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ARTICLE INFO ABSTRACT

Keywords: The COVID-19 pandemic has underscored the urgent need for antiviral agents capable of targeting a broad range
Alkaloids of coronaviruses, including emerging variants of SARS-CoV-2. While vaccines have been pivotal, the search for
COVID-19

drugs that can prevent viral entry into host cells remains crucial, especially against evolving viral forms and other
coronaviruses. In this study, we investigated natural products as a source of antiviral agents, focusing on their
potential to block the spike protein’s receptor-binding domain (RBD). Utilizing a library of over 210,000 natural
product-based compounds from the ZINC database, we employed a Snakemake workflow to screen for inhibitors
against RBDs of SARS-CoV-2, its variants, SARS-CoV, and MERS-CoV. Among top N-heterocyclic candidates from
virtual screening we found that one compound, ie., ((2 R,8S)-6-(1-benzylpiperidin-4-yl)-2-naphthalen-1-yl-
3,6,17-triazatetracyclo[8.7.0.03,8.011,16]heptadeca-1(10),11,13,15 tetraene-4,7-dione), inhibited SARS-CoV-2
pseudovirus and live virus entry in HEK-ACE2 and Vero E6 host cells at low micromolar ICsy values. Cell
viability assays showed that this compound exerted low cytotoxicity towards HEK-ACE2 while it was not toxic
against Vero E6 and MRCS5 cell lines. Microscale thermophoresis revealed that this compound strongly bound to
the RBDs of SARS-CoV-2, SARS-CoV-2 XBB, SARS-CoV, MERS-CoV, and HCoV-HKU1, with their K4 values
increasing as sequence similarity decreased. Molecular docking studies indicated this active compound binds to
the SARS-CoV-2 spike protein RBD and interacts with hotspot amino acid residues required for the RBD-ACE2
interaction and cellular infection. These findings show that this diketopiperazine/piperidine-type alkaloid can
be considered for further development as a potential pan-coronavirus entry inhibitor.

Natural products
SARS-CoV-2 spike protein
Virtual drug screening

1. Introduction

The COVID-19 pandemic caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) had a profound impact on global
health, marking the fifth viral pandemic since the 1918 influenza
outbreak [1]. Following its first report in Wuhan, China in 2019, it
quickly spread around the world with more than 7 million fatalities and
close to 776 million reported cases as of September 2024 [2]. While
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vaccines, monoclonal antibodies, and antiviral drugs have been devel-
oped and deployed to curb the spread of SARS-CoV-2, the continuous
emergence of new mutant strains, particularly the Omicron subvariants,
poses a significant challenge. These variants have demonstrated an
increased ability to evade immune detection, reducing the efficacy of
existing vaccines and antibody therapies [3,4]. Furthermore, re-
infections have a cumulative impact, emphasizing the need for robust
and enduring antiviral interventions [5,6]. Current antiviral therapies
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for SARS-CoV-2, such as molnupiravir and remdesivir, target the
RNA-dependent RNA polymerase (RdRp), while Paxlovid® inhibits the
main protease (Mpro). However, these treatments are not without lim-
itations. Concerns about the mutagenic potential of molnupiravir,
resistance development to remdesivir, and significant drug-drug in-
teractions with Paxlovid® highlight the need for novel antiviral agents
[7]. To date, no small molecule has been approved to target the spike
protein, a trimeric structure on the viral surface that plays a vital role in
the attachment of the virus and its entry into host cells. Notably, no
approved small molecule currently targets the spike protein, a key
component responsible for viral attachment and entry into host cells.
The spike protein, a trimeric structure, consists of two subunits S1 and
S2, each with distinct domains crucial for its function [8]. The
receptor-binding domain (RBD) within the S1 subunit plays a pivotal
role in binding to the angiotensin-converting enzyme 2 (ACE2) receptor
on host cells, facilitating viral entry [9]. Given the central role of the
spike protein RBD in the viral infection process, it represents a promising
target for therapeutic intervention.

Natural products have demonstrated substantial potential as anti-
viral agents against SARS-CoV-2 and related respiratory viruses. Several
bioactive compounds, including flavonoids, terpenoids, alkaloids, and
phenolics, have shown inhibitory effects on key viral targets such as the
main protease (Mpro), papain-like protease (PLpro), and the receptor-
binding domain (RBD) of the spike protein. For instance, hypericin
has demonstrated broad-spectrum inhibitory activity against the main
protease (Mpro) of coronaviruses|10]. EGCG, the most active compound
extracted from green tea and betulinic acid, is reported to blocks the
binding and attachment of the RBD to the ACE2 receptor, reducing the
infection rate, inhibiting virus infections[11]. Drug discovery and
development remain costly and time-intensive endeavors [12]. Recent
advances in computer-aided drug discovery (CADD) offer a solution to
expedite this process, particularly through in silico screening methods
that have proven invaluable during the COVID-19 pandemic [13]. These
approaches allow for the rapid identification and optimization of po-
tential drug candidates, significantly reducing the time and costs asso-
ciated with traditional drug discovery methods. In this study, we
employed a high-throughput in silico screening approach using a
Snakemake workflow on the high-performance computing cluster
“Mogon II” [14,15]. This automated, reproducible workflow enabled the
efficient screening of over 210,000 natural product-based small mole-
cules from the ZINC database against the RBD of the SARS-CoV-2 spike
protein, its variants, SARS-CoV, and MERS-CoV. Following virtual
screening, we conducted in vitro experiments to evaluate the top can-
didates’ efficacy, aiming to develop a broad-spectrum entry inhibitor
against the coronavirus family. This approach ensured automated,
highly reproducible execution, facilitating the efficient screening of 210,
541 natural-based small molecules from the ZINC database against the
receptor-binding domain (RBD) of the spike protein of SARS-CoV2, its
variants, SARS-CoV1, and MERS-CoV. Subsequently, we tested the top
candidates through various in vitro experiments to develop a pan-entry
inhibitor against the coronavirus family.

2. Materials and methods
2.1. Cell lines

Human embryonic kidney cells (HEK-ACE2) were purchased from
ATCC (American Type Culture Collection, Virginia, USA). The HEK
293 T cell line was generously provided by Dr. Helen May-Simera
(Institute of Molecular Physiology, Johannes Gutenberg University,
Mainz, Germany). They were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco, Eggenstein, Germany) supplemented with
10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin (P/S)
(Invitrogen, Darmstadt, Germany). Human fetal lung fibroblast cells
(MRC-5) were acquired from Dr. Sebastian Zahnreich (Department of
Radiation Oncology and Radiation Therapy, University Medical Center
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of the Johannes Gutenberg University, Mainz, Germany) and cultured in
DMEM, low glucose, pyruvate medium with 15 % FBS, 1 % P/S, and 1 %
MEM. Non-essential amino acids (Thermo Fisher, Dreieich, Germany)
were used for cultivation. Vero E6 cells were obtained from ATCC and
cultured in DMEM supplemented with 10 % FBS, 1 % L-glutamine
(Capricorn Scientific, Epsdorfergrund, Germany), and 1 % P/S. All cell
lines were incubated in a humidified atmosphere at 37 °C and 5 % CO,.

2.2. Compounds

The top 30 compounds selected from virtual screening were pur-
chased from Vitas M Chemical (Hong Kong SAR, China). The compounds
had a purity of > 90 %. All compounds were dissolved in DMSO at a
concentration of 20 mM and stored at —20 °C.

2.3. Virtual drug screening

Virtual screening and estimation of binding affinities were per-
formed using a Snakemake workflow that implemented automated steps
of structural-based screening. The workflow uses Snakemake (version
6.0.5) for the workflow orchestration, Vina LC (version 1.3.0) for
structure-based ligand screening, Open Babel (version 3.0.0) to convert
chemical data formats, build indices of datasets, search for sub-
structures, and minimize energy, and Biopython (version 1.75) for the
preparation of the target structure. Three major steps constituted the
presented workflow: First, preprocessing including, downloading library
of 210,541 natural product-based compounds, downloading the target
structures (SARS-CoV-2 PDB ID: 7CWM) and preparing ligands by
removing error causing structures and energy minimization, removing
unwanted structures from the target files and converting those to pdbqt
file format and providing the grid box file for the target structures,
screening and postprocessing. Second, screening: After preparing the
protein structures and compounds using the programs implemented in
the workflow, the actual screening takes place. First, only the spike
protein of SARS-CoV2 (PDB ID: 7CWM) is screened. The top 30 % of the
results, based on their lowest binding energy (cutoff value —8 kcal/mol),
are then re-screened with the spike protein of the variants of concern for
SARS-CoV-2 (D614G) PDB ID: 7bnn, Epsilon variant PDB ID: 7n8h,
Gamma variant PDB ID: 7m8k, Beta variant (B.1.351) PDB ID: 7lyn,
Alpha variant (B.1.1.7) PDB ID:7edf, the Swiss model was used to model
the spike protein of Delta and Mu variants, as well as SARS-CoV1 (PDB
ID:6acd) and MERS-CoV (PDB ID:6nb03).

2.4. Plasmids

To produce pseudoviruses, the following plasmids were obtained
from BEI Resources (Littleton, CO, USA): pHAGE-CMV-Luc2-IRES-
ZsGreen-W (Cat. # NR-52516), HDM-Hgpm2 (Cat. # NR-52517),
HDM-tatlb (Cat. # NR-52518), pRC-CMV-Revlb (Cat. # NR-52519),
pHAGE2-CMV-ZsGreen-W (Cat. # NR-52520), and HDM-IDTSpike-
fixK-HA-tail (Cat. # NR-53765). The plasmids were amplified using
One Shot™ TOP10 chemically competent E. coli (Invitrogen, Thermo
Fisher,) and subsequently extracted and purified using the Plasmid Plus
Maxi Kit (QIAGEN, Hilden, Germany) to generate a working stock.

2.5. Production of SARS-CoV-2 pseudoviruses and titration

HEK 293 T cells were cultured in DMEM medium supplemented with
10 % FBS to reach 70-80 % confluency the following day. The cells were
transfected 24 h post-seeding using Lipofectamine™ 2000 transfection
reagent (Invitrogen, Thermo Fisher) with 1 ug of the Luciferase IRES
ZsGreen (NR-52516) backbone, along with 0.22 ug each of the plasmids
HDM-Hgpm2 (NR-52517), pRC-CMV-Revlb (NR-52519), and HDM-
tatlb (NR-52518), and with or without 0.34 pg of SARS-CoV-2 spike
(NR-53765) as a negative control. At 18 h post-transfection, the medium
was replaced with fresh DMEM. Supernatants were collected at 48 and
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72 h post-transfection, centrifuged at 1250 rpm for 3 min, and stored at
—80 °C. For pseudovirus titration, HEK-ACE2 cells were seeded at a
density of 12,500 cells per well in white 96-well plates (Cat. # 655074;
Greiner, Frickenhausen, Germany). A serial dilution of spike-
pseudotyped Luciferase IRES ZsGreen virus was prepared 24 h later,
starting from undiluted virus and making six 1:2 dilutions. Then, 24 h
after infection, the cell supernatants were replaced with 50 ul of fresh
medium per well, followed by the addition of 50 ul of Bright-Glo
Luciferase Assay reagent (E2610; Promega, Walldorf, Germany). The
cells were incubated for 2 min at room temperature. The luciferase ac-
tivity was then measured using an Infinite M2000™ Pro plate reader
(Tecan, Crailsheim, Germany). The luciferase activity, expressed as
relative light units (RLU) versus virus dilution, was plotted. The amount
of pseudovirus selected for further assays exhibited a signal intensity
over 10,000-fold above the cell-only background and was within the
linear range of the curve [16,17]. Bald virus expressing no viral spike
protein were used as a negative control.

2.6. Pseudovirus inhibition assay

HEK-ACE2 cells (12,500 cells/well) were seeded in white 96-well
plates (Greiner, Cat. #655074) 1 d prior to infection. The next day,
pseudoviruses were incubated at 37 °C for 1.5 h with either 30 pM of the
test compounds or DMSO before being added to the cells. At 24 h post-
infection, the medium was replaced with 50 pl of fresh medium per well,
followed by the addition of 50 pl of Bright-Glo Luciferase reagent
(E2610, Promega). The plates were incubated in the dark at room
temperature for 2 min, and luminescence was measured using an Infinite
M2000 Pro™ plate reader (Tecan) with a luminescence integration time
of 1 sec. Compounds that exhibited more than 50 % inhibitory activity at
30 uM were selected for subsequent dose-response studies, ranging from
0 to 30 uM. Etravirine was used as a positive control [18]. The per-
centage of infection was calculated using the formula: % infection
= [(mean RLU from each sample (virus + compound) - mean RLU from
negative cell control) / (mean RLU from virus control - mean RLU from
negative cell control)] x 100. The percentage of infection versus the log
concentration of the inhibitors was used to calculate ICsq values [16,17].
For a confirmatory assay, fluorescence microscopy was performed using
EVOS digital inverted microscope (Life Technologies GmbH, Darmstadt,
Germany). HEK-ACE2 cells (10,000 cells/well) were plated in black
96-well plates (Greiner, Cat. #655936) 1 d before infection. On the day
of infection, pseudoviruses were incubated at 37 °C for 1.5 h with 5 uM
test compounds or DMSO. At 72 h post-infection, GFP fluorescence was
quantified EVOS digital inverted microscope (Life Technologies GmbH,
Darmstadt, Germany) and the results were analyzed using ImageJ.

2.7. SARS-CoV-2 propagation and quantification

A SARS-CoV-2 isolate (referred to as the “Essen isolate“) derived
from patient material, was utilized for infection experiments following
the protocol described previously [19]. Vero E6 cells were seeded at a
concentration of 2 x 10° cells in a T75 flask and incubated for 24 h at
37 °C with 5 % COy in DMEM supplemented with 10 % FBS, 1 %
L-glutamine, 1 % penicillin, and 1 % streptomycin. Subsequently, the
cells were infected with the isolated virus and maintained for an addi-
tional 72 h under the same conditions. The culture supernatant was then
clarified by centrifugation and stored at —80 °C. Viral concentrations
were determined using an endpoint dilution assay to quantify the 50 %
tissue culture infective dose (TCIDsp). All experiments with infectious
SARS-CoV-2 isolates were conducted under BSL3 conditions at the
Institute of Virology of the University Hospital Essen, Germany.

2.8. SARS-CoV-2 in-cell ELISA procedure

Virus infections were quantified using an in-cell ELISA method based
on a recently published protocol [20]. Cells were seeded at a density of
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2 x 10* per well in a flat-bottom 96-well plate 1 d prior to infection.
Then, inhibitory compounds were added for at least 30 minutes, prior to
infection with SARS-CoV-2 for 24 h. Subsequently, cells were fixed with
4 % paraformaldehyde in phosphate-buffered saline (PBS). Per-
meabilization was achieved using a 1 % Triton-X-100 solution in PBS,
followed by blocking with 3 % fetal calf serum (FCS) in PBS. The primary
antibody (Anti-SARS-CoV-2 Nucleocapsid monoclonal antibody
ABIN6952435, Antibodies Online, Aachen, Germany) was then added
and incubated for 2 h at room temperature. Subsequently, a
peroxidase-labeled secondary antibody (Cat. # 115-035-003, Jackson
ImmunoResearch, Cambridge, UK) was applied for an additional hour,
followed by washing with a 0.05 % Tween-20 solution in PBS. Finally,
tetramethylbenzidine (TMB) substrate was added, and the enzymatic
reaction was halted using 0.5 M HCI. The absorbance of the resulting dye
was measured at 450 nm using a Spark® 10 M multimode microplate
reader (Tecan).

2.9. Cell viability assay

Cell viability was evaluated using the resazurin assay, following the
protocol previously described [21]. MRC-5 and HEK-ACE2 were seeded
in 96-well plates at densities of 2 x 10% cells/well and 1 x 10* cells/well,
respectively, and incubated overnight prior to treatment. The following
day, cells were exposed to ten different concentrations of compounds
ranging from 0.3 to 100 uM. After a 24-h incubation period, 20 pl of
0.01 % resazurin solution (Promega) was added to each well. Fluores-
cence intensity was measured following a 4-h incubation using an
Infinite M2000™ Pro plate reader (Tecan) at an excitation/emission
wavelength of 550 nm/590 nm. Cell viability was assessed relative to
the DMSO control, with a final concentration of 0.5 % DMSO in the
solution. The CCsq values, indicating the concentration causing 50 %
cytotoxicity, were determined relative to the DMSO-treated control.
Each experiment was repeated three times, with six wells per concen-
tration per repetition. Vero E6 cells were seeded at a density of 20,000
cells per well in 96-well plates and incubated overnight. The next day,
the cells were exposed to varying concentrations of chemicals. After a
24-h incubation period, the media were replaced with 100 pl of fresh
medium. Subsequently, 20 pl of CellTiter-Blue™ reagent (Promega)
were added to each well, and the plates were incubated at 37 °C with
5 % COg for 4 h. A Spark® 10 M multimode microplate reader (Tecan)
was used to measure fluorescence, exciting the cells at 560 nm and
detecting emitted light at 590 nm, to assess cell viability after treatment.

2.10. Sequence alignment

The complete amino acid sequences of the receptor-binding domain
(RBD) from the spike proteins of SARS-CoV-2 (PODTC2), SARS-CoV
(P59594), MERS-CoV (K9N5Q8), and HCoV-HKU1 (Q0ZME?7) were
retrieved from the UniProt database. For the SARS-CoV-2 variant XBB.1,
sequences were obtained from the Protein Data Bank (PDB ID: 8iou).
Sequence alignment was conducted using Clustal Omega (EMBL-EBI,
Wellcome Genome Campus, Hinxton, Cambridgeshire, UK), and
graphical representations were generated using Jalview 2.11.3.2 (Uni-
versity of Dundee, Scotland, UK).

2.11. Microscale thermophoresis

The recombinant RBD of spike proteins of SARS-CoV-2, SARS-CoV-2
XBB.1, SARS-CoV, MERS-CoV, and HCoV-HKU1 were obtained from
Bio-Techne (Wiesbaden, Germany) to conduct microscale thermopho-
resis (MST), following established protocols [22,23]. Briefly, these re-
combinant proteins were labeled using the Monolith Protein Labeling
Kit RED-NHS 2nd Generation (MO-L011, Nano Temper Technologies
GmbH, Munich, Germany) according to the manufacturer’s guidelines.
The final protein concentrations post-labeling were 1500 nM for
SARS-CoV-2, SARS-CoV-2 XBB.1, and HCoV-HKU1, 1000 nM for



Table 1
Virtual screening results of top 30 natural-derived selected compounds binding to the RBD of spike protein of different coronaviruses.
Compound ZINC-ID Compound-IUPAC name 7CWM 7BNN 7EDF 7LYN 7M8K Delta 7N8H Mu 6ACD 6NB3
number SARS- D614G Alpha Beta Gamma Variant Epsilon  Variant SARS- MERS-
CoV2 SARS- Variant Variant Variant Variant CoV CoV
CoV2
Compound 1 ZINC263586489  (2Z,9S)—2-(2,3-dihydro—1,4-benzodioxin—6-ylmethylidene)—9-(7-methyl —2- -10.8 -11.3 -11.3 -10.5 -11.6 -9.2 -10.5 -9.4 -12.4 -10.3
oxo-1H-quinolin—3-y1)—8,9-dihydrofuro[2,3-f]chromene—3,7-dione
Compound 2 ZINC253623674 (10 R)—3-(4-chlorophenyl)—5-hydroxy—10-(2-oxo-1H-quinolin—3-y1)—9,10- -10.6 —10.2 -10.3 -9.4 -11.2 -10.8 -10.8 -10.7 —10.2 -11.0
dihydropyrano[2,3-h]chromene—4,8-dione
Compound 3 ZINC85876788 (18,9 R)—11-[[6-[[4-(4-fluorophenyl)—3,6-dihydro-2H-pyridin—1-ylJmethyl] — -10.4 -10.5 -10.6 -9.8 -10.7 -9.4 -10.0 -8.8 -11.0 -10.3
5-hydroxy—1-methyl—4-oxopyridin—2-yllmethyl]—7,11-diazatricyclo
[7.3.1.02,7]trideca—2,4-dien—6-one
Compound 4  ZINC2104424 (2S,8S)—6-[(2-fluorophenyl)methyl] —2-naphthalen—1-y1-3,6,17- -10.4 -12.0 -9.9 -9.7 -10.7 —-9.4 -9.9 -10.0 -10.5 -10.5
triazatetracyclo[8.7.0.03,8.011,16]heptadeca—1(10),11,13,15-tetraene—4,7-
dione
Compound 5 ZINC70687282 6-[2-[(4aR,8aS)—4a-hydroxy—1,3,4,5,6,7,8,8a-octahydroisoquinolin—2-y1] —2- -10.4 -11.1 —-11.2 -9.4 -11.2 —8.7 -11.1 -9.2 -10.9 -11.3
oxoethyl]—5,9-dimethyl—3-naphthalen—2-ylfuro[3,2-g]chromen—7-one
Compound 6 ZINC108450839 (10 R)—5-hydroxy—3-(4-methoxyphenyl)—10-(6-0x0-5H-[1,3]dioxolo[4,5-g] -10.3 -10.4 -10.0 -9.9 -11.0 -10.4 -11.9 -10.7 -11.0 -10.6
quinolin—7-yl)—9,10-dihydropyrano[2,3-h]chromene—4,8-dione
Compound 7  ZINC15956900 (18,3 R,3aR,6aS)—1-(1H-indol—3-ylmethyl)—5-naphthalen—2-ylspiro -10.3 -11.5 -10.6 -11.7 -11.7 -10.4 -11.1 -9.0 -13.8 -11.8
[1,2,3a,6a-tetrahydropyrrolo[3,4-c]pyrrole—3,3-1H-indole] —2',4,6-trione
Compound 8 ZINC85878578 10 R)—5-hydroxy—3-(4-methoxyphenyl)—10-(7-methyl—2-oxo0-1H- -10.3 —10.5 -10.4 -9.9 -11.1 -10.2 -11.1 -10.4 -11.0 -10.4
quinolin—3-y1)—9,10 dihydropyrano[2,3-h]chromene—4,8-dione
Compound 9  ZINC108447506 (10 R)—5-hydroxy—3-(4-methoxyphenyl)—10-(7-ox0—3,6-dihydro-2H-[1,4] -10.3 -10.7 -10.4 -9.5 -11.2 -10.5 -11.9 -9.7 -11.3 -11.7
dioxino[2,3-glquinolin—8-y1)—9,10-dihydropyrano[2,3-h]chromene—4,8-
dione
Compound ZINC96114211 (10 R)—5-hydroxy—3-(4-hydroxyphenyl)—10-(7-methyl—2-oxo-1H- —10.2 —10.2 -10.6 —9.6 -11.1 —10.6 -11.4 -10.6 -11.3 -11.6
10 quinolin—3-y1)—9,10-dihydropyrano[2,3-h]chromene—4,8-dione
Compound ZINC883189 (6S,98)—6-(6-methyl—4-oxochromen—3-yl)—9-phenyl-5,6,8,9,10,11- -10.1 -10.3 -10.5 -10.0 -10.4 -9.3 -9.9 -9.1 -10.3 —-11.3
11 hexahydrobenzo[b][1,4]benzodiazepin—7-one
Compound ZINC70706632 (1 R,3 R,3aR,6aS)—5-(4-acetylphenyl)—5'-chloro—1-(1H-indol—3-ylmethyl)— -10.1 -11.0 -10.5 -9.6 —-11.2 -9.1 -10.5 —-8.6 -11.8 -11.1
12 7'-methylspiro[1,2,3a,6a-tetrahydropyrrolo[3,4-c]pyrrole—3,3-1H-indole] -
2/,4,6-trione
Compound ZINC253401787 (2 R)—10-hydroxy—2-(2-oxo—2-piperidin—1-ylethyl)—6-phenyl—5,13- -10.1 -10.5 -11.5 -10.8 -12.3 -10.1 -11.4 -89 -10.8 -12.4
13 dioxa—15-azapentacyclo[12.8.0.03,12.04,9.016,21]docosal(22),3(12),4
(9),6,10,14,16,18,20-nonaen—8-one
Compound ZINC85876098 (10 R)—5-hydroxy—3-(4-methoxyphenyl)—10-(2-oxo-1H-quinolin—3-y1)-9,10- =~ —10.1 —-10.8 —10.0 -9.7 -11.1 -10.3 -11.1 —10.2 -10.9 -10.3
14 dihydropyrano[2,3-h]chromene—4,8-dione
Compound ZINC253623643 (27,98)—2-(2,3-dihydro—1,4-benzodioxin—6-ylmethylidene)—9-(7- -10.1 -10.5 —-10.3 -9.3 -10.9 —8.8 -10.4 —8.8 -11.9 —10.3
15 methoxy—2-oxo-1H-quinolin—3-yl)—8,9-dihydrofuro[2,3-f]chromene—3,7-
dione
Compound ZINC70706585 (1 R,3 R,3aR,6aS)—5-(1,3-benzodioxol—5-ylmethyl)—7’-chloro—1-(1H- -10.0 -10.9 —-11.0 -10.7 -11.1 —9.7 —-11.4 —-9.7 -13.1 -10.9
16 indol—3-ylmethyl)spiro[1,2,3a,6a-tetrahydropyrrolo[3,4-c]pyrrole—3,3’-1H-
indole]—-2’,4,6-trione
Compound ZINC253399830 (10 R)—3-(4-chlorophenyl)—10-[2-(dimethylamino)quinolin—3-yl]—5- -10.0 -11.3 -9.8 -11.0 -11.1 -9.1 -10.4 -9.2 -12.0 -11.4
17 hydroxy—9,10-dihydropyrano[2,3-h]chromene—4,8-dione
Compound ZINC11867127 6-[2-[(4aR,8aS)—4a-hydroxy—1,3,4,5,6,7,8,8a-octahydroisoquinolin—2-yl] —2- -10.0 -10.6 12.0 -10.8 -11.6 -10.7 -11.1 -9.3 -11.4 -12.0
18 oxoethyl]—5-methyl—3-naphthalen—2-ylfuro[3,2-g]chromen—7-one
Compound ZINC253623842 (10 R)—3-(4-chlorophenyl)—5-hydroxy—10-(7-methoxy—2-oxo-1H- -10.0 -10.1 -9.6 -10.0 -11.4 -10.2 -11.3 -10.5 -10.6 -10.5
19 quinolin—3-yl)—9,10-dihydropyrano[2,3-h]chromene—4,8-dione
Compound ZINC70705159 (18,38,3aR,6aS)—5'-chloro—5-(2,3-dihydro—1,4-benzodioxin—6-yl)— 1-(1H- -10.0 -11.1 —-11.1 -9.2 -10.7 -9.0 -10.3 -8.6 -11.4 -10.9
20 indol-3 ylmethyl)spiro[1,2,3a,6a-tetrahydropyrrolo[3,4-c]pyrrole—3,3-1H-
indole] —2',4,6-trione
Compound ZINC8792352 10-[4-(3chlorophenyl)piperazine—1-carbonyl]—1,11 diazapentacyclo -10.0 -10.4 -10.6 -10.1 -11.2 -9.5 -11.1 -9.2 -12.2 -11.3
21 [10.7.1.02,7.08,20.013,18]icosa—-2,4,6,8,10,12(20),13,15,17-nonaen—19-one

(continued on next page)
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Table 1 (continued)

6NB3

6ACD
SARS-

Mu

Delta 7N8H

7M8K

7LYN

Beta

7EDF
Alpha

7BNN
D614G

SARS-

7CWM

SARS-

Compound-IUPAC name

ZINC-ID

Compound
number

MERS-
CoV

Variant Epsilon Variant

Gamma
Variant

CoV

Variant

Variant

Variant

CoV2

CoV2

-10.9 -11.0 -10.5 -11.4 -9.9 -11.6 —-10.1 -11.0 -10.8

-9.9

2-[5-[(10 R)—3-(4-chlorophenyl)—5-hydroxy—4,8-dioxo—9,10-dihydropyrano

[2,3-h]chromen—10-yl]furan—2-yl]benzoic acid

ZINC253401049

Compound

22

-10.6

-10.5

-10.2 -10.8 -10.7 -11.5 8.9 -9.9

-9.9

(2 R,115)-N-[(2S)—1-[(2-chloro—6-fluorophenyl)methylamino] —3-methyl—1-
oxobutan—2-yl]—9-oxo—10,20diazapentacyclo[11.7.0.02,10.03,8.014,19]

icosa—1(13),3,5,7,14,16,18-heptaene—11-carboxamide

ZINC70701640

Compound

23

-10.7 -10.7 -10.1 —-11.2 -9.9 -10.9 8.8 -11.0 -13.0

—-9.9

2-[[(6S)—10,10-dimethyl—9-oxa—2-azaspiro[5.5]undecan—2-yl]methyl]spiro

[3,6-dihydrobenzo[h]quinazoline—5,1'-cyclohexane] —4-one

ZINC19782240

Compound

24

-10.7

-11.6

-9.1

-10.5 -10.7 -9.8 —-10.8 -9.8 -10.7

-9.9

6-[3-[(4aR,8aS)—4a-hydroxy—1,3,4,5,6,7,8,8a-octahydroisoquinolin—2-yl] —3-

oxopropyl]—5-methyl—3-naphthalen—2-ylfuro[3,2-g]chromen—7-one

(5 R)—1-benzyl—5-(naphthalen—1-ylmethyl)—5-[[(1S,9 R)—6-

ZINC104739723

Compound

25

-10.9 -10.7 -11.7 -9.6 -10.3 -8.5 -12.4 -11.3

-11.1

-9.9

ZINC70670218

Compound

26

oxo—7,11diazatricyclo[7.3.1.02,7]trideca—2,4-dien—11-yllmethyl]—1,3-

diazinane—2,4,6-trione

-11.6 -11.4 -11.8 -12.9 -9.5 -11.8 -10.3 -11.7 -11.4

9.9

3-[3-(4-benzo[b][1,4]benzoxazepin—6-ylpiperazin—1-yl)—3-oxopropyl] —

ZINC85878218

Compound

27

3,13,21triazapentacyclo[11.8.0.02,10.04,9.015,20]henicosa—1(21),2

(10),4,6,8,15,17,19-octaen—14-one

-11.7 -11.0 -11.6 -11.8 -10.6 -10.9 8.9 -11.3 -10.7

-9.9

(2 R,85)—6-(1-benzylpiperidin—4-yl)—2-naphthalen—1-yl-3,6,17-

ZINC70686498

Compound

28

triazatetracyclo[8.7.0.03,8.011,16]heptadeca—1(10),11,13,15-tetraene—4,7-

dione

-10.3

-10.5

-8.3

-11.3 -8.7 -10.9

—9.7

-10.3 -10.3

-9.9

(15,3 R,3aR,6aS)—5-(2,3-dihydro—1,4-benzodioxin—6-yl)—1-(1H-indol—3-
ylmethyl)—6',7-dimethylspiro[1,2,3a,6a-tetrahydropyrrolo[3,4-c]

pyrrole—3,3-1H-indole] —2',4,6-trione

ZINC70699829

Compound

29

-10.4

-10.2

-9.1

—10.4 —10.0 —10.2 -10.8 -8.9 -11.2

-9.9

3-[2-[(4aS,8aR)—4a-hydroxy—1,3,4,5,6,7,8,8aoctahydroisoquinolin—2-yl]—2-

ZINC11867100

Compound

30

oxoethyl]—4,8-dimethyl—7-[(2-methylnaphthalen—1-yl)methoxy]chromen—2-

one
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SARS-CoV, and 750 nM for MERS-CoV (Nanodrop, Thermo Fisher Sci-
entific). Titration was performed using 16 serial dilutions, ranging from
200 to 0.006 M concentration (dilution steps 1:1). Titration involved 16
serial dilutions ranging from 200 to 0.006 M (1:1 dilution steps). The
ligand and protein were incubated for 30 min at room temperature in an
assay buffer containing 50 mM Tris (pH 7.4), 10 mM MgCly, 150 mM
NaCl, and 0.05 % Tween-20. Measurements were performed using
Monolith NT.115 standard capillaries (MO-K022, Nano Temper Tech-
nologies GmbH, Munich, Germany) with laser power settings of 10 %,
20 %, 40 %, and 60 %, and an LED power at 20 % for MERS-CoV,
HCoV-HKU1, and 30 % for SARS-CoV-2, SARS-CoV-2 XBB.1, and
SARS-CoV. Signals were measured with the Monolith NT.115 instrument
(Nano Temper Technologies). Fitting curves and Kd values were deter-
mined using NT Analysis 1.5.41 software (Nano Temper Technologies).

2.12. Molecular docking

The most promising compound identified from initial in vitro ex-
periments (compound 28) was subjected to the molecular docking
studies against the receptor-binding domains (RBDs) of several coro-
naviruses: SARS-CoV-2 (PDB ID: 7bnn), SARS-CoV-2 XBB.1 (PDB ID:
8iou), SARS-CoV (PDB ID: 6acd), MERS-CoV (PDB ID: 6nb03), and
HCoV-HKU1 (PDB ID: 8opo). AutoDock 4.2.6 was employed in a defined
docking mode using the Lamarckian algorithm. The protein was kept
rigid, while the ligand moved during the docking simulation. The pa-
rameters were set to 250 runs and 2,500,000 energy evaluations for each
cycle, while the other docking parameters were kept at default values as
described by our group [24] to assess the binding affinities and elucidate
the amino acid residues critical for interaction within these RBDs.
Computational docking simulations were executed on the
high-performance supercomputer MOGON at Johannes Gutenberg
University (Mainz, Germany). Visualization and interpretation of the
docking outcomes were facilitated using Discovery Studio Visualizer V
21.1.0.20298 (San Diego, CA, USA).

2.13. Statistics and data fitting

All inhibition assays were performed at least as duplicates per plate,
and all results shown are the average of at least three independent ex-
periments. The binding data were converted to percent infection and
fitted with standard log inhibitor versus normalized response models
(four parameters) using nonlinear regression in GraphPad Prism 8
(GraphPad, La Jolla, CA, USA) to establish half-maximal toxicity or
inhibitory concentrations (CCsg, ICs0). The selectivity index (SI) of an
active compound was calculated using: SI = CCs/ECs( equation for live
and pseudo-typed viruses. The correlation between the Kd values and
the percentage of identity of RBDs was determined using Pearson’s
correlation test.

3. Results
3.1. Virtual screening

Vina LC software was used to run a Snakemake workflow which
combined all major aspects of structure-based ligand screening: Auto-
mated execution of intricate preparation and screening steps, including
retrieval of ligands libraries from databases, optional decompression
and energy minimization, protein download from the Protein Data Bank
(RCBS) database and protein preparation followed by selection of
screening parameters. Screening was performed on a high-performance
computer (Mogon II) to screen a ZINC library of 210,541 natural
product-based compounds towards the RBD of spike protein of different
coronaviruses. The protein binding pocket was identified based on
amino acids known to be involved in spike RBD-receptor interactions.
For all coronavirus spike proteins under investigation, 626 different
compounds had binding energy less than —8 kcal/mol. The top 30
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Fig. 1. Chemical structures of the top 30 natural-derived compounds exhibiting highest binding affinity to the RBD of the SARS-CoV-2 spike protein. The binding

affinities are expressed as lowest binding energies (LBE) in kcal/mol obtained.
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Fig. 1. (continued).

candidates were selected for the in vitro experiments (Table 1). The
candidates were selected based on their binding affinity to SARS-CoV-2
RBD, prioritizing those with the lowest binding energies. Additionally,
the commercial availability of the compounds was a crucial factor in the
selection process. The chemical structures of the top 30 compounds are
shown in Fig. 1.

3.2. Inhibition of pseudotyped and live SARS-CoV-2 infection

Luciferase assays were conducted in HEK-ACE2 cells to screen the
top 30 candidates identified from in silico studies, aiming to discover
novel anti-SARS-CoV-2 entry inhibitors. While following the initial
screening (Fig. 2A), six compounds (2, 6, 14, 17, 19, and 28) demon-
strated more than 50 % inhibition of pseudovirus entry at the concen-
tration of 30 uM, only compound 28 was subjected to dose-response
experiments to determine the concentration required to inhibit pseu-
dovirus entry by 50 % (ICsp), since the other compounds showed high
toxicity against HEK-ACE2 cells (CCso < 30) (Table 2). The ICsq values
for compound 28 was 1.96 + 0.14 uM (Fig. 2B). GFP fluorescence
measured via live fluorescence microscopy revealed that compound 28
provided strong protection against pseudovirus, 72 h after infection,
which was consistent with the results from the luciferase inhibition

assay (Fig. 2C-D).

The inhibitory efficacy of compound 28 against live SARS-CoV-2
viruses was evaluated through titration assays to determine its ICsg
value. The result demonstrated that compound 28 inhibited SARS-CoV-2
infection at the cellular level with an ICsg value of 5.024 + 0.53 uM
(Fig. 2E).

3.3. Cell viability

The cytotoxicity of compound 28 was tested on MRC-5, HEK-ACE2,
and Vero E6 cell lines, using the resazurin assay. The cell viability assay
showed that compound 28 was cytotoxic against HEK-ACE2, with a CCsg
value of 43.4 & 7.4 while it did not show toxicity towards MRC-5 and
Vero E6 cells even in the high concentration (Fig. 3).

3.4. Sequence alignment

To evaluate whether our leading compound can bind to the spike
protein of various coronavirus family members, sequence alignments
were conducted to assess the similarity between the receptor-binding
domains (RBD) of the spike proteins from different coronaviruses. The
alignments revealed sequence identities of 89.91 % with SARS-CoV-2
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Fig. 2. Identification of entry inhibitors against pseudotyped SARS-CoV-2 lentivirus in HEK-ACE2 cells: (A) Percentage of inhibition of the SARS-CoV-2 pseudovirus
in the presence of 30 selected natural-derived compounds and etravirine as a positive control (30 uM). (B) Dose-response curves of compound 28 on the SARS-CoV-2
pseudovirus, ICso values and data points are shown as mean + SD for three independent replicates. (C) Fluorescence microscopic images of HEK-ACE2 treated with
pseudotyped SARS-CoV-2 lentivirus in the presence of 0, 5, 10, and 15 uM of compound 28. (D) Quantification of GFP fluoresces standardized to the mean of
fluorescence intensity using Image J, at 0, 5, 10, and 15 pM concentration of compound 28 and presented as mean =+ S.D of three replicates. (E) Inhibition of fully
replication-competent SARS-CoV-2. Vero E6 cells were infected with a clinical SARS-CoV-2 isolate for 24 h in the presence of compound 28 at the indicated con-
centrations. Infection levels were quantified by in-cell ELISA and normalized to mock-treated control wells (infected, but non-treated). Infection data were fitted with
a four parameters inhibitor vs. response function (Y = Bottom + (Top - Bottom)/(1 + (ICso / X) " HillSlope) using the statistics software GraphPad prism. Data points
sAhow mean + standard error of the mean, calculated from at least three independent titrations of each compound.

3.6. Binding mode of the top candidate
Table 2

CCsp values of seven active compounds from pseudovirus inhibition assay
screening, towards HEK-ACE2. The data are plotted as mean values + SD of
three independent experiments.

Molecular docking studies using AutoDock 4.2.6 revealed that
compounds 28 exhibited high binding affinities to the RBD of spike
proteins of SARS-CoV-2, SARS-CoV-2 XBB.1, SARS-CoV, MERS-CoV, and
HCoV-HKU1, which have the potential to block the binding of RBD to
ZINC253623674 2 10.86 £ 0.95 ACE2, thereby protecting healthy cells and preventing further degen-

Compounds ZINC-ID Compounds number CCsp (uM)

ZINC108450839 6 2.53+0.44 eration in the early stages of infection. Compound 28 had low binding
ZINC85878578 8 14.45 +2.007 energy (LBE) values ranging from —9.66 to —11.09 kcal/mol and pre
ZINC85876098 14 15.16 + 0.36 nergy (LbL) v ging trom —3. : pre-
ZINC253399830 17 18.96 + 2.83 dicted inhibition constants (pKi) between 7.36 and 83.56 nM. The
ZINC253623842 19 11.57 + 1.58 amino acid interactions between the candidate compounds and the
ZINC70686498 28 43.40 +£7.40 target proteins are illustrated in Fig. 6.

XBB.1 (Omicron variant), 73.42 % with SARS-CoV, 18.75 % with MERS- 4+ Discussion
CoV, and 19.81 % with HCoV-HKU1, compared to the SARS-CoV-2 spike
RBD. The multiple sequence alignment of the RBD domain of these
coronaviruses is shown in Fig. 4, which is colored with the Taylor color
scheme. Here, the colors are set by the variation in polarity and size of
different amino acid chains. Hydrophobic amino acids are colored . . A

. . . . . Despite the rapid development and deployment of vaccines and
green, aromatic amino acids are green-blue, large polar/basic amino

. . . . FDA-approved small-molecule antivirals, effective prophylactic and
acids are purple and blue, amino acids found in loops are orange and . . .
red. treatment options for COVID-19 are still needed to supplement vacci-

nation efforts and ensure preparedness for future coronavirus outbreaks,
including future variants against which current vaccines may be less
effective.

As such, with the aim of finding novel pan-coronaviral substances,
we screened 210,541 natural products using a Snakemake workflow.
The 30 compounds identified according to their lowest binding energies

During the past two decades, the world has experienced major out-
breaks of coronavirus infection that threatened the global health, in
2002-2003 by SARS-CoV and in 2011 by MERS-CoV. The most recent
coronavirus outbreak, known as COVID-19, happened in 2019 [25].

3.5. Microscale thermophoresis

As a sensitive technology, microscale thermophoresis was utilized to
determine the binding affinity between the compound 28 and the
labeled RBD of spike proteins from various coronavirus species, . . .
including different SARS-CoV-2 variants, SARS-CoV, MERS-CoV, and the (kcal/mol) from the virtual screening are structurally most divergent,

. . . : S but have, all of them, in common the presence of nitrogen atoms (even

endemic strain HCoV-HKUL. For this purpose, the labeled recombinant D o
RBDs of spike proteins from SARS-CoV-2, SARS-CoV-2 XBB.1, SARS- up to six in the case of compound 27), all containing N-heterocycles,
CoV, MERS-CoV, and HCoV-HKU1 were titrated against varying con- mono- or bicyclic, or even having more complex polycyclic ring systems.
centrations of selected compound. Compound 28 bound to the RBD of In addition, most of t,h? compounds (no less than 21 out of 30) also
spike proteins of SARS-CoV-2, SARS-CoV-2XBB.1, SARS-CoV, HCoV- possess oxygen-containing heterocycles. In 16 cases, there are even
HKU1. and MERS-CoV. with K’ values of 2.96 ) 4’2 7.02 20’08 and several oxygen-heterocycles and/or heterocycles with more than one
23 06’pM respectively’(Fig 5) d T amm e oxygen atom. But apart from these similarities, the 30 preselected
' ’ T structures are rather characterized by a large structural diversity,

A B

100 o0 0004 o0,
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Fig. 3. Cytotoxic effects of compound 28 against (A) HEK-ACE2 and MRC-5 and (B) Vero E6 cell lines. The cytotoxicity was assessed using the resazurin method.
Each data point represents the mean value + SD of three independent experiments with six replicates each.
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Fig. 4. Multiple sequence alignments of the RBD of spike proteins of SARS-CoV-2, SARS-CoV-2 XBB.1, SARS-CoV, MERS-CoV, and HCoV-HKU1.

making it difficult to find significant structure-activity relationships.

More interesting is a closer look at compound 28, which is the only
one that is active in vitro and possesses several types of heterocyclic
rings-diketopiperazine, piperidine, and indole units. Compound 28 has
its nitrogen in several mono- and bicyclic rings, even forming in a tet-
racyclic ring system, consisting of a tetrahydroharman (1,2,3,4-tetra-
hydro-B-carboline) system, fused to the mentioned diketopiperazine.
Here, in 28, the natural amino acid L-tryptophan, as part of an N-ben-
zylpiperidine-substituted 2,5-diketopiperazine, has undergone a further
Pictet-Spengler-type cyclization with (non-natural) naphthalene-1-
carbaldehyde to form a remarkable tetracyclic ring system. In contrast
to the other investigated molecules, 28 does not contain any oxygen-
heterocycles.

Nitrogen-containing heterocyclic compounds are abundant in nature
and serve as the basis for a diverse range of molecules, including alka-
loids, vitamins, hormones, dyes, antibiotics, herbicides, and medicines.
Notable examples of nitrogen-containing molecules that occur naturally
include morphine, caffeine, nicotine, thiamine, and atropine. These
compounds are categorized as alkaloids. In addition, N-heterocyclic
compounds have several biological actions, including antifungal, anti-
inflammatory, antibacterial, antioxidant, anticonvulsant, antiallergic,
enzyme inhibitory, herbicidal, anti-HIV, antidiabetic, anticancer, and
insecticidal properties. Nitrogen-containing heterocycles have long been
a central focus of scientific investigation because of their varied struc-
tures and biological importance [26].

A recent analysis has shown that 82 % (262 out of 321) of the small-
molecule medications that received approval from the FDA between
2013 and 2023 have a nitrogen heterocycle. Out of all the new small-
molecule medications, a majority of 89 (28 %) are specifically autho-
rized for cancer therapies. Among them, 55 compounds are classified as
kinase inhibitors. The category of anti-infective pharmaceuticals is the
second most common in terms of diseases, with 56 (17 %) new drugs.
Out of these, ten have been licensed for treating hepatitis C, a remark-
able achievement in the field of antiviral drug research [27,28].

Piperidine, a six-membered ring with one nitrogen atom, and
piperazine, a six-membered ring with two nitrogen atoms, are prime
examples of nitrogen-containing heterocycles [28]. Piperidine itself
exhibits tremendous utility in the field of therapeutics [29]. This motif
occurs abundantly in nature among alkaloids and exists in many genera

12

including Nicotiana, Conium, Lobelia, Pinus, Punica, Duboisia, Sedum,
Withania, Carica, Hydrangea, Dichroa, Cassia, Prosopis, Genista, Ammo-
dendron, Lupinus, Liparia, Ancistrocladus, and Collidium. During the past
years, alkaloid-based antiviral therapies have garnered significant
attention. Numerous studies have demonstrated that alkaloids can
effectively prevent and treat viral infections [30]. Thus, Dongwei et al.
developed a series of piperidine derivatives as inhibitors of HIV-1 and
influenza A virus replication in cell culture, showing that nearly half of
the tested compounds exhibited potent activity against WT HIV-1 in
MT-4 cells, with ECsy values ranging from 3.93 to 27.33 uM [31].
Similarly, piperidine alkaloids from Senna spectabilis flowers have po-
tential for repurposing as anti-Chikungunya virus drugs, with ECsg
values between 8.3 and 14.9 uM in BHK-21 cells [32].

The N-benzyl substitution on piperidine within drug molecules has
demonstrated a strong affinity for molecular targets, resulting in its
widespread presence as the N-benzyl piperidine (NBP) fragment in
bioactive compounds. This N-benzyl substitution enhances solubility by
forming a salt at the tertiary nitrogen and facilitates essential cation-n
and 7-r interactions with active sites of various targets [33].

Indole diketopiperazine alkaloids are metabolites produced by mi-
crobes, predominantly isolated from fungi such as Aspergillus, Penicil-
lium, Pestalotiopsis, and Chromocleista [34]. These substances are defined
by their unique condensation products, which typically involve a com-
plete tryptophan molecule and a second amino acid, such as L-trypto-
phan, L-proline, L-phenylalanine, L-histidine, or L-leucine, resulting in
the formation of an indole diketopiperazine unit [35,36]. The interest in
indole diketopiperazines stems from their notable biological activities,
including antimicrobial, antiviral, anticancer, immunomodulatory,
antioxidant, and insecticidal properties. Consequently, these com-
pounds hold promise for potential drug applications and may serve as
valuable lead structures in drug development [36]. During the past
decade many studies have highlighted their potential antiviral applica-
tions for instance, neoechinulin B, an indole diketopiperazine alkaloid,
isolated from Eurotium rubrum Hiji025, and its derivatives exhibited
antiviral effects against hepatitis C virus (HCV) and SARS-CoV-2 in Huh
7 cell line with the ICsy values of 4.9-0.0059 uM and 32.9-6.0 uM,
respectively [37]. Additionally, 2,5-diketopiperazine derivatives
exhibited negative results in influenza virus propagation at a concen-
tration of 25 pg/ml in embryonated chicken eggs [38]. We first used a
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Fig. 5. Microscale thermophoresis analysis of compound 28 with the RBD of spike protein of (A) SARS-CoV-2, (B) SARS-CoV-2 XBB.1, (C) SARS-CoV, (D) H-CoV-

HKU1, and /E) MERS-CoV.

pseudovirus technology to screen preselected compounds from virtual
screening against the viral entry process in a biosafety level 2 laboratory.
The pseudovirus inhibition assays showed that compound 28 strongly
inhibits the cellular pseudovirus entry, with a ICso value of 1.96
+ 0.14 uM and a selectivity index of 21.75 in HEK-ACE2. To validate the
results of the pseudovirus inhibition assays, the active compound was
subjected to the inhibition of live SARS-CoV2 replication assays in a
biosafety level 2 laboratory. The results revealed that compound 28 has
inhibitory effects against SARS-CoV2 with ICso values of 5.024
+ 0.53 uM. The ICs¢ values from the pseudovirus inhibition assay were
lower related to the low titer of pseudovirus compared to the live vi-
ruses. Remarkably, the cell viability assays showed that compounds 28
has a very low cytotoxicity against HEK-ACE2, while it is not toxic to-
wards MRC-5 and Vero E6 cell lines.
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Up to now, there has been a significant number of studies dedicated
to identifying natural chemicals that can bind to the spike protein of
SARS-CoV2 and inhibit viral infection. For instance, epigallocatechin
gallate (EGCG) had an inhibitory effect, with an ICs¢ value of 0.32 uM
against pseudovirus and an ECsq value of 24.08 against plaque forma-
tion of the live virus [39]. A total of 24 flavonoids exhibited antiviral
entry activity with ICsg values ranging from 172.63 to 10.27 pM [40]
which were higher than the ICs values of compound 28.

Despite the development of various peptides and small molecules as
pan-coronavirus inhibitors targeting the spike protein in the past, these
compounds specifically aimed at the fusion peptide of the spike protein,
thereby blocking the cellular entry of coronaviruses by inhibiting
membrane fusion, with low micromolar ICsq values [41-43].

With the objective of developing pan-coronaviral inhibitors that
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specifically target the receptor-binding domain (RBD) of the spike pro-
tein, we initially conducted a sequence alignment for the RBD of SARS-
CoV-2, SARS-CoV-2 XBB.1 (Omicron variant), SARS-CoV, MERS-CoV,
and HCoV-HKU1. The Omicron variant exhibited the highest homology
to wild-type SARS-CoV-2, while MERS-CoV showed the lowest. Subse-
quently, we employed microscale thermophoresis to examine the bind-
ing affinity of compound 28 to the RBD of the spike protein of these
coronaviruses. The analysis confirmed that compound 28 successfully
bound to the RBD of SARS-CoV-2, SARS-CoV-2 XBB.1, SARS-CoV,
MERS-CoV, and HCoV-HKU1, with binding affinities correlating
inversely with sequence homology identified in the alignment as indi-
cated by an R value of —0.99 and a p-value of 0.001.

Previous studies have identified several hotspot residues on the RBD
of SARS-CoV-2 critical for protein-protein or protein-ligand interactions,
including R402, N439, N440, L441, K433, V444, G446, Y449, Y453,
L452, 1455, F456, T470, E471, 1472, N481, E484, F486, N487, Y489,
F490, Q493, Q498, P499, T500, N501, and Y505 [44-46]. A pharma-
cophore analysis based on the docking simulation revealed that com-
pound 28 interacts with some of these hotspot residues, including F456,
T470, and E471. Thus, the compound may interfere with the interaction
between these residues and ACE2. The Omicron and wild-type RBDs
shared similar overall structures, while the RBD of Omicron showed
higher binding affinity for the ACE2 compared to the wild-type RBD
[45]. Our molecular docking analysis revealed that compound 28 in-
teracts with some of the hotspot residues in the RBDs of SARS-CoV-2
XBB.1, i.e., F456, E471, 1472 and N481, that may interfere with the
interaction between RBD and ACE2. Moreover, molecular docking
revealed that compound 28 may inhibit the HCoV-HKU1 virus entry
through the interaction with the R517, L521, W515, Y528, and D529
hotspot residues [46,47] and SARS-CoV entry via the interaction with
N473 and Y475 hotspot residues [46]. Although compound 28 does not
interact with the hotspot residues of MERS-CoV [48], it still exert high
affinities to the RBD based on their LBE of molecular docking and Ky
values of microscale thermophoresis studies. Thus, the inhibitory effects
of this compound towards MERS-CoV could take place by conforma-
tional changes of the RBD [49].

In summary, we present an N-heterocyclic natural product-derived
compound as a broad-spectrum coronaviral entry inhibitor with low
toxicity. By initially screening a large library of natural products, our
strategy identified a highly promising agent. The presence of an N-het-
erocyclic structure in the active compound, despite the wide variety of
other ZINC-derived starting structures, highlights the efficiency and
specificity of our selection pathway, which effectively pinpointed this
promising class of heterocycles from numerous candidates. This com-
pound demonstrate the ability to protect cells from infection by both
SARS-CoV-2 pseudoviruses and live viruses. Furthermore, in silico and in
vitro studies revealed that they bind with high affinity to the RBD of
SARS-CoV-2 XBB.1, SARS-CoV, MERS-CoV, and HCoV-HKU1. Thus, we
conclude that compound 28 ((2 R,8S)-6-(1-benzylpiperidin-4-yl)-2-
naphthalen-1-yl-3,6,17-triazatetracyclo[8.7.0.03,8.011,16]heptadeca-1
(10),11,13,15-tetraene-4,7-dione) is a potential candidate for devel-
oping novel, potent pan-coronavirus entry inhibitors. Further in-
vestigations, including in vivo studies, will be necessary to validate these
findings.
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