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GLP-1 (Glucagon-like peptide-1) is a peptide that stimulates insulin secretion from the β-cell for glycemic control of the plasma blood glucose level. Its mimetic exenatide (synthetic Exendin-4) with a longer half-life of approximately 3.3–4 h is widely used in clinical application to treat diabetes. Currently, exenatide is chemically synthesized. In this study, we report that the GLP-1 analogue recombinant Exendin-4 (Exdn-4) can be produced at a high level in Nicotiana benthamiana, with an estimated yield of 50.0 µg/g fresh biomass. For high-level expression, we generated a recombinant gene, B:GB1:ddCBD1m:8xHis : Exendin-4 (BGC : Exdn-4), for the production of Exendin-4 using various domains such as the BiP signal peptide, the GB1 domain (B1 domain of streptococcal G protein), a double cellulose binding domain 1 (CBD1), and 8 His residues (8xHis) to the N-terminus of Exendin-4. GB1 was used to increase the expression, whereas double CBD1 and 8xHis were included as affinity tags for easy purification using MCC beads and Ni2+-NTA resin, respectively. BGC : Exdn-4 was purified by single-step purification to near homogeneity using both Ni2+-NTA resin and microcrystalline cellulose (MCC) beads. Moreover, Exdn-4 without any extra residues was produced from BGC : Exdn-4 bound onto MCC beads by treating with enterokinase. Plant-produced Exdn-4 (Exendin-4) was as effective as chemically synthesized Exendin-4 in glucose-induced insulin secretion (GIIS) from mouse MIN6m9 cells a pancreatic beta cell line.
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Introduction

Diabetes mellitus is one of the most common diseases worldwide. It is a serious health issue and also an economic burden on society. In 2021, diabetes affected around 537 million people aged 20–79. One estimation forecasted that the number is going to rise to 643 million by 2030 and 783 million by 2045 (www.diabetesatlas.org). Especially in low- and middle-income countries, 3 out of every 4 adults are thought to live with diabetes. Currently, diabetes mellitus is the third-largest cause of death in industrialized countries after cardiovascular disease and cancer (Barfoed, 1987). There are multiple types of diabetes, with type-2 diabetes being dominant. In type-2 diabetes patients, many complications arise, including cardiovascular disease and kidney disease (Zhang et al., 2010; Potenza et al., 2011). The main causes of type-2 diabetes are obesity, insulin resistance, inadequate insulin secretion from β-cells, and inappropriate glucagon secretion. As a result, a high glucose level in the blood leads to the development of hyperglycemia (Alonso-Magdalena et al., 2011). Although several diabetic medications are available in the market, many patients still have limited access as well as some side effects (Molitch, 2013).

There are several FDA-approved peptide drugs with high specificity and low toxicity as therapeutic agents for clinical application to diabetes. One of them is exenatide, which stimulates insulin secretion in type-2 diabetes patients (Bellmann-Sickert and Beck-Sickinger, 2010). Exenatide is a chemical synthetic form of a peptide hormone called Exendin-4 that occurs naturally in the saliva of the Gila monster, a large venomous lizard native to the southwestern United States and northwestern Mexico (Eng et al., 1992; Triplitt and Chiquette, 2006; Yap and Misuan, 2019) and is an analogue of glucagon-like peptide-1 (GLP-1). GLP-1 is a peptide hormone mainly secreted from intestinal L cells. It controls glycemia by acting as a glucose sensor, stimulates insulin secretion from β-cells, and suppresses glucagon release (Chia and Egan, 2005). In addition, it improves insulin sensitivity, slows gastric emptying, and reduces food intake, thereby reducing the blood glucose level (Mudaliar and Henry, 2012). However, naturally produced GLP-1 is rapidly degraded within 2 min by dipeptidyl peptidase-IV (DPP-IV) in blood. Exenatide (Byetta), synthetic Exendin-4, is resistant to DPP-IV (Young et al., 1999; Garber, 2011). Now, multiple forms of Exendin-4 have been developed, including immediate and extended-release forms.

Because of the growing number of patients with diabetes, there is a great demand for the production of Exendin-4. In this study, we investigated whether Exdn-4 can be produced in plants. Recently, plants have gained growing interest as a host of recombinant protein production. It has been proposed that plants could offer viable promising hosts for recombinant protein production with the premise of cost-effective, highly scalable, low-capital investment in the infrastructure; the ability to do post-translational modifications; and storage stability (Gupta et al., 2002). Furthermore, the unique advantage of a plant-based production system is safety because plant cells neither harbor human and animal pathogens nor produce endotoxins (Gerhartz, 1990; Daniell et al., 2001). Indeed, many pharmaceutical proteins have been successfully produced in plants. Taliglucerase α produced in carrot cells was introduced in the market to treat Gaucher disease (Fox, 2012; Zimran et al., 2018). Many growth factors or cytokines, such as human interleukin 6, human leukemia inhibitory factor (hLIF), epidermal growth factor, and human epidermal growth factor (hEGF), have been produced as active forms in plants (Hanittinan et al., 2020). In addition, CTB (Cholera toxin B subunit)-fused Exendin-4 has been produced in tobacco and lettuce chloroplasts for the purpose of oral delivery (Ruhlman et al., 2007; Kwon et al., 2013). However, one limitation is that the expression level of the gene of interest (GOI) by either transient gene expression or transgenic plants is still usually low. Therefore, high-level expression and efficient purification systems are urgently needed for the production of recombinant proteins in plants.

In this study, we aimed to produce Exdn-4 in N. benthamiana via the transient expression system. We generated a high-expression construct using various approaches including the use of a translational enhancing domain. In addition, we developed a cost-effective purification method to reduce the purification cost. Here, we present evidence that recombinant proteins containing Exendin-4 can be produced at high levels in N. benthamiana and easily purified by microcrystalline cellulose (MCC) beads or Ni2+-NTA resin. Moreover, active Exdn-4 without any extra residue can be produced from the recombinant proteins by proteolytic cleavage using enterokinase.



Methods and materials


Recombinant gene construction

A DNA fragment of 2L:EK : Exdn-4 consisting of 2 copies of GGGS as a linker, an enterokinase site, and Exendin-4 was chemically synthesized (Gene Universal, USA). 2L:EK : Exdn-4 was digested with XmaI and XhoI restriction endonucleases and ligated into the pTEX1::BiP : GB1:HL:GFP vector (Song et al., 2022), digested with the same endonucleases to give BiP : GB1:HL:2L:EK : Exdn-4. Subsequently, a DNA fragment, ddCBDm with 8xHis, that had been chemically synthesized (Gene Universal, USA) was digested with BamH1 and XmaI restriction endonucleases and ligated into pTEX1::BiP : GB1:HL:2L:EK : Exdn-4 digested with BamH1 and XmaI restriction endonucleases to give pTEX1::B:G:ddCBDm : Exdn-4 (BGC : Exdn-4). To add the ER retention motif HDEL at the C-terminus of BGC : Exdn-4, PCR was performed using primers XmaI-2L-EK-F and XhoI-HDEL-R (Supplementary Table 1) and 2L:EK : Exdn-4 as template. The PCR product was digested with XmaI and XhoI restriction endonucleases and ligated to pTEX1::B:G:ddCBDm : Exdn-4 that had been digested with XmaI and XhoI restriction endonucleases to give pTEX1::B:G:ddCBDm : Exdn-4:HDEL (BGC : Exdn-4:HDEL).



Plant materials and growth conditions

Nicotiana benthamiana plants were grown in a greenhouse under the conditions of 24°C, 40–65% relative humidity, and a long-day photoperiod (16 h light and 8 h dark, with illumination of 130–150 μmol m-2 sec-1) for 6–7 weeks. Six- to seven-week-old plants were used for agro-infiltration.



Plasmid transformation into Agrobacterium strain EHA105 & transient expression in N. benthamiana

For transient expression of the recombinant gene construct, BGC : Exdn-4 & BGC : Exdn-4:HDEL in N. benthamiana, the binary expression vector was transformed into Agrobacterium tumefaciens strain EHA105 by electroporation, and transformed Agrobacteria were grown on LB plates supplemented with kanamycin (50 µg/mL) and rifampicin (50 µg/mL) at 28°C for 2 days. A single colony was grown in 5 mL of LB medium supplemented with kanamycin (50 µg/mL) and rifampicin (50 µg/mL) in a shaking incubator overnight. Then, 400 µl of overnight Agrobacterium culture was transferred to 50 mL of fresh LB medium supplemented with kanamycin (50 µg/mL) and rifampicin (50µg/mL). After growing for 16 h, the cells were centrifuged at 5,000 × g at 28°C for 10 min. The supernatant was discarded, and the pellet was resuspended in infiltration buffer (10 mM MES, and 10 mM MgSO4, pH 5.7). Finally, the Agrobacterium suspension was adjusted to 0.80 of OD600 by adding the infiltration buffer. Then, 400 µM acetosyringone was added to the Agrobacterium suspension, followed by incubation at room temperature for 1 h. Agrobacterium suspensions were infiltrated using a needleless syringe (Zhang et al., 2020). After infiltration, plants were further grown, and the leaf tissues were harvested on the 3rd, 5th, and 7th days after infiltration (dpi).

For vacuum infiltration, the leaf tissues of N. benthamiana were submerged in Agrobacterium suspension in a vacuum chamber, and a 50–400 mbar vacuum was applied for 1 min. After the release of the vacuum, the plants were recovered from the vacuum chamber and washed with water to remove extra Agrobacterium suspension from leaf tissues. Plants were returned to the greenhouse and further grown for 5–7 days. Agroinfiltrated leaf tissue were harvested on 3 dpi, 5 dpi and 7 dpi (Buyel and Fischer, 2012).



Protein extraction, SDS/PAGE,and western blot analysis

Leaf tissues were ground in liquid nitrogen using a mortar and pestle to a fine powder and mixed with 4 volumes (w/v) of protein extraction buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM DTT, 0.1% [v/v] Triton X-100, and 1x protease inhibitor cocktail). The total soluble protein was recovered after centrifugation at 18,000 × g for 15 min. Protein concentration was measured using the Bradford protein assay (Bio-Rad, Hercules, CA, USA).

For Western blot analysis, 10 μg of total proteins were separated by SDS/PAGE. After SDS/PAGE, proteins were transferred onto PVDF membrane. The membrane with proteins was blocked with 6% non-fat dried milk in TBST buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, and 0.05% Tween-20) for 30 min to 1 h and incubated with anti-rabbit IgG antibody (1:5,000 dilution) at 4°C overnight. The membrane was washed three times with TBST buffer for 10 min each. Protein bands were detected by chemiluminescence (ECL; Amersham Pharmacia Biotech, Buckinghamshire, England), and images were obtained with an Amersham Imager 680 (AI680) analyzer.



Purification of BGC : Exdn-4 using Ni2+-NTA resin and MCC beads

Leaf tissues (40 g fresh biomass) harvested at 5 dpi after Agrobacterium-mediated infiltration were ground to a fine powder with a mortar and pestle under liquid nitrogen. The powder was mixed with extraction buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween-20, 1X protease inhibitor cocktail, 1% PMSF) at 1:6 w/v, and the mixture was vortexed for 3–4 min. Total soluble protein extracts were centrifuged at 18,000 × g for 15 min, and the supernatant containing total soluble proteins was separately collected. To remove cellular debris as much as possible, the supernatant was centrifuged three additional times.

First, we purified BGC : Exdn-4 using Ni2+-NTA resin. To purify BGC : Exdn-4 using Ni2+-NTA resin, the column containing Ni2+-NTA resin (1 ml) was equilibrated with the extraction buffer. The total soluble protein extracts were adjusted to contain 350 mM NaCl and 8 mM imidazole at the final concentration. Total soluble protein extracts were loaded into the column and allowed to flow through the column by gravity. The solution that passed through the column was collected as the flow-through fraction. The resin in the column was washed with 150 mL of washing buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 18 mM imidazole) five times, and the washing solution was collected as wash-off solution. The proteins bound to the resin were eluted using the elution buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 400 mM imidazole). To ensure complete elution of BGC : Exdn-4, from the resin, proteins were eluted three times using 5 mL of the elution buffer each time. Immediately after elution, the elution buffer was changed with PBS buffer during a process of protein concentration using a Millipore 10 kD centrifugal filter (Millipore, Burlington, MA, United States). All steps were carried out at a flow rate of 0.5 mL/min.

To purify BGC : Exdn-4 proteins using microcrystalline cellulose (MCC) beads, total soluble protein extracts were mixed with MCC beads (Sigma-Aldrich, St. Louis, MO, USA) in a batch mode. Briefly, MCC beads (1 g) were suspended in four volumes of water, and the supernatant containing impurities was discarded. The washing of MCC beads was repeated five times. MCC beads were resuspended in water at a 1:1 ratio (v/v) (~4.1 mL bead volume). Thereafter, 240 mL TSP from 40 g fresh biomass was divided into six 50 mL centrifuge tubes (40 mL in each tube). Each tube was mixed with MCC slurry and placed at 4°C with gentle shaking for binding of proteins to the MCC beads. After incubation for 2 h, the MCC beads bound to proteins were collected by centrifugation at 3,000 × g for 2 min, and the supernatant (unbound fraction) and MCC beads with bound proteins were collected separately. The MCC beads were washed four times with four bead volumes of 40 mM Tris-HCl buffer (pH 7.5) to remove loosely bound proteins. To determine purity, proteins bound to MCC beads were released in 2× SDS/PAGE sample buffer by boiling for 10 min and analyzed by SDS/PAGE followed by CBB staining.



Release of Exdn-4 from BGC : Exdn-4 by enterokinase

To obtain Exdn-4 without any extra amino acid residues, MCC beads bound to BGC : Exdn-4 were washed three times with 5 mL of 40 mM Tris-HCl (pH 7.4). Subsequently, the MCC beads were suspended in 5 mL of enterokinase cleavage buffer (20 mM Tris-HCl, pH 7.4, and 50 mM NaCl, 2 mM CaCl2). The mixture was incubated at 25°C for 12 h with gentle shaking. Released Exdn-4 was recovered in the supernatant after centrifugation at 3,000 × g at 4°C for 5 min. To recover any remaining Exdn-4 from the MCC beads, 2 mL of enterokinase cleavage buffer was added to the MCC beads, they were gently mixed for 1 min, and the supernatant was collected after centrifugation at 3,000 × g for 5 min. Exdn-4 was concentrated using a Millipore 3 kD filter (Millipore, Burlington, MA, United States) and stored at -80°C. For long-term storage (more than a week), Exdn-4 in PBS buffer was supplemented with 5% glycerol and stored at -80°C.



Quantification and yield of BGC : Exdn-4

The amount of purified BGC : Exdn-4 was quantified by the Bradford protein assay using human serum albumin (HSA) as a protein standard. Alternatively, the amount of purified proteins was also quantified by comparing the intensity of Comassie brilliant blue (CBB)-stained Exdn-4 with that of HSA protein size standard bands on a 12% SDS/PAGE gel.



Treatment of purified BGC : Exdn-4 with endo-H

Purified BCG : Exdn-4 (2 μg) was incubated with 1x glycoprotein denaturing buffer (0.5% SDS and 1 mM dithiothreitol) and denatured by boiling for 10 min. After this had cooled down to room temperature, 0.5 units of endo H (Roche, USA) were added to the denatured BGC : Exdn-4 and incubated at 37°C for 2 h, followed by analysis by Western blotting with anti-rabbit IgG antibody.



Subcellular fraction of total protein extracts using a linear sucrose density gradient

The two constructs BGC : Exdn-4 and BGC : Exdn-4:HDEL together with GFP were transiently expressed in N. benthamiana via Agrobacterium-mediated infiltration (Song et al., 2022). Total leaf tissues were harvested and homogenized using an active Motif Dounce Homogenizer (Thermofisher Catalog No.NC0569256) in 2 mL of homogenization buffer (50 mM Tris-HCl, pH 8.2, 20% [v/v] glycerol, 1 mM DTT, 1x protease inhibitor cocktail) per gram of tissue. Homogenates were filtered through Miracloth and centrifuged at 5,000 x g for 5 min. The supernatant was again centrifuged at 10,000 x g for 10 min. Subsequently, the supernatant was collected as total protein extracts and was mixed with 3 mL of homogenization buffer and filtered using 11 µM Nylon Net. The total protein extracts were further centrifuged at 5,000 x g for 10 min. 2 mL of the supernatant were loaded on the top of a linear sucrose density gradient (10% - 60% [w/w]) prepared in buffer (10 mM Tris-HCl, pH 7.6, and 1x protease inhibitors). After centrifugation in a swinging bucket rotor at 40,000 x g at 4°C for 18 h, 0.5-mL fractions were collected in a total of 22 fractions. Sucrose percentage of each fraction was measured using a refractometer (Fisher Scientific, Pittsburgh). Proteins in these fractions were separated by SDS-PAGE and analyzed by western blotting.



RNA extraction and qRT-PCR

Agroinfiltrated leaf tissues were collected at 5 dpi and ground under liquid nitrogen using TissueLyser. The total RNA was purified using a Qiagen plant RNA purification kit (RNeasy Plant Mini Kit, Cat. No./ID: 74904), according to the protocol provided by the manufacturer. Total RNA (2 µg) was reverse-transcribed to cDNA by MutiScribe Reverse Transcriptase (Thermo Fisher Scientific, REF 4368813). The cDNA (50 ng), primers, and SYBR Green mix (Thermo Fisher Scientific, REFA25742) were mixed and used for qRT-PCR under the condition as follows: Stage 1, 95°C for 10 min; in stage 2, 95°C for 15 sec followed by 60°C for 1 min in a total of 40 cycles. Melt curve: 95°C for 15 sec, 60°C for 1 min and 95°C for 15 sec in a total of 1cycle. The primers used for qRT-PCR were shown in Supplementary Table 1.



Determination of endotoxin levels in purified Exdn-4

Endotoxin levels in purified Exdn-4 from N. benthamiana were determined using the Pierce™ Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific, Cat. no. A39552S).



Activity assay of plant-produced Exdn-4 on glucose-induced insulin secretion from pancreatic β-cell line MIN6m9

The activity of Exdn-4 produced in N. benthamiana for insulin secretion was measured using mouse pancreatic β-cell line MIN6m9. Briefly, MIN6m9 cells were cultured in DMEM at a 11 mM glucose, 5 nl/ml 2-mercaptoethanol, 100 units/ml penicillin G, 100 µg/ml streptomycin-sulphat and 10% (v/v) fetal bovine serum (FBS). Once the cells had reached approximately 80% confluence, they were seeded into a 24-well plate at a density of 1.25 × 105 cells per well. In the experiment day, they were pre-incubated in 500 μL of a modified KREBS buffer containing 119 mM NaCl, 4.6 mM KCl, 2.8 mM CaCl2, 1 mM MgSO4, 0.15 mM Na2HPO4, 0.4 mM KH2PO4, 5 mM NaHCO3, 0.5 mg/mL BSA and 20 mM HEPES, pH 7.4 with 0.5 mM glucose for 60 min, and were stimulated in 500 μL of the KREBS buffer with 0.5 mM or 5 mM glucose together with varying concentrations of Exdn-4 at 37°C for 20 min. After incubation for 20 min, cell culture supernatants were collected, and the insulin content was measured using a mouse insulin ELISA Kit (ALPCO Diagnostics, Salem, NH, USA) according to the manufacturer’s instructions. The amount of glucose-induced insulin secretion was normalized using total protein from the cells which was determined by BCA assay (ThermoFisher Scientific, Cat no. 23227)



Statistical analysis

Data are expressed as mean ± SEM. The data were statistically analyzed by Graphpad Prism software version 9.4.1. For the statistical analysis of glucose-induced insulin secretion, we did Shapiro-Wilk test to ensure normal distribution. The test showed that we could reject that our results were not in normal distribution. For equal variances, we did Brown-Forsythe test and it showed, p=0.4775, meaning that variances of each variable were not significantly different. Then, two way ANOVA followed by Turkey’s multiple comparison was performed where alpha level (significance level) was set to 0.05.




Results


Exdn-4 containing recombinant proteins are expressed at a high level in Nicotiana benthamiana

To express Exdn-4 in plants, we designed a recombinant gene containing Exdn-4. Since Exdn-4 is a small polypeptide, it may not be expressed at a high level in the endoplasmic reticulum (ER) and may also be difficult to purify. Thus, we fused to Exdn-4 a few domains that were intended for solubilization of recombinant protein, ER targeting, affinity tagging for purification, and also translational enhancement. First, we utilized the GB1 domain, which is known to increase the expression level of its fusion proteins several-fold (Song et al., 2022). In addition, we intended to accumulate proteins in the ER by targeting recombinant proteins to the ER using the signal peptide of Arabidopsis BiP1, including seven amino acids after the signal peptide cleavage site to favor proper peptide removal. However, we decided not to use the ER retention motif because we aimed to produce Exdn-4 without any extra amino acid residues. As an affinity tag for protein purification, we included two domains, a double CBD1 domain with a mutation of tyrosine 31 to histidine (ddCBDm) and 8 histidine residues (8xHis). CBD domains are known to increase the solubility of the fusion proteins and also can be used as a purification tag using microcrystalline cellulose (MCC) beads. 8xHis can also be used as an epitope tag for Western blot analysis and as an affinity tag for protein purification using Ni2+-NTA resin. Finally, an enterokinase site (DDDDK) and the Exdn-4 domain were fused to the C-terminus of ddCBDm to give BiP : GB1:ddCBDm:8xHis : EK:Exendin-4 (BGC : Exdn-4 for short) (Figure 1A). The recombinant gene was under the control of MacT promoter (Song et al., 2022). It also contained the gene silencing suppressor P38 of turnip crinkle virus coat protein, so there was no need to provide P38 in a separate vector. It has been shown to enhance the recombinant protein expression in N. benthamiana (Thomas et al., 2003).




Figure 1 | A recombinant gene containing Exdn-4 is expressed at high levels in N. benthamiana. (A) Schematic presentation of the recombinant construct. BGC : Exdn-4 contains various domains for high-level expression. gBiP, a genomic DNA fragment of Arabidopsis BiP1 encoding the signal peptide for ER targeting; GB1, B1 domain of streptococcal G protein; HL, a helical wheel-forming linker; 2L, 2 copies of a flexible linker GGGS; ddCBDm, two copies of CBD1 with a mutation of tyrosine 34 to histidine; 8xHis, eight His residues; EK, enterokinase cleavage site; MacT, MacT promoter. (B, C) Optimization for the expression of recombinant construct. (B) N. benthamiana leaves were infiltrated with different Agrobacterium concentrations (0.4, 0.6, 0.8, and 1.0 of OD600) and leaf tissues were harvested at 5 dpi. (C) Plants infiltrated with Agrobacterium at 0.8 of OD600 were grown for 3, 5, or 7 days after infiltration. Total protein extracts from leaf tissues were separated by SDS/PAGE and analyzed by Western blotting using HRP-conjugated anti-rabbit IgG antibody. M, protein size standard; NT, non-transformed wild-type plants. RbcL stained with CBB, a loading control. (D) SDS/PAGE analysis for the expression of BGC : Exdn-4. Total soluble protein extracts (10 μg) were separated by SDS/PAGE and the gel was stained with CBB to detect the protein band of BGC : Exdn-4. Arrows, the expected size of BGC : Exdn-4; Lane M, protein size standard; NT, non-transformed wild-type N. benthamiana.



We examined the expression of the recombinant gene, BGC : Exdn-4, in N. benthamiana by Agrobacterium-mediated infiltration (Zhang et al., 2020). First, we tested the optimal Agrobacterium concentration for infiltration using various concentrations of Agrobacterium suspension: 0.4, 0.6, 0.8, and 1.0 of OD600. Total soluble protein extracts from leaf tissues harvested at 5 dpi were analyzed by Western blotting using the secondary antibody, anti-rabbit IgG antibody, which detected the GB1 domain of BGC : Exdn-4 (Song et al., 2022). The expression of BGC : Exdn-4 increased along with Agrobacterium concentration up to 0.8 of OD600 and then decreased to a lower level at 1.0 of OD600 (Figure 1B). Then, we examined the expression level according to the growth period after infiltration. We harvested plant leaf tissues at three different time points: 3, 5 and 7 dpi. Again, total soluble protein extracts were analyzed by Western blotting using the secondary antibody, HRP-conjugated anti-rabbit IgG antibody. The expression level of BGC : Exdn-4 was highest at 5 dpi (Figure 1C; Supplementary Figure 1). Unlike previous study (Buyel and Fischer, 2012; Gengenbach et al., 2019), the expression level increased from 3 dpi to 5 dpi but then slightly decreased at 7 dpi. To examine whether BGC : Exdn-4 can be detected by CBB staining of an SDS/PAGE gel, 10 μg of total soluble proteins were separated by SDS/PAGE and the gel was stained with CBB (Figure 1D). The recombinant protein BGC : Exdn-4 was detected on the CBB-stained gel, confirming that BGC : Exdn-4 is expressed at a high level. We compared the expression level of BGC : Exdn-4 with the same construct with an ER retention motif HDEL at the C-terminus. In general, the ER retention motif is added to the C-terminus of recombinant proteins to increase the expression level because the ER retention motif usually induces the accumulation of recombinant proteins in the ER at high levels (Song et al., 2022). Thus, we generated a construct BGC : Exdn-4:HDEL and expressed it in N. benthamiana. The expression levels of both constructs were nearly the same (Supplementary Figure 2), indicating that in the case of BGC : Exdn-4, the ER retention motif does not contribute to the protein yield in plants. To examine the transcript level of these two constructs, we performed qRT-PCR and found that the transcript levels of both BGC : Exdn-4 and BGC : Exdn-4:HDEL were nearly the same (Supplementary Figure 3).

Next, we examined the localization of both BGC : Exdn-4 and BGC : Exdn-4:HDEL. BGC : Exdn-4:HDEL should be localized to the ER. In contrast, it was not clear whether BGC : Exdn-4 without the ER retention motif also localizes to the ER. Homogenates from infiltrated leaf tissues were fractionated on a linear sucrose gradient using 10 to 60% solution, to separate the different subcellular compartments, and proteins in the fractions were analyzed by western blotting. Both BGC : Exdn-4 and BGC : Exdn-4:HDEL comigrated with endogenous BiP at the fractions from 31 to 43% sucrose whereas coexpressed cytosolic GFP was detected at the top fractions from 3 to 27% sucrose. These results indicate that BGC : Exdn-4 localizes to the ER, despite the absence of the ER retention motif (Figure 2).




Figure 2 | Both BGC : Exdn-4 and BGC : Exdn-4:HDEL expressed in N. benthamiana localize to the ER. (A, B) Subcellular fractionation and western blot analysis of BGC : Exdn-4 and BGC : Exdn-4:HDEL. Total protein extracts from leaf tissues of N. benthamiana expressing BGC : Exdn-4 and cytosolic GFP (A), or BGC : Exdn-4:HDEL and cytosolic GFP (B) were fractionated using a linear sucrose gradient from 10 to 60% sucrose. These fractions were separated by SDS/PAGE and analyzed by western blotting using anti-BiP, anti-rabbit IgG and anti-GFP antibodies. ER proteins were detected in the fractions containing 32.7 to 43.1% sucrose (A) or 31.4 to 41.3% sucrose (B) whereas the cytosolic GFP was detected in the fractions 5 to 27% sucrose (A) or 3 to 27% (B). These results indicate that both BGC : Exdn-4 and BGC : Exdn-4:HDEL localize to the ER.





BGC : Exdn-4 recombinant proteins are readily purified using either Ni2+-NTA resin or microcrystalline cellulose beads

Next, we asked whether the recombinant protein BGC : Exdn-4 can be easily purified from total soluble protein extracts. We used two different types of affinity resins, Ni2+-NTA and MCC beads. Total soluble proteins prepared from leaf tissues were subjected to purification as described in the Method section. First, we examined the purification using Ni2+-NTA resin. The purification steps were monitored by SDS/PAGE followed by CBB staining or Western blotting using the secondary antibody, anti-rabbit IgG antibody. The total soluble protein extracts, flow-through fraction, wash-off fractions, and eluted proteins were separated by SDS/PAGE and stained by CBB. The CBB-stained gel image showed that the majority of host proteins were detected in the flow-through fraction and almost no protein was detected in wash-off fractions. In the eluents, two closely migrating bands were detected at the position between 25 and 35 kD (Figure 3A). This is the expected size based on the calculated molecular mass. However, the bottom band was stronger than the upper band, raising the possibility that a small portion of BGC : Exdn-4 is N-glycosylated. Next, we examined the identity of these proteins using HRP-conjugated anti-rabbit IgG antibody, (Figure 3B). The total extracts produced two bands, as in the case of CBB-stained gel. In addition, the band at 27 kD was strongly detected by the anti-rabbit IgG, confirming that the 27-kD band represents BGC : Exdn-4. The flow-through and wash-off fractions did not show any protein bands, indicating that BGC : Exdn-4 binds to Ni2+-NTA tightly. We quantified the purified protein by comparing the amount of purified proteins with the known amounts of human serum albumin (HSA) on a SDS/PAGE gel after CBB staining (Supplementary Figure 4). Quantification indicates that the yield of BGC : Exdn-4 N. benthamiana was approximately 45 µg/g fresh biomass.




Figure 3 | Purification of BGC : Exdn-4 by Ni2+-NTA resin and microcrystalline cellulose resin. (A, B) Ni2+-NTA-based purification of BGC : Exdn-4. Leaf tissues harvested at 5 dpi were homogenized in extraction buffer at a 1:6 ratio (w/v). The total protein extracts were loaded into a column containing Ni2+-NTA resin at 4°C, allowed to pass through the column due to gravity, and washed five times using washing buffer. Finally, proteins were eluted using 400 mM imidazole. The indicated fractions from purification were separated by SDS/PAGE and stained by CBB (A) or analyzed by Western blotting using HRP-conjugated anti-rabbit IgG antibody (B). M, protein size standard; NT, non-transformed wild-type plants; T, total soluble proteins; FT, flow-through fraction; W1 and W2, the first and second wash-off fractions; E, eluted fraction. Arrows, BGC : Exdn-4. (C, D) MCC bead-based purification of BGC : Exdn-4. Total protein extracts from leaf tissues harvested at 5 dpi were mixed with MCC beads followed by washing five times with distilled water. During purification, total protein extracts (T); unbound fraction (UB); and the first, second, and third wash-off fractions (W1, W2, and W3, respectively) were saved for analysis. The B fraction was prepared by releasing proteins from MCC beads in SDS sample buffer by boiling for 10 min. These samples were separated and analyzed by SDS/PAGE and Western blotting (D).



Next, we used MCC beads to purify BGC : Exdn-4 recombinant proteins. MCC beads are inexpensive and natural resource that has been used for the purification of recombinant proteins from total protein extracts from leaf tissues (Islam et al., 2019). A previous study showed that MCC beads have a binding capacity of 2 μg/mg of proteins, with CBM3 as an MCC binding domain (Islam et al., 2019). First, we assessed the binding capacity of MCC beads for ddCBDm as the affinity tag using the total protein extracts. Varying amounts of total soluble protein extracts were incubated with 10 mg of MCC beads. The mixture was separated into the supernatant that contained the unbound proteins and the pellet that contained the MCC beads bound to BGC : Exdn-4. These fractions were analyzed by Western blotting using anti-rabbit IgG antibody. BGC : Exdn-4 was not detected in the supernatant until 600 μL of total soluble protein extracts but detected at both 800 and 1000 μL (Supplementary Figure 5), indicating that BGC : Exdn-4 in 600 μL of total soluble protein extracts is the saturation point for 10 mg of MCC beads under the conditions we used to prepare the total soluble protein extracts.

Based on this binding capacity of MCC beads for BGC : Exdn-4, we purified BGC : Exdn-4 using MCC beads. Total protein extracts were prepared from N. benthamiana leaf tissues harvested at 5 dpi and mixed with MCC beads. The MCC beads were washed extensively to remove loosely bound non-specific proteins. To evaluate the purification process of BGC : Exdn-4 recombinant proteins, all the fractions, including the total, flow-through, wash-off solutions, and eluted proteins from MCC beads by boiling, were separated by SDS/PAGE and stained by CBB or analyzed by Western blotting using anti-rabbit IgG antibody. The CBB-stained gel showed that the majority of proteins were detected in the flow-through fraction and minor bands in the wash-off fraction. The eluents contained the two bands of BGC : Exdn-4 at the 27- and 30-kD positions as in the case of MCC purification (Figure 3C). Western blot analysis confirmed that the band around 27 kD represents BGC : Exdn-4 (Figure 3D). Moreover, anti-rabbit IgG did not detect any bands in the unbound and washing fractions, indicating that BGC : Exdn-4 strongly binds to MCC beads. Purified proteins were quantified to estimate the purification efficiency using MCC beads. When we compared the amount of purified proteins, it appeared that MCC beads were slightly better than Ni2+-NTA resin (Supplementary Table 2). We also quantify the total soluble Exdn-4 protein expression in N. benthamiana (Supplementary Figure 6).

BGC : Exdn-4 produced two bands at the 25- and 30-kD positions. We postulated that the upper band is the N-glycosylated form. To test this idea, we treated the purified BGC : Exdn-4 with endo-H and analyzed it by Western blotting using anti-rabbit IgG antibody. The upper band disappeared upon endo-H treatment (Figure 4), indicating that the upper band is N-glycosylated. The N-terminal BGC region contained an N-glycosylation site (Supplementary Figure 7).




Figure 4 | A minor proportion of BGC : Exdn-4 is N-glycosylated in N. benthamiana. Purified BGC : Exdn-4 (2 μg) was denatured by boiling and then incubated with 0.5 units of Endo-H at 37°C for 2 h. Endo-H-treated (+) and untreated (-) BGC : Exdn-4 were separated by SDS/PAGE followed by Western blot analysis (A) or CBB staining (B). M, protein size standard.



Next, we examined the endotoxin level of the purified recombinant Exdn-4. It has been proposed that plant-produced proteins are safer regarding contamination of endotoxins. However, we used Agrobacterium-mediated infiltration to deliver the target gene. Agrobacterium is a Gram-negative bacterium that contains endotoxin in the cell wall. Thus, we measured the amount of endotoxin in the purified protein using the LAL test. The amount of endotoxin was approximately 0.04 EU/μg of BGC : Exdn-4 (Supplementary Figure 8), confirming very low levels of endotoxin contamination in the purified protein.



Exdn-4 without any extra amino acid residues is produced by enterokinase-mediated proteolytic cleavage

We examined whether Exdn-4 without any extra domains can be produced from BGC : Exdn-4 (Supplementary Figure 9). Purified BGC : Exdn-4 that was still bound to MCC beads was treated with or without enterokinase at 25°C for 12 h. To examine whether Exdn-4 is released from BGC : Exdn-4 by the enterokinase treatment, the buffer solution that would contain the released Exdn-4 was collected from the digestion mixture and also proteins bound to MCC beads were released by boiling. These protein samples were analyzed by Western blotting using HRP-conjugated anti-rabbit IgG antibody. As a control, we included proteins stored at -20°C. The enterokinase-treated sample showed a protein band smaller than the original protein (Figure 5A), indicating that the C-terminus Exdn-4 is released from BGC : Exdn-4. In addition, the full length was not detected upon EK treatment, an indication of efficient cleavage by enterokinase. Moreover, the N-terminal domain was still bound to the MCC beads. In contrast, there was no difference in size and amount of BGC : Exdn-4 without enterokinase treatment, indicating that the protein is stable at 25°C during 12 h incubation. Next, we analyzed the supernatant to detect the released Exdn-4 using 15% SDS/PAGE followed by CBB staining. A protein band was detected at the position below 10 kD, the expected size of Exendin-4 (Figure 5B), confirming that Exdn-4 can be produced from the BGC : Exdn-4.




Figure 5 | Exdn-4 is produced without any extra domains by cleavage of BGC : Exdn-4 with enterokinase. (A) Enterokinase cleavage of BGC : Exdn-4. Purified BGC : Exdn-4 bound onto MCC beads (50 µL/5 µg proteins) beads was treated with (T) or without (C2) 1.0 U of Enterokinase at 25°C for 12 h. After incubation, proteins bound to MCC beads were released in the SDS/PAGE sample buffer by boiling and analyzed by Western blotting using HRP-conjugated anti-rabbit IgG antibody. As a control, untreated protein (C1) was loaded. Arrow, BGC without Exdn-4. (B) Analysis of Exdn-4 released from BGC : Exdn-4. Exdn-4 released in the supernatant during the enterokinase treatment was collected and analyzed in by 15% SDS/PAGE gel followed by CBB staining. Arrow, Exdn-4.





Plant-produced Exdn-4 potentiates glucose-induced insulin secretion

A single dose of Exendin-4 is sufficient to normalize the blood glucose level in diabetic mice. We examined whether our plant-produced Exdn-4 is biologically active under an in-vitro cell culture model. Exendin-4 is known to stimulate the release of insulin from pancreatic β-cells in a glucose-dependent fashion (Holst and Gromada, 2004). The pancreatic β-cell line MIN6m9 is used to determine the glucose-induced insulin secretion by Exendin-4 (Cheng et al., 2012). We applied varying concentrations (5, 50 nM) of plant-produced Exdn-4 to MIN6m9 cells in the presence and absence of glucose, and the amount of insulin secreted by the cells was measured by ELISA. As a positive control, we used chemically synthesized Exendin-4. As expected, in the presence of 5 mM glucose, chemically synthesized Exendin-4 potentiated glucose-induced insulin secretion from MIN6m9 cells with statistical significance whereas the basal insulin level remained unchanged in the presence of 0.5 mM glucose. Similarly, plant-produced Exdn-4 also significantly potentiated glucose-induced insulin secretion from MIN6m9 cells, indicating that the plant-produced Exdn-4 is active (Figure 6). Moreover, statistical analysis showed that the activity of plant-produced Exdn-4 was not statistically different from one of chemically synthesized Exendin-4.




Figure 6 | Plant-produced Exdn-4 induces glucose-dependent insulin secretion from MIN6m9 pancreatic β-cells. MIN6m9 cells were treated with plant-produced Exdn-4 or chemically synthesized Exendin-4 at varying concentrations in the presence of 0.5 mM or 5 mM glucose. Supernatants from treated cells were collected, and the insulin concentration was measured by mouse insulin ELISA. The assay was performed in triplicate and repeated three times (n = 3). Data were expressed as means ± SEM. Statistical analysis was performed using Two-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison analysis with a P value less than 0.05 (p < 0.05) considered as statistical significance.*: p < 0.05, **: p < 0.01 and ns: not significant.






Discussion

In this study, we developed a new strategy for the production of recombinant Exdn-4 in N. benthamiana. Our main focus was to establish a method to achieve high-level production of active proteins and easy purification with no contamination of endotoxins. In the design of the construct for the production of recombinant Exdn-4, we incorporated two important domains, GB1 and ddCBDm. GB1 was shown to increase the expression level as well as the stability of the fusion protein in plants (Song et al., 2022). ddCBDm was used as an affinity tag for protein purification using MCC beads and is also known to provide solubility of the fusion proteins (Wan et al., 2011; Wang and Hong, 2014). ddCBDm is a fusion of two CBD1 domains designed for strong binding to MCC beads. CBD alone was shown to bind strongly to MCC beads. Thus, we expected that the double CBD domain should have stronger to MCC beads.

Exdn-4 is a small peptide with only 39 amino acid residues. Thus, it is rather small to be produced as a recombinant protein in plant cells. Therefore, we generated a fusion protein construct consisting of GB1, ddCBDm, 8xHis, and Exdn-4. In addition, the recombinant protein was induced to be localized to the ER using the BiP signal peptide. In plants, the ER is thought to be the best place for the accumulation of recombinant proteins at high levels because it provides a suitable environment for correct folding and post-translational modification if necessary and is known to have the least risk of proteolytic degradation (Schouten et al., 1996). The addition of an ER retention motif to the C-terminus could further increase the accumulation of targeting proteins in the ER (Gomord et al., 2002; Wilbers et al., 2016). However, it has been shown that the addition of extra amino acid residues to the C-terminus of Exdn-4 interferes with biological activity (Wakefield et al., 1991). Thus, we excluded the ER retention motif from the construct. Despite the absence of the ER retention motif, we obtained the expression of Exdn-4 recombinant proteins at high levels. Recombinant protein of BGC : Exdn-4 was detectable in the CBB-stained gel when 10 μg of total soluble proteins were separated by SDS/PAGE. This expression level was achieved without adding the ER retention motif in the ER. Moreover, in the case of BGC : Exdn-4, the addition of the ER retention motif did not further increase the expression level. In fact, BGC : Exdn-4 without the HDEL motif was also localized to the ER, which could be the reason why addition of the HDEL motif did not increase the expression level. In plants, RNA or DNA viral vectors are used to achieve a high level of expression of recombinant proteins. These vectors are known to express as much as a few milligrams of recombinant proteins per gram of fresh biomass. Another approach is to express recombinant proteins in the chloroplast after the integration of the recombinant gene in the chloroplast genome. However, in general, using an ordinary binary vector such as pCAMBIA1300, the recombinant protein band were not detectable by the CBB staining (Khan et al., 2022). Thus, our recombinant gene, BGC : Exdn-4, used for the production of Exdn-4 is considered to be expressed at a high level. After purification of BGC : Exdn-4, we estimated the yield of purified proteins to be ~50 µg/g fresh biomass.

We developed a highly efficient method for the purification of plant-produced recombinant proteins using MCC beads. There are many affinity tag-based purification methods. However, most of them are expensive. In fact, the price of recombinant proteins largely depends on the purification cost; the purification steps accounting for 70–80% of the production costs (Raven et al., 2014). We used the double CBD1 domain as the affinity tag for purification of Exdn-4 recombinant proteins. Both CBM3 and CBD strongly bind to MCC beads (Wan et al., 2011; Wang and Hong, 2014) and are considered as promising affinity tags. MCC beads are inexpensive natural materials. Thus, an advantage of using MCC beads as an affinity resin is the low cost. Using MCC beads, we were able to purify the recombinant proteins in a single step. However, one potential disadvantage is that the proteins bound to MCC beads cannot be easily released from the MCC beads if one wants to elute them. In this study, we aimed to produce Exdn-4 without any extra residues. Thus, we designed the recombinant construct of Exdn-4 in such a way that the N-terminus domain should be removed by enterokinase-mediated proteolytic cleavage. In fact, Exdn-4 was easily released from the recombinant proteins bound to MCC beads by enterokinase-mediated cleavage, which suggested that the on-bound cleavage of Exdn-4 by enterokinase occurred efficiently. We also used Ni2+-NTA resin to purify BGC : Exdn-4. The recombinant proteins were easily purified in a single step as well at a high purity. In the case of Ni2+-NTA resin, one can reuse it multiple times to reduce the cost of the resin.

An important question regarding the production of recombinant proteins in a heterologous system is whether the target protein is active in the original organism. In particular, plants belong to a different kingdom than animal cells. Thus, it is essential to test the activity of proteins produced in plants. Indeed, plant-produced Exdn-4 has activity comparable to chemically synthesized Exendin-4 when we tested it based on glucose-dependent insulin secretion in MIN6m9 cells. In this study, we focused on the production of Exdn-4 without any extra residues. However, it is possible that plant-produced Exdn-4 recombinant proteins can also be used for oral administration with or without purification. This will add more benefits to using plants as a host for the production of Exdn-4. This will be a direction of future study.

In this study, we developed an Exdn-4 production system using plants as a production host. From this study to real commercialization, one crucial point is how to translate the protocol we developed in the laboratory at a small scale to a commercial scale. Many steps such as centrifugation and grinding of tissues that were used in the laboratory may not be applicable to the commercial scale. These aspects should be studied further in the future for real commercialization.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author contributions

SA and IH conceived the project. SA and IH designed the research. SA performed most of the experiments. SJA and JK performed the activity assay of Exdn-4. P-OB was involved in conceiving the idea for this study. JHK aided primer design and MR performed agroinfiltration with SA. SA and IH interpreted the results and wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (No.2022R1A2C1091844). JK was supported by a National Research Foundation of Korea (NRF) grant (2021R1I1A1A01051391).



Conflict of interest

Authors SJA and JK were employed by Research and Development Department, BioN Inc, Pohang, South Korea.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1062658/full#supplementary-material



References

 Alonso-Magdalena, P., Quesada, I., and Nadal, A. (2011). Endocrine disruptors in the etiology of type 2 diabetes mellitus. Nat. Rev. Endocrinol. 7, 346–353. doi: 10.1038/nrendo.2011.56

 Barfoed, H. C. (1987). Insulin production technology. Chem. Eng. progress. 83, 49–54.

 Bellmann-Sickert, K., and Beck-Sickinger, A. G. (2010). Peptide drugs to target G protein-coupled receptors. Trends Pharmacol. Sci. 31, 434–441. doi: 10.1016/j.tips.2010.06.003

 Buyel, J. F., and Fischer, R. (2012). Predictive models for transient protein expression in tobacco (Nicotiana tabacum l.) can optimize process time, yield, and downstream costs. Biotechnol. Bioeng. 109, 2575–2588. doi: 10.1002/bit.24523

 Cheng, K., de lghingaro-Augusto, V., Nolan, C. J., Turner, N., Hallahan, N., Andrikopoulos, S., et al. (2012). High passage MIN6 cells have impaired insulin secretion with impaired glucose and lipid oxidation. PloS One 7 (7), e40868. doi: 10.1371/journal.pone.0040868

 Chia, C. W., and Egan, J. M. (2005). Biology and therapeutic potential of GLP-1 in the treatment of diabetes. Drug Discovery Today Dis. Mech. 2, 295–301. doi: 10.1016/j.ddmec.2005.08.013

 Daniell, H., Lee, S. B., Panchal, T., and Wiebe, P. O. (2001). Expression of the native cholera toxin b subunit gene and assembly as functional oligomers in transgenic tobacco chloroplasts. J. Mol. Biol. 311, 1001–1009. doi: 10.1006/jmbi.2001.4921

 Eng, J., Kleinman, W. A., Singh, L., Singh, G., and Raufman, J. P. (1992). Isolation and characterization of exendin-4, an exendin-3 analogue, from Heloderma suspectum venom. further evidence for an exendin receptor on dispersed acini from guinea pig pancreas. J. Biol. Chem. 267, 7402–7405. doi: 10.1016/s0021-9258(18)42531-8

 Fox, J. L. (2012). First plant-made biologic approved. Nat. Biotechnol. 30, 472–472. doi: 10.1038/nbt0612-472

 Garber, A. J. (2011). Long-acting glucagon-like peptide 1 receptor agonists: A review of their efficacy and tolerability. Diabetes Care 34, 279–284. doi: 10.2337/dc11-s231

 Gengenbach, B. B., Keil, L. L., Opdensteinen, P., Müschen, C. R., Melmer, G., Lentzen, H., et al. (2019). Comparison of microbial and transient expression (tobacco plants and plant-cell packs) for the production and purification of the anticancer mistletoe lectin viscumin. Biotechnol. Bioeng. 116, 2236–2249. doi: 10.1002/bit.27076

 Gerhartz, W. (1990). Enzymes in industry: production and applications. Vch Verlagsgesellschaft mbH 43 (5), 203. doi: 10.1002/star.19910430517

 Gomord, V., Denmat, L., Fitchette-Lainé, A.-C., Satiat-Jeunemaitre, B., Hawes, C., and Faye, L. (2002). The c-terminal HDEL sequence is sufficient for retention of secretory proteins in the endoplasmic reticulum (ER) but promotes vacuolar targeting of proteins that escape the ER. Plant J. 11 (2), 313–325. doi: 10.1046/j.1365-313X.1997.11020313.x

 Gupta, R., Beg, Q., and Lorenz, P. (2002). Bacterial alkaline proteases: Molecular approaches and industrial applications. Appl. Microbiol. Biotechnol. 59 (1), 15–32. doi: 10.1007/s00253-002-0975-y

 Hanittinan, O., Oo, Y., Chaotham, C., Rattanapisit, K., Shanmugaraj, B., and Phoolcharoen, W. (2020). Expression optimization, purification and in vitro characterization of human epidermal growth factor produced in Nicotiana benthamiana. Biotechnol. Rep. 28, e00524. doi: 10.1016/j.btre.2020.e00524

 Holst, J. J., and Gromada, J. (2004). Role of incretin hormones in the regulation of insulin secretion in diabetic and nondiabetic humans. Am. J. Physiol. Endocrinol. Metab. 287, E199–206. doi: 10.1152/ajpendo.00545.2003

 Islam, M. R., Kwak, J. W., Lee, J., Hong, S. W., Khan, M. R. I., Lee, Y., et al. (2019). Cost-effective production of tag-less recombinant protein in. Nicotiana benthamiana. Plant Biotechnol. J. 17 (6), 1094–1105. doi: 10.1111/pbi.13040

 Khan, M. R. I., Thangarasu, M., Kang, H., and Hwang, I. (2022). Plant produced endotoxin binding recombinant proteins effectively remove endotoxins from protein samples. Sci. Rep. 12, 1–12. doi: 10.1038/s41598-022-20776-6

 Kwon, K., Nityanandam, R., New, J. S., and Daniell, H. (2013). Oral delivery of bioencapsulated exendin-4 expressed in chloroplasts lowers blood glucose level in mice and stimulates insulin secretion in beta-TC6 cells. Plant Biotechnol. J. 11 (1), 77–86. doi: 10.1111/pbi.12008

 Molitch, M. E. (2013). Current state of type 2 diabetes management. Am. J. Manage. Care 19, s136–s142.

 Mudaliar, S., and Henry, R. R. (2012). The incretin hormones: From scientific discovery to practical therapeutics. Diabetologia 55 (7), 1865–1868. doi: 10.1007/s00125-012-2561-x

 Potenza, M., Nacci, C., Gagliardi, S., and Montagnani, M. (2011). Cardiovascular complications in diabetes: Lessons from animal models. Curr. Medicinal Chem. 18 (12), 1806–1819. doi: 10.2174/092986711795496755

 Raven, N., Rasche, S., Kuehn, C., Anderlei, T., Klöckner, W., Schuster, F., et al. (2014). Scaled-up manufacturing of recombinant antibodies produced by plant cells in a 200-l orbitally-shaken disposable bioreactor. Biotechnol. Bioeng. 112, 308–321. doi: 10.1002/bit.25352

 Ruhlman, T., Ahangari, R., Devine, A., Samsam, M., and Daniell, H. (2007). Expression of cholera toxin b-proinsulin fusion protein in lettuce and tobacco chloroplasts - oral administration protects against development of insulitis in non-obese diabetic mice. Plant Biotechnol. J. 5 (4), 495–510. doi: 10.1111/j.1467-7652.2007.00259.x

 Schouten, A., Roosien, J., van Engelen, F. A., de Jong, G. A., Borst-Vrenssen, A. W., Zilverentant, J. F., et al. (1996). The c-terminal KDEL sequence increases the expression level of a single-chain antibody designed to be targeted to both the cytosol and the secretory pathway in transgenic tobacco. Plant Mol. Biol. 30, 781–793. doi: 10.1007/BF00019011

 Song, S. J., Diao, H. P., Moon, B., Yun, A., and Hwang, I. (2022). The B1 domain of streptococcal protein G serves as a multi-functional tag for recombinant protein production in plants. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.878677

 Thomas, C. L., Leh, V., Lederer, C., and Maule, A. J. (2003). Turnip crinkle virus coat protein mediates suppression of RNA silencing in Nicotiana benthamiana. Virology 306 (1), 33–41. doi: 10.1016/S0042-6822(02)00018-1

 Triplitt, C., and Chiquette, E. (2006). Exenatide: From the gila monster to the pharmacy. J. Am. Pharm. Assoc. 46, 44–55. doi: 10.1331/154434506775268698

 Wakefield, L. M., Kondaiah, P., Hollands, R. S., Winokur, T. S., and Sporn, M. B. (1991). Addition of a c-terminal extension sequence to transforming growth factor-pl interferes with biosynthetic processing and abolishes biological activity. Growth Factors 5, 243–253. doi: 10.3109/08977199109000288

 Wang, D., and Hong, J. (2014). “Purification of a recombinant protein with cellulose-binding module 3 as the affinity tag,” in Protein affinity tags (New York, NY: Humana Press), 35–45.

 Wan, W., Wang, D., Gao, X., and Hong, J. (2011). Expression of family 3 cellulose-binding module (CBM3) as an affinity tag for recombinant proteins in yeast. Appl. Microbiol. Biotechnol. 91 (3), 789–798. doi: 10.1007/s00253-011-3373-5

 Wilbers, R. H. P., Westerhof, L. B., Raaij, D. R., Adrichem, M., Prakasa, A. D., Lozano-Torres, J. L., et al. (2016). Co-Expression of the protease furin in Nicotiana benthamiana leads to efficient processing of latent transforming growth factor–β1 into a biologically active protein. Plant Biotechnol. J. 14, 1695–1704. doi: 10.1111/pbi.12530

 Yap, M. K. K., and Misuan, N. (2019). Exendin-4 from Heloderma suspectum venom: From discovery to its latest application as type II diabetes combatant. Basic Clin. Pharmacol. Toxicol. 124, 513–527. doi: 10.1111/bcpt.13169

 Young, A. A., Gedulin, B. R., Bhavsar, S., Bodkin, N., Jodka, C., Hansen, B., et al. (1999). Glucose-lowering and insulin-sensitizing actions of exendin-4: studies in obese diabetic (ob/ob, db/db) mice, diabetic fatty zucker rats, and diabetic rhesus monkeys (Macaca mulatta). Diabetes. 48 (5), 1026–1034. doi: 10.2337/diabetes.48.5.1026

 Zhang, Y., Chen, M., Siemiatkowska, B., Toleco, M. R., Jing, Y., Strotmann, V., et al. (2020). A highly efficient agrobacterium-mediated method for transient gene expression and functional studies in multiple plant species. Plant Commun. 1, 100028. doi: 10.1016/j.xplc.2020.100028

 Zhang, P., Zhang, X., Brown, J., Vistisen, D., Sicree, R., Shaw, J., et al. (2010). Global healthcare expenditure on diabetes for 2010 and 2030. Diabetes Res. Clin. Pract. 87 (3), 293–301. doi: 10.1016/j.diabres.2010.01.026

 Zimran, A., Wajnrajch, M., Hernandez, B., and Pastores, G. M. (2018). Taliglucerase alfa: Safety and efficacy across 6 clinical studies in adults and children with gaucher disease. Orphanet J. Rare Dis. 13, 1–10. doi: 10.1186/s13023-018-0776-8



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Akter, Afrin, Kim, Kang, Razzak, Berggren and Hwang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-13-1062658-g003.jpg
N AN
Q/QQ o)
M NT T FT W1 W2%

$
L
M NT T FT wiw2 &

EES 15

SDS/PAGE (gel staining) Anti-rabbit IgG

¢ P M T UBWIW2W3 B
M T FTW1W2 W3 B

(kD)

75
60
45
35

25

15

SDS/PAGE (gel staining) Anti-rabbit 1gG





OEBPS/Images/fpls-13-1062658-g006.jpg
Insulin (ng*ug-1 protein)

15

10

5

0

x*
ns
* % ns
0 50 5 50 5

Exendin-4 Exdn-4

Concentration (nM)

== 0.5 mM Glu
== 5mMGlu





OEBPS/Images/fpls-13-1062658-g001.jpg
A
BGC:Exdn-4 e[ o1

B c D
ODGUO
M NT 0.4 0.6 0.8 1.0 M NT 3 5 7 (dpi) M NT 3 5 7 (dpi)
(kD) (kD)
100_| _
757 10058
60— i
60
2l 45
o] - 5]
15— 25—
Anti-rabbit IgG Anti-rabbit 19G SDS/PAGE (gel staining)
\ R —|
Cesdpdpee . THEEERL






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Production of active Exendin-4 in Nicotiana benthamiana and its application in treatment of type-2 diabetics

      

        		

          Introduction

        



        		

          Methods and materials

        

          		

            Recombinant gene construction

          



          		

            Plant materials and growth conditions

          



          		

            Plasmid transformation into Agrobacterium strain EHA105 & transient expression in N. benthamiana

          



          		

            Protein extraction, SDS/PAGE,and western blot analysis

          



          		

            Purification of BGC : Exdn-4 using Ni2+-NTA resin and MCC beads

          



          		

            Release of Exdn-4 from BGC : Exdn-4 by enterokinase

          



          		

            Quantification and yield of BGC : Exdn-4

          



          		

            Treatment of purified BGC : Exdn-4 with endo-H

          



          		

            Subcellular fraction of total protein extracts using a linear sucrose density gradient

          



          		

            RNA extraction and qRT-PCR

          



          		

            Determination of endotoxin levels in purified Exdn-4

          



          		

            Activity assay of plant-produced Exdn-4 on glucose-induced insulin secretion from pancreatic β-cell line MIN6m9

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Exdn-4 containing recombinant proteins are expressed at a high level in Nicotiana benthamiana

          



          		

            BGC : Exdn-4 recombinant proteins are readily purified using either Ni2+-NTA resin or microcrystalline cellulose beads

          



          		

            Exdn-4 without any extra amino acid residues is produced by enterokinase-mediated proteolytic cleavage

          



          		

            Plant-produced Exdn-4 potentiates glucose-induced insulin secretion

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-13-1062658-g005.jpg
Temp: _200 250 250
A BGCExnd-4 5ug): + + +

EK10U: - - +
MCl C2 T

(kD)

75
60
45

35
25

15

anti-rabbit IgG

(kD) M Exdn-4
75

25

10

l«—

15% Gel

CBB staining
(SDS/PAGE)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2022.1062658_cover.jpg
& frontiers | Frontiers in Plant Science

Production of active Exendin-4
in Nicotiana benthamiana and
its application in treatment
of type-2 diabetics





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-13-1062658-g002.jpg
A  BGC:Exdn-4 + Cytosolic GFP

=
5
14
19
27
32.7
34.1
43.1

”

S Q Sucrose (%)

) I
Anti-BiP

35 Anti-rabbit IgG
(BGC:Exdn-4)
Anti-GFP

25 (Cytosolic GFP)

B BGC:Exdn-4:HDEL + Cytosolic GFP

N 3 0 <<
N~ (] (o]
Mmgw ~ ~

= N ™Mm O < IO % Sucrose (%)
(kD)
(ER)

Anti-rabbit IgG
(BGC:Exdn-4:HDEL)

w
()]
' I

R — Anti-GFP
25 @ (Cytosolic GFP)






OEBPS/Images/fpls-13-1062658-g004.jpg
Anti-rabbit 1gG

@@“

B
C
L
M - 4+ Endo-H
(kD)
75 — s
60 =
45 .
35 e
-
25— -
15
CBB staining





