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Abbreviations 35 

M
pro

, Main Protease, Severe Acute Respiratory Syndrome Coronavirus-2, SARS-CoV-2,Severe 36 

Acute Respiratory Syndrome, SARS, Middle East respiratory syndrome, MERS, novel 37 

coronavirus disease-2019, COVID-19, feline infectious peritonitis virus, FIPV,  a half-maximum 38 

effective concentration, EC50, inhibitory concentrations, IC50, human immunodeficiency virus, 39 

HIV,  Dimethyl sulfoxide, DMSO, fluorescence resonance energy transfer, FRET, cytopathic 40 

effect, CPE,  50 % tissue culture infectious dose, TCID50, cytotoxic concentration, CC50, 41 

interferon, IFN,   42 
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Abstract: 43 

The COVID-19 pandemic caused by SARS-CoV-2 is a health threat worldwide. Viral main 44 

protease (M
pro

, also called 3C‐ like protease, 3CL
pro

) is a therapeutic target for drug discovery. 45 

Herein, we report that GC376, a broad-spectrum inhibitor targeting M
pro

 in the picornavirus-like 46 

supercluster, is potent inhibitor for the M
pro

 encoded by SARS-CoV-2 with half-maximum 47 

inhibitory concentration (IC50) of 26.41.1 nM. In this study, we also show that GC376 inhibits 48 

SARS-CoV-2 replication with a half-maximum effective concentration (EC50) of 0.910.03 M. 49 

Only a small portion of SARS-CoV-2-M
pro

 was covalently modified in the excess of GC376 as 50 

evaluated by mass spectrometry analysis; indicating that improved inhibitors are needed. 51 

Subsequently, molecular docking analysis revealing the recognition and binding groups of 52 

GC376 within the active site of SARS-CoV-2 M
pro

 provides important new information for the 53 

optimization of GC376. Given that sufficient safety and efficacy data are available for GC376 as 54 

an investigational veterinary drug, expedited development of GC376, or its optimized analogues, 55 

for treatment of SARS-CoV-2 infection in human is recommended.  56 

  57 

Keywords: COVID-19, SARS-CoV-2, M
pro

 , Antiviral research, GC376   58 
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1. Introduction 59 

Coronavirus infection in humans and other animals has resulted in a variety of highly 60 

prevalent and serious diseases, including severe acute respiratory syndrome (SARS) and Middle 61 

East respiratory syndrome (MERS). Beginning in Wuhan city of China in late 2019, the novel 62 

coronavirus disease-2019 (COVID-19) caused by Severe Acute Respiratory Syndrome 63 

Coronavirus-2 (SARS-CoV-2) has spread to the whole world (1, 2). Similar to SARS-CoV and 64 

MERS-CoV, the newly identified SARS-CoV-2 also belongs to the genus Betacoronavirus with 65 

zoonotic origin (3, 4). SARS-CoV-2 cause common symptoms including fever, cough, and 66 

shortness of breath. Complications may include pneumonia and acute respiratory distress 67 

syndrome (5, 6).  68 

The genome of COVID-19 virus consists of about 30,000 nucleotides; its replicase gene 69 

encodes two overlapping polyproteins, pp1a and pp1ab, which are needed for virus replication 70 

and transcription. The functional viral proteins are released from the polypeptide through 71 

proteolysis, mainly by main protease (M
pro

), which is also referred as 3C-like protease (7). M
pro 

72 

can digest at least 11 conserved sites within viral polyproteins. Viral M
pro

 has been considered as 73 

therapeutic targets for development of effective antiviral treatment (8). Among all the mature 74 

structural or non-structural proteins in SARS-CoV-2, M
pro

 is the most conserved target region 75 

within the whole viral genome (9). Due to the severity of SARS-CoV-2 infection, it is important 76 

to emphasize drug discovery for SARS-CoV-2 based on existing drugs for immediate uses or 77 

expedited development timeline.   78 

We have previously discovered several small molecule inhibitors for SARS-CoV during the 79 

SARS outbreak in 2003 (10). The M
pro

 encoded by SARS-CoV-2 represents a key target for anti-80 
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SARS-CoV-2 strategies. However, to date, promising SARS-CoV-2 M
pro

 protease inhibitor has 81 

been lacking. Herein, we established the SARS-CoV-2 M
pro

 protease fluorescence-based assay to 82 

screen for potential inhibitors. Furthermore, molecular modeling studies were carried out to 83 

further demonstrate the interaction of M
pro

 with GC376. GC376 or its optimized analogues holds 84 

great promise to be developed in human with SARS-CoV-2 infection, alone or together with 85 

other antiviral drugs.  86 

 87 

  88 
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2. Materials and Methods 89 

2.1 Drugs and Reagents  90 

The test compounds were mainly from Selleck and MedChemExpress. Several in-house 91 

collected compounds including human immunodeficiency virus (HIV) protease inhibitors, 92 

GC376 and natural products were also included for screening as M
pro 

inhibitors. GC376 was 93 

purchased from Biosynth Carbosynth
®

. It was dissolved in dimethyl sulfoxide (DMSO) as a 10 94 

mM stock solution and stored at −20°C. The fluorogenic substrate peptide-Dabcyl-95 

KTSAVLQSGFRKME-Edans utilized in the fluorescence resonance energy transfer (FRET) 96 

assay for M
pro

 were obtained from Genesis Biotechnology Inc.. 97 

2.2 Expression and purification of 3C-like proteases (M
pro

) 98 

To express the M protease (M
pro

) from SAR-CoV-2 and FIPV, cDNA’s encoding the 99 

genes as deduced from Wuhan-Hu-1 strain (NC_045512.2) and WSU-79/1146 strain 100 

(AAY32595.1) were optimized for codon preference in E. coli, respectively. The amino acid 101 

sequence of the SARS-CoV-2 M
pro

 is shown in Fig. S1(A). The synthetic cDNA (BIO BASIC, 102 

Canada) encoded the M
pro 

was respectively inserted into expression plasmid vector pGEX-4T-1 103 

(GE Health Care) using BamH I and Xho I restriction enzyme cutting sites (Fig. S1(b)), resulting 104 

in a factor Xa cleavage site, an expanded multiple cloning site, and ampicillin resistant gene was 105 

used as a selection marker.  106 

The recombinant plasmid was transfected into Rosetta2 (DE3) pLysS strain (Novagen), 107 

an E. coli host, and the overnight culture in LB medium was refreshed to an OD600 of 0.8 at 108 

37°C, then induced with 1 mM IPTG for 5 hours at 25°C. The cells were harvested by 109 
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centrifugation at 4°C (6,000 rpm, 10 min) followe by sonication in lysis buffer containing 1 110 

Phosphate buffered saline (137 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, pH=7.4), 0.1% 111 

Triton X100. The GST-M
pro

 fusion protease was purified by Glutathione Sepharose 4 Fast Flow 112 

(GE Healthcare) with purification buffer (50 mM Tris, pH=8.0, 10 mM glutathione). The 113 

purified GST-M
pro

 fusion protease was changed to factor Xa digestion buffer (20 mM Tris, 114 

pH=6.6, 50 mM NaCl, 1 mM CaCl2), and digested with factor Xa at 20°C overnight. The 115 

digested GST-M
pro

 was reloaded into glutathione sepharose column to collect the flow-through 116 

for separation of M
pro

. SDS-PAGE analysis shows that the M
pro

 is purified with approximately 117 

95% purity. The M
pro

 was changed to storage buffer (50 mM Tris, 100 mM NaCl, 1 mM KCl, 118 

1mM CaCl2, 25% glycerol) using Amicon (10K, Millipore), aliquoted, and stored at -20°C.  119 

2.3 Protease activity assay 120 

The protease assays were performed in 96-well black flat-bottomed microtiter plates 121 

(Greiner Bio one, Germany) with a final volume of 100 µL. SARS-CoV-2 M
pro

 recombinant 122 

protease, at a final concentration of 20 nM, was pre-incubated for 10 min at room temperature 123 

(RT) with compounds at different concentrations in the assay buffer (20 mM HEPES pH=6.0, 124 

0.4 mM EDTA, 1 mM DTT, 1% glycerol). The FRET substrate, Dabcyl-KTSAVLQSGFRKME-125 

Edans, was then added at a final concentration of 10 µM to the enzymatic reaction for 30 min at 126 

RT. The readouts for the same compound concentrations with the substrate without M
pro

 enzyme 127 

were measured as a blank. The fluorescence signals (excitation/emission: 355 nm/460 nm) of 128 

released Edans were measured using a fluorometer (VICTOR2, PerkinElmer). The results were 129 

plotted as dose-inhibition curves using non-linear regression with a variable slope to determine 130 

the IC50 values of inhibitor compounds (with GraphPad Prism 5.0). Ki measurements were 131 
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performed with various substrate concentrations of 5, 10, 20, 40 μM and a range of inhibitor 132 

concentrations (0, 8, 40, 200, 1000 nM) in a reaction mixture containing 20 nM M
pro

 at 37°C for 133 

30 min. The Ki value was computed using GraphPad Prism 5.0 software by nonlinear regression 134 

of competitive enzyme kinetics.  135 

2.4 Antiviral assay and Cytotoxicity assay 136 

To examine the anti-SARS-CoV-2 activity of positive compounds identified in the M
pro

 137 

activity assay, TCID50 (50% tissue culture infectious dose) was performed using two-fold serial 138 

dilutions of hit compounds starting from 50 μM. In brief, each well in 96-well tissue culture plate 139 

was seeded with 200 μL of 1.15×10
5
 Vero E6 cells/mL in MEM with 10% FBS. After cells were 140 

incubated for 18–24 h at 37°C, SARS-CoV-2/human/TWN/CGMH-CGU-01/2020 virus at 141 

100×TCID50 per well mixed with different concentrations of GC376. After 5 days, cells were 142 

fixed with formaldehyde and stained with 0.1% crystal violet as described previously (11). The 143 

concentration required for the tested compound to reduce the cytopathic effect (CPE) of the virus 144 

by 50% (the 50% effective concentration; EC50) was determined. IC50 was calculated using 145 

GraphPad Prism 6 to assess inhibition percentage at different inhibitor concentrations. To 146 

estimate the safety profile, the in vitro cytotoxicity study of GC376 was performed. We used 147 

MTT assay to investigate the cytotoxicity of these compounds on Vero E6 cells. The half-148 

cytotoxic concentration (CC50) values were calculated from the inhibitory percentages of GC376 149 

at various concentrations on the viability of the cells.  150 

2.5 Molecular Modeling  151 

The docking of compounds into the binding sites of the SARS-CoV-2-M
pro

 (PDB ID: 6LU7) 152 

(12) or M
pro

 of feline infectious peritonitis virus, FIPV-M
pro

 (PDB ID: 4ZRO) (6) was explored 153 



10 

 

using BIOVIA 2018/Liganfit program (BIOVIA, Inc., San Diego, CA). The detailed method of 154 

Ligandfit has been described (13) To illustrate the binding interactions, GC376 was docked into 155 

the binding site. The binding pocket was identified from the MERS and GC376 co-crystal 156 

structure (PDB ID: 5WKJ) (14). The forcefield for calculating ligand-receptor interaction 157 

energies employed the piecewise linear potential 1 (PLP1). The rectangular grid was set as 0.5 Å 158 

spacing and the extension from Site was set as 8 Å. The number of docking poses was set as 50 159 

with default parameters. The docking root mean square (RMS) threshold for ligand-site matching 160 

was set as 5 Å. The method of steepest descent for the rigid-body minimization during pose 161 

docking was used. The covalent docking calculation was performed using the two-point attractor 162 

method by the AutoDock Tools (version 1.5.6) as described (15). The decision of the best pose 163 

was based on the similar conformations of the MERS complex co-crystal structure.  164 

2.6 Molecular weight analysis using MS  165 

 166 

The premixed GC376 compound (1μl, 10 mM in DMSO) and the SARS-CoV-2-M
pro

 (5μl, 167 

2.5mg/ml) was incubated at 25℃ for 30 mins. Subsequently, 10 μL of reaction mixture was 168 

transferred into 40μl of the infusion solution (50% Acentonitrile in 0.1% Formic acid) for 169 

measuring the molecular weight using QTOF mass spectrometer. (G1, WATERS) through the 170 

direct infusion model. The ion signal (m/z) was acquired in positive-ion mode with a capillary 171 

temperature of 100 °C, electrospray voltage of 2800 V in the scan range from 800 to 2500 m/z. 172 

The Mass deconvolution was performed using Waters MassLynx (V4.1) software using the 173 

MaxEnt 1 program with the of half height 0.1 Da, and the Maximum number of interaction of 174 

100. 175 
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3. Results  176 

3.1 FRET-based Screening Assays  177 

The M
pro

 encoded by these two coronaviruses differ in only 12 amino acid residues. 178 

According to our previous experience during the SARS outbreak, SARS-CoV-2 M
pro

 was 179 

expressed as an GST fusion protein in E. coli BL21 (DE3)(16, 17). The GST fusion protein was 180 

purified by glutathione affinity chromatography. The fusion protein was cleaved by Factor Xa, 181 

resulting in the generation of a prominent protein band with an apparent molecular mass of 35 182 

kDa and obtained the mature SARS-CoV-2 M
pro

 (Fig. S1(c)).  183 

Purified M
pro

 proteins were checked for the proteolytic activity of cleaving the Edans-184 

KTSAVLQSGFRKME-Dabcyl substrate (Fig. S2(a)). The purified enzyme was assayed using 185 

the FRET technique as described in Materials and Methods. The performance of FRET assay 186 

was assessed and the signal-to-noise ratio was determined to be >20 (Fig. S2(b)). The Z-factor 187 

value for the assay was 0.9, which corresponds to a valid screening system. The M
pro

 of FIPV 188 

was prepared similarly. The same fluorogenic substrate, Edans-KTSAVLQSGFRKME-Dabcyl, 189 

was equally applicable in activity assessment for FIPV-M
pro

.  190 

3.2 Inhibitory activity of SARS-CoV-2 M
pro

 by Zinc ion, GC376 and lopinavir 191 

In this study, based on the SARS-CoV-2-M
pro

 activity assay, we screened a collection of 192 

protease inhibitors such as reported M
pro

 inhibitors for relevant viruses and clinically approved 193 

HIV protease inhibitors. At 10 M, GC376 (Fig. 1A), a broad-spectrum antiviral protease 194 

inhibitor used to treat cats with FIPV infection  (18), showed complete inhibition of SARS-CoV-195 

2 M
pro

 activity. Since GC376 was well characterized for its inhibition of M
pro

 encoded by FIPV, 196 
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we conducted head-to-head comparison for the inhibitory activity of GC376 on SARS-CoV-2-197 

M
pro

 and FIPV-M
pro

. SARS-CoV-2 and SARS-CoV share high identity in amino acid sequences 198 

(Fig. S3(a)), whereas SARS-CoV-2-M
pro

 and FIPV-M
pro

 share 45% identity in amino acid 199 

sequence (Fig S3(b)). These two viral proteases also share similar folding and crystal structure 200 

(12, 19). In this study, we found that GC376 is an extremely potent inhibitor for the M
pro

 201 

encoded by SARS-CoV-2 with a half-maximum inhibitory concentration (IC50) of 26.4  1.1 nM 202 

(Fig. 1B). Subsequent analysis showed that GC376 is a competitive inhibitor for the M
pro

 from 203 

SARS-CoV-2 with a binding constant Ki of 12  1.4 nM (Fig. 1C). In contrast, the IC50 and Ki of 204 

GC376 toward FIPV-M
pro 

are 118.9  1.1 nM and 42.5  2.9 nM, respectively (Fig S4(a) and 205 

(b)).  206 

To examine whether covalent adduct is formed, SARS-CoV-2 M
pro

 incubated with GC376 207 

was subject to mass spectrometry analysis in accordance to a method as described previously. 208 

Indeed, a gain of 403.2 dalton in mass was observed in new peaks from the GC376-incubated 209 

SARS-CoV-2 M
pro

 indicating the same mechanism for adduct formation as described (18) 210 

(results not shown). Through the mass spectrometry analysis, a new MS peak was observed with 211 

the mass value of 34,194.0 (Da), which is equal to the dehydrogen molecular weight of M 212 

protease (33,790.8); reflecting conjugation with only one GC376 molecule. Even in the excess of 213 

GC376, only 30% of the M
pro

 was conjugated based on the peak intensity. With the X-ray (7BRR, 214 

released date: 2020-05-13) and the MS analysis performed in this study, it is evident that GC376 215 

forms a covalent bond with Cys145 of M protease (M
pro

). That only a small portion of SARS-216 

CoV-2-M
pro

 was covalently modified, in the 25:1 molar excess of GC376, indicates that 217 

improved inhibitors are needed. 218 
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All the HIV protease inhibitors including lopinavir and ritonavir showed no inhibitory 219 

activity at 20 μM, reflecting the fact that no benefit was observed with lopinavir–ritonavir 220 

treatment in patients with severe Covid-19 (20). Since Zn
2+

 was shown to inhibit 3CL
pro 

encoded 221 

by SARS-CoV (15), ZnCl2 and ZnSO4 were evaluated for their activity on SARS-CoV-2 M
pro

 in 222 

this study. Zinc salts are shown to completely inhibit the activity of SARS-CoV-2 M
pro

 at micro 223 

molar level (data not shown).  224 

 225 

3.3 Antiviral effects of GC376 on the replication of SARS-CoV-2 in cell culture 226 

To confirm that the GC376 inhibited SARS-CoV-2 replication and cellular toxicity in cell 227 

culture, GC376 was tested for inhibition of SARS-CoV-2 infection in Vero E6 cells with 100 228 

TCID50 per well in 96-well plate. SARS-CoV-2-infected cells were treated with increasing 229 

concentrations of GC376 and protection from CPE was visually observed. GC376 dose-230 

dependently showed reduction of viral cytopathic effect (Fig. S5). After the cells were stained 231 

with crystal violet and measured at O.D. 570 nm (Fig. 2A). The results showed that GC376 232 

inhibited SARS-CoV-2 infection with an EC50 of 0.91  0.03 µM (Fig. 2B). GC376 exhibited a 233 

broad-spectrum antiviral activity against several coronaviruses in various cell lines (18). To 234 

evaluate whether GC376 was cytotoxic to cells, Vero E6 cells were treated with different 235 

concentrations of GC376 up to 100 µM, and cell viability was determined using MTT assay. We 236 

found that GC376 did not show cytotoxicity in Vero E6 cells up to 100 µM (Fig. 2B). Hence, we 237 

concluded that the selectivity index (SI) of GC376 was >> 114.  238 

 239 
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3.4 Molecular Docking  240 

To inform lead optimization efforts starting from GC376, in silico calculations to correlate 241 

IC50 and Ki into binding energy between GC376 and M
pro

 is attempted in accordance to, in part, 242 

our previous work (21-23). In our calculation, the free binding energy of GC376 with SARS-243 

CoV-2-M
pro

 and FIPV-M
pro

 are -51.59 Kcal/mol and -32.42 Kcal/mol, respectively. As shown in 244 

Figures 3A and 3B, upon removal of the bisulfite group, the compound is converted to an 245 

aldehyde form, giving rise to a covalent bond with catalytic Cys145. This result is in congruence 246 

with the co-crystal structure of GC376 and MERS-M
pro

 where GC376 forms a covalent bond 247 

with Cys148 (11). In Figure 3C, the amino acid residues on the inner surface of the substrate 248 

binding sites within the FIPV-M
pro

 and SARS-CoV-2-M
pro

 are well conserved. Only two sites of 249 

amino acid residues are different between the two M
pro

 binding pocket. In SARS-CoV-2, the 250 

Gln189 on the surface of binding pocket of SARS-CoV-2-M
pro

 supports a H-bond with the 251 

carbamate moiety of GC376. On the contrary, this H-bond cannot be formed because the 252 

counterpart residue in FIPV-M
pro

 is Pro188, rather than Gln. It appears that due to the covalent 253 

binding with Cys145 and hydrogen binding with Gln189 within substrate binding pocket of 254 

SARS-CoV-2-M
pro

, GC376 was induced to bind more snugly into the pocket through a strong H-255 

bond network with Phe140, Gly143, Ser144, Cys145, His163, His164, Glu166, and Gln189 256 

(Figure 3A). On the contrary, GC376 only forms a weaker H-bond network with Gly142, His162, 257 

and Glu165 (Figure 3B). The other different site is Ser144 in SARS-CoV-2-M
pro

 and Thr143 in 258 

FIPV-M
pro

. This difference has little influence on the binding network. The root-mean-square 259 

deviation (RMSD) between the two docking conformations of GC376/SARS-CoV-2 and 260 

GC376/FIPV is 1.16 Å.   Importantly, our in silico prediction has informed potential direction to 261 

improve GC376 with respective to its potency and further drug-like properties. With the docking 262 
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analyses, GC376 may be improved by replacing the benzene group by H-bond donors to interact 263 

with Glu166. The other alternative for improvement on binding potency is to replace the isobutyl 264 

group with moieties of less bulky hydrophobic group so as to form interactions with Met49 265 

(Figure 3C). Hussey RJ. have reported that the Michael acceptor inhibitor, acetyl-Glu-Phe-Gln-266 

Leu-Gln-CH=CHCOO-, will form a covalent bond with catalytic Cys139 in Norovirus 3CL
pro

 267 

(24), suggesting an alternative revenue for optimization of GC376. After the submission of this 268 

manuscript, the crystal structure of the 3CL protease complexed with GC376 (7BRR, released 269 

date: 2020-05-13) became available in Protein Data Base (PDB). By comparing the co-crystal X-270 

ray with our docked M
pro

-GC376 model based on 6LU7, the RMSD is 0.74; indicating that the in 271 

silico docking approach employed in this study adequately predicted the real complexed 272 

structure before its availability. In Fig S6, the modeled conformation is shown in green color and 273 

aligned to the X-ray result in pink.   274 
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4. Discussion  275 

To date, no proven effective therapy has been shown to be effective for SARS-CoV-2 276 

infection (9). As of the submission date of this manuscript, the once promising medicines 277 

including remdesivir and hydroxychloroquine are facing challenges after more stringently 278 

controlled observations and trials (25, 26). When coronaviruses are replicating inside cells, 279 

cellular innate immunity was shown to be compromised by M
pro 

(27). We have previously shown 280 

that the compromised interferon (IFN)-mediated antiviral mechanism by viral 3C
pro

 of 281 

enterovirus 71 can be rescued by effective protease inhibitor (28). Thus, effective inhibition on 282 

viral protease not only could restrict virus replication, but also would prevent interruption of the 283 

antiviral IFN-pathway.  284 

 285 

We also found that GC376 is a promising M
pro

 inhibitor for SARS-CoV-2. GC376 is a 286 

dipeptidyl bisulfite adduct salt with excellent inhibitory activity on several picornaviruses and 287 

coronaviruses (18, 29, 30). Administration of GC376 leads to a full recovery in laboratory cats 288 

with FIPV infection, a highly fatal feline disease (31). Kim Y. (2016)  also studied 289 

pharmacokinetic properties and safety of GC376 in laboratory cats. In their safety study on 290 

GC376, no adverse effects was observed and no changes in clinical lab parameters was reported 291 

in cats subcutaneously given GC376 at 10 mg/kg/dose, twice a day, for 4 weeks (31).  In this 292 

safety study, the plasma drug concentrations were shown to be remained slightly above 1,000 293 

ng/mL (i.e., ~2,000 nM as the M.W. of GC376 is 507.53) that was well above the concentrations 294 

needed for effective inhibition of SARS-CoV-2 as observed in this study. Therefore, the existing 295 

pharmacology and efficacy data for GC376 as an investigational drug in cat with FIPV infection 296 
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encourage studying proof of principle in COVID-19 patients followed by in vitro and in vivo 297 

antiviral activity of GC376, or further optimized analogues.  298 
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Table 1.  Inhibitory activity of HIV protease inhibitors on SARS-CoV-2 M
pro

.  408 

 409 

Compounds Activity 

Lopinavir , Ritonavir,  Fosamprenavir, 

Saquinavir, Nelfinavir, Atazanavir, Darunavir, 

Amprenavir, Tipranavir,  Indinavir 

 

No one has  activity at 20 M. 

 410 

  411 
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Figure 2  422 
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Figure 3 431 

 432 

 (A) GC376 docking to SARS-CoV-2 main protease (M
pro

) x-ray structure (PDBID: 6LU7) 433 

  434 
 435 

 436 

 437 

(B) GC376 docking to FIPV main protease (M
pro

) x-ray structure (PDBID: 4ZRO) 438 

 439 

  440 



25 
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Figure Legends  445 

Fig.1. Structure of GC376 and the IC50 and the inhibitory constant (Ki) of recombinant 446 

M
pro

 of SARS-CoV-2. (A) GC376 is a peptidomimetic antiviral drug. (B) The IC50 and 447 

the inhibitory constant (Ki) of M
pro

 of SARS-CoV-2.  The proteolytic activity of M
pro

 was 448 

determined by the FRET protease assay as described.  449 

 450 

Fig. 2. GC376 inhibited SARS-CoV-2 virus replication in Vero E6 cells. (A) The inhibition 451 

of SARS-CoV-2-induced CPE by GC376. In 96-well plate, Vero E6 cells were infected with 452 

SARS-CoV-2 virus (100 TCID50 per well) and cells were treated with various concentrations of 453 

GC376. At 120 h post-infection (hpi), cells were examined by a microscope (100×). Cell control: 454 

normal cells without treatment; Virus: cells infected with SARS-CoV-2 virus at 100 TCID50/well; 455 

in the absence or presence of GC376 at 0.39, 0.78 or 1.56 M, respectively. (B) Viable cells 456 

were stained with crystal violet. Results from one representative plate of two are shown. (C) 457 

Effects of GC376 on SARS-CoV-2-induced CPE or cell proliferation were generated using a 458 

sigmoidal dose-response curve model (GraphPad Prism 6 software) from which the IC50 values 459 

were derived. The effect of GC376 on cell proliferation was determined by MTT assay.  460 

 461 

Fig. 3. Docked conformations of GC376 in SARS-CoV-2 and FIPV M
pro

 proteases. (a) 462 

GC376 docking to SARS-CoV-2 M
pro

 protein x-ray structure (PDBID: 6LU7). (b) GC376 463 

docking to FLIP 3C-like protease protein x-ray structure (PDBID: 4ZRO). (c) Structure 464 

alignment of FIPV (PDB ID: 4ZRO, purple) and SARS-CoV-2 (PDB ID: 6LU7, White). The 465 

docking result of GC376 in FIPV is display as cyan, and docking result of GC376 in is display as 466 

orange. The red box shows the difference residues in the FIPV and SARS-CoV-2 binding site.  467 


