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SRC homology 2 domain-containing leukocyte phospho-
protein of 76 kDa (SLP-76) is a cytosolic adaptor protein
that plays an important role in the T-cell receptor–
mediated T-cell signaling pathway. SLP-76 links proximal
receptor stimulation to downstream effectors through in-
teraction with many signaling proteins. Previous studies
showed that mutation of three tyrosine residues, Tyr112,
Tyr128, and Tyr145, in the N terminus of SLP-76 results in
severely impaired phosphorylation and activation of Itk
and PLC�1, which leads to defective calcium mobilization,
Erk activation, and NFAT activation. To expand our knowl-
edge of the role of N-terminal phosphorylation of SLP-76
from these three tyrosine sites, we characterized nearly
1000 tyrosine phosphorylation sites via mass spectrometry
in SLP-76 reconstituted wild-type cells and SLP-76 mutant
cells in which three tyrosine residues were replaced with
phenylalanines (Y3F mutant). Mutation of the three N-termi-
nal tyrosine residues of SLP-76 phenocopied SLP-76-defi-
cient cells for the majority of tyrosine phosphorylation sites
observed, including feedback on proximal T-cell receptor
signaling proteins. Meanwhile, reversed phosphorylation
changes were observed on Tyr192 of Lck when we com-
pared mutants to the complete removal of SLP-76. In addi-
tion, N-terminal tyrosine sites of SLP-76 also perturbed
phosphorylation of Tyr440 of Fyn, Tyr702 of PLC�1, Tyr204,
Tyr397, and Tyr69 of ZAP-70, revealing new modes of regu-
lation on these sites. All these findings confirmed the cen-
tral role of N-terminal tyrosine sites of SLP-76 in the
pathway and also shed light on novel signaling events
that are uniquely regulated by SLP-76 N-terminal tyrosine
residues. Molecular & Cellular Proteomics 14: 10.1074/
mcp.M114.037861, 30–40, 2015.

Signaling events induced by the T-cell receptor (TCR)1 play
an essential role in the adaptive immune response, important
for T-cell proliferation, differentiation, and cytokine secretion.
TCR engagement results in sequential activation of Src kinase
Lck and Fyn, which phosphorylates the CD3�-chain immuno-
receptor tyrosine-based activation motifs (ITAMs) (1). Phos-
phorylated ITAMs recruit and activate the Syk family protein
kinase ZAP-70, which phosphorylates the transmembrane
scaffold linker for activation of T cells (2), as well as SH2
domain-containing leukocyte protein of 76 kDa (SLP-76) (3),
forming a signalosome complex essential for the assembly of
downstream signaling proteins.

SLP-76, as an adaptor protein, lacks intrinsic enzymatic
function but serves as an essential protein scaffold, recruiting
other proteins for correct localization during T-cell signaling.
Studies with SLP-76-deficient mice and SLP-76-deficient T-
cell lines revealed a very profound role for SLP-76 in T-cell
development and activation (4–7). In SLP-76-deficient Jurkat
T cells, defects were observed in phosphorylation and acti-
vation of PLC�1, calcium mobilization, Erk activation, and
cytokine gene transcription following TCR ligation (6). SLP-76
consists of three domains: an N-terminal acidic region con-
taining three tyrosine residues, Tyr112, Tyr128, and Tyr145; a
central proline-rich region; and a C-terminal SH2 domain (7).
Upon TCR activation, SLP-76 is recruited to the linker for
activation of T cells signaling complex through binding with
GADS (8), nucleating the interaction of signaling proteins,
including PLC�1, Itk, Vav, Nck, and adhesion and degranula-
tion adaptor protein (9). PLC�1 is recruited to the SLP-76
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signaling complex through binding to both LAT and SLP-76.
Phosphorylated Tyr145 of SLP-76 is recognized by the SH2
domain of the Tec family kinase Itk, which also binds to the
proline-rich domain of SLP-76 (10). This interaction maintains
Itk in an active conformation (7). The binding of PLC� and
active Itk to SLP-76 leads to the phosphorylation and activa-
tion of PLC�1 and subsequent generation of the second
messengers inositol 1,4,5-trisphosphate and diacylglcycerol
(11). SLP-76 also regulates cytoskeletal rearrangement
through the assembly of a tri-molecular signaling complex
with Vav and Nck (12). In addition, the interaction between the
tyrosine-phosphorylated adaptor protein and the SH2 domain
of SLP-76 regulates integrin activation (13).

Besides its importance in regulating downstream signaling
proteins, we recently revealed that SLP-76 plays an important
role in mediating upstream signaling proteins (14). In a phos-
phoproteomic study examining cells deficient in SLP-76,
SLP-76 was required for mediation of the phosphorylation of
PAG (14), which transmits negative regulatory signals in com-
plex with Csk (15). In addition, this earlier study revealed that
the absence of SLP-76 perturbs the phosphorylation of Lck
and, subsequently, a large number of Lck-regulated signaling
molecules (i.e. CD3�, -�, -�, and -� chains; ZAP-70) (14).
These findings led to the hypothesis that SLP-76 mediates
both PAG negative feedback and ERK positive feedback of
Lck (14).

Phosphorylation of three N-terminal tyrosine residues is
essential for the function of SLP-76 (16). Upon phosphoryla-
tion by ZAP-70, phosphorylated Tyr112 and Tyr128 bind to SH2
domains of Vav (17–20), Nck (12, 21), and the p85 subunit of
phosphatidylinositol 3-kinase (22), whereas phosphorylated
Tyr145 is recognized by the SH2 domain of Itk (10). N-terminal
tyrosines of SLP-76 are required for the TCR-induced phos-
phorylation and activation of Itk and PLC�1 (7).

However, the current understanding of N-terminal tyrosines
of SLP-76 is incomplete, especially regarding their role in the
newly discovered feedback regulation of the phosphorylation
of upstream signaling proteins. For further elucidation of the
function of SLP-76 N-terminal tyrosines in the regulation of
the TCR signaling pathway, a wide-scale view of temporal
changes in TCR signaling components is required. Quantita-
tive mass-spectrometry-based phosphoproteomics is a pow-
erful way to achieve this goal by enabling the system-wide
identification of sites on proteins phosphorylated in the T cell,
as well as the quantification of protein phosphorylation (14,
23–28). In this study, a wide-scale quantitative phosphopro-
teomic method was used to identify TCR-responsive tyrosine
phosphorylation sites and to gain system-wide insight into the
role of N-terminal tyrosine residues of SLP-76 in the TCR
signaling pathway.

EXPERIMENTAL PROCEDURES

Cell Culture, SILAC Labeling, and T-cell Stimulation—The SLP-76
mutant cell line J14–2D1 (also known as Y3F mutant) and its wild type

(WT) SLP-76 reconstituted derivative J14–76-11 (6) were provided by
Deborah Yablonski at Israel Institute of Technology. All cells were
initially maintained in RPMI 1640 medium (Hyclone, Logan, UT) sup-
plemented with 10% heat-inactivated undialyzed FBS (Hyclone), 2
mM L-glutamine, 100 U/ml penicillin G, and 100 �g/ml streptomycin
(Invitrogen, Carlsbad, CA) in a humidified incubator with 5% CO2 at
37 °C. SILAC was performed as described (25). Briefly, after 5 days,
all cell lines were washed twice with RPMI 1640 medium without
arginine and lysine (Invitrogen) and reconstituted in RPMI 1640 me-
dium containing either 12C6,14N4 arginine and 12C6,14N2 lysine (Sigma)
or 13C6,15N4 arginine and 13C6,15N2 lysine (Cambridge Isotope Labo-
ratories, Andover, MA) supplemented with 10% heat-inactivated di-
alyzed FBS (Sigma), 2 mM L-glutamine, 100 U/ml penicillin G, 100
�g/ml streptomycin in a humidified incubator with 5% CO2 at 37 °C
for seven cell doublings. The concentrations of lysine and arginine
used in SILAC labeling of Jurkat cells in experiments described here
were 0.22 mM and 0.38 mM, respectively.

Anti-CD3 and anti-CD4 (clones OKT3 and OKT4, eBioscience, San
Diego, CA) stimulation was performed as described (28). Briefly, cells
were washed once with 4 °C PBS and reconstituted at a concentra-
tion of 1 � 108 cells/ml in PBS. For each time point, 1 � 108 cells were
treated with OKT3 and OKT4 antibodies at a concentration of 2.5
�g/ml of each antibody for 10 min at 4 °C. Cells were then cross-
linked with 22 �g/ml goat anti-mouse IgG (Jackson Immuno-
Research, West Grove, PA) and incubated at 37 °C for 0, 1, 1.5, 2, 3,
5, 7, or 10 min. To halt the stimulation, the 1-ml uncentrifuged cell
suspension was lysed with the addition of 5 ml of lysis buffer (9 M

urea, 1 mM sodium orthovanadate, and 20 mM HEPES, 2.5 mM

sodium pyrophosphate, 1 mM �-glycerophosphate, pH 8.0), vortexed
on a Vortex Mixer (Thermo Scientific) for 30 s, and then incubated for
20 min at 4 °C. Lysates were then sonicated at a 30-W output with
two bursts of 30 s each and cleared at 12,000 � g for 15 min at 4 °C.

Protein Reduction, Alkylation, Digestion, and Peptide Immunopre-
cipitation—Protein concentrations were measured with the DC Pro-
tein Assay (Bio-Rad, Hercules, CA). Once protein concentrations were
determined, a 5-mg equal portion of cell lysates from J14–2D1 and
J14–76-11 was combined. The proteins in the lysate were reduced
with 10 mM DTT for 20 min at 60 °C followed by alkylation with 100
mM iodoacetamide for 15 min at room temperature in the dark. Cell
lysates were then diluted 4-fold with 20 mM HEPES buffer, pH 8.0,
and digested with sequencing-grade modified trypsin (Promega,
Madison, WI) in a 1:100 (w/w) trypsin:protein ratio overnight at room
temperature. Tryptic peptides were acidified to pH 2.0 by the addition
of 1/20 volume of 20% trifluoroacetic acid (TFA) for a final concen-
tration of 1% TFA, cleared at 1800 � g for 5 min at room temperature,
and desalted using C18 Sep-Pak plus cartridges (Waters, Milford,
MA) as described (25), with the exception that TFA was used instead
of acetic acid at the same required concentrations. Eluents containing
peptides were lyophilized for 48 h to dryness.

Peptide immunoprecipitation was performed using p-Tyr-100
phosphotyrosine antibody beads (Cell Signaling Technology Danvers,
MA). Dry peptides from each time point were reconstituted in ice-cold
immunoaffinity purification buffer (5 mM MOPS, pH 7.2, 10 mM sodium
phosphate, 50 mM NaCl) and further dissolved through gentle shaking
for 30 min at room temperature and brief sonication in a sonicator
water bath. Prior to peptide immunoprecipitation, a 10-pmol fraction
of synthetic phosphopeptide LIEDAEpYTAK was added to each time-
point sample as an exogenous quantitation standard. Peptide solu-
tions were then cleared at 1800 � g for 5 min at room temperature,
combined with p-Tyr-100 phosphotyrosine antibody beads, and in-
cubated for 2 h at 4 °C. Beads were then washed three times with
immunoaffinity purification buffer and twice with cold double-distilled
H2O and eluted with 0.15% TFA. Eluted peptides were then desalted
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using C18 Zip Tip pipette tips (Millipore Corporation, Billerica, MA) as
described (29).

All phosphoproteomic data represent the average of five total
replicate analyses for each time point.

Automated Nano-LC/MS—LC/MS was performed as described
previously (25). Tryptic peptides were analyzed via a fully automated
phosphoproteomic technology platform (30, 31). Phosphopeptides
were eluted into an LTQ/Orbitrap Velos mass spectrometer (Thermo
Fisher Scientific) through a PicoFrit analytical column (360-�m outer
diameter, 75-�m inner diameter, fused-silica packed on a pressure
bomb with 15 cm of 3-�m Monitor C18 particles; New Objective,
Woburn, MA) with a reversed phase gradient (0% to 70% 0.1 M acetic
acid in acetonitrile in 60 min, with a 90-min total method duration). An
electrospray voltage of 1.8 kV was applied using a split flow config-
uration, as described previously (32). Spectra were collected in pos-
itive ion mode and in cycles of one full MS scan in the Orbitrap (m/z:
300–1700) followed by data-dependent MS/MS scans in the LTQ
(�0.3 s each) sequentially of the 10 most abundant ions in each MS
scan with charge state screening for �1, �2, and �3 ions and a
dynamic exclusion time of 30 s. The automatic gain control was
1,000,000 for the Orbitrap scan and 10,000 for the LTQ scans. The
maximum ion time was 100 ms for the LTQ scan and 500 ms for the
Orbitrap full scan. The Orbitrap resolution was set at 60,000.

Data Analysis—MS/MS spectra were searched against the non-
redundant human UniProt complete proteome set database contain-
ing 72,078 forward (UniProt database release 2011.10.21) and an
equal number of reversed decoy protein entries using Mascot algo-
rithm version 2.2.07 from Matrix Science (Boston MA) (33). Peak lists
were generated using extractMSn version 5, provided by Thermo
Fisher, using a mass range of 600–4500. The Mascot database
search was performed with the following parameters: trypsin enzyme
cleavage specificity, two possible missed cleavages, 7-ppm mass
tolerance for precursor ions, and 0.5-Da mass tolerance for fragment
ions. The search parameters specified differential modification of
phosphorylation (�79.9663 Da) on serine, threonine, and tyrosine
residues; dynamic modification of methionine oxidationn (�15.9949
Da); and static modification of carbamidomethylation (�57.0215 Da)
on cysteine. The search parameters also included differential modifi-
cation for arginine (�10.00827 Da) and lysine (�8.01420 Da) amino
acids for the SILAC labeling. To provide high-confidence phospho-
peptide sequence assignments, we filtered Mascot results by Mowse
score (�20) and precursor mass error (�2 ppm). The resulting unique
peptide assignments were filtered down to a 1% false discovery rate
(FDR) using a logistic spectral score filter (34). The FDR was estimated
with the decoy database approach after final assembly of non-redun-
dant data into heatmaps (35). To validate the position of the phos-
phorylation sites, we applied the Ascore algorithm (36) to all data, and
the reported phosphorylation site position reflected the top Ascore
prediction.

Quantitation of Relative Phosphopeptide Abundance—Relative
quantitation of phosphopeptide abundance was performed via cal-
culation of select ion chromatogram (SIC) peak areas for heavy and
light SILAC-labeled phosphopeptides. For label-free comparison of
phosphopeptide abundance in SLP-76 reconstituted Jurkat cells
among different time points of TCR stimulation, individual SIC peak
areas were normalized to the peak area of an exogeneously spiked
standard phosphopeptide, LIEDAEpYTAK. The LIEDAEpYTAK phos-
phopeptide was added in the same amount to every LC/MS sample
and accompanied cellular phosphopeptides through peptide immu-
noprecipitation, desalting, and reversed-phase elution into the mass
spectrometer. Retention time alignment of individual replicate ana-
lyses was performed as described previously (37). Peak areas were
calculated through inspection of SICs using in-house software pro-
grammed in Microsoft Visual Basic 6.0 and based on Xcalibur Devel-

opment Kit 2.1 (Thermo Fisher Scientific). This approach used the
ICIS algorithm available in the Xcalibur XDK with the following param-
eters: multiple resolutions of 8, noise tolerance of 0.1, noise window
of 40, scans in baseline of 5, and inclusion of refexc peaks parameter
value, which is false. SIC peak areas were determined for every
phosphopeptide that was identified by MS/MS. In the case of a
missing MS/MS spectrum for a particular peptide in a particular
replicate, peak areas were calculated according to the peptide’s
isolated mass and the retention time calculated from retention time
alignment. A minimum SIC peak area equivalent to the typical spectral
noise level of 300 was required of all data reported for label-free
quantitation.

A label-free data heatmap was generated for the comparison of
phosphopeptides in SLP-76 reconstituted cells through a time course
of receptor stimulation as previously described (25). The magnitude of
change of the heatmap color was calculated based on the natural log
of the ratio of the fold change of each individual phosphopeptide peak
area compared with the geometric mean for that phosphopeptide
across all time points, as described previously (30). In the heatmap
representation, the geometric mean of a given phosphopeptide
across all time points was set to the color black. A blue color repre-
sented below-average abundance and yellow represented above-
average abundance for each unique phosphopeptide. Blanks in the
heatmap indicated that a clearly defined SIC peak was not observed
for that phosphopeptide in any of the replicate analyses for that time
point. The heatmap colors were generated from the average of the
LIEDAEpYTAK standard phosphopeptide normalized SICs in the five
replicate experiments. The coefficient of variation (cv) was calculated
for each heatmap square. Label-free p values were calculated from
the replicate data for each time point compared with the time point
with the minimum average peak area for that phosphopeptide. Q
values for multiple hypothesis tests were also calculated for each time
point based on the determined p values using the R package QVALUE
as previously described (38, 39). A white dot on a label-free heatmap
square indicated that a significant difference (Q value � 0.05) was
detected for that phosphopeptide and time point relative to the time
point with the minimal value.

In the second type of heatmap, SILAC ratios corresponding to
phosphopeptide abundance differences between J14–2D1 and J14–
76-11 cells across the time course of receptor stimulation were rep-
resented. For the SILAC heatmap, a black color represented a ratio of
1 between J14–2D1 and J14–76-11 for the peak area of a given
phosphopeptide at that time point. A red color represented less
abundance and green represented higher abundance of the given
phosphopeptide in J14–2D1 relative to J14–76-11 cells. The magni-
tude of change of the heatmap color was calculated as described
(25). Q values were also calculated between the J14–2D1 and J14–
76-11 cell replicate measurements for each phosphopeptide and time
point. A white dot on a heatmap square indicated that a significant
change (Q value � 0.05) was observed between the replicate data
from the J14–2D1 and J14–76-11 samples for that time point and
phosphopeptide.

Western Blot Analysis—Total cellular protein from 9 M urea cell
lysates was diluted 1:1 with a 2� sample loading buffer (4% SDS, 125
mM Tris-HCl, pH 6.8, 20% v/v glycerol, 5% 2-mercaptoethanol,
0.01% bromphenol blue) for each proteomic sample. Equal amounts
of protein, as measured by the DC Protein Assay, were separated via
4–20% SDS-PAGE on Precise Tris-HEPES gel (Thermo Fisher Sci-
entific) and electroblotted onto an Immobilon membrane (Millipore).
The membrane was blocked for 30 min in Odyssey blocking buffer at
room temperature (Li-Cor, Lincoln, NE) and then incubated with the
primary antibody diluted 1:1000 overnight at 4 °C. Primary antibodies
used in this study were mouse monoclonal ANTI-FLAG® M2 antibody
F3165 (Sigma-Aldrich), phospho-p44/42 MAPK (Erk1/2) (Thr202/
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Tyr204) rabbit antibody (Cell Signaling Technology), p44/42 MAPK
(Erk1/2) mouse antibody (Cell Signaling Technology), phospho-
PLC�1 (Tyr783) rabbit antibody (Cell Signaling Technology), and
PLC�1 rabbit antibody (Cell Signaling Technology). The membrane
was washed four times for 5 min at room temperature in PBS/0.1%
Tween-20. The membrane was then incubated with anti-mouse IgG
(Li-Cor) or anti-rabbit IgG (Li-Cor) for 45 min in Odyssey blocking
buffer at room temperature and washed three times for 5 min with
PBS/0.1% Tween-20. Bands were visualized using an Odyssey Im-
aging System (Li-Cor).

RESULTS

A quantitative phosphoproteomic analysis of TCR signaling
was used to compare SLP-76 reconstituted Jurkat T cell line
J14–76-11 and SLP-76 mutant cell line J14–2D1, in which
three N-terminal tyrosine residues were replaced with phenyl-
alanines (Y3F mutant). For each cell line, a receptor stimula-
tion time course experiment including eight time points and
five replicates was performed. The resulting phosphopro-
teomic data represent a wide-scale view of the temporal
changes of tyrosine phosphorylation events following TCR
stimulation in the presence of SLP-76 Y3F. In all, 934 unique
tyrosine phosphorylation sites residing on 658 proteins were
identified at a 1% FDR. The expression level of SLP-76 in the
SLP-76 Y3F cells and reconstituted cells was tested via West-
ern blot with an anti-Flag M2 antibody. Analysis of nine
replicates showed no significant difference in the SLP-76
expression level in J14–76-11 (SLP-76 WT reconstituted) and
J14–2D1 (SLP-76 Y3F mutant) (supplemental Fig. S1A).

Phosphoproteomic Sample Quantitation and Statistical
Analysis—After processing of phosphoproteomic samples
and generation of raw MS phosphopeptide identifications,
high-quality sequence assignments were determined using
stringent criteria as described in “Experimental Procedures.”
Relative quantitation of phosphopeptide abundance via cal-
culation of SIC peak areas was performed for each phospho-
peptide at each time point. Ratios were also calculated
through comparison of the SIC peak area of a phosphopep-
tide from SLP-76 Y3F to SLP-76 WT cells at each time point.
A total of five replicate experiments were performed, and SIC
peak areas and heatmaps were generated from the average
values. For each sequenced phosphopeptide, two different
visual representations of quantitative data in the form of heat-
maps were generated to reflect either label-free or SILAC ratio
data. For label-free heatmaps, the fold change in phosphor-
ylation for each identified phosphopeptide was compared
across TCR stimulation time points in SLP-76 WT cells. For
SILAC heatmaps, the fold change for each phosphopeptide
peak area between SLP-76 Y3F and SLP-76 WT cells was
compared. A complete list of sequence and phosphorylation
site assignments of all identified phosphopeptides with cor-
responding SIC peak areas calculated either from MS/MS or
accurate mass/aligned retention time and statistics can be
found in supplemental Table S1. A complete list of tyrosine
phosphorylated peptides with MOWSE scores � 20 and mass

error � 2 ppm including reversed database hits from every
replicate and time point of TCR stimulation are provided in
supplemental Table S2. A summary of the number of unique
tyrosine phosphorylated peptides and phosphorylation sites
identified through the MS/MS database search at a 1% FDR
in each replicate and time point can be found in supplemental
Table S3. Phosphopeptide replicate SIC peak areas calcu-
lated directly from MS/MS-identified peptides or from pep-
tides identified via accurate mass and retention time align-
ment showed a high degree of correlation (J14–76-11: r �

0.872 � 0.006 from MS/MS, r � 0.794 � 0.011 from retention
time alignment; J14–2D1: r � 0.880 � 0.006 from MS/MS, r �

0.791 � 0.012 from retention time alignment) (supplemental
Table S4). Supplemental Fig. S2 shows a pairwise compari-
son of replicate SIC peak areas from J14–76-11 at 0 min
calculated using MS/MS retention times or retention times
based on spectral alignment. Moreover, scatter plots com-
paring average SIC peak areas calculated from MS/MS reten-
tion times or retention time spectral alignment showed a high
degree of correlation (r � 0.914) (supplemental Fig. S3). In all,
a total of 2295 unique peptides containing 862 unique tyro-
sine phosphorylation sites on 659 proteins were identified at a
1% FDR after filtering and assembly, of which 1940 unique
peptides containing 745 unique tyrosine phosphorylation sites
on 555 proteins showed statistically significant changes be-
tween SLP-76 Y3F and SLP-76 WT cells (Q value � 0.05) and
1646 unique peptides containing 665 unique tyrosine phosphor-
ylation sites on 482 proteins showed statistically significant
TCR-responsive changes in SLP-76 reconstituted cells (Q
value � 0.05). The mass spectrometry proteomics raw data and
annoted MS/MS spectra for all post-translational modification
containing peptides have been deposited to the Proteome-
Xchange (http://proteomecentral.proteomexchange.org) via the
PRIDE partner repository (40) with the dataset identifier
PXD001094. Annotated MS/MS spectra for all post-transla-
tional modification containing peptides from this study are also
provided in supplemental Fig. S4.

Phosphorylation of Canonical TCR Signaling Proteins—Of
the confidently identified phosphopeptides in the analysis,
140 tyrosine phosphorylation sites on 58 proteins were found
within the subset of proteins annotated in KEGG as TCR
signaling pathway proteins, of which 113 phosphorylation
sites on 49 proteins showed a statistically significant change
in relative abundance (Q value � 0.05) between SLP-76 Y3F
and SLP-76 WT cells (Fig. 1 and Fig. 2). The SLP-76 Y3F
mutant cells had constitutive decreases in phosphorylation on
PLC�1, PLC�2, PAG, and SHP-1. Significantly decreased
phosphorylation in the SLP-76 Y3F cells was observed at later
time points on Erk1 at Tyr204 and Erk2 at Tyr187, whereas the
changes at early time points were not statistically significant.
The quantitative phosphoproteomic data for a selection of
sites were confirmed by Western blot analysis (supplemental
Figs. S1B and S1C). Phosphorylation was elevated at early
time points and decreased at later time points in SLP-76 Y3F
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cells on Lck, TCR proteins (CD3�, -�, -�, and -� chains;
ZAP-70), and other proteins (Itk, ADAP, DOK1, DOK2, PYK2).
Furthermore, the temporal pattern of phosphorylation in Y3F
relative to WT for a subset of sites diverged from the typical
pattern of phosphorylation in other neighboring sites within
the same protein. For example, Lck Tyr192, Fyn Tyr440, PLC�1
Tyr702, ZAP-70 Tyr204, and Tyr397 were all identified with
elevated constitutive phosphorylation in SLP-76 Y3F cells,
whereas ZAP-70 Tyr69 was identified with constitutively de-
creased phosphorylation.

Comparison of Effect in TCR Signaling Pathway between
SLP-76-deficient (J14) and SLP-76 Y3F Cells—To better un-
derstand the role of the N-terminal tyrosine sites of SLP-76 in
the TCR signaling pathway, we compared phosphorylation
changes of other signaling molecules between cells lacking
SLP-76 protein and SLP-76 Y3F cells. A quantitative phos-
phoproteomic study of SLP-76-deficient and SLP-76 WT cells
was performed in our lab and published recently. In that
study, 74 tyrosine phosphorylation sites on 35 proteins within
the KEGG T-cell signaling pathway were identified with sig-

FIG. 1. Quantitative phosphoproteomic analysis of known TCR signaling proteins. Listed is a portion of the data collected representing
proteins annotated in KEGG as T-cell receptor signaling proteins. Heatmaps were calculated from five replicate experiments. The label-free
heatmap represents the temporal change in the phosphorylation of proteins from wild-type SLP-76 reconstituted cells (J14–76-11) through a
time course of TCR stimulation. In the label-free heatmaps, black squares represent a phosphopeptide abundance equal to the geometric
mean for that phosphopeptide across all time points. Yellow represents levels of phosphorylation above the average, and blue corresponds
to less than average abundance (as indicated in the color legend). Within the label-free heatmap, white dots indicate a statistically significant
difference (Q value � 0.05) in the fold change in phosphopeptide abundance for that time point in the SLP-76 wild-type reconstituted cells.
In the second SILAC heatmap, SILAC ratios between Y3F mutant cells (J14–2D1) and SLP-76 reconstituted cells (J14–76-11) are represented
for each phosphopeptide at each time point according to the SILAC heatmap color key. Black signifies no change. Red represents reduced
phosphorylation in Y3F mutant cells, and green represents elevated phosphorylation in Y3F mutant cells. White dots on SILAC heatmap
squares indicate a statistically significant difference (q value � 0.05) in the comparison between Y3F mutant and SLP-76 reconstituted cell
SILAC ratios for that time point. Below each heatmap time point is a separate heatmap representing the coefficient of variation (cv) for that time
point. According to the cv color key, black represents 0% cv, and more orange shading represents a greater cv. Blanks in the heatmaps
indicate that a clearly defined SIC peak was not observed for that phosphopeptide at that time point.
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FIG. 2. Effects of N-terminal tyrosine residues of SLP-76 on the canonical TCR signaling pathway. The canonical T-cell signaling
pathway is represented with SILAC heatmap quantitation and the corresponding identified phosphorylation sites. Heatmaps were calculated
from the average of five replicate experiments. White dots within a heatmap square indicate a statistically significant difference (Q value � 0.05)
in the comparison between Y3F and SLP-76 reconstituted cells. SILAC heatmaps are described in detail in Fig. 1.
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nificant changes in relative abundance between SLP-76-de-
ficient and SLP-76 WT cells (14). Among these sites, 49
tyrosine phosphorylation sites on 28 proteins were also iden-
tified with significant changes in relative abundance (Q
value � 0.05) between SLP-76 Y3F and SLP-76 WT cells in
the present study. SLP-76 WT (J14–76-11) cells were used as
the control cell line in both studies. Therefore, site-by-site
comparison of SILAC heatmaps comparing the phosphoryla-
tion changes between SLP-76 mutant cells and SLP-76 WT
cells will aid exploration of the function of SLP-76, especially

the typical N-terminal tyrosine domain. The phosphorylation
changes of these 49 tyrosine phosphorylation sites between
the two studies were compared (Fig. 3). On top of each
heatmap, the abundance of phosphopeptides from J14–
76-11 cells (SLP-76 WT reconstituted) during the time course
of T-cell stimulation is compared. The plots show some delay
in the initiation of TCR signaling in the SLP-76 Y3F study
relative to the SLP-76-deficient study. Despite this slight ex-
perimental variation in the timing of receptor stimulation, the
phosphorylation of the majority of signaling proteins showed

FIG. 3. Quantitative phosphoproteomic analysis of known TCR signaling proteins identified in both this Y3F experiment and the
previous SLP-76-deficient datasets. SLP-76 reconstituted cells (WT) were used as a control in both studies. Line plots on top of the table
represent the abundance of phosphopeptides observed from J14–76-11 (SLP-76 wild-type reconstituted cells) in either the Y3F study or
the SLP-76-deficient cell study. Each black line represents one phosphopeptide, and the red line represents the average peak area of all the
phosphopeptides in Fig. 3 at that time point. Heatmaps for Y3F experiments were calculated from the average of five replicate experiments,
and heatmaps for J14 experiments were calculated from three replicate experiments. Green represents elevated phosphorylation in Y3F mutant
cells or J14 cells relative to wild-type SLP-76 reconstituted cells, and red represents decreased phosphorylation. White dots within a heatmap
square indicate a statistically significant difference (Q value � 0.05) in the comparison between Y3F or SLP-76-deficient (J14) and SLP-76
reconstituted cells. The SILAC heatmaps are described in detail in Fig. 1.
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the same phosphorylation change pattern when we compared
the SLP-76-deficient and SLP-76 Y3F cells to the SLP-76 WT
cells (Fig. 3). For example, a constitutive decrease in phos-
phorylation was observed on PLC�1 Tyr771, PLC�2 Tyr753 and
PAG Tyr227, Tyr341, Ser354Tyr359, Tyr359, Tyr417. Also, a char-
acteristic pattern with elevated phosphorylation at early time
points and decreased phosphorylation at later time points
was observed on Lck activation tyrosine residue Tyr394 and
many Lck-regulated proteins (CD3�, -�, -�, and -� chains;
ZAP-70), as well as several other signaling proteins in both
SLP-76 Y3F and SLP-76-deficient datasets. However, a di-
vergent pattern was observed on Lck Tyr192 between these
two studies.

DISCUSSION

Tyrosine phosphorylation of three N-terminal tyrosine resi-
dues of SLP-76 is crucial for the function of SLP-76 (16). In
this study, a quantitative mass-spectrometry-based phos-
phoproteomic strategy was utilized to study the systems-wide
effects of phosphorylation of three N-terminal tyrosine resi-
dues of SLP-76 within TCR signaling.

Itk May Phosphorylate PLC�1 and PLC�2 at Novel Sites—
Blocking the N-terminal phosphorylation of SLP-76 led to
statistically significant decreases in the phosphorylation of
Tyr771, Tyr775, and Tyr783 of PLC�1 and Tyr753, Tyr1217, and
Tyr1264 of PLC�2 (Q value � 0.05) (supplemental Figs. S5B
and S5C). It is well established that Itk mediates the phos-
phorylation of PLC�1 at Tyr775 and Tyr783 (7), two phosphor-
ylation sites that are required for the activation of PLC�1 (41).
The binding of the SH2–SH3 domain of Itk with SLP-76 main-
tains Itk in an active formation (11). SLP-76, particularly its
N-terminal tyrosine residues, is required for the activation of
Itk as well as the phosphorylation of both PLC�1 activation
sites (7). Thus, the constitutively decreased phosphorylation
of Tyr775 and Tyr783 on PLC�1 is consistent with previous
studies. The similar SILAC pattern of constitutively decreased
phosphorylation on Tyr771 suggests that this site might also
be a substrate for Itk. PLC�2 plays a crucial role in BCR-de-
pendent calcium mobilization, and Tec-family kinases were
demonstrated to phosphorylate PLC�2 at Tyr753 and Tyr759,
leading to PLC�2-mediated calcium signaling (42). However,
the study of the role of PLC�2 in T cells is more limited. The
constitutively decreased phosphorylation of PLC�2 in Y3F
cells suggests that Itk in T cells could also regulate PLC�2
phosphorylation at Tyr753, Tyr1217, and Tyr1264.

Impaired activation of PLC�1 would lead to reduced pro-
duction of the second messenger molecules inositol 1,4,5-
trisphosphate and diacylglcycerol. Diacylglcycerol serves as a
direct activator for Ras and PKC, leading to the activation of
the Ras–Erk–AP1 and NF-�B pathways, respectively (43).
Erk2 activation was previously observed to be partially re-
duced in J14 (SLP-76 deficient cells) (6). Decreased phosphor-
ylation of Tyr204 of Erk1 and Tyr187 of Erk2 was observed in
SLP-76 Y3F cells relative to SLP-76 WT cells, as expected.

SLP-76 Y3F Is Sufficient to Replicate the Majority of Phos-
phoproteome Changes Observed in SLP-76-deficient Cells—
With the advancement of instruments and methods, the num-
ber of tyrosine sites identified with statistically significant
phosphorylation changes was improved almost 2-fold in this
SLP-76 Y3F study relative to the previous SLP-76-deficient
study. Nevertheless, among 47 tyrosine sites identified in both
studies, the majority of them, especially 25 important tyrosine
sites in the TCR signaling pathway, showed the same phos-
phorylation change pattern (Fig. 3). For example, decreased
phosphorylation among the entire time course was observed
in downstream tyrosine sites such as PLC�1/2 and Erk 1/2 in
both studies.

Constitutively decreased phosphorylation on Tyr227, Tyr341,
Tyr359, and Tyr417 of PAG was observed in the SLP-76 Y3F
study (supplemental Fig. S5A) and the previous SLP-76-defi-
cient study. PAG is known to negatively regulate TCR signal-
ing via recruitment of C-terminal Src kinase (Csk). Active Csk
phosphorylates the C-terminal inhibitory tyrosine residues of
Src-family kinases such as Lck and Fyn, down-regulating their
kinase activities (15). In fact, the PAG–Csk complex repre-
sents a critical component of the negative homeostatic regu-
latory feedback mechanism restraining Lck activity (15). How-
ever, the regulation of phosphorylation of PAG is not well
understood. Previous studies indicated that Fyn, but not Lck,
is predominantly responsible for the phosphorylation of PAG
in resting peripheral T cells (44). Interestingly, although one
study suggested that CD45 phosphatase could act on Tyr371

of PAG (45), another failed to confirm this finding (15). Our
observation suggested that phosphorylation of the three N-
terminal tyrosine residues of SLP-76 is required for the phos-
phorylation of PAG. One possible explanation for this obser-
vation is that phosphorylation of N-terminal tyrosine resides of
SLP-76 is important in mediating the recruitment of Fyn to
PAG. Another possibility is that phosphorylation of SLP-76 is
required for the activity of Fyn or CD45.

Elevated phosphorylation at early time points and de-
creased phosphorylation at later time points was observed in
the activation loop of Lck at Tyr394 in the present SLP-76 Y3F
study (supplemental Fig. S6A) and the previous SLP-76-defi-
cient study. These findings reveal a previously undescribed
regulatory network in which N-terminal tyrosine residues on
SLP-76 are involved in both positive and negative feedback
pathways that regulate the phosphorylation of the activation
loop of Tyr394 on Lck (14). Constitutively reduced phosphor-
ylation on a variety of tyrosine residues on PAG in mutant cells
would be expected to lead to a reduction in recruitment of the
negative feedback regulator Csk, resulting in constitutively
increased phosphorylation of Lck within its activation loop.
Phosphorylation of Erk was increased with 5 to 10 min of TCR
stimulation in cells reconstituted with WT SLP-76 (Fig. 1,
label-free heatmap). We recently showed in Jurkat T cells (46),
as others have shown in primary T cells (47), that inhibition of
Erk activation leads to inhibition of positive feedback path-

SLP-76 N-terminal Tyrosines Regulate TCR Feedback

Molecular & Cellular Proteomics 14.1 37

http://www.mcponline.org/cgi/content/full/M114.037861/DC1
http://www.mcponline.org/cgi/content/full/M114.037861/DC1
http://www.mcponline.org/cgi/content/full/M114.037861/DC1
http://www.mcponline.org/cgi/content/full/M114.037861/DC1


ways through decreased phosphorylation of Ser59 on Lck (48,
49). Our data support the hypothesis that N-terminal tyrosine
residues of SLP-76 regulate competing negative feedback
through Csk and positive feedback through Erk. According to
this hypothesis, at early time points, Y3F SLP-76 mutant
inhibition of PAG negative feedback outcompetes inhibition of
Erk positive feedback because Erk is not robustly phosphor-
ylated and activated. But at later time points when the phos-
phorylation and activation of Erk are much higher, inhibition of
Erk positive feedback overcomes the inhibition of Csk nega-
tive feedback, leading to decreased phosphorylation at Lck
Tyr394 in the SLP-76 Y3F mutant.

Elevated phosphorylation at early time points and de-
creased phosphorylation in later time points was also ob-
served on CD3�, -�, -�, and -� chains (supplemental Fig. S7)
and ZAP-70 (supplemental Fig. S6B) in SLP-76 Y3F mutant
cells. Phosphorylation of ITAM domains on the �, �, �, and �

CD3 subunits by Lck is key to the initiation of signaling cas-
cades that characterize T-cell activation (50–55). In Y3F mu-
tant cells, elevated phosphorylation at early time points and
decreased phosphorylation at later time points were observed
on Tyr149 and Tyr160 of the CD3� chain (Q value � 0.05). A
similar trend of phosphorylation change was also observed on
CD3�; Tyr188 and Tyr199, two sites known to be regulated by
Lck (56); and Tyr83, Tyr111, Tyr123, Tyr142 of the CD3� chain.
Besides the TCR ITAMs, a similar phosphorylation change
pattern was also observed on Zap-70 Tyr292, Tyr492, and
Tyr493. It is well established that Lck mediates the phosphor-
ylation of ZAP-70 at Tyr493 to increase kinase activity of
ZAP-70 in stimulated T cells (57). Autophosphorylation of both
Tyr292 and Tyr492 on ZAP-70 is dependent on the initial phos-
phorylation of Tyr493 (58).

Early increased and late decreased phosphorylation in the
SLP-76 Y3F mutant was also observed on Tyr512 of Itk (sup-
plemental Fig. S6C). Itk is recruited to the cell membrane
through the interaction of its pleckstrin homology domain with
the membrane phosphatidylinositol 3,4,5-trisphosphate,
where it becomes phosphorylated at Tyr512 within its activa-
tion loop by Lck (59, 60). The TCR-induced global tyrosine
phosphorylation of ITK was decreased in SLP-76-deficient T
cells over the entire time course by immunoprecipitation of Itk
from cell lysates followed by probe with pan-specific anti-
phosphotyrosine (7). Nevertheless, this Western blot result did
not measure phosphorylation at the specific site Tyr512 of Itk,
as the blot experiment was not site specific. In addition, our
observation is consistent with the hypothesis of N-terminal
tyrosine SLP-76-mediated competing positive and negative
feedback pathways, as Itk is a known substrate of Lck (60).
Taken together, these data suggest that SLP-76, especially its
N-terminal tyrosine sites, regulates competing positive and
negative feedback pathways that regulate not only Lck, but
also its substrates (TCR ITAMs, ZAP-70, and Itk).

Proline-rich Domain of SLP-76 Plays a Key Role in Phos-
phorylation of Lck Tyr192—Although the majority of sites re-

sponded similarly to the mutation of N-terminal tyrosine res-
idues and to the complete removal of SLP-76, Lck Tyr192

responded differently. Constitutively increased phosphoryla-
tion was observed in SLP-76 Y3F cells (supplemental Fig.
S6A), compared with constitutively decreased phosphoryla-
tion in SLP-76-deficient cells. The difference in Lck Tyr192

phosphorylation observed between mutant Y3F SLP-76 and
SLP-76-deficient cells suggests that a domain of SLP-76
outside of the N-terminal tyrosine domain is regulating inter-
action between Lck and SLP-76. A previous study suggested
that the interaction between Lck and SLP-76 is regulated by
the interaction between the Lck SH3 domain and a proline-
rich domain of SLP-76 outside of the N-terminal tyrosine
domain (61). Our data, in combination with these previous
data, support a new hypothesis that the regulation of Lck
Tyr192 but not Tyr394 phosphorylation is independent of N-ter-
minal tyrosine phosphorylation of SLP-76 and may be regu-
lated by the interaction between Lck and the SLP-76 proline-
rich domain.
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