45, in a human T cell line and in mouse primary T cells. Y45 is found 

within the N-terminal SH3 domain of Gads, an evolutionarily conserved domain with no known 

signaling function. Gads Y45 phosphorylation depended on the interaction of Gads with SLP-76, 

and on the dimerization-dependent binding of Gads to phospho-LAT. We provide evidence that Itk 

acts through SLP-76 and Gads to promote the TCR/CD28-induced activation of the RE/AP 

transcriptional element from the IL-2 promoter. Two Itk-related features of SLP-76: Y173, and a 

proline-rich Itk SH3-binding motif on SLP-76, were dispensable for activation of NFAT, but 

selectively required for the TCR/CD28-induced increase in cytoplasmic and nuclear c-Rel, and 

consequent RE/AP activation. We provide evidence that unphosphorylated, monomeric Gads 

mediates an RE/AP-directed inhibitory activity that is mitigated upon Gads dimerization and Y45 
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phosphorylation. This study illuminates a new regulatory module, in which TCR-induced, Itk-

mediated phosphorylation sites on SLP-76 and Gads control the transcriptional response to TCR/

CD28 costimulation, thus enforcing the obligatory interdependence of the TCR and CD28 

signaling pathways.

Introduction

The TCR signaling pathway [recently reviewed in 1, 2, 3] is initiated by a hierarchical 

tyrosine kinase cascade, leading to the formation of a large effector signaling complex that is 

nucleated by three interacting adaptor proteins, LAT, Gads and SLP-76 (Fig. 1). Within this 

LAT-nucleated complex, adaptor-associated enzymes are recruited to become activated and 

trigger downstream responses. For example, phospholipase-Cγ1 (PLC-γ1) is a key signaling 

enzyme that is phosphorylated and activated within the LAT-nucleated complex and 

produces second messengers, IP3 and DAG, which respectively trigger calcium flux and 

Ras-pathway activation. Further downstream, these signaling events result in the activation 

of well-characterized transcription factors, including NFAT and AP-1.

In addition to the above events, full T cell responsiveness depends on costimulatory signals 

that are triggered upon binding of B7-family ligands to the canonical costimulatory receptor, 

CD28. The TCR and CD28 signaling pathways act synergistically to induce the activation of 

NFκB-family members, which are required for the transcriptional activation of IL-2 and 

Bcl-xL, key response markers that promote T cell proliferation and survival [4, 5].

The TCR and CD28 signaling pathways exhibit remarkable interdependence, which can be 

most easily demonstrated by measuring the activity of RE/AP, a composite transcriptional 

element that forms an essential part of the IL-2 promoter [6, 7]. Composed of adjacent AP-1 

and NFκB sites that bind to c-Jun complexes and to c-Rel, the RE/AP element recapitulates 

the costimulation-dependence of IL-2 transcription, as stimulation with either TCR or CD28 

alone is insufficient to activate RE/AP, but co-stimulation through both receptors produces 

profound RE/AP activation [7, 8].

The interdependence of TCR and CD28 responsiveness has important biological outcomes. 

CD28 costimulatory ligands serve as “danger signals” to indicate the presence of 

microorganisms that necessitate an adaptive immune response [9]. Yet, to avoid the 

induction of potentially dangerous bystander activity, CD28-dependent T cell activation 

must necessarily be restricted to those cells bearing an antigen-specific clonotypic TCR. 

This goal is achieved by profound interdependence, such that CD28 activity is necessary but 

insufficient for the activation of naive T cells. However, the mechanistic basis for TCR/

CD28 interdependence is not well understood.

The basic outlines of the TCR signaling pathway are well-defined [reviewed in 1, 10]. Upon 

TCR stimulation, a tyrosine kinase cascade is initiated by Lck, a Src-family tyrosine kinase 

that phosphorylates characteristic ITAM motifs within the CD3 and ζ accessory chains of 

the TCR. Doubly-phosphorylated ITAM motifs trigger the recruitment and activation of a 

Syk-family tyrosine kinase, ZAP-70 [11]. Activated ZAP-70 phosphorylates LAT, a 

membrane-bound adaptor, on at least four essential sites [12–15], and phosphorylates 
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SLP-76, a cytoplasmic adaptor, at three N-terminal phosphorylation sites [Fig. 1 and 16, 17]. 

The ZAP-70-phosphorylated sites recruit additional signaling molecules via SH2-mediated 

interactions. Phospho-LAT binds directly to PLC-γ1, Grb2 and Gads, whereas the three 

tyrosine phosphorylation sites on SLP-76 bind to Nck, Vav and Itk [reviewed in 2, 18].

Itk, a Tec-family tyrosine kinase, is the third member of the TCR-induced tyrosine kinase 

cascade, as it is activated downstream of both Lck and ZAP-70. Lck phosphorylates Itk at 

Y511 [19], whereas ZAP-70 phosphorylates SLP-76 at three N-terminal tyrosines that are 

required for Itk activation [16, 17, 20, 21]. The TCR-induced association of Itk with SLP-76 

is required to maintain the active conformation of the kinase [20]. SLP-76-bound Itk 

phosphorylates SLP-76 at Y173 [21]. In turn, SLP-76 p-Y173 promotes the Itk-mediated 

phosphorylation of PLC-γ1 at Y783 [21, 22], a site that is required for PLC-γ1 activation 

[23].

Structural studies suggest that an inactive conformation of Itk is stabilized by intramolecular 

interactions of its SH2 and SH3 domains, as well as by an inhibitory interaction between the 

N-terminal PH domain and the kinase domain [24–26]. Upon TCR or CD28 stimulation 

PIP3 is elevated and binds to the Itk PH domain, relieving the inhibitory influence of the PH 

domain on the kinase domain [26]; moreover, bivalent binding of the SH2 and SH3 domains 

of Itk to SLP-76 is thought to stabilize the active confirmation of Itk [Fig. 1, right and 27, 

28, 29].

The SH2 domain of Itk is thought to bind to SLP-76 p-Y145 [25]; however, competitive 

binding studies suggested that it may also bind to SLP-76 p-Y113 [28], which is equivalent 

to murine p-Y112. A SLP-76 Y145F mutation closely phenocopied Itk-deficient mice, but 

was insufficient to eliminate the TCR-induced binding of Itk to SLP-76 [30]. Unexpectedly, 

phosphorylation PLC-γ1 Y783 was markedly reduced by either the SLP-76 Y145F 

mutation, or by the double SLP-76 Y112,128F mutation [21]. Thus, although Itk is 

commonly thought to bind to SLP-76 Y145 [25, 31], evidence suggests that at least two N-

terminal tyrosines of SLP-76 are required, whether directly or indirectly, for optimal 

activation of Itk.

The SH3 domain of Itk can bind to a conserved proline-rich motif, QQPPVPPQRP, 

corresponding to SLP-76 residues 184–195 [28, 29], which, for convenience, we shall refer 

to as the QQPP motif. This motif was also reported to bind, albeit weakly, to the SH3 

domains of Lck and PLC-γ1 [32–35]. Precise removal of the QQPP motif in a transgenic 

mouse model reduced TCR-stimulated PLC-γ1 phosphorylation and calcium flux, as would 

be expected if Itk activity were disrupted [34, 36]. Moreover, a cell permeable peptide based 

on the QQPP motif inhibited the TCR-inducible interaction of Itk with SLP-76, 

phosphorylation of Itk at Y511, recruitment of Itk to the immune synapse, and consequently 

inhibited the production of Th2 cytokines [29], all consistent with a defect in Itk-mediated 

signaling [36, 37]. Nevertheless, deletion of a 36 amino acid region encompassing the QQPP 

motif only modestly reduced PLC-γ1 phosphorylation and calcium flux in reconstituted J14 

cells [32], suggesting that the role of the QQPP motif in regulating Itk activity may be 

context-dependent.
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Itk-mediated phosphorylation of PLC-γ1 is facilitated by Gads [38, 39], a Grb2-family 

adaptor that bridges the TCR-inducible recruitment of SLP-76 to phospho-LAT [Fig. 1A, 

center, reviewed in 3]. Composed of a central SH2 domain, flanked by two SH3 domains 

and a unique linker region, Gads binds constitutively to SLP-76, via a high affinity 

interaction of its C-terminal SH3 domain with a conserved RxxK motif on SLP-76 [33, 40, 

41]. The SH2 domain of Gads is capable of spontaneous dimerization, and mediates the 

cooperatively-paired binding of Gads to LAT p-Y171 and p-Y191, thereby recruiting 

SLP-76 to phospho-LAT [42]. Curiously, the bridging activity of Gads does not require its 

N-terminal SH3 domain, an evolutionarily conserved domain that was previously reported to 

bind to c-Cbl in B cells [43], but has no known T cell signaling function [3]. Gads bridging 

activity supports PLC-γ1 phosphorylation, by bringing SLP-76-bound Itk (Fig. 1, right) in 

proximity with its substrate, LAT-bound PLC-γ1 (Fig. 1, left).

Once formed, the LAT-nucleated signaling complex may be regulated by post-translational 

events occurring within the complex. HPK1, a SLP-76-associated Ser/Thr kinase, can 

negatively regulate TCR signaling by phosphorylating SLP-76 at S376 [44, 45], and by 

phosphorylating Gads at T262 [38, 46]. Conversely, SLP-76-associated Itk promotes TCR 

responsiveness by phosphorylating SLP-76 at Y173 [21]. Itk activity is highly dependent on 

docking interactions that target its catalytic activity to potential substrates [22, 47, 48]. Since 

Itk is inducibly docked onto SLP-76, which binds with high affinity to Gads, this paradigm 

suggested to us that additional Itk-mediated phosphorylation sites on SLP-76 or Gads might 

play an important role in regulating their signaling function.

To explore this hypothesis, we performed a phospho-mass spectrometry analysis of SLP-76 

and Gads, which were isolated from TCR-stimulated cells. Here we identify Gads Y45 as a 

TCR-inducible substrate of Itk, which is phosphorylated within the SLP-76-Gads-LAT 

signaling complex. Y45 is found within the N-terminal SH3 domain of Gads, and may 

provide an important clue to the biological function of this conserved domain. Unexpectedly, 

we found that TCR/CD28-induced activation of the RE/AP transcriptional element depended 

on Gads Y45 and SLP-76 Y173, two Itk-targeted sites, and also depended on the QQPP 

motif, an Itk-binding site within SLP-76. Gads Y45 phosphorylation was strictly dependent 

on the TCR-induced cooperative binding of Gads to LAT, and thereby may enforce the 

dependence of CD28 responsiveness on TCR activation.

Materials and Methods

Recombinant Gads proteins

Recombinant, maltose-binding protein (MBP)-Gads fusion proteins were expressed and 

purified as previously described [42].

Antibodies

To prepare mouse anti-Gads, Gads deficient mice on the Balb/C background were 

immunized with recombinant MBP-Gads-ΔN-SH3 in Freund’s adjuvant. Polyclonal, 

affinity-purified rabbit anti-phospho-Gads p-Y45 was prepared by GenScript, by 

immunizing rabbits with a phospho-peptide GSQEG{p-TYR}VPKNFIDIC, corresponding 
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to amino acids 40–54 of human Gads, conjugated to KLH, followed by two steps of affinity 

chromatography, to remove antibodies that recognize the non-phosphorylated peptide and 

enrich for those that recognize the phosphorylated peptide. To decrease non-specific 

background without blocking the sequence-specific recognition of p-Y45, we supplemented 

the diluted, purified antiserum with 3 μg/ml phosphotyrosine-conjugated BSA (Sigma, 

P3967). Rabbit polyclonal anti-human SLP-76 [32] and rabbit anti phospho SLP-76 p-

Tyr173 [21] were previously described. Polyclonal anti-Itk [BL12, 49] was provided by 

Michael G Tomlinson and Joseph Bolen and was used for immunoprecipitation. The 

monoclonal antibody C305 [50] was used to stimulate Jurkat-derived cell lines through the 

TCR. Purified anti-human CD28 clone CD28.2, anti-human CD3-APC, anti-human CD28-

PE and anti-human CD69 PerCP/Cy5.5 (clone FN50), and anti-human c-Rel (BLG-655802) 

were from Biolegend. Rabbit anti-PLC-γ1 (sc-81) was from Santa Cruz Biotechnology. 

Rabbit anti-phospho PLC-γ p-Tyr783 (AT-7142) was from MBL International. Rabbit 

polyclonal anti-phospho LAT p-Tyr191 (#3584), anti SNF2H (D4W6N), and anti GAPDH 

(14C10) were from Cell Signaling Technology. Anti p-Tyr (4G10) and anti-Itk (06–546, 

used for western blotting) were from Merck Millipore. Anti-phosho Jnk pT183+pT221-PE 

(ab208843) was from Abcam. Anti-phospho-SLP-76 pY128 (#PA5–40272) was from 

Thermo Fisher Scientific. Anti-Human IL-2-PE (MQ1–17H12) was from eBioscience.

Cell lines and retroviral reconstitution

Cell lines used in this work are summarized in Table I. Cells were grown in RPMI, 

supplemented with penicillin, streptomycin and glutamine (PSG) and 5% fetal calf serum 

(FCS) in a humidified incubator with 5% CO2. Cells were retrovirally reconstituted with 

wild-type or mutant, N-terminally twin-strep tagged [51] or FLAG-tagged, human Gads or 

SLP-76, using the pMIGR retroviral vector, which bears an internal ribosome entry site 

(IRES)-GFP cassette to mark infected cells [52]. Approximately two weeks later cells were 

sorted by FACS for comparable GFP expression, and comparable TCR and CD28 expression 

were verified by FACS. Where indicated, we used a modified, IRES-less version of pMIGR 

[42] in which Gads was fused C-terminally to a non-dimerizing form of GFP [GFP A206K, 

53].

Cell stimulation and Purification of Gads or SLP-76 complexes

Jurkat-derived T cell lines were washed and resuspended in stimulation medium (RPMI + 

100 μg/ml glutamine), preheated to 37°C for 10 min, and then stimulated for the indicated 

time at 37°C with anti-TCR antibody (C305), with or without 1.5–2 μg/ml anti CD28 as 

indicated. Cells were lysed at 108 cells/ml in ice-cold lysis buffer (20 mM Hepes pH 7.3, 1% 

Triton X-100, 0.1% n-dodecyl-β-D-maltoside (Calbiochem) 150 mM NaCl, 10% glycerol, 

10 mM NaF, 1 mM Na3VO4, 10 μg/ml aprotinin, 2 mM EGTA, 10 μg/ml leupeptin, 2 mM 

phenylmethanesulfonyl fluoride, 1 μg/ml pepstatin, and 1 mM dithiothreitol). Cell lysates 

were placed on ice and centrifuged at 16,000 × g for 10 min at 4°C to pellet cell debris prior 

to immunoprecipitation. Naïve CD4 T cells were sorted by BD FACSAria II. Thymocytes or 

purified naïve CD4 T cells from 4–6 week old C57BL/6 mice were stimulated with anti-

CD3 (145–2C11) and anti-CD28 (clone 37.51) at the indicated concentration, followed by 

cross-linking with anti-hamster IgG. Cells were lysed by directly adding 10% NP-40 lysis 

buffer to a final concentration of 1% NP40 (containing the inhibitors: 2 mM NaVO4, 10 mM 
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NaF, 5 mM EDTA, 2 mM PMSF, 10 μg/ml Aprotinin, 1 μg/ml Pepstatin and 1 μg/ml 

Leupeptin).

Gads or SLP-76 complexes were affinity purified by tumbling lysates end-over-end for 1–3 

hours at 4°C with Strep-Tactin Superflow high capacity beads (IBA), FLAG M2 magnetic 

beads (Sigma), or with anti-SLP-76, prebound to protein A sepharose fast flow (GE 

Healthcare). After three rapid washes with cold lysis buffer, the isolated complexes were 

analyzed by mass spectrometry (see below) or by Western blotting. Western blots were 

developed with SuperSignal™ West Pico PLUS Chemiluminescent Substrate and digital 

images of the membrane were produced by the ImageQuant LAS 4000 or the Fusion Fx7 

camera system, followed by quantification with Total-Lab Quant software.

SILAC-based kinetic analysis of TCR-induced SLP-76 and Gads phosphorylation sites

TCR-inducible phosphorylation sites within the SLP-76-nucleated complex were 

quantitatively identified by using a Stable Isotope Labeling with Amino Acids in Cell 

Culture (SILAC)-based approach, exactly as we previously described [38]. In brief, J14 

cells, stably reconstituted with twin-strep-tagged SLP-76, were metabolically labeled with 

the heavy amino acids L-tyrosine 13C9
15N (+10), L-Lysine 13C6

15N2 (+8) and L-Arginine 
13C6

15N4 (+10), or with the corresponding light amino acids. Prior to lysis, SILAC-labeled 

cells were stimulated with anti-TCR (heavy label) or mock-stimulated (Iight label). Heavy 

and light lysates derived from 120 million cells were mixed at a 1:1 ratio, followed by 

affinity purification of twin-strep-tagged SLP-76 and its associated proteins with Strep-

Tactin beads. Purified proteins were split into three samples that were analyzed in parallel. 

Following SDS-PAGE, Coomassie-stained protein bands corresponding to Gads and SLP-76 

were cut from the gel, followed by in gel digestion with trypsin, chymotrypsin or AspN. 

Phospho-peptides were enriched with TiO2 and were analyzed on an LTQ Orbitrap Velos 

(Thermo Fischer) mass spectrometer coupled to a nanoflow liquid chromatography system 

(Agilent 1100 series, Agilent), as described [58]. Resulting raw files were processed with 

MaxQuant (v1.3.0.5) against a UniProtKB/Swiss-Prot human database. Data presented are 

the median values from four biological repeats.

Kinase assays

Polyclonal anti-Itk (BL12) was used to immunoprecipitate Itk from the lysates of 4 × 106 

TCR-stimulated dG32 cells. IP beads were washed twice with lysis buffer and once with 

kinase reaction buffer (25 mM HEPES pH 7.3, 7.5 mM MgCl2, and 1 mM Na3VO4), 

resuspended in 30 μl of kinase reaction buffer containing 1 μM of recombinant MBP-Gads 

protein, and preheated for 2 min at 30 °C. Reactions were initiated by the addition of 1 μM 

ATP, proceeded 30 min at 30 °C with end-over-end mixing, and were terminated by adding 

EDTA to 12.5 mM.

FACS-based functional assays

To decrease experimental variation, cell lines were barcoded by differential labeling with 

fourfold dilutions of CellTrace Far Red or CellTrace Violet (ThermoFisher), and mixed 

together prior to stimulation as described [42]. For calcium assays, mixed, CellTrace Far 

Red-barcoded cells were loaded with the fluorescent calcium indicator dye, Indo1-AM 
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(eBioscience), and then washed twice and resuspended in calcium buffer, consisting of 25 

mM Hepes (pH 7.4), 1 mM CaCl2, 125 mM NaCl, 5 mM KCl, 1 mM Na2HPO4, 0.5mM 

MgCl2, 1 g/l glucose, 2 mM L-glutamine and 1 mg/ml high-purity bovine serum albumin 

(Sigma A4378). Intracellular calcium was measured by FACS at 37°C, with C305 or 

C305+CD28.2 stimulant added at the 60s time point [38]. CellTrace Violet-barcoded cells 

were stimulated as indicated in the figure legends, and stained with anti-CD69, or were 

fixed, permeabilized and stained with anti-pJNK, or with anti-IL-2-PE. Results were 

analyzed using FlowJo, while gating on a defined GFP window within each barcoded 

population.

Luciferase Assays

The firefly luciferase reporter plasmids pdelta-ODLO-3XNFAT and pdelta-

ODLO-4XRE/AP [7] were provided by Virginia Shapiro (Mayo Clinic). 5xκB-luciferase 

was from Stratagene. pRL-null, which drives constitutive expression of renilla luciferase 

(Promega), was used for normalization. Gads-SNAP expression constructs were based on 

the previously described ORAI-SNAP [59] and encode the open reading frame of wild type 

or mutant Gads cDNA, fused in frame with a C-terminal SNAP tag, which are inserted in 

place of the EGFP gene in the vector EGFP-N1 (Clontech). 20X106 cells were transfected 

by electroporation with 10–20 μg of firefly luciferase reporter plasmid, 3–5 μg of pRL-null, 

and an additional 0–12 μg Gads-SNAP plasmid, where indicated. Transfections were 

performed using the Gene Pulser (Bio-Rad Laboratories), at a setting of 234 V and 1000 

microfarads. 16–20 hr after transfection 2X105 cells per well were stimulated for 6 hr at 

37⁰C in a 96 well plate format with plate-bound anti-TCR (C305) and/or soluble anti-CD28 

(CD28.2 1.5 μg/ml) or were mock-stimulated, and activity was measured with the Dual 

Luciferase Kit (Promega). To correct for variations in transfection efficiency, firefly 

luciferase activity for each well was normalized the renilla luciferase activity measured in 

the same well.

Preparation of Nuclear and cytoplasmic extracts

2X106 cells were stimulated for 4 hours with plate-bound anti-TCR (C305) and soluble anti-

CD28 1.5 ug/ml, prior to preparing cytoplasmic and nuclear extracts as described [60]. 

Cytoplasmic extracts from 0.3X106 cells and nuclear extracts from 1X106 cells were 

analyzed by western blot. GAPDH and SNF2H were used as cytoplasmic and nuclear 

loading controls, respectively.

Statistical analysis

Statistical significance was determined using the Students T test or the one-sample T test, as 

appropriate, and is denoted as: *, p<0.05; **, p<0.005; ***, p<0.0005; ns, p>0.05.

Results

TCR-inducible phosphorylation of Gads at Y45

We previously described a SILAC-based approach to identify TCR-inducible 

phosphorylation sites within the SLP-76-nucleated complex [38]. Here, we used this 

approach to survey the TCR-inducible phosphorylation sites on SLP-76 and Gads. Of the 
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sites we identified, peptides harboring SLP-76 p-Y173 and Gads p-Y45 exhibited the 

highest fold increase in intensity upon TCR stimulation (Supplemental Fig. 1A and 1B). We 

previously characterized SLP-76 p-Y173, a TCR-inducible site that is phosphorylated by Itk 

and facilitates the subsequent Itk-mediated phosphorylation of PLC-γ1 [21]; in contrast, the 

regulation and function of Gads p-Y45 are completely unknown.

We were intrigued by the high fold-induction of Gads p-Y45 upon TCR stimulation (Fig. 

2A) and by the evolutionary conservation of the sequence motif surrounding this site (Fig. 

2B). Gads Y45 is found within the N-terminal SH3 domain of Gads, which, like the C-

terminal SH3 domain, is highly conserved (Supplemental Fig. 2). Whereas the C-SH3 binds 

with high affinity to SLP-76; the N-SH3 has no known function [3]. Phosphorylation of 

Gads Y45 was previously observed in high-throughput phospho-MS studies [63–66]; yet its 

functional significance was not previously explored.

To fill the gaps in our fundamental knowledge regarding the potential roles of Gads Y45 in 

TCR signaling, we took advantage of a Gads-deficient T cell line, dG32 [38], which we 

stably reconstituted with N-terminally twin-strep-tagged Gads, either wild-type (WT) or 

bearing a phenylalanine substitution at Y45 (Y45F). We also generated an affinity-purified, 

phospho-specific, polyclonal antibody, to enable us to specifically detect the 

phosphorylation of Gads Y45.

For routine detection of Gads Y45 phosphorylation, cells were costimulated with anti-TCR 

and anti-CD28, and strep-tactin-purified Gads complexes, which include Gads-associated 

SLP-76, LAT and PLC-γ1, were probed by immuno-blotting. TCR/CD28-inducible 

phosphorylation of Gads was clearly detectable using either the p-Y45 phospho-specific 

reagent or a global p-Tyr antibody (clone 4G10), and this band was substantially reduced by 

the Y45F mutation (Fig. 3A, top three panels). This result validates our phospho-specific 

reagent and suggests that Y45 is the major Gads tyrosine phosphorylation site that can be 

detected by the anti-pTyr antibody, 4G10.

TCR-inducible phosphorylation of Gads Y45 was rapid and sustained, peaking at 2–5 

minutes and was still detectable 20 min after stimulation (Fig. 3B, top). Phosphorylation of 

SLP-76 Y173 was similarly rapid and sustained, whereas the phosphorylation of Gads-

associated PLCγ1 appeared to be more transient, perhaps reflecting the previously-reported 

dissociation of phospho-PLCγ1 from LAT [67]. In some experiments, TCR-induced Gads 

Y45 phosphorylation was moderately augmented by CD28 costimulation, but this difference 

was not statistically significant (Fig. 3B, bottom).

Inducible phosphorylation of Gads Y45 was also observed in primary mouse T cells across 

their development stages, including thymocytes and naive T cells (Fig. 3C). Together, these 

results demonstrate TCR-inducible phosphorylation of Gads Y45 in both a human T cell line 

and in primary murine T cells, suggesting a potentially important function, which we set out 

to investigate.

Hallumi et al. Page 8

J Immunol. Author manuscript; available in PMC 2022 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gads Y45 phosphorylation is mediated by Itk

TCR-proximal signaling is mediated by a cascade of three tyrosine kinases, Lck, ZAP-70 

and Itk, acting in a strictly hierarchical order. Within this cascade, the activity of each kinase 

is limited by requirements for characteristic substrate motifs [68] and kinase docking sites 

[47, 48, 57]. To assess which kinase might be responsible for phosphorylating Gads at Y45, 

we compared the motif surrounding Gads Y45 (Fig. 2B) to the known substrate preferences 

of Lck, ZAP-70, and Itk. Lck has a strong preference for a bulky hydrophobic residue at the 

Y-1 position, and does not tolerate lysine at the Y+3 position [68]. Gads Y45 violates both 

of these rules, suggesting that it is not a substrate of Lck. ZAP-70-targeted sites are 

characterized by multiple negative residues surrounding the phosphorylated tyrosine; indeed, 

ZAP-70 is deterred from phosphorylating substrate motifs containing a positive charge 

anywhere within the surrounding motif [68]. The presence of glycine at the Y-1 position also 

slows substrate phosphorylation by ZAP-70 [56]. Gads Y45 is preceded by glycine at the 

Y-1 position, followed by a lysine at the Y+3 position, and has only one negatively charged 

residue in the surrounding motif, strongly suggesting that it is not a substrate of ZAP-70.

To the best of our knowledge, the substrate motifs favored by Itk have not been rigorously 

defined; however, they are clearly differentiated from ZAP-70 substrates. For example, 

ZAP-70 efficiently phosphorylates the three N-terminal tyrosines of SLP-76 but does not 

phosphorylate SLP-76 at Y173, whereas the reverse is true for Itk [21]. Since the conserved 

motif surrounding Gads Y45 bears some resemblance to known Itk-targeted sites 

[Supplemental Fig. 3A and 20, 21, 69–72], we decided to test the ability of Itk to 

phosphorylate Gads Y45, both in an in vitro kinase assay, and in an intact cellular 

environment.

For our in vitro experiments, Itk immune complexes were isolated from TCR-stimulated 

dG32 cells and were incubated in the presence or absence of ATP with recombinant MBP-

Gads substrates, either full length (WT), lacking the N-terminal SH3 (ΔN, lacking residues 

2–53), or with Phe substituted for Tyr45 (Y45F). All three substrates were phosphorylated 

by Itk in this assay system, as detected by immunoblotting with global anti-p-Tyr (Fig. 4A, 

2nd panel). Specific phosphorylation of Gads at Y45 was detected by the p-Y45 antibody, 

which, as expected, did not recognize the two substrates lacking this site (Fig. 4A, top 

panel). Phosphorylation at all sites was abrogated upon addition of the Itk-specific inhibitor 

BMS-509744 [73], providing strong evidence that Gads tyrosine phosphorylation in this in 
vitro assay can be attributed directly to Itk (Supplemental Fig. 3B).

Our in vitro results provided evidence that Itk can directly phosphorylate Gads Y45, as well 

as an additional site or sites on Gads. In an effort to identify additional Itk-targeted sites, we 

performed a mass spectromic analysis of phospho-Gads from our in vitro assay system. This 

analysis identified Gads p-Y45 with high confidence, and also identified Gads 

phosphorylation at Y324 (data not shown). However, Gads p-Y324 was not detected in our 

SILAC-based mass spectrometry study of TCR-stimulated cells (Supplemental Fig. 1A), nor 

was it detected in other high throughput phospho-MS studies of TCR-stimulated cells, which 

did identify Gads Y45 [64, 65]. In the absence of evidence that Gads Y324 is 

phosphorylated in intact cells, we focused our attention on Gads Y45.
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We employed pharmacologic and genetic approaches to test whether Itk mediates Gads Y45 

phosphorylation in the context of intact T cells. In one approach, dG32 cells reconstituted 

with twin-strep-tagged Gads were stimulated in the presence of BMS-509744, a selective Itk 

inhibitor [73], and strep-tactin-purified Gads complexes were probed by immuno-blotting. 

BMS-509744 inhibited the TCR/CD28-induced phosphorylation of SLP-76 Y173 and PLC-

γ1 Y783, both known Itk substrates, and likewise inhibited the phosphorylation of Gads 

Y45 (Fig. 4B). As a control for specificity, we note that BMS-509744 did not inhibit the 

TCR-induced association of Gads with PLC-γ1, which is mediated by their mutual 

association with phospho-LAT (Fig. 4B, bottom panel). In a complementary approach, 

phosphorylation of Gads Y45, SLP-76 Y173 and PLC-γ1 Y783 were abrogated in an Itk-

deficient derivative of the Jurkat T cell line, J.ITK; as a control for specificity, the TCR-

inducible phosphorylation of SLP-76 Y128 was unaffected (Fig. 4C).

Taken together, these results indicate that Gads Y45, like SLP-76 Y173 and PLC-γ1 Y783, 

is a bona-fide Itk substrate that is phosphorylated in intact cells in response to TCR 

signaling.

SLP-76 targets active Itk to Gads Y45

Specific docking interactions are generally required to target Itk catalytic activity to its 

substrates [22, 47, 48]. Since active Itk associates with SLP-76 [20], and SLP-76 binds 

constitutively to Gads [74–76], we reasoned that SLP-76 may bridge the docking of 

catalytically active Itk onto its substrate, Gads Y45 (see Fig. 1, right).

To test this idea, we reconstituted the Gads deficient cell line, dG32, with twin-strep-tagged 

Gads, either wild-type or P321L, a mutant form of Gads that does not bind to SLP-76 [54]. 

As expected, this mutation eliminated the constitutive association of SLP-76 with Gads (Fig. 

5A, panels 2 and 3). The Gads P321L mutation did not abolish Itk activation, as measured 

by its ability to phosphorylate SLP-76 at Y173; however, PLC-γ1 phosphorylation was 

substantially reduced (Fig. 5A, bottom panels). These results are consistent with our 

previous observations in Gads-deficient T cells, and further support the notion that Gads is 

not required for TCR-mediated activation of Itk, but facilitates the Itk-mediated 

phosphorylation of PLC-γ1 by bringing SLP-76 associated Itk into the vicinity of LAT-

associated PLC-γ1 [38].

Whereas the Gads P321L mutation only partially reduced the phosphorylation of SLP-76 

and PLC-γ1, it eliminated detectable phosphorylation of Gads Y45 (Fig. 5A, top panel). 

Thus, the constitutive binding of SLP-76 to Gads is required in order to target SLP-76-bound 

Itk to Gads. It is important to emphasize that this requirement does not imply any type of 

hierarchical, or ordered phosphorylation of the two Itk-mediated sites; indeed, several of our 

results, presented above, clearly demonstrated that Gads p-Y45 is not required for the 

phosphorylation of SLP-76 Y173 (Fig. 3A, 4B and 5A). Conversely, SLP-76 Y173 was not 

required for the TCR-induced phosphorylation of Gads Y45 (Fig. 5B). These results suggest 

that within the SLP-76-Gads complex, SLP-76-bound Itk can be independently targeted to 

two different substrates, SLP-76 Y173 and Gads Y45.
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Gads Y45 phosphorylation occurs within the SLP-76-Gads-LAT complex.

Next, we wondered whether the Gads-mediated recruitment of SLP-76 into the LAT-

nucleated complex is required for Itk-mediated phosphorylation events. We disrupted the 

bridging activity of Gads by using two previously described mutant forms of Gads (Gads 

F92D, and Gads F92A,R109A), in which targeted disruption of the Gads SH2 dimerization 

interface disrupts its cooperatively-paired binding to LAT [Fig. 5C and 42]. Whereas 

phosphorylation of SLP-76 Y173 was moderately reduced upon disruption of the Gads-LAT 

interaction; Gads Y45 phosphorylation was undetectable (Fig. 5C). These results suggest 

that the SH2-mediated binding of Gads to LAT is required to direct Itk activity to Gads Y45.

To further validate this result, we used a cell line in which LAT complex formation is 

disrupted by CRISPR-mediated deletion of LAT [57]. As expected, deletion of LAT 

abrogated the TCR-inducible phosphorylation of PLC-γ1; moreover, deletion of LAT 

greatly diminished the phosphorylation of Gads Y45, but did not reproducibly reduce 

phosphorylation of SLP-76 Y173 (Fig. 5D).

Taken together, these experiments provide evidence for the existence of mechanistically 

independent pathways by which Itk activity is directed to its substrate sites on Gads and 

SLP-76. Gads Y45 phosphorylation absolutely depends on the interaction of Gads with both 

SLP-76 and LAT. In contrast, the TCR-inducible phosphorylation of SLP-76 Y173 is 

promoted by the binding of Gads to LAT but can occur in the absence of these adaptors.

Distinct docking interactions direct Itk activity to its substrates, Gads, SLP-76 and PLC-γ1

We next turned our attention to the molecular mechanisms by which SLP-76-bound Itk is 

targeted to its different substrates. The SH2 and SH3 domains of Itk can mediate multiple, 

relatively weak interactions with SLP-76 [28, 77], and perhaps also with SLP-76-associated 

Vav [78]. This multiplicity of Itk-binding sites may allow for different conformations of 

SLP-76-bound Itk, each of which may be competent to phosphorylate a different substrate. 

To test this notion, we examined the role of two Itk-binding sites in mediating the 

phosphorylation of different Itk substrates.

Based on previous work [21, 30], we expected that the SH2-mediated binding of Itk to 

SLP-76 p-Y145 would be critical for phosphorylation of its substrates. To test this 

assumption, prior to the development of our p-Y45 phospho-specific reagent, we used a 

SILAC approach to quantitatively measure the TCR-induced fold-increase in Gads 

phosphorylation sites in TCR-stimulated J14 cells expressing twin-strep-tagged SLP-76 

Y145F. We were surprised to observe pronounced TCR-induced phosphorylation of Gads 

Y45 (Fig. 6A), which closely resembled our previous observations in WT SLP-76-

expressing cells (Fig. 2A).

We later recapitulated this surprising result by directly comparing SLP-76 WT and Y145F-

expressing cells in immunoblotting experiments. Consistent with previous reports [21, 30], 

disruption of the Itk-binding site at SLP-76 Y145 markedly and consistently reduced the 

TCR-induced phosphorylation of PLC-γ1, although this effect was partially blunted by the 

addition of CD28 co-stimulation (Fig. 6B, WCL panels and quantitation in bottom panels). 

In contrast, the SLP-76 Y145F mutation did not markedly reduce the TCR-induced 
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phosphorylation of SLP-76 Y173 (Fig. 6B WCL panels) or Gads Y45 (Fig. 6B IP panels), 

either in the absence or in the presence of costimulation (see quantitation in bottom panels). 

These results provide evidence that different conformational states of SLP-76-bound Itk may 

be required to mediate its phosphorylation of PLC-γ1, as compared to SLP-76 and Gads.

To further explore this hypothesis, we examined the role of the QQPP motif, found at 

SLP-76 residues 184–195, which can serve as a ligand for the SH3 domains of Itk or of 

PLC-γ1 [28, 29, 32]. J14 cells were stably reconstituted with FLAG-tagged SLP-76, either 

WT or bearing a 36 amino acid deletion (Δ177–212) that encompasses the QQPP motif. 

Whereas the Δ177–212 deletion moderately reduced PLC-γ1 p-Y783 and SLP-76 p-Y173, 

Gads p-Y45 was profoundly reduced (Fig. 6C and 6D). Thus, the QQPP Itk SH3 domain-

binding motif appears to be important for Itk activation in general but is particularly required 

to direct Itk activity to Gads Y45.

Taken together, these experiments provide evidence that distinct conformations of SLP-76-

bound active Itk may be required to direct its activity to particular substrates. A Y145-

ligated conformation may primarily facilitate the phosphorylation of PLC-γ1 Y783 but not 

Gads Y45, whereas a QQPP-ligated conformation may be required to direct Itk activity to 

Gads Y45.

Gads Y45 is not essential for TCR-proximal signaling to PLC-γ1

Having established that SLP-76 p-Y173 and Gads p-Y45 are TCR-inducible Itk-mediated 

phosphorylation sites within the LAT-nucleated complex, we next considered what the 

functional significance of these sites might be. Since Itk, SLP-76 and Gads are all implicated 

in the phosphorylation and activation of PLC-γ1 [20, 36, 38, 55, 79], we first explored the 

possibility that Gads p-Y45 may play a role in regulating TCR signaling to PLC-γ1.

To this end, we compared TCR-proximal signaling events in Gads WT- and Y45F-

reconstituted dG32 cells. The Y45F mutation did not interfere with the TCR/CD28-induced 

association of Gads with phospho-LAT or with its indirect, LAT-mediated association with 

PLC-γ1 (Fig. 7A, IP panels). The TCR-inducible phosphorylation of SLP-76 Y173 and LAT 

Y191 were likewise not affected by the Gads Y45F mutation (Fig. 3A and 7A). Notably, 

phosphorylation of PLC-γ1 Y783 was unaffected, both within strep-tactin-purified Gads 

complexes, and in whole cell lysates (Fig. 7A), suggesting that PLC-γ1 recruitment to LAT, 

phosphorylation and its release from the LAT complex all proceed independently of Gads 

Y45.

Further downstream, the Gads Y45F mutation did not reduce the TCR/CD28-induced 

phosphorylation of MAPK family members, Erk (Fig. 7B) or Jnk (Fig. 7C), nor did it 

mitigate the TCR-induced increase in CD69 expression (Supplemental Fig. 4A).

To more formally rule out a role for Gads Y45 in regulating PLC-γ1 activation, we 

examined its effect on the TCR-induced calcium response, by assessing the frequency of 

cells that exhibited increased intracellular calcium in response to low dose TCR stimulation. 

As we previously reported [38], Gads-deficiency markedly reduced the frequency of 

responding cells (Fig. 7D, left) over a range of TCR stimulatory doses (Fig. 7E). Stable 
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reconstitution of Gads expression increased the sensitivity of TCR responsiveness in this 

assay; however, the magnitude of the Gads-dependent increase was not affected by the Y45F 

mutation (Fig. 7E, dotted lines). CD28 costimulation further increased the frequency of 

responding cells, both in the presence and in the absence of Gads (Fig. 7D); moreover, the 

CD28-dependent increase in responsiveness was not affected by the Gads Y45F mutation, as 

compared to WT-reconstituted cells (Fig. 7E, solid lines).

Taken together, these results provide evidence that Gads p-Y45 is not required for TCR 

signaling to PLC-γ1.

SLP-76 Y173 exerts a modest effect on TCR-proximal signaling to PLC-γ1

Having excluded a role for Gads p-Y45 in mediating PLC-γ1 activation, we decided to take 

a closer look at the role of SLP-76 p-Y173. Our previously published data suggested, but did 

not definitively prove a role for SLP-76 Y173 in regulating PLC-γ1. Whereas the Y173F 

mutation decreased the TCR-induced accumulation of phospho-PLC-γ1 in whole cell 

lysates; this mutation only modestly reduced TCR-induced calcium flux [21]. To address 

this apparent contradiction, we compared the accumulation of PLC-γ1 p-Y783 within two 

pools of PLC-γ1, the SLP-76-bound pool, and the pool that is found in whole cell lysates. 

The latter pool includes PLC-γ1 that was phosphorylated within the LAT-nucleated complex 

and subsequently released [67]. Whereas the Y173F mutation markedly reduced the 

abundance of PLC-γ1 p-Y783 in whole cell lysates, the SLP-76-bound pool of PLC-γ1 p-

Y783 was not reduced (Supplemental Fig. 4B). This observation suggests that SLP-76 Y173 

is not required for PLC-γ1 phosphorylation per se, but may be required for the release of 

phosphorylated PLC-γ1 from the LAT-nucleated complex into the cytosol.

Having demonstrated that PLC-γ1 activation occurs independently of Gads Y45, and is 

partially independent of SLP-76 Y173, we next considered the possibility that the Itk-

targeted sites on SLP-76 and Gads may regulate a distinct aspect of the TCR/CD28 signaling 

pathway.

The Itk-targeted sites on SLP-76 are selectively required for TCR/CD28 signaling to the 
RE/AP transcriptional element

The LAT-nucleated complex controls different branches of the TCR signaling pathway, 

leading to the activation of different transcriptional elements, which together drive the 

transcription of IL-2 [1]. PLC-γ1 produces two second messengers, IP3 and DAG, which 

respectively bring about the activation of NFAT and AP1 transcription factors that bind to a 

compound NFAT/AP1 site within the IL-2 promoter. A second compound site, RE/AP, binds 

to both AP1 and cRel, a member of the NFκB family that is activated in response to TCR/

CD28 costimulation [7].

Whereas SLP-76 is absolutely required for NFAT and AP-1 activation [55], the Y173F 

mutation did not reproducibly affect the activity of an NFAT/AP1 luciferase reporter 

construct (Fig. 8A, left). Nevertheless, this mutation markedly reduced the TCR/CD28-

induced production of IL-2 (Fig. 8B), suggesting that it may affect signaling through a 

different branch of the TCR signaling pathway. Consistent with this notion, the Y173F 

mutation eliminated TCR/CD28-induced activation of an RE/AP-luciferase reporter 
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construct (Fig. 8A, middle) and markedly reduced the activation of an NFκB-luciferase 

reporter construct (Fig. 8A, right).

These results suggest that SLP-76 p-Y173 is selectively required for an NFκB-dependent 

branch of the signaling pathway in which TCR and CD28 costimulation synergistically bring 

about the activation of RE/AP.

To further explore the dual role of Itk as a regulator of NFAT and RE/AP, we chose to 

compare two mutations that disrupt Itk-mediated signaling in different ways. To this end, we 

reconstituted J14 cells with FLAG-tagged SLP-76, either WT, Y173F, Δ177–212 (which 

lacks the QQPP motif), or with an allele of SLP-76 bearing both mutations, Δ177–

212+Y173F. This setup allowed us to compare different effects of Itk: whereas the Y173F 

mutation disrupts Itk-mediated phosphorylation of SLP-76, the Δ177–212 mutation 

primarily disrupts Itk-mediated phosphorylation of Gads Y45, and the double mutation 

disrupts the phosphorylation of SLP-76, Gads and PLC-γ1 (Fig. 8C and 8D).

Activation of NFAT was only modestly reduced by each of the single mutations, Y173F or 

Δ177–212, but was dramatically reduced in cells bearing the double mutation, SLP-76 

Y173F+Δ177–212 (Fig. 8E, top). The inhibitory effect of the combined mutations may be 

understood in terms of their effects on PLC-γ1 phosphorylation (Fig. 8C). The Y173F 

mutation decreased PLC-γ1 p-Y783 in whole cell lysates, but not within the SLP-76-bound 

pool. The Δ177–212 mutation had the opposite effect, dramatically decreasing PLC-γ1 p-

Y783 within the SLP-76-bound pool, but only moderately decreasing PLC-γ1 

phosphorylation in whole cell lysates. The double mutation synergistically impaired NFAT 

activity, most likely due to its ability to markedly reduce the phosphorylation of PLC-γ1 in 

both compartments.

Compared with their modest effect on NFAT activation (Fig. 8E, top), each of the single 

mutations markedly impaired the activation of RE/AP, which was even more profoundly 

impaired by the double mutation (Fig. 8E, bottom). Moreover, both of the single mutations 

mitigated the TCR/CD28-induced increase in c-Rel expression (Fig. 8F, top), and markedly 

reduced the TCR/CD28-induced increase in nuclear c-Rel (Fig. 8F, bottom). Both of these 

effects were reproducible and statistically significant (Fig. 8F, right). Substitution of PMA/

Ionomycin for TCR stimulation overcame the defects observed with TCR stimulation.

Taken together, our results imply that Itk exerts at least two mechanistically distinct 

influences on IL-2 transcription. Via phosphorylation of PLC-γ1, Itk promotes activation of 

the NFAT transcriptional element of the IL-2 promoter. Separately, via its binding to the 

SLP-76 QQPP motif and phosphorylation of SLP-76 Y173, Itk promotes the TCR/CD28-

induced expression and nuclear translocation of c-REL, which are required to activate the 

RE/AP transcriptional element.

Gads-dependent inhibition of RE/AP is relieved upon phosphorylation of Gads Y45

Gads plays a supporting role in the TCR signaling pathway, for example, it promotes, but is 

not absolutely required for TCR-induced calcium flux and NFAT activation [38]; moreover, 

the thymic developmental defects of Gads-deficient mice are much milder than the absolute 
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thymic block exhibited by SLP-76-deficient mice [3]. Consistent with this notion, SLP-76 

was required for the TCR/CD28-induced accumulation of cytoplasmic and nuclear c-Rel, 

but Gads was not required for this response (Fig. 9A), nor was it required for TCR/CD28-

induced RE/AP activation (Fig. 9B, compare vector and WT). Despite the Gads-independent 

activation of RE/AP, expression of Gads Y45F dramatically reduced TCR/CD28-induced 

RE/AP reporter activity (Fig. 9B).

To verify this surprising result, we independently repeated the reconstitution of dG32 cells, 

and again found that whereas RE/AP activation can occur in the absence or presence of 

Gads, reconstitution of the cells with Gads bearing a mutation at Y45, either Y45F or Y45E, 

resulted in profound inhibition of TCR/CD28-induced RE/AP activity (Supplemental Fig. 

4B). Removal of the N-SH3 did not impair RE/AP activation, and in some experiments, 

activation was moderately increased (Fig. 9B and Fig. S4B).

The unexpected observation that Gads Y45F can inhibit a Gads-independent event (RE/AP 

activation) suggested that Gads performs two opposing regulatory functions: on the one hand 

promoting TCR-responsiveness by recruiting SLP-76 to phospho-LAT, while simultaneously 

restraining the TCR/CD28-induced activation of RE/AP. In the absence of Gads, both its 

positive and negative signaling functions are removed, allowing c-REL nuclear accumulation 

and consequent RE/AP activation to proceed, albeit in a less regulated manner. We further 

postulated that the unphosphorylated form of Gads might exert a potent inhibitory function, 

which is therefore accentuated in Gads Y45F-reconstituted cells.

It can be difficult to measure concurrent positive and negative signaling functions. We 

expected that the inhibitory activity of Gads might become more apparent if its positive 

signaling functions were impaired. We tested this idea using inactivating mutations of the 

Gads dimerization interface, either F92D, or F92A,R109A. These mutations impair the best-

understood positive signaling function of Gads, its cooperative binding to LAT [42]. 

Moreover, dimerization-deficient Gads mutants are not phosphorylated at Y45 (Fig. 5C), 

suggesting the possibility to observe the inhibitory activity of non-phosphorylated Gads, in 

the absence of its positive signaling functions.

Mutational inactivation of the dimerization interface moderately reduced NFAT-luciferase 

reporter activity, to a level that resembled or was slightly lower than Gads-deficient cells 

(Fig. 9C, top). In contrast, expression of dimerization-deficient Gads profoundly inhibited 

TCR/CD28-induced RE/AP reporter activity, to a level that was far below that seen in the 

absence of Gads (Fig. 9C, bottom). The TCR/CD28-induced accumulation of nuclear c-Rel 

was correspondingly reduced upon expression of dimerization-deficient Gads, to a level far 

below that seen in the absence of Gads (Fig. 9D). These results provide evidence for an 

active inhibitory function of Gads, which is specific to the RE/AP pathway, and may be 

mediated by the N-terminal SH3 of monomeric Gads, when found in a non-phosphorylated 

state. We considered the possibility that the apparent Gads-independence of the RE/AP 

assay may be due to the relatively low expression of Gads in our stably-reconstituted cell 

lines. To overcome this problem, we transiently transfected dG32 cells with increasing 

amounts of WT or mutant C-terminally SNAP-tagged Gads, along with the RE/AP reporter. 

Approximately 16 hr later, transiently transfected cells expressed amounts of Gads that 
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approached or even exceeded that observed in the parental Jurkat cell line (data not shown). 

Under these conditions, wild type Gads markedly promoted RE/AP activation, whereas the 

dimerization-defective mutant F92A,R109A profoundly inhibited RE/AP activation. The 

Y45F mutant exhibited intermediate activity, which was substantially lower than WT Gads 

and substantially higher than the dimerization-deficient Gads mutant (Fig. 9E). These results 

strongly support the notion of opposing regulatory functions of Gads, in which the positive 

function depends on Gads dimerization, whereas the negative function is dimerization-

independent. The intermediate activity of Gads Y45F can be understood in terms of its 

ability to carry out the positive regulatory functions of Gads (Fig. 7), while also exhibiting 

constitutive negative activity, due to its non-phosphorylated state.

Taken together, our results suggest that Itk controls CD28 responsiveness via TCR-induced 

phosphorylation of its targets on Gads and SLP-76. Whereas SLP-76 p-Y173 promotes 

RE/AP activation by increasing the TCR/CD28-induced accumulation of nuclear c-Rel; 

Gads Y45 phosphorylation permits RE/AP activation by removal of an active restraint 

mediated by non-phosphorylated, monomeric Gads. The finding that Gads actively restrains 

CD28 responsiveness prior to its TCR-induced phosphorylation at Y45 suggests that Gads 

plays an important role in helping to insure the interdependence of CD28 responsiveness on 

TCR signaling.

Discussion

Prior studies established a clear role for Itk in the initiation of TCR-proximal signaling 

events, leading to the phosphorylation and activation of PLC-γ1 [25]. As a Tec-family 

kinase that is activated downstream of Lck and ZAP-70, Itk constitutes the third member of 

the TCR-induced tyrosine kinase cascade. Active Itk can be found in complex with SLP-76, 

which is recruited to LAT by Gads, and within this heterotrimeric adaptor complex, Itk 

promotes downstream responsiveness, in part, by phosphorylating LAT-associated PLC-γ1 

at Y783.

Here, we have uncovered a distinct Itk-dependent signaling module that is based on the Itk-

mediated phosphorylation of SLP-76 Y173 and Gads Y45. Our data document the profound 

TCR-induced increase in the abundance of SLP-76 p-Y173 and Gads p-Y45, both in a 

human T cell line and in primary mouse lymphocytes [Fig. 2–3 and 21]. We provide several 

independent lines of evidence to demonstrate that these phosphorylation events are mediated 

by Itk (Fig. 4), and that each site can be phosphorylated independently of the other (Fig. 3A 

and 5B). Itk-mediated phosphorylation of Gads occurs within the LAT-nucleated signaling 

complex (Fig. 5) and appears to depend on a particular conformation of Itk, in which the Itk 

SH3 domain binds to the QQPP motif of SLP-76 (Fig. 6). Whereas Gads p-Y45 and SLP-76 

p-Y173 are largely expendable for signaling through the PLC-γ1-calcium-NFAT axis; both 

are required to mediate the TCR/CD28-induced activation of the RE/AP transcriptional 

element from the IL-2 promoter (Fig. 7–9). This study therefore establishes a PLC-γ1-

independent mechanism by which SLP-76 and Gads regulate the synergistic activity of the 

TCR and CD28 signaling pathways, leading to the activation of RE/AP.
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The high fold phosphorylation and evolutionary conservation of the Gads p-Y45 motif, 

which is found within the conserved N-terminal SH3 domain of Gads, all suggest a 

conserved function. Yet the N-terminal SH3 domain of Gads, to date, has no known 

signaling function [3], and our characterization of Gads p-Y45 therefore provides the first 

insight into the regulatory role played by the N-SH3 of Gads. Moreover, our study may 

provide some insight into the widespread but poorly understood phenomenon of SH3 

domain tyrosine phosphorylation [80]. A recently published bioinformatic survey revealed 

that of 273 human SH3 domains, 94 are phosphorylated on tyrosine, and 20 of those are 

phosphorylated at the M2 position, which is the location of Gads Y45 [81]. Yet, with the 

possible exception of Src p-Y133 [82] and Caskin 1 p-Y336 [83], the functional significance 

of SH3 domain tyrosine phosphorylation at the M2 position is, to the best of our knowledge, 

unknown.

Upon the identification of Gads Y45 and SLP-76 Y173 as substrates of Itk, we sought to 

identify the mechanisms by which the catalytic domain of Itk is directed to these particular 

substrates. This question is complicated by the fact that Itk is regulated by multiple intra- 

and inter-molecular protein-protein interactions [25]. In the resting state, intramolecular 

interactions of the SH2 and SH3 domains of Itk stabilize the inactive conformation of the 

enzyme; whereas upon TCR stimulation, bivalent binding of SLP-76 to the SH domains of 

Itk is thought to stabilize the catalytically active conformation [24, 28]. Consistent with this 

notion, elution of Itk from the SLP-76 complex abrogated its activity, which was restored 

upon its reassociation with SLP-76 [20].

The association of active Itk with SLP-76 appears to be sufficient to target its activity to 

SLP-76 Y173. In support of this notion, we observed that the phosphorylation of SLP-76 at 

Y173 can occur in the absence of either Gads or LAT, and was only moderately reduced by 

point mutations that disrupt the Gads-mediated recruitment of SLP-76 to LAT [Fig. 5 and 

38].

In contrast, Itk-mediated phosphorylation of Gads was exquisitely dependent on the 

association of Gads with both SLP-76 and LAT, suggesting that Gads Y45 phosphorylation 

must occur within the heterotrimeric adaptor complex (Fig. 5). These findings provide clues 

to the specific docking interactions that target Itk catalytic activity to Gads. In particular, the 

high affinity, constitutive interaction of Gads with SLP-76 [33, 40, 41] may serve to bring 

Gads Y45 into the vicinity of SLP-76-bound Itk. Moreover, the cooperatively paired binding 

of the Gads SH2 to LAT [42] may create a docking surface for the Itk kinase domain, which 

may facilitate the Itk-mediated phosphorylation of the adjacent Gads Y45. This speculation 

is consistent with previous studies, in which docking of the Itk kinase domain onto a non-

classical SH2 domain surface within particular substrate proteins was required for the Itk-

mediated phosphorylation of an SH2-adjacent site [47, 48]. Alternatively, the dimeric 

binding of Gads to LAT may induce a conformational change that may increase the surface 

exposure of Gads Y45. It is important to note that no structural information is available for 

the N-terminal SH3 of Gads, and we expect that future structural studies will be required to 

illuminate the mechanism by which Itk activity is targeted to Gads Y45.
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To better understand the mechanisms that direct Itk to its individual substrates, we explored 

how phosphorylation of each substrate may depend on two known Itk-binding motifs: 

SLP-76 p-Y145, which binds to the SH2 domain of Itk, and the SLP-76 QQPP motif, which 

binds to the Itk SH3 domain (Fig. 6). As previously reported [21, 30], ablation of SLP-76 

Y145 markedly reduced the Itk-mediated phosphorylation of PLC-γ1; however, its effects 

on the Itk-mediated phosphorylation of SLP-76 and Gads were quite modest. Conversely, a 

deletion encompassing the QQPP motif markedly reduced the TCR-induced association of 

Itk with SLP-76 and the Itk-mediated phosphorylation of Gads Y45 but had a more modest 

effect on the phosphorylation of SLP-76 and PLC-γ1. These results provide evidence that 

Itk may assume multiple conformations within the SLP-76-Gads-LAT complex, each of 

which may be most suited to phosphorylation of a particular substrate within this complex.

The concept that Itk can assume distinct, catalytically active, SLP-76-bound conformations 

may help to resolve other previously puzzling observations. The SH2 of Itk is commonly 

thought to bind to SLP-76 p-Y145, yet ablation of SLP-76 Y145 was not sufficient to disrupt 

the interaction of Itk with SLP-76 [30]. The residual association of Itk with SLP-76 Y145F 

may be mediated by binding of the Itk SH3 to the QQPP motif, by binding of the Itk SH2 to 

p-Y113 of SLP-76, or by indirect recruitment of Itk, via its interaction with Vav [78], which 

binds directly to SLP-76 and may serve to stabilize the SLP-76-Itk interaction.

The binding site of the Itk SH3 domain is likewise not completely clear. Whereas it may 

bind to the QQPP motif [28, 29], this motif was also reported to bind to the SH3 domains of 

Lck and PLC-γ1 [32, 34]. One possible solution to this conundrum might involve the 

binding of the QQPP motif to different SH3 domains at different stages in the signaling 

cascade, or via partially overlapping binding sites, as was recently demonstrated for the 

binding of Itk and Lck to the related adaptor TSAD [84]. A switch between different QQPP-

binding partners may be facilitated by the autophosphorylation of Itk at Y180 within its SH3 

domain [69], as phosphorylation of this site alters the affinity of the SH3 for different 

proline-rich ligands [85]. In this way, autophosphorylation of Itk Y180 may alter its mode of 

binding to SLP-76.

As an integrative explanation for the above data, we propose that Itk may interact with 

SLP-76 via multiple distinct modes, each of which is most suitable for the phosphorylation 

of a particular substrate.

Further downstream, Gads Y45 and SLP-76 Y173 appear to be dispensable for the canonical 

SLP-76-Gads-LAT-mediated phosphorylation and activation of PLC-γ1, leading to calcium 

flux and NFAT activation; rather both sites are required to mediate the TCR/CD28-induced 

activation of the RE/AP transcriptional element (Fig. 7–9). In a similar manner, a region 

encompassing the QQPP motif on SLP-76, was required for phosphorylation of Gads Y45 

and for the activation of RE/AP but not NFAT (Fig. 6C and 8C–E). Consistent with our 

findings, precise excision of the 10 amino acid QQPP motif in SLP-76-reconstituted J14 

cells moderately reduced NFAT nuclear translocation, but dramatically reduced IL-2 

production [34]. Our results therefore suggest that Itk regulates at least two distinct signaling 

branches downstream of the TCR, one leading to PLCγ1-dependent calcium flux, and the 
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other acting via phosphorylation sites on SLP-76 and Gads to regulate the activity of the 

RE/AP transcriptional element.

Whereas we previously reported that SLP-76 p-Y173 is required for optimal 

phosphorylation of PLC-γ1 [21], a careful re-appraisal of this site revealed that SLP-76 p-

Y173 is not required for PLC-γ1 phosphorylation per se, but rather contributes to the 

catalytic release of phospho-PLC from the LAT-nucleated complex [as described by 67], 

thereby promoting the accumulation of phospho-PLC-γ1 outside the confines of this 

complex (Supplemental Fig. 4B). The ability of SLP-76 p-Y173 to promote the release of 

phospho-PLC-γ1 from LAT may relate to its ability to bind weakly to the C-terminal SH2 of 

PLC-γ1 [22]. It is interesting to note a previous mutational study of PLC-γ1, which 

presented evidence that the C-SH2 of PLC-γ1 is required for the activation of RE/AP, 

independently of any influence on TCR-induced calcium flux [86]. Thus, we can speculate 

that the pathway by which SLP-76 p-Y173 regulates RE/AP may be related to its ability to 

bind to the C-terminal SH2 of PLC-γ1.

Our data suggest that Itk-mediated phosphorylation of Gads and SLP-76 regulate RE/AP 

activity, via an effect on NFκB signaling. This notion is supported by the partial inhibition 

of an NFκB reporter upon mutation of SLP-76 Y173 (Fig. 8A). Moreover, we found that 

two Itk-related features of SLP-76, the Itk phosphorylation site Y173 and the Itk-binding 

QQPP motif, are required for the TCR/CD28-induced accumulation of cytoplasmic and 

nuclear c-Rel. We can only speculate on how these features of SLP-76 might regulate the 

accumulation of c-Rel. Previous reports suggested that SLP-76 may regulate NFκB through 

HPK1, a kinase that associates with the SH2 domain of SLP-76 [87] and is reported to 

phosphorylate Carma1, a key element of the NFκB signaling pathway [88]. Another 

possibility is that SLP-76 and Gads may directly influence transcriptional events via the 

ability of SLP-76 to translocate to the nuclear pores, where it regulates the nuclear 

translocation NFκB [89]. It remains to be seen whether this activity depends on Itk-targeted 

phosphorylation sites on the adaptors. Another possibility is a direct effect on CD28 

signaling. It has been known for some time that Gads can bind directly to a membrane-

proximal p-YMNM motif found in the cytoplasmic tail of CD28 [90]; however, evidence for 

the functional relevance of this interaction is mixed [91–93]. While it is possible that Gads 

p-Y45 may exert its effects directly within the CD28-nucleated signaling complex, we 

consider this possibility unlikely, since Gads Y45 did not affect the CD28-induced 

augmentation of calcium flux (Fig. 7). In light of the large number of possibilities, a specific 

resolution of the mechanism by which SLP-76 p-Y173 and Gads p-Y45 regulate c-Rel and 

RE/AP is outside the scope of this study.

We are especially intrigued by the profound Gads-dependent inhibition of RE/AP, which 

was observed upon mutation of Gads Y45 or upon mutational inactivation of the Gads 

dimerization interface, despite that fact that Gads itself was not required for RE/AP 

activation. This observation suggests that Gads performs an inhibitory function, analogous to 

the closing of a gate, which limits T cell responsiveness by inhibiting the activation of 

RE/AP. Consistent with the suggested inhibitory activity, overexpression of Gads was 

previously shown to inhibit NFκB activity, in the context of RET—induced oncogenic 

transformation [94]. A similar phenomenon has been observed for the adaptor protein ALX, 
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which is dispensable for RE/AP activation, but profoundly inhibits RE/AP when 

overexpressed [95, 96]. This example provides evidence for the existence of regulatory 

pathways that are dedicated to the negative regulation of RE/AP, and we suggest that Gads is 

likely to constitute an important component of this regulatory mechanism.

Our observations suggest a model of TCR signaling in which Gads performs both positive 

and negative signaling functions. The inhibitory function appears to be carried out by 

monomeric, non-phosphorylated Gads. The gating mechanism is likely to involve particular 

ligands of the N-SH3 of Gads, which may impinge on negative regulatory pathways; 

however, the relevant SH3 binding partners remain to be determined. One possibility is c-

Cbl, which was previously shown to bind to Gads via its N-SH3 [43] or via its C-SH3 [97]; 

however, we have so far been unable to validate this interaction in our hands. Alternatively, 

regulatory effects may be mediated by a phospho-dependent ligand of Y45, which remains 

to be identified.

Based on this model, opening of the gate to allow RE/AP activation would depend on Gads 

SH2 domain dimerization and association with phospho-LAT, leading to the phosphorylation 

of Gads at Y45, which together may stabilize an active conformation. In this respect, it is 

important to note the tight regulation of Gads Y45 phosphorylation, induction of which 

depends both on the TCR-induced binding of Gads to LAT, and on the TCR-induced 

interaction of Itk with SLP-76. Since the gate remains closed and RE/AP is inhibited in the 

absence of Gads Y45 phosphorylation, these requirements may prevent spurious immune 

responses by limiting CD28 responsiveness to cells that have experienced signaling through 

the TCR.

Supplementary Material
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Key points:

TCR-induced, Itk-mediated phosphorylation of Gads Y45 occurs within the LAT 

complex.

SLP-76 Y173 is phosphorylated by Itk and required for RE/AP transcriptional activity.

Non-phosphorylated, monomeric Gads selectively inhibits the activation of RE/AP.
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FIGURE 1. A web of interactions connects Itk to its substrates.
Upon TCR stimulation, ZAP-70 phosphorylates conserved tyrosine residues on LAT and 

SLP-76 (shown in yellow). Itk binds to SLP-76 via a multivalent interaction, in which its 

SH2 may bind to SLP-76 p-Y145, and its SH3 domain may bind to the SLP-76 QQPP motif. 

Gads bridges the recruitment of SLP-76 to LAT, via its C-SH3 domain, which binds with 

high affinity to a SLP-76 RxxK motif, and its central SH2 domain, which binds in a 

cooperatively paired manner to LAT p-Y171 and p-Y191. Grb2 bridges the recruitment of 

SOS to LAT p-Y171, p-Y191 and/or p-Y226. PLC-γ1 is recruited via its N-SH2 to LAT p-

Y132, and is thereby brought into the vicinity of SLP-76-bound Itk. Itk-targeted sites, 

including Gads Y45, identified in this study, are shown in red.
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Figure 2. A conserved Gads tyrosine phosphorylation site, identified by MS.
(A) Kinetics of the TCR-induced phosphorylation of Gads Y45 and SLP-76 Y173. A 

SILAC approach was employed to measure the TCR-induced fold change in SLP-76 and 

Gads phosphorylation sites. Shown is the median Log2-fold change for the two most highly-

induced sites: Gads p-Y45 and SLP-76 p-Y173. Data are from four independent biological 

replicates; error bars indicate the SD. (B) Evolutionary conservation of the sequence 
motif surrounding Gads Y45. NCBI Protein Blast was used to identify and select 66 

vertebrate Gads orthologs from the mammalian, avian, cartilaginous and bony fish, 

amphibian, and reptilian classes, including representatives of 55 different taxonomical 

orders [3]. Sequences were aligned with Clustal O [61], and WebLogo [62] was used to 

depict the conservation of Gads residues 40–53.
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Figure 3. A phospho-specific reagent reveals TCR-induced Gads Y45 phosphorylation in mouse 
and human T cells.
(A) Validation of a p-Y45 phospho-specific reagent. dG32 cells, stably reconstituted with 

twin strep-tagged Gads, either WT or Y45F, were stimulated with anti-TCR (C305, 1:1000 

dilution) and anti-CD28 (CD28.2 1.5 μg/ml), and then lysed. Gads complexes were isolated 

with strep-tactin beads (IP-Strep) and probed with the indicated antibodies. Results are 

representative of at least 5 repeats. (B) Gads Y45 phosphorylation is independent of 
CD28 co-stimulation. dG32 cells reconstituted with WT Gads were stimulated with anti-

TCR (C305, 1:1000 dilution), in the presence or absence of anti-CD28 (CD28.2 1.5 μg/ml), 

and lysed. Top: streptactin complexes were probed as in A. Results are representative of at 

least three repeats. Bottom: cells were stimulated for 2 or 5 min in quadruplicate. Streptactin 

complexes were probed for phospho- and total Gads, whereas lysates were probed for 

phospho-and total SLP-76 and PLC-γ1, followed by quantification. Phospho-intensity was 

calculated as the ratio of phospho- to total protein in each band, and is presented relative to 

the average intensity observed in TCR stimulated WT cells from the same stimulation time. 

The one-sample T test was used to determine whether the phospho-intensity in TCR/CD28-

stimulated cells was statistically different from 1. (C) Inducible phosphorylation of Gads 
Y45 in primary mouse T cells. Prior to lysis, thymocytes or naive CD4 peripheral T cells 

isolated from C57BL/6 mice were stimulated with 1 μg/ml anti-CD3 and 2 μg/ml anti-CD28, 

followed by anti-Armenian Hamster IgG crosslinking to induce stimulation for the indicated 
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time at 37°C. SLP-76 complexes were isolated by immunoprecipitation and were probed 

with the indicated antibodies. Results are representative of five independent experiments.

Hallumi et al. Page 31

J Immunol. Author manuscript; available in PMC 2022 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Itk mediates the TCR-inducible phosphorylation of Gads Y45 and SLP-76 Y173.
(A) in vitro phosphorylation of Gads Y45 by Itk. Recombinant Gads, either full length 

(WT), lacking the N-terminal SH3 (ΔN) or with a substitution of phenylalanine for Tyr45 

(Y45F), was phosphorylated in vitro by bead-bound Itk from TCR-stimulated cells, and the 

reaction supernatant was analyzed by blotting with anti-global p-Tyr (4G10), anti-p-Y45 or 

anti-MBP-Gads. Results are representative of two experiments. (B) An Itk inhibitor blocks 
TCR-induced Gads Y45 phosphorylation in intact cells. dG32 cells, stably reconstituted 

with twin strep-tagged Gads, either WT or Y45F, were preincubated in stimulation medium 

for 30 min at 37°C, in the presence or absence of 3 μM BMS-509744, and were then 

stimulated with anti-TCR (C305, 1:1000 dilution) + CD28 costimulation (CD28.2 2 μg/ml). 

Streptactin complexes were probed with the indicated antibodies, as in Fig. 3A. Results are 

representative of four experiments. (C) Gads Y45 phosphorylation is impaired in an ITK-
deficient T cell line. Jurkat or J.ITK cells were stimulated for the indicated time with anti-

TCR + anti-CD28 and lysed. Anti-SLP-76 immune complexes and lysates were probed with 

the indicated phospho-specific antibodies, and then stripped, and reprobed for the total 

protein levels. Results are representative of six experiments.
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Figure 5. Gads Y45 phosphorylation occurs within the SLP-76-Gads-LAT complex.
Jurkat-derived cell lines bearing specific mutations, as described in Table I, were used to 

determine the structural requirements for Gads Y45 phosphorylation. Cells were stimulated 

for the indicated times with anti-TCR (C305, 1:1000 dilution) + CD28 costimulation 

(CD28.2 2 μg/ml) and lysed. Whole cell lysates (WCL) or affinity-purified complexes were 

probed with the indicated phospho-specific or total protein antibodies. (A) The Gads-
SLP-76 interaction targets Itk activity to Gads. phospho-sites in dG32 cells, stably 

reconstituted with twin-strep-tagged Gads, either WT or bearing the C-SH3-inactivating 

mutation, P321L. (B) Gads Y45 phosphorylation is independent of SLP-76 Y173. 
Phospho-sites in J14 cells, stably reconstituted with twin strep-tagged SLP-76, either wild 

type or bearing the Y173F mutation. (C) Gads dimerization is required for Y45 
phosphorylation. Phospho-sites were assessed in previously-described dG32 cell lines, 

stably reconstituted with WT or dimerization-deficient forms of Gads-GFP. (D) LAT is 
required to support Gads Y45 phosphorylation. TCR/CD28-induced phosphorylation 

events were compared in Jurkat, or the LAT-deficient cell line, J.LAT. Results are 

representative of five (A), six (B), two (C) and six (D) independent experiments.
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Figure 6. Distinct docking interactions direct Itk activity to its substrates, Gads, SLP-76 and 
PLC-γ1.
J14 cells, stably reconstituted with the indicated forms of N-terminally strep-tagged (A-B) or 

FLAG-tagged (C-D) SLP-76, were stimulated as indicated and affinity-purified SLP-76 

complexes or whole cell lysates (WCL) were analyzed to determine site-specific 

phosphorylation. (A) SLP-76 Y145, an Itk SH2-binding site, is not required for Gads 
Y45 phosphorylation. A SILAC approach was employed, as in Fig. 2A, to identify the 

TCR-induced change in Gads Y45 phosphorylation in J14 cells expressing twin strep-tagged 

SLP-76 Y145F. Results are the median of two independent biological repeats. (B) 

Differential effects of SLP-76 Y145 on Itk substrates. TCR- and TCR/CD28-induced 

phospho-sites in J14 cells, stably reconstituted with SLP-76 WT or Y145F. Left: 

representative western blots. Right: Quantification of phospho-intensity. Gads p-Y45 

phospho-intensity was normalized to total Gads protein. Results are expressed as the average 

phospho-intensity observed in SLP-76 Y145F-expressing cells, relative to the intensity 

observed in WT cells from the same stimulation time, which was arbitrarily set to 1. n= 2 

(TCR alone) or 3 (TCR/CD28) experiments, error bars represent the standard deviation. The 

one-sample T test was used to determine whether the phospho-intensity in TCR/CD28-
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stimulated cells was statistically different from 1. (C) Differential effect of SLP-76 QQPP 
motif on Itk substrates. TCR/CD28-induced phospho-sites in J14 cells, stably reconstituted 

with SLP-76 WT or Δ177–212. (D) Quantitative effect of QQPP motif on Itk substrates. 
The cell lines shown in C were stimulated for 2 or 5 minutes with TCR/CD28. Anti-FLAG 

complexes were probed for phospho- and total Gads, whereas lysates were probed for 

phospho- SLP-76 and phospho-PLC-γ1, and phospho-intensity was quantified as in B. n= 2 

(5 min) or 3 (2 min) experiments, error bars represent the standard deviation. The one-

sample T test was used to determine whether the phospho-intensity in cells stimulated for 2 

min is statistically different from 1.
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Figure 7. Gads Y45 is not required for TCR-proximal signaling to PLC-γ1.
(A) Recruitment of Gads to LAT is independent of Gads p-Y45. Lysates (WCL), or 

streptactin-purified Gads complexes from stimulated cells were probed with the indicated 

antibodies. Results are representative of at least 3 repeats. (B) Erk MAPK activation is 
independent of Gads p-Y45. Cells were stimulated as in A and lysates were probed with 

anti-phospho- and total Erk1/2. Results are respresentative of three independent 

experiments. (C-E) FACS-based assays were used to measure TCR responses in Jurkat, 

dG32 or dG32 cells that were stably reconstituted with the indicated twin strep-tagged Gads 

alleles. Cells were differentially barcoded with CellTrace Violet (C) or CellTrace Far Red 

(D-E), prior to stimulation. (C) pJNK response is independent of Gads p-Y45. Cells were 

stimulated in triplicate for 15 min with anti-TCR (1:30,000) + anti-CD28 (2 μg/ml) (shaded 

histogram), or mock stimulated (open histogram), prior to intracellular staining with anti-p-

JNK-PE. Results were analyzed while gating on matched GFP-expression gates, used as an 

indication of Gads expression. Left: Representative results. Right: Average p-JNK median 

fluorescence intensity (n=3; error bars indicate the SD). The unpaired two-tailed T test was 

used to identify statistically significant differences, relative to TCR-stimulated WT-

reconstituted dG32 cells. (D-E) Calcium response is independent of Gads p-Y45. 
Intracellular calcium was measured by FACS, with TCR or TCR/CD28 costimulation added 

at 60 sec. (D) Representative raw data observed upon stimulation with anti-TCR (C305 

1:400,000), in the presence or absence of anti-CD28 (1.5 μg/ml). Cells within the 

rectangular gate are considered to be responding cells. (E) Cells were stimulated with the 

indicated concentration of anti-TCR (C305), in the presence or absence of CD28 

costimulation (1.5 μg/ml). Shown is the percent responding cells observed within a 100 
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second time window, beginning 1.5 min after the addition of stimulant (n=3, error bars 

indicate SD).
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Figure 8. Itk-related features of SLP-76 are specifically required to activate the RE/AP 
transcriptional element.
(A) Role of SLP-76 Y173 in transcriptional responses to TCR/CD28 stimulation. 
Luciferase reporter activity was measured in J14 cells that had been stably reconstituted with 

comparable expression of twin strep-tagged SLP-76 (WT or Y173F) or with a vector 

control. Results are presented relative to that observed in TCR/CD28-stimulated WT cells 

from the same stimulation plate, and are the average of three experiments, conducted in 

triplicate, error bars indicate the SD. (B) Role of SLP-76 Y173 in TCR/CD28-induced 
IL-2 expression. The cell lines shown in A were stimulated for 6 hours with plate-bound 
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anti-TCR and soluble anti-CD28, in the presence of 5 μg/ml brefeldin A during the last 4 

hours of stimulation, and intracellular staining with α-IL-2-PE was analyzed by FACS, to 

determine the percent IL-2+ cells. Results are the average of two experiments, conducted in 

duplicate, error bars indicate the SD. (C-F) Two Itk-related features of SLP-76 are 
required for RE/AP activation, via their regulation of cytoplasmic and nuclear c-Rel. 
J14 cells were reconstituted with the indicated forms of FLAG-tagged SLP-76 and were 

sorted for comparable expression level. (C-D) Differential effect of the SLP-76 mutations 
on PLC-γ1 and Gads phosphorylation. Cells were stimulated and western blots prepared 

from anti-FLAG-purified SLP-76 complexes (IP-FLAG) or whole cell lysates (WCL). 

Results are representative of three experiments. (E) NFAT and RE/AP luciferase activities 
were measured as in A. Results are the average of three or four experiments, conducted in 

triplicate, error bars indicate the SD. (F) Expression and nuclear translocation of c-REL. 
Cells were stimulated for 4 hr, and nuclear and cytoplasmic extracts were probed by western 

blot (left). For quantification, the intensity of c-Rel was normalized to GAPDH (for 

cytoplasm) or to SNF2H (for nuclei), and the normalized values were expressed relative to 

that observed in TCR/CD28-stimulated WT cells from the same experiment. The average 

normalized intensity of c-Rel from four (cytoplasm) or three (nuclear) experiments is shown 

at right. For all bar graphs in this figure, the unpaired student T test was used to compare 

TCR/CD28-stimulated cells to WT TCR/CD28-stimulated cells.
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FIGURE 9. Gads-dependent inhibition of RE/AP is relieved upon phosphorylation of Gads Y45.
(A) c-Rel nuclear translocation depends on SLP-76, but not Gads. The indicated cell 

lines were rested or stimulated with TCR/CD28 for 4 hr, and cytoplasmic (top) and nuclear 

extracts (bottom) were probed as in Fig 8F. Results are representative of at least 4 

experiments. (B) Role of Gads Y45 in the transcriptional response to TCR/CD28. dG32 

cells were stably reconstituted with twin-strep tagged Gads (WT, ΔN or Y45F) or with a 

vector control and were sorted for comparable expression level. RE/AP luciferase activity 

was measured. (C) Monomeric Gads inhibits the transcriptional response to TCR/
CD28. dG32 cells were stably reconstituted with twin-strep tagged Gads-GFP, either WT, or 

bearing dimerization disrupting point mutations, and NFAT- (top) and RE/AP- (bottom) 

luciferase activity were measured. (D) Monomeric Gads inhibits the accumulation of 
nuclear c-rel. The cell lines shown in C were rested or stimulated for 4 hr with TCR/CD28, 

and nuclear extracts were probed (top) and quantified (bottom) as in Fig. 8F. Chart shows 

the average normalized intensity of c-Rel from three experiments, error bars indicate the SD. 

(E) Dose-dependent inhibition of RE/AP by mutant Gads. dG32 cells were transiently 

co-transfected with the indicated amount of c-terminally SNAP-tagged Gads, along with 

RE/AP luciferase reporter and renilla normalization plasmids. 16 hr later, cells were 

stimulated and RE/AP luciferase activity measured. Statistical analysis: Luciferase assays 

depict the average of 4 (B and C) or 3 (E) experiments, each conducted in triplicate, with 

error bars indicating the SD. The unpaired student T test was used to compare TCR/CD28-

stimulated cells to Gads-deficient TCR/CD28-stimulated cells (B-D) or to cells transfected 

with the same amount of WT Gads (E).
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Table I.

A summary of the cell lines and point mutations employed in this study.

Parental Cell Line Reconstituted with Description

Gads-deficient cell line, dG32 [38]

Gads Y45F Tyr 45 substituted with phenylalanine

Gads ΔN (Δ2–53) N-terminal SH3 deleted

Gads F92D [42] SH2 dimerization interface disrupted (disrupts binding to LAT)

Gads F92A,R109A [42]

Gads P321L [54] Disrupts binding of Gads C-SH3 to SLP-76 RXXK motif

SLP-76-deficient cell line, J14 [55] SLP-76 Y173F [21] Tyr 173 substituted with phenylalanine

SLP-76 Y145F [17] An Itk SH2-binding site disrupted

SLP-76 Δ177–212 [32] Potential Itk SH3-binding site disrupted by deletion encompassing the QQPP 
motif

Itk-deficient cell line, J.ITK [56]

LAT-deficient cell line, J.LAT [57]
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