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Abstract 18 

 19 

The Coronavirus disease 2019 (COVID-19) is an infectious disease caused by the severe acute 20 

respiratory syndrome–coronavirus 2 (SARS-CoV-2). The virus has rapidly spread in humans, 21 

causing the ongoing Coronavirus pandemic. Recent studies have shown that, similarly to SARS-22 

CoV, SARS-CoV-2 utilises the Spike glycoprotein on the envelope to recognise and bind the 23 

human receptor ACE2. This event initiates the fusion of viral and host cell membranes and then 24 

the viral entry into the host cell. Despite several ongoing clinical studies, there are currently no 25 

approved vaccines or drugs that specifically target SARS-CoV-2. Until an effective vaccine is 26 

available, repurposing FDA approved drugs could significantly shorten the time and reduce the 27 

cost compared to de novo drug discovery. In this study we attempted to overcome the limitation of 28 

in silico virtual screening by applying a robust in silico drug repurposing strategy. We combined 29 

and integrated docking simulations, with molecular dynamics (MD), Supervised MD (SuMD) and 30 

Steered MD (SMD) simulations to identify a Spike protein – ACE2 interaction inhibitor. Our data 31 

showed that Simeprevir and Lumacaftor bind the receptor-binding domain of the Spike protein with 32 

high affinity and prevent ACE2 interaction. 33 

 34 

 35 

 36 

 37 



Introduction 38 

 39 

The World Health Organisation (WHO) declared the Coronavirus disease (COVID-19) outbreak as 40 

pandemic on the 12 of March 2020, and as of May 21, over 4,893,186 cases and 323,256 deaths 41 

have been reported (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-42 

reports/). The Severe acute respiratory syndrome–coronavirus 2 (SARS-CoV-2) was identified as 43 

the viral agent causing the disease. SARS-CoV-2 is closely related to the SARS-CoV, which 44 

caused a pandemic in 2002-2003 1, and it is believed to be the third member of the Coronaviridae 45 

family to cause severe respiratory diseases in human 2. Despite several ongoing clinical studies, 46 

there are currently no approved vaccines or drugs that specifically target SARS-CoV-2.  47 

SARS-CoV-2 has a single-stranded positive-sense RNA composed of 29,903 nt containing five 48 

genes, ORF1ab (codifying 16 non-structural proteins), spike (S), envelope (E), membrane (M) and 49 

nucleocapsid (N) genes 3. The virus uses the S homotrimeric glycoprotein located on the virion 50 

surface to allow entry into the human cells 4. The S protein goes through major structural 51 

rearrangements to mediate viral and human cell membranes fusion. The process is initiated by the 52 

binding of the receptor-binding domain (RBD) of the S1 subunit to the peptidase domain (PD) of 53 

angiotensin-converting enzyme 2 receptor (ACE2) on the host cell 5. Structural studies have shown 54 

that two S protein trimers can simultaneously bind to one ACE2 dimer 6. This induces a 55 

conformational change that expose a proteolytic site on the S protein, which is cleaved by the 56 

cellular serine protease TMPRSS2 7. Dissociation of S1 induces transition of the S2 subunit to a 57 

post fusion conformation, with exposed fusion peptides 8, which allows endocytic entry of virus 9. 58 

Wrapp et al. 10 have shown that, despite SARS-CoV-2 and SARS-CoV share a similar cell entry 59 

mechanism, SARS-CoV-2 S protein binds ACE2 with a 10- to 20-fold higher affinity than SARS-60 

CoV S, which may be related to the higher person-to-person transmission of SARS-CoV-2.  61 

S glycoprotein is highly immunogenic, and it is a promising target for drug design 11. Indeed, we 62 

showed that a combination of four 20-mer synthetic peptides disrupting SARS-CoV S heterotrimer 63 

reduced or completely inhibited infectivity in vitro 12. Similarly, antibodies targeting SARS-CoV S 64 

protein neutralize the virus and have potential for therapy 13. In fact, disruption of the binding of the 65 

S protein to ACE2 prevents the virus from attaching to the host cell 14.  66 

The social and economic impact of COVID-19 and the possibility of future similar pandemics is 67 

pushing for a rapid development of treatments. As such, targeting viral-host protein-protein 68 

interaction (PPI) may represent a promising way to prevent or reduce the spreading of the virus 69 

before a vaccine is available 15. In this study, we performed an extensive analysis of the intrinsic 70 

dynamic, structural properties and drug targeting of SARS-CoV-2 RDB. In particular starting from 71 

the structure of RDB in complex with ACE2, we identified transient pockets on RDB on the ACE2 72 

interaction surface area. Our data provide detailed information on the dynamic features of RDB 73 

that we exploited for docking studies. We carried out a virtual screening using 1582 FDA-approved 74 



drugs to explore new therapeutic benefits of existing drugs. To take into account molecules unique 75 

features, such as conformational flexibility, charges distribution, and solvent role in target 76 

recognition and binding, we implemented an extensive molecular dynamics simulation analysis. By 77 

combining molecular dynamics simulations (MD), Supervised MD (SuMD), Steered MD (SMD) and 78 

interaction energy calculations, we showed that Simeprevir and Lumacaftor bind RDB with high 79 

affinity and prevent ACE2 interaction. Overall, by adopting a robust in silico approach, our results 80 

could open the gates toward the development of novel COVID-19 treatments.  81 

 82 

Methods 83 

 84 

Structural Resources  85 

3D Structure and FASTA sequence of SARS-CoV-2 RBD in complex with human hACE2 (PDB ID 86 

6LZG) were retrieved from the RCSB Protein Data Bank 16. To avoid errors during the molecular 87 

dynamic (MD) simulations, missing side chains and steric clashes in PDB files were adjusted by 88 

homology modelling, using PyMOD2.0 and MODELLER v.9.3 17. 3D structures were validated 89 

using PROCHECK 18. GROMACS 2019.3 19 with charmm36-mar2019 force field was used to 90 

resolve high energy intramolecular interaction before docking simulations, and CGenFF  was used 91 

to assign all parameters to ligands. Structures were immersed in a cubic box filled with TIP3P 92 

water molecules and counter ions to balance the net charge of the system. Simulations were run 93 

applying periodic boundary conditions. The energy of the system was minimized with 5.000 steps 94 

of minimization with the steepest descent algorithm and found to converge to a minimum energy 95 

with forces less than 100 kJ/mol/nm. A short 10 ns classic Molecular Dynamics (cMD) was 96 

performed to relax the system.  97 

All the cMD simulations were performed integrating each time step of 2 fs; a V-rescale thermostat 98 

maintained the temperature at 310 K and Berendsen barostat maintained the system pressure at 1 99 

atm, with a low dumping of 1 ps−1; the LINCS algorithm constrained the bond lengths involving 100 

hydrogen atoms. 101 

 102 

Transient pockets and virtual screening 103 

A 100 ns cMD simulation was used, as described above, for the identification of transient pockets. 104 

Transient pockets were identified by analysing MD trajectories of SARS-CoV-2 RBD structure with 105 

EPOS tool 20, using parameters by default. The volumes of the transient pockets during the 106 

simulation were measured using POVME 21. Open pockets in close proximity to ACE2 binding site 107 

were selected based on the depth and polarity of the cavity. A box with dimensions of 25, 35, and 108 

20 Å was created around the transient pocket using Autodock Tools 22. Subsequently, a virtual 109 

screening of 1582 FDA-approved drugs obtained from Drugbank 23 was carried out on SARS-CoV-110 



2 RBD using AutoDock/VinaXB 24. MGLTOOLS scripts 22 and OpenBabel 25 were used respectively 111 

to convert protein and ligand files and added gasteiger partial charges.  112 

 113 

Supervised Molecular Dynamics (SuMD) simulations 114 

SuMD were used to sample the binding of hACE2 to RBD, as well as to probe the binding of 115 

hACE2 to RBD-Simeprevir/Lumacaftor complexes. SuMD methodology relies on a tabu-like 116 

algorithm that monitors the distance between hACE2 and centre of mass of the RBD binding site 117 

during unbiased MD simulations to sample a binding event in the range of nanoseconds 26. The 118 

protocol is based on performing a series of short unbiased MD simulations, where after each 119 

simulation the distance points collected at regular time intervals are fitted into a linear function. If 120 

the resulting slope is negative, then hACE2 is getting closer to the RBD binding site and the MD 121 

steps are kept, if it the slope is not negative, then the simulation is restarted by randomly assigning 122 

the atomic velocities. We used an SuMD step of 1000 ps, with a constant temperature and 123 

pressure of 310 K and 1 atm respectively. When the distance between the hACE2 and RBD 124 

reached 5 Å or less, then the supervision was disabled, and a 10 ns cMD simulation was 125 

performed. The analysis was performed with an in-house written python and bash script. 126 

 127 

Steered Molecular Dynamics (SMD) simulations 128 

In order to evaluate the binding interaction between RBD and Simeprevir or Lumacaftor, the RBD- 129 

Simeprevir/Lumacaftor complexes were simulated to dissociate using a 700 ps SMD simulation by 130 

Constant Force Pulling of 250 KJ/mol/nm. While the backbone of RBD was not allowed to move, 131 

Simeprevir and Lumacaftor experienced a constant force in x, y, z direction, specifically (250, 0, 0) 132 

for both compounds. Simeprevir and Lumacaftor were pulled with an external force in the NPT 133 

ensemble at 1 atm and 310 K with 2 fs time steps. MD analyses was performed with GROMACS 134 

2019.3 package and displayed with GRACE. 135 

 136 

Protein-Ligand Interaction Energy 137 

To quantify the strength of the interaction between the RBD and Simeprevir/Lumacaftor, we 138 

computed the nonbonded interaction energy. GROMACS has the ability to decompose the short-139 

range nonbonded energies via the energygrps keyword in the .mdp file. The energy terms of 140 

interest are the average short-range Coulombic interaction energy (Coul-SR) and the short-range 141 

Lennard-Jones energy (LJ-SR). The total interaction energy (IEBinding) is defined by: 142 

 143 

IEBinding = Coul-SR + LJ-SR 144 

 145 

 146 

 147 



Results 148 

 149 

SARS-CoV-2 S glycoprotein virtual screening 150 

SARS-CoV-2 RBD and hACE2 binding is mostly driven by polar interaction, with an overall ~900Å2 
151 

buried surface area. A close analysis of the interface reveals the absence of cavities on RBD in the 152 

interaction surface. We performed MD simulations to account for the protein conformational 153 

flexibility and detected 1029 transient pockets. Based on the druggability features of the cavities, 154 

i.e. volume, depth, polarity, and proximity to the hACE2 binding site, we detected a cluster of 9 155 

transient pockets. In order to identify possible PPI inhibitors, the transient pocket that contained 156 

key residues involved in hACE2 recognition and binding (Fig. 1A) was selected and used for the 157 

virtual screening of 1582 FDA-approved drugs. Best 10 compounds showed high binding free 158 

energy scores (-9.4 to -8.5 Kcal/mol) (Fig. S1). The compound with the highest binding energy      159 

(-9.4 Kcal/mol) was Lumacaftor, a CFTR corrector that traffic the mutant protein to the plasma 160 

membrane 27. An analysis of the quality of interactions of the best 10 compounds revealed that 161 

Simeprevir had the higher number of polar bonds with side chains of residues in the RBD binding 162 

pocket. Simeprevir, a second-generation HCV NS3/4A protease inhibitor 28, has been reported to 163 

be both a potential SARS-CoV-2 main protease inhibitor 29 and a S protein-RBD interaction 164 

inhibitor 30. Indeed, Simeprevir forms an extended network of H-bonds with Arg403, Lys417, 165 

Gln493, Gly496 and Tyr505, and forms Van Der Waals interactions with Tyr421, Tyr453 and      166 

Tyr505 (Fig. 1B). Differently, Lumacaftor has a higher number of hydrophobic contacts, specifically 167 

with Tyr453, Leu455, Tyr495, Phe497 and Tyr505, with the potential formation of π-stacking using 168 

the C, of Arg403, and forms H-bonds with Gln409, Lys417 and Asn501 (Fig. 1C). Analysis of the 169 

crystal structure of RBD in complex with ACE2 reveals that the residues involved in the binding 170 

with the two drugs are key driver of RBD and ACE2 interaction 6. Of particular interest are residues 171 

Lys417, Leu455 and Gln493, which are not conserved in SARS-CoV and have been linked to the 172 

higher affinity of SARS-CoV-2 S protein for ACE2 6. Taken together, these data show that 173 

Simeprevir and Lumacaftor are able to form clearly defined specific interactions with the SARS-174 

CoV-2 S glycoprotein and are promising PPI competitive inhibitors. 175 

 176 

Simeprevir and Lumacaftor inhibit RBD-ACE2 binding in silico 177 

In order to understand if Simeprevir and Lumacaftor are able to interfere and prevent the binding 178 

between the S glycoprotein and ACE2, we run a Supervised Molecular Dynamics (SuMD) 179 

simulations. Using SuMD it is possible to simulate the full binding process of ACE2 to RBD in 180 

presence of Simeprevir or Lumacaftor in an unbiased way (i.e. independently from starting relative 181 

position), taking into account hydration patterns and drug binding-unbinding events. We first 182 

validated the SuMD protocol by simulating the binding process of RBD with ACE2. The resulting 183 

relative position of ACE2 bound to RBD is comparable to that in the crystal structure (Fig. S2). The 184 



interaction between ACE2 and RBD is established after 16 ns of productive trajectory and is 185 

mediated by key residues in the receptor binding motif (RBM). Specifically, SARS-CoV-2 Tyr453, 186 

Asn487, Tyr489, Gln498, Asn501 and Tyr505 form H-bonds with ACE2, whereas SARS-CoV-2 187 

Phe486 interacts with ACE2 via van der Waals forces. Outside the RBM, we see the formation of 188 

the salt bridge between SARS-CoV-2 Lys417 and ACE2 Asp30, in line with published data 189 

suggesting that this key interaction contributes to the difference in affinity between SARS-CoV and 190 

SARS-CoV-2 S proteins for ACE2 5. Using the same approach, we then simulated the binding of 191 

ACE2 to RBD bound to Simeprevir or Lumacaftor. During the SuMD simulation ACE2 did not 192 

displace the drugs and did not form interactions with the S glycoprotein even after 50 ns of 193 

simulation. This is very likely due to the drugs interacting with the side chains of the key residues 194 

Lys417, Tyr453, Asn501 and Tyr505, which prevent ACE2 target recognition. Taken together these 195 

data show that Simeprevir and Lumacaftor prevent ACE2 recognition and binding to the S 196 

glycoprotein. 197 

 198 

Simeprevir and Lumacaftor binding stability 199 

During the SuMD drugs were allowed to move and find a more energetically favourable pose in the 200 

binding pocket. We noticed very limited movements of Simeprevir and Lumacaftor, and, to confirm 201 

binding stability we performed 100 ns cMD simulations of RBD alone and in complex with the 202 

drugs. Indeed, the pose of Simeprevir and Lumacaftor did not change significantly during the 203 

simulation, and the RMSD average was 2.4 Å and 3.2 Å respectively (Fig. S3 and 2A ). In order to 204 

exclude presence of artefacts in our analysis, we monitored the protein structural integrity during 205 

the simulations. We noticed limited differences between the RMSD of the apo protein (1.8 Å) and 206 

the RMSD of RBD bound to Simeprevir or Lumacaftor (1.3 and 1.4 Å respectively), which excludes 207 

presence of different protein structural rearrangements in the three cMD simulations (Fig. 2B). To 208 

quantify the strength of the interaction between Simeprevir and Lumacaftor on RBD, we computed 209 

the interaction energy between the protein and the two drugs. The total interaction energy for 210 

Simeprevir and Lumacaftor was -75.58 +/- 4.2 KJ/mol and -63.42 +/- 13.8 KJ/mol respectively. 211 

Taken together these data suggest that Simeprevir and Lumacaftor bind spontaneously to the 212 

target and with high affinity. 213 

 214 

Drugs-protein unbinding simulations 215 

To further characterise the recognition process of the two drugs to the S glycoprotein we 216 

performed Steered Molecular Dynamics (SMD) simulations. We ran a 800 ps SMD simulation on 217 

RBD in complex with both Simeprevir and Lumacaftor, and the time-averaged force profiles during 218 

the unbinding simulation of complexes is shown in Fig. 3A. Both drugs have a steady increase of 219 

the applied forces on the first ~150 and ~200 ps of the simulation, respectively for Lumacaftor and 220 

Simeprevir, until they reach the maximum, which corresponds to the rupture force of Lumacaftor 221 



and Simeprevir unbinding along this dissociation pathway. The force then quickly decreases and 222 

stays constant till the end of the simulation. In the first step, between 0 and 315 ps of the 223 

simulation for Simeprevir and 0 and 354 ps for Lumacaftor, the two drugs slowly detach and move 224 

away from the transient pocket and in the second step, between 316 and 750 ps of the simulation 225 

for Simeprevir and 355 and 750 ps for Lumacaftor, they move away from the protein and enter the 226 

solvent region (Fig. 3.B-C). The comparable rupture forces reflect similarity in the unbinding from 227 

RBD, in line with our binding energy data. 228 

 229 

Discussion 230 

 231 

SARS-CoV-2 invades human cells via ACE2, a transmembrane protein expressed on the surface 232 

of alveolar cells of the lungs. Upon binding of ACE2, viral and host cell membranes fuse and the 233 

virus enters into the host cell. This results in the development of an infectious disease, called 234 

COVID-19, which is associated with a major immune inflammatory response. Deaths are caused 235 

by respiratory failure, which have been linked to a cytokine storm with high serum levels of pro-236 

inflammatory cytokines and chemokines 31. There are currently no approved vaccines or drugs that 237 

specifically target Coronavirus infection, and, despite several ongoing clinical trials, treatment 238 

options have been based on different clinical approaches with limited background testing. An 239 

exponentially growing number of computational studies have tried to provide molecular data in 240 

support of these novel potential COVID-19 treatments 32 33 34 15. 241 

The aim of this proof of principle study was to propose a robust in silico protocol that overcame 242 

limitations of classic virtual screening studies 35. The role of hydration patterns in target recognition 243 

and binding is completely absent in docking simulations. Furthermore, in most virtual screenings, 244 

while the ligand is flexible, proteins are only semi-flexible, which affects both the resulting pose of 245 

the ligand and the scoring system 36. More reliable information can only be obtained by MD 246 

simulations, which, despite being computationally expensive, allow to take into account 247 

macromolecules unique features, such as conformational flexibility, charge distribution, and 248 

hydration patterns in target recognition, drug binding, and drug unbinding 37 38. In this study we 249 

coupled docking with cMD, SuMD and SMD to identify a Spike protein – ACE2 interaction inhibitor. 250 

Transmission electron microscope image of SARS-CoV-2 have shown how the viral envelope is 251 

densely populated by the S protein, which, due to its role in pathogenesis, is the main target of 252 

neutralizing antibodies and vaccines 39. An analysis of the crystal structure of the RBD with ACE2, 253 

reveals that the RBD of the S protein has a relatively flat surface, which would be unsuitable for 254 

drug targeting. Previous studies have shown that the analysis of protein dynamics allows for the 255 

identification of transient pockets where small molecules can bind proteins 40. We identified a 256 

transient pocket with druggability features on the RBD which may represent a hot spot 38. Indeed, 257 

comparison with the structure of SARS-CoV S protein in complex with a neutralising antibody 258 



isolated from a SARS-CoV survivor shows that the pocket we identified lies on the same surface 259 

recognised by the CDRs of the antibody 39. We retrieved the structure of the protein with an open 260 

pocket from the trajectory of the MD simulation and we used it for a virtual screening of 1582 FDA-261 

approved drugs. The advantage of focusing on FDA-approved drugs is that the safety issues are 262 

all within suitable bounds and are well understood, meaning that they could proceed to clinical trial 263 

reasonably quickly. The compounds showing high binding energies and forming a network of 264 

specific interaction with side chains of residues in the RBD binding pocket were Simeprevir and 265 

Lumacaftor. Simeprevir, direct-acting antiviral agent for the treatment of HCV infections, is a 266 

second generation of orally available NS3/4 HCV protease inhibitor 41. Lumacaftor is a CFTR 267 

corrector that stabilises the first transmembrane domain of CFTR, resulting in an improved 268 

maturation of CFTR mutants 42. The two drugs were also selected for their reported minimal off-269 

targeting, suggesting lack of binding to other human proteins 41 43. Furthermore, virtual screening 270 

studies suggested that Lumacaftor and Simeprevir are promising SARS-CoV-2 main protease 271 

inhibitors 29 44, and Simeprevir has also been identified as a potential S protein-ACE2 interaction 272 

inhibitor 45. Interestingly, several in silico and in vitro studies have identified antiviral agents 273 

targeting HCV infection (single-stranded negative-sense RNA virus) as promising treatments for 274 

COVID-19 46, which include HCV approved inhibitors of the viral RNA synthesis, the 3CL protease 275 

and the helicase activity 46. Antiviral agents against HCV infections have also been studied for their 276 

promising ability to interfere with other viral infections caused by RNA viruses, i.e. SARS-277 

associated coronavirus 47, MERS 48, Enterovirus A71, Herpes simplex virus type 1 and Zika virus 278 

41. This would suggest the possibility to use and/or develop Simeprevir into broad-spectrum 279 

antivirals drugs 41. Simeprevir and Lumacaftor are also promising for their potential ability to inhibits 280 

multiple steps of the SARS-CoV-2 infection, by interfering with the S protein binding to the ACE2 281 

receptor and by inhibiting the SARS-CoV-2 main protease, essential for processing the 282 

polyproteins that are translated from the viral RNA 49 . The concept of multi-target drugs that inhibit 283 

several proteins simultaneously has been successfully used for the treatment of many diseases. 284 

For example, the anti-HIV drug Cosalane was developed to inhibit binding of the HIV gp120 285 

envelope glycoprotein to CD4 and simultaneously to inhibit the cytopathic mechanism of HIV-1 50. 286 

While writing this paper, several drug repurposing studies targeting the S protein have been 287 

published. Interestingly, several papers 32 34 51 45 carried out virtual screenings on the same surface 288 

we identified as a transient pocket. Binding energies of proposed compounds are however lower 289 

than the one we observed for Simeprevir and Lumacaftor. This is very likely linked to the protein 290 

structures used for virtual screening and/or a binding pocket not being in the optimal open 291 

conformation, highlighting the strength of our in silico approach. 292 

Our results show the importance of taking into account the full structural features of a protein-293 

ligand complex and how a combination of MD simulations may help predict the validity of a 294 



proposed inhibitor. Our work suggests that Simeprevir and Lumacaftor could be potential initial 295 

compounds able to prevent and treat SARS-CoV-2 infection.  296 

 297 

References 298 

 299 

1. Andersen, K. G., Rambaut, A., Lipkin, W. I., Holmes, E. C. & Garry, R. F. The proximal 300 

origin of SARS-CoV-2. Nat. Med. (2020) doi:10.1038/s41591-020-0820-9. 301 

2. Lai, C. C., Shih, T. P., Ko, W. C., Tang, H. J. & Hsueh, P. R. Severe acute respiratory 302 

syndrome coronavirus 2 (SARS-CoV-2) and coronavirus disease-2019 (COVID-19): The 303 

epidemic and the challenges. International Journal of Antimicrobial Agents (2020) 304 

doi:10.1016/j.ijantimicag.2020.105924. 305 

3. Shang, W., Yang, Y., Rao, Y. & Rao, X. The outbreak of SARS-CoV-2 pneumonia calls for 306 

viral vaccines. npj Vaccines (2020) doi:10.1038/s41541-020-0170-0. 307 

4. Walls, A. C. et al. Structure, Function, and Antigenicity of the SARS-CoV-2 Spike 308 

Glycoprotein. Cell (2020) doi:10.1016/j.cell.2020.02.058. 309 

5. Li, F., Li, W., Farzan, M. & Harrison, S. C. Structural biology: Structure of SARS coronavirus 310 

spike receptor-binding domain complexed with receptor. Science (80-. ). (2005) 311 

doi:10.1126/science.1116480. 312 

6. Yan, R. et al. Structural basis for the recognition of SARS-CoV-2 by full-length human 313 

ACE2. Science (80-. ). (2020) doi:10.1126/science.abb2762. 314 

7. Hoffmann, M. et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is 315 

Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) doi:10.1016/j.cell.2020.02.052. 316 

8. Li, F. Structure, Function, and Evolution of Coronavirus Spike Proteins. Annu. Rev. Virol. 317 

(2016) doi:10.1146/annurev-virology-110615-042301. 318 

9. Ou, X. et al. Characterization of spike glycoprotein of SARS-CoV-2 on virus entry and its 319 

immune cross-reactivity with SARS-CoV. Nat. Commun. (2020) doi:10.1038/s41467-020-320 

15562-9. 321 

10. Wrapp, D. et al. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. 322 

Science (80-. ). (2020) doi:10.1126/science.aax0902. 323 

11. Bongini, P., Trezza, A., Bianchini, M., Spiga, O. & Niccolai, N. A possible strategy to fight 324 

COVID-19: Interfering with spike glycoprotein trimerization. Biochem. Biophys. Res. 325 

Commun. (2020) doi:10.1016/j.bbrc.2020.04.007. 326 

12. Zheng, B. J. et al. Synthetic peptides outside the spike protein heptad repeat regions as 327 

potent inhibitors of SARS-associated coronavirus. Antivir. Ther. (2005). 328 

13. Zhu, Z. et al. Potent cross-reactive neutralization of SARS coronavirus isolates by human 329 

monoclonal antibodies. Proc. Natl. Acad. Sci. U. S. A. (2007) 330 

doi:10.1073/pnas.0701000104. 331 



14. Sui, J. et al. Potent neutralization of severe acute respiratory syndrome (SARS) coronavirus 332 

by a human mAb to S1 protein that blocks receptor association. Proc. Natl. Acad. Sci. U. S. 333 

A. (2004) doi:10.1073/pnas.0307140101. 334 

15. Zhou, Y. et al. Network-based drug repurposing for novel coronavirus 2019-nCoV/SARS-335 

CoV-2. Cell Discov. (2020) doi:10.1038/s41421-020-0153-3. 336 

16. Wang, Q. et al. Structural and Functional Basis of SARS-CoV-2 Entry by Using Human 337 

ACE2. Cell (2020) doi:10.1016/j.cell.2020.03.045. 338 

17. Janson, G., Zhang, C., Prado, M. G. & Paiardini, A. PyMod 2.0: improvements in protein 339 

sequence-structure analysis and homology modeling within PyMOL. Bioinformatics (2017) 340 

doi:10.1093/bioinformatics/btw638. 341 

18. Laskowski, R. A., MacArthur, M. W., Moss, D. S. & Thornton, J. M. PROCHECK: a program 342 

to check the stereochemical quality of protein structures. J. Appl. Crystallogr. (1993) 343 

doi:10.1107/s0021889892009944. 344 

19. Berendsen, H. J. C., van der Spoel, D. & van Drunen, R. GROMACS: A message-passing 345 

parallel molecular dynamics implementation. Comput. Phys. Commun. (1995) 346 

doi:10.1016/0010-4655(95)00042-E. 347 

20. Brady, G. P. & Stouten, P. F. W. Fast prediction and visualization of protein binding pockets 348 

with PASS ps:surface,sasa,cavity,software,hole,channel,tunnel,. J. Comput. Aided. Mol. 349 

Des. (2000). 350 

21. Wagner, J. R. et al. POVME 3.0: Software for Mapping Binding Pocket Flexibility. J. Chem. 351 

Theory Comput. (2017) doi:10.1021/acs.jctc.7b00500. 352 

22. Morris, G. M. et al. Software news and updates AutoDock4 and AutoDockTools4: 353 

Automated docking with selective receptor flexibility. J. Comput. Chem. (2009) 354 

doi:10.1002/jcc.21256. 355 

23. Wishart, D. S. et al. DrugBank 5.0: A major update to the DrugBank database for 2018. 356 

Nucleic Acids Res. (2018) doi:10.1093/nar/gkx1037. 357 

24. Koebel, M. R., Schmadeke, G., Posner, R. G. & Sirimulla, S. AutoDock VinaXB: 358 

Implementation of XBSF, new empirical halogen bond scoring function, into AutoDock Vina. 359 

J. Cheminform. (2016) doi:10.1186/s13321-016-0139-1. 360 

25. O’Boyle, N. M. et al. Open Babel: An Open chemical toolbox. J. Cheminform. (2011) 361 

doi:10.1186/1758-2946-3-33. 362 

26. Sabbadin, D., Salmaso, V., Sturlese, M. & Moro, S. Supervised molecular dynamics (SuMD) 363 

approaches in drug design. in Methods in Molecular Biology (2018). doi:10.1007/978-1-364 

4939-8630-9_17. 365 

27. Xin, M. et al. Two small molecules restore stability to a subpopulation of the cystic fibrosis 366 

transmembrane conductance regulator with the predominant disease-causing mutation. J. 367 

Biol. Chem. (2017) doi:10.1074/jbc.M116.751537. 368 



28. Zhang, X. Direct anti-HCV agents. Acta Pharmaceutica Sinica B (2016) 369 

doi:10.1016/j.apsb.2015.09.008. 370 

29. da Silva Chaves, S. N. et al. NOS-2 participates in the behavioral effects of ethanol 371 

withdrawal in zebrafish. Neurosci. Lett. (2020) doi:10.1016/j.neulet.2020.134952. 372 

30. Peterson, L. In Silico Molecular Dynamics Docking of Drugs to the Inhibitory Active Site of 373 

SARS-CoV-2 Protease and Their Predicted Toxicology and ADME. (2020) 374 

doi:10.26434/CHEMRXIV.12155523.V1. 375 

31. Feldmann, M. et al. Trials of anti-tumour necrosis factor therapy for COVID-19 are urgently 376 

needed. Lancet (2020) doi:10.1016/S0140-6736(20)30858-8. 377 

32. Smith, M. & Smith, J. C. Repurposing Therapeutics for COVID-19: Supercomputer-Based 378 

Docking to the SARS-CoV-2 Viral Spike Protein and Viral Spike Protein-Human ACE2 379 

Interface. ChemRxiv (2020) doi:10.26434/chemrxiv.11871402.v3. 380 

33. Wu, C. et al. Analysis of therapeutic targets for SARS-CoV-2 and discovery of potential 381 

drugs by computational methods. Acta Pharm. Sin. B (2020) 382 

doi:10.1016/j.apsb.2020.02.008. 383 

34. Senathilake, K., Samarakoon, S. & Tennekoon, K. Virtual Screening of Inhibitors Against 384 

Spike Glycoprotein of 2019 Novel Corona Virus: A Drug Repurposing Approach. (2020) 385 

doi:10.20944/PREPRINTS202003.0042.V1. 386 

35. Lavecchia, A. & Giovanni, C. Virtual Screening Strategies in Drug Discovery: A Critical 387 

Review. Curr. Med. Chem. (2013) doi:10.2174/09298673113209990001. 388 

36. Hutter, M. C. The current limits in virtual screening and property prediction. Future Medicinal 389 

Chemistry (2018) doi:10.4155/fmc-2017-0303. 390 

37. Saravanan, K., Kalaiarasi, C. & Kumaradhas, P. Understanding the conformational flexibility 391 

and electrostatic properties of curcumin in the active site of rhAChE via molecular docking, 392 

molecular dynamics, and charge density analysis. J. Biomol. Struct. Dyn. (2017) 393 

doi:10.1080/07391102.2016.1264891. 394 

38. Venditti, V. et al. MD and NMR studies of α-bungarotoxin surface accessibility. Biochem. 395 

Biophys. Res. Commun. (2007) doi:10.1016/j.bbrc.2007.02.094. 396 

39. Walls, A. C. et al. Unexpected Receptor Functional Mimicry Elucidates Activation of 397 

Coronavirus Fusion. Cell (2019) doi:10.1016/j.cell.2018.12.028. 398 

40. Eyrisch, S. & Helms, V. What induces pocket openings on protein surface patches involved 399 

in protein - Protein interactions? J. Comput. Aided. Mol. Des. (2009) doi:10.1007/s10822-400 

008-9239-y. 401 

41. Li, Z. et al. Antiviral effects of simeprevir on multiple viruses. Antiviral Res. (2019) 402 

doi:10.1016/j.antiviral.2019.104607. 403 

42. Krainer, G. et al. CFTR transmembrane segments are impaired in their conformational 404 

adaptability by a pathogenic loop mutation and dynamically stabilized by Lumacaftor. J. Biol. 405 



Chem. (2020) doi:10.1074/jbc.AC119.011360. 406 

43. Sacks, D. et al. Multisociety consensus quality improvement revised consensus statement 407 

for endovascular therapy of acute ischemic stroke. Am. J. Neuroradiol. (2018) 408 

doi:10.1016/j.jvir.2017.11.026. 409 

44. Alamri, M. A., Tahir ul Qamar, M. & Alqahtani, S. M. Pharmacoinformatics and Molecular 410 

Dynamic Simulation Studies Reveal Potential Inhibitors of SARS-CoV-2 Main Protease 411 

3CLpro. Prepr. (2020) doi:10.20944/preprints202002.0308.v1. 412 

45. Onat Kadioglu, M. S. H. J. G. T. E. Identification of novel compounds against three targets 413 

of SARS CoV2 coronavirus by combined virtual screening and supervised machine learning 414 

. Bull World Heal. Organ (2020) doi:10.2471/BLT.20.251561. 415 

46. Li, G. & De Clercq, E. Therapeutic options for the 2019 novel coronavirus (2019-nCoV). 416 

Nature reviews. Drug discovery (2020) doi:10.1038/d41573-020-00016-0. 417 

47. Kim, M. K. et al. 2,6-Bis-arylmethyloxy-5-hydroxychromones with antiviral activity against 418 

both hepatitis C virus (HCV) and SARS-associated coronavirus (SCV). Eur. J. Med. Chem. 419 

(2011) doi:10.1016/j.ejmech.2011.09.005. 420 

48. Elfiky, A. A., Mahdy, S. M. & Elshemey, W. M. Quantitative structure-activity relationship and 421 

molecular docking revealed a potency of anti-hepatitis C virus drugs against human corona 422 

viruses. J. Med. Virol. (2017) doi:10.1002/jmv.24736. 423 

49. Hilgenfeld, R. From SARS to MERS: crystallographic studies on coronaviral proteases 424 

enable antiviral drug design. The FEBS journal (2014) doi:10.1111/febs.12936. 425 

50. Jenwitheesuk, E., Horst, J. A., Rivas, K. L., Van Voorhis, W. C. & Samudrala, R. Novel 426 

paradigms for drug discovery: computational multitarget screening. Trends Pharmacol. Sci. 427 

(2008) doi:10.1016/j.tips.2007.11.007. 428 

51. Calligari, P., Bobone, S., Ricci, G. & Bocedi, A. Molecular investigation of SARS–COV-2 429 

proteins and their interactions with antiviral drugs. Viruses (2020) doi:10.3390/v12040445. 430 

  431 



Acknowledgements 432 

 433 

F.P. received funding from Leverhulme Trust Grant RPG-2018-230. 434 

We acknowledge the Department of Biotechnology, Chemistry and Pharmacy (Department of 435 

Excellence 2018-2022) at the University of Siena for providing access to the high performance 436 

computing cluster used for the simulations. 437 

 438 

Author contributions 439 

 440 

AT conceived the original idea of the work and was in charge of overall direction and planning. He 441 

performed, analysed and interpreted of data and reviewed the manuscript. 442 

DI created new algorithms used in the work. 443 

FP made substantial contributions to the design of the work and He drafted the manuscript. 444 

AS and OS reviewed the paper and provided positive opinion for this work. 445 

All authors approved the submitted version. 446 

 447 

Competing interests 448 

 449 

The authors declare no competing interests. 450 

 451 

Corresponding author 452 

 453 

Filippo Prischi and Ottavia Spiga 454 

 455 

Referee suggestions 456 

 457 

Vincenzo Venditti, Assistant Professor at the Department of Chemistry of Iowa State University, 458 

USA.   459 

Contact: venditti@iastate.edu 460 

 461 

Alfonso De Simone, Reader in Structural Biology at the Faculty of Natural Sciences, Department of 462 

Life Sciences, Imperial College, London, UK 463 

Contact: a.de-simon@imperial.ac.uk 464 

 465 

Franca Fraternali, Professor of Bioinformatics and Computational Biology, King's College London, 466 

UK 467 

Contact: franca.fraternali@kcl.ac.uk 468 



Miquel Adrover, Departament de Química, Universitat de les Illes Balears Institut, Universitari 469 

d'Investigació en Ciències de la Salut (IUNICS), Institut de Recerca en Ciències de la Salut 470 

(IdISBa), Palma de Mallorca, Spain.  471 

Contact: miquel.adrover@uib.es 472 

 473 

Figure legends 474 

 475 

Figure 1. RBD binding pocket and drugs bindg site. (A) Surface representation of the structure 476 

of the RBD of the S protein having an open pocket conformation. The transient pocket surface 477 

patch is depicted in brown. In the zoomed region it is possible to see a detailed structural 478 

representation of the open pocket conformation. Residues laying on the pocket surface have been 479 

labelled and are shown in stick. (B-C) Structural representations of the (B) RBD-Simeprevir and (C) 480 

RBD-Lumacaftor complexes resulting from docking simulations. Residues forming direct 481 

interactions with the drugs are shown as brown sticks. Hydrogen bonds are indicated with green 482 

dashed lines. 483 

 484 

Figure 2. Root Mean Square Deviation (RMSD) Plots. (A) The RMSD profile of drugs and 485 

protein backbone (B) relative to the initial frame against simulation time.  486 

 487 

Figure 3. Steered Molecular Dynamics simulations. (A) Force profiles of drugs pulled out of the 488 

RDB transient pocket along the unbinding pathway, Lumacaftor (dotted line) and Simeprevir 489 

(continuous line). (B-C) Structural representations showing position of Lumacaftor (cyan ball-and-490 

stick) and Simeprevir (green ball-and-stick) on RBD (white cartoon) during the different stages of 491 

the unbinding process from the RBD binding pocket (brown surface).  492 

 493 
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Figures

Figure 1

RBD binding pocket and drugs bindg site. (A) Surface representation of the structure of the RBD of the S
protein having an open pocket conformation. The transient pocket surface patch is depicted in brown. In
the zoomed region it is possible to see a detailed structural representation of the open pocket



conformation. Residues laying on the pocket surface have been labelled and are shown in stick. (B-C)
Structural representations of the (B) RBD-Simeprevir and (C) RBD-Lumacaftor complexes resulting from
docking simulations. Residues forming direct interactions with the drugs are shown as brown sticks.
Hydrogen bonds are indicated with green dashed lines.

Figure 2



Root Mean Square Deviation (RMSD) Plots. (A) The RMSD pro�le of drugs and protein backbone (B)
relative to the initial frame against simulation time.

Figure 3

Steered Molecular Dynamics simulations. (A) Force pro�les of drugs pulled out of the RDB transient
pocket along the unbinding pathway, Lumacaftor (dotted line) and Simeprevir (continuous line). (B-C)
Structural representations showing position of Lumacaftor (cyan ball-and-stick) and Simeprevir (green



ball-and-stick) on RBD (white cartoon) during the different stages of the unbinding process from the RBD
binding pocket (brown surface).
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