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Abstract: Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 has led to over 19 

200,000 deaths thus far. We screened a library of approved antiviral drugs against the two 20 

SARS-CoV-2 proteases, 3C-like/main protease (3CLpro/Mpro) and papain-like protease 21 

(PLpro), which are essential for viral replication and attractive drug targets. Three HCV protease 22 

inhibitors were tested and found to inhibit 3CLpro and PLpro enzymes from Alpha-, Beta- and 23 

Gamma-coronaviruses. Anti-HIV drugs had no activity. Boceprevir and telaprevir inhibited 24 

3CLpro, with boceprevir inhibiting eight of nine coronavirus 3CLpro enzymes tested including 25 

from SARS-CoV-2, MERS and SARS-CoV. Asunaprevir inhibited PLpro from SARS-CoV-2 26 

and four other coronaviruses. The 1.4 Å X-ray structure of boceprevir bound to 3CLpro was 27 

determined to explain its broad-spectrum activity and guide structure-based design of inhibitors 28 

of multiple coronaviruses.  29 

One Sentence Summary: A screen of approved antiviral drugs identified three HCV protease 30 

inhibitors, but no HIV protease inhibitors, as potential treatments for COVID-19, with the 31 

structure of boceprevir bound to 3CLpro revealing the molecular basis for its broad-spectrum 32 

efficacy across multiple coronaviruses. 33 

 34 

 35 

 36 

 37 



A highly-infectious and lethal pandemic strain of a new coronavirus (SARS-CoV-2) 38 

emerged in December, 2019. SARS-CoV-2 is 82% identical to SARS-CoV based on their RNA 39 

genomes making them both members of the Beta-coronavirus genus. The exact clinical 40 

presentation of this new Coronavirus disease (COVID-19) is currently expanding, but so far it 41 

typically includes a lower respiratory tract infection, fever and fatigue (1, 2), along with less 42 

common symptoms including nausea, diarrhea (3, 4), anosmia (5), and aches. Serious cases 43 

present with pneumonia, acute respiratory distress syndrome (6), and sometimes acute kidney 44 

injury (7). Millions of people have been infected worldwide with a current case-fatality ratio 45 

between 3.5 to 15% depending on geographic location and factors not yet defined (8). To date, 46 

no antiviral drugs or vaccines have been approved to treat any human Alpha- or Beta- 47 

coronavirus infection. The urgency of a treatment for patients suffering from the COVID-19 48 

pandemic is leading to a profusion of trials and even off-label use of regulatory agency approved 49 

drugs, often with minimal biological rationale. The immediate need for new interventions based 50 

on mechanistic understanding of pathogenesis has led to in silico and in vitro screening for drugs 51 

already approved for use, or already advanced in clinical trials, that can directly inhibit SARS-52 

CoV-2.  53 

 54 

A critical step in coronaviral replication is the processing of the orf1a and orf1ab 55 

polyproteins to the sixteen non-structural proteins required for the viral assembly vacuole, as 56 

well as for RNA transcription and genome replication. In SARS-CoV-2 and other coronaviruses 57 

this processing is achieved by the papain-like protease (PLpro) and 3C-like or main protease 58 

(3CLpro/Mpro). These two enzymes are each cysteine proteases essential for coronavirus 59 

replication and therefore are attractive drug targets; each has been successfully targeted 60 

previously by antiviral inhibitors (reviewed in (9)).  61 

 62 

In this study, we targeted both proteases (PLpro and 3CLpro) from SARS-CoV-2 by first 63 

screening each enzyme against a library of FDA approved antiviral drugs or molecules in 64 

pharmaceutical development. We utilized well-established enzymatic assays for each protease 65 

(9-11) and first screened each enzyme for inhibition by drugs that are used to treat Hepatitis C 66 

virus (HCV) infections (Fig. 1). Among the 13 HCV drugs tested, only five were found to have 67 

significant inhibitory activity at a concentration of 100 µM and they were all HCV NS3/4A 68 

protease inhibitors. Two drugs, boceprevir and telaprevir, inhibited SARS-CoV-2 3CLpro 69 

activity at 98.7 ± 0.3% and 87.4 ± 2.6 %, respectively, but they did not inhibit PLpro. On the 70 

other hand, SARS-CoV-2 PLpro was inhibited by asunaprevir (78.0 ± 0.92 %), simeprivir (79.5 71 

± 1.3 %), and grazoprevir (78.0 ± 0.77 %), but these drugs did not inhibit 3CLpro. Boceprevir 72 

and telaprevir share a similar structural scaffold that is distinctively different than the scaffold 73 

shared by asunaprevir, simeprivir and grazoprevir (Fig. 2). 74 

 75 

The FDA approved drugs boceprevir and telaprevir showed significant inhibition of 76 

3CLpro from SARS-CoV-2 with IC50 values of 2.5 ± 0.05 µM and 10.7 ± 0.4 µM, respectively 77 

(Fig. 2a). The effectiveness of boceprevir as an inhibitor was unexpected as at least one 78 

computational study ranked boceprevir poorly on a molecule transformer-drug target interaction 79 

affinity score (12). We next tested the potency of boceprevir and telaprevir against a panel of 80 

eight other purified 3CLpro enzymes from the Alpha-, Beta-, and Gamma-coronaviral proteases, 81 

including the human coronaviruses SARS, MERS, NL63, HKU1; bat coronaviruses HKU4 and 82 

HKU5; and animal coronaviruses FIPV (cat) and IBV (bird). Remarkably, we found that 83 



boceprevir inhibits eight out of the nine 3CLpro enzymes tested with IC50 values ranging from 84 

420 nM to 9.2 µM, and that telaprevir inhibits six out of the nine 3CLpro enzymes with IC50 85 

values ranging from 2.4 µM to 35 µM (Fig. 2a and Extended Data Fig. 1). Boceprevir exhibited 86 

equipotent inhibition of SARS-CoV-2 and SARS-CoV 3CLpro (IC50s ~2.6 μM), which was 87 

expected given that their active sites are 100% identical (Extended Data Fig. 2).  88 

 89 

The one exception to broad-spectrum inhibition of 3CLpro by boceprevir was the enzyme 90 

from seasonal NL63 coronavirus, which was weakly inhibited at concentrations up to 100 μM. In 91 

contrast, telaprevir inhibited 3CLpro from NL63 coronavirus with an IC50 of 19.1 ± 0.9 μM (Fig. 92 

2a). Telaprevir also inhibited SARS-CoV-2 and SARS-CoV 3CLpro equipotently with IC50 93 

values of 10.7 μM. It did not inhibit some of the 3CLpros that boceprevir did (3CLpro from 94 

MERS-CoV, HKU1 or FIPV). Although telaprevir did inhibit the enzymes from bat HKU4 and 95 

HKU5 coronaviruses, it exhibited little to no inhibition of the MERS-CoV 3CLpro. While the bat 96 

HKU4 and HKU5 3CLpros are 100% identical to MERS 3CLpro at their active sites, the enzyme 97 

from MERS-CoV is unique among them in exhibiting substrate-induced dimerization because it 98 

exists as a weakly associated dimer (13). HKU4 and HKU5 3CLpros on the other hand are 99 

tightly associated dimers (14). Boceprevir’s interaction with MERS-CoV 3CLpro involves 100 

binding first to a monomer of MERS 3CLpro, thereby activating the enzyme via induced 101 

dimerization with an apparent Ka value of 230 ± 30 nM (Fig. 2a and Extended Data Fig. 1). 102 

Subsequently, boceprevir and free substrate compete for the second active site of the dimer with 103 

an IC50 value of 3.8 ± 0.4 μM, which is comparable to the IC50 values for the other 3CLpro 104 

enzymes (Fig.2a). 105 

 106 

The three compounds that inhibit SARS-CoV-2 PLpro all have a similar peptidic 107 

backbone structures attached to a cyclopropyl sulfonamide group (Fig. 2b and Extended Data 108 

Fig. 3). Asunaprevir inhibited SARS-CoV-2 PLpro with an IC50 value of 53.9 ± 2.1 µM (Fig. 109 

2b). Poor solubility of the less-active simeprivir and grazoprevir limited IC50 value 110 

determination.  Danoprevir, which has a similar structure to asunaprevir and the other PLpro 111 

inhibitors, is inactive against SARS-CoV-2 PLpro with only 9% inhibition at a concentration of 112 

100 μM.  Next, we tested the ability of asunaprevir to inhibit PLpro and papain-like protease 2 113 

(PLP2) from different Alpha- and Beta-coronavirus. The IC50 values for asunaprevir inhibition of 114 

five PLpros and PLP2s across the different genera of CoVs ranged from 31 to 59 µM suggesting 115 

it has broad-spectrum efficacy (Fig. 2b and Extended Data Fig. 1).  116 

 117 

To unravel the structural basis for broad-spectrum inhibition of coronavirus 3CLpro, we 118 

determined the X-ray structure of boceprevir bound to the enzyme from SARS-CoV-2 to 1.45 Å 119 

with final Rwork and Rfree values of 19.1% and 20.3%, respectively (Extended Data Table 1). The 120 

electron density for boceprevir is clearly visible in the active site (Fig. 3a), and it forms a 121 

reversible, thiohemiketal adduct with the catalytic cysteine, Cys145, which is further stabilized 122 

by a hydrogen-bond with the sidechain of His41 (Fig. 3b) (15). Extensive hydrogen bonding 123 

occurs between boceprevir and SARS-CoV-2 3CLpro (Fig. 3b). Four out of five of these 124 

hydrogen bonds are with the peptide backbone. Most of these interactions are with residues that 125 

are 100% conserved among Alpha-, Beta- and Gamma-coronaviruses (Extended Data Fig. 2).  126 

 127 

The terminal amide of boceprevir resides in a structurally confined S1’ subsite which is 128 

part of the oxyanion hole, while the cyclobutyl group points into the S1 subsite (Fig. 3). The S1 129 



subsite has fairly strict determinants in inhibitor specificity (15). Unlike most inhibitors and 130 

substrates that engage with His41 or Glu166 in the S1 subsite using hydrogen bonds (9), the 131 

cyclobutyl group of boceprevir is devoid of any hydrogen bonds thereby limiting the binding 132 

affinity of this drug. The S2 subsite is filled with the 6,6-dimethyl-3-azabicyclo[3.1.0]hexane 133 

group of boceprevir and is perhaps the greatest determinant of substrate and inhibitor specificity 134 

for coronavirus 3CLpro enzymes. This subsite is formed by the non-conserved S2 loop (16), 135 

which is a demonstrably important effector of specificity, both within this binding pocket and 136 

elsewhere in the enzyme (17). For coronavirus 3CLpros, there is no defined pocket or S3 subsite 137 

for a P3 group on a substrate or inhibitor. The backbone interactions between boceprevir and 138 

3CLpro orient the P3 side chain of substrates and inhibitors into solvent making this a weak 139 

determinant of specificity (Fig. 3). The t-butyl moiety of boceprevir lies in the substrate P3 140 

position and extends into solvent or S3 “subsite”. The structure of the terminal t-butyl urea group 141 

on boceprevir is highly complementary with the S4 subsite pocket. The two NH groups on the 142 

urea linker form hydrogen bonds with the backbone carbonyl on Glu166 (Fig. 3b). This region 143 

has been only partially explored in the past for inhibitor development and those studies utilized 144 

covalent inhibitors (18).  145 

 146 

Recently, Hilgenfeld and coworkers reported the 1.95Å crystal structure of SARS-CoV-2 147 

bound to compound 13b (15). Their work demonstrated the effectiveness of the α-ketoamide 148 

warhead for inhibiting 3CLpro and for blocking SARS-CoV-2 replication. When the crystal 149 

structures of SARS-CoV-2 bound to compound 13b and boceprevir are superimposed, structural 150 

differences are observed (Fig. 4a). First, boceprevir has a cyclobutyl group in the P1 position 151 

instead of an (S)-γ-lactam glutamine residue that forms hydrogen bonds with side chain of 152 

Glu166 and backbone carbonyl of Phe140 (Fig. 3a). This difference alone could explain the 153 

4-fold weaker affinity of boceprevir (IC50 =2.7 ± 0.05) compared to 13b (0.67 ± 0.18 µM). 154 

However, the loss of two hydrogen bonds would be expected to cause a much larger reduction in 155 

affinity for boceprevir so there may be compensatory interactions between boceprevir and 156 

SARS-CoV-2 3CLpro that strengthen their interactions. For example, the two hydrogen bonds 157 

between the carbonyl oxygen of Glu166 and urea linker of boceprevir may help steer its t-butyl 158 

group into a better position in the S4 subsite strengthening the interaction with this site compared 159 

to 13b (Fig. 4a). Another structural difference is the presence of the methylbenzyl group of 13b 160 

that is attached to its α-ketoamide warhead. The presence of this group in 13b fills the S1’ pocket 161 

(Fig. 4a) and may contribute additional binding energy to this compound. It may also be that 162 

retaining such a large group in 13b reduces its inhibitor potential compared to boceprevir (no 163 

additional group) or telaprevir which contains a smaller cyclopropyl group.  164 

 165 

The difference in inhibitor potency between boceprevir and telaprevir and their binding to 166 

SARS-CoV-2 is only 4-fold (IC50 = 2.5 µM vs 10.7 µM ). This enabled computational docking 167 

of telaprevir into the active site of SARS-CoV-2 and superimposing it with boceprevir (Fig. 4b). 168 

In addition, we included a superposition of the available 3CLpro structures from NL63, HKU1, 169 

HKU4, FIPV and IBV onto the structure of SARS-CoV-2 (Extended Data Fig. 5). The 170 

differences in the overall orientation of the boceprevir and telaprevir structures are small and the 171 

backbone of the inhibitors make the same contacts as shown in Fig. 3. The differences between 172 

these two compounds lie in their interactions with the subsites. The S1’ subsite accommodates 173 

the cyclopropyl group of telaprevir well and its propyl group at the P1 position traces the 174 

cycylobutyl group of boceprevir into the S1 site. In the S2 subsite, the 1,2-175 



dimethyloctahydrocyclopenta[c]pyrrole fills the site in a similar manner as the 6,6-dimethyl-3-176 

azabicyclo[3.1.0]hexane group of boceprevir does. The cyclohexyl group of telaprevir fits into 177 

the S4 site and overlays onto the t-butyl group of boceprevir. Finally, the pyrazine-2-178 

carboxamido group at the terminus of telaprevir extends into solvent along with the t-butyl group 179 

in the P3 position (Fig. 4b). 180 

 181 

The observation that boceprevir inhibits eight out of the nine coronavirus 3CLpros is 182 

significant because it suggests that it has potential as a broad-spectrum therapeutic. The recent 183 

work by Hilgenfeld and colleagues may help explain why the exception is the lack of inhibition 184 

of NL63 3CLpro by boceprevir (19). In that study, they substituted a series of alkyl groups at the 185 

P2 position to make 13b-like analogs and they then compared the inhibitory potencies of these 186 

compounds against SARS and NL63 3CLpro. They found that larger groups, e.g. 187 

methylcyclopentane or methylcyclohexane, in that position produced a larger separation in the 188 

IC50 values compared to smaller groups. Through X-ray structural analysis, it was shown that the 189 

S2 subsite of SARS-CoV 3CLpro is much larger than the S2 subsite of NL63 (Extended Data 190 

Fig. 5a). This is the most plausible explanation for the difference in boceprevir binding to SARS-191 

CoV-2 and NL63 enzymes. The amino acids in the S2 subsites of Alpha-coronaviruses differ 192 

vary in type and number from the Beta- and Gamma-coronaviruses (Fig. 4c). 193 

 194 

The aforementioned explanation however fails to explain the fact that telaprevir, which 195 

has a large P2 group that is almost identical in molecular molar volume to the P2 group in 196 

boceprevir, is able to inhibit both SARS-CoV-2 and NL63 3CLpro. It is quite possible that the 197 

molecular shape difference is the explanation. It was shown by Zhang et al. that a 13b-like 198 

analog containing a linear butane group was unable to inhibit NL63 3CLpro, but inhibitors with 199 

isobutane, methylcyclopropane or methylcyclobutane groups did inhibit NL63 (19). The inability 200 

of telaprevir to inhibit 3CLpro from FIPV or weakly inhibit IBV may stem from the structural 201 

differences in their S2 subsites combined with variations in their S1’ subsites (Fig. 4b, 4c, and 202 

Extended Data Fig. 5b). 203 

 204 

We also screened SARS-CoV-2 3CLpro and PLpro, which are cysteine proteases, against 205 

a small library of 20 drugs that are used or were developed to treat human immunodeficiency 206 

virus (HIV) infections. Earlier computational studies suggested that HIV protease inhibitors, 207 

although designed to specifically inhibit HIV’s aspartyl protease, docked into the 3CLpro active 208 

site (20-24). Neither 3CLpro nor PLpro were inhibited significantly (<20%) by any of the HIV 209 

drugs tested, including any HIV protease inhibitor (Extended Data Fig. 6). We also tested 210 

famotidine (Pepcid®), a non-HIV drug that recently went into clinical trials for treatment of 211 

COVID-19, for inhibition of SARS-CoV-2 3CLpro and PLpro and it did not inhibit (<15% 212 

inhibition) either enzyme at a concentration of 200 µM. 213 

 214 

The discovery that FDA approved drugs boceprevir and telaprevir have broad-spectrum 215 

activity against 3CLpros from multiple coronaviruses provides a potential foundation on which 216 

structure-based drug design can lead to more potent antiviral drugs for treatment of SARS-CoV-217 

2, MERS, and other emerging or re-emerging coronavirus infections. Knowledge of the 218 

structural determinants for inhibitor potency from this work, and the recent work of others, 219 

provide critical information for such structure-based optimization of candidate therapeutics (15, 220 

25, 26). In addition to the moderate enzyme inhibition shown here, neither boceprevir nor 221 



telaprevir have been tested for impact on SARS-CoV-2 virus replication in vitro. Both drugs 222 

were withdrawn from the market as they were supplanted as HCV therapeutics by more potent 223 

and safer alternatives. Given these facts, we emphasize that boceprevir and telaprevir are not 224 

themselves good candidates for clinical development. Rather, their structural scaffolds have the 225 

potential to be rapidly optimized into potential clinical candidates. In addition, the results 226 

presented here showing no inhibition of either SARS-CoV-2 protease by lopinavir or any other 227 

HIV protease inhibitor are consistent with the lack of difference from standard of care in 228 

mortality, clinical improvement or detectable SARS-CoV-2 nasopharyngeal swab RNA in a 229 

randomized clinical trial of lopinavir-ritonavir in hospitalized patients (27). There are currently 230 

no laboratory or clinical data to support clinical trials or off-label use of HIV or HCV protease 231 

inhibitors for treatment of COVID-19. 232 

 233 

 234 

 235 
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Fig. 1. Screening of SARS-CoV-2 proteases for inhibition by HCV drugs. Percent inhibition of 303 

each protease (3CLpro and PLpro) at a concentration of 100 µM for each HCV drug was 304 

determined by an enzymatic activity assay optimized for each enzyme. HCV drug classes are 305 

indicated and are distinguished by individual colors that correspond to the bar graph.  306 
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 327 

  328 

Fig. 2. Inhibition of Alpha-, Beta- and Gamma-coronavirus 3CLpro and PLpro proteases by top 329 

HCV drugs. A) Dose-response of SARS-CoV-2 3CLpro to inhibition by Boceprevir and 330 

Telaprevir. Structures of each compound are shown with the dose-response curves. The 331 

IC50 values for each compound are listed. The response of each enzyme to the binding of the 332 

drugs follows a simple dose-response curves described by the Michaelis-Menten equation. 333 

B) The IC50 values for inhibition of SARS-CoV-2 PLpro and other PLpros or 334 

PLP2s by asunaprevir are listed and were derived from fits of the data to the Michaelis-Menten 335 

and Hill equations.  The dose-response curves for each 3CLpro and PLpro are given in the 336 

supplementary material.   337 
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 348 

 349 

Fig. 3. Reversible covalent adduct of boceprevir bound to SARS-CoV-2 3CLpro. A) Final 1.45 350 

Å structure of boceprevir bound to SARS-CoV-2 3CLpro. 2(Fo-Fc) electron density map is 351 

contoured at 1.0σ (blue mesh). Residues that form hydrogen bonds with the Boceprevir-modified 352 

cysteine (green) are rendered in brown with hydrogen bonds depicted by black dashed lines. The 353 

locations of subsites S1’, S1, S2 and S4 are illustrated by black curves. The S3 “subsite” is 354 

solvent exposed. B) Schematic of hydrogen-bonding interactions between boceprevir and SARS-355 

CoV-2 3CLpro. Boceprevir (blue) forms a reversible covalent bond (black, bold line) with the 356 

catalytic Cys145. SARS-CoV-2 3CLpro residues that hydrogen bond to boceprevir are depicted 357 

in black. 358 

 359 

 360 

 361 

 362 
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 368 

 369 

Fig. 4. Subsite binding interactions of Boceprevir, Telaprevir, and Compound 13b with SARS-370 

CoV-2 3CLpro. A) Structural alignment of SARS-CoV-2 3CLpro bound to boceprevir (PDB: 371 

6WNP) and compound 13b (PDB: 6Y2F). A surface representation of SARS-CoV-2 3CLpro 372 

bound to boceprevir is shown with selected amino acid side chains shown in pink and boceprevir 373 

in green. Compound 13b and amino acid side chains are represented in purple. Subsites S1’, S1, 374 

S2, and S4 are identified. Rendered amino acids illustrate the differences in conformation 375 

between boceprevir-bound and 13b-bound SARS-CoV-2 3CLpro. Hydrogen bonds in the S1 and 376 

S4 subsites are shown as black, dashed lines. B) Surface representation of SARS-CoV-2 3CLpro 377 

is shown with boceprevir (green) bound. Telaprevir (brown) is modeled into the active site and 378 

superimposed on the boceprevir-bound structure. Subsites are identified and amino acids shown 379 

in pink are residues that participate in hydrogen bonding with both Boceprevir and Telaprevir. 380 

C) Sequence alignment and subsite identification of Alpha-, Beta-, and Gamma-coronavirus 381 

3CLpro enzymes included in this study. Residues in the S1’ site are shown in black (▲), S1 in 382 

blue (▼), S2 in red (▲), and S4 in green (▼). Sequences numbered according to SARS-CoV-2 383 

3CLpro. 384 

 385 
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 390 

 391 

 392 



Methods 393 

 394 

Expression and purification of Alpha-, Beta-, and Gamma-coronavirus 3CLpro enzymes 395 

The gene encoding the 3CLpro of SARS-CoV-2 was obtained from the polyprotein 396 

sequence (Accession #: MN908947) and was verified against additional sequences obtained from 397 

the Global Initiative on Sharing All Influenza Data (GISAID) (Accession #’s: 402119-402125). 398 

The plasmid gene insert was designed to include codons for an N-terminal hexahistidine tag 399 

following the initiator methionine. This was followed by polyprotein residues 3259-3569 to 400 

reflect the sequence of the 3CLpro enzyme in addition to the nsp4/5 autocleavage site. This gene 401 

sequence was codon-optimized for expression in E. coli and subcloned into a pET11a vector 402 

using the synthetic DNA services of Bio Basic, Inc. (Amherst, NY). These principles were 403 

applied to the expression construct design because it produces 3CLpro with native termini.  404 

The plasmid containing the gene insert for overexpression of SARS-CoV-2 3CLpro was 405 

electroporated with E. coli BL21 (DE3) cells. A single colony of the transformed cells was used 406 

to inoculate 70 mL of 2xYT media (10 g yeast extract, 16 g tryptone, 5 g NaCl per 1 L of water, 407 

100 μg/mL carbenicillin, pH adjusted to 7.20 using 10 M NaOH). This preculture was incubated 408 

overnight at 37 °C for 10.5 hours. The expression culture consists of 1L 2xYT media 409 

supplemented with 10 mL of preculture and incubated at 37 °C for 3.25 hours. When the cells 410 

reached an OD600 of 0.72, the cultures were incubated on ice for 15 minutes before 411 

supplementation with isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 412 

0.1 mM. These cultures were incubated for 16 h at 25 °C. The cells were harvested via 413 

centrifugation at 16,800 x g for 40 minutes to yield 5.09 g L-1 of cells. The cell pellet was 414 

resuspended in 5 mL Lysis Buffer (25 mM HEPES, 0.05 mM EDTA, 5 mM β-mercaptoethanol 415 

(β-ME), 1 mg/mL lysozyme) per 1 g of pelleted cells using a manual homogenizer. The 416 



homogenized cell suspension was sonicated for a total of 12 minutes at an amplitude of 60% for 417 

periods of 10 s punctuated by 20 s delays using a Branson digital sonifier. The lysate produced 418 

was clarified by centrifugation for 16,080 x g for 45 minutes at 4 °C.  419 

Clarified lysate was injected onto a 60 mL Q-Sepharose Fast Flow (GE Healthcare) 420 

strong anion-exchange column equilibrated in Buffer A (25 mM HEPES pH 7.50, 0.05 mM 421 

EDTA, 5 mM β-ME). Protein was recovered from the flow-through. Solid ammonium sulfate 422 

was gradually added to the protein pool to a concentration of 1 M while stirring on ice. The 423 

precipitate was removed via centrifugation at 16,080 x g for 45 minutes at 4 °C. Supernatant was 424 

checked for activity prior to injection onto a 60 mL Phenyl Sepharose 6 Fast Flow Hi Sub (GE 425 

Healthcare) hydrophobic interaction column that had been equilibrated in Buffer B (50 mM 426 

HEPES pH 7.50, 1 M ammonium sulfate 0.05 mM EDTA, 5 mM β-ME). The protein was eluted 427 

using a linear gradient to 100% Buffer A over 14 column volumes. Fractions containing SARS-428 

CoV-2 3CLpro were assessed for purity and pooled based on specific activity and analysis via 429 

SDS-PAGE. This protein was syringe-filtered with a 0.45 μm surfactant free cellulose acetate 430 

membrane prior to injection onto an 8 mL Mono Q column (GE Healthcare) equilibrated in 431 

Buffer A for anion-exchange chromatography. The protein was eluted using a gradient to 100% 432 

Buffer C (50 mM HEPES pH 7.50, 1 M NaCl, 0.05 mM EDTA, 5 mM β-ME) over 20 column 433 

volumes. Fractions were pooled using the same criteria. This pool was concentrated using a 434 

10,000 molecular weight cutoff (MWCO) spin concentrator (MilliporeSigma) before being 435 

injected onto a 300 mL HiLoad 26/60 Superdex 200 prep grade column (GE Healthcare) for 436 

size-exclusion and desalting into Buffer E (25 mM HEPES pH 7.50, 10% Glycerol, 2.5 mM 437 

dithiothreitol (DTT)). The protein was pooled based on the above criteria, aliquoted, flash-frozen 438 

in liquid nitrogen, and stored at -80 °C.  439 



SARS, HKU1, HKU5 and MERS 3CLpro were expressed and purified utilizing the 440 

protocols developed by Dr. Sakshi Tomar (28). NL63 3CLpro was expressed and purified using 441 

a modified protocol based on the purification of murine hepatitis virus (MHV) 3CLpro using 442 

DEAE-Cellulose columns (28). Avian coronavirus (IBV) 3CLpro was expressed and purified 443 

using a modified protocol based on MERS 3CLpro (28). HKU4 3CLpro was expressed and 444 

purified using a modified protocol developed by Agnihothram et al (29). Feline infectious 445 

peritonitis virus (FIPV) 3CLpro was expressed and purified using the protocol developed by St. 446 

John et al (18). Molar concentration and experimental ε280 of 3CLpro was determined 447 

spectroscopically using a Synergy H1 hybrid multi-mode plate reader (Biotek) utilizing the 448 

method described by Gill & von Hippel (30).  449 

Crystallization of SARS-CoV-2 3CLpro 450 

Protein was thawed and injected onto a 24 mL Superdex 200 10/300 GL (GE Healthcare) 451 

equilibrated in Buffer F (25 mM HEPES pH 7.50, 2.5 mM DTT) for polishing and desalting. 452 

SARS-CoV-2 3CLpro was pooled based upon specific activity and SDS-PAGE and concentrated 453 

using a 10,000 MWCO spin concentrator (MilliporeSigma) to 4.7 mg/mL for crystallization 454 

optimization in 24-well hanging drop VDX trays (Hampton Research). Concentrations of KCl 455 

and PEG-10,000 were varied along with drop ratios of protein and reservoir solution 1:2, 1:1, 456 

2:1. Crystals grew at 4 °C in a droplet containing 2.67 mM DTT, 0.33% hexylene glycol (MPD), 457 

16.67 mM MES pH 6.0, 26.67 mM KCl, 5.33% PEG-10,000, 16.67 mM HEPES pH 7.50, 0.67% 458 

dimethyl sulfoxide (DMSO) and 200 μM Boceprevir. These were transferred to a cryo-solution 459 

containing 1.33 mM DTT, 15.17 % MPD, 8.33 mM MES pH 6.0, 13.33 mM KCl, 2.67 % PEG-460 

10,000, 20.84 mM HEPES pH 7.50, 0.84% DMSO and 250 μM Boceprevir, then allowed to soak 461 

for 90 minutes prior to flash-freezing in liquid nitrogen in 0.05-0.1 μm nylon loops.  462 



Data collection and structure refinement of SARS-CoV-2 3CLpro 463 

X-ray diffraction data were collected at Life Sciences Collaborative Access Team (LS-464 

CAT) beamline 21-ID-F at the Advanced Photon Source (APS) at Argonne National Laboratory, 465 

Argonne, Illinois, USA. These data were indexed and integrated using Denzo and scaled using 466 

Scalepack as part of the HKL-2000 package(31). The structure factor amplitudes were used for 467 

molecular replacement in the Phaser-MR (full-interface) module of PHENIX(32). The search 468 

model used was an X-ray structure of SARS-CoV-2 3CLpro (RCSB: 6LU7)(3) with ligands and 469 

models removed. Several iterations of automated structural refinement were completed using the 470 

PHENIX refinement module and REFMAC while manual adjustments were made using 471 

Coot(33). Table S1 summarizes the final diffraction and refinement statistics.  472 

Inhibitor characterization of SARS-CoV 3CLpro 473 

All compounds, unless otherwise noted, were obtained from the APExBIO (Boston, MA) 474 

as part of their DiscoveryProbeTM Anti-virus Compound library.  Lopinavir, Darunavir and 475 

Maraviroc were also obtained from Prof. Arun Ghosh, Purdue University. Inhibition of SARS-476 

CoV-2 (200 nM), SARS (250 nM), MERS (1 μM), HKU4 (100 nM), HKU5 (125 nM), HKU1 477 

(125 nM), FIPV (50 nM), NL63 (250 nM) and IBV 3CLpro (50 nM) by these compounds was 478 

assessed using a continuous kinetic assay measuring cleavage at 2 μM of the custom-synthesized 479 

FRET-based substrate: UIVT3 (HiLyte Fluor488
TM–ESATLQSGLRKAK-QXL520

TM-NH2) 480 

(Anaspec) in Assay Buffer (50 mM HEPES pH 7.50, 0.1 mg/mL bovine serum albumin (BSA), 481 

0.01% Triton X-100, 2 mM DTT, 1% DMSO). Inhibitor concentrations for Lopinavir, Darunavir 482 

and Maraviroc were assayed at concentrations of 0, 2.5, 5, 10, 15, 20, 40, 60, 80, 100, 150 and 483 

200 μM and substrate concentration was 2 μM. IC50 assays were performed using Costar 3694 484 

EIA/RIA 96-well half-area, flat bottom, black polystyrene plates (Corning). 1 μL of 100x 485 



inhibitor stocks were prepared in DMSO and added to 79 μL of enzyme prepared in Assay 486 

Buffer prior to incubation at 25 °C and 37 °C for 10 minutes on an orbital shaker (Thermo Fisher 487 

Scientific) on low speed. The reaction was initiated by adding 20 μL of the UIVT3 substrate. 488 

Increase in fluorescence intensity of the reaction was measured with an λex of 485/20 nm and an 489 

λem of 528/20 nm for a period of 10 min. Relative Fluorescence Units (RFU) produced were 490 

plotted over time within the initial rate period of the reaction to yield RFU/s. Percent inhibition 491 

of SARS-CoV-2 3CLpro by each inhibitor was calculated using equation (1).  492 

Equation (1)  %	 ℎ = 100 ∗ [1 − 	 	 ] 493 

measured by plotting average percent inhibition values from assays performed in triplicate at 494 

varying inhibitor concentrations. Lopinavir, Darunavir and Maraviroc were assayed at 495 

concentrations of 0, 2.5, 5, 10, 15, 20, 40, 60, 80, 100, 150 and 200 μM. Boceprevir and 496 

Telaprevir were assayed at concentrations of 0, 0.625, 1.25, 2.5, 5, 10, 20, 40, 60, 80, 100 and 497 

300 μM. These data were fit to equation (2) to determine the IC50 for each compound where 498 

%Imax is the maximum percent inhibition of 3CLpro. Errors in IC50 and %Imax values are those 499 

obtained from fitting of equation (2) to the data. Dose-response curves for MERS 3CLpro were 500 

evaluated by fitting to equation (3). Fitting was performed utilizing GraphPad Prism. 501 

Equation (2)    %	 ℎ = 	 % ∗[ ][ ]  502 

 503 

Equation (3)    %	 = 	 % ∗[ ], [ ]∗( [ ]	 ) 504 

 505 

 506 

SARS-CoV-2 PLpro Expression and Purification 507 



HCoV SARS-CoV-2 pET15b-PLpro Ubl2(1564-1874) was transformed into E. coli BL21 508 

(DE3) cells for protein expression using a Bio-Rad Gene Pulser electroporator. Transformants 509 

were plated out on a Luria-Bertani (LB) agar plate, supplemented with 100µg/mL carbenicillin at 510 

37°C in an incubator and grown overnight. The transformed cells were inoculated into a 40mL 511 

LB starter culture (LB Broth (Lennox) EZMixTM, Sigma) supplemented with 400µg/mL 512 

Ampicillin and 35µg/mL Kanamycin and grown overnight at 200rpm, 37°C. The main culture 513 

was inoculated from the whole starter culture. Four L of cells containing HCoV SARS-CoV-2 514 

pET15b-PLpro Ubl2(1564-1874) were grown at 37°C in Terrific Broth (TB) (Granulated, Fisher 515 

Scientific) supplemented with 400µg/mL ampicillin and 35 µg/mL kanamycin and incubated in 516 

BIOSTAT® Bplus Bioreactor (Sartorius Stedim). The initial fermentation conditions were set to 517 

a stirrer setpoint of 300rpm, temperature setpoint of 37°C, pH setpoint of 7.2 (± 0.2), gas flow 518 

setpoint of 3 L min-1, and an O2 setpoint of 20%. The cell culture was induced with 0.6 mM IPTG 519 

when OD600 reached 0.8 and incubated overnight at 25°C. After growth, the cells were pelleted by 520 

centrifugation (8000 x g, 15 min, 4 °C).  521 

The cells were resuspended in lysis buffer (10mM Tris-HCl, 500mM NaCl, 5% glycerol, 522 

5mM imidazole, 5mM β-ME, 0.08% n-Dodecyl β-D-maltoside (DDM), pH 7.4), homogenized in 523 

EmulsiFlex-C5 High Pressure Homogenizer (Avestin) two times and clarified by centrifugation 524 

(18000rpm, 40 min, 4°C). The purification was run using an AKTAxpress (GE Healthcare Life 525 

Science) pre equilibrated with Buffer A (10mM Tris-HCl, 500mM NaCl, 5mM β-ME, pH 7.4), 526 

washed with Buffer A with addition of 25 mM of Imidazole to remove unspecific binding and 527 

eluted with Buffer B (10mM Tris-HCl, 500mM NaCl, 500mM Imidazole, pH 7.4). Then, the 528 

sample was loaded onto a HiLoad 26/600 Superdex prep grade column (GE Healthcare Life 529 

Science) for size-exclusion and desalting into Buffer A). The selected fraction was incubated 530 



with tobacco etch virus (TEV) protease in a 1:20 ratio for four hour a room temperature, and then 531 

4°C overnight. The reaction was passed over a HiTrap FF column and the cleaved, untagged 532 

protein was collected from a 5 % imidazole step elution. The fractions were buffer exchanged by 533 

dialysis into a storage buffer (10 mM Tris-HCl, 500 mM NaCl, 5 mM β-ME, pH 7.4) and 534 

concentrated to ~5mg/mL in a Vivaspin Protein Concentrator Spin Column with MWCO 10,000 535 

(GE Healthcare Life Science). During the purification, the protein concentration was evaluated 536 

on NanoDrop 2000 UV Spectrophotometer (ThermoScientific) and visualized on SDS-PAGE 537 

gels. 538 

Other Alpha- and Beta-Coronavirus PLP2 and PLpro Expression and Purification 539 

Methods for the expression and purification of MHV PLpro1609-1911, SARS PLpro1541-1855, 540 

and MERS PLpro1484-1802 have been previously described (34-36). FIPV PLP21558-1794, Porcine 541 

epidemic diarrhea virus (PEDV) PLP21688-1933, and NL63 PLP21578-1897 were purified in similar 542 

ways using buffer conditions previously described.(37) All constructs were expressed in E. coli 543 

BL21 (DE3) by autoinduction using a medium containing LB (10 g NaCl, 5 g yeast extract, 10g 544 

tryptone, 3 g KH2PO4, 6 g Na2HPO4) and supplemented with 0.2 % lactose, 0.6 % glycerol, 0.05 545 

% glucose, and 100 µg/mL carbenicillin. Cultures were grown at 37°C for 24 hours before being 546 

pelleted by centrifugation. The cells were resuspended in buffer A containing lysozyme by 547 

vortexing. The cells were then lysed for 8-10 minutes by sonication using a Branson Digital 548 

Sonifier and then clarified by centrifugation.  549 

The clarified lysate was loaded onto a Ni2+ column equilibrated with buffer A. Unbound 550 

proteins were washed with buffer A and bound proteins were eluted with a 0-100 % gradient of 551 

buffer B. The His-tag was removed after incubation with TEV-protease and put over the Ni2+ 552 

column to separate out the untagged protein. The sample was then loaded onto a Superdex 75 553 



HR 26/60 column equilibrated with buffer C. The protein eluted and was concentrated to 5-10 554 

mg/mL. At every step of the purification, the protein concentration was calculated using a 555 

Bradford assay and the protein was analyzed on SDS-PAGE gels. Specific activity was 556 

determined throughout the entire purification.  557 

Inhibition Assays of PLP2 and PLpro 558 

Assays were performed in triplicate in a Costar 96-well black microplate, 100µL assay volume. 559 

The substrate used in this assay was the fluorogenic peptide Arg-Leu-Arg-Gly-Gly-AMC 560 

(RLRGG-AMC) (Bachem). The assay contained the following: 50 mM HEPES, pH 7.5, 0.1 561 

mg/mL BSA, 5 mM DTT, 50 µM RLRGG-AMC, 1 % DMSO, and two concentrations of 562 

inhibitor (100 and 200 µM). The reaction was initiated with a final enzyme concentration of 0.14 563 

µM for SARS- 2 PLpro Ubl2(1564-1874), SARS PLpro, NL63 PLP2, and PEDV PLP2 and a 564 

concentration of 1 µM for MERS PLpro, MHV PLpro, and FIPV PLP2. The enzyme activity 565 

was monitored using a CLARIOstar Plus Microplate Reader. Percent inhibition was calculated 566 

using previously derived equations, accounting for both a positive and negative control.(38) The 567 

data were then fit using Graph Pad Prism using both the Hill equation and Michaelis-Menten 568 

model to determine an IC50 value. 569 
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Figures

Figure 1

Screening of SARS-CoV-2 proteases for inhibition by HCV drugs. Percent inhibition of each protease
(3CLpro and PLpro) at a concentration of 100 μM for each HCV drug was determined by an enzymatic
activity assay optimized for each enzyme. HCV drug classes are indicated and are distinguished by
individual colors that correspond to the bar graph.



Figure 2

Inhibition of Alpha-, Beta- and Gamma-coronavirus 3CLpro and PLpro proteases by top HCV drugs. A)
Dose-response of SARS-CoV-2 3CLpro to inhibition by Boceprevir and Telaprevir. Structures of each
compound are shown with the dose-response curves. The IC50 values for each compound are listed. The
response of each enzyme to the binding of the drugs follows a simple dose-response curves described by
the Michaelis-Menten equation. B) The IC50 values for inhibition of SARS-CoV-2 PLpro and other PLpros
or PLP2s by asunaprevir are listed and were derived from �ts of the data to the Michaelis-Menten and Hill
equations. The dose-response curves for each 3CLpro and PLpro are given in the supplementary material.



Figure 3

Reversible covalent adduct of boceprevir bound to SARS-CoV-2 3CLpro. A) Final 1.45 Å structure of
boceprevir bound to SARS-CoV-2 3CLpro. 2(Fo-Fc) electron density map is contoured at 1.0σ (blue mesh).
Residues that form hydrogen bonds with the Boceprevir-modi�ed cysteine (green) are rendered in brown
with hydrogen bonds depicted by black dashed lines. The locations of subsites S1’, S1, S2 and S4 are
illustrated by black curves. The S3 “subsite” is solvent exposed. B) Schematic of hydrogen-bonding
interactions between boceprevir and SARS356 CoV-2 3CLpro. Boceprevir (blue) forms a reversible
covalent bond (black, bold line) with the catalytic Cys145. SARS-CoV-2 3CLpro residues that hydrogen
bond to boceprevir are depicted in black.



Figure 4

Subsite binding interactions of Boceprevir, Telaprevir, and Compound 13b with SARS371 CoV-2 3CLpro.
A) Structural alignment of SARS-CoV-2 3CLpro bound to boceprevir (PDB: 6WNP) and compound 13b
(PDB: 6Y2F). A surface representation of SARS-CoV-2 3CLpro bound to boceprevir is shown with selected
amino acid side chains shown in pink and boceprevir in green. Compound 13b and amino acid side
chains are represented in purple. Subsites S1’, S1, S2, and S4 are identi�ed. Rendered amino acids
illustrate the differences in conformation between boceprevir-bound and 13b-bound SARS-CoV-2 3CLpro.
Hydrogen bonds in the S1 and S4 subsites are shown as black, dashed lines. B) Surface representation of
SARS-CoV-2 3CLpro is shown with boceprevir (green) bound. Telaprevir (brown) is modeled into the active
site and superimposed on the boceprevir-bound structure. Subsites are identi�ed and amino acids shown
in pink are residues that participate in hydrogen bonding with both Boceprevir and Telaprevir. C)
Sequence alignment and subsite identi�cation of Alpha-, Beta-, and Gamma-coronavirus 3CLpro enzymes
included in this study. Residues in the S1’ site are shown in black (), S1 in blue (), S2 in red (), and S4 in
green (). Sequences numbered according to SARS-CoV-2 3CLpro.
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