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Abstract

Understanding how mutations render a drug ineffective is a problem of immense relevance. Often
the mechanism through which mutations cause drug resistance can be explained purely through
thermodynamics. However, the more perplexing situation is when two proteins have the same
drug binding affinities but different residence times. In this work, we demonstrate how all-atom
molecular dynamics simulations using recent developments grounded in statistical mechanics can
provide a detailed mechanistic rationale for such variances. We discover dissociation mechanisms
for the anti-cancer drug Imatinib (Gleevec) against wild-type and the N368S mutant of Abl kinase.
We show how this point mutation triggers far-reaching changes in protein’s flexibility and leads to
a different, much faster, drug dissociation pathway. We believe that this work marks an efficient
and scalable approach to obtain mechanistic insight into resistance mutations in biomolecular
receptors that are hard to explain using a structural perspective.
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Gleevec has same binding affinity yet different dissociation times against Wild-Type and N368S
mutated Abl kinase. Our all-atom enhanced molecular dynamics simulations explain why.
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Introduction

Protein kinases are dynamic molecules that serve as signaling enzymes to catalyze the
transfer of y-phosphate of an ATP molecule to the hydroxyl group of Ser, Thr, or Tyr
residues,1® acting as switches that control key cellular signaling pathways. Over the years,
the importance of kinases as drug targets and efforts to develop therapeutic agents for
modulating kinase activity have been well established. >’ The development of kinase
inhibitors is how- ever challenging because of the high sequence conservation of the kinase
ATP-binding site, the major site targeted by these small molecules. However, despite the
challenges, progress in the field of kinase-based drug design was made with the discovery
of Imatinib (Gleevec)8? as a potent Abl kinase inhibitor. Gleevec is highly efficacious in
the treatment of early-stage chronic myeloid leukemia (CML).8:° Unfortunately, a large
fraction of late-stage CML patients suffer from cancer relapse due to the onset of drug
resistance.10-13

Understanding the molecular basis of the effects of these oncogenic mutations on the
efficacy of cancer drugs is the first step in solving the problem of drug resistance. From a
molecular view, the mutations can be classified as either orthosteric i.e., in the inhibitor
binding site directly affecting Imatinib binding or allosteric wherein these mutations
modulate drug resistance indirectly.1# In the past, multiple studies'914-17 have tried to
explain the resistance by either pointing to direct abrogation of H-bonding interactions

or steric effects in the reduction of the binding affinity. The well-studied T315] mutation
in Abl kinase is such an example.1%18.19 Although alchemical methods?%-21 to a certain
degree have been able to quantify the effects of resistant mutations on inhibitor binding
free energies, it remains un- tenable to use them for allosteric mutations that rely mainly
on modulating conformational dynamics of the kinase. A recent study of 94 mutations??
associated with clinical resistance to Imatinib showed, that only approximately one-third
of mutations weakened the inter- action with Imatinib by more than 2-fold compared to
Abl wild-type (WT). Interestingly, several mutations changed the dissociation kinetics of
Imatinib from Abl much more than the affinity. Since drug residence time is a strong
predictor of drug efficacy, it is tempting to speculate that these mutations cause resistance
via a kinetic mechanism related to the pharmacodynamics of the drug. However, currently,
there is very limited mechanistic understanding of how mutations could alter the residence
time. Despite the importance of kinetic measurements in understanding drug efficacy,23-2°
such measurements either computationally or experimentally have remained challenging.
In the context of drug-receptor binding, experimental methods have been useful in the
elucidation of drug-bound states, however, they have lacked in the description of short-lived
metastable and transition states that could determine drug dissociation Kinetics. While the
association of drugs to their binding sites has been studied computationally before, 26 the
challenge for the computational study of dissociation kinetics lies in the extremely slow
dissociation times, often minutes or slower.
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Our specific interest in this work pertains to a recent discovery made by Lyczek et a/,22

who have characterized the N368S mutant of Abl to which Imatinib (Gleevec) binds with a
similar binding affinity as it does to WT. However, they find that Imatinib dissociates three
times faster from the mutant than from WT. In this work, we use recent statistical mechanics
based all-atom resolution methods27~29 to provide a mechanistic rationale for this perplexing
finding. Our method provides quantitative estimates for the dissociation rate constant &,z
for both WT and mutant Abl. In addition we also obtained similar binding affinities for

both the systems using free energy perturbation calculations. The estimates are within

an order of magnitude of the experimentally determined values and capture their relative
magnitudes. Going even beyond reproducing ks Vvalues, our calculations directly pinpoint
the varied dissociation pathways adopted by Imatinib in both variants of Abl kinase. Our
key mechanistic finding can be summarized as follows: We find that there are two distinct
Imatinib dissociation pathways for the WT and the mutant Abl. Furthermore, we explain

the order of magnitude difference between WT and mutant Imatinib unbinding kinetics by
invoking varied structural rearrangements required to allow distinct dissociation pathways in
WT and mutant Abl.

To perform such mechanistically insightful simulations, in principle one could use
computational methods like molecular dynamics (MD). These have the potential to not

just quantify k,z# but also give a direct atomistic understanding of metastable states along
with drug binding/unbinding pathways which have remained elusive through experiments.
However, even with highly specialized hardware, MD has been limited to at best a fraction
of a millisecond.3%:31 On the other hand, numerous enhanced sampling algorithms32-42 have
been employed for k 5z calculations with reasonable computational costs and the ability to
achieve pharmacologically relevant timescales of seconds, and slower. Here we use one such
method “infrequent metadynamics” that has been employed to obtain unbiased estimates of
dissociation kinetics in numerous systems.27:39:4043 The reliability of such calculations** is
closely linked to the ability to design an appropriate reaction coordinate (RC) that describes
the dissociation and that can be used to construct the low-dimensional biasing potential. In
general, learning such an RC is a difficult problem especially for rare events such as drug
dissociation, wherein any framework used to learn the RC depends on the quality of the
sampling, while accurate sampling itself can not be achieved without having a reasonable
RC. In this work, we make use of recently developed machine learning and statistical
mechanics- based methods?7-29 that tackle the above chicken-versus-egg problem through
systematically iterating between sampling and RC optimization in a nearly automated
manner (see Fig. 7 in Supplementary Information (SI) for a flowchart of the overall
protocol). Once a reliable RC is obtained, infrequent metadynamics can be performed along
it to calculate k ,zrestimates with error bars*3 and directly observe the entire dissociation
pathway with all-atom and femtosecond resolution.

Results and discussion

Abl-kinase structure

For the sake of completeness, we begin by summarizing some well-known structural details.
Abl kinase has a typical bilobal kinase domain, consisting of a smaller N-terminal lobe
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(N-lobe) and a larger C-terminal lobe (C-lobe). The ATP binding site is located between

the N-lobe and the C-lobe of the catalytic domain, distinguished by conserved structural
features like the phosphate-positioning loop (P-loop), the activation loop (A-loop), the aC
helix, and the conserved Asp-Phe-Gly (DFG) motif (Fig. 1). As evidenced by biophysical
experiments*>48 in addition to computational#®-57 and structural studies, 11:15.47.58-60 pp]-
kinase exists in a dynamic equilibrium between multiple conformations: active, inactive
and multiple intermediate states interspersing these. These states are characterized by the
conformational flexibility of evolutionarily preserved kinase motifs such as the A-loop, DFG
motif and the aC-helix (Fig. 1). Abl-kinase in its active conformation is characterized by
the “DFG-in” and “aC-in” state. In this state the D381 residue of the DFG loop points
towards the active site, ready to coordinate with ATP and the Mg2* ion. The aC helix
swings in towards the binding site adopting the “aC-in” conformation and allowing for
ion-pair interaction between the conserved E286 on aC helix with conserved K271 in the
3 strand. At the same time, the A-loop adopts an extended conformation allowing space for
the substrate to dock. The conserved E286, in turn, interacts with the a and g phosphates

of ATP. In contrast to this very specific characterized active state, a kinase can also

adopt one of many inactive conformations. 61-64 One such often-mentioned conformation
is the so-called “DFG-out” conformation, where the D381 switches its position with the
phenylalanine F382, pointing away from the ATP binding site. Type Il inhibitors such as
Imatinib are suspected to selectively target this “DFG-out” inactive state. 1765 Imatinib

is stabilized in the ATP binding site predominately via hydrophobic interactions with

V256 and F382 along with hydrogen bonding interactions with side chain hydroxyl of the
gatekeeper residue T315, E286 sidechain on aC-helix, backbone-NH of D381 on the DFG
loop and backbone-NH of M318 on hinge. Furthermore, the terminal 4-methylpiperazine
ring interacts with backbone carbonyl of 1360 (Sl Fig. 10).

Finally, we note here that alchemical free energy perturbation calculations (see
Supplementary Information (SI)) reproduce the lack of binding affinity difference displayed
by Imatinib against WT and N368S Abl kinase.

Infrequent metadynamics simulations reveal two distinct pathways

In this work, our central aim is to use all-atom MD simulations to understand the molecular
determinants that speed up dissociation of Imatinib from N386S 3-fold relative to WT. Due
to the extremely slow timescales of the dissociation process relative to what can be achieved
in MD simulations, here we use a combination of enhanced sampling methods as mentioned
in the Introduction and detailed in the Methods section. The first step in the k#calculation
for Imatinib is the description of a low-dimensional reaction coordinate (RC) that can
suitably describe biological processes of interest, in this case, the dissociation of Imatinib
from WT/mutant Abl kinase. Briefly, we perform 100 ns long unbiased MD simulation on
Imatinib bound with WT and mutant Abl kinase respectively. By employing the method
AMINO?? (Methods) on these trajectories we learned non-redundant trial order parameters
(OPs) that describe Imatinib dissociation (Fig. 2 A-B). Starting from a total possible 84 OPs
corresponding to different possible kinase-Imatinib heavy-atom contacts, AMINO identified
5 OPs to be sufficient for the WT and the mutant complexes respectively shown in Fig.

2 A-B. See Table 2 in Sl for a summary of OPs. These OPs are expressed as distances
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between Ca atoms of highlighted residues and centers of mass of two halves of Imatinib.
These two halves are labeled p2a (blue stick), which is initially solvent exposed, and p2b
(orange stick) which is the buried half. In the case of WT, AMINO derived OPs measure
the distance between p2a and the Ca atoms of residues Y232, Y253 along with the distance
between p2b and Ca atoms of residues E238 and S229. In comparison, OPs for Abl N368S
are defined by the distance between p2a and the Ca atoms of residues 1313, K274 along
with the distance between p2b and Ca atoms of residues D325, Y253, F283. Along with
these OPs, the common OPs for mutant and WT are the distances between CaCg atoms of
T315 shown in red spheres and the N3 and N4 atoms of Imatinib shown in blue spheres.
Subsequently, multiple rounds of maximum caliber-based SGOOP optimization28:66 are
performed to construct an even lower-dimensional RC from these OPs shown in Fig. 2 C-D.
Finally, 11 independent trials of infrequent metadynamics were performed starting from the
bound crystal pose and biasing the aforementioned RC, stopping when the ligand was fully
solvated. Through these, we generated an ensemble of ligand dissociation pathways along
with the associated protein conformational changes and culminating in the kg calculation
(Fig. 2 E) through the procedure of Ref.2743

We would like to comment here on using different RCs for the two systems. Metadynamics
and other sampling methods for more than a decade followed the strategy of biasing the
same variable for different systems. However over the last few years consensus started to
emerge that different systems can have different slow processes and if the biasing variable
misses out on those, then the sampling could be incorrect or misleading.6” Recent machine
learning and statistical physics based methods such as the ones used in this work and
others®8 have now made it possible to learn such system-specific RC, starting from a short
unbiased MD trajectory which thereby makes the protocol robust and takes the guesswork
out of the process.

In the infrequent metadynamics simulations, depending upon the protein, WT or mutant, two
distinct Imatinib release pathways were observed. The two pathways as shown in Fig. 3 A
(left/right upper panel), can be described as: (i) exit under the P-loop closer to the aC helix
(i.e., through the hydrophobic pocket), henceforth named as the aC pathway, or (ii) exit
through a pathway closer to the P-loop and the kinase hinge, named as the hinge pathway.
These two pathways can be more quantitatively characterized by projecting them onto a 2-D
space spanned by the two distances between the Imatinib center of mass and the centers

of mass (i) of the alpha carbons of the hinge, and (ii) of the aC helix. Evidently, as can

be seen in Fig. 3 A (upper/bottom left panel), in the WT dissociation trajectory, the hinge
pathway is the dominant pathway. Quantitatively, Imatinib during its dissociation comes as
close as 3.8+1 A to the hinge region while not getting closer than 9+0.5 A from the aC
helix. Sharply contrasted to this, for dissociation from N368S we find that Imatinib does

not get closer than 8+0.5 A to the hinge region while it comes as close as 6+0.5 A to the

aC helix. These distances are the averaged values over the different independent trajectories
with error bars shown in Fig. 3.

Together these observations give mechanistic insight into the different dissociation time
scales for Imatinib from WT Abl and from N368S Abl. A single point mutation results
in divergent pathways for Imatinib dissociation, opening up the possibility to take a much
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quicker release route for the drug and thus lowering its residence time. In the next section,
we provide calculated residence times from our simulations for both systems along with
experimental benchmarks, following which we provide an atomistic underpinning for the
observed differences in the WT and mutant dissociation pathways and k,zvalues.

Overall kinetics of the dissociation process

In order to determine the kinetics of the dissociation process, we first define the dissociated
state of the ligand as when Imatinib has reached the solvent-exposed surface of the protein.
We find that starting here there could be other “trap states” on the surface where Imatinib
could bind with much weaker strength, but we ignore the kinetics corresponding to these as
they can be expected to contribute much less relative to the time Imatinib takes to dissociate
from the main binding site. More quantitatively, Imatinib is considered to be dissociated if
the distance between the ligand center of mass and the binding site (defined as the heavy
atoms of the residues within 5 of the ligand) exceeds 15 A. As stated in the previous section,
ligand dissociation was observed in each of the 11 infrequent metadynamics simulations

for the WT and for the mutant. By fitting the respective 11 observations of the residence
time to a Poisson distribution as per the protocol in Ref.4043 and described further in
Supplementary Information (SI), we calculate the residence times  for both systems along
with k,#= 1/7. We also perform a p-value analysis (Table 3 and Fig. 9 in SI) for both which
indicate that the residence time calculations meet the reliability threshold from Ref.4043 The
residence time for Imatinib in WT Abl was 1600+800 sec, in excellent agreement with the
experimentally determined residence time of 1200+120 sec. On the other hand, we find a
shorter residence time for Imatinib in the mutant Abl kinase, equalling 300+£200 sec and
again in excellent agreement with the experimentally measured value of 370+37 sec. Thus as
can be seen in Fig. 2 E, qualitatively and quantitatively we are successful in recapitulating
the experimentally observed residence times, with Imatinib k,zfor mutant Abl being around
an order of magnitude faster than WT. More importantly, apart from having a qualitative
agreement in predicting the order of magnitude difference in Imatinib k,#for mutant vs WT
Abl, the absolute values of the calculated residence time and k ,zare well within the same
order of magnitude as the experimentally determined values (Fig. 2 E). In the next section,
the different dissociation pathways are explored in detail, describing the structural features
distinguishing the two main pathways and finally culminating in providing a mechanistic
explanation for the observed difference in Imatinib k ,zVvalues between WT and N368S Abl
kinase.

Mechanistic underpinning of mutational effects on dissociation path

In the previous sections, we established that Imatinib unbinds from WT-Abl and N368-Abl
dominantly via the hinge pathway and the aC pathway respectively and that our enhanced
sampling approach is based on AMINO, SGOOP and infrequent metadynamics can return
quantitatively accurate residence times for Imatinib in WT and N368S Abl kinase. We now
provide further mechanistic analysis joining the results of the previous sections. For this, we
approximately classify the Imatinib-Abl kinase system in three states, on the basis of the
distance d'between the Imatinib center of mass and the binding site. These are the (i) starting
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state (crystal structure), (i) pre-release state (< 4.5 within A) and (iii) the dissociated state
(d=15 A).

We observe that for Imatinib in complex with the WT-Abl system (Fig. 4 A), the substrate
release pathway is enclosed by a triad of interactions between the P-loop, hinge, and the
DFG loop. In this state, residue Y253 from the P-loop forms a hydrogen bond with N322
from the hinge. Furthermore, Y253 packs against F382 from the DFG loop stabilized by
the CH-r interaction. Subsequently, as Abl kinase transits to the pre-release state, P-loop
moves away from the hinge and the DFG loop, resulting in the loss of the Y253-N322
hydrogen bond. The resultant pre-release state is characterized by weakened P-loop hinge
interaction and an open pathway for substrate release. Consistent with this, for the WT
Abl-Imatinib system by averaging over all 11 independent dissociation trajectories, we find
(Fig. 4 A, C) the minimum attained distance between P-loop and the hinge region to be
8.7+3.1 A at the point of Imatinib release implying an open pathway for the substrate
release proximal to the P-loop-hinge region. In contrast for the N368S Abl system, the
corresponding minimum distance between P-loop and Hinge region (Fig. 4 C) is 6+3.73 A,
signifying a relatively occluded release pathway as compared to WT Abl. In the case of
N368S mutant Abl, aC pathway is blocked by the packing of aC helix against the DFG
motif and Imatinib. Particularly, the residue K271 from the K271-E286 of the prototypical
ionic lock interacts with the backbone carbonyl (Fig. 4 B) of the residue D381 from the
DFG motif. Furthermore, the backbone N-H of the F382 from the DFG motif stabilizes
the binding of Imatinib. As mu- tant Abl transits to the pre-released state, the major
conformational change that we observe involves (Fig. 4 B) the outward motion of aC helix
from the aC helix-in state. As a direct consequence of the aC helix outward motion, we
observe diminished K271-DFG interaction resulting in the formation of an open the aC
helix pathway. Consistently, in the N368S Abl-Imatinib system by averaging over all 11
independent dissociation trajectories, we find (Fig. 4 D) the K271-D381 distance to be 7.9+1
A in the pre-released state. Comparatively, for WT Abl-Imatinib, the average K271-D381
distance was 5+3 A, signifying an open aC helix pathway for Imatinib release.

In order to further understand the molecular basis of distinct Imatinib release pathways for
WT and N368S Abl and the resulting differences in dissociation kinetics, we also analyze
the effect of mutation on the conformational dynamics of the DFG motif. We observe (Fig.
5 A (left panel)) that the residue N368 in WT Abl forms hydrogen bonds with the backbone
of residue A380 which is one residue upstream of D381 from the DFG motif. However,

in N368S Abl, the mutated residue Serine with a smaller side-chain than the original
Asparagine in the WT Abl has diminished propensity (Fig. 5 A (right panel)) to form the
aforementioned hydrogen bonding interaction. Evidently, by averaging over all independent
11 WT dissociation trajectories prior to the substrate release, we observe (Fig. 5 B) that

on average N368 forms 0.8+0.5 hydrogen bonds with backbone A380. On the other hand,
by averaging over all independent 11 trajectories, the average number of hydrogen bonds
between S368 and DFG motif was observed to be only 0.3+£0.5. As a direct consequence

of impaired hydrogen bonding interactions, we observe that the DFG motif has an elevated
conformational flexibility (Fig. 5 B) in mutant Abl as compared to WT. Consistently, we
observe that on an average in the N368S Abl-Imatinib trajectories, the mean root mean
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square deviation (RMSD) of the DFG motif from the crystal structure was observed to be
2.8 A in comparison to 2.2 A for the WT trajectories.

We hypothesize that the increased flexibility of the DFG motif in the mutated N368S Abl
kinase correlates with the diminished interaction between K271 and the DFG backbone,
thereby allowing for the outward aC helix motion. This outward aC helix motion results

in an open Imatinib release pathway proximal to aC helix. However, the P-loop and hinge
interaction in mutant Abl remains unaffected and hence the pathway proximal to the hinge
remains closed. In comparison to WT Abl, the DFG motif has diminished conformational
flexibility, and thus the K271 DFG interaction is conserved. As a result, the aC helix
remains packed against the DFG motif effectively blocking the aC helix proximal pathway.
At the same time, we observe that in WT Abl instead of the outward aC helix motion,

the P-loop and hinge interaction is weakened by the outward motion of the P-loop from

the binding site. The outward P-loop motion contributes to opening up the substrate release
pathway proximal to the hinge rather than the aC helix. It is worth pointing out here that

as reported in Ref.22 the drug Dasatinib dissociates from wild-type and N368S Abl with
near-identical and overall slower kinetics (43.2 and 43.8 minutes respectively). It is tempting
to speculate here that this observation could also be qualitatively explained in light of

our findings. In its bound structure Dasatinib is much closer to the hinge region, whereas
Imatinib occupies the whole pocket. This could make Dasatinib more likely to dissociate
through the hinge region, and thus less sensitive to the N368S mutation. Interestingly such a
dissociation pathway was reported for Dasatinib from c-Src kinase previously where it took
the hinge pathway during dissociation.’©

Conclusion

Drug resistance remains a major factor in the failure of anticancer therapeutic treatments.

In this work, we describe an efficient formalism to characterize the molecular determinants
of the resistance mutations. Particularly, we focus on the N368S Abl kinase mutation

that results in a three times faster k 5z for Imatinib against mutated Abl versus wild-type
Abl, while the Imatinib binding affinity remains unchanged.®® We systematically employ a
combination of information theory (AMINO)?° and statistical mechanics based (SGOOP)28
methods to determine an optimum reaction coordinate (RC) that describes Imatinib
unbinding mechanism from the WT and N368 Abl. The RC is optimized by iterating
between rounds of SGOOP and metadynamics simulations and then used in independent
rounds of infrequent metadynamics?” to obtain dissociation kinetics.

We observe that Imatinib dissociates from WT and N368S Abl through two distinct
pathways. The predominant Imatinib dissociation pathway from WT Abl is through the
kinase hinge region, while against N368S Abl Imatinib dissociates via the aC helix region.
Subsequently, comparing the Imatinib unbinding from the N368S and WT infrequent
metadynamics trajectories, we observe a diminished propensity of the mutated serine at
N368 to form an H-bond with the backbone carbonyl of A380 which is one residue
upstream from D381 of the DFG motif. In comparison, in the WT Abl aforementioned H-
bonding interaction is conserved. Furthermore, the reduced H-bonding interaction between
N368S and the DFG motif gets manifested in increased flexibility of the DFG motif. We
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hypothesize that the increased DFG motif flexibility as observed in N368S Abl results
impairs the interaction of K271 and the DFG backbone, facilitating an outward aC helix
motion, thus allowing for Imatinib release via the aC helix pathway. The increased
flexibility of N368S relative with WT is consistent with experimental observations. 69

In comparison, in WT Abl Imatinib unbinding requires a drastic conformational change
involving disruption of the H-bonding interaction of N322 from the hinge and Y253 from
the P-loop, creating a pathway for Ima- tinib to release via the hinge pathway. We reason
that comparatively larger conformational change in the Abl resulting in Imatinib release
from WT as compared to N368S Abl assists in faster kgfor N368S as compared to WT
Abl. This work thus demonstrates the potential to perform such investigations in the future
for diverse systems using all-atom simulations that can access pharmacologically relevant
timescales with minimum human intervention and prior bias.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

This work was supported by the National Science Foundation, Grant No. CHE-2044165 (PT) and NIH R35
GM119437 (MAS). ZS was also supported by University of Maryland COMBINE program NSF award
DGE-1632976. This work used XSEDE Bridges through allocation TG-CHE180053, which is supported by
National Science Foundation grant number ACI-1548562. We also thank UMD’s Deepthought2 and MARCC’s
Bluecrab HPC clusters for computing resources. \We would also like to thank Pavan Ravindra and Yihang Wang for
discussions, and Michael Strobel and Shashank Pant for proofreading the manuscript.

Data Availability Statement

The data supporting this work is available upon request. Software used in this work is
available at github.com/tiwarylab

References

(2). Vogtherr M; Saxena K; Hoelder S; Grimme S; Betz M; Schieborr U; Pescatore B; Robin M;
Delarbre L; Langer T, et al. Angewandte Chemie International Edition 2006, 45, 993-997.
[PubMed: 16374788]

(2). Nielsen G; Jonker HR; Vajpai N; Grzesiek S; Schwalbe H ChemBioChem 2013, 14, 1799-1806.
[PubMed: 23843149]

(3). Dhar A; Samiotakis A; Ebbinghaus S; Nienhaus L; Homouz D; Gruebele M; Cheung MS
Proceedings of the National Academy of Sciences 2010, 107, 17586-17591.

(4). Manning G; Whyte DB; Martinez R; Hunter T; Sudarsanam S Science 2002, 298, 1912-1934.
[PubMed: 12471243]

(5). Roskoski R Pharmacological Research 2015, 100, 1-23. [PubMed: 26207888]
(6). Levitzki A Accounts of Chemical Research 2003, 36, 462—469. [PubMed: 12809533]

(7). Sridhar R; Hanson-Painton O; Cooper DR Pharmaceutical Research 2000, 17, 1345-1353.
[PubMed: 11205726]

(8). Druker BJ; Talpaz M; Resta DJ; Peng B; Buchdunger E; Ford JM; Lydon NB; Kantarjian H;
Capdeville R; Ohno-Jones S; Sawyers CL New England Journal of Medicine 2001, 344, 1031~
1037. [PubMed: 11287972]

(9). Druker BJ et al. New England Journal of Medicine 2006, 355, 2408-2417. [PubMed: 17151364]

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 July 11.


http://github.com/tiwarylab

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shekhar et al.

Page 10

(10). Chandrasekhar C; Kumar PS; Sarma PVGK Scientific reports 2019, 9, 2412-2412. [PubMed:
30787317]

(11). Hoemberger M; Pitsawong W; Kern D Proceedings of the National Academy of Sciences 2020,
117, 19221-19227.

(12). Soverini S; Branford S; Nicolini FE; Talpaz M; Deininger MW; Martinelli G; Miller MC; Radich
JP; Shah NP Leukemia Research 2014, 38, 10-20. [PubMed: 24131888]

(13). Barouch-Bentov R; Sauer K Expert Opinion on Investigational Drugs 2011, 20, 153-208.
[PubMed: 21235428]

(14). Saleh T; Rossi P; Kalodimos CG Nature Structural & Molecular Biology 2017, 24, 893-901.

(15). Levinson N; Kuchment O; Shen K; Young M; Koldobskiy M; Karplus M; Cole P; Kuriyan J
PLOS Biology 2006, 4.

(16). Narayan B; Buchete N-V; Elber R The Journal of Physical Chemistry B 2021, 125, 5706-5715.
[PubMed: 33930271]

(17). Schindler T; Bornmann W; Pellicena P; Miller WT; Clarkson B; Kuriyan J Science 2000, 289,
1938-1942. [PubMed: 10988075]

(18). Jabbour EJ; Cortes JE; Kantarjian HM Clinical lymphoma, myeloma & leukemia 2013, 13,
515-529.

(19). Cowan-Jacob SW; Fendrich G; Floersheimer A; Furet P; Liebetanz J; Rummel G; Rheinberger P;
Centeleghe M; Fabbro D; Manley PW Acta Crystallographica Section D 2007, 63, 80-93.

(20). Kevin H; Christopher N; K. AS; Soumya R; Thomas S; Robert A; D CJ; Lingle W
Communications Biology 2018, 1, 2399-3642.

(21). Mondal J; Tiwary P; Berne B Journal of the American Chemical Society 2016, 138, 4608-4615.
[PubMed: 26954686]

(22). Lyczek A; Berger B-T; Rangwala AM; Paung Y; Tom J; Philipose H; Guo J; Albanese SK;
Robers MB; Knapp S; Chodera JD; Seeliger MA Proceedings of the National Academy of
Sciences 2021, 118.

(23). Copeland RA; Pompliano DL; Meek TD Nature Reviews Drug Discovery 2006, 5, 730-739.
[PubMed: 16888652]

(24). Lu H; Tonge PJ Current Opinion in Chemical Biology 2010, 14, 467-474, Next Generation
Therapeutics. [PubMed: 20663707]

(25). Guo D; Mulder-Krieger T; IJzerman AP; Heitman LH British Journal of Pharmacology 2012,
166, 1846-1859. [PubMed: 22324512]

(26). Shan Y; Kim ET; Eastwood MP; Dror RO; Seeliger MA; Shaw DE Journal of the American
Chemical Society 2011, 133, 9181-9183. [PubMed: 21545110]

(27). Tiwary P; Parrinello M Physical review letters 2013, 111, 230602. [PubMed: 24476246]
(28). Tiwary P; Berne B PNAS 2016, 113, 2839-2844. [PubMed: 26929365]
(29). Ravindra P; Smith Z; Tiwary P Mol. Syst. Des. Eng. 2020, 5, 339-348.

(30). Shaw DE et al. Millisecond-Scale Molecular Dynamics Simulations on Anton. Proceedings of the
Conference on High Performance Computing Networking, Storage and Analysis. New York, NY,
USA, 2009.

(31). Pan AC; Xu H; Palpant T; Shaw DE Journal of Chemical Theory and Computation 2017, 13,
3372-3377. [PubMed: 28582625]

(32). Kokh DB; Kaufmann T; Kister B; Wade RC Frontiers in Molecular Biosciences 2019, 6, 36.
[PubMed: 31179286]

(33). Votapka LW; Amaro RE PLOS Computational Biology 2015, 11, 1-24.

(34). Kokh DB; Doser B; Richter S; Ormersbach F; Cheng X; Wade RC The Journal of Chemical
Physics 2020, 153, 125102. [PubMed: 33003755]

(35). Jagger BR; Lee CT; Amaro RE The Journal of Physical Chemistry Letters 2018, 9, 4941-4948.
[PubMed: 30070844]

(36). Jagger BR; Ojha AA; Amaro RE Journal of Chemical Theory and Computation 2020, 16, 5348-
5357. [PubMed: 32579371]

(37). Elber R Annual Review of Biophysics 2020, 49, 69-85.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shekhar et al.

Page 11

(38). Dickson A; Lotz SD Biophysical Journal 2017, 112, 620-629. [PubMed: 28256222]

(39). Casasnovas R; Limongelli V; Tiwary P; Carloni P; Parrinello M Journal of the American
Chemical Society 2017, 139, 4780-4788. [PubMed: 28290199]

(40). Tiwary P; Limongelli V; Salvalaglio M; Parrinello M Proceedings of the National Academy of
Sciences 2015, 112, E386-E391.

(41). Miao Y; McCammon JA Annual reports in computational chemistry; Elsevier, 2017; \ol. 13; pp
231-278. [PubMed: 29720925]

(42). Hamelberg D; Mongan J; McCammon JA The Journal of Chemical Physics 2004, 120, 11919-
11929. [PubMed: 15268227]

(43). Salvalaglio M; Tiwary P; Parrinello M Journal of chemical theory and computation 2014, 10,
1420-1425. [PubMed: 26580360]

(44). Pramanik D; Smith Z; Kells A; Tiwary P The Journal of Physical Chemistry B 2019, 123,
3672-3678. [PubMed: 30974941]

(45). Vajpai N; Strauss A; Fendrich G; Cowan-Jacob SW; Manley PW; Grzesiek S; Jahnke W Journal
of Biological Chemistry 2008, 283, 18292-18302. [PubMed: 18434310]

(46). Xie T; Saleh T; Rossi P; Kalodimos CG Science 2020, 370.

(47). Agafonov RV; Wilson C; Otten R; Buosi V; Kern D Nature Structural & Molecular Biology
2014, 21, 848-853.

(48). Wilson C; Agafonov RV; Hoemberger M; Kutter S; Zorba A; Halpin J; Buosi V; Otten R;
Waterman D; Theobald DL; Kern D Science (New York, N.Y.) 2015, 347, 882-886.

(49). Meng Y; Shukla D; Pande VS; Roux B Proceedings of the National Academy of Sciences 2016,
113, 9193-9198.

(50). Meng Y; Gao C; Clawson DK; Atwell S; Russell M; Vieth M; Roux B Journal of Chemical
Theory and Computation 2018, 14, 2721-2732. [PubMed: 29474075]

(51). Meng Y; Lin Y.-l.; Roux B The journal of physical chemistry. B 2015, 119, 1443-1456.
[PubMed: 25548962]

(52). Modi V; Dunbrack RL Proceedings of the National Academy of Sciences 2019, 116, 6818-6827.
(53). Shukla D; Meng Y; Roux B; Pande VS Nature Communications 2014, 5, 3397.

(54). Kuzmanic A; Sutto L; Saladino G; Nebreda AR; Gervasio FL; Orozco M eLife 2017, 6, e22175.
[PubMed: 28445123]

(55). Sutto L; Gervasio FL Proceedings of the National Academy of Sciences 2013, 110, 10616—
10621.

(56). Narayan B; Fathizadeh A; Templeton C; He P; Arasteh S; Elber R; Buchete NV; Levy RM
Biochimica et Biophysica Acta (BBA) - General Subjects 2020, 1864, 129508. [PubMed:
31884066]

(57). Oruganti B; Friedman R Journal of Chemical Theory and Computation 2021, 17, 7260-7270.
[PubMed: 34647743]

(58). Seeliger MA; Ranjitkar P; Kasap C; Shan Y; Shaw DE; Shah NP; Kuriyan J; Maly DJ Cancer
Research 2009, 69, 2384-2392. [PubMed: 19276351]

(59). Nagar B; Bornmann WG; Pellicena P; Schindler T; Veach DR; Miller WT; Clarkson B; Kuriyan J
Cancer Research 2002, 62, 4236-4243. [PubMed: 12154025]

(60). Pitsawong W; Buosi V; Otten R; Agafonov RV; Zorba A; Kern N; Kutter S; Kern G; Padua RA;
Meniche X; Kern D eLife 2018, 7, €36656. [PubMed: 29901437]

(61). De Bondt HL; Rosenblatt J; Jancarik J; Jones HD; Morgant DO; Kim S-H Nature 1993, 363,
595-602. [PubMed: 8510751]

(62). Xu W; Harrison SC; Eck MJ Nature 1997, 385, 595-602. [PubMed: 9024657]

(63). Sicheri F; Moarefi I; Kuriyan J Nature 1997, 385, 602—-609. [PubMed: 9024658]

(64). Wood ER; Truesdale AT; McDonald OB; Yuan D; Hassell A; Dickerson SH; Ellis B; Pennisi C;
Horne E; Lackey K; Alligood KJ; Rusnak DW; Gilmer TM; Shewchuk L Cancer Research 2004,
64, 6652-6659. [PubMed: 15374980]

(65). Seeliger MA; Nagar B; Frank F; Cao X; Henderson MN; Kuriyan J Structure 2007, 15, 299-311.
[PubMed: 17355866]

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Shekhar et al.

Page 12

(66). Tiwary P; Berne B The Journal of chemical physics 2017, 147, 152701. [PubMed: 29055314]

(67). Bussi G; Laio A Nature Reviews Physics 2020, 2, 200-212.

(68). Gkeka P; Stoltz G; Barati Farimani A; Belkacemi Z; Ceriotti M; Chodera JD; Dinner AR;
Ferguson AL; Maillet J-B; Minoux H, et al. Journal of chemical theory and computation 2020,
16, 4757-4775. [PubMed: 32559068]

(69). Lyczek A; Berger BT; Rangwala AM; Paung Y; Tom J; Philipose H; Guo J; Albanese SK; Robers
MB; Knapp S; Chodera JD; Seeliger MA in preparation, bioRxiv 2021,

(70). Tiwary P; Mondal J; Berne BJ Science advances 2017, 3, e1700014. [PubMed: 28580424]

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shekhar et al.

Page 13

Figure 1:
Crystallographic binding mode: Imatinib (gray) bound to the catalytic domain of Abl kinase

(PDB id 10PJ). Kinase domain is divided into N-terminal lobe (N-lobe) and C-terminal lobe
(C-lobe), with the inhibitor (Imatinib) binding site located between the lobes. Abl-kinase
has conserved structural features like A-loop (pink ribbon), P-loop (blue ribbon), aC helix
(yellow ribbon), hinge (purple ribbon), and DFG motif (yellow sticks). D381 in the DFG
motif, and the salt bridge involving E286 in the aC helix, and K271 cover and block the
binding tunnel in front. The site of mutation (N368) lies behind the DFG motif and is shown
in a gray stick representation.
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Figure 2:
A) and B) show order parameters OPs obtained through AMINO for WT and mutant

respectively. C) and D) show the respective RC constructed from these OPs through SGOOP.
E) shows the residence times (red bar) obtained by biasing the respective RC for WT

and mutant system compared against experimental measurements (blue bars). The red bars
represent the fitted residence time*3 while the standard deviation is shown as a black error
bar. See main text for further details of the OPs.
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Mutational effect on the substrate release pathway (red arrows in the top panel): A) WT (top
left) and mutant (top right) panels. Ligand dissociation trajectory is depicted by ligands in
licorice representation sampled every 100 ps. The overall direction of the substrate release
is depicted by transparent pink arrows. Bar plot and the error bar representing the mean and
standard deviation of the closest distance between the center of mass of Imatinib and B)
hinge and C) aC helix for WT (blue bar) and mutant (orange bar) trajectories.
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Figure 4:
A) Left: Starting state of WT Abl (Crystal structure). H-bond between Y253 (P-loop)

and N322 (hinge) is shown as a blue dashed line. Right: Abl conformation transiting to

the pre-release state involves disrupted H-bond between Y253 and N322 forming an open
ligand release pathway depicted by a black arrow. B) Left: H-bond between D381 from the
DFG motif and Imatinib (gray sticks) in N368S Abl is shown as a thick red line. Right:
Conformational changes in N368S Abl as it transits to the pre-released state involve the
disruption of the interaction network of E286, K271, Imatinib, and DFG motif. C) and D)
respectively show the closest distance (with error bars) between C) Ca atoms of Y253 and
N322 for WT Abl (blue) and N368S Abl (orange); and D) Ca atoms of K271 and D381 for
WT Abl (blue) and N368S Abl (orange).
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Figure 5:

Flexibility of DFG motif is modulated by H-bond interaction of N368 and the DFG loop.
A) Crystal structure pose of Imatinib (gray licorice representation) in WT (left panel)

and N368S (right panel). DFG motif is represented by yellow licorice. H-bond between
N368 (gray licorice) and A380 is shown as blue dashed line. Bar plot and the error bar
representing the mean and standard deviation of B) N368 and DFG motif for WT Abl (blue
bar) and N368S Abl (orange bar) C) Root mean square deviation (RMSD) of DFG motif
from the crystal structure position for WT Abl (blue bar) and N368S Abl (orange bar).
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Table 1:

Summary of Imatinib dissociation kinetics, comparing the residence time/k ,0f WT and mutant Abl as

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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measured in this work against experiments in Ref. 89

System Infreq Metad residence | Infreq. Metad. kg (sec™) Experimental residence Experimental ky; (sec™) | p-value
time (sec) time (sec)
Wild-type 1600+ 800 6+ 3e-04 1200+ 120 8.3+ .83 e-04 0.11
N368S 300+ 200 4+2e-03 370+ 37 2.7+ .27 e-03 0.23.
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