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ABSTRACT

Background and aim: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) enters cells
through the binding of the viral spike protein with human angiotensin-converting enzyme 2 (ACE2),
resulting in the development of coronavirus disease 2019 (COVID-19). To date, few antiviral drugs are
available that can effectively block viral infection. This study aimed to identify potential natural products
from Taiwan Database of Extracts and Compounds (TDEC) that may prevent the binding of viral spike
proteins with human ACE2 proteins.

Methods: The structure-based virtual screening was performed using the AutoDock Vina program within
PyRX software, the binding affinities of compounds were verified using isothermal titration calorimetry
(ITC), the inhibitions of SARS-CoV-2 viral infection efficacy were examined by lentivirus particles
pseudotyped (Vpp) infection assay, and the cell viability was tested by 293T cell in MTT assay.

Results and conclusion: We identified 39 natural products targeting the viral receptor-binding domain
(RBD) of the SARS-CoV-2 spike protein in silico. In ITC binding assay, dioscin, celastrol, saikosaponin C,
epimedin C, torvoside K, and amentoflavone showed dissociation constant (Kgq) = 0.468 pM, 1.712 uM,
6.650 puM, 2.86 uM, 3.761 uM and 4.27 uM, respectively. In Vpp infection assay, the compounds have
significantly and consistently inhibition with the 50—90% inhibition of viral infection efficacy. In cell
viability, torvoside K, epimedin, amentoflavone, and saikosaponin C showed IC5p > 100 uM; dioscin and
celastrol showed IC59 = 1.5625 pM and 0.9866 uM, respectively. These natural products may bind to the
viral spike protein, preventing SARS-CoV-2 from entering cells.

Section: 1: Natural Products.

* Corresponding author. No. 2, Yude Road, North District, Taichung City, 404332, Taiwan.
** Corresponding author. No.91, Hsueh-Shih Road, North District, Taichung City, 40402, Taiwan.

E-mail addresses: markchen19822001@gmail.com (G.-Y. Chen), alce2943@gmail.com (Y.-C. Pan), kuma0401@gmail.com (T.-Y. Wu), savioranol@gmail.com (T.-Y. Yao),
cvesky@cmu.edu.tw (W.-J. Wang), wshen@cmu.edu.tw (W.-]. Shen), azajahmed92@gmail.com (A. Ahmed), Rebecca.Chan@tci-bio.com (S.-T. Chan), chtang@mail.cmu.edu.
tw (C.-H. Tang), whuang@mail.cmu.edu.tw (W.-C. Huang), mhung@cmu.edu.tw (M.-C. Hung), T21087@mail.cmuh.org.tw (J.-C. Yang), yachwu@mail.cmu.edu.tw (Y.-C. Wu).

Peer review under responsibility of The Center for Food and Biomolecules, National Taiwan University.

https://doi.org/10.1016/j.jtcme.2021.09.002

2225-4110/© 2021 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier Taiwan LLC. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:markchen19822001@gmail.com
mailto:alce2943@gmail.com
mailto:kuma0401@gmail.com
mailto:saviorano1@gmail.com
mailto:cvcsky@cmu.edu.tw
mailto:wshen@cmu.edu.tw
mailto:azajahmed92@gmail.com
mailto:Rebecca.Chan@tci-bio.com
mailto:chtang@mail.cmu.edu.tw
mailto:chtang@mail.cmu.edu.tw
mailto:whuang@mail.cmu.edu.tw
mailto:mhung@cmu.edu.tw
mailto:T21087@mail.cmuh.org.tw
mailto:yachwu@mail.cmu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtcme.2021.09.002&domain=pdf
www.sciencedirect.com/science/journal/22254110
http://www.elsevier.com/locate/jtcme
https://doi.org/10.1016/j.jtcme.2021.09.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jtcme.2021.09.002
https://doi.org/10.1016/j.jtcme.2021.09.002

G.-Y. Chen, Y.-C. Pan, T.-Y. Wu et al.

Journal of Traditional and Complementary Medicine 12 (2022) 73—89

Taxonomy (classification by evise): SARS-CoV-2, Structure-Based Virtual Screening, Isothermal Titration
Calorimetry and Lentivirus Particles Pseudotyped (Vpp) Infection Assay, in silico and in vitro study.
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List of abbreviations

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
ACE2 Angiotensin-converting enzyme 2
COVID-19 Coronavirus disease 2019

TDEC Taiwan Database of Extracts and Compounds
ITC Isothermal titration calorimetry

RBD Receptor-binding domain

Kq Dissociation constant

MERS-CoV Middle East respiratory syndrome coronavirus

CFR Case fatality rate

BatCoV  Bat coronavirus

ORFs Open reading frames
WHO World Health Organization
TMPRSS2 Protease transmembrane protease, serine 2
HR1 Heptad repeat 1

HR2 Heptad repeat 2

6-HB Six-helix bundle

3CLpro 3CL protease

PLpro Papain-like protease

NTD N-terminal domain

AS Entropy

AH Enthalpy

AG Gibbs free energy change

FPLC Fast protein liquid chromatography

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

CTD C-terminal domain

RMSD Root-mean-square deviation

MW Molecular weight

HBA Hydrogen bond acceptor

HBD Hydrogen bond donor

TPSA Topological polar surface area

AMR molar refractivity

nRB Number rotation bond

nAtom Number atom

RC Number of Ring

nRigidB  Number of rigid bond

LR Lipinski's rule

GF Ghose Filter

CR CMC-50 like rule

VR Veber rule

MR MDDR-like rule

1. Introduction

Recently, the World Health Organization (WHO, https://www.
who.int/) reported the spread of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) and the resultant outbreak of
coronavirus disease 2019 (COVID-19), which has been confirmed in
188 million cases and has been associated with 4 million confirmed
deaths across over 220 countries, areas, or territories. Most known
coronaviruses cause only mild respiratory distress."” However,
SARS-CoV and SARS-CoV-2 had been identified as highly patho-
genic, capable of being transmitted from animals to humans.> The
spread of SARS-CoV in 2003 was associated with a 10% case fatality
rate (CFR).* ® However, the CFR for the novel SARS-CoV-2 coro-
navirus remains unclear because the current pandemic is ongoing;
however, the CFR has been estimated at 3.4%, and the infection
transmission rate associated with SARS-CoV-2 appears to be higher
than those associated with previous severe coronavirus outbreaks.’

SARS-CoV-2 primarily causes severe acute respiratory distress
by attacking the lung cells and induces other complications in the
heart, kidney, brain, and spleen, which can ultimately cause
disastrous effects on coronavirus-afflicted patients.® Currently, no
available effective standard-of-care exists for the treatment of
coronavirus-infected patients. Therefore, the identification of
agents able to prevent and treat this disease represents an urgent
need. Scientists globally are attempting to devise effective thera-
peutic agents. To design an effective antiviral drug, understanding
the processes associated with viral infection, survival, and repli-
cation is essential. The SARS-CoV-2 genome showed a sequence
similarity of 96.3% with the bat coronavirus (BatCoV) RaTG13 and
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79% similarity with SARS-CoV.>'? SARS-CoV-2 is an enveloped,
single-stranded, positive-sense, RNA genome-containing virus. The
RNA genome contains 29,891 nucleotides, which include 6—12
open reading frames (ORFs) that can be translated into approxi-
mately 28 identified non-structural and structural proteins (NCBI
Reference Sequence: NC_045512.2).""

SARS-CoV-2 enters host cells that express angiotensin-
converting enzyme 2 (ACE2), including cells found in the lungs,
oral cavities, and nasal mucosa, through interactions between ACE2
and the viral glycosylated spike protein,'? facilitating SARS-CoV-2
entry into target cells.”® The viral glycosylated spike protein is
composed of S1 and S2 subunits that allow the virus to access host
cells. The receptor-binding domain (RBD) of the S1 subunit of the
SARS-CoV-2 spike protein attaches to ACE2, resulting in the shed-
ding of the S1 subunit and the subsequent cleavage of the S2 sub-
unit by the host protease transmembrane protease, serine 2
(TMPRSS2), which can cleave the S1/S2 proteins at a protease
cleavage site."> Cleavage causes a conformational change, allowing
the viral proteins heptad repeat 1 (HR1) and heptad repeat 2 (HR2)
to form a six-helix bundle (6-HB), which facilitates membrane
fusion and allows the virus to release its payload RNA into the cell
cytoplasm. The first translation products typically produced by the
RNA genome are the polyproteins ppla and pplab. Subsequently,
the viral 3CL protease (3CLpro) and papain-like protease (PLpro)
cleave ppla and pp1lab to generate the functional proteins required
for genome amplification. The other viral structural proteins are
produced, utilizing the host endoplasmic reticulum (ER)-Golgi
system for assembly, facilitating the release of mature virus from
infected cells.'*"> The current understanding of viral infection and
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propagation strongly supports targeting the surface proteins on the
viral particle, which might prevent the viruses from entering the
host cell.

The SARS-CoV-2 spike protein is trimeric. The RBD in each
subunit can adopt two different conformations, referred to as either
“up” or “down”. When the conformation is “up”, the viral spike
protein can interact with the human ACE2 protein smoothly;
otherwise, it is unable to interact well with ACE2 and enter the host
cells once the conformation of all three subunits of the spike pro-
tein is “down”.!® The spike proteins expressed by SARS-CoV-2 and
SARS-CoV feature similar amino acid sequences and functions.!”
However, in the down conformation, the N-terminal region of the
SARS-CoV spike protein RBD is packed tightly against the N ter-
minal domain (NTD) of a neighboring protomer, whereas in SARS-
CoV-2, the down conformation is angled closer to the central cavity
of the trimer. Additionally, the binding affinity between the SARS-
CoV-2 spike protein and ACE2 is 10—20-fold stronger than that
for the SARS-CoV spike protein.'® These findings suggest that the
structural conformation of the SARS-CoV-2 spike protein may be
different from that of the SARS-CoV spike protein.

Drug discovery and development are time-consuming, costly,
and complex processes, and typically years of effort are necessary
to identify clinically successful interventions.”” However, the
application of virtual screening methods to authentic databases
and the use of advanced bioinformatics and cheminformatics an-
alyses can reduce the time required to identify optimal drugs
matched against selected target proteins This virtual screening
process has become a gold standard method for the preliminary
phases of drug design. After screening out potential compounds,
the binding affinities of the identified compounds can be verified
using bioassay studies, which represents another important step
during drug development. Isothermic titration calorimetry (ITC) is
a useful technique for estimating the binding affinities of com-
pounds that target proteins.”>?! ITC measures changes in heat
during reactions between compounds and target protein to further
measure thermodynamic parameters, such as entropy (AS),
enthalpy (AH), and Gibbs free energy change (AG). Based on ITC
binding assay results, we can confirm the abilities of identified
compounds to bind to the SARS-CoV-2 spike protein.

To identify compounds with the potential to act against SARS-
CoV-2, we screened compounds that target the essential entry
pathway used during the viral penetration of host cells. This study
explored the compounds currently listed in the Taiwan Database of
Extracts and Compounds (TDEC, https://tdec.kmu.edu.tw/) to
identify potential compounds that are capable of targeting the
SARS-CoV-2 spike protein. We focused on compounds identified as
being able to interact with the SARS-CoV-2 spike protein and the
spike-ACE2 complex, which are likely to prevent the delivery of the
viral payload into the host cytoplasm. We have selected compounds
that primarily target the RBD of spike proteins to prevent viral and
host cell interactions. TDEC is an academic and scientific platform
through which investigators in different fields can share their
research findings. The TDEC includes information on the chemical
structures, physicochemical properties, and biological activities of
pure natural isolates, crude extracts, and synthesized extracts
derived from plants, microbes, marine organisms, and Chinese
herbal medicines. The present study attempted to virtually screen
candidates from the TDEC to identify compounds capable of acting
against the SARS-CoV-2 spike protein, including the application of
high-throughput bioinformatics and cheminformatics analyses to
obtain additional insight into the interactions between the spike
protein and identified compounds.

In this study, several compounds in the TDEC were identified as
being able to bind to the SARS-CoV-2 spike protein, based on
structure-based docking calculations. The binding affinities of
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identified compounds were verified using ITC. The inhibitory ac-
tivities of viral infection were examined by lentivirus particles
pseudotyped (Vpp) with SARS-CoV-2 spike protein infection assay.
The interactions between the identified compounds and ACE2-free
spike protein were also explored using molecular simulation as-
says. Together, these analyses allowed the identification of poten-
tial natural products that may be able to target the SARS-CoV-2
spike protein for the prevention of viral infection.

2. Material and methods
2.1. Construction of expression vectors

The DNA sequence encoding the S1 domain of the SARS-CoV-2
spike protein was obtained from NCBI (accession number:
NC_045512.2, Fig. S1). A DNA fragment of this sequence was pur-
chased from AllBio Co., Ltd., which constructed it using gene syn-
thesis. Subsequently, the DNA fragment was cloned into the pET-21
vector to form reconstructed plasmids, which were transformed
into Escherichia coli BL21(DE3) competent cells. The obtained pro-
tein expression plasmids were able to continuously express the S1
domain of the SARS-CoV-2 viral spike protein in E. coli. The
expressed S1 domain of the SARS-CoV-2 viral spike protein was
extracted using a protein preparation technique.

2.2. Preparation of the S1 domain of SARS-CoV-2 spike protein

The S1 domain of SARS-CoV-2 spike protein was expressed in
E. coli. BL21(DE3) competent cells, which were allowed to grow to
an optical density at 600 nm (ODggg) of 0.6 in LB medium at 37 °C.
Protein expression was induced by the addition of 0.5 mM iso-
propyl B-p-1-thiogalactopyranoside (IPTG), followed by overnight
incubation at 20 °C. For cell lysis, cell pellets obtained following
centrifugation at 7,000 rpm for 20 min at 4 °C were resuspended in
lysis buffer (25 mM Tris, pH 8.0, 500 mM Nacl, 10% glycerol, and
5 mM imidazole) and then lysed by sonication using a sonicator
(Misonix Sonicator 3000). Subsequently, the sonicated cell lysates
were centrifuged at 5,000 RPM for 40 at 4 °C, and the supernatants
were purified through Ni?>* columns (General Electric Co., Ltd.).
Next, the samples attached to the columns were washed with lysis
buffer and eluted from the columns with elution buffer (25 mM
Tris, pH 8.0, 500 mM Nacl, 10% glycerol, and 200 mM imidazole)
using fast protein liquid chromatography (FPLC, AKTA prime plus,
GE). The elution was collected in 36 total tubes, at 8mL/tube, and
detection using an ultraviolet (UV) detector contained within the
FPLC, at 280 nm, revealed the presence of protein in 19 tubes.
Moreover, the purified S1 domain of the SARS-CoV-2 spike proteins
was further confirmed to be of the correct size (75 kDa) by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Coomassie blue staining (Fig. S2). In this study, all solution buffers
were filtered through 0.22-um membrane filters (F-Millipore™)
before use.

2.3. Estimation of binding affinities by ITC

In this study, ITC was performed by Nano ITC (TA Instruments,
USA) to estimate the binding affinities between the compounds and
the spike protein. Sample solutions containing the target protein
(10 uM) and 8 natural product samples, including amentoflavone
(200 uM), candidine (100 uM), cephalinone D (100 puM), dioscin
(246 uM), epimedinc (200 uM), saikosaponin C (200 uM), torvoside
K (200 uM), and celastrol (100 pM), were all dissolved in dimethyl
sulfoxide (DMSO) and diluted with protein elution buffer. The
detection of protein concentration was estimated by the Bradford
method with BSA as the standard in this study. During the
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RBM from prefusion spike protein

Core from prefusion spike protein
Core from spike-ACE2 complex protein

SARS-CoV-2 RBD

Fig. 1. The structural superimposition between the ACE2-free and ACE2-bound
structures of the SARS-CoV-2 spike protein. The RBD cores of the SARS-CoV-2 spike
protein in the ACE2-free structure and the ACE2-bound structure are respectively
shown in cyan and green, and their RBMs are respectively shown in orange and yellow.
The ACE2 receptor is also shown in red. The major difference between the RBD of the
ACE2-free spike protein and the RBD of the spike-ACE2 complex protein is shown
within the blue ring.

experiment, 50 pL of each compound was placed in a syringe and
titrated into 300 pL of spike protein contained in the cell of the ITC
instrument using 20 additions at 2.5 pL/time at 5 min intervals. The
parameters for this instrument were set to a stirring rate of
300 rpm within the cell and a constant temperature of 25 °C. All
solutions were degassed by a degassing station from TA In-
struments (Lindon, UT, USA) and were filtered through a 0.22-pum
membrane filter (F-Millipore™) before the titration experiments
began. We titrated the DMSO diluted buffer into the same buffer to
be the background signal. All samples are deducted background
signal (The buffer into the buffer). To estimate the strength of the
interaction between each compound and protein, the dissociation
constant (Ky), reaction stoichiometry (n), c value (c), and the ther-
modynamic parameters, including entropy (AS), enthalpy (AH), and
Gibbs free energy change (AG), were all measured by the Nano-
Anzalyze software (TA Instruments, USA). Thermodynamic pa-
rameters were calculated according to thermodynamics
formulas?? 2%

AG = —RTInK; = AH — TAS

(R: gas constant, T: absolute temperature, K;: binding constant).
ITC data with c values between 1 and 1000 is an acceptable

binding constants.>* The ¢ values were calculated according to the

equation:

¢ = nkg[M]r = n[M]r/Kq

(n: stoichiometry of interaction, K;: binding constant, [M]r: total

macromolecular concentration, Kqy: dissociation constant).

2.4. Structural superimposition

To analyze changes in the SARS-CoV-2 spike protein confor-
mation between the ACE2-free and ACE2-bound forms, structural
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superimpositions were performed using PyMOL (version 0.99rc6)
software.”® Fig. S3 shows the homology modeling performed for
the ACE2-free spike protein, which was obtained from the SWISS-
MODEL website, and the ACE2-bound protein (PDB ID: 6MQ]),
which was obtained from the Protein Data Bank (PDB, https://
www.rcsb.org)).18:26:27

2.5. Structure-based virtual screening

The structure-based virtual screenings were performed using
the AutoDock Vina (version 1.1.2) program within PyRx (version
0.8) software to discover which potential compounds from the
TDEC can bind to the viral spike protein.”®?° The 2,321 compounds
downloaded (May 9, 2020) from TDEC were collected and saved in a
.sdf format file by Discovery Studio 2019 visualizer software (DS
2019,%%). Subsequently, energy minimization using the steepest
descent algorithm was performed with the MMFF94 force field to
appropriately add partial charges and polar hydrogens to the atoms
in the compounds. Next, those compounds were individually saved
as .pdbqt format files by the Open Babel program within PyRx
software.’! The substrates, including ligands, metal ions, and water
molecules, that are contained in both the ACE2-free and ACE2-
bound spike proteins, as resolved by X-ray crystallography, were
removed by DS 2019. Next, the atoms contained in the residues of
the protein structures were modified by DS 2019 using the
CHARMm force field to appropriately add polar hydrogens and
partial charges. For docking calculations, the dimensions of docking
search spaces were set to contain the residues of the ACE2 binding
site of the spike protein RBD as follows. For the ACE2-bound spike
protein structure, as resolved by X-ray crystallography, the co-
ordinates of the docking search space were set to x = —38.6172,
y = 28.4230, and z = 5.0328, and the size of the dimensions of the
X-, y-, and z-axes (in angstroms) were respectively set to
x = 30.2373, y = 57.9713, and z = 19.4614, at the connective
interface of complex proteins. Similarly, for the ACE2-free spike
protein, the coordinates of the docking search space were set to
X = 226.271, y = 195.386, and z = 306.4952, and the sizes of the
dimensions of the x-, y-, and z-axes (in angstroms) were respec-
tively set to x = 47.2191, y = 38.0448, and z = 30.3288, at the
protein. Additionally, the value of exhaustiveness used to search for
molecular conformations was set to 4 for the docking calculation.

2.6. Molecular simulation

The best poses for each compound when docking with the
ACE2-free spike protein or the spike-ACE2 complex protein, as
established by the AutoDock Vina docking calculation, was dis-
played using PyMOL software. The interactions, including electro-
static hydrogen-bonding interactions, hydrophobic m-alkyl
interactions, and hydrophobic alkyl-alkyl interactions, between the
docked compounds and the proteins were identified by DS 2019
visualizer software.

2.7. Lentivirus particles pseudotyped (Vpp) with SARS-CoV-2 spike
protein infection assay

Vpp contains SARS-CoV-2 Spike protein and luciferase reporter.
SARS-CoV-2 was purchased from National RNAi Core Facility (NRC),
Academia Sinica, Taipei, Taiwan. The Vpp was added to cells in a 96-
well plate (MOI~0.2) in the presence of polybrene (8 pg/mL). The
plate was centrifuged at 1200 g for 30 min and then put back into
the incubator. At 24 h postinfection (hpi), the culture supernatants
were replaced with fresh media. At 24 hpi, the Cell Counting Kit-8
(CCK-8) assay (Abcam) was performed to measure cell viability.
Each sample was mixed with an equal volume of ready-to-use
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(2,321 Compounds)

Docking site

ACE2-free Spiké Protein

Spike-ACE2 Complex protein

Virtual Screening
(Binding Energy < -8 kcal/mol)

I 53 Compounds ‘

‘ 222 Compounds J

l Overlapping

39 Compounds

l Non-overlapping

197 Compounds

l ITC binding assay (1 < ¢ value < 1000)

@ N

6 Compounds ‘

l Lentivirus particles pseudotyped (Vpp) infection assay

| 6 Compounds

Fig. 2. The flowchart of the structure-based virtual screening process.

luciferase substrate Bright-Glo Luciferase Assay System (Promega)
afterward. The relative light unit (RLU) was measured
immediately.>?

2.8. Cell viability

Cell viability was assessed using the MTT assays. Torvoside K,
epimedin C, amentoflavone, saikosaponin C, dioscin and celastrol
were dissolved in DMSO. 293T cells were seeded on 96-well plates
at 4 x 104 cells/well. After incubation for 24 h, cells were treated
with 0.044828—100 uM natural compounds for 48 h. The culture
medium was removed and cells were washed twice with
phosphate-buffered saline (PBS). 100 uL MTT/medium solution
(2.5 mg/mL) were added to each well and incubated with cells for
1 h. After incubation, the medium was removed and 100 pL aliquots
of DMSO were added to each well to solubilize the formazan
crystals. Absorbance was measured at 470 nm using a microplate
reader (Bio-Tek, USA). The percentage of cell viability was
expressed relative to the control.

2.9. Calculation of ADME/T and drug-likeness properties

The predictions of physiochemical properties and drug-likeness
were estimated by Drug Likeness Tool (DrulLiTo) program (http://
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www.niper.gov.in/pi_dev_tools/DruLiToWeb/DruLiTo_index.html).
The chemical ADMET properties were predicted by the admetSAR
website (version 2.0, http://Immd.ecust.edu.cn/admetsar2). The
data of the water solubility category were obtained from the an-
notations of the TDEC website (https://tdec.kmu.edu.tw/index_en.
aspx).

The physicochemical properties included molecular weight
(MW), hydrogen bond acceptor (HBA), hydrogen bond donor
(HBD), topological polar surface area (TPSA), molar refractivity
(AMR), number rotation bond (nRB), number atom (nAtom),
number of ring (RC), and number of rigid bond (nRigidB) were
calculated in this study. Additionally, the drug-likeness of com-
pounds were estimated by five drug-likeness rules, including Lip-
inski's rule, Ghose Filter, CMC-50 like rule, Veber rule, and MDDR-
like rule. The parameters of the five drug-likeness rules were set as
default in the DruLiTo program.

3. Results
3.1. Structural superimposition
SARS-CoV-2 entry into host cells occurs through the binding of

the spike protein on the viral surface with the human ACE2 pro-
tein.”” A previous study reported that SARS-CoV could alter the
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Dioscin

Amentoflavone

EpimedinC

Cephalinone D

Fig. 3. The structures of 8 natural products that target the SARS-CoV-2 spike protein. The structures of candidine, celastrol, dioscin, torvoside K, saikosaponin C, amentoflavone,

epimedinc, and cephalinone D are shown.

Table 1

Molecular docking results and thermodynamic parameters of the natural products binding to the S1 domain of SARS-CoV-2 spike protein.

Compound The binding energy (kcal/mol) of Molecular The thermodynamic parameters of ITC binding assay®

docking calculation

ACE2-free spike protein spike-ACE2 AS (J/mol-K) -TAS (kJ/mol) AH (kj/mol) AG (kj/mol) n C Kq (uM)

complex protein

Dioscin (TDEC2019CA001572) -8.8 -89 110.6 —32.98 -3.153 -36.13 5.488 117.3 0.468
Cephalinone D (TDEC2020CN000221) -8.1 -8.7 33.45 -9.972 —20.62 —30.59 0333 0.8 4371
Celastrol (TDEC2019CA001707) -89 -83 667.9 -199.1 166.2 -32.92 1409 8.2 1.712
Saikosaponin C (TDEC2019CA001664) —8.6 -9.1 476.6 —142.1 1125 —29.55 2.802 4.2 6.65
Epimedin C (TDEC2019CA001733) -8.2 -8.1 379.0 -113.0 81.37 -31.64 2967 104 2.86
Epimedin C (TDEC2019CA001733) -8.2 -8.1 383.30 -114.30 82.65 -31.62 2965 102 2.908
Candidine (TDEC2020CN000246) -9.0 -9.8 -2434 72.58 -100 —27.42 0.115 0.1 15.7
Torvoside K (TDEC2019CN000617) -8.8 -83 —130.8 39.01 —69.97 -30.96 2.823 75 3.761
Amentoflavone (TDEC2019CA001644) —8.5 -9.1 -172.7 51.48 -82.13 —30.65 2731 64 4,27

2 1 kcal = 4.1868 kj.

conformation of the C-terminal domain (CTD) of the spike protein
to better fit the conformation of the ACE2 protein using various
angles.'? To analyze the conformation of the SARS-Co-V-2 spike
protein RBD and to determine whether conformational changes
occurred between the ACE2-free state and the ACE2-bound state,
structural superimposition was performed using PyMOL software.
Fig. 1 shows the superimposition model that was constructed [root-
mean-square deviation (RMSD) = 1.735 < 2 A], showing the ACE2-
free spike protein aligned with the ACE2-bound spike protein. We
found that the conformation of the viral receptor-binding motif
(RBM), which contains many of the residues that contact the hu-
man ACE2 protein,”’ differed between the ACE2-free and ACE2-
bound spike proteins. The RBM of the ACE2-bound spike protein
was more proximal to the RBD core and the ACE2 protein than that
of the ACE2-free spike protein (blue ring in Fig. 1). Compounds that
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bind to these regions have a high probability of causing a confor-
mational change in the spike proteins, which would likely reduce
the binding affinity between the spike protein and the ACE2 pro-
tein. To quickly find and identify potential compounds that target
the spike proteins, structured-based virtual screening technology
was applied.

3.2. Structure-based virtual screening

Structure-based virtual screening was performed using the
AutoDock Vina program within PyRX software to discover com-
pounds that not only bind to the RBD of the ACE2-free spike protein
but also the interface between ACE2 and spike protein. Fig. 2 shows
the flowchart followed during the virtual screening calculation
performed in this study. The numbers of compounds that were able
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Fig. 4. The ITC profiles of the potential natural products that might target the SARS-CoV-2 spike protein. (A) Dioscin, (B) Cephalinone D, (C) Celastrol, (D) Saikosaponin C, (E)

Epimedin C, (F) Candidine, (G) Torvoside K, and (H) Amentoflavone.

to bind to the ACE2-free spike protein and the spike-ACE2 complex
protein were 53 and 222, respectively (binding energy < —8 kcal/
mol). Generally, if compounds with the value of the binding energy
were higher than —6 kcal/mol, the binding ability was not ex-
pected.”® The data showed that the 39 potential compounds not
only binding to the RBD of the ACE2-free spike protein but also
binding to the interface between ACE2 and spike protein in silico
(binding energy < —8 kcal/mol, Table S1). The structures of the 39
compounds were also shown in Fig. S4.

To further estimate the binding strength of the 39 compounds,
the natural product glycyrrhizic acid was set as the positive control
to do the comparison. Glycyrrhizic acid had been reported that it
can bind to SARS-CoV-2 spike protein and has the inhibitory ac-
tivity against the interaction between viral spike protein and ACE2
protein.>® The docking results showed that the binding energies of
glycyrrhizic acid in ACE2-free spike protein and ACE2-spike
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complex were —7.8 kcal/mol and —8.2 kcal/mol, respectively
(Fig. S5). The predicted binding strength of glycyrrhizic acid is
similar to our set standard estimating the results of performing
docking-based virtual screening from the database.

Among those 39 compounds, there were 8 natural products that
our laboratory had easy access to. Fig. 3 shows the structures of the
8 natural products that were tested by our laboratory, including
candidine, celastrol, dioscin, torvoside K, saikosaponin C, amento-
flavone, epimedinc, and cephalinone D. The docking results of these
8 compounds are displayed in Table 1. Subsequently, the binding
affinities of the obtained samples were further verified by bioassay.

3.3. ITC binding assay

ITC has previously been reported as representing a reliable
method for the estimation of binding affinities between
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Table 2
The residues that interact with the 6 potential natural products within the ACE2-free spike and spike-ACE2 complex proteins.

Compound ACE2-free spike protein Spike-ACE2 complex protein
Electrostatic Hydrophobic interactions (A) Electrostatic interactions (A) Hydrophobic interactions (A)
interactions (A)

Dioscin Tyr351 (2.25 A), Phe486 (5.05 A), Arg346 (4.18 A), Ala348 (3.46 A),  Asp30 (2.51 A), Lys417 (2.45 A), His34 (5.02 A, 5.47 A), Tyr473
Asn354 (2.45 A) Ala352 (3.77 A), Leud52 (4.34 A, 5.36 A), Leud92 Asp420 (2.59 A), Asn460 (2.87 A), (5.41 A), Lys417 (3.96 A, 4.72 A),

(5.47 A, 5.00 A), Pro463 (3.91 A, 5.23 A) Tyr421 (2.40 A), Lys458 (2.35 A) Lys26 (4.45 A)

Celastrol Phe490 (2.05 A, 11e468 (5.32 A), Phe486 (5.41 A), Leud92 (531 A),  Arg393 (2.14 A), Ala386 (2.56 A) Pro389 (4.66 A), His34 (5.38 A),
2.48 A), Glu465 Leu452 (3.95 A, 4.67 A, 4.69 A), Lys462 (4.79 A), Pro389 (4.79 A, 5.10 A, 5.27 A),
(3.75 A), Pro463 (3.51 A), Leu492 (4.11 A, 4.75 A) Leu29 (4.67 A), Lys26 (4.73 A)

Saikosaponin C Glu471 (2.35 A), Phe486 (4.25 A, 5.30 A, 5.34 A), 11e468 (4.20 A, 5.25 A), Asp30 (2.61 A), Asn460 (2.50 A) His34 (5.01 A), Lys417 (4.34 A)
Asn354 (2.83 A), Leud92 (4.14 A, 4.62 A, 4.87 A, 5.35 A), Leud52 (3.96 A,
Asn450 (2.98 A, 468 A, 4.85A,5.48 A)
2.69 A)

Epimedin C  Ser349 (2.08 A), Leu492 (4.96 A), Phe486 (4.92 A), Lys462 (4.79 A),  Lys26 (2.56 A), Thr27 (1.89 A), Asn33 His34 (4.57 A), Lys417 (5.19 A),
Phe490 (2.16 A), Pro463 (4.62 A), Leud52 (3.78 A, 3.96 A, 3.99 A) (2.16 A), GIn96 (2.49 A), Tyr473 Tyrd21 (5.24 A)
Leu492 (1.88 A) (2.36 A), Asp30 (4.82 A, 4.86 A)

Torvoside K Ser349 (2.04 A), Tyr449 (4.77 A, 5.44 A), Leu452 (4.08 A, 4.83 A, Arg403 (2.49 A) Phe456 (4.93 A), Lys417 (4.09 A)
Pro463 (3.02 A), 537 A), Pro463 (3.94 A), Ala352 (3.92 A)
Leu492 (238 A)

Amentoflavone Glu465 (4.44 A), Leu452 (4.21 A), Leud92 (4.39 A, 4.6 A), 1le468 Lys26 (2.56 A), Glu37 (2.22 A), Ala386 Pro389 (4.47 A), Lys417(5.04 A),
Phe490 (2.5 A) (5.23 A), Phe486 (4.81 A) (2.25 A), Arg393 (2.09 A), Arg403 Tyr505 (5.94 A)

(2.23 A), Tyr505 (2.51 A)

(B)

Pro463 \
F’,ﬁ\
1

\

Leu492Q/<' -
> Ol

Phe486

Fig. 5. The docking simulation between dioscin and the SARS-CoV-2 spike protein. (A) Dioscin (yellow stick) docked with the RBD of the ACE2-free spike protein (cyan cartoon). (B)
Dioscin formed several hydrophobic interactions (purple dashed lines) with amino acids (cyan sticks) in the RBD of the spike protein. (C) Dioscin docked with the site near the
connective interface of the spike-ACE2 complex. The RBD of spike protein and ACE2 are respectively shown in green and red cartoons. (D) Dioscin formed several electrostatic
interactions (green dashed lines) and hydrophobic interactions (purple dashed lines) with amino acids near the connective interface of spike-ACE2 complex protein.
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Fig. 6. The docking simulation between celastrol and the SARS-CoV-2 spike protein. (A) Celastrol (purple stick) docked with the RBD of the ACE2-free spike protein (cyan cartoon).
(B) Celastrol formed several electrostatic interactions (green dashed lines) and hydrophobic interactions (purple dashed lines) with amino acids (cyan sticks) in the RBD of the spike
protein. (C) Celastrol docked with the site near the connective interface of the spike-ACE2 complex. The RBD of the spike protein and ACE2 are respectively shown in green and red
cartoons. (D) Celastrol formed several electrostatic interactions (green dashed lines) and hydrophobic interactions (purple dashed lines) with amino acids near the connective

interface of the spike-ACE2 complex protein.

compounds and proteins by measuring the heat change, as heat can
be either absorbed or released during reaction processes.”*' To
verify the binding affinities of the 8 tested compounds, the ITC
assay was performed. Fig. 4 shows the typical ITC profiles obtained
for the 8 compounds during titration with the viral protein. Ac-
cording to the titration curve, all reaction equilibriums were ach-
ieved during the period between the 4000s and 5000s. The results
of the thermodynamic parameters are documented in Table 1.
Generally, the strength of the binding affinities between the com-
pounds and the protein could be estimated by the Kq value.>® If the
Kq value of the compound was smaller, the binding affinity was
stronger. The data showed that the Ky of dioscin, celastrol, saiko-
saponin C, epimedin C, torvoside K, candidine, cephalinone D, and
amentoflavone were 0.468 pM, 1.712 uM, 6.650 uM, 2.86 uM,
3.761 uM, 15.7 uM, 4.371 uM and 4.27 uM, respectively. However,
the results of c value estimation reported that candidine and
cephalinone D were illegal (c value < 1). Additionally, according to
the thermodynamics formulas, the AG was primarily contributed
by Kq4. A negative AG indicates a spontaneous reaction process, and
smaller AG values suggest stronger binding affinities. The results
showed that the AG values of the 6 legal compounds ranged
from —37 to —26 kJ/mol, and the binding between the S1 domain of
the spike protein and these compounds occurred as the result of
spontaneous reaction processes (AG < 0 kJ/mol). We discovered
that dioscin, celastrol, epimedin C, amentoflavone, torvoside K, and
Saikosaponin C might have the ability to bind to the S1 domain of
the SARS-CoV-2 spike protein.
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3.4. Molecular simulation

To further analyze which amino acids of the ACE2-free and
spike-ACE2 complex interacted with these identified compounds,
the molecular simulation studies were performed using DS 2019
visualizer software. The results of the molecular simulation are
documented in Table 2.

Fig. 5A shows the simulated docking between dioscin and the
RBD of the ACE2-free spike protein (binding energy: —8.8 kcal/mol).
Dioscin formed a hydrophobic m-alkyl interaction (light purple
dashed line) with the amino acid Phe486 (5.05 A). It also formed nine
hydrophobic alkyl-alkyl interactions (dark purple dashed lines) with
the amino acids Arg346 (4.18 A), Ala348 (3.46 A), Ala352 (3.77 A),
Leu452 (4.34 A and 5.36 A), Leu492 (5.47 A and 5.00 A), and Pro463
(3.91 A and 5.23 A). In addition, dioscin formed two electrostatic
hydrogen-bonding interactions (green dashed lines) with the amino
acids Tyr351 (2.25 A) and Asn354 (2.45 A, Fig. 5B). Fig. 5C shows the
simulated docking between dioscin and the connective interface of
the spike-ACE2 complex protein (binding energy: —8.9 kcal/mol). It
formed three hydrophobic m-alkyl interactions (light purple dashed
lines) with the amino acids His34 (5.02 A and 5.47 A) and Tyr473
(5.41 A). It also formed three hydrophobic alkyl-alkyl interactions
(dark purple dashed lines) with the amino acids Lys417 (3.96 A and
472 A) and Lys26 (4.45 A). Moreover, it formed six electrostatic
hydrogen-bonding interactions (green dashed lines) with the amino
acids Asp30 (2.51 A), Lys417 (2.45 A), Asp420 (2.59 A), Asn460
(2.87 A), Tyr421 (2.40 A), and Lys458 (2.35 A, Fig. 5D).
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Fig. 7. The docking simulation between saikosaponin C and the SARS-CoV-2 spike protein. (A) Saikosaponin C (magenta stick) docked with the RBD of the ACE2-free spike protein
(cyan cartoon). (B) Saikosaponin C formed several electrostatic interactions (green dashed lines) and hydrophobic interactions (purple dashed lines) with amino acids (cyan sticks)
in the RBD of the spike protein. (C) Saikosaponin C docked with the site near the connective interface of the spike-ACE2 complex. The RBD of the spike protein and ACE2 are
respectively shown in green and red cartoons. (D) Saikosaponin C formed several electrostatic interactions (green dashed lines) and hydrophobic interactions (purple dashed lines)

with amino acids near the connective interface of the spike-ACE2 complex protein.

Fig. 6A shows the simulated docking between celastrol and the
RBD of the ACE2-free spike protein (binding energy: —8.9 kcal/
mol). Celestrol formed three hydrophobic m-alkyl interactions
(light purple dashed lines) with the amino acids 1le468 (5.32 A),
Phe486 (5.41 A), and Leu492 (5.31 A). It also formed seven hydro-
phobic alkyl-alkyl interactions (dark purple dashed lines) with the
amino acids Leu452 (3.95 A, 4.67 A, and 4.69 A), Lys462 (4.79 A),
Pro463 (3.51 A), and Leu492 (4.11 A and 4.75 A). Additionally, it
formed two electrostatic hydrogen-bonding interactions (green
dashed lines) with the amino acid Phe490 (2.05 A and 2.48 A).
Moreover, it formed an electrostatic m-anion interaction (orange
dashed line) with the amino acid Glu465 (3.75 A, Fig. 6B). Fig. 6C
shows the simulated docking between celestrol and the connective
interface of the spike-ACE2 complex (binding affinity: —8.3 kcal/
mol). It also formed two hydrophobic m-alkyl interactions (light
purple dashed lines) with the amino acids Pro389 (4.66 A) and
His34 (5.38 A). It also formed five hydrophobic alkyl-alkyl in-
teractions (dark purple dashed lines) with the amino acids Pro389
(4.79 A, 5.10 A, and 5.27 A), Leu29 (4.67 A), and Lys26 (4.73 A). In
addition, it formed two electrostatic hydrogen-bonding in-
teractions (green dashed lines) with the amino acids Arg393
(2.14 A) and Ala386 (2.56 A, Fig. 6D).

Fig. 7A showed the simulated docking between saikosaponin C
and the RBD of the ACE2-free spike protein (binding
energy: —8.6 kcal/mol). Saikosaponin C formed four hydrophobic
m-alkyl interactions (light purple dashed lines) with the amino
acids Phe486 (4.25 A, 5.30 A, and 5.34 A) and Tyr449 (4.59 A). It also
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formed ten hydrophobic alkyl-alkyl interactions (dark purple
dashed lines) with the amino acids 1le468 (4.20 A and 5.25 A),
Leud92 (4.14 A, 4.62 A, 4.87 A, and 5.35 A), and Leud52 (3.96 A,
4.68 A, 4.85 A, and 5.48 A). Additionally, it formed four electrostatic
hydrogen-bonding interactions (green dashed lines) with the
amino acids Glu471 (2.35 A), Asn354 (2.83 A), and Asn450 (2.98 A
and 2.69 A, Fig. 7B). Fig. 7C showed the simulated docking between
saikosaponin C and the connective interface of the spike-ACE2
complex (binding energy: 9.1 kcal/mol). It also formed a hydro-
phobic m-alkyl interaction (light purple dashed lines) with the
amino acid His34 (5.01 A). Besides, it also formed a hydrophobic
alkyl-alkyl interaction (dark purple dashed lines) with the amino
acid Lys417 (4.34 A). In addition, it formed two electrostatic
hydrogen-bonding interactions (green dashed lines) with the
amino acids Asp30 (2.61 A) and Asn460 (2.50 A, Fig. 7D).

Fig. 8A showed the simulated docking between epimedin C and
the RBD of the ACE2-free spike protein (binding energy: —8.2 kcal/
mol). Epimedin C formed two hydrophobic m-alkyl interactions
(light purple dashed lines) with the amino acids Leu492 (4.96 A)
and Phe486 (4.92 A). Besides, it also formed two hydrophobic alkyl-
alkyl interactions (purple dashed lines) with the amino acids
Lys462 (4.79 A) and Pro463 (4.62 A). Moreover, it also formed three
hydrophobic m-sigma interactions (dark purple dashed line) with
the amino acid Leu452 (3.78 A, 3.96 A, and 3.99 A). Furthermore, it
formed three electrostatic hydrogen-bonding interactions (green
dashed lines) with the amino acids Ser349 (2.08 A), Phe490
(2.16 A), and Leu492 (1.88 A, Fig. 8B). Fig. 8C showed the simulated
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Fig. 8. The docking simulation between epimedin C and the SARS-CoV-2 spike protein. (A) Epimedin C (orange stick) docked with the RBD of the ACE2-free spike protein (cyan
cartoon). (B) Epimedin C formed several electrostatic interactions (green dashed lines) and hydrophobic interactions (purple dashed lines) with amino acids (cyan sticks) in the RBD
of the spike protein. (C) Epimedin C docked with the site near the connective interface of the spike-ACE2 complex. The RBD of the spike protein and ACE2 are respectively shown in
green and red cartoons. (D) Epimedin C formed several electrostatic interactions (green dashed lines) and hydrophobic interactions (purple dashed lines) with amino acids near the

connective interface of the spike-ACE2 complex protein.

docking between epimedin C and the connective interface of the
spike-ACE2 complex (binding energy: 8.1 kcal/mol). It formed five
electrostatic hydrogen-bonding interactions (green dashed line)
with the amino acids Lys26 (2.56 A), Thr27 (1.89 A), Asn33 (2.16 A),
GIn96 (2.49 A), and Tyr473 (2.36 A). Besides, it also formed three
hydrophobic m-alkyl interactions (light purple dashed lines) with
the amino acids His34 (4.57 A) and Lys417 (5.19 A), Tyr421 (5.24 A).
In addition, it formed two electrostatic w-anion interactions (or-
ange dashed line) with the amino acid Asp30 (4.82 A and 4.86 A,
Fig. 8D).

Fig. 9A showed the simulated docking between torvoside K and
the RBD of the ACE2-free spike protein (binding energy: 8.8 kcal/
mol). Torvoside K formed two hydrophobic w-alkyl interactions
(light purple dashed lines) with the amino acid Tyr449 (4.77 A and
5.44 A). It also formed five hydrophobic alkyl-alkyl interactions
(dark purple dashed lines) with the amino acids Leu452 (4.08 A,
4.83 A, and 5.37 A), Pro463 (3.94 A), and Ala352 (3.92 A). In addi-
tion, it formed three electrostatic hydrogen-bonding interactions
(green dashed lines) with the amino acids Ser349 (2.04 A), Pro463
(3.02 A), and Leu492 (2.38 A, Fig. 9B). Fig. 9C showed the simulated
docking between torvoside K and the connective interface of the
spike-ACE2 complex (binding energy: 8.3 kcal/mol). It formed an
electrostatic hydrogen-bonding interaction (green dashed line)
with the amino acid Arg403 (2.49 A). Besides, it also formed a hy-
drophobic m-alkyl interaction (light purple dashed lines) with the
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amino acid Phe456 (4.93 A). Likewise, it also formed a hydrophobic
alkyl-alkyl interaction (dark purple dashed lines) with the amino
acid Lys417 (4.09 A, Fig. 9D).

Fig. 10A showed the simulated docking between amentoflavone
and the RBD of the ACE2-free spike protein (binding energy:
8.5 kcal/mol). Amentoflavone formed four hydrophobic m-alkyl
interactions (light purple dashed lines) with the amino acids
Leud52 (4.21 A), Leud92 (4.39 A and 4.6 A), and 1le468 (5.23 A).
Besides, it also formed a hydrophobic pi-pi T-shaped interaction
(pinking purple dashed line) with the amino acid Phe486 (4.81 A).
Moreover, it formed an electrostatic -anion interaction (orange
dashed line) with the amino acid Glu465 (4.44 A). Furthermore, it
formed an electrostatic hydrogen-bonding interaction (green
dashed lines) with the amino acid Phe490 (2.5 A, Fig. 10B). Fig. 10C
showed the simulated docking between amentoflavone and the
connective interface of the spike-ACE2 complex (binding energy:
9.1 kcal/mol). It formed six electrostatic hydrogen-bonding in-
teractions (green dashed lines) with the amino acids Lys26 (2.56 A),
Glu37 (2.22 A), Ala386 (2.25 A), Arg393 (2.09 A), Arg403 (2.23 A),
and Tyr505 (2.51 A). In addition, it also formed two hydrophobic -
alkyl interactions (light purple dashed lines) with the amino acids
Pro389 (4.47 A) and Lys417(5.04 A). Likewise, it also formed a hy-
drophobic pi-pi T-shaped interaction (pinking purple dashed line)
with the amino acid Tyr505 (5.94 A, Fig. 10D).
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Fig. 9. The docking simulation between torvoside K and the SARS-CoV-2 spike protein. (A) Torvoside K (gray stick) docked with the RBD of the ACE2-free spike protein (cyan
cartoon). (B) Torvoside K formed several electrostatic interactions (green dashed lines) and hydrophobic interactions (purple dashed lines) with amino acids (cyan sticks) in the RBD
of the spike protein. (C) Torvoside K docked with the site near the connective interface of the spike-ACE2 complex. The RBD of the spike protein and ACE2 are respectively shown in
green and red cartoons. (D) Torvoside K formed several electrostatic interactions (green dashed lines) and hydrophobic interactions (purple dashed lines) with amino acids near the

connective interface of the spike-ACE2 complex protein.

3.5. Lentivirus particles pseudotyped (Vpp) with SARS-CoV-2 spike
protein infection assay

We selected the dioscin, celastrol, epimedin C, amentoflavone,
torvoside K, and Saikosaponin C to treat 293T/hACE2 cells to
examine their inhibitory activity. We discovered that cells with
dioscin, celastrol, epimedin C, amentoflavone, torvoside K, and
Saikosaponin C treatments significantly and consistently inhibited
the 50—90% of SARS-CoV-2 viral infection efficacy (Fig. 11).

3.6. Cell viability

To observe the toxicity of these antiviral potential compounds in
normal cells, cytotoxicity assessment of these compounds was
carried out by 293T cells in MTT assay. We found that the IC5q value
of torvoside K, epimedin, amentoflavone, and saikosaponin C were
greater than 100 uM; the ICsg value of dioscin and celastrol were
1.5625 pM and 0.9866 puM, respectively (Fig. 12).

3.7. Estimation of ADME/T and drug-likeness properties

The predictions of the molecular physicochemical properties
and drug-likeness are useful for drug development. The web tools,
such as the admetSAR (version 2.0) website, Drug Likeness Tool
(DruLiTo) website, and Chemicalize website were useful for the
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prediction of molecular physicochemical properties and estimation
of drug-likeness. In Table 3, the data reported that candidine, dio-
scin, and saikosaponin C had higher possibilities to become suc-
cessful drugs than others through the estimations of five drug-
likeness rules (Lipinski's rule, Ghose Filter, CMC-50 like rule,
Veber rule, MDDR-like rule). Table 4 showed the molecular physi-
cochemical properties of the 6 potential natural products. The re-
sults predicted that celastrol, saikosaponin C, epimedin C, and
amentoflavone had the positive (+) ability in human intestinal
absorption; saikosaponin C, epimedin C, and torvoside K had higher
water solubility than others; The 6 compounds were safe in
carcinogenicity.

4. Discussion

Notably, we identified the 6 natural products, including dioscin,
celastrol, saikosaponin C, epimedin C, torvoside K, and amento-
flavone, which have been respectively isolated from Dioscorea
nipponica Makino,’” Tripterygium wilfordii Hook.f. [Celastraceae],>®
Bupleurum chinense DC. [Apiaceae],?” Epimedium brevicornu Maxim.
[Berberidaceae],*® Solanum torvum Sw. [Solanaceae],>® and Cun-
ninghamia lanceolata (Lamb.) Hook.,*° These 6 compounds passed
through all of the filters applied, with good binding energies
(—10.0 kcal/mol < binding energy < —8.0 kcal/mol), strong AG
values (—37 kJ/mol < AG < —26 kJ/mol), strong binding affinities,
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Fig. 10. The docking simulation between amentoflavone and the SARS-CoV-2 spike protein. (A) Amentoflavone (marine stick) docked with the RBD of the ACE2-free spike protein
(cyan cartoon). (B) Amentoflavone formed several electrostatic interactions (green dashed lines) and hydrophobic interactions (purple dashed lines) with amino acids (cyan sticks)
in the RBD of the spike protein. (C) Amentoflavone docked with the site near the connective interface of the spike-ACE2 complex. The RBD of the spike protein and ACE2 are
respectively shown in green and red cartoons. (D) Amentoflavone formed several electrostatic interactions (green dashed lines) and hydrophobic interactions (purple dashed lines)

with amino acids near the connective interface of the spike-ACE2 complex protein.

based on the Ky values (0.4 pM < Kgq < 16 uM), and the good
inhibitory activity of viral infection (50 ~ 90% inhibitory rate). The
other compounds listed in Table S1 have reasonable binding en-
ergies of approximately —8 kcal/mol, which may be considered in
future phenotypic assays. These compounds may be able to reduce
the binding between the viral spike protein and the human ACE2
protein. Among the 39 identified compounds, we also found that
dioscin, actinomycin D, and saikosaponin C have previously been
reported to exert antiviral activity against other viruses (Table S2),
which combined with our binding affinity results and druglikeness
predictions, suggest that dioscin might be the most promising
candidate for further development into a potential drug against
SARS-CoV-2 activity. The 6 natural products that we discovered
from the database have the potential ability to bind to the viral
spike protein to affect the binding affinity between the viral spike
protein and the human ACE2 protein in vitro. However, the efficacy
of the compounds required additional testing using in vivo assays.

Natural products have been found to be beneficial and have long
been used to develop effective drugs against several diseases.!
Therefore, we examined our endemic TDEC, which is rich and
diverse in natural product resources derived from traditional
medicine, domestic microbes, and marine organisms. The results
reported here describe the performance of a structure-based virtual
screening combined with ITC binding assay and Vpp infection assay
to identify natural products from among an existing database to
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identify compounds with the potential to prevent the interaction
between the SARS-CoV-2 spike protein RBD and the ACE2 receptor
of the host cell. Although, the bioactivity of the 6 compounds was
verified to have good binding affinities with the S1 domain of the
spike protein through the ITC binding assay and the ability of
inhibitory SARS-CoV-2 virus infection was verified by in vitro
lentivirus particles pseudotyped (Vpp) infection assay, the in vivo
investigations are remaining necessary to confirm the abilities of
those potential compounds for against SARS-CoV-2 infections.
Until now, many approaches have been devoted to finding
compounds binding to ACE2-free SARS-CoV-2 spike protein against
viral infection.**** Besides, several kinds of research using protein-
protein interaction analysis to find compounds, such as zanamivir,
for the inhibition of viral spike protein binding to human ACE2
protein through spike-ACE2 complex analysis.**** For example,
hesperidin, a natural product, had been reported its disrupt the
binding interface between the spike protein and ACE2.*> The above
approaches are valuable and useful strategies to design antiviral
activity compounds for preventing binding between viral spike
protein and human ACE2 protein. In this study, the major aim of our
approach is to discover potential compounds binding to viral spike
protein to prevent viral infection. Our strategy is coupled with the
above two strategies that were based on the ACE2-free spike pro-
tein and ACE2-complex proteins analysis. The benefit of our virtual
screening strategy is not only finding the potential compounds
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binding to prefusion viral spike protein but also finding compounds
binding to the connective interface of the spike-ACE2 complex.
Besides, we confirmed the bioactivity of the 6 potential natural
products by ITC binding assay and Vpp infection assay. We expected
that the 6 compounds not only inhibit the binding between viral
spike protein and ACE2 protein but also interfere with the complex
process of the viral entry mechanism, such as the coordination
between receptor binding and spike protein (S1/S2), at the ACE2-
spike complex states.*’> Moreover, the 6 compounds are natural
products, we also expected those compounds are safe and benefi-
cial for drug developments.

ACE2 plays an important role in Renin-Angiotensin System
which regulates blood volume and systemic vascular resistance.
SARS-CoV-2 spike protein inhibitors inhibit viral infection by
blocking the interaction between spike protein and ACE2 protein,
and these inhibitors may interfere with ACE2 physiological function
to abolish blood pressure regulation. Therefore, the side effect of
spike protein inhibitors is necessary to be considered. ACE2 in-
hibitors have been reported that inhibit spike protein-mediated
SARS virus infection, and decrease ACE2 enzymatic activity in a
dose-dependent manner. In contrast, the ACE-2-interacting
Domain of SARS-CoV-2 (AIDS) peptide can decrease SARS-CoV-2
infection by blocking ACE2 and SARS-CoV-2 interaction without
drug-related side effects. Therefore, the binding site of spike pro-
tein inhibitors may modulate Renin-Angiotensin System-associ-
ated side effects.*>~*

We found that dioscin, actinomycin D and saikosaponin C had
been reported that they had anti-virus activity in previous studies
(Table S2). Dioscin can inhibit the initial stage of adenovirus
infection in 293 cells*®; in our Vpp infection assay, dioscin pre-
vented more than 80% of the virus to infect cells in 8.69 mg/L
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Fig. 11. ACE2 overexpressing 293T cells were pre-treated with DMSO only, dioscin
(10 uM), celastrol (10 uM), epimedin C (10 uM), amentoflavone (10 uM), torvoside K
(10 uM), and Saikosaponin C (10 pM) for 2 h, respectively and then inoculated with
lentivirus particles pseudotyped (Vpp) with SARS-CoV-2 Spike protein for 24 h.
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(10 uM), which is lower than the solubility of the compound (0.2 g/
L). Actinomycin D can inhibit measles virus replication and RNA
synthesis in Vero cells.*® Saikosaponin C has anti-HBV replication
activity.’® Among that, dioscin and saikosaponin C had been iden-
tified that they can inhibit the SARS-CoV-2 viral infection in vitro.
Besides, the estimation of ADME/T and drug-likeness also indicated
that dioscin and saikosaponin C had passed the Veber rule and
MDDR-like rule estimation (Tables 3 and 4). Dioscin and saikosa-
ponin C may be considered as potential compounds for developing
anti-SARS-CoV-2 drugs.

The quantification of protein is one of the important processes in
carrying out ITC binding assay. There are many common and useful
methods had been applied to the biochemical analysis of protein,
such as Lowry, Bradford, bicinchoninic acid (BCA), UV spectroscopic,
and 3-(4-carboxybenzoyl)quinoline-2-carboxaldehyde (CBQCA) as-
says.”! Among them, the Bradford assay is a popular, simple, rapid,
inexpensive, and sensitive assay. It is based on the direct binding of
Coomassie brilliant blue G-250 (CBBG) dye to the proteins.’! In our
study, we employ the Bradford assay to analyze the quantification of
SARS-CoV-2 spike protein. It is based on the following reasons.
Firstly, the Bradford assay has widely been used in biochemical
analysis of protein quantitation in ITC binding assay. Secondly, it is
faster, cheaper, and easier for us than other protein analyses.
Therefore, the Bradford assay is adopted to carry out quantification
of protein analysis in this study. Although some of the methods for
the quantification of protein is a high accuracy, it is less used to carry
out protein analysis for ITC binding assay. For example, amino acid
analysis (AAA) is one of the accurate assays for protein quantifica-
tion.>> However, it is much less to be adopted to implement quan-
tification of protein by AAA for ITC binding assay. Until now, we do
not find the literature that quantification of protein was carried out
by AAA for ITC binding assay. Moreover, we lack the necessary types
of equipment and skills for carrying out AAA. Therefore, we employ
the Bradford assay for protein analysis in this study. It is one of the
limitations of this study.

The SARS-CoV-2 virus enters human cells through viral spike
protein binding to human ACE2 protein. Considering the SARS-
CoV-2 virus is a biosafety-level-3 virus, a simplified assay using
pseudotyped biosafety-level-2 viral particles with viral spike pro-
tein is necessary.” In this study, we employ lentivirus particles
pseudotyped (Vpp) with SARS-CoV-2 spike protein infection assay
to further verify the antiviral activity of these potential natural
products. In this assay system, the 293T cells are transfected with
an HIV-based lentiviral system that can produce SARS-CoV-2 Spike-
pseudotyped lentiviral particles. And then, to make viral particles
infect 293T cells expressing human ACE2.>> Finally, to measure the
Luciferase expression to estimate the inhibitory of viral infection of
test compounds.53 Our results showed that dioscin, celastrol, sai-
kosaponin C, epimedin C, torvoside K, and amentoflavone display
good inhibitory activity decreasing the binding between SARS-CoV-
2 spike and ACE2 protein. Therefore, these potential natural prod-
ucts may have the ability against SARS-CoV-2 viral infection.

5. Conclusion

This study was performed to identify potential drugs for COVID-
19 therapy. We virtually screened more than 2,000 drugs against
the RBD of the SARS-CoV-2 spike protein. After data mining and
filtering out unfitted compounds, we identified 39 compounds with
high estimated binding affinities with the targeted spike protein.
Among these identified compounds, the 6 natural products,
including dioscin, celastrol, saikosaponin C, epimedin C, torvoside
K, and amentoflavone, were further analyzed to verify the binding
affinity with the target protein using ITC. Besides, we also discov-
ered that cells with dioscin, celastrol, epimedin C, amentoflavone,
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Fig. 12. Effects of natural compounds on cell viability 293T cells were treated with different concentrations of (A) Torvoside K, (B) Epimedin C, (C) Amentoflavone, (D) Saikosaponin
C, (E) Dioscin, and (F) Celastrol for 48 h in MTT assay. Data are the mean + S.D. of three independent experiments. *p < 0.05 and **p < 0.01 versus control.

Table 3

The physiochemical properties and drug-likeness in 6 potential natural products.
Compound Physiochemical properties Druglikeness rules

Mw? logp Alogp HBA® HBD* TPSA* AMR® nRB* nAtom® RC' nRigidB® [LR* GF* C(CR* VR' MR'

Dioscin 79592  2.836 —3.964 16 0 73.84 208.67 7 61 9 62 0 0 0 1 1
Celastrol 41299 798 2.483 4 0 34.14 134.33 1 34 5 36 0 0 0 1 0
Saikosaponin C ~ 863.91 2.417 —4.103 18 0 64.61 23027 9 66 9 65 0 0 0 1 1
Epimedin C 771.9 0.258 —3.863 19 0 90.91 205.56 11 58 6 52 0 0 0 0 1
Torvoside K 67593  2.734 -3.142 13 0 55.38 17815 4 52 8 55 0 0 0 1 0
Amentoflavone  519.95  2.03 —0.839 10 0 52.6 15786 3 40 6 42 0 0 0 1 0

2 MW: Molecular weight; HBA: Hydrogen bond acceptor; HBD: Hydrogen bond donor; TPSA: Topological polar surface area; AMR: molar refractivity; nRB: Number rotation
bond; nAtom: Number atom; RC: Number of Ring; nRigidB: Number of rigid bond; LR: Lipinski's rule; GF: Ghose Filter; CR: CMC-50 like rule; VR: Veber rule; MR: MDDR-like

rule.

Table 4
The pharmacokinetics, water solubility, and toxicity prediction in 6 potential natural products.
Compound Pharmacokinetics Water solubility Toxicity prediction
Human intestinal logS Solubility Human either-a-go-go Ames Acute oral toxicity — Carcinogenicity
absorption category inhibition mutagenesis (c) (trinary)
Dioscin — —4.1278 Moderate —+ — 11 Non-required
Celastrol + —3.8627 low + - il Non-required
Saikosaponin C + —3.7177 High + - I Non-required
Epimedin C + —3.4068 High —+ — 11 Non-required
Torvoside K - —3.9448 High + - I Non-required
Amentoflavone + —3.3648 Low -

- Il Non-required
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torvoside K, and Saikosaponin C treatments significantly and
consistently inhibited the 50—90% of SARS-CoV-2 viral infection
efficacy. Our results suggested that these 6 natural products bind-
ing to the viral spike protein with strong affinities and antiviral
efficacy. We believe that these compounds could represent poten-
tial drugs for the treatment and prevention of SARS-CoV-2 infec-
tion. These identified compounds require further validation in
animal-based tests to determine their potential to be developed
into anti-SARS-CoV-2 therapies.
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