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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused millions of infections and deaths
ACE2 worldwide since its emergence in Wuhan, China, in late 2019. Natural product inhibitors targeting the inter-

SARS-CoV-2 action between the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein and human angiotensin-
Nitrile-containing natural product derivatives . . . A .
Isoquinoline converting enzyme 2 (ACE2), crucial for viral attachment and cellular entry, are of significant interest as po-

tential antiviral agents. In this study a library of nitrile- and sulfur-containing natural product derived com-
pounds were used for virtual drug screening against the RBD of the SARS-CoV-2 spike protein. The top 18
compounds from docking were tested for their efficacy to inhibit virus entry. In vitro experiments revealed that
compounds 9, 14, and 15 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 these compounds exerted low cytotoxicity
towards MRC5, Vero E6, and HEK-ACE2 cell lines. Microscale thermophoresis revealed all three compounds
strongly bound to the RBDs of SARS-CoV-2, SARS-CoV-2 XBB, SARS-CoV-1, MERS-CoV, and HCoV-HKU1, with
their Kq values increasing as RBD sequence similarity decreased. Molecular docking studies indicated compounds
9, 14, and 15 bound to the SARS-CoV-2 spike protein RBD and interacted with hotspot amino acid residues
required for the RBD-ACE2 interaction and cellular infection. These three nitrile-containing candidates, partic-
ularly compound 15, should be considered for further development as potential pan-coronavirus entry inhibitors.

Pan-entry inhibitor
Virtual drug screening

1. Introduction

The COVID-19 (coronavirus disease 2019) pandemic caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
infected more than 774 million individuals with more than 7 million
deaths by the end of June 2024 (https://covid19.who.int/). In addition,
this pandemic provoked an impending economic crisis and recession on
a global scale [1]. Despite the development of successful vaccinations,
antigenic mutations can result in immune evasion in convalescent
COVID-19 patients and vaccines, which can cause infection, hospitali-
zation, and even death [2]. Today, remdesivir [3] and molnupiravir,
targeting RNA-dependent RNA polymerase, and nirmatrelvir/ritonavir,
targeting the main protease (MP™) are approved by the United States
Food and Drug Administration (US FDA) for the treatment of COVID-19

* Corresponding authors.

in certain adults [4], but no small molecule has so far been approved to
target the spike protein, which is a trimeric protein located on the sur-
face of the viruses. The spike protein is one of the most important tar-
gets, since its inhibition prevents the entry of the virus into the host cells
and thereby inhibits virus replication. Although the use of monoclonal
antibodies (mAb), that target the spike protein, can be an alternative
strategy to disrupt early events in the SARS-CoV-2 life cycle, there are
novel SARS-CoV-2 variants evading mAb-induced protection [5].
Furthermore, issues with the solubility, immunogenicity, and appro-
priateness of the antibodies for oral or inhaled delivery pose challenges
[6]. The spike protein has a full length of 1273 amino acids, including
the N-terminus signal peptide, the S1 subunit, and the S2 subunit. S1
includes the N-terminal domain (NTD), the receptor-binding domain
(RBD), and two C-terminal domains (CTD1 and CTD2), while S2
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includes fusion peptide (FP), fusion-peptide proximal region (FPPR),
heptad repeat 1 (HR1), central helix (CH), connector domain (CD),
heptad repeat 2 (HR2), transmembrane segment (TM), and the cyto-
plasmic tail (CT). The receptor binding domain (RBD) contains two
subdomains: a five-stranded antiparallel p-sheet connected by short
helices and loops, and an extended loop, named receptor binding motif
(RBM). The spike protein can bind to two or three host ACE2 molecules
through the RBD [7], which makes it a promising target for drug
development. Molecules containing sulfur are frequently found in na-
ture. They are active both pharmacologically and physiologically and
show vast anticancer, antiviral, antibacterial, and antifungal activities
[8-10]. Nitrile-containing compounds can be found in a variety of or-
ganisms, including bacteria, fungi, plants, insects, sponges, and other
aquatic creatures, and have a wide range of pharmacological activities,
including anti-microbial, anti-cancer, anti-inflammatory, and antioxi-
dant properties [11-13]. During the past decades, both nitrile- and
sulfur-containing compounds have reached increasing importance in
medicinal chemistry, thus attracting our attention to the development of
pan-coronaviral inhibitors.

In this study, our aim was to explore natural pan-coronaviral in-
hibitors, focusing on sulfur- and nitrile-containing compounds, against
different spike proteins of the coronavirus family. For this purpose, we
studied 143 sulfur- and nitrile-containing compounds from the ZINC
database and from the literature.

2. Materials and methods
2.1. Cell lines

HEK-ACE2 cells were obtained from ATCC (American Type Culture
Collection, Virginia, USA). The 293T cell line was kindly provided by Dr.
Helen May-Simera (Institute of Molecular Physiology, Johannes
Gutenberg University, Mainz, Germany). They were grown in Dulbec-
co’s Modified Eagle Medium (DMEM; Thermo Fisher) supplemented
with 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin (P/
S). MRC-5 lung fibroblasts were obtained from Dr. Sebastian Zahnreich
(Department of Radiation Oncology and Radiation Therapy, University
Medical Centre of the Johannes Gutenberg University, Mainz, Germany)
and grown in DMEM, low glucose, pyruvate medium with 15 % FBS, 1 %
P/S, and 1 % MEM. Non-essential amino acids (Thermo Fisher) were
used for cultivation. Vero E6 cells were obtained from ATCC and
cultured in DMEM supplemented with 10 % FBS, 1 % L-glutamine
(Capricorn Scientific, Germany), and 1 % P/S. All cell lines were incu-
bated in a humidified atmosphere at 37 °C and 5 % COx.

2.2. Compounds

The chemical structures of 143 natural-derived nitrile- and sulfur-
containing compounds were downloaded from the ZINC and PubChem
databases in the three-dimensional SDF format. Based on in silico studies,
18 selected compounds were provided by Vitas-M Laboratory (Hong
Kong, China). The compounds had a guaranteed purity of > 90 %. Based
on the 'H NMR spectra given by the provider, the purity of most of the
compounds was higher, usually > 95 %. All compounds were dissolved
in DMSO at a concentration of 20 mM and stored at — 20 °C.

2.3. Virtual screening

In this study, AutoDock Vina in PyRx 0.8 software was used for the
virtual screening of 143 natural-derived compounds from the ZINC
database and from the literature (blind docking mode). As a target, the
RBD domain of the spike protein of SARS-CoV-2 (PDB ID: 7bnn) was
chosen to identify compounds with high a affinity and low a binding
energy (kcal/mol). For validation and verification of PyRx results, the
top 84 compounds, with a cut-off value of — 6 kcal/mol, were subjected
to AutoDock 4.2.6 (defined docking mode) to identify their binding
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affinity for the RBD domain of the spike protein of SARS-CoV-2 (PDB ID:
7bnn) using the Lamarckian algorithm. The protein was kept rigid, while
the ligand moved during the docking simulation. The parameters 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 [14]. Docking was conducted using the high-performance
supercomputer MOGON (Johannes Gutenberg University, Mainz, Ger-
many). The AutoDock version 1.5.6 was used to convert the Protein Data
Bank file of target proteins (PDB) to PDBQT files and create a grid box.
The energy of the compounds was minimized and converted from SDF
format to PDBQT format using the PyRx software.

2.4. Plasmids

For production of pseudovirus plasmids: pHAGE-CMV-Luc2-IRES-
ZsGreen-W (BEI Cat. # NR-52516), HDM-Hgpm2 (BEI Cat. # NR-
52517), HDM-tatlb (BEI Cat. # NR-52518), pRC-CMV-Rev1b (BEI Cat.
# NR-52519), and HDM-IDTSpike-fixK-HA-tail (BEI Cat. # NR-53765)
were obtained from BEI Resources (US). In order to generate a work-
ing stock, all plasmids were amplified in Escherichia coli using One
Shot™ TOP10 chemically competent E. coli (Invitrogen, Thermo Fisher).
They were extracted and purified using the Plasmid Plus Maxi Kit
(QIAGEN).

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

293T cells were seeded in DMEM medium containing 10 % FBS so
that they were 70-80 % confluent the next day. Twenty-four hours after
seeding, the cells were transfected with 1 ug of the Luciferase IRES
ZsGreen (NR-52516) backbone, 0.22 pg each of the plasmids HDM-
Hgpm2 (NR-52517), pRC-CMV-Revlb (NR-52519), and HDM-tatlb
(NR-52518) with or without 0.34 ug SARS-CoV-2 spike (NR-53765) as
a negative control using Lipofectamine™ 2000 transfection reagent
(Invitrogen, Thermo Fisher). Eighteen hours after transfection, the me-
dium was changed with fresh medium, 48 and 72 h after transfection,
the supernatant was collected, centrifuged for 3 min at 1250 rpm, and
stored at — 80 °C. For the titration of pseudoviruses, HEK-ACE2 was
seeded (12.5 x 10° cells/well) in white 96-well plates (Greiner, Cat. #
655074). Twenty-four hours after seeding, a serial dilution of spike-
pseudotyped Luciferase IRES ZsGreen virus was prepared. Starting
with an undiluted virus, six 1:2 dilutions were made. Twenty-four hours
after infection, cell supernatants were replaced with 50 pl fresh medium
for each sample. Then, 50 pl Bright-Glo Luciferase Assay reagent
(Promega, E2610) were added per well, and cells were incubated for
2 min at room temperature. Luciferase activities were measured using an
Infinite M2000™ Pro plate reader (Tecan, Crailsheim, Germany). The
measured luciferase activity, defined as relative light unit (RLU) vs. virus
dilution, were plotted, and the amount of pseudovirus was selected for
further assays, which has sufficient (> 1000-fold) signal intensity above
the virus-only background and in the linear part of the curve [15,16].

2.6. Pseudovirus inhibition assay

HEK-ACE2 (12.5 x 10°%cells/well) were seeded in the white 96-well
plate (Greiner, Cat. # 655074) 1 d before infection. The next day, the
pseudoviruses were incubated at 37 °C for 1.5 h with either 30 uM of the
compounds or DMSO, before being added to the cells. Twenty-four hours
after infection, the medium was discarded, and 50 pl of fresh medium
were added to each well, followed by 50 ul of Bright-Glo Luciferase
reagent (Promega, E2610) and incubated for 2 min in the dark at room
temperature. The luminescence was measured using an Infinite M2000
Pro™ plate reader (Tecan) without attenuation and a luminescence
integration time of 1 s. As a next step, compounds exhibiting more than
50 % inhibitory activity at a fixed concentration of 30 uM were selected
for dose-response studies in a concentration range from 0 to 30 uM in all
experiments. Etravirine was used as a positive control [17]. To calculate
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the percentage of infection, the following equation was used: % infec-
tion = [(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 vs. the
log concentration of the inhibitors was used to calculate the ICsq values
[15,16]. As a confirmatory assay, fluorescence microscopy was per-
formed. HEK-ACE2 (10 x 10° cells/well) were seeded in black 96-well
plates (Greiner, Cat.# 655936) 1 d before infection. The next day,
before the infection pseudoviruses were incubated for 1.5 h at 37 °C in
the presence of 5 uM test compounds or DMSO. Seventy-two hours after
infection, GFP fluorescence quantified using live imaging system, 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 used for infection experiments as previously
described [18]. The virus was produced in Vero E6 cells, plated at a
concentration of 2 x 10° Vero E6 cells in a T75 flask, and incubated for
24 h at 37 °C with 5 % CO in DMEM supplemented with 10 % FBS, 1 %
L-glutamine, 1 % penicillin, and 1 % streptomycin. The cells were then
exposed to the isolated virus and incubated for an additional 72 h. The
culture supernatant was then clarified by centrifugation and stored at —
80 °C. Viral concentrations were assessed using an endpoint dilution
assay to determine the 50 % tissue culture infective dose (TCIDs).

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

Virus infections were quantified by in-cell ELISA following a recently
published protocol [19]: A total of 2 x 10* cells/well were seeded in a
flat-bottom 96-well plate 1 d prior to infection. The cells were then
infected with SARS-CoV-2 for 24 h and subsequently fixed using 4 %
paraformaldehyde in phosphate buffered saline (PBS). Permeabilization
was conducted using a 1 % Triton-X-100 solution in PBS, followed by
blocking with 3 % fetal calf serum (FCS) in PBS. Next, the primary
antibody (anti-N mAbl ABIN6952435, Antibodies Online, Aachen,
Germany) was added and incubated for 2 h at room temperature. Sub-
sequently, a peroxidase-labeled secondary antibody (Cat. #
115-035-003, Jackson Immuno Research, Cambridge, UK) was applied
for an additional hour, followed by washing steps with a solution of
0.05 % Tween-20 in PBS. Finally, tetramethylbenzidine (TMB) substrate
was added, and the enzymatic reaction was terminated using 0.5 M HCL.
The absorbance of the dye was then measured at 450 nm using a Spark®
10 M multimode microplate reader (Tecan).

2.9. Cell viability assay

Cell viability was measured using the resazurin assay as previously
described [20]. Human diploid MRC-5 lung fibroblasts and human
embryonic kidney HEK-ACE2 cells were seeded (2 x 10* cells/well and 1
x 10*, respectively) into 96-well culture plates and incubated overnight
before treatment. On the second day, the cells were treated with ten
concentrations of compounds in a range of 0.3-100 pM. After 24 h of
incubation, 20 pl of 0.01 % resazurin (Promega, Mannheim, Germany)
were added to each well. The fluorescence was detected after 4 h of
incubation using an Infinite M2000™ Pro plate reader (Tecan) at Ex/Em
= 550 nm/590 nm wavelength. The cell viability was calculated in
comparison to the DMSO control. The DMSO final concentration was
0.5 %. The 50 % cytotoxicity concentration (CCsp) values were calcu-
lated in comparison to the DMSO-treated control. Each experiment was
independently repeated three times, with six wells for each concentra-
tion. For the Vero E6 cell line, a total of 20 x 10° cells per well were
seeded into 96-well culture plates and incubated overnight. On the
second day, the cells were treated with a wide range of concentrations of
compounds. After 24 h, the supernatants were replaced with 100 pl of
fresh medium for each sample. Then, 20 pl of CellTiter-Blue™ reagent
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(Promega, Madison, USA) were added per well, and cells were incubated
for 4 h at 37 °C with 5 % CO,. Colorimetric analysis of treated cells was
done with a Spark® 10 M multimode microplate reader (Tecan)
detecting fluorescence with an excitation of 560 nm and an emission at
590 nm.

2.10. Sequence alignment

The full length of amino acid sequences of the RBD domain of the
spike protein of SARS-CoV-2 (PODTC2), SARS-CoV-1 (P59594), MERS-
CoV (K9N5Q8), and HCoV-HKU1 (QOZME?7) were accessed from the
UniProt database, and for SARS-CoV-2 XBB.1. The sequences were
downloaded from the Protein Data Bank (PDB ID: 8iou), and then the
sequence alignment was performed using Clustal Omega (EMBL-EBI,
Wellcome Genome Campus, Hinxton, Cambridgeshire, UK), and the
figures were prepared using Jalviwe 2.11.3.2 (University 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-1, MERS-CoV, and HCoV-HKU1 were purchased from
Bio-Techne (Wiesbaden, Germany) to perform microscale thermopho-
resis (MST), following previously established protocols [21,22]. Briefly,
the recombinant proteins were labeled with the Monolith Protein La-
beling Kit RED-NNHS 2nd Generation (MO-L0O11, Nano Temper Tech-
nologies GmbH, Munich, Germany) according to the manufacturer’s
instructions. The final protein concentrations after labeling were
1500 nM, 1500 nM, 1000 nM, 750 nM, and 1500 nM (Nanodrop,
Thermo Fisher Scientific) for recombinant RBD of SARS-CoV-2, SAR-
S-CoV-2 XBB.1, SARS-CoV-1, MERS-CoV, and HCoV-HKU1, respec-
tively. Titration was performed using 16 serial dilutions, ranging from
200 to 0.006 M concentration (dilution steps 1:1). Ligand and protein
were incubated for 30 min at room temperature in assay buffer (50 mM
Tris buffer (pH 7.4) containing 10 mM MgCl,, 150 mM NacCl, and 0.05 %
Tween-20). Measurements were carried out in Monolith NT.115 stan-
dard capillaries (MO-K022, Nano Temper Technologies GmbH, Munich,
Germany). The laser power was adjusted to 10 %, 20 %, 40 %, and 60 %,
and the LED (light-emitting diodes) power was 20 % for SARS-CoV-2,
SARS-CoV-1, MERS-CoV, HCoV-HKU1, and 30 % for SARS-CoV-2 XBB.
1. Signals were measured using the Monolith NT.115 instrument (Nano
Temper Technologies). Fitting curves and Kgq values were calculated
using NT Analysis 1.5.41. software (Nano Temper Technologies).

2.12. Molecular docking

The top compounds obtained from in vitro experiments were
rescreened against RBD of the spike protein of SARS-CoV-2 (PDB ID:
7bnn), SARS-CoV-2 XBB.1(PDB ID: 8iou), SARS-CoV-1 (PDB ID: 6acd),
MERS-CoV (PDB ID: 6nb03), and HCoV-HKU1 (PDB ID: 8opo) using
AutoDock 4.2.6 (defined docking mode) in order to identify not only
their binding affinity for different coronavirus RBD, but also the amino
acid residues involved in the binding site. Docking was conducted using
the high-performance supercomputer MOGON (Johannes Gutenberg
University, Mainz, Germany). The visualization and imaging were
created by Discovery Studio Visualizer V 21.1.0.20298 (San Diego,
California, United States).

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 vs. normalized response models (four
parameters) using nonlinear regression in GraphPad Prism 8 (GraphPad,
La Jolla, CA, USA) to establish half-maximal toxicity or inhibitory
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concentrations (CCsg, ICs0). The selectivity index (SI) of active com-
pounds was calculated using the SI = CCsg / ECs5¢ equation for live and
pseudo-typed viruses. The correlation between the Ky values and
pecentage of identity of RBDs was calculated using the Pearson corre-
lation tes.

3. Results
3.1. Virtual screening

Starting from a ZINC library of 97 natural-derived compounds and a
library of 46 natural compounds preselected from the literature, virtual
screening was performed with PyRx. A total of 84 compounds were
selected based on their lowest PyRx-based binding energies (cut-off
value: — 6 kcal/mol) to the RBD of the SARS-CoV-2 spike protein. For
further evaluation and validation, they were subjected to AutoDock
4.2.6. Based on the lowest binding energy (cut-off value: — 7 kcal/mol),
18 candidates were selected for the in vitro experiments, and etravirine
was used as a positive control, see Table 1. The structures of top 18
compounds are shown in Fig. 1.

3.2. Development of a SARS-CoV-2 pseudovirus assay

Our goal was to develop a sensitive SARS-CoV-2 neutralization assay
by introducing SARS-CoV-2 spike protein into lentiviruses to evaluate

Table 1
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inhibition of viral entry. The 293 T cell line was co-transfected with the
plasmids and the supernatant was harvested 72 h later, which was then
used to infect the HEK-ACE2 cells. Measuring the titers of the produced
pseudoviruses was based on luminescence signal reads obtained from
the activity of the expressed luciferase. The right titer of the generated
pseudoviruses was selected as the dilution that results in an RLU above
bald pseudovirus as a negative control and in the linear part of the curve
(105 x 10%) (Fig. 2A). In our case, 5 x 10° RLU/well were used to
maximize the use of each lot of the produced pseudoviruses, and it
worked very well in neutralization assays.

3.3. Inhibition of pseudotyped SARS-CoV-2 infection

Luciferase assays were performed in HEK-ACE2 cells to screen the 18
top candidates selected from the in silico studies to find novel anti-SARS-
COV-2 entry inhibitors. After the preliminary screening (Fig. 2B), three
compounds inhibited pseudovirus entry, substances 9, 14, and 15.
Notably, all three compounds contained a nitrile group. These three
compounds were then subjected to dose-response experiments in order
to calculate the concentration of each compound required to inhibit
pseudovirus entry by half (ICsp). The ICsg values for compounds 9, 14,
and 15 were 1.061 + 0.08, 3.87 + 0.28, and 1.85 + 0.37 pM, respec-
tively (Fig. 2C). GFP fluorescence measured from live fluorescence mi-
croscopy demonstrated that compound 9 strongly protected the cells
from pseudovirus infection, while compound 15 had moderate and

PyRx and molecular docking results of 18 natural-derived selected compounds and etravirine as a positive control binding to the RBD of spike protein of SARS-CoV-2

(PDB ID: 7bnn).

Compound ZINC-ID Compound-IUPAC name PyRx binding  AutoDock Ki (uM)
number energy binding energy
(kcal/mol) (kcal/mol)
Compound 1 ZINC000002092410 Ethyl 2-{[(6-bromo-2-0x0-2H-chromen-3-yl)carbonyl]amino}- — 7.80 —9.16 + 0.03 0.193 +
4,5,6,7,8,9,10,11,12,13-decahydrocyclododeca[b]thiophene-3-carboxylate 0.01
Compound 2 ZINC000247984074  Ethyl (1R,2R,9R,12S)-6-(furan-2-carbonylamino)-16-methoxy-9-methyl-5- - 6.90 —8.88+£0.16 0.32 +
thiapentacyclo[10.8.0.02,9.04,8.013,18]icosa-4(8),6,13(18),14,16-pentaene-7- 0.08
carboxylate
Compound 3 ZINC000002060195  N-(3-cyano-4,5-diphenylfuran-2-yl)-2-(4-methoxyphenyl)acetamide325739-78-4 —7.90 — 8.65 £+ 0.004 0.45 +
0.005
Compound 4 ZINC000000568457  Methyl 5-[(1,3-benzodioxol-5-ylcarbonyl)amino]-4-cyano-3 methylthiophene-2- - 6.30 — 8.33 £ 0.009 0.77 +
carboxylate 0.01
Compound 5 ZINC000000846863  Ethyl 5-acetyl-4-methyl-2-({[(4-methyl-2-oxo-2H-chromen-7-yl)oxy]acetyl} —7.20 —8.27 £0.20 0.91 +
amino)thiophene-3-carboxylate 0.27
Compound 6 ZINC000001061006  N-(3-cyano-4,5-dimethylthiophen-2-yl)-2-((4-methyl-2-oxo-2H-chromen-7-yl)oxy) — 6.40 —7.87 £0.15 1.75 +
acetamide 0.39
Compound 7 ZINC000000846827  Diethyl 3-methyl-5-{[(2E)-3-phenylprop-2-enoyl]amino}thiophene-2,4- - 6.30 —7.84 +0.07 1.81 +
dicarboxylate 0.23
Compound 8 ZINC000100778515 4-imino-2-(6-methoxy-4-oxo-4H-chromen-3-yl)—6,7-dihydro-4H-[1,3]dioxolo —8.30 — 7.82 + 0.004 1.86 +
[4,5-g]lpyrido[2,1-alisoquinoline-3-carbonitrile 0.008
Compound 9 ZINC000101140820  4-imino-2-[3-methoxy-4-(propan-2-yloxy)phenyl]-6,7,11,12-tetrahydro-4H,10H- — 8.00 —7.80 £ 0.01 191 +
[1,4]dioxepino[2,3-g]pyrido[2,1-alisoquinoline-3-carbonitrile 0.04
Compound 10 ZINC000000037324  N-[4-(cyanomethyl)phenyl]-2-(4-methoxyphenyl)acetamide - 6.30 — 7.68 £+ 0.009 2.35+
0.02
Compound 11 ZINC000101374185  2-(4-hydroxy-3-methoxyphenyl)-4-imino-9,10-dimethoxy-6,7-dihydro-4H-pyrido - 6.50 — 7.67 +£0.02 2.82 +
[2,1-a]isoquinoline-3-carbonitrile 0.08
Compound 12 ZINC000001965160  Ethyl 4-cyano-5-(3,5-dimethoxybenzamido)-3-methylthiophene-2-carboxylate — 6.00 —7.52+0.23 3.3+
1.09
Compound 13 ZINC000000626395  2,4-diethyl 3-methyl-5-{2-[(4-methyl-2-0x0-2H-chromen-7-yl)oxy]acetamido} —7.00 — 7.48 £ 0.02 3.31 +
thiophene-2,4-dicarboxylate 0.14
Compound 14 ZINC000100778854  4-imino-2-(3-methoxyphenyl)-6,7-dihydro-4H-[1,3]dioxolo[4,5-g]pyrido[2,1-a] — 8.00 — 7.34 £ 0.004 417 +
isoquinoline-3-carbonitrile 0.01
Compound 15 ZINC000101345860 2-(1,3-benzodioxol-5-y1)-4-imino-9,10-dimethoxy-6,7-dihydro-4H-pyrido[2,1-a] —7.20 —7.334+0.10 4.33 +
isoquinoline-3-carbonitrile 0.80
Compound 16 ZINC000100779013  Methyl 4-(3-cyano-4-imino-6,7-dihydro-4H-[1,3]dioxolo[4,5-g]pyrido[2,1-a] — 8.30 —7.23 £0.02 49 +
isoquinolin-2-yl)benzoate 0.24
Compound 17 ZINC000253412567 N~2~-[(75)-7-(acetylamino)-1,2,3-trimethoxy-9-oxo-5,6,7,9-tetrahydrobenzo[a] — 6.40 —7.05 4+ 0.38 5.42 +
heptalen-10-y1]-N-(2-hydroxyethyl)-L-methioninamide 1.53
Compound 18 ZINC000005225262  Ethyl 2-[[2-[(2S)-2-benzamido-4-methylpentanoyl]oxyacetyl]amino]-5,6-dihydro- -6.3 —7.01 £0.50 4.96 +
4H-cyclopenta[b]thiophene-3-carboxylate 1.45
Etravirine ZINC000000602632  4-[6-amino-5-bromo-2-(4-cyanoanilino)pyrimidin-4-yl]oxy-3,5- - 6.70 —7.34 £0.02 4.15 +
(positive dimethylbenzonitrile 0.16
control)
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Fig. 1. Chemical structures of the top 18 natural-derived compounds exhibiting the lowest binding energy to the RBD of the SARS-CoV-2 spike protein.
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compound 14 had only week effects, which was consistent with the
results from the luciferase inhibition assay (Fig. 2D).

3.4. Inhibition of live SARS-CoV-2 replication

The inhibitory activity of compounds 9, 14, and 15 towards the live
SARS-CoV-2 viruses were assessed in titration experiments in order to
calculate the ICsg values. Compound 15 effectively blocked SARS-CoV-2
infection at the cellular level with an ICs of 9.32 4+ 1.3 uM. Compounds
9 and 14 also showed inhibiting effects against SARS-CoV-2, with ICsq
values of 22.86 + 4.3 uM and 26.26 + 7.38 uM, respectively (Fig. 3).

3.5. Cell viability assay

The cytotoxicity of compounds 9, 14, and 15 was tested on human
MRC-5 fibroblasts, HEK-ACE2 cells, and Vero E6 cells using the resa-
zurin assay. Compound 9 was cytotoxic towards HEK-ACE2, human
MRC-5 fibroblasts, and Vero E6 cells with CCsq values of 28.29 + 1.2,
81.15 + 0.36, and 99.7 + 1.5 uM, respectively. Compound 14 was
cytotoxic against HEK-ACE2 and Vero E6 cells with CCsq values of 38.7
+1.5and 96.8 + 1.5, respectively, while it did not show toxicity against
human MRC-5 fibroblasts. While compound 15 was cytotoxic against
HEK-ACE2, with a CCsp value of 23.31 + 3.06 uM, it did not display
toxic effects towards human MRC-5 fibroblasts and Vero E6 cells
(Fig. 4).

3.6. Sequence alignment

To determine whether our top compounds can bind to the spike
protein of various coronavirus family members, sequence alignments
were performed to identify the similarity between the receptor-binding
domains (RBD) of the spike proteins from different coronavirus family
members. The results revealed 89.91 %, 73.42 %, 18.75 %, and 19.81 %
identity of the SARS-CoV-2 spike RBD domain to SARS-CoV-2 XBB.1
(Omicron variant), SARS-CoV-1, MERS-CoV, and HCoV-HKU1, respec-
tively. Fig. 5 shows the conserved amino acid residues between the RBD
domain of the spike protein of coronaviruses. The dark blue color in-
dicates > 80 % identity, the blue color stands for > 60 %, and the light
blue color means > 40 %.

3.7. Microscale thermophoresis

Microscale thermophoresis as a sensitive technology was performed
to determine the binding affinity between active compounds and labeled
RBD of the spike proteins from different coronavirus species, including
different SARS-CoV-2 variants, SARS-CoV-1 and MERS, as well as the
endemic strain HCoV-HKUL. For this purpose, the labeled recombinant
RBDs of the spike proteins of SARS-CoV-2, SRAS-CoV-2 XBB.1, SARS-
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CoV-1, MERS-CoV, and HCoV-HKU1 were titrated against different
concentrations of selected compounds. Compound 9 was bound to the
RBD of spike protein of SARS-CoV-2, SARS-CoV-2 XBB.1, SARS-CoV-1,
HCoV-HKU1, and MERS-CoV, with K4 values of 1.38, 3.7, 20.8, 23.3,
and 23.3 pM, respectively. Compound 14 was bound to the spike protein
of SARS-CoV-2, SARS-CoV-2 XBB.1, SARS-CoV-1, HCoV-HKU1, and
MERS-CoV, with K4 values of 1.29, 1.39, 41.5, 50.1, and 63.1 uM,
respectively. Finally, compound 15 resulted in K4 values of 1.4, 5.1,
28.4, and 48.3 uM for the spike protein of SARS-CoV-2, SARS-CoV-2
XBB.1, SARS-CoV-1, HCoV-HKU1, and MERS-CoV, respectively (Fig. 6).

3.8. Binding mode of the top candidates

Molecular docking with AutoDock 4.2.6 revealed high binding af-
finities of compounds 9, 14, and 15 to the RBD of spike proteins of SARS-
CoV-2, SARS-CoV-2 XBB.1, SARS-CoV-1, MERS-CoV, and HCoV-HKU1,
which can block the binding of RBD and ACE2 and thus protect
healthy cells and prevent further degeneration in the early stage of
infection. The three candidate compounds showed lowest binding en-
ergy (LBE) values between — 6.21 and — 8.11 kcal/mol and predicted
inhibition constants (pK;) between 28.22 and 1.14 pM. The amino acid
interactions between the three candidate compounds and the proteins of
interest are displayed in Fig. 7.

4. Discussion

Up to now, three zoonotic coronaviruses (CoVs) have been identified
that cause deadly pneumonia outbreaks in humans, thereby posing a
significant threat to public health. The SARS-CoV-1 caused severe acute
respiratory syndrome (SARS) first appeared in 2002 and quickly
expanded to five continents. MERS-CoV caused the Middle East respi-
ratory syndrome (MERS), leading to high fatality rates at the Arabic
peninsula in 2012, and the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) rapidly developed to a global pandemic [23].

Several vaccines and antiviral medications have been developed to
combat the COVID-19 pandemic. However, the diverse SARS-CoV-2
variants of concern (VOCs), especially Omicron and its sub-lineages,
made the current COVID-19 vaccines and therapeutic antibodies less
effective [24]. Along with SARS-CoV-2 and MERS-CoV, the four seasonal
endemic HCoVs (OC43, HKU1, 229E, and NL63) still cause disease in
humans [25]. Moreover, new studies showed that some SARS-related
coronaviruses (SARSr-CoVs) in bats have the potential to cause novel
coronavirus diseases in humans. Given these facts, a pan-coronavirus
(pan-CoV) drug should be developed to prevent infection not only
with SARS-CoV-2 and its variants but also with other newly emerging or
reemerging HCoVs [26].

From 2010 to 2020, the US FDA has granted approval to at least one
medicine containing a nitrile group every year [27]. These
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Fig. 3. 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 different
candidate inhibitors at the indicated concentrations. 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 show mean + standard error of the mean, calculated from at least three independent titrations of each compound.
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Fig. 5. Sequence alignments of the RBD of spike proteins of SARS-CoV-2, SARS-CoV-2 XBB.1, SARS-CoV-1, MERS-CoV, and HCoV-HKU1. The dark blue color in-
dicates that residues show > 80 % identity with the consensus residues; the blue color indicates > 60 %; the light blue color indicates > 40 %; and the white color

indicates < 40 % identity.

nitrile-containing drugs target a variety of diseases such as heart failure,
cancer, inflammation, as well as fungal, bacterial, viral infections, and
others [28]. Nitrile-containing antiviral drugs were broadly used during
the past decades. For instance, etravirine, rilpivirine, and doravirin were
employed to inhibit the human immunodeficiency virus (HIV).
Remdesivir was first developed for use against the Ebola virus. Since the
middle of the year 2020, it has been employed to treat COVID-19 caused
by SARS-CoV-2. Nirmatrelvir was developed against SARS-CoV-2 too.
The prevalence of nitrile-containing drugs confirms that they may exert
better pharmacokinetic and pharmacological effects in comparison to
other drugs exhibiting similar therapeutic effects [27].

From the metabolic perspective, the nitrile group is stable and non-
toxic, and usually remains unchanged after passing through the
human body [29]. Nitrile-containing compounds usually have lower
clog P-values, which improves their solubilities [28]. Chemically, the
nitrile group consists of a nitrogen atom that has a free pair of electrons
and is connected to an sp°-hybridized carbon atom, which gives the
nitrile group a linear shape. The molecular volume of the nitrile group is
approximately one-eighth the size of the methyl group. This relation-
ship, together with the linear shape, is regarded as a significant factor
contributing to the ability of the nitrile group to fit well into binding
pockets and to exhibit a high tolerance towards different target
mutations.

Natural products and herbal medicines represent a valuable source
for drug development [30]. Previous investigations suggest that natural

products may provide novel drug candidates against viral infections [31,
32]. Hence, with the aim of finding novel pan-coronaviral compounds
we focused on nitrile- and sulfur-containing natural products in this
study. We screened a library of 143 sulfur- and nitrile-containing natural
products and their derivatives against the RBD of the spike protein of
SARS-CoV-2 using AutoDock Vina in the PyRx software package. As a
result of this initial screening, the 84 top compounds based on their
lowest binding energies were selected and subjected to molecular
docking using AutoDock 4.2.6 to validate the virtual screening results.
Finally, 18 compounds obtained from the computer-based screening
were selected for further in vitro experiments. Research on SARS-CoV-2
as a novel human pathogen is restricted to high-level biosafety labora-
tories, which usually do not have the necessary instrumentation for the
large-scale screening of antiviral compounds. Thus, we first used a
pseudovirus technology to overcome this challenge and facilitate the
screening of active compounds against the viral entry process in a
biosafety level 2 laboratory. The pseudovirus inhibition assay revealed
that compounds 9, 14, and 15 strongly inhibit the cellular pseudovirus
entry, with low micromolar ICs( values and a high selectivity index of
26.6, 10 and 12.6 respectively. These finding were confirmed using in-
hibition of live SARS-CoV-2 replication, where the compounds showed
inhibition with higher ICs( values with the selectivity index of 4.3 and
3.6 for compounds 9 and 14, likely due to the low titer of pseudovirus
compared to the live viruses. It was remarkable that the cell viability
assays evidenced that compounds 9, 14, and 15 exerted only moderate
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Fig. 6. Microscale thermophoresis analysis of compounds 9, 14, and 15 with the RBD of spike protein of: A) SARS-CoV-2, B) SARS-CoV-2 XBB.1, C) SARS-CoV-1, D)

H-CoV-HKU1, and E) MERS-CoV.
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Fig. 7. The binding mode and 2D representation of compounds 9, 14, and 15 with the RBD of spike protein of: A) SARS-CoV-2 (PDB ID: 7bnn), B) SARS-CoV-2 XBB.1
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Discovery Studio Visualizer software (version v.24.1.0.23298). The lowest binding energies (LBE) and the predicted inhibition constant (pKi) of each compound were

calculated using AutoDock 4.2.6.

cytotoxicity against HEK-ACE2, and slight toxicities were also observed
against human fetal MRC-5 lung fibroblasts and Vero E6 cells.
Compounds 9, 14, and 15, as also compound 16, are structurally
related to each other. Among these four compounds, 16 showed the
weakest activity (less than 50 % of inhibition). Structurally, it is the only
one with an electron-withdrawing group on the phenyl substituent in the
"south" (bottom): a carboxymethyl (i.e., a methyl ester) group. A much
better activity was found for compound 14. It has an electron-donating
methoxy group (-OMe) on that phenyl substituent in the “south”. This
fits significantly with the fact that the two highest activities are
exhibited by compounds 9 and 15, which both have even two electron-
donating alkoxy groups on that “southern” phenyl ring. The “north-
western” (upper-left) part of the molecule is electronically less differ-
entiated. All four structures have two oxygen functions there. The
difference between the two best compounds, 9 and 15, is given by the
alkyl (or alkylidene) substituents on the two oxygens on the left upper
side of the molecule, and on the two oxygens on the bottom side. On the
left upper (“north-western”) side, compound 9 has a large, 7-membered
ring, which is more voluminous than the two methoxy groups on the left
upper side of compound 15. Also, on the “southern” phenyl substituent,
the combination of a methoxy and an isopropyloxy group, as in com-
pound 9, is larger than the small 5-membered methylene acetal ring on
the “southern” phenyl ring of compound 15. Apart from the aspect of
mere molecular size, however, these groups are not only voluminous for
compound 9 and smaller for compound 15 on both sides, but the larger
ones on compound 9 are also more lipophilic in both cases. Thus, it
seems that not only the molecular shape influences the inhibitory

10

activity but also the lipophilicity.

Compounds 9, 14, 15, and 16 have more in common than the
presence of the mentioned nitrile and alkoxy groups. They are, all of
them, tetracyclic (or even pentacyclic in the case of the cyclic ether/
acetal in the isoquinoline part) heterocycles, which are generally
addressed as fused isoquinolines (more exactly as benzo[a]quinolizine-
4-imines). They are not natural products as such, but are directly derived
from a natural product, viz. from the natural alkaloid 1-methyl-6,7-dihy-
droxy-3,4-dihydroisoquinoline [33,34]or from the respective ethers.
From these natural products, they are semi-synthetically built up, in a
single step, by reaction with malodinitrile and the respective benzal-
dehyde. Thus, they are easily available by an efficient, natural
product-based one-pot semi-synthesis [35,36]. The parent compound,
1-methyl-6,7-dihydroxy-3,4-dihydroisoquinoline, belongs to a group of
catecholic isoquinolines, isolated, i.a., from Portulaca oleracea L. (plant
family: Portulacaceae), also known as common purslane [37]. This is a
cosmopolitan succulent plant with a broad spectrum of bioactivities,
among them neuroprotective, anti-inflammatory, anti-cancer, and also
anti-viral effects [38]. Plant extracts and polysaccharide fractions of
P. oleracea have been reported to inhibit the porcine epidemic diarrhea
virus (PEDV, a-coronavirus), the porcine rotavirus (Reoviridae,
double-stranded RNA virus), the influenza A virus, the hepatitis C virus
(HCV, Flaviviridae, single-stranded RNA virus), and the herpes simplex
virus 2 (HSV-2, Herpesviridae, double-stranded DNA virus) [39-43]. In
a commercial SARS-CoV-2 inhibitor screening assay kit, P. oleracea
extract also inhibited SARS-CoV-2 [44]. Several isoquinoline alkaloids
have been shown to inhibit SARS-CoV-2 [45].
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Fig. 7. (continued).

To the best of our knowledge, the three active compounds that we
identified in the present investigation have not been reported before to
inhibit the spike protein in a pseudovirus model of a clinical SARS-CoV-2
isolate. Up to now, numerous investigations have concentrated on the
discovery of natural compounds binding to the spike protein of SARS-
CoV2 and preventing the viral infection. For instance, H69C2 had a
binding affinity (K4 value) of 0.0947 uM for the RBD of SASRS-CoV2 and
an inhibitory effect with an ICso value of 85.75 uM against the native
live virus [46]. Two organic dyes (Congo red and direct violet 1) were
found to bind to the RBD and inhibited pseudovirus entry and cell
infection with ICsg values of 27.4 and 16.4 uM, respectively, that were
higher than the ICsg values of compounds 9, 14, and 15 [6]. Although
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different peptides and small molecules were developed as

pan-coronavirus inhibitors against the spike protein in the past, they all
targeted the fusion peptide of the spike protein and inhibited the cellular
entry of coronaviruses through the inhibition of membrane fusion at low
micromolar ICsq values [47-49].

With the aim of developing a pan-coronaviral inhibitors targeting the
RBD domain of the spike protein, we first performed a sequence align-
ment for the RBD of SARS-CoV2, SARS-CoV-2 XBB.1 (Omicron variant),
SARS-CoV-1, MERS-CoV, and HCoV-HKU1l. The Omicron variant
showed the highest and MERS-CoV the lowest homology to wild-type
SARS-CoV-2. We then performed microscale thermophoresis to investi-
gate whether these three active compounds can bind to the RBD of the
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spike protein of other coronavirus family members. Indeed, all three
active compounds bound to the RBD of the spike protein of SARS-CoV2,
SARS-CoV-2 XBB.1, SARS-CoV-1, MERS-CoV, and HCoV-HKU1. Their
binding affinities decreased with their sequence homology identified by
sequence alignment with a good correlation (R = -0.88, -0.91, -0.93 and
p-value = 0.04, 0.03, 0.02 for Compounds 9, 14 and 15 respectively).

According to previous studies, there were some residues on the RBD
of SARS-CoV2 considered as hotspot residues for protein-protein or
protein-ligand binding, including R402, N439, N440, L441, K433, V444,
G446,Y449, Y453, L452, L455, F456, T4790, E471, 1472, N481, E484,
F486, N487,Y489, F490, Q493, Q498, P499, T500, N501, and Y505 [46,
50]. A pharmacophore analysis based on the docking simulation
revealed that compounds 9, 14, and 15 interacted with some of these
hotspot residues, including F456, T470, E471, and N481. Thus, the
compounds 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 demonstrated higher binding af-
finity for the ACE2 compared to the wild-type RBD [50]. Our molecular
docking analysis revealed that the three active compounds, 9, 14, and
15, interacted with some of the hot spot residues in the RBDs of
SARS-CoV2, SARS-CoV-2 XBB.1, i.e., F456, R498, S496, Y501, and H505
that may interfere with the interaction between RBD and ACE2. While
previous studies demonstrated that the N501Y mutation allows the virus
to escape from monoclonal antibodies, convalescent plasma, and vac-
cines [46,51], our molecular docking results showed that mutations in
this residue do not affect binding of the active compounds 9, 14, and 15.
Moreover, molecular docking revealed that compounds 9, 14, and 15
may inhibit the HCoV-HKU1 virus entry through the interaction with the
R531, R517, Y528, and D529 hotspot residues [52]. Although com-
pounds 9, 14, and 15 did not interact with the hotspot residues of
SARS-CoV-1 and MERS-CoV, they still exerted high affinities to the RBD
based on their LBE of molecular docking and Kq values of microscale
thermophoresis studies. Thus, the inhibitory effects of these compounds
towards SARS-CoV-1 and MERS-CoV could take place by conformational
changes of the RBD [53].

In summary, we report here on a group of nitrile-containing natural
product-derived compounds as broad-spectrum coronaviral entry in-
hibitors with low toxicity. Initially starting with a focus on nitrile- and/
or sulfur-containing structures as the prime criterion, our strategy has
led to no less than three highly promising and easy-to-synthesize agents,
remarkably all of them with nitrile groups, but none with sulfur. Like-
wise remarkable is the fact that all of them have an isoquinoline-derived
structure, despite the broad plethora of the other ZINC-derived starting
structures. This shows the efficiency and specificity of the chosen se-
lection pathway, which, out of a very large number of starting structures
picks out this promising class of heterocycles. These compounds effec-
tively protect the cells from infection with both SARS-CoV-2 pseudovi-
ruses and live viruses. Moreover, in silico and in vitro studies revealed
that they bind to the RBD of SARS-CoV-2 XBB.1, SARS-CoV-1, MERS-
CoV, and HCoV-HKU1 with high affinities. We thus conclude that these
compounds may be interesting candidates to develop novel potent pan-
coronavirus entry inhibitors, in particular compound 15, which had the
highest antiviral activity. Further investigations including in vivo studies
are required.
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