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Abstract
Mambalgin-1 is a peptide that acts as a potent analgesic through inhibiting acid-sensing ion channels (ASIC) in nerve cells. 
Research has shown that ASIC channels are involved in the proliferation and growth of cancer cells; therefore, Mambalgin-1 
can be a potential anti-cancer by inhibiting these channels. In the present study, the Nicotiana benthamiana codon optimized 
Mambalgin-1 gene was synthesized and cloned in PVX (potato virus X) viral vector. The two cultures of Agrobacterium 
containing Mambalgin-1 and P19 silencing suppressor genes were co-agroinfiltrated into N. benthamiana leaves. Five days 
post infiltration, the production of recombinant Mambalgin-1 was determined by western blotting. For biological activ-
ity, MTT (3(4, 5-dimethylthiazole-2-yl)-2, 5-diphenyltetrazolium bromide) was analyzed for the cytotoxicity recombinant 
Mambalgin-1 from the transformed plants on nervous (SH-SY5Y) and breast (MCF7) cancer cells. The results showed that 
the plants expressing open reading frame of Mambalgin-1 showed recombinant 7.4 kDa proteins in the entire plant extract. 
In the MTT test, it was found that Mambalgin-1 had cytotoxic effects on SH-SY5Y cancer cells, yet no effects on MCF7 
cancer cells were observed. According to the results, the expression of the biologically active recombinant Mambalgin-1 
in the transformed plant leaves was confirmed and Mambalgin-1 can also have anti-cancer (inhibition of ASIC channels) 
potential along with its already known analgesic effect.

Key message 
The Mambalgin-1 transiently expressed in Nicotiana benthamiana plant and its anti-cancer effect on SH-SY5Y nerve cancer 
cells, since ASIC channels are involved in the proliferation of cancer cells, was confirmed.
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Introduction

In 2012, Diochot et al. discovered a pair of peptides, mam-
balgin-1 and mambalgin-2, from the venom of black mamba 
snakes (Dendroaspis polylepsis) which had a potent anal-
gesic effect on central and peripheral nervous system upon 
injection that can be as strong as morphine (Diochot et al. 
2012). Mambalgin-1 and mambalgin-2 are composed of 57 
amino acids that differ by one amino acid at position 4. The 
mambalgins are potent blockers of acid-sensing ion chan-
nels (ASICs), inhibiting them by shifting the pH-dependence 
of activation to more acidic pH, decreasing their apparent 
affinity for protons (Diochot et al. 2016). Mambalgins have 
analgesic effects without side associated effects such as 
naloxone susceptibility, respiratory distress and much less 
tolerance than morphine in mice (Diochot et al. 2016; Sali-
nas et al. 2014). In addition to pain perception, ASICs have 
been implicated in the proliferation and migration of cancer 
cells, fear-anxiety-related behavior, and sensory transduc-
tion (Baron and Lingueglia 2015; Kapoor et al. 2009; Wu 
et al. 2017a). Because of the role that ASIC channels have in 
pain perception, neurological diseases, and proliferation of 
cancerous cells (Baron and Lingueglia 2015; Kapoor et al. 
2009; Wu et al. 2017a; Xiong et al. 2008), Mambalgins can 
be used as inhibitors of these channels in pharmacological 
research and encourage researchers to develop neurologi-
cal, analgesic and anti-cancer drugs. After the discovery of 
Mambalgins (Diochot et al. 2012), various studies have been 
performed related to the association between these peptides 
and ASICs (Diochot et al. 2016; Mourier et al. 2016; Salinas 
et al. 2014). Owing to the expression of valuable therapeutic 
recombinant proteins; plants and plant cells have advantage 
over other methods of recombinant protein production due to 
the high biomass, scalability, cost-effectiveness and low risk 
of contamination by human or animal pathogens (Loh et al. 
2017; Margolin et al. 2018). Transient expression systems 
requires less time and cost for the production of recombi-
nant protein, as in transient expression systems, production 
of recombinant protein occurs shortly after several days of 
gene delivery, while in stable expression systems it takes 
months to generation, selection and confirmation of stable 
transgenic plant lines, also these systems are not affected by 
position effects (Fahad et al. 2015; Leuzinger et al. 2013; 
Yamamoto et al. 2018). The former systems are the more 
favorable choice due to the simplicity and feasibility of 
rapid protein expression, removal of tissue culture, cost of 
regeneration and easy scalability for industrial production 
(Moghaddam et al. 2014). In recent years, therapeutic pro-
teins have been produced by transient expression systems for 

various diseases such as influenza (various types), hepatitis 
B, West Nile, Severe acute respiratory syndrome (SARS), 
Plague and Smallpox; some of these proteins are on market, 
while some others are undergoing clinical trials (Hefferon 
2017). The success and effectiveness of transient expression 
systems depends on several factors such as codon-optimi-
zation of the heterologous gene according to plant codon 
adaptation index (CAI) (Love et al. 2012; Mohammadza-
deh et al. 2014), selection of the proper expression vector 
which includes application of efficient promoter (Buyel 
et al. 2013; Hefferon 2017, 2012) and efficient inhibition 
of the gene silencing phenomenon which suppresses the 
expression of foreign genes in plants (Obembe et al. 2011). 
In transient expression systems, viral vectors are conducive 
to the production of recombinant proteins, since these vec-
tors have an easy genetic manipulation and provide a high 
level of recombinant protein expression over a short time 
(Kopertekh and Schiemann 2019; Rybicki 2018). The use of 
post-transcriptional gene silencing (PTGS) suppressors such 
as P19 can increase the expression level of foreign genes in 
transient expression systems (Mohammadzadeh et al. 2014, 
2016). In the present study, PVX (potato virus X) vector 
was used to assess the plant expression of Mambalgin-1 
gene by co-agroinfiltration with viral suppressor P19 in N. 
benthamiana; we further determined biological activity of 
this recombinant protein on nervous (SH-SY5Y) and breast 
(MCF7) cancer cells.

Materials and methods

Codon optimization of mambalgin‑1 
and construction of the vector

For codon optimization, the desired protein sequence was 
used and back-translated from amino acid to DNA sequence 
(Supplementary Fig. 1) using the Visual Gene Developer 
software (VGD) based on N. benthamiana Codon Usage 
from Kazusa Database (Jung and McDonald 2011; Naka-
mura et al. 1998). For codon optimization of the target 
sequence, several factors were considered such as i) codon 
optimization according to the CAI of nuclear-encoded 
genes of N. benthamiana (Carbone et al. 2003), ii) removal 
of sequences that cause mRNA instability, iii) addition of 
signal peptide derived from pathogenesis-related protein 
Q of Nicotiana tabaccum (Payne et al. 1990) (Amino acid 
sequence: MEFSGSPMALFCCVFFLFLTGSLA (Uniprot 
accession number: P17514), Nucleotide sequence: ATG​
GAG​TTC​TCT​GGT​TCT​CCT​ATG​GCA​TTG​TTC​TGT​TGT​
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GTA​TTC​TTC​CTC​TTC​CTT​ACT​GGT​TCT​CTT​GCT​) to 
avoid methionine addition at 5′ and the possibility of cut-
ting this signal peptide from Mambalgin-1 by SignalP 4.1 
Server (Nielsen 2017; Petersen et al. 2011), iv) addition of 
hexa histidine (6xHis)-tag for nickel affinity purification at 
the 3′ site, v) checking and changing the polyadenylation 
signals, vi) detection of enzyme restriction sites in the target 
sequence for the employed restriction enzymes, vii) addition 
of stop codon at the 3′ end and modification of the hidden 
stop codon between sequence codons, and viii) addition of 
ClaI, SalI, XbaI and SacI restriction sites at both ends of the 
gene. The foregoing process of codon optimization was done 
with Visual Gene Developer (Jung and McDonald 2011) 
and MEGA4 (Tamura et al. 2007) softwares. Amino acid 
and optimized nucleotide sequences have been recorded and 
published in gene bank (accession numbers QGP71486 and 
MN646218, respectively). The plant-optimized Mambal-
gin-1 for recombinant expression in N. benthamiana was 
synthesized and cloned into the ClaI/SalI sites of PVX-GW 
vector, under the control of a duplicated PVX coat protein 
subgenomic promoter (CPP).

Transformation of Agrobacterium tumefaciens 
by plant expression vector

Agrobacterium tumefaciens strain GV3101 was transformed 
with the PVX-Mambalgin-1 via the standard freeze–thaw 
protocol (Weigel and Glazebrook 2006). Subsequently, 
transformed Agrobacterium cells were selected on plates 
containing 100 µg/ml rifampicin (RIF) and 50 µg/ml kana-
mycin (KAN) and incubated for 72 h at 28 °C. Transformed 
Agrobacterium was confirmed by gene-specific colony PCR 
using forward (5′-CAC​CAG​CTA​GCA​TCG​ATT​C-3′) and 
reverse (5′-GGT​CGA​CGA​GCT​CTT​ATT​AATG-3′) spe-
cific primers. The primers were designed with the Oligo 
Primer Analysis Software version 7 (Rychlik 2007). P19 
was received as pCamBia1300-TBSVp19 expression vector 
gifted by Dr. Won-Joong Jeong (Korea Research Institute 
of Biosience and Biotechnology). Subcloning of p19 was 
mentioned in Ahn et al 2011 (Ahn et al. 2011).

Plant growth

Growth and germination of N. benthamiana were performed 
in cocopeat in an environment of 25 °C temperature, and 
60% humidity with a 16/8 h day/night cycle. The plants 
were feed by 1/2 NPK (20:20:20) with a concentration of 
1.84 g/l every 2–3 days during germination and growth. 
After 4 weeks, the plants were transferred to larger pots 
(1000 ml) with cocopeat and maintained from 6 to 7 weeks 
in the above condition except that humidity reduced to 50%.

Co‑agroinfiltration of N. benthamiana leaves by p19 
silencing‑suppressor

To suppress the silencing of the target gene expression in 
N. benthamiana, Agrobacterium strain GV3101 containing 
PVX-Mambalgin-1 and Agrobacterium harboring pCam-
Bia1300-TBSVp19 were co-infiltrated together. For the prep-
aration of Agrobacterium mixture, the overnight cultures of 
Agrobacterium (20 ml, Luria broth (LB) medium containing 
10 g/l NaCl, 10 g/l Peptonase Casein, 5 g/l yeast, 100 µg/ml 
RIF and 50 µg/ml KAN) harboring PVX-Mambalgin-1 and 
other harboring pCamBia1300-TBSVp19, were refreshed (in 
80 ml LB medium, 28 °C, 200 rpm) until reaching OD600 
of 2. The culture were centrifuged at 22 °C and 5000×g for 
10 min and supernatant was discarded. The pellets sepa-
rately resuspended at 400 ml induction medium (1 × MS, 
10 mM MES, 200 μM Acetosyringone, 2% Sucrose) and 
after 3 h incubation (28 °C, 200 rpm) were mixed with 1:1 
ratio (Shamloul et al. 2014). Mock agroinfiltration was per-
formed as above except using PVX-GW blank vector instead 
of recombinant Mambalgin-1 containing vector. After 
inverting the aerial part of the whole six weeks plant in the 
bacterial mixture, the 100 mbar vacuum was applied, until 
removing all air bubbles from the leaves and by releasing, 
Agrobacterium infiltrated into the plant tissue and this step 
was repeated to ensure complete infiltration. The infiltrated 
plants were washed with distilled water and were placed in 
germinator with 16:8 h light/dark photoperiod, 25 °C and 
50% humidity condition.

Total protein preparation

Five days after agroinfiltration, the infiltrated leaves were 
harvested, frozen in liquid nitrogen, and were ground into a 
fine powder using a mortar and pestle. Subsequently, 500 µl 
extraction buffer containing 15% sucrose, 60 mM Tris–HCl 
(pH 6.8), 2 mM Ethylene diamine tetra acetic acid (EDTA) 
(pH 8), 0.1% Sodium dodecyl sulfate (SDS), 1 mM Ethyl-
ene glycol tetra acetic acid (EGTA), 4 mM Dithiothreitol 
(DTT), and 1 mM Phenyl methyl sulfonyl fluoride (PMSF) 
was added per 100 mg of leave powder. The suspension was 
centrifuged at 5000 xg/4 °C for 10 min to separate the pro-
tein and supernatant was transferred to a fresh tube. The 
centrifugation was performed again under the same condi-
tions to pellet any carryover leaf debris. The supernatant was 
divided into small vials and immediately transferred to ice. 
The concentration of total protein was estimated using the 
Bradford (Bradford 1976) assay by bovine serum albumin 
(BSA) as standard.
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Western blot analysis

Non-reducing Sodium Dodecyl Sulfate Poly-Acrylamide 
Gel Electrophoresis (SDS-PAGE) was prepared for west-
ern blotting. The extracted total soluble protein (TSP) from 
agroinfiltrated with PVX-Mambalgin-1 and agroinfiltrated 
with PVX vectore alone (without Mambalgin-1) as a nega-
tive control, using the Laemmli buffer (Laemmli 1970) were 
loaded in each well. 30 µg total protein was loaded (based 
on Bradford’s assay) onto a 12% SDS-acrylamide gel elec-
trophoresed, and the protein bands were transferred to the 
nitrocellulose at 80 vlolts for 120 min. Nitrocellulose paper 
was coated with a blocking solution (PBS buffer (1 ×) con-
taining 5% skim milk) for 90 min at room temperature. After 
3 times washing by wash buffer (PBS buffer (1 ×) contain-
ing 0/05% TWEEN 20), nitrocellulose paper was incubated 
with mouse Anti-His-tag (dilution 1:2000 in PBS buffer 
containing 3% skim milk; Biolegend Inc.) for 120 min at 
room temperature and through slow shaking. Then, wash-
ing was done as was mentioned above and the membrane 
was incubated with the goat anti-mouse IgG/HRP (dilu-
tion 1:2000 in PBS buffer containing 3% skim milk; Sigma 
Inc.) conjugated HRP enzyme for 1 h at room temperature. 
Again, the membrane was washed by wash buffer three times 
for 5 min. Finally, the membrane was incubated, in stain-
ing buffer (0.05% DAB (3,3′-Diaminobenzidine), 0.015% 
H2O2, 0.01 M PBS, 0.015% NiCl2). For staining stops, the 
membrane was placed, in distilled water.

Quantitative measurement of the recombinant 
protein expression by His‑Tag ELISA Detection Kit 
in TSP

To measure the amount of Mambalgin-1 in TSP, the His-
Tag ELISA Detection method (based on competitive ELISA 
method) was performed using TSPs extracted from trans-
formed leaves (commercial His-Tag ELISA Detection Kit; 
GeneScript, cat.No: Loo436, USA). The TSP was diluted 
to 15 µg/ml. Then 50 µl of each sample added to each well. 
Afterward, 50 µl of Anti-His Monoclonal Antibody added 
to all the wells immediately and incubated at room tem-
perature (24–25 °C) for 30 min. After 4 washes of plates 
by 1 × wash solution, 100 µl of Antibody Tracer added to 
every well and Incubated at room temperature for 30 min. 
100 µl of (3,3′,5,5′-Tetramethylbenzidine) TMB Substrate 
added to every well after 4 washing repeats and incubated 
for 10–15 min at room temperature. Then 50 µl of Stop Solu-
tion added and the absorbance read at 450 nm. The His-Tag 
Standard which is available in the Kit and protein extracted 
from Wild-type used as the positive and negative controls, 
respectively.

Biological activity of Mambalgin‑1 in TSP

Similar to the MTT test performed by Moghaddam et al. 
(2014) 50  mg of MTT (3(4,5-dimethylthiazole-2-yl)-
2,5-diphenyltetrazolium bromide) powder was completely 
dissolved in 10 ml of distilled deionized water and filtered 
through 0.2 µm filter, which was then aliquoted into 1.5 ml 
volumes and stored at − 20 °C. SH-SY5Y and MCF7 can-
cer cells were harvested in a previously-cultured flask; after 
collecting in a falcon tube and centrifuging at 300×g for 
10 min, a total cell count of 5 × 105 cells/ml was calculated. 
After addition of MTT to each well of the plate; 10,000 cell/
well poured into every 96 well microplates. Each well con-
tained 100 µl of cell culture and total protein, where the total 
protein in each row was serially diluted from wells to a ratio 
of ½. The test performed in 3 replicates and the medium 
was incubated at 37 °C and 5% CO2 for 48 h. To calculate 
cytotoxic RPMI (Roswell Park Memorial Institute medium), 
the medium was used as a negative control. After incuba-
tion, 10 μl of MTT solution (final concentration of 0.5 μg/
ml) was added to each well, and incubated at 37 °C and 5% 
CO2 for 6–4 h. In order to observe the formation of purple 
crystals with a microscope, the supernatant was collected 
slowly and 100 μl of crystalline solvent solution (Dimethyl 
sulfoxide (DMSO)) was added; the crystals dissolved by 
pipetting. After 10 to 20 min, the OD was read at 570 nm by 
ELISA Reader and the cytotoxicity was calculated as 1- (AT/
AC) × 100, where AT and AC are absorbances of treated and 
control cells, respectively.

Protein purification

For purification, the chelating and reducing reagent (DTT, 
Dithioerythritol (DTE), tris (2-carboxyethyl) phosphine 
(TCEP), EDTA, and EGTA) of protein extraction buffer 
of TSP that cause to detach the metal ion (Co or Ni) from 
chromatography resin was removed from TSPs using dialy-
sis tubing (Sigma-Aldrich Inc) (Unger and Peleg 2012). In 
the next step, add 1.5 ml TALON® Metal Affinity Resin 
(Clontech Inc.) to a 10 ml tube and pellet the resin by cen-
trifugation at 4 °C and 500×g for 3 min and carefully decant 
the storage buffer. The resin was resuspended in 5CV of 
distilled water and water removed as above. Wash the resin 
by resuspending in 1CV binding buffer (50 mM Na2HPO4, 
300 mM NaCl, pH8.0) supplemented with 10 mM imida-
zole). Wash buffer was removed as above and wash step was 
repeated again. Dialysate TSP added to the Cobalt Chelating 
Resin in 2:1 ratio and incubated with mechanical rotation 
for 15–20 min at room temperature. The resin was pellet by 
centrifugation at 4 °C and 500×g for 3 min and carefully 
decanted the storage buffer as before. Elution buffer (50 mM 
Na2HPO4, 300 mM NaCl, 250 mM Imidazole, pH 8) added 
to the resin in 2:1 ratio and centrifuged at 4 °C and 500×g 
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for 3 min. Collect the eluate as above and repeat the elution 
two times. To remove the imidazole used to separate the 
recombinant protein from the resin, after the purification 
of the recombinant protein, dialysis was performed again 
as above.

Quantitative measurement and biological activity 
of purified Mambalgin‑1

Purified protein concentration was measured using His-Tag 
ELISA Detection (similar to the previous step but negative 
control was dialyze buffer). Finally, the effect and biologi-
cal activity of purified Mambalgin-1 on the SH-SY5Y and 
MCF7 cancer cells was evaluated by MTT test as above.

Statistical analysis

Statistical analysis of MTT test was performed using statisti-
cal analysis software (SAS) and Duncan test (Institute 2012). 
Differences at 99% level were considered significant.

Results and discussion

Codon optimization of Mambalgin‑1 for efficient 
expression in N. benthamiana

Sequences “ATA​GAT​” (nucleotides 230–235), “TTT​TTT​
” (nucleotides 29–34), “TTT​TTT​TT” (nucleotides 41–48) 
and “GGT​AAG​” were modified as mRNA destabilizing 
(Brendel et al. 1998; Narsai et al. 2007) sequences (Supple-
mentary Fig. 1). Hidden stop codons between main codons 
were changed such as “TGA” (nucleotides 204, 198 and 
228), “TAA” (nucleotides 75, 93, 135, 162, 210, 213, 237 

and 240) and “TAG” (nucleotides 112 and 153) (Supple-
mentary Fig. 1). GC content and the value of the effective 
number of codons (Nc) from 30.33 and 12.59 to 39.32 and 
18.58, respectively (Supplementary Fig. 2). Also, the CAI 
decreased from 0.99 to 0.85 (Supplementary Fig. 2). Sig-
nalP 4.1 Server (Nielsen 2017; Petersen et al. 2011) results 
shows that, the cut will occur precisely between positions 
24 and 25 of the corresponding protein, releasing Mam-
balgin-1 from the signal peptide (Supplementary Fig. 3). 
The presence of methionine at the beginning of the gene is 
essential for translation but in the mature form of Mambal-
gin-1, there is no methionine at N-terminus. In a study on 
Pathogenesis-Related (PR) Proteins P and Q in N. tabaccum, 
it was observed that the 24-amino acid signal peptide was 
removed from purified Pathogenesis-Related-Q (PR-Q) to 
leave a mature one (Payne et al. 1990); therefore, the inser-
tion of this signal at the N-terminal of the non-N-terminal 
methionine proteins can compensate for the lack of methio-
nine. Since the addition of methionine at the beginning of 
the recombinant protein has an adverse effect on stability 
and function (Liao et al. 2004), the addition of methionine at 
the N-terminal is not desirable. Accordingly, we decided to 
add signal peptide (derived from PR-Q) (Payne et al. 1990) 
at 5′ of Mambalgin-1 gene to make up for the lack of methio-
nine; through removing the signal peptide, the mature and 
original Mambalgin-1 was obtained. Since GC content is 
important in codon usage and more GC content will enhance 
protein expression (Barahimipour et al. 2015; Hellens et al. 
2000), it was increased from 30.33 to 39.32 (Supplementary 
Fig. 2) (Fig. 1).

Fig. 1   Schematic diagram of the constructed PVX–Mambalgin-1 cassette: The synthetic optimized gene was inserted into the ClaI/SalI sites of 
PVX-GW vector under the control of duplicated PVX-coat protein subgenomic-promoter (CPP)



246	 Plant Cell, Tissue and Organ Culture (PCTOC) (2020) 142:241–251

1 3

Western blot analysis of Mambalgin‑1 expression 
in N. benthamiana leaves

Western blotting using anti-histidine-tag and goat anti-
mouse IgG/HRP indicated that the expression of Mama-
balgin-1 in N. benthamiana produced two distinct protein 
bands. According to the ladder proteins, the molecular mass 
of the observed bands are about 10 kDa and 7.4 kDa. The 
existence of these two bands shows that the signal peptide in 
the expressed protein exists in either cut (7.4 kDa) or uncut 
(10 kDa) forms. Bradford method estimated the TSP con-
centration to be 3.64 mg/ml. Western results in Fig. 2 show 
that the signal peptide was not completely separated from 
Mambalgin-1, which was expressed either with (~ 10 kDa) 
or without a signal peptide (~ 7.4 kDa). Because this signal 
is apoplastic (Payne et al. 1990), certain proteins were able 
to enter the apoplastic space after cutting the signal peptide; 
others, however, did not have the opportunity to enter apo-
plastic space or were synthesized in the translation process.

Quantitative measurement of the recombinant 
protein by His‑Tag ELISA in samples of TSP 
and purified protein

Expression of the recombinant protein further quantitatively 
measured by His-Tag ELISA Detection (Fig.  3) and the 
concentration of Mambalgin-1 in TSP and fresh leaf tissue 
estimated at 165 µg/ml and 0/825 g/kg respectively. ELISA 
analysis of transiently expressed Mambalgin-1 from the total 
protein extraction of infiltrated leaves confirmed the expres-
sion of Mambalgin-1, specifically recognized by the conju-
gated anti-His-tag antibody. After the purification step, the 
purified Mambalgin-1 protein confirmed by His-Tag ELISA 

Fig. 2   Western blotting: lane 1: leaves agroinfiltrated with PVX-
Mambalgin-1, lane 2: leaves agroinfiltrated with PVX vector alone 
(without Mambalgin-1), lane 3: protein ladder, in lanes 1 and 2, 
30 µg of plant TSP were applied in each lane. The appearance of the 
doublet bands (indicated arrows) could be due to the presence of the 
Mambalgin-1 with a signal peptide (10  kDa) and no signal peptide 
(7.4 kDa)

Fig. 3   Quantification and 
Confirmation of recombinant 
Mambalgin-1 in agroinfiltrated 
plants by His -Tag ELISA, posi-
tive control: His-Tag Standard 
and negative control: protein 
extracted from Wild-type 
(p ≤ 0.01)
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Detection (Fig. 4) and its concentration estimated 37 µg/ml. 
various studies have been performed to produce recombinant 
proteins in N. benthamiana with a transient expression system 
based on PVX virus vectors. For example, the production of 
granulocyte macrophage colony stimulating factor (GM-CSF) 
protein by pPVX201 vector in the amount of 2% TSP has been 
reported by Zhou et al. (2006). In 2007, the recombinant apop-
totic protein (candidate for the Chicken anemia virus vaccine) 
was reported to be 5.4% of TSP by PVX-GW vector (Lacorte 
et al. 2007). In a study with PVX-GW viral vector, recombi-
nant green fluorescent protein (GFP) protein was expressed 
in the amount of 3% TSP (Lacorte et al. 2007). Mardanova 
et al. were able to enhance the expression of M2eHBc (influ-
enza vaccine candidate) up to 10% of TSP by modifying the 
pA7248AMV vector (based on genetic elements of potato 
virus X) and constructing the pEff vector (Mardanova et al. 
2017). In this study, we quantified the expression of recombi-
nant Mambalgin-1 in TSP by competitive His-Tag ELISA. For 
competitive His-Tag ELISA, the concentration of TSP was 
diluted 240 times to reach 15 μg/ml. After ELISA, the optical 
absorption was shown to be 0.105 and using the absorbance 
of standard kit solutions, the amount of Mambalgin-1 was 
690 ng/ml. Taking into account the dilution is carried out, 
the amount of Mambalgin-1 in TSP, 165 μg/ml (4.5% TSP) is 
calculated, therefore, regarding five times dilution of TSP, the 
recombinant Mambalgin-1 was expressed as 0.825 g per kg of 
fresh leaf tissue. The purified protein was diluted in the same 
ratio (based on TSP concentration) and its optical absorption 
was 0.202 and its concentration was 160 ng/ml (obtained by 
standard optical absorption kit) and by calculating the dilu-
tion, its concentration was 37 µg/ml.

Biological activity of Mambalgin‑1 in TSP and its 
purified form

Figures 5 and 6 show the cytotoxicity of the serial dilu-
tion of total protein extracted from agroinfiltrated and non-
agroinfiltrated N. benthamiana in the human cell culture 
containing SH-SY5Y and MCF7 cancer cells in MTT test-
ing. As shown in Fig. 5, after 48 h, Mambalgin-1 (treat-
ment) in all diluted concentrations had cytotoxic effects on 
SH-SY5Y cells, while the cytotoxic effects of control 1 and 
control 2 were reduced at concentrations 1/128 and 1/256 
(p < 0.01). Figure 6 shows that the cytotoxicity of control 1 
was greater than control 2 and treatment (p < 0.01) on MCF7 
cancer cells after 48 h and the cytotoxicity of control 2 and 
treatment had no significant difference (p < 0.01). Recent 
studies on the production of anticancer recombinant proteins 
in the plant using a transient expression system in Nico-
tiana benthamiana can be attributed to the production of the 
Limulus polyphemus anti-lipopolysaccharide factor32-51-E7 
or LALF32-51-E7 vaccine against human papillomavirus E7 
(HPV E7) (Causes 5% of all cancers worldwide) (Plum-
mer et al. 2016; Yanez et al. 2018, 2017), production of 
anti-cancer antibodies such as CO17-1A, Ofatumumab and 
Rituximab (Jin et al. 2019; Kommineni et al. 2019; Song 
et al. 2018) and production of Viscumin anti-cancer thera-
peutic protein (Gengenbach et al. 2019). Another anticancer 
therapeutic protein has recently been produced in tomatoes 
using the same system by Beihaghi and et al. (Beihaghi et al. 
2018). According to the results in Figs. 5 and 6, the Mam-
balgin-1 had a cytotoxic effect on SH-SY5Y cells, but no 
cytotoxic effect seen on MCF7 cancer cells. Figure 7 shows 

Fig. 4   Quantification and Con-
firmation of purified Mambal-
gin-1 by His-Tag ELISA, posi-
tive control: His -Tag Standard 
and negative control: Dialysis 
buffer used to purify Mambal-
gin-1 (p ≤ 0.01)
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the cytotoxicity of the serial dilution of purified Mambal-
gin-1 for SH-SY5Y and MCF7 cancer cells in MTT assay. 
The results show that cytotoxicity of negative control was 
higher than of Mambalgin-1 (5 µg/ml) and did not dif-
fer significantly in lower concentrations in MCF7 cancer 
cells (p < 0.01). Also, in 5 µg/ml concentration, cytotoxic-
ity of purified Mambalgin-1 on mesophilic cells (MSC) is 
more than MCF7 cells. Therefore, according to the results, 

purified Mambalgin-1 does not have cytotoxic effects on 
MCF7 cancer cells. At all concentrations, the cytotoxic 
effect of purified Mambalgin-1 on SH-SY5Y cancer cells is 
higher than the negative control and MSC cells. ASIC is a 
proton-gated cation channel mainly expressed in nerve cells 
and belongs to the degenerin/epithelial Na + channel (DEG/
ENaC) superfamily (Krauson et al. 2018; Wu et al. 2017b). 
Various studies have shown that these channels contribute 

Fig. 5   Cytotoxicity percentage of the serial dilution of the total pro-
tein extracted from agroinfiltrated and non-agroinfiltrated Nicotiana 
benthamiana in cell culture containing SH-SY5Y neural cancer cells 
in MTT test, Control 1: total protein extracted from non-agroinfil-
trated Nicotiana benthamiana, Control 2: total protein extracted from 
agroinfiltrated Nicotiana benthamiana by Agrobacterium tumefaciens 

strain GV3101 containing PVX vector (without Mambalgin-1 gene) 
and Agrobacterium harboring the P19 silencing-suppressor, Treat-
ment: total protein extracted from agroinfiltrated Nicotiana bentha-
miana by Agrobacterium tumefaciens strain GV3101 containing 
PVX-Mambalgin-1 and Agrobacterium harboring the P19 silencing-
suppressor (p ≤ 0.01)

Fig. 6   Cytotoxicity percentage of the serial dilution of the total pro-
tein extracted from agroinfiltrated and non-agroinfiltrated Nicotiana 
benthamiana in cell culture containing MCF7 breast cancer cells in 
MTT test, Control 1: total protein extracted from non-agroinfiltrated 
Nicotiana benthamiana, Control 2: total protein extracted from agro-
infiltrated Nicotiana benthamiana by Agrobacterium tumefaciens 

strain GV3101 containing PVX vector (without Mambalgin-1 gene) 
and Agrobacterium harboring the P19 silencing-suppressor, Treat-
ment: total protein extracted from agroinfiltrated Nicotiana bentha-
miana by Agrobacterium tumefaciens strain GV3101 containing 
PVX-Mambalgin-1 and Agrobacterium harboring the P19 silencing-
suppressor (p ≤ 0.01)
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to the progression, proliferation, and migration of cancer 
cells such as glioblastoma, breast and lung cancer cells. By 
inhibiting these channels with inhibitors such as amiloride 
and PcTx-1, the growth, proliferation, and migration of can-
cer cells were decreased (Baron and Lingueglia 2015; Gupta 
et al. 2016; Wu et al. 2017a). Since Mambalgin-1 is a potent 
inhibitor of ASIC channels (Diochot et al. 2016), which are 
overexpressed in and, promote the proliferation and growth 
of cancer cells (Baron and Lingueglia 2015; Gupta et al. 
2016; Wu et al. 2017a), we conducted MTT testing on two 
types of neural SH-SY5Y and breast MCF7 cancer cells. To 
minimize the cytotoxic effect of the buffer and cell compo-
nents in treatment and controls, and to show the cytotoxic 
effect of Mambalgin-1, total protein concentration was seri-
ally reduced in the rows. As is seen in Fig. 5, the treatment 
had more cytotoxicity on SH-SY5Y cells at concentrations 
of 1/128 and 1/256 (p < 0.01), indicating the cytotoxic effect 
of Mambalgin-1 on SH-SY5Y cells. Results of Fig. 5 shows 
that the cytotoxicity of control 1 and control 2 is probably 
due to the presence of protein extraction buffer and the 
remaining cellular components. In Fig. 6, the cytotoxicity 
of wells with concentrations lower than 1/32 was reduced. At 
dilutions of 1/32 and 1/64, the cytotoxicity of control 1 with 
control 2 and treatment was different (p < 0.01). There was 
no difference in cytotoxicity between control 2 and treat-
ment, indicating that Mambalgin-1 had no cytotoxic effect 

on MCF7 cancer cells. Control 1 had a higher cytotoxicity, 
which may be due to the remaining protective substances of 
agro-infiltration medium in total protein from control 2 and 
treatment. According to the results of the MTT assay for 
TSP, the same results obtained for purified Mambalgin-1 in 
the MTT assay (Fig. 7). Figure 7 shows Mambalgin-1 has 
a more cytotoxic effect on SH-SY5Y cells than the nega-
tive control and mesophilic cells (p < 0.01) while it has no 
cytotoxic effect on MCF7 cancer cells (p < 0.01). Therefore, 
in this study, Mambalgin-1 had a cytotoxic effect on SH-
SY5Y neuronal cells, but did not influence MCF7 cancer 
cells. ASIC channels were activated with extracellular pH 
and were involved in the pathogenesis of glioma and breast 
cancer tumors. Also, the expression level of RNA and pro-
tein of ASIC channels in A549 cancer cells increased with 
extracellular acidity, followed by an increase in the prolifera-
tion and migration of these cancer cells (Wu et al. 2017a). 
Research has shown that the acidity of breast cancer tumor 
microenvironment triggers the activation of ASIC channels, 
followed by the growth and proliferation of cancerous cells 
(Gupta et al. 2016; Wu et al. 2017a). Inhibition of ASIC1a 
(One of the ASIC channel subunits) in glioblastoma cells 
by the stopping cell cycle kills these cells (Kapoor et al. 
2009; Rooj et al. 2012). Given the fact that acidity activates 
the ASICs channels, and non-acidic pH of the MTT assay 
medium and extracted protein; it can, therefore, concluded 
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that ASICs channels in MCF7 cancer cells are not activated, 
and there was no target for Mambalgin-1 in order to inhibit 
them. As SH-SY5Y cells derive from the neuronal stem cells 
and the ASICs are typically expressed in neurons (Krauson 
et al. 2018), it is probable that Mambalgin-1 has stopped the 
cell cycle and induced the death of these cells by inhibiting 
the ASIC1a channels.

Conclusions

Du to removing transformation and tissue culture time and 
expenses and required labor it is cost-effective to use tran-
sient expression systems based on viral vectors to produce 
recombinant proteins. We were able to express the Mam-
balgin-1 protein using this system and the PVX-GW viral 
vector cost-effectively. The recombinant protein extracted 
from the plant inoculated with PVX expressing Mambal-
gin-1 has cytotoxicity on SH-SY5Y neural cancer cells 
with no effect on MCF7 breast cancer cells. Results show 
that Mambalgin-1 is biologically active with potential anti-
cancer activity.
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