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ABSTRACT: Mutations in the gatekeeper residue of kinases have
emerged as a key way through which cancer cells develop resistance to
treatment. As such, the design of gatekeeper mutation resistant kinase
inhibitors is a crucial way forward in increasing the eﬃcacy of a broad range
of anticancer drugs. In this work we use atomistic simulations to provide
detailed thermodynamic and structural insight into how two inhibitors of
cSrc kinase, namely, a commercial drug and type I kinase inhibitor
Dasatinib and the type II inhibitor RL45, respectively fail and succeed in
being eﬀective against the T338M gatekeeper residue mutation in the
kinase binding site. Given the well-known limitations of atomistic
simulations in sampling biomolecular systems, we use an enhanced
sampling technique called free energy perturbation with replica exchange
solute tempering (FEP/REST). Our calculations ﬁnd that the type I
inhibitor Dasatinib binds favorably to the wild type but unfavorably to
T338M mutated kinase, while RL45 binds favorably to both. The predicted relative binding free energies are well within 1 kcal/
mol accuracy compared to experiments. We ﬁnd that Dasatinib’s impotency against gatekeeper residue mutations arises from a
loss of ligand−kinase hydrogen bonding due to T338M mutation and from steric hindrance due to the presence of an inﬂexible
phenyl ring close to the ligand. On the other hand, in the type II binding RL45, the central phenyl ring has very pronounced
ﬂexibility. This leads to the inhibitor overcoming eﬀects of steric clashes on mutation and maintaining an electrostatically
favorable “edge-to-face” orientation with a neighboring phenylalanine residue. Our work provides useful insight into the
mechanisms of mutation resistant kinase inhibitors and demonstrates the usefulness of enhanced sampling techniques in
computational drug design.

■

INTRODUCTION
While adenosine triphosphate (ATP) is the cell’s energy
currency, kinases are the agents controlling the transfer of
energy and regulating most aspects of cell life. Abnormal kinase
activity correlates with several diseases1 and can have a
signiﬁcant eﬀect on the dynamics of kinase-associated signaling
pathways, ultimately resulting in total cellular deregulation. On
the basis of an improved understanding of kinase malfunction
in cancer biology, small organic molecule kinase inhibitors have
been developed for targeted cancer therapy. These targeted
protein−tyrosine kinase inhibitors represent a major advance in
cancer treatment.2,3
Protein kinases are deﬁned by their ability to catalyze the
transfer of the terminal phosphate of ATP to substrates that
usually contain a serine, threonine, or tyrosine residue. They
typically share a conserved arrangement of secondary structure
elements, including a conserved activation loop, which is
important in regulating kinase activity and is marked by
conserved aspartic acid−phenylalinine−glycine (DFG) motif at
the end of the loop.4,5 Although more than a dozen kinase
inhibitors are on the market and are Food and Drug
Administration (FDA)-approved, with several more in clinical
trials, the onset of drug resistance remains a fundamental
challenge in the development of kinase inhibitors.6 While there
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are a variety of sources causing drug resistance, in a signiﬁcant
fraction of cases resistance can be traced to mutations in the
targeted kinase.7 The most common mutations occur at the
gatekeeper residue in the hinge region of the kinase, and these
directly prevent or weaken the interaction with the inhibitor.8
This can be attributed to the fact that most kinase inhibitors are
ATP-competitive molecules, called type I inhibitors.2,7 In the
most typical of these mutations, a relatively smaller amino acid
side chain such as threonine (Thr) is exchanged for a larger
hydrophobic residue such as methionine (Met) or isoleucine
(Ile). Many type I kinase inhibitors such as Dasatinib have been
found to be ineﬀective against the commonly found mutation
of Thr to Met at the 338th residue in cSrc and Abl kinases (the
so-called T338M mutation).8−12
The vulnerability of type I kinase inhibitors to mutations has
led to the development of type II kinase inhibitors, which not
only bind in the ATP pocket of kinases but also extend past the
gatekeeper residue into a less conserved adjacent allosteric
site.7,13 This site is however present exclusively in inactive
kinase conformations, which are known as “DFG-out”
conformations since the presence of the site is dependent on
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Figure 1. Representative snapshots of ligand (blue color in licorice representation) bound to kinase (cyan color in secondary structure
representation) in its native binding pose for (a) Dasatinib−kinase system and (b) RL45−kinase system. Also shown is the gatekeeper residue
Thr338 (orange color in licorice representation) which was subjected to mutation in both the ligand−kinase cases.

■

a signiﬁcant displacement of the loop comprising the DFG
motif. The evidence so far suggests that type II inhibitors can
be eﬀective even if the kinase has undergone gatekeeper residue
mutations.8,14 However, a clear mechanistic understanding has
remained elusive as to why a type II inhibitor, as contrasted to a
type I inhibitor, can be agnostic to gatekeeper residue
mutations in the kinase.2
In the current work to develop such an understanding, we
use an enhanced sampling method called free energy
perturbation with replica exchange solute tempering (FEP/
REST).15 Among the various computational methods to
calculate protein−ligand binding aﬃnities, free energy
perturbation (FEP) calculations16 performed in explicit solvent
are expected to provide a thermodynamically complete
description of binding and maximally accurate predictions
within the limits of the classical force ﬁeld used. However,
adequate sampling of all of the relevant conformations and
converging the free energy calculations within 0.5−1 kcal/mol
uncertainty with FEP has been very diﬃcult when high barriers
separate some of the stable conformations. In this respect,
FEP/REST, a recently developed enhanced sampling technique, is emerging as an excellent alternative to regular FEP
calculations.17,18
In the current work, we perform fully atomistic molecular
dynamics simulations in explicit water with sampling enhanced
through FEP/REST, in order to gain insight into the behavior
of two kinase inhibitors toward cSrc-kinase, with and without
T338M gatekeeper residue mutation (see Figure 1). Speciﬁcally, by estimation of relative binding aﬃnities, we show that
Dasatinib, an FDA-approved type I kinase inhibitor,8 loses its
binding eﬃcacy upon gatekeeper residue mutation in the
kinase. In agreement with experimental results, our calculations
ﬁnd that the type II kinase inhibitor RL458 can circumvent the
same T338M gatekeeper residue mutation and maintain
potency against both the wild type and the mutated kinase.
The computed relative binding free energy via the FEP/REST
technique is found to be accurate within 0.5−1 kcal/mol
uncertainty. Finally, we delve into the details of the structural
and mechanistic understanding of Dasatinib’s failure and
RL45’s success to get around the gatekeeper residue mutation,
and quantitatively correlate the ﬂexibility of the ligands with
success or failure in eventual binding.

SIMULATION MODEL AND METHOD

Conventional FEP19−21 involves computing the free energy
diﬀerence between two systems by gradually perturbing from
one to the other in a series of discrete steps, represented by λ
values, where λ varies from 0 for the initial state to 1 for the
ﬁnal state. FEP/REST signiﬁcantly enhances the computational
eﬃciency of this process and allows accurate sampling of stable
states separated by high barriers. To do so, FEP/REST15
modiﬁes the underlying potential energy for a localized region
comprising protein, ligand, and solvent in the vicinity of the
binding pocket, which we call the “hot” region. For the
intermediate λ windows, the potential energy for the hot region
is scaled by a factor less than 1. In this way, energy barriers are
lowered, enabling eﬃcient sampling of the diﬀerent conformations in these intermediate λ windows, which are then
propagated to the end states through the Hamiltonian replica
exchange method that satisﬁes the principle of detailed balance.
As has been pointed out in recent studies,17,18 FEP/REST
simulations provide a promising direction for computation of
highly accurate relative binding free energies.
The starting conﬁgurations for the type I inhibitor Dasatinib
and type II inhibitor RL45 bound to cSrc kinase in its wild type
form (i.e., Thr as the 338th residue) were taken from the
crystallography database (PDB id’s 3G5D and 3F3V,
respectively).8 The central goal of the study was to compute
the changes in the free energy of binding of both ligands to
protein due to mutation of the gatekeeper residue Thr338 to
Met338. Both the initial conﬁgurations were processed using
Protein Preparation Wizard software,22 in which the protonation states were assigned assuming a pH of 7.0. The systems
were solvated in a water box with buﬀer width of 5 Å, and
counterions were added to ensure electroneutrality of the
system. The OPLS 2.1 force ﬁeld was used for the protein and
ligand,23 and the TIP4P water model24 was used for the water.
Figure 1 illustrates representative snapshots of the respective
ligands (a) Dasatinib and (b) RL45 bound to the protein in its
wild type form. The gate keeper residue Thr338, which is
central to our study, is also highlighted to show its relative
proximity to the respective ligand.
All simulations were performed using Schrodinger Inc.’s
Maestro software package.25 As is routine for any free energy
perturbation method, two separate systems were simulated: one
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successfully in numerous studies17,29−31 to determine an
estimate of the relative free energy of binding from IC50
data, in lieu of ligand binding constant data. It was also shown
that this equation is valid when the substrate concentration is
much lower than the Michelis−Menten constant. The reported
experimental assay by Getlik et al.8 showed that the conditions
required for the eq 1 to be valid were met for both wild-type
and T338M-mutated kinase (see Supporting Information).
Under such a condition, the ligand binding constant becomes
eﬀectively equal to IC50, as is the case in the present work.
In Table 1, we compare ΔΔG values from our simulations
versus known benchmarks from experiments.8 For Dasatinib,

where the protein bound to ligand undergoes the mutation
T338M (the so-called “protein-in-complex” state with the
corresponding free energy change referred to as ΔGcomplex) and
the other where the ligand-free protein undergoes the same
mutation (so-called “protein-in-solvent” state and corresponding free energy change referred as ΔGprotein). In each case, the
system was relaxed and equilibrated using the default
Desmond26 relaxation protocol implemented within the
multisim utility of Maestro. The diﬀerence in binding free
energy for the binding of the ligand to the wild type versus the
mutant is then
ΔΔG = ΔGcomplex − ΔGprotein

Table 1. Predicted Relative Binding Free Energies (in kcal/
mol) of the Ligand to Kinase Due to T338M Mutation at the
Gatekeeper Residue

To prepare each system for simulation, the solute molecules
were constrained to their initial positions and the energy was
minimized. The system was then simulated at 10 K ﬁrst in the
NVT ensemble followed by in the NPT ensemble and
subsequently at room temperature in the NPT ensemble.
Finally, with the constraints removed, the system was simulated
at room temperature in the NPT ensemble for 240 ps followed
by the production simulation.
The FEP simulation was carried out in discrete steps for a
series of coupling parameters λ with values ranging from λ = 0
(corresponding to the protein with Thr338) to λ = 1
(corresponding to the protein with Met338). In this work,
we use the heavy atoms of the 338th residue of the protein (the
location of mutation) to deﬁne the hot region described in the
beginning of this section. We use a total of 12 λ windows for
the FEP/REST simulations with the eﬀective temperature
proﬁles 300, 410, 547, 717, 931, 1200, 1200, 931, 717, 547, 410,
and 300 K, ensuring the same (300 K) temperature for λ = 0.0
and λ = 1.0. Each λ window was sampled for 5 ns for both the
complex and solvent simulations using NPT ensemble
conditions. During FEP/REST simulations, replica exchanges
between neighboring λ windows were attempted every 1.2 ps.
The Bennett acceptance ratio method (BAR)27 was used to
calculate the free energy. In order to quantitatively compare the
performance of the FEP/REST protocol versus the conventional FEP protocol, we also carried out a FEP simulation at
300 K using an identical number of replicas.

system

method

ΔGcomplex

ΔGprotein

ΔΔG

FEP
FEP/REST
experiment

10.34
6.97

1.65
2.40

8.70
4.57
4.26

FEP
FEP/REST
experiment

0.75
1.76

6.40
2.84

−5.65
−1.08
0.30

Dasatinib/kinase

RL45/kinase

FEP/REST simulations ﬁnd an unfavorable change in free
energy following mutation of the gatekeeper residue from
Thr338 to Met338, in excellent quantitative agreement with
experiment, indicating that a T338M mutation in the kinase will
render a type I drug like Dasatinib ineﬀective. On the other
hand, FEP/REST simulations ﬁnd that the type II inhibitor
RL45 can withstand a T338M mutation, with a slightly
favorable free energy change upon mutation. This result is
also in near-quantitative agreement with experimental observations, suggesting that the binding of ligand RL45 can withstand
the gatekeeper mutation. Note that the experimental value of
ΔΔG for RL45 is nearly zero, suggesting that at room
temperature the binding aﬃnity of RL45 to both wild-type and
mutated kinases is essentially the same. On the other hand, the
FEP/REST estimate of ΔΔG = 1 kcal/mol suggests that that
RL45 binds very slightly more strongly to the mutated kinase;
however the diﬀerence between experiment and simulation for
ΔΔG is well within thermal ﬂuctuations and is insigniﬁcant
considering force-ﬁeld errors and the non-negligible uncertainty
of 0.034 ± 0.012 mM in the experimental IC50 value of RL45
binding to T338M-mutated kinase.
In contrast with FEP/REST, FEP alone drastically overestimates the eﬀect of the mutation on the binding of Dasatinib
or RL45 to kinase, leading to qualitatively incorrect results. Our
results clearly establish that the FEP/REST method with its
signiﬁcantly enhanced sampling eﬃciency over FEP has the
predictive power to treat the eﬀect of mutations on the binding
aﬃnities of ligands to kinase and is in near-quantitative
agreement with experiment.
We now seek an atomic level understanding of why the type I
inhibitor Dasatinib becomes ineﬀective against the T338M
mutation, while the type II inhibitor RL45 retains its binding
potency. For this we perform a detailed analysis of the FEP/
REST simulation trajectories at λ = 0.0 (kinase in wild-type
form with Thr in 338th residue) and λ = 1.0 (kinase in mutated
form with Met in 338th residue).

■

RESULTS AND DISCUSSION
A widely used metric for determining the relative binding
aﬃnity of a ligand to a wild-type protein and to a mutant is the
ratio of IC50 values of the two proteins. IC50 is deﬁned as the
half maximal inhibitory concentration of the ligand and is a
measure of the eﬀectiveness of a substance in inhibiting a
speciﬁc biological or biochemical function. As such, the
traditional method of quantifying the eﬀect of a mutation is
through this ratio. The relative free energy of binding (as
discussed in detail in the Supporting Information) was given by
Cheng and Prussoﬀ,28 who showed that when a group of
inhibitory compounds have a similar type of action on the
target, the ratio of IC50 will be eﬀectively the same as the ratio
of binding constants of the ligand (see Supporting Information
text for details).
⎡ (IC50)wild‐type ⎤
⎥
ΔΔG = ΔGmutant − ΔGwild‐type ∼ RT ln⎢
⎢⎣ (IC50)mutant ⎥⎦

(1)

where T = 300 K, R is the gas constant, and the subscripts
denote respective proteins. Equation 1 has been utilized quite
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Figure 2. Representative snapshots of Dasatinib (blue licorice) interacting with the gatekeeper residue (orange color) of the host kinase at various
stages of FEP/REST simulation. The phenyl ring of Dasatinib proximal to the gatekeeper residue has been highlighted by red circle. (a) At λ = 0.0
the gatekeeper residue is in its wild-type stage Thr338, and it interacts favorably with Dasatinib. (b) At λ = 0.0, attempts to alchemically mutate
Thr338 to Met338 becomes sterically hindered. (d) At λ = 1.0, in the fully mutated stage Met338 moves away from Dasatinib to avoid steric overlap.
(c) Comparison of pair correlation of gate keeper residue with Dasatinib at wild-type (λ = 0.0) and mutated stage (λ = 1.0). The major peak in the
correlation curve becomes less intense and at a relatively higher separation on morphing from Thr338 to Met338, in order to avoid steric overlap
with the ligand. Inset: the pair correlation of gatekeeper residue with the proximal phenyl ring of the Dasatinib. The directional horizontal and
vertical arrow in (c) signiﬁes the drop in peak intensity and shift toward larger distance on morphing of Thr338 to Met338.

Figure 3. Quantiﬁcation of ﬂexibility of phenyl ring of the ligand proximal to the gatekeeper residue studied using FEP/REST: (a) The distribution
of the torsional angle of the phenyl ring of Dasatinib at λ = 0.0 (wild-type) and λ = 1.0 (mutated) stage. The narrow distribution of the phenyl ring’s
torsion angle indicates the phenyl ring’s lack of ﬂexibility. (b) The distribution of the torsional angle of the phenyl ring of RL45 for λ = 0.0 (wildtype) and λ = 1.0 (mutant). Its wide distribution in both the wild-type and mutant quantiﬁes the high ﬂexibility of the phenyl ring in RL45 that helps
it to withstand the gatekeeper residue mutation.

Insights into How Dasatinib Becomes Ineﬀective
upon T338M Mutation of Gatekeeper Residue. As
depicted in Figure 2, representative snapshots from our
Dasatinib−kinase FEP/REST trajectories reveal that an attempt
to morph Thr to Met at the 338th residue imparts a potentially
signiﬁcant steric strain to Dasatinib. This is due to the overlap
between the methyl side chain of Met and the proximal phenyl
ring of Dasatinib. Consequently, in the mutated kinase, Met338
moves away from Dasatinib to avoid the steric overlap. This

result is further validated by a comparison of the pair
correlation functions of the gatekeeper residue and Dasatinib.
As shown in Figure 2c, upon mutation of T338M in the
gatekeeper residue, the most prominent peak in the pair
correlation function gets shifted to relatively larger distances,
and the peak intensity as well drops signiﬁcantly, resulting in
reduced protein−ligand interaction upon mutation. A detailed
analysis of the distribution of torsional angles of the phenyl ring
of Dasatinib adjacent to the gatekeeper residue further clariﬁes
4611
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Figure 4. (a) Representative snapshot of gatekeeper residue (Thr338) hydrogen bonding (shown by thick black line) with Dasatinib in the wild-type
(λ = 0.0) system. (b) Mutation of gatekeeper residue to met338 (λ = 1.0) disrupts the hydrogen bond formation with Dasatinib.

Figure 5. Representative snapshots of RL45 (blue licorice) interacting with the gatekeeper residue (orange color) of the host kinase at various stages
of FEP/REST simulation. The phenyl ring of RL45 proximal to the gatekeeper residue has been highlighted by red circle. (a) At λ = 0.0 the
gatekeeper residue is in its wild-type stage Thr338, and it interacts favorably with the Dasatinib. (b) At λ = 0.0, attempts to alchemically mutate
Thr338 to Met338 is still favorable, and no steric interaction is encountered. (d) At λ = 1.0, in the fully mutated stage Met338 interacts favorably
with RL45 due to high ﬂexibility of the proximal phenyl ring (see Figure 3b). (c) Comparison of pair correlation of gate keeper residue with
Dasatinib at wild-type (λ = 0.0) and mutated stage (λ = 1.0). In contrast to Dasatinib (Figure 2c), the major peak in the correlation curve now
becomes slightly more intense and at a relatively smaller separation on morphing from Thr338 to Met338 because the Met338 side chain can dangle
further due to the ﬂexibility of proximal phenyl ring of RL45. Inset: the pair correlation of gatekeeper residue with the proximal phenyl ring of the
RL45. The directional horizontal and vertical arrows in (c) signify the increase in peak intensity and shift toward shorter distance on morphing of
Thr338 to Met338.

the role of this ring. As illustrated in Movie 1 in the Supporting
Information, it is its lack of ﬂexibility that prevents the ligand
from circumventing the impending steric strain caused by bulky
side chains of Met338. As illustrated by the narrow distribution
of torsional angles in Figure 3a, the conformational rigidity of
the phenyl ring of Dasatinib adds to its ineﬀectiveness in
adapting to the T338M mutation of the gatekeeper residue.
We also ﬁnd that the hydroxyl side chain of the wild-type
gatekeeper residue Thr338 makes a stable hydrogen bond with

Dasatinib. However, as shown in Figure 4, we ﬁnd that the
mutation of the gatekeeper residue from Thr (with its hydroxyl
side chain) to Met (with its methyl side chain) disrupts the
hydrogen bond between the gatekeeper residue and Dasatinib
and reduces the Dasatinib−kinase binding propensity signiﬁcantly. Taken together, we believe that the inﬂexibility of the
phenyl ring to avoid the steric strain of the mutated residue,
coupled with the disruption of a key hydrogen bond upon
4612
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Figure 6. (a) Distribution of the angle between planes of the central phenyl ring of RL45 and the phenyl rings of F405 of kinase. The distribution is
predominantly peaked at an angle of 90°, suggesting the persistence of highly electrostatically favorable “edge-to-face” orientation of two phenyl rings
in both λ = 0.0 and λ = 1.0 (b) A representative snapshot of “edge-to-face” orientation of two phenyl rings. The phenyl ring of Phe405 is colored
yellow while other colors are in the same scheme as previous Figures.

mutation, renders Dasatinib ineﬀective against a T338M
gatekeeper residue mutation.
Insights into How RL45 Retains Its Eﬀectiveness upon
T338M Mutation. The FEP/REST calculations show that the
type II inhibitor RL45 remains bound under the T338M
mutation. Simulations show that this is mainly due to the
remarkable ﬂexibility of the ligand phenyl ring proximal to the
location of the mutation as illustrated in Figure 3b, where the
distribution of the phenyl ring torsion angles of RL45 proximal
to the gatekeeper residue is very broadly spread. Unlike what
happens in Dasatinib, the phenyl ring in RL45 is ﬂexible
enough to avoid any potential steric strain due to mutation of
Thr338 to Met338. This is corroborated by the representative
snapshots in Figure 5.
As shown in Figure 5a,b,d, attempts to morph the side chain
of Thr338 to that of Met338 are easily accommodated by RL45
as the central phenyl ring spins around its axis to avoid any
steric overlap (illustrated in Movie 2 in Supporting
Information). In fact, as quantiﬁed by the RL45−gatekeeper
residue pair correlation function, the major peak becomes more
intense and shifts toward smaller separations in the mutated
protein. This is mainly because the dangling side chain of
Met338 can reach out further toward the phenyl ring of the
RL45, then can the shorter side chain of Thr338, and this leads
to more favorable interactions with the ligand.
A careful inspection of the trajectories (see Movie 3 in
Supporting Information) in both wild-type and mutated forms
reveals persistent occurrence of an interesting “edge-to-face”
orientation of the central phenyl ring of RL45 relative to the
phenyl ring of Phe405, which is a part of the DFG motif (see
Figure 6b). This “edge-to-face” orientation of two phenyl rings
is well-known for its high electrostatic stability.32 As quantiﬁed
by the distributions of the angles between the planes of the two
phenyl rings in Figure 6a, the orientation is predominantly
peaked around 90°in both the wild-type and the mutated forms.
We believe that the ability to maintain the near-perpendicular
orientation of phenyl rings in both wild-type and mutated
forms, and hence the similar binding aﬃnity is mainly due to
the high ﬂexibility of the central phenyl ring of RL45.
We also ﬁnd that the ligand−protein hydrogen bond
distributions in RL45 (see Supporting Information Figure S1)
do not alter upon mutation of the gatekeeper residue unlike in
Dasatinib. Finally, the excellent overlay (Figure S2) of the
simulated ligand-binding pose of RL45 in the mutant kinase

with the corresponding crystallographic structure (PDB id:
3F3W) speaks highly in favor of the FEP/REST method.

■

CONCLUSIONS

In this paper we have used FEP/REST, an enhanced sampling
based free energy simulation method, to gain mechanistic and
structural insights into how a type I kinase inhibitor Dasatinib
fails to cope with a single-point-mutation (T338M) of the
gatekeeper residue in cSrc kinase, while a type II kinase
inhibitor RL45 binds with the mutated gatekeeper residue
eﬀectively as strongly as with the wild type. The computed
relative ligand-binding free energy upon mutation is accurate
within 0.5−1 kcal/mol compared to experiments. Our analysis
shows that the relative lack of ﬂexibility of Dasatinib prevents it
from avoiding steric clashes, an eﬀect that weakens its binding
to the mutant. Moreover, it also loses a crucial ligand−pocket
hydrogen bond when the protein is mutated further reducing
its binding aﬃnity to the mutated kinase. On the other hand,
our simulations suggest a mechanistic rationale for why the type
II kinase inhibitor RL45 is able to withstand the gatekeeper
residue mutation. We ﬁnd that it is the signiﬁcant ﬂexibility of
the central phenyl ring of RL45 which enables it to bind to the
mutant without any loss of the ligand−protein hydrogen
bonding network. In view of the detailed understanding that we
could achieve through FEP/REST, we believe this method can
be useful not only in providing key mechanistic insights for the
action of kinase inhibitors but also for high-throughput
screening and for designing new series of potent kinase
inhibitors.
The computer simulations in this paper provide detailed
structural and pictorial insights into how a gatekeeper residue
mutation of the kinase renders some previously eﬀective ligands
ineﬀective as drugs, whereas other ligands remain eﬀective. The
sampling schemes employed in this work do not stop at just
reproducing the relative binding free energies of the wild-type
and the mutant kinase but also show how ligand ﬂexibility plays
a role in binding by exploring the torsional phase space and
conﬁrms certain previous ideas. Computer simulations in which
the whole system is dynamically propagated explore ﬂuctuations which play an exceedingly important role and ﬁll an
elusive gap between static crystal poses determined from X-ray
crystallography and thus allow one to validate or invalidate
models and hypotheses based on, but not proved, by laboratory
experiments. Whereas the structures of ligands bound to
proteins determined by X-ray crystallography are a major
4613
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Notes

source of information, it is important to remember that such
methods often give only a static picture of the system in its
native pose rather than the ensemble of structures often
obtained from enhanced sampling computer simulations.
This paper does not make a generic statement that type II
inhibitors are almost always more potent than type I inhibitors.
We believe that performance against gatekeeper residue
mutation has to be judged on a case-by-case basis, rather
than on the classiﬁcation as type I or type II kinase inhibitors.
Our work focuses on a speciﬁc type II ligand namely RL45 as
synthesized by Getlik et al.,8 which has been experimentally
found to circumvent the gatekeeper residue mutation (unlike a
type I drug namely Dasatinib), and our computational results
are consistent with this experimental observation. In fact,
Dasatinib has a larger absolute binding aﬃnity to the wild-type
kinase than does RL45, whereas the inhibitor RL45 has a larger
binding aﬃnity to the gatekeeper mutant than does Dasatinib.
This should be compared to Imatinib, the founding type II
inihibitor, which is inactive against the gatekeeper residue
mutation. But we also note that there are numerous instances
where type II inhibitors have been eﬀective against gatekeeper
residue mutation. For example, HG-7-85-01, a type II kinase
inhibitor, has been reported33 to be capable of circumventing
several gatekeeper residue mutations (T315I in BCR-ABL,
T617I in kit), and a new type II drug Ponatinib34 binds
eﬃciently in the presence of the T315I gatekeeper residue and
is 400−500-fold more eﬀective than Imatinib.
One issue that we have not addressed in this work pertains to
distinguishing between “induced ﬁt” and “conformational
selection” modes of molecular recognition of the kinase.35,36
While the conformational selection hypothesis proposes the
“fold-ﬁrst” mechanism,37 the induced-ﬁt hypothesis emphasizes
on “bind-ﬁrst” mechanism.38 In fact, both the mechanisms
might work in tandem. In this regard we would like to point out
that an analysis of the thermodynamics of relevant stable states
such as ours cannot diﬀerentiate conformational selection from
induced ﬁt. A clear understanding of conformational selection
versus induced ﬁt would require a detailed kinetic analysis39,40
which we will be performing in the future.
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