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Abstract

Anaplastic lymphoma kinase (ALK) has gained increased attention as an attractive
therapeutic target for the treatment of various cancers, especially non-small-cell lung
cancer (NSCLC). Recently, piperidine carboxamides were reported as Type I'/»
inhibitors of ALK, which occupy both the ATP binding site and the back ATP
hydrophobic cavity in DFG-in conformation. Due to the dynamic behavior of ALK in
the binding of Type I1'/, inhibitors, the accurate predictions of the binding structures
and relative binding potencies of these inhibitors are quite challenging. In this study,
different modeling techniques, including molecular docking, ensemble docking based
on multiple receptor conformations, molecular dynamics simulations and free energy
calculations, were utilized to explore the binding mechanisms of piperidine
carboxamides. Our predictions show that the conventional docking protocols are not
sufficient to predict the relative binding potencies of the studied inhibitors with high
accuracy, but incorporating protein flexibility before or after docking is quite effective
to improve the prediction accuracy. Notably, the binding free energies predicted by
MM/GBSA or MM/PBSA based on the MD simulations for the docked poses give the
highest correlation with the experimental data, highlighting the importance of the
inclusion of receptor flexibility on the accurate predictions of the binding potencies
for Type I'/, inhibitors of ALK. Furthermore, the comprehensive analysis of several
pairs of representative inhibitors demonstrates the importance of hydrophobic
interactions in improving the binding affinities of the inhibitors with the hot-spot
residues surrounding the binding pocket. This work is expected to provide valuable

clues for further rational design of novel and potent Type I'/, ALK inhibitors.
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Introduction

Anaplastic lymphoma kinase (ALK) is a trans-membrane protein, which belongs to
the insulin receptor (IR) superfamily of receptor tyrosine kinases (RTKs). ALK is
normally expressed in central nervous system and plays an important role in
physiological development.'” However, it has been reported that abnormal chimeric
ALK proteins generated from chromosomal rearrangements are involved in the
oncogenesis of various human cancers,® including anaplastic large cell lymphoma
(ALCL),’ inflammatory myofibroblastic tumor (IMT),® diffuse large B-cell lymphoma
(DLBCL),” non-small cell lung cancer (NSCLC),8 etc. Besides, amplification of ALK
gene or constitutively activated point mutations in the full-length ALK gene are also
the key oncogenic drivers in a subset of tumors.”'? Crizotinib (Compound 1), the
first-in-class inhibitor of ALK approved by US Food and Drug Administration (FDA),
has exhibited impressive therapeutic effects on most ALK fusion protein positive
cancers.””"® Recently, great efforts have been made to discover and develop new
generations of ALK inhibitors to meet the clinical requirements.'®'

The majority of reported small-molecule inhibitors of kinases target the ATP
binding site (Type I inhibitors), and a small set of inhibitors occupy not only the ATP
binding site but also an adjacent allosteric pocket (Type II inhibitors) formed by the
conformational change of the Asp-Phe-Gly (DFG) motif from an active DFG-in
conformation to an inactive DFG-out conformation. In 2012, Bryan and coworkers
discovered piperidine carboxamide 1 as a potent and selective ALK inhibitor from a
high-throughput screening of a proprietary sample collection.” Different from both
Type I and II inhibitors, piperidine carboxamide 1 is a Type I'/, inhibitor of ALK and
occupies both the ATP binding site and the back ATP hydrophobic cavity in DFG-in
conformation. A series of analogues of piperidine carboxamide 1 were then
synthesized and tested for their in vitro inhibitory activities against ALK. Epstein and
coworkers subsequently obtained the crystal structure of human ALK in complex with
piperidine carboxamide 2 (11j) (PDB entry: 4FNZ).** Nevertheless, elucidation of the

binding mechanisms of ALK Type 1'/, inhibitors is of great importance to the future
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design of ALK inhibitors, which cannot be afforded merely by experimental
approaches. Thus, in this study, in order to gain in-depth understanding of the
interactions between ALK and Type I'/, inhibitors and identify the key structures
important to the potencies of inhibitors, a combined computational modeling strategy,
based on molecular docking, molecular dynamics (MD) simulations, free energy
calculations and free energy decomposition analysis, was employed.

Considering the dynamic behavior of ALK in the binding of the 36 derivatives of
piperidine carboxamides, the use of rigid receptor structures may hamper the correct
prediction of the ligand binding poses and relative binding potencies.25 Herein,
various molecular modeling techniques were employed to deal with the flexibility of
ALK, such as induced-fit docking (IFD), ensemble docking and MD simulations. IFD
models the induced-fit phenomenon by refining the side chain conformations of
important active site residues. Ensemble docking incorporates protein flexibility by
using multiple receptor conformations (MRC) in molecular docking.”** In this study,
an ensemble of MRC for ALK were generated by MD simulations and structural
clustering, and utilized for rigid receptor docking. Moreover, MD simulations after
docking were employed to relax the docked conformations. Based on the stable
snapshots derived from the MD simulations, both Molecular Mechanics/Generalized
Born Surface Areca (MM/GBSA) and Molecular Mechanics/Poisson-Boltzmann
Surface Area (MM/PBSA) technologies were used to predict the binding affinities of
these 36 inhibitors. We expect that the detailed analysis of the binding modes, both
structurally and energetically, between ALK and Type I'/, inhibitors can provide a
valuable strategy in rational design of novel, potent and selective kinase inhibitors

with a controlled activity profile.

Materials and methods

1. Preparation of Proteins and Ligands. The co-crystal structures of two piperidine
carboxamide inhibitors in complex with ALK (PDB entries: 4FNZ and 4DCE)

retrieved from the RCSB Brookhaven Protein Data Bank (PDB) were used as the

5
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templates for molecular docking,** **

and the missing loop segments and residues near
the active site were constructed using Discovery Studio 2.5.%° Furthermore, each
complex was prepared by the Protein Preparation Wizard in Schrodinger 9.0,%
including adding hydrogen atoms, deleting crystallographic water molecules,
assigning protonation states and partial charges, and optimizing the structure using the
OPLS-2005 force field.”®

The 3D structures of all the 36 piperidine carboxamides were sketched using
Maestro and minimized with Macromodel in Schrodinger®’ using the OPLS-2005
force field.”™ The 2D structures of the 36 inhibitors and their biological activities
against ALK (pICso) are summarized in Table 1. All these compounds were processed
by using the ligprep module in Schrodinger with the protomers and tautomers

enumerated using Epik at pH=7.0.”’ Default settings were used for the other

parameters.

2. Generation of Representative Multiple Protein Conformations. In our scheme,
based on the two crystal structures (PDB entries: 4DCE and 4FNZ)22’ # MD
simulations were employed to generate the representative protein conformations for
ensemble docking.

The two inhibitors in 4DCE and 4FNZ were optimized by semi-empirical AMI1
method and the electrostatic potentials were computed at Hartree-Fock (HF)
SCF/6-31* level in Gaussian 09, and then the atomic partial charges were obtained
by fitting the electrostatic potentials using the RESP fitting technique.’' The partial
charges and the force field parameters were generated with the antechamber suite in
AMBERI11." The AMBER ff99SB force field* and the general AMBER force field
(gaff)* were used for the inhibitors and proteins, respectively. All missing atoms in
the protein were added using the #/eap program, and the counter ions of Cl— were
placed into each system to neutralize the charge.” Each protein-ligand complex was
immersed into a periodic TIP3P water box extended 8 A from any solute atom. The
long-range electrostatics was handled by the particle Mesh Ewald (PME) algorithm,*

and the non-bonded cutoff of 8 A was used for real-space interactions.
6
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Prior to MD simulations, three-stage minimizations were performed to relax each
system using the sander program.®® Firstly, 500 cycles of steepest descent and 500
cycles of conjugate gradient minimizations were performed with the protein backbone
restrained (50 kcal/mol/A?). Secondly, another 1000 cycles of minimizations with
relatively weaker restrain (10 kcal/mol/A%) were carried out. Finally, the whole
system was minimized without any restraints (1000 cycles of steepest descent and
4000 cycles of conjugate gradient minimizations).

Each system was gradually heated from 0 to 300 K over 50 ps with 2.0
kcal/mol/A? restrain on the protein, followed by 50 ps MD simulations at 300 K with
the same restrain. Afterwards, 50 ns NPT MD simulations under constant temperature
and pressure (7 = 300K and P = 1 atm) were employed to produce trajectories.
SHAKE algorithm was employed to restrain all covalent bonds involving hydrogen
atoms, and the time interval was set to 2.0 fs.’° During the sampling process, the
coordinates of each complex were saved every 20 ps.

For each system, 200 conformations were evenly extracted from the last stable 40
ns MD trajectory. The previous studies show that the use of too many receptor
conformations may not necessarily improve the docking performance because a large
number of more false positives may reduce the enrichment rate in VS.*”*® Thus, the
k-means clustering algorithm3 ? based on the pairwise root-mean-square displacements
(RMSDs) between the extracted MD conformations was utilized to reduce the initial
size of MRC. Through repeated iterative minimization of the sum of distances from
each object to its cluster centroid over all clusters, 10 representative structures were

eventually generated for each system.*"*!

3. Docking protocols. All the inhibitors were docked into the active site of 4DCE or
4FNZ,** ** and the docking calculations were performed using the programs
implemented in Schrodinger 9.0.>’ For each system, the receptor grid box for docking
was generated and centered on the ligand in the active site of ALK with the box size
of 20 A x 20 A x 20 A using the Receptor Grid Generation protocol of Schrodinger

9.0. The scaling factor for van der Waals radii was set to 1.0.%
7
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First, 36 inhibitors were docked into the active site of ALK by using the rigid
receptor docking (RRD) protocol with the extra precision (XP) scoring mode of
Glide.** During the docking process, the protein was fixed while the inhibitors were
flexible. Then, considering the importance of receptor flexibility to ligand binding, the
induced fit docking (IFD) protocol, which incorporates the flexibility of the side
chains of the receptor, was then employed. In the IFD calculations, the side chains of
the residues within 5 A of each inhibitor were relaxed by Prime in Schrodinger 9.0.%
The best receptor-ligand complex was evaluated by the XP scoring mode.

In order to overcome the difficulty in accurately estimating the electrostatic
interaction, the QM-Polarized Ligand Docking (QPLD) protocol in Schrodinger,
which combine Glide and the QM/MM method Q-site, was employed.”” The best
binding poses were firstly generated by the regular Glide docking with the XP scoring
mode, and then the QM-ESP charges at B3LYP/6-31G* level of theory within the
protein environment was computed. Finally, the resulting poses with the QM-ESP
atomic charges were re-docked by Glide and rescored by the XP scoring mode in
Glide.

In ensemble docking, the 36 inhibitors were successively docked into the 10
representative structures generated from the MD simulations based on the crystal
structure of 4DCE or 4FNZ by using the RRD protocol with the XP scoring mode of

Glide in Schrodinger, and one pose with the best XP score was saved for each ligand.

4. Molecular Dynamics (MD) Simulations. The binding structures of the 36
inhibitors bound with ALK predicted by RRD based on the crystal structure of 4FNZ
were submitted to 5 ns NPT MD simulations (7 = 300K and P = 1 atm). The details of
the MM minimizations and MD simulations for each system are described in the
previous section “Generation of Representative Multiple Protein Conformations”.

During the sampling process, the coordinates of each complex were saved every 10

ps.

5. MM/GBSA and MM/PBSA Binding Free Energy Calculations. Based on the
8

Page 8 of 38



Page 9 of 38

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

Physical Chemistry Chemical Physics

150 snapshots evenly extracted from the stable 2~5 ns MD trajectory, the binding free
energy for each system was calculated by using the MM/PBSA and MM/GBSA

approaches through Equations 1-42"*%:

AG,,, =G, =(G,. +Gy,) e
AG,  =AH -TAS = AE,,, +AG_, —TAS 2)
AE) = AL na + AE ectrostaric T AE, 4, 3)
AG,, = AGpy 65 +AGy, )

where AEy\v is the gas-phase interaction energy between receptor and ligand, which
consists of the internal energy (AEinwemal), electrostatic (AEg) and van der Waals
(AEyqyw) terms but AFEiema 1S canceled by using the single-trajectory protocol;
AGgpps and AGsp represent the polar and non-polar contributions of the solvation
free energy (AGs.), respectively; the entropy term (-7AS), which can be estimated
using normal-mode analysis, was neglected for congeneric series due to the high
computational cost and low prediction accuracy.”” The van der Waals (AE,qy) and
electrostatic (AE.) terms were calculated using the sander module in AMBER11.%
The modified GB model (GB°®“') with the parameters endowed by Onufriev and
coworker (igh=2), or Poisson-Boltzmann (PB) equation solved by Rocchia et al, was

utilized to calculate the polar solvation free energy.ss’ 26

The non-polar contribution of
solvation energy (AGsa) was predicted by the solvent accessible surface area (SASA)
computed from the LCPO method”. The solute dielectric constant (g,) was set to 1, 2

or 4, and the solvent dielectric constant was set to 80.

6. MM/GBSA Free Energy Decomposition. In order to explore the contribution of
each residue to the interaction between ALK and each inhibitor, the total binding free
energy of each inhibitor was decomposed into inhibitor-residue pairs using the
MM/GBSA  decomposition analysis supported by AMBER 11.°*% Each
inhibitor-residue interaction consists of four parts: van der Waals contribution (AGyqay),

electrostatic contribution (AG), polar solvation contribution (AGgg) and non-polar

9
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solvation contribution (AGsa). The polar part of the solvation free energy (AGgp) was
calculated by the GB model with the parameter developed by Onufriev and coworkers
(igh = 2),” and the non-polar part (AGss) was computed by the SASA based on the
ICOSA technique.”®

Results and Discussions

1. Static Structure Analysis of the Binding Mode of Type I'/, Inhibitor. As shown
in the X-ray crystal structure of piperidine caboxmide 2 (11j) in complex with ALK,
this Type I'/ inhibitor binds in two regions: the ATP binding pocket and the back
ATP hydrophobic activation loop region in DFG-in conformation. As illustrated in
Figure 1, the ATP binding pocket is mainly surrounded by the residues Leul122,
Lys1150, Leul196, Leul198, Met1199, Gly1202 and Leul256, and the activation
loop binding region is surrounded by the residues Ile1171, Phel174, lle1179, His1247,
Gly1269, Asp1270 and Phe1271. The anilinic NH and the N1 of the aminopyrimidine
ring of 11j form two H-bonds with the backbone NH and carbonyl O of Metl1199 in
the hinge region, respectively. The side chain NH of Lys1150 forms a H-bond with
the amide carbonyl located between the piperidine and aromatic ring, and the amide

NH between which establishes a H-bond with the backbone carbonyl of Gly1269.

2. Molecular Docking based on Single Protein Conformation. At first, for each
crystal structure (4DCE or 4FNZ), the inhibitor was extracted from the complex and
re-docked into the binding pocket. The RMSD between the predicted binding pose
and the respective experimental structure was calculated. For 4DCE and 4FNZ, the
RMSDs predicted by Glide based on XP scoring mode are 0.64 and 0.50 A,
respectively. Obviously, the Glide docking can reproduce the experimental binding
poses with high accuracy.

Then, all the 36 compounds listed in Table 1 were docked into the active site of
ALK (4FNZ) using three different docking protocols in Schrodinger: RRD, IFD and

QPLD, and the corresponding docking scores are summarized (Table 1). The

10
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performance of each docking protocol was evaluated by the linear correlation between
the docking scores and the experimental pICsy values. As shown in Figure 2, the
correlation coefficients (rz) for RRD, IFD and QPLD are 0.10, 0.17 and 0.02,
respectively. The performance of IFD is better than those of RRD and QPLD,
implying that incorporating protein flexibility can enhance the docking accuracy.
However, it seems that the protein flexibility cannot be well characterized by these
three docking protocols. RRD only handles the flexibilities of the ligands, and IFD
merely introduces limited flexibility into the side chains of the receptor while not the
flexibility of the whole protein. Based on the above analysis, any of the traditional
docking methodologies used above is not necessarily sufficient to correctly evaluate

the binding potencies with relatively high confidence.

3. Incorporating Flexibility and Dynamics into Receptor
3.1 Docking into an Ensemble of ALK Conformations. There have been many
attempts to incorporate protein flexibility into the prediction of protein-ligand

. . . 40, 61-63 . .64
interactions, such as molecular docking based on MRC, MD simulations,

67, 68

normal modes analysis (NMA),* side chain rotamers,”® and others . Some

successes have been achieved, but none of them is acknowledged as a universal
strategy to handle protein flexibility.63 69

For each complex, 200 conformations evenly extracted from the last stable 40 ns
MD trajectory (Figure 3) were clustered by the k-means clustering algorithm, and 10
representative structures were eventually obtained for each system. All inhibitors were
then docked into the 10 representative conformations of each system by using RRD.
As shown in Figure S1 of Supporting Information, most conformations generated by
the MD simulations even exhibit better capability to rank the binding potencies than
the crystal structures. The protein backbones of the conformations extracted from the
MD simulations have obvious conformational rearrangement, highlighting the
importance of protein flexibility on the prediction of protein-ligand interactions.

However, not all MD conformations perform better than the crystal structure

2 _ 2 _ 2 _ 2 _
(“arnz_1550 = 0.05, 7" 4pcE 960 = 0.02, 7“apcE 1650 = 0.00, 7“4pcE 2060 = 0.00). When an
11
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inappropriate protein structure is used in RRD, the docking method may fail to give
the correct binding pose of a ligand because the ligand binding space may be partially
occupied by the side chains of some residues. This phenomenon makes us wonder
how to choose the “good” docking conformations while avoid the “bad” ones. In fact,
it is difficult to determine the “good” or “bad” structures beforehand. Therefore, we
used both the highest and average docking scores of all the 10 protein conformations
for each inhibitor to rank the binding affinities of the inhibitors (Figure 4). The results
show that for both templates (4FNZ and 4DCE) the highest docking scores and the
average docking scores have better correlations (;fzé;lgc]g_‘,ﬁ,vemge = (.26, ;fzé;lzl\yz_avmge =
0.40, r24DC57highest =0.30, and r24FNzihighest= 0.41) with the experimental data than the
docking scores based on any single protein structure (#’4nz= 0.10 and #*4pce= 0.00).
Apparently, the results shown above illustrate that the use of an ensemble of protein

structures in molecular docking can indeed improve the prediction accuracy.

3.2 MD Simulations based on Docking Results and Binding Free Energy
Calculations. MD simulation is recognized as an effective way to deal with the
flexibility and dynamics for both protein and ligand. Since the Glide docking based on
4FNZ yields similar binding geometries for all the 36 inhibitors, the binding
complexes of the docked inhibitors with the protein in 4FNZ were used as the initial
structures for the 5 ns MD simulations. To explore the overall stabilities during the
MD simulations, the RMSDs of the representative inhibitor-ALK complexes (7a, 1,
11a, 11d, 11k, 11q, and 11s) were analyzed. As shown in Figure 5, all the studied
systems achieve equilibria after ~1 ns. Furthermore, the root-mean-square fluctuation
(RMSF) versus each individual residue of the selected systems are illustrated in
Figure 6. We can observe that the RMSF distributions and trends of the fluctuations
of the selected systems are roughly identical. The residues with higher dynamics are
mostly located in the flexible loop regions (Gly-rich loop, C-loop and activation loop),
and the residues having strong interactions with inhibitors, both in the ATP binding
pocket and activation loop binding region, show relatively higher rigidity.

The binding free energies and the energy components for each inhibitor-ALK
12
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system were predicted by the MM/PBSA and MM/GBSA approaches based on the
150 snapshots extracted evenly from the stable 2~5 ns MD trajectory. The results
shown in Figure 7 demonstrate that the performance of MM/PBSA (r2 =0.46 at g;,=1,
¥ =0.42 at €n =2, and ¥ =0.40 at €in = 4) is comparative to that of MM/GBSA (r2 =
0.44 at g, =1, ¥ =0.43 at &n =2, and =041 at &, = 4). Both methods exhibit much
stronger capability in ranking the binding affinities of the inhibitors than RRD, IFD,
QPLD and even ensemble docking. When the solute dielectric constant (&j,) was set to
1, the linear correlation between the predicted binding affinities and the experimental
pICsg values is the highest for both MM/PBSA and MM/GBSA.

In addition, the correlations between the experimental activities and individual
energy terms were compared. It can be observed that the non-polar (AEyqw + AGsa;
MM/GBSA: #* = 0.39) contributions shows much higher linear correlations with the
experimental data than the polar contributions (AE.. + AGgs; MM/GBSA: =0.21 at
&n =1, ¥ =021 at €, =2 and ¥ =021 at ein = 4) (Figure S2). Therefore, it is quite
possible that the non-polar contributions are more important than the polar
contributions to determine the discrepancy of the binding affinities of the studied
inhibitors. The energy components of the binding free energy for each complex are
also listed in Table S1 of Supporting Information.

Furthermore, by comparing the total binding free energies (Table S1 of
Supporting Information), we can observe that the predicted binding free energy of
compound 1 is higher (-50.17 kcal/mol) than those of the analogues with hinge region
(7a-7h) and alkyl linker (11a-11g, 14) modifications, which is consistent with the
experimental results. In addition, most compounds with phenyl substituent located in
the activation loop binding region (11h-11v) display improved binding affinities
compared with 11b. Moreover, the position of one specific substituent can obviously
affect the binding of inhibitors, such as 110 (AGping = -53.63 kcal/mol), 11p (AGping=
-50.51 kcal/mol), 11q (AGyping= -57.26 kcal/mol) and 11t (AGping= -52.97 kcal/mol)
with strong electron withdrawing group located in different positions of phenyl. The
above results obtained from MM/GBSA (ei, = 1) are in relatively good accordance

with the experimental data.
13
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4. Identification of Key Residues Responsible for Inhibitor Binding. To reveal the
key residues involved in the binding process and understand the possible molecular
mechanism of the important substituents that can improve the binding affinity with
ALK, the binding free energies of the representative inhibitors (7a, 1, 11k, 11q and
11s) predicted by MM/GBSA (&, = 1) were decomposed into the contributions from
inhibitor-residue pairs. The pICsy values of the compounds 11k, 11q and 11s with
different substituents that interact with the activation loop binding region is about 10
times higher than that of compound 1, while compound 7a with the R; modification in
the hinge region shows the lowest activity. According to Figures 8, 9 and 10, the
favorable energy contributions primarily originate from the residues around two
regions: ATP binding pocket (Leull22, Vall130, Lys1150, Leul196, Leul198,
Met1199, Glyl1202 and Leul256) and activation loop binding region (Ilel171,
Phel174, 1le1179, Phel1271, Gly1269 and Asp1270), where the hydrogen bonding and
hydrophobic interactions between the inhibitors and ALK play the major roles. Except
for the residues Gly1269 and Asp1270, the contribution of the polar residues (e.g.
Glyl123, His1123, Lys1150, Gly1101, Glyl1202, Aspl1203 and His1247) are
relatively not significant and yield slight energetic difference among different
inhibitors. The contributions of the non-polar residues account for a large proportion
of the binding free energies, especially the residues Leull122, Vall30, Leul196,
Leul198, Met1199, Leul256, Ile1171, Phel174, Ile1179 and Phel271. The binding
features of the selected compounds were further compared to understand the structural
requirements of inhibitors for improved binding affinities, which will guide rational
design of more potent and selective Type I'/, inhibitors of ALK. Because the
compounds modified in the activation loop binding region show improved activities,

the analyses of these inhibitors will be emphasized below.

4.1 Comparison of Binding Modes of 7a and 1. The replacement of
trimethoxyphenyl in compound 1 by methyl (compound 7a) at R; significantly

decreases the binding affinity. As we can see from Table 2, the predicted binding free
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energy of 1 (-50.17 kcal/mol) is much stronger than that of 7a (-42.48 kcal/mol),
which is consistent with the observed activities.”> The difference of the non-polar
contributions between compounds 1 (-66.83 kcal/mol) and 7a (-54.97 kcal/mol) can
reach 11.86 kcal/mol. Although the unfavorable polar contribution of 7a (12.50
kcal/mol) is lower than that of 1 (16.66 kcal/mol), it cannot compensate the decrease
of the binding free energy caused by the van der Waals interactions. In Figure 8(a),
we can find that the substituent of R locates in a narrow groove sandwiched by the
G-loop region and hinge region, and the trimethoxyphenyl group in compound 1
forms more effective interactions with the residues surrounding the G-loop region and
hinge region, especially the residues Leull22, Gly1123, Alal200, Gly1201 and
Gly1202. Meanwhile, the replacement of R; may result in the pose change of the
inhibitors and have more effective interactions with residues far away from R; group,
such as residue Lys1150. As shown in the residue-inhibitor interaction spectra (Figure
9), the difference of the energy contributions of Leul122 between 1 (-4.52 kcal/mol)
and 7a (-2.00 kcal/mol) is the largest. This is because the trimethoxyphenyl group in
compound 1 can form stronger non-polar interactions with the hydrophobic side chain
of Leull122 than the methyl group in 7a. In addition, the residues Lys1150 and
Gly1202 also play critical roles in rendering the difference of the binding free
energies, which are primarily determined by the van der Waals interactions as well.
Besides, the contributions of the hinge residues (Met1123, Ala1200 and Gly1201) and
Vall130 to the binding of compound 1 are higher than those to the binding of

compound 7a, but the differences are not obvious.

4.2 Comparison of Binding Modes of 1, 11k, 11q and 11s. Compounds 1, 11k, 11q,
and 11s have different phenyl substitutions, which occupy the extended binding
pocket formed by the “DFG-in” activation loop. The predicted binding free energies
of 11k, 11q, 11s are relatively stronger than those of the other modified inhibitors,
which is roughly consistent with the experimental data. As is shown in Figure 10,
almost all the residues surrounding the activation loop binding pocket, including

Ile1171, 1le1179, Leul240, Phel245, His1247, 1le1268, Gly1269 and Phel271, are
15
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hydrophobic and have stronger interactions with compounds 11k, 11s and 11q than
with compound 1. Detailed analysis indicates that the contribution of Ile1179 flanking
the extended hydrophobic pocket to the binding of compound 1 is only -1.24 kcal/mol,
which is obviously weaker than those to the binding of the compounds 11k, 11q and
11s (-2.24, -2.24 and -2.22 kcal/mol). The contributions of the residues Ile1171 and
Phe1271 to the binding of compounds 11k, 11q and 11s are more favorable than those
to the binding of compound 1, which can be explained by the fact that the side chains
of Ile1171 and Phel271 tend to form stronger interactions with the trifuoromethoxy
group, methy carboxylate group and phenyl ring than with the methyl group of
compound 1 (Figure 8). Besides, it can be seen in Figure 8(c) that the strong electron
withdrawing methyl carboxylate of compound 11q forms a stable H-bond with the
Imidazolidine ring of the positively-charged residue His1247, which is supported by
the per-residue energy decomposition analysis that His1247 shows more favorable
contribution to the binding of compound 11q (-2.46 kcal/mol) than to the binding of
the compounds 1, 11k and 11s (-0.32, -0.58 and -0.80 kcal/mol).

5. Suggestions for the Design of Improved Type I'/, ALK Inhibitors. Although the
results given by molecular modeling may be not satisfactory, we are ready to provide
several guidelines for the design of Type I'/, ALK inhibitors.

(1) Incorporation of the flexibility and dynamics of ALK is quite essential to give
correct predictions of the binding structures of Type I1/2 inhibitors. Based on the
structures afforded by the MD simulations, ensemble docking can obviously improve
the ranking ability of the binding potencies of the studied inhibitors, and the predicted
binding affinities based on the MD simulations for the docked structures yield the best
correlation to the experimental data, highlighting the importance of incorporating
protein flexibility in predicting protein-ligand interactions.

(2) According to the per-residue energy decomposition analysis, the favorable
electrostatic contribution (AE.) is counteracted by the unfavorable polar desolvation
energy, and the balanced contribution of the polar interactions shows negative effect

on ligand binding. Thus, increasing the hydrophobic contributions may be helpful to
16
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improve activity. Furthermore, both the predicted and experimental results suggest
that the increase of the hydrophobic interactions with the back ATP activation loop is
highly preferred. Potential ALK inhibitors can be designed by forming more effective
hydrophobic interactions with the surrounding key residues, such as Ile1171, Phel174,
Ile1179, and Phel271.

(3) Hydrogen bonds play critical roles in stabilizing the inhibitors in both the ATP
binding pocket and the back ATP activation loop region. The piperidine carboxamide
scaffold forms four H-bonds with the backbone NH and carbonyl O of Met1199, the
side chain NH of Lys1150, and the backbone carbonyl O of Gly1269. Except for the
shared H-bonds, the formation of the H-bonds between the modified moieties and the
protein would be beneficial for inhibitor binding; for example, the improved activity
of compound 11q can be explained by the formation of a stable H-bond between 11q

and the imidazolidine ring of the positively charged residue His1247.

Conclusion

In this study, a computational strategy, which combines molecular docking, ensemble
docking, MD simulations and free energy calculations, was employed to explore the
binding mechanisms of the Type I'/; inhibitors of ALK. Based on our predictions, the
conventional docking methodologies, such as glide docking, QM-polarized docking
and induced-fit docking, are not sufficient to predict the relative binding potencies of
the studied inhibitors with high accuracy. Incorporating protein flexibility before or
after docking is relatively more effective to improve the prediction accuracy. Among
them, the predicted binding free energies based on the MD simulations for the docked
poses give the highest correlation with the experimental data, highlighting the
importance of incorporating protein flexibility in predicting protein-ligand
interactions. The MM/GBSA binding free energy calculations illustrate that the
non-polar interactions dominated by the van der Waals energies play major roles in
the binding of the studied inhibitors to ALK and determine the difference of the

binding affinities of the inhibitors. The decomposition analysis of the binding free
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energy on a per-residue basis has identified possible several key residues for ligand
binding. In addition, the comprehensive analysis of several pairs of representative
inhibitors also demonstrates the importance of hydrophobic interactions in improving
the binding affinities of the inhibitors with the hot-spot residues surrounding the ATP
binding pocket and the back ATP activation loop region. These findings provide a
better structural understanding of Type I'/, inhibitors targeting the DFG-in form of

ALK and valuable clues for further rational design of new potent inhibitors of ALK.
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Legend of the Figures

Figure 1. Ribbon diagram of human ALK (right-hand of the illustration). The key
residues in the binding pocket of ALK and the interactions between piperidine
carboxamides 2 (11j) with ALK are highlighted.

Figure 2. Correlation between the experimental bioactivities (pIC50) and the docking
scored predicted by RRD, IFD or QPLD.

Figure 3. RMSD Map for the 200 conformations extracted from the MD trajectory
based on the crystal structure of 4FNZ by using the k-means clustering algorithm.
Figure 4. Correlation between the experimental pICsoand (a) the average docking
scores or (b) the highest docking scores predicted by ensemble docking.

Figure 5. RMSDs of the backbone C, atoms of the selected inhibitor/ALK complexes
(1, 7a, 11a, 11d, 11k, 11q, and 11s) as a function of simulation time.

Figure 6. RMSF of each residue of the selected complexes (1, 7a, 11k, 11q, and 11s)
obtained from the last 3ns MD simulations.

Figure 7. Correlation between the experimental pIC50 and the binding free energies
calculated by (a) MM/GBSA or (b) MM/PBSA.

Figure 8. Comparison of the averaged structures for (a) compounds 1 and 7a, (b)
compounds 1 and 11k, (¢) compounds 1 and 11q, and (d) compounds 1 and 11s.
Figure 9. (a) Comparison of the inhibitor-residue interaction spectra for compounds 1
and 7a; Comparison of the (b) nonpolar (van der Waals and nonpolar solvation
energy) and (c) polar (electrostatic and polar solvation energy) interactions between
compounds 7a and 1 for the key residues in the active site.

Figure 10. Comparison of the inhibitor-residue interaction spectra for compounds 1
and the right-hand modified compounds (a) 11k, (b) 11q, and (c) 11s; Comparison of
the (d) nonpolar (van der Waals and nonpolar solvation energy) and (e) polar
(electrostatic and polar solvation energy) interactions between the right-hand

modified compounds (11k, 11q, and 11s) and 1 for the key residues in the active site.
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Table 1. Structures, biological activities and predicted scores of the studied ALK

inhibitors.
/\.‘\\\\”\ R,
S
N
N7 |
RI\N \N
H
No. R, R, ICso(uM) pICs, RRD IFD  QPLD
\O
2
1 A \Q 0.17 6.76  -11.10 -10.93 -12.75
~o =
b
7a \j\ \Q 25 460 -11.96 -11.18 -12.74
2
7b @ 232 563 -863 967  -781
j\
'3 b5
% ©/‘ ’\Q 25 460 -11.57 -11.81 -12.81
Ct
2
7d \Q 2.01 570  -11.98 -13.75 -13.17
cl
2
Te @ 6.30 520  -12.50 -12.34  -13.53
gi
\O
b
7f 1.02 599 -11.93 -13.76 -12.93
¥
7 &
g ; \Q 3.10 551  -11.51 -10.25 -12.48
b
7h 0.91 6.04 -11.63 -12.45 -12.77
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by MM/GBSA (kcal/mol)

Table 2. Calculated binding free energies and individual energy components predicted

System AE .

AGgg

AE gw

AGgss

a
AGpolar

b
Aanmpolar

AGping

pICsy

1/ALK -28.9241.85

7a/ALK  -28.42+1.48
11k/ALK  -31.69+1.46
11g/ALK  -35.23+1.21

11s/ALK  -26.65£1.76

45.58+1.20

40.92+0.73

48.18+1.18

52.71£1.44

47.07+1.02

-61.60+0.04

-50.47+0.59

-66.40+0.05

-68.93+0.62

-68.00+0.73

-5.23+0.01

-4.50+0.01

-5.83+0.05

-5.82+0.04

-5.84+0.03

16.66+0.65

12.50+0.74

16.49+0.27

17.48+0.24

20.42+0.74

-66.83+0.03

-54.97+0.58

-72.23+0.00

-74.75+0.66

-73.84+0.76

-50.17+0.62

-42.48+0.16

-55.74+0.27

-57.26+0.43

-53.44+0.02

6.76
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8.00
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