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A B S T R A C T   

In 2020 SARS-CoV-2 reached pandemic status, reaching Brazil in mid-February. As of now, no specific drugs for 
treating the disease are available. In this work, the possibility of interaction between SARS-CoV-2 viral proteins 
(open and closed spike protein, isolate spike protein RBD, NSP 10, NSP 16, main protease, and RdRp polymerase) 
and multiple molecules is addressed through the repositioning of drugs available for the treatment of other 
diseases that are approved by the FDA and covered by SUS, the Brazilian Public Health System. Three different 
docking software were used, followed by a unification of the results by independent evaluation. Afterwards, the 
chemical interactions of the compounds with the targets were inspected via molecular dynamics and analyzed. 
The results point to a potential effectiveness of Penciclovir, Ribavirin, and Zanamivir, from a set of 48 potential 
candidates. They may also be multi-target drugs, showing high affinity with more than one viral protein. Further 
in vitro and in vivo validation is required to assess the suitability of repositioning the proposed drugs for COVID- 
19.   

1. Introduction 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
pandemic was declared by the WHO in 2020. It has spread since late 
2019 from the Chinese province of Hubei to the rest of the world at an 
increasing and alarming rate, causing respiratory complications and a 
large death toll [1,2]. 

Therapies against SARS-CoV-2 target the viral structure and the in
flammatory storm that is secondary to viral infection [3]. Surface pro
teins in SARS-CoV-2, called S or Spike proteins, bind to target cells by 
the angiotensin-converting enzyme 2 (ACE2), which acts as a viral 

receptor [4]. S proteins have two subunits, S1 and S2, the former 
harboring the receptor binding domain (RBD) [5]. Host infection 
maturation involves an extensive cascade of events with protease and 
RdRp polymerase activity to control viral gene expression and replica
tion. Most cleavage events for maturation of the precursor polyprotein 
are mediated by the SARS-CoV-2 Main protease (M protease), a 
three-domain cysteine protease. Two M protease molecules form an 
active homodimer that cleave Cys-His sites, while N-terminal residues 
are important for proteolytic protection [6]. In its turn, RdRp poly
merase is an oligomer of nonstructural proteins (nsp 12, nsp 7, nsp 8) 
that have little to no activity when isolated [5]. The massive expression 
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of ACE2 in the lungs justifies the severe respiratory manifestations 
presented in patients affected by respiratory disease (named COVID-19, 
“coronavirus disease 2019”). Subjects show an increase in cytokines 
(such as interleukins 2, 6 and 7), granulocyte colony stimulating factor, 
gamma interferon inducing protein, monocyte chemotactic protein, in
flammatory protein from macrophages 1 and tumor necrosis factor, 
which causes edema, acute breathing difficulties, secondary infections, 
acute cardiac damage and, in more extreme cases, death [7,8]. Despite 
coding for twenty different proteins (of which four are structural), the 
main therapeutic targets in the SARS-CoV-2 genome are the S protein, 
the Main protease and the RdRp polymerase [5]. 

The repositioning (or repurposing) of drugs guided by molecular 
docking is a structure-based computational strategy based on the 
complementarity of the target binding site (receptor) and the ligand 
(drug) [9], the latter of which has already been approved by regulatory 
agencies. This strategy reduces costs, considering that these drugs have 
already been characterized and approved during clinical development 
[10]. In addition, the risks of candidate drugs for repositioning are 
drastically reduced, as they already have well-established pharmacoki
netic, pharmacodynamic, and toxicology profiles [11]. Thus, the repo
sitioning of drugs guided by molecular docking can offer a better 
risk-benefit trade-off than other methods [11]. 

Given the urgency of the SARS-CoV-2 outbreak, due to its high rate of 
virulence and potential to collapse healthcare systems, it is extremely 
important to privilege the screening of existing molecules that may have 
antiviral characteristics, and that are already approved and available to 
the population [12]. In order to optimize the candidate drugs and 
facilitate the population’s access to the compounds, the drugs already 
authorized by the Food and Drug Administration (FDA) of the United 
States of America and the drugs available through the Brazilian Public 
Health System (Sistema Único de Saúde, SUS) were filtered based on 
current therapeutic experience and literature for the treatment of viral 
pathologies, such as HIV/AIDS, hepatitis B, hepatitis C, influenza and 
severe acute respiratory syndrome. 

Based on pre-clinical, pharmacokinetic, and pharmacodynamic 
profiles already known from repositionable drugs, it may be possible to 
obtain a drug that, at the present time, is more suitable for use in dis
eases that do not have their clinical needs met, such as SARS-CoV-2 [13]. 
Therefore, in this work we carried out an analysis of the drugs approved 
by the FDA and available via SUS that can meet the current emergency 
demand that the moment and society request, with a special view to
wards Brazilian population (and populations from other countries with 
similar socioeconomical profile). The results point to a potential effec
tiveness of Penciclovir, Ribavirin, and Zanamivir, from a set of 48 po
tential candidates. 

2. Materials and methods 

2.1. Screening for viral proteins and drugs 

For screening the SARS-CoV-2 viral proteins, the RCSB Protein 
Databank was used [14]. The Spike protein (protein S) was obtained in 
different conformation states: open (PDB id: 6VSB), closed (PDB id: 
6VXX), and its isolated receptor binding domain (RBD) (PDB id: 6M0J). 
These variant conformations were used to inspect possible differences in 
ligand binding modes (e.g. putative conformational stabilizers able to 
hamper the protein opening). Other proteins were also selected, such as 
the main protease (M protease) (PDB id: 6LU7), the non-structural 
proteins 10 (NSP 10) (PDB id: 6W75), and 16 (NSP 16) (PDB id: 
6W4H) and the viral RdRp polymerase (PDB id: 7BW4). For the selection 
of drugs, clinical trials and in silico repositioning studies available in the 
literature up to the present moment, as well as the FDA and SUS data
banks, were considered. Thus, 48 drugs described as potential antivirals 
effect, which were registered simultaneously in the FDA and in the SUS 
database, were selected. 

The preparation of the viral proteins was performed using the 

PyMOL software where all non-protein records were removed. Drug 
structures were obtained from PubChem [15] and were energetically 
minimized with Avogadro under standard protocols [16]. Bidimensional 
representations were created with PoseView [17]. 

2.2. Molecular docking 

To increase the degree of reliability of the results, three molecular 
docking software were used: DockThor [18], Autodock Vina [19], and 
PatchDock [20]. This strategy was based on combined docking protocols 
[21], which have been shown to significantly enhance the success rate in 
virtual screening for drugs and protein complexes [22,23]. In Dockthor 
and Autodock Vina, grid boxes were inserted at predetermined points 
(Supplementary Material 1, Table 1), i.e., site of interaction between 
proteins and a cellular receptor (in the case of spike protein) or active 
sites of viral proteins (all other proteins). Binding site references for all 
proteins were taken from current literature, as follows: Spike protein 
and RBD [24], RdRp Polymerase [25], NSP 16 [26], NSP 10 and Main 
protease [27]. In the PatchDock server the ligand was free to explore the 
entire surface area of the target protein (blind docking). At the end of the 
first analysis phase, the three best candidates for treatment of COVID-19 
were docked against all the analyzed proteins. In order to validate the 
dockings proposed in this work, we also docked zanamivir with its 
original target protein, neuramidase (1NN2), as a control. 

2.3. Analysis of interaction: forces, stability, and dynamics 

Due to the diversity of data generated by each software, the Platinum 
server [28] was used to reorder the results based on a unified metric. For 
this purpose we used match1, that is the fraction of lipophilic and hy
drophilic match (SLL + SHH/SLL + SLH + SHL + SHH + SLH’ + SHH’ [Å2]); 
where (SLL [Å2], Lipophilic ligand match Lipophilic receptor Surface; 
SHH [Å2], Hydrophilic ligand match Hydrophilic receptor surface; SLH, 
Lipophilic match Hydrophilic receptor surface; SHL, Hydrophilic ligand 
match Lipophilic receptor Surface; SLH’, Lipophilic ligand match Hy
drophilic solvent (water) Surface; SHH’, Hydrophilic ligand match Hy
drophilic solvent (water) Surface [Å2]) [28]. Scores were used to 
standardize the results of all dockings on the different docking strate
gies. The 0.600 value of match1 was used as a cutoff point to select 
candidates for the chemical stability analysis. The Platinum match1 
cutoff value is adjustable in a case-dependent fashion [28], hence the 
0.600 value being based on previous works employing similar methods 
[29–31]. A total of 18 protein-ligand complexes were selected, which 
were subsequently evaluated for their propensity to form stable com
plexes. The analysis was performed using TU Dresden BIOTEC’s 
Protein-Ligand Interaction Profiler (PLIP) [32]. 

Protein-ligand complexes were tested and ordered for stability 
(based on the number and nature of interactions) and the ease of for
mation of the complex was classified based on the structural accessi
bility of the target to the ligand. At the end of the first round of analyses, 
the three best candidate drugs for treatment of COVID-19 were evalu
ated for their chemical interaction with the remaining viral proteins. 

To confirm the binding stability of docking results in physiological 
conditions, molecular dynamics (MD) simulations were carried out for 
the selected complexes. PDB structural files from the docking step were 
split into two individual files, one containing the protein structure and 
the other the ligand structure. Next, each ligand structure was submitted 
to the LigParGen server [33–35] where OPLS-AA parameters were 
generated. All molecular dynamics simulations were performed 
employing GROMACS package version 2020.2 [36,37]. OPLS-AA force 
field [38] was selected along with the water model SPC [39]. The box 
geometry was defined as a dodecahedron and the distance between the 
protein and the box was set as 1.2 nm, under periodic boundary con
ditions. Ions were added to the system proportionally for both purposes 
of neutralizing the global net charge and simulating the physiological 
condition of 0.15 M. For the cationic contribution Na+ ions were 
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selected, whereas Cl− ions were selected for the anionic effect. An en
ergy minimization step was performed employing the Steepest Descent 
algorithm. Next, equilibration was performed in two phases. Both 
isothermal-isochoric (NVT) and isothermal-isobaric (NPT) phases were 
conduct for 100 ps Covalent bonds were constrained using the LINCS 
algorithm [40], and an integration step of 2 fs was applied. The Particle 
Mesh Ewald method [41] was employed for the calculation of electro
static interactions, along with the Parrinello-Rahman barostat [42,43] 
set with a 2 ps coupling constant. The V-rescale [44] was employed with 
a coupling constant of τ = 0.1. The production step was performed for 
20 ns There were twenty-one independent simulated systems, the 
combination of seven different protein structures and three different 
ligands, representing the best overall scoring complex for each case. 

3. Results 

3.1. Virtual screening, molecular docking and chemical analysis 

The literature analysis, clinicals trials, and databases (SUS and FDA) 
pointed to 48 possible drugs that could satisfy the criteria of interest in 
this investigation (Supplementary Material 1, Table 2). The chemical 
compounds were docked with targets similar to their original ones. Only 
Phaitanthrin D was docked with all the viral proteins, due to the un
known nature of its binding target(s) [25]. In addition, all the drugs 
chosen were analyzed by different software (Dockthor, Autodock Vina, 
and PatchDock). For Dockthor and Autodock Vina, grid boxes were used 
to direct the search to regions of interest, while for PatchDock docking 
was carried out blindly. The docking data shows similar interactions 
between different software (at least two docking strategies pointed to a 
drug docked in nearby regions). As each software had a different scoring 
function, leading to different output results, the initial comparison be
tween all results was hampered (Supplementary Material 1, Table 3). 
Considering the individual analysis of global energy or estimate of free 
binding energy (kcal/mol), such as the one provided by Autodock Vina, 
revealed that the software had variations of the best proposed candi
dates (Fig. 1). 

In addition, the variation in results also indicated the divergence in 
the classification of the drugs. After the Dockthor analysis, the best 
candidates listed in decreasing order of affinity were Ganciclovir, Pen
ciclovir, and Sofobuvir (considering that Ganciclovir and Penciclovir 
have similar action mechanism). For Autodock Vina, the ideal candi
dates were represented by Enfuvirtide, Dolutegravir, and Phaitanthrin 
D, while the results of PatchDock point to Daclastasvir, (E) -1- [4 - [(2E) 
− 3,7-Dimethylocta-2,6-dienoxy] phenyl] -3- (4-methoxyphenyl) prop- 
2-en-1-one (nFCCl3), and Ritonavir as the best candidates. 

The absence of agreement among the candidates demonstrates dif
ferences in the docking algorithms. To circumvent the biases of each 
algorithm, the Platinum server was used to rank all results. Following 
the unification of the results using the match1 data that was generated by 
Platinum, a cutoff point (0.600) was assigned to select the best candidate 
drugs. Hence, 18 possible models of ideal protein-ligand complexes were 
selected, which were subsequently submitted to visual chemical 
inspection. 

The molecular docking results indicated that, among all the proteins 
considered as therapeutic targets, both RdRp polymerase and S protein 
are excellent target candidates, considering that the comparison of 
match1 values above 0.600 consists essentially of these proteins (Fig. 2). 
Through the analyses, it was shown that the best candidate for S protein 
inhibition interacts on the ACE2 binding site, indicating a possible 
physical blockage of the receptor binding (Fig. 3), a crucial step in the 
viral cycle. 

Chemical evaluation of the 18 candidates obtained from the Plat
inum threshold were performed. The best candidates were chosen based 
on their stability, number and strength of the non-covalent interactions 
between target protein and ligand, as well as the accessibility of the 
binding site based on the surrounding protein structure. For each 
protein-ligand complex, a total interaction strength score was assigned 
based on the sum of individual interaction scores, i.e., strong H bonds 
(D-A distance <2.5 Å): 10; moderate H bonds (D-A distance 2.5–3.2 Å): 
5; weak H bonds (D-A distance >3.2) Å: 2; hydrophobic interactions: 2; 
Saline bridges: 4, π interactions: 4. This generated a ranking of presumed 
stability among the evaluated complexes. Such analysis was used to 
make docking results more reliable, and not dependent solely on each 
software affinity score. The steric availability of the binding sites for 
each complex was also evaluated separately from the interaction score 
(Table 1). The detailed evaluation of each putative complex is available 
in the Supplementary Material 3. The selection criteria for the best 
candidates were based primarily on their stability and consequent 
ranking in Table 1. However, binding site availability and steric hin
drances were also taken into consideration. 

After the first stage of comparative analysis, the ranking results for 
binding strength (by match1) and the structural stability were consid
ered. Three adequate ligand candidates were observed: Penciclovir, 
Ribavirin, and Zanamivir. These drugs are already in use for treatment of 
herpes virus, hepatitis, and influenza, respectively. 

After defining these candidates, their interactions with other viral 
proteins were also evaluated. We observed that Penciclovir and Riba
virin also exhibited potential for interaction with the other viral proteins 
being evaluated. The candidate drugs show high values of match1 and 
good positioning within the chemical analysis ranking (Table 2, Fig. 4). 

The obtained complexes were subjected to molecular dynamics 
simulations to inspect the ligand binding stability, considering that 
docking result are static and do not represent natural binding conditions. 
The distances between ligands and amino acid residues previously 
identified as contacting moieties via PLIP were measured during the 
simulations to assess possible ligand detachment or reorientation. From 
these measurements (Fig. 5) it can be confirmed that all evaluated 
complexes are stable, having at least one constant interaction 
throughout the simulation. The one observed exception is the Ribavirin- 
RBD simulation, in which it was not possible to assess if the ligand was 
drifting away from the binding site (i.e., unbound) or adopting a new 
binding pose. 

4. Discussion 

In this work, from the universe of generally available drugs, we were 

Fig. 1. Global energy/Affinity data obtained from each docking software. Each bar represents a drug assigned to its putative target protein. In red are high
lighted the docking results for complexes involving Penciclovir, Ribavirin, and Zanamivir. Results for Dockthor (A), Autodock Vina (B), and Patchdock (C). Full 
results are shown in Suppl. Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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able to select 48 antivirals with potential to inhibit some part of the 
SARS-CoV-2 viral cycle, based on an availability criterium. These 48 
drugs were further reduced to 3 ideal candidates, namely Zanamivir, 
Ribavirin, and Penciclovir. To account for conformational changes and 
near-physiological binding conditions, all best-ranking drug-receptor 
complexes were simulated by molecular dynamics with all-atom reso
lution. The simulation trajectories confirmed the suitability of the pro
posed drugs as candidate inhibitors for the virus. 

Through the analyses, we corroborated the observation that the 

Spike protein and the RdRp polymerase are targets of great relevance for 
SARS-CoV-2 inhibition [5,45,46]. For the Spike glycoprotein to play its 
role of recognition and fusion between virus and host cell, it undergoes a 
conformational change (starting from a closed homotrimer state to an 
open homotrimer state, in which the RBD is exposed), favoring the 
interaction. Each subunit of the protein has an N-terminal domain 
named S1 that has receptor binding properties (analogous to RBD) and a 
C-terminal or S2 domain that is fundamental in virus-cell fusion [47,48]. 

The main receptor for coronavirus is ACE2, which has the 

Fig. 2. Match1 ranking for each docking software obtained with Platinum for each software: Dockthor (A), Autodock Vina (B), and Patchdock (C). The 
threshold for selecting the best complexes was defined as 0.600. In red are highlighted the docking results for complexes involving Penciclovir, Ribavirin, and 
Zanamivir. Full results are shown in Suppl. Fig. 2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 3. Representation of Penciclovir in its best pose for S protein-ACE2 interface blocking. The protein complex is shown in transparent surface with un
derlying cartoon (A), while the drug-residue interactions are shown in 2D (B) following the same color-coding of (A). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Chemical analysis data of the compounds selected by the cutoff point of match1.  

Drugs Software Protein Binding Strength * Stability ** Steric Hindrance*** 

Zanamivir Patchdock RBD 40 1 C 
Zanamivir Autodock Vina RBD 39 2 B 
Penciclovir Autodock Vina RBD 39 3 A 
Galidesivir Patchdock Polymerase 35 4 B 
Ribavirin Patchdock Polymerase 33 5 B 
Ribavirin Autodock Vina Polymerase 33 6 B 
Ganciclovir Patchdock RBD 33 7 A 
Tenofovir Patchdock Polymerase 29 8 C 
Ribavirin Dockthor Polymerase 27 9 A 
Tenofovir Autodock Vina Polymerase 27 10 B 
Zanamivir Patchdock Protein S - closed 24 11 B 
Adefovir Autodock Vina Polymerase 23 12 A 
Zanamivir Autodock Vina Protein S - open 22 13 B 
Penciclovir Autodock Vina Protein S - open 20 14 A 
Zanamivir Patchdock Protein S - open 18 15 A 
Niclosamine Autodock Vina Protein S - open 18 16 A 
Penciclovir Dockthor Protein S - open 17 17 A 
Ganciclovir Patchdock Protein S - open 4 18 A 
Penciclovir Patchdock Protein S - closed 2 19 A 

* Calculated as the sum of: strong H bonds: 10; moderate H bonds: 5; weak H bonds: 2; hydrophobic interactions: 2; Saline bridges: 4, π interactions: 4. ** Ordered from 
more (1) to less (19) stable complexes. *** A: small hindrance; B: medium hindrance; C: considerable hindrance; D: absolute hindrance. 
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physiological function of hydrolyzing angiotensin 2. This enzyme is 
abundantly expressed in lung tissue, which explains the tropism of the 
virus for cells in the respiratory system [49]. Another target of great 
importance in our work was RNA polymerase, an enzyme essential for 
viral replication. This dependence has made polymerase a target for 
drugs in several studies [50–52]. The active site of this enzyme is 
conserved among several organisms, with two successive aspartate 
residues that become accessible through a projection in a β-hairpin 
structure [53]. 

In view of the importance of the functional impairment of these 
proteins, the best candidates found here can be taken as pharmacolog
ically relevant. These repositioning candidates are novel in the molec
ular docking scenario and in the scope of treatment for SARS-CoV-2. 

Penciclovir demonstrated high values of match1, as well as suitable 
chemical interactions with viral proteins. Penciclovir is an antiviral drug 
used to treat several types of herpes virus [54]. The compound reaches a 
therapeutic effect by blocking viral replication through the competitive 
inhibition of the virus polymerase [55]. For the adequate effect of 
Penciclovir, it must be administered intradermally (favorable in the 
treatment of herpes virus) or be administered orally via the Famciclovir 
form (due to the poor absorption of Penciclovir by the oral route) which 
will then be converted by deacetylation to Penciclovir [56–59]. 
Enhancing its pharmacological potential, Penciclovir demonstrated only 

few adverse effects, such as headache, local anesthesia, changes in taste, 
pruritus, and site-specific allergic reaction [60]. 

Ribavirin is a guanosine analogue that has properties to cease viral 
RNA synthesis, thus being a nucleoside inhibitor [61,62]. Nevertheless, 
at least five other mechanisms of direct and indirect action have been 
proposed, highlighting the potential of these poorly understood activ
ities [63]. Ribavirin, after the initial screening, was shown to be a drug 
with multiple activities against the SARS-CoV-2 viral proteins. The 
higher affinity interaction of this prodrug was with the viral RdRp po
lymerase, contemplating a Platinum match1 result of 0.6352. This re
inforces the mechanism of direct action of Ribavirin on the polymerase, 
being an agent with the possibility of demonstrating antiviral action also 
against SARS-CoV-2. In addition, Ribavirin interacted with multiple 
targets with greater affinity: non-structural protein 16 (NSP16) (match1: 
0.6002), non-structural protein 10 (NSP 10) (match1: 0.6562), and the 
viral protease M protease (match1: 0.6873). 

Zanamivir is an approved drug that is consolidated for the treatment 
of influenza A and B [64,65]. This drug is part of the class of compounds 
that target neuraminidase, an enzyme expressed on the viral surface 
[66]. Despite not having neuraminidase activity [5], SARS-CoV-2 pre
sented suitable targets for Zanamivir binding, such as NSP 10 (match1: 
0.7914), NSP 16 (match1: 0.6876), and RdRp polymerase (match1 
0.6757). Currently there are few published works suggesting Zanamivir 

Table 2 
Chemical analysis data of the 3 final compounds, three selected and docked with all the proteins.  

Drug Software Protein Bonding Force * Stability** Steric Hindrance*** 

Penciclovir PatchDock NSP 16 40 2 C 
Ribavirin Autodock Vina Protein S - closed 39 5 A 
Zanamivir DockThor NSP 16 39 6 B 
Penciclovir DockThor Main protease 35 8 A 
Penciclovir DockThor Protein S - closed 34 9 B 
Zanamivir Autodock Vina Main protease 32 13 B 
Penciclovir PatchDock Main protease 31 14 A 
Penciclovir DockThor NSP 16 31 15 B 
Zanamivir PatchDock NSP 16 31 16 B 
Penciclovir DockThor Polymerase 30 19 C 
Penciclovir PatchDock Polymerase 30 20 C 
Zanamivir PatchDock Main protease 30 17 B 
Zanamivir Autodock Vina NSP 16 30 18 C 
Zanamivir DockThor Polymerase 28 22 B 
Penciclovir Autodock Vina Polymerase 26 26 B 
Zanamivir DockThor Protein S - closed 26 25 A 
Ribavirin DockThor Main protease 25 27 A 
Ribavirin DockThor NSP 16 25 28 B 
Ribavirin DockThor Protein S - closed 24 30 A 
Ribavirin PatchDock Protein S - closed 24 31 A 
Ribavirin Autodock Vina NSP 10 24 32 B 
Ribavirin DockThor NSP 10 24 33 B 
Ribavirin Autodock Vina NSP 16 24 34 C 
Zanamivir Autodock Vina Polymerase 23 36 B 
Ribavirin PatchDock Main protease 22 38 A 
Ribavirin DockThor Protein S - open 22 39 A 
Zanamivir DockThor Main protease 21 40 A 
Penciclovir Autodock Vina NSP 10 20 42 A 
Penciclovir Autodock Vina Protein S - closed 19 43 A 
Penciclovir PatchDock NSP 10 19 44 A 
Zanamivir DockThor NSP 10 19 45 B 
Zanamivir PatchDock NSP 10 19 46 C 
Zanamivir DockThor Protein S - open 19 47 B 
Penciclovir Autodock Vina Main protease 18 50 A 
Penciclovir Autodock Vina NSP 16 18 51 A 
Ribavirin PatchDock NSP 16 18 52 B 
Penciclovir DockThor NSP 10 16 55 A 
Ribavirin Autodock Vina Main protease 16 54 A 
Ribavirin PatchDock NSP 10 14 56 B 
Ribavirin Autodock Vina Protein S - open 13 57 B 
Zanamivir PatchDock Polymerase 13 58 A 
Penciclovir PatchDock Protein S - open 8 59 A 
Ribavirin PatchDock Protein S - open 4 61 A 

*Calculated as the sum of: strong H bonds: 10; moderate H bonds: 5; weak H bonds: 2; hydrophobic interactions: 2; Saline bridges: 4, π interactions: 4. ** Ordered from 
more (1) to less (19) stable complexes. *** A: small hindrance; B: medium hindrance; C: considerable hindrance; D: absolute hindrance. 
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as a treatment option for COVID-19 [67,68]. 
Taken together, the data presented here reinforces the possibility of 

multi-target drugs in the treatment of COVID-19, while highlighting 
some compounds (Penciclovir, Ribavirin, Zanamivir) as likely to suc
ceed in further in vitro and in vivo essays. Penciclovir was shown as a 
putative Spike protein-ACE2 interaction inhibitor besides being a known 
polymerase inhibitor, highlighting its relevance in ongoing drug repo
sitioning strategies. 

5. Conclusion 

In this study of drug repositioning guided by molecular docking and 
molecular dynamics, we identified three putative candidates for COVID- 
19 therapy, namely Penciclovir, Ribavirin and Zanamivir. Despite Pen
ciclovir being the best candidate found for interfering in the Spike 
protein-ACE2 interaction, all of them are putatively able to bind to more 
than one viral protein. These drugs are available in the Unified Health 
System (SUS) of Brazil, pointing to a possible readily available 

therapeutic alternative. To confirm the hypotheses raised with this 
work, further in vitro and in vivo studies are required to verify their 
potential to inhibit viral replication. 
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Suppl. Fig. 3. 

Fig. 5. Analysis of the interaction between selected drugs and SARS-CoV-2 proteins via molecular dynamics. Distances between ligand (drug molecules) and 
receptor (contacting amino acids of the target protein) were measured to assess binding stability in physiological, time-dependent conditions. Full results are shown 
in Suppl. Fig. 4. 
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CoV coronavirus 
SARS-CoV-2 Severe Acute Respiratory Coronavirus Syndrome 
ACE2 angiotensin-converting enzyme 2 
M protease main protease 
COVID-19 coronavirus disease 2019 
protein S spike protein 
RBD receptor binding domain 
PLIP Protein-Ligand Interaction Profiler 
nFCCl3 (E) -1- [4 - [(2E) − 3,7-Dimethylocta-2,6-dienoxy] phenyl] -3- 

(4-methoxyphenyl) prop-2-en-1-one 
HIV Human Immunodeficiency Virus 
NSP Non-structural protein 
EC50 semi-maximum effective concentration 
CC50 semi-cytotoxic concentration 
SI selectivity index 
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