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1. Introduction

Severe acute respiratory syndrome COVID-19 is the most dreadful pandemic of the 21% century. It originated in China
in the last quarter of 2019 and spread all over the world within a few months.! So far, there have been approximately 6.8
million reported fatalities and countless individuals who have contracted the coronavirus.? Doctors and immunologists
believe that the spread of viral disease can be controlled by vaccination.>* Many countries have started the vaccination
drive, which is in its final stages. The treatment of COVID-19 patients may be ineffective due to a lack of effective
pharmaceuticals. There is no effective drug against SARS-CoV-2 discovered by the pharmaceutical scientists, and the
research is going rigorously all over the world. Repurposing of the medicines is tried by many doctors to alleviate the
adverse effects of COVID-19 in patients. Some studies showed that anti-HIV drugs such as Lopinavir, Ritonavir, and
Remdesivir are effective to some extent in controlling the impact of COVID-19.57

The structural or non-structural proteins of the COVID-19 virus may act as effective targets for drug molecules. The
main protease of SARS-CoV-2 is an important non-structural protein.® Membrane protein, spike protein, envelope protein,
and nucleocapsid protein are the structural proteins of coronaviruses. In our previous work, we had reported the interaction
of some antiviral molecules with the main protease of the COVID-19 virus, which was investigated computationally.®!° In
this work, we present the interactions of the already existing antivirals with the structural proteins of SARS-CoV-2 using
in silico methods. Drugs such as Lopinavir, Atazanavir, and Remdesivir were taken and evaluated for their binding affinity
with the structural proteins of coronaviruses using molecular docking studies. Molecules that are analogues to the antivirals
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were obtained by the pharmacophore modeling of the antivirals. Docking studies of the molecules were also carried out to
check their effectiveness on the structural proteins of coronaviruses.

2. Results and Discussion
2.1 Docking studies of antivirals

Molecular docking studies established the binding interactions and the binding efficacy of various antivirals on the
structural proteins of the COVID-19 virus. Table 1 shows the binding energy values of protein-ligand complexes. The
number of hydrogen bonds and the type of interaction between the receptor proteins and the antivirals are given in the
subsequent paragraphs.

Table 1. Binding energies (kcal/mol) of antiviral-protein complexes

Receptor\Drug Lopinavir Atazanavir Remdesivir
6M3M -10.35 -10.58 -11.11
6VXX -8.34 -9.16 -8.82
7K3G -9.54 -9.12 -10.25

2.1.1 Interaction with nucleoprotein

Lopinavir formed four conventional hydrogen bonds (Argl50-2 No.s, Alal57-2 No.s), three non-classical hydrogen
bonds (Alal57, Ile158, and Ile75), three alkyl hydrophobic interactions (Ille158, Alal56, Alal57), and three pi-alkyl
hydrophobic linkages (Arg69, Vall59, and Alal56) with the 6M3M receptor. Lopinavir-6M3M complex displayed -10.35
kcal/mol binding energy.

Atazanavir exhibited a binding energy of -10.58 kcal/mol on the nucleocapsid protein and showed with three
conventional hydrogen bonds (Arg150-2 No.s, Tyr110), two non-conventional hydrogen bonds (Pro152, Ala56), two alkyl
hydrophobic interactions (Ille158-2 No.s), and three pi-alkyl interactions (Ala56, Alal56, Alal57).

Remdesivir-6M3M complex was stabilized by ten classical hydrogen bonds. Out of which five numbers were established
with the amino acid residue Arg89 and the drug molecule, and the others were between Glu63, Thr92, Lys66, Asp129,
Arg90, and Remdesivir. In addition to this, six non-classical hydrogen bonds (Glu63-3No.s., Gly130, Ala91, Arg90), two
electrostatic interactions (Glu63, Lys66), two hydrophobic linkages (Prol18, Lys66), and four pi-alkyl type interactions
(Lys62-2No.s., Ala91, Pro169) were found in the receptor-drug complex. Two repulsive interactions were also noted
between the Remdesivir molecule and two aminoacid residues, Arg89 and Lys66. A very good score of -11.11 kcal/mol
binding energy was shown by Remdesivir on the nucleocapsid protein of the COVID-19 virus.

2.1.2 Interaction with Spike protein

Antivirals Lopinavir and Remdesivir showed binding energies of -8.34 and -8.82 kcal/mol on the receptor binding
domain (RBD) of spike protein respectively. The 6VXX-lopinavir complex displayed only one hydrogen bond (Gly339)
and three non-classical hydrogen bonds (Gly339, Gly340, and Asn343). This complex also displayed three hydrophobic
interconnections with the residues Leu335 (2 No.s) and Val367. Remdesivir is bound to the RBD of spike protein using
four conventional hydrogen bonds (Phe338-2 No.s, Ser371, Asn343), five non-classical hydrogen bonds (Cys336, Gly339,
Ser373-2 No.s, Ser371), one n-n hydrophobic bond (Trp436), and one alkyl hydrophobic bond (Val367).

According to the docking studies, the receptor binding domain (RBD) of the spike protein combined with the atazanavir
to form the drug-protein complex with a binding energy of -9.16 kcal/mol. The complex didn't possess any conventional
hydrogen bonds but consisted of one non-classical hydrogen bond with Glu 224. One n-n interaction (Trp104), three alkyl
interactions (Leul26, Val227, and Leu229), and three pi-alkyl linkages (Hsd207-2 No.s., Val126) were also noticed in the
6VXX-atazanavir complex.

2.1.3 Interaction with Envelope protein

Atazanavir formed a stable complex with the envelope protein of the coronavirus using one conventional (Ala32) and
one non-conventional hydrogen bond (Leu31) and showed a binding energy of -9.12 kcal/mol. In addition to these
interactions, the complex displayed seven alkyl-hydrophobic linkages (Leu31, Ala32, Leu28, -3 No.s, Ala32, Ala-30) and
three pi-alkyl type bonds (Ala36-2. Nos, Ala-32-2 No.s) with the amino acid residues of envelope protein.
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The 7K3G-Lopinavir complex did not display any conventional or non-conventional hydrogen bonds. But the complex
was stabilized by fourteen hydrophobic interactions, namely pi-hydrophobic interactions (Leu31, Ala32,-4 No.s, Ala36)
and alkyl-hydrophobic interactions (Val25-2 No.s, Leu28-4 No.s, Ala32, Ala36) with the various chains of envelope protein.

Remdesivir antiviral formed one conventional hydrogen bond with Ala32. Amino acid residues Val25 (3 No.s), Leu21
(3 No.s ), and Val24 (2-No.s) of different chains of envelope protein made alkyl hydrophobic interactions with Remdesivir.
Five pi-alkyl bonds were also established between the drug and the envelope protein.

Among the three antivirals studied, Remdesivir exhibited more efficiency on the structural proteins 6M3M and 7K3G
of corona virus. The two dimensional interaction plots of antiviral-receptor complexes having binding energy whose
magnitude is >10 kcal/mol are shown in Fig. 1. There have been some clinical reports regarding the efficacy of Remdesivir
to combat coronavirus coronavirus-19.!!
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Fig. 1. 2D interaction plots of antiviral-protein complexes (B.E >10 kcal/mol)
2.2 Pharmacophore studies

To identify molecules with similar structural features to that of antivirals Lopinavir, Atazanavir, and Remdesivir,
pharmacophore investigations were performed. The structures of these molecules were uploaded to the Pharmagist
webserver and the resulting pharmacophore characteristics was analyzed using Pymol software. The derived pharmacophore
consisted of three points; one aromatic ring system, one hydrogen bond donor, and one hydrophobic terminal. The
pharmacophore structure obtained using the three antivirals is shown in Fig. 2. Using the pharmacophore model, four lead
compounds (Zinc IDs 47163347, 12793669, 40476161, and 33138007) were selected from the Zinc database based on a
low RMSD value and molecular mass <500. These compounds were then subjected to docking studies on various structural
proteins of the COVID-19 virus. The molecular structures and binding affinities of the lead compounds with the structural
proteins of the coronavirus are presented in Fig. 3 and Table 2, respectively.

HBD: Hydrogen Bond Donor, HYD: Hydrophobic, ARO: Aromatic

Fig. 2. Pharmacophore derived from the drugs Lopinavir, Atazanavir and Remdesivir
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Fig. 3. Molecular structures of lead compounds from Zinc database

Table 2. Binding energy (kcal/mol) of lead molecules on structural proteins of SARS-CoV-2

Ligand
Receptor 47163347 2793669 40476161 33138007
6M3M -9.18 -8.84 -8.47 -9.12
6VXX -8.97 -7.98 -8.11 -8.22
7K3G -9.12 -8.72 -8.74 -8.5

2.3 Pharmacokinetics and ADME Predictions

The lead compounds were computationally tested using the SwissADME webserver to evaluate their drug-likeness,
physical properties, and pharmacokinetics. The bioavailability radar of the lead molecules was analyzed for Lipophilicity
(LTPO): XLOGP3, Molecular weight (SIZE), Polarity (POLAR) TPSA, Solubility (INSOLU): logS, Flexibility (FLEX),
and fraction of carbons in the sp3 hybridization (INSATU). The bioavailability radars predicted by SwissADME are shown
in Figure 4, and all four molecules showed a bioavailability score of 0.55. The physical, pharmacokinetic, and drug-likeness
properties of the lead molecules are presented in Tables 3, 4, and 5 respectively.

According to pharmacokinetic studies, the four lead molecules cannot penetrate the blood-brain barrier (BBB). All
molecules obeyed the Lipinski rule, but three showed one violation in the MLOGP values. The four molecules followed the
Veber and Egan rules for drug ability prediction but did not obey Ghose principles. The compound 12793669 violated the
Muegge rule. By analyzing Table 5, it can be concluded that all the molecules possess good drug likeness. Gastrointestinal
(GI) absorption of three molecules was high, but 12793669 showed poor absorption according to SwissADME analysis.

The bioavailability radar of the lead molecules (Fig. 4) showed that lipophilicity (LIPO): XLOGP3, molecular weight
(SIZE), polarity (POLAR) TPSA, solubility (INSOLU): logS, and flexibility (FLEX): fitted within the standard range for
47163347 and 12793669. But the saturation (INSATU), i.e., a fraction of carbons in the sp3 hybridization, slightly deviated
from the normal range. Lead compounds 40476161 and 33138007 exhibited a good range in bioavailability radar for all
parameters such as XLOGP3, SIZE, TPSA, logS, FLEX, and INSATU. The molecule 12793669 displayed poor water
solubility, which may be attributed to the high value of Total Polar Surface Area (118.39A2). The other three showed
moderate water solubility. The LogP values of all molecules were appreciable and fell within the standard range for drug
molecules.
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Molar refractivity (MR) is an important molecular descriptor that denotes the overall polarity of a molecule. In general,
the greater the MR value, the greater the polarizability of a molecule. Molar volume and molar mass are the two contributing
factors to MR. The drug-like molecule usually has an MR value between 40 and 130.!2 The four molecules obtained from
the zinc database exhibited MR values between 130-143, suggesting that they show appreciable polarity.
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P-glycoprotein (Pgp) has a significant role in drug transportation and drug-drug interactions.'>!3 Drugs that inhibit Pgp
may increase the bioavailability of the other molecules. According to pharmacokinetic studies, molecules 40476161 and
33138007 acted as Pgp substrates. Drug metabolism primarily occurs with the help of Cytochrome P450 enzymes. Similar
to Pgp, some drugs may inhibit or agonize cytochrome P450 enzymes. This knowledge is important in the area of drug-
drug interactions. Toxic effects and therapeutic failures can be minimized using this knowledge. The SwissADME
predictions established the inhibitory nature of lead molecules on important cytochrome enzymes, which is shown in Table
4. Tt is worth noting that all of the molecules inhibited CYP2C19, CYP2C9, and CYP3A4. None of the molecules inhibit
CYP1A2. CYP2D6 was inhibited only by the molecule 33138007.

E uPO
@ ) [z] uPo
Fig. 4. Bioavailability radars for a) 47163347 b)12793669 c) 40476161 and d) 33138007
Table 3. Physical properties of the lead molecules predicted by SwissADME
Zinc 1d of M. wt(g/mol) TPSA Consensus Water Solubility Molar
Molecule (A2 LogPonw Refractivity
47163347 495.53 105.44 3.59 Moderately soluble 142.85
12793669 494.51 118.39 4.67 Poorly soluble 130.94
40476161 479.54 100.15 4.98 Moderately soluble 131.56
33138007 486.03 95.02 3.78 Moderately soluble 138.86
Table 4. Pharmacokinetics of the lead molecules predicted by SwissADME
Zinc 1Id of GI BBB P-gp CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
Molecule absorption  permeant substrate  inhibitor  inhibitor inhibitor  inhibitor  inhibitor
47163347 High No No No Yes Yes No Yes
12793669 Low No No No Yes Yes No Yes
40476161 High No Yes No Yes Yes No Yes
33138007 High No Yes No Yes Yes Yes Yes
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Table 5. Drug Likeness of the lead molecules predicted by SwissADME

Zinc Id  of Lipinski Ghose Veber Egan Muegge Bioavailability
Molecule Score
47163347 Yes (1) No (2) Yes (0) Yes (0) Yes (0) 0.55

12793669 Yes (1) No (2) Yes (0) Yes (0) No (1) 0.55

40476161 Yes (1) No (2) Yes (0) Yes (0) Yes (0) 0.55

33138007 Yes (0) No (2) Yes (0) Yes (0) Yes (0) 0.55

2.4 Docking studies of molecules from Zinc database

All the compounds showed fair binding affinity for the structural proteins (Table 2). The compound 47163347 showed a
higher binding energy on all structural proteins than the other three compounds. Molecules 12793669 and 33138007
exhibited good binding scores on the nucleoprotein of the coronavirus. 40476161 displayed slightly more affinity towards
envelope protein than other structural proteins. The molecular structures of the lead compounds are shown in Fig. 3.

3. Conclusions

Four antiviral drugs were screened computationally on the structural proteins of SARS-CoV-2 to check the binding
energies of protein-ligand complexes. Binding affinities of the drugs followed the order Remdesivir> Atazanavir> Lopinavir
on the nucleocapsid protein. Remdesivir showed a higher maximum binding energy on the nucleocapsid protein than the
other three drugs (-11.11 kcal/mol). It can be concluded that the efficacy of Remdesivir to alleviate the symptoms of
COVID-19 may be due to the interaction between the drug and the nucleocapsid protein. Pharmacophore studies of three
drugs Remdesivir, Atazanavir, and Lopinavir were performed to identify the probable lead compounds from the Zinc
database. Molecular docking studies, pharmacokinetics, and ADME predictions of the derived compounds were done in
this investigation. A molecule having the zinc id 47163347 showed very good affinity for the nucleoprotein and envelope
protein.

5. Experimental

The X-ray crystallographic structures of the structural proteins of SARS-CoV-2 (Fig. 5) were obtained from the Protein
Data Bank (PDB codes; 6M3M: nucleocapsid protein; 6VXX: spike protein; 7K3G: envelope protein).!*!® The docking
studies of the antivirals were done by the SwissDock webserver. After downloading the protein structure, it was prepared
for docking studies by removing water molecules and co-crystallized ligands using Pymol software. PDB files of proteins
and mol2 structures of the molecules were uploaded to the web server. The results of the protein-drug interaction were
analyzed using UCSF Chimera and Biovia Discovery Studio software.

C

Fig. 5. Structures of nucleoprotein (6M3M), spike protein (6 VXX) and envelope protein (73KG) of SARS-CoV-2

The pharmagist web server was used to derive pharmacophore features of antivirals.!” The derived pharmacophore was
uploaded to the Zinc database to choose lead compounds. The lead compounds were docked with the structural proteins
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using Swissdock server and analyzed using UCSF Chimera and Discovery Studio software. The drug-likeness,
pharmacokinetics, and physical properties of the compounds were evaluated by the SwissADME webserver.?

This work clarifies that chemical compounds have a lot of applications as reported before in different scientific papers.
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