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ABSTRACT

Since the advent of Covid-19, several natural products have been investigated regarding their in silico in-
teractions with SARS-CoV-2 proteases - 3CLP™ and PLP', two of the most important pharmacological targets
for antiviral development. Phenylethanoid glycosides (PG) are a class of natural products present in im-
portant medicinal plants and a drug containing this group of active ingredients has been successfully used
in the treatment of Covid-19 in China. Thus, a dataset with 567 derivatives of this class was built from
reviews published between 1994 and 2020, and their interaction against both SARS-CoV-2 proteases was
investigated. The virtual screening was performed by filtering the PGs through the evaluation of scores
based on the AutoDock Vina, GOLD/ChemPLP, and GOLD/GoldScore evaluation functions. The bRO5 phar-
macokinetic parameters of the PGs ranked in the previous step were analyzed and their interaction with key
amino acid residues of the 3CLP™ and PLP™ enzymes was evaluated. Ninety-eight compounds were iden-
tified by computational approaches against PLP"® and 80 PGs against 3CLP™, Of these, four interacted with
key catalytic residues of PLP™, which is an indicative of inhibitory activity, and three compounds interacted
with catalytic key residues of 3CLP™. Of these, five PGs occur in plants of the Traditional Chinese Medicine
(TCM), while two are components of plants/formulations currently used in the Covid-19 protocols in China.
The data presented here show the potential of PGs as selective inhibitors of SARS-CoV-2 3CLP™ and PLP™.
© 2023 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction

The Coronavirus disease 19 (Covid-19) emerged in 2019 as the
clinical manifestation of the new severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection. Covid-19 is a spectrum of
disease varying from asymptomatic cases to general inflammation
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and severe respiratory distress, which can evolve to death [1]. Due to
the wide and quick spread of SARS-CoV-2, Covid-19 was declared a
pandemic in March 2020 and since then, the entire world has driven
their attention to this disease. The global number of infected people
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surpassed 530 million, of which 6.3 million evolved to death, and
these numbers are supposed to increase due the emergence of novel
SARS-CoV-2 variants (https://www.worldometers.info/coronavirus/
). Currently, there are several vaccine options available in the market
that successfully controlled disease evolution and death [2] but
there still are very few therapeutic options for the treatment of in-
fections by emerging variants as well as non-vaccinated or vaccine-
escaped people [3,4]. Therefore, investing in new therapeutical op-
tions is essential in the fight against SARS-CoV-2.

The SARS-CoV-2 genome is a single-stranded positive-sense RNA
virus that encodes for many different proteins and enzymes. The
genome is approximately 30,000 base pairs long and contains two
open reading frames (ORFs) that produce all the proteins necessary
for viral replication and virulence [5].

Amongst the structural proteins are spike (S), envelope (E),
membrane (M), and nucleocapsid (N), which are required for the
properly assemble the viral particle. Also, the genes of nine acces-
sory proteins, named ORF3a, 3b, 6, 7a, 7b, 8, 9a, 9b, and 10, are in-
terspersed among or within the genes encoding the structural
proteins [6].

In addition, sixteen non-structural proteins (nsp) are encoded by
ORF1a and ORF1b, namely Nsp1-11 and Nsp12-16, respectively. The
ORF1ab codifies for a multifunctional protein that is involved in the
transcription and replication of the viral genome, containing over-
lapping open reading frames that encode polyproteins PP1ab and
PP1a [7]. These polyproteins are cleaved into 16 nonstructural pro-
teins (nsp1-16). Among them, based on similarity to other cor-
onaviruses, SARS-CoV-2 also contains the papain-like proteinase
protein (PLP™), and 3C-like proteinase (3CLP™) that process viral
nonstructural polyprotein [8,9]. Despite the essential role of nsps
intro viral life cycle, they also exert important pathological roles
such as suppression of host immune responses and suppression of
host gene expression [10,11].

The 3CLP™ is responsible for processing most of nonstructural
proteins (nsp5 to nsp16) and PLP™ cleaves the polyprotein at nsp1/2,
nsp2/3 and nsp3/4 sites [12]. In addition to protease activity, PLP™
also exhibits deubiquitinase and delSGylase activities, which makes
it relevant for virus-induced changes in the cell signaling process
[13]. Indeed, several authors have explored the potential of these
enzymes as targets for antiviral development [14-18].

Since the emergence of the SARS-CoV-2, synthetic and natural
compounds have been extensively evaluated for their capacity to
inhibit these proteases activities [19]. Among natural products,
polyphenols are a class of natural compounds with previously re-
ported antiviral activity, where the flavonoids are special re-
presentatives, being baicalin, herbacetin and pectolinarin examples
that demonstrated good affinity for 3CLP™ active site [20]. Recently,
our group showed that the methylated flavonoids retusin and ku-
matakenin, isolated from leaves of Siparuna cristata, inhibited in
vitro SARS-CoV-2 replication in Vero E6 and Calu-3 cells [21]. An-
other class of pharmaceutically interesting polyphenols are the
phenylethanoid glycosides (or phenylpropanoid glycosides), which
are compounds with phenylethyl alcohol, caffeic acid and glycosyl
moieties in their structures. Previous literature demonstrated their
potential antiviral activity against SARS-CoV-2 proteases, such as
forsythoside, verbascoside (or acteoside) and calceolarioside B
[16-18, 22-25].

The interest in phenylpropanoids is increased by the fact that
they are present in important formulations used in Traditional
Chinese Medicine (TCM) to treat viral or inflammatory disease
[26,27] and have recently been used in combination with allopathic
drugs to treat Covid-19 in China [27,28]. Recently, the preparation
called Lianhuagingwen capsules has been included in the Guidelines
for the Diagnosis and Treatment of Novel Coronavirus Pneumonia
issued by National Health Commission of the People’s Republic of
China for the treatment of Covid-19 [29,30]. It is a Chinese patented
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medicine consisting of thirteen herbs, among which are the species
Forsythia suspensa and Lonicera japonica, both containing pheny-
lethanoid glycosides in their chemical composition. Altogether, these
findings justify the virtual screening of phenylethanoids glycosides
as a possible new class of the SARS-CoV-2 proteases inhibitors.

2. Materials and methods
2.1. Creation of a phenylethanoid glycosides (PG) dataset

A database composed of phenylethanoids described in literature
was created based in four review manuscripts. Jimenez et al. present
the review of the period from the first isolation of a phenylethanoid
in 1950 until 1992 [31]. Fu et al. described compounds identified
from 1997 to 2007 [32], while Xue et al. described those from the
period of 2009-201 [33]. Finally, Wu et al. presented phenyletha-
noids identified from 1993 to 1997, from 2007 to 2009 and from
2016 to 2020 [34]. A total of 567 structures were drawn using
ChemDraw or MarvinSketch softwares and revised for literature
inconsistencies such as: the same compound published with two
different trivial names, or different compounds published with the
same trivial name, just to name some.

2.2. Construction of receptors and ligand models

The in silico interactions between proteases against the 548
glycosylated phenylethanoids was evaluated through molecular
docking simulations using the AutoDock Vina (i) and GOLD Suite
software [Score Function: ChemPLP (ii) and GoldScore (iii)] and the
final consensus score was calculated through the results of (i), (ii)
and (iii).

Redocking parameters were established for screening substances
using the three scoring functions. To carry out step (i), the pKa of the
3CLP™ amino acid residues of SARS-CoV-2 (PDBid 6XQT) and PLP™
(PDBid 7JRN) was performed using the PROPKA 3.0 software through
the PDB2PQR server (http://server.poissonboltzmann.org/pdb2pqr)
[35] with AMBER force field, and pKa of ionizable protein residues at
pH 7.4. Thus, the predicted values were compared to those provided
in the literature on the amino acid titration curve. The probable
protonation states were adjusted for 3CLP™ (PDBid 6XQT) using the
GROMACS computational module. The dimensions of the docking
grid were adjusted in the UCSF Chimera [36] using the zone function,
so that the residues at 5 A of the ligand Narlaprevir (NNA) of the A
chain complexed to the 6XQT crystal and for PLP™ the GRL0617 li-
gand complexed to 7]JRN crystal structure were selected and framed
in the box. The addition of Gasteiger-type fillers was added to 3CLP™
receptor protein with AutoDock Tools [37] and water molecules were
retained, while for PLP™ any water molecules were removed. Then,
the preparation of the NNA was carried out through OpenBabel [38]
functions. Similar process was used for PLP™, in which the conver-
sion of the structure to the pdbqt file format was performed using
the PDB2PQR output in UCSF Chimera.

2.3. Molecular docking and virtual screening

The PDBid 7JRN crystal structure had its water molecules re-
moved for redocking with PLP™. Although they can mediate hy-
drogen interactions, the water molecules in the crystal structure are
not described as essential for inhibition to occur in PLP™ [39,40]. On
the other hand, water molecules are essential in 3CLP™ protease
activity [37-39], thus the water molecules from PDBid 6XQT were
kept in the docking simulations. The ligands present in the crystal-
lized structure of proteins, NNA (PDBid 6XQT) for 3CLP™, and
GRLO617 (PDBid 7]JRN) for PLP™, were extracted from the 'A’ chains of
the three-dimensional structure of their respective proteases and
were used in molecular redocking. The protonation states of the GLU,
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ASP and HIS residues from both receptors were adjusted to pH 7.4
according to the pKa prediction calculated by the PDB2PQR.

The redocking of 3CLP™ and PLP'™ proteases was performed by
adjusting exhaustiveness set to 100 in (i) and in the redocking per-
formed with (ii) and (iii), binding site parameters were set to a ra-
dius of 10 A from the center of both ligands. The Root Mean Square
Deviation (RMSD) was calculated with OpenBabel between the first
pose from the docking and the conformation of ligands present in
the crystallized structure of proteins.

The interactions of amino acid residues His41, Cys145 and
Glu166, from 3CLP™ (PDBid 6XQT) with the crystal structure ligand
NNA, and, for PLP™ (PDBid 7JRN) residues Asn267, Tyr268 and
GIn269, with ligand GRLO617, which has been described as a PLP™
inhibitor and was also shown to be and effective viral inhibitor in
cell-based assays [41] were evaluated using Discovery Studio Vi-
sualizer (DSV), and compared to the redocking results performed on
the AutoDock Vina and GOLD complexed to the receptor protein. The
catalytic activity of 3CLP™ is established when Cys145 donates a
proton from its side chain, activating His41 [42]. In a complementary
way, the Glu166 of the opposite chain interacts with the N-finger
region of the next chain, assisting, in a multistep process, in the
formation of the active site of 3CLP™ [43]. Although the active site of
PLP™ is composed of the canonical cysteine protease catalytic triad
(Cys111, His272, and Asp286) [44]| Asn267, Tyr268 and GIn269 re-
sidues are present in the protease BL2 loop region which are de-
scribed as a hot spot for antiviral drug discovery targeting
PLP™ [45,46].

Classification Model.

The molecules were classified following a penalty score. The
penalty score is a consensus score that reclassifies molecules based
on the sum of their rankings position in each virtual screening
(AutoDock Vina, GOLD/ChemPLP and GOLD/GoldScore) and is di-
vided by the total number of molecules analyzed (548 in this work).

In this work, we used three different methods for virtual
screening, using AutoDock Vina, GOLD/ChemPLP, and GOLD/
GoldScore scoring functions. The GOLD software performs a re-score
through 'ASP' score function, whereupon the RMSD value is calcu-
lated, and the selection of the best ligand pose was generated for
each simulation. Therefore, the algorithm selected in this work
performs a reclassification within the hall of results obtained, thus
increasing the accuracy of the final result.

Additionally, the molecules were classified following a penalty
score. The penalty score has a range between zero and one, where
values closer to zero indicate a better molecule classified in the final
consensus score.

2.4. Filtering by pharmacokinetic parameters

Pharmacokinetic parameters were predicted by using the
SwissADME (http://[www.swissadme.ch/) and the pkCSM (http://
biosig.unimelb.edu.au/pkcsm/) servers, and DataWarrior software
(https://openmolecules.org/datawarrior/). Thus, through a con-
sensus among the programs, we applied filters related to molecular
size: MW < 1000 Da and PSA (polar surface area) 250 A, and, for
lipophilicity and absorption: HBD (hydrogen bond donors) < 6, HBA
(hydrogen bond acceptors) < 15, NRotB (number of rotatable bonds)
< 20 and - 2 < cLogP < 10; in addition to tumorigenicity, muta-
genicity and promiscuity (PAINS) standards.

2.5. Interaction analysis

Interaction analysis of drug candidates previously classified as
promising was re-evaluated. The best-ranked molecules from steps
(i), (ii) and (iii) docked with their respective proteases were analyzed
using DSV based on the receptor-ligand complex interaction and
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residues of interest for 3CLP™ (catalysts and key residues for di-
merization) and PLP™ (Tyr268, Asn267 and GIn269).

The similarity between the PGs was assessed by filtering phar-
macokinetic parameters, by comparing similarities of two sets. This
metric, given by the Tanimoto coefficient (T) and calculated by the
server ChemMine Tools (https://chemminetools.ucr.edu/), varies
from zero to one and the higher value represents greater similarity.
The online server NovoPro was used to compare the identity of the
fragments of the molecules (https://www.novoprolabs.com/tools/).

3. Results and discussion

In the present study, we set a panel of 567 phenylethanoid gly-
cosides (PGs) from literature and assessed their potential to inhibit
both the 3CLP™ and PLP™ activity by in silico analysis. Initially, a
literature search was carried out, which resulted in the assembly of
the PGs structures database. Filtering by classification methodology
was performed, followed by the analysis of pharmacokinetic para-
meters. The selected natural products were evaluated for structural
similarity and interaction with the both receptor-ligand complex.
Finally, their occurrence in plants or formulations of the TCM was
investigated.

3.1. Phenylethanoid glycosides (PGs) dataset

PGs are a class of natural compounds occurring in a vast array of
medicinal plants as well as plant-based foods such as herbal teas
[34]. Their general chemical structure is composed of a pheny-
lethanoid moiety (hydroxyphenylethyl unit) attached to a central
sugar moiety which, in most of the cases, is p-D-glucopyranose,
through a glycosidic bond at C-1 [34]. In most cases, the central
glucose moiety is esterified with a hydroxycinnamic acid derivative
(phenylpropanoid unit) such as caffeic, coumaric, cinnamic, and/or
ferulic acids. Other sugars also appear attached to the glucose re-
sidue, giving rise to a myriad of compounds.

Even though more than 500 different structures are known to
date, there is still much confusion in the literature regarding the
names and structures of these metabolites as described by Jimenez
and coworkers [31]. Verbascoside, initially isolated in the 1960’s
(1963), was coined with 4 different names in the literature (ver-
bascoside, acteoside, orobanchin, kusaginin) until its structure was
correctly assigned [31]. Another example is scroside D, which name
is attributed to two different structures (PG_277 and PG_284), iso-
lated from the same plant source, by two different groups in 2004
[32, 47, 48].

Since this class of substances is not readily available from most of
the natural product databases, an in-house dataset was built upon
the published structures from four different review articles [31-34].
After revision of duplicates and inconsistencies, 567 structures were
selected for virtual screening with 3CLP™ and PLP™, Table S1.

3.2. Molecular docking and virtual screening

During the last decades, the understanding of biological me-
chanisms has been significantly improved by curating databases of
ligand interaction. Increasingly in silico studies are widespread in
science, for being able to reproduce robustly and with great veracity
the biological data, reducing costs and experimental time, in addi-
tion to ensuring the economy of inputs, products and workmanship
in different in vitro and in vivo experiments, which are much more
expensive [49,50].

The molecular docking and virtual screening approaches are in
silico techniques used on known molecular targets and play a sig-
nificant role in early-stage drug discovery, significantly reducing the
effort of research and development, being more economical than is
normally seen when bringing a new molecular entity to market [50].
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In silico approaches can predict possible binding modes of a
compound at a given target binding site, and estimate the affinity
energy, based on its conformation and complementarity with the
characteristics of this interaction. Accurately scoring of the binding,
and classification of docked compounds is a crucial step in virtual
screening and can be measured through the application of func-
tions [51].

Fit scoring functions enable efficient cost/performance applied to
molecular databases. However, the best-ranked poses often have
close energy ratings to provide a selection criterion that is accurate
using only virtual screening software [52]. Functions based on em-
pirical data, such as those used in this study, employ energy terms
for hydrogen bonds and hydrophobic interactions. Combining the
results of two or more scoring functions and forming a consensus is
shown to be more effective in scoring and classifying compounds,
therefore, the present study applies a consensus penalty score in
order to obtain superior accuracy, improving the probability of dis-
cover true potential hits between the 567 structures analyzed in this
study [51,52].

Out of the 567 structures selected for virtual screening, 548
compounds interacted either with 3CLP™ or PLP™. Three pheny-
lethanoid glycosides showed indicative interactions of inhibitory
activity with key residues of 3CLP™ and four interacted with key
residues Asn267, GIn269, and mainly Tyr268 of PLP™. These results
are detailed as follows.

3.3. 3¢crre

The catalytic activity of 3CLP™ is mediated by two catalytic re-
sidues, unlike other proteases [53]. Initially, Cys145 donates a proton
from its side chain, which binds to His41 and a water molecule acts
as the third residue [42,54|. Ahdab et al. [55] discuss the importance
of water molecules in protease activity, and for these reasons, we
kept the waters in the docking simulations. The results from mole-
cular redocking performed with AutoDock Vina (i) obtained an in-
teraction energy - 8.5 Kcal/mol and RMSD of 1.46 A. In GOLD Suite
software Score Function: ChemPLP (ii), a score of 80.88 and RMSD
1.99 A were obtained; and in GOLD Suite software Score Function:
GoldScore (iii), a fitness of 98.90 and RMSD 0.67 A.

After docking the 548 phenylethanoids using the methodologies
(i), (ii) and (iii), a consensus score was calculated based on the three
results for each of the substances, which resulted in 80 substances
that had a penalty score value lower or equal to 0.3 (Table S2),
therefore better ranked.

3.4. PP

In the BL2loop region of the PLP™ enzyme, the residues Asn267,
Tyr268 and GIn269 are found. Despite not belonging to the active
site of this enzyme, interactions with the aforementioned residues
indicate a factor that inhibits the catalytic activity of the protein [56].

The PLP™ inhibitor GRL0617 is found in PDB 7JRN and was used to
validate the selected method through molecular redocking [57]. The
first bind mode generated on the redocking with (i) presented a
binding energy of - 9.6 kcal/mol and the RMSD of 0.45 A. Redocking
using (ii) showed scored 90.41 and RMSD 0.54 A and simulation with
(iii), fitness 59.35 and RMSD 0.65 A, when compared to GRLO617. In
virtual screening results 98 molecules had a penalty score value
lower or equal to 0.3 (Table S3).

3.5. Selected PGs and their relationship with traditional Chinese
medicine (TCM) plants

The seven best PGs selected in the in silico screening for PLP™ and
3CLP™ were surveyed for their occurrence in the TCM plants or
formulations [58-62]. PG_78 (calceolarioside C) is a constituent of
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plants from TCM such as Forsythia suspensa [63] as well as of Lian-
huaqgingwen capsules, a formulation used in Covid-19 protocols in
China [64] containing, among other herbs, Forsythia suspensa, Loni-
cera japonica and Pogostemon cablin. PG_348 (bacomoside B1/B2) has
been isolated from Bacopa monniera which is used in TCM but is
more commonly used in Ayurveda medicine [65]. However, there is
no report of this compound/plant being used for Covid-19 treatment.
PG_447 (1,6-bis (1-hydroxy-4-oxo-2,5-cyclohexadiene-1-acetyl)- 3-
(para-hydroxybenzene acetyl)-p-glucopyranoside) has been isolated
from Jacaranda mimosifolia, a plant from the Bignoniaceae family,
occurring in the Americas [66]. PG_514 (terngymnoside B), was
isolated from Ternstroemia gymnanthera, a plant used in the TCM to
treat carbuncles, sores, boils and mastitis. This PG revealed sig-
nificant analgesic effect according to the writhing model induced by
acetic acid in mice [67]. As far as we know, the species is not being
used in Covid-19 protocols in China. PG_254 (cis-isoverbascoside) is
a ubiquitous PG that has been reported to many medicinal plants. It
can be found in Pedicularis species [68], such as P. semitorta, [26]
occurring in China, but there is no report of its use in TCM to treat
Covid-19. PG_266 (parvifloroside A) has been isolated from Stachys
parviflora, common in Pakistan and Afghanistan [69]. Finally, PG_493
(forsythoside P) has been described in plants of TCM [70], especially
fruits of Forsythia suspensa (Oleaceae), currently being used in Covid-
19 protocols and an ingredient of Lianhuagingwen capsules [58,64].

3.6. Pharmacokinetics of glycosylated phenylethanoids

Natural products (NP) are promising alternatives for the treat-
ment of several diseases, and similarly to conventional drugs, they
must meet the ADME (Absorption, Distribution, Metabolism and
Excretion) and Toxicity parameters to make their administration
viable and successful [71]. Based on the premise that NP are gen-
erally large molecules and most of the phenylethanoids evaluated in
this work have a molecular weight (MW) above 500 Da, a literature
search was carried out on the best methodology for evaluating
pharmacokinetic parameters. Since the traditional Rule of 5 (Ro5)
[72] not apply to these compounds, the first limitation would be the
molecular mass less than 500 Da, in addition to also exceeding other
parameters, such as those related to lipophilicity, and then absorp-
tion. According to Doak et al. [73], new rules such as bRo5 (beyond
the rule of 5) allow the identification of promising drugs that do not
fit to the traditional one, for example, the HCV and HIV protease
inhibitors, Simeprevir and Atazanavir, respectively.

According to Bradley C. Doak & Kihlberg [74,75], molecular tar-
gets that have shallow and wide sites such as the case of proteases,
especially 3CLP™, exhibit greater druggability for bRo5 when con-
sidering pharmacokinetic parameters in addition to the traditional
Ro5. Furthermore, NPs have been shown to be favorable candidates
in broad rules such as those applied in bRo5 [73]. Analyses with PLP™
indicate that despite its active site being composed of residues
Cys111, His272 and Asn286, the hot spot to occur protein inhibition
is located in BL2Loop, including residues Asp267, Tyr268 and
GIn269 [57].

Based on this assumption, the 80 substances ranked from the
penalty score for 3CLP™ and 98 for PLP™ were analyzed for phar-
macokinetic parameters using pkCSM [76], SwissADME [77] and
DataWarrior [ 78] software. All phenylethanoids classified in this step
have MW less than 1000 Da and, since there was an increase in
molecular mass when compared to Ro5, we also increased the limit
for the PSA parameter to 250 A, considering that larger molecules
tend to have a bigger surface. In addition, regarding absorption
parameter, we selected NRotB 20 for both proteases, due to the
greater number of rotations that these NPs might take (Fig. 1).

Finally, the four most promising phenylethanoids targeting PLP™
(Figs. S9 to S12) were selected: PG_78 (calceolarioside C), PG_348
(bacomoside B1/B2), PG_447 (1,6-bis (1-hydroxy-4-oxo-2,5-
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Fig. 1. Predicted values of Molecular Weight (triangle) and Polar Surface Area (circle) by SwissADME, pkCSM and DataWarrior programs for substances PG_78, PG_348, PG_447,
PG_514, PG_254, PG_266 and PG_493. The Molecular Weight parameter is distinct from the orange, green and sky-blue triangles for the SwissADME, pkCSM and DataWarrior
programs, respectively. As for the Polar Surface Area, the references to the same predictors are yellow, blue dark and magenta.

cyclohexadiene-1-acetyl)- 3-(para-hydroxybenzene acetyl)-p-gluco-
pyranoside) and PG_514 (terngymnosides B), which are also mem-
bers of the top 10 previously formed by the substances that were
best positioned by penalty score rank (Table 1). Three compounds
targeting 3CLP™ were selected from the 80 initially ranked: PG_254
(cis-isoverbascoside) (Fig. S6), PG_266 (parvifloroside A) (Fig. S7)
and PG_493 (forsythoside P) (Fig. S8), described in Table 2. From the
selected substances, the predicted value range for cLogP, related to
lipophilicity, was ranged between - 1.4 and 0.7, indicating that these
molecules have a hydrophobic characteristic.

The potential of these compounds to be mutagenic or tumori-
genic were predicted by SwissADME, pkCSM and DataWarrior. Data
Warrior performs its analysis by collecting data from a variety of
sources, including websites, databases, and text files. It then uses
advanced algorithms and analytics to analyze this data and extract
patterns and trends. Data Warrior also incorporates machine-
learning capabilities that allows it to detect changes in data and
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make predictions about future trends. It helps to identify, visualize,
and analyze patterns in large datasets [79].

PkCSM analysis is based on the AMES test, an in vitro bacterial
reverse mutation assay used to assess the mutagenic potential of a
test substance. The Ames test in computational biology is a widely
used assay for predicting the mutagenic potential of chemical
compounds. It is based on the ability of certain bacteria to repair
DNA damage, which is indicative of its potential for causing genetic
mutations. The test involves exposing bacterial colonies to the
testing chemical compound and then measuring the growth of the
colonies. If the compound causes a decrease in the growth of the
colonies, then it is likely to be mutagenic. The Ames test is a valuable
tool for assessing the safety of new chemical compounds and is often
used in the early stages of drug development [80].

SwissADME is a computational tool developed to allow phar-
maceutical companies to evaluate the potential of small molecules
as drug candidates. It uses a combination of quantitative structure-
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Table 1

Computational and Structural Biotechnology Journal 21 (2023) 1461-1472

Phenylethanoids best ranked among docking score and pharmacokinetic analyzes against PIP™ protease. The table shows the 2D structure of each of the four phenylethanoids best
ranked, as well as their respective numeric output from the AutoDock Vina, GoldScore and ChemPLP algorithms, and classification in the Consensus Score.

Structure Docking Score Consensus Score
PLP™ Auto GoldScore ChemPLP  Penalty Score
Dock (Fitness) (Fitness) (0-1)
Vina
(kcal/
mol)
-8.7 90.44 114.61 0.025
Ol (PG_78 - calceolarioside C)
HO
OH
OH
HO
-8.5 84.20 101.78 0.080
OH o
O\)\C[OH
HO™" 10 OH
OH (PG_348 - bacomoside B1/B2)
(o}
OH
OH
(@] -8.5 79.10 116.54 0.096
HO
OH o OH
o) (PG_447-1,6-bis
0 O
o) o
HO™" 0”70
OH
(1-hydroxy-4-oxo0-2,5-cyclohexadiene-1-acetyl)-3-(para-hydroxybenzene acetyl)-g-glucopyranoside)
-8.9 80.12 106.00 0.061

o} O OH

)
oH
o o

HO™ OH

gy
OH ?O (PG_514 - terngymnoside B)
OH

activity relationship (QSAR) models and pharmacophore models to
analyze molecules and identify their potential use as drugs. The
program also includes a virtual screening algorithm to help to
identify novel molecules that may be valuable drug candidates. The
QSAR models are used to analyze the structure and properties of a
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molecule and the pharmacophore models are used to compare the
molecule to known drugs and predict its potential as a drug candi-
date. The virtual screening algorithm helps to identify novel mole-
cules that may have potential as drug candidates by comparing them
to known drugs. SwissADME is a powerful tool for evaluating the
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Table 2

Computational and Structural Biotechnology Journal 21 (2023) 1461-1472

Phenylethanoids ranked best among docking scoring and pharmacokinetic analyzes against 3CLP™ protease. The table shows the 2D structure of each of the three phenylethanoids
best ranked, as well as their respective numeric output from the AutoDock Vina, GoldScore and ChemPLP algorithms, and classification in the Consensus Score.

Structure Docking Score Consensus
Score
3CLPr Auto Dock GoldScore  ChemPLP  Penalty Score
Vina (Fitness) (Fitness) (0-1)
(kcal/mol)
T -9.1 87.93 97.58 0.132
) NN GA
= AN o O"’% \/\C(,} 4
i (PG_266 - parvifloroside A)
<A ! i
w Uy
4
AN -9.3 91.31 101.17 0.166
HO
OH OH
(PG_254 - cis-isoverbascoside)
OH
-8.8 82.68 92.65 0.291

HO

OH

(PG_493 - forsythoside P)

potential of small molecules as drug candidates and is an important
part of the drug discovery process [81]. All the selected PGs pre-
sented negative results to mutagenicity and tumorigenesis, sug-
gesting they are all safe to be used as human drug. In addition,
aiming to verify optimized absorption and satisfactory bioequiva-
lence [82], we also considered the negative AMES (absorption-
modifying excipients) parameter for intestinal absorption. Table S4
shows the predicted pharmacokinetic and toxicity properties for the
seven PGs that showed better interaction with SARS-CoV-2 pro-
teases.

3.7. Interaction analysis with 3CLP™

In order to obtain more robust responses regarding the level of
interaction between the 3CLP™ complexes and PG_254, PG_266 and
PG_493, we also included in the analysis the important catalytic and
dimerization residues in addition to the well documented His41,
Cys145 and Glu166, since this enzyme acts as a homodimer and the
other residues play an important role in its activity [83-85].

Initially, we assessed that PG_254 and PG_266 (T =0.774) shared
more structural features according to the similarity predictions
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calculated by ChemMine Tools among the three PGs selected in the
previous filtering steps. The predictions of protein-ligand interaction
showed interrelation through hydrogen bonds between the PG_254
complex - scoring function (GOLD/GoldScore - iii) - with one of the
key amino acids Glu166, and with Thr26 and Asn142. His41, a
member of the catalytic dyad, showed a possible hydrophobic in-
teraction (Fig. S1). Under the scoring function GOLD/ChemPLP (ii),
the same complex presented hydrogen bonds with only one pocket
residue: Thr25. The same class of bond was predicted for AutoDock
Vina (i) with Met49, Phe140 and Arg188. For this mode of PG_254,
the residues Glu166 and His41 showed unfavorable and van der
Waals interactions, respectively. The complex formed with PG_266
(Fig. S2), in turn, presented in (iii) hydrogen bonds with both His41
and Argl188. In (ii), His41 interacted via covalent bonds between
carbon and hydrogen atoms, and the PG made hydrogen bonds with
Thr26, Asn142 and GIn189, that act together with the catalytic re-
sidue, helping to stabilize the site [85]. In function (i), the catalytic
residue Cys145 performed van der Waals interaction, while Glu166,
His164 and Phe140 showed hydrogen bonds with the PG_266.

As the similarity between PG_254 and PG_266 was calculated,
the Tanimoto coefficient (T) between PG_266 and PG_493 was
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Fig. 2. Interactions between the 3CLP™ complex with PG_493. A: PG_493 corresponds to the GoldScore (magenta), ChemPLP (orange) and AutoDock Vina (cyan) scoring functions
interacting in the catalytic pocket of the homodimer located on the A chain (grey); chain B is highlighted in lilac and water molecules are represented in ball and sticks. B & C: In
magenta, results refer to the GoldScore algorithm. D&E: ChemPLP results are displayed in orange. F & G: In cyan, the results refer to the Autodock Vina. C, E & G: 3D view of PG_493
from iii, ii and i, respectively. The colored boxes correspond to the legend of the protein-ligand interactions.

T=0.74. The 3CLP™ and PG_493 complex in (iii) showed hydrogen
bonds between GIn189 and Asn142, unlike PG_266 and PG_254,
under the same scoring function. Under function (ii), hydrogen
bonds occurred with Glu166, similarly reported in the interaction
with phenylethanoid Disaccharide Esters described by Nawrot-
Hadzik et al. [86], and GIn189. The mode of PG_493 generated with
(i) showed hydrogen bonds with Cys145 and Glu166, which also
make unfavorable bond. Finally, T is equal to 0.69 between PG_493
and PG_254, revealing the smallest sharing of characteristics be-
tween the other two PGs already discussed.

Through a comparative analysis between the interactions dis-
cussed above and the three PGs, it was possible to observe the fre-
quency of interactivity between the residues of the target enzyme
and the phenylethanoids. We evaluated that the p-hydroxyl of caffeic
acid of PG_493 had an interaction predicted by (i) with the Glu166
and Phe140 residues (Fig. 2 F), while with the carbonyl group of the
same fragment, there was interaction with His41 (i). This same
carbonyl fragment present in PG_493 generated with (iii) interacts
with Cys145 (Fig. 2, B&C). On the other hand, in the mode of the PG
generated with (ii) the bond occurs with Glu166 (ii) (Fig. 2 D&E). The
hexose group of PG_493 showed predicted interaction with Glu166
(iii) and Phe140 (iii). The deoxyhexose ring interacts with Arg188, in
addition, the hydroxyl attached to carbon one of the aromatic
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fragments interacts with His41 (iii), and the hydroxyl in the fifth
position with GIn189 (iii).

It is interesting to note that a range of interactions participate in
the receptor-ligand complex and should be carefully evaluated under
their particularities and in silico predictions [87]. Based on the data
presented here, it is possible to evaluate compounds that make
several interactions but do not have the best docking energies. It is
the case of PG_493 that shared many interactions in the complexes
formed with 3CLP™ through simulations (i) and (iii) when compared
to the other PGs classified for this enzyme. Furthermore, it shares
structural similarity with PG_266, the best-placed binding energy
issue between the three natural products discussed here.

3.8. Interaction analysis with PLP™

The in silico interaction analysis approach identified potential
compounds that can target the binding sites of SARS-CoV-2 PLP™
through molecular interactions responsible for multiple viral func-
tions.

The PG_447 complex showed predicted interactions with re-
sidues of interest, particularly Tyr268 which has been identified as a
crucial residue for PLP™ function due to its role in the protease's
catalytic cleft [88]. Tyr268, located at the binding site, has a flexible
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Fig. 3. Interactions between the PLP™ complex with PG_447. A: PG_447 corresponds to the GoldScore (magenta), ChemPLP (orange) and AutoDock Vina (cyan) scoring functions
interacting in the catalytic pocket of the PLP™ (grey); B & C: In cyan, results refer to the AutoDock Vina algorithm. D&E: GoldScore results are displayed in magenta. E & F: In
orange, the results refer to the ChemPLP. C, E & G: 3D view of PG_447 from i, iii and ii, respectively. The colored boxes correspond to the legend of the protein-ligand interactions.

loop that can be inhibited by interactions with other residues (Fig. 3
B, D & F) [89]. The analysis of Tyr248 interactions revealed interac-
tions between 4-Hydroxyphenylacetic acid's ring center and the
residue through hydrophobic interactions at distances of 5.11 A (ii)
(Fig. 3 A), 4.41 A (iii) (Fig. 3 C), and 5.30 A (i) (Fig. 3 E). Conventional
hydrogen bonds and weak polar covalent bonds were also predicted
at 492A (i) and 4.15A (iii), respectively. Additionally, hydrogen
bonds were observed between the quinolacetic acid fragment (i).
The GIn269 analysis showed conventional hydrogen bonds in (i), (ii),
and (iii) simulations, all interacting with the 4-Hydroxyphenylacetic
acid ring center at distances of 4.65 A (ii), 5.85 A (iii) 5.38 A (i). Hy-
drophobic interactions were also observed between the 4-Hydro-
xyphenylacetic acid ring center and the residue at 3.53A (ii) and
4.17 A (i). Asn267 showed carbon-hydrogen interactions at 4.92 A (i),
conventional hydrogen bonds at 3.73 A (i), and Van der Waals in-
teractions (iii) with quinolacetic acid. No unfavorable interactions
were observed in any of the PG_447 simulations involving the ana-
lyzed residues.

The PG_514 analysis presented in Fig. S3 shows only van der
Waals interactions involving Asn267 across all simulations. Each
simulation showed that Asn267 interacted with fragments of hy-
droxyphenylacetic acid (i), hydroxytyrosol (ii), and quinolacetic acid
(iii). The predictions showed that GIn269 forms hydrogen bonds at
distances of 4.15 A (ii) and 5.42 A (i) and van der Waals and hydro-
phobic interactions with the ring center of hydroxyphenylacetic acid
at 4.62 A (i) and 4.01 A (ii) respectively. The main residue, Tyr268,
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was observed to form covalent bonds with hydroxyphenylacetic acid
at 4.18 A (i) and 4.79 A (iii) and conventional hydrogen bonds with
quinolacetic acid at 5.99 A (i). Although PG_514 demonstrated fewer
and less diverse interactions than PG_447, no unfavorable interac-
tions were detected by any of the analyzed score functions.

In the PG_78 interaction predictions (Fig. S4), hydrogen bonds
were formed with GIn269 at 4.78 A (ii) and 5.87 A (iii), interacting
with the double bond oxygen in caffeic acid and with hexose oxygen,
respectively. Interactions with GIn269 suggest the molecule's po-
tential to inhibit the function of PLP™, as it is a key residue for small
molecule recognition [90]. A hydrophobic interaction at 4.03 A (i)
was also predicted between GIn269 and the phenolic ring of caffeic
acid. Asn267 showed van der Waals interactions in all simulations (i,
ii, and iii) with hexose, and unfavorable interactions with oxygen
from the hexose at 3.64 A (ii). For Tyr268, hydrophobic interactions
at 5.07 A (i) and 4.95 A (ii) were predicted in both aromatic rings,
which are important for desired inhibition [90,91]. Tyr268 also
showed a covalent interaction with the oxygen in the caffeic acid
double bond (4.36 A) (i) and unfavorable interactions (ii) with hy-
drogen and an oxygen atom in the hexose at distances of 3.76 A and
3.85 A, respectively.

In PG_348 (iii) van der Waals interactions were predicted for
residues Tyr268, GIn269 and Asn267, all occurring between the
caffeic acid and hydroxytyrosol fragments. For Tyr268, in addition to
the van der Waals interactions (i, ii and iii), covalent bond at 4.79 A,
hydrophobic interactions at 5.50 A, and 4.77 A were predicted as
well as interactions described as unfavorable in both caffeic acid and
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hydroxytyrosol rings center in PG_348 (i) occurring at 4.60 A. Also
found were hydrogen bonds between Asn267 3.41 A (i), and hydro-
phobic interactions between GIn269 4.55 A (i), and hydrogen bonds
(ii) both in contact with caffeic acid.

4. Conclusions

Since the Covid-19 pandemic, many studies have successfully
described the use of herbal preparations of traditional Chinese
medicine as important tools in disease control, both in China and in
other countries, such as Russia. Since the beginning of 2020, several
studies of network pharmacology have also revealed the potential of
TCM in Covid-19 targets. Phenylethanoid glycosides are important
active principles in these preparations, but, apart from reports of in
vitro available data for three PG (forsithosyde, calceolarioside B and
verbascoside) towards SARS-CoV-2 PLP™ and 3 CLP™, there is no
other records for this wide class of natural products. This can be
partially explained by the fact that out of the 178 compounds filtered
by the penalty score below 0.3 for both proteases, only 36 are cur-
rently possibly commercially available, most of them only in Asia.
Moreover, out of the 7 top phenylethanoids selected in this work by
in silico approach, only one is commercially available for testing,
which renders it impossible to test all seven best selected com-
pounds, revealing the importance of in silico studies for this specific
class of natural compounds.

Molecular modeling was one of the areas of science that received
most attention during the pandemic period, showing itself capable
of presenting quick responses in helping both drug development and
repositioning study fields, especially in cases where diseases still
lack treatments and vaccines. In silico experiments can be used both
for prediction and to explain physical, biological and chemical phe-
nomena, and can even direct in vitro and in vivo experiments, elu-
cidate reaction mechanisms obtained in in vitro and in vivo
experiments, among other explanations. In addition, in silico ex-
periments are considered alternative methods to the use of animals
in research. Virtual screening is less accurate when compared to in
vitro and in vivo testing, however, the method used in this work
aims to filter, and not infer, which candidates are the most likely to
perform the desired interaction, and it reduces the amount of ex-
perimental testing, being capable of saving time, money and possibly
helping to preserve human lives due to the quickness of its re-
sponses.

In the present study, an in-house database containing 567 PGs
described in the literature from 1994 to 2020 was build and their
virtual screening was performed against the main SARS-CoV-2
proteases. The classification of better selective inhibitors was per-
formed through a combination of computational approaches. After
analyzing the consensus score from AutoDock Vina, GOLD/ChemPLP
and GOLD/GoldScore, predicting pharmacokinetic and toxicity
properties and analyzing the intermolecular interactions from cat-
alytic key residues from PLP™ and from 3CLP™; a total of seven PGs
with potential inhibitory activity were revealed. Three PGs are po-
tential selective inhibitors of SARS-CoV-2 3CLP'®: cis-isoverbascoside
(PG_254), parvifloroside A (PG_266) and forsythoside P (PG_493).
Additionally,  1,6-bis  (1-hydroxy-4-oxo-2,5-cyclohexadiene-1-
acetyl)- 3-(para-hydroxybenzeneacetyl)-p-glucopyraoside (PG_447),
terngymnoside B (PG_514), calceolarioside C (PG_78) and bacomo-
side B1/B2 (PG_348) are potential selective inhibitors of SARS-CoV-2
PLP™, It is interesting to note that out of the seven best PGs, five were
isolated and/or described in plants used in the TCM. Of these five,
two PGs are present in plants/formulations that are being used in
Covid-19 protocols in China, revealing the potential of this medicine
system and of this class of NP towards Covid-19. Although the de-
velopment of SARS-CoV-2 protease inhibitors is still considered a
challenging task, this work may provide an important reduction in
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the time and cost of in vitro and in vivo work in order to find a drug
capable of inhibiting the development of Covid-19.
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