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Abstract Nilotinib is a novel anticancer drug, which

specifically binds to the Abl kinase and blocks its signaling

activity. In order to model the nilotinib/protein interactions,

we have developed a molecular mechanics force field for

nilotinib, consistent with the CHARMM force field for

proteins and nucleic acids. Atomic charges were derived by

utilizing a supermolecule ab initio approach. We consid-

ered the ab initio energies and geometries of a probe water

molecule that interacts with nilotinib fragments at six dif-

ferent positions. We investigated both neutral and proton-

ated states of nilotinib. The final rms deviation between the

ab initio and the force field energies, averaged over both

forms, was equal 0.2 kcal/mol. The model reproduces the

ab initio geometry and flexibility of nilotinib. To apply the

force field to nilotinib/Abl simulations, it is also necessary

to determine the most likely protein and nilotinib proton-

ation state when it binds to Abl. This task was carried out

using molecular dynamics free energy simulations. The

simulations indicate that nilotinib can interact with Abl in

protonated and deprotonated forms, with the protonated

form more favoured for the interaction. In the course of our

calculations, we established that the His361, a titratable

amino acid residue that mediates the interaction, prefers to

be neutral. These insights and models should be of interest

for drug design.

Keywords Molecular recognition � Computer

simulation � AMN107 � Drug design �
CHARMM program

1 Introduction

Unbalanced Abl kinase activity can lead to excessive cell

division and is a cause of several forms of cancer including

chronic myeloid leukemia [1]. The development of specific

inhibitors to a kinase can be a difficult exercise due to the

sequence similarity of kinase active sites [2, 3]. A recently

developed compound, Imatinib, specifically inhibits the

tyrosine kinase activity of Abl by stabilizing its inactive

conformation [4–7]. However, the imatinib-resistant

mutations of Abl have been frequently observed. This

problem has stimulated the development of new kinase

inhibitors [8, 9]. One important novel inhibitor is the

anticancer drug, nilotinib (AMN107), which specifically

binds to Abl [8]. Nilotinib is not only more potent than

imatinib against the wild-type Abl, but has a significantly

higher inhibitory activity for most of imatinib-resistant

mutants [9, 10].

Given the unique nilotinib-binding properties to Abl and

homologous kinases, it is essential to investigate the under-

lying mechanisms of such interactions at the atomic level.

Recently solved crystal structure of the Abl/nilotinib com-

plex has provided valuable biochemical insights [11]. In this

study, we employ the experimentally solved structure and

undertake a complementary approach by developing
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computer simulation models. The developed models allow

us to investigate the structure, dynamic, and thermodynamic

properties of the nilotinib/Abl kinase complex.

The major requirement for computer simulations is the

development of a molecular mechanics force field model.

This can be a nontrivial exercise for a molecule as large

and complex as nilotinib. In this work, we develop a force

field model for nilotinib under different protonation states.

The force field is developed in the manner such that it is

compatible with the CHARMM27 force field for proteins

and nucleic acids [12, 13], as well as with the TIP3P water

model [14].

The second major task for computer simulations is the

determination of the most favorable nilotinib protonation

state required for the interaction with the Abl kinase. The

protonation state can have a profound effect on binding

[4, 15–17]. Therefore, the protonation states need to be

evaluated for both ligands and proteins participating in the

interaction. Indeed, 4-methylimidazole group of nilotinib

has two protonation states in solution, which may change

when nilotinib binds to Abl. Similarly, several protein

groups in the nilotinib-binding pocket, in particular a

nearby His361, have several possible protonation states,

which can also change when nilotinib binds. In this work,

two different free–energy methods, that use either an

explicit treatment of aqueous solvent [16, 18, 19] or a

continuum dielectric treatment [20], have been employed

to establish the nilotinib protonation state when it is bound

to Abl. Our simulations predict that nilotinib can interact

with Abl in protonated and deprotonated forms, with the

protonated form more favoured for the interaction. The

residue His361 appears to be in the neutral charge state,

protonated on the N� atom.

The model is suitable to investigate the interactions of

nilotinib with a wide range of protein targets. It also

offers a starting point to parameterize potential nilotinib

analogues. It should aid efforts both to understand nil-

otinib/kinase binding and to develop improved kinase

inhibitors.

2 Computational methods

2.1 Force field determination for nilotinib

Nilotinib is schematically represented in Fig. 1. The force

field is developed in order to be compatible with the

CHARMM27 force field for proteins and nucleic acids

[12, 13], as well as with the TIP3P water model [14]. The

same procedure was recently applied to parameterize a

large set of tetracycline variants [21, 22] and imatinib [23]

variants. In this study, both neutral and protonated forms of

nilotinib were parameterized. Plain nilotinib structures

were obtained from the protein data bank.

Fig. 1 2D view of nilotinib, imatinib, and fragments used for

supermolecule calculations. a 2D view of nilotinib and imatinib.

Position N36, which can be protonated or deprotonated, is circled.

b A fragment used for supermolecule calculations, corresponding to

ring B, with four possible interacting water positions. Each water

position is defined by a single distance, d, and a single angle, w. c A

fragment used for supermolecule calculations, corresponding to ring

A
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2.1.1 Optimization of the intermolecular force field

parameters

We adopt a force field of the CHARMM27 form [12]. The

intermolecular energy terms are Lennard–Jones and Cou-

lomb terms. Lennard–Jones parameters were taken from the

CHARMM27 force field, by assigning to each nilotinib

atom an existing atomic type within that force field [12, 13,

24]. Consistent with the development of the CHARMM

force field, atomic charges were derived from a supermol-

ecule approach. We considered the ab initio energies and

geometries of a probe water molecule that interacts with

small model compounds, representative of different frag-

ments of nilotinib/trifluoromethylbenzene, and 1-methyl-

imidazole. Partial charges for other groups of nilotinib were

adopted from either the CHARMM27 force field or the

imatinib force field derived previously [23].

Selected probe positions around each fragment were

considered in order to achieve a good balance between

solute–water and water–water interactions in the force field

[12, 13]. The water geometry required for force field cal-

culations was obtained from the TIP3P model [14]. The

geometry of each model compound was first optimized at

the HF/6-31G(d) level. Each supermolecule structure was

then optimized (at the HF/6-31G(d) level) by varying the

interaction distance, to find the local energy minimum for

the water position. A single angle w defining the orienta-

tion of the water molecule was held fixed (see Fig. 1b). For

each water position, w was varied over the full 180� range

in 30� or 60� steps, allowing either six or three distinct

supermolecule calculations for each water position. For

each optimal distance d, the interaction energy was cal-

culated. No correction for basis set superposition error was

made. The ab initio interaction energies were scaled by a

factor of 1.16, and the ab initio interaction distances were

reduced by 0.2 Å, in order to compensate for overestimated

interaction distances with the Hartree–Fock model (due to

neglected electron correlation) [12].

The force field charges were then adjusted to reproduce

these ‘‘corrected’’ ab initio interaction energies and water

positions. The initial partial charges were obtained from a

Mulliken population analysis of the HF/6-31G(d) wave-

function. The (corrected) ab initio data were then fitted by

manually optimizing the model compound charges. This

approach involves the reoptimization of the nilotinib/water

distance after the parameter changes. The adjustment of the

charges following the model fragments linkage to form

larger entities was performed by adding the charge of the

deleted hydrogen atom to the heavy atom. This approach

maintains the total charge from original compounds. At the

same time, the charges of the linking groups were reop-

timized for those cases when 2-aminopyrimidine and

4-methylaniline (corresponding to rings D and C) were

linked, and when two benzene rings (corresponding to

rings B and C) were linked through an amide group to form

phenyl-benzamide (Fig. 1).

2.1.2 Optimization of the intramolecular force field

parameters

Under the force field consideration, the intramolecular

geometry is mainly determined by the minimum energy

values of the bond length and bond angle terms, as well as

by the phase and multiplicity of the dihedrals. The initial

values for the minimum energy bond lengths, bond angles,

and torsion angles were taken directly from the ab initio

structures, optimized at the HF/6-31G(d) level. The initial

parameters for the bond, angle, and dihedral force con-

stants as well as for phases were obtained from the

CHARMM27 force field [12] via comparison with small

molecular fragments. The geometrical and dihedral

parameters were then optimized by fitting to the structures

from ab initio optimizations. The structure was minimized

with the force field model using a Powell conjugate gra-

dient algorithm, targeting the rms energy gradient equal or

less than 10-6kcal/mol/Å. The quality of the molecular

structure calculated with the refined parameters was mea-

sured by rms coordinate deviation from the ab initio

structure and by comparing the force field/ab initio ener-

gies. The bond, angle geometries, and the dihedral geom-

etries were then updated manually, and a new round of

optimization was carried out. This procedure was repeated

until a satisfactory agreement was achieved (the coordinate

rms deviation of 0.20 Å or less).

2.2 Molecular dynamics simulations

The crystal structure of the human Abl tyrosine kinase was

taken from the protein data bank, entry 3CS9 (with bound

nilotinib) [11]. Abl was modeled in the inactive state,

competent for nilotinib binding [11]. Protonation states of

histidines were assigned by visual inspection: His295 was

set neutral, whereas four other histidines were set as dou-

ble-protonated.

The simulations included protein residues within a 26 Å

sphere, centered on the nilotinib-binding site. In addition to

crystal waters, a 26 Å sphere of water was overlaid and

waters that overlapped protein, crystal waters, or nilotinib

were removed. Throughout the MD simulations, protein

atoms between 20 and 26 Å from the sphere’s center were

harmonically restrained to their experimental positions.

Simulations were done with the SSBP solvent model [25,

26], which treats the region outside the 26 Å sphere as a

uniform dielectric continuum, with a dielectric constant of

80. Newtonian dynamics was used for the innermost region,

within 20 Å of the sphere’s center; Langevin dynamics was
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used for the outer part of the sphere, with a 292 K bath. The

CHARMM27 force field was used for the protein [12] and

the TIP3P model for water [14]. Electrostatic interactions

were computed without any cutoff, using a multipole

approximation for distant groups [27]. Calculations were

done with the CHARMM program [28].

2.3 Nilotinib protonation state

It has been found that imatinib, a close analogue of nil-

otinib, spends about two-thirds of the time in the neutral

state at a physiological pH of 7.4 [29]. The remaining time

imatinib is protonated usually on the methylated nitrogen

of the piperazine ring. In nilotinib, N-methyl-piperazine

moiety is substituted by the 4-methylimidazole ring. The

pKa of 4-methylimidazole and 1-methylimidazole in solu-

tion are found to be 7.52 and 6.95, respectively [30, 31],

which are close to the physiological pH. Therefore, nil-

otinib can exist in both protonation states of the 4-meth-

ylimidazole group under physiological pH.

To determine the nilotinib protonation state in the pro-

tein complex, we undertook a molecular dynamics free

energy simulation study [18, 19]. The nilotinib is gradually

protonated both in solution and in complex with Abl,

through a series of MD simulations (Fig. 2, with Nil?

representing the protonated form). This technique has no

adjustable parameters and gives good, though not perfect

accuracy for acid/base reactions [19].

2.4 Alchemical MD free energy simulations

To compare the neutral nilotinib and its protonated form

binding to Abl, we use the thermodynamic cycle shown in

Fig. 2. The alchemical MD free energy simulations

(MDFE) method follows the horizontal legs of the cycle.

Protonated nilotinib is reversibly transformed into its

deprotonated form during a series of MD simulations. The

corresponding work is derived from a thermodynamic

integration formula [32]. All simulations were performed

with the spherical boundary conditions described elsewhere

(see also [26, 33]). For the lower leg of the thermodynamic

cycle, we simulate nilotinib in solution. For the upper leg,

we simulate a portion of the nilotinib/Abl complex, sol-

vated by the same 26 Å sphere. In each simulation system,

the energy function can be expressed as a linear combi-

nation of terms associated with nilotinib (Nil) and its

protonated form (Nil?):

UðkÞ ¼ U0 þ ð1� kÞUðNilþÞ þ kUðNilÞ ð1Þ

where k is a ‘‘coupling parameter’’, and U0 represents

interactions between parts of the system other than

nilotinib. The free energy derivative with respect to k has

the form:

oG

ok
ðkÞ ¼ hUðNilÞ � UðNilþÞik ð2Þ

where the brackets indicate an average over the MD tra-

jectory with the energy function U(k) [32, 34]. We grad-

ually mutated Nil? into Nil by changing k from zero to

one. The successive values of k were as follows: 0.001,

0.01, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 0.9, 0.95, 0.99, 0.999. The

free energy derivatives were computed at each k value

from a 150 ps MD simulation, or ‘‘window’’; the last

120 ps of each window were used for averaging. A com-

plete mutation run thus corresponded to 12 windows and

1.8 ns of simulation. Five runs were performed in each

direction (Nil? into Nil and the reverse).

The estimation of uncertainty with MDFE is difficult and

expensive [35–37]. A widely employed approach which

addresses the problem is to perform multiple runs followed

by measurements of the dispersion between runs. While

such techniques are reasonable, it has a significant down-

side. Specifically, it does not encounter certain types of

systematic error and can lead to the overestimation of

uncertainty. It is established that runs performed in opposite

directions (‘‘forward’’ and ‘‘backward’’ transformations; k
increasing or decreasing) exhibit systematic hysteresis

effects [38–40]. Thus, we use an error estimator that con-

sider pairs of runs, one in each direction, forming a ‘‘for-

ward/backward pair’’ [33, 41, 42]. In our previous work, the

forward/backward averages were much more reproducible

than the individual values. The uncertainty is, therefore,

calculated as standard deviation of the individual runs

obtained from five forward/backward pairs, totaling 18.0 ns.

For a more detailed discussion of convergence and some

examples, see supplementary material in reference [42].

2.4.1 Poisson–Boltzmann linear response approximation

The Poisson–Boltzmann linear response approximation

(PBLRA) is a relatively new method that combines MD

simulations with continuum electrostatics [18, 20, 43]. This

method is well suited to treat rearrangements of atomic

charges, as in the nilotinib or His361 protonation. The free

Fig. 2 Thermodynamic cycle to study nilotinib protonation and its

effect on binding to a protein (Abl in this case). Horizontal legs
represent the protonation of nilotinib on its N36 nitrogen, either in

complex with Abl (above) or alone (below). Vertical legs represent

nilotinib/Abl binding. The MD free energy simulations follow the

horizontal legs
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energy change is approximated by the continuum electro-

static free energy, averaged over the equilibrium states

before and after the rearrangement. We applied the method

using MD structures of the protonated and neutral nilotinib

states. It was also used to compare protonation states of

His361 in the nilotinib-binding pocket systematically.

The equilibrium states were simulated for 3 ns for each

charge state. Calculations were performed at zero ionic

strength by solving the Poisson equation. Nevertheless, we

refer to the method as PBLRA. It has been found in similar

systems that PBLRA results are weakly dependent on the

ionic strength [33]. The protein/solvent dielectric boundary

was defined by the molecular surface of the protein. The

boundary was constructed using the atomic radii from

the CHARMM27 force field, with the exception for the

hydrogen radii, which were set to 1.0 Å [44]. The probe

sphere for the surface construction was set to 2.0 Å. It has

been shown that with such probe radius proteins have no

internal cavities [20]. The partial charges on the atoms

were taken from either the CHARMM27 molecular

mechanics force field [12] or the nilotinib force field

developed in the present work. The finite difference Pois-

son equation was solved in two steps by employing a finite

difference method implemented in the CHARMM

program.

The first step utilized a cubic-grid spacing of 0.8 Å,

whereas the second used the spacing step of 0.4 Å. Ener-

gies were averaged over 250 structures for each charge

state. The solute dielectric constant was set to 1 or 2, and

the solvent dielectric was set to 80, the experimentally

determined value for bulk water.

3 Results

3.1 Force field development: nilotinib–water

interactions

We first consider the supermolecule calculations for nil-

otinib fragments interacting with individual water mole-

cules. Detailed results are presented in Tables 1 and 2 for

two representative fragments that correspond to the ring B

and the protonated ring A, respectively (Fig. 1b, c).

Overall, very good agreement was obtained between the

ab initio and force field data, similar to our previous result

[23].

The rms deviation for the energies averaged over two

fragments, 6 water positions considered during optimiza-

tion, and all water orientations (33 in total) was 0.1 kcal/

mol. The rms deviation for the energies averaged over all

orientations including the positions that were not consid-

ered during optimization is just slightly higher: 0.2 kcal/

mol. The rms deviation for the fragment–water distances

was achieved at 0.10 Å via very small adjustments in the

atomic charges. The final atomic charges for nilotinib

include small adjustments due to the linking of the rings

(described in more details in the Sect.2). The final charges

can be compared to several groups in the CHARMM27

force field for proteins and nucleic acids [12, 13, 24, 45].

Compatibility with the existing CHARMM force field

was ensured by restricting optimization to parameters that

did not already exist in the CHARMM force field. For

example, the charges of the carbon atoms on the phenyl

ring were maintained to the existing values of -0.115. The

C17 methyl in the C ring has a standard CHARMM methyl

charge (-0.27 on the carbon; atomic units) and hydrogens

of all methyl groups have standard CHARMM charges of

0.09. The ring nitrogens N1, N3, N7 have charges of -0.74,

-0.74, and -0.63, very similar to adenine N1 (-0.74) and

cytosine N3 (-0.66), and similar to comparable nitrogens

in histidine and guanine. The aromatic CH groups are

somewhat more polar and more variable than the existing

CHARMM groups. Here, the most polar pair is C19–H,

with charges of -0.26 and ?0.20; the pair with the largest

net charge is C12-H, with charges of ?0.16 and ?0.16. In

Table 1 Interactions between a probe water and trifluoromethyl-

benzene

Probe site Ab initio/force field results

Energy (kcal/mol) Distance d (Å) Angle w (�)

Cf3F1 -1.18/-1.21 2.01/2.00 0.0

Cf3F1 -1.10/-1.10 2.01/2.01 30.0

Cf3F1 -1.10/-1.08 2.01/2.01 60.0

Cf3F1 -1.23/-1.17 2.01/2.00 90.0

Cf3F1 -1.36/-1.33 2.01/1.99 120.0

Cf3F1 -1.54/-1.48 2.01/1.98 150.0

Cf3F1 -1.58/-1.58 2.01/1.97 180.0

Cf3F1 -1.58/-1.63 2.01/1.97 210.0

Cf3F1 -1.54/-1.61 2.01/1.97 240.0

Cf3F1 -1.50/-1.55 2.01/1.97 270.0

Cf3F1 -1.41/-1.47 2.01/1.98 300.0

Cf3F1 -1.32/-1.35 2.01/1.99 330.0

C2H -2.07/-1.96 2.45/2.58 0.0

C2H -1.85/-1.90 2.49/2.59 60.0

C2H -1.85/-1.90 2.49/2.59 120.0

C3H -2.07/-2.03 2.58/2.61 0.0

C3H -2.25/-2.11 2.54/2.60 60.0

C3H -2.25/-2.11 2.54/2.60 120.0

C4H -2.12/-1.96 2.58/2.61 0.0

C4H -2.29/-2.05 2.54/2.61 60.0

C4H -2.29/-2.05 2.54/2.61 120.0

Results for trifluoromethyl-benzene (4 sites). The distance d and angle

w are defined in Fig. 1b. The rms deviation for the energies is

0.10 kcal/mol
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CHARMM, the Phe and Tyr rings have CH charges of

-0.12 and ?0.12; uracil has a pair with charges of -0.15

and 0.10; the most positive pair is in (neutral) histidine,

with charges of ?0.25 and ?0.13. The main difference

with standard CHARMM27 charges concerns two C-N

groups that bridge two pairs of aromatic rings. The C24-

N22 pair is part of an acetamide group that bridges the B

and C rings. The hydrogen and oxygen (H22,O25) have

charges very close to the CHARMM acetamide groups:

0.37 and -0.55. The C24-N22 pair itself has a greater

charge separation than in CHARMM: ?0.86 and -0.80,

compared with ?0.47 and -0.55 in CHARMM. The other

pair is C2-N13, bridging the C and D rings, with a similar,

large charge separation.

Charges for the protonated A ring were adopted from the

CHARMM force field for 4-methylimidazolium. For

the neutral nilotinib, charges were adopted from the

CHARMM force field for 4-methylimidazole. To adjust the

charge of N33 due to the linking to the ring B, we used

the 1-methylimidazolium model compound (Fig. 1c). To

verify the charges adopted from the CHARMM force

field, we also computed water interaction energies with

1-methylimidazolium and 1-methylimidazole at position

N2 after the adjustment of the N1 charge was done (see

Fig. 1c and Table 2). N33 after adjustment has the charge

of -0.07, very similar to adenine N9 (-0.02), guanine N9

(-0.05), and cytosine N1 (-0.13).

Finally, we can compare charges of trifluoromethyl-

benzene and CHARMM charges of trifluoroethane. The

charge of C281 is -0.03, which is lower comparing with

the charge of trifluoroethane carbon (-0.38 atomic units).

The fluorine charge is -0.07, which is again lower than the

CHARMM charge of fluorine in trifluoroethane. Thus, in

trifluoromethyl-benzene, the trifluoromethyl group appears

to be less polar, which also explains small absolute inter-

action energies between this group and a water, given in

Table 1.

3.2 Force field development: nilotinib structure

and flexibility

The force field accurately reproduces the ab initio mini-

mized structure of nilotinib. The superposition of the whole

molecule results in the rms deviation between the ab initio

and force field structures equal to 0.20 and 0.23 Å for

protonated and deprotonated nilotinib, respectively.

To characterize nilotinib flexibility, we have examined

two types of fluctuations: small harmonic fluctuations that

involve the stiff ring structures, and larger lower-frequency

fluctuations, which relate to the soft dihedral angles linking

the rings. Figure 3 shows the normal mode frequencies and

rms positional fluctuations for a fragment consisting of A

and B rings. We found a very good agreement between the

ab initio and force field results for the described

characteristics.

Figure 4 illustrates the softer, inter-ring, dihedral fluc-

tuations. Energy profiles are shown for two dihedral angles,

which link two pairs of nilotinib rings: rings A–B and rings

B–C, respectively. Figure 4 highlights agreement between

the force field and the ab initio profiles for both the energy

wells as well as for the barriers between wells. We found

that the softer dihedral degrees of freedom are very

important for accurate description of the conformational

free energy surface of nilotinib and play an essential role

for the induced fit in nilotinib/protein binding.

The force field parameters are given in ‘‘supplementary

material’’.

3.3 Nilotinib and His361 protonation

In order to study nilotinib binding to Abl and other kinases,

it is essential to establish the most favorable nilotinib

protonation state for interactions. Imatinib, a close ana-

logue of nilotinib, reveals that its piperazine ring exists

primary in the protonated form while bound to the Abl

Table 2 Interactions between a probe water and 1-methylimidazolium

Probe site Ab initio/force field results

Energy (kcal/mol) Distance d (Å) Angle w (�)

C1H -2.32/-2.34 2.47/2.54 0.0

C1H -2.14/-2.27 2.49/2.55 30.0

C1H -2.09/-2.24 2.49/2.55 60.0

C1H -2.27/-2.30 2.47/2.55 90.0

C1H -2.41/-2.36 2.45/2.54 120.0

C1H -2.45/-2.38 2.45/2.54 150.0

C2H -2.49/-2.37 2.41/2.22 0.0

C2H -2.23/-2.23 2.43/2.23 30.0

C2H -2.05/-2.12 2.45/2.23 60.0

C2H -2.18/-2.15 2.44/2.23 90.0

C2H -2.41/-2.27 2.42/2.23 120.0

C2H -2.54/-2.39 2.40/2.22 150.0

N2H -15.23/-15.96 1.76/1.75 0.0

N2H -15.82/-16.20 1.74/1.75 60.0

N2H -15.82/-16.19 1.74/1.75 120.0

N2 -7.58/-7.11 1.91/1.91 0.0

N2 -7.78/-7.25 1.90/1.91 60.0

N2 -7.56/-7.21 1.90/1.91 120.0

N2 -7.16/-7.04 1.92/1.91 180.0

N2 -7.56/-7.21 1.90/1.91 240.0

N2 -7.78/-7.25 1.90/1.91 300.0

Results for 1-methylimidazolium (above line; three sites) and

1-methylimidazole (below line; one sites). The distance d and angle

w are defined in Fig. 1c. The rms deviation for the energies is

0.31 kcal/mol
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kinase, while it can adopt both protonated and deprotonated

forms in solution at a physiological pH.

The piperazine moiety in nilotinib is substituted by the

4-methylimidazole ring (see Fig. 1a). In solution, pKas

of 4-methylimidazole and 1-methylimidazole were

experimentally found to be 7.52 and 6.95, respectively

[30, 31], which are sufficiently close to the physiological pH.

This observation suggests that both protonation states of the

4-methylimidazole group of nilotinib can exist under phys-

iological pH: with N36 protonated (in the A ring; see Fig. 1),

giving a net positive charge, or with N36 deprotonated. With

the developed accurate force field in hand, we investigated

the relative free energies of these two forms when nilotinib

was bound to Abl, using a rigorous MDFE technique

[18, 19]. Unlike widely used continuum electrostatic meth-

ods, MDFE has no adjustable parameters [46]. We also

employed the approximate PBLRA method to study pro-

tonation of nilotinib and His361 systematically. The results

are summarized in Table 3. We found that the protonation

free energy in the protein is more favorable than in solution

with the estimated difference of DDGbindðNilþ ! NilÞ ¼
1:2� 0:7 kcal/mol. The positive DDGbind implies that nil-

otinib prefers to bind in the protonated form, with a net

positive charge. However, the relatively small DDGbind

suggests that the deprotonated form can also be present in the

Abl complex. The PBLRA results for protein dielectric

values of one (3.1 kcal mol-1) and two (1.6 kcal mol-1)

bracket the MDFE result and show that a protein dielectric of

two is more realistic. A dielectric of two can be interpreted as

an effect of electronic polarizability of the protein. The

preference for the protonated nilotinib can be partially

explained by favorable electrostatic interactions between the

charged 4-methylimidazole ring of nilotinib (ring A) and the

carboxyl group of Asp381.

For the His361 residue, we considered the Abl/nilotinib

complexes with two His361 protonation states: His� and the

doubly protonated form His?. Complexes with His361

deprotonated on N� were not considered due to the fact that

His361 creates a strong hydrogen bond with Ala380 by the

protonated N� in the crystal structure. This hydrogen bond

was maintained throughout our simulations. Free energy

results are summarized in Table 4 and in Fig. 5. The

combination of the experimental value of histidine in

solution [47], pKa,model = 6.5, with the PBLRA result for

the protein dielectric of two yields DDGðHis� ! HisþÞ ¼
3:4 kcal/mol. For a protein dielectric of one, PBLRA

Fig. 3 Rms positional fluctuations (a) and normal mode frequencies

(b) for a fragment representing rings A and B (see inset)

Fig. 4 The comparison of ab initio and force field energies for two

dihedral angles linking the A–B (upper panel) and B–C (lower panel)
rings. The dihedral angles are defined by the atoms labeled in each

inset (C1-C2-N3-C4 and C1-N2-C3-C4). The solid lines correspond

to the force field energies

Table 3 Nilotinib protonation free energy simulations

Method DGprot DGsol DDG

MDFE 50.5 (0.5) 49.3 (0.5) 1.2 (0.7)

PBLRA (� ¼ 1=� ¼ 2) -4.7/-2.3 -7.8/-3.9 3.1/1.6

Protonation free energy in solvent (DGsolv) or in complex with the

protein (DGprot) is shown in kcal/mol. DDGMDFE indicates preferential

binding in the protonated form. The uncertainty is shown in paren-

theses. For PBLRA, results with a solute dielectric of one and two are

given before and after the slash
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calculations yield DDG equal 7.8 kcal/mol. In the crystal

structure, His361 interacts with the backbone amino group

of Asp363 by the Nd nitrogen, with the distance between

NdHis361 and NAsp363 of 2.9 Å. This interaction was main-

tained in the simulations with the deprotonated His361, but

was disrupted in the simulations with the diprotonated

His361. The protonated Nd does not create a strong

hydrogen bond and appears in a hydrophobic pocket

formed by residues Leu364 and Met351, which consider-

ably increases the free energy by 2.7 kcal/mol (Table 4;

Fig. 5). Thus, the state with the neutral His361 protonated

at N� appears to be strongly favored.

3.4 Protein/ligand interactions

We next simulated the protein/ligand complex for 5 ns

with protonated nilotinib and His361 singly protonated on

N� and compared our calculations with the Xray structure.

We computed rms deviations from the Xray structure,

averaging over the last 1 ns of the 5 ns. The superposition

of the nilotinib on the crystal structure revealed the intra-

molecular nilotinib deformations of less than 0.8 Å. The

superposition of the nilotinib backbone on the crystal

structure revealed rms deviations of 1.1 Å, which partly

reflects an overall shift of the nilotinib molecule. The Abl

kinase backbone superposition revealed the rms deviations

of 1.3 Å. The interactions between nilotinib and the protein

are also well reproduced (Table 5). Figure 6 shows the

Abl/nilotinib complex. Our calculations show that the MD

model is comparable with other high-quality simulations.

In the simulations, the ring A of nilotinib preferred to

interact with solvent and did not create any strong inter-

action with Abl. Indeed, experimentally it was found that

the superior binding potency of nilotinib over imatinib is

mainly explained by the hydrophobic substitution at posi-

tion C28 [48]. For example, a chloride or methyl group at

this position both increase the binding affinity of imatinib

to Abl substantially [23, 48, 49]. In agreement with this

observation, the hydrophobic trifluoromethyl group binds

in a hydrophobic pocket formed by residues Ile293,

Leu298, Val299, Phe359, Leu354, and His361. It was

previously established that this protein environment has a

Table 4 PBLRA free energy simulations comparing different pro-

tonation states of His361 and nilotinib

Final state Dielectric constant (� ¼ 1=� ¼ 2)

DGprot DGsol DDG

Nil?, His361? 204.9/102.0 197.8/99.3 7.1/2.7

Nil, His361? 199.9/98.2 192.0/95.3 8.0/2.9

The model with the protonated nilotinib and neutral His361(�) cor-

responds to the initial state. Protonation free energy in solvent

(DGsolv) or in complex with the protein (DGprot) is shown in kcal/mol.

The DDG indicates preferential binding of the initial state in both

cases. Results with a solute dielectric of one and two are given before

and after the slash, respectively Fig. 5 Relative free energies of all four states. PBLRA is performed

with a solute dielectric � of one or two, as indicated. States connected

by MDFE are circled: His361(�):Nil? and His361(�):Nil0. PBLRA

error bars are shown for the � ¼ 2 data

Table 5 Selected distances (Å) between atoms of nilotinib and Abl

Atom pair MD simulation X-ray structurea

NM318N7Nil 2.9 3.0

OcT315N13Nil 2.9 2.9

O�1E286N22Nil 3.2 3.0

ND381O25Nil 3.0 3.1

Abl atoms (left) are labeled by the amino acid to which they belong
a PDB entry 3CS9

Fig. 6 Binding site residues in Abl; 2D and 3D views
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sufficient plasticity to accommodate large hydrophobic

substitutions [23].

4 Conclusions

The major challenge for computer simulations of protein/

ligand recognition is the availability of a force field for

molecules such as nilotinib, which are nonstandard bio-

polymers and therefore are not part of standard force fields.

In this work, we developed a molecular mechanics force

field for nilotinib and several analogues compatible with

the CHARMM27 force field for proteins and nucleic acids,

as well as with the TIP3P water model. The force field was

optimized and tested through careful comparisons of

structural, dynamic, and thermodynamic data, from ab ini-

tio calculations and experiments. The same procedure was

used earlier to parameterize a set of 16 tetracyclines and

was shown to give chemical accuracy for relative protein/

tetracycline and ribosome/tetracycline binding free ener-

gies [21, 42].

The key challenge for the nilotinib/kinase simulations is

the determination of the protonation states for both niloti-

nib and Abl kinase. This problem has been addressed by

the employment of two substantially different free energy

methods. Our results show that nilotinib can bind to Abl in

its protonated or deprotonated forms, with the protonated

state somewhat more favoured. Our calculations indicate

that the His361 strongly prefers to be neutral, protonated on

N�.

The presented approach and the results have implica-

tions that extend beyond the example described in this

manuscript. Indeed, the proposed methodology is applica-

ble to the investigation of other kinases and provides a

starting point for parameterisation of additional nilotinib

variants.
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