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Quantitative phosphoproteome analysis using
a dendrimer conjugation chemistry and tandem

mass spectrometry
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Julian D Watts?, Leroy Hood? & Ruedi Aebersold?

We present a robust and general method for the identification
and relative quantification of phosphorylation sites in complex
protein mixtures. It is based on a new chemical derivatization
strategy using a dendrimer as a soluble polymer support and
tandem mass spectrometry (MS/MS). In a single step,
phosphorylated peptides are covalently conjugated to a
dendrimer in a reaction catalyzed by carbodiimide and
imidazole. Modified phosphopeptides are released from

the dendrimer via acid hydrolysis and analyzed by MS/MS.

When coupled with an initial antiphosphotyrosine protein
immunoprecipitation step and stable-isotope labeling, in

a single experiment, we identified all known tyrosine
phosphorylation sites within the immunoreceptor tyrosine-based
activation motifs (ITAM) of the T-cell receptor (TCR) CD3 chains,
and previously unknown phosphorylation sites on total 97
tyrosine phosphoproteins and their interacting partners in
human T cells. The dynamic changes in phosphorylation were
quantified in these proteins.

Reversible protein phosphorylation has a vital role in regulating
many complex biological processes such as cellular growth, division
and signaling!. Furthermore, the regulation of phosphorylation-
dependent cell signaling has a major role in human diseases, most
notably cancer?. Because of this, there has been considerable
interest in methodologies for the identification of regulatory sites
of protein phosphorylation. More recently, advances in mass
spectrometry (MS)-based proteomics have driven the search for
reliable proteomic approaches for large-scale phosphorylation
screening methods that include the identification of protein
phosphorylation sites as well as the quantification of the
phosphorylation changes at individual sites®™. Whereas MS has
emerged as a powerful tool for rapid characterization of proteins
and for the analysis of other co- and post-translational modifica-
tions, a general MS-based proteomic approach for phosphorylation

analysis has remained somewhat elusive®.

Phosphorylated proteins and, in particular, the dynamically
phosphorylated forms of signaling proteins, are often of low
abundance. In contrast to the identification of phosphorylated
proteins in general, the identification of the phosphorylation sites
within these phosphoproteins is far more difficult. To identify the
sites of phosphorylation, it is essential to have an efficient strategy
for the enrichment of actual phosphopeptides. Several approaches
have been explored to date for the selective isolation of phospho-
peptides; the most notable of these are either affinity- or chemical
derivatization—based. Phosphotyrosine antibodies have been used
successfully for the isolation of phosphoproteins’~'® and, more
recently, tyrosine phosphopeptides!!. Immobilized metal ion
affinity chromatography has been extensively used for the isolation
of phosphopeptides, and steady steps have been taken to improve
its specificity!>13, Still, the method appears to be highly dependent
on the type of resin and pH condition used for binding and elution,
and favors peptides with multiple phosphorylation sites'.
Chemical modifications of phosphate groups, to facilitate the
isolation of phosphopeptides, are most promising for improving
the specificity, but typically involve several derivatization steps, and
to date have had limited applications for the analysis of phospho-
peptides within complex mixtures'>!®, It is therefore apparent that
a new method for phosphorylation analysis, in particular quanti-
tative measurements, fulfills an urgent need.

Here we report a strategy for the enrichment and identification of
phosphopeptides from complex mixtures based on a new chemical
procedure that also allows for quantitative measurements of phos-
phorylation changes. By using a commonly-used derivatization
of phosphate to phosphoramidate groups, we covalently coupled
phosphorylated peptides to a synthetic polyamine (dendrimer) in a
single step. The covalently immobilized phosphopeptides were then
readily recovered via acid hydrolysis, allowing for their subsequent
characterization via liquid chromatography (LC)-MS/MS. The
method is generally applicable to the analysis of serine/threonine/
tyrosine phosphorylation in complex protein mixtures. We also
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Figure 1 | Isolation and tagging of
phosphopeptides, and validation with B-casein
digests. (a) Schematic illustration of a three-step
procedure to chemically isolate phosphopeptides.
Peptides from samples 1 and 2 are dy- and ds-
methylated, respectively. Methylated peptides

are combined and subjected to a dendrimer
conjugation catalyzed by EDC and imidazole.
Phosphopeptides are captured on the dendrimer,
whereas nonphosphopeptides are removed by
extensive washing steps. Finally methylated
phosphopeptides are released from the dendrimer
via acid hydrolysis and analyzed by MS/MS. (b-d)
Isolation of phosphopeptide FQS*EEQQQTEDELQDK
from B-casein digests according to the procedure
% in a. Spectra were obtained using a MALDI-TOF/
TOF mass spectrometer. Starting material for the
isolation is 100 pmol B-casein digests. For each
step, 0.5 pmol of sample was used for mass
spectrometric analyses. The red star in the spectra
indicates a phosphopeptide. Other ions from B-
casein digests were labeled. In d, the side product
of single demethylation of 2,159.4 was observed
(<5%). Other trace peaks are salt or matrix ions
and unknown contaminations. No other jons from
m ‘ B-casein digests were detected.

amino groups and allows for the coupling
of phosphopeptides directly to the dendri-
mer without extra purification steps. Cova-
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@demonstrate the identification and quantification of the phospho-
rylation sites within peptides from purified synthetic phosphopro-
teins to biologically interesting phosphotyrosine kinase (PTK)
substrates in complex human T-cell lysates.

RESULTS

Strategy for the labeling and enrichment of phosphopeptides
The overall strategy for labeling and isolating phosphopeptides is a
three-step procedure (Fig. 1a). In the first step, mixtures of peptides
are converted to the corresponding methyl esters. This step protects
carboxylate groups from further reactions during subsequent steps.
This also introduces stable isotopes for quantitative analysis. Pep-
tide mixtures prepared from two cellular states are differentially
labeled via the methyl esterification with either methanol (CH;OH)
or deuterated methanol (CD30D)!2!7. In the second step, aimed at
tagging and isolating phosphopeptides, the methylated peptides are
combined and subjected to a one-pot reaction in the presence of
carbodiimide (that is, N-(3-dimethylaminopropyl)-N’-ethylcarbo-
diimide; EDC), imidazole and a dendrimer. Phosphate groups are
readily activated using carbodiimide and imidazole and react with
excess amines on the dendrimer to form phosphoramidate
bonds!'>!8, The one-pot reaction eliminates the need to protect

592 | VOL.2 NO.8 | AUGUST 2005 | NATURE METHODS

lently bound phosphopeptides are readily
isolated from nonphosphopeptides using
size selective methods such as a simple
membrane-based filter device. In the final
step, phosphopeptides are detached from
the dendrimer through a brief acid hydro-
lysis of the phosphoramidate bonds and
isolated using the same membrane-based
filter device.

Isolation and quantification of standard phosphopeptides

We applied the strategy first to the isolation of phosphopeptides
from the phosphoprotein B-casein. Tryptic digestion of B-casein
generated several peptides. Before applying the enrichment strategy,
the intensity of the methylated phosphoserine peptide
FQS*EEQQQTEDELQDK (2,159.8 m/z; * indicates a phosphory-
lated residue) was less than 10% of that of the base peak in a matrix-
assisted laser desorption ionisation (MALDI) time-of-flight (ToF)/
ToF mass spectrum (Fig. 1b). Upon capturing of the methylated
phosphopeptide on a dendrimer, only the nonphosphopeptides
were detected in the flowthrough (Fig. 1c). Upon the release of the
phosphoserine peptide by a brief acid treatment, the phosphory-
lated peptide was detected as the most prominent peak in the
mass spectrum, with little contamination from nonphosphopep-
tides or other contaminants (Fig. 1d). The overall sample recovery
efficiency was examined by isotopic labeling of 10 pmol of the
tryptic peptides from B-casein by methyl-d, and -d; esterification.
Methyl-dj—esterified peptides were subjected to an enrichment step
and the recovered methyl-dy phosphopeptide was added into the
original methyl-d; peptide mixtures. The phosphopeptide recovery
yield efficiency was determined by measuring the relative abun-
dance of methyl-dj and -d; phosphopeptides in the mass spectrum,
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it is important to notice here that deuter-
ated (heavy) peptides eluted slightly earlier
than nondeuterated (light) peptides on the
capillary reverse phase liquid chromatogra-
phy column owing to the incorporation of
the isotopes. Therefore, accurate quantifica-
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Figure 2 | Quantitation of phosphopeptides in standard protein mixtures. (a) LC-MS ion chromatogram
of the phosphopeptides with neutral loss of 49 Da isolated from the six-protein mixture. (b) Product ion
spectra of m/z 1,091 (left) and 1,081 (right). Similar fragmentation patterns of two precursors indicate
the two peptides have the same sequence. The m/z differences in fragment ions in two spectra are due

to differential isotopic labeling.
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Time (min) tion required integration of the peak
areas'’, a task that is easily accomplished
by quantification tools developed for quan-
titative proteomics?’.

The sensitivity of the method for quanti-
tative analysis was tested with a peptide
mixture in which a highly abundant back-
ground (500 pmol of BSA digest) was
spiked with 1 pmol of a single phospho-
peptide (phosphorylated angiotensin I,
DRVY*IHPF). The peptide mixture was
divided equally, and each sample was either
methyl-dy or methyl-d; esterified. Samples
were then combined and subjected to the
enrichment steps, as schematically illu-
strated in Figure 1la. Aliquots of recovered
phosphopeptides (as methyl-dy and -ds

75

1,500 2,000

with a final yield of >35% of the starting material (data
not shown).

To evaluate the above strategy for its ability to quantify the extent
of phosphorylation in complex mixtures, two mixtures consisting
of equimolar quantities of ovalbumin, BSA, B-lactoglobulin, lyso-
zyme, B-casein and apomyoglobin (10 pmol each) were prepared
and analyzed. Each protein mixture was digested and either methyl-
dy or methyl-d; esterified. Esterified tryptic peptides were pooled
and treated as depicted in Figure 1. Subsequently, 10% of the
isolated and tagged phosphopeptides (the equivalent of phospho-
peptides from 1 pmol each of protein mixture) were quantified and
sequenced in a single microcapillary LC-MS experiment on an
electrospray ionization (ESI) ion trap mass spectrometer. Serine/
threonine phosphopeptides lose phosphoric acid (corresponding to
a neutral loss event of 98 Da for singly charged ions or 49 Da for
doubly charged ions in mass spectra) readily upon a collision-
induced dissociation process in the ion-trap mass spectrometer.
Thus, tracing ions with a dominant neutral loss of 49 Da in MS/MS
spectra strongly suggests that the peptide is a doubly charged serine
or threonine phosphopeptide (Fig. 2). In the above experiment,
only a few ions with a dominant neutral loss of 49 Da were detected,
indicating the specificity of the method. These phosphopeptides
were from the phosphoproteins B-casein and ovalbumin. For
example, a single pair of doubly-charged phosphopeptides of m/z
1,081 and 1,091 was identified via a SEQUEST software database
search as the serine phosphopeptide FQS*EEQQQTEDELQDK
from B-casein with H- and D-methyl esterification, respectively.
The peptide has a total of seven carboxylic groups, and after
methyl-dy and -dj esterification, the mass difference between
heavy and light isoforms is 21 Da (10.5 Da for doubly
charged ions). Quantification of these two differentially labeled
peptides was achieved by reconstructing and integrating the
contour of the two respective ion chromatograms. The ratio
(light:heavy) was determined to be 0.89. To calculate correct ratios,

esters) were analyzed by pLC-MS/MS to

monitor the sensitivity of the method and
its quantitative nature at low concentration. Using a sensitive
quadrupole linear ion trap mass spectrometer (LTQ), the method
allows detection of phosphopeptides in complex mixtures down to
the level of 10 fmol of phosphopeptides with expected abundance
ratio (data not shown), demonstrating that the method has the
capability to analyze low-abundance signaling molecules in biolo-
gical samples.

Analyses of tyrosine phosphorylation sites in human T cells
Next, we applied the strategy to identify and assess the phospho-
rylation sites of kinase substrates in activated human T cells.
Stimulation of T cells via cell-surface receptors triggers the activa-
tion of the TCR and then activates intracellular networks of
effector molecules??2. Dynamic serine/threonine/tyrosine phos-
phorylation and dephosphorylation of signaling intermediates by
kinases and phosphatases, respectively, is critical for the regulation
of the T-cell signaling network?. The phosphorylation status
of signaling molecules modulates dynamic protein-protein
interactions and allows for the integration of extracellular signals
into various T-cell responses. To fully understand T-cell responses,
it is necessary to pinpoint temporal phosphorylation and dephos-
phorylation events in the course of the response of T cells to various
stimuli. We therefore used T cells as a model system to test the
capability of our approach to measure phosphorylation changes. As
we were especially interested in identifying tyrosine phosphoryla-
tion sites, we used the inhibitor pervanadate to elevate PTK
substrate levels.

We treated aliquots of Jurkat T cells with pervanadate for 2 or
10 minutes, before lysing them. Because tyrosine phosphorylation
sites are less frequent compared to serine/threonine phospho-
rylation sites, we coupled an immuno-affinity step to our
dendrimer-based phosphopeptide enrichment method to enrich
for tyrosine-phosphorylated proteins. Phosphotyrosine antibodies
were used to first immuno-enrich tyrosine phosphoproteins
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from the lysate. Methyl-dy and -d; esters of tryptic peptides
generated from this enriched protein population were then com-
bined, and phosphopeptides were isolated using the dendrimer-
based derivatization method followed by microcapillary reverse-

phase LC-MS/MS analysis.

This tandem purification method allowed for the identification
and quantification of a total of 97 tyrosine phosphoproteins and
their interacting partners with 75 tyrosine phosphorylation sites, as
well as 80 serine and threonine phosphorylation sites in these

proteins. Confidence in these identifications was assigned using

Table 1 | Selected phosphorylated peptides from immuno-purified Jurkat lysates

9 IPI number Protein name Peptide sequence? RatioP Reference
é IPI00000861 LASP1 H.HIPTSAPVY*QQPQQQPVAQSYGGYK.E 1.62 + 0.34 36
g IPI00003479 ERK1 R.VADPDHDHTGFLTEY*VATR.W 0.72 + 0.10 37
o IPI00004407 SIT K.Y*SEVVLDSEPK.S 1.09 + 0.16 8
% IPI00004407 SIT R.LS*QDPEPDQQDPTLGGPAR.A 0.74 + 0.06
E IPI00004407 SIT R.SGES*VEEVPLYGNLHYLQT*GR.L 2.61 + 0.77
8 IPI00015287 DOC1 K.SHNSALY*SQVQK-.S 0.36 + 0.10 38
o IP1I00015287 DOC1 R.VKEEGY*ELPYNPATDDY*AVPPPR.S 1.01 + 0.05 39
% IP1I00015287 DOC1 K.EDPIY*DEPEGLAPVPPQGLY*DLPR.E 1.25 £ 0.31 39
; IPI00015287 DoC1 R.ADS*HEGEVAEGK.L 1.20 £+ 0.16

IPI00022602 DOC2 R.GQEGEY*AVPFDAVAR-.S 0.47 + 0.04 38
é IPI00022934 CD3% R.DDAQY*SHLGGNWAR.N 1.99 + 0.36 38
g— IP1I00022934 (D35 R.DRDDAQY*SHLGGNWAR-.N 1.55 + 0.09
< IPI00022934 (D35 R.NDQVY*QPLR.D 1.83 + 0.38 38
% IPI00012923 (D3¢ R.DLY*SGLNQR.R 1.74 + 0.28 40
© 1PI00012923 (D3¢ K.ERPPPVPNPDY*EPIR.K 1.56 + 0.13
o IPI00016020 CD3y R.EDDQY*SHLQGNQLR.R 1.23 + 0.12
2 1P100016020 CD3y K.QTLLPNDQLY*QPLK.D 1.70 + 0.23
% IPI00218634 CD3¢ K.DTY*DALHMQALPPR.- 0.92 + 0.15 9
S IPI00218634 CD3¢ K.GHDGLY*QGLSTATK.D 1.05 + 0.32 30
E IP1I00218634 CD3¢ R.KNPQEGLY*NELQK-.D 0.99 + 0.11 30
o IPI00218634 D3¢ K.MAEAY*SEIGMK.G 1.40 + 0.08 30
% IPI00218634 CD3¢ K.NPQEGLY*NELQK.D 1.08 + 0.12 30
Z 1PI00218634 CD3¢ R.REEY*DVLDK.R 1.24 + 0.29 30
93 IPI00218634 CD3¢ R.SADAPAYQQGQNQLY*NELNLGR-.R 1.59 + 0.15 8
8 IP100218634 CD3¢ R.SADAPAY*QQGQNQLY*NELNLGR.R 2.10 + 0.23 8
© 1PI00021076 Splice isoform of Plakophilin 4 R.SAVSPDLHITPIY*EGR.T 1.00 + 0.10

IP100021076 Splice isoform of Plakophilin 4 R.SSY*ASQHSQLGQDLR.S 413 + 1.14
5Ye), IP100022339 (D28 R.LLHSDY*MNMTPR.R 2.53 + 0.41 41

@IPIOOOZZBQ (D28 K.HYQPY*APPR.D 1.08 + 0.81 41

~ IPI00023704 LPP R.NDSDPTY*GQQGHPNTWK.R 3.02 + 0.70

IPI00023704 LPP R.YYEGYY*AAGPGYGGR.N 1.85 + 0.38 8

IPI00026156 HS1 K.SAVGHEY*VAEVEK.H 1.63 + 0.19

IPI00026156 HS1 R.S*PEAPQPVIAMEEPAVPAPLPK.K 0.50 + 0.21

IPI00030851 Sec24B N.TVNQQPGAQQLY*SR.G 1.12 + 0.21

IPI00030851 Sec24B R.DSRPLS*PILHIVK.D 1.23 + 0.13

IPI00032003 Emerin R.TY*GEPESAGPSR.A 4.72 + 0.60

IPI00045486 Erbin R.AQIPEGDY*LSYR.E 1.69 + 0.16 8

IPI00045486 Erbin K.DFNLPEY*DLNVEER.L 4.07 + 0.63

IPI00045486 Erbin R.TY*SIDGPNASR.P >20

IPI00045486 Erbin N.Y*SQIHHPPQASVAR.H 1.66 + 0.12

IP100215637 DDX3 K.DKDAY*SSFGSR.S 0.74 + 0.08 8

IP100101968 Hypothetical protein R.FQDVGPQAPVGSVY*QK.T 2.42 + 0.19

IPI00233255 SHP-2 R.VY*ENVGLMQQQK.H 0.68 + 0.20 42

IP1I00297169 SLP-76 N.SNSMY*IDRPPSGK.T 0.66 + 0.15

IP100329789 ZAP-70 K.ALGADDSY*Y*TAR.S 1.47 + 0.27 43

IPI00329789 ZAP-70 R.IDTLNSDGY*TPEPAR-.I 1.22 + 0.12 43

IPI00329789 ZAP-70 R.PMPMDTSVY*ESPY*SDPEELKDK-.K 1.68 + 0.14 43,44

IPI00003406 Drebrin R.SPS*DSSTASTPVAEQIER.A 1.74 + 0.11

IPI00012442 G3BP-1 K.SSS*PAPADIAQTVQEDLR-.T 0.77 + 0.07 45

IP100015029 Telomerase binding protein p23 K.DWEDDS*DEDMSNFDR.F 1.05 + 0.06 46

Period indicates a tryptic cleavage site; dash indicates a C-terminal residue.
bRatio of intensities of phosphopeptides after 10-min and 2-min treatments with pervanadate.
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Figure 3 | Quantitative phosphopeptide analysis. (a) MS/MS of the CD3(-drived peptide SADAPAY*QQGQNQLY*NELNLGR. Its characteristic peptide bond
fragment ions, type b and type y ions, are labeled. (b) Reconstructed ion chromatogram of the precursor ion (m/z 778.3) and its heavy version (m/z 782.8)
using ASAPRatio program. The program draws a smoothed chromatogram based on the ion signal and then calculates the ratio of the peak areas. Raw
chromatograms are plotted in red, smoothed chromatograms in blue and areas used for calculating abundance ratio of the charge state in green.

open source software tools for peptide and protein validation
(available from the Seattle Proteome Center website; http://
www.proteomecenter.org). A peptide probability PeptideProphet
score of 0.9 was chosen as the cutoff for tyrosine phosphopeptides.
Associated with this cutoff, the predicted false-positive error rate is
less than 1% (ref. 24). Serine/threonine phosphopeptides usually
have poorer cross-correlation and probability scores, owing to the
predominant loss of neutral molecules phosphoric acid (—98 Da)
and water (—18 Da)'2. Therefore, a peptide probability score of 0.5
was chosen as the cutoff. These serine/threonine phosphopeptides
with probability scores between 0.5 and 0.9 are as a result con-
strained with the dominant neutral loss of 98 Da. A partial list of
24 proteins is shown in Table 1. The entire list of phosphoproteins
identified along with their phosphorylation sites is available

@(Supplementary Table 1 online).
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Figure 4 | Abundance ratios of tyrosine phosphopeptides isolated from T cells
treated with pervanadate over 10 min or 2 min. Phosphopeptides with 10-min
treatment were labeled with a light isotope (hydrogen, H), whereas those
with 2 min treatment were labeled with a heavy isotope (deuterium, D).

The ratios (light/heavy) are plotted as the logarithm scale. Repetitive
measurements were made for most unique peptides. Log(ratio) values of
above zero (majority) indicate phosphopeptides are more abundant with
10-min pervanadate treatment.

DISCUSSION

In initial experiments to develop the strategy, we attempted to
covalently capture methylated phosphopeptides on an amino-
functionalized solid-phase support through the same reaction but
only achieved low yields. We determined that the EDC-activated
reaction between phosphate and amino groups is kinetically
extremely slow, and the density of amino groups on the solid
phase is too low to carry out the reaction in a timely matter. Instead,
the utility of soluble polyamines such as the dendrimer allows for
homogeneous reaction with adequate amino groups in the solution.
Large reagent excesses can still be used to drive reactions to
completion. Noncovalently associated molecules and excess
reagents can be removed by size selective methods such as size
exclusion chromatography or a molecular weight cutoff filter device.
The utility of functionalized synthetic soluble polymers like
the dendrimer is not limited to the reaction reported here, but
is applicable to any reaction in which a solid phase format cannot
be achieved. Although the use of soluble polymers as support has
been widely reported®>29, this is the first report on the proteomic
application. We expect broad applications using soluble polymers
for sample processing in proteomics in the future, considering
proteomics usually deals with low amounts of sample, and solid
phase extraction approaches present a nontrivial problem owing
to their heterogeneous nature. In this study, the dendrimer was
chosen to capture the phosphopeptides owing to its discrete,
controllable molecular architecture?” and broad applications in
combinatorial chemistry?>>23, Tt is conceivable, however, that other
polyamines, such as polylysine and polyallylamine, may also be
suitable for this application.

Our two-step approach of enriching tyrosine-phosphorylated
proteins by immuno-affinity selection followed by chemical
enrichment of phosphopeptides led to the MS detection of all
known tyrosine phosphorylated residues in the (ITAMs)?!2 of the
TCR’s CD36, CD3g, CD3y and CD3( chains upon pervanadate
treatment in a single experiment. For example, six tyrosine phos-
phorylation sites in the CD3( chain identified in our experiment
were discovered independently by different groups®®2?, including
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one site (Y153), which was only very recently discovered®. The
identified proteins also indicate that by using our strategy, a range
of well and less well characterized signaling molecules are now
detectable using an MS-based approach. These observations open
new avenues of investigation, such as the MS-based study of
signaling pathways upon cell perturbation with selective drugs.

The quantitative nature of the approach is apparent from the
ability to obtain accurate measurements of small changes in the
extent of phosphorylation. Figure 3 illustrates the identification of
a phosphopeptide and the quantification of its relative abundance
in two cell states, in the case of a CD3(-derived, doubly phos-
phorylated peptide, SADAPAY*QQGQNQLY*NELNLGR. MS/MS
permits the unambiguous assignment of the peptide sequence and
its tyrosine phosphorylation site. Quantitative information was
obtained by reconstructing individual ion chromatograms of these
two species and integrating the contour of the two respective peaks
using the ASAPRatio program?. In this case, the ratio (light:heavy)
was 2.1, indicating that after a 10-min treatment with pervanadate,
phosphorylation on two tyrosine residues of this peptide was
increased twofold compared to the 2-min treatment.

Opverall, tyrosine phosphorylation increased with increasing time
of pervanadate treatment. This is indicated by the frequent observa-
tion of abundance ratios larger than 1.0 for phosphopeptides
isolated after treatment for 10 min and 2 min, respectively
(Fig. 4). For some phosphoproteins, the ratios observed for different
peptides were not uniform, indicating differences in the kinetics of
phosphorylation at specific tyrosine residues in the same protein
(Table 1). Some phosphorylation sites appeared maximally induced
within 2 min of stimulation (indicated by the ratio of phosphopep-
tides close to 1.0), whereas in the same protein, phosphorylation on
other tyrosine residues further increased over the duration of the
experiment. Only a few proteins had a decrease in tyrosine phos-
phorylation over extended pervanadate treatment (Table 1).

The present method can be used to detect concurrently serine/
threonine/tyrosine phosphorylation sites in the same sample,
which is illustrated by the observation that tyrosine-
phosphorylated proteins are frequently also phosphorylated at
serine and/or threonine residues (Table 1 and Supplementary
Table 1). Serine and threonine phosphorylation of signaling
molecules and their binding partners is not as well understood as
tyrosine phosphorylation, mainly because of a lack of suitable
methods to detect and quantify these events. In contrast to tyrosine
phosphorylation, for which extended treatment with pervanadate
increased phosphorylation, many serine/threonine phosphoryla-
tion sites decreased over the duration of the treatment. For
example, haematopoietic lineage cell-specific protein, HSI1, a
known tyrosine phosphoprotein, has recently been described to
undergo serine/threonine phosphorylation as well*!. We found,
using our approach, one potential serine phosphorylation site
whose extent of phosphorylation decreased when the cells were
treated with pervanadate for 10 min. The biological significance of
this and other similar observations remains to be determined.

In conclusion, the strategy presented here uses a simple chemical
derivatization to selectively and efficiently enrich phosphopeptides
and identify phosphorylation sites on a large scale. Owing to the
nature of the chemical reaction, the approach applies generally to
tyrosine/serine/threonine phosphorylation, and it is highly specific,
that is, there was no detectable interference from other modifica-
tions such as glycosylation. Because the method relies on a
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reversible covalent linkage, the phosphoramidate bond, it is
well-suited for monitoring quantitative changes of in vivo phos-
phorylation events. In combination with an antiphosphotyrosine
immunoaffinity step to enrich for tyrosine phosphorylated proteins
the method allows the general and quantitative determination of
the phosphorylation state of low-abundance PTK substrates in
phosphotyrosine-regulated signaling networks.

METHODS

Isolation of tyrosine phosphoproteins. Immobilized 4G10
antiphosphotyrosine agarose beads and soluble 4G10 phosphotyr-
osine antibodies (Upstate Biotechnology, Inc.) were used for
precipitation and immunoblot analysis of phosphotyrosine-
containing proteins, respectively. Jurkat cell line, pervanadate/
H,0, stimulations, immunoprecipitation and western blot analy-
sis have been described previously>>?>,

We grew ~3 X 108 Jurkat cells in RPMI medium 1640
supplemented with 10% FBS, 2 mM L-glutamine, 100 pg/ml
streptomycin sulfate, and 100 units/ml penicillin G in a 5% CO,
incubator at 37 °C. Cells were stimulated with 50 UM pervanadate
solution, freshly prepared from sodium orthovanadate and H,0,
solutions, for the indicated times. We lysed the cells in 10 ml of
lysis buffer containing 1% Triton, 150 mM NaCl, and 50 mM Tris-
HCl (pH 7.8). Subsequently, the postnuclear supernatant was
subjected to antiphosphotyrosine immunoprecipitation with
2 ml of agarose-conjugated 4G10 monoclonal antibodies (for
1 ml of agarose beads, 1 mg of phosphotyrosine monoclonal
antibody was covalently coupled on the beads) at 37 °C for 2 h.
Settled beads were extensively washed with the lysis buffer, and
bound proteins were eluted 5 times with 50 mM phenylphosphate,
200 mM NaCl. Proteins were concentrated with Microsep (10K)
centrifugal filter device (Pall Filtron Co.).

Isotope tagging and enrichment of phosphopeptides. Protein
mixtures were dissolved in 20 mM ammonium bicarbonate (pH
8.0) containing 0.1% RapiGest (Waters Co.), and heated at 95 °C
for 5 min. Samples were reduced with 5 mM dithiothreitol for
30 min at 37 °C, and then alkylated with 15 mM iodoacetamide in
the darkness (30 min, 15-25 °C). Proteins were digested with 1 pg
trypsin overnight at 37 °C. The resulting peptides were desalted
using the MCX column (Waters Co.), lyophilized and reconsti-
tuted in 75 pl of methanolic HCl, which was prepared by adding
100 pl of acetyl chloride to 500 pl of anhydrous methanol-d,
or -d, (Cambridge Isotope Laboratories). The methyl esterification
was allowed to proceed at 12 °C for 90 min. Solvent was removed
in a SpeedVac concentrator (Savant), and peptide methyl esters
were dissolved in 40 pl of reaction solution containing 50 mM
EDC, 100 mM imidazole, 200 mM MES (pH 6.0) and 9 mg of
PAMAM dendrimer Generation 5 (final concentration of amine
group is 1 M; dendrimer was supplied as a 10% (wt/vol) solution
in methanol (Sigma-Aldrich) and methanol was removed in vacuo
before use). The reaction was allowed to stand at room tempera-
ture with vigorous shaking for 10 h and the solution was
transferred to a Biomax filter device (5-kDa cutoff; Millipore).
Dendrimer-bound phosphopeptides were washed with 500 pl of
3 M Na(l, 30% methanol and water several times, and the filtrates
were discarded to remove nonspecifically bound nonphosphopep-
tides. Finally, 10% TFA was added, and the reactions
were incubated at room temperature for 30 min to recover



phosphopeptides. The polymer was washed twice with 30%
methanol and the filtrates were combined and dried for LC-MS
analysis. For the Jurkat T cell sample, half of the final product was
used for one mass spectrometric analysis.

LC-MS and database analysis. LCQ Deca XP quadrupole ion trap
and LTQ quadrupole linear ion trap mass spectrometers (Thermo-
electron) were used with a HP 1100 solvent delivery system
(Agilent). Peptides were pressure-loaded on a capillary reverse-

phase C;g column (75-pm inner diameter and 12 ¢cm of bed
length). Peptides were eluted from the capillary column at a flow
rate of 200-300 nl/min to the mass spectrometer through an
integrated electrospray emitter tip. Both MS and MS/MS spectra
were acquired with the instrument operating in the data-depen-

dent mode of one MS scan followed by two MS/MS scans. All MS/

MS spectra were searched against International Protein Index (IPI)

database using the SEQUEST algorithm®. Static modifications

were made on Asp, Glu, C-terminal (+14 and +17 for light and
heavy isotopic labeling, respectively), and Cys residues (+57 for

carboxyaminomethylation); Variable modifications of Ser, Thr and

ylation. A protein probability

Tyr (+80) were permitted to allow for the detection of phosphor-

2435 score of at least 0.5 was used to

filter the data, followed by manual validation. Quantitative data

analysis was performed using an in-house ASAPRatio program=’.
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Note: Supplementary information is available on the Nature Methods website.
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