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Rebaudioside M2 (Reb M2), a novel steviol glycoside derivative, has limited industrial applications due to its low synthetic yield and selectivity. Herein, we identify UGT94D1 as a selective glycosyltransferase for rebaudioside D (Reb D), leading to the production of a mono β-1,6-glycosylated derivative, Reb M2. A variant UGT94D1-F119I/D188P was developed through protein engineering. This mutant exhibited a 6.33-fold improvement in catalytic efficiency, and produced Reb M2 with 92% yield. Moreover, molecular dynamics simulations demonstrated that UGT94D1-F119I/D188P exhibited a shorter distance between the nucleophilic oxygen (OH6) of the substrate Reb D and uridine diphosphate glucose, along with an increased Ophosphate-C1-Oacceptor angle, thus improving the catalytic activity of the enzyme. Therefore, this study provides an efficient method for the selective synthesis of Reb M2 and paves the way for its applications in various fields.
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1 INTRODUCTION
Steviol glycosides (SGs), which are derived from the plant Stevia rebaudiana, have become a popular alternative to sucrose and artificial sweeteners due to their low-calorie content and high sweetness (Ahmed et al., 2011; DuBois and Prakash, 2012; Gantait et al., 2015; Perrier et al., 2018). Importantly, toxicological studies conducted on SGs have found no evidence of teratogenic, carcinogenic or mutagenic effects, supporting their safe consumption (Ceunen and Geuns, 2013; Libik-Konieczny et al., 2021). To date, researchers have identified over 60 SGs, including steviol, rebaudioside A (Reb A), rebaudioside D (Reb D) and rebaudioside M (Reb M). Each of these SGs has a characteristic level of sweetness and taste as well as specific biological activities due to variations in the positions and quantities of sugars attached to their C-19 and/or C-13 positions (Bhardwaj et al., 2020; Ceunen and Geuns, 2013; Gerwig et al., 2016; Ohtani et al., 1992; te Poele et al., 2018; Tian et al., 2022). Among these known SGs, rebaudioside M2 (Reb M2) (Prakash, et al., 2014a), an isomer of Reb M, has a β 1→6 glycosidic bond at its C-19 position, which leads to distinct characteristics and a high economic value (Hellfritsch et al., 2012; Prakash, et al., 2014b; Olsson et al., 2016; Purkayastha et al., 2016). Reb M2 was first identified as a byproduct of the bioconversion of Reb A by the glycosyltransferase UGTSL2 (Prakash, et al., 2014a). The yield of Reb M2 from this process is limited, and subsequent studies have aimed to improve the yield by utilizing UGTSL2 and a sucrose synthase (StSUS1). These efforts resulted in yields in excess of 10 g/L (Li et al., 2016), but the amount of Reb M2 produced was still not sufficient to meet the demands of the food industry. Therefore, there is a need for the development of more efficient and selective methods for the production of Reb M2.
Glycosyltransferases (GTs) are enzymes that catalyze the glycosylation of compounds in plant organisms (Lombard et al., 2014; Nidetzky et al., 2018). They transfer the activated sugar donor onto the sugar acceptor, resulting in the formation of glycosylated products. Uridine diphosphate glycosyltransferases (UGTs) (Yonekura-Sakakibara and Hanada, 2011; Zhang et al., 2020), which rely on uridine diphosphate sugar donors, belong to the GT1 multigene family (Paquette et al., 2003), comprising approximately half of the entire GTs family. UGTs have demonstrated exceptional stereo- and regio-selectivity in glycosylation of various natural products (Caputi et al., 2012; Wen et al., 2018; Li et al., 2020; Teze et al., 2021), showcasing their significant potential in the preparation of steviol glycoside derivatives. In our previous research (Ping et al., 2022), the glycosylation of Reb A to synthesize Reb D2 through the construction of a β 1→6 glycosidic bond at the C-19 position of Reb A was facilitated by a UGT known as UGT94D1, which was originally identified from Sesamum indicum (Noguchi et al., 2008; Ono et al., 2020; Brandt et al., 2021). Hence, it is plausible to achieve a highly selective and efficient synthesis of Reb M2 through the forming of a similar β 1→6 glycosidic bond using Reb D as the substrate.
In this study, we demonstrate that Reb M2 can be selectively synthesized by glycosyltransferase UGT94D1 from Reb D via the construction of a β 1→6 glycosidic bond at the C-19 position. Its conversion efficiency was greatly improved by the creation of the variant UGT94D1-F119I/D188P through protein engineering, which resulted in a 6.33-fold increase. Efficient production of Reb M2 was realized by coupling this mutant with sucrose synthase (Schmölzer et al., 2016) AtSuSy in a cascade reaction system to realize the regeneration the glycosyl donor uridine diphosphate glucose (UDPG), resulting in a yield of 92% and generating 23.08 mM (29.79 mg/mL) of Reb M2. Therefore, in this study, we not only developed an efficient method for the selective synthesis of Reb M2 but also paved the way for its future applications.
2 MATERIALS AND METHODS
2.1 Construction of plasmids and bacterial strains
A list of the bacterial strains and plasmids utilized in this study can be found in Supplementary Table S1. The open reading frames encoding glycosyltransferase UGT94D1 (accession number: XP_011076907.1) from S. indicum and sucrose synthase AtSuSy (accession number: NP_001031915) from Arabidopsis thaliana were synthesized and codon-optimized for expression in E. coli by Exsyn-bio (Wuxi, China). Escherichia coli Top10 was utilized for plasmid construction, while E. coli BL21 (DE3) strain was used for protein expression. The expression vectors used were the plasmids pET-21b (+) and pACYCDuet-1. Mutations in UGT94D1 were accomplished through polymerase chain reaction, with the relevant primers listed in Supplementary Table S2. Sequencing was conducted to confirm all insertions and mutations in this process. Macklin Biotechnology (China) supplied Reb D, and other chemicals were obtained from Energy Chemical (Shanghai, China) or China National Pharmaceutical Group Corporation (Shanghai, China).
2.2 Protein expression and purification
Recombinant protein expression was performed essentially as described previously (Ping et al., 2022). Escherichia coli BL21 (DE3) with the relevant plasmids were cultured in 2 × YT medium with 100 mg/L ampicillin, incubated at 37°C with shaking. Protein expression was induced by adding 0.1 mM isopropyl-β-D-thiogalactopyranoside when the optical density at 600 nm reached 0.6 to 0.8, followed by incubation at 18°C for 8 h. After centrifugation, the cells were collected and suspended in a buffer solution containing 250 mM NaCl, 5% glycerol, 10 mM imidazole, and 50 mM Tris-HCl at pH 8.0, with a final concentration of 0.1 g/mL. Upon high-pressure homogenization-mediated disruption of the suspended cells, the proteins were purified using a Ni-nitrilotriacetate column. The proteins were eluted using a buffer comprising 250 mM NaCl, 250 mM imidazole, 5% glycerol, and 50 mM Tris-HCl pH 8. Imidazole was removed with a desalting column. Protein analyses were performed using sodium dodecyl sulfate polyacrylamide gel electrophoresis. For subsequent enzymatic assays, protein samples were concentrated to 10 mg/mL.
2.3 Enzymatic activity determination
The glycosylation specificity and catalytic activity of UGT94D1 or its mutants were assessed by incubating 5 μM of the enzyme with 0.5 mM Reb D in 200 μL reaction solutions containing 50 mM Tris-HCl at pH 8.0, 10 mM MnCl2, and 5 mM UDPG. Enzymatic reactions were carried out at 35°C for 4 h, followed by heating at 95°C for 5 min. 400 μL methanol was then added to the system and the mixture was centrifuged at 20,000 g for 5 min. The resulting supernatants were filtered and prepared for analysis using ultra-performance liquid chromatography (UPLC) or liquid chromatography-mass spectrometry (LC-MS).
For the determination of kinetic parameters of UGT94D1 toward Reb D, reaction mixtures (200 μL) consisted of 50 mM Tris-HCl pH 8.0, 10 mM MnCl2, 5 mM UDPG, varying concentrations of Reb D (0–2 mM), and purified enzyme (1–10 μg). After completing the above operations, analysis was conducted using a Waters Acquity UPLC system at 40°C. The detection wavelength was 210 nm. Elution solvents included acetonitrile (A) and 11.5 mM NaH2PO4 buffer (pH 2.6, B). A linear gradient elution method was used (0–1 min: 15% A, 6 min: 40% A, and 7–8 min: 15% A) with a flow rate of 0.3 mL/min.
2.4 Molecular docking and molecular dynamics simulations
The structural models of UGT94D1 and UDT94D1-F119I-D188P were built using AlphaFold (Jumper et al., 2021), and then UDPG and Reb D were docked into UGT94D1 with the Glide module of Schrödinger 2021. The reasonable conformation of UGT94D1-UDPG-Reb D and UDT94D1-F119I-D188P-UDPG-Reb D with the best score was chosen for subsequent molecular dynamics (MD) simulations. The protein was simulated using the FF14SB force field (Maier et al., 2015), while UDPG and Reb D were modeled using the General Amber force field (Wang et al., 2004; Wang et al., 2006). The protein complex was then solvated with a TIP3P water box (Jorgensen et al., 1983), which has at least 12 Å from the protein to the boundary of the water box. All MD simulations were implemented using the pmemd module of Amber20 (Case, et al., 2020). The procedure of MD simulations was performed as our previous study (Guo et al., 2022; Yang et al., 2023).
2.5 Optimization of cascade reaction conditions
Cascade reaction systems (200 μL reaction volumes) were prepared in which the following conditions were varied: pH (5.5–10), sucrose concentration (100–1,000 mM), concentration of UGT94D1-F119I/D188P (1–15 μM), concentration of AtSuSy (1–15 μM) and reaction temperature (25°C–45°C). The reactions were performed using 50 mM buffer, 2.5 mM Reb D and 0.6 mM UDP and were incubated for 20 min. The reactions were terminated at 95°C for 5 min, followed by the addition of 10 times the volume of methanol, and analysis by UPLC-MS.
2.6 Cell-free cascade reaction for the preparation of Reb M2
Under optimal conditions, cell-free cascade reactions (2 mL) were conducted. The reaction system included 13 μM UGT94D1-F119I/D188P, 11 μM AtSuSy, 50 mM KPI (pH 8.0), 600 mM sucrose, 2.5 mM Reb D and 0.6 mM UDPG. The reactions were performed at 35°C for 8 h. Reb D (50 μL, 100 mM) was added incrementally at different time points (0.5–4.5 h, with 30 min intervals). Samples were taken at different time points (0–5 h with 30 min intervals and 6–8 h with 1 h intervals). The reactions were terminated at 95°C for 5 min, followed by the addition of 20 times the volume of methanol, and analysis by UPLC-MS.
For structure confirmation, the sample was purified with semi prepared HPLC, and the instrument and operative parameters were consistent with our previous work (Ping et al., 2022). The purified sample was further analyzed with nuclear magnetic resonance (NMR) spectroscopy.
3 RESULTS AND DISCUSSION
3.1 Selective glycosylation of Reb D to synthesize Reb M2 by UGT94D1
The activity of purified UGT94D1 was evaluated with UDPG as the glycosyl donor (Supplementary Figure S1). UPLC analysis shows the emergence of a single product (Figure 1A). This product was further analyzed by LC-MS (Figure 1B), and a peak at m/z 1,289.5476 ([M-H]- ion) was observed. This peak corresponds to a compound with the molecular formula C56H90O33, which is consistent with a mono-glycosylated derivative of Reb D. The structure of this product was further investigated by 1D and 2D NMR spectroscopy (Figures 1C, D; Supplementary Figures S2–S8; Supplementary Table S3), and it was identified as 13-[(2-O-β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy] ent-kaur-16-en-19-oic acid-[(2-O-β-D-glucopyranosyl-6-O-β-D-glucopyranosyl-β-D-glucopyranosyl) ester] (Figures 1C, D), demonstrating the formation of a 1→6 glycosidic bond attached to the 6-OH of sugar I of Reb D. Our structural characterization data were thus consistent with the structure of Reb M2 as reported in the literature (Prakash, et al., 2014a).
[image: Figure 1]FIGURE 1 | Selective synthesis of Reb M2 from Reb D catalyzed by glycosyltransferase UGT94D1. (A) UPLC analysis of the glycosylated product from Reb D by UGT94D1. (B) LC-MS analysis of the glycosylated product from Reb D by UGT94D1. (C) The correlation between H-1 of new sugar VI (δH 4.39) and C-6 of sugar Ⅰ (δC 68.04) in 1H-13C heteronuclear multiple bond correlation (HMBC) spectrum of Reb M2 (D2O). (D) 1H-13C HMBC correlations of Reb M2.
Next, the enzymatic and kinetic properties of UGT94D1 toward Reb D were investigated under the optimal reaction conditions (pH 8.0, 35°C) (Supplementary Figure S9). The Km of UGT94D1 toward Reb D was determined to be 0.89 ± 0.05 mM, and the kcat was determined to be 0.33 ± 0.08 min−1. The resulting relatively low value of kcat/Km suggested the necessity to enhance the catalytic activity of UGT94D1 through protein engineering.
3.2 Improving the catalytic activity of UGT94D1 toward Reb D through protein engineering
To improve the catalytic activity of UGT94D1 toward Reb D, structure-guided engineering of UGT94D1 was performed. The structural model of UGT94D1 was first built using AlphaFold (Jumper et al., 2021) and then UDPG and Reb D were docked into the predicted model (Supplementary Figures S10, S11). Comprehensive analysis revealed that the substrate binding pocket of UGT94D1 is located on the surface of the protein, and it features a relatively large cavity for accommodating the sugar moieties. The surrounding amino acids (P86, M89, H171, N175, R178, Y269, E275, M366, L368, H367, R388 and N393) may be involved in hydrophobic interactions with these sugar moieties, thereby facilitating the binding of Reb D (Supplementary Figure S12A). Meanwhile, residue D188 is positioned to form a hydrogen bond interaction with Reb D (Supplementary Figure S12B). In addition to these potentially critical binding residues, other residues (W15, T80, K93, F119, L120, F179, F270) located within 4 Å of the substrate binding pocket (Supplementary Figure S12C) were also analyzed via alanine scanning mutagenesis. As shown in Figure 2A, mutants F119A and D188A exhibited catalytic activities that were enhanced by 1.59- and 1.10-fold, respectively. These two residues were selected for saturation mutagenesis to further enhance the catalytic activity of UGT94D1. We found that mutation of F119 to isoleucine (F119I) and proline (F119P) led to increases of catalytic activity of 3.55- and 3.48-fold, respectively (Figure 2B). In addition, several mutations of D188 were found to increase the catalytic activity. Among them, mutant D188P exhibited the highest catalytic activity, which was increased by 3.31-fold compared to the wild-type (Figure 2C). Upon combinatorial mutagenesis at positions 119 and 188 (Figure 2D), we found that the catalytic activities of mutants F119I/D188P and F119P/D188P were further improved, as these enzymes exhibited catalytic activities that were 6.33 and 4.91 times that of UGT94D1, respectively. Therefore, UGT94D1-F119I/D188P was chosen for the scale-preparation of Reb M2.
[image: Figure 2]FIGURE 2 | Protein engineering of UGT94D1. (A) Relative activities of alanine-scanning mutants of selected residues. Orange columns mean the mutants with improvement in the catalytic activity of UGT94D1. (B) Relative activities of different F119 mutants. (C) Relative activities of different D188 mutants. (D) Relative activities of different combinatorial mutants. UGT94D1 is used as the parent enzyme for mutagenesis, and its activity is set to 1. Orange column means the mutant with the highest catalytic activity. Error bars represent the standard deviation of three duplications.
3.3 Understanding the improved catalytic activity of UGT94D1-F119I/D188P by MD simulations
To study the molecular mechanism behind the catalytic enhancement of UGT94D1-F119I/D188P toward Reb D, we conducted molecular docking and 100 ns unconstrained molecular dynamics (MD) simulations of UGT94D1-F119I/D188P-UDPG-Reb D and UGT94D1-UDPG-Reb D. Based on preliminary mechanism research (Breton et al., 2006; Rahimi et al., 2019; Lin et al., 2020), the distance between the nitrogen atom at ε position of catalytic residue H20 and the hydroxyl hydrogen atom at C-6 of sugar I in Reb D and the distance between C1p of UDPG and the hydroxyl oxygen atom at C-6 of sugar I in Reb D were analyzed (Figures 3A, B). The results revealed that the distance between the Nε of His20 and the H of OH6 was shorter in UGT94D1-F119I/D188P compared to that in UGT94D1 (Figure 3A), while the distance between the electrophile C1p of UDPG and the nucleophilic oxygen of OH6 did not exhibit significant changes (Figure 3B).
[image: Figure 3]FIGURE 3 | Variations of distance and the representative catalytic conformation of UGT94D1-UDPG-Reb D and UGT94D1-F119I/D188P-UDPG-Reb D in MD stimulations. (A) Distance between the nitrogen atom at ε position of catalytic residue H20 and the hydrogen atom of 6-OH of sugar I along 100 ns MD simulations. (B) Distance between C1p of UDPG and the hydroxyl oxygen atom in C-6 of sugar I along 100 ns MD simulations. (C) Representative catalytic conformation of UGT94D1 in MD simulations. Residues D188 and F119 are represented as green and pink sticks, respectively. The active sites (H20 and D118) are indicated in yellow sticks. (D) Representative catalytic conformation of UGT94D1-F119I/D188P in MD simulations. The black dash lines indicate the distances. Residues D188 and F119 are represented as green and pink sticks, respectively. Catalytic sites (H20 and D118), Reb D, and UDPG are shown as yellow, purple, and cyan sticks, respectively. The atoms oxygen and nitrogen are shown in the colors red and blue, respectively.
To investigate the difference in conformation between UGT94D1-F119I/D188P-UDPG-Reb D and UGT94D1-UDPG-Reb D, representative conformations were obtained through MD simulations (Figures 3C, D). The obtained conformations revealed that mutations to the amino acids at positions 119 and 188 reshaped the hydrophobic binding pocket of the enzyme, making substrate Reb D binding more favorable. As a result, the distance between the nitrogen atom at ε position of catalytic residue H20 and the hydroxyl hydrogen atom at C-6 of sugar I in Reb D decreased from 4.9 to 4.4 Å. In addition, the Op-C1p-O6 angle in the UGT94D1-F119P/D188P (133.8o) is closer to the ideal position than that in UGT94D1 (119.6o), indicating a more favorable catalytic conformation (Teze et al., 2021). These conformational changes observed are highly favorable for the deprotonation of the hydroxy group at C-6 of sugar I in Reb D, thus improving the catalytic activity of the enzyme.
3.4 Cascade reaction for scale-preparation of Reb M2
To develop a scale-preparation of Reb M2, the variant UGT94D1-F119I/D188P was combined with AtSuSy from A. thaliana, which was utilized to recycle UDPG from UDP using sucrose as a cost-effective sugar donor, to establish a cascade reaction. In order to optimize the production, the concentrations of the two enzymes, UGT94D1-F119I/D188P and AtSuSy, were first investigated, and the maximum yield of Reb M2 was achieved using 13 μM UGT94D1-F119I/D188P and 11 μM AtSuSy (Figures 4A, B). Then, the effects of temperature, pH and sucrose concentration were also examined. The optimal conditions for the cascade reaction were determined to be a reaction temperature of 35°C, pH 8.0 and sucrose concentration 600 mM (Figures 4C–E). Notably, higher concentrations of sucrose led to decreased yields of Reb M2. These optimized conditions were employed for a scale-preparation of Reb M2. Considering the low solubility of Reb D, a strategy of gradually adding the substrate Reb D was employed (Figure 4F). It was found that Reb D underwent glycosylation at a rapid rate, with almost all of it being converted to Reb M2 within 5 h. Subsequently, as a result of product inhibition and enzyme activity loss, the production rate of Reb M2 gradually decreased. Ultimately, after 8 h of stepwise addition of Reb D, a total of 23.08 mM (29.79 mg/mL) of Reb M2 was produced, achieving a yield of 92% from the initial concentration of 25 mM (28.23 mg/mL) Reb D in the optimized cascade reaction system.
[image: Figure 4]FIGURE 4 | Optimization of the cascade reaction conditions for UGT94D1-F119I/D188P-AtSuSy. (A) Optimization of the concentration of UGT94D1-F119I/D188P. (B) Optimization of the concentration of AtSuSy. (C) Temperature optimization. (D) pH optimization. (E) Optimization of the concentration of sucrose. (F) Synthesis of Reb M2 in a cascade reaction with gradual addition of Reb D. The red line corresponds to the concentration of Reb M2, while the black line represents the concentration of Reb D. Error bars represent the standard deviation of three duplications.
4 CONCLUSION
In summary, the selective synthesis of a new SG, Reb M2, was achieved using the glycosyltransferase UGT94D1. Through structure-guided evolution, a mutant form of UGT94D1 with significantly enhanced catalytic activity was created; this mutant, UGT94D1-F119I/D188P exhibited a 6.33-fold improvement in catalytic activity as compared to UGT94D1. Molecular dynamics simulations demonstrated that the enhancement of its activity is attributed to the reduction in the distance between the substrate Reb D and the catalytic residues, as well as the increase in the Op-C1p-O6 angle, which favors the deprotonation of the hydroxyl group on Reb D and the formation of the glycosidic bond. By coupling this mutant with sucrose synthase AtSuSy in a cascade reaction system, efficient production of Reb M2 was realized, and 23.08 mM (29.79 mg/mL) of Reb M2 was generated, representing a yield of 92%. Therefore, this study provides an efficient method for the selective synthesis of Reb M2 to support its applications in various fields.
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