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The activities of the related Abl and Arg nonreceptor tyrosine kinases are kept under tight control in cells,
but exposure to several different stimuli results in a two- to fivefold stimulation of kinase activity. Following
the breakdown of inhibitory intramolecular interactions, Abl activation requires phosphorylation on several
tyrosine residues, including a tyrosine in its activation loop. These activating phosphorylations have been
proposed to occur either through autophosphorylation by Abl in trans or through phosphorylation of Abl by the
Src nonreceptor tyrosine kinase. We show here that these two pathways mediate phosphorylation at distinct
sites in Abl and Arg and have additive effects on Abl and Arg kinase activation. Abl and Arg autophosphorylate
at several sites outside the activation loop, leading to 5.2- and 6.2-fold increases in kinase activity, respectively.
We also find that the Src family kinase Hck phosphorylates the Abl and Arg activation loops, leading to an
additional twofold stimulation of kinase activity. The autoactivation pathway may allow Abl family kinases to
integrate or amplify cues relayed by Src family kinases from cell surface receptors.

Protein kinases transmit information by phosphorylating
specific substrates in response to discrete stimuli. The two
vertebrate Abl family nonreceptor tyrosine kinases, Abl and
Arg, have been suggested to mediate cellular responses to
diverse stimuli, including ionizing radiation, growth factor
stimulation, adhesion receptor engagement, and oxidative
stress (5, 11, 14, 18, 25, 30). Abl and Arg kinase activities are
normally kept under tight control in cells, but treatment with
one of these stimuli can lead to a two- to fivefold increase in
kinase activity. It is largely unknown how the membrane re-
ceptors and other cellular sensors of these stimuli interface
with Abl and Arg to promote increased kinase activity.

The N-terminal halves of Abl and Arg have Src homology 3
(SH3), SH2, and tyrosine kinase domains in tandem. This
modular structure is shared with Src family nonreceptor ty-
rosine kinases, suggesting that Abl and Src family kinases have
similar regulatory mechanisms. Structural analysis reveals that
Src family kinases are stabilized in an inactive conformation by
two sets of intramolecular interactions (29, 36). The Src SH3
domain binds to a short linker between the SH2 and kinase
domains, while the SH2 domain binds to an inhibitory phos-
photyrosine (PY) residue near the C terminus. When engaged
with their intramolecular targets, the SH3 and SH2 domains
form a rigid frame that stacks along the back surface of the
kinase domain and stabilizes Src in an inactive conformation
(29, 36). Mutational disruption of either of these two interac-
tions leads to activation of Src kinase activity (19, 24, 31).

Similar to Src, mutations of the Abl SH3 domain or its
putative target in the SH2-kinase linker region lead to in-
creased Abl kinase activity, suggesting that intramolecular con-

tacts may help keep Abl in an inactive state (2, 10, 13). Recent
studies reveal that the variable N-terminal domain of type IV
Abl helps maintain Abl in an inactive conformation through
interactions with the SH3-SH2-kinase domain module (26).
The cellular antioxidant protein PAG can also bind to the Abl
SH3 domain and inhibit kinase activity, suggesting that it may
help keep Abl inactive through interactions with the SH3 do-
main (34). It is unclear, however, whether the SH2 domain of
Abl or Arg engages in interactions that help keep the kinase in
the inactive state.

Activation of Src family nonreceptor tyrosine kinases re-
quires both breakdown of the inhibitory interactions and rear-
rangement of the kinase domain into an active conformation.
Strong ligands for the Src SH3 or SH2 domain activate Src
kinase activity, presumably by releasing the SH3 and SH2 do-
mains from their inhibitory lock on the kinase domain (1, 22).
When Src family kinases are active, residues in helix C form
part of the kinase active site (37). Assembly of the kinase active
site is controlled by tyrosine phosphorylation of an activation
loop that connects the N- and C-terminal lobes of the kinase
domain. In inactive Src, this central part of the activation loop
inserts between the N- and C-terminal lobes of the kinase
domain, occluding access to the active site and pushing helix C
out of position relative to other residues in the active site (28,
35). Phosphorylation of a conserved tyrosine in the loop (Y416
in Src) reorients the activation loop, allowing substrates access
to the active site and permitting helix C to rotate into position
to form the active site (37).

Tyrosine phosphorylation is also a critical regulatory event
in Abl family kinase activation, but it is unclear exactly how this
phosphorylation is achieved. Abl has been reported to auto-
phosphorylate in trans at two sites in vitro: Y245 in the SH2
domain-kinase linker and Y412 in the activation loop (4). Au-
tophosphorylation at both sites contributes to Abl kinase ac-
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tivity (4). Other experiments show that expression of an acti-
vated Src mutant (Src527F) with Abl in HEK293 cells leads to
increased tyrosine phosphorylation of Abl and increased Abl
kinase activity (8, 25). An increase in tyrosine phosphorylation
is not observed on an Abl412F activation loop mutant upon
coexpression with Src527F, and the Abl412F mutant is resis-
tant to activation by Src527F (8). Together, these data suggest
that Src can mediate activation of Abl by promoting phosphor-
ylation of Y412 in the Abl activation loop. These experiments
collectively suggest that two phosphorylation pathways can ac-
tivate Abl: (i) Abl can activate itself through autophosphory-
lation and (ii) Abl can be activated through phosphorylation by
Src.

We report here a comparison of the two pathways for Abl
family kinase activation using purified recombinant proteins.
We confirm that Abl and Arg are both activated by auto-
phosphorylation at several sites. This activation can be further
enhanced through direct phosphorylation by the Src family
kinase Hck. Unexpectedly, autoactivation requires phosphor-
ylation at sites that are distinct from those required for Hck-
mediated stimulation. Autoactivation of Abl and Arg does not
require phosphorylation of the activation loop tyrosines, where-
as Hck directly stimulates Abl/Arg activity by phosphorylating
Y412 and Y439 in the activation loop. We propose that the
autoactivation pathway may allow Abl family kinases to am-
plify or integrate stimulatory cues relayed from cell surface
receptors by Src family kinases.

MATERIALS AND METHODS

Production of recombinant proteins. Full-length Abl/Arg and Abl/Arg mutant
cDNAs were constructed by PCR using murine Abl/Arg cDNA as the template.
Amino acids are numbered as for the myristoylated form of murine Abl/Arg.
With the exception of the �SH3 and “capped” variants of Abl and Arg, our
constructs lack the variable N-terminal domain and begin with the first common
exon (E46 in myristoylated Abl and E74 in myristoylated Arg). Wild-type and
mutant cDNAs were cloned into the pFastBac HTa plasmids, except for �SH3
and Cap Abl/Arg, which were C terminally His tagged and cloned into pFast-
Bas1. Abl/Arg proteins were produced with the Bac-to-Bac expression system
(Life Technologies). For protein expression, Hi-5 insect cells were infected with
recombinant baculovirus at a multiplicity of infection of 0.5 and harvested after
48 h. The cells were lysed with a French press in 50 mM HEPES (pH 7.25), 5 mM
�-mercaptoethanol, 500 mM KCl, 0.01% Nonidet P-40, 5% glycerol, and pro-
tease inhibitors (10 �g of pepstatin A/ml, 10 �g of chymostatin/ml, 10 �g of
leupeptin/ml, 1 mM benzamidine, 50 �g of aprotinin/ml, 1 mM phenylmethyl-
sulfonyl fluoride). The lysates were centrifuged at 100,000 � g for 1 h, and the
supernatant was incubated with Ni-nitrilotriacetic acid resin (Qiagen) for 1 h.
After extensive washing, protein was eluted with 20 mM HEPES (pH 7.25), 500
mM KCl, 0.01% Nonidet P-40, 5% glycerol, 5 mM �-mercaptoethanol, protease
inhibitors, and 100 mM imidazole. Protein concentrations were determined by
the Bradford assay (Bio-Rad). GST-Crk II (a gift from Bruce Mayer) and
GST-Crk(120-225) (a gift from Ruibao Ren) were expressed and purified as
described previously (14). The synthetic peptide substrate (AAVIYAAPFA
KKK) was a gift from John Colicelli.

Autophosphorylation reactions. Phosphorylation reaction mixtures contained
20 mM HEPES (pH 7.25), 100 mM KCl, 15 mM MgCl2, 15 mM MnCl2, 1 mM
dithiothreitol, 5% glycerol, 1 mM sodium orthovanadate, 100 �M ATP, and 0.7
�M Abl or Arg. Where specified, 500 nM Hck (a gift from John Kuriyan) was
included in the reaction mixture. All reaction mixtures were incubated at 30°C
for the same length of time. Autophosphorylation was initiated at various times
by the addition of ATP, and the reactions were terminated after equal total
periods of incubation at 30°C by the addition of ice-cold sodium dodecyl sulfate
(SDS) sample buffer. The samples were resolved by SDS-polyacrylamide gel
electrophoresis (PAGE), transferred to nitrocellulose, and probed with antibod-
ies to PY (4G10; Upstate Biotechnology), Abl (Ab-3; Calbiochem), or Arg (15)
to control for loading. Radioactive autophosphorylation reactions were con-
ducted similarly, with the addition of 0.5 �Ci of [�-32P]ATP. After being resolved

by SDS-PAGE, the gels were exposed for autoradiography and quantitated using
a Molecular Dynamics PhosphorImaging system and ImageQuant software.

In vitro kinase assays. Kinase assay mixtures contained 25 mM Tris (pH 7.25),
100 mM NaCl, 5 mM MgCl2, 5 mM MnCl2, 1 mM dithiothreitol, 5% glycerol, 100
ng of bovine serum albumin/�l, 1 mM sodium orthovanadate, and 7 nM kinase.
After a 5-min preincubation at 30°C, 25-�l reactions were initiated by the addi-
tion of 500 nM GST-Crk II (unless stated otherwise), 5 �M ATP, and 0.5 �Ci of
[�-32P]ATP. The reactions were terminated after 30 s (unless stated otherwise)
by the addition of ice-cold SDS sample buffer and were resolved by SDS-PAGE.
The gels were dried, exposed for autoradiography, and quantitated using a
Molecular Dynamics PhosphorImaging system and ImageQuant software.

Autophosphorylation and kinase assays. In order to measure changes in the
kinase activity of Abl/Arg with autophosphorylation, at various times autophos-
phorylation reaction mixtures were diluted 100-fold into 30°C kinase buffer
already containing ATP and substrate. Kinase assays were then conducted as
described above.

In vivo kinase assays. p190RhoGAP and Abl or Arg were coexpressed in
HEK293 cells in the presence of various concentrations of STI571 or solvent
(dimethyl sulfoxide [DMSO]) alone as a control. After a 24-h incubation with
STI571, the cells were lysed in SDS sample buffer. The lysates were resolved by
SDS-PAGE, transferred to nitrocellulose, and probed with antibodies to PY
(4G10) to measure the extent of p190RhoGap phosphorylation. The blots were
subsequently stripped and reprobed for p190RhoGAP (Upstate Biotechnology)
and Abl/Arg to control for expression levels. The blots were digitized and quan-
titated using NIH Image.

Phosphopeptide mapping. Abl and Arg were autophosphorylated as described
above with the addition of 0.3 �Ci of [�-32P]ATP/�l; 7.5 �g of the phosphory-
lated kinase was then resolved by SDS-PAGE and transferred to nitrocellulose.
The blots were stained with Ponceau-S, and the Abl/Arg bands were excised.
Tryptic peptides were prepared and resolved by Hunter thin-layer electrophore-
sis (pH 1.9) followed by chromatography as described previously (3). Two-
dimensional (2-D) phosphoamino acid analysis was performed as described
previously (7).

RESULTS

Preparation of nonactivated forms of Abl and Arg. Immu-
noblotting with anti-PY antibodies revealed that Abl and Arg
contained significant PY when the kinases were purified from
insect cells (Fig. 1A). To reduce autophosphorylation of Abl
and Arg during expression, we screened several kinase inhib-
itors for the ability to inhibit Abl and Arg kinase activity. The
tyrosine kinase inhibitor PD180970 (16) potently inhibited the
kinase activities of Abl and Arg in vitro, with similar 50%
inhibitory concentrations (IC50s) (�20 nM) and Kis (�2 nM)
for both kinases (Fig. 1B and C). Abl and Arg kinase activities
were also similarly sensitive to the antileukemia drug STI571
(IC50 � 650 nM and Ki � 60 nM) (Fig. 1B and D) and to four
other STI571-like 2-aminophenylpyrimidine compounds in
vitro (Fig. 1B and Table 1). Expression of Abl or Arg with the
190-kDa GTPase-activating protein for Rho (p190RhoGAP)
in HEK293 cells leads to increased PY levels on p190RhoGAP
(S. E. Hernandez, J. Settleman, and A. J. Koleske, submitted
for publication). Using this assay to monitor Abl and Arg
kinase activity, we found that STI571 inhibits Abl and Arg
kinase activities with similar IC50s (�300 nM) in vivo (Fig. 1E).

PD180970 has been shown to inhibit both Src family kinases
and Abl family kinases (16). We included 30 �m PD180970
during expression of Abl or Arg to minimize both autophos-
phorylation and phosphorylation by endogenous tyrosine ki-
nases in the insect cells. The Abl and Arg purified following
expression with PD180970 contained no detectable PY, as re-
vealed by immunoblotting with a cocktail containing the 4G10,
PY20, and PY99 antibodies (Fig. 1A) and by mass spectrom-
etry (data not shown). We will refer to these as nonactivated
forms of Abl and Arg because they had 9- and 15-fold-reduced
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kinase activities, respectively, relative to their tyrosine-phos-
phorylated counterparts expressed in the absence of PD180970
(Fig. 1A). We show below that the nonactivated forms of Abl
and Arg can be reactivated via phosphorylation in vitro to
levels comparable to those of the phosphorylated Abl and Arg
expressed in the absence of PD180970.

Activation of Abl and Arg kinase activities by autophosphor-
ylation. Nonactivated Abl and Arg underwent autophosphor-
ylation when incubated at 30°C in the presence of Mg2�/Mn2�

and ATP, as revealed by immunoblotting with anti-PY anti-
bodies (Fig. 2A). Autophosphorylation was detected on both
Abl and Arg after only 2.5 min of incubation, and the amount
of autophosphorylation increased with increasing incubation
time. We used glutathione S-transferase (GST)-Crk as a sub-
strate to monitor how autophosphorylation affects Abl and Arg
kinase activities. Following the addition of Mg2�/Mn2� and
ATP, we observed time-dependent increases in Abl and Arg
kinase activities. These increases plateaued at 30 min (Fig. 2B)
and resulted in 5.2- or 6.2-fold activation of Abl or Arg kinase
activity, respectively. Abl and Arg incubated in Mg2�/Mn2�

without ATP or in ATP without Mg2�/Mn2� did not exhibit
increased kinase activity (data not shown).

Autophosphorylation was also monitored independently by
incubating nonactivated Abl and Arg in Mg2�/Mn2� and
[�-32P]ATP and monitoring the transfer of radioactive phos-
phate to the kinases (Fig. 2C and D). We noted that Abl and
Arg autophosphorylation levels continued to increase beyond
30 min, but this increased autophosphorylation did not pro-
mote further increases in kinase activity (Fig. 2B and D).

We reasoned that if nonactivated Abl and Arg could auto-
phosphorylate during the course of the in vitro kinase assay,
the activities of nonactivated Abl and Arg might increase dur-
ing the assay. Indeed, we observed time-dependent increases in
the activities of nonactivated Abl and Arg with increasing ki-
nase assay length (Fig. 2E). As expected, Abl and Arg that had
been previously autoactivated did not exhibit increased activity
during the assay (Fig. 2E). Because the nonactivated kinases
autoactivate during the kinase assay, the observed difference
between the kinase activities of nonactivated and autoactivated
Abl and Arg decreases with assay duration (Fig. 2F). We ob-
served a maximum of 5.2- and 6.2-fold autoactivation of Abl
and Arg, respectively, using a 30-s kinase assay. We therefore
monitored kinase activity using 30-s kinase assays unless stated
otherwise.

We next determined whether autophosphorylation affects

the catalytic rate (kcat) or substrate affinity (Km) of Abl or Arg
for a variety of substrates. We monitored how the kinase ac-
tivities of nonactivated or autophosphorylated Abl or Arg var-
ied with the substrate concentration and determined the Km

and kcat of each kinase preparation by analyzing the data on
double reciprocal plots (1/velocity versus 1/[substrate]). Auto-
phosphorylated Abl and Arg had five- and sixfold increases in
the kcat for GST-Crk, respectively, compared to their nonacti-
vated counterparts (Table 2). Autophosphorylation did not
appreciably affect the Kms of Abl or Arg for GST-Crk (Table
2). We observed 4.5- and 6.1-fold enhancements in catalytic
efficiency (the increase in kcat/Km) upon autophosphorylation
of Abl and Arg, respectively.

Although the 30-s assays allowed us to measure phosphor-
ylated GST-Crk at high concentration, we had difficulty detect-
ing phosphorylated products in reactions containing low con-
centrations of GST-Crk. This limited our ability to measure
Kms accurately, because we could not obtain data from lower
substrate concentrations. We therefore used 5-min kinase as-
says to more accurately measure the Kms of Abl and Arg for
GST-Crk (Fig. 3 and Table 2). As observed in the 30-s assays,
autophosphorylation increased the kcat values of Abl and Arg
on GST-Crk. As expected, the kcat values of nonactivated Abl
and Arg were higher when measured in the 5-min assay than in
the 30-s assay as a result of autophosphorylation occurring
during the longer kinase assay. Autophosphorylation had no
effect on the Km of Abl or Arg for GST-Crk. Moreover, the
Kms of Abl or Arg for GST-Crk determined by either method
were similar (Table 2).

We used 5-min kinase assays to compare the kinase activities
of nonactivated and autoactivated Abl and Arg on several
additional test substrates, including a shortened version of

TABLE 1. In vitro drug sensitivities of nonactivated Abl and Arg

Drug
IC50 (�M)a

Abl Arg

PD180970 0.022 � .003 0.019 � 0.004
STI571 0.62 � 0.04 0.69 � 0.04
WGB-BC15 2.0 � 0.5 2.0 � 0.5
WGB-BC20 3 � 1 0.9 � 0.3
WGB-BC21 0.7 � 0.2 0.9 � 0.2
WGB-BC22 3.0 � 0.8 2.0 � 0.5

a Mean � standard error; n 	 4.

FIG. 1. Purification of Abl and Arg lacking PY. (A) Abl (lanes 1 and 2) and Arg (lanes 3 and 4) were purified after expression in the absence
(
) (lanes 1 and 3) or presence (�) (lanes 2 and 4) of PD180970. Five micrograms of each purified protein was separated by SDS-PAGE and
visualized by staining with Coomassie brilliant blue; 80 ng of Abl (lanes 5 and 6) or Arg (lanes 7 and 8) purified in the absence (lanes 5 and 7)
or presence (lanes 6 and 8) of PD180970 was immunoblotted with antibodies (�) to PY (right, top). The blots were stripped and reprobed with
antibodies to Abl (right, second from top) or Arg (right, second from bottom) to control for the amount loaded. The relative kinase activities of
these purified proteins toward the GST-Crk substrate are shown (right, bottom). (B) Chemical structures of PD180970 and the 2-aminophe-
nylpyrimidine derivatives. (C) Nonactivated Abl (top) and Arg (bottom) kinase activities toward GST-Crk in the presence of increasing
concentrations of PD180970. Each data point is the mean of three independent measurements and is normalized to a control sample containing
DMSO alone. The error bars represent standard errors. (D) Nonactivated Abl (top) and Arg (bottom) kinase activities (mean � standard error;
n 	 3) toward GST-Crk in the presence of increasing concentrations of STI571 normalized to a DMSO control. (E) HEK293 cells expressing
p190RhoGAP alone or p190RhoGAP plus Abl or Arg were incubated with increasing concentrations of STI571. Total cell lysates were probed for
PY (top). The blots were stripped and reprobed with antibodies to p190RhoGAP (middle) and Abl or Arg (bottom) to control for expression levels.
The PY blots were digitized and quantitated as a measure of Abl and Arg activities. The data (mean � standard error; n 	 3) are normalized to
a DMSO control.
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GST-Crk (GST-Crk110-225) and a synthetic peptide substrate
sequence (14) (Table 2). Autophosphorylation increased the
kcat values of Abl and Arg for each substrate but had no effect
on the substrate Kms (Table 2). The increased kcat upon auto-
phosphorylation was more pronounced for some substrates
than others. Autophosphorylation promoted the largest en-
hancements of catalytic rates on the GST-Crk substrate.

Abl and Arg autophosphorylate at two or more sites. We
analyzed the autophosphorylation sites in Abl and Arg to bet-
ter understand how phosphorylation promotes increased Abl
and Arg kinase activities. Abl was allowed to autophosphory-
late in vitro with [�-32P]ATP and was digested with trypsin.

The resulting peptides were separated by 2-D chromatography.
This analysis identified three predominant phosphorylated
peptides for Abl, which we refer to as “b” peptides (for Abl):
bA, bB, and bC (Fig. 4B). Similar experiments identified six
major phosphopeptide-containing spots for Arg, which we re-
fer to as “r” peptides (for Arg): rA, rB, rC, rD, rE, and rF (Fig.
4C). Because trypsin does not digest Abl and Arg to comple-
tion, it is possible to obtain more than one phosphopeptide for
a single phosphorylation site. Phosphoamino acid analysis of
autophosphorylated Abl and Arg indicated that phosphate was
incorporated on tyrosine only during the autophosphorylation
reactions (data not shown).

FIG. 2. Abl and Arg are activated by autophosphorylation. (A) Nonactivated Abl and Arg (700 nM) were incubated in ATP and Mg2�/Mn2�.
After increasing times of incubation, 80 ng was immunoblotted and probed for anti-PY and anti-Abl or Arg, as indicated. (B) Abl and Arg kinase
activities on GST-Crk after increasing times of autophosphorylation; n-fold activation (mean � standard error; n 	 3) above nonactivated Abl and
Arg is shown. (C) Nonactivated Abl and Arg (700 nM) were incubated in [�-32P]ATP and Mg2�/Mn2�, and autophosphorylated Abl/Arg was
visualized by autoradiography. (D) Relative amounts of tyrosine phosphorylation (mean � standard error; n 	 3) on Abl or Arg with increasing
times of autophosphorylation. (E) Kinase activities (mean � standard error; n 	 3) of Abl and Arg before (Non Act) and after (Autophos) a
60-min autophosphorylation reaction were monitored using increasing kinase assay times. (F) n-Fold activation of autophosphorylated Abl and Arg
(mean � standard error; n 	 3) above the nonactivated kinases observed using increasing kinase assay times.
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Brasher and Van Etten have shown that autophosphoryla-
tion of Abl at tyrosine 245 in the SH2-kinase domain linker and
at tyrosine 412 in the activation loop both promote kinase
activation (Fig. 4A) (4). We made nonphosphorylatable phe-
nylalanine (F) substitution mutations at these sites either alone
(245F or 412F) or in combination (245F/412F). Following au-
tophosphorylation in vitro, these mutants were subjected to

2-D phosphopeptide mapping. We detected no phosphopep-
tide at positions bB and bC in the 2-D map of Abl245F,
although the phosphopeptide at position bA appeared nor-
mally (Fig. 4D). The 2-D map of the Abl412F mutant showed
a pattern identical to that of wild-type Abl, with phosphopep-
tide spots bA, bB, and bC (Fig. 4F). These data indicated that
the phosphopeptides bB and bC represented autophosphory-

FIG. 3. Autophosphorylation and Hck phosphorylation increase the catalytic rates of Abl and Arg. (A) Kinase activities (mean � standard
error; n 	 4) of Abl before (Non Act.) and after (Autophos.) a 60-min autophosphorylation reaction or a 60-min autophosphorylation reaction
including Hck (Hck Act.) were measured with 5-min kinase assays in the presence of increasing GST-Crk concentrations. (B) Kinase activities
(mean � standard error; n 	 4) of Arg before (Non Act.) and after (Autophos.) a 60-min autophosphorylation reaction or a 60-min autophos-
phorylation reaction including Hck (Hck Act.) were measured with 5-min kinase assays in the presence of increasing GST-Crk concentrations.
(C) Double reciprocal Lineweaver-Burk plots of the data in panel A. (D) Double reciprocal Lineweaver-Burk plots of the data in panel B.

TABLE 2. Abl and Arg have similar enzymatic properties

Assay Kinase Substrate

Resultsa

kcat (min
1) Km (�M) kcat/Km (min
1 �M
1) Fold �kcat/Km
b

Nonact. Autophos. Hck Act. Nonact. Autophos. Hck Act. Nonact. Auto. Hck Act. Auto. Hck Act.

30 s Abl GST-Crk 0.07 � 0.01 0.35 � 0.05 0.8 � 0.2 0.18 � 0.05 0.20 � 0.05 0.3 � 0.2 0.39 1.75 2.7 4.5 6.9
Arg GST-Crk 0.04 � 0.05 0.23 � 0.02 0.5 � 0.2 0.17 � 0.1 0.15 � 0.6 0.3 � 0.2 0.25 1.53 1.7 6.1 6.6

5 min Abl GST-Crk 0.17 � 0.02 0.33 � 0.06 0.8 � 0.2 0.19 � 0.03 0.24 � 0.04 0.5 � 0.3 0.89 1.375 1.6 1.54 1.80
GST-Crk(120-225) 0.09 � 0.01 0.13 � 0.01 ND 3.1 � 0.2 2.9 � 0.3 ND 0.029 0.045 ND 1.54 ND
Peptidec 0.33 � 0.06 0.65 � 0.09 ND 27 � 6 29 � 1 ND 0.012 0.022 ND 1.83 ND
ATPd 0.09 � 0.01 ND ND 0.9 � 0.1 ND ND 0.07 ND ND ND ND

Arg GST-Crk 0.09 � 0.01 0.22 � 0.01 0.5 � 0.1 0.24 � 0.08 0.18 � 0.01 0.5 � 0.01 0.38 1.243 1.0 3.31 2.6
GST-Crk(120-225) 0.06 � 0.01 0.10 � 0.01 ND 4.47 � 0.08 6.0 � 0.8 ND 0.013 0.017 ND 1.24 ND
Peptidec 0.75 � 0.08 1.10 � 0.04 ND 123 � 2 149 � 8 ND 0.006 0.007 ND 1.21 ND
ATPd 0.07 � 0.01 ND ND 0.7 � 0.1 ND ND 0.1 ND ND ND ND

a Mean � standard error; n 	 4. ND, not determined; Act., activated; Autophos. or Auto., autophosphorylated.
b n-Fold change in catalytic efficiency with autophosphorylation.
c Peptide, AAVIYAAPFAKKK.
d GST-Crk(120-225) as substrate.
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FIG. 4. Abl and Arg are activated by autophosphorylation on novel sites. (A) Schematic of Abl and Arg indicating the arrangement of the SH3,
SH2, kinase, and F-actin binding (F) domains. The DNA/F region of Abl binds DNA (21), whereas the corresponding region in Arg binds F-actin
(33). The locations of the linker tyrosine (Abl Y245 and Arg Y272) and activation loop tyrosine (Abl Y412 and Arg Y439) are shown. (B to I) Tryptic
digests of autophosphorylated Abl and Arg were separated by electrophoresis in the lateral direction, followed by thin-layer chromatography in
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lation at Y245 and that Y412 was not detectably autophos-
phorylated by nonactivated Abl. In further support of this
assignment, the 2-D map of the double mutant Abl245F/412F
lacked phosphopeptides bB and bC (Fig. 4H).

We also mutated the corresponding residues in Arg, Y272
and Y439 (Fig. 4A), to determine whether these sites are
targeted by autophosphorylation. Following autophosphoryla-
tion, trypsin digestion, and 2-D separation of Arg272F, we
detected no phosphopeptides at positions rB and rC in the 2-D
map (Fig. 4E), although the other phosphopeptides appeared
normally. The phosphopeptide map of the Arg439F mutant
was identical to the phosphopeptide map of wild-type Arg (Fig.
4G). These data suggest that phosphopeptides rB and rC rep-
resent autophosphorylation at position Y272 and that Y439
was not detectably autophosphorylated by nonactivated Arg. A
2-D map of the Arg272F/439F double mutant lacked both
peptides rB and rC (Fig. 4I), in agreement with our peptide
assignments.

To confirm the phosphorylation sites indicated by the
peptide mapping experiments and to identify the remaining
autophosphorylation sites in Abl and Arg, nonactivated and
autoactivated Abl/Arg were digested with trypsin, and phos-
phopeptides were identified and sequenced by nanoelectro-
spray tandem mass spectrometry. In agreement with the data
described above, we detected autophosphorylation of the linker
tyrosines but not the activation loop tyrosines (data not shown).
We also found that two tyrosines unique to Arg, Y568 and Y684,
were autophosphorylated. Phosphopeptide maps of Arg568F
and Arg684F indicated that these are major autophosphoryla-
tion sites that correspond to spots rA and rE, respectively (data
not shown). Despite repeated attempts, we did not identify the
phosphorylation sites corresponding to Abl phosphopeptide
spot bA or Arg phosphopeptide spots rD and rF by mass
spectrometry.

Autoactivation can occur independently of the linker and
activation loop tyrosines. We next determined whether auto-
phosphorylation of the SH2-kinase domain linker tyrosines
contributes to kinase activation. As noted above, Abl and Arg
are activated 5.2- and 6.2-fold, respectively, by autophosphor-
ylation (Fig. 4J). Mutation of the SH2-kinase linker tyrosines
resulted in a modest but reproducible decrease in kinase auto-
activation. The Abl245F and Arg272F mutants were activated
4.4- and 5.5-fold in vitro, respectively (Fig. 4J). The nonacti-
vated forms of these mutants had catalytic rates comparable to
those of the wild-type enzymes, suggesting that these muta-
tions did not lead to gross structural perturbations of the ki-
nase domains (Fig. 4K).

Previous studies have shown that autophosphorylation of the
activation loop tyrosine stimulates Abl kinase activity (4). Un-

expectedly, we found that mutation of this site to phenylala-
nine did not significantly affect Abl kinase activation. The
Abl412F mutant was activated 4.9-fold by autophosphoryla-
tion, comparable to the 5.2-fold autoactivation observed for
wild-type Abl (Fig. 4J). The corresponding Arg439F mutant
was activated 4.1-fold by autophosphorylation (compared to
6.2-fold for wild-type Arg), suggesting that activation loop
phosphorylation contributed modestly to Arg autoactivation.
The basal kinase activities of these mutants were comparable
to those of their respective wild-type counterparts (Fig. 4K). In
addition, a double mutant of both the activation loop tyrosine
and the SH2-kinase linker domain tyrosines also had only a
modest effect on autoactivation. The Abl245F/412F and
Arg272F/439F mutants could autoactivate 4.0- and 3.7-fold,
respectively, and their basal activities were comparable to
those of the wild-type enzymes (Fig. 4J and K). We conclude
that Abl and Arg can autoactivate independently of the linker
and activation loop tyrosines.

We also examined whether autophosphorylation of Y568 or
Y684 in Arg is important for autoactivation of Arg. Mutation
of these residues to phenylalanine has no effect on Arg auto-
activation (data not shown).

In order to find the minimal region required for autoactiva-
tion, we tested the abilities of several deletion mutants of Abl
and Arg to autoactivate. We found that only the kinase domain
is required for autoactivation, and like the full-length proteins,
the activation loop tyrosines are not required for autoactiva-
tion of the Abl and Arg kinase domains (Fig. 4L).

Abl and Arg kinase activities are increased by the Src family
kinase Hck. Src family kinases phosphorylate Abl family ki-
nases in vitro and in vivo (11, 25, 27). Indeed, when included
with Abl or Arg in a 1-h activation reaction, the Src family
kinase Hck promoted 10.3- and 12.6-fold activation of Abl and
Arg, respectively (Fig. 5A and B). These levels represent ad-
ditional 2.0-fold increases above the autoactivated kinase ac-
tivity of Abl and Arg. Hck had no stimulatory effect when ATP
was not included in an Abl/Arg phosphorylation reaction prior
to the kinase assay (Fig. 5A and B). We monitored how the
kinase activities of Hck-phosphorylated and autophosphory-
lated Abl and Arg varied with the GST-Crk concentration.
This analysis indicated that Hck phosphorylation increased the
kcats of Abl and Arg 2.4- and 2.3-fold, respectively, but raised
their Km values for GST-Crk 1.5- and 2.0-fold, respectively
(Fig. 3 and Table 2). This increased Km for GST-Crk explains
why the stimulatory effects of Hck are reduced at lower sub-
strate concentrations (Fig. 3A and B).

We mapped the Hck phosphorylation sites in Abl and Arg to
better understand how Hck phosphorylation promotes in-
creased Abl and Arg kinase activity. Nonactivated Abl and Arg

the vertical direction. This revealed three major phosphorylated tryptic peptides for Abl (spots bA, bB, and bC) (B) and six major phosphorylated
tryptic peptides for Arg (spots rA, rB, rC, rD, rE, and rF) (C). Phosphopeptide maps for Arg also contained a few spots of lower intensity
(unlabeled) that varied in appearance between experiments. Similar experiments were done using Abl245F (D), Arg272F (E), Abl412F (F),
Arg439F (G), Abl245F/412F (H), and Arg272F/439F (I). (J) The n-fold activation (mean plus standard error; n � 3) of Abl, Arg, and the
linker-activation loop tyrosine mutants was measured after 60 min of autophosphorylation. (K) Nonactivated catalytic rates (means plus standard
errors; n � 3) of the Abl, Arg, and phosphorylation site mutants. (L) The n-fold activation (mean plus standard error; n � 3) of Abl and Arg lacking
the N-terminal domain (Abl and Arg), containing the N-terminal domain (Cap Abl and Cap Arg), or the isolated Abl and Arg kinase domains (Abl TKD
and Arg TKD) was measured after 60 min of autophosphorylation. (M) Nonactivated catalytic rates (means plus standard errors; n � 3) of the domain
mutants.
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were labeled with [�-32P]ATP in the presence or absence of
Hck for 1 h and subjected to 2-D phosphopeptide analysis.
Incubation of Abl or Arg alone led to the appearance of the
expected phosphopeptide spots, as shown in Fig. 4 and 5C and
D. Inclusion of Hck in these incubations led to the appearance
of two novel spots for the Abl reaction (spots bD and bE) and
five novel spots for the Arg reaction (spots rG, rH, rI, rJ, and
rK) (Fig. 5E and F). These additional spots were missing from
the Abl412F and Arg439F activation loop mutants, indicating
that Hck directly phosphorylates Abl and Arg on these resi-
dues (Fig. 5G and H). We also used kinase-inactive mutants of

Abl and Arg (Ablk290M and Argk317M) to determine
whether Hck can target residues which are normally autophos-
phorylated by Abl and Arg during the phosphorylation reac-
tions. This analysis revealed that Hck also directly phosphor-
ylates the linker tyrosines of Abl and Arg, although less
efficiently than the activation loop tyrosines (data not shown).
However, Abl and Arg containing phenylalanine substitutions
for the linker tyrosine are activated normally by Hck, indicat-
ing that the linker tyrosines are not required for activation by
Hck (data not shown).

To test whether activation loop phosphorylation is required

FIG. 5. Hck activates Abl and Arg by phosphorylating their activation loop tyrosines. (A) Abl, Abl412F, Cap Abl, Arg, Arg439F, and Cap Arg
kinase activities on GST-Crk before or after 60 min of autophosphorylation in the absence (
) or presence (�) of Hck. A kinase assay containing
Hck alone shows that Hck does not phosphorylate GST-Crk. (B) The n-fold activation (mean plus standard error; n � 3) relative to nonactivated
kinase activity after 60 min of autophosphorylation in the absence (
) or presence (�) of Hck for Abl, Abl412F, Cap Abl, Arg, Arg439F, and Cap
Arg. (C to H) Tryptic digests of Abl (C and E) and Arg (D and F) autophosphorylated in the presence (E and F) or absence (C and D) of Hck
were separated by electrophoresis in the lateral direction and by thin-layer chromatography in the vertical direction. Hck phosphorylation leads
to two additional spots for Abl (bD and bE) and five additional spots for Arg (rG, rH, rI, rJ, and rK). Mutation of Y412 in Abl (G) and Y439 in
Arg (H) resulted in the disappearance of all additional spots.
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for Hck to activate Abl and Arg, we examined whether Hck
could activate the Abl412F and Arg439F mutants. Although
Abl412F could autoactivate, we found that Hck did not pro-
mote further activation of its kinase activity (Fig. 5A and B).
Similarly, Arg439F was only slightly activated by Hck (1.5-
fold). Together with the peptide-mapping experiments, these
data indicate that Hck directly activates Abl and Arg via phos-
phorylation of their activation loop tyrosines.

The N-terminal cap reduces autoactivation of Abl and Arg.
The Abl and Arg proteins used in our study lacked the variable
N-terminal domain which is reported to form an inhibitory
“cap” on the SH3 and kinase domains (26). We analyzed
whether the presence of the cap has an effect on autoactiva-
tion. Abl and Arg containing the N-terminal domain (Cap Abl
and Cap Arg) retained the ability to autoactivate (1.9- and
4.0-fold, respectively), although to a lesser extent than Abl and
Arg lacking the cap (Fig. 4L). Hck activated the cap-containing
Abl and Arg 3.2- and 2.2-fold, respectively, over the autophos-
phorylated levels (Fig. 5A and B).

We also tested whether elimination of the SH3 domain,
which is known to inhibit Abl kinase activity (2, 4, 10, 13),
affects Abl or Arg activation. As expected, deletion of the SH3
domain enhanced Abl basal kinase activity (Fig. 4M). How-
ever, we observed no change in basal activity following deletion
of this domain in Arg (Fig. 4M). Abl and Arg mutants lacking
the SH3 domain exhibited a decreased ability to autoactivate
(4.4- and 3.5-fold, respectively) (Fig. 4L).

Activation loop phosphorylation results in STI571 resis-
tance. Phosphorylation of the Abl activation loop has been

shown to reduce its sensitivity to STI571 (27). Indeed, we
noted that the in vitro kinase activities of tyrosine-phosphory-
lated Abl and Arg expressed in the absence of PD180970 were
less sensitive to STI571 than their nonphosphorylated counter-
parts. Autophosphorylation had no effect on the STI571 sen-
sitivity of Abl and only a slight effect for Arg, confirming that
Abl and Arg cannot efficiently phosphorylate their activation
loops (Fig. 6A and B). In contrast, Abl and Arg were 50-fold
less sensitive to STI571 after phosphorylation by Hck. The
STI571 sensitivities of Abl412F and Arg439F were not changed
by Hck phosphorylation. These data are in agreement with our
finding that Hck phosphorylates the activation loops of Abl
and Arg (Fig. 6C and D).

DISCUSSION

We report here that Abl and Arg can be activated through
two distinct mechanisms: (i) Abl and Arg can each autophos-
phorylate, leading to increased kinase activity, and (ii) the Src
family kinase Hck can further stimulate Abl and Arg by phos-
phorylating them on their activation loops.

Abl and Arg have similar enzymatic properties. Sequence
comparisons and genetic analysis in mice suggest that Abl and
Arg might have a functional overlap in cells (15, 17). Indeed,
we found that Abl and Arg have very similar kinetic properties
on three test substrates (Table 2). We also found that Abl and
Arg are regulated similarly by autophosphorylation and by
phosphorylation by Hck. These observations suggest that Abl
and Arg may function in similar signaling pathways, supporting

FIG. 6. Phosphorylation of activation loop tyrosines leads to STI571 resistance. (A and B) Kinase activities (mean � standard error; n 	 3)
of nonactivated, autophosphorylated, and Hck-phosphorylated Abl (A) and Arg (B) on GST-Crk in the presence of increasing concentrations of
STI571 normalized to a DMSO control. (C and D) Kinase activities (mean � standard error; n 	 3) of nonactivated and Hck-phosphorylated
Abl412F (C) and Arg439F (D) on GST-Crk in the presence of increasing concentrations of STI571 normalized to a DMSO control.
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the functional overlap observed in genetic experiments in mice
(15).

Abl and Arg autoactivate by phosphorylating several resi-
dues. We report here that nonactivated Abl and Arg autophos-
phorylate on several tyrosine residues, leading to 5.2- and
6.2-fold increases in kinase activity, respectively. Both Abl and
Arg can phosphorylate a tyrosine in the SH2-kinase domain
linker (Y245 in Abl; Y272 in Arg), as previously reported for
Abl (4). Mutation of this linker tyrosine to phenylalanine in
Abl or Arg leads to only a slight reduction in their abilities to
autoactivate, suggesting that phosphorylation of other sites is
also required for autoactivation. Indeed, our phosphopeptide
analysis shows that Abl and Arg autophosphorylate at one or
more tyrosine residues in addition to the linker site. Further,
the autoregulatory tyrosines are within the kinase domains of
Abl and Arg. Phosphorylation of these unidentified kinase
domain tyrosines likely contributes to the 4.4- and 5.5-fold
activation observed for the Abl245F and Arg272F linker site
mutants, respectively. Because our studies show that Abl and
Arg have very similar enzymatic properties, we predict that the
remaining activating autophosphorylation site(s) is shared be-
tween Abl and Arg and that phosphorylation leads to activa-
tion via similar mechanisms for both Abl and Arg.

Brasher and Van Etten (4) have previously reported that
Abl autoactivates through phosphorylation of both the activa-
tion loop and linker tyrosines. Although we report here a
similar autoactivation of both Abl and Arg through autophos-
phorylation, we do not observe autophosphorylation of the Abl
activation loop even under the in vitro conditions used by
Brasher and Van Etten. Moreover, we find that an Abl mutant
containing a phenylalanine substitution at the activation loop
tyrosine retains a normal ability to autoactivate. We conclude
that autophosphorylation of Y412 does not contribute substan-

tially to the Abl autoactivation we report here. Our results may
differ from those of Brasher and Van Etten (4) because the
enzymes were purified from different sources. It is possible, for
example, that covalent modifications required for autophos-
phorylation of Y412 occur only during expression in mamma-
lian cells.

In contrast to Abl, Arg has a modest ability to phosphorylate
its activation loop tyrosine, and this activation loop phosphor-
ylation contributes �30% to Arg autoactivation. However, the
Arg272F/439F mutant containing phenylalanine substitutions
at both the linker and activation loop tyrosines retains the
ability to autoactivate 3.7-fold. This indicates that autoactiva-
tion of Arg also requires phosphorylation of one or more sites
in addition to the linker and activation loop tyrosines.

The protein domain encoded by the N-terminal exon of Abl
was recently reported to form an inhibitory cap on the SH2 and
kinase domains (26). We observe no difference in the basal
kinase activities of Abl and Arg containing or lacking this cap.
However, both Abl and Arg exhibit an enhanced ability to
autoactivate when this N-terminal cap is removed. Release of
the inhibitory cap from the SH2 and kinase domains may
enhance autophosphorylation or may assist in formation of the
activated confirmation induced by autophosphorylation. The
reduced ability of capped Abl and Arg to autoactivate may
explain why capped Abl exhibits reduced kinase activity upon
expression in vivo (26).

Src family kinases may link diverse stimuli to activation
of Abl family kinases. Abl family kinases are activated by a
disparate collection of stimuli, including ionizing radiation,
growth factor stimulation, adhesion receptor engagement, and
oxidative stress (5, 11, 14, 18, 25, 30). Interestingly, Src family
kinases are also activated by these stimuli (32), suggesting that
Src family kinases may link these multiple stimuli to Abl and

FIG. 7. Model for Abl family kinase activation. Both schemes depict models where an Src family kinase becomes activated by cell surface
receptors. (A) When Abl or Arg (Abl/Arg) concentrations are low, an Src family kinase would activate Abl/Arg through phosphorylation of the
activation loop, leading to modest linear activation of downstream pathways. (B) The outcome of this activation would change when the Abl/Arg
concentration is elevated locally. Following phosphorylation of their activation loops by Src family kinases, Abl/Arg would activate nearby Abl/Arg
molecules by phosphorylating tyrosines outside the activation loop. This amplification would lead to a more robust activation of downstream
pathways. The autoactivation pathway would also allow Abl/Arg to integrate signals from distinct cell surface receptors.
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Arg activation (Fig. 7B). Indeed, Src activity is required for Abl
activation in response to platelet-derived growth factor (8, 25).
We show here that the Src family kinase Hck directly activates
both Abl and Arg through phosphorylation of their activation
loops. Together, these results suggest that other Src family
kinases may also activate Abl and Arg. It remains possible that
Src family kinases differ in their abilities to activate Abl and
Arg. These specificity differences could limit which Src family
kinase signaling pathways interface with Abl and Arg.

How does the activation loop tyrosine become accessible for
phosphorylation by Hck? The crystal structure of the nonphos-
phorylated Abl kinase domain (27) shows the activation loop
tyrosine pointing into the interior of the kinase, making it
inaccessible to phosphorylation when the kinase is in the inac-
tive conformation. We find that nonactivated Abl and Arg are
unable to efficiently phosphorylate their activation loop tyro-
sines in vitro, in accordance with the structural predictions and
recent in vivo data (8). However, we find that Hck can phos-
phorylate Abl and Arg on their activation loops. It is unclear
how the activation loop becomes available to Hck for phos-
phorylation. The binding of Hck to Abl or Arg may increase
the structural plasticity of the activation loop or induce a con-
formational change that exposes Y412/Y439 for phosphoryla-
tion (23).

Increasing localized Abl or Arg concentration may facilitate
autoactivation. Abl family kinases have been shown to auto-
phosphorylate in trans (4, 8; A. L. Miller and A. J. Koleske,
unpublished data). Thus, increasing their local concentration
may facilitate kinase activation by autophosphorylation. Arg
can bind cooperatively to F-actin (33), which may facilitate Arg
clustering on actin filaments. This localized clustering of Arg
might promote autoactivation. Oncogenic activation of Abl
family kinases may also promote autoactivation. This is most
commonly caused by a chromosomal translocation that fuses
portions of the bcr gene to the abl gene. A coiled-coil oligomer-
ization domain has been shown to be essential for the elevated
tyrosine kinase activity of Bcr-Abl (20). In a similar fashion,
the tel gene is fused to the arg gene in rare cases of acute
myeloid leukemia (6, 12). The Tel fragment found in Tel-Arg
has also been reported to dimerize, and Tel-Arg has elevated
tyrosine kinase activity (6). Together, these observations
strongly suggest that oligomerization of the kinases promotes
kinase activation, but the exact mechanisms by which the Bcr
and Tel moieties promote activation of their respective kinase
fusion partners remain unclear. Multimerization of Abl and/or
Arg might promote autophosphorylation in trans. Alterna-
tively, a multimeric fusion protein might serve as a better
substrate for activation by Src family kinases.

Activation loop phosphorylation leads to STI571 resistance.
The Abl kinase domain has been shown to be resistant to
STI571 upon phosphorylation of its activation loop (27). We
demonstrate here that full-length Abl and Arg are both resis-
tant to STI571 after phosphorylation of their activation loop
tyrosines by Hck. Our observation suggests that Bcr-Abl may
also become resistant to STI571 if it is phosphorylated on its
activation loop. Some patients with chronic myelogenous leu-
kemia in the blast crisis stage initially respond to STI571 but
acquire resistance to treatment over time (9). Our data show-
ing that Src family kinases render Abl resistant to STI571
suggest that upregulation of Src family kinases may contribute

to STI571 resistance in chronic myelogenous leukemia pa-
tients.

Model for activation of Abl family kinases. We report here
that two distinct phosphorylation pathways can activate Abl
family kinases: (i) Abl and Arg can activate themselves through
autophosphorylation of kinase domain tyrosines outside the
activation loop and (ii) Src family kinases can activate Abl and
Arg via phosphorylation of the activation loop tyrosine. We
propose that the autophosphorylation pathway may allow Abl
and Arg to integrate or amplify activating signals in a manner
dependent on their own localized concentrations. For example,
when local Abl concentrations are low, a Src family kinase
would activate Abl through phosphorylation of the activation
loop, leading to modest activation of downstream pathways
(Fig. 7A). We hypothesize that this outcome would change if
Abl were clustered locally within a cellular microenvironment.
Following activating phosphorylation of its activation loop by
Src family kinases, Abl would activate nearby Abl molecules by
phosphorylating additional tyrosines (Fig. 7B). The additive
effects of both stimulatory pathways would lead to a more
robust activation of downstream pathways. In this fashion, the
autoactivation pathway could allow Abl and Arg to amplify
their signaling and integrate signals from distinct cell surface
receptors.
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