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ABSTRACT. Abl family kinases have been implicated in the regulation of cell morphogenesis and migration,
but the molecular mechanisms through which they operate are not fully elucidated. We applied the bump
hole technique, pioneered by Shokat and colleagues, to identify direct substrates of Abl and the Abl-
related gene (Arg) kinases. This technique required the engineering of Abl/Arg to utilize an unnatural
ATP analogue as a phospho-donor. Mutation of T334A and T361A in Abl and Arg, respectively, altered
their nucleotide specificity and allowed them to utilize N6-benzyl-ATP as a phospho-donor. These mutations
did not affect the catalytic activity or protein substrate specificity of Abl and Arg. An unexpected high
level of background labeling necessitated further optimization of this approach. Dialysis, pretreatment
with a broad-spectrum Ser/Thr kinase inhibitor, K-252a, and purification of phosphotyrosine-containing
proteins allowed for definitive identification of putative substrates. Using mass spectrometry, we identified
eight putative substrates. One of these putative substrates, myosin 1I1B, can be phosphioryiatety

Arg. Our results indicate that the bumpole technique can be used to identify Abl family kinase substrates
and suggests that myosin IIB may be regulated by tyrosine phosphorylation.

Adhesion and growth factor receptors act through Abl required the construction of a Src-Abl chimera, which utilized
family tyrosine kinases to regulate cell morphogenesis and N6-benzyl-ATP but maintained Abl’s protein specificitygj.
migration. Genetic studies demonstrate that Abl family We hypothesized that mutation of T334 in Abl or T361 in
kinases are essential for epithelial cell morphogenési®)( Arg in the context of the full-length protein might generate
cell migration and chemotaxi8{5), F-actin dorsal wave  ASforms of Abl/Arg without requiring a Src-Abl chimera,
formation @, 7), axon pathfinding &), and dendrite main-  allowing for labeling and identification of biological sub-
tenance 9). Abl family kinase signaling pathways also strates of these kinases.
become disrupted in cancer cellB)f. The Bcr-Abl onco- Here we demonstrate that mutation of T334A and T361A
protein, resulting from a reciprocal chromosomal transloca- alters the nucleotide specificity of Abl and Arg, respectively,
tion involving the bcr and abl genes, causes chronic show thatASAbl and Arg maintain their protein specificity,
myelogenous and acute lymphocytic leukemia in humans illustrate some techniques to optimize the identification of
(12). Cells transformed with Bcr-Abl exhibit altered migra- substrates, and show that one of the putative substrates,
tory (12) and adhesive behaviotd), and reduced respon- myosin IIB, is phosphorylated by Artp vivo. Our results
siveness to chemotactic cueist). demonstrate that this technique can be applied to Abl and

We utilized a chemical genetic technique pioneered by Arg and suggest a novel potential mechanism for the
Shokat and colleagues) to identify putative substrates of ~ regulation of myosin IIB.

A_bI/Arg. By examining crystal_ strugt_ures of klnase_actlve_ EXPERIMENTAL PROCEDURES

sites, Shokat and colleagues identified a bulky amino acid
(1338 in v-Src) adjacent to the N6 of adenosiié{17), a Synthesis of N6-Benzyl-adenosirdl syntheses were
site that could be easily derivatized. Mutation of 1338 to a performed under argon according to Shah et &8).(We
smaller amino acid (alanine or glycine) allowed the mutant

kinase (termed analogue sensitive AS) to use N6- ! Abbreviations: Arg, Abl-related gene; ATP, adenosine tri-
derivatized versions of ATP whereas wild type (WT) kinases Phosphate; A*TP, N6-benzyl-ATPAS analogue sensitive; DMF,
could not. Shah et al. use&iSSrc, N6-benzyl-ATPy-32P dimethyl formamide; TEAB, tetraethyl ammonium bicarbonate; DEAE,

. . diethyl amino ethyl; NMR, nuclear magnetic resonance; NDPK,
and mass spectrometry to identify two novel and three known nycleoside diphosphate kinase; PCR, polymerase chain reaction; GST,
Src substratesl@). glutathioneStransferase; SDS, sodium dodecy! sulfate; PAGE, poly-

D ite the high d f tion bet the S acrylamide gel electrophoresis; EDTA, ethylenediamine tetraacetic acid;
espite the high degree or conservation between e SICeGTA ethylene glycol-bis(beta-aminoethyl ethBiN,N',N'-tetraacetic
and Abl kinase domains, attempts to gener&®Abl acid; MW, molecular weight; MALDI-TOF, matrix adsorbed laser
desorption/ionization time of flight spectrometry; RFP, red fluorescent
protein; HSP-70, heat shock protein 70; PI3-kinase, phosphoinositide
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FiGure 1: Point mutations in Abl and Arg (T334A and T361A)
alter nucleotide specificity. (A)n vitro kinase assays performed
with WT or analogue sensitivéA§-kinases, purified GST-Crk, and
either y-32P-ATP or N6-benzyl-ATP»-32P (A*TP). WT kinases
cannot utilize A*TP, wherea8SAbl (T334A) andASArg (T361A)
can utilize both ATP and A*TP. (B) Use of Mnin reaction buffer
allows WT kinases to utilize A*TP.

dissolved 0.3 g of chloro-riboside in 10 mL of ethanol and

then added 900L of benzyl amine (5:1 molar ratio of benzyl

amine to chloro-riboside) and refluxed overnight. The

reaction was monitored by TLC in 7:1:2 butanol:MbH:

H,O. We obtained white crystals from recrystallization in

ethanol.
Synthesis of N6-Benzyl-ATR/e dissolved 0.1 g of N6-

benzyl-adenosine in 1 mL of trimethyl phosphate. The

reaction was cooled on ice, 34 of phosphorus oxychloride
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cDNAs using PCR. Point mutations (Abl T334A, T334G,
and K290M, and Arg T361A, T361G, and K317M) were
generated using site-directed mutagenesis and PCR and
confirmed by sequencing. Abl, Arg, and GST-Crk were
produced and purified as described previou&l§) (Peptide
substrate (AAVIYAAPFAKKK) was synthesized by the
Keck facility (Yale), and its sequence was confirmed by mass
spectrometry.

Steady-State In Vitro Kinase AssayKinase assays
contained 25 mM HEPES pH 7.25, 5% glycerol, 100 mM
NaCl, 10 mM MgC}, 2 mM DTT, 1 mM NaVOy,, 20 ngl
BSA, 10 nM kinase, and substrate in concentrations as
needed. After 5 min preincubation at 30, the reaction was
initiated by adding 50 or 10«M ATP or A*TP, and
0.75uCi y-32P ATP or A*TP. The reaction was quenched
by the addition of ice-cold Laemmli SDS buffer after 5 min.
The proteins were resolved by SDS PAGE. The gels were
dried, exposed for autoradiography, and quantitated using
Molecular Dynamics Phosphorimaging System and Im-
ageQuant software (GE Healthcare). The data were fit to
the Michaelis-Menten equation using KaleidaGraph (Syn-
ergy Software).

Kinase assays to obtain 4Cvalues were performed as
above except that increasing concentrations of staurosporine
(a gift from D. Austin) or K-252a (a gift from J. Wood)
were added prior to addition of ATP.

Preparation of Brain ExtractsWild type, abl—/—, and
arg—/— mice were sacrificed between postnatal days 28 and
42. The brains were removed and homogenized in homog-

(1.3 molar excess of N6-benzyl-adenosine) was added, andenization buffer (25 mM HEPES pH 7.25, 10% glycerol,
stirred on ice for 1.5 h. Next we added 1 mL of 500 mM 150 mM NaCl, 5 mM EDTA, and 5 mM EGTA). Phos-
pyrophosphate in DMF and 0.2 mL of tributylamine and phatase inhibitors were intentionally excluded to remove

stirred vigorously for 5 min. Addition of 5 mLfdl M triethyl

endogenous phosphorylation. The homogenate was centri-

ammonium bicarbonate (TEAB) quenched the reaction, fuged at 20009 for 10 min. The supernatant (S1) was

which was stored at-20 °C. We purified N6-benzyl-ATP

collected, and the pellet was resuspended in extraction buffer

using a DEAE-Sephadex (Sigma A25120) column with a (homogenization buffer with 2.5% CHAPS). After extracting

TEAB gradient from 50 mM to 500 mMH and®3P NMR

for an hour at £C, the mixture was centrifuged at 100@00

confirmed proper synthesis. This protocol was adapted asfor 1 h. The resulting supernatant (S2) was collected. The

previously describedl1@, 20, 21).
Generation of N6-Benzyl-ATf-*2P. Nucleoside diphos-

detergent was removed from the S2 using Bio-Beads SM
(Bio-Rad) according to the manufacturer’'s protocol. Both

phate kinase was purified from BL21 cells expressing his- S1 and S2 were dialyzed against dialysis buffer (25 mM
tagged nucleoside-diphosphate kinase (NDPK), a gift from HEPES pH 7.25, 10% glycerol, and 150 mM NacCl) to
K. Shokat @2). NDPK was used to generate radiolabeled remove EDTA and EGTA. The MW cutoff of the dialysis

A*TP. 100uL of Ni?*-NTA resin (Qiagen) was poured into

tubing was 12 kDa. The concentration of the extracts was

a 1 mL column (Pierce) and washed with 2 mL of 150 mM obtained using a Bradford assay (Bio-Rad), and the extracts

NaCl/100 mM HEPES (HBS). 100g of his-tagged NDPK

was bound to the Ni-beads and washed with 2 mL of HBS.

Then 100uCi of ATP-y-32P in 2 mL of PBS was poured

were aliquoted and stored ai30 °C.
Bump-Hole Labeling of Brain ExtractsBrain extracts
were used inn vitro kinase assays as above, except that

onto the column. The column was washed with 2 mL of 100uM A*TP was used. 5Qcg of brain extracts and 8Ci
PBS to remove any unreacted ATP. 0.5 nmol of N6-benzyl- A*TP-y-32P were used for background removal experiments,

ADP (a gift from K. Shokat) was diluted in 5Q¢_ of PBS
+ 5 mM MgCl. 250uL of N6-benzyl-ADP was added to
the column and washed with 750 PBS+ 5 mM MgCl,.

500 ug of brain extracts and 8Ci A*TP-y-3?P were used
for proof-of-principle immunoprecipitations, and 10 mg of
brain extracts and 10Ci A*TP-y-32P were used for mass

These steps were repeated with the remaining N6-benzyl-spectrometry experiments. After 10 min, the reaction was
ADP. We used scintillation counting to quantitate incorpora- quenched by addition of ice-cold quench buffer (25 mM
tion of *2P and confirmed that each batch of N6-benzyl-ATP- HEPES pH 7.25, 1% NP-40, 20 mM EDTA, 100 mM NacCl,
y-32P could not be used by WT kinases as in Figure 1A. 0.01% NaN, 1 mM NaVO,, and protease inhibitors). An
This entire protocol is slightly modified from Blethrow et aliquot of the quenched reaction was combined with Laemmli
al. (22). 50% of the®?P phosphate was routinely transferred SDS buffer for input. Immunoprecipitation experiments were
to form A*TP-y-32P. performed by adding g of anti-Crk Il antibodies (Santa
Production of Recombinant ProteindVild type and Cruz sc-289) or anti-phosphotyrosine (Upstate 4G10), as
mutant forms of Abl and Arg were constructed from mouse indicated, and protein A/G beads (Calbiochem) or using
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agarose-coupled-4G10 (Upstate) overnight. The immunet pe =
complexes were pelleted by centrifugation and washed three

, ——
times in quench buffer. Finally, Laemmli SDS buffer was __SPstrate kinase K (uM) KeafKm (Min M)
added and the samples were boiled and separated by SDS ATP X/STAAB?l %?-gg f-gg’x ig
. . . . X

PAGE. Gels were dried and e_:xposgd for autoradmgrap_hy. WT Arg 4353 132 107

Mass Spectrometroomassie stained gels were overlaid ASArg 32.55 8.89x 10*
on film to.identify putative rad_iolabeled prott_air]s. The baljds ASTP WT Abl >444 na
were excised, and the proteins were trypsinized overnight. ASADI 8.95 3.18x 10P
The peptides were extracted from the gel and identified by WT Arg >226 na
mass spectrometry using MALDI-TOF. The molecular ASArg 16.53 5.73¢ 10°
weights obtained from the mass spectrometry were compared FL Crk WT Abl 0.50 1.60x 10°
to database predictions to identify putative substrates. This ASADI 0.44 1.91x 10
was performed by Landon Wilson at the Mass Spectrometry X’ST AArrg 8-?3 é-ggi ig
Core Facility at the University of Alabama at Birmingham. g ' '

Protein Phosphorylation in Vb. 293 cells were trans- Short Crk A\\AéTAﬁlb' 126970 84'7458; ig;‘
fected using Lipofectamine 2000 (Invitrogen) withug of WT Arg 6.00 1.67x 10°
plasmid containing putative substrate andgof either WT ASArg 9.49 4.77x 10¢
AbI/Arg ora Klnase-lnactlve point mutant of ApI/Arg. mRFP— peptide WT Abl 36.94 3.35 10P
fusion proteins were generated by cloning Drebrin 1 ASADI 9.85 2.68% 10F
BC006714 (Invitrogen), HSP-70 NMO005345 (gift from WT Arg 122.53 2.86x 10°
Lynne Regan), ogdh BC013670 (Invitrogen), or syntaxin ASArg 7.15 2.14x 10°
binding protein 1 BC031728 (Invitrogen) into N1-YFP, aASAbI/Arg have similar substrate specificities and catalytic
where the YFP was replaced by mRFAp. GFP-myosin IIA, activities to WT Abl/Arg. Steady-staie vitro kinase assays with WT

GFP-myosin 1IB, and myosin [IC-GFP were obtained from or ASAbI/Arg were performed in quadruplicate with various substrates

L to test if point mutations altered substrate specificity or catalytic activity.
R. Adelstein via Addgene (#11347, #10845, #10843}, ( The K, for N6-benzyl-ATP was obtained by increasing the amount of

25). We did not test PI3 kinase (C2 domain-containing cold A*TP in a series of kinase assays and then fitting the data to the
gamma polypeptide isoform 2). After 48 h, the cells were equation for competitive inhibition: ver (Vma{S])/(Km(1 + [I]/ Ki) +

lysed in modified RIPA buffer, containing 50 mM Tris pH  [S]); the K is reported askn for A*TP. FL-Crk is glutathione
7.2, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% Stransferase (GST) tagged to full-length Crk, Short Crk is GST-tagged

g ! e P Crk residues 116225, and peptide contains Abl’'s preferred phospho-
SDS, 1 mM EDTA, 1 mM N&VOs 2 mM NaF, 1 MM yation sequence3@) (AAVIYAAPFAKKK). The data for WT Abl
PMSF, 10ug/mL pepstatin A, 10ug/mL chymostatin,  and Arg phosphorylating Crk and Short Crk were reported previously
10 ug/mL leupeptin, 1 mM benzamidine, and »@/mL (23).

aprotinin. The putative substrates were immunoprecipitated

with 3 ug of either anti-RFP (Chemicon) or anti-GFP 1 iants could utilize N6 benzyl ATP (A*TP). Although WT
(Rock_land 600.101-215) antlb_odles and protein A/G b_eads Abl and Arg could use only ATP, Abl T334AXSAbl) and
(Calbiochem). Western blotting was performed using a Arg T361A (ASArg) could use either ATP or A*TP (Figure

cocktail of anti-PY antibodies (Upstate 4G10, Santa Cru; 1A). Abl T334G and Arg T361G are catalytically inactive
PY20, Santa Cruz PY99), GFP (Rockland), or RFP (Chemi- (qata not shown). Surprisingly, WT Abl and Arg can utilize

con), HRP-conjugated secondary antibodies (Bio-Rad), and p»1p in assays containing both Mhand M@* (Figure 1B,
chemiluminescence. Blots were quantitated using densito-|5nes 3-4 7-8). However, inclusion of Mg alone
meter and Quantity One software (Bio-Rad). The fold , oyented use of A*TP by WT kinases. This reduced

activation was calgulat_ed as the ratio o_f PY to GFP or RFP .\ leotide specificity observed in the presence ofMmas

for WT vs kinase-inactive overexpression. a precedent in other ATP-binding proteins. For example,

RESULTS Mn?* increases the nucleotide misincorporation rate in DNA
polymerases28). This result demonstrates the successful

We successfully extend the bumpole technique, a  application of the bumphole technique to Abl family
chemical genetic technique described previously for Src andkinases, aASAbl and ASArg can utilize A*TP but WT
other kinases 16, 17, 26, 27), to Abl and Arg. For this  Abl and WT Arg cannot.
technique, a hole is engineered in the ATP binding site of  AS-Abl/Arg Hae Normal Catalytic Actiities. We per-
the kinase by mutating the residue nearest to N6 of ATP. formed steady-state kinase assays to comiageandk..s
We identified T334 (Abl) and T361 (Arg) as the residues for WT Abl and Arg with ASAbl and Arg to ensure that
that correspond to the residue mutatedA\i&Src (T338 in the mutations did not adversely affect catalytic activit-
c-Src or 1338 in v-Src) by aligning the kinase domains of Abl and ASArg have a similarK,,, for ATP as wild type
Abl, Arg, and Src. We mutated the threonine (334 in Abl, kinases (Table 1). Interestingly, in thSkinases, theKy,
361 in Arg) to alanine or glycine and purified these kinases for A*TP is 2—3-fold lower than for ATP, suggesting a slight
from insect cells. Baculovirus-mediated expression in insect preference for A*TP over ATP. Importantly, the catalytic
cells allows for proper folding and post-translational modi- efficiencies k.a/Km) for the ASkinases are not impaired by
fications of these kinases. mutation of the threonine. These data suggest that point

Mutation of T334/T361 in Abl/Arg Generates AS-Kinases. mutation of threonine to alanine in Abl and Arg alters
We performedin vitro kinase assays using GST-Crk, a nucleotide specificity and that these mutants prefer A*TP
known Abl substrate3), to determine whether Abl and Arg  to ATP, but have no effect on catalytic efficiency.
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Ficure 2: ASAbI/Arg phosphorylate Crk, a known substrate, in brain extracts. Brain extracts were treated with A*TP ané &ttt

Arg (AS) or kinase-inactive (KI) Abl/Arg for 10 min. An aliquot of the reactions was loaded as the preimmunoprecipitation input. The
known Abl/Arg substrate, Crk, was immunoprecipitated and is indicated by the asterisk (pellet). An aliquot of the post-immunoprecipitation
supernatant was also saved (sup.). Crk was radiolabeled oil$Abl/Arg not KI-Abl/Arg treated extracts.

Protein Substrate Specificity Is Not Alter&le performed

Abl and Arg are tyrosine kinases, we enriched for phospho-

steady-state kinase assays with different substrates of Abltyrosine-containing proteins in the substrate reactions by

and Arg to confirm thaASAbl and ASArg maintain protein
substrate specificityASAbl and ASArg haveKns similar
to WT kinases for full-length GST-Crk (FL Crk), GST-Crk
amino acids 126225 (Short Crk), and a peptide optimized
for Abl family kinases (AAVIYAAPFAKKK) (Table 1) @3,
29—32). Surprisingly, theASkinases have a lowe,, for

immunoprecipitation with phosphotyrosine specific antibod-
ies (Figure 3C). For example, six discrete radiolabeled
proteins were visibly immunoprecipitated in both tAS-

Abl and ASArg treated extracts, whereas no radiolabeled
proteins were pelleted in the control reactions to which KI-
Abl/Arg were added. Surprisingly, the nonspecific, radiola-

the peptide than the WT kinases. This may result from slight beled proteins in Kl-treated extracts remained in the super-

alterations in the catalytic cleft. Regardless, g and
catalytic efficiency ofASAbl and ASArg are similar to WT
Abl and Arg, especially for interacting with full-length

natant (Figure 3C, lanes 4 and 8), suggesting that phosphorylation
of these proteins may be on Ser or Thr residues. This data
implies that inhibition of Ser/Thr kinases may further reduce

proteins (Table 1). These data suggest that the proteinnonspecific background.

specificity of ASAbl and ASArg are similar to WT Abl and
Arg.

Bump-Hole Labeling of Brain Extracts Yielded Unex-
pected Background Phosphorylatidtiaving confirmed that
ASAbl andASArg function similarly to WT kinasem vitro,
we performed a proof-of-principle experiment to teshA§

To test this hypothesis, we sought a general kinase
inhibitor that had little effect on Abl and Arg but was potent
against Ser/Thr kinases. Staurosporine and K-252a, which
inhibit Ser/Thr kinases with an Kgof 10—80 nM, weakly
inhibited Abl and Argin wuitro (Figure 4). Staurosporine
inhibited Abl and Argin vitro with 1Csq of 4 uM and 13

Abl/Arg can phosphorylate a known substrate in brain uM, respectively. K-252a inhibited Abl and Arg with &

extracts radiolabeled with exogenously addeslAbl/Arg
and A*TP+-32P. As a control, we incubated extracts with a
kinase inactive point mutant of Abl/Arg (KI) that should not
transfer radioactive phosphate to proteins from ASI-P2P.,
Surprisingly, KI Abl- or KI Arg-treated extracts contained

greater than 5@M. We found that a combination of dialysis
and K-252a treatment (1@M) nearly eliminated the
nonspecific background (Figure 3B, lanes 6 and 12).
Identification of Putatie SubstratesBy combining di-
alysis, K-252a treatment, and phosphotyrosine immunopre-

numerous radiolabeled bands (Figure 2, lanes 2 and 8).cipitation in our labeling experiments, we eliminated the

Regardless, when Crk is immunoprecipitated, it is only
phosphorylated il\SAbl/Arg-treated but not control extracts
(Figure 2, lanes 3, 4 and 9, 10). This proof-of-principle
experiment demonstrates theB-Abl/Arg can phosphorylate
a known substrate in a complex protein extract. This finding
suggests that the bumihole technique may identify ad-
ditional putative Abl/Arg substrates after eliminating the
nonspecific background phosphorylation.

Methods for Remang Nonspecific Background Phospho-

background and identified the presence of several specific
radiolabeled proteins (Figure 5A). These bands were excised
and subjected to mass spectrometry. The putative substrates
are drebrin 1, myosin IIB, munc18-1, PI-3 kinase (C2
domain-containing gamma polypeptide isoform 2), alpha- and
beta-tubulin, HSP-70, and a subunit from alpha ketoglutarate
dehydrogenase. Interestingly, six of the eight putative
substrates are proteins known to have a role in cytoskeletal
reorganization.

rylation. We hypothesized that the source of the background Arg Phosphorylates Myosin 1IB in M. We have previ-

phosphorylation resulted from reincorporation of the radio- ously shown that coexpression of Abl/Arg with their
labeled phosphate into endogenous ATP or the use of A*TP substrates cortactin or p190RhoGAP leads to increased
by other kinases in the extract. Dialysis of the extract reduced phosphorylation on the substratg @81). Because Abl and
the nonspecific background phosphorylation (Figure 3B, Arg have nearly identical protein substrate specifigityitro
compare lanes 2 and 4 or 8 and 10). This step may remove(7, 23) we tested whether the putative substrates could be
excess free nucleotides from the extract, eliminating the phosphorylated by either kinase in cells. Each putative
recipients of any recyclefP-phosphate. Additionally, since  substrate was expressed with either WT Abl/Arg or KI Abl/
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A 1. Prepare cell extracts
2. Dialyze extracts overnight
3. Add drugs to inhibit other Ser/Thr kinases
4. Label extracts with A*TP and AS-kinase
5. Quench reaction with EDTA
6. Enrich for PY proteins with anti-PY IP
7. Separate proteins with SDS-PAGE
8. Stain gel and expose to film
9. Excise radioactive bands for identification
B Abl treated extracts Arg treated extracts
control dialyzed control dialyzed
DMSO K-252a DMSO K-252a
AS Ki AS Ki AS Ki AS Ki AS Ki AS Ki
* —
a 9 . -
4 3 : k¥
* o -
s B e -
*
e S - g %
1 2 3 4 5 6 9 10 1 12
C o-phosphotyrosine IP
Abl treated extracts Arg treated extracts
pellet sup. pellet sup.
AS Kl AS KI AS KI AS Ki
8 b - —
* * - L
+ b - . - -
* *
- o b *
R wi?
1 2 3 4 5 6 7 8

Ficure 3: Dialysis, drug treatment, and phosphotyrosine enrichment eliminate nonspecific background phosphorylation. (A) Flowchart
outlining methods to reduce background phosphorylation. (B) Mouse brain extracts and A*TP were combined with exogenously added
ASADI/Arg (AS) or kinase-inactive (KI) Abl/Arg as a control. Dialysis and pretreatment of the extracts with K-252aV(jL8liminated
background. Putative substrates are indicated by asterisks. (C) Nonspecific phosphorylation is on serine or threonine residues. Enriching for
phosphotyrosine containing proteins with anti-phosphotyrosine immunoprecipitation (pellet) demonstrates that nonspecific phosphorylation
remains in the supernatant (sup.).

Arg, and following immunoprecipitation of the putative DISCUSSION

substrate, its phosphorylation status was assessed by immu- \we have described the optimization of the burhyple
noblotting with phosphotyrosine specific antibodies. We technique to identify putative substrates of Abl family kinases
found that of the putative substrates tested only myosin IIB i, the mouse brain. We altered the nucleotide specificity by
was reproducibly tyrosine phosphorylated (6.4-fold over mutating Thr334 in Abl and Thr361 in Arg to alanine. This
coexpression with KI) when coexpressed with WT Arg residue is identical to that mutated by Liu et al. as a probable
(Figure 6A). Myosin I1B was not phosphorylated by Ablin  candidate for altering the nucleotide specificity of AbS).

the same assay (data not shown). Because this is the firstThese single point mutants exhibited similar catalytic activi-
description of myosin 1IB being phosphorylated on tyrosine ties to WT kinases, but could also utilize an unnatural
residues, we also tested whether other isoforms of myosinnucleotide, N6-benzyl-ATP. This result differs from a
Il were also phosphorylated by Abl or Arg. We found that published report suggesting that a Src-Abl chimera is required
WT Arg phosphorylates myosin IIA (1.5-fold over coex- to generate aASAbI (19). A major difference between this
pression with KI) but not myosin IIC. work and Liu et al. is the purification of full-length kinases
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FiGure 4: K-252a inhibits Abl and Arg with |6, greater than
50 uM. Representative phosphorimage infuitro kinase assays

performed with excess GST-Crk and ATP, increasing concentration
of K-252a or staurosporine (stauro.). Staurosporine inhibits Abl and

Arg with and 1G of 4 and 13uM, respectively. However, K-252a
inhibits Abl and Arg with an 1G, > 50 uM. Because it potently
inhibits many kinases, K-252a is a candidate for eliminating
background phosphorylation without affecting Abl and Arg activity.

A Dialyzed extracts, K-252a, A*TP, o-PY IP +
AS-Arg Kl Arg AS-Abl Kl Abl AS-Arg Kl Arg
0
- 11
- #2 3
13
-7 14 {
»w 8
9
1
18
B Putative Substrates:
1. Arg 8. Syntaxin binding protein 1
2.HSP 70 9. No identity
3. PI3K, isoform 2 10. Arg
4. No identity 11 Drebrin 1
5. Myosin IIB (fragment) 12-14. No identity
6. a-ketoglutarate dehydrogenase 15. a-tubulin
7. Myosin 1IB (fragment) 16. B-tubulin

Ficure 5: Identification of novel putative Abl/Arg substrates. (A)

Phosphorimage depicts sixteen discrete protein bands labeled b
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FIGURE 6: Arg phosphorylates myosin IIA and myosin lIB vivo.

(A) Myosin 1IB and WT Arg or kinase-inactive (KI) Arg were
expressed in 293 cells. The phosphotyrosine (PY) content of
immunoprecipitated myosin 11B was assessed by immunoblotting.
Expression of WT Arg leads to 6.4-fold increase in phosphotyrosine
in myosin IIB compared to KI Arg expression,= 4 experiments.

(B) Myosin IIA or myosin 1IC and WT Arg or Kl Arg are expressed
as in panel A. Expression of WT Arg leads to a 1.5-fold increase
in phosphotyrosine in myosin IIA but not myosin IIC compared
with KI Arg expressionn = 2 experiments.

treated extracts. The background labeling remained in the
supernatant, indicating that ti¥éP-labeled phosphate was
on serine or threonine residues. This led us to identify a broad
kinase inhibitor that would eliminate background Ser/Thr
kinase activity but not inhibit Abl and Arg. K-252a inhibits
Abl and Arg weaklyin vitro with an 1G, greater than 50
uM, whereas it inhibits other kinases between 10 and 80
nM. When we combined dialysis, treatment of extracts with
10 uM K-252a, and phosphotyrosine immunoprecipitation,
ASADbI and Arg specifically radiolabeled sixteen bands. By
mass spectrometry, we identified eight novel putative
substrates of Abl family kinases.

Surprisingly, we did not identify other known substrates
(cortactin, Crk, p190RhoGAP, and paxillin) using this
technique. These proteins may not be abundant enough in

)prain extract for us to label, purify, and identify using mass

ASAbl/Arg. Bands were excised and identified by mass spectrom- Spectrometry. We were able to demonstrate specific phos-

etry. Substrates-14 were labeled in soluble fraction (S1) of brain
extracts, whereas substrates 1% were labeled in cytoskeletal
fraction (S2) CHAPS-extracted brain extracts. (B) Identities of

putative substrates. Seventy-five percent of the putative substrate

have known roles in cytoskeletal regulation.

phorylation of Crk and cortactin (data not shown) after
immunoprecipitating these substrates from labeled extracts,
suggesting that these and other proteins might be below the

Yhreshold for identification by mass spectrometry. This

experiment demonstrates an additional advantage of the

from insect cells vs kinase fragments from bacteria. Expres- bump-hole technique: confirming that putative substrates

sion and purification from insect cells may promote folding

and post-translational modification required for proper kinase

function.
Although WT Abl and Arg could not utilize A*Tkn wvitro,

are directly phosphorylated by a particular kinase.

We identified myosin 1IB via extract labeling zitro with
ASADI, although only Arg promotes myosin 11B phospho-
rylation in vizo. Myosin IIB is an actin-based motor that

many mouse brain extract proteins were radiolabeled in theforms bipolar filaments, which exert and maintain tension

presence of A*TP- y-32P, This suggests that either endog-

on the cellular actin network. In neurons, myosin IIB is

enous kinases or ATPases in the extract can utilize A*TP, enriched at the leading edge of growth corz%; 84) where
and that the radiolabeled phosphate is then reincorporatedt promotes growth cone motility and neurite outgrowds3,(

as ATPy-3%P. Dialyzing the extracts reduced most of the

35—38). It is likely that thein vivo localization of myosin

background, suggesting that removal of the free nucleotideslIB favors Arg-mediated phosphorylation, but precludes

eliminated the opportunity for th&P-labeled phosphate to

phosphorylation by Abl. Abl and Arg have nearly identical

be recycled or that the dialysis denatured or eliminated the catalytic activities on substrat@s vitro (7, 23), so it is not

enzyme responsible for recycling tP®-labeled phosphate.
The nonspecific background is likely due to Ser/Thr

surprising that Abl can phosphorylate myosin liiB vitro.
This is the first report demonstrating tyrosine phosphorylation

kinases, as enriching for phosphotyrosine-containing proteinsof myosin 1B, though it is known to be phosphorylated on
by immunoprecipitation eliminates the background in control serine and threonine residues. Future studies will explore
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whether tyrosine phosphorylation of myosin IIB regulates
its motor, actin-binding activity, filament-formation, or
interaction with other regulators.

ACKNOWLEDGMENT

We thank Xianyun Ye for technical support, Scott Strobel
and Emmanuel Pfund for help in synthesizing N6-benzyl-
ATP, Justin Blethrow and Kevan Shokat for N6-benzyl-ADP

and nucleoside diphosphate kinase, Lynne Regan for HSP-

70 cDNA, Dave Austin for staurosporine, John Wood for
K-252a, and Bill Bradley and Chris Mader for critical reading
of the manuscript.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Koleske, A. J., Gifford, A. M., Scott, M. L., Nee, M., Bronson,
R. T., Miczek, K. A., and Baltimore, D. (1998) Essential roles
for the Abl and Arg tyrosine kinases in neurulatidveuron 21
1259-1272.

. Grevengoed, E. E., Loureiro, J. J., Jesse, T. L., and Peifer, M.

(2001) Abelson kinase regulates epithelial morphogenesis in
Drosophila,J. Cell Biol. 155 1185-1198.

. Kain, K. H., and Klemke, R. L. (2001) Inhibition of cell migration

by Abl family tyrosine kinases through uncoupling of Crk-CAS
complexes). Biol. Chem. 27616185-16192.

. Plattner, R., Irvin, B. J., Guo, S., Blackburn, K., Kazlauskas, A.,

Abraham, R. T., York, J. D., and Pendergast, A. M. (2003) A
new link between the c-Abl tyrosine kinase and phosphoinositide
signalling through PLC-gammaRiat. Cell Biol. § 309-319.

. Frasca, F., Vigneri, P., Vella, V., Vigneri, R., and Wang, J. Y.

(2001) Tyrosine kinase inhibitor STI571 enhances thyroid cancer
cell motile response to Hepatocyte Growth Fac@mcogene 20
3845-3856.

. Plattner, R., Kadlec, L., DeMali, K. A., Kazlauskas, A., and

Pendergast, A. M. (1999) c-Abl is activated by growth factors
and Src family kinases and has a role in the cellular response to
PDGF,Genes De. 13 2400-2411.

. Boyle, S. N., Michaud, G. A., Schweitzer, B., Predki, P. F., and

Koleske, A. J. (2007) A Critical Role for Cortactin Phosphory-
lation by Abl-Family Kinases in PDGF-Induced Dorsal-Wave
Formation,Curr. Biol. 17, 445-451.

. Wills, Z., Marr, L., Zinn, K., Goodman, C. S., and Van Vactor,

D. (1999) Profilin and the Abl tyrosine kinase are required for
motor axon outgrowth in the Drosophila embriiguron 22291~
299.

. Moresco, E. M., Donaldson, S., Williamson, A., and Koleske, A.

J. (2005) Integrin-mediated dendrite branch maintenance requires
Abelson (Abl) family kinases). Neurosci. 256105-6118.
Srinivasan, D., and Plattner, R. (2006) Activation of Abl tyrosine
kinases promotes invasion of aggressive breast cancer cells,
Cancer Res. 665648-5655.

Melo, J. V. (1997) BCR-ABL gene variantBaillieres Clin.
Haematol. 10203-222.

Salgia, R., Li, J. L., Ewaniuk, D. S., Pear, W., Pisick, E., Burky,
S. A, Ernst, T., Sattler, M., Chen, L. B., and Griffin, J. D. (1997)
BCR/ABL induces multiple abnormalities of cytoskeletal function,
J. Clin. Invest. 100 46—57.

Salesse, S., and Verfaillie, C. M. (2002) Mechanisms underlying
abnormal trafficking and expansion of malignant progenitors in
CML: BCR/ABL-induced defects in integrin function in CML,
Oncogene 218605-8611.

Salgia, R., Quackenbush, E., Lin, J., Souchkova, N., Sattler, M.,
Ewaniuk, D. S., Klucher, K. M., Daley, G. Q., Kraeft, S. K.,
Sackstein, R., Alyea, E. P., von Andrian, U. H., Chen, L. B.,
Gutierrez-Ramos, J. C., Pendergast, A. M., and Griffin, J. D.
(1999) The BCR/ABL oncogene alters the chemotactic response
to stromal-derived factor-lalphBJood 94 4233-4246.

Shah, K., Liu, Y., Deirmengian, C., and Shokat, K. M. (1997)
Engineering unnatural nucleotide specificity for Rous sarcoma
virus tyrosine kinase to uniquely label its direct substra®esc.

Natl. Acad. Sci. U.S.A. 98565-3570.

Liu, Y., Shah, K., Yang, F., Witucki, L., and Shokat, K. M. (1998)
A molecular gate which controls unnatural ATP analogue recogni-
tion by the tyrosine kinase v-SrBjoorg. Med. Chem. 61219~
1226.

17.

18.

19.

N

21.

22.

24.

25.

26.

27.

31.

33.

34.

35.

37.

38.

0.

Boyle and Koleske

Liu, Y., Shah, K., Yang, F., Witucki, L., and Shokat, K. M. (1998)
Engineering Src family protein kinases with unnatural nucleotide
specificity, Chem. Biol. 591-101.

Shah, K., and Shokat, K. M. (2002) A chemical genetic screen
for direct v-Src substrates reveals ordered assembly of a retrograde
signaling pathwayChem. Biol. 9 35—47.

Liu, Y., Witucki, L. A., Shah, K., Bishop, A. C., and Shokat, K.
M. (2000) Src-Abl tyrosine kinase chimeras: replacement of the
adenine binding pocket of c-Abl with v-Src to swap nucleotide
and inhibitor specificitiesBiochemistry 39144006-14408.

Ludwig, J. (1981) A new route to nucleosideriphosphatesicta
Biochim. Biophys. Acad. Sci. Hung.,1831-133.

Kraybill, B. C., Elkin, L. L., Blethrow, J. D., Morgan, D. O., and
Shokat, K. M. (2002) Inhibitor scaffolds as new allele specific
kinase substrates, Am. Chem. Soc. 1242118-12128.

Blethrow, J., Zhang, C., Shokat, K. M., and Weiss, E. L. (2004)
Design and Use of Analog-Sensitive Protein Kinas€syr.
Protoc. Mol. Biol. 18 11.1-11.19.

. Tanis, K. Q., Veach, D., Duewel, H. S., Bornmann, W. G., and

Koleske, A. J. (2003) Two distinct phosphorylation pathways have
additive effects on abl family kinase activatiavipl. Cell. Biol.

23, 3884-3896.

Wei, Q., and Adelstein, R. S. (2000) Conditional expression of a
truncated fragment of nonmuscle myosin II-A alters cell shape
but not cytokinesis in HeLa cell§jol. Biol. Cell 11, 36173627.
Golomb, E., Ma, X., Jana, S. S., Preston, Y. A., Kawamoto, S.,
Shoham, N. G., Goldin, E., Conti, M. A,, Sellers, J. R., and
Adelstein, R. S. (2004) Identification and characterization of
nonmuscle myosin 1I-C, a new member of the myosin Il family,
J. Biol. Chem. 2792800-2808.

Habelhah, H., Shah, K., Huang, L., Burlingame, A. L., Shokat,
K. M., and Ronai, Z. (2001) Identification of new JNK substrate
using ATP pocket mutant INK and a corresponding ATP analogue,
J. Biol. Chem. 27618090-18095.

Bishop, A. C., Ubersax, J. A., Petsch, D. T., Matheos, D. P., Gray,
N. S., Blethrow, J., Shimizu, E., Tsien, J. Z., Schultz, P. G., Rose,
M. D., Wood, J. L., Morgan, D. O., and Shokat, K. M. (2000) A
chemical switch for inhibitor-sensitive alleles of any protein kinase,
Nature 407 395-401.

. Goodman, M. F., Keener, S., Guidotti, S., and Branscomb, E. W.

(1983) On the enzymatic basis for mutagenesis by mangahese,
Biol. Chem. 2583469-3475.

. Feller, S. M., Knudsen, B., and Hanafusa, H. (1994) c-Abl kinase

regulates the protein binding activity of c-CrEMBO J. 13
2341-2351.

. Wang, B., Mysliwiec, T., Feller, S. M., Knudsen, B., Hanafusa,

H., and Kruh, G. D. (1996) Proline-rich sequences mediate the
interaction of the Arg protein tyrosine kinase with C@ncogene

13, 1379-1385.

Hernandez, S. E., Settleman, J., and Koleske, A. J. (2004)
Adhesion-Dependent Regulation of p190RhoGAP in the Develop-
ing Brain by the Abl-Related Gene Tyrosine Kina€ayrr. Biol.

14, 691-696.

. Songyang, Z., Carraway, K. L., 3rd, Eck, M. J., Harrison, S. C.,

Feldman, R. A., Mohammadi, M., Schlessinger, J., Hubbard, S.
R., Smith, D. P., Eng, C., and et al. (1995) Catalytic specificity
of protein-tyrosine kinases is critical for selective signalling,

Nature 373 536-539.

Bridgman, P. C. (2002) Growth cones contain myosin Il bipolar
filament arraysCell Motil. Cytoskeleton 5291—96.

Cheng, T. P., Murakami, N., and Elzinga, M. (1992) Localization
of myosin IIB at the leading edge of growth cones from rat dorsal
root ganglionic cellsFEBS Lett. 31191-94.

Brown, J., and Bridgman, P. C. (2003) Role of myosin Il in axon
outgrowth,J. Histochem. Cytochem. 5421—-428.

. Brown, M. E., and Bridgman, P. C. (2003) Retrograde flow rate

is increased in growth cones from myosin IIB knockout mite,
Cell Sci. 116 1087-1094.

Diefenbach, T. J., Latham, V. M., Yimlamai, D., Liu, C. A,,
Herman, I. M., and Jay, D. G. (2002) Myosin 1c and myosin |I1B
serve opposing roles in lamellipodial dynamics of the neuronal
growth coneJ. Cell Biol. 158 1207-1217.

Wylie, S. R., and Chantler, P. D. (2001) Separate but linked
functions of conventional myosins modulate adhesion and neurite
outgrowth,Nat. Cell Biol. 3 88—92.

BI701119S



