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Abstract

:

Objective: Optically active (R)-ethyl 4-chloro-3-hydroxybutyrate ((R)-CHBE) is a useful chiral building block for the synthesis of pharmaceuticals. Recently, there has been great interest in the synthesis of (R)-CHBE via the highly stereoselective bioreduction of ethyl 4-chloro-3-oxobutanoate (COBE) under mild conditions. Methods: A highly efficient bioreduction process for transforming COBE into (R)-CHBE was developed in a biocompatible organic solvent–deep eutectic solvent–water reaction medium. Results: Recombinant Escherichia coli containing carbonyl reductase (CgCR) and glucose dehydrogenase (GDH) was successfully constructed and characterized. In addition, the feasibility of the asymmetric bioreduction of COBE to (R)-CHBE was verified in an organic solvent–deep eutectic solvent–water (ethyl acetate-betaine/lactic acid-water) system. At pH 7.0 and 30 °C, the kinetic constants Km and kcat of COBE were 20.9 mM and 56.1 s−1, respectively. A high (R)-CHBE yield (≥90%) was achieved by catalyzing COBE (1000 mM) in 12 h with E. coli CgCR cells in the presence of Ni2+ (7 mM) and glucose (3.5 mM glucose/mM COBE) in an ethyl acetate-betaine/lactic acid-H2O (50/7/43, v/v/v) system. The effects of organic solvents and DESs on whole-cell permeability were analyzed. Conclusions: An efficient bioreduction system was constructed for biologically transforming COBE to (R)-CHBE via whole-cell biocatalysis, and the established bioprocess has potential application in future.
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1. Introduction


To date, the growing global chiral drug market share has attracted many researchers to engage in the research, development, and application of chiral drugs [1,2,3,4,5]. Chirality is one of the fundamental properties prevalent in nature, and almost all macromolecules such as sugars, nucleic acids, proteins, and cellulose involved in life activities in the body are chiral [4,5,6,7,8,9,10]. Chiral 4-chloro-3-hydroxybutyrate (CHBE) is one kind of important drug intermediate [11], which can be synthesized through asymmetric catalysis of chiral catalysts [12], dehalogenase catalysis, microbial asymmetric resolution, and biocatalytic asymmetric reduction [13,14]. It is well known that optically active (R)-CHBE is a crucial chiral synthesis agent for manufacturing (R)-4-amino-3-hydroxy-butyric acid, L-carnitine, (R)-4-hydroxy-2-pyrrolidone, negamycin, macrolactin A, etc. [15,16]. (R)-4-Amino-3-hydroxybutyric acid can be used as an anti-convulsant for the treatment of acute epilepsy caused by ketone bodies [17]. L-Carnitine synthesized from (R)-CHBE as the initial raw material is able to treat Alzheimer’s disease and male infertility [18,19,20]. Negamycin is an effective candidate for the treatment of nonsense-related diseases [21]. (R)-4-Hydroxy-2-pyrrolidone, which is known as γ-butyllactam, has cytotoxic, antitumor, and anti-inflammatory physiological activities [22]. Macrolactin A can prevent HIV replication [23].



Commercially, the synthesis of (R)-CHBE from prochiral ketone ethyl 4-chloroacetoacetate (COBE) is conducted using chemical catalysts containing rare metals, reducing metal catalysts with ammonia, or flammable and explosive chemocatalysts (such as sodium borohydride) [24,25,26]. These methods require expensive rare metals as the chemocatalysts and harsh reaction conditions, and the optical purity of the product is not high. Distinct from chemical reduction, biocatalytic reduction has mild conditions, good selectivity, and high conversion [27,28]. Using carbonyl reductase to catalyze the asymmetric bioreduction of COBE to (R)-CHBE is a promising approach [29]. The key to the biological reduction process is the participation of carbonyl reductase and NAD(P)H [30,31]. Presently, the coupling of reductases with dehydrogenases for the regeneration of coenzyme can be applied to enhance bioreduction [32]. Glucose dehydrogenase (GDH) enables the biological transformation of glucose to gluconic acid, promoting the biotransformation of NAD(P)+ to NAD(P)H (Figure 1).



It is known that the substrate COBE is a hydrophobic compound that is insoluble [33]. In the bioprocess of whole-cell catalysis, a high titer of the hydrophobic substrate may inhibit the biocatalytic efficiency in the whole-cell reaction [34,35,36]. The supply of hydrophobic organic solvents to the biocatalytic system can enhance the efficiency of the bioreaction [37,38,39,40]. Deep eutectic solvents (DESs), which can be prepared by blending a hydrogen-bond-acceptor (e.g., choline chloride) and a hydrogen-bond-donor (e.g., amines, carboxylic acids, and polyols) [41,42,43], are recognized as green solvents. They have been extensively utilized as a chemical or biochemical reaction medium for enhancing catalytic efficiency [44,45,46,47]. Some DESs have been applied as a tool for biocatalysis, either as solvents or as separative agents to overcome challenging workup procedures [48,49,50]. Many organic solvents and DESs have been applied for enhancing the availability of insoluble substrates, alleviating the inhibition of the substrate, and promoting the biocatalytic efficiency [51]. The use of additives (organic solvents and DESs) might be applied to increase the permeability of cell membranes for facilitating the efficiency of substance exchange during biocatalytic reactions [52].



Due to the coenzyme dependence of keto reductase in the bioreduction of COBE, it is generally necessary to supply NAD(P)H to the bioreaction system [52,53,54]. To reduce the performance cost, co-substrate glucose can be supplied to the COBE-reducing system to yield (R)-CHBE using tandem dehydrogenase and other coenzymes [55,56,57]. Compared to the purified enzymes, whole-cell bioreduction has gained much attention, and it avoids the complicated step of enzyme purification and facilitates product recovery [58,59,60]. In an ideal bioreduction system, carbonyl reductase coupled with dehydrogenase for cofactor regeneration in the same kind of bacterial cells is a good strategy for bioreduction. This strategy can be applied to biologically reduce COBE to (R)-CHBE with high activity and substrate-tolerance of the biocatalyst, which has the potential to replace traditional chemical reduction processes [61,62,63,64].



Organic solvents and DESs can enhance the biocatalytic efficiency [28,37,49]. In a previous report [44], DES betaine/lactic acid (1:2, mol/mol) was shown to be highly biocompatible as a biocatalyst. Thus, an attempt might be made to combine organic solvents and betaine/lactic acid as a reaction medium for the bioreduction of COBE. The constructed bioreaction system might facilitate the dissolution of COBE, which would be suitable for biocatalysts to participate in the bioreduction of COBE. In this study, (R)-CHBE was synthesized from COBE by newly constructed recombinant E. coli CgCR cells expressing carbonyl reductase (CgCR) and glucose dehydrogenase (GDH). Whole-cell bioreduction factors (temperature, pH, substrate concentration, co-substrate, metal ions, etc.) for assessing the biocatalytic activity were examined in an organic solvent-betaine/lactic acid-water system. An efficient whole-cell biotransformation of COBE to (R)-CHBE was successfully established in a sustainable bioreaction system.




2. Materials and Methods


2.1. Chemicals


Yeast extract, glucose, betaine, lactic acid (LA), methyl isobutyl ketone, COBE, ethyl acetate, NADPH, acetic anhydride, and other reagents were purchased from Maclin, Ltd. (Shanghai, China).




2.2. Synthesis of DES Betaine/Lactic Acid


Betaine and lactic acid were blended in a ratio of 1:2 (mol/mol) under agitation at 300 rpm under 80 °C until the solution became clear and transparent.



The Kamlet–Taft parameter measurement method of betaine/lactic acid refers to Xia’s research [65]. K-T solvatochromic parameters were measured using Nile red (NR), N,N-diethyl-4-nitroaniline (NEt2), 4-nitroaniline (NH2). NH2 and NEt2 were used to assay β and π*, respectively. NR was utilized as a solvent color indicator to calculate the α value. The dyes were separately dissolved in methanol and stored in brown reagent bottles. An amount of 5 mL of dye solution was added to a 5 mL centrifuge tube, and dried and evaporated in vacuo at 40 °C for 48 h. Then, 3 mL of betaine/lactic acid was put into the dried dye, and the mixture was transferred to a 1 cm2 quartz cuvette. The absorption spectrum of the prepared mixture was measured at room temperature in the wavelength range of 300–700 nm using a UV/Vis spectrophotometer (TU-1900, Beijing Purkinje General Instrument Co., Ltd., Beijing, China).



The α, β, and π* values were calculated as follows, respectively:


   π ∗  = 0.314 ×   27.52 −  v  NEt 2      



(1)






  β = 11.134 −   3580   λ       NH  2      max     − 1.125  π ∗   



(2)






  α =   19.9657 − 1.0241  π ∗  −  v  NR     1.6078    



(3)




where π* is normalized to give cyclohexane and DMSO, λmax is the wavelength corresponding to maximum absorption of the dye, and v = 1/(λmax × 10−4).




2.3. Construction and Expression of Reductase


The genes of reductase (CgCR) from C. glabrata CGMCC 2.234 and glucose dehydrogenase (GDH) from B. megaterium (BmGDH) (GenBank: SUV21072.1) were co-expressed in one E. coli cell (Figure 2). pRSF-F (AGCCAGATCCGAATTCGAGC) and pRSF-R (GTGGTGATGATGGATGGCTGC) were applied to linearize pRSFDuet-1 backbone. Primers CgCR-R (ATTCGGATCCTGGCTTTACACAAATGGCTTAAATGGCCCCC) and CgCR-F (CACCATCATCACCACATGGCTGCTCTACATAAGAACACTTCTACTTTG) were applied to amplify CgCR. Primers GDH-R (GATATATCTCCTTAGGTACCTTACACAAATGGCTTAAATG) and GDH-F (CACCATCATCACCACATGGCTGCTCTACATAAGAACACTTC) were applied to amplify GDH. The purified CgCR, GDH, and linearized pRSFDuet-1 fragments were linked using T5 exonuclease by transforming E. coli DH 5α chemically competent cells. The pRSFDuet-CgCR-GDH was verified through DNA sequencing, and it was transferred into competent E. coli BL21 (DE3) through electroporation to give recombinant strain E. coli CgCR. The plasmid with correct gene sequencing expression was introduced into the BL21 clone strain for expression. Under the action of IPTG inducer, it promoted the expression of target genes. The nucleic acid and SDS-PAGE electrophoresis were used to examine the expression results.



Recombinant E. coli CgCR was inoculated, cultivated, and harvested as previously reported [53]. The activity of reductase in E. coli CgCR was spectrophotometrically measured under pH 7.0 and 30 °C by detecting the alteration in NADPH absorbance (340 nm) in a total volume of 1 mL containing 0.2 mM NADPH, a different concentration of COBE, 0.85 mL buffer (100 mM KPB), and 100 μL crude enzyme. One unit (U) of enzyme activity of CgCR was defined as the enzyme amount (mg protein) that can oxidize 1 μmol of NADPH per minute under the specified conditions.




2.4. Bioreduction of COBE with CgCR Cell in Water System


Several bioreaction factors were assessed in the biotransformation of COBE into CHBE. To test the effect of reaction temperature on the bioreduction, bioconversion was performed at various temperatures (15–55 °C) in the aqueous system containing glucose (1 mM glucose/mM COBE), COBE (100 mM), and CgCR cells (OD600 = 100). To examine the effect of medium pH on the bioreduction, bioconversion was performed at 30 °C in the bioreaction system (citrate buffer solution, pH 4–5; phosphate-buffered solution, pH 6–8) containing glucose (1 mM glucose/mM COBE), COBE (100 mM), and CgCR cells (OD600 = 100). To assess the influence of metal ion additives on the biocatalytic efficiency, Fe3+, Fe2+, Ni2+, Gr3+, Zn2+, Mg2+, Ca2+, Mn2+, Li2+, Sn4+, Al3+, and Sr3+ (6 mM) were individually supplied to the aqueous system with glucose (3.5 mM glucose/mM COBE), COBE (100 mM), and CgCR cells (OD600 = 100) at 30 °C and pH 7.0. To evaluate the influence of different Ni2+ concentrations on the biocatalytic efficiency, Ni2+ (0~10 mM) was added into the aqueous system (pH 7.0) containing glucose (3.5 mM glucose/mM COBE), COBE (100 mM), and CgCR cells (OD600 = 100) at 30 °C and pH 7.0. To test the effect of glucose ratio on the biocatalytic efficiency, different concentrations of glucose (glucose:COBE = 0.5:1, 1:1, 1.5:1, 2:1, 2.5:1, 3:1, 3.5:1, 4:1, or 5:1, mol/mol) were individually added to the aqueous system with CgCR wet cells (OD600 = 100) at 30 °C and pH 7.0. To investigate the influence of substrate concentration on the biocatalytic efficiency under the above optimized system, different concentrations of substrate (100–1000 mM) were individually supplied to the 10 mL system with CgCR cells (OD600 = 100), glucose (3.5 mM glucose/mM COBE), and Ni2+ (7 mM) at 30 °C and pH 7.0. Samples were periodically withdrawn for the assay.




2.5. Bioreduction of COBE with CgCR Cells in Organic Solvent-Betaine/Lactic Acid-Water System


To enhance the productivity of (R)-CHBE, organic solvents were individually supplied to the bioreaction system. To evaluate the influence of organic solvent on the biocatalytic efficiency, different solvents (ethyl acetate (EA), isopropyl alcohol (IPA), butyl acetate (BA), and methyl isobutylketone (MIBK)) (50%, v/v) were separately added to the bioreaction system containing CgCR cells (OD600 = 100), glucose (3.5 mM glucose/mM COBE), COBE (100 mM), and Ni2+ (7 mM) at 30 °C and pH 7.0. To investigate the effect of ethyl acetate (EA) ratio on the biocatalytic efficiency, different EAs (5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, and 80%, v/v) were separately added to bioreaction system containing CgCR wet cells (OD600 = 100), glucose (3.5 mM glucose/mM COBE), COBE (100 mM), Ni2+ (7 mM), and betaine/lactic acid (7%, v/v) under 30 °C and pH 7.0. To test the effect of DES (betaine/lactic acid) on the biocatalytic efficiency, different ratios of betaine/lactic acid (1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, and 10%, v/v) were individually loaded into the bioreaction system containing CgCR wet cells (OD600 = 100), glucose (3.5 mM glucose/mM COBE), COBE (100 mM), and Ni2+ (7 mM) at 30 °C and pH 7.0.




2.6. Effect of Cell Permeability on the Bioreduction of COBE


To assess the effect of solvents (EA and betaine/lactic acid) on cell permeability, different loadings of solvent as additives (50 vol% for EA and/or 7 vol% for betaine/lactic acid) were applied to the bioreaction system (pH 7.0) with CgCR cells (OD600 = 100) for 60 min at 30 °C. Centrifugal supernatant was obtained at 8000× g for 5 min. Then, the supernatant was diluted with the same ratio and the optical density was measured using an ultraviolet spectrophotometer at 260 nm and 280 nm. The CgCR cell (OD600 = 100) was treated using 0–90 min sonication, and 100 mM COBE was catalyzed in the above optimized system.




2.7. Analytical Method


UV-visible spectrophotometer was applied to assay the turbidity of cells. After the bioreduction at 15–55 °C for 0–12 h, the substrate COBE and product CHBE were quantified using gas chromatography. Detection conditions: GC/CP-Chirasil Dex CB was employed to analyze the chirality of the product. The chromatographic conditions were as follows: the temperature of the injector column was procedurally increased to 280 °C, held at 110 °C for 2 min, increased to 110 °C at 2 °C/min, maintained for 2 min at 126 °C, and then increased to 160 °C at 2 °C/min. The temperatures of injection port and detector were both 250 °C. The carrier gas was N2. The formulas for calculating the CHBE yield (Y) and e.e. value of CHBE were as follows, respectively:


Y% = CCHBE/CCOBE × 100



(4)






ee% = (AR − AS)/(AR + AS) × 100



(5)




where CCHBE is the concentration of CHBE, mM; CCOBE is the initial substrate concentration, mM; AR is the peak area of (R)-CHBE; and AS is the peak area of (S)-CHBE.





3. Result and Discussion


3.1. Construction of Recombinant E. coli Expressing CgCR and GDH


It is well known that the extra supply of cofactor NADPH can promote the whole-cell bioreduction [11,27]. In order to avoid the excess supply of NADPH, reductase (CgCR) and dehydrogenase (GDH) were co-expressed to create a system to regenerate NADP+ into NADPH (Figure 3a,b). The bands on SDS-PAGE (Figure 3c) indicated that the molecular weights of the expressed proteins were 43.9 kDa (CgCR) and 36.0 kDa (GDH), respectively. GDH might oxidize glucose (as co-substrate) to transform NADP+ into NADPH, which would be used for catalyzing COBE into CHBE via biological reduction with CgCR.



Molecular docking (MD) can describe the interaction between molecules in depth, can visually explain the mechanism of interaction, and has become an important research method to explain the biological mechanism [27]. CgCR was one kind of reductase with Prelog preference in the asymmetric reduction of prochiral ketone COBE. Reductase CgCR with ligand COBE molecular docking was conducted via AutoDock and PyMOL. The interaction between CgCR and COBE is illustrated in Figure 4a,b. There was a binding energy of −12.74 kcal/mol between CgCR and COBE. The low energy facilitated the bioreduction of COBE. As presented in Figure 4b,c, the binding site of CgCR from C. glabrata (CGMCC 2.234) with COBE included the amino acids THR-25, TYR-63, LYS-88, TYR-206, VAL-255, ASN-157, and TRP-297, which formed an active pocket. A hydrophobic interaction between the small molecule and VAL-255 was observed, as well as hydrogen-bond interactions with THR-25, TYR-63, ASN-157, and TRP-297. In addition, the substrate molecules also had an electrostatic interaction with LYS-88 and TYR-206. These interactions played a crucial role in the stable association between COBE and CgCR.



Bioreduction has gained extensive attention since it can be conducted under ambient conditions [38,44,66]. By altering the substrate concentration to determine the enzyme activity, the Michaelis constant Km was 20.9 mM, and Kcat was 56.1 s−1. As shown in Figure 5, the feasibility of the CgCR cell to catalyze the biosynthesis of (R)-CHBE was verified by examining the relative activities of carbonyl reductase under the different loadings of the substrate and product. Figure 5a shows that the bioreaction activity reached the highest when NADPH (2 μmol NADPH/mol COBE) and 100 mM COBE were supplied to the bioreaction system under 30 °C and pH 7.0. As the substrate concentration increased (>100 mM), the biocatalytic activity gradually weakened due to the potential inhibition. Using 300 mM COBE as the substrate, the relative enzyme activity sharply dropped to 45.1%. When 800 mM of COBE was used as the substrate, the relative activity was below 20%. Unlike the effect of the substrate COBE on the biocatalytic reaction, the product (R)-CHBE had a crucial inhibitory effect on the bioreaction (Figure 5b). The inhibition of the reductase activity by product (R)-CHBE showed a decreasing trend. When the initial (R)-CHBE concentration was 5–200 mM, the activity dropped gradually. As the (R)-CHBE concentration continued to increase, the activity greatly declined, and the residual enzyme activity was below 45% when the (R)-CHBE concentration increased from 300 mM to 800 mM CHBE. Accordingly, the high substrate tolerance of CgCR cells has application potential.




3.2. Biotransformation of COBE in the Aqueous System


It is known that bioreduction temperature and medium pH play crucial roles in the biotransformation [38,39,67]. The influences of bioreduction temperature and medium pH on the COBE-reducing activity were investigated, and the results are displayed in Figure S1a,b (in Supplementary Materials). It was observed that bioreduction temperature apparently influenced the catalytic activity. When the temperature was increased from 15 °C to 30 °C, the COBE-reducing activities increased. At 30 °C, the highest yield of CHBE by CgCR reductase was obtained at 84.7% in 1.5 h. After the temperature exceeded 30 °C, the activities began to decrease, possibly due to the thermal deactivation of reductase in CgCR cells during the bioreduction reaction. Accordingly, the suitable temperature for promoting COBE-reducing activity was chosen at 30 °C. Under low- or high-temperature conditions, the activities decreased, so the reaction temperature should be strictly controlled during the bioreaction process. Figure 6b shows that medium pH had little influence on the bioreaction, but it generally presented a trend of rising and then falling, reaching the highest value at pH 7.0. High pH or low pH might affect the dissociation state of the substrate and enzymes, which would influence the binding of the substrates to enzyme active centers. Clearly, recombinant E. coli CgCR had good pH tolerance, and the residual reductase activity reached 83.9% even at pH 4.0, indicating that CgCR reductase could adapt to both weak acid environments. Compared to the conventional chemical reduction, bioreduction was considered as a sustainable route for producing CHBE under the eco-friendly performance condition [13].



CgCR was coexpressed with GDH to provide cofactor regeneration systems. Furthermore, the effects of co-substrate loading were assessed on the COBE-reducing activity. According to the results in Figure S1c (in Supplementary Materials), different ratios of glucose (glucose:COBE = 0.5:1, 1:1, 1.5:1, 2:1, 2.5:1, 3:1, 3.5:1, 4:1, or 5:1, molar ratio) were individually added into the bioreaction system. With the increase in glucose-to-COBE ratio from 0.5:1 to 3.5:1, the bioreaction efficiency displayed a slow rising trend and reached the maximum at the molar ratio of 3.5:1. From 4:1 to 5:1, the bioreaction efficiency showed a slow declining trend, indicating that the glucose reached saturation [67]. Metal ions might be associated with the enzyme configuration, and some metal ions would be coupled with enzymes to alter the enzyme configuration, to promote or inhibit the biocatalytic efficiency [68]. The effects of different metal ions (6 mM) on biocatalytic reactions were studied. As displayed in Figure S2a (in Supplementary Materials), Cr3+, Mg2+, and Fe2+ inhibited the enzyme-catalyzed reaction. Other metal ions could promote the synthesis of COBE. Ni2+ had an apparent promotion effect. CoAKR7 was tolerant to most metal ions at a concentration of 5 mM [69], while the catalytic activity was completely inhibited by Fe2+ and Fe3+.



Different concentrations of Ni2+ were selected to assess the effects of the biotransformation of COBE. The results are displayed in Figure S2b (in Supplementary Materials). As the Ni2+ concentration increased from 0 to 7 mM, the activities increased. Ni2+ (7 mM) could greatly enhance the COBE-reducing activity, and the highest yield of CHBE was over 80% in 1.5 h. After Ni2+ exceeded 7 mM, the biocatalytic activity was weakened. In the examination of some metal ions on the activity of Anoxybacillus ayderensis FMB1 reductase, there was an inhibitory effect of all metal ions on the bioreduction activity except Ca2+, and Ca2+ increased the activity by 21% [70]. The effect of Ni2+ on the inhibition of FMB1 reductase reached 57%.



Substrate loading is a key factor in the biocatalytic reaction of industrialization [71]. Under the above-optimized bioreaction conditions, the influence of COBE concentration on the biocatalytic reaction was investigated (Figure S3, in Supplementary Materials). When the substrate concentration was 100 mM, COBE was fully reduced to CHBE within 3 h. Xu et al. investigated the effect of substrate concentration on the yield of the product [69]. When the substrate concentration was continuously increased to 100 mM, the highest product concentration of 77 mM (77% yield) was obtained after 28 h of the bioreaction. When the substrate concentration was 200–400 mM, CgCR could catalyze COBE to produce (R)-CHBE in a yield of 94% within 12 h. As COBE was 600–1000 mM, (R)-CHBE was produced in a yield of about 90% within 12 h. Accordingly, high substrate tolerance was found by using CgCR as a reductase biocatalyst.




3.3. Enhancement in COBE Bioreduction through Supply of Organic Solvent and Betaine/Lactic Acid


Organic solvents can enhance the biocatalytic efficiency [37]. To further improve the productivity of (R)-CHBE, an organic solvent–water system was constructed to improve the solubility of the substrate and product in the reaction system. The efficiency of four organic solvents (50%, v/v) (ethyl acetate (EA), butyl acetate (BA), isobutyl ketone (MIBK), and isopropyl alcohol (IPA)) was measured. These results are displayed in Figure 6a. In addition to IPA, compared with the blank group, the other three organic–aqueous systems had certain promoting effects, and the ethyl acetate (EA) aqueous system could give the highest catalytic efficiency. Shah constructed and applied a biphasic bioelectrocatalytic system [72]. To support the AdhS-catalyzed the bioconversion of COBE (100 mM) to (R)-CHBE for 10 h, the product yield reached only 85%. At the same substrate concentration, the bioreaction time was shorter in the EA-water system, while the yield of (R)-CHBE reached 91.5% within 0.5 h via the biocatalysis with CgCR cells. Compared with the aqueous system without organic solvents, the biocatalytic activity increased with the increase in the proportion of organic solvents, reaching the highest in the presence of EA (50 vol%), and the activity dropped when the loading of EA was over 50 vol% (Figure 6b). This suggests that the addition of organic solvents was beneficial to the stability of the enzyme to some extent [73]. Clearly, the optimal EA loading was 50 vol%.



To further enhance the (R)-CHBE yield, betaine/lactic acid was used as an additive in the EA-water system containing 50 vol% of EA. The effects of betaine/lactic acid loading on the biotransformation are shown in Figure 7. Upon raising the loading of betaine/lactic acid from 0 to 7 vol%, the COBE-reducing activities were raised. At 7 vol%, the COBE-reducing activities reached the maximum. After betaine/lactic acid exceeded 7 vol%, COBE-reducing activities began to decrease. Furthermore, 50 vol% of ethyl acetate, 7 vol% of betaine/lactic acid, and 43 vol% of water were mixed to construct the optimal bioreduction system, and the yield of (R)-CHBE apparently increased compared to the single water system. This was probably related to the K-T parameters of the solution, which was used for estimating the chemical properties of reaction solutions. The corresponding parameters α, β, and π* indicate the hydrogen-bonding acidity, basicity, and dipolarity/polarizability of the catalytic reaction solvent [27], respectively. A solution with a high α value might easily disrupt H-bonds to release H+, while betaine/lactic acid with a high β value might have a high H-bond accepting ability. The α and β of betaine/lactic acid were 0.37 and 0.39, respectively, and the π* value was 1.53. The α, β, and π* of EA+H2O were 0.39, 2.53, and 0.038, respectively, while the α, β, and π* of EA+betaine/lactic acid+H2O were 0.56, 1.77, and 0.27, respectively. Combined with the K-T parameters of betaine/lactic acid, the reason for increasing the yield of (R)-CHBE might be the increase in π*. The high π* value of the reaction system facilitated the COBE dissolution, which was more suitable for CgCR cells to participate in bioreduction.



Accordingly, the optimal performance conditions were as follows: 30 °C; pH 7.0; co-substrate glucose, 3.5 mM glucose/mM COBE; metal ion additive Ni2+, 7 mM; EA, 50 vol%; and betaine/lactic acid, 7 vol%. For the biotransformation of COBE into (R)-CHBE for 0.5 h, a high (R)-CHBE yield of 97.6% was obtained in the bioreaction system containing 7 vol% of betaine/lactic acid and 50 vol% of EA.




3.4. The Effect of Cell Permeability and Damage Degree on Biocatalysis


Additives (organic solvents, DES, etc.) might promote the catalytic reaction process [11,27,44]. They can promote the solubility of substrates and products. In addition, additives would increase the permeability of the whole cell by promoting the exchange process between cells and external substances. Some additives were selected to investigate the effects of different additives on cell permeability. As listed in Table S1 (in Supplementary Materials), OD260 and OD280 represent the content of proteins and DNA in the centrifugal supernatant, respectively. Without the additive (as a control), the organic solvent EA could promote the permeability of the CgCR cell membrane better than betaine/lactic acid. Notably, the combination of betaine/lactic acid plus EA might apparently enhance the permeability of the CgCR cell membrane. Increased permeability means that cell integrity is damaged [69]. To further investigate whether the effects of cell breakage and permeability on the catalytic bioreaction are related to each other, the catalytic reaction was investigated with cells of different breakage times. The results are shown in Figure S4 (in Supplementary Materials). After 15 min of crushing, the efficiency of the cell-catalyzed bioreaction was somewhat enhanced, with a yield of 94.5% for CHBE. Over 30 min of crushing, the cell-catalyzed reaction decreased substantially.



The approach of coupling reductase with dehydrogenase for coenzyme regeneration is an efficient way to improve the bioreduction efficiency [74,75,76]. The asymmetric biosynthesis of (R)-CHBE from COBE was conducted through the bioreduction with CgCR cells containing CgCR and GDH in the presence of glucose. CgCR and GDH were used to build a double-enzymatic system for the regeneration of NADPH. Then, carbonyl reductase efficiently and asymmetrically synthesized (R)-CHBE from COBE, while glucose dehydrogenase utilized glucose to regenerate NADP+ produced during COBE bioreduction. Accordingly, there was an efficient bioreduction of COBE to (R)-CHBE with CgCR cells in the EA-betaine/lactic acid-water system. The selected EA was easy to volatilize and separate for subsequent development and utilization. Betaine/lactic acid was easy to prepare as a green solvent. This developed strategy using EA and betaine/lactic acid as the cosolvent could enhance the catalytic efficiency. Considering the effects of other organic solvents or different types of DES might provide a broader perspective on the method’s versatility. Long-term stability and repeatability tests would be beneficial to ensure the method’s robustness over time. In future, it would be of great interest to develop a cost-effective catalysis process to enhance (R)-CHBE productivities with robust reductase biocatalysts in benign bioreaction medium.





4. Conclusions


Optically active (R)-CHBE is a key intermediate for the production of (R)-4-amino-3-hydroxy-butyric acid, L-carnitine, (R)-4-hydroxy-2-pyrrolidone, negamycin, and macrolactin A. To date, there has been great interest in the synthesis of (R)-CHBE from COBE through the bioreduction approach. CgCR was coexpressed with GDH to provide cofactor regeneration systems, and recombinant E. coli CgCR harboring NADPH-dependent reductase was created to efficiently transform the high loading of COBE into (R)-CHBE. At pH 7.0 and 30 °C, Ni2+ (7 mM) and glucose (3.5 mM glucose/mM COBE) were added into this bioreaction system containing COBE (1000 mM), and the (R)-CHBE yield reached about 90% within 12 h. The constructed EA-betaine/lactic acid-water (50:7:43 v/v/v) system could be used as optimal bioreaction medium for enhancing the bioreduction of COBE into (R)-CHBE (97.6% yield). The combination of betaine/lactic acid plus EA as the bioreaction medium could significantly improve the whole-cell permeability, which facilitated the bioreduction of COBE and enhanced the (R)-CHBE yield. Compared to other bioreduction approaches, this established bioreduction process could be used to synthesize (R)-CHBE in a high yield from 1000 mM COBE. This developed process shows high potential application in future.
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Figure 1. Glucose/GDH cofactor regeneration system. 
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Figure 2. Construction process of recombinant E. coli CgCR. 
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Figure 3. Analysis of the CgCR gene fragment through electrophoresis (Lane 1: marker, Lane 2: CgCR gene) (a); analysis of the CgCR-GDH gene fragment through electrophoresis (Lane 1: marker, Lane2: CgCR-GDH gene) (b); SDS−PAGE analysis of recombinant protein of CgCR and GDH in recombinant E. coli CgCR cells expressing carbonyl reductase (CgCR) and glucose dehydrogenase (GDH) (Lane 1: marker, Lane 2: CgCR (43.9 kDa) and GDH (36.0 kDa) in E. coli CgCR) (c). 
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Figure 4. The binding of COBE with CgCR (a); making apparent interactions with the functionally important residues of CgCR (b); the 2D plot of CgCR binding-pocket residues and their interaction (c). 
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Figure 5. Effects of COBE loading (5–800 mM) on the reductase activity at 30 °C and pH 7.0 (a); effects of CHBE loading (5–800 mM) on the reductase activity at 30 °C and pH 7.0 (b). 
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Figure 6. Effect of different organic solvents (50% of volumetric ratio) on the catalytic reaction (100 mM COBE, 30 °C, and pH 7.0) (a); effect of ethyl acetate (0–80% of volumetric ratio) on the catalytic reaction (100 mM COBE, 30 °C, and pH 7.0) (b). 
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Figure 7. Effect of DES (betaine/lactic acid) loading on the biocatalytic reactions (100 mM COBE, 30 °C, and pH 7.0). 
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