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Abstract

Repositioning of remdesivir and tenofovir against COVID-19 has shown only partial evidence of improving clinical outcomes,

in clinical trials and observational studies respectively. The rationale behind this inconsistent efficacy remains unknown.

Here, we developed an ensemble docking approach for the active triphosphate forms of both antivirals with the SARS-CoV-2

polymerase and the RNA chain complex, under the hypothesis that clinical observation could rely on the specificities of the

drug-target interaction. Our model framework allowed accurate reconstruction of the remdesivir ensemble, which presented the

strongest binding affinity and pose stability close to the natural counterpart dATP. We further observed a set of features of the

tenofovir complex that suggests functional yet suboptimal interaction, likely resulting in limited viral inhibition in the absence

of high intracellular concentration at target tissues. Our findings provide rationale for the mixed effectiveness of tenofovir-

based compounds against SARS-CoV-2 and underscore the relevance of the intracellular availability of the nucleotide analogues

relative to viral tropism.

Introduction

Definitive therapies for preventing and treating COVID-19, the disease caused by SARS-CoV-2, are still
lacking [1]. Worldwide deployment of potential effective vaccines will likely take several months if not years
[2]. Meanwhile, there is an urgent need for alternatives that help reduce mortality and protect the most
vulnerable. Repositioning (finding a new therapeutic use for an already known drug) is the fastest option
to deliver treatment because safety and tolerance have already been ascertained; however, deciding which
drugs should be prioritized is challenging, as is determining the best pre-clinical approaches to develop before
clinical evaluation is reached [3].

To date, only two repositioned antivirals have shown partial evidence in preventing COVID-19 morbidity:
remdesivir as treatment for severe COVID-19 patients in a randomized clinical trial [5] and tenofovir (as its
prodrug tenofovir disoproxil fumarate, TDF) in a retrospective observational study following HIV individuals
under antivirals [4]. Remdesivir and tenofovir were originally designed to inhibit the ATP polymerization into
the growing nucleic acids chain in Ebola virus polymerase [6] and HIV reverse transcriptase [7], respectively.

A recent randomized clinical trial in the US reported shorter recovery for COVID-19 hospitalized individuals
treated with remdesivir compared to placebo, but the study did not show a significant decrease in mortal-
ity [5]. However, an earlier trial in China reported no differences in clinical outcomes for treatment with
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remdesivir versus placebo, although this trial had inadequate statistical power due to not reaching planned
sample size [8]. On the other hand, evidence of the pre-exposure prophylactic efficacy of the nucleotide
analogous tenofovir, in particular of TDF in combination with emcitribacine (FTC), has been suggested
in a recent observational study evaluating SARS-CoV-2 infection outcomes among HIV patients under an-
tiretroviral therapy in Spain [4]. Individuals taking TDF/FTC for their HIV infection showed significantly
lower risk of SARS-CoV-2 infection and hospitalization compared with individuals taking other antivirals or
taking the tenofovir-based prodrug tenofovir alafenamide fumarate (TAF) with FTC. A similar protective
trend for TDF/FTC on COVID-19 mortality was observed in South Africa when compared to zidovudine or
abacavir-based regimes [9]. Nevertheless, the findings still need to be confirmed by randomized clinical trials
[10]. This discrepancy between the different tenofovir prodrugs leading to mixed effectiveness is unexplained,
beyond the potential existence of confounding factors in the analysis, which has been partly excluded for the
Spanish cohort [11].

In order to achieve viral inhibition, nucleic acid analogous must bind the viral polymerase inside infected cells
after metabolizing into their active forms. In particular, for tenofovir and remdesivir to block SARS-CoV-2
replication it is required that their active triphosphate forms are capable of strongly binding to the viral
RNA polymerase in the presence of nascent RNA, substituting their natural counterpart deoxyadenosine
triphosphate dATP, which in turn leads to incorporating the antimetabolite in the chain and terminat-
ing polymerization [12,13] . Thus, affinity and stability of the antivirals in the active pocket of the viral
polymerase define any further inhibition.

Here, we designed an ensemble docking approach derived from crystal structures and implemented with
extensive sampling using volunteer distributed computation, to predict the binding location, affinity and
stability of the active forms remdesivir-triphosphate, tenofovir-diphosphate, and dATP with the SARS-
CoV-2 RNA-dependent RNA polymerase (RdRp-CoV2) and the template-nascent RNA chain complex, and
to determine potential limitations arising from their molecular structures.

Results

We performed ensemble docking simulations using the cryo-electron microscopy structure of the nsp12 in com-
plex with template-nascent RNA and each of the following: remdesivir-triphosphate, tenofovir-diphosphate
and dATP.

Computed relative binding energies (ΔGbinding) showed that remdesivir presented the strongest binding
(precision range -8.7 to -8.5 kcal/mol), followed by dATP ( -8.6 to -8.4 kcal/mol) and tenofovir ( -7.7 to -7.5
kcal/mol). The three ligands shared the same binding site and were forced to adopt a different conformation
in order to allow the insertion of the incoming nucleotide into the nascent RNA. Docking structures of dATP,
remdesivir, and tenofovir ensembles are displayed in Figure 1. Including the RNA chains/magnesium ions
in the analysis reduced the computed ΔGbinding for all three ligands while maintaining a similar affinity
gradient (see supplementary material, S2). We further observed that the main binding sites of the ligands
were situated in a different pocket than were the binding sites of the ensemble without template-nascent
RNA (RdRp-CoV2-NoRNA).

We observed that the lowest binding energy conformations did not always show the expected interactions
between the template-nascent RNA strands and the analyzed ligand. Thus, we searched for the poses with
maximum interaction with the template RNA strand and computed the ΔGbinding. In the case of ATP and
remdesivir, we found that those poses remain close to the lowest computed ΔGbinding (ca. 0.1 kcal/mol),
while the tenofovir ensemble showed a greater difference between the pose with RNA interactions and the
lowest ΔGbinding poses (ca. 0.5 kcal/mol). The most probable driver for the lower ΔGbinding of remdesivir
compared to ATP is the extra H-bond between the cyano group and the U927 nucleotide of the nascent
RNA strand.

For the three ligands, both the Mg2+ ion and the charged ARG621 helped to stabilize the position of
the triphosphate moiety by electrostatic and salt-bridge interactions. Further, typical H-bonds between
the uracil nucleotide of the template RNA (U930) strand and (like) adenosine rings presented in the three
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ligands were observed supporting the formation of binding complex between the incoming ligand and the
template RNA strand, previous to the insertion into the nascent RNA strand. Additionally, hydrophobic
interactions between the U927 and A931 in the template and nascent RNA strands helped to better stabilize
the dATP and remdesivir ensembles. However, for tenofovir the observed interactions with the nucleotides in
the nascent RNA were different. In particular, an H-bond was formed between the adenine ring of tenofovir
and U927 nucleotide. This arrangement hindered the formation of the hydrophobic interactions observed
in the dATP and remdesivir ensembles. Interestingly, a lowest binding energy pose far from the center site
of inhibition was found for tenofovir, but not for remdesivir nor dATP (see Figure S2), which suggests a
non-functional competitive site for tenofovir.

In summary, ensemble molecular docking was performed using dATP, remdesivir-triphosphate, and tenofovir-
diphosphate binding the RdRp-CoV2 target receptor with template-nascent RNA. The remdesivir ensemble
was accurately reconstructed, compared to previous models, and the antiviral active form presented the
strongest binding affinity closely followed by dATP. Further, tenofovir interacted in the same pocket as
remdesivir/dATP but presented significantly weaker binding affinity and pose stability, and a relatively
stable non-functional binding with the RdRp-CoV2 close to the active pocket.

Discussion

First, our findings show that similar intracellular concentrations of remdesivir relative to dATP can effec-
tively inhibit SARS-CoV2 replication. Indeed, Gordon et al. reported high selectivity of the antiviral over
incorporation of dATP using purified active RdRp-CoV2 [12]. Further, remdesivir has been reported to
inhibit SARS-CoV-2 in lung cells at submicromolar concentrations in vitro [22]. Moreover, similar binding
site for remdesivir in the SARS-CoV-2 polymerase have been reported recently by two different approaches,
based on a 3D-structural alignment using other virus polymerases [23] and a constrained minimization and
conformational search on the RdRp-CoV2 active site [22,23]. In fact, our model provided the specific molec-
ular interactions supporting the binding site (see supplementary material S3 for detailed description). The
cyano group in remdesivir, a group not present in the other ligands, allows additional H-bond interactions
with the nascent RNA chain, likely being the cause for the strongest ΔGbinding. In sum, our findings on the
remdesivir-SARS-CoV2 interaction are robustly aligned with recent studies and validates our approach as
a reliable framework to evaluate nucleic acids analogues against SARS-CoV2. We conclude that the partial
clinical efficacy observed for remdesivir is not the result of molecular interactions with the RdRp-CoV2,
given its strong binding affinity and drug target stability. Alternatively, remdesivir effectiveness might rely
on unstudied pharmacokinetic properties and/or time to treatment relative to viral replication.

Regarding tenofovir, our approach is the first to include template-nascent RNA in the ensemble and further
improves previous work [24] by using cryo-EM structures instead of homology and by more extensive sam-
pling of the ligand poses using volunteer distributed computations. Consistent with our findings, tenofovir-
diphosphate has been shown to permanently terminate polymerase extension of nascent RNA when using
recombinant RdRp-CoV2 [25]. However, infusion of tenofovir in Vero cell cultures did not inhibit replication
of SARS-CoV-2 [26,27], while the use of 3-90 μM of its prodrug TDF yielded a 15-fold reduction of viral
genome release [26] . Further, the use of TDF/FTC for treating SARS-CoV-2 infected ferrets led to better
clinical scores and lower virus titers in nasal washes compared to a placebo [28]. Worth noting, the prodrug
TDF, formulated to increase tenofovir limited bioavailability [29], is known to diffuse passively across cel-
lular membranes [30,31] and further activate intracellularly, as opposed to tenofovir which requires active
transportation for intake before activation [32,33]. Indeed, higher levels of active metabolite after exposure
to TDF versus tenofovir has been consistently reported in several cell types [34–36]. In contrast, the pro-
drug TAF was formulated to reduce drug-adverse events observed for TDF (which distributes body-wide)
by being highly HIV-target-cell specific. TAF is well known to selectively activate and present preferential
distribution in lymphatic tissues [37].

Our findings support a suboptimal tenofovir-RdRp-CoV2 interaction compared to remdesivir, predicting
that the ensemble is more sensitive to the triphosphate form intracellular concentration. Thus, matching
sufficient intracellular availability of tenofovir-diphostate with SARS-CoV2 tropism [37,38](such as in the
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respiratory tract [39]) is essential in drug-driven containment of viral replication, mirroring HIV prophy-
laxis [35]. Of note, viral replication can occur in different tissues at different clinical stages [40]. Thus,
tenofovir efficacy might highly depend on when it is given relative to the within-host SARS-CoV-2 distri-
bution. Together with the available pharmacokinetic/pharmacodynamic evidence, our findings support that
TDF, among tenofovir-based compounds, maximizes efficacy at safe clinical dosage especially when taken
before or close after exposure, because of high cellular permeation, effective metabolite activation, and low-
selective distribution at viral targeted tissues, laying out a plausible molecular interpretation of the apparent
inconsistency of tenofovir-based compounds against SARS-CoV-2 [11]. Finally, our findings support fur-
ther evaluation of remdesivir as treatment against COVID-19 but also for the prodrug TDF [10] (available
as a generic worldwide), in particular as prophylaxis, while underscoring the need for understanding the
intracellular availability of the drugs in SARS-CoV2 targeted tissues.

Methods

Receptor structure

The three-dimensional structure of the RdRp-CoV2 solved with RNA nascent and template chains as well as
with two magnesium ions on the binding site was obtained from the experimental structure deposited with
the PDB (Protein Database Bank) entry 7BV1[14]. Nsp7 and nsp8 cofactors were removed from the model.
Herein, the receptor is labelled as RdRp-CoV2-RNA.

An ensemble docking approach is considered in this work. This technique has proved to be more efficient than
a single-docking experiment on the crystal structure[15,16] . Consequently, the initial receptor structures
were subjected to multi-second molecular dynamics simulations, in order to approximate the conformational
flexibility on the receptor [15]. Molecular dynamics (MD) details are given as supplementary material,
Section S1.

Ligand structures

The three-dimensional structures of the dATP, and the biologically active forms of the drugs remdesivir
triphosphate [6,17] and tenofovir diphosphate[17], were extracted from experimental structures containing
these ligands in the PDB. Prior to the docking simulations, these structures were prepared and subjected
to geometry optimization using the Becke-Lee-Yang-Parr exchange correlation functional and the triple
numerical plus polarization basis set as implemented in the Dmol3 module of Materials Studio (Dassault
Systemes BIOVIA, v20.1.0). In all cases, the charge of the molecules was -4, corresponding to the fully
ionized triphosphate groups.

Molecular docking

The receptor and ligand structures were prepared using AutoDockTools v1.5.7 [18] by removing lone atoms,
typing atoms to AutoDock atom types (AD4), adding polar hydrogens, removing non-polar hydrogens,
and adding Gasteiger charges. The receptor and ligands were treated as rigid and flexible, respectively.
The rotatable bonds of the ligands were defined using the Torsion Tree Tools in AutoDockTools. Ligand
structures, along with the type of atoms and the rotatable bonds considered in the docking calculations, are
shown in the supplementary material (Figure S1). The docking experiments were performed with AutoDock
Vina 1.1.2 [18], which can compute binding energies with a precision interval of +/- 0.1 kcal/mol.

To run, AudoDock Vina requires specifying certain parameters, such as the exhaustiveness (the number of
runs), energy range, and the number of binding modes. After performing preliminary test calculations to
establish the most suitable values, we selected the following parameter values: 20 runs, 5 kcal/mol for the
energy range, and 20 binding modes. Structures used in the docking are available from the authors upon
request.

Extensive searching in the space of protein-ligand docking conformations was supported by the citizen vol-
unteer computing project COVID-PHYM [19] implemented using the BOINC (Berkeley Open Infrastructure
for Network Computing) platform [20]. Around 3.2 million poses were collected for each protein (snapshot)-
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ligand pair. Details concerning the analysis of the docked positions are given as supplementary material,
Section S2.

For comparison with previous approaches, we also performed ensemble docking using the RdRp-CoV2 solved
without RNA using the experimental structure deposited in the PDB entry 7BTF [21](supplementary ma-
terial, Section S3).

Data availability: All ligand-receptors structures are available from the authors upon request.
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Figure 1 Analysis of the interactions between the ATP, remdesivir, and tenofovir ligands with the RdRp
receptor containing template-nascent RNA and Mg ions.
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Figure 1: Ligands are displayed as ball-and-stick; RNA and amino acid residues interacting with the ligands
are shown as sticks; and magnesium ions are shown as a blue Van der Waals sphere. The square represents
the approximate grid box used to perform the docking studies. The analysis of the interactions was carried
out using the Protein-Ligand interaction profiler (PLIP)[41] and Discovery Studio. Images were prepared
using Pymol 2.4.0.
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