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c-Abl, a non-receptor tyrosine kinase, regulates cell growth and survival in healthy cells and causes
chronic myeloid leukemia (CML) when fused by Bcr. Its activity is blocked in the assembled inactive state,
where the SH3 and SH2 domains dock into the kinase domain, reducing its conformational flexibility,
resulting in the autoinhibited state. It is active in an extended ‘open’ conformation. Allostery governs
the transitions between the autoinhibited and active states. Even though experiments revealed the struc-
tural hallmarks of the two states, a detailed grasp of the determinants of c-Abl autoinhibition and acti-
vation at the atomic level, which may help innovative drug discovery, is still lacking. Here, using
extensive molecular dynamics simulations, we decipher exactly how these determinants regulate it.
Our simulations confirm and extend experimental data that the myristoyl group serves as the switch
for c-Abl inhibition/activation. Its dissociation from the kinase domain promotes the SH2-SH3 release,
initiating c-Abl activation. We show that the precise SH2/N-lobe interaction is required for full activation
of c-Abl. It stabilizes a catalysis-favored conformation, priming it for catalytic action. Bcr-Abl allosteric
drugs elegantly mimic the endogenous myristoyl-mediated autoinhibition state of c-Abl 1b. Allosteric
activating mutations shift the ensemble to the active state, blocking ATP-competitive drugs. Allosteric
drugs alter the active-site conformation, shifting the ensemble to re-favor ATP-competitive drugs. Our
work provides a complete mechanism of c-Abl activation and insights into critical parameters controlling
at the atomic level c-Abl inactivation, leading us to propose possible strategies to counter reemergence of
drug resistance.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The core of the Abelson tyrosine kinase (c-Abl, hereafter
referred to as Abl), encoded by the human ABL1 gene in chromo-
some 9, is a non-receptor tyrosine kinase [1,2]. Abl is localized at
subcellular sites, such as the mitochondria, cytoplasm, nucleus,
the cell cortex, and the endoplasmic reticulum, interacting with
other signaling proteins, including kinases, signaling adaptors,
cell-cycle regulators, phosphatases, transcription factors, and
cytoskeletal proteins [3–5]. It transduces normal cell signals for
cytoskeleton remodeling for cell motility, regulation, autophagy,
DNA damage response, and apoptosis [6–10]. Human cells express
two alternatively spliced variants of Abl, giving rise to 1a and 1b
isoforms. The 1b isoform is 19-residue longer than 1a in the N-
terminal region [11]. At the N-terminus of isoform 1b, a myristoyl
moiety is covalently linked to the Gly2 residue. Myristoyl is estab-
lished as an essential element in autoinhibition, but not in mem-
brane binding [11]. In contrast, the 1a isoform lacks the N-
terminal myristoyl moiety. Following the N-terminal region, the
two isoforms share the same sequence and structural components,
the SH3, SH2, and kinase domains.

A mutation translocating the breakpoint cluster region (BCR)
gene in chromosome 22 to the ABL1 gene yields the fusion BCR-
ABL1 gene, which expresses the chimeric Bcr-Abl protein [12].
Bcr-Abl exhibits constitutive phosphorylated tyrosine activity that
may induce aberrant cell signals and chronic myeloid leukemia
(CML). Depending on the translocation breakpoint in the Bcr pro-
tein, two major isoforms of p190 and p210 Bcr-Abl proteins can
be expressed [13–16]. The p210 isoform contains a Dbl-
homology (DH)–Pleckstrin-homology (PH) tandem module which
does not exist in the p190 isoform (Fig. 1a). The PH domain is
responsible for membrane binding by interacting with phospho-
inositides [14]. The two isoforms present significant differences
in their interactome and tyrosine phosphoproteome [15,17], sug-
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Fig. 1. Domain structures of Abl 1b and Bcr-Abl. (a) Domain structures of Abl 1b and two Bcr-Abl isoforms, p210 and p190. Replacing the N-terminal region of Abl with Bcr
generates the fusion Bcr-Abl protein. Two Bcr-Abl isoforms are different in the Bcr region. In the p190 isoform, the Bcr region consists of the coiled-coil (CC) and the serine/
threonine (S/T) kinase domains. In the p210 isoform, in addition the Dbl homology (DH) and pleckstrin homology (PH) domains are fused to Abl. Abl is composed of the SH3,
SH2, and kinase domains, followed by the F-actin binding domain (FABD). Structures of (b) autoinhibited (PDB: 1OPL) and (c) fully activated (PDB: 1OPL) Abl.
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gesting that the activation of the two Bcr-Abl isoforms is induced
by different signaling pathways. They result in different leukemia
phenotypes. p210 Bcr-Abl is the hallmark of chronic myelogenous
leukemia (CML), with the Bcr-Abl protein observed in approxi-
mately 1/4 of adult B-cell acute lymphoblastic leukemias (B-ALL),
whereas p190 Bcr-Abl accounts for 3/4 [14,18]. In addition to
CML and B-ALL, in recent years, the Abl protein has been impli-
cated in neurodegenerative diseases. Increasing evidence suggests
that Abl regulates the degradation of parkin and a-synuclein in
Parkinson’s diseases [19,20].

Many orthosteric tyrosine kinase inhibitors (TKIs) have been
approved for the treatment of CML or Bcr-Abl-dependent B-ALL,
such as imatinib, dasatinib, nilotinib, bosutinib, ponatinib, and
bosutinib [21–23]. They compete with the nucleotide, adenosine
triphosphate (ATP), at the ATP-binding pocket of the kinase
domain. Unfortunately, their efficacies are affected in patients har-
boring point mutations, especially the gatekeeper T315I (num-
bered in Abl 1b) mutation [24–26]. The disease can relapse or be
refractory in some patients who have already received the TKIs.
To date, ponatinib appears to be the only orthosteric TKI that is
able to overcome Bcr-Abl T315I-based resistance [27,28]. However,
resistance emerges by mutations at the binding site in the same
BCR-ABL1 allele [25]. Phase 2 clinical trials was stopped due to its
adverse effect on the patients’ arteries [27]. A temporary drug
switching with imatinib was proposed [26]. Recently, an allosteric
inhibitor of Bcr-Abl, asciminib (ABL001), was clinically demon-
strated to have high inhibition potency, including of Bcr-Abl
mutants with the T315I alteration, and was approved by the U.S.
Food and Drug Administration (FDA) for the treatment of CML
[29]. This allosteric drug avoids side effects resulting from the
orthosteric TKIs. In combination with orthosteric inhibitors (nilo-
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tinib or ponatinib), asciminib shows a considerably enhanced effi-
cacy. It appears to control the disease, eradicating CML in xenograft
tumors, and to suppress drug resistance by point mutations
[30,31]. Distinguished from orthosteric inhibitors binding to the
ATP-binding pocket, asciminib binds to the C-lobe allosteric pocket
of the Abl kinase domain, which is occupied by the myristoyl group
in Abl 1b, distantly regulating the Abl in Bcr-Abl. Asciminib, like
the earlier GNF-2 and GNF-5 allosteric inhibitors, exquisitely mim-
ics the endogenous biological myristoyl group action [32–34]. The
emergence of drug resistance to the allosteric drugs led to an inno-
vative drug regimen combining asciminib with ATP-competitive
drugs [35]. Allosteric drugs can re-sensitize the ATP-binding
pocket to the orthosteric drugs.

Insight into Abl structures and dynamics is vastly important for
understanding the mechanisms of Abl activation and inhibition.
Like other kinases, Abl populates two conformations, the compact
conformation of the autoinhibited state and the extended confor-
mation in the fully active state [36–38]. Domains and modules in
Abl are the regulators of its activation and inactivation. The crystal
structure of autoinhibited Abl 1b is mainly featured by (i) the jux-
taposition between the SH3 domain and the N-lobe kinase domain
mediated by the linkerSH2-KD, where KD denotes the kinase domain,
(ii) the direct contact of the SH2 domain with the C-lobe kinase
domain, and (iii) the binding of the myristoyl group at the
hydrophobic pocket of the C-lobe of the kinase domain, conferring
a ‘‘kinked” aI’-helix for facilitating the SH2/C-lobe interaction
(Fig. 1b). The extended active conformation of Abl displays the
SH2 domain docking onto the top of the N-lobe kinase domain
(Fig. 1c). In solution, the two states can interconvert rapidly and
achieve an equilibrium when the myristoyl motif is absent [38].
In the fully active state, despite the ligand binding, the aC-helix
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and the activation loop (A-loop) in the kinase domain adopt the
‘‘IN” and ‘‘extended” conformations, respectively. However, as cap-
tured by different orthosteric inhibitors, the kinase domain inhibi-
tory states of Abl are diverse [39]. Type-Ⅰ inhibitors (e.g., dasatinib
and bosutinib) prefer the catalytically active conformation, while
type-Ⅱ inhibitors (e.g., imatinib, nilotinib, and ponatinib) favor
the inactive form [40]. NMR data described two different inactive
states (I1 and I2) of the unliganded kinase domain of Abl [37].
The I1 state adopts an aC-in, extended A-loop, and DFG-out confor-
mation, similar to the PD173955-bound state [36]. The I2 state is
identical to the imatinib-binding state, displaying the aC-out, col-
lapsed A-loop, and DFG-out conformation. A crystal structure of
the Src-like kinase domain of the inactive Abl conjugated with
the ATP-peptide presents an aC-out, collapsed A-loop, and DFG-
out conformation [41].

Despite these structural details of Abl [11,33,37,38,42–52],
some puzzles persist, and understanding its activation and inhibi-
tion at the atomistic level is still lacking. The exact role of individ-
ual modules in Abl’s allosteric regulation has also been unclear.
Using molecular modeling and extensive molecular dynamics
(MD) simulations, we aim to determine the component function
in Abl regulation and decipher the full mechanism of Abl activa-
tion. Cells usually contain abundant ATP molecules, the main bio-
chemical energy source for life activities [53]. Kinases are believed
to be mostly bound with ATP. Different frommost of the previously
presented structures and models of Abl, which are in the unli-
ganded or inhibitor-bound states, the models constructed in this
work are liganded with ATP (Tables S1 & S2). Our results are con-
sistent with experimental observations [11,37,38,46,47,54,55] and
provide mechanistic details. Biophysical and biological data have
shown that the release of the myristoyl group can activate Abl,
and removal of the SH2-SH3 module can activate Abl too. But it
has been unclear which one is the direct factor activating Abl.
Our work clarifies the activation process. Abl activation involves
multiple conformational changes. The release of the myristoyl
switches the activation status of Abl but cannot instantly activate
it. An additional step is required for Abl activation: the SH2-SH3
release. This is a key step in the initiation of Abl activation. How-
ever, the SH2-SH3 release cannot fully activate Abl either. After
the SH2-SH3 release, the SH2 domain is free, allowing its translo-
cation and relocation to interact with the N-lobe of the kinase
domain. The interaction between the SH2 domain and the N-lobe
can sample multiple states. Only one SH2/N-lobe interaction can
fully activate c-Abl, as well as stabilize its fully active conforma-
tion. Here we propose the regulation mechanism of the precise
SH2/N-lobe interaction for the activation of Abl. The scenarios
described in this work ascertain the exact determinants of Abl acti-
vation and expand the understanding of the autoinhibition of its
two isoforms, as well as the activation of Bcr-Abl.
2. Materials and methods

2.1. Modeling of inactive c-Abl systems

There are two available conformations of the kinase domain of
inactive c-Abl (Fig. S1). One is bound to ATP linked to a peptide,
displaying an OUT aC-helix, DFG-in, and collapsed A-loop (model
1) [41]. The other is bound to an inhibitor at the ATP pocket, adopt-
ing an IN aC-helix, DFG-out, and extended A-loop (model 2) [36].
To determine which model of the kinase domain of inactive Abl
is suitable as the initial conformation, we first modelled the iso-
lated kinase domain and the kinase domain with the SH2 and
SH3 domains of Abl in the absence (configurations KC and CC)
and presence (configurations KC-M and CC-M) of the myristoyl
motif based on two models of the kinase domain (Fig. S2). KC/
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KC-M and CC/CC-M denote the isolated kinase domain and com-
plex systems, respectively. In this work, we developed the topology
and parameters of the myristoyl group. The ‘-M’ in KC-M and CC-M
indicates the myristoyl group is involved in the systems. The sys-
tems of model 2 were constructed completely based on one crystal
structure (chain A in PDB: 1OPL). Since only the isolated kinase
domain of model 1 is available in the protein data bank, two crystal
structures (PDB: 2G1T & chain A in PDB: 1OPL) were used to con-
struct the systems of model 2. The four systems of model 1 were
modelled via replacing the region from the N-lobe to the aI-helix
in the C-lobe of the corresponding systems of model 2. The ATP-
binding pocket of these systems were bound with the ATP mole-
cule and Mg2+ (Table S1). The resulting eight systems were sub-
jected to relaxation: (1) 500-step steepest descent minimizations
by constraining the protein backbones with harmonic force con-
stant of 5 kcal/mol/Å2; (2) 200 steps of steepest descent minimiza-
tions by constraining the backbones of the protein with harmonic
force constant of 5 kcal/mol/Å2; and (3) 200-step minimizations
using Adopted Basis Newton-Raphson (ABNR) without constrain-
ing atoms. Then, the models were solvated using explicit TIP3P
water. Counterions of Na+ and Cl- were added into the solvated sys-
tems to neutralize the systems and mimic 150 mM ionic strength.
2 ls MD simulations were performed for the 8 resulting systems to
determine the model (model 1 or model 2) for study. The confor-
mation of the kinase domain in the systems of model 1 is more
stable than that of model 2. In the systems of model 2, the aC-
helix significantly moves outwards with the disruption of the
K290-E305 salt bridge (Fig. S3), and the DFG motif shifts from
OUT conformation (DFG-out) to the intermediate state (DFG-
inter) (Fig. S4). These phenomena indicate that for inactive Abl in
the presence of ATP, the conformation of model 1 is more favor-
able. Herein, the systems of model 1 were used as the studied
systems.

2.2. Modeling of active Abl systems

Two crystal structures (chain B in PDB: 1OPL and PDB: 2G2I)
were used to construct the active Abl systems. Three active sys-
tems of Abl were constructed: the wild-type complex containing
the SH2 domain and the kinase domain (activeWT), the isolated
kinase domain activeDSH2, and the mutant by substitution of the
I164 residue in the SH2 domain with glutamic acid (activeI164E)
(Fig. S5). The activeDSH2 model was constructed based on the crys-
tal structure of pure kinase domain (PDB: 2G2I) by substituting the
P396 residue with histidine, activeWT was modelled by replacing
the kinase domain in the complex crystal structure (chain B in
PDB: 1OPL) with the kinase domain of the activeDSH2 system, and
the activeI164E system was created by mutating the I164 residue
in the SH2 domain to glutamic. In the three active models, the
ATP molecule and Mg2+ occupy the ATP-binding pocket and the
Y412 residue in the A-loop was phosphorylated (Table S2). Then,
the three active models were subjected to relaxation, solvation,
and neutralization, same to the inactive systems.

2.3. Molecular dynamics simulation protocols

Our simulations were carried out based on the protocol pub-
lished in our previous works [56–60]. Prior to MD simulations,
10,000-step energetical minimizations were conducted to the con-
structed systems by using the conjugate gradient minimization
method to remove bad contacts between atoms in the systems.
Then, a total of 2 ls all-atom explicit-solvent MD simulations were
performed for each system under the NPT ensemble (constant
number of atoms, pressure, and temperature) and 3D periodic
boundary conditions, using NAMD 2.13 package [61] with
CHARMM [62] all-atom force field (version 36m) [63,64]. The pres-
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sure and temperature were maintained at 1 atm and 310 K using
the Langevin piston control algorithm and the Langevin thermostat
method with a damping coefficient of 1 ps�1, respectively. The
canonical phosphorylation of tyrosine generates negative charge
of �2e. The standard CHARMM program provides the parameter
and topology for the post-translational modification on the side-
chain of the phosphotyrosine (pY412). All covalent bonds including
hydrogen atoms were constrained using the RATTLE method so
that the velocity Verlet algorithm was used to integrate the New-
ton motion equation with a larger time step of 2 fs. The interaction
potentials between atoms were calculated by the long-range elec-
trostatic interactions using particle mesh Ewald (PME) method
with a grading space of 1.0 Å and the short-range van der Waals
(vdW) interactions using switching functions with the twin-
range cutoff at 12 and 14 Å. Trajectories were saved each 2 ps for
data analysis. The result analysis was performed in the CHARMM
[62] and VMD packages using the FORTRAN and TCL scripts. The
root-mean-square deviation (RMSD) profiles show that all the
studied systems can be converged after 500 ns (Fig. S6). Herein,
averages were also taken over from the last 1 ls trajectories.
3. Results

3.1. Myristoyl is the switch for Abl autoinhibition and activation

In autoinhibited Abl (Abl 1b isoform), the binding of the myris-
toyl motif to the C-lobe pocket (myristoyl pocket) is believed to
maintain the compact inactive conformation [36]. The substitution
of Gly with Ala at position 2 (G2A) results in an un-myristoylated
Abl, dramatically increasing its activity [11]. Enhanced activity was
also tested in assays that mutate residues in the myristoyl-binding
pocket of Abl, which is expected to destabilize the binding environ-
ment. These support the premise that myristoyl binding is required
for the autoinhibition of Abl. To gain insight into how myristoyl
binding influences Abl function at the atomistic level, we modeled
and simulated the isolated kinase domain (configuration KC) and
the complex containing the SH2, SH3, and kinase domains (config-
uration CC) of Abl in the absence of myristoyl motif. In the pres-
ence of the myristoyl motif, we generated two additional
configurations, KC-M and CC-M, where ‘‘M” denotes the myristoyl
binding (Fig. S2). In the myristoyl-binding pocket of the kinase
domain, the myristoyl moiety forms hydrophobic interactions with
L512 and F516 in the aI-helix, A356, L359, and L360 in the aE-
helix, L448 and A452 in the aF-helix, V487 in the aH-helix, and
I521, V525, and L529 in the aI’-helix (Fig. 2a). Within the simula-
tion timescale, prominent differences in the active site, aC-helix,
and A-loop of the kinase domain caused by the myristoyl motif
were not observed between the compared systems (KC vs KC-M
and CC vs CC-M), leading us to conclude that the myristoyl binding
or release is unlikely to directly and instantly affect the Abl kinase
domain. Instead, upon myristoyl release, the aI’-helix in the C-lobe
kinase domain was highly dynamic and underwent large structural
changes from the ordered helix to random conformations (Fig. 2b).
We speculate that this structural transition would lead to a straight
aI’-helix, which can extend the aI-helix’s length and yield a longer
aI-aI’-helix [34] (Fig. 2c). A straight aI-aI’-helix produces steric
hinderance, preventing the SH2 domain from binding to the kinase
domain. In contrast, the aI’-helix in the myristoyl-binding systems
(KC-M and CC-M) can maintain the stable and ordered helix con-
formation (Fig. 2b). The N-terminal disordered region has been
implied as a contributor for Abl autoinhibition [3,11,55,65]. It car-
ries two important motifs, the proline-rich (capPxxP) and C-
terminal caps (CapC) [38] (Fig. S7). CapC interacts with the SH2
domain, which fastens the SH2-SH3 module to the kinase domain
[43,55]. The released myristoyl group likely disturbs the CapC/SH2
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interaction, further promoting the SH2-SH3 release. The myristoyl
axis is parallel to the aI’-helix which displays a kinked conforma-
tion (Fig. 2a). The kinked aI’-helix is probably an indispensable
contributor to the myristoyl binding. Its deletion likely causes
the myristoyl release, thus the CapC release. This can be supported
by aI’-helix deletion leading to considerably enhanced activity of
Abl, comparable to the un-myristoylated Abl with the G2A substi-
tution [11]. Taken together, these suggest that the myristoyl group
serves as the switch for Abl autoinhibition and activation. Its
release may induce significant conformational changes in the aI’-
helix of the kinase domain, which, in turn, promote the release of
SH2 and SH3 domains for Abl activation. As we discuss below,
additional steps are required for Abl activation.

3.2. SH2-SH3 release initiates Abl activation

Like the Src family kinases [66–68], Abl contains SH2 and SH3
domains docking onto the kinase domain, which is critical for the
autoinhibition [69]. Pioneering simulation works have implied that
the SH2-SH3 module is rigid, maintained by the SH2-SH3 connec-
tor [43,70]. The SH2 release, thereby, allows the release of the
whole SH2-SH3 module. The structural features, their changes,
and dynamics of some motifs (e.g., aC-helix and A-loop) in the
kinase domain are usually used to determine the inhibiting/acti-
vating state or trend for kinases [71,72]. Their conformational tran-
sitions clearly demonstrate the regulation of Abl activity. To
determine how the SH2-SH3 module exactly regulates Abl, we
compared the structural features of the kinase domains in various
systems of the isolated kinase domain with that in the correspond-
ing complex systems of Abl with and without SH2-SH3 domains
(KC vs CC, and KC-M vs CC-M). To activate Abl, the A-loop and
aC-helix usually shift the equilibrium towards the collapsed and
IN conformations, respectively. Within the simulation timescale,
we did not observe significant structural transitions of the A-loop
in the four inactive systems. However, we were able to observe
that the aC-helix tends to orient inwards (IN) in the two systems
of the isolated kinase domain (KC and KC-M) (Fig. 3a). This obser-
vation is consistent with NMR data that Abl encompassing the
SH2-SH3 module (34 %) has much higher population of the I2 state
in which the aC-helix adopts an OUT conformation, than the iso-
lated kinase domain (6 %) [37]. As a result of the IN aC-helix
motion, E305 in the aC-helix tends to approach K290 in the b3-
strand to form a salt bridge, a structural hallmark of active Abl.
Within the simulation timescale, although E305 in the aC-helix
did not completely move inwards to form the salt bridge, it shows
this tendency. To quantify the aC-helix action, the distances
between E305 in the aC-helix and K290 in the b3-strand (DK290-

E305) were measured for the four systems (Fig. 3b). The distribution
profiles show the highly populated DK290-E305 for KC and KC-M
without the SH2-SH3 module peaking at �14.5–15 Å, which is
shorter than those distances with the SH2-SH3 module (CC and
CC-M, �17–17.5 Å). This indicates that removal of the SH2-SH3
module induces the activation characteristics of the Abl kinase
domain. Remarkably, the fully inactive model (CC-M) displays
the narrow distribution and highest peak, in contrast to the wide
distribution and lower peaks for the other three systems. This sug-
gests that simultaneous binding of the SH2-SH3 module and the
myristoyl group is capable of preserving the inactive Abl. Together,
all the above results suggest that the release of the SH2-SH3 mod-
ule is a key step in the initiation of Abl activation. This activation
step is independent of the myristoyl release or removal, in agree-
ment with experiments [44,54,73,74]. The SH2-kinase domain lin-
ker (linkerSH2-KD) mediates the conjunction between the SH3
domain and the N-lobe kinase domain. Unstable or weak SH3-
linkerSH2-KD binding may lead to SH2-SH3 release. Mutations or
deletion of this linker disrupt the binding of SH3 to the linker,



Fig. 2. Interaction of the myristoyl motif with the kinase domain in Abl autoinhibition. (a) Interaction between the myristoyl moiety and the aI’-, aI-, aE-, aF-, and aH-helix of
the C-lobe in the autoinhibited Abl. (b) Superimposed snapshots showing the dynamic behaviors of helix aI’ (blue) of the kinase domain in the four inactive systems (KC, KC-
M, CC, and CC-M). The aligned structures of the representative clusters are extracted from last 1-ls trajectories. The myristoyl group is displayed as the lime spheres. (c)
Structural alignment of Abl from the systems of KC and CC to the Abl kinase domain from a crystal structure (PDB ID: 2F4J) in the absence of the myristoyl group. The aligned
structures for KC and CC are the average conformations over the last 1-ls trajectories. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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elevating Abl kinase activity [11,54]. Mutations in the linker which
can enhance the SH3-linkerSH2-KD interaction favor Abl’s inhibitory
state, countering its activation [54]. Strong SH2/C-lobe interaction
also prevents SH2-SH3 release. The intramolecular p-p stacking
formed between Y158 and Y361 contributes considerably to the
SH2/C-lobe interaction. The Y158D substitution hinders this inter-
action, significantly enhancing Abl kinase activity [11].

3.3. Precise SH2/N-lobe interaction is required for full activation of Abl

Different from other kinases, to fully activate Abl, the SH2
domain undergoes reorientation and translation to dock onto the
N-lobe of the kinase domain, resulting in an extended conforma-
tion [36,38,42,43,75]. This unique arrangement indicates that the
SH2/N-lobe interaction acts as a necessary determinant for maxi-
mizing Abl activity. The intrinsic mechanism of allosteric regula-
tion of this activation are not fully understood. To explore how
the SH2/N-lobe interaction impacts Abl activity from the structural
point of view, we constructed two active models of Abl in the pres-
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ence (activeWT) and absence of the SH2 domain (activeDSH2)
(Fig. S5). In the initial construction, we adopted an active confor-
mation of the kinase domain with the IN aC-helix and the
extended A-loop. In the A-loop, Y412 was phosphorylated. Recent
experiments indicated that the SH2 domain needs to interact pre-
cisely with the N-lobe of the kinase domain for full Abl activation
and identified key residues contributing to the interaction at the
SH2/N-lobe interface; I164, H233, T231, Y234 in the SH2 domain
and E294 in the N-lobe kinase domain [37,47]. Among these inter-
face residues, they further identified I164 as a tether, linking
between the SH2 domain and the N-lobe kinase domain, a linkage
which is important for the active conformation of Bcr-Abl [47].
Mutations of I164 into polar (e.g., Gln or Thr) and charged (e.g.,
Asp, Glu, or Lys) amino acids resulted in significant decrease of
Abl autophosphorylation and in vitro kinase activity. However,
the hydrophobic substitutions, I164V and I164L led to weaker
effects. The I164E substitution is expected to efficiently disrupt
the SH2/kinase domain interface, consistent with the significant
reduction of Abl and Bcr-Abl activity observed in a range of exper-



Fig. 3. Release of the SH3-SH2 module promotes the IN aC-helix conformation. (a) Representative snapshots and (b) probability distribution functions of the distance
between K290 in the b3-strand and E305 in the aC-helix for the compared systems of KC and CC (left panel), and KC-M and CC-M (right panel). DK290-E305 is the distance
between the nitrogen atom in the sidechain of the K290 residue and the carbon atom in the carboxy group of the E305 residue. Representative conformations in (a) were
averaged and data of the K290-E305 distance in (b) were extracted from the last 1-ls trajectories.
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iments [43,47,75]. We modelled another active state of Abl by
replacing Ile with Glu at position 164 (activeI164E) and evaluated
the structural changes of Abl’s kinase domain that the mutation
caused (Fig. S5). During the simulations, we observed that the
SH2 domain harboring the I164E mutation quickly separated from
the kinase domain, but came back to interact with the kinase
domain, as indicated by the increased and decreased distances
between the SH2 and kinase domains (Fig. S8a). However, the
activeI164E system changed the SH2/N-lobe interface, as evidenced
by E164 pointing away from the interface (Fig. S8b). This suggests
that in addition to the interface defined in the crystal structure, the
SH2 domain may use other surfaces to interact with the kinase
domain. However, we anticipate that the new interface is less pop-
ulated and hard to capture by experimental structural analysis.
3.3.1. P-loop and aC-helix conformations
The P-loop and aC-helix in the N-lobe present different confor-

mations in the fully active and inactive Abl (Fig. 4). It is regulated
by the loop linking the aC-helix to the b3-strand (loopaC-b3). For
the fully active Abl system (activeWT), the loopaC-b3 floats above
the P-loop and the aC-helix, allowing the P-loop and the aC-
helix to interact, resulting in a favored inward orientation of the
aC-helix. On the other hand, loopaC-b3 is positioned between the
aC-helix and the P-loop, predisposed to block the P-loop/aC-
helix interaction, and an outwards conformation of the aC-helix.
During the simulations, the interaction of the P-loop with the
aC-helix was maintained in the kinase domain of activeWT.
However, for the Abl system in the absence of SH2 (activeDSH2),
the P-loop retracts and clashes with the aC-helix. In this process,
the P-loop shifts its position toward the inactive Abl, becoming
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increasingly closed, in line with NMR observations [37]. For
activeI164E, rather than loopaC-b3 retraction, it is lifted from the
P-loop and the aC-helix. The lifting motion of loopaC-b3 is able to
push the aC-helix outwards, locating near the P-loop, as observed
in the kinase domain of activeWT. It is interesting to note that for
activeI164E, the P-loop/aC-helix separation leads to a suitable space
for the sidechain of Y272 in the P-loop pointing towards the aC-
helix (Fig. S9a). For activeWT, however, Y272 retreats its sidechain
away from the aC-helix due to the absence of gap between the
P-loop and the aC-helix (Fig. S9b).
3.3.2. aC-helix motion
The IN and OUT conformations of the aC-helix are the structural

signatures for active and inactive Abl, respectively. A salt bridge
formed between K290 in the b3-strand and E305 in the aC-helix
can be used to evaluate the fully or partially IN aC-helix. To under-
stand the impact of the precise SH2/N-lobe interaction on the aC-
helix orientation, we monitored the aC-helix motion by calculating
the distance between K290 and E305, DK290-E305, for the three
active models. In the simulations, we observed that the aC-helix
in the isolated kinase domain (activeDSH2) evidently shifts out-
wards, accompanied by the disruption of the K290-E305 salt bridge
(Fig. 5a). The disruption of the K290-E305 salt bridge implies an
inactive conformation with the aC-helix OUT orientation. When
the SH2 domain is present, the K290-E305 salt bridge is consis-
tently preserved in the activeWT and activeI164E systems. These
observations are supported by the distribution profile of
DK290-E305 peaked at �3.2, �15.9, and �3.2 Å for activeWT,
activeDSH2, and activeI164E, respectively (Fig. 5b). However, for
activeI164E, a portion of the aC-helix is flexible and shifts between



Fig. 4. Superimposed conformations of the N-lobe kinase domain to compare the P-loop and aC-helix conformations for activeWT vs activeDSH2, activeWT vs activeI164E, CC-M
vs activeDSH2, and CC-M vs activeI164E. In cartoon representations, the N-lobe structures in the activeWT, activeDSH2, activeI164E, and CC-M systems are colored in light green,
light pink, light blue, and yellow, respectively. The P-loop, aC-helix, and the loopaC-b3 are highlighted. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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the IN and OUT conformations, which is not strong enough to com-
pletely push the whole aC-helix OUT, in contrast to the stable IN
conformation observed in the activeWT system. The partial move-
ment of the aC-helix towards the OUT conformation cannot com-
pletely disrupt the K290-E305 salt bridge, which we term ‘a
partially active state’. We suspect that the kinase activity of the
partially active Abl is not as strong as that of the fully active spe-
cies. The aC-helix OUT motion occurs at its N-terminal portion dri-
ven by the loopaC-b3 dynamics, resulting in increased distance
between the P-loop and the aC-helix. We measured the distance
between Y272 in the P-loop and E301 in the aC-helix, DY272-E301,
to observe its distribution on a two-dimensional plane along with
DK290-E305 (Fig. 5c). Distance distributions can quantify activation
levels of the kinase domain in the wild-type, isolated kinase
domain, and I164E mutant systems. The distributions at both
shorter DK290-E305 and DY272-E301 denote the fully active state, and
at the shorter DK290-E305 with the longer DY272-E301 imply the
partially active state. In contrast, the distributions at both longer
DK290-E305 and DY272-E301 indicate the inactive-like state. The kinase
domains in the activeWT and activeI164E systems mostly adopt fully
active and partially active conformations, respectively, while that
in activeDSH2 has high population of inactive-like states.
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3.3.3. Hydrophobic spines
The regulatory (R-spine) and catalytic (C-spine) spines connect-

ing the N-lobe and the C-lobe are essential for orchestrating allos-
tery in active kinases [76,77]. In Abl, the R-spine is formed by four
residues of RS1 (H380 in the HRD motif), RS2 (F401 in the DFG
motif), RS3 (M309 in the aC-helix), and RS4 (L320 in b4-strand)
(Fig. 6a). The functional relevance of the R-spine has been evi-
denced by experiments [78,79]. The spatial assembly of these resi-
dues via a chain of hydrophobic interactions from the N-lobe to the
C-lobe indicates active Abl. This assembly is disrupted in the inac-
tive state [79]. In our studies, we observed the considerably differ-
ent behaviors of the R-spine in the activeWT and activeDSH2

systems. In activeWT, the R-spine assembly is well maintained
(Fig. 6c). Whereas the R-spine is dismantled in the activeDSH2 and
activeI164E systems, displaying the RS1-RS2 dissociation as H380
in the HRD motif separates from F401 in the DFG motif. The dis-
tances between RS1 and RS2 for these three systems display an
increasing order of activeWT (�6.2 Å) < activeI164E (�8.0 Å) < active
DSH2 (�12.5 Å) (Fig. 6b), implying that it is more difficult to
assemble the R-spine when the SH2 domain is absent. The
C-spine assembles transiently upon ATP binding [77]. The assem-
bly is required to orient the substrates for phosphorylation. In



Fig. 5. Precise SH2/N-lobe kinase domain interaction favors the IN aC-helix conformation in the active Abl. (a) Initial and final snapshots, (b) probability distribution
functions of DK290-E305, and (c) DK290-E305–DY292-E301 matrix for the three active systems (activeWT, activeDSH2, and activeI164E) to evaluate the aC-helix motion. DY292-E301 is the
distance between the Ca atom of the Y292 residue and the Ca atom of the E301 residue. The data in (b) and (c) were extracted from the last 1-ls trajectories.
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Abl, the C-spine constitutes residues A288/V275 in the b3-/b2-
strands, V389 in the b7-strand, V390/C388 in the b7-strand, L342
in the aD-helix, and I451/L447 in the aF-helix (Fig. 6d). ATP is posi-
tioned in-between residues A288/V275 in the b3-/b2-strands and
V389 in the b7-strand, forming a sandwich-like posture. This con-
formation implies that A288, V275, and V389 can modulate the
ATP-binding space, thus affecting the stability of ATP binding. To
characterize the ATP-binding space, the distances between A288/
V275 in the b3-/b2-strands and V389 in the b7-strand (DA288-V389

and DV275-V389) were measured (Fig. 6e). Averaged DA288-V389 and
DV275-V389 for activeWT are �12.0 and �13.7 Å, respectively, slightly
shorter than those for activeDSH2 (�12.0 and �14.3 Å) and
activeI164E (�12.3 and �14.6 Å). This indicates that the precise
docking of the SH2 domain onto the top of the N-lobe leads to a
more compact space favorable for the ATP binding.
3.3.4. The mechanism of precise SH2/N-lobe interaction regulating Abl
activation

The above results show that precise SH2/N-lobe interactions are
required for maintaining the active Abl conformation. The active
kinase domain is characterized by the P-loop/aC-helix interaction,
the IN aC-helix conformation, a well-assembled R-spine, and a
compact ATP-binding space favorable for catalysis. In addition to
these observations, we further examine the kinase domain surface
at the SH2/N-lobe interface. Interestingly, we observed a deep
pocket formed by M263, E274, Y278, T291, K293, and Y331 on
the surface of N-lobe kinase domain, which exists in the activeWT

system, but not in the activeDSH2 or activeI164E systems (Fig. 7a).
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I164 in the SH2 domain occupied this pocket to coordinate kinase
domain residues (M263, E274, Y278, T291, K293, and Y331). The
coordination may affect the local conformation of the N-lobe of
the kinase domain. In the pocket, a salt bridge forms between
the positively charged K293 in the loopaC-b3 and the negatively
charged E274 in the b2-strand. The salt bridge distance, DK293-

E274, peaks at �2.8 Å for activeWT and �13.5 Å for activeDSH2

(Fig. 7b). For the mutant system, the distance profile exhibits a
wide distribution in the range of �4–10 Å without a considerable
peak. Taken together, the K293-E274 salt bridge is stably main-
tained in the activeWT system due to the I164 coordination but dis-
rupted in the activeDSH2 and activeI164E systems due to its
absence (Fig. 7c). The K293-E274 disruption confers a more mobile
loopaC-b3, which breaks the P-loop/aC-helix interaction. The
aC-helix consequently tends to move outward, shifting the equilib-
rium of Abl towards the inactive state.
3.4. Allosteric and competitive active-site inhibitors

Autoinhibition is a common inactivating switch mechanism in
nature [80–85]. The principle is straightforward and since the inac-
tivating segment is covalently linked, it is highly efficient. In
autoinhibition, the inactivation segment obstructs the access of
the ligand to the active site and its coordination for catalysis. It
can do so by covering the active site, as in the case of PI3K [58],
or allosterically, as in our case here. Either way, to be usefully reg-
ulated during cell life and respond swiftly to the changing condi-
tions, its binding should be fairly loose, permitting its ON/OFF



Fig. 6. Precise SH2/N-lobe interaction stabilizes the hydrophobic spines in active Abl. (a) Abl’s R-spine is formed by L320 in the b4-strand, M309 in the aC-helix, F401 in the
DFG, and H380 in the HRD. (b) Probability distribution functions of RS1-RS2 distances and (c) representative snapshots of the R-spine for the activeWT, activeDSH2, and
activeI164E systems. The DRS1-RS2 is the distance between the center of mass of the imidazole ring in H380 and the benzene ring in F401. (d) C-spine of Abl is composed of A288/
V275 in the b3-/b2-strands, V389 in the b7-strand, V390/C388 in the b7-strand, L342 in the aD-helix, and I451/L477 in the aF-helix. (e) Statistics of the distances between
V275/A288 and V389, DV275-V389 and DA288-V389, for the three active systems to characterize the ATP-binding space.
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transition without needing to overcome high kinetic barriers. On
the downside, this is also likely to result in basal activation, as
observed in Abl 1b. The transition between the ‘closed’, autoinhib-
ited state and the active, extended ‘open’ state is coupled with con-
formational changes, which reflect the shift in the population
between the states. An allosteric oncogenic driver mutation can
weaken the interactions of the inactive state, or (and) strengthen
those of the active state, resulting in a shift in the equilibrium
toward the active state. In kinases, allosteric drivers often work
in this way, with the mutations mimicking the native activation
scenario [86], reversing the autoinhibition switch. In the case of
the Bcr-Abl, it is by removing Abl’s N-terminal segment to which
the myristoyl group is linked. Allosteric drug resistance mutations
away from the active site can confer resistance, for example, by
shifting the ensemble toward conformations that introduce steric
hindrance to drug binding at the ATP-binding pocket. They do this
through long range conformational changes. On the other hand,
4265
allosteric inhibitors work by shifting the ensemble to preorganize
a drug binding-favored active site, which mimics that of the
wild-type [87]. Thus, from the translational standpoint, allosteric
drug action, including by mimicking the endogenous autoinhibi-
tion by the myristoyl in Abl, work by blocking the mechanism of
activation.

T315 substitutions resist imatinib, an ATP-competitive drug
that binds to the inactive state. The Gray team identified GNF-2,
and subsequently GNF-5 allosteric drugs [33], that bound Bcr-Abl
at the myristoyl pocket through hydrophobic and vdW interactions
and water-mediated H-bonds, and shifted the ensemble, sensitiz-
ing it to imatinib and nilotinib. Asciminib resembles the GNF drugs
[30]. Thus, its combination with ATP-competitive drugs can suc-
cessfully block tumor growth. Even though mutations at the myris-
tate pocket can confer resistance to asciminib, they are sensitive to
the ATP-competitive drugs, rendering the orthosteric-allosteric
combination an attractive strategy [40]. Recently, asciminib with



Fig. 7. Mechanism of the precise SH2/N-lobe interaction in active Abl. (a) Morphology of the N-lobe surfaces exposed to the SH2 domain and (b) probability distribution
functions of K293-E274 distances for the activeWT, activeDSH2, and activeI164E systems. DK293-E274 is the distance between the nitrogen atom in K293 sidechain and the carbon
atom in the carboxy group of E274. (c) Schematic diagrams representing the precise SH2/N-lobe interaction for regulating the P-loop/aC-helix interaction and IN or OUT aC-
helix motion in active Abl. In (a), the positively, negatively, hydrophobic, and polar residues are colored in blue, red, white, and green, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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ponatinib were shown to also strongly suppress the Y253H and
E255V resistance mutations and to restore efficacy [31], making
Nathaniel Gray’s Team strategy a promising CML treatment.

Nevertheless, resistance mutations may still arise. The most
straightforward strategy appears selection of variant ATP-
competitive drugs and allosteric drugs at the myristoyl pocket.
Alternatively, if these fails, we suggest three possible strategies.
(i) Allosteric drugs binding at sites other than the myristoyl pocket,
mimicking ‘rescue’ mutations. Anaplastic lymphoma kinase (ALK)
allosteric mutation L1198F is one example. While it led to resis-
tance to lorlatinib through steric interference, it also resensitized
ALK to crizotinib [88]. Like allosteric drugs, the allosteric mutation
redistributed the ensemble, to populate conformations favorable
for crizotinib binding. If, however, the location of a potential favor-
able allosteric site is unknown, a search for substitutions that can
confer allosterically a bent aI0-helix could be one way, or inspec-
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tion of the cross-correlated motions between the sites could pro-
vide clues [89]. (ii) A second possible option is blocking the SH2/
N-lobe interface, as done in protein–protein interactions. That
however could be energetically costly. At the SH2/N-lobe interface
in the active Abl (or Bcr-Abl), a cystine residue (Cys324) is found in a
pocket of the N-lobe, which may be a potential site covalently link-
ing a drug to block the SH2/N-lobe interface, thus disturbing the
active conformation. (iii) Another possible strategy is enhancing
the SH2/C-lobe interface. As observed in the simulations, the
SH2-SH3 release initiates Abl activation. Strong SH2/C-lobe inter-
face avoids this initiation. Molecular glue is a promising and poten-
tial candidate, rendering a strong SH2/C-lobe interface to
allosterically restrict Abl (or restore Bcr-Abl) inactive ensemble.
This is analogous to the role of the myristoyl group or allosteric
inhibitors (asciminib, GNF-5, and GNF-2). The combination of the
molecular glue with the orthosteric drug is worth better to be
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adopted. An excellent inhibitory efficacy of molecular glue has
been successfully achieved in SHP2 phosphatase [90–93].

Other possible methods employed to identify allosteric residues
or cryptic allosteric sites include artificial intelligence (AI) learned
on allosteric residues, genetic algorithms and neural network, Mar-
kov State Models combined with simulations, or community net-
work analysis, or deep scanning [94–97]. Deep mutational
scanning is a yet another option [98,99].
4. Discussion

Abl is a non-receptor kinase regulating physiological cell sig-
nals. Its inhibition and activation are allosterically regulated via
intramolecular interactions between modules [36,38]. In this work,
we depict the allosteric regulation mechanisms of Abl, the key
kinase in leukemia, its autoinhibition and activation, by examining
their exact roles in regulation at the atomic level. The scenarios
observed in the simulations are consistent with, and clarify, avail-
able experimental data and provide a comprehensive and detailed
description of the autoinhibited and active states, and the events
taking place during the transition between the states
[11,37,38,46,47,54,55]. The autoinhibited state of Abl presents a
compact conformation with the SH2 and SH3 domains docking
onto the back side of the kinase domain (Fig. 1b). Upon their
release, Abl undergoes dissociation, transformation, and reorienta-
tion, with its ensemble shifting towards the active conformation
(Fig. 8). The strongly active conformation of Abl adopts an
extended conformation, in which the SH2 domain docks onto the
top of the N-lobe kinase domain (Fig. 1c).

The myristoyl motif and the SH2-SH3 module are essential con-
tributors for inhibiting Abl (Abl 1b isoform). The myristoyl group is
Fig. 8. Schematic diagrams of the mecha
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the switch between the inhibition and activation of Abl. The bind-
ing of the myristoyl group to the C-lobe pocket stabilizes Abl’s
compact, autoinhibited conformation. Its release triggers the
release of SH2-SH3 via steric repulsion produced by the conforma-
tional transition of the aI’-helix in the C-lobe kinase domain from
the ‘‘kinked” to the ‘‘straight” state. The N-terminal disordered
region is a contributor to Abl autoinhibition [3,11,55,65]. It carries
two important motifs, the proline-rich (capPxxP) and C-terminal
caps (CapC) [38] (Fig. S7). CapC interacts with the SH2 domain,
which fastens the SH2-SH3 module to the kinase domain [43,55].
Since Abl 1a isoform contains the CapC region, CapC’s function
likely applies to it too. With a different sequence (residues 1–26),
Abl 1a N-terminal region can assist the docking of the SH2-SH3
to the kinase domain, with a mechanism similar to the myristoyl
in the Abl 1b, and the pY-peptide at the C-terminus in c-Src kinase
[100,101]. CapC is retained in the Bcr-Abl oncoprotein (Fig. 8 and
Fig. S7) [102]. The Abl region in the Bcr-Abl protein populates
the active conformation. This further supports the requirement of
myristoyl binding in Abl 1b isoform for the fastening of the SH2-
SH3 module to the kinase domain. The released myristoyl group
likely disturbs the CapC/SH2 interaction, further promoting the
SH2-SH3 release.

Following myristoyl release, the SH2-SH3 module dissociates
from the kinase domain. As observed in our simulation, SH2-SH3
release induces a structural transition of the aC-helix from the
OUT to the IN conformation, in agreement with NMR data [38].
This indicates that the SH2-SH3 release initiates Abl activation.
That activation is independent of the myristoyl release or removal,
which can be supported by experimental data that optimize muta-
tions at the SH3-linkerSH2-KD, or by the SH2/C-lobe interfaces that
eliminate Abl activity, while mutations that disrupt the interfaces
pronouncedly increase Abl activity [11,44,54,73,74]. Occasionally,
nism of Abl and Bcr-Abl activation.
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protein dynamics, or competitive interactions in cells, e.g., the
interaction between the SH2 domain and proteins containing the
phosphotyrosine (pY) motif [103], and between the SH3 domain
and proline-rich motifs [104], may release the SH2-SH3 module,
allosterically activating Abl.

Upon SH2-SH3 release, the Abl’s kinase domain conformation
will be rearranged. The SH2 domain migrates and interacts with
the N-lobe, leading to the extended Abl conformation. The most
stable conformation of active Abl is unique and precise, which is
required for maximal catalytic activity. This conformation domi-
nates Abl in Bcr-Abl. Importantly, the SH2 I164 residue is key for
the precise SH2/N-lobe interactions. It can coordinate residues
(M263, E274, Y278, T291, K293, and Y331) in the N-lobe
(Fig. 7a), in which K293 in loopaC-b3 forms a salt bridge with
E274 in b2-strand, thus restraining the loopaC-b3 to keep the
P-loop/aC-helix interaction and the stable IN aC-helix conforma-
tion. Experimental data have shown that polar or charged substitu-
tions of the SH2 I164 residue dramatically eliminated Bcr-Abl
kinase activity [47]. Hydrophobic substitutions resulted in weaker
effects. Results from our simulation support and clarify these
experimental observations. We mutated the SH2 I164 to glutamic
acid (I164E) in the extended Abl conformation and observed that
the SH2 domain still interacted with the N-lobe, but the SH2/N-
lobe interface changed. This implies diverse interactions between
the SH2 domain and the N-lobe. However, the N-lobe coordination
by I164 is absent in this interaction. The K293-E274 salt bridge is
disrupted, resulting in a dynamic loopaC-b3 breaking the P-loop/
aC-helix interaction and rendering the aC-helix OUT motion. This
leads to a partially active Abl. When the SH2/N-lobe interaction is
absent, the K293-E274 salt bridge is also disrupted, allowing loop-

aC-b3 retraction. The P-loop and aC-helix are completely separated
and can more readily push the aC-helix OUT, inducing an inactive-
like conformation. However, the precise SH2/N-lobe interaction is
able to maintain a compact ATP-binding pocket for catalysis, as
well as the assembled R-spine. The binding of orthosteric inhibitors
to the ATP-site pocket of Abl can induce considerable disruption of
the R-spine assembly in the RS1-RS2-RS3 due to the F401 in DFG
motif flipping from its favorable IN to the OUT state [79]. We spec-
ulate that since steric hindrance is relieved, RS1-RS2 dissociation
can provide a more accessible pocket for inhibitors. This specula-
tion can be strongly supported by an assay performed by Lorenz
et al., showing that the presence of the SH2 domain significantly
decreased the binding rate of imatinib to the kinase domain of
Abl from 0.82 ± 0.01 to 0.69 ± 0.02 lM�1s�1 [42]. The Abl I164E
mutant restored somewhat the rate of imatinib binding
(0.78 ± 0.02 lM�1s�1), nearly that of the isolated kinase domain.
5. Conclusions

In this work, we detailed how domains or modules of Abl
allosterically regulate its inhibition and activation at the atomic
level. The docking of the SH3 and SH2 domains to the back of the
kinase domain, and the binding of the myristoyl group to the C-
lobe’s pocket provide the structural basis for the autoinhibition
of Abl. Our simulations show that release of the myristoyl group
turns on the switch for Abl activation, triggering the SH2-SH3
release for Abl’s full activation. The SH2-SH3 release initiates the
Abl activation, featured by the inwards motion of the aC-helix.
The released SH2 domain undergoes reorientation and transloca-
tion, permitting it to interact with the N-lobe, to promote Abl acti-
vation. To fully activate Abl, precise SH2/N-lobe interaction, with
SH2 I164 coordinating some N-lobe residues, is required. These
interactions can stabilize the interacting P-loop/aC, the IN aC-
helix, the well-assembled R-spine, and the compact ATP-binding
space, in the specific catalysis-favored conformation. Conforma-
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tions lacking the SH2/N-lobe interactions weaken or disable the
kinase activity. Collectively, we outlined a complete mechanism
of Abl activation. The structural events within the mechanism that
we observed are verified by their ability to explain experimental
observations. The newly gained insights broaden the knowledge
of the elements controlling the inhibited and active population of
Abl, as well as the activation of both Abl and Bcr-Abl.

Allosteric inhibitors, like the GNF series and asciminib, mimic
the endogenous action of myristoyl in Abl 1b and work by inducing
a bend in aI0-helix. A ligand that docks into the myristate pocket
but prevents the bent conformation likely works as an activator
[24]. Here we propose three new strategies for Abl (or Bcr-Abl)
inhibition: (i) screening rescue mutations conferring allosterically
a bent aI0-helix, (ii) blocking the SH2/N-lobe interface by a covalent
inhibitor, and (iii) strengthening the SH2/C-lobe interface by
molecular glue.
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