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Abstract 35 

SARS-CoV2, a new coronavirus has emerged in Wuhan city of China, December last year 36 

causing pneumonia named COVID-19 which has now spread to entire world. By April 2020, 37 

number of confirmed cumulative cases crossed ~2.4 million worldwide, according to WHO. 38 

Till date, no effective treatment or drug is available for this virus. Availability of X-ray 39 

structures of SARS-CoV2 main protease (Mpro) provided the potential opportunity for 40 

structure based drug designing. Here, we have made an attempt to do computational drug 41 

design by targeting main protease of SARS-CoV2. Highthroughput virtual screening of 42 

million molecules and natural compounds databases was performed followed by docking. Six 43 

ligands showed better binding affinities which were further optimized by MD simulation and 44 

rescoring of binding energy was calculated through MM/PBSA method. In addition, 45 

conformational effect of various ligands on protein was examined through essential dynamics 46 

simulation. Three compounds namely ZINC14732869, ZINC19774413 and ZINC19774479 47 

were finally filtered that displayed high binding free energies than N3 inhibitor and form 48 

conformationally stable complex. Hence, current study features the discovery of novel 49 

inhibitors for main protease of CoV2 which will provide effective therapeutic candidates 50 

against COVID19. 51 

 52 
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Introduction 64 

Emergence of SARS (Severe acute respiratory syndrome coronavirus) in 2002-03 from 65 

Guangdong, China and MERS (Middle East respiratory syndrome coronavirus) in 2012-13 66 

from Jeddah, Saudi Arabia toll up to ~10617 cases with a mortality of ~1640 as per WHO 67 

(World Health Organization) by January, 20201-2. In March-2020, because of rapidly 68 

spreading of disease from Wuhan to the entire world, WHO declared pandemic and named 69 

this novel virus as 2019-novel coronavirus disease (COVID-19)3. According to WHO, by 70 

April 2020, number of confirmed cumulative cases crossed ~2.4 million with a fatality rate of 71 

6.7% globally (Supplementary Table S1). 72 

Coronavirus (CoV) is an enveloped virus, consist of a positive sense single stranded RNA 73 

(ssRNA) as a genetic material, comprising about 30kb genome size4. CoV is spherical in 74 

shape with spikes projecting on its outer surface, which help it to adhere on the host cell, 75 

followed by structural changes in the host cell that allow virus to enter into the host5. Upon 76 

entry, it started utilising host replication machinery for replication and accelerated its copy 77 

numbers in the cytoplasm. Its genome encodes various structural and accessory proteins 78 

which interfere innate immunity of the host6. Phylogenetic study reveals about its frequent 79 

natural and intermediate host alteration action4. The ability of coronavirus to adapt itself into 80 

new environment through mutation and recombination, fuel its evolution and constructed 81 

various strains that are highly pathogenic in nature7. These strains act as causative agent and 82 

lead to gastrointestinal, central nervous system and other diseases in addition to respiratory 83 

syndrome8. There are mainly 4 genera of coronavirus reported till now. Out of which, 84 

mammals are to be an ideal host for Alphacoronavirus and Betacoronavirus while an Aves 85 

hosts for Gammacoronavirus and Deltacoronavirus
9.   86 

SARS-CoV2 is one such Betacoronavirus believed to be originated from their natural host, 87 

Bat. They are contagious and susceptible to infect people of all ages. Generally, the mode of 88 

transmission is through droplets or direct contact with infected person. But presence of 89 

SARS-CoV2 in anal swap and blood may indicates its transmission through multiple routes10. 90 

With the advancement of SARS-CoV2, millions of people from entire world are kept into 91 

quarantine. Current unparalleled trend in transmission suggests that influence of degree of 92 

climate as people living in cool and dry condition are more vulnerable to its exposure. High 93 

temperature (>15°C) forge less effective transmission but does not stop it11 (Supplementary 94 

Table S2). Broadly, the incubation period of SARS-CoV2 infection is with a median of 14 95 

days. However, this period depends upon the age and immune system of the patients. The 96 
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primary target of COVID-19 is lungs and cause severe respiratory disorders such as 97 

pneumonia, acute respiratory distress syndrome. In addition, it can also lead to systemic 98 

disorders such as diarrhoea, acute cardiac injury12. 99 

To combat with the family of deadly virus, there are many potential targets which are 100 

accessible for the sighting of an anti-viral drugs and one such target is main protease (Mpro)13. 101 

Mpro or 3C-like protease, 3CLpro, is a highly conserved non-structural protein 5 (Nsp5) 102 

encoded by ORF1. It plays a crucial role in processing of polyproteins into mature Nsp’s and 103 

this will in turn regulates viral life cycle by forming component of replication or transcription 104 

machinery. The essentiality of Mpro build them potential target for the discovery of antiviral 105 

drugs against coronavirus14. Recently, X-ray diffracted crystal structure of CoV2 main 106 

protease provide an excellent target for structure based drug designing against COVID1915. 107 

In the present study, highthroughput virtual screening targeting MD optimised tertiary 108 

structure of main protease (Mpro) of SARS-CoV2 was carried. Hit compounds were docked 109 

and high scored docking complexes were optimized and refined by MD simulations. 110 

Rescoring of binding free energy was done and conformational study was further proceeded. 111 

Hence, three ligands were filtered that showed better binding affinities and formed 112 

conformationally stable complex with Mpro, suggesting that these compounds act as potent 113 

inhibitors of main protease. 114 

Results 115 

Structure and dynamics of CoV2 main protease (M
pro

) 116 

3D structure of CoV2 main protease (Mpro) was elucidated by X-crystallography at 2.1Å 117 

resolution15. Mpro consists of 3 domains wherein domain I (8-101 amino acids long) and 118 

domain II (102-184 amino acids long) have an antiparallel β-barrels. Domain III is 201-303 119 

amino acids long segment, comprising an antiparallel globular cluster of five α-helices (Fig. 120 

1A). Domains II and III is connected by large loop that provide site for substrate binding. 121 

Additionally, the protein has Cys-His (Cysteine-Histidine) catalytic dyad in between domains 122 

I and II which also formed binding pocket together with large loop. Tertiary structure taken 123 

from PDB was cleaned and validated by inspection of its stereochemical properties. About 99 124 

and 0.4% residues were placed in favoured and disallowed regions of Ramachandran map, 125 

respectively and structure was having better 3D quality (Supplementary Fig. S1A and Table 126 

S3). Validated structure was subjected to MD simulation. 127 

MD simulation was performed to investigate the stability and dynamics of protein. RMSD 128 

(root mean square deviation) was plotted with respect to time and showed stable behaviour 129 
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throughout the simulation with average value ~0.28nm (±0.04) except small deviation was 130 

found at 42ns time (Fig. 1B). RMSF or root mean square fluctuation with respect to amino 131 

acid was plotted and found no major fluctuation except residues at ~140-145 that showed 132 

moderate fluctuation with an average RMSF ~0.5nm (Fig. 1C and D). Protein compactness 133 

was estimated by measuring the Rg or radius of gyration, plotted against function of time and 134 

showed steady behaviour with an average Rg value ~2.23nm (±0.01) (Supplementary Fig. 135 

S1B). Overall structure of protein remained stable during MD simulation. But what will be 136 

the dynamics about protein local structures, such as secondary structure of protein? Next, we 137 

wanted to check the local stability of protein which was monitored through the inspection of 138 

secondary structure formation during MD simulation. Different moieties such as α-helices, β-139 

sheets, coils, bends and turns were examined and found that, coil content was decreasing 140 

concomitantly with increase in β-sheets at the end of simulation period and α-helices 141 

remained stable (Fig. 2A and B). Additionally, the loop comprises ~15 residues (185-200), 142 

connecting domains II and III, interrupted with coils and bends in between and at the end of 143 

simulation periods (Fig. 2A). MD simulation results suggested that protein remained stable 144 

with minor changes in disorder regions implying that protein is ready for further downstream 145 

processes.  146 

Virtual screening and docking 147 

High throughput virtual screening was performed by RASPD tool and ~1 million compounds 148 

from million molecule and natural compound databases were screened. Top RASPD scored 149 

of ~100 compounds from each database were further docked individually by Autodock Vina 150 

tool (Supplementary Tables S4 and S5). X-rays structure of Mpro (protein-N3 inhibitor 151 

complex) was taken as a reference for binding site where all compounds were docked15. 152 

Binding pocket of protein was also predicted through computational methods. Binding site of 153 

protein was comprised about 38 residues with high Z score (14.2) and composed of both 154 

hydrophilic and hydrophobic residues (Supplementary Fig. S2A). Asparagine142 (present at 155 

turn between 4th and 5th β-sheets of domain II), Histidine164 (present at 6th β-sheet of domain 156 

II), Proline168 (present at turn between 6th and 7th β-sheets of domain II) and Glutamine189 157 

(present at loop connecting domains II and III) acts as key residues for ligand binding15. In 158 

addition to that, residues lied at cleft or surface of pocket also assisted in binding of ligand 159 

other than key residues as mentioned above. Docking results suggested that approximately 6 160 

compounds namely ZINC14732869 (-8.5 kcal/mol), ZINC19774413 (-8.8 kcal/mol), 161 

ZINC12338080 (-8.6 kcal/mol), ZINC123845408 (-9.3 kcal/mol), ZINC19774479 (-8.7 162 



6 

 

kcal/mol) and ZINC31 (-7.3 kcal/mol) exhibited higher docking scores than N3 (known) 163 

inhibitor (-7.2 kcal/mol). We had also docked hydroxychloroquine that showed -5.6 kcal/mol 164 

docking score. Higher docking scores exhibited by novel compounds over N3 (known) 165 

inhibitor demonstrating the novel compounds have better binding affinities towards the MPro 166 

protein. Docking of novel inhibitors were superimposed with N3 inhibitor to check the 167 

similarities between common binding mode of all compounds (Supplementary Fig. S2B). 168 

Drug likeliness of novel compounds were examined through Lipinski rule of 5 and found that 169 

all novel compounds followed the rule, implying that newly screened compounds were 170 

having drug like properties (Supplementary Table S6). All known and novel compounds were 171 

bounded by both hydrophilic and hydrophobic residues, out of which N3 inhibitor formed 16 172 

bonds (hydrophobic:10; hydrophilic:6), hydroxychloroquine formed 10 bonds 173 

(hydrophobic:9; hydrophilic:1), ZINC14732869 formed 16 bonds (hydrophobic:14; 174 

hydrophilic:2), ZINC19774413 and ZINC12338080 also formed 16 bonds (hydrophobic:15; 175 

hydrophilic:1), ZINC123845408 formed 12 bonds (hydrophobic:9 ; hydrophilic:3), 176 

ZINC19774479 formed 15 bonds (hydrophobic:14; hydrophilic:1) and ZINC31 formed 10 177 

bonds (hydrophobic:9; hydrophilic:1) (Fig. 3A-H and Supplementary Table S6). Quantitative 178 

analysis of different bonding revealed that the compounds namely ZINC14732869, 179 

ZINC19774413, ZINC12338080 and ZINC19774479 formed fair numbers of bonds with 180 

receptor molecule. Top scored ligand compounds were further carried for ADMET 181 

(Absorption, distribution, metabolism, excretion and toxicity) analysis. ADMET properties 182 

were predicted by admetSAR server and found that almost all compounds were having better 183 

absorption and distribution, good metabolic and excretion profiles. Moreover, all compounds 184 

were nontoxic and non carcinogens (Supplementary Table S7). Top scored protein-ligand 185 

complexes along with known and hydroxychloroquine were further optimized by MD 186 

simulation.   187 

MD simulation of protein-ligand complexes and rescoring of binding free energy 188 

MD simulation is advantageous for studying the stability of binding pose obtained from 189 

docking, to rescore the overall binding energy as well as energy contribution by different 190 

residues, to study the conformational changes occurring in protein due to ligand 191 

binding/unbinding etc16-18. Here, MD simulation of 50ns was carried to monitor the protein-192 

ligand stability and rescore the binding energies of top docking complexes. RMSD of protein-193 

ligand complexes were measured with respect to time. RMSD pattern of protein bound with 194 

N3 inhibitor was stabilised after 25ns with an average value 0.31nm (±0.04) (Fig. 4A and 195 
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Supplementary Fig. S3A). RMSD of protein bound with hydroxychloroquine was also 196 

stabilised after 25ns but showed minor deviations at the end of simulation period with 197 

average value 0.23nm (±0.03) (Fig. 4A and Supplementary Fig. S3A). On the other hand, the 198 

RMSD of protein bound with novel inhibitors such as ZINC14732869, ZINC19774413, 199 

ZINC12338080, ZINC123845408, ZINC19774479 and ZINC31 displayed consistent and 200 

stable behaviour with average values 0.25nm (±0.02), 0.24nm (±0.02), 0.23nm (±0.03), 201 

0.22nm (±0.03), 0.21nm (±0.02) and 0.22nm (±0.02), respectively (Fig. 4A and B; 202 

Supplementary Fig. S3A). RMSD of whole protein bound with ligands remain stable and 203 

consistent. Since, the binding pocket of protein has large volume (~38 residues), composed of 204 

small turns and sheets, therefore we were interested to know the RMSD behaviour of pocket 205 

in bound and unbound form of proteins. RMSDs of pocket remain steady and slightly 206 

increased as compared to the RMSDs of whole protein (Supplementary Fig. S3B,E,F). 207 

Stability of ligands inside the binding pocket of protein was assessed by examining the ligand 208 

RMSD. N3 and hydroxychloroquine ligands showed maximum RMSD with average values 209 

0.50nm (±0.07) and 0.22nm (±0.05), respectively and deviations during entire simulation 210 

period (Fig. 4C; Supplementary Fig. S3A). On the other hand, the RMSD of novel 211 

compounds ZINC14732869, ZINC19774413, ZINC12338080, ZINC123845408, 212 

ZINC19774479 and ZINC31 showed stable and consistence behaviour with minimum 213 

average RMSD values 0.11nm (±0.02), 0.13nm (±0.02), 0.15nm (±0.03), 0.13nm (±0.03), 214 

0.11nm (±0.02) and 0.12nm (±0.02), respectively (Fig. 4A and B; Supplementary Fig. S3A). 215 

Large RMSD values of N3 and hydroxychloroquine ligands indicated that the ligands remain 216 

unstable in the binding pocket of the proteins, while smaller RMSD values of novel 217 

compounds implying that they are stable in the binding pocket. 218 

To reveal the internal fluctuations of protein in presence of ligands, the RMSF with respect to 219 

residues was measured (Fig. 4E and F; Supplementary Fig. S4). Moderate fluctuations of 220 

Ser46 (Serine), Glu47 (Glutamate), Asp48 (Aspartate), Met49 (Methionine), Leu50 221 

(Leucine), Tyr154 (Tyrosine), Asp197, Trp218 (Tryptophan), Arg222 (Arginine), Gly275 222 

(Glycine), Met276, Asn277 (Asparagine), Gly278, and Arg279 were observed in almost all 223 

the protein-ligand complexes with average RMSF values ranging from 0.35 (minimum) to 224 

0.59 (maximum). 3D structure inspection of these residues was investigated and observed 225 

that these residues occupied at loop or turn regions of protein. RMSF result suggested 226 

moderate fluctuations were found in loop and turn regions of protein indicating that these 227 

regions assist in ligand binding, as no such fluctuations were observed in apo protein. 228 



8 

 

Fluctuations of different ligands were also monitored at atomic level and found that N3 and 229 

hydroxychloroquine along with ZINC12338080 showed higher mobility consistent with 230 

RMSD result (Supplementary Fig. S5). Rest of compounds displayed fluctuations at flanking 231 

or extreme ends, which normally existed. 232 

Effect of different ligands on protein compactness were gauged by radius of gyration (Rg) 233 

with function of time. Quantitative analysis of Rg of various ligands bound with protein 234 

showed no significant difference, but qualitative or different pattern of Rg was observed in 235 

different protein-ligands complexes throughout the simulation period (Fig. 4G and H). 236 

Average values of Rg of protein complexed with N3, hydroxychloroquine, ZINC14732869, 237 

ZINC19774413, ZINC12338080, ZINC123845408, ZINC19774479 and ZINC31 were 238 

2.21nm (±0.01), 2.24nm (±0.05), 2.21nm (±0.01), 2.20nm (±0.01), 2.22nm (±0.01), 2.22nm 239 

(±0.01), 2.14nm (±0.01) and 2.22nm (±0.01), respectively (Fig. 4G and H; Supplementary 240 

Fig. S3C). Rg results suggested that ligands did not show any major effect on protein 241 

compactness. Surface area of protein available for solvent was examined through SASA 242 

(Solvent accessible surface area) analysis in presence or absence of ligands. SASA values for 243 

apo protein (Mpro) was 152nm2 (±2.92) while for complexes of N3, hydroxychloroquine, 244 

ZINC14732869, ZINC19774413, ZINC12338080, ZINC123845408, ZINC19774479 and 245 

ZINC31 were 149nm2 (±2.93), 149nm2 (±3.21), 152nm2 (±2.80), 150nm2 (±2.86), 149nm2 246 

(±3.64), 151nm2 (±2.68), 152nm2 (±2.55) and 151nm2 (±2.42), respectively (Supplementary 247 

Fig. S3D,G,H). SASA values of protein-N3 inhibitor, -hydroxychloroquine, -ZINC12338080 248 

and -ZINC123845408 complexes were slightly reduced as compared to the rest of protein-249 

ligand complexes and apo protein. 250 

Protein secondary structural changes in presence of known and novel ligands were examined 251 

though DSSP method during entire simulation period. Compositions of β-sheets were slightly 252 

increased in case of protein bound with N3, ZINC19774413 and ZINC19774479, 253 

concomitantly with the reduction of bend contents (Fig. 5A,D,G; Supplementary Fig. 254 

S6A,D,G). Coil contents of protein bound with hydroxychloroquine, ZINC12338080, 255 

ZINC123845408, ZINC19774479 and ZINC31 were increased, while bend and turns were 256 

slightly decreased (Fig. 5B,E,G,H; Supplementary Fig. S6B,E,G,H). Secondary structures of 257 

Protein-ZINC14732869 complex remain unaffected (Fig. 5C; Supplementary Fig. 6C). α-258 

helices remained stable and unaffected during binding of all ligands (Fig. 5 and 259 

Supplementary Fig. S6). Coils were mostly found in domain I and β-sheets were restricted to 260 
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domains I and II which formed binding cleft, therefore, variations in the coils and sheets were 261 

helping in providing the stable regime for proper ligand binding. 262 

MD simulation approach is helpful in predicting the binding modes and calculate the binding 263 

free energy19. It generally used to refine the binding of docking complexes and helps in 264 

calculating the different binding energy components. Binding free energies of N3, 265 

hydroxychloroquine and novel compounds such as ZINC14732869, ZINC19774413, 266 

ZINC12338080, ZINC123845408, ZINC19774479 and ZINC31 were estimated from last 267 

stabled MD simulated trajectories by Molecular mechanics Poisson Boltzmann surface area 268 

approach (MM/PBSA). Protein-N3 and -hydroxychloroquine complexes exhibited -39.869 269 

(±16.169) and -125.197 (±12.244) kJ/mol of binding energies, respectively (Table 1). Van 270 

der Waal energy was the major contributor for binding of both N3 (-62.074 ±21.728 kJ/mol) 271 

and hydroxychloroquine (-162.538 ±11.498 kJ/mol) compounds. On the other hand, the 272 

binding energies of novel compounds such as protein-ZINC14732869, -ZINC19774413, -273 

ZINC12338080, -ZINC123845408, -ZINC19774479 and -ZINC31 were -151.532 (±3.999), -274 

160.704 (±9.221), -50.282 (±16.805), -14.713 (±1.431), -136.809 (±7.656) and -105.356 275 

(±2.44) kJ/mol, respectively. Again, the van der Waal energy was the major contributor for 276 

binding of ZINC14732869 (-206.956 ±3.646 kJ/mol), ZINC19774413(-225.656 ±11.387 277 

kJ/mol), ZINC12338080 (-101.097 ±20.882 kJ/mol), ZINC123845408(-18.264 ±12.656 278 

kJ/mol), ZINC19774479 (-184.18 ±13.735 kJ/mol) and ZINC31 (-191.574 ±1.447 kJ/mol) 279 

ligands. Results of binding energies of all compounds were similar with the docking results 280 

except ZINC123845408 compound which showed high docking score (-9.3kcal/mol) but very 281 

less binding energy -50.282kJ/mol (Table 1). Binding energies of hydroxychloroquine, 282 

ZINC14732869, ZINC19774413, ZINC19774479 and ZINC31 were higher than the N3 283 

inhibitor, suggested that these novel compounds had strong binding affinities to main 284 

protease (MPro).     285 

Energy decomposition and protein-ligand interaction studies 286 

Binding energy results suggested that 4 novel compounds namely ZINC14732869, 287 

ZINC19774413, ZINC19774479 and ZINC31 along with hydroxychloroquine displayed 288 

higher binding affinity than N3 inhibitor. Here, we are interested to know how many residues 289 

contribute in binding energy (Figs. 6 and Supplementary Fig. S7). Energy distribution on 290 

residues basis has showed that protein bound with N3, ZINC19774479 and ZINC31 291 

compounds exhibited a smaller number of residues contributed to total binding energy (Figs. 292 
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6A,E,F and Supplementary Fig. S7A,E,F). Also, the magnitude of energy contribution by 293 

these residues were lower which range in minimum (Thr25:-1.2kJ/mol) to maximum 294 

(Asp48:-1.7kJ/mol) in case of protein-N3 complex (Figs. 6A and Supplementary Fig. S7A), 295 

while protein complexed with ZINC19774479 (Met165:-8.1kJ/mol) and ZINC32 (Leu50:-296 

4.8kJ/mol) compounds showed maximum value of energy contribution (Figs. 6E,F and 297 

Supplementary Fig. S7E,F). Rest of protein-ligand complexes along with hydroxyquinoline 298 

exhibited fair number of residues contributing in total energy (Figs. 6B,C,D and 299 

Supplementary Fig. S7B,C,D; Supplementary Table S4). Compounds ZINC14732869, 300 

ZINC19774413 bonded with maximum number of residues with higher energy values (Figs. 301 

6C,D and Supplementary  Fig. S7C,D; Supplementary Table S4). Energy decomposition 302 

results demonstrated that Leu27, Met49, Leu50 and Met165 were the key residues in ligand 303 

binding in all protein-ligand complexes. 304 

Protein-ligand interactions were monitored through the inspection of morphology of binding 305 

pocket, hydrophobic interactions and number of hydrogen bonds formed during simulation. 306 

Above results indicating that hydroxychloroquine and 4 novel compounds such as 307 

ZINC14732869, ZINC19774413, ZINC19774479 and ZINC31 showed higher binding 308 

affinity than N3 inhibitor. From the above results it is also cleared that van der Waal energy 309 

is the major contributor for binding free energy (Table 1) of all ligands and hydrophobic 310 

residues (Methionine and Leucine) played a significant role in protein-ligand binding (Fig. 3 311 

and Supplementary Table S4). Binding pocket analysis of protein complexed with known and 312 

novel ligands showed that all ligands were well accommodated in the binding pocket of 313 

protein and remained stable during MD simulation except known ligand that orient against 314 

surface of binding pocket (Supplementary Fig. S8A-F). Moreover, hydrogen bond (H-bond) 315 

formation was higher in known ligand with an average of 4-5 H-bonds were formed during 316 

MD simulation in contrast to 3-4 H-bonds were existed in novel ligands (Supplementary Fig. 317 

S9A-F). Similar results were also observed during docking as hydrophilic interactions were 318 

more in known compounds as compared to the hydrophobic interactions which were mainly 319 

found in novel ligands (Fig. 3 and Supplementary Table S4). Protein-ligand interactions study 320 

demonstrated that novel compounds were mainly stabilised by hydrophobic and partially by 321 

hydrophilic interactions. RMSD, RMSF, Rg, SASA and binding energy results suggested that 322 

novel compounds such as ZINC14732869, ZINC19774413, ZINC19774479 were most stable 323 

and potent inhibitors for Mpro. 324 

Protein conformation and free energy landscape analyses 325 
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Ligand induced conformational changes were existed during MD simulation. The 326 

superimpositions of high scored binding energy complexes such as protein-ZINC14732869, -327 

ZINC19774413, -ZINC19774479 along with N3 and hydroxychloroquine from the final 328 

snapshots of MD simulation showed that different ligands induced different conformational 329 

changes, even the starting conformation of protein was same during the MD simulation20 330 

(Fig. 7). Conformational changes were more pronounced in turn (between 4th and 5th β-sheets 331 

of domain II), loop (domains II and III) and α-helices (domain III). To further gain insight 332 

into the conformational changes induced during binding and unbinding of known and novel 333 

ligands, the principle component analysis (PCA) or essential dynamics was performed and 334 

stable conformation (minimum ∆G) of all complexes were obtained from free energy 335 

landscape study. Principle components analysis was performed to identify the dominant 336 

motions occurring in different complexes, where major dominant motions were achieved in 337 

first few eigenvectors (10) or PCs (Supplementary Fig. S10A). PCA indicated that first 3 338 

eigenvectors (or PCs) accounted for 72.50, 77.68, 81.80, 76.79, 79.84 and 69.19% of the 339 

motions observed in protein (Mpro), protein-N3, -hydroxychloroquine, -ZINC14732869, -340 

ZINC19774413 and -ZINC19774479 complexes, respectively (Supplementary Fig. S10A). 341 

Conformational behaviours of different protein-ligand complexes were monitored by plotting 342 

first two PCs in phase space (Supplementary Fig. S10B-F). Protein-N3 complex showed 343 

unequal space in phase space as compared to protein-hydroxychloroquine, -ZINC14732869, -344 

ZINC19774413 and -ZINC19774479 complexes, indicating that protein-N3 complex is still 345 

exploring the conformation or large conformational changes may have existed. 346 

Conformational changes at structural level of different complexes were examined by 347 

assessing the low energy structures from PC1 and PC2 in free energy landscape (FEL) area. 348 

3D and 2D plots of FEL were constructed to show the different energy barriers (Figs. 8,9 and 349 

Supplementary Fig. S11). FEL results suggested that protein complexed with N3 350 

(RMSD:1.78Å) and hydroxychloroquine (RMSD:1.78Å) ligands undergo large 351 

conformational changes during MD simulations (Fig. 8B,E), as compared to protein 352 

complexed with -ZINC14732869 (RMSD:1.77Å), -ZINC19774413 (RMSD:1.44Å) and -353 

ZINC19774479 (RMSD:1.59Å) ligands (Fig. 9B,E,H). Additionally, conformational changes 354 

were mostly restricted at the turn connecting 4th and 5th β-sheets of domain II, loop 355 

connecting domains II and III and α-helices in domain III as major motions was occurring in 356 

those regions. 357 
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Porcupine structures were generated from respective PCs to elucidate the nature of motions 358 

occurred in protein-ligand complexes and found that different rotational motions were existed 359 

in different protein-ligand complexes (Figs. 8 and 9). Arrows of porcupine structures 360 

indicated direction of motions and length of arrows denoted amplitude of motions. 361 

Interestingly, turns of domain II and α-helices of domain III face each other, indicating the 362 

expansion of binding cleft or increase in the volume of binding pocket that results instability 363 

of ligands in case of protein-N3 and -hydroxychloroquine complexes (Fig. 8C,F). In contrast, 364 

turns of domain II and α-helices of domain III moves against each other in protein-365 

ZINC14732869, -ZINC19774413 and -ZINC19774479 complexes, indicating the contraction 366 

of binding cleft or restricted the volume of binding pocket, that provide stable regime to 367 

ligand binding (Fig. 9C,F,I). Asn142, His164, Pro168 and Gln189 are the key residues of 368 

protein which maintain morphology of binding cleft and also help in binding of the ligand15. 369 

Asp142 present at turn between 4th and 5th β-sheets of domain II, Hist164 lied at 6th β-sheet of 370 

domain II, Proline168 occurred at turn connecting 6th and 7th β-sheets of domain II and 371 

Glutamine189 present at loop connecting domains II and III, assisted in the proper binding of 372 

ligands (Fig. 10). Conformational difference at structural level or relative alterations in 373 

binding pockets in various complexes were attributed by movement of Asn142, His164, 374 

Pro168 and Gln189 residues (Fig. 10G). Distance between Pro168-Gln189 and His164-375 

Gln189 residues were changing in protein-ZINC14732869, -ZINC19774413 and -376 

ZINC19774479 complexes as compared to protein-N3 and -hydroxychloroquine complexes 377 

and remain persistent during simulation period (Fig. 10B,C,E,F). The PCA results 378 

demonstrated that large conformational changes were existed in proteins when bound with 379 

N3 and hydroxychloroquine as compared to novel ligands. Moreover, residues near binding 380 

site showed large motions that might play an important role by providing proper orientation 381 

for ligand binding. 382 

Discussion 383 

In December, 2019 an outbreak of novel coronavirus was reported from Wuhan, China and 384 

its dissemination developed as epidemic3. In March, 2020, because of rapidly spreading of 385 

disease from Wuhan to the entire world, WHO (World Health Organization) declared 386 

pandemic and named this novel virus as COVID-19. In the absence of appropriate 387 

randomised controlled trial of any drug or vaccine, some measures suggested by various 388 

health institutions including WHO to curtail the infection of SARS-CoV2, such as self-389 

quarantine, maintaining respiratory hygiene, social distancing etc. In the awake of this current 390 
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pandemic, preventive medicine on the basis of preliminary data like hydroxychloroquine, a 391 

derivative of chloroquine being used against COVID patients21. However, the mode of action 392 

of hydroxychloroquine is not fully understood, but it is known to increase the pH of 393 

endosome which arrest its maturation and thus prevents the entry of virus into the 394 

cytoplasm22. Recent study found that the medication of hydroxychloroquine causes several 395 

side effects such as cardiac arrest etc23. In the current scenario, the coarse and cost of drug 396 

development by conventional methods are the major hurdles for drug discovery against such 397 

type of fast emerging diseases. In short of time, the drug repurposing of already approved 398 

drugs is the only approach to identify the potential drug candidates against such disease. In 399 

this situation, in silico methods of drug designing play a fateful role to minimize the drug 400 

development hurdles. Few in silico studies have been come in last couple of months which 401 

identified various drug compounds targeting the viral proteins. One computational docking 402 

study has proposed few drugs such as Remdesivir, Sofosbuvir, Galidesivir, and Tenofovir 403 

that bind to RNA dependent RNA polymerase (RdRp) with high affinity24. Another deep 404 

docking study has screened thousands of hit compounds against viral main protease25. 405 

Recently, the X-ray structure of main protease of CoV2 virus has been submitted on PDB in 406 

complex with N3 inhibitor15. The inhibitor was identified through structure based virtual 407 

screening against the library consisting of clinical trial drug candidates, already approved 408 

drugs and natural compounds. None of the studies have provided the details of binding 409 

analysis of drugs and its effect on protein structure and conformation, a crucial parameter for 410 

precise or effective drug development.  411 

Here, we have used atomistic computational microscope or molecular dynamics simulation 412 

technique to understand the nature and strength of binding of known drugs. We have also 413 

screened novel drug compounds that displayed high binding affinity and to reveal the 414 

conformational stability of drug binding to viral main protease (Mpro) along with known 415 

inhibitors. Present study was undertaken to in silico drug designing for COVID-19 by 416 

highthroughput virtual screening followed by docking. Drug binding modes were inspected 417 

through MD simulation and rescoring of binding energy was carried out through MM/PBSA 418 

method. Furthermore, effect of drugs on structures and conformation of protein were revealed 419 

by essential dynamics simulation and stability of protein structures were examined through 420 

free energy landscape study. For this, experimental resolved 3D structure of main protease 421 

(Mpro) was downloaded from PDB and stereochemical evaluation was done after energy 422 

minimisation. Mpro consists of 3 domains having mixtures of helices, sheets and loop with 423 

better stereochemical geometry. Protein structure was optimized through MD simulation and 424 
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different parameters such as RMSD, RMSF and Rg were measured. RMSD of structure 425 

showed consistent pattern and no major fluctuations were observed during RMSF analysis 426 

(Fig. 1). MD optimized structure was carried for highthroughput virtual screening and 427 

docking.  428 

Nearly, 1 million compounds from million molecule and natural compound libraries were 429 

screened and top hit compounds were docked individually. Docking results demonstrated that 430 

novel compounds displayed high binding affinities than N3 and hydroxychloroquine. 431 

Physiochemical properties or drug likeliness of novel compounds showed drug like 432 

properties. Computational prediction of ADMET (Absorption distribution metabolism 433 

excretion toxicity) properties of newly drug are helpful to minimize the failure of drugs 434 

during clinical trials. Therefore, ADMET properties of novel compounds were examined and 435 

found that all drugs were having good absorption, distribution, metabolism and excretion 436 

properties and are less toxic with minimum side effects. Top binding modes obtained from 437 

docking were optimized and refined by MD simulation. Stabilities of all protein-ligands 438 

complexes were compared during 50ns MD simulation time. Low values and consistent 439 

pattern of RMSD of protein complexed with novel compounds were existed as compared to 440 

the RMSD of protein complexed with known (N3) and hydroxychloroquine compounds. 441 

Moreover, ligand RMSD of known and hydroxychloroquine compounds showed higher 442 

values and deviations as compared to all novel ligands, suggesting that novel compounds 443 

formed stable complex with Mpro in contrast to known inhibitor (Fig. 4). Effect of drugs on 444 

local protein structure were examined through RMSF analysis of protein and found that 445 

moderate fluctuations were observed in all protein-ligand complexes.  446 

Rescoring of binding free energies of top scored docking complexes along with known and 447 

hydroxychloroquine were analysed using MD simulation trajectories and different binding 448 

energy components were measured. Binding free energy results revealed that ZINC14732869 449 

(-151.532 ±3.999 kJ/mol), ZINC19774413 (-160.704 ±9.221kJ/mol), ZINC19774479 (-450 

136.809 ±7.656kJ/mol) compounds interact with Mpro with  highest free energies as compared 451 

to N3 (-39.869 ±16.169kJ/mol) and hydroxychloroquine (-162.538 ±11.498 kJ/mol) 452 

compounds, consistent with the docking results (Table 1). Energy decomposition and protein-453 

ligand interaction studies demonstrated that Leu27, Met49, Leu50 and Met165 were the key 454 

residues in ligand binding in all protein-ligand complexes and both hydrophobic and 455 

hydrophilic forces played an important role in ligand binding (Fig. 6). Conformationally 456 

stable binding of ligand is necessary for effective drug development. Therefore, we 457 

elucidated the conformational changes induced by different ligands and examined the 458 
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stability of protein-ligand complexes through PCA and FES studies. PCA studies suggested 459 

that first 3 PCs accounted majority of protein motions. However, protein-N3 complex showed 460 

large conformational changes as compared to the rest of protein-ligand complexes (Figs. 8 461 

and 9). Major motions were observed in loop and turns regions spanning near the binding 462 

pocket of proteins and α-helices of protein domain. Motions near the binding pocket was 463 

attributed by alterations in distance of key residues lied at the binding site which probably 464 

assist in stable binding of ligands (Fig. 10). 465 

MD simulation technique is a promising approach for discovering the novel drug and help in 466 

understanding the dynamics and conformational changes induced by the ligands26-28. In the 467 

current study, our MD simulation was restricted to 50ns time scale which is however 468 

sufficient for discovering the new drug candidates for rapid growing disease such as COVID-469 

19. We reckon that the newly discovered novel drugs from this computational study will 470 

provide the effective therapeutics against COVID-19. 471 

 472 

Conclusion 473 

The study documented here, has presented the computational findings of novel and potent 474 

inhibitors for CoV2 main protease. Highthroughput virtual screening coupled with docking 475 

was performed. MD simulation was applied to examined the stability and conformationally 476 

stable binding of ligands. Finally, 3 main compounds namely ZINC14732869, 477 

ZINC19774413 and ZINC19774479 were discovered with relatively better and promising 478 

binding affinities that may have huge impact in development of effective therapeutics against 479 

COVID-19 patients. 480 

Materials and methods 481 

Structure preparation and validation 482 

Tertiary structure of Coronavirus2 (CoV2) main protease (MPro) was taken from Protein data 483 

bank (PDB:6LU7)29. X-ray crystallographic structure of CoV2 with N3 inhibitor complex 484 

was diffracted at a resolution of 2.1Å15. 3D structure of protein was extracted and cleaned in 485 

PyMOL. Structure was energy minimized in SwissPDB viewer. After that, stereochemical 486 

properties of minimized protein structure were assessed through SAVES (structure analysis 487 

and verification server) and ProSA web servers30,31.   488 

Molecular dynamics simulation protocol 489 
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Protein was subjected to atomistic molecular dynamics (MD) simulation by Gromacs 5.0 in 490 

conjunction with Gromos54a7 force field32,33. Initially, protein topology was prepared using 491 

pdb2gmx module and structure was placed in triclinic box with periodic distance 1.5nm 492 

between structure and edge of box. Protein was solvated using SPC/E (simple point 493 

charge/extended) water model and counterions were added to neutralize the system. After 494 

that, system was energy minimized by steepest descent method. NVT and NPT equilibration 495 

simulations were performed for 100 and 500ps respectively. All bonds were restrained using 496 

Lincs algorithm34. Temperature of 300K and pressure of 1 bar were maintained using v-497 

rescale (modified Berendsen thermostat) and Parrinello-Rahman barostat, respectively. 498 

Particle Mesh Ewald (PME) method was used to process the electrostatic interactions. 499 

Finally, production simulation of 50ns was carried whereas 0.002ps of time step was selected 500 

and trajectories were recorded at every 10ps. 501 

Highthroughput virtual screening and molecular docking 502 

Highthroughput virtual screening was performed against million molecules and natural 503 

compounds databases of ZINC server by employing RASPD tool35,36. Top scored drugs from 504 

each library were further docked individually by Autodock Vina37. Protein and ligand 505 

structures preparation and different file format conversions were accomplished through MGL 506 

Tools1.5.6 and OpenBabel tools, respectively38,39. Drug likeliness of screened compounds 507 

were monitored through Lipinski filter40. During Autodock Vina, the receptor molecules were 508 

prepared in Auto Dock tools in which polar hydrogens were added and nonpolar hydrogen 509 

were merged. Ligand molecules were prepared with the addition of Gasteiger charges. Grid 510 

box of 28x28x28 dimension and size of x, y, z coordinates (-13.820, 21.037, 73.265) were 511 

prepared to cover the target binding site. Dimension and size of binding pocket was taken 512 

from the experimentally known binding site available at PDB structure15. Drug binding 513 

pocket was also verified through Metapocket server41. ADMET (Absorption, distribution, 514 

metabolism, excretion and toxicity) properties of top scored drugs were predicted through 515 

admetSAR server42. Binding energy was measured in kilocalorie per mol and top scored 516 

protein-ligand complexes were taken as input for MD simulation. 517 

MD simulation and binding free energy calculation 518 

MD simulation of top scored protein-ligand complexes were carried through Gomacs suite 519 

for 50ns time. Protein and ligand topologies were derived from Gromos54a7 and Prodrg 520 

server, respectively43. Procedure of MD simulation for complexes was same as used in case 521 
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of apo protein (Mpro). Molecular mechanics Poisson Boltzmann surface area (MM/PBSA) 522 

approach was used to calculate the binding free energies of protein-ligand complexes. 523 

Binding free energy of all protein-ligand complexes were computed using last 20 ns MD 524 

simulated trajectories by g_mmpbsa tool in Gromacs44 as given in eq. 1. 525 

                                                                          …1 526 

where, Gcomplex is the total free energy of the protein−ligand complex and Gprotein and Gligand 527 

are total free energies of the isolated protein and ligand in solvent, respectively. Total binding 528 

free energy was computed through summing up the electrostatic, polar, van der Waals and 529 

solvent accessible surface area energies. In addition, energy decomposition per residues basis 530 

was also calculated as given in eq. 2.  531 

 532 

                                         ∑ (              )                                …2 533 

where,         and        are the energies of ith atom from x residue in bound/unbound forms 534 

respectively. n is the total number of atoms in the residue. Energy contribution summed over 535 

all residues is equal to the binding energy, i.e.            ∑          , where, m is the total 536 

number of residues in protein-ligand complexes45. Since we are comparing different ligands 537 

with the same receptor therefore, the entropy term was not included in our analyses. All 538 

energies were measured in kilojoule per mol. 539 

Essential dynamics and free energy landscape studies 540 

Essential dynamics (ED) approach was applied for both apo and complex protein systems to 541 

understand the overall motion of the protein that are significant to biological functions46. 542 

After removing the translational and rotational motions, the covariance matrix was 543 

constructed and diagonalize as given in equations 3 and 4. 544 

                                                            = 〈    〈  〉 (   〈  〉)〉                                  …3 545 

                                                             =λ                                               …4  546 

where,    and    represent mass-adjusted Cartesian coordinates of particles i and j, 547 

respectively, where 〈 〉 is the ensemble average of all MD simulation structure samples over 548 

the course of the simulation. ED analysis was restricted to backbone atoms to avoid the 549 

statistical noise. In equation 4, C is symmetric matrix, A and λ represents the eigenvectors 550 
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and associated eigenvalues, respectively. Eigenvectors and eigenvalues were obtained 551 

through gmx covar and analyzed by gmx anaeig tools of Gromacs, respectively. 552 

Free energy landscape (FEL) analysis was performed using first two principle components 553 

(PC1 and PC2) or eigenvectors as given in equation 5. 554 

 555 

                                                                                               …5    556 

  557 

where, kb is Boltzmann constant, T is temperature, and            is the probability 558 

distribution of molecular system along principle component 1 and principle component 2. 559 

FEL was constructed by gmx sham module of Gromacs using the reaction coordinates of PC1 560 

and PC2. 561 

Analysis and data presentation 562 

Root mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of 563 

gyration (Rg), hydrogen bond (H-bond), solvent accessible surface area (SASA) and distance 564 

analysis were calculated in Gromacs. Secondary structure plots were calculated by do_dssp 565 

tool from MD simulation trajectories47. 2D plots of protein-ligand complexes were plotted in 566 

LigPlot+ tool48. All 3D figures of proteins and protein-ligand complexes for visualization 567 

were rendered in UCSF Chimera v1.7 (Computer Graphics Laboratory, University of 568 

California, San Francisco) and PyMOL (The PyMOL Molecular Graphics System, Version 569 

1.3 Schrodinger, LLC). 2D graphs were plotted in Prism 6 (GraphPad Software, CA, USA, 570 

www.graphpad.com) and MS-Excel-2019 (Microsoft corporation 2018). 571 

Data availability 572 

All data generated or analysed during this study are included in this article/supplementary 573 

information. 574 
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 704 

Legend to figures 705 

Fig. 1 Structure and MD simulation of M
pro

. (A) Tertiary structures of CoV2 main protease 706 

showing different structural units and domains, (B) RMSD in nanometer at y-axis with 707 

respect to time in nanosecond at x-axis, (C) 3D structure obtained from RMSF analysis 708 

showing mobile residues and (D) RMSF in nanometer at y-axis with respect to amino acids at 709 

x-axis. Structures were displayed in cartoon mode. Moderate mobile portion was highlighted 710 

in circular dotted line in (C) and shade region in RMSF plot indicated amino acid residues. 711 

Fig. 2 Secondary structure formation during MD simulation. (A) 2D plot showing patten of 712 

different moieties like helices, sheets, tuns, loops, bends and bridge of protein formation 713 

during 50ns time and (B) 2D plot showing secondary structure variations at individually. 714 

Different secondary structure components labelled in different colour as indicated in figure. 715 
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Fig. 3 2D plots of protein-ligand complexes. (A) Protein-N3 complex, (B) Protein- 716 

hydroxychloroquine, (C) Protein-ZINC14732869, (D) Protein-ZINC19774413, (E) Protein-717 

ZINC12338080, (F) Protein-ZINC123845408, (G) Protein-ZINC19774479 and (H) Protein-718 

ZINC31. 2D plots were generated in LIGPLOT+ program and hydrophobic and hydrophilic 719 

residues denoted in red and black colours, respectively. 720 

Fig. 4 MD simulations of protein-ligand complexes. (A) and (B) RMSDs in nanometer at y-axis 721 

with respect to time in nanosecond at x-axis of proteins in complex form, (C) and (D) 722 

RMSDs in nanometer at y-axis with respect to time in nanosecond at x-axis of ligands in 723 

complex form, (E) and (F) RMSFs in nanometer at y-axis with respect to amino acids at x-724 

axis of proteins in complex form, (G) and (H) Rg in nanometer at y-axis with respect to time 725 

in nanosecond at x-axis of proteins in complex form. N3 (known), hydroxychloroquine, 726 

ZINC14732869, ZINC19774413, ZINC12338080, ZINC123845408, ZINC19774479 and 727 

ZINC31 were shown in black, red, mustard, green, cyan, yellow, blue and magenta colour, 728 

respectively. 729 

Fig. 5 Secondary structure composition of protein in bound/unbound form. (A) Protein-N3 730 

complex, (B) Protein-hydroxychloroquine, (C) Protein-ZINC14732869, (D) Protein-731 

ZINC19774413, (E) Protein-ZINC12338080, (F) Protein-ZINC123845408, (G) Protein-732 

ZINC19774479 and (H) Protein-ZINC31. Mpro (protein unbound) and bound with known, 733 

hydroxychloroquine, ZINC14732869, ZINC19774413, ZINC12338080, ZINC123845408, 734 

ZINC19774479 and ZINC31 were shown in white, black, red, mustard, green, cyan, yellow, 735 

blue and magenta colour, respectively. 736 

Fig. 6 Energy contribution per residues basis. (A) Protein-N3 complex, (B) Protein-737 

hydroxychloroquine, (C) Protein-ZINC14732869, (D) Protein-ZINC19774413, (E) Protein-738 

ZINC19774479 and (F) Protein-ZINC31. Protein-N3, -hydroxychloroquine, -739 

ZINC14732869, -ZINC19774413, -ZINC19774479 and -ZINC31 were shown in black, red, 740 

mustard, green, blue and magenta colour, respectively. 741 

Fig. 7 Superimpositions of protein unbound and protein bound with N3, hydroxychloroquine, 742 

ZINC14732869, ZINC19774413, and ZINC19774479. Mpro (protein unbound) and bound 743 

with N3, hydroxychloroquine, ZINC14732869, ZINC19774413 and ZINC19774479 were 744 

shown in white, black, red, mustard, green and blue colour, respectively. Major structural 745 

differences were highlighted in black dotted circles. 746 

Fig. 8 PCA and FEL studies of protein-N3 and -hydroxychloroquine complexes. (A) 2D plot of 747 

protein-N3 complexes, (B) Superimposed 3D structures of protein with or without complex 748 

form, (C) Porcupine structure of protein bound with known inhibitors, (D) 2D plot of protein-749 

hydroxychloroquine complexes, (E) Superimposed 3D structures of protein with or without 750 

complex form and (F) Porcupine structure of protein bound with hydroxychloroquine. 751 

Structures of Mpro (protein unbound) and bound form were shown in white and black (N3), 752 

red (hydroxychloroquine) colour with cartoon mode, respectively. Arrow and length of cone 753 

denoted direction and magnitude of motions in porcupine structures. ∆G were measured in 754 

kilocalorie per mol. 755 

Fig. 9 PCA and FEL studies of protein-ZINC14732869, -ZINC19774413 and -ZINC19774479 756 

complexes. (A) 2D plot of protein-ZINC14732869 complexes, (B) Superimposed 3D 757 

structures of protein with or without complex form, (C) Porcupine structure of protein bound 758 
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with ZINC14732869 inhibitors, (D) 2D plot of protein-ZINC19774413 complexes, (E) 759 

Superimposed 3D structures of protein with or without complex form, (F) Porcupine 760 

structure of protein bound with ZINC19774413, (G) 2D plot of protein-ZINC19774479 761 

complexes, (H) Superimposed 3D structures of protein with or without complex form, (I) 762 

Porcupine structure of protein bound with ZINC19774479. Structures of Mpro (protein 763 

unbound) and bound with ligands were shown in white and mustard (ZINC14732869), green 764 

(ZINC19774413) and blue (ZINC19774479) colour with cartoon mode, respectively. Arrow 765 

and length of cone denoted direction and magnitude of motions in porcupine structures. ∆G 766 

were measured in kilocalorie per mol. 767 

Fig. 10 Distance analysis of key residues in binding pocket. (A) Distance between Asn142 to 768 

Gln189 in nanometer at y-axis with respect to time in nanosecond at x-axis, (B) Distance 769 

between His164 to Gln189 in nanometer at y-axis with respect to time in nanosecond at x-770 

axis, (C) Distance between Pro168 to Gln189 in nanometer at y-axis with respect to time in 771 

nanosecond at x-axis, (D) Bar diagram showing average values and deviations obtained from 772 

graph (A), (E) Bar diagram showing average values and deviations obtained from graph (B), 773 

(F) Bar diagram showing average values and deviations obtained from graph (C) and (G) 3D 774 

pose of protein showing bond length in nanometer between Asn142-Gln189 (magenta dotted 775 

line), His164-Gln189 (black dotted line) and Pro168-Gln189 (green dotted line). Protein 3D 776 

structure was displayed in cartoon mode and residues were labelled in stick mode. Mpro 777 

(protein unbound) and protein bound with N3, hydroxychloroquine, ZINC14732869, 778 

ZINC19774413 and ZINC19774479 in 2D graphs were shown in white, black, red, mustard, 779 

green and blue colour, respectively.     780 

    781 

 782 

Table 1.  Binding free energies calculation by MM/PBSA methods (All energies in kJ/mol) 783 

(Bold rows highlighted the ligands with higher binding energies). 784 

 

Ligands name 

 

vander 

Waal 

energy 

Stdev Electrostatic 

energy 

Stdev Polar 

solvation 

energy 

Stdev SASA 

energy 

Stdev Binding 

energy 

Stdev 

N3 -62.074 ±21.728 -8.083 ±2.996 37.189 ±13.473 -6.372 ±2.326 -39.869 ±16.169 

Hydroxychloroquine -162.538 ±11.498 -2.083 ±0.773 54.411 ±2.892 -15.303 ±1.273 -125.197 ±12.244 

ZINC14732869 -206.956 ±3.646 -10.707 ±1.13 85.494 ±2.176 -19.259 ±0.291 -151.532 ±3.299 

ZINC19774413 -225.657 ±11.387 -6.869 ±1.052 91.834 ±4.599 -19.744 ±1.039 -160.704 ±9.221 

ZINC12338080 -101.097 ±20.882 11.535 ±1.224 49.063 ±7.553 -10.094 ±1.895 -50.282 ±16.805 

ZINC12845408 -18.264 ±12.656 -1.889 ±1.225 7.721 ±8.811 -2.011 ±1.258 -14.713 ±1.431 

ZINC19774479 -184.18 ±13.735 -13.17 ±1.448 78.154 ±8.947 -17.517 ±1.357 -136.809 ±7.656 

ZINC31 -191.574 ±1.447 -15.921 ±1.677 118.993 ±2.529 -16.884 ±0.208 -105.356 ±2.44 

 785 
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