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Abstract

A selection of antiviral compounds from the Drug Repurposing Hub were screened as potential
inhibitors against SARS-CoV-2 protein targets using CIFDock, a flexible docking method. CIFDock
allows for a fully flexible active site of the protein-ligand complex and retaining of explicit water
molecules throughout docking simulations. This method provides a more thorough conformational
space search than is attainable by rigid docking methods, and thus a more accurate representation
of the binding interactions between these antiviral compounds and the SARS-CoV-2 protein targets.
Four proteins critical to viral function were selected as targets of the study: the main protease
(Mpro), the papain-like protease (PLpro), the transmembrane protease (TMPRSS2), and the RNA-
dependent RNA-polymerase (RdRp). The results reveal potential SARS-CoV-2 viral inhibitors from
this library of antivirals, based on favorable Glide scores of the docked protein-ligand poses. The
antiviral compounds brecanavir, mozenavir, palinavir, sovaprevir, and telinavir yielded excellent
binding scores across all protease targets. Additionally, these particular antivirals have not yet been
investigated in clinical trials nor in vitro studies regarding COVID-19. Therefore, these compounds
can be recommended for further research against SARS-CoV-2, based on extensive docking analysis
with relevant protein targets.
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INTRODUCTION

Background

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, has remained a worldwide crisis
claiming the lives of more than 4 million people. Originating in the Hubei province of China in
November of 2019, the novel coronavirus has affected more than 200 million people due to its
high infectivity rate. Researchers have been locked in a race against time to discover a treatment,
be it an antiviral, plasma treatment, etc., to combat the virus. While many antiviral drugs have
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been investigated as a treatment for COVID-19[1–12], there still exists no definitive, effective, and
regulatory-appproved treatment for individuals infected with COVID-19 other than management
of symptoms. Although effective vaccines have been developed to prevent the disease, vaccine
distribution has been sluggish and a significant portion of the world population will remain unvac-
cinated for the foreseeable future. Even with a vaccine, SARS-CoV-2 variants and breakthrough
infections (i.e., those occuring in a vaccinated person) pose a serious health risk to the general
population. To this end, researchers are employing virtual screening and other protein docking
methods as tools of drug repurposing[13–21] to speed the process of discovering a treatment.

SARS-CoV-2 is in the SARS family of viruses (i.e., beta coronaviruses), encompassing also
SARS-CoV-1 (causing the disease known simply as SARS) and MERS (Middle Eastern Respiratory
Syndrome).[22] SARS-CoV-2 is a positive strand RNA virus with open reading frames containing
16 non-structural proteins and 4 structural proteins. The SARS-CoV-2 virus is primarily composed
of four structural components: the spike (S), envelope (E), membrane (M), and nucleocapsid (N)
proteins. The spike protein is important to the binding of the virus to a host cell’s ACE2 receptor
(the primary mechanism of infection).[23] Two of the open reading frames of the viral RNA code for
the chymotrypsin-like (main) protease and the papain-like protease. Both of these are responsible
for cleavage of a polyprotein chain, leading to the formation of the additional 16 non-structural
protein subunits important to viral function and replication.[24] These non-structural proteins have
been one of the main targets of inhibition as they provide necessary functions to the virus such
as blocking host immune response. One of many studies virtually screening proteins from the
SARS-CoV-2 virus, Castelan-Vega et al. virtually screened thousands of drug molecules against the
main protease, returning approved drugs that could possibly be used as treatment of COVID-19,
including an antibiotic and chemotherapy compound.[25] Such results brings with it the possibility
of other compounds that can then be tested clinically to observe their effect on the SARS-CoV-2
virus.

Strategy

Extensive research is being done to discover a treatment for COVID-19, in the form of clinical
trials, screening assays, and virtual screening. In terms of real cost and time required to invest in
these endeavors, clinical trials and biological assays are the most demanding, but can lead to more
conclusive results as to whether a certain drug inhibits the virus. Virtual screening, on the other
hand, incurs a lessened cost while also providing the capability to investigate a larger library of
compounds. The goal of virtual screening is to provide experimentalists and clinical researchers
a better idea of which drug to investigate first when attempting to treat COVID-19, or in some
cases, give them insight into a drug that may inhibit viral function that may not have originally
been a candidate. Ideally, virtual screening will reveal a potential drug that has already been
approved for use that can then be evaluated as a COVID-19 treatment. Known as drug repurposing,
this technique aims to employ previously developed drugs for a new disease.[26] This pandemic
has highlighted the need for a treatment of infected individuals, developed quickly and safely.
Repurposed drugs often have the added benefit of already passing clinical trials which deem the
drug safe to use, decreasing the time between discovery and clinical use.

There exists a multitude of options for effective virtual screening, but typically a rigid docking
based method is used. This is often done in order to facilitate high-throughput screening of larger
compound databases, but in practice this leads to a non-negligible number of false-positives and
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false-negatives. Rigid, and even semi-flexible, docking methods restrict movement of the protein-
ligand complex to reduce the computational load required to dock compounds. It is through this
movement restriction that a rigid docking method can misidentify poor binding ligands and vice
versa. Naturally, this causes problems when using a rigid docking method in the drug repurposing
workflow.[27] False-positives that are identified through virtual screening and sent forth for assay
or clinical testing can potentially waste valuable time and resources.[28] Potential hits from a rigid
docking screening method require additional validation (e.g., with MD) before consideration with
experimental analysis.[29] Therefore, this study utilizes a novel flexible docking method, CIFDock,
to screen antiviral compounds as potential SARS-CoV-2 inhibitors. CIFDock uses Confab ligand
sampling, molecular dynamics, and select active site alanine mutation/backmutation to allow
for full flexiblity of the ligand, protein active site, and explicit water molecules. Conformational
changes of the ligand can induce conformational changes of the protein through the rigorous
workflow implemented in CIFDock. This in turn will provide a more accurate representation of the
binding modes of these antiviral compounds than would be gained from a rigid docking method,
and can identify potential drug candidates with greater confidence.

METHODS

Protein Selection

The selection of proteins in the SARS-CoV-2 virus for this study was based on the relative
importance of the protein to the viral function. For example, it is known that the main protease
of the SARS-CoV-2 virus is involved in the production of protein subunits necessary for the viral
infection of host cells. [24] As such, it would be prudent to investigate drug targets that have
the ability to bind and possibly inhibit this protease. Four protein targets were chosen that are
important for the virus to infect and replicate. In particular, two cysteine proteases, Mpro and
PLpro, have gained significant attention for their role in releasing various non-structural proteins
from a polypeptide chain. After entry into the cell, SARS-CoV-2 uses positive-sense mRNA to
produce polyproteins pp1a and pp1ab. Upon cleavage by Mpro and PLpro, all 15 non-structural
proteins necessary for replication and transcription are released.[30]

Non-structural protein 3 (the papain-like protease, PLpro) is a multi-domain transmembrane
cysteine protease that cleaves four sites along pp1a/pp1ab and releases nsp1, nsp2 and nsp3. PLpro
contains a catalytic triad (Cys111, His272, Asp286) which uses Cys111 as a nucleophile, while
Asp286 deprotonates His272 to serve as a base to catalyze peptide bond cleavage. PLpro is found
in all coronaviruses, is highly conserved, and has been suggested to block host innate immune
response.[31] This protease is important for the ability of the virus to use other non-structural
proteins that would otherwise remain a part of a larger polyprotein chain. Therefore, inhibition of
this protease may lead to the inability of the virus to cleave and unlock these other non-structural
proteins, inhibiting its ability to infect and replicate. Non-structural protein 5 (the main protease,
Mpro) is another transmembrane cysteine protease that cleaves the remaining non-structural
proteins (i.e., nsp5 through nsp15) from pp1a/pp1ab. The Mpro catalytic dyad (Cys145, His41)
catalyzes acetylation/deacetylation during the breakdown of peptide bonds in pp1a/pp1ab.[32]

Non-structural protein 12 is a subunit of the trimeric RNA dependent, RNA polymerase (RdRp)
for SARS-CoV-2. This protein has the important role of assisting in RNA synthesis by catalyzing
the formation of phosphodiester bonds.[33] TMPRSS2, a serine protease, is vital to the infectivity of
SARS-CoV-2 into the host cell. TMPRSS2 assists the virion by activating the S (spike) protein via
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proteolytic cleavage, which in turn allows for binding to the ACE2 receptor in the host cell.[34] The
catalytic triad (Asp345, His296, Ser441) functions in a two-step catalysis, whereby a covalent acyl-
enzyme intermediate is formed between ACE2 and Ser441. Then, hydrolysis of the acyl-enzyme
intermediates releases both the substrate and the active form of the enzyme.[35]

Protein Preparation

The structures of each protein target, with the exception of TMPRSS2, were taken as crystal
structures from the Protein Data Bank[36] (PDB) as 6LU7 (main protease), 7BV2 (RdRp), and
6W9C (papain-like protease). The TMPRSS2 structure was created from homology modeling using
SWISSMODEL.[37] Structures were then pre-processed through CHARMMing[38] to determine
ionization states with PROPKA, add missing hydrogens, and assign correct bond orders. The
protein structures were solvated in a ∼50000 count TIP3 water box and neutralized with potassium
and chloride ions to a target concentration of 0.15 M. This system was then heated from 110 K to
310 K (biological temperature) across a 40 nanosecond (ns) timescale using molecular dynamics
(MD) in CHARMM.[39] After heating, the system was subject to a 20 ns MD simulation to allow
time for the temperature and structure of the protein-ligand complex to reach stability. To provide
multiple receptor structures of the protein targets for flexible docking, pairwise RMSD clustering
was performed on the trajectory of the MD simulation of the final 20 ns equilibration run. Active site
residue RMSD was evaluated for all frames of the equilibrium trajectory, and structurally similar
conformations (up to a 2 Å cutoff) were "clustered" into groups. Each unique structural group was
saved as a discrete structure file representative of that cluster group. The highest RMSD frame
was chosen as the representative structure file for each group. This produced seven unique initial
receptor structures for Mpro, nine for PLpro, nine for TMPRSS2, and six for RdRp. Each of these
unique structures were used as initial receptor conformations for each protein target. In the end, all
antiviral compounds were docked into each unique initial receptor structure per target.

Ligand Selection

The selection of antiviral drug targets was founded on the principle of targeting similar mecha-
nisms of inhibition. For instance, some of the antivirals selected were developed as HIV treatments,
which commonly target the inhibition of the HIV protease. Based on the idea of drug repurposing,
such a class of drugs is an ideal candidate for targeting the inhibition of SARS-CoV-2 proteases.
Compounding this idea, both existing HIV inhibitors as well as HCV (hepatitis) inhibitors are
potentially favorable candidates for the SARS-CoV-2 virus.[40] A selection of protease inhibitors for
the three protease targets (Mpro, PLpro, and TMPRSS2), and a selection of polymerase inhibitors
for the RNA polymerase (RdRp), were chosen by initial search of the Drug Repurposing Hub
database.[41] Both selections include FDA approved drugs, drugs in clinical trials, and investiga-
tional drugs. Care was taken to ensure that ligands selected for the docking procedure were already
synthesized as drug candidates. Therefore, favorable drug candidates from the in silico screening
can be immediately used for in vitro analysis or clinical trials.

Ligand Preparation

Ultimately, a list of 30 protease inhibitors and 22 polymerase inhibitors comprised the ligands
that were docked into the four SARS-CoV-2 protein targets with CIFDock. Final antiviral structures
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were downloaded as SDF files from the chEMBL database[42], and the SDF files were converted
to MOL2 using OpenBabel[43]. These MOL2 files were uploaded to ParamChem[44] to produce
combined topology and parameter stream files necessary to model the ligands correctly with the
CHARMM General Force Field (CGenFF).[45] Next, the conformational space of each of these
ligands were sampled using Confab (a module of the OpenBabel program), which generates
additional ligand conformations by rotating any rotatable bonds of the molecule. A 50 kcal/mol
energy cutoff and a 0.5 Å RMSD cutoff were used during Confab conformer generation. The
number of ligand conformations generated by this method varied with the number of rotatable
bonds, but was capped at 200 conformations to ensure time efficiency of the docking procedure.

Docking Method

CIFDock
The flexible docking portion of this study employs a novel CHARMM-based flexible docking

method (CIFDock).[46] CIFDock incorporates induced fit, in which conformational changes of the
ligand induce conformational changes in the protein. This method allows for enhanced flexibility
of the protein-ligand complex active site, as well as retaining explicit solvent and any co-factors
throughout the docking procedure. To achieve this level of flexibility, bulky residues in the active
site of a protein that may intrude upon the active site when sampled with dynamics are first mutated
to alanine. This allows for a more “open” active site that is better able to accommodate larger and
more flexible ligands. This is a feature unqiue to flexible docking methods, and is an important
component when considering using molecular docking in drug design and drug repurposing.[27]
Modern antiviral compounds are often very large molecules, and without "opening" up the active
site, a rigid docking method will struggle to accomodate a large antiviral in a confined active site.
Consequently, a rigid docking method may reject that particular protein-ligand docking outright if
atoms overlap or steric clashes are too high to find an energy minimum.

Next, the ligand of interest is randomly placed in the protein active site and SGLD[47] (Self-
Guided Langevin Dynamics) are run on the ligand to produce a variety of initial conformations.
Finally, the alanine residues in the active site are back-mutated to their original residues. During
this backmutation, residues are replaced with randomized dihedral angles, providing another
element of protein flexiblity to the docking procedure. In the case that a backmutated side chain
overlaps with any atoms, a new dihedral angle is assigned until there is no overlap. The active site
of the protein-ligand complex is then, again, simulated with SGLD to allow enhanced sampling of
the protein-ligand complex conformational space, with possible ligand-induced conformational
changes of active site residues. A set of four custom-designed, all-atom scoring functions are
combined into an ensemble docking score to evaluate the poses generated by CIFDock. Each
scoring function evaluates the intramolecular interactions (e.g., bonds, angles, improper torsions,
dihedrals, ligand strain energies), as well as the intermolecular interactions (e.g., solvation free
energies, van der Waals, and electrostatic energies). Electrostatic terms were accounted for with
a Coulombic potential and van der Waals terms with a Lennard-Jones potential. This procedure
was conducted, per target, for all antiviral ligands and all unique protein conformations generated
during protein preparation.

Scoring and Analysis
The quality of all final poses generated from the flexible docking of antivirals is ultimately

assessed with the Glide scoring function. Glide scores are correlated with the binding free energy
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of a protein-ligand complex[48] and have become a widely-accepted format for virtual screening
results, and as such all pose scores in this paper are reported as these Glide scores. Final poses
generated by CIFDock are first subject to the custom scoring functions, which score all poses
generated during the docking and select the top twenty-five poses. These twenty-five poses are
then assigned a Glide score using the same Python script that Schrödinger’s Maestro program uses
to score final poses from its Glide docking method.

The final poses generated from the flexible docking are roughly categorized into three sections
based on their Glide scores. Poses with a Glide score greater than -7 are not considered hits against
the given protein target, while poses less than -7 but more than -10 are "decent" hits that warrant
further in silico evaluation. Poses with a Glide score less than -10 are considered promising hits
against the given protein target and are good initial candidates for in vitro assay analysis and
potential subsequent clinical trials. Extremely low-scoring antiviral poses were selected for further
analysis by visualizing protein-ligand interactions in Schrödinger’s Maestro. The Results section is
organized by protein target, with a discussion of these selected extremely-low ranking poses and
their interactions with aforementioned targets.

RESULTS AND DISCUSSION

General Overview of Scores

Of the four SARS-CoV-2 protein targets, three of them (in particular, the proteases) achieved
Glide scores with highly favorable binding when docked with the selected antiviral drug candidates.
Mpro, PLpro, and TMPRSS2 had, on average, a ligand binding score of -10.27, -7.32, and -10.36,
respectively. The scores for the RNA polymerase, when compared with the proteases, are less
favorable, with an average Glide score of -7.03. An explanation for this will be provided below.
For each of these protein targets, certain antiviral compounds bound very well in docking (e.g., a
Glide score of -11 and below). For the main protease, lopinavir, telinavir, and saquinavir were the
top three ligands, based on the lowest Glide scores of -15.76, -15.69, and -15.20, respectively. For
the papain-like protease, voxilaprevir, lopinavir, and sovaprevir were the lowest scoring ligands at
-11.02, -10.76, and -10.66, respectively. Finally, the three best ligands for TMPRSS2 included telinavir,
glecaprevir, and grazoprevir, with Glide scores of -15.11, -14.03, and -13.96, respectively. Among
the low scoring compounds listed above, it is noted that only one of these drugs, lopinavir, has
been tested as a treatment for COVID-19.[49] Although the outlook seemed promising based on
successful treatment with SARS-1 patients, the drug combination was found to have little useful
effect in severe COVID-19 cases. This may be the result of any multitude of factors though, including
low bioavailability, dosage, patient reaction, etc. Interestingly, lopinavir is the drug candidate that
consistently appeared in the top three lowest Glide scores across all three protease targets. This
reinforces the idea that the other top scoring drugs in this study are good initial candidates for
further laboratory and potential clinical testing against the SARS-CoV-2 virus. While the initial
clinical results of lopinavir as a COVID-19 treatment were disappointing, it serves as a validation of
the effort to identify potential initial candidates for drug repurposing. As of writing, all of the drugs
discussed in the Results section below remain untested in clinical trials nor had their inhibitory
potential measured against the SARS-CoV-2 main protease.

Docking Scores and Inhibition Potential
Not all of the antiviral compounds docked in this study are novel in being screened against

SARS-CoV-2 protein targets, and as such an extensive literature search was conducted to evaluate
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previous reports on these compounds. Of particular interest was whether or not these compounds
had been investigated with in vitro assay analysis, an important step in evaluating the effectiveness
of a drug inhibiting SARS-CoV-2 viral proteins. Table 1 lists the protease inhibitors screened in this
study, along with an indication of whether each compound has been tested in clinical trials, whether
it has been screened in an assay with the main protease, and the IC50 value if assay data exists. Two
interesting trends emerge from this literature analysis. One is that these antiviral compounds are
decent intial leads that should be considered for further analysis as a COVID-19 treatment, given
the excellent Glide scores in this study and promising biological assay results from the literature.
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Figure 1: Plot of Glide scores of the antivirals docked into the main protease against the reported IC50 values, if assay results
exist.

The second trend concerns the IC50 values that are being reported for these antivirals, which
appear to show no correlation with the Glide scores reported from the flexible docking in this
study. Figure 1 shows a graph of Glide scores of the antivirals docked into the main protease in
this study against the IC50 values of these compounds reported from the literature. A poor trend
line, near-zero R-squared value, and a Pearson coefficient of -0.28 indicate no correlation between
docking score and IC50, an insight that is becoming prevalent as more assay results are being
reported.[50–52] This incongruity of docking analysis with assay results may be a result of myriad
factors, especially considering the complexity of the SARS-CoV-2 virus. One hypothesis concerns
the nature of the SARS-CoV-2 main protease existing as a homodimer and therefore possessing
two active sites. In order to achieve decent inhibition, an antiviral compound may need to bind
to a specific active site, or even both simultaneously. Additionally, a compound binding into one
of the active sites or the dimer interface may induce conformational changes elsewhere in the
main protease, leading to inhibition. This includes the possibility of a compound binding to the
Mpro monomer and interfering with the dimerization process, which could lead to inhibition when
considering that Mpro function relies on existing as a dimer.[53] Situations such as these are beyond
the scope of a molecular docking based screening approach, and would require a longer time scale
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MD analysis of the main protease.[54] Alternatively, there may exist hitherto undiscovered cryptic
binding sites on the main protease where these antiviral compounds are docking in to achieve high
inhibition. These cryptic sites could be located with a variety of well-known methods[55–57], and
subsequent docking into these sites could provide more insight into the reason some antivirals have
higher inhibition than others. Rationalizing this seeming lack of correlation between traditional
docking score and IC50 values will certainly require additional work and is an active area for both
computational and experimental scientists.

Analysis of Top Ligands

Mpro

One of the lowest scoring poses from a protein-ligand docking of the main protease comes from
lasinavir, an investigational HIV drug. Lasinavir is a peptidomimetic protease inhibitor with a
trimethoxybenzene moiety. With a Glide score of -12.92, it constitutes a very favorable binding
interaction with the active site of the main protease. While a number of favorable hydrogen bonding
interactions with nearby active site waters contributes to this score, a series of active site residue
conformations and consequential stabilizing interactions is of far more interest. Figure 2 shows an
overlay of the protein conformation of the main protease before docking with the final pose of the
protein-ligand complex generated from the docking with lasinavir. When viewed this way, it is
much easier to evaluate the movement of active site residues which is vital to the flexible docking
method. In the case of lasinavir, there are important conformational changes of certain residues that
make this protein-ligand docking such a highly scored pose for the main protease. In particular, the
docking of lasinavir results in the movement of catalytic His163 and catalytic His172 into a more
favorable conformation that enables a triple π-π stacking interaction with the trimethoxybenze ring
on lasinavir.[58] This ultimately results in a four-way π-π stacking network with the nearby Phe140
residue that provides an intensely stabilizing interaction between lasinavir and the main protease.
Additional movement of His41 can be seen as the active site of the main protease shifts conformation
to accommodate the ligand. Since lasinavir only reached Phase I trials in its investigational study
as HIV treatment, it has not been tested clinically against SARS-CoV-2.[59]

Glide scores for the antiviral docking of the main protease were lowest across all protein targets,
with an average score of -10.27 and the lowest scored pose of -15.76. Of the 30 antiviral compounds,
saquinavir, telinavir and lopinavir scored exceptionally low, indicating a favorable binding affinity
to the main protease. When the poses were inspected visually, the lowest scoring final pose of
saquinavir exhibits hydrogen bonding with Ser144, Cys117, Tyr118, and His164. Telinavir exhibits
a π-π stacking interaction with Phe140 as well as a water-mediated hydrogen bonding interaction
with Asn142 and Asp48. Multiple hydrogen bonds can be seen with Glu47, Glu166, Ser144, and
Cys145. Lopinavir forms hydrogen bonds with Cys85, His165, Gly146, His41, and a water-mediated
hydrogen bond with Thr26.
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Figure 2: Overlay of the final pose of the docking of lasinavir with the initial structure of the main protease. Residues from
the final pose are in purple, while the residues of the initial receptor structure are shown in orange. The movement of His172
can be seen to form a π-π stacking interaction with the ligand, while the movement of His41 can be seen to accommodate
the large size of lasinavir in the active site.

PLpro

A top scoring pose from the docking of protease inhibitors with the papain-like protease involves
the investigational HIV drug mozenavir. Mozenavir is a non-peptidomimetic substituted aniline
compound with an aminobenzene moiety. The final pose had a Glide score of -10.11, with most
of that score coming from a highly stabilizing π-π interaction. Figure 3 shows the overlay of
the original protein conformation with the final pose of the docked protein-ligand complex. The
movement of a critical Tyr262 allows for one of the benzene moieties and one of the aniline moieties
of mozenavir to interact with this active site residue to form a dual π-π stacking interaction that
is highly stabilizing. In addition, mozenavir forms hydrogen bonds with Gly161 and Gly267. Of
particular interest is that mozenavir does not appear often in the current literature, and rarely
shows a binding affinity to the papain-like protease in virtual screening. This may be a result of
Tyr262 that is protruding into the active site of the protein.[60] Due to the size of the ligand, rigid
docking may be ineffective because steric clashes would deem it unsuitable in this active site. As
the flexible docking study reveals though, this may be a viable candidate for clinical trials which
has hitherto not been considered for SARS-CoV-2.

The average lowest Glide score of the docking of antiviral compounds into the papain-like pro-
tease was -7.32, with some antivirals having a lowest score of around -10. Voxilaprevir, sovapreivr,
and simperevir were among the best performers, with a Glide score of -11.02, -10.66, and -10.53,
respectively. When inspecting the interactions of the final poses visually, voxilaprevir formed a
π-π stacking interaction with His270, and hydrogen bonds with Asp162 and Cys268. Sovaprevir
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Figure 3: Final pose of the docking of mozenavir with the papain-like protease, showing the dual π-π stacking interaction
with active site residue Tyr262.

forms hydrogen bonds with Gly161, Val163, and Thr299. This is particularly interesting, given the
large size of sovaprevir and the number of rotatable bonds of the ligand. Simeprevir formed a π-π
stacking interaction with Tyr266, as well as hydrgoen bonds with Tyr271 and Val163.

TMPRSS2

Palinavir, with an average Glide score of -9.65 when docked into the active site of TMPRSS2,
represents one of the many decent binding ligands for TMPRSS2 in this study. The benefit here,
again, is that based on literature searches of virtual screenings and clinical trials with SARS-CoV-2,
palinavir has not yet been investigated as a treatment of COVID-19. Palinavir is a peptidomimetic
inhibitor with a hydroxyethylamine moiety that was developed for the treatment of HIV type 1. A
final pose with a Glide score of -10.65 was selected for further analysis. The topology of palinavir
allows for multiple opportunities for hydrogen bonding, of which there are many occurrences in
the final complex. This is to the benefit of this particular protein-ligand interaction, as one can
see in Figure 4 there is a water-mediated hydrogen bonding interaction of palinavir with catalytic
His151.[61] This stabilizing interaction represents a good binding with the transmembrane protease
and the potential for further investigation. Additionally, it highlights the importance of modeling
explicit waters in docking studies of the SARS-CoV-2 virus, as it can reveal hydrogen bonding
interactions with potential drug candidates.
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Figure 4: Final pose of the docking of palinavir with the transmembrane protease (TMPRSS2), highlighting the multiple
hydrogen bonds between palinavir and the protease, as well as the water-mediated interaction with catalytic His151.

Docking of antiviral compounds into the transmembrane protease provided excellent results,
with an average Glide score of -10.36 across all ligands. Atazanavir, narlaprevir, and telinavir, were
among the top three ligands with a lowest Glide score of -13.41, -13.56, and -15.11, respectively.
Atazanavir formed hydrogen bonds with His151, Gln293, Cys320, and Ser291. Narlaprevir formed
numerous hydrogen bonds with Gly298, Ser318, Ser291, Cys292, and Thr314. It also formed two
water-mediated hydrogen bonds with Gly317 and Gly294. Telinavir formed a dual π-π stacking
interaction between itself and residues Tyr271 and Trp316. It also formed hydrogen bonds with
Gly264, Ser291, and Gly319, as well as a water-mediated hydrogen bond with Leu274.

RdRp

As opposed to the three other SARS-CoV-2 protein targets, RdRp inhibition is typically gained
through a covalent mechanism. For example, remdesivir functions well because, once it is converted
to its active drug form, remdesivir triphosphate, it links covalently to the primer strand of the
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template RNA, thus leading to non-obligate RNA chain termination.[62, 63] This mechanism
inhibits any further viral RNA replication via the RNA polymerase. Other nucleotide analogues
(e.g., galidesivir) have been investigated for inhibition of RdRp, but again these rely on conversion
to a triphosphate active form and covalent binding to the RNA primer-template. Because this is
an important step of inhibition for the RdRp complex for nucleoside polymerase inhibitors, and
because of the nature of the molecular mechanics based dynamics employed during the course
of the flexible docking procedure, only the main RdRp subunit (non-structural protein 12) was
simulated. This however, allowed for the screening of non-nucleoside polymerase inhibitors as
potential inhibitors of the SARS-CoV-2 RNA polymerase.

Non-nucleoside polymerase inhibitors are a class of antiviral compounds widely used to treat
infections of the Hepatitis C virus. Unlike nucleoside inhibitors, which compete with nucleotides
or the RNA template, non-nucleoside inhibitors bind directly to the RNA polymerase and inhibit
conformational changes, thus restricting polymerase activity. Of the 10 non-nucleoside polymerase
inhibitors investigated, CIFDock generated final docked poses with Glide scores below -7 for eight
out of the ten compounds. Further analysis of these low-scoring final poses was conducted visually
to investigate the exact binding of these compounds to the nsp12 domain. One of the lowest
scoring polymerase inhibitors, radalbuvir (Glide score = -10.43), was found to form favorable
interactions with catalytic Lys465 and Arg475 in the active site. In particular, a cation-π interaction
between the thiophene group of radalbuvir and Lys465, as well as a salt bridge between Arg475,
the carboxylate moiety of radalbuvir, and Lys465 are both observed. These two residues constitute
an important catalytic portion of the active site, with both Lys465 and Arg475 having the role of
stabilizing incoming nucleotides in the correct position for catalysis.[64] This suggests that, due to
the favorable binding of radalbuvir in the active site, this antiviral compound could potentially act
as a competitive inhibitor to the RNA polymerase of SARS-CoV-2.

Overall Glide scores for the docking of antiviral compounds with RdRP are mixed, with lowest
Glide scores ranging from -3.69 to -11.32. Of the 20 polymerase inhibitors screened, adafosbuvir,
galidesivir, and lomibuvir performed extremely well. Adafosbuvir, with an average lowest Glide
score of -9.96, formed a hydrogen bond with Asp604, as well as three water-mediated hydrogen
bonds with Asp604, Ser679, and Asp538. Galidesivir, with a score of -9.41, formed a cation-π
interaction with Arg473 and hydrogen bonds with Lys471 and Asp543. Galidesivir also formed
water-mediated hydrogen bonds with Asp680, Arg544, and Thr476. Lomibuvir, with a score of
-7.86, formed a hydrogen bond with Ser679 and water-mediated hydrogen bonds with Asp681,
Asp680, and Leu678.
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Figure 5: Final pose of the docking of radalbuvir with the RNA-dependent RNA polymerase, highlighting the salt bridge
between Lys465, radalbuvir, and Arg475. Hydrogen bonds can be seen with Lys465 and Arg475, which are the residues
responsible for stabilizing incoming nucleotides for catalysis. Cation-π interactions are shown in purple, while hydrogen
bonds and salt bridges are shown in yellow.

CONCLUSION

As the COVID-19 pandemic has remained a global health crisis, efforts to investigate potential
drug therapies for treatment of the disease must continue. This study employed a flexible docking
method (CIFDock) to screen a set of antiviral compounds against four protein targets vital to the
function of the SARS-CoV-2 virus: Mpro, PLpro, TMPRSS2, and RdRp. Among the initial set of
antivirals, potential inhibitors have been identified by low Glide score poses across an ensemble of
protein conformations. A thorough screening has been conducted of these antiviral compounds
using flexible ligand - flexible receptor docking, with an in-depth analysis of their interactions with
relevant SARS-CoV-2 proteins. The flexible docking conducted in this study provides new insight
into the binding modes of antiviral compounds that have been previously screened with rigid
docking methods while also providing novel candidates for drug repurposing of antivirals that have
not yet been investigated. In particular, the investigational drugs furaprevir, lasinavir, mozenavir,
sovaprevir, and telinavir exhibited excellent Glide scores when docked into the three protease
targets in this study. In addition, these compounds have not been screened in biological assays
(at time of writing) and may prove to be decent candidates for a repurposed drug treatment of
COVID-19. Therefore, further research can be recommended into the potential clinical applications
of these compounds against the SARS-CoV-2 virus.
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Table 1: List of protease inhibitors and the score when docked with the main protease, along with an indication of whether
clinical trials have been conducted for said compound and reported IC50 values if main protease assay results exist in
current literature.

Protease Inhibitor Mpro Score Clinical Trials IC50 (µM)

amprenavir -9.75 - -
atazanavir -15.13 Phase 2[65] 60.70[66]
boceprevir -11.14 - 8.00[67]
brecanavir -11.20 - -
ciluprevir -11.20 - -

danoprevir -10.99 Phase 4[65] >50[68]
darunavir -9.34 Phase 3[65] 36.10[66]

deldeprevir -11.93 - -
droxinavir -12.25 - -

fosamprenavir -10.33 - -
furaprevir -11.71 - -
glecaprevir -10.43 - -
grazoprevir -11.81 - 10.80[69]

indinavir -11.29 - >50[68]
lasinavir -12.92 - -
lopinavir -15.76 Terminated[65] 19.11[70]

mozenavir -11.74 - -
narlaprevir -9.87 - 1.10[71]
nelfinavir -11.11 - 1.42[72]
palinavir -13.90 - -

paritaprevir -11.68 - 73.78[73]
ritonavir -9.87 Terminated[65] 13.70[66]

saquinavir -15.20 - 31.40[66]
simeprevir -11.58 - 4.25[69]
sovaprevir -10.99 - -
telaprevir -14.29 - 15.25[71]
telinavir -15.69 - -

tipranavir -8.92 - 27.66[73]
vaniprevir -10.02 - 6.20[69]

voxilaprevir -13.04 - -
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Table 2: List of protease inhibitors used in the flexible docking portion of this study. Lowest Glide scores from the docking of
each of the ligands in each protein target (Mpro, PLpro, TMPRSS2) are also listed.

Protease Inhibitor Mpro PLpro TMPRSS2

amprenavir -9.75 -8.70 -10.39
atazanavir -15.13 -9.31 -13.41
boceprevir -11.14 -8.63 -11.05
brecanavir -11.20 -10.51 -11.78
ciluprevir -11.20 -9.78 -12.90

danoprevir -10.99 -8.67 -13.32
darunavir -9.34 -8.73 -11.05

deldeprevir -11.93 -9.81 -12.65
droxinavir -12.25 -7.63 -10.76

fosamprenavir -10.33 -9.31 -10.76
furaprevir -11.71 -9.68 -12.63
glecaprevir -10.43 -9.18 -14.03
grazoprevir -11.81 -9.63 -13.96

indinavir -11.29 -8.58 -11.22
lasinavir -12.92 -9.89 -12.69
lopinavir -15.76 -10.76 -12.88

mozenavir -11.74 -10.30 -12.90
narlaprevir -9.87 -10.17 -13.56
nelfinavir -11.11 -7.77 -12.75
palinavir -13.90 -7.78 -10.45

paritaprevir -11.68 -8.38 -12.86
ritonavir -9.87 -9.50 -12.39

saquinavir -15.20 -6.68 -11.34
simeprevir -11.58 -10.53 -13.50
sovaprevir -10.99 -10.66 -12.26
telaprevir -14.29 -9.72 -11.60
telinavir -15.69 -9.99 -15.11

tipranavir -8.92 -8.39 -9.82
vaniprevir -10.02 -8.98 -11.57

voxilaprevir -13.04 -11.02 -12.06
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Table 3: List of polymerase inhibitors used in the flexible docking portion of this study. Lowest Glide scores of the final
poses of each inhibitor docked into RdRp are also listed.

Polymerase Inhibitor Glide Score

adafosbuvir -10.78
beclabuvir -7.32
dasabuvir -7.39
filibuvir -8.45

galidesivir -11.32
lomibuvir -9.04
nesbuvir -5.23
niraparib -6.75

niraparib tosylate -6.90
olaparib -7.33

pamiparib -5.65
radalbuvir -10.43
remdesivir -10.32
rucaparib -8.59
setrobuvir -7.24
sofosbuvir -8.44
talazoparib -7.46
tegobuvir -5.66
veliparib -7.75
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