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Abstract

:

The myrosinase enzyme hydrolyzes glucosinolates, among which is glucoraphanin, the precursor of the anticancer isothiocyanate sulforaphane (SFN). The main source of glucoraphanin is Brassicaceae; however, its natural concentration is relatively low, limiting the availability of SFN. An option to obtain SFN is its exogenous production, through enzymatic processes and under controlled conditions, allowing complete conversion of glucoraphanin to SFN. We characterized the kinetics of wild-type (BMYR) and recombinant broccoli myrosinases produced in E. coli (EMYR) and S. cerevisiae (SMYR) in terms of the reaction conditions. Kinetics was adjusted using empirical and mechanistic models that describe reaction rate as a function of substrate concentration, temperature, and pH, resulting in R2 values higher than 90%. EMYR kinetics differed significantly from those of BMYR and SMYR probably due to the absence of glycosylations in the enzyme produced in E. coli. BMYR and SMYR were subjected to substrate inhibition but followed different kinetic mechanisms attributed to different glycosylation patterns. EMYR (inactivation Ea = 76.1 kJ/mol) was more thermolabile than BMYR and SMYR. BMYR showed the highest thermostability (inactivation Ea = 52.8 kJ/mol). BMYR and EMYR showed similar behavior regarding pH, with similar pK1 (3.4 and 3.1, respectively) and pK2 (5.4 and 5.0, respectively), but differed considerably from SMYR.
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1. Introduction


Myrosinase (β-thioglucosidase glucohydrolase, EC 3.2.1.147) hydrolyzes a family of secondary plant metabolites called glucosinolates, resulting in isothiocyanates, nitriles, and epithionitriles, depending on the chemical conditions of the reaction milieu [1]. The isothiocyanate sulforaphane (SFN) offers important health benefits since it acts as an indirect antioxidant by inducing phase II detoxifying enzymes and thus protects the cells from oxidative damage [2]. This has a preventive, and in some cases palliative, effect on non-transmittable chronic diseases such as some types of cancer [3,4,5], neurodegeneration [6], gastric ulcer [7], cardiac diseases [8], etc. Accordingly, myrosinase has industrial potential aiming at producing isothiocyanates intended as drugs or bioactive compounds in functional foods.



Myrosinase sources are diverse; they can be found in Aspergillus sp. [9], aphids [10], gastric microflora [11,12], in Brassicaceae such as broccoli [13], etc. Molecular, physicochemical, and kinetic properties of myrosinases vary markedly among species and tissues since MYR genes codify multiple isoenzymes [14]. Accordingly, each myrosinase must be characterized independently, and the properties of one cannot be extrapolated to another myrosinase. Myrosinase activity also varies significantly between species. Section 3.1 shows the kinetic parameters of different myrosinases. Among Brassicaceae, broccoli myrosinase shows the highest catalytic activity [15].



For industrial production, extraction of myrosinase from natural sources is inviable. Heterologous production of the enzyme represents the best option [5]. Heterologous production of myrosinase from different sources has been investigated. Chen and Halkier [16] reported the heterologous expression of Brassica napus myrosinase MYR1 in Saccharomyces cerevisiae. The authors revealed that low expression levels due to myrosinase were toxic for yeast. Härtel and Brandt [17] expressed MYR1 in P. pastoris as secreted enzyme and avoided toxicity. Recently, Rosenbergová et al. [5] produced myrosinase from A. thaliana in P. pastoris, achieving high productivity by scaling up and optimizing the culture conditions in fermenters.



Structural information about myrosinases is relatively scarce. The crystal structure of Brevicoryne brassicae [18] and Sinapis alba [19] myrosinases are already elucidated; however, no crystallographic information about Brassicaceae myrosinases is currently available. Broccoli myrosinase has been isolated from inflorescences, and it has been characterized in terms of molecular mass, quaternary structure [13], cDNA sequence, three-dimensional structure model, and enzymatic kinetics [20,21]. In addition to showing the highest activity among Brassicaceae plants, its maximum activity occurs at pH 3.0, and it is stable up to 70 °C. These properties make broccoli myrosinase attractive as a catalyst to produce isothiocyanates and especially sulforaphane at the industrial level. For these reasons, it is imperative to express and produce the enzyme as a heterologous protein in well-known industrial hosts.



To design an enzyme production process, it is necessary to describe the enzyme kinetics and its dependence on pH and temperature to understand the underlying mechanisms and to count on mathematical models that allow representing the system and predict its behavior in different conditions. Hydrolysis products of myrosinase strongly depend on the chemical conditions of the reaction milieu. Considering that the product of interest is sulforaphane, it is essential to know myrosinase kinetic behavior at different pH values, temperatures, and substrate concentrations to determine the optimal reaction conditions that maximize sulforaphane formation to the detriment of undesirable side products such as nitriles and epithionitriles. Recombinant enzymes most likely differ in their kinetic properties from wild types; therefore, the kinetic properties of recombinant myrosinases must be investigated.



Recently, Curiqueo et al. [22] cloned and expressed broccoli myrosinase in E. coli and S. cerevisiae and determined some kinetic and biochemical properties. Recombinant myrosinases showed the maximum activity at pH = 3 and resulted in slightly less thermostability than the wild type. Even though Curiqueo et al. [22] performed a preliminary kinetic study, adjustments to kinetic models that represent more accurately recombinant myrosinases behavior were not included, nor was an analysis of the dependence of catalytic activity on pH and temperature, both crucial variables that determine myrosinase performance. Thus, in this study, we investigated the adjustment of kinetic models to the catalytic behavior of recombinant broccoli myrosinase produced in E. coli and S. cerevisiae [22], in terms of substrate concentration, pH, and temperature.




2. Enzyme Kinetics Models


2.1. Substrate-Dependent Models


Studies about myrosinase kinetics are scarce. Bernardi et al. [23] adjusted the Michaelis–Menten (MM) model to Crambe abyssinica seeds myrosinase. Vastenhout et al. [24] informed that Sinapis alba myrosinase kinetics adjusted to the Michaelis–Menten model. Pardini et al. [25] reported that myrosinase from broccoli and cauliflower are subjected to strong substrate inhibition. At low substrate concentrations, myrosinase kinetics adjusted to the MM model. Broccoli myrosinase has been studied by the authors of [13], who isolated the enzyme from inflorescences and performed a preliminary kinetic and physicochemical characterization. Román et al. [20] adjusted the kinetics of broccoli myrosinase to the Michaelis–Menten model with and without substrate inhibition, and to the two-binding-site inhibition model (TBSI) [26], and concluded that the latter best describes its behavior. These results were confirmed with molecular docking simulations of the three-dimensional structure model of broccoli myrosinase and different substrates and inhibitors [21].



The classical Michaelis–Menten model assumes that there is only one substrate-binding site in the enzyme molecule that corresponds to the active site. The MM model with substrate inhibition (or non-competitive inhibition) assumes that there is one substrate-binding site that when occupied forms in the molecule another substrate-binding site that produces the inhibition. The substrate binds sequentially to the sites forming an inactive ternary complex. The two-binding-site inhibition model states that a subunit has two substrate-binding sites, one active and the other inhibitory. Binding to the inhibitory site reduces enzymatic activity [27]. Substrate molecules can bind randomly and simultaneously to both sites, and in the bound conformation, both sites can interact [28]. Figure 1 shows the mechanisms that support each model, and Equations (1)–(3) represent the models.



Models representing the kinetic mechanism of myrosinase are presented in Equation (1) (Michaelis-Menten, MM), (2) (Michaelis–Menten with substrate inhibition, SIMM), and (3) (Two-binding-site inhibition model, TBSI). Here,    v  m a x     is the maximum rate,    K m    is Michaelis–Menten constant,    [ S ]    is the substrate concentration,    K i    is the dissociation constant for substrate binding to the inhibitory site,    K s    is approximately equal to Km,    K s    is the dissociation constant of a substrate molecule from the catalytic site,    K i    is the dissociation constant of a substrate molecule from the inhibitory site, and   α ,   β   are dissociation factors.


  v =    v  m a x    [ S ]     K m  +  [ S ]     



(1)






  v =    v  m a x      K m  +  [ S ]   (  1 +    [ S ]     K i     )                 



(2)






  v =    v  m a x    (   1   K s    +   β · S    K i   K s     )     1 S  +  1   K s    +  1   K i    +  S  α  K s   K i                 



(3)








2.2. Temperature-Dependent Models


The dependence of enzymatic activity on temperature is a multifactor problem. The main phenomena involved are increases in rate constants induced by temperature and reduced activity due to structural changes in the enzyme induced by temperature. The effect on the rate constant can be described by the Arrhenius equation (Equation (4)), where k′ is the frequency factor, Ea is the activation energy, R is the universal gas constant, and T is the absolute temperature. The rate constant (k) is considered equivalent to enzyme activity since activity units are defined as the rate of substrate consumption [30].


  k = k ′   e x p  (    − E a   R T    )   



(4)







Reports about temperature-dependent models that describe enzymatic activity are scarce, and there is no information about such models applied to myrosinases. Prieto et al. [31] described temperature dependence of Glucanex activity using Equation (5), where A is enzymatic activity; T is temperature; a, b, and n are parameters to be adjusted, with n ≠ 1.


  A = a *  T n  *  e   (  − b T  )     



(5)







Models that describe biological phenomena with a bell shape can be used in enzymes. Equation (6) is an empirical function reported by [32] to describe the temperature-dependent development of arthropods. This model allows the detection of upper and lower temperature thresholds, it can describe asymmetry on optimal temperature, and it can represent the drastic activity reduction at temperatures above the optimal.


  A = α * T  (  T −  T  m i n    )     (   T  m a x   − T  )     1 m     



(6)




where A is enzymatic activity, T is the temperature (in degrees), Tmax is the upper threshold, Tmin is the lower threshold, and  α  and m are empirical constants.



Equation (7) shows a thermodynamic stochastic model used to represent the development of Lepidoptera as a function of temperature [33,34]. The model assumes an Arrhenius-type behavior and multiple conformational states of the enzymes that control the underlying processes. This model is valid for linear approximation, and it establishes low and high-temperature thresholds.


  A =    η   (  25 ° C  )     T  298.2   ° C   e x p  (    Δ  H A   R   (   1  298.2   ° C   −  1 T   )   )    1 + e x p  (    Δ  H L   R   (   1   T  1 / 2     L    −  1 T   )  +   Δ  H H   R   (   1   T  1 / 2     H    −  1 T   )   )     



(7)




where A is enzyme activity, T is the absolute temperature, and R is the universal gas constant. The enzyme-related parameters are    η   (  25 ° C  )      (activity at 25 °C assuming no inactivation),   Δ  H A    (inactivation enthalpy),    T  1 / 2     L    (melting point of the enzyme at the low-temperature threshold),   Δ  H L    (enthalpy change due to low-temperature inactivation), and   Δ  H H    (enthalpy change due to high thermal inactivation).




2.3. pH-Dependent Models


The dependence of enzymatic activity on pH has been described through different models; however, there is no report about models to describe the pH dependency of myrosinase. Prieto et al. [31] used a fourth-grade polynomial to describe the joint effect of pH and temperature on Glucanex activity. The authors estimated the model parameters using the linear least-squares method. The model was able to describe the asymmetry of the curve at the near-maximum activity pH. Equation (8) shows an adaptation of that model which includes only pH as an independent variable since myrosinase activity dependence on pH showed a similar behavior at different temperatures. Here, bi is adjusted parameters, and pH is the measured pH in the reaction milieu.


  A =  b o    pH  4  +  b 2    pH  3  +  b  22     pH  2  +  b  33   pH +  b  44    



(8)







Using the same criteria, the Briere model can be adapted by replacing temperature for pH, considering that enzyme activity curves in terms of temperature and in terms of pH showed similar shapes (Equation (9)). Here, α and m are empirical constants, pH is the experimental value in the reaction milieu, and pHmin and pHmax are the pH values at which myrosinase showed the lowest and highest activity, respectively.


  A = α * pH  (   pH  −  pH  min    )     (    pH   max   − pH  )     1 m     



(9)







Kambiré et al. [29] proposed a mechanistic model to describe the activity dependence of weevil β-glucosidase on pH. The bell shape of activity–pH curves suggests that, in the enzyme molecule, there are two catalytically essential ionizable groups. The enzyme is active only when one group is protonated, and the other is not. Figure 1D depicts the kinetic mechanism.



Considering that only the native conformation of the enzyme is active (E), in substrate saturation conditions, the activity varies according to the mechanism shown in Figure 1D, which is described by Equations (10) and (11).


  E  H  2 +   ↔ E + 2  H +   



(10)






  E ↔  E −  +  H +   



(11)







The mathematical model that describes this mechanism is given by Equation (12), where A is enzyme activity at a defined pH,    A  m a x     is the maximum initial activity, and   p k 1   and   p k 2   are the ionization constants at acid and basic pH, respectively. Equilibrium constants were defined according to [35].


  A =    A  m a x     1 +   10   p k 1 − 2 p H   +   10   p H − p k 2      



(12)









3. Results and Discussion


3.1. Enzyme Kinetics in Terms of Substrate Concentration


Enzyme kinetics of the three myrosinases were adjusted to MM (Equation (1)), MM with substrate inhibition (SIMM) (Equation (2)), and two-binding-site inhibition models (TBSI) (Equation (3)). The fit quality was evaluated through the determination coefficient (R2) and root-mean-squared deviation (RMSE). Figure 2 shows the adjustment of the three models to wild-type (Figure 2A), recombinant in E. coli (Figure 2B), and recombinant in S. cerevisiae (Figure 2C) myrosinase kinetics on sinigrin. Table 1 shows the adjusted parameters of each model. MM model gave the best fit to EMYR kinetics, with R2 = 99.1%, agreeing with the lowest RMSE (equal to 0.02) and a correlation between predicted and experimental of 0.995. SIMM gave the best fit to SMYR kinetics, with R2 = 99.0%, RMSE = 0.08, and a correlation between predicted and experimental of 0.993. Finally, the TBSI model adjusted the best to BMYR kinetics (R2 = 98.4% and RMSE = 0.05), with a correlation between predicted and experimental of 0.998.



Wild-type broccoli myrosinase (BMYR) exhibited its maximum activity at 100 mM sinigrin, with a marked decrease afterward (Figure 2A). This is indicative of substrate inhibition; thus, the MM model did not represent adequately this behavior. SIMM model indicated that Km < Ki confirmed substrate inhibition. However, the SIMM model did not agree with the curve shape, suggesting that the kinetic mechanism of BMYR is not subjected to non-competitive inhibition. TBSI best represented kinetic behavior, showing the highest R2 and the lowest RMSE. This agrees with the results reported by [20], who demonstrated that BMYR has two substrate-binding sites—one catalytic and the other regulatory, according to the TBSI mechanism (Figure 1C). Moreover, in this adjustment, Ki is higher than Ks, suggesting that substrate molecules have access to both binding sites. In this model, α values above 1 result in a bell-shaped profile, and β between 0 and 1 are associated with substrate inhibition [28].



Recombinant broccoli myrosinase produced in E. coli (EMYR) showed a MM behavior without inhibition, as seen in Figure 2B. The MM model gave the highest R2 and the lowest RMSE (Table 1). Kinetic parameters Vmax and Km estimated with MM and SIMM models were the same (0.42 mmol/min and 0.04 µM), and Ki from the SIMM model was significantly higher than substrate concentration, making the term      [   S 2   ]     K i      negligible and, thus, demonstrated that there is no substrate inhibition. The TBSI model did not adjust well to the kinetic data since concentrations above 100 µM did not reduce activity. Accordingly, EMYR was not subjected to substrate inhibition.



Recombinant broccoli myrosinase produced in S. cerevisiae (SMYR) exhibited a substrate inhibition behavior (Figure 2C). This agrees with the results of [16], who expressed Brassica napus myrosinase in S. cerevisiae and found substrate inhibition, but the authors did not report kinetic parameters. The reaction rate of SMYR decreased at sinigrin concentrations above 100 µM, but this decrease was slighter than in BMYR. The parameter Km estimated using the SIMM model was lower than that estimated with the MM model, indicating a lower affinity of sinigrin to the enzyme. Ki was equal to that of BMYR (1.01 M), and Ki was higher than Km, agreeing with the kinetic mechanism of non-competitive substrate inhibition shown in Figure 1B. Adjustment to the TBSI model resulted in β = 0.11 within the limits reported by [28] to reflect substrate inhibition. The parameter α was higher than 1 but considerably lower than that estimated for BMYR, suggesting a lower binding affinity of the second substrate molecule. In addition, the affinity of sinigrin for the catalytic site was significantly higher than for the inhibitory site (Ks < Ki). In addition, considering that the SIMM model gave the highest R2 (99%), SMYR most likely followed non-competitive inhibition kinetics.



From these results, it is revealed that BMYR and SMYR are subjected to substrate inhibition, while EMYR is not. The different kinetics can be associated with structural differences attributable to possible glycosylation of the enzymes produced in eukaryotic organisms. Glycosylation affects protein folding and consequently the thermodynamic properties of the molecule [36]. Glycosylation stabilizes protein structure and limits the structural dynamics of the enzymes, thus affecting enzymatic kinetics [37]. BMYR is a glycosylated protein, and its biological unit is a homotrimer [13]. Therefore, its regulation mechanisms are more complex than in monomeric and non-glycosylated enzymes. EMYR is not glycosylated and shows no inhibitory behavior; then, it is most likely that glycosylation plays a crucial role in myrosinase regulation. Table 2 shows the kinetic parameters Km and Vmax estimated for different myrosinases assuming the Michaelis–Menten behavior. EMYR showed lower Km and Vmax than those reported for the other myrosinases, suggesting a higher affinity for sinigrin and the lowest catalytic efficiency. This is most likely related to the absence of glycosylations in this case.




3.2. Effect of Temperature on Myrosinase Kinetics


Figure 3 shows the adjustment of the models of Prieto [31] (Equation (5)), Briere [32] (Equation (6)), and Schoolfield [34] (Equation (7)), and Table 3 shows the respective parameters and statistic. BMYR, EMYR, and SMYR showed different levels of thermal stability; BMYR remained active up to 80 °C, while EMYR and SMYR were almost inactive at 70 °C. All myrosinases were similar in having maximum activity at 30 °C. Activity dependence on temperature followed a bell-shaped curve, agreeing with the results reported by [12]. Activity increase below the optimum temperature is related to the decrease in Ea induced by temperature, while the decrease in activity above this temperature is associated with conformational changes in the protein structure that affect the interaction with the substrate. The Prieto model adequately adjusted the experimental data of BMYR and EMYR, with R2 equal to 98.6% and 96.3%, respectively. The best correlation between experimental and predicted values by the Prieto model was r = 0.963, for EMYR. The model showed a poorer fit to the SMYR data (R2 = 84.8%). The Briere model gave R2 higher than 95% for the three myrosinases, with the wild type showing the highest R2 (97.1%) and correlation between experimental and predicted (r = 0.971). This model was developed to describe the growth rate of insects in terms of temperature and resulted in adequate data to describe enzyme activity. These models allow the estimation of the temperatures that completely activate (Tmax) and inactivate (Tmin) the enzyme. When applying the criteria of [32] to enzyme kinetics, the parameter “m” represents the thermal stability of the enzyme; “m” below 2 indicates thermostability, and values above 2 are associated with thermolability. BMYR, EMYR, and SMYR showed “m” below 2, confirming the thermostability of the myrosinases family.



Adjustment of the Schoolfield model required estimating maximum and minimum temperatures to calculate T1/2L and T1/2H, as shown in Equations (13) and (14). Tmax and Tmin were calculated from the Briere model.


   T    1 / 2   L     =    T  o p   −  T  m i n    2  +  T  m i n    



(13)






   T    1 / 2   H     =    T  m a x   −  T  o p    2  +  T  m a x    



(14)







The Schoolfield model gave the highest R2 (R2 = 99.0%) and the best correlation between experimental and predicted values (r = 0.990) for BMYR, while for EMYR and SMYR, these values were 94.0% and 92.2%, respectively. However, the Schoolfield model adopted a similar shape in the case of BMYR and SMYR, showing a slight shoulder around 60 °C. This was not markedly observed for EMYR, probably because EMYR is a monomer and has no glycosylations. Román et al. [20] found that BMYR is heterotrimeric and that both the trimer and the monomer exhibit myrosinase activity. It is possible that monomer and trimer have different kinetic properties and, therefore, behave differently relative to temperature, resulting in a biased bell-shaped curve.



The inactivation enthalpies (ΔHH, ΔHL, and ΔHA) for SMYR were significantly higher than those obtained for BMYR and EMYR, indicating a higher thermostability in the range of 10–30 °C. This suggests structural differences between BMYR and EMYR.



The thermal activation energies (Ea below optimum temperature; between 10 and 30 °C in this case) for the increase in myrosinases’ activity were estimated based on Equation (4) (Table 4). The thermal activation Ea of SMYR was significantly lower than those obtained for BMYR and EMYR, agreeing with the highest inactivation enthalpies obtained from Equation (9). The thermal activation Ea agreed with maximum reaction velocities, with EMYR showing the minimum Vmax (0.44 mmol/min) and the highest Ea (−34.1 kJ/mol), and SMYR showing the maximum Vmax (1.2 mmol/min) and the lowest Ea (−288.1 kJ/mol). In this temperature range (10–30 °C), the increase in activity follows an increment in the number of collisions between enzyme and substrate molecules since, at these temperatures, the enzyme keeps its native structure conformation.



In the temperature range of 30–70 °C, myrosinases decreased their activity most likely due to conformational changes that lead to partial unfolding reducing the affinity for the substrate and weakening its interaction with the enzyme. Table 4 shows the activity at 60 and 70 °C and the inactivation Ea (Ea at temperatures above 30 °C, between 30 and 70 °C in this case) for the three myrosinases. The highest inactivation Ea was observed for EMYR, agreeing with the lowest activity at 60 and 70 °C, suggesting that EMYR is more thermolabile than BMYR and SMYR. BMYR showed the highest thermal stability associated with the highest activity at 60 and 70 °C and the lowest inactivation Ea. The inactivation Ea represents the energy necessary for the hydrolysis of sinigrin at a temperature above the optimum (30 °C); therefore, a high inactivation Ea reflects that the energy necessary to occur the hydrolysis is higher and then the reaction rate is lower. This different behavior of myrosinases regarding temperature is explained by the absence of glycosylations in EMYR, which probably affect structural stability. Information about thermal inactivation Ea of myrosinases is scarce. Ghawi et al. [42] reported inactivation Ea of green cabbage myrosinase in the range 35–50 °C to be between 52.5 and 66.5 kJ/mol. Mahn et al. [43] found an inactivation Ea of broccoli myrosinase equal to 57.3 kJ/mol, in the range of 25–60 °C, which is very close to the inactivation Ea found for BMYR in this study and in the same order of magnitude of EMYR and SMYR.




3.3. Effect of pH on Myrosinases Kinetics


The three myrosinases showed maximum activity at pH 3 and were stable at pH between 2 and 8, agreeing with reports about broccoli myrosinases [13,20]. The optimum pH of myrosinases varies according to their origin. For instance, white and red cabbage myrosinases show an optimum pH of 8, whereas wasabi myrosinase has an optimum pH of 7, and white mustard myrosinase has an optimum pH of 4.5 [44].



Figure 4 shows the adjustment of the models of Prieto (Equation (8)), Briere (Equation (9)), and Jurado (Equation (12)) to the experimental data. Table 5 shows the estimated parameters for each model and the statistic. The Briere model resulted in an acceptable fit for BMYR and EMYR but a modest fit for SMYR (R2 = 82.5%). The dependence of SMYR activity on pH differed from that of BMYR and EMYR; in the latter cases, there was only one maximum, but in the SMYR curve, one global and one local maximum appeared. Therefore, the models gave poorer adjustment for SMYR. The Prieto model was able to adequately describe the SMYR curve shape, providing the best fit (R2 = 96.8%) (Figure 4C), and gave a correlation between predicted and experimental of r = 0.968. The different behavior of SMYR on pH may be related to a more complex mechanism generated by the glycosylation pattern that differs from BMYR and that probably results in a different quaternary structure. Even though BMYR is a homotrimer [13], the monomers show catalytic activity [18], which can explain the reason why its activity varies similarly to EMYR at different pH values.



The Jurado model gave an acceptable fit for the three myrosinases (R2 > 90%), and its parameters suggested that myrosinase has two ionizable groups involved in the catalysis. For BMYR and EMYR, at pH below 3, the catalytic nucleophile is ionized, while ionization of the proton donor occurs above pH 3 [29]. The estimated values of pK1 were 3.4, 3.1, and 4.1, for BMYR, EMYR, and SMYR, respectively. The pK2 value obtained for each myrosinase was 5.4, 5.0, and 7.3, respectively. The amino acids that belong to the active site of BMYR are Glu, Cys, and Tyr [20], whose pK values agree with the values estimated by the Jurado model for BMYR and EMYR [45]. The values of pK1 and pK2 of SMYR differed considerably from those obtained for BMYR and EMYR, probably as an effect of a different glycosylation pattern that affects the quaternary structure and accordingly the control mechanism of SMYR activity since proton transfer can be modified by remote surface changes, as reported by [46].



Table 6 shows the specific activity of BMYR, EMYR, and SMYR at 30 °C (optimum temperature) and pH 7.0 and 3.0 (optimum pH). Even though at pH 7.0, SMYR presented the maximum specific activity, at pH 3.0, the maximum activity was observed for EMYR, very close to BMYR. The specific activity of SMYR was 2.5-fold lower than EMYR. This suggests that EMYR would be more attractive for its use in a productive process since, at optimum conditions, it showed the highest specific activity. Additionally, EMYR presents no substrate inhibition, and therefore, fermentation conditions can consider high substrate concentrations in the culture broth, making it possible to use a simple fermentation system. However, producing an industrial enzyme intended for food or pharmaceutical use requires its production in a GRAS microorganism, and E. coli does not meet this criterion. Accordingly, SMYR could be proposed as an industrial enzyme to obtain SFN exogenously due to its less marked substrate inhibition than BMYR, and S. cerevisiae is considered GRAS. Substrate inhibition can represent a hurdle that can be overcome with an adequate fermentation strategy, for instance, fed-batch culture.





4. Material and Methods


4.1. Myrosinase Production and Isolation


Wild-type myrosinase was isolated from broccoli inflorescences, following the protocol of [18]. Recombinant myrosinases were produced in E. coli BL21(DE3)-myr and S. cerevisiae MGY70-myr and purified according to [22]. E. coli BL21(DE3)-myr was grown in LB medium (1% tryptone, 1% yeast extract, 1% sodium chloride) containing 100 µg/mL ampicillin, up to an OD 0.5–0.6 (~4 h) at 600 nm. After this time, 1 mM IPTG was added to the culture medium, and 3 h later, the cells were centrifuged at 4500× g for 5 min at 4 °C. S. cerevisiae MGY70-myr was grown in a YPD medium (1% yeast extract, 2% peptone, 2% glucose, and 1.5% agar) for 16 h at 30 °C. Induction with 1% galactose was made when O.D. at 600 nm was 0.6, for 24 h. Purification of E. coli BL21(DE3)-myr myrosinase was carried out through IMAC using an NTA-Ni column (Novagen, Madison, WI, USA). S. cerevisiae MGY70-myr myrosinase was purified using the EZCatchTM GST-Spin purification Kit (BioVision, Milpitas, CA, USA), following the manufacturer’s instructions.




4.2. Myrosinase Kinetics


Myrosinase activity was determined as described by [43] using sinigrin (Sigma-Aldrich, Schnelldorf, Germany) as substrate. The effect of the substrate was assayed at sinigrin concentrations of 1, 5, 10, 25, 50, 100, 150, 200, 250, 300, and 350 μM; the reaction was conducted at 30 °C and pH 7.0. The effect of temperature was evaluated at 10, 20, 30, 40, 50, 60, 70, and 80 °C, at pH 7.0 (phosphate buffer 33 mM), 100 μM sinigrin, using a thermostatic bath (Stuart, UK), adding 100 μL of protein extract in the reaction mixtures. The effect of pH was determined using different buffer solutions: HCl–KCl (pH 2.0), glycine–HCl (pH 3.0), acetate (pH 4.0 and 5.0), sodium phosphate buffer (pH 6.0 and 7.0), and Tris · HCl (pH 8.0). Activity tests were performed at 30 °C, and 100 μL of protein extract was used in the reaction mixtures. Protein concentration was determined via the bicinchoninic acid (BCA) method using a commercial kit (Sigma-Aldrich, Schnelldorf, Germany). An activity unit (U) was defined as the enzyme amount that hydrolyses 1 μmol of sinigrin per minute. All measurements were obtained in triplicate.




4.3. Modeling


Kinetics dependence on substrate concentration was modeled by adjusting the experimental data to Michaelis–Menten (MM, Equation (1)), Michaelis–Menten with substrate inhibition (SIMM, Equation (2)), and two-binding-site inhibition (TBSI, Equation (3)) models. Temperature dependence was described through the empirical models of Prieto (Equation (5)), Briere (Equation (6)), and the thermodynamic stochastic model of Schoolfield (Equation (7)). Arrhenius equation was used to estimate kinetic constants (k) as a function of temperature (Equation (4)) and estimate activation energies (Ea). The dependence of enzymatic activity on pH was modeled using a 4th-grade polynomial model (Equation (8)), the empirical model of Briere adapted to pH (Equation (9)), and the mechanistic model of Jurado (Equation (12)).



Model adjustment to the experimental data was conducted with the GRG nonlinear solver approach using the Newton method, in Microsoft Excel. Adjustment quality was assessed with root-mean-squared error (RMSE) and determination coefficient (R2).





5. Conclusions


This work presents the first attempt to describe myrosinase kinetics in terms of different reaction conditions. Models developed to describe insect growth kinetics were adapted to enzyme kinetics, obtaining acceptable adjustment to experimental data and allowing some physicochemical interpretation of the underlying mechanisms. The results contribute to defining the most adequate reaction conditions that allow the myrosinase-mediated production of sulforaphane. EMYR showed no substrate inhibition, unlike BMYR and SMYR, probably because of the absence of glycosylations and the monomeric native structure. Both eukaryotic myrosinases were subjected to substrate inhibition but followed different kinetic mechanisms—SMYR followed a non-competitive substrate inhibition mechanism, while BMYR followed a substrate two-binding-site inhibition mechanism. Different glycosylation patterns would explain differences in the dependence of myrosinase activity on pH and temperature. EMYR was more thermolabile than BMYR and SMYR. SMYR showed the lowest thermal activation Ea, agreeing with the highest Vmax. BMYR showed the lowest thermal inactivation Ea, resulting in the most thermostable myrosinase. BMYR and EMYR showed similar behavior in terms of pH, in accordance with their similar pK1 and pK2. Myrosinase produced in E. coli showed the highest potential as an industrial enzyme, given its high specific activity and the absence of substrate inhibition, which would simplify the fermentation strategy in the production process.
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Figure 1. Mechanisms of enzymatic kinetics described using the models in this study: (A) Michaelis–Menten; (B) Michaelis–Menten with substrate inhibition; (C) two-binding site inhibition model. E · S indicates the complex with the substrate attached to the catalytic site; S · E denotes the substrate attached to the inhibitor site; (D) mechanism of pH effect on the enzyme with two dissociable groups where the individually protonated enzyme–substrate complex is catalytically active [29]. 
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Figure 2. Adjustment of Michaelis–Menten (MM), Michaelis–Menten with substrate inhibition (SIMM), and two-binding-site inhibition model (TBSI) models to kinetics of (A) BMYR, (B) EMYR, and (C) SMYR. 
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Figure 3. Adjustment of Prieto, Briere, and Schoolfield models to kinetic data of (A) BMYR, (B) EMYR, and (C) SMYR. Reactions were conducted at pH 7.0 and 100 μM sinigrin. 
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Figure 4. Adjustment of the pH-dependent models of Prieto, Briere, and Jurado models to kinetic data of (A) BMYR, (B) EMYR, and (C) SMYR. 
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Table 1. Estimation of kinetic parameters of myrosinase.
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Model

	
Source

	
Kinetic Parameters




	
Vmax (µmol/min)

	
Km (µM)

	
Ks (µM)

	
Ki (M)

	
β

	
α

	
R2 (%)

	
RMSE






	
MM

(Equation (1))

	
BMYR

	
0.76

	
0.07

	
-

	
-

	
-

	
-

	
94.7

	
0.08




	
EMYR

	
0.42

	
0.04

	
-

	
-

	
-

	
-

	
99.1

	
0.02




	
SMYR

	
1.33

	
0.04

	
-

	
-

	
-

	
-

	
98.9

	
0.07




	
SIMM

(Equation (2))

	
BMYR

	
0.96

	
0.09

	
-

	
1.01

	
-

	
-

	
96.0

	
0.07




	
EMYR

	
0.42

	
0.04

	
-

	
160.00

	
-

	
-

	
99.1

	
0.02




	
SMYR

	
1.75

	
0.07

	
-

	
1.01

	
-

	
-

	
99.0

	
0.08




	
TBSI

(Equation (3))

	
BMYR

	
143.02

	
-

	
19.88

	
88.58

	
0.10

	
50.93

	
98.4

	
0.05




	
EMYR

	
124.46

	
-

	
33.68

	
62.00

	
0.10

	
93.43

	
97.2

	
0.05




	
SMYR

	
65.184

	
-

	
4.83

	
87.48

	
0.11

	
14.13

	
97.6

	
0.14
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Table 2. Michaelis–Menten kinetic parameters of different β-thioglucosidases using sinigrin as substrate.
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	Gene
	Source
	Expression System
	Km

(mM)
	Vmax

(μmol/min)
	Reference





	CpTGG1
	Carica papaya
	P. pastoris
	 2.83
	59.9
	[38]



	CpTGG2
	Carica papaya
	P. pastoris
	 2.24
	24.3
	[39]



	TGG4
	Arabidopsis thaliana
	P. pastoris
	0.25
	12.2
	[40]



	TGG5
	Arabidopsis thaliana
	P. pastoris
	0.55
	48.1
	[40]



	TGG1
	Arabidopsis thaliana
	P. pastoris
	0.05
	2.30
	[40]



	Myr1
	Brassica napus
	P. pastoris
	1.00
	15.0
	[17]



	Myr
	Armoracia rusticana
	-
	0.13
	0.62
	[41]



	Myr
	Brassica oleracea
	-
	0.07
	0.76
	[20]



	Myr
	Brassica oleracea
	E. coli
	0.04
	0.42
	[22]



	Myr
	Brassica oleracea
	S. cerevisiae
	0.04
	1.33
	[22]
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Table 3. Adjustment of temperature-dependent models to myrosinase kinetics.
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Model

	
Source

	
Parameters






	
Prieto

(Equation (5))

	

	
n

	
a

	
b

	

	

	
R2 (%)

	
RMSE




	
BMYR

	
5.76

	
2.83 × 10−7

	
0.17

	

	

	
98.6

	
0.03




	
EMYR

	
6.35

	
1.19 × 10−7

	
0.22

	

	

	
96.3

	
0.04




	
SMYR

	
12.72

	
2.05 × 10−8

	
0.40

	

	

	
84.8

	
0.16




	
Briere

(Equation (6))

	

	
α

	
m

	
Tmin (°C)

	
Tmax (°C)

	

	

	




	
BMYR

	
8.0 × 10−6

	
0.18

	
8

	
104

	

	

	
97.1

	
0.04




	
EMYR

	
2.0 × 10−6

	
0.16

	
12

	
87

	

	

	
95.8

	
0.09




	
SMYR

	
1.4 × 10−1

	
0.14

	
19

	
73

	

	

	
95.8

	
0.06




	
Schoolfield

(Equation (7))

	

	
∆H_H

(KJ/mol)

	
∆H_L

(KJ/mol)

	
∆H_A

(KJ/mol)

	
n25 (d−1)

	
T1/2_L

(°C)

	
T1/2_H

(°C)

	




	
BMYR

	
93.46

	
182.34

	
19.29

	
0.26

	
19.45

	
67.48

	
99.0

	
0.06




	
EMYR

	
127.85

	
62.80

	
14.67

	
0.26

	
17.50

	
35.57

	
94.0

	
0.09




	
SMYR

	
251.21

	
523.35

	
41.87

	
0.82

	
22.00

	
37.00

	
92.2

	
0.14
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Table 4. Estimation of activation and inactivation Ea using Arrhenius equation (Equation (4)).
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	Enzyme
	Ea (kJ/mol) Activation (10–30 °C)
	Vmax (30 °C) (µmol/min)
	R2 (%)
	Ea (kJ/mol) Inactivation (30–70 °C)
	V (60 °C) (µmol/min)
	V (70 °C) (µmol/min)
	R2 (%)





	EMYR
	−34.1
	0.44
	86.6
	76.1
	0.04 ± 0.00
	0.01 ± 0.00
	89.3



	BMYR
	−83.5
	0.65
	97.0
	52.8
	0.18 ± 0.01
	0.07 ± 0.01
	92.6



	SMYR
	−288.1
	1.20
	88.9
	72.2
	0.16 ± 0.03
	0.04 ± 0.02
	98.4
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Table 5. Adjustment of pH-dependent models to myrosinase kinetics.
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Model

	
Source

	
Parameters






	
Briere

(Equation (8))

	

	
α (×106)

	
m

	
pH_min

	
pH_max

	

	
R2

	
RMSE




	
BMYR

	
9.56 × 10−6

	
1.0 · 10−1

	
1

	
15

	

	
98.3

	
0.24




	
EMYR

	
4.84 × 10−5

	
1.0 · 10−1

	
1

	
14

	

	
98.5

	
0.24




	
SMYR

	
1.3 × 10−1

	
1.7 · 10−1

	
1

	
14

	

	
82.5

	
0.27




	
Jurado

(Equation (12))

	

	
Vmax (U/mg)

	
pkES1

	
pkES2

	




	
BMYR

	
2.90

	
3.4

	
5.5

	

	

	
97.2

	
0.34




	
EMYR

	
3.10

	
3.1

	
5.1

	

	

	
96.0

	
0.40




	
SMYR

	
1.17

	
4.2

	
7.3

	

	

	
90.8

	
0.21




	
Prieto

(Equation (9))

	

	
b0

	
b2

	
b22

	
b33

	
b44

	




	
BMYR

	
−9.13

	
10.65

	
−3.13

	
0.36

	
−0.01

	
98.8

	
0.17




	
EMYR

	
−11.59

	
14.12

	
−4.51

	
0.57

	
−0.03

	
98.5

	
0.23




	
SMYR

	
−14.98

	
15.64

	
−5.27

	
0.74

	
−0.04

	
96.8

	
0.13
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Table 6. Specific activity of myrosinases at optimum temperature and different pH values.
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Specific Activity at 30° (U/mg)




	
pH 7.0

	
pH 3.0






	
BMYR

	
0.50

	
3.30




	
EMYR

	
0.38

	
3.60




	
SMYR

	
1.00

	
1.45
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