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The reversible phosphorylation of serine, threonine, and
tyrosine residues directly controls many cellular processes,
leading to the activation of a coordinated network of additional phosphorylation events across multiple proteins over
time. Clearly, there are benefits to individually identifying and
characterizing specific components of a particular pathway,
such as a phosphorylation site on a given protein, the kinase
responsible for the modification, or the proteins interacting
subsequently. However, a thorough understanding of these
signaling pathways at the molecular level ultimately requires a
global, simultaneous evaluation of these phosphorylation
events as they occur over time.
Currently, the most common method for assessing widescale changes in the proteome is two-dimensional gel electrophoresis (1), but this methodology is relatively low throughput and not optimal for the analysis of low abundance and
hydrophobic signaling proteins (2). Recent publications describe alternate approaches for assessing changes in phosphorylation patterns based primarily on LC/MS methodologies (3– 8). A variety of promising purification approaches
have been developed to discover hundreds to thousands of
phosphorylation sites from complex cell lysates including
strong cation exchange/titanium dioxide (SCX/TiO2), IMAC1,
and IMAC in tandem with phosphotyrosine peptide immunoprecipitation (3, 4, 6, 9 –12). These phosphoproteomic methods have been used to survey a large number of phosphorylation sites in a time course after receptor stimulation, where
the magnitude of-fold change in phosphorylation and the
1
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Reversible protein phosphorylation plays a pivotal role
in the regulation of cellular signaling pathways. Current
approaches in phosphoproteomics focus on analysis of
the global phosphoproteome in a single cellular state or
of receptor stimulation time course experiments, often
with a restricted number of time points. Although these
studies have provided some insights into newly discovered phosphorylation sites that may be involved in pathways, they alone do not provide enough information to
make precise predictions of the placement of individual
phosphorylation events within a signaling pathway. Protein disruption and site-directed mutagenesis are essential to clearly define the precise biological roles of
the hundreds of newly discovered phosphorylation sites
uncovered in modern proteomics experiments. We have
combined genetic analysis with quantitative proteomic
methods and recently developed visual analysis tools to
dissect the tyrosine phosphoproteome of isogenic
Zap-70 tyrosine kinase null and reconstituted Jurkat T
cells. In our approach, label-free quantitation using normalization to copurified phosphopeptide standards is
applied to assemble high density temporal data within a
single cell type, either Zap-70 null or reconstituted cells,
providing a list of candidate phosphorylation sites that
change in abundance after T cell stimulation. Stable
isotopic labeling of amino acids in cell culture (SILAC)
ratios are then used to compare Zap-70 null and reconstituted cells across a time course of receptor stimulation, providing direct information about the placement
of newly observed phosphorylation sites relative to Zap70. These methods are adaptable to any cell culture signaling system in which isogenic wild type and mutant cells
have been or can be derived using any available phosphopeptide enrichment strategy. Molecular & Cellular
Proteomics 8:2418 –2431, 2009.
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tem for validating our approach for quantitative phosphoproteomic analysis of isogenic signaling pathway mutants. TCR
signaling plays an essential role in regulating the adaptive
immune response, and many proteins involved in the pathway
have been identified (Fig. 1) (18 –20). The availability of the
highly characterized Jurkat leukemic T cell line has greatly
facilitated investigations of TCR signaling by traditional and
phosphoproteomic methods (13, 21). Furthermore, many isogenic disruption mutants of essential TCR signaling proteins
have been isolated through genetic screens of mutagenized
Jurkat clones, revealing severe phenotypic defects in TCR
signaling and function (22–26). In particular, P116, a Zap-70
null clone, displays defects in stimulus-induced calcium mobilization, interleukin-2 production, nuclear factor of activated
T cells transcription activation, and protein tyrosine phosphorylation on PLC␥1, ITK, LAT, Erk1/2, and SLP76 (25, 27–29). In
the present study, a hybrid SILAC/label-free approach was
applied to the P116 (Zap-70 null) and P116.c139 (Zap-70
reconstituted to wild type levels) Jurkat clones, and the placement of newly discovered tyrosine phosphorylation sites relative to Zap-70 was determined.
EXPERIMENTAL PROCEDURES

Cell Culture, SILAC Labeling, and T Cell Stimulation—Jurkat clones
P116 (Zap-70 null) and P116.c139 (Zap-70 reconstituted) were provided by L. Samelson at the National Institute of Health. All cells were
initially maintained in RPMI 1640 medium (Sigma) supplemented with
10% heat inactivated undialyzed fetal bovine serum (Hyclone, Logan,
UT), 2 mM L-glutamine, 100 units/ml penicillin G, and 100 g/ml
streptomycin (Invitrogen) in a humidified incubator with 5% CO2 at
37 °C. After 5 days, all cell lines were washed twice with RPMI 1640
medium without Arg and Lys (Invitrogen) and reconstituted in RPMI
1640 medium containing either 12C6, 14N4 Arg and 12C6, 14N2 Lys
(Sigma) or 13C6, 15N4 Arg and 13C6, 15N2 Lys (Cambridge Isotope
Laboratories, Andover, MA) supplemented with 10% heat-inactivated
dialyzed fetal bovine serum (Sigma), 2 mM L-glutamine, 100 units/ml
penicillin G, 100 g/ml streptomycin in a humidified incubator with
5% CO2 at 37 °C for 7 cell doublings. The concentration of Lys and
Arg used in SILAC labeling of Jurkat cells in experiments described
here was 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 (13). Briefly, cells
were washed once with 4 °C phosphate buffer saline (PBS), and
reconstituted at a concentration of 1 ⫻ 108 cells/ml in PBS. For each
time point, 1 ⫻ 108 cells were treated with OKT3 and OKT4 primary
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 of goat antimouse IgG (Jackson ImmunoResearch, West Grove, PA) and incubated at 37 °C for 0, 2, 3, 5, 7, or 10 min.
Cell Lysis, Protein Reduction, Alkylation, Digestion, and Peptide
Immunoprecipitation—To halt the stimulation, cells were placed in
lysis buffer (8 M urea, 1 mM sodium orthovanadate, and 100 mM
ammonium bicarbonate, pH 8.0) and incubated for 20 min at 4 °C.
Lysates were then cleared at 12,000 ⫻ g for 15 min at 4 °C, and
protein concentrations were measured by the DC Protein Assay (BioRad). Once protein concentrations were determined, cell lysates from
P116 and P116.c139 were combined at a 1:1 protein concentration
ratio and reduced with 10 mM dithiothreitol for 1 h at 56 °C, followed
by alkylation with 55 mM iodoacetamide for 1 h at room temperature.
Cell lysates were then diluted 5-fold with 100 mM ammonium bicar-
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timing of phosphorylation suggest protein participation and
placement within a pathway (6, 10, 12–14). For example,
proteins phosphorylated late after receptor stimulation
are expected to represent downstream elements of a pathway whereas rapid phosphorylation is expected in the earlier stages of a pathway, especially at the receptor. Constitutive phosphorylation throughout a receptor stimulation
time course is expected for proteins not involved in the
pathway (10).
Although receptor stimulation time course experiments provide clues about placement of phosphorylation sites within a
pathway relative to a stimulated receptor, a phosphoproteomic analysis comparing signaling protein null mutants and
their reconstituted counterparts would allow for precise
placement of novel phosphorylation sites within a signaling
pathway relative to signaling landmarks within the canonical
pathway (Fig. 1). An ideal quantitative method to perform this
analysis would provide both a dense temporal array of information about protein phosphorylation after receptor stimulation as well as precise comparisons between isogenic
matched normal cells and cells with altered signaling proteins.
Quantitation in proteomics experiments facilitates the comparison of proteins between various cellular states such as a
receptor stimulation time course experiment. Stable Isotope
Labeling of Amino Acids in Cell Culture (SILAC) is an effective
method for measuring the relative abundance of proteins in
cell or tissue samples (15). In the SILAC technique, heavy or
light essential amino acids are incorporated into cellular proteins through metabolic labeling in cell culture before cellular
stimulation. This method allows for normalization of errors
through the entire process of stimulation of cells, purification
of proteins, and acquisition of LC/MS data, providing precise
measurements of small differences between samples (15).
However, the number of comparisons possible in a single
experiment is often limited in practice by the number of labeled amino acids available (16). The number of cellular state
comparisons may be extended beyond the limits of available
labeled amino acids by label-free quantitation using repetition
of biological stimulations in separate SILAC experiments (6) or
normalization to spiked phosphopeptide standards. Labelfree quantitation between separate LC/MS experiments is
facilitated by automation of peptide chromatography and data
acquisition, resulting in enhanced reproducibility of chromatographic retention times and peak areas (17). The automated
IMAC/nano-LC/ESI-MS system used here provides the necessary reproducible peak areas (8% relative standard deviation) and retention times (0.2% relative standard deviation)
(17). The combination of SILAC and label-free quantitation
allows for a greatly increased number of receptor stimulation
time points while providing highly accurate comparisons between signaling protein null and reconstituted cells at each
time point using SILAC.
Because of its high degree of prior characterization, the T
cell receptor (TCR) signaling pathway is an ideal model sys-
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FIG. 1. Canonical TCR signaling pathway. Established signaling cascades in activated T cells with quantitative Zap-70 null/Zap-70
reconstituted SILAC ratio data represented as heatmaps besides individual proteins. Heatmaps represent averages of five replicate experiments. In the heatmap representation, green represents elevated phosphorylation in response to Zap-70 removal, whereas red represents a
decrease in phosphorylation in response to Zap-70 removal. Black represents no change. Blanks in the heatmap indicate that a clearly defined
SIC peak was not observed for that phosphopeptide in that time point. The utility of this visual representation is validated by the large number
of red heatmap bars downstream of Zap-70 in the canonical pathway. Note that the * next to the phosphorylation site signifies that this site
has been previously described in the literature.
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sequentially of the five most abundant ions in each MS scan with
charge state screening for ⫹1, ⫹2, ⫹3 ions and dynamic exclusion
time of 30 s. The automatic gain control was 1,000,000 for the FTMS
scan and 10,000 for the ion trap mass spectrometry scans. The
maximum ion time was 100 ms for the ion trap mass spectrometry
scan and 500 ms for the FTMS full scan. FTMS resolution was set at
100,000.
Database Analysis—MS/MS spectra were searched against the
human National Center for Biotechnology Information non-redundant
protein database using the SEQUEST algorithm provided with Bioworks 3.2 (SEQUEST v.27 rev12) (31). Peak lists were generated using
Bioworks 3.2 (extract_msn.exe 11/27/06) using a mass range of 600 –
4500, precursor ion tolerance (for grouping) of 0.005 atomic mass
unit, minimum ion count of 5, group scan of 0, minimum group count
of 1. The NCBI human database contained 489,388 protein entries
(50% forward, 50% reversed). SEQUEST was performed with the
following parameters: trypsin enzyme specificity, 2 possible missed
cleavages, 0.2 Da mass tolerance for precursor ions, 0.5 Da mass
tolerance for fragment ions. Search parameters specified a differential
modification of phosphorylation (⫹79.9663 Da) on serine, threonine,
and tyrosine residues and a static modification of carbamidomethylation (⫹57.0215 Da) on cysteine. Search parameters also included a
differential modification for arginine (⫹10.00827 Da) and lysine
(⫹8.01420 Da) amino acids. To provide high confidence phosphopeptide sequence assignments, SEQUEST results were filtered
by Xcorr (⫹1 ⬎ 1.5; ⫹2 ⬎ 2.0; ⫹3 ⬎ 2.5), precursor mass error (⬍20
ppm), and a logistic spectral score (32) that assessed MS/MS spectral
quality (⬎0.7981), minimum peak area threshold of 500 SILAC and
label-free quantitation were required, non-redundant phosphopeptides, and proteins with descriptors of “unnamed” or “unknown” were
removed. Additionally, repeat observations of MS/MS spectra of each
tyrosine phosphorylated peptide in minimally three of six total time
points were required. False discovery rate was estimated with the
decoy database approach after final assembly of nonredundant data
into heatmaps (33). To validate the position of the phosphorylation
site, the Ascore algorithm (34) was applied to all data, and the reported phosphorylation site position reflected the top Ascore prediction. Ascore probabilities are reported in the full data Table in supplemental material 6.
Quantitation of Relative Phosphopeptide Abundance—Relative
quantitation of peptide abundance was performed via calculation of
selected ion chromatogram (SIC) peak areas of heavy and light
SILAC-labeled peptides. For label-free comparison of phosphopeptide abundance in the Zap-70 reconstituted Jurkat cells, individual
time point SICs were normalized to the LIEDAEpYTAK peak area in
the same time point. The standard exogenous LIEDAEpYTAK peptide
accompanied cellular phosphopeptides through the peptide immunoprecipitation, desalt, IMAC, and reversed-phase elution into the
mass spectrometer. Peak areas were calculated by inspection of SICs
using recently developed software programmed in Microsoft Visual
Basic 6.0 based on Xcalibur Development kit 2.0 SR2 (Thermo Fisher
Scientific). Quantitative data was calculated automatically for every
assigned peptide using the ICIS algorithm available in the Xcalibur
XDK with the following parameters: multiple resolutions of 8, noise
tolerance of 0.1, noise window of 40, scans in baseline of 5, Include
of RefExc Peaks is False. A minimum SIC peak area equivalent to the
typical spectral noise level of 500 was required of all data reported for
label-free and SILAC quantitation.
A label-free data heatmap was generated for comparison of phosphopeptides in Zap-70 reconstituted Jurkat cells through a time
course of receptor stimulation. The magnitude of change of the heatmap color was calculated from the log of the ratio of the-fold change
of each individual peptide peak area compared with the geometric
mean for that peptide across all time points (as described in detail in
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bonate (pH 8.9) and digested with sequencing grade modified trypsin
(Promega, Madison, WI) at a 1:100 (w/w) trypsin:protein ratio overnight at room temperature. Tryptic peptides were acidified to pH 2
with concentrated HCl, cleared at 2000 ⫻ g for 10 min at 22 °C,
desalted using C18 Sep-Pak plus cartridges (Waters, Milford, MA) as
described (14), and lyophilized in a SpeedVac plus (Thermo Fisher
Scientific, Waltham, MA). A 100-pmol fraction of synthetic phosphopeptide LIEDAEpYTAK was added to each time point sample
prior to peptide immunoprecipitation. Dry peptides from each time
point were reconstituted and immunoprecipitated as described previously (10) except 20 l of anti-phosphotyrosine resin was used per
1 ⫻ 108 cells and eluted peptides were filtered through a 0.22 M filter
(Millipore, Billerica, MA).
Results presented throughout this manuscript are collected from
the average of five total replicate analyses for each time point. Two
biological replicates from separate frozen stocks of P116 (Zap-70 null)
and P116.c139 (Zap-70 reconstituted) cells were cultured in RPMI
containing isotopic heavy or light amino acids. These biological replicates were performed ten months apart. The first biological replicate
contained two technical replicates while the second biological replicate contained three technical replicates. Cells were stimulated, lysed, and SILAC labeled heavy (Zap-70 null) and light (Zap-70 reconstituted). Lysates were combined and digested with trypsin. For
technical replicates, digested peptides from each time point were
then divided into two or three equal fractions before desalting by C18
Sep-Pak plus cartridges and were kept separated throughout the rest
of the experiment.
Western Blotting for Zap-70 and Phospho-Erk1/2—Total cellular
protein from 8 M urea cell lysates was diluted 1:1 with gel loading
buffer containing 4% SDS, 125 mM Tris-HCl (pH 6.8), 20% v/v glycerol, 5% 2-mercaptoethanol, 0.01% bromphenol blue, pH 6.8 from
each proteomic sample. Equal amounts of protein (as measured by
Lowry DC assay; Bio-Rad) were separated by 4 –20% gradient SDSpolyacrylamide gel electrophoresis (Item 25204; Thermo Fisher Scientific), and electroblotted to an Imobilin membrane (Millipore). The
membrane was blocked for 45 min in blocking buffer at 22 °C (PBS/
Tween-20/5% milk) and then incubated for 12 h at 4 °C with 1:1000
of either rabbit anti-human phospho-p44/p42 MAPK (Thr-202/Tyr204) or mouse anti-human Zap-70 antibody (Cell Signaling Technology, Danvers, Ma). The membrane was washed 4 ⫻ 10 min at 22 °C
in PBS/Tweeen-20. The membrane was then stained with 1:3000 of
anti-rabbit IgG or anti-mouse IgG directly conjugated to horseradish
peroxidase (Cell Signaling Technology) for 1 h in blocking buffer at
22 °C and washed 5 ⫻ 15 min with PBS/Tween-20. Bands were
visualized using chemiluminescence with the ECL kit (Amersham
Biosciences).
Automated Desalt-IMAC/nano-LC/ESI-MS—Tryptic peptides were
analyzed by a fully automated phosphoproteomic technology platform integrating peptide desalting via reversed-phase chromatography, and Fe3⫹ IMAC enrichment of phosphopeptides as previously
described (10). IMAC-enriched phosphopeptides were eluted into the
mass spectrometer (Linear Trap Quadrupole-Fourier Transform (LTQFT)) (Thermo Fisher Scientific) through an analytical column (360 m
outer diameter ⫻ 75 m inner diameter-fused silica with 12 cm of 5
m Monitor C18 particles with an integrated ⬃4 m-ESI emitter tip
fritted with 3-m silica; Bangs Laboratories) with a reversed-phase
gradient (0 –70% solvent B in 30 min). Static peak parking was performed via flow rate reduction from 200 nl/min to ⬃20 nl/min when
peptides began to elute as judged from a bovine serum albumin
peptide scouting run, as described previously (17). Using a split flow
configuration, an electrospray voltage of 2.0 kV was applied as described (30). Spectra were collected in positive ion mode and in
cycles of one full MS scan in the Fourier Transform (m/z 400 –1800)
followed by data-dependent MS/MS scans in the LTQ (⬃0.3 s each),
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RESULTS

Prior to analysis of Zap-70 null Jurkat cells, Jurkat cells
were incubated with either 0.3 mM 13C6, 15N4 Arg or 0.18 mM
13
C6, 15N2 Lys in dialyzed serum for 7 doublings to test the
SILAC labeling conditions. Tyrosine phosphorylated peptides
were enriched according to the standard peptide immunoprecipitation procedure described under “Experimental Procedures”. After desalt, IMAC, and LC/MS, the phosphopeptides
were identified with SEQUEST and filtered as described under
“Experimental Procedures” to compile a nonredundant list of
tyrosine phosphopeptides. In the 13C6, 15N4 Arg and 13C6,
15
N2 Lys labeled samples a total of 130 and 111 nonredundant phosphopeptides were observed, respectively. There
were no unlabeled peptides observed. In the 13C6, 15N4 Arg
labeled sample, a single 13C5, 15N1 Pro was observed out of
a total of 75 peptides that contained unlabeled proline (supplemental material 5).
To evaluate its utility, our quantitative phosphoproteomic
approach was applied to the human Jurkat T cell clones, P116
(Zap-70 null) and P116.c139 (Zap-70 reconstituted to wild
type levels). The removal of Zap-70 protein and decrease in
phosphorylation in Erk1/2 in Zap-70 null and reconstituted
cells by Western blot was consistent with previous reports on
these Jurkat clones (supplemental material 1) (25, 27–29). A
distribution of six time points was used to detect subtle fluc-
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tuations in the timing of phosphorylation. Zap-70 null to
Zap-70 reconstituted SILAC phosphopeptide ratios were calculated at each time point in a time course of TCR stimulation
(Fig. 2). Before peak area quantitation and SILAC ratio calculation, high-quality sequence assignments were first determined using stringent criteria (Xcorr ⫹1 ⬎ 1.5; ⫹2 ⬎ 2.0;
⫹3 ⬎ 2.5; precursor mass error ⬍ 20 ppm, logistic spectral
score ⬎ 0.7981 (32), minimum SIC peak area threshold of 500
for SILAC and label-free quantitation were required, tyrosine
phosphorylated, with observations of each peptide MS/MS
spectra in at least three of the six time points). The false
discovery rate estimated from decoy database search was
2.22% after all filtering and assembly of non-redundant data
into heatmaps. A total of five replicate experiments were
performed (as described under “Experimental Procedures”).
Quantitative comparisons were generated from SIC peak areas, and heatmaps were generated from the average values
from all replicates. The complete list of quantitative replicate
data, calculated coefficient of variation and p values are available (supplemental material 6).
Representation of Label-free and SILAC Quantitation—Two
different visual representations in the form of heatmaps of
quantitative data were generated for each sequenced phosphopeptide to reflect either the label-free or SILAC ratio
data. These two heatmaps provide the relationship between
each phosphopeptide sequenced and TCR stimulation (label-free heatmaps) or the removal of Zap-70 (SILAC ratio
heatmaps).
In the label-free heatmap, the abundance of each phosphopeptide in Zap-70 reconstituted cells was compared
across the T cell receptor stimulation time course (Fig. 3 and
supplemental material 2). This type of quantitative analysis is
useful for determining whether newly discovered phosphorylation sites change in abundance after receptor stimulation,
providing a list of candidate phosphorylation sites that may
participate in the T cell signaling pathway. These data are
represented in the form of a heatmap where black corresponds to the average abundance for a given peptide across
all time points, yellow corresponds to phosphorylation levels
above the average, and blue corresponds to phosphorylation
levels below the average. As expected, for many of the phosphorylation sites already known to be involved in TCR signaling, phosphorylation levels increase after receptor stimulation
followed by a steady decrease (Fig. 3).
In the second SILAC heatmap, SILAC ratios between
Zap-70 null and reconstituted cells are represented for each
phosphopeptide and time point (supplemental material 3).
These data are represented in the form of a SILAC ratio
heatmap, where green corresponds to an increase in phosphorylation, red corresponds to a decrease in phosphorylation, and black corresponds to no difference when Zap-70 is
removed from Jurkat T cells for a given phosphopeptide at
each time point. The intensity of the color reflects the relative
magnitude of the change in phosphorylation. If phosphoryla-
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supplemental material 7). Any changes (either an increase or decrease of peptide abundance above the average) with greater than 75
maximal -fold change were displayed as the same color as the 75
maximal -fold change. In the heatmap representation, the geometric
mean of a given phosphopeptide across all time points was set to the
color black. A blue color represented below average abundance,
while 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 peptide
normalized SICs in the five replicate experiments. The coefficient of
variation was calculated for each heatmap square (supplemental
material 6). p values were also calculated between the replicate
distributions of each heatmap square compared with the time point
with the minimal average value for that phosphopeptide (supplemental material 6).
In the second type of heatmap, SILAC ratios corresponding to
peptide abundance differences between Zap-70 null and reconstituted cell lines across the time course of receptor stimulation were
represented. For the SILAC heatmaps, a black color represented a
ratio of 1 between the two cell lines for a given peptide at that time
point. A red color represented less abundance, and green represented higher abundance of the given peptide in the Zap-70 null cells
compared with the Zap-70 reconstituted cells. The magnitude of
change of the heatmap color was calculated as described in detail in
supplemental material 8. The heatmap color was threshold at a maximal -fold change of 75-fold increased or decreased in the Zap-70 null
cells compared with reconstituted cells. The coefficient of variation
percent was calculated for each SILAC ratio heatmap square among
the 5 replicate analyses (supplemental material 6). p values were also
calculated between the Zap-70 null and Zap-70 reconstituted replicate measurements for each phosphopeptide and time point (supplemental Table 6).
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tion decreases in cells lacking Zap-70 compared with wild
type, the phosphorylation event can be hypothetically positioned downstream of this protein. We then assessed the
utility of our isogenic mutant approach by investigating the
correlation between the known structure of the T cell signaling
pathway and the changes in phosphopeptide abundance
upon the removal of Zap-70. The utility of the method is
validated by the large number of red heatmap bars downstream of Zap-70 in the canonical pathway (Fig. 1), indicating
Zap-70-dependent phosphorylation.
Phosphoproteomic Profiling of Phosphorylation Sites
Identified in Receptor-stimulated Zap-70 Reconstituted Jurkat Cells—From this analysis, we observed 168 tyrosine
phosphorylation sites residing on 135 unique proteins in the
Zap-70 reconstituted T cells across 6 time points of receptor stimulation (Fig. 3 and supplemental material 2). Among
the 135 proteins identified, 24% of them (32 proteins) were
previously functionally characterized in TCR signaling (20, 35,
36). Phosphorylation sites were observed on the earliest upstream TCR signaling components (TCR-CD3 subunits ␥␦,
tyrosine kinases Lck, Fyn, Zap-70), crucial adaptor proteins

(LAT, ITK, PLC␥1), and downstream target proteins (phosphoinositide 3-kinase (PI3K), Erk1, Erk2, CD5) (Figs. 1 and 3).
Because phosphorylation sites that do not change in response to TCR stimulation are unlikely to be involved in the
TCR pathway, we focused our analysis on sites that showed
a change (greater than 3-fold change) across the TCR stimulation time course in reconstituted Jurkat T cells as measured
by label-free quantitation. These TCR responsive sites were
further classified into a variety of groups with the use of SILAC
ratio data to determine the dependence of each site upon the
absence or presence of Zap-70 (Fig. 4).
Clustering of Phosphorylation Sites by Zap-70 Null/Reconstituted SILAC Ratios—Among the phosphopeptides that
showed an increase in abundance with TCR stimulation in the
reconstituted T cell time course, SILAC ratios of Zap-70 null to
Zap-70 reconstituted cells were classified into four categories
(Fig. 4): elevated phosphorylation (greater than 2-fold induction in two or more time points), no differences in phosphorylation (between 2-fold induction and 2-fold reduction in
four or more time points), slightly decreased phosphorylation (between 2 to 10-fold reduction in two or more time
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FIG. 2. Experimental procedure. Two cell populations of human Jurkat T cell clones (P116 and P116.c139) are incubated with normal or
heavy isotope-labeled arginine and lysine amino acids, physically differentiating the two proteomes by a shift in molecular weights. Each cell
population is then pre-incubated with OKT3 and OKT4 antibodies for 10 min at 4 °C and then cross-linked with IgG at 37 °C for the times
indicated. After cell lysis, samples are combined at an equal protein concentration ratio of 1:1. Samples are then reduced, alkylated, and
trypsin-digested into peptides. Peptides are desalted by Sep-Pak cartridges and then enriched by phosphotyrosine peptide immunoprecipitation and Fe3⫹ IMAC. Peptides are then subjected to reversed-phase LC-MS/MS analysis.
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points), and significantly decreased phosphorylation
(greater than 10-fold reduction in two or more time points).
From this grouping of phosphopeptide SILAC ratios, 43%
showed enhanced phosphorylation, 19% showed no difference, 24% showed slight decrease, 12% showed significant decrease, and 2% represented outliers, which did not
fully fall into any of the four major categories yet generally
displayed minimal change.
Proteins with phosphorylation sites in the minimal change
group included proteins known to function upstream of
Zap-70 (CD3, CD3, Lck) (20), proteins known to function in
other signaling pathways in T cells (GSK3␤, phosphoprotein
associated with glycolipid-enriched membrane protein (PAG))
(37, 38), and ones not known to function in TCR signaling
(Filamin B, CDC2, ELMO1).
In general, sites with decreased phosphorylation levels in
P116 (Zap-70 null) cells suggest a position downstream of
Zap-70 in the pathway. Through Western blot analysis of
TCR-stimulated P116 (Zap-70 null) cells, previous studies
have shown decreases in tyrosine phosphorylation on proteins such as PLC␥1, LAT, and Erk1/2 (25, 27, 28). Our SILAC
quantitation results also showed decrease in phosphorylation
on these downstream proteins in Zap-70 null cells at PLC␥1
(Tyr-771, significantly decreased at 2 min, p value ⬍ 0.05),
LAT (Tyr-45, significantly decreased at 2 min, p value ⬍ 0.05),
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Erk1 (Tyr-204, significantly decreased at 7 and 10 min, p
value ⬍ 0.05), Erk2 (Tyr-187, significantly decreased at 0 and
2 min, p value ⬍ 0.05).
Although phosphorylation sites upstream of Zap-70 would
be expected to be unaffected by Zap-70 removal, three tyrosine residues within the TCR CD3 (Tyr-111, Tyr-72, Tyr-142)
immunoreceptor tyrosine activation motif (ITAM), along with
three tyrosine residues on TCR CD3␦ (Tyr-160, Tyr-149), and
CD3 (Tyr-199) ITAMs, decreased significantly (p value ⬍ 0.05
at various time points among these sites) in Zap-70 null cells
(Fig. 5). These seemingly upstream perturbations in phosphorylation are, nevertheless, consistent with previous reports for
the P116 Jurkat clone (39, 40). Although Lck-mediated phosphorylation of CD3 ITAMs is widely believed to precede Zap-70
recruitment and activation (41), previous studies have revealed
a synergistic role of Zap-70-mediated recruitment as well as
stabilization of the interaction between Lck and CD3 at the
ITAM regions independent of Zap-70 kinase activity (Fig. 5A)
(39, 40). Additional reports have indicated an essential role of
Lck in the regulation of constitutive phosophorylation of CD3
(42). From these studies, it can be proposed that the removal of
Zap-70 would result in a decrease of CD3 basal phosphorylation levels, which is consistent with our findings on these sites.
Novel Phosphorylation Sites Identified—The use of this
quantitative approach to make comparisons between
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FIG. 3. Quantitative phosphoproteomic analysis of known TCR signaling proteins in wild type cells. Listed above is a portion of the data
collected, representing the known TCR signaling proteins that were observed in our study of human Jurkat P116.c139 (Zap-70 reconstituted)
cells. Temporal quantitative changes in phosphorylation state are represented as heatmaps, which represent averages of five replicate
experiments. In the heatmap representation, yellow represents levels of phosphorylation above the average, while blue represents levels of
phosphorylation below the average. Black represents average abundance for a certain peptide across all time points. Blanks in the heatmap
indicate that a clearly defined SIC peak was not observed for that phosphopeptide in that time point. Note that the * next to the phosphorylation
site signifies that this site has been described previously in the literature.
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FIG. 4. Classification of ZAP-70 null/reconstituted SILAC ratios. The log2 SILAC ratios of Zap-70 null to Zap-70 reconstituted cells were
classified into four major categories: Peptides with substantially decreased phosphorylation; peptides with decreased phosphorylation; peptides
with elevated phosphorylation; peptides with no change in phosphorylation. SILAC ratios are calculated from the average of five replicate
experiments.

Zap-70 null and reconstituted cells has also led to the
generation of a broad test bed of novel, uncharacterized
phosphorylation sites that can be positioned within the T
cell signaling pathway. Among the 178 total unique phosphorylation sites identified in this analysis, 105 of these sites
were found to be novel, i.e. sites that were previously un-

characterized in the Human Protein Reference Database
Version 7. Furthermore, of the 105 newly discovered sites,
69 of these sites were changed significantly in abundance
with Zap-70 removal. This data provides a wealth of information about the hypothetical placement of these sites
relative to Zap-70 and the TCR (Fig. 6).
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DISCUSSION

The typical approach for elucidation of the structure of
cellular signaling networks involves an iterative process of
signaling protein disruptions and a large number of site-directed mutants, followed by characterization of every mutant
through a battery of assays of cellular activation. One common phenotype employed to evaluate newly created signaling
protein mutants is the use of phosphorylation site-specific
Western blots. The advantage of this approach is the specificity of the measurement and the ease of quantitation of the
change in phosphorylation. However, localization of protein
phosphorylation events within signaling pathways requires
two separate types of information: the precise timing of each
phosphorylation site relative to receptor stimulation as well as
the relationship of each phosphorylation site to canonical
signaling pathway landmarks. Quantitative phosphoproteomics can provide a means to overcome some of these issues by
providing a richer, unbiased site-specific view of the phosphoproteome of cells harboring altered signaling proteins.
Quantitation methods, such as SILAC, can provide highly
detailed information about differences between distinct pop-
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FIG. 5. Lck phosphorylation of the CD3 ITAM motif requires
Zap-70. A, TCR/CD3 Zap-70 null/Zap-70 reconstituted SILAC ratio
profiles. Differences in phosphopeptide abundance over time were
represented as SILAC ratios between P116 (Zap-70 null) and
P116.c139 (Zap-70 reconstituted) cells on CD3, CD3, and CD3␦
chains. SILAC ratios are calculated from the averages of five replicate experiments. B, model of Zap-70-dependent Lck phosphorylation of the CD3 ITAM motif as well as CD3/CD4 antibody
co-stimulation.

ulations, but the number of necessary quantitative comparisons quickly outpaces the number of available isotopically
labeled amino acids. The combination of SILAC and label-free
quantitation allows for a greatly increased number of receptor
stimulation time points while providing highly accurate comparisons between signaling protein null and reconstituted
cells at each time point using SILAC.
Mutant compensation could be a complicating factor in the
interpretation of differences in phosphorylation between protein null and wild type cells. Downstream targets solely dependent on the removed protein for phosphorylation should
show strong decreases in phosphorylation. However, if multiple pathways exist to phosphorylate a downstream target, a
pathway independent of the removed protein may mask defects in the protein dependent pathway. For instance, in our
analysis, the Zap-70 downstream target Thr-180, Tyr-182 of
p38 MAPK showed only slight decreases in phosphorylation
in Zap-70 null mutants stimulating the hypothesis of alternative pathways regulating this site and compensating for the
loss of Zap-70. Phosphoproteomic data from isogenic mutant
analysis must be interpreted with attention for the possibility
of compensation.
The interpretation of phosphoproteomic data obtained by
our method could also be complicated by the existence of
positive and negative feedback regulatory loops within signaling pathways. Feedback mechanisms make placement of
phosphorylation sites within the pathway difficult because
they allow upstream components to also be altered by the
removal of a protein. C-terminal Src kinase (Csk), CD45, casitas B-lineage lymphoma (c-cbl), and SHP-1 are proteins
known to function in negative feedback mechanisms in TCR
signaling (43– 47). Positive feedback mechanisms have also
been observed in T cells such as Erk phosphorylation of Lck
(47– 49). To face this challenge, a theoretical logical model
was assembled to predict the effects of feedback inhibition or
feedback activation upon SILAC ratios calculated with this
method (Fig. 7). From this logical model, both feedback inhibition and activation would be expected to affect SILAC ratios
of an upstream signaling protein phosphorylation site in a
time-dependent manner, while direct downstream inhibition
would be expected to decrease phosphorylation constitutively. Consistent with our feedback model, CD3 Tyr-123
followed the trends predicted for Zap-70-dependent feedback activation (significantly increased at 0 min (p value ⬍
0.05) followed by significantly decrease at 7 min (p value ⬍
0.05)), stimulating the hypothesis that this site may play a role
in positive feedback that has not been previously characterized (Fig. 7D). This observation highlights the importance of
studying the kinetics of the phosphoproteomes of isogenic
mutants.
Additionally, for the majority of phosphorylation sites identified on the CD3␥␦ subunits, we observed a gradual decrease in Zap-70 null/reconstituted SILAC ratios at early time
points, followed by a gradual increase in Zap-70 null/recon-
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stituted SILAC ratios at later time points (Fig. 7E2). These
trends are consistent with the hypothesis of competing positive and negative feedback loops functioning at different
stages of stimulation. At early time points, positive feedback
mechanisms could be regulating these sites, leading to a
gradual decrease in Zap-70 null/reconstituted SILAC ratios.
At later time points, negative feedback mechanisms could be
regulating these same sites, leading to an increase in Zap-70
null/reconstituted SILAC ratios when Zap-70 is removed (Fig.
7E1). It has previously been shown that Erk positive and
SHP-1 negative feedback pathways can compete to either
activate or inhibit Lck function to allow for T cells to discriminate between self and foreign ligands (47).
To determine the biological significance of the 105 novel
sites discovered in this study (Fig. 6), they must be placed
within canonical pathways and networks of protein-protein

interactions. Software tools that accelerate the assessment of
existing protein knowledge and exploration of quantitative
proteomic data in the context of protein interaction networks
are essential. Although the primary literature may be investigated manually, the use of software enables enhanced efficiency. Current interactome database software is primarily
web-based, and protein names must be searched one at a
time. Because only proteins directly binding to the searched
protein are revealed, the proteomics researcher must memorize the network to find longer range interactions. Existing
website-driven protein-protein interaction queries do not allow searching by peptide sequence, leading to confusion
arising from protein name ambiguity. Quantitative data must
also be integrated in a manual fashion with the interactome
network. Therefore, new proteomic data visual analysis tools
are essential for tackling the overwhelming complexity of
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FIG. 6. Dynamic effects of Zap-70 removal on novel phosphorylation sites discovered. Listed in this table is a subset of phosphorylation
sites identified, representing the novel sites that displayed significant changes in response to Zap-70. Novel sites are defined as sites that were
previously uncharacterized in the Human Protein Reference Database Version 7. Also included are the SILAC ratios (Zap-70 null/reconstituted)
for the time points that showed significant changes among the five replicate experiments (p value ⬍ 0.05) as well as the average SILAC ratio
across all time points. If missing data because of the sensitivity limit of the instrument prevented the reproducible observation of SILAC ratios
in at least three replicate experiments, or the null hypothesis cannot be rejected, then those squares are left blank in this table.
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RAP1 GTPase recruitment to the membrane and cell adhesion. The placement of a negatively charged phosphate group
in the PH domain could impede the ability of SKAP55 to bind
to polyphosphoinositides found at the membrane (53). Further
investigation in the possible function of site Tyr-142 of
SKAP55 is necessary to validate this hypothesis. The enhanced phosphorylation of Tyr-142 on SKAP55 that we observed could be explained by the misregulation of Fyn, a
known regulator of SKAP55 (50, 52).
Our results also provide some insight on the possible
function of NTBA in T cells. NTBA, an ITIM containing killer
Ig-like receptor, has been previously shown to be expressed
in all human NK, T, and B lymphocytes (55, 56). In NK cells,
NTBA has been shown to display inhibitory functions by
blocking the ability of NK cells to kill Epstein-Barr virusinfected target cells (55). Little is known about their role in T
cells. Recently, certain KIRs (KIR2DL2 and KLRG1) have
been shown to disrupt late T cell receptor-stimulated effector functions such the production of IFN-␥ and interleukin-2,
respectively (57, 58). Furthermore, site-directed mutagenesis
of specific tyrosine residues in the ITIM motif of KLRG1 demonstrates the importance of tyrosine phosphorylation in the
inhibitory process in T cells (58). In our results, the phosphorylation of site Tyr-308 located within the ITIM motif of NTBA
was increased (significantly increased at 7min, p value ⬍ 0.05)
in response to TCR cross-linking in Zap-70 reconstituted
Jurkat cells, suggesting the involvement of NTBA in the T cell
activation pathway. It is possible that NTBA, like other KIRs,
functions to inhibit late T cell signaling events through phosphorylation of Tyr-308. Such a possibility warrants additional
investigation to clearly define the role of site Tyr-308 of NTBA.
We also observed a slightly decreased phosphorylation (significantly decreased at 7 min, p value ⬍ 0.05) of Tyr-308 in
Zap-70 null cells suggesting that this site may be downstream
of Zap-70 activation.
The quantitative phosphoproteomic isogenic mutant approach described here will not only provide greater insights
into molecular mechanisms of the TCR signaling pathway,
but also provide a generalized approach to elucidation of
cell signaling pathways using phosphoproteomics. Although current phosphoproteomic studies have been impressive in their identification and quantitation of changes in
phosphorylation abundance across large numbers of proteins (4, 9 –12), the development of methodology capable of
the multi-dimensional comparison of mutant and wild type
cells through a time course of receptor stimulation is critically important. By combining genetic analysis and two well
established proteomic quantitation methods, and novel visual analysis tools, our approach facilitates rapid elucidation
of the biological significance of high throughput phosphoproteomic data. Comparison of data from removal of multiple signaling proteins at different positions within a single
pathway (upstream, middle, and downstream) will provide a
means of organizing hundreds to thousands of phosphoryl-
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massive proteomic data sets and existing protein knowledge
to gain insights into novel phosphorylation sites discovered in
these types of studies.
We have recently developed phosphoproteomic exploration software with interactive visual integration of quantitative
proteomic data, known signaling pathways, and protein-protein interaction networks to accelerate hypothesis generation,
which is described in detail in an upcoming manuscript
(www.peptidedepot.com/viz). Using this software, we examined the interactions between proteins observed to change in
abundance in the Zap-70 null Jurkat cells. Although this analysis could have been accomplished through manual inspection of protein interactions described in hundreds of manuscripts, our newly developed software facilitates the
assimilation of this information into a graphical representation
of the T cell signaling pathway scaffold protein-protein interaction network. This depiction facilitates the rapid discovery
of protein interactions among proteins observed in our data
while providing rapid access to the underlying manuscripts
through direct hyperlinks. A user may rapidly crawl through
this interaction space in a dilated view that shows just a single
protein and directly interacting proteins while maintaining global perspective of the T cell scaffold network (supplemental
material 4). The quantitative phosphoproteomic data generated in this manuscript is provided as .pth input file for this
software and is available for download without restriction
(www.tcellpathway.com).
The ability to visualize our data in relation to the canonical
T cell signaling pathway, focus on meaningful protein groups
through the use of filters and selectors, and find possible
pathways between multiple proteins with variable degrees of
separation were integral in generating the hypotheses described in detail here. For example, this software has helped
us to propose an unexpected hypothesis about the potential
role of the pleckstrin homology domain (PH domain) of
SKAP55 (Tyr-142). This site was observed to have slightly
enhanced phosphorylation (significantly increased at 3 and 10
min, p value ⬍ 0.05) in Zap-70 null cells compared with its
reconstituted counterpart in response to stimulation. Upon T
cell activation, Fyn-associated SKAP55, in complex with the
cytosolic adaptor protein ADAP, targets RAP1 GTPase to the
plasma membrane to initiate cell adhesion (50 –52). Although
the mechanisms of SKAP55’s interaction with Fyn and ADAP
are well studied, the specific regulatory mechanisms of
SKAP55’s membrane targeting is still uncharacterized (50,
51). It has been established that the PH domain is involved in
membrane recruitment for many cellular proteins (53). More
recently, it has been shown that tyrosine phosphorylation of
the PH domain of protein kinase D can serve in regulating
protein function by possibly releasing the PH domain (undefined still whether it is from itself or the membrane), leading to
its activation (54). Therefore, we hypothesize that phosphorylation at Tyr-142 of SKAP55 may lead to the inhibition of
SKAP55’s ability bind to the membrane, which would prevent
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ation sites relative to canonical pathway signaling landmarks. Although our hybrid quantitation approach was applied to the analysis of wide-scale tyrosine phosphorylation
here, it is generic in design and adaptable to a wide range of
phosphopeptide enrichment strategies. Quantitative phosphoproteomic phenotyping of signaling protein mutants will
be an ideal complement to traditional signaling approaches,
accelerating understanding of the architecture of phosphorylation networks involved in a wide range of biological
processes.
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