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Abstract

SARS-CoV-2 continues to evolve, leading to new variants that may diminish the
effectiveness of current treatments. It has undergone genetic mutations, including Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529). The
main protease (Mpro) is a key target for antiviral drug development, with various inhibitors
currently being investigated as potential COVID-19 treatments. The results of docking and
SMD analyses revealed that the binding energy, non-equilibrium work, and rupture force of
Ensitrelvir exhibit strong interactions with Mpro, particularly in the K90R mutation, where
the nonm-equilibrium work is 158.8 + 17.7 kcal.mol'. This finding aligns well with
experimental data, as indicated by the ICsy value, showing a correlation coefficient (R = -
0.9). Additionally, the docking results indicated that non-bonded interactions play a crucial
role in Ensitrelvir's inhibition of SARS-CoV-2.
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VOI MAIN PROTEASE CUA SARS-COV-2 VA CAC BIEN THE BANG
MO PHONG DONG LUC PHAN TU
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“Tac gid lién hé, Email: kmnhan@dthu.edu.vn
Lich su bai bao
Ngay nhdn: 19/02/2025; Ngay nhdn chinh swa: 15/4/2025; Ngay duyét dang: 24/4/2025
Tém tit
SARS-CoV-2 tiép tuc tién héa, dan dén xudt hién nhiéu bién thé méi cé thé lam giam
hiéu qua cua cac phuong phap diéu tri hién tai. Virus SARS-CoV-2 da trai qua cdc dot bién
di truyén, bao gom Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) va
Omicron (B.1.1.529). Main protease (Mpro) la mot thu thé quan trong trong viéc phat trién
thuoc k{zdng virus SARS-CoV-2, véi cdc chat vic che dang duoc nghién cieu nhu nhiing liéu
phap tiem nang cho COVID-19. Phan tich két qua docking va SMD cho thay nang hwong lién
két (AEbing), cong khéng cin bang ( Woun) va luc pha vo (Fuay) cua Ensitrelvir c6 tuong tac
manh voi Mpro, dac biét la trong dot bién K9OR, véi cong khong cdn bang dat 158.8 + 17.7
kcal.mol™. Ket qud nay hoan toan phii hop voi dir liéu thuc nghiém thong qua gia tri 1Cs,
thé hién hé sé tuwong quan (R = -0.9). Thém vao dd, két qua docking con chi ra rdang cdc

twong tac khéng lién két déng vai tro quan trong trong co ché e ché SARS-CoV-2 ciia
Ensitrelvir.

Twr khoa: Ensitrelvir, Mpro, Phuwong phap docking, Phwong phap SMD, SARS-CoV-2.
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1. Introduction

As of February 2, 2025, the global SARS-CoV-2 situation has been mostly under
control due to extensive vaccination efforts and effective public health measures. However,
the virus continues to evolve, resulting in new variants that may reduce the effectiveness of
current treatments (Davies et al., 2021; Faria et al., 2021). SARS-CoV-2 is a positive-sense
single-stranded RNA virus that is transmissible among humans. SARS-CoV-2 has undergone
genetic mutations, leading to changes in the virus's structure or behavior. These variants can
affect the transmission rate, disease severity, or the effectiveness of treatments and vaccines
(Walensky et al., 2021). The World Health Organization (WHO) has declared five variants
of concern (VOCs): Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and
Omicron (B.1.1.529).

The main protease (Mpro), also known as 3-chymotrypsin-like protease (3CLpro), is a
crucial enzyme in the replication cycle of coronaviruses, including SARS-CoV-2. It plays a
key role in processing the viral polyproteins into functional proteins necessary for viral
replication. Because of its essential role in the viral life cycle (Mondal et al., 2022), 3CLpro
has been identified as a potential target for antiviral drug development, with inhibitors being
explored as possible treatments for COVID-19 (Owen et al., 2021).

There are thousands of variants of SARS-CoV-2, with each variant carrying mutations
in the 3CLpro at different frequencies. These mutations are specific to the Alpha, Beta,
Gamma, Lambda, and Omicron variants. Specifically, Alpha (B.1.1.7), Beta (B.1.351),
Gamma (P.1) variants exhibit the K90R (M. Lin et al., 2023) substitution, Lambda has the
G15S (M. Lin et al., 2023) substitution, and Omicron (B.1.1.529) features the P132H (C. Lin
et al., 2023) substitution. It remains uncertain whether these changes in 3CLpro across
various SARS-CoV-2 variants will influence the structure of the reaction pocket, potentially
affecting the efficacy of current compounds targeting 3CLpro. Several studies have explored
the inhibitory potential of Ensitrelvir—a non-covalent, non-peptidic oral inhibitor - against
both the wild-type main protease (3CLpro) of SARS-CoV-2 and its variants (Kawashima et
al., 2023; C. Lin et al., 2023; M. Lin et al., 2023; Unoh et al., 2022). In particular, the study
by Lin et al. conducted quantitative analyses and showed that Ensitrelvir exhibits strong
inhibitory activity against the wild-type 3CLpro enzyme as well as the variants carrying the
P132H, GI15S, and K90R mutations. The corresponding half-maximal inhibitory
concentrations (ICsq) were determined to be 0.049 uM, 0.050 pM, 0.048 pM, and 0.048 uM,
respectively, indicating the promising potential of Ensitrelvir in the treatment of COVID-19
caused by different SARS-CoV-2 variants.

Ensitrelvir is the first orally administered inhibitor of the SARS-CoV-2 main protease
(Mpro) that is both non-covalent and non-peptide. It recently received emergency regulatory
approval in Japan. In Vietnam, molecular docking and Steered Molecular Dynamics (SMD)
have been increasingly applied in antiviral drug screening and molecular mechanism of
Ensitrelvir with the SARS-CoV-2 main protease (Huynh et al., 2024), the growing relevance
of computational approaches. These studies offer a broader regional context for evaluating
our findings (Ngo et al., 2020; Quan et al., 2020).

In this study, the docking and Steered Molecular Dynamics simulations were
combined to investigate the interaction mechanism of Ensitrelvir with the SARS-CoV-2
main protease and its variants. The SMD results revealed that Ensitrelvir binds strongly to
targets consistent with experimental observations. Specifically, the correlation between non-
equilibrium work (W,.;) and experimental ICso values was R = -0.8, while the correlation
between rupture force (Fiuax) and ICso values was R = -0.9, indicating excellent agreement
between simulation and experimental data.
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2. Material and methods
2.1. The targets and Ensitrelvir

The molecular structures and binding sites of targets with Ensitrelvir were obtained
from the Protein Data Bank (PDB) the following with IDs: SHBK (WT-Ensitrelvir) (Duan
et al., 2023), SHUX (P132H-Ensitrelvir) (Duan et al., 2023), 8INX (G15S-Ensitrelvir), and
8INY (K90R-Ensitrelvir) (Duan et al., 2023). The 3D structures of these targets are shown in
Figure 1, in which the spheres represent the corresponding mutation sites of the variants.

K90R

Y

Doma‘gn I11 Dorgain IT Domain |

Figure 1. 3D structure of WT (Mpro) and targets with position mutations

Ensitrelvir has synonyms as 2647530-73-0, S-217622, PX665RAA3H... In this paper,
ensitrelvir is a compound with CID number 162533924 and chemical formula
C2H7CIF3NyO,. The molecular structure of Ensitrelvir and its properties are downloaded
from the PubChem database (Kim et al., 2025; Sayers et al., 2025). Some properties of
Ensitrelvir are shown (Huynh et al., 2024).

2.2. Methods
2.2.1. Docking method

The target molecules will be docked with Ensitrelvir using AutoDock Tool 1.5.4
(Morris et al., 2009; Trott & Olson, 2010). The PDB files: Ensitrelvir, Mpro, K90R, P132H,
G15S were converted to PDBQT files by prepare ligand4.py for ligand, and
prepare receptord.py for receptor. The ligand docking simulation with the targets was
performed by AutoDock Vina version 1.1.2 (Trott & Olson, 2010). To simulate the binding
process between the Ensitrelvir and the receptors, we first need to determine the center of the
ligand and the size of the box, ensuring that the box size fully encompasses the ligand and
the intended binding site. To optimize the selection of the binding site, the exhaustiveness
index was set to 400. AutoDock and AutoDock Vina are widely used molecular docking
tools validated by numerous studies, with demonstrated accuracy in predicting ligand
binding poses (Morris et al., 2009; Trott & Olson, 2010), which are 23,433 and 34,438
citations, respectively.

In AutoDock Vina version 1.1, the dynamics of the ligand's atoms are neglected, and
ligand flexibility is approximated during the docking process. The center of the ligand varies
for each receptor and is specified in Table 1.
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Table 1. The center and size of box

Center Box size (A)
x=-21.75 x = 25.00
WT y=-11.26 y = 25.00
z= 2.66 z= 25.00
x =-18.04 x = 25.00
P132H y=-12.82 y= 25.00
z= 4739 z= 25.00
x=-21.71 x = 25.00
G15S y=-11.22 y = 25.00
z= 2.75 z= 25.00
x=-20.71 x = 25.00
K90R y=-10.24 y= 25.00
z= 2.00 z= 25.00

2.2.2. Measures used in data analysis

Non-bonded interactions between the ligand and receptor residues occur when their
centers of mass are separated by less than 0.65 nm. A hydrogen bond (HB) is established
when the H-A distance is below 0.27 nm, and the angle D-H-A is greater than 135 degrees,
the distance between the donor (D) and acceptor (A) is less than 0.35 nm (Thai et al., 2017).

2.2.3. Steered molecular dynamics

The Steered Molecular Dynamics (SMD) method is widely applied to study the
mechanical unfolding of biomolecules with 1,253 citations (Isralewitz et al., 2001; Kumar &
Li, 2010), and the directional detachment of ligands from receptors (Grubmiiller et al.,
1996). This approach employs a pulling force along a defined direction to determine the
most efficient pathway for ligand dissociation. Specifically, the MSH (Minimal Steric
Hindrance) method (Vuong et al., 2015) exerts a constant pulling velocity v on a dummy
atom, with the applied force given by F = k(Az — vt), where Az denotes the displacement
of the pulled atom from its initial position. Furthermore, a harmonic potential with a spring
constant of 1000 kJ.nm™'.mol"! was enforced on the C-alpha atoms to preserve the structural
integrity of the target (Thai et al., 2017).

In this study, the pulling rate is set at 0.005 nm.ps™!, with a pulling constant of 600
kJ.nm™.mol"". The pulling force is applied on the center of mass of Ensitrelvir along the z-axis.
Within the SMD approach, the maximum force (F.) recorded in the force-extension or non-
equilibrium work W, as an indicator of binding affinity. A greater W,.; signifies a stronger
interaction between the ligand and its target (Thai et al., 2017). W, is defined as follows:

Xmax , __,
Wpull = J. F.dx
0

N. (Fiy1+ Fi)
~ letep%(xiﬂ - xp), (1)
where Nye, 1s the total number of steps used in simulation. Thus instead of integral the
summation by the trapezoidal rule is used for estimating the non-equilibrium work
performed on the system.

All docking and SMD simulations were performed on two Linux-based computer
system with the following configurations: (1) OS: Ubuntu 22.04.1 LTS x86 64; Packages:
2025 (dpkg), 13 (snap); CPU: Intel 19-9900K (16) @ 5.000GHz; GPU: NVIDIA GeForce
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RTX 2080 Ti; Memory: 2922MiB / 32033MiB. (2) OS: Ubuntu 22.04.5 LTS x86 64;
Packages: 2275 (dpkg), 13 (snap); CPU: Intel i9-11900K (16) @ 5.100GHz; GPU: NVIDIA
GeForce RTX 1060 6GB; Memory: 1263MiB / 31927MiB.

3. Results and discussion
3.1. Scoring using docking

The docking results of the Ensitrelvir with the Main protease and its mutations:
P132H, G15S, K90R, the obtained binding energies were respectively: -9.4 kcal.mol!, -10
kcal.mol™!, -9.5 kcal.mol”!, and -9.3 kcal.mol”!, which are nearly micromole (uM) of ICso
value. The results indicate that the compound Ensitrelvir binds strongly to the Main protease
and its mutations. Among them, the P132H mutation has the strongest binding, with the
lowest energy level of -10.0 kcal.mol! for the lowest ICsy value respectively. On average,
each docking simulation required approximately 5 minutes of computational time per ligand-
receptor complex.

Table 2. The binding energies were obtained by docking and calculated using the
formula AG,,, = RTIn(ICs)

Name AEbina IC50 (uM) AGexp
(kcal.mol™) (M. Lin et al., 2023) (kcal.mol™)

Main protease (8HBK) 94 0.049 + 0.001 -10.03

P132H (8HUX) -10.0 0.050 £ 0.001 -10.02

G15S (8INX) -9.5 0.049 + 0.002 -10.03

K90R (8INY) -9.3 0.048 +0.001 -10.05

From Figure 2, it showed that Ensitrelvir binds to pocket of the between domain I and
domain II for targets. This result is consistent with the experimental results and the binding
energies of the system are nearly as expected, as indicated in the Table 2.

WT P132H
,@ V\: J\\\" Qf
c‘\
g\( ,§
\/ f& /
™\ R L
o Xy
“I'., /N
Lo\
AWy s
</

Figure 2. The binding positions of Ensitrelvir with the Main protease of SARS-CoV-2
and its mutations

The experiments have shown that the G15S, K90R, and P132H mutations of SARS-
CoV-2 Mpro have very limited effects on the structure and enzymatic properties of Mpro. In
fact, the mutated positions 15 and 90 are amino acids located in domain I of Mpro, while the
mutated position 132 is an amino acid in domain II. These positions are far from the
substrate pocket, which is why the structure of the substrate pocket of Mpro is not affected
by these mutations. This also explains why the binding energies of the Ensitrelvir ligand with
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the P132H, G15S, and K90R receptors does not differ significantly from that of Mpro (M.
Lin et al., 2023).

From the in vitro experimental research conducted by Lin and colleagues (M. Lin et
al., 2023), the ICso values of the Ensitrelvir ligand interacting with Mpro and its mutations
are presented in Table 2. Using these ICso values, the estimated binding energy variation
between Mpro and its mutations with Ensitrelvir can be calculated using the formula
AG.y, = RTIn(ICsp), where gas constant R = 1.987 x 102 kcal.mol!, ICso is measured in
mol (M), and T =300 K.

The AG.x, values and the binding energy values obtained from the docking method in
Table 3 demonstrate a strong consistency. This indicates that Ensitrelvir can effectively
inhibit SARS-CoV-2 Mpro and its mutations.

3.2. The binding energy and hydrogen bonding play a minor role

The simulation results show the binding energies of the Ensitrelvir with receptors,
including Mpro, G15S, K90R, and P132H, as presented in Table 2. To better, understand the
interaction between the Mpro receptor of SARS-CoV-2 and its mutations with the ligand
Ensitrelvir. Figure 3 illustrates the types of bonds involved in the complex formation, which
includes two main types: hydrogen bonds and Van der Waals interactions (non-bonded
contacts). Blue lines represent hydrogen bonds, while red lines represent non-bonded
contacts. These diagrams were generated using LigPlot+ version 2.2.8 (Wallace et al., 1995).

The binding energy between Ensitrelvir and the Mpro of SARS-CoV-2 is -94
kcal.mol! (Table 2), with 18 interactions, including 5 hydrogen bonds and 13 non-bonded
contacts. The five hydrogen bonds are formed by four amino acids: Glul66, Glyl43,
Cysl45, and Serl44, with Ser144 forming two bonds with the ligand. The amino acids
involved in non-bonded interactions between Mpro and Ensitrelvir are Thr26, His163,
Phel40, Leuld4l, Asnl42, Thr25, His164, His41, Metl65, His172, Serd6, Met49, and
Argl88.

For Mpro mutations, the binding energies of Ensitrelvir with P132H, G158S, and K90R
are -10 kcal.mol™!, -9.5 kcal.mol™!, and -9.3 kcal.mol™!, respectively, with the total number of
amino acids involved in binding being 15, 16, and 17. The number of hydrogen bonds for
each mutation is 4, 4, and 6, while the number of non-bonded interactions is 11, 12, and 11,
respectively.

The detailed list of amino acids involved in the bonding process is presented in Table
3. Based on Figure 3 and the Table 3 listing the amino acids involved in bond formation
during the binding process between Ensitrelvir and the Mpro receptors, as well as its
variants, the amino acids that form hydrogen bonds are Glul66, Gly143, Cys145, and
Ser144. Notably, in the case of Mpro, the amino acid Ser144, and in the K90R mutation, the
amino acid Cys145, each forms two hydrogen bonds with the ligand.

Non-bonded interactions: For the P132H mutation, 11 amino acids participate in
forming bonds with the Ensitrelvir ligand, including Thr24, and the remaining amino acids:
Thr26, His163, Phe140, Leul41, Asn142, Thr25, His164, His41, Met165, and His172, which
are the same amino acids involved in forming bonds between Mpro of SARS-CoV-2 and
Ensitrelvir.

For the G15S mutation, 12 amino acids participate in non-bonded interactions with the
Ensitrelvir ligand, including Thr26, His163, Phel40, Leul41, Asnl42, Thr25, Hisl64,
His41, Met165, Met49, Leu27, and Argl88. Notably, except for Leu27, the remaining amino
acids are the same as those involved in interactions between Mpro and Ensitrelvir.
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Figure 3. The hydrogen bonds (HBs) are represented in green,
while the non-bonded contacts (NBCs) are shown as red lines

For the K90R mutation, 11 amino acids participate in forming non-bonded interactions
with the Ensitrelvir drug. Among them, the amino acids that are similar to those in Mpro and
form bonds with Ensitrelvir are His163, Phe140, Leul41, Asnl42, Thr25, His164, His41,
Met165, His172, Argl88, and one amino acid, Thr24, which is also similar to that in the

P132H mutation.
Table 3. List of amino acids forming HBs, NBCs
between Ensitrelvir and Mpro, and its mutations
Name’s  HBs/ Hydrogen bonds Non bond contacts
Mpro NBCs
Main Gly143, Ser144 (2), Thr26, Hisl63, Phel40, Leul4l, Asnl42,
protease  5/13  Cysl145, Glul66 Thr25, His164, His41, Metl65, His 172,
(8HBK) Serd6, Met49, Argl 88,
P132H 411 Gly143, Ser144, Thr26, His163, Phel40, Leuld4l, Asnl42,
(8HUX) Cysl45, Glul66, Thr25, His164, His41, Met165, His172, Thr24,
GI15S Gly143, Ser144, Thr26, His163, Phel40, Leul4l, Asnl42,
(8INX) 4/12  Cysl45, Glul66 Thr25, His164, His41, Met165, Met49, Leu27,
Argl88,
K90R Thr26, Gly143, His163, Pheld40, Leul4l, Asnl42, Thr25,
(8INY) 6/11  Serl44, Cysl45 (2), Hisl64, His41, Met165, His172, Argl88, Thr24,
Glul66.

This indicates that the number of hydrogen bonds in the complex formed between the
Ensitrelvir ligand and the receptors is relatively limited. Meanwhile, non-bonded interactions
dominate the binding process, suggesting that Van der Waals interactions play a crucial role
in Ensitrelvir's inhibition of SARS-CoV-2.
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3.3. The results of SMD

By employing the MSH method, we identified the optimal pulling direction for
Ensitrelvir, in which the molecule is positioned in its most favorable docking mode with the
receptor. This is showed in Figure 4.

Figure 4. The pulling direction of Ensitrelvir was obtained by MSH (Huynh et al., 2024)

In the docking approach, receptors (targets) are considered rigid; therefore, docking
results are primarily used for virtual screening. The SMD method provides binding affinity
estimates that are as accurate as the MM-PBSA (molecular mechanics Poisson—Boltzmann
surface area) method while being significantly less computationally intensive. However, a
limitation of this method is that it predicts only relative binding affinities rather than absolute
binding free energies, meaning that ligand binding strength cannot be definitively concluded
based on its results alone. In SMD, a higher non-equilibrium work (W,.;) or rupture force
(Fnax) indicates stronger binding.

In this study, non-equilibrium work (W,.;) or rupture force (F,..) were averaged over
15 independent trajectories. Each trajectory was initiated from the same docking
configuration but used a different random seed to introduce variability. The length of each
SMD simulation was 600 ps, resulting in a total simulation time of 9 ns. SMD has been
validated and successfully applied in previous studies for ranking ligand binding affinities
(Thai et al., 2017; Vuong et al., 2015).

The Figure 5 is showed force-position profile for Ensitrelvir and targets. To calculate
the non-equilibrium work (W,.;) for ranking binding affinities, given by Equation (1), the
force-time/position curves were used.

As illustrated in Figure 5, the rupture force (Fn.x) manifests at different position scales
depending on the specific system under investigation. Despite these variations, the rupture
forces (Fuax) of the Mpro in its wild-type form and the P132H mutant exhibit similar
magnitudes. In contrast, the peak forces observed for the G15S and K90R mutants are
noticeably higher, with K90R displaying the most pronounced peak among all cases. These
findings indicate that Ensitrelvir demonstrates a stronger binding affinity to the G15S and
KO90R variants compared to the wild type and P132H, which aligns exceptionally well with
the experimental data presented in Table 4. Furthermore, this conclusion is supported by the
correlation coefficient, which is calculated as R = -0.9 for the rupture force (Fiuux). In a
manner similar to the rupture force (Fia), the non-equilibrium work (W,u) required to
achieve rupture is determined through SMD simulations. The correlation between rupture
force (Fuax) and experimental free energies, as well as between non-equilibrium work (W)
and experimental free energies, is presented in Figure 6.
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Figure 5. Typical force-position profiles for Ensitrelvir bound to multiple targets
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Figure 6. Correlation between rupture force (Fy...)(left), non-equilibrium work (W.u)
(right) and experimental free energies.

Table 4. Rupture force (Fyuax), non-equilibrium work (W).i) were obtained by SMD

Rupture force

Name’s Mpro (Fua) (pN) Non-equilibrium work (Wp.ui) (kcal.mol™)
Main protease (8HBK) 668.6 +44.9 98.7+6.7
P132H (8HUX) 685.1 +60.7 96.8+6.3
G15S (8INX) 723.5+91.4 145.2+14.9
K90R (8INY) 820.6 = 108.6 158.8 +17.7

4. Conclusion

Utilizing molecular docking, we evaluated the binding affinities of Ensitrelvir to Mpro
(wild type) and its variants. The computed binding affinities are as follows: WT-Ensitrelvir
(AEbina = -9.4 kcal.mol™"), P132H-Ensitrelvir (AEpina = -10.0 kcal.mol™), G15S-Ensitrelvir
(AEpina = -9.5 kcal.mol™!), and K9OR-Ensitrelvir (AEpna = -9.3 kcal.mol!). The binding
energy values correspond to the estimated inhibitory constant in the micromole range.
However, the correlation between docking-derived binding energies and experimental 1Csg
values is relatively weak. To further elucidate this discrepancy, we employed SMD
simulations to analyze position-dependent force profiles. From these, we extracted the
maximum force and non-equilibrium work, which exhibited a strong inverse correlation
(R = -0.9) with experimental ICso values. This finding supports the reliability of the SMD
approach for assessing binding strength in this system.

Overall, our findings confirm that Ensitrelvir exhibits strong and consistent
interactions with both the wild-type Mpro and its key variants. These results align well with

29



Dong Thap University Journal of Science, Vol. 15, No. 5 (2026): 20-31

previous simulations (Lin et al., 2023) and support the therapeutic potential of Ensitrelvir in
targeting diverse strains of SARS-CoV-2.
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