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Abstract
The infection produced by the SARS-CoV-2 virus remains a significant health crisis worldwide. The lack of specific medica-
tions for COVID-19 necessitates a concerted effort to find the much-desired therapies for this condition. The main protease 
 (Mpro) of SARS-CoV-2 is a promising target, vital for virus replication and transcription. In this study, fifty pyrazole deriva-
tives were tested for their pharmacokinetics and drugability, resulting in eight hit compounds. Subsequent molecular docking 
simulations on SARS-CoV-2 main protease afforded two lead compounds with strong affinity at the active site. Additionally, 
the molecular dynamics (MD) simulations of lead compounds (17 and 39), along with binding free energy calculations, were 
accomplished to validate the stability of the docked complexes and the binding poses achieved in docking experiments. Based 
on these findings, compound 17 and 39, with their favorable projected pharmacokinetics and pharmacological characteristics, 
are the proposed potential antiviral candidates which require further investigation to be used as anti-SARS-CoV-2 medication.

Keywords SARS-CoV-2 · Pyrazole derivatives of Usnic acid · ADMET · Drug-likeness · Docking · Molecular dynamics 
simulation

Introduction

Viral respiratory infections in humans are mainly caused by 
Coronaviruses (CoVs). The SARS coronavirus (SARS-CoV) 
and MERS-CoVs are the most virulent types transmitted 
to humans from animals and could lead to mild to severe 
respiratory infections. These two sparked global epidemics 
during the last twenty years, with very high mortality rates 

in 2003 and 2012 [1]. In December 2019, swiftly dispers-
ing cases of pneumonia disease were discovered in Wuhan 
city of China [2], which was caused by a novel coronavirus 
strain that was identified later. This strain has an 82% similar 
positive-stranded RNA genome to that of the SARS-CoV, a 
clade of the beta-coronavirus, named SARS-CoV-2 [3, 4]. 
A big replicase gene encompassing non-structural proteins 
is found in the genome, followed by structural and auxiliary 
genes [5]. Both polyprotein 1a and polyprotein 1b (pp1a 
and pp1b), which are eventually transformed into mature 
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non-structural proteins by main protease  (Mpro) and papain-
like proteases, are encoded by the first of the two open read-
ing frames (ORFs) of the replicase gene. These enzymes 
are essential for viral replication and transcription [6, 7]. 
SARS-CoV-2 possesses a large number of structural and 
non-structural proteins. The crystal structure of the  Mpro or 
chymotrypsin-like protease  (3CLpro) from SARS-CoV-2 was 
successfully constructed by Liu et al. [8]. The  Mpro protein 
is also crucial for viral proteolytic maturation. Thus,  Mpro 
could be a potential and effective therapeutic target for the 
novel coronavirus disease by inhibiting the polypeptide 
cleavage of SARS-CoV-2.

The World Health Organization (WHO) formally called 
the disease COVID-19 on February 11th, 2020 [9], and 
essentially declared a pandemic on March 11th, 2020, as 
the virus spread exponentially over the globe [10]. Accord-
ing to the situation report, there are 509,854,571 cumula-
tive confirmed cases worldwide, with 6,244,664 deaths as of 
April 26th, 2022 [11]. Pfizer’s antiviral Paxlovid, a protease 
inhibitor, got the emergency US Food and Drug Administra-
tion (FDA) approval to administer to COVID-19 patients on 
December 22nd, 2021. However, its associated drug–drug 
interactions may limit its use in the community [12]. Fur-
thermore, a few vaccines are on the market to combat this 
lethal viral infection. Some studies support using traditional 
medicines as alternative and adjuvant therapies in SARS-
CoV-2 disease. So, continuous efforts are still ongoing to 
integrate western medications and traditional medicines for 
devising proper therapeutic strategies [13]. Antiviral thera-
pies have been demonstrated to be effective against viral 
enzymes. As a result, most antiviral drugs have been used for 
SARS-CoV-2 treatment at the start of a diagnosis [14]. Since 
January 2020, numerous clinical trials have been conducted 
on antiviral, anti-inflammatory, and antimalarial medications 
for managing COVID-19 disease [15, 16].

The best source of therapeutic compounds is natural prod-
ucts with anticancer [17, 18], antiviral [19], antibacterial 
[18], antioxidant [20], and anti-inflammatory [21] proper-
ties, as well as anti-herbivoral activity [22]. Lichens have 
traditionally been utilized for various illnesses in many cul-
tures and are a potential source of novel antiviral agents 
[23, 24]. A lichen-derived secondary metabolite Usnic acid 
(UA), shows a unique range of bioactivity, including activ-
ity against several gram-positive bacteria such as Staphylo-
coccus epidermidis, Staphylococcus aureus, Enterococcus 
faecalis, Mycobacterium tuberculosis, and several patho-
genic fungi. When used in polyurethanes or bone cement, it 
has recently been proven to suppress biofilm formation by 
Staphylococcus spp. [25, 26]. As a result, this molecule is 
thus being investigated as a potential agent to be adsorbed 
onto the surface of medical devices as a substitute for con-
ventional antibiotics to prevent bacterial infections caused 
by medical equipment. Furthermore, this compound has 

anti-parasitic [27], anti-inflammatory [28], antiviral [29], 
anti-nociceptive, anti-mycotic [27], and anesthetic [30] 
activities. The anti-tumor action of UA was initially discov-
ered in mice with lung cancer and P388 leukemia [31]. Fur-
thermore, based on the docking result by Prateeksha et al. 
[32] which exhibited the ability of UA to inhibit the interac-
tion between the viral receptor binding domain (RBD) of 
trimeric spike glycoprotein (SGP) with the host angiotensin-
converting enzyme-2 (ACE-2) [32] suggests its therapeutic 
potentiality against SARS-CoV-2.

Thus, the research objective was to use in-silico tech-
niques to find novel pyrazole derivatives of UA as potential 
anti-SARS-CoV-2 lead compounds. A total of 50 pyrazole 
derivatives of UA (Table S1) were initially obtained from 
the literature. Following that, drug-likeness and ADMET 
screening was performed, and eight compounds were cho-
sen based on their pharmacokinetic features. These were 
then subjected to molecular docking against SARS-CoV-2 
main protease  (Mpro), which yielded two lead compounds 
(Table 1) compared to the reference compound (Co-crys-
tallized ligand, 11a). The resultant compounds were further 
subjected to molecular dynamics (MD) simulation to esti-
mate the docking accuracy and binding stability.

Methodology

Drug‑Like Properties and ADMET Study

Several predictors were used to characterize the side effects 
and potency of the selected ligands (Table S1) as drugs, 
including Lipinski’s rule of five (Molecular weight, LogP, 
Hydrogen bond acceptor and donor, and Topological polar 
surface area) and ADMET properties (Aqueous solubility, 
Human intestine absorption, Blood–brain barrier, CYP sub-
strate inhibitor, hERG inhibitor, and hepatotoxicity). The 
online tool pkCSM (http:// biosig. unime lb. edu. au/ pkcsm/) 
was used to evaluate the pharmacokinetic variables [33] 
of both ligands and standard (Co-crystallized ligand, 11a) 
molecules.

Structure‑Based Screening

The crystal structure of SARS-CoV-2  Mpro with the PDB 
code 6LZE was used as the target protein for docking [34, 
35]. The CB-Dock (Cavity-detection guided Blind Docking) 
tool was used for protein–ligand docking [36, 37] of eight 
pyrazole derivatives of UA (obtained from drug-likeness 
and ADMET screening) with the  Mpro target. These ligands 
were acquired from several literature sources, generated 
with the ChemSketch tool, and saved in.mol format. The 
CB-Dock protein–ligand docking tool quickly locates the 
binding region, calculates the center’s size and location, 

http://biosig.unimelb.edu.au/pkcsm/
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customizes the docking zone’s size depending on the input 
molecules, and then docks with AutoDock Vina version 
1.1.2 [38]. Before docking, a PBD file of the receptor and 
a.mol file containing the ligands were entered into the CB-
Dock program. Throughout this method, several top cavities 
were automatically selected and used for further docking 
analysis. The ideal binding posture is considered the first 
conformation, and the associated location is regarded as the 
best binding site for the query ligand. After examining the 
binding modalities, interaction with active site residues, and 
the docking score, the best-docked poses were selected for 
additional testing compared to the reference compound (Co-
crystallized ligand, 11a). The co-crystallized ligand (11a) 
was selected as reference compound and 11a exhibited high 
SARS-CoV-2  Mpro inhibition activity with the  IC50 value of 
0.053 ± 0.005 µM. Moreover, this compound showed good 
PK properties in vivo, and also exhibited low toxicity [34].

MD Simulation and Binding Free‑Energy 
Calculations

The stability of the docked compounds at the  Mpro enzyme’s 
active site was evaluated by running all-atom MD simula-
tions. While ligand charge calculations were carried out 
using the bcc method, the topology of Mpro and the screened 
ligands were created using AMBER99SB and GAFF force-
fields, respectively [39]. The protein–ligand complexes were 
solvated in cubical boxes filled with TIP3P water molecules 

and then neutralized the system with sufficient Na + and 
Cl- ions. The distance between the two periodic images was 
maintained at 2 nm. The systems underwent a 2000-steps 
steepest descent energy minimization process, followed by 
a 100-step conjugate gradient energy minimization and sub-
sequently equilibrated for 1 ns each under NVT and NPT 
ensembles at 310.15 K and 1 bar using modified Berendson 
thermostat and Parinello-Rahman barostat, respectively. 
These equilibrated systems were then subjected to produc-
tion runs of 100 ns each at the same temperature and pres-
sure. A 2 fs time-step was applied while the frames were 
updated every 1 ps. Standard GROMACS tools were used 
for the trajectory analysis, and PyMol was used for viewing 
the trajectories.

The end-state MMPGSA binding free energy calculations 
were done using the gmx_MMPBSA v.1.5.2 tool [40]. All 
the 10,000 frames were taken for binding free energy calcu-
lations with the internal and external dielectric constants of 
1 and 80, respectively, while iGB model 2 was selected for 
the analyses. The interaction entropy was calculated for the 
last 250 frames. The binding free energy is defined by Eq. 1:

where  delGgas constitutes the gas phase binding energy con-
tributions, including electrostatic and van der Waals interac-
tions,  delGsolv marks the solvation free energy contribution, 
and  delGtotal represents the total binding free energy.

(1)delGgas + delGsolv = delGtotal,

Table 1  Structure, IUPAC name, chemical formula, and molecular weight of newly discovered small-molecule inhibitors (17 and 39)

Compound 
number

Molecular structure IUPAC name Chemical formula Molecular 
weight (g/
mol)

17 (R)-8-acetyl-5,7-dihydroxy-3,4a,6-trime-
thyl-1-(6-methylpyridazin-3-yl)-1,4a-
dihydro-4H-benzofuro[3,2-f]indazol-
4-one

C23H20N4O5 432.436

39 1-((4R,4aS)-4,5,7-trihydroxy-
3,4a,6-trimethyl-1-phenyl-4,4a-
dihydro-1H-benzofuro[3,2-f]indazol-8-yl)
ethan-1-one

C24H22N2O5 418.449
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The metadynamics analysis of the trajectory data, includ-
ing the free energy landscape (FEL), principal component 
analysis (PCA), cumulative variance, porcupine plot, and 
secondary structure changes, were estimated using geo_
measures 0.9 PyMol plugin [41].

Results and Discussion

Drug‑Like Properties and ADMET Study

The pharmacokinetic profiles were also calculated for the 
compounds and the co-crystal ligand (11a). Several predic-
tors, including Lipinski’s rule of five and ADMET, were 
used to characterize these ligands’ side effects and potency 
as drugs. The pkCSM program generates small-compound 

Fig. 1  3D-Interaction diagram of A compound 17, B compound 39 and C Co-crystal ligand 11a with the active site amino acid residues of 
SARS-CoV-2 main protease
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Fig. 2  RMSD plot of individual ligands (a, b) (grey), protein (red) 
and complex (blue), c RMSF of complex (blue colour-Mpro-com-
pound17 and red colour-  Mpro-compound-39), d RoG of complex 

(blue colour-Mpro-compound17 and red colour-Mpro-compound-39) 
and e SASA of complex (blue colour-  Mpro-compound17 and red col-
our-  Mpro-compound-39)

Fig. 3  The binding energy analysis between  Mpro and compound- 17. 
a Enthalpic contributions, b Total binding energy, c Per-frame bind-
ing energy values, d Per-residue energy decomposition, e Per-frame 

per-residue energy decomposition plot, f 3D representation of energy 
decomposition of  Mpro interacting residues with compound 17



701Molecular Biotechnology (2024) 66:696–706 

1 3

pharmacokinetic profiles based on the compilation of QSAR 
model databases. Table S2 displays the outcome of this 
prediction.

According to Lipinski’s rule of five, a drug’s oral bio-
availability is determined by various factors. The drug must 
have a molecular weight of less than 500 g/mol, a log P 
(octanol–water partition coefficient) value of less than 5, 
hydrogen bond donors (–NH or –OH groups) of less than 
5, and hydrogen bond acceptors (N or O atoms) of less than 
10. For better intestinal absorption of a small-molecule, its 
topological polar surface area (TPSA) should be less than 
140 Å2 and rotatable bonds of less than or equal to 10. Only 
eight compounds (1, 5, 6, 7, 17, 18, 33, and 39) out of 50 
investigated pyrazole derivatives of UA agree with Lipin-
ski’s rule of five (Table S2), constituting potential orally 
administered medicines.

However, the drug must possess good ADMET (absorp-
tion, distribution, metabolism, excretion, and toxicity) quali-
ties at the therapeutic dose. All pyrazole derivatives of UA 
have aqueous solubility and good human intestine absorption 
characteristics (Table S2). The blood–brain barrier (BBB) 
has a moderate distribution of all substances. Further-
more, cytochrome P450 (CYP450) enzymes are required to 
metabolize numerous xenobiotics in humans and metabo-
lize 90% of all medications. There are two pharmacological 

interactions with CYP450: enzyme inhibition and induction. 
CYP450 inhibitors block this enzyme’s metabolism, whereas 
CYP450 inducers can act as a substrate for metabolic activi-
ties or synthesize more enzymes [42]. Because they do not 
exhibit toxicity for the isoform of the CYP substrate and 
CYP inhibitor, the compounds (1, 5, 6, 7, 17, 18, 33, and 
39) demonstrate excellent metabolism. Finally, unlike hERG 
I inhibitors, these drugs do not have toxicity. The hERG 
(human ether-á-go-go related gene) encodes a potassium ion 
channel that supports electrical heart activity by repolarizing 
the cardiac action potential [43, 44]. When drug molecules 
block this channel, the result can be an arrhythmia, which 
can cause possibly fatal symptoms. [45]. The hERG I inhibi-
tor predictor revealed that compounds 1, 5, 6, 7, 17, 18, 33, 
and 39 had little inhibiting ability of this channel, demon-
strating their eligibility as therapeutic candidates. This soft-
ware was also used to predict the hepatotoxicity potential of 
the selected ligands. According to the findings, all ligands 
can potentially cause liver injury.

Structure‑Based Screening

The eight compounds, as mentioned earlier, were subjected 
to more thorough screening on the CB-Dock server [36]. A 
wide range of binding affinities of the ligands with the main 

Fig. 4  The binding energy analysis between  Mpro and compound-39. 
a Enthalpic contributions, b Total binding energy, c Per-frame bind-
ing energy values, d Per-residue energy decomposition, e Per-frame 

per-residue energy decomposition plot, f 3D representation of energy 
decomposition of  Mpro interacting residues with compound-39
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protease were obtained during screening. Based on the inter-
action energy and interacting amino acid residues relative to 
the reference compound (co-crystal ligand 11a = −8.4 kcal/
mol), the two best compounds (17 = −8.9 kcal/mol and 
39 = −8.7 kcal/mol) Table 1, which exhibited the similar 
binding energy and interaction profiles with main protease 
to that of co-crystal ligand were chosen for future study.

The Usnic acid analogues showed the docked score val-
ues on main protease, ranging from −8.4 to −9.7 kcal/mol 
(Table S3). Figure 1 shows the CB-Dock output data analy-
sis results for selected ligands. Compound 17 was chosen 
for binding because of its hydrophobic, hydrogen bond-
ing, ionic bonding, and π-π stacking interactions (hydro-
phobic: Gln192, Pro168, Met165, Phe140, and Glu166; 
hydrogen bonding: Thr190, Arg188, Met165, Gln189, 
Cys145, His164, His41, His163, and Leu171; ionic bonds: 
His164 and His172; π-π stacking: Phe140) (Table  S3). 
Compound-39 had lower binding energy than compound 
17, despite having strong hydrophobic, hydrogen bonding, 
ionic, and π-π stacking interactions (hydrophobic: Gln192, 
Leu167, Phe140, and Glu166; hydrogen bonding: Thr190, 
Arg188, Gln189, Met165, His164, Cys145, Leu141, His163, 
and His41; ionic bond: His172; π-π stacking: Phe140). On 

the other hand, compounds 1, 5, 6, 7, 18, 22, and 33 revealed 
a high number of hydrophobic and hydrogen bond forma-
tions with a few similar amino acid residues (Table S3) at the 
same binding site as Compound 17 and 39. According to the 
foregoing findings, the ionic and π-π stacking interactions, in 
addition to hydrogen bonding and hydrophobic interaction, 
played a crucial part in Compound 17 and 39’s high binding 
affinities compared to other molecules.

MD Simulation

Analysis of Structural Changes and Fluctuations in  Mpro

The dynamic behaviors of the screened molecules and their 
stability at the active site of  Mpro were assessed by analyz-
ing their MD trajectories. The root mean square deviation 
(RMSD) of the individual ligands, protein and complex were 
calculated and plotted as shown in Fig. 2a and b. Both the 
systems were well equilibrated within the first 10 ns of the 
trajectories. In the case of compound 17, the RMSD of the 
 Mpro-compound 17 complex ranged from 0.20 to 0.35 nm, 
with a similar trend of RMSD for protein from 0.15 to 
0.3 nm. The system remained stable from the last 15 ns.

Fig. 5  The number of con-
tacts and their corresponding 
frequency (51–99%), formed 
between the ligands and the 
active site residues of  Mpro 
within 3.5 Å of the ligands. 
a  Mpro-compound 17, b 
 Mpro-compound-39
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Fig. 6  Metadyamics analysis of  Mpro-Compound17 trajectory. a Free 
energy landscape, b PCA plot, c cumulative variance explained by 
the first top 10 components, d porcupine plot and e Changes observed 

in the secondary structure around the active site residues of  Mpro in 
complex with compound 17

Fig. 7  Metadyamics analysis of  Mpro-Compound39 trajectory. a Free 
energy landscape, b PCA plot, c cumulative variance explained by 
the first top 10 components, d porcupine plot and e Changes observed 

in the secondary structure around the active site residues of  Mpro in 
complex with compound-39
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In comparison, compound 17 showed small fluctuations 
in RMSD at around 15–24 ns and then remained stable 
throughout the trajectory with RMSD of 0.11 nm in the 
case of  Mpro-compound 39 complex, the RMSD fluctu-
ated from 0.2 to 0.31 nm and remained stable throughout 
the trajectory. A similar trend of RMSD was seen for  Mpro. 
Compound 39 remained steady the entire trajectory with 
an average RMSD of 0.07 nm. The average fluctuations in 
the amino acid residues of the protein as a result of ligand 
binding over the simulation period were assessed by calcu-
lating the root mean square fluctuations (RMSF), as evident 
in Fig. 2c. The RMSF of the residues ranged from 0.05 to 
0.75 nm, with the highest fluctuation observed in the termi-
nal residues, which is expected owing to their flexible nature. 
The minimal fluctuations were observed in the active site 
residues ranging from 0.05 to 0.12 nm, indicating the stable 
interactions between the  Mpro and compounds 17 and 39. 
The structural changes in  Mpro were calculated in terms of 
the radius of gyration of the protein (RoG). Figure 2d shows 
the RoG of  Mpro in complex with compound 39 ranged from 
2.22 to 2.16 nm and maintained its shape, while  Mpro in 
complex with compound 17 showed slight expansion of the 
structure by the last 50 ns of the trajectory with the RoG 
values ranging up to 2.25 nm. The solvent accessible surface 
area (SASA) for the  Mpro in the presence of ligands remained 
more or less similar by the end of the simulation for both 
cases, as shown in Fig. 2e.

Binding Energy Estimations

The end-state relative binding free energies (MMGBSA) 
between the  Mpro and compounds 17 and 39 were calcu-
lated to assess the stability of these ligands at the active 
site of  Mpro. Compound 17 showed a relatively lower bind-
ing energy (−36.11 ± 3.76 kcal/mol) with  Mpro as com-
pared to compound 39, which showed a binding energy of 
−24.72 ± 3.20 kcal/mol, which indicated a relatively higher 
affinity of compound 17 towards  Mpro than compound 39 
(Figs. 3a–c and 4a–c) with the major interactions being van 
der Waals interactions.

The catalytic dyad of  Mpro consists of the residues His41 
and Cys145. For the  Mpro to be catalytically active, it stays 
in a homodimeric form, where the residue Glu166 of one 
protomer interacts with the N-terminal residues of other 
protomer [3, 46]. Additionally, side chain of Glu166 and 
His163 along with backbone of Phe140 plays a critical role 
in peptide substrate recognition and binding. Along with 
these residues, there are three conserved histidine residues 
(His163, His162 and His172) that are part of the substrate 
binding site of  Mpro. Among these, a mutagenesis study has 
shown that residues His163 and His172 are critical to main-
tain the enzymatic activity [47, 48].

In our study, the highest contribution to the binding 
free energy of  Mpro with compounds 17 and 39 was made 
by active site residues Asn142, Gly143, Ser144, His163, 
His164, Met165, Glu166, Arg188, and Gln189 along with 
the catalytic dyad residues His41 and Cys145 (Figs. 3d and 
4d) which remained stable over the trajectories as shown in 
Figs. 3e and 4e. These residues also maintained contact with 
the ligands well under 3.5 Å, with the frequency ranging 
from 51 to 99%, as shown in Fig. 5. Since, all these residues 
are critical for dimerization of  Mpro, peptide substrate recog-
nition, binding and catalysis, hence, binding of compounds 
17 and 39 with  Mpro might interfere with the active homodi-
mer formation, substrate binding and enzymatic catalysis 
by Mpro thereby inhibiting its biological function crucial for 
SARS-CoV-2 replication.

The Metadynamics Analysis of the Trajectories

The different conformational ensemble states adopted 
by the protein  Mpro after binding the compounds 17 and 
39 were estimated by plotting the free energy landscapes 
(Figs. 6a and 7a). A single energy minimum was observed 
in both cases where the energy minima in the case of com-
pound 17 are more broadened and contain more different 
ensemble states of the protein compared to FEL of  Mpro 
in complex with compound 39 (Figs. 6a and 7a), which is 
also supported by the PCA analysis and cumulative vari-
ance plot where the conformational search spanned by 
protein in complex with compound 17 is more along both 
the principal components compared to that in complex 
with compound 39 (Figs. 6b and 7b) and the cumulative 
variance explained by the first top 10 components in case 
of compound 17 is more (78%) as compared to that in case 
of compound 39 (Figs. 6c and 7c). The slight expansion in 
the radius of gyration of  Mpro in complex with compound 
17 as compared to complex 39 can also be explained by 
the outward movement of the alpha-helical fragment over 
the active site mapped by the residues 46–56 as displayed 
in the porcupine plot in Figs. 6d and 7d. The changes in 
the per residue-wise secondary structure of the  Mpro as a 
function of screened ligand binding were also assessed. 
In both cases, no significant changes were observed in 
the secondary structure around the active site residues 
(Figs. 6e and 7e).

Conclusions

In conclusion, two novel small compounds that have sub-
stantial inhibitory potential against the binding of the  Mpro, 
the primary factor responsible for viral infection and rep-
lication, were discovered in this work. The newly discov-
ered compounds outperformed the standard (co-crystallized 
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ligand) molecule. Compared to conventional molecules, 
they also have greater druggability and favorable pharma-
cokinetic characteristics. Additionally, MD simulations 
for 100 ns showed that the interactions between ligands 
and  Mpro residues are a crucial component of the residues 
required for structural stability and functioning. The current 
in-silico experiments examines compounds’ potential (17 
and 39) as promising and effective therapeutic medication 
candidates against SARS-CoV-2.
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tary material available at https:// doi. org/ 10. 1007/ s12033- 023- 00667-5.
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