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Abstract

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is responsible for the ongo-
ing coronavirus disease (COVID-19) pandemic which is characterized by respiratory illness
and severe pneumonia, and currently accounts for > 2.5 million deaths worldwide. Recently,
diverse mutations in the spike protein of SARS-CoV-2 were reported in United Kingdom
(Alpha) and South Africa (Beta) strains which raise concerns over the potential increase in
binding affinity towards the host cell receptor and diminished host neutralization capabilities.
In order to study the effect of mutation in the binding efficiency of SARS-CoV-2 receptor bind-
ing domain (RBD) with anti-SARS-CoV/CoV-2 monoclonal antibodies (mAbs), we have pro-
duced SARS-CoV-2 RBD and two variants SARS-CoV-2 RBD (Alpha RBD and Beta RBD) in
Nicotiana benthamiana by transient expression. Plant-produced SARS-CoV-2 RBD-Fc,
Alpha RBD-Fc and Beta RBD-Fc exhibited specific binding to human angiotensin converting
enzyme 2 (ACE2) receptor determined by ELISA. Intriguingly, the binding of plant-produced
SARS-CoV-2 RBD proteins to plant-produced mAbs CR3022, B38, and H4 was found to be
different depending on the variant mutation. In contrary to the plant-produced SARS-CoV-2
RBD-Fc and Alpha RBD-Fc, Beta RBD-Fc variant showed weak binding affinity towards the
mAbs. The result suggested that the Beta RBD variant might have acquired partial resistance
to neutralizing antibodies compared to other variants. However, further studies with sera
from convalescent or vaccinated individuals are required to confirm this finding.

Introduction

The emergence of the novel pathogenic coronavirus designated as severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) is responsible for the ongoing coronavirus disease 2019
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(COVID-19) outbreak. The virus was reported to be originated from animals and subsequently
transmitted to humans. The virus has reached several countries with more than 115 million of
SARS-CoV-2 infected cases and over 2.5 million deaths around the world [1]. The overwhelm-
ing number of cases have massively affected the global economy, disrupted international rela-
tions, and continuously raised threats to global health and safety. In addition, recent
challenges on public health and social measures have garnered concerns regarding the occur-
rence of multiple SARS-CoV-2 variants [2] as these mutations might increase viral infectivity,
disease severity, and even alter efficiency of available vaccine, antibody therapies, and other
preventive countermeasures.

Genetic variations from the wildtype coronavirus SARS-CoV-2 are inevitable and naturally
emerge over the time. At present, new virus variants of SARS-CoV-2 have been documented
and have since been circulating across countries amid the pandemic. The emergence of two
novel virus lineages, B.1.1.7 [3] and B.1.351 [4], were initially identified in United Kingdom
(Alpha) and South Africa (Beta) [5]. These variants of concern (VOC) contain genomic vari-
ability that may jeopardize the existing preventive countermeasures. In late 2020, a SARS-
CoV-2 variant, VOC 202012/01 (lineage B.1.1.7) predominantly circulated in the south of UK
[6]. The variant carries large number of mutations from the parental virus with eight amino
acid substitutions in the spike (S) protein. Notably, the mutations at key sites in the receptor-
binding domain (RBD) of S glycoprotein include N501Y, A570D, and D614G [7]. Later 501Y.
V2 variant (lineage B.1.351) emerged independently in South Africa [8] and has since spread
widely in countries outside African continents. It shares some similar spike mutations with the
Alpha variant and also contains multiple mutations at important residues in the RBD includ-
ing K417N and E484K [9]. Preliminary evidences suggest that these mutations in the SARS-
CoV-2 RBD can potentially impact virulence, transmissibility, and sensitive to neutralizing
antibodies [10-12].

Ever since the pandemic, vaccine development has progressed around the globe and few of
the vaccines are currently deployed to control the disease. The new viral variants usually evolve
to evade the available vaccines. However, prior investigations suggest that response of SARS-
CoV-2 variants against vaccine-induced immunity vary among individuals. For instance, effi-
cacy of antibody neutralization against circulating variants carrying multiple mutations dem-
onstrated slight reduction in the vaccine-elicited neutralizing antibody titers or no loss of
antibody response [13], which was contrary to the lower levels of neutralizing antibodies accu-
mulated in vitro [14] or complete resistance to neutralization [15] from a COVID-19 conva-
lescent plasma. Hence, possibilities of SARS-CoV-2 variants to escape immunity induced by
vaccines should be critically evaluated.

The rationale of this study is to determine the effect of mutations in the RBD of SARS-
CoV-2 on the binding affinity with anti-SARS-CoV and anti-SARS-CoV-2 monoclonal anti-
bodies (mAbs) for preliminary test without the need of virus safety control. Hence, the RBD of
SARS-CoV-2 and variants Alpha and Beta were produced in Nicotiana benthamiana and its
binding affinity with host cell receptor, angiotensin-converting enzyme 2 (ACE2), was investi-
gated by ELISA. Furthermore, the binding of RBD variants with three plant-produced mAbs
CR3022, B38, and H4 were evaluated.

Materials and methods

Construction of SARS-CoV-2 RBD-Fc, Alpha and Beta variants RBD-Fc in
geminiviral vector for transient expression

The construct of SARS-CoV-2 RBD-Fc was produced from the previous study [16]. In addi-
tion, the amino acid sequences (F318 to C617) of Alpha and Beta variants RBD (GenBank
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Fig 1. Amino acid sequence alignment of SARS-CoV-2, Alpha, and Beta RBDs and schematic representation of
gene constructs in pBY2eK. (A) Amino acid alignment of SARS-CoV-2 RBD, Alpha RBD, and Beta RBD. Yellow and
red color indicates amino acid mutation in Alpha RBD and Beta RBD, respectively. (B) Schematic representation of
pBY2eK vector. T-DNA regions of the pBY2eK vector consists of P35S (cauliflower mosaic virus (CaMV) 35S
promoter), NbPsaK2T 5’'UTR (5 untranslated region), Ext3'FL (3 full length of the tobacco (Nicotiana tabacum)
extension gene), Rb7 MAR 5’ del (tobacco RB7 promoter), SIR (short intergenic region of BeYDV genome), LIR (long
intergenic region of BeYDV genome), C2/C1 (bean yellow dwarf virus (BeYDV) open reading frames C1 and C2
encoding for replication initiation protein (Rep) and RepA), P19 (P19 gene from tomato bushy stunt virus (TBSV)),
TMVQ 5-UTR (5 untranslated region of tobacco mosaic virus ), and PinII 3’ (terminator from potato proteinase
inhibitor II gene). The SARS-CoV-2 RBD-Fc or Alpha RBD-Fc or Beta RBD-Fc or Fc gene was inserted into the
pBY2eK (Xbal and Sacl enzyme sites).

https://doi.org/10.1371/journal.pone.0253574.g001

accession number: QQX0 1934.1 (Alpha) and QSH75306.1 (Beta)) (Fig 1A) were retrieved.
The nucleotide sequences encoding Alpha and Beta variants RBD flanked with the murine
leader sequence [17] and 1xGGGGS were codon-optimized for Nicotiana benthamiana
expression and commercially synthesized (Genewiz, Suzhou, China). The Fc fragment linked
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Table 1. List of primers used in this study.

Primer Name Sequence (5’-3)
M-ZXGGGGS—FC GGATCCGGAGGTGGAGGTTCTGGAGGTGGAGGTTCACCACCATGTCCAGCTCCAG
SacI-SEKDEL-Fe GAGCTCTTAAAGCTCATCCTTCTCAGACTTGCCAGGGGACAAAGAAAGG
@-3XGGGGS-FC TCTAGAATGGGAGGTGGAGGTTCTGGAGGTGGAGGTTCTGGAGGTGGAGGTTCACCACCATGTCCAGCTCCAG

https://doi.org/10.1371/journal.pone.0253574.t001

with an ER retention signal SEKDEL motif [16] was amplified by polymerase chain reaction
(PCR) using BamHI-2xGGGGS-Fc forward primer and SacI-SEKDEL-Fc reverse primer as
listed on Table 1. Each variant SARS-CoV-2 RBD was digested with Xbal and BamHI restric-
tion enzymes (New England Biolabs, Hitchin, UK) and similarly Fc fragment was digested
with BamHI and Sacl restriction enzymes (New England Biolabs, Hitchin, UK). The digested
fragments were gel-purified and both fragments were ligated into geminiviral vector pBYR2-
eK2Md (pBY2eK) [18] using T4 DNA ligase (New England Biolabs, Hitchin, UK). Meanwhile,
the nucleotide sequence encoding Fc protein (Fc) was amplified by PCR using Xbal-
3xGGGGS-Fc forward primer and SacI-SEKDEL-Fc reverse primer provided in the Table 1.
The resulting PCR product was gel-purified and ligated into pBY2eK expression vector with
Xbal and Sacl restriction enzymes. The developed pBY2eK-RBD-Fc fusion protein constructs
containing either SARS-CoV-2 RBD-Fc, Alpha RBD-Fc or Beta RBD-Fc and the pBY2eK-Fc
(Fig 1B) were transformed into Escherichia coli strain DH10B competent cells by heat shock
method and the recombinant plasmids were confirmed by restriction enzyme (Xbal and Sacl)
digestion and DNA sequencing. The confirmed plasmids were transformed to Agrobacterium
tumefaciens GV3101 via., electroporation.

Transient expression of SARS-CoV-2 RBD-Fc, Alpha and Beta variants
RBD-Fc in N. benthamiana

Wild type N. benthamiana plants were grown in a controlled room with 16 h light/ 8 h dark
cycle at 25-28°C for 6-8 weeks. Agrobacterium cells containing either the pBY2eK-SARS-
CoV-2 RBD-Fc or Alpha RBD-Fc or Beta RBD-Fc construct was cultured overnight at 28°C
with continuous shaking at 200 rpm. Overnight bacterial cultures were centrifuged at 4,000 g
for 10 min at room temperature and the pellets were resuspended in infiltration buffer (10mM
2-[N-morpholino] etanesulfonic acid (MES), 10mM MgSO,, at pH 5.5) to get a final ODgp, of
0.4. Each cell suspension containing either pBY2eK-SARS-CoV-2 RBD-Fc or any of the vari-
ants RBD-Fc was agroinfiltrated in N. benthamiana plants by syringe infiltration. The infil-
trated plants were incubated in a controlled room for 3 days at 28°C. The concentration of the
crude protein extracts was calculated in comparison with bovine serum albumin (BSA) stan-
dard (Thermo Scientific, Illinois, USA) by the Bradford method (Bio-rad, California, USA).

Recombinant protein expression and purification

The cultured Agrobacterium cells containing the pBY2eK-SARS-CoV-2 RBD-Fc or Alpha
RBD-Fc or Beta RBD-Fc or Fc construct was diluted in infiltration buffer to an ODgg, of 0.2
for vacuum infiltration into N. benthamiana. Infiltrated plants were harvested 3 days post infil-
tration and extracted with 1xPBS extraction buffer (phosphate-buffered saline: 137mM NacCl,
2.7mM KCl, 4.3mM Na,HPO,, 1.47mM KH,PO,, at pH 7.4). The homogenized plant crude
extracts were centrifuged at 26,000 g for 40 min at 4°C. Each supernatant was filtered with

0.45 pym membrane filter and loaded into protein A bead (GE healthcare, Illinois, USA) col-
umn. The column was further washed three times with 1xPBS and eluted with 100mM glycine
at pH 2.7. The purified protein was neutralized with 1.5M Tris-HCl at pH 8.8. The
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concentration of purified plant-produced proteins was measured in comparison with the BSA
and the internal plant-produced SARS-CoV-2 RBD-Fc standard by the Bradford assay.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and western blot

The plant crude extracts or purified plant-produced proteins were further analyzed by
SDS-PAGE and western blot. For plant crude extracts, proteins were separated by 4-15%
SDS-PAGE gel under reducing and non-reducing conditions using wild type N. benthamiana
extract as the negative control. Similarly, purified plant-produced proteins were subjected to
4-15% SDS-PAGE specifically SARS-CoV-2 RBD-Fc, Alpha RBD-Fc and Beta RBD-Fc was
analyzed under both reducing and non-reducing condition whereas Fc protein was separated
under non-reducing condition. The separated proteins were stained with InstantBlue™
(Abcam, Cambridge, UK) for visualization or transferred to nitrocellulose membrane (Bio-
rad, California, USA) for western blotting. The membranes were blocked with 5% skim milk
and probed either with horseradish peroxidase (HRP)-conjugated goat anti-human IgG
(Southern Biotech, Alabama, USA) diluted 1:10,000 in 3% skim milk or with rabbit anti-
SARS-CoV-2 spike protein (RBD) mAb (Invitrogen, California, USA) diluted 1:5,000 and
HRP-conjugated goat anti-rabbit IgG (Boster Bio, California, USA) diluted 1:5,000 in 3% skim
milk. The membranes were washed and developed by chemiluminescence using ECL detection
reagent (Promega, Wisconsin, USA) as per manufacturer’s instructions.

Binding of plant-produced SARS-CoV-2 RBD-Fc, Alpha and Beta variants
RBD-Fc to ACE2 receptor by ELISA

A 96-well ELISA plate (Corning, New York, USA) was coated with 25 ul of 2 ug/ml human
ACE?2 protein (Sino Biological, Beijing, China) and incubated overnight at 4°C. The coated
plate was washed three times with 1xPBST (1xPBS with 0.05% Tween20) and blocked with 5%
skim milk for 1 h at 37°C. Then, the plate was washed three times with 1xPBST and incubated
with 0.02-5.00 pg/ml of purified plant-produced SARS-CoV-2 RBD-Fc or Alpha RBD-Fc or
Beta RBD-Fc or Fc protein for 2 h at 37°C. The plate was washed three times with 1xPBST and
incubated with HRP-conjugated goat anti-human IgG diluted 1:2,000 in 1xPBS for 1 h at
37°C. The plate was washed and the signal was detected with 25 pul of TMB substrate (Promega,
Wisconsin, USA) and stopped with 25 pl of 1M H,SO,. The absorbance was measured at 450
nm using SpectraMax M5 (Molecular devices, California, USA). The experiment was per-
formed in three replicates and the data are presented as mean+SD.

Binding of plant-produced CR3022, B38 and H4 mAbs to plant-produced
SARS-CoV-2 RBD-Fc, Alpha and Beta variants RBD-Fc by ELISA

Briefly, 25 pl of 2 pg/ml purified plant-produced SARS-CoV-2 RBD-Fc or Alpha RBD-Fc or
Beta RBD-Fc or Fc protein was coated on a 96-well ELISA plate and incubated overnight at
4°C. The coated plate was washed with 1xPBST and blocked with 5% skim milk for 1 h at
37°C. The plate was washed with 1xPBST and incubated either with 0.31-40.00 ug/ml of puri-
fied plant-produced mAbs CR3022 or B38 or H4 [17, 19] for 2 h at 37°C. Then, the plate was
washed with 1xPBST and incubated with HRP-conjugated goat anti-human Kappa (Southern
Biotech, Alabama, USA) diluted 1:2,000 in 1xPBS for 1 h at 37°C. The plate was washed and
the signal was detected with 25 ul of TMB substrate and stopped with 25 pl of 1 M H,SO,. The
absorbance was measured at 450 nm using SpectraMax M5. The experiment was performed in
three replicates and the data are presented as mean+SD.
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Structural analysis of SARS-CoV-2 RBD-Fc proteins binding to mAbs

Crystal structures of SARS-CoV-2 RBD in complex with the Fab fragments of the CR3022
mAb (PDB ID 6W41) [20] and B38 mAb (PDB ID 7BZ5) [21] were used for structural analysis.
The RBD portion of the structures were aligned together using PyMOL (PyMOL Molecular
Graphics System, Version 2.5.0a0 Schrédinger, LLC) (Co. RMSD = 0.518 A). In silico mutagen-
esis were performed and the structure figures were generated using PyMOL.

Results

Expression of SARS-CoV-2 RBD-Fc, Alpha and Beta variants RBD-Fc in N.
benthamiana

The nucleotide sequence of SARS-CoV-2 RBD and variant RBD, Alpha and Beta, strains (Fig
1A) were codon-optimized and fused along with Fc fragment and subsequently cloned with
plant expression geminiviral vector pBY2eK (Fig 1B). The recombinant vectors harbouring
the SARS-CoV-2 RBD-Fc, Alpha RBD-Fc, Beta RBD-Fc, and Fc were propagated and trans-
formed into Agrobacterium tumefaciens. Agrobacterium containing either of the constructs
were infiltrated into N. benthamiana. Three days after infiltration, the infiltrated leaves were
harvested and the expression of SARS-CoV-2 RBD-Fc, Alpha RBD-Fc, and Beta RBD-Fc was
detected by western blot using HRP-conjugated anti-human IgG (Fig 2). The expected protein
band at approximately 75 kDa was observed under reducing conditions (Fig 2A) and 150 kDa
under non-reducing conditions (Fig 2B).

Purification of recombinant protein from N. benthamiana crude extracts

Protein-A affinity chromatography was used to purify the SARS-CoV-2 RBD-Fc, Alpha
RBD-Fc and Beta RBD-Fc and Fc protein from N. benthamiana leaves. The purified plant-pro-
duced proteins were subjected to SDS-PAGE and western blot analysis (Fig 3). The expected

A B
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250 — - 250 — \
150- ~ - -- «
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75 - 5o
TN — - <«
50 — 50 — - -
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e 25 =
%= 2=
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Fig 2. Transient expression of SARS-CoV-2 RBD-Fc and variants in N. benthamiana. Agroinfiltrated N.
benthamiana leaves were extracted and protein expression was assessed by western blotting using HRP-conjugated
goat anti-human IgG Fc specific antibody under reducing condition (A) and non-reducing condition (B). Lane WT:
crude extract of wild type N. benthamiana; Lane 1: crude extract of N. benthamiana agroinfiltrated with
pBY2eK-SARS-CoV-2 RBD-Fc; Lane 2: crude extract of N. benthamiana agroinfiltrated with pBY2eK-Beta RBD-Fc;
Lane 3: Lane 1: crude extract of N. benthamiana agroinfiltrated with pBY2eK-Alpha RBD-Fc. The arrow indicated the
expected band. The experiment was performed in three times repeat.

https://doi.org/10.1371/journal.pone.0253574.g002
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Fig 3. SDS-PAGE and western blot analysis of purified plant-produced SARS-CoV-2 RBD-Fkc, variants, and Fc.
Purified plant-produced SARS-CoV-2 RBD-Fc, Alpha RBD-Fc, and Beta RBD-Fc variants were evaluated by
SDS-PAGE and western blot under reducing condition (A, B, and C) and non-reducing condition (D, E, and F). In
addition, purified plant-produced Fc was assessed by SDS-PAGE and western blot under nonreducing condition (G).
The proteins were separated by 4-15% SDS PAGE and stained with InstantBlue®™ (A and D). For western blot, the
proteins were transferred onto nitrocellulose membrane and probed with HRP-conjugated goat anti-human IgG (B
and E) or rabbit anti-SARS-CoV-2 spike protein (RBD) mAb (C and F). Lane 1: purified plant-produced SARS-CoV-2
RBD-Fc; Lane 2: purified plant-produced Beta RBD-Fc protein; Lane 3: purified plant-produced Alpha RBD-Fc
protein; Lane 4: purified plant-produced Fc protein. The arrow indicated the expected band.

https://doi.org/10.1371/journal.pone.0253574.9003
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Fig 4. In vitro binding of purified plant-produced SARS-CoV-2 RBD-Fc and variants to human ACE2. The
binding affinity to ACE2 was determined by ELISA. Two-fold dilution of plant-produced SARS-CoV-2 RBD-Fc, Alpha
RBD-Fc, Beta RBD-Fc, and Fc proteins were incubated on plates coated with human ACE2 protein. The bound
protein was detected with HRP-conjugated goat anti-human IgG. The data are the mean+SD of triplicates assay from
each concentration.

https://doi.org/10.1371/journal.pone.0253574.9004

band at 75 kDa was observed in the SDS-PAGE stained gels under reducing condition (Fig
3A) and 150 kDa under non-reducing condition which corresponds to RBD-Fc protein (Fig
3D). In western blot, the plant-produced RBD-Fc proteins were detected at 75 and 150 kDa
under reducing and non-reducing condition by using HRP-conjugated anti-human IgG (Fig
3B and 3E) and anti-SARS-CoV-2 spike protein (RBD) mAb (Fig 3C and 3F). The average
yield of RBD-Fc produced in N. benthamiana was observed to be 20 pg/g leaf fresh weight.

Binding of plant-produced SARS-CoV-2 RBD-Fc, Alpha and Beta variants
RBD-Fc to ACE2 receptor

SARS-CoV-2 RBD was reported to interact with human ACE2 receptor for host cell entry
[22]. The binding efficiency of the plant-produced SARS-CoV-2 RBD-Fc protein, Alpha
RBD-Fc, and Beta RBD-Fc to ACE2 were determined by ELISA. The plant-produced Fc pro-
tein was used as a negative control. The results showed that plant-produced SARS-CoV-2
RBD-Fc and variants RBD-Fc exhibit similar binding affinity with the ACE2 protein, com-
pared to the control plant-produced Fc protein (Fig 4).

Binding of SARS-CoV-2 RBD-Fc, Alpha and Beta variants RBD-Fc to
plant-produced mAbs CR3022, B38, and H4

The previous studies showed that the SARS-CoV-2 RBD can bind to anti-SARS-CoV mAb
CR3022 [19] and anti-SARS-CoV-2 H4 and B38 mAbs [17]. To determine the effect of plant-
produced RBD-Fc (SARS-CoV-2, Alpha, and Beta variant) on mAb binding, the purified
plant-produced RBD-Fc of three strains were tested with mAb CR3022, B38, and H4. The
plant-produced Fc protein was used as the negative control. The plant-produced SARS-CoV-2
RBD-Fc could bind to all anti-SARS-CoV mAb (CR3022) and anti-SARS-CoV-2 mAbs (B38,
and H4) (Fig 5). The binding of plant-produced SARS-CoV-2 RBD-Fc to anti-SARS-CoV-2
mAbs was higher than the plant-produced Alpha RBD-Fc and Beta RBD-Fc variants. The
plant-produced Alpha RBD-Fc binds to CR3022, B38 and H4 (Fig 5A-5C). However, its bind-
ing to B38 varied with antibody concentration (Fig 5B). In contrary, the plant-produced Beta
RBD-Fc binds to CR3022 (Fig 5A), but not B38 and H4 (Fig 5B and 5C). These results showed
that the mutation on RBD of SARS-CoV-2 of Beta RBD-Fc could affect mAb binding.
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Fig 5. In vitro binding of purified plant-produced SARS-CoV-2 RBD-Fc and variants to mAbs against SARS-
CoV-2 RBD. The binding affinity of plant-produced mAbs to plant-produced SARS-CoV-2 RBD-Fc and variants was
determined by ELISA. The different concentration of anti-SARS-CoV mAb CR3022 (A) and anti-SARS-CoV-2 mAbs
B38 (B), and H4 (C) were incubated on plates coated with plant-produced SARS-CoV-2 RBD-Fc, Alpha RBD-Fc, Beta
RBD-Fc, and Fc proteins. The bound antibody was detected with HRP-conjugated goat anti-human Kappa. The data
are the mean=+SD of triplicates assay from each concentration.

https://doi.org/10.1371/journal.pone.0253574.g005

Discussion

The COVID-19 pandemic caused by the novel SARS-CoV-2 has overwhelming drastic impacts

on the human population, public health care system, and global economy. Recently, new

genetic variants of SARS-CoV-2 have been identified. These variants contain diverse muta-
tions which confers enhanced affinity for ACE2 [12] and provide competitive advantages to
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the virus in terms of infection, spread, and escape from neutralizing antibodies [2, 10, 11]. In
addition, genetic variations seen across SARS-CoV-2 may significantly affect the efficacy of
currently developed vaccines [23, 24]. Thus, a matter of intense interest over the SARS-CoV-2
variants continues to grow and necessitates active surveillance and investigation.

The new variants of SARS-CoV-2 have emerged recently and rapidly spread to many coun-
tries. The variants of concern, such as the lineage B.1.1.7 (201/501Y.V1 or VOC 202012/01)
and the lineage B.1.351 (20H/501Y.V2), were initially identified in United Kingdomand South
Africa, respectively [6, 8]. For all variants, the mode of infection or viral entry into host cells
starts with the interaction of S protein of SARS-CoV-2 with host cell receptor. In particular,
the RBD found in the S protein binds to the human ACE2 cell receptor and then initiates viral
attachment, membrane fusion and entry to cells [25, 26]. Hence, RBD of SARS-CoV-2 plays
an important role in virus pathogenicity and is considered as one of the major antigenic targets
for vaccine development. In comparison with the predominant SARS-CoV-2, the viral variants
harbor multiple mutations in the RBD. For the virus lineage B.1.1.7 (Alpha), the amino acid
mutations in RBD replaces asparagine with tyrosine at position 501 (N501Y), alanine to aspar-
tic acid at position 570 (A570D), and aspartic acid to glycine at position 614 (D614G) [7]. The
virus lineage B.1.351 (Beta) contains point substitutions in the RBD leads to amino acid change
from asparagine to tyrosine at position 501 (N501Y), aspartic acid to glycine at position 614
(D614G), lysine to asparagine at position 417 (K417N), and glutamic acid to lysine at position
484 (E484K) [9]. These mutations in the SARS-CoV-2 RBD might confer differences in bind-
ing against the functional ACE2 receptor or neutralizing monoclonal antibodies, thus warrants
further investigations. Hence, in this study, the RBD of the SARS-CoV-2, Alpha, and Beta vari-
ant was produced and its binding efficiency with the three reported mAbs CR3022, H4 and
B38 were tested as a preliminary approach to evaluate the ability of mAbs to recognize emerg-
ing novel SARS-CoV-2 variants.

Many expression systems are available to produce recombinant vaccine antigens and
mAbs. However, each system has their own advantages and limitations. Recently plants are
considered as an effective platform to produce biopharmaceuticals especially during pandem-
ics [25, 27-30]. In this study, the plant transient expression system was utilized to produce
recombinant proteins due to its rapidity and scalability [31]. By transient expression, the
recombinant proteins can be produced in less than 2 weeks after synthetic gene construct
delivery [19, 32]. Geminiviral vector derived from the bean yellow dwarf virus was widely used
for transient expression in plants as it produces very high levels of recombinant DNA for the
protein of interest inside the leaf cells which in turn leads to high protein accumulation within
5 days after infiltration [18, 33]. Earlier reports showed proof-of-concept pilot-scale produc-
tion of SARS-CoV-2 related proteins and mAbs in plants. Our group has already reported the
production of SARS-CoV mAb CR3022 and SARS-CoV-2 mAbs H4 and B38 in plants [17, 19,
26, 34]. Here, we have used geminiviral vector for the production of SARS-CoV-2 RBD-Fc,
Alpha RBD-Fc, and Beta RBD-Fc in Nicotiana benthamiana. The protein accumulation of
approximately 20 pg/g leaf fresh weight was observed within 3 days post-infiltration.

The plant-produced RBD-Fc was purified and its ability to bind to cell receptor ACE2 was
determined by ELISA. Our data showed that Alpha RBD-Fc protein strongly binds to human
ACE2 compared to SARS-CoV-2 RBD-Fc and Beta RBD-Fc. The binding of Beta RBD-Fc to
ACE2 was comparable with SARS-CoV-2 RBD-Fc. Our result was in consistent with the previ-
ous report in which D614G (Alpha and Beta) mutation enhances virus infection [35]. The
point mutations N501Y (Alpha and Beta) and E484K (Beta) in the RBD provide strong bind-
ing between spike and ACE2 receptor in the novel variants [36, 37]. In contrast, the K417N
(Beta) substitution in the RBD disrupts the binding of spike with ACE2 receptor [36].
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In addition, the binding efficiency of the plant-produced RBD variants with mAbs were
evaluated. The earlier reports from our group showed that the plant-produced anti-SARS-CoV
mAb CR3022 [19] and SARS-CoV-2 mAbs B38, and H4 [17] can effectively bind the SARS-
CoV-2 RBD protein. The impact of the mutations in the RBD of SARS-CoV-2 variants on the
binding efficiency of three reported plant-produced mAbs CR3022, B38, and H4 was exam-
ined by ELISA. The results showed that the plant-produced SARS-CoV-2 RBD-Fc bind to
three tested plant-produced mAbs. Whereas, plant-produced Alpha RBD-Fc variant showed
similar binding affinity like plant-produced SARS-CoV-2 RBD-Fc against plant-produced
CR3022 and H4 mAbs. However, the binding of Alpha RBD-Fc variant to plant-produced B38
mAb exhibited dose-dependent manner. Interestingly, the results of binding efficiency of Beta
RBD-Fc with the mAbs showed that, it binds to the plant-produced CR3022 mAb but not with
plant-produced B38 and H4 mAbs. Earlier studies reported that D614G (Alpha and Beta)
mutation in the S protein enhances viral infectivity but it did not affect the binding of SARS-
CoV-2 S protein to anti-SARS-CoV-2 sera [35]. In contrast, the E484K (Beta) mutation is of
great concern, since it enhances binding affinity with ACE2 and reduces the binding interac-
tions with neutralizing antibodies [37] and polyclonal serum antibodies [38] compromising
the neutralization. Similar results were also reported in which the sensitivity to antibody neu-
tralization varies between Alpha and Beta variant, however Beta variant was reported to be less
sensitive to neutralizing antibodies and could potentially be more problematic than the Alpha
variant [39]. Based on our structural analysis, the mutations in the SARS-CoV-2 RBD did not
affect the binding efficacy of the CR3022 mAb, whereas mutations at N501Y (Alpha and Beta)
and K417N (Beta) have the effect on the binding of SARS-CoV-2 RBD to anti-SARS-CoV-2
mAb B38 and H4 (Fig 6). Future work with sera from the diverse group including the recov-
ered patients and vaccine recipients will help to demonstrate the differential binding of plant-
produced RBD of variant strains and the role of variants in vaccine efficacy.
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Fig 6. Structural analysis of the interactions between the SARS-CoV-2 RBD variants and mAb against SARS-CoV-2 RBD. (A)
The overall structure of anti-SARS-CoV mAb CR3022 and anti-SARS-CoV-2 mAb B38 bound with SARS-CoV-2 RBD. (B) The
potential mechanism of reduction in binding affinity due to the loss of an interaction in the K417N mutation in SARS-CoV-2 RBD.
(C) The potential mechanism of reduction in binding affinity due to a steric clash from the N501Y mutation in the SARS-CoV-2
RBD.

https://doi.org/10.1371/journal.pone.0253574.9006
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To rationalize the differential binding affinity of SARS-CoV-2 RBD to mAbs, the structures
of SARS-CoV-2 RBD in complex with the Fab fragments of the CR3022 [20] and B38 [21] anti-
bodies were examined (Fig 6A). The CR3022 mAb bound in the location remote from K417,
E484, and N501 residues of the RBD. Therefore, mutation in these locations should not drasti-
cally affect the binding affinity of CR3022 to RBD. Indeed, our ELISA results show the CR3022
mAb could still bind the SARS-CoV-2 RBD. The B38 mAb bound in the region of RBD where
mutations are present and is expected to be affected by the mutations. The Beta RBD contains
the K417N and N501Y mutations that are at the B38 mAb binding interface. K417 normally
forms a hydrogen bond with Y52 of the B38 mAb heavy chain (Fig 6B). The K417N mutation
introduces asparagine with the shorter side chain that could no longer form a hydrogen bond
with Y52. The N501 in SARS-CoV-2 RBD forms a hydrogen bond with S30 of the B38 mAb
light chain (Fig 6C). The N501Y mutation converted the small asparagine into the bulky tyro-
sine that resulted in a steric clash with the B38 mAb. The combination of both the K417N and
N501Y mutations should renders the B38 mAb a weak binder of Beta RBD, which agrees with
our ELISA results. The Alpha RBD only contained the N501Y in the B38 mAb-binding region.
Therefore, a reduction in the binding affinity towards B38 mAb is expected, but to a lesser
degree compared to the Beta RBD variant. Our ELISA results also corroborated with the struc-
tural analysis. Our structural analysis not only confirms the experimental observation, but also
highlight to functional reproducibility of RBD produced in plant-based system compared to
other expression systems.

To date, no three-dimensional structural information about the H4 antibody binding loca-
tion on the RBD is available. It is known that the H4 mAb could compete with the B38 anti-
body. The epitopes are likely different but with partial overlap [21]. From our ELISA results,
the H4 mAb could still bind the Alpha RBD. Because the N501Y is the only mutation in the
Alpha strain has in the RBD, our data suggests that the epitope recognized by the H4 antibody
does not involve N501. The H4 mAbD could not bind the Beta RBD at all. It is possible that the
H4 epitope could involve both K417 and E484. More mutagenesis experiments should be done
to determine whether the single K417N or E484K mutation, or both the K417N and E484K are
required to disrupt the H4 mAb binding.

In conclusion, our results demonstrate that RBD of SARS-CoV-2 and variants can be pro-
duced in plant expression system and the preliminary results on the binding efficiency of
plant-produced RBDs with three tested mAbs confirmed that the binding efficacy of Alpha
RBD with B38 mAb varied depending on the concentration and that the Beta RBD has less
binding affinity with the studied antibodies. The findings implied that these Alpha and Beta
variants could be possible threat for previously immune populations. However, detailed stud-
ies with the range of neutralizing antibodies are required to confirm these findings. The plant-
produced RBD variants could mimic the structure of mutant SARS-CoV-2 RBD and possibly
provide information on the effective vaccine design for mutant strains.
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