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One Sentence Summary: Tafenoquine diminishes SARS-CoV-2 Mpro activity to inhibit virus 
infection. 
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Abstract 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing the current 

pandemic, coronavirus disease 2019 (COVID-19), has taken a huge toll on human lives and the 

global economy. Therefore, effective treatments against this disease are urgently needed. Here, 

we established a fluorescence resonance energy transfer (FRET)-based high-throughput 

screening platform to screen compound libraries to identify drugs targeting the SARS-CoV-2 

main protease (Mpro), in particular those which are FDA-approved, to be used immediately to 

treat patients with COVID-19. Mpro has been shown to be one of the most important drug 

targets among SARS-related coronaviruses as impairment of Mpro blocks processing of viral 

polyproteins which halts viral replication in host cells. Our findings indicate that the anti-

malarial drug tafenoquine (TFQ) induces significant conformational change in SARS-CoV-2 

Mpro and diminishes its protease activity. Specifically, TFQ reduces the α-helical content of Mpro, 

which converts it into an inactive form. Moreover, TFQ greatly inhibits SARS-CoV-2 infection 

in cell culture system. Hence, the current study provides a mechanistic insight into the mode of 

action of TFQ against SARS-CoV-2 Mpro. Moreover, the low clinical toxicity of TFQ and its 

strong antiviral activity against SARS-CoV-2 should warrant further testing in clinical trials. 
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Introduction 

The SARS-CoV-2 was identified in December 2019 as the cause of COVID-19 outbreak that 

originated in Wuhan, China (1-3). It has since spread rapidly, infected more than twelve million 

people globally, and caused more than 548,822 deaths (4). Currently, there are no scientifically 

proven drugs to control this outbreak. The SARS-CoV-2 genome shares about 83% identity with 

the SARS coronavirus that emerged in 2002 and contains approximately 30,000 nucleotides that 

are transcribed into 14 open reading frames (Orfs) (5). Among them, Orf1a and Orf1ab are 

translated into two polyproteins which are then cleaved by the main protease (Mpro), yielding a 

number of protein products required for viral replication and transcription (6-9). Because there 

are no similar proteases in humans and that Mpro is necessary for viral replication, Mpro is 

considered as an ideal target for drug design. Drugs that are approved by the U.S. Food and Drug 

Administration (FDA) undergo rigorous evaluation for quality, safety and effectiveness, and thus 

identifying FDA-approved drugs that can inhibit Mpro protease activity has the advantage to be 

used quickly for treatment in patients. To this end, we established a fluorescence resonance 

energy transfer (FRET)-based high-throughput drug screening platform to rapidly identify 

antiviral compounds from the FDA-approved drug library which can bind to Mpro and inhibit its 

enzymatic activity. 
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Results  

FRET-based high-throughput screening of FDA-approved compound library for inhibitors 

of SARS-CoV-2 Mpro 

Recombinant SARS-CoV-2 Mpro (ORF1ab polyprotein residues 3264–3569, GenBank code: 

QHD43415.1) was expressed in Escherichia coli and purified to homogeneity (fig. S1). To 

rapidly identify potential FDA-approved drugs targeting SARS-CoV-2 Mpro, we established a 

fluorescence resonance energy transfer (FRET) assay by using a protein substrate consisting of 

the nsp4-5 N-terminal autocleavage site (TSAVLQ↓SGFRKM) of SARS-CoV-2 Mpro inserted 

between mTurquoise2 and mVenus, an enhanced CFP-YFP pair with higher quantum yield and 

protein stability (Fig. 1A and fig. S2) (10,11). The decrease in the FRET efficiency following 

cleavage of the protein substrate by SARS-CoV-2 Mpro and the increase in time-dependent 

fluorescence emission of mTurquoise2 at 474 nm were used as a measurement of Mpro activity. 

An initial screening of about 2,000 compounds using this FRET assay showed that tafenoquine 

(TFQ) exhibited the most significant inhibitory effect against SARS-CoV-2 Mpro (Fig. 1B). 

 

Mechanism of action of TFQ against SARS-CoV-2 Mpro 

TFQ (brand name Krintafel/Kozenis in U.S./Australia, owned and developed by 

GlaxoSmithKline) is an 8-aminoquinoline anti-malarial drug that was approved by the U.S. FDA 

in July 2018 and the Australian Therapeutic Goods Administration (TGA) in September 2018 for 

the radical cure of Plasmodium vivax (12-14), a parasite that causes malaria. In addition, TFQ 

(brand name Arakoda/Kodatef in U.S./Australia, owned by 60 Degrees Pharmaceuticals) was 

later approved by the FDA and the TGA for malaria prophylaxis (14,15). However, the molecular 
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target of TFQ is still unknown. Recently, two 4-aminoquinoline derivatives, chloroquine (CQ) 

and hydroxychloroquine (HCQ), were shown to be effective in inhibiting SARS-CoV-2 infection 

in vitro (16,17). Many clinical trials using CQ or HCQ to treat patients with COVID-19 have 

also been reported, but some have found no benefit and possible harm in patients (18,19). CQ is 

thought to inhibit virus entry by modifying glycosylation of ACE2 receptor and spike protein or 

by interfering with the pH-dependent endocytic pathway (20,21).  

To further characterize TFQ, we compared the inhibitory effects of TFQ and HCQ against 

SARS-CoV-2 Mpro at various concentrations by FRET and differential scanning fluorimetry 

(DSF) (22). As shown in Figure 1c, TFQ exhibited almost 90% inhibition against SARS-CoV-2 

Mpro at a concentration of 90 μM whereas HCQ did not demonstrate any significant inhibitory 

effects. Using a protein thermal shift assay, we showed that TFQ caused a negative shift in the 

melting temperature (Tm) of SARS-CoV-2 Mpro in a dose-dependent manner (Fig. 1, D and E). In 

contrast, HCQ had no influence on the thermal stability of SARS-CoV-2 Mpro (Fig. 1, D and F). 

DSF is a powerful tool in early drug discovery (22) with the basic principle that drugs which 

bind to the therapeutic protein target will stabilize it and cause a positive shift in its Tm. 

However, small-molecule inhibitors have been shown to cause negative shifts in the Tm values 

of target proteins by disrupting their oligomeric interfaces, leading to thermal destabilization and 

subsequent loss of interaction between the protein subunits (23,24). Some examples include 6-

hydroxy-DL-dopa binding to RAD52 (25) and SPD304 binding to TNF-α (26). In other cases, a 

ligand can bind more strongly to the non-native state than the native state of its target protein, 

such as that of Zn2+ and porcine growth hormone (27). To test whether TFQ binding disrupts the 

dimerization interface or binds to the non-native state of SARS-CoV-2 Mpro, various biophysical 

methods were utilized to assess the conformational changes of SARS-CoV-2 Mpro. Analytical 
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ultracentrifugation studies revealed identical sedimentation coefficient at various concentrations 

of TFQ, suggesting the absence of dimer-to-monomer conversion of SARS-CoV-2 Mpro in the 

presence TFQ (Fig. 2A). Interestingly, results from circular dichroism (CD) spectroscopy 

revealed an increase in the far-UV signals (molar ellipticity at 222 nm) with increasing 

concentrations of TFQ, indicating that the total helical content of SARS-CoV-2 Mpro decreased 

upon TFQ binding (Fig. 2B). The decreased α-helical content was accompanied by reduced Mpro 

protease activity (Fig. 2, B and C). Together, these data suggested that TFQ may cause a local 

conformational change within its binding site, disrupting nearby α-helices and subsequently 

reducing Mpro’s protease activity (Fig. 2, B and C). Moreover, because the sedimentation 

coefficient remained unchanged with TFQ, it is unlikely that TFQ caused unfolding of the 

overall structure of SARS-CoV-2 Mpro (Fig. 2A). To confirm this assumption, the solubility and 

stability of SARS-CoV-2 Mpro in the presence of different concentrations of TFQ or HCQ were 

tested. Consistently, the protein band of SARS-CoV-2 Mpro remain intact at concentration of TFQ 

up to 90 μM (Fig. 2D).  At concentration above 120 μM TFQ, the soluble fraction of SARS-

CoV-2 Mpro diminished gradually, suggesting that the conformational change induced by TFQ 

may expose some hydrophobic residues and ultimately result in protein aggregation (Fig. 2D). 

By contrast, HCQ do not influence the stability of SARS-CoV-2 Mpro at concentration up to 500 

μM (Fig. 2D).  

To further probe the conformational changes of SARS-CoV-2 Mpro, we performed a limited 

proteolysis assay by trypsin digestion (28). The cleavage pattern indicated a greater degree of 

protection of SARS-CoV-2 Mpro from trypsin digestion at higher concentrations of TFQ (Fig. 2E). 

In contrast, no concentrations of HCQ tested reduced the cleavage of SARS-CoV-2 Mpro by 

trypsin digestion (Fig. 2E). Results from binding constant measurement by isothermal titration 
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calorimetry (ITC) indicated TFQ bound to SARS-CoV-2 Mpro with micromolar affinity (Kd = 

~10–5 M, Fig. 2F). These findings further supported the notion that TFQ binding induces local 

conformational changes in Mpro that trigger an active-to-inactive form transition, reduce its Tm 

and protease activity, and render it more resistant to trypsin digestion.  

 

Binding mode of TFQ to SARS-CoV-2 Mpro 

To elucidate the inhibitory mechanism of TFQ against SARS-CoV-2 Mpro, molecular docking 

was performed using SwissDock (29). The resulting complex showed that TFQ fits well in the 

substrate-binding site of SARS-CoV-2 Mpro (Fig. 3A) and forms three polar contacts with F140, 

E166, and the active-site residue C145 (Fig. 3, A and C). In addition, eight residues of SARS-

CoV-2 Mpro, including H41, M49, L141, N142, S144, H164, M165 and Q189, contribute to the 

hydrophobic interface enclosing TFQ in the substrate-binding site (Fig. 3, A and C). To compare 

the differences between TFQ and HCQ at the molecular level, we also conducted a docking 

analysis of HCQ to SARS-CoV-2 Mpro. Compared with TFQ, HCQ forms only one polar contact 

with E166 and fewer hydrophobic interactions within the substrate-binding site of SARS-CoV-2 

Mpro (Fig. 3, B and D). The enhanced binding affinity of TFQ to SARS-CoV-2 Mpro may be 

attributed to the binding of the 3-(trifluoromethyl) phenoxy moiety of TFQ in the S1′ site of Mpro, 

which is absent in the HCQ Mpro docked complex. Recently, the crystal structure of SARS-CoV-

2 Mpro in complex with a mechanism-based inhibitor N3, was published (30). We compared the 

N3 inhibitor-Mpro complex (PDB code: 6LU7) with the TFQ-Mpro docked complex and showed 

that TFQ occupies the sites equivalent to P2, P1 and P1′ of the N3 inhibitor in the substrate-

binding site (Fig. 3E). The S1 subsite of Mpro is highly specific to Gln at the P1 position of 

peptide substrate. The pentan-1,4-diamine moiety of TFQ appears to meet this requirement by 
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mimicking the Gln side chain to form two hydrogen bonds with the side chain of E166 and main 

chain of F140 (Fig. 3, C and E). The hydrophobic quinoline core of TFQ is in close proximity to 

the S2 subsite, which prefers hydrophobic residues (Fig. 3E). In conclusion, the docking studies 

showed that TFQ binds to SARS-CoV-2 Mpro by mimicking its preferred peptide substrate.  

 

TFQ inhibits SARS-CoV-2 production in cell culture system 

Since TFQ treatment inactivates SARS-CoV-2 Mpro, a key protease for viral replication in 

host cells, we examined the antiviral efficacy of TFQ on the viral production and infection rates 

of SARS-CoV-2. Vero E6 cells, which are kidney epithelial cells isolated from an African green 

monkey and commonly used to produce SARS-CoV-2 stocks in many research groups (16,31), 

were infected with SARS-CoV-2 (strain NTU02, GenBank:MT066176.1) at a multiplicity of 

infection (MOI) of 0.001 in the presence of TFQ (2.5 μM and 5 μM) or DMSO (control). Cells 

were subjected to two modes of drug treatment, one in which cells were pre-treated with TFQ for 

an hour prior to viral infection (full-time treatment), and the other in which cells were treated 

with TFQ after virus infection (post treatment) (Fig. 4A). After infection and TFQ treatment, cell 

supernatants were collected for further quantification of virus yield on Day 1, Day 2, and Day 3 

after infection. The inhibition rate of TFQ against SARS-CoV-2 was determined by measuring 

viral RNA of nucleoprotein (N) using quantitative real-time RT-PCR (qRT-PCR). The results 

indicated that TFQ significantly repressed the yield of viral RNA in cell supernatant on day 1 to 

2 after infection (Fig. 4B). Regardless of the treatment method used, the inhibition rate against 

viral RNA production was approximately 0–3.5% and 51.9–54% with 5 μM and 2.5 μM TFQ, 

respectively, at 48-hour post infection, implying the half maximal effective concentration (EC50) 

of TFQ was around 2.5 μM (Fig. 4C). Viral infection can lead to changes in cell morphology and 
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death of host cells, also known as cytopathic effect (CPE) (32,33). Vero E6 cells are susceptible 

to SARS-CoV-2 infection, which induces CPE (34). We observed a significant decrease in 

SARS-CoV2-induced CPE in Vero E6 cells treated with 5 μM TFQ treatment compared with the 

DMSO treatment group (Fig. 4D), indicating that TFQ mitigates cell damages caused by SARS-

CoV-2. Therefore, the data in Figure 4b observed on day 3 showed that there is no significant 

difference of viral RNA between DMSO-treated and TFQ (2.5 μM)-treated groups because the 

former lacked sufficient number of surviving host cells for virus production. Collectively, these 

data demonstrated that TFQ potently reduces SARS-CoV-2 production in the host cells. 

 

Discussion  

Drug repurposing is an efficient way to accelerate the development of therapies for COVID-

19. Here, we identified TFQ as a potent drug that inhibits SARS-CoV-2 replication by targeting 

its Mpro from an FDA-approved compound library. We first demonstrated that TFQ inhibits the 

enzymatic activity of SARS-CoV-2 Mpro by using a FRET-based assay. Subsequent molecular 

docking study indicated that TFQ binds directly to the substrate-binding pocket of SARS-CoV-2 

Mpro as a competitive inhibitor. Moreover, binding of TFQ prevented Mpro from trypsin 

degradation and induced a negative shift in its Tm, supporting the conversion of SARS-CoV-2 

Mpro from an active to inactive form in the presence of TFQ. Using CD spectroscopy, we showed 

that increasing TFQ concentrations reduced the α-helical content of Mpro, suggesting possible 

unraveling of some α-helices. However, the results from trypsin digestion indicated that TFQ 

binding rendered Mpro more resistant to trypsin digestion, which indicates the presence of a more 

ordered structure, preventing it from trypsin digestion. In addition, the results from analytical 

ultracentrifugation (Fig. 2A) also suggested the formation of an ordered structure of the TFQ-
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Mpro complex. Thus, inhibition of Mpro by TFQ seems to convert Mpro from an active to inactive 

conformation. This mechanism differs from the typical mechanism of action of inhibitors that 

bind to the active site of the enzyme to block substrate binding. Therefore, we proposed a model 

shown in Fig. 5, illustrating the possible inhibition mechanism of TFQ on SARS-CoV-2 Mpro. 

Based on the results shown in this study, the binding of low concentration (10 to 90 μM) of TFQ 

to Mpro decreases its protease activity by reducing the α-helical structure content. The 

conformational change may destabilize SARS-CoV-2 Mpro by exposing some hydrophobic 

residues to solvent, resulting decreased thermal stability. However, at concentration above 120 

μM TFQ, the exposed hydrophobic region of SARS-CoV-2 Mpro may exceed a threshold, leading 

to protein aggregation and precipitation. Therefore, TFQ may inhibit the function of Mpro through 

a two-step progressive process to reduce SARS-CoV-2 production (Fig. 5). 

It is interesting to note that the N3 inhibitor blocked SARS-CoV-2 at a concentration of 10 

μM in cell-based assay (30) whereas TFQ exhibited strong antiviral effect at a concentration of 5 

μM in SARS-CoV-2 infected Vero E6 cells (Fig. 4). In contrast to TFQ which can be 

immediately evaluated in patients with COVID-19 in clinical trials, there is currently no safety, 

oral bioavailability, or pharmacokinetics study of N3 inhibitor in patients.   

TFQ is approved for prophylaxis and treatment of malaria in the U.S. and Australia (15,35). As a 

preventive measure, a dose of 200 mg TFQ is recommended for three days prior to traveling and 

200 mg per week until one week after return. For radical cure, a single dose of 300 mg TFQ is 

recommended (https://wwwnc.cdc.gov/travel/news-announcements/tafenoquine-malaria-

prophylaxis-and-treatment). Those above dose recommendations for malaria prophylaxis 

suggested that TFQ at higher doses may be tolerated by the human body. Contrary to the long 

half-life (one month or longer) and possible severe side effects, such as bulls-eye maculopathy, 
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dry eye, nausea, diarrhea, anemia, liver failure, and muscle paralysis, of CQ and HCQ, the half-

life of TFQ is relatively shorter (~14 days) and the side effects are less severe (36,37). Together 

with our data showing that 5 μM TFQ strongly inhibited SARS-CoV-2 infection in vitro (Fig. 4), 

especially when applied as TFQ pre-treatment (full-time treatment) to mimic the prophylactic 

use against viral infection, the repurposing of TFQ for the prevention and treatment of COVID-

19 is worth looking into for clinical evaluations.  

Although FDA-approved drugs that target Mpro have been identified using virtual docking 

methods (38,39), they have not been evaluated for their effects on Mpro protease activity by 

functional assays. It is worth mentioning that among those docking-positive candidates, none of 

them that we tested (at least 10; Table 1) showed strong inhibitory effects against the Mpro 

protease activity. Hence, the current study not only identifies the first anti-SARS-CoV-2 Mpro 

drug that has been tested functionally to inhibit Mpro protease activity and evaluated for safety 

(FDA-approved drug) but also provides a mechanistic insight into the mode of action of TFQ 

against SARS-CoV-2 Mpro. The low clinical toxicity and mechanism-driven antiviral activity of 

TFQ against SARS-CoV-2 should warrant further testing in clinical trials. 
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Materials and Methods 

Recombinant protein preparation 

The full-length gene encoding SARS-CoV-2 main protease (Mpro, ORF1ab polyprotein residues 

3264-3569, GenBank code: MN908947.3) with Escherichia coli codon usage was synthesized 

and subcloned into pSol SUMO vector using Expresso® Solubility and Expression Screening 

System (Lucigen). A pET16b plasmid encoding the fluorescent protein substrate of Mpro (His10-

mTurquoise2-TSAVLQSGFRKM-mVenus) was synthesized and constructed for FRET based 

high-throughput screening assay. Each expression plasmid was transformed into E. coli BL21 

(DE3) and then grown in Luria Broth medium at 37 °C until OD600 reached between 0.6 and 0.8. 

Overexpression of Mpro or its fluorescent protein substrate was induced by the addition of 20% L-

rhamnose or 0.5 mM IPTG and incubated for 18 hours at 20 °C. The cell pellets were 

resuspended in sonication buffer [50 mM Tris-HCl pH 8.0, 500 mM NaCl, 10 % glycerol, 1 mM 

tris(2-carboxyethyl)phosphine (TCEP), 1 mM phenylmethylsulfonyl fluoride (PMSF)] and lysed 

by sonication on ice. Following centrifugation at 28,000 g, 4 °C for 30 min, the supernatant was 

loaded onto a HisTrap FF column (GE Healthcare), washed by sonication buffer containing 10 

mM imidazole, and eluted with a 20–200 mM imidazole gradient in sonication buffer. An 

adequate amount of TEV protease was added to remove the N-terminal SUMO fusion tag of Mpro. 

Both TEV protease and His6-SUMO fusion tag were then removed by HisTrap FF column. The 

Mpro and its substrate protein were further purified by size-exclusion chromatography and stored 

in buffer containing 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 % glycerol, and 1 mM TCEP. For 

solubility and stability test, SARS-CoV-2 Mpro was incubated with different concentration of 

TFQ or HCQ (30-500 μM) at room temperature for 30 mins. After centrifugation at 16000g for 3 

mins, 20 ul of  the supernatant of was boiled at 95℃ for 10 mins, and analyzed by 10 % SDS-
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PAGE (Bio-rad).   

 

Small-molecule compound library 

Three small-molecule compound libraries, including the FDA-approved Drug Library, Clinical 

Compound Library, and Anti-COVID-19 Compound Library (MedChemExpress), were used to 

screen for drugs against SARS-CoV-2 Mpro.  

 

Fluorescence resonance energy transfer (FRET) assay 

SARS-CoV-2 Mpro (4 μM) in assay buffer (20 mM Tris-HCl 7.8, 20 mM NaCl) was pre-

incubated with or without 60 μM compounds for 30 min at room temperature in 96-well black 

Optiplate. The reaction was initiated by addition of 20 μM fluorescent protein substrate. 

Substrate cleavage was monitored continuously for 1 hour by detecting mTurquoise2 

fluorescence (excitation: 434 nm / emission: 474 nm) using Synergy™ H1 hybrid multi-mode 

microplate reader (BioTek Instruments, Inc.). The first 15 min of the reaction was used to 

calculate initial velocity (V0) by linear regression. The calculated initial velocity with each 

compound was normalized to DMSO control. The IC50 was calculated by plotting the initial 

velocity against various concentrations of TFQ by use of a dose-response curve in Prism 8 

software.  

 

Protein thermal shift assay using differential scanning fluorimetry 

Differential scanning fluorimetry (DSF) assays were conducted as previously described (Lo, et 

al., 2004). Briefly, the experiment was carried out on a CFX96 RT-PCR instrument (Bio-Rad) in 

a buffer comprising 25 mM Tris pH 8.0, 150 mM NaCl, 5X SYPRO Orange dye (Sigma-
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Aldrich), and 8 μM SARS-CoV-2 Mpro in the presence or absence of 120 μM compound in each 

well. Fluorescence was monitored when temperature was gradually raised from 25 to 90 ºC in 

0.3 ºC increments at 12-second intervals. Melt curve data were plotted using the Boltzmann 

model to obtain the temperature midpoint of unfolding of the protein using Prism 8.0 software 

(GraphPad). 

 

Circular dichroism (CD) spectroscopy  

CD signals were measured using a Jasco J-815 spectropolarimeter with 0.1-cm quartz cuvettes 

and a 1-mm slit width. The molar ellipticity at 222 nm of all samples was recorded to analyze the 

protein conformational changes at different concentrations of TFQ (10–500 μM). All spectra 

were corrected for buffer absorption.  

 

Analytical ultracentrifugation (AUC) 

To assess the quaternary structural changes of SARS-CoV-2 Mpro in the presence of TFQ, 

sedimentation velocity experiments were performed using a Beckman Optima XL-A analytical 

ultracentrifuge (Beckman Coulter, CA, USA). Before ultracentrifugation, the protein sample was 

preincubated with various concentrations of TFQ (50–100 μM) at room temperature for 30 min. 

The protein sample and buffer solutions (25 mM Tris 8.0, 150 mM NaCl) were separately loaded 

onto the double sector centerpiece and placed in a Beckman An-50 Ti rotor. The experiments 

were performed at 20 °C and at a rotor speed of 42,000 rpm. The protein samples were 

monitored by the UV absorbance at 280 nm in continuous mode with a time interval of 480 s and 

a step size of 0.002 cm. Multiple scans at different time points were fitted to a continuous size 

distribution model by the program SEDFIT (Schuck et al., 2002). All size distributions were 
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solved at a confidence level of p = 0.95, a best fitted average anhydrous frictional ratio (f/f0), and 

a resolution N of 250 sedimentation coefficients between 0.1 and 20.0 S.  

 

Limited proteolysis by trypsin   

The protein sample was preincubated with various concentrations of TFQ (30–120 μM) at room 

temperature for 30 min. Proteolysis was then performed by mixing SARS-CoV-2 Mpro (0.8 

mg/ml) with trypsin at a protease-to-protein ratio of 1:10 (w/w) in reaction buffer (25 mM Tris 

8.0, 150 mM NaCl) at 37 °C for 30 min. The reaction was stopped by adding SDS sample 

loading buffer and boiling at 95 °C for 10 min and subjected to SDS-PAGE (4–20%).  

 

Isothermal titration calorimetry  

The binding of TFQ to SARS-CoV-2 Mpro were conducted on an ITC-200 instrument (MicroCal, 

Northampton, MA, USA) at 25 °C. SARS-CoV-2 Mpro and the inhibitors were dissolved in the 

assay buffer (20 mM Tris pH 8.0, 20 mM NaCl, 0.5 % DMSO). Two microliters aliquots of TFQ 

at concentration of 500 μM in the syringe were injected into the cell containing 50 μM Mpro at 3-

min intervals. Data were fit to a one-site binding model using the commercial Origin 7.0 

program to obtain the thermodynamic parameters. 

 

Molecular docking 

Molecular docking of TFQ and HCQ to SARS-CoV-2 Mpro was performed using SwissDock and 

the crystal structure of SARS-CoV-2 Mpro (PDB code: 6LU7). The docking pose with the highest 

docking score for each compound was selected for further analysis. Ligand plot of each 

compound was generated by PDBsum.      
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Virus and cell culture 

SARS-CoV2 (strain NTU02, GenBank:MT066176.1) was isolated from a COVID-19 patient at 

National Taiwan University Hospital and grown in Vero E6 cells. Cells were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS). 

 

Viral infections 

Vero E6 cells (1 × 107) were washed with PBS, incubated with virus diluted in serum-free 

DMEM containing tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (2 μg/ml) 

for 1 hour at 37 °C at a multiplicities of infection (MOI) of 0.001. One hour after infection, the 

virus inoculum was removed. The infected cells were washed with PBS and incubated with fresh 

medium containing 2% FBS. 

 

Time course assay of TFQ 

Vero E6 (7 × 104) cells were seeded in 24-well plates and subjected to two modes of drug 

treatment, one in which cells were pre-treated with drugs for an hour prior to viral infection, and 

the other without drug pre-treatment. Cells were then infected with virus for one hour in the 

absence of drugs. After infection, cells were washed with PBS, and cultured with drug-

containing medium until the end of the experiment. The virus-containing supernatants were 

harvested at one to three days post-infection and subjected to qRT-PCR to determine the viral 

titers. The viral cytopathic effect (CPE) was observed under microscope and imaged at 3-day 

post infection. 
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Viral RNA extraction and quantitative RT-PCR 

The viral RNA in supernatant was extracted using the QIAamp Viral RNA Mini Kit (QIAGEN). 

The extracted RNA was reverse transcribed using SuperScriptTM III reverse transcriptase 

(Invitrogen). The cDNAs were amplified by real-time PCR using the LightCycler FastStart DNA 

Master HybProbe (Roche Molecular Biochemicals) with a Light Cycler® 96 (Roche Molecular 

Biochemicals) for 50 cycles of 10 sec at 95 °C, annealing of 10 sec at 58 °C, and elongation of 

10 sec at 72 °C to detect N gene of SARS-CoV2. The following primers and probe were used: 

N_Sarbeco_F1:5'-CACATTGGCACCCGCAATC-3' 

N_Sarbeco_R1:5'- GAGGAACGAGAAGAGGCTTG-3' 

N_Sarbeco_P1: 5'-FAM- ACTTCCTCAAGGAACAACATTGCCA -BHQ1-3'. 

 
Statistical analysis 

Data of bar or curve graphs display as percentage or number compared to control groups with a 

standard deviation of two or three independent experiments. Microsoft Excel was used for 

statistical analyses. The two-tailed independent Student’s t-test was used to compare continuous 

variables between two groups. All experiments were carried out at least twice. The statistical 

significance level of all tests is set to 0.05. 
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Supplementary Materials 

Supplementary Figures 

Fig. S1. The purification of SARS-CoV-2 Mpro. 

Fig. S2. The purification of fluorescent protein substrate of SARS-CoV-2 Mpro. 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 15, 2020. ; https://doi.org/10.1101/2020.08.14.250258doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.250258


References and Notes: 

1. Zhu, N., Zhang, D., Wang, W., Li, X., Yang, B., Song, J., Zhao, X., Huang, B., Shi, W., 
Lu, R., Niu, P., Zhan, F., Ma, X., Wang, D., Xu, W., Wu, G., Gao, G. F., Tan, W., China 
Novel Coronavirus, I., and Research, T. (2020) A Novel Coronavirus from Patients with 
Pneumonia in China, 2019. N Engl J Med 382, 727-733 

2. Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., Si, H. R., Zhu, Y., Li, 
B., Huang, C. L., Chen, H. D., Chen, J., Luo, Y., Guo, H., Jiang, R. D., Liu, M. Q., Chen, 
Y., Shen, X. R., Wang, X., Zheng, X. S., Zhao, K., Chen, Q. J., Deng, F., Liu, L. L., Yan, 
B., Zhan, F. X., Wang, Y. Y., Xiao, G. F., and Shi, Z. L. (2020) A pneumonia outbreak 
associated with a new coronavirus of probable bat origin. Nature 579, 270-273 

3. Wu, F., Zhao, S., Yu, B., Chen, Y. M., Wang, W., Song, Z. G., Hu, Y., Tao, Z. W., Tian, 
J. H., Pei, Y. Y., Yuan, M. L., Zhang, Y. L., Dai, F. H., Liu, Y., Wang, Q. M., Zheng, J. 
J., Xu, L., Holmes, E. C., and Zhang, Y. Z. (2020) A new coronavirus associated with 
human respiratory disease in China. Nature 579, 265-269 

4. Dong, E., Du, H., and Gardner, L. (2020) An interactive web-based dashboard to track 
COVID-19 in real time. Lancet Infect Dis 20, 533-534 

5. Chan, J. F., Kok, K. H., Zhu, Z., Chu, H., To, K. K., Yuan, S., and Yuen, K. Y. (2020) 
Genomic characterization of the 2019 novel human-pathogenic coronavirus isolated from 
a patient with atypical pneumonia after visiting Wuhan. Emerg Microbes Infect 9, 221-
236 

6. Pillaiyar, T., Manickam, M., Namasivayam, V., Hayashi, Y., and Jung, S. H. (2016) An 
Overview of Severe Acute Respiratory Syndrome-Coronavirus (SARS-CoV) 3CL 
Protease Inhibitors: Peptidomimetics and Small Molecule Chemotherapy. J Med Chem 
59, 6595-6628 

7. Anand, K., Ziebuhr, J., Wadhwani, P., Mesters, J. R., and Hilgenfeld, R. (2003) 
Coronavirus main proteinase (3CLpro) structure: basis for design of anti-SARS drugs. 
Science 300, 1763-1767 

8. Hegyi, A., and Ziebuhr, J. (2002) Conservation of substrate specificities among 
coronavirus main proteases. J Gen Virol 83, 595-599 

9. Gordon, D. E., Jang, G. M., Bouhaddou, M., Xu, J., Obernier, K., White, K. M., O'Meara, 
M. J., Rezelj, V. V., Guo, J. Z., Swaney, D. L., Tummino, T. A., Huettenhain, R., Kaake, 
R. M., Richards, A. L., Tutuncuoglu, B., Foussard, H., Batra, J., Haas, K., Modak, M., 
Kim, M., Haas, P., Polacco, B. J., Braberg, H., Fabius, J. M., Eckhardt, M., Soucheray, 
M., Bennett, M. J., Cakir, M., McGregor, M. J., Li, Q., Meyer, B., Roesch, F., Vallet, T., 
Mac Kain, A., Miorin, L., Moreno, E., Naing, Z. Z. C., Zhou, Y., Peng, S., Shi, Y., 
Zhang, Z., Shen, W., Kirby, I. T., Melnyk, J. E., Chorba, J. S., Lou, K., Dai, S. A., 
Barrio-Hernandez, I., Memon, D., Hernandez-Armenta, C., Lyu, J., Mathy, C. J. P., 
Perica, T., Pilla, K. B., Ganesan, S. J., Saltzberg, D. J., Rakesh, R., Liu, X., Rosenthal, S. 
B., Calviello, L., Venkataramanan, S., Liboy-Lugo, J., Lin, Y., Huang, X. P., Liu, Y., 
Wankowicz, S. A., Bohn, M., Safari, M., Ugur, F. S., Koh, C., Savar, N. S., Tran, Q. D., 
Shengjuler, D., Fletcher, S. J., O'Neal, M. C., Cai, Y., Chang, J. C. J., Broadhurst, D. J., 
Klippsten, S., Sharp, P. P., Wenzell, N. A., Kuzuoglu, D., Wang, H. Y., Trenker, R., 
Young, J. M., Cavero, D. A., Hiatt, J., Roth, T. L., Rathore, U., Subramanian, A., Noack, 
J., Hubert, M., Stroud, R. M., Frankel, A. D., Rosenberg, O. S., Verba, K. A., Agard, D. 
A., Ott, M., Emerman, M., Jura, N., von Zastrow, M., Verdin, E., Ashworth, A., 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 15, 2020. ; https://doi.org/10.1101/2020.08.14.250258doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.250258


Schwartz, O., d'Enfert, C., Mukherjee, S., Jacobson, M., Malik, H. S., Fujimori, D. G., 
Ideker, T., Craik, C. S., Floor, S. N., Fraser, J. S., Gross, J. D., Sali, A., Roth, B. L., 
Ruggero, D., Taunton, J., Kortemme, T., Beltrao, P., Vignuzzi, M., Garcia-Sastre, A., 
Shokat, K. M., Shoichet, B. K., and Krogan, N. J. (2020) A SARS-CoV-2 protein 
interaction map reveals targets for drug repurposing. Nature  

10. Shaner, N. C., Steinbach, P. A., and Tsien, R. Y. (2005) A guide to choosing fluorescent 
proteins. Nat Methods 2, 905-909 

11. Goedhart, J., von Stetten, D., Noirclerc-Savoye, M., Lelimousin, M., Joosen, L., Hink, M. 
A., van Weeren, L., Gadella, T. W., Jr., and Royant, A. (2012) Structure-guided evolution 
of cyan fluorescent proteins towards a quantum yield of 93%. Nat Commun 3, 751 

12. Campo, B., Vandal, O., Wesche, D. L., and Burrows, J. N. (2015) Killing the hypnozoite-
-drug discovery approaches to prevent relapse in Plasmodium vivax. Pathog Glob Health 
109, 107-122 

13. Ebstie, Y. A., Abay, S. M., Tadesse, W. T., and Ejigu, D. A. (2016) Tafenoquine and its 
potential in the treatment and relapse prevention of Plasmodium vivax malaria: the 
evidence to date. Drug Des Devel Ther 10, 2387-2399 

14. Frampton, J. E. (2018) Tafenoquine: First Global Approval. Drugs 78, 1517-1523 
15. Hounkpatin, A. B., Kreidenweiss, A., and Held, J. (2019) Clinical utility of tafenoquine 

in the prevention of relapse of Plasmodium vivax malaria: a review on the mode of action 
and emerging trial data. Infect Drug Resist 12, 553-570 

16. Wang, M., Cao, R., Zhang, L., Yang, X., Liu, J., Xu, M., Shi, Z., Hu, Z., Zhong, W., and 
Xiao, G. (2020) Remdesivir and chloroquine effectively inhibit the recently emerged 
novel coronavirus (2019-nCoV) in vitro. Cell Res 30, 269-271 

17. Liu, J., Cao, R., Xu, M., Wang, X., Zhang, H., Hu, H., Li, Y., Hu, Z., Zhong, W., and 
Wang, M. (2020) Hydroxychloroquine, a less toxic derivative of chloroquine, is effective 
in inhibiting SARS-CoV-2 infection in vitro. Cell Discov 6, 16 

18. Mahevas, M., Tran, V. T., Roumier, M., Chabrol, A., Paule, R., Guillaud, C., Fois, E., 
Lepeule, R., Szwebel, T. A., Lescure, F. X., Schlemmer, F., Matignon, M., Khellaf, M., 
Crickx, E., Terrier, B., Morbieu, C., Legendre, P., Dang, J., Schoindre, Y., Pawlotsky, J. 
M., Michel, M., Perrodeau, E., Carlier, N., Roche, N., de Lastours, V., Ourghanlian, C., 
Kerneis, S., Menager, P., Mouthon, L., Audureau, E., Ravaud, P., Godeau, B., Gallien, S., 
and Costedoat-Chalumeau, N. (2020) Clinical efficacy of hydroxychloroquine in patients 
with covid-19 pneumonia who require oxygen: observational comparative study using 
routine care data. BMJ 369, m1844 

19. Gao, J., Tian, Z., and Yang, X. (2020) Breakthrough: Chloroquine phosphate has shown 
apparent efficacy in treatment of COVID-19 associated pneumonia in clinical studies. 
Biosci Trends 14, 72-73 

20. Devaux, C. A., Rolain, J. M., Colson, P., and Raoult, D. (2020) New insights on the 
antiviral effects of chloroquine against coronavirus: what to expect for COVID-19? Int J 
Antimicrob Agents 55, 105938 

21. Singh, A. K., Singh, A., Singh, R., and Misra, A. (2020) "Hydroxychloroquine in patients 
with COVID-19: A Systematic Review and meta-analysis.". Diabetes Metab Syndr 14, 
589-596 

22. Pantoliano, M. W., Petrella, E. C., Kwasnoski, J. D., Lobanov, V. S., Myslik, J., Graf, E., 
Carver, T., Asel, E., Springer, B. A., Lane, P., and Salemme, F. R. (2001) High-density 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 15, 2020. ; https://doi.org/10.1101/2020.08.14.250258doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.250258


miniaturized thermal shift assays as a general strategy for drug discovery. J Biomol 
Screen 6, 429-440 

23. Seetoh, W. G., and Abell, C. (2016) Disrupting the Constitutive, Homodimeric Protein-
Protein Interface in CK2beta Using a Biophysical Fragment-Based Approach. J Am 
Chem Soc 138, 14303-14311 

24. White, K. M., Abreu, P., Jr., Wang, H., De Jesus, P. D., Manicassamy, B., Garcia-Sastre, 
A., Chanda, S. K., DeVita, R. J., and Shaw, M. L. (2018) Broad Spectrum Inhibitor of 
Influenza A and B Viruses Targeting the Viral Nucleoprotein. ACS Infect Dis 4, 146-157 

25. Chandramouly, G., McDevitt, S., Sullivan, K., Kent, T., Luz, A., Glickman, J. F., 
Andrake, M., Skorski, T., and Pomerantz, R. T. (2015) Small-Molecule Disruption of 
RAD52 Rings as a Mechanism for Precision Medicine in BRCA-Deficient Cancers. 
Chem Biol 22, 1491-1504 

26. He, M. M., Smith, A. S., Oslob, J. D., Flanagan, W. M., Braisted, A. C., Whitty, A., 
Cancilla, M. T., Wang, J., Lugovskoy, A. A., Yoburn, J. C., Fung, A. D., Farrington, G., 
Eldredge, J. K., Day, E. S., Cruz, L. A., Cachero, T. G., Miller, S. K., Friedman, J. E., 
Choong, I. C., and Cunningham, B. C. (2005) Small-molecule inhibition of TNF-alpha. 
Science 310, 1022-1025 

27. Cimmperman, P., Baranauskiene, L., Jachimoviciute, S., Jachno, J., Torresan, J., 
Michailoviene, V., Matuliene, J., Sereikaite, J., Bumelis, V., and Matulis, D. (2008) A 
quantitative model of thermal stabilization and destabilization of proteins by ligands. 
Biophys J 95, 3222-3231 

28. Woolger, N., Bournazos, A., Sophocleous, R. A., Evesson, F. J., Lek, A., Driemer, B., 
Sutton, R. B., and Cooper, S. T. (2017) Limited proteolysis as a tool to probe the tertiary 
conformation of dysferlin and structural consequences of patient missense variant L344P. 
J Biol Chem 292, 18577-18591 

29. Grosdidier, A., Zoete, V., and Michielin, O. (2011) SwissDock, a protein-small molecule 
docking web service based on EADock DSS. Nucleic Acids Res 39, W270-277 

30. Jin, Z., Du, X., Xu, Y., Deng, Y., Liu, M., Zhao, Y., Zhang, B., Li, X., Zhang, L., Peng, 
C., Duan, Y., Yu, J., Wang, L., Yang, K., Liu, F., Jiang, R., Yang, X., You, T., Liu, X., 
Yang, X., Bai, F., Liu, H., Liu, X., Guddat, L. W., Xu, W., Xiao, G., Qin, C., Shi, Z., 
Jiang, H., Rao, Z., and Yang, H. (2020) Structure of M(pro) from SARS-CoV-2 and 
discovery of its inhibitors. Nature 582, 289-293 

31. Park, W. B., Kwon, N. J., Choi, S. J., Kang, C. K., Choe, P. G., Kim, J. Y., Yun, J., Lee, 
G. W., Seong, M. W., Kim, N. J., Seo, J. S., and Oh, M. D. (2020) Virus Isolation from 
the First Patient with SARS-CoV-2 in Korea. J Korean Med Sci 35, e84 

32. Vicenzi, E., Canducci, F., Pinna, D., Mancini, N., Carletti, S., Lazzarin, A., Bordignon, 
C., Poli, G., and Clementi, M. (2004) Coronaviridae and SARS-associated coronavirus 
strain HSR1. Emerg Infect Dis 10, 413-418 

33. Yan, H., Xiao, G., Zhang, J., Hu, Y., Yuan, F., Cole, D. K., Zheng, C., and Gao, G. F. 
(2004) SARS coronavirus induces apoptosis in Vero E6 cells. J Med Virol 73, 323-331 

34. Harcourt, J., Tamin, A., Lu, X., Kamili, S., Sakthivel, S. K., Murray, J., Queen, K., Tao, 
Y., Paden, C. R., Zhang, J., Li, Y., Uehara, A., Wang, H., Goldsmith, C., Bullock, H. A., 
Wang, L., Whitaker, B., Lynch, B., Gautam, R., Schindewolf, C., Lokugamage, K. G., 
Scharton, D., Plante, J. A., Mirchandani, D., Widen, S. G., Narayanan, K., Makino, S., 
Ksiazek, T. G., Plante, K. S., Weaver, S. C., Lindstrom, S., Tong, S., Menachery, V. D., 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 15, 2020. ; https://doi.org/10.1101/2020.08.14.250258doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.250258


and Thornburg, N. J. (2020) Severe Acute Respiratory Syndrome Coronavirus 2 from 
Patient with Coronavirus Disease, United States. Emerg Infect Dis 26, 1266-1273 

35. Haston, J. C., Hwang, J., and Tan, K. R. (2019) Guidance for Using Tafenoquine for 
Prevention and Antirelapse Therapy for Malaria - United States, 2019. MMWR Morb 
Mortal Wkly Rep 68, 1062-1068 

36. Lim, H. S., Im, J. S., Cho, J. Y., Bae, K. S., Klein, T. A., Yeom, J. S., Kim, T. S., Choi, J. 
S., Jang, I. J., and Park, J. W. (2009) Pharmacokinetics of hydroxychloroquine and its 
clinical implications in chemoprophylaxis against malaria caused by Plasmodium vivax. 
Antimicrob Agents Chemother 53, 1468-1475 

37. Mayence, A., and Vanden Eynde, J. J. (2019) Tafenoquine: A 2018 Novel FDA-
Approved Prodrug for the Radical Cure of Plasmodium vivax Malaria and Prophylaxis of 
Malaria. Pharmaceuticals (Basel) 12 

38.       Odhar, H. A., Ahjel, S. W., Albeer, A., Hashim, A. F., Rayshan, A. M., and Humadi, S. 
S. (2020) Molecular docking and dynamics simulation of FDA approved drugs with the 
main protease from 2019 novel coronavirus. Bioinformation 16, 236-244 

39.       Durdagi, S., Aksoydan, B., Dogan, B., Sahin, K., Shahraki, A., Birgül-İyison, N. (2020): 
Screening of Clinically Approved and Investigation Drugs as Potential Inhibitors of 
SARS-CoV-2 Main Protease and Spike Receptor-Binding Domain Bound with ACE2 
COVID19 Target Proteins: A Virtual Drug Repurposing Study. ChemRxiv. Preprint. 
https://doi.org/10.26434/chemrxiv.12032712.v2 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 15, 2020. ; https://doi.org/10.1101/2020.08.14.250258doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.250258


Acknowledgments: We would like to thank Ms. Yi-Jen Liau at National Taiwan University for 

technical assistance of SARS-CoV-2 preparation and SCI Pharmtech Inc. for providing HCQ. 

Funding: This research was supported in part by the following: The Ministry of Science and 

Technology, Taiwan (108-2311-B-241-001; to Y.C.); YingTsai Young Scholar Award 

(CMU108-YTY-04; to W.-H.Y.); Breast Cancer Research Foundation, USA (BCRF-17-069; to 

M.-C.H.); the “Drug Development Center, China Medical University" from the Featured Areas 

Research Center Program within the Framework of the Higher Education Sprout Project by the 

Ministry of Education (MOE). Author contributions: Y.C. and W.-H.Y. designed and carried 

out the experiments, interpreted data, and wrote the manuscript; Y.-C.W., L.-M.H., C.-S.Y., Y.-

L.L., M.-H.H., C.-L.T., Y.-Z.C., B.-Y.H., C.-F.H., Y.-L.H. and Y.-P.C. carried out the 

experiments; Y.-C.W., L.-M.H., C.-S.Y., Y.-L.L., J.-S.C., Y.-P.C., D.-Y.C., L.-B.J. and C.-H.T. 

analyzed and discussed the data; M.-C.H. supervised the entire project and prepared the 

manuscript.  Competing interests: The authors declare that there is no conflict of interest. Data 

and materials availability: All data are presented in the paper or the Supplementary Materials. 

The materials used in this study should be requested form M.C.H. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 15, 2020. ; https://doi.org/10.1101/2020.08.14.250258doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.250258


Figures  

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 15, 2020. ; https://doi.org/10.1101/2020.08.14.250258doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.250258


Fig. 1. Drug repurposing screening of FDA-approved compound libraries against SARS-
CoV-2 Mpro. (A) Schematic presentation of FRET-based enzyme activity assay of SARS-
CoV-2 Mpro. (B) Drug repurposing screening of FDA-approved compound libraries 
against SARS-CoV-2 Mpro using FRET assay. Compounds (60 μM) were pre-incubated 
with 4 μM of SARS-CoV-2 Mpro for 30 min at room temperature. Substrates (20 μM) 
were then added to initiate the reaction. The relative enzyme activity of SARS-CoV-2 
Mpro with 25 selected FDA-approved drugs are shown. (C) A comparison of the relative 
enzyme activity of SARS-CoV-2 Mpro at various concentrations of TFQ or HCQ (30, 60, 
90 μM). (D) A comparison of the melting temperature (Tm) of SARS-CoV-2 Mpro at 
various concentrations of TFQ or HCQ (15, 45, 60, 90 μM). N.D., not detected. n = 2. 
Data are shown as mean ± standard deviation (SD). *P < 0.05 in Student t test. (E) 
Melting curves of SARS-CoV-2 Mpro at various concentrations of TFQ (15, 45, 60, 90 
μM). (f) Melting curves of SARS-CoV-2 Mpro at various concentration of HCQ (15, 45, 
60, 90 μM). 
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Fig. 2. Deciphering the inhibition mechanism of TFQ on SARS-CoV-2 Mpro. (A) Analytical 
ultracentrifugation (AUC) experiment of SARS-CoV-2 Mpro in the presence of different 
concentrations of TFQ. (B) The circular dichroism spectra of SARS-CoV-2 Mpro in the 
presence of different concentrations of TFQ. (C) Comparison of the far-UV CD signals 
(molar ellipticity at 222 nm) with enzyme activity of SARS-CoV-2 Mpro from FRET-base 
assay with increasing amounts of TFQ. The results are shown as a solid line (CD signals) 
or dashed line (enzyme activity measured by FRET) with error bars from at least two 
replicates. (D) SDS-PAGE detection of soluble fractions of SARS-CoV-2 Mpro in the 
presence of different concentration of TFQ or HCQ. (E) Limited proteolysis of SARS-
CoV-2 Mpro by trypsin in the presence of different concentrations of TFQ (top) or HCQ 
(bottom). (F) Isothermal titration calorimeter (ITC) analysis of TFQ binding to SARS-
CoV-2 Mpro. 
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Fig. 3. Molecular docking of TFQ or HCQ to SARS-CoV-2 Mpro. Surface presentation of the 
substrate-binding pocket of SARS-CoV-2 Mpro bound with TFQ (A) or HCQ (B). 
Residues participated in H-bond formation are shown in red and hydrophobic interactions 
in yellow. Compounds are shown with ball-and-stick model with carbon atom in green. 
Detailed view of the interaction between TFQ (C) or HCQ (D) with SARS-CoV-2 Mpro. 
(E) Superposition of the crystal structure of Mpro-N3 (PDB: 6LU7) with Mpro-TFQ 
docked complex. N3 inhibitor is shown with ball-and-stick model with carbon atom in 
magenta. The positions, P, on the peptide substrate, are named as P1, P2 (N-terminal to 
the cleavage site) and P1′ (C-terminal to the cleavage site) and the corresponding binding 
subsites located on the substrate-binding pocket are named as S1 (for binding to P1), S2 
(binding to P2) and S1′ (for binding to P1′). 
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Fig. 4. TFQ represses SARS-CoV-2 infection in Vero E6 cells. (A) A schematic illustrating 

two methods of treatment of Vero E6 cells infected SARS-CoV-2 with TFQ. In the pre-
treatment group, cells were treated TFQ for one hour prior to viral infection. (B) The 
virus-infected Vero E6 cells were treated with TFQ (2.5 and 5 μM) or DMSO. The cell 
supernatant was collected on day 1, day 2, and day 3 and then subjected to qRT-PCR to 
determine the viral titer (n = 3). Data are shown as mean ± SD. (C) The inhibition rate of 
virus infection on day 2 in Vero E6 cells treated with 2.5 μM or 5 μM TFQ with full-time 
or post treatment (n = 3). Data are shown as represent mean ± SD. (D) 10× phase contrast 
images of virus-infected Vero E6 treated with DMSO or TFQ (2.5 μM and 5 μM) with 
TFQ full-time or post treatment. 
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Fig. 5. Model of TFQ-induced conformational changes in SARS-CoV-2 Mpro SARS-CoV-2 

Mpro undergoes a local conformational change with increasing concentrations of TFQ (10 
to 90 μM). Binding of TFQ alters nearby α-helices and to some extent reduces the 
proteolytic activity of SARS-CoV-2 Mpro. At concentration above 120 μM TFQ, the 
exposed hydrophobic region of SARS-CoV-2 Mpro exceed a threshold, causing protein 
aggregation. 

 

 
Name PMIDs 

Lopinavir 32280433 

Ritonavir 32280433 

Atazanavir 32280433 

Indinavir 32280433 

Nelfinavir 32296570 

Darunavir 32280433 

Simeprevir 32280433 

Saquinavir 32280433 

Colistin 32296570 

Table 1. List of docking-positive FDA-approved compounds against SARS-CoV-2 Mpro. 
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