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Abstract

COVID-19 is the disease caused by SARS-CoV-2 which has led to 2,477,000 deaths worldwide, 

a number which is rapidly increasing. Urgent studies to identify new antiviral drugs, repurpose 

existing drugs, or identify drugs that can target the overactive immune response are ongoing. 

Antiretroviral drugs (ARVs) have been tested in past human coronavirus infections, and also 

against SARS-CoV-2, but a trial of lopinavir and ritonavir failed to show any clinical benefit in 

COVID-19. However, there is limited data as to the course of COVID-19 in people living with 

HIV, with some studies showing a decreased mortality for those taking certain ARV regimens. 

We hypothesized that ARVs other than lopinavir and ritonavir might be responsible for some 

protection against the progression of COVID-19. Here, we used chemoinformatic analyses to 

predict which ARVs would bind and potentially inhibit the SARS-CoV-2 main protease (Mpro) 

or RNA-dependent-RNA-polymerase (RdRp) enzymes in silico. The drugs predicted to bind the 

SARS-CoV-2 Mpro included the protease inhibitors atazanavir and indinavir. The ARVs predicted 

to bind the catalytic site of the RdRp included Nucleoside Reverse Transcriptase Inhibitors, 

abacavir, emtricitabine, zidovudine, and tenofovir. Existing or new combinations of antiretroviral 

drugs could potentially prevent or ameliorate the course of COVID-19 if shown to inhibit SARS-

CoV-2 in vitro and in clinical trials. Further studies are needed to establish the activity of ARVs 

for treatment or prevention of SARS-CoV-2 infection.
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1.0. Introduction

The novel coronavirus, SARS-CoV-2, was first reported as a new viral infection in humans 

in late 2019, and over the course of 2020 the viral infection has become a pandemic. 

Coronavirus disease, COVID-19, has in turn taken the lives of more than 2,477,000 people 

by February 2021, with hundreds of thousands of more deaths expected in the absence of 

effective treatments or additional control measures. COVID-19 presents a major worldwide 

public health emergency. Only three drugs have been given emergency use authorization 

for use against COVID-19 in the USA, and intense research efforts are underway to find 

effective antiviral treatments via novel drug design or drug repurposing (Duarte et al., 2020; 

Elmezayen, Al-Obaidi, Sahin, & Yelekci, 2020; Sanders, Monogue, Jodlowski, & Cutrell, 

2020). Many in silico methods have already been employed for their potential to discover 

repurposed drugs with activity towards SARS-CoV-2 (Aanouz et al., 2020; Boopathi, Poma, 

& Kolandaivel, 2020; Elmezayen et al., 2020; Enayatkhani et al., 2020; Enmozhi, Raja, 

Sebastine, & Joseph, 2020; Gupta et al., 2020; Hasan et al., 2020; Joshi et al., 2020; Sarma 

et al., 2020), including ARVs used in HIV infection, with variable results (Muralidharan, 

Sakthivel, Velmurugan, & Gromiha, 2020; Pant, Singh, Ravichandiran, Murty, & Srivastava, 

2020) (Khan, Zia, Ashraf, Uddin, & Ul-Haq, 2020). Some studies found no change in 

morbidity or mortality (Byrd et al., 2020; Harter et al., 2020; Karmen-Tuohy et al., 2020 ), 

but others have observed lower SARS-CoV-2 infection rates, or lower hospitalizations in 

PLWH who take certain Antiretroviral drugs (ARV) regimens, like tenofovir/emtricitabine, 

(TDF/FTC) or Truvada (Del Amo et al., 2020). In addition, a South African study also 

observed a lower mortality rate for those taking tenofovir/emtricitabine although potential 

confounders such as healthier people taking tenofovir/emtricitabine create a channeling bias 

which needs to be further investigated (Boulle et al., 2020).

Antiretroviral drugs (ARVs), normally used to treat HIV infection, have also been tested 

in Hepatitis B Virus (HBV) infection (Boettiger et al., 2016), and in Amyotrophic Lateral 

Sclerosis (ALS) [NCT02437110]. ARVs have been studied in silico, in vitro and in vivo 
for their activity against Severe Acute Respiratory Syndrome (SARS) (Chu et al., 2004; 

Elfiky & Azzam, 2020; Yamamoto et al., 2004), and Middle East Respiratory Syndrome 

(MERS) (de Wilde et al., 2014), which led to adoption of two ARVs, lopinavir and ritonavir, 

as putative antiviral drugs against SARS-CoV-2. However, a small randomized controlled 

clinical trial of lopinavir and ritonavir co-administered to hospitalized adults with severe 

COVID-19 showed no clinical benefit over the standard of care (Cao et al., 2020), and a 

large randomized, controlled, open-label trial (RECOVERY), showed no clinical benefit for 

COVID-19 (Recovery-Collaborative-Group, 2020). For other ARVs, a preprint reported that 

tenofovir and emtricitabine acted as chain terminators in the replication of viral RNA by 

the SARS-CoV-2 RdRp (Jockusch et al., 2020). Other in vitro studies have also shown that 

ARVs such as tenofovir and abacavir are capable of terminating RNA synthesis catalyzed 

by the RdRp of SARS-Cov-2 as well, whereas lamivudine and emtricitabine were poor 

substrates for the RdRp (Chien et al., 2020). Remdesivir is approved for use by the FDA for 

its ability to act as a chain terminator of the growing RNA strands catalyzed by the SARS-

CoV-2 RdRp. In this context, in silico studies can help to gauge projected mechanisms and 

likely molecules which bind to key viral targets, in a cost effective, high throughput manner, 
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whereas in vitro studies provide necessary details for effective inhibitory concentrations of 

compounds tested, and clinical studies would provide evidence for effectiveness in people.

Here, we describe a comprehensive in silico analysis of the binding of known ARVs to 

the catalytically active sites of the Main protease (Mpro) (PDB ID: 6Y2E) (Zhang et al., 

2020) and RNA dependent RNA polymerase (RdRp) (PDB ID: 6M71) (Gao et al., 2020) of 

SARS-CoV-2 at atomic resolution. We used the Schrodinger’s induced fit docking algorithm 

and molecular dynamics (MD) to identify specific HIV ARVs that could inhibit the viral 

replication cycle of SARS-CoV-2 by binding to these essential proteins. Results from these 

analyses suggest the SARS-CoV-2 Mpro is stably bound by both protease inhibitors (PI) 

atazanavir and indinavir. The ARVs predicted from the same protocol to bind the catalytic 

site of the RdRp include NRTIs, abacavir, emtricitabine, tenofovir and zidovudine.

Our results suggest that some commonly used ARVs have binding potential in silico to 

SARS-CoV-2 including ARVs commonly given to people without HIV as PrEP, or also 

used in the treatment of chronic HBV infection. Further studies should explore the activity 

of ARVs in vitro, in animal models, and in clinical trials, to assess whether the ARVs 

we identified could be used either in COVID-19 treatment regimens or as pre-exposure 

prophylaxis for SARS-CoV-2 infection.

2. 0. Materials and Methods

2.1 Methods overview

Maestro (v12.2.012, release 2019–4, Schrödinger) software was used to facilitate small 

molecule docking calculations involving high throughput virtual screening (HTVS), 

including flexible Induced Fit Docking (IFD), and scoring with the Glide XP (extra 

precision) (Friesner et al., 2006) docking score (Schrödinger, 2020, USA). Select HIV 

ARVs were downloaded in their active forms from the ZINC database, and PubChem when 

not available via ZINC. These structures were then processed using LigPrep. All defaults 

parameters were used, including retaining specified chiralities while varying other chiral 

centers.

2.2 Protein Preparation and Ligand Preparation

The main protease (Mpro) (Protein Data Bank [PDB] ID: 6Y2E) Cryo-EM structure, and 

the RNA-dependent RNA polymerase (RdRp) (PDB ID: 6M71) crystal structure, of SARS-

Cov-2 were used for the entirety of this work. The ligand docking sites were specified as 

the catalytically active sites by Zhang et al. (Zhang et al., 2020) and Gao et al. (Gao et 

al., 2020), using an inner box distance of 10Å around the catalytically active sites, and 

outer box was set to automatic determination. 6Y2E’s waters were separated and were not 

included in further analysis. The protein preparation wizard (Schrödinger) was used on its 

default settings to prepare both proteins. Hydrogen bonds were assigned and optimized, and 

a restrained minimization was carried out, using the OPLS3e forcefield (Roos et al., 2019).

Ligand Preparation was carried out using LigPrep in Maestro interface. As stated above, all 

HIV ARVs were downloaded as SDF files in their active forms from the ZINC database 

(Irwin & Shoichet, 2005), and PubChem (Kim et al., 2021) when not available via ZINC. 

Copertino et al. Page 3

J Biomol Struct Dyn. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The OPLS3e force field was applied. Ionization was carried out using Epik (Shelley et al., 

2007), at a target of pH 7.0 +/− 2.0. Desalting was allowed, and tautomers were generated. 

The stereoisomers were set to retain specified chiralities while varying unspecified chiral 

centers.

2.3 Protein-Ligand Small Molecule Docking using Schrodinger’s Maestro interface

In order to identify potential binders of HIV ARVs to the catalytic sites of the SARS-

COV-2 Mpro and RdRp enzymes, we performed in silico molecular docking analyses using 

Schrodinger’s induced fit docking (IFD) followed by Glide XP docking. In the molecular 

structure of the Mpro (PDB ID: 6Y2E) the catalytic site is marked by residues Gln189, 

His41 and Cys145 (Zhang et al., 2020). For the RdRp structure (PDB ID: 6M71) the 

substrate binding site is marked by residues 753-FSMMILSDDAVVCFN-767 that includes 

the motif 759-SDD-761, which is conserved amongst polymerases (Gao et al., 2020).

2.4 Induced Fit Docking

The enzymes’ catalytic sites were selected based on the residues cited above and ligands 

were allowed to dock within 20 Å of these sites. The side chains were refined and then 

optimized if docked within 5 Å of the ligands pose. Redocking was done for structures 

within 30kcal/mol of the best structure and within the top 20 structures overall with extra 

precision. Ligands were docked flexibly. The top 20 poses for each ligand were allowed, 

but only the top 5 poses for each were used for ranking according to their emodel score. 

The Glide XP docking score was then used to rank the top 5 dock for each ligand. 

Following selection of the molecule with the most negative emodel score, ligands were 

ranked according to their Glide XP scores. There was an exception to this ranking system. 

Indinavir had an emodel score difference of 0.8, but a docking score 2 points more negative 

for the pose with the slightly more positive emodel score. No other ligands fit this scoring 

discrepancy. Because of this, and because it was the highest scoring ligand both poses were 

used for MD analysis, and the one with the superior docking score was far more stable over 

time in the binding pocket, and is the dock pose we discuss further in the paper.

2.5 Molecular Dynamics

The unliganded Mpro and RdRp were used as references for MD analysis. In addition, the 

top 3 scoring ligands for the Mpro, and the top 3 ligands for the RdRp were chosen based 

on their IFD docking scores, and by their known mechanism of action in HIV. We also 

added tenofovir to this analysis, despite being the 5th ranked according to docking score, 

due to its reported in vitro activity in this paper, and proposed potential in several clinical 

trials (Ayerdi et al., 2020; Chien et al., 2020; Del Amo et al., 2020). These 7 top docked 

structures were used for further analyses due to these known properties and their simulated 

docking scores. This includes the RdRp docked to abacavir, emtricitabine and zidovudine 

and the Mpro docked to indinavir, amprenavir, and atazanavir. A 250 ns MD simulation was 

performed with each docked structure with Desmond (D. E. Shaw Research, New York) to 

assess the stability of bound structures to their target enzymes. The system was solved in a 

TIP3P water model and 0.15 M NaCl. Neutralization of the protein-ligand complex system 

was achieved by adding Na+ or Cl− counterions that balanced the net charge of the system. 

The full system energy minimization step was completed. The MD simulation was run for 
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250 ns at 300 K temperature and standard pressure (1.01325), within an orthorhombic box 

with buffer dimensions of 10 Å × 10 Å × 10 Å and the NPT ensemble class. The energy 

of 1.2 (kcal/mol) was recorded at intervals of every 100 ps resulting in 2,501 frames for 

each simulation. The simulations were then loaded into Maestro, for visualization of the 

protein ligands structures over time. The Nose-Hoover chain was used to sustain temperature 

at 300K. The Martyna-Tobias-Klein dynamic algorithm was used to sustain the pressure at 

1.01325 bar. The simulation interaction diagram in Maestro was utilized to depict results 

captured in MD simulations. The final docked structures were always the reference frame 

used across all MD simulations and are the structures represented at time 0.

2.6 Prime MM-GBSA free energy calculations

Schrodinger’s Prime MM-GBSA version 3 (Shivakumar et al., 2010) was used to calculate 

the free energy of binding for the 7 protein-ligand models. Specifically, the free energy of 

binding was calculated at 1-ns resolution, for each of the 250 ns simulations. The average 

free energy of binding and related standard deviations are reported in Table 3 and Table 4.

2.7 Data controls and interpretation

Because remdesivir is approved for COVID-19 treatment and has been shown in in vitro 
and in vivo to inhibit the SARS-CoV-2 RdRp, we used its docking score as the positive 

control for reporting our results (Beigel et al., 2020; Gordon et al., 2020). Remdesivir has 

an EC50 of 0.77 μM against SARS-CoV-2 viral replication in vitro (M. Wang et al., 2020). 

We also used boceprevir as a positive control, as it has been shown to have in vitro activity 

against the Mpro. Boceprevir has an IC50 of 4.13 µM, and an EC50 of 1.90 µM against the 

SARS-CoV-2 virus (Ma et al., 2020). The image portrayed in Figure 1 was created using 

BioRender.

3.0. Results

3.1. Estimates of COVID-19 and HIV infection

There are several important issues that complicate the issue of COVID-19 and HIV co-

infection, and in the USA, PLWH of color are disproportionally impacted by COVID-19. 

In addition, half of PLWH in the USA are over 50 years of age, and co-morbidities are 

more common in this group. We estimated the number of PLWH at risk for death from 

COVID-19 in the USA by August 4th 2020, based upon projected estimates (Supplemental 

Table 1). These estimates are confounded by many variables, and since the mortality rates 

are fluctuating with changing testing algorithms, and data availability, they are limited in 

utility, yet in order to make sense of data in any observational study, such numbers need 

to be estimated. An observational study to determine the incidence or disease course from 

SARS-CoV-2 infection in PLWH who take ARV therapy, compared to those that do not is 

technically challenging, and problematic because ARV therapy is the standard of care for 

HIV worldwide. A prospective, randomized study of anti-HIV PrEP medications to prevent 

COVID-19, would be more appropriate. In addition, linking COVID-19-related deaths to 

HIV registries could provide some of these insights as well.
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3.2. Induced Fit Docking

The protocol described in Figure 1 was used to analyze the ability of HIV ARV drugs to 

bind to the catalytic sites of the SARS-CoV-2 main protease (Mpro) (Zhang et al., 2020) 

and RNA-dependent RNA polymerase (RdRp) enzyme (Gao et al., 2020). The standard 

deviation of results presented in Tables 1 and 2, is 1.867 for the Mpro, and 2.32 for 

the RdRp. See the ligand interaction diagrams in Figure 2a atazanavir and 2b indinavir, 

each docked to the Mpro. See also ligand interaction diagrams for abacavir, emtricitabine, 

tenofovir and zidovudine in Figure 3. We chose the top scoring docked ligands; in addition, 

we considered their known mechanism in HIV. Further, we included tenofovir in the MD 

analysis, due to its effect in vitro and in vivo against SARS-CoV-2 (Ayerdi et al., 2020; 

Chien et al., 2020; Del Amo et al., 2020). Tables 1 and 2 show the top scored ligands 

and their Glide XP docking scores when docked to the Mpro and RdRp respectively. The 

mechanism of each inhibitor against HIV is listed. Controls and other antivirals are included 

for comparison.

3.3 Molecular Dynamics

The unliganded Mpro was stable over time only fluctuating between an RMSD of 1.2 Å 

and 2.4 Å. The RMSF of all residues was between 0.4 Å and 3.2 Å. However only 3 

residues have an RMSF greater than 2 Å. The unliganded RdRp has an RMSD between 

1.6 Å and 3.2 Å for the entire simulation. The RMSF of the unliganded RdRp is between 

0.6 Å and 5 Å. The high number in some residues, stems from the multiple subunits of the 

RdRp which are not connected by a single amino acid chain. The binding site residues of 

the RdRp, at residues near 100, and 1,000, and between 210 and 800, are stable with an 

RMSF ranging from 0.6 Å to 2.4 Å. See supplemental material for unliganded material. 

The Mpro docked with either, amprenavir, atazanavir, or indinavir, were the systems used 

for further MD analysis. Atazanavir was the most stable protein ligand structure over time. 

The Cα RMSD is very stable over time for all tested structures in Figures 4a and 4c. 

The ligand RMSD for the Mpro-atazanavir structure is relatively stable over the entire 

simulation fluctuating primarily between 1.2 Å and 3.6 Å. Atazanavir is stable inside 

the binding pocket throughout the entire simulation. Both the Mpro-amprenavir and Mpro-

indinavir models exhibit stable Cα RMSD over time as well. But upon review of the ligand 

RMSD for amprenavir leads to a sharp rise in RMSD which appears to be in conjunction 

amprenavir’s instability in the binding pocket and subsequent conformational changes which 

leave amprenavir outside of the catalytic site (see supplemental material). The indinavir 

ligand RMSD is quite variable until about 120 ns when a stable conformation is achieved. 

Figure 4a and 4d for atazanavir and indinavir respectively, shows that the ligands are bound 

to residues with RMSFs mainly around 1 Å to 2 Å. The protein-ligand interactions are seen 

in Figure 5a and 5b, for atazanavir and indinavir respectively. Atazanavir has a majority 

of its interactions with Glu 166, which has been shown to be a key residue in the proper 

function of the Mpro in site directed mutagenesis experiments (Cheng, Chang, & Chou, 

2010). Atazanavir also interacts with His 41, Asn 142 in addition to others seen in Figure 

5a. Atazanavir forms interactions for more than 30% of the simulation with sidechains 

and waters seen in Figure 6a. Indinavir forms less interactions than atazanavir and the 

interaction fraction scale is smaller for that reason in Figure 5b. Indinavir has a majority of 

its interactions with the key residue His 41, in addition to Thr 26, Gln 189, Asn 142, Gly 
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143, Met 49, and others. Indinavir forms interactions for more than 30% of the simulation 

with sidechains and waters seen in Figure 6b. All MD results not presented here are found 

in the supplemental material, including the ligand RMSF, radius of gyration, intramolecular 

hydrogen bonding, and SASA, MolSA and PSA.

The RdRp docked with either abacavir, emtricitabine, tenofovir, or zidovudine were the 

selected structures used in further MD analyses based on their docking scores and reported 

in vitro, and in vivo (Ayerdi et al., 2020; Chien et al., 2020; Del Amo et al., 2020). 

The protein RMSD of all four were completely stable over the 250 ns simulation as 

determined by the Cα represented blue lines in Figures 7a, 7b, 7c and 7d. Looking at 

each MD trajectory over time makes clear that each ligand is stable within the binding 

pocket and does not ever leave the binding site during the 250 ns simulation. The ligand 

RMSD of each structure was variable, with tenofovir having the most stable ligand RMSD 

throughout the simulation shown in Figure 7c. Abacavir was stable until 100ns, when a 

sharp conformational change occurs, and a stable conformer is achieved. Emtricitabine’s 

ligand RMSD in Figure 7b increases for 25 ns, followed by an overall relatively stable 

conformation throughout the remainder of the time. The zidovudine ligand RMSD has a 

slow increase until about 75 ns when a stable conformation is achieved, and which remains 

for the remainder of the 250 ns. The RMSF of each protein-ligand structure is shown 

in Figures 7e, 7f, 7g and 7h. Interacting residues form interactions with residues which 

consistently have lower RMSFs; interacting residues can be seen in detail in Figures 8 and 

9. Interactions which occur for more than 30% of the simulation are seen in Figure 9. All 

MD results are found in the supplemental material, and include the ligand RMSF, radius of 

gyration, intramolecular hydrogen bonding, and SASA, MolSA and PSA.

3.4 MM-GBSA

Molecular mechanics with generalized born surface area and solvent accessibility (MM-

GBSA), was used to assess the binding affinity of each structure assessed in the MD 

analysis, across the 250 ns simulation. The Mpro-atazanavir structure was by far the 

strongest binder according to its ΔGbinding of −86.19 kcal/mol, followed by indinavir −51.44 

kcal/mol (Table 3). The strongest binder for the RdRp was abacavir with ΔGbinding −105.02 

kcal/mol, followed closely by emtricitabine at −102.23 kcal/mol, then tenofovir at −96.70 

kcal/mol, and zidovudine −93.48 kcal/mol (Table 4).

3.5 Data Availability

Remaining structural files, of docked ligands relating to the lower Glide XP scored 

conformers, and their subsequent poses will be made available upon request to the authors of 

this paper.

4. 0. Discussion

The data presented here, along with anecdotal evidence and recent in vitro studies, present 

a case for the possible prevention and treatment of COVID-19 with repurposed HIV ARV 

drugs. HIV ARVs were studied in past human coronavirus infections of SARS-CoV and 

MERS (Ford et al., 2020), and are being used in SARS-CoV-2 clinical trials as listed 
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in Table 5 and Table 6. Recent publications assessing COVID-19 and HIV coinfection 

have suggested a decreased mortality amongst some PLWH taking certain ARVs such as 

TDF/FTC, while others show very little difference in PLWH with no other comorbidities 

(Ayerdi et al., 2020; Boulle et al., 2020; Del Amo et al., 2020). In addition, two clinical 

trials assessing lopinavir and ritonavir failed to show any clinical benefit in people with 

COVID-19 (Cao et al., 2020; Recovery-Collaborative-Group, 2020). In order to better 

determine potential mechanistic reasons for such associations we explored the potential 

binding of these HIV ARVs to the known active sites of the Mpro and RdRp of SARS-

CoV-2. We used chemoinformatic analyses to predict which ARVs would bind to the 

SARS-CoV-2 Mpro or RdRp enzymes and identified a number of compounds with predicted 

binding ability. Future in vitro work should be guided by the in-silico data present here. 

While further studies are needed to establish the value of ARVs in COVID-19, existing 

or new combinations of ARV regimens for preventing or treating HIV infection could 

potentially prevent or ameliorate the course of COVID-19.

The rationale supporting our work lies in previously published work describing similarities 

between the RNA-dependent RNA polymerase’s from previous coronaviruses, including 

SARS, and the HIV reverse transcriptase (RT) (Oberg, 2006). Because of that similarity, 

ARVs were tested in the setting of SARS infection (Chu et al., 2004). SARS-CoV and 

SARS-CoV-2 Mpro are 96% identical (Chen, Yiu, & Wong, 2020), and SARS-CoV and the 

SARS-CoV-2 RdRp 98% (Shannon et al., 2020). The similarity between the enzymes of 

SARS-CoV and SARS-CoV-2 is marked and provided the rationale for testing drugs which 

were effective in vitro against SARS-CoV, in the setting of SARS-CoV-2 as experimental 

therapies.

Both the RdRp and the Mpro were analyzed by MD in their unliganded forms. Both 

structures had very stable RMSDs over the 250 ns MD simulations. The RdRp has a few 

small chains which become detached, but the overall structure is stable with no changes in 

conformation observed. In our IFD study presented here, indinavir was the most efficient 

binder and surpassed all controls with known binding affinity by the IFD analysis. However, 

atazanavir was the most stable in the MD analysis over the 250 ns simulation with very little 

variation (Figures 2a, 3a, and 4a). Atazanavir was also the most efficient binder according 

to MM-GBSA, with a ΔGbinding of −86.19. In comparison indinavir’s ΔGbinding is −51.44. 

See Table 3. We hope that our results will encourage in vitro studies to test if indinavir 

or atazanavir are active against the SARS-CoV-2 Mpro. In our study amprenavir was also 

predicted to be a good binder by IFD, but according to the MD analysis, was very unstable 

in the catalytic site of the Mpro and made few interactions which sustained the length of 

the MD simulation. Despite this, both drugs could still be tested further in vitro, although 

widespread use of protease inhibitors would be challenging to implement because of adverse 

drug-drug interactions and tolerability issues.

We used boceprevir as a positive control in the IFD analysis, due to reported in vitro 
activity against the Mpro. Boceprevir has an IC50 of 4.13 µM, and an EC50 of 1.90 µM 

against the SARS-CoV-2 virus (Ma et al., 2020). Remdesivir, an adenosine nucleotide 

analogue currently with emergency FDA-approval for COVID-19 treatment, has activity 

against the RdRp of SARS-CoV-2 (Gordon et al., 2020) by incorporation into the growing 
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RNA strand and inhibiting further viral transcription. Remdesivir was the first agent to show 

clinical efficacy in a randomized (Beigel et al., 2020) placebo-controlled study. However, 

more accessible oral drugs would help expand the antiviral drug range. Tenofovir and 

emtricitabine can inhibit the RdRp of SARS-CoV-2 in vitro (Jockusch et al., 2020), as 

expected from our in silico analyses, and another study using a different method found 

both tenofovir and abacavir to be better suited than lamivudine or emtricitabine against 

the RdRp. Interestingly nucleotide reverse transcriptase inhibitors like emtricitabine and 

lamivudine are –(−) nucleotides, and are the mirror image of the D-ribose nucleotides (Hung 

et al., 2019). They are incorporated “backwards” into growing HIV DNA primer strands 

in their intended HIV inhibition mechanism (Hung et al., 2019). Both nucleotide analogs 

and nucleoside analogs can be incorporated into growing RNA strands and thus may act as 

chain terminators of growing viral RNA strands under replication by the RdRp, likely due to 

the low fidelity of the RdRp to its substrate (Jockusch et al., 2020; McKenna, Kashemirov, 

Peterson, & Goodman, 2010). It should be noted that according to their work, NRTIs like 

tenofovir and abacavir, seem superior to others like emtricitabine and lamivudine. Our work 

suggests that people on a regimen containing tenofovir, emtricitabine, abacavir, lamivudine, 

or zidovudine, could potentially be partially protected from SARS-CoV-2 infection or 

COVID-19, although only additional in vitro studies like the one mentioned above, and 

clinical trials can determine this concretely. Considering the data here and the data discussed 

next, tenofovir seems the most likely candidate for further study.

According to our MD results, tenofovir had one of the lowest docking scores amongst 

the NRTIs and yet was clearly more stable than the other ligands examined by MD. 

Zidovudine and emtricitabine were also stable over the entire MD analysis, with only small 

conformational changes in the ligand conformation occurring until about 50 ns, as seen 

by the ligand RMSD plots in Figure 7. The MM-GBSA results show all of the ligands 

have good, predicted binding to the nucleoside/nucleotide (NT) binding site in Table 4. Of 

course, using this data to determine if these nucleotides/nucleosides will be incorporated into 

a growing primer RNA strand is not possible with current in silico models. Interestingly 

only tenofovir exhibited significant binding to the residue Asp760, which is the nucleotide 

binding site on the RdRp as stated above. It is the most stable of the ligands tested according 

to ligand RMSD in Figure 7c. Considering the clinical trials, in vitro work, and now this 

work suggesting the stability of tenofovir in the NT binding site, tenofovir is an important 

candidate for further study against the SARS-CoV-2 RdRp.

It is not unexpected that NNRTIs as a class did not bind well to the catalytic site for the 

SARS-CoV-2 RdRp, which is the NT binding site, where elongation of the RNA strand 

occurs (Gao et al., 2020). When NRTIs are metabolized and form triphosphate structures, 

they are capable of being added to the growing RNA/DNA strand and chain termination will 

follow (Gordon et al., 2020; Jockusch et al., 2020; Y. Wang et al., 2020). However, HIV 

reverse transcriptase is inhibited by NNRTIs at a site different from that which the NRTIs 

bind. Instead, NNRTIs inhibit HIV RT in a non-competitive fashion, binding at a site distant 

from the polymerase active site, usually stopping key nucleic acid-protein interactions 

from occurring, or changing the active site structure (Sluis-Cremer & Tachedjian, 2008). 

Past studies have found no potential homologous hydrophobic NNRTI binding site on the 

previous SARS-CoV RdRp structure (Xu et al., 2003), although we identified potential 
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hydrophobic pockets on the surface of the RdRp (data not shown). This will remain an area 

for further research to address, though COVID-19 research should certainly include second 

generation NNRTIs with more rotatable bonds and flexibility. If HIV NNRTIs are observed 

to offer potential protection it should become clear in observational or retrospective studies.

In order to better understand the impact of ARVs on SARS-CoV-2 infection or COVID-19, 

PLWH or people at risk of HIV infection on pre-exposure prophylaxis (PrEP) could provide 

critical insights into the course of COVID-19. An early report first showed that PLWH on 

ARVs can be infected by SARS-CoV-2 (Blanco et al., 2020), but of the first 543 people 

admitted to a hospital in Barcelona with COVID-19, only five were PLWH. New data 

has also been presented which compared over 30,000 PLWH and 76,000 matched controls 

and described 189 PLWH and their COVID-19 outcomes (Park LS, 2020). Additionally, 

registries (Dandachi et al., 2020) can also provide greater insight into the difference or lack 

of difference in COVID-19 outcomes amongst PLWH.

Our data suggests that select ARVs could also be tested as pre-exposure prophylaxis (PrEP) 

for COVID-19, if in vitro efficacy was shown. Drugs used for HIV PrEP (tenofovir/ 

emtricitabine) are well tolerated (Mayer et al., 2020), and, if effective against SARS-CoV-2 

in vitro, trials would be more easily justified given the excellent tolerability, lack of drug-

drug interactions, and well characterized safety profile, when compared to PIs. We also look 

forward to results from planned research such as the placebo-controlled study of SARS-

CoV-2 prophylaxis with tenofovir disoproxil fumarate/emtricitabine vs. hydroxychloroquine 

vs. both (vs placebo) in health care workers in Spain (N=4000) NCT04334928.

5. 0. Conclusions

At this time the authors of this study would like to caution that this report has not made any 

conclusion or recommendation to change any treatment or prevention regimen. However, our 

studies suggest that further investigations of the role of ARVs in SARS-CoV-2 prevention or 

amelioration of COVID-19 are warranted.
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COVID-19 Coronavirus disease

CYP3A Cytochrome P450, family 3, subfamily A
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EI Entry Inhibitor

HBV Hepatitis B virus

HTVS High Throughput Virtual Screening

INSTI Integrase Strand Transfer Inhibitor

MERS Middle East Respiratory Syndrome
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Mpro SARS-CoV-2 Main Protease

NNRTI Non-Nucleoside Reverse Transcriptase Inhibitor

NRTI Nucleoside/Nucleotide Reverse Transcriptase Inhibitor

NT Nucleoside/Nucleotide

PDB Protein Data Bank

PI Protease Inhibitor

PK Pharmacokinetics

PLWH People Living With HIV

PrEP Pre-Exposure Prophylaxis

RdRp SARS-CoV-2 RNA Dependent RNA Polymerase

RT Reverse Transcriptase

SARS Severe Acute Respiratory Syndrome
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Figure 1. 
Overall schematic for the methods used in this paper and our significant results. Molecules 

are docked to key residues of the viral enzymes. The HIV ARVs that are predicted to bind 

to designated catalytic sites of the viral enzymes are those listed next to either bracket. The 

red dots indicate the designated catalytic sites for the purpose of this study. The binding and 

potential inhibition of these enzymes would disrupt the replication machinery of this virus, 

as shown by the replication schematic.
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Figure 2. 
Ligand interaction diagrams in 2D from induced fit docking of (a) atazanavir, and (b) 

indinavir to the Mpro.
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Figure 3. 
Ligand interaction diagrams in 2D from induced fit docking of (a) abacavir, (b) 

emtricitabine, (c) tenofovir, and (d) zidovudine.
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Figure 4. 
Protein-ligand RMSD plots for the Mpro, (a) atazanavir, and (c) indinavir complexes. For 

Cα atoms of the Mpro the RMSD is represented by the blue line (scale on left). The RMSD 

of the ligands are represented by the red line with the scale to the right of the figures in the 

top row. Please note that all graphs have various scales. The x-axis scale is in nanoseconds, 

the y-axis is in Angstroms. Protein RMSF plots in bottom row, of (b) atazanavir, and (d) 

indinavir complexed with Mpro. Secondary structural elements of alpha helices and beta 

strands are represented by highlighted red and blue backgrounds respectively. Protein ligand 

contacts are marked with green vertical bars. Please note the varying scales used in each 

graph.
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Figure 5. 
Protein ligand contacts of the Mpro with the (a) atazanavir, and (b) indinavir ligands 

respectively. Hydrogen bonds represented in green, purple representing hydrophobic 

interactions, pink for ionic, and blue for water bridges.
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Figure 6. 
Detailed protein ligand interactions which occur over time in the MD simulation are shown 

for (a) atazanavir, and (b) indinavir. Only interactions which occur for more than 30% of the 

simulation are shown in each.
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Figure 7. 
RMSD plots in left column, for the Cα (blue, scale left) from MD analysis of RdRp 

(a) abacavir, (b) emtricitabine, (c) tenofovir, and (d) zidovudine complexes. The ligand 

RMSD plot (magenta, scale right). Protein RMSF plots in right column, of (e) abacavir, (f) 

emtricitabine, (g) tenofovir, and (h) zidovudine complexed with RdRp. Secondary structural 

elements of alpha helices and beta strands are represented by highlighted red and blue 

backgrounds respectively. Protein ligand contacts are marked with green vertical bars. Please 

note the varying scales in each graph.
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Figure 8. 
Protein ligand contacts of the RdRp with the (a) abacavir, (b) emtricitabine, (c) tenofovir, 

and (d) zidovudine ligands respectively. Hydrogen bonds represented in green, purple 

representing hydrophobic interactions, pink for ionic, and blue for water bridges.
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Figure 9. 
Detailed protein ligand interactions which occur over time in the MD simulation are shown 

for the RdRp- (a) abacavir, (b) emtricitabine, (c) tenofovir, and (d) zidovudine complexes. 

Only interactions which occur for at least 30% of the simulation are shown in each. For 

more detailed interactions across each please see the supplemental material.

The Glide XP docking scores utilize an empirical scoring function which approximates the 

ligand binding free energy, when the ligands bind to the designated catalytic sites of either 

the Mpro or RdRp. More negative numbers suggest more free energy associated with the 

predicted binding event (Table 1, Table 2).
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