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Extracellular-regulated kinase (ERK2) has been regarded as an essential target for various cancers, especially
melanoma. Recently, pyrrolidine piperidine derivatives were reported as Type 1¥2 inhibitors of ERK2, which
occupy both the ATP binding pocket and the allosteric pocket. Due to the dynamic behavior of ERK2 upon
the binding of Type I¥2 inhibitors, it is difficult to predict the binding structures and relative binding
potencies of these inhibitors with ERK2 accurately. In this work, the binding mechanism of pyrrolidine
piperidines was discussed by using different simulation techniques, including molecular docking,
ensemble docking based on multiple receptor conformation, molecular dynamics simulations and free
energy calculations. Our computational results show that the traditional docking method cannot predict
the relative binding ability of the studied inhibitors with high accuracy, but incorporating ERK2 protein
flexibility into docking is an effective method to improve the prediction accuracy. It is worth noting that
the binding free energies predicted by MM/GBSA or MM/PBSA based on the MD simulations for the
docked poses have the highest correlation with the experimental data, which highlights the importance

of protein flexibility for accurately predicting the binding ability of Type 1*2 inhibitors of ERK2. In addition,
Received 5th March 2019 th hensi vsi ¢ 0 tati inhibit indicates that hvd bond q
Accepted 9th April 2019 e comprehensive analysis of several representative inhibitors indicates that hydrogen bonds an
hydrophobic interactions are of significance for improving the binding affinities of the inhibitors. We
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1. Introduction

The Ras/MAPK (RAF/MEK/ERK) signaling transduction is a key
pathway of cellular proliferation, differentiation and survival
downstream of RAS activation.'”® Not surprisingly, this pathway
is frequently deregulated in human cancers, such as mela-
noma.”” The extracellular-regulated kinases (ERK1 and ERK2)
are central in the pathway downstream of Ras, Raf, and MEK
kinases, while ERK1 and ERK2 show 89% sequence identity
within the kinase domains. Activation/phosphorylation of ERK
promotes tumor growth, cell cycle progression and survival
through transcriptional activation, for example, ERK1/2 was
found constitutively activated in 60% of melanoma cells.®
Therefore, the ERK1/2 kinase is the central node of the RAS/
MAPK pathway. The greatest advantage of targeting ERK1/2 is
that no mutations have been found in ERK1/2.7#

Despite ERK1/2 inhibitors playing an important role in the
MAPK pathway, few ERK1/2 inhibitors have been reported in the
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literature, and no known ERK1/2 inhibitor has entered
advanced clinical trials.”** So, development of potential ERK1/2
inhibitors is extremely urgent. The majority of reported ERK1/2
inhibitors are ATP competitive inhibitors, which belong to Type
I kinase inhibitors, such as VTX-11e," FR180204 (ref. 12) and
GDC-0994." Apirat et al. reported that inhibitor SCH772984
simultaneously binds to the ATP binding pocket and the allo-
steric pocket. The allosteric pocket is adjacent to the ATP
binding pocket, which located between P-loop and aC helix. As
a Type 1'% kinase inhibitor, SCH772984 is a promising inhibitor
targeting ERK1/2 with high bioactivity, and we have previously
studied the interaction mechanisms of SCH772984 with ERK2.**
Afterwards, Deng and coworkers discovered compound 1 as an
effective selective ERK2 inhibitor through the automated ligand
identification system (ALIS)," and meanwhile they obtained the
crystal structure of human ERK2 bound compound 1 (PDB ID:
4QYY"). As shown in Fig. 1, the binding mode of compound 1 to
ERK2 is similar with that of SCH772984 to ERK2. In detail, ERK2
adapts a “DFG in” mode, and compound 1 forms hydrogen-
bonding interaction with the residues Lys52, GIn103, Asp104
and Met106. Chlorophenyl forms hydrophobic interaction with
the hinge region and catalytic loop region of ERK2. Besides, the
acetyl phenyl interacts “face to face” with the Tyr62 side chain
through an aromatic -7 interaction, which may be critical to
improve the potencies of ERK2 Type I'/* inhibitors.
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Fig.1 Binding mode of ERK2 with compound 1. The key residues in the binding pocket of ERK2 and the interactions between compound 1 and

ERK2 are highlighted.

Based on the structures of the compounds already reported,
investigating the interaction mechanisms of these compounds
with ERK2 is of great significance for discovering efficient and
potential ERK2 inhibitors. Therefore, in this study, a combined
computational modeling strategy, based on molecular docking,
molecular dynamics (MD) simulations, free energy calculations
and free energy decomposition analysis, was employed to
understand the interaction between ERK2 and Type I'/* inhib-
itors and identify several key structures that are important to
the efficiency of inhibitors.

The use of rigid protein structures may hinder the correct
prediction of ligand binding posture and relative binding
capacity due to the dynamic behavior of kinase in binding of
Type 1" inhibitors.””"** Herein, various molecular modeling
techniques were used to handle the flexibility of ERK2,
including ensemble docking and MD simulations and induced-
fit docking (IFD), IFD simulates the induced fit by refining the
side chain conformation of important residues located in active
site. Ensemble docking is based on the use of multiple receptor
conformation (MRC) in molecular docking to combine protein
flexibility.***' In this study, MD simulations and structural
generate an ensemble of MRC for ERK2, and then was utilized
for ERK2 docking with Type I/? inhibitors. The complex struc-
ture of ERK2 with Type I/* inhibitors after docking were carried
out MD simulations to get the stable conformations. Then both
Molecular Mechanics/Poisson-Boltzmann Surface Area (MM/
PBSA) and Molecular Mechanics/Generalized Born Surface
Area (MM/GBSA) technologies were employed to predict the
binding potencies of these 27 inhibitors with ERK2. We expect
that the detailed analysis of the structural and energetic

12442 | RSC Adv., 2019, 9, 12441-12454

binding mode of ERK2 and Type I*? inhibitors will provide
valuable information for designing novel, effective and selective
inhibitors with controllable activity.

2. Materials and methods
2.1 Preparing systems

The co-crystallized structures of two known inhibitors bound
with ERK2 were retrieved from the RCSB Protein Data Bank
(PDB ID codes: 4QTA* and 4QYY"®). The missing residues were
added using the Prime module in Schrodinger 2009.>* After that
the two structures were prepared by the Protein Preparation
Wizard in Schrodinger 2009, including adding assigning
protonation states, side chains of residues and hydrogen atoms,
and relaxing the amino residue side chains of the proteins.

The 3D structures of all the 27 inhibitors**** were sketched
by Maestro and preprocessed by LigPrep, which generated the
low energy 3D conformers for each compound with the OPLS-
2005 force field. The ionized state was assigned by using Epik
at a target pH value of 7.0 + 2.0. Default settings were used for
the other parameters. The 2D structures of all the 27
compounds and their biological activities against ERK2 are
summarized in Table 1.

2.2 Generation of multiple representative ERK2 protein
conformations

Based on the two resolved crystal structures (PDB codes: 4QTA
and 4QYY), the representative ERK2 conformations for
ensemble docking were generated by molecular dynamics
(MD) simulations. The partial charges of the two inhibitors in

This journal is © The Royal Society of Chemistry 2019
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Table 1 Structures, biological activities and predicted scores of the studied ERK2 inhibitors

H

N

/@/ 3 N/\\
N
R1
No. R1 R2 IC50” (LM) pICso RRD IFD QPLD
1 3-Cl - 2.6 5.58 —13.84 —14.20 —-14.11
la 3-Cl Q 2.1 5.68 —13.50 —14.09 —13.28
Cl

1b 3-Cl ----Qar 8.2 5.09 —-12.97 —12.50 —13.51
2 3-Cl ----- 4.4 5.36 —-11.71 —13.37 —-17.01
2a 3-Cl — Q O F 100 4.00 —-8.77 -9.59 —14.78
2b 3-Cl \ 50 4.30 —11.83 —-11.98 —11.83

NS
3 3-Cl L \ 20 4.70 —11.30 —13.74 —16.87

NS
3a 3-Cl e \ 5.5 5.26 —-11.51 —10.52 —14.75
3b 3 e @—@ 20 4.70 —11.53 —13.80 —-17.27
3c 3cr e \ W 12 4.92 —10.74 —11.34 —14.66

N

3d 3 e ®—<\ I 9.34 5.03 —12.88 —9.33 —14.52

N
4 3ct e ©—<\ /> 0.41 6.39 —13.72 —12.04 —14.58

N =
4a 3-Cl o \ :>—\ 0.10 7.00 —13.41 —14.08 —16.45
N
N =
4ab 3-Cl meee- \ } 1.76 5.75 —8.28 —-9.20 —16.22
N

5 3-Cl 1.8 5.74 —12.34 —10.10 —14.84
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Table 1 (Contd.)

H

N

N N/\\
\\/H\Rz
R1
No. R1 R2 IC50” (uM) pICso RRD IFD QPLD
=N
5a % o) [ — ®—<: >—ﬂ 2.67 5.57 ~7.68 ~11.97 ~16.51
7 \
6 31 e M /> 0.13 6.89 —12.90 —14.39 —14.65
N
7 3C¢, @—-<\ /> 0.10 7.00 —14.15 —14.36 —14.95
7a 3-Cyclopropyl - ®—<\ /> 1.76 5.75 —14.44 —14.59 —15.88
7b 3-Isopropyl - ©—<\ /> 1.80 5.74 —13.95 —14.28 —15.76
7c 3-(4-Fluoro phenyl) - ®—<\ /> 2.67 5.57 —7.44 —12.78 —17.33
N

8 3-Cl ""</ 1.6 5.80 —12.18 —12.63 —13.03
9 H ®—< 18.6 4.73 -13.17 —10.74 -13.14
9a 2-Cl ----©—< 50 4.30 —13.32 —12.68 —13.66
9b 3-Br ----®—< 3.6 5.44 —13.89 —14.96 —14.03
9c¢ 3-F ----©—< 11.8 4.93 —13.74 —12.91 —14.25
od 3-Methyl ®—< 2.5 5.60 —~13.70 —13.53 —14.00

¢ Refer to the ref. 16 and 24.

4QTA and 4QYY were fitted using the RESP methodology based
on the electrostatic potentials computed at the HF/6-31G(d)
level of theory.”*?” The AMBER99SB*® and GAFF force fields
were used for the proteins and inhibitors, respectively.* Then,
Na' ions were added to neutralize the net charge of the two
complexes, and last the two systems were solvated into a 10 A
cubic TIP3P water®® box.

12444 | RSC Adv., 2019, 9, 12441-12454

All of the MD simulations were performed with the NAMD
2.9 simulation package.®* The specific parameter settings
refer to our previous work.*”> Particle Mesh Ewald (PME)
algorithm®® was employed to treat long-range electrostatic
interactions, while the cutoff for the short-range non-
bonded interactions were set to 10 A. All bonds involving
hydrogen atoms were restrained using the SHAKE®*

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Correlation between the docking scored predicted by RRD, IFD
or QPLD and the experimental data.

algorithm, and the time step was set to 2 fs. During the
sampling process, the coordinates of each complex were
saved every 1 ps.
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For each complex structure, 200 conformations were evenly
extracted from the final stable 10 ns MD trajectories, and then
clustered into 10 categories using the k-means clustering
method based on the RMSDs within 5 A in the ligand binding
pocket in the extracted MD conformations. At last, 10 repre-
sentative structures chosen from 10 clusters were generated.

2.3 Docking protocols

According to the two crystal structures 4QTA and 4QYY, the
studied 27 inhibitors were docked into the binding pocket of
ERK2 using Glide in Schrodinger 9.0. For each system, the
binding site was defined based on the known ligand
(SCH772984 in 4QTA and compound 1 in 4QYY), and the
receptor grid box for docking was set to 25 A x 25 A x 25 A
using the Receptor Grid Generation protocol of Schrodinger 9.0.
Default settings were used for the other parameters.

2.3.1 Rigid receptor docking. During this docking
process, the protein was fixed while the inhibitors were
flexible. So, the 27 inhibitors were firstly generated some
reasonable conformations and then docked into the binding
pocket of ERK2 in Glide, and the extra precision (XP) scoring
mode was choosed.
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2.3.2 Induced fit docking. After obtained the best bound
mode of ERK2 with every studies inhibitor, the induced fit
docking (IFD) protocol was employed to investigate the impor-
tance of ERK2 flexibility to ligand binding. The best receptor-
ligand complex was evaluated by the XP scoring and the side
chains of the residues within 5 A of each inhibitor is flexible.

2.3.3 QM-polarized ligand docking. The QM-Polarized
Ligand Docking (QPLD) protocol in Schrodinger
employed to estimate the electrostatic interaction between
receptor and ligand more accurately, which combines Glide and
the QM/MM method implemented in Q-site. Based on the
protein-ligand structures predicted by Glide, G-site computes
the partial atomic charges with ab initio method and conducts
a single-point energy calculation on each complex. Then, the
binding poses are re-ranked based on the updated energies.

2.3.4 Ensemble docking. After 10 representative structures
were generated from the MD simulations for each complex, the 27
inhibitors were successively docked into the 10 representative
structures by using the RRD protocol with the XP scoring mode in
Glide, and the pose with the best XP score was saved for each ligand.

was

2.4 Molecular dynamics (MD) simulations

The 27 ERK2-inhibitor complexes obtained by RRD based on
the crystal structure of 4QYY were submitted to 5 ns NPT MD
simulations (7 = 300 K and P = 1 atm). For the details param-
eters setting of the MD simulations, please see the previous
section “Generation of multiple representative ERK2 protein
conformations”. The trajectory for each system was saved every
1 ps for the sampling process.

2.5 MM/PB(GB)SA binding free energy calculations and
residue decomposition

The Molecular Mechanics/Poisson-Boltzmann Surface Area
(MM/PBSA) and Molecular Mechanics/Generalized Born
Surface Area (MM/GBSA) method,***® widely used in eluci-
dating receptor-ligand binding mechanisms,>**
employed to estimate the ERK2-inhibitor binding free energies
in AMBER14. In MM/PB(GB)SA, the binding free energy can be
decomposed into several terms and 200 snapshots were
extracted from the last 3 ns MD trajectory for the free energy

were
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calculations. In MM/GBSA, the binding free energy can be
calculated as follows:

<AGbind> = <AEMM> + <AGsolvation> - T<ASMM> (1)

where (AGping) is the calculated average free energy, and
(AEmm) is the average molecular mechanical energy.

<AEMM> = <AEbond> + <AEangle> + <AEtors> + <AEvdW>
+ <AEclcc> (Z)

<AGsolvation> = <AGPB(GB)> + <AGSA> (3)

(AGsoivation) Tepresents the desolvation free energy upon ligand
binding, which is composed of the polar ({(AGpp(gg))) and nonpolar
contributions ({(AGg,)). The polar contribution of desolvation
((AGpp(gp))) was calculated based on modified Generalized Born
(GB) model (igh = 2) developed by Onufriev and coworkers* or the
PB model developed by Luo.* The solute dielectric constant was
set to 1, and the solvent dielectric constant was set to 80. The LCPO
method: AGgy = 0.0072 x ASASA was used to determine the
nonpolar contribution ((AGs,)) of the desolvation by using solvent
accessible surface area (SASA). The conformation entropy contri-
bution can be calculated using normal-mode analysis, but
considering high computational cost and low prediction accuracy,
the calculated the conformational entropy contribution (—7(AS))
upon ligand binding was neglected.>

Exploring the energy contribution of individual residue to
the total binding free energy between the inhibitors and ERK2 is
crucial, so the MM/GBSA binding free energy decomposition
process®>** was used to decompose the interaction energy to
each residue involved in the interaction by considering molec-
ular mechanics and solvation energy without consideration of
the contribution of entropy.

3. Results and discussion
3.1 Molecular docking based on the crystal structure

Redocking was used to verify the accuracy of our docking
protocols for the two crystal structure 4QTA or 4QYY, which was
implied by Glide with XP scoring mode in Schrodinger 2009.
The RMSD between the binding pose and the corresponding
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Fig. 4 Correlation between (A) the mean docking scores or (B) the highest docking scores predicted by ensemble docking and the experimental data.

12446 | RSC Adv., 2019, 9, 12441-12454

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01657k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 April 2019. Downloaded on 12/4/2025 10:18:33 AM.

(cc)

Paper

View Article Online

RSC Advances

I v | v |
0.0 1.0 2.0

| v I v 1
3.0 4.0 5.0

Fig.5 RMSDs of the backbone Ca atoms of the representative ERK2-inhibitors complexes (1, 2a, 2b, 3a, 4 and 8) as a function of simulation time.

experimental structure was 0.57 and 0.41 A for 4QTA and 4QYY,
respectively, indicating that the Glide RRD has high accuracy to
reproduce the experimental binding poses.

Then, we docked all the 27 compounds into the active site of
ERK2 (4QYY) in Schrodinger 2009, and three different docking
protocols RRD, IFD and QPLD were implied. The corresponding
docking scores are summarized in Table 1. The linear correla-
tion between the experimental pICs, values and the docking
scores was used to evaluate the performance of each docking
protocol. As shown in Fig. 2, the correlation coefficient squares
(R?) for RRD, IFD and QPLD are 0.08, 0.16 and 0.04, respectively.

This journal is © The Royal Society of Chemistry 2019

The performance of IFD is better than those of RRD and QPLD,
which mean that considering protein flexibility is a well method
to enhance the docking accuracy. However, IFD can only
considers the flexibility of residues around the active site, rather
than the whole protein. Based on the above analysis, any of the
traditional docking methods used above could not correctly
rank the binding potencies with a high confidence.

3.2 Incorporating flexibility and dynamics into the receptor

3.2.1 Docking into an ensemble of ERK2 conformations.
MD simulations have been proved to be a successful method to

RSC Aadv., 2019, 9, 12441-12454 | 12447
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obtain reasonable conformation of receptor-ligand interac-
tions. Therefore, 20 ns MD simulations were employed for the
two complexes, and the results show that after 10 ns, the RMSD
of each system tends to converge, indicating that the systems
are stable and equilibrated (Fig. S11).

The k-means clustering algorithm were used to cluster 200
conformations extracted from the last stable 10 ns trajectory for
each ERK2-inhibitors complex, at last 10 representative struc-
tures were eventually resolved for each complex (Fig. 3 and S27).
Then the 10 representatives as the receptor, 27 inhibitors were
docked into the active site of ERK2 by using RRD. MD simula-
tions generated most of conformations have better binding
capability to rank the binding potency than the crystal struc-
tures (Fig. S31), which indicates that the protein backbones of
the conformations extracted from the MD simulations have
obvious conformational rearrangement. Above analysis
confirms the importance of protein flexibility on the prediction
of protein-ligand interactions.

However, not all the binding capability of MD conformations
is superior to the crystal structure (R4QTA742002 = 0.07,
Riqvy_1600° = 0.00, and Ragyy si00” = 0.06), which makes us
wonder how to choose the reasonable conformation. In fact, it is
difficult to determine the reasonable structures beforehand.
Therefore, the highest and average docking scores of all the 10
representative conformations for each inhibitor were used to
rank the binding affinities of the inhibitors (Fig. 4), which have
better correlations (Rygra mean” = 0.68, Riqyy mean. = 0.47,

View Article Online
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Ruqra_highest. = 0.35, and Ragra highest. = 0.24) with the experi-
mental data for the two crystal structures (4QTA and 4QYY).
Obviously, the above results illustrate that the set of protein
structures used in molecular docking can indeed improve the
prediction accuracy.

3.2.2 Binding free energy calculations based on the MD
simulations of RRD docking results. The binding complexes of
the docked inhibitors based on the crystal structure 4QYY were
used as the initial structures for 5 ns MD simulations due to the
Glide docking shows better tolerance for the 27 inhibitors. The
RMSDs and RMSF of the representative ERK2-inhibitor
complexes (1, 2a, 2b, 3a, 4, and 8) were analyzed to explore
the overall stabilities during the MD simulations. As shown in
Fig. 5 and 6, all the studied systems achieve equilibria after ~2.5
ns. Most of the residues with greater flexibility are located in the
loop regions, such as P-loop. The residues located in the ATP
binding pocket and allosteric pocket bear relatively higher
rigidity because they form strong interactions with inhibitors.

The binding free energies and the energy components for
each inhibitor-ERK2 system were predicted based on the 200
snapshots using the MM/PBSA and MM/GBSA approaches.
Fig. 7 the shows that MM/PBSA (R* = 0.43) is superior than that
of MM/GBSA (R*> = 0.33) in predicting receptor and ligand
binding affinity, but both methods perform better than RRD,
IFD, QPLD and even ensemble docking. In addition, the corre-
lations between the individual energy terms and the experi-
mental activities were compared (Fig. S41). The results show

3.0

RMSD(A)

Residue number

Residue number
Fig. 6 RMSF of each residue of the selected ERK2-inhibitors complexes (1, 2a, 2b, 3a, 4 and 8) obtained from the MD simulations.
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Fig. 7 Correlation between the binding free energies calculated by
MM/PBSA or MM/GBSA and the experimental data.

that the linear correlations between the non-polar (AEyqw +
AGsa; MM/PBSA: R* = 0.33) contributions and the experimental
data is significantly higher than that of the polar contributions
(AEge + AGpg; MM/GBSA: R? = 0.06) and the experimental data.
As a conclusion, the non-polar contributions are possibly more
important than the polar contributions to determine the
discrepancy of the binding affinities of the 27 inhibitors.
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Furthermore, as shown in Table 2, the predicted binding
affinity of compound 1 (—32.78 kcal mol ") is stronger than
those of the derivatives bound with the allosteric pocket (2-3d)
or ATP binding pocket (1a, 9-9d) and modifications, which is
consistent with the experimental results. In addition, the
compounds with different terminal substitutions located in the
allosteric pocket (2-2b, 3, 4 and 5) display different binding
affinities compared with compound 1. The above results pre-
dicted by MM/PBSA are basically accordant to the experimental
data.

3.3 Identification of key residues responsible for inhibitor
binding

In order to further identify the key residues for ERK2 binding to
inhibitors, as well as understand the possible molecular
mechanism of the important substituents that can improve the
binding affinity with ERK2, the enthalpy (AGpingps) Of repre-
sentative inhibitors (1, 2a, 2b, 4 and 8) was decomposed into
a per-residue depicted in Fig. 8. According to Fig. 8, the key
residues contributing to the binding progress is: Val37, Lys52,
Ile82, GIn103, Leul05, Met106 and Leu154 (the ATP binding
pocket) and Tyr34, Pro56, Tyr62, Asp165, Phe166 and Val186
(the allosteric pocket), and the main role of these residues for
ERK2 binding inhibitors are hydrogen bonding and hydro-
phobic interaction. The contributions of the non-polar residues
are a very important part of the binding free energies, especially
the residues Val37, Lys52, Tyr62, Arg65, Glu69, Met106 and

Table 2 Binding free energies and individual energy components predicted by MM/PBSA (kcal mol™)

Systern AEele AEVdW AGPB AGSA AGnonpolaru AGpolarb AGbim:l,PB pICSO
ERK2/1 —74.22 —54.34 104.88 —-9.10 —63.44 30.66 —32.78 5.58
ERK2/1a —73.13 —52.84 104.97 —7.64 —60.48 31.84 —28.64 5.68
ERK2/1b 47.81 —53.31 98.02 —8.11 —61.42 30.21 —-31.21 5.09
ERK2/2 —52.89 —61.56 94.26 —8.86 —70.42 41.37 —29.05 5.36
ERK2/2a —59.32 —51.26 91.88 —9.00 —60.26 32.56 —27.70 4.00
ERK2/2b —66.49 —54.66 103.00 —8.61 —63.27 36.51 —26.76 4.30
ERK2/3 —66.77 —50.93 98.08 —8.74 —59.67 33.36 —26.31 4.70
ERK2/3a —64.72 —57.09 105.51 —8.52 —65.61 40.79 —24.82 5.26
ERK2/3b —51.96 —69.80 92.47 —8.68 —78.48 40.51 —29.28 4.70
ERK2/3c —63.20 —67.42 114.09 —8.53 —75.95 46.67 —28.69 4.92
ERK2/3d —58.44 —61.09 95.26 —7.92 —69.01 36.82 —32.19 5.03
ERK2/4 —78.24 —65.10 117.55 —8.46 —73.56 39.31 —34.26 6.39
ERK2/4a —68.93 —64.12 103.23 —-7.97 —72.09 34.30 —-37.79 7.00
ERK2/4b —67.89 —73.49 104.63 —8.63 —82.12 43.37 —38.75 5.75
ERK2/5 —57.65 —65.72 93.18 —8.92 —74.64 35.54 —39.10 5.74
ERK2/5a —58.80 —64.89 96.57 —9.07 —73.96 37.77 —36.19 5.57
ERK2/6 —64.70 —71.80 104.94 —8.55 —80.35 40.24 —40.11 6.89
ERK2/7 —67.42 —73.76 107.69 —8.41 —82.17 40.27 —40.10 7.00
ERK2/7a —58.99 —64.88 96.46 —9.21 —74.09 37.47 —36.62 5.75
ERK2/7b —73.65 —68.07 112.38 —9.10 —77.17 38.73 —38.44 5.74
ERK2/7c —58.29 —58.20 97.91 —7.62 —65.82 39.32 —26.50 5.57
ERK2/8 —56.50 —63.96 94.39 —-7.97 —71.93 37.89 —34.04 5.80
ERK2/9 —68.36 —58.89 108.38 —7.91 —66.80 35.02 —31.78 4.73
ERK2/9a —67.01 —51.33 99.44 —8.33 —59.66 32.43 —27.23 4.30
ERK2/9b —70.46 —71.94 111.46 —8.93 —80.87 41.00 —39.87 5.44
ERK2/9c —55.37 —63.32 88.74 —8.22 —71.54 33.37 —38.17 4.93
ERK2/9d —71.09 —60.30 103.28 —8.10 —68.40 32.19 —26.21 5.60

“ AGpolar = AE¢je + AGpg. b AGnonpolar = AEyqw + AGsa.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Comparison of the inhibitor—residue interaction energies of compounds 1 and (a) 2a, (d) 2b, (e) 4 and (f) 8; comparison of the (b) non-
polar and (c) polar interactions of compounds 1 and 2a, comparison of the (g) non-polar and (h) polar interactions of compounds 1 and 2b, 4 and

8.

Leul54. The contributions of the polar residues (e.g. Tyr34,
Ile54, Met106 and Asp165) are relatively insignificant except for
the residues Lys52 and Tyr62, and there is a slight energetic
difference between different inhibitors. The pICs, values of the
compounds 2b, 4 and 8 are about 20 times higher than that of
compound 1, while compound 2a shows the lowest activity.
Structural analysis shows that these compounds have different
substituents interacting with the allosteric pocket region. By
further comparing the binding characteristics of the selected
inhibitors, we can understand the structural requirements of
inhibitors for enhancing binding affinity, which will guide the
rational design of more effective and selective ERK2 Type I"/>
inhibitors.

3.3.1 Comparison of bound modes of 1 and 2a. The
replacement of the acetyl group in compound 1 by fluorophenyl
(compound 2a) at the allosteric pocket significantly decreases
the binding affinity. According to the Table 2, the predicted
binding free energy of 1 (—32.78 kcal mol ") is much stronger
than that of 2a (—27.70 kcal mol '), which is consistent with the
experimental data. The difference of the unfavorable polar
contributions between 2a (32.56 kcal mol™') and 1
(30.66 kcal mol ™) is 1.9 kcal mol ™", while the difference of the

12450 | RSC Adv., 2019, 9, 12441-12454

non-polar contributions between compounds 1
(—63.44 kcal mol™') and 2a (—60.26 kcal mol ™) is
3.18 kecal mol " (Table 2). The difference of the energy contri-
butions of Tyr62 between 1 and 2a is the largest
(=1.77 kcal mol!). This is because the acetyl group in
compound 1 can form stronger non-polar interactions with
Tyr62 than the fluorophenyl substituent in 2a (Fig. 9). Besides,
the contributions of the residues located in the ATP binding
pocket (Tyr34, val37, Lys52 and Ile54) and Asp165 to the
binding of compound 1 are higher than those to the binding of
compound 2a, but the difference is not obvious. As shown in
Fig. 8, the two compounds form effective interactions with the
residues Tyr34, Lys52, Tyr62, GIn103 and Met106, and these
residues mainly locate in the ATP binding pocket and the allo-
steric pocket. The replacement of the acetyl group in compound
1 by fluorophenyl substituent may result in the conformational
change of the inhibitors, which lead to the formation of more
effective interactions with several residues far away from the
allosteric pocket, such as residue Val186. In addition, the resi-
dues Glu69 and Asp104 have difference in non-polar interac-
tions (Fig. 8(b) and (c)), which also may play a critical role in
rendering the difference of the binding free energies.

This journal is © The Royal Society of Chemistry 2019
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1and 8.

3.3.2 Comparison of binding modes of 1, 2b, 4 and 8.
Different terminal substitutions of compounds 1, 2b, 4 and 8
mainly occupy the allosteric pocket of ERK2. The binding free
energies of 4 and 8 predicted by MM/PBSA are relatively stronger
than that of compound 1 while that of 2b is weaker than that of
compound 1, which is closely consistent with the experimental
data. The Fig. 8(e) and (f) show that almost all the residues Val37,
Lys52, 1le82, Leu105, Met106 and Leul54 have stronger interac-
tions with compounds 4 and 8 than with compound 1, are these
residues are hydrophobic and they are located in ATP binding
pocket. Detailed analysis indicates that the contributions of
Val37, GIn103 and Met106 located in the ATP binding pocket to
the binding of compound 1 are obviously weaker than those to
the binding of the compounds 4 and 8 (the differences between
compound 1 and 4 for Val37, GIn103 and Met106 are 0.49, 0.77
and 0.81 kcal mol™', respectively; the differences between
compound 1 and 8 for Val37, GIn103 and Met106 are 0.5, 0.43
and 1.02 kecal mol ', respectively) (Fig. 9(g) and (h)). In addition,
the contributions of the residues Tyr62 and GIn69 to the
compounds 4 and 8 binding are more favorable than those to the
compound 1 binding, which can be explained by the fact that the
residues Tyr62 and GIné69 tend to form stronger interactions with
the terminal substitutions of 4 and 8 (Fig. 9(C) and (D)). Detailed
structure analysis indicates that the - interaction between the
Tyr62 side chain and the terminal substitutions of compounds 4

This journal is © The Royal Society of Chemistry 2019

and 8 is stronger than that of compound 1. However, the pre-
dicted binding free energy of compound 2b is weaker than that of
compound 1, which is supported by the per-residue energy
decomposition analysis that Lys52, Thr66, Met106 and Asp165
show more favorable contribution to compound 1 binding than
to compound 2b binding (the differences for Lys52, Thr66,
Met106 and Asp165 are 2.61, 0.64, 0.92 and 0.72, respectively)
(Fig. 8(d)), and also is supported by the detailed structure analysis
that the instability of the large terminal substitution of
compound 2b with the allosteric pocket (Fig. 9(B)).

3.4 Suggestions for designing of improved Type I'’*> ERK2
inhibitors

Based on the binding free energy calculations and structural
analysis, we could propose several improved design criterions
for Type I'’* ERK2 inhibitors.

(1) Considering the flexibility and dynamics behavior of ERK2 is
quite important to correctly predict the binding potencies of Type I
% inhibitors. MD simulations is an important way to improve protein
flexibility, and the results indicate that the protein structures ob-
tained from the MD simulations show better tolerance to the
ligands. Meanwhile, MD simulations can obviously improve the
ranking ability of the binding potencies of the studied ERK2
inhibitors. The binding affinities give the best correlation with the

RSC Adv., 2019, 9, 12441-12454 | 12451
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experimental data, which highlighting the importance of incorpo-
rating protein flexibility in predicting ERK2-inhibitors interactions.

(2) The hydrogen bonds between the side chain of residues
Lys52 and GIn103 with inhibitors play a key role in stabilizing the
interaction between inhibitors and ERK2. The favorable van der
Waals contribution (AE,qw) is important for improving the inter-
action between ERK2 and inhibitors, which mainly contributes the
non-polar interaction. The hydrophobic contributions may be
highly helpful to improve the binding ability of ERK2 inhibitors,
and the hydrophobic contributions are mainly from some
surrounding key residues, such as Val37, Gln103, Asp104 and
Met106. Therefore, potential improved ERK2 inhibitors can be
designed by increasing hydrophobic interactions, as well as
keeping the hydrogen bounds between ERK2 and ERK2 inhibitors.

(3) The terminal substitute interacts “face to face” with the
residue Tyr62 side chain through an aromatic 7t interaction is
of significant importance for improving activities of ERK2
inhibitors. The results given by our calculations and the
experimental data show that large terminal substitute is unfa-
vorable for inhibitors, for example compound 2a.

4. Conclusions

In this work, the binding mechanisms of ERK2 with the Type I*>
inhibitors were investigate by molecular docking, ensemble
docking, MD simulations and binding free energy calculations.
Our prediction results show that it is necessary to consider the
flexibility of receptor before performing molecular docking to
improve the prediction accuracy of traditional docking methods,
such as Glide docking, IFD and QPLD. In particular, MD simu-
lations is a well way to improve the flexibility and the binding free
energies predicted by MM/PBSA protocols show the highest
correlation with the experimental data, which investigates the
importance of protein flexibility to predict ERK2 with the Type I
inhibitors interactions. The results of binding free energy calcu-
lations predicted by MM/PBSA show that the non-polar interac-
tions play determinative roles in the binding of ERK2 inhibitors,
which leads to the difference of the binding affinities of the
inhibitors. Several possible key residues for inhibitors binding
are identified by the binding free energy decomposition analysis.
In addition, the comprehensive analysis of several representative
inhibitors also demonstrates the importance of hydrophobic and
hydrogen bonds interactions between the residues located in the
ATP binding pocket and the allosteric pocket and the inhibitors
in improving the binding affinities of the inhibitors. We hope our
results will provide a deeper understanding of the interaction
between the Type I inhibitors and ERK2 more valuable infor-
mation for the further design of new potent ERK2 inhibitors.
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