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ABSTRACT

The rapid spread of COVID-19 has caused a worldwide public health crisis. For prompt and effective development of antivirals for SARS-CoV-2, the pathogen of
COVID-19, drug repurposing has been broadly conducted by targeting the main protease (M"™), a key enzyme responsible for the replication of virus inside the host. In
this study, we evaluate the inhibition potency of a nitrothiazole-containing drug, halicin, and reveal its reaction and interaction mechanism with MP™. The in vitro
potency test shows that halicin inhibits the activity of M"™ an ICsq of 181.7 nM. Native mass spectrometry and X-ray crystallography studies clearly indicate that the
nitrothiazole fragment of halicin covalently binds to the catalytic cysteine C145 of MP™. Interaction and conformational changes inside the active site of M suggest a
favorable nucleophilic aromatic substitution reaction mechanism between M™ C145 and halicin, explaining the high inhibition potency of halicin towards M*™.

1. Introduction

The ongoing pandemic of coronavirus disease 2019 (COVID-19) has
led to catastrophic impacts on the whole world. Its scale and duration
have surpassed the 1918 influenza pandemic (Gates, 2020; Morens et al.,
2020). As of Feb 1st, 2022, the total number of confirmed global
COVID-19 cases is about 376 million, of which 5.6 million have suc-
cumbed to death (WHO data) (WHO, 2022). The current available vac-
cines and drugs against COVID-19 have led to lots of exciting innovations
(Torgovnick, 2021; An EUA for sotrovimab for, 2021; Drozdzal et al.,
2021; Li et al., 2022). However, new SARS-CoV-2 variants that display
attenuated responses or complete evasion of vaccine protection and
developed drug resistant strains have been continuously emerging (Vilar
and Isom, 2021). In the context of the disastrous damage of COVID-19 to
public health, civil society and the global economy, the search for
effective drugs against new strains of SARS-CoV-2 is still in urgent
demand.

Given the rapid spread and high fatality of COVID-19, drug
repurposing stands out as an attractive and quick access to effective
antivirals. If an approved drug could be identified to treat COVID-19,
it can promptly proceed to clinical trials and GMP manufacture.

* Corresponding author.

Previously, encouraging results that show antiviral activity against
SARS-CoV-2 were obtained from repurposing small molecule medi-
cines including remdesivir, ritonavir/lopinavir, bepridil and nitazox-
anide (Chakraborty et al., 2021; Vatansever et al., 2021; Morse et al.,
2020). Nitazoxanide was developed as an antiparasitic agent espe-
cially against Cryptosporidium spp. A later in vitro assessment of nita-
zoxanide has confirmed its promising activity against SARS-CoV-2
with an ECsy value as 2.12 pM (Stachulski et al., 2021). Several
clinical trials that are evaluating the use of nitazoxanide for the
treatment of COVID-19 are currently underway or in development.
Nitazoxanide is a nitrothiazole-containing compound (Fig. 1A).
Another notable compound that belongs to the same group is halicin
(Fig. 1A). Halicin (formerly known as SU3327) is an inhibitor of the
enzyme c-Jun N-terminal kinase (JNK) which regulates important
cellular activities including cell proliferation, differentiation, and
apoptosis. It was first predicted by molecular modeling that halicin
binds at the active site of JNK with its nitrothiazole group and blocks
the access of JNK to its substrates. Further mice studies also showed
the ability of halicin to significantly reduce blood glucose levels and
restore insulin sensitivity in a type-2 diabetes mouse model (De et al.,
2009). More recently, driven by a deep neural network assisted drug
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Fig. 1. (A) Structure of nitazoxanide and halicin. (B) Proposed reaction mechanism between halicin and cysteine.

prediction, halicin was discovered to play a role against a wide
phylogenetic spectrum of pathogens. This research suggested that
halicin associates to the bacterial membrane by binding to the iron
ion, and dissipates the ApH component of the proton motive force
(Stokes et al., 2020). However, its capability to inhibit SARS-CoV-2
has not been studied yet.

In order to assess the antiviral activity of halicin against SARS-CoV-2,
a specific target from SARS-CoV-2 needs to be chosen. A quick molecular
docking of halicin against main protease (M"™), one of the promising
drug targets of SARS-CoV-2, shows that halicin could well fit into the
active site of M"™ with a reasonable binding energy as —6.1 kcal/mol
(Fig. S1). This interesting result encourage us to further explore the in-
hibition of halicin on MP™. MP™ has been widely targeted to conduct
drug repurposing for SARS-CoV-2 because of its essential role in virus
replication and pathogenesis (Vatansever et al., 2021). It is a peptide
fragment of ppla and pplab, two translation products from the
SARS-CoV-2 RNA genome after the virus infects human cells (V'Kovski
et al., 2021). Both ppla and pplab are very large polypeptides that need
to undergo proteolytic hydrolysis to form a number of nonstructural
proteins (Nsps) which are essential for the virus to replicate its genome in
host cells, evade from the host immune system, and package new virions
for infection of new host cells (V'Kovski et al., 2021). M"™ processes 13
out of the total 16 Nsps. The crystal structure of M’™ was resolved
recently (Zhang et al., 2020). The structure shows Mo comprising of
three domains, among which the first two have an antiparallel p-barrel
structure, and the third has five a-helices that form an antiparallel
conglomerate and connect to the first two domains by a long loop region.
In its active site it has a C145-H41 catalytic dyad with the
substrate-binding site located between domains (Banerjee et al., 2021).
MPT° exits as a homodimer in solution, and the dimer form is highly active
compared to the monomer form (Grum-Tokars et al., 2008). Therefore,
small-molecule medicines that specifically target SARS-CoV-2 M’™
should be potentially effective treatment options for COVID-19 (Yang
et al., 2021).

Inspired by the above ideas and also taking advantage of previous
drug repurposing efforts on M’™ of SARS-CoV-2 in our lab (Vatansever
et al., 2021), we herein aim to assess the potency of halicin against M"™
of SARS-CoV-2 and identify the inhibition mechanism between them. In
this article, in vitro potency analysis was conducted and shows that hal-
icin has a potent ICsq value of 0.182 M against MP™. Mass spectrometry
analysis indicated that only the nitrothiazole part of halicin covalently
binds to MP™. These results were further supported by the resolution of

the crystal structure of the MP™-halicin complex. The current study en-
courages further exploration of halicin-like molecules as COVID-19
therapeutics.

2. Results and discussion
2.1. ICsy determination of halicin against MF™

The potency assessment of halicin on MF™ started by testing its ICsq in
vitro and using nitazoxanide as a comparison. First, the compounds were
incubated with 50 nM M’ at 37 °C for 30 min. Then the reaction was
initiated by adding 100 uM of Sub3, a fluorescent substrate of M’™
(Vatansever et al., 2021). The assay was monitored by a plate reader with
Ex336/Em455 for 30 min. The first 10 min was fitted with linear
regression by GraphPad Prism. The initial slope value was used as
normalized activity. As shown in Fig. 2, halicin has a determined ICsg
value as 181.7 nM, while nitazoxanide with the concentration up to 200
pM did not show any inhibition of MPre activity. This ICsg value of halicin
is lower than most of the noncovalent inhibitors of MP™ (Vatansever
et al., 2021). Considering the relatively large active pocket size of MF™,
halicin is not supposed to be big enough to fully occupy the active site to
achieve this level of potency as a noncovalent inhibitor. Based on the
above assumption, halicin was proposed to be a covalent inhibitor for
MPro.

2.2. Mass spectral identification of covalent binding between M*™ and
halicin

In order to verify the covalent binding assumption for halicin, a
sample of M"™ incubated with halicin was subjected to native mass
spectrometry analysis. Interestingly, binding between MF™ and halicin
was observed as shown in the native mass spectra (Fig. 3). The MPro-
halicin complex was identified on the basis of the measured and calcu-
lated mass shifts. Notably, Fig. 3A shows that both the monomer and the
dimer of the main protease can bind to halicin. The binding patterns were
distinct from a reported inhibitor, GC376, which only binds to the
dimeric form of MP™ (Fu et al., 2020), suggesting the N-finger may not be
essential for halicin to bind with the main protease. A mass shift of 127
Da was identified in the monomeric region (Fig. 3B), corresponding to
only half of halicin with 1 Da deviation (Table 1, Fig. S2). In the dimeric
region, the MP™ was found to bind to two half halicin fragments,
resulting in a 256 Da mass shift (Fig. 3C). These results indicate that
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Fig. 2. ICs, test of nitazoxanide and halicin against M*™. Triplicate experiments were performed for each compound. GraphPad Prism 8.0 was used to perform
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Fig. 3. Identification of halicin bound M"™ by native mass spectrometry. (a) The whole spectrum (m/z from 3000 to 5000) of 2 uM main protease with 10 pM
halicin. (b) The zoomed spectrum of the monomer region (m/z from 3000 to 3800). (c) The zoomed spectrum of the dimer region (m/z from 3900 to 4900). The dash
lines in (b) and (c) indicate the expected m/z of the unbound main protease based on the protein sequence (Molecular weight = 33,796 Da).

halicin can bind to M"™ in both catalytically inert monomeric and active
dimeric forms via a mode of action of covalent binding.

2.3. X-ray crystallography analysis of M'™ bound with halicin

To further characterize the interactions between M™ and halicin, we
crystallized MP™ in its apo form, soaked apo-M*™ crystals with halicin,

and then determined structures of M*™ bound with halicin using X-ray
crystallography. The complex structure was determined to a resolution of
1.85 A with an R/Rfree value of 24.9/27.2 (Table S2). 2Fo-Fc electron
density map around C145, C156 and C300 clearly indicates a ligand
fragment covalently bound to these three cysteines respectively (Fig. 4A).
Ligand building inside the 2Fo-Fc electron density map shows that the
nitrothiazole fragment of halicin fits perfectly. This is consistent with the
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Table 1
Native mass spectrometry analysis of halicin-bound M"™,
Unbound Bound Calculated Ligand Theoretical Ligand
protein protein Molecular Weight Molecular Weight
Monomer 33,796 33,923 127 128
Dimer 67,592 67,848 128 (Gates, 2020)

(Gates, 2020) A dimer can bind two inhibitors. The calculated ligand molecular
M Wbound_ M Wunbound

weight. = 3

mass spectrometry analysis that showed the addition of 127 Da to the
monomeric MP™. In the MP™-halicin crystal structure, three nitrothiazole
fragments rather than one were observed on an M"™ monomer. A
possible reason for this result is the high concentration of halicin that was
used to soak apo-MP™ crystals and the exposure of C156 and C300 of
MP™, Since the active site C145 is the most active one and the only one
responsible for the activity of MP™ (Zhang et al., 2020), only interactions
around C145 will be further discussed.

From the surface binding model (Fig. 4B), we observed a nitrothiazole
fragment of halicin forms a covalent bond with C145 and fits into the
area between P1 and P2 sub-pockets. The shortest distance from the
thiazole ring of nitrothiazole to the imidazole ring of H41 was measured
as 3.4 A (Fig. 4C). This indicated a van der Waals interaction between
nitrothiazole and the side chain of H41. Interestingly, a comparison be-
tween structure of nitrothiazole-bound M"™ and apo-M"™ indicates that
the side chain of H41 flips 90° to allow nitrothiazole to fit into the
binding pocket, and the van der Waals interaction further stabilizes the
binding of nitrothiazole to MF™ (Fig. S3). Structure superposition of
nitrothiazole-bound MP™ and apo-MF™ also shows an unfolding of
a-helix in the P2 sub-pocket, which could be another adaptation of the
active site pocket to the binding of nitrothiazole (Fig. S3).

The native mass spectrometry analysis that detected halicin-bound
MP™® and X-ray crystallography analysis of the M"™-halicin complex
provide solid evidence to support the mode of action of covalent binding.
A possible mechanism is shown in Fig. 1B. Halicin forms a covalent
adduct with the catalytic cysteine, Cys145, via nucleophilic aromatic
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substitution (SyAr) of 5-nitrothiazole and 5-amino-1,3,4-thiadiazole-2-
thiol serves as a leaving group with the assistance of the catalytic base
His41. Since 5-amino-1,3,4-thiadiazole fragment falls off after halicin
reacts with Cys145 of M"™, we do not have structural insights about how
5-amino-1,3,4-thiadiazole contributes to the binding before the forma-
tion of a covalent adduct. Considering the favorable binding of 5-nitro-
thiazole to the M™™ active site and high reactivity of halicin with
cysteine, our study provides a potential tunable SyAr-based reactive
group of 5-nitrothiazole for selectively targeting the catalytic cysteine
Cys145 of MP™ by tuning 5-amino-1,3,4-thiadiazole moiety of halicin.

3. Conclusion

Researchers have predicted that additional coronavirus diseases may
emerge with higher frequencies. For both combating the current pandemic
and preparing to contain future coronavirus disease outbreaks, it is
imperative to discover antivirals that can be applied generally to inhibit
coronaviruses, and drug repurposing turns out to be an efficient way to
achieve. Due to its conserveness among coronaviruses, M ™ is an attractive
drug target for broad-spectrum antivirals. Inspired by recent drug repur-
posing efforts on SARS-CoV-2 with nitazoxanide, we identified another
nitrothiazole-containing drug, halicin, to successfully inhibit the activity of
MP™ in vitro. Our mass spectrometry analysis indicated that halicin binds
covalently to MP™ with a nitrothiazole fragment at a 1:1 ratio. A determined
X-ray crystal structure of the MP™-halicin complex further confirmed the
covalent binding of nitrothiazole fragment to C145 in the active site of M.
Our results revealed high inhibition potency of halicin on M™™ and un-
covered its underlying SyAr-based binding mechanism. As far as we know,
this is the first SyAr-based covalent inhibitor for MP™, indicating that a large
variety of mechanistically similar compounds may be tested as M’™ in-
hibitors to search for anti-SARS-CoV-2 therapeutics. Although the cellular
experiment showed no inhibition of halicin against M"™ that was tran-
siently expressed in 293T cells (Fig. S4), this could because by the stability
and permeability issues related to halicin in cells. Structure-activity rela-
tionship studies based on halicin to pursue higher potency and overcome
stability and permeability concerns are worth exploring in the future for the
development of drugs as SARS-CoV-2 antivirals.

P3’
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Fig. 4. Crystal structure of M"™ bound with halicin (PDB ID 7TUU). (A) Location of bound halicin on MP™. Halicin was observed to bind with C145, C156 and
C300. (B) Surface of MP™ active site was shown. Halicin forms covalent bond with C145 and embeds between P1 and P2 sub-pockets. (C) Interaction between halicin
and active site residues in M"™ was shown. The shortest distance from the thiazole ring of halicin to the imidazole ring of H41 was measured as 3.4 A and indicated as

a yellow dotted line.
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4. Materials and methods
4.1. Chemical

Halicin was purchased from Millipore Sigma (CAS No. 40045-50-9).
4.2. Recombinant MF™ protein expression and purification

The pET28a-His-SUMO-M"™ construct was made based on a pET28a
plasmid modified with an N-terminal His-SUMO tag. The gene encoding
MP™ was amplified from a previous plasmid pBAD-sfGFP-M'™ using the
forward primer 5-CGCGGATCCGGGTTTCGCAAG-3' and the reverse
primer 5'- CCGCTCGAGTTACTGAAAAGTTACGCC-3'. The amplified PCR
product was digested by BamHI and Xhol and ligated into the vector
pET28a-His-SUMO plasmid that was digested with the same restriction
enzymes. The gene sequence of His-SUMO-MF™ was verified by
sequencing at Eton Bioscience Inc.

The pET28a-His-SUMO-MP™ construct was transformed into E. coli
BL21(DE3) cells. Transformed cells were cultured at 37 °C in 6 L 2xYT
medium with kanamycin (50 g/mL) for 3 h and induced with isopropyl-
D-1-thiogalactoside (IPTG) at final concentration of 1 mM when the
ODggo reached 0.8. After 3 h, cells were harvested by centrifugation at
12,000 rpm, 4 °C for 30 min. Cell pellets were resuspended in 150 mL
buffer A (20 mM Tris, 100 mM NaCl, 10 mM imidazole, pH 8.0) and then
lysed by sonication on ice. The lysate was clarified by centrifugation at
16,000 rpm, 4 °C for 30 min. The supernatant was loaded onto a nickel-
chelating column with high affinity Ni-charged resin from GenScript and
washed with 10 column volumes of buffer A to remove nonspecifically
bound proteins, which was followed by elution using buffer B (20 mM
Tris, 100 mM NaCl, 250 mM imidazole, pH 8.0). The protein eluates were
subjected to buffer exchange with buffer C (20 mM Tris, 10 mM NaCl,
1 mM dithiothreitol (DTT), pH 8.0) by using a HiPrep 26/10 desalting
column (GE Healthcare). The His-SUMO-M?™ proteins were digested
with SUMO protease overnight at 4 °C. The digested protein was applied
to a nickel-chelating column again to remove the His-tagged SUMO
protease, the His-SUMO tag, and the expressed protein with uncleaved
His-SUMO tag. The tag-free MF™ protein was loaded onto an anion-
exchange column with Q Sepharose, Fast Flow (GE Healthcare) equili-
brated with buffer C for further purification. The column was eluted by
buffer D (20 mM Tris, 1 M NaCl, 1 mM DTT, pH 8.0) with a linear
gradient ranging from 0 to 500 mM NacCl. Fractions eluted from the anion
exchange column were condensed and loaded to a size exclusion column
with HiPrep 16/60 Sephacryl S-100 HR (GE Healthcare) pre-equilibrated
with buffer E (20 mM Tris, 100 mM NaCl, 1 mM DTT, 1 mM EDTA, pH
7.8). The eluted MF™ protein in buffer E was concentrated to 20 mg/mL
and stored in —80 °C for further use.

4.3. ICsg analysis

The assays were carried out with 50 nM enzyme and 10 uM substrate
at 37 °C with continuous shaking. The Sub3 substrate (DABCYL-Lys-Thr-
Ser-Ala-Val-Leu-GIn-Ser-Gly-Phe-Arg-Lys-Met-Glu-EDANS) was pur-
chased from BACHEM and stored as 1 mM solution in 100% DMSO.
Enzyme activity was monitored by detecting fluorescence with excitation
at 336 nm and emission at 455 nm wavelength. The dilution buffer (used
for enzyme and substrate dilution) is 10 mM NayHy;PO4,10 mM NaCl, 0.5
mM EDTA, pH 7.6. Final composition of the assay buffer is 10 mM Nay.
HyPO4, 10 mM NaCl, 0.5 mM EDTA, 2 pM DTT (coming from enzyme
stock solution), pH 7.6 with 1.25% DMSO. Inhibitors were stored as 10
mM in 100% DMSO solutions in a —20 °C freezer.

For the ICso analysis, the inhibitor was diluted to 400-fold times
higher than the highest working concentration to make the secondary
stock solution (i.e. if the highest working concentration of inhibitor is 2
pM, then the inhibitor was diluted from its 10 mM stock solution to 800
pM in DMSO). 10 pL from this secondary stock solution was added to 990
pL of the dilution buffer. Serial dilutions were carried out in the dilution
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buffer containing 1% DMSO to ensure all the inhibitor serial dilutions
contained 1% DMSO. 25 pL of each inhibitor solution were added to a 96-
well plate with a multichannel pipettor. Next, 25 pL of a 200 nM enzyme
solution (diluted from 10 pM enzyme storage solution in 10 mM Nay.
HyPO4,10 mM NaCl, 0.5 mM EDTA, pH 7.6, 1 mM DTT in the dilution
buffer) was added by a multichannel pipettor and mixed by pipetting up
and down three times. Then, the enzyme-inhibitor solution was incu-
bated at 37 °C for 30 min. During the incubation period, 20 pM of the
substrate solution was prepared by diluting from 1 mM stock solution in
the dilution buffer. When the incubation period was over, 50 pL of the 20
MM substrate solution was added to each well using a multichannel
pipettor and the assay started. Data recording was stopped after 30 min.
Data treatment was done with GraphPad Prism 8.0. The first 0-300 s
were analyzed by linear regression for initial slope analyses. Then, the
initial slopes were normalized and ICsy values were determined by in-
hibitor vs response - Variable slope (four parameters).

4.4. Mass spectrum analysis

The main protease was desalted into a 200 mM ammonium acetate
using a Bio-Spin column (BIO-RAD) with 6k cut-off. After desalting, the
main protease was mixed with halicin. The final concentration of protein
and halicin was 2 pM and 10 pM, respectively. The protein/halicin so-
lution was incubated for 15 min at room temperature prior to mass
spectrometry analysis. Native mass spectrometry (nMS) analysis was
performed on a ThermoFisher Q-Exactive Plus UHMR with spray voltage
set to 1.0-1.3 kV. Desolvation and removal of non-specific adducts were
performed using a capillary temperature of 120 °C, the in-source trapping
energy of —10 V, and the HCD cell collision energies of 30 V.

4.5. X-ray crystallography analysis of MF™-Inhibitor complexes

The production of crystals of halicin bound MP™ complexes was
following the previous protocols (Yang et al., 2021). The data was
collected on a Bruker Photon II detector. The diffraction data were
indexed, integrated and scaled with PROTEUMS3. All the structures were
determined by molecular replacement using the structure model of the
free enzyme of the SARS-CoV-2 MP™ [Protein Data Bank (PDB) ID code
7JPY] as the search model using Phaser in the Phenix package (Yang
et al., 2021; Winn et al., 2011). JLigand and Sketcher from the CCP4 suite
were employed for the generation of PDB and geometric restraints for the
inhibitors. The inhibitors were built into the Fo-Fc density by using Coot
(Emsley et al., 2010). Refinement of the structure was performed with
Real-space Refinement in Phenix (Adams et al., 2010). Details of data
quality and structure refinement are summarized in Table S2. All struc-
tural figures were generated with PyMOL (https://www.pymol.org).

4.6. The cellular inhibition potency characterization of halicin

We followed a previously established procedure strictly to charac-
terize the cellular inhibition potency of halicin (Cao et al., 2022). Cells
transfected with the pLVX-M'™-eGFP-2 plasmid were cultured together
with different concentrations of halicin as 10, 2, 0.4, 0.08, 0.016, 0.0032
or 0 pM and analyzed by flow cytometry. MPI8 was used as a positive
control. (Yang et al., 2021; Ma et al., 2022).

4.7. The docking parameters and methods

In addition to receptor and ligand preparations, AutoDockTools-1.5.7
was also used for grid parameter setting. The cognate ligand of crystal
structure 7JQ5 of MP™ suggested the inhibitor binding site. A grid box
with dimensions 30 x 30 x 30 centered at the coordinates X = —10.0, Y
= 13.0, and Z = 70.0 was used to represent the search space. An Auto-
Dock Vina docking protocol was used with options of 20 CPUs and
maximum 100 binding modes for undergoing calculation. Only modes
with the highest binding affinities were analyzed.
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