J Mol Model (2012) 18:4333-4341
DOI 10.1007/s00894-012-1436-x

ORIGINAL PAPER

Molecular interactions of c-ABL mutants in complex
with imatinib/nilotinib: a computational study using linear
interaction energy (LIE) calculations

Elen Gomes Pereira - Miguel Angelo Martins Moreira -
Ernesto Raul Caffarena

Received: 4 November 2011 /Accepted: 17 April 2012 /Published online: 9 May 2012

© Springer-Verlag 2012

Abstract In spite of the effectiveness of Imatinib for chron-
ic myeloid leukemia (CML) treatment, resistance has repeat-
edly been reported and is associated with point mutations in
the BCR-ABL chimeric gene. To overcome this resistance,
several inhibitors of BCR-ABL tyrosine kinase activity were
developed. In this context, computational simulations have
become a powerful tool for understanding drug-protein
interactions. Herein, we report a comparative molecular
dynamics analysis of the interaction between two tyrosine
kinase inhibitors (imatinib or nilotinib) against wild type c-
ABL protein and 12 mutants, using the semi-empirical linear
interaction energy (LIE) method, to assess the feasibility of
this approach for studying resistance against the inhibitory
activity of these drugs. In addition, to understand the structural
changes that are associated with resistance, we describe the
behavior of water molecules that interact simultaneously with
specific residues (GIlu286, Lys271 and Asp381) of c-ABL
(wild type or mutant) and their relationship with drug resis-
tance. Experimental IC50 values for the interaction between
imatinib, wild type c-ABL, and 12 mutants were used to
obtain the proper LIE coefficients («, 3 and y) to estimate
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the free energy of the binding of imatinib with wild-type and
mutant proteins, and values were extrapolated for the analysis
of the nilotinib/c-ABL interaction. Our results indicate that
LIE was suitable to predict the superior inhibitory activity of
nilotinib and the resistance to inhibition that was observed in
c-ABL mutants. Additionally, for c-ABL mutants, the ob-
served number of water molecules being turned over while
interacting with amino acids Glu286, Lys271 and Asp381 was
associated with resistance to imatinib, resulting in a less
effective inhibition of the kinase activity.
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Introduction

Detected in 1960, the Philadelphia (Ph) chromosome was
the first chromosome anomaly found to be associated with a
malignancy: chronic myeloid leukemia (CML). In 1973, the
Ph chromosome was found to be the result of a reciprocal
translocation between the long arms of chromosome 9 and
22, a consequence of which was that a chimeric gene BCR-
ABL was formed from the fusion of the BCR gene, at 22q11,
and the proto-oncogene c-ABL (coding for a Tyrosine ki-
nase), at 9q34.1. The Ph chromosome is found in 95 % of
the CML cases while the chimeric BCR-ABL protein, with
an uncontrolled kinase activity, is the cause of CML [1].
During the late 1990's, a series of synthetic molecules were
developed and tested for specifically inhibiting the BCR-
ABL kinase activity, and imatinib (STI-571 or Gleevec) was
the first of these drugs that was approved and used as a
therapeutic agent for CML [2—4]. However, despite its ef-
fectiveness in CML treatment, primary or secondary resis-
tance was reported in several patients. The mechanisms
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triggering resistance are probably heterogeneous, and two
such mechanisms have been described in in vivo studies:
amplification of the BCR-ABL gene and amino acid substi-
tutions [5] resulting from recurrent point mutations [6—8] at
the c-ABL catalytic site, at the activation loop (A-loop) and
at the ATP phosphate-binding loop (P-loop).

Crystallographic analyses showed that imatinib binds to the
ABL kinase domain in a catalytically inactive conformation,
often referred as the ‘DFG’ out conformation (D=Asp381, F=
Phe382, and G=Gly383). This motif flips out to make a
channel beyond the gatekeeper residue (Thr315) for the ben-
zamide and N-methylpiperazine groups of imatinib [9, 10].
The P-loop folds down to form a cage around the pyridine and
pyrimidine groups of imatinib, maintaining extensive hydro-
phobic interactions around the inhibitor [11]. The occurrence
of point mutations at the DFG motif or at the P-loop increases
the free energy of the imatinib-ABL complex [12]. Hence, a
detailed analysis of point mutations that modify the stability of
the inactive conformation could provide invaluable informa-
tion about the relevance of these interactions.

To overcome the resistance to imatinib, a new series of
Tyrosine kinase inhibitors was developed, including the
following: nilotinib (AMN107) [13, 14], dasatinib (BMS-
354825) [15-19], bosutinib (SKI-606) [15], INNO-406
(NS-187), AZD0530, MK-0457 (VX-680) [20], and PHA-
739358. The development of nilotinib (AMN107; Novartis),
a phenylaminopyrimidine derivative, resulted in an inhibi-
tory molecule that was 30-fold more potent. Nilotinib
showed an inhibitory capacity against 32 out of the 33 forms
of BCR-ABL mutants that were resistant to imatinib and
was approved for CML treatment [21, 22].

Today, methods based on molecular-mechanics, such as
comparative modeling and molecular dynamics, are reliable
approaches to simulate the effects of specific mutations on
the affinity between ligands and receptors. Additionally,
computational simulations can be used to understand bio-
logical systems because they are a rapid and powerful way
to investigate interactions at the atomic level. Among these
simulations, Pricl et al. [23] showed that a series of protein/
drug interactions that are beyond those affecting specifically
the amino acid substitution site (e.g.,:T315I) account for a
loss of imatinib stability at the c-ABL kinase binding site.
More recently, Aleksandrov and Simonson [24] have stud-
ied the c-ABL protein structure, analyzing the dynamics and
thermodynamics of the interaction with imatinib and four
similar analogues. Calculations were performed for different
protonation states of imatinib, demonstrating that the pro-
tonated inhibitor effectively binds to c-ABL. Furthermore,
the same authors [25] used the linear interaction energy
(LIE) [26] with the Poisson-Boltzann free energy method
(PBSA) to elucidate protein-imatinib interactions when the
kinase domain is in the DFG-out conformation, evaluating
its ability to select or induce this conformation.
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Molecular dynamics (MD) allows for evaluation of the
relevance of specific solvent molecules involved in the
maintenance protein structure as well as for the interaction
between protein and ligand [27-31]. Additionally, MD anal-
ysis of mutations affecting protein function was associated
with disruption of water networks [32]. In the case of c-
ABL, Schindler et al. [3] suggested that specific water
molecules could help stabilize its binding with the imatinib
kinase inhibitor. These authors call attention to a water
molecule that interacts with the residues Glu286, Lys271,
and Asp381 when c-ABL is in the inactive form. The
aspartic acid residue is part of the above mentioned DFG
motif, being conserved in different kinase domains, and
coordinates a magnesium ion associated with the ATP mol-
ecule [33]. Taken together, these findings suggest that this
specific water molecule (or water molecules), occupying
this position, is crucial for maintaining a stable interaction
between c-ABL and its inhibitor.

Here, we report on a comparative analysis of the free
energy of binding of imatinib and nilotinib with the c-ABL
protein, using the semi-empirical LIE method [26] for assess-
ing the feasibility of this approach to study the resistance of
the c-ABL mutants against the inhibitory activity of these
drugs. This methodology is considered useful because of its
simplicity, its reduction of the system size, its representation of
solvents through explicit water models, the possibility of
calculating absolute binding energies and its use of short
simulation times [34, 35]. We conducted analyses with the c-
ABL protein structure and 12 mutants (based on wild type
protein structures) that were previously associated with clini-
cal and/or in vitro resistance. The methodology was calibrated
to account for the behavior of the mutants in a complex with
imatinib and then was extrapolated to nilotinib in a complex
with the same mutants, considering the high degree of simi-
larity between both ligands. In addition, to evaluate the rele-
vance of the water molecules for the interaction between c-
ABL and the two inhibitors, we described the behavior of the
water molecules, which simultaneously interact with the
Glu286, Lys271, and Asp381 residues in the wild type and
selected mutants of c-ABL.

Computational details

The complex of the ABL kinase domain and imatinib,
obtained by X-ray crystallography with a resolution of
1.75 A, was used as the initial structure for the simulations
(PDB code 10PJ) [36]. The initial coordinates for the
nilotinib-ABL kinase domain complex were obtained from a
homology model, using the 10PJ file as a template and using
the SPDB-VIEWER program [37]. It is worth mentioning
that, despite the fact that the 3CS9 [38] PDB entry is in a
complex with nilotinib, four important residues between 33
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and the catalytic region (Glu275, Asp276, Thr277 and
Met278) are not elucidated in the crystal. The full identity
between both sequences that are associated with the high
resolution of the template, namely 10PJ and 3CS9, permitted
the construction of the structural model for the kinase domain
in complex with nilotinib, by simply adding and optimizing
the missing residues. The geometries were optimized with
1000 steps of a steepest descent algorithm. Figure 1 shows
the initial conformations of WT c-ABL binding site in com-
plex with imatinib and nilotinib, respectively.

The 12 mutations (M244V, M2441, L248R, Q252H,
Y253H, E255K, T3151, T315S, M351T, M3511, L384M
and G398R; identification of amino acids residues are re-
spective to the c-ABL 1la protein) of the c-ABL kinase
domain were incorporated into the initial wild type struc-
tures (WT) by using the SPDB-VIEWER program [37].
Absolute free energy estimates were computed using the
LIE method with the software package Q [39] and the
Gromos96 (version G43al) united atom force field [40],
and the estimates account for only the polar and aromatic
hydrogens. The water molecule involved in the network of
hydrogen bonds encompassing residues Lys271, Glu286,
Asp381 and the acid amide group of imatinib (see Schindler
et al. [3]) was maintained.

The topologies of the ligands were generated by the
PRODRG server [41] and were adapted to the Q program.
Atomic partial charges corresponded to the MMFF94 force
field [42].

The systems, receptors with imatinib or nilotinib, were
hydrated with the SPC [43] water model within a 20 A radius
sphere, which was centered at the center of mass of the ligand.
Non-bonded interactions across the boundary were excluded
and inner electrostatic and Lennard-Jones interaction energies
were calculated without cut-off restrictions while long-range
electrostatics were treated using a multipolar expansion [44].
Atoms outside the inner simulation sphere of 18.5 A of radius
were harmonically restrained to their initial positions with a
200 kcal mol ' A2 force constant.

The systems were heated from 1 to 300K using a step-
wise scheme followed by an equilibration period to stabilize

Fig. 1 Schematic drawing of
interrelation between c-ABL
protein and inhibitors imatinib
(a) and nilotinib (b). The
inhibitors are located tightly in
the center of the active site of
c-ABL

ligand-surrounding interactions before achieving the data col-
lection phase. During the heating phase, heavy atoms of
imatinib, nilotinib and the crystallographic water C,, (see
below) were restrained to their initial positions using a har-
monic potential with a force constant of 5 kcal mol ' A™%
Application of a weak coupling external bath was necessary to
set up the temperature at 300K, with a relaxation time of 10 fs
[45].

The SHAKE [46] algorithm was used to constrain solute
bonds and also angles of solvent molecules. The step size
used in the equilibration and production phases of the sim-
ulations was 1 fs. Trajectories were collected over 5 ns and
the free energy of binding was calculated (Eq. 1) over the
last 3 ns. Analysis of the dynamical features of the solvent-
protein interaction was performed based on the statistical
inefficiency concept [47]. Atomic coordinates and velocities
were saved every 0.25 ps.

The LIE methodology calculates the absolute binding
free energy of a ligand as the change in free energy when
the ligand is transferred from the solution (free state) to the
solvated receptor binding site (bound state), which is com-
posed of polar and non-polar contributions. The binding free
energies were predicted in accordance with the following
equation:

AGbind = a(<l]ll:1s>bound - <l]lL_JS>ﬁ€e)

+BUUL pouna = (UL pee) + 7 (1)

where U and U™ are the electrostatic and Lennard-Jones
interaction energies, respectively, between a ligand and its
surroundings in the binding site (bound state) and in aque-
ous solution (free state). The brackets <>'s denote MD
ensemble averages over molecular dynamics simulation tra-
jectories, and «, 3 and 'y are empirical parameters.
Originally, for several receptor-ligand systems, Aqvist et al.
[26] tested parameters that produced calculated binding free
energies that were in good agreement with experimental data
using a unique receptor that was bound to a set of different
inhibitors. In subsequent studies of ligand binding, Hansson et
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al. [48] determined a suitable set of 3 electrostatic parameters
according to the physicochemical characteristics of the ligand
together with the non-polar value of x=0.181, to adequately
reproduce the free energies of binding for a variety of ligand-
protein systems. In our specific case, we have two structurally
similar ligands (imatinib or nilotinib) and 12 mutants of the
same receptor; therefore, the standard parameterization no
longer holds. Thus, to provide a good estimation of the free
energy, a set of empirical coefficients «, {3, and 'y was chosen
by minimizing the error for the binding free energies of ima-
tinib and the wild type receptor and its mutant forms (Eq. 2), by
applying the Broyden-Fletcher-Goldfarb-Shannon algorithm,
based on a leave-one-out cross-validation.

_ Asz’nd — AGexp ?
E(a,B,7) = Z (Texp> ; (2)
where AGying is defined by Eq. 1 and AGey, is from the
experimental data derived from Azam et al. [49]

Simulations were conducted under physiological condi-
tions (pH ~ 7.0) and considered His252 to be protonated at
the & position, as suggested by Lee et al. [50] in previous
work. Structural and dynamical analysis of water molecules at
the crystallographic position, required to make a network of
hydrogen bonds with Glu286, Lys271 and Asp381 (named
here the Cw pocket), was performed to characterize its rele-
vance for the process of ligand-receptor interaction. For this
purpose, the residence time () of a water molecule at the Cw
pocket was estimated from the positive hits that were counted
when a water molecule was located simultaneously at distan-
ces less than 3.3 A from the carbonyl oxygen of Asp381, the
NZ of Lys271, and the CD of Glu286. The residence times T
were calculated according to the following equation:

N
Z nit;
_ 1

T =

T 3)
o

where N is the total number of counts and n; is the number of
counts of time T;, which is simply calculated as the sum of
consecutive snapshots times the time-step.

Results and discussion

The mutations M244V, M2441, L.248R, Q252H, Y253H,
E255K, T315I, T315S, M351T, M3511, L384M and
G398R, herein analyzed, were selected in view of their
localization in different c-ABL protein domains (M2441,
M244V, 1L248R, Q252H, Y253H, E255K at the P-loop
region, T315I, T315S between the SH2 and SH3 domains,
M351T, M3511 at the SH2 domain, and L384M and G398R
at the activation loop). All of the mutations (except for
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L248R) were previously described in patients with clinical
resistance, with the T3151 having the highest incidence.
Mutations M351T, M3511, and L384M were not previously
analyzed by computational approaches, and mutations
T315I and L248R are associated with a higher resistance
to different kinase inhibitors. During the simulations of wild
type c-ABL in complex with both inhibitors, the root mean
square deviation value did not exceed 3 A.

Absolute free energies of binding

The LIE method was previously applied to evaluate the
interactions between proteinases and its inhibitors, i.e., oli-
gopeptides that differ from each other by amino acid sub-
stitution at the same position [51]. These studies showed
that the standard LIE coefficients, used for binding between
small drug-like molecules and proteins, were not suitable for
protein-protein interactions. A set of empirical parameters
(«, B, and y) had to be calculated for estimating the AG
binding values from the MD simulations performed using
the LIE method. When that approach was applied, Almlof et
al. [51] placed the center of the simulation sphere at the
residue position that was mutated to different amino acids.
In the present work, a slightly different strategy was
employed. We considered the center of the simulation
sphere to be the center of mass of the ligand for simulations
comprising all of the mutants, and the coefficients of the LIE
equation were fitted to represent the average of the contri-
butions of 13 structurally similar receptors (the wild type
and the 12 mutants) in binding with imatinib.

Because this approach is mostly dependent on the num-
ber of analyzed mutations, it was not possible to separate
our limited sample into a training set and a test set.
Therefore, we opted to use the leave-one-out method for
cross-validation, resulting in a set of coefficients that mini-
mizes the error E («,f,y) (Eq. 2) resulting in R*=0.4. The
low value of R* is a consequence of a limitation of the
method, which works with a set of only 13 mutations
located in different places. Even though, under such work-
ing conditions, the method presented an adequate R? value.
Taking out the M3511 mutation from the mutant protein set,
we obtained a minimum error, resulting in the values 0.221,
0.033 and —1.258 for «, 3 and vy, respectively; these values
were used for the subsequent analyses. Elimination of two
or more mutants also resulted in a worse calibration. On the
other hand, we also observed that larger simulation times
(by extending an extra nanosecond) do not improve the
quality of the model and instead resulted in an equivalent
calibration with larger error values (data not shown).

Because the LIE methodology has proven to be useful for
ligands with similar chemical structures [26], the o, 3 and v
values obtained for imatinib were employed to calculate the
AG values of the c-ABL protein (the wild type and mutants)
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in a complex with nilotinib. Table 1 lists the experimental
and calculated values for the absolute binding free energy
between imatinib/nilotinib and the c-ABL proteins (wild
type and 12 mutants).

It can be observed that the values of the absolute free energy
of binding for the mutations were well reproduced for imatinib,
resulting in absolute unsigned errors between experimental and
calculated values lower than 1.0 kcal mol '. The highest
unsigned differences were 0.97, 0.82 and 0.79 kcal mol " for
WT, M3511, and T315], respectively. The difference between
the minimal and maximal experimental AG values is approx-
imately 2.1 kcal mol ™' and for the predicted AG values is
approximately 1.3 kcal mol™'. A comparison between the
calculated AG from the WT and mutants did not show resis-
tance for T315S, M2441, Q252H, and G398R. Our results
were in agreement with experimental data that indicate a
weaker imatinib potency with respect to nilotinib for different
mutations [27], except for T315S and E255K. The AAU
values between the bound and free states of the ligands are
shown in Fig. 2.

The most important contribution to free energy was pro-
vided by the non-polar terms of the equation, which reflect
the stability of the drugs inside the ligand binding site,
ranging from —25 to —33 kcal mol . In contrast, electrostat-
ic contributions presented a more heterogeneous behavior.
The differences in the electrostatic contributions between wild
type and M2441, L248R, M3511, L384M and G398R mutants
in simulations with imatinib can be attributed to changes in the
amino acid solvation pattern, as indicated by the hydropathical
character of the amino acids. Interestingly, some of the mutant

amino acids resulted in a higher contribution to the electro-
static energy; these amino acids also presented the highest
differences in the hydropathy values [52] (L248R=8.3;
T3151=5.2; G398R=4.1; M2441=2.6; M351(I/T)=2.6 and
L384M=1.9). With respect to the non-polar contributions,
more negative values were found for nilotinib than for imati-
nib (except for M244I).

Role of the conserved water molecule

Schindler et al. [3] suggested that two different water mole-
cules in the active site help to stabilize interactions between c-
ABL and imatinib. However, only the one site (Cy/), which
established hydrogen bonds with the carbonyl oxygen atom of
Asp381, the nitrogen atom of Lys271, and the side chain
oxygen atom of Glu286 (interacting by a water bridge), was
structurally conserved in the inactive protein in PDB 10PJ.
This fact prompted us to analyze the behavior of the water
molecules at this specific site, focusing on their times of
residence and substitutions by other water molecules during
simulations with the wild type protein and five c-ABL mutants
(L248R, T315I, T315S, M351T, and M3511) in complex with
imatinib or nilotinib. The average residence time of each water
molecule was very short, lasting typically 0.35 ~ 0.45 ps and
exceptionally 3—4 ps. There were no differences between the
residence times between the wild type and mutants, which
were slightly higher in simulations with nilotinib when com-
pared to imatinib. These data did not provide evidence for an
association of mutations and resistance with the residence
time of water molecules at the Cw crystallographic pocket.

Table 1 Experimental and predicted AG values for imatinib and nilotinib

Mutation Experimental AG imatinib (*) Predicted AG imatinib Unsigned error Predicted AG nilotinib
WT —8.54 —=7.57 (0.29) 0.97 —7.93 (0.27)
M2441 —8.03 —7.87 (0.47) 0.16 —8.03 (0.47)
M244V —7.56 —6.89 (0.56) 0.67 —7.81 (0.30)
L248R —6.45 —6.66 (0.48) 0.21 —7.35 (0.30)
Q252H —7.60 —7.93 (0.26) 0.33 —8.03 (0.28)
Y253H —6.52 —6.93 (0.26) 0.41 —7.31 (0.22)
E255K —6.75 —6.88 (0.38) 0.13 —6.35 (0.38)
T3151 —6,45 —7.27 (0.40) 0.82 —7.90 (0.30)
T315S —7.44 —=7.75 (0.23) 0.31 —7.62 (0.30)
M3511 =7.95 —=7.16 (0.70) 0.79 —7.70 (0.34)
M351T -7.29 —6.76 (0.35) 0.53 —8.14 (0.45)
L384M =7.62 —=7.29 (0.35) 0.33 —7.87 (0.35)
G398R —8.18 —7.82 (0.29) 0.36 —8.04 (0.38)

(*) Experimental ICsq values for c-ABL protein and mutants were retrieved from Azam et al. [49]. AG values were estimated according to AG =
RT In(IC50) where T=300K, R =0.001987 kcal K~' mol™" . Figures in parenthesis account for total standard deviation of AG , calculated according

t0: 01 = \/ B (3 a(el) + Thoe(€l) + @*(03,,4(vaw) + a5, (vdw)), where o and f correspond to LIE coefficients and oy represents standard
deviations for interaction terms in bound and free states. Comparison between experimental and calculated values for imatinib resulted in unsigned

error less than 1.0 kcal mol ™!
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Fig. 2 Computed ligand-surrounding interactions of wild type (WT)
and 12 mutations. The terms AU and AU represent the variation
of the electrostatic and non-polar contributions of the intermolecular
energy, respectively, between free and bound states

On the other hand, when comparing wild type and
mutants, the analysis of MD trajectories showed differences
in the number of water molecules involved in the turn-over
at the Cw pocket. Figure 3 shows the water molecules that
turned-over at the Cw pocket during the simulations of 5 ns.

In the wild type protein, approximately 20 and 16 different
water molecules occupied this site during simulations (5 ns)
with imatinib and nilotinib, respectively. However, when

simulations were performed with mutants, a higher number
of different water molecules in turn-over were observed at this
site. In simulations with imatinib, the number of water mole-
cules involved in turn-over was 47 for L248R, 35 for T315I,
24 for T315S, 28 for M351T and 18 for M3511. In simulations
with nilotinib, the number of water molecules was 17 for
L248R, 26 for T315I, 10 for T315S, 29 for M351T and 23
for M3511. With respect to simulations with imatinib, these
data showed a higher number of different water molecules in
turn-over at the Cw pocket for mutants with higher IC50
estimates in in vitro experiments [50]. However, this trend
was not found in simulations with nilotinib and the mutant
T315I (with a IC50>2000 nM; data from O’Hare et al. [53])
or with the mutant M351T (with a IC50 of 7.8 nM; data from
Redaelli et al. [54]). Nevertheless, an absence of experimental
IC50 values for simulations with nilotinib for the remaining
mutants did not allow for a better evaluation.

When considering only imatinib simulations, the relation-
ship between the numbers of different water molecules in turn-
over at the Cw initial position may be associated with structural
changes. This scenario was particularly evident for mutations at
two positions, 315 and 351, where two different amino acid
substitutions for each position resulted in different levels of
resistance. At position 315, the T3151 mutation certainly pro-
duced a more drastic change than T315S, reflected in a large
IC50 value (> 20 uM and 3.8 uM, respectively) and in a large
number of different water molecules involved in the turn-over
at Cw pocket. The same rationale can be applied to M351S and
M351T mutations.
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Fig. 3 Time evolution of the water molecules in turn-over of the crystallographic water Cw (label 0) in the vicinity of imatinib (black) and nilotinib
(red), for the WT , L248R, M3511, M351T, T315], and T315S mutations
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Conclusions

In this work, we have studied the effects of c-ABL mutants
in complex with two ligands, imatinib and nilotinib, by
thermodynamic and structural analyses.

The linear interaction energy method proved to be adequate
for differentiating the effectiveness of both ligands by means
of AAG calculations and confirmed the higher potency of
nilotinib over imatinib, except for mutations T315S and
E255K. Despite the fact that experimental findings could have
been partially reproduced, modeling mutations that are spread
across the binding site by means of a single multivariate model
is a challenging task. Although we were not able to obtain a
strict reproduction of the AAGpyuewy) values, the model was
consistent with the majority of the experimental results.
However, this model presents limitations because of the small
size of the population (a low number of mutations), the spatial
distribution of mutations in different places in the structure,
and the inability to evaluate the effect of mutations in the
structure beyond the simulation sphere.

The presence of water molecules at the Cw pocket,
delimited by residues Glu286, Lys271 and Asp381, was
not found to be directly associated with the stability of the
binding of ligands with c-ABL. No association was found
between the residence time of a water molecule at the Cw
pocket and drug resistance, because equivalent residence
times were found for mutant c-ABL proteins. Finally, the
physicochemical characteristics of mutated residues, along
with their size, can contribute to the resistance experienced
by these ligands. Substitutions by larger amino acids than
those found in the wild type enhanced the number of water
molecules turning-over at the Cw pocket and were associated
with a lower effective inhibition of kinase activity.
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