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Abstract
The novel coronavirus SARS-CoV-2 has been affecting the world, causing severe pneumonia and acute respiratory syndrome, 
leading people to death. Therefore, the search for anti-SARS-CoV-2 compounds is pivotal for public health. Natural products 
may present sources of bioactive compounds; among them, flavonoids are known in literature for their antiviral activity. 
Siparuna species are used in Brazilian folk medicine for the treatment of colds and flu. This work describes the isolation of 
3,3′,4′-tri-O-methyl-quercetin, 3,7,3′,4′-tetra-O-methyl-quercetin (retusin), and 3,7-di-O-methyl-kaempferol (kumatakenin) 
from the dichloromethane extract of leaves of Siparuna cristata (Poepp. & Endl.) A.DC., Siparunaceae, using high-speed 
countercurrent chromatography in addition to the investigation of their inhibitory effect against SARS-CoV-2 viral replica-
tion. Retusin and kumatakenin inhibited SARS-CoV-2 replication in Vero E6 and Calu-3 cells, with a selective index greater 
than lopinavir/ritonavir and chloroquine, used as control. Flavonoids and their derivatives may stand for target compounds 
to be tested in future clinical trials to enrich the drug arsenal against coronavirus infections.
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Introduction

Coronaviruses (CoVs), Coronaviridae family, are sub-
divided into the Alphacoronavirus, Betacoronavirus,  
Gammacoronavirus, and Deltacoronavirus genera, which 
are etiologic agents causing several acute and chronic 
respiratory, enteric, and central nervous system diseases 
(Chinsembu, 2020; Mani et al. 2020). The betacoronoviruses 
SARS-CoV and MERS-CoV are the etiologic agents of the 
severe acute respiratory syndrome (SARS) and Middle 
East respiratory syndrome (MERS) that occurred from 
2002 and 2012. In 2019, the new coronavirus SARS-CoV-2 
(Betacoronavirus) appeared in Wuhan, China, causing the 
worldwide pandemic of COVID-19 and public health con-
cerns (Mani et al. 2020). Due to the highly complex patho-
physiology of SARS-CoV-2 infection (Elizalde-González 
2020), involving not only the activation of the immune and 
hematologic systems but also the involvement and impair-
ment of different organs and potential for systemic com-
plications, the term multiple organ dysfunction syndrome, 
MODS-CoV-2 was proposed (Maisch, 2020; Robba et al. 
2020). As of May 2021, there are over 160 million positive 
cases reported in 220 affected countries and regions, with 
death numbers surpassing the figure of 3 million (WHO 
2021). In Brazil, the deaths from the disease have so far 
surpassed the number of 500,000 (JHU CSSE COVID-19 
Data 2021). Due to this worldwide scenario, the search 
for vaccines, medicines, monoclonal antibodies, interferon 
therapies, peptides, and natural medicines has been devel-
oped for fighting the new coronavirus. The non-structural 
proteins 3-chymotrypsin-like protease (3CLpro), papain-
like protease (PLpro), and RNA-dependent RNA polymer-
ase (RdRp) and the structural protein spike (S) protein, 
present in the SARS-CoV-2 genome, have been research 
targets for drug interventions against this new virus (Mani 
et al. 2020). Proteases are important therapeutic targets 
due their crucial activity in the replicative cycle of the 
virus. Both main protease (Mpro) and PLpro act by cleav-
ing the pp1a and pp1ab polyproteins that are translated 
from the viral genome shortly after SARS-CoV-2 enters 
the host cell. Together, they give rise to sixteen functional 
non-structural proteins. PLpro does proteolytic cleavage 
from nsp1 to nsp3, while nsp4 to nsp16 are excised by 
Mpro (Abdul et al., 2021). Earlier studies showed SARS-
CoV 3CLpro and SARS-CoV PLpro have been considered 
potential targets for the design and development of antivi-
ral drugs. Several in silico simulations suggested the pos-
sibility that flavonoids can affect key factors responsible 
for the virus viability replication. In the course of 2020 
and 2021, works have been published dealing with the 
screening of natural flavonoids as a promising class of 
SARS-CoV-2 inhibitors (Komolafe et al. 2021), blocking 

its entry or replication (El-Mordy et al. 2020; Jo et al. 
2020; Cherrak et al. 2020; Russo et al. 2020; Mouffouk 
et al. 2021; Pandey et al. 2021).

In silico screening studies with different plant species 
from traditional Chinese medicines (TCMs) showed that 
flavonoids such as baicalin, epigallocatechin gallate, her-
bacetin, isobavaschalcone, kaempferol derivatives, luteo-
lin, myricetin, quercetin 3-β-d-glucoside, rhoifolin, and 
scutellarein have been described as potential inhibitors 
of SARS-CoV-2 PLpro and 3CLpro (Chinsembu, 2020; 
Mani et al. 2020). Flavonoids commonly present in propo-
lis samples have also been highlighted as promising agents 
that could attenuate SARS-CoV-2 infection and its conse-
quences (Berretta et al. 2020). A recent work described 
three flavonoids that were found to efficiently block the 
enzymatic activity of SARS-CoV 3CLpro, among them 
is pectolinarin, a dimethylated flavone glycoside (Jo 
et al. 2020). Furthermore, flavonoids have demonstrated 
an efficient modulation potential against the SARS-
COV-2–induced inflammatory storm and counteracting 
lung inflammation (Liskova et al. 2021; Santana et al., 
2021).

According to “Diagnosis and Treatment Program for 
Corona Virus Disease 2019 (COVID-19)” in China, treat-
ment with traditional medicine is recommended, which 
has achieved good clinical effects (Ren et al. 2020). In 
the same way, a recent work (Cock and Vuuren 2020) 
revealed the potential of South African medicinal plants 
used to treat viral respiratory diseases in screening studies 
against the SARS-CoV-2 virus. Brazil has a long tradi-
tion of medicinal plant use, and in many regions of the 
country where medical care units are scarce or inexistent, 
traditional medicinal therapies are the only option which 
is being used to overcome COVID-19. Plants of the genus 
Siparuna are commonly used in Brazilian folk medicine 
in the treatment of colds, fever, headache, and rheuma-
tism, as well as in rituals (Leitão et al. 1999). A syrup 
prepared with Siparuna apiosyce, a species from the first 
Brazilian Pharmacopeia, has long been commercialized 
in Brazil for the treatment of colds and flu with the name 
of “limão-bravo.” During the investigation on the chemis-
try of Siparuna species for the management of colds and 
fever, we came across a methylated flavonoid-rich extract 
with anti-influenza activity (Leal et al. 2021) from the 
Amazonian species Siparuna cristata (Poepp. & Endl.) 
A.DC., Siparunaceae. In this paper, metabolic profiling 
by HPLC, isolation by high-speed countercurrent chroma-
tography (HSCCC), structure elucidation, and molecular 
docking studies of the methylated flavonoids 1–3 from S. 
cristata were performed to investigate their in vitro inhibi-
tory effect against SARS-CoV-2 and to evaluate their in 
silico inhibitory effect against 3CLpro and PLpro SARS-
CoV-2 proteases.
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Materials and Methods

Plant Material

Leaves of Siparuna cristata (Poepp. & Endl.) A.DC., Sipa-
runaceae, were collected at Reserva Ducke, Manaus, in 
August 2015. A voucher specimen is deposited at Instituto 
Nacional de Pesquisas da Amazônia (INPA) herbarium 
(Manaus, AM) under the registration INPA 269,731. This 
work was authorized by the Directing Council of Genetic 
Heritage (Conselho de Gestão do Patrimônio Genético, 
CGEN) by the authorization A3C04CB. The leaves were 
dried in a ventilated oven (Marconi, model lMA037) and 
ground in a Wiley-type mill (Marconi, model MA340, 
serial 9,304,176). The powdered material of leaves 
(1325.72 g) was exhaustively extracted by percolation with 
ethanol 96° GL, filtrated, and evaporated under reduced 
pressure. Then, the ethanol extract (151 g, 11.4% yield dry 
weight) was sequentially partitioned in a separatory funnel 
between water–methanol 7:3 (v/v) and hexane (23.72 g), 
dichloromethane (20.11 g), ethyl acetate (25.46 g), and 
butanol (35.43 g) in this order. The solvents were removed 
by rotary evaporation.

Fractionation by Countercurrent Chromatography

Part of the CH2Cl2 (DCM) extract (600 mg) from leaves of 
S. cristata was submitted to HSCCC fractionation using a 
Quattro HTPrep apparatus equipped with two bobbins con-
taining two polytetrafluoroethylene multilayer coils each 
(26 ml, 1.0 mm i.d., + 224 ml, 3.2 mm i.d., and 95 ml, 
2.0 mm i.d., + 98 ml, 2.0 mm i.d.). The 98-ml coil was 
used, and the solvent system chosen was hexane–ethyl 
acetate–methanol–water 1:1:1:1 (v/v). The upper organic 
layer served as a stationary phase (reversed-phase elution 
mode), and the aqueous phase was the mobile phase at a 
flow rate of 2 ml/min. The sample was dissolved in 5 ml of 
the solvent system (1:1, v/v), and the solution was intro-
duced in the coil through a manual sample injection valve 
using a 5-ml sample loop. Thirty fractions of 4 ml were 
collected during elution with a rotation of 860 rpm fol-
lowed by extrusion of another 30 fractions of 4 ml. Frac-
tions were analyzed by TLC and grouped into 13 subfrac-
tions: Fr-1 (54.4 mg), Fr-2 (40.6 mg), Fr-3 (47.6 mg), Fr-4 
(43.5 mg), Fr-5 (40.2 mg), Fr-6 (64.2 mg), Fr-7 (45.5 mg, 
3,3′,4′-tri-O-methyl-quercetin, 1), Fr-8 (53.1 mg), Fr-9 
(45.2 mg), Fr-10 (49.3 mg, 3,7-di-O-methyl-kaempferol 
or kumatakenin, 3), Fr-11 (16 mg), Fr-12 (53.2 mg), and 
Fr-13 (47.2 mg). Fraction Fr-11 (16 mg) was further frac-
tionated by HSCCC under the same conditions as above, to 
afford Fr-11A (7 mg, tetra-O-methyl-quercetin or retusin, 

2) and Fr-11B (9  mg, 3,7-di-O-methyl-kaempferol or 
kumatakenin, 3) (Fig. S1).

3,3′,4′-Tri-O-methyl-quercetin (1): UV–Vis λ/nm (λmax. 
253, 355); 1H and 13C NMR data (Figs. S20 and S27), see 
Table S1. Positive DI-APCI-MS/MS m/z 345.2 [M + H]+ 
(calcd for C18H17O7

+, 345.1), which was identified by com-
parison with previously described data (Awad et al. 2018).

3,7,3′,4′-Tetra-O-methyl-quercetin (retusin) (2): UV–Vis 
λ/nm (λmax. 250, 350); 1H and 13C NMR data (Figs. S41 and 
S44). Positive DI-APCI-MS/MS m/z 359.3 [M + H]+ (calcd 
for C19H19O7

+, 359.1), which was identified by comparison 
with previously described data (Silva et al. 2009).

3,7-Di-O-methyl-kaempferol (kumatakenin) (3): UV–Vis 
λ/nm (λmax. 265, 345); 1H and 13C NMR data (Figs. S30 and 
S37), see Table S2. Positive DI-APCI-MS/MS m/z 315.2 
[M + H]+ (calcd for C17H15O6

+, 315.1), which was identi-
fied by comparison with previously described data (Silva 
et al. 2009).

Analysis by HPLC–DAD

HPLC–DAD (280 nm) analyses were performed using an 
Agilent 1260 Infinity Series with a Poroshell 120 EC-C18 
column (2.1 × 100 mm i.d.; 2.7 µm particle size; Agilent) 
at 30  °C. Gradient conditions were as follows: solvent 
A = water–0.01% formic acid, solvent B = acetonitrile, 
B = 60% in t = 40 min, and B = 100% in t = 45 min.

Analysis by APCI‑MS/MS

The MS analyses were performed using LCQ Fleet (Thermo 
Fisher Scientific, Waltham, MA, USA) through direct infu-
sion of the diluted samples in MeOH:H2O (9:1) contain-
ing 0.1% formic acid as a modifier for positive ionization 
mode in a flow rate of 0.1 ml/min. The mass spectrometer, 
equipped with APCI font and ion trap analyzer, was oper-
ated in positive mode. High-purity nitrogen (N2) was used as 
sheath gas (10 arbitrary units) and auxiliary gas (5 arbitrary 
units). High-purity helium (He) was used as collision gas. 
Mass spectrometry parameters used were a source voltage 
of 6.0 kV, a capillary voltage of 10 V, a tube lens voltage 
of − 13 V, a capillary temperature of 400 °C, and an APCI 
vaporizer temperature of 450 °C. Full-scan data acquisition 
(mass range: m/z 50–1000). The normalized collision energy 
of the collision-induced dissociation (CID) cell was set at 
35 eV. The spectra were processed using the Xcalibur soft-
ware, version 2.2 SP1.

Identification of Isolated Compounds

1H, 13C, APT, HMBC, and HSQC NMR data were acquired 
in deuterated dimethyl sulfoxide (DMSO-d6) and chlo-
roform-d (CDCl3) at 25  °C (Varian VNMRS 500 MHz 
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spectrometer). UV-1240 ultraviolet spectrometer (Shimadzu, 
Japan) uses MeOH and anhydrous sodium acetate (NaOAc) 
P.A. as displacement reagent.

Inhibition of SARS‑CoV‑2 Replication

Vero E6 (African green monkey kidney) and Calu-3 (human 
lung adenocarcinoma) cells were infected with SARS-CoV-2 
isolate (GISAID EPI ISL #414,045) in multiplicity of infec-
tion (MOI) 0.01 and 0.1, respectively. After 1 h, the superna-
tants were harvested, and the cells were incubated with 1–3 
at log and semi-log concentrations (from 10 to 0.01 µM) or 
DCM extract from leaves of Siparuna cristata (from 250 
to 31.25 µg/ml). Lopinavir/ritonavir (LPV/RTV) in combi-
nation and chloroquine (CLQ) were used as control. LPV/
RTV was prepared in the proportion of 3:1 as the pharma-
ceutical pills were composed of 300 mg LPV and 100 mg 
RTV (Fintelman-Rodrigues et al. 2020). The concentrations 
of LPV/RTV showed in the present study were based on 
LPV concentration. After 24 h of infection in Vero E6 cells 
or 48 h of infection in Calu-3 cells, the supernatants were 
titrated by plaque-forming units (PFU/ml).

For PFU assay, monolayers of Vero E6 (105 cell/well) in 
24-well plates were infected with 300 µl of supernatant dilu-
tions (10−3, 10−4, or 10−5). After 1 h at 37 °C in 5% CO2, the 
medium was replaced by 500 µl of carboxymethylcellulose 
solution (DMEM-HG 10 × , 1.8% carboxymethylcellulose 
and 2% fetal bovine serum). After 72 h of infection, the cyto-
pathic effect (CPE) was analyzed on an optical microscope 
and 500 µl of 10% formalin was added to fix the cells. After 
3 h, this solution was harvested, and plaques were colored 
by 0.4% bromophenol blue and PFU was counted. All proce-
dures related to virus culture were handled at biosafety level 
3 (BSL3) multiuser facility, according to WHO guidelines 
(WHO 2020).

For cytotoxicity analysis, monolayers of 104 Vero E6 
cells and 105 Calu-3 cells in 96-well plates were treated 
for 72 h with semi-log dilutions (from 6000 to 50 µM) of 
all compounds tested or DCM extract (200 µg/ml). Then, 
5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT, Sigma) in 1 × PBS was added to 
the cells, according to the manufacturer’s instructions. 
After 4 h at 37 °C, 10% SDS was added. After incubating 
for 2 h at 37 °C, the plates were read in a spectrophotom-
eter at 570 nm. The 50% cytotoxic concentration (CC50) 
was calculated by a non-linear regression analysis of the 
dose–response curves. All the compounds were resuspended 
in 100% dimethyl sulfoxide (DMSO) for the in vitro tests. 
In the assays, the DMSO final concentrations were equal or 
lower than 1% (v/v) diluted in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco), not affecting the growth of the 
cells.

In Silico Analyses

Preparation of Receptors and Ligands

The selected crystal structures for 3CLpro (PDBid 6XQT) 
and for PLpro (PDBid 7JRN) were obtained from the Protein 
Data Bank. Through the Pymol and UCSF Chimera software 
programs, all ligands and identical chains present in the mol-
ecules were removed (De Lano 2002; Pettersen et al. 2004). 
The ligand files were processed by the PDB2PQR server 
(http://​server.​poiss​onbol​tzmann.​org/​pdb2p​qr) (Dolinsky 
et al. 2007) with AMBER force field in order to assess the 
pKa prediction of the ionizable protein residuals at pH 7.4. 
For 3CLpro, the selection of the probable 3D-structure pro-
tonation state was performed through the pdb2gmx mod-
ule from the computational package GROMACS with the 
AMBER99SB-ILDN protein field force, nucleic AMBER94 
(Abrahan et al. 2015). The conversion of the structure and 
the bind to the pdbqt format was performed with AutoDock 
tools (Morris et al. 2009), while the PLpro PDB2PQR output 
was converted by using UCSF Chimera.

Molecular Docking

Through the Zone function, which is available at the Chi-
mera software (Pettersen et al. 2004), the far residuals were 
selected until 5 Å from the selected bind is achieved. With 
this selected perimeter, it was developed with the grid center 
x =  − 11, center y = 1, and center z = 45, and size x = 32, size 
y = 35, and size z = 33 for 3CLpro, and center x = 13, center 
y =  − 9, and center z = 30, and size x = 30, size y = 30, and 
size z = 30 for PLpro. The protein redocking was performed 
with the AutoDock Vina software (Trott et al. 2009). Six 
different dockings were performed for both receptors using 
the following substances: lopinavir, ritonavir, chloroquine, 
3,3′,4′-tri-O-methyl-quercetin (1), 3,7,3′,4′-tetra-O-methyl-
quercetin (2), and 3,7-di-O-methyl-kaempferol (3). The 
results were reranked based on the distances in Å from 
hydrogen bonds between the His41, Cys145, and Glu166 
residues for 3CLpro, and from the one created with resi-
due Tyr268, described as the main bonding interaction for 
PLpro.

Results and Discussion

Isolation and Characterization of Flavonoids

To isolate the flavonoids (1–3) from S. cristata, the DCM 
extract was fractionated by HSCCC. DCM extracts nor-
mally contain compounds of medium polarity, and there-
fore, the solvent system hexane–ethyl acetate–metha-
nol–water (HEMWat) was used because of the versatility 
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and range of polarity of this solvent system family (Costa 
and Leitão 2010; Costa et al. 2013). In general, the selec-
tion of HEMWat ratios should start with 1:1:1:1 (v/v) and 
then be adjusted with the proper polarity for K near 1 for the 
target compounds (Costa and Leitão 2010). In the present 
case, these ratios were appropriate for the fractionation of 
the DCM extract of leaves of S. cristata. HPLC–DAD analy-
sis of the resulting 13 fractions (Figs. S2 to S7) revealed 
the presence of the flavonoids in fractions Fr-7 to Fr-12 
(Tables S1–S3), which annotation results and data obtained 
with HPLC–DAD and DI-APCI ( +)-MS/MS analyses are 
summarized in Table S3. A detailed description of fraction 
annotations can be found in the Supplementary Material.

Cell Toxicity and Inhibition of SARS‑CoV‑2 
Replication

Flavonoids 1–3 and DCM extract were evaluated against 
SARS-CoV-2 replication and cell viability (Table 1). The 
combination of LPV/RTV and CLQ was used as a positive 
control to inhibit viral protease and replication. Retusin (2), 
kumatakenin (3), and the DCM extract were able to inhibit 

SARS-CoV-2 replication, while the flavonoid 3,3′,4′-tri-
O-methyl-quercetin (1) did not exert any inhibition, in both 
Vero E6 and Calu-3 cells. In Vero E6 and Calu-3 cells, retu-
sin (2) was active at the lowest concentrations tested and 
displayed a lower EC50 than the tested controls (LPV/RTV 
and CLQ), with a selective index (SI) which is 1257 and 
7 times greater than LPV/RTV and CLQ, respectively, in 
Vero E6 cells. In Calu-3, retusin (2) showed an inhibitory 
effect 417 times greater than LPV/RTV. CLQ did not have 
an inhibitory effect, as shown in previous studies (Hoffmann 
et al. 2020). The three analyzed flavonoids have high CC50 
values and are less toxic than the compounds used as control 
in both cell lineages analyzed (Table 1).

The inhibitory activity of 3CLpro and PLpro SARS-
CoV-2 proteases by flavonoids was recently described 
through attaching to their active site and inactivating them 
(Tutunchi et al. 2020). Quercetin reduced the infectivity 
of human and bovine coronaviruses, showing activities 
against SARS-CoV and MERS-CoV (Russo et al. 2020; 
Solnier et al. 2020). Tetramethyl derivatives of quercetin 
have shown to display antiviral and cytotoxic activities; e.g., 
retusin (2), isolated from rhizomes of Kaempferia parvi-
flora Wall. ex Baker, Zingiberaceae, showed an inhibitory 
effect on the feline foamy virus (FFV) (Lee et al. 2017). 
Also, 5,7,3′,4′-tetra-O-methyl-quercetin, isolated from Sam-
bucus nigra L., Adoxaceae, inhibited influenza A (H1N1) 
infection in vitro (Roschek Jr. et al. 2009). Studies show 
inhibition of neuraminidase activity for kumatakenin (3) 
(Ryu et al. 2010). Recently, pectolinarin (5,7-dihydroxy-
4′,6-dimethoxyflavone-7-rutinoside) demonstrated inhibi-
tory activity by efficiently blocking the enzymatic activity 
of SARS-CoV-2 3CL-Pro (Jo et al. 2020). Therefore, the 
study with flavonoids is interesting from the point of view 
of viral proteases.

Table 1   CC50, EC50, and SI values for 3,3′,4′-tri-O-methyl-quercetin, 1; 3,7,3′,4′-tetra-O-methyl-quercetin (retusin), 2; 3,7-di-O-methyl-kaemp-
ferol (kumatakenin) 3; LPV/RTV; and CLQ

CC50, the concentration required to reduce normal, non-infected cell viability by 50%. The values represent the mean of duplicate samples from 
three independent experiments. EC50, the concentration required to reduced inhibition of viral infection-induced cytopathogenicity by 50%. The 
values represent the mean of duplicate samples from three independent experiments
SI selective index determined by the ratio between CC50 and EC50, LPV/RTV the combination of lopinavir/ritonavir, CLQ chloroquine, NA not 
applicable

Vero E6 Calu-3

CC50 (µM) EC50 (µM) SI CC50 (µM) EC50 (µM) SI

3,3′,4′-Tri-O-methyl-quercetin (1) 3000 ± 150 NA NA 3500 ± 130 NA NA
3,7-Di-O-methyl-kaempferol (kumatakenin) (3) 2000 ± 230 10 ± 0.7 200 2080 ± 135 0.3 ± 0.02 6933
3,7,3′,4′-Tetra-O-methyl-quercetin (retusin) (2) 4575 ± 300 0.4 ± 0.05 11,438 5000 ± 200 0.6 ± 0.06 8333
LPV/RTV 91 ± 3 10 ± 3 9.1 100 ± 3 5 ± 0.5 20
CLQ 1664 ± 75 1 ± 0.15 1664 500 ± 50 NA NA
Siparuna cristata dichloromethane crude extract  > 200 µg/ml  < 31.25 µg/ml  > 6.4  > 200 µg/ml  < 31.25 µg/ml  > 6.4
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Molecular Docking with 3CLpro

Previous studies have shown hydrophobic π-π stacking 
interactions with His41 residue via molecular docking (Xu 
et al. 2020). Therefore, His41 was the choice to analyze the 
binding distance from the ligand, due the importance of 
this residue on the enzyme activity. Also, flavonoids have 

demonstrated a wide range of binding affinity to SARS-
CoV-2 3CLpro due to their hydrophobic aromatic rings 
and hydrophilic hydroxyl groups (Jo et al. 2020). The first 
bind mode generated on the redocking step presented a bind 
energy of − 10.4 kcal/mol, and the root mean square devia-
tion (RMSD) is equal to 0.97 Å (Fig. S51) between the pose 
and the crystal original bind (PDBid 6XQT) calculated 

Fig. 1   Interaction of SARS-CoV-2 3CLpro protease residues with 
retusin (2). A Map of the interaction of residues. B Protease 3CLpro 
(PDBid: 6XQT) in gray and residues within a radius of proxim-
ity equal to 5 Å of the ligand, represented by sticks. The ligand is in 

orange, and the catalytic dyad residues His41 and Cys145 and the res-
idue Glu166 are in lavender. C The representation shows the interac-
tion of these residues with the ligand

Table 2   Energy docking values for 3CLpro and PLpro hydrogen-bonding interaction with compounds 1–3 

a Positive control: lopinavir
b Positive control: ritonavir
c Positive control: chloroquine

Compound 3CLpro PLpro

Affinity for the best dis-
tance mode (kcal/mol)

Mode Distance
His41 (Å)

Distance
Cys145 (Å)

Distance
Glu166 (Å)

Affinity for the best dis-
tance mode (kcal/mol)

Mode Distance
Tyr268 (Å)

1  − 6.5 9 – 2.77 –  − 7.1 1 2.2
2  − 6.3 6 2.60 2.68 –  − 5.5 7 1.9
3  − 7.2 3 – 3.01 2.19  − 5.7 7 2.1
LPVa  − 5.1 9 2.92 – –  − 5.7 9 1.8
RTVb  − 8.1 11 2.41 2.68 2.42  − 6.9 2 1.6
CLQc  − 6.4 1 – – 2.11  − 5.9 8 1.1
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with the Open Babel software (Table S4) (Murray-Rust 
et al. 2004). The simulations revealed the best interactions 
with their respective binding energy value: thus, the value 
of − 6.5 kcal/mol was obtained for 1 (Fig. S53), − 7.2 kcal/
mol for 3 (Fig. S54), and − 6.3 kcal/mol for 2, and finally, 
the following values were obtained for the control 
drugs: − 6.4 kcal/mol for CLQ, − 5.1 kcal/mol (Fig. S52) for 
LPV, and − 8.1 kcal/mol for RTV. Figure 1 illustrates the 
most frequent and stable retusin (2)–3CLpro protease com-
plex where it was possible to identify a hydrogen-bonding 
interaction of the OCH3 at C-4′ with the His41 residue with a 
distance of 2.6 Å. Table 2 summarizes the best binding ener-
gies, as well as the distances between the His41, Cys145, 
and Glu166 residues from the receptor protein 3CLpro 
(PDBid: 6XQT).

Molecular Docking with PLpro

The first bind mode generated on the redocking step pre-
sented a bind energy of − 9.6 kcal/mol and the RMSD of 
0.45356 Å (Fig. S55) between the pose and the crystal origi-
nal bind (PDBid: 7JRN) calculated with the Open Babel 
software (Table S4) (Murray-Rust et al. 2004). Molecular 
docking simulations afforded the following results based 
on affinity energy and distances for ligands and the Tyr268 
residue (Table 2): RTV − 6.9 kcal/mol, distance 1.6 Å; 
LPV − 5.7 kcal/mol, distance 1.8 Å; CLQ − 5.9 kcal/mol, 
distance 1.1  Å (Fig.  S56); 3,3′,4′-tri-O-methyl-querce-
tin (1) − 7.2  kcal/mol, distance 2.2  Å (Fig.  S57); retu-
sin (2) − 5.5 kcal/mol, distance 1.9 Å; and kumatakenin 
(3) − 5.7 kcal/mol, distance 2.1 Å (Fig. S58). Based on these 

results, the interaction between PLpro and the ligand retu-
sin (2) may be favorable due the proximity of the OCH3 at 
C-3 from the Tyr268 residue (Fig. 2). Docking simulations 
have shown the SARS-CoV-2 PLpro BL2 loop having sig-
nificant flexibility in ligand-free proteins. Residues Asn267, 
Gln269, and most importantly, Tyr268 account for most of 
this motion, making Tyr268 the key residue to calculate the 
distance in Å between the enzyme and inhibitor (Bosken 
et al. 2020). Flavonoids were previously described as poten-
tial inhibitors, by assuming that the hydrophobic flavonoids 
have shown higher affinity to SARS-CoV PLpro than to 
other proteases, which might be due to certain structural 
differences in the protein sequences (Solnier et al. 2020).

Conclusions

In this work, we describe the anti-SARS-CoV-2 potential 
of a Brazilian medicinal plant traditionally used to treat res-
piratory infections such as colds and flu with a long history 
of commercialization for this purpose. Two isolated flavo-
noids inhibited SARS-CoV-2 viral replication with higher 
efficiency and lower cytotoxicity than lopinavir/ritonavir and 
chloroquine treatment. Among the isolated flavonoids, tetra-
O-methyl-quercetin is being reported for the first time in the 
genus as well as the inhibitory potential of free O-methyl-
flavonoids against SARS-CoV-2. The in silico results 
demonstrated the potential interaction between flavonoids 
and key residues of COVID-19 3CLpro as well as PLpro, 
in a similar way to that of the screened potential inhibi-
tors against COVID-19. Retusin (3,7,3′,4′-tetra-O-methyl-
quercetin) demonstrated the best results in the  assays and in 

Fig. 2   Interaction of SARS-
CoV-2 PLpro residues with 
retusin (2). A Map of the inter-
action of residues. B Protease 
PLpro (PDBid:7JRN) in gray 
and residues within a radius of 
proximity equal to 5 Å of the 
ligand, represented by sticks. 
The ligand is in orange, and the 
residue Tyr268 is in lavender. C 
This representation shows the 
interaction of this residue with 
the ligand
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the molecular docking, based on the hydrogen-bonding dis-
tance between selected amino acid residues of the catalytic 
site from 3CLpro and PLpro SARS-CoV-2 proteases and all 
tested flavonoids. This study highlights the possible appli-
cation of methylated flavonoids, for example retusin, as an 
antiviral or adjuvant therapy in the treatment of COVID-19.
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