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Cobra (Naja kaouthia) venom contains many toxins including a-neurotoxin (aNTX) and phospholipase A2 (PLA2),
which can cause neurodegeneration, respiratory failure, and even death. The traditional antivenom derived from
animal serum faces many challenges and limitations. Heavy-chain-only antibodies (HCAb), fusing Vuy with
human IgG Fc region, offer advantages in tissue penetration, antigen binding, and extended half-life. This
research involved the construction and transient expression of two types of Vyy-Fc which are specific to
a-Neurotoxin (Vyy-aNTX-F¢) and Phospholipase A2 (Vyy-PLA2-Fc) in Nicotiana benthamiana leaves. The re-
combinant HCAbs were incubated for up to six days to optimize expression levels followed by purification by

affinity chromatography and characterization using LC/Q-TOF mass spectrometry (MS). Purified proteins
demonstrated over 92 % sequence coverage and an average mass of around 82 kDa with a high-mannose N-
glycan profile. An antigen binding assay showed that the Vyu-aNTX-Fc has a greater ability to bind to crude

venom than Vyy-PLA2-Fc.

1. Background

Snakebite envenomation is a major health problem that leads to
physical injury and disability, particularly in regions of Africa, Asia, and
Latin America. According to the World Health Organization (WHO),
there were an estimated 1.8 — 2.7 million cases of snakebites annually
between 2022 and 2023, resulting in serious illness or permanent dis-
abilities. Envenomation causes the death of 81,000 to 138,000 people
each year [1]. Snakebites are a severe health problem, especially in the
region of South-East Asia, which accounts for almost 70 % of estimated
global snakebite deaths [2]. In addition, traditional antivenom produced
from animals has limitations, including adverse reactions, low purity of
specific antibodies, and a high-cost and time-consuming production
process. [3,4]. Therefore, the development of efficient, safe, and
affordable antivenom(s) is necessary to protect against and treat
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snakebites.

The Cobra snake belongs to the “Naja” genus and is a member of the
Elapidae family of snakes. They are widely distributed in Africa and Asia
and are responsible for a great number of snake envenomation cases in
these continents [5]. Snake venom is composed of many biologically
active proteins, with a-Neurotoxin (aNTX) being the major component
followed by Phospholipase A2 (PLA2) in Cobra snake venom [6,7].
a-Neurotoxin (aNTX) belongs to the three-finger toxin (3FTx) group,
which is the most important group exerting neurotoxic effects by
interacting with muscle nicotinic cholinergic receptors (nAChRs),
causing lethality [8]. Neurotoxins in cobra venom can vary in terms of
measure and potency in different species and their geographical loca-
tions [7,9,10]. Phospholipase A2 (PLA2) enzymes also play a major role
in the neurotoxic and myotoxic effects after snake bites [11]. PLA2 is an
enzymatic toxin found in snake venoms that typically causes damage to
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cellular and subcellular membranes, lysis of erythrocytes, blood coag-
ulation, and cardiotoxicity [12]. PLA2 creates cationic channels in cell
membranes, leading to flooding of the cells with sodium and calcium
ions, which can result in cell death due to calcium intoxication, ionic
imbalance, swelling, and cell rupture [13]. Elapid venom consists
mainly of 3FTx and PLA2, which make up to 80 % of the total venom
proteome. These components are responsible for the neurotoxicity in
individuals bitten by cobras [6,7]. As a consequence, cobra envenom-
ation can cause paralysis, respiratory failure, cardiac arrest, and death
[14].

Single variable domains (Vygy), also known as nanobodies, are
naturally found in camelids [15-17]. Due to their small size of around 15
kDa compared to IgG antibodies, Vyy are highly effective in binding and
neutralizing their targets, allowing for quick diffusion throughout the
body to neutralize snake venom toxin proteins that causes tissue damage
at the bite site. Moreover, this approach offers many advantages, such as
high solubility, tissue permeability, and stability to changes in pH and
temperature [16,18,19]. However, due to its small size, Vyy is cleared
from the bloodstream much faster than larger proteins that are above the
glomerular filtration cutoff size of 65 kDa [20]. Therefore, the fusion of
the Fc region in heavy-chain-only antibodies (HCAb), which contain two
heavy chains, with a single variable domain Vyy as the antigen-binding
region, could lead to a longer half-life. [20,21]. Chimeric
nanobody-heavy chain antibodies have both the advantageous features
of nanobodies and human Fc domains by combining Vyy with the Fc
region of human IgG to enhance their half-life [17,22]. Thus, the re-
combinant Vyy-Fc is a promising candidate for various applications in
biomedical research, diagnosis, and therapy.

Currently, plant-based platforms for transient antibody expression
have been gaining more attention due to their excellent advantages such
as effectiveness, cost-saving, rapid production, and sustainability [23,
24]. Plant-produced monoclonal antibodies (mAbs) have been used for
treatment of various infections and diseases such as HIV, breast cancer,
influenza, rabies virus, parvo virus, Covid-19, Ebola, and monocytic
leukemia [25-31].

The objective of this research was to express Vyy-Fc single heavy
chain fragments that contain variable heavy chain domains encoding
a-Neurotoxin (Vyy-aNTX-Fc) and/or Phospholipase A2 (Vyy-PLA2-Fc)
in Nicotiana benthamiana. The combination of fast growth, high biomass
production, ease of transformation, high protein expression levels, and
compatibility with viral vectors, low nicotine content makes
N. benthamiana a popular choice for transient expression of recombinant
proteins in plants.

The plant-based platform was optimized to achieve the highest yields
of Vuy-oNTX-Fc and Vyu-PLA2-Fc expression by varying the incubation
period after days post infiltration. The recombinant proteins were then
purified using protein A chromatography, characterized for their
structural assembly, and further tested for their antigen binding activity.

2. Methods

2.1. Cloning and transient expression of Vyy-aNTX-Fc and Vyy-PLA2-Fc
gene

The sequence of Vyy-aNTX was acquired from United States, (Patent
No. US 2013/0259864 A1’ Cluster II C2) [22] and that of Vyy-PLA2
from a previousstudy by Chavanayarn et al., 2012 [12]. Each of them
was codon-optimized for plant and synthesized by Genewiz (Suzhou,
China). Each of the llama single variable domain (Vyy) genes of aNTX
and PLA2 was individually cloned, digested with Xbal/BamHI and
ligated with constant region of human IgG1 heavy chain CHy and CHs
(Fc, Genbank accession number: 4CDH_A) for cloning into geminiviral
vector pBY2eK. The pBY2eK-Vyy-Fc were transformed into Escherichia
coli strain DH10B by heat shock and the recombinant plasmids were
confirmed by restriction digestion using enzymes Xbal and Sacl and
further by DNA sequencing. The confirmed plasmids were transformed
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to Agrobacterium tumefaciens GV3101 by electroporation.

Nicotiana benthamiana plants were grown under controlled condi-
tions with 8-h dark/16-h light cycle for 6 — 8 weeks. A. tumefaciens
GV3101 containing pBY2eK-Vyy-aNTX-Fc and pBY2eK-Vyy-PLA2-Fc
were separately grown in Luria-Bertani (LB) broth with 1 mg/L kana-
mycin, 1 mg/L gentamycin, 1 mg/L rifampicin at 28 °C overnight with
shaking at 200 rpm. Then, the overnight-grown culture was centrifuged
at 5000 g for 10 min at 25 °C. The pellet was resuspended in the infil-
tration buffer [10 mM MgSO4, 10 mM 2-(N-morpholino) ethanesulfonic
acid (MES) pH 5.5]. N. benthamiana leaves were infiltrated with
A. tumefaciens GV3101 containing pBY2eK-Vyy-aNTX-Fc and pBY2eK-
Vun-PLA2-Fc individually, at a final ODggg of 0.2 using syringe. Leaf
samples were extracted with 1X PBS (phosphate-buffered saline: 137
mM NaCl, 2.7 mM KCl, 4.3 mM NayHPOy4, 1.47 mM KH,POy4), pH 7.4.
The expression of Vyy-aNTX-Fc and Vyy-PLA2-Fc in N. benthamiana
leaves were determined by SDS-PAGE and western blot. All crude pro-
teins were loaded equally at a concentration of 15 pg/well to compare
the band intensity using ImageQuant™ (Biorad, California, USA). The
crude protein extracts were estimated for total protein by Bradford re-
agent (Bio-rad, California, USA) method using bovine serum albumin
(BSA) as a standard (Thermo Scientific, Illinois, USA).

2.2. Purification of plant-produced Vyy-aNTX-Fc and Vyy-PLA2-Fc

Infiltrated N. benthamiana leaves were extracted with 1X PBS, pH 7.4
using a blender (JSR, Gongju-si, Korea) and centrifuged (Thermo Sci-
entific, Massachusetts, USA) at 26,000 g for 30 min. The supernatant
was filtered with a 0.45 um membrane filter (Pall Corporation, New
York, USA) and loaded onto a protein-A affinity column. The column
was washed with ten-column volumes of PBS pH 7.4. The bound protein
was eluted with 0.1 M glycine (Vivantis, Shah Alam, Malaysia), pH 2.7,
and rapidly neutralized to pH 7.4 with 1.5 M Tris-HCl (Vivantis, Shah
Alam, Malaysia), pH 8.8. The purified plant-produced Vyy-aNTX-Fc and
Vyu-PLA2-Fc antibody was analyzed using SDS-PAGE and immunoblot
analysis.

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

The plant crude extract or purified plant-produced proteins were
further analyzed by SDS-PAGE and Western blot. For crude plant ex-
tracts, proteins were separated by SDS-PAGE gradient gel (4-15 %)
under non-reducing and reducing conditions using wild type
N. benthamiana extract as the negative control. The separated proteins
were stained with InstantBlue® (Abcam, Cambridge, UK) for proteins
visualization and also transferred to nitrocellulose membrane (Bio-Rad,
California, USA) for immunoblotting. The membranes were blocked
with 5 % skim milk and probed with horseradish peroxidase (HRP)-
conjugated goat anti-human IgG (Southern Biotech, Alabama, USA) that
was diluted 1:4000 in 3 % skim milk. The membranes were washed three
times with 1X PBST (1X PBS with 0.05 % Tween 20 (Sigma-Aldrich,
Darmstadt, Germany)) and once with 1X PBS. Then, the membrane was
detected for the chemiluminescence signal using ECL detection reagent
(Thermoscientific, USA) as per manufacturer’s instructions.

2.4. Molecular weight determination by intact protein analysis

For intact structure and mass analysis, 25 pg of Vyy-Fc purified
proteins were desalted and buffer exchanged with 50 mM ammonium
bicarbonate (Honeywell, North Carolina, USA) using a desalting column
with MW cut-off at 6000 Da (Bio-Rad, USA). Then, the collected sample
was centrifuged at 12,000 g for 10 min. Liquid chromatography quad-
rupole time-of-flight mass spectrometry (LC/Q-TOF) analysis was con-
ducted on a Liquid Chromatography Mass Spectrometry, Agilent model
6545XT Advance Bio, with a dual Agilent Jet Stream Electrospray
Ionization (Dual AJS ESI) source. LC separation was obtained with an
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Agilent PLRP-S 1000 A column (2.1 x 50 mm, 5 um). Approximately 1
ug of sample was injected for each analysis. The column temperature
was set to 60 °C with a flow rate of 0.3 mL/min during sample analysis.
0.1 % formic acid in water and 0.1 % acetonitrile were used as solvents A
and B, respectively. The elution gradient duration was 12 min following
these different steps: 0—1 min, 25-30 % of B; 1-3 min, 30-32 % of B; 3-4
min, 32-35 % of B; 4-5 min,35-60 % of B; 5-6, 60-90 % of B; 6-9 min,
90 % of B; 9-10 min, 90-25 % of B; 10-12, 25 % of B. The mass spec-
trometer acquisition parameters were: positive mode, 5000 V capillary
voltage, 2000 V nozzle voltage, full scan MS m/z @ 10,000-30,000 with
a resolution of 2 GHz in MS, collision energy 0 eV. The data obtained
from LC/Q-TOF were analyzed using Agilent Mass Hunter Bio Confirm
Software version 11.0.

2.5. Subunit protein analysis

For subunit protein analysis, 25 pg of Vyy-Fc purified protein was
desalted, and buffer exchanged with 50 mM ammonium bicarbonate
(Honeywell, North Carolina, USA) using a desalting column with MW
cut-off at 6000 Da (Bio-Rad, USA). 100 mM dithiothreitol (DTT)
(Glentham Life Sciences, Corsham, UK) was added into sample and
incubated at 65 °C for 30 min. Then, the collected sample was centri-
fuged at 12,000 g for 10 min. The sample was collected using peptide
compatible vials. LC/Q-TOF analysis were conducted on a Quadrupole
Time of Flight Liquid Chromatography Mass Spectrometry, Agilent
model 6545XT Advance Bio, Dual Agilent Jet Stream Electrospray
Ionization (Dual AJS ESI) source. LC separation was obtained with an
Agilent PLRP-S 1000 A column (2.1 x 50 mm, 5 um). Approximately 1
ug of sample was injected for each analysis. The column temperature
was set to 60 °C with a flow rate of 0.3 mL/min during sample analysis.
0.1 % formic acid in water and 0.1 % acetonitrile were used as solvents A
and B, respectively. The elution gradient duration was 12 min following
these different steps: 0—1 min, 25-30 % of B; 1-3 min, 30-32 % of B; 3-4
min, 32-35 % of B; 4-5 min, 35-60 % of B; 5-6, 60-90 % of B; 6-9 min,
90 % of B; 9-10 min, 90-25 % of B; 10-12, 25 % of B. The mass spec-
trometer acquisition parameters were: Positive mode, 5000 V capillary
voltage, 2000 V nozzle voltage, full scan MS m/z @ 400-3200 with a
resolution of 4 GHz in MS, Collision energy 10 eV. The data obtained
from LC/Q-TOF were analyzed using Agilent Mass Hunter Bio Confirm
Software version 11.0.

2.6. Protein identification by peptide mapping

Twenty-five pg of Vyy-Fc purified protein was desalted and buffer
exchanged with 50 mM ammonium bicarbonate (Honeywell, North
Carolina, USA) using a desalting column with MW cut-off at 6000 Da
(Bio-Rad, USA). 100 mM dithiothreitol (DTT) (Glentham Life Sciences,
Corsham, UK) were added and samples were incubated at 65 °C for 30
min. 10 pL of iodoacetamide (IAA) (Glentham Life Sciences, Corsham,
UK) was added and the samples were incubated in the dark at room
temperature for 20 min. 0.5 pg of trypsin was added to digest the sample
and incubated for 4 h. Then, the sample was collected and centrifuged at
12,000 g for 10 min. The sample was collected using peptide compatible
vials. LC/Q-TOF analysis was conducted on a Quadrupole Time of Flight
Liquid Chromatography Mass Spectrometry, Agilent model 6545XT
Advance Bio, with dual Agilent jet stream electrospray ionization (Dual
AJS ESI) source. LC separation was obtained with an Agilent Advance
Bio Peptide Mapping Column (2.1 x 150 mm, 2.7 um.) Approximately 1
ug of sample was injected for each analysis. The column temperature
was set to 60 °C with a flow rate of 0.4 mL/min during sample analysis.
0.1 % formic acid in water and 0.1 % acetonitrile were used as solvents A
and B, respectively. The elution gradient duration was 85 min following
these different steps: 0-2 min, 0 % of B; 2-35 min, 0-20 % of B; 35-55
min, 20-30 % of B; 55-65 min, 30-50 % of B; 65-70, 50-90 % of B;
70-75 min, 90 % of B; 75-80 min, 90-0 % of B; 80-85, 0 % of B. The
mass spectrometer acquisition parameters were: Positive mode, 4000 V
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capillary voltage, 500 V nozzle voltage, full scan MS m/z @ 100-3000
with a resolution of 2 GHz in MS, Collision energy as formula 3.1 x (m/
2)/100 - 1 for chargel — 2; 3.6 x (m/2)/100 - 4.8 for charge 3 and >3.
The data obtained from LC/Q-TOF were analyzed using Agilent Mass
Hunter Bio Confirm Software version 11.0.

2.7. Vyg-aNTX-Fc and Vyy-PLA2-Fc antigen-binding ELISA

A 96-well ELISA plate (Corning, New York, USA) was coated with
100 pL of 2 pg/mL crude venom of Thailand Naja kaouthia (Queen
Saovabha Memorial Institute, Thailand) and incubated overnight at 4°C.
The coated plate was washed three times with 1X PBST and blocked with
5 % (w/v) BSA for 1 h at 37°C. Then, the plate was washed three times
with 1X PBST and incubated with 0.02-240.00 pg/mL (0.000 - 15
uMolar) of purified plant-produced Vyy-oNTX-Fc and Vyy-PLA2-Fc
protein for 1 h at 37°C. The plate was washed three times with 1X PBST
and incubated with HRP-conjugated goat anti-human IgG diluted
1:2000 in 1X PBS for 1 h at 37°C. The plate was washed, and the signal
was detected with 100 pL of TMB substrate (Promega, USA) and stopped
with 100 pL of 1 M H2SO4. The absorbance was measured at 450 nm
using a Multimode plate reader (Perkin Elmer, EnsightTM, USA). The
experiment was performed in three replicates and the data are presented
as mean =+ SD.

3. Results

3.1. Cloning and transient expression of Vyy-aNTX-Fc and Vyy-PLA2-Fc
in Nicotiana benthamiana

The sequence of Vyy-aNTX was obtained from Richard et al., 2013
[22], while the sequence of Vyy-PLA2 was obtained from Chavanayarn
et al., 2012 [12]. Synthetic Vyy-aNTX-Fc or Vyy-PLA2-Fc sequences or
the Fc coding sequence were inserted into the pBY2eK expression vector
using, Xbal and Sacl restriction enzyme sites (Fig. 1). Each type of
Vuu-Fc was expressed in 6 — 8 week-old N. benthamiana after trans-
formation with Agrobacterium harboring the respective pBY2eK-Vyy-Fc
recombinant vectors and incubated for 6 days after syringe infiltration.
Leaves were then extracted and crude extracts were analyzed by
SDS-PAGE followed by Western blotting. The expected protein band at
around 80 kDa was observed in the infiltrated leaf extracts, whereas no
band was observed in the wild type leaf extract, as shown in Fig. 2. The
result indicated that N. benthamiana successfully expressed both
Vuu-aNTX-Fc and Vyy-PLA2-Fe. Further optimization of the incubation
time after infiltration of Vyy-aNTX-Fc and Vyy-PLA2-Fc into
N. benthamiana was investigated for 3 replicates. The extracted protein
was analyzed by Western blotting using equal amounts of total soluble
protein (15 pg). The result showed different band intensities as shown in
Fig. 3C — D and Supplemental Figs. S3A — F. Vyy-aNTX-Fc showed
increased expression and reached the highest level at day 6, whereas the
expression of Vyy-PLA2-Fc was approximately the same level from day 2
to day 6 (Fig. 3E). However, both proteins showed a decrease in
expression after 6 days.

3.2. Purification of Vyy-aNTX-Fc and Vyy-PLA2-Fc from N.
benthamiana leaves

N. benthamiana leaves were infiltrated via., syringe infiltration with
Vyu-Fc and incubated for 6 days. As shown in Fig. 3A — B, the area of leaf
infiltrated with Vyy-oNTX-Fc and Vyy-PLA2-Fc exhibited curling, and
necrosis in comparison with the non-infiltrated area of the leaf. Plant-
produced Vyy-aNTX-Fc and Vyy-PLA2-Fc proteins were expressed and
purified by affinity chromatography using Protein A resin (Figure S1 and
S2). As shown in Fig. 4A, SDS-PAGE under non-reducing condition
showed that both Vyg-aNTX-Fc and Vyy-PLA2-Fc had a band size
around 80 kDa, while a weaker band around 160 kDa may be related to
protein aggregates. Under reducing conditions (Fig. 4C), a major band
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Fig. 1. Illustration of the Vyy-aNTX-Fc and Vyy-PLA2-Fc expression construct in the pBY2eK geminiviral vector. The vector includes the long intergenic region (LIR)
of the bean yellow dwarf virus (BeYDV) genome, the short intergenic region (SIR) of the BeYDV genome, C2/C1 open reading frames coding for the replication
initiation proteins Rep and RepA, the 5’ untranslated region (5'UTR) of NbPsalK2T1-63 and the 30 full length extension gene (Ext3’FL), the p19 gene from tomato
bushy stunt virus, the tobacco RB7 promoter (Rb7 MAR 5’ del), the 5’ untranslated region of tobacco mosaic virus Q (TMVQ 5') and the terminator from the potato
proteinase inhibitor II gene(Pin 1I 3).

kDa M 1 2 3

Fig. 2. Western blot analysis of crude extracts containing plant-produced Vyy-aNTX-Fc and Vy-PLA2-Fc expressing plants. Crude protein extracts were separated by
4-15 % SDS-PAGE, transferred to nitrocellulose membrane and probed with horseradish peroxidase (HRP)-conjugated goat anti-human IgG. M: Marker (Bio-Rad,
California, USA); Lane 1: crude extract from wild type leaves of Nicotiana benthamiana; Lane 2: crude extract containing plant-produced Vyy-aNTX-Fc; Lane 3: crude

100

75 - . —

extract containing plant-produced Vyy-PLA2-Fc.

around 40 kDa was observed, while bands smaller than 40 kDa might
correspond to degraded proteins. Furthermore, the result of Western
blot analysis was consistent with the result of SDS-PAGE. Both Vyy-
aNTX-Fc and Vyy-PLA2-Fc showed bands specific for anti-human IgG1
Fc gamma at around 80 and 160 kDa under non-reducing conditions
(Fig. 4B). Under reducing conditions (Fig 4D), the major band was
observed at around 40 kDa. After purification, the average yield of Vyy-
aNTX-Fc and Vyy-PLA2-Fc produced in N. benthamiana was observed to
be 18.49 and 29.54 pg/g fresh leaf weight, respectively.

3.3. Characterization of Vyg-aNTX-Fc and Vyy-PLA2-Fc using Lc/Q-Tof

The human Fc domain, which is the scaffold of Vyy-Fc fusion pro-
teins contain one N-glycosylation site, located at N223 and N224 of Vyy-
aNTX-Fc and Vyy-PLA2-Fc proteins, respectively. To characterize the N-
glycan profiles and confirm the protein masses, plant-produced Vyy-
aNTX-Fc and Vyy-PLAy-Fc proteins were analyzed in three LC-MS
modes: intact protein, subunit protein and peptide mapping.

The intact protein results indicated that the experimental average
masses of the non-glycosylated Vyu-aNTX-Fc and Vyy-PLA2-Fc proteins
were 82,858.9724 Da and 82,839.6799 Da, respectively. These values
differed from their theoretical masses of 82,861.2974 and 82,837.3093
Da by 2.32 and 2.37 Da, respectively (Supplementary Fig. S4A — B). The
glycosylated forms of Vyy-aNTX-Fc and Vyy-PLA2-Fc proteins were also
observed. The most-abundant glycosylated forms were Man8GlcNAc2
glycans attached on both sides of Fc regions, in which their observed
masses were 86,264.5941 and 86,241.2449 Da for Vyy-aNTX-Fc and
Vuu-PLA2-Fc, respectively. Additionally, glycans from a pair of attached
Man7GlcNAc2, Man8GlcNAc2 or Man9GIcNAc2 glycans were detected

(Supplementary Fig. S4A — B). The observation of high-mannose gly-
cosylated forms was a result of adding the KDEL sequence at the C-ter-
minus of the Fc region to retain the recombinant proteins within the
endoplasmic reticulum (ER).

The analysis of subunit proteins confirmed the average mass and
glycosylation of plant-produced Vyy-oNTX-Fc and Vyy-PLA2-Fc pro-
teins. As shown in Fig. 5, the deconvoluted MS spectrum showed peaks
of non-glycosylated, Man7GlcNAc2, Man8GIcNAc2 and Man9GIcNAc2
containing forms. The experimental masses of non-glycosylated Vyy-
oNTX-Fc and Vyy-PLA2-Fc were 41,437.3437 and 41,427.9122 Da,
respectively. These masses were 1.37- and 0.82-Da different from their
theoretical masses of 41,438.7122 and 41,428.7340 Da, respectively.
Man8GIcNAc2 was the most predominant glycosylated form of Vyy-
aNTX-Fc and Vyy-PLA2-Fc. Their experimental masses of 43,141.3079
and 43,131.7045 Da, respectively. The other high-mannose forms, such
as Man5GlcNAc2, Man7GlcNAc2 and Man9GlcNAc2, were also
observed with mass increases of 1218, 1541 and 1865 Da from their non-
glycosylated forms, respectively (Fig. 5).

The protein sequences of the plant-produced Vyg-aNTX-Fc and Vyy-
PLA2-Fc proteins were confirmed by peptide mapping analysis. The
resulting peptides sequence obtained were subjected to pBLAST with the
NCBI database sequences that were submitted from United States patent
published No. US 2013/0259864 A1’ Cluster II C2 [32] for the
Vyu-oNTX region and the Chavanayarn et al., 2012 study [12] for the
Vup-PLA2 region. The Fc region of human IgG1 without the CH1 domain
(Genbank accession number: 4CDH_A) and a peptide linker
GSGGGGSGGGGSGGGGS were used for BLASTP. Most of the peptide
sequences were identified by MS/MS profiling, except for GQPREPQ-
VYTLPPSRDELTK at the Fc regions of Vyy-aNTX-Fc and Vyy-PLA2-Fc
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Fig. 3. Determination of expression by days post-infiltration. Leaf necrosis of Vyy-aNTX-Fc (A) and Vyyu-PLA2-Fc (B) observed on day 2, 4, 6, 8 and 10 after
infiltration. Western blot analysis was used to quantify the abundance of specific proteins. Western blot of crude extracts of Vyy-aNTX-Fc (C) and Vyy-PLA2-Fc (D).
M: Marker (Bio-Rad, California, USA); lane 1 - 5: crude extracts of day 2, 4, 6, 8, and 10, respectively. (E) Each lane was examined for band intensity to compare the
expression level of the target protein using ImageQuant™. The relative amount of band intensity of Vyy-aNTX-Fc and Vyg-PLA2-Fc production from Western blot

analysis. Data are presented as mean + SD (n = 3).

proteins (Supplemental Figs. S5(A) and S6(A)). The sequence coverages
of MS/MS peptides for Vyg-aNTX-Fc and Vyy-PLA2-Fc were 94.74 %
and 94.72 %, respectively. The peptides with the sequence EEQYNSTYR
of both Vyy-aNTX-Fc and Vyp-PLA2-Fc were found to attach with
high-mannose glycans, such as Man5GlcNAc2 and Man7GlcNAc2 (see
Supplemental Figs. S5(B) and S6(B) and Table S1 and S2). This peptide
mapping result confirmed the analyses of the intact and subunit pro-
teins, demonstrating that plant-produced Vyy-Fc fusion proteins were
glycosylated with high-mannose glycans.

3.4. Investigation of Vyg-aNTX-Fc and Vyy-PLA2-Fc by antigen-binding
ELISA

ELISA was used to assess the binding affinity of purified plant-
produced Vyy-aNTX-Fc and Vyy-PLA2-Fc to crude cobra venom anti-
gens. Both plant-produced Vyy-Fes showed binding to the venom
(Fig. 6). However, Vyg-aNTX-Fc exhibited a higher binding ability to
crude cobra venom in comparison to Vyy-PLA2-Fc. The dissociation
constant K values for plant-produced Vyy-aNTX-Fc and Vyy-PLA2-Fc
were of 0.03038 and 0.7675, respectively.

4. Discussion

The cobra snake (genus: Nagja) is a venomous reptile found in Asia

and Africa that can cause severe snake bites [34,35]. The cobra venom is
composed mainly of aNTX and PLA2, which are highly abundant and
toxic [36,37]. These postsynaptic (aNTX) and presynaptic PLA2 neu-
rotoxins can cause acute severity, disability, and even death in case of
cobra envenomation [5,38,39]. Traditional therapeutic antibodies are
typically produced using mammalian cells from horses. However, horse
serum antivenom can cause adverse reactions, which can potentially be
lethal [40]. Additionally, around 70 % of traditional antivenoms are not
directly against the specific venom composition [4]. Moreover, con-
ventional antivenoms are ineffective to treat snake bites at the snake bite
site due to their inability to penetrate deeper tissues [41,42]. Previous
studies have shown that Vyy attached to the Fc fragment can promote
effector functions and enhance the neutralization of the toxin [43].
Heavy-chain only antibodies combine the advantages of single variable
domains and Fc regions, allowing for rapid penetration [12,16,17,20,
44] and prolonged half-life [43,45]. Moreover, the plant-based mono-
clonal antibody production platform offers many outstanding capabil-
ities to address these challenges. Thus, the possibility of producing
antivenom using plant platforms has been further investigated.

In this study, the Vyy region was fused with the constant region of
the human IgG1 heavy chain (CH3 and CH3 domains) and cloned into the
geminiviral vector pBY2eK. Both Vpy-oNTX-Fc and Vpy-PLA2-Fc
showed the highest expression levels in N. benthamiana leaves on day 6.
After day 6, the leaves exhibited more necrosis and produced lower
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Fig. 4. SDS-PAGE and Western blot analysis of purified plant-produced Vyy-oNTX-Fc and Vyy-PLA2-Fe. Purified plant-produced Vyy-Fc was assessed by SDS-PAGE
and Western blot under non-reducing conditions (A and B) and reducing conditions (C and D). Purified proteins were separated on 4-15 % SDS-PAGE and stained
with Instant Blue®. For Western blot analysis, the proteins were transferred to nitrocellulose membranes and probed with horseradish peroxidase (HRP)-conjugated
goat anti-human IgG (anti Gamma). M: Marker (Bio-Rad, California, USA); Lane 1: Purified plant-produced Vyy-aNTX-Fc; Lane 2: Purified plant-produced Vyy-

PLA2-Fc.

amounts of the target proteins. The results suggest that longer incuba-
tion periods after infiltration of N. benthamiana may lead to the accu-
mulation of recombinant proteins, leaf necrosis and dehydration [46,
47]. This finding is consistent with previous studies where the leaves
exhibited necrosis and a reduction in antibody expression within 1 week
[48]. The plant produced Vyy-aNTX-Fc and Vyy-PLA2-Fc were purified
and characterized using SDS-PAGE and Western blotting. Results were
consistent with previous studies that produced Vyy-Fc proteins capable
of neutralizing the a-cobratoxin from Naja kaouthia [22].

According to the peptide mapping data, the matched peptides were
searched with a mass accuracy of 5 ppm. The MS/MS results confirmed
the peptide sequence of Vyy-Fc. The MS/MS results of the trypsin digest
yielded 94.74 % sequence coverage of Vyy-aNTX-Fc and 94.72 % of

Vuu-PLA2-Fc. Based on, intact mass protein characterization, molecular
mass of the assembled Vyy-Fc was around 82.8 — 86.6 kDa. This may be
of an advantage in vivo applications as its molecular weight is above the
glomerular filtration cutoff size at 65 kDa. This could lead to extended
periods of antibody circulation in human body [20]. The N-glycan
characterization profiles revealed that both proteins exhibit
high-mannose N-glycans which are typical for glycoproteins retained in
the ER of plants [49-52]. Retaining antibodies in the ER has the po-
tential to improve the efficiency of antibody assembly and decrease the
chance of accumulating misfolded proteins. This plays a role in
achieving increased yields of antibodies that are both correctly folded
and functionally active [53]. Moreover, the addition of KDEL to the
C-terminus of proteins retained in the ER is a strategy to control the
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Fig. 5. MS analysis of plant-produced subunit proteins Vyy-aNTX-Fc (A) and Vyy-PLA2-Fc (B). Peaks corresponding to non-glycosylated Vyy-Fc protein and peaks
corresponding to Vyg-Fc protein carrying the predominant high-mannose N-glycans are indicated. Symbols for glycan illustration (green, mannose; blue, N-ace-
tylglucosamine) are according to the nomenclature from the Consortium for Functional Glycomics.
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Fig. 6. In vitro binding of purified plant-produced Vyy-oNTX-Fc and Vyy-PLA2-Fc to cobra venom. The binding affinity to the antigen was determined by ELISA.
Two-fold dilutions of the plant-produced Vyy-aNTX-Fc and Vyy-PLA2-Fc proteins were incubated on plates coated with crude cobra venom (Naja kaouthia). Plant-
produced Pembrolizumab antibody was used as a negative control [33]. A positive control was not used in the study due to the lack of standardization and absence of
commercial anti-cobra serum with Fc region, that can bind to the secondary antibody. The bound protein was detected with HRP-conjugated goat anti-human IgG.
The data represent the mean + SD of triplicate assays for each concentration of Vyy-Fc.

glycosylation pattern of these proteins, specifically favoring the pro-
duction of oligomannose-type glycans and avoiding the formation of
particular glycoepitopes. This modification can have implications for the
functionality, localization, and immunogenicity of the modified proteins
[54]. However, glycosylation of the Fc region can differentially affect
the antibody functions, receptor-binding properties and pharmacoki-
netics in human body [55]. Recombinant mAbs with high-mannose
N-glycans are reported with increased immunogenicity and faster

clearance rate [56], implicating that, the use of plant-produced Vyy-Fc
antivenoms would require further pharmacokinetic and pharmacody-
namic studies and monitoring. The ELISA results showed that
Vyu-aNTX-Fc has a greater ability to bind to crude venom of Ngja
kaouthia compared to Vyy-PLA2-Fc. The difference in binding affinity
was due to the presence of higher amounts of a-neurotoxin in elapid
species venom compared to phospholipase A2 [7,36]. This implies the
interaction of aNTX and PLA2 in the venom composition with varying
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affinities or specificities. The dissociation constant (Kd) values provide
quantitative insights into the binding affinities of the proteins. A lower
Kd value indicates stronger binding affinity. In this case, the Kd value for
plant-produced Vyp-aNTX-Fc was found to be 0.03038, indicating a
relatively high affinity for the venom components. Conversely, the Kd
value for Vyy-PLA2-Fc was higher at 0.7675, suggesting a lower affinity
for the venom. These differences in binding affinity could have signifi-
cant implications for the efficacy and application of these constructs in
various contexts, such as therapeutic interventions or diagnostic assays.
Constructs with higher affinity, like Vyg-aNTX-Fc, may be more effec-
tive in neutralizing venom toxins or detecting venom components with
greater sensitivity. However, the difference in binding ratios between
Vyug-oNTX-Fc and Vyy-PLA2-Fc may indeed be attributed to the
composition of crude cobra venom, which likely contains a higher
concentration of alpha-neurotoxin compared to phospholipase A2. This
difference in venom composition could account for the varying affinities
observed between the two Vyy-Fe constructs.

5. Conclusions

In summary, our studies have shown that Nicotiana benthamiana can
produce the target proteins Vyy-aNTX-Fc and Vyy-PLA2-Fc with the
highest level of expression within one week. Our findings show that
plant-produced Vyy-aNTX-Fc and Vyy-PLA2-Fc have the ability to bind
to crude cobra venom (Naja kaouthia). This study offers advantages for
the development of an alternative treatment against cobra venom with
no limitations in comparison with traditional serum-based therapies and
potentially lower production costs. However, further studies are
required to determine the in vivo neutralization and improve the stability
of plant-produced Vyy-aNTX-Fc and Vyy-PLA2-Fc as anti-cobra venom.
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