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tial antiviral agents. SARS-CoV-2 3CLP™ is essential for processing the viral polyproteins into mature non-
structural proteins, making it an attractive target for developing antiviral agents. Here we show that Vitamin
K3 screened from the FDA-Approved Drug Library containing an array of 1,018 compounds has potent inhibitory
activity against SARS-CoV-2 3CLP™ with the ICsq value of 4.78 4 1.03 uM, rather than Vitamin K1, K2 and K4. Next,
the time-dependent inhibitory experiment was carried out to confirm that Vitamin K3 could form the covalent
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Vitamin K3 and identified 5,8-dihydroxy-1,4-naphthoquinone with 9.8 times higher inhibitory activity than Vitamin K3. Fur-

ther mass spectrometric analysis and molecular docking study verified the covalent binding between Vitamin K3
or 5,8-dihydroxy-1,4-naphthoquinone and SARS-CoV-2 3CLP™. Thus, our findings provide valuable information
for further optimization and design of novel inhibitors based on Vitamin K3 and its analogues, which may have
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the potential to fight against SARS-CoV-2.
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1. Introduction

COVID-19 (Coronavirus disease 2019) is caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [1,2], which is
widely spread among people and highly contagious [3]. The clinical
manifestations of COVID-19 patients are fever, dry cough, lymphopenia
and disseminated intravascular coagulation, and so on [4-6]. In severe
cases, SARS-CoV-2 leads to acute respiratory syndrome, renal failure,
and eventually death [7]. Although the vaccines have been approved
in several countries, the high mutation rate of SARS-CoV-2 [8] and the
lack of data regarding more complete safety [9] and durable clinical ef-
ficacy of these vaccines are significant concerns [10,11]. Besides, vac-
cines are only given to healthy people, there are currently no effective
drugs used for the treatment of patients with COVID-19 or blocking
the transmission of the virus. Therefore, there is an urgent need to dis-
cover and develop new antiviral agents for COVID-19 treatment.

SARS-CoV-2 is classified as 3-coronavirus, whose genomic sequence
is highly identical to that of SARS-CoV (79.6%), and the amino acid se-
quences of the seven conserved domains of the replicase in ORF1ab of
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SARS-CoV-2 share 94.4% identity to SARS-CoV, indicating that they be-
long to the same species, SARSr-CoV [12]. Some key proteins in a variety
of processes of the viral life cycle including invasion, replication, bud-
ding and release of SARS-CoV-2 have been considered as the potential
targets for antiviral agents. During the processes, 3-chymotrypsin-like
protease (3CLP™, or main protease, MP™), is essential for the
transcription and replication of SARS-CoV-2 [13], making it an attractive
therapeutic target of COVID-19. SARS-CoV-2 3CLP™ together with
papain-like protease (PLP™) can cleavage polyproteins into functional
proteins, including structural proteins, accessory proteins [14], and
non-structural proteins (NSPs) [15]. This proteolysis plays an important
role in the SARS-CoV-2 life cycle, as it produces the helicase and RNA-
dependent RNA polymerase that is required for viral transcription and
replication [16]. Because of the high sequence conservatism of 3CLP™
of SARS-CoV-2 and SARS-CoV (~96%) [17], broad-spectrum antiviral in-
hibitors like N3, Compound 11a and 11b, baicalin and baicalein and o-
ketoamide inhibitor 13b, have been developed based on this target
(Fig. S1) [13,16,18,19]. Although several types of SARS-CoV-2 3CLP™ in-
hibitors have been reported, none of them have moved into clinical tri-
als yet. Thus, searching for broad-spectrum anti-coronavirus candidates
targeting 3CLP™ holds much promise for preventing the infection of
SARS-CoV-2 [20,21].

In such emergence of the pandemic, repurposed drugs have been
considered as a quicker way of finding potential antiviral agents. In the
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present study, we selected SARS-CoV-2 3CLP™ as the potential antiviral
target to screen the L1300 Selleck FDA-Approved Drug Library contain-
ing an array of 1018 compounds by FRET (Fluorescence resonance en-
ergy transfer) and 6 drugs were found to have the inhibitory activities
against the protease. Among of them, Vitamin K3 was chosen for further
study because it had stronger inhibitory activity than other compounds.
As one of the synthetic forms of Vitamin K, Vitamin K3 also is known as
Menadione, which is a fat-soluble substance and can be used as a clotting
drug and Vitamin supplement [22,23]. A study has found that Vitamin K3
had good antibacterial activity against multi-resistant bacterial strain
P. aeruginosa 03 and showed a significant synergistic antibacterial effect
when combined with the aminoglycoside class of antibiotics by cell
membrane permeabilization mechanism [24]. The combination of Vita-
min K3 and ultraviolet light A as photosensitizer can inactivate Staphylo-
coccus aureus, Pseudomonas aeruginosa, Staphylococcus epidermidis,
Klebsiella pneumoniae, Bacillus cereus and Escherichia coli [25]. In addition,
Vitamin K3 exhibited a spectrum of anticancer activities and effects
against various cancer cells [26-28]. Recent research has also found
that Vitamin K3 can inhibit the activity of SARS-CoV-2 3CLP™ and serve
as a potential lead molecule for further antiviral studies to combat
COVID-19 [29]. However, the mechanism of action of Vitamin K3 and
the binding mode with SARS-CoV-2 3CLP™ remain largely unknown.

Here we found that Vitamin K3 showed time-dependent inhibition of
SARS-CoV-2 3CLP™ by a 4.4-fold decrease in the ICsq value (from 20.96 to
4,78 uM) in 30 min. Then we analyzed the structure-activity relationship
of Vitamin K3 analogues and identified a Vitamin K3 analogue 5,8-dihy-
droxy-1,4-naphthoquinone with 9.8 times higher inhibitory activity than
that of Vitamin K3. Further research found that the two compounds
could efficiently block the enzymatic activities of SARS-CoV 3CLP™. Fi-
nally, mass spectrometric analysis and molecular docking study verified
the covalent binding between SARS-CoV-2 3CLP™ and Vitamin K3 or 5,8-
dihydroxy-1,4-naphthoquinone. Thus, our findings provide valuable in-
formation for further optimization and design of novel inhibitors based
on the structures of Vitamin K3 and its analogues, which may have the
potential to fight against SARS-CoV-2.

2. Materials and methods
2.1. Expression and purification of SARS-CoV-2 3CLP™

Construction of the expression vector of SARS-CoV-2 3CLP™ for pro-
ducing N terminal tag-cleavable fusion proteins in E. coli BL21 (DE3)
was accomplished according to reported procedures with modification
[30]. Briefly, different from modified GST fusion protein expression vec-
tor (pGSTM), pET29a(+) was used to create the recombinant expres-
sion plasmid of SARS-CoV-2 3CLP™ with ubiquitin-like protein Smt3
and the five amino acids SAVLQ at the N-terminus followed by a
modified HRV 3C protease cleavage site (SGVTFQ|GP) connected to a
His6-tag at the C-terminus by homologous recombination, eventually
producing the eight amino acids GPHHHHHH at the C-terminus of
SARS-CoV-2 3CLP™. The plasmid DNA was transformed into E. coli
BL21 (DE3) to express SARS-CoV-2 3CLP™ by the auto-induction
method as described previously [31]. The cells were lysed by sonication
in ice and the lysate was centrifuged at 4 °C for 30 min at 18000 rpm.
The supernatant was loaded onto 2 mL Ni-NTA agarose (GE Healthcare),
eluted with 300 mM imidazole and further purified through Superdex
200 10/300 GL column (GE Healthcare). The protein of interest was con-
centrated by centrifugation using a 10 kDa molecular weight cut-off
(MWCO) concentrator and stored in a solution (25 mM HEPES,
150 mM NaCl, 1 mM DTT, pH 7.4) for enzymatic inhibition assay.

2.2. Enzymatic inhibition assay of SARS-CoV-2 3CLP™ or SARS-CoV 3CLP™
by FRET

Dabcyl-KNSTLQSGLRKE-Edans (Sangon Biotech, Shanghai, China)
was synthesized as a substrate to measure the protease activity of
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SARS-CoV-2 3CLP™, For the inhibition assay of SARS-CoV-2 3CLP'™,
4 ng/mL protease was incubated with the indicated concentrations of
tested compounds in reaction buffer (0.1 M PBS, 1 mM EDTA, pH 7.4)
for 30 min at 37 °C. The fluorogenic substrate at a final concentration
of 20 UM was added to initiate the reaction. The fluorescence intensity
change was measured immediately every 2 min for 20 min at 340 nm
(excitation) / 490 nm (emission) using Spectramax® ID3 (Molecular
Devices, California, USA) plate reader. The inhibition ratios of the prote-
ase with compounds added at various concentrations were calculated
compared to the reaction including the solvent control. An
FDA-Approved Drug Library containing an array of 1,018 compounds
was obtained from Selleck Chemicals (# L1300) and used for screening
the inhibitors by a FRET assay against SARS-CoV-2 3CLP™, Vitamin K3
analogues were purchased from MCE. The ICsq values of Vitamin K3
and its analogues were calculated by fitting the curve of normalized in-
hibition ratio with the concentration of the test compounds. Similarly,
the inhibitory activities of SARS-CoV 3CLP™ by Vitamin K3 and its ana-
logues were also determined according to the previously published
method [32,33].

2.3. Analysis of the inhibitory mechanism of Vitamin K3 and 5,8-dihydroxy-
1,4-naphthoquinone

The time-dependent inhibition (TDI) assay of Vitamin K3 or 5,8-di-
hydroxy-1,4-naphthoquinone was carried out according to the above
conditions of ICso determination, except that the incubation time was
3 min and 33 min respectively. To obtain the inhibition constant (K;)
and the rate of enzyme inactivation (kinac¢) values of the two com-
pounds, SARS-CoV-2 3CLP™ was incubated with the indicated concen-
trations of tested compounds in reaction buffer (0.1 M PBS, 1 mM
EDTA, pH 7.4) for 5, 10, 20, 30, 40 min at 37 °C, then allocated 10 L pro-
tease (4 pg/mL final concentration), added 20 uM fluorogenic substrate
to initiate the reaction. K; and kjn,c values of the compounds were calcu-
lated by nonlinear regression using GraphPad Prism 7.0 (GraphPad Soft-
ware, Inc., La Jolla, USA) according to the equation kobs = (Kinacc:[1]) /
(Ki + [1]) [34], in which kobs is the inactivation rate constant, [I] is the
initial inhibitor concentration, kinacc is the maximal inactivation rate
constant and K is the inhibitor concentration that produces 50% the
maximal rate of inactivation [35].

2.4. Molecular weight analysis by mass spectrometry

Molecular weight of SARS-CoV-2 3CLP™ with or without compounds
was analyzed through Agilent 1290 Infinity II UPLC and Q-TOF 6530
mass spectrometry. The detailed experimental procedure was per-
formed as follows. 8.4 M SARS-CoV-2 3CLP™ with 90 pM Vitamin K3
or 5,8-dihydroxy-1,4-naphthoquinone was incubated in reaction buffer
(0.1 M PBS, 1 mM EDTA, pH 7.4) for 30 min at 37 °C. 10 pL protein sam-
ples were separated on a Waters ACQUITY UPLC Protein BEH C4 column
(2.1 x 50 mm, 1.7 um, 300 A). The mobile phase A is 0.1% formic acid in
ddH,0 and mobile phase B is 0.1% formic acid in acetonitrile. The col-
umn temperature is 60 °C and the flow rate is 0.3 mL/min. The gradient
is 10% MPB (mobile phase B) from 0 to 1 min, then 10% to 50% MPB from
1 min to 6 min, 50% to 90% MPB from 6 min to 7.5 min and keep 90%
MPB for 0.5 min. The mass spectrometry parameters were shown as fol-
lows. Positive scan mode on ESI source; Scan mass range: 100-3200 m/
z; Gas temperature: 300 °C; Drying gas: 8 L/min; Nebulizer: 35 psi;
Sheath gas temperature: 350 °C; Drying gas: 8 L/min; Nebulizer:
35 psi; Sheath gas temperature: 350 °C; Sheath gas flow: 12 L/min.
The acquired data is processed with Agilent BioConfirm software (ver-
sion 10.0).

2.5. Catalytic site flexibility of SARS-CoV-2 3CLP™

To incorporate the dynamics and the possible induced fit-effect of
the 3CLP™ catalytic site in the modeling process and generate a suitable
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protein model, 84 SARS-CoV-2 3CLP" crystal structures from PDB were
superimposed using chain A of 6LU7 [12] as a reference structure.
PyMOL (The PyMOL Molecular Graphics System, Version 1.8
Schrodinger, LLC) was used to read and align the structures. If multiple
asymmetric chains exist, then each chain will be extracted and aligned
to the reference. Residues within 3.5 A of the peptidomimetic inhibitor
in chain A of 6LU7 was defined as the catalytic site. Flexibility detection
was based on the superposition of the crystal structures of SARS-CoV-2
3CLP™, Flexibility of catalytic residues were determined by visual check
of the unicity of the spatial distribution of the corresponding atoms.

2.6. The similarity between Vitamin K3 and the SARS-CoV-2 3CLP™ binders
in PDB

All structures (259 compounds) of co-crystallized SARS-CoV-2
3CLP™ binders were downloaded from PDB, which were provided as a
CSV file in the supplementary data. As similar compounds often share
a similar binding mode, the 2D similarity between Vitamin K3 and the
co-crystallized SARS-CoV-2 3CLP™ binders was calculated using
DataWarrior [36].

2.7. Covalent docking using AutoDockFR

2.7.1. Ligand preparation

To use AutoDockFR for covalent docking, the receptor and covalent
ligand were prepared according to the method described previously
[37]. The ligand must be in the product form (Fig. S2), and the receptor
and covalent ligand need to share 3 atoms. In this case, the atoms (all
sidechain atoms and backbone carbon atoms) of cysteine should be in-
cluded as part of the ligand structure to allow the conformational sam-
pling of the sidechain of C145 during docking. The 2D structure of the
product was converted to 3D structure by RDKit (version: 2020.3) [38]
and PDBQT format by OpenBabel (version 3.0) [39], respectively. To
meet the requirement of AutoDockFR, the atoms in the root section in
PDBQT format must correspond to those atoms of backbone carbon,
alpha carbon and beta carbon of cysteine, and this operation was
achieved by using the MGLTools script, prepare_ligand4.py, with the
“-R” option.

2.7.2. Protein model preparation

Crystal structure 6YNQ [40] was processed using PyMOL and
Autodock/Vina plugin [41] and was saved in PDBQT format. The center
of docking grid was defined as the center of mass of the ligand in
6YNQ, and a cube with length of 22.5 A was defined as the grid box. Res-
idues of N142 and M165 were defined as flexible residues, and C145
was defined as the covalent residue. The detected flexible residues
were chosen to be modeled explicitly during docking. The atom index
of backbone carbon, alpha carbon and beta carbon of C145 was specifi-
cally defined as overlapping atoms for the ligand. Program “agfr” was
used to generate the grid file.

2.7.3. Docking

Covalent docking was carried with default options using program
“adfr”, and the result was visualized with PyMOL and Autodock/Vina
plugin. We firstly conducted re-docking. The re-docking was done
using the SARS-CoV-2 3CLP™ structure model (PDB: 6YNQ) with the
same protocol (allowing M165, C145 and N142 to be flexible) as that
of Vitamin K3 docking. As shown in Fig. S3, the PDB ligand 2-Methyl-
1-tetralone docking pose (cyan stick model) was almost identical to
that (gray stick model) in the crystal structure.
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3. Results and discussion
3.1. Inhibitor screening against SARS-CoV-2 3CIP™ by FRET

According to the above method of the expression and purification of
SARS-CoV-2 3CLP™, the protein solution was concentrated to 1 mg/mL
and diluted to 4 pg/mL in the reaction buffer. Pilot screening for SARS-
CoV-2 3CLP™ inhibitors was carried out by FRET-based assay using the
L1300 Selleck FDA-Approved Drug Library containing an array of
1,018 compounds. Among these compounds, 6 hits (Nafamostat Mesy-
late, Zafirlukast, Alexidine HCl, Closantel sodium, Lomustine and Vita-
min K3, Fig. 1A, B) were selected for secondary screening using four
concentrations (0, 1, 10, 100 uM). As shown in Fig. 1C, these compounds
showed dose-dependent inhibition of SARS-CoV-2 3CLP™. However,
Nafamostat Mesylate presented the least inhibitory activity compared
to other compounds because the residual activity of the protease was
about 60% at a concentration of 100 uM. We thus next determined
ICsp values of 5 compounds except for Nafamostat Mesylate. 3 com-
pounds (Closantel sodium, Lomustine and Vitamin K3) displayed better
inhibition of SARS-CoV-2 3CLP™ with ICsq values of 5.30, 5.86, and 4.78
UM, while Zafirlukast and Alexidine HCI showed less inhibitory activities
against the protease with ICsg values of 46.68, and 22.76 M, respec-
tively (Fig. 2). Among them, Vitamin K3, also known as menadione,
was chosen for further study because its inhibitory activity is stronger
than that of other compounds.

3.2. Time-dependent inhibitory effects of Vitamin K3 on SARS-CoV-2 3CIP™

Due to Vitamin K3 covalently binding to QsrR dimer at the Cys-5 site
[42], we tried to determine whether Vitamin K3 could also form a cova-
lent bond with SARS-CoV-2 3CLP™. To confirm the covalent bond forma-
tion, the covalent binding between the compound and the targeted
protein was confirmed by time-dependent inhibition and mass spec-
trometry [43]. The time dependence of the inhibition of the SARS-
CoV-2 3CLP™ proteolysis by Vitamin K3 was subsequently performed.
The inhibition ratios of SARS-CoV-2 3CLP™ were measured when differ-
ent concentrations of Vitamin K3 incubated with the protease at 3 min
and 33 min, respectively. To our great delight, Vitamin K3 exhibited a
time-dependent inhibition in enzyme activity by a 4.4-fold decrease in
the ICsq value from 20.96 to 4.78 uM in 30 min (Fig. 3A). The result sug-
gested that Vitamin K3 could covalently bind to and inhibit SARS-CoV-2
3CLP™ in a time-dependent manner. Since K; and kj,.c are useful to
characterize the inhibitory potential to irreversible or mechanism-
based inhibitors (MBIs) [44], the remaining activities of SARS-CoV-2
3CLP™ in 40 min were measured with increasing concentrations of Vita-
min K3 ranging from 5 to 80 pM. The result demonstrated that Vitamin
K3 inhibited the activity of SARS-CoV-2 3CLP™ in a time and dose-
dependent manner (Fig. 3B) with Kj and Kipac¢ values of 112.2 pM and
0.305 min~!, respectively (Fig. 3C). These results suggested that Vita-
min K3 was an irreversible inhibitor of SARS-CoV-2 3CLP™.

3.3. The inhibitory activities of Vitamin K3 and its analogues against SARS-
CoV-2 3CIP™®

Since Vitamin K3 showed strong inhibitory activity, in order to fur-
ther understand the structure-activity relationship between SARS-
CoV-2 3CLP™ and its analogues, we firstly bought Vitamin K3 analogues
and examined the inhibitory activities of Vitamin K family, including Vi-
tamin K1, K2, K3 and K4 (Fig. 4A). Experimental results showed that Vi-
tamin K3 was the only one capable of inhibiting SARS-CoV-2 3CLP™,
while other compounds had no inhibition at the high and middle con-
centration (Fig. 4B). Based on the result, a series of Vitamin K3 ana-
logues were further evaluated for their inhibitory activities against
SARS-CoV-2 3CLP™. As shown in Fig. 5, the inhibitory activities of
these Vitamin K3 analogues were determined at different concentra-
tions (0, 1, 10, 100 uM). The result showed that 6 out of 8 compounds
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Fig. 2. Inhibition of SARS-CoV-2 3CLP™ by 5 drugs. (A) Representative inhibition curves for Zafirlukast, (B) Lomustine, (C) Closantel sodium (D)Alexidine HC, and (E)Vitamin K3 against

SARS-CoV-2 3CLP™.

had inhibitory activities and their ICsq values were measured. As indi-
cated in Table 1, 6 analogues had better inhibitory activities than Vita-
min K3 against SARS-CoV-2 3CLP™ with ICsq values from 0.49 to 4.11
uM, and 5,8-dihydroxy-1,4-naphthoquinone showed the strongest in-
hibitory activity (ICso = 0.49 £ 0.11 pM), which is 9.8 times more po-
tent than Vitamin K3 against SARS-CoV-2 3CLP™,

It can be seen from above results that the inhibitory activities of Vi-
tamin K1 and K2 were decreased by introducing a long carbon chain at
the quinone-core of Vitamin K3. Meanwhile, change the
naphthoquinone scaffold (Vitamin K4) also lost its inhibitory activity
against SARS-CoV-2 3CLP"™.

For 1,4-naphthoquinone (2), removal of the methyl at Ry position
significantly increases the inhibitory activity with the ICsq value of
0.69 + 0.13 uM, compared with Vitamin K3, namely, 2-methyl-1,4-
naphthoquinone (1, ICsp: 4.78 4 1.03 uM). Similarly, for 2-chloro-1,4-
naphthoquinone (3), the introduction of chlorine at the R; position

also augments the inhibitory activity. However, other Vitamin K3 ana-
logues as possessing hydroxyl group and amino at R; position, such as
2-hydroxy-1,4-naphthoquinone (4) and 2-amino-3-chloro-1,4-
naphthoquinone (5), almost lose their inhibitory activities. These re-
sults implied that introduction groups into R;- or/and R;-position are
detrimental to inhibitory activity.

Additionally, we turned our attention to other positions of Vitamin
K3 to confirm whether change at other positions could provide more
potent SARS-CoV-2 3CLP™ inhibitors. Further introduction of hydroxyl
groups at the Rz and Rg positions results in the increase of inhibitory ac-
tivity for 5,8-dihydroxy-1,4-naphthoquinone (7). In the same way, the
inhibitory activity of 2,3-dichloro-5,8-dihydroxy-1,4-naphthoquinone
(9) is decreased when highly polar functional group Cl atom is intro-
duced at R; and R, position in comparison to 5,8-dihydroxy-1,4-
naphthoquinone (7). We found that the compound with one hydroxyl
at Rs, 5-hydroxy-1,4-naphthoquinone (6) lowers its inhibitory activity

Fig. 1. Screening of drug molecules for SARS-CoV-2 3CLP™ protease activity inhibition. (A) 6 drugs were screened as the potent SARS-CoV-2 3CLP™ inhibitors from the FDA-Approved Drug
Library containing an array of 1,018 compounds. (B) The chemical structure of 6 drugs. (C) Effects of different concentrations of 6 drugs on the residual activity of SARS-CoV-2 3CLP™.
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inhibition of SARS-CoV-2 3CLP™ in the presence of Vitamin K3 at different concentrations. (C) Dependence of the values for K,p,s on the concentrations of Vitamin K3.

compared to 1,4-naphthoquinone (2). On this basis, the inhibition activ-
ity of 2-methyl-5-hydroxy-1,4-naphthoquinone (8) is increased when
introducing the hydroxyl at R; position compared with Vitamin K3.

As thiol group of cysteine of SARS-CoV-2 3CLP™ attacks the C3 posi-
tion of Vitamin K3 to form the covalent bond, any bulky substitution at
C3 will block the reaction. Analogues, such as Vitamin K1 and K2, have
long alkyl chain substituents at C3 position, which do not form the cova-
lent bond due to the steric hindrance. Vitamin K4 can't form the cova-
lent bond due to the lack of naphthoquinone unit as the reactive
group. Other Vitamin K3 analogues with no substitution at C3 position
inhibit the protease with varying ICso. Meanwhile, electrophilicity alter-
ation caused by substituents may have impact on the binding activity
and the covalent reaction between SARS-CoV-2 3CLP™ and the com-
pounds. Therefore, we speculate that removal of methyl at R; position
may improve the inhibitory activity of Vitamin K3, while Vitamin K3
loses the inhibitory activity upon the introduction of long carbon
chain or amino and hydroxyl group at Ry position.

Due to 5,8-dihydroxy-1,4-naphthoquinone (Fig. 6A) having the
strongest inhibitory activity against SARS-CoV-2 3CLP™, we selected
the compound for further study. The time-dependent inhibition assay

A o 0
CUC”
] o)
Vitamin K1 Vitamin K3
o OJ\O
(¢} 0._0
\r
Vitamin K2 Vitamin K4
B
= 1204 0 oum
< 1. . o _ Z11pM
s T L TEg —1om
= 80 P = BRI
< eof| |l |
S 40
el
8 20+ g H
m G T L T T
> >
.\Q+ .\Qp .\Q*. .\°+
2 & & &
AN K\ K\ K\

Fig. 4. Inhibitory activities of Vitamins K1, K2, K3 and K4 against SARS-CoV-2 3CLP™.
(A) The chemical structures of Vitamins K1, K2, K3 and K4. (B) Effects of different
concentrations of Vitamins K1, K2, K3 and K4 against SARS-CoV-2 3CLP™.
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was performed to study the inhibitory mechanism of the compound.
By comparing the ICsg values at 3 min and 33 min (Fig. 6B), the results
showed that ICsq values of 5,8-dihydroxy-1,4-naphthoquinone de-
creased from 0.79 to 0.49 pM with the increase of time. From time
course of inhibition of SARS-CoV-2 3CLP™ in the presence of 5,8-dihy-
droxy-1,4-naphthoquinone at different concentrations, the results re-
vealed that the protease activity reduced greatly (Fig. 6C), and K; and
Kinact values were 3.05 pM and 0. 05 min~!, respectively (Fig. 6D).
These results indicate that Vitamin K3 analogue 5,8-dihydroxy-1,4-
naphthoquinone had stronger inhibitory activity and can also cova-
lently bind to SARS-CoV-2 3CLP™ as an irreversible inhibitor.

Due to 3CL proteases of SARS-CoV-2 and SARS-CoV share significant
homology, we also determined the inhibitory activities of Vitamin K3
and 5,8-dihydroxy-1,4-naphthoquinone against SARS-CoV 3CLP®, As
shown in Fig. S4A and S4B, the two inhibitors exhibited dose-
dependent inhibition of SARS-CoV 3CLP' activity, with ICsq values of
10.21 uM for Vitamin K3 and 1.75 uM for 5,8-dihydroxy-1,4-
naphthoquinone, respectively. To show the selectivity of Vitamin K3
and 5,8-dihydroxy-1,4-naphthoquinone, in vitro selectivity assessment
of the two compounds with human chymotrypsin-C (CTRC) was per-
formed. The results demonstrate that Vitamin K3 and 5,8-dihydroxy-
1,4-naphthoquinone can selectively inhibit SARS-CoV-2 and SARS-CoV
3CLP™, rather than human CTRC (Fig. S5).

3.4. Characterization of covalent binding of Vitamin K3 and 5,8-dihydroxy-
1,4-naphthoquinone

To confirm if Vitamin K3 or 5,8-dihydroxy-1,4-naphthoquinone is
covalently bound to native SARS-CoV-2 3CLP™, an intact protein
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-
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=
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Fig. 5. Inhibitory activities of different concentrations of Vitamin K3 analogues against
SARS-CoV-2 3CLP™.
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Table 1
Structure of Vitamin K3 analogues and their ICs values.
Rs O
OO
Ry R,
R; O

Entry Compound R1 R2 R3 R4 R5 R6 ICso(uM)

1 2-Methyl-1,4-naphthoquinone (Vitamin K3) -CH; -H -H -H -H -H 4.78+1.03

2 1,4-Naphthoquinone -H -H -H -H -H -H 0.69+0.13

3 2-Chloro-1,4-naphthoquinone -Cl -H -H -H -H -H 1.92+0.49

4 2-Hydroxy-1,4-naphthoquinone -OH -H -H -H -H -H >100

5 2-Amino-3-chloro-1,4-naphthoquinone -NH> -Cl -H -H -H -H >100

6 5-Hydroxy-1,4-naphthoquinone -H -H -OH -H -H -H 4.11£0.24

7 5,8-Dihydroxy-1,4-naphthoquinone -H -H -OH -H -H -OH 0.49+0.11

8 2-Methyl-5-hydroxy-1,4-naphthoquinone -CH3 -H -OH -H -H -H 1.32+0.33

9 2,3-Dichloro-5,8-dihydroxy-1,4-naphthoquinone -Cl -Cl -OH -H -H -OH 1.53+0.37
Entry Compound R1 R2 R3 R4 R5 R6 ICsp (M)
1 2-Methyl-1,4-naphthoquinone (vitamin K3) -CH3 -H -H -H -H -H 4.78 + 1.03
2 1,4-Naphthoquinone -H -H -H -H -H -H 0.69 + 0.13
3 2-Chloro-1,4-naphthoquinone -Cl -H -H -H -H -H 1.92 £+ 0.49
4 2-Hydroxy-1,4-naphthoquinone -OH -H -H -H -H -H >100
5 2-Amino-3-chloro-1,4-naphthoquinone -NH, -Cl -H -H -H -H >100
6 5-Hydroxy-1,4-naphthoquinone -H -H -OH -H -H -H 411 +£0.24
7 5,8-Dihydroxy-1,4-naphthoquinone -H -H -OH -H -H -OH 0.49 4+ 0.11
8 2-Methyl-5-hydroxy-1,4-naphthoquinone -CH3 -H -OH -H -H -H 1.324+0.33
9 2,3-Dichloro-5,8-dihydroxy-1,4-naphthoquinone -Cl -Cl -OH -H -H -OH 1.53 £ 0.37

molecular weight analysis was processed by mass spectrometry after
incubation with the two compounds for 30 min at 37 °C, respectively.
The protein sample without compound incubation was as control. The
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sequence of SARS-CoV-2 3CLP™ is SGFRKMAFPSGKVEGCMVQVTCGT
TTLNGLWLDDVVYCPRHVICTSEDMLNPNYEDLLIRKSNHNFLVQAGNVQL
RVIGHSMQNCVLKLKVDTANPKTPKYKFVRIQPGQTFSVLACYNGSPSGVYQ
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Fig. 6. Inhibition of SARS-CoV-2 3CLP™ by 5,8-dihydroxy-1,4-naphthoquinone. (A) Chemical structure of 5,8-dihydroxy-1,4-naphthoquinone. (B) The inhibition ratio curves of SARS-CoV-2
3CLP™ under the action of 5,8-dihydroxy-1,4-naphthoquinone for 3 min and 33 min. (C) Time course of inhibition of SARS-CoV-2 3CLP™ in the presence of 5,8-dihydroxy-1,4-
naphthoquinone at different concentrations. (D) Dependence of the values for K,,s on the concentrations of 5,8-dihydroxy-1,4-naphthoquinone.
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CAMRPNFTIKGSFLNGSCGSVGFNIDYDCVSFCYMHHMELPTGVHAGTDLE
GNFYGPFVDRQTAQAAGTDTTITVNVLAWLYAAVINGDRWFLNRFTTTLND
FNLVAMKYNYEPLTQDHVDILGPLSAQTGIAVLDMCASLKELLQNGMNGRTI
LGSALLEDEFTPFDVVRQCSGVTFQGPHHHHHH. As shown in Fig. 7, the
molecular weight of SARS-CoV-2 3CLP™ was detected as
34,773.6 Da ~ 34,774.2 Da, which was consistent with its theoretical
value (34,773.66 Da). After incubation with Vitamin K3, about 70% of
proteins were covalently bound, of which 55% of proteins were bound
with one compound and about 15% of proteins were bound with two
compounds. Similarly, after incubation with 5,8-dihydroxy-1,4-
naphthoquinone, about 90% of proteins were covalently bound, of
which 80% of proteins were bound with one compound and about 10%
of proteins were bound with two compounds. The covalent binding ex-
tent is highly dependent on the incubation time, temperature and com-
pound concentration [45,46]. The adduct peaks corresponding to the
covalent binding of more than one compound indicate that the com-
pound can react with protein at multiple residues. There are 12 cysteine
residues in SARS-CoV-2 3CLP™ protein, so it is possible that multiple cys-
teine residues are captured at high concentration of the compound. In-
deed, a thorough analysis of the available crystal structures of SARS-
CoV-2 3CLP™ revealed that more than one cysteine residue can be cap-
tured by various compounds. For example, 4 cysteine residues (44,
145, 156, 300) are labelled by SU3327 (halicin) in the structure of PDB
7NBY, (Fig. S6). These results suggested that the two compounds form
the covalent binding to SARS-CoV-2 3CLP™ in two states at this reaction
condition. 5,8-Dihydroxy-1,4-naphthoquinone had a stronger binding
affinity, which was consistent with their ICsq values.

3.5. Binding mode of Vitamin K3 or 5,8-dihydroxy-1,4-naphthoquinone
with SARS-CoV-2 3CLP™

As Vitamin K3 forms an adduct with SARS-CoV-2 3CLP™, we further
investigated its binding mode by molecular modeling. To use
AutoDockFR for covalent docking, we firstly prepared the ligand, ie,
the product form of Vitamin K3 after reaction with cysteine under aer-
obic condition (Fig. 8A). To choose a suitable protein model, all available

International Journal of Biological Macromolecules 183 (2021) 182-192

SARS-CoV-2 3CLP™ crystal structures from PDB were superimposed. As
demonstrated in Fig. 8B, the backbone atoms of the catalytic site resi-
dues show low positional variance, while the sidechain atoms of
N142, M165 and Q189 are flexible. Thus N142, M165 and Q189 were de-
fined as flexible residues during the docking study. On the other hand,
by 2D similarity comparison between Vitamin K3 and all co-
crystallized 3CLP™ binders, ligand in 6YNQ, 2-Methyl-1-tetralone, is
most similar to Vitamin K3 (FragFP similarity = 0.55) (Fig. 8C). Same
as Vitamin K3, 2-Methyl-1-tetralone forms a covalent bond with the
Cys145 [40], thus the protein structure of 6YNQ is chosen for docking
study.

When quinone of Vitamin K3 reacts with cysteine as an electrophile,
there could be multiple routes that lead to different products [42,47,48].
As the mass shift of Vitamin K3 and SARS-CoV-2 3CLP* adduct is 170 Da,
and the incubation is under aerobic condition, the reaction [49] between
the quinone like Vitamin K3 and the thiol moiety should reduce Vitamin
K3 to the dihydroquinone form, then the dihydroquinone is rapidly
oxidized back to the quinone form (Fig. 8D). Similarly, 5,8-dihydroxy-
1,4-naphthoquinone has the same binding mode due to the oxidized re-
action between the quinone and the thiol moiety of SARS-CoV-2 3CLP™,
which forms the irreversible covalent adduct at the cysteine residue of
the enzyme [50].

Based on the proposed product structure, the binding mode be-
tween Vitamin K3 and SARS-CoV-2 3CLP™ was predicted by covalent
docking using AutoDockFR. As shown in Fig. 8E, the two ketone oxygen
atoms form two H bonds with sidechain of N142 and H163, the naph-
thalene ring patches the small pocket between the L141, N142, M165
and E166, and a covalent bond between Vitamin K3 and C145 is similar
in orientation as that of 2-Methyl-1-tetralone in 6YN5. Based on the
mass spectrometry and docking result, Vitamin K3 or 5,8-dihydroxy-
1,4-naphthoquinone might covalently bind to Cys145 and lead to en-
zyme activity inhibition. Meanwhile, some other cysteine residues
might be modified at the high concentration of the compound. Accord-
ing to the predicted binding mode of Vitamin K3 (Fig. 8F), modifications
at positions 1, 8 and 9 will not clash with SARS-CoV-2 3CLP" and might
be promising directions to improve the binding affinity of Vitamin K3.
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Fig. 7. Mass spectra of native SARS-CoV-2 3CLP™ (8.4 uM) after incubation with 90 uM Vitamin K3 or 5,8-dihydroxy-1,4-naphthoquinone. All measurements were processed on the UHPLC-

MS system with positive ESI source.
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Fig. 8. (A) The product form of Vitamin K3 after reaction with cysteine under aerobic condition. (B) Flexible residues in the catalytic active site of SARS-CoV-2 3CLP™. (C) Ligands in
available SARS-CoV-2 3CLP™ co-crystal structures are most similar to Vitamin K3. (D) Potential reaction between Vitamin K3 and Cys145 of SARS-CoV-2 3CLP™. (E) The binding mode
between Vitamin K3 and SARS-CoV-2 3CLP™ was predicted by covalent docking using AutoDockFR. Docking pose of Vitamin K3 and side chain of N142 and M165 are shown as stick
and colored in megantas, SARS-CoV-2 3CLP™ surface is colored in gray, H-bond between Vitamin K3 and protein is rendered as yellow dash line. (F) Schematic plot to highlight the
positions that are not in close contact with protein, and the surrounding gray line indicated the protein surface.

4. Conclusion targets for anti-viral agents. In the present study, 6 drugs were screened
as the inhibitors of SARS-CoV-2 3CLP™ (Fig. 1). Of these 6 drugs, Vitamin

Because of the indispensability of SARS-CoV-2 3CLP™ to complete K3 was chosen for further study because it exhibited the strongest in-
the life cycle of the coronavirus, it is one of the most promising drug hibitory effect on SARS-CoV-2 3CLP™. Based on the previous results,

190



R Wang, Q. Hu, H. Wang et al.

Vitamin K3 contains the structure of quinone, which is electrophilic and
leads to covalent modification of the thiol of cysteine via Michael-type
addition [48,51,52]. We further determined whether Vitamin K3 can
form the covalent bond with SARS-CoV-2 3CLP™. The time-dependent
inhibition assay was conducted to explore the inhibitory mechanism
of Vitamin K3. The results showed that Vitamin K3 exhibited a time-
dependent inhibition of enzyme activity by a 4.4-fold decrease in the
ICsp value (from 20.96 to 4.78 uM) at 3 min and 33 min, with K;and Kipact
values of 112.2 uM and 0.305 min !, respectively. Since Vitamin K as di-
etary supplements shares a similar structure with a 2-methyl-1,4
naphthoquinone ring and a variable aliphatic chain [53], in order to an-
alyze the structure-activity relationship between SARS-CoV-2 3CLP™
and its analogues, we examined the inhibitory activities Vitamin K fam-
ily, including Vitamin K1, K2, K3 and K4 (Fig. 4.) and other analogues of
Vitamin K3 (Fig. 5, Table 1). Finally, 5,8-dihydroxy-1,4-naphthoquinone
was identified with 9.8 times higher inhibitory activity than Vitamin K3.
To investigate the binding mode of Vitamin K3 and 5,8-dihydroxy-1,4-
naphthoquinone, the mass spectrometric study was performed and re-
vealed the covalent binding between the two compounds and SARS-
CoV-2 3CLP™. Due to the high degree of structural homology of 3CLP™
of SARS-CoV-2 and SARS-CoV, we determined the inhibitory activities
of the two compounds against SARS-CoV 3CLP™. The result showed
that they also inhibited SARS-CoV 3CLP™ and might be used as broad-
spectrum antiviral agents targeting 3CLP™ of both SARS-CoV-2 and
SARS-CoV.

To better understand the detailed binding site of Vitamin K3 and
5,8-dihydroxy-1,4-naphthoquinone with SARS-CoV-2 3CLP™, we
performed molecular modeling to analyze the covalent binding site
of the two compounds to SARS-CoV-2 3CLP'. The result demon-
strated that two H bonds are formed between the two ketone oxygen
atoms of Vitamin K3 and the sidechain of N142 and H163 of SARS-
CoV-2 3CLP™ and a covalent binding between Vitamin K3 and C145.
The knowledge gained in this study provides valuable information
for further optimization and design of novel inhibitors based on Vita-
min K3 and its analogues. Although Vitamin K3 often had different
effects on cell apoptosis in PC-12 cells depending on its concentra-
tions, it is safe in clinical application [54]. Therefore, further modifi-
cation of Vitamin K3 may have the potential to fight against SARS-
CoV-2.
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