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In the search for anti-SARS-CoV-2 drugs, much attention is given to safe and widely available native
compounds. The green tea component epigallocatechin 3 gallate (EGCG) is particularly promising
because it reportedly inhibits viral replication and viral entry in vitro. However, conclusive evidence for
its predominant activity is needed. We tested EGCG effects on the native virus isolated from COVID-19
patients in two independent series of experiments using VERO cells and two different treatment
schemes in each series. The results confirmed modest cytotoxicity of EGCG and its substantial antiviral
activity. The preincubation scheme aimed at infection prevention has proven particularly beneficial. We
complemented that finding with a detailed investigation of EGCG interactions with viral S-protein
subunits, including S2, RBD, and the RBD mutant harboring the N501Y mutation. Molecular modeling
experiments revealed N501Y-specific stacking interactions in the RBD-ACE2 complex and provided
insight into EGCG interference with the complex formation. Together, these findings provide a molecular

basis for the observed EGCG effects and reinforce its prospects in COVID-19 prevention therapy.
© 2021 Elsevier B.V. and Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction

native compounds due to their availability and safety. Epi-
gallocatechin-3-gallat (EGCG, Fig. 1A), a major component of the

Prevention and treatment of COVID-19 is of utmost importance. green tea extract, is currently in the limelight, as it shows pro-
In the search for new antiviral agents, particular attention is paid to nounced inhibitory activity against various types of viruses, espe-

cially with positive-sense single-stranded RNA genomes [1].
Discussions on EGCG applicability for SARS-CoV-2 treatment or
prevention are mostly grounded by the results of lentiviral system-

* Corresponding author. Malaya Pirogovaskaya str. 1A, Moscow, 119435, Russia.
** Corresponding author. Malaya Pirogovaskaya str. 1A, Moscow, 119435, Russia.
E-mail addresses: lazarev@rcpcm.org (V. Lazarev), lagar@rcpcm.org
(M. Lagarkova).
! These authors contributed equally.

https://doi.org/10.1016/j.biochi.2021.08.003

based assays [2]. Direct evidence for EGCG activity against SARS-
CoV-2 is limited [3], and detailed experiments with the live virus
and various treatment schemes are much needed.

0300-9084/© 2021 Elsevier B.V. and Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.


mailto:lazarev@rcpcm.org
mailto:lagar@rcpcm.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biochi.2021.08.003&domain=pdf
www.sciencedirect.com/science/journal/03009084
http://www.elsevier.com/locate/biochi
https://doi.org/10.1016/j.biochi.2021.08.003
https://doi.org/10.1016/j.biochi.2021.08.003
https://doi.org/10.1016/j.biochi.2021.08.003

V. Tsvetkov, A. Varizhuk, L. Kozlovskaya et al.

Biochimie 191 (2021) 27—32

A EGCG i Scheme A / 1. (non-infected cells + EGCG) + (virus + EGCG)
©:0H 2 (plaque assays) ~~__ 2. infected cells + EGCG
B
HO. O
g OH 2
\@/\lmn % \ Scheme B / 1. non-infected cells + (virus+ EGCG)
QR Ot o cytopathic effect
OJ\Q: d l;ssessment) Ty 2. (non-infected cells + EGCG) + virus
'OH
OH
B  schemeA1 = D MTT
E
n E 100
o
2 50
2 3
(7]
=2 01 T T T d
ks 05 10 15 20 25
z = Ig (EGCG conc., uM
EGCG, 10 uM EGCG, 20 uM s 9 ( un
ES
E 100
[=]
i
Z 50
g
5
= 0
o § 1 2 3
hydroxychloroquine, ~ hydroxychloroquine, = Ig (plaguenil conc., pg/mL)
2.5 ug/mL 5 ug/mL 53
g
C . scheme Scheme S 1o | Resazurin
100 4 z 100 4 . B2 = viability test
~ 1)
2 5 3
2 50| 2 S50
50 - 14 <
£ .E <
8
0 . . 0 - % . 5 0
0 i 2 0 1 2 £ 0 1 2
lg (EGCG conc., pM) lg (EGCG conc., uM) g Ig (EGCG conc., uM)

Fig. 1. Antiviral activity of EGCG. (A) Summary of the experimental schemes. (B) Representative plaque images obtained in scheme-A experiments. (C) Inhibition curves, scheme B1.

(D) Results of the cell viability assays.

2. Materials and methods
2.1. Virus, cells, and cell viability assays

EGCG was purchased from Fisher Scientific (USA), hydroxy-
chloroquine was obtained from Sigma Aldrich (USA), and p-d-N*-
Hydroxycytidine (NHC) was purchased from Cell Signaling (USA).
Vero cell line was obtained from Biologicals, World Health Orga-
nization, Switzerland. Cells were maintained in Dulbecco's Modi-
fied Eagle Medium (DMEM, FSBSI “Chumakov FSC R&D IBP RAS”,
Russia), supplemented with fetal bovine serum (FBS, Gibco, 5%),
streptomycin (0.1 mg/ml), and penicillin (100 units/ml) (PanEco,
Russia). The SARS-CoV-2 strain PIK35 (GISAID EPI_ISL_428852) was
isolated from a nasopharyngeal swab sample of a COVID-19 patient
[18]. The virus was passaged 5 times in Vero cells and was stored as
infected cells suspension at —70 °C. The effects of EGCG, NHC and
hydroxychloroquine on cell metabolic activity and viability were
assessed using standard MTT and resazurin tests (for more details,
see supplementary text box S1).

2.2. SARS-CoV-2 inhibition test

2.2.1. Scheme Al

Two-fold dilutions of EGCG or hydroxychloroquine were added
to a confluent monolayer of non-infected Vero cells in 6-well plates
prior to the infection. After 2 h incubation at 37 °C (5% CO,), virus-
EGCG or virus-hydroxychloroquine mixes were added, and the cells
were incubated for additional 2 h at 37 °C (5% CO;). Then, the virus
and EGCG or hydroxychloroquine were removed, and the cells were
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incubated at 37 °C for 3 days under a solid overlay containing 0.9%
agarose. At the final stage, the cells were fixed and stained with a
0.2% solution of crystal violet in 50% ethanol containing 0.05%
glutaric aldehyde.

2.2.2. Scheme A2

The cells were infected with virus and incubated for 2 h incu-
bation at 37 °C (5% CO2). Then, virus was removed, and a 0.9%
agarose overlay containing the EGCG or hydroxychloroquine was
applied. The cells were incubated at 37 °C for 3 days under the
overlay, and then fixed and stained. To obtain inhibition curves, the
percentage of plaques in EGCG/hydroxychloroquine-treated wells
relative to the control well was calculated for each concentration.

2.2.3. Scheme B1

Two-fold dilutions of EGCG or NHC were prepared in DMEM
(FSBSI “Chumakov FSC R&D IBP RAS”, Russia). These solutions were
mixed with equal volumes of the virus suspension containing
50—200 CCIDs5q per well. After 1 h incubation at 37 °C, virus-EGCG
or virus-NHC mixes were added to the confluent Vero cell mono-
layers in 2 replicates. After a 5-day incubation at 37 °C, cytopathic
effect (CPE) was visually accessed via microscope. ECsg values were
calculated according to the Karber method [19].

2.24. Scheme B2

EGCG or NHC solutions in DMEM were added to the confluent
Vero cell monolayers and incubated for 24 h. Then, virus suspen-
sion containing 50—200 CCIDs5q per well was added. After a 5-day
incubation at 37 °C, CPE was assessed visually.
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2.3. Recombinant proteins

To obtain the recombinant receptor-binding domain (RBD) of
protein S in human cell culture, the pcDNA-RBD plasmid was
constructed based on the pcDNA-3.4 plasmid (Thermo Fisher Sci-
entific, USA). The RBD-coding DNA fragment was obtained by PCR
amplification of SARS-CoV-2 cDNA. The recombinant gene in the
pcDNA-RBD plasmid encoded RBD with a signal peptide and a C-
terminal 6His-Tag. To produce human RBD-producing cells,
Expi293F cells (ThermoFisher Scientificc USA) were transfected
with the pcDNA-RBD plasmid using the Expi293 Expression System
Kit (ThermoFisher Scientific, USA). After transfection, the cells were
cultivated for 72 h in 5% CO, at 37 °C upon stirring at 125 rpm. Next,
the cells were precipitated by centrifugation and the protein was
isolated from culture medium by metal chelate chromatography
using a Ni Sepharose High sorbent Performance (GE Healthcare,
USA).

The N501Y mutant of RBD (RBDm) and S2 protein were obtained
analogously to RBD.

2.4. Binding assays and circular dichroism spectroscopy

For in vitro binding assays, SARS-CoV-2 recombinant proteins
RBD, its N501Y mutant RBDm, and S2 were labeled using the NT™
Protein Labeling Kit RED-NHS (Nanotemper, Germany) and mixed
with increasing concentrations of EGCG in a 10 mM potassium-
phosphate buffer, pH 7.4, supplemented with 0.05% Tween-20.
The final protein concentration was 50 nM. The protein-ligand
mixtures were stored at room temperature for 15 min prior to all
measurements.

MST curves were registered using Monolith NT.115, equipped
with a RED/GREEN detector, and standard capillaries (NanoTemper,
Germany) at 22 °C. The dependence of the normalized fluorescence
immediately after T-jump (1.5 s MST time) on EGCG concentration
was analyzed using MO.Affinity Analysis software (NanoTemper,
Germany). Integral normalized fluorescence and the bleaching rate
of the label in EGCG-protein mixtures were registered in parallel to
MTS and analyzed using MO.Affinity Analysis software. Experi-
mental data were fitted to a Hill model.

To verify EGCG-induced conformational changes in RBD, circular
dichroism (CD) spectra of the protein or its complex with EGCG in
10 mM potassium-phosphate buffer, pH 7.4, were registered using
Chrascan spectrophotometer (Applied Photophysics, UK) at 20 °C.

2.5. Molecular modeling

Molecular modeling was performed to elucidate the EGCG-RBD
interaction mode. EGCG was docked to RBD surface to identify the
most likely binding sites. The contributions of electrostatic and Van
der Waals interactions, as well solvation energy, to the binding
energy were considered. Details on docking and molecular dy-
namics simulations are provided in supplementary text box S2.

The 3D model of EGCG was downloaded for Protein Data Bank
(PDB ID: 4AWM) and optimized using molecular graphics software
package Sybyl-X software (Certara, USA). Partial charges of the
atoms were calculated according to the following scheme. Opti-
mization and electron density distribution calculations were per-
formed by using second-order Meller—Plesset perturbation theory
(MP2) [20] and implicit consideration of the solvent effect with
application of the conductor-like polarizable continuum model
(CPCM) [21] and 6—31g* basis sets. Then Merz-Singh-Kollman
scheme [22] was applied to obtained electron density distribution
for calculation of grid for the electrostatic potential fitting with the
following parameters: (6/41 = 10) - the number of surfaces around
the atoms and (6/42 = 17) - the density of test points on these
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surfaces. The RESP (Restrained ElectroStatic Potential) method [23]
was applied to fitting of the grid obtained in the previous step for
calculation of partial atomic charges. All quantum mechanics sim-
ulations were carried out using Gaussian 09 program.

The model of RBD was downloaded from Protein Data Bank
(PDB ID: 6VXX). For RBDm, N501 was substituted with Y501, and
the model was reoptimized using molecular graphics software
package Sybyl-X software (Certara, USA). The following settings
were used: partial charges on the protein and parameters for
interatomic interactions from Amber7ff02 force field, a non-
bonded cut-off distance equal to 8 A, the dielectric constant was
equal 4.0, the number of iterations equal to 500, the simplex
method in an initial optimization, and an energy gradient conver-
gence criterion of 0.05 kcal/mol/A.

3. Results and discussion

Here, we designed a series of experiments (schemes A1l and A2,
Fig. 1A) to clarify whether EGCG is most efficient at preventing viral
entry or replication. We evaluated EGCG effects on SARS-CoV-2-
induced plaque and CPE formation using Vero cells and live vi-
ruses isolated from COVID-19 patients. In scheme A1, cells were
first preincubated with EGCG for 2 h, and then treated with a virus-
EGCG mixture. In scheme A2, cells were incubated with EGCG for
2 h after the infection. Plaque formation was analyzed 3 days after
the infection (Fig. 1B). Hydroxychloroquine (hydroxychloroquine
sulphate) was used as a positive control. Although Hydroxy-
chloroquine efficiency in vivo is a controversial point [4,5], it has
proven to inhibit SARS-CoV-2 in vitro [6]. The experiments were
performed for a series of EGCG dilutions, and fitting of the resulting
curves to the dose-response equation gave ICsg values of 4 + 1 uM
(scheme A1) and 10 + 2 pM (scheme A2). This result indicates that
inhibition of viral entry, rather than replication blockage, likely
underlies EGCG activity. Moderate effects on viral replication are
attributable to EGCG affinity for 3-chymotrypsin-like (3CL)-prote-
ase and/or RNA-dependent RNA polymerase of SARS-CoV-2. Both of
these proteins have been predicted as EGCG targets based on
docking experiments [7,8], and EGCG interaction with 3CL-protase
binding has been confirmed in vitro [9].

The fact that EGCG is more potent at preventing SARS-CoV-2
entry than replication agrees with the previous reports of lenti-
viral assays [2]. A growing body of data suggests that the preventive
activity is due to EGCG interference with the interactions between
SARS-CoV-2 and angiotensin converting enzyme 2 (ACE2) [2,7,8].
This is attributable to EGCG binding with spike (S) protein [10].
However, alternatives, such as EGCG interactions with the cell
surface receptors or EGCG-induced alterations of membrane
fluidity [11], have not been tested properly with the live virus.

To partially fill this gap, we designed another series of experi-
ments (schemes B1 and B2, Fig. 2A) and evaluated the impact of
EGCG on SARS-CoV-2-induced cytopathic effect (CPE). In scheme
B1, the virus was preincubated with EGCG for 1 h, and then added
to Vero cells. In scheme B2, the cells were preincubated with EGCG
for 1 h and then the virus was added. A known broad-spectrum
antiviral agent B-d-N*-Hydroxycytidine (NHC) [12] was used as a
positive control. Microscopy-based analysis of the cytopathic effect
was performed 5 days after the infection. The inhibition curves are
shown in Fig. 1C. Scheme B1 was clearly superior to B2 (ICs5g values
of 5+ 1 uM and >40 uM, respectively).

Cytotoxicity of EGCG toward Vero cells was assessed in both ‘A’
and ‘B’ series using MTT and resazurin viability tests, respectively
(Fig. 1D). Additional cytotoxicity tests were performed using pri-
mary human fibroblasts (Fig. S1). The tests gave comparable CCsg
values, which were 6—7 times higher than ECsq values obtained in
Schemes A1l and B1. All ECsp and CCsg data are summarized in
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RBD and RBDm complexes with ACE2. (C) EGCG interactions with RBD and RBDm: binding curves obtained by monitoring fluorescence quenching, bleaching rate, and microscale
thermophoresis. (D) Conformational changes in RBD upon interaction with EGCG evidenced by circular dichroism spectra.

Table 1
Cytotoxicity, inhibitory activity and selectivity index (SI) of EGCG compared to
control drugs.

compound scheme CC50, uM EC50, uM SI
hydroxy-chloroquine Al 39+6 3+1 13
A2 7+2 6
EGCG Al 22+6 4+1 6
A2 102 2
B1 33+6 5+1 7
B2 43 + 11 -
NHC B1 >100 5.0 + 0.6 >20
B2 25+07 >20

Table 1. Moderate cytotoxicity and minor anti-SARS-CoV-2 activity
of EGCG upon preincubation with the cells (scheme B2) may arise
from its effects on the cellular membrane (e.g., modulation of lipid
rafts) [11,13]. The pronounced protective activity of EGCG upon
preincubation with the virus (scheme B1) suggests that SARS-CoV-
2 surface proteins, but not cellular proteins, are major targets of
EGCG.

The two subunits of the entry-mediating virus surface spike
protein (S1, which recognizes ACE2 receptor via its receptor binding
domain, and S2, which mediates membrane fusion) have been
considered previously as EGCG binding partners. Indirect assays
argued against the decisive role of S2; while recombinant S1
showed affinity for EGCG in the micromolar concentration range
[2]. Consistently with the data in the literature, we observed only
weak EGCG binding with the fluorescently labeled S2 in microscale
thermophoresis (MST)-based in vitro assays: Kd = 54 + 6 uM
(Fig. 2A), so we focused on the receptor binding domain of the S1
subunit (Fig. 2B).

We considered two variants of the receptor binding domain: the
consensus one (RBD) and its analog harboring the N501Y mutation
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in the ACE2-binding site (RBDm). The mutation concerned has been
linked to increased transmissibility of B.1.1.7 (“UK variant”) and
several other circulating SARS-CoV-2 strains [14]. Reported mo-
lecular modeling and molecular dynamics (MD) simulations pro-
vided some insight into the observed effect of this mutation: it has
been attributed to more efficient electrostatic interactions between
RBDm and ACE2 [15] or hydrophobic interactions that predeter-
mine positioning of RBDm Y501 residue between Y41 and K353 in
hACE2 [16]. The latter variant agrees with the cryo-electron mi-
croscopy structure of the complex [17], but suggests only slightly
increased RBDm binding affinity for ACE2 [16]. Our modeling re-
sults are also consistent with the published structures of the
complex, but imply the possibility of stacking interactions between
Y501 and Y41 residues, which explains substantially increased
infectivity of the mutant (Fig. 2B).

We tested EGCG affinity for RBD and RBDm in MST assays using
fluorescently labeled recombinant proteins and additionally
monitored fluorescence quenching and bleaching rate (Fig. 2C). The
results pointed to multistep/allosteric interactions: initial binding
with Kd = 300 + 200 nM (the major sigmoid part of the curve) was
followed by a conformational rearrangement at low to medium
micromolar concentrations. These findings were further confirmed
by CD spectroscopy (Fig. 2D): the structured protein-specific CD
band shifted from 210 to 215 nm upon titration with EGCG. Thus,
EGCG binds RBD at submicromolar concentrations and modulates it
conformation at micromolar concentrations, which may account
for anti-SARS-CoV-2 activity of EGCG. To further elucidate EGCG-
RBD interaction modes, molecular modeling experiments were
performed.

To identify the most likely binding sites, EGCG was docked to
RBD and RBDm surfaces. Two best conformations of the complexes
obtained by docking (EGCG bound to sites 1 and 2, both at the RBD/
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sitel2

RBD sitel1

Fig. 3. EGCG complexes with RBD and RBDm. (A) Docking results: EGCG bound to ACE2-opposing sites on RBD surface. RBD surface is colored according to the charge distribution.
(B) Molecular dynamics of RBD-EGCG complexes. (C) Molecular dynamics of the RBDm-EGCG complex.

ACE2 interface, Fig. 3A) were optimized and further analyzed using
molecular dynamics (MD) simulations. In the case of RBD (Fig. 3B),
the EGCG-site 1 complex was stable throughout the simulation.
EGCG formed h-bonds with Ser494 and Glu484 (Fig. S2A), as well as
stacking contacts with Tyr449 and Phe490 residues (Fig. S2B).
Evolution of the stacking interactions was visualized as time plots
of the distances between centers of mass of EGCG and Tyr/Phe rings
and the angles between the normal to the respective planes. The
EGCG-site 2 complex fell apart by 80 ns, despite multiple contacts
in the starting conformation (Fig. S2), suggesting transient
interactions.

Interestingly, EGCG binding at site 2 turned out to be much more
likely in the case of RBDm. EGCG formed multiple h-bonds with
RBDm site 2, and the complex was stable throughout the simula-
tion (Fig. S1). Initial binding was driven by hydrophobic in-
teractions. However, the EGCG-induced conformational
rearrangement of RBDm enabled energetically favorable electro-
static interactions, including EGCG-Arg403 contacts (Fig. 3C). The
contributions of electrostatic and Van der Waals interactions, as
well solvation energy, to the binding energy are shown in Fig. S3.
Free energy estimations confirmed that EGCG tended to bind RBDm
more efficiently that RBD (AE_average = —22.1 kcal/mol for RBDm
versus —16.7 and —11.8 kcal/mol for RBD sites 1 and 2, respec-
tively). These results agree with the EGCG-RBD/RBDm binding
curves (Fig. 2B).

4. Conclusions

To summarize, we have shown that anti-SARS-CoV-2 activity of
EGCG arises mainly from its affinity to the spike viral protein.
In vitro and in silico data indicate that EGCG binds the N501Y spike

31

mutant slightly more efficiently than the original protein and
should be considered as a protective agent against infection with
“UK Variant” SARS-CoV-2.
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