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ABSTRACT: Ever since coronavirus disease 2019 (COVID-19),
caused by SARS-CoV-2, was declared a pandemic on March 11,
2020, by the WHO, a concerted effort has been made to find
compounds capable of acting on the virus and preventing its
replication. In this context, researchers have refocused part of their
attention on certain natural compounds that have shown
promising effects on the virus. Considering the importance of
this topic in the current context, this study aimed to present a
critical review and analysis of the main reports of plant-derived
compounds as possible inhibitors of the two SARS-CoV-2
proteases: main protease (Mpro) and Papain-like protease
(PLpro). From the search in the PubMed database, a total of
165 published articles were found that met the search patterns. A
total of 590 unique molecules were identified from a total of 122 articles as potential protease inhibitors. At the same time, 114
molecules reported as natural products and with annotation of theoretical support and antiviral effects were extracted from the
COVID-19 Help database. After combining the molecules extracted from articles and those obtained from the database, we
identified 648 unique molecules predicted as potential inhibitors of Mpro and/or PLpro. According to our results, several of the
predicted compounds with higher theoretical confidence are present in many plants used in traditional medicine and even food, such
as flavonoids, carboxylic acids, phenolic acids, triterpenes, terpenes phytosterols, and triterpenoids. These are potential inhibitors of
Mpro and PLpro. Although the predictions of several molecules against SARS-CoV-2 are promising, little experimental information
was found regarding certain families of compounds. Only 45 out of the 648 unique molecules have experimental data validating them
as inhibitors of Mpro or PLpro, with the most frequent scaffold present in these 45 compounds being the flavone. The novelty of this
work lies in the analysis of the structural diversity of the chemical space among the molecules predicted as inhibitors of SARS-CoV-2
Mpro and PLpro proteases and the comparison to those molecules experimentally validated. This work emphasizes the need for
experimental validation of certain families of compounds, preferentially combining classical enzymatic assays with interaction-based
methods. Furthermore, we recommend checking the presence of Pan-Assay Interference Compounds (PAINS) and the presence of
molecules previously reported as inhibitors of Mpro or PLpro to optimize resources and time in the discovery of new SARS-CoV-2
antivirals from plant-derived molecules.

1. INTRODUCTION
Coronavirus disease 2019, shortened to COVID-19, is caused
by a severe acute respiratory syndrome-related coronavirus 2
(SARS-CoV-2). It was first reported in Wuhan, China, in late
2019, and declared a pandemic on March 11, 2020, by the
WHO.1 From that moment on, a frantic search was unleashed
with the aim of identifying molecules, natural or synthetic, that
would act on the virus in order to treat the disease and reduce
its spread. Among the many studies written, some focused on
studying and validating certain proteins of the SARS-CoV-2
virus as possible molecular targets for antiviral agents. Amid
those already validated, scientists identified the inhibition of
virus type 3C (main) or papain-type proteases as promising

strategies for the development of drug candidates against
COVID-19.2

Structurally, the SARS-CoV-2 has two cysteine proteases
involved in the proteolytic processing of the viral polyproteins:
the papain-like protease (PLpro) and the main protease or 3C-
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like protease (Mpro/3CLpro). PLpro cleaves the viral
polyproteins precursors pp1a and pp1ab at three sites to
produce nonstructural proteins Nsp1, Nsp2, and Nsp3, while
Mpro cleaves the same polyproteins precursors at 11 different
sites to produce 12 viral proteins.3 Both proteases are essential
for generating functional viral particles, making them attractive
drug targets for the development of new antiviral drugs. In
addition, the absence of human homologues of Mpro is
considered an advantage in the development of antiviral drugs
with high specificity for the viral protease. MPro has a
chymotrypsin-like fold with three domains and is active as a
homodimer, like other coronavirus MPros.4 The active site is
located in a deep cleft between domains I and II of each
monomer (Figure 1A).5,6 Dimerization is necessary for higher
catalytic efficiency because the N-terminus of each monomer
helps to stabilize the S1 pocket of the other monomer.
Meanwhile, PLpro is part of the multidomain membrane-
associated protein nsp3 and its structure has four distinct
structural domains. Three of these domains form an extended
right-hand architecture with distinct palm, thumb, and finger
domains (Figure 1B). The N-terminal domain is well separated
from the other three domains and adopts a fold-like ubiquitin
domain.7 The active site of this enzyme is in the cleft between
the thumb and palm domains, and contains a catalytic triad of
cysteine, histidine, and aspartic acid.4 The conformation of a
flexible β-loop present near the entrance of the active site is an
important element for the binding of ligands into the active
site. In addition to the proteolytic processing of the viral
polyproteins precursors, PLpro can also bind and cleave ISG15
(interferon-stimulated gene product 15) and ubiquitin from
ISGylated or ubiquitinated proteins.8,9 Both activities are vital
for the coronavirus to counteract the host immune responses.
There are several three-dimensional structures for both

proteases in the Protein Data Bank (PDB), which are very
useful for drug discovery using in silico approaches. In fact, the
use of computer-assisted drug discovery tools has become an
efficient way of discovering successful molecules that could
enter the drug development pipeline against this disease.
Various investigations have focused on the search for SARS-
CoV-2 inhibitors using computational approaches, such as
molecular docking and structure-based virtual screening. Thus,
for SARS-CoV-2 Mpro, there are almost 495 entries reported
in the PDB while for PLpro there are 54 entries. Inhibitors,

mostly synthetic molecules, of these viral proteases have
proven to be effective as antiviral agents. Currently, there are
almost 2500 molecules in the databases PostEra (https://
covid.postera.ai/covid/activity_data) and COVID-19
(https://covid19-help.org/) reported as Mpro inhibitors.
However, most of these compounds are not from natural
sources making the search for natural products as SARS-CoV-2
protease inhibitors an underexploited field. In particular, the
plant-derived molecules are a diversified source of compounds
in terms of chemical diversity and pharmacological activ-
ities.10,11 Against this backdrop, the aim of this study was to
review and analyze the main reports available to date that
propose plant-derived compounds as possible inhibitors of
SARS-CoV-2. There are some previous review papers about
the use of plant natural products as SARS-CoV-2 protease
inhibitors;12−16 therefore, in this review, we focus on the
analysis of the structural diversity among the plant-derived
predicted inhibitors of both proteases of SARS-CoV-2 (Mpro
and PLpro) and their structural similarity with those
compounds that have been experimentally tested against
these proteases.

2. METHODOLOGY
2.1. Dataset. A PubMed database search with the following

query was carried out: (“plant″[Title/Abstract] OR “phyto″[-
Title/Abstract] OR “herbal″[Title/Abstract]) AND (“inhibitor″[-
Title/Abstract] OR “inhibition″[Title/Abstract] OR “binding″[-
Title/Abstract] OR “inhibitors″[Title/Abstract]) AND
(“COVID-19″[Title/Abstract] OR “SARS-CoV2”) AND (“pro-
tease″[Title/Abstract] OR “CL-pro″[Title/Abstract] OR “M-
pro″[Title/Abstract] OR “CLpro″[Title/Abstract] OR “Mpro″[-
Title/Abstract]). The database PubMed was chosen for the
search as it allows the contents of the MEDLINE medical
library, life sciences journals, and books to be consulted. In this
way, access to the largest possible number of indexed articles
related to the search topics was guaranteed. As a result of this
search, a total of 165 published articles were downloaded and
manually curated. From these 165 published articles, we
excluded (a) review articles, (b) articles that do not exactly
explore plant-derived compounds, and (c) articles that were
not fully accessed. With the manual curation, the distribution
was as follows: 122 articles were further processed, 3 articles
analyzed full plant extracts (not chemical compounds at a

Figure 1. Three-dimensional structures of the SARS-CoV-2 proteases Mpro (A) and PLpro (B). The structural domains and catalytic residues are
highlighted.
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theoretical or experimental level), 29 articles were excluded
because of being reviews or articles that do not explore
chemical compounds at a theoretical or experimental level, and
10 articles carried out experimental analysis including chemical
compounds derived from plants (1 article was not analyzed
because the full manuscript was not accessible during the
analysis).

2.2. Dataset of Predicted Molecules as Inhibitors of
Mpro and PLpro. A total of 590 unique molecules were
identified from the 122 articles. Additionally, we extracted all
molecules from the COVID-19 Help database reported in
natural products and specifically with theoretical support
annotation and antiviral effects (a total of 216 molecules
excluding peptides or microRNAs). However, our study
focuses on the SARS-CoV-2 proteases (Mpro and PLpro),
and not all 216 molecules from the database were predicted as
protease inhibitors. After filtering for only these two targets,
114 molecules remained. After combining the 590 molecules
extracted from articles and the 114 obtained from the database,
we finally identified 648 unique molecules predicted as
potential inhibitors of Mpro and/or PLpro (Table S1). For
the computation of the “evidence”, we used the number of
articles referring to the interaction prediction in the group of
the 590 identified by our literature curation and the number of
articles reported in the database for the remaining molecules
out of the 648 (this information is also presented in Table S1
under the column titled “evidence”). Nonetheless, each
author’s affiliation (country), as well as the type of theoretical
strategy used (docking and/or molecular dynamics) were only
computed in the 590 molecules derived from our literature
curation. Each of the 648 molecules was classified based on its
chemical structure using NPClassifier.17 The final list with the

648 smiles and their classifications is presented in Tables S1
and S2 (Supporting Information).

2.3. Dataset of Experimentally Evaluated Molecules
as Inhibitors of Mpro and PLpro. The experimental
evidence was compiled from three different sources: (1) the
10 articles reporting experimental evidence of compounds that
inhibit PLpro and Mpro proteases, (2) the COVID-19 Help
database (https://covid19-help.org/), and (3) the PostEra
Mpro activity data (https://covid.postera.ai/covid/activity_
data). The molecules with experimental evidence were not
restricted only to natural products. The vast majority of
molecules with experimental evidence had been evaluated in
Mpro rather than PLpro. Therefore, we decided to only
continue our analysis with the Mpro inhibitors. From the 10
articles, we extracted 82 compounds; from the COVID-19
Help database, we extracted 719 records (restricting the search
for antivirals and removing those compounds with only in
silico evidence), and from PostEra, we found 2062 molecules.
Of the 719 records obtained from the COVID-19 Help
database, many are recombinant proteins, antibodies, and
molecules that do not have any chemical structure reported in
PubChem or even the COVID-19 Help database. Therefore,
after removing molecules without smiles, 456 remained. After
joining all the molecules, a total of 2600 molecules with
experimental evidence as Mpro inhibitors were included. The
full list of molecules with experimental evidence regarding
Mpro is presented in Table S3 (Supporting Information).

2.4. Molecular Similarity, Scaffolds, and Fragment
Identification. In order to compare all molecules between
each other or between groups (i.e., experimental versus
theoretical analysis), the EFCP4 fingerprint (1024 bits) was
computed, and the similarity was calculated using the
Tanimoto metric (using RDKit library in python). For identity

Figure 2. (A) Percentage of molecules predicted to bind each target protease. (B) Percentage of articles reporting molecules as inhibitors of each
target protease. (C) Percentage of molecules identified as inhibitors of the target proteases using molecular docking or molecular dynamics
simulations (MD). (D) Distribution of articles per country. (E) Plants with more than two compounds proposed as a SARS-CoV-2 protease
inhibitor.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.2c05766
ACS Omega XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05766/suppl_file/ao2c05766_si_002.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05766/suppl_file/ao2c05766_si_002.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05766/suppl_file/ao2c05766_si_002.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05766/suppl_file/ao2c05766_si_002.xlsx
https://covid19-help.org/
https://covid.postera.ai/covid/activity_data
https://covid.postera.ai/covid/activity_data
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05766/suppl_file/ao2c05766_si_002.xlsx
https://pubs.acs.org/doi/10.1021/acsomega.2c05766?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05766?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05766?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05766?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


matching (i.e., removal of duplicates), we used a Tanimoto
similarity equal to or higher than 0.95. The comparison
between molecules with theoretical predictions and those
having experimental evidence was carried out using the
Tanimoto similarity computed as previously described but
using 0.75 and 0.95 similarity cutoffs.

For scaffold identification, we used the Murcko scaffold
identification algorithm implemented in RDKit.18 However,
even when this strategy is helpful, the resulting molecule can
be too generic, and their use in medicinal chemistry, or as the
initial point for chemical modifications, is questionable.19 We
decided to additionally use a retrosynthetic combinatorial

Figure 3. Distribution of the molecular superclasses and classes across the 648 molecules using NPClassifier.

Figure 4. Structures of the top ten molecules more frequently reported in the studies analyzed. These molecules are predicted as potential
inhibitors of Mpro and PLpro.
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analysis (Recap) implemented in RDKit.20 Recap fragment
molecules function according to 11 types of bonds and simple
rules. These rules will keep intact rings and conjugated rings.
Recap will produce much more structural diversity, considering
linkers, core structures, and even different substituent
variations, as compared to the Murcko algorithm. Each
scaffold/fragment was weighted by frequency of appearing
across the 648 predicted molecules. All scaffolds and fragments
with their corresponding frequency are presented in Table S4
(Supporting Information).

3. RESULTS AND DISCUSSION
Most of the studies (and predicted molecules) retrieved in our
search address the inhibition of the protease Mpro instead of
PLpro (Figure 2A,B). The same pattern was observed for those
molecules tested experimentally. Indeed, from the 648 unique
molecules, 147 were predicted as potential inhibitors of PLpro
and only 34 of them were predicted exclusively for this
protease (Table S1). On the other hand, even when all
molecules were evaluated using different docking strategies,
molecular dynamics simulation was only performed in a small
fraction of the molecular space (Figure 2C). Molecular
dynamic simulation is a computationally expensive approach,
and it was usually used only with the best candidates obtained
from docking experiments.
The analysis of the authors’ affiliations across all analyzed

publications clearly indicates that more than half of all
published articles were produced in India, Nigeria, and Saudi
Arabia (Figure 2E). A total of 134 plants were reported as the
source of molecules with the potential to inhibit one or both
proteases of SARS-CoV-2. The plants with the highest number
of articles were Vernonia amygdalina, Andrographis paniculata,
Withania somnifera, Azadirachta indica, Hypericum perforatum,
Moringa oleifera, and Vitex negundo (Figure 2D). Those plants
with higher levels of evidence, for instance, Vermonia
amygdalina and Azadirachta indica, are commonly used in
several African countries as medicinal plants as well as for
alimentary purposes. Andrographis paniculata, Withania
somnifera, and Azadirachta indica are commonly used in
India in Ayurvedic and traditional medicine. Hypericum
perforatum and Moringa oleifera are used in natural medicine
in several countries around the world, while Vitex negundo is
native to several African and Asian countries.

The top 20 most abundant superclasses and classes of the
648 molecules are presented in Figure 3. Most of the molecules
are classified as belonging to the flavonoid superclass,
specifically flavonols and flavones (Figure 3). It is important
to note that 55 molecules (8.5%) are unclassified. A manual
inspection of the unclassified molecules reveals that some of
them are anthocyanins and charged compounds. Flavonoids
are major constituents of plants and therefore, as expected, this
group as well as triterpenoids and steroids were found to have
the highest representation. The top 10 molecules with the
highest number of articles predicting them as potential
inhibitors of SARS-CoV-2 proteases are presented in Figure
4. All of these molecules appear in more than 8 papers and
have been predicted as Mpro inhibitors as well as PLpro. The
molecule with the highest number of reports is quercetin,
followed by kaempferol, rutin, luteolin, baicalin, myricetin,
isorhamnetin, (−)-epicatechin-3-O-gallate, amentoflavone, and
kaempferol-3-O-rutinoside. We can clearly notice that among
these top molecules, the structural diversity is actually very low.
Almost all molecules share the same structural core of
quercetin, luteolin, or galangin (7-hydroxyflavonol). Moreover,
some of them had been proposed in glycosylated form with
one or two sugar units. The role of these sugar substituents will
be discussed later.
A total of 384 scaffolds were identified using the Murcko

algorithm. Those present in more than 5 molecules are
presented in Figure 5, where we can identify the flavones (S.1)
and flavonones (S.2) cores, as well as two common
glycosylated variants (S.3 and S.4). Some of these glycosylated
S.1 variants are not only monosaccharides but also di,
trisaccharides, or glucuronic acid, like in baicalin. The scaffolds
S.5 and S.6 represent a major group of carboxylic acids,
phenolic acids, and even lignans (i.e., quinic acid, gallic acid,
and caffeic acid). The scaffolds presented in S.7 and S.8 are
generic cores for triterpenes (i.e., ursane, oleanane, and steroid
skeletons). Finally, S.9 is a generic core for aporphine alkaloids
(which are a subclass of quinoline alkaloids). These scaffolds
clearly represent the main superclasses and classes found in the
648 molecules (Figure 3).
The scaffold analysis is very helpful, but groups used in

substitution are also of high relevance for chemical
modification. We can see, for example, in S.4, a glycosylated
substituent, but we ignore those that are more common. The
fragment analysis of all the unique molecules using Recap

Figure 5. Top scaffolds identified using the Murcko algorithm in the 648 molecules. Only scaffolds found in more than 5 molecules are present.
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generates a total of 1042 different fragments. Because of the
large number of fragments (and also the wide chemical
diversity), we included the most frequent fragments (with
more than 4 non-hydrogen atoms and with an abundance from
0.25 to 24%) in Supporting Information (Figure S1). The
fragments were arranged in groups, and we can easily identify
the fragments related to gallic and caffeic acids, fragments, or
even portions of the double ring fragments associated with the
molecules with higher evidence (quercetin, luteolin, kaempfer-
ol, etc.). We also found several monosaccharides, disacchar-
ides, and glucuronic fragments, which are consistent with
glycosylated flavonoids. On the other hand, we found
fragments present in molecules, such as piperine, coumaperine,
piperundecalidi, and quinic acids, along with different aliphatic
substituents commonly found in the dataset.
We previously described the most frequent plants found in

our literature research. However, if we look at the predicted
molecules with higher evidence (Figure 4), molecules
including quercetin, kaempferol, rutin, luteolin, and others
are very frequent across many different plants that can be
found worldwide. In fact, after a quick consultation of the
Lotus Database, quercetin (ID: LTS0004651) had been found
in 1399 species and rutin (ID: LTS0042292) in 365 species. A
large number of species can be found for other flavonoids, for
example kaempferol, luteolin, and baicalin.

3.1. Molecules with Experimental Evidence as
Inhibitors of SARS-CoV-2 Mpro and PLpro. As previously
expressed, most data consulted with experimental evidence
comprise the inhibition of Mpro. Therefore, our comparison
between predicted molecules and those with experimental
evidence focuses on Mpro. Nevertheless, we did not separate
molecules predicted as inhibitors of Mpro from PLpro from
our list of 648 (only 34 were predicted exclusively as inhibitors
of PLpro). We will discuss our findings and indicate when the
prediction was originally for Mpro, PLpro, or both.
Out of the 648 molecules predicted as inhibitors of the

SARS-CoV-2 Mpro protease, 33 were directly found in our
dataset of experimentally validated molecules (Table
1).21,22,31,32,23−30 We only find 10 molecules with experimental
evidence of inhibition against SARS-CoV-2 PLpro: anacardic
acid,33 baicalein,28 cyanidin-3-O-glucoside,34 ginkgolic acid,33

hypericin,34 isoforsythiaside,28 rutin,34 scutellarin,28 procyani-

nidin,28 and wogonin.28 From these 45 molecules predicted as
Mpro inhibitors, 27 had been validated experimentally in 6 out
of the 10 articles collected in our literature search.23−27,35 The
other 6 molecules were found in the additional experimental
databases used in this work. The compounds curcumin,
(−)-epigallocatechin gallate, acteoside, hyperoside, silibinin,
chlorogenic acid, isochlorogenic acid B, liquiritin, pectolinarin,
ginkgetin, andrographiside, emodin, isoginkgetin, isoschafto-
side, procyanidin, theaflavin, wogonoside, isochlorogenic acid
A, and tannic acid were exclusively predicted as Mpro
inhibitors. Additionally, many of the predicted molecules
with experimental evidence of inhibiting Mpro are those with
higher numbers of evidence (across computational studies; see
Figure 3), and 14 of them have also been studied using
molecular dynamics simulations. Some of these compounds
with experimental evidence as SARS-CoV-2 Mpro inhibitors
have been previously identified as inhibitors of the SARS-CoV
Mpro. Quercetin, epigallocatechin gallate, amentoflavone,
apigenin, luteloin, and curcumin are some of these compounds
able to inhibit the main protease of both SARS-CoVs.36,37

Several flavonoids have been validated as able to bind SARS-
CoV-2 Mpro using methods other than enzymatic assays. For
instance, baicalein, baicalin (baicalein 7-O-glucuronide),
scutellarein, ganhuangenin, wogonoside, oroxylin A-7-O-β-D-
glucuronide, and luteoloside have been validated as Mpro
inhibitors using a native mass spectrometry affinity method.24

From this group of molecules, baicalein, scutellarein, and
ganhuangenin showed KD values against SARS-CoV-2 Mpro of
0.94, 3.02, and 0.84 μM, respectively.38 Furthermore, baicalein,
wogonin, scutellarin, and isoforsythiaside have been identified
as inhibitors of PLpro.38 Baicalein is one of two natural
flavones with a three-dimensional structure in complex with
the SARS-CoV-2 Mpro (PDB ID: 6M2N), and it binds to the
active site of the protease. Baicalein does not appear in our
database of predicted compounds but baicalin does, opening a
question regarding the possible effects of glycosides and/or
glucuronide derivatives in the inhibitory activity. The presence
of glucuronic acid in baicalin results in a higher value of KD
with respect to baicalein, and this difference in affinity for
Mpro has been validated using interaction-based methods, like
isothermal calorimetry and native mass spectrometry, as well as
enzymatic assays.38 Another interesting finding with baicalein

Table 1. Molecules Predicted as SARS-CoV Mpro Inhibitors with Experimental Evidence

compound name source ref compound name source ref

(+)-dihydromyricetin COVID-19 DB 21,22 isoginkgetin article 25
(−)-epigallocatechin gallate article, COVID-19 DB 23 isorhamnetin (3-methylquercetin) article 25
isochlorogenic acid A article 24 isoschaftoside article 27
acteoside article 24 liquiritin article, COVID-19 DB 24
amentoflavone (didemethyl-ginkgetin) article 25 luteolin article 25
andrographoiside article 24 luteoloside article 24
andrographolide article, COVID-19 DB 24 myricetin COVID-19 DB 21
apigenin article 25 narcissin article 27
baicalin article, COVID-19 DB 24 pectolinarin article, COVID-19 DB 24
chlorogenic acid article, COVID-19 DB 24 procyanidin COVID-19 DB 28
curcumin article 23 quercetin article 23
ellagic acid article 23 rutin (quercetin 3-rutinoside) article, PostEra DB, COVID-19 DB 29
emodin article 26 silibinin COVID-19 DB 30
ginkgetin article 25 tannic acid COVID-19 DB 31
glycyrrhizin article, COVID-19 DB 24 theaflavin COVID-19 DB 31,32
hyperoside (quercetin 3-galactoside) article 27 wogonoside article 24
isochlorogenic acid B article 24
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and its derivative baicalin is that only the first can inhibit
PLpro, suggesting that the presence of glucuronic acid in
baicalin is an impediment to the inhibition of this protease.
Myricetin is the other flavone with two three-dimensional

structures with the SARS-CoV-2 Mpro (PDB IDs: 7DPP and
7B3E).22,39 In these structures, myricetin is covalently linked
to the catalytic C145, but the chromone group has different
orientations, as shown in Figure 6) This plasticity in the
binding mode of flavones can also be seen when we compare
the binding modes of baicalein and myricetin. Despite both
molecules having the same scaffold (Figure 4), their binding
modes in the active site of Mpro are quite different (Figure 6).
The pyrogallol group of myricetin is oriented to the catalytic
C145 and is covalently linked to it, while in baicalein the
chromone group is the one that is close to the C145 and is not
covalently connected to Mpro. These crystallographic
structures have revealed that even molecules with the same
scaffold can bind very differently to the active site of Mpro.
Therefore, the assertion that molecules sharing a scaffold
should bind in the same way to a protein target is not
necessarily valid in this case. This plasticity in the binding
modes is usually seen in molecules with affinities in the
micromolar range for a target and has been reported for other
families of structurally related compounds.40−43 We also found
a third three-dimensional structure of SARS-CoV-2 with a
natural plant product (shikonin), which is classified as a
quinone (PDB ID: 7CA8).44 However, the analysis of this
structure revealed negative electron density in the FO−FC
electron density map (3σ contour) in almost the entire region
where shikonin was modeled, indicating low confidence in the
binding mode of the modeled ligand. Because of this, we do
not include this structure in our analysis. The epigallocatechin
gallate is a flavonol that showed inhibitory activity against
Mpro in enzymatic assays. However, in the same study, the
authors suggested a nonspecific binding between epigalloca-
techin gallate and Mpro, based on the analysis of SPR data.23

This could be an example of compounds that show inhibitory

activity in enzymatic assays, but interaction-based assays
revealed nonspecific interaction with the target.
Among the inhibitors of Mpro, there are also biflavonoids

like ginkgetin, amentoflavone (didemethyl-ginkgetin), and
isoginkgetin. It can be noticed from their names that their
structures are very similar, as well as their IC50 against Mpro
with values of 2.98, 2.33, and 8.65 μM, respectively.25 Even so,
some of these flavonoids and biflavonoids, such as quercetin,
amentoflavone, apigenin, and luteloin, which inhibit SARS-
CoV-2 Mpro, were identified previously as inhibitors of the
SARS-CoV Mpro.36 Therefore, in some sense, these molecules
appear to be obvious potential inhibitors of SARS-CoV-2
Mpro, considering the high similitude between the main
proteases of both SARS-CoVs.
The compounds glycyrrhizin, andrographolide, and androg-

raphiside are terpenes identified as SARS-CoV-2 Mpro
inhibitors.24 The structures of andrographolide and androgra-
phiside are very similar, to the extent that the latter can be
considered a glycosylated variant of the former. Andrographo-
lide can inhibit Mpro from both SARS-CoVs through a
covalent linkage with the C145.45 Although the binding mode
of andrographiside has not been identified, it is very likely that
it also binds to the Mpro C145 through a Michael addition
reaction, considering the presence of an α,β-unsaturated γ-
lactone moiety in its structure. In addition, it has been
demonstrated that andrographolide is able to inhibit the
production of infectious virions in SARS-CoV-2-infected
human lung epithelial cells with low to no cytotoxic effects
on human cell lines.46 These results make this molecule a
promising hit (scaffold) for the development of new SARS-
CoV-2 antiviral drugs.
Among the inhibitors of the SARS-CoV-2 Mpro, there are

also some carboxylic acid derivatives, including chlorogenic
acid (3-O-caffeoylquinic acid), isochlorogenic acid A (3,5-
dicaffeoylquinic acid), and isochlorogenic acid B (3,4-
dicaffeoylquinic acid). It is very possible that the interaction
detected by native mass spectrometry for these three

Figure 6. Binding modes of baicalein (blue, PDB ID: 6M2N) and myricetin (white, PDB ID: 7DPP; salmon PDB ID: 7B3E) in the active site of
SARS-CoV-2 Mpro.
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compounds and Mpro could be related to the presence of α,β-
unsaturated ester moiety, which could react as a Michael
acceptor with the thiol groups of the cysteines residues of
Mpro, as was proposed for the forsythoside A.24 However, in
the same study, it was suggested that the interaction between
this molecule and Mpro, to which it is able to bind covalently,
seems to be a nonspecific binding with every accessible free
cysteine.
In the case of phenolic compounds, which include

subgroups such as flavonoids, phenolic acids, and quinones,
their aggregation tendency could lead to obtaining false

positive results in the inhibition enzymatic assays.47 The
inhibition of SARS-CoV Mpro of kaempferol and amento-
flavone is lower when 0.1% of Triton X-100 is present in the
enzymatic assays, suggesting that previous inhibition observed
could be due to compound aggregation.48 This finding is quite
interesting considering that the structural difference between
quercetin and kaempferol is hydroxyl. On the other hand, the
interaction between kaempferol and Mpro was detected by
surface plasmon resonance (SPR) with a KD of 24.65 μM.27 Of
course, SPR allows us to know that there is an interaction
between two molecules but is not able to specify if this

Figure 7. Top 15 scaffolds representing the most abundant molecules in the 100 with high similarity (similarity is ≥0.75) to those with
experimental evidence. The scaffolds were grouped according to flavone with and without sugar derivatives (yellow panel, including flavones,
flavonols, isoflavones and diflavones), flavanone (green panel, including flavanonols), anthocyanins (blue panel), flavan-3-ols (red panel),
anthraquinone (dark blue), steroids and triterpenoids (gray panel), and finally curcumin (brown panel).
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interaction has any effect on the enzymatic activity. In the same
study, the authors found that the interaction of a glycosylated
form of kaempferol (kaempferol 3-O-gentiobioside) with Mpro
is 10 times stronger (KD: 2.7 μM), which again raises questions
regarding the role of glycosylation in the inhibitory properties
of molecules with this scaffold. The experimental setup is
something to consider when you want to categorize a molecule
as a hit or not. For instance, ellagic acid showed a 10%
inhibition at 30 μM in one report,35 but more than 50%
inhibition at 10 μM was also reported.23 These apparently
contradictory results are very likely related to the concen-
tration of Mpro or substrate used in both assays, but for
inexperienced readers this could be difficult to understand. In
this specific example, one enzymatic assay uses 0.1 μM of
Mpro while the other uses 11 mM, which corresponds to more
than 1000 times more enzyme.

3.2. Exploring Similarity and Scaffold Variations.
Looking at the molecules with higher theoretical evidence
(Figure 4), the classification of the molecules (Figure 3), as
well as the scaffold frequency (Figure 5), a question emerges:
How diverse is the chemical space of the predicted natural
products? Moreover, how much of the chemical space is
covered by experimental evidence? The quantification of the
chemical space is a complex problem and instead of looking for
a hard number, we decided to follow a graphical approach.
All 648 molecules were compared to all those with

experimental evidence (similarity of ≥0.75). Of the 648
molecules, 100 (15.4%, including those with direct exper-
imental evidence) are similar or equal to some of the molecules
with experimental data. Of the 100 molecules showing some
similarity (≥0.75) with respect to compounds with exper-
imental evidence, a total of 50 scaffolds were identified.
However, out of these 50 scaffolds, 15 of them comprise 60 of
the 100 molecules (Figure 7). In addition, 6 of the 15 more
abundant scaffolds contain the core flavone (comprising
flavones, flavonols, and isoflavones) and diflavones with and
without sugar derivatives (Figure 7, yellow panel). Six
structures are represented in the flavanone core (including
the flavanonols) (Figure 7, green panel), six others in the
anthocyanin scaffold (Figure 7, blue panel), and two flavans
(Figure 7, violet panel). This distribution where flavonoids are
the most representative group of molecules is consistent with
Figure 3A. Of course, these are not the only flavonoids in the
100 molecules, but rather are the scaffolds with the highest
representations (i.e., there are flavans, flavones, anthocyanins,
and others with more than two sugar derivatives and
glucuronic moieties).
The other relevant group is the terpenoids. In this group, we

have four molecules comprising two scaffolds. However, a total
of 9 steroids and triterpenoids were identified in the 100
molecules, while 108 (steroids and triterpenoids) were
predicted. Phytosterols are a diverse family of compounds
presenting several challenges for extraction and identifica-
tion.49 The high number of predictions compared to those
experimentally validated (or similar to) suggests that more
research needs to be performed concerning these compounds,
especially at an experimental level. A similar underrepresenta-
tion is evident for anthraquinone and curcumin derivates
(phenolic classification). Curcumin derivatives need to be
carefully considered because they are well-known interfering
compounds (pan-assay interference compounds). Curcumin
and its derivatives have been predicted as Mpro inhibitors by
several authors using docking and molecular dynamics.50−54 It

was also proven to have an antiviral effect in Vero E6 cells55

and an IC50 = 11.9 μM, determined using an enzymatic assay,
but was not analyzed by surface plasmon resonance because of
its low solubility.23 Even though few experimental studies had
been carried out exploring curcumin interaction with Mpro of
SARS-CoV-2, we found two ongoing clinical trials
(NCT05150782 and NCT05008003) and one completed
trial (NCT05130671) that evaluated the benefits of a
compound’s mixture (curcumin, vitamin D, quercetin, etc.)
as a dietary supplement in COVID-19 patients. So, although
we know it is an interfering molecule (interfering molecules are
usually avoided in medical chemistry) and even with its
limitations in terms of pharmaceutical properties (bioavail-
ability, poor absorption, and rapid elimination),56 further
research needs to be carried out, especially regarding the
physical interaction between curcumin and SARS-CoV-2 main
protease.
We can see from the scaffolds (Figure 7) that several of

them comprise substituents in various positions that
correspond with sugar moieties and glucuronic derivatives.
We previously discussed that glucuronic acid in baicalin results
in a higher value of KD than the same acid in baicalein, and this
difference in affinity for Mpro has been validated by different
experimental methods. This finding highlights the problem of
glycosylation and its effects on Mpro (and PLpro) inhibition.
An early computational study57 found that the presence of
sugar units improves the binding energy with respect to Mpro.
However, this study has several limitations, for instance the
lack of a negative control.58 Moreover, the experimental
evidence is markedly more complex mainly because (1) several
studies have explored the effect of glycosylated flavonoids in
several problems59,60 but few studies have used glycosylated
and nonglycosylated compounds under the same experimental
conditions in Mpro or PLpro inhibition; (2) few studies allow
us to define the precise binding site (to be discussed later). A
few cases need to be addressed: rutin/quercetin and baicalin/
baicalein. Quercetin has been initially proven to bind Mpro,
having a Ki = 7.4 μM,61 and rutin was found to bind in a
similar way with a Ki = 11.0 μM,29 suggesting a very similar
binding affinity for glycosylated and nonglycosylated flavo-
noids. It is important to mention that the glycosylation of
quercetin improves some pharmaceutical properties (solubility
and bioavailability). Both baicalin and baicalein showed SARS-
CoV-2 antiviral effect in vitro (Vero CCL-81 cells),62,63 and
several pharmacodynamic evaluations have been performed in
various organisms.63 These results cannot allow us to
generalize that the glycosylation of flavonoids can improve
inhibition potential but clearly indicate the need for more
research in this area, particularly with Mpro and PLpro
interactions.

3.3. Allosteric Binding Sites in Mpro and PLpro.
Allosteric binding sites have been identified in both proteases
of SARS-CoV-2 through the screening of compound libraries.
Two allosteric binding sites have been identified in SARS-
CoV-2 Mpro using X-ray crystallography. One of these sites is
a hydrophobic pocket to the C-terminal of one protomer and is
close to the active site of the other protomer. Five molecules
that bind to this binding site were identified, all five with
different scaffolds: pelitinib, RS-102895, ifenprodil, PD-
168568, and tofogliflozin.64 Despite binding to the same
pocket, the binding modes of pelitinib and tofogliflozin are
different from the other three molecules. The second allosteric
binding site is formed by a deep groove between the
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dimerization and catalytic domains. One molecule, AT7519,
was found in this binding site, and its allosteric modulator
inhibition of Mpro was related to its interaction with R298,
which is a crucial amino acid for dimerization and proper
stabilization of the active site.64 To date, no natural plant
products or derivatives have been identified as being able to
bind these allosteric binding sites.
In the case of SARS-CoV-2 PLpro, three natural molecules

from plants have been identified as allosteric ligands in a
screening study of a library of 500 molecules using protein X-
ray crystallography: 4-(2-hydroxyethyl)phenol, 4-hydroxyben-
zaldehyde, and methyl 3,4-dihydroxybenzoate.65 The former
two compounds bind at the same allosteric binding site,
located between the domains Ubl and thumb, while methyl
3,4-dihydroxybenzoate binds to a binding site on the surface of
the thumb domain. In all three cases, the inhibitor interacts
with a helix (S2 helix), which is important for the PLpro
interaction with the ISG15 molecule and inhibits the
deISGylating enzymatic activity of PLpro.
The identification of these allosteric binding sites represents

an opportunity for the discovery of potential allosteric
inhibitors of Mpro and PLpro using a combination of in silico
and experimental approaches, as have been used in the search
for active-site binding molecules.

3.4. Challenges and Future Perspectives. In the
context of a pandemic, there is an urgent need to find
therapeutic agents to control it. In the rush to discover
treatment alternatives for the SARS-CoV-2 virus, many
research reports have focused on plant-based compounds
and their potential and confirmed bioactivity. Given that this is
a “hot” and urgent topic, some published works solely
containing computational predictions may contain pitfalls
that affect their quality and hence the reliability of their
predictions. Perhaps the most common misinterpretation of
computational studies related to SARS-CoV-2 is taking
molecular docking results as a demonstration of ligand
binding.66 Examples of this can be found in the scientific
literature, particularly in reports where a few plant-derived
compounds are docked into the Mpro and/or PLpro enzymes,
and authors claimed that the top-scoring ones are enzyme
inhibitors.50,67−71 We understand that not all research groups
have the capability of experimentally testing their predictions.
However, some theoretical options could add additional
support to computational studies, making them attractive for
groups who do have the capacity for performing experimental
evaluations. For example, mixing the natural products with
known enzyme inhibitors and evaluating how the studied
compounds rank among these known inhibitors and non-
inhibitors. Other options could be to perform additional MD
simulations and accurate binding energy estimations from MD
simulations.
Another important aspect to consider when analyzing the

confirmed anti-SARS-CoV-2 activity of the plant-based
compounds here discussed is their possible interference with
the outcome of the assays. PAINS are defined as compounds
with substructural motifs associated with increased chances of
being registered as a hit in different assays.72,73 This issue has
been previously discussed in the context of natural products.74

We used the Filter program75,76 to identify PAINS alerts in the
set of 648 plant-based molecules collected for our inves-
tigation. The results of this analysis are provided in Table S5
(Supporting Information).

We found that 248 of the compounds are identified as
PAINS, a result to consider before proceeding to the
experimental evaluation of any of these chemicals. Strikingly,
26 out of 45 compounds with experimental evidence of SARS-
CoV-2 activity are identified as PAINS. Extensive scrutiny and
experimentation must be undertaken to fully clarify if the
activity of all these 26 compounds is because they are real
PAINS or protease inhibitors. Among these 26 compounds, 20
are identified as containing a catechol A motif that can react
and form covalent adducts with the catalytic cysteine of Mpro.
A clear example of this reactivity is myricetin, which has been
cocrystallized with this enzyme. The fact that myricetin has
different orientations within the active site of Mpro in the two
structures, together with the multiple cysteine-containing
targets associated with it in the ChEMBL database, strongly
suggests that myricetin is indeed a PAINS. The presence of
PAINS in several common scaffolds of plant-derived molecules
is something that should be consider in the selection of the
assay to be used to validate the binding/inhibition of the
target. Additionally, the use of a standardized enzymatic assay
is very important to obtain straightforward data about whether
a specific compound can inhibit or not the target, and to
compare with other studies, Interaction-based methodologies
like biolayer interferometry, surface plasmon resonance, native
mass spectrometry, and isothermal titration calorimetry should
be used to confirm or refute the inhibition detected by
enzymatic assays.
Certainly, extensive experimental work is essential to further

validate the plant-based compounds with either confirmed or
predicted SARS-CoV-2 inhibition activity discussed above,
especially those scaffolds with not a single compound
experimentally validated. This work has shown that most of
the plant-based compounds predicted as potential SARS-CoV-
2 inhibitors lack experimental evaluation. The validation of
some of these predictions, perhaps those based on the most
solid computational approaches, could be among the next steps
to take. Another important issue to clarify is whether or not
many plant-based compounds with confirmed activity against
the SARS-CoV-2 virus predicted are actual PAINS. The latter
is a highly relevant issue since the detection of PAINS
compounds at the early stages of the drug discovery process
can save time and economic resources. This will allow the
scientific community to prioritize available resources for the
optimization of the antiviral activity of the most promising and
specific plant-based compounds.

4. CONCLUSIONS
This study presents a critical review of the main reports in the
literature on plant-derived compounds as possible inhibitors of
SARS-CoV-2, as well as a comparison with the drugs reported
in clinical trials for the same purpose. According to the
analyses carried out on 648 molecules predicted as potential
inhibitors of Mpro and/or PLpro, the main conclusions are as
follows.

(1) Several of the predicted compounds with higher
theoretical confidence are present in many plants used
in traditional medicine and even food. However, we
need to be cautious about further research reporting the
same compounds in other plants and only addressing
computational models. These studies will not increase
the validation of the already identified molecules or
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provide more comparable information regarding the
already reported ones.

(2) Given that several plants can share the same compounds
already identified with computational or even exper-
imental information, further research into the inhibition
of Mpro or PLpro using plant crude extracts or
semipurified fractions needs to be complemented along
with chemical characterization.

(3) The most effective or attractive compounds are
baicalein, scutellarin, and myricetin considering the
availability of 3D-structures in complex with Mpro
and/or evidence of binding from different techniques.

(4) Several phytosterols and triterpenoids have been
predicted as potential inhibitors of Mpro and PLpro.
However, little experimental information was found for
those families of compounds. It is necessary to perform
further chemical characterization and experimental
evaluation, focusing on these bioactive molecules.

(5) We need more experimental data to assess the effect of
glycosylation in the flavonoid inhibition of Mpro or
PLpro, using standardized methodologies.

(6) Future studies exploring the natural compound inhib-
ition of Mpro and PLpro should address the identified
and potential allosteric binding sites.
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