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The main protease (M ) of the newly emerged severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was

subjected to hyphenated pharmacophoric-based and structural-based virtual screenings using a library of microbial

natural products (>24,000 compounds). Subsequent filtering of the resulted hits according to Lipinski’s rules was applied

to select only the drug-like molecules. Top-scoring hits were further filtered out depending on their ability to show constant

good binding affinities towards the molecular dynamic simulation (MDS)-derived enzyme’s conformers. Final MDS

experiments were performed on the ligand-protein complexes to verify their binding modes and calculate their binding free

energy. Consequently, a final selection of six compounds of microbial origin was proposed to possess high potential as

anti-SARS-CoV-2 drug candidates. Our study provides insight into the role of the M  structural flexibility during

interactions with the possible inhibitors and sheds light on the structure-based design of anti-coronavirus disease 2019

(COVID-19) therapeutics targeting SARS-CoV-2
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1. Abstract

The viral genome is predominated by two open reading frames that are connected by a ribosomal frameshift site and

encode the two replicase proteins, pp1a and pp1ab . These polyproteins are cleaved by the viral main protease (Mpro),

also called chymotrypsin-like protease, 3CLPro . Mpro is considered a highly conserved molecular target across

coronaviruses, and hence, it was designated as a potential target for anti-coronavirus drug development .

2. Introduction

Recently, the microbial-derived FDA-approved anti-parasitic drug ivermectin (12), a semisynthetic pentacyclic sixteen-

membered lactone derived from the soil bacterium Streptomyces avermitilis, proved to be an effective in vitro inhibitor of

SARS-CoV-2 replication . In this context, several in silico techniques that have recently gained a lot of attention in drug

discovery campaigns (e.g., structure and ligand-based virtual screening, docking and molecular dynamics) . Hence,

we initiated a virtual screening of a big library of microbial natural products (more than 24,000 compounds) aimed at the

discovery of potential drug candidates against the SARS-CoV-2 M , taking into account the drug-likeness properties to

select only druggable candidates. Simple docking protocols do not take into consideration the flexible nature of proteins;

therefore, their success rates in most cases are between 60–70% . To increase the docking performance, top hits

retrieved from the primary pharmacophore-based screening were further docked on a series of receptor conformers (i.e.,

ensemble docking)  taken from the molecular dynamic simulation (MDS) to consider the factor of the binding pockets’

flexibility. Finally, further MDS of the protein–ligand complexes were performed to verify our docking experiments and

calculate their binding free energy (ΔG). Drug candidates proposed in this study could provide a promising starting point

for the in vitro and in vivo testing and further development of potential drug leads against the newly emerged coronavirus

disease 2019 (COVID-19). The procedure of the current investigation is depicted in Figure 1.
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Figure 1. Applied strategy in the present study. 

3. Structure and Dynamics of the SARS-CoV-2 M

The catalytic site of the SARS-CoV-2 M  was found to be the largest cavity on the whole protein (static volume = 385.56

Å ) and is located in domains I and II (residues 11 to 99 and 100 to 182, respectively, Figure 2A). Additionally, it is smaller

than the earlier SARS-CoV M  (static volume = 447.7 Å ) . It is worth noting that the enzyme’s domain III, which

consists of a globular cluster of five helices, is present only in coronaviruses and is responsible for the regulation of M

dimerization . MDS of the reported SARS-CoV-2 M  (PDB: 6LU7)  was performed to study the conformational

changes in the active site using clustering analysis (conformation was sampled every 0.1 ns). The carbon alpha (Cα) root

main square deviation (RMSD) values with respect to the initial structure were calculated for 25 ns of the simulation and

were found to oscillate from 0.78 to 2.78 Å with a median value of (2.51 Å), reaching equilibrium (i.e., plateau) at 4.8 ns

(Figure 2D). Regarding root mean square fluctuation (RMSF) values, they demonstrated that M  had moderate flexibility

(average RMSF = 2.43 Å, Figure 2E), where the active site showed the highest conformational changes (average RMSF =

3.1 Å), particularly at the THR-45 to ILE-59 loop (Figure 2B), which showed high fluctuations (i.e., RMSF values ranged

from 5.2 to 8.9 Å, Figure 2E).

pro

pro

3

pro 3 [11]

pro

[12] pro [4]

pro



Figure 2. (A): The main domains (M ) in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Brick red:

Domain I, Golden yellow: Domain II, Cyan: Domain III), (B): Heat-map illustrating the flexible regions on SARS-CoV-2

M , (C): The active site volume changes during the course of molecular dynamic simulation (MDS) (D and E): root main

square deviation (RMSD) and root main square fluctuation (RMSF) of SARS-CoV-2 M  after 25 ns of MDS.

The volume of the active site was 399.56 Å  at the beginning of the simulation (Figure 2C), and during the MDS, it

gradually increased to reach 479.65 Å  at 10 ns, and then began to decrease to reach 314.63 Å  at the end of the MDS.

Docking and virtual screening studies on such flexible catalytic active sites using only their crystalized static form would

lead to poor prediction results. Hence, considering multiple structural conformations (i.e., ensemble docking) derived from

the MDS study for our virtual screening in the present investigation could significantly improve the predicted results.
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