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Abstract— COVID-19 is a nascent public health emergency
caused by a novel beta-coronavirus, 2019-nCoV. While industry
has made rapid and impressive progress in developing mRNA-
based vaccines, neutralizing antibodies, and an intravenous
nucleoside analog RNA-dependent RNA polymerase (RdRp)
inhibitor, further efforts are needed. Herein, we describe an in
silico screening campaign aimed at generating non-nucleoside
lead molecules with inhibitory activity against the coronavirus
RdRp protein. We reveal a metabolite of clofazimine, a widely-
used anti-leprotic and antibiotic, with global availability and
long-term clinical experience, as a novel RdRp inhibitor. We
also find widely prescribed, FDA-approved anti-hepatitis C
nucleoside analogs paritaprevir and ledipasvir are more potent
inhibitors of 2019-nCoV than the investigational agent remde-
sivir. Other candidate inhibitors include bafetinib, apilimod,
and fimepinostat. In vitro studies are ongoing to determine
inhibitory activity, with in vivo experiments to follow.

I. INTRODUCTION

The COVID-19 pandemic is a global health emergency
that requires a coordinated response across government,
academia, and industry. While impressive efforts have been
made thus far, non-small molecule therapeutic modalities
pose significant questions. Biologic technologies such as
neutralizing antibodies are promising, but it remains to be
seen if biologics manufacturing capacity will be available for
any such therapy if proven effective. Manufacturing capacity
is traditionally a major bottleneck for the production of these
medicines at scale.

mRNA-based vaccines appear very promising, but sim-
ilar manufacturing questions exist for these liposomally-
encapsulated medicines; none of which have received FDA
approval at the time of this writing. Furthermore, any such
vaccine, even if proven effective, will not be useful as a
treatment for infected coronavirus patients.

Small molecules are the bedrock of the pharmaceuti-
cal industry. Remdesivir, an RNA-dependent RNA poly-
merase (RdRp) inhibitor, has in vitro and in vivo activity
against the RdRp protein of many RNA viruses, including
coronaviruses[1], [2], [3]. Phase III clinical trials for remde-
sivir are underway [4], [5]. Despite initial promise, remde-
sivir results in Ebola virus patients were underwhelming [6].

With a plethora of existing approved and investigational
nucleoside analogs for various viral proteins, we began
screening for non-nucleotide RdRp inhibitors to be used
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as monotherapy or in combination with other anti-2019-
nCoV agents such as remdesivir. We report the results of our
findings, highlighting a metabolite of clofazimine as a novel,
well-understood candidate for the treatment of COVID-19.

II. METHODS

Using a custom HPC cluster provisioned with Autodock
Vina, we screened 130,778 compounds in parallel batches for
ability to bind to 2019-nCoV RdRp (nsp12). Our pre-selected
screening library was sourced from the ZINC15 public access
database[7], with the majority of candidates having drug-like
properties according to Lipinski’s Rule of Five.

A. Protein Structure Preparation

With no available crystal or cryo-EM structure for the
2019-nCoV RdRp at the time of this experiment, homology
modeling must be used to approximate and predict the
native, folded structure of this protein until an experimentally
derived structure becomes available. Using crystallography
data from the highly homologous SARS-CoV allows the
adjustment of existing protein models for the slight, but
potentially very important differences in amino acid sequence
and resulting protein folding of the unavailable structure.

An existing structure of the SARS-CoV RdRp is available
as structure 6NUR in PDB[8]. With this existing structure
as a template, a homology model of the 2019-nCoV RdRp
was generated using the Swiss Model web server [9], [10],
[11], incorporating an NCBI protein sequence of the 2019-
nCoV RdRp (YP_009725307.1) extracted from the 2019-
nCoV genome (NC_045512.2)[12] as the target sequence.

In Figure [I] multiple sequence alignment demonstrates
that the 2019-nCoV RdRp sequence shares a 96.35% similar-
ity with the original SARS-CoV RdRp sequence. In Figure
[ the structures are also shown to have similar binding sites.

After validation, the protein was reduced to Chain A,
the location of the residues previously known to bind to
remdesivir[13]. OpenBabel[14] was used to add additional
polar hydrogen atoms to the protein, in order to more closely
resemble the environment at biological pH 7.4.

B. Compound Dataset

The final compound dataset was built from various sub-
sets of the ZINCI15 ligand library, including the FDA,
investigational-only, world-not-FDA, world, standard, in-
cells, in-vivo-only, and in-man-only subsets. Three sepa-
rate screens were performed. The first exploratory screen
(Screen 1) included all 9,524 compounds from the FDA,
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Fig. 1.

Fig. 2. RdRp Chain A from SARS-CoV (magenta, PDB: 6NUR) and
2019-nCoV (cyan, homology model)

investigational-only, world-not-FDA, and world ZINC sub-
sets. The second larger screen (Screen 2) included 121,254
compounds chosen from selected portions of the standard,
in-cells, in-vivo-only, and in-man-only ZINC subsets. Ad-
ditional filtering was applied to Screen 2 to ensure each
compound contained no violations of Lipinski’s Rule of Five.
Because of the different compositions of subsets between the
screens, Screen 1 included a much smaller, more documented
number of drug candidates than Screen 2. An additional
screen (Screen 3) was prepared for investigation of several
nucleoside candidates for treatment, including ribavirin, so-
fosbuvir, galidesivir, tenofovir, paritaprevir, ledipasvir, and
their active metabolites. Details of the ligands used for each
screen are displayed in Table [T}
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Multiple sequence alignment between RdRp sequences of SARS-CoV and 2019-nCoV

TABLE I
SCREEN LIGAND DETAILS

Screen Total  Subsets
1 9,524  ZINC (FDA, investigational-only, world-not-FDA,
world)
2 121,254  ZINC (standard, in-cells, in-vivo-only, in-man-
only)
3 13 RdRp-binding nucleoside candidates

C. Ligand Preparation

Before screening, GypsumDL[15] was used to convert
each compound from the SMILES format to a generated 3D
conformer with appropriate minimization and protonization.
GypsumDL was specifically chosen for the generation of fi-
nal 3D conformers because of its ability to correctly generate
alternate tautomeric, chiral, and cis/trans isomeric forms. It
also has greater pose prediction accuracy over other utilities
such as OpenBabel Gen3D[15]. Each 3D conformer was then
converted to PDBQT with OpenBabel.

D. Molecular Docking and Scoring Methodology

The candidate ligands were screened against the putative
binding site of remdesivir in RdRp. The center of the binding
site was a 30A cube centered on the location of V557 (X =
141.580, Y = 149.483, Z = 164.106), a residue reported to
interact with remdesivir[13].

AutoDock Vina was used to conduct the screen, with the
exhaustiveness parameter set to 8, the num_modes parameter
set to 9, and the energy_range parameter set to 3.

Both screens were run on a 512-core, cloud-based HPC
cluster provisioned with AutoDock Vina. Custom software
was written to schedule an array of batched jobs, allowing
multiple ligands to be screened in parallel.



TABLE II
Top 20 COMPOUNDS FROM SCREEN 1 (9,524 LIGANDS)

TABLE III
Top 20 COMPOUNDS FROM SCREEN 2 (121,254 LIGANDS)

ZINC ID Name kcal/mol ~ ZINC Subset ZINC ID Name kcal/mol ~ ZINC Subset
ZINC000095618882  clofazimine  -9.9 world-not-FDA ZINC000015203333  erosnin 9.9 in-man-only

glucuronide ZINC000001070979 - 9.9 standard
ZINC000011726230  apilimod 9.9 investigational-only ZINC000000825229 - 99 standard
ZINC000169737127 - -9.8 investigational-only ZINC000038179173 - 9.8 in-vivo-only
ZINC000885764928  paritaprevir 9.8 world-not-FDA ZINC000000642875 - 98 standard
ZINC000022940637  bafetinib 9.7 investigational-only ZINC000000874254 - 98 standard
ZINC000139850297 - -9.7 investigational-only ZINC000001014126 - 98 standard
ZINC000100005073  indigo -9.7 world-not-FDA ZINC000000959864 - 98 standard

carmine ZINC000001130474 - 9.8 standard
ZINC000095618817  etoposide -9.7 world-not-FDA ZINC000000538290  revizinone 98 in-man-only
ZINC000028100198 - -9.7 investigational-only ZINC000002200016 - 97 standard
ZINC000073488511  fimepinostat  -9.6 investigational-only ZINC000001200270 - 97 standard
ZINC000001530604  cromolyn -9.6 world-not-FDA ZINC000002101245 - 97 standard
ZINC000001539348 - 9.6 investigational-only ZINC000100005073  indigo carmine 97 standard
ZINC000014974132 AMG-517 9.6 investigational-only ZINC000002299607 - 97 standard
ZINC000003922429  adozelesin -9.6 investigational-only ZINC000001565922 - 97 in-vivo-only
ZINC000003818418  R-306465 -9.6 investigational-only ZINC000006119193  12a- 97 in-man-only
ZINC000150338819  ledipasvir -9.6 FDA hydroxydolineone
ZINC000003915428 - -9.6 investigational-only ZINC000002301202 - 97 standard
ZINC000003934128  temoporfin -9.5 world-not-FDA ZINC000001956919 - 97 standard
ZINC000238850854  eptifibatide -9.4 world-not-FDA ZINC000103590814 - 97 in-cells
ZINC000206177361  endovion -9.4 investigational-only

TABLE IV

III. RESULTS
A. Nucleoside Analogs

The results of the nucleoside screen (Screen 3) are listed in
Table [[V] Surprisingly, our work determined anti-hepatitis C
molecules such as paritaprevir and ledipasvir to have stronger
binding affinity than remdesivir and its putative metabolites.
Hepatitis C is an RNA virus, and remdesivir, not being
specifically designed for 2019-nCoV, has pan-RNA virus
efficacy.

B. Non-Nucleosides

Given the plethora of nucleoside analogs, our focus with
this work was on non-nucleoside ligands. Screen 1 (Table
and Screen 2 (Table display ligands with the highest
binding affinity for the given binding site in RdRp. We found
clofazimine glucuronide to be one of the highest-scoring
compounds across both screens; clofazimine glucuronide
registered a score of -9.9 kcal/mol. It has a rich history of
use, specifically as an anti-infective, and a well-characterized
pharmacokinetic profile. The safety profile of clofazimine,
however, is not fully benign[16]. Various other clinically
tested compounds also demonstrated a potent affinity for
RdRp, including bafetinib, apilimod, and fimepinostat. Other
highly scoring compounds in the broad screen include eros-
nin and revizinone.

The chemical structures and properties of the top-scoring
20 compounds from Screens 1 and 2 are listed in the
Appendix in Tables [V] and [V]] respectively.

IV. CONCLUSION

Our results have revealed clofazimine, paritaprevir, ledi-
pasvir, bafetinib, apilimod, fimepinostat, erosnin, and re-

ALL COMPOUNDS FROM SCREEN 3 (13 LIGANDS)

ZINC ID Name kcal/mol
ZINC000197964623  paritaprevir -9.6
ZINC000150338819  ledipasvir 9.1
- galidesivir triphosphate -8.4
- sofosbuvir triphosphate -8.3
ZINC000100074252  sofosbuvir -7.9
ZINC000012402860  ribavirin triphosphate -7.8
ZINCO000013492903  galidesivir -1.5
- remdesivir triphosphate -7.3
ZINC000013516399  tenofovir diphosphate -7.3
- tenofovir monophosphate -7.2
- remdesivir -7.0
ZINC000001035331  ribavirin -1.0
ZINC000001543475  tenofovir -6.8

vizinone as potentially novel 2019-nCoV RdRp inhibitors.
From here, many different research projects are currently in
progress, including a continuation of current work around
both the computational and manual design of analogs for
highly scoring compounds such as clofazimine. In vitro
studies are ongoing to determine the inhibitory nature of
these candidates, and results will soon be confirmed with
upcoming in vivo experiments.

Another avenue includes improvements in both virtual
screen volume and quality. Future work will include experi-
ments on PDB 6M71, the newly released cryo-EM structure
for 2019-nCoV RdRp[17]. Screening accuracy can also be
improved with the addition of a properly chelating Mg?*
ion[13][18]. To process larger numbers of ligand tranches
from the ZINC dataset, GPU-accelerated virtual screening
methods are being developed with consideration of different



knowledge-based scoring and optimization schemes, as well
as previously existing improvements to the default Vina
scoring function[19].
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