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Abstract: Cancer remains a major challenge in the field of medicine, necessitating innovative therapeu-
tic strategies. Mitogen-activated protein kinase (MAPK) signaling pathways, particularly Extracellular
Signal-Regulated Kinase 1 and 2 (ERK1/2), play pivotal roles in cancer pathogenesis. Recently, ERK5
(also known as MAPKY?) has emerged as an attractive target due to its compensatory role in cancer
progression upon termination of ERK1 signaling. This study explores the potential of Compound
22ac, a novel small molecule inhibitor, to simultaneously target both ERK1 and ERKS in cancer
cells. Using molecular dynamics simulations, we investigate the binding affinity, conformational
dynamics, and stability of Compound 22ac when interacting with ERK1 and ERK5. Our results
indicate that Compound 22ac forms strong interactions with key residues in the ATP-binding pocket
of both ERK1 and ERKS5, effectively inhibiting their catalytic activity. Furthermore, the simulations
reveal subtle differences in the binding modes of Compound 22ac within the two kinases, shedding
light on the dual inhibitory mechanism. This research not only elucidates a structural mechanism
of action of Compound 22ac, but also highlights its potential as a promising therapeutic agent for
cancer treatment. The dual inhibition of ERK1 and ERK5 by Compound 22ac offers a novel approach
to disrupting the MAPK signaling cascade, thereby hindering cancer progression. These findings
may contribute to the development of targeted therapies that could improve the prognosis for
cancer patients.

Keywords: MAPK; cancer; catalytic activity; molecular dynamics; pathogenesis

1. Introduction

The intracellular communication within eukaryotic cells is orchestrated by an intricate
network of signaling pathways, which play a fundamental role in regulating various
cellular processes, including growth, differentiation, proliferation, and responses to external
stimuli [1-5]. Among the many intracellular signal transduction pathways in cancer
pathogenesis and tumorigenesis, mitogen-activated protein kinases (MAPKs) have been
shown to play a significant role due to their key contributions in the regulation of a wide
array of cell-mediated processes including cellular differentiation, mitosis, proliferation,
cellular responses to stress, metastases, angiogenesis, apoptosis, and senescence [6-11]. The
MAPK signaling cascade is a complex and highly conserved intracellular signaling pathway
found in eukaryotic cells. It plays a crucial role in transmitting extracellular signals to the
nucleus, where it regulates a wide range of cellular processes. The MAPK cellular signaling
cascade in eukaryotes has been categorized into four main groups, namely, the p38 MAPK
signaling cascade, the c-Jun amino-terminal (JNK) MAPK signaling cascade (also referred to
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as stress-activated protein kinases), the extracellular signal-regulated kinase 1 and 2 (ERK1
and ERK2) MAPK signaling cascade (also known as classical MAPK), and the extracellular
signal-regulated kinase 5 (ERK5) signaling cascade (also referred to as the big MAPK or
BMK1) [12-19].

Extracellular signal-regulated kinases (ERKSs) are ubiquitously expressed and are the
most studied MAPK families, mainly for their roles in pathological conditions, especially
cancer, osteoporosis, arthritis, and inflammation [20-22]. ERK classification includes the
“classical” group consisting of the serine-threonine kinases, ERK1 (p44 MAPK) and ERK2
(p42 MAPK), believed to share highly similar amino acid sequences [23]; the “atypical”
group consisting of ERK3, ERK4, ERK7, and ERK8 which, although possessing overlap-
ping sequence similarity with ERK1/2 follow upstream phosphorylation through mem-
bers of MAPKSs [23,24]; and the relatively unknown dual protein kinase-transcription
factor, ERK5 [24].

In the work of Wang et al., 2020 [25], the up-regulation and increased expression of
genes coding for both ERK1 and ERK5 were observed in some forms of cancer including
kidney renal clear cell carcinoma, liver hepatocellular carcinoma, cholangiocarcinoma,
and acute myeloid leukemia [26]. Considerably high domain similarity has been reported
for both ERK1 and ERKS5, notably at their ATP-binding sites, which would pre-empt
similarities in biological functions [27,28]. They are both activated by growth factors,
phosphorylate substrates like c-Myc and RSK, induce the similar early genes c-Jun and c-Fos,
and control cell proliferation and differentiation [29]. Other researchers have also identified
varying contributions either in terms of direct implication or mutation of chemotherapeutic
agents played by ERK1 and ERKS in colorectal cancer [30], breast cancer [31,32], prostate
cancer [33], lung cancer [34-36], GIT sarcoma [37], glioblastoma [38], and liver cancer [39].

While ERK1 has been shown experimentally to be a major oncogenic driver in intestinal
epithelial cells [40-44], both genetic deletion and clinical inhibition of the function of this
family of MAPK have revealed a supraphysiological expression of the activity of ERK5
(whose up-regulation has been documented in a wide array of diseases including various
forms of cancer [45-48]). This indicates that ERK5 could provide an alternative route for
the persistent pathological expression of ERK1-related endogenous functions [26]. It is,
therefore, hypothesized that drug discovery and drug developmental efforts geared toward
dual inhibition of both ERK1 and ERK5 may provide a novel and significantly improved
pharmacologic alternative to currently available MAPK inhibitors.

Although various selective inhibitors of the ERK1 proteins have been investigated
against some forms of cancer including BVD-523, GDC0994, and SCH772984, and XMD8-92
has been documented to be effective against the ERKS5 protein, none of these agents possess
an intrinsic capacity for dual activity against ERK1 and ERKS5, as stated in our hypothesis.
However, a novel compound, 2-(2-Chlorobenzamido)-6-((2-chlorophenyl)carbamothioyl)-
4,5,6,7-tetrahydrothieno [2,3-c]pyridine-3-carboxamide (Compound 22ac) (Figure 1), was
recently synthesized and identified as an ERK1/ERKS5 dual-inhibitor, where the inhibitor is
believed to possess the ability to bind to the ATP-competitive hinge binding site of both
proteins. In vitro experiments by Guan et al. in 2020 revealed that compound 22ac exhibits
effective anti-proliferative activity. Additionally, according to kinase inhibitory assays, the
IC50 values for ERK1 and ERK5 were determined to be 40.43 nM and 64.50 nM, respec-
tively [26]. These findings establish Compound 22ac as a potent dual inhibitor for both
ERK1 and ERKS5. The results from in vivo experiments demonstrated that administering
Compound 22ac orally at a dose of 50 mg/kg once daily for 16 days led to a significant
reduction in tumor volume in a xenograft mouse model involving HL-60 and MKN-74
cells, as reported by Guan et al. in 2020 [26]. In this study, we set out to investigate, and
subsequently provide atomistic insights into the mechanism of dual-target inhibition of
both ERK1 and ERK5 by Compound 22ac using a molecular dynamic simulation technique.
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Figure 1. The 2-dimensional structure of Compound 22ac using MarvinSketch version 6.3.0. Coloring
highlights the different elements in the structure.

2. Materials and Methods
2.1. System Preparation

The RCSB Protein Data Bank was assessed to retrieve X-ray crystal structures of
ERK1 and ERKS5 with the respective PDB codes of 4QTB and 4B99 [26]. The retrieved
structures were solved via X-ray diffraction at resolutions less than 3.0 A. The structures
were then prepared for molecular docking using the graphical user interface of UCSF
Chimera version 1.12, where all non-standard amino residues including water, ions, salts,
and native inhibitors were removed from the protein structures to reduce computational
cost [49]. The native inhibitors were used to define the active site region by highlighting
all amino acid residues that lie with 5 A from the compound. Additionally, the integrated
MODELLER plugin [50] in Chimera software was used to model and refine all missing
amino acid residues on both enzymes [51]. The 2D structure of Compound 22ac was
drawn on MarvinSketch version 6.3.0 [52] and optimized in a 3D format using Avogadro
software version 1.2.0 [53]. To serve as control molecules, the structures of SCH772984 and
XMD8-92, two known inhibitors specific to ERK1 and ERKS, respectively, were retrieved
from PubChem [54]. Subsequently, molecular docking was carried out for each enzyme
against Compound 22ac using AutoDock Vina version 1.1.2 [55], an integrated tool for
molecular docking on UCSF Chimera version 1.12 software [49]. The best binding score and
pose of Compound 22ac in the active site of each enzyme were selected as initial structures
of the molecular dynamics (MD) simulation. A total of six (6) systems were set up for MD
simulation, comprising the Unbound structures of ERK1 (apo) and ERKS5 (apo) and the
complex structures of ERK1-Compound 22a, ERK1-SCH772984, ERK5-Compound 22a, and
ERK5-XMD8-92.

2.2. Molecular Docking and Molecular Dynamics (MD) Simulations

The prepared systems were subjected to 200 ns MD simulations run via the graphic
processor unit (GPU) of AMBER18 with an integrated LEAP module and PMEMD en-
gine [56]. Using the ANTECHAMBER program, partial charges were generated for the
ligand with the use of general amber force field (gaff) bcc charge. With the AMBER force
fields, leaprc.gaff and leaprc.ff14SB, the ligands and proteins were parameterized, respec-
tively [57]. The pdb4amber script was used to protonate histidine at a constant pH in order
to automatically modify the protein before running the LEAP module. The LEAP module
added all missing atoms of hydrogen as well as the counter ions for neutralization, and
consequently, topology and coordinate files for the ligand, protein, and complex were gen-
erated [58]. Systems were made to solvate in cubic boxes filled with TIP3P water molecules
with box-sized 10 A [59]. With a restraint of 500 kcal/molA potential, 2500 steps of partial
minimization were achieved, and with 1000 steps, full minimization with no restraint was
then performed. Gradual heating from 0 to 300 k of the systems was carried out during
50 ps. Also, with Berendsen barostat, the systems were equilibrated at a temperature of
300 k and 1 bar pressure for 500 ps [60]. MD simulation was implemented for 200 ns in a
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1 fs time step, and the trajectories were saved in every 1 ps. Coordinates and trajectories
were generated and saved for further analysis with the aid of the PTRAJ and CPPTRA]
modules in AMBER18 [61]. Plots were obtained by Microcal Origin analysis software
version 6.0 [62], while both visual and structural analyses were performed using UCSF
Chimera version 1.12 [49]. Conformational dynamics such as the root mean square de-
viation (RMSD), root mean squared fluctuation (RMSF), and radius of gyration (RoG)
were analyzed.

2.3. Molecular Mechanics Generalized Born Surface Area (MM/GBSA)

Molecular Mechanics Generalized Born Surface Area was used to calculate the binding
free energy of the 22ac, SCH772984, and XMD8-92 complexes [63]. The energy estimate
helps to predict the affinity and binding strength of a small compound to the binding
pocket of a protein target. MM /GBSA is represented mathematically below:

AGping = Gcomplex - (Gligand + Greceptor)
Egas = Eele + Eint + Evaw
Gsol = Gpp + Gsa
Gsa = YSASA
Gsol = Gpp + YSASA

where Eg,s a summation of internal energy (Ejn), represents the energy at the gas phase,
while Eje and E, 4,y are electrostatic and van der Waals energies, respectively. G4 repre-
sents solvation-free energy, which is the summation of polar solvation (Gpg) and non-polar
solvation (Gga). Gsa is determined by SASA, the solvent-accessible surface area, by means
of a water probe radius of 1.4 A and a 0.0072 kcal/(mol-A2) surface tension constant (y).

3. Results
3.1. Characterization of Inhibitors Using Online Predictive Databases

Absorption, distribution, metabolism, and excretion (ADME) highlight the physio-
logical processes that a drug undergoes in the body. ADME and toxicity assessments are
crucial steps in the drug development process. Understanding these processes is essential
for developing safe and effective drugs. The ADME characterization of Compound 22ac,
SCH-772984, and XMD8-92 was predicted via the SWISSADME database. SWISSADME is a
website developed by the Swiss Institute of Bioinformatics to predict the pharmacokinetics,
drug-likeness, and chemistry-friendliness of small molecules. As shown in Table 1, the Lip-
inski rule of five was considered in assessing the drug-likeness of the selected compounds.
Also, the synthetic accessibility was predicted to highlight how easily each molecule can be
experimentally synthesized. The findings show the diverse properties among the selected
dual inhibitors of ERK1 and ERKS5. The molecule of interest, Compound 22ac, had a molec-
ular weight (505.44 kg /mol) above the recommended standard (500 kg/mol) according to
the rule of five. Similarly, SCH-772984 showed a higher molecular weight (587.67 kg/mol)
above the standard of the rule of five. XMD8-92, on the other hand, complied with the
rule of five. However, all compounds show moderate solubility in water and have good
lipophilic properties, highlighting their ability to permeate the lipid membrane as well as
dissolve in fatty acids and oils. Additionally, the synthetic accessibility score indicated that
XMD8-92 can be easily synthesized, followed by Compound 22ac and then SCH-772984.
This parameter is determined by a scale ranging from 1 (very easy to synthesize) to 10 (very
difficult to synthesize) [64]. Also, the compounds were assessed to determine whether they
were inhibitors or substrates of P-glycoprotein, which has an excretory role. SCH-772984
and XMD8-92 were predicted to be substrates of the P-gp enzymes, while Compound 22ac
was identified as not being a substrate of the P-gp enzyme. Conversely, SCH-772984 and
Compound 22ac were predicted to be inhibitors of CYP34A, while the result indicated that
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XMD8-92 was not a CYP3A4 inhibitor. These findings highlight the metabolic properties of
these ERK inhibitors.

Table 1. ADME and toxicity assessment of inhibitors of ERK1 and ERK5.

Property Compound
SCH-772984 XMDs8-92 Compound 22ac
Molecular weight 587.67 474,55 505.44
g/mol
H-bond donors 2 2 2
H-bond acceptors 7 5 3
Lipophilicity (ILOGP) 2.62 3.95 3.09
Solubility (ESOL) Moderate Moderate Moderate
GI absorption High High Low
Synthetic accessibility 4.38 3.63 3.65
Lipinski rule Yes, two violations No Yes, one violation
P-gp substrate Yes Yes No
CYP1A2 inhibitor No No No
CYP2C19 inhibitor Yes Yes Yes
CYP2C9 inhibitor Yes Yes Yes
CYP2D6 inhibitor Yes Yes No
CYP3A4 inhibitor Yes No Yes
LD50 (mg/Kg) 419 1500 1200
Toxicity class 4 4 4
Hepatotoxicity Inactive Inactive Inactive
Immunotoxicity Active Active Inactive
Mutagenicity Inactive Inactive Inactive
Cytotoxicity Active Active Inactive
Carcinogenicity Active Inactive Inactive

The toxicity prediction shows that all inhibitors were in toxicity class four (4), in-
dicative of less toxicity when swallowed. SCH-772984 was active toward endpoints like
immunotoxicity, cytotoxicity, and carcinogenicity, indicating that when administered above
the lethal dosage, it may be toxic toward these endpoints. XMD was also active toward
endpoints like immunotoxicity and carcinogenicity. Compound 22ac did not show any
toxic effects toward any of the selected endpoints.

3.2. Structural Similarity in ERK1 and ERK5 Surrounding Dual Targeting by Compound 22ac

ERK1 and ERKS5, two members of the extracellular signal-regulated kinase (ERK) fam-
ily, show structural and functional similarities. These kinases share a distinct resemblance,
with a sequence identity of approximately 44.47%. Furthermore, a closer examination of
their kinase domains reveals a sequence identity of approximately 66% within this critical
region. Both ERK1 and ERKS display a characteristic Thr-Glu-Tyr motif in their activation
loops, which serves as a pivotal site for dual phosphorylation [65]. This shared motif under-
scores their functional commonalities and the conservation of their activation mechanisms.
Also, they both house a conserved phosphate binding loop (P-loop) that is essential for
ATP binding, auto-phosphorylation, and substrate recognition, which are important for the
function of the ERK signaling cascade. There is also the DFG domain, which is critical for
regulating the kinase activation and deactivation states.

The substantial degree of sequence homology between ERK1 and ERK5 suggests a
strong likelihood of shared interactions with common ligands. It is a well-established
principle that structurally similar receptors are more likely to bind similar ligands. There-
fore, the notable sequence homology observed in these kinases not only highlights their
evolutionary relationship but also implies a shared range of ligands or signaling partners.
This convergence in sequence and functional motifs further underscores the significance
of ERK1 and ERKS in mediating cellular responses to various extracellular signals, mak-
ing them key players in signal transduction pathways. The structural alignment of the
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two proteins after molecular docking with Compound 22ac show the following conserved
residues at the active site: Ile61-Gly67, Val69, Ala82, Lys84, Glu102, Ile115, Leul37-Asp143,
His145, GIn146, Lys184, Ser186, Asn187, Leul89, Gly199, and Asp200 of the ERKS5 structure,
while the implicated residues in the ERK1 protein include: I1e48-Gly51, Tyr53, Val56, Ser57,
Ala69, Lys71, Ile73, Glu88, Ile101, Glu122-Lys131, Lys168, Ser170, Asn171, Leul73, Cys183,
and Asp184, as shown Figure 2.

P-loop Hinge

42 61 78 94 123 136 184 186
ERK1 YTQLQYIGEGAYGMVSSAYD HQTYCQRTLREIQILLR DLMETDLYKLLKSQ DFG

ERKS YEIIETIGNGAYGVVSSARR VVTNAKRTLRELKILKH DLMESDLHQIIHSS DFG
s5 74 92 108 138 151 200 202

Figure 2. Structural comparison of ERK and ERK5 showing identical residues and important domains
that highlight enzyme activity.

3.3. Structural Stability of the Simulated Systems

Ligand binding can induce conformational changes in a protein, and these changes
can be influenced by artifacts in the simulation. Artifacts may stabilize or destabilize certain
protein conformations, leading to differences in the conformational dynamics observed
between the bound and unbound states. Protein stability is directly measured using the
root mean square deviation (RMSD) and the radius of gyration (RoG) of the C-o atoms of
the backbone. While a high RMSD value could directly be linked to an unstable system
that requires a longer simulation time, a low RMSD value consequently means that the
simulated system is relatively stable [66]. As shown in the Figure 3, the system was run for
a total simulation period of 200 ns, where the stability of the system was observed.

It can be seen from the plot of both the unbound and bound systems that the ligands
exhibited relatively stable conformation along the two receptors. In ERK1, the unbound
system had a mean value of 1.90 A, while the bound system in complex with Compound
22a, SCH-772984, and XMD8-92 had mean values of 1.40 A, 1.86 A, and 1.72 A, respectively.
Interestingly, a similar trend of stable systems was seen in the ERK5 system where the
unbound system had a mean value of 2.19 A, while the bound systems had mean values of
1.94 A, 2.30 A, and 2.40 A. The Compound 22a-bound systems showed the lowest RMSD
values in both ERK1 and ERKS5, highlighting it as slightly more stable on each enzyme as
compared with the other two reference inhibitors. RoG estimations show similar structural
compactness of the bound and unbound systems.
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Figure 3. Conformational analysis plot of whole system RMSD showing stability and atomistic
motions of (A) ERK1 and (B) ERK5. Also shown is the RoG plot, which estimates the relative
compactness of the systems for (C) ERK1 (D) ERKS. Systems are either unbound (APO) or complexed
with compound 22ac (red), SCH772984 (green), or XMD8-92 (blue).

RoG is one of the most important markers for unraveling a macromolecule’s structural
activity and indicates the changes in complex compactness. Therefore, the stability of apo
enzymes, Compound 22a, SCH-772984, and XMD8-92 in complex with EKR1 and ERK5
enzymes were also analyzed in terms of RoG over a 200 ns simulation time, as shown
in Figure 2. The average RoG in the ERK1 systems was found to be 21.47 A, 21.30 A,
21.32 A, and 21.57 A for the apo ERK1-, Compound 22a-, SCH-772984-, and XMD8-92-
bound complexes, respectively, indicating the active site of the protein does not induce
major conformational changes after binding the inhibitors. While in the ERKS systems,
the RoG was estimated to be 21.27 A, 21.42 A, 21.351 A, and 21.32 A for the apo ERK1-,
Compound 22a-, SCH-772984-, and XMD8-92-bound complexes, respectively, indicating a
similar conformational effect of inhibitors on ERKS5.

3.4. Impact of Compound 22ac, SCH-772984, and XMD8-92 on Structural Flexibility

Structural flexibility was analyzed by estimating the root mean square fluctuation
(RMSF) to give insights into the flexibility of the amino acid residues in the bound and
unbound protein structures. The RMSF can help to characterize and estimate the local
changes within the protein structure as a result of inhibitor binding during the simulation.
Therefore, the mean RMSF values of the simulated systems were calculated to observe the
change in structural flexibility of the protein during binding of the inhibitors to specific
residual positions. The mean RMSF values for the unbound and bound systems for ERK1
were 0.90 A, 091 A, 0.89 A, and 0.93 A for apo ERK1-, Compound 22a-, SCH-772984-, and
XMD8-92-bound complexes, respectively, while in ERKS5 system, the mean value for the
unbound and bound system were 1.31 A, 1.16 A, 1.07 A and 1.01 A for the apo ERKS-,
Compound 22a-, SCH-772984-, and XMD8-92-bound complexes, respectively. There were
minimal atomistic fluctuations at the hinge regions of both the ERK1 and ERK5 complexes.



Computation 2024, 12, 45

8 of 16

Front view—ERK1 Back view-ERK1

26-30 180-182  255-260 370-374

5.0 -

354
30

= 254

=
5
= 20

05

00

Similarly, there were no significant fluctuations in the P-loop region (Gly51-Gly54) of ERK1
or the ERKS5 loop regions (Gly64-Gly67). Notably, peak fluctuations were observed at
positions Gly51, Asn175, Tyr250, Met350, and Gly374 in the ERK1-bound systems including
the apo system as shown in Figure 4. Similarly, in the ERKS5 systems, peak fluctuation
regions were observed at Asp50-Arg75, Asp200-Trp226, and Met275-Gly315. We can
observe that during the simulation time, the amino acid residues of unbound ERK1 and
ERKS had similar structural motions as the inhibitor-bound systems, which indicates that
the inhibitors did not have a significant impact on the flexibility of the targets.

Front view-ERK5 Back view-ERKS5

1Y @@@

50-75 200-226  275-315

RMSF(A)

*?Wk At

Residue index Residue Index

Figure 4. Comparative RMSF plots showing the degree of residual fluctuations of the (A) ERK1 and
(B) ERKS proteins upon binding by Compound 22ac over the 200 ns MD simulation time. Also shown
are the peak regions of the fluctuations in the protein structure during the simulation.

3.5. Binding Free Energy Calculation and Per-Residue Energy Contributions of Compound 22ac,
SCH-772984, and XMD8-923

Binding Free Energy Calculations for Both Ligand—-Protein Complexes

The molecular dynamics trajectories obtained from the protein-ligand complexes
of ERK1 and ERKS5 bound to Compound 22ac, SCH-772984, and XMD8-92 were used to
calculate binding free energy using the Poisson-Boltzmann (PB) implicit solvent method
based on solvent accessible surface area (SASA) [63]. The MM /GBSA method is widely
used in a range of applications including protein—protein interactions, conformational
stability of ligand—protein complexes, and in re-scoring [67]. A total of 200 snapshots were
extracted at equal intervals from the equilibrated time frame of 100 ns—200 ns of the MD
trajectories for binding energy estimation. The different energy terms linked with binding
free energies are tabulated in Table 2.

The findings show that the protein-ligand complexes had high negative free energy
values, indicative of optimal binding of all three ligands to the target enzymes. The
combined estimated energies ranged from —34.53 kcal/mol to —61.12 kcal/mol for all
complexes. SCH-772984 bound the strongest (—61.12 kcal/mol) to the ERK1 enzyme as
compared with Compound 22ac, which showed the least binding energy (—34.53 kcal /mol)
toward ERK1. Similarly, in the ERK5-bound systems, Compound 22ac showed a slightly
higher binding free energy as compared with the specific ERK5 inhibitor XMD8-92, as
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shown in Table 2. Compound 22ac was shown to slightly bind favorably toward ERK5
(—35.53 kcal/mol) in contrast to its binding toward ERK1. Overall, Compound 22ac
displayed good affinity and the capability to have considerable activity at the ATP hinge-
binding sites of both enzymes, and this may therefore explain its dual-inhibitory potential
against the target enzymes. Despite the high unfavorable polar solvation energy displayed
across all the protein-ligand complex systems, the relatively high van der Waals forces
(AEypw), electrostatic energy (AE), and gas phase (AEgas) ensured that the total binding
free energy for the protein-ligand complex remained favorable. The van der Waals forces
(AEypw), electrostatic energy (AEeje), and gas phase (AEgas) were thus the favorable energy
terms that contributed to the favorable binding of the dual inhibitors for both enzymes.

Table 2. Binding free energy calculation of inhibitors against the ERK1 and ERK5 enzymes.

Complex AEele AEvdW AEgas AESOI AEbind
Energy Contributions (kcal/mol)

ERK1-Compound 22a  —20.38 + 0.36 —44.02 +£0.26 —64.40 + 0.47 29.88 4+ 0.28 —34.53 + 0.32

ERK5-Compound 22a  —35.41 4 0.36 —46.64 + 0.36 —82.05 + 0.88 46.51 +0.72 —35.53 + 0.42

ERK1-SCH —107.90 + 1.19 —58.19 + 0.36 —166.09 + 1.17 104.97 + 1.18 —61.12 + 046

ERK5-XMD —10.81 £+ 0.58 —48.06 + 0.44 —58.87 + 0.80 23.78 4+ 0.57 —35.09 + 0.44

AE, = electrostatic energy; AE,qw. = van der Waals energy; AEg,s = gas phase free energy; AEgo. = solvation
free energy; AEping = total binding free energy.

3.6. Per-Residue Energy Contributions of the ERK1-Compound 22a and ERK5-Compound
22a Complexes

To gain further insights into the binding energetics of the simulated systems, the per
residue energy decomposition technique was used. Per-residue energy decomposition is a
computational method for analyzing the contributions of individual amino acid residues
or other components to the overall energy of a molecular system. This technique is par-
ticularly valuable for understanding the molecular interactions and energetics driving
protein-ligand binding. To this effect, residual energy contributions as well as interactions
were calculated via the MM/GBSA method and ligplus software (version 2.2) respectively,
to identify crucial amino acids that play an important role in the binding of the inhibitors.
This calculation considers various energy terms, such as van der Waals interactions, elec-
trostatic interactions, hydrogen bonding, and solvation energies, which contribute to the
overall energy of the system. Compound 22ac was observed to bind to the following high-
energy contributing amino acid residues in the active site of ERK1: Tyr53, Val56, Lys168,
Ser170, Leul73, and Asp184, as shown in Figure 5. Val56 was also noted to form a hydrogen
bond interaction in addition to its high energy contribution toward the final binding energy
of the complex. Also, Ile61, Val69, Ser142, Leul89, Lys84, and Glu141 residues were identi-
fied as the high-energy contributing residues in the ERK5_Compound 22a complex system,
with Lys84 and Glul41 forming hydrogen bonds with Compound 22a. Similarly, impor-
tant residues contributing to the binding of SCH-772984 and XMD8-92 are highlighted
in Figure S1.
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(A) and ERKS5 (B) binding sites. Also shown are the significant protein-ligand interactions at the
binding site of both proteins.

3.7. Residual Hydrogen Bond Contributions before and after MD Simulation

We evaluated the binding interactions of the complex structure of Compound 22ac
against the two enzymes before and after MD simulation using snapshots. This analysis
was conducted to emphasize the influence of H-bonds on the interactions established
following the initial docking process, which only highlights the geometric fit of the ligand
to the activity of the enzymes and molecular dynamics (MD) simulations. As shown in
Figure 6, we discovered that the initial binding of Compound 22ac to ERK1 allows for at
least two hydrogen bond interactions per snapshot taken, with major H-bond contributions
from amino acid residues Glu50 and Asn171. These hydrogen bond interactions are mainly
formed through interactions of the aforementioned amino acid residues with the -NH2
functional group attached to the 2-amino-3-carboxamide-thieno scaffold. However, other
residues such as Ala69, Val56, Leul73, Asp128, and Lys131 also formed other interactions
such as Pi-alkyl, Pi-sulfur, and alkyl interactions, as shown in Figure 5A. Comparatively,
after simulation, only one H-bond was observed with Lys168 and an oxygen atom located
at the 2-amino-3-carboxamide-thieno scaffold, although other interactions were observed
with residues in the ATP hinge-binding domain.

Similarly, in the binding of Compound 22ac to ERKS5, one (1) initial H-bond was
observed with Asp200 at the ortho-chlorophenyl-thiourea moiety, as shown in Figure 5B,
whereas after MD simulation, three H-bonds were formed with ASP138, Glul41, and
Lys84 on the -NH2 functional group attached on the 2-amino-3-carboxamide-thieno scaf-
fold and oxygen atom. Other interactions were also noted with key residues in the ATP
hinge-binding domain. The different ligand orientations to achieve stability through dy-
namical simulation timeframes allowed for H-bond contributions from different residues
on the ATP hinge region. In the process, initial interactions may be maintained or lost
or new interactions may be formed during this conformational shift to attain stability.
Hence, the additional H-bond interactions formed in the ERK5 complex and the loss
of one H-bond interaction in the ERK1 complex. This possibly explains why the to-



Computation 2024, 12, 45

11 of 16

tal energy contribution from ERKS5 toward the binding affinity was higher than that of
ERK1. This observation underscores the importance of H-bonding in the binding energy of
protein-ligand complexes.
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Figure 6. Snapshots showing H-bond interactions before and after MD simulation for the complex
structure of Compound 22ac bound to ERK1 and ERKS5. (A,B) depicting interactions before the
simulation whiles (C,D) highlights interactions after simulation.

4. Discussion

In this current report, the structural and mechanistic activities that potentiate the dual
inhibitory mechanism of Compound 22ac were highlighted using molecular dynamic simu-
lations. Compound 22ac together with the selective ERK1 and ERKS inhibitors SCH772984
and XMD8-92 were characterized using online predictive methods. The rule of five by
Lipinski was considered in characterizing the inhibitors. The slightly higher molecular
weight of Compound 22ac shows its violation of one descriptor of the rule of five, which is
consequently reflected in its low GI absorption, as predicted; however, optimization can
improve this parameter. All other parameters complied with the Lipinski standard, hence
identifying them as bioavailable and potential to be used as oral drugs.

Furthermore, the reference drugs SCH-772984 and XMD8-92 were predicted to be
substrates of the P-gp enzymes, implying they can be recognized and actively transported
by P-gp out of cells. Compound 22ac, on the other hand, was identified as not being a
substrate of the P-gp enzyme and hence, it may competitively or non-competitively bind to
P-gp, thus preventing it from actively transporting its substrates. The primary function of
CYP450 enzymes is to facilitate the biotransformation (metabolism) of drugs/compounds,
making them more water-soluble and easier for the body to eliminate [68]. CYP3A4 is
one of the most abundant and versatile CYP450 enzymes, which is responsible for metab-
olizing a significant proportion of drugs, including many commonly used medications.
It is also prone to drug—drug interactions as it can be induced or inhibited by various
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substances [69,70]. SCH-772984 and Compound 22ac were predicted to be inhibitors of
CYP34A and may thus inhibit or slow the activity of the CYP3A4 enzyme. Whereas XMD8-
92, which is not a CYP3A4 inhibitor, can easily be metabolized and eliminated from the
body by the enzyme. Additionally, the synthetic accessibility score indicated that XMD8-92
can be easily synthesized, followed by Compound 22ac and then SCH-772984. This param-
eter is determined by a scale ranging from 1 (very easy to synthesize) to 10 (very difficult to
synthesize) [64]. The toxicity assessment, as predicted using the Pro-Tox II server, classified
all the inhibitors in a toxicity class IV, indicative of being less harmful [71]. Furthermore,
Compound 22ac demonstrated an outstanding toxicity effect on the endpoints assessed by
showing inactivity when administered at a lethal dosage. The reference SCH-772984 and
XMDS8-92 appear to be immunotoxic, cytotoxic, and carcinogenic at their lethal dosages.
This variation in the predicted results for the inhibitors can be attributed to distinct struc-
tural features, where Compound 22ac comprises an ortho-chlorobenzamide (containing
amide group) and 2-amin-3-carboxamide-thieno (containing H-N group) as prominent
scaffolds/core structures, whereas SCH772984 and XMD8-92 have no distinct scaffolds but
have functional groups such as amide, carbonyl, chlorine, and alkyl groups [72-74].

Subsequently, the structural and molecular mechanism of the dual inhibitory activity
of Compound 22ac was analyzed using molecular dynamics simulations. The interactions
between the residues in the protein and its xenobiotic were shown to be highly important
in the role they play in biological functions. MD simulations help to determine motions
that occur in a protein-ligand complex over a period of time. All simulated inhibitors
stabilized the ERK enzymes, although the Compound 22ac-bound systems were the most
stable. As reported in many studies, a unique characteristic of ERK inhibitors is their ability
to stabilize the inactive state of a target, thus making it less likely to transition to an active
state [72,75,76]. Also, Compound 22ac was able to enact significant residual flexibility
on both enzymes, thereby inducing a conformational change. Some ERK inhibitors work
by inducing conformational changes in the kinase, which is a mechanism that results in
the kinase adopting an inactive conformation that is unable to phosphorylate substrates.
Overall, the analysis of the structural dynamics of the binding of Compound 22ac unveils
significant conformational changes that can hinder the kinase’s activity and prevent it
from phosphorylating its substrates, thereby disrupting the cellular signaling pathways in
which ERK1 and ERKS are involved. This disruption may have therapeutic applications,
particularly in the context of cancer or other diseases where aberrant ERK1/5 activity plays
arole.

We delved deeper into the thermodynamic binding mechanism of Compound 22ac
with a specific focus on understanding the residence times and the specific interactions
occurring between this compound and the ERK1 and ERK5 enzymes. Our investigation
revealed significant insights into the binding dynamics and the thermodynamic favorability
of these interactions, aligning with recent experimental findings.

Our computational analysis unveiled that the total free energy and interaction of
Compound 22ac in complex with ERK5 was highly favorable. In comparison, when
bound to the ERK1 complex, the total free energy was marginally lower, although it still
suggested a favorable binding affinity. This divergence in binding energies closely mimics
the experimental data reported by Guan et al., who conducted kinase inhibitory assays. In
their work, they determined the ICs( values for Compound 22ac against ERK1 and ERK5
to be 40.43 nM and 64.50 nM, respectively [26].

The observed discrepancy between the ICsg values of Compound 22ac for ERK1 and
ERKS5 and the corresponding free energy values may be attributed to the multifaceted
nature of binding interactions. While ICsy values summarize the effective concentration
of Compound 22ac required to inhibit the enzymatic activity by 50% [77], our free energy
calculations consider the thermodynamic factors governing binding, such as van der Waals
interactions, electrostatic forces, hydrogen bonding, and solvation contributions [78,79].
Hence, they provide a more detailed view of the energetic landscape of these interactions
elicited by Compound 22ac toward the two targets. Also, the minimal energy differences
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and the consistency in energy profiles across both ERK1 and ERK5 complexes hint at
the likelihood of Compound 22ac binding to conserved motifs of the two enzymes. This
hypothesis aligns with the principle of dual inhibition, where a single compound can
effectively modulate the activity of multiple enzymes or targets by leveraging shared
structural features [80].

Furthermore, when the free energy of Compound 22ac was compared to that of SCH-
772984 and XMD8-92, which are established as specific inhibitors for their respective targets,
the calculated free energy values were notably similar. This finding draws significant atten-
tion regarding the compound’s selectivity and its potential role as a versatile modulator in
the MAPK signaling pathway. Compound 22ac has been shown to reduce ERK1 and ERK5
activity by 93.5% and 89.4%, based on in vitro assays, respectively; inhibit proliferation of
HL-60 and MKN74 cancers; and reduce tumor growth and intratumor phosphorylation of
ERK1/2 and ERKS5 in an MKN74 mouse xenograft model [26]. Therefore, the findings from
this study complement experimental assays by providing novel insights into the molecular
mechanism of its dual inhibition via in silico means.

5. Conclusions

This report provides a comprehensive exploration of the structural and mechanistic
insights into the dual inhibition activity of Compound 22ac toward two pivotal enzymes,
ERK1 and ERKS, within the intricate MAPK signaling pathway. The discovery of this dual
inhibition mechanism offers valuable contributions to our understanding of molecular in-
teractions and drug design strategies. Understanding how Compound 22ac can effectively
modulate both ERK1 and ERKS5 simultaneously not only sheds light on the fundamental
biological processes underlying MAPK signaling but also holds promise for various thera-
peutic applications. This dual-inhibitor approach presents numerous advantages, ranging
from enhanced treatment efficacy to the potential mitigation of drug resistance, making it
a compelling avenue for drug development and precision medicine. As we delve deeper
into the intricacies of molecular mechanisms, the knowledge derived from this research
can pave the way for the design of more potent and selective therapeutic agents, offering
patients more efficient and tailored treatment options. This report exemplifies the ongo-
ing pursuit of innovative strategies in the field of pharmacology and molecular biology,
emphasizing the importance of dual inhibition as a versatile and promising approach to
addressing complex diseases and advancing the frontiers of medical science.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/computation12030045/s1, Figure S1: Per-residue energy contri-
butions (PRED) of the interacting backbone residues at ERK1 [A] and ERKS5 [B] binding sites against
SCH-772984 and XMD8-92. Also shown is the significant protein-ligand interactions at the binding
site of both proteins.
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