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Phosphotyrosine Mapping in Bcr/Abl
Oncoprotein Using Phosphotyrosine-specific
Immonium lon Scanning*

Hanno Steent, Minerva Fernandez, Saghi Ghaffari§q], Akhilesh Pandey||,

and Matthias Mann**

Bcr/Abl is a fusion oncoprotein that is of paramount im-
portance in chronic myelogenous leukemia and acute
lymphocytic leukemia. The tyrosine-phosphorylated frac-
tion of the p185 form of Bcr/Abl was isolated by immuno-
precipitation with an anti-phosphotyrosine antibody and
SDS-PAGE. The tryptic digest of the gel-separated protein
was prefractionated on POROS R2/0OLIGO R3 microcol-
umns and subjected to phosphotyrosine mapping by pre-
cursor ion scanning in positive ion mode utilizing the
immonium ion of phosphotyrosine, also called phospho-
tyrosine-specific immonium ion scanning, on a quadru-
pole time-of-flight tandem mass spectrometer. In total,
nine different phosphorylated tyrosine residues were un-
ambiguously localized in 12 different precursor ions.
These phosphorylation sites correspond to three previ-
ously described phosphotyrosine residues and six novel
tyrosine phosphorylation sites, and most of them were not
predicted by the phosphorylation motif prediction pro-
grams ProSite, NetPhos, or ScanSite. This study shows
the power of phosphotyrosine-specific immonium ion
scanning for sensitive phosphotyrosine mapping when
limited amounts of samples are available. @ Molecular &
Cellular Proteomics 2:138-145, 2003.

Tyrosine phosphorylation was discovered serendipitously
only 24 years ago in the course of a tumor virus study (1).
Although tyrosine phosphorylation is the least abundant type
of phosphorylation in eukaryotic cells compared with serine or
threonine phosphorylation (probably a reason for its late dis-
covery; relative occurrence: Ser(P), ~90%; Thr(P), ~10%; and
Tyr(P), ~0.05%) (2), phosphotyrosine residues play a crucial
role in receptor-mediated signal transduction affecting biologi-
cal processes as diverse as cell cycle control, cell differentia-
tion, cell movement, gene transcription, synaptic transmission,
and insulin action (3). These functions require modulating inter-
and intraprotein interactions via reversible protein modifica-
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tions such as phosphorylation. Tyrosine phosphorylation is
believed to be superior to phosphoserine and -threonine for
this purpose because of the stronger binding to interaction
partners facilitated by the presence of the aromatic side chain
as compared with alkyl side chains (3).

Since tyrosine phosphorylation is often associated with the
regulation of cell growth, it is not surprising that tyrosine
kinases and phosphatases, which are often tyrosine-phos-
phorylated themselves, are commonly involved in oncogene-
sis. By the end of 2000, more than 90 distinct protein tyrosine
kinase genes were identified in the human genome, and no
fewer than 45 of them are involved in various types of cancer
(4). Furthermore protein tyrosine phosphorylation is also as-
sociated with various other diseases ranging from septic
shock to the plague (3, 5, 6). The link to cancer currently
directs major research efforts toward the elucidation of phos-
photyrosine-mediated signaling cascades, such as those
downstream of the epidermal growth factor receptor. A major
obstacle in the successful completion of these efforts is that
analysis of tyrosine-phosphorylated proteins can be quite
challenging.

Regulatory proteins are typically of low natural abundance
within a cell. Additionally in vivo signaling through reversible
phosphorylation of proteins is often achieved at low phospho-
rylation stoichiometries. From an analytical point of view,
these two factors dictate that the analytical strategy used for
phosphotyrosine mapping must be as sensitive as possible.
Given practical limits with regard to starting amounts of cells,
it should work at a low to subpicomole scale.

Recently we devised a strategy for the selective detection
of tyrosine-phosphorylated peptide without the interference
of the much more abundant serine- and/or threonine-phos-
phorylated peptides (7, 8). This method is based on precursor
ion scanning in positive ion mode and uses the immonium ion
of phosphotyrosine at m/z 216.043 as characteristic reporter
ion and was thus named PSI" scanning for phosphotyrosine-
specific immonium ion scanning. Due to the presence of
numerous other fragment ions with the same nominal but

" The abbreviations used are: PSI, phosphotyrosine-specific immo-
nium ion; CML, chronic myelogenous leukemia; ALL, acute lympho-
cytic leukemia; MS, mass spectrometry; MS/MS, tandem MS; pY,
phosphotyrosine; Mox, oxidized methionine.
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slightly different exact masses, high resolution, high accuracy
mass spectrometers such as quadrupole time-of-flight hybrid
instruments are required for this approach. The applicability of
PSI scanning for the sensitive analysis of low abundance
tyrosine-phosphorylated signaling proteins was recently
shown by the mapping of phosphotyrosine residues in the
epidermal growth factor and fibroblast growth factor receptor
signaling pathways (9, 10), which identified in an unbiased
approach numerous novel tyrosine phosphorylation sites in
addition to the well characterized ones.

In this study we applied PSI scanning to the phosphoty-
rosine mapping of Bcr/Abl. Bcr/Abl is a fusion oncoprotein
that is of paramount importance in chronic myelogenous leu-
kemia (CML) and acute lymphocytic leukemia (ALL). The fu-
sion is the consequence of a reciprocal translocation between
the long arms of chromosomes 9 and 22 resulting in a trun-
cated chromosome 22, called the Philadelphia chromosome
(11). It can be found in more than 90% of CML and in up to
20% of adult ALL patients depending on the isoform of Ber/
Abl (12). The oncogene comprises the major part of the bcr
gene at its 5’-end and the major part of the c-abl gene at its
3’-end. The c-abl gene encodes for a tightly controlled tyro-
sine kinase that becomes constitutively active in the bcr/abl
gene product (a severalfold increase in activity (13)). Although
the actual mechanism of the induction of CML and ALL by
Bcer/Abl is still unclear, there is evidence that the disease state
is not only the result of simple growth factor activation but that
apoptosis suppression is involved as well (13, 14). The con-
nection between Bcr/Abl and CML and/or ALL has been
known for several years. Yet new interest was aroused re-
cently when a highly potent and selective Abl kinase inhibitor
was synthesized by Zimmermann et al. (15). The molecule
proved to be a promising lead compound resulting in the
synthesis of a derivative named STI-571 (Gleevec) (12, 16).
STI-571 is approved as an anticancer drug because of very
positive results in clinical trials. Due to this, major research
efforts are underway to further elucidate the modifications,
structure, and function of this oncogenic fusion protein (see
e.g. Ref. 16). Several isoforms of the Bcr/Abl protein have
been described as showing different activities and different
distributions in the various forms of leukemia (12). p185 (also
called p180), the isoform of Bcr/Abl with the highest kinase
activity (13), was chosen for tyrosine phosphorylation map-
ping by PSI scanning. The expression of this particular iso-
form is considered as the cause of Philadelphia+ ALL. Here
we report humerous novel tyrosine phosphorylation sites in
addition to the ones described in the literature.

MATERIALS AND METHODS

Immunoprecipitation— A total of 3 X 107 human embryonic kidney
293T cells were grown in Dulbecco’s modified Eagle’s medium con-
taining 10% fetal bovine serum. Cells were transfected with p185
Ber/Abl cDNA using the calcium phosphate method. After transfec-
tion the cells were grown to 80% confluence and then cultured for an
additional 15 h without serum. Cells were lysed in ice-cold lysis buffer

containing 50 mm Tris-HCI (pH 7.4), 150 mm NaCl, 1 mm EDTA, 1%
Nonidet P-40, 0.25% sodium deoxycholate, and 1 mm sodium or-
thovanadate in the presence of protease inhibitors. The lysates were
pooled and cleared by centrifugation (14,000 rpm for 15 min). Cleared
lysates were incubated overnight with gentle rocking at 4 °C using 50
ng of 4G10 anti-phosphotyrosine antibody (Upstate Biotechnology)
coupled to agarose beads. The precipitated immune complex was
washed three times with 1 ml of lysis buffer followed by pelleting the
agarose beads at 4000 rpm after each wash (17). Subsequently the
beads were boiled in SDS loading buffer for 5 min, and the proteins
were resolved by SDS-PAGE (10% gel) prior to silver staining as
described previously (18).

Sample Preparation—The gel band of interest was excised and
subjected to in-gel reduction, alkylation, and tryptic digestion ac-
cording to described procedures (18), and the peptide mixture was
loaded onto a double microcolumn of POROS R2 and OLIGO R3
material (Applied Biosystems, Framingham, MA) packed into GE-
Loader tips (Eppendorf, Hamburg, Germany) as described previously
by Neubauer and Mann (19). The fractionated peptide mixture was
desalted by washing each column with 10 ul of 5% formic acid
followed by step elution with 20 and 40% methanol in 5% formic acid
directly into nanoelectrospray needles (Proxeon Biosystems A/S,
Odense, Denmark) and subjected to mass spectrometric analysis.

Mass Spectrometry— All experiments were performed on a QSTAR
Pulsar quadrupole time-of-flight mass spectrometer (AB/MDS Sciex,
Toronto, Canada) equipped with a nanoelectrospray ion source
(Proxeon). Precursor ion scans were acquired with a dwell time of 50
ms at a step size of 0.5 Da and with the Q, pulsing function turned on.
Nitrogen was used as the collision gas at a recorded pressure of 5.3 X
107° Torr. The collision energy was ramped over the m/z range
proportional to one-tenth of the m/z value of the precursor ion, i.e. the
collision energy was ramped from 35 to 100 V for the normally used
scan range of m/z 350-1000.

RESULTS AND DISCUSSION

The Ber/Abl p185 DNA was transfected into 293T cells for
transient expression prior to immunoprecipitation of the ty-
rosine-phosphorylated proteins with immobilized 4G10 anti-
phosphotyrosine antibody. The obtained protein mixture was
separated by SDS-PAGE and visualized by silver staining. The
gel image is shown in Fig. 1. As expected one main protein
band at ~185 kDa was apparent (marked with an arrow) that
was tentatively assigned as tyrosine-phosphorylated p185
Bcr/Abl protein.

This gel band was excised and subjected to in-gel digestion
prior to mass spectrometric analysis for protein identification
and phosphotyrosine mapping with the PSI scanning ap-
proach. The mass spectrum of the first elution (20% metha-
nol, 5% formic acid) of the POROS R2 fraction did not show
many peptide ion signals, and the precursor-of-(m/z 216.045 =
0.025) experiment also did not reveal any ion signals (data not
shown). The elution with 40% methanol, 5% formic acid pro-
duced a mass spectrum of a complex peptide mixture as
shown in Fig. 2A. Subsequently precursor ion experiments were
performed. A nonspecific precursor ion scan (m/z216.0 = 0.5)
for comparison purposes and a specific precursor-of-(m/z
216.045 = 0.025) experiment are shown in Fig. 2, B and C.
The former precursor ion experiment also detects those pre-
cursors that give rise to interfering fragment ions with the
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Fic. 1. Purification of the p185 isoform of Bcr/Abl by SDS-
PAGE. 293T cells were transfected to express the p185 isoform of
Ber/Abl. All phosphotyrosine-containing proteins were immunopre-
cipitated with an immobilized anti-phosphotyrosine antibody and
separated by SDS-PAGE. Silver staining showed that a protein with a
mass expected for the p185 isoform was the major tyrosine-phos-
phorylated species. This band (indicated with an arrow) was excised
and in-gel digested with trypsin for further mass spectrometric
analysis.

same nominal but slightly different exact masses at around
m/z 216. Comparing these two spectra, it was obvious that
several of the major ion signals in the nonspecific precursor
ion experiment did not correspond to phosphotyrosine-con-
taining peptides. The highly specific PSI scan revealed 12
major ion signals apart from numerous smaller signals. In-
specting the mass spectrum of the peptide mixture at the
appropriate m/z ranges revealed mainly ion signals corre-
sponding to triply and quadruply charged peptides. The
charge state of some precursors could not always be derived
from the survey mass spectrum because of isobaric interfer-
ences. For instance, the specific precursor ion spectrum
showed a clear signal in the range of m/z 541. The mass
spectrum showed a quintuply charged species at m/z 540.8,
a doubly charged species at m/z 541.3, and a triply charged
species at m/z 541.6 in the corresponding m/z range such that
it was not possible to state which of these species contained
the phosphotyrosine residue. All of these ions could have
given rise to the phosphotyrosine immonium ion at m/z
216.045. Only the charge states of the main fragment ions that
unambiguously localized the phosphotyrosine residue al-
lowed the conclusion that the quintuply charged species
marked with an arrow in Fig. 2D was indeed the precursor of
interest. Interpretation of the product ion spectrum revealed
the phosphorylation of Tyr-177, a well described Grb2-bind-
ing site (20-22) (data not shown). This unambiguous localiza-
tion of the phosphorylation site in this highly charged precur-
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Fic. 2. Mass spectrometric analysis of the POROS R2/40%
methanol fraction. A, mass spectrum of the tryptic in-gel digest of
Ber/Abl eluted from the POROS R2 microcolumn with 40% methanol,
5% formic acid. B, the nonspecific precursor ion spectrum displayed
numerous prominent ion signals. C, the specific precursor-of-(m/z
216.045 = 0.02) experiment shows that only some of the ion signals
were attributable to phosphotyrosine-containing peptides. The ion
signals marked with an arrow correspond to precursors that were
subjected to MS/MS analysis providing product ion spectra that
allowed the localization of tyrosine phosphorylation sites. The ion
signals marked with an asterisk indicate precursors that did not
provide sufficient data upon collision-induced dissociation for phos-
photyrosine localization. D-F, expansions of several m/z ranges
where precursors gave rise to ion signals in the specific precursor ion
experiment. Precursors subjected to MS/MS analysis are marked with
arrows.

sor was only possible because of the high resolution and high
accuracy provided by the quadrupole time-of-flight mass
spectrometer, which allowed the assignment of the differently
charged peptide fragment ions series. In total 10 precursors
detected by PSI scanning in the POROS R2/40% methanol
fraction were subjected to MS/MS experiments. Eight of these
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TABLE |
Result of the phosphotyrosine mapping in Bcr/Abl

Listed are the phosphotyrosine residues that were localized as well as the corresponding phosphopeptide sequence, observed m/z value,

z value, and expected molecular weight.

m/z z M., (theoretical) Peptide sequence Residue nos. (Tyr(P))
40% methanol, 5% formic acid elution of POROS R2
541.2 5 2700.19 GHGQPGADAEKPFpYVNVEFHHER 164-186 (177)
676.1 4 2700.19 GHGQPGADAEKPFpYVNVEFHHER 164-186 (177)
728.3 3 2182.02 NGQGWVPSNpYITPVNSLEK 506-524 (515)
603.0 4 2408.06 NKPTVpYGVSPNYDKWEMoxER 621-639 (626)
803.7 3 2408.06 NKPTVpYGVSPNYDKWEMoxER 621-639 (626)
779.3 4 3113.40 NKPTVpYGVSPNYDKWEMOoxERTDITMoxK 621-645 (626)
799.3 4 3193.35 NKPTVpYGVSPNpYDKWEMoXERTDITMoxK 621-645 (626 + 632)
617.3 3 1848.84 LGGGQpYGEVYEGVWKK 648-663 (653)
LGGGQYGEVpYEGVWKK 648-663 (657)
20% methanol, 5% formic acid elution of OLIGO R3
480.7 2 959.47 PYSLTVAVK 664-671 (664)
40% methanol, 5% formic acid elution of OLIGO R3
602.9 3 1805.82 INTASDGKLpYVSSESR 576-591 (585)
643.3 3 1928.81 LGGGQpYGEVPYEGVWKK 648-663 (653 + 657)
511.5 3 1515.64 LMoxTGDTpYTAHAGAK 787-800 (793)

10 product ion spectra allowed precise localization of the
tyrosine phosphorylation sites (see Fig. 2, marked with ar-
rows). The other two product ion spectra were of inadequate
quality and did not provide data that allowed the assignment
of either a peptide sequence or a phosphorylation site
(marked with asterisks). This observation demonstrates that
the sensitivity of precursor ion experiments is superior to
normal MS or MS/MS experiments (23).

The base peak in the specific PSI spectrum had an m/z
value of ~603. A minor quadruply charged precursor was
identified in the mass spectrum of the digest in the corre-
sponding m/z region (see Fig. 2E, left arrow). Product ion
experiments revealed the presence of the phosphorylated
tryptic peptide T-(621-639), NKPTVpYGVSPNYDKWEMOoxER,
where pY is phosphotyrosine and Mox is oxidized methionine
(data not shown). Due to the presence of two tyrosine resi-
dues within this peptide, sequence information was indispen-
sable in unequivocally allocating the phosphorylation to Tyr-
626. This phosphorylation of Tyr-626 was confirmed by
product ion spectra of the precursors at m/z 803.7 and 779.3,
the former being the corresponding triply charged precursor
and the latter being a longer quadruply charged peptide com-
prising the same phosphotyrosine residue in addition to a
miscleaved trypsin cleavage side (see Table I). Interestingly
the product ion spectra of all these monophosphorylated
precursors at m/z 603.0, 803.7, and 779.3 clearly show phos-
phorylation of Tyr-626 but no evidence for the phosphoryla-
tion of the other tyrosine residue (Tyr-632). Nevertheless the
fact that the second tyrosine residue (Tyr-632) could also be
phosphorylated was shown by the product ion spectrum of
the quadruply charged precursor at m/z 799.3 (T-(621-645),

NKPTVpYGVSPNpYDKWEMOoxERTDITMoxK; see Fig. 3); both
phosphorylated tyrosine residues were unambiguously as-
signed based on a doubly charged y-type fragment ion series.
These findings about Tyr-626 and Tyr-632 might indicate that
the phosphorylation of these two tyrosine residues does not
occur in a random but ordered fashion; however, additional
quantitative experiments are required to investigate this
further.

The product ion spectrum of the triply charged precursor at
m/z 617.3 revealed that the precursor corresponds to the
singly phosphorylated tryptic peptide T-(648-663), LGGG-
QYGEVYEGVWKK, containing two tyrosine residues. A thor-
ough interpretation of the data to allocate the phosphorylation
site revealed two y-type fragment ion series that coincide with
cleavages flanking the two tyrosine residues. However, for
cleavages between the two tyrosine residues, two fragment
ion series 80 Da apart are present (see Fig. 4). These data
indicate the partial phosphorylation of both tyrosine residues
(Tyr-653 and Tyr-657), i.e. the precursor at m/z 617.3 pre-
sented a mixture of two isomeric peptides that only differed in
the position of the phosphotyrosine residue. The comparable
intensity of the fragment ion pairs points to similar phospho-
rylation of both tyrosine residues. PSI scanning followed by
peptide sequencing thus allows the unambiguous differenti-
ation between different types of phosphopeptides with two
tyrosine residues: (i) only one particular tyrosine residue is
phosphorylated, (i) both tyrosine residues are phosphoryl-
ated, and (i) a mixed population of two different singly phos-
phorylated peptides with the same amino acid sequence is
present.

To check whether the minor ion signals observed in the
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FiG. 3. Product ion spectra of a tyrosine-phosphorylated pep-
tide derived from Bcr/Abl. Shown is the product ion spectrum of the
quadruply charged doubly tyrosine-phosphorylated tryptic peptide
T-(621-639) at m/z 799.3: NKPTVpYGVSPNpYDKWEMoxERTDIT-
MoxK.
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FiG. 4. Product ion spectrum of two isomeric tyrosine-phos-
phorylated peptides derived from Bcr/Abl. Shown is the product
ion spectrum of the precursors at m/z 617.3 (3+). Two fragment ion
series were visible and attributable to the two isomeric singly phos-
phorylated peptides LGGGQpYGEVYEGVWKK and LGGGQYGEV-
PYEGVWKK (T-(648-663)).

selective precursor ion experiment indeed represented ty-
rosine-phosphorylated peptides, two other peptides, which
gave rise to these minor ion signals in the precursor-of-(m/z
216.045 = 0.025) spectrum, were sequenced (marked with
arrows in Fig. 2C). These two ion signals were also attributable
to phosphotyrosine-containing peptides. The precursor at m/z
676.1 corresponded to the quadruply charged counterpart of
the monophosphorylated tryptic peptide T-(164-186) (see
above). The fragmentation of the other low intensity ion signal
at m/z 728.3 proved that Tyr-515 of the tryptic peptide
T-(506-524), DGQGWVPSNpYITPVNSLEK, was phosphoryl-
ated (see Fig. 5). Furthermore it showed that the amino acid
residue at position 506 corresponded to an aspartate and not
to an asparagine residue. Additional experiments are required
to clarify whether this deamidation is a random and artificial
event or whether it is of biological importance as it has been
shown that deamidation at particular asparagine residues can
be of paramount importance for the function of proteins (24).

Due to limited sample volume and the resulting time con-
straints in the nanoelectrospray experiment, sequencing ad-
ditional observed precursors in the selective precursor ion
spectrum from the POROS R2/40% methanol fraction was
not possible. Therefore some of the potentially tyrosine-phos-
phorylated precursors detected in that precursor ion experi-
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FiG. 5. Product ion spectrum of a tyrosine-phosphorylated pep-
tide derived from Bcr/Abl. Shown is the product ion spectrum of the
triply charged, singly phosphorylated tryptic peptide at m/z 728.3,
which only gave rise to a minor ion signal in the specific precursor ion
experiment (see Fig. 2C): T-(506-524), NGQGWVPSNpYITPVNSLEK.

ment remained unidentified. However, additional tyrosine
phosphorylation sites were localized when the peptides that
were bound to the OLIGO R3 material (the more hydrophilic
fraction) were analyzed. The results of the product ion exper-
iments described below are summarized in the lower part of
Table I.

The mass spectrum of the OLIGO R3/20% methanol frac-
tion is shown in Fig. 6A. The precursor-of-(m/z 216.045 =
0.025) spectrum of this fraction showed one intense ion signal
at m/z 480 (see Fig. 6B). The inset in Fig. 6A shows the
position of the respective ion species, giving rise to the in-
tense ion signal in the precursor-of-(m/z 216.045 *= 0.025)
experiment, indicating the low signal to noise ratio of the ion
signal of this phosphopeptide.

Fragmentation of the precursor ion at m/z 480.7 (doubly
charged) showed the presence of a singly phosphorylated
peptide covering the sequence stretch 664-671 with a phos-
phorylated tyrosine residue at its N terminus (see Fig. 6C). It is
interesting to note that the activity of trypsin is severely inhib-
ited by a phosphorylated amino acid in the +2-position with
respect to an arginine or lysine residue (25, 26) but that in this
case the presence of the phosphorylated tyrosine residue just
C-terminal to the Arg or Lys residue (+1-position) did not
seem to severely affect the cleavage efficiency of trypsin.

The survey mass spectrum and the low and high resolution
precursor ion spectra of the OLIGO R3/40% methanol fraction
are shown in Fig. 7, A-C. Numerous ion signals can be found
in the survey mass spectrum, whereas the high resolution
precursor-of-(m/z 216.045 = 0.025) experiment of this frac-
tion displayed the same major ion signal at m/z 470 as the
OLIGO R3/20% methanol fraction. In addition, three minor ion
signals that were previously obscured by nonspecific ion sig-
nals in the low resolution precursor ion experiment are ob-
servable (see Fig. 7, B and C, marked with arrows). These
three precursors were subjected to additional product ion
experiments (m/z 511.5, 602.9, and 643.3). The precursors at
m/z 511.5 and m/z 602.9 were identified as corresponding to
the tryptic peptides T-(787-800), LMoxTGDTpYTAHAGAK
(Fig. 7D), and T-(576-591), INTASDGKLpYVSSESR (Fig. 7E),
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Fic. 6. Mass spectrometric analysis of the OLIGO R3/20%
methanol fraction of the Bcr/Abl digest. A, mass spectrum of the
tryptic in-gel digest of Ber/Abl eluted from the OLIGO R3 microcol-
umn with 20% methanol, 5% formic acid. The inset in A shows the
signal intensity of the precursor giving rise to the prominent ion signal
at m/z 481 in B, the specific precursor-of-(m/z 216.045 *= 0.025)
experiment. C, product ion spectrum of the doubly charged tryptic
peptide T-(664-671), pYSLTVAVK.

respectively, identifying two additional tyrosine phosphoryla-
tion sites at Tyr-793 and Tyr-585. Tyr-793 is a well character-
ized autophosphorylation site (27). A triply charged precursor
at m/z 643.3 was also found and could be attributed to the
doubly phosphorylated peptide T-(648-663), LGGGQpY-
GEVpYEGVWKK (data not shown). The singly phosphorylated
counterparts of the peptide T-(648-663) had already been
analyzed in the POROS R2/40% methanol fraction (see
above).

Several tyrosine phosphorylation sites have been described
previously for Ber, Abl, and the fusion protein Bcr/Abl. Tyr-245
and Tyr-412 have been reported as Abl phosphorylation sites
(27) (these correspond to Tyr-626 and Tyr-793 in the Bcr/Abl
(p185) sequence), and Tyr-177, Tyr-283, Tyr-328, and Tyr-360
have been identified as being phosphorylated in Bcr (22).
However, only Tyr-177, Tyr-283, and Tyr-360 were identified
as phosphorylated residues specific to the fusion protein Ber/
Abl (20, 21), and the latter two have only been observed in
samples subjected to in vitro phosphorylation. The results of
this study described in the previous section confirmed the one
known in vivo phosphorylation site of Bcr/Abl and the two
phosphotyrosine residues described for Abl. In addition six
new phosphorylation sites were identified.

Mass spectrometry (without internal standards) can only
confirm the presence of a particular phosphorylation site but
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Fic. 7. Mass spectrometric analysis of the OLIGO R3/40%
methanol fraction of the Ber/Abl digest. A, mass spectrum of the
tryptic in-gel digest of Ber/Abl eluted from the OLIGO R3 microcol-
umn with 20% methanol. B, the nonspecific precursor ion spectrum
showed two additional ion signals as well as the major ion signal at
m/z 481 (see Fig. 6). C, the specific precursor-of-(m/z 216.045 =
0.025) experiment shows that these two ion signals are not correlated
with tyrosine-phosphorylated peptides. Some minor ion signals were
observable (marked with arrows). D, product ion spectrum of the triply
charged tryptic peptide at m/z 511.5: T-(787-800), LMoxTGDTpY-
TAHAGAK. E, product ion spectrum of the triply charged tryptic
peptide at m/z 602.9: T-(576-591), INTASDGKLpYVSSESR. The pre-
cursors of the spectra shown in D and E only gave rise to ion signals
of low intensity in C.

does not necessarily indicate the absence of a site, and this
study suffers from the same limitations as any other modifi-
cation study that uses only one protease: no complete se-
quence coverage is obtained as peptides are lost during the
sample work-up, or they are not observed due to low ioniza-
tion efficiency, ionization suppression, or size limitations (28).
Therefore we cannot state from our data set that the other
phosphorylation sites described for Ber, Abl, and/or Bcr/Abl
are not present under the biological conditions of this exper-
iment. The size limitation excludes for instance a quarter of all
tyrosine-containing peptides derived from a tryptic digest of
p185 as they are well below 700 Da or above 3200 Da, which
is outside the mass range normally observed in standard
nanoelectrospray experiments with limited amounts of protein
digests. The size limitation is also the most probable reason
why no information was obtained for the peptides containing
residues Tyr-283 and Tyr-328; both potential phosphorylation
sites are located in tryptic peptides with masses above 3.5
kDa (assuming no miscleavages), i.e. above the normally ob-
served mass range. Additional experiments using e.g. differ-
ent endoproteases are required to address the questions (i)
whether the other tyrosine residues are indeed not phospho-
rylated under the given conditions, (i) whether the tyrosine
residues were phosphorylated but to such a low extent that
the dynamic range and detection limit of the applied tech-
nique was insufficient, or (i) whether the other tyrosine phos-
phorylation sites were simply missed in this study.
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TaBLE I
Prediction of phosphotyrosine residues in Bcr/Abl

Listed are the results of the different tyrosine phosphorylation
prediction programs. The following prediction programs were used:
ProSite (www.isrec.isb-sib.ch/software/PFSCAN_form.html), Net-
Phos 2.0 (www.cbs.dtu.dk/services/NetPhos/), and ScanSite
(scansite.mit.edu/). The observed phosphotyrosine residues are
marked with a + if predicted and a — if not predicted.

ScanSite

Tyr(P) residue NetPhos ProSite (stringency)

Low Medium High

177
515
585
626
632
653
657
664
793
No. of predicted Tyr(P) sites 1

I I SR
[ o
L+ 41+ 1+ +
[ |
[ |

o
o
o
o
IN
.

During the review process of this manuscript a phospho-
rylation study on CML cells in response to inhibition by STI-
571/Gleevec was published by Salomon et al. (29). The results
from this study corroborate our data as four of the six novel
tyrosine phosphorylation sites identified in our study on p185
(Tyr-585, Tyr-653, Tyr-657, and Tyr-664 in p185) were also
found for p210-expressing cells using an immobilized metal
affinity chromatography-liquid chromatography-MS approach
for phosphorylation analysis; p210 is the Bcr/Abl isoform
leading to CML. In addition, a tyrosine residue corresponding
to Tyr-869 in p185 was observed to be phosphorylated. How-
ever, no phosphopeptides containing phosphotyrosine resi-
dues Tyr(P)-515 and Tyr(P)-632 were observed in contrast to
our study. The fact that most of the tyrosine phosphorylation
sites were found in both our tyrosine phosphorylation study of
overexpressed p185 and in the study of Salomon et al. (29)
using a system that expresses p210 at an endogenous level
underscores the potential importance of these tyrosine phos-
phorylation sites in vivo.

To compare the experimentally determined phosphoty-
rosine residues with predicted phosphotyrosine motifs, the
Bcr/Abl (p185) sequence was interrogated with ProSite (www.
isrec.isb-sib.ch/software/PFSCAN_form.html), NetPhos (www.
cbs.dtu.dk/services/NetPhos/) (30), and ScanSite (scansite.
mit.edu/) (31) (see Table Il). ProSite has a tendency to under-
predict tyrosine phosphorylation sites since it only utilizes the
motifs RKX,DEX;Y or RKX3DEX,Y (where Y indicates the
phosphorylation site); ScanSite has the same tendency when
using high stringency; ScanSite only predicts Tyr-177 as a
potential phosphorylation site.

For the reasons given above, mass spectrometry-based
approaches usually provide data that allow conclusions about
the presence but not the absence of phosphorylation sites.
Thus it is not possible to conclude that a bioinformatic algo-
rithm overpredicts as it might very well be that particular sites

are phosphorylated but are not observed for various reasons.
Nevertheless it can be stated that several phosphorylation
sites are also missed by NetPhos and ScanSite using medium
or low stringency thresholds. For instance, NetPhos predicted
only four of the nine tyrosine phosphorylation sites, whereas
ScanSite predicted five of the nine experimentally determined
phosphorylation sites. These results confirm the notion that
the results of the currently used prediction programs have to
be assessed with caution, and experimental validation is al-
ways required.

CONCLUSION AND PERSPECTIVE

Tyrosine-phosphorylated p185 Bcr/Abl was purified using
immunoprecipitation with anti-phosphotyrosine antibody
prior to SDS-PAGE. The tryptic digest of this purified protein
was prefractionated on POROS R2/0OLIGO R3 microcolumns
and subjected to phosphotyrosine mapping by PSI scanning.
In total nine different phosphorylated tyrosine residues were
unambiguously localized in 12 different precursor ions: the
POROS R2 fractions contained eight different tyrosine-phos-
phorylated peptides localizing six distinct phosphotyrosine
residues; the OLIGO RS3 fractions included four different phos-
photyrosine-containing peptides allowing the assignment of
five tyrosine phosphorylation sites (two of these phosphoryl-
ation sites confirmed the results obtained from the POROS R2
fraction). This indicates excellent sensitivity and applicability
of PSI scanning for phosphotyrosine mapping when only lim-
ited sample amounts are available.

The nine characterized phosphorylated tyrosine residues
correspond to three previously described phosphotyrosine
residues in addition to six novel tyrosine phosphorylation
sites, most of which were not predicted by currently used
programs for the prediction of phosphotyrosine motifs even at
permissive settings. This shows the need for unbiased exper-
imental approaches for phosphorylation site mapping such as
PSI scanning. The phosphopeptides analyzed in this study
ranged in mass from less than 1 kDa to about 3.2 kDa with
charge states between 2+ and 5+. Only the high accuracy
and high resolution, provided by quadrupole time-of-flight-
type tandem mass spectrometers, permitted the interpreta-
tion of the product ion spectrum of the quintuply and quadru-
ply charged peptide and the unambiguous assignment of the
fragment ion at this sensitivity level.

Another recently published study, which identified numer-
ous tyrosine phosphorylation sites in Bcr, Abl, and/or Bcr/Abl,
corroborated several tyrosine phosphorylation sites de-
scribed in our study, thereby validating our approach of over-
expressing the protein of interest, i.e. demonstrating that the
sites found in our study are not mere artifacts of the overex-
pression of p185 in 293T cells. Ongoing functional studies are
directed at discovering biological functions of the tyrosine
phosphorylation sites found in these studies and in particular
of those found in only one of the two studies, i.e. Tyr-515,
Tyr-632, and Tyr-869. Furthermore additional experiments are
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required using e.g. different proteolytic enzymes to obtain an
even more comprehensive phosphotyrosine map of the pro-
tein in this state as one-quarter of all phosphotyrosine-con-
taining peptides are too small or too large to be detected by
the method applied using trypsin as the only protease.
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