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Abstract

:

Fructooligosaccharides are well-known carbohydrate molecules that exhibit good probiotic activity and are widely used as sweeteners. Inulin-type fructooligosaccharides (IFOs) can be synthesized from sucrose using inulosucrase. In this study, cross-linked enzyme aggregates (CLEAs) of Lactobacillus reuteri 121 inulosucrase (R483A-LrInu) were prepared and used as a biocatalyst for IFOs production. Under optimum conditions, R483A-LrInu CLEAs retained 42% of original inulosucrase activity. Biochemical characterization demonstrated that the optimum pH of inulosucrase changed from 5 to 4 after immobilization, while the optimum temperature was unchanged. Furthermore, the pH stability and thermostability of the R483A-LrInu CLEAs was significantly improved. IFOs product characterization indicated that the product specificity of the enzyme was impacted by CLEA generation, producing a narrower range of IFOs than the soluble enzyme. In addition, the R483A-LrInu CLEAs showed operational stability in the batch synthesis of IFOs.
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1. Introduction


Inulin-type fructooligosaccharides (IFOs) are well known as excellent prebiotics since they promote the growth of beneficial bacteria in the colon [1]. Additionally, IFOs have also been used as a low-calorie sweetener [2]. They can be synthesized enzymatically from sucrose using a β-fructofuranosidase (E.C. 3.2.1.26) derived from fungal species such as Aspergillus niger [3,4], Aspergillus japonicas [5,6], Aspergillus kawachii [7], and Aspergillus oryzae [8]. In addition, IFOs have been synthesized by hydrolysis of inulin using endo-inulinase [9,10].



Inulosucrase (E.C. 2.4.1.9) is a fructosyltransferase found in many bacterial species such as Leuconostoc citreum [11], Lactobacillus reuteri [12], Lactobacillus johnsonii [13], Lactobacillus gasseri [14], and Streptomyces viridochromogenes [15]. In comparison with fungal β-fructofuranosidase, inulosucrase has a higher transglycosylation activity [16]; it synthesizes both inulin and IFOs from sucrose, while β-fructofuranosidase mainly produces hydrolysis products and short chain oligosaccharides. Production of inulin and IFOs using inulosucrase has been reported with both soluble and immobilized enzymes, the latter being frequently used to increase the stability and reusability of enzymes [17,18,19]. The efficiency of immobilized biocatalysts is dependent on the supporting material and the linker used. The enzyme can be immobilized on either inorganic or organic materials via bifunctional cross-linkers, or without the supporting carriers. A well-known carrier-free immobilization technique, which has attracted extensive attention, involves the generation of cross-linked enzyme aggregates (CLEAs). CLEAs are prepared by precipitating the target enzyme using precipitating agents (salts, organic solvents, and non-ionic polymers), followed by cross-linking using bifunctional cross-linkers [20,21]. This technique provides insoluble and highly concentrated enzymes with enhanced operational and storage stability, which can be freely separated from the reaction by filtration or centrifugation. Many studies have revealed that this method can be applied to a broad range of carbohydrate-modifying enzymes, for instance α-amylase [22], β-galactosidase [23], and levansucrase [24]. Nevertheless, to the best of the authors’ knowledge, only our work has reported on IFOs synthesis using an immobilized inulosucrase [25] and no reports have been made on the preparation of CLEAs of inulosucrase. To fully understand the potential application of the different forms of immobilized inulosucrase for IFOs synthesis, further studies are required.



Recently, we reported a series of mutations of L. reuteri 121 inulosucrase, with the mutant R483A (R483A-LrInu) showing potential application for the production of IFOs [26,27]. In the present study, R483A-LrInu was prepared as a CLEAs format, with the optimization of reaction conditions. The activity of the resulting CLEAs was improved by Triton-X treatment. The biochemical properties of R483A-LrInu CLEAs were assessed and compared to those of the corresponding soluble enzyme. Finally, the resulting CLEAs of the inulosucrase mutant were used as a biocatalyst for IFOs production.




2. Results and Discussion


2.1. Preparation of Immobilized Inulosucrase Mutant


CLEAs are usually prepared by two steps, precipitation of the enzyme from an aqueous solution and cross-linking of this aggregated enzyme with a bifunctional cross-linking agent. In this study, six different protein precipitating agents were investigated, analyzed and compared. Activity assays showed that, of the tested precipitants, ammonium sulfate provided the highest recovered activity of R483A-LrInu (79.0 ± 6.1%) (Figure 1A). The optimum amount of ammonium sulfate required for activity recovery was then investigated, using a concentration range of 2–40% (w/v) ammonium sulfate. It can be seen that the precipitated enzyme can retain 85.5 ± 9.4% of its initial enzyme activity using 40% (w/v) of ammonium sulfate (Figure 1B). These results are consistent with earlier reports that ammonium sulfate has been used to prepare a high enzyme activity of various CLEAs, such as α-amylase [22], β-galactosidase [23], lipase [28], tyrosinase [29,30], subtilisin [31], phytase [32], feruloyl esterase [33], invertase [34,35], and levansucrase [24].



The effect of cross-linker concentration on CLEA activity was further explored using different final glutaraldehyde concentrations of 0–2% (v/v). It was found that the highest recovered activity was achieved when the enzyme was cross linked with 0.5 mM glutaraldehyde (Figure 2A). The effect of cross-linking pH was also investigated in the pH range of 4–8. At pH 5–7, the enzyme retained the highest activity (Figure 2B). The pH may affect the stability of the enzyme during the cross-linking process. Moreover, pH also affects the cross-linking mechanism of glutaraldehyde, influencing the rigidity or flexibility of CLEAs [21,36,37]. Subsequently, the effect of cross-linking time was explored and it was found that cross-linking at 4 °C for 3 h was optimal, and the recovered activity of CLEAs gradually decreased when the cross-linking time increased beyond that (Figure 2C). The R483A-LrInu CLEAs prepared under these conditions showed a retention of 35.4 ± 4.1% of initial LrInu activity. The reduction in enzyme activity on CLEA formation may result from conformational changes of enzymes after the cross-linking process or the shielding of the catalyst active site by other aggregated proteins after precipitation. To reduce the effect of enzyme aggregation on LrInu activity, the CLEAs were incubated with 0.1% Triton-X100, a nonionic surfactant, for 1 h. From the results in Figure 2D, it can be seen that the precipitated enzyme activity was improved (42.0 ± 6.0%), when compared to that of the untreated CLEAs. This suggested that Triton-X might remove non-specific hydrophobic interaction between the aggregated enzymes molecules, thereby increasing the rate of substrate/product diffusion to/from the active site. Under this condition, the CLEAs have an immobilization yield of about 94% with a specific activity of 53 U/mg (Table S1).




2.2. Biochemical Characterization of Free and Immobilized R483A-LrInu


The optimum pH and temperature of the R483A-LrInu CLEAs were determined and compared to those of the free enzyme. The result demonstrated that the optimum pH of CLEAs was shifted to 4.0. The optimum pH of free inulosucrase was at pH 5.0, which was consistent with a previous report [38]. The pH profile showed that CLEAs exhibited 20–60% relative activity in the alkaline range (pH 8.0–10.0), whereas the free enzyme completely lost its activity (<5% relative activity) (Figure 3A). The shift of optimum pH might result from the change in ionization of amino acid residues in the microenvironment around the active site. This finding has been described for α-amylase [22], tyrosinase [29], and lipase [39]. The optimum temperature for free and immobilized R483A-LrInu was found to be the same at 50 °C. However, the temperature profile of the CLEAs format was broader than the free enzyme. CLEAs still exhibited 15–35% of inulosucrase relative activity at 60–70 °C, while the free inulosucrase was inactive (<5% relative activity) (Figure 3B). This finding suggested that the immobilization of inulosucrase in a CLEA format was able to preserve activity and increase the stability of the enzyme, resulting in a catalyst that is active in a wider range of conditions.



The pH stability of free and CLEA R483A-LrInu was investigated in the buffer pH range, 3.0–8.0, reflecting the high stability of the enzyme in this range (>50% relative activity). As shown in Figure 4A, both free and CLEAs of R483A-LrInu are stable in a broad pH range (3.0–8.0). Nonetheless, the CLEAs are more stable than the free inulosucrase, essentially retaining 100% of its initial activity in the pH range of 6.0–8.0, while the free inulosucrase retained only 80% (Figure 4A). This result suggested that the preparation of inulosucrase as a CLEA has the potential to prevent the degradation or denaturation of inulosucrase during a pH change in the solution. For thermostability, both free and CLEA forms of R483A-LrInu were incubated at 50 °C for 9 h. Under these conditions, the CLEAs retained activity as high as 70% of its initial activity, whereas the free R483A-LrInu retained only 50% at the same temperature (Figure 4B). The cross-linking approach could prevent the denaturation of enzyme molecules and stabilize the active conformation of the enzyme at high temperatures.




2.3. IFOs Synthesis Using Free and Immobilized R483A-LrInu


Enzyme immobilization is a technique that provides a microenvironment which prevents, or at least reduces, enzyme inactivation. Multiple covalent linkages might result in conformational changes of protein and may affect the product specificity. To explore the influence of immobilization on the IFOs product profile, thin layer chromatography (TLC) analysis of IFOs derived from free and immobilized R483A-LrInu was employed. The result demonstrated that the patterns of IFOs synthesized from free and immobilized R483A-LrInu were significantly different (Figure 5A). Matrix assisted laser desorption and ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis showed that the CLEAs synthesized shorter chains of IFOs, with the degree of polymerization (DP) ranging from 3–8, while the soluble R483A-LrInu synthesized somewhat longer IFOs, with the DP up to 13 (Figure S1). The change of the IFOs pattern produced by R483A-LrInu CLEAs suggested that they may provide a microenvironment for enzyme molecules, which allowed only specific acceptors to diffuse into the enzyme active site, increasing product specificity. This finding was reported for other immobilized fructosyltransferases, such as levansucrase immobilized on vinyl sulfone-activated silica, which selectively produced levan-type fructooligosaccharides (LFOSs), while soluble levansucrase produced both LFOSs and levan [40].



High performance liquid chromatography with pulsed amperometric detector (HPAEC-PAD) was also performed to confirm the findings of TLC analysis. The HPAEC result indicated that immobilization did not affect the linkage type of IFOs produced by R483A-LrInu, because all peaks observed on HPAEC profiles of both free and immobilized enzymes were located at the same position (Figure 5B). Quantitative analysis of IFOs produced by free and immobilized enzymes were also performed by High performance liquid chromatography (HPLC) with amino column (Figure 5C) (Asahipak NH2P-50 4E™ column, Shodex, Tokyo, Japan). The result showed that R483A-LrInu CLEAs produced a higher amount of GF3 and GF4 (abbreviation GFn was defined as the IFOs containing 1 unit of glucose and n unit of fructose) and a lower amount of GF5-GF7, compared with the free enzyme. This finding indicated that preparation of inulosucrase as CLEAs can regulate the size of IFOs synthesized. Many studies showed that the biological activity of inulin is strongly dependent on its degree of polymerization. For example, IFOs with DP 2–8 show higher prebiotic activity than DP > 9 [41]. IFOs with DP 4 increased immunoglobulin A (IgA) secretion and enhanced IFN-γ and IL-10 production in the cecal CD4+ T cells in a rat [42]. Moreover, IFOs with DP 4–7 also had modest anti-oxidant activity [43]. Therefore, the R483A-LrInu CLEAs might be useful for the synthesis of bioactive oligosaccharides.



Furthermore, the total IFOs produced by R483A-LrInu CLEAs were quantified using HPLC with a Sugar-Pak™ column (Waters Corp., Milford, MA, USA) (Figure 6). The result showed that R483A-LrInu CLEAs could synthesize the total IFOs up to 1.2% (w/v) after incubating with 5% (w/v) sucrose for 4 h. After that, the amount of IFOs slightly decreased and seemed to be constant at approximately of 1% (w/v), although the reaction was performed for 30 h.




2.4. Operational Stability of R483A-LrInu CLEAs


Besides the increase in enzyme stability, the immobilized enzymes are also reusable [44,45]. The operational stability of R483A-LrInu CLEAs was evaluated in a series of batch reactions. As presented in Figure 7, the activity of CLEAs reduced after four cycles of reuse and then remained constant at approximately 45% of the original activity. The reduction of CLEA activity in early cycles might result from the more compact nature of CLEAs or desorption of non-covalently bound enzyme molecules after recycling of the biocatalyst. This phenomenon was also found in other covalent-immobilized enzymes, such as levansucrase immobilized on vinyl sulfone-activated silica [40] and inulosucrase immobilized on core-shell chitosan beads [25].





3. Materials and Methods


3.1. Expression and Purification of Inulosucrase Mutant


The R483A mutant inulosucrase from L. reuteri 121 was expressed and purified according to the method described previously [26]. In brief, the constructed inulosucrase gene was ligated into pET-21b vector (Novagen™, Madison, WI, USA) via XhoI and NdeI sites. The cloning of a gene into pET-21b introduced a His6 tag on the C terminus of the recombinant protein. The sequence-verified plasmid was transformed into Escherichia coli BL21 (DE3) by electroporation. The recombinant E. coli was cultured in LB broth medium, supplemented with 100 µg/mL ampicillin, 0.5 %(w/v) glucose, and 10 mM CaCl2, with shaking at 250 rpm at 37 °C. Once an OD600 reached 0.4–0.6, isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 mM. The cells were further grown by shaking at 200 rpm, at 37 °C for 20 h, and then were harvested by centrifugation at 5000 × g for 20 min.



Cells were disrupted by ultra-sonication and the cell debris was separated from the crude extract enzyme by centrifugation at 12,000 × g for 20 min. The resulting cleared lysate was loaded into a TOYOPEARL™ AF-Chelate-650M column (Tosoh corporation, Tokyo, Japan) pre-equilibrated with 25 mM potassium phosphate buffer (pH 7.4). The column was washed with 25 mM KH2PO4 buffer containing 500 mM NaCl and 20 mM imidazole (pH 7.4). The enzyme was eluted from the column with 25 mM KH2PO4 buffer containing 500 mM NaCl and 500 mM imidazole (pH 7.4). The fraction containing inulosucrase activity was collected. A Bradford assay [46] was used to determine the protein concentration.




3.2. Enzyme Activity Assay


Inulosucrase activity was determined using a 3,5-dinitrosalicylic acid (DNS) assay [47]. The enzyme was incubated in a substrate solution containing 250 mM sucrose, 50 mM acetate buffer (pH 5.5), and 1 mM CaCl2 at 50 °C for 10 min. Then, the reactions were terminated by adding an equal volume of DNS reagent, boiled for 10 min, and the concentration of reducing sugar produced by the enzyme was determined at 540 nm, using a dilution series of glucose concentrations for calibration. A unit of inulosucrase activity was defined as the amount of the enzyme required for release of 1 µmol of reducing sugar per minute.




3.3. Preparation of Cross-Linked Inulosucrase Aggregates


For preparing CLEAs, the enzyme is commonly precipitated, followed by cross-linking using bifunctional agents. In this study, precipitating agents, namely methanol, ethanol, 2-propanol, acetone, acetonitrile, and saturated ammonium sulfate, were investigated. Each precipitation agent (800 µL) was added to 200 µL of inulosucrase solution (to a final concentration of 0.2 mg protein/mL). After keeping the mixture under mild agitation at 4 °C for 3 h, the precipitated protein was harvested by centrifugation at 10,000 × g for 10 min. The enzyme was re-dissolved in 50 mM acetate buffer (pH 5.5) before measuring enzyme activity by the method described above. The precipitating agent that provided the highest recovered activity of inulosucrase was selected for further studies.



Subsequently, the effects of cross-linking conditions, such as glutaraldehyde concentration, pH, and time, were also explored using a suitable precipitating agent. After the enzyme was precipitated, glutaraldehyde was added at different concentrations (0, 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0% (v/v)). The effects of pH and time for cross-linking efficiency were also determined in the pH range of 4–8 and for 1–24 h, respectively. The reaction was terminated by adding 0.1 mL of 1 M Tris-HCl (pH 7.0) and CLEAs were collected by centrifugation at 3000 × g for 20 min and then resuspended in 50 mM acetate buffer (pH 5.5). The CLEAs were washed 3 times with ice-cold acetate buffer (pH 5.5) and kept in this buffer until further characterization. The percentage of recovered activity of the aggregated enzyme was determined by the total inulosucrase activity of CLEAs/total inulosucrase activity of free enzyme × 100.




3.4. Biochemical Characterization of Free and CLEAs R483A-LrInu


The optimal pH for both CLEAs and free R483A-LrInu was determined by assaying enzymatic activity in the pH range of 2.0–10.0 using the Britton–Robinson universal buffer [48]. The optimum temperature for both free and immobilized enzymes was also determined by assaying enzymatic activity in 50 mM acetate buffer (pH 5.5) at a temperature range of 20–70 °C. For analysis of pH stability, the enzymes were pre-incubated at various pH levels (pH 3.0–8.0) using the Britton–Robinson universal buffer. After that, the residual enzymatic activity was measured by the method described above. The thermostability of both enzyme samples was explored by measuring the enzyme activity after incubation in 50 mM acetate buffer (pH 5.5) with 40 mM CaCl2 at 50 °C from 0 to 9 h.




3.5. Oligosaccharide Synthesis and Analysis


Five units of CLEAs (0.09 mg CLEAs) or free inulosucrase mutant were incubated with 1 mL of 5% (w/v) sucrose containing 50 mM acetate buffer pH 5.5 and 40 mM CaCl2. The amount of glucose, fructose, and sucrose was analyzed at time points using HPLC with a standard external method. The HPLC system was performed with a Prominence UFLC (Shimadzu Corporation, Kyoto, Japan) fitted with a Sugar-Pak™ column (Waters Corp., Milford, MA, USA) and a refractive index detector. The samples were separated by 50 mg/L CaEDTA at a flow rate of 0.5 mL/min at 70 °C. The amount of total IFOs was calculated according to the following formula: Total IFOs [%(w/v)] = Sucinitial [%(w/v)] − Sucremaining [%(w/v)] − Glc [%(w/v)] − Fru [%(w/v)], where Suc, Glc, and Fru refer to sucrose, glucose and fructose, respectively.



The compositions of IFOs were quantitated by HPLC with an Asahipak NH2P-50 4E column (Shodex, Tokyo, Japan) using 70% (v/v) acetonitrile as a mobile phase at flow rate of 1.0 mL/min. Quantitative analysis was performed in triplicate using calibration curves of 1-kestose (Sigma-Aldrich, St. Louis, MO, USA) to determine trisaccharide and nystose (Sigma-Aldrich, St. Louis, MO, USA) to determine tetrasaccharides and longer oligosacchrides. The error bar represented the standard deviation (SD).



HPAEC-PAD was performed by ICS 5000 system (Dionex) and a CarboPack PA1 column at a flow rate of 1.0 mL/min. The IFOs were separated using a linear gradient of 0–250 mM sodium acetate in 150 mM NaOH for 30 min.



The mass of IFOs products was evaluated by MALDI-TOF mass spectrometry (Autoflex speed, BRUKER, Billerica, MA, USA) using 2,5-dihydroxybenzoic acid (DHB) as the matrix.




3.6. Operational Stability


The operational stability of R483A-LrInu CLEAs was evaluated by assessing IFOs synthesis in 10 consecutive experimental cycles. The reaction conditions were 5 U/mL CLEAs, 5% (w/v) sucrose, and 50 mM acetate buffer (pH 5.5), at 30 °C for 20 min. After each cycle of operation, the CLEAs were collected by centrifugation at 3000 × g for 10 min. The pellets were washed twice with ice-cold acetate buffer (50 mM, pH 5.5). The remaining activity of CLEAs was measured by the method as described above.





4. Conclusions


The generation and characterization of CLEAs of L. reuteri inulosucrase mutant (R483A-LrInu) is first reported in this study. In comparison with the soluble inulosucrase, the CLEA-immobilized enzyme has higher pH stability and thermostability, as well as a promising operational stability for batch production of IFOs. Furthermore, the immobilization also increases the product specificity. Biedrzycka and Bielecka [41] reported that the prebiotic activity of IFOs is mainly dependent on their degree of polymerization, with DP 2–8 showing higher prebiotic activity than DP > 9 [41]. Hence, the IFOs produced by R483A-LrInu CLEAs may be expected to have a higher prebiotic activity than the IFOs produced by soluble R483A-LrInu. Hence, the overall properties of R483A-LrInu CLEAs make them very attractive as biocatalysts for the synthesis of prebiotic IFOs.
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Figure 1. (A) Precipitation of R483A-LrInu with different precipitating agents. (B) The effect of ammonium sulfate concentration on the recovered activity of precipitated R483A-LrInu. The data represent the mean of three assays and the error bars represent the standard deviation of three experiments. 






Figure 1. (A) Precipitation of R483A-LrInu with different precipitating agents. (B) The effect of ammonium sulfate concentration on the recovered activity of precipitated R483A-LrInu. The data represent the mean of three assays and the error bars represent the standard deviation of three experiments.



[image: Catalysts 09 00641 g001]







[image: Catalysts 09 00641 g002 550]





Figure 2. Effect of (A) glutaraldehyde concentration, (B) pH, (C) incubation time, and (D) Triton-X100 treatment on the recovered activity of CLEAs. The data represent means of three assays and the error bars represent the standard deviation. 
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Figure 3. Effect of (A) pH and (B) temperature on the activity of free (blue line) and CLEAs R483A-LrInu (red line). 






Figure 3. Effect of (A) pH and (B) temperature on the activity of free (blue line) and CLEAs R483A-LrInu (red line).



[image: Catalysts 09 00641 g003]







[image: Catalysts 09 00641 g004 550]





Figure 4. Effect of (A) pH and (B) temperature on the stability of free (blue line) and CLEAs R483A-LrInu (red line). 
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Figure 5. (A) TLC analysis of IFOs profiles synthesized by free and immobilized inulosucrase; lane M indicated the standard sugar. (B) HPAEC chromatogram of standard sugars and IFOs synthesized by free and immobilized inulosucrase. (C) IFOs compositions analyzed by HPLC with an Asahipak NH2P-50 4E column. 
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Figure 6. Production of IFOs by R483A-LrInu CLEAs. Reaction condition: 5 U/mL R483A-LrInu CLEAs, 5% (w/v) sucrose, 50 mM acetate buffer (pH 5.5) at 30 °C. The sugar content was analyzed by HPLC with a Sugar-Pak™ column. 
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Figure 7. Operational stability of R483A-LrInu CLEAs. 
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