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Abstract

Mitogen-activated protein kinase 7 (MAPK7) is a serine/threonine protein kinase that

belongs to the MAPK family and plays a vital role in various cellular processes such

as cell proliferation, differentiation, gene transcription, apoptosis, metabolism, and

cell survival. The elevated expression of MAPK7 has been associated with the onset

and progression of multiple aggressive tumors in humans, underscoring the potential

of targeting MAPK7 pathways in therapeutic research. This pursuit holds promise for

the advancement of anticancer drug development by developing potential MAPK7

inhibitors. To look for potential MAPK7 inhibitors, we exploited structure-based vir-

tual screening of natural products from the ZINC database. First, the Lipinski rule of

five criteria was used to filter a large library of �90,000 natural compounds, followed

by ADMET and pan-assay interference compounds (PAINS) filters. Then, top hits

were chosen based on their strong binding affinity as determined by molecular dock-

ing. Further, interaction analysis was performed to find effective and specific com-

pounds that can precisely bind to the binding pocket of MAPK7. Consequently, two

compounds, ZINC12296700 and ZINC02123081, exhibited significant binding affin-

ity and demonstrated excellent drug-like properties. All-atom molecular dynamics

simulations for 200 ns confirmed the stability of MAPK7-ZINC12296700 and

MAPK7-ZINC02123081 docked complexes. According to the molecular mechanics

Poisson–Boltzmann surface area investigation, the binding affinities of both com-

plexes were considerable. Overall, the result suggests that ZINC12296700 and

ZINC02123081 might be used as promising leads to develop novel MAPK7 inhibi-

tors. Since these compounds would interfere with the kinase activity of MAPK7,

therefore, may be implemented to control cell growth and proliferation in cancer

after required validations.
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1 | INTRODUCTION

Kinases are the most important component of the living system,

which performs various cellular and subcellular functions like metabo-

lism, cell signaling, protein activity regulation, and many more.1

Kinases are essential for cellular function.2; a small dysfunctioning or

unregulated expression of kinases may cause drastic changes inside

the cell, leading to the development of multiple complex diseases,

such as cancer, neurodegeneration, diabetes, and other disorders.3

Targeted treatment focused on specific kinases can potentially restore

diseases such as cancer that arise from kinase dysfunction and certain

mutations. As a result, kinases have gained significant prominence as

highly desirable targets for advancing anticancer medications.4

Mitogen-activated protein kinase 7 (MAPK7, also known as extra-

cellular signal-regulated kinase 5 (ERK5), is a serine/threonine protein

kinase mostly found in eukaryotes.5 MAPK7 was formally known as

Big MAP kinase 1 due to its large C-terminal domain, which is roughly

double the C-terminal of other members of the MAPK family, impart-

ing structurally unique character to this kinase.6 Three spliced variants

of MAPK7 have been identified, that is, ERK5a, ERK5b, and ERK5c.7

The activation of MAPK7 involves the integration of various mecha-

nisms, including a range of physicochemical factors such as oxidative

and hyperosmolar stress, heat, and light.8 For its activation and subse-

quent translocation from the cytoplasm to the nucleus, MAPK7 relies

on mitogen-activated protein kinase kinase 5 (MAP2K5).9 MAP2K5

selectively activates MAPK7 by phosphorylation event on Thr219 and

Tyr221 residues in the kinase domain.10 The kinase domain of active

MAPK7 is responsible for autophosphorylation of the C-terminal tail,

which amplifies MAPK7 transcription activity and ensures the reten-

tion of kinase in the nucleus.6,11 MAPK7 is implicated in many physio-

logical functions, including cell proliferation, differentiation, gene

transcription, apoptosis, metabolism, survival, and angiogenesis.12

MAPK7 is ubiquitously expressed in all tissues but is notably

abundant in the kidney, heart, placenta, lungs, and brain.13 MAPK7 is

a long polypeptide chain of 816 amino acids of molecular weight

102 kDa encoded by the MAPK7 gene.14 MAPK7 has an N-terminal

region from the amino acid range 1–406, of which 55–347 belong to

the protein kinase domain. The C-terminal domain contains two

proline-rich regions, from 434 to 485 as PR1 and 578 to 701 as PR2,

responsible for SH3 domain interaction. The region from 664 to

789 is responsible for a transcriptional activity where auto-

phosphorylation takes place. Due to its extended C-terminal chain of

around 400 amino acids, it is approximately double the size of other

MAPKs.6 The N-terminal part shows the kinase activity and the

C-terminal non-kinase part shows the transcriptional activity.

The N-terminal region is more than half homologous with MAPK1 and

MAPK3.13 The N-terminal region of the kinase exhibits more than

50% homology with MAPK1 and MAPK3. Specifically, the N-terminal

portion of the kinase demonstrates kinase activity, while the

C-terminal portion exhibits transcriptional activity.7

The overexpressed MAPK7 has been reported in multiple cancers

such as prostate, lung, bone, colon, pancreatic, breast, and leukemia.15

The transformation of a typically well-functioning cell into a neoplastic

state is a pivotal milestone in the progression of tumor cells.16 Conse-

quently, MAPK7 emerges as a highly promising biological target with

the potential to address malignancies by impeding the pathways impli-

cated in tumor progression.15 Within this framework, the inhibition of

MAPK7 signifies a promising avenue for pharmacotherapy aimed at

developing novel anti-proliferative therapeutics against cancer.17

However, a few inhibitors of MAPK7 are reported, such as

BIX02188, BIX02189,18 PD98059, and U0126.19,20 They can inhibit

MAPK7 by inhibiting its potent activator, namely, MAP2K5. The sup-

pressing activity of these inhibitors depends upon their amount of

consumption, where a higher concentration can effectively block the

activation of MAPK7 via MAP2K5/ERK1/ERK2 pathways for a longer

duration. XMD8-92 is another inhibitor of MAPK7 that can suppress

the activity of MAPK7 via epidermal growth factor (EGF) by blocking

the autophosphorylation event in the C-terminal domain.21 Still, novel

inhibitors with high specificity and efficacy are required to suppress

cancer by blocking the signaling pathways associated with MAPK7's

elevated expression.

With the development and advancement of modern science,

structure-based virtual screening has become an efficient computa-

tional approach to drug discovery with excellent potential and speci-

ficity.22,23 This drug discovery pipeline incorporates various

bioinformatics approaches, which are very cost-effective and sustain-

able.24 The complete pipeline revolves around the purely computer-

based screening of a vast library of compounds to identify potent

drug-like candidates with excellent binding properties.25 In this study,

the X-ray crystal structure of MAPK7 was utilized as a framework to

identify its potential inhibitors. A library of �90,000 bioactive com-

pounds was extracted from the ZINC12 database (https://zinc12.

docking.org/), and subsequently, 32,901 compounds were refined

based on zero violation of Lipinski's rule of five.26 These 32,901 com-

pounds were docked with the Protein Data Bank (PDB) structure of

MAPK7 using InstaDock, and the best 30 hits were generated based

on high binding affinity. In addition, extensive screening was con-

ducted on the characteristics of physicochemical and ADMET (absorp-

tion, distribution, metabolism, excretion, and toxicity). Consequently,

the two most promising candidates, namely ZINC12296700 and

ZINC02123081, were selected for further investigation. Their interac-

tion mechanisms, encompassing hydrogen bonding, hydrophobic

interactions, and other factors, were analyzed. Subsequently, a com-

prehensive all-atom molecular dynamics (MD) simulation lasting

200 ns was performed to gain insights into the dynamics and stability

of the protein–ligand complex. To validate the findings, molecular

mechanics Poisson–Boltzmann surface area (MM-PBSA) analysis was

conducted.

2 | MATERIALS AND METHODS

2.1 | Computation and web resources

The virtual screening study was conducted using an HP workstation

running on the Windows 10 operating system. For the all-atom MD
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simulations, a Linux-based cluster was utilized. Several online

resources were utilized for the analysis and data retrieval, such as

UniProt,27 RCSB PDB,28 PubMed,29 SwissADME,30 PASS online

server,31 ADMETlab 2.0,32 and ZINC database.33 Additionally, various

bioinformatics standalone software were used, like PyMOL,34 Discov-

ery Studio (DS) visualizer, InstaDock,35 and XMGrace.36

2.2 | Receptor and ligand preparation

The X-ray crystal structure of human MAPK7 with a resolution of

1.65 Å was downloaded from RCSB PDB (PDB ID: 5BYZ). This PDB

structure has the highest resolution among all available crystal struc-

tures in the PDB. The protein structure was visualized in PyMOL, and

it was found that the structure contains no breaks or missing residues.

Water molecules and co-crystallized molecules were removed during

the preprocessing of the structure. ZINC database, a collection of nat-

urally occurring compounds, was used to identify the potential leads

against MAPK7. Lipinski's rule of five was implemented on the com-

pounds obtained from the ZINC database. Out of �90,000

compounds, a set of 32,901 compounds was filtered out by qualifying

Lipinski's criteria.37

2.3 | Molecular docking-based virtual screening

In the field of structural biology, molecular docking is a commonly

employed method for predicting the potential binding conforma-

tion between a receptor and a ligand.38 By utilizing multiple scoring

functions, the docking algorithm effectively explores and identifies

the optimized binding conformation, providing valuable insights

into the potential docking interactions.39 In this study, molecular

docking was utilized to predict the optimal binding conformation

and binding affinity of natural compounds with MAPK7. The blind

docking procedure was conducted using InstaDock, an automated

bioinformatics software specifically designed for high-throughput

virtual screening.35 The grid dimensions were set to blind search

space where ligands were free to move and search their favorable

binding sites on the protein. The search space was defined by cre-

ating a grid box with the following attribute values: X = 81, Y = 59,

Z = 77, centered at coordinates X = 7.704, Y = �33.743, and

Z = �6.632. The compounds were evaluated based on their binding

affinity scores using the built-in scoring function of InstaDock, and

hits were selected accordingly. Subsequently, interaction studies

were performed with the identified hits. The resulting docked con-

formers were further analyzed and visualized using PyMOL and DS

Visualizer. PyMOL was utilized to visualize the direct associations

and polar interactions between the ligands and MAPK7, specifically

focusing on those within a distance of less than 3.5 Å. The final

selection of compounds was based on the interaction analysis

results, which identified the residues of MAPK7 that significantly

contribute to the activation loop.

2.4 | Physicochemical properties of compounds

The physicochemical properties of a chemical compound are the fun-

damental aspects of the pharmacological formulation.40 A deep under-

standing of the physical as well as chemical nature of a compound is

one of the important criteria in choosing the relevant molecule as a

drug candidate. In the field of drug design and development, lead opti-

mization is one of the crucial stages in determining a significant thera-

peutic for diagnosis.41 The physicochemical attributes of a compound

can be better characterized by ADMET properties. The parent library

of �90,000 compounds was extracted from the ZINC database in

PDBQT format and subjected to multiple screening steps. The very

first step was filtering based on a drug-like property following Lipins-

ki's rule of five. After the docking process, the selected compounds

were further screened for PAINS filters using SwissADME (http://

www.swissadme.ch/index.php). Subsequently, the compounds with

PAINS patterns were deleted from the library because they have a

high tendency to cause off-target side effects, making them unfavor-

able candidates for drug development.42 Afterward, ADMET analysis

was out to select only those hits with good ADMET profiles. The

SMILES format of the obtained hits was generated using a DS Visual-

izer and further submitted to the ADMETlab 2.0 server to predict

their pharmacokinetic properties. The compounds selected in this fil-

ter exhibited excellent ADMET properties without any toxic patterns.

2.5 | Prediction of activity spectra of substances
analysis: Biological activity prediction

Prediction of activity spectra of substances (PASS) (http://www.

way2drug.com/passonline/predict.php) is an online computer pro-

gram that aims to predict the biochemical activity of chemical com-

pounds.31 It covers therapeutic properties such as mode of action,

toxicity, unfavorable consequences, interaction with enzymes

involved, and carriers with their impact on specific targets.31 The

PASS Online server takes only the molecular formula of the corre-

sponding compounds as an input to predict the anticipated biological

activity pattern for an endogenous drug-like substance.43,44 We

employed the PASS server to investigate the biological properties of

the selected compounds. PASS analysis facilitated the identification of

anti-cancer-relevant properties of the screened compounds against

MAPK7. The analysis was entirely based on well-trained data sets.43

In training datasets, “Pa” represents the compounds that belong to

the category of active compounds, and “Pi” represents the com-

pounds that belong to the category of inactive compounds. A more

significant result generally has a relatively high “Pa” value.

2.6 | Molecular dynamics simulations

MD simulation is a computational technique used to simulate the

behavior, dynamics, molecular geometry, and functionality of
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subatomic particles within a complex system comprising proteins and

ligands.45 It plays a crucial role in drug design and discovery, providing

valuable insights into the interactions and behaviors of molecules at

the atomic level.25 GROMACS simulation package was used to run

MD simulations on all atoms at a controlled temperature of 300 K.46

The entire simulation process was carried out using an HP Z840

machine. To calculate the forces between the two molecules, GRO-

ningen Molecular Simulation (GROMOS) 54A7 force field package

was utilized.47 Using the GROMOS package, we were able to model

the MAPK7 system in resting as well as in bound state with the

ligands, that is, ZINC12296700 and ZINC02123081.

PRODRG server was used to construct molecular topology for

compounds ZINC12296700 and ZINC02123081.48 Each system was

placed 10 Å apart from each side of a cube-shaped box. The model

was hydrated in the aquatic medium using the SPC216 model.49 A

required number of counterions were successfully added to maintain

the electrically balanced system. Steepest descent is an iterative

method employed to minimize the energy of all the systems.50 By

combining the isothermal-NVT and isobaric-NPT ensembles to posi-

tional constraints, we could attain a thermodynamically balanced

state. A 200 ns simulation was conducted for each system, and time-

dependent graphs were generated using GROMACS utilities.

2.7 | Principal component analysis

Principal component analysis (PCA) is a comprehensive methodology

used to analyze the conformational motion of proteins and their

dynamic behavior.51 PCA is utilized to discover amino acid residues'

folding dynamics and mobility. It is a statistical way of minimizing

dimensionality utilizing a covariance matrix.52 Dynamical analysis with

a strong consistency of compounds binding with MAPK7 was studied

using PCA on the generated simulated trajectory utilizing the inte-

grated essential dynamic approach, which involves the computation

of the covariance matrix.53 PCA exploits explicit diagonalization of the

Eigenvalues in the covariance matrix to resolve the conformational

profiling of MAPK7 and its docked complexes.54

2.8 | MM-PBSA calculation

To further evaluate the binding analysis of ZINC02123081 and

ZINC12296700 with MAPK7, the MM-PBSA method was used for the

free energy calculation of all the systems.55 The program calculates the

binding energy of the protein–ligand complex based on different binding

components. Various types of interactions, such as polar, non-polar,

bonded, and non-bounded, were considered during the analysis. In the

MM-PBSA method, the Poisson–Boltzmann concept was used to calcu-

late the solvation energy of polar components. However, the solvation

energy of non-polar components was calculated using the solvent-

accessible surface area (SASA) approach. The MMPBSA.py Python script

was used in this MM-PBSA calculation. The ensemble used to calculate

binding energy was computed from the trajectory of the MD simulation.

3 | RESULTS AND DISCUSSION

3.1 | Molecular docking-based virtual screening

Virtual screening is a modern computer-assisted approach to drug

discovery that entails screening a vast library of chemical com-

pounds against a specific target protein.25 The ZINC database, con-

sisting of �90,000 compounds, underwent filtration using Lipinski's

rule of five. As a result, 32,901 compounds were identified and

subsequently subjected to molecular docking with MAPK7 to iden-

tify potential high-affinity binding partners. The docking procedure

produced log and out files containing affinity scores and docked

conformers, respectively. Among the generated results, a total of

30 hits were selected based on their binding affinities and confor-

mations, ranging from �13.4 to �11.6 kcal/mol (Table 1). The

results showed that the selected compounds have a high potential

to bind with MAPK7, which can be explored further to discover

potential hits for drug development.

3.2 | ADMET properties of compounds

After the molecular docking analysis, the compounds underwent

PAINS analysis, where no compounds exhibited PAINS patterns. Fur-

ther, ADMET properties were analyzed to identify compounds that

fulfill the requirements. Online web servers SwissADME and ADME-

Tlab 2.0 were utilized to assess the ADMET properties. Among

30 compounds from the docking analysis, only two compounds

showed favorable ADMET properties without any toxic patterns

(Table S1). Table 2 presents the projected ADMET properties of the

finally selected hits, highlighting their compliance with drug-like fea-

tures and the absence of any toxic patterns. The study suggested that

the selected compounds possess favorable ADMET profiles, indicating

their potential utility in drug development projects.

3.3 | PASS analysis: Biological activity predictions

The PASS online server was used to investigate the biological charac-

teristics of substances based on their molecular composition. Depend-

ing upon the projected activity range, the screening of a potential

compound might be organized in the decreasing arrangement of Pa

and Pi; where Pa signifies the probability of being active, and Pi sig-

nifies the probability of being inactive. The bioactivity of the com-

pounds was predicted, keeping the cutoff value of Pa >0.7. The

compounds feature antitumor properties, including antineoplastic and

TP53 expression enhancers. After completing the PASS analysis, both

compounds succeeded in the pharmacokinetic assessment with anti-

neoplastic properties. The prediction was quite accurate when Pa > Pi

for the two selected compounds having cancer inhibitory roles with

Pa value extending from 0.675 to 0.934, as shown in Table 3. Conse-

quently, these compounds can be considered potential leads in anti-

cancer therapeutic development targeting MAPK7.
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3.4 | Interaction analysis

Interaction analysis of MAPK7 with the selected compounds

ZINC02123081 and ZINC12296700 was performed to explore their

binding pattern. We have generated up to nine docked conformations

for the compounds. The docked conformations showed their

preferential and alternative docking positions on MAPK7 with varying

affinity. For this analysis, we utilized a reference compound, 3-amino-

5-[(4-chlorophenyl)amino]-N-(propan-2-yl)-1H-1,2,4-triazole-1-car-

boxamide, with suitable docked conformers that efficiently bind with

the key residues present at the binding site of MAPK7. The binding

poses of the selected compounds specifically interacting with the

active site residues of MAPK7 were selected for the analysis.

ZINC02123081 and ZINC12296700 were discovered to preferentially

bind with MAPK7 involving several common residues such as Tyr66,

Val69, Ala82, Ile61, and Asp143, where the co-crystallized inhibitor of

MAPK7 interacts (PDB ID: 4QX). ZINC02123081 has strong hydrogen

bonding with MAPK7 at Tyr66 and Asn187, as well as multiple addi-

tional interactions with Val69, Ala82, Lys84, Ile115, Leu137, Asp143,

and Leu189. ZINC12296700 forms a hydrogen bond with MAPK7 at

Tyr66, Lys84, and Ser186. In addition to hydrogen bonding, various

other interactions were also formed, such as Tyr66, Val69, Ala82,

Lys84, Ile115, Leu137, Asp143, and Leu189 (Figure 1). Also, this anal-

ysis strongly indicates that the compounds ZINC02123081 and

ZINC12296700 have a greater affinity toward MAPK7.

The binding arrangement of ZINC02123081 and ZINC12296700

is shown in Figure 1. The binding of compounds ZINC02123081 and

ZINC12296700 with the active residues present in the binding pocket

of MAPK7 (Figure 1B). When the compounds come in proximity to

the MAPK7 catalytic site, they overlap in a variety of ways.

ZINC02123081 and ZINC12296700 bind to MAPK7 and block the

cavity, exhibiting complete complementarity (Figure 1C). The study

revealed that ZINC02123081 and ZINC12296700 exhibited a multi-

tude of strong interactions with the crucial residues of MAPK7. These

interactions significantly impacted the binding and stability of both

TABLE 2 Absorption, distribution, metabolism, excretion, and toxicity properties of the selected compounds.

Compound ID

Absorption Distribution Metabolism Excretion Toxicity

GI
absorption (%)

Water solubility
(log mol/L)

BBB
permeation

CYP2D6
inhibitor

OCT2
substrate

AMES/skin
sensitization

ZINC12296700 96.004 �5.431 �0.379 No No No

ZINC02123081 95.185 �4.693 �0.088 No No No

TABLE 3 Selected compounds and their biological properties
predicted through prediction of activity spectra of substances
webserver.

Compound ID Pa Pi Biological activity

ZINC12296700 0.780 0.014 Antineoplastic

0.745 0.016 HIF1A expression inhibitor

0.739 0.019 TP53 expression enhancer

0.713 0.005 Antineoplastic (breast cancer)

ZINC02123081 0.934 0.004 HIF1A expression inhibitor

0.815 0.010 TP53 expression enhancer

0.709 0.006 MMP9 expression inhibitor

0.675 0.017 Apoptosis agonist

TABLE 1 Selected hits and their binding affinity toward mitogen-
activated protein kinase 7.

No. Compound ID Affinity (kcal/mol)

1. ZINC08789996 �13.4

2. ZINC03845566 �13.4

3. ZINC08876663 �13.3

4. ZINC08791021 �12.7

5. ZINC08789994 �12.7

6. ZINC12902051 �12.6

7. ZINC08790427 �12.6

8. ZINC02159204 �12.6

9. ZINC12882558 �12.5

10. ZINC08876659 �12.5

11. ZINC08790760 �12.5

12. ZINC12878012 �12.4

13. ZINC08790429 �12.4

14. ZINC12902062 �12.3

15. ZINC12885846 �12.3

16. ZINC08877879 �12.3

17. ZINC03843427 �12.3

18. ZINC12866639 �12.1

19. ZINC02096806 �12.1

20. ZINC08918447 �12.0

21. ZINC04044233 �12.0

22. ZINC12296700 �11.9

23. ZINC04222674 �11.9

24. ZINC03846627 �11.9

25. ZINC02137525 �11.9

26. ZINC02120522 �11.8

27. ZINC02113936 �11.8

28. ZINC04235874 �11.7

29. ZINC02123081 �11.6

30. ZINC01123448 �11.6
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F IGURE 1 Structural representation of mitogen-activated protein kinase 7 (MAPK7) in complex with ZINC12296700 and ZINC02123081.
(A) Cartoon representation of MAPK7 with the selected compounds. (B) The close interaction of MAPK7 with ZINC02123081 (green) and
ZINC12296700 (yellow). (C) Surface representation of MAPK7 binding pocket occupied by the selected compounds.

F IGURE 2 2-Dimensional plot of compounds (A) ZINC02123081 and (B) ZINC12296700 with mitogen-activated protein kinase 7.

TABLE 4 List of selected hits with IUPAC name, chemical formula, and 2-dimensional structure.

Compound ID Compound name Molecular formula Structure

ZINC02123081 (2-(7-Hydroxy-2-oxochromen-4-yl)benzo[f]chromen-

3-one)

C22H12O5

ZINC12296700 (2S)-2-(4-hydroxy-3-methoxyphenyl)-5-methyl-

2,3,9,10,11,12-hexahydroisochromeno[3,4-h]

chromene-4,8-dione

C24H22O6
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compounds with MAPK7, ultimately impeding the accessibility of ATP

to MAPK7. This inhibition of ATP accessibility could lead to the sup-

pression of MAPK7 activity.

Further, the interaction mechanism of ZINC02123081 and

ZINC12296700 with MAPK7 was explored extensively. Using the DS

Visualizer, the 2D models were generated, including all possible interac-

tions of MAPK7 with ZINC02123081 and ZINC12296700 (Figure 2).

The 2D plot shows how the ATP binding site of MAPK7 interacts with

the compounds ZINC02123081 and ZINC12296700 (Figure 2A,B). Both

compounds interact with critical residues in MAPK7's ATP binding site,

that is, Lys84, and various other interactions with its kinase domain,

including Tyr66, Val69, Ala82, Lys84, Ile115, Leu137, Asp143, Leu189,

Asn187, and Ser186 to form a variety of interactions. According to the

interaction analysis, ZINC02123081 and ZINC12296700 bind to

MAPK7 at its critical sites with strong interaction. The selected hits and

their 2-dimensional structure and molecular composition are shown in

Table 4. Based on the interaction analysis, it is evident that

ZINC02123081 and ZINC12296700 bind strongly to critical sites on

MAPK7. These robust interactions influence the binding and stability of

both compounds in association with MAPK7, resulting in a notable

obstruction of ATP access to MAPK7. Consequently, this impediment in

ATP accessibility is likely to result in the suppression of MAPK7 activity.

3.5 | MD simulations

With the rapid progress in drug development science, MD simulation has

emerged as a crucial method to investigate the movement patterns of

proteins over specific timeframes.56,57 MD simulations assist in capturing

the overall changes induced by conformational changes, external pertur-

bation, complex formation, protein folding, and dynamics.58,59 Moreover,

it assists in exposing the core residues of a protein that establish some

stable interactions with ligands and their mode of interaction. MD simu-

lation of MAPK7 and the docked compounds ZINC02123081 and

ZINC12296700 were conducted in an extensive aqueous environment.

The simulation resulted in understanding the protein's structural dynam-

ics and stabilization of the complex formed by MAPK7 with

ZINC02123081 and ZINC12296700 in a time-dependent fashion. In a

200 ns MD simulation, MAPK7 complex with the best conformers of

ZINC02123081 and ZINC12296700 in an optimum orientation were

produced and exploited. The period of evaluation of numerous structural

responses was tracked and assessed to better understand the behavior

of MAPK7 before and after ZINC02123081 and ZINC12296700 interac-

tion. The complete MD simulation trajectory and analysis were recorded

and depicted in the form of plots and graphs generated using the

XMGrace tool, as discussed in the ensuing sections.

3.5.1 | Structural deviations in MAPK7 and
compactness

In the realm of MD simulations, the root mean square deviation

(RMSD) serves as a useful metric for assessing the structural changes

that occur in a system over time.60 It enables the identification of spe-

cific regions within the structures that undergo evolution in compari-

son to their initial state.61 By measuring RMSD, we can gain valuable

insights into the extent of structural variation during a simulation.62,63

The RMSD analysis was employed to assess the fluctuations in the

backbone atoms of MAPK7. The time evolution plots of the protein

were used to visually represent the changes in the backbone of the

MAPK7-ZINC02123081 and MAPK7-ZINC12296700 complexes dur-

ing the MD simulation. A comprehensive graph was generated to illus-

trate the entire simulation trajectory, allowing for an examination of

the stability and consistency of the formed complexes. The binding

region of the protein is highly sensitive, with even small molecules

capable of inducing significant structural variations when they bind to

the catalytic binding site. To evaluate the stability of MAPK7 and its

complexes with ZINC02123081 and ZINC12296700, the simulation

session was monitored using a time versus RMSD graph. The binding

of these compounds to MAPK7 resulted in notable stability, as indi-

cated by consistent and minor variations in the backbone atoms. In

comparison to the free form of MAPK7, the ligand-bound states with

ZINC02123081 and ZINC12296700 exhibited reduced variations, as

depicted in the RMSD plot (Figure 3A). All three systems, namely

MAPK7, MAPK7-ZINC02123081, and MAPK7-ZINC12296700, dem-

onstrated equilibrium and stability throughout the entire 200 ns simu-

lation trajectory (Figure 3A).

The residues' flexibility and fluctuations, measured from their

mean positions, are determined by the root mean square fluctuation

(RMSF) scale. During the MD simulation, RMSF calculates the local

deviation of each amino acid residue. The average RMSF distribution

for all three systems was approximately 10 Å. The RMSF profiles of

MAPK7, MAPK7-ZINC02123081, and MAPK7-ZINC12296700

exhibit similarities, as depicted in Figure 3B. The analysis of RMSF

reveals that the compounds ZINC02123081 and ZINC12296700

effectively bind to the binding pocket of MAPK7, resulting in a stable

complex with minimal local variations in the amino acid residues. The

overall RMSF study focuses on the significant structural changes

induced in MAPK7 by the strong interaction of the compounds

ZINC02123081 and ZINC12296700.

3.5.2 | Compactness of MAPK7

The radius of gyration (Rg) is an important characteristic used to

assess the folding potential and density of a protein.64 It measures the

standard distance between the center of mass of a set of atoms and

the protein's axis. The Rg value of a protein undergoes changes in its

conformation when a ligand binds, providing insights into key features

of a protein–ligand complex, including folding dynamics, conforma-

tional stability, density, and three-dimensional structure. In this study,

Rg was employed to evaluate the compactness of MAPK7 in both its

free and ligand-bound states. The presence of ligands such as

ZINC02123081 and ZINC12296700 resulted in a consistently stable

conformation of MAPK7 throughout the MD simulation trajectory, as

evidenced by the Rg plot (Figure 4A). The structural dynamics and

ALHARBI ET AL. 7 of 14
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folding of MAPK7 remained stable despite the binding of

ZINC12296700 and ZINC02123081. The Rg values of MAPK7 were

evenly distributed before and after the binding of ZINC12296700 and

ZINC02123081, as illustrated in the plot (Figure 4A). A notably ele-

vated Rg value observed in the protein–ligand complex, particularly in

the case of MAPK7-ZINC02123081, suggests the occurrence of some

structural adaptations throughout the simulations. However, these

minor increases in Rg values do not significantly impact the overall

protein structure.

When a solvent comes into close proximity to a protein, it

engages in intimate interactions within a limited surface area defined

by the protein.65 This region of interaction is referred to as the

SASA.66 In conjunction with Rg, SASA is frequently employed to

investigate protein structure and folding mechanisms. The analysis of

SASA provides insights into the extent of protein folding and bonding.

In this study, the SASA of MAPK7 was examined both before and

after the binding of ZINC02123081 and ZINC12296700. Throughout

the simulation, no significant changes were observed in the SASA

F IGURE 3 Structural dynamics of mitogen-activated protein kinase 7 (MAPK7), MAPK7-ZINC02123081, and MAPK7-ZINC12296700
complexes. (A) Root mean square deviation (RMSD) plot of MAPK7 in free and complex form over 200 ns simulation. (B) Root mean square
fluctuation plot of MAPK7 in the free and bounded state obtained from 200 ns simulation trajectory. Black, red, and green represent MAPK7,
MAPK7-ZINC02123081, and MAPK7-ZINC12296700, respectively.

F IGURE 4 Compactness of mitogen-activated protein kinase 7 (MAPK7). (A) Rg values in Å for MAPK7 in free and ligand-bound state,
calculated after a 200 ns molecular dynamics (MD) simulation trajectory. (B) Solvent-accessible surface area (SASA) value of MAPK7 with respect
to time across Cα backbone in Å of all three systems across Cα backbone of all the three conditions calculated after 200 ns of MD trajectories.
Black, red, and green represent MAPK7, MAPK7-ZINC02123081, and MAPK7-ZINC12296700, respectively.
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values. The configuration of MAPK7 remained stable, possibly influ-

enced by the presence of ZINC02123081 and ZINC12296700

(Figure 4B). The results obtained from the SASA analysis were consis-

tent with the Rg pattern, supporting the study's overall findings.

3.6 | Dynamics of hydrogen bonds

Intramolecular hydrogen bonding plays a crucial role in maintaining pro-

teins' three-dimensional integrity and stability.67,68 To gain insights into

the density and structural modifications of MAPK7, the intramolecular

hydrogen interactions were examined before and after the binding of

ZINC12296700 and ZINC02123081. Hydrogen bonding plays a crucial

role in determining the packing and alignment of the protein's structure.

The system's overall stability was assessed through hydrogen bond anal-

ysis of MAPK7 in both its free and bound states, with a cutoff distance

of 3.5 Å. The number of hydrogen bonds formed within MAPK7 before

and after the interaction with ZINC12296700 and ZINC02123081 is

depicted in Figure 5. The graph illustrates that the hydrogen bonds

established within MAPK7 were stable and contributed to the protein's

structure and shape. As shown in Figure 5A, the intermolecular interac-

tions formed within MAPK7 remained stable, further emphasizing the

stability of the protein's internal structure.

Furthermore, a time evolution analysis of intermolecular hydro-

gen bonds was conducted to assess the overall stability of hydrogen

bonding between MAPK7 and the compounds ZINC02123081 and

ZINC12296700. This analysis provides insights into the stability of

the protein–ligand complexes over time. In the complexes formed

between ZINC02123081-MAPK7 and ZINC12296700-MAPK7, the

average number of hydrogen bonds formed remained stable through-

out the simulation (Figure 5B). This indicates that the intramolecular

bonds formed within the complexes play a regulatory role in maintain-

ing the complex's structure. Intermolecular hydrogen bonds suggest

that both ZINC02123081 and ZINC12296700 have remained firmly

anchored to their initial docking positions on MAPK7. These hydrogen

bonds serve as a stabilizing force, effectively keeping both compounds

securely within the MAPK7 binding site. Consequently, it suggests

that the compounds ZINC02123081 and ZINC12296700 are unlikely

to deviate from their native docking positions on MAPK7, further sup-

porting the stability of the complex.

3.7 | Secondary structure dynamics

The structure of a protein plays a crucial role in determining its function

and evolutionary relationships. The secondary structure, which includes

elements such as alpha-helices and beta-sheets, influences the flexibility

and folding mechanism of the polypeptide chain. These secondary struc-

tural arrangements contribute to the protein's overall three-dimensional

shape. Figure 6 illustrates the variations in the secondary structural com-

ponents of MAPK7 following the binding of ZINC02123081 and

ZINC12296700. The graph showcases the contribution of each amino

residue in generating the secondary structure throughout the experimen-

tal process. The observations indicate that the systems remained stable

during the entire 200 ns simulation period. The plots demonstrate that

the components of MAPK7's secondary structure were conserved in

both the free state and when bound to ZINC02123081 and

ZINC12296700 throughout the simulation. Table 5 provides insight into

the average number of residues participating in forming the secondary

structure. It was observed that the MAPK7-ZINC12296700 complex

exhibited a comparatively higher value of alpha-helix and beta-sheet

components when compared to the other two systems, namely

F IGURE 5 Hydrogen bond analysis. (A) Intramolecular hydrogen bonding in free mitogen-activated protein kinase 7 (MAPK7),
MAPK7-ZINC02123081, and MAPK7-ZINC12296700 complexes. (B) Intermolecular bond analysis of ZINC021123081-MAPK7 and

MAPK7-ZINC12296700 calculated after 200 ns molecular dynamics simulation.
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free MAPK7 and ZINC02123081-MAPK7. This suggests that the

MAPK7-ZINC12296700 complex is more compact and stable than the

other systems, highlighting its potential structural advantages.

3.8 | Principal component analysis

PCA is a powerful tool for simplifying and extracting meaningful infor-

mation from complex protein–ligand interaction data.69 In the study

of protein–ligand interactions, it is essential to understand how pro-

tein structures change upon ligand binding. PCA can help identify and

quantify these conformational changes by analyzing the principal

components that capture the largest variances in protein structure.70

The PCA in MD simulation offers a convenient method to determine

the movement patterns of a protein.51 By employing PCA, we can

effectively identify the principal modes of motion exhibited by the

protein during the simulation. This analysis provides valuable insights

into the protein's collective motions, conformational changes, and

F IGURE 6 Secondary structural analysis; (A) free mitogen-activated protein kinase 7 (MAPK7) enzyme; (B) ZINC021123081-MAPK7
complex; and (C) MAPK7-ZINC12296700 complex calculated after 200 ns of molecular dynamics trajectories.

TABLE 5 Percentage of residues
contributing to the secondary structure
of free mitogen-activated protein kinase
7 (MAPK7), ZINC021123081-MAPK7,
and MAPK7-ZINC12296700 complexes
calculated after 200 ns of molecular
dynamics trajectory.

System α Β 310-Helix Turn Bend Other

MAPK7 22 27 5 11 14 25

MAPK7-ZINC021123081 24 24 6 9 8 21

MAPK7-ZINC12296700 27 26 8 13 13 27

10 of 14 ALHARBI ET AL.
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dynamic behavior throughout the simulation. To assess the stability of

MAPK7, MAPK7-ZINC02123081, and MAPK7-ZINC12296700, a

dynamic approach utilizing PCA was employed. The conformational

sampling of the key region is depicted in Figure 7, where the projec-

tion is based on the Cα atoms of the systems. The graph illustrates

that the substructure of MAPK7 in the complex forms with

ZINC12296700 and ZINC02123081 deviates slightly yet shares the

same conformational domain as the unbound state. Figure 7 presents

the conformational changes of MAPK7 in all three forms: free

MAPK7, MAPK7-ZINC02123081, and ZINC12296700-MAPK7. The

projection is displayed using two eigenvectors of the covariance

matrix. When visualized in a two-dimensional plane, the protein's con-

formation deviates from its original orientation. There is a small devia-

tion with some overlap among all three systems, as depicted in

Figure 7. This enables us to explore the movement pattern of both

the bound and unbound states of MAPK7. Overall, the MD simula-

tions and essential dynamics of MAPK7 in complex with

ZINC12296700 and ZINC02123081 indicate that they remain stable

with minor structural deviations throughout the 200 ns simulations.

3.9 | Molecular mechanics/Poisson–Boltzmann
surface area

Precise estimation of the binding affinity of a ligand necessitates con-

sideration of various parameters, among which the solvent condition

holds paramount importance.71 However, the computational

molecular docking process did not consider the solvent condition. To

account for the solvent's influence and maintain its integrity, we uti-

lized the MM-PBSA approach based on the MD simulation trajectory.

We estimated the binding affinity of MAPK7-ZINC02123081 and

ZINC12296700-MAPK7 complexes using this method. Table 6 pre-

sents the binding energy of the complexes, considering various types

of interactions, including van der Waals, electronic, polar, non-polar,

solvation, bonded, and non-bonded interactions. The obtained data

revealed the Gibbs free energy of binding for the MAPK7-

ZINC02123081 and MAPK7-ZINC12296700 complexes to be �41.09

and�48.54 kcal/mol, respectively. These binding free energy values

clearly indicate that the MAPK7-ZINC12296700 complex is more stable

than the ZINC02123081-MAPK7 complex. The enthalpy of electrostatic

and van der Waals interactions exhibited a higher negative magnitude

compared to the enthalpy of non-polar interactions in both the

MAPK7-ZINC02123081 and ZINC12296700-MAPK7 complexes. This

suggests the presence of hydrogen bonds and ionic interactions between

MAPK7 and the compounds ZINC02123081 and ZINC12296700.

Consequently, this analysis confirms the stability of the MAPK7-

ZINC02123081 and MAPK7-ZINC12296700 complexes.

4 | CONCLUSIONS

This study highlights the druggable potential of MAPK7, which plays a

crucial role in the progression of various types of cancer. Through

a multi-tier virtual screening, we identified two natural compounds,

F IGURE 7 Principal component
analysis. The graph was constructed by
eigenvector 1 versus eigenvector 2 for
free mitogen-activated protein kinase
7 (MAPK7), MAPK7-ZINC02123081, and
MAPK7-ZINC12296700 after 200 ns of
molecular dynamics trajectories.

TABLE 6 MM/GBSA-based binding energy (in kcal/mol) profile of mitogen-activated protein kinase 7 (MAPK7) in complex with
ZINC02123081 and ZINC12296700.

Complex ΔEvdW ΔEele ΔGgas ΔGpolar ΔGnonpolar ΔGsol ΔGbind

MAPK7-ZINC02123081 �35.16 �52.24 �79.01 59.09 �7.14 51.95 �41.09

MAPK7-ZINC12296700 �41.02 �55.11 �81.00 64.27 �4.58 59.69 �48.54
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ZINC02123081 and ZINC12296700, as potent inhibitors of MAPK7.

These compounds interacted with key residues within the binding

pocket of MAPK7 and demonstrated cancer-inhibitory properties in

the PASS analysis. To validate their potential as lead molecules, we

performed all-atom MD simulations on MAPK7 in the presence of

ZINC02123081 and ZINC12296700. The MM-PBSA analysis further

confirmed the stability of the complexes and their significant binding

affinities. Computer-aided drug discovery method proves valuable in

identifying novel drug-like molecules from natural compounds. Over-

all, the results indicate that ZINC12296700 and ZINC02123081 pos-

sess considerable binding potential toward MAPK7, making them

promising candidates for further exploration in drug development tar-

geting cancer. While the study shows promise in identifying potential

inhibitors of MAPK7, it is crucial to acknowledge the limitations of

computational methods, the need for rigorous in vitro and in vivo vali-

dation, and the challenges associated with clinical translation. As we

move forward, additional research and clinical validation will be instru-

mental in further characterizing these compounds' efficacy and safety

profiles. Continued investigation may reveal novel insights into their

mechanisms of action, potential synergistic effects with existing thera-

pies, and applicability to specific cancer subtypes. With ongoing stud-

ies and experimentations, ZINC12296700 and ZINC02123081 may

find their place as valuable additions to the arsenal of therapeutic

development against cancer in the future.
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