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Simeprevir suppresses SARS-CoV-2 replication and synergizes with remdesivir
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One Sentence Summary
Discovery of simeprevir as a potent suppressor of SARS-CoV-2 viral replication that
synergizes remdesivir.
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Abstract

The recent outbreak of coronavirus disease 2019 (COVID-19), caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus, is a global threat to human health. By in vitro
screening and biochemical characterization, we identified the hepatitis C virus (HCV) protease inhibitor
simeprevir as an especially promising repurposable drug for treating COVID-19. We also revealed that
simeprevir synergizes with the RNA-dependent RNA polymerase (RARP) inhibitor remdesivir to
suppress the replication of SARS-CoV-2 in vitro. Our results provide preclinical rationale for the
combination treatment of simeprevir and remdesivir for the pharmacological management of COVID-
19 patients.
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Introduction

The recent outbreak of infection by the novel betacoronavirus severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has spread to almost all countries and claimed more than 260,000 lives
worldwide (WHO situation report 107, May 6, 2020). Alarming features of COVID-19 include a high risk
of clustered outbreak both in community and nosocomial settings, and up to one-fifth severe/critically
ill proportion of symptomatic inpatients reported (1-4). Furthermore, a significant proportion of infected
individuals are asymptomatic, substantially delaying their diagnoses, hence facilitating the widespread
dissemination of COVID-19 (5). With a dire need for effective therapeutics that can reduce both clinical
severity and viral shedding, numerous antiviral candidates have been under clinical trials or in
compassionate use for the treatment of SARS-CoV-2 infection (6).

Several antivirals under study are hypothesized or proven to target the key mediator of a specific
step in the SARS-CoV-2 viral replication cycle. For instance, lopinavir/ritonavir (LPV/r) and danoprevir
have been proposed to inhibit the SARS-CoV-2 main protease (MP™, also called 3CLP™) needed for the
maturation of multiple viral proteins; chloroquine (CQ) / hydroxychloroquine (HCQ) [alone or combined
with azithromycin (AZ)] may abrogate viral replication by inhibiting endosomal acidification crucial for
viral entry (7, 8); nucleoside analogues such as remdesivir, ribavirin, favipiravir and EIDD-2801 likely
inhibit the SARS-CoV-2 nspl2 RNA-dependent RNA polymerase (RdARP) and/or induce lethal
mutations during viral RNA replication (9-11). Unfortunately, on the clinical aspect, LPV/r failed to
demonstrate clinical benefits in well-powered randomized controlled trials (RCTs), while HCQ and/or
AZ also failed to demonstrate benefits in observational studies (12—-14). Meanwhile, LPV/r, CQ/HCQ
and AZ may even increase the incidence of adverse events (14-16). Although remdesivir is widely
considered one of the most promising candidates, latest RCTs only revealed marginal shortening of
disease duration in patients treated (17). Therefore, further efforts are required to search for more
potent, readily repurposable therapeutic agents for SARS-CoV-2 infection, either as sole therapy or im
combination with other drugs to enhance their efficacy.

Ideally, the candidate drugs need to be readily available as intravenous and/or oral
formulation(s), possess favourable pharmacokinetics properties as anti-infectives, and do not cause
adverse events during the treatment of SARS-CoV-2 infection (e.g. non-specific immunosuppression,
arrhythmia or respiratory side effects). Two complementary approaches have been adopted to identify
novel drugs or compounds that can suppress SARS-CoV-2 replication. One approach relies on in vitro
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profiling of the antiviral efficacy of up to thousands of compounds in early clinical development, or drugs
already approved by the U.S. Food and Drug Administration (FDA) (18—-22). On the other hand, as the
crystal structure of the MP™© (23, 24), papain-like protease (PLP™) (25) and the cryo-EM structure of the
nspl2-nsp7-nsp8 RARP complex (11, 26) of the SARS-CoV-2 virus became available, the structure-
based development of their specific inhibitors becomes feasible. Structure-aided screening will enable
the discovery of novel compounds as highly potent inhibitors (27) as well as the repurposing of readily
available drugs as anti-CoV agents for fast-track clinical trials.

Here we report our results regarding the discovery of FDA-approved drugs potentially active
against the SARS-CoV-2. In vitro and cellular results led to the identification of simeprevir, a hepatitis
C virus (HCV) NS3A/4 protease inhibitor (28), as a potent inhibitor of SARS-CoV-2 replication in a
cellular model of infection. Importantly, simeprevir acts synergistically with remdesivir, whereby the
effective dose of remdesivr could be lowered by multiple-fold by simeprevir at physiologically feasible
concentrations. Interestingly, biochemical and molecular characterizations revealed that simeprevir
only weakly inhibits MP™, while no inhibition of either the PLP™ or the RdARP polymerase activity was
found. The anti-SARS-CoV-2 mechanism of simeprevir thus awaits further investigations and may
provide hints on novel antiviral strategies.

Results

A prioritized screening identified simeprevir as a potent suppressor of SARS-CoV-2 replication in a
cellular infection model

Given our goal of identifying immediately usable and practical drugs against SARS-CoV-2, we
prioritized a list of repurposing drug candidates for in vitro testing based on joint considerations on
safety, pharmacokinetics, drug formulation availability, and feasibility of rapidly conducting trials (Table
S1). We focused on FDA-approved antivirals (including simeprevir, saquinavir, daclatasvir, ribavirin,
sofosbuvir and zidovudine), and drugs whose primary indication was not antiviral but had reported
antiviral activity (including bromocriptine and atovaquone). Remdesivir was also tested for comparison
of efficacy and as a positive control.

In the Vero E6 cellular infection model, we found simeprevir as the only drug among our
prioritized candidates that showed potent suppression of SARS-CoV-2 replication in the < 10 uM range
(Fig. 1A). More detailed dose-response characterization found simeprevir has a potency comparable
to remdesivir in our experiment (Fig. 1B). The half-maximal effective concentration (ECso) of simeprevir
was determined to be 4.08 uM, while the 50% cytotoxicity concentration (CCso) was 19.33 uM, which
the latter is consistent with previously reported values in other human cell lines (29) (Fig. 1B). These
data suggest that a desirable therapeutic window exists for the suppression of SARS-CoV-2 replication
with simepreuvir.


http://sciwheel.com/work/citation?ids=8909642,8532612,8715085,8178344,8599077&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://sciwheel.com/work/citation?ids=8909642,8532612,8715085,8178344,8599077&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://sciwheel.com/work/citation?ids=8909642,8532612,8715085,8178344,8599077&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://sciwheel.com/work/citation?ids=8909642,8532612,8715085,8178344,8599077&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://sciwheel.com/work/citation?ids=8909642,8532612,8715085,8178344,8599077&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://sciwheel.com/work/citation?ids=8490868,8623158&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=8490868,8623158&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=8490868,8623158&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=8490868,8623158&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=8490868,8623158&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=8866288&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=8866288&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=8866288&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=8818631,8674315&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=8818631,8674315&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=8818631,8674315&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=8818631,8674315&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=8818631,8674315&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=8868453&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=8868453&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=8868453&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=1265614&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=1265614&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=1265614&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=8940111&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=8940111&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=8940111&pre=&suf=&sa=0
https://doi.org/10.1101/2020.05.26.116020

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.26.116020. this version posted May 26, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A

3 109+

-g 108 N 100uM

=]

= -

2 o’ 10 uM

S 10°7 Y

-‘F':‘ 105+

&£ 10%

o

~ 1034

=

2w

L? 10

@ 10

S 100+

. x\(@ (S“{\ ’sﬁ &Qe, S \)4\* o(g, 1;;;\\ Q '3\\\ @;\é ‘ 27'\6 é};\\\ (_)0
E S A e &L & R & 9
r 6‘0 & < ’\)‘b 1y %04 NG & ‘?5‘0 & @
Q‘
EC5o=4.082 UM EC5=4.269 uM
100=1 CC50319.33 IJM = 100 100+ CC50>200L|M A = 100

(s] (p)

g g £ 3
-~ -

_g 50 Fs0 8 § 50 50 ©

= a = g,

= g 2 g

E 0- ......................... -0 § E 0- ................ i...i...i .......... -O &‘Q

-50 T T T T -50 -50 T T T T -50
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Simeprevir (uM) Remdesivir (uM)

Fig. 1 (A) Screening for FDA-approved small molecule therapeutics for activities in suppressing SARS-CoV-2 replication in
Vero E6 cells. Dose-response curves in the suppression of SARS-CoV-2 replication in Vero E6 cells and cytotoxicity for
simeprevir (B) and remdesivir (C) are shown.

Simeprevir potentiates the suppression of SARS-CoV-2 replication by remdesivir

While simeprevir is a potential candidate for clinical use alone, we hypothesized that it may be
used to create a synergistic effect with remdesivir, thereby mitigating its reported adverse effects (17),
improving its efficacy and broadening its applicability. Indeed, combining simeprevir and remdesivir at
various concentrations apparently provided much greater suppression of SARS-CoV-2 replication than
remdesivir alone, while they did not synergize to increase cytotoxicity (Fig. 2A). Importantly, such
effects were not merely additive, as the excess over Bliss score suggested synergism at 3.3 M
simeprevir and 1.1 — 10 yM remdesivir in suppressing SARS-CoV-2 replication (Fig. 2B).
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Fig. 2 (A) Viral replication-suppression efficacies of different combinations of simeprevir and remdesivir concentrations. The
number behind S (simeprevir) and R (remdesivir) indicate the respective drug concentrations in yM. (B) Bliss score analyses
of synergism. Left panel: Diagram showing 12 combinations of simeprevir and remdesivir and their respective percentage
inhibition (% inhibition, color-coded) of SARS-CoV-2 replication in Vero E6 cells compared to DMSO controls. Right panel:
Excess over Bliss score (ABliss, color-coded) of different drug combinations. A positive and negative number indicates a
likely synergistic and antagonistic effect, respectively, while a zero value indicates independency.

Simeprevir weakly inhibits the SARS-CoV-2 MP but does not inhibit PLP or RARP at physiologically
feasible concentrations

The desirable anti-SARS-CoV-2 effect of simeprevir prompted us to determine its mechanism of
action. Given that simeprevir is an HCV NS3/4A protease inhibitor, we first investigated its inhibitory
activity against SARS-CoV-2 MP™® and PLP™ using established in vitro assays (30, 31) (Fig. 3A, C, E).
We found inhibition of MP™ by simeprevir with half-maximal inhibitory concentration (ICso) of 9.6 + 2.3
MM (Fig. 3B), two times higher than the ECso determined from our cell-based assay. The substrate
cleavage was further verified with SDS-PAGE (Supplementary Fig. 2). Docking simeprevir against the
apo protein crystal structure of SARS-CoV-2 MP° (PDB ID 6YB7; resolution: 1.25 A) suggested a
putative binding mode with a score of -9.9 kcal mol? (Supplementary Fig. 3). This binding mode is
consistent with a recent docking study using a homology model of SARS-CoV-2 MP (32). On the other
hand, no inhibition of PLP™ activity was observed even at above 20 uyM of simeprevir (Fig. 3D).

We speculated that the weak inhibition of MP™® protease activity by simeprevir could not fully
account for its antiviral effect towards SARS-CoV-2. To search for further mechanistic explanations, we
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next docked simeprevir, alongside several other drug candidates, and nucleoside analogues
(remdesivir, ribavirin and favipiravir) against the motif F active site of the cryo-EM structure of the
SARS-CoV-2 nspl2 RdRP (Supplementary Fig. 4A). Interestingly, the docking results revealed that
simeprevir had a higher score than the nucleoside analogues (Supplementary Fig. 4B). To test this
experimentally, we adopted previously reported protocols and constructed an RARP primer extension
assay using recombinant SARS-CoV-2 nspl2, nsp7 and nsp8. Intriguingly, simeprevir showed no
inhibition of RARP polymerase activity at concentrations as high as 500 uM (Fig. 3F). Since simeprevir
only weakly inhibits MP© and does not inhibit the enzyme activities of SARS-CoV-2 RdRP or PLP™ in
vitro, it may function by targeting other host or viral protein(s).
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Fig. 3 Inhibitory activity of various viral proteins by Simeprevir. (A) Assay scheme of SARS-CoV-2 main protease
(Mpro). (B) Inhibition of SARS-CoV-2 MP™ protease activity by simeprevir in a FRET-based assay with an ICsp of 9.6 + 2.3
MM. (C) Assay scheme of SARS-CoV-2 papain-like protease (PLP™). (D) No inhibition of SARS-CoV-2 PLP© activity by
simeprevir at concentrations up to 20 yM. (E) Assay scheme of SARS-CoV RNA-dependent RNA polymerase (RARP)
activity. (F) No inhibition of SARS-CoV-2 RdRP polymerase activity by simeprevir in a primer extension assay at
concentrations up to 500 uM.
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Discussion

The SARS-CoV-2 has gone from an emerging infection to a global pandemic as a novel
pathogen with high transmissibility. It is essential to reduce the casualties by effective pharmacological
management. Our study has successfully identified the readily repurposable, clinically practical antiviral
simeprevir that could target SARS-CoV-2. Specifically, we found a fourth-order suppression of viral
genome copies by simeprevir at <10 uM in a cell-based viral replication assay - a concentration that is
expected to be attainable in human lung tissues with = 150mg daily dosing based on available
pharmacokinetic data (33, 34).

In addition, we discovered that simeprevir can synergize with remdesivir in inhibiting SARS-CoV-
2 replication in a cellular model, potentially allowing lower doses of both drugs to be used to treat
COVID-19. In a global pandemic with patients having diverse clinical characteristics, providing an
additional option to remdesivir and the flexibility of combined simeprevir-remdesivir use will be
exceptionally important to treat those who are intolerant or not responding to the drug (17), which can
easily amount to tens of thousands of patients given the widespread disease. As there is only one
confirmed and approved therapy for COVID-19, a potentially repurposable drug can be rapidly tested
in animal models before clinical trials to prepare for supply shortages or when remdesivir-resistant
mutations arise.

We note, however, there are also several disadvantages of simeprevir and the proposed
simeprevir-remdesivir combination. Simeprevir requires dose adjustments in patients with Child-Pugh
Class B or C cirrhosis, as well as in patients with East Asian ancestry (33). In addition, simeprevir has
been taken off the market since 2018 due to the appearance of next-generation HCV protease
inhibitors, hence its supply may not be ramped up easily. As simeprevir is only available in an oral
capsule formulation, it cannot be easily administered in the most severe patients who may be intubated.
Finally, simeprevir is metabolized by the CYP3A4 enzyme with saturable kinetics (33) while remdesivir
itself is not only a substrate of CYP3A4 and esterases but also a CYP3A4 inhibitor. Whether such
theoretical pharmacokinetic interaction will exacerbate liver toxicity or provide additional
pharmacokinetic synergy (in addition to pharmacodynamic synergy) in vivo remains to be tested.

Mechanistically, we found unexpected complexity in the inhibition of SARS-CoV-2 replication by
simeprevir - it does not inhibit the SARS-CoV-2 viral proteins PLP™ or RARP at physiologically feasible
concentrations. Simeprevir is a weak inhibitor of MP© at ~10 uM, in keeping with the 1Cs0 at ~13.7 yM
as determined in a parallel study (31). This potency of MP™ inhibition unlikely accounts for the strong
suppression of SARS-CoV-2 viral replication observed. Therefore, further investigation of the
mechanism of action of simeprevir can uncover new druggable targets for inhibiting SARS-CoV-2
replication.

Materials and Methods

Chemicals and reagents

Bromocriptine Mesylate (BD118791), Saquinavir (BD150839), Bictegravir (BD767657),
Atovaquone (BD114807) and Asunaprevir (BD626409) were purchased from BLD Pharmatech
(Shanghai, China). Entecavir (HY-13623), Zidovudine (HY-17413), Sofosbuvir (HY-15005), Daclatasvir
(HY-10466), Simeprevir (HY-10241) Remdesivir (HY-104077) and Remdesivir triphosphate sodium
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(HY-126303A) were purchased from MedChemExpress (Monmouth Junction, NJ). Drug stocks were
made with DMSO.

In vitro SARS-CoV-2 antiviral tests

SARS-CoV-2 virus (BetaCoV/Hong Kong/VM20001061/2020, SCoV2) was isolated from the
nasopharynx aspirate and throat swab of a COVID-19 patient in Hong Kong using Vero E6 cells (ATCC
CRL-1586). Vero E6 cells were infected with SCoV2 at a multiplicity of infection (MOI) of 0.05 in the
presence of varying concentrations and/or combinations of the test drugs. DMSO as the vehicle was
used as a negative control. Antiviral activities were evaluated by quantification of SARS-CoV-2 ORF1b
copy number in the culture supernatant by using quantitative real-time RT-PCR (qPCR) at 48 h post-
infection with specific primers targeting the SARS-CoV-2 ORF1b (35).

Molecular docking simulations

Three-dimensional representations of chemical structures were extracted from the ZINC15
database (http://zinc15.docking.org) (36), with the application of three selection filters — Protomers,
Anodyne, and Ref. ZINC15 subset DrugBank FDA (http://zinc15.docking.org./catalogs/dbfda/) were
downloaded as the mol2 file format. The molecular structures were then converted to the pdbgt format
(the input file format for AutoDock Vina) using MGLTools2-1.1 RC1 (sub-program “prepare_ligand”)
(http://adfr.scripps.edu/versions/1.1/downloads.html). AutoDock Vina v1.1.2 was employed to perform
docking experiments (37). Docking of simeprevir on SARS-CoV-2 MP® was performed with the target
structure based on an apo protein crystal structure (PDB ID: 6YB7); the A:B dimer was generated by
crystallographic symmetry. Docking was run with the substrate-binding residues set to be flexible.
Docking of simeprevir and other active triphosphate forms of nucleotide analogues was performed
against the nspl12 portion of the SARS-CoV-2 nspl2-nsp7-nsp8 complex cryo-EM structure (PDB ID:
6M71).

Expression and purification of MP and its substrate for FRET assay

The sequence of SARS-CoV-2 MP° was obtained from GenBank (accession number:
YP_009725301), codon-optimized, and ordered from GenScript. A C-terminal hexahistidine-maltose
binding protein (Hiss-MBP) tag with two in-between Factor Xa digestion sites were inserted. Expression
and purification of SARS-CoV-2 MP™ was then performed as described for SARS-CoV MP™ (30). The
protein substrate, where the cleavage sequence “TSAVLQSGFRKM” of MP™ was inserted between a
cyan fluorescent protein and a yellow fluorescent protein, was expressed and purified as described
(30).

In vitro MP'© inhibition assay

The inhibition assay was based on fluorescence resonance energy transfer (FRET) using a
fluorescent-protein-based substrate previously developed for SARS-CoV MP® (30, 38). 0.1 uM of
purified SARS-CoV-2 MPwas pre-incubated with 0 - 250 uM simeprevir in 20 mM HEPES pH 6.5, 120
mM NaCl, 0.4 mM EDTA, 4 mM DTT for 30 min before the reaction was initiated by addition of 10 yM
protein substrate (31). Protease activity was followed at 25 °C by FRET with excitation and emission
wavelengths of 430 nm and 530 nm, respectively, using a multi-plate reader as described (30, 38).
Reduction of fluorescence at 530 nm was fitted to a single exponential decay to obtain the observed
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rate constant (kobs). Relative activity of MP© was defined as the ratio of kops with inhibitors to that without.
The relative 1Cso value of simeprevir was determined by fitting the relative activity at different inhibitor
concentration to a four-parameter logistics equation.

Expression and purification of nsp7, nsp8, nspl12

The nsp7 and nsp8 genes were retrieved from GenBank (accession number:YP_009725303.1
& YP_009725304.1) N-terminally hexahistidine-tagged, codon-optimized, and chemically synthesized
and cloned into the vector pET-45b(+) (GeneScript). The plasmids were separately transformed into
Escherichia coli BL21 (DE3) competent cells and grown in 2YT media supplemented with 100 pg/mi
ampicillin at 37 °C. When the ODsoo of the cells reached 0.8, expression was induced with 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG) and the cells were grown at 16 °C overnight. The cells
were harvested by centrifugation at 6238 x g for 10 min at 4 °C. The cell pellets for nsp7 and nsp8 were
resuspended in lysis buffer [20 mM Tris (pH 7.5), 500 mM NacCl, 10 mM imidazole, 5% (v/v) glycerol,
17.4 pg/ml phenylmethylsulfonyl fluoride (PMSF) and 5 mM -mercaptoethanol (BME)]. The
resuspended cells were lysed by sonication and the lysates were separated from the insoluble fractions
by centrifugation at 24,000 rpm (69,673 x g) for 30 min at 4°C. The proteins were purified by nickel
affinity using a His-trap column (GE Healthcare) equilibrated with lysis buffer. The column was washed
with 10 column volumes of wash buffer (20 mM Tris (pH 7.5), 500 mM NacCl, 40 mM imidazole, 5%
glycerol and 5 mM BME) and the proteins were eluted with 3 - 4 column volumes of elution buffer (20
mM Tris (pH 7.5), 500 mM NacCl, 500 mM imidazole, 5% glycerol and 5 mM BME). The eluted proteins
were further purified by size exclusion chromatography using a Superdex 200 16/600 column (GE
Healthcare) equilibrated with a buffer containing 25 mM Tris (pH 7.5), 300 mM NacCl, 0.1 mM MgCl2
and 1 mM dithiothreitol (DTT). The relevant protein fractions were pooled, concentrated to 7.93 mg/ml
(nsp7) and 93 mg/ml (nsp8) respectively, and stored at -80 °C.

The nspl2 protein was purchased from GenScript. Briefly, the gene sequence for SARS-CoV-2
nspl2 was retrieved from GenBank [Accession Number: QHD43415.1(4393...5324)], codon-optimized
for Sf9 insect cells and chemically synthesized (GenScript). The DNA fragment was then subcloned
into pFastBac1 using EcoRI/Hindlll with a 5 Kozak sequence, C-terminal thrombin site and
hexahistidine tag, adding additional amino acids MGLQ to the N-terminus and LVPRGSGHHHHHH to
the C-terminus of the protein. The plasmids were amplified in E. coli TOP10 cells and transformed into
E. coli DH10Bac cells (Life Technologies) for bacmid production. The nsp12 bacmids were transfected
into Sf9 cells (Expression Systems) using transfection Reagent FUGENE® 6 (Promega). The
recombinant baculovirus was amplified twice in Sf9 cells. 10 mL of the second amplification was used
to infect 1 L of Sf9 cells at 3 x 106 cells/mL and incubated at 27 °C for 48 h. Cells were harvested by
centrifugation at 1000 x g and resuspended in 70 mL of Lysis Buffer (25 mM HEPES pH 7.4, 300 mM
NaCl, 1 mM MgClz, 2 mM DTT). The resuspended cells were then mixed with an equal volume of lysis
buffer containing 0.2% (v/v) Igepal CA-630 (Anatrace) and incubated with agitation for 10 min at 4 °C.
The cell lysate was then sonicated before clarification by centrifugation at 15,000 x g at 4 °C for 30 min.
Cleared lysates were incubated with Ni-NTA beads for 2 h (GenScript), washed with Lysis buffer, and
eluted with Lysis buffer containing step gradients of 20 — 500 mM imidazole. The eluted protein was
dialysed against protein storage buffer (25 mM HEPES pH 7.5, 300 mM NaCl, 0.1 mM MgClz, 2 mM
TCEP), concentrated with Amicon Ultra concentrator (Millipore Sigma), and stored at -80 °C.
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In vitro RARP inhibition assay

For nspl12-nsp7-nsp8 complex formation, 5 yM of purified SARS-CoV-2 nspl12 was mixed with
separately purified nsp7 and nsp8 in 1:6:6 molar ratio in RARP assay buffer (25 mM Tris-HCI pH 7.5,
300 mM NacCl, 0.1 mM MgClz, 1 mM DTT) and incubated at 4 °C overnight. For the RNA template
(ordered from General Biosystems), 5’ FAM labelled RNA probe 1 (5-GCUAUGUGAGAUUAAGUUAU-
3’) and unlabelled RNA probe 6 (5’-UCUCUCUCUCUCUCUCUCUCAUAACUUAAUCUCACAUAGC-
3’) were mixed in 1:1 molar ratio to a final concentration of 40 uM each in RNA annealing buffer (20
mM Tris-HCI pH 8, 50 mM NaCl, 5 mM EDTA), denatured at 95 °C for 5 min and cooled to 25 °C over
the course of 10 min in a thermocycler. To test the activity of the recombinant nspl12-nsp7-nsp8
complex, 4 uM of the protein complex was incubated at 27 °C for 1 h in the presence of 1 yM RNA
template, 0.5 U/uL Superaseln (Thermo Fisher) and 50 uM NTP in RdRP assay buffer. For Simeprevir
inhibitory assay, different concentrations of Simeprevir in DMSO were added to the reaction mixture,
comprising 5% of the reaction volume. Reactions were terminated by addition of equal volume 2x RNA
loading buffer (0.5x Gel Loading Dye Purple (NEB) in 90% formamide), denatured at 95 °C for 5 min
and immediately transferred on ice. Reaction products were analyzed on 8M Urea, 15% polyacrylamide
(acrylamide:bis-acrylamide = 19:1) minigel buffered with 1X TBE. After running at 250 V for 25 min, the
gel was imaged with Gel Doc EZ Imager (Bio-Rad) using the Ethidium Bromide mode.

In vitro PLP™ inhibition assay

The purification and assay of PLP™ activity was adapted from as previously described (25).
Briefly, a ubiquitin protein tagged with rhodamine-modified PLP™ cleavage site was used as a substrate
for the enzymatic assay. 5 uL of solution containing 0 - 20 uM of Simeprevir and 10 uM of ubiquitin-
rhodamine were aliquoted into a 384-well plate. Reaction was initiated by addition of 5 uL of 30 nM
PLP™ to the well. Initial velocities of rhodamine release were normalized against DMSO control.
Reactions were conducted for 300 seconds with monitoring of fluorescence intensity at 485/520 nm
using a microplate reader (PHERAstar FSX, BMG Labtech).
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Supplementary Figures & Tables

Contraindications

Drug T Common/notable adverse Drug . (except known
. Approved indication(s) formulation(s) s
candidate effects - hypersensitivity to the
available
drug)
Simeprevir Chronic HCV infection Phot0§en5|t|V|ty, rash, fatigue, Oral None
myalgia, dyspnea
Daclatasvir Chronic HCV infection F_atlgue, nausea, anemia, Oral None
diarrhea
. Prolonged QT interval,
Saquinavir HIV infection N%Tgsaégé?]”hea‘ QT Oral Patients at risk/having
P 9 complete AV block
Hyperprolactinemia, pituita E:S:élga%?in’ucgzzlrrtlﬁggt,atic Uncontrolled hypertension,
Bromocriptine yperp P y - 1atigue, Oral psychosis, syncopal
prolactinoma hypotension, vasospasm, A
: ; migraine
abdominal pain
Fatigue, rash, nausea, Moderate/severe hepatic
Asunaprevir HIV infection neutropenia, anemia, deranged | Oral impairment (Child B%r )
liver function tests P
Increased serum creatine
Bictegravir HIV infection kinase, deranged liver function | Oral None
tests, neutropenia
Entecavir HBYV infection Deranged liver function tests Oral _Mode_rate/ severe hepatic
impairment (Child B or C)
Zidovudine HIV infection Headache, malalse_, rash, . Oral None
nausea, neutropenia, anemia
Fatigue, headache, insomnia,
Sofosbuvir Chronic HCV infection nausea, diarrhea, anemia, Oral None
myalgia, rash
Protozoal infection or Headache, insomnia, rash,
Atovaquone prophylaxis (Pneumocystic diarrhea, myalgia, drug fever, Oral None
jirovecii, Plasmodium spp. etc) | hyponatremia, neutropenia
Serum alanine
Remdesivir COVID-19 Deranged liver function tests Intravenous transaminase =5x the

upper-limit of normal

Table S1 FDA-approved repurposable drug candidates tested in this study.
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Supplementary Fig. 1 SDS-PAGE analysis of recombinant SARS-CoV-2 Mpr,
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Supplementary Fig. 2 (A) The addition of SARS-CoV-2 MP led to the cleavage of the substrate, causing detectable
decline in FRET signal with 430-nm excitation and 530-nm emission. (B) Confirmation of substrate cleavage by Mp™ using
SDS-PAGE. (C) The addition of simeprevir at varying concentrations attenuated the rate of FRET substrate cleavage by

mpre,
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Supplementary Fig. 3 Docking of simeprevir on SARS-CoV-2 Mr (performed with AutoDock Vina version 1.1.2). The
MPpre structure was based on an apo protein crystal structure (PDB ID: 6YB7); the A:B dimer was generated by
crystallographic symmetry. Docking was run with the substrate-binding residues set to be flexible; and a 30 x 30 x 30 A3
search box centered near the side-chain Ne2 atom of His163. The top docking mode shown here scored -9.9 kcal mol-.
The protein is shown as a semi-transparent molecular surface encasing its stick model with the catalytic residues His41
and Cys145 in green. The ligand was shown as a stick model with oxygen atoms in red; nitrogen atoms in blue, sulfur
atoms in yellow and carbon atoms in white.
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Supplementary Fig. 4 (A) Binding mode of Simeprevir and other inhibitors against SARS-CoV-2 nsp12 (PDB: 6M71).
Motif F is highlighted in yellow. (B) Docking scores of drug candidates against nsp12.
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Supplementary Fig. 5 SDS-PAGE analysis of the nsp12-nsp8-nsp7 RARP complex formed using recombinant SARS-CoV-
2 proteins in vitro.
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Supplementary Fig. 6 Time-dependent increase in the extension of probe 1 is apparent using urea denaturing PAGE gel
analysis.
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