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Abstract

:

Arginyl dipeptides like Arg-Ser, Arg-Ala, and Arg-Gly are salt-taste enhancers and can potentially be used to reduce the salt content of food. The l-amino acid ligase RizA from B. subtilis selectively synthesizes arginyl dipeptides. However, industrial application is prevented by the high cost of the cofactor adenosine triphosphate (ATP). Thus, a coupled reaction system was created consisting of RizA and acetate kinase (AckA) from E. coli providing ATP regeneration from acetyl phosphate. Both enzymes were recombinantly produced in E. coli and purified by affinity chromatography. Biocatalytic reactions were varied and analyzed by RP-HPLC with fluorescence detection. Under optimal conditions the system produced up to 5.9 g/L Arg-Ser corresponding to an ATP efficiency of 23 g Arg-Ser per gram ATP. Using similar conditions with alanine or glycine as second amino acid, 2.6 g/L Arg-Ala or 2.4 g/L Arg Gly were produced. The RizA/AckA system selectively produced substantial amounts of arginyl dipeptides while minimizing the usage of the expensive ATP.
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1. Introduction


The reduction of salt intake is one of the most prevalent public health initiatives, as an excessively high salt intake is correlated with high blood pressure and other cardiovascular diseases [1,2]. But success is limited as the recommended amount of five grams by the WHO is far exceeded by the actual salt intake in most western countries surpassing ten grams [3,4]. Reduction of salt intake can substantially lower the blood pressure of both hypertensive and healthy people [5]. However, reductions in salt-content of food are usually not well tolerated, as salt has an important function for the taste of food [6]. Apart from saltiness being one of five tastes, it also enhances the flavor by suppressing bitterness [7]. In 2011, arginyl dipeptides formed by hydrolysis of fish protein [4] were identified as salt-taste enhancers. The strongest effects were found for Arg-Pro, Arg-Ala, Arg-Gly, and Arg-Ser, which increased the perceived salt-taste intensity by 10 to 20% without any off-flavors and are thus suitable candidates to reduce the salt content of food.



Chemical synthesis of dipeptides requires the use of protecting groups to direct the specificity of the reaction which increases costs and produces additional waste [8]. In a biocatalytic approach, peptidases from basidiomycetes were used to produce protein hydrolysates enriched in salt-taste enhancing dipeptides [9]. A relatively novel enzyme class in the biocatalytic toolkit are l-amino acid ligases (LALs; EC 6.3.2.28) which condense two amino acids to their corresponding dipeptide under hydrolysis of ATP to ADP (adenosine diphosphate) [10]. The LAL RizA from Bacillus subtilis NBRC3134 has a high specificity for producing dipeptides with an N-terminal arginine and is an ideal candidate for the synthesis of salt-taste enhancing dipeptides [11]. However, the need for stoichiometric amounts of ATP presents an enormous hurdle for the industrial application due to its high price. Many strategies were developed to regenerate ATP either by using endogenous enzymes of whole cells [12,13] or isolated enzymes [14,15,16]. One very prominent strategy is the use of acetate kinase which regenerates ATP from ADP and acetyl phosphate (AcP) [17]. The necessary acetyl phosphate can be synthesized reasonably cheap by acetylation of phosphoric acid with acetic anhydride [13,18] or through biocatalytic strategies such as the synthesis from pyruvate and phosphate by pyruvate oxidase from Pediococcus sp. [19]. Recently, acetate kinase was used in a multistep biocatalytic cascade to produce the potential HIV drug Islatravir [20].



In the present work, a reaction system comprised of RizA and AckA was constructed for the production of the salt-taste enhancing dipeptides Arg-Ser, Arg-Ala, and Arg-Gly with minimal need for ATP (Figure 1).




2. Results and Discussion


2.1. Influence of Substrate Concentrations


RizA and AckA were recombinantly produced in E. coli BL21 (DE3) and purified by affinity chromatography. The yields were 14 mg RizA per 100 mL culture, and 53 mg AckA per 100 mL culture. Biocatalytic reactions were set up with the purified enzymes to optimize the reaction conditions. The production of Arg-Ser was chosen as the optimization target, since Arg-Ser is among the strongest salt-taste enhancers, and initial experiments showed that RizA had the highest activity for this dipeptide.



Firstly, the substrate concentrations were examined. Reactions were set up with different concentrations of arginine and serine with equimolar amounts acetyl phosphate for 20 and 40 h reaction time. (Figure 2a,b). Another set of reactions with different ratios of amino acids to acetyl phosphate was also set up (Figure 2c).



In all samples, most of the product (>80%) was already present in the 20 h samples with only a small increase from 20 to 40 h reaction time. Increasing amino acid alongside acetyl phosphate concentrations led to an approximately linear increase in product concentration up to 60 mM with no signs of substrate inhibition (Figure 2a). This is similar to the results reported for the LAL from Bacillus licheniformis, where up to 40 mM increased the reaction velocity [21] while for YwfE up to 100 mM worked [22]. The highest yields were achieved with 50 mM AA and AcP reaching 24% after 20 h and 29% after 40 h (Figure 2b). An equimolar ratio of amino acids to acetyl phosphate was found to be optimal at 50 mM with a yield of 32% (Figure 2c). For RizA without ATP regeneration, a lower yield of 25% was achieved with 12.5 mM AA and 12.5 mM ATP, which was the highest yield reported for RizA [11].




2.2. Influence of Cofactor Concentrations


Both RizA and AckA require ATP and Mg2+ as cofactors. In the literature, LAL reactions without ATP regeneration are often set up with both cofactor concentrations equimolar to the amino acids and ATP [11,23,24]. Due to the presence of another enzyme and the objective to reduce the ATP usage, both cofactors were analyzed for their effect on the RizA/AckA system. Reactions were set up with ATP and Mg2+ with concentrations from 0.1 to 20 mM with 40 mM amino acids and 24 h reaction time (Figure 3a). Additionally, reactions were set up with 50 mM amino acids, 20 and 40 h reaction time and different concentration ranges to pinpoint the optimum concentration for both cofactors (Figure 3b,c).



The optimum concentrations for ATP were 0.5 mM (Figure 3a,b) and for Mg2+ 7.5 mM (Figure 3a,c) at 20 h reaction time. Lower or higher concentrations limited the reaction for both cofactors, although to different degrees. At 0.5 and 0.1 mM Mg2+, no product formation was detected, while reducing the ATP concentration to 0.02 mM only reduced the final product concentration by 33% (Figure 3a). Conversely, higher ATP concentrations had a strong inhibiting effect on the reaction system as displayed by the 75% reduction in product formation with 20 mM ATP. Inhibition by ATP was also witnessed during experiments without cofactor regeneration in which 30 mM ATP completely inhibited the reaction (Figure S1). Besides the need to minimize ATP due to its cost, the usage of an ATP-regenerating system also alleviated this apparent substrate inhibition imposed on the RizA enzyme by ATP.




2.3. Influence of Enzyme Concentrations


Reactions with different ratios of RizA to AckA were set up (Figure 4a). Additional reactions with varying concentrations of one enzyme were created as well (Figure 4b,c).



In the 20 h RizA samples (Figure 4b), a four-fold increase from 0.1 to 0.4 mg/mL doubled the final product concentration. The size of the product increase from the 20 to the 40 h samples was inversely correlated with the RizA concentration, as the 0.1 mg/mL sample increased from 2.7 to 3.7 g/L and the 0.4 mg/mL showed no increase. These findings imply that the enzymes in the 0.4 mg/mL reactions were still active, but that the product concentration had reached a ceiling. In the reactions with lower RizA concentrations, this ceiling had not been reached yet and the reaction progress continued. The apparent concentration ceiling is further discussed in Section 2.5.



In contrast to RizA, higher concentrations of AckA seemed to decrease the product formation, although the effect of the concentration of this enzyme was far less pronounced than with RizA. Addition of 0.1 mg/mL AckA was still sufficient for the reaction. The reactions with different ratios of RizA to AckA (Figure 4a) confirmed these results as the 0.4 mg/mL RizA and 0.1 mg/mL AckA reactions contained the highest product concentration.




2.4. Influence of Temperature and pH


The optimum temperature and pH for isolated RizA were determined to be 37 °C and pH 9.5 with sharp declines towards lower temperatures/pH values [11]. In contrast, the pH optimum of AckA was at 7.3, but with a broader spectrum, still possessing 50% activity at pH 9.0 [25]. To analyze the optimum of the combined system, reactions were set up with combinations of the three reaction temperatures of 25, 30, and 37 °C and three buffers with pH values of 8.0, 8.5, and 9.0 (Figure 5).



At all pH values, 37 °C reaction temperatures led to the lowest product concentrations while the 30 and 25 °C showed similar results. At constant temperature, the reactions with pH 8.0 contained the lowest product concentrations while pH 8.5 and 9.0 performed similarly. The reaction at 25 °C and pH 9.0 contained the highest product concentration, but the difference was not significantly different from the results at 30 °C or pH 8.5. Overall, the system possessed a broader spectrum with temperatures between 25 and 30 °C and pH 8.5 to pH 9.0 being viable.




2.5. Time Course of Formation of Arg-Ser, Arg-Ala, Arg-Gly, and Arg-Arg


Reactions were set up with the best observed conditions from the above experiments to optimize the product formation. In addition to arginine and serine, reactions with arginine and either alanine or glycine were also included for the formation of the strong salt-taste enhancers Arg-Ala and Arg-Gly [11], respectively (Figure 6a,b). Apart from these heterodipeptides, formation of the homodipeptide Arg-Arg was also detected as a side product in the reaction. To quantitate the specificity between main product and side product, the ratio Arg-X/Arg-Arg was calculated (Figure 6c).



In general, Arg-Ala and Arg-Gly were formed at similar rates with final product concentrations of 2.4 and 2.6 g/L corresponding to yields of 21% each. Formation of Arg-Ser was significantly higher with a final concentration of 5.9 g/L and a yield of 41%. Similarly, the Arg-Ser reactions contained a higher ratio of Arg-Ser to Arg-Arg over five, while the reactions of Arg-Ala and Arg-Gly had ratios around two. In all cases, over 90% of the product was formed during the first 12 h with only small increases in product concentration after that. The ratio Arg-X/Arg-Arg increased for all reactions with reaction time.



In the original publication on the discovery and recombinant production of RizA, Arg-Arg was only detected in reactions containing only arginine but not in the arginine and serine reaction [11]. It is possible that Arg-Arg was formed but not detected due to the lower substrate concentrations used. Another explanation might be an effect of the his-tag on the reactivity on the enzyme. An N-terminal his6-tag was used in both cases, but the exact placement/linker sequence between tag and RizA could be different and have an effect, although unlikely. Since Arg-Arg is a weak salt-taste enhancer, it does not negatively affect the intended application. To reduce or prevent the formation of Arg-Arg, the substrate specificity of RizA could be engineered by mutagenesis. This was achieved for the production of Met-Gly with the LAL from Bacillus licheniformis, in which the production of the side product Met-Met was successfully prevented by a single mutation of Pro85 [21]. Another target for engineering is the yield of the reaction. As shown, the production of dipeptides slowed considerably after 12 h reaching final yields of around 21% for Arg-Ala and Arg-Gly and 41% for Arg-Ser. Possible reasons for this could be inhibition by phosphate [26] or acetate [18] accumulating during the reaction (Figure 1). In the case of the cascade for the production of Islatravir using acetate kinase, the accumulation of phosphate was reduced by the addition of sucrose and sucrose phosphorylase [17,20]. A ceiling to the final product concentration could also be imposed by the RizA enzyme itself and thus be addressed by protein engineering. This was done for the LAL TabS in which the double mutant S85T/H294D reached a 1.6-fold higher Pro-Gly concentration after 20 h than the wild type [27].



The ATP regeneration in this work increased both the efficiency of ATP usage and enabled the highest reported product concentrations for Arg-Ser by a biocatalytic process. For RizA without ATP regeneration, a product concentration of 3.1 mM or 0.8 g/L Arg-Ser was reported with 12.5 mM of amino acids, Mg2+ and ATP [11]. In terms of ATP efficiency, this corresponds to 0.0064 Arg-Ser per mmole of ATP or 0.13 g Arg-Ser per gram ATP. The optimized system of RizA/AckA used only 0.5 mM ATP to produce 5.9 g/L or 23 g Arg-Ser per gram of ATP corresponding to a 176-fold increase in efficiency. The combination of RizA with AckA presents a large step towards an integrated biocatalytic process [28] for the production of salt-taste enhancers and possibly other bioactive dipeptides like arginyl-phenylalanine, which was found to have antihypertensive properties [29]. As a result, the present work may not only pave the way to a better nutritional value of food, but open access to dipeptides with desired functions in human physiology. It improved the economic viability of RizA by dramatically reducing ATP as a cost factor. On the road towards an industrial process, the next step will be immobilization of the reaction system to increase its stability and reusability for a larger-scale bioprocess [30].





3. Materials and Methods


3.1. Chemicals, Reagents and Strains


All chemicals were purchased from Carl Roth (Karlsruhe, Germany) or Sigma Aldrich (Taufkirchen, Germany) if not otherwise indicated. Enzymes for molecular biology were purchased from Thermo Fisher Scientific (St. Leon-Roth, Germany). The pET28a vector was purchased from Merck KGaA (Darmstadt, Germany). The E. coli strains BL21 (DE3) and TOP10 were maintained in our laboratory. Oligonucleotides were synthesized by Microsynth Seqlab GmbH (Goettingen, Germany).




3.2. Construction of pET28a_his6-rizA and pET28a_his6-ackA Constructs


The sequence of rizA (UniProt accession B5UAT8) was codon-optimized with the software SnapGene version 5.1.7 (2020) from GSL Biotech LLC (Chicago, IL, USA) and an N-terminal 6his-tag sequence was added. The his6-rizA (Sequence S1) gene was produced as a synthetic gene by Thermo Fisher Scientific (St. Leon-Roth, Germany) with restriction sites for NcoI and NotI. The delivered pMA-T-his6-rizA vector and the pET28a vector were digested with FastDigest NcoI and NotI followed by ligation of the his6-rizA fragment into the pET28a vector with T4 DNA ligase. The product was transformed into chemocompetent E. coli TOP10 cells by heat-shock transformation. After overnight incubation at 37 °C, clones were selected for overnight incubation, plasmids were isolated with the innuPREP Plasmid Mini Kit 2.0 from Analytik Jena (Jena, Germany) and the correct sequence confirmed by sequencing by Microsynth Seqlab GmbH (Goettingen, Germany). For the pET28a_ackA construct, genomic DNA of E. coli was isolated by the method of El-Ashram, et al. [31] and the ackA gene was amplified with Phusion High Fidelity Polymerase using the primers “CATCATATGATGTCGAGTAAGTTAGTACTGGTTCTG” and “GTAGCGGCCGCTCAGGCAGTCAGGCGGC” containing NdeI and NotI restriction sites. The amplificate was inserted into the pET28a vector analogously to rizA above with the respective digestion enzymes resulting in an open reading frame coding for his6-ackA (Sequence S2). Both constructs were transformed into E. coli BL21 (DE3) for expression and glycerol stocks were created for storage at −80 °C.




3.3. Cultivation and Expression


Precultures were inoculated from glycerol stocks in 5 mL LB medium with 50 µg/mL kanamycin and incubated overnight at 37 °C, 200 rpm. For cultivation, 400 mL TB medium with 50 µg/mL kanamycin in a shaking flask with baffles were inoculated with 4 mL preculture and incubated at 37 °C and 160 rpm until an OD600 of 0.6–0.8 was reached. Expression was induced by addition of 10 µM IPTG and performed at 20 °C and 160 rpm for 20 h. After harvesting the cells by centrifugation at 5000× g at 4 °C for 15 min, the cell pellets were frozen and stored at −20 °C until purification.




3.4. Purification


A cell pellet from 100 mL culture was resuspended in 10 mL disruption buffer (100 mM tricine pH 8.0, 10 mM imidazole) and sonicated for 7.5 min (50% amplitude; 0.5 cycle) with a UP50H sonicator from Hielscher Ultrasonics GmbH (Teltow, Germany). After centrifugation at 5000× g at 4 °C for 40 min, the supernatant was purified by affinity chromatography with a gravity-flow column containing 2 mL Protino Ni-NTA Agarose (Macherey-Nagel, Dueren, Germany) according to the manufacturer’s instructions. The eluted protein was desalted by PD10 columns from Cytiva (Washington, DC, USA) according to the manufacturer’s instructions. The desalted eluate was frozen in liquid nitrogen and aliquots were stored at −80 °C. Protein concentrations were determined with Bradford solution from Sigma–Aldrich (Taufkirchen, Germany).




3.5. Biocatalysis


Biocatalytic reactions were set up in 0.2 mL PCR tubes with 50 µL reaction volume. If not otherwise stated, reactions contained 40 mM arginine and serine, 40 mM AcP, 0.5 mM ATP, 7.5 mM MgSO4, 0.2 mg/mL RizA, 0.2 mg/mL AckA and 25 mM tricine buffer pH 8.5. Reactions were set up in duplicates and incubated at 25 °C for 20 h in a Biometra thermal cycler from Analytik Jena (Jena, Germany) and inactivated by heating to 70 °C. Samples were stored at −20 °C until analysis.




3.6. Analysis


The amino groups of dipeptides were derivatized with o-phthalaldehyde and analyzed by RP-HPLC with fluorescence detection as previously described by Rottmann, et al. [32] for the analysis of single amino acids. The gradient was modified as follows: 0 min: 90% A, 5 min: 90% A, 25 min: 60% A, 30 min: 0% A, 35 min: 0% A, 40 min: 90% A, 45 min: 90% A. Analytical standards of the dipeptides Arg-Ser, Arg-Ala, Arg-Gly and Arg-Arg were purchased from Bachem (Bubendorf BL, Switzerland) and used for external calibration. Standards were set up in duplicate. Data were visualized with SigmaPlot version 14.5 (2020) from Systat Software GmbH (Erkrath, Germany).





4. Conclusions


ATP regeneration by acetate kinase increased both the yield and economic viability of dipeptide synthesis by RizA. The coupled reaction system provides a foundation for the development of an industrial process for the specific production of salt-taste enhancing arginyl dipeptides.
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Figure 1. Reaction scheme for the RizA/AckA system for regeneration of ATP from acetyl phosphate for synthesis of Arg-Ser from argine and serine. 
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Figure 2. Effect of substrate amino acids (AA) and acetyl phosphate on the Arg-Ser production. All reactions were performed at 25 °C. (a) Equimolar concentrations of amino acids and acetyl phosphate with 5 mM Mg2+. (b) Yields for data presented in (a). (c) Different ratios of amino acids to acetyl phosphate with 7.5 mM Mg2+ and 20 h reaction time. Reactions were set up in duplicate; data are presented as mean with error bars representing range. 
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Figure 3. Effect of two cofactors ATP and Mg2+ on Arg-Ser production. (a) ATP and Mg2+ with 40 mM AA and AcP. (b) ATP with 50 mM AA and AcP at 20/40 h reaction time. (c) Mg2+ with 50 mM AA and AcP at 20/40 h reaction time. Reactions were set up in duplicate; data are presented as mean with error bars representing the range. 
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Figure 4. Effect of two enzymes RizA and AckA on Arg-Ser production. (a) Ratios of RizA to AckA (both in mg/mL) with 40 mM AA and AcP. (b) RizA with 0.2 mg/mL AckA, 50 mM AA and AcP at 20/40 h reaction time. (c) AckA with 0.2 mg/mL RizA, 50 mM AA and AcP at 20/40 h reaction time. Reactions were set up in duplicate; data are presented as mean with error bars representing range. 
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Figure 5. Effect of temperature and buffer pH on Arg-Ser production. Reactions were set up in duplicate; data are presented as mean with error bars representing range. 
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Figure 6. Time course of dipeptide formation with optimized reaction conditions: 50 mM amino acids and AcP; 0.5 mM ATP; 7.5 mM Mg2+; 0.4 mg/mL RizA; 0.1 mg/mL AckA; 25 °C; pH 9.0 (a) Product concentrations of Arg-Ser, Arg-Ala and Arg-Gly. (b) Yields of respective Arg-X dipeptides. (c) Ratio of main product Arg-X to side product Arg-Arg. 
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