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Abstract 
 
Background and purpose: Coronavirus disease (COVID-19) is one of the greatest challenges of the twentieth 
century. Recently, in silico tools help to predict new inhibitors of SARS-CoV-2. In this study, the new 
compounds based on the remdesivir structure (12 compounds) were designed.  
Experimental approach: The main interactions of remdesivir and designed compounds were investigated in 
the 3CLpro active site. The binding free energy of compounds by the MM-GBSA method was calculated and 
the best compound (compound 12 with the value of -88.173 kcal/mol) was introduced to the molecular 
dynamics simulation study. 
Findings/Results: The simulation results were compared with the results of protein simulation without the 
presence of an inhibitor and in the presence of remdesivir. Additionally, the RMSD results for the protein 
backbone showed that compound 12 in the second 50 nanoseconds has less fluctuation than the protein alone 
and in the presence of remdesivir, which indicates the stability of the compound in the active site of the Mpro 
protein. Furthermore, protein compactness was investigated in the absence of compounds and the presence of 
compound 12 and remdesivir. The Rg diagram shows a fluctuation of approximately 0.05 Å, which indicates 
the compressibility of the protein in the presence and absence of compounds. The results of the RMSF plot 
also show the stability of essential amino acids during protein binding . 
Conclusion and implications: Supported by the theoretical results, compound 12 could have the potential to 
inhibit the 3CLpro enzyme, which requires further in vitro studies and enzyme inhibition must also be confirmed 
at protein levels.  
 
Keywords: 3CLpro; Main protease; MM-GBSA; Molecular docking; Molecular dynamics simulation; 
Remdesivir. 

 
INTRODUCTION 

 
Coronaviruses are most commonly found in 

birds and mammals and mainly cause 
respirational, gastrointestinal, and sometimes 
neurological diseases or hepatitis. Infections 
are usually transmitted through the respiratory 

tract or mouth, and infections can be acute or 
chronic. Documents show coronaviruses 
emerged as a new viral family in the 1960s, 
following the discovery of several pathogens  
(1).  
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Historically, in late 2002, the appearance of 

the coronavirus caused severe respiratory 
problems in human’s so-called severe acute 
respiratory syndrome coronavirus (SARS-
CoV) became famous. The sudden emergence 
of SARS led to new research to understand the 
main mechanisms of reproduction and the 
pathogenicity of members of this viral family 
(2). The new human coronavirus, first 
announced at the end of 2019, is called COVID-
19 and causes severe respirational syndrome as 
SARS-CoV-2 (3).  

Researchers have shown how the virus 
enters  the host body. The coated single-
stranded RNA virus binds to host cells from the 
spikes of S protein to the angiotensin-
converting enzyme 2 (ACE2) receptor. The 
virus connects to the host cell and endosome 
receptors enter the cells (4). The SARS-CoV-2 
can attach to the peptidase domain in ACE2 
directly. Transmembrane protease serine 2 
facilitates virus entry through the S protein. 
ACE2 degradation also confirms the high 
affinity of the ACE to S protein (5). Viral 
polyproteins are made inside the cell, and then 
these proteins are encoded for the transcriptase-
replicase complex. After that, RNA of 
structural proteins synthesized by RNA-
dependent RNA polymerase (RdRp) leads to 
the completion of the assembly, synthesis, and 
release of viral particles. Potential targets for 
drug therapy are designed based on stages of the 
viral life cycle (6,7). The site of action and 
binding of the drugs introduced and used so far 
for COVID-19 include non-structural proteins 
such as 3-chymotrypsin-like protease (3CLpro) 
as main protease (Mpro), papain-like protease, 
RdRp, ACE2 receptor, spike receptor-binding 
domain, hemagglutinin esterase, 2’-O-
methyltransferase, helicase, structural and 
glucose-regulated proteins (8).   

Moreover, the main protease (3CLpro) 
significantly coordinated the transcription of 
the virus life cycle and viral replications. This 
protease is involved in the cleavage of the main 
fragment of viral polyprotein so that it releases 
proteins with replicative functions like RdRp 
and RNA processing domain (9). It has been 
proven to be highly conservative sequential 
between SARS-CoV and SARS-CoV-2 and is 
currently the most widely used prime target for 

drugs for SARS-CoV-2 (10-14). 3CLpro is a 
cysteine protease that is composed of three 
different domains (15). Other studies have 
shown the antiparallel structures of the β-sheet 
of domains I (8-101 residues) and II (102-184 
residues) and the existence of 5 α-helices with 
the parallel connection with domain II through 
a long loop (185-200 residues)  in domain III 
(201-303 residues) (15). In addition, the 
location of the substrate binding site of 3CLpro 
has been confirmed to be between the domains 
I and II . Protein dimerization is performed by 
the residue Glu166 and catalytic dyads Cys145 
and His41 (14,16,17). Some studies have also 
demonstrated the existence of six sub-units in 
the active site of the enzyme (S1-S6), and the 
existence of residues 140-145 as well as 163-
166 in domain II in the residues of the active 
site (14,18). 

Numerous drugs have been reported and 
used to date, including oseltamivir and 
zanamivir as neuraminidase inhibitors (19). 
lopinavir (20), ritonavir (21), remdesivir (22), 
favipiravir (23), ribavirin (24), chloroquine 
(25), and hydroxychloroquine (26). Most of the 
drugs introduced are HIV protease inhibitors. 
Comostat mesylate, as an inhibitor of the 
transmembrane protease serine 2 receptor, 
blocks the entry of SARS-CoV-2 into human 
cells, representing its therapeutic ability as a 
drug in contrast to COVID-19 (27). Today, the 
U.S. Food and Drug Administration (FDA) 
issued an emergency use authorization (EUA) 
for Pfizer’s Paxlovid and molnupiravir (EIDD-
2801) as a new medicine for treating mild-to-
moderate COVID-19; although, approved the 
effectiveness of conventional several drug 
medications such as remdesivir (28), avifavir 
(14) and dexamethasone (29).  

Remdesivir, a small molecule, is a mono-
phosphoramidate prodrug that metabolizes the 
nucleoside C-adenosine triphosphate analog 
that inhibits viral RNA polymerase with RdRp 
as its target (30). Gilead Sciences first revealed 
remdesivir in 2009 as an antimicrobial drug 
with activity against RNA viruses (like 
Coronaviridae and Flaviviridae). Remdesivir 
effectively inhibits the activity of SARS-CoV-
2 in vitro (31). Remdesivir is the first treatment 
for COVID-19 that was approved by the FDA 
(32), but its effectiveness is disputed (33), 
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emphasizing the need to develop new antiviral 
drugs (34).  

 
Fig. 1. The chemical structure of remdesivir. 

 

Nguyen et al. performed molecular docking, 
steered molecular dynamics, and umbrella 
sampling for remdesivir (14). According to the 
documents obtained from molecular 
simulation, remdesivir has a strong binding                    
to both 3CLpro and RdRp of SARS-CoV-2.                        
It showed relatively weak binding to                        
3CLpro compared to RdRp (14,35). The 
chemical structure of remdesivir (Fig. 1) is the 
same as ATP (the natural substrate of RdRp), 
and the remdesivir active form competes with 
ATP for incorporation into the growing RNA 
chain (36).  

In this study, the new compounds based on 
the remdesivir structure were designed. The 
main interactions of remdesivir and designed 
compounds were investigated in the 3CLpro 
active site. The binding free energy of 
compounds was calculated and the best 
compound was introduced to molecular 
dynamics (MD) simulation. 

 
METHOD AND MODELING 

 
This study was performed in two parts.                         

In the first part, after designing                            
molecular compounds, screening was 
performed using molecular docking and 
binding free energy studies. In the second part, 
more detailed information was obtained by                  
MD simulation. 
 
Protein and ligand preparation 

The crystal structure of the 3CLpro (Mpro) 
enzyme (PDB ID: 6LU7) with 306 amino                        
acids at a resolution of 2.16 Å was selected 
(37). Chain A of the enzyme was selected                       
for docking, and inhibitor N3 and water 
molecules were removed from the                             

structure then, protein preparation was done 
using the Protein Preparation Wizard module in 
Schrodinger suite 2015 (38). First, bond                   
orders were assigned, disulfide bonds were 
created, and missing side chains were filled. 
Then, the minimization energy of protein was 
carried out using the OPLS-AA_2005                   
force field. 

The 2D structure of the designed ligands 
(Table 1) was plotted and optimized using the 
Ligprep module in the Schrodinger suite                   
2015 (39). In this part, the ionization state                   
was considered for each input compound                   
at the physiological pH (7.4 ± 0.5).                   
Finally, ligand optimization was                   
performed using the OPLS-AA_2005                   
force field to obtain the best conformer                   
for each ligand. 
 
Pharmacokinetic and physicochemical 
properties prediction 

Pharmacokinetic properties are known                   
as absorption, distribution, metabolism, 
excretion, and toxicity properties (ADMET) 
(40). In this stage, to achieve drug-like 
molecules, ADMET properties were calculated 
in the drug discovery process using the QikProp 
module in Schrodinger suite 2015. In addition 
to Lipinski rules, the main criteria were 
investigated such as membrane permeability, 
lipophilicity, human oral absorption, 
cardiotoxicity, and potential interaction with 
hERG channels (40).  
 
Molecular docking 

At first, receptor grid generation was                   
done to create a box for the docking                   
process using the Glide module in                   
Schrodinger suite 2015 (41). The center of the 
docking box was selected based on the 
cysteine-histidine catalytic dyad amino acids 
Cys145 and His41, and the Glu166                   
residue (42,43). The docking process was done 
using the Ligand Docking module in 
Schrodinger Suite 2015. In the docking 
procedure, the ligand was considered a flexible 
molecule for rotating all rotatable ligand                  
bonds to obtain the best optimal                   
ligand conformer within the active sites of the 
receptor. Finally, docking results were saved 
using the XP GlideScore scoring function.
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Table 1. Chemical structure of the new remdesivir derivatives. 

Entry Structure of ligand Entry Structure of ligand 
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Ligand binding energy calculation using 
molecular mechanics/generalized born 
solvent area method 

The binding free energy is a dependable 
criterion to rank ligands in terms of their 
binding affinities than XP GlideScore (44). The 
binding free energy (ΔGbind) between ligand-
receptor is a combination of molecular 
mechanical energy and solvent effects (polar 
and non-polar solvent) (45). In this study, the 
binding free energy was calculated using the 
molecular mechanics/generalized born solvent 
area (MM-GBSA) technique in the Prime 
module of the Schrödinger suite 2015 (46). The 
best pose of the ligand-protein complex was 
chosen to calculate energy using the OPLS-
2005 force field and GBSA. The binding free 
energy of each ligand was calculated by the 
following equation: ∆ܩௗ = ௫ܩ − ௗܩ) +  (௧ܩ

MD simulations 
MD simulations were performed for the free 

3CLpro and in complex with remdesivir and the 
best-designed compound to study the overall 
effects of this ligand on the enzyme. 
Information on the effects of enzyme 
fluctuation and rearrangement of active site 
residues was obtained. Therefore, two separate 
phases of MD simulation were performed in the 
absence and presence of docked ligands as 
previously described (47-49). For simulation, 
the crystallographic structure of the 3CLpro (the 
PDB code 6LU7) and the best complexes 
derived from MM-GBSA calculations were 
introduced to the GROMACS-2021.5 package 
(50). Amber99.sb force field was used to create 
the protein topology parameters and the ligand 
topology parameters were created using the 
AnteChamber Python Parser InterfacE 
(ACPYPE) (48,49,51).  

The complex was solvent-coated in a 
dodecahedron box with a TIP3P water model 
(52). Na+ or Cl- ions were randomly substituted 
with water molecules to neutralize the system. 
The linear constraint solver (LINCS) algorithm 
was used to limit the length of hydrogen-
containing bonds (53). Electro-static 
interactions were calculated using the particle 
Mesh Ewald (PME) method (54). In the first 
step, the whole system was minimized using the 
steepest descent algorithm and then with the 

conjugate gradient algorithm. In the next step or 
equilibration step, 500 ps of MD simulation at 
NVT ensemble and then 500 ps at NPT 
ensemble was performed by position restraint 
of the protein atoms. 

To achieve equilibrium at 300 K and 1 bar 
pressure, the system was heated at low-
temperature coupling (τ = 0.1 ps) and pressure 
coupling (τ = 1 ps). The Berendsen algorithm 
was selected for the thermostat and the barostat 
in the equilibrium phase (55). In the final step 
or production step, 100 ns of MD simulation 
was performed at 300 K with a time step of 2 fs 
without position restraint of protein atoms. The 
thermostat and barostat for the production step 
were the Nose-Hoover thermostat and the 
Parrinello-Rahman Barostat (55). VMD (56) 
and PyMol Tcl (57) were used for visualization 
of the results. 

 
RESULTS 

  
Docking validation and designing remdesivir 
analogs 

To validate the docking process and 
investigate the main interactions between the 
crystallographic ligand (N3) and Mpro, a 
molecular docking study was performed. 
According to the findings, the catalytic His163 
and Cys145 residues and Gly143 and Glu166 
amino acids are known as the main residues in 
the bottom and the edges pocket of Mpro, 
respectively (42). The docking study analysis 
showed that all reported residues have formed 
hydrogen bonds with ligand N3. Also, the main 
hydrophobic amino acids located around ligand 
N3 such as His41, Phe140, Lue141, Asn142, 
Ser144, His164, Met165, His172, and Gln189 
(Fig. 2). 

To predict new remdesivir derivatives, the 
main interactions between remdesivir and Mpro 
were investigated using a docking study. As 
shown in Fig. 3, the oxygen atoms in 
phosphoramidate and carbonyl groups played 
the main role in the hydrogen bond formation 
with Cys145, Gly143, and Glu166 residues. 
Thus, these parts of the remdesivir molecule 
were kept and other parts changed to reach the 
new remdesivir derivatives with the best 
interaction and binding energy than remdesivir. 
The commutable parts of the remdesivir were 
shown in Fig. 1 and new remdesiver derivatives 
were reported in Table 1.  
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Fig. 2. The main interactions ligand N3 in Mpro active site. (A) 3D-plot and (B) 2D-plot. 
 
 
 

 
Fig. 3. The main interactions of remdesivir in the Mpro active site. (A) 3D-plot and (B) 2D-plot. 

 
Pharmacokinetic and physicochemical 
properties prediction 

The pharmacokinetic and physicochemical 
properties of the designed compounds were 
calculated by the QikProp package. 
Pharmacokinetic and physicochemical 
parameters are as follows: donor hydrogen 
bonds, acceptor hydrogen bonds, dipole 
moment, total solvent accessible surface area 
(SASA), The octanol/water partition coefficient 
(QlogP O/W), IC50 of blocking hERG K+ 
channels (Qplog HERG), cell permeability of 
Caco-2 (Qplog Caco) and MDCK 
(QPPMDCK) in nm/sec, brain/blood partition 
coefficient (Qplog BB), human serum albumin 

binding (Qplog Khsa), and percent human oral 
absorption. 

The obtained results are shown in Table 2. 
All designed compounds with appropriate 
pharmacokinetic properties passed the 
screening of ADME prediction. 
 
Molecular docking analysis 

Molecular docking was performed to find 
the best position of ligands in the 3CLpro 
enzyme. Among the various conformations that 
were selected, one conformation with the best 
state and the highest interactions with the Mpro 
active site, and the lowest binding energy 
(kcal/mol) was chosen.  
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Table 2. Pharmacokinetic and physicochemical parameters of designed compounds. 

Compound 
ID 

DHB AHB Di SASA 
Qplog 
O/W 

Qplog 
HERG 

Qplog 
Caco 

Qplog 
BB 

QPPM 
DCK 

Qplog 
Khsa 

%HOA 

L1 2 10 3.43 715.12 3.5 -5.91 1225.17 -0.92 1062.06 -0.08 100 
L2 2 10 4.19 724.74 3.77 -5.76 1230.67 -0.97 1015.30 0 100 
L3 2 10 3.96 731.38 3.97 -5.76 1825.55 -0.79 1702.01 0.02 95.61 
L4 3 11.5 6.60 846.77 2.41 -5.98 226.62 -2.06 174.70 -0.55 83.19 
L5 2 11.5 7.02 886.16 3.08 -6.17 410.33 -1.82 305.31 -0.39 91.74 
L6 2 11 5.16 992.82 4.94 -7.41 909.34 -1.64 570.56 0.18 95.84 
L7 2 11.5 2.49 867.70 3.24 -5.70 883.05 -1.61 460.27 -0.39 100 
L8 2 11.5 5.86 944.08 3.72 -6.08 411.17 -1.91 315.72 -0.15 82.57 
L9 2 12.5 7.54 850.26 2.09 -4.67 57.90 -2.80 34.63 -0.54 44.79 
L10 2 11.5 7.14 936.23 3.91 -6.09 411.42 -1.73 779.98 -0.19 83.68 
L11 2 11.5 7.26 938.02 3.93 -6.07 390.87 -1.75 791.59 -0.18 83.41 
L12 2 12.25 7.06 949.08 3.50 -6.07 411.01 -1.97 315.67 -0.30 81.28 

References 0-6 2-20 1-12.5 300-1000 -2-6.5 < -5 
< 25 poor 
> 500 
great 

3-1.2 

< 25 
poor 
> 500 
great 

-1.5-
1.5 

> 80% 
high 
< 25% 
poor 

DHB, Donor hydrogen bond; AHB, acceptor hydrogen bond, Di, dipole moment; SASA, solvent accessible surface area; Qplog BB, brain/blood 
partition coefficient; Qplog Khsa, human serum albumin binding, HOA, human oral absorption.  

 
Investigation of the docking results showed                   
that all of the studied compounds sat in                            
the Mpro active site and the XP GScore of all of 
them was negative into 3CLpro. The lowest                          
XP GScore and the involved catalytic residues 
in the interaction between ligands and Mpro,                      
the most important energy contributions,                       
and the average distance between designed 
ligands and reported residues are mentioned in 
Table 3.  

The docking results showed that the catalytic 
residues formed hydrogen bonds with all 
ligands, except ligands 5 and 6 (L5 and L6). In 
ligands 12 and 8, the values of XP GScore were 
obtained more than remdesivir, but other 
compounds had the XP GScore less than 
remdesivir.  
 
MM-GBSA results 

The obtained binding affinities of                  
docking calculations often are not trusty 
measuring criteria to rank compounds (58). In 
the ligand binding energy calculations, adding 
solvation energy and surface accessibility area 
can lead to more acceptable accuracy in 
prioritizing them (45). In this study, the ranking 
of the designed compounds was performed 
using MM-GBSA calculations. The ΔGbinding 
values were reported in Table 4. The lowest 
value (L12) was chosen as the best compound 
and was introduced to the MD simulation study 
for more investigation.  

MD simulations 
In-silico screening and molecular dynamics 

simulations could improve information in 
deciphering functional mechanisms of complex 
situations and also help to design new 
compounds to treat diseases. Recently MD 
simulations have been used to investigate the 
main interactions between protein-ligand to 
predict new compounds for COVID-19 
treatment (59,60). In this study, a variety of 
characteristics was also employed such as root 
mean square deviation (RMSD), root mean 
square fluctuation (RMSF), and radius of 
gyration (Rg), in the course of a 100-ns 
simulation period for examining flexibility and 
stability of the 3CLpro-ligand complex.  
 
RMSD analysis 

To examine global changes in the 3CLpro 
conformation as a result of the presence of 
remdesivir in the binding pocket, the RMSD of 
the protein backbone relative to the initial 
structure as a function of MD simulation time was 
measured. Graphs of RMSD values are shown for 
the backbone 3CLpro enzyme in the absence and 
presence of remdesivir and L12 during 100 ns of 
MD simulation in Fig. 4. As can be seen in the 
RMSD diagrams, during the first 45 ns of the 
simulation, the protein was stable, but 0.3 nm 
fluctuation was seen in the last 55 ns. The RMSD 
values of backbone atoms of ligand L12 gradually 
increased during the first 45 ns and reached an 
equilibrium value with 0.1 nm fluctuation until 
the end of 100 ns.  
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Table 3. Energy-based interactions details of the studied ligands. 

Ligands XP GScore (kcal/mol) 
Main catalytic 
residues  

Main contribution of energy 
(kcal/mol) 

Distance (Å) 

Remdesivir -7.014 
Cys145 
Gly143 
Glu166 

Vdwa (-2.058) 
Coulb (-0.573) 
Vdw (-1.960) 
Coul (-0.615) 
Vdw (-8.817) 
Coul (-11.803) 

2.149 
1.620 
2.075 

L1 -6.141 Gly143 
Vdwa (-1.205) 
Coulb (-1.773) 

2.050 

L2 -5.994 Glu166 
Vdwa (-5.698) 
Coulb (-2.582) 

2.192 

L3 -5.426 Glu166 
Vdwa (-4.604) 
Coulb (-1.958) 

1.723 

L4 -6.511 
Gly143 
Glu166 

Vdw (-0.864) 
Coul (-1.090) 
Vdw (-2.610) 
Coul (-3.403) 

1.880 
2749 

L5 -6.617 - - - 
L6 -6.020 - - - 

L7 -6.456 
Gly143 
Glu166 

Vdw (-1.540) 
Coul (-0.970) 
Vdw (-3.308) 
Coul (-3046) 

1.888 
2.249 

L8 -7.040 
Cys145 
Glu166 

Vdwa (-3.072) 
Coulb (-1.362) 
Vdw (-3.367) 
Coul (+2.129) 

2.246 
1.946 

L9 -6.298 
Cys145 
Glu166 

Vdwa (-3.093) 
Coulb (-0.698) 
Vdw (-3862) 
Coul (-2.820) 

2.332 
2.198 

L10 -5.596 Glu166 
Vdwa (-5.635) 
Coulb (-3.340) 

1.992 

L11 -6.988 
Cys145 
Glu166 

Vdwa (-3.059) 
Coulb (-0.989) 
Vdw (-3.699) 
Coul (+0.863) 

2.172 
1.940 

L12 -8.030 
Cys145 
Glu166 

Vdwa (-3.160) 
Coulb (-1.330) 
Vdw (-5.264) 
Coul (+1.903)

2.257 
2.234 

a, Van der Waals ( a distance-dependent interaction between atoms or molecules) energy; b, Coulomb (the primary force determining the behavior 
of colliding atoms or molecules) energy. 

 
Table 4. Binding energy results of all designed compounds using MM-GBSA calculations 

Entry ∆GBind
a ∆GCoul

b ∆GCoval
c ∆GHbond

d ∆GLipo
e ∆GSolvGB

f ∆GVdw
g 

Remdesivir -85.532 -18.808 3.163 -1.812 -38.710 25.818 -54.795 
L1 -62.135 -9.352 5.190 -0.498 -37.075 28.069 -47.885 
L2 -87.618 -17.805 3.452 -1.004 -42.048 25.458 -54.486 
L3 -79.556 -14.475 6.842 -1.139 -37.473 21.204 -53.442 
L4 -74.374 -15.258 8.002 -1.041 -43.612 27.100 -49.340 
L5 -75.170 -9.808 5.141 -0.853 -36.074 19.903 -52.322 
L6 -70.903 -6.600 16.955 -0.358 -44.574 21.627 -56.931 
L7 -85.047 -25.867 11.698 -1.054 -44.654 32.111 -56.914 
L8 -80.029 -10.499 0.360 -0.989 -43.306 31.059 -56.293 
L9 -74.950 -0.804 7.314 -0.599 -36.899 15.122 -58.358 
L10 -74.666 -13.821 12.100 -0.335 -44.000 33.102 -60.711 
L11 -66.266 -5.695 3.317 -0.984 -37.128 30.325 -55.006 
L12 -88.173 -11.474 1.833 -1.012 -42.594 23.876 -58.573 
a, Binding free energy; b, Coulomb energy; c, covalent energy; d, hydrogen bonding energy; e, lipophilic energy; f, the generalized born electrostatic 
solvation energy; g, Van der Waals energy. 
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Fig. 4. RMSD for 3CLpro backbone in the absence and presence of remdesivir and L12 during 100-ns molecular dynamics 
simulation. RMSD, Root mean square deviations. 
 
 

 
Fig. 5. RMSF for 3CLpro backbone in the absence and presence of remdesivir and L12 during 100-ns molecular dynamics 
simulation. RMSF, Root mean square fluctuation. 

 
The RMSD values for the 3CLpro-remdesivir 

complex were stable during the first 50 ns but 
0.15 nm fluctuation was seen in the last 50 ns. 
The RMSD values of the protein backbone 
indicated that adding ligands led to more 
stability during MD simulation.  
 
RMSF analysis 

To further study the dynamic behavior or 
structural flexibility of the 3CLpro structure after 
ligand binding, the difference in RMSF per 
residue was calculated for three systems                      
(Fig. 5). Residues Gly143-Cys145, His163, 
His164, and His41 that bind with remdesivir 
showed a relatively small degree of flexibility, 
and residues positioned in the binding site                    
seem to be more rigid as a result of binding                       
to the ligand. Put differently, flexibility 
declined in the substrate-binding area, showing 

the fact that the inhibitor slightly affects                   
the residues situated at the substrate-binding 
pocket. Furthermore, we observed higher 
fluctuations in a few regions, including        
residues 44-49, 191-195, 215-222, and                   
275-279, but catalytic regions are shown more 
stable than other regions. These results showed 
that the flexibility of protein has been                   
kept during MD simulation and the presence                   
of ligand has caused stability in catalytic                   
amino acids.   
 
Rg analysis 

The compaction of the three systems studied 
in the simulations was investigated by 
calculating the Rg value to determine changes 
in the enzyme because of ligand binding. This 
index represents the general dimension of 
protein during the simulation. 
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Fig. 6. Rg for 3CLpro backbone in the absence and presence of remdesivir and L12 during 100-ns molecular dynamics 
simulation. Rg, Radius of gyration. 

 
Analyses have shown a minor decrease in 

the Rg value of 3CLpro through remdesivir and 
L12 binding, which refers to the minor 
unfolding of 3CLpro and a more compact 
structure following the ligand binding (Fig. 6). 
As shown by the molecular modeling outputs, 
ligands binding to 3CLpro largely happens into 
a certain active site and make specific changes 
in the protein micro-environment. Interaction 
with ligands led to the stability of 3CLpro 
conformation. 
 

DISCUSSION 
 

In this study, remdesivir scaffold, as the first 
FDA-approved COVID-19 treatment, was 
chosen as the lead compound to predict the new 
Mpro protein inhibitors. The critical residues of 
the active site of the Mpro involved Cys145, 
Gly143, and Glu166, which create the hydrogen 
bond to the phosphoramidate and carbonyl 
groups in remdesivir. Thus, the 
phosphoramidate and carbonyl groups were 
kept, variable sections 1 and 2 changed (Fig. 1), 
and 12 new compounds were designed. 
Molecular docking results showed that, all 12 
compounds made hydrogen bonds with 
catalytic amino acids, except for compounds L5 
and L6. The compounds L12 and L8 showed 
the XP-GScoro more than remdesivir and other 
compounds. The binding free energy was 
calculated for all 12 compounds and remdesivir 
as a reference compound. In compounds L1, 
L2, and L3, variable section 1 was changed to 
quinolone-4 amine, and variable section 2 was 

changed to ethyl, propyl, and isopropyl groups, 
respectively. Among these compounds, L2 with 
the propyl group in variable section 2 showed 
the lowest binding free energy. In the second 
category of compounds, compounds L4-L12, in 
variable section 1, the propyl group was kept 
and the quinolone-4 amine part was replaced 
with N-Alkyl N-phenyl moiety. Compounds L4 
(N-phenyl group), L5 (N-methyl N-phenyl 
group), L6 (N, N diphenyl group), and also the 
compounds with the electron-withdrawing 
substituent group on the phenyl ring (L9, L10, 
and L11) showed high binding free energy. 
Instead, the compounds with the electron-
releasing substituent group on the phenyl ring 
demonstrated the lowest binding free energy 
(L8 and L12). Compound L12 with the lowest 
binding free energy was introduced to the MD 
simulation study.  

In the molecular dynamic simulation, the 
investigation of RMSF results demonstrated 
that the 3CLpro backbone in the complex with 
L12 was more stable (with fluctuation lower 
than 0.1 nm) than the backbone in the complex 
with remdesivir and without ligand after 50 ns 
simulation. The RMSF results in L12 were the 
same as remdesivir, and the new ligand did not 
disrupt the protein backbone. Generally, the 
MD simulation results confirmed molecular 
docking and MM-GBSA results. 

 
CONCLUSION 

 
Herein we have reported an in-silico study 

about the new compounds (12 compounds) 
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designed based on the remdesivir structure. The 
main interactions of remdesivir and designed 
compounds were investigated in the 3CLpro 
active site. Also, the pharmacokinetic and 
physicochemical properties of the compounds 
were calculated. The main interactions of all 
compounds were investigated through 
molecular docking then the binding free energy 
values between them were calculated by the 
MM-GBSA method and dynamic simulation 
was performed on the best combination among 
12 compounds to further investigate the 
stability and interaction. Among the designed 
compounds, compounds 8 and 12 showed the 
highest binding affinity to Mpro protein with XP 
GScore of -7.040 and -8.030 kcal/mol, 
respectively. Also, in both compounds, the 
main interactions were seen with Cys145 and 
Glu166 amino acids. The obtained binding free 
energy using the MM-GBSA method plays the 
main role in prioritizing the screened 
compounds. Compound L12 with -88.173 
kcal/mol was chosen as the best compound and 
introduced to MD simulation. The simulation 
results of compound 12 were compared with the 
results of protein simulation without the 
presence of an inhibitor and in the presence of 
remdesivir. The Rg, RMSF, and RMSD results 
confirmed better stability of L12 compared with 
remdesivir. Supported by the theoretical results, 
compound 12 could have the potential to inhibit 
the 3CLpro enzyme, which requires further in 
vitro studies and enzyme inhibition must also 
be confirmed at protein levels. 
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