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The reversible phosphorylation of tyrosine residues is an impor-
tant mechanism for modulating biological processes such as
cellular signaling, differentiation, and growth, and if deregu-
lated, can result in various types of cancer. Therefore, an
understanding of these dynamic cellular processes at the mo-
lecular level requires the ability to assess changes in the sites of
tyrosine phosphorylation across numerous proteins simulta-
neously as well as over time. Here we describe a sensitive
approach based on multidimensional liquid chromatographyy
mass spectrometry that enables the rapid identification of
numerous sites of tyrosine phosphorylation on a number of
different proteins from human whole cell lysates. We used this
methodology to follow changes in tyrosine phosphorylation
patterns that occur over time during either the activation of
human T cells or the inhibition of the oncogenic BCR-ABL fusion
product in chronic myelogenous leukemia cells in response to
treatment with STI571 (Gleevec). Together, these experiments
rapidly identified 64 unique sites of tyrosine phosphorylation on
32 different proteins. Half of these sites have been documented
in the literature, validating the merits of our approach, whereas
motif analysis suggests that a number of the undocumented
sites are also potentially involved in biological pathways. This
methodology should enable the rapid generation of new in-
sights into signaling pathways as they occur in states of health
and disease.

Many cellular processes are directly controlled through the
reversible phosphorylation of protein tyrosine residues.

These regulatory functions are ultimately affected through the
coordinated phosphorylation of numerous tyrosine residues
across multiple proteins over time. Clearly, there are benefits
to individually characterizing specific components of a partic-
ular pathway, such as identifying a site of phosphorylation on
a given protein, the kinase responsible for the modification, or
the identity of subsequently interacting proteins. Ultimately,
though, a thorough understanding of these signaling pathways
at the molecular level requires the wide-scale, simultaneous
evaluation of these phosphorylation events as they occur over
time.

To date, two-dimensional gel electrophoresis (2D-GE) re-
mains the most common methodology for assessing wide-scale
changes in phosphorylation (1). However, this methodology is
relatively slow, and suffers from a number of well documented
operational limitations. For example, 2D-GE has been shown
to be poorly suited for the direct detection and analysis of
medium to low abundance proteins from whole cell lysates, a
particular concern in the case of regulatory proteins such as
kinases, which often exist at very low copy numbers per cell (2).
Even with the improved dynamic range afforded by multiple
2D-GE runs of prefractionated samples, the individual gel-
isolated proteins still require further characterization by using
methods such as two-dimensional tryptic phosphopeptide
mapping (3), Edman degradation (4), or precursor ion scan-
ning MS (5).

Several recent publications have described alternative ap-
proaches for assessing changes in phosphorylation patterns
based primarily on MS methodologies (6–10). However, because
only '0.1% of all protein phosphorylations occur on tyrosine
residues (11), these important modifications are difficult to
assess by these methods that either preferentially detect (7) or
specifically target (9) the far more numerous sites of serine and
threonine phosphorylation. Therefore, by the strategic applica-
tion of phosphotyrosine immunoprecipitation (12) in tandem
with methyl esterification and immobilized metal affinity chro-
matography of tryptic peptides, we have developed an effective
method for the wide-scale determination of sites of tyrosine
phosphorylation. This procedure can be used to rapidly gain
insights into various cellular regulatory pathways.

Materials and Methods
Cell Culture, Stimulation, and Immunoprecipitation. Jurkat clone
E6-1, and Lck-deficient Jurkat clone J.CaM1.6 were obtained
from American Type Culture Collection. The 32Dp210 and
K562 cells were a kind gift from Brian Druker at Oregon
Health Sciences University (Portland, OR). All cell lines were
grown in RPMI medium 1640 supplemented with 10% FBS, 2
mM L-glutamine, 100 mgyml streptomycin sulfate, and 100
unitsyml penicillin G (all from Invitrogen) in a 5.0% CO2
incubator at 37°C. The 32Dp210 cells were grown in the
presence of 20% WEHI-3B conditioned media (13). After
treatment, cells were resuspended for 5 min at 4°C in 13 lysis
buffer [20 mg/ml aprotininy20 mg/ml leupeptiny50 mM Tris,
pH 7.5y100 mM NaCly1% Nonidet P-40y10% glyceroly1 mM
Perfablocy2 mM Na3VO4 (tyrosine phosphatase inhibitor)y1
mM EDTAy10 mM b-glycerophosphate (Sigma)].

Anti-CD3yCD4 (OKT3yOKT4) antibody treatments were
done as described (14). Brief ly, Jurkat cells were treated at 1 3
108 cellsyml in PBS with 2.5 mgyml each of OKT3 and OKT4
(Ortho Biotech, Raritan, NJ) for 10 min at 4°C. Cells were then
treated with 22 mgyml goat anti-mouse IgG (Jackson Immuno-
Research) at 37°C for the times listed in Table 1 and lysed by
the addition of 53 lysis buffer. STI571 (Novartis, Basel) was
freshly prepared as 1 mM stock in PBS. The 32Dp210 or K562
cells were treated at a final concentration of 1 mM STI571 at
37°C followed by lysis with 13 lysis buffer. Lysates from all
experiments were centrifuged at 12,000 3 g for 15 min at 4°C.
Monoclonal anti-phosphotyrosine agarose (Sigma) was added
at 150 ml of resin per 1 3 109 cells for 4 h at 4°C with stirring.
Beads were washed three times with 13 lysis buffer and three
times with 20 mM Tris, pH 7.4y120 mM NaCl. Proteins were
eluted with 8 M ureay100 mM NH4CO3 for 5 min at 96°C
followed by filtration through a poly(vinylidene dif luoride)
(PVDF) 0.2-mm filter. Lysates were diluted to 4 M urea and
subjected to overnight tryptic digestion with 2.5 mg of trypsin
per 1 3 109 cells at 37°C.
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Methyl Esterification of Tryptic Peptides. Tryptic peptides were
methyl esterified as described (7), with modifications. Tryptic
digests of 1–2 3 109 cell equivalents of immunoprecipitated
protein were loaded onto C18 peptide macrotrap cartridges
(Michrom Bioresources, Auburn, CA) and washed with 1 ml of
0.1% acetic acid. Peptides were eluted with 70% acetonitrile
containing 0.1% acetic acid, dried in a Speed Vac plus (Thermo
Savant, Holbrook, NY), and treated at room temperature for 2 h
with 2 N d3-methanolic DCl. This reagent was prepared by
adding 120 ml of acetyl chloride to 0.75 ml of d3-methyl d-alcohol
(Cambridge Isotope Laboratories, Cambridge, MA) with stir-
ring. d3-Methanolic DCl was removed in a Speed Vac, and the
sample was reconstituted in 100 ml of 0.1% acetic acid.

Immobilized Metal Affinity Chromatography (IMAC). IMAC was
performed as described (15). Brief ly, methyl esterified tryptic
peptides were loaded onto iron-activated IMAC columns (360
mm OD 3 100 mm ID fused silica packed with 8-cm POROS
20 MC from Perceptive Biosystems, Framingham, MA). The
column was washed with 20 ml of a 25:74:1 acetonitrileywatery
acetic acid mixture containing 100 mM NaCl followed by 10 ml
of 0.1% acetic acid. Enriched phosphopeptides were eluted to
microcapillary columns (360 mm OD 3 75 mm ID) containing
6 cm of 5- to 15-mm C18 resin (Waters, Milford, MA) by using
5 ml of 50 mM potassium phosphate (pH 9.0) and rinsed with
0.1% acetic acid.

Nanoflow Reversed-Phase HPLCymESIyMS. Methylated phos-
phopeptides were analyzed by nanoflow reversed-phase HPLCy
mESIyMS with an LCQ ion trap mass spectrometer using a
system modified from that described (16). Microcapillary col-
umns loaded with methylated phosphopeptides were connected
to analytical columns (360 mm OD 3 50 mm ID fused silica
packed with 8 cm of 5-mm C18 particles) with integrated

electrospray ionization emitter tips ('5-mm diameter). Peptides
were eluted into the mass spectrometer with an HPLC gradient
(0–70% B in 30 min; A 5 water with 0.1 M acetic acid, B 5
acetonitrile with 0.1 M acetic acid). Initially, the flow rate was
set to 60 nlymin. When peptides began to elute, the flow rate was
lowered to '10 nlymin by lowering the flow rate delivered by the
HPLC such that chromatographic peaks were '1 min wide (full
width half maximum). The electrospray voltage (1.6 kV) was
applied to the HPLC mobile phase before flow splitting. The
mass spectrometer was programmed to record continuous cycles
composed of one MS scan followed by MSyMS scans of the five
most abundant ions in each MS scan. The dynamic exclusion
option was selected with a repeat count of 1, and an exclusion
duration of 1 min.

Database Analysis. MSyMS spectra were matched to amino acid
sequences in the National Center for Biotechnology Information
nonredundant protein database by using the SEQUEST algo-
rithm (17). Search parameters specified a differential modifica-
tion of 180 Da to serine, threonine, and tyrosine residues and
a static modification of 117 Da to glutamic acid and aspartic acid
residues and the C terminus of each peptide. All reported
SEQUEST assignments were verified by manual interpretation
of spectra.

Results
The goal of this work was the development of a methodology
that would greatly enhance the speed of identifying both the
nature and temporal ordering of tyrosine phosphorylation
events that occur in signaling cascades. To this end, total
Jurkat cell lysates from various time points or different
treatment regimens were first immunoprecipitated with an
anti-phosphotyrosine antibody (clone PT66) to reduce the
background of serine and threonine phosphorylation, and the

Table 1. Phosphorylated peptides from anti-CD3yCD4-stimulated Jurkat cells

Protein
NCBI GI

no. Peptide sequence PO4 site
Known PO4

site (ref.) Top scansite hits (24)
0

min
0.5
min

1
min

2
min

5
min

Jurkat
CAS-L 5453680 TGHGYVpYEYPSR Y166 J-0.32, Y-0.25, JJ-0.27 x
CBL 115855 IKPSSpSANAIpYSLAAR S669, Y674 Y674 (39) S669:None,Y674:B-2.2 x
CD3d 4502669 NDQVpYQPLR Y149 S,X-1.7,GG-2.8 x x
CD3d 4502669 DRDDAQpYSHLGGNWAR Y160 S,X-3.4,GG-4.9 x x x x x
CD3« 4502671 DLpYSGLNQR Y199 Y199 (40) S,X-0.36,GG-0.52 x x x x x
CD3z 115997 NPQEGLpYNELQK Y110 Y110 (29) T,N-0.22,X-0.02,II-0.83 x
CD3z 115997 RKNPQEGLpYNELQK Y110 Y110 (29) T,N-0.22,X-0.02,II-0.83 x x
CD3z 115997 MAEApYSEIGMK Y122 Y122 (29) T,P-1.6,Y-1.9,JJ-1.9 x x
CD3z 115997 GHDGLpYQGLSTATK Y141 Y141 (29) U,X-0.24,Y-3.6,GG-0.76 x x x x x
CD3z 115997 REEpYDVLDKR Y83 Y83 (29) S,X-0.36,GG-1.5,II-1.9 x
CD5 7656965 pSHAENPTASHVDNE

pYSQPPRNpSR
S439, Y453,
S460

Y453 (41) Y453:J-0.96,W-0.66,Z-0.47
S460:None,S439:None

x

GADS 4758476 RHpTDPVQLQAAGR T262 A-1.0,D-4.7,EE-0.65 x x x
HS1 4885405 GFGGQpYGIQK Y198 None x x
LIM lipoma 5031887 YYEGYpYAAGPGYGGR Y301 B-3.3,W-2.1 x
PYK2 4758976 YIEDEDpYpYKASVTR Y579,Y580 Y579,Y580 (42) Y579:L-1.6,O-1.4,Q-2.3

Y580:None
x

ZAP-70 1177033 RIDTLNSDGpYTPEPAR Y292 Y292 (20) None x x x
ZAP-70 1177044 PMPMDTSVpYESPpYSDPE

ELKDK
Y315,Y319 Y315, Y319 (21) Y315:C-0.30,W-0.12,Z-0.08

Y319:C-1.9,W-2.1,Z-1.6
x x

ZAP-70 1177044 ALGADDSpYpYTAR Y492,Y493 Y492, Y493 (20) Y492:None,Y493:None x
ZAP-70 1177044 ALGADDSYpYTAR Y493 Y493 (20) None x x x

Times are after anti-mouse IgG treatment (T cell receptor crosslinking). NA, time points not analyzed in the experiments. Scansite motifs are represented by
a letter indicating the motif followed by a percentile score for that motif. A, 14-3-3 mode 1 site; B, ABL kinase; C, ABL SH2; D, AKT kinase; E, ATM kinase; F, casein
kinase 2; G, Cdc2 kinase; H, Cdk5 kinase; I, Clk2 kinase; J, Crk SH2; K, DNA PK; L, EGFR kinase; M, Erk1 kinase; N, FGFR kinase; O, FGFR SH2; P, Fyn SH2; Q, Grb2
SH2; R, GSK3 kinase; S, ITAM 1; T, ITAM 2; U, ITAM 3; V, ltk kinase; W, ltk SH2; X, Lck kinase; Y, Lck SH2; Z, Nck SH2; AA, p85 SH2; BB, PDGFR kinase; CC, PDZ class
II; DD, PLCg N-terminal SH2; EE, protein kinase A; FF, Shc PTB; GG, Shc SH2; HH, SHIP SH2; II, Src kinase; JJ, Src SH2.
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immunoprecipitated proteins were digested with trypsin. Al-
though we found the PT66 antibody to enrich a large subset of
tyrosine phosphorylated proteins, other anti-phosphotyrosine
antibodies such as 4G10 could be used independently or in
combination to generate a different collection of phosphory-
lated proteins. Immunoprecipitation of undigested proteins
rather than tryptic peptides results in the additional identifi-
cation of serine and threonine phosphorylation sites on
tyrosine phosphorylated proteins and their binding partners.
Despite the sample simplification afforded by this initial
affinity selection, the direct analysis of the resulting tryptic
digests by reversed-phase HPLCyMS resulted in the identifi-
cation of only a very limited number of sites of tyrosine
phosphorylation (data not shown). Most identified peptides
were not phosphorylated and were derived from known ty-
rosine kinase substrates or abundant cytoskeletal proteins.
Because of the difficulties of detecting phosphorylated pep-
tides, the tryptic mixtures were further enriched by using a
combination of methyl esterification and immobilized metal
affinity chromatography (6). The resulting samples were then
analyzed by using reversed phase HPLC and tandem MS
methods, enabling the unambiguous assignment of numerous
sites of tyrosine phosphorylation (Fig. 1). To demonstrate the
power of this experimental methodology, we investigated the
temporal organization of phosphorylation events in a highly
studied signaling cascade, as well as the changes that occur in
another signaling pathway after chemical perturbation.

T cell receptor (TCR) signaling is an important process in
the activation of T cells, and many of the proteins involved
have been identified (18). We therefore decided to test the
overall suitability of our approach by independently measuring
tyrosine phosphorylation events in this system with respect to
time, and comparing our results with those documented in the
literature. Thus, Jurkat cells were treated with antibodies that
bind to the CD3 and CD4 receptors followed by crosslinking
with anti-mouse IgG. This stimulation mimics TCR ligation
and is known to induce cascades of tyrosine phosphorylation
(18, 19). Subsequent analysis of fractions soluble in Nonidet
P-40 was expected to yield data from readily soluble phos-

phorylated proteins involved in T cell signaling. The synthetic
peptide LIEDNEpYTAR (5 pmol) was added to each sample
before immunoprecipitation as an external control. This pep-
tide, derived from the activation loop of several tyrosine
kinases including Lck, contains four carboxylic acid functional
groups and serves as a control for immunoprecipitation,
methylation, and HPLCyMS. A signal for LIEDNEpYTAR
was not detected in extracts of Jurkat cells treated with
anti-CD3, CD4 antibodies (probably because of the inclusion
of this protein into Nonidet P-40 insoluble lipid rafts) until the
synthetic peptide was added. The use of this standard pre-
cludes detection of LIEDNEpYTAR generated from digests of
cellular proteins; however, a different standard may be chosen
to profile this phosphorylation. Approximately 5 3 108 cell
equivalents of soluble protein from each time point were
processed and analyzed (Table 1 and http:yyphosphopeptide.
com). As expected, overall protein tyrosine phosphorylation
levels increased on antibody stimulation (Fig. 2). The LIED-
NEpYTAR control was detected in every sample with chro-
matographic peak areas all within a factor of four, suggesting
consistent recovery of phosphopeptides from each of the cell
lysates.

Fig. 3 illustrates the data obtained for a representative
peptide derived from the protein tyrosine kinase ZAP-70, the
phosphorylation of which was clearly induced within 1 min of
T cell receptor ligation. All of the known in vivo tyrosine
phosphorylation sites of ZAP-70 were detected (Tyr-292,
Tyr-315, Tyr-319, Tyr-492, and Tyr-493) (20, 21). In total, 16
known sites of tyrosine phosphorylation and their relative
temporal organization were rapidly identified. Furthermore,
tyrosine phosphorylation was effectively absent in the Lck-
depleted mutant cell line J.CaM1.6 on CD3yCD4 stimulation
(data not shown).

We next investigated changes in the sites of tyrosine phos-
phorylation triggered by chemical inhibition of the BCR-ABL
signaling pathway. Constitutive activity of the fusion tyrosine
kinase BCR-ABL is the primary cause of chronic myeloid
leukemia (CML) (22). The inhibition of pathways activated by
BCR-ABL was investigated by treatment of the BCR-ABL
containing cell lines 32Dp210 (13) (murine myeloid cell line
with human BCR-ABL) and K562 (human CML) with the
BCR-ABL inhibitor STI571 (Gleevec) (23). Phosphorylation
of both the Grb-2 binding site Tyr-177 on BCR and the
autophosphorylation site Tyr-393 (Tyr-793 on BCR-ABL fu-
sion protein) were inhibited by STI571 (Table 2 and http:yy

Fig. 1. MSyMS spectrum of the CD3z-derived peptide GHDGLpYQGLSTATK.
Predicted nominal masses of type b and type y ions appear above and below
the sequence, respectively. Those observed are underlined. Note that the mass
difference between y8 and y9, and also b5 and b6, is 243 Da, corresponding to
a phosphotyrosine residue.

Fig. 2. Time course of chromatographic peak areas of phosphopeptides
normalized to LIEDNEpYTAR peak areas. CD3z Tyr-141 (l), CD3d Tyr-160
(■), CD3« Tyr-199 (F), CD3z Tyr-122(1), CD3d Tyr-149 (2), ZAP-70 Tyr-
315,319 (Œ), and ZAP-70 Tyr-493 (*). Profiles shown here are representative
of all observed.
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phosphopeptide.comy). Both sites of phosphorylation have
been reported to be directly implicated in the function of
BCR-ABL (22).

In addition, nearly 30 other previously undescribed sites of
tyrosine phosphorylation were identified (Table 2). To better
understand the nature of these previously undescribed sites,
motif analysis using the Scansite tool was performed (http:yy
scansite.mit.eduy) (24). When this method was used, scores of
,0.4% were considered most significant based on the examina-
tion of known phosphorylation sites, though all predictions
require evaluation in the biological context of the system studied
(24). Higher scores may be due to either divergences from
prototypical motifs or novel motifs not contained in Scansite.

Discussion
The rapid simultaneous identification of numerous changes in
tyrosine phosphorylation on different proteins that were al-
ready documented as relevant to the T cell signaling pathway
validates the potential power of this methodology. Interest-
ingly, despite the large volume of published work on T cell
signaling, these experiments also identified unreported sites of
tyrosine phosphorylation such as Tyr-166 of Cas-L, which
contains a strong consensus site for binding to the Lck SH2
domain. Cas-L is known to bind to Lck kinase in CD3-
stimulated T cells, but the site of interaction has not been
defined (25); phosphorylation of a Lck SH2 site on Cas-L
suggests that Lck could bind this site. Another novel phos-
phorylation site was observed at Tyr-198 of HS1. HS1 is known
to be tyrosine phosphorylated as a consequence of anti-CD3

stimulation, possibly through the action of Syk (26, 27), but
again the site of phosphorylation was not previously identified.
Up-regulation of ZAP-70 catalytic activity results from phos-
phorylation of Tyr-493 by Lck and autophosphorylation of
Tyr-319 after tandem interactions of the ZAP-70 SH2 domains
with immunoreceptor tyrosine-based activation motifs
(ITAMs) on CD3z (21, 28). Consistent with the reported
sequential phosphorylation of ZAP-70 and CD3z, we observed
maximal phosphorylation of Tyr-493 and Tyr-319 of ZAP-70
to occur 1 min after maximal CD3z phosphorylation (Fig. 2).
Induced phosphorylation of CD3z, CD3d, and CD3« was
consistent with the expected phosphorylation of these ITAM
regions (29). The absence of tyrosine phosphorylation in the
Lck-depleted mutant cell line J.CaM1.6 on CD3yCD4 stimu-
lation verifies the predicted importance of this kinase in T cell
signaling (18).

Application of this methodology to assess changes in ty-
rosine phosphorylation on treatment of chronic myelogenous
leukemia cells with STI571 resulted in the identification of
both sites of phosphorylation reported to be directly impli-
cated in the function of BCR-ABL, again demonstrating the
potential power of this methodology. In addition, nearly 30
other previously undescribed sites of tyrosine phosphorylation
were identified. Among the recently identified phosphoryla-
tion sites found were Tyr-469 and Tyr-257 on ABL. The
Scansite algorithm identified Tyr-177 as a strong candidate for
binding to the Grb2-SH2 domain (0.03 percentile). In fact,
Tyr-177 is known to bind this domain, demonstrating the
potential of scansite to discern such interactions (30).

Although the changes in phosphorylation patterns reported
on STI571 treatment have focused primarily on the inhibition
of phosphorylation, it should be noted that numerous cases of
induced modification were also observed. The inhibition of
BCR-ABL kinase activity by STI571 is known to restore expres-
sion of the transcriptional regulator CyEBPa, which leads to
expression of genes related to cellular differentiation such as the
granulocyte-colony stimulating factor (G-CSF) receptor (31,
32). STI571 alone is known to induce differentiation of K562
cells as illustrated by CD11b and hemoglobin up-regulation (31).
Exogenous expression of G-CSF receptor in K562 cells and
addition of G-CSF also leads to up-regulation of CD11b (33).
Treatment of K562 cells with STI571 for 3 h induced the tyrosine
phosphorylation of G-CSF signaling pathway members including
Syk, cortactin, and SHC (34–36) (Table 2), suggesting that
inhibition of BCR-ABL allows restoration of a functional G-CSF
signaling cascade.

To our knowledge, the rapid determination of comparable
numbers of tyrosine phosphorylation sites across multiple
proteins in a single HPLCyMS experiment has not previously
been reported. Although these experiments revealed more
than 60 sites of phosphorylation on many proteins, we did
not detect all expected phosphorylation sites. For example, we
did not detect phosphorylation of SLP-76, LAT, or PAG. This
could be explained by the fact that these proteins reside in
Nonidet P-40 insoluble lipid rafts (37, 38), or because certain
tryptic phosphopeptides were not amenable to HPLCyMS
because of low abundance, unsuitable size, or poor ionization
efficiency. Increased numbers of tyrosine phosphorylated
peptides could likely be identified with our method by solu-
blizing proteins with different detergents, analyzing phos-
phopeptide pools from larger numbers of cells, digesting
proteins with enzymes other than trypsin (i.e., glu-c or chymo-
trypsin), or by analyzing phosphopeptide pools using two-
dimensional HPLCyMS. These experiments can be performed
without any knowledge of the expected identity and functions
of the various relevant proteins by leveraging the availability
of genomic sequence information. Subsequently, more di-
rected approaches can be used to elucidate the biological

Fig. 3. ZAP-70 Tyr-315,319 phosphorylation in CD3yCD4-stimulated Jurkat
cells compared with LIEDNEpYTAR phosphorylation. Total ion chromatogram
(TIC) recorded during MS analysis of phosphorylated peptides from unstimu-
lated Jurkat cells (a) and Jurkat cells stimulated with crosslinked anti-CD3 and
anti-CD4 antibodies for 1 min (b). Selected-ion chromatogram (SIC) or plot of
the ion current vs. time for myz 990 corresponding to the (M 1 3H)31 of the
phosphopeptide ZAP-70 Tyr-315,319 for unstimulated (c) and 1 min stimu-
lated (d) Jurkat cells. SIC for myz 742.6 corresponding to the (M 1 4H)41 of
the phosphopeptide ZAP-70 Tyr-315,319 for unstimulated (e) and 1 min
stimulated ( f) Jurkat cells. SIC for myz 686 corresponding to the (M 1 2H)21 of
the phosphopeptide LIEDNEpYTAR for unstimulated (g) and 1 min stimulated
(h) Jurkat cells.
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relevance of these newly discovered sites. In addition, this
method enables the examination of changes in the sites of
phosphorylation over time, helping to clarify the temporal
orchestration of protein tyrosine phosphorylation within sig-

naling pathways. Finally, profiling of tyrosine kinase inhibitors
such as STI571 should provide a deeper understanding of the
downstream effects of these agents on a variety of signaling
pathways.

Table 2. Phosphorylated peptides from BCR/ABL-expressing cells treated with STI571

Protein NCBI GI no. Peptide sequence PO4 site
Known PO4

site (ref.) Top scansite hits (24)
0
hr

1.5
hr

3
hr

32d p210
ABL 125135 LMTGDTpYTAHAGAK Y393 Y393 (43) None x NA
ABL 125135 LMTGDTpYpTAHAGAK Y393,

T394
Y393 (43) Y393:None,Y394:None x NA

ABL 125135 LpYVSSESR Y185 None x x NA
ABL 125135 pYSLTVAVK Y264 Y264 (44) None x NA
ABL 125135 NKPTVpYGVSPNYDK Y226 Y226 (43) B-3.3,X-3.4,HH-2.5 x NA
ABL 125135 VpYELMR Y469 AA-0.25,GG-2.8,II-3.3 x NA
BCR 11038641 HQDGLPYIDDpSPSSpSPHLSSK S459, S463 S459:M-4.0,R-0.56,S463:G-1.3,H-1.6,R-0.32 x NA
CAS-L 8567380 LpYQVPNSQAASR Y91 B-1.5,C-1.0,J-0.56 x x NA
CAS-L 8567380 DVpYDVPPSHSTQGVpYDIPPS

SVK
Y176,

Y188
Y176:C-0.14,J-0.01,Z-0.04
Y188:C-0.20,J-0.01,Z-0.03

x NA

CBL 115857 IKPSSSANAIpYSLAAR Y655 Y655 (39) B-2.2 x x NA
CBL 115857 LPPGEQGEpSEEDTEpYMTPTS

RPVGVQKPEPK
S675,

Y681
Y681 (45)
(Y700)

S675:E-3.6,F-0.40,K-1.8
Y681:J-0.08,W-0.04,Z-0.06

x x NA

DYRK1A 6015042 IYQpYIQSR Y321 Y321 (46) None x NA
SHEP1 7305329 AGESpYTHIR Y273 None x NA
SHP-2 6755228 VpYENVGLMQQQR Y584 Y584 (47) O-0.55,Y-1.9,JJ-1.9 x NA

k562
ABL 125135 LMTGDTpYTAHAGAK Y393 Y393 (43) None x x
ABL 125135 LMTGDTpYpTAHAGAK Y393,

T394
Y393 (43) Y393:None,Y394:None x x

ABL 125135 LpYVSSESR Y185 None x x
ABL 125135 LGGGQpYGEVYEGVWK Y253 N-4.0,P-4.0,X-0.20 x
ABL 125135 LGGGQYGEVpYEGVWK Y257 X-0.32,Y-0.65,II-0.83 x
Activated

p21cdc42Hs
18553914 pYATPQVIQAPGPR Y827 J-4.6,W-3.0 x

Activated
p21cdc42Hs

423137 VSSTHpYpYLLPERPSYLER Y912,
Y913

Y912:BB-1.2,GG-2.1,HH-0.04
Y913:C-3.9,J-3.4,DD-1.3

x

BCR 11038641 PFpYVNVEFHHER Y177 Y177 (30) N-2.7,Q-0.03,BB-3.2 x
BCR 11038641 HQDGLPYIDDpSPSSpSPHLSSK S459, S463 S459:M-4.0,R-0.56,S463:G-1.3,H-1.6,R-0.32 x x
BCR 11038641 RLpTWPR T310 A-2.4,D-1.9,EE-0.55 x x
BCR 11038641 NSLETLLpYKPVDR Y644 None x
BCR 11038641 LASQLGVpYR Y591 None x
CBL 115855 IKPSSpSANAIpYSLAAR S669,

Y674
Y674 (39) Y674:B-2.2,S669:None x

CBL 115855 IKPSSSANAIpYSLAAR Y674 Y674 (39) B-2.2 x
Cortactin 4885205 LPSSPVpYEDAASFK Y421 Y421 (48) O-1.6,Y-1.3,AA-2.0 x
DNABP1 4557447 ELEEIpYMLPR Y1068 B-0.37,W-0.66,DD-1.3 x
e3b1 2245671 HNSTTSSTSSGGpYR Y305 None x
GAB1 4503851 SYpSHDVLPK S266 D-0.82,E-3.6,I-4.2 x
GAB1 4503851 APSASVDSSLpYNLPR Y259 C-2.8,J-0.76,Z-2.1 x x x
GAB2 18105042 HNTEFRDSTpYDLPR Y266 C-0.65,J-0.56,Z-0.22 x
GAGE-3 4503881 STpYYWPRPR Y10 B-0.59,C-1.3,J-2.9 x
p56dok 4503359 GQEGEpYAVPFDAVAR Y299 B-0.04,W-0.66,X-0.67 x
p62dok 4503357 SHNSALpYSQVQK Y449 P-3.0 x
plakophilin 4 4505843 NNYALNTTATpYAEPpYRPIQYR Y478,

Y482
Y478:B-0.02,C-0.52,W-1.0,Y482:None x

SHC 284403 ELFDDPSpYVNVQNLDK Y317 Y317 (49) L-0.47,Q-0.01,BB-0.33 x
SHIP-2 4755142 TLSEVDpYAPAGPAR Y1135 W-4.3 x x x
SHIP-2 4755142 GLPSDpYGR(PLSFPPPR) Y1162 Y1162 (39) B-0.60,J-0.96,C-2.8 x x
SHIP-2 4755142 DTpYAWHK Y671 None x
SHIP-2 4755142 LpYEWISIDKDEAGAK Y886 P-1.1,W-1.5,GG-0.52 x
SHIP-2 4755142 NSFNNPApYYVLEGVPHQLLPP

EPPpSPAR
Y986,

S994
Y986 (50) Y986:L-0.20,N-1.7,FF-0.19,S994:None x

SYK 1174527 EALPMDTEVpYESPpYADPEEIR
PK

Y348,
Y352

Y348, Y352
(51)

Y348:C-0.65,W-0.07,Z-0.22
Y352:C-1.9,W-0.18,BB-3.2

x

Times are after STI571 treatment. Scansite motifs are described in Table 1. NA, time points not analyzed in the experiments.
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