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The inadvertent activation of the Abelson tyrosine kinase (Abl) causes chronic 
myelogenous leukemia (CML). A small-molecule inhibitor of Abl (STI-571) is 
effective in  the treatment of CML. We report the crystal structure of the 
catalytic domain of Abl, complexed t o  a variant of STI-571. Critical t o  the 
binding of STI-571 is the adoption by the kinase of an inactive conformation, 
in which a centrally located "activation loop" is not phosphorylated. The con- 
formation of this loop is distinct from that in active protein kinases, as wel l  as 
in the inactive form of the closely related Src kinases. These results suggest that 
compounds that exploit the distinctive inactivation mechanisms of individual 
protein kinases can achieve both high affinity and high specificity. 

A hallmark of CML is a reciprocal chromo- 
somal translocation involving the long arms 
of chromosomes 9 and 22 (1). This somatic 
mutation fuses a segment of the bcr gene, 
from chromosome 9, to a region upstream of 
the second exon of the c-abl gene from chro- 
mosome 22. c-abl encodes a nonreceptor ty- 
rosine kinase that has tightly controlled ac- 
tivity in normal cells. In contrast, Bcr-Abl 
fusion proteins have constitutive catalytic ac- 
tivity, despite the fact that the amino acid 
sequence of the Abl segment of Bcr-Abl is 
identical to that of c-Abl. The reason for the 
elevated catalytic activity of the Bcr-Abl fu- 
sion protein is poorly understood, but it is 
clear that this activity of the kinase domain is 
necessary for the ability of the Bcr-Abl pro- 
tein to transform cells and cause malignancy. 

A series of inhibitors, based on the 2-phe- 
nylaminopyrimidine class of pharmaco-
phores, have been identified that have excep- 
tionally high affinity and specificity for Abl 
(2). The most potent of these, STI-571 (Fig. 
lA, formerly referred to as Novartis com-
pound CGP 57148), has been successfully 
tested in clinical trials as a therapeutic agent 
for CML. The compound has led to complete 
hematological response in 96% of patients 
treated for more than 4 weeks at a dose level 
of 300 mg, and is well tolerated (3). 

Protein kinase inhibitors typically bind at 
the highly conserved nucleotide-binding 
pocket of the catalytic domain. Specific in- 
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hibitors of protein kinases take advantage of 
limited sequence variation surrounding the 
ATP-binding site [e.g. (4, 5)], as well as 
conformational differences between inactive 
and active forms of kinases ( 6 ) .STI-571 has 
a high affinity for Abl kinase, while being 
essentially inactive against SerIThr-kinases 
and most of the tyrosine kinases [notable 
exceptions are two related receptor tyrosine 
kinases, the platelet-derived growth factor 
(PDGF) receptor (7)  and c-kit (??)I. 

To determine how STI-571 achieves this 
high specificity, we solved the crystal struc- 
ture of a variant of STI-571 (Fig. 1A) bound 
to the catalytic domain of Abl at 2.4 reso-
lution (Fig. 1B) (9, 10). There is strong elec- 
tron density in difference electron density 
maps for the STI-571 variant, which occupies 
the site where the adenine base of ATP is 
normally bound (Fig. 2A). When compared 
to the pyrazolo-pyrimidine inhibitor PPl 
bound to the Src-kinase Hck (11) STI-571 
extends much further into the catalytic do- 
main, and its pyridinyl group is inserted un- 
derneath helix a C  in the NH,-terminal lobe 
of the kinase. The compound is kinked at the 
secondary amino group, and it straddles the 
highly conserved NH,-terminal region of the 
"activation loop" (Fig. 1B). The inhibitor that 
we have crystallized differs from STI-571 in 
that it lacks a piperazinyl group that is at- 
tached to the phenyl-ring of STI-571 (Fig. 
1A). The piperazinyl group increases the sol- 
ubilitv of the oarent comoound. but does not 
alter target discrimination significantly (2); it 
1s likely to lie along a solvent accessible and 
partially hydrophobic groove on the back of 
the kinase that is left unfilled by the STI-571 
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The activation loop controls catalytic activ- 
itv in most kinases by switching between dif- -
ferent states in a phosphorylation-dependent 
manner (12). In fully active kinases, the loop is 

stabilized in an open conformation by phospho- 
rylation on serine, threonine or tyrosine resi- 
dues within the loop, and in this conformation a 
P-strand in the loop provides a platform for 
substrate binding. Three highly conserved resi- 
dues in the NH,-terminal region of this loop (an 
Asp-Phe-Gly motif, residues 381 to 383 in Ablj 
are thereby held in a conformation that is ap- 
propriate for metal ion ligation by the aspartic 
side chain. This "active" conformation of the 
loop is very similar in all known structures of 
active kinases. There is, however, great diver- 
sity in the conformations of this loop in inactive 
protein kinases, in which the loop often oc- 
cludes substrate binding. Additionally, crank- 
shaft-like disolacements in the NH,-terminal 
region of the loop change the conformation of 
the Asp-Phe-Gly mad, thereby inhibiting the 
ability of the kinase to bind ATP productively 
(13). 

Tyr393 in the activation loop is the major 
site of phosphorylation in Abl, but the form 
of Abl that we have crystallized is not phos- 
phorylated. The activation loop is folded into 
the active site of the kinase. and Tvr3" forms 
a hydrogen bond with Asp363, a strictly con- 
served side chain that is crucial for catalysis 
(Fig. 1C). Tyr393 is presented to the active 
site by a small antiparallel P-sheet that is 
formed by a portion of the activation loop. 
Interestingly, the activation loop mimics the 
binding mode of substrates, as was also found 
in the insulin receptor tyrosine kinase (IRK, 
Fig. ID) (14). 

Is the structure of the activation loop in 
Abl a natural conformation of this region of 
the protein, or is it induced by the binding of 
STI-571? Except for the NH,-terminal an-
chor region, STI-571 does not interact direct- 
ly with the activation loop (Fig. 1C). The 
striking similarity between the conformation 
of the activation loou and the manner in 
which peptide substrates bind to tyrosine ki- 
nases suggests that the loop is in a natural 
auto-inhibitory conformation (Fig. 1Dj. 

Comparison of the catalytic domains of -4bl 
and inactive IRK shows that the central part 
of the activation loop in both kinases oc-
cludes the mouth of the catalytic domain and 
interferes with the productive binding of pep- 
tide substrates in a similar manner (Fig. 1D). 
Although Tyr3" is positioned exactly as in a 
substrate peptide, the kinase domain is not in 
a conformation that is competent for phos- 
phate transfer to the tyrosine, since the in- 
ward movement of the activation loop is cou- 
pled to displacement of the Asp-Phe-Gly mo- 
tif away from the active conformation in both 
kinases [Asp3" points away from the active 
site (Fig. lC)]. Despite these similarities. 
STI-571 is inactive against IRK, most likely 
because a side chain which forms a critical 
contact with the inhibitor (Thr3", see below) 
at the periphery of the nucleotide binding site 
of Abl is not conserved in IRK. 
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In contrast to its interactions with the 
activation loop, where STI-571 is likely to 
recognize a natural conformation of the Abl 
molecule, its interactions with the NHz-ter- 
minal lobe of the kinase appear to involve an 
induced fit mechanism. The loop between the 
first two P-strands, which normally binds the 
phosphate groups of ATP, folds down to 
increase surface complementarity with the 
drug. This flap is held in place by a water- 
mediated hydrogen bond between Tyr253, a 
residue in the NHz-terminal lobe of the ki- 
nase that immediately follows the Pl-P2 
loop, and the side chain of Asn3". A similar 
conformation for this loop was found in the 
fibroblast growth factor receptor tyrosine ki- 
nase domain bound to a high-affinity oxin- 
dole-based inhibitor (4). This loop is known 
to be an extremely mobile element in protein 
kinases, and the induced fit is likely to be 
readily accommodated. 

The inhibitor also interacts with the kinase 
through hydrogen bonds, some of which con- 
fer specificity (Fig. 2). The nitrogen in the 
pyridinyl ring that is attached to the pyrimi- 
dine moiety accepts a hydrogen bond from 
the amide of Met318, which is normally hy- 
drogen bonded to the nitrogen N1 in ATP. 
The side chain of W15 forms a hydrogen 
bond with the secondary amino group in the 
inhibitor. This residue is replaced by a me- 
thionine in many protein kinases, e.g., IRK. 
Methionine cannot form this hydrogen bond, 
and its side chain would also interfere with 

the binding of the phenyl-moiety of STI-571. 
The presence of W15 is therefore a key 
requirement for the ability of this class of 
compounds to inhibit Abl. 

An ion-pair between two strictly con- 
served side chains (LysZ7' and G1uZs6 in Abl) 
is a characteristic feature of the active con- 
formations of protein kinases. This ion pair is 
disrupted in the inactive conformations of 
many protein kinases, such as the Src and 
cyclin-dependent kinases, but not in the STI- 
571 complex of Abl. Instead, a network of 
hydrogen bonds involving the side chain of 
residues LysZ7l and G1uZs6, as well as the 
main chain of Asp381, the acid amide group 
of the inhibitor and two water molecules 
further stabilizes binding (Fig. 2). 

There are a number of van der Waals 
interactions between protein residues T 9 5 3 ,  
Leu370, Phe382, Metzg0, and Ile313, and the 
aromatic rings of the inhibitor, resulting in an 
exceptional level of surface complementarity. 
The snug fit hardly allows for any modifica- 
tion on either the inhibitor or the kinase 
domain without compromising binding affin- 
ity. Conversely, alterations in the sequences 
of other protein kinases in the regions that 
make up the binding site, such as the replace- 
ment of W15 by methionine, would inter- 
fere with binding. 

The most interesting aspect of the interac- 
tion between STI-571 and the Abl kinase is 
that specificity is also achieved at a level 
beyond simple sequence requirements. The 

Fig. 1. Crystal structure of the cat- A 
alvtic domain of Abelson tvrosine 
kiiase complexed with a vahant of 
STI-571. (A) Structural formula of 
the Abl inhibitor STI-571 (panel 1) 
and the variant (panel 2) used in 
this crystallograpkc study. (B) Rib- 
bon representation of the three-di- 
mensional structure of Abl kinase 
domain in complex with the STI- 
571 variant shown in (A). The mo- 
lecular surface of the inhibitor is 
shown. A central conserved region 
of the kinase, the catalytic segment, 
is shown in green and the activation 
loop in magenta. (C) Ribbon repre- 
sentation of the activation loop of 
Abl. The polypeptide backbone of 
the activation loop is shown in ma- 
genta. Hydrogen-bonding interac- 
tion are depicted by dashed lines. 
Tyr393 is the site of phosphorylation 
within the activation loop. (D) The 
polypeptide region in the vicinity of 
the Ty1393 is shown. Superimposed 
is the peptide substrate (green), as 
seen in the structure of insulin re- 
ceptor tyrosine kinase (IRK) com- 
plexed with peptide substrate (74), 
and the activation loop of IRK in the 
inactive form (light pink) (32). The 
figure was generated by superim- 
posing the catalytic segments of 
the two kinases. 

residues that contact STI-571 in Abl kinase 
are either identical in the Src-family tyrosine 
kinases, or are substituted conservatively. 
Nevertheless, the phenylamino-pyrimidines 
are virtually inactive against the Src-family 
tyrosine kinases (2). The residues that are not 
identical in Abl and the Src kinases are also 
variant in the c-kit and PDGF receptor ty- 
rosine kinases, which are the only other ki- 
nases sensitive to inhibitior. by STI-571. 
These alterations in sequence therefore do not 
seem to account for lack of sensitivity of the 
Src-kinases for inhibition by STI-571 and its 
derivatives. 

Like Abl, the Src-family tyrosine kinases 
are also inactivated by an inward movement 
of the activation loop when it is not phospho- 
rylated (11, 15). Although the loop blocks 
substrate binding in inactive Src kinases, it 
does not do so by mimicking a substrate, and 
its conformation is quite different from that 
seen in Abl (Fig. 3). The inactive conforma- 
tion of the activation loop in Src kinases is 
coupled to a particular "swung-out" confor- 
mation of helix aC, which is not observed in 
our Abl structure. The most important conse- 
quence of this for the binding of STI-571 is 
that the conformation of the NHz-terminal 
anchor of the activation loop (containing the 
conserved Asp-Phe-Gly motif) is quite dif- 
ferent in the inactive Src kinase and Abl 
structures. The conformation of this region in 
the Src kinases would block the binding of 
STI-571 (Fig. 3). 

- 
IRK 

r substra 
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Fig. 2. Mode of binding of the STI-571 variant binding to  Abl tyrosine kinase. (A) Stereoview of the 
nucleotide-binding pocket of Abl. The side chains of residues that interact with the inhibitor are 
shown, as are main-chain atoms and water molecules participating in hydrogen bonds. Carbon 
atoms are yellow (protein) and green (inhibitor), oxygen atoms are red, nitrogen atoms are blue, 
and sulfur atoms are green. Hydrogen bonds are shown as dashed lines. Electron density, calculated 
using (IFJ - IFJ) coefficients, is shown for the inhibitor only (contoured at 2.5 a), and was 
computed using phases from a model obtained after simulated annealing with the inhibitor 
omitted. (8) Schematic drawing of Abl kinase interactions with the STI-571 variant, generated by 
LICPLOT (33). Residues forming van-der-Waals interactions are indicated, those participating in 
hydrogen bonds are shown in a ball-and-stick representation. Hydrogen bonds are depicted as 
dotted lines with the donor-acceptor distance given in A. 

Phosphorylation of Ty?93 in Abl would 
destabilize the closed conformation of the 
activation loop because of electrostatic repul- 
sion between the phosphoryl group and the 
side chain of Asp363. We expect that phos- 
phorylation on Tyr393 would stabilize the ac- 
tivation loop in the open conformation seen 
in active protein kinases, such as the Src 
kinase Lck (16) (this appears to be a struc- 
turally conserved feature of activated protein 
kinases). Interestingly, the conformation of 
the NH,-terminal anchor of the activation 
loop in active protein kinases is also incon- 
sistent with the binding of STI-571 (Fig. 3). 

We therefore predict that the phosphorylated 
form of Abl will be less susceptible to inhi- 
bition by STI-571. 

We tested this by comparing the catalytic 
activity of the unphosphorylated and phospho- 
rylated forms of the Abl kinase domain in the 
presence of different concentrations of STI-57 1 
(Fig. 4) (1 7). Because Abl is slow to autophos- 
phorylate, we used catalytic amounts of the Src 
kinase Hck to generate the phosphorylated Abl 
kinase domain. Hck phosphorylates the kinase 
domain of Abl specifically at Ty?93 in the 
activation loop (1 7). Activation of c-Abl by Src 
kinases plays a role in the cellular response to 

Fig. 3. STI-571 exploits the unique conforma- 
tion of the activation loop in the down-regu- 
lated form of Abl. Conformation of the activa- 
tion loops of Abl and the Src kinases Lck (ac- 
tive) (76) and Hck (inactive) (7 7). Also shown is 
a space-filling model of the Abl-specific inhib- 
itor. The figure was generated by superimpos- 
ing the catalytic segments of the displayed 
kinases. The structures of Lck and Hck are rep- 
resentative for the active and the inactive state 
of Src-family tyrosine kinases, respectively. The 
active form of Abl is expected to  resemble that 
of Lck. The activation loop is magenta, the 
catalytic segment green. The conserved side 
chains of the Asp-Phe-Gly motif and the ty- 
rosine residue in the activation loop are shown 
in a ball-and-stick representation. 

PDGF (18) and Hck has been implicated in the 
Bcr-Abl-induced transformation of cells (19). 

We found that the activity of unphosphoryl- 
ated Abl was essentially ablated at an STI-57 1 
concentration of 0.5 pM, whereas Abl treated 
with Hck retained more than 50% of its initial 
activity under these conditions (Fig. 4). Even at 
a 10-fold higher concentration of STI-57 1 the 
Hck-treated Abl retained 30% activity. The in- 
hibition constant, K,, of STI-57 1 for the unphos- 
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Fig. 4. STI-571 preferentially inhibits the un-
phosphorylated form of the kinase domain of 
Abl. Dose response of phosphorylated and un-
phosphorylated Abl. The kinase activity mea­
sured in a continuous spectrophotometric as­
say is plotted as a function of concentration of 
STI-571 (77). Abl kinase was phosphorylated in 
the activation loop by pre-incubation with Hck. 
The reaction rates are corrected for the rate of 
a control reaction in the absence of Abl kinase. 
The amount of Hck used did not give a signif­
icant signal in the spectrophotometric assay. 

phorylated form of Abl was 37 ± 6 nM. The 
dose-response curve of the phosphorylated 
form is complex. It can be analyzed by assum­
ing that inhibition occurs in two steps, one with 
a K{ value of 43 ± 2 nM, which is virtually 
identical to the K{ obtained for the unphospho-
rylated form, and another with a much higher K{ 

of 7 ± 0.2 uJvl. The biphasic inhibition sug­
gests that the phosphorylation of Abl by Hck 
did not go to completion, with the low K{ 

component reflecting inhibition of a remaining 
population of unphosphorylated kinase mole­
cules. 

Interestingly, the catalytic activity of the 
Abl kinase domain was not increased signif­
icantly by phosphorylation in the activation 
loop (Fig. 4). The inactivation of Abl relies 
on interactions between the catalytic domain 
and the SH3 domain of Abl (which is lacking 
in the construct used here) (20-22). The un­
phosphorylated full-length Abl protein is in­
deed activated upon autophosphorylation (23, 
24). Presumably, the activation loop of the 
isolated Abl kinase domain is flexible and 
can adopt the active conformation without 
requiring the additional stabilization provided 
by phosphorylation. 

In summary, we have shown that al­
though STI-571 targets the relatively well 
conserved nucleotide-binding pocket of 
Abl, it can still achieve high specificity by 
recognizing a distinctive inactive confor­
mation of the activation loop of Abl. The 
ability of the catalytic domains of protein 
kinases to adopt characteristic inactive con­
formations is proving to be a hallmark of 
these proteins. That STI-571 takes advan­
tage of this feature of its target is encour­
aging news for the further development of 
specific protein kinase inhibitors. 
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In excitable cells, small-conductance Ca2+-activated potassium channels (SK 
channels) are responsible for the slow after-hyperpolarization that often fol- 
lows an action potential. Three SK channel subunits have been molecularly 
characterized. The SK3 gene was targeted by homologous recombination for the 
insertion of a gene switch that permitted experimental regulation of SK3 
expression while retaining normal SK3 promoter function. An absence o f  SK3 
did not  present overt phenotypic consequences. However, SK3 overexpression 
induced abnormal respiratory responses t o  hypoxia and compromised partu- 
rition. Both conditions were corrected by silencing the gene. The results im- 
plicate SK3 channels as potential therapeutic targets for disorders such as sleep 
apnea or sudden infant death syndrome and for regulating uterine contractions 
during labor. 

SK channels are potassium-selective, volt-
age-independent, and activated by increases 
in the levels of intracellular Ca2+, such as 
what occurs during an action potential (1, 2). 
We have characterized three mammalian SK 
subunits (hSK1, rSK2, and rSK3) by molec- 
ular cloning. All three form SK channels with 
similar CaZ+ sensitivity and gating kinetics; 
constitutive association of calmodulin ac-
complishes CaZ+ gating with an intracellular 
domain of the channel a subunits (3, 4). To 
investigate the physiological role of murine 
SK3, we site-specifically inserted a tetracy- 
cline-based genetic switch into the 5' un-
translated region of the gene so that subunit 
expression could be abolished by dietary 
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doxycycline (dox) administration without in- 
terfering with the normal profile of SK3 ex- 
pression (Fig. 1) (5). 

SK3 mRNA levels were examined in 
brain tissue from wild-type (+I+),  heterozy- 
gous (+IT), and homozygous (TIT) targeted 
mice that were without or with dox (0.5 
mglml, for at least 5 days before being killed) 
in their drinking water. Total RNA from 
whole brains was used for Northern blot anal- 
ysis and reverse transcriptase-polymerase 
chain reaction (RT-PCR) (Fig. 1). SK3 
mRNA was readily detected from animals not 
treated with dox, but no hybridization signal 
was detected from dox-treated animals. Mul- 
tiplex RT-PCR experiments for SK3 and 
S-actin (for cross-sample comparison), with 
kquivalent amounts O ~ C D N Afrom each ani- 
mal, were analyzed during the linear range of 
amplification. Among wild-type animals, 
similar amounts of product were detected, 
and levels were not affected by dox. In het- 
erozygous animals that were not treated with 
dox, expression from the two alleles was 
similar. After dox administration, levels de- 
rived from the wild-type allele were not sig- 
nificantly altered, but product derived from 
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the targeted allele was reduced to background 
levels. SK3 mRNA expression in homozy- 
gous targeted mice that were not adminis- 
tered dox was approximately three times that 
for either allele in heterozygous animals. Ex- 
pression was undetectable after dox adminis- 
tration. To examine SK3 protein levels, we 
probed Western blots of membrane prepara- 
tions from mouse brain with an SK3-svecific 
antibody. SK3 protein was detected before 
but not after dox treatment. SK3 protein lev- 
els in the absence of dox were higher in SK3 
TIT mice than in wild-type mice (Fig. 1) (6) .  
Western blots for SK2 showed similar levels 
of protein in wild-type, TIT, or TIT with dox 
brain membrane preparations (7). 

The regional distribution of SK3 protein in 
wild-type and SK3 TIT mice was investigated 
by irnmunohistochemistry in the brain (8, 9). 
Most immunoreactivity was associated with the 
neuropil; individual neuronal perikarya were 
only occasionally stained. The highest expres- 
sion levels of SK3 protein were observed in the 
hippocampal formation, striaturn, in subsets of 
neocortical neurons, thalamus, cerebellum, and 
brain stem. In particular, SK3 protein was de- 
tected in various neuronal populations of the 
medulla oblongata, which are thought to be 
involved in the processing of respiratory sig- 
nals, e.g., the reticular formation and solitah 
tract nuclei (Fig. 2). For all brain regions inves- 
tigated, the SK3 distribution profile remained 
unchanged in SK3 TIT mice when compared 
with wild-type animals. However, the absolute 
level of SK3 protein expression in SK3 TIT 
animals was higher. No SK3 immunoreactivity 
was detected in sections after dox treatment 
(Fig. 2). Together, these results demonstrate 
that, in mice homozygous for the conditional 
SK3 allele, SK3 expression in the brain is in- 
creased in relation to the wild type and expres- 
sion can be abolished by dietary dox adminis- 
tration. The presence of the regulatory cassette 
in the exon encoding the 5' untranslated region 
does not alter the expression pattern of the SK3 
gene.-

SK3 is the only known SK subunit ex- 
pressed in skeletal muscle where expression 
is highly induced by denemation and in pri- 
mary cultured myotubes (10). To examine 
SK3 function in skeletal muscle from wild- 
type and SK3 TIT mice, we prepared myo- 
tube cultures in the presence or absence of 
dox (5 pglml) in the media ( I  I ) .  After 6 days 
of culture, action potentials recorded from 
wild-type myotubes showed a prominent af- 
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