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Abstract

:

Multienzyme whole-cell biocatalysts are preferred in industrial applications, and two major concerns regarding the use of these biocatalysts, cell viability and cell membrane integrity, must be addressed. In this work, the transformation of myricetin to myricetin-7-O-glucuronide catalyzed by an engineered Escherichia coli strain was taken as the model reaction to examine the impacts of low-level organic solvents on whole-cell biocatalysis. Low-level organic solvents (2%, v/v) showed a significant increase (roughly 13-fold) in myricetin-7-O-glucuronide yields. No obvious compromises of cellular viability and integrity were observed by a flow cytometry assay or in the determination of extracellular protein leakage, suggesting the addition of low-level organic solvents accommodates whole E. coli cells. Furthermore, a scaled-up reaction was conducted to test the capability and efficiency of whole-cell catalysis in the presence of organic solvents. This study presents a promising and simple means to enhance the productivity of multienzyme whole-cell catalysis without losing the barrier functions of the cell membrane.
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1. Introduction


Multistep whole-cell catalysis is becoming a fast-developing area in the field of biocatalysis [1,2]. A single, tailored, whole-cell biocatalyst containing all of the required enzymes not only offers a high degree of selectivity, including regio-, stereo-and enantio-selectivity [3,4], but is also superior to in vitro enzyme biotransformation, as it circumvents cell lysis, enzyme purification, and the addition of external cofactors (e.g., NAD(P)H and ATP). In addition to these capacities, microbial cells provide a protective environment for enzymes, preventing conformational changes from occurring in the protein structure in non-conventional media or under harsh reaction conditions [1,5].



Whole-cell biocatalysts have been widely used as an excellent alternative means to directly convert different substrates into fine chemicals [2,6], but they are generally less efficient than reactions catalyzed by isolated enzymes by a factor of one or two orders of magnitude [7,8]. The most prominent limitations are unimpeded transport of the substrate into and the final product out of the cell [8]. Since hydrophobic substrates can enter cells through passive diffusion [9], the solubility of substrates is generally considered a limiting factor, and the permeability of the cell membrane as a mass transfer barrier is a most common concern for whole-cell bioprocesses. Although many chemical (e.g., by adding detergents or solvents) and physical (e.g., temperature shock) treatments are used to improve the permeability of cell membranes, they may compromise cell integrity, spur the leakage of cellular components (e.g., diffusional loss of NAD(P)H), and affect downstream processes [10]. Given the attractive advantages of conventional water-miscible organic solvents, including their simple management, high solubility for various organic substances, and capacities to improve the enantio-selectivity and activity of biocatalysts [11,12], organic solvents have been used as “cosolvents” and “permeability enhancers” to stimulate substrate transfer across cells [7,10], but the choice and amount of added organic solvent are highly empirical and generally undesirable for large-scale applications [13]. In most single-enzyme whole-cell catalytic processes, dimethyl sulfoxide (DMSO) and methanol (MeOH) are commonly used as solubility enhancers to promote the biosynthesis of glycosides and hydrophobic compounds [14,15]. The use of a recombinant single enzyme overexpressed in Escherichia coli is employed as a whole-cell biocatalyst treated with 60% acetone (v/v) [16] or 10% ethanol (EtOH) [11] to enhance the permeabilization of cell membranes and, further, to promote high yields of L-phenylalanine and L-menthol.



Although the above studies have demonstrated that organic solvents are effective in enhancing the yields of whole-cell reactions by affecting substrate solubility or cellular permeability, a widespread means to balance the contradiction between reducing barrier-like actions and maintaining the integrity of the cell membrane remain elusive. In addition, the presence of an intact cell is required for whole-cell catalysis, and especially for multienzyme whole-cell reactions coupled with the (re)generation of cofactors and energy molecules. While adaptation of bacterial cells to the organic solvent is an important issue to be addressed [17,18], little attention has been paid to the lesser negative effects on cell survival and membrane integrity resulting from the use of low-level organic solvents that can affect bioconversion efficiency. Indeed, biocatalytic systems, especially whole-cell ones, can be very sensitive to organic solvents.



In this study, an engineered E. coli BPGUT [19] performing the multienzyme cascade biosynthesis of a uridine diphosphate (UDP) sugar donor, which requires the (re)generation of redox (NAD(P)H) and energy ATP, was used as a multienzyme whole-cell model biocatalyst to test the effects of organic solvents on the conversion of myricetin into myricetin-7-O-glucuronide (M7GA) (Scheme 1). Myricetin is a natural plant-derived flavonoid that has been well recognized for its nutraceutical value, but which exhibits limited aqueous solubility [20]. M7GA, a structural analogue of scutellarein-7-O-glucuronide [21], exhibits the potential capacity to treat cardio–cerebral vascular diseases. Herein, we focused on the influence of different organic solvents on the one-pot whole-cell reaction. The effects of the addition of low-level water-miscible organic solvents on solubility and bioconversion rates and on microbial cellular viability and membrane integrity were investigated. Additionally, the whole-cell reaction for producing M7GA with the use of optimal organic solvent was scaled up.




2. Results and Discussion


2.1. Effects of the Organic Solvents on Bioconversion


As many flavonoid aglycones have been suggested to be able to move into cells through passive diffusion [22,23,24], a high concentration gradient of flavonoid aglycones in a metabolic cell aqueous system may allow for a higher level of cross-membrane uptake. The screening test involving the addition of 2%–10% organic solvents to the reaction system (Figure 1A and Table S1) showed that all of the organic solvents tested (except for 10% acetone and 10% EtOH) triggered higher degrees of yield, with the highest value observed following the addition of 2% acetone, 2% EtOH and 2% MeOH (over 13-fold increase). M7GA yields underwent a steep decline when acetone and EtOH concentrations reached 10%, exhibiting 10%–27% decreases relative to the control. The conversion rate underwent an approximate 9-fold increase relative to the control when the N,N-dimethylformamide (DMF) and DMSO concentrations were 2%, and the product yield decreased slowly as the content of DMF and DMSO sequentially increased.



The solubilities of myricetin and M7GA coupled with working concentrations of organic solvent were evaluated. As shown in Figure 1B and Table S1, the addition of organic solvents can induce minor improvements (ranging from 16% to 200%) in the solubility of myricetin in the presence of DMF and DMSO (2%, v/v), of acetone and EtOH (2% or 5%, v/v) or of MeOH (below 10%, v/v) relative to the control. However, the solubility of myricetin with acetone or DMF or DMSO (10%, v/v) was dramatically stimulated by approximately 22- to 48-fold relative to the one obtained from the control. In contrast to the substrate myricetin, the product M7GA showed good solubility in modified M9 medium and those with low-level organic solvents (Figure 1C and Table S1). Almost 68% of M7GA dissolved in modified M9 medium, with only minor differences in the solubility of M7GA (less than 31%) among the tested solutions, which indicated that the inherent hydrophilic property of M7GA rather than the presence of organic solvent improved the solubility or the transport pace of the product.



A step-down relationship was found between yields and organic solvent content levels in the reaction system, with an optimal value attained when the volume of organic solvents was only 2% (Figure 1A). A step-up relationship was found between solubility levels and organic solvent content, with an optimal value obtained when the volumes of certain organic solvents reached 10% (v/v) (Figure 1B). Low concentrations of organic solvents exhibited accelerating potential during the biocatalytic conversion of myricetin into M7GA, with a slight increase in solubility. Moreover, when plotting production yields against the solubility of myricetin for the respective M9 solution with organic solvents, an obvious decrease in yields accompanied by an increase in myricetin solubility was found (Figure S1), possibly related to interactions between the cells and added organic solvents, which may have affected the surface tension, fluidity, permeability, or integrity of cellular membranes or further caused the leakage of intracellular small molecules (e.g., UDP-sugars, NAD(P)H, or ATP). DMSO can increase membrane fluidity, reduce membrane thickness, form transient water pores, or destroy the membrane structure with increases in concentrations [13,25]. Short-chain alkanols (MeOH and EtOH) can partition into cell membranes and reduce surface tension. As concentrations increase, the membrane becomes overly fluid, which further damages its integrity [26,27,28]. Thus, a low concentration of organic solvent reduces mass-transfer resistance from the membranes of whole cells, and a high concentration of organic solvent damages the membrane structure and integrity. Certainly, low or high concentrations of organic solvent should be correlated with cell density (OD600 = 6.0, 12 g cells L−1 in this study).




2.2. Cell Viability and Its Impacts on Bioconversion


To clarify the effects of the addition of organic solvents on the catalytic activity of E. coli BPGUT in converting myricetin into M7GA, we assumed that these additives may primarily affect bioconversion through their interactions with cell membranes. Whether cell membranes are damaged or not can be determined from cell viability. In this study, the viability of the treated cells was assessed through the flow cytometry (FCM) test, as dead cells with damaged cytoplasmic membranes exhibit red fluorescence (due to propidium iodide (PI) staining), and live cells with intact membranes appear green (due to SYTO9 staining).



As can be observed from the FCM micrographs (Figure 2 and Table S2), the addition of 20% acetone and 20% EtOH seriously disrupted cell membranes, leading to cell death; the disruptions became much more severe when cells suffered from 20% concentrations of acetone and EtOH than from 2% concentrations, reflecting a result distinct from that observed for cells treated with DMSO and DMF (Figure 2). Interestingly, although the distinction in production yield was obvious when different organic solvents (2%–10%) were added, the FCM test for cell viability did not show obvious differences (Figure 2). However, when the cells were treated with 20% acetone and 20% EtOH, the damage was the most severe, and coincidently, the yields of M7GA were the lowest when 10% acetone and 10% EtOH were used.



Cell protein leakage was observed after the removal of the treated cells, which serves as another indication of damage to the cell membrane on one hand and reflects the leakage of intracellular small molecules on the other. The levels of protein leakage increased with the increase of organic solvents, especially for acetone and EtOH (Figure 3 and Table S3). The 2%–10% organic solvents (DMF and DMSO) only spurred a less than twofold increase with respect to the control reaction system, which might be due to the E. coli surface protein. Extracellular protein leakage resulted in a sharp increase when the cells were exposed to acetone (20%) and EtOH (20%)—containing aqueous solution. This finding was in accordance with that of the FCM tests showing a decrease in the viability of the E. coli cells. These results suggest that the reduced barrier function of cell membranes accompanied by an increase in organic solvents can result in the further leakage of intracellular components essential to multienzyme whole-cell biocatalysts.



Therefore, the above experiments demonstrate that organic solvents (for the type and concentration domains of organic solvents explored in this work) supported mild interactions with cells, especially in regard to DMSO. The minor improvement in solubility in the presence of low-level organic solvent (2%) led to an outstanding increase in yield, and no obvious compromises to cellular viability or integrity were observed from the FCM and protein leakage assay. It is reasonable to speculate that low-level organic solvents probably affected the membrane structure (including fluidity, tension, thickness, permeability, or water pore formation, and so on), which may be referred to as “micro-permeabilization”, and the tiny change improved the transport pace of the myricetin. In contrast, the major improvement in solubility in the presence of 10% of organic solvent led to a major decrease in yield and no prominent compromises to cellular viability or integrity. The explanation for this finding might be the toxicity of organic solvents in the whole-cell reaction system.




2.3. Scaled-Up Synthesis of M7GA in a Fermenter System


To further evaluate the industrial potential of the whole-cell strategies, the one-pot bioconversion system was further scaled up to 1 L in a 3-L fermenter, in which some factors involved in the growth of E. coli, such as pH and dissolved oxygen, could be controlled. Based on the effects of organic solvents on cell integrity, viability, and stability, DMSO was selected as the co-solvent. A kinetic analysis of M7GA production over time is shown in Figure 4. The M7GA production dramatically increased within 12 h, and the production then incrementally leveled off over time. Finally, approximately 1322 ± 106 mg/L (roughly 2.7 mM) M7GA was produced after 48 h, and a 67% conversion yield was achieved.





3. Materials and Methods


3.1. Materials


Myricetin and M7GA were purchased from BioBioPha (Kunming, Yunnan, China). Organic solvents, acetone, DMF, DMSO, EtOH, MeOH, and all other reagents of analytical grade were purchased from local manufacturers (Beijing Chemical Factory, Beijing, China). The LIVE/DEAD BacLight Bacterial Viability Kit (# L7012), including solutions of 3.34 mM SYTO9 dye and 20 mM propidium iodide (PI) (both dissolved in DMSO), was purchased from Thermo Fisher Scientific (Waltham, MA, USA).



Transformed E. coli cells were grown on Luria–Bertani (LB) medium supplemented with antibiotics (100 mg/L ampicillin, 50 mg/L kanamycin and 25 mg/L chloramphenicol). The standard reaction system used for all shake-flask or fermenter production studies consisted of a modified M9 medium (pH 7.0, Na2HPO4 6.8 g/L; KH2PO4 2.7 g/L; NaCl 0.5 g/L; NH4Cl 1.0 g/L; MgSO4 0.24 g/L; CaCl2 0.01 g/L) supplemented with glucose (10 g/L).




3.2. Preparation of a Certain Concentration of Organic Solvent


Myricetin was dissolved in the organic solvents such as acetone, DMF, DMSO, EtOH, and MeOH to form specific concentrations of myricetin stock solutions (100 mM, 40 mM, and 20 mM). Certain volumes of liquid solvents (acetone, DMF, DMSO, EtOH, and MeOH) were mixed with modified M9 medium to form final volumes of 4%, 20%, and 40% (v/v) (as 2× stocks used for the extracellular protein leakage assay).




3.3. General Procedure for the Whole-Cell Biocatalytic Conversion of Myricetin into M7GA


The engineered E. coli strain BPGUT was constructed as described in our previous work [19]. Transformed BPGUT cells were activated in LB medium, and the recombinant proteins were induced to express by the addition of 0.5 mM IPTG, and then incubated for an additional 15 h at 16 °C. To obtain the whole-cell biocatalyst, the bacterial cells were harvested by centrifugation, and the pellets were washed twice with modified M9 medium to remove the residual medium from the cell pellets. The washed pellets were resuspended in 10 mL of modified M9 medium, and the cell density was adjusted to an OD600 of 6 (12 g of cells per liter). Myricetin solid powder or stock solution was added to the above whole-cell biocatalyst system to form a working concentration of 2 mmol/L, which was then kept shaking at 30 °C for 6 h. The reaction mixture including cells was collected and lyophilized. The dried mixture was dissolved in MeOH and analyzed by HPLC. All of the reactions were carried out in triplicate.




3.4. Determination of Myricetin and M7GA Solubility


Myricetin (0.64 mg) or M7GA (0.99 mg) solid powder or stock solution was added to 1 mL of modified M9 medium and then incubated in a shaker at 30 °C for 6 h. After centrifugation, the supernatant was analyzed by HPLC to determine the solubility of myricetin or M7GA. All assays were conducted in triplicate.




3.5. HPLC Analysis


A 20-μL sample of supernatant was used for analysis using a Thermo HPLC system (Thermo Fisher, Germering, Germany) equipped with a GL AQ-C18 reverse-phase column (GL Sciences Inc., Tokyo, Japan, 4.60 × 250 mm, 5 μm particle size). The mobile phase was composed of water with 0.05% TFA (A) and acetonitrile (B) with a gradient program. The analysis of myricetin and M7GA was conducted with a 20-min linear gradient of 20%–45% B. This was followed by isocratic flow with 100% B for 5 min to rinse off hydrophobic compounds and by isocratic development with 20% B for 5 min to equilibrate the column. The solubility of myricetin (μg/mL) or M7GA (μg/mL) and yields of M7GA (μg/mL) were calculated using the external standard curve method.




3.6. Flow Cytometry (FCM) Tests


The whole-cell biocatalyst cells or E. coli wild type cells were incubated in 1 mL of modified M9 medium containing a certain concentration of liquid organic solvents at 30 °C for 6 h. After being rinsed and appropriately diluted in 0.85% (w/v) NaCl solution to reach a final density of 1 × 107 cells/mL, 600 μL of the cell suspension was sampled and stained with 2 μL of the premixed dye solution (a 2:1 mixture of SYTO9 and PI stains generated by the LIVE/DEAD BacLight bacterial viability kit) for 15 min at room temperature in the dark before being subjected to FCM tests using a BD FACS melody flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). For FCM tests, the sample was excited at 488 nm, and the emission wavelengths were 515–545 nm for the SYTO9 stain and >650 nm for the PI stain, and data were analyzed using FlowJo software (Version 10, BD Biosciences, Franklin Lakes, NJ, USA, 2019).




3.7. Extracellular Protein Leakage Assay


The whole-cell biocatalyst was prepared as described above, and the final cell concentration was adjusted to OD600 = 12. The above cell suspension and different concentrations of organic solvents (2× stock) were then separately mixed at a volume ratio of 1:1. The mixture was then incubated at 30 °C for 6 h followed by a 16,000 g centrifugation for 20 min. The total content of extracellular proteins leaked from the treated cells in the supernatants was estimated using a protein quantitative kit (Bradford) (Bio-Rad, Hercules, CA, USA). The tests were conducted three separate times.




3.8. Scale-Up Synthesis of M7GA


To assess the scale-up whole-cell synthesis of M7GA with low-level organic solvent, two volumes of 20 mL of DMSO containing 100 mM myricetin were added at 0 h and 6 h. The scale-up reaction was carried out in a 3-L glass fermenter system (Biotech, Shanghai, China) containing 1 L of the 12 g/L whole-cell catalyst (OD600 = 6.0) at 30 °C and 350 rpm for 48 h. The pH was maintained at 6.8–7.0 throughout the process using ammonium hydroxide (28%) and phosphoric acid (4 M). Dissolved oxygen (DO) was maintained above 50% during the experiment. Samples were collected at given time points and lyophilized and dissolved in MeOH for quantification by HPLC.





4. Conclusions


In summary, the effects of five kinds of commonly used water-miscible organic solvents on the transformation of myricetin into M7GA were examined using engineered E. coli BPGUT as a multienzyme whole-cell biocatalyst. Higher M7GA yields were obtained from low-level organic solvents (2%, v/v), and in further correlating cell viability and bioconversion yields together with cell membrane integrity, we can conclude that the addition of low-level organic solvents accommodates whole E. coli cells. The fine physical or structural property changes to the cell membrane induced by low-level organic solvent, not the solubility of the substrate or product, were the main causes to improve the yields of the product. However, in spite of the encouraging results of the M7GA yields and cell viability, we have not gained enough information for cell membrane micro-permeabilization induced by low-level organic solvents and their corresponding molecular mechanisms. The application of organic solvents in multistep whole-cell catalysis should be a compromise between two factors: solvent properties and toxic effects. From the results of this research, the former aspect dealing with the solubility of substrates may be neglected. The majority of attention should be paid to the viability and integrity of the cells. Furthermore, whole-cell reactions involve a complex reaction system; other important factors, including the inhibition or denaturation of enzymes, the cellular tolerance to organic solvents, and the density of E. coli cells, may also have effects. Thus, the ways in which low-level organic solvents contribute to the biotransformation of a multienzyme whole-cell biocatalyst must be further investigated. This study highlights the relationships among solubility, cell viability, and performance of the whole-cell catalyst. To further increase stability, the catalytic capability of whole-cell catalysts for modification of other hydrophobic substrates with structure similar to myricetin can be tested.
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Scheme 1. Production of myricetin-7-O-glucuronide (M7GA) from myricetin with engineered Escherichia coli BPGUT cells used as the whole-cell biocatalyst. 
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Figure 1. Effects of different organic solvents on the whole-cell reaction and the substrate and product solubilities. (A) Bioconversion of myricetin to myricetin-7-O-glucuronide (M7GA) catalyzed by E. coli BPGUT cells in the presence of organic solvents; (B) The solubility of myricetin and (C) the solubility of M7GA obtained in the modified M9 medium containing different concentrations of organic solvents. 
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Figure 2. Viability of E. coli BPUGT cells or wild-type cells after being treated for 6 h at 30 °C in a modified M9 solution containing 2% (v/v), 5% (v/v), 10% (v/v), and 20% (v/v) of organic solvents, or 2 mM of myricetin and M7GA, respectively. (A) Flow cytometry (FCM) images of organic solvent-treated E. coli BPUGT cells; (B) FCM images of untreated E. coli BPUGT cells (a), untreated E. coli wild type cells (b), myricetin-treated E. coli wild type cells (c), and M7GA-treated E. coli wild type cells (d); (C) The cell viability as determined by FCM. 






Figure 2. Viability of E. coli BPUGT cells or wild-type cells after being treated for 6 h at 30 °C in a modified M9 solution containing 2% (v/v), 5% (v/v), 10% (v/v), and 20% (v/v) of organic solvents, or 2 mM of myricetin and M7GA, respectively. (A) Flow cytometry (FCM) images of organic solvent-treated E. coli BPUGT cells; (B) FCM images of untreated E. coli BPUGT cells (a), untreated E. coli wild type cells (b), myricetin-treated E. coli wild type cells (c), and M7GA-treated E. coli wild type cells (d); (C) The cell viability as determined by FCM.



[image: Catalysts 09 00970 g002]







[image: Catalysts 09 00970 g003 550] 





Figure 3. Concentrations of proteins released from E. coli BPGUT cells after the cells were exposed to 2% (v/v), 5% (v/v), 10% (v/v) and 20% (v/v) of acetone, DMF, DMSO, EtOH, and MeOH for 6 h, respectively. 
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Figure 4. Time course for the production and conversion of myricetin-7-O-glucuronide (M7GA) obtained in a 3-L fermenter system containing 1 L of whole-cell catalyst. Two volumes of 20 mL myricetin stock solution (100 mM, dissolved in DMSO) was supplied in the reaction system at 0 h and 6 h, respectively. 
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