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Abstract: JNK3, a member of the MAPK family, plays a pivotal role in mediating cellular responses
to stress signals, with its activation implicated in a myriad of inflammatory conditions. While JNK3
holds promise as a therapeutic target for neurodegenerative disorders such as Huntington’s, Parkin-
son’s, and Alzheimer’s diseases, there remains a gap in the market for effective JNK3 inhibitors.
Despite some pan-JNK inhibitors reaching clinical trials, no JNK-targeted therapies have achieved
market approval. To bridge this gap, our study introduces a sophisticated virtual screening approach.
We begin with an energy-based screening, subsequently integrating a variety of rescoring techniques.
These encompass glide docking scores, MM /GBSA, and artificial scoring mechanisms such as Deep-
Dock and advanced Graph Neural Networks. This virtual screening workflow is designed to evaluate
and identify potential small-molecule inhibitors with high binding affinity. We have implemented a
virtual screening workflow to identify potential candidate molecules. This process has resulted in
the selection of ten molecules. Subsequently, these ten molecules have undergone biological activity
evaluation to assess their potential efficacy. Impressively, molecule compound 6 surfaced as the most
promising, exhibiting a potent kinase inhibitory activity marked by an ICs; of 130.1 nM and a notable
reduction in TNF-« release within macrophages. This suggests that compound 6 could potentially
serve as an effective inhibitor for the treatment of neuroinflammation and neurodegenerative diseases.
The prospect of further medicinal modifications to optimize compound 6 presents a promising avenue
for future research and development in this field. Utilizing binding pose metadynamics coupled
with molecular dynamics simulations, we delved into the explicit binding mode of compound 6
to JNK3. Such insights pave the way for refined drug development strategies. Collectively, our
results underscore the efficacy of the hybrid virtual screening workflow in the identification of
robust JNK3 inhibitors, holding promise for innovative treatments against neuroinflammation and
neurodegenerative disorders.

Keywords: JNK3; hybrid virtual screening; binding pose metadynamics; molecular dynamics; bioactivity
evaluation

1. Introduction

JNKS3, or c-Jun N-terminal kinase 3, is a member of the mitogen-activated protein
kinase (MAPK) family, which plays a crucial role in regulating cellular responses to various
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stress signals, including inflammation. JNK1 and JNK2 are ubiquitously expressed, while
JNKS3 is predominantly expressed in the brain, and its activation has been implicated in
numerous inflammatory conditions. The activation of JNK3 is carried out by two MAP
kinases, MKK4 and MKK?. Upon activation, J]NKs can interact with the pathway’s final
effectors, phosphorylate transcription factors, such as the transcription factor activator
protein-1 (AP1) family proteins, c-JUN, activating transcription factors (ATF), and (ETS
Like-1 protein) Elk1 [1]. Based on knockout experiments and its specific tissue expression,
JNKS3 has emerged as a promising target for potential treatments of neuroinflammation and
neurodegenerative disorders like Huntington’s disease [2—4], Parkinson’s disease [5], and
Alzheimer’s disease [6-13].

Currently, pharmacologists have made many efforts in the field of JNK-targeted
therapy, and some pan-JNK inhibitors have already been discovered. Two molecules are
currently in clinical trials [14]. However, there are still no JNK inhibitors on the market.
Of note, SP600125 is a typical pan-JNK inhibitor and is widely used as a positive control
despite its poor selectivity [15]. As an ATP-competitive pan-JNK inhibitor, PGL5001 (also
known as AS602801) is currently in phase II clinical trials (NCT01630252) for the treatment
of inflammatory endometriosis [16,17]. Tanzisertib, a second-generation ATP-competitive
pan-JNK inhibitor, was discovered for the treatment of acute myeloid leukemia (AML) and
is in phase I clinical trials (NCT00126893) [18,19]. CC-930 was also discontinued in phase
II due to an increased risk of liver injury (NCT01203943) [20,21]. As far as we know, the
development of a JNK3 inhibitor is difficult and there are no drugs on the market. Therefore,
it is important to discover new JNK3 inhibitors with novel designs for the treatment of
relevant indications.

In recent years, computational methods have been widely used to screen and design
new drug candidates for various targets. Despite their growing popularity, existing virtual
screening methods often suffer from limitations in accuracy [22]. It has been reported that
the hit rate of virtual screening can be significantly improved by combining Al methods [23].
For instance, in a study focused on human topoisomerase I inhibitors, researchers combined
machine learning models with virtual screening and molecular docking, successfully
enhancing the hit rate of virtual screening and providing novel insights for the development
of topoisomerase I inhibitors [24]. In another example, geometric deep learning-based
algorithms were utilized to predict the binding affinity of small molecules to their protein
targets, which significantly improved the performance of virtual screening campaigns and
led to the identification of novel bioactive compounds [25]. Virtual screening typically
operates in a hierarchical workflow, employing different methods in succession, each
acting as a filter to discard unwanted compounds. This allows the advantages of various
methods to be utilized while avoiding their limitations. However, research teams often
only use techniques with which they are familiar. The results of virtual screening require
experimental testing in the lab to confirm their biological activity. This can lead to false
positive results. And many software programs are used for virtual screening, and because
they use different algorithms, using the same input in different software can yield different
results. Despite this, virtual screening remains a crucial tool in the drug discovery process.
It significantly reduces the time and resources required for laboratory testing. This is
because it allows for the rapid and efficient identification of potential drug candidates from
large databases of compounds, thereby streamlining the initial stages of drug development.

In this study, we systematically applied a stepwise virtual screening methodology, first
utilizing an energy-based screening approach, followed by a data-driven rescoring process.
This intricate approach leveraged varying levels of glide docking accuracy, utilizing tools
such as MM /GBSA, Deepdock, and an advanced Graph Neural Network to rescore our
initial screening outcomes. Through this hybrid virtual screening workflow, we successfully
pinpointed several candidates with promising JNK3 inhibitory potential. Notably, our best-
performing molecule, boasting a kinase inhibition ICsy of 130.1 nM, underwent rigorous
testing to assess its impact on the secretion of inflammation-associated cytokines IL-6
and TNF« in macrophages. Encouragingly, experimental findings indicated a significant
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reduction in TNF-« release, reinforcing the efficacy and dependability of our meticulously
designed screening workflow in isolating potent JNK3 inhibitors (refer to Figure 1 for a
visual representation) [26]. To deepen our understanding and provide a foundation for
future drug design, we employed binding pose metadynamics and molecular dynamics
simulations. This allowed us to elucidate the intricate binding dynamics between our top
molecule and its target, setting the stage for optimized molecule development.
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Figure 1. The signal transduction pathways and the hybrid virtual screening process of the
JNKS target.

2. Results
2.1. Data Collection and “in-House” Database Construction

The datasets employed in this study consist of two parts: the JNK3 inhibitor activity
dataset, containing 1072 molecules which were obtained from the ChEMBL database,
is used for training, evaluation, and testing the performance of the rescoring module;
the “in-house” database, assembled using the MCE-like compound library and Chemdiv
compounds, which contains about 1,600,000 molecules, serves the screening task. The JNK3
inhibitor activity dataset has pICs as its label. Both datasets undergo preprocessing with
RDKit to eliminate duplicate molecular structures, while Schrodinger’s LigPrep module
generates the 3D structures of the molecules [27].

2.2. The Preparation of Protein and the Binding Pocket Determination

Initially, the protein structure of JNK3 (PDB ID: 7S1N) [28] was obtained from RCSB
(https:/ /www.rcsb.org/) and well prepared with the Protein Preparation Wizard, Schrodinger
2021-suite. The binding pocket used for screening is determined by the location of the ligand
in the JNK3 complex (Figure 2). Receptor grid surface features in the energy-based virtual
screening and rescoring sessions were obtained from the Schrodinger suite of receptor grid
generation and deep learning algorithm Masif calculations, respectively [29].
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Figure 2. (A) The 3D binding mode of the JNK3 with its original ligand 4-[5-(2-chloro-6-fluoroanilino)-
6-methyl-1H-pyrazolo[3,4-b] pyridin-1-yl]-N-(oxetan-3-yl) thiophene-2-carboxamide (PDB ID: 7S1N).
(B) The binding conformation of the ligand in JNK3 complex. (C) The hydrophobicity of the binding
pocket. (D) The electricity of the binding pocket.

2.3. The Hybrid Virtual Screening Workflow

For our primary screening, the in-house database serving as our library undergoes a
meticulous screening using the HTVS precision, all under the guidance of the OPLS_2005
force field [30]. Next, 500,000 molecules with docking scores smaller than —6.532 kcal/mol
are selected for further accurate screening with SP precision under the OPLS4 force field.
After this process, 200,000 molecules with scores < —8.689 kcal/mol are retained. The final
round of docking is performed with XP precision using the OPLS4 force field, resulting
in 9000 molecules with scores < —8.101 kcal/mol that are ultimately selected for the
subsequent data-driven rescoring stage [31-37] (Table 1).

Table 1. Each stage score and the inhibition rate of the final selected 10 small molecules.

Docking Score

Docking Score  Docking Score MM-GBSA

Entry (HTVS) (SP) (XP) dGBind  Decpdockscore L PLC® I‘I‘{};‘e"(tj/“)’)“
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

Compound 1 —11.107 —11.896 —13.871 —86.10 —185.12 6.25 17.50 + 0.55
Compound 2 —-9.373 —10.870 —11.918 —80.93 —169.34 5.89 43.24 4+ 5.36
Compound 3 —9.190 —8.696 —10.808 —85.84 —154.42 6.84 5.70 + 1.02
Compound 4 -9.023 —10.094 —8.959 —76.28 —90.94 5.34 7.77 £ 043
Compound 5 —8.941 —9.200 —8.537 —83.07 —140.73 5.35 16.58 4+ 0.34
Compound 6 —8.401 —11.535 —13.065 —82.05 —173.73 5.82 99.73 + 0.44
Compound 7 —8.147 —10.439 —10.690 —78.60 —172.77 6.20 26.88 £+ 3.29
Compound 8 —7.853 —10.406 —8.840 —80.03 —116.72 5.30 16.76 4+ 0.56
Compound 9 —6.757 —11.754 —13.694 —87.01 —183.26 6.34 34.81 £0.23
Compound 10 —8.571 —9.496 —9.765 —75.76 —97.41 5.33 43.76 + 1.92

In the second part of the hybrid screening workflow, we initially docked and rescaled
the characterized JNK3 pocket with the JNK3 inhibitor molecular dataset on ChEMBL using
the Deepdock algorithm. Subsequently, the inhibitor molecular dataset was transformed
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into a graph, and the results of Deepdock’s scoring were normalized with molecular
properties described by RDKit, such as TPSA, MW, and rotatable bonds, which were
incorporated into the nodes as additional features. These node features were then fed into
the GNN scoring model we developed, which consists of multiple GAT layers and a single
MLP (Multilayer Perceptron) layer.

By utilizing the pICsy data corresponding to each molecule as labels, the dataset was
divided into training, validation, and test sets in a ratio of 8:1:1, allowing for the training of
a regression task on the GNN model. The performance of the model was promising, with
an R2 of 0.9617 on the training set, 0.7866 on the validation set, and 0.7228 on the test set,
demonstrating its strong predictive capabilities (Figure 3).
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Figure 3. (A) represents the prediction by MLP after Deepdock scoring is added to the atomic feature
vector and input to the GNN model for training. (B) represents the effect of the model on the dataset.
(C) The structures and IUPAC names of the final ten molecules.

To aid in decision-making, we also employed the energy-based rescoring method,
MM/GBSA, which was conducted using the Schrédinger Suite’s Prime module. In the
final analysis, we took into account the drug-like properties of the molecules, the binding
conformations of the ligands to their respective targets, and the diverse scoring outcomes.
Significantly, the selection methodology employed a meticulous assessment of both scor-
ing metrics and molecular interactions to eliminate erroneous binding mode candidates.
Additionally, leveraging the expertise of medicinal chemists, an estimation was made to
identify molecules with superior binding affinities, a process that may have led to the exclu-
sion of compounds not meeting drug-like criteria. Ultimately, ten molecules were chosen
from the scoring results for subsequent biological experimental validation. (Tables 1 and 2,
Figure 3C).
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Table 2. Physicochemical characteristics of investigated compounds.

Hydrogen .
Molecular Hydrogen Bond Rotatable Heavy Topological
Entry . XLogP3-AA  Bond Donor Atom Polar
Weight Acceptor Bond Count
Count Count Surface Area
Count
Compound 1 468.6 53 2 6 9 35 59.1
Compound 2 476.0 5.3 2 7 7 34 83.4
Compound 3 435.5 2.1 2 7 7 32 94.3
Compound 4 461.0 4.6 2 6 8 31 108.0
Compound 5 453.6 4.60 1 5 7 34 69.2
Compound 6 399.5 5.6 1 4 5 29 83.1
Compound 7 442.5 3.1 2 6 5 33 82.6
Compound 8 495.5 5.6 0 6 4 36 132.0
Compound 9 568.7 59 1 9 9 42 92.3
Compound 10 401.0 43 1 4 5 27 52.0

2.4. Inhibitory Activity Assay

Based on the hybrid virtual screening result, the inhibitory activity of the 10 selected
compounds was further assessed at a concentration of 25 uM. As depicted in Figure 4A,
compound 6 demonstrated the highest inhibition rate in comparison to the other com-
pounds. We proceeded to determine the ICsy value of compound 6 (Figure 4B), which
exhibited potent inhibitory activity against JNK3 (ICsp: 130.1 nM). This finding suggests
that compound 6 possesses significant activity against JNK3.
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Figure 4. (A) The inhibition rate (%) assay of 10 selected compounds against JNK3 (Staurosporine is
the reference compound); (B) the ICsy evaluation of compound 6; (C) TNF-« secretion study. Pos:
JNK Inhibitor VIII, Sam: compound; (D) IL6 secretion study. ** represents a p-value less than 0.01; ***
represents a p-value less than 0.001.

2.5. Pro-Inflammatory Factor Release Inhibition Assay for Compound 6

Based on the results of the kinase activity, the secretion of TNF-« and IL-6 was further
studied for compound 6. As shown in Figure 4C, compound 6 exhibited stronger inhibition
of TNF-« secretion and slight inhibition of IL-6 secretion compared to the positive control
(JNK inhibitor VIII). The combined experimental results suggest that compound 6 could



Pharmaceuticals 2023, 16, 1459

7 of 13

be an ideal and popular compound for the design of novel JNK3 inhibitors with high
biological activity.

2.6. Elucidating the Initial Binding Conformation of INK3 and Compound 6 through Binding
Pose Metadynamics

In this experiment, our objective was to identify the most stable initial conformation
of JNK3 bound to compound 6 by employing a combination of various docking software
and metadynamics simulations. We generated a diverse set of initial conformations using
AutodockGPU, Autodock Vina, LeDock, and Glide_SP, incorporating both the OPLS2005
and OPLS4 force fields (Figure 5A). To further refine these conformations, we utilized
Schrodinger’s binding pose metadynamics, conducting short metadynamics simulations
in parallel for ten distinct groups of each complex. Our analysis revealed that the second
conformation produced by Glide_SP, employing the OPLS2005 force field, demonstrated
the greatest stability among all conformations. This determination considered its RMSD
value, PersScore, and PoseScore, as shown in Figure 5B.

B 304

[—Pose 1:7S1N_compound 6_Glide_OPLS_2005_1 - prepared PersScore 0.495 PoseScore 1.373
Pose 2:7S1N_compound 6_Glide_OPLS_2005_2 - prepared PersScore 0.745 PoseScore 1.149
{——Pose 3:7STN_compound 6_Glide_OPLS4_1 - prepared PersScore 0.609 PoseScore 1.250
|——Pose 4:7S1N_compound 6_Glide_OPLS4_2 - prepared PersScore 0.773 PoseScore 1419
Pose 5:7S1N_compound 6_Vina_1 - prepared PersScore 0.755 PoseScore 1.326
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Figure 5. Schematics and results of metadynamics simulations. (A) Workflow of the metadynamics
simulation. (B) The RMSD plot from diverse initial conformations of compound 6.

2.7. Structural Insight into the Precision Binding Mode between [NK3 and Compound 6 through
Molecular Dynamics

We performed three parallel sets of 100 ns molecular dynamics simulations on the
most stable docked conformation, based on the results of binding pose metadynamics,
using the Amber dynamics module. As depicted in Figure 6A,B, the RMSD of both
the protein and ligand reached a steady state during the final 20 ns. We analyzed the
conformations from the last 1 ns of the three trajectories and employed MM /GBSA to
compute the contribution of different amino acids to the binding energy under free energy
decomposition. This analysis aimed to explore the explicit binding mode of compound 6
to JNK3 (Figure 6C). Our findings revealed that the N atoms of pyridine and amide can
form two strong H-bond interactions with Met149. Additionally, the nitrogen atom of
thiazolyl can generate an extra hydrogen bonding interaction with Lys93, facilitated by
a water molecule. Simultaneously, the tolyl group of compound 6 can insert into specific
hydrophobic pockets surrounded by Ala91, 1192, Leul44, Val145, and Met146, resulting in
robust hydrophobic interactions (Figure 6D). These specific interactions contribute to the
high inhibitory activity of compound 6 against JNK3.
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Figure 6. (A) RMSD value of JNK3; (B) RMSD value of compound 6; (C) the contribution of compound
6-JNK3 complex; (D) the 3D diagram of protein-ligand interaction.

3. Discussion

The JNK3 pathway is a prominent druggable target that has received extensive research
attention, with some inhibitors currently undergoing clinical investigation. Importantly,
JNK3 has been established as a promising therapeutic target for addressing neurodegenera-
tive disorders, signifying its substantial therapeutic potential. In line with contemporary
trends in drug discovery, virtual screening coupled with artificial intelligence has emerged
as a widely embraced method due to its cost-effectiveness and high efficiency. Accordingly,
we have incorporated this innovative approach into our study.

In this study, we employed a multistage screening workflow aimed at identifying
potential inhibitors. To assess the binding affinities of the compounds, we also implemented
advanced scoring methodologies. This approach integrates energy-based screening meth-
ods, including the Glide docking tool, MM /GBSA, and data-driven rescoring techniques
such as Deepdock and the advanced Graph Attention Networks mode. Our comprehensive
approach, complemented by drug-target interaction analysis and an assessment of drug-
like properties, led to the successful discovery of several potent JNK3 inhibitors. Among
them, the standout inhibitor, compound 6 (N-(4-(2-ethyl-4-(m-tolyl)thiazol-5-yl)pyridin-
2-yl)benzamide), displayed an impressive ICsy of 130.1 nM. Furthermore, it significantly
curtailed the release of both IL-6 and TNF«, reinforcing the reliability and efficacy of our
screening approach.

In a subsequent phase, we turned to binding pose metadynamics and molecular
dynamics simulations to elucidate the intricate binding dynamics of compound 6 with
JNKS3. Our analyses spotlighted that the N atoms of pyridine and amide in the compound
forged two potent H-bond interactions with Met149. Concurrently, the nitrogen atom of
thiazolyl set up an additional hydrogen bond interaction with Lys93, a process facilitated
by a water molecule. Notably, compound 6's tolyl group adeptly nestled itself into specific
hydrophobic pockets, defined by residues such as Ala91, I1e92, Leul44, Val145, and Met146,
culminating in sturdy hydrophobic interactions. These nuanced interactions underscore
the heightened inhibitory prowess of compound 6 against JNK3.

This study has successfully identified a novel JNK3 inhibitor with a distinctive molec-
ular scaffold, thereby establishing a valuable foundation for the design and development of
JAKS3 inhibitors. However, as a lead compound, it holds the potential for further structural
modification and selectivity enhancement. To fully validate their therapeutic potential,

it is imperative to pursue further optimization and conduct rigorous in vivo and in vitro
testing.
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4. Materials and Methods
4.1. Protein Preparation

The protein structure (PDB ID: 7S1N) was obtained from RCSB protein database and
given further preparation. The protein preparation steps were performed through the
Protein Preparation Wizard module [38,39] in the Schrodinger Suite including the Import
and Process, Review and Modify, and Refine steps. In the “Import and Process” step,
problems in the structure were checked and fixed according to the default parameters,
and the missing side chains and loops of the protein were filled in. In the “Review and
Modify” step, we removed the water molecules and dealt with the incorrect information in
the structure. Finally, we performed hydrogen bond optimization and energy minimization
for the structure.

4.2. Database Preparation

The ligand database used for screening consists of two components, including the
commercial compound library ChemDiv and MCE’s drug-like compound library. The
LigPrep module, Schrédinger 2021-2 suit, was adopted to handle these molecules, including
hydrogenation, salt removal, tautomer generation, and ionization states calculation at pH
7.0 £ 2.0, under the OPLS4 force field. Furthermore, under the computation condition of
retaining specific chirality, each ligand can generate up to 32 stereoisomers.

4.3. Receptor Grid Generation

This step was to create [40] the corresponding file for further docking work based on
the center coordinates of the protein pocket. In the Glide_SP step, the Schrodinger’s receptor
grid generation module was invoked for this process, by taking the center coordinates of
the original ligand as the center coordinates for the docking process and generating the
corresponding grid file after removing the original ligand.

4.4. The Hybrid Virtual Screening Workflow

Our study’s hybrid virtual screening workflow is structured into two distinct phases:
an initial energy-based screening followed by a data-driven rescoring. In the energy-based
phase, we employ the Glide docking tool from the Schrédinger suite, which provides three
precision levels: HTVS, SP, and XP. In the energy-based virtual screening phase, all docking
was performed using the Glide_SP tool, with the maximum output conformations set to
5 for HTVS precision and 20 for both SP and XP. In the data-driven rescoring phase, the
Deepdock scoring stage first utilized all ligand poses derived from the previous screening
round. The binding energy between ligands and targets was evaluated using a pan-
density hybrid network calculation and characterized into atomic nodes. The Graph Neural
Network (GNN) model consists of multiple Graph Attention Network (GAT) layers and a
single Multilayer Perceptron (MLP) layer, implemented using the DGL packages. Parameter
optimization was performed using the Optuna tool.

4.5. IC5p Assay

Initially, the tested compound was dissolved in DMSO to make a 10 mM stock solution,
and the stock solution was then diluted to a drug solution with 50 test concentrations
for later use, wherein the test concentrations were reached through dilution at a 10-fold
gradient and were 0.1 nM, 1 nM, 10 nM, 100 nM, 1000 nM, 10,000 nM, respectively. Firstly,
2x ATP and substrate solution and 2x kinase and metal solution was prepared using
assay buffer (MgCl2 2 mM, MnCI2 1 mM, SEB 12.5 nM, DTT 0.5 mM). From each well of
the 96-well plate, 25 pL of the drug solution was taken and then transferred to a 384-well
plate which was provided with 2 duplicate wells. Then, 2.5 uL of 2x kinase and metal
solution was mixed and incubated in a polystyrene-coated 384-assay plate for 10 min at
25 °C. Then, 2x XL665 and antibody solution was prepared with detection buffer. An
amount of 5 uL of Kinase Detection Reagent was added to the well, and incubated for
60 min at 25 °C. The fluorescence signals of 620 nm (Cryptate) and 665 nm (XL665) were



Pharmaceuticals 2023, 16, 1459

10 0f 13

read by a microtiter-plate reader. At last, the IC5y value of JNK3 kinase was calculated with
the following equations.

Y = Bottom + (Top-Bottom) /(1 + 10*((LogIC50-X) * hillslope)) 1

4.6. Pro-Inflammatory Factor Release Inhibition Assay in LPS-Induced RAW264.7

RAW264.7 cells were cultivated with DMEM supplemented with 10% FBS at 37 °C in
a 5% CO; incubator. Then, cells with a density of 2 x 105 cells/mL were seeded in 24-well
plates and incubated for 12 h. Subsequently, the cells were treated with tested compound
(5 uM and 10 pM) for 24 h and exposed to LPS (10 ng/mL) for another 24 h. After 24 h,
the supernatant was collected, and the levels of IL-6 and TNF-o in the supernatant were
measured using an ELISA kit. Then, cover each ELISA plate with 100 uL/well of capture
antibody in Coating Buffer(1X), seal the plate and incubate overnight at 4 °C. The next
day, remove the primary antibody and wash 3 times with >500 uL/well Wash Buffer (1X
PBS, 0.05% Tween). Block wells with 200 pL of ELISA /ELISPOT Diluent (1X), incubate at
room temperature for 1 h. Following incubation, discard the blocking solution and wash at
least once with Wash Buffer. Then, configure the standard curve and add 100 pL/well of
samples to the appropriate wells, incubate at room temperature for 2 h or overnight at 4 °C.
After that, remove the samples and wash 3 times with Wash Buffer, and add 100 uL/well
diluted Detection Antibody to all wells. Incubate the plate at room temperature for 1h.
Next, remove the secondary antibody and wash the wells with Wash Buffer, followed by
the addition of 100 uL/well of Streptavidin-HRP(1X), incubate the plate for 30 min at room
temperature, and then wash the wells with double-distilled water; next, add 80 uL/well
of 1X TMB solution, incubate at room temperature for 15 min, and then, stop the reaction
by adding 1 M H,SO;. Finally, wipe the bottom of the plate and measure the absorbance
values at 450 nm (reference wavelength: 570 nm) using a microplate reader. Calculate
cytokine concentrations based on the absorbance values and compare the cytokine changes
with the control group.

4.7. Binding Pose Metadynamics

The binding pose metadynamics (BPMD) is an automated, metadynamics-based
method that ensures the ligand maintains its binding pose during simulation. Ten indi-
vidual 10 ns simulations are performed, using the root-mean-square deviation (RMSD) of
the ligand’s heavy atoms relative to their starting positions as the collective variable (CV).
Before metadynamics runs, the system is solvated and gradually heated to 300 K, removing
poor contacts and strain in the initial structure.

Ligand stability is assessed by two main scores: PoseScore, which represents the
average RMSD from the starting pose, and PersistenceScore (PersScore), measuring the
persistence of hydrogen bonds in the final 2 ns of the simulation. PersScore ranges from 0
to 1, where a higher value indicates preserved interactions between the initial ligand pose
and the final 2 ns of the simulations.

4.8. Molecular Dynamics

The compound 6 with the highest score was utilized for further molecular dynamics
simulations to investigate the interactions. All operations were performed under the
AMBER force field: the ff19SB force field for the protein and GAFF for the ligand.

The complexes of JNK3 and compound 6 charge were neutralized with Na* counteri-
ons. The system was then soaked in a truncated octahedral box of TIP3P water molecules
extending to at least 15 A from the protein atoms. The ff19SB force field was used to
describe the protein, together with the general Amber force field (GAFF) [41] parameters
for the ligand. The simulation was carried out using the Amber 19 Molecular Dynamics
package [42]. The system, prepared as described above, was first subjected to 500 steps of
steepest descent and 500 steps of conjugate gradient minimization. This was followed by an
additional 2500 steps of steepest descent and 2500 steps of conjugate gradient minimization.
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The system was then heated to the target temperature of 300 K for a period of 20 ps under
constant volume periodic boundary conditions (NVT). Subsequently, approximately 40 ns
of constant pressure and temperature simulation (NPT) was carried out to equilibrate the
system, which was followed by 30 ns of production simulation performed under the same
conditions. An average pressure of 1 atm was maintained by using isotropic position scaling
with a relaxation time of 2 ps. Temperature was controlled via Langevin dynamics. A cutoff
of 10 A was used for nonbonded interactions and long-range electrostatic interactions were
treated by means of the Particle Mesh Ewald (PME) method. All bonds involving hydrogen
were constrained by the SHAKE method and the time step for numerical integration was 1
fs. The simulation results were analyzed using the ptraj program in the Amber19 package.

Author Contributions: Conceptualization, C.Y., X.D. and B.Y.; methodology, Z.S., Y.G. and L.S;;
software, L.X.; validation, K.K., J.Z. and C.Y,; investigation, C.Y. and Z.S.; data curation, J.Z,;
writing—original draft preparation, C.Y.; supervision, X.D., J.C. and B.Y. All authors have read
and agreed to the published version of the manuscript.

Funding: This research is supported by the National Natural Science Foundation of China (81973172
and 82173660), the Natural Science Foundation of Zhejiang Province (LR21H300003), and the Key
R&D Program of Zhejiang Province (2020C03010, 2023C03111).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the reported results in this study can be found
in the following publicly available sources. ChEMBL database: The bioactivity data and com-
pound information were obtained from the ChEMBL database, which is an open-source resource
for curated bioactivity data of small molecules and their targets. The database can be accessed at
https:/ /www.ebi.ac.uk/chembl/ (accessed on 13 April 2023). ChemDiv compound library: The
ChemDiv compound library was used for the virtual screening of potential drug candidates. The
library is a commercially available collection of diverse small molecules and can be accessed through
the TargetMol company (https:/ /www.targetmol.com/) (accessed on 13 April 2023). MCE (Med-
ChemExpress) compound library: The MCE compound library, another commercially available
collection of diverse small molecules, was also utilized in this study. The library can be accessed at
https:/ /www.medchemexpress.com/ (accessed on 13 April 2023).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nagy, M. A ; Hilgraf, R.; Mortensen, D.S.; Elsner, J.; Norris, S.; Tikhe, J.; Yoon, W.; Paisner, D.; Delgado, M.; Erdman, P; et al.
Discovery of the c-Jun N-Terminal Kinase Inhibitor CC-90001. J. Med. Chem. 2021, 64, 18193-18208. [CrossRef]

2. Zhu, YM,; Shuai, W.; Zhao, M,; Pan, X.L.; Pei, ].P; Wu, Y.Y;; Bu, EQ.; Wang, A.X,; Ouyang, L.; Wang, G. Unraveling the Design
and Discovery of c-Jun N-Terminal Kinase Inhibitors and Their Therapeutic Potential in Human Diseases. J. Med. Chem. 2022, 65,
3758-3775. [CrossRef] [PubMed]

3. Lawler, S.; Fleming, Y.; Goedert, M.; Cohen, P. Synergistic activation of SAPK1/JNK1 by two MAP kinase kinases in vitro. Curr.
Biol. 1998, 8, 1387-1390. [CrossRef] [PubMed]

4. Yamasaki, T.; Kawasaki, H.; Nishina, H. Diverse Roles of JNK and MKK Pathways in the Brain. . Recept. Sig. Transd. 2012, 2012,
459265. [CrossRef] [PubMed]

5. Muth, E; El-Gokha, A.; Ansideri, F; Eitel, M.; Doring, E.; Sievers-Engler, A.; Lange, A.; Boeckler, FM.; Lammerhofer, M.; Koch, P.;
et al. Tri- and Tetrasubstituted Pyridinylimidazoles as Covalent Inhibitors of c-Jun N-Terminal Kinase 3. |. Med. Chem. 2017, 60,
594-607. [CrossRef]

6. Bode, AM,; Dong, Z.G. The functional contrariety of JNK. Mol. Carcinog. 2007, 46, 591-598. [CrossRef]

7. Morfini, G.A.; You, Y.M,; Pollema, S.L.; Kaminska, A.; Liu, K.; Yoshioka, K.; Bjorkblom, B.; Coffey, E.T.; Bagnato, C.; Han, D.; et al.
Pathogenic huntingtin inhibits fast axonal transport by activating JNK3 and phosphorylating kinesin. Nat. Neurosci. 2009, 12,
864-871. [CrossRef]

8. Ambhore, N.; Mohire, S.; Kalidhindi, R.S.; Mulukutla, S.; Murthy, V.; Elango, K. H-3 Receptor Antagonist and JNK-3 Inhibitor: A
new therapeutic approach to treat Parkinson’s disease. Park. Relat. Disord. 2016, 22, €91. [CrossRef]

9. Antoniou, X;; Falconi, M.; Di Marino, D.; Borsello, T. JNK3 as a Therapeutic Target for Neurodegenerative Diseases. |. Alzheimer’s

Dis. 2011, 24, 633-642. [CrossRef]


https://www.ebi.ac.uk/chembl/
https://www.targetmol.com/
https://www.medchemexpress.com/
https://doi.org/10.1021/acs.jmedchem.1c01716
https://doi.org/10.1021/acs.jmedchem.1c01947
https://www.ncbi.nlm.nih.gov/pubmed/35200035
https://doi.org/10.1016/S0960-9822(98)00019-0
https://www.ncbi.nlm.nih.gov/pubmed/9889102
https://doi.org/10.1155/2012/459265
https://www.ncbi.nlm.nih.gov/pubmed/22496975
https://doi.org/10.1021/acs.jmedchem.6b01180
https://doi.org/10.1002/mc.20348
https://doi.org/10.1038/nn.2346
https://doi.org/10.1016/j.parkreldis.2015.10.193
https://doi.org/10.3233/JAD-2011-091567

Pharmaceuticals 2023, 16, 1459 12 of 13

10.

11.

12.

13.

14.
15.
16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Anfinogenova, N.D.; Quinn, M.T.; Schepetkin, I.A.; Atochin, D.N. Alarmins and c-Jun N-Terminal Kinase (JNK) Signaling in
Neuroinflammation. Cells 2020, 9, 2350. [CrossRef]

Jun, J.; Moon, H.; Yang, S.; Lee, ].; Baek, J.; Kim, H.; Cho, H.; Hwang, K.; Ahn, S.; Kim, Y,; et al. Carbamate JNK3 Inhibitors Show
Promise as Effective Treatments for Alzheimer’s Disease: In Vivo Studies on Mouse Models. |. Med. Chem. 2023, 66, 6372—-6390.
[CrossRef] [PubMed]

Schepetkin, I.A.; Kovrizhina, A.R.; Stankevich, K.S.; Khlebnikov, A.L; Kirpotina, L.N.; Quinn, M.T.; Cook, M.]. Design, synthesis
and biological evaluation of novel O-substituted tryptanthrin oxime derivatives as c-Jun N-terminal kinase inhibitors. Front.
Pharmacol. 2022, 13, 958687. [CrossRef] [PubMed]

Jun, J.; Yang, S.; Lee, J.; Moon, H.; Kim, J.; Jung, H.; Im, D.; Oh, Y,; Jang, M.; Cho, H.; et al. Discovery of novel imidazole
chemotypes as isoform-selective JNK3 inhibitors for the treatment of Alzheimer’s disease. Eur. J. Med. Chem. 2023, 245 Pt 1,
114894. [CrossRef] [PubMed]

Graczyk, P.P. JNK inhibitors as anti-inflammatory and neuroprotective agents. Future Med. Chem. 2013, 5, 539-551. [CrossRef]
Koch, P; Gehringer, M.; Laufer, S.A. Inhibitors of c-Jun N-Terminal Kinases: An Update. ]. Med. Chem. 2015, 58, 72-95. [CrossRef]
Carboni, S.; Hiver, A.; Szyndralewiez, C.; Gaillard, P.; Gotteland, J.-P.; Vitte, P.-A. AS601245 (1,3-Benzothiazol-2-yl (2-{[2-(3-
pyridinyl) ethyl] amino}-4 pyrimidinyl) Acetonitrile): A c-Jun NH;-Terminal Protein Kinase Inhibitor with Neuroprotective
Properties. J. Pharmacol. Exp. Ther. 2004, 310, 25. [CrossRef]

Halazy, S. Designing heterocyclic selective kinase inhibitors: From concept to new drug candidates. Arkivoc 2006, 7, 496-508.
[CrossRef]

Messoussi, A.; Feneyrolles, C.; Bros, A.; Deroide, A.; Dayde-Cazals, B.; Cheve, G.; Van Hijfte, N.; Fauvel, B.; Bougrin, K.; Yasri, A.
Recent Progress in the Design, Study, and Development of c-Jun N-Terminal Kinase Inhibitors as Anticancer Agents. Chem. Biol.
2014, 21, 1433-1443. [CrossRef]

Vasilevskaya, I.A.; Selvakumaran, M.; Hierro, L.C.; Goldstein, S.R.; Winkler, ].D.; O’'Dwyer, PJ. Inhibition of JNK Sensitizes
Hypoxic Colon Cancer Cells to DNA-Damaging Agents. Clin. Cancer. Res. 2015, 21, 4143-4152. [CrossRef]

Van der Velden, J.L.].; Ye, Y.; Nolin, J.D.; Hoffman, S.M.; Chapman, D.G.; Lahue, K.G.; Abdalla, S.; Chen, P; Liu, Y.; Bennett, B.;
et al. ]NK inhibition reduces lung remodeling and pulmonary fibrotic systemic markers. Clin. Transl. Med. 2016, 5, 36. [CrossRef]
Krenitsky, V.P; Nadolny, L.; Delgado, M.; Ayala, L.; Clareen, S.; Hilgraf, R.; Albers, R.; Hegde, S.; D’Sidocky, N.; Sapienza, J.;
et al. Discovery of CC-930, an orally active anti-fibrotic JNK inhibitor. Bioorg. Med. Chem. Lett. 2012, 22, 1433-1438. [CrossRef]
[PubMed]

Duong, M.T.H.; Ahn, H.C. Fragment-Based and Structural Investigation for Discovery of JNK3 Inhibitors. Pharmaceutics 2022, 14,
1900. [CrossRef] [PubMed]

Che, ].X,; Feng, RW.; Gao, ].; Yu, H.Y.; Weng, Q.].; He, Q.].; Dong, X.W.; Wu, J.; Yang, B. Evaluation of Artificial Intelligence in
Participating Structure-Based Virtual Screening for Identifying Novel Interleukin-1 Receptor Associated Kinase-1 Inhibitors.
Front. Oncol. 2020, 10, 1769. [CrossRef] [PubMed]

Li, B.; Kang, X.; Zhao, D.; Zou, Y.; Huang, X.; Wang, J.; Zhang, C. Machine Learning Models Combined with Virtual Screening
and Molecular Docking to Predict Human Topoisomerase I Inhibitors. Molecules 2019, 24, 2107. [CrossRef]

Meéndez-Lucio, O.; Ahmad, M.; del Rio-Chanona, E.A.; Wegner, ] K. A Geometric Deep Learning Approach to Predict Binding
Conformations of Bioactive Molecules. Nat. Mach. Intell. 2021, 3, 1033-1039. [CrossRef]

Li, W,; Cai, H; Ren, L.; Yang, Y,; Yang, H.; Liu, J.; Li, S.; Zhang, Y.; Zheng, X.; Tan, W,; et al. Sphingosine Kinase 1 Promotes
Growth of Glioblastoma by Increasing Inflammation Mediated by the NF-KB /IL-6/STAT3 and JNK/PTX3 Pathways. Acta Pharm.
Sin. B 2022, 12, 4390-4406. [CrossRef]

LigPrep; Schrodinger, LLC: New York, NY, USA, 2021.

Feng, Y.B.; Park, H.; Ryu, J.C.; Yoon, S.0O. N-Aromatic-Substituted Indazole Derivatives as Brain-Penetrant and Orally Bioavailable
JNKS3 Inhibitors. ACS Med. Chem. Lett. 2021, 12, 1546-1552. [CrossRef]

Gainza, P; Sverrisson, F.; Monti, F.; Rodola, E.; Boscaini, D.; Bronstein, M.M.; Correia, B.E. Deciphering interaction fingerprints
from protein molecular surfaces using geometric deep learning. Nat. Methods 2020, 17, 184-192. [CrossRef]

Lyu, S.F; Zhao, Y.S.; Zeng, X.; Chen, X.T.; Meng, Q.Q.; Ding, Z.; Zhao, W.S.; Qi, YM.; Gao, Y.F; Du, J.F. Identification of
Phelligridin-Based Compounds as Novel Human CD73 Inhibitors. J. Chem. Inf. Model. 2021, 61, 1275-1286. [CrossRef]
Jorgensen, W.L.; Maxwell, D.S.; Tirado-Rives, J]. Development and testing of the OPLS all-atom force field on conformational
energetics and properties of organic liquids. J. Am. Chem. Soc. 1996, 118, 11225-11236. [CrossRef]

Vass, M.; Tarcsay, A.; Keseru, G.M. Multiple ligand docking by Glide: Implications for virtual second-site screening. J. Comput.
Aided Mol. Des. 2012, 26, 821-834. [CrossRef] [PubMed]

Friesner, R.A.; Murphy, R.B.; Repasky, M.P; Frye, L.L.; Greenwood, J.R.; Halgren, T.A.; Sanschagrin, P.C.; Mainz, D.T. Extra
precision glide: Docking and scoring incorporating a model of hydrophobic enclosure for protein-ligand complexes. J. Med. Chem.
2006, 49, 6177-6196. [CrossRef] [PubMed]

Friesner, R.A.; Banks, J.L.; Murphy, R.B.; Halgren, T.A.; Klicic, J.J.; Mainz, D.T.; Repasky, M.P.; Knoll, E.H.; Shelley, M.; Perry, ] K,;
et al. Glide: A new approach for rapid, accurate docking and scoring. 1. Method and assessment of docking accuracy. J. Med.
Chem. 2004, 47, 1739-1749. [CrossRef] [PubMed]


https://doi.org/10.3390/cells9112350
https://doi.org/10.1021/acs.jmedchem.3c00393
https://www.ncbi.nlm.nih.gov/pubmed/37094094
https://doi.org/10.3389/fphar.2022.958687
https://www.ncbi.nlm.nih.gov/pubmed/36172181
https://doi.org/10.1016/j.ejmech.2022.114894
https://www.ncbi.nlm.nih.gov/pubmed/36343411
https://doi.org/10.4155/fmc.13.34
https://doi.org/10.1021/jm501212r
https://doi.org/10.1124/jpet.103.064246
https://doi.org/10.3998/ark.5550190.0007.734
https://doi.org/10.1016/j.chembiol.2014.09.007
https://doi.org/10.1158/1078-0432.CCR-15-0352
https://doi.org/10.1186/s40169-016-0117-2
https://doi.org/10.1016/j.bmcl.2011.12.027
https://www.ncbi.nlm.nih.gov/pubmed/22244937
https://doi.org/10.3390/pharmaceutics14091900
https://www.ncbi.nlm.nih.gov/pubmed/36145648
https://doi.org/10.3389/fonc.2020.01769
https://www.ncbi.nlm.nih.gov/pubmed/33014870
https://doi.org/10.3390/molecules24112107
https://doi.org/10.1038/s42256-021-00409-9
https://doi.org/10.1016/j.apsb.2022.09.012
https://doi.org/10.1021/acsmedchemlett.1c00334
https://doi.org/10.1038/s41592-019-0666-6
https://doi.org/10.1021/acs.jcim.0c00961
https://doi.org/10.1021/ja9621760
https://doi.org/10.1007/s10822-012-9578-6
https://www.ncbi.nlm.nih.gov/pubmed/22639078
https://doi.org/10.1021/jm051256o
https://www.ncbi.nlm.nih.gov/pubmed/17034125
https://doi.org/10.1021/jm0306430
https://www.ncbi.nlm.nih.gov/pubmed/15027865

Pharmaceuticals 2023, 16, 1459 13 of 13

35.

36.

37.

38.

39.
40.

41.

42.

Halgren, T.A.; Murphy, R.B.; Friesner, R.A.; Beard, H.S.; Frye, L.L.; Pollard, W.T.; Banks, J.L. Glide: A new approach for rapid,
accurate docking and scoring. 2. Enrichment factors in database screening. J. Med. Chem. 2004, 47, 1750-1759. [CrossRef]
[PubMed]

Glide; Schrodinger, LLC: New York, NY, USA, 2021.

Sandor, M.; Kiss, R.; Keseru, G.M. Virtual Fragment Docking by Glide: A Validation Study on 190 Protein-Fragment Complexes. J.
Chem. Inf. Model. 2010, 50, 1165-1172. [CrossRef]

Sastry, G.M.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W. Protein and ligand preparation: Parameters, protocols, and
influence on virtual screening enrichments. J. Comput. Aided Mol. Des. 2013, 27, 221-234. [CrossRef] [PubMed]

Protein Preparation Wizard; Epik, Impact, Prime; Schrédinger, LLC: New York, NY, USA, 2021.

Castoldi, R.E.; Pennella, G.; Saturno, G.S.; Grossi, P.; Brughera, M.; Venturi, M. Assessing and managing toxicities induced by
kinase inhibitors. Curr. Opin. Drug Discov. Dev. 2007, 10, 53-57.

He, X;; Man, V.H,; Yang, W.; Lee, T.S.; Wang, ]. A fast and high-quality charge model for the next generation general AMBER force
field. J. Chem. Phys. 2020, 153, 114502. [CrossRef]

Case, D.A.; Ben-Shalom, 1.Y.; Brozell, S.R.; Cerutti, D.S.; Cheatham, T.E., III.; Cruzeiro, V.W.D.; Darden, T.A.; Duke, R.E.; Ghoreishi,
D.; Giambasu, G.; et al. AMBER 2019; University of California: San Francisco, CA, USA, 2019.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/jm030644s
https://www.ncbi.nlm.nih.gov/pubmed/15027866
https://doi.org/10.1021/ci1000407
https://doi.org/10.1007/s10822-013-9644-8
https://www.ncbi.nlm.nih.gov/pubmed/23579614
https://doi.org/10.1063/5.0019056

	Introduction 
	Results 
	Data Collection and “in-House” Database Construction 
	The Preparation of Protein and the Binding Pocket Determination 
	The Hybrid Virtual Screening Workflow 
	Inhibitory Activity Assay 
	Pro-Inflammatory Factor Release Inhibition Assay for Compound 6 
	Elucidating the Initial Binding Conformation of JNK3 and Compound 6 through Binding Pose Metadynamics 
	Structural Insight into the Precision Binding Mode between JNK3 and Compound 6 through Molecular Dynamics 

	Discussion 
	Materials and Methods 
	Protein Preparation 
	Database Preparation 
	Receptor Grid Generation 
	The Hybrid Virtual Screening Workflow 
	IC50 Assay 
	Pro-Inflammatory Factor Release Inhibition Assay in LPS-Induced RAW264.7 
	Binding Pose Metadynamics 
	Molecular Dynamics 

	References

