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Phosphorylation of the ATP-binding loop directs
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The success of targeting kinases in cancer with small molecule
inhibitors has been tempered by the emergence of drug-resistant
kinase domain mutations. In patients with chronic myeloid leuke-
mia treated with ABL inhibitors, BCR-ABL kinase domain mutations
are the principal mechanism of relapse. Certain mutations are
occasionally detected before treatment, suggesting increased fit-
ness relative to wild-type p210 BCR-ABL. We evaluated the onco-
genicity of eight kinase inhibitor-resistant BCR-ABL mutants and
found a spectrum of potencies greater or less than p210. Although
most fitness alterations correlate with changes in kinase activity,
this is not the case with the T3151 BCR-ABL mutation that confers
clinical resistance to all currently approved ABL kinase inhibitors.
Through global phosphoproteome analysis, we identified a unique
phosphosubstrate signature associated with each drug-resistant
allele, including a shift in phosphorylation of two tyrosines (Tyr253
and Tyr?57) in the ATP binding loop (P-loop) of BCR-ABL when
Thr315 is lle or Ala. Mutational analysis of these tyrosines in the
context of Thr31> mutations demonstrates that the identity of the
gatekeeper residue impacts oncogenicity by altered P-loop phos-
phorylation. Therefore, mutations that confer clinical resistance to
kinase inhibitors can substantially alter kinase function and confer
novel biological properties that may impact disease progression.

chronic myelogenous leukemia | kinase inhibitor resistance |
phosphoproteomics | imatinib | dasatinib

Point mutations in the kinase domain of BCR-ABL are
primarily responsible for resistance to the ABL inhibitor
imatinib (Gleevec) in chronic myelogenous leukemia (CML)
patients. The majority of imatinib-resistant BCR-ABL point
mutations (of >50 distinct examples now reported clinically)
impair drug binding by restricting flexibility of the enzyme,
precluding adoption of the inactive conformation required for
imatinib binding (1-4). The second generation Abl inhibitor
dasatinib is effective against imatinib-resistant CML because it
binds the BCR-ABL kinase domain regardless of activation loop
conformation (5-7). As a result, the number of BCR-ABL
mutations capable of conferring resistance to dasatinib is small
and is limited almost exclusively to direct contact sites (8, 9). One
mutation, T3151, confers resistance to imatinib, dasatinib, and
the imatinib-related compound nilotinib (AMN-107) (10, 11).

Although discovered in the context of drug resistance, there
is growing evidence that these mutations may confer other
fitness advantages to BCR-ABL. First, the T315I and E255K
mutants were each detected by our group in imatinib-naive CML
blast crisis patients by direct sequencing of total BCR-ABL
cDNA and are therefore estimated to account for at least 20%
of the CML tumor burden in these patients (1). In addition, these
and other kinase domain mutations have been identified before
treatment in CML patients using mutation-specific quantitative
PCR (12-18). Furthermore, the analogous mutation to T3151 in
the epidermal growth factor receptor (EGFR), T790M, causes
resistance to EGFR inhibitors in lung cancer and has been
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detected in lung cancer patients before treatment and in the
germ line of a family pedigree with several cases of lung cancer
(19-21). The fact that clones bearing these mutants can expand
relative to the wild-type allele in the absence of drug treatment
suggest that they confer an oncogenic fitness advantage over the
wild-type allele.

To test this hypothesis, we measured the oncogenic potency of
a panel of clinically relevant, drug resistant BCR-ABL muta-
tions. This analysis revealed a spectrum that included potencies
greater or less than p210 and matched fitness predictions from
the epidemiologic observations cited above. In most cases on-
cogenicity correlated with kinase activity. An important excep-
tion is BCR-ABL T3151, which displayed increased oncogenic
potency but reduced kinase activity toward classical BCR-ABL
substrates, raising the possibility of altered substrate recognition.
Using a global mass spectrometry-based phosphotyrosine pro-
filing technique, we found that each drug-resistant mutant has a
unique phosphoprotein signature, indicating that single amino
acid substitutions in the kinase domain exert effects on substrate
recognition. In the case of T3151, a mutation-specific phosphor-
ylation pattern in the phosphate binding loop of BCR-ABL
explains the difference in oncogenicity relative to wild-type
BCR-ABL and the closely related T315A mutation. These
studies demonstrate that kinase domain mutations associated
with drug resistance confer unanticipated enzymological and
biological properties that may affect disease progression through
altered downstream signaling. In addition, phosphoproteome
profiling is a powerful tool to rapidly identify candidates for
functional validation.

Results

Transformation Potency of Most Kinase Inhibitor-Resistant BCR-ABL
Mutants Is Correlated with Kinase Activity. To compare the relative
oncogenic potency of eight different kinase inhibitor resistant
BCR-ABL p210 mutants (Fig. 14), we used a modified Whit-
lock—Witte pre-B cell transformation assay (22-25) that was
previously shown to correlate with in vivo CML mouse models
and can distinguish subtle and quantifiable differences in po-
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Fig. 1. Transformation potency of T315l is not correlated with kinase
activity. (A Inset) Cartoon of kinase inhibitor-resistant BCR-ABL kinase domain
mutations used in this study. After a 21-day growth assay with BCR-ABL
mutant-infected primary bone marrow cells, doubling time for each mutant
was determined (S| Fig. 4 A-C). Data from the transformation assay was
modeled to illustrate the growth rate and corresponding transformation
potential of each mutant normalized to p210. (B) Kinase activity of each
mutant toward various concentrations of biotinylated Abltide was performed
in triplicate for 15 min. Velocity is plotted in a Michaelis—-Menten graph. (C)
The percentage mutant Vimax vs. p210 Vimax (x axis) is plotted against percent-
age mutant bone marrow growth rate vs. p210 growth rate (y axis). The overall
trend of correlation between kinase activity and oncogenic potential is illus-
trated by the best fit line (red) and the 95% confidence interval curves (blue)
for the best fit line, although this relationship need not be linear.
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tency between different BCR-ABL isoforms (26). These include
two detected pretreatment in patients (T3151 and E255K) and
one documented to disappear after discontinuation of kinase
inhibitor therapy (Y253H) (27). We also included examples
associated with resistance to imatinib only (E255K, Y253F,
E255V, Y253H, and M351T), dasatinib only (T315A), or both
drugs (T315I and F317L). After infection with mutant or
wild-type p210 BCR-ABL retrovirus, primary mouse bone mar-
row cells were plated at serial dilutions then monitored for
oncogenic transformation as described (26). Potency was quan-
tified by measuring doubling times for each mutant to calculate
growth rate relative to wild-type p210 BCR-ABL (hereafter
called p210) [Fig. 14 and supporting information (SI) Fig. 4
A-C]. The highly oncogenic p185 isoform served as a positive
control for the assay (23, 28).

Three groups emerged from this analysis. T3151 and E255K
consistently showed a 10-20% increase in potency relative to
p210, demonstrating that they are indeed gain-of-fitness mutants
as suggested by clinical evidence of detection pretreatment. The
second group included Y253F and E255V, which displayed
potencies similar to p210. The final group contained four
mutants (Y253H, M351T, F317L, and T315A) with substantially
weaker transforming activity. Of note, the most weakly onco-
genic mutation in this assay (T315A) is leukemogenic in mice
(29) and has been linked to leukemia relapse in a dasatinib-
resistant CML patient in blast crisis.™

Because the increased kinase activity of p185 BCR-ABL has
been implicated as the reason for increased potency (28, 30), we
hypothesized that the altered oncogenic fitness of the kinase
inhibitor resistant BCR-ABL mutants would similarly be asso-
ciated with a parallel change in kinase activity. First, we exam-
ined kinase activity of immunoprecipitated full-length BCR-
ABL protein against a number of exogenous substrates using
gel-based in vitro kinase assays, using p185 as a positive control
(30). With the exception of M351T and T315A, most kinase
inhibitor-resistant mutants showed comparable kinase activity to
p210 (SI Fig. 4D). T315A was particularly striking because it
failed to phosphorylate any substrates in this assay despite its
ability to autophosphorylate.

To enhance our ability to detect more subtle changes, we
repeated these analyses using biotinylated Abltide as substrate to
permit quantitative assessment of Michaelis-Menten kinetics,
Vinax, and Ky, for each mutant (31-34). Two mutants (E255K and
Y253F) had greater kinase activity than p210 (as measured by
Vmax), Whereas five (Y253F, T3151, E255V, F317L, and M351T)
had reduced activity (Fig. 1B and SI Fig. 4E). As expected,
T315A did not recognize the Abltide substrate and could not be
scored. To determine the relationship between kinase activity
and oncogenicity, we plotted Vi.x versus the potency score
determined in the bone marrow assays. These two variables were
positively correlated for most of the kinase inhibitor-resistant
mutants with one notable exception (Fig. 1C). The T315I mutant
was 20% more potent than p210 in bone marrow transformation
despite a nearly 50% reduction in Vpax.

System-Wide Tyrosine Phosphorylation Profiling Reveals Unique
Mutant-Specific Phosphorylation Events. The discordance between
oncogenic fitness and V. observed with T3151 BCR-ABL and
the inability of T315A BCR-ABL to recognize conventional
ABL substrates suggested that mutation at this highly conserved
threonine residue can impact substrate recognition. Therefore,
we reasoned that the enhanced transformation potency of T3151
might be mediated through phosphorylation of novel substrates.
To explore this hypothesis, we used a quantitative, mass spec-
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trometry-based global tyrosine phosphorylation profiling ap-
proach to search for unique phosphotyrosine-containing pro-
teins in a panel of Ba/F3 cells stably expressing p210 and the
panel of kinase inhibitor resistant BCR-ABL mutants. Further-
more, this assay measures endogenous phosphorylation in an
unbiased fashion, and thus both compliments the in vitro kinase
assay and moves beyond the restrictions of using a limited set of
exogenous substrates. Initial examination of the data set by
unsupervised clustering showed that cells expressing the T315A
mutant were clearly distinct, but there were no obvious principal
components associated with oncogenicity or kinase activity of
the other mutants (Fig. 24 and SI Fig. 5). However, supervised
analysis revealed several tyrosine phosphorylated peptides were
uniquely and reproducibly elevated in cells expressing each of
the kinase inhibitor resistant mutants (Fig. 2B), indicative of
mutation-specific phosphotyrosine signatures. Phosphopro-
teome analysis also identified several peptides from BCR-ABL
itself that were highly phosphorylated in T315A-expressing cells,
consistent with the essentially normal levels of autophosphory-
lation observed in gel-based kinase assays.

To address the lack of correlation between kinase activity and
oncogenicity with T315I, we noted that one of the phosphopep-
tides specifically associated with this mutation was derived from
the ATP binding loop (P-loop) of ABL (Fig. 2B). This obser-
vation caught our attention because mutation of Tyr?? in the
ABL P-loop to phenylalanine allows the normally nononcogenic
c-ABL to transform cells (35). T315I-expressing cells differed
from those expressing other mutations due to increased phos-
phorylation at Tyr?” in the P-loop (not Tyr?3). In contrast,
Tyr?>3 (but not Tyr?7) was highly phosphorylated relative to
other mutants in T315A-expressing cells, as determined by
collision induced dissociation (CID) mass spectrometry se-
quencing (SI Fig. 7), as well as by a consistent relative spacing
in liquid chromatography retention time (Fig. 2C). We were
unable to determine the stoichiometry of P-loop peptide phos-
phorylation because unphosphorylated peptides are lost after
antiphosphotyrosine immunoprecipitation of the trypsin-
digested lysate. Although the tryptic peptide that encompasses
the P-loop includes both Tyr?3 and Tyr®7, we never detected
both tyrosines phosphorylated at the same time despite control
experiments demonstrating that our assay can enrich and detect
a synthetic pTyr®3/pTyr®’ peptide, albeit with reduced effi-
ciency relative to pTyr?3 or pTyr?7 alone (SI Table 1). This
result suggests that these phosphorylation events are mutually
exclusive, but we cannot rule out that a small fraction of Abl
P-loop peptide below our detection limit is dually phosphory-
lated. In summary, T315I-expressing cells favor Tyr®7 phos-
phorylation, whereas T315A-expressing cells favor Tyr?*3 phos-
phorylation (Fig. 2D).

Scansite analysis of the P-loop indicated that Tyr?>3 and Tyr?7
both occur in the context of SRC family kinase recognition sites.
Because the T315A substitution renders BCR-ABL resistant to
dasatinib (a dual ABL/SRC kinase inhibitor) (9), we were able
to address the possibility that SRC kinases are upstream of
P-loop phosphorylation in T315A-expressing cells by treating
cells with concentrations that will inhibit SRC, but not T315A (5
nM). Phosphorylation at Tyr?>3 was reduced in T315A cells
exposed to 5 nM dasatinib whereas Tyr?7 phosphorylation was
unaffected (Fig. 2E); 500 nM dasatinib was required to block
Tyr?>7 phosphorylation, implicating two distinct mechanisms of
BCR-ABL P-loop phosphorylation.

Phosphorylation of the BCR-ABL P-Loop Regulates Oncogenicity.
Based on prior work implicating Tyr?>3 as a negative regulatory
site in the context of c-Abl (35), we asked whether the increase
in Tyr?> phosphorylation in T315A-expressing cells is respon-
sible for its reduced activity in the bone marrow transformation
assay. Remarkably, mutation of this site to phenylalanine

19468 | www.pnas.org/cgi/doi/10.1073/pnas.0609239103

(Y253F) rescued the transformation activity of T315A BCR-
ABL to wild-type levels (Fig. 34 and SI Fig. 84), providing clues
that phosphorylation at this site negatively impacts transforma-
tion. The same mutation in the context of T315I or wild-type had
a less pronounced effect, consistent with the low levels of Tyr?3
phosphorylation detected in these cells. In addition, reciprocal
experiments using phosphomimetic mutations (Y253E or
Y253D) provided additional evidence for the importance of
Tyr?>3 phosphorylation in transformation potency. Both Y253E
and Y253D substitutions suppressed the transforming activity of
wild-type and T3151 BCR-ABL in the bone marrow assay (Fig.
3A and SI Fig. 84) and in IL-3-dependent Ba/F3 cells (data not
shown). These data strongly suggest that phosphorylation of the
P-loop tyrosines plays a significant role in BCR-ABL mutant
transformation. Note that, although we did not determine the
stoichiometry of phosphorylated/unphosphorylated P-loop ty-
rosines in the entire BCR-ABL pool, the mutatgenesis data
suggest that whatever the fraction of phosphorylated P-loop, this
fraction is adequate to influence transformation.

It is well established that the kinase activity of the serine/
threonine kinase Cdk2 is negatively regulated by phosphoryla-
tion of an analogous tyrosine residue in its P-loop (36, 37).
However, the Y253F mutation did not appreciably alter the
kinase activity of wild-type, T3151, or T315A BCR-ABL toward
Abiltide (Fig. 3B and SI Fig. 8B), indicating that the mechanism
of negative regulation by Tyr?? phosphorylation likely differs
from that of Cdk2.

We also examined the consequences of Tyr?>’ mutation.
Y257F substitution substantially impaired the oncogenicity of
wild-type BCR-ABL and dampened kinase activity by 3-fold,
suggesting that Tyr>’ may play a positive regulatory role,
opposite to Tyr?3. However, the same mutation had minimal
effect on T315I oncogenicity yet caused a 15-fold drop in kinase
activity (Fig. 3B). This result is surprising for two reasons. First,
the large decrease in T315I kinase activity without a commen-
surate change in oncogenicity suggests that Abltide is not an
optimal substrate for Tyr?*’ mutants, particularly in the context
of T315I. Second, it challenges the simple notion that Tyr?’
plays a positive regulatory role, in opposition to Tyr?*3. One
possibility is that Tyr?’ regulates access of relevant kinases to
Tyr?>3, which then functions as the primary P-loop determinant
of oncogenicity (Fig. 2D). In any case, our findings demonstrate
that the principal variables controlling Tyr?>3 phosphorylation in
drug resistant BCR-ABL mutants are: (i) the identity of the
substituted residue at Thr3!> (Ala favors pTyr?3, Ile favors
pTyr?7), (i) the status of Tyr?7 phosphorylation (either pTyr?’

Discussion

Clinical resistance to small molecule kinase inhibitors used in
cancer therapy occurs primarily through outgrowth of subclones
bearing mutations in the target kinase that interfere with drug
binding. Initially reported in CML, this mechanism is broadly
applicable to other cancers such as gastrointestinal stromal
tumors and lung cancer (38, 39). These insights have led to the
rapid development of second-generation inhibitors with activity
against mutants resistant to first generation drugs and will likely
form the basis for combination therapy cocktails to prevent
relapse. Although this cancer drug development strategy resem-
bles that used in infectious diseases, there are important differ-
ences between drug-resistant mutants isolated from cancers
versus infectious agents. Drug-resistant HI'V strains are typically
crippled in their virulence and only develop in the context of
selective pressure caused by drug treatment (40). In contrast,
many drug-resistant kinase mutants isolated from cancer pa-
tients are detected before drug exposure and, over time, can
become the dominant malignant clone in the absence of further
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Fig.2. System-wide phosphoproteomics reveals unique phosphopeptide profiles in cells expressing drug-resistant BCR-ABL mutants. Lysates from Ba/F3 cells stably
expressing imatinib-resistant BCR-ABL mutants or control Ba/F3 cells (harboring empty expression plasmid) were enriched for phosphotyrosine containing tryptic
peptides using the antiphosphotyrosine antibody 4G 10 and identified and quantitated by mass spectrometry. (A) Global tyrosine phosphoprofiling identifies the T315A
mutant as distinct from the other BCR-ABL variants. Relative levels of phosphotyrosine containing peptides (rows) are represented in the heat map with red boxes
reflecting relatively high levels and green boxes low levels in the corresponding BCR-ABL variant (columns). Gray boxes indicate peptides that were undetectable in
the control sample (MSCV puro, labeled puro). The similarity between mutants is indicated by the unsupervised hierarchical clustering dendrogram. Note that control
cells have much fewer detectable phosphorylation events, indicating that the majority of the phosphopeptides in our profiles are direct and indirect targets of BCR-ABL.
Identities of the phosphopeptides are presented in SI Fig. 5. (B) Drug resistance conferring point mutations result in unique phosphosignatures. The most uniquely
elevated phosphotyrosine events were identified by calculating the z score for the phosphopeptide abundance level in each individual mutant relative to the mean
and SD of the peptide level in the other BCR-ABL mutants and p210. Note that the phosphopeptides in B were elevated 2- to 10-fold in the indicated sample, but were
not absent in the other mutants. For each phosphorylation event, the Entrez Gene abbreviation, residue of phosphorylation, tryptic peptide, charge state of the mass
spectrometry ion, abundance level zscore (z), best Mascot sequence assignment score (score), and number of times the peptide was sequenced (n) are indicated. Relative
abundances and error estimates for a subset of the peptides in A and B are shown in Sl Fig. 6. (C) Phosphorylation patterns of Tyr?53 and Tyr2%7 of the BCR-ABL kinase
P-loop correlate with transformation potential. Chromatograms plotting mass spectrometry signal intensity versus liquid chromatography elution time illustrate that
Tyr?7 is highly phosphorylated in cells expressing T315I (high transformer) and Tyr?53 is highly phosphorylated in T315A (low transformer). Quantitative ratios of
phospho-Tyr?>7 and phospho-Tyr253 from Ba/F3 cells expressing p210, T315A, and T315l are below the plot. (D) The identity of the gatekeeper residue influences BCR-ABL
P-loop phosphorylation. A cartoon illustrating results from Cis shown. (E) Tyr?53 is a putative dasatinib-sensitive kinase phosphorylation site. Ba/F3 cells stably expressing
T315A were treated with various concentrations of dasatinib for 2 h before phosphopeptide enrichment and mass spectrometric analysis. Quantitative levels of Tyr2>3
and Tyr?>7 phosphorylation at each dasatinib concentration are illustrated.

selective pressure (1, 19). These more virulent, drug-resistant Here we have catalogued the oncogenicity and enzymology of
kinase oncogenes must be detected early to ensure long-term  drug-resistant BCR-ABL mutants that define a spectrum of bio-
cancer control using targeted therapy. logical activity, with examples of increased or decreased fitness
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Y253E. (B) Kinase activity of BCR-ABL single and compound P-loop tyrosine/
gatekeeper mutants.

relative to the wild-type enzyme. Similar conclusions were recently
reported from a study of a smaller panel of five imatinib-resistant
mutants that was independent of our work (41). In most cases, we
found that fitness change correlates with kinase activity. The most
notable exception was the T315I mutation, resistant to all of the
clinically approved ABL kinase inhibitors, that displays enhanced
oncogenic fitness despite reduced kinase activity for classical ABL
substrates. We investigated this apparent paradox by a quantitative
global phosphoproteome profiling method and found mutation-
specific phosphosignatures, indicating that each drug-resistant al-
lele functions as a distinct enzyme with unique biological properties
and substrate recognition profiles. In the case of the two drug-
resistant gatekeeper threonine mutants (T315I and T315A), the
altered phosphorylation profile detected by mass spectrometry
allowed identification of changes in P-loop phosphorylation that are
functionally linked to oncogenic fitness. It will be of interest to
conduct a similar analysis of the drug-resistant EGF receptor
T790M mutation that, like T315I, has been detected in patients
pretreatment and is implicated as a potential gain-of-fitness allele
(19, 42).

In addition to its essential importance in drug resistance, our
findings reveal a previously unanticipated role of the gatekeeper
residue Thr3' in substrate recognition. One striking observation
was the failure of the T315A allele to phosphorylate any classical
ABL substrates in vitro. This same threonine to alanine substitution
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has been engineered into BCR-ABL (and other kinases) to render
the enzyme uniquely sensitive to artificial ATP analogues, thereby
allowing highly specific identification of downstream substrates and
assessment of kinase dependence (29, 31, 43, 44). Our results
suggest that the signaling characteristics of these mutant enzymes
should be carefully evaluated as they may not always closely mimic
the wild-type allele. The identity of the mutant gatekeeper Thr313
residue (Ala or Ile) also impacts the pattern of Tyr?>3 and Tyr>’
phosphorylation in the BCR-ABL P-loop, which impacts oncoge-
nicity (Fig. 2D). The mutagenesis data provide evidence that Tyr?3
phosphorylation suppresses oncogenicity, whereas Tyr?7 plays a
more complex role in promoting oncogenicity. Tyr>7 is unlikely to
function directly as a positive regulator (to counterbalance negative
regulation by Tyr?3) because Y257F substitution impairs the
oncogencity of wild-type BCR-ABL but not T3151. One model,
based on the assumption that both sites are not phosphorylated in
tandem, is that pTyr®’ precludes pTyr>? (perhaps by limiting
access to Tyr>3 kinases). The Y257F mutant in combination with
T315I presumably escapes the negative impact of this substitution
because the efficiency of phosphorylation at the Tyr?? site is
reduced by the Tle3' substitution. Much additional work is required
to evaluate these and other potential models, including structural
studies to understand how Thr3!> substitution impacts substrate
recognition and to identify the kinases and phosphatases that
regulate Tyr?>3/Tyr?” phosphorylation. The correlation between
P-loop phosphorylation site occupancy ratios and oncogenicity,
together with the mutagenesis results, strongly implicate BCR-ABL
P-loop phosphorylation status in the modulation of BCR-ABL
transformation potential and implicate the gatekeeper residue as
impacting the P-loop phosphorylation pattern.

CML patients are now screened for drug-resistant BCR-ABL
mutations when they fail imatinib therapy using standard se-
quencing. Mutations that enhance oncogenicity could be prior-
itized for development of ultrasensitive detection assays so that
these alleles are found before clinical evidence of disease
progression. It should also be possible to prospectively evaluate
the fitness of drug resistant mutations for new kinase inhibitor
targets to define the most worrisome alleles in advance of clinical
development. Our work also demonstrates the utility of phos-
phoproteome profiling as a tool for biomarker discovery. Each
drug-resistant mutation has a unique phosphopeptide signature
that could be used for mutation-specific pharmacodynamic
monitoring of target inhibition and, possibly, for identifying
novel downstream drug targets. Finally, it may be possible to
exploit the important role of Tyr?3? phosphorylation in regulat-
ing BCR-ABL oncogenicity for therapeutic benefit, particularly
in the context of the multiply drug-resistant T3151 allele. One
goal might be to enhance Tyr?>3 phosphorylation by inhibiting
the relevant phosphatase and/or by complete blockade of Tyr?7
phosphorylation with an appropriate kinase inhibitor.

Materials and Methods

Constructs and Cells. All MSCV-BCR-ABL single mutant con-
structs and Ba/F3 stable cell lines used in these studies have been
reported (1, 9). The Y253D/E and compound Tyr?3/Thr3!> muta-
tions were created with the QuikChange XL kit (Stratagene, La
Jolla, CA). Sequences for the Abltides have been published (31).
Oligonucleotides corresponding to these sequences were synthe-
sized for cloning into pGEX-3X (Amersham Pharmacia, Piscat-
away, NJ), and proteins were expressed as in ref. 45.

Primary Bone Marrow Transformation. Infection and subsequent
growth of murine bone marrow containing BCR-ABL mutants was

performed as described (9, 26) with modifications listed in SI Text.

BCR-ABL Kinetics Studies. Gel-based and Abltide in vitro kinase
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assays were performed as described in refs. 34 and 45 with
modifications detailed in SI Text.

Phospho Enrichment, Mass Spectrometry, and Data Analysis. Immu-
noaffinity-based enrichment of digested cellular lysates for tyrosine
phosphorylated peptides was performed in a similar manner to ref.
46, and mass spectrometry analysis was performed as in refs. 47 and
48 with modifications as detailed in SI Text.
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