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ABSTRACT

Since the start of the outbreak of coronavirus disease 2019 in Wuhan, China, there have been more than 150
million confirmed cases of the disease reported to the World Health Organization. The beta variant (B.1.351
lineage), the mutation lineages of SARS-CoV-2, had increase transmissibility and resistance to neutralizing an-
tibodies due to multiple mutations in the spike protein. N501Y, K417N and E484K, in the receptor binding
domain (RBD) region may induce a conformational change of the spike protein and subsequently increase the
infectivity of the beta variant. The L452R mutation in the epsilon variant (the B.1.427/B.1.429 variants) also
reduced neutralizing activity of monoclonal antibodies. In this study, we discovered that 300 pg/mL GB-2, from
Tian Shang Sheng Mu of Chiayi Puzi Peitian Temple, can inhibit the binding between ACE2 and wild-type
(Wuhan type) RBD spike protein. GB-2 can inhibit the binding between ACE2 and RBD with K417N-E484K-
N501Y mutation in a dose-dependent manner. GB-2 inhibited the binding between ACE2 and the RBD with a
single mutation (K417N or N501Y or L452R) except the E484K mutation. In the compositions of GB-2, glycyrrhiza
uralensis Fisch. ex DC., theaflavin and (+)-catechin cannot inhibit the binding between ACE2 and wild-type RBD
spike protein. Theaflavin 3-gallate can inhibit the binding between ACE2 and wild-type RBD spike protein. Our
results suggest that GB-2 could be a potential candidate for the prophylaxis of some SARS-CoV-2 variants
infection in the further clinical study because of its inhibition of binding between ACE2 and RBD with K417N-
E484K-N501Y mutations or L452R mutation.

1. Introduction

disease [1]. In severe COVID-19, many patients suffered from severe
pneumonia and acute respiratory distress syndrome. Moreover, older

Since the start of the outbreak of coronavirus disease 2019 in Wuhan,
China, there have been more than 150 million confirmed cases of the
disease, including more than 3 million deaths worldwide, reported to
the World Health Organization. SARS-CoV-2 is the seventh human
coronavirus and the first human coronavirus with global pandemic

patients who had co-morbidities such as diabetes mellitus, cardiovas-
cular disease, and dementia, such as Alzheimer’s-like dementia, have
higher rates of deaths in COVID-19 [2,3].

In coronaviruses, spike protein on the surface envelope of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible

Abbreviations: ACE2, angiotensin converting enzyme 2; SARS-CoV-2, The severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019;
GU, glycyrrhiza uralensis Fisch. ex DC; T3G, Theaflavin 3-gallate; RBD, receptor binding domain.
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for promoting viral entry into host cells [4]. The spike protein is
composed of two functional subunits: the S1 subunit that binds to host
cell receptors, and the S2 subunit that mediates the fusion of the viral
and host cellular membranes. The distal part of the S1 subunit contains
the receptor binding domain (RBD) that directly binds to the peptidase
domain of angiotensin-converting enzyme 2 (ACE2) [5,6]. Moreover,
heparan sulfate may facilitates SARS-CoV-2 spike protein binding to
ACE2 [7]. RBD of SARS-CoV-2 spike protein binds to the three
sub-domains through amino acids 22-42, 79-84, and 330-393 of ACE2
of the human host cells to initiate entry [8]. Moreover, the direct area of
contact between RBD and ACE2 includes several regions. Gln498,
Thr500, and Asn501 residues of the amino terminus (N) of RBD form
several hydrogen bonds with the Tyr41, Gln42, Lys353, and Arg357
residues of ACE2. The Lys417 and Tyr453 residues of RBD interact with
the Asp30 and His34 residues of ACE2, respectively [5]. Moreover, the S
subunit of SARS-CoV-2 contains a cleavage site for furin and other
proteases and accelerates viral entry [9].

Until now, most current mono-antibodies, vaccines and protease
inhibitors are developing by targeting the structure of SARS-CoV-2 [10,
11]. However, SARS-CoV-2 belongs to the family of RNA viruses, which
have higher mutation rates than DNA viruses [12,13]. Among the mu-
tation lineages of SARS-CoV-2, the beta variant (B.1.351 lineage), which
was first detected in South Africa, has demonstrated higher trans-
missibility and resistance to neutralizing antibodies due to multiple
mutations in the spike protein [14,15]. The SARS-CoV-2 beta variant
contains nine mutations in the spike protein: D614G, A242-A244, and
R2461 in the N-terminal domain; three mutations (K417N, E484K, and
N501Y) in the RBD; and one mutation (A701V) near the furin cleavage
site [14]. Among them, N501Y, K417N, and E484K in the receptor
binding motif of the RBD region may induce a conformational change in
the spike protein and subsequently increase the infectivity of beta
variant [15]. Moreover, beta variant is resistant to neutralization by
most monoclonal antibodies against the N-terminal domain and multi-
ple individual monoclonal antibodies against the receptor-binding motif
of the RBD due to E484K mutation [14]. Beta variant is also refractory to
neutralization by sera from vaccinated persons [14]. In addition, the
SARS-CoV-2 epsilon variant (the B.1.427/B.1.429 variant of concern)
was first reported for in California and has been detected in more than
30 countries till now [16,17]. Moreover, L452R mutation in spike pro-
tein of epsilon variant could increase infectivity in vitro and loss
neutralizing activity of monoantibodies [17-19]. These results suggest
that the protective effects of current SARS-CoV-2 vaccines and mono-
clonal antibody therapies are threatened by these variants.

In our previous studies, we discovered that GB-2, a prophylaxis
formula against SARS-CoV-2 and from Tian Shang Sheng Mu of Chiayi
Puzi Peitian Temple in Taiwan, inhibited ACE2 mRNA expression and
ACE2 and TMPRSS2 protein expression in HepG2 and 293 T cells and
decreased the ACE2 expression level of lung and kidney tissue in the
animal model [20]. However, the effect of GB-2 on the interaction be-
tween ACE2 and wild-type and mutation-type spike proteins of
SARS-CoV-2 remains unclear. In this study, we investigated the effects of
GB-2 and the index compounds of Camellia sinensis var. assamica extract
on the interaction between ACE2 and wild-type and mutation-type spike
proteins of SARS-CoV-2.

2. Methods and materials
2.1. Cell culture and treatment

293 T cells (human embryonic kidney cell line) were obtained from
the Bioresource Collection and Research Center, Taiwan. 293 T cells
were cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Invi-
trogen Corp., Carlsbad, Cat. Number: 11965-048), supplemented with
10% FBS at 37 °C and 5% CO2. The GB-2 formula was designed from
Tian Shang Sheng Mu of Chiayi Puzi Peitian Temple. The compositions
of GB-2 included dry root of glycyrrhiza uralensis Fisch. ex DC. (10 g,
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brought form Chang Gung Memorial Hospital, Taiwan) and Camellia
sinensis var. assamica (black tea, 25 g, brought form Chang Gung Me-
morial Hospital and Xiamen Qingheyu Biological Technology Co., Ltd).
The formula was soaked in 2000 mL water and boiling hot water for 25
min in thermal flasks, respectively. The sample was filtered with filter
paper to remove particulate matter. The water extracts were evaporated
through reducing pressure to obtain viscous masses (GB-2: 6 g). These
samples were stored at — 80 °C. For all experiments, final concentrations
of the tested compound were prepared by diluting the stock with water.
Theaflavin 3-gallate and theaflavin were purchased from ChromaDex
Corp. (Irvine, CA, USA, Product ID: ASB-00020253 and ASB-00020252).
(+)-Catechin was purchased from Sigma-Aldrich Co., Ltd. (CAS number:
154-23-4). pCEP4-myc-ACE2 plasmid was a gift from Erik Procko
(Addgene plasmid # 141185; http://n2t.net/addgene:141185;RRID:
Addgene_141185). pcDNA3-SARS-CoV-2-S-RBD-sfGFP plasmid was a
gift from Erik Procko (Addgene plasmid # 141184; http://n2t.ne
t/addgene:141184; RRID:Addgene_141184). Before treatment, 293 T
cells were cultured to 60-70% confluence. Then, cultured medium was
replaced with fresh medium containing indicated compounds in water at
the indicated concentrations. 293 T cells treated with water were used as
controls. 293 T cells without treatment were used as blank control.

2.2. XTT assay

293 T cell lines were cultured at a density of 1 x 10° per well of 96-
well plates, in DMEM with 10% FBS. Once attached, the cultured me-
dium was replaced with fresh medium with 10% FBS. 293 T cell were
then treated with indicated drugs for indicated hours; and absorbance
were measured using the XTT assay kit (Roche, catalog number:
11465015001) depending on the manufacturer’s instructions. The XTT
formazan complex was quantitatively measured at 492 nm using an
ELISA reader (Bio-Rad Laboratories, Inc.).

2.3. ACE2/SARS-CoV-2 spike inhibitor screening assay kit

The ACE2/SARS-CoV-2 Spike Inhibitor Screening Assay were per-
formed as described previously [21] using the ACE2: SARS-CoV-2 Spike
Inhibitor Screening Assay Kit (BPS Bioscience Cat. number #79936)
according to the manufacturer’s instructions. Briefly, ACE2 solution was
used to coat a 96-well nickel-coated plate and washing the plate.Then,
the plate was incubated with a Blocking Buffer. Next, the indicated
compounds were added and incubated for 1 h at room temperature with
slow shaking. After the incubation, SARS-CoV-2 Spike (RBD)-Fc was
added to each well, except to the blank and incubated the reaction with
slow shaking. After incubation with a Blocking Buffer, an
Anti-mouse-Fc-HRP and incubate and an HRP substrate was added to the
plate to produce chemiluminescence, which then can be measured using
microplate reader.

2.4. Flow cytometry analysis of ACE2-spike protein binding

The flow cytometry analysis of ACE2-S Binding were performed as
described previously [22]. Briefly, 293 T cells were transfected with
pCEP4-MYC-ACE2 or pcDNA3-SARS-CoV-2-S-RBD-sfGFP plasmids (500
ng DNA per mL of culture at 2 x10° / mL) using lipofectamine 2000
(ThermoFisher, Cat. Number: 11668-019). The the medium with indi-
cated RBD-sfGFP were collected from 293 T cells which transfected with
pcDNA3-SARS-CoV-2-S-RBD-sfGFP plasmid after 48 h. After pretreated
by indicated drugs for 24 h, 293 T cells which transfected with
pCEP4-MYC-ACE2 plasmid were washed with ice-cold PBS-BSA, and
incubated for 30 min on ice with medium containing RBD-sfGFP and the
anti-MYC Alexa 647 (clone 9B11, Cell Signaling Technology, Cat.
Number: 2233 S). Then, cells were washed twice with PBS-BSA and
analyzed by the flow cytometer BD FACSCanto (Becton Dickinson).
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2.5. Site-directed mutagenesis

The QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent
Technologies Inc., Santa Clara, CA, Cat. Number: 210519) was used to
introduce amino acid substitutions (N501Y, E484K, E417N or L452R) in
pcDNA3-SARS-CoV-2-S-RBD-sfGFP plasmid by following the manufac-
turer’s instructions.

2.6. High-performance liquid chromatography (HPLC)

For theaflavin, HPLC analysis was performed on the LC-10Avp sys-
tem (Shimadzu) equipped with a Luna ® C18(2)100 A , LC column (5-
pm particle size, 150-mm length x 2-mm internal diameter; Luna, Cat.
Number: 00 F-425-B0); 0.1% trifluoroacetic acid was used as the mobile
phase, the flow rate was 0.4 mL/min, the detection wavelength was 205
nm, and the column temperature was 60 °C. For theaflavine-3-gallate,
HPLC analysis was performed on the LC-10Avp system (Shimadzu)
equipped with a SUPELCO Discovery® C18 column (5-ym particle size,
150-mm length x 4.6-mm internal diameter; Supelco, Cat. Number:
504955); 0.1% phosphoric acid was used as the mobile phase, the flow
rate was 0.6 mL/min, the detection wavelength was 280 nm, and the
column temperature was 25 °C.

2.7. Statistical analyses

All values were the means + standard error of mean (SEM) of the
replicate samples (n = 3-6, depending on the experiment). These ex-
periments were repeated by a minimum of three times. Differences be-
tween two groups were assessed using the unpaired two-tailed Student’s
t-test or by ANOVA if more than two groups were analyzed. For testing
the significance of pairwise group comparisons, the Tukey test was used
as a post-hoc test in ANOVA. For all comparisons, P values of < 0.05
were considered statistically significant. SPSS version 13.0 (SPSS Inc.,
Chicago, IL, USA) was used for all calculations.

3. Results
3.1. Effect of GB-2 on cell variability in the 293T cell line

293T cells was used as a model of SARS-CoV-2 entry in the previous
studies [22,23]. To investigate the effect of GB-2 on the interaction
between ACE2 and the spike protein of SARS-CoV-2, we used 293T cells
as the model in our study. First, we wused a 2,
3-bis-(2-methoxy-4-nitro-5-sulfophenyl)— 2 H-tetrazolium-5-carbox-
anilide assay to investigate the cytotoxicity of GB-2-293 T cells. Our
results showed that GB-2 treatment with concentrations 200-300 pg/mL
had not inhibited the cell variability of the 293 T cells after the indicated
number of hours (Fig. 1A). These data suggested that 200-300 pg/mL
GB-2 did not have significant cytotoxicity against the cell variability of
the 293 T cell line.

3.2. Effect of GB-2 on the interaction between ACE2 and wild-type RBD
of spike protein

To investigate the effect of GB-2 on the interaction between ACE2
and the spike protein of wild-type SARS-CoV-2, we used a spike/ACE2
inhibitor screening assay kit to determine the impact on the binding of
Spike protein to the ACE2 receptor by GB-2 [10]. As illustrated in
Fig. 1B, we found that incubating the spike RBD with GB-2 resulted in
blocking of the binding of the wild-type RBD the spike protein to the
ACE2 receptor in a concentration-dependent manner over the concen-
tration range 100-300 pg/mL (Fig. 1B).

To confirm the previous results, we used dual-color flow cytometric
analysis to investigate ACE2-spike protein binding in 293 T cells [22].
293 T cells expressing MYC-tagged ACE2 were then incubated with
medium containing the wild-type RBD of SARS-CoV-2 fused to
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superfolder green fluorescent protein [24]. After treatment of the cells
with the indicated drugs, populations of cells that expressed MYC-tagged
ACE2 at the cell surface with high or low binding to RBD were collected
through fluorescence-activated cell sorting. After treatment of the cells
with 300 pg/mL GB-2, the number of 293 T cells with low binding to
RBD was significantly increased in both ACE2-positive cells and the top
population (Fig. 1C, D). These results suggested that 300 pg/mL GB-2
inhibited the binding between ACE2 and the wild-type RBD of the
spike protein.

3.3. Effect of GB-2 on the interaction between ACE2 and RBD of the spike
protein with triple mutation (K417N-E484K-N501Y)

Previous study reported that triple mutations (N501Y, K417N, and
E484K) in the RBD of beta variant may increase the infectivity and
resistance to neutralization of monoclonal antibodies [15]. Next,
through dual-color flow cytometric analysis, we investigated the effect
of GB-2 on the binding between ACE2 and the RBD of the spike protein
with the triple mutation (K417N-E484K-N501Y). After treatment of the
cells with the indicated concentration of GB-2, the number of 293 T cells
with low binding to RBD with a triple mutation (K417N-E484K-N501Y)
was significantly increased in both ACE2-positive cells and the top
population in a dose-dependent manner (Fig. 2A, B). The number of
293 T cells with high binding to the RBD with a triple mutation
(K417N-E484K-N501Y) was also decreased in ACE2-positive cells and
the top population in a dose-dependent manner (Fig. 2A, B). These re-
sults suggested that 200-300 pg/mL GB-2 inhibited the binding between
ACE2 and RBD with a triple mutation (K417N-E484K-N501Y).

3.4. Effect of GB-2 on the interaction between ACE2 and the RBD of the
spike protein with a single mutation (K417N, E484K, N501Y, L452R)

N501Y in the RBD was discovered in both alpha variant (B.1.1.7
lineage) and beta variant. N501 is the key residue in the RBD of the spike
protein of SARS-CoV-2 that is involved in critical contact with some
critical residues at the interface of ACE2 [5,25]. The mutation of N501Y
was discovered to increase the ACE2 binding and infectivity of
SARS-CoV-2 [25-27]. Moreover, the K417N and E484K mutations
dramatically enhanced cell-cell fusion and may be more transmissible
than the N501Y mutation—containing SARS-CoV-2 variant [15].

In our previous results, GB-2 could inhibit the binding between ACE2
and the RBD of the spike protein with a triple mutation (K417N-E484K-
N501Y). Next, using dual-color flow cytometric analysis, we investi-
gated the effect of GB-2 on the interaction between ACE2 and the
different single mutations of the RBD. After treatment of the cells with
the indicated concentration of GB-2, the number of 293 T cells with low
binding to the RBD with a single mutation (N501Y or K417N) was
significantly increased in both ACE2-positive cells and the top popula-
tion in a dose-dependent manner (Fig. 3A-D). The number of 293 T cells
with high binding to the RBD with a single mutation (N501Y or K417N)
was also decreased in both ACE2-positive cells and the top population in
a dose-dependent manner (Fig. 3A-D). However, the number of 293 T
cells with high binding to the RBD with a single mutation (E484K) was
slightly increased in both ACE2-positive cells and the top population
(Fig. 3E, F). These results suggested that 200-300 pg/mL GB-2 inhibited
the binding between ACE2 and the RBD with a single mutation (K417N
or N501Y) except the E484K mutation.

The previous studies reported that L452R mutation could increase
transmissibility, infectivity, and resist to antibody neutralization
[17-19]. Because 300 pg/mL GB-2 has the best inhibitory effect on the
binding between ACE2 and the RBD. Next, we also investigated the ef-
fect of 300 pg/mL GB-2 on the interaction between ACE2 and L452R
mutation of the RBD through dual-color flow cytometric analysis. After
treatment of the cells with 300 pg/mL GB-2, the number of 293 T cells
with low binding to the RBD with L452R mutation was significantly
increased in both ACE2-positive cells and the top population in a
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Fig. 1. Effect of GB-2 on cell variability of 293 T cells and interaction between ACE2 and SARS-CoV-2 Spike. (A) 293 T cells were measured by XTT assay after
indicated hours of culturing in the presence of GB-2. (B) The indicated compounds were tested to evaluate their ability to inhibit the binding of spike protein to
immobilized ACE2 by the ACE2/SARS-CoV-2 spike inhibitor screening assay. (C) Flow cytometry analysis of ACE2-Spike protein binding. 293 T cells with pCEP4-
MYC-ACE2 plasmid were incubated with RBD (wild type)-sfGFP-containing medium and co-stained with anti-MYC Alexa 647 to detect surface ACE2 by flow
cytometry. During analysis, the top population were chosen from the ACE2-positive population. Then, two subsets of the ACE2-positive population were collected:
the top population (nCoV-S-High sort, red gate) and the bottom population (nCoV-S-Low sort, green gate) based on the fluorescence of bound RBD-sfGFP relative to
ACE2 surface expression. (D) Quantitative results of nCoV-S-High sort and nCoV-S-low sort, which were presented as ratio compared with blank, in the top pop-
ulation or ACE2-positive population. All the results are representative of at least three independent experiments. (Error bars=mean+S.E.M. Asterisks (*) mark

samples significantly different from control group with p < 0.05).
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dose-dependent manner (Fig. 3G, H). The number of 293 T cells with
high binding to the RBD with L452R mutation was also decreased in
both ACE2-positive cells and the top population in a dose-dependent
manner (Fig. 3G, H). These results suggested that 300 ug/mL GB-2
could inhibit the interaction between ACE2 and the RBD with L452R
mutation.
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Fig. 2. Effect of GB-2 on interaction between
ACE2 and SARS-CoV-2 Spike (K417N-E484K-
N501Y). (A) Flow cytometry analysis of ACE2-
Spike protein binding. 293 T cells with pCEP4-
MYC-ACE2 plasmid were incubated with RBD
(K417N-E484K-N501Y)-sfGFP-containing me-
dium and co-stained with fluorescent anti-MYC
Alexa 647 to detect surface ACE2 by flow
cytometry. During analysis, the top population
were chosen from the ACE2-positive population.
Then, two subsets of the ACE2-positive popula-
tion were collected: the top population (nCoV-S-
High sort, red gate) and the bottom population
(nCoV-S-Low sort, green gate) based on the
fluorescence of bound RBD(K417N-E484K-
N501Y)-sfGFP relative to ACE2 surface expres-
sion. (B) Quantitative results of nCoV-S-High sort
and nCoV-S-low sort, which were presented as
ratio compared with blank, in the top population
or ACE2-positive population. All the results are
representative of at least three independent ex-
periments. (Error bars=mean+S.E.M. Asterisks
(*) mark samples significantly different from
control group with p < 0.05).

3.5. Effect of Glycyrrhiza uralensis Fisch. ex DC., Theaflavin and
(+)-catechin on the interaction between ACE2 and wild-type RBD of spike

protein

The dry roots of G. uralensis Fisch. ex DC. (GU) and C. sinensis var.
assamica extract are the major components of GB-2. Our results indicate
that 300 pg/mL GB-2 inhibited the binding between ACE2 and the wild-
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Fig. 3. Effect of GB-2 on interaction between ACE2 and SARS-CoV-2 Spike (K417N, E484K, N501Y or L452R). (A, G, E, G) Flow cytometry analysis of ACE2-Spike
protein binding. 293T cells with pCEP4-myc-ACE2 plasmid were incubated with RBD (N501Y(A), K417N(C), E484K(E) or L452R(G))-sfGFP-containing medium and
co-stained with fluorescent anti-MYC Alexa 647 to detect surface ACE2 by flow cytometry. During analysis, the top population were chosen from the ACE2-positive
population. Then, two subsets of the ACE2-positive population were collected: the top population (nCoV-S-High sort, red gate) and the bottom population (nCoV-S-
Low sort, green gate) based on the fluorescence of bound RBD (N501Y(A), K417N(C), E484K(E) or L452R(G))-sfGFP relative to ACE2 surface expression. (B, D, F, G)
Quantitative results of nCoV-S-High sort and nCoV-S-low sort, which were presented as ratio compared with blank, in the top population or ACE2-positive popu-
lation. All the results are representative of at least three independent experiments. (Error bars=mean+S.E.M. Asterisks (*) mark samples significantly different from
control group with p < 0.05).
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Fig. 4. Effect of glycyrrhiza uralensis Fisch. ex DC. extract (GU), theaflavin (Tf) and (+)-catechin (Cate) on interaction between ACE2 and SARS-CoV-2 Spike. (A, C, G)
The indicated compounds were tested to evaluate their ability to inhibit the binding of spike protein to immobilized ACE2 by the ACE2/SARS-CoV-2 spike inhibitor
screening assay. (B) The structure of (+)-catechin. (D) The structure of theaflavin. (E, F) HPLC chromatograms of theaflavin.

type RBD of the spike protein (Fig. 1B-D). However, the effect of GU on
the interaction between ACE2 and the wild-type RBD of the spike pro-
tein is unclear. To investigate the effect of GU on the interaction between
ACE2 and the spike protein of wild-type SARS-CoV-2, we used a spike/
ACE2 inhibitor screening assay kit to discover the impact on the binding
of spike protein to the ACE2 receptor [21]. Using the kit, we found that
GU could not block the binding of the wild type of the RBD of the spike
protein to the ACE2 receptor (Fig. 4A).

Next, we investigated the effect of the index compounds of C. sinensis

var. assamica extract, (+)-catechin (Fig. 4B) on the binding between
ACE2 and the wild type of the RBD of the spike protein. Using a spike/
ACE2 inhibitor screening assay kit, we found that (+)-catechin could not
block the binding of the wild type the RBD of the spike protein to the
ACE2 receptor (Fig. 4C).

Several reports showed that theaflavin and the similar structures,
index compounds extracted from C. sinensis var. assamica, could be the
SARS-CoV-2 inhibtors through in vitro and in-silico methods [28-31].
Because the effect of theaflavin on interaction between ACE2 and spike
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SARS-CoV-2 spike inhibitor screening assay.

protein is still unclear, we investigated the binding between ACE2 and
spike protein. First, the high-performance liquid chromatography
(HPLC) results showed that the concentration of theaflavin in GB-2 was
0.19837% (wt/wt; Fig. 4E, F). Using the kit, we also found that thea-
flavin could not block the binding of the Wild type the RBD of the spike
protein to the ACE2 receptor (Fig. 4G). These results suggested that both
GU and theaflavin cannot inhibit the binding between ACE2 and the
wild-type RBD of the spike protein.

3.6. Effect of theaflavin 3-gallate on the interaction between ACE2 and
wild-type RBD of spike protein

Using a spike/ACE2 inhibitor screening assay kit, we also investi-
gated the effect of theaflavin 3-gallate (Fig. 5A), another index com-
pound of C. sinensis var. assamica extract, on the binding between ACE2
and the wild type the RBD of the spike protein. Our HPLC results showed
that the concentration of theaflavin 3-gallate in GB-2 was 0.39358%
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(wt/wt; Fig. 5B, C). Using the kit, we found that only 50 pg/mL of
theaflavin 3-gallate could partially block the binding of the wild type of
the RBD of the spike protein to the ACE2 receptor (Fig. 5D). These results
suggested that a higher concentration of theaflavin 3-gallate can
partially inhibit the binding between ACE2 and the wild-type RBD of the
spike protein.

4. Discussion

Recent studies have reported that SARS-CoV-2 alpha variant in the
United Kingdom and beta variant in South Africa have significantly
higher infectivity than other strains of SARS-CoV-2 [14,32]. For beta
variant, approximately 77% of mutations are located in the spike protein
[32]. These mutations on spike proteins may affect the vaccine efficacy
and treatments more than other variants. For epsilon variant, the two
B.1.427 and B.1.429 lineages have the same spike protein mutations,
inclunding S131 and W152C in the NTD and L452R in the RBD [17].
Moreover, L452R mutation of epsilon variant reduced neutralizing ac-
tivity of several RBD-specific monoclonal antibodies [18]. Because these
N501Y, K417N, E484K and L452R mutations in RBD play the important
role in immune evasion, we focused on the effect of GB-2 on these
mutations.

Both alpha and beta variants have the N501Y mutation. The N501Y
mutation in the RBD domain of the spike protein increases both the
binding affinity of the RBD to the ACE2 receptor and the viral trans-
mission rate of both alpha and beta variants [5,25,32]. We discovered
that GB-2 can block the binding between ACE2 and RBD with a single
mutation (N501Y). The results suggested that GB-2 could decrease the
viral transmission rate of both alpha and beta variants with the N501Y
mutation. L452R mutation is the imporant mutatnt in RBD of epsilon
variant. For L452R, previous studies showed that the L452R mutation
may stabilize the binding between the spike protein and human ACE2 to
increase infectivity [33,34]. We found that GB-2 can block the binding
between ACE2 and RBD with L452R mutation. The results suggested
that GB-2 may decrease infectivity of epsilon variant with L452R
mutation.

E484K can switch the charge on the flexible loop region of the RBD
and induce the formation of new favorable contact. This is possibly why
GB-2 cannot affect the binding between ACE2 and the RBD with a single
mutation (E484K). In the other mutation, the K417 residue in the RBD of
the spike protein of SARS-CoV-2 can interact with ACE2 and enhance the
affinity of the virus for the ACE2 receptor. A previous study suggested
that the K417N mutation minimally affects this binding between the
RBD and the ACE2 receptor [26]. In our results, we also discovered that
GB-2 can block the binding between ACE2 and the RBD with a single
mutation (K417N). However, the combination of the E484K, K417N,
and N501Y mutations could induce a higher degree of conformational
alterations of the RBD when it was bound to the ACE2 receptor. GB-2 can
inhibit the binding between ACE2 and RBD with the triple mutation
(K417N-E484K-N501Y). The compounds in GB-2 may have binding af-
finity to conformational alterations of the triple mutation. In addition,
beta variant has more mutations in the N-terminal domain region of the
spike protein—including L18F, D80A, D215G, LAL 242-244 del, and
R2461—within or near flexible variable loops without modifying the
structure of the functional domains of the spike protein. Further study to
investigate the effect of GB-2 on these mutations is necessary.

Black tea has the important medicinal values in many countries and
areas in the world. The bioactive components form black tea are
involved in the prevention and treatment of many diseases, including
cardiovascular diseases, malignancy, digestive dysfunction, obesity,
diabetes, chronic renal disease and renal fibrosis [35-37]. In a previous
study, epigallocatechin-3-gallate, the major component of green tea,
blocked the entry of SARS-CoV-2 with pseudotyped lentiviral vectors
and inhibited viral infections in vitro by inhibiting the interaction be-
tween the SARS-CoV-2 spike protein and the ACE2 receptor [38].
Another report showed that (—)-gallocatechin gallate, a polyphenol in
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green tea, disrupted the liquid-liquid phase separation of the
SARS-CoV-2 nucleocapsid protein and inhibited SARS-CoV-2 replication
[39]. Moreover, another study showed that epigallocatechin-3-gallate
and theaflavin inhibited the activity of the SARS-CoV-2 3CL protease
[40]. These studies suggest that the tea extract and index compounds
could play a major role in the treatment of SAR-CoV-2. However, the
effects of the tea extract and index compounds on SARS-CoV-2 variants
with mutations remain unclear. In this study, we discovered that GB-2
blocks the binding between ACE2 and RBD with a triple mutation
(K417N-E484K-N501Y) and L452R mutation. The results suggest that
GB-2 may play a useful role in the treatment of or prophylaxis against
several variants. However, the further clinical trials of GB-2 and these
index compounds should be investigated to confirm the clinical effort,
even compare with the current vaccines.

In conclusion, our results suggest that GB-2 could be a candidate for
prophylaxis against SARS-CoV-2 different variants infection because of
its inhibition of the binding between ACE2 and the RBD with K417N-
E484K-N501Y mutations and L452R mutation. However, the exact
clinical effect remains unknown. Thus, further clinical research is
necessary to confirm the protective effects of GB-2 against SARS-CoV-2
some variants.
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