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Abstract

:

For the efficient biotransformation of cucurbitacin B 2-o-β-d-glucoside (CuBg) to cucurbitacin B (CuB) in Cucumis melo pedicel extracts, the β-glucosidase gene bglS—consisting of 1344 bp (447 amino acids) from Streptomyces sp. RW-2—was cloned and expressed in Escherichia coli BL21(DE3). The activity of recombinant β-glucosidase with p-nitrophenyl-β-d-glucoside (pNPG) as a substrate was 3.48 U/mL in a culture. Using the recombinant β-glucosidase for the biotransformation of C. melo pedicel extracts, CuBg was converted into CuB with a conversion rate of 87.6% when the concentration of CuBg was 0.973 g/L in a reaction mixtures. The concentration of CuB in C. melo pedicel extracts was improved from 13.6 to 20.2 g/L after biotransformation. The present study provides high-efficiency technology for the production of CuB from its glycoside by biotransformation.
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1. Introduction


Cucurbitacin B (CuB) has been reported to show various biological activities, such as anti-inflammatory, anticancer, antimicrobial, antidiabetic, antiobesity, and antihyperglycemic effects [1,2,3,4,5]. In particular, the anticancer activity of CuB has attracted much attention because of its significant cytotoxic effects in more than 100 cancer cell lines [6]. Though CuB is not used worldwide as a drug at present, it has been considered to be the main active ingredient in extracts of Cucumis melo L. pedicel, which have been used as a traditional herbal medicine (HuLuSu Pian) for the digestive system and hepatic diseases for more than 20 years in China [7]. The content of CuB in C. melo pedicels ranges from 8 to 14 mg/g [8,9]. In fact, the glycoside of CuB, cucurbitacin B 2-o-β-d-glucoside (CuBg), is also abundant in C. melo pedicels. Our analysis showed that the contents of CuB and CuBg in C. melo pedicels from Bozhou (Anhui, China) were 13.6 and 9.73 mg/g, respectively. Due to the relatively low bioavailability of glycosides [10], CuBg is not considered to be an active ingredient in extracts of C. melo pedicel. If CuBg in C. melo pedicel is converted into CuB, the content of CuB can be markedly increased, which will then greatly increase the extraction yield of CuB. The conversion of CuBg to CuB can be accomplished through acid hydrolysis, but this method is not efficient. For example, when extracts from C. melo pedicels were treated by 0.1 mol/L acetic acid, the content of CuB was only increased by 7.46% [11].



Biotransformation by a microbial enzyme has high specificity and efficiency; it has been applied in the production of many natural drugs. In our previous study, a process for the biotransformation of CuBg to CuB using crude enzyme from Streptomyces sp. RW-2 was developed [12]. When C. melo pedicel extracts were used as the substrate, CuBg was specifically converted into CuB with an almost 100% conversion rate, and the concentration of CuB in C. melo pedicel extracts doubled after biotransformation. However, with this method, the concentration of substrate is low, resulting in a low productivity. Using purified β-glucosidase from Streptomyces sp. RW-2 may improve biotransformation efficiency. However, the low production of β-glucosidase from Streptomyces may impede the application of this method. Using recombinant Escherichia coli to express heterologous enzymes has numerous advantages; in particular, it can increase enzyme production [13]. This method has been applied in the biotransformation of many natural products [14,15,16,17,18], resulting in improved biotransformation efficiency.



In the present study, the β-glucosidase gene bglS from Streptomyces sp. RW-2 was cloned and expressed in Escherichia coli BL21(DE3). Using the recombinant β-glucosidase for the biotransformation of C. melo pedicel extracts, the productivity of CuB was significantly improved. The biotransformation scheme of CuBg to CuB by β-glucosidase is illustrated in Figure 1.




2. Materials and Methods


2.1. Chemicals and Enzymes


Standard CuB was purchased from Sigma-Aldrich (St. Louis, MO, USA). CuBg (97.4% purity) was separated from C. melo pedicels by HPLC. DNA isolation, PCR, and plasmid isolation kits, as well as restriction enzymes, were obtained from Sangon Biotech (Shanghai, China). All other chemicals were of HPLC, analytical, or biochemical grade and obtained from local suppliers.




2.2. Strains and Plasmids


Streptomyces sp. RW-2, which was isolated from an enrichment culture of C. melo pedicels, was deposited at the China Center for Type Culture Collection (CCTCC, no. M2013330). E. coli BL21(DE3) cells from Tsingke Biological Technology (Beijing, China) were used for enzyme expression. The pET-28a (+) plasmid (Sangon Biotech, Shanghai, China) was used for cloning.




2.3. Construction of Recombinant E. coli


The degenerate primers (5′-AC(G/C)CT(G/C)T(A/T)CCACTGGGACCT-3′ and 5′-(G/C)GCCCA(C/T)TCGAAGTTGTC-3′) were designed based on the conserved sequences of β-glucosidase genes from known Streptomyces strains retrieved from NCBI (http://www.ncbi.nlm.nih.gov). Using the degenerate primers, a partial sequence of the β-glucosidase gene was amplified from the genomic DNA of Streptomyces sp. RW-2 via polymerase chain reaction (PCR), and compared by NCBI BLAST to obtain a known β-glucosidase gene sequence from a Streptomyces strain. According to this sequence, two primers (5′-tgggtcgcggatccGAATTCATGGCGATCGACGAGCGCGGC-3′ and 5′-tggtggtggtggtggtgCTCGAGTCAGCCGGTCCGGGGC-3′), which included EcoRI and XhoI restriction sites (underlined) and homologous arm sequences (lower case), were designed. The full-length β-glucosidase gene was amplified from genomic DNA of Streptomyces sp. RW-2, ligated into the pET-28a (+) expression vector, sequenced, and introduced into E. coli BL21(DE3) by the standard method, thus generating recombinant E. coli BL21-bglS.




2.4. Expression of Recombinant β-Glucosidase


Pre-cultures of E. coli BL21-bglS were prepared in a Luria-Bertani (LB) medium containing 50 μg/mL of kanamycin and cultured overnight in a shaking incubator at 37 °C and 200 r/min. Aliquots (2.5 mL) of the pre-culture were inoculated into fresh LB containing kanamycin. β-Glucosidase expression was evaluated by culturing at 37 °C and 200 r/min until an OD600 of 0.6 was reached; then, 0.5 mmol/L IPTG was added to induce enzyme expression at 25 °C and 200 r/min for a further 10 h.




2.5. Enzyme Essay


BL21-bglS cells were harvested from 50 mL cultures by centrifugation at 8000× g for 5 min, washed twice with deionized water, resuspended in 5 mL phosphate-buffered saline (PBS; 0.2 mol/L, pH 6.0), and then disrupted by sonication. The cell lysates were centrifuged at 8000× g for 10 min. Then, the supernatant fraction was used for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and a β-glucosidase activity assay.



The expression of the recombinant β-glucosidase was confirmed by SDS-PAGE using 12% (w/v) polyacrylamide gels [19].



The β-glucosidase activity was assayed using p-nitrophenyl-β-d-glucoside (pNPG) as a substrate [20]. The enzymatic reaction mixtures (100 μL) containing 50 μL of the enzyme preparation and 50 μL of pNPG (5 mmol/L in PBS) were incubated for 15 min at 30 °C in a 96-well microtiter plate. After the addition of 50 μL of 0.4 mol/L Na2CO3 to the reaction, the amount of p-nitrophenol (pNP) released was measured at 410 nm on a microplate reader. One enzyme unit (U) was defined as the amount of enzyme that released 1 μmol pNP per minute in the abovementioned conditions.




2.6. Biotransformation Process


CuBg, dissolved in 1 mL of methanol or 1 mL C. melo pedicel extracts, was mixed with 1 mL of cell lysates and 8 mL of PBS in a 50 mL flask. Biotransformation was performed at 30 °C and 200 r/min for 16 h. After biotransformation, the mixtures were extracted twice with 10 mL of ethyl acetate. After the evaporation of the solvent, the residue was dissolved in 1 mL of methanol, filtered, and analyzed by high performance liquid chromatography (HPLC).



The preparation of C. melo pedicel extracts has previously been described [12]. Extracts from C. melo pedicels (10 g) were dissolved in 10 mL of ethanol, resulting in concentrations of CuBg and CuB of 9.73 and 13.6 g/L, respectively.




2.7. Analysis of Biotransformation Products


The quantification of CuB and CuBg was performed by HPLC on a Shimadzu SPD-20A (Kyoto, Japan) equipped with a Zorbax Eclipse XDB-C18 column (5 µm, 4.6 × 150 mm). The mobile phase was methanol-water solution (60:40, v/v), at a flow rate of 1 mL/min. The constituents were detected at 228 nm.



The presence of CuBg and CuB in C. melo pedicel extracts after biotransformation was confirmed by liquid chromatography–electrospray ionization-mass spectrometry (LC–ESI-MS) on an LCQTM Deca XP plus mass spectrometer (Thermo-Fisher, Waltham, MA, USA). The capillary temperature was 350 °C, and the capillary voltage was 4.0 kV.





3. Results and Discussion


3.1. Cloning of bglS and Sequence Analysis


An 836 bp nucleotide sequence was cloned from genomic DNA of Streptomyces RW-2 by PCR with degenerate primers. The NCBI BLAST analysis of this sequence showed that it had 99.4% similarity to a β-glucosidase gene from Streptomyces nigra strain 452 (GenBank accession no. AWE50172). According to this β-glucosidase gene sequence, two primers were designed to clone the full-length β-glucosidase gene from the genomic DNA of Streptomyces sp. RW-2, and a sequence of approximately 1400 bp was obtained by PCR (Figure 2). An analysis of the sequenced DNA by DNAMAN 10.0 (http://dnaman.software.informer.com/6.0) showed that it contained a 1344 bp open reading frame encoding a protein of 447 amino acids. The nucleotide sequence of bglS was submitted to GeneBank (accession no. MW916284).



The NCBI BLAST analysis of bglS showed the highest nucleotide sequence similarity (99.63%) to a β-glucosidase gene from S. nigra strain 452 but less than 87.35% similarity to that from other Streptomyces strains. The similarity of the 16S rRNA sequences between the Streptomyces sp. RW-2 strain (GenBank accession no. KJ472430.1) and the S. nigra strain 452 (GenBank accession no. CP029043) was 99.72%. The high similarity of the 16S rRNA sequences and β-glucosidase genes between the two strains suggested that strain RW-2 may be S. nigra.




3.2. Expression of bglS in E. coli


The β-glucosidase encoded by bglS was successfully expressed in E. coli BL21(DE3) following induction at 25 °C for 10 h with 0.5 mmol/L IPTG. SDS-PAGE analysis revealed that the expressed protein appeared as a single band with a molecular mass of approximately 50 kDa (Figure 3), consistent with the predicted value of 49.5 kDa based on its 447 amino acids (http://web.expasy.org/compute_pi/). An analysis of the amino acid sequence of this β-glucosidase indicated that it was most similar (99.55%) to the β-glucosidase of two S. nigra strains (GenBank accession nos. WP_164492287 and AWE50172), followed by that of Streptomyces sp. JHA19 (97.32%, GenBank accession no. WP_199835400) and Streptomyces sp. M7 (96.88%, GenBank accession no. WP_181890503.1); additionally, it had less than 93.74% similarity with other Streptomyces strains. An analysis of the amino acid sequence using the SMART program (http://smart.embl.de/) showed that it contained a typical glycoside hydrolase 1 family (GH1) domain, indicating it belongs to the GH1 family.



SDS-PAGE analysis indicated that most of the β-glucosidase was in the soluble fraction, so the crude cell extracts were expected to exhibit enzymatic activity. The activity of recombinant β-glucosidase against pNPG was 3.48 U/mL in the culture.




3.3. Biotranformation of CuBg by Recombinant β-glucosidase


The biotransformation of CuBg to CuB using the recombinant β-glucosidase was carried out with an enzymatic activity of 3.48 U/mL in the reaction system. Conversion rates at different CuBg concentrations are shown in Figure 4. At 0.25 g/L of CuBg in the reaction mixture, the conversion rate was as high as 98.1%, indicating that CuBg was specifically converted into CuB. Indeed, no other product was detected at 228 nm by HPLC. During biotransformation by the crude enzyme from Streptomyces sp. RW-2, 0.25 g/L of CuBg in the reaction system resulted in a conversion rate of 92.6% [12]. However, during biotransformation with the recombinant β-glucosidase, 0.75 g/L of CuBg resulted in a conversion rate of 93.2%. These conversion rates were nearly equal, but the substrate concentration was increased three-fold, resulting in a three-fold increase in productivity. These results indicate that using recombinant β-glucosidase from Streptomyces sp. RW-2 significantly improved biotransformation efficiency.




3.4. Biotransformation of C. melo Pedicel Extracts by Recombinant β-Glucosidase


Extracts (1 mL) of C. melo pedicels in a 10 mL reaction system—with concentrations of CuBg and CuB of 0.973 and 1.36 g/L, respectively—were treated with the recombinant β-glucosidase with an activity of 3.48 U/mL. Biotransformation was carried out at 30 °C and monitored for 20 h by HPLC (Figure 5). The enzyme hydrolyzed the greatest amount of CuBg to CuB within 12 h. After biotransformation, the concentration of CuB in the reaction mixture was improved to 2.02 g/L, which represented an increase of 48.5% compared to the absence of biotransformation. The conversion rate of CuBg reached 87.6%. When the concentration of CuBg from C. melo pedicel extracts added to the reaction mixture was 0.973 g/L, the conversion rate was nearly equal to that of the biotransformation of pure CuBg at a concentration of 1.0 g/L. This indicated that the existing CuB from C. melo pedicel extracts did not inhibit the enzymatic reaction.



After biotransformation, the concentration of CuB in C. melo pedicel extracts improved from 13.6 to 20.2 g/L. The HPLC analysis of C. melo pedicel extracts after biotransformation for 12 h using the recombinant β-glucosidase is shown in Figure 6. ESI-MS spectra of CuBg and CuB in C. melo pedicel extracts after biotransformation are shown in Figure 7.





4. Conclusions


A gene encoding β-glucosidase for the biotransformation of CuBg into CuB was cloned from Streptomyces sp. RW-2. This enzyme was expressed in E. coli BL21(DE3) in a soluble form with an activity of 3.48 U/mL with pNPG as substrate in a culture. The recombinant β-glucosidase efficiently converted CuBg into CuB in a PBS system. When using the recombinant β-glucosidase for the biotransformation of C. melo pedicel extracts, CuBg was converted into CuB with a conversion rate of 87.6% at a concentration of 0.973 g/L of CuBg in the reaction mixture. The concentration of CuB in C. melo pedicel extracts was improved from 13.6 to 20.2 g/L after biotransformation. The present study provides high-efficiency technology for the production of CuB from its glycoside by biotransformation that also has potential applications in the pharmaceutical industry for increasing the productivity of CuB from C. melo pedicels.




5. Patents


Chinese Patent CN202110607500.1 resulted from the work reported in this manuscript.
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Figure 1. Biotransformation of CuBg to CuB by β-glucosidase. 
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Figure 2. Electrophoretogram of PCR product corresponding to a β-glucosidase gene from Streptomyces sp. RW-2. 1, DNA marker; 2, PCR product. 






Figure 2. Electrophoretogram of PCR product corresponding to a β-glucosidase gene from Streptomyces sp. RW-2. 1, DNA marker; 2, PCR product.



[image: Separations 08 00138 g002]







[image: Separations 08 00138 g003 550] 





Figure 3. SDS-PAGE analysis of the recombinant β-glucosidase expressed in E. coli BL21(DE3). Lane 1, molecular weight marker; lane 2, total protein of E. coli BL21(DE3) harboring the recombinant blgS in pET28a (+); lane 3, total protein of E. coli BL21(DE3) harboring empty pET28a (+) as a negative control. 
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Figure 4. Conversion rate of CuBg to CuB by biotransformation using the recombinant β-glucosidase at different substrate concentrations. 
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Figure 5. Time course of biotransformation of C. melo pedicel extracts using recombinant β-glucosidase. 
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Figure 6. HPLC–UV chromatograms of cucurbitacin B 2-o-β-d-glucoside (CuBg) and cucurbitacin B (CuB). (a) Standard CuBg and CuB dissolved in methanol. (b) C. melo pedicel extracts without biotransformation. (c) C. melo pedicel extracts after biotransformation by the recombinant β-glucosidase. 1, CuBg; 2, CuB. 
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Figure 7. LC–ESI-MS spectra of CuBg and CuB in C. melo pedicel extracts after biotransformation. (a) Peak 1 in Figure 6, corresponding to [M + Na] + at m/z 743.4, indicates that the molecular weight of the compound is 720.4 Da (CuBg). (b) Peak 2 in Figure 6, corresponding to [M + Na] + at m/z 581.3, indicates that the molecular weight of the compound is 558.3 Da (CuB). 
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