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The pandemic caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has severely affected human lives
around the world as well as the global economy. Therefore,
effective treatments against COVID-19 are urgently needed.
Here, we screened a library containing Food and Drug
Administration (FDA)-approved compounds to identify drugs
that could target the SARS-CoV-2 main protease (Mpro), which
is indispensable for viral protein maturation and regard as an
important therapeutic target. We identified antimalarial drug
tafenoquine (TFQ), which is approved for radical cure of
Plasmodium vivax and malaria prophylaxis, as a top candidate
to inhibit Mpro protease activity. The crystal structure of SARS-
CoV-2 Mpro in complex with TFQ revealed that TFQ non-
covalently bound to and reshaped the substrate-binding pocket
of Mpro by altering the loop region (residues 139–144) near the
catalytic Cys145, which could block the catalysis of its peptide
substrates. We also found that TFQ inhibited human trans-
membrane protease serine 2 (TMPRSS2). Furthermore, one
TFQ derivative, compound 7, showed a better therapeutic in-
dex than TFQ on TMPRSS2 and may therefore inhibit the
infectibility of SARS-CoV-2, including that of several mutant
variants. These results suggest new potential strategies to block
infection of SARS-CoV-2 and rising variants.

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was identified in December 2019 as the cause
of COVID-19 outbreak (1–3). It has since spread rapidly,
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infected more than 180 million people, and caused more than
3.9 million deaths (4, 5) globally in late June of 2021. While
various kinds of vaccines have been available and large number
of people have received, and preliminary analyses from the
United States and other countries also showed that a COVID-
19 vaccination series is effective against SARS-CoV-2 infection
(6–8). However, only about 22% of the world population has
received at least one dose of an approved vaccine in late June
of 2021 (9). At the current global vaccination rate, it is esti-
mated to take at least 4.6 years to achieve worldwide herd
immunity (70–85% of the population having received a two-
dose vaccine) against COVID-19. This long-time gap will
allow variants of the virus to develop and spread, potentially
rendering current vaccines ineffective (9, 10). Recently, several
novel variants of SARS-CoV-2 with various mutations and
deletions in the RBD of spike protein have appeared in mul-
tiple countries. In the middle of 2020, spike gene analysis of
SARS-CoV-2 revealed that a mutation on D614G substitution
became more common as the pandemic spread (11).
Furthermore, The B.1.1.7 (Alpha) variant, which has D614G
mutation and N501Y mutation in spike protein, was first
identified in the United Kingdom in 2020 and spread rapidly
(12). Subsequently, three more variants of concerns are
documented including B.1.351 (Beta) variant in South Africa,
P.1 (Gamma) variant in Brazil, and B.1.617, B.1.618, and
B.1.617.2 (Delta) from India. Except for variants from India,
the other two variants harbor N501Y mutation on RBD, which
increases binding affinity to ACE2 (13). In addition, P.1 variant
has an escape mutation E484K, which is able to escape the
host’s immune defenses by the neutralizing antibody (14, 15).
The B.1.617 variant became one of the leading variants from
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Inhibition of SARS-CoV-2 virus infection by tafenoquine and its derivatives
India spread to about 40 nations since January 2021 (16). It
carries two important mutations, E484Q and L452R. Residues
452 and 484 could play a role in resistance to antibody
neutralization. Both are separately found in many other
coronavirus variants, but they have been reported together for
the first time in B.1.617 (17, 18). Another variant from India,
B.1.618, has a specific mutation Δ145 to 146 (19). Residues 145
and 146 are known as antibody-binding sites (20). The
B.1.617.2 is a variant of lineage B.1.617 and has most recently
become a variant of concern and named as Delta variant on 31
May 2021 by the World Health Organization. Accordingly,
Pfizer utilized vaccine (BNT162b2)-induced human sera to
neutralize SARS-CoV-2 lineage B.1.1.7 pseudovirus, with
slightly reduced activity compared with the original strain (21).
However, the Moderna mRNA-1273 vaccine showed a five- to
tenfold reduction in efficacy against the B.1.351 strain bearing
the E484K mutation compared with pseudovirus bearing the
D614G mutation (22). Therefore, any improvement of vaccine
and anti-SARS-CoV-2 drugs is urgently needed in order to
combat the COVID-19 pandemic. Currently, several clinical
trials have demonstrated that remdesivir (23, 24) and dexa-
methasone (25) improve the prognosis in patients with SARA-
CoV-2 infection. Until now, remdesivir and dexamethasone
have been used for patients who are hospitalized with mod-
erate and severe COVID-19 symptoms in most countries (26).
Monoclonal antibodies (bamlanivimab and etesevimab) are
another option of therapeutic agents only for the nonhospi-
talized patients with mild-to-moderate COVID-19 symptoms
(27). However, the efficacy of remdesivir is limited (23, 28, 29)
and dexamethasone is an anti-inflammatory drug, which does
not directly inhibit virus replication. Hence, we need to
continue to rapidly develop effective drugs, especially using the
screening strategies for anti-SARS-CoV-2 therapeutics. The
Food and Drug Administration (FDA)-approved drugs have
undergone rigorous evaluations for safety, and it would be an
advantage to screen compound library containing FDA-
approved drugs as they can be quickly applied for treating
patients.

The SARS-CoV-2 genome shares about 82% identity with
the SARS coronavirus and contains approximately 30,000
nucleotides that are transcribed into 13 to 15 open reading
frames (Orfs) (30). Among them, Orf1a and Orf1ab are
translated into two polyproteins, which are then cleaved by the
Mpro, yielding a number of protein products required for viral
replication and transcription (31–34). Another critical cell
surface protease for mediating virus entry into host cells is
TMPRSS2, which trigger cell membrane fusion and uptake of
SARS-CoV-2 (35). Because Mpro and TMPRSS2, which digest
their substrates at each specific polypeptide sequences, are
necessary for viral replication and infection respectively, these
two proteases are considered as ideal targets for drug design.
To this end, we firstly identified antiviral compounds from a
library containing FDA-approved drugs, which can bind to
Mpro and inhibit its enzymatic activity through a well-
established fluorescence resonance energy transfer (FRET)-
based high-throughput drug screening platform. Here, we
found that an US FDA-approved drug tafenoquine (TFQ) not
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only represses Mpro protease activity through inducing its
conformational change, but also targets the cellular protease
TMPRSS2 to display a dual function against SARS-CoV-2
activity. In addition, through medicine chemistry approaches,
we synthesized 14 derivatives of TFQ and based on therapeutic
index, therapeutic efficacy/toxicity, we identified one com-
pound, compound 7 as a safer therapeutic agent than parental
TFQ. Importantly, both TFQ and compound 7 suppressed
viral infection including several variants through viral pseu-
doparticle (Vpp) assay.

Results

TFQ is a potential inhibitor of SARS-CoV-2 Mpro

To rapidly identify potential FDA-approved drugs targeting
SARS-CoV-2 Mpro, we utilized an established FRET assay to
screen 1836 compounds from FDA-Approved Drug Library
(MedChemExpress, Cat. No.: HY-L022P) (36). Among the
identified positive candidates, TFQ exhibited the most signif-
icant inhibitory effect against SARS-CoV-2 Mpro (Fig. 1A and
Table S1). The half-maximal inhibitory concentration (IC50) of
TFQ against SARS-CoV-2 Mpro is 31.8 μM (Fig. 1B). TFQ
(brand name Krintafel/Kozenis in the United States/Australia,
owned and developed by GlaxoSmithKline) is an 8-
aminoquinoline antimalarial drug that was approved by the
US FDA in July 2018 and the Australian Therapeutic Goods
Administration (TGA) in September 2018 for the radical cure
of Plasmodium vivax (37–39), a parasite that causes malaria.
In addition, TFQ (brand name Arakoda/Kodatef in the United
States/Australia, owned by 60 Degrees Pharmaceuticals) was
later approved by the FDA and the TGA for malaria prophy-
laxis (39, 40). However, the molecular target of TFQ is still
unknown. Here, we showed that TFQ directly inhibited SARS-
CoV-2 Mpro in vitro. Another quinoline-based drug, Hydrox-
ychloroquine (HCQ), a 4-aminoquinoline derivative, has
shown to be effective in inhibiting SARS-CoV-2 infection
in vitro (41). However, using HCQ for prevention or treatment
of severe COVID-19 patients has shown no benefits or has
severe side effects (42–44). To further characterize TFQ, we
compared the inhibitory effects of TFQ and HCQ by using
differential scanning fluorimetry (DSF), which is a powerful
tool in early drug discovery with the basic principle that drugs
that bind to the therapeutic protein target will change its
thermal stability (45, 46). The result showed that TFQ caused
thermal shifts in the melting temperature (Tm) of SARS-CoV-
2 Mpro in a dose-dependent manner (Fig. 1C). In contrast,
HCQ had no influence on the thermal stability of SARS-CoV-2
Mpro (Fig. 1D), supporting that TFQ may bind to Mpro and
serve as a candidate to inhibit SARS-CoV-2 Mpro.

TFQ binding reduced the helical content of SARS-CoV-2 Mpro

To further validate the binding and inhibitory effects of TFQ
on SARS-CoV-2 Mpro, various biophysical methods were uti-
lized to assess the conformational changes of SARS-CoV-2
Mpro. Analytical ultracentrifugation (AUC) studies revealed
identical sedimentation coefficient at various concentrations of
TFQ, suggesting that the overall quaternary structure of



Figure 1. TFQ efficiently inhibits SARS-CoV-2 Mpro. A, screening of a library of FDA-approved compounds against SARS-CoV-2 Mpro by FRET assay. Each
compound (60 μM) was pre-incubated with 4 μM of SARS-CoV-2 Mpro for 30 min at room temperature. Fluorescent protein substrate (20 μM) was then
added to initiate the reaction. The relative enzymatic activity of SARS-CoV-2 Mpro is shown. B, dose–response curve of TFQ against SARS-CoV-2 Mpro with an
IC50 value of 31.8 μM. Data are shown as mean ± standard deviation, n = 3 technical replicates. C, melting curves of SARS-CoV-2 Mpro at various con-
centrations of TFQ (0, 15, 45, 60, 90 μM). D, melting curves of SARS-CoV-2 Mpro at various concentration of HCQ (0, 15, 45, 60, 90 μM). FRET, fluorescence
resonance energy transfer; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TFQ, tafenoquine.

Inhibition of SARS-CoV-2 virus infection by tafenoquine and its derivatives
SARS-CoV-2 Mpro remains unchanged in the presence of TFQ
(Fig. 2A). Results from circular dichroism (CD) spectroscopy
exhibited 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 (Figs. 2B and S1). In addition, the relative
activity of SARS-CoV-2 Mpro decreased with increasing con-
centrations of TFQ (Fig. 2B), supporting the notion that total
helical content of SARS-CoV-2 Mpro correlates with relative
SARS-CoV-2 Mpro activity. To further evaluate the confor-
mational changes of SARS-CoV-2 Mpro, we performed a
limited proteolysis assay by trypsin digestion (47). The cleav-
age pattern, unexpectedly, indicated a greater degree of pro-
tection of SARS-CoV-2 Mpro from trypsin digestion at higher
concentrations of TFQ, which was independent of any effect of
TFQ on trypsin activity (Figs. 2C and S2). In contrast, HCQ
did not reduce the cleavage of SARS-CoV-2 Mpro by trypsin
digestion (Fig. 2C). These findings suggest that TFQ binding
not only reduces the helical content but also induces local
conformational changes in SARS-CoV-2 Mpro, resulting in
resistance to trypsin digestion.
Structural characterization of SARS-CoV-2 Mpro in complex
with TFQ

To investigate the inhibitory effect of TFQ on SARS-CoV-2
Mpro, we established a cocrystallization structure of TFQ-Mpro

complex (Table S2). The structure revealed that TFQ non-
covalently binds to the active site of SARS-CoV-2 Mpro with a
unique binding pattern that is distinctly different from the
known covalent peptidomimetic inhibitors (Figs. 3A and S3A)
(48). The hydrophobic quinoline core of TFQ locates near the
catalytic dyads of SARS-CoV-2 Mpro and forms a hydrogen
bond with the side chain of H41 on SARS-CoV-2 Mpro,
blocking the access of substrates into the active site (Fig. 3A).
The pentan-1,4-diamine moiety of TFQ buries deeply into the
S2 subsite, interacting with residues T25, L27, C44, T45, S46,
M49, and Q189 of SARS-CoV-2 Mpro with the terminal amino
J. Biol. Chem. (2022) 298(3) 101658 3



Figure 2. Inhibition of enzymatic activity of SARS-CoV-2 Mpro by TFQ. A, analytical ultracentrifugation (AUC) experiment of SARS-CoV-2 Mpro in the
presence of different concentrations of TFQ (0, 50, 60, 70, 80, 90 μM). B, comparison of the enzymatic activity of SARS-CoV-2 Mpro with the far-UV CD signals
(molar ellipticity at 222 nm) by increasing dose 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. C, limited proteolysis of SARS-CoV-2 Mpro by trypsin in the presence of different concentrations of TFQ (left) or
HCQ (right) (0, 30, 60, 90 μM). CD, circular dichroism; FRET, fluorescence resonance energy transfer; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; TFQ, tafenoquine.

Inhibition of SARS-CoV-2 virus infection by tafenoquine and its derivatives
group of pentan-1,4-diamine moiety forming two hydrogen
bonds with the main-chain oxygen of H41 and C44 of
SARS-CoV-2 Mpro (Figs. 3, A and B and S3A). The tri-
fluoromethylphenoxy moiety of TFQ forms hydrophobic in-
teractions with L141, N142, and G143 in the S1 subsite of
SARS-CoV-2 Mpro, which is further stabilized by two
H-bonds between the two fluoride atoms and the main chain
of G143 (Fig. 3, A and B). This interaction induces significant
conformational changes in the loop region containing residues
139 to 144 in SARS-CoV-2 Mpro, which may otherwise cause
steric clashes with the trifluoromethylphenoxy moiety of TFQ
in the ligand-free form of SARS-CoV-2 Mpro (Fig. 3, C and D).
The rotation of residues N142, L141, and F140 leads to the
flipping of hydrophobic side chain of F140 into solvent and
L141 into the S1 subsite (Fig. 3, A and D). Binding of TFQ also
widens the substrate-binding pocket by 18.6 Å (measured by
the distance between side chain of Q189 and N142) in contrast
with the ligand-free form (10.9 Å) and the peptide-based in-
hibitor bound form (9.6 Å) of SARS-CoV-2 Mpro (Fig. S3, B–
D). In summary, the abovementioned functional and structural
data support local conformational changes in the substrate-
binding pocket of SARS-CoV-2 Mpro and may provide rele-
vant information to conduct structural modifications of TFQ.

In addition to the therapeutic importance of SARS-CoV-2
Mpro, TMPRSS2 is a host protease on cell membrane to
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facilitate SARS-CoV-2 entry into host cells. The recent study
indicated that the rapid transmissibility of B.1.617 variant from
India could attributed to its increased ability to enter human
intestinal and lung cell lines and that specific TMPRSS2 in-
hibitor is effective against B.1.617 variant (49). Interestingly,
we also observed TFQ to inhibit TMPRSS2 protease activity in
a dose-dependent manner (Fig. S4), suggesting that TFQ could
block SARS-CoV-2 by inhibiting enzymatic activities of both
SARS-CoV-2 Mpro and host TMPRSS2.
TFQ inhibits SARS-CoV-2 production in cell culture system

Next, 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
(36, 50) 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 either pretreated plus
posttreated with TFQ before and after viral infection (full-
time treatment) or only treated with TFQ after virus infection
(posttreatment) (Fig. 4A). After infection, cell supernatants
were collected for further quantification of virus counts on
day 1, day 2, and day 3, respectively. The inhibition rate of



Figure 3. Structural analysis of TFQ interaction with SARS-CoV-2 Mpro. A, surface presentation of potential substrate-binding pocket of SARS-CoV-2 Mpro

with TFQ. TFQ (green stick) interact with SARS-CoV-2 Mpro by forming hydrogen bonds (black dash line) on several residues (yellow stick) on SARS-CoV-2 Mpro.
The S2 and S1 subsites of SARS-CoV-2 Mpro are indicated. B, detailed hydrophobic interactions between TFQ (green) and the active-site residues of SARS-
CoV-2 Mpro (yellow). C, structural comparison of ligand-free form (orange) and TFQ bound form (green) of SARS-CoV-2 Mpro. The largest structural changes
induced by TFQ binding occurring at the loop region containing residues 139 to 144 and indicated by black arrows. D, the detailed view of the altered loop
region (residues 139–144) in (C). The potential steric clash between TFQ and the residue N142 from ligand-free form of SARS-CoV-2 Mpro is highlighted by a
dashed black circle. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TFQ, tafenoquine

Inhibition of SARS-CoV-2 virus infection by tafenoquine and its derivatives
TFQ against SARS-CoV-2 was determined by quantitative
real-time RT-PCR (qRT-PCR) measuring viral RNA of
nucleoprotein (N). The results indicated that TFQ signifi-
cantly repressed the yield of viral RNA in cell supernatant on
day 1 to 2 after infection (Fig. 4B). The inhibition rate against
viral RNA production was approximately 0 to 3.5 % and 51.9
to 54 % with 5 μM and 2.5 μM TFQ, respectively, at 48-h post
infection, implying that the half maximal effective concen-
tration (EC50) of TFQ was around 2.5 μM (Fig. 4C). Viral
infection can lead to changes in cell morphology and death of
host cells, also known as cytopathic effect (CPE) (51, 52).
Vero E6 cells are susceptible to SARS-CoV-2 infection, which
induces CPE (53). We observed a significant decrease in
SARS-CoV-2-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 sur-
viving host cells for virus production. Collectively, these data
demonstrated that TFQ reduced SARS-CoV-2 production in
the host cells.
Cell-based immunofluorescence assay revealed inhibition of
SARS-CoV-2 Mpro in HEK-293T cells by TFQ treatment

To further investigate whether the inhibition effect of TFQ
on SARS-CoV-2 production is mediated through Mpro, we
established two stable HEK-293T cell lines expressing Mpro-
CFP-YFP or Mpro-GFP-RFP fusion proteins. The Mpro cleavage
site is placed between the CFP-YFP and GFP-RFP fusion
proteins to evaluate the SARS-CoV-2 Mpro activity using
fluorescence detection. SARS-CoV-2 Mpro fusion protein is
accommodated with CFP-YFP or GFP-RFP by the F2A
enhancing fusion. The results showed that SARS-CoV-2 Mpro

has an activity that cleaved GFP and RFP at the cleavage site
and separated GFP-RFP with the single fluorescent expression
in the cell under microscopy determination (Fig. S5). The
endogenous fluorescence is reversed and combined signifi-
cantly with the Mpro activity inhibition by TFQ treatment (50
and 100 μM) in the HEK-293T cells (Fig. S5). The inhibition of
J. Biol. Chem. (2022) 298(3) 101658 5



Figure 4. TFQ represses SARS-CoV-2 infection in Vero E6 cells. A, a schematic illustrating two methods of treatments of TFQ in SARS-CoV-2 infected Vero
E6 cells. In the posttreatment group, cells were treated with TFQ after viral infection. In the full-time treatment group, cells were pretreated with TFQ for 1 h
prior to viral infection plus the posttreatment of TFQ after 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 ±
standard deviation. C, the inhibition rate of virus infection on day 2 in Vero E6 cells treated with 2.5 or 5 μM TFQ with full-time or posttreatment (n = 3). Data
are shown as mean ± standard deviation. 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 posttreatment at 3 days post infection. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TFQ, tafenoquine.

Inhibition of SARS-CoV-2 virus infection by tafenoquine and its derivatives
Mpro activity by TFQ was also confirmed by FRET detection in
the HEK-293T cell lysates (Fig. S6). In the presence of SARS-
CoV-2 Mpro activity, FRET detection was reduced. Addition of
100 μM TFQ consistently lowered SARS-CoV-2 Mpro activity,
resulting in a twofold increase in FRET percentage (Fig. S6).
Taken together, these in vivo data suggested that despite being
at high dose, TFQ inhibited SARS-CoV-2 production through
Mpro, which is also consistent with the result of in vitro Mpro

activity analysis (Fig. 1B).
Pharmacological exploitation of TFQ to develop a novel,
noncytotoxic TMPRSS2 inhibitor

TFQ blocked SARS-CoV-2 viral infection (Fig. 4), at least in
part, by inhibiting the enzymatic activity of viral Mpro (Fig. 1)
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and host TMPRSS2 proteases (Fig. S4). As shown in Fig. S7, C
and D, TFQ was equipotent in inhibiting both enzyme activ-
ities. TFQ exhibits CPE at 5 μM (Fig. 4), thus the therapeutic
window may be limited to develop into a clinically useful drug.
We turned our attention to the use of TFQ as a base compound
to develop specific, noncytotoxic inhibitors as therapeutic
intervention for COVID-19 (54, 55). Based on the structural
information shown in Figure 3, we employed two different
strategies to conduct structural modifications of TFQ to
develop Mpro and TMPRSS2 inhibitors, which is delineated as
follows. Our initial effort focused on the direct derivatization of
TFQ by substituting or replacing the aniline amino moiety and/
or the terminal-NH2 of the alkyl side chain with different
functionalities, leading to compounds 1 to 6 (Fig. S7B). How-
ever, these compounds with the exception of compound 3
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showed substantially reduced inhibitory activities toward both
proteases (Fig. S7, B–D). In compound 3, the N-mono-
methylation at the terminal-NH2 retained the TMPRSS2
inhibitory activity, but gave rise to a partial loss of the Mpro

inhibitory activity, which might be attributable to steric hin-
drance imposed by the N-CH3 substitution for ligand in-
teractions with the H41 and C44 residues of Mpro (Fig. 3). This
premise was corroborated by losses of the Mpro inhibitor ac-
tivity to a greater extent in compounds 2 and 4 by adding an
additional N-methyl function to either the terminal-NH2 or the
aniline-NH, respectively (Fig. S7C). Interestingly, compounds 2
and 4 also showed a complete or significant loss of the
TMPRSS2 inhibitory activity (Fig. S7D), suggesting the
importance of the terminal-NH2 in the mode of ligand binding
with TMPRSS2. It is interesting that an additional N-methyl
function at either the terminal-NH2 (compound 2) or the
aniline-NH (compound 4) resulted in a complete loss of the
TMPRSS2 inhibitory activity (Fig. S7, B–D). Replacement of
the terminal-NH2 moiety of TFQ with a guanidino (compound
5) or thiourea (compound 6) group, which was aimed at
enhancing potential hydrogen bonding with the H41 and C44
residues of Mpro (Fig. 3), led to a complete loss of both inhib-
itory activities presumably due to steric hindrance (Fig. S7, B–
D). Together, these data suggest a subtle structure–activity
relationship, which prompted us to take an alternative
fragment-based strategy by selecting compound 7, a key in-
termediate in TFQ synthesis, as a starting point for modifica-
tions (Fig. S8A). We coupled compound 7 with terminal NH2-
containing alkyl or acyl side chains with varying lengths (Series
I, compounds 8–10) or with different amino acids [Series II,
including L-asparagine, L-glutamine, L-lysine, and L-ornithine,
compounds 11–14, respectively) (Fig. S8A). We rationalized
that these changes might allow a better differentiation of the
binding pocket of TMPRSS2 versus Mpro by these small-
molecule compounds. It is noteworthy that among these
eight derivatives (7–14), compound 7 exhibited a nearly
effective TMPRSS2 inhibitory activity relative to TFQ, while
deficient in Mpro inhibition (Fig. S8, B and C). Moreover,
compounds 8 and 13 also showed discriminative inhibitory
activities between TMPRSS2 and Mpro in favor of the former
(Fig. S8, B and C). This loss of Mpro inhibitory activity in
compounds 8 and 13 underlies the stringent requirement of
the length of the aminoalkyl side chain in directing the inter-
action of the terminal-NH2 with the H41 and C44 residues of
Mpro, as depicted in Figure 3.
The compound 7 is a potential drug candidate for COVD-19

Since a crucial issue of TFQ is its narrow safety margin for
clinical treatment, it is important to determine the cytotoxicity
of these TFQ-derived compounds. After the cytotoxicity
screening by using MTT assay in the Vero E6 and Calu3 cells,
we found that one of the TFQ-derived compounds, compound
7, had the highest drug safety in both cell lines (Fig. 5, A and
B). To further measure the CC50 (50% cytotoxic concentration)
of compound 7 compared with TFQ, the results showed that
compound 7 had an CC50 value tenfold higher than TFQ in
both Vero E6 and Calu3 cell lines (Fig. 5, C and D). As the
aminoalkyl side chain of TFQ was truncated in compound 7,
these results suggested the role of this substructure in
contributing not only to the Mpro inhibitory activity but also to
cytotoxicity of TFQ (Fig. 5E).

To further examine the potential activity of compound 7 in
SARS-CoV-2 infection, SARS-CoV-2 pseudovirus assay was
employed in human bronchial epithelial Calu-3 and monkey
kidney epithelial Vero E6 cells, respectively. Recent reports
indicated that there are two major entry pathways of SARS-
CoV-2, either through the ACE2-endosomal pathway or via
TMPRSS2 at the cell surface (56). Vero E6 cells, a common cell
line for the SARS-CoV-2 study, have high ACE2 expression
levels but with low TMPRSS2 expression. This finding sug-
gests a link between SARS-CoV-2 entry and the ACE2-
endosomal pathway in Vero E6 cells. On the other hand, as
Calu3 cells express a high level of TMPRSS2, SARS-CoV-2
entry into Calu3 cells might be TMPRSS2-dependent. In
light of the high potency of compound 7 in TMPRSS2 inhi-
bition, we further established a TMPRSS2-expressing system
in both cell lines (Fig. 6A). These cells were pretreated with
HCQ, TFQ, or compound 7 for 1 h and then infected with the
SARS-CoV-2 Vpp. After 24 h of incubation, infection effi-
ciency was measured according to luciferase activities. As
HCQ is an inhibitor of the endosomal pathway, published
reports showed that it does not block SARS-CoV-2 infection in
the TMPRSS2-expressing cells (57). Indeed, results from three
independent experiments showed that HCQ only blocked
infection of SARS-CoV-2 Vpp in wild-type Vero E6 cells, but
not in TMPRSS2-overexpressing cells (Fig. 6B). In contrast,
both TFQ and compound 7 at high doses were more effective
in inhibiting viral infection in TMPRSS2-overexpressing cells
than that in the parental cells (Fig. 6, B and C). These results
suggested that TFQ and compound 7 could inhibit SARS-
CoV-2 Vpps likely through inhibiting TMPRSS2 activity.
Indeed, the cell-based TMPRSS2 enzymatic assay revealed that
both TFQ and compound 7 blocked protease activity of
TMPRSS2 through competitive inhibition mode, and the in-
hibition constant Ki of them was determined to be 10.18 and
16.79 μM, respectively (Fig. S9). Furthermore, compound 7
showed a much higher selectivity index (SI) than TFQ
(Fig. 6D). Our finding suggested that the compound 7may be a
promising drug for blocking SARS-CoV-2-driven entry into
host cells. Since there are more SARS-CoV-2 variants
emerging, it is imperative to evaluate the inhibitory efficacy of
TFQ and compound 7 against the entry of different SARS-
CoV-2 variants. The VeroE6-TMPRSS2 cells were pretreated
for 1 h with different concentrations of TFQ or compound 7
and then infected with five kinds of SARS-CoV-2 Vpp,
including the wild-type, B.1.1.7, B.1.351, B.1.617, or B.1.618
variants, respectively. After 24 h of incubation, infection effi-
ciency was measured by luciferase assay (Fig. 6, E and F). The
results indicated that both the EC50 and SI of TFQ or com-
pound 7 were similar between wild type and each variant
(Fig. 6, G and H). In conclusion, we found that compound 7
J. Biol. Chem. (2022) 298(3) 101658 7



Figure 5. TFQ derivative Compound 7 exhibits a lower toxicity than that of TFQ. A, MTT assay of VeroE6 cells (left panel) and Calu3 cells (right panel)
treated for 24 h with indicated concentrations of compound 3, 7, 8, 13, and 14. Each data point represents the average of values obtained in three in-
dependent experiments. Error bars represent the standard deviation of the means. B, the CC50 values of compounds 3, 7, 8, 13, and 14 were determined by
using GraphPad PRISM software and expressed as mean ± SD. C, VeroE6 and Calu3 cells were treated with varying concentrations of TFQ or compound 7,
and cell viability was assessed by MTT assay. Error bars represent the standard deviation of the means. D, the CC50 values of TFQ and compound 7 were
determined by using GraphPad PRISM software and expressed as mean ± SD. E, the chemical structure of TFQ and compound 7 was presented. TFQ,
tafenoquine.

Inhibition of SARS-CoV-2 virus infection by tafenoquine and its derivatives
could not only repress infectivity of wild-type SARS-CoV-2,
but also different variants of mutant Vpp.
Discussion

Drug repurposing is an efficient way to accelerate the
development of therapies for COVID-19. Here, we identified
TFQ as a potential drug candidate that inhibits SARS-CoV-2
infection and replication by targeting its Mpro and human
TMPRSS2 from an FDA-approved compound library. We first
demonstrated that TFQ inhibits both the enzymatic activity of
SARS-CoV-2 Mpro and human TMPRSS2 by using a
8 J. Biol. Chem. (2022) 298(3) 101658
FRET-based assay. Subsequent functional studies including
DSF, AUC, CD, and limited proteolysis assay indicated that
SARS-CoV-2 Mpro underwent local structural changes upon
binding of TFQ under physiological relevant concentration.
This conformational change induced by TFQ is positively
correlated with the loss of enzyme activity of SARS-CoV-2
Mpro. Structural characterization of TFQ-Mpro complex
further revealed that TFQ probably interferes with the
substrate-binding site and catalytic subunit by reshaping of the
active site and inducing significant conformational change of
the loop region near catalytic residue Cys145. Indeed, the
structural variations of the loop region near Cys145 have been



Figure 6. Compound 7 suppressed SARS-CoV-2 pseudovirus infection by TMPRSS2-dependent manner. A, immunoblot analysis of whole-cell lysates
from vector control or TMPRSS2-expressing VeroE6 and Calu3 cells. B, Calu3 and VeroE6 cells with and without TMPRSS2 expression were pretreated with
HCQ, TFQ or compound 7 and then infected with SARS-CoV-2 Spike pseudovirus. After 24 h of infection, the infection efficiency rate was measured by
luciferase activities. Error bars represent the standard deviation of the means. C, the EC50 of TFQ and compound 7 was determined by GraphPad PRISM
software, expressed as mean ± SD. D, the selectivity index (SI) of TFQ and compound 7 was measured by mean CC50/mean EC50. E and F, VeroE6 cells with
TMPRSS2 expression were pretreated with indicated concentration of TFQ or compound 7 and then infected with SARS-CoV-2 Spike Wild-type, B1.1.7

Inhibition of SARS-CoV-2 virus infection by tafenoquine and its derivatives
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previously observed in structure of SARS-CoV Mpro in com-
plex with benzotriazole esters or with acidic pH values (58, 59).
Recently, a possibly catalytic incompetent conformation of
SARS-CoV-2 Mpro with large structural movements of N142
and F140 has also been reported (60). The structure of SARS-
CoV-2 Mpro complexed with Tafenoquine revealed in this
study suggested that the structural plasticity of the substrate-
binding pocket of Mpro could be induced by ligand binding
and thereby provide a new way for drug design.

Interestingly, several noncovalent, nonpeptidomimetic
small-molecule compounds were also reported to inhibit
SARS-CoV-2 Mpro (61–63). For example, baicalein, ML188,
and MUT056399 can bind to the active site and block access of
the substrates to the catalytic dyad (61–63). In addition, pel-
itinib, ifenprodil, tofogliflozin, and AT7519 were discovered to
bind to two newly identified allosteric sites of SARS-CoV-2
Mpro, affecting its dimerization and thus the catalytic ability
(62). In general, noncovalent inhibitors have the advantage of
less off-target toxicity over covalent inhibitors (64). Moreover,
covalent, peptidomimetic inhibitors are prone to proteolytic
degradation, which limits their therapeutic application (65).
For instance, the N3 inhibitor blocked SARS-CoV-2 at a
concentration of 10 μM in cell-based assay (48) whereas TFQ
exhibited strong antiviral effect at a concentration of 5 μM in
SARS-CoV-2-infected Vero E6 cells (Fig. 4).

TFQ is approved for prophylaxis and treatment of malaria in
the United States and Australia (40, 66). As a preventive
measure, a dose of 200 mg TFQ is recommended for 3 days
prior to traveling and 200 mg per week until 1 week after
return. For radical cure, a single dose of 300 mg TFQ is rec-
ommended (https://wwwnc.cdc.gov/travel/news-announce
ments/tafenoquine-malaria-prophylaxis-and-treatment). Those
above dose recommendations for malaria prophylaxis sug-
gested that TFQ at higher doses may be suitable for human
consumption. As shown in Figure 4, the therapeutic window of
TFQ in cell culture may be limited, we thereby turn to develop
potential drug candidate targeting both SARS-CoV-2 Mpro and
TMPRSS2 with higher safety using TFQ as scaffold. Although
the TFQ-derived compound 1 to 14 did not exhibit significant
inhibitory effect on SARS-CoV-2 Mpro, it has provided useful
structural and functional relationship. For example, the
reduced inhibitory effects of compound 2 and 3 probably
resulted from the monomethylation (compound 3) and
dimethylation (compound 2) of the terminal-NH2 group of the
aminoalkyl side chain of TFQ that breaks the formation of
hydrogen bonding to H41 and C44 according to our solved
Mpro-TFQ structure (Figs. 3A and S7C). Furthermore, the in-
verse relationship of the length of the aminoalkyl side chain of
TFQ (Compound 7–10, Fig. S8B) and their corresponding
inhibitory effects suggested the importance of the hydrophobic
interaction between this aminoalkyl side chain and the
substrate-binding pocket of SARS-CoV-2 Mpro as mentioned
above (Fig. 3, A and B). Despite the absence of complex
B.1.351, B1.617, or B1.618 pseudovirus. After 24 h of the infection, the infectio
represent the standard deviation of the means. G and H, the EC50 (mean ± SD)
acute respiratory syndrome coronavirus 2; TFQ, tafenoquine. TMPRSS2, TFQ in
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structure of human TMPRSS2 with TFQ, we have identified
TFQ-derived compound 7 as a novel, noncytotoxic inhibitor
against TMPRSS2 in enzyme activity assay. The SARS-CoV-2
and its variants Vpp infection assay further showed that
compound 7 has similar EC50 values with TFQ in TMPRSS2-
overproducing cell lines, but has a higher selectivity index than
TFQ. The low cytotoxicity and potential inhibitory effect on
TMPRSS2-dependent SARS-CoV-2 entry pathway of TFQ
derived compound 7 should warrant further testing in clinical
trials.

It is worth mentioning that SARS-CoV-2 variants have been
outspreaded including those of variants from United Kingdom,
South Africa, and India (67, 68) that have caused multiple
waves of infections in several different countries. Thus, it is
encouraging to identify TFQ and the derivative compound 7
that can inhibit infection activities of variants of mutant SARS-
CoV-2.

Experimental procedures

Cells

TMPRSS2-expressing cells were generated by transient
transfection with the pCMV3-TMPRSS2-Flag plasmid (Sino
Biology) and selection by hygromycin. Calu3 and Calu3-
expressing TMPRSS2 were cultured in Modified Eagle’s Me-
dium (MEM) supplemented with 10% fetal bovine serum
(FBS), 1x NEAA, and 1% penicillin/streptomycin. Vero E6 and
Vero E6-expressing TMPRSS2 were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
FBS, 1x GlutaMAX, and 1% penicillin/streptomycin. Both cell
lines were incubated at 37 �C and 5% CO2.

Cytotoxicity assay

The viability of cells after 24 h treatment was determined
using the standard MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay. All the treatments were
done using 5 × 103 cells/well in 96-well plate. The purple
formazan crystals were dissolved in DMSO (100 μl/well), and
the absorbance was recorded on a microplate reader at a
wavelength of 570 nm. The CC50 values (50% cytotoxic con-
centration) were defined as the compound’s concentration
(μM) required for the reduction of cell viability by 50% and
were calculated by using GraphPad PRISM software.

Western blot assay

Cell lysates were collected by RIPA buffer plus protease
inhibitors. The concentration of total protein was measured by
Bradford protein assay. Protein was denatured at 95 �C for
5 min and loaded into SDS-PAGE to run. The SDS-PAGE was
transferred to a PVDF membrane, and the membrane was
blocked with 5% milk. After blocking, the membrane was
immune-stained with indicated antibodies. All antibodies were
diluted to a recognition level (1:1000) by using 5% BSA buffer
n efficiency rate was measured according to luciferase activities. Error bars
and SI value of TFQ and compound 7 were determined. SARS-CoV-2, severe
hibited human transmembrane protease serine 2.
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and incubated at 4 �C overnight. After incubation with HRP-
labeled secondary antibody, the chemoluminescence signal
was catalyzed by ECL (Bio-Rad Laboratories) to detect the
level of protein expression.

Virus and cell culture

SARS-CoV-2 (strain NTU02, GenBank:MT066176.1) was
isolated from a COVID-19 patient at National Taiwan Uni-
versity Hospital and grown in Vero E6 cells. Cells were
maintained in DMEM containing 10% FBS.

Viral infections

Vero E6 cells (1 × 107) were washed with PBS, incubated
with virus diluted in serum-free DMEM containing tosylsul-
fonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin
(2 μg/ml) for 1 h at 37 �C at a 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.

Viral pseudoparticles (Vpp) infection

In total, 5000 cells were seeded in 96-well plates. The next
day, cells were preincubated with different compounds or
DMSO (vehicle control) for 1 h. Then, they were infected with
the Vpp harboring SARS-2-S and luciferase reporter pur-
chased from National RNAi Core Facility (NRC), Academia
Sinica, and followed by centrifugation at 1250g for 30 min.
After 24 h incubation, the Cell Counting Kit-8 (CCK-8) assay
(Dojindo Laboratories) was performed to measure the cell
viability. Each sample was mixed with an equal volume of
ready-to-use luciferase substrate Bright-Glo Luciferase Assay
System (Promega) afterward. The relative light unit (RLU) was
measured immediately by the GloMax Navigator System
(Promega) and normalized with cell viability first, then the
control group was set as 100%, and the relative infection effi-
ciencies were calculated.

Recombinant protein preparation

The cloning, expression, and purification of SARS-CoV-2
Mpro and its fluorescent protein substrate were described
previously (36). Briefly, the E. coli BL21 (DE3) cells harboring
the plasmid containing target gene were grown in Luria Broth
medium at 37 �C until OD600 reached 0.6 to 0.8. Over-
expression of target protein was induced either by the addition
of 0.2 % L-rhamnose (for SARS-CoV-2 Mpro) or 0.5 mM IPTG
(for the fluorescent protein substrate) and incubated for 18 h
at 20 �C. The cell pellets were resuspended in buffer con-
taining 50 mM Tris-HCl pH 8.0, 500 mM NaCl, 10 % glycerol,
1 mM TCEP, 1 mM PMSF, lysed by sonication, and centri-
fuged to remove cell debris and insoluble materials. The target
protein was then purified by Ni-NTA chromatography using
HisTrap FF column (GE Healthcare) according to the manu-
facturer’s protocol. The fractions containing the expected size
of SARS-CoV-2 Mpro were pooled and mixed with adequate
amount of TEV protease to remove the N-terminal SUMO
fusion tag. Both TEV protease and His6-SUMO fusion tag
were then removed by HisTrap FF column. For purity and
monodispersity, the SARS-CoV-2 Mpro and its substrate pro-
tein were further purified by gel filtration and stored in buffer
containing 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 %
glycerol, and 1 mM TCEP.

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 preincubated 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 moni-
tored continuously for 1 h by detecting the fluorescence signal
(excitation: 434 nm/emission: 474 nm) using Synergy H1
hybrid multimode 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.

For enzyme activity assay of human TMPRSS2, tested
compounds were first incubated with TMPRSS2 protein at
room temperature, and the fluorescent protein substrate was
then added to start the reaction. The fluorescence signal was
detected with excitation wavelength of 506 nm and emission
wavelength of 536 nm.

Protein thermal shift assay using differential scanning
fluorimetry

DSF assays were conducted as previously described (69).
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-Aldrich),
and 8 μM SARS-CoV-2 Mpro in the presence or absence of
various concentrations of TFQ or HCQ (15–90 μM) in each
well. Fluorescence was monitored when temperature was
gradually raised from 25 to 90 �C in 0.3 �C increments at 12-s
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 spec-
tropolarimeter 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 (0–90 μM). All spectra were
corrected for buffer absorption.
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Analytical ultracentrifugation (AUC)

To assess the quaternary structural changes of SARS-CoV-2
Mpro in the presence of TFQ, sedimentation velocity experi-
ments were performed using a Beckman Optima XL-A
analytical ultracentrifuge (Beckman Coulter). Before ultra-
centrifugation, the protein sample was preincubated with or
without various concentrations of TFQ (50–90 μM) at room
temperature for 30 min. The protein sample and buffer solu-
tions (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
(70). All size distributions were 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 or without
various concentrations of TFQ or HCQ (30–90 μM) at room
temperature for 30 min. Proteolysis was then performed by
mixing SARS-CoV-2 Mpro (0.8 mg/ml) with trypsin (Sigma-
Aldrich, T4799) 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%). To exclude the potential effect of TFQ on
the protease activity of trypsin, a control experiment was
performed using Trypsin Activity Assay Kit (Chondrex, Inc,
Catalog # 3043). Briefly, 0.008 mg/ml trypsin was incubated
with TFQ (0, 30, 60, 90 μM) at the indicated concentration at
room temperature for 30 min. Final concentration of 5 μmole
Boc-Gln-Ala-Arg-pNA substrate was then added to initiate the
reaction. Releasing the p-nitroanilide (pNA) after substrate
cleavage by trypsin was monitored by reading the optical
density at 405 nm for 15 min. The trypsin activity after sub-
strate cleavage for 15 min was calculated by the following
equation: (ODSample - ODBlank) × 5 μmole/(ODControl -
ODBlank) × 15 (minutes) × 0.1 (ml).

In vivo detection of cleavage activity of SARS-CoV-2 Mpro by
immunofluorescence assay

To construct cell expression vectors, the cfp-yfp and gfp-rfp
genes were amplified with following primers. The cfp forward
primer 50-CCAGGATCCATGG TTAGCAAGGGCGAG-
GAAC-30 and yfp reverse primer 50-AGACTCGAGTTTGTA-
CAG TTCGTCCATACCCA-3’; gfp forward primer 50-CCAGG
ATCCGTTAGCAAGGGCGAGG AAGAC-30 and rfp reverse
primer 50-AGACTCGAGTTTGTACAGCTCGTCCATGCC-3’.
These genes contain BamHI and XhoI restriction sites. The
SARS-CoV-2 Mpro recombinant protein expression vector is
derived from Shanghai variant and that was used to be amplified
12 J. Biol. Chem. (2022) 298(3) 101658
by PCR for the cell expression with the following primers. The
SARS-CoV-2 Mpro gene, a forward primer 50-ACCGGCG
CGCCAAAGCTTACCATGCACCACCATCACCACCACGG
CC-30 and a reverse primer 50- TTGGATCCGGGCCCGGGG
TTGGACTCAACGTCTCCTGCCAACTTGA GCAAATC
AAAGTTTTGAAAGGTCACACCGCTGCACTG-30 with the
AscHindIII and BamHI restriction sites. The reverse primer of
Mpro can encode F2A enhancing fusion with fluorescent
proteins.

To detect SARS-CoV-2 Mpro in cell lysates, 5 × 104 HEK-
293T cells are seeded in 24-well plate and incubated at 5 %
CO2, 37 �C overnight. 10 % FBS DMEM medium is changed to
DMEM without serum 4 h before transfection. Cells are then
transfected with 0.5 μg pcDNA3.1 Mpro -CFP-YFP plasmid for
continuous 4 h, using 2 μl jetPRIME reagent (Cat no 712–60,
Polyplus-transfection) per well. The cells are treated with 50 μM
and 100 μM TFQ for 18 h posttransfection. The cell is washed
with PBS well to discard medium in wells. 1X passive lysis buffer
is added and cell lysate is shaken for 15 min, which homoge-
nized cells for FRETmeasurement. Fluorescence of cell lysates is
measured in the black plate, using multimode microplate reader
(SpectraMax iD3, Molecular Device, CA95134) with excitation
at 440 nm (±10) and emission at 474 nm, 485 nm, and 528 nm.
The untransfected cells are control without treatment. An
average FRET intensity of transfected cells was obtained and
compared with untransfected cells.

For immunofluorescence assay, 1 × 105 mock and stable
clone Mpro-GFP-RFP expression cells per well were seeded on
coverslips, which were placed in 24-well plate, incubated at
37 �C, 5 % CO2 overnight. The stable cells then were treated
with 100 μM TFQ and 50 μM TFQ for 8 h. Following the
immunofluorescence assay, cells were fixed with 4 % formalin
for 30 min and were stained with DAPI, 20 min. Cells then
were washed with PBS 3 times, for 5 min each washing. The
mount solution was used to mount cells overnight at room
temperature. This assay is performed in the dark.

TMPRSS2 activity in vivo

VeroE6-TMPRSS2 cells were seeded in a black, 96-well
plate (5000 cells/well). Next day, the growth medium was
replaced with 80 μl of inhibitors (TFQ or compound 7) or PBS
alone to the wells in the indicated concentrations (0.4 μM,
2 μM, and 10 μM) and incubated at room temperature for
30 min. The fluorogenic substrate Boc-QAR-AMC (R&D
Biosystems) was then added to each well to different concen-
trations (0, 1.5625 μM, 3.125 μM, 6.25 μM, 12.5 μM, 25 μM,
50 μM, and 100 μM). Fluorescence (excitation 365 nm,
emission 410 nm) was kinetically measured every 15 min for a
total time of 150 min at 37 �C using Synergy H1 hybrid
multimode microplate reader (BioTek Instruments, Inc). The
Ki value was calculated by use of the competitive inhibition
model in Graphpad Prism software.

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
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were pretreated with drugs for an hour prior to viral infection,
and the other without drug pretreatment. Cells were then
infected with virus for 1 h 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 1 to 3 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 days post infection.

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 s at 95
�C, annealing of 10 s at 58 �C, and elongation of 10 s at 72 �C
to detect N gene of SARS-CoV2. The following primers and
probe were used:

N_Sarbeco_F1:50-CACATTGGCACCCGCAATC-30

N_Sarbeco_R1:50- GAGGAACGAGAAGAGGCTTG-30

N_Sarbeco_P1: 50-FAM- ACTTCCTCAAGGAACAA-
CATTGCCA -BHQ1-3’.

Statistical analysis

Data of bar or curve graphs display as percentage or number
compared with control groups with a standard deviation of
two or three independent experiments. Microsoft Excel was
used for statistical analyses. The two-tailed independent Stu-
dent’s t test was used to compare continuous variables be-
tween two groups. All experiments were carried out at least
twice. The statistical significance with p value smaller than
0.05, 0.01, and 0.001 is indicated by *, ** and ***, respectively.

Data availability

The coordinates and structure factors of SARS-CoV-2 Mpro-
Tafenoquine complex have been deposited in the Protein Data
Bank with accession code 7DDC. All data are presented in the
paper or the Supplementary Information. The materials used
in this study should be requested from M.-C. H.
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information.
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