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Abstract: Over 750 million cases of COVID-19, caused by the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), have been reported since the onset of the global outbreak. The need for
effective treatments has spurred intensive research for therapeutic agents based on pharmaceutical
repositioning or natural products. In light of prior studies asserting the bioactivity of natural
compounds of the autochthonous Peruvian flora, the present study focuses on the identification
SARS-CoV-2 MP™ main protease dimer inhibitors. To this end, a target-based virtual screening
was performed over a representative set of Peruvian flora-derived natural compounds. The best
poses obtained from the ensemble molecular docking process were selected. These structures were
subjected to extensive molecular dynamics steps for the computation of binding free energies along
the trajectory and evaluation of the stability of the complexes. The compounds exhibiting the best free
energy behaviors were selected for in vitro testing, confirming the inhibitory activity of Hyperoside
against MP™, with a K; value lower than 20 uM, presumably through allosteric modulation.

Keywords: SARS-CoV-2 main protease; Peruvian natural plants; docking; molecular dynamics;
MM-PB/GBSA approach; drug design; allosteric inhibition; Hyperoside

1. Introduction

COVID-19, a highly infectious disease caused by Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), first identified in 2019 in Wuhan (China) [1], has demonstra-
bly infected more than 750 million people since the onset of the global pandemic situation
declared by the World Health Organization on March 2020 [2,3]. Enormous prevention
efforts, including social distancing, regular use of masks and hand washing, have not
prevented the spread of the virus [4]. Motivated by the rapid increase in cases and se-
vere illness, much effort has been placed on the discovery of antivirals, by resorting to
natural compounds or through drug repositioning strategies [5-10], along with vaccine
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development [11]. Although several commercialized drugs, such as Remdesivir [12] or
Hydroxychloroquine [13], were initially repositioned as antivirals to treat severe COVID-19,
subsequent large randomized clinical trials showed them to be ineffective or to exhibit
unacceptable levels of side effects [14-16]. More recently, an effective oral inhibitor of the
SARS-CoV-2 main protease, MP™, Nirmatrelvir [17], administered in combination with
Ritonavir for improved pharmacokinetics, was shown to exert antiviral activity and to
prevent progression of COVID-19 to a more severe disease [18,19].

The SARS-CoV-2 main protease, known as 3CLP™ or MP™, exerts an essential role
in viral replication [20,21], and inhibition of the conserved SARS-CoV MP™ results in
effective infection control in cultured cells [21,22]. Furthermore, the substrate specificity of
MP™ enzymes from SARS-CoV-2, SARS-CoV, MERS-CoV, enteroviruses, rthinoviruses, and
noroviruses cleave the peptide bond following GIn on Leu-GIn/|[Ser, Ala, Gly], a cleavage
specificity unknown in mammalian enzymes [21,23]. As a corollary, MP™-specific inhibitors
are predicted to have negligible off-target activity and thus limited side effects [24,25]. These
features make MP™ an attractive and obvious target to treat COVID-19. Designed drug-
like compounds such as noncovalent inhibitors [26], peptidomimetic inhibitors [23], drug
repositioning and screening of natural compounds [5-10,21] are some examples of the
strategies used to discover small molecules targeting SARS-CoV-2 MP™. In this regard,
Virtual Screening represents an effective and reliable computational approach useful for
the rapid identification of bioactive compounds directed against a target of interest [27,28],
and thus many in silico studies have applied Virtual Screening protocols as the initial step
towards the identification of potential MP™ inhibitors [29-33], some of which have been
experimentally confirmed [34-37].

Among the existent sources of compounds and databases, natural products stand out
as one of the most interesting for drug discovery because of their large structural diversity
and generally good bioavailability [8,32-39]. The use of natural compounds present in
medicinal herbs has been part of popular knowledge in all cultures [34,40-42], including
the use of natural anti-inflammatories or antivirals as therapeutic alternatives with at least
some evidence of clinical efficacy [43—46]. In this context, Peruvian medicinal plants are
traditionally known to be effective against many different respiratory diseases [41,42,46].
However, although some computational studies have been performed [47], no experimental
studies have been reported to date exploring natural compounds from the autochthonous
Peruvian flora for the treatment of COVID-19. Motivated by this knowledge gap, we have
herein undertaken the identification of natural products targeting the SARS-CoV-2 MP™
main protease dimer, with a focus on the autochthonous flora of Peru as a source of bioac-
tive compounds. To this end, we first performed an extensive literature search to identify
and select compounds with known inhibitory activity against related viruses as candidate
molecules. Subsequently, ensemble Molecular Docking of the selected compounds was
performed for six different conformation representatives of the protease dimer, identified
by conventional (cMD) and Gaussian accelerated Molecular Dynamics (GaMD). Candidates
exhibiting the best complex binding free energies were subjected to extensive cMD simu-
lations. Through the iterative evaluation of the free binding energy profiles, compounds
exhibiting the best energetic behaviors were selected and experimentally tested in MP™
activity assays in vitro. This workflow has yielded Hyperoside, found in the autochthonous
Peruvian plant Chamaesyce thymifolia, as an in silico predicted and experimentally confirmed
inhibitor of SARS-CoV-2 MP™,

2. Results
2.1. Selection of Natural Compounds from Peruvian Flora

We conducted an extensive literature search based on bioactive natural compounds
present in the Peruvian autochthonous flora. As a result, we initially identified up to
20 compounds exhibiting antiviral activity against related viruses as candidate inhibitors
of SARS-CoV-2 MP™. Of these, 15 compounds were finally selected for subsequent in
silico and in vitro studies, based on commercial availability (Table 1 and Figure 1). Since
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Quercetin exhibited inhibitory activity against MP™ through experimental screening [10,48],
we finally decided not to include the compound in this study.

Table 1. Bioactive compounds present in the Peruvian flora selected from the literature for the

in-silico study. References for each of the selected compounds are indicated.

Scientific Name

Spanish Vernacular Name

Bioactive Compound

Persea americana [49,50]

Aguacate [49]

(2R/4R)-1,2,4-trihydroxyheptadec-16-yne
(THHY) [51]

Quercetin 3-O-b-glucoside (ISOQUERCETIN)

Chama[gsoy geztggr ifolia Cocodrilo o Golondrina [50,54] [55-57]
T Quercetin 3-O-b-galactoside (HYPEROSIDE)
[55,57-62]

Maytenus macrocarpa [50,63]

Chuchu washa [50]

22x-hydroxy-12-en-3-ox0-29-oic acid [64]

Caesalpinia pulcherrima
[50,65-67]

Virundera del Peru

3,34’ 5,6-penta hydroxyflavone (QUERCETIN)
[48,56-59,61,68-71]
quercetin-3-thamnoside (QUERCITRIN)
[68,70,71]

Stylogne cauliflora [72]

Cauliflora

Oligophenolic Compound SCH 644343 [73]
Oligophenolic Compound SCH 644342 [73]

Phyllanthus urinaria [50]

Chanca Piedra [50]

(6S,7aR)-6-hydroxy-4,4,7a-trimethyl-6,7-
dihydro-5H-1-benzofuran-2-one (LOLIOLIDE)
[74,75]

Speciophylline [74,77]
Mitraphylline [74,77]
Uncarine-F [74,77]

Uncaria tormentosa [76 Una de Gato
76l (28)-b-D-glucopyranosyl ester (QUINOVIC
ACID GLYCOSIDE) [78]
Cinchonain Ia [79,80]
Cinchonain Ib [79,80]
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Figure 1. 2D representation of the natural compounds selected for the present in silico study.
Quercetin (1), Quercitrin (2), Isoquercetin (3), Hyperoside (4), Speciophylline (5), Mitraphylline
(6), Uncarine—F (7), oligophenolic compound SCH 644343 (8), oligophenolic compound SCH 644342
(9), 22-hydroxy-12-en-3-ox0-29-oic acid (10), (2R ,4R)-1,2,4-trihydroxyheptadec-16-yne (11), (6S,7aR)-
6-hydroxy-4,4,7a-trimethyl-6,7-dihydro-5H-1-benzofuran-2-one (12), Cinchonain Ia (13), Cinchonain
Ib (14) and (28)-b-D-glucopyranosyl ester (15).
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2.2. Representative Structures of the SARS-CoV-2 MP™ Protease Dimer

Conventional Molecular Dynamics (cMD) and Gaussian-accelerated Molecular Dy-
namics (GaMD) simulations were applied to SARS-CoV-2 MP™ in order to identify inde-
pendently clustered conformations and their representatives. The conformational diversity
of the MP™ dimer binding site was depicted by means of an iterative process based on Root-
Mean Square Fluctuation (RMSF) calculations (Supporting Figure S1). More specifically,
amino acids presenting small fluctuations at the binding site during the simulation were
used for Co superposition of the structures in subsequent Root-Mean Square Deviation
(RMSD) calculations (Supporting Figure 52). Further, binding site residues exhibiting larger
RMSEF values were considered to calculate the distance (RMSD) for the clustering process.
Hence, residues with the lowest values from the RMSF analysis of the binding site amino
acids were selected for the superposition of the structures, while those with the highest
values were employed for PCA of the covariance matrix (Supporting Figure 53). Subse-
quently, three representatives from both cMD and GaMD simulation runs were selected,
considering clusters with a population larger than 10% (Figure 2). Thus, a total of six
receptor structures were employed in the virtual screening process, as most representa-
tive of the diverse conformational space of the MP™ dimer accessible for ligand binding
(Supporting Figure S4).

2 pc1 cMD ) . ¥ pa GaMD

20

PC2

30 50 -40 30

- MD1 . - MD1
-20
- MD2 - MD2

@ Clusters @ Cluster
PC1 -30 -30

Figure 2. Graphical representation of the first two Principal Components identified from the cMD and
GaMD simulations. Black dots correspond to the positions of the cluster representatives presenting a
population higher than 10% of the total. Three representatives from each cluster were selected for
each cMD and GaMD. Orange and blue colors represent the different simulation replicates.

2.3. Virtual Screening

Ensemble Molecular Docking of the selected natural compounds was performed on
the 6 MP™ representatives, by applying the standard protocol of the QuickVina2 software
(release 2015; Glossary, A. et al.) [81]. For each of the six MP™ representatives, 15 poses were
generated per ligand, thus yielding a total of 1260 complexes to evaluate. To reduce the
number of conformations for further study, only the poses exhibiting the best binding affini-
ties for each representative were selected. Based on the PCA results obtained with the most
populated cMD representative and prior studies by us [8], a threshold of —7.0 kcal/mol
was established for the initial selection process of the best candidates. Consequently, only
ligand-protease complexes exhibiting a scoring function value smaller than the threshold
were selected for further analysis. Hereafter, selected complexes were solvated in explicit
TIP3P water molecules [82] and subjected to a minimization protocol to allow free move-
ment of the system. Then, the free binding energies of the structures were computed using
Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) [83] and Molecular
Mechanics Generalized Born Surface Area (MMGBSA) [84]. Finally, after ranking the
complexes selected from the initial docking process, a second selection prioritizing the best
free binding energies was sufficient to reduce the number of poses to be further evaluated
in subsequent steps.
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At the end of this process, the top-ranked 9 ligands were selected, each of them pre-
senting up to 8 poses with each of the six MP™ conformational representatives. As a result,
compounds Hyperoside, Isoquercetin, the oligophenolic compounds SCH 644343 and
644342, Quercitrin, Quinovic acid Glycoside, Cinchonain Ia, Cinchonain Ib and Loliolide,
were selected to continue with the virtual screening process, while THHY, 22x-hydroxy-
12-en-3-ox0-29-oic acid, Speciophylline, Mitraphylline and Uncarine-F were discarded.
The selected compounds were heated to 300 K and density-equilibrated to be subjected to
100 ns cMD simulations. After simulations of the selected complexes, the time evolution of
the thermal MMGBSA free binding energy was computed for all of them. By analyzing
the energetic profiles and the binding energy averages of the last step of the simulation
(Supporting Table S1), only the best complex poses exhibiting the best energetic profiles
were selected for further analysis. Hence, up to three best poses were selected by compound
and subjected to the extension of the simulations, except for Loliolide, which was discarded
due its small binding energies with all the MP™ representatives.

Repeating the procedure, extending the simulations up to 500 ns, 1 ps, 1.5 ps and
2 ps, and calculating the time evolution of the MMGBSA free binding energy of the
selected complexes at each step (Supporting Tables 52-S5), we identified Hyperoside, the
oligophenolic compounds SCH 644343, SCH 644342, Cinchonain Ia and Cinchonain Ib as
the best candidates for experimental in vitro testing (Supporting Figure S5).

2.4. In Vitro Assays

Due to the commercial unavailability of the oligophenolic compounds SCH 644343 and
SCH 644342 at the time of performing the experimental analysis of the selected compounds,
the in vitro assays were limited to Hyperoside, Cinchonain Ia and Cinchonain Ib. The
activity of these compounds against the SARS-CoV-2 MP™ main protease dimer, evaluated
by means of a continuous assay employing a peptide FRET substrate (see Section 4.6.2),
showed that, of the 3 compounds tested, only Hyperoside exhibited a specific inhibitory
activity with a K;*’F (apparent inhibition constant) of 76 uM (Supporting Figure S6). In
contrast, Cinchonain Ia Cinchonain Ib did not exhibit inhibitory activities at substrate
concentrations below 125 pM, possibly as a reflection of physicochemical properties of the
tested compounds under the experimental conditions employed that may have resulted
in failure to bind to the receptor (Table 2). If Hyperoside were a competitive inhibitor,
its intrinsic inhibition constant would be 27 pM, according to Equation (8). However,
Hyperoside seems to act allosterically on MP™, and the intrinsic inhibition constant should
be calculated using Equation (11). Because the conformational equilibrium constant K is
not known, it is not possible to calculate a precise value for K;. However, because K must
be larger than 1 (i.e., the active substrate-binding state must predominate over the inactive
inhibitor-binding state), the K; should be much lower than 20 uM (calculated for K = 1), a
considerable inhibitory potency for Hyperoside.

Table 2. MP™ inhibition values exhibited in in vitro assays by the compounds selected for experimen-
tal activity determinations. Compounds are ordered according to their best Free Binding Energies
Computed for the complete Molecular Dynamics Simulations.

) AGpiniding
Compound ( I;’/D (ICI\S/?) (MMGBSA)
H H (kcal/mol) **
. 27 (competitive) —60.1
Hyperoside <20 (allosteric) 76 —533
Cinchonain Ia * * —59.0
Cinchonain Ib * * —43.8

* Compounds with an asterisk correspond to those that have not exhibited detectable inhibitory activity at
substrate concentrations below 125 uM. ** Two values are reported for Hyperoside, corresponding to the two
binding sites identified.
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2.5. Binding Analysis

Therefore, the screening protocol followed in this study, based on our prior work [8],
has permitted to accurately predict a natural compound with a smooth energetic profile
(Figure 3), Hyperoside, as a small molecule displaying a significant enzymatic inhibitory
activity on SARS-CoV-2 MP™,

(a) (b)

—20

=304

AG (keal/mol)

—80

—80
0

500

1000 1500 2000 0 500 1000 1500 2000
time {ns) time (ns)

Figure 3. Time evolution of the thermal MMGBSA binding free energy obtained from the full length
extended molecular dynamic simulations for the two allosteric binding sites identified for Hyperoside.
Energetics profiles shown correspond to the first (a) and second (b) binding poses exhibiting the best
energetic profiles, with computed average binding energies during the last 20 ns of —60.1 kcal/mol
and —53.3 kcal/mol, respectively. Average binding energies computed every 20 ns of the simulation
are depicted in the graphs as a yellow dashed line.

To evaluate the most relevant interactions between Hyperoside and residues on the
MPT® dimer, a free energy decomposition analysis of the last 100 ns of simulation was per-
formed for the two allosteric sites identified (Figure 4, Supporting Table S6). It is important
to note that our initial docking was performed on the described binding site of the MP™
protein. However, because of molecular dynamics simulations, the ligand was found to
relocate to the final allosteric sites. Visual inspection of the binding mode of the poses evalu-
ated afforded the inference of different interaction profiles of Hyperoside with two distinct
regions of the dimer interphase (Figure 5(Ib,IIb)). As such, we found that interactions
between Hyperoside and E288 and D299 of the protease dimer chain A, and 5284 of the
protease dimer chain B, contributed the most to the complex formation at the first binding
site evaluated (—60.1 kcal/mol), with contributions of —14.5 kcal/mol, —14.5 kcal/mol
and —7.9 kcal/mol, respectively. For the second binding site (—53.3 kcal /mol), interactions
between Hyperoside and E14 (chain A) and K12 (chain B) contributed with —15.7 kcal/mol
and —13.5 kcal/mol, respectively (Supporting Table S6).

Additionally, hydrogen bonds established between Hyperoside and the residues of the
two binding sites identified were evaluated during the last 100 ns of simulation (Supporting
Table S7). From the analysis, hydrogen bonds with occupancies greater than 90% of the
simulation correspond to acceptor-donor interactions with residues E288 and D289, and the
hydroxyl groups of the ligand at the first binding site (Figure 6a). For the second binding
site, acceptor-donor interactions between residue E14 and the hydroxyl groups of the ligand
were identified as the major contributor, as well as the hydrogen bonds established by the
oxygen atoms of the ligand and residue K12 from chain B of the protease dimer (Figure 6b).
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Figure 4. Free binding energy per residue decomposition for the two allosteric binding sites of
Hyperoside in complex with the SARS-CoV-2 MP™ main protease dimer. On the left (I), the best
binding site identified, with a free binding energy of —60.1 kcal/mol. On the right (II), the second
binding site identified, with a free binding energy of —53.3 kcal/mol. The different monomers of the
dimer are depicted in light green (Chain A) and light orange (Chain B).

Figure 5. Binding site representation of the selected complexes for Hyperoside, at the last snapshot of
their 2 us molecular dynamic simulations. The two monomers of the MP™ SARS-CoV-2 main protease
dimer are depicted in light green (Chain A) and light orange (Chain B). Allosteric interactions depicted
correspond to the first (I) and second (II) most stable binding sites identified for Hyperoside, with
binding energies of —60.1 kcal/mol and —53.3 kcal/mol, respectively. (Ia) and (Ib) representations
show the ligand bound to the ligand pocket, and (ITa) and (IIb) representations depict the spatial
distribution of the residues defining the interacting pocket.



Pharmaceuticals 2023, 16, 585

8 of 20

Figure 6. Depiction of the most relevant hydrogen bonds established by Hyperoside, and the two
allosteric binding sites identified, for the last 100 ns of their 2 ps molecular dynamic simulations.
Representations correspond to the first (a) and second (b) most stable binding sites identified for
Hyperoside. Ligand—MP™ hydrogen bonds are represented as a yellow dashed line. The two
monomers of the SARS-CoV-2 MP™ dimer are depicted in light green (Chain A) and light orange
(Chain B). Only the lateral chains of the residues presenting this type of interaction are shown.

Through visualization of the binding poses for the selected compounds obtained at
the end of the 2 ps simulations, two different allosteric binding sites in the dimer interphase
region were identified for Hyperoside, as depicted in Figure 5. For the oligophenolic
compounds SCH 644343 and SCH 644342, allosteric binding sites were also identified com-
putationally. In the case of Cinchonain Ia and Cinchonain Ib, allosteric binding sites were
identified as stable for each of the compounds, despite exhibiting converged energetic pro-
files for the active center in poses that were finally discarded during the evaluation process.

Despite the relative stability of Cinchonain Ia and Cinchonain Ib, the experimental
assays showed no inhibitory activity of these compounds on the protease dimer. In addition
to potential physicochemical issues pertinent to the assay experimental conditions, it is
possible that binding energy fluctuations found during the evaluation of the full trajectory
may have contributed to the lack of inhibitory activity of these compounds (Supporting
Figure S5e,f). Regarding the energetic profile of the binding sites identified for Hyperoside,
it is evident that the first allosteric binding site (—60.1 kcal/mol) presents a stable energetic
profile during the last 1750 ns of the simulation. This binding site, defined by residues K5,
K137,1.286, L287, E288, D289, E290 from chain A and G2, F3, R4, 1.282, G283, 5284, A285 and
L286 from chain B, corresponds to the allosteric binding site previously identified through
fragment screening as a promising opportunity for allosteric modulation of the SARS-CoV-2
MPT dimer [85]. In addition, the second allosteric binding site (—53.3 kcal/mol) defined by
residues E14, Y118, S121, P122 and S123 from chain A and F8, P9, K12, L152, D153, Y154,
D155, F294 and R298 from chain B, exhibited a good energetic profile despite the small
fluctuations presented during the complete simulation (Figure 3b, Supporting Table S6).

2.6. Evaluation of ADME Properties

The safety and efficacy of drug compounds in the drug discovery process depend on
their drug-likeness and ADME properties. In general, poor solubility and low membrane
permeability reduce their cell activity. Predicted values for these properties are reported in
Tables S9 and S10. From a medicinal chemistry standpoint, Hyperoside has a moderate
synthetic accessibility score (5.32) on a scale of 1 to 10, where 1 indicates very easy and
10 indicates very difficult. The compound is expected to be water-soluble and have a
greater affinity for water than for oil. Moreover, experimental studies show Hyperoside to
be highly soluble and to exhibit preference for water [86]. However, Hyperoside violates
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two of Lipinski’s rules, which suggests the possibility that it may not be active/absorbable
orally. Additionally, low gastrointestinal absorption is predicted. Despite these possible
problems, multiple and diverse studies are being carried out to see its possible use in the
treatment of many diseases [87].

3. Discussion

In response to the urgent need to identify effective treatments for COVID-19, many
in silico and in vitro studies based on repositioning and natural products have been con-
ducted. In the present work, we selected a set of 15 bioactive natural compounds from
the autochthonous Peruvian flora exhibiting antiviral activity against related viruses and,
analyzed them through a comprehensive in silico approach based on the energetics of
the complexes formed between the compounds and 6 representative confirmations of the
SARS-CoV-2 main protease dimer, MP™.

After applying our multistep Virtual Screening pipeline, five out of the initial natural
compounds were singled out as potential SARS-CoV-2 MP™ main protease inhibitors. Three
of the compounds were experimentally tested in in vitro assays with recombinant MP™, of
which one, Hyperoside, displayed significant inhibitory activity, likely through an allosteric
modulation mechanism.

Given the promising results found for Hyperoside, the allosteric interactions identified
for the compound were evaluated through a free binding energy per residue decomposition
analysis, as a means to identify the amino acids involved in the formation of the complexes,
as well as by visual inspection of the binding modes. This analysis highlights residues K5,
K137, L2286, 1287, E288, D289, E290 (chain A) and G2, F3, R4, L.282, G283, 5284, A285, 1.286
(chain B); and E14, Y118, S121, P122, S123 (chain A) and F8, P9, K12, L152, D153, Y154,
D155, F294, R298 (chain B), involved in the two different allosteric interactions identified
for Hyperoside, as playing an important role in its allosteric modulation of the activity of
the SARS-CoV-2 MP™ dimer.

Additionally, based on the promising in silico results obtained for the oligophenolic
compounds SCH 644343 and SCH 644342, not tested experimentally due to their commercial
unavailability, we suggest them as possible candidates for future in vitro studies to target
the SARS-CoV-2 MP™ main protease dimer.

A general corollary to our results is that the protocol followed has been effective
to accurately identify at least one natural inhibitor of the SARS-CoV-2 MP™ enzymatic
activity exhibiting a converged energetic profile, reinforcing prior efforts by us [8], thus
demonstrating the effectiveness of the virtual approach, which allows successful predictions
of the best candidate compounds to be tested experimentally as allosteric inhibitors of
target enzymes.

As a final remark, we must note that drug-likeness and ADMET properties of com-
pounds govern their safety and efficacy. In general, cell activity would be further reduced
due to solubility and membrane permeability issues. For this reason, these properties were
evaluated for Hyperoside using the SwissADME web tool.

4. Materials and Methods

4.1. Selection of Bioactive Compounds with Antiviral Activity Characterized from Peruvian
Medicinal Herbs

4.1.1. Literature Search for Bioactive Peruvian Natural Compounds

A literature search was conducted through PubMed and Google Academic towards
the identification of antiviral compounds characterized from Peruvian herbs and reported
in the literature. The following keywords were used for the search: “Peruvian medicinal
plants AND bioactive compounds AND antiviral activity”. Both primary and secondary
references including original papers, reviews, books, systematic reviews and meta-analyses
were selected for review. Publications in English and Spanish were included. Both grey
and incomplete records were excluded.
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The authors reviewed the full-text papers and obtained relevant data, including
the plant’s scientific name, common name, paper title, bioactive compound(s) character-
ized from that species, SMILE, bioactivity, virus name, extraction technique and bioassay.
SMILES used for this study can be found in Supporting Table S8.

The selected natural compounds were identified from original papers where those
molecules were extracted and characterized from Peruvian autochthonous plant species
and where antiviral activity was demonstrated by in vitro and in vivo assays.

4.1.2. Preparation of the Selected Natural Compounds

Each selected natural compound structure was initially prepared from the simplified
molecular-input line-entry system (SMILES) ASCII string using the Maestro 2016-2 software
(release 2016; Schrodinger LLC, New York, NY, USA) [88]. Ligand charges and parameters
were obtained using Antechamber from AMBER20 [89]. The generalized Amber forcefield
(GAFF2) [90] was used for parameter obtention, whereas the RESP method [91] was
employed for the computation of partial charges.

Protonation and energy minimization for all compounds were performed with Mae-
stro 2016-2 [88]. Finally, a database with the studied compounds was generated for the
subsequent calculations.

4.2. Selection of Representative Structures for the SARS-CoV-2 MP™ Protease Dimer
4.2.1. Preparation of the System

To represent the structural diversity of the target protein, the dimeric crystallographic
structure of SARS-CoV-2 MP™ protease, with PDB access code 6Y84, was selected as the
initial structure employed in the present work. Using the LigPrep module included in
Maestro 2016-2 [88], allowed missing hydrogens to be added, given their protonation state
at pH 7.0, and side chains orientations were set up. The protein was then dissolved with
TIP3P water molecules [82] in a cubic simulation box whose dimensions were determined
by fixing a minimum distance of 15 A between the box walls and the solute. To avoid
bad contacts, water molecules nearer than 1.2 A to any protein atom were removed. To
neutralize the system, four Na* ions were added at the positions of lowest electrostatic
potential using the AMBER20 Leap module [89]. The ff19SB force field [92] was applied for
all calculations, using a cut-off of 10 A for noncovalent interactions. The PME method [93]
was used to treat electrostatic interactions.

4.2.2. Energy Minimization

Prior to any MD simulation, the structure was initially relaxed in a 5000-step procedure
using the steepest descent minimization method to eliminate possible steric clashes. First,
relaxation was only allowed for ions and water molecules, keeping all the protein atoms
fixed by applying harmonic positional constraints of 5 kcal/mol-A~2. Only the main atoms
of the protein were retained in a second step. Last, in a third step, all the atoms in the
system were allowed to move.

4.2.3. Molecular Dynamics Simulations

After minimization, the system was heated to 300 K in 30 K intervals every 20 ps under
the NVT ensemble. The heating process was performed by maintaining the positions of
the main protein atoms fixed through the imposition of the abovementioned harmonic
positional constraint, using the Langevin thermostat algorithm and a collision frequency
of 3 ps~!. Therefore, 2 ns of density equilibration protocol was conducted under the
NPT ensemble, maintaining fixed the main atoms of the protein with harmonic positional
restrictions of 0.1 kcal/mol-A~2. Then, to increase the exploration of the conformational
space of the system, conventional molecular dynamics (cMD) and Gaussian accelerated
molecular dynamics (GaMD) of 500 ns length were run by duplicated under the NVT
ensemble [94]. After applying a density equilibration protocol, an intermediate step of
20 ns was performed for the GaMD simulations to obtain the initial statistical analysis
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of the applied dual boost potential. For this step, the standard deviation upper limit of
the total potential boost (ogp) and the dihedral potential boost (ogy) were set to 3 and 5,
respectively. Simulations were carried out using a cut-off of 11 A applying a switch function
at 8 A. All the trajectories and previous minimization protocols were computed using the
PMEMD (Particle Mesh Ewald Molecular Dynamics) code of the AMBER20 software [89]
in its CUDA version using the AMBER £f19SB force field [92].

4.2.4. Root-Mean Square Deviation (RMSD) and Root-Mean Square Fluctuation (RMSF) Analysis

To evaluate the system’s structural stability during the MD simulations, Root-Mean
Square Deviation (RMSD) for all the trajectories were computed using the Cpptraj module
from AMBER20 [89,95] using as reference the last minimized structure. To select the alpha
carbons (Cx) with lowest fluctuations, an iterative procedure in which all residue Cx were
used to reorient the structures in the first stage was employed. The Root-Mean Square Fluc-
tuation (RMSF) of the superposed trajectories was then computed for all protein residues
with Cpptraj. Residues with RMSF values smaller than the threshold were successively
used in subsequent RMSD calculations. All Cx atoms were used in the superposition for
the initial step. Then, cut-offs of 2.0, 1.0 and 0.5 A were used in the selection of the atoms
to be superposed in the subsequent second and third steps, respectively, with a total of
137 amino acids meeting the requirement. As a result, we obtained information related to
the local conformational flexibility of the residues not superposed through the identification
of the residues with lowest fluctuations during the MD simulation.

4.2.5. Cluster Analysis

To represent the maximum structural diversity of the MP™ protease dimer active site,
the average linkage algorithm [96] implemented in the Cpptraj module of AMBER20 [89,95]
was used. For both cMD and GaMD simulations, MD simulation structures were grouped
by similarity into 15 clusters, using as distance the RMSD of the Co located in the binding
site with a larger RMSEF. A total of 86 amino acids were selected.

4.2.6. Principal Component Analysis (PCA)

Principal Component Analysis (PCA) was used to identify the conformational space
explored in the different simulations and to determine the differences between the repre-
sentatives obtained after the clustering process. Furthermore, PCA is commonly employed
in the dimension reduction needed to depict protein motions from the lowest to the highest
contributions. To do so, a covariance matrix was built considering all the different con-
formations identified in the simulations, using the Cx coordinates of the residues used
for the clustering process. To obtain the Principal Components, the covariance matrix
was diagonalized to obtain the eigenvectors (PC(i), i = 1, N), with N corresponding to the
number of previously selected protein residues, and associated eigenvalues A(i). Once the
eigenvalues were ordered from the highest to the lowest contribution, the first components
defining the most important protein motions were identified [97]. PCA calculations were
performed using the Cpptraj module of AMBER20 [89,95].

4.3. Virtual Screening for Ligands of the SARS-CoV-2 MP'™ Protease Dimer

For each of the MP™ representatives, a multistep Virtual Screening based on an initial
docking of the selected Peruvian flora-derived natural products was performed (Figure 7).
Firstly, the AutoDock QVina2 software [81] was used to dock the selected compounds.
A target-based docking process was conducted by the definition of the coordinate grid
box of dimensions 37.5 x 45.0 x 41.25 A3, placed at the active site defined by C145, L27
and H41 residues. Then, for each MP™ representative, a free binding energy threshold
of —7.0 kcal/mol was established for the selection of the best protein-ligand complexes.
Further analysis was performed for the selected docking poses. Ligands were parametrized
with the generalized amber force field gaff2 [90] and the ff19SB forcefield [92] for the
target protein representatives, using the Antechamber module of AMBER20 [89]. Leap
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module was employed in the simulation box construction and complex solvation with
TIP3P water molecules [92]. Neutralization of the system was ensured by the addition of
counterions. Once prepared, each solvated complex simulation box was relaxed following
a multistep minimization process, as previously described by us [8]. Briefly, to eliminate
undesired steric clashes, an initial minimization process was performed exclusively for
solvent and counterion molecules, followed by a second minimization run allowing the free
movement of the ligand. Finally, free movement was enabled for all atoms. Thereafter, free
binding energy was computed for all the minimized complexes using Molecular Mechanic
Poisson-Boltzmann Surface Area (MMPBSA) [83] and Molecular Mechanics Generalized
Born Surface Area (MMGBSA) [84]. Once obtained, a scoring of the ligands was conducted
to rank order the evaluated complexes. Using an energy criterion, only the best complexes
were selected for further MD simulations analysis, in which MMGBSA free binding energies
of the complete trajectory were evaluated. Hence, the ligands exhibiting the best energies
and converged behavior were iteratively selected for extension and subsequent free binding
energy recalculation of their MD simulations. The final selection was based on the best
and smoothest energetic behavior of the most extended simulations. Then, an interaction
analysis of the ligand at the binding site was performed.

= 2. Select SUM(Si) 5. Consensus (Select Kp)

Peruvian Flora-derived 1. Molecular Docking 19 R (ST (1 l
Natural Compounds database

1 1 1 1 Iterative

Process

L1 {12 | L3-4} ... || Ln 2 2 2 o 3. Minimization o 6. MD .
4. Re-Score 7. Re-Scoring
AGpp ' AGen

SARS-CoV-2 Mpro dimer
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Representative Structures 'GB
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Figure 7. Scheme of the multistep virtual screening procedure carried out in the present work.

4.4. Free Binding Energy Calculation

Free binding energies were calculated using the MMPBSA and the MMGBSA pro-
cedures [83,84] implemented in AMBER20 [89]. For both MMPBSA and MMGBSA ap-
proaches, the same expression is used in the computation of the free binding energy [98].
Thus, the free energy for binding of the ligand (L) to the protein receptor (R) to form the
complex (RL),

AGpinding = GrL —GL — Gr 1)

can be decomposes into contributions of different interactions as

AGpinding = AEMM 4+ AG™N— TAS 2)

where AHMM corresponds to the gas-phase interaction energy obtained by the summation
of the internal energy, the noncovalent van der Waals (AE, 3y) and electrostatic (AE,.)
molecular mechanics energies. AG*°!Y; however, corresponds to the solvation free energy,
calculated as the addition of the polar (AG°Y ) and non-polar terms (AGY ) AGSOW

polar nonpolar polar
is determined numerically by solving the Poisson-Boltzmann (PB) equation [99] or the
Generalized Born (GB) [100], the simplified form for MMPBSA and MMGBSA algorithms,
respectively. The Onufriev-Bashford-Case (OBC) generalized Born method (igb = 2) [101]
was employed for the calculations. Hereafter, the AG;?)lr‘llpolar term is calculated as follows:

AGPN . — 1 SASA + B (3)

nonpolar
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where the Solvent-Accessible Surface Area (SASA) was computed through the LCPO ap-
proach [102], respectively, setting y and  constants to 0.00542 kcal /mol-AZ and 0.92 kcal/mol
for MMPBSA [83] and 0.0072 kcal/mol-A2 and 0 kcal/mol for MMGBSA [84]. All calcula-
tions were performed using the MMPBSA..py python program [103].

4.5. ADMET Evaluation of the Active Compounds

Given the significance of assessing the absorption, distribution, metabolism, excretion, and tox-
icity (ADMET) properties of any potential drug candidate, we used the SwissADME module [104],
available on the Swiss Institute of Bioinformatics (SIB) webserver (https://www.sib.swiss
(accessed on 5 April 2023)) to evaluate the ADME profile of the active compounds. Proper-
ties relevant to medicinal chemistry, drug-likeness, pharmacokinetics, hydrophilicity, and
Lipophilicity have been computed. Results can be found at Supporting Tables S9 and S10.

4.6. In Vitro Assays for the Selected Compounds
4.6.1. SARS-CoV-2 MP™ Expression and Purification

SARS-CoV-2 MP™ was expressed and purified as reported previously [48,105,106].
Briefly, transformed BL21 (DE3) Gold E. coli were grown with LB/ampicillin (100 pg/mL)
at 37 °C overnight and protein expression was induced with 1 mM isopropyl 1-thio-3-D-
galactopyranoside (IPTG) at 18 °C for 5 h. Harvested cells were resuspended in lysis buffer
(sodium phosphate 50 mM, pH 7, sodium chloride 500 mM). After sonication on ice, cells
were treated with benzonase (20 U/mL) and lysozyme (0.5 mg/mL). Soluble protein was
obtained by centrifugation and filtration. His-tagged protein was purified in a single step
by immobilized metal affinity chromatography applying a 10-250 mM imidazole gradient.
Pooled fractions were dialyzed in buffer sodium phosphate 50 mM, pH 7, sodium chloride
150 mM. An extinction coefficient of 32,890 M~! em~! at 280 nm was used for determining
MPT concentration.

4.6.2. SARS-CoV-2 MP™ Proteolytic Activity Assay

The substrate (Dabcyl) KISAVLQSGFRKME(Edans)-NH2 (Biosyntan GmbH), labelled
with a Forster resonance energy transfer (FRET) donor-acceptor couple, was employed
in vitro to monitor MP™ activity. A final concentration of 20 uM substrate was added to a fi-
nal concentration of 0.2 uM enzyme in a final volume of 100 pL, in buffer sodium phosphate
50 mM, pH 7, NaCl 150 mM. Fluorescence emission (Aexcitation = 380 NM, Agmigsion = 500 nm)
was continuously measured in a FluoDia T70 microplate reader (Photon Technology Inter-
national). Enzymatic activity was quantified as the initial slope of the fluorescence emission
vs. time traces. Kinetic parameters, the Michaelis-Menten constant K;;, and the catalytic
rate constant k¢, were previously estimated for MP™ (K, = 11 uM and ket = 0.040 s).

4.6.3. SARS-CoV-2 MP™ Inhibition Assay

The inhibition potency of compounds was assessed by determining the inhibition
constant, K;, and the half-maximal inhibitory concentration, IC50. Serial dilutions (2-fold)
of compounds (from 125 pM to 0 uM) were added to 0.2 pM enzyme concentration and
20 uM substrate concentration. maintaining a constant DMSO percentage when required.
MPT activity (initial slope of the fluorescence emission traces) as a function of compound
concentration, normalized by the activity (slope) in the absence of compound, provided
the residual activity at a given compound concentration. A quasi-simple inhibition model
allowed the estimation of the apparent inhibition constant, K;?, for each compound by
non-linear regression analysis, according to the following scheme:

E+I<+ EI
KPP — [J[EH? @)

1

where [E] is the free enzyme concentration, [I] is the free inhibitor concentration, and
[E]] is the enzyme-inhibitor complex concentration. Solving the associated quadratic
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equation allowed the calculation of the free concentration of inhibitor for given values
of the total enzyme and inhibitor concentrations, [E]r and [I]7, and the inhibition curve
was built by plotting ratio of the initial velocities, v([I])/v([I] = 0), as a function of total
inhibitor concentration:

o(() _q_ [E]

_ 1
= T
[Elr — 1+ KL;’P

[1] = %(U]T —[E]lr — K?W + \/([I]T + [Elr +K?pp)2 _4[E]T[I]T>

©)

Along these calculations, inhibitor depletion (due to binding to enzyme) was consid-
ered; thus, no approximation for the free inhibitor concentration (e.g., assuming to be equal
to the total inhibitor concentration) was made.

In the case the inhibitor acts through a purely competitive mechanism, the previous
quasi-simple equilibrium can be expanded as a simple competitive inhibition model as
follows (Equation (6)):

E+S < ES — E+P
_l’_
I (6)
!

EI
from which the initial enzymatic velocity is expressed as:
[S]
Kn (14 ) + 18]

i

o([I]) = keat[E] 7 @)

where kg is the catalytic rate constant, K, is the Michaelis-Menten constant, [S] is the
substrate concentration, and K; is the intrinsic (i.e., substrate concentration-independent)
inhibition constant. From this, the inhibition curve can be written as:

w(igy) s ®)

By approximating the free compound concentration by the total compound concentra-
tion and neglecting compound depletion, the K;*” in the previous equation is equivalent
to the IC50. It is important to emphasize that IC50 is not an appropriate inhibition potency
index, because it is an assay-dependent parameter (it depends on [E]r, [S] and K;;, and it is
estimated without taking into consideration compound depletion).

If the inhibitor acts through an allosteric non-competitive mechanism, the previous
quasi-simple equilibrium (Equation (6)) can be expanded as a simple allosteric inhibition
model as follows (Equation (9)):

E 4+ S < ES — E + P

I )
EX + I & EI

from which the initial enzymatic velocity is expressed as:
. 5]
Kn(1+%(1+ %)) +18

i

o([1]) = keat|E] (10)

where K is the equilibrium constant for the conformational equilibrium between the inactive
conformation E* stabilized by inhibitor binding and the active conformation E stabilized by
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substrate binding (K = [E]/[E*]), and, again, K; is the intrinsic inhibition constant. From
this, the inhibition curve can be written as:

(v[(zgﬂ)m - mi = —
1+Kl- 1+K(1+1[<im)) 1+K?w (]1)
S
KPP =K (1+K(1+ )

Once the apparent equilibrium constant K;*? is estimated from the inhibition curve by
non-linear least-squares regression analysis, the true inhibition constant K; can be calculated
using Equation (8) or Equation (11).
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www.mdpi.com/article/10.3390/ph16040585/5s1, description. Figure S1. RMSF of each iteration step
performed in the determination of the protein residues presenting the smallest RMSF values, for both
c¢MD and GaMD simulations; Figure S2. RMSD time evolution for each of the four different steps
used in the determination of the protein residues presenting the smallest RMSF values, for both cMD
and GaMD simulations runs; Figure S3. SARS-CoV-2 MP™ protease dimer representation. Residues
colored in blue and green respectively represent the regions used in the superimposition of the struc-
tures (low mobility), and in the clustering and PCA analysis (high mobility); Figure S4. Superposition
of the six representative structures of the SARS-CoV-2 MP™ protease dimer, identified from cMD
and GaMD simulations; Figure S5. Time evolution of the MMGBSA binding free energy obtained
for the full length extended molecular dynamic simulations of 2000 ns for the selected compounds;
Figure S6. In vitro SARS-CoV-2 MP™ protease dimer inhibitory activity assay of Hyperoside natural
compound selected from the multistep in silico analysis performed; Table S1. Free binding energy
computed with the MMGBSA approach for 100 ns of cMD simulation of the evaluated compounds in
complex with the SARS-CoV-2 MP™ main protease dimer; Table S2. Free binding energy computed
with the MMGBSA approach for 500 ns of cMD simulation of the evaluated compounds in complex
with the SARS-CoV-2 MP™ main protease dimer; Table S3. Free binding energy computed with the
MMGBSA approach for 1000 ns of cMD simulation of the evaluated compounds in complex with the
SARS-CoV-2 MP™ main protease dimer; Table S4. Free binding energy computed with the MMGBSA
approach for 1500 ns of cMD simulation of the evaluated compounds in complex with the SARS-CoV-
2 MP™ main protease dimer; Table S5 Free binding energy computed with the MMGBSA approach for
2000 ns of cMD simulation of the evaluated compounds in complex with the SARS-CoV-2 MP™ main
protease dimer; Table S6. Binding free energy decomposition by residue computed for the last 100 ns
of the complete 2 ps of cMD simulation of the two selected poses for Hyperoside in complex with the
SARS-CoV-2 MP™ main protease dimer; Table S7. Most important Hydrogen Bonds stablished during
the last 100 ns of the complete 2 pus of cMD simulation of the two selected poses for Hyperoside in
complex with the SARS-CoV-2 MP™ main protease dimer; Table S8. Isomeric SMILES of the bioactive
compounds selected from the literature search; Table S9. Physicochemical properties of Hyperoside;
Table S10. Medicinal chemistry, drug-likeness, pharmacokinetics, hydrophilicity, and lipophilicity
properties of Hyperoside; File S1. File input for the QVina software; File S2. File to run CPPTRA]J to
obtain the top 10 PCs for the full conventional MD trajectory.

Author Contributions: Conceptualization, ].R.-M., C.M. and T.M.T.; writing—original draft prepa-
ration, M.N.P-M.; writing—review and editing, M.N.P.-M,, ].R.-M., JM.G.-R,, O.A.,, AV-C,CM.,,
V.A.-M. and TM.T,; investigation, M.N.P.-M., V.A.-M., D.O.-A., A.J.-A. and S.V. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by The Ageéncia de Gestié d’Ajuts Universitaris i de Recerca
(AGAUR)-Generalitat de Catalunya (2021SGR00350) and Spanish Structures and Excellence Maria
de Maeztu program, grant number CEX2021-001202-M. Universitat de Barcelona PREDOCS-UB
2020 grant (5760700—Institut de Quimica Teorica i Computacional to M.N.P.-M.), Fundacién hna (to
A.V.C. and O.A.), Fondo Investiga COVID-19 from Instituto de Investigacion Sanitaria de Aragén
IIS-A (to O.A. and A.V.-C.), Spanish Ministry of Economy and Competitiveness (BFU2016-78232-P
to A.V.C,, FPI predoctoral contract BES-2017-080739 to D.O.A.), Ministry of Science and Innovation
MCIN/AEI/10.13039/501100011033/and “ERDF A way of Making Europe” (PID2021-1272960B-100
to A.V.C.), Fondo de Investigaciones Sanitarias from Instituto de Salud Carlos III and European


https://www.mdpi.com/article/10.3390/ph16040585/s1
https://www.mdpi.com/article/10.3390/ph16040585/s1

Pharmaceuticals 2023, 16, 585 16 of 20

Union (ERDF/ESF, “Investing in your future”) (PI18/00349 and PI121/00394 to O.A.), Diputacién
General de Aragoén (Protein Targets and Bioactive Compounds Group E45_20R to A.V.C., Digestive
Pathology Group B25_20R to O.A., and predoctoral contract 2019 to A.J.A.). Consejo Superior de
Investigaciones Cientificas (COV-006 and COV-201 to T.M.T.), Plataforma Tematica Interdisciplinar
Salud Global (PTI-SG + SGL2103019 to T.M.T.). Ageéncia de Gestié d’Ajuts Universitaris i de Recerca
(2020PANDEO00048 to J.R.M and T.M.T.). Plan Nacional de I + D (PID-107139RB-C21 to T.M.T.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Ll

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Xu, X.; Chen, P; Wang, J.; Feng, J.; Zhou, H.; Li, X.; Zhong, W.; Hao, P. Evolution of the novel coronavirus from the ongoing
Wuhan outbreak and modeling of its spike protein for risk of human transmission. Sci. China Life Sci. 2020, 63, 457-460. [CrossRef]
[PubMed]

World Health Organization. General’s Opening Remarks at the Media Briefing on COVID-19; World Health Organization: Geneva,
Switzerland, 2020.

WHO Coronavirus (COVID-19) Dashboard. Available online: https://covid19.who.int (accessed on 23 January 2023).

Qian, M,; Jiang, J. COVID-19 and social distancing. J. Public Health Manag. Pract. 2022, 30, 259-261. [CrossRef] [PubMed]
Antonopoulou, I.; Sapountzaki, E.; Rova, U.; Christakopoulos, P. Inhibition of the main protease of SARS-CoV-2 (MP™) by
repurposing/designing drug-like substances and utilizing nature’s toolbox of bioactive compounds. CSBJ 2022, 20, 1306-1344.
[CrossRef] [PubMed]

Gutierrez-Villagomez, ].M.; Campos-Garcia, T.; Molina-Torres, J.; Lopez, M.G.; Vazquez-Martinez, ]. Alkamides and Piperamides
as Potential Antivirals against the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). J. Phys. Chem. Lett. 2020, 11,
8008-8016. [CrossRef] [PubMed]

Riva, L.; Yuan, S.; Yin, X.; Martin-Sancho, L.; Matsunaga, N.; Pache, L.; Burgstaller-Muehlbacher, S.; De Jesus, P.D.; Teriete, P,;
Hull, M.V,; et al. Discovery of SARS-CoV-2 antiviral drugs through large-scale compound repurposing. Nature 2020, 586, 113-119.
[CrossRef] [PubMed]

Rubio-Martinez, ].; Jiménez-Alessanco, A.; Ceballos-Laita, L.; Ortega-Alarcon, D.; Vega, S.; Calvo, C.; Benitez, C.; Abian, O.;
Velazquez-Campoy, A.; Thomson, T.M.; et al. Discovery of Diverse Natural Products as Inhibitors of SARS-CoV-2 MP™ Protease
through Virtual Screening. J. Chem. Inf. Model. 2021, 61, 6094-6106. [CrossRef] [PubMed]

Juki¢, M.; Kores, K.; Janezi¢, D.; Bren, U. Repurposing of Drugs for SARS-CoV-2 Using Inverse Docking Fingerprints. Front. Chem.
2021, 9, 2296-2646. [CrossRef] [PubMed]

Bahun, M.; Juki¢, M.; Domen, O.; Kranjc, L.; Bajc, G.; Butala, M.; Bozovicar, K.; Bratkovi¢, T.; Podlipnik, C.; Ulrih, N.P. Inhibition
of the SARS-CoV-2 3CLpro main protease by plant polyphenols. Food Chem. 2022, 373, 131594. [CrossRef]

Fang, E.; Liu, X,; Li, M.; Zhang, Z.; Song, L.; Zhu, B.; Wu, X,; Liu, J.; Zhao, D.; Li, Y. Advances in COVID-19 mRNA vaccine
development. Signal Transduct. Target. Ther. 2022, 7, 94. [CrossRef] [PubMed]

Beigel, ].H.; Tomashek, K.M.; Dodd, L.E.; Mehta, A K.; Zingman, B.S.; Kalil, A.C.; Hohmann, E.; Chu, H.Y.; Luetkemeyer, A.;
Kline, S.; et al. Remdesivir for the Treatment of COVID-19—Preliminary Report. N. Engl. J. Med. 2020, 383, 1813-1826. [CrossRef]
Veiga, V.C.; Avezum, A.; Damiani, L.P.; Marcadenti, A.; Kawano-Dourado, L.; Lisboa, T.; Junqueira, D.L.M.; de Barros e Silva,
P.G.M.; Tramujas, L.; Abreu-Silva, E.O.; et al. Hydroxychloroquine with or without Azithromycin in Mild-to-Moderate COVID-19.
N. Eng. J. Med. 2020, 383, 2041-2052.

Horby, P.; Lim, W.S.; Emberson, J.R.; Maftham, M.; Bell, J.L.; Linsell, L.; Staplin, N.; Brightling, C.; Ustianowski, A.; Elmahi, E.; et al.
Dexamethasone in Hospitalized Patients with COVID-19: Preliminary Report. N. Engl. ]. Med. 2021, 384, 693-704. [PubMed]
Aygtin, L; Kaya, M.; Alhajj, R. Identifying side effects of commonly used drugs in the treatment of COVID-19. Sci. Rep. 2020, 10,
21508. [CrossRef] [PubMed]

World Health Organization: WHO Discontinues Hydroxychloroquine and Lopinavir/Ritonavir Treatment Arms for COVID.
Available online: https:/ /www.who.int/news/item/04-07-2020-who-discontinues-hydroxychloroquine-and-lopinavir-ritonavir-
treatment-arms-for-covid-19 (accessed on 23 December 2022).

Hammond, J.; Leister-Tebbe, H.; Gardner, A.; Abreu, P.; Bao, W.; Wisemandle, W.; Baniecki, M.; Hendrick, V.M.; Damle, B.;
Simén-Campos, A.; et al. Oral Nirmatrelvir for High-Risk, Nonhospitalized Adults with COVID-19. N. Engl. ]. Med. 2022, 386,
1397-1408. [CrossRef] [PubMed]

Owen, D.R.; Allerton, C.M.; Anderson, A.S.; Aschenbrenner, L.; Avery, M.; Berritt, S.; Britton, B.; Cardin, R.D.; Carlo, A.; Coffman,
KJ.; et al. An oral SARS-CoV-2 MP™ inhibitor clinical candidate for the treatment of COVID-19. Science 2021, 374, 1586-1593.
[CrossRef]

Mabhase, E. COVID-19: Pfizer’s paxlovid is 89% effective in patients at risk of serious illness, company reports. BMJ 2021,
375,2713. [CrossRef] [PubMed]


https://doi.org/10.1007/s11427-020-1637-5
https://www.ncbi.nlm.nih.gov/pubmed/32009228
https://covid19.who.int
https://doi.org/10.1007/s10389-020-01321-z
https://www.ncbi.nlm.nih.gov/pubmed/32837835
https://doi.org/10.1016/j.csbj.2022.03.009
https://www.ncbi.nlm.nih.gov/pubmed/35308802
https://doi.org/10.1021/acs.jpclett.0c01685
https://www.ncbi.nlm.nih.gov/pubmed/32840378
https://doi.org/10.1038/s41586-020-2577-1
https://www.ncbi.nlm.nih.gov/pubmed/32707573
https://doi.org/10.1021/acs.jcim.1c00951
https://www.ncbi.nlm.nih.gov/pubmed/34806382
https://doi.org/10.3389/fchem.2021.757826
https://www.ncbi.nlm.nih.gov/pubmed/35028304
https://doi.org/10.1016/j.foodchem.2021.131594
https://doi.org/10.1038/s41392-022-00950-y
https://www.ncbi.nlm.nih.gov/pubmed/35322018
https://doi.org/10.1056/NEJMoa2007764
https://www.ncbi.nlm.nih.gov/pubmed/32678530
https://doi.org/10.1038/s41598-020-78697-1
https://www.ncbi.nlm.nih.gov/pubmed/33299085
https://www.who.int/news/item/04-07-2020-who-discontinues-hydroxychloroquine-and-lopinavir-ritonavir-treatment-arms-for-covid-19
https://www.who.int/news/item/04-07-2020-who-discontinues-hydroxychloroquine-and-lopinavir-ritonavir-treatment-arms-for-covid-19
https://doi.org/10.1056/NEJMoa2118542
https://www.ncbi.nlm.nih.gov/pubmed/35172054
https://doi.org/10.1126/science.abl4784
https://doi.org/10.1136/bmj.n2713
https://www.ncbi.nlm.nih.gov/pubmed/34750163

Pharmaceuticals 2023, 16, 585 17 of 20

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ul Qamar, M.T.; Algahtani, S.M.; Alamri, M.A.; Chen, L.L. Structural basis of SARS-CoV-2 3CLpro and anti-COVID-19 drug
discovery from medicinal plants. J. Pharm. Biomed. 2020, 10, 313-319. [CrossRef]

Anand, K;; Ziebuhr, ].; Wadhwani, P.; Mesters, ].R.; Hilgenfeld, R. Coronavirus main proteinase (3CLpro) structure: Basis for
design of anti-SARS drugs. Science 2003, 300, 1763-1767. [CrossRef]

Wen, C.-C.; Kuo, Y.-H,; Jan, ].-T.; Liang, P-H.; Wang, S.-Y,; Liu, H.-G,; Lee, C.-K.; Chang, X.S.-T.; Kuo, C.-].; Lee, S.-S.; et al. Specific
Plant Terpenoids and Lignoids Possess Potent Antiviral Activities against Severe Acute Respiratory Syndrome Coronavirus. J.
Med. Chem. 2007, 50, 4087—-4095. [CrossRef]

Zhang, L.; Lin, D.; Sun, X.; Curth, U.,; Drosten, C.; Sauerhering, L.; Becker, S.; Rox, K.; Hilgenfeld, R. Crystal structure of
SARS-CoV-2 main protease provides a basis for design of improved o-ketoamide inhibitors. Science 2020, 368, 409—412. [CrossRef]
Mengist, HM.; Dilnessa, T.; Jin, T. Structural basis of potential inhibitors targeting SARS-CoV-2 main protease. Front. Chem. 2021,
9, 622898. [CrossRef]

Liu, Y,; Liang, C.; Xin, L.; Ren, X; Tian, L.; Ju, X,; Li, H.; Wang, Y.; Zhao, Q.; Liu, H.; et al. The development of Coronavirus
3C-Like protease (3CLP™) inhibitors from 2010 to 2020. Eur. J. Med. Chem. 2020, 206, 112711. [CrossRef] [PubMed]

Mark Turlington, M.; Chun, A.; Tomar, S.; Eggler, A.; Grum-Tokars, V.; Jacobs, J.; Scott Daniels, J.; Dawson, E.; Saldanha, A;
Chase, P; et al. Discovery of N-(benzo [1,2,3]triazol-1-yl)-N-(benzyl)acetamido)phenyl) carboxamides as severe acute respiratory
syndrome coronavirus (SARS-CoV) 3CLpro inhibitors: Identification of ML300 and noncovalent nanomolar inhibitors with an
induced-fit binding. Bioorg. Med. Chem. Lett. 2013, 23, 6172-6177. [CrossRef]

Santana, K.; do Nascimento, L.D.; Lima, E.; Lima, A.; Damasceno, V.; Nahum, C.; Braga, R.C.; Lameira, J. Applications of Virtual
Screening in Bioprospecting: Facts, Shifts, and Perspectives to Explore the Chemo-Structural Diversity of Natural Products. Front.
Chem. 2021, 9, 662688. [CrossRef]

Scior, T.; Bender, A.; Tresadern, G.; Medina-Franco, J.L.; Martinez-Mayorga, K.; Langer, T.; Cuanalo-Contreras, K.; Agrafiotis, D.K.
Recognizing pitfalls in virtual screening: A critical review. J. Chem. Inf. Model. 2012, 52, 867-881. [CrossRef]

Gurung, A.B,; Ali, M.A; Lee, ].; Farah, M.A.; Al-Anazi, KM. Unravelling lead antiviral phytochemicals for the inhibition of
SARSCoV-2 MP™ enzyme through in silico approach. Life Sci. 2020, 255, 117831. [CrossRef] [PubMed]

Gupta, S.; Singh, A.K.; Kushwaha, PP; Prajapati, K.S.; Shuaib, M.; Senapati, S.; Kumar, S. Identification of potential natural
inhibitors of SARS-CoV-2 main protease by molecular docking and simulation studies. J. Biomol. Struct. Dyn. 2020, 39, 1776157.
Kumara, A.; Choudhirc, G.; Shuklad, S.K.; Sharmae, M.; Tyagif, P.; Bhushang, A.; Rathore, M. Identification of phytochemical
inhibitors against main protease of COVID-19 using molecular modeling approaches. J. Biomol. Struct. Dyn. 2020, 39, 3760-3770.
[CrossRef]

Jiménez-Avalos, G.; Vargas-Ruiz, A.P,; Delgado-Pease, N.E.; Olivos-Ramirez, G.E.; Sheen, P,; Fernandez-Diaz, M.; Quiliano, M.;
Zimic, M. COVID-19 Working Group in Pertd. Comprehensive virtual screening of 4.8 k flavonoids reveals novel insights into
allosteric inhibition of SARS-CoV-2 MPRO_ Sci. Rep. 2021, 11, 15452. [CrossRef] [PubMed]

Juki¢, M,; Janezi¢, D.; Bren, U. Potential Novel Thioether-Amide or Guanidine-Linker Class of SARS-CoV-2 Virus RNA-Dependent
RNA Polymerase Inhibitors Identified by High-Throughput Virtual Screening Coupled to Free-Energy Calculations. Int. . Mol.
Sci. 2021, 22, 11143. [CrossRef]

Khamto, N.; Utama, K.; Tateing, S.; Sangthong, P.; Rithchumpon, P.; Cheechana, N.; Saiai, A.; Semakul, N.; Punyodom, W.;
Meepowpan, P. Discovery of Natural Bisbenzylisoquinoline Analogs from the Library of Thai Traditional Plants as SARS-CoV-2
3CLP™ Inhibitors: In Silico Molecular Docking, Molecular Dynamics, and In Vitro Enzymatic Activity. J. Chem. Inf. Model. 2023,
63,2104-2121. [CrossRef] [PubMed]

Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs over the Last 25 Years. J. Nat. Prod. 2007, 70, 461-477.
[CrossRef] [PubMed]

Jo, S.; Kim, S.; Shin, D.H.; Kim, M.-S. Inhibition of SARS-CoV 3CL protease by flavonoids. J. Enzyme Inhib. Med. Chem. 2020, 35,
145-151. [CrossRef]

Kolari¢, A.; Juki¢, M.; Bren, U. Novel Small-Molecule Inhibitors of the SARS-CoV-2 Spike Protein Binding to Neuropilin 1.
Pharmaceuticals 2022, 15, 165. [CrossRef]

Atanasov, A.G.; Zotchev, S.B.; Dirsch, VM.; Orhan, LE.; Banach, M.; Rollinger, ].M.; Barreca, D.; Weckwerth, W.; Bauer, R.; Bayer,
E.A,; et al. Natural products in drug discovery: Advances and opportunities. Nat. Rev. Drug Discov. 2021, 20, 200-216. [CrossRef]
Kanjanasirirat, P.; Suksatu, A.; Manopwisedjaroen, S.; Munyoo, B.; Tuchinda, P.; Jearawuttanakul, K.; Seemakhan, S.; Charoensut-
thivarakul, S.; Wongtrakoongate, P.; Rangkasenee, N.; et al. High-content screening of Thai medicinal plants reveals Boesenbergia
rotunda extract and its component Panduratin A as anti-SARS-CoV-2 agents. Sci. Rep. 2020, 10, 19963. [CrossRef]

Vasquez, L.; Escurra, J.; Aguirre, R.; Vasquez, G.; Vasquez, L.P. Plantas Medicinales del Norte del Perii; Fondo de Innovacion, Ciencia
y Tecnologia (FINCyT) y Universidad Nacional Pedro Ruiz Gallo: Lambayeque, Pert, 2010; Volume 382.

Roumy, V.;; Ruiz Macedo, ].C.; Bonneau, N.; Samaillie, J.; Azaroual, N.; Arévalo Encinas, L.; Riviere, C.; Hennebelle, T.; Sahpaz, S.;
Antherieu, S.; et al. Plant therapy in the Peruvian Amazon (Loreto) in case of infectious diseases and its antimicrobial evaluation.
J. Ethnopharmacol. 2020, 249, 112411. [CrossRef]

Ha, TK.Q.; Dao, T.T.; Nguyen, N.H.; Kim, J.; Kim, E.; Cho, T.O.; Oh, W.K. Antiviral phenolics from the leaves of Cleistocalyx
operculatus. Fitoterapia 2016, 110, 135-141. [CrossRef]

Lin, L.-T.; Hsu, W.-C.; Lin, C.-C. Antiviral natural products and herbal medicines. J. Tradit. Complement. Med. 2014, 4, 24-35.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.jpha.2020.03.009
https://doi.org/10.1126/science.1085658
https://doi.org/10.1021/jm070295s
https://doi.org/10.1126/science.abb3405
https://doi.org/10.3389/fchem.2021.622898
https://doi.org/10.1016/j.ejmech.2020.112711
https://www.ncbi.nlm.nih.gov/pubmed/32810751
https://doi.org/10.1016/j.bmcl.2013.08.112
https://doi.org/10.3389/fchem.2021.662688
https://doi.org/10.1021/ci200528d
https://doi.org/10.1016/j.lfs.2020.117831
https://www.ncbi.nlm.nih.gov/pubmed/32450166
https://doi.org/10.1080/07391102.2020.1772112
https://doi.org/10.1038/s41598-021-94951-6
https://www.ncbi.nlm.nih.gov/pubmed/34326429
https://doi.org/10.3390/ijms222011143
https://doi.org/10.1021/acs.jcim.2c01309
https://www.ncbi.nlm.nih.gov/pubmed/36647612
https://doi.org/10.1021/np068054v
https://www.ncbi.nlm.nih.gov/pubmed/17309302
https://doi.org/10.1080/14756366.2019.1690480
https://doi.org/10.3390/ph15020165
https://doi.org/10.1038/s41573-020-00114-z
https://doi.org/10.1038/s41598-020-77003-3
https://doi.org/10.1016/j.jep.2019.112411
https://doi.org/10.1016/j.fitote.2016.03.006
https://doi.org/10.4103/2225-4110.124335
https://www.ncbi.nlm.nih.gov/pubmed/24872930

Pharmaceuticals 2023, 16, 585 18 of 20

44.
45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

El Sayed, K.A. Natural products as antiviral agents. Stud. Nat. Prod. Chem. 2000, 24, 473-572.

Runfeng, L.; Yunlong, H.; Jicheng, H.; Weiqi, P.; Qinhai, M.; Yongxia, S.; Chufang, L.; Jin, Z.; Zhenhua, J.; Haiming, J.; et al.
Lianhuagingwen exerts anti-viral and anti-inflammatory activity against novel coronavirus (SARS-CoV-2). Pharmacol. Res. 2020,
156, 104761. [CrossRef]

Bussmann, R.W.; Glenn, A. Medicinal plants used in Peru for the treatment of respiratory disorders. Rev. Peru Biol. 2010, 17, 331.
Goyzueta-Mamani, L.D.; Barazorda-Ccahuana, H.L.; Mena-Ulecia, K.; Chavez-Fumagalli, M.A. Antiviral Activity of Metabolites
from Peruvian Plants against SARS-CoV-2: An In Silico Approach. Molecules 2021, 26, 3882. [CrossRef] [PubMed]

Abian, O.; Ortega-Alarcon, D.; Jimenez-Alesanco, A.; Ceballos-Laita, L.; Vega, S.; Reyburn, H.T.; Rizzuti, B.; Velazquez-Campoy,
A. Structural stability of SARS-CoV-2 3CLpro and identification of quercetin as an inhibitor by experimental screening. Int. J. Biol.
Macromol. 2020, 164, 1693-1703. [CrossRef]

Tropicos Database: Persea Americana, Mill. Available online: https:/ /tropicos.org/name /17801262 (accessed on 24 August 2020).
Roumy, V,; Ruiz, L.; Ruiz Macedo, J.C.; Gutierrez-Choquevilca, A.L.; Samaillie, J.; Encinas, L.A.; Mesia, W.R.; Ricopa Cotrina,
H.E.; Riviére, C.; Sahpaz, S.; et al. Viral hepatitis in the Peruvian Amazon: Ethnomedical context and phytomedical resource. J.
Ethnopharmacol. 2020, 255, 112735. [CrossRef]

Wu, Y.H,; Tseng, C.K.; Wu, H.C.; Wei, C.K,; Lin, C.K,; Chen, L.S.; Chang, H.S.; Lee, ].C. Avocado (Persea americana) fruit extract
(2R,4R)-1,2,4-trihydroxyheptadec-16-yne inhibits dengue virus replication via upregulation of NF-kB-dependent induction of
antiviral interferon responses. Sci. Rep. 2019, 9, 423. [CrossRef]

KEW. Plants of the World Online: Euphorbia thymifolia L. Available online: https:/ /powo.science.kew.org/taxon/urn:lsid:ipni.org:
names:102034-2 (accessed on 29 August 2020).

Tropicos Database: Chamaesyce thymifolia (L.), Millsp. Available online: https:/ /www.tropicos.org/name /12801998 (accessed on
28 August 2020).

iNaturalist: Golondrina (Euphorbia thymifolia). Available online: https:/ /www.inaturalist.org/taxa/200055- Euphorbia-thymifolia
(accessed on 29 August 2020).

Amaral, A.C.F; Kuster, RM.; Gongalves, J.L.S.; Wigg, M.D. Antiviral investigation on the flavonoids of Chamaesyce thymifolia.
Fitoterapia 1999, 70, 293-295. [CrossRef]

Majambu, M.; Chrétien, M. Isoquercetin as an Anti-COVID-19 Medication: A Potential to Realize. Front. Pharmacol. 2022, 13,
1663-9812.

Kaul, R; Paul, P; Kumar, S.; Biisselberg, D.; Dwivedi, V.D.; Chaari, A. Promising Antiviral Activities of Natural Flavonoids
against SARS-CoV-2 Targets: Systematic Review. Int. J. Mol. Sci. 2021, 22, 11069. [CrossRef]

Prasansuklab, A.; Theerasri, A.; Rangsinth, P; Sillapachaiyaporn, C.; Chuchawankul, S.; Tencomnao, T. Anti-COVID-19 drug
candidates: A review on potential biological activities of natural products in the management of new coronavirus infection. J.
Tradit. Complement. Med. 2021, 11, 144-157. [CrossRef]

Mao, Y.-W.; Tseng, H.-W.; Liang, W.-L.; Chen, I.-S.; Chen, S.-T.; Lee, M.-H. Anti-Inflammatory and Free Radial Scavenging
Activities of the Constituents Isolated from Machilus zuihoensis. Molecules 2011, 16, 9451-9466. [CrossRef]

Chen, L; Li, J.; Luo, C,; Liu, H.; Xu, W,; Chen, G.; Liew, O.W.; Zhu, W.; Puah, C.M.; Shen, X.; et al. Binding interaction of
quercetin-3-beta-galactoside and its synthetic derivatives with SARS-CoV 3CL(pro): Structure-activity relationship studies reveal
salient pharmacophore features. Bioorg. Med. Chem. 2006, 14, 8295-8306. [CrossRef] [PubMed]

Liu, X.; Raghuvanshi, R.; Ceylan, ED.; Bolling, B.W. Quercetin and Its Metabolites Inhibit Recombinant Human Angiotensin-
Converting Enzyme 2 (ACE2) Activity. J. Agric. Food Chem. 2020, 68, 13982-13989. [CrossRef] [PubMed]

Sayed, A.M.; Khattab, A.R.; AboulMagd, A.M.; Hassan, H.M.; Rateb, M.E.; Zaid, H.; Abdelmohsen, U.R. Nature as a treasure
trove of potential anti-SARS-CoV drug leads: A structural/mechanistic rationale. RSC Adv. 2020, 10, 19790-19802. [CrossRef]
KEW. Plants of the World Online: Maytenus macrocarpa (Ruiz & Pav.) Briq. Available online: https://powo.science.kew.org/
taxon/urn:lsid:ipni.org:names:155542-2 (accessed on 25 August 2020).

Piacente, S.; Santos, L.C.D.; Mahmood, N.; Pizza, C. Triterpenes from Maytenus macrocarpa and Evaluation of Their Anti-HIV
Activity. Nat. Prod. Commun. 2006, 1, 1073-1078. [CrossRef]

Tropicos Database: Caesalpinia pulcherrima (L.) Sw. Available online: https:/ /tropicos.org/name/13027641 (accessed on 25 August 2020).
KEW. Databases, Herbarius Catalogue: Caesalpinia pulcherrima (L.) Sw. Available online: http://apps.kew.org/herbcat/
detailsQuery.do?barcode=K000724151 (accessed on 25 August 2020).

KEW. Plants of the World Online: Caesalpinia pulcherrima (L.) Sw. Available online: https://powo.science.kew.org/taxon/urn:lsid:
ipni.org:ames:1164658-2#synonyms (accessed on 25 August 2020).

Chiang, L.C.; Chiang, W.; Liu, M.C,; Lin, C.C. In vitro antiviral activities of Caesalpinia pulcherrima and its related flavonoids. J.
Antimicrob. Chemother. 2003, 52, 194-198. [CrossRef]

Ryu, Y.B.; Jeong, H.J.; Kim, J.H.; Kim, YM.; Park, J.-Y.; Kim, D.; Naguyen, T.T.H.; Park, S.-].; Chang, ].S.; Park, K.H.; et al.
Biflavonoids from Torreya nucifera displaying SARS-CoV 3CLP™ inhibition. Bioorg. Med. Chem. 2010, 18, 7940-7947. [CrossRef]
Riddhidev Banerjee, R.; Lalith Perera, L.; Tillekeratne, L.M.V. Potential SARS-CoV-2 main protease inhibitors. Drug Discov. 2021,
23, 804-816.

Gasmi, A.; Mujawdiya, PK,; Lysiuk, R.; Shanaida, M.; Peana, M.; Gasmi Benahmed, A.; Beley, N.; Kovalska, N.; Bjerklund, G.
Quercetin in the Prevention and Treatment of Coronavirus Infections: A Focus on SARS-CoV-2. Pharmaceuticals 2022, 15, 1049.
[CrossRef]


https://doi.org/10.1016/j.phrs.2020.104761
https://doi.org/10.3390/molecules26133882
https://www.ncbi.nlm.nih.gov/pubmed/34202092
https://doi.org/10.1016/j.ijbiomac.2020.07.235
https://tropicos.org/name/17801262
https://doi.org/10.1016/j.jep.2020.112735
https://doi.org/10.1038/s41598-018-36714-4
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:102034-2
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:102034-2
https://www.tropicos.org/name/12801998
https://www.inaturalist.org/taxa/200055-Euphorbia-thymifolia
https://doi.org/10.1016/S0367-326X(99)00008-8
https://doi.org/10.3390/ijms222011069
https://doi.org/10.1016/j.jtcme.2020.12.001
https://doi.org/10.3390/molecules16119451
https://doi.org/10.1016/j.bmc.2006.09.014
https://www.ncbi.nlm.nih.gov/pubmed/17046271
https://doi.org/10.1021/acs.jafc.0c05064
https://www.ncbi.nlm.nih.gov/pubmed/33179911
https://doi.org/10.1039/D0RA04199H
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:155542-2
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:155542-2
https://doi.org/10.1177/1934578X0600101201
https://tropicos.org/name/13027641
http://apps.kew.org/herbcat/detailsQuery.do?barcode=K000724151
http://apps.kew.org/herbcat/detailsQuery.do?barcode=K000724151
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:1164658-2#synonyms
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:1164658-2#synonyms
https://doi.org/10.1093/jac/dkg291
https://doi.org/10.1016/j.bmc.2010.09.035
https://doi.org/10.3390/ph15091049

Pharmaceuticals 2023, 16, 585 19 of 20

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

KEW. Plants of the World Online: Stylogyne cauliflora (Mart. & Miq.) Mez. Available online: https://powo.science.kew.org/
taxon/urn:lsid:ipni.org:names:247448-2 (accessed on 24 August 2020).

Hegde, V.R.; Pu, H.; Patel, M.; Das, PR.; Butkiewicz, N.; Arreaza, G.; Gullo, V.P; Chan, TM. Two antiviral compounds from the
plant Stylogne cauliflora as inhibitors of HCV NS3 protease. Bioorg. Med. Chem. Lett. 2003, 13, 2925-2928. [CrossRef]

Reis, S.R.; Valente, L.M.; Sampaio, A.L.; Siani, A.C.; Gandini, M.; Azeredo, E.L.; D’Avila, L.A.; Mazzei, ].L.; Henriques, M.;
Kubelka, C.F. Inmunomodulating and antiviral activities of Uncaria tomentosa on human monocytes infected with Dengue
Virus-2. Int. Immunopharmacol. 2008, 8, 468—476. [CrossRef]

Chung, C.-Y,; Liu, C.-H.; Burnouf, T.; Wang, G.-H.; Chang, S.-P,; Jassey, A.; Tai, C.-J.; Tai, C.-J.; Huang, C.-J.; Richardson, C.D.; et al.
Activity-based and fraction-guided analysis of Phyllanthus Urinaria identifies loliolide as a potent inhibitor of hepatitis C virus
entry. Antivir. Res. 2016, 130, 58-68. [CrossRef] [PubMed]

KEW. Plants of the World Online: Uncaria guianensis (Aubl.) ] F.Gmel. Available online: https://powo.science.kew.org/taxon/
urn:lsid:ipni.org:names:768250-1#synonyms (accessed on 27 August 2020).

Yepes-Pérez, A.F.; Herrera-Calderon, O.; Sanchez-Aparicio, J.-E.; Tiessler-Sala, L.; Maréchal, J.-D.; Cardona, G.W. Investigating
Potential Inhibitory Effect of Uncaria tomentosa (Cat’s Claw) against the Main Protease 3CLP™ of SARS-CoV-2 by Molecular
Modelling. eCAM 2020, 2020, 14. [CrossRef]

Dietrich, F; Kaiser, S.; Rockenbach, L.; Figueiro, F; Bergamin, L.S.; da Cunha, EM.; Morrone, EB.; Ortega, G.G.; Battastini, A.M.
Quinovic acid glycosides purified fraction from Uncaria tomentosa induces cell death by apoptosis in the T24 human bladder
cancer cell line. FCT 2014, 67, 222-229. [CrossRef] [PubMed]

Ming, D.S.; Lépez, A.; Hilllhouse, B.J.; French, C.J.; Hudson, J.B.; Towers, G.H.N. Bioactive Constituents from Iryanthera
megistophylla. . Nat. Prod. 2002, 65, 1412-1416. [CrossRef]

Hillhouse, B.J. Screening of biflavonoid compounds and British Columbian bryophytes for antiviral activity against potato virus
X. (T). Master Thesis, University of British Columbia, Vancouver, BC, Canada, May 2003.

Alhossary, A.; Handoko, S.D.; Mu, Y.; Kwoh, C.-K. Fast, accurate, and reliable molecular docking with QuickVina 2. Bioinformatics
2015, 31, 2214-2216. [CrossRef]

Jorgensen, W.L.; Chandrasekhar, J.; Madura, ].D. Comparison of simple potential functions for simulating liquid water. J. Chem.
Phys. 1983, 79, 926-935. [CrossRef]

Kuhn, B.; Gerber, P.; Shulz-Gasch, T.; Stahl, M. Validation and Use of the MM-PBSA Approach for Drug Discovery. |. Med. Chem.
2005, 48, 4040-4048. [CrossRef] [PubMed]

Gohlke, H.; Case, D.A. Converging Free Energy Estimates: MMPB(GB)SA Studies on the Protein-Protein Complex Ras-Raf. J.
Comput. Chem. 2004, 25, 238-250. [CrossRef]

Douangamath, A.; Fearon, D.; Gehrtz, P; Krojer, T.; Lukacik, P.; Owen, C.D.; Resnick, E.; Strain-Damerell, C.; Aimon, A;
Abrémyi—Balogh, P, et al. Crystallographic and electrophilic fragment screening of the SARS-CoV-2 main protease. Nat. Commun.
2020, 11, 5047. [CrossRef]

Wishart, D.S.; Guo, A.C.; Oler, E.; Wang, F.; Anjum, A; Peters, H.; Dizon, R.; Sayeeda, Z.; Tian, S.; Lee, B.L.; et al. HMDB 5.0: The
Human Metabolome Database for 2022. Nucleic Acids Res. 2022, 50, D622-D631. [CrossRef]

Wang, Q.; Wei, H.-C.; Zhou, S.-J.; Li, Y.; Zheng, T.-T.; Zhou, C.-Z.; Wan, X.-H. Hyperoside: A review on its sources, biological
activities, and molecular mechanisms. Phytother. Res. 2022, 36, 2677-3008. [CrossRef]

Schrodinger, LLC. Maestro; Schrodinger, LLC: New York, NY, USA, 2016.

Case, D.A.; Belfon, K.; Ben-Shalom, 1.Y.; Brozell, S.R.; Cerutti, D.S.; Cheatham, T.E.; Cruzeiro, V.W.D., III; Darden, T.A.; Duke, R.E.;
Giambasu, G.; et al. AMBER 2020; University of California: San Francisco, CA, USA, 2020.

Wang, J.; Wolf, RM.; Caldwell, ].W.; Kollman, P.A.; Case, D.A. Development and testing of a general amber force field. J. Comput.
Chem. 2004, 25, 1157-1174. [CrossRef] [PubMed]

Bayly, C.I; Cieplak, P.; Cornell, W.; Kollman, P.A. A well-behaved electrostatic potential based method using charge restraints for
deriving atomic charges: The resp model. J. Phys. Chem. 1993, 97, 10269-10280. [CrossRef]

Tian, C.; Kasavajhala, K.; Belfon, K.A.A.; Raguette, L.; Huang, H.; Migues, A.N.; Bickel, J.; Wang, Y.; Pincay, J.; Wu, Q.; et al.
ff19SB: Amino-Acid-Specific Protein Backbone Parameters Trained against Quantum Mechanics Energy Surfaces in Solution. J.
Chem. Theory Comput. 2020, 16, 528-552. [CrossRef]

Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N-log(N) method for Ewald sums in large systems. J. Chem. Phys.
1993, 98, 10089. [CrossRef]

Perez, ].].; Tomas, M.S.; Rubio-Martinez, J. Assessment of the Sampling Performance of Multiple-Copy Dynamics versus a Unique
Trajectory. J. Chem. Inf. Model. 2016, 56, 1950-1962. [CrossRef]

Roe, D.R.; Cheatham, T.E. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular Dynamics Trajectory Data. J.
Chem. Theory Comput. 2013, 9, 3084-3095. [CrossRef]

Rokach, L.; Maimon, O. Data Mining and Knowledge Discovery Handbook. In Clustering Methods; Springer: Boston, MA, USA,
2005; pp. 321-352.

Amadei, A.; Linssen, A.B.; Berendsen, H.]J. Essential Dynamics of Proteins. Proteins 1993, 17, 412-425. [CrossRef]

Wang, E.; Sun, H.; Wang, ].; Wang, Z.; Liu, H.; Zhang, ].Z.H.; Hou, T. End-Point Binding Free Energy Calculation with MM/PBSA
and MM /GBSA: Strategies and Applications in Drug Design. Chem. Rev. 2019, 119, 9478-9508. [CrossRef]


https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:247448-2
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:247448-2
https://doi.org/10.1016/S0960-894X(03)00584-5
https://doi.org/10.1016/j.intimp.2007.11.010
https://doi.org/10.1016/j.antiviral.2016.03.012
https://www.ncbi.nlm.nih.gov/pubmed/27012176
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:768250-1#synonyms
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:768250-1#synonyms
https://doi.org/10.1155/2020/4932572
https://doi.org/10.1016/j.fct.2014.02.037
https://www.ncbi.nlm.nih.gov/pubmed/24607820
https://doi.org/10.1021/np020169l
https://doi.org/10.1093/bioinformatics/btv082
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/jm049081q
https://www.ncbi.nlm.nih.gov/pubmed/15943477
https://doi.org/10.1002/jcc.10379
https://doi.org/10.1038/s41467-020-18709-w
https://doi.org/10.1093/nar/gkab1062
https://doi.org/10.1002/ptr.7478
https://doi.org/10.1002/jcc.20035
https://www.ncbi.nlm.nih.gov/pubmed/15116359
https://doi.org/10.1021/j100142a004
https://doi.org/10.1021/acs.jctc.9b00591
https://doi.org/10.1063/1.464397
https://doi.org/10.1021/acs.jcim.6b00347
https://doi.org/10.1021/ct400341p
https://doi.org/10.1002/prot.340170408
https://doi.org/10.1021/acs.chemrev.9b00055

Pharmaceuticals 2023, 16, 585 20 of 20

99.

100.

101.

102.

103.

104.

105.

106.

Luo, R.; David, L.; Gilson, M.K. Accelerated Poisson-Boltzmann Calculations for Static and Dynamic Systems. J. Comput. Chem.
2002, 23, 1244-1253. [CrossRef] [PubMed]

Tsui, V.; Case, D.A. Theory and Applications of the Generalized Born Solvation Model in Macromolecular Simulations. Biopolymers
2000, 56, 275-291. [CrossRef] [PubMed]

Onulfriev, A.; Bashford, D.; Case, D.A. Exploring Protein Native States and Large-Scale Conformational Changes with a Modified
Generalized Born Model. Proteins 2004, 55, 383-394. [CrossRef] [PubMed]

Weiser, J.; Shenkin, P.S.; Still, W.C. Approximate Solvent-Accessible Surface Areas from Tetrahedrally Directed Neighbour
Densities. Biopolymers 1999, 50, 373-380. [CrossRef]

Miller, B.R.; McGee, T.D.; Swails, ].M.; Homeyer, N.; Gohlke, H.; Roitberg, A.E. MMPBSA.py: An Efficient Program for End-State
Free Energy Calculations. . Chem. Theory Comput. 2012, 8, 3314-3321. [CrossRef]

Daina, A.; Michelin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. [CrossRef] [PubMed]

Rizzuti, B.; Grande, F.; Conforti, F.; Jimenez-Alesanco, A.; Ceballos-Laita, L.; Ortega-Alarcon, D.; Vega, S.; Reyburn, H.T.; Abian,
O.; Velazquez-Campoy, A. Rutin is a low micromolar inhibitor of SARS-CoV-2 main protease 3CLpro: Implications for drug
design of quercetin analogs. Biomedicines 2021, 9, 375. [CrossRef]

Rizzuti, B.; Ceballos-Laita, L.; Ortega-Alarcon, D.; Jimenez-Alesanco, A.; Vega, S.; Grande, F; Conforti, F; Abian, O.; Velazquez-
Campoy, A. Sub-micromolar inhibition of SARS-CoV-2 3CLpro by natural compounds. Pharmaceuticals 2021, 14, 892. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/jcc.10120
https://www.ncbi.nlm.nih.gov/pubmed/12210150
https://doi.org/10.1002/1097-0282(2000)56:4&lt;275::AID-BIP10024&gt;3.0.CO;2-E
https://www.ncbi.nlm.nih.gov/pubmed/11754341
https://doi.org/10.1002/prot.20033
https://www.ncbi.nlm.nih.gov/pubmed/15048829
https://doi.org/10.1002/(SICI)1097-0282(19991005)50:4&lt;373::AID-BIP3&gt;3.0.CO;2-U
https://doi.org/10.1021/ct300418h
https://doi.org/10.1038/srep42717
https://www.ncbi.nlm.nih.gov/pubmed/28256516
https://doi.org/10.3390/biomedicines9040375
https://doi.org/10.3390/ph14090892

	Introduction 
	Results 
	Selection of Natural Compounds from Peruvian Flora 
	Representative Structures of the SARS-CoV-2 Mpro Protease Dimer 
	Virtual Screening 
	In Vitro Assays 
	Binding Analysis 
	Evaluation of ADME Properties 

	Discussion 
	Materials and Methods 
	Selection of Bioactive Compounds with Antiviral Activity Characterized from Peruvian Medicinal Herbs 
	Literature Search for Bioactive Peruvian Natural Compounds 
	Preparation of the Selected Natural Compounds 

	Selection of Representative Structures for the SARS-CoV-2 Mpro Protease Dimer 
	Preparation of the System 
	Energy Minimization 
	Molecular Dynamics Simulations 
	Root-Mean Square Deviation (RMSD) and Root-Mean Square Fluctuation (RMSF) Analysis 
	Cluster Analysis 
	Principal Component Analysis (PCA) 

	Virtual Screening for Ligands of the SARS-CoV-2 Mpro Protease Dimer 
	Free Binding Energy Calculation 
	ADMET Evaluation of the Active Compounds 
	In Vitro Assays for the Selected Compounds 
	SARS-CoV-2 Mpro Expression and Purification 
	SARS-CoV-2 Mpro Proteolytic Activity Assay 
	SARS-CoV-2 Mpro Inhibition Assay 


	References

