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Abstract

:

Here, we present an immobilized enzyme cascade in a basket-type reactor allowing a one-pot, two-step enzymatic synthesis of L-erythrulose from D-serine and glycolaldehyde. Three enzymes, D-amino acid oxidase from Rhodotorula gracilis (DAAORg), catalase from bovine liver (CAT), and transketolase from Geobacillus stearothermophilus (TKgst) were covalently immobilized on silica monolithic pellets, characterized by an open structure of interconnected macropores and a specific surface area of up to 300 m2/g. Three strategies were considered: (i) separate immobilization of enzymes on silica supports ([DAAO][CAT][TK]), (ii) co-immobilization of two of the three enzymes followed by the third ([DAAO+CAT][TK]), and (iii) co-immobilization of all three enzymes ([DAAO+CAT+TK]). The highest L-erythrulose concentrations were observed for the co-immobilization protocols (ii) and (iii) (30.7 mM and 29.1 mM, respectively). The reusability study showed that the best combination was [DAAO + CAT][TK], which led to the same level of L-erythrulose formation after two reuse cycles. The described process paves the way for the effective synthesis of a wide range of α-hydroxyketones from D-serine and suitable aldehydes.
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1. Introduction


Enzyme cascades are a promising system for the multistep biocatalytic synthesis of rare sugars with unique biological activities [1,2,3,4,5]. Most reports describe the use of free enzymes in small reaction volumes, and their effective use beyond the proof-of-concept stage or the use of enzyme cascades efficiently at a larger scale is challenging. Their complexity necessitates a proper balance of a large set of interdependent reaction variables such as temperature and pH. One major hurdle in making enzyme cascades operational is the management of the recycling of the whole enzyme ensemble for multiple rounds of conversion [6]. Traditionally, enzyme recycling is handled through their immobilization. Such technology is well developed for single enzymes but is not as advanced for enzyme cascades [7,8,9,10,11,12,13,14,15]. Commonly, the immobilization of enzyme ensembles can be achieved by their separate immobilization on individual support particles or by the co-immobilization of all the enzymes on the same support. The fundamentals, advantages, and disadvantages of these immobilization strategies have been presented in review papers [16,17,18,19,20]: it was noted that co-immobilization favours the channelling effect, whereas separate immobilization facilitates enzyme-specific optimization of activity or stability.



Different types of enzyme supports have been used for enzyme immobilization: polymeric supports [21,22], carbon nanotubes [23,24,25], or inorganic supports including porous silicon oxides [7,8,26,27,28]. Recently, monolithic silica supports have been developed, characterized by an open structure of interconnected macropores and a specific surface area of up to 300 m2/g. These supports take the form of cones or cylinders with an equivalent grain diameter of 2–4 mm, so they can be successfully used in basket reactors [26,28]. Biocatalysts based on monolithic supports were shown to exhibit significantly higher activity than catalysts based on commercial silica gels, even though both types of supports had the same specific surface area [26]. An additional advantage of monolithic supports was that they can be regenerated after enzyme deactivation [26]. In this study, as a proof of principle, we investigated the co-immobilization of three enzymes, D-amino acid oxidase (DAAO), catalase (CAT), and transketolase (TK) for the synthesis of L-erythrulose from two model substrates, D-serine and glycolaldehyde (GOA). These enzymes have already been immobilized separately using different techniques [9,10,11,12,13,14,29,30], but never jointly on the same type of support for a convergent application. The key step was catalysed by TK for the transfer of a ketol group from an α-ketoacid (hydroxypyruvate, HPA) as a donor to an aldehyde as an acceptor. The major advantage of this strategy is the use of HPA, making the reaction irreversible through the release of CO2 (Scheme 1). The TK-catalysed reaction leads to (3S)-hydroxyketones through stereoselective C–C bond formation.



These properties lend TKgst a chemical synthetic potential that makes it an attractive biocatalyst for the synthesis of chiral alpha-hydroxyketones valuable as pharmaceuticals, food additives, or various chemicals [3]. In addition, while the common TK sources were mesophilic enzymes [31,32], thermostable TKs were recently described [33,34,35], particularly TK from Geobacillus stearothermophilus (TKgst) offering long-term stability up to 60 °C [36,37]. However, the main hurdle is the synthesis and the instability of HPA. To circumvent this limitation, the in situ generation of this compound was described from D-serine. An efficient route catalysed by DAAO from Rhodotorula gracilis (DAAORg) coupled with CAT for hydrogen peroxide dismutation and with TKgst in the presence of a suitable aldehyde as an acceptor was recently reported (Scheme 1) [4].



Here, we considered three strategies for enzyme immobilization: (i) separate immobilization of each enzyme on the silica support [DAAO][CAT][TK] (Scheme 2A), (ii) co-immobilization of two of the three enzymes, followed by the third [DAAO+CAT][TK] (Scheme 2B), and (iii) co-immobilization of all three enzymes [DAAO+CAT+TK] (Scheme 2C). This approach allowed us to assess the impact of the substrate channelling effect on L-erythrulose concentration assuming enzyme immobilization on a support with an unusually open pore structure.




2. Results and Discussion


One of the most frequently used methods for the enzyme immobilization of enzymes is their covalent binding to support. The durability of the connection usually makes the biocatalysts obtained in this manner highly stable [38,39,40]. In this work, enzymes were covalently bound to monolithic silica pellets (Figure 1) functionalized with amino groups using glutaraldehyde as a linker.



We started our study by determining the optimal operating temperatures of the two key enzymes (DAAORg and TKgst) after their immobilization (Figure 2), as the temperature is a significant variable affecting the activity and stability of immobilized enzymes. For this purpose, each of the enzymes was immobilized on a separate support and the enzymatic activities were then determined in the temperature range 25–80 °C by HPLC monitoring of the product formation (HPA from D-serine for DAAORg or L-erythrulose from HPA and GOA for TKgst). Immobilized DAAORg (3.3 mg of DAAORg/gsilica) and TKgst (8.3 mg of TKgst/gsilica) exhibited maximum activities at 40 °C and 50 °C, respectively. These values were closed to those obtained for free enzymes [36,37,41].



The long-term stability of each immobilized enzyme was also investigated after different incubation times (0, 24, 48, 72, and 96 h) and at specific temperatures (26, 30, and 40 °C) considering the temperature profiles of both enzymes obtained previously (Figure 2). At 26 and 30 °C, the immobilized DAAORg remained stable for approximately 100 h (Figure 3A) showing a significant improvement of the stability over the free enzyme (Supporting Information, Figure S1). At 40 °C its activity decreased slightly over time (Figure 3A). Immobilized TKgst showed stability in all tested temperatures (Figure 3B). Surprisingly, there was an increase in activity (for both enzymes) during the time, which may be due to conformational changes in the protein structure after immobilization. CAT used in this study was a commercial enzyme from Sigma-Aldrich (Poznan, Poland) for which an optimum operating temperature of 20–40 °C was determined [42,43].



To perform the cascade with the three immobilized enzymes DAAORg should produce HPA from D-serine, which is subsequently converted to L-erythrulose using TKgst as a catalyst in the presence of GOA (Scheme 1). Owing to the instability of HPA in aqueous solutions [3,4,5], it is advisable to run both steps simultaneously. The process conditions must therefore be compatible with the stability of all the enzymes. Because DAAORg undergoes slow deactivation at 40 °C (Figure 3A) in reported studies with immobilized enzymes, the maximum process temperature was 30 °C.



The next stage of the study was to determine the stability of the immobilized enzymes in subsequent reaction cycles. To detect the factors that could influence the final yield, the stabilities of immobilized DAAORg and immobilized TKgst were determined separately. Because H2O2 produced during the first stage can induce DAAORg deterioration [4,11,29,30], CAT was also immobilized on the same support. DAAORg/CAT and TKgst immobilized independently showed very high stability after five consecutive process cycles each lasting 6 h (Figure 4). In view of these findings, we estimated that the immobilized enzymes were stable for at least one working week.



To evaluate the best conditions to develop the cascade reaction, three combinations of immobilized enzymes were considered (Scheme 2): enzymes separately immobilized on the silica supports [DAAO][CAT][TK] (Scheme 2A), co-immobilization of DAAORg and CAT and separately immobilized TKgst [DAAO+CAT][TK] (Scheme 2B), and co-immobilization of all three enzymes [DAAO+CAT+TK] (Scheme 2C). Almost the same amount of enzymes was used in the process (Table 1).



The lowest L-erythrulose concentration was obtained using enzymes immobilized separately on the supports [DAAO][CAT][TK] (Figure 5), despite the fact that in this case the slightly higher quantities of enzymes were recorded in the system (Table 1). In this case, HPA and H2O2 released by DAAORg were not in close contact with the active site of CAT and TKgst for which they are substrates (Scheme 2A). In addition, H2O2, not immediately transformed by CAT, could negatively influence DAAORg activity. This presumably contributed to the lower L-erythrulose concentration compared to the other immobilized enzyme combinations [DAAO+CAT][TK] and [DAAO+CAT+TK]. Higher L-erythrulose concentrations were obtained for the other two immobilization protocols, [DAAO+CAT][TK] and [DAAO+CAT+TK] (Figure 5), showing that the proximity of CAT and DAAORg had a positive effect on the formation of HPA and consequently on L-erythrulose synthesis.



This result shows the importance of the substrate channelling effect [19] allowing a direct transfer of H2O2 to the active site of CAT avoiding its destructive effect on DAAORg. Similar observations were made in the work of Mathesh et al. [44], where co-immobilization of glucose oxidase (GOD) and horse radish peroxidase (HRP) resulted in better substrate conversions compared to separate immobilisation of these enzymes. In the case of TK, this channelling effect was less significant since the two combinations [DAAO+CAT][TK] and [DAAO+CAT+TK] gave approximatively the same L-erythrulose yield. This could be explained by good mass transport between grains offered by the unique structure of the monolithic support (Figure 1 and Figure 5). We note a slightly lower L-erythrulose concentration when TKgst was co-immobilized with DAAORg and CAT (Scheme 2C), probably due to the slower reaction rate of TKgst compared to DAAORg or fewer bound enzymes (Table 1).



For biocatalytic applications particularly at the industrial level, the reusability of the catalysts is an important factor. Thus, for the best two combinations of catalysts [DAAO+CAT+TK] and [DAAO+CAT][TK], the overall efficiency of both enzymatic cascade systems was evaluated considering the L-erythrulose formation after each cycle. The best results were obtained with [DAAO+CAT][TK] (Figure 6), in line with the best efficiency of the system previously described (Figure 5), leading to the same level of L-erythrulose formation after two cycles (Figure 6), while [DAAO+CAT+TK] showed a complete loss of activity after the second cycle (Figure 7). The decrease in enzyme activity after the second or third cycles (Figure 6 and Figure 7) were surprising considering that the activity of each enzyme immobilized in both systems tested separately with respective substrates exhibited very high stability and efficiency after five cycles (Figure 4A,B). Inhibition of DAAORg by GOA over time is suspected (already mentioned with free enzymes [4]).



This hypothesis was supported by the absence of HPA formation observed by HPLC in the subsequent reaction cycles. Therefore, the introduction of a new portion of [DAAO+CAT] in the reaction mixture increased the production of L-erythrulose at a level close to that obtained after the first cycle (Figure 6). Hence, to avoid the inhibition of GOA, the process could be optimized by introducing the GOA portion-wise.




3. Materials and Methods


3.1. General


All chemicals were purchased from Sigma-Aldrich (Poznan, Poland), Alfa-Aesar (Poznan, Poland) and CarboSynth (Poznan, Poland). Bradford reagent was from Bio-Rad (Paris, France). Ni-NTA resin was obtained from QIAGEN (Les Ulis, France). Proteins and enzymes were acquired from Sigma-Aldrich. Lyophilization was carried out with a Triad LABCONCO dryer. UV-visible absorbance was measured using a Spark control 10 microplate reader from TECAN (Lyon, France) and an Agilent Technologies (Les Ulis, France), Cary 300 UV-Vis spectrophotometer enabling Peltier temperature control. MARCHEREY-NAGEL GmbH & Co KG (Düren, Germany) 60/40-63 mesh silica gel for liquid flash chromatography and MARCHEREY-NAGEL GmbH & Co KG 60 F254 silica gel TLC plates with anisaldehyde stain for detection were used. The reaction pH for preparative synthesis was maintained using a TitroLine®7000 autotitrator. NMR spectra were recorded in D2O or DMSO on a 400 MHz Bruker Avance III HD spectrometer. Chemical shifts are referenced to the residual solvent peak. The following multiplicity abbreviations were used: (s) singlet, (d) doublet, (t) triplet, (m) multiplet.




3.2. Expression of TKgst from Geobacillus stearothermophillus and DAAORg from Rhodotorula gracilis


Escherichia coli strain BL21(DE3)pLysS was used for wild-type TKgst [14,15], overexpression with the plasmid pET47b and for DAAORg overexpression [41] with the plasmid pT7. These strains were stored at −80 °C in glycerol (10%). One colony of each recombinant E. coli strain, grown on selective LB agar plates, was transferred into 30 mL liquid Lurica-Bertani medium containing ampicillin (100 µg·mL−1) or kanamycin (30 µg·mL−1) and grown at 37 °C, 130 rpm for 12 h. A total of 20 mL of the pre-culture was used to inoculate 1 L of culture medium containing ampicillin (100 µg·mL−1) or kanamycin (30 µg·mL−1) and grown at 37 °C, 200 rpm. Isopropyl β-d-1-thiogalactopyranoside (IPTG) at 0.5 mM was added when the OD600nm range was 0.7–0.8. The cells were then grown overnight at 30 °C, with stirring at 130 rpm, and harvested by centrifuging at 8000 rpm at 4 °C for 15 min. Bacterial pellets were washed twice with phosphate buffer (NaH2PO4·2H2O, 50 mM), NaCl (300 mM, pH 8.0) and harvested (≈5 g/L for TKs and ≈2 g/L for DAAORg).




3.3. Purification of TKgst and DAAORg


Harvested recombinant cells from 1 L of culture were resuspended in 35 mL of phosphate buffer (50 mM) containing NaCl (300 mM) at pH 8.0 for TKs and 14 mL of phosphate buffer (50 mM) containing 2-mercaptoethanol (5 mM) and FAD (0.1 mM) at pH 7.2 for DAAORg [45]. The cells were disrupted by sonication on ice for 30 min and the insoluble pellets were discarded after centrifuging at 8000 rpm for 15 min at 4 °C. Crude extracts were applied to a Ni-NTA column equilibrated with phosphate buffer for TKgst and with phosphate buffer (50 mM) containing NaCl (1 M), imidazole (20 mM) and glycerol 5% at pH 7.2 for DAAORg. After washing each column with the same buffer for TKs and DAAORg, respectively, the His6-tagged TKs or DAAORg were finally eluted with phosphate buffer (50 mM) containing NaCl (300 mM) and imidazole (500 mM) at pH 8.0 for TKs and phosphate buffer (50 mM) containing glycerol (5%) imidazole (50 mM) at pH 7.2 for DAAORg. The fractions containing the eluted proteins were collected and dialyzed against triethanolamine buffer (2 mM, pH 7.5) and then against water (pH 7.5) through dialysis tubing (cut-off 14 kDa) at 4 °C for TKs and twice against water (pH 7.5) through dialysis tubing at 4 °C for DAAORg. These protein solutions were then lyophilized. Protein concentration was determined through the Bradford method [46] and bovine serum albumin (BSA) was used as the standard. The specific activities of lyophilized TKgst, and DAAORg were 21 U, and 37 U per mg of total protein, respectively, at 25 °C. The purity and molecular mass of these samples were analysed by SDS-PAGE [4,36] using Precision Plus ProteinTM All Blue Standards#161-0373 (10–250 kDa, Bio-Rad) as standard. The proteins were visualized with Coomassie Blue G-250.




3.4. Synthesis and Functionalization of Silica Monoliths (MH)


The MH was synthesized and functionalized with amino groups using a method described in detail earlier [26,28].




3.5. Immobilization of Enzymes on Amino-Modified MH


Before immobilization, the amino modified MH were washed with ethanol, distilled water, and phosphate buffer (0.1 M, pH 7.0, Na2HPO4/KH2PO4). The amino groups have to be activated with glutaraldehyde before enzyme addition—the MH were incubated with glutaraldehyde (GLA) solution (2.5% (v/v) in phosphate buffer (0.1 M, pH 7.0) for 2 h. Next, excess GLA was eluted with distilled water and phosphate buffer (0.1 M, pH 7.0). For single enzyme immobilization ([DAAO] or [CAT] or [TK]), to the MH carriers, enzyme solution in phosphate buffer (0.1 M, pH 7.0, Na2HPO4/KH2PO4) was added and incubated for 3 h, at RT and then at 6 °C overnight. For [DAAO+CAT] co-immobilization, the MH was first immersed in DAAORg solution for 2 h, at RT, CAT solution was then added, and the whole was incubated for the next 2 h, and then left at 6 °C overnight. For [DAAO+CAT+TK] co-immobilization, MH was first immersed in TKgst solution. DAAORg solution was then added, followed by CAT solution. After each enzyme addition, 2 h incubation at RT was carried out. Finally, they were left at 6 °C overnight. Excess protein in all cases was removed by washing, as described elsewhere [26,28,47]. The amount of immobilized enzymes was calculated as the difference between the enzyme given to immobilization (mg) and the enzyme eluted (mg) divided by the amount of carriers given for immobilization (g). The concentration of enzymes was determined using the Lowry method (Sigma-Aldrich).




3.6. Activity of Single Immobilized DAAORg


The activity of immobilized DAAORg was determined in the presence of D-serine (D-ser) giving HPA and H2O2. Catalase (CAT) is essential for DAAORg enzyme protection and allows for dismutation of H2O2 to H2O and O2. Unless stated otherwise, D-serine (50 mM) was dissolved in Tris-HCl buffer (0.5 M, pH 7.0). The reaction mixture was incubated for 10 min at 26 °C. Native catalase and immobilized DAAORg were then added. The reaction was carried out at the same temperature and samples were taken after 3, 5, and 12 min. The amount of HPA produced was checked by the HPLC method described below. All measurements were performed in triplicate using basket stationary bed reactor StatBioChem.




3.7. Activity of Single Immobilized TKgst


The activity of immobilized TKgst was specified in the synthesis of L-erythrulose from hydroxypyruvate (HPA) and glycoaldehyde (GOA). Unless stated otherwise, HPA (50 mM) and GOA (50 mM), with ThDP (0.1 mM) and MgCl2 (1 mM) as cofactors, were dissolved in distilled water and the pH was adjusted to 7.0 with 0.1 M NaOH. The reaction mixture was then first incubated at different temperatures for 15 min and then the enzyme was added. The reaction was carried out at the same temperature and samples were taken after 1, 3, and 5 min. The amount of L-erythrulose obtained was determined by the HPLC method described below. All measurements were performed in triplicate using basket stationary bed reactor StatBioChem.




3.8. L-Erythrulose Synthesis by Immobilized DAAORg, TKgst, and CAT


The general procedure is described elsewhere [4]. In short, D-serine (50 mM), GOA (50 mM), ThDP (0.1 mM), and MgCl2 (1 mM) were dissolved in H2O, the pH was adjusted to 7.0 with 0.1 M NaOH, and the reaction mixture was incubated at 30 °C for 10 min. The immobilized enzymes were then added [DAAO+CAT+TK] or [DAAO+CAT][TK] or [DAAO][CAT][TK]. Oxygen was bubbled into the reactor (10 mL/min). The reaction mixture was stirred (400 rpm) at 30 °C and the pH was automatically maintained at 7 by adding 0.1 M HCl using a pH-stat. Reaction progress as a L-erythrulose synthesis was followed by the HPLC method described below.




3.9. Determination of HPA, Glycolaldehyde, and L-Erythrulose Concentration


Quantitative analysis of the reaction mixture containing HPA, GOA, and L-erythrulose was performed by HPLC (Agilent 1200 series) equipped with a Bio-Rad Aminex HPX-87H column (300 × 7.8 mm) at 60 °C and 0.1% TFA in water as a mobile phase. A 10 µL aliquot of sample was injected into the HPLC operating at a flow rate of 0.6 mL/min. Substrates and products were detected using a refractive index (RI) detector.





4. Conclusions


This work shows that DAAORg and TKgst were efficiently immobilized by covalent bonds on monolithic silica supports. Immobilization improved the long-term stability of enzymes in water at increasing temperatures and allowed their repeated usage (five-fold reusability of each immobilized enzyme) without loss of activity. A cascade reaction was developed and performed in a basket reactor using D-serine and GOA as substrates. Three immobilization strategies of DAAORg, CAT, and TKgst were tested, and it was shown that the best L-erythrulose concentration (61% of L-erythrulose yield) was obtained when DAAORg/CAT were immobilized together and TKgst separately. This result highlights the expected substrate channelling effect, allowing a direct H2O2 consumption by CAT, and so avoiding its destructive effect on DAAORg activity. The joint or separate immobilization of TKgst with [DAAO+CAT] ([DAAO+CAT+TK] or [DAAO+CAT][TK], respectively) did not greatly change L-erythrulose yield, which in turn could be due to the open pore structure of the silica support. It may therefore be assumed that efficient substrate channelling is particularly important for eliminating enzyme-destructive reagents, such as H2O2. The best reusability was obtained with [DAAO+CAT][TK], producing the same amount of L-erythrulose formation after two cycles. L-erythrulose synthesis could be optimized by introducing GOA dropwise to circumvent the inhibition of DAAORg by GOA and a higher amount of CAT could be immobilized on the support to obtain a more efficient H2O2 dismutation. This process could be also applied to the synthesis of a wide range of α-hydroxyketones from D-serine and suitable aldehydes as already described with free enzymes. In addition, the combination of [DAAO+CAT][TK] could offer the advantage to replace TK with other enzyme(s) extending the potentialities of this strategy.
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Scheme 1. Coupling of DAAORg and TKgst for L-erythrulose synthesis from D-serine and glycolaldehyde (GOA). 
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Scheme 2. Three combinations of immobilized DAAORg, CAT and TKgst. Separate immobilization of each enzyme [DAAO][CAT][TK] (A), co-immobilization of DAAORg and CAT and separate immobilization of TKgst [DAAO+CAT][TK] (B), co-immobilization of all three enzymes [DAAO+CAT+TK] (C). 
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Figure 1. Monolithic silica pellets (A) and their SEM images (B,C). 
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Figure 2. Temperature profile of DAAORg (■) and TKgst (⬤) immobilized on monolithic silica pellets functionalized with amino groups; relative activity defined as an activity at a certain temperature to the highest activity (at 40 °C for DAAORg and 50 °C for TKgst). DAAORg conditions: D-serine (50 mM) in Tris-HCl (0.5 M, pH 7.5), in the presence of O2, DAAORg immobilized on silica pellets modified with amino groups (0.03 g of biocatalyst), free catalase powder (0.1 mg), 26–60 °C, 500 rpm. TKgst conditions: HPA (50 mM), GOA (50 mM), ThDP (0.1 mM), MgCl2 (1 mM), TKgst immobilized on silica pellets modified with amino groups (0.018 g of biocatalyst, 0.15 mg of protein), pH 7.0, 30–80 °C, 500 rpm. 
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Figure 3. Long-term thermal stability of immobilized DAAORg (A) and TKgst (B). Enzymes were incubated in H2O with cofactors ThDP (0.1 mM) and MgCl2 (1 mM) at 26, (■) 30, (⬤) 40 °C (▲). The enzyme activity before incubation is 100%. DAAORg reaction conditions: D-serine (50 mM) in Tris-HCl (0.5 M, pH 7.5), DAAORg immobilized on silica pellets modified with amino groups (0.03 g of biocatalyst), free CAT in powder (0.1 mg), 26 °C, 500 rpm, in the presence of O2. TKgst reaction conditions: HPA (50 mM), GOA (50 mM), ThDP (0.1 mM), MgCl2 (1 mM), TKgst immobilized on amino-modified silica pellets (0.018 g of biocatalyst), pH 7.0, 50 °C, 500 rpm. 
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Figure 4. Recycling of co-immobilized DAAORg and CAT (A) and immobilized TKgst alone (B) at 30 °C. Conditions (A): D-serine (50 mM), ThDP (0.1 mM), MgCl2 (1 mM), DAAORg and CAT co-immobilized on amino-modified silica monolithic pellets (0.5 g of biocatalyst with immobilized 2 mg of DAAORg, 4 mg of CAT), 30 °C, 400 rpm, in the presence of O2, 6 h of each cycle. The enzyme activity after the 1st cycle is 100%. Conditions (B): HPA (50 mM), GOA (50 mM), ThDP (0.1 mM), MgCl2 (1 mM), TKgst immobilized on amino-modified silica monolithic pellets (0.5 g of biocatalyst with immobilized 6 mg of TKgst), 30 °C, 400 rpm, 6 h of each cycle; 100% is the enzyme activity after the 1st cycle. 
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Figure 5. L-erythrulose (L-ery) synthesis by different combinations of immobilized enzymes: each enzyme separately [DAAO][CAT][TK] (■), [DAAO+CAT] together and [TK] separately (⬤) and the three enzymes together [DAAO+CAT+TK] (▲). Conditions: D-serine (50 mM), GOA (50 mM), ThDP (0.1 mM), MgCl2 (1 mM), pH 7.0, 30 °C, 400 rpm, in the presence of O2. pH was regulated by pH-stat for 16 h. The quantities of each enzyme are indicated in Table 1 (1 g of biocatalyst). 
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Figure 6. Recycling of co-immobilized [DAAO+CAT][TK] at 30 °C. Conditions: D-serine (50 mM), GOA (50 mM), ThDP (0.1 mM), MgCl2 (1 mM), 0.5 g of [DAAO+CAT] biocatalyst with immobilized 2 mg of DAAORg and 4 mg of CAT and 0.5 g of [TK] biocatalyst with immobilized 6 mg of TKgst pH 7.0, 30 °C, 400 rpm, in the presence of O2, pH regulated by pH-stat, after 4th cycle, a new portion of co-immobilized DAAORg (2 mg) and CAT (4 mg) was added. The enzyme activity after the 1st cycle is 100%. 
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Figure 7. Recycling of co-immobilized [DAAO+CAT+TK] at 30 °C. Conditions: D-serine (50 mM), GOA (50 mM), ThDP (0.1 mM), MgCl2 (1 mM), 1 g of [DAAO+CAT+TK] biocatalyst with immobilized 2 mg of DAAORg and 6 mg of TKgst, and 4 mg of CAT, pH 7.0, 30 °C, 400 rpm, in the presence of O2, 6 h of reaction time for each cycle. The enzyme activity after the 1st cycle is 100%. 
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Table 1. Amounts of enzymes applied in different types of cascade.
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	Cascade
	DAAORg [mg]
	TKgst [mg]
	CAT [mg]





	[DAAO][CAT][TK] (Scheme 2A)
	2.17
	7.39
	4.34



	[DAAO+CAT][TK] (Scheme 2B)
	1.71
	7.40
	3.80



	[DAAO+CAT+TK] (Scheme 2C)
	1.45
	6.41
	3.38
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