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Phosphorylation of tyrosine residues by protein ty-
rosine kinases mediates numerous cellular pro-
cesses. Deregulated tyrosine phosphorylation un-
derlies constitutive activation of signaling pathways
leading to oncogenesis. Analytical techniques for
evaluation of the global phosphoproteome level are
challenging and can be improved on to enhance
yields. Here , we evaluated several approaches to
enrich for tyrosine phosphoproteins in cancer cells
for subsequent liquid chromatography-tandem
mass spectrometry analysis using lysates from SU-
DHL-1 cells , which express the nucleophosmin-
anaplastic lymphoma kinase tyrosine kinase as a
model system. Cells were grown in the presence or
absence of the phosphatase inhibitor sodium or-
thovanadate , and tyrosine phosphoproteins were
subsequently enriched by immunoprecipitation or
immunoaffinity chromatography and protein iden-
tification performed by liquid chromatography-tan-
dem mass spectrometry. Our results show that so-
dium orthovanadate improves enrichment and thus
detection of tyrosine phosphoproteins. Immuno-
precipitation of tyrosine phosphoproteins using
two different antiphosphotyrosine antibodies in-
creased the number of protein identifications. Fi-
nally , peptides from proteins enriched by immuno-
precipitation were more abundant (n � 338) than
those enriched by immunoaffinity chromatography
(n � 138) , and relatively few proteins were found in
common (n � 43). Our data demonstrate the utility
of an enrichment strategy for the mass spectrome-
try-based identification of tyrosine phosphopro-
teins and show the advantage of complementary
techniques for greater protein identification. (J

Mol Diagn 2007, 9:169–177; DOI: 10.2353/jmoldx.2007.060031)

Protein phosphorylation is a mechanism that controls
signal transduction and protein activity and can modulate
fundamental cellular processes, including cell differenti-
ation, metabolism, gene expression, motility, division,
and survival.1 A variety of signaling pathways depend on
the activity of protein tyrosine kinases, which catalyze the
transfer of phosphate groups from ATP to a phosphodi-
ester bond on the hydroxyl group of tyrosine residues of
their substrates.2 Although the ratio of phosphorylation on
serine/threonine/tyrosine is 1800:200:1 in vertebrates,3

aberrant expression of protein tyrosine kinases because
of chromosomal aberrations, gene amplifications, activat-
ing mutations in kinase domains, or perturbation of tran-
scriptional machinery can lead to malignancy.4

Notable protein tyrosine kinases that are deregu-
lated in human cancers include BCR-ABL,5 KIT,6 plate-
let-derived growth factor receptor,7 and nucleophos-
min (NPM)-anaplastic lymphoma kinase (ALK).8

Common to all four proteins is their constitutive tyrosine
phosphorylation activity, resulting in aberrant signaling
of proteins involved in pathways that enable tumor cell
survival.9 For example, the expression of NPM-ALK in
anaplastic large-cell lymphoma10 results from the
t(2;5)(p23;q35) chromosomal rearrangement.8 The fu-
sion protein undergoes dimerization and autophos-
phorylation, leading to constitutive activation of the
ALK tyrosine kinase.10 Activated ALK associates with
and phosphorylates a group of adaptor proteins that
contain SRC homology 2 and 3 or protein tyrosine
binding domains,8 including IRS1,11 GRB2,12 PLC�,13

and SHC,11 which activate downstream signaling path-
ways involved in cell survival.14 Analysis of tyrosine
phosphoproteins in ALK-positive anaplastic large-cell
lymphoma cells may lead to identification of proteins
that play a role in tumor cell survival as well as those
that may serve as drug targets.15 Furthermore, identi-
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fication of tyrosine phosphoproteins may establish
the role of novel signaling pathways involved in
oncogenesis.

Because of their low abundance, analysis of tyrosine
phosphoproteins has been difficult. Direct mass spectrom-
etry (MS) analysis of low abundance proteins, such as
tyrosine phosphoproteins, is difficult because of stoichio-
metric under-representation of such posttranslationally
modified species.16 Immobilized metal affinity chromatog-
raphy is one approach that enriches phosphopeptides from
cell lysates,17 but this technique isolates all phosphorylated
residues, including phosphoserine, phosphothreonine, and
phosphotyrosine.18 Furthermore, immobilized metal affinity
chromatography has been shown to perpetuate oxidization
of eluted proteins, catalyzed by leached metal ions.19 En-
richment of the phosphotyrosine proteome with anti-phos-
photyrosine antibodies is another strategy that has been
used to overcome the low stoichiometry of tyrosine phos-
phorylated proteins for their easier detection in complex
samples.20 However, a systematic analysis of enrichment
by immunoprecipitation and immunoaffinity chromatogra-
phy has not been reported.

Here, we describe studies aimed at optimizing enrich-
ment of tyrosine phosphoproteins in cancer cells for subse-
quent liquid chromatography-tandem mass spectrometry
identification. The results of our studies demonstrate that
sodium orthovanadate significantly increases the levels and
numbers of tyrosine phosphoproteins enriched for MS anal-
ysis. Enrichment of tyrosine phosphoproteins using two
commercially available antibodies facilitated greater overall
protein identifications. Finally, the numbers of peptides
identified by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) using immunoprecipitation-enriched
tyrosine phosphoproteins demonstrated significantly higher
identifications (n � 338) compared with those enriched by
immunoaffinity chromatography (n � 138). Importantly, only
43 proteins were in common between the two samples.
These data indicate that use of enrichment strategies for
isolation of tyrosine phosphoproteins is effective at increas-
ing the yield of tyrosine phosphoproteins before LC-MS/MS.

Materials and Methods

Sodium orthovanadate (Sigma-Aldrich, St. Louis, MO)
was prepared as a 200 mmol/L stock solution in water,
and the pH was adjusted to 10 by adding 1 N HCl and
boiling the solution. Stock solutions were frozen at �20°C
until use. The mouse anti-human 4G10 monoclonal aga-
rose-conjugate anti-phosphotyrosine antibody, anti-
phosphotyrosine immunoaffinity purification kit, and goat
anti-mouse IgG horseradish peroxidase-conjugated sec-
ondary antibody were obtained from Upstate Cell Signal-
ing Solutions (Waltham, MA). The rabbit anti-human poly-
clonal sc-18182 agarose-conjugate anti-phosphotyrosine
antibody, goat anti-rabbit IgG horseradish peroxidase-
conjugated secondary antibody, and molecular weight
standards were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). The human lymphoma cell line SU-
DHL-1, expressing the NPM-ALK tyrosine kinase, was
obtained from German Collection of Microorganisms and

Cell Cultures (Braunschweig, Germany). RPMI 1640, Sil-
verQuest mass spectrometry-compatible silver staining
kit, Coomassie blue reagent, and antibiotic-antimycotic
solution were obtained from Invitrogen (Carlsbad, CA).
Fetal bovine serum was obtained from American Type
Culture Collection (Manassas, VA). The Bradford colori-
metric assay for protein concentration was obtained from
Pierce (Rockford, IL). Nitrocellulose protein blotting mem-
branes were obtained from Bio-Rad (Hercules, CA). All
other reagents were obtained from Sigma-Aldrich.

Cell Culture

The NPM-ALK-positive cell line SU-DHL-1 was cultured in
RPMI 1640 supplemented with 10% fetal bovine serum
and 0.1% antibiotic-antimycotic solution at 37°C in 5%
CO2. When a cell density of 8 � 105 cells/ml was
achieved, cells were seeded in 12-well plates, treated
with 2 mmol/L sodium orthovanadate, and incubated for
24 hours. Cells were subsequently harvested, washed
twice in 1� phosphate-buffered saline, and subjected to
protein isolation. Control cells were treated in the same
manner without sodium orthovanadate.

Protein Preparation and Analysis of Protein
Concentration

Whole-cell lysates were prepared from cells by the addi-
tion of 2 ml of radioimmunoprecipitation assay lysis buffer
[1� phosphate-buffered saline, 0.5% sodium deoxy-
cholate, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate
(SDS), 20 mmol/L Tris, pH 7.5, 100 mmol/L NaCl, 1
mmol/L ethylenediamine tetraacetic acid, and 0.2% pro-
tease inhibitor]. After a 30-minute incubation on ice, sam-
ples were centrifuged at 14,000 rpm for 15 minutes at 4°C
to pellet cellular material, and supernatants were as-
sessed for protein concentrations. Protein concentrations
were assessed using the Bradford colorimetric assay.

Immunoprecipitation

The agarose-conjugated anti-phosphotyrosine antibod-
ies 4G10 and sc-18182 were used to immunoprecipitate
tyrosine phosphoproteins from NPM-ALK-expressing SU-
DHL-1 cells. Briefly, 1 mg of cell lysates was incubated
with various concentrations of agarose-conjugated 4G10
or sc-18182 overnight at 4°C on a rocker. Pellets were
washed extensively in 1� phosphate-buffered saline and
boiled to elute enriched tyrosine phosphoproteins from
beads.

Immunoaffinity Chromatography

Immunoaffinity chromatography was performed using the
�-phosphotyrosine antibody 4G10 cross-linked to protein
A agarose by dimethylpimelimidate. Briefly, antiphospho-
tyrosine-agarose conjugate was applied to a disposable
polypropylene column, and antibody-bead mixture was
allowed to settle in the column for 15 minutes at 4°C.
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Column was washed five times with binding buffer fol-
lowed by application of 1 mg of cell lysate in 1 ml of
radioimmunoprecipitation assay buffer. Flow-through
was collected and reloaded on the column nine times.
The final fraction (containing all but phosphotyrosine pro-
teins) was collected followed by the addition of 1 ml of
binding buffer five times. Phosphotyrosine-enriched pro-
teins were eluted from the column by the addition of 1 ml
of elution buffer, which was collected and reapplied to
the column five times. Column was regenerated by wash-
ing with regeneration buffer and stored in storage buffer
at 4°C.

SDS-Polyacrylamide Gel Electrophoresis
(PAGE), Silver Stain, Coomassie Blue, and
Immunoblot Analysis

SDS-PAGE was performed by mixing 25 �g of enriched
tyrosine phosphoproteins with 5 �l of Laemmli reducing
sample buffer and boiling for 2 minutes. Samples were
then cooled to room temperature and resolved by SDS-
PAGE on 10% gels at 120 V for 1 hour or until dye fronts
were within 1 cm of the bottom of the gels.

Mass spectrometry-compatible silver staining was per-
formed according to manufacturer’s protocol (Invitro-
gen). In brief, gels were fixed for 20 minutes followed by
sensitization for 10 minutes. After three washes, gels
were stained for 15 minutes followed by development for
4 to 8 minutes. When desired band intensity appeared,
stop solution was added, and gels were rinsed.

On the other hand, after electrophoresis, resolved pro-
teins were semidry transferred to nitrocellulose mem-
branes (Bio-Rad) at 20 V for 2 hours. Membranes were
subsequently washed twice in 1� phosphate-buffered
saline for 30 minutes and blocked for 1 hour in blocking
solution [5% nonfat milk diluted in Tris-buffered saline (20
mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, and 0.05%
Tween 20)]. Membranes were then incubated overnight
with various concentrations of 4G10 or sc-18182 in 3%
buffer solution (Tris-buffered saline containing 3% nonfat
dry milk), washed five times with 3% buffer solution, and
probed with appropriate horseradish peroxidase-labeled
secondary antibody at room temperature for 1 hour. After
five washes with Tris-buffered saline, immunoreactive
bands were visualized by chemiluminescence (Amer-
sham Biosciences, Piscataway, NJ). Densitometry was
performed using Image J software (National Institutes of
Health, Bethesda, MD). To confirm equal loading, SDS
gels were subjected to Coomassie blue staining subse-
quent to electrophoresis and photographed.

Protein Digestion, Peptide Extraction, and MS
Analysis

After silver staining of gels, lanes of interest were excised
into 12 equivalent slices, and proteins were extracted
using the Invitrogen protocol. In brief, each gel slice was
destained and washed, crushed and dried, and then
rehydrated in ammonium bicarbonate buffer. Freshly

prepared sequencing grade lysine-C endopeptidase
(Princeton Separations, Adelphia, NJ) was added (1:50)
to each tube, and the tubes were incubated at 37°C for 4
hours. Sequencing grade-modified trypsin (Princeton
Separations) was then added (1:50), and the tubes were
returned to incubate at 37°C overnight.

The digested peptides were extracted with 50% ace-
tonitrile with 0.1% trifluoroacetic acid (TFA) and reduced
to a final volume of 30 �l. A 15-�l aliquot of each sample
was analyzed by automated nanoflow reverse-phase
LC/MS using the LCQ Deca XP ion trap mass spectrom-
eter (Thermo Scientific, Waltham, MA). Digested pep-
tides were injected by an autosampler, using an aceto-
nitrile gradient (0 to 60% B in 80 minutes; A, 5%
acetonitrile with 0.4% acetic acid and 0.005% heptaflu-
orobutyric acid; B, 95% acetonitrile 0.4% acetic acid and
0.005% heptafluorobutyric acid) through a reverse-phase
column (75-�m i.d. fused silica packed with 12 cm of
5-�m C18 particles) to elute the peptides at a flow rate of
250 nl/min into the mass spectrometer. An electrospray
voltage of 2.2 kV was used with the ion transfer tube
temperature set to 180°C. Peptide analysis was per-
formed using data-dependent acquisition of one MS scan
(600 to 2000 m/z) followed by MS/MS scans of the three
most abundant ions in each MS scan. Dynamic exclusion
was set to a repeat count of 3, with the exclusion duration
of 5 minutes. For improved reproducibility, all samples
were analyzed in triplicate.

Data Analysis

The MS/MS-acquired data were searched using the SE-
QUEST algorithm in Bioworks 3.1 SR1 (Thermo Electron
Corporation, San Jose, CA) against amino acid se-
quences in the International Protein Index human protein
database21 (v3.09; accessed September 21, 2005;
50,041 entries). Protein search parameters included a
precursor peptide mass tolerance of �0.7 atomic mass
unit and fragment mass tolerance of �0.1 atomic mass
unit. The search was constrained to tryptic peptides with
one missed enzyme cleavage allowed. Phosphorylation
was set as a differential modification for tyrosine resi-
dues. The peptide-matching criteria of a cross-correla-
tion score (Xcorr) �1.8 for �1 peptides, �2.5 for �2
peptides, and �3.5 for �3 peptides, and a � correlation
score (�Cn) �0.100 was used as a threshold of
acceptance.

All SEQUEST data (.dta) and output (.out) files from
triplicate experiments were combined and analyzed us-
ing INTERACT and ProteinProphet (Institute for Systems
Biology).22 Data analysis using INTERACT and Protein-
Prophet improved the confidence of protein identification
by best-fit distribution of probability scores specific to
each data set and reduced the risk of false-positive pro-
tein identifications. The false-positive error rate for protein
identifications was estimated using the composite target/
decoy database method.23 Acquired MS/MS spectra
were searched against the International Protein Index
v3.09 protein database containing either reversed or
scrambled amino acid sequences for each protein entry.
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The total number of proteins identified with reverse se-
quence entries was then multiplied (2�) to compensate
for doubling the size of the database. Overall, the pre-
dicted error rate for protein identification by LC-MS/MS
ranged from 9.4 to 17.6%. All proteins identified with less
than 5% predicted error were summarized and directly
exported into Excel with subsequent gene ontology char-
acterization performed using the GOMiner gene ontology
tool.24,25

Results

Sodium Orthovanadate Enhances Tyrosine
Phosphoprotein Enrichment

To determine the basal effects of cellular phosphatases
on the enrichment of tyrosine phosphoproteins, we cul-
tured human lymphoma SU-DHL-1 cells, which express
the NPM-ALK tyrosine kinase, in the presence or ab-
sence of the phosphatase inhibitor sodium orthovana-
date. Total cell lysates were extracted from cells, and
tyrosine phosphoproteins were immunoprecipitated (Fig-
ure 1, left) and immunoblotted with the 4G10 anti-phos-
photyrosine antibody. We identified 16 immunoreactive
bands in the lane corresponding to cells grown in the
presence of sodium orthovanadate (Figure 2, �NaVO4),
ranging in molecular mass from 8 to 130 kd, and nine
immunoreactive bands in the lane corresponding to cells
grown in the absence of sodium orthovanadate (Figure 2,
�NaVO4), ranging in molecular mass from 10 to 130 kd.
Densitometry analysis revealed an 18% increase in NPM-
ALK (Figure 2, arrows) from cells grown in the presence
of sodium orthovanadate. These data illustrate the utility
of treating cells with the phosphatase inhibitor sodium
orthovanadate to improve detection of tyrosine
phosphoproteins.

4G10 and sc-18182 Enrich for Tyrosine
Phosphoproteins

To compare antibodies for effectiveness in enriching ty-
rosine phosphoproteins of SU-DHL-1 cells, we performed
immunoprecipitation of total cell lysate using two com-
mercially available antibodies. Figure 3 illustrates the
immunoblot of tyrosine phosphoproteins enriched and
probed using sc-18182 and 4G10, respectively. The lane
corresponding to immunoprecipitation and probing with
sc-18182 demonstrates 14 immunoreactive bands,
whereas the lane corresponding to immunoprecipitation
and probing with 4G10 demonstrates 15 immunoreactive
bands. Distinct immunoreactive bands at 80, 65, 45, and
38 kd were seen in both samples. However, unique
bands in the sc-18182 sample were seen at 39, 10, 8,
and 5 kd, whereas those unique to the 4G10 sample were
seen at 52, 43, 34, and 25 kd. Densitometry analysis
revealed a 22% increase in NPM-ALK (Figure 3, arrows)
from tyrosine phosphoprotein immunoprecipitation en-
riched with 4G10. These data illustrate the similarities and
differences in tyrosine phosphoproteins recognized by

antibodies and the strength of using multiple antibodies
to improve detection of tyrosine phosphoproteins.

Tyrosine Phosphoproteins Are Enriched More
Effectively Using Immunoprecipitation

To examine two techniques frequently used to enrich for
phospho-specific proteins, we performed phosphoty-
rosine enrichment by immunoprecipitation or immunoaf-
finity chromatography as illustrated in Figure 1, left (IP)
and right (IA) panels. Equal amounts (25 �g) of phospho-
tyrosine proteins were subjected to immunoblot analysis
using the 4G10 antibody. Figure 4, lane IA, illustrates
immunoreactive bands from immunoaffinity chromatogra-
phy-enriched tyrosine phosphoproteins. Figure 4, lane IP,
illustrates immunoreactive bands from immunoprecipi-

Figure 1. Tyrosine phosphoproteins from SU-DHL-1 cells were enriched by
immunoprecipitation (left) or immunoaffinity chromatography (right). Sub-
sequently, enriched tyrosine phosphoproteins were subjected to immuno-
blot, silver stain, tryptic digestion, and LC-MS/MS analysis.
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tated tyrosine phosphoproteins. All bands were more
intense in tyrosine phosphoproteins enriched by immu-
noprecipitation. Densitometry analysis revealed a 41%

increase in NPM-ALK (Figure 4, arrows) from immunopre-
cipitation-enriched tyrosine phosphoproteins and was
similar in other immunoreactive bands. These data high-
light the superior efficacy of immunoprecipitation over
immunoaffinity chromatography for the identification of
tyrosine phosphoproteins.

Identification of Tyrosine Phosphoproteins by
LC-MS/MS

To identify proteins enriched by immunoprecipitation and
immunoaffinity chromatography using 4G10, we per-
formed LC-MS/MS analysis. Total cell lysate was ex-
tracted and phosphotyrosine proteins enriched by immu-
noprecipitation or immunoaffinity chromatography
(Figure 1) followed by SDS-PAGE, silver stain analysis,
and LC-MS/MS, as described in Materials and Methods.
Figure 5 displays an example of the MS-full scan and
MS/MS scan for the peptide sequence corresponding to
ETK/BMX cytosolic tyrosine kinase. The identified B-ion
series appears in red, and Y-ion series appears in blue.
The corresponding peptide sequence was matched to
that of ETK by the underlined sequence.

Proteins enriched by immunoprecipitation and immu-
noaffinity chromatography and identified by LC-MS/MS
were compared. The number of peptides identified at a
5% error rate in immunoprecipitation-enriched samples
was 338, whereas those identified in immunoaffinity chro-
matography-enriched samples was 138. Importantly,
there were 43 peptides in common between both sam-
ples. From a total of 1227 peptides identified by immu-

Figure 3. 4G10 and sc-18182 enrich for tyrosine phosphoproteins. Lysates
from SU-DHL-1 cells treated with 2 mmol/L sodium orthovanadate were
immunoprecipitated and probed using sc-18182 (left) or 4G10 (right). The
lane corresponding to immunoprecipitation using sc-18182 demonstrates 14
immunoreactive bands ranging in size from 4 to 130 kd. The lane corre-
sponding to proteins enriched by immunoprecipitation using 4G10 illustrates
a total of 15 immunoreactive bands ranging from 8 to 120 kd. Densitometry
analysis of the bands corresponding to NPM-ALK (arrow) demonstrated a
22% increase in intensity in the lane corresponding to tyrosine phosphopro-
teins immunoprecipitated with 4G10.

Figure 4. Enrichment of tyrosine phosphoproteins by immunoaffinity chro-
matography and immunoprecipitation and confirmation of equal loading.
Tyrosine phosphoproteins from SU-DHL-1 cells were enriched by immuno-
affinity chromatography or immunoprecipitation and probed with the 4G10
antibody. A: The lane corresponding to immunoaffinity chromatography (IA)
demonstrates 10 immunoreactive bands ranging from 8 to 120 kd. In contrast,
the lane corresponding to immunoprecipitation (IP) demonstrates 17 immu-
noreactive bands ranging from 8 to 120 kd. Densitometry analysis of the band
corresponding to NPM-ALK, denoted by arrows, demonstrated a 44% in-
crease in band intensity in the lane corresponding to proteins enriched by
immunoprecipitation over immunoaffinity chromatography. B: A Coomassie
blue-stained gel of tyrosine phosphoproteins enriched by immunoaffinity
chromatography (IA) or immunoprecipitation (IP). Gel demonstrates equal
loading between the two samples.

Figure 2. Effect of sodium orthovanadate on tyrosine phosphoproteins.
Lysates from SU-DHL-1 cells treated (�) or untreated (�) with sodium
orthovanadate were immunoprecipitated and probed with the 4G10 anti-
phosphotyrosine antibody. The lane corresponding to sodium orthovana-
date-treated cells illustrates a total of 16 immunoreactive bands ranging from
130 through 8 kd. The lane corresponding to untreated cells illustrates a total
of nine immunoreactive bands ranging from 130 through 8 kd. Densitometry
analysis of the band corresponding to NPM-ALK, denoted by arrows, dem-
onstrated an 18% increase in band intensity in the lane corresponding to
sodium orthovanadate-treated cells.
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noaffinity chromatography enrichment, 138 phosphoty-
rosine-containing peptides were identified. In contrast,
the immunoprecipitation experiment identified 3741 pep-
tides, of which 338 phosphotyrosine-containing peptides
were identified. However, the immunoaffinity chromatog-
raphy enrichment resulted in 36% (95 of 263) unique
phosphotyrosine peptides, whereas the immunoprecipi-
tation strategy remained near 10% (295 of 2777). Analy-
sis of error rates using a reverse and scrambled data-

base demonstrated 17.6 and 16.1%, respectively, in
immunoprecipitation-enriched samples and 12.8 and
9.4%, respectively, in immunoaffinity chromatography-
enriched samples.

The enriched phosphoproteins identified by MS in-
cluded several proteins known to be involved in cell
signaling (a subset presented in Table 1) and included
receptors, immunoglobulins, ubiquitin-related, cell cycle-
related, and other signaling molecules. Many of these

Figure 5. Identification of ETK tyrosine kinase by LC-MS/MS. MS full scan and data-dependent MS/MS scan identified the tryptic peptide QPYDIpYDNSQV.
Peptide sequencing is indicated by the B-ion (red) and Y-ion (blue) fragment series, with the identified peptide matching to ETK in the electronic database search.
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proteins have not been previously implicated in NPM-
ALK-mediated lymphomagenesis.

Proteins identified by LC-MS/MS in both immunopre-
cipitation and immunoaffinity chromatography-enriched
samples were subjected to GOMiner analysis for cellular
localization and molecular functions. Figure 6A illustrates
cellular localization of proteins identified by LC-MS/MS
enriched by immunoprecipitation, and Figure 6B illus-
trates those enriched by immunoaffinity chromatography.
A larger percentage of proteins enriched by immunopre-
cipitation were localized to the cytoplasm and nucleus
than those enriched by immunoaffinity chromatography.
Molecular functions of proteins enriched by immunopre-
cipitation and immunoaffinity chromatography (Figure 7,
A and B) were similar in distribution.

Discussion

Tyrosine kinase-mediated signaling pathways are fre-
quently deregulated in cancer.9 In one such example,
the NPM-ALK fusion protein results from the t(2;5)(p23;
q35) chromosomal translocation and causes constitu-

tive ALK activation. Activated ALK has been shown to
phosphorylate a variety of substrate proteins, whose
signaling pathways are associated with cell growth,
motility, and inhibition of apoptosis and cell cycle
arrest.8,14,26 –30

Although vital to cell signaling, tyrosine phosphopro-
teins are low in abundance,3 necessitating use of enrich-
ment strategies for detection. Due to their vital roles in
cellular processes, identification of tyrosine phosphopro-
teins is important in the investigation of specific signaling
pathways exploited by oncogenes or potential substrates
that may serve as surrogate biomarkers.20

The unbiased comprehensive analysis of the phospho-
proteome of cancer cells by LC-MS/MS analysis would
be facilitated by enrichment of tyrosine phosphoproteins.
In the present study, we examined phosphotyrosine en-
richment techniques using NPM-ALK-positive SU-DHL-1
cells as a model system. The results of our studies high-
light the utility of an antibody-based approach at enrich-
ing for the phosphotyrosine proteome in cancer cells.

Sodium orthovanadate is a tyrosine phosphatase in-
hibitor that promotes an overall increase in protein ty-

Table 1. Peptides Identified at 5% Error Rate in Proteins Enriched by Immunoprecipitation and Immunoaffinity Chromatography

Chromato-
graphy Name Description IPI No. Peptide

X
corr

Charge
state

IA O52B6 Olfactory receptor 52 B6 303388 LHEPMY*IFLSMLASADVLLSTTTMPKAL 1.38 1
IA IgG Immunoglobulin heavy chain

variable region
7893 TAIY*Y*CARISGDRGAFDMWGQG 2.58 2

IA FSH-R Follicle-stimulating hormone
receptor precursor

328365 RARSTY*NLKKLPT 2.62 2

IA CEP2 Centrosomal protein 2 160622 LQKEVVLLQAQLTLERKQKQDY*I 2.53 2
IA E2G1 Ubiquitin-conjugating enzyme

E2G 1
514050 KDY*PLRPPKMKFITEIWHPNVDK 2.54 2

IA CLCN5 Chloride channel 5 294056 FNTSKGGELPDRPAGVGVY*SA 2.52 2
IA DNAH8 Dynein 216653 FEPSFCFY*TGYKIPLCKTLDQY*FEYI 1.23 1
IA Statip1 STAT3-interacting protein 1 15560 VLHPSQRYVVAVGLECGKICLY*TWKKTD 2.12 1
IA RASGRF1 Ras protein-specific guanine

nucleotide-releasing factor 1
16784 PIITGGKALDLAALSCNSNGY*TSMY*SAMS 2.05 1

IA FPR1 Formylpeptide receptor 1 328644 LPTNTSGGTPAVSAGY*LFL 1.48 1
IP NCOR2 Nuclear receptor co-

repressor 2
1735 ACY*EESLKSRPGTASSSGGSIAR 3 2

IP IgG1 Immunoglobulin heavy chain
variable region

7906 IIPFSGIAY*YAQK 2.59 2

IP DOCK7 Dedicator of cytokinesis
protein 7

513791 LLDLLYLCVSCFEY*KGK 2.55 2

IP CLK2 CDC-like kinase 2 478691 SSY*DDRSSDRRVY*D 1.45 1
IP IGHV4–61 Immunoglobulin-� heavy chain

variable region
4995455 WIRQPAGKGLEWIGRIY*TTGSTNSNPS 1.6 1

IP EIF2C3 Eukaryotic translation initiation
factor 2C 3

304181 Y*TLQLKY*PHLPCLQVGQEQK 1.38 1

IP ARTS-1 Type 1 tumor necrosis factor
receptor shedding
aminopeptidase

165949 VEWIKFNVGMNGYY* 2.62 2

IP MYBPC3 Myosin binding protein C gene 292412 AELIVQEKKLEVY*QSIA 2.56 2
IP HLA-Cw Major histocompatibility

complex class I antigen
144014 LEAARAAEQLRAY*LEGTCVEWLR 2.58 2

IP CCR1 Chemokine (C-C motif)
receptor 1

27685 PLY*SLVFVIGLVGNILVVLV 1.38 1

IP CDC2L5 Cell division cycle 2-like 5
isoform 2

456970 LPRSPSPY*SR 2.19 1

Peptides identified by LC-MS/MS in immunoprecipitation (IP)- and immunoaffinity (IA)-enriched samples were analyzed for corresponding proteins
using INTERACT and Protein Prophet and compared with the International Protein Index (IPI) database. Listed are select IP- and IA-enriched tyrosine
phosphoproteins including protein name, description, National Center for Biotechnology Information accession no., and identified peptide sequence.
Y*, phosphotyrosine.
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rosine phosphorylation by mimicking the phosphorous
group of phosphotyrosine.31 In this regard, we found that
culturing cells in the presence of sodium orthovanadate
increased the number of immunoreactive bands from 9 to
16 (Figure 2). Moreover, densitometry analysis revealed
an 18% increase in NPM-ALK expression in sodium or-
thovanadate-treated cells. These data illustrate the utility
of treating cells with sodium orthovanadate before enrich-
ment and demonstrate its ability to promote hyperphos-
phorylation. Because it can be envisioned that this may
result in a feedback mechanism in which phosphorylases
may be activated in response, it may be necessary to
perform IPs at various time points after sodium or-
thovanadate treatment to determine the optimal time
point for protein extraction.

A comparison of antibodies used to immunoprecipitate
the phosphotyrosine proteome demonstrates the utility of
a complementary approach (Figure 3). Whereas 14 indi-
vidual bands were identified using sc-18182, 15 were
identified using 4G10. Furthermore, a 22% increase in
band intensity of NPM-ALK was seen using 4G10. Inter-
estingly, three bands (40, 33, and 18 kd) were more
intense using sc-18182. These may be because
sc-18182 is a polyclonal antibody that is raised in rab-
bits,32 whereas 4G10 is a monoclonal antibody raised in
mice.33 These data illustrate the overall strength of 4G10
and the possible utility of using multiple antibodies to
identify a larger subset of phosphotyrosine proteins.

Examination of immunoprecipitation and immunoaffin-
ity chromatography-enriched proteins identified by
LC-MS/MS revealed a greater than twofold increase in
peptides identified in immunoprecipitation-enriched sam-

ples; however, both immunoprecipitation and immunoaf-
finity chromatography yielded about 10% enrichment for
tyrosine phosphoproteins. These data are consistent with
what was shown in Figure 4. However, at a 5% error rate
(Table 1), there were 43 peptides in common between
immunoprecipitation and immunoprecipitation-enriched
samples. These data illustrate the potential role of using
both methods of enrichment to identify more proteins.

In summary, our studies demonstrate the utility of en-
richment strategies to facilitate MS-based detection of
tyrosine-phosphorylated proteins. Analysis of proteins
from immunoaffinity- and immunoprecipitation-enriched
samples demonstrates a diverse group of proteins, pri-
marily those involved in cell signaling. Implementation of
enrichment strategies of phosphotyrosine-containing
peptides or proteins offers potentially rewarding oppor-
tunities for studying signaling pathways in physiological
or pathological cellular states.
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