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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of the COVID-19 pandemic that 
began in 2019. The coronavirus 3-chymotrypsin-like cysteine protease (3CLpro) controls replication and is 
therefore considered a major target for antiviral discovery. This study describes the evaluation of SARS-CoV-2 
3CLpro inhibitors in a novel self-assembled monolayer desorption ionization mass spectrometry (SAMDI-MS) 
enzymatic assay. Compared with a traditional FRET readout, the label-free SAMDI-MS assay offers greater 
sensitivity and eliminates false positive inhibition from compound interference with the optical signal. The 
SAMDI-MS assay was optimized and validated with known inhibitors of coronavirus 3CLpro such as GC376 (IC50 
= 0.060 μM), calpain inhibitors II and XII (IC50 ~20–25 μM). The FDA-approved drugs shikonin, disulfiram, and 
ebselen did not inhibit SARS-CoV-2 3CLpro activity in the SAMDI-MS assay under physiologically relevant 
reducing conditions. The three drugs did not directly inhibit human β-coronavirus OC-43 or SARS-CoV-2 in vitro, 
but instead induced cell death. In conclusion, the SAMDI-MS 3CLpro assay, combined with antiviral and cyto
toxic assessment, provides a robust platform to evaluate antiviral agents directed against SARS-CoV-2.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
the cause of the ongoing COVID-19 outbreak of respiratory illness first 
detected in Wuhan, China, in December 2019. In 2020, COVID-19 was 
declared a global pandemic, with worldwide confirmed cases exceeding 
22 million infections and 750,000 deaths as of August 2020 (https://cor 
onavirus.jhu.edu/map.html). The majority of infected individuals 
(>80%) are either completely asymptomatic or experience self-limiting 
symptoms similar to the common cold (Al-Tawfiq, 2020; Mizumoto 
et al., 2020). In its most severe form requiring hospitalization and 
intensive care, COVID-19 disease is characterized by high fever, pneu
monia, and extra-pulmonary manifestations such as kidney failure, 
thrombosis (heart attack, pulmonary embolism, deep vein thrombosis, 
stroke), severe inflammation (cytokine storm), and central nervous 

system symptoms (encephalitis, seizures) (Harapan et al., 2020). Ac
cording to the Centers for Disease Control and Prevention, risk factors 
include age ≥65 years and severe comorbidities such as heart, lung, and 
liver diseases, as well as immunocompromised state, diabetes, and 
obesity (https://www.cdc.gov/coronavirus/2019-ncov/need-extra-pre 
cautions/index.html). 

The only antiviral drug currently approved under Emergency Use 
Authorization by the FDA for the treatment of COVID-19 hospitalized 
patients is remdesivir (200 mg intravenous loading dose, then 100 mg IV 
once daily) (Ison et al., 2020). In a clinical trial, remdesivir significantly 
reduced the time to recovery to 11 days versus 15 days with placebo 
control, with no significant effect on mortality (Beigel et al., 2020). 
Although many other antiviral agents have been or are being evaluated 
in clinic trials (e.g., favipiravir, baloxavir marboxil, HIV protease in
hibitors, chloroquine and hydroxychloroquine, neuraminidase 
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inhibitors), none of these molecules were designed nor optimized spe
cifically to treat coronavirus infection (https://www.goodrx.com/blog/ 
coronavirus-treatments-on-the-way/). Therefore, and in the absence of 
any approved vaccines, there is a clear and urgent need to develop novel 
anti-coronavirus agents. 

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA 
virus that belongs to the β-coronavirus genus of the Coronaviridae family, 
which also includes SARS and MERS β-coronaviruses (Coronaviridae 
Study Group of the International Committee on Taxonomy of 2020). 
With a size of 26–32 kilobases, coronavirus genomes are considered the 
largest among RNA viruses. Viral RNA synthesis and processing are 
controlled by the nonstructural proteins (nsp) 7 to 16 after cleavage by 
the viral 3CL protease (3CLpro) of two large replicase polyproteins 
translated from the coronavirus genome. The main viral protease, 
3CLpro, has a unique substrate preference for glutamine at the P1 site 
(Leu-Gln/(Ser,Ala,Gly)) (Fan et al., 2005). Along with 96% sequence 
identity with the SARS protein, the crystal structure of SARS-CoV-2 
3CLPro revealed nearly identical protein structures between the two 
closely related viruses, with the conserved active site at the interface of 
domains I and II (residues 10–99 and 100–182, respectively) followed by 
domain III (residues 198–303) involved in regulating protein dimer
ization (Dai et al., 2020; Jin et al., 2020; Zhang et al., 2020). The 3CLpro 
enzyme controls replication and is therefore considered a major target 
for antiviral discovery. Discovery and functional characterization of 
protease inhibitors has historically relied on fluorescence resonance 
energy transfer (FRET) assays using a recombinant enzyme and short 
peptides labeled with a fluorescence emitter and quencher at each end of 
the sequence (Kuang et al., 2005; Liu et al., 2005; Zauner et al., 2011). 
Several small molecules have been recently reported to inhibit 
SARS-CoV-2 3CLpro in the FRET assay (Zhou et al., 2020). One of them, 
GC376, is a broad-spectrum peptidomimetic agent previously reported 
to inhibit noroviruses, picornaviruses, and coronaviruses (Kim et al., 
2012; Takahashi et al., 2013; Kim et al., 2016; Pedersen et al., 2018). 
Shikonin, disulfiram, and ebselen are three FDA-approved drugs 
recently described to inhibit SARS-CoV-2 3CLpro enzymatic activity (Jin 
et al., 2020). 

This study describes the evaluation of small molecule inhibitors with 
a novel SARS-CoV-2 3CLpro enzymatic assay. The approach combines 
self-assembled monolayers of alkanethiolates on gold with matrix- 
assisted laser desorption ionization time of flight (MALDI TOF) mass 
spectrometry. This methodology, termed SAMDI-MS, offers a label-free 
and high-throughput platform for measuring biochemical activity 
(Mrksich, 2008; Gurard-Levin et al., 2011; Patel et al., 2015). The assay 
was validated with 3CLpro inhibitors GC376, and calpain inhibitors II 
and XII. The SAMDI-MS assay also showed that the three FDA-approved 
drugs shikonin, disulfiram, and ebselen do not inhibit SARS-CoV-2 
3CLpro activity under reducing conditions. These results are consis
tent with the general lack of anti-coronavirus effect and pronounced 
cytotoxicity for these three compounds. The relevance of these findings 
and their potential clinical implications are discussed. 

2. Materials and methods 

2.1. Proteins, peptides, and compounds 

SARS-CoV-2 3CLpro was purchased from BPS Bioscience (San Diego, 
CA; Catalog 100707-1). Peptide substrates (Dabcyl-KTSAVLQSGFRKM-E 
(Edans)-NH2 for FRET and Ac-TSAVLQSGFRKK(biotin)-NH2 for SAMDI- 
MS) were sourced from Biopeptide (San Diego, CA) at >95% purity. 
Shikonin, disulfiram, and ebselen were purchased from Selleck Chem
icals (Houston, TX), and their integrity in DMSO solution was verified by 
LC-MS (data not shown). GC376 was from Biosynth International 
(Oakbrook Terrace, IL). Calpain inhibitor II was from SigmaAldrich (St. 
Louis, MO). Calpain inhibitor XII was from Cayman Chemicals (Ann 
Arbor, MI). 

2.2. 3CLpro mass spectrometry assay 

Protease assays were performed in 6 μL volume in 384-well low 
volume polypropylene microtiter plates (Greiner Bio-One, Kremsmün
ster, Austria; Catalog 784201) at ambient temperature. The optimized 
assay buffer was 20 mM Hepes pH 8.0, 10 mM NaCl, 1 mM EDTA, 
0.005% bovine skin gelatin (BSG), 0.002% Tween-20, 1 mM 

Scheme 1. Workflow of the SAMDI mass spectrometry assay of 3CLpro activ
ity. (top) 3CLpro enzyme and substrate incubate in a homogenous reaction in a 
384-well plate. (middle) The assay is quenched and transferred to high density 
biochip arrays featuring self-assembled monolayers of alkanethiolates on gold 
presenting Neutravidin to immobilize the biotinylated peptide substrate, 
product, and internal standard. (bottom) Representative SAMDI-MS spectra 
reveal peaks correfsponding to substrate, product, and internal standard. 
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dithiothreitol (DTT). For compound screening, 3CLpro (final concen
tration 125 nM) was added using a Multidrop Combi (Thermo Scientific; 
Waltham, MA) and preincubated for 30 min with small molecules. Re
actions were initiated by the addition of the peptide substrate (final 
concentration 10 μM). Reactions were incubated for 90 min and 
quenched by the addition of 0.5% formic acid (final) with subsequent 
neutralization using 1% sodium bicarbonate (final). An internal stan
dard peptide was added (Ac-SAYRKK(biotin)-NH2) in 20 mM Hepes pH 
8.0 to a final concentration of 1 μM for quantitation of the protease 

product. For SAMDI-MS analysis, 2 μL of each reaction mixture was 
transferred using a 384-channel automated liquid handler to SAMDI 
biochip arrays functionalized with a neutravidin-presenting self- 
assembled monolayer. The preparation of SAMDI biochip arrays has 
been previously described (Gurard-Levin et al., 2011). The SAMDI ar
rays were incubated for 1 h in a humidified chamber to allow the specific 
immobilization of the biotinylated peptide substrate, cleaved product, 
and internal standard. The samples were purified by washing the SAMDI 
arrays with deionized ultrafiltered water (50 μL/spot) and dried with 

Fig. 1. SAMDI-MS to analyze 3CLpro activity (A) The loss of substrate and growth of product over time is calculated using SAMDI-MS. (B) The product of 3CLpro 
measured by SAMDI-MS increases with increasing enzyme (Enz) concentrations. All measurements from triplicate data. Product analyzed using a linear fit with R2 

> 0.98. 

Fig. 2. Buffer optimization of SAMDI-MS assay. The initial velocity calculated from triplicate data utilizing the linear range of 3CLpro activity over a range of distinct 
conditions: (A) NaCl concentration from 0 to 100 nM, (B) buffer (Hepes, Tris, and Bicine) and pH (6.8–8.0), (C) reducing agent (DTT and TCEP at 1 mM), (D) bovine 
skin gelatin (BSG)––a carrier protein––concentration), and (E) detergent Tween-20 and Triton-X 100. 
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compressed air. A matrix comprising alpha-cyano cinnamic acid in 80% 
acetonitrile:20% aqueous ammonium citrate (10 mg/mL final) was 
applied in an automated format by dispensing 50 nL to each spot in the 
array. SAMDI-MS was performed using reflector-positive mode on an AB 
Sciex TOF-TOF 5800 System (AB Sciex, Framingham, MA) with 400 
shots/spot analyzed in a random raster sampling. For data analysis, area 
under the curves (AUCs) for the product peak and internal standard were 
calculated using the TOF/TOF Series Explorer (AB Sciex) and the 
amount of product formed was calculated using the equation (AUC pro

duct/AUC internal standard). The amount of product generated was calcu
lated using the ratio of product area under the curve (AUC) divided by 

the AUC of the internal standard. Negative controls were pre-quenched 
with 0.5% formic acid final. Assay robustness was determined by 
Z-Factor, calculated using equation 1 – (3 (σpos+σneg)/(μpos-μneg)) 
where σ is the standard deviation and μ is the average conversion of the 
positive and negative control wells. 

2.3. FRET-based assay 

The FRET-based assay was performed similarly to the SAMDI-MS 
assay. Assays were performed in 6 μL volume in 384-well shallow 
ProxiPlate-Plus microtiter plates (PerkinElmer; Waltham, MA) at 
ambient temperature in the optimized assay buffer described in Section 
2.2. Reactions were initiated by the addition of a FRET-compatible 
peptide substrate Dabcyl-KTSAVLQSGFRKM-E (Edans)-NH2. Fluores
cence was measured at 90 min using a 340/460 excitation/emission 
filter module on a Pherastar FS plate reader (BMG Labtech; Ortenberg, 
Germany). To account for the inner filter effect, free EDANS (5- [(2- 
aminoethyl)amino]naphthalene-1-sulfonic acid) (Anaspec; Fremont, 
CA) was titrated in the presence and absence of the FRET substrate at 
equimolar ratios and the fluorescence was measured. The fluorescence 
in the presence of substrate was divided by the fluorescence for EDANS 
alone to give a correction value for each concentration. The initial ve
locity observed was then divided by the corresponding correction value 
to generate the Michaelis–Menten kinetics constant (KM). 

2.4. OC43–CoV coronavirus assay in MRC-5 and HeLa cells 

The human beta-coronavirus OC43–CoV was purchased from ATCC 
(Manassas, VA) and propagated using HCT-8 human colorectal epithe
lial cells (ATCC). HeLa human cervical epithelial cells (ATCC) and MRC- 
5 human lung fibroblast cells (ATCC) were used as susceptible host cell 
lines and were cultured using EMEM media supplemented with 10% 
fetal bovine serum (FBS), 1% (v/v) penicillin/streptomycin (P/S), 1% 
(v/v) Hepes, and 1% (v/v) Cellgro Glutagro™ supplement (all Corning; 
Manassas, VA) at 37 ◦C. For the OC43–CoV antiviral assay, 1.5 × 104 

HeLa cells per well or 1.0 × 104 MRC-5 cells per well were plated in 100 
μL complete media in white 96-well plates with clear bottoms at 37 ◦C 
for up to 24 h to facilitate attachment and allow cells to recover from 
seeding stress. The next day, the cell culture medium was removed. 
Serially diluted compounds in 100 μL assay media (EMEM, 2% FBS, 1% 
P/S, 1% Cellgro Glutagro supplement, 1% Hepes) were added to the cells 
and incubated for 4 h at 37 ◦C in a humidified 5% CO2 incubator. An 
aliquot of 100 μL of OC43–CoV virus stock was diluted to a concentra
tion known to produce optimal cytopathic effect, inducing 80%–90% 
reduction in cell viability. Each 96-well plate was incubated for 5 days 
(for MRC-5 cells) or 6 days (for HeLa cells) at 33 ◦C; each plate included 
uninfected control wells and virus-infected wells that were not treated 
with compound. Cytotoxicity plates without the addition of OC43–CoV 
virus were carried out in parallel. At the end of the incubation period, 
100 μL cell culture supernatant was replaced with 100 μL CellTiter-Glo® 
reagent (Promega; Madison, WI) and incubated for at least 10 min at 
room temperature prior to measuring luminescence. Luminescence was 
measured on a PerkinElmer Envision plate reader. Antiviral % inhibition 
was calculated using GraphPad (San Diego, CA) Prism software version 
8.3.1, as follows:[(Compound treated cells infected sample) − (no 
compound infected control)]/[(Uninfected control) − (no compound 
infected control)]*100. The antiviral dose-response plot was generated 
as a sigmoidal fit, log (inhibitor) vs response-variable slope (four pa
rameters) model and the compound concentration corresponding to a 
50% inhibition of the viral cytopathic effect (EC 50) was calculated. 

2.5. SARS-CoV-2 antiviral and toxicity assays 

The SARS-CoV-2 antiviral assay is derived from the previously 
established SARS-CoV assay (Ivens, Van den Eynde et al., 2005). The test 
compounds were serially diluted in cell culture medium consisting in 

Fig. 3. KM and Vmax values determined using SAMDI-MS and FRET assay. (A) 
KM values were determined for the (A) SAMDI and (B) FRET assay formats 
(corrected for inner filter effect). (C) Velocity of 3CLpro is linear over a range of 
concentrations in the SAMDI-MS assay using 10 μM substrate. All measure
ments from triplicate data. 
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DMEM (Gibco cat no 41965-039) supplemented with 2% v/v 
heat-inactivated FCS and sodium bicarbonate (Gibco 25080-060). 
Diluted compounds were then mixed with SARS-CoV-2 (SARS2_Bel
gium_20200414) at 20 TCID50/well and VeroE6-EGFP cells corre
sponding to a final density of 25,000 cells/well in 96-well blackview 
plates (Greiner Bio-One, Vilvoorde, Belgium; Catalog 655090). The 
plates were incubated in a humidified incubator at 37 ◦C and 5% CO2. 
After 4 days, the wells were examined for EGFP expression using an 
argon laser-scanning microscope. The microscope settings were excita
tion at 488 nm and emission at 510 nm and the fluorescence images of 
the wells were converted into signal values. The results were expressed 
as EC50 values defined as the concentration of compound achieving 50% 
inhibition of the virus-reduced EGFP signals as compared to the un
treated virus-infected control cells. Toxicity of compounds in the 
absence of virus was evaluated in the standard MTS-assay (Jochmans 
et al., 2012). 

3. Results 

3.1. Development of a mass spectrometry assay of SARS-CoV-2 3CLpro 
activity 

To develop a self-assembled monolayer desorption ionization mass 
spectrometry (SAMDI-MS) based enzymatic assay for 3CLpro activity, 
we designed a peptide substrate featuring the canonical glutamine 
cleavage site positioned centrally within the sequence (Ac- 
TSAVLQSGFRKK(biotin)-NH2) and a lysine biotinylated at the epsilon 
amino group (Fan et al., 2005). Following a homogenous reaction in a 
384-well plate, the reactions are transferred to SAMDI biochips where 
the biotinylated side chain allows for the specific immobilization onto 
neutravidin-presenting self-assembled monolayers. Upon 3CLpro activ
ity, the resulting product (SGFRKK(biotin)-NH2 is distinctly resolved in 
the SAMDI-MS spectrum (Scheme 1, Supplementary Figure 1A). To 
quantitatively assess protease product yield in an MS assay, it is 
important to consider differences in ionization efficiency between the 

substrate and product. To test ionization efficiency, eight distinct ratios 
of product and substrate were prepared and analyzed by SAMDI-MS. The 
spectra revealed the substrate peak at 1589.3 m/z and the product at 
948.0 m/z. The amount of product observed is calculated using the 
equation AUCprod/(AUCsub + AUCprod) and results in a non-linear rela
tionship indicating that the product exhibits higher ionization efficiency 
than the substrate (Supplementary Fig. 1B). To facilitate quantitative 
analysis, an internal standard peptide was designed that differs from the 
product (SAYRKK(biotin)-NH2) by mass but features similar properties 
and is therefore likely to exhibit similar ionization efficiency. Ionization 
efficiencies of the product and standard were then compared by pre
paring eight distinct ratios of product and standard and the amount of 
product calculated directly correlates with the prepared ratios (Sup
plementary Fig. 1C). Notably, the internal standard was added 
post-reaction to avoid altering enzyme activity. The peptide substrate 
was then incubated with 3CLpro and the reaction monitored by 
SAMDI-MS. The substrate peak decreased over time and the product 
peak increased (Fig. 1A, Supplementary Table 1 3CLpro activity was 
further characterized over a range of concentrations and the product 
formed measured by SAMDI-MS. Product formation increased as 
enzyme concentration increased over the range of 7.6–250 nM (Fig. 1B). 
Taken together, these data support the use of the peptide substrate in the 
development of the first reported label-free SARS-CoV-2 3CLpro activity 
assay. 

3.2. Optimization of assay conditions and determination of kinetic 
constants 

Assay development is a critical process in drug discovery to optimize 
assay conditions suitable for characterizing candidate modulators. 
SAMDI-MS assay development of 3CLpro was performed in parallel with 
the traditional FRET-based readout using the FRET-compatible substrate 
dabcyl-KTSAVLQSGFRKM-E (Edans)-NH2. The impact of salt concen
tration was tested by titrating NaCl from 0 to 100 mM and the results 
showed that while 3CLpro fairly well tolerated salt concentrations up to 

Fig. 4. Robustness –determined using Z- 
factor—(A) and signal to background ratios 
(B) for SAMDI-MS and FRET assays under 
different enzyme concentrations. The dotted 
line indicates an assay robustness cutoff of 
0.6 for Z-factor, and 4-fold for signal to 
background. (C) Full plate uniformity data 
using optimized conditions and 6 μL reaction 
volumes for SAMDI-MS (C) and FRET (D) 
assays. Low controls for FRET lacked enzyme 
while low controls for the SAMDI-MS assay 
were pre-quenched with 0.5% formic acid 
(final).   
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100 mM, the reaction rate was fastest in the absence of salt (Fig. 2A, 
FRET-based data in Supplementary Fig. 2A). Titrating KCl generated 
similar results (data not shown). The 10 mM NaCl condition was used to 
ensure sufficient activity while maintaining some ionic strength in the 
reaction as the impact of buffer and pH was evaluated. The data high
light that 3CLpro retained activity between pH 7–8 and in the presence 
of a variety of buffer salts (Fig. 2B, FRET-based data in Supplementary 
Fig. 2B), which corroborated previous reports using label-based assay 
methodologies (Grum-Tokars et al., 2008). Next, the effect of reducing 
agents was examined using DTT and tris(2-carboxyethyl)phosphine) 
(TCEP), as well as the presence of detergents Tween-20 and Triton-X 
100, and the carrier protein bovine skin gelatin (BSG) (Fig. 2C-E, 
FRET-based data in Supplementary Fig. 2C–2E). The data for both assay 
formats converge on an optimal buffer comprising 20 mM Hepes pH 8.0, 
10 mM NaCl, 1 mM EDTA (to remove trace metals that could be present 
in small molecule preparations), 0.005% BSG, 0.002% Tween, and 1 mM 

DTT. 
With the optimized buffer, the KM and maximum velocity (Vmax) of 

the peptide substrate was measured using SAMDI-MS and FRET. The 
peptide concentration was titrated between 1.5 and 200 μM and the 
product monitored over time. Plotting the initial velocity of the linear 
portion versus the substrate concentration revealed distinct curves for 
the two assay formats. The SAMDI-MS assay generated a traditional 
Michaelis-Menten curve with an apparent KM of 245 μM and a Vmax of 
1.78 μM/min (Fig. 3A). In the FRET assay, protease activity increased 
with substrate concentration until 50 μM, after which the signal started 
to decrease due to the inner filter effect (Supplementary Figure 3A). The 
inner filter effect impacts the fluorescence intensity at substrate con
centrations >20 μM due to intermolecular quenching from neighboring 
uncleaved peptides (Palmier and Van Doren, 2007). Correcting for this 
effect (Supplementary Figure 3B) generated a traditional 
Michaelis-Menten curve with an apparent KM of 71 μM and a Vmax of 
1869 relative fluorescence units (RFU)/min, or 2.2 μM/min (Fig. 3B, 
Supplementary Figure 3C), in line with the MS assay. For both assay 
formats, 10 μM peptide (a concentration below KM) was selected to 
allow for the discovery and characterization of substrate-competitive 
inhibitors while also ensuring suitable conversion of substrate to prod
uct for a robust assay. Using these conditions, conversion was measured 
by SAMDI-MS at various enzyme concentrations in the presence of 1% 
DMSO to mimic the presence of compounds and revealed linear enzyme 
activity up to 500 nM enzyme (Fig. 3C). 

Fig. 5. Structures of six reported 3CLpro inhibitors.  

Table 1 
Summary of inhibition of SARS-CoV-2 3CLpro in FRET and SAMDI-MS assay.  

Test Article IC50 (μM) 

FRET Assay SAMDI-MS Assay 

GC376 0.052 ± 0.007 0.060 ± 0.019 
Calpain Inhibitor II 8.98 ± 2.0 24.76 ± 7.5 
Calpain Inhibitor XII 6.48 ± 3.4 21.0 ± 8.5 
Ebselen >100 >100 
Disulfiram >100 >100 
Shikonin 15.0 ± 3.0 >100  
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3.3. Assay performance and validation with positive controls of 3CLPro 
inhibition 

Given that robustness of screening assays is critical to quantitatively 
measure compound potency, the robustness of the SAMDI-MS and FRET 
assay formats were assessed in 6 μL volumes in 384-plate format using 
the optimized conditions between 15 nM and 125 nM 3CLpro. The 
presence of positive and negative controls permitted calculation of a Z- 
factor (a measure of robustness), which considers the mean and standard 
deviation for positive and negative controls. The data show that the 
robustness of the SAMDI-MS assay is maintained even at 15 nM enzyme 
(Z-factor >0.7), whereas at this enzyme concentration the FRET assay 
produces a Z-factor of 0.1 well below the acceptable cutoff of 0.5–0.6 
(Fig. 4A). Moreover, comparing the signal to background (S/B) across 
the two assay formats highlights a superior S/B using SAMDI-MS at all 
enzyme concentrations tested. For example, at 15 nM enzyme the S/B by 
SAMDI-MS is ~20x compared to 1.5x for FRET. Even at 125 nM 3CLpro, 
the S/B in the FRET assay is approximately 4x, compared to 36x in the 
SAMDI-MS assay (Fig. 4B). With the main goal focused on comparing 
inhibitors in two assay formats, 125 nM 3CLpro was selected in order to 
generate robust results (Z-factor > 0.8) with each assay methodology to 

maintain comparable conditions of enzyme concentration (Fig. 4C and 
D). Next, we evaluated reported 3CLpro inhibitors (Fig. 5) in each assay 
format. The calpain inhibitors II and XII resulted in largely similar IC50 
values in the FRET (8.98 ± 2.0 and 6.48 ± 3.4 μM, respectively) and 
SAMDI-MS (24.8 ± 7.5 and 21.0 ± 8.5 μM, respectively) assays (Table 1) 
(Fig. 6A and B). The known inhibitor GC376 had a measured IC50 value 
of 0.052 ± 0.007 μM in the FRET assay and 0.060 ± 0.019 μM in the 
SAMDI-MS assay (Fig. 6C). The IC50 values of ebselen and disulfiram 
were >100 μM both in the FRET and SAMDI-MS assays (Fig. 6D and E). 
Shikonin exhibited an IC50 value of 15.0 ± 3.0 μM in the FRET assay but 
failed to inhibit 3CLpro in the SAMDI-MS assay (Fig. 6F). Given the deep 
red color of this compound at high concentrations and its reported 
fluorescence in the visible spectrum, it is likely that the color interfered 
with the fluorescence signal in the FRET assay (Wiench et al., 2012). To 
address that hypothesis, a FRET assay was initiated using the optimized 
conditions in the absence of compound and the plate analyzed at 90 min. 
Immediately upon reading the plate, a titration of shikonin was added to 
the same wells and the plate was reanalyzed. The wells with high con
centrations of shikonin exhibited a decrease in fluorescence, suppor
tingthe hypothesis that shikonin quenches the FRET signal, and 
therefore represents a false positive due to optical interference 

Fig. 6. IC50 measurements of six reported 3CLpro inhibitors were calculated in the SAMDI-MS (red) and FRET (grey) assay formats. Experiments were performed in 
duplicate and error bars represent standard deviation. IC50 values reported in Table 1. 
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(Supplementary Figure 4). 

3.4. Effect of reducing conditions on SARS-CoV-2 3CLpro inhibition 

3CLpro is a cysteine protease and inhibition may be dependent on 
oxidation state. To understand the contribution of oxidative state to 
compound inhibition in the biochemical assay, the same inhibition ex
periments were conducted in the SAMDI-MS assay under three different 
conditions: no reducing agent, weak (glutathione (GSH)) and strong 
(DTT) reducing conditions. The reducing conditions had no effect on the 
inhibition potency of the two calpain inhibitors and GC376 (Fig. 7A, B, 
and C). However, inhibition potencies of ebselen, disulfiram, and shi
konin were impacted by the reducing condition of the assay. Ebselen and 
disulfiram only inhibited SARS-CoV-2 3CLpro at concentrations >30 μM 
and in the absence of reducing agent (Fig. 7D and E). Likewise, shikonin 
inhibited the protease mainly in the absence of reducing agent, with 
marked loss of inhibition in the presence of DTT or GSH (Fig. 7F). 

3.5. Antiviral effect against human beta-coronavirus OC43–CoV and 
SARS-CoV-2 in cell culture 

The same six small molecules were tested for inhibition of OC43, 
another human beta-coronavirus used as a Biosafety Level 2 surrogate 
for SARS-CoV-2. Because OC43–CoV is cytopathic to HeLa cells after 6 
days post-infection, rescue of cells with compound from virus-induced 
cytopathic effect was used as an indirect measurement of virus inhibi
tion and reported as EC50. Compound-induced cytotoxic effect (CC50) 
was determined in the absence of viral infection for the same incubation 
period, in parallel with EC50. In the HeLa cytopathic effect assay, 
remdesivir, the inhibition control of virus replication, had EC50 and CC50 
values of 0.114 ± 0.009 and >1 μM, respectively (Table 2). GC376 was 
the most active protease inhibitor tested with sub-micromolar EC50 
values. The calpain inhibitors II and XII had antiviral activity with EC50 
values of 20.7 and 15.2 μM, respectively, while ebselen, disulfiram and 
shikonin were inactive and cytotoxic. To understand the contribution of 
the cell line to antiviral potency and cytotoxicity, similar experiments 
were conducted in the MRC-5 cell line derived from human lung fibro
blasts. In the MRC-5 assay, EC50 and CC50 values for all six compounds 
were in good agreement with those obtained with HeLa cells (Table 2, 

Fig. 7. IC50 measurements of 6 reported 3CLpro inhibitors measured by SAMDI-MS in the absence of reducing agent (grey), in the presence of 1 mM DTT (red), and 
in the presence of 1 mM glutathione (blue). Experiments were performed in duplicate and error bars represent standard deviation. 
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Supplementary Figure 5). Ebselen, disulfiram, and shikonin were also 
cytotoxic in MRC-5 cells with CC50 values of 8.23, 8.35, and 0.32 μM, 
respectively. 

Finally, the antiviral potency of these compounds was evaluated 
against SARS-CoV-2. The SARS-CoV-2 antiviral assay was adapted from 
the previously established SARS-CoV assay, using Vero cells engineered 
to constitutively express an enhanced green fluorescent protein (Ivens, 
Van den Eynde et al., 2005). In this cytopathic effect assay, GS-441524, 
the parent molecule of remdesivir, was used as positive control for EC50 
determination (Table 2). Although individual SARS-CoV-2 EC50 values 
were somewhat different from those obtained with OC43–CoV, there 
was a general trend of good separation between antiviral potency and 
cytotoxicity for GC376 and calpain inhibitor II and XII. As previously 
observed with OC43–CoV, ebselen, disulfiram, and shikonin did not 
inhibit SARS-CoV-2 replication, but instead were toxic to Vero cells. 
Shikonin was the most toxic compound with a CC50 value of 1.55 ± 0.07 
μM. In conclusion, compounds exhibiting inhibition in the label-free 
SAMDI-MS assay proved to be the most effective against OC43–CoV 
and SARS-CoV-2 in cells. 

4. Discussion 

This study reports the first label-free and high-throughput assay to 
measure coronavirus 3CLpro activity and opens avenues for improved 
drug discovery efforts to find small molecule inhibitors to treat COVID- 
19. The SAMDI-MS technology has been reported to characterize dozens 
of biochemical activities including post-translational modifying en
zymes (Gurard-Levin et al., 2011; Swalm et al., 2014; Patel et al., 2015; 
Wigle et al., 2015; Szymczak et al., 2018; O’Kane et al., 2019), 
RNA-modifying proteins (Buker et al., 2020), and proteases (Min et al., 
2004) and can be applied to virtually any enzymatic activity. While the 
FRET-based assay format is convenient and can easily be adopted by 
standard biochemistry labs, this study demonstrates that SAMDI-MS 
offers distinct advantages over label-dependent FRET that were crit
ical in developing the SARS-CoV-2 3CLpro assay (Fig. 2, Supplementary 
Figure 2). First, SAMDI-MS eliminates the fluorescent label, which 
prevents spurious interactions between fluorescent labels and the 
enzyme that could alter enzyme activity and specificity. In one partic
ular example, activation of the SIRT1 deacetylase by the small molecule 
resveratrol was dependent on the fluorescent substrate (Kaeberlein 
et al., 2005). Second, the Dabsyl-Edans emitter-quencher combination is 
susceptible to the inner filter effect that results from intermolecular 
quenching (Fig. 3), which limits the substrate concentrations that can be 
reliably tested and complicates KM determination (Liu et al., 1999; 
Blanchard et al., 2004; Grum-Tokars et al., 2008). While reported 
correction factors are appropriate when dealing with substrate alone 
(Liu et al., 1999), it is important to consider the impact of small mole
cules that may exhibit similar behavior when tested at high concentra
tions. Finally, while salts and detergents can induce ion suppression in 
conventional MS techniques, the SAMDI-MS technology is amenable to a 
large range of buffer components due to the specific immobilization of 

the analyte, while other components are washed away. This capability 
enables the development of assay conditions that are optimal for the 
target, rather than for the detection methodology. While this study 
required the use of a biotin group to specifically immobilize the peptide 
substrate, product, and internal standard, alternative approaches are 
available for analyte immobilization in cases where a biotin may impact 
enzyme activity (Gurard-Levin et al., 2011). 

The data also demonstrate a significantly improved sensitivity, 
robustness, and signal to background ratio in the SAMDI-MS assay 
relative to the traditional FRET approach. (Fig. 4). Part of the SAMDI-MS 
assay validation consisted in evaluating the potency of a representative 
set of reported 3CLpro active site inhibitors consisting of GC376, calpain 
inhibitors II and XII shikonin, disulfiram, and ebselen (Kim et al., 2012; 
Jin et al., 2020; Ma et al., 2020). The IC50 values of GC376 were 
generally in good agreement with prior reports, while in our study cal
pain inhibitors II and XII were less potent (Ma et al., 2020). The data also 
highlight that while most compounds exhibit similar IC50 values be
tween the two enzymatic assay platforms, the SAMDI-MS assay is not 
prone to false positive and false negative results due to fluorescence 
quenching or autofluorescence of small molecules present in screening 
collections. In one example, the data illustrate that the reported 3CLpro 
inhibitor shikonin represents a false positive due to the nature of the 
fluorescence assay (Fig. 6 and Supplementary Figure 4). Characterizing 
small molecules with SAMDI-MS ensures that only the most promising 
candidate compound progress toward lead optimization, saving time 
and resources with benefits shared by researchers and ultimately, the 
patients. 

Shikonin, disulfiram, and ebselen were recently described to inhibit 
SARS-CoV-2 3CLpro in a FRET enzymatic assay (Jin et al., 2020). In our 
study, neither one of these molecules inhibited 3CLpro in the SAMDI-MS 
or FRET assays. Since Jin et al. conducted their enzymatic assays in the 
absence of reducing agents, our surprising results led us to evaluate the 
impact of the oxidative state of the biochemical assay on inhibition 
potency. The reducing conditions had no effect on the inhibition potency 
of the two calpain inhibitors and GC376 (Fig. 7). However, the inhibi
tion potencies of ebselen, disulfiram, and shikonin were negatively 
impacted by the presence of reducing agents. Although DTT is a strong 
reducing agent, GSH is weaker and also considered the primary intra
cellular physiological reducing agent in human cells (Lee et al., 2012). 
Both ebselen and disulfiram are described to covalently modify cysteine 
residues and similar impact of DTT on the in vitro activity of ebselen and 
disulfiram has been described for glucosyltransferase domain inhibition 
(Beilhartz et al., 2016) and liver mitochondrial aldehyde dehydrogenase 
(Shen et al., 2000) respectively. Shikonin is described to react with thiols 
(Gao et al., 2002). Shikonin is also reported to act on caspase-1, likely by 
reacting with the cysteine moiety (Zorman et al., 2016), and its 1, 
4-naphtoquinone scaffold has been described as a cysteine protease in
hibitor (Valente et al., 2007). Therefore, it is unclear if the observed 
inactivation effect of DTT and GSH is due to direct reactivity with shi
konin or via another mechanism. A similar protective effect has been 
noted for the action of DTT on inactivation of GAPDH by 1, 

Table 2 
Summary of antiviral effect against human OC43–CoV and SARS-CoV-2 in cell culture.  

Test Article OC-43 Hela Cells OC-43 MRC-5 Cells SARS-CoV-2 VeroE6 Cells 

EC50 (μM) CC50 (μM) EC50 (μM) CC50 (μM) EC50 (μM) CC50 (μM) 

Remdesivir 0.114 ± 0.009 >1 0.21 ≥50 n.d. n.d. 
GS-441524 n.d. n.d. n.d. n.d. <0.8 55 ± 18 
GC376 0.42 ± 0.033 >10 0.83 >50 10 ± 4.2 >100 
Calpain Inhibitor II 20.7 ± 3.3 >100 20.95 >100 27 ± 1.4 >100 
Calpain Inhibitor XII 15.2 ± 2.4 60.3 ± 8.3 6.93 >50 1.3 ± 0.57 27 ± 0.0 
Ebselen >100 15.9 ± 2.4 >100 8.23 >100 37.5 ± 9.2 
Disulfiram >100 75 >100 8.35 >100 13.5 ± 0.70 
Shikonin >100 1.4 ± 0.001 >100 0.32 >100 1.55 ± 0.07 

Footnote: n.d. = non determined. 
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4-benzoquinone (Rodriguez et al., 2005). Therefore, the impact of the 
lack of inhibitory effect of these FDA-approved drugs on SARS-CoV-2 
3CLpro in the presence of physiologically relevant levels of GSH will 
have to be further investigated with additional antiviral testing. In the 
case of GC376 and calpain inhibitors, our cell-based data with human 
β-coronavirus OC43–CoV and SARS-CoV-2 indicated a significant win
dow between antiviral potency and cytotoxicity, consistent with direct 
inhibition of 3CLpro (Table 2). However, shikonin, disulfiram, and 
ebselen did not show any signs of antiviral activity on human β-coro
navirus OC43–CoV or SARS-CoV-2 (Table 2). Instead, these three drugs 
were toxic in the three evaluated cell lines. Our hypothesis, supported by 
the data presented here, is that the reported antiviral effect of ebselen 
against SARS-CoV-2 using qRT-PCR is an indirect consequence of cell 
death (Jin et al., 2020). Taken together, our biochemical and cell-based 
results converge to indicate a lack of direct antiviral activity of these 
three drugs, bringing further questions on their use as potential coro
navirus treatment. 

In conclusion, the SAMDI-MS technology offers an alternative 
method for high-throughput screening of 3CLpro and related virus 
proteases with advantages in sensitivity, selectively, and robustness. 
Furthermore, our data indicate that protease inhibitors that maintain a 
biochemical potency against SARS-CoV-2 3CLpro in the presence of 
physiologically relevant reducing agents are more likely to inhibit virus 
replication in cells, and therefore present higher potential for efficacy in 
humans. 
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