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ARTICLE INFO ABSTRACT
Keywords: Although the effective drugs or vaccines have been developed to prevent the spread of the severe acute respi-
SARS-CoV-2 3CLP™® ratory syndrome coronavirus 2 (SARS-CoV-2), their efficacy may be limited for the viral evolution and immune

Thonzonium bromide
Mechanism of action
Broad-spectrum inhibitor

escape. Thus, it is urgently needed to develop the novel broad-spectrum antiviral agents to control the coro-
navirus disease 2019 (COVID-19) global pandemic. The 3C-like protease (3CLP™) is a highly conserved cysteine
proteinase that plays a pivotal role in processing the viral polyprotein to create non-structural proteins (nsps) for
replication and transcription of SARS-CoV-2, making it an attractive antiviral target for developing broad-
spectrum antiviral agents against SARS-CoV-2. In this study, we identified Thonzonium bromide as an inhibi-
tor of SARS-CoV-2 3CLP™ with an ICsq value of 2.04 + 0.25 pM by fluorescence resonance energy transfer
(FRET)-based enzymatic inhibition assay from the FDA-approved drug library. Next, we determined the inhib-
itory activity of Thonzonium bromide analogues against SARS-CoV-2 3CLP™ and analyzed their structur-
e-activity relationship (SAR). Interestingly, Thonzonium bromide showed better inhibitory activity than other
analogues. Further fluorescence quenching assay, enzyme kinetics analysis, circular dichroism (CD) analysis and
molecular docking studies showed that Thonzonium bromide inhibited SARS-CoV-2 3CLP™ activity by firmly
occupying the catalytic site and inducing conformational changes of the protease. In addition, Thonzonium
bromide didn’t exhibit inhibitory activity on human chymotrypsin C (CTRC) and Dipeptidyl peptidase IV (DPP-
IV), indicating that it had a certain selectivity. Finally, we measured the inhibitory activities of Thonzonium
bromide against 3CLP™ of SARS-CoV, MERS-CoV and HCoV-229E and found that it had the broad-spectrum
inhibitory activity against the proteases of human coronaviruses. These results provide the possible mecha-
nism of action of Thonzonium bromide, highlighting its potential efficacy against multiple human coronaviruses.

1. Introduction the aetiological agent responsible for the outbreak of coronavirus dis-
ease 2019 (COVID-19), which caused a global pandemic [1-3]. Till now,
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is there are three highly pathogenic coronaviruses, including SARS-CoV-2,
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proteins; FRET, fluorescence resonance energy transfer; SAR, structure-activity relationship; CD, circular dichroism; CTRC, human chymotrypsin C; DPP-IV,
Dipeptidyl peptidase IV; SARS-CoV, severe acute respiratory syndrome coronavirus; MERS-CoV, Middle East respiratory syndrome coronavirus; mAb, monoclonal
antibody; PLP™, papain-like protease; VOC, variants of concern.
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Middle East respiratory syndrome coronavirus (MERS-CoV) and severe
acute respiratory syndrome coronavirus (SARS-CoV), posing tremen-
dous threats to public health and economic development [4]. In addi-
tion, common human coronaviruses, including 229E, NL63, OC43, and
HKU1, usually cause mild to moderate upper-respiratory tract illnesses,
like the common cold [5]. Currently, vaccines based on the initial SARS-
CoV-2 have been widely used to curtail the spread of the disease,
however, rapidly spreading SARS-CoV-2 variants in the United Kingdom
(B.1.1.7), South Africa (B.1.351), Brazil (B.1.1.248), India (B.1.617),
South Africa (B.1.1.529), and elsewhere with multiple mutations in the
spike protein may jeopardize newly introduced antibody and vaccine
countermeasures [6]. Therefore, it is necessary to update the mAb
(monoclonal antibody) cocktails targeting highly conserved regions to
enhance the effectiveness of the mAb or adjust the spike sequences of the
vaccine to prevent loss of protection in vivo [7], and also raises the
unmet urgent need of effective small molecules. Strikingly, first oral
antiviral drug Lagevrio (molnupiravir) [8,9] and later PAXLOVID™ (PF-
07321332; ritonavir) showed good therapeutic effects on mild to mod-
erate COVID-19 patients in adults and children with age or weight re-
quirements, and who are at high risk for progression to severe COVID-19
[10]. Although the vaccines or drugs have been developed to prevent the
spread of SARS-CoV-2, the viral evolution and immune escape rendering
them ineffective remains a possibility [11].

SARS-CoV-2 is one of positive strand, enveloped RNA viruses, which
shares 79.6% and about 50% genome sequence identity with SARS-CoV
and MERS-CoV, respectively [12,13]. The replicase gene of SARS-CoV-2
encodes two polyproteins (ppla and pplab) and four structural proteins
[12]. The polyproteins are cleaved by two cysteine proteases, a 3C-like
protease (3CLP™) and a papain-like protease (PLP™) at different sites to
yield non-structural proteins (nsps) which are essential to viral repli-
cation and transcription [14-16]. Due to its pivotal role in virus repli-
cation and transcription, together with the absence of a homologous
human protease and variant resistance challenges like spike protein,
SARS-CoV-2 3CLP™ has become an attractive drug target for the design
and development of broad-spectrum antivirals against COVID-19 [17].
To date, potential SARS-CoV-2 3CLP™ inhibitors with diverse chemical
structures have been reported, such as N3 [15], 11b [18], 13b [19],
baicalin and baicalein [20], GC-14 [21], etc. In addition, the oral SARS-
CoV-2 3CLP™ inhibitor PF-07321332 demonstrated potent inhibitory
activities against 3CLP™ from all coronavirus types and was found to be
safe and well tolerated in healthy adult participants [22]. However, PF-
07321332 must be used in combination with ritonavir due to its meta-
bolic instability [23]. More importantly, ritonavir has strong side effects
and sometimes fatal drug interactions for the combination therapy with
other drugs [24,25]. Therefore, given the urgency of the COVID-19
global pandemic, there is an enormous unmet need for the develop-
ment of the novel broad antiviral agents or daily cleaning products to
prevent the COVID-19 global pandemic. Repurposed drugs have been
considered as a quicker way to identify the new pharmacological role of
existing approved drugs to treat the patients infected with SARS-CoV-2
[26-29]. Our previous studies have demonstrated that Vitamin K3 from
the FDA-approved drug library is a covalent inhibitor of SARS-CoV-2
3CLP™ [30].

In the present study, we screened the inhibitors of SARS-CoV-2
3CLP™ by a fluorescence resonance energy transfer (FRET)-based enzy-
matic assay and identified another four novel compounds from the FDA-
approved drug library. Among of them, Thonzonium bromide showed
better inhibitory activity with ICso of 2.04 pM against the protease.
Thonzonium bromide, a cationic surfactant for the treatment of ear
infection approved by the FDA, has been proven to have good antibac-
terial activity in multidrug-resistant filamentous fungi [31]. Moreover,
Thonzonium bromide has potential or topical oral treatment, showing
anti-caries properties without cytotoxic effect, and having no harmful
effects on oral and intestinal tissues in the rodent caries model [32].
Recent studies showed that Thonzonium bromide was identified as a
possible active molecule against SARS-CoV-2 main proteinase in silico
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drug repurposing research [33]. In addition, Thonzonium bromide was
effective against SARS-CoV-2 in Huh7-ACE2, HeLa-ACE2 and A549-
ACE2 cells in the micromolar range, similar to Remdesivir [34]. How-
ever, the specific mechanism of action of Thonzonium bromide against
SARS-CoV-2 has not yet been verified.

Next, we determined the inhibitory activity of Thonzonium bromide
analogues against SARS-CoV-2 3CLP™ and analyzed their structur-
e-activity relationship (SAR). We found that their inhibitory activities
were related to the cLogP value, carbon chain length and aryl position by
SAR analysis. Among these compounds, Thonzonium bromide exhibited
better inhibitory activity than other analogues. The mechanism of the
inhibition of SARS-CoV-2 3CLP™ by Thonzonium bromide was analyzed
by fluorescence quenching, enzyme kinetics analysis, circular dichr-
ometry (CD) and molecular docking. The results demonstrated that the
inhibitory activity of Thonzonium bromide may be attributed to firmly
occupying the catalytic site and inducing conformational changes of
SARS-CoV-2 3CLP™. Interestingly, we found that Thonzonium bromide
had no effect on the activities of human chymotrypsin C (CTRC) and
Dipeptidyl peptidase IV (DPP-IV), suggesting that it specifically inhibi-
ted SARS-CoV-2 3CLP™. Finally, we evaluated the inhibitory effects of
Thonzonium bromide on SARS-CoV 3CLP™®, MERS-CoV 3CLP™ and
HCoV-229E 3CLP™, and found that it is a broad-spectrum 3CLP™ in-
hibitor with ICso values ranging 2.04 to 9.60 pM. Thus, our results
revealed the mechanism of action of Thonzonium bromide against
SARS-CoV-2 3CLP™ and may have the potential for treating multiple
coronavirus diseases.

2. Materials and methods
2.1. Expression and purification of 3CL proteases

To express SARS-CoV-2 3CLP™, the recombinant expression plasmid
pET-29a (+) was constructed according to previously reported proced-
ures [30]. The cells were resuspended and lysed by sonication in the
buffer (25 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM DTT, 1 mM PMSF,
0.1 mg/mL lysozyme, 25 U/mL Super Nuclease), and then centrifuged at
18000 rpm for 30 min. The supernatant was purified by affinity chro-
matography using the Ni-NTA agarose (GE Healthcare) and eluted with
300 mM imidazole. The resulting protein was further passed through
Superdex 200 10/300 GL column (GE Healthcare) and stored in a so-
lution (HEPES 25 mM, pH 7.4, NaCl 150 mM, DTT 1 mM ) .

The expression and purification of the MERS-CoV 3CLP™ and HCoV-
229E 3CLP™ were performed using methods described previously
[35,36]. The DNA fragment coding for MERS-CoV 3CLP™ was cloned
into pET-28a(+) through Ndel and Xhol restriction sites, while the gene
encoding HCoV-229E 3CLP™ was cloned into glutathione S-transferase
expression vector pGEX 4T-1 via BamHI and Sall restriction sites. The
correct constructs were transformed into competent E.coli BL21 (DE3)
cells for protein expression. MERS-CoV 3CLP™ was purified using Ni-
NTA agarose and eluted with 20 mM Tris-HCI, pH 8, 250 mM NaCl, 1
mM TCEP and 200 mM imidazole. The resulting protein solution was
dialyzed with buffer (containing 20 mM Tris-HCI, pH 8, 100 mM NacCl,
and 2 mM dithiothreitol). The HCoV-229E 3CLP™ was purified using a
glutathione-Sepharose 4B column (Smart-Lifescience, changzhou,
China) and then treated with 50 U thrombin for 16 h to remove the
fusion tag. All processes are performed at 4 °C to prevent protein
degradation.

2.2. Enzymatic inhibition assay of 3CL proteases

The FRET-based enzymatic inhibition assay was utilized to measure
the inhibitory activities of compounds against 3CL proteases. Primary
screening was carried out to identify the inhibitors against SARS-CoV-2
3CLP™ using an FDA-approved drug library containing an array of 1,018
compounds obtained from Selleck Chemicals (#L1300) [30]. The fluo-
rogenic substrate Dabcyl-KNSTLQSGLRKE-Edans (GenScript, Shanghai,
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China) was synthesized to measure the protease activity of SARS-CoV-2
3CLP™ or SARS-CoV 3CLP™ according to our previous method [30,37].
Dabcyl-KTSAVLQSGFRKME-Edans (GenScript, Shanghai, China) was
used for enzymatic inhibition assay of MERS-CoV 3CLP™ and HCoV-
229E 3CLP™ as described previously [38,39]. The enzymatic inhibition
assays of different proteases were performed as follows. 120 nM of
SARS-CoV-2 3CLP™ in the reaction buffer (0.1 M PBS, 1 mM EDTA, pH
7.4) incubated with varying concentrations of tested compounds for 1 h
at 37 °C and then the substrate (final concentration 20 pM) was added to
start the reaction. Fluorescence intensity was monitored continuously
every 2 min for up to 20 min with an excitation wavelength of 340 nm
and emission wavelength of 490 nm by using Spectramax® ID3 plate
reader (Molecular Devices, California, USA). For the SARS-CoV 3CLP™
inhibition assay, 860 nM protease was mixed with 40 pM substrate in
assay buffer.

To determine the effect of DTT or GSH on the enzymatic inhibition of
SARS-CoV-2 3CLP™ by Thonzonium bromide, we performed the enzy-
matic inhibition assay according to the literature [40]. SARS-CoV-2
3CLP™ was preincubated in reaction buffer with Thonzonium bromide
in the presence of 4 mM DTT or 1 mM GSH compared with in the absence
of DTT or GSH buffer.

In the MERS-CoV 3CLP™® and HCoV-229E 3CLP" enzymatic
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Fig. 1. Screening of SARS-CoV-2 3CLP™ inhibitors. (A) The chemical structures
of Cetylpyridinium chloride monohydrate, Cetrimonium bromide, Otilonium
bromide and Thonzonium bromide. (B) The inhibitory effects of four com-
pounds on SARS-CoV-2 3CLP™ at four different concentrations.
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inhibition assay, the concentration of the proteases was 2 and 1 pM,
corresponding to the final substrate concentration of 40 and 20 pM,
respectively. The ICsy values were calculated by fitting the curve of
normalized inhibition ratio with the different concentration of test
compounds.

2.3. Fluorescence quenching assay

The interaction of Thonzonium bromide with SARS-CoV-2 3CLP™
was verified using fluorescence quenching according to the method
previously described [41]. In brief, different concentrations of Thonzo-
nium bromide were titrated into a cuvette containing a final concen-
tration of 3 pM 3CLP™ in 0.1 M PBS, 1 mM EDTA, pH 7.4. Then, the
spectra of the fluorescence emission were obtained by scanning in the
range of 300 to 360 nm using a fluorescence spectrophotometer (F-
4500) with a slit width of 5 nm and excited by a wavelength of 280 nm.
The fluorescence quenching data were fitted to the Stern-Volmer equa-
tion and the static quenching equation by using GraphPad Prism 8. The
Stern-Volmer equation is

Fo/ F=1 + Kyw[0] =1 + K,;70[0] (€]
The static quenching equation is
1/(Fo—F) = 1/Fo+1/(KaFo[Q]) = 1/Fo+Kp/(Fo[Q]) 2

Fo and F stand for the fluorescence intensity before and after the
addition of Thonzonium bromide, respectively; [Q] means the concen-
tration of Thonzonium bromide; 7y is of the fluorophore lifetime, which
is about 10°® s for biological macromolecules [42]; Kq and Kgy stand for
the bimolecular quenching rate constant and the Stern-Volmer
quenching constant, Ky is the formation constant; and Kp is the disso-
ciation constant, respectively.

2.4. Determination of the inhibition constant K; of Thonzonium bromide
for SARS-CoV-2 3CIP™

The fluorogenic peptide substrate was initially prepared as a 10 mM
stock solution in 100% DMSO and diluted to a final concentration (5-80
uM) in the reaction buffer (0.1 M PBS, 1 mM EDTA, pH 7.4). SARS-CoV-2
3CLP™ (final concentration 120 nM) was incubated with different con-
centrations of Thonzonium bromide (0, 2.5, 3, 3.5, 4, 4.5 pM) for 1 h at
37 °C. The enzyme reaction was initiated and continuously monitored
for 20 min after adding the fluorogenic substrate. Curves were fitted to
the following equations by using GraphPad Prism 8 enzyme kinetics-
inhibition module to determine the best-fit inhibition mechanism and
kinetic parameters for Thonzonium bromide.

Vmax [S]

Non — competitive inhibition : v = —————— 3)
(K + 18D (1+)

Where v is the reaction rate, Vy,x is the maximum rate of the reaction,
Kp, is the Michaelis-Menten constant for the enzyme-substrate interac-
tion, [S] is the concentration of substrate, [I] is the concentration of
inhibitor, K; is the dissociation constant of the inhibitor to the enzyme.

2.5. CD spectroscopy

The influence of Thonzonium bromide on the structural properties of
SARS-CoV-2 3CLP™ was determined according to the previously pub-
lished method [43]. CD spectra of SARS-CoV-2 3CLP™ and Thonzonium
bromide in sodium phosphate (50 mM) buffer were recorded on
Brighttime Chirascan (Applied Photophysics 1td, UK) at 25 °C under
constant flow rate of nitrogen gas. The spectrum was recorded at
wavelengths between 200 and 260 nm with sampling points every 0.5
nm in a 0.1 cm path-length cuvette. The concentration of SARS-CoV-2
3CLP™ was 20 pM in all cases with different concentrations of Thonzo-
nium bromide. The spectra represent an average of three corrected
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Fig. 2. Inhibition of SARS-CoV-2 3CLP™ by four compounds. (A) Representative inhibition curves for Cetylpyridinium chloride monohydrate, (B) Cetrimonium
bromide, (C) Otilonium bromide, and (D) Thonzonium bromide against SARS-CoV-2 3CLP™. Results are expressed as mean + SD (n = 3).

scans. The analysis of secondary structure content was performed using
CDNN software (version 2.1) [44], which is a tool used to assess the data
to determine helix, antiparallel, parallel, beta-turn, and remainder [45].

2.6. In vitro assessment of human protease selectivity by Thonzonium
bromide

The inhibition of CTRC by Thonzonium bromide was performed
according to our previously described method [30]. The inhibitory effect
of Thonzonium bromide on DPP-IV was determined according to the
previous method [46]. Briefly, a highly specific fluorescent probe GP-
BAN was synthesized to monitor the real activity of DPP-IV and detect
the inhibitory activity of Thonzonium bromide by using human plasma.
2 pL plasma was incubated with the indicated concentrations (0, 1, 10,
100 pM) of Thonzonium bromide in the assay buffer (0.1 M PBS, pH 7.4,
1 mM EDTA) for 1 h. Then the reaction was started by adding 100 uM
GP-BNA. After that, the fluorescence signal at 430 nm (excitation)/535
nm (emission) was measured immediately using Spectramax® ID3 plate
reader for 20 min.

2.7. Multiple-Sequence alignment and homology modeling

The protein sequences of SARS-CoV-2, SARS-CoV, MERS-CoV, and
HCoV-229E 3CLP™ were retrieved as FASTA format from the Protein
Data Bank (PDB). The multiple sequence alignment was performed using
BLASTDp tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins)
and presented by ESpript v3.0 (https://espript.ibcp.fr) web server.

3. Results
3.1. Inhibitor screening against SARS-CoV-2 3CLP™
Repurposed drugs with existing clinical data on the effective dose,

treatment duration, side effects, and toxicity could be rapidly translated
into clinical use for the treatment of COVID-19 patients [47]. We

screened the library of FDA-approved drugs for their inhibitory activities
against SARS-CoV-2 3CLP™. It was found that four compounds (Cetyl-
pyridinium chloride monohydrate, Cetrimonium bromide, Otilonium
bromide and Thonzonium bromide, Fig. 1A-B) with similar long chain
structure could significantly inhibit the protease activity at the con-
centration of 20 pM. For further validation, we examined their inhibi-
tory effects on the protease at four different concentrations (0, 1, 10,
100 pM). These compounds exhibited dose-dependent inhibition of
SARS-CoV-2 3CLP™ (Fig. 1C). We next determined the ICsq values for
these compounds against SARS-CoV-2 3CLP™. The result showed that
Cetylpyridinium chloride monohydrate, Cetrimonium bromide and
Thonzonium bromide inhibited the protease activity in a dose-
dependent manner with ICsy values of 7.56, 12.77 and 2.04 pM,
respectively, while Otilonium bromide exhibited less inhibition with
ICsq values of 27.67 uM (Fig. 2). Therefore, Thonzonium bromide was
the most potent inhibitor in our studies and was selected for further
research.

3.2. The inhibitory activities of Thonzonium bromide and its analogues
against SARS-CoV-2 3CIP™

Due to the above four compounds having similar long chain structure
and Thonzonium bromide showing the most potent inhibitory activity
among them against SARS-CoV-2 3CLP™, we obtained three Thonzo-
nium bromide analogues from (J&K Scientific and TCI) and determined
their inhibitory effects on SARS-CoV-2 3CLP™. The preliminary enzy-
matic inhibition result showed that Domiphen bromide and Cetalko-
nium chloride displayed > 90% inhibition against SARS-CoV-2 3CLP™ at
the concentration of 100 uM (Fig. 3A-B), while no inhibitory activity was
observed for Decamethonium bromide. We next measured the ICsg
values of Domiphen bromide and Cetalkonium chloride against SARS-
CoV-2 3CLP™ at different concentrations. As shown in Fig. 3C, the ac-
tivity of Cetalkonium chloride (IC59 = 3.50 + 0.47 pM) was similar to
that of Thonzonium bromide (ICsg = 2.04 + 0.25 pM), while Domiphen
bromide exhibited weaker inhibition of SARS-CoV-2 3CLP™ (IC5¢ =
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Fig. 3. Inhibitory effects of Decamethonium bromide,
Cetalkonium chloride and Domiphen bromide on
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45.87 + 16.46 pM). Since Thonzonium bromide and its analogues, as
well as the three active compounds in primary screening, are typically
surfactants which bear a quaternary ammonium combined with an
adjacent long carbon chain, we further compared the correlation of their
cLogP and ICs values. As indicated in Table 1, cLogP value is correlated
with the potency of these compounds, suggesting the compound with
the higher cLogP value presenting stronger inhibition of SARS-CoV-2
3CLP™. Thonzonium bromide (4) have a cLogP value of 4.92 around
the ICs( value of 2 pM. However, clogP is significantly reduced to around
2, it results in 6.26 ~ 22.49-fold less potent, such as Cetrimonium bro-
mide (12.77 + 0.63 pM), Otilonium bromide (27.67 + 0.33 pM) and
Domiphen bromide (45.87 + 16.46 pM). Accordingly, Decamethonium
bromide (5) with the cLogP value of —4.87 losses the inhibitory activity
against SARS-CoV-2 3CLP™. Among the compounds with similar cLogP,
carbon chain length of the quaternary ammonium is one of the factors

that affects their inhibition potency. Cetrimonium bromide (2) is more
potent than Domiphen bromide (6) and Otilonium bromide (3). Cetyl-
pyridinium chloride monohydrate (1) and Cetalkonium chloride (7)
have similar potency to Thonzonium bromide (4) because they have an
aryl group adjacent to quaternary ammonium. In conclusion, these re-
sults suggest that the inhibitory activities of these compounds against
SARS-CoV-2 3CLP™ are related to the cLogP value, carbon chain length
and aryl position. In view of the most potent inhibitory activity of
Thonzonium bromide against SARS-CoV-2 3CLP™, we chose it for the
next mechanism study.

3.3. Inhibitory mechanism of Thonzonium bromide against SARS-CoV-2
3crPe

To study the interaction between Thonzonium bromide and SARS-



R. Wang et al. Bioorganic Chemistry 130 (2023) 106264
Table 1
Structures of seven compounds and their ICso and clogP values.
Entry Compound Structure cLogP ICso (1M)
1 Cetylpyridinium chloride monohydrate a 3.47 7.56 + 1.40
N2
cr
H,O
2 Cetrimonium bromide \ 7 2.69 12.77 + 0.63
—N*
Br
3 Otilonium bromide O ‘ 2.58 27.67 +0.33
N+
[} o/\/ ‘ ~
Br-
N
H
N N N
O
4 Thonzonium bromide A 4.92 2.04 + 0.25
\
N ~ N+/\/\/\/\/\/\/\/\
/ \
5 Decamethonium bromide Br | —4.87 >100
+
N N
N }
\ Br
6 Domiphen bromide 2.55 45.87 + 16.46
\
O/\/ N
Br-
7 Cetalkonium chloride 4.41 3.50 + 0.47

CoV-2 3CLP™, the fluorescence quenching experiment was carried out.
As shown in Fig. 4A, the fluorescence intensity of SARS-CoV-2 3CLP™
gradually decreased with an increase of concentration of Thonzonium
bromide, demonstrating the interaction between them occurred. Then,
the concentration of Thonzonium bromide as the independent variable
and FO/F as the dependent variable were fitted to the Stern-Volmer
equation. The data showed a good linear relationship (Fig. 4B), and
the Ky, value was 3.96 x 10* and K value was 3.96 x 10'2. For dynamic
quenching, the maximum collision quenching constant of various
quenchers with biological macromolecules is 2.0 x 10'% Imol s~ [48].
Considering that the rate constant of the quenching procedure of SARS-
CoV-2 3CLP™ initiated by Thonzonium bromide is much greater than
2.0 x 10 Imol''s™! in our experiment, it can be concluded that the
quenching is not caused by dynamic quenching, but by the formation of
Thonzonium bromide-3CLP™ complex. Therefore, the static quenching
equation was used to calculate the dissociation constants (Kp) derived
from the slope of the curve (Fig. 4C), showing the direct binding be-
tween Thonzonium bromide and SARS-CoV-2 3CLP™,

To determine the inhibitory activity and mechanism of Thonzonium
bromide against SARS-CoV-2 3CLP™, we performed enzyme kinetics
analysis. As shown in Fig. 4D, the slopes of the reciprocal Lineweaver-
Burk plot elevated with an increase of the concentration of Thonzo-
nium bromide, and the intersection of each trend line on the X-axis
indicated that it was a non-competitive inhibitor. The inhibition con-
stant K; was determined to be 2.62 pM, which is very close to the ICsq
value above.

To examine the specific enzymatic inhibition by Thonzonium bro-
mide towards SARS-CoV-2 3CLP™, DTT or glutathione (GSH) was added
in the enzymatic assay to ensure the enzyme in the active form and
prevent nonspecific covalent modification due to thiol reactive com-
pounds [40]. As shown in Fig. 4E, Thonzonium bromide at 10 pM still
exhibited potent inhibition against SARS-CoV-2 3CLP™ in the presence
of 4 mM DTT or 1 mM GSH, similar to that of a positive control GC-376.
Consequently, the inhibition by Thonzonium bromide was not affected
by the reducing agent DTT or GSH.

To further explore the inhibitory mechanism of SARS-CoV-2 3CLP™
by Thonzonium bromide, CD spectra was measured to detect secondary
structure changes of the protease. As shown in Fig. 4F, the CD spectrum
of SARS-CoV-2 3CLP™ showed two characteristic negative peaks with a
typical spectrum for o-helix proteins at 208 and 222 nm, which is
consistent with the far-UV CD result reported previously [43]. The in-
crease in the concentration of Thonzonium bromide results in an
increment the Ae values at 208 and 222 nm, indicating the decrease of
the a-helical content. To estimate the secondary structure composition
of SARS-CoV-2 3CLP™ under different concentrations of Thonzonium
bromide, the spectra were analyzed using CDNN software (version 2.1)
[44]. As shown in Table 2, the content of a-helix and antiparallel
structure of SARS-CoV-2 3CLP™ without Thonzonium bromide was
30.80% and 14.50%, respectively. However, the content of a-helix was
found to be reduced by 18.5% after Thonzonium bromide at 200 pM was
added under the same conditions, demonstrating a more unstable
structure. At the same time, the content of antiparallel structure, p-turn
and random coil was also increased with the increase in the concen-
tration of Thonzonium bromide in SARS-CoV-2 3CLP™. Therefore, the
result suggested that the secondary structure of SARS-CoV-2 3CLP™ was
changed by Thonzonium bromide, which inhibited the activity of the
protease.

In order to predict the binding mode of Thonzonium bromide with
SARS-CoV-2 3CLP", molecular docking was performed. The result
showed that Thonzonium bromide formed hydrogen bonds with the
oxyanion hole (residues 143-145) of the catalytic site to prevent effi-
cient cleavage of the substrate by SARS-CoV-2 3CLP™. Thonzonium
bromide formed electrostatic interactions with both Cys145 and His41
via Pi-sulfur and Pi-cation (Fig. S1A-C). What’s more, the pyrimidine
and benzene ring of Thonzonium bromide nipped Cysl145 from two
opposite sides, which might totally inactivate SARS-CoV-2 3CLP™
(Fig. S1B). The molecular docking result suggested that Thonzonium
bromide could firmly occupy the catalytic site and bound with Cys145 in
the destructive way. Interestingly, the previous in silico study for drug
repurposing also confirmed that Thonzonium Bromide was a potential
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Table 2
The fractional content of the secondary structure of the complexes of SARS-CoV-2
CDNN software.

3CLP™ with different concentrations of Thonzonium bromide was calculated by

Thonzonium bromide concentration (pM) a-helix (%) Antiparallel (%)

Parallel (%) p-turn (%) Random coil (%) Total sum (%)

0 30.80 14.50
50 25.50 18.60
100 20.20 22.00
200 12.30 33.60

6.20 14.20 29.70 95.30
6.30 14.20 30.70 95.40
6.20 15.50 32.20 96.10
6.30 15.90 34.00 102.10

inhibitor against SARS-CoV-2 3CLP™ [33], but the authors did not carry
out further experiments.

3.4. Selectivity evaluation of human proteases by Thonzonium bromide

To further study the target selectivity over human host proteases, the
inhibitory effect of Thonzonium bromide on CTRC or DPP-IV was
measured. Encouragingly, Thonzonium bromide did not show
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measurable activity towards CTRC and DPP-1V (Fig. 5). The preliminary
studies make Thonzonium bromide an attractive compound, which
selectively inhibits SARS-CoV-2 3CLP™,

3.5. Inhibition of SARS-CoV 3CIP™, MERS-CoV 3CIP™ and HCoV-229E
3CIP™ by Thonzonium bromide

Based on the above results, we speculated that Thonzonium bromide
may have inhibitory effect on proteases with similar structures. The
multiple-sequence alignment for 3CLP™ sequences of clinically relevant
coronavirus strains (SARS-CoV-2, SARS-CoV, MERS-CoV and HCoV-
229F) is portrayed in Fig. 6A. The result reveals that SARS-CoV 3CLP™
shares 96% amino acid sequence identity as the closest strain to SARS-
CoV-2 3CLP™, while 3CLP™ of MERS-CoV and HCoV-229E shares 51%
and 41% sequence identity, respectively. Due to the similarity of protein
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Results are expressed as mean + SD (n = 3).
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sequences of SARS-CoV-2 3CLP™ and SARS-CoV 3CLP™, MERS-CoV
3CLP™ and HCoV-229E 3CLP™, we expressed and purified these four
proteases (Fig. 6B). The enzyme inhibition assay was used to determine
the inhibitory activity of Thonzonium bromide. As shown in Fig. 6C-F,
Thonzonium bromide dose-dependently inhibited the activities of SARS-
CoV-2 3CLP™, SARS-CoV 3CLP™, MERS-CoV 3CLP™ and HCoV-229E
3CLP™, with ICsq values of 2.04, 2.72, 9.60, and 6.47 uM, respectively.
Taken together, our results show that Thonzonium bromide has the
broad-spectrum inhibitory activities against the proteases of human
coronaviruses.

4. Conclusions

The COVID-19 pandemic caused by SARS-CoV-2 continues to ravage
the world and has impacted the quality of life and caused hundreds of
millions of infections and millions of deaths worldwide [49]. While
some treatments for COVID-19 have been approved, they exhibited
insufficient clinical efficacy or required delivery within a narrow ther-
apeutic window [50-52]. Recent genetic epidemiological surveillance
has identified that SARS-CoV-2 variants of concern (VOC) are circu-
lating globally, especially, omicron (B.1.1.529) with high transmission,
showing the ability to break through natural and vaccine-induced im-
munity; although early reports suggest that it is less severe [53].
Therefore, there is an urgent need for novel treatments to contain the
spread of SARS-CoV-2 variants. To date, SARS-CoV-2 3CLP™ is consid-
ered one of the most important pharmacological targets and the FDA has
authorized the emergency use of PAXLOVID (PF-07321332 + ritonavir)
for the treatment of mild to moderate COVID-19 in adults and children
on December 22, 2021 because of 89% effectiveness in patients at risk of
serious illness [10]. PF-07321332 as the first oral SARS-CoV-2 3CLP™
inhibitor was successfully launched, suggesting that the protease is the
effective antiviral drug target.

In this study, we have identified Cetylpyridinium chloride mono-
hydrate, Cetrimonium bromide, Otilonium bromide and Thonzonium
bromide from the library of FDA-approved drugs as inhibitors of SARS-
CoV-2 3CLP™ with ICsg values of 2.04 to 27.67 pM by FRET-based
enzymatic inhibition assay (Figs. 1 and 2). There are three approved
antiseptics: Cetylpyridinium chloride monohydrate, Cetrimonium bro-
mide and Thonzonium bromide [54,55]. The four compounds are
structurally related, as each consisting of a quaternary amine bound to
two methyl groups and a long alkyl chain [56]. Thonzonium bromide
was approved by the FDA in 1962 and used as an additive in ear and
nasal drops due to its surfactant and detergent property [57,58]. Recent
research has reported that Thonzonium bromide exhibited the antiviral
activity against SARS-CoV-2 in three cell lines [34]. However, the spe-
cific mechanism of action of Thonzonium bromide against SARS-CoV-2
has not yet been verified. Interestingly, we found that Thonzonium
bromide displayed stronger inhibitory activity against SARS-CoV-2
3CLP™ than other compounds with ICsp of 2.04 + 0.25 pM (Fig. 2). To
analyze SAR of Thonzonium bromide as well as its similar compounds
with aliphatic long-chain, the inhibitory activities of Decamethonium
bromide, Cetalkonium chloride and Domiphen bromide were measured
and quantified by their IC5y values. Among them, Cetalkonium chloride
displayed stronger inhibitory activity (ICso = 3.50 & 0.47 pM) compared
to Domiphen bromide (ICsy = 45.87 + 16.46 pM). However, Decame-
thonium bromide showed no inhibitory activity against SARS-CoV-2
3CLP™ even under the highest concentration of 100 pM (Fig. 3).
Although the seven compounds have the similar structures with the
quaternary amine and the long alkyl chain, there is still a significant
difference in their inhibitory activities (Table 1). Through comparing
the relation between the cLogP and ICs( values, we speculate that the
inhibitory activities of these compounds against SARS-CoV-2 3CLP™ are
related to the cLogP value, carbon chain length and aryl position, which
suggests that these compounds with the quaternary amine and the long
alkyl chain have the potential to inhibit SARS-CoV-2 3CLP™. To further
study the inhibitory mechanism of this class of compounds on SARS-
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CoV-2 3CLP™, we chose Thonzonium bromide with the strongest
inhibitory effect on the protease for the next study. The fluorescence
quenching results showed the interaction between Thonzonium bromide
and SARS-CoV-2 3CLP™, indicating that the action mode was static
quenching (Fig. 4A-C). Further enzyme kinetics analysis showed that
Thonzonium bromide is a noncompetitive inhibitor of SARS-CoV-2
3CLP™ with the K; of 2.62 pM (Fig. 4D). Meanwhile, Thonzonium bro-
mide keeps the good inhibitory activity against SARS-CoV-2 3CLP™ in
the presence or absence of DTT or GSH, which proves its specific inhi-
bition (Fig. 4E). CD spectroscopy analysis result showed that Thonzo-
nium bromide can destroy the secondary structure of the protease
(Fig. 4F). We also evaluated the effects of Thonzonium bromide over
human proteases including CTRC and DPP-IV. Interestingly, Thonzo-
nium bromide does not inhibit the activities of CTRC and DPP-IV
(Fig. 5). Due to the similarity of 3CLP"® in SARS-CoV-2, SARS-CoV,
MERS-CoV and HCoV-229E, the inhibitory activity of Thonzonium
bromide against four proteases was determined, respectively. It was
shown that Thonzonium bromide has the broad-spectrum inhibitory
activity against the proteases of human coronaviruses (Fig. 6).

Taken together, Thonzonium bromide exerts the antiviral effect
against SARS-CoV-2 possibly by targeting 3CLP™, which represents a
potential broad-spectrum 3CLP™ inhibitor for future studies.
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