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SUMMARY
Effective control of COVID-19 requires antivirals directed against SARS-CoV-2.We assessed 10 hepatitis C vi-
rus (HCV) protease-inhibitor drugs as potential SARS-CoV-2 antivirals. There is a striking structural similarity of
the substrate binding clefts of SARS-CoV-2 main protease (Mpro) and HCV NS3/4A protease. Virtual docking
experiments show that these HCV drugs can potentially bind into the Mpro substrate-binding cleft. We show
that seven HCV drugs inhibit both SARS-CoV-2 Mpro protease activity and SARS-CoV-2 virus replication in
Vero and/or human cells. However, their Mpro inhibiting activities did not correlate with their antiviral activities.
This conundrum is resolved by demonstrating that four HCV protease inhibitor drugs, simeprevir, vaniprevir,
paritaprevir, and grazoprevir inhibit the SARS CoV-2 papain-like protease (PLpro). HCV drugs that inhibit PLpro

synergizewith the viral polymerase inhibitor remdesivir to inhibit virus replication, increasing remdesivir’s anti-
viral activity as much as 10-fold, while those that only inhibit Mpro do not synergize with remdesivir.
INTRODUCTION

Effective control of the SARS-CoV-2 coronavirus that causes

COVID-19 requires antivirals. Considering the urgency to identify

effective antiviral drugs, and the usually lengthy process involved

in approving candidate drugs for human use, our goal is to iden-

tify existing drugs already approved for use in humans that can

be repurposed as safe and effective therapeutics for treating

COVID-19 infections, and which may also be useful as lead mol-

ecules for novel drug development.

SARS-CoV-2 is an enveloped RNA virus, which causes

COVID-19 (Wu et al., 2020). Its genome comprises a single, large

positive-sense single-stranded RNA, which is directly translated

by host cell ribosomes. The SARS-CoV-2 genome encodes 4

structural proteins, 16 non-structural proteins (NSPs), which

carry out crucial intracellular functions, and 9 accessory proteins

(Gordon et al., 2020; Wu et al., 2020). Many of these proteins,

and their host binding partners, are potential targets for develop-

ment of antivirals for SARS-CoV-2. For example, the repurposed
This is an open access article under the CC BY-N
drug remdesivir, which inhibits the viral RNA-dependent RNA

polymerase, is the current FDA-approved antiviral standard of

care for COVID-19 (Eastman et al., 2020; Pan et al., 2020).

Translation of the viral genomic RNA results in the biosynthesis

of two polyproteins that are processed into the 16 separate NSPs

by two virus-encoded cysteine proteases, the papain-like prote-

ase (PLpro) and a 3C-like protease (3CLpro). The latter is also

referred to as the main protease (Mpro). Mpro and PLpro are essen-

tial for the virus life cycle and hence are attractive targets for anti-

viral development. These two viral proteases are required for the

production of functional viral RNA polymerases. Mpro cleavages

are predicted to generate several NSPs, including the three sub-

units nsp7, nsp8, and nsp12 that constitute the viral RNA poly-

merase complex (Peng et al., 2020), as well as integral membrane

proteins nsp4 and nsp6. PLpro cleavages generate other NSPs,

including nsp3 (Harcourt et al., 2004). The nsp3-nsp4-nsp6 com-

plex is a key component of the replication organelles, also known

as double-membrane vesicles (DMVs), that are required for the

function of the viral polymerase in infected cells (Angelini et al.,
Cell Reports 35, 109133, May 18, 2021 ª 2021 The Author(s). 1
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2013; Gosert et al., 2002; Oudshoorn et al., 2017; Snijder et al.,

2020; Wolff et al., 2020a, 2020b). Considering that both Mpro

and PLpro generate either the RNA polymerase itself or the repli-

cation organelles required for polymerase function, we reasoned

that inhibitors of one or both of these proteases might be syner-

gistic with inhibitors of the viral polymerase, such as remdesivir.

We observed that the substrate binding cleft and active site of

the SARS-CoV-2 Mpro have remarkable structural similarity with

the active site of the hepatitis C virus (HCV)NS3/4Aprotease, sug-

gesting that drugs that inhibit the HCV protease might also inhibit

SARS-CoV-2Mpro (Bafnaet al., 2020).Consistentwith thishypoth-

esis, subsequent studies have reported that three of these HCV

drugs, boceprevir, narlaprevir, and telaprevir, inhibit Mpro proteo-

lytic activity and bind into its active site (Anson et al., 2020; Fu

et al., 2020; Kneller et al., 2020a; Ma et al., 2020). Boceprevir has

also been reported to inhibit SARS-CoV-2 replication in Vero cells

(Anson et al., 2020; Fuet al., 2020;Maet al., 2020).OtherHCVpro-

tease inhibitors have also been reported to inhibit Mpro proteolytic

activity (Anson et al., 2020; Fu et al., 2020; Lo et al., 2021;Maet al.,

2020) and/or viral replication (Lo et al., 2021) to various extents,

while other studies report that some of these same HCV protease

inhibitors did not significantly inhibit Mpro (Fu et al., 2020).

In this study, we assess the ability of 10 available HCV prote-

ase inhibitors to suppress SARS-CoV-2 replication. Virtual dock-

ing experiments predict that all 10 of these HCV drugs can bind

snuggly into the Mpro binding cleft with docking scores compa-

rable to a known Mpro inhibitor, suggesting that any of these 10

HCV drugs are potential inhibitors of Mpro. Seven of these HCV

drugs inhibit both SARS-CoV-2 Mpro protease activity, and

SARS-CoV-2 virus replication in Vero and/or human 293T cells

expressing the SARS-CoV-2 ACE2 receptor. Surprisingly, we

found that four HCV drugs also inhibit PLpro protease activity

(including one that did not inhibit Mpro). Consequently, HCV

drugs that inhibit Mpro and/or PLpro can suppress SARS-CoV-2

virus replication, viz, boceprevir (BOC), narlaprevir (NAR), vani-

previr (VAN), telaprevir (TEL), paritaprevir (PAR), simeprevir

(SIM), grazoprevir (GRZ), and asunaprevir (ASU).

Further, we demonstrate that the four HCV drugs that inhibit the

proteolytic activity of PLpro, SIM, GRZ, PAR, and VAN, also act

synergisticallywith remdesivir to inhibitSARS-CoV-2virus replica-

tion, thereby increasing remdesivir antiviral activity asmuchas10-

fold. Inaddition, thePLpro -specific inhibitor,GRL0617, also syner-

gizes with remdesivir. In contrast, the HCV drugs BOC and NAR,

which inhibit Mpro but not PLpro, as well as theMpro-specific inhib-

itor GC-376, act additively rather than synergistically with remde-

sivir to inhibit virus replication. Our results suggest that the combi-

nation of aHCVprotease inhibitorwith aRNApolymerase inhibitor

could potentially function as an antiviral against SARS-CoV-2.

More generally, our results strongly motivate further studies of

the potential use of PLpro protease inhibitors in combination with

RNA polymerase inhibitors as antivirals against SARS-CoV-2.

RESULTS

Similarity of the substrate-binding clefts andactive sites
of SARS-CoV-2 Mpro and HCV protease NS3/4A
The SARS-CoV-2 main protease (Mpro) is a 67.6 kDa homodi-

meric cysteine protease with three domains (Jin et al., 2020;
2 Cell Reports 35, 109133, May 18, 2021
Zhang et al., 2020b). Domains I and II adopt a double b-barrel

fold, with the substrate binding site located in a shallow cleft be-

tween two antiparallel b-barrels of domains I and II. The fold ar-

chitecture of domains I and II are similar to picornavirus cysteine

proteases and chymotrypsin serine proteases (Anand et al.,

2002; Gorbalenya et al., 1989). A three-dimensional structural

similarity search of the Protein Data Bank using the DALI pro-

gram (Holm and Sander, 1993, 1999), with domains I and II

(excluding domain III) of the SARS-CoV-2 Mpro as the query,

identified several proteases, including the HCV NS3/4A serine

protease, as structurally similar. These HCV and SARS-CoV-2

enzymes have a structural similarity Z score (Holm and Sander,

1993, 1999) of +8.4 and overall backbone root-mean-square de-

viation for structurally similar regions of�3.1 Å. Superimposition

of the analogous backbone structures of these two proteases re-

sults in superimposition of their substrate binding clefts and their

active-site catalytic residues, His41/Cys145 of the SARS-CoV-2

Mpro cysteine protease and His57/Ser139 of the HCV NS3/4A

serine protease (Figure 1A). Because of these structural similar-

ities, we proposed that some HCV protease inhibitors might bind

well into the substrate-binding cleft of the SARS-CoV-2 Mpro and

inhibit virus replication (Bafna et al., 2020).

HCV protease inhibitors are predicted to bind into the
substrate binding cleft of Mpro

Based on these structural similarities, we carried out docking

simulations of 10 HCV NS3/4A protease inhibitor drugs (Özen

et al., 2019), using AutoDock (Forli et al., 2016; Morris et al.,

2009). These 10 drugs have been approved for at least phase 1

clinical trials, and some are FDA-approved prescription drugs

used to treat HCV-infected patients (Table 1). To test the validity

of our docking protocol, we first carried out docking of a previ-

ously described inhibitor of the SARS-CoV-2 Mpro, compound

13b (Figure S1A), that also inhibits virus replication (Zhang

et al., 2020a, 2020b). Details of these control docking studies

are provided in the STAR Methods and Figures S1B–S1D. The

resulting docking scores are summarized in Figure 1B and

Table S1. These results demonstrate that all 10 of these HCV

protease inhibitors have the potential to bind snuggly into the

binding cleft of Mpro, with extensive hydrogen-bonded and

hydrophobic contacts, and predicted AutoDock energies

of �8.37 to �11.01 kcal/mol, comparable to those obtained for

Mpro inhibitor 13b (� �9.0 kcal/mol).

The 1.44-Å X-ray crystal structure of the complex of BOC

bound to the SARS-CoV-2 Mpro was recently released in the

Protein Data Bank [PDB: 6WNP (Anson et al., 2020; Anson and

Mesecar, 2020)]. The BOC pose observed in this X-ray crystal

structure is almost identical to the lowest energy pose

(�9.13 kcal/mol) predicted by AutoDock (Figure 1C). In addition,

both the docked and crystal structure binding poses for BOC

near the active site of Mpro are very similar to its binding pose

in the substrate binding cleft of HCV protease (Figure 1D), with

an essentially identical hydrogen-bonding network between

BOC and corresponding residues in each protease (shown in

Figures S1E and S1F). Recently, Kneller et al. (2020a) also re-

ported an X-ray crystal structure of the SARS-CoV2 Mpro-BOC

complex, as well as the structures of Mpro complexed with

HCV inhibitors NAR and TEL. The predicted binding modes of



Figure 1. SARS-CoV-2 Mpro binds HCV NS3/4A protease inhibitors
(A) The active site cleft of the SARS-CoV-2Mpro (green, PDB: 6Y2G) has remarkable structural similarity with the active site cleft of HCV protease NS3/4A (orange,

PDB: 2P59). Both have a double b-barrel fold architecture, with a substrate binding site located in a shallow cleft between two the antiparallel b-barrels. The

regions identified by DALI as structurally analogous are shown in color (green and orange), and the regions that are not structurally analogous are shown in gray.

This superimposition of backbone atoms results in superimposition of the catalytic residues Cys145 and His41 of the SARS-CoV-2Mpro with Ser139 and His57 of

HCV protease. Asp81 of the HCV protease catalytic triad is also shown.

(B) Best AutoDock docking scores for 10 HCV protease inhibitors in the substrate binding cleft of SARS-CoV-2 Mpro. Each docking trajectory was run one-

hundred times. The best docking score for Mpro inhibitor 13b is shown as a horizontal red dashed line.

(C) Comparison of the BOC binding pose in best-scoring AutoDock complex (magenta) with the X-ray crystal structure of the BOC-Mpro complex (Anson and

Mesecar, 2020) (green, PDB: 6WNP).

(D) Comparison of BOC binding poses in X-ray crystal structures of complexeswith HCVNS3/4A protease (orange, PDB: 2OC8; (Prongay et al., 2007)) and SARS-

CoV-2 Mpro protease (green, PDB: 6WNP).

(E) Dose-response curves based on FRET assay for inhibition of Mpro, by NAR, BOC, and TEL.

(F) 1D 1H-NMR assay for hydrolysis of the indicated peptide substrate. The amide proton doublets of Phe-10 prior to cleavage (F10_uncleaved) or of Gln-7 after

cleavage (Q7_cleaved) provide well-resolved resonances for monitoring the proteolysis reaction. The amide proton doublet of Glu-14 (E14) is not perturbed by

cleavage and provides an internal intensity calibration control. GRZ has resonances (labeled by *) that overlap with the upfield component of the E14 doublet.

(G) Percentage of cleavage of the indicated peptide substrate by Mpro after 30 min at 25�C. FRET data points are mean ± SD, n = 3; NMR resonance ratio

uncertainties were based on signal-to-noise measurements.

See also Tables S1–S3 and Figures S1–S4 and S7.
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BOC andNAR are also an excellent match to these subsequently

determined experimental structures (Figures S1G and S1H),

while for TEL poses similar to the crystal structure are included
among the best-scoring AutoDock poses (Figures S1I and

S1J). BOC, NAR, and TEL are alpha-ketoamides which form

covalent bonds with the active site residue Cys145 of Mpro.
Cell Reports 35, 109133, May 18, 2021 3



Table 1. HCV protease inhibitors

Inhibitor

(trade

name)

Identifier of

protease

inhibitor

Trade name;

manufacturer Drug status

Vaniprevir VAN MK-7009; Merck investigational

drug

Simeprevir SIM Olysio/Medivir;

Janssen

prescription

drug

Paritaprevir PAR Veruprevir/ABT-450;

Abbott Laboratories

prescription drug

Danoprevir DAN Ganovo; Array/Pfizer,

Roche/Ascletis

investigational

drug

Narlaprevir NAR Arlansa; Merck/R-

Pharm

prescription drug

Grazoprevir GRZ Zepatier; Merck prescription drug

Glecaprevir GLE Mavyreta Mavireta;

AbbVie/Enanta

prescription drug

Boceprevir BOC Victrelis; Merck prescription drug

Telaprevir TEL Incivek/Incivo;

Vertex/J&J

prescription drug

Asunaprevir ASU Sunvepra; Bristol-

Myers Squibb

investigational

drug
aMavyret (or Maviret) is a multidrug formulation including glecaprevir and

pibrentasvir.

Article
ll

OPEN ACCESS
Although this docking protocol does not include energetics or re-

straints for covalent bond formation, in the low-energy poses of

both BOC and NAR bound to Mpro, the alpha-keto amide carbon

is positioned within 3.8 Å of the active site thiol sulfur atom.

These blind tests support the predictive value of docking results

for the other HCV protease inhibitors. From these virtual docking

studies and comparison with subsequently determined X-ray

crystal structures, we conclude that all 10 of these HCV protease

inhibitors have the potential to bind into the substrate-binding

cleft of Mpro, and to inhibit binding of its substrates.

Seven HCV drugs inhibit Mpro protease activity
Inhibition activity of HCV drugs against Mpro was initially as-

sessed using a protease assay based on Föster resonance

energy transfer (FRET) using the peptide substrate Dabsyl-

KTSAVLQ/SGFRKME-(Edans), containing a canonical Mpro

protease recognition site. Under the conditions of these FRET as-

says, there is little or no inner filter effect formost of the drug-pep-

tide substrate assays (Table S3), and the half-life for the proteo-

lytic reaction is about 30 min (Figures S2A and S2B). HCV

protease inhibitors NAR, BOC, and TEL have significant enzyme

inhibition activity, with IC50 values of 2.2 ± 0.4 mM, 2.9 ± 0.6 mM,

and 18.7± 6.4 mM, respectively (Figure 1E). In contrast, little or no

inhibition activity was detected in this FRET assay with the other

seven HCV protease inhibitors (Figures S3A and S3B).

We also developed a 1D 1H-NMR assay, using the peptide

substrate KTSAVLQ/SGFRKME that lacks the Dabsyl and Edans

N-terminal and C-terminal tags (Figure S4). In this 1D 1H-NMR

assay, NAR, BOC, and TEL have substantial enzyme inhibition

activity, as was the case in the FRET assay. In addition, in the

NMR assay substantial inhibitory activity was also observed for
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VAN, and moderate inhibitory activity was observed for GRZ,

SIM, and ASU (Figures 1F and 1G). This significant inhibition ac-

tivity of VAN, and moderate inhibition activities of GRZ, SIM, and

ASU, was not detected in the FRET assay. DAN, PAR, and GLE

had little or no detectable Mpro inhibitory activity. From these

studies, we conclude that seven HCV drugs (viz BOC, NAR,

TEL, VAN, GRZ, SIM, and ASU) inhibit SARS-CoV-2 Mpro

strongly or moderately under the conditions tested.

Eight HCV drugs inhibit SARS-CoV-2 replication in Vero
and/or human 293T cells
The motivation for the docking and biophysical studies

described above was to identify HCV drugs with the potential

to inhibit SARS-CoV-2 virus replication. For antiviral assays,

Vero E6 cells or human 293T cells expressing the ACE2 receptor,

were grown in 96-well plates and were incubated with various

levels of a HCV protease inhibitor for 2 h. Cells were then infected

with SARS-CoV-2 virus at the indicated multiplicity of infection

(MOI, plaque-forming units [PFU)/cell) and incubated for the indi-

cated times at 37
�
C in the presence of the inhibitor. Virus-in-

fected cells were identified by immunofluorescence using an

antibody specific for the viral nucleoprotein. Inhibition of viral

replication was quantified by determining the percentage of pos-

itive infected cells at the end of the incubation period in the pres-

ence of the compound, as compared with the number of infected

cells in its absence. To determine whether a HCV drug was cyto-

toxic, uninfected Vero E6 or human 293T cells were incubated

with the same levels of the compounds for the same length of

time, and cytotoxicity was measured using an MTT assay

(Roche). In all of these replication assays, remdesivir was used

as a positive control.

Viral replication inhibition data in Vero E6 cells are summarized

in Figure 2; Table S2. Five of the HCV protease inhibitors tested,

PAR, NAR, GRZ, ASU, and BOC, inhibited SARS-CoV-2 virus

replication at concentrations significantly lower than the concen-

trations that cause cytotoxicity. Two other HCV protease inhibi-

tors, SIM and VAN, inhibited virus replication with low IC50

values, but some cytotoxicity was also observed. These seven

HCV drugs have IC50 values for inhibiting SARS-CoV-2 replica-

tion of 4.2 to 19.6 mM. The remaining three HCV drugs tested,

TEL, GLE, and DAN, did not inhibit virus replication in Vero E6

cells, even at a drug concentration of 50 mM.

Next, we also determined whether the HCV drugs exhibited

similar antiviral activities in human cells, specifically human

293T cells expressing the ACE2 receptor (Figure 3; Table S2).

Again, PAR, SIM, and VAN were the most effective inhibitors of

virus replication, with IC50 values of 0.55 to 3.0 mM, and with

considerably reduced cytotoxicity as compared to assays in

Vero cells. BOC and NAR, which are relatively strong Mpro inhib-

itors (Figures 1E–1G), were less effective inhibitors of virus repli-

cation, with IC50s of 5.4 and 15 mM. The other covalent Mpro in-

hibitor, TEL, which did not inhibit in Vero cells had a IC50 of

20.5 mM in human cells, while GRZ had less potent antiviral ac-

tivity in human cells than in Vero cells (cf. Figures 2F, 2I, 3G,

and 3H). Thus, seven HCV drugs inhibited SARS-CoV-2 replica-

tion in human 293T cells, with IC50 values ranging from 0.55 to

20.5 mM. GLE and DAN did not inhibit virus replication in human

cells, as was also the case in Vero cells. ASU, a modest inhibitor



Figure 2. Antiviral activity of HCV protease inhibitors in Vero E6 cells

(A–K) Inhibition of viral replication was determined in a concentration-dependent matter in Vero E6 cells. Replication assays were performed atMOI of 0.025 PFU/

cell. In all panels, viral infectivity is shown as a solid line and cell toxicity as a dashed line. Data = mean ± SD; n = 3 independent samples. The estimated IC50 is

labeled in the top-left corner of each plot. Remdesivir is included as a standard of care control. See also Table S2.
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in Vero cells, did not inhibit viral replication in human cells at con-

centrations lower than those exhibiting cytotoxicity.

We also determined whether the inhibition of SARS-CoV-2

replication by representative HCV protease inhibitors occurs at

steps after virus entry, as would be expected for inhibitors of viral

proteases that are produced after infection. Accordingly, we

performed time-of-addition assays in human cells, using BOC
(50 mM), GRZ (25 mM), NAR (50 mM), VAN (5 mM), and SIM

(5 mM), at concentrations that do not show detectable cytotox-

icity as measured by MTT assay (Table S2) or by DAPI staining

in infected cells. In a single cycle (MOI of 2 PFU/cell over a total

infection time of 8 h) of infection, drugs were added 2 h prior to

infection, at the time of infection, or at 2 or 4 h post-infection. Vi-

rus replication was inhibited by the addition of these drugs as
Cell Reports 35, 109133, May 18, 2021 5



Figure 3. Antiviral activity of HCV protease inhibitors in HEK293T cells

(A–K) Inhibition of viral replication was determined in a concentration-dependent matter in human 293T cells. Replication assays were performed at MOI of 0.025

PFU/cell. In all panels, viral infectivity is shown as a solid line and cell toxicity as a dashed line. Calculated IC50 is indicated in the top-left corner of each plot.

Remdesivir is included as a standard of care control.

(L) Time-of-addition assay in human 293T cells. Drugs, at the indicted non-cytotoxic concentrations, were added to cells at the indicated time points before (–2 h),

at (0 h), or after (+2 or +4 h) viral infection, at MOI of 2 PFU/cell.

Data are mean ± SD; n = 3 independent samples.

See also Table S2.
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late as 4 h post-infection (Figure L), indicating that these drugs

can inhibit viral infection after the initial phase of virus entry.

These results indicate that these HCV drugs inhibit virus-en-

coded proteases synthesized in infected cells. The results do

not, however, rule out that these drugsmay also inhibit other pro-

teases or enzymes, including any involved in virus entry. In

contrast, addition of the RNA polymerase inhibitor remdesivir

4 h after the initiation of infection decreased its ability to sup-
6 Cell Reports 35, 109133, May 18, 2021
press virus infection, demonstrating the crucial role of viral

RNA synthesis at early times of infection.

Simeprevir and grazoprevir synergize with remdesivir to
increase inhibition of SARS-CoV-2 virus replication
Because Mpro and PLpro generate either the RNA polymerase it-

self or the proteins that constitute the replication organelles

required for polymerase function, we predicted that HCV drugs



Figure 4. Simeprevir and grazoprevir are synergistic with remdesivir in Vero E6 cells

(A–C) SARS-CoV-2 inhibition by remdesivir in the presence of increasing concentrations of SIM, GRZ, or BOC.

(D–F) SARS-CoV-2 inhibition by SIM, GRZ, or BOC in the presence of increasing concentrations of remdesivir.

(G–I) Synergy landscapes and combination scores generated by the ZIP method using the program SynergyFinder (Ianevski et al., 2020).

See also Table S2 and Figure S5.
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that inhibit one or both of these viral proteases might be syner-

gistic with inhibitors of the viral polymerase like remdesivir. To

test this hypothesis, we carried out antiviral combination assays

of SIM, GRZ, and BOC, respectively, with remdesivir in Vero

cells. To assess synergy, two analyses are required. In one anal-

ysis the IC90 of the remdesivir was measured in the presence of

increasing concentrations of each of these three HCV drugs (Fig-

ures 4A–4C). These results demonstrate that SIM and GRZ in-

crease the antiviral activity of remdesivir. For example, in the

presence of 1.25 mM SIM, approximately 10-fold less remdesivir

is required for the same antiviral effect achieved in the absence

of SIM (Figure 4A). A similar 10-fold enhancement in antiviral ac-

tivity of remdesivir is observed in the presence of GRZ, though at

higher (6.25 mM) GRZ concentrations (Figure 4B). Surprisingly,

although BOC is a much better inhibitor of Mpro than either SIM

or GRZ, BOCdid not significantly affect the antiviral activity of re-

mdesivir (Figure 4C). In the second analysis, the IC90 concentra-
tion of each HCV drug was determined in the presence of

increasing concentrations of remdesivir (Figures 4D–4F). Re-

mdesivir increased the antiviral activity of SIM and GRZ. For

example, addition of 1.25 mM remdesivir substantially reduces

the concentration of SIM or GRZ needed to achieve IC90 condi-

tions (Figures 4D and 4E). In contrast, remdesivir did not signifi-

cantly affect the antiviral activity of BOC (Figure 4F).

These antiviral assays indicate that SIM and GRZ, but not

BOC, act synergistically with remdesivir to inhibit virus replica-

tion. As confirmation, we subjected these results to analysis by

the zero interaction potency (ZIP) model for synergy (Ianevski

et al., 2020). In the landscapes generated by this model (Figures

4G–4I), red denotes a synergistic interaction, and green denotes

an additive interaction. In this model a synergistic interaction be-

tween drugs has a score greater than +10, an additive interaction

has a score between�10 to +10, and an antagonistic interaction

has a score of less than �10. The landscapes for the interaction
Cell Reports 35, 109133, May 18, 2021 7
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of remdesivir with both SIM and GRZ are red, with synergy

scores of +30.2 and +25.0, respectively, denotingmoderate syn-

ergism. In contrast, the landscape for the interaction of remdesi-

vir with BOC does not indicate synergy (Figure 4I); the synergy

score, �7.6, indicates an additive interaction. We also carried

out combination antiviral assays in human 293T cells. The inter-

action between remdesivir and GRZ in inhibiting virus replication

in the human cells was also synergistic, with a red landscape and

a synergy score of +20.3 (Figure S5). Consequently, at least two

HCV drugs, SIM and GRZ, act synergistically with remdesivir to

inhibit SARS-CoV-2 virus replication in Vero and/or human 293T

cells.

Four HCV protease inhibitors that are synergistic with
remdesivir inhibit PLpro

The preceding results demonstrate that several HCV inhibitors

inhibit viral replication, and that for some of these drugs inhibition

is synergistic with the viral replication inhibition activity of remde-

sivir. Most of these drugs also inhibit SARS-CoV-2 Mpro. Howev-

er, Mpro and SARS-CoV-2 inhibition by these drugs were not

consistently correlated. For example, PAR does not inhibit Mpro

in either the FRET or NMR assays but is an effective inhibitor of

SARS-CoV-2 in both Vero (IC50 = 6 mM) and 293T (IC50 =

0.55 mM) assays. In addition, the HCV protease inhibitors SIM

and GRZ, which are only moderate inhibitors of Mpro, synergize

with remdesivir, while BOC, which is an excellent inhibitor of

Mpro, acts additively rather than synergistically with remdesivir

to inhibit virus replication. Although the lack of strong correlation

between protease inhibition activity and viral inhibition activity

could result fromvarious effects, including the efficiency of trans-

port of drugs into the cell and/or metabolism of the drugs in the

cell-based assays, these results suggested that there might be

a second viral target for some of these HCV drugs, for which inhi-

bition may provide the basis for the observed synergy.

Aside from both being Cys proteases, the active site of PLpro

does not share structural similarity with the HCV NS3/4A or

Mpro proteases. However, it has recently been reported that

SIM, GRZ, and ASU inhibit PLpro (Anson et al., 2020). Accord-

ingly, we carried out virtual docking studies of these same 10

HCV drugs into the substrate-binding cleft of PLpro, using proto-

cols similar to those developed in virtual docking studies with

Mpro. The known PLpro inhibitor GRL0617 (Fu and Huang,

2020) was used to assess the docking protocol, providing a

reference AutoDock score of �7.54 kcal/mol. The scores of

docking poses for HCV drugs, summarized in Figure 5A and

Table S1, range from –5.56 kcal/mol for BOC and NAR, to

muchmore favorable values of < –8 kcal/mol for others, including

VAN, GRZ, SIM, and PAR. These proof-of-concept docking

studies suggest that, surprisingly, some HCV protease inhibitors

may bind in the substrate-binding clefts of both Mpro and PLpro.

Based on these docking predictions, we anticipated that

several HCV protease inhibitors, not including BOC, NAR, or

TEL, might effectively inhibit PLpro protease activity. To test

this hypothesis, fluorescence assays of PLpro inhibition were car-

ried out, using the substrate zRLRGG/AMC (z - carboxybenzyl;

AMC - 7-Amino-4-methylcoumarin) (Anson et al., 2020) contain-

ing a natural canonical PLpro protease recognition site (XLXGG).

Of the HCV drugs tested, four drugs predicted to bind into the
8 Cell Reports 35, 109133, May 18, 2021
active site of PLpro, VAN, SIM, PAR, and GRZ, do in fact inhibit

PLpro protease activity (Figure 5B; Figure S6). Hence, VAN,

SIM, and GRZ inhibit both Mpro and PLpro, while PAR inhibits

PLpro, but not Mpro. Under these assay conditions, VAN and

SIM are more effective PLpro inhibitors than GRZ or PAR.

These results strengthened our hypothesis that synergy be-

tween these HCV drugs and remdesivir arises primarily from their

activities in inhibiting PLpro, rather than from inhibiting Mpro. To

further test this, combination assays with remdesivir were car-

ried out also for NAR, PAR, and VAN. As predicted, PAR which

moderately inhibits PLpro but not Mpro, is synergistic with remde-

sivir (Figure 5C, synergy score +17.3). VAN, which inhibits both

Mpro and PLpro, is alsomodestly synergistic, with synergy score +

10.9, while NAR, which inhibitsMpro but not PLpro, is additive with

synergy score –3.6 (Figures 5D and 5E).

Data for HCV protease drugs on SARS-CoV-2 protease inhibi-

tion and synergy are summarized in Figure 6A and in Table S2.

Two drugs, BOC and NAR, which are relatively good inhibitors

ofMpro but do not inhibit PLpro, have additive interactions with re-

mdesivir. Three drugs, GRZ, SIM, and VAN, which inhibit both

Mpro and PLpro, are synergistic, with synergy scores of +10.9

to +30.2. Interestingly, among these three, VAN, which is a rela-

tively strong inhibitor of both Mpro and PLpro, has the weakest

synergy. A fourth HCV drug, PAR, which inhibits PLpro but not

Mpro, also has synergywith remdesivir, with synergy score +17.3.

These data demonstrate a correlation between the PLpro inhibit-

ing activities of these drugs and their ability to function synergis-

tically with remdesivir to suppress viral replication.

In order to further test this model of synergy, we also carried

out biochemical and viral replicase assays with the molecule

GC-376, an Mpro inhibitor (Fu et al., 2020; Ma et al., 2020), and

an analog of GRL0617, referred to as compound 6, an estab-

lished PLpro inhibitor (Fu and Huang, 2020; Osipiuk et al., 2021;

Ratia et al., 2008). While GC-376 has been reported to be spe-

cific for Mpro relative to PLpro (Sacco et al., 2020), the relative

specificity of GLR0617 (or compound 6) for PLpro relative to

Mpro has not previously been reported. Using the same fluores-

cence assays outlined above, we validated the high specificity

of GC-376 for Mpro inhibition compared to PLpro (Figure 6B,

left) and documented high specificity of compound 6 for PLpro in-

hibition compared to Mpro (Figure 6B, right). As predicted, com-

bination viral inhibition assay of GC-376 with remdesivir shows

an additive interaction (Figure 6C; synergy score +5.9), while

the GRL0617 analog (compound 6) has a synergistic interaction

with remdesivir (Figure 6D; synergy score +18.6). We conclude

that inhibitors of the SARS-CoV-2 PLpro protease function syner-

gistically with remdesivir to inhibit viral replication, whereas spe-

cific inhibitors of theMpro protease act additively with remdesivir.

DISCUSSION

To provide antiviral drugs that can be rapidly deployed to com-

bat the COVID-19 pandemic, we carried out the present study

to identify currently available drugs that could potentially be re-

purposed as inhibitors of the SARS-CoV-2 virus that causes

the COVID-19 disease. A total of eight HCV drugs were identified

that inhibit virus replication in Vero and/or human 293T cells ex-

pressing the ACE2 receptor.



Figure 5. HCV protease inhibitors also inhibit SARS-CoV-2 PLpro

(A) Best AutoDock docking scores for 10 HCV protease inhibitors in the substrate binding cleft of SARS-CoV-2 PLpro. The docking score for PLpro inhibitor

GRL0617 is also shown as a horizontal red dashed line. Each docking trajectory was run one-hundred times.

(B) Initial rates of proteolysis of a peptide substrate by PLpro in the presence of 20 mM inhibitor concentrations (vi) relative to initial rate in the absence of inhibitor

(vi,o), at 25
�C. GRZ inhibition of PLpro was even stronger (vo/vo,i = 32% ± 7%) at 100 mM drug concentration (Figure S6). Data are mean ± SD, n = 2 independent

measurements.

(C and D) PLpro inhibitors PAR and VAN are synergistic with remdesivir.

(E) NAR does not inhibit PLpro and is also not synergistic with remdesivir.

See also Tables S2 and S3 and Figures S1 and S6.
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We initiated our search based on the striking similarity of the

substrate binding clefts of the SARS-CoV-2 Mpro and HCV

NS3/4A proteases (Bafna et al., 2020). The substrate-binding

clefts and active sites of Mpro and HCV proteases superimpose

remarkably well (Figure 1A), despite having very low sequence

similarity (Figure S7) and significantly different structural topol-

ogies (Bafna et al., 2020). Our virtual docking experiments

showed that 10 HCV protease inhibitors can be docked snuggly

into the substrate binding cleft ofMpro and hence have the poten-

tial to inhibit binding of the Mpro substrate, thereby inhibiting pro-

teolytic cleavage of the viral polyprotein to form NSPs. For BOC

and NAR, these predicted docking poses (Bafna et al., 2020) are

consistent with the subsequently determined X-ray crystal struc-

tures (Anson et al., 2020; Anson and Mesecar, 2020; Kneller

et al., 2020a); for TEL, some predicted binding poses are also

similar to the corresponding crystal structure (Kneller et al.,
2020a). Four of these HCV drugs, BOC, NAR, TEL, and VAN,

are relatively strong inhibitors of SARS-CoV-2 Mpro protease ac-

tivity (IC50 of 2 to�20 mM), and three other HCVdrugs, GRZ, SIM,

and ASU, moderately inhibit Mpro activity. BOC, NAR, and TEL

are a-keto amides, which can form a covalent bond with the

active site Cys thiol of Mpro . The other four HCV drugs are

non-covalent inhibitors of the Mpro protease and cannot form a

covalent bond with the active site Cys thiol.

Other groups have also recently reported that some of these

same HCV protease inhibitors can inhibit Mpro protease activities

(Anson et al., 2020; Fu et al., 2020; Kneller et al., 2020a; Lo et al.,

2021; Ma et al., 2020). While all of these studies report BOC

as a moderately potent inhibitor of Mpro, there are inconsistent

reports of the effectiveness of some of the other HCV protease

inhibitors reported here as inhibitors of Mpro and/or PLpro. These

inconsistencies likely arise from details of the different assays,
Cell Reports 35, 109133, May 18, 2021 9



Figure 6. PLpro inhibition and synergy with

remdesivir activities are correlated

(A) Summary of relative inhibition of SARS-COV-2

proteases by HCV protease inhibitors and their

respective synergies with remdesivir. The inset key

shows the color coding for strong (green, IC50 <

20 mM), moderate (yellow, 20 mM < IC50 < 50 mM),

and no (red) enzyme inhibition activity.

(B) Initial rates of proteolysis of peptide substrates

by selective Mpro (GC-376) and PLpro (compound

6) inhibitors at 20 mM concentrations (vi), relative to

initial rate in the absence of inhibitor (vi,o), at 25
�C.

Data are mean ± SD, n = 2.

(C and D). Synergy landscapes and combination

scores (Ianevski et al., 2020).

See also Tables S1 and S2.
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including the specific protein constructs and polypeptide

substrates.

The significant intrinsic fluorescence of these non-covalent

inhibitor drugs complicates the Mpro FRET assay (see STAR

Methods), particularly for VAN, SIM, and GRZ (see Fig-

ure S3A). For this reason, we also used 1D 1H-NMR assay

for Mpro inhibition, which confirmed that BOC, NAR, and TEL

inhibit Mpro. In the NMR assay VAN also has inhibitory activity

comparable to TEL, while GRZ, SIM, and ASU are moderate

inhibitors of Mpro. The ability of the NMR assay to detect inhib-

itory activity that was not detected by the FRET assay is

attributable to several factors, including differences in sub-

strate and enzyme concentrations used in these assays, and

differences in the substrates themselves. The ability of HCV

drugs to inhibit Mpro also depends on other details of the

assay conditions, most notably the enzyme, substrate, and

drug concentrations and details of the Mpro construct

(Grum-Tokars et al., 2008).
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Although the active site of PLpro does

not share structural similarity with the

HCV NS3/4A protease, we observe that

four HCV drugs, SIM, GRZ, VAN, and

PAR, inhibit PLpro protease activity

in vitro. None of these four inhibitors can

form covalent bonds with the active-site

Cys residue of PLpro. VAN is a good inhib-

itor of both Mpro and PLpro, presumably

accounting for its strong inhibition of virus

replication. All four of these HCV drugs

function synergistically with remdesivir

to inhibit SARS-CoV-2 virus replication

in Vero and/or human cells.

Particularly interesting in this set is PAR,

which has the strongest potency in the hu-

mancell assay (IC50=0.55mM), strongsyn-

ergywith remdesivir (synergyscore+17.3),

and low cytotoxicity (CC50 > 100 mM) in

both the Vero and human cell assays

(Table S2). However, PAR only moderately

inhibits PLpro and does not inhibit Mpro .

One possibility is that inhibition of virus
replication by PAR could result, at least in part, from its inhibition

of a third target. Inhibition of such a putative third target might

also play some role in the inhibition of virus replication by the other

HCV drugs.

In addition to its function in cleavage of viral polyproteins to

generate crucial viral non-structural proteins, PLpro also removes

the ubiquitin-like ISG15 protein from viral proteins (Daczkowski

et al., 2017; Lindner et al., 2007). ISG15 conjugation in infected

cells results in a dominant-negative effect on the functions of

viral proteins (Zhao et al., 2016); i.e., ISGlyation disrupts a wide

range of viral functions. In addition, the resulting free ISG15 is

secreted from infected cells and binds to the LFA-1 receptor

on immune cells, causing the release of interferon-g and inflam-

matory cytokines (Swaim et al., 2017, 2020). The release of these

cytokines could contribute to the strong inflammatory response,

the so-called cytokine storm, that has been implicated in the

severity of COVID-19 disease (McGonagle et al., 2020). Inhibition

of PLpro by a HCV drug should also inhibit the release of
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interferon-g and inflammatory cytokines, potentially mitigating

the cytokine storm.

Viral replication assays using combinations of drugs allowed

us to assess whether the interactions between HCV drugs and

remdesivir are additive or synergistic. We found that these inhib-

itory effects are additive or synergistic depending on which HCV

drug is used to inhibit virus replication. In particular, HCV drugs

that inhibit PLpro synergize with remdesivir to inhibit SARS-

CoV-2 replication in Vero and 293T cells. These HCV drugs

include SIM, VAN, GRZ, and PAR. The conclusion that inhibition

of PLpro alone is sufficient for synergy with remdesivir was

confirmed by a combination assay with compound 6 (a

GRL0617 analog) that specifically inhibits PLpro but not Mpro.

On the other hand, we show that the HCV drugs BOC and

NAR that inhibit only Mpro have an additive rather than a syner-

gistic interaction with remdesivir in inhibiting SARS-CoV-2 repli-

cation. The conclusion that selective inhibition of Mpro has an ad-

ditive interaction with remdesivir was confirmed by a synergy

assay with compound GC-376, that specifically inhibits Mpro

but not PLpro. Another Mpro inhibitor (PF-00835231) has been re-

ported to act in combination with remdesivir, but it was not clear

whether this interaction was additive or synergistic (Boras et al.,

2020). It was also recently reported that SIM acts synergistically

with remdesivir but that this synergy results from inhibition of

Mpro and/or other targets (Lo et al., 2021).

Themechanism throughwhich PLpro inhibition, but notMpro in-

hibition, results in synergy with remdesivir is not yet known. One

rational mechanism involves the critical role of PLpro in the forma-

tion of replication organelles (DMVs). Studies of DMV formation

by SARS-CoV nsp3, nsp4, and nsp6 proteins demonstrate a

requirement for all three proteins, and for a catalytically active

PLpro nsp3 construct (Angelini et al., 2013). HCVdrugs that inhibit

PLpro in infected cells should therefore inhibit formation of DMVs

that are required for polymerase function, reducing the amount of

functional viral RNA polymerases, and hence reducing the

amount of remdesivir needed for inhibition of virus replication.

This hypotheticalmechanismcould explainwhydrugs that inhibit

PLpro (e.g., SIM, VAN, PAR, and GRZ) act synergistically with re-

mdesivir. In contrast, the drugs that inhibit Mpro, but not PLpro

(e.g., BOC and NAR), are not synergistic with remdesivir. Mpro in-

hibitors are expected to reduce the amount of the three subunits,

nsp7, nsp8, and nsp12, of the viral polymerase in infected cells.

However, the reduction in the amounts of these polymerase sub-

unitsmight not reduce the level of the viral polymerase sufficiently

to exhibit synergywith remdesivir if there is relatively large pool of

these subunits in infected cells. While Mpro also generates the

nsp4 and nsp6 proteins that contribute to DMV formation (Angel-

ini et al., 2013), it is not known whether this function of Mpro is

required for DMV formation.

Synergy between PLpro and viral polymerase inhibitors could

also involve other viral or host targets of these protease inhibi-

tors. Removal of ISG15 from viral or host proteins by PLpro could

potentially restore their functions, and inhibition of the de-IS-

Glyaton function of PLpro could provide another mechanism for

synergy between inhibitors of PLpro and inhibitors of other viral

or host protein functions, including remdesivir.

HCV drugs that are strongly synergistic with remdesivir are

most pertinent for the goal of the present study. Repurposed
drugs may not have sufficient inhibitory activity on their own to

achieve clinical efficacy. Synergy with remdesivir increases the

potency of both the proposed repurposed HCV drugs and re-

mdesivir. We identified four HCV drugs, SIM, VAN, PAR, and

GRZ, that act synergistically with remdesivir to inhibit SARS-

CoV-2 virus replication. Of these four, SIM, PAR, and VAN are

particularly interesting as repurposed drugs because they effec-

tively inhibit SARS-CoV-2 virus replication in human cells at lower

concentrations than GRZ. Consequently, the combination of an

FDA-approved PLpro inhibitor, such as SIM or PAR, and remdesi-

vir, could potentially function as anantiviral against SARS-CoV-2,

while more specific and potent SARS-CoV-2 antivirals are being

developed. SIM, VAN, PAR, and GRZ are orally administered

drugs thatmight also be combinedwith an oral polymerase inhib-

itor rather than with remdesivir, which has to be administered

intravenously. One such oral polymerase inhibitor, molnupiravir

(MK-4482) (Sheahan et al., 2020), which is currently in late-stage

clinical trials, could potentially becombinedwith oneof these four

HCV protease inhibitors for clinical applications. For example, a

combination of SIM and molnupiravir could be assessed for

outpatient use. Beyond the proposed repurposing of these

FDA-approved HCV inhibitors as antivirals for COVID-19, our re-

sults indicate that the SARS-CoV-2 PLpro is an important target

for future antiviral drug development that when used in conjunc-

tion with polymerase inhibitors could provide potent efficacy and

protection from SARS-CoV-2, especially for virus variants that

are resistant to vaccine-generated antibodies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-N protein Dr. Thomas Moran (MSSM) mAb 1C7

Bacterial and virus strains

USA-WA1/2020 BEI Resources NR-52281

Biological samples

Not applicable

Chemicals, peptides, and recombinant proteins

Recombinant SARS-CoV-2 PLpro protein;

residues 1564 to 1881 of the SARS-CoV-2

replicase polyprotein 1a (Uniprot id P0DTD1

(R1A_SARS2)), with a C-terminal

purification tag LEHHHHHH

Laboratory of Prof. J.

Hunt, Columbia University

N/A

KTSAVLQ/SGFRKME NMR assay

substrate

GenScript Inc; custom

synthesis this paper

N/A

Dabcyl-KTSAVLQ/SGFRKME-

Edans FRET assay substrate

GenScript Inc; custom

synthesis this paper

N/A

zRLRGG/AMC Fluorescence

assay substate

Bachem America Inc. Cat# 4027158.0025

Ampicillin Research Products International Cat# A40040

IPTG Research Products International Cat# 156000

asunaprevir HCV protease inhibitor Selleckchem Inc. Cat# S4935

boceprevir HCV protease inhibitor Selleckchem Inc. Cat# S3733

danoprevir HCV protease inhibitor Selleckchem Inc. Cat# S1183

glecaprevir HCV protease inhibitor Selleckchem Inc. Cat# S5720

grazoprevir HCV protease inhibitor Selleckchem Inc. Cat# S3728

paritaprevir HCV protease inhibitor Selleckchem Inc. Cat# S5404

simeprevir HCV protease inhibitor Selleckchem Inc. Cat# S5015

telaprevir HCV protease inhibitor Selleckchem Inc. Cat# S1538

narlaprevir HCV protease inhibitor MedChemExpress Cat# HY-10300

vaniprevir HCV protease inhibitor Addoq Cat# A11600-5

GC-376 Selleckchem Inc. Cat# S0457

compound 6 (GRL0617 analog) MedChemExpress Cat# HY-17542

remdesivir Medkoo Bioscience Inc. Cat# 329511

Critical commercial assays

Not applicable

Deposited data

1H and 15N assignments for

14-residues peptide that is cleaved

by SARS-CoV-2 Mpro.

This paper. BioMagResDB

accession number: 50568

1H and 15N assignments for

14-residue peptide after cleavage

by SARS-CoV-2 Mpro

This paper BioMagResDB

accession number: 50569

Experimental models: Cell lines

E. coli BL21(DE3) New England Biolabs Inc Cat# C2527

Vero E6 cells ATCC Cat# CRL-1586

(Continued on next page)
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HEK293T cells ATCC Cat# CRL-3216

HEK293T cells transduced with a lentiviral

vector expressing human ACE2. Cells were

puromycin selected and then single-cell-

cloned and screened for their ability to

support SARS-CoV-2 replication.

This paper

Experimental models: Organisms/strains

Not applicable

Oligonucleotides

Not applicable

Recombinant DNA

Mpro expression vector GTM_COV2_

NSP5_001, corresponding to residues

3264 to 3567 of the SARS-CoV-2 replicase

polyprotein 1a (Uniprot id P0DTD1 (R1AB_

SARS2) cloned into the pGEX-6P-1

vector with a C-terminal His6 tag,

GenScript Inc; custom

synthesis this paper

N/A

Software and algorithms

Topspin 3.2.6 Bruker Biospin, Inc. https://www.bruker.com/en.html

AutoDock 4.2 Morris et al., 2009 http://autodock.scripps.edu/

AutoDockTools 1.5.6 Sanner, 1999 http://autodock.scripps.edu/resources/adt

Synergy Finder Ianevski et al., 2020 https://synergyfinder.fimm.fi/

DALI structure alignment server Holm and Sander, 1993, 1999 http://ekhidna2.biocenter.helsinki.fi/dali/

Prism 8 graphing software GraphPad, Inc. https://www.graphpad.com/

Other

Bruker Avance II 600 MHz NMR System Bruker Biospin, Inc. https://www.bruker.com/en.html

Infinite M1000 TECAN plate

reader fluorimeter

ThermoFisher Scientific. Inc. https://www.tecan.com/hubfs/Tecan_

Journal/200801/Tecan_Journal_01_08_

page16-17.pdf
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the designated contact,

Gaetano T. Montelione (monteg3@rpi.edu).

Materials availability
All materials generated in this study are available upon request.

Data and code availability
The following datasets generated during this study are available at the BioMagResDB:

BioMagResDB accession number: 50568. Title: ‘‘1H and 15N assignments for 14-residues peptide that is cleaved by SARS-CoV-2

Mpro.’’ DOI: 10.13018/BMR50568

BioMagResDB accession number: 50569. Title: ‘‘1H and 15N assignments for 14-residue peptide after cleavage by SARS-CoV-2

Mpro.’’ DOI: 10.13018/BMR50569

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Vero E6 (ATCC, CRL-1586) and 293T cells (ATCC, CRL-3216; kind gift of Dr. Viviana Simon), were maintained in DMEM (Corning)

supplemented with 10% FB (Peak Serum) and penicillin/streptomycin (Corning) at 37�C and 5%CO2. hACE2-293T cells were gener-

ated for this study. Briefly, 293T cells were transduced with a lentiviral vector expressing human ACE2. Puromycin resistant cells with
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hACE2 surface expression were sorted after staining with AlexaFluor 647-conjugated goat anti-hACE2 antibodies. Cells were then

single-cell-cloned and screened for their ability to support SARS-CoV-2 replication. All cell lines used in this study were regularly

screened for mycoplasma contamination using the Universal Detection Kit (ATCC, 30-1012K).

METHOD DETAILS

Molecular docking
We used the free open source AutoDock suite (Morris et al., 2009). AutoDockTools (Sanner, 1999) was used for coordinate prepa-

ration, docking, and analysis of results. The computational docking program AutoDock v4.2.6. is based on an empirical free-energy

force field and uses a search method based on Lamarckian genetic algorithm (Morris et al., 1998). Target protein coordinates were

obtained from SARS-CoV-2 Mpro X-ray crystal structure (PDB id 6Y2G) (Zhang et al., 2020b), and structural water was removed.

Three-dimensional coordinates for ligand molecules were obtained from PDB (http://www.rcsb.org/) or from chemical structure da-

tabases, ChemSpider (http://www.chemspider.com/) and DrugBank (https://go.drugbank.com/). Protein and ligand coordinates

were prepared using AutoDockTools; polar hydrogens were added to protein structures, and Gasteiger-Marsili empirical atomic par-

tial charges were added to ligands. Torsional degrees of freedom (dihedral angles) were identified for each ligand. These data and

parameters for each protein and ligand were saved as individual PDBQT files. In these studies, ligand dihedral angles were allowed to

vary (except where stated otherwise), and all protein dihedral angles were kept rigid. The program Autogrid (Sanner, 1999) was used

to prepare affinity maps for all atom types in the receptor and ligands. A grid of 56, 40 and 48 points in x, y, and z direction, with a grid

spacing of 0.375 Å was used to compute electrostatic maps. The grid center was placed on the center of the inhibitor 13bmolecule in

its complex with Mpro (PDB id 6Y2G) (Zhang et al., 2020b). The Lamarckian genetic algorithm (LGA) method was used for sampling

ligand binding conformation (Morris et al., 1998), with the following LGA parameters: 150 individuals in population; 2,500,000 energy

evaluations; 27,000 maximum number of generations; and with mutation and crossover rates of 0.02 and 0.08, respectively. A

maximum of 300 iterations per local search was used. The calculations were repeated for 100 docking simulations for each HCV

drug. All docking simulations were analyzed using the AutoDockTools. Atomic coordinates for best scoring conformation obtained

in each docking simulation, for each drug-protein complex, were saved in PDB format for analysis. In addition, because the exper-

imentally-determined pose is often not the one with the lowest docking energy, but rather is found among other highly-ranked poses

(Kolb et al., 2009; Kolb and Irwin, 2009), we also examined other low-energy poses. These protein-ligand complexeswere analyzed in

detailed using open source PyMolmolecular visualization tool (DeLano, 2009) and fully automated Protein-Ligand Interaction Profiler

(Salentin et al., 2015) (https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index).

For a comparative analysis, docking simulations of the a-ketoamide inhibitor 13b (Zhang et al., 2020b) were also performed using

the same protocol used for docking HCV protease inhibitor drugs. In the 1.75-Å X-ray crystal structure of the 13b-Mpro complex

(Zhang et al., 2020b), 13b makes hydrogen-bonded interactions with backbone amides of key residues, Gly143, Ser144 and

Cys145, in the canonical oxyanion hole of the active site. To estimate the docking score for the pose observed in this X-ray crystal

structure, we first carried out docking using amodified protocol in which the dihedral angles of 13b were fixed to the values observed

in the crystal structure. The lowest energy pose obtained with this protocol matches the crystal structure almost exactly (Figure S1B),

with AutoDock binding energy of �7.19 kcal/mol. Next, we assessed the docking protocol using flexible ligand dihedral angles, as

was used for all the HCV protease inhibitors. The best-scoring docked conformation (Figure S1C), has anAutoDock binding energy of

�9.17 kcal/mol. A pose with slightly higher binding energy of �9.03 kcal/mol, is almost identical to the pose observed in the crystal

structure (Figure S1D). Hence, binding poses very similar to that observed in the crystal structure are indeed included among the low

energy poses generated by the AutoDock protocol.

For PLpro, inhibitor complexes in the PDB revealed that the BL2 loop present at the entrance of active site adopts significantly

different conformations depending on the size of the inhibitor bound to the PLpro . This plasticity in the BL2 loop suggests an induced

fit mechanism of ligand binding to PLpro active site. To avoid a closed conformation of the BL2 loop found in protein ligand complex

we chose a SARS-CoV-2 PLpro X-ray crystal structure in its apo form (PDB id 6W9C) as the target to dock HCV protease inhibitors.

The docking protocol was same as above, except a larger grid of size 56, 56, and 58 points in the x, y, and z direction respectively was

used to compute electrostatic maps for PLpro target. For a comparative analysis, docking simulations of PLpro inhibitor GRL0617

(PDB id 7CJM) were also performed using the same protocol.

Mpro expression and purification
The full-length SARS-CoV-2Mpro gene, corresponding to residues 3264 to 3567 of the SARS-CoV-2 replicase polyprotein 1a [Uniprot

id P0DTD1 (R1AB_SARS2)], was obtained fromGenScript USA, Inc. and cloned into the pGEX-6P-1 vector with a C-terminal His6 tag,

as previously described (Zhang et al., 2020b). This expression vector is designated GTM_COV2_NSP5_001. This plasmid, which ex-

presses SARS-CoV-2 Mpro as a self-cleaving (using its native cleavage site) GST-fusion, was transformed into competent E. coli

BL21(DE3) cells. A single colony was picked and inoculated in 2 mL LB supplemented with 0.1 mg/ml ampicillin at 37�C and

225 rpm. The 2 mL inoculum was added to 1L LB broth with 0.1 mg/mL ampicillin. The cells were allowed to grow to an optical

density of 0.6 at 600 nm at 37�C and 225 rpm, and were induced with 1 mM IPTG. The induced cells were incubated overnight at

18�C and 225 rpm. The cells were harvested and resuspended in lysis buffer (20 mM Tris pH 8.0, 300 mM NaCl) and then lysed

by sonication. The cell debris was removed by centrifugation at 14,000 rpm for 40 mins. The supernatant was added to a Ni-NTA
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column pre-equilibrated with loading buffer (20 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole), and bound proteins were eluted

with 20 mM Tris pH 8.0, containing 100 mM NaCl and100 mM imidazole. The elution fractions that contained Mpro were buffer

exchanged (20 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM DTT) and concentrated using a swinging bucket centrifuge at

4000 rpm. The final Mpro concentration was 23.3 mM, determined by absorbance at 280 nm using a calculated extinction coefficient

of 33,640 M-1 cm-1. Homogeneity was validated by SDS-PAGE (> 95% homogeneous), and the construct was validated by MALDI-

TOF mass spectrometry. The enzymatic activity of freshly purified Mpro was measured using Michealis Menten equation best fit

values of KM and Vmax; these were 55.5 mM and 0.018 mM/sec, respectively. The calculated kcat was 1.80 s-1, and kcat/KM was

32,400 s-1 M-1.

Mpro was observed to be unusually sensitive to active site Cys oxidation (Kneller et al., 2020b), requiring special care in preparing

samples, maintaining them under reducing conditions, and checking samples for time-dependent loss of activity over the course of

enzyme activity and drug inhibition measurements. Purified samples of Mpro were prepared in 20 mM TRIS buffer, pH 8.0, containing

100 mM NaCl, 1 mM EDTA, and 1 mM DTT, flash frozen in 50 mL aliquots, and stored at �80�For enzyme assays, freshly thawed

enzyme aliquots were prepared in buffers containing 3 mM TCEP, and assayed for specific activity at the beginning and end of

the data collection session, or back-to-back with each measurement, in order to avoid spurious results due to enzyme inactivation

during a measurement session.

Mpro proteolysis inhibition assays
The proteolysis of substrate KTSAVLQ/SGFRKME was studied using Fluorescence Resonance Energy Transfer (FRET) and nuclear

magnetic resonance (NMR) assays. Fluorescence studies were carried out using an Infinite M1000 TECAN plate reader, with 3 mm

path lengths, and MagellanTM software. NMR assays were carried out using a Bruker Avance II 600 MHz NMR spectrometer system.

For the FRET assay the substrate was Dabsyl-KTSAVLQ/SGFRKME-Edans, labeled with a Dabcyl and Edans FRET pair on the N and

C-termini of the peptide, respectively, as described elsewhere (Ma et al., 2020). The NMR assay used the same peptide substrate

without the fluorescence dyes attached. Both labeled and unlabeled peptide substrates were obtained from GenScript USA, Inc.

As part of our initial development of the FRET assay for Mpro activity, we assessed catalysis rates over the range of 1 nM to 200 nM

enzyme concentration, with the fluorophore-labeled peptide substrate. We observed significant proteolytic activity over this whole

range (Figure S2). As rates of hydrolysis at enzyme concentrations >�50 nM are quite fast, the concentration of 10 nM was selected

in order to provide the most accurate kinetic data. Other FRET-based assays of Mpro activity have been reported using enzyme con-

centrations ranging from 20 nM to 500 nM (Fu et al., 2020; Grum-Tokars et al., 2008; Hung et al., 2020; Lo et al., 2021;Ma et al., 2020).

However, it is well established that the kinetic properties of SARS CoV Mpro are significantly influenced by the construct and assay

conditions utilized (Grum-Tokars et al., 2008). For SARS CoVMpro, the monomeric form is inactive and dimerization is required for its

enzymatic activity (Grum-Tokars et al., 2008). Reports of the dimer dissociation constant Kd for SARS-CoV Mpro range from 1 nM to

200 mM; these dimer dissociation constants are also very sensitive to the presence of non-native N- or C-terminal residues (Grum-

Tokars et al., 2008). The dimer dissociation constant Kd for a similar construct of SARS-CoV-2 Mpro has been reported to be�2.5 mM

(Zhang et al., 2020b). Hence, the fraction of active enzyme present at 10 nM concentration is expected to be quite low. However,

other groups have also reported SARS-CoV-2 Mpro enzyme activity assays at 20 nM enzyme concentration (Hung et al., 2020).

Assuming the substrate binds more tightly to the dimer than to the monomer, the thermodynamic equilibrium between monomer

and dimer would be expected to be shifted by the substrate, resulting in the observed protease activity even at enzyme concentra-

tions well below the homodimer Kd. In this case, in the right concentration range there would be a non-linear dependence of activity

versus enzyme concentration. This was not observed over the range of 0 to 20 nM enzyme concentration (Figure S2). Alternatively,

the monomeric form of the SARS-CoV-2 Mpro may in fact have significant protease activity.

Mpro FRET Assay
All Mpro protease assays were carried out in Reaction Buffer containing 20mMHEPESpH 6.5, 120mMNaCl, 0.4mMEDTA and 3mM

TCEP. Additionally, 1 mg/mL BSA was added to the buffer for FRET assays. For the FRET assay, 10 nM Mpro was incubated with

20 mM of HCV drugs. The reaction was initiated by addition of 20 mM FRET substrate and monitored for 2 hours on an Infinite

M1000 TECAN plate reader, exciting at 360 nm and detecting donor emission at 460 nm. The initial velocity of the reaction was calcu-

lated as the slope obtained from linear fits of emission intensity versus time plots for the first 15minutes of the reaction. All FRET data

were analyzed and plotted for initial velocity on Microsoft Excel.

In the FRET assays, the percent proteolytic activity in the presence of each drug was calculated as a ratio of initial velocity in pres-

ence of inhibitor (vi) to initial velocity in absence of inhibitor (vi0) i.e., vi / vi0. A histogram plot of vi / vi0 for each inhibitor was used to

compare relative inhibition activities. All FRET proteolysis reaction curves were measured twice, and the uncertainty in vi / vi0, esti-

mated from the standard deviation of 2 independent measurements is shown as error bars. Short (< 3 min) time points exhibiting

equilibration artifacts (Figure S2A) were excluded from this analysis.

For IC50 measurements of HCV inhibitors BOC, NAR and TEL, 10 nM ofMpro was incubated with a range of inhibitor concentrations

in the same Reaction Buffer described above. The inhibitor concentration ranges were 0.1 – 200 mM for BOC, 0.1 to 100 mM for NAR,

and 0.2 to 100 mM for TEL. The reactionwas initiated by adding 20 mMFRET substrate andmonitored for 1 hr. Eachmeasurement was

repeated three times. The percent inhibition at each inhibitor concentration was calculated as:
Cell Reports 35, 109133, May 18, 2021 e4
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% Inhibition = 100 � ðvi--vi0Þ=ðvimax � v0Þ
where vi = initial velocity at a given inhibitor concentration

vi0 = initial velocity in absence of inhibitor

vimax = initial velocity at maximum inhibition

The percent inhibition was plotted as a function of inhibitor concentration to obtain a dose-response curve using Prism 8 (Graph-

Pad Software) software. IC50 was calculated from fitting to the equation:

% Inhibition = 100 � ½Inhibitor� = ðIC50 + ½Inhibitor�Þ
For several of the HCV drugs, intrinsic fluorescence of the drugs appears to compromise the accuracy of the FRET kinetic curves.

Even though little or no inner filter effects were observed (Kasparek and Smyk, 2018) in these measurements, simple subtraction of

the drug fluorescence from the final values of kinetic curves results in curves which do not match the final values for curves obtained

in the absence of drugs, suggesting possible energy transfer between the drug and the FRET fluorophores on the peptide substrate.

The inner filter effect results from absorbance of the sample at the fluorescence excitation wavelength, attenuating fluorescence

excitation (Kasparek and Smyk, 2018). Boceprevir, narleprevir, and telaprevir, which do not have significant intrinsic fluorescence but

have similar extinction coefficients to the other drugs at 360 nm, did not present a problem for the assay, indicating that inner filter

effects are not significant. The inner filter effect (Kasparek and Smyk, 2018) was experimentally assessed bymeasuring fluorescence

and emission for the fluorescent dye diethylamino naphthalene sulfonate (DENS) over the range 0.01 to 1.0 O.D. units, at the exci-

tation wavelength (360 nm), using the Infinite M1000 TECAN plate reader fluorimeter. These data show that in this system the inner

filter effects are negligible for samples with total OD360 < 0.025, similar to results reported elsewhere (Kasparek and Smyk, 2018). As

summarized in Table S3, with the exception of the vaniprevir study, these reaction mixtures had OD360 < 0.025. Hence, under the

conditions of these assays, most of the assay samples have no significant inner filter effect; only the vaniprevir assay had a small

effect, which was appropriately corrected for.

Mpro NMR Assay
For the Mpro 1H NMR proteolysis assay the reaction was performed at 100 nMMpro in the same assay buffer described above, along

with 5% D2O and 50 mM HCV inhibitors dissolved in d6-DMSO. For the control experiments where no inhibitor is added, the same

quantity of d6-DMSO was added. 50 mM of unlabeled peptide substrate was added and immediately transferred to a 5-mm NMR

tube. The final volume of each reaction mixture was 600 mL. The NMR tube was quickly placed in a 600 MHz Bruker Avance II spec-

trometer equipped with a 5-mm TCI cryoprobe, equilibrated at 298 K. The homogeneity of the magnetic field was adjusted by

gradient shimming on the z axis, and in each case an array of 24 1H experiments was acquired with 1D 1H NMR using excitation

sculpting for water suppression. The probe had previously been tuned and matched with a sample of similar composition. The delay

between initiation of the reaction and starting acquisition was�5 mins for most of the reaction conditions. The duration of each NMR

experiment was also taken into account to obtain accurate time values. All 1H spectra were acquired, processed, and analyzed in

Bruker TopSpin 3.6.2 software. The regions of interest were integrated, and the values obtained were used for further analysis

and plotting.

These 1H NMR spectra were used to monitor the evolution of substrate and product as a function of time. Resonance assignments

(discussed below) of the cleaved and uncleaved KTSAVLQ/SGFRKME peptide identified the amide HN resonances that were moni-

tored during the reaction. The HN resonances for amino-acid residues Phe-10 (uncleaved) and Gln-7 (cleaved) were used to quantify

substrate utilization and product formation, respectively, during the reaction. The HN peak intensity of residue Glu-14, which did not

shift upon cleavage, wasmonitored as an internal control. The percent substrate cleavage in the presence of inhibitors at 30 min was

calculated as a ratio of the HN resonance integrals of Gln-7 in presence of inhibitor to the corresponding resonance integral with no

inhibitor.

Amide 1H and 15N chemical shift assignments for Mpro peptide substrate
Chemical shift assignments of backbone amide 1H and 15N resonances in the 14-residue peptide KTSAVLQSGFRKME in 20 mM

HEPES pH 6.5, 100 mM NaCl, 0.4 mM EDTA, 3 mM TCEP and 5% 2H2O were determined at 298 K using 2D COSY, TOCSY, and
1H-15N HSQC, along with 1D 1H NMR experiments, and referenced to internal DSS. Backbone amide 1H and 15N resonances

were assigned for 12/14 and 10/14 residues in the uncleaved and cleaved peptide respectively. These assignments have been

deposited in the BioMagResDB as BMRB entries 50568 and 50569, respectively.

PLpro proteolysis inhibition assay
SARS-CoV-2 PLpro enzyme was provided as a generous gift by Prof. John Hunt (Columbia University). The construct, residues 1564

to 1881 of the SARS-CoV-2 replicase polyprotein 1a (Uniprot id P0DTD1 (R1A_SARS2)), was produced in expression vector pET21_

NESG with a C-terminal purification tag LEHHHHHH. Homogeneity (> 95%) was validated by SDS-PAGE. The fluorogenic substrate

zRLRGG/AMC was obtained from Bachem. All PLpro proteolysis assays were carried out in buffer containing 50 mM HEPES, pH 7.5,

5 mM DTT, 1 mg/ml BSA. For the fluorescence assay, 20 nM of PLpro was incubated with 20 mM of HCV drugs. 20 mM substrate was

added and the reaction wasmonitored for 2 hr using the Infinite M1000 TECAN plate reader with Magellan TM software, with filters for
e5 Cell Reports 35, 109133, May 18, 2021
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excitation at 360 nm and emission at 460 nm. No anomalous fluorescence interactions were observed in this assay for any of the

drugs. We also assessed the PLpro fluorescence assay for inner filter effects. As shown in Table S3, inner filter effects were also

not significant in this assay, except for the vaniprevir study for which appropriate corrections were made.

The data points for the first 10mins of the proteolysis reaction progression curveswere used to calculate the initial velocity (vi) in the

presence and absence of the inhibitor. The percent proteolytic activity in presence of each drug is calculate as a ratio of initial velocity

in presence of inhibitor (vi) to initial velocity in absence of inhibitor (vi0), i.e., vi / vi0. A histogram plot of vi / vi0 for each inhibitor was used

to compare relative inhibition activities. All proteolysis reaction curvesweremeasured twice, and the standard deviation (s.d.) in vi / vi0
is shown as error bars.

Cells and viruses
Vero E6 (ATCC, CRL-1586) and 293T cells (ATCC, CRL-3216; kind gift of Dr. Viviana Simon), were maintained in DMEM (Corning)

supplemented with 10% FB (Peak Serum) and penicillin/streptomycin (Corning) at 37�C and 5%CO2. hACE2-293T cells were gener-

ated for this study. Briefly, 293T cells were transduced with a lentiviral vector expressing human ACE2. Puromycin resistant cells with

hACE2 surface expression were sorted after staining with AlexaFluor 647-conjugated goat anti-hACE2 antibodies. Cells were then

single-cell-cloned and screened for their ability to support SARS-CoV-2 replication. All cell lines used in this study were regularly

screened for mycoplasma contamination using the Universal Detection Kit (ATCC, 30-1012K). Cells were infected with SARS-

CoV-2, isolate USA-WA1/2020 (BEI Resources NR-52281) under biosafety level 3 (BSL3) containment in accordance to the biosafety

protocols developed by the Icahn School ofMedicine atMount Sinai. Viral stockswere grown in Vero E6 cells as previously described

(Amanat et al., 2020), and were validated by genome sequencing.

Viral growth and cytotoxicity assays in the presence of inhibitors
2,000 Vero E6 or hACE2-293T cells were seeded into 96-well plates in DMEM (10%FBS) and incubated for 24 h at 37C, 5%CO2. Two

hours before infection, the medium was replaced with 100 mL of DMEM (2% FBS) containing the compound of interest at concen-

trations 50% greater than those indicated, including a DMSO control. Plates were then transferred into the BSL3 facility and 100 PFU

(MOI = 0.025) was added in 50 mL of DMEM (2%FBS), bringing the final compound concentration to those indicated. Plateswere then

incubated for 48 h at 37�C. After infection, supernatants were removed and cells were fixed with 4% formaldehyde for 24 hours prior

to being removed from the BSL3 facility. The cells were then immunostained for the viral NP protein [an in-house mAb 1C7, provided

by Dr. Thomas Moran (MSSM)] with a DAPI counterstain. Infected cells (488 nM) and total cells (DAPI) were quantified using the Cel-

igo (Nexcelcom) imaging cytometer. Infectivity was measured by the accumulation of viral NP protein in the nucleus of the Vero E6

cells (fluorescence accumulation). Percent infection was quantified as

½ðInfectedcells =TotalcellsÞ --Background� � 100
and the DMSO control was then set to 100% infection for analysis. The IC50 and IC90 for each experiment were determined using the

Prism (GraphPad Software) software. Cytotoxicity was also performed using theMTT assay (Roche), according to themanufacturer’s

instructions. Cytotoxicity was performed in uninfected VeroE6 cells with same compound dilutions and concurrent with viral replica-

tion assay. All assays were performed in biologically independent triplicates. Remdesivir was purchased from Medkoo Bioscience

inc. Time of addition experiments were performed using the same immunofluorescence-based assay with the following alterations:

Vero E6 cells were infected with 8000 PFU (moi of 2) of SARS-CoV-2, the drug was added at different times relative to infection as

indicated, and the infection was ended by fixation with 4% formaldehyde after 8 hours of infection (single cycle assay).

Antiviral combination assay
Like the previous antiviral assay, 2,000 Vero E6 cells were seeded into 96-well plates in DMEM (10% FBS) and incubated for 24 h

at 37�C, 5% CO2. Two hours before infection, the medium was replaced with 100 mL of DMEM (2% FBS) containing the combi-

nation of HCV protease inhibitors and remdesivir following a dilution combination matrix. A 6 by 6 matrix of drug combinations was

prepared in triplicate by making serial two-fold dilutions of the drugs on each axis, including a DMSO control column and row. The

resulting matrix had no drug in the right upper well, a single drug in rising 2-fold concentrations in the vertical and horizontal axes

starting from that well, and the remaining wells with rising concentrations of drug mixtures reaching maximum concentrations of

the drugs at the lower left well. Plates were then transferred into the BSL3 facility and SARS-CoV-2 (MOI 0.025) was added in

50 mL of DMEM (2% FBS), bringing the final compound concentration to those indicated in the figures. Plates were then incubated

for 48 h at 37�C. After infection, cells were fixed with final concentration of 5% formaldehyde for 24 hours prior to being removed

from the BSL3 facility. The cells were then immunostained for the viral NP protein using the in-house mAb 1C7 provided by Dr.

Thomas Moran, MSSM) with a DAPI counterstain. Infected cells (AlexaFluor 488) and total cells (DAPI) were quantified using the

Celigo (Nexcelcom) imaging cytometer. Infectivity was measured by the accumulation of viral NP protein in the nucleus of the Vero

E6 cells (fluorescence accumulation). Percent infection was quantified as [(Infected cells/Total cells) – Background] *100, and the

DMSO control was then set to 100% infection for analysis. The combination antiviral assay was performed in biologically indepen-

dent triplicates.

The apparent IC90 for each combination in the matrix was determined using the Prism (GraphPad Software) software. The IC90 for

HCV drugs and remdesivir were calculated for each drug treatment alone and in combination. This combination data were analyzed
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using SynergyFinder by the ZIP method (Ianevski et al., 2020), and combination indices were calculated as previously described

(Amanat et al., 2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

Viral replication measurements were each done in triplicate (n = 3), and reported as mean ± s.d. Fluorescence measurements were

done in triplicate (n = 3) or duplicate (n = 2) and reported as mean ± s.d. Estimates of uncertainties in NMR intensity measurements

were determined from the spectral noise, and propagated to uncertainties in peak ratiosDR as: (DR/R)2 = (DA/A)2 + (DB/B)2, where A,

B, and R are the intensities of peaks A and B and their ratio, respectively, and DA and DB are the noise associated with each intensity

measurement (https://nmr.chem.ucsb.edu/protocols/SNR.html).
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