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Disulfiram blocked cell entry of SARS-CoV-2 via
inhibiting the interaction of spike protein and ACE2
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Abstract: Disulfiram is an FDA-approved drug that has been used to treat alcoholism and has demonstrated a wide
range of anti-cancer, anti-bacterial, and anti-viral effects. In the global COVID-19 pandemic, there is an urgent need
for effective therapeutics and vaccine development. According to recent studies, disulfiram can act as a potent
SARS-CoV-2 replication inhibitor by targeting multiple SARS-CoV-2 non-structural proteins to inhibit viral polyprotein
cleavage and RNA replication. Currently, disulfiram is under evaluation in phase Il clinical trials to treat COVID-19.
With more and more variants of the SARS-CoV-2 worldwide, it becomes critical to know whether disulfiram can also
inhibit viral entry into host cells for various variants and replication inhibition. Here, molecular and cellular biology
assays demonstrated that disulfiram could interrupt viral spike protein binding with its receptor ACE2. By using
the viral pseudo-particles (Vpps) of SARS-CoV-2, disulfiram also showed the potent activity to block viral entry in a
cell-based assay against Vpps of different SARS-CoV-2 variants. We further established a live virus model system to
support the anti-viral entry activity of disulfiram with the SARS-CoV-2 virus. Molecular docking revealed how disulfi-
ram hindered the binding between the ACE2 and wild-type or mutated spike proteins. Thus, our results indicate that
disulfiram has the capability to block viral entry activity of different SARS-CoV-2 variants. Together with its known
anti-replication of SARS-CoV-2, disulfiram may serve as an effective therapy against different SARS-CoV-2 variants.
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Introduction dehydrogenase and subsequently causes many

highly unpleasant symptoms similar to a hang-

In the 1930s, the workers in the rubber indus-
try who used tetraethyl thiuram disulfide (TETD,
disulfiram), an accelerator to stabilize rubber,
subsequently developed an intolerance to alco-
hol [1]. Thus, it was considered as the treat-
ment for alcohol dependency. In 1951, the FDA
approved disulfiram (Antabuse®) as an alcohol-
aversive agent to treat chronic alcoholism with
well-established pharmacokinetics, safety, and
tolerance [2]. Disulfiram inhibits acetaldehyde

over, even with a small amount of alcohol con-
sumption [3].

In addition to alcohol addiction, several studies
investigated whether disulfiram could be a fea-
sible anti-cancer therapeutic strategy [4, 5].
Studies have demonstrated that the anti-can-
cer effect of disulfiram is in a copper-depen-
dent manner [6, 7]. Copper is an integral part of
redox reactions and triggers reactive oxygen
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species (ROS), essential molecules regulating
inflammation and cancer progression [8]. Di-
sulfiram forms a complex with copper that en-
hances ROS levels in promoting apoptosis of
tumor cells via inhibition of NF-kB, a potent
redox sensor and pro-survival factor [9]. Be-
sides, the disulfiram-copper complex could in-
duce autophagy-dependent apoptosis of can-
cer cells through induction of ER-stress and
activation of the IRE1la-XBP1 pathway [10].
The disulfiram-copper complex could enhance
PD-L1 expression, indicating that combination
therapy with the disulfiram-copper complex and
an anti-PD-1 antibody showed much better
anti-tumor efficacy [11]. Several clinical trials
have evaluated the anti-cancer efficacy of di-
sulfiram-based therapies (https://www.cancer.
gov/about-cancer/treatment/clinical-trials/in-
tervention/disulfiram) [12, 13].

In addition to anti-tumor activity, disulfiram
exhibited anti-bacterial [14, 15] and anti-para-
sitic properties [16, 17]. Interestingly, there are
also studies to show disulfiram is associated
with anti-viral activities. For example, there has
been a clinical trial assessing its anti-viral
potential in reactivating latent HIV-1 to deplete
these viral reservoirs [18, 19]. disulfiram has
been shown to act as a zinc-ejecting agent for
the NS5A protein of the hepatitis C virus to
inhibit HCV replication [20]. It also can inhi-
bit papain-like proteases (PL’™) of MERS and
SARS coronavirus by targeting their Zn-bound
cysteines [21]. The coronavirus disease 2019
(COVID-19), caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), has
been a global pandemic, resulting in massive
socioeconomic hardship. In spite of global, far-
reaching efforts, effective, cost-efficient, and
safe drugs for COVID-19 are under intensive
investigation and development. Since de novo
anti-viral development has been notoriously
lengthy and costly, a widely available, inexpen-
sive drug that could be identified and repur-
posed against SARS-CoV-2 would be beneficial
to current socioeconomic constraints. Most
studies have chosen to target a single SARS-
CoV-2 protein, including the spike protein that
mediates cell entry, the main protease (M?™), or
PLP that cleaves the viral polyprotein into RNA-
dependent RNA polymerase (RdRp), an essen-
tial enzyme for viral replication [22, 23].
Notably, Several studies suggested that disul-
firam is able to target multiple non-structural
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proteins of SARS-CoV-2, such as MPe®, PLP?,
nspl0, nspl3 ATPase, and nspl4d exoribonu-
clease, and inhibit their enzyme activities lead-
ing to suppression of the viral polyprotein cleav-
age and RNA replication [24-26]. These studies
indicate that disulfiram is a druggable, pharma-
cological molecule to target COVID-19.

Since its discovery in 2019, several novel vari-
ants of SARS-CoV-2 have appeared in multiple
countries with combinations of mutations and
deletions in the spike protein [27]. These muta-
tions make these variants more powerful and
infectious than the original SARS-CoV-2. Most
of these variants contain different mutations
in the receptor-binding domain (RBD) of spike
protein. It appears that these mutations are
responsible for increased viral infectivity, viru-
lence, and immune evasion potency [34]. It will
be the primary concern because these highly
transmissible variants of SARS-CoV-2 are now
surging worldwide [1]. Therefore, it is of great
interest to determine the potency of disulfiram
for its inhibitory activities on SARS-CoV-2 cell
entry in various variants.

Materials and methods
FRET-based enzyme activity assay of MP

The FRET-based enzyme activity assay of MP®
was established in our previous study [28].
SARS-CoV-2 MP™ was incubated with different
concentrations of disulfiram (1, 5, 10, 30, or 60
MM) in 20 mM Tris pH 8.0, 20 mM NaCl at room
temperature for 30 mins. Fluorescent protein
substrate CFP-YFP was added to initiate the
reaction. The activity assay was measured for
30 mins by detecting the fluorescent signal at
a wavelength of 474 nm after excitation at a
wavelength of 434 nm. The reaction velocity
was calculated using the data points from the
first 15 mins and normalized to the DMSO
control.

FRET-based enzyme activity assay of PLP"®

A 50 pl reaction mixture containing purified
SARS-CoV-2 PLP™ and different concentrations
of disulfiram (1, 5, 10, 30, or 60 pM) in as-
say buffer was pre-incubated at room tempera-
ture for 30 mins. Peptide substrate (Z-RLRGG-
AMC, BACHEM) was then added to start the
reaction. The fluorescence signal was moni-
tored continuously at 30°C by detecting emis-
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sion at a wavelength of 460 nm with excitation
at a wavelength of 360 nm. The reaction veloc-
ity was calculated by using all the data points
and normalized to the DMSO control.

ELISA assay for ACE2-spike protein interaction

The inhibitory effects of disulfiram on the inter-
action between SARS-CoV-2 spike protein and
human ACE2 were measured by the SARS-
CoV-2 ELISA Kit (AllBio). Briefly, horseradish
peroxidase (HRP)-conjugate-ACE2 was pre-in-
cubated with various concentrations of disu-
Ifiram (200, 100, 50 uyM) at room tempera-
ture for 30 mins, followed by addition to the
ELISA plate pre-coated with SARS-CoV-2 spi-
ke RBD at 37°C for 1 hour. Each well was aspi-
rated and then was washed with washing buf-
fer five times. After the last wash, 90 ul TMB
(3,3,5,5-Tetramethylbenzidine, AllBio) substra-
te solution was added to each well and incu-
bated at 37°C for 20 mins. The color develop-
ment was then stopped by adding a 50 ul Stop
solution, and the HRP activity was measured
by detecting the optical density at 450 nm.
The binding rate or interaction between SARS-
CoV-2 spike RBD and human ACE2 was calcu-
lated using the following equation: Spike-ACE2
interaction (%) is the ratio of averaged 0D450
values of the sample/DMSO control x 100%.

FRET-based enzyme activity assay for
TMPRSS2

The purification of catalytic domain of human
TMPRSS2 protein was established in our previ-
ous study [29]. The reaction mixture containing
TMPRSS2 protein and different concentrations
of disulfiram (50, 100, or 200 uyM) in 25 mM
Tris pH 8.0, 150 mM NaCl was pre-incubated at
room temperature for 30 mins. The Boc-GIn-
Ala-Arg-AMC substrate (BACHEM) was then
added to initiate the reaction. The fluorescence
signal was continuously monitored at an emis-
sion wavelength of 440 nm with excitation at
340 nm. The reaction velocity was calculated
by using all the data points and normalized to
the DMSO control.

Cell culture

The VeroEG6 cell line (African green monkey kid-
ney cells) was grown in Dulbecco’s Modified
Eagle’s Medium (DMEM, Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS,
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Gibco, USA), 1 x GlutaMAX (Gibco, USA), and
1% penicillin/streptomycin (P/S, Hyclone, USA).
The Calu3 cell line (human lung cancer cells)
was preserved in Modified Eagle’s Medium
(MEM, Gibco, USA) supplemented with 10%
FBS and 1% P/S. VeroE6 and Calu3 cells with
stable expression of TMPRSS2 were generated
by transfection with the pCMV3-TMPRSS2-Flag
plasmid (Sino Biology) and selection by 400
pg/ml hygromycin. The human embryonic kid-
ney cells 293T stably expressing recombinant
human ACE2 (293T-ACE2) were generated by
transfection with the pCMV3-ACE2 plasmid
(Sino Biology) and maintained in DMEM con-
taining 10% FBS, 1% P/S, and 200 pg/ul hy-
gromycin. All these cells were cultured at 37°C
and 5% CO,,.

Viral pseudo-particle infection assay

All SARS-CoV-2-Spike viral pseudo-particles
were purchased from the RNAi core of the
Academia Sinica, Taiwan (http://rnai.genmed.
sinica.edu.tw/), and they were generated based
on the VSV packaging system with spike protein
of wild-type and different variants and lucifer-
ase reporter gene. Briefly, cells were seeded
into 96-well plates and pretreated with differ-
ent doses of disulfiram for 1 hour, then inocu-
lated with 50 pl pseudovirions (0.1 MOI, multi-
plicity of infection). After incubation for one day,
cell viability was confirmed by the Cell Counting
Kit-8 (CCK-8) assay (Dojindo Laboratories,
Japan). Each sample was mixed with 100 l
luciferase substrate (Bright-Glo Luciferase As-
say System, purchased from Promega, USA),
and luminescence was measured immediately
by the GloMax Navigator System (Promega,
USA). Viability-normalized relative light unit
(RLU) was set as 100% for the control group,
and the relative infection rate of the treated
groups was calculated. All experiments were
performed in triplicates and repeated three
times independently.

Cytotoxicity assay

The cytotoxicity of disulfiram was assessed by
seeding cells in 96 well plates in 100 pl media
and cultured for 24 hours, followed by treat-
ment with different doses of disulfiram in 50 ul
complete medium containing for another 24
hours. The medium was removed, and viable
cells were detected with MTT assay (Cyrus-
bioscience, Taiwan), which was read by absor-
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bance at 570 nm by an ELISA reader. All experi-
ments were performed independently in tripli-
cates and repeated three times.

Viruses

Sputum specimens obtained from SARS-CoV-
2-infected patients were maintained in viral
transport medium. Virus in the specimens was
propagated in VeroE6 cells in Dulbecco’s mo-
dified Eagle’s medium (DMEM) supplemented
with 2 pyg/mL tosylsulfonyl phenylalanyl chloro-
methyl ketone (TPCK)-trypsin (T1426, Sigma-
Aldrich, USA). Culture supernatant was har-
vested when cytopathic effect (CPE) was ob-
served in more than 70% of cells, and the virus
titer was determined by plaque assay. The virus
isolates used in the current study were hCoV-
19/Taiwan/NTU13/2020 (GISAID: EPI_ISL_42-
2415), hCoV-19/Taiwan/NTU49/2021 (GISAID:
EPI_ISL_1010718) and hCoV-19/Taiwan/NTU-
92/2021 (EPI_ISL_3979387). The virus isola-
tion was conducted in the Biosafety Level-3
Laboratory at National Taiwan University Hos-
pital. The study was approved by the NTUH
Research Ethics Committee (202101064RI-
NB), and the participants gave written inform-
ed consent.

Plaque assay

Plaque reduction assay was performed in tri-
plicate in 24-well tissue culture plates. SARS-
CoV-2 (100-200 plaque forming unit, pfu/well)
was incubated with test compounds for 1 h at
37°C before adding to the cell monolayer for
another one hour. Subsequently, mixtures of
virus and test compounds were removed and
the cell monolayer was washed once with PBS
before covering with media containing 1%
methylcellulose for 5-7 days. The cells were
fixed with 10% formaldehyde overnight. After
removal of overlay media, the cells were stain-
ed with 0.5% crystal violet and the plaques
were counted. The percentage of inhibition was
calculated as [1 - (VD/VC)] x 100%, where VD
and VC refer to the virus titer in the presence
and absence of the test compound, respective-
ly. DMSO was used to prepare serial dilution of
test compounds and was used as the solvent
control.

Yield reduction asasay

The VeroE6 cells were seeded to the 24-well
culture plate at 2 x 105 cells/well in DMEM with
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10% FBS and penicillin G sodium 100 units/
mL, streptomycin sulfate 100 pg/mL and am-
photericin B 250 ng/mL (antibiotic-antimycotic,
Gibco, USA) one day before infection. The virus
(0.02 MOQI) was pre-mixed with the test com-
pound at indicated concentrations, solvent
control or medium containing 2% FBS (E2) for
1 hour at 37°C. After that, the mixture was
added to the cells for another one hour of incu-
bation at 37°C. At the end of incubation, the
virus inoculum was removed and the cells were
washed once with PBS buffer before adding
fresh E2 medium (500 pL/well) containing test
compound at indicated concentrations or sol-
vent control for 24 hours at 37°C. Finally, the
cellular RNA was extracted by NucleoSpin RNA
Kit (Macherey-Nagel GmbH&Co. KG, Germany)
for real time PCR analysis of SARS-CoV-2 E
genes using the iTaq Universal Probes One-
Step RT-PCR Kit (Bio-Rad, USA) and the Qu-
antStudio™ 5 Real-Time PCR System (Applied
Biosystems™, USA). All of the experiments
involving SARS-CoV-2 virus were performed in
the Biosafety Level-3 Laboratory of the First
Core Laboratory, National Taiwan University
College of Medicine.

Molecular docking

The RBD-ACE2 complex (PDB ID: 6VW1) was
used as the template structure for the docking
experiment. All the modeling processes were
performed on (PS)2v3 structure prediction ser-
vice [30]. Initially, we used the RBD sequence
of the Wuhan-Hu-1 isolate (NC_045512.2) to
replace the RBD sequence of 6VW1 to gener-
ate our wild-type (WT) docking target using
(PS)2V3 protein structure prediction server
[31]. The B.1.1.7 docking target was made by
mutating the N501 to Y501. Only the residues
around the RBD-ACE2 interaction surface were
selected for the docking purpose. The B.1.351
target was established by introducing N501Y,
E484K and K417N mutations into the WT tar-
get. L452R and T478K, and K417T, E484K and
N501Y were introduced to generate B.1.617.2
and P1 variants. The docking target of current
major spreading variant, B.1.1.529 was also
modeled by making G339D, S371L, S373P,
S375F, K417N, N440K, G446S, S477N, TA78K,
E484A, Q493R, G496S, Q498R, N501Y, Y505H
mutations. Docking tasks were performed for
WT and all variants using iGEMDOCK [32] with
“GA Parameters” setting of Population size=
300, Generation=80, and Number of soluti-
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ons=100. The best docking pose (solution) with
the smallest docking score was selected for
further representation. On the other hand, The
frequency distribution of the docking scores of
100 docking poses found for the WT, B.1.1.7,
B.1.351, B.1.617.2, P1 and B.1.1.529 targets
are depicted. All the docking results visualiza-
tion was represented using the PyMOL Mole-
cular Graphics System, Version 2.0 Schrédin-
ger, LL.

Results

Disulfiram interrupts the interaction of spike
and ACE2

Previous studies indicated that disulfiram sig-
nificantly inhibited the enzymatic activity of
SARS-CoV-2 MP™ and PLP™ [24, 25]. Hence, we
confirmed that with a fluorescence resonance
energy transfer (FRET) assay to evaluate the
inhibitory activity of disulfiram on the enzymatic
activity of MP® and PLP® of SARS-CoV-2 [28,
33]. The IC50 of disulfiram against MP™ or
PLP was 2.45 yM and 13.06 uM, respectively
(Supplementary Figure 1A, 1B), supporting that
disulfiram is able to inhibit enzyme activity for
SARS-CoV-2 replication. It is not yet clear
whether disulfiram has the capacity to block
the efficiency of SAR-CoV-2 to enter host cells.
Since numerous studies on the cell entry me-
chanisms of SARS-CoV-2 indicated that SARS-
CoV-2 uses both human ACE2 as an entry re-
ceptor and human protease TMPRSS2 as an
entry activator [34], we performed ELISA as-
says to measure the effect of disulfiram on the
interaction of ACE2-spike protein, and FRET
assays for the enzymatic activity of TMPRSS2.
As shown in Figure 1A, we found that disulfi-
ram blocked the interaction in a dose-depen-
dent manner, yet interestingly, it did not affect
the TMPRSS2 activity (Figure 1B). Thus, these
results suggested that disulfiram may asso-
ciate with an activity to inhibit viral entry of
SARS-CoV-2 through interruption of the inter-
action of ACE2-spike protein in addition to the
known mechanism, which blocks SARS-CoV-2
replication.

Disulfiram inhibited SARS-CoV-2 vpp infection,
independent of TMPRSS?2, furin, or copper-
dependent pathway

To further investigate the potential activity of
disulfiram to inhibit SARS-CoV-2 viral entry, a
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SARS-CoV-2 viral pseudo-particles (vpp) infec-
tion assay was performed (Figure 1C). First, we
assessed three cell lines: 293T-ACE2, VeroEG,
and Calu3. Intriguingly, the results showed that
disulfiram treatment significantly inhibited the
entry of SARS-CoV-2 vpp in a dose-dependent
manner in different cell models (Figure 1D).
VeroE6 cells originating from African green
monkey kidney are commonly used for in vitro
studies of the SARS-CoV-like viruses. Previous
studies have shown that the TMPRSS2-expre-
ssing VeroE6 cell line is highly susceptible to
SARS-CoV-2 infection [35]. Calu3 cells originat-
ing from human airway epithelium are served
as TMPRSS2-positive cells. SARS-CoV-2 entry
into these cells is dependent on TMPRSS2
[36]. In addition to TMPRSS2, furin, another
host protease, has been identified to be res-
ponsible for S protein cleavage during virus
entry [37, 38]. The inhibitory effect of disulfiram
against SARS-CoV-2 vpp was not enhanced in
the TMPRSS2-expressing cells or furin express-
ing cells (Supplementary Figure 2A-C), suggest-
ing that disulfiram may not go through the
TMPRSS2 or furin pathway to inhibit SARS-
CoV-2 vpp infection. Moreover, studies have
shown that the disulfiram and copper combina-
tion greatly enhances its antitumor efficacy [7].
Thus, we examined whether a combination of
copper with disulfiram could increase the inhib-
itory effects against cell entry of SARS-CoV-2
vpp. As shown in Supplementary Figure 2D, the
copper supplement did not enhance the inhi-
bitory activity of disulfiram. In conclusion, our
results suggested that disulfiram could inhibit
cell entry of SARS-CoV-2 vpp likely by blocking
the interaction of ACE2 and spike protein, but
not through TMPRSS2, furin, or copper-depen-
dent pathway.

Disulfiram blocks SARS-CoV-2 wild type and
the other variants viral pseudo-particles infec-
tion

Next, we asked whether disulfiram could pre-
vent vpps carrying different mutant forms of
spike protein from infecting host cells. To this
end, we performed the vpp infection assay with
wild-type and five different variant vpps, includ-
ing B.1.1.7 (known as the alpha variant, initia-
lly discovered in the UK), B.1.351 (beta variant,
in South Africa), P1 (gamma variant, in Bra-
zil), B.1.617.2 (delta variant, in India), and
B.1.1.529 (omicron variant, in South Africa).
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Figure 1. Disulfiram, an FDA-approved drug, blocked the Spike-ACE2 interaction and SARS-CoV-2 viral pseudo-par-
ticles infection and was independent of TMPRSS2. A. The percentage of Spike-ACE2 interaction from ELISA-base
assay was shown with increasing amounts of disulfiram. B. The TMPRSS2 enzymatic activity was measured by using
a FRET-base assay with the indicated concentration of disulfiram. C. Schematic illustrating method of SARS-CoV-2
spike viral pseudo-particles (Vpps) infection assay was shown. Cells were treated with disulfiram and Vpps as de-
picted and then collected for reporter assay after one day. D. The infection rate of SARS-CoV-2 wild-type spike Vpps
was shown in the 293T-ACE2, VeroE®6, or Calu3 cells with 5 uM or 10 yM disulfiram treatment. All data are shown

as mean = SD (n=3).

The results showed that disulfiram inhibited
different variants of vpp infection in a dose-
dependent manner in 293T-ACE2 (Figure 2A)
and VeroEG6 cells (Figure 2B). To further evalu-
ate the activity of disulfiram, the inhibitory
effects (EC50) on the vpp infection were mea-
sured in both cell lines (Figure 2E, 2F). The
cytotoxic effects (CC50) of disulfiram were also
evaluated (Figure 2C-F). The selectivity index
[SI] is determined by CC50/EC50 ratio. The
ideal drug should have a relatively low toxic
concentration but a high active concentration.
An Sl value lower than 2 indicates either low
selectivity or general toxicity, whereas the val-
ues higher than 2 exhibit selectivity [39]. Ge-
nerally, the compound which had an SI value
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>10 was assumed to belong to a great candi-
date for future drug development [40]. The
highest Sl values of disulfiram have occurred
for wild-type vpp infection in 293T-ACE2 cells
(SI=13.17) and VeroE6 cells (SI=5.05). Other-
wise, the Sl values of disulfiram for variant vpp
infection are slightly lower than the wild-type
vpp but still higher than 4 (Figure 2E, 2F). The-
se results suggested that disulfiram retains its
inhibitory effect on vpp entry activity from dif-
ferent SARS-CoV-2 variants tested.

Disulfiram is able to suppress SARS-CoV-2 vi-
rus infection through inhibiting viral entry

We found that disulfiram could prevent viral
entry in cell-based assays by vpps infection

Am J Cancer Res 2022;12(7):3333-3346
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Figure 2. Disulfiram blocked SARS-CoV-2 wild type and the other variant vpps infection. A and B. 293T-ACE2 and
VeroEG6 cells were pretreated with varying concentrations of disulfiram for one hour and infected with SARS-CoV-2
spike Vpps of different variants. After 24 hours of infection, the infection efficiency rate was measured according
to luciferase activities. The P values are indicated by stars, *P<0.05. C and D. 293T-ACE2 and VeroE6 cells were
treated with indicated concentrations of disulfiram, and cell viability was detected by MTT assay. E. and F. The CC50
and EC50 of disulfiram were determined by using GraphPad PRISM software. CC50/EC50 measured the selective

index (SI). All data are shown as mean £ SD (n=3).

assay. Next, we ask if it could also be observed
in the live virus assay. A previous report demon-
strated that the disulfiram against infection of
SARS-CoV-2 live virus using immunofluores-
cence assay to detect SARS-CoV-2 N protein
expression [25]. Similarly, we observed the
inhibitory effects of disulfiram on viral infection
against B.1.1.7 variants using a plaque as-

say (Supplementary Figure 3), supporting the
results from the vpps assay (Figure 2). However,
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inhibition of disulfiram against live virus infec-
tion could be attributed to blocking viral entry
and/or replication. To examine the anti-viral
entry activity of disulfiram, we design the virus
yield reduction assay with two treatment mod-
els (Figure 3A).

In the post-treatment model, cells were treated
with varying concentrations of disulfiram for
one day after the virus was incubated with host

Am J Cancer Res 2022;12(7):3333-3346
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Figure 3. Disulfiram repressed SARS-CoV-2 virus infection. A. The schematic illustrates two methods of disulfiram
treatment of VeroE6 cells infected with the SARS-CoV-2 virus. In the post-treatment model, cells were treated with
different concentrations of disulfiram after virus infection. In the pre-treatment model, viruses were pre-mixed 50
UM disulfiram for one hour before incubation with cells. Cells were continuously treated with different concentrations
of disulfiram after infection with the disulfiram and virus mixture for another 1 hour. B. The inhibition rate of disulfi-
ram against the SARS-CoV-2 wild-type, B.1.1.7 or B.1.617.2 variant was normalized with DMSO control in the post-
treatment model. Data are shown to represent mean + SD (N=3). The P values are indicated by stars, *P<0.05. C.
The inhibition rate of 50 uM disulfiram pre-treatment and following different concentrations of disulfiram treatment
against SARS-CoV-2 wild-type virus, B.1.1.7 or B.1.617.2 variant was normalized with DMSO control. Data are shown
to represent mean + SD (N=3). D. The EC50 of disulfiram from panels B and C was determined using GraphPad
PRISM software.

cells for one hour then washed away through pendent manner after wild-type, B.1.1.7 or
medium changes three times. Quantitative re- B.1.617.2 variants infection (Figure 3B). Beca-
verse transcription-polymerase chain reaction use the cells were treated with disulfiram after
(RT-gPCR) was performed to evaluate the inhi- the virus was infected and removed from the
bition of virus infection on supernatants. The medium, the inhibitory effect of disulfiram
results showed that the disulfiram significantly would mainly be attributed to inhibiting viral re-
repressed the yield of viral RNA in a dose-de- plication. The EC50 value of disulfiram against
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the B.1.1.7 variant virus was higher than that of
the wild-type virus in the post-treatment group
(Figure 3D). Besides, the EC50 value of disulfi-
ram against the B.1.617.2 variant virus was
similar to wild-type virus in the post-treatment
group (Figure 3D). These results indicated that
disulfiram treatment after infection had a less
inhibitory effect against B.1.1.7 virus, which
could be due to either the B.1.1.7 variant
enhancing viral entry activity to host cells dur-
ing the one hour infection period or increasing
resistance to drug treatment (e.g., enhanced
replication efficiency) during the one-day incu-
bation period [41, 42].

Next, we performed the pre-treatment model
to understand the importance of disulfiram on
inhibiting viral entry. In the pre-treatment group,
viruses were pre-mixed with 50 yM disulfiram
for 1 hour; the disulfiram and virus mixture
were incubated with cells for another 1 hour
to allow interaction among disulfiram, viruses,
and host cells. After the pre-treatment step, the
virus and disulfiram were washed away with
PBS buffer to stop the activity for virus to enter
host cells; then, the cells were incubated with-
out (Figure 3C) or with (Figure 3D) different
concentrations of disulfiram for one day. The
supernatants were collected to measure the
inhibition of virus infection by RT-gPCR. We also
perform a MTT assay to ensure 50 uM disulfi-
ram pre-treatment do not affect the cell viablil-
ity (Supplementary Figure 4). Interestingly, we
observed that the inhibition rate of one-hour
pre-treatment with the 50 yM disulfiram and
following DMSO control treatment 24 hours
yields about 20% inhibition for both wild-type
virus and B.1.1.7 variant and 30% inhibition for
the B.1.617.2 without disulfiram for the one day
incubation (Figure 3C). Since after the one hour
exposure to disulfiram, the virus and drug in
the medium were washed away, then the cells
were incubated with medium only without di-
sulfiram. The results indicated that the 20-30%
inhibition mainly came from the one hour expo-
sure resulting from inhibition of viral entry. The
results also indicated no significant differen-
ce for disulfiram to inhibit viral entry between
the wild-type, B.1.1.7, and B.1.617.2 variants
(Figure 2). In addition, Compared to the post-
treatment group, the EC50 value of disulfiram
against wild-type, B.1.1.7 variantand B.1.617.2
variant virus was decreased in the pre-treat-
ment group (Figure 3C, 3D), this lower EC50
value is due to the pre-treatment of the disulfi-
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ram causing approximately 20-30% less virus
when exposed to different concentration of
drugs. In conclusion, these results indicated th-
at disulfiram was able to inhibit the viral entry
of SARS-CoV-2 for wild-type virus, B.1.1.7 and
B.1.617.2 variant with similar potency. It also
suggested that disulfiram could significantly
reduce viral replication processes with less
potency for B.1.1.7. variant. Furthermore, such
dual inhibition activities of disulfiram might
enhance the potency of disulfiram to inhibit
the SARS-CoV-2, B.1.1.7 and B.1.617.2 vari-
ants infection.

Disulfiram docking analysis for wild type and
variants of SARS-CoV-2

Disulfiram can block SARS-CoV-2 infection ba-
sed on interrupting the interaction of ACE2 and
spike proteins (Figure 1A). To understand how
disulfiram would interfere and prevent the bind-
ing between the ACE2 and wild-type or different
spike mutants, we analyzed one hundred dock-
ing poses of disulfiram for the targets of wild-
type (WT), B.1.1.7, B.1.351, P1, B.1.617.2, and
B.1.1.529 variants of SARS-CoV-2_RDB-hACE2
complex. Two docking pose was found for wild-
type, but only one docking pose for B.1.1.7,
B.1.351, P1, B.1.617.2, and B.1.1.529 variants
each. The stability of docking disulfiram to
B.1.1.7 and B.1.1.529 (DG1) are similar, and
docking stability among B.1.617.2, B.1.351,
and P1 (DG2) are also similar. The rank of the
stability for docking disulfiram is DG2>DG1>WT
(Figure 4A). The side-chain conformations of
all variant’s RDB residues change compared to
the WT’s, but the location of disulfiram was
similar between these different variants (Fi-
gure 4B). Meanwhile, the docked poses of di-
sulfiram are similar among wild-type, B.1.351
and P1 (Pose 1), and between B.1.1.7 and
B.1.1.529 (Pose 2). The disulfiram docked pose
for B.1.1.617.2 (Pose 3) is very different from
Pose 1 and Pose 2 (Supplementary Figure 5).
The environment of the binding pockets of wild-
type and the other variants with disulfiram are
mainly hydrophobic (Figure 4C). The binding
affinity of disulfiram predicted by using PRO-
DIGI platform [43] for WT is -5.2 kcal/mol, -5.2
kcal/mol for B.1.1.7, -5.1 kcal/mol for B.1.351,
-5.1 kecal/molfor P1,-5.1 kcal/mol for B.1.617.2-
5.0 kcal/mol and for B.1.1.529. In conclusion,
the results of docking analysis suggested that
disulfiram had comparable activity to prevent
wild type or the other variant binding to ACE2
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Figure 4. Conformation and pose of molecular docking interaction of disulfiram in the binding pocket of SARS-
CoV-2_RDB-hACE2 complex. A. Disulfiram docking analysis for wild type and five variants of SARS-CoV-2. One hun-
dred docking poses of disulfiram were analyzed for the targets of wild type (WT) and B.1.1.7 variant of SARS-CoV-2_
RDB-hACE2 complex. The stability of docking disulfiram to wild-type and five variants are shown. B. The light colors
represent SARS-CoV-2_RDB residues, whereas dark colors represent human ACE2. The green, yellow, red, light
blue, magenta and cyan lines indicate residues of wild-type, B.1.1.7, B.1.1.529, B.1.351, B.1.617.2 and P1 variants,
respectively. All the RDB residues are labeled. C. The contact potential of the binding pockets of WT and five variants
with disulfiram. The red, blue, and white colors represent negative, positive, and hydrophobic areas, respectively.
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proteins, supporting the results shown in Fig-
ures 2 and 3 that disulfiram is able to inhibit
viral entry.

Discussion

A vast amount of effort has been forged on
developing vaccines to circumvent the SARS-
CoV-2 pandemic. It is undeniable that vaccines
are potent means to quell the pandemic; how-
ever, it is not clear whether vaccines alone can
provide full immunity as new variants emerge.
Due to the nature of viruses, they continue to
evolve into new strains/variants that are better
equipped at evading host protective immune
systems [44]. Thus, the development of anti-
viral pharmacologic agents to treat COVID-19
should be warranted to minimize virus-caused
severe symptoms in the host. New drug devel-
opment is a challenging and expensive pro-
cess. Repurposing old drugs could serve as an
appealing, feasible strategy to lower costs and
save time. Here, we report that disulfiram could
be repurposed into a potent inhibitor of SARS-
CoV-2 since we found that disulfiram can block
spike protein binding to host receptor ACE2 to
interrupt virus infection. We noticed that disulfi-
ram was able to block live viral entry with simi-
lar potency for the wild-type and B.1.617.2 vari-
ants. However, it has less effect on the inhibi-
tion of viral replication for the B.1.1.7 variant
than wild-type virus. It has been documented
that disulfiram can inhibit SARS-CoV-2 repli-
cation through several different mechanisms
[25]. It is unclear how the B.1.1.7 variant is
more resistant to disulfiram than the wild-type
SARS-CoV-2 virus for viral replication. Since the
mutant of the B.1.1.7 variant occurs in the
spike protein, it is interesting to entertain that
spike protein may have a role in the viral repli-
cation. For instance, it raises an interesting
question, whether the slight difference in the
docked pose of disulfiram with wild-type and
different spike mutants (Supplementary Figure
5) might affect the interaction of disulfiram wi-
th critical enzymes for viral replication.

The trending of current therapy is targeting
more than one disease pathway, including com-
binations of two or more different treatments
or therapeutics [45]. However, clinical develop-
ment is time-consuming and expensive to de-
termine and optimize the best combinations
[46]. Because SARS-CoV-2 is an RNA corona-
virus that typically has higher mutation rates,
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many variants of SARS-CoV-2 have been found
and caused multiple waves [47]. An anti-viral
drug with only one target, such as MP™ or the
spike protein, might more easily cause resis-
tance. Molecules with dual or multiple inhibito-
ry activities against two or more different kinds
of diseases would be ideal [33, 48, 49]. Ideally,
one could identify existing compounds that
are in use in clinics to stop or substantially
diminish both viral entry and viral replication. In
that case, such dual or multiple inhibitions may
enhance the potency of these compounds in
treating the coronavirus infection. Several other
studies [25, 26, 28] have indicated that disulfi-
ram could target multiple virus proteins involv-
ed in different processes of the viral life cycle,
including transcription and replication. Here,
we further demonstrated that disulfiram play a
role for blocking viral entry. Remarkably, disulfi-
ram is currently under evaluation in phase Il
clinical trials totreat COVID-19 (NCT04485130).
A retrospective cohort study suggests that
disulfiram contributes to the reduced incidence
and severity of COVID-19 [50]. These results
strongly support the clinical potential of disulfi-
ram to treat COVID-19.
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Supplementary Figure 1. Disulfiram inhibited the enzymatic activity of MP© and PLP™. A. The MP° enzymatic activity
was measured by using a FRET-base assay with the indicated concentration of disulfiram. B. The PLP® enzymatic
activity was measured by using a FRET-base assay with the indicated concentration of disulfiram. All data are shown
as mean = SD (n=3).
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Supplementary Figure 2. Disulfiram inhibited SARS-CoV-2
spike vpp infection in different cell models. A. VeroE6 and
Calu3 cells with and without TMPRSS2 over-expression
were pretreated with the indicated concentrations of disul-
firam and then infected with SARS-CoV-2 wild-type Spike
vpps. After 24 hours of infection, the infection efficiency
rate was measured according to luciferase activities. B.
and C. The infection efficiency of VeroE6 or VeroE6/furin
cells, which were pretreated with disulfiram and then in-
fected with SARS-CoV-2 wild-type spike vpps, was shown.
D. The infection efficiency of different combination treat-

10 o Disulfiram (uM)  ments with disulfiram and CuCl, in 293T-ACE2 was evalu-
0 0 0 02 02 02 CuCI2(uM) ated. All data are shown as mean + SD (n=3).
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Supplementary Figure 3. Disulfiram inhibited virus infection of SARS-CoV-2 B.1.1.7 variants. A. Schematic illus-
trating method of B.1.1.7 variants live virus infection assay was shown. As depicted, VeroE6 cells were treated
with disulfiram and B.1.1.7 variants and then collected for plaque assay after 5 days. B. The inhibition of different
concentrations of disulfiram against B.1.1.7 variants in plaque formation results represents three independent
experiments, each in triplicate. All data are shown as mean + SD (N=3). The EC50 was determined using GraphPad

PRISM software.
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Supplementary Figure 4. In the pre-treatment model, disulfiram could not cause high toxicity. VeroE6 cells were
pretreated vehicle control (DMSO) or 50 uM disulfiram for 1 hour and wash away, then treated with indicated con-
centrations of disulfiram. The cell viability was detected by MTT assay (N=3).
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Supplementary Figure 5. The binding poses of disulfiram docked with the binding pocket of SARS-CoV-2_RDB-
hACE2 for different SARS-CoV-2 variants. The poses of disulfiram docked to WT and 5 variants were shown. Pose 1
consisted of WT, B.1.351 and P1 variants. B.1.1.7 and B.1.1.529 variants belonged to Pose 2. Only B.1.617.2 was
Pose 3. The RBD mutations revealed in each variant are shown in orang lines with labels.



