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The coronavirus disease 2019 (COVID-19) pandemic caused by 2019 novel coronavirus (2019-nCoV) has
been a crisis of global health, whereas the effective vaccines against 2019-nCoV are still under devel-
opment. Alternatively, utilization of old drugs or available medicine that can suppress the viral activity or
replication may provide an urgent solution to suppress the rapid spread of 2019-nCoV. Andrographolide
is a highly abundant natural product of the medicinal plant, Andrographis paniculata, which has been

ga”g’orgs"v clinically used for inflammatory diseases and anti-viral therapy. We herein demonstrate that both
S ARS_-IEO?I andrographolide and its fluorescent derivative, the nitrobenzoxadiazole-conjugated andrographolide

(Andro- NBD), suppressed the main protease (MP™) activities of 2019-nCoV and severe acute respiratory
syndrome coronavirus (SARS-CoV). Moreover, Andro-NBD was shown to covalently link its fluorescence
to these proteases. Further mass spectrometry (MS) analysis suggests that andrographolide formed a
covalent bond with the active site Cys'# of either 2019-nCoV MP™ or SARS-CoV MP™. Consistently,
molecular modeling analysis supported the docking of andrographolide within the catalytic pockets of
both viral MP™s. Considering that andrographolide is used in clinical practice with acceptable safety and
its diverse pharmacological activities that could be beneficial for attenuating COVID-19 symptoms,
extensive investigation of andrographolide on the suppression of 2019-nCoV as well as its application in
COVID-19 therapy is suggested.

Main protease
Andrographolide

© 2020 Elsevier Inc. All rights reserved.

1. Introduction main protease (MP™) and papain-like protease (PLP™) [1]. MP™ is

the viral protease involved in production of functional polyproteins

The outbreak of COVID-19, caused by a 2019-nCoV, is an urgent
global health crisis which requires a timely solution. As end of July
2020, there are approximately eighteen million confirmed cases
and seven hundred thousand deaths worldwide. Currently, the
target-based therapeutics and effective treatment regimens for
COVID-19 are still limited. One of the potential strategies is to target
the proteins which are essential for life cycle of 2019-nCoV, such as
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required for viral replication, and no human homolog of this pro-
tein exists [2]. Remarkably, protein sequence of 2019-nCoV MP™ is
highly similar to that of the SARS-CoV MP™ which is a proven target
for reducing viral load of SARS [2,3]. Therefore, 2019-nCoV MP' is a
promising target for therapeutic intervention against COVID-19.
Indeed, in vitro and in silico studies on identifying potential MP™
inhibitors are rapidly growing in numbers [3—5]. Moreover, lopi-
navir/ritonavir, previously identified as HIV protease inhibitors and
found to exhibit anti-SARS-CoV activity in vitro and in clinical, have
been proposed to bind 2019-nCoV MP™ and are being investigated
for COVID-19 treatments [6,7]. However, several clinical trials
indicate that they have limited efficacy in treating COVID-19 and
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caused significant adverse effects, such as gastrointestinal intoler-
ance and hepatotoxicity [8].

Recently, a three-dimensional (3D) structure of 2019-nCoV MP™
including the substrate-binding pocket has been illustrated [4]. In
addition, MP' in SARS-CoV or 2019-nCoV is classified as a cysteine
protease which involves an active site cysteine in its catalytic dyad.
It has been shown that MP™ could be inactivated by the inhibitors
initiating a Michael addition reaction on the active site cysteine
[2,4]. Therefore, the Michael acceptor-containing compounds
which can fit in the catalytic pocket of 2019-nCoV MP'™ may serve as
attractive drug candidates for treating COVID-19.

Plant-derived natural products play crucial roles in new drug
development [9]. Andrographolide, a lactone diterpenoid com-
pound highly abundant in leaves of medicinal plant Andrographis
paniculata, has been demonstrated to exhibit diverse pharmaco-
logical activities, including anti-inflammatory, anti-viral, anti-
cancer and hepatoprotective effects [10]. Both A. paniculata
extract and andrographolide alone are currently used worldwide
for treating upper respiratory diseases as well as inflammatory
diseases [10—12]. In addition, their clinical trials demonstrate that
no significant adverse effects were observed in patients [10—12].
More importantly, andrographolide which contains a Michael
acceptor group has been shown to react with the Cys®? of NF-kB-
p50 through covalent linkage [13,14], rendering it as a potential
inhibitor of 2019-nCoV MP™. In this study, we investigated the
inhibitory effects of andrographolide and its fluorescent derivative
on the in vitro activity of 2019-nCoV MP™.

2. Material and methods
2.1. Chemicals and reagents

Andrographolide and disulfiram were purchased from Sigma-
Aldrich (USA). Chemical syntheses of ANDRO-NBD and NCTU-048
were performed based on our previous studies [15,16].
Sequencing grade chymotrypsin was obtained from Promega (USA).

2.2. Protein expression and purification of SARS-CoV MP™ and
2019-nCoV MP™

Preparation of the recombinant SARS-CoV MP™ was performed
following a previous report [17]. Moreover, the DNA sequence of
2019-nCoV MP™ was cloned into a pET-29a vector to encode re-
combinant protease with a C-terminal Hisg-tag. Upon plasmid
transformation and IPTG induction in BL21 E. coli strain, the
collected lysate supernatant was further purified by Ni-NTA affinity
column (Qiagen, Germany) and S-100 size-exclusion chromatog-
raphy column (GE Healthcare, USA) to produce pure 2019-nCoV
MPre,

2.3. Protease activity assay

Activities of 2019-nCoV MP™ and SARS-CoV MP™ were
measured following a previous cleavage assay which used a fluo-
rogenic peptide substrate (Abz-TSAVLQSGFRK-Dnp) in phosphate
buffered saline (PBS) buffer (20 mM, pH 7.6) at 30 °C for 3 min as
[18]. Upon the cleavage by protease, the quencher dinitrophenyl
(Dnp) at C-terminal was released from the N-terminal fluorophore
aminobenzoyl (Abz). Subsequently, the fluorescence at 423 nm was
detected with excitation at 321 nm using a PerkinElmer LS 50B
luminescence spectrometer (UK). The reaction concentrations of
peptide substrate were ranged from 2 uM to 40 uM in PBS buffer
(20 mM, pH 7.6), whereas the concentration of 2019-nCoV MP™ and
SARS-CoV MP™ were respectively kept as 0.12 uM and 0.48 pM.
Kinetics parameters like Ky, and ka3 were determined by fitting the
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initial velocities at different substrate concentrations to a
Michaelis-Menten equation, as described previously [18].

2.4. Inhibition of MP™ activity and determination of the half-
maximal inhibitory concentration (ICsp)

To determine inhibition of MP™ activity, inhibitor (0 uM—20 uM)
and fluorogenic peptide substrate (5 uM) in PBS buffer (20 mM, pH
7.6) were first equilibrated at 30 °C for 3 min, followed by addition
of protease (0.12 pM 2019-nCoV MP™ or 0.48 uM SARS-CoV MP™)
and further incubation at 30 °C for 3 min. As described above,
enzymatic activity was determined and the measured velocities at
different inhibitor concentrations were fitted to obtain ICsg ac-
cording to the following equation:

_ Vo
(1 +1C5)/["

in which v is the velocity with incubation of inhibitor at different
concentration [I] and the vg is the initial velocity without incuba-
tion of inhibitor, while n is the Hill constant.

2.5. Fluorescence detection of main proteases upon inhibition with
Andro-NBD

A total of 3 uM MP™ was treated with Andro-NBD in various
molar ratios at 25 °C for 1 h and then analyzed by 12% SDS-PAGE.
The resulting polyacrylamide gels were scanned for fluorescence
at 520 nm under excitation at 488 nm using Amersham Imager 680
(GE healthcare, USA).

2.6. Docking analysis

The 3D structures of viral main protease were downloaded from
the protein data bank (PDB, https://www.rcsb.org) which collects
the published X-ray structures of SARS-CoV MP™ and 2019-nCoV
MP' [4,19]. Water molecules, ions, co-crystalized ligand were first
removed from original structure prior to docking experiment, and
chemical structure of andrographolide was added. The resulted
complex of protein/andrographolide was subjected to molecular
docking using Arguslab 4.0.1 to evaluate the putative ligand-
binding site and release of free energy [20]. The optimal docking
sites for ligand were accordingly predicted.

2.7. Statistical analysis

All of the data were represented as the mean =+ standard deri-
vation (SD) from three independent experiments. * represents p-
value <0.05; ** represents p-value <0.01; *** represents p-value
<0.001 by Student’s t-test.

3. Results

3.1. 2019-nCoV MP™ and SARS-CoV MP™ shares similar consensus
substrate sequence and enzyme kinetics

Recent genome analysis of 2019-nCoV revealed the organization
of its open reading frame 1 (ORF1) which encodes two polyproteins
consisting of all the non-structural proteins needed for virus
replication and is very similar to SARS-CoV [21,22] (Fig. S1). In
addition, sequence alignment of main proteases from 2019-nCoV,
SARS-CoV and MERS-CoV showed that 2019-nCoV MP™ and SARS-
CoV MP™ shares 96% identity, whereas the identity between 2019-
nCoV MP™ and MERS-CoV MP™ is only 51% (Fig. S2). Because MP™ is
the essential protease which is responsible to produce the
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individual non-structural proteins upon proteolytic cleavage on the
primary polyproteins, we further aligned amino acid sequences of
all the 12 cleavage sites by 2019-nCoV MP™ (Fig. S3A). Among these
sites, 8 of them are completely conserved between 2019-nCoV MP™
and SARS-CoV MP™, including the peptide sequence between nsp4
and nsp5 (-TSITSAVLQSGFRKMAFP-) (Fig. S3B). Previously, a fluo-
rogenic peptide (Abz-TSAVLQSGFRK-Dnp) which contains both a
fluorophore (Abz) and its quencher (Dnp), has been used to
determine the protease activity of SARS-CoV MP™ (Fig. S3C) [23].
Upon the cleavage of this peptide probe by protease, the fluo-
rophore (Abz) was separated from its quencher and thus emitted
fluorescence under UV excitation. We therefore prepared the re-
combinant 2019-nCoV MP™ and SARS-CoV MP™, and measured
their protease activities using this fluorogenic probe (Fig. 1A). Re-
sults of the protease activity assay revealed that 2019-nCoV MP™
exhibits higher activity and catalytic efficiency than SARS-CoV MP™
(Fig. 1B and Table 1).

3.2. Sedimentation coefficient distribution suggests a dimeric
quaternary structure of 2019-nCoV MP™

SARS-CoV MP™ was previously shown to function in a dimeric
form. We therefore measured the continuous sedimentation
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coefficient distribution using analytical ultracentrifugation (AUC)
to determine whether 2019-nCoV MP™ forms a homodimer
(Fig. 1C). The profiles of quaternary structure at different concen-
trations suggest that 2019-nCoV MP™ exists predominantly in a
dimeric structure (Fig. 1D), using SARS-CoV MP™ as a reference
(Fig. 1E). In addition, SARS-CoV MP™ was previously shown to in-
crease its monomeric form when existed in acidic environment
[23]. However, further AUC experiments of 2019-nCoV MP™ under
acidic condition (pH 6) only slightly increased its monomeric ratio.
(Fig. S4).

3.3. Andrographolide inhibits protease activities of 2019-nCoV MP™
and SARS-CoV MP®

Andrographolide has been reported to inhibit protein function
through a Michael addition reaction with the free thiol side chain of
cysteine [13,14]. We thus further examined whether the thiol-
sensitive andrographolide could inhibit the cysteine proteases
like 2019-nCoV MP™ and SARS-CoV MP™. As shown in Fig. 2A,
andrographolide inhibited protease activity of 2019-nCoV MP™ at
ICs50 of 15.05 + 1.58 uM, whereas SARS-CoV MP™ was inhibited by
andrographolide with an ICsg of 5.00 + 0.67 pM. In addition, a
previously reported fluorescent probe of andrographolide (Andro-

A 2019-nCoV SARS-Cov B C
Mpro MPro o 2019-nCoV Mpre
O -~
1.5 % E . e
-%- 2019-nCoV MP™ ‘g e
—#~ SARS-CoV Mpr© auo
< o T T T T
6.4 6.6 6.8 7
Radius (cm)
L]
e
0.0 T T T J
0 10 20 30 a0 8 §
[Substrate] (uMm) g <
<~ -
6.4 6.6 6.8 7
D E Radius (cm)
2019-nCoV MP™ SARS-CoV MpPre
0.14 0.14
0O 012 1 O o012+ D
8 0.10 D 1.5uM g 0.10 = 1.5um
2. o0.08 - = 0.8 9
2 o006 = 2 o006 o
O  o0.04 1 O o004+
S o2d M S o002+
-4 0 ® 0"
o =3 D
= 124 = 129
3 0 6um 3 10 6uM
o D o
S o3+ S 081
[ nd
1] 0.6 Q) 0.6 "
"6'- 0.4 - "6’- 0.4 1
S o211 M S o029 M
o o o 0
@ 7}
(=g
= 4" o 15 uM g, a9 15 um
g 3 o,
=3 =3 D
o 24 > 2+
> 14 3 1+
M M
0 0
2 a 6 8 10 12 14 2 a 6 8 10 12 14

Sedimentation Coefficient (S)

Sedimentation Coefficient (S)

Fig. 1. Enzymatic activities and quaternary structure analyses of the 2019-nCoV MP" and SARS-CoV MP". (A) Expression and purification of 2019-nCoV MP™ and SARS-CoV MP™. (B)
Enzyme activities of 2019-nCoV MP™ and SARS-CoV MP™ were measured using a proteolytic activity assay. (C) Absorbance patterns acquired during the sedimentation velocity
experiment. (D) Profiles of 2019-nCoV MP™ quaternary structures at various protein concentration. M as monomer and D as Dimer. (E) Profiles of SARS-CoV MP™ quaternary

structures at various protein concentration.

469



T-H. Shi, Y.-L. Huang, C.-C. Chen et al.

Table 1
Comparison of kinetics parameters and dimer dissociation constants.
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Enzymes Kinetics parameters® Dimer dissociation constants Kq (M)
Kin (1M) Keat (571) Keat/Km (SiluMil)

2019-nCoV MP™ 27.56 + 4.94 163.69 + 15.09 5.94 + 3.05 1.23

SARS-nCoV MP™ 25.83 +4.20 76.48 + 6.04 296 + 1.44 035

2 All the experiments were performed in triplicates. Kp,, Machaelis-Menten constant; Kcae, catalytic constant; Keae/Km, specificity constant for hydrolysis of peptide substrate.

(Abz-TSAVLQSGFRK-Dnp).
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Fig. 2. Inhibition of 2019-nCoV MP™ activity by andrographolide and its derivatives. Protease activities of 2019-nCoV MP™ or SARS-CoV MP™ in the presence of inhibitors at five
different concentrations was measured. ICsg of (A) andrographolide (B) Andro-NBD (C) NCTU-048 and (D) disulfiram were determined and shown respectively. All the experiments

were independently carried out in triplicates.

NBD) also inhibited both 2019-nCoV MP™ and SARS-CoV MP™ at
IC50 0f 2.79 + 0.30 pM and 4.58 + 0.29 uM, respectively (Fig. 2B). To
investigate whether andrographolide and Andro-NBD inhibited
2019-nCoV MP™ and SARS-CoV MP™ in a Michael addition-
dependent manner, a thiol-insensitive andrographolide derivative
(NCTU-048) was also examined in the protease activity assay and it
exhibited relatively low protease inhibition (Fig. 2C). Moreover, a
previously reported SARS-CoV MP™ inhibitor (disulfiram) was also
investigated for its inhibition on 2019-nCoV MP™ and the result
showed an ICsg of 5.61 + 0.34 uM (Fig. 2D).

3.4. Andro-NBD and andrographolide form covalent linkages with
2019-nCoV MP™ and SARS-CoV MP™

As described above, both andrographolide and Andro-NBD were
shown to inhibit the activity of 2019-nCoV MP™. We have previ-
ously demonstrated that Andro-NBD forms a covalent bond with
p50 subunit of NF-kB [15]. Whether Andro-NBD also inhibits 2019-
nCoV MP™ through a covalent linkage was herein investigated. As
shown in Fig. 3A, protein bands of 2019-nCoV MP™ treated with
Andro-NBD at different concentrations exhibited fluorescent sig-
nals on SDS-PAGE gels, whereas treatments of nitrobenzoxadiazole
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(NBD) alone or together with andrographolide did not induce such
fluorescence. Similarly, Andro-NBD also formed a covalent linkage
with SARS-CoV MP™ (Fig. S5). Furthermore, C145A mutation of
2019-nCoV MP™ abolished the above fluorescence by treatment of
Andro-NBD at all concentrations (Fig. 3B). Moreover, the
andrographolide-treated 2019-nCoV MP™ was subjected to mass
spectrometry analysis for the evidence of covalent linkage. As
shown in Fig. S6A, the peptide signal at 2328.0330 m/z matched to
the 2019-nCoV MP'™ residue (141—159) which is deduced to carry a
dehydrated andrographolide (+332 Da) on Cys'#°. Further MS/MS
fragmentation analysis of such mass signal verified the partial
amino acid sequences of this Cys'*-containing residue. Similarly,
the andrographolide-labeled residues of SARS-CoV MP™ was also
identified (Fig. S6B). Taken together, we have demonstrated that
Andro-NBD and andrographolide form covalent linkages with
2019-nCoV MP™ and SARS-CoV MP',

3.5. Andrographolide can dock into the catalytic pockets of 2019-
nCoV MP™ and SARS-CoV MP™

We further carried out the docking experiment using Arguslab
modeling program [20] to study whether andrographolide enters
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Fig. 3. Andro-NBD formed covalent linkage with Cys'* of 2019-nCoV MP™. (A) 2019-nCoV MP™ was incubated with various concentration of Andro-NBD at 25 °C for 1 h and
subsequently analyzed by SDS-PAGE. Gel fluorescence was detected and scanned for image. Quantitative data were shown as mean + SD from three independent experiments. **
represents p-value <0.01 and *** represents p-value <0.001. (B) The C145A mutant 2019-nCoV MP™ was also incubated with various concentration of Andro-NBD at 25 °C for 1 h

and subsequently analyzed by SDS-PAGE. No gel fluorescence was detected.

the catalytic pockets of 2019-nCoV MP™ (PDB 6LU7) and SARS-CoV
MP™ (PDB 1UK4) [4,19]. As shown in Fig. 4A, modeling results
suggested the presence of andrographolide in the catalytic pocket
of 2019-nCoV MP™, The binding affinity of andrographolide in
2019-nCoV MP™ was estimated to be —9.72 kcal/mol (AG) and the
distance between Cys'#> and the acceptor carbon of Michael reac-
tion (C12 of andrographolide) is 3.7 A (Fig. 4B and C). Similarly,
SARS-CoV MP™ exhibits comparable binding affinity of androgra-
pholide at —7.85 kcal/mol and its Cys'#® is 4.8 A away from Michael
addition site (Fig. 4E and F). Together, these results support our
findings of andrographolide-mediated inhibition and covalent
linkage of 2019-nCoV MP™ and SARS-CoV MP',

4. Discussion

Our results demonstrated that andrographolide can inhibit the
activity of 2019-nCoV MP™ (ICso = 15.05 + 1.58 uM; Fig. 2A). Mo-
lecular modeling data further support that andrographolide can
enter the proposed substrate-binding pocket of 2019-nCoV MP™
(Fig. 4), such observation is consistent with a recent in silico study
suggesting that andrographolide can dock in the binding site of
2019-nCoV MP™ [24]. Furthermore, we also found that Andro-NBD,
but not compound 048, strongly inhibited the activity of 2019-nCoV
MP™ (IC509 = 2.79 + 0.3 uM for Andro-NBD; > 240 uM for NCTU-048)
(Fig. 2). 2019-nCoV MP™ is a cysteine protease known to be inac-
tivated by Michael acceptor inhibitor N3 [4]. Andrographolide be-
longs to the Michael acceptor category of electrophilic natural
compounds and it has been reported to react with Cys62 of NF-kB-
p50 at C12-13 exocyclic double bond to form a covalent adduct
through a Michael addition [13,14]. Andro-NBD also can covalently
bond to the p50, presumably through a similar mechanism [15]. On
the other hand, the compound NCTU-048 with much weaker
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bioactivity than andrographolide is suggested to interact with NF-
kB-p50 through different mechanism [25]. Accordingly, Andro-NBD
was shown capable of forming covalent linkage with 2019-nCoV
MP™ whereas C145A mutation of protease abolished such cova-
lent bond (Fig. 3). Furthermore, MS-based sequencing analysis
suggested that andrographolide forms a covalent bond with active
site Cys'® of 2019-nCoV MP™ (Fig. S6). Notably, such covalent
linkage of andrographolide with reactive cysteine of protein target
has also been reported previously [26]. Together, our data support a
model that Andro and Andro-NBD could enter the substrate-
binding pocket and initiate Michael reaction with 2019-nCoV
MP™, leading to the inactivation of protease activity.

Lopinavir/ritonavir, the HIV protease inhibitors previously
identified with anti-SARS-CoV activity in vitro and in clinical, was
proposed to bind 2019-nCoV MP'™ and thus has been investigated
for COVID-19 treatments [6,7]. Currently, inhibition of 2019-nCoV
by Lopinavir/ritonavir has not been experimentally demonstrated.
Data of several clinical trials indicate their roles in treating COVID-
19 are limited and their significant adverse effects, such as
gastrointestinal intolerance and hepatotoxicity, have been
observed [8]. Disulfiram, an FDA-approved drug for treating alcohol
addiction, has been reported to inhibit 2019-nCoV MP™ [4] but its
clinical efficacy against COVID-19 remains to be determined.
Therefore, development of 2019-nCoV MP™ inhibitors from clini-
cally available medicine is still in great demand.

Andrographis paniculata along with its major ingredient,
andrographolide, have been used as herbal medicine for treating
anti-inflammatory diseases in Asia and in Europe [10]. Accumu-
lating evidences from clinical studies indicate that Andrographis
paniculata extract and andrographolide reduce symptoms in pa-
tients with HIV, upper respiratory infection, ulcerative colitis or
rheumatoid arthritis with considerable safety [10,27—30].
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Fig. 4. Prediction of the putative binding site for andrographolide in 2019-nCoV MP™ and SARS-CoV MP™, (A) Overall predicted surface model for the complex of 2019-nCoV MP™
(cyan) and andrographolide (green) was established. (B) Amplified region of catalytic pocket highlighting the hydrogen bonds (yellow dot line) between MP™ residues and

andrographolide. (C) The distance (red dot line) between MP™ Cys'> (

yellow) and Michael acceptor carbon (magenta) of andrographolide is shown. (D) Overall predicted surface

model for the complex of SARS-CoV MP™ (cyan) and andrographolide (green) was established. (E, F) Amplified regions of catalytic pocket for complex in (D). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Furthermore, experimental data from preclinical studies demon-
strated the diverse pharmacological mechanisms of A. paniculata
and andrographolide, including those in anti-inflammation, anti-
viral activity, hepatoprotection, anti-pulmonary fibrosis, and car-
diopretection [10,12,31—33] Particularly, their safety profile in
clinical uses are well accepted and andrographolide up to 30 uM did
not cause cytotoxicity on human peripheral blood mononuclear
cells (PBMC) [10,34].

In this study, we revealed that andrographolide and its deriva-
tive inhibits the activity of main protease and thus likely to impair
the replication of SARS-CoV and 2019-nCoV. Considering that
andrographolide is widely demonstrated in clinical application
with acceptable safety and exhibits diverse pharmacological ac-
tivities which could be beneficial for attenuating COVID-19 symp-
toms, application of andrographolide on COVID-19 therapy
certainly merit further investigation.
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