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Time-resolved Mass Spectrometry of Tyrosine
Phosphorylation Sites in the Epidermal Growth
Factor Receptor Signaling Network Reveals

Dynamic Modules*s

Yi Zhangt§, Alejandro Wolf-Yadlint§, Phillip L. RossT], Darryl J. Pappin{], John Rush||,
Douglas A. Lauffenburgert, and Forest M. Whitet**

Ligand binding to cell surface receptors initiates a cas-
cade of signaling events regulated by dynamic phospho-
rylation events on a multitude of pathway proteins. Quan-
titative features, including intensity, timing, and duration
of phosphorylation of particular residues, may play a role
in determining cellular response, but experimental data
required for analysis of these features have not previously
been available. To understand the dynamic operation of
signaling cascades, we have developed a method ena-
bling the simultaneous quantification of tyrosine phos-
phorylation of specific residues on dozens of key proteins
in a time-resolved manner, downstream of epidermal
growth factor receptor (EGFR) activation. Tryptic peptides
from four different EGFR stimulation time points were
labeled with four isoforms of the iTRAQ reagent to enable
downstream quantification. After mixing of the labeled
samples, tyrosine-phosphorylated peptides were immu-
noprecipitated with an anti-phosphotyrosine antibody and
further enriched by IMAC before LC/MS/MS analysis. Da-
tabase searching and manual confirmation of peptide
phosphorylation site assignments led to the identification
of 78 tyrosine phosphorylation sites on 58 proteins from a
single analysis. Replicate analyses of a separate biologi-
cal sample provided both validation of this first data set
and identification of 26 additional tyrosine phosphoryla-
tion sites and 18 additional proteins. iTRAQ fragment ion
ratios provided time course phosphorylation profiles for
each site. The data set of quantitative temporal phospho-
rylation profiles was further characterized by self-orga-
nizing maps, which resulted in identification of several
cohorts of tyrosine residues exhibiting self-similar tempo-
ral phosphorylation profiles, operationally defining dy-
namic modules in the EGFR signaling network consistent
with particular cellular processes. The presence of novel
proteins and associated tyrosine phosphorylation sites
within these modules indicates additional components
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of this network and potentially localizes the topological
action of these proteins. Additional analysis and model-
ing of the data generated in this study are likely to yield
more sophisticated models of receptor tyrosine kinase-
initiated signal transduction, trafficking, and regulation.
Molecular & Cellular Proteomics 4:1240-1250, 2005.

Cell signaling downstream of receptor tyrosine kinases,
such as epidermal growth factor receptor (EGFR)," comprises
an interconnected network of pathways associated with var-
ious regulatory processes. These pathways involve a number
of components whose interactions are required to carry out
regulatory processes and that are themselves regulated by
covalent modifications, including phosphorylation on tyrosine
as well as serine and threonine residues. In the particular case
of EGFR, ligand binding activates the receptor and dimeriza-
tion results in autophosphorylation of selected tyrosine sites
in the C-terminal region (1). Different tyrosine phosphorylation
sites in EGFR (i.e. Tyr-1092 and Tyr-1110 for Grb2 (2), Tyr-
1172 and Tyr-1197 for SHC (3)) act as docking sites for a
variety of proteins upstream of several signaling cascades,
most prominently mitogen-activated protein kinase, phospho-
lipase C-v, and phosphoinositide 3-kinase pathways, leading
to proliferation, differentiation, migration, and antiapoptotic
effects (4—6). Because EGFR is at the origin of pathways
governing diverse cell behavioral responses such as cell sur-
vival, proliferation, differentiation, and motility, ascertaining
quantitative and dynamic features of the various regulatory
pathways will be imperative for determining which features
are related to particular responses. Indeed, because dysregu-
lation of EGFR-activated pathways, often a consequence of
receptor overexpression or mutation, has been shown to be
correlated with many types of cancer, one promising step
toward identifying mechanisms underlying tumorigenesis as-
sociated with aberrant EGFR signaling would be to generate a
quantitative comparison of a broad variety of specific cellular
signaling events downstream of this RTK under multiple bio-

" The abbreviations used are: EGFR, epidermal growth factor re-
ceptor; SOM, self-organizing map; IP, immunoprecipitation.
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Time-resolved Analysis of EGFR Signaling

logical cell states. These data could then be used to imple-
ment models of cellular signaling pathways, from which pre-
dictions could be made as to the most beneficial intervention
strategies. Toward this end, we describe here a quantitative
mass spectrometric method for time-resolved analysis of dy-
namic tyrosine phosphorylation at specific sites on multiple
proteins simultaneously, using the EGFR signaling cascade as
a model.

All phosphorylation-mediated cellular signaling cascades
are bound by the same principles. A dynamic relationship
between component proteins in the pathway generates site-
and time-specific phosphorylation/dephosphorylation events
that propagate down the cascade until the desired response
is elicited. Most proteins have more than one potential phos-
phorylation site, and phosphorylation/dephosphorylation of
different sites in the same protein may lead to different re-
sponses; i.e. activation events may involve a particular pro-
tein, but specific phosphorylation sites regulate the cellular
activity (7, 8). So far, most of the literature deals with either
time dynamics on the activation of a handful of proteins and
phosphorylation sites (9, 10) or global identification of protein
phosphorylation sites under static conditions (11-14).

Our current knowledge about the EGFR-related pathways
dynamics and the phosphorylation sites of their proteins rep-
resent the summary of decades of work by many groups
using traditional biochemistry tools to study the activation of
only several proteins at a time. Only recently has mass spec-
trometry been used to identify many tyrosine phosphorylation
sites in receptor tyrosine kinase pathways (15-18) and to
monitor total phosphotyrosine content in pathway proteins
over time (19). However, these studies have not provided
information on the dynamic regulation of specific tyrosine
phosphorylation sites. We have developed a method to pro-
vide this level of information and have applied it to the EGFR
model system, generating time course phosphorylation pro-
files for 78 tyrosine phosphorylation sites on 58 proteins at
four time points of EGF stimulation (0, 5, 10 and 30 min) in a
single analysis. Stimulation and replicate analyses of a sepa-
rate set of cell cultures were used to validate the data set
while providing identification of an additional 26 phosphoryl-
ation sites and 18 proteins with associated temporal phos-
phorylation profiles.

MATERIALS AND METHODS

Cell Culture, EGF Stimulation—184A1 parental human mammary
epithelial cells (20) were a kind gift from Martha Stampfer (Lawrence
Berkeley Laboratory, Berkeley, CA) and were maintained in DFCI-1
medium supplemented with 12.5 ng/ml EGF, as in Ref. 21. Cells were
washed with PBS and incubated for 12 h in serum-free media (DFCI-1
without EGF, bovine pituitary extract, or fetal bovine serum) in 15-cm
plates (~3 X 107 cells) after 80% confluence was reached. The
synchronized cells were washed with PBS after removal of media.
The cells were then stimulated with 25 nm EGF in serum-free media
without sodium bicarbonate for 5, 10, or 30 min or left untreated with
serum-free media for 5 min as control.

Cell Lysis, Protein Digestion, and Peptide Fractionation— After EGF

stimulation, cells were lysed on ice with 3 ml of 8 m urea supple-
mented with 1 mm NagVO,. A 10-ul aliquot was taken from each
sample to perform bicinchoninic acid protein concentration assay
(Pierce) according to the manufacturer’s protocol. Cell lysates were
reduced with 10 mm DTT for 1 h at 56 °C, alkylated with 55 mm
iodoacetamide for 45 min at room temperature, and diluted to 12 ml
with 100 mm ammonium acetate, pH 8.9. 40 pg of trypsin (Promega)
was added to each sample (~100:1 substrate/trypsin ratio), and the
lysates were digested overnight at room temperature. The whole-cell
digest solutions were acidified to pH 3 with acetic acid (HOAc) and
loaded onto C18 Sep-Pak Plus Cartridges (Waters). The peptides
were desalted (10 ml of 0.1% HOAc) and eluted with 10 ml of a
solution composed of 25% acetonitrile (MeCN) with 0.1% HOAc.
Each sample was divided into 10 aliquots and lyophilized overnight to
dryness for storage at —80 °C.

iITRAQ Labeling and Peptide IP—Peptide labeling with iTRAQ rea-
gent (Applied Biosystems) was performed according to the manufac-
turer’s protocol. In brief, each aliquot (3 X 10 cell equivalent) was
reacted with one tube of iTRAQ reagent; i.e. acquisition of this data
set from the first biological sample required 8 tubes of iTRAQ reagent
(2 X iTRAQ-114 (0 min), 2 X iTRAQ-115 (5 min), 2 X iTRAQ-116 (10
min), and 2 X iTRAQ-117 (30 min)) after the sample was dissolved in
30 ul of 0.5 M triethylammonium bicarbonate (N(Et);HCO;), pH 8.5,
and the iTRAQ reagent was dissolved in 70 ul of ethanol. The mixture
was incubated at room temperature for 1 h and concentrated to ~20
wl. Samples labeled with four different isotopic iTRAQ reagents were
combined and concentrated to 10 ul and then dissolved in 200 ul of
IP buffer (100 mm Tris, 100 mm NaCl, and 1% Nonidet P-40, pH 7.4)
and 200 ul of water, and pH was adjusted to 7.4. The mixed sample
was incubated with 4 g of immobilized anti-phosphotyrosine anti-
body (Santa Cruz Biotechnology) overnight at 4 °C. The antibody
beads were spun down for 5 min at 7000 rpm, and the supernatant
was separated and saved. The antibody-bound beads were washed
twice with 200 ul of IP buffer for 10 min and twice with rinse buffer
(100 mm Tris, 100 mm NaCl, pH 7.4) for 5 min at room temperature.
The phosphotyrosine-containing peptides were eluted from antibody
with 50 ul of 100 mm glycine pH 2.5 for 1 h at room temperature.

IMAC and Mass Spectrometry—Phosphopeptide enrichment on
IMAC was performed as described previously (14), except that pep-
tides were not converted to methyl esters. After antibody elution,
peptides were loaded onto a 10-cm self-packed IMAC (20MC; Ap-
plied Biosystems) capillary column (inner diameter, 200 um; outer
diameter, 360 nwm) and rinsed with organic rinse solution (25% MeCN,
1% HOAc, 100 mm NaCl) for 10 min at 10 wl/min. The column was
equilibrated with 0.1% HOAc for 10 min at 10 wl/min and eluted onto
a 10-cm self-packed C18 capillary precolumn (inner diameter, 100
um; outer diameter, 360 um) with 50 ul of 250 mm Na,HPO,, pH 8.0.
After a 10-min rinse (0.1% HOACc), the precolumn was connected to a
10-cm self-packed C18 (YMC-Waters 5 um ODS-AQ) analytical cap-
illary column (inner diameter, 50 um; outer diameter, 360 wm) with an
integrated electrospray tip (~1-pum orifice). Peptides were eluted
using a 100-min gradient with solvent A (H,O/HOAc, 99:1 (v/v)) and B
(H,O/MeCN/HOAc, 29:70:1 (v/v)): 10 min from 0% to 15% B, 75 min
from 15% to 40% B, and 15 min from 40% to 70% B. Eluted peptides
were directly electrosprayed into a Q-TOF mass spectrometer
(QSTAR XL Pro; Applied Biosystems). MS/MS spectra of the five most
intense peaks with two to five charges in the MS scan were automat-
ically acquired in information-dependent acquisition with previously
selected peaks excluded for 40 s.

Western Blot Analysis—40 ng of protein from each sample was
mixed with 4X sample buffer (250 mm Tris-HCI, pH 6.8, 8% SDS,
40% glycerol, 0.04% bromphenol blue, and 400 mm dithiothreitol) and
boiled for 5 min. Proteins were separated by SDS-PAGE and trans-
ferred onto PVDF membranes. After blocking for 1 h at room temper-
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Time-resolved Analysis of EGFR Signaling

ature membranes were incubated overnight at 4 °C in primary anti-
body, washed three times for 5 min in TBS-Tween 20 (20 mm Tris-HClI,
pH 7.5, 137 mm NaCl, and 0.1% Tween 20), incubated for 1 h at room
temperature in secondary antibody (dilution 1:2500 horseradish per-
oxidase conjugated donkey anti-rabbit in TBS-Tween 20, 5% non-fat
milk powder) (Amersham Biosciences), and finally washed three times
for 5 min with TBS-Tween 20. Blots were developed with ECL Ad-
vance Western blotting detection kit (Amersham Biosciences) and
scanned on a Kodak Image Station 1000. Primary antibodies used
were anti-EGFR, for loading control; anti-EGFR pY1172; anti-Fak
pY576; anti-STAT-3 pY705 (all from Cell Signaling Technologies), and
anti-Gsk-3-8 pY216 (Upstate Biotechnology).

Phosphopeptide Sequencing, Data Clustering, and Analysis—
MS/MS spectra were extracted and searched against human protein
database (NCBI) using ProQuant (Applied Biosystems) and MASCOT
(Matrix Science). For ProQuant, an interrogator database was gener-
ated by predigesting the human protein database with trypsin and
allowing one miscleavage and up to six modifications on a single
peptide (phosphotyrosine = 2, phosphoserine = 1, phosphothreo-
nine = 1, iTRAQ-lysine = 4, and iTRAQ-tyrosine = 4). Mass tolerance
was set to 0.15 atomic mass units for precursor ions and 0.1 atomic
mass units for fragment ions. For MASCOT, data were searched
against the human non-redundant protein database with trypsin
specificity, two missed cleavages, precursor mass tolerance set to
1.5 Da, and fragment ion tolerance set to 0.2 Da. Phosphotyrosine-
containing peptides were manually validated and quantified. Peak
areas for each of the four signature peaks (m/z: 114, 115, 116, 117)
were obtained and corrected according to the manufacturer’s instruc-
tions to account for isotopic overlap. Data were further corrected with
values generated from the peak areas of non-phosphorylated pep-
tides to account for possible variations in the starting amounts of
sample for each time point. Finally, all data were normalized by the
5-min sample. Mean phosphorylation, standard deviation, and p val-
ues to estimate statistical significance for differential phosphorylation
between the different time points were calculated using Microsoft
Excel. The p values were calculated using a paired, two-tailed Stu-
dent’s test. A self-organizing map was generated with the Spotfire
program to cluster phosphorylation sites with self-similar profiles. All
the analyses using Spotfire were done with original built-in functions
of the program.

RESULTS

Time-resolved Tyrosine Phosphorylation after EGF Stimula-
tion Measured by Quantitative Mass Spectrometry— Stable-
isotope labeling either during cell culture or after cell lysis
provides a simple and accurate method for quantifying pro-
teins and peptides from different cell states (22). Stable-
isotope-tagged amine-reactive reagents (iTRAQ) from Applied
Biosystems enable the comparison of up to four cell states in
a single analysis (23). We have combined iTRAQ-based stable
isotope labeling of different cell states with immunoprecipita-
tion of tyrosine-phosphorylated peptides (24) to generate a
new method enabling quantitative analysis of specific tyrosine
phosphorylation sites in four populations of cells subjected to
EGF stimulation over different periods of time (0, 5, 10, and 30
min). For each time point, a single 15-cm plate of cells was
cultured under the same conditions before stimulation, and
EGF (25 nv) was added for the appropriate length of time.
Cells were lysed and proteins from each sample were di-
gested with trypsin and desalted. Aliquots corresponding to

20% (~6 X 10° cell equivalents) of each of the resulting four
sets of peptides were labeled with iTRAQ reagent, mixed
together, and immunoprecipitated with anti-phosphotyrosine
antibody. Immunoprecipitated, phosphorylated peptides
were further enriched by IMAC before LC-MS/MS analysis
(Fig. 1a). The four iTRAQ labels are nominally isobaric and
differ only in the positioning of isotopically tagged atoms. As
a result, peptides tagged with the different forms of the rea-
gent co-elute during the LC gradient and generate a single
peak for each charge state in the MS scan (23). After selection
of a peak in MS mode, MS/MS fragmentation of the iTRAQ
labeled peptide results in 4 signatures peaks at m/z 114, 115,
116, and 117 respectively (Fig. 1, b and c), whereas fragmen-
tation along the peptide backbone results in b- and y-type
fragment ions, which may be used to identify the peptide
sequence (Fig. 1b). To facilitate comparison of the temporal
phosphorylation profiles, each of the phosphorylation profiles
was normalized relative to the 5-min time point because this
point typically provided the greatest signal-to-noise ratio;
therefore, normalization to this time point minimized noise-
associated error. To normalize the results within each sample
for protein level and labeling efficiency, the supernatant from
the anti-phosphotyrosine peptide immunoprecipitation was
analyzed, and iTRAQ marker ions from non-phosphorylated
peptides were averaged and used to correct the data (Fig. 1c;
data available in Supplemental Table IlI).

Application of this method to investigate EGFR signaling in
human mammary epithelial cells resulted in the identification
of 78 tyrosine phosphorylation sites on 58 proteins in a single
analysis. For each phosphorylation site, a quantitative tempo-
ral phosphorylation profile was generated by comparing the
relative ratios of peak areas for the iTRAQ marker ions (m/z
114-117) in the MS/MS spectrum. The mean values and
standard deviations for a subset of the tyrosine phosphoryl-
ation sites are provided in Table | along with an estimation of
the statistical significance of each value relative to the 5-min
time point (a full list of phosphorylation sites, time course
phosphorylation profiles, and statistical analysis can be found
in Supplemental Table I). For instance, the EGFR pY1172
autophosphorylation site increased 20-fold from 0 to 5 min,
decreased by 10% from 5 to 10 min, and decreased by
another 40% to 30 min. Based on the number of replicate
measurements (as is typical for data-dependent acquisition
many of the peptides were selected for MS/MS more than
once during the chromatographic elution profile, resulting in
multiple independent measurements of the relative ratios for
the iTRAQ marker ion peak areas) in the LC/MS/MS analysis,
the difference between the 0- and 5-min time points and the
30- and 5-min time points is statistically significant (o < 0.05),
whereas the difference between the 10- and 5-min time points
does not meet this significance criterion for this particular
phosphorylation site.

Of the 58 proteins identified in this analysis, 52 have been
associated with the EGFR signaling network, whereas the
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Time-resolved Analysis of EGFR Signaling
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Fic. 1. Mass spectrometry-based approach to quantitative analysis of phosphorylation dynamics on specific tyrosine residues. a,
four plates of cells were cultured under normal conditions, serum-starved for 12 h, and stimulated with 25 nm EGF for 0, 5, 10, or 30 min. After
cell lysis, proteins were proteolyzed and the resulting peptide mixture desalted before dividing into aliquots of 10 equivalent fractions per
stimulation time. For each stimulation time, one aliquot was labeled with one of the four isoforms of the iTRAQ reagent and then mixed with
the labeled aliquots from the other time points. Phosphotyrosine-containing peptides were immunoprecipitated and further enriched by IMAC
affinity chromatography before LC/MS/MS analysis. b, for each MS/MS spectrum, y- and b-type fragment ions (containing the C and N termini
of the peptide, respectively) enable the identification of the peptide sequence including the specific localization of the phosphorylated residue.
¢, quantitative information is encoded in the low mass-to-charge ratio portion of the MS/MS spectrum (highlighted in b, red oval). The 0-min
time point was labeled with iTRAQ-114, the 5-min time point was labeled with iTRAQ-115, the 10-min time point was labeled with iTRAQ-116,
and the 30-min time point was labeled with iTRAQ-117. Relative peak areas of the four marker ions were used to quantify tyrosine
phosphorylation levels. Protein levels and labeling efficiency were normalized with quantification data generated by analysis of peptides
contained in the supernatant after peptide IP. The marker ion region of a representative non-phosphorylated peptide is on the right side of c.

other six proteins (listed in Table Il) have not been previously
identified in either proteomic or biochemical analyses of
EGFR signaling. Representative spectra for two of the six
peptides listed in Table Il are presented in Fig. 2; the mass
range spanning the iTRAQ marker ion region is highlighted for
each peptide. Included in this group of six proteins is
KIAA06GO6, a protein also known as suprachiasmatic nucleus
circadian oscillatory protein (SCOP). Regulation of the circa-
dian clock in the suprachiasmatic nucleus drives daily
rhythms of behavior and has been associated with EGF re-
ceptor signaling in the hypothalamus (25). In addition, EGF
activated expression of clock genes Per1 and Per2, and mod-
ulation of the circadian rhythm in cell culture has also been
documented (26). The mechanism by which signal is trans-
duced from the EGF receptor to the clock gene promoter
region has not been elucidated. In this study, we detected
rapid and transient tyrosine phosphorylation at pY2060 in
SCOP in response to EGF stimulation. This protein and phos-
phorylation site may be directly involved in signal transduction
from activated EGF receptor to downstream up-regulation of
clock gene expression, but this relationship needs to be bio-

logically validated. Also included in this group of six proteins
is KIAA1217, a protein whose function has not yet been
characterized. The specific peptide and phosphorylation site
that we have identified on this protein display surprising ho-
mology (12/15 identical residues) to a region of p130Cas
interacting protein (p140Cap), a protein known to be tyrosine-
phosphorylated in response to stimulation with exogenous
growth factors (27).

In addition to the six proteins that had not been previously
characterized in the EGFR signaling network, we have also
identified several novel phosphorylation sites on proteins
known to be in the network (a subset of these sites is pre-
sented in Table Il ). Contained in this group are phosphoryl-
ation sites on hypothetical protein FLJ00269, hypothetical
protein FLJ21610, target of myb1-like 2 protein, and chromo-
some 3 open reading frame 6 (previously named Ymer by
Blagoev et al. (19)). Identification and quantification of tem-
poral phosphorylation profiles at specific tyrosine sites in
these proteins further confirms the involvement of these pro-
teins in the EGFR signaling cascade and should facilitate
biological manipulation of these proteins to help characterize
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Time-resolved Analysis of EGFR Signaling

TABLE |
Quantitative time course tyrosine phosphorylation profiles

A subset of protein phosphorylation sites identified from HMEC cells treated with EGF for varying duration. Results are presented from analysis
of two different cell cultures; for the second cell culture, analytical replicates were also performed. The average value is presented in the table. For
each protein, specific phosphorylation site(s) were identified and quantified by comparing relative peak areas of the iTRAQ marker ions. The 5-min
sample was used to normalize the phosphorylation profiles. The data are therefore presented as a ratio relative to the 5-min time point. Statistical
significance was calculated using a paired, two-tailed Student’s test.

ID Quantification: Sample 1, analysis 1 Sample 2, average of analysis 1 and 2
. . Ratio Ratio Ratio Ratio Ratio Ratio

Protein Site 0 min:5 min 10 min:5 min 30 min:5 min 0 min:5 min 10 min:5 min 30 min:5 min
c-Cbl Tyr-552 0.000 = 0.001** 0.916 = 0.015  0.365 + 0.005** 0.028 *= 0.066** 0.715 + 0.018"** 0.314 = 0.016™**
Caveolin 1 Tyr-14 0.391 + 0.074 1.034 = 0.009 0.792 = 0.037  0.425 = 0.027*** 1.121 = 0.136  0.804 + 0.061***
EGFR Tyr-1172 0.050 = 0.031* 0.900 = 0.019  0.505 + 0.012* 0.039 = 0.021*** 0.945 + 0.109  0.662 = 0.035***
EGFR Tyr-1092 0.059 0.744 0.429 0.034 + 0.016*** 0.689 = 0.111* 0.461 + 0.095**
EphB1 Tyr-600 0.656 + 0.090 1.142 = 0.045 1.064 = 0.049  0.733 = 0.038 1.070 = 0.009 1.182 = 0.003**
EphrinB2 Tyr-304 0.837 1.364 1.156 0.792 + 0.153  0.902 * 0.234 1.072 = 0.190
EPS15 Tyr-849 0.080 1.409 0.652 0.043 = 0.050* 1.412 =0.130 0.605 + 0.046
FAK Tyr-576 0.637 + 0.051*** 1.424 + 0.051** 1.629 + 0.036*** 0.569 * 0.088*** 0.801 + 0.076™** 1.678 = 0.206***
FRK Tyr-497 0.614 1.241 1.340 0.495 + 0.050* 1.349 = 0.053  0.773 = 0.037
GIT 1 Tyr-545 0.575 + 0.057 1.183 = 0.016* 1.093 + 0.040  0.807 = 0.063* 1.212 + 0.276 1.074 + 0.326
GSK-3-8 Tyr-279 0.846 = 0.014* 1.112 = 0.024* 0.931 =0.028 0.908 = 0.115 1.147 = 0.122  0.980 =+ 0.082
HER2 Tyr-1248 0.141 0.732 0.532 0.214 0.808 0.492
p130Cas Tyr-327 1.126 1.136 1.442 2.116 = 0.130" 1.418 = 0.058** 1.497 * 0.045*
ACK1 Tyr-857 0.133 0.997 0.329 0.099 + 0.037* 0.561 = 0.069 0.358 + 0.109
Paxillin Tyr-118 0.528 + 0.131 0.755 £ 0.137 0.792 = 0.164  0.726 * 0.045** 0.732 = 0.105** 0.850 + 0.095*
Plakophilin 3 Tyr-84 0.194 0.778 0.144 0.038 + 0.007** 0.429 + 0.015* 0.286 + 0.023*
PLC-y Tyr-775, Tyr-783 0.043 0.605 0.335 0.008 = 0.016™ 0.287 = 0.013** 0.231 = 0.001***
PTP NR 11 Tyr-62 0.945 + 0.032 1.266 = 0.023* 1.122 + 0.016 1.074 = 0.157  0.971 = 0.142 1.128 = 0.202
PTPR A Tyr-798 0.833 = 0.005* 0.943 =0.010 0.708 + 0.003** 0.873 = 0.073* 0.740 = 0.119* 0.613 = 0.103**
Rho GEF 5 Tyr-19, Tyr-22 0.019 + 0.037* 0.844 = 0.052 0.632 = 0.047  0.000 = 0.012** 0.352 + 0.012** 0.248 + 0.040*
SHC Tyr-239, 240 0.147 = 0.015* 1.160 = 0.083  0.902 £ 0.059 0.173 = 0.023* 0.995 + 0.174  0.734 = 0.198
SHC Tyr-318 0.028 + 0.046* 1.077 = 0.026  0.646 + 0.003** 0.296 = 0.392 0.878 = 0.217  0.908 *+ 0.543
SHIP-2 Tyr-986 0.043 + 0.054** 0.801 = 0.080 0.363 + 0.028** 0.013 = 0.045*** 0.428 = 0.160** 0.291 = 0.160**
STAM-1 Tyr-381 0.309 2.659 0.926 0.148 + 0.288* 4.188 = 0.724** 1.624 + 0.397
STAM-2 Tyr-374 0.218 2.753 0.908 0.459 + 0.474 2515+ 0.613* 1.308 = 0.017**
STAT-3 Isoform 1 Tyr-705 0.209 + 0.026*** 0.803 = 0.073* 0.244 + 0.046** 0.242 + 0.092** 0.565 * .039**  0.478 + 0.134*
STAT-3 Isofrom2 Tyr-704 0.195 0.794 0.275 0.196 £ 0.197 0.545 = 0.178  0.406 * 0.266

* p < 0.05 *, p < 0.01; ** p < 0.001.

their functional role in the EGFR network.

To validate the method, we chose to compare our results
with those generated by Western blot with phospho-specific
antibodies. Four of the phosphorylation sites identified by
mass spectrometry were selected; total cell lysate was loaded
on the gel and blotted, and selected anti-phosphotyrosine
antibodies were used to develop the Western blots. As dem-
onstrated in Fig. 3, anti-phosphotyrosine Western blots reca-
pitulated the general trend measured by mass spectrometry.

As further validation of this data set, a second set of cells
were cultured, stimulated with EGF for the appropriate times,
lysed, processed, and analyzed to quantify temporal tyrosine
phosphorylation profiles. Two replicate analyses were per-
formed on this set of samples to estimate analytical repro-
ducibility of the method, and the iTRAQ labeling scheme was
reversed within these replicates to ensure that the quantifica-
tion was not biased by a particular isoform of the iTRAQ
reagent. A subset of the results from these replicate analyses
are presented in Table |, and the full data set is contained in
Supplemental Table Il. Of the 78 tyrosine phosphorylation
sites identified from analysis of the first set of cells, 65 were
detected and quantified in the analyses of the second set of
stimulated cells. The absence of the remaining 13 phospho-

rylated peptides from the second data set may be due to
variation in the efficiency of the immunoprecipitation, but it is
more likely to be due to information-dependent acquisition-
based selection of peaks for MS/MS analysis. With this mode
of operation, it is not surprising that there is some variation in
the identification of peptides between analytical (see Supple-
mental Table Il) or biological replicates because the peaks
selected for MS/MS will vary from analysis to analysis based
on slight shifts in peak selection timing and chromatography.
In fact, although 13 tyrosine phosphorylation sites were
missed in the analysis of the second set of cells, an additional
26 tyrosine phosphorylation sites were identified with corre-
sponding quantitative temporal phosphorylation profiles
(Supplemental Table ).

In addition to providing validation for the data set from the
first set of stimulated cells, analysis of a second set of stim-
ulated cells also provided an estimation of the biological
variance between the two sets of cell cultures. Similar stimu-
lation conditions should produce similar results, and as ex-
pected the majority of the temporal phosphorylation profiles
are quite similar between the two biological samples. It is
worth noting, however, that some of the profiles show vari-
ance in both the level of stimulation (basal (0 min) relative to 5
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Time-resolved Analysis of EGFR Signaling

TasLE |l
Tyrosine-phosphorylated proteins not previously reported in EGFR signaling
Of the 58 proteins identified in the analysis of the first biological sample, six have not been previously associated with the EGFR signaling
network. Protein identification, tyrosine phosphorylation site, and time course profile data are provided for these six proteins. *, p < 0.05; **,
p < 0.01; **, p < 0.001.

. . Ratio
Protein Site - - - - - -
0 min:5 min 10 min:5 min 30 min:5 min
Chromosome 20 ORF 18 (HOIL-1) pY288 0.026 = 0.034*** 1.950 + 0.156** 0.441 = 0.012**
Hypothetical protein FLJ14564 pY413 0.66 = 0.04 0.956 = 0.063 0.719 += 0.023
Hypothetical protein FLJ30532 (MARVELD2) pY23 0.000 0.753 0.534
Retinoic acid induced 3 pY320 0.725 = 0.117 1.177 = 0.027 0.891 + 0.029
KIAA0606 protein pY2060 0.140 0.671 0.413
KIAA1217 protein pY393 0.456 1.102 0.952
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Time-resolved Analysis of EGFR Signaling

TaBLE Il
Tyrosine phosphorylation sites not previously reported in the literature
In addition to the sites listed in Table Il, many additional tyrosine phosphorylation sites that have not been previously reported in the literature
have been identified in this work. A subset of these sites is presented along with the protein identification and the temporal phosphorylation

profile quantification.

. . Ratio
Protein Site
0 min:5 min 10 min:5 min 30 min:5 min
Hypothetical protein FLJ00269 pY411 0.808 0.841 1.026
Hypothetical protein FLJ21610 pY453 0.261 1.123 0.888
Chromosome 3 ORF 6 (Ymer) pY145 0.00 = 0.003*** 1.359 = 0.024* 0.444 = 0.005**
Target of myb1-like 2 Tyr-160 & Tyr-168 0.059 *+ 0.023* 0.640 *= 0.152 0.249 *+ 0.058*

* p < 0.05; %, p < 0.01; **, p < 0.001.
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Fic. 3. Comparison of tyrosine phosphorylation dynamics as measured by mass spectrometry and Western blot analysis. Tyrosine
phosphorylation profiles determined by mass spectrometry were recapitulated by Western blot analysis, further validating the results generated
by this approach. Gel loading levels were normalized by probing with an anti-EGFR antibody (bottom).

min) and the shape of the temporal profile, perhaps reflecting
signaling pathways that are potentiated differently between
the two sets of cell cultures. Many possible sources of varia-
tion between the cultures exist, including slight changes in the
confluence of the cells (different cell-cell contacts would
prime signaling pathways differently) and changes in the pas-
sage number of the cells (the second set of cells were cultured

and stimulated 1 month after the first set of cells). Given the
sources of variation, it is not surprising to see slight alteration
of the temporal profiles for some of the phosphorylation sites.
However, most of the temporal phosphorylation profiles are
very similar between the cell cultures, which is indicative of
the reproducibility of the method and helps to further validate
the results of this study.
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Time-resolved Analysis of EGFR Signaling

a Self-Organizing Map
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cation of EGFR signaling modules. a, 4
after loading the mass spectrometry 2]
data into Spotfire, a 3 X 3 self-organiz- 2
ing map was generated to facilitate in- 18
terpretation of the data and to uncover !
groups of phosphorylation sites that dis- 0]

[

played similar patterns. b, a single clus-
ter within the SOM (blue box) contained

o
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g

many phosphorylation sites involved in
the immediate-early response. c, excep- b C
tion for the doubly phosphorylated pep- 14 a
tide from ACK1, HOIL-1, and Ymer, '
phosphorylation sites contained in two €42 s
adjacent clusters (red box) are from pro- :.3 s E >
teins implicated in regulation of receptor 1 | E‘
endocytosis and trafficking. Each of these - | <
sites was maximally phosphorylated at 10 §0_a | -
min of EGF stimulation. The level of phos- £ &
phorylation at 10 and 30 min relative to 5 © 06 | g
min separated the phosphorylation sites :.?:: E
into different compartments. E 0.4 ! &
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of I
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Bioinformatic Analysis Reveals Dynamic Modules within the
EGFR Signaling Network—To ascribe potential functionality to
proteins and phosphorylation sites not previously associated
with the EGFR signaling network, we attempted to find similar
features in temporal phosphorylation profiles between poorly
and well characterized protein phosphorylation sites. Sorting
through the data manually tends to introduce bias and proved
to be time intensive and non-productive. Therefore, with the
goal of clustering self-similar phosphorylation profiles (mod-
ules) within the EGFR signaling network, we resorted to bioin-
formatic analysis and generated a self-organizing map (SOM)
with the data set from the first set of cells. SOM is a mathe-
matical technique designed to identify underlying patterns in
complex data sets; SOMs have been used to analyze gene
expression patterns in hematopoietic differentiation, creating

biologically relevant clusters and enabling the generation of
interesting hypotheses (28). Using the quantitative tyrosine
phosphorylation profiles we tested several different options
for SOM matrix size before settling on a 3 X 3 matrix (Fig. 4a).
Smaller matrixes generated clusters that were too complex
and difficult to interpret, whereas larger matrixes separated
clusters of phosphorylation sites with similar patterns. Clus-
tering self-similar phosphorylation profiles revealed interest-
ing modules in the EGFR signaling network and successfully
grouped poorly characterized sites with several well de-
scribed proteins in the network. For instance, one of the SOM
clusters (Fig. 4b) has the common profile of a large increase in
phosphorylation level from basal to 5 min followed by slow
de-phosphorylation from 5 to 10 and 30 min. Included in this
cluster is the EGFR pY1172 autophosphorylation site and two
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Time-resolved Analysis of EGFR Signaling

tyrosine phosphorylation sites on SHC, a protein whose PTB
(phosphotyrosine-binding) domain binds to EGFR pY1172
(29). In fact, almost all of the phosphorylation sites in this
cluster are located on proteins known to interact with EGFR or
other receptor tyrosine kinases. For instance, phosphoinosit-
ide 3-kinase p85a has been shown to interact (both directly
and indirectly) with both EGFR and PDGFR (30). Phosphoi-
nositide 3-kinase p85a pY580 has been ascribed to insulin
receptor tyrosine kinase activity (31) but is most probably the
result of phosphorylation by EGFR under these stimulation
conditions. Other proteins in this group include c-Cbl, Rho-
GEF 5, ACK1, BDP1, Erk1, and hypothetical protein
FLJ30532, one of the six proteins not previously associated
with the EGFR network. c-Cbl is tyrosine-phosphorylated af-
ter EGF stimulation and has recently been shown to interact
with pY1045 of EGFR after EGF stimulation and before endo-
cytosis of the receptor (32). Tyrosine phosphorylation of ac-
tivated CDC42 kinase 1 (ACK1) in response to EGF stimula-
tion has been established (33). This protein is most probably
localized to the receptor through an interaction with CDC42
and Rho-GEF 5; Rho-GEF proteins have been shown to
interact directly with tyrosine kinase receptors (34). BDP1 is
a phosphatase involved in regulation of Gab1, mitogen-
activated protein kinase, and HER2 signaling after EGF
stimulation (35); it is likely that phosphorylation of this pro-
tein stimulates phosphatase activity in a negative feedback
mechanism.

Erk1 and hypothetical protein FLJ30532, the remaining two
proteins in this cluster, are not known to associate directly
with EGFR or other receptor tyrosine kinases. From their
profiles and grouping in this cluster, the tyrosine phosphoryl-
ation sites on these proteins are involved in the immediate
early response to EGF stimulation. Hypothetical protein
FLJ30532 is also known as MARVELD2, named for MARVEL,
a recently discovered tetra-spanning transmembrane domain
(36). It is interesting that another MARVEL-domain containing
protein has recently been implicated in mediating signal trans-
duction from the B-cell receptor to Erk2 (37). Identification of
the tyrosine phosphorylation site on MARVELD2 provides a
handle by which to investigate the role of this protein in
EGFR-mediated signal transduction, whereas localization to
this cluster potentially localizes the topological action of this
protein to the immediate-early response to EGF stimulation. It
should be noted that although the Erk1 tyrosine site identified
in this study is located in the activation loop, the doubly
phosphorylated, fully active form of the protein was not de-
tected; this peptide was probably present at a lower level and
was below the detection limit of the current approach.

In addition to the immediate-early response module, SOM
analysis of the data also uncovered an endocytosis and traf-
ficking module in a metacluster of self-similar time-course
phosphorylation profiles found in two adjacent compartments
of the SOM (Fig. 4c). These phosphorylation sites are all
maximally phosphorylated at 10 min after EGF stimulation and

have separated into two SOM compartments based on phos-
phorylation level at 10 min relative to 5 min of stimulation.
Proteins within this cluster known to be involved in endocy-
tosis and trafficking included Eps15, STAM1, STAM2, and
Annexin A2. EPS15 is necessary for receptor-mediated endo-
cytosis of EGF, and tyrosine phosphorylation of Eps15 after
EGF stimulation has been shown (38). Monoubiquitination of
Eps15 occurs after EGF-induced internalization of the EGF
receptor (39) and may be related to c-Cbl activity, but a
phosphorylation site from an alternate E3 ubiquitin-protein
ligase, chromosome 20 open reading frame 18 (also known as
HOIL-1 (40)) is localized to this cluster and may be responsible
for further ubiquitination within the endosomes. Involvement
of HOIL-1 in the EGFR pathway has not been characterized,
but its biological function fits in well with endocytosis and
trafficking. STAM1 and STAM2 phosphorylation sites are also
located in these clusters, these proteins bind to ubiquitinated
proteins via their Vps27p, Hrs, and STAM domains and ubig-
uitin-interacting motifs in early endosomes and are involved in
endosomal trafficking (41). The N terminus of annexin A2 is
tyrosine-phosphorylated after growth factor stimulation and
may play a role in receptor trafficking; recently it has been
shown that phosphorylation is blocked when receptor inter-
nalization is inhibited (42). Based on the clustering of these
phosphorylation sites, it is possible that phosphorylation of
these sites occurs after EGFR ubiquitination by Cbl and en-
docytosis via clathrin-coated early endosomes. If so, it may
be that Ymer, a protein recently found to be modulated by
EGF stimulation (19) and located in these clusters, may be
localized to early endosomes. If Ymer follows the role of the
other proteins within this cluster, tyrosine phosphorylation of
this protein may regulate endosomal trafficking of the recep-
tor. Identification of this regulated site will enable further in-
vestigation to determine the functional role of phosphorylation
of this protein in EGFR signaling.

DISCUSSION

Quantitative, time-resolved analysis of phosphorylated-ty-
rosine mediated signaling cascades downstream of activated
receptor tyrosine kinases will be critical in developing a better
understanding of the molecular mechanisms underlying a va-
riety of disease states. To this end, the method that we have
developed has enabled the quantification of the temporal
phosphorylation profile of specific tyrosine phosphorylation
sites after EGF stimulation. This method is not limited to EGFR
signaling but is applicable to the investigation of a broad
variety of other tyrosine-mediated signal transduction path-
ways. Stable-isotope labeling of peptides with the iTRAQ
reagent occurs after cell lysis and tryptic digestion but before
immunoprecipitation. Quantification is therefore not limited to
cell culture-derived samples, and variations in immunopre-
cipitation do not affect quantification. In fact, because only
several hundred micrograms of protein is required per sample
per analysis, this method should be readily amenable to the
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Time-resolved Analysis of EGFR Signaling

investigation of signal transduction in samples with limited
quantities of protein, such as clinical tumor tissues.

It is worth noting that Blagoev et al. (19) have recently
published an alternative method combining stable isotope
labeling with amino acids in cell culture and immunoprecipi-
tation of tyrosine-phosphorylated proteins, thereby enabling
the quantification of temporal involvement in the EGFR sig-
naling network at the protein level. Although the two methods
seem quite similar, there are important advantages and dis-
advantages of each that should be noted. The method that we
describe here provides identification of specific protein phos-
phorylation sites and quantitative temporal phosphorylation
profiles for each of these sites; the method of Blagoev et al.
(19) monitors tyrosine phosphorylation (or association with
tyrosine-phosphorylated proteins) at the protein level without
site specification. Our site-specific monitoring of protein
phosphorylation provides more explicit detail regarding the
regulation of proteins within the network but precludes anal-
ysis of potential other, non-phosphorylated proteins associ-
ated (and therefore co-immunoprecipitated) with tyrosine-
phosphorylated proteins. In both methods, only those
peptides (and therefore proteins) amenable to LC/MS/MS
analysis will be identified; this limitation is more significant for
peptide-immunoprecipitation in that there are fewer peptides
with which to identify each protein. Our current method uses
only a single anti-phosphotyrosine antibody such that the
results may be constrained by the bias associated with this
particular antibody. Future work will investigate the use of
multiple different antibodies to increase coverage of the net-
work. Despite differences between the two methods, there is
significant consistency at the protein level between the Bla-
goev et al. (19) data set and our data set, with ours then
providing additional site-specific information. Differences in
the temporal phosphorylation profiles between the two stud-
ies are probably caused by multiple tyrosine phosphorylation
sites on a given protein but may also be caused by the
different quantification methods (stable isotope labeling with
amino acids in cell culture versus iTRAQ).

Another study using anti-phosphotyrosine protein immuno-
precipitation, stable isotope (ICAT) labeling, and mass spec-
trometry to study EGFR signaling was recently published (43).
Similar to Blagoev et al. (19), Thelemann et al. (43) monitored
tyrosine phosphorylation (or association with tyrosine-phos-
phorylated proteins) at the protein level without site specifi-
cation, although many phosphorylation sites were identified
without stable-isotope quantification in a separate section of
the manuscript. It is difficult to directly compare our data with
those reported by Thelemann et al. (43) because the total
number of proteins quantified in their report was significantly
fewer than contained in either our data set or the data set
reported by Blagoev et al. (19).

In this article, we have demonstrated an analytical method
enabling the quantification of time-resolved tyrosine phos-
phorylation profiles with site-specific resolution and estimated

the statistical significance of the relative phosphorylation lev-
els at each time point after stimulation. Data generated by this
method self-organize into clusters of phosphorylation sites
that recapitulate and extend biological findings in the litera-
ture. Generation of an SOM has enabled the identification of
modules in the EGFR signaling network. Based on the pres-
ence of particular proteins within these modules, we can
generate additional hypotheses aimed at defining the poten-
tial function of tyrosine phosphorylation on several proteins
not previously implicated in EGFR signaling. Further analysis
and modeling of the data generated in this study are likely to
result in the development of more sophisticated models of
receptor-initiated signal transduction, endocytosis, traffick-
ing, and regulation. Future application of this method to in-
terrogate aberrant signaling downstream of constitutively ac-
tive tyrosine kinases may reveal mechanisms of pathogenesis
in these systems, and may provide additional targets for novel
therapeutics.
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