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Production of Gloeophyllum trabeum Endoglucanase Cel12A in Nicotiana benthamiana for Cellulose Degradation
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Lignocellulosic biomass from plants has been used as a biofuel source and the potent acidic endoglucanase GtCel12A has been isolated from Gloeophyllum trabeum, a filamentous fungus. In this study, we established a plant-based platform for the production of active GtCel12A fused to family 3 cellulose-binding module (CBM3). We used the signal sequence of binding immunoglobulin protein (BiP) and the endoplasmic reticulum (ER) retention signal for the accumulation of the produced GtCel12A in the ER. To achieve enhanced enzyme expression, we incorporated the M-domain of the human receptor-type tyrosine-protein phosphatase C into the construct. In addition, to enable the removal of N-terminal domains that are not necessary after protein expression, we further incorporated the cleavage site of Brachypodium distachyon small ubiquitin-like modifier. The GtCel12A-CBM3 fusion protein produced in the leaves of Nicotiana benthamiana exhibited not only high solubility but also efficient endoglucanase activity on the carboxymethyl cellulose substrate as determined by 3,5-dinitrosalicylic acid assay. The endoglucanase activity of GtCel12A-CBM3 was maintained even when immobilized on microcrystalline cellulose beads. Taken together, these results indicate that GtCel12A endoglucanase produced in plants might be used to provide monomeric sugars from lignocellulosic biomass for bioethanol production.
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INTRODUCTION

Due to the energy crisis caused by the gradual depletion of fossil fuel reserves and the accumulation of greenhouse gases such as carbon dioxide and methane, caused by high consumption of fossil fuels, the demand for alternative renewable energy sources is increasing (Jeswani et al., 2020; Kumar et al., 2020; Liu et al., 2021). Alternative energy sources include solar, wind, geothermal, tidal, and hydroelectric energy along with bioenergy. Among them, bioenergy can be produced from living or once-living organisms (biomass) through a variety of biomass conversion and biorefinery technologies (Cho et al., 2020; Srivastava et al., 2021). Among the several types of biomass resources, plant-derived lignocellulosic biomass is the most abundant raw material (Fatma et al., 2018; Toor et al., 2020). Lignocellulose is mainly composed of carbohydrate polymers, such as cellulose and hemicellulose, and an aromatic polymer, lignin. During lignocellulosic biomass-derived biofuel production, the efficient conversion of carbohydrate polymers into monomeric sugars, later used for ethanol production through fermentation, are of utmost importance for cost-efficiency (Liu et al., 2018; Ali et al., 2020; Barbosa et al., 2020). Moreover, the production costs of cellulase, an enzyme converting carbohydrate polymers into monomeric sugars, account for ~40% of the total lignocellulose-based bioethanol production cost (Behera and Ray, 2016). Thus, the development of a platform for the cost-efficient production of cellulase harboring high stability and activity might provide a promising avenue in the bioethanol industry.

Cellulases are glycoside hydrolases that catalyze the hydrolysis of β-1,4-glycosidic linkages in cellulose polymers. Cellulase is mainly composed of a catalytic domain that cleaves the glycosidic bond and a carbohydrate-binding module that binds to the substrate, thereby guiding the catalytic domain to the polysaccharide chains. According to the structure and mode of action, cellulases can be categorized into at least three groups - endoglucanases, exoglucanases, and β-glucosidases. The mechanisms underlying the function of these enzymes in cellulose decomposition have been well-described in previous reviews (Obeng et al., 2017; Barbosa et al., 2020). Endoglucanases (EC 3.2.1.4) are enzymes that catalyze the internal cleavages of β-glycosidic bonds in cellulose, thus releasing short polysaccharides that are further degraded by β-glucosidases or cellobiases. Many industrial cellulase enzymes have been sourced from various organisms - mainly fungi and bacteria (Obeng et al., 2017). For example, Trichoderma reesei filamentous fungus secretes a diverse mixture of cellulases and hemicellulases (Bischof et al., 2016; Obeng et al., 2017); novel strains of T. reesei producing high levels of cellulases have been identified through successive strain improvement (Peterson and Nevalainen, 2012). In addition, several industrial cellulases have been produced using different expression platforms including bacteria (Maki et al., 2009), yeast (Oh and Jin, 2020), thermostable fungi (Saroj et al., 2018), insect cell lines (Li et al., 2010), and plants (Jin et al., 2003; Kim et al., 2010; Garvey et al., 2014; Lambertz et al., 2014).

With regard to the production of industrial enzymes such as cellulases, plants exhibit several advantages over other systems such as bacteria, yeasts, and mammalian cells. First, the growth of transgenic plants is highly scalable. Second, the cost for plant growth is relatively lower than that for animal cell culture. Third, plants are almost free of endotoxins such as lipopolysaccharides, which are abundant in bacterial cells. Further, the conditions for plant growth are much less affected by microorganisms that are detrimental to mammalian cell cultures (Buyel et al., 2017; Moon et al., 2019; Muthamilselvan et al., 2019; Knodler and Buyel, 2021; Schillberg and Finnern, 2021). In addition, previous studies indicated that various useful proteins of different origins, such as bacteria, bacteriophage, animals, and red algae, remained functional when produced in tobacco (Nicotiana benthamiana) (Garvey et al., 2013; Islam et al., 2019, 2020; Kumari et al., 2020; Razzak et al., 2020). One of the most important considerations in protein production using plants is how target proteins can be expressed in large amounts because the cost-effectiveness of protein production is often highly dependent on the protein amounts yielded from a unit cultivation area. Thus, to enhance the production of foreign proteins, several sequences such as 5′-untranslated region (UTR) and HSP transcriptional terminator have been formulated and incorporated into plant expression vectors (Nagaya et al., 2010; Kim et al., 2014; Islam et al., 2019). To avoid the proteolytic degradation of target proteins in the cytosol, expressed proteins can be sequestered to subcellular organelles such as endoplasmic reticulum (ER) or chloroplasts by incorporating organellar targeting signals that are proteolytically removed by organellar peptidase after organellar targeting of proteins (Lee and Hwang, 2018; Islam et al., 2019; Muthamilselvan et al., 2019; Margolin et al., 2020b). ER is an organelle in which several posttranslational modifications such as glycosylation or disulfide bond formation occur, thereby contributing to the functionality of produced proteins (Margolin et al., 2018, 2020a).

Recently, Oh et al. (2019) isolated and characterized the acidic endoglucanase GtCel12A (Gloeophyllum trabeum Cel12A). In this study, it was shown that this enzyme displayed highest activity on β-glucan, followed by lichenan and carboxymethyl cellulose (CMC) and xyloglucan (Miotto et al., 2014; Oh et al., 2019). GtCel12A produced from Pichia pastoris displayed not only high enzymatic activity but also synergistic effects in combination with commercial cellulase on hydrogen peroxide-acetic acid-pretreated lignocellulosic biomass (Oh et al., 2019). In this study, we attempted to produce GtCel12A from N. benthamiana to establish a plant-based platform for GtCel12A production.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

N. benthamiana plants (NCBI:txid4100) were grown in a greenhouse at 23–24°C and 40–65% relative humidity with a 16-h light/8-h dark cycle on soil. The leaves of 6–7-week-old plants were used for agro-infiltration.



Plasmid DNA Construction

The GtCel12A sequence (NCBI, HQ163778) was obtained through gene synthesis (Bioneer corp., Daejeon, Korea). In this study, the sequence corresponding to the N-terminal hydrophobic signal sequence (amino acids 1–20) was deleted from the full-length GtCel12A. To generate the BiP-M-bdSUMO-GtCel12A-CBM3-HDEL construct, we digested with XmaI and Acc65I the pCambia1300 plant expression vector (Komori et al., 2007; Razzak et al., 2020), containing the sequences encoding for the BiP signal sequence, M domain of the human receptor-type tyrosine-protein phosphatase C, SUMO domain, and CBM3-HDEL, and ligated the GtCel12A sequence into it that was digested with the same restriction endonucleases.



Agro-Infiltration of BiP-M-bdSUMO-GtCel12A-CBM3-HDEL or BiP:bdSENP1:HA Into the N. benthamiana Leaves

The constructs BiP-M-bdSUMO-GtCel12A-CBM3-HDEL or BiP:bdSENP1:HA (Islam et al., 2020) were transformed into Agrobacterium tumefaciens (EHA105). A. tumefaciens cells harboring binary vector constructs were introduced into N. benthamiana leaves via syringe infiltration as described previously (Islam et al., 2019; Razzak et al., 2020). In every agro-infiltration experiment, A. tumefaciens harboring p38, which is derived from Turnip crinkle virus and encodes a suppressor of host gene-silencing, was co-infiltrated at OD600 value of 0.8 (Qu et al., 2003; Islam et al., 2019).



Purification of MSC-GtCel12A From the N. benthamiana Leaves

Leaves (10 g), harvested at 3, 5, and 7 days after agro-infiltration, were ground in liquid nitrogen. Total protein extracts were prepared using 30 mL of protein extraction buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM DTT, 1% [v/v] Triton X-100, and 1 X EDTA-free protease inhibitor cocktail (Roche, switzerland). After incubation at 4°C for 15 min, the total protein extracts were filtered through Miracloth (Merck Millipore, USA) to remove debris. Subsequently, 100 μL of protein extracts was collected as total fraction. The protein extracts were then centrifuged at 19,400 × g for 15 min, and 100 μL of the supernatant was collected as soluble fraction. The samples in the pellet fraction were resuspended with 30 mL of protein extraction buffer, and 100 μL of samples was collected as pellet fraction. The remaining soluble fraction after centrifugation was used for the purification of BiP-M-bdSUMO-GtCel12A-CBM3-HDEL with microcrystalline cellulose (MCC) beads (Sigma-Aldrich, St. Louis, MO, USA; CAS Number 9004-34-6) as described previously (Islam et al., 2019). Briefly, the remaining soluble fraction was incubated with 1 mL of MCC beads pre-suspended with water at 1:1 ratio at 4°C for 3 h, followed by centrifugation at 115 × g for 2 min. Then, 100 μL of the supernatant fraction was collected as unbound fraction. The MCC beads containing bound proteins were washed with wash buffer (containing 50 mM Tris-HCl and 150 mM NaCl; pH 7.5) three times (W1–W3). The MCC beads containing bound proteins were regarded as bound fraction. The protein samples prepared from tobacco leaves were subjected to SDS-PAGE, followed by Commassie blue staining or Western blot analysis.



Western Blot Analysis

The protein samples prepared from tobacco leaves were separated by SDS-PAGE using 10% acrylamide gel and transferred onto a polyvinylidene fluoride membrane. The membrane containing protein samples was incubated with 1 x TBS-T (Tris-buffered saline with 0.1% (v/v) Tween 20) solution containing 6% (w/v) skim milk for 30 min. The membrane was then incubated with an anti-CBM3 antibody (1:5,000 dilution) (BioApplications Inc., Korea) at 4°C for 4 h. After washing with 1 x TBS-T three times, the membrane was incubated with an anti-rabbit secondary antibody conjugated with horseradish peroxidase (1:5,000 dilution) (Bethyl Laboratories Inc.) at 4°C for 4 h. Finally, after washing with 1 x TBS-T three times, the membrane was immersed in ECL reagents (Thermo Fisher Scientific Inc.) and the chemiluminescence images were captured using the ChemiDocTM XRS+ imaging system (Bio-Rad Laboratories, Inc.).



Endoglucanase Activity of GtCel12A-CBM3 Expressed in the N. benthamiana Leaves

The endoglucanase activity of BiP-M-bdSUMO-GtCel12A-CBM3-HDEL immobilized on MCC beads was directly tested as described previously (Oh et al., 2019). The purified enzyme (5 μg) was incubated with 0.5% CMC substrate at indicated pH and temperatures for 2 h. The buffer conditions for GtCel12A enzyme reaction at different pH were the same as those in the previous study (Oh et al., 2019). All the reactions were performed three times using purified proteins prepared from different tobacco leaves (biological replicates) and each reaction was performed in triplicate per plate (technical replicates). During the enzymatic reaction, samples were occasionally mixed by inversion, considering the spontaneous sedimentation of MCC beads. After the reaction, the samples were boiled for 1 min for enzyme inactivation. Then, 100 μL of each sample was incubated with 300 μL of 0.5% [w/v] 3,5-dinitrosalicylic acid (DNS) solution at 100°C for 5 min to detect reducing sugars; the amount of reducing sugars was quantified using a spectrophotometer (Multiskan EX, Thermo Fisher Scientific, Vantaa, Finland) at 550 nm. One unit (U) is defined as the amount of enzyme required to produce 1 μmol of reducing sugars per min.




RESULTS AND DISCUSSION


Construct Design for High-Level GtCel12A-CBM3 Expression in Plants

For an upscaled GtCel12A endoglucanase production in the N. benthamiana leaves, we designed the expression cassette MSC-GtCel12A in the binary vector pCAMBIA1300 (Figure 1A). To accumulate the target protein GtCel12A in the ER, we incorporated the BiP signal sequence and the ER retention signal HDEL into the N- and C-terminal parts, respectively, of the expression cassette. We also incorporated the M-domain of the human receptor-type tyrosine-protein phosphatase C, containing four N-glycosylation sites, as it reportedly enhances the expression of ER-localized proteins remarkably in plants (Kang et al., 2018). After the M domain, we added the bdSUMO (Brachypodium distachyon Small Ubiquitin-like Modifier) and a GG (Gly-Gly) motif, providing the binding site for the protease bdSENP1 (Brachypodium distachyon Sentrin/SUMO-specific protease-1) for cleavage immediately after the GG motif, thereby helping to achieve the removal of the unnecessary BiP signal peptide, M domain, and bdSUMO after the production of GtCel12A in the ER (Figure 1A) (Islam et al., 2019, 2020). After incorporating the GtCel12A coding sequence, we added the coding sequence of CBM3 (family 3 cellulose-binding module) that irreversibly binds to MCC beads and has been previously used as an affinity tag (Islam et al., 2019).


[image: Figure 1]
FIGURE 1. Transient expression of MSC-GtCel12A in Nicotiana benthamiana. (A) Schematic representation of MSC-GtCel12A and BiP-bdSENP1:HA. BiP, the signal sequence of BiP; M, the extracellular domain (amino acid residues 231–290) of human protein tyrosine phosphatase receptor type C; bdSUMO, the SUMO domain of Brachypodium distachyon; CBM3, the cellulose-binding module 3 of Clostridium thermocellum; HDEL, ER retention signal. (B,C) Expression of MSC-GtCel12A in N. benthamiana. The leaf tissues of N. benthamiana were infiltrated using a syringe with A. tumefaciens harboring the indicated constructs. A. tumefaciens harboring P38 were co-infiltrated in every agroinfiltration. The transformed leaves were harvested 3, 5, and 7 days post-infiltration (dpi), followed by total protein extract preparation. Total protein extracts (20 μg) were analyzed by western blot analysis using anti-CBM3 or anti-HA antibodies. RbcL, large subunit of the Rubisco complex stained with Coomassie Brilliant Blue (CBB).




GtCel12A-CBM3 Was Highly and Exclusively Expressed in the Soluble Fraction in Plants

Next, we transformed the construct MSC-GtCel12A alone or together with BiP-bdSENP1-HA into the N. benthamiana leaves using agroinfiltration (Figures 1B,C) (Islam et al., 2019; Razzak et al., 2020). At 3, 5, and 7 days post infiltration (dpi), we isolated total protein extracts from the transformed leaves and analyzed them by western blotting using an anti-CBM3 antibody. The amount of the expressed proteins increased gradually with time (Figures 1B,C). In the absence of BiP-bdSENP1-HA, MSC-GtCel12A was present at multiple locations in the SDS-PAGE gel (Figure 1B). The upper two bands above the full-length MSC-GtCel12A (indicated with a green asterisk) are regarded as glycosylated forms caused by the presence of the highly glycosylated M-domain and were not further investigated. Besides these upper bands, MSC-GtCel12A was present in the cleaved (red asterisk) and intact form (green asterisk). Intriguingly, the size of the cleaved form was equivalent to that of the fragment GtCel12A-CBM3-HDEL, in which the N-terminal BiP signal sequence, M domain, and bdSUMO were removed by the ER-localized bdSENP1, which was produced by co-infiltration with BiP-bdSENP1-HA (Figure 1C). The predicted molecular weight of GtCel12A-CBM3-HDEL is ~43.45 kilodaltons (kDa), which is in good agreement with the size of the cleaved form (Figure 1C). Therefore, it is likely that MSC-GtCel12A could be spontaneously cleaved to produce a GtCel12A-CBM3 fusion protein through an unknown mechanism, even in the absence of bdSENP1. Next, we addressed the solubility of MSC-GtCel12A, which is crucial for the efficient purification and functionality of the produced enzymes (Figure 2). To perform this step, total protein extracts from the transformed plants were separated into soluble and pellet fractions by centrifugation. The full-length MSC-GtCel12A was present in both fractions (Figure 2A). However, the fragment GtCel12A-CBM3, the final product in this study, was present exclusively in the soluble fraction, regardless of the presence of the ER-localized bdSENP1, which is a desirable feature for the affinity purification and functionality of the produced enzymes (Figures 2A,B). These results also suggest that, although the M domain and SUMO domain play crucial roles in protein production by improving translational efficiency and removing domains not required for the functionality of the produced proteins, respectively, they may adversely affect the solubility of target proteins.


[image: Figure 2]
FIGURE 2. Solubility of GtCel12A-CBM3 produced in N. benthamiana. (A,B) Fractionation of total protein extracts prepared from the leaf tissues transformed with the indicated constructs. Total protein extracts prepared from 0.2 g of leaves were subjected to centrifugation at 13.000 rpm for 10 min. Next, supernatant (soluble) and pellet fractions were collected separately for western blot analysis using the anti-CBM3 antibody. T, total fraction; S, soluble fraction; P, pellet fraction; RbcL, large subunit of the Rubisco complex stained with Coomassie Brilliant Blue (CBB).




MCC Bead-Immobilized GtCel12A-CBM3 Displayed Efficient Endoglucanase Activity on CMC

To examine the endoglucanase activity of the GtCel12A produced in N. benthamiana, the GtCel12A-CBM3 fusion protein was purified using MCC beads, which exhibit a specific affinity for CBM3 (Figure 3 and Supplementary Figure 1) (Islam et al., 2019). The protein yield of GtCel12A-CBM3 was estimated to be ~50 mg/kg fresh mass of N. benthamiana leaves at approximately >90% purity, based on the SDS-PAGE analysis (Supplementary Figure 2). In regard to the recovery of produced proteins, we consider that more than 95% of expressed GtCel12A-CBM3 proteins were immobilized on MCC beads, because GtCel12A-CBM3 was exclusively present in soluble fraction (Figure 2B) which was used for purification, and no GtCel12A-CBM3 was detected in unbound (UB) fraction (Figure 3B). In this study, we intended to develop a platform using GtCel12A immobilized on MCC beads. The binding between CBM3 and MCC beads is almost irreversible, thereby hindering the release of target proteins from the beads (Pinto et al., 2004; You and Zhang, 2013). However, this tight binding can be considered beneficial for not only the efficient capture and recovery of target proteins but also the repeated utilization of target proteins. Previous studies have indicated that industrial enzymes such as carbonic anhydrases from different origins exhibit not only efficient enzyme activity but also high endurability, thereby allowing multiple reuses of produced enzymes (Kumari et al., 2020; Razzak et al., 2020).


[image: Figure 3]
FIGURE 3. Purification of MSC-GtCel12A from the N. benthamiana leaf extracts. (A,B) To purify CBM3-fused GtCel12A, 4 grams of leaves harvested 7 days after agro-infiltration were used as described in the Materials and Methods. Total protein extracts were incubated with MCC beads. After centrifugation, the supernatant fraction was collected as unbound (UB) fraction. Next, the MCC beads were washed three times with a wash buffer. Finally, MCC bead-bound GtCel12A was eluted by boiling with protein sample buffer. T, total protein extracts; S, soluble fraction used to incubate with the MCC beads; UB, unbound fraction; B, MCC bead-bound fraction.


The MCC bead-immobilized GtCel12A-CBM3 was directly tested for its endoglucanase activity on the CMC substrate at 50°C and pH 3.0, as described previously (Figure 4) (Oh et al., 2019). In the absence of BiP-bdSENP1-HA, the purified MSC-GtCel12A were present in both the full-length and GtCel12A-CBM3 forms that were both used in the enzyme assay (Figure 1). The endoglucanase activity was measured by a DNS assay, which has been widely applied for cellulose-derived reducing sugar content measurements (Song et al., 2016). Notably, the MCC bead-immobilized GtCel12A-CBM3 possessed high endoglucanase activity as indicated by the change in DNS color (Figure 4A) and increased amounts of reducing sugars after enzyme reaction (Figure 4B), suggesting the possibility that the GtCel12A-CBM3 fusion protein could be used in multiple rounds of enzyme reactions for cellulose decomposition, thereby potentially reducing the bioethanol production cost.


[image: Figure 4]
FIGURE 4. GtCel12A-CBM3 immobilized on MCC beads harbors endoglucanase activity. (A) The endoglucanase activity of GtCel12A-CBM3 immobilized on MCC beads was determined by reducing sugar content measurement using dinitrosalicylic acid (DNS) assay. The endoglucanase activity is shown by the change in DNS color. (B) Quantification of specific GtCel12A-CBM3 activity. One unit (U) is defined as the amount of GtCel12A-CBM3 that can release 1 μmol of glucose from CMC per min. All the reactions were performed three times (biological replicates) and each reaction was performed in triplicate per plate (technical replicates). Data represent means (n = 3) ± standard deviation in which n represents biological replicates.


According to previous studies, GtCel12A produced from P. pastoris displayed efficient endoglucanase activity over a range of highly acidic conditions (pH 2.0–4.0) whereas that produced from Aspergillus niger exhibited an optimal activity at pH 4.5 (Miotto et al., 2014; Oh et al., 2019). To address the possibility that the optimal enzyme activity of GtCel12A-CBM3 produced from N. benthamiana and immobilized on MCC beads is different from that of GtCel12A produced from P. pastoris or A. niger, we tested the enzyme activity of GtCel12A-CBM3 immobilized on MCC beads at different ranges of pH and temperatures (Figures 5, 6). In these experiments, we removed the N-terminal M and SUMO domains by co-expression of BiP-bdSENP1-HA. Consistent with the previous result from Oh et al. (2019), our result showed that GtCel12A produced from N. benthamiana exhibited optimal enzyme activity at pH 3 (Figure 5) and 50°C (Figure 6).


[image: Figure 5]
FIGURE 5. GtCel12A-CBM3 immobilized on MCC beads exhibits efficient endoglucanase activity at pH 3.0. (A) Endoglucanase activity of GtCel12A-CBM3 immobilized on MCC beads was determined at indicated pH by measuring the reducing sugar content using dinitrosalicylic acid (DNS) assay. The enzyme reaction was performed at 50°C. The endoglucanase activity is shown by the change in DNS color. (B) Quantification of specific GtCel12A-CBM3 activity. One unit (U) is defined as the amount of GtCel12A-CBM3 that can release 1 μmol of glucose from CMC per min. All the reactions were performed three times (biological replicates) and each reaction was performed in triplicate per plate (technical replicates). Data represent means (n = 3) ± standard deviation in which n represents biological replicates.
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FIGURE 6. GtCel12A-CBM3 immobilized on MCC beads exhibits efficient endoglucanase activity at 50°C. (A) Endoglucanase activity of GtCel12A-CBM3 immobilized on MCC beads was determined at indicated temperatures by measuring the reducing sugar content using dinitrosalicylic acid (DNS) assay. The enzyme reaction was performed at pH 3.0. The endoglucanase activity is shown by the change in DNS color. (B) Quantification of specific GtCel12A-CBM3 activity. One unit (U) is defined as the amount of GtCel12A-CBM3 that can release 1 μmol of glucose from CMC per min. All the reactions were performed three times (biological replicates) and each reaction was performed in triplicate per plate (technical replicates). Data represent means (n = 3) ± standard deviation in which n represents biological replicates.


In conclusion, in this study we developed a plant-based platform to produce a potent cellulase GtCel12A. GtCel12A-CBM3 produced from N. benthamiana was markedly soluble without any degradation. Moreover, GtCel12A-CBM3 exhibited efficient endoglucanase activity even when immobilized on MCC beads, enabling the reuse of GtCel12A enzyme for cellulose hydrolysis. There have been several previous attempts to produce cellulases in plants. For example, Dai et al. (2000) and Jin et al. (2003) produced chloroplast-targeted versions of Acidothermus cellulolyticus endoglucanase E1 in tobacco. In another study, Kim et al. (2010) also tried to accumulate Thermotoga maritima endoglucanase Cel5A in the chloroplasts of transgenic tobacco. All those studies indicate that both the expression level and the import efficiency of cellulases into chloroplasts are remarkably affected by the identity and length of transit peptides that might ultimately contribute to the endoglucanase activity of crude extracts from transgenic plants (Dai et al., 2000; Jin et al., 2003; Kim et al., 2010). In this study, we aimed to accumulate GtCel12A in the ER. Unlike protein import into chloroplasts, protein translocation across the ER membrane occurs co-translationally (Nyathi et al., 2013). Further, ER luminal proteins can be accumulated in the ER by simply adding an ER retention signal at the C-terminus (Figure 1A). Moreover, the M-domain of the human receptor-type tyrosine-protein phosphatase C, a target of N-glycosylation in the ER, might increase the translational level of GtCel12A (Kang et al., 2018). The activity of GtCel12A produced in the ER of tobacco might be affected by the plant-specific post-translational modifications in the ER (Van Eerde et al., 2020). We consistently obtained the specific activity of plant-produced GtCel12A (~750 U/mg), which was lower than that of GtCel12A produced from P. pastoris (~1,129 U/mg) (Oh et al., 2019). We consider that the efficient recovery and reuse in multiple rounds of enzyme reactions through immobilization of GtCel12A-CBM3 on MCC beads may aid in overcoming this limitation. Further improvement of GtCel12A activity through directed evolution may also help to develop an improved platform for cellulose degradation (Contreras et al., 2020). Finally, the strategies to scale up the production of GtCel12A in N. benthamiana will be necessary for sustainable application of this enzyme in cellulose degradation. In this study, to enhance the expression of GtCel12A-CBM3, the double Cauliflower mosaic virus 35S promoter, a strong 5′-UTR (Kim et al., 2014), HSP transcriptional terminator (Nagaya et al., 2010), and M-domain of the human receptor-type tyrosine-protein phosphatase C (Kang et al., 2018) were incorporated into expression cassettes. Along with these sequence elements, it will be necessary to develop the practical ways to achieve massive production of GtCel12A-CBM3. These may include the establishment of stable overexpression lines which can be easily scaled up and innovative viral vectors (Yamamoto et al., 2018). In addition, to enhance the transfection efficiency of GtCel12A-CBM3, Agrobacterium spray-based transfection process can be used because in this expression system, the viral replicons required for cell-to-cell movement incredibly increased the transfection levels to about 90% of leaf cells of Nicotiana plants (Hahn et al., 2015). Furthermore, plants provide an additional promising platform known as chloroplast transformation, which will possibly contribute to the high-level expression of high-value proteins such as industrial enzymes including GtCel12A and biopharmaceuticals (Verma and Daniell, 2007; Agrawal et al., 2011; Daniell et al., 2019).
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