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of the SARS-CoV-2 main protease: molecular
insight of the inhibitory mechanism through
computational studies†
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Alfinda Novi Kristanti,ab Imam Siswanto,ad Khusna Arif Rakhmane and Yoshiaki Takayaf

An investigation has been carried out on natural products from dolabellane derivatives to understand their

potential in inhibiting the SARS-CoV-2 main protease (3CLpro) using an in silico approach. Inhibition of the

3CLpro enzyme is a promising target in stopping the replication of the SARS-CoV-2 virus through inhibition

of the subsite binding pocket. The redocking process aims to determine the 3CLpro active sites. The

redocking requirement showed a good pose with an RMSD value of 1.39 Å. The combination of

molecular docking and MD simulation shows the results of DD13 as a candidate which had a good

binding affinity (kcal mol�1) to inhibit the 3CLpro enzyme activity. Prediction of binding free energy (kcal

mol�1) of DD13 using the Molecular Mechanics-Poisson Boltzmann/Generalized Born Surface Area (MM-

PB/GBSA) approach shows the results DGbind(MM-GBSA): �52.33 � 0.34 and DGbind(MM-PBSA): �43.52 �
0.42. The key residues responsible for the inhibition mechanism are Hie41, Ser46, Met49, Asn142,

Cys145, Hie163, Met165, and Gln189. Additionally, pharmacokinetic prediction recommended that DD13

had promising criteria as a drug candidate. The results demonstrated in this study provide theoretical

information to obtain a potential inhibitor against the SARS-CoV-2 main protease.
Introduction

Coronavirus disease 2019 (COVID-19) is a pandemic that has
been going on since 2019. The disease is caused by acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).1,2 In general,
the coronaviruses are positive-sense single-stranded RNA
viruses in the coronavirus genus.2,3 The coronavirus has
multiple open reading frames (ORF), such as ORF1 and ORF2.
These frames are responsible for producing the two poly-
peptides pp1a and pp1ab.4,5 Then, these polypeptides are pro-
cessed by the main protease or 3C-like protease (MPro or 3CLPro),
which is responsible for the coronavirus replication cycle.6,7
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Therefore, the main protease SARS-CoV-2 becomes a promising
target of COVID-19 disease drug development.7,8

Structurally, the SARS-CoV-2 main protease has three
domains, such as domain I (residues 10–99), domain II (resi-
dues 100–184), and domain III (residues 201–300) (Fig. 1A).
Additionally, residue 185–200 is a long loop region that
connects domain I and domain II.9 More specically, the
subsite binding pocket SARS-CoV-2 main protease contains
His41 and Cys145 residues, which play a crucial role as catalysis
centers.10 Mutations that occurred in amino acid residues for
the main proteases of SARS-CoV-2 and SARS-CoV showed
a similarity percentage of 83% with 12 amino acid residue
mutations in each sequence (residue number: 35, 46, 65, 86, 88,
94, 134, 180, 202, 267, 285, and 286).11,12 It had been reported,
the mutation of the Ser46 amino acid residue causes a confor-
mational change in the subsite binding pocket of SARS-CoV-2
main protease.13 These changes can increase the surface area
and volume in the subsite binding pocket of SARS-CoV-2 main
protease. It is the main focus variable needed to understand
because the subsite binding pocket plays a crucial role in the
inhibitory mechanism of SARS-CoV-2 main protease.14 Studies
on the interaction of inhibitors with amino acid residues in the
subsite binding pocket are expected to be a solution to increase
the development possibility of SARS-CoV-2 main protease
inhibitors.
RSC Adv., 2021, 11, 39455–39466 | 39455
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Fig. 1 Redocking stage: (A) the structure of main protease SARS-CoV-2, (B) active site of 3CLpro with subsites labelled, (C) ligand native
superposition represented by crystal (cornflower blue) and flexible conformation (forest green), (D) the interaction types of the 0EN–3CLpro show
in 2D-diagram, and (E) the footprint energy of key binding residues.
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The development of SARS-CoV-2 main protease inhibitors
was reported by several previous studies.15,16 One of them is the
compound ML188, which has an inhibitory activity of the
3CLpro enzyme with an IC50 value of 2.5 mM.12 Besides, several
reports state that natural product compounds have potential as
SARS-CoV-2 main protease inhibitor.17–20 Some of them that
have been reported are diterpene derivatives that have the
inhibitor activity of SARS-CoV main protease.21 The report
provides information that the diterpene derivative has the
potential to inhibit the main protease of SARS-CoV-2. Several
works of literature give similar recommendations about the
potential of diterpenes as a promising SARS-CoV-2 main
protease inhibitor.19,20 The selection of inhibitor candidates
from natural products is starting with the consideration that
compounds already have biological activity against some
diseases or infections.22 The dolabellane (subclass diterpene)
can be isolated from Caribbean Eunicea laciniata23 and Nigella
damascena.24 These compounds are the main focus to investi-
gate their potential as candidate inhibitors in this study. Some
research reported dolabellane compounds had potential as
antivirals.20,24,25 Hopefully, this research can provide informa-
tion about the potential of dolabellane derivatives as inhibitors
against the main protease SARS-CoV-2.

Theoretical studies using in silico approach provide another
alternative in nding candidate compounds that have potential
as main protease inhibitors of SARS-CoV-2.26–28 The combina-
tion of molecular docking and Molecular Dynamic (MD) simu-
lation provides a comprehensive, structure-based approach in
studying the interaction of inhibitors with the SARS-CoV-2 main
protease at the molecular level.11,22 Several previous studies have
offered an MD simulation approach for Mpro or 3CLpro enzymes
to study their conformational dynamics.22,29–31 In particular, the
39456 | RSC Adv., 2021, 11, 39455–39466
interaction of the inhibitor with amino acid residues at the
subsite binding pocket. Additionally, structure-based studies
can provide a more detailed description of the inhibition
mechanism through interactions with residues of the catalytic
centre (His41 and Cys145), which regulate the replication of the
COVID-19 virus.10,13 An important variable that is considered in
this study is binding free energy (DGbind) to predict the inhib-
itor–receptor binding affinity. It is a crucial point to evaluate the
criteria for a promising inhibitor of SARS-CoV-2 main protease.
Besides, pharmacokinetic studies are expected to provide initial
information of selected inhibitors as drug candidates that meet
the criteria.
Methodology
Inhibitor and protein preparation

The selection of a target protein using co-crystal SARS-CoV-2
main protease (3CLpro) from the protein data bank (PDB ID:
7L0D). The complex crystal contains a native ligand (PDB ID:
0EN), namely N-[(1R)-2-(tert-butylamino)-2-oxo-1-(pyridine-3-yl)
ethyl]-N-(4-tert-butylphenyl)furan-2-carboxamide or ML188 on
the active site of the 3CLpro enzyme as a non-covalent inhibitor.
The ML188 (0EN) ligand was a reference in this study because it
has known as an inhibitor of the 3CLpro enzyme.12 ML188
inhibitor coordinates and amino acid residues (receptors) were
extracted from the crystal structure 3CLpro using the Chimera
version 1.13 package for docking and MD simulation purposes.
Meanwhile, the candidate ligands used in this study were 14
diterpene derivatives (Fig. S1†) of the dolabellane type obtained
from the literature review.20 Calculation of electrostatic poten-
tial (ESP) charges for candidate ligands uses the Semiempirical
Quantum Parametric Method-3 (SQM-PM3) contained in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Gaussian 16 package.32 The AMBER FF14SB force eld and
Austin Model 1-bond charge correction are needed to calculate
coordinate parameters of ligand and receptor.

Molecular docking

The molecular docking study involves two stages: (i) the redocking
process and (ii) docking candidate ligands through the DOCK6
package. The redocking process aims to determine the coordinates
of the active site of the 3CLpro enzyme based on the selected sphere
(a radius 10 Å from the 0EN coordinate). The scoring function
based on the grid score function with the grid spacing used is 0.3
Å. The minimization process aims to minimize energy in each
system. The redocking criteria evaluate through the best pose with
RMSD criteria 2.0 Å.33,34 The footprint analysis was carried out to
investigate the interaction between native ligands and amino acid
residues on the active site. The redocking process that meets the
criteria is used as the initial coordinate for the candidate docking
process. The exible conformational type is used in molecular
docking to determine the interaction between the inhibitor and
3CLpro in the gas phase.

Molecular dynamics simulation

Topology preparation (ligand, receptor, receptor-solvated,
complex, and complex-solvated) on each system using tleap tools
in the AMBER18 package. The application of the general AMBER
force eld (GAFF) to each ligand is used as the initial coordinates
for the topology preparation of each system.35 These coordinates
are the integration of the score function from the molecular
docking results. Especially in receptor-solvated topology, it aims to
see the dynamical conformation of the 3CLpro enzyme without the
inuence of inhibitors that bind to the active site. The solvent
model used is TIP3P water solvent using a minimum distance of
12 Å. The ion neutralizing system used is the sodium ions (Na+)
randomly added. The water molecules were minimized by 500
steps of steepest descent and 1500 steps of conjugated gradient,
while the rest of the atoms were restrained. Then, the receptor and
ligand were minimized by 500 steps of steepest descent and 1500
steps of the conjugated gradient with the restrained solvent. In the
last step ofminimization, the entire systemwas fullyminimized by
the same procedure.

The simulation process is carried out through several stages,
such as heating, equilibrium, and production. The heating
stage of the system uses a gradual heating step from 10 K to 310
K (200 ps) with a harmonic restraint of 30 kcal mol�1 Å�2. The
equilibrium stage (1300 ps) for each system was carried out
periodically through four steps with harmonic restraint of 30,
20, 10, and 5 kcal mol�1 Å�2. Finally, the entire system is
simulated under the NPT ensemble (310 K and 1 atm) until
reaching 100 ns. The production stage (0–100 ns) aims to
produce trajectories for further analysis and evaluation.36

Trajectories analysis

Trajectories analysis uses several tools available in the
AMBER18 package for calculation purposes, such as processs
mdout.perl and cpptraj tools. The overall analysis of trajectories
(0–100 ns) aims to evaluate the stability of each system through
© 2021 The Author(s). Published by the Royal Society of Chemistry
several variables, such as total energy and root-meant-square
displacement (RMSD). Meanwhile, the analysis of other vari-
ables, such as exibility, compactness, solvent accessibility,
binding free energy, energy decomposition, atom contacts,
hydrogen bonding uses the last 20 ns (80–100 ns) trajectories.
This consideration is taken based on the efficiency of calcula-
tion time.37 Besides, the trajectories used are trajectories that
have achieved good stability. Its characterized by no signicant
uctuations in the RMSD complex. To evaluate several variables
such as percentage of atom contacts (PAC) and percentage of
hydrogen bonding (PHB) can be calculated using eqn (1) and (2).
The number of frames per H-bond or atom contact (Nfra) is
divided by the total number of frames (Ntot) during the simu-
lation time of 2000 frames.

PAC ¼
�
Nfra

Ntot

�
� 100% (1)

PHB ¼
�
Nfra

Ntot

�
� 100% (2)

Calculation of binding free energy (DGbind) and energy
decomposition (DGresidue

bind ) using the MMPBSA.py tools available
in the AMBER18 package.38 The binding free energy was
calculated using the Molecular Mechanics-Poisson Boltzmann/
Generalized Born Surface Area (MM-PB/GBSA) approach.
Several key parameters were used for each approach: MM-GBSA
(the generalized Born solvation model: 2, the concentration of
mobile counterions in solution: 0.00 M, and nonpolar contri-
bution of solvation free energy: 0.0072) and MM-PBSA (mole-
cule dielectric constant: 1, solvent dielectric constant: 80.0,
solvent probe radius: 1.4 Å, and nonpolar contribution of
solvation free energy: 0.0072). Mathematically, binding free
energy can be calculated using eqn (3). However, the entropy
change (�TDS) is ignored because of the high computational
cost and low prediction accuracy.39 Specically, the energy
components that affect binding free energy are described in the
gas phase (eqn (4)) and the solvation phase (eqn (5)). Energy
components in the gas phase show energy components con-
sisting of bonded energy (DEbonded), van der Waals energy
(DEvdW), and electrostatic energy (DEele). In particular, bonded
energy identies bond, angle, and torsion energies, which are
assumed to have conformational energy equal to zero. Mean-
while, the solvent phase is the total of Poisson Boltzmann/
generalized Born models (DGele

sol) and solvent-accessible
surface area energy (DGnonpolar

sol ). The energy decomposition
uses the MM-GBSA approach, which can be calculated
completely using eqn (6).

DGbind ¼ DGgas + DGsolv � TDS (3)

DGgas ¼ DEbonded + DEvdW + DEele (4)

DGsol ¼ DGele
sol + DGnonpolar

sol (5)

DGresidue
bind ¼ DEvdW + DGnonpolar

sol(GB) + DEele + DGele
sol(GB) (6)
RSC Adv., 2021, 11, 39455–39466 | 39457
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ADMET calculation

The study of absorption, distribution, metabolism, excretion
and toxicity (ADMET) is also studied to see the ability of the
candidate's biological activity as a drug in the body. Prediction
of these pharmacokinetic properties using the pkCSM web
service, which can describe in detail the ADMET properties.40
Results and discussion
Molecular docking study

All steps of molecular docking are performed by the DOCK6
package. The active site determination using initial coordinates of
the native ligand (0EN) extracted from the crystal structure is based
on a cluster sphere selection. The redocking process provides
convenience and accuracy in determining the active site of the
receptor.33 Structurally, the active site of the 3CLpro enzyme has
His41 and Cys145 residues as catalytic canters located on the
subsite binding pocket.10 The redocking results showed that the
native ligand was docked very well to the active site of the receptor
(Fig. 1B). The data is supported by the redocking results of the
native ligand showing a good pose with an RMSD value of 1.39 Å
and a grid score: �72.58 kcal mol�1 using a exible conformation
(Fig. 1C). This value explains that the pose ligand coordinates have
coordinates that are close to the crystal coordinates. It can describe
more the accuracy of the interaction between the ligand and amino
acid residues on the 3CLpro subsite binding pocket. In particular,
the interaction of native ligands with amino acid residues on the
subsite binding pocket, including S20 (Thr25 and Leu27), S2 (His41
and Met49), S1 (Leu141, Asn142, Gly143, Cys145, His163), and S3
(Glu166). These amino acid residues are the main amino acid
Fig. 2 Molecular docking analysis: (A) candidates–3CLpro interaction in
based on lowest grid score value.

39458 | RSC Adv., 2021, 11, 39455–39466
residue that responsible for the 0EN–3CLpro interaction. Besides,
the amino acid residues on the S10 and S4 binding subsites only
show a van der Waals interaction. There are four residues, such as
Asn142, Gly143, His163, and Glu166 responsible for hydrogen
bonding interactions (Fig. 1D). Hydrogen bonding (H-bond) vari-
ables have a crucial role in explaining the inhibitionmechanism of
the 3CLpro enzyme.14,22 The footprint analysis was showed on ten
amino acid residues on the 3CLpro active site. This variable was
performed by comparing the van der Waals energy and electro-
static energy (EvdW + Ees) ligand reference and pose in the gas phase
(Fig. 1E). Overall, the redocking process showed good criteria in
determining the active site of the 3CLpro enzyme. However, these
results need to be studied more comprehensively using molecular
dynamic simulation (discussed in more detail below).

The coordinates and parameters obtained from the redock-
ing results are used as the main reference in the docking
candidate process. The optimized candidates docked into the
active site of the 3CLpro enzyme using a exible conformation
(Fig. 2A). The results show that two candidates have good
interactions with 3CLpro, such as DD9: �72.66 kcal mol�1 and
DD13: �74.53 kcal mol�1 (Fig. 2B). This consideration is taken
based on the grid score pose < grid score candidate. The lower
value of the grid score shows better interaction with the
receptor.41 Overall, the energy contribution (higher negativity
value) is shown by EvdW compared to Ees in the gas phase. The
results of the candidate docking based on the grid score func-
tion are described in detail in Table S1.†

The inhibitory mechanism of candidate against the 3CLpro

enzyme was studied through the interaction of amino acid
residues on the subsite binding pocket.42 Each candidate shows
the active site, (B) heat map of grid score, and (C) selected candidates

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that there are amino acid residues responsible for the inhibitor–
receptor interaction: DD9–3CLpro (His41, Cys44, Ser46, Met49,
Asn142, Cys145, Met165, and Gln189) and DD9–3CLpro (His41,
Ser46, Met49, Leu141, Ser144, His163, Met165, and Glu166)
(Fig. 2C). Specically, there are residues responsible for H-bond
interactions with each candidate ligand, including DD9–3CLpro

(Ser46, Cys146, Asn142, and Gln189) and DD13–3CLpro (Ser46,
His163, and Glu166) (Fig. S2†). These results provide a good
initial image in understanding the interaction of keys residues
at themolecular level. Molecular docking studies are effective in
obtaining the initial coordinates through relatively fast calcu-
lations. It aims to facilitate the process of further analysis using
MD simulation.
Conformational dynamic study: stability, compactness, and
exibility of each system

The quality of the conformational dynamics of each system is
evaluated through several variables, such as stability,11,43

compactness,44 and exibility.45,46 The calculation of the root-
mean-square deviation (RMSD) aims to determine the stability
of each system in the form of complex, backbone, and ligand
RMSD (Fig. 3). Notably, the all atoms RMSD did not show any
signicant uctuation in the last 20 ns of trajectories (80–100
ns). Additionally, each complex showed similar uctuations
with the apo protein (3CLpro enzyme). This data is reinforced by
the average value of all atoms RMSD (nm), which is relatively the
same for each system: 3CLpro: 0.25 � 0.04, 0EN–3CLpro: 0.26 �
Fig. 3 The root-mean-square displacement of all atoms, backbone
(Ca, C, N, and O), and ligand for each system plotted along the 100 ns
of MD simulation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
0.04, DD9–3CLpro: 0.26 � 0.04, and DD13–3CLpro: 0.27 � 0.04.
These results describe that the level of stability in each complex
(inhibitor–3CLpro) showed good results. The presence of an
inhibitor on the 3CLpro active site did not give a signicant
change in the 3CLpro structure. It becomes an important
parameter in evaluating other variables. Good system stability
will provide a clear image of the interaction between the
inhibitor and the 3CLpro enzyme. The same uctuation is also
shown by the average value of the backbone and ligand RMSD
(Table S2†). The total energy analysis was carried out to see the
system stability from the thermodynamic aspect (Fig. S3†). The
data shows that each system has converged and has not expe-
rienced excessive uctuations (Table S2†). The stability ach-
ieved in each system, especially in the last 20 ns trajectories, was
used for further analysis purposes.11,37

The radius of gyration (RoG) analysis aims to obtain more
information about equilibrium conformation and structure
compactness during the last 20 ns of simulation.37 The results
show that each system has a relatively compact structure with
insignicant uctuation (�2.23 nm) (Fig. S4†). It is further
strengthened by the average value of RoG on Apo protein
(without inhibitor) and complex (with inhibitor) (Table S2†).
Additionally, the results of the RoG analysis also show that each
system has a stable folded structure.

The root-mean-square uctuation (RMSF) and B-factor
calculation aim to see the exibility of each system.46,47 The
DD13–3CLpro complex showed signicant RMSF and B-factor
uctuations compared to 3CLpro, 0EN–3CLpro, and DD9–
3CLpro (Fig. S5†). In contrast, Apo protein (3CLpro) has a more
rigid structure because it has lower uctuations. Overall, the
exibility for each system is 3CLpro > 0EN–3CLpro, and DD9–
3CLpro (Table S2†). Meanwhile, an explanation of the uctua-
tions that occur in each system is found in the DI loop region
(47–53, 60–62, 92) and DIII (215–222 and 274–280). However,
overall there was no signicant conformational change during
the simulation time for each structure (Fig. 4). Especially in the
Fig. 4 Average structure of amino acid residues: each structure
(3CLpro, 0EN–3CLpro, DD9–3CLpro, and DD13–3CLpro) extract from
the last 20 ns trajectories. The structure fitted based on crystal
structure as initial coordinate.

RSC Adv., 2021, 11, 39455–39466 | 39459
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Fig. 5 The solvent-accessible surface area using the last 20 ns
trajectories. A radius of 5 Å was used to calculate the SASA in the active
site of each system.
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backbone (Ca, C, N, and O), uctuations show that the average
structure has coordinates that are similar to the crystal struc-
ture. It indicates that the conformational exibility of the
structure in each system is quite stable during the simulation
time. This data is supported by the stability of the complex
RMSD and backbone RMSD at the last 20 ns simulation (Fig. 4).
It should be noted, the high structural exibility leads to high
conformational complexity. More specically, exibility at the
enzyme active site may play a crucial role in the potential
binding of the inhibitor.30 Therefore, it is necessary to carry out
a more in-depth analysis of the key residues on the 3CLpro active
site. It aims to see the exibility of the key residues, especially
residues His41 and Cys145. The RMSF residues of His41 and
Cys145 on the active site were investigated to see the uctuation
of the two residues as a catalytic centre. The results showed that
the RMSF (nm) of the two residues for each structure: 3CLpro

(His41: �0.30, Cys145: �0.17), 0EN–3CLpro (His41: �0.48,
Cys145: �0.30), DD9–3CLpro (His41: �0.39, Cys145: �0.28), and
DD13–3CLpro (His41: �0.55, Cys145: �0.29). The comparison of
coordinates (His41 and Cys145 residues) between each system
with the initial coordinates of the crystal structure shows that
there are differences in conformation. It is possible because
along the last 20 ns simulation, there is an interaction with the
inhibitor that affects the force eld (steric) on the two residues.
Additionally, it could be caused by the presence of a water
molecule on the 3CLpro active site, which affects the dynamic
conformation of each system.13,48 Hopefully, the study on the
conformation dynamics of each system during the simulation
can explain the interaction of inhibitor–3CLpro at the molecular
level.
Solvent accessibility of inhibitor–3CLpro enzyme

The simulation process considers the solvent phase (water
molecules) as a parameter that plays an important role in
mediating the interaction of the inhibitor with the 3CLpro

enzyme.48,49 Based on the previous section, the inuence of
water molecules plays an important role in inuencing the
interaction of inhibitors with amino acids residue on the active
site. Solvent accessibility surface area (SASA) is one of the vari-
ables that can describe the water's ability to access all surface
and active site surfaces during the simulation time (Fig. 5).
Overall, the access capability on the entire surface shows that
each system has a value of all surface > �140.00 nm2 (DD9–
3CLpro > 3CLpro > DD13–3CLpro > 0EN–3CLpro) and active site >
�9.00 nm2 (DD9–3CLpro > DD13–3CLpro > 3CLpro > 0EN–3CLpro).
Especially the SASA of the active site (radius 5 Å) is the main
focus. The candidate ligands are more accessible to water
solvent than Apo protein and native ligands based on the
average SASA value of each system (Table S2†).

The uctuation of the key residues on the enzyme active site
causes a water molecule traffic that is important for maintain-
ing protein structure.30 Additionally, the effect of water mole-
cules causes the stability of the protein structure to increase
through the interaction of hydrogen bonds, salt bridges, and p–

p stacking.31,50 It affects the conformation of the inhibitor at the
active site of the 3CLpro enzyme. The presence of water
39460 | RSC Adv., 2021, 11, 39455–39466
molecules on the enzyme active site provides more opportuni-
ties to interact with the inhibitor interface. It is necessary to
analyse the water molecules when approaching the inhibitor
during the simulation.

The water molecules close to the inhibitor heteroatoms (O
and N) in each complex are evaluated through the radial
distribution function (RDF).11 The analysis of this variable was
performance based on the assumption that the inhibitor
present on the active site of the complex could interact directly
with water molecules. To test the RDF value, it can show by the
integration number on the rst minimum value of heteroatoms
in each inhibitor.51 The 0EN–3CLpro complex showed that the
N2 atom in the rst peak at a distance of �0.3 nm had relatively
high access to water molecules. In contrast, the rest of the
heteroatoms in the 0EN–3CLpro complex (N1, N3, O1, O2, and
O3) suggest low water molecule access to these atoms (Fig. S6†).
Meanwhile, the DD9–3CLpro complex showed atoms O15, O19,
O26, O32, and O35 (the rst peak was consistent at the distance:
�0.27 nm) having relatively high access of water molecules on
the active site compared to the rest of the atoms, such as O16,
O18, O20, O21, and O30 (Fig. S7†). On the other hand, the
DD13–3CLpro complex showed atoms O25, O27, and O54 O35
(the rst peak was consistent at a distance: �0.27 nm) having
relatively high access of water molecules on the active site
compared to the rest of the atoms O15, O16, O18, O19, O20,
O30, and N59 (Fig. S8†). Finally, we can assume that the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Determination of energy component (kcal mol�1) of the
inhibitor–3CLpro enzyme using MM-PB/GBSA approach. Data are
shown as mean � standard error of the mean (SEM)

Energy component 0EN–3CLpro DD9–3CLpro DD13–3CLpro

Gas phases
EvdW �47.15 � 0.22 �43.40 � 0.29 �67.80 � 0.31
Eelec �35.22 � 0.41 �8.34 � 0.35 �32.03 � 0.39
DGgas �82.37 � 0.42 �51.75 � 0.38 �99.83 � 0.50

Solvation phases
Eelesol(GB) 44.85 � 0.22 27.56 � 0.25 55.19 � 0.31

Enonpolarsol(GB) �5.77 � 0.02 �5.40 � 0.03 �7.68 � 0.02

DGsol(GB) 39.08 � 0.22 22.16 � 0.24 47.50 � 0.30
Eelesol(PB) 48.19 � 0.26 29.41 � 0.37 64.63 � 0.37

Enonpolarsol(PB) �6.53 � 0.01 �6.66 � 0.03 �8.32 � 0.02

DGsol(PB) 41.66 � 0.25 22.75 � 0.36 56.31 � 0.36

Binding free energy
DGbind(GB) �43.29 � 0.29 �29.59 � 0.26 �52.33 � 0.34
DGbind(PB) �40.71 � 0.33 �28.99 � 0.40 �43.52 � 0.42

Fig. 6 The energy decomposition was calculated with the MM-GBSA app
20 ns of each complex. It should be noted, Hie residue shows histide
available in the AMBER18 package.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:1

4:
48

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
inhibitor, which is relatively accessible to water molecules
belongs to the complex DD9–3CLpro > DD13–3CLpro > 0EN–
3CLpro based on the total integration number. This data is also
supported by the average value of SASA on the active site, which
shows the same conclusion (Table S2†). This consideration was
taken on the assumption that the more water molecules con-
tained in the active site of the complex (SASA-active site), the
greater the chance of water molecules interacting with the
inhibitor. Investigation of the presence of water molecules at
the active site of the complex provides a more comprehensive
image of the effect of water solvent on molecular level
interactions.
The binding affinity of inhibitor against the 3CLpro enzyme

Determination of the binding affinity of each inhibitor to the
3CLpro enzyme was calculated based on 100 frames extracted
from the last 20 ns trajectories. The binding affinity calculation
process uses the MM-PB/GBSA approach in the gas and solvent
phases.52 The calculation process is showed in detail by
considering several energy components described in Table 1.
The calculation process for each energy component is the main
roach. The results were plotted along with the simulation over the last
(His) amino acid of receptor topology preparation using tleap that is

RSC Adv., 2021, 11, 39455–39466 | 39461
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focus to describe binding free energy (DGbind). The energy
component in the gas phase (DGgas) shows that a good energy
contribution is found in the van der Waals energy (EvdW)
compared to electrostatic energy (Eele). On the other hand, the
energy contribution to the solvent phase (DGsol) shows a less
favourable contribution to the polar energy for the Poisson
Boltzmann/generalized Born model (Eelesol(PB) and
Eelesol(GB)). Centrally, this has an unfavourable impact on the
affinity binding of the inhibitor–3CLpro.

The contribution of each energy component provides a clear
picture of the binding free energy. The DD13–3CLpro complex
showed promising DGbind using the MM-GBSA and MM-PBSA
approaches. It is taken from the consideration that DD13–
3CLpro DGbind is smaller than 0EN–3CLpro DGbind as a reference.
Thus, the candidate DD13 inhibitor has a promising potential
in inhibiting the 3CLpro enzyme. On the other hand, the DD9–
3CLpro complex showed a less favourable DGbind because it had
a higher DGbind value than the 0EN–3CLpro DGbind value. It is
caused by the contribution of Eelec, which is less favourable than
the contribution of DD13 Eelec. Thus, the candidate DD9 is not
recommended as an effective inhibitor of the 3CLpro enzyme
based on binding affinity calculation. Specically, there are
differences in the value of DGbind in each approach. The results
show that the MM-GBSA approach has amore favourable DGbind

value than theMM-PBSA approach. It is due to the unfavourable
energy contribution of Eelesol (solvation terms) from the Poisson
Boltzmann model. Additionally, a recent study reports that the
standard MM-PBSA may not be very accurate in the charged
systems and needs to be modied to improve its calculation
accuracy.53,54 However, the overall strength order of DGbind

using the MM-GBSA and MM-PBSA approaches showed the
same trend towards each inhibitor, such as DD13–3CLpro >
0EN–3CLpro > DD9–3CLpro. The candidate with a good binding
affinity (higher negativity value) can bind strongly to the 3CLpro

enzyme subsite.55 The goal is to inactivate the regulation of the
main protease SARS-CoV-2 in the form of replication by block-
ing the active site of the 3CLpro enzyme. More specically, the
process of inhibiting the main protease SARS-CoV-2 by inhibi-
tors focuses on subsite binding pocket through interactions
with amino acids.
Fig. 7 Energy contribution from each residue of the 3CLpro enzyme to
the binding of each inhibitor.
Inhibitor–3CLpro interaction in the binding pocket

The inhibition mechanism of the 3CLpro enzyme was evaluated
through the binding pattern of the inhibitor at the subsite
binding pocket.56 Some of the variables analysed in this section
are energy decomposition, atom contacts, and hydrogen
bonding. Energy decomposition was analysed using the MM-
GBSA approach through 100 frames extracted from the last 20
ns trajectories. In detail, a per-residue analysis of the subsite
binding showed that the van der Waals contact contributed to
the inhibitor–3CLpro interaction (Fig. S9†).

The calculation of energy decomposition, which is respon-
sible for inhibitor–3CLpro binding affinity shows that there are
keys residues on the subsite that play a crucial role in the
inhibition mechanism of the 3CLpro enzyme (Fig. 6). The eval-
uation process on amino acid residues that have a good binding
39462 | RSC Adv., 2021, 11, 39455–39466
affinity with criteria for the value of DGresidue
bind #

1.00 kcal mol�1.11 Each complex showed several keys residues
(stronger binding affinity) found on the 3CLpro enzyme subsite,
such as 0EN–3CLpro: seven key residues (S2: Met49, Met165, S1:
Asn142, Gly143, Cys145, Hie163, and S3: Glu166), DD9–3CLpro:
six key residues (S20: Thr25, Thr26, S2: Thr45, Ser46, Met49, and
S1: Gly163), and DD9–3CLpro: eight key residues (S2: Hie41,
Ser46, Met49, Met165, S1: Asn142, Cys145, Hie163, and S4:
Gln189). These data suggest that the contribution of keys resi-
dues in binding affinity inhibitor–3CLpro plays a crucial role in
the binding free energy of each complex. In particular, the
candidate ligands show that the DD13 candidate has a good
energy decomposition compared to the DD9 candidate. It can
show in the number of keys residues involved in direct inter-
action with candidate ligands. Especially, the DD13 inhibitor
has more interaction with keys residues compared to the DD9
inhibitor. In particular, Gln189 has a value: �3.88 kcal mol�1

with a strong binding affinity category. Additionally, Hie41 and
Cys145 residues as catalytic canters are included in the keys
residues involved in the interaction with the DD13 inhibitor.
Therefore, these data can explain why DD13 inhibitors have
more promising free energy (DGbind) than DD9 inhibitors
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Table 1). More specically, energy decomposition key residues
are described in detail in the form of energy contributions to
each complex. The energy contribution is described through the
energy contribution in the gas and solvent phases, such as
DEvdW + DGnonpolar

sol(GB) and DEele + DGele
sol(GB) (Fig. 7).

The atom contacts variable provides information to describe
the inhibitor–3CLpro interaction stability at the atomistic level.57

The DD9 inhibitor had lower atom contacts with the amino acid
residue on the active site of the 3CLpro enzyme compared to the
0EN and DD13 inhibitors during the last 20 ns of simulation
time (Fig. 8). These data can be seen in the average value of the
atom contacts in each complex described in Table S2.† In
contrast, the DD13 shows more intensive atom contacts with
some of the keys residues on the subsite binding pocket.
Overall, the atom contacts of each inhibitor show 0EN–3CLpro:
16 contacts, DD9–3CLpro: 9 contacts, and DD13–3CLpro: 20
contacts (Table S3†). Atom contacts that have occupation$80%
indicate a strong category. This further strengthens the
assumption that DD13 candidate has a good interaction on the
3CLpro subsite binding with more atom contacts.

More specically, hydrogen bonding (H-bond) was calcu-
lated using the last 20 ns trajectories for each complex (Fig. 9).
Hydrogen bonding plays a crucial role in inhibitor–receptor
interactions.11,37,57,58 The analysis of the occupation of the H-
bond played a major role in the evaluation of the inhibitor–
3CLpro interaction during the simulation time. The H-bond
evaluation that has an occupancy value $80% indicates
Fig. 8 Atom contacts of each inhibitor in complex with active site
3CLpro enzyme.

© 2021 The Author(s). Published by the Royal Society of Chemistry
a strong category. In detail, the 0EN–3CLpro interaction involves
ve H-bond: (i) O2/H–N(Glu166) at 89.55%, 2.90 Å, 159.22�, (ii)
O1/H–N(Gly143) at 86.15%, 3.04 Å, 156.91�, (iii) N3–HE2–
NE2(Hie163) at 82.50%, 3.02 Å, 141.92�, (iv) O1/HD22–
ND2(Asn142) at 50.50%, 2.96 Å, 154.99�, and (v) O3/H–

N(Gly143) at 29.50%, 3.27 Å, 129.45�. The H-bond results from
the simulated MD showed consistent results with molecular
docking as the initial reference (Fig. 1D). Meanwhile, the anal-
ysis results for candidate inhibitors showed three H-bond
interactions for the DD9–3CLpro complex: (i) O35/HD21–
ND2(Asn142) at 5.20%, 3.01 Å, 149.09�, (ii) O32/HG–OG(Ser46)
at 3.40%, 2.88 Å, 152.46�, and (iii) O35/HD22–ND2(Asn142) at
2.10%, 2.99 Å, 150.36�. Unfortunately, the three H-bonds show
a weak category because they have a small H-bond occupancy
(PHB < 10%). In contrast, the DD13–3CLpro complex only
involved one H-bond: N59/HE2–NE2(Hie163) at 88.85%, 3.09
Å, 147.28�. However, the hydrogen bond shows a good H-bond
occupation with a strong bond category. It is because, during
the H-bond simulation, 1777 frames out of 2000 total frames
were recorded. Thus, this further strengthens the DD13 candi-
date to have a more dominant interaction than the DD9
candidate as an inhibitor.
Pharmacokinetic study of selected inhibitor

Based on several descriptions of molecular docking and MD
simulation, the DD13 inhibitor is recommended as a selected
candidate that has the potential to be an inhibitor of the SARS-
CoV-2 main protease. The pharmacokinetic study aims to
Fig. 9 The percentage of hydrogen bond over the last 20 ns trajec-
tories (cut-off value: distance < 3.5 Å and angle > 120�).

RSC Adv., 2021, 11, 39455–39466 | 39463
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provide an initial prediction of the ADMET properties of the
DD13 inhibitor (Table 2). One of them is the pkCSM server web
service, which is widely applied to study the ADMET properties
as a drug candidate.59–61

Prediction results show that the candidate absorbed very
well into the human small intestine (+HIA category). The pre-
dicted distribution of candidates does not cross the blood–
brain barrier (�BBB). This indicates that the candidate does not
interfere with the performance of the central nervous system.60

Additionally, a crucial parameter such as the effect of the
candidate on the body's metabolic processes showed that the
candidate did not inhibit the activity of cytochrome isoenzymes
(CYP), such as the CYP1A2, CYP2C19, CYP2C9, and CYP2D6.
Toxicity prediction shows that the candidate is not toxic
because the prediction results show promising results with the
criteria of non-AMES toxicity and non-skin sensation. This
information is a promising advantage of candidate properties to
treat COVID-19 patients. However, the prediction results need
to be tested in clinical trials. Hopefully, the prediction data in
the ADMET properties study can be used as an initial reference
in understanding the candidate's ability as a drug candidate.
Table 2 ADMET prediction of selected inhibitor using pkCSM servera

Parameters DD13

Absorption
Caco-2 permeability (log Papp in 10�6 cm s�1) 1.20
Intestinal absorption-human (% absorbed) 100

Distribution
BBB permeability (log BB) �1.46

Metabolism
CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No

Excretion
Total clearance (log mL min�1 kg�1) �0.093
Renal OCT2 substrate No

Toxicity
AMES toxicity No
Skin sensitisation No

a High-Caco-2 permeability: log Papp > 0.90 and poor-Caco-2
permeability: log Papp < 0.90. Intestinal absorption-human (+): HIA >
30% and intestinal absorption-human (�): HIA < 30%. BBB
permeability (+): log BB > 0.3 and BBB permeability (�): log BB < �1.0.

39464 | RSC Adv., 2021, 11, 39455–39466
Conclusions

A combination of molecular docking and MD simulation is
performed to study the interaction of dolabellane derivatives as
the inhibitors of SARS-CoV-2 main protease. Determination of
the active site using the selected sphere shows that the exible
conformation has good criteria with the RMSD pose of 1.39 Å.
The molecular docking study showed that the DD9 and DD13
candidates showed a lower grid score than the native ligand.
Meanwhile, the calculation of binding affinity using the MM-
PB/GBSA approach showed that the DD13 candidate DGbind

showed more promising inhibition criteria for the 3CLpro

enzyme than the DD9 candidate. This result was strengthened
by the interaction of the DD13 on the subsite binding pocket of
the 3CLpro enzyme. Evaluation of energy decomposition showed
that residue Hie41 and Cys145 had strong binding affinity
interactions with the DD13 candidate. Besides, the H-bond
analysis of the DD13 candidate with Hie163 residue showed
a strong category with 88.85% occupation. Furthermore, the
DD13 candidate showed promising ADMET properties criteria
as a drug candidate with criteria +HIA, �BBB, non-inhibitor of
cytochrome isoenzymes, and non-toxic.
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31 T. Jaffrelot Inizan, F. Célerse, O. Adjoua, D. El Ahdab,
L. H. Jolly, C. Liu, P. Ren, M. Montes, N. Lagarde,
L. Lagardère, P. Monmarché and J. P. Piquemal, Chem.
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