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Abstract 

 

Corona Virus Infectious Disease-2019 (COVID-19) outbreak originated recently at Wuhan, China 

in December 2019. It has already spread rapidly to more than 200 countries and has been declared 

a pandemic by WHO. It is caused by a beta-coronavirus named as SARS-CoV-2. There is no 

definitive cure, either drug or vaccine, to treat or prevent this viral disease. Recently, the crystal 

structure of the main protease Mpro has been determined. Mpro is responsible for the proteolytic 

maturation of the polyprotein essential for the viral replication and transcription, which makes it 

an important drug target. The discovery of new drug molecules may take years before getting to 

the clinics. So, considering urgency we performed molecular docking studies using FDA approved 

drugs to identify molecules that could potentially bind to the substrate-binding site and inhibit 

SARS-CoV-2 main protease (Mpro). We used the Glide module in Schrodinger software suite to 

perform molecular docking studies followed by MM-GBSA based energy calculations to score the 

hit molecules. Molecular docking and manual analysis suggest that several drugs may bind and 

potentially inhibit Mpro. We also performed molecular simulations studies for selected compounds 

to evaluate protein-drug interactions. Interestingly, we observed only one antiviral compound, 

Adefovir, in the top50 list of compounds. Considering bioavailability, lesser toxicity, route of 

administration some of the top-ranked drugs including lumefantrine (antimalarial), dipyridamole 

(coronary vasodilator), dihydroergotamine (used for treating migraine), hexoprenaline (anti- 

asthmatic), riboflavin (vitamin B2) and pantethine (vitamin B5) may be taken forward for further 

in vitro and in vivo experiments to investigate their therapeutic potential. 
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Introduction 

 
Coronaviruses are a group of RNA viruses that cause diseases in mammals and birds. The 

outbreaks of Severe Acute Respiratory Syndrome (SARS) (2003), Middle East Respiratory 

Syndrome (MERS) (2012) and the recent outbreak of COVID-19 (SARS-CoV-2) have shown the 

immense potential of these viruses to infect humans causing deaths and large economic losses. 

Although the fatality rate of COVID-19 (~4%) is lower compared to SARS (~10%) and MERS 

(~35%), the rate of its spreading is much faster than both of these (Guo et al., 2020). Till date, 

more than 1million people have been infected worldwide and more than 50,000 people have 

already died in last three months. COVID-19 infection can cause symptoms ranging from mild-

cold like symptoms to severe illness with pneumonia, respiratory problems, and death 

(Mackenzie and Smith, 2020; Schoeman and Fielding, 2019). Several countries have imposed 

lockdown which is helping in restricting the spread of the disease, however it has not been 

completely successful. Besides loss of human lives, COVID-19 is causing severe economic 

losses to both developed and developing countries. 

The coronavirus enters the cell with the help of its trimeric glycosylated spike (S) protein, 

a class I viral fusion protein with two subunits S1 and S2. A fusion peptide is located between the 

N- and the C-terminal regions of S2 (Walls et al., 2017). The S1 subunit binds with the angiotensin- 

converting enzyme-2 (Ace-2) followed by S2 domain and fusion peptide mediated fusion of the 

viral envelope and cell membrane (Hoffmann et al., 2020). Proteolytic cleavage of S protein after 

binding with Ace-2 by various host cell proteases like Transmembrane Serine Protease 2 

(TMPRSS2), endosomal cathepsins, etc. causes the fusion of the viral envelope to the host cell and 

delivers the viral nucleocapsid into the host cell (Hoffmann et al., 2020; Millet and Whittaker, 

2015; Simmons et al., 2005). The released genomic RNA of the virus is then recognized by the 

host cell translation machinery which synthesized the polyprotein 1a (pp1a) and 1ab (pp1ab) by 

ribosomal frame shifting (Brierley et al., 1987). Then the proteolytic cleavage of the polyproteins 

by main protease (Mpro) produces various non-structural proteins (nsp) (Li, 2016). It has been 

shown previously that the nsp5 (Mpro) of porcine coronavirus can also modify the key players of 

the host immune system by mediating the cleavage of NFκB, STAT-2, therefore, affecting the 

production of IFN-β and expression of interferon-stimulated genes (Koonpaew et al., 2019). 

Currently, there are many drug candidates in clinical use or undergoing clinical trials 

worldwide to treat COVID-19. For example, poly-ADP-ribose polymerase 1 (PARP1) inhibitor, 

CVL218 is in phase 1 clinical trial (Ge et al., 2020). Remdesivir, which was originally developed 

for the treatment of the Ebola outbreak, was given to a patient in the United States causing the 

recovery of a patient from the severely ill category (Al-Tawfiq et al., 2020; Gao et al., 2020). 
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Limited clinical studies on two anti-malarial drugs, chloroquine and hydroxychloroquine, have 

shown potential for treating COVID-19 (Khaerunnisa and Soetjipto, 2020). However, the toxicity 

associated with the use of these drugs have also been reported (McChesney, 1983). The national 

medical products administration of China has approved Flvilavir, for the treatment of coronavirus 

(https://www.clinicaltrialsarena.com/analysis/coronavirus-mers-cov-drugs/). Several vaccines for 

coronavirus are also under clinical trials and over 40 vaccines are under different stages of 

development (https://www.clinicaltrialsarena.com/analysis/coronavirus-mers-cov-drugs/). 

Coronavirus Mpro is a dimeric protein that cleaves the polyprotein into several functional 

proteins helping in viral replication and transcription (Xue et al., 2008). Hence, Mpro is an 

important drug target for treating COVID-19 (Prajapat et al., 2020). Mpro is a three-domain protein 

comprising of domains I, II and III. Domain I and II have a chymotrypsin-like fold (Xue et al., 

2008). The substrate-binding cleft of Mpro is located between domains I and II. Mpro is not 

proteolytically active in the monomeric form because the substrate-binding site is not well 

organized while in the dimeric form the substrate-binding site adopts proper conformation (Li, 

2016). 

Here, using the Schrodinger software suite, we screened the FDA approved drug library 

against SARS-CoV-2 Mpro to search for the drugs that can be potentially used for treating COVID- 

19 pandemic. Our data suggest that several drugs could potentially bind and inhibit Mpro activity. 

Considering safety profile and bioavailability, drugs among the top hits that could be taken further 

for   in   vitro   and   in   vivo   studies   include    lumefantrine, dipyridamole,  

dihydroergotamine, hexoprenaline, and riboflavin as potential candidates for treating COVID-19. 

Results 

 
Sequence and structural comparison of Mpro

 

 
The structural analysis of the protein inhibitor complex (PDB ID: 6LU7) revealed that covalent 

inhibitor N3 binds at the hydrophobic ligand binding pocket and interacts with His163, His164, 

Glu166, Gln189, and Thr190 residues of Mpro (Jin et al., 2020). Multiple sequence alignment and 

ConSurf analyses suggest that this ligand binding site is highly conserved among the members of 

coronavirus family (Figure 1 and 2) (Ashkenazy et al., 2010). In MERS and H-CoV N142C 

mutation was observed while, in MERS H-CoV, IBV and PEDV, H164Q mutation was observed. 

Also, in MERS and Bat-CoV T191V mutation was observed. At the position 215 Bat-CoV has a 

stretch of residues i.e. VKESSF which is absent in all other coronaviruses. We also observed 
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insertion of H247, V248 and E270 in both SARS-CoV-2 and SARS-CoV. These residues are 

absent in the other coronaviruses analyzed in this study (Figure 1). 

In silico screening of FDA approved drugs to identify potential binders 

 
The FDA approved drug library and receptor preparation for molecular docking studies were 

carried out using Schrodinger Suite, 2019 using protein preparation wizard and LigPrep modules 

(Chen and Foloppe, 2010). The potential drug binding sites in the crystal structure were identified 

using the SiteMap (Halgren, 2007). SiteMap analysis suggested five possible druggable sites for 

ligand binding with site scores between 0.549-0.943. The top binding site with site score of 0.943 

was selected for grid generation followed by docking. This site corresponds to the highly 

conserved substrate binding pocket in coronaviruses. The molecular docking was performed using 

Glide Xtra-Precision (XP) module (Arowosegbe et al., 2019). Glide XP uses an anchor-and-grow 

approach for sampling and E-model scoring function to select between protein-ligand complexes 

of a given ligand and the GlideScore (Halgren et al., 2004). The XP docked structures were further 

used for binding free-energy calculations using the Molecular Mechanics energies combined with 

the Generalized Born and Surface Area continuum solvation (MM-GBSA) module (Genheden and 

Ryde, 2015). MM-GBSA was used to estimate relative binding affinity for an FDA approved drugs 

against the binding pocket of Mpro. We shortlisted 50 potential drugs from FDA approved library 

based upon both  XP  docking  energy and MM-GBSA scores  (Table 1).  Molecular  docking  of 

>2200 FDA approved drugs at the similar hydrophobic core resulted in more than 50 potential 

drug molecules having docking score of <5.0 and MM-GBSA score of <30 (Table 1). The docking 

and MM-GBSA scores suggests that these drugs may have favorable interactions and hence may 

potentially inhibit Mpro activity. The best docking pose and the ligand protein interactions for the 

top nine hits have been shown in Figures 3-5. 

The lowest docking score and MM-GBSA based binding energy of -9.93 Kcal/mol and - 

77.27 Kcal/mol, respectively were observed for iopamidol. Iopamidol interacts with the substrate 

binding site by forming hydrogen bonds with His164, Glu166, Gln189 and Thr190 and several 

non-bonded interactions. Iopamidol is a radiopaque contrast agent that contains iodine, and is used 

for imaging of blood vessels, organs, and other non-bony tissues on a CT scan or other radiologic 

(X-ray) examination (Bassi et al., 1982). Like iopamidol, another radiocontrast agent metrizamide 

was also among the top drugs in our list (Azuma et al., 1989; Ekholm et al., 1983). Another top 
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molecule in our list was mitoxantrone having docking score of -8.3 Kcal/mol and MM-GBSA 

score of -69.9 Kcal/mol. Binding of mitoxantrone is mediated by several non-bonded interactions 

and a network of hydrogen bonds with Glu166, Thr190, and Gln189. Mitoxantrone is an 

anticancer agent and immune suppressor agent used for treating cancer and multiple sclerosis 

(Hajihassan and Rabbani-Chadegani, 2009; Mazerski et al., 1998; Wu et al., 2013). Interestingly, 

this drug has also been reported as a potential Mpro binder by Ayman et al (Ayman et al., 2020). 

Lumefantrine with docking score of -5.136 Kcal/mol and the MM-GBSA score of -66.8 

Kcal/mol is at the third position in our list. It binds Mpro with several non-bonded interactions, and 

forms hydrogen bond with Glu166 and − interaction with His41. Lumefantrine is an antimalarial 

agent used in treating acute uncomplicated malaria (Kloprogge et al., 2018). Next drug in our list 

is dipyridamole which is phosphodiesterase 2 inhibitor that blocks the metabolism and uptake of 

adenosine by erythrocytes and vascular endothelial cells (Diener et al., 1996). It causes blood 

vessel dilation and inhibits blood clot formation and is used as coronary vasodilator (Diener et al., 

1996). Docking analysis suggested that dipyridamole forms both hydrophobic and hydrophilic 

interactions with Mpro and interacts with Asn142 and Leu141 through hydrogen bonding. 

Acebutolol is another potential drug that showed favorable binding in our docking studies having 

docking score of -7.3 Kcal/mol and MM-GBSA score of -61.42 Kcal/mol. Docking analysis 

suggested that acebutolol is stabilized by hydrophobic interactions and hydrogen bonding with 

Asn142, His164 and Gln189 residues in the Mpro binding pocket. Acebutolol is a cardio-selective, 

β-adrenoreceptor blocking agent. Acebutolol, is used for treating high blood pressure and it 

reduces the irregular heartbeat (Singh et al., 1986). Ospemifene is used for the treatment of 

dyspareunia and has non-hormonal estrogen receptor modulating activity (Rutanen et al., 2003; 

Wurz et al., 2014). This drug also forms hydrophobic interactions and hydrogen bonding and 

interacts with Thr190 in the binding pocket. The next drug in this list is dihydroergotamine, a 

derivative of ergotamine and mainly used for the treatment of acute migraine. It docks with binding 

score of -6.3 Kcal/mol and MM-GBSA score -60.62 Kcal/mol. Besides hydrophobic interactions, 

it forms hydrogen bonds with Thr190, His 41 and Asn142. Dihydroergotamine can be administered 

as nasal spray; therefore, it can potentially be effective against pulmonary indications of COVID- 

19 infection (Shrewsbury et al., 2008). Neratinib and palbociclib are two other anticancer drugs 

that appeared in our list which are used to treat early stage HER2- positive or HER2-negative 

breast cancer patients, respectively (Cadoo et al., 2014; Pernas and Tolaney, 2019). 
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Hexoprenaline, which functions as bronchodilator, antiasthmatic, and tocolytic agent by 

stimulating β-2 adrenergic receptors, is among the top 10 compounds in the list (Pinder et al., 

1977). Besides several non-bonded interactions, hexoprenaline forms hydrogen bonds with 

Phe140, Glu166 and Thr190. Riboflavin (Vitamin B2) is at fifteenth position in our list. It binds 

with docking and MM-GBSA scores of -7.29 Kcal/mol and -53.66 Kcal/mol, respectively. It forms 

a hydrogen bond with Leu141, Gly143 and Glu166 besides having several non-bonded 

interactions. Pantethine, (vitamin B5) also appeared at the 31st position in the list. Both riboflavin 

and pantethine, though having relatively lower ranks based on docking and MM-GBSA scores, 

being the safest biomolecules among the list can be taken forward to evaluate Mpro inhibitory 

activities. Bioavailability, cell penetration, half-life and safety profile make riboflavin and 

pantethine potential candidates to be screened as an inhibitor of Mpro. 

Molecular Dynamics (MD) simulations 

 
In order to understand the dynamics of Mpro-drug interactions, we selected Mpro-lumefantrine and 

Mpro-riboflavin complexes for MD simulation studies. The stability and the fluctuations of the 

Mpro-drug complex structures were studied by examining the RMSD and the RMSF plots of the 

protein Cα and ligand. The convergence of RMSD trajectory of Mpro- drug complexes during 20- 

30 ns MD simulations suggests that the complexes are stable, and the ligand was bound favorably 

to the substrate binding pocket. The low RMSD observed for the protein backbone suggests that 

the protein is stable and do not undergo overall major conformational changes during the 

simulation run (Figure 6A and 6B). 
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Materials and Methods 

 
Multiple sequence alignment and ConSurf analysis 

 
For multiple sequence alignment, Mpro sequences of SARS-CoV-2, SARS-CoV, MERS, human 

coronavirus NL63 (H-CoV), infectious bronchitis virus (IBV), porcine epidemic diarrhea virus 

(PEDV) and bat coronavirus were extracted from NCBI database (www.ncbi.nlm.nih.gov) and 

then aligned using COBALT tool (Papadopoulos and Agarwala, 2007) using default settings. 

Then, multiple sequence alignment file was submitted to ESPRIPT 3.0 server (Robert and Gouet, 

2014) for rendering sequence similarity and secondary structure information from the aligned 

sequences. The PDB ID: 6M03, SARC-Cov-2 Mpro, was used for secondary structure assignment. 

ConSurf analysis was performed to generate conservation score on PDB ID: 6M03 using HMMER 

homology search algorithm with E-value 0.0001 and UNIREF-90 protein database and multiple 

sequence alignment was generated using MAFFT. Fifty sequences sharing >60% sequence identity 

was used for ConSurf analysis (Ashkenazy et al., 2010). 

FDA approved small molecule library preparation 

 
The FDA approved drug database was downloaded from drug bank database (www.drugbank.ca) 

and prepared for docking study using the LigPrep module in Schrodinger software suite to create 

energy minimized 3D molecular structures (Chen and Foloppe, 2010). Downloaded FDA drug 

compound databases contain only 2D molecular structures in SDF format. LigPrep efficiently 

and accurately performed 3D conversion of these FDA approved drug compounds. Now, this 3D 

structure compound library can utilize for docking studies. 

Structure-based in-silico screening and scoring 

 
The crystal structure of Mpro solved in complex with an inhibitor N3, PDB ID: 6LU7 was used as 

a receptor (Jin et al., 2020). The structure was prepared using the protein preparation wizard 

module using Maestro interface of the Schrodinger software suite. The prepared structure was 

used to identify potential binding sites using the SiteMap module, which uses site score function to 

rank the possible binding sites according to size, functionality, and extent of solvent exposure on 

the protein (Halgren, 2007; Halgren, 2009). The site with a site score of >0.9 was used for grid 
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generation using the Receptor Grid Generation module. The molecules were docking using Xtra- 

precision (XP) mode in Glide module (Friesner et al., 2006). 

Binding energies calculation using MM-GBSA tool 

 
The binding energies of Mpro with docked FDA drugs were calculated using the MM-GBSA 

module in the Schrödinger software suite (Genheden and Ryde, 2015). The docked protein and 

ligand complex were separated manually and loaded as receptor or ligand, respectively in the MM- 

GBSA module. MM-GBSA analysis includes five types of different energy calculation methods 

including optimization of free receptor, optimization free ligand, optimization complex, receptor 

from minimized complex, ligand from the minimized complex (Genheden and Ryde, 2015). 

Molecular Dynamics Simulations 

 
The docked protein-drug were subjected to system builder panel of the Desmond module 

incorporated in Schrödinger software suite (Bowers et al., 2006). The complexes were embedded 

in an orthorhombic box with the buffer distance of a, b, c =10 Å. The system was solvated by 

adding water molecules (TIP-3P solvation system) and NaCl concentration was kept at 150 mM. 

The model system was relaxed using multi-step Desmond relaxation protocol. The simulation was 

carried out at 300 K and 1.013 bar for 20 ns with trajectory recording intervals of 20 ps and 

energy recording intervals of 1.2 ps in NPT ensemble class. OPLS3 force field was used for MD 

simulations (Harder et al., 2016). 
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Discussion 

 
Recent COVID-19 outbreak caused by the beta-coronavirus, SARS-CoV-2, has caused immense 

human and economic losses fueling efforts to discover effective cure and therapeutics. In search 

for such potential therapeutic agents, we used in silico structure-based drug design and drug 

repurposing strategies. Several groups have targeted Mpro for developing effect drugs against 

SARS-CoV-2. Yang et al, designed an effective inhibitor N3 which binds at the substrate binding 

site and inactivates SARS-CoV (Yang et al., 2005). Recently, using computer-aided drug design 

strategy, Jin et al, too reported N3 to be mechanism-based inhibitor of SARS-CoV-2 (Jin et al., 

2020). Khaerunnisa et al, implemented repurposing strategies to find out possible potential 

inhibitors against Mpro. They reported nelfinavir and lopinavir to be potential inhibitors of Mpro 

(Khaerunnisa and Soetjipto, 2020). In another study, based on docking studies, Adem et al., found 

hesperidin, rutin, fiosmin and other natural polyphenols to be more effective against Mpro than 

nelfinavir (Adem, 2020). Jin et al., reported Ebselen to exhibit excellent inhibitory activity against 

Mpro with an IC50 0.67μM (Jin et al., 2020). 

In our study, two radio contrast agents were among the top hits. However, these drugs have 

multiple side effects varying in severity from itching to contrast-induced nephropathy- a life- 

threatening emergency (Andreucci et al., 2014). Therefore, these may not be suitable candidates 

for treating COVID-19. Similarly, there are two anticancer drugs (mitoxantrone and neratinib) in 

the top hits which may have undesirable side effects, hence, may not be suitable. Lumefantrine, 

one of the top drugs in our list, has limited side effects and longer half-life (three to six days) which 

makes it a potential drug that may be taken up for further studies to test efficacy in inhibiting Mpro 

and hence in treating COVID-19. Chloroquine, another antimalarial drug in clinical use, has 

already been established to have potential in treating COVID-19, however, it uses distinct 

mechanism of action. Similarly, riboflavin is among top drugs which is a safe and shows good 

potential binding to Mpro. Besides these dipyridamole, dihydroergotamine and hexoprenaline are 

other drugs in top list and have good bioavailability and less toxicity. Dihydroergotamine has an 

added advantage over other drugs as it can be administered as a nasal spray, hence can readily 

target the site of infection i.e. lungs. Using molecular docking studies, Narayanan et al., recently 

reported vitamin B12 to be a potential inhibitor of RNA-dependent-RNA polymerase (Narayanan, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 April 2020                   doi:10.20944/preprints202004.0149.v1

https://doi.org/10.20944/preprints202004.0149.v1


2020). So, these vitamins B2, B5, and B12 combination may also be explored as potential 

treatment for COVID-19 that may exploit distinct mechanisms for inhibiting viral replication. 

To conclude, among several hits obtained in our molecular docking studies, lumefantrine, 

dihydroergotamine, hexoprenaline, riboflavin and pantethine appeared attractive candidates as 

potential inhibitors of Mpro. However, in vitro and in vivo studies are necessary to further 

investigate their therapeutic potential in treating COVID-19 or other related coronavirus 

infections. 
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Table 1: List of top 51 hits with their respective docking and MM-GBSA scores and current 

clinical use of the drugs. 

 

S. No. Drug Docking 

score 

MM-GBSA 
score 

Clinical use 

1 Iopamidol -9.93 -72.77 Radiocontrast agent 

2 Mitoxantrone -8.354 -69.9 Anti-cancer 

3 Lumefantrine -5.136 -66.8 Antimalarial 

4 Dipyridamole -7.193 -65.56 Vasodilator 

5 Acebutolol -7.397 -61.42 Anti-arrhythmia 

6 Ospemifene -6.58 -60.68 Estrogen receptor modulator 

7 Dihydroergotamine -6.301 -60.62 Vasoconstrictor 

8 Neratinib -6.564 -59.57 Anti-cancer 

9 Palbociclib -6.297 -59.51 Anti-cancer 

10 Hexoprenaline -6.352 -58.35 Anti-asthmatic 

11 Prazepam -6.28 -57.77 Anxiolytic, sedative 

12 Dipivefrin -6.254 -57.56 Anti-glaucoma 

13 Doxorubicin -6.217 -56.45 Anti-cancer 

14 Rosuvastatin -6.443 -53.93 Anti-obesity 

15 Riboflavin -7.219 -53.66 Vitamin B2 

16 Iopromide -7.392 -51.78 Radiocontrast agent 

17 Afatinib -6.822 -49.6 Anti-cancer 

18 Fluvastatin -6.628 -49.45 Anti-obesity 

19 Metrizamide -8.449 -49.24 Radiocontrast agent 

20 Pitavastatin -6.468 -49.17 Anti-obesity 

21 Talniflumate -6.763 -48.31 Anti-inflammatory 

22 Lucanthone -6.741 -47.93 Schistosomicides 

23 Prezatide -7.183 -47.55 Wound healing 

24 Fluvoxamine -6.348 -46.46 Antidepressant 

25 Canagliflozin -6.469 -46.44 Ant-diabetic 

26 Xanthinol -6.981 -45.04 Vasodilator 

27 Pravastatin -6.283 -44.31 Anti-hypercholesterolemia 

28 Fominoben -6.093 -44.31 Anti-tussive 

29 Esculin -6.25 -44.28 Antioxidant 

30 Imipenem -6.979 -42.5 Antibiotic 

31 Betaxolol -6.625 -41.1 Anti-hypertension 

32 Pantethine -6.365 -40.82 Vitamin B5 

33 Benzylpenicilloyl 

polylysine 

-6.438 -40.41 Anti-histamine 

34 Arbutin -6.647 -39.09 Skin lightening, anti-melanin 

35 Iron saccharate -7.018 -38.87 Treatment for iron deficiency anemia 

36 Methoxamine -6.216 -38.85 Anti-acute hypotensive 

37 Primaquine -6.398 -38.73 Antimalaria 

38 Lactulose -8.564 -37.12 Laxative 

39 Midodrine -6.057 -33.77 Vasoconstrictor, anti-hypotension 

40 Glutathione disulfide -6.191 -23.29 Antioxidant 

41 Pravastatin -6.283 -44.31 Anti-hypercholesterolemia 

42 Halofantrine -5.972 -59.62 Antimalarial 
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43 Streptomycin -5.582 -59.12 Antibiotic 

44 Vandetanib -5.19 -57.33 Anti-cancer 

45 Ditazole -5.064 -57.24 Anti-inflammatory 

46 Misoprostol -5.935 -55.93 Prostaglandin analogue 

47 Zuclopenthixol -5.788 -55.03 Antipsychotic 

48 Lenvatinib -5.998 -54.65 Anti-cancer 

49 Olmutinib -5.205 -54.62 Anti-cancer 

50 Adefovir Dipivoxil -5.085 -53.62 Antiviral 

51 Flavoxate -5.129 -53.26 Anticholinergic 
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Figures 

 

 
Figure 1. Multiple sequence alignment of Mpro of SARS-CoV-2 with Mpro of other coronaviruses 

performed using ESPRIPT 3.0 server. PDB ID: 6M03 was used as a reference for assignment of 

secondary structural elements. The conserved residues involved in interaction with ligands are highlited 

with blue stars. 
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Figure 2. ConSurf analysis showing conserved regions in the three-dimensional structure of Mpro. 

(A) Surface view showing the highly conserved substrate binding site (red broken circle) and region 

involved in homodimeraization (broken blue circle). Drugs were docked in the substrate binding region of 

Mpro. (B) Cartoon representation showing the conserved regions in Mpro. The residues forming the substrate 

binding pocket are shown in stick representation. 
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Figure 3: (A) Docking of FDA approved drugs (shown in stick representation) iopamidol, mitoxantrone, 

and lumefantrine in the substrate binding pocket of Mpro (Grey surface representation). Carbon, nitrogen 

and oxygen are shown in green, blue and red colours, respectively. (B) 2-D interaction map of drugs with 

Mpro highlighting various interactions stabilizing protein-drug interactions. 
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Figure 4: (A) Docking of FDA approved drugs (shown in stick representation) dipyridamole, acebutalol, 

and ospemifine in the substrate binding pocket of Mpro (Grey surface representation). Carbon, nitrogen and 

oxygen are shown in green, blue and red colours, respectively. (B) 2-D interaction map of drugs with Mpro 

highlighting various interactions stabilizing protein-drug interactions. 
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Figure 5: (A) Docking of FDA approved drugs (shown in stick representation) dihydroergotamine, 

neratinib, and riboflavin in the substrate binding pocket of Mpro (Grey surface representation). Carbon, 

nitrogen and oxygen are shown in green, blue and red colours, respectively. (B) 2-D interaction map of 

drugs with Mpro highlighting various interactions stabilizing protein-drug interactions. 
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Figure 6: Molecular dynamics simulations for Mpro-lumefantrine complex. (A) Low root mean square 

fluctuations of Cα protein atoms suggest protein was stable during the simulation run. (B) The stable RMSD 

of Cα protein atoms (Blue) and Ligand RMSD (Red) suggests formation of stable protein-ligand complex. 
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