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Abstract

:

The first step of the inactivation of the enzyme D-amino acid oxidase (DAAO) from porcine kidney at pH 5 and 7 is the enzyme subunit dissociation, while FAD dissociation has not a relevant role. At pH 9, both dissociation phenomena affect the enzyme stability. A strong effect of the buffer nature and concentration on enzyme stability was found, mainly at pH 7 and 9 (it was possible at the same temperature to have the enzyme fully inactivated in 5 mM of Hepes while maintaining 100% in 5 mM of glycine). The effect of the concentration of buffer on enzyme stability depended on the buffer: at pH 5, the acetate buffer had no clear effect, while Tris, Hepes and glycine (at pH 7) and carbonate (at pH 9) decreased enzyme stability when increasing their concentrations; phosphate concentration had the opposite effect. The presence of 250 mM of NaCl usually increased enzyme stability, but this did not occur in all cases. The effects were usually more significant when using low concentrations of DAAO and were not reverted upon adding exogenous FAD. However, when using an immobilized DAAO biocatalyst which presented enzyme subunits attached to the support, where dissociation was not possible, this effect of the buffer nature on enzyme stability almost disappeared. This suggested that the buffers were somehow altering the association/dissociation equilibrium of the enzyme.
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1. Introduction


D-amino acid oxidases (DAAOs) are dimeric flavin adenine dinucleotide (FAD)-containing flavoenzymes that catalyze the oxidative deamination of D-amino acids yielding the corresponding imino acid, that is spontaneously hydrolyzed to yield α-keto acid and ammonia, producing hydrogen peroxide in the re-oxidation of FAD [1,2,3,4,5,6]. These enzymes have found applications in diverse sectors such as analytical chemistry (biosensors) [7,8,9,10] and in the production of keto-acids [11,12,13,14]. A specific application of DAAOs is in the production of semisynthetic cephalosporins, producing glutaryl 7- aminocephalosporanic acid from the oxidation of cephalosporin C [15,16,17,18,19]. The side-production of hydrogen peroxide is the key to its use as a D-amino acid biosensor, as usually this reagent generates the detection signal, while it can become a problem in biocatalysis, as it is an enzyme inactivating reagent and can also produce the oxidative decarboxylation of keto-acids [20]. In the 7-amino cephalosporanic acid production, the decarboxylation of the keto-adipic intermediate is persuaded in the reaction design, as this keto-acid is not a good substrate for existing deacylating enzymes (glutaryl acylases), although new synthetic routes have been proposed to shortcut this matter [21]. In this way, coimmobilization with catalase is the standard solution [20]. There are some publications preparing fusion enzymes (DAAO-glutaryl acylase) for 7-amino cephalosporanic production [22], even with the problems that these fusion proteins can raise [23].



There are DAAOs from many different origins [1,2,3,4,5,6]; however, in this paper we focus on the DAAO from porcine kidney. The enzyme’s structure was resolved a long time ago [24,25,26,27]. This enzyme has found diverse applications [28,29,30,31], therefore, it has been cloned and over-expressed in diverse microorganisms since a long time ago [32,33]. This enzyme has been stabilized by site-directed mutagenesis [34]. The dimeric character of this enzyme makes it that the subunit dissociation plays a relevant role on the enzyme’s inactivation [35,36]. This makes it that any factor of difficulty of the enzyme subunits dissociation may increase the enzyme stability (and the opposite) [37]. For example, multimeric enzyme stability may be greatly increased if we prevent the enzyme dissociation by intramolecular crosslinking [37] using a polymer [38,39] or support (i.e., via multi-subunit immobilization) [40]. Although the industrial application of this enzyme is mainly in immobilized form [41,42,43,44,45], to know how to handle and store this enzyme may prevent many problems in obtaining reproducible biocatalysts [46].



In this context, to analyze the stability of this enzyme under different conditions may be of great interest, as this can determine the conditions range where the enzyme may be handled (e.g., for storing or immobilizing the enzyme). Special attention has been paid to the effect of enzyme concentration on enzyme stability for multimeric and FAD (non-covalently attached to the enzyme)-depended enzymes [37]. In some instances, such as in the case of the DAAO from Rhodotorula gracilis, it has been shown that the release of FAD from the enzyme constituted an important method of enzyme inactivation [47]. Moreover, special attention has been paid in this research to the effect of the concentration and nature of different buffers. While the medium composition is usually systematically studied on its effect on enzyme activity [48,49,50,51,52,53], in only some few examples was it analyzed their effect on the enzyme stability. However, in some instances, they can play a critical role on enzyme stability [54,55,56]. This may be especially relevant for a multimeric enzyme and a FAD-dependent enzyme, as the buffers can play some role in reinforcing or decreasing the multimeric and active form of the enzyme. In this way, this paper is focused on the analysis of the effects of the medium nature on DAAO stability.




2. Results and Discussion


2.1. Effect of the Enzyme Concentration on the Stability of DAAO at Different pH Values


Figure 1 shows the inactivation courses of DAAO at pH 5, 7 and 9. In all cases, the enzyme stability was lower when the enzyme concentration decreased, and this was not reversed upon adding 1 mg/mL of bovine serum albumin (not shown results).



The intensity of the enzyme concentration effect on its stability was slightly clearer at pH 9 than at pH 5. We investigated if the dissociation of FAD was the reason for the enzyme concentration dependence (Figure 2), but we did not find a relevant effect of the addition of this compound during the enzyme inactivation at pH 5 and 7 using the lowest enzyme concentration of Figure 1, while at pH 9 the addition of the external cofactor presented some stabilizing effect. This stabilizing effect of the addition of exogenous FAD at pH 9 was not concentration dependent; it seemed that the minimal concentration was enough to prevent FAD dissociation. In any case, the enzyme stability in the presence of FAD remained much lower than when a higher enzyme concentration was inactivated, suggesting that the enzyme subunit dissociation was also very important at pH 9.



In this way, the results suggested that the first DAAO inactivation step, at all the studied pH values, was the dissociation of the enzyme subunits.




2.2. Effect of the Buffer Nature on the Stability of DAAO at pH 7


Figure 3 shows the inactivation courses of DAAO in the presence of different buffers at pH 7, using the enzyme concentrations of 0.2 and 1 mg/mL. Due to the much higher stability of the enzyme at 1 mg/mL, we used 45 °C in these experiments versus the 40 °C used for the diluted enzyme.



The figure shows an impressive effect of the buffer nature on the inactivation courses. While the diluted enzyme maintained 100% of the initial activity in 5 mM of glycine, it was fully inactivated in 5 mM of Hepes, the inactivation courses in between were Tris-HCL and phosphate (this last one was the one that provided the second lowest enzyme stability). The situation was completely different using the concentrated enzyme. In this case, the enzyme stability presented a similar stability in phosphate and glycine buffers, higher than in Tris-HCL in both cases. Hepes remained as the buffer that permitted a lower stability of the enzyme.



To analyze if the buffer nature effects could somehow be related to the favoring of the release of FAD from the enzyme, we analyzed the effect of adding 2 mM of exogenous FAD on the diluted (0.2 mg/mL) enzyme stability. Temperature was optimized to have reliable inactivation courses. Figure 4 shows the lack of effect of the external addition of FAD in all cases at pH 7. In this way, it could be discarded that the dissociation of the FAD was responsible for the effect of the buffer nature on enzyme stability.




2.3. Effect of the Buffer Concentration at Different Enzyme Concentrations


Next, we analyzed the effect of the buffer concentration at pH 5, 7 and 9 using 0.2 mg/mL of the enzyme (Figure 5). At pH 5, the sodium acetate concentration effect was almost negligible, and it was not possible to find any trend. At pH 7, the increase in Tris-HCL concentration from 5 mM to 50 mM decreased the enzyme stability, but further increases in the Tris-HCL concentration presented a negligible effect on enzyme stability. The situation was completely different using sodium phosphate, which permitted a lower stability than Tris-HCL using 5 mM of buffer. The increase in sodium phosphate concentration permitted to significantly increase the enzyme stability in a proportional way: the higher the phosphate concentration, the higher the enzyme stability. The increase in Hepes concentration produced a dramatic decrease in enzyme stability (we only assayed 5, 50 and 125 mM of this buffer). Glycine, which permitted the highest stability when presented at 5 mM, decreased the enzyme stability when its concentration was increased. That is, at pH 7, increases in Tris-HCL, glycine and Hepes concentrations presented a negative effect on the stability of the diluted enzyme, while phosphate had the reversed effect. At pH 9, the effect of the carbonate salts also presented a very negative effect: the enzyme stability decreased when the buffer concentration increased.



Using 1 mg/mL of the enzyme (Figure 6), the situation was similar: at pH 5, the increase in acetate did not present any effect on enzyme stability. However, the situation was completely different using Tris-HCL at pH 7 when comparing the highly concentrated enzyme to the diluted one (Figure 5). In this instance, a higher concentration of Tris-HCL favored the enzyme stability. The increase in phosphate concentration, clearly positive using 0.2 mg/mL of DAAO, had a scarce effect when using 1 mg/mL of the enzyme. The increase in Hepes concentration maintained the negative effect on enzyme stability observed using the diluted enzyme, but with a smaller intensity. At pH 9, the increase in carbonate concentration from 5 to 50 mM had a negative effect, but further increase in the buffer concentration had not relevant effect.



In order to analyze if the ionic strength effect could explain at least partially the buffers effect on enzyme stability, the inactivations in the presence of different buffers was performed via adding 250 mM of NaCl, at both 0.2 and 1 mg/mL of the enzyme, and 5 and 250 mM of the buffers (see Figure 7 and Figure 8, respectively). The use of high ionic strength and free enzymes might have promoted some difficulties on the understanding of the results, as the enzyme aggregation might have been favored under these conditions, and this effect might have been more significant for the most concentrated enzyme. These aggregated forms might have been inactive (producing the enzyme inactivation) or might have maintained the activity and been a more stable form of the enzyme (producing an apparent enzyme stabilization).



At pH 5, using acetate, NaCl produced a similar increase in DAAO stability at both buffer concentrations (Figure 7). Using Tris-HCL at pH 7, the addition of 250 mM of NaCl was able to neutralize the negative effect of the increase in Tris-HCL from 5 to 250 mM on the enzyme stability. The explanation was not simple. Upon increasing the Tris-HCL concentration, the stability decreased and this could be reverted using NaCl. As when using 250 mM of Tris-HCL, the ionic strength was higher than using 5 mM, it was hard to believe that a general increment in ionic strength might have been responsible for this negative effect on enzyme stability of increasing the Tris-HCL concentration, even more so considering that the effect could be prevented upon adding 250 mM of NaCl. Perhaps there was some specific place in the enzyme with low affinity for Tris-HCL, that produced a negative effect for the enzyme stability, and this interaction was weakened using 250 mM of NaCl. However, using phosphate, the effect of adding 250 mM of NaCl was marginal in both concentrations (5 and 250 mM). These results were also hard to explain; if the ionic strength was positive, why did the stability not improve when using 5 mM of phosphate and adding 250 mM NaCl? If the interaction of phosphate was in a specific way, it was curious that the increase in the ionic strength was unable to reduce this effect. It could not be discarded that some low affinity place for phosphate might have been responsible for the effects on enzyme stability.



The case of Hepes was also a surprise. While, when using 5 mM of Hepes, the addition of 250 mM of NaCl was clearly negative, using 250 mM of Hepes, the effect of 250 mM of NaCl was clearly positive, in fact, the enzyme became more stable than using 5 mM of Hepes in the absence of salt.



Using glycine, the picture of the effect of NaCl on DAAO stability was again completely different: it drastically decreased the enzyme stability, perhaps by preventing some positive effect of this molecule on the enzyme stability. At pH 9, the use of NaCl slightly increased the enzyme stability at both carbonate concentrations. We did not observe any enzyme precipitations during the inactivation experiments, but this did not mean that some large enzyme aggregates and soluble forms of the enzyme could not have been formed.



Using 1 mg/mL of DAAO, the effects of NaCl at pH 5 on enzyme stability were not so clear (Figure 8). In the presence of Tris-HCL at pH 7, the enzyme stability increased after adding NaCl, and even more when using 5 mM of Tris-HCL. The enzyme stability decreased, in a more significant way when using 5 mM of phosphate. The effects of the NaCl addition on DAAO stability using Hepes were mixed and the opposite to the use of the 0.2 mg/mL enzyme: it was positive at 5 mM of Hepes and negative using 250 mM, while when using glycine, the effects were always negative, and even more intense using 250 mM of glycine. In carbonate at pH 9, the enzyme stability increased when adding NaCl.



We did not observe any enzyme precipitations during the inactivation experiments, but this did not mean that some large enzyme aggregates and soluble forms of the enzyme could not have been formed.



In this way, the effects of the buffer nature on the enzyme stability depended on the concentration of the enzyme. Focusing on pH 7, Tris gave the highest enzyme stability using the low enzyme concentration, and its increase decreased the enzyme stability; Hepes was always very negative for enzyme stability and phosphate improved enzyme stability when increasing its concentration. Using the more concentrated enzyme, the increase in Tris concentration was not negative for enzyme stability, an even increased it, while phosphate concentration lost effect on enzyme stability and Hepes remained as very negative. The lack of effect of FAD suggested that this was not responsible for the effect: the addition of NaCl was positive or genitive, depending on the buffer. In this way, the situation was quite complex, and an empiric analysis seemed to be necessary before deciding the best conditions to handle and store the enzyme.




2.4. Effect of the Buffers’ Nature on the Stability of Immobilized DAAO When Enzyme Dissociation Was Not Possible


The results showed above show strong and complex effects of the buffer nature and concentration on enzyme stability, effects that might not be decreased upon adding FAD. As the enzyme inactivation started mainly with the dissociation of the enzyme subunit (Figure 1), the current results could have been based on the effects of the buffers on this enzyme subunit dissociation, but with the current information, we could not discard that the effects of the buffers were directly on the tri-dimensional structure of the enzyme [54,55,56]. One possibility to refuse the hypothesis of the role of the buffers on the enzyme dissociation, was if the effect was no longer visible using an enzyme formulation where the enzyme could not dissociate. To this goal, we used an immobilized biocatalyst of DAAO, immobilized in glutaraldehyde-agarose. Figure S1 shows the SDS-PAGE of this biocatalyst. It shows that this biocatalyst could not release any enzyme subunit to the medium when submitted to boiling in breaking buffer, making not possible the enzyme inactivation by subunit dissociation.



Figure 9 shows the inactivation of this enzyme biocatalyst using the different buffers utilized in this paper, where it was not possible to find clear differences in the stabilities of this biocatalyst using the different buffers. This result supports that the main reason for the effect of the different buffers on enzyme stability may be founded on the prevention/favoring of enzyme dissociation.





3. Materials and Methods


3.1. Materials


Glutaraldehyde solution grade I, 25% (v/v) in water and D-amino acid oxidase from porcine kidney (DAAO) (7.2 U/mg of powder) were acquired from Sigma Aldrich (Madrid, Spain). The 4BCL agarose beads standard was purchased from ABT (Burgos, Spain). 2,20-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS®) was purchased from Roche (Mannheim, Germany). Alfa Aesar (Heysham, UK) provided D-alanine. Glycine, flavin adenine dinucleotide (FAD) disodium salt and horseradish peroxidase (268 U/mg of protein) were acquired from Fisher scientific Spain (Madrid, Spain). LMW-SDS markers (14.4–97.0 KDa) for electrophoresis reference were purchased from GE Healthcare Life Sciences (Madrid, Spain). Protein concentration was determined using Bradford’s method using bovine serum albumin as standard [57]. All other reagents were of analytical grade.




3.2. Methods


All experiments were performed in triplicate (as minimum) and the values were presented as mean values and standard deviations.



3.2.1. Determination of DAAO Activity


The activity of DAAO was determined via ABTS® coupled assay using a spectrophotometer thermoregulated at 25 °C, equipped with a magnetic stirring device. The ABTS® oxidization was caused by the peroxidase catalyzed reaction, using the hydrogen peroxide released in the DAAO oxidation reaction. It was checked that using double and half concentrations of peroxidase, the determined DAAO activity was identical. It was performed using 2.2 mL of 100 mM sodium carbonate at pH 8.3, containing 200 µL of D-alanine at 200 mM, 100 µL of ABTS® at 10 mg/mL prepared in 100 mM sodium phosphate at pH 7.0 and 50 µL of horseradish peroxidase at 0.1 mg/mL prepared in 100 mM sodium phosphate at pH 7.0. The reaction started when 10–100 µL of the enzyme sample was added to the cuvette. The oxidation of ABTS® was monitored using the change in absorbance of 414 nm (ε414 = 36,000 M−1 cm−1 under these conditions) [55]. One unit (U) of activity was defined as the amount of enzyme that oxidized 1 µmol of substrate per minute under the specified conditions.




3.2.2. Immobilization of DAAO on Glutaraldehyde-Amino-Agarose Beads


This immobilization protocol provided a biocatalyst where both enzyme subunits were immobilized on the support, preventing any risk of enzyme subunit dissociation [58].



Preparation of Glutaraldehyde-Amino-Agarose Beads


The amino-glutaraldehyde-agarose-activated support was prepared from monoaminoethyl-N-aminoethyl (MANAE) agarose, produced as previously described [59]. The support (10 g) was added to 90 mL of sodium phosphate containing 10% glutaraldehyde at pH 7 and 25 °C for 16 h. After, the support was extensively washed with distilled water to eliminate any remaining glutaraldehyde molecules.




Preparation of DAAO Glutaraldehyde-Amino-Agarose Beads


Immobilization on glutaraldehyde-amino-agarose was performed using 5 g of support per 50 mL of enzyme solution (0.2 mg/mL), prepared in 5 mM sodium phosphate at pH 7.0 during 1 h. The enzymatic activity of the suspension and supernatant was followed during the whole process using the ABTS® assay described above. Finally, the biocatalyst was washed with distilled water, vacuum dried and stored at 4–6 °C.





3.2.3. Thermal Inactivations of DAAO under Different Conditions


The enzyme concentration during the inactivation experiments was varied (0.2 mg/mL to 1 mg/mL). The enzyme was diluted in 5, 50, 125 or 250 mM of sodium phosphate, Tris-HCL, Hepes or glycine, adjusting the pH at 7.0, sodium acetate at pH 5.0 and sodium carbonate buffer at pH 9.0 (the pH was adjusted using HCl or NaOH). In some instances, 250 mM of NaCl or 2 mM of FAD were added. Samples were periodically withdrawn, and the residual activity was quantified using the ABTS® assay described above. In some instances, the immobilized enzyme was utilized (at a concentration of 0.2 mg protein/mL of inactivation media). The inactivation temperatures were selected to ensure reliable inactivation courses, and the error in the established temperatures was ±1 °C for different experiments.




3.2.4. SDS-PAGE of Enzyme Preparations


SDS-PAGE experiments were carried out following Laemmli’s protocol [60]. The samples (the free enzyme and the glutaraldehyde biocatalyst) were diluted in 4% SDS (w/v) and 10% mercaptoethanol (v/v). These suspensions were boiled for 8 min. In the case of the immobilized biocatalyst, the support was discarded after centrifuging at 10,000 rpm for 5 min using a Midi centrifuge (FisherBrand, Madrid, Spain). After injecting 15 µL aliquots of each sample, and 5 µL of low molecular weight marker proteins (LMW-SDS Marker 14.4–97 kDa), to carry out the SDS-PAGE analysis, the experiment was run at 100 V. Finally, gels were stained utilizing Coomassie brilliant blue stain.






4. Conclusions


The results presented in this paper offered a very clear example of the role of the medium nature on the stability of an enzyme, in this case, a multimeric enzyme where the first step of the inactivation was the enzyme subunit dissociation, as was shown by the effect of the enzyme concentration on the inactivation courses. However, they also show a very complex situation, suggesting that several phenomena (some positive, some negative) were simultaneously occurring to determine the enzyme stability. Some buffers permitted higher enzyme stability when they were used at higher concentrations, while other ones offered the opposite situation. This could not be directly correlated with the ionic strength of the buffers, as the addition of NaCl could increase or decrease the enzyme stability, depending on the buffer and enzyme concentration used in the inactivation experiments. This wide diversity of results made it not possible, with the available information, to formulate any hypothesis to explain the results; it seems that the effect of the media on this DAAO stability must be empirically analyzed before deciding the conditions of handling or storing of the enzyme.



The results (mainly the use of the immobilized biocatalyst where both enzyme subunits were immobilized) suggest that the main effect of the buffer was related to the favoring/disfavoring of the enzyme dissociation, as all buffers’ effects were almost gone using this stabilized biocatalyst. However, the buffer selection is critical during the handling and storage. Moreover, these results show, in a very clear way, that the stabilization achieved with the immobilization of the enzyme may be easily enlarged, for example performing the inactivation of the enzyme at low concentration and using Hepes as a buffer.
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Figure 1. Thermal inactivation courses of free DAAO at different concentrations. The enzyme was inactivated in 5 mM of different buffers at 40 °C. (A): 5 mM of sodium acetate at pH 5.0; (B): 5 mM of Tris-HCL at pH 7.0 and (C): 5 mM of sodium carbonate at pH 9.0. Solid squares: 0.01 mg/mL; solid triangles: 0.1 mg/mL; solid circles: 0.5 mg/mL and solid rhombi: 2.5 mg/mL. Other specifications are described in the Methods section. 
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Figure 2. Effect of FAD addition and inactivation pH on the stability of free DAAO (0.2 mg/mL). (A): 5 mM of sodium acetate buffer at pH 5.0; (B): 5 mM of Tris-HCL buffer at pH 7.0 and (C): 5 mM of sodium carbonate buffer at pH 9.0. Solid squares: free enzyme (0.2 mg/mL); solid circles: free enzyme with 0.11 mM of FAD; solid tringles: free enzyme with 0.33 mM of FAD and solid rhombi: free enzyme with 2.0 mM of FAD. Other specifications are described in the Methods section. 
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Figure 3. Thermal inactivation courses of free DAAO (A): (0.2 mg/mL, at 40 °C) and (B): (1 mg/mL, at 45 °C). The enzyme was inactivated with 5 mM of different buffers at pH 7.0. Solid squares: sodium phosphate buffer; solid triangles: Tris-HCl buffer; solid circles: Hepes buffer and solid rhombi: glycine buffer. Other specifications are described in the Methods section. 
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Figure 4. Effect of 2 mM of FAD addition on the effect of the buffer nature on the stability of free DAAO (0.2 mg/mL). (A): Tris-HCl buffer at pH 7.0 and 40 °C; (B): sodium phosphate buffer at pH 7.0 and 40 °C; (C): Hepes buffer at pH 7.0 and 35 °C and (D): glycine buffer at pH 7.0 and 40 °C. Solid circles: 5 mM of buffer and empty circles: 5 mM of buffer with 2 mM of FAD. Other specifications are described in the Methods section. 
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Figure 5. Effect of buffer concentration on the stability of free DAAO (0.2 mg/mL). (A): sodium acetate buffer at pH 5.0 and 40 °C; (B): Tris-HCl buffer at pH 7.0 and 40 °C; (C): sodium phosphate buffer at pH 7.0 and 40 °C; (D): Hepes buffer at pH 7.0 and 35 °C; (E): glycine buffer at pH 7.0 and 40 °C and (F): sodium carbonate buffer at pH 9.0 and 35 °C. Solid squares: 5 mM; solid triangles: 50 mM; solid rhombi: 125 mM and solid circles: 250 mM. Other specifications are described in the Methods section. 
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Figure 6. Effect of ionic strength and inactivation pH on the stability of free DAAO (1 mg/mL). (A): sodium acetate buffer at pH 5.0 and 45 °C; (B): Tris-HCl buffer at pH 7.0 and 45 °C; (C): sodium phosphate buffer at pH 7.0 and 45 °C; (D): Hepes buffer at pH 7.0 and 35 °C; (E): glycine buffer at pH 7.0 and 45 °C and (F): sodium carbonate buffer at pH 9.0 and 45 °C. Solid squares: 5 mM; solid triangles: 50 mM; solid rhombi: 125 mM and solid circles: 250 mM. Other specifications are described in the Methods section. 
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Figure 7. Effect of 250 mM of NaCl addition on the stability of free DAAO (0.2 mg/mL) in different media. (A): sodium acetate buffer at pH 5.0 and 40 °C; (B): Tris-HCl buffer at pH 7.0 and 40 °C; (C): sodium phosphate buffer at pH 7.0 and 40 °C; (D): Hepes buffer at pH 7.0 and 35 °C; (E): glycine buffer at pH 7.0 and 40 °C and (F): sodium carbonate buffer at pH 9.0 and 40 °C. Solid symbols: without NaCl; empty symbols: with NaCl. Squares: 5 mM and circles: 250 mM of buffer concentration. Other specifications are described in the Methods section. 
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Figure 8. Effect of 250 mM of NaCl addition on the stability of free enzyme DAAO (1 mg/mL. (A): sodium acetate buffer at pH 5.0 and 40 °C; (B): Tris-HCl buffer at pH 7.0 and 40 °C; (C): sodium phosphate buffer at pH 7.0 and 40 °C; (D): Hepes buffer at pH 7.0 and 35 °C; (E): glycine buffer at pH 7.0 and 40 °C and (F): sodium carbonate buffer at pH 9.0 and 40 °C. Solid symbols: without NaCl; empty symbols: with NaCl. Squares: 5 mM and circles: 250 mM of buffer concentration. Other specifications are described in the Methods section. 
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Figure 9. Inactivation courses of DAAO (2 mg/g of biocatalyst, diluted 1/10 with the inactivation media) immobilized on glutaraldehyde agarose support. The inactivation was performed in 5 mM of different buffers at pH 7.0 and 40 °C. Solid squares: Tris-HCL; solid triangles: sodium phosphate buffer; solid circles: Hepes buffer and solid rhombi: glycine buffer. Other specifications are described in the Methods section. 
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