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Abstract

:

This study reports the production of L-asparaginase (ASNase), an enzyme mainly used for the treatment of acute lymphoblastic leukemia, by Leucosporidium scottii L115, a psychrotolerant yeast isolated from the Antarctic ecosystem. Focus was given to select the most appropriate medium components able to maximize the enzyme production by this yeast, as a first step for the development of a new process to produce ASNase. By combining knowledge in bioprocesses, statistical analysis and modeling, the medium composition that most favored enzyme production was established, which consisted of using a mixture of sucrose (28.34 g L−1) and glycerol (15.61 g L−1) as carbon sources, supplemented with proline (6.15 g L−1) and the following salts (g L−1): KCl, 0.52; MgSO4·7H2O, 0.52; CuNO3·3H2O, 0.001; ZnSO4·7H2O, 0.001; and FeSO4·7H2O, 0.001. By using this medium, enzyme production of 2850 U L−1 (productivity of 23.75 U L−1 h−1) was obtained, which represented a 28-fold increase in enzyme production per gram of cells (178 U gdcw−1) when compared to the control (non-optimized medium), and a 50-fold increase when compared to a reference medium used for ASNase production.
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1. Introduction


Marine and psychrophilic yeasts have unique potential for the synthesis of new biomolecules, and their enzymes can offer biocatalysts with extraordinary properties [1,2,3]. Despite these attractive characteristics, strains from such environments have been little investigated so far. This is the case of Leucosporidium scottii, the psychrotolerant yeast used in the present study, which exists in cold environments around the world, including terrestrial and marine Antarctic ecosystems [4]. The investigation of L. scottii as an L-asparaginase (ASNase-EC 3.5.1.1) producer, as well as the selection of the most appropriate medium components able to maximize the production of this enzyme by the yeast, are interesting subjects of study since few yeast strains from marine and cold environments have been reported as good producers of ASNase [5]. These are the first steps for the development of a new process for the production of this enzyme.



ASNase is an enzyme mainly used as a biopharmaceutical for the treatment of acute lymphoblastic leukemia (ALL) [6,7] and in the food industry for acrylamide reduction in processed foods [8]. For the food industry, mainly the enzyme from filamentous fungi such as Aspergillus is used. Acrylamide is formed by the Maillard reaction, which is reduced with ASNase action, since L-asparagine is the main amino acid responsible for acrylamide production in fried and baked foods when reducing sugars are condensed with a carbonyl source [9]. As a biopharmaceutical, ASNase acts in seric L-asparagine depletion, selectively inducing apoptosis in cancer cells. The importance of ASNase for the treatment of acute leukemia is recognized in the World Health Organization’s List of Essential Medicines [10].



Currently, the production of the biopharmaceutical ASNase is carried out by bacteria, namely Escherichia coli and Erwinia chrysanthemi [11]. Four industrial ASNase expression systems are available: (1) the native ASNase produced from Escherichia coli; (2) recombinant ASNase produced in an E. coli expression system genetically altered with the DNA that encodes for E. coli ASNase (homologous expression)—this enzyme is commercialized in a PEGylated form (PEG-asparaginase); (3) native asparaginase derived from E. chrysanthemi; (4) the recombinant ASNase produced in a Pseudomonas fluorescens expression system genetically altered with the DNA that encodes for Erwinia chrysanthemi ASNase [12,13,14,15,16]. ASNase from Erwinia (ErA) and from E. coli (EcA II) have the same mechanism of action against tumor cells; however, their pharmacokinetics, affinity for the substrate (KM) and immune system sensitization profile are different. Therefore, the change to ErA is an important option for patients that present an allergic response to treatment with E. coli ASNase (EcA II) (the first choice in the ALL treatment protocol) [17].



However, the enzyme produced by bacteria usually presents side effects such as immune inactivation and hypersensitivity [18]. Therefore, the search for new microorganisms able to produce ASNase with less adverse effects is of great interest, among which eukaryotic microorganisms have attracted attention due to their better compatibility with the human system [19,20]. Moreover, due to the wide use and important application of ASNase, especially in the health area, establishing a low-cost process for the production of this enzyme has also been the focus of research.



The composition of the culture medium is the most important parameter affecting the final cost of a bioprocess as it has a direct effect on microbial growth and metabolism, and on product formation. Carbon and nitrogen sources can dramatically affect the product formation, while changes in nutrients and their concentrations have different effects on the accumulation of metabolites, which are controlled by intracellular effectors. Nonetheless, each organism has different nutritional requirements for maximum production [21,22,23,24].



The type and concentration of carbon and nitrogen sources present in the culture medium play an important role in enzyme production by microorganisms. Carbon sources may cause catabolic repression, affecting, directly or through a regulatory cascade, the expression of genes subjected to the assimilation of different sugars. Although the pathways of sugar utilization follow the same theme in all yeasts, important biochemical and genetic variations exist among them [25]. On the other hand, the nitrogen source and concentration affect the regulation of enzymes responsible for the uptake, synthesis and interconversion of amino acids such as proteases, amidases and ureases [26]. Several genes in bacteria, yeast and filamentous fungi are regulated by this phenomenon, called nitrogen regulation or nitrogen catabolite repression. The objective of nitrogen regulation is to prevent or reduce the unnecessary divergence of the cells’ synthetic capacity to the formation of enzymes needed for the utilization of nitrogen compounds that are non-preferred, when a preferred nitrogen source is available [27].



The screening of different sources and selection of the optimum concentration of medium components are therefore particularly important to maximize the production and activity of the target molecule, being different for each microbial strain. In addition, it has also an important impact on the economic feasibility of a production process. Some of the media commonly used at the laboratory scale are not cost-effective for application at a large scale, and the investigation of cheaper sources of carbon and nitrogen is important for industrial application.



Based on the above, the present study evaluated the production of ASNase by Leucosporidium scottii L115, a yeast strain recently isolated from the Antarctic ecosystem. Yeasts isolated from extreme environmental conditions have attracted attention for biotechnological applications since they have developed special mechanisms to survive under these conditions, such as changes in enzyme characteristics that minimize the negative effects of low temperatures. As a consequence, their proteins are resistant to cold denaturation and their enzymes show higher activity [28,29]. In this context, the study of new enzymes produced by the psychrotolerant strain L. scottii is promising. This yeast is able to inhabit relatively extreme environmental conditions such as low temperatures, high salinity and high concentrations of aromatic compounds. In addition, this yeast has already been reported to have ability to metabolize alternative carbon sources such as xylose and glycerol, being able to produce lipases and coenzymes Q9 and Q10 [4], as well as to accumulate lipids [30]. Thus, L. scottii has great biotechnological potential.



Focus was given to selecting the most appropriate medium composition able to maximize the enzyme production by this yeast, as a first step for the development of a new process for the production of ASNase. In order to achieve this, an interdisciplinary approach was used, combining knowledge in bioprocesses with statistical analysis and modeling. Initially, screening of different components was carried out by using a Plackett–Burman design. This type of design is very useful for screening purposes because it makes it possible to study the main effects of different variables in a time-saving way, evaluating more than one variable in a single experiment. The orthogonality of the design implies that the effect of each variable is pure in nature and is not confused with interactions among variables [31,32]. Then, the optimum composition was established by mathematical modeling using a design of experiments with response surface methodology. At the end, the medium composition that most favored ASNase production by L. scottii was established and the results were compared with the current literature on the topic.




2. Materials and Methods


2.1. Microorganism, Inoculum Preparation and Fermentation Conditions


Leucosporidium scottii L115 was the yeast strain used in this study. This yeast was isolated from Antarctic marine sediments in the austral summer (2009 and 2010) and was provided by the Culture Collection of the Biochemical and Biochemistry Department of UNESP (Rio Claro, Brazil). Stock cultures of the yeast were maintained on potato dextrose broth (PDB, DifcoTM) with added glycerol (20% v/v), at −80 °C.



2.1.1. Inoculum Preparation and Cultivation Conditions for the Plackett–Burman Design (PBD)


The inoculum was prepared by incubating the strain in 200 mL of PDB medium in a 500 mL baffled Erlenmeyer flask for 72 h (log growth phase), at 15 °C and 200 rpm. Thereafter, the cells were harvested by centrifugation (3400× g, 15 min, 5 °C), washed with sterile water and inoculated in the cultivation medium to obtain an initial concentration of 1% (v/v).



A total of 20 cultivation runs were performed at this step. The cultivation media were formulated according to the conditions and design presented in Table 1 and Table 2. The concentration of each component was selected empirically based on a literature survey. All cultivation media were supplemented with the following salts (in g L−1): KCl, 0.52; MgSO4·7H2O, 0.52; CuNO3·3H2O, 0.001; ZnSO4·7H2O, 0.001; and FeSO4·7H2O, 0.001. pH was adjusted to 5.0. The added salts and their concentrations were based on salts’ compositions from modified Czapek Dox medium.



Cultivations were carried out in 200 mL of medium (according to Table 1 and Table 2) in a 500 mL baffled Erlenmeyer flask, at 15 °C and 200 rpm. During the cultivations, samples were taken at 24, 48, 72, 96 and 120 h. The samples were centrifuged at 3400× g for 15 min; the harvested cells were washed with distilled water and used for ASNase activity determination, while the supernatants were used for sugar analysis. The maximum yields of L-asparaginase and biomass (as dried cell weight, DCW), which were obtained at 120 h of cultivation, were used as response variables for the statistical analysis.




2.1.2. Inoculum Preparation and Cultivation Conditions for the Central Composite Design (CCD)


To reactivate the cells, a pre-inoculum was prepared by incubating the strain in 200 mL of PDB medium in a 500 mL baffled Erlenmeyer flask for 72 h, at 15 °C and 200 rpm. To adapt the cells to the minimal medium (composed according to the PBD results), the cells were transferred to 200 mL of a new medium containing (g L−1) proline, 5; sucrose, 10; and glycerol, 10, in a 500 mL baffled Erlenmeyer flask. Then, the cells were added to this medium in a concentration of 5 g L−1 and the flask was kept at 15 °C and 200 rpm, for 72 h. Thereafter, the cells were harvested and inoculated in the cultivation medium to obtain an initial concentration of 1% (v/v).



A total of 17 cultivation runs were performed at this step. The cultivation media were formulated according to a 23 CCD. All cultivation media were supplemented with the following salts (in g L−1): KCl, 0.52; MgSO4·7H2O, 0.52; CuNO3·3H2O, 0.001; ZnSO4·7H2O, 0.001; and FeSO4·7H2O, 0.001. pH was adjusted to 5.0. The cultivations were performed in 200 mL of medium (according to the 23 CCD) in a 500 mL baffled Erlenmeyer flask, at 15 °C and 200 rpm. During the cultivations, samples were taken at 24, 48, 72, 96 and 120 h. The samples were centrifuged at 3400× g for 15 min; the harvested cells were washed with distilled water and used for ASNase activity determination, while the supernatants were used for sugar analysis. The maximum yields of L-asparaginase and biomass (as dried cell weight, DCW), which were obtained at 120 h of cultivation, were used as response variables for the statistical analysis.





2.2. Statistical Analysis and Modeling


2.2.1. Plackett–Burman Design (PBD)


The effect of 16 different medium components on ASNase production by L. scottii was initially evaluated through a PBD, which resulted in 20 independent experimental runs. The variables tested (medium components) and their levels (−1 and +1), or concentrations, are presented in Table 1. Three unassigned variables (D1, D2 and D3), commonly referred to as dummy variables, were also included in the design in order to estimate the experimental error [33].



The effect of each variable on the enzyme and biomass production was evaluated using Equation (1), where Xi+ is the yield of ASNase and biomass from the experiments when the variables were tested at high levels (+1); Xi− is the yield of ASNase and biomass when the variables were tested at low levels (−1); and N is the number of experiments.


                      E f f e c  t   (   x i   )    =     ∑      X  i +   −   ∑      X  i −    N   



(1)







The significance of the variables was determined by Student’s t-test and p-values. Variables significant at a 90% confidence level (p < 0.1) were considered to have a significant impact on ASNase production.




2.2.2. Central Composite Design (CCD)


The variables with the highest influence on ASNase production, identified in the previous PBD, were studied in more detail through a 23 CCD, with the aim of selecting their concentrations able to maximize the enzyme production. A set of 17 experiments was performed at this time, where three variables were tested at five different levels (−α, −1, 0, 1, α; with α = 1.6817). The experimental error was estimated by performing three replicates at the central point (0, 0, 0–runs 15–17).



The response variations as a function of the studied variables were described as a quadratic model, as in Equation (2), where Y is the predicted response; β0 the intercept; βi the coefficients for linear effects; βii the coefficients for quadratic effects; βij the cross-product coefficient for the effects; X the independent variables; and ε the experimental error.


  Y =  β 0  +   ∑      β i   X i  +   ∑      β  i i    X i 2  +   ∑      β  i j    X i   X j  + ε  



(2)







To validate the composition of the medium, an additional experiment was performed in triplicate under the optimum selected conditions, using 200 mL of optimized medium in a 500 mL baffled Erlenmeyer flask, at 15 °C and 200 rpm, for 168 h.



Statistica version 10.0 (Statsoft, Inc., Tulsa, OK, USA) was the software used for statistical analysis of the data, response surface plots and modeling.





2.3. Analyses


2.3.1. ASNase Activity Determination


SNase activity was determined by quantifying the aspartic β-hydroxamate produced by the hydroxylaminolysis reaction in the presence of hydroxylamine, using the whole cell for the enzymatic reaction. For the reaction, 1.6 mL of cell suspension (at 1.0 of optical density—OD600—in 50 mM Tris–HCl buffer, pH 7.0), 0.2 mL of 0.1 M L-asparagine and 0.2 mL of 1.0 M solution of hydroxylamine hydrochloride at pH 7.0 were added to a microtube. The mixture was agitated in a thermomixer at 850 rpm and 37 °C. After 30 min, the enzymatic reaction was stopped by adding 0.25 mL of TCA/FeCl3 reagent (100 g L−1 FeCl3, 50 g L−1 trichloroacetic acid (TCA) in 0.66 M HCl). The microtube was centrifuged at 3400× g for 5 min and then the absorbance of 1.0 mL of the supernatant was measured in a spectrophotometer—the Expectra Max Plus 384—at 500 nm and room temperature. Controls were prepared in the same conditions, but using only the buffer instead of the samples. For the controls, the hydroxylamine and L-asparagine solutions were added after the ferric chloride reagent. β-aspartohydroxamic acid solution was used to construct the standard curve. One unit of ASNase was defined as the amount of enzyme able to produce 1 μmol of β-aspartohydroxamic acid per minute per gram of dried cell weight (U g−1dcw). This value was further expressed as U L−1 of medium [5,34].




2.3.2. Sucrose, Glycerol and Proline Quantification


Sucrose was quantified by the glucose oxidase (GOD)/invertase enzymatic method. For the reaction, 85 μL of distilled water, 5 μL of sample and 10 μL of invertase (8000 U mL−1 in distilled water) were added per well to a 96-well plate. The plate was then sealed and incubated at 55 °C for 10 min. After this period, the plate was placed at room temperature and 200 μL of GOD (Bioliquid Kit) reagent was added to the wells, with the plate then incubated at 37 °C for 15 min. At this step, GOD catalyzes a reaction producing hydrogen peroxide (H2O2) and glucuronic acid from glucose. Then, H2O2 reacts with 4-aminoantipyrine and phenol, by the redox-coupled reaction catalyzed by the peroxidase, producing a red antipirilquinonimine. The intensity of the color resulting from this reaction is proportional to the glucose concentration. Thus, the absorbance of the medium was then measured at room temperature in a spectrophotometer—the Expectra Max Plus 384—at 490 nm. A standard curve was constructed using the standard solution from the kit (glucose 100 mg dL−1) diluted in ultrapure water at the concentrations of 0.0, 0.05, 0.10, 0.15, 0.20 and 0.25 (%) (linearity range of the method). Analysis was performed in duplicate.



Glycerol concentration was estimated by a colorimetric method in the presence of glycerolkinase (GK), glycerol-3-phosphate oxidase (GPO) and peroxidase (HP), using an enzyme-based commercial kit (TL-Labtest®, Biosystem). In this method, the glycerol is phosphorylated to glycerol-3-phosphate in a reaction catalyzed by GK. Then, glycerol-3-phosphate is oxidized by GPO, producing dihydroxyacetone phosphate and H2O2. HP catalyzes the redox-coupled reaction with 4-aminoantipyrine and 4-chlorophenol, producing quinoneimine. The intensity of the color resulting from this reaction is proportional to the glycerol concentration. For the reaction, 2 μL of sample and 200 μL of reagent (buffer 50 mmol L−1, pH 7; magnesium ions 4 mmol L−1; 4-chlorophenol 2.7 mmol L-1; 4-aminoantipyrine 300 µmol L−1; ATP 1.8 mmol L−1; GK 1000 U L−1; GPO 1500 U L−1; HP 900 U L−1 and sodium azide 14.6 mmol L−1) were placed per well in a 96-well plate. The plate was then sealed and incubated at 37 °C for 15 min. Afterwards, the absorbance was measured at room temperature in a spectrophotometer—the Expectra Max Plus 384—at 505 nm. A standard curve was constructed using the standard solution from the kit (glycerol 0.5 g L−1; sodium azide 1.54 mmol L−1 and stabilizer). Analysis was performed in duplicate.



For proline quantification, 100 μL of sample was added to 100 μL of sulfosalicylic acid 3% (w/v) solution, 200 μL of glacial acetic acid and 200 μL of acidic ninhydrin (1.25 g of ninhydrin in 30 mL of glacial acetic acid and 20 mL of 6 M orthophosphoric acid) in test tubes. The tubes were then incubated at 96 °C for 60 min. Afterwards, the reaction was stopped in an ice bath. Then, 1 mL of toluene was added and the sample was vortexed for 20 s. At the end, the organic phase was extracted and the absorbance was measured at room temperature in a spectrophotometer—the Expectra Max Plus 384—at 520 nm.






3. Results and Discussion


3.1. Screening of Medium Components Using the PBD


A PBD was initially used in this study to select the main components to be used in the formulation of the cultivation medium for ASNase production. In the control experiment, using the modified Czapek Dox medium [35], enzyme activity of 6.24 U gdcw−1 was observed. The results obtained for the experiments of the PBD are presented in Table 2. For screening and optimization purposes, the ASNase activity in U L−1 was considered as the result, since it is more relevant for bioprocess development than the activity in U gdcw−1.



Statistical analysis of these results revealed that three of the nitrogen sources, namely proline, ammonium chloride and L-aspartate at 5 g L−1, had a positive effect (significant at p < 0.1) on the ASNase production by L. scottii, while the corn steep solids (at 2.5 g L−1) were the only complex source that favored enzyme production (Table 3). For the carbon sources, sucrose, glycerol and citric acid (at 10 g L−1) had a positive effect on enzyme production. On the other hand, some of the tested nutrients negatively affected the production of ASNase by L. scottii, which included L-asparagine, L-glutamate, urea, L-arginine (at 5 g L−1) and yeast extract (at 2.5 g L−1). The other nutrient sources did not present significant effects on ASNase production. In contrast with our results, ASNase production by Streptomyces albidoflavus was favored when maltose was used as a carbon source, followed by starch, glucose, trehalose and glycerol [36]. This fact confirms that different strains have different nutritional requirements; therefore, it is important to select the most suitable components for the cultivation of each microorganism in order to maximize the product formation.



It is interesting to note that the production of ASNase was affected by the nitrogen source used for cultivation, revealing that the ASNase produced by L. scottii is a nitrogen-regulated enzyme. However, the production of ASNase was not favored in the presence of easily assimilated nitrogen sources such as L-asparagine, L-glutamine, L-aspartate and L-glutamate. This is probably due to the fact that these sources do not stimulate the increase in enzymes responsible for the uptake, synthesis and interconversion of amino acids, such as proteases, amidases (such as ASNase) and ureases [26]. Previous studies reported that the production of ASNase II by Saccharomyces cerevisiae was also not induced by L-asparagine, but the use of non-preferred nitrogen sources such as proline gave higher enzyme activity [37]. These data suggest that the ASNase production by L. scottii may undergo similar regulation to ASNase II production by S. cerevisiae. Moreover, for the yeast Saccharomyces cerevisiae, aspartate, arginine, glutamine, asparagine and glutamate support rapid growth because the nitrogen is directly assimilated by the cell metabolism. Moreover, these nitrogen sources are related to nitrogen catabolite repression, which indicates a preferred nitrogen source. Interestingly, non-preferred nitrogen sources such as proline activate nitrogen catabolite repression, the unfolded protein response and proline catabolism genes, while urea activates retrograde control and urea catabolism genes [38].



For biomass formation, the nutrients that contributed significantly included sucrose and glycerol at 10 g L−1, proline at 5 g L−1 and potato dextrose broth at 2.5 g L−1. Urea (at 5 g L−1) was the only nutrient that negatively affected the production of biomass, while all the other sources evaluated did not present significant effects (p < 0.1) on biomass formation (Table 3).



Among the nitrogen sources, proline was the only one that favored both responses, ASNase and biomass production. Proline is commonly reported as a non-preferred source of nitrogen, and is used in most of the studies on nitrogen catabolic repression in yeasts [27,38]. The production ASP3 by Saccharomyces cerevisiae occurs under nitrogen catabolite repression, being strongly repressed by ammonium compounds, but reasonably induced by proline [39]. Nitrogen catabolite repression is a phenomenon that explains why proline usually is more efficient as a nitrogen source for ASNase production than nitrogen-rich sources (e.g., glutamine and ammonium compounds). Similar behavior was noticed by Freire et al. (2020) working with Leucosporidium muscorum [5], which suggests that Leucosporidium sp. may have a mechanism of nitrogen catabolite repression similar to that found in yeasts such as S. cerevisiae. Furthermore, proline is a non-essential amino acid that is involved in stress protection, namely a protein and membrane stabilizer, protein-folding chaperone and reactive oxygen species (ROS) scavenger. Its effect of protein folding in chaperones is important for enzyme activity, ensuring the correct enzyme conformation [39]. This role of proline can explain its positive effect in ASNase activity improvement.



As a carbon source, sucrose and glycerol were the other two variables that presented significant effects on both responses. Both carbon sources are often used to promote microbial growth and have potential to result in increased enzyme production by the strain, which is usually observed in the synthesis of primary metabolites [40]. In addition, glycerol is a solute compatible with the amino acid proline in terms of efficiency of energy metabolism and redox balance in yeast cells, favoring cell growth and enzyme production [41].



According to the results of the PBD, proline, sucrose and glycerol were the nutrient sources with the most significant influence on the production of ASNase and biomass by L. scottii and were therefore selected for the subsequent step of this study, which aimed to determine their optimum concentrations for use in the formulation of the cultivation medium. An important aspect to highlight is that no complex sources will then be used for the cultivation of L. scottii for ASNase production. This is an important advantage for the industrial production of this biopharmaceutical since the use of defined media avoids variations in the product formation and allows better stability between production batches, being also useful for the modeling of processes [42]. Another important point to highlight is that both selected carbon sources, sucrose and glycerol, are of low cost and widely produced. Glycerol, for example, can be obtained as a by-product from the biodiesel industry and has been considered as a promising carbon source for industrial microbiology applications [43]. Furthermore, low-cost substrates contribute to the economic feasibility of the process, enabling it to be scaled up.




3.2. Optimization of Medium Composition


The three nutrient sources selected from the sixteen initially evaluated, namely proline, sucrose and glycerol, were then further investigated in this part of the study with the aim of defining their ideal concentrations to be used for medium formulation in order to obtain efficient production of ASNase by L. scottii. These three variables were tested in different concentrations, which were combined through a 23 CCD. The conditions tested in these experiments, as well as the results obtained for ASNase production, are presented in Table 4. Statistical analysis of these results confirmed the high significance (p < 0.1) of the three variables in enzyme production, since great variation in the results was observed according to the condition used for each variable.



A regression analysis was then performed and, after eliminating the non-significant effects, the data were fitted to a second-order polynomial equation (Equation (3)), where the concentrations of proline, sucrose and glycerol were described as X1, X2 and X3, respectively. Analysis of variance of the model obtained for ASNase production revealed that both linear and quadratic effects of all the three variables were significant at a 90% confidence level, while only one interaction (sucrose × glycerol) showed a significant effect on the response (Table 5). In fact, the magnitude of the coefficients presented in Equation (3) clearly confirms that the individual effect of the variables was higher than the interaction effects observed between them.


  S N a s e    (  U    L  − 1    )  = − 799.51 + 732.54   X 1 − 59.6   X  1 2  + 121.99   X 2 − 1.99   X  2 2   + 31.034   X 3 − 0.53   X  3 2  − 0.62   X 2 × X 3  



(3)







The established model is able to predict the variations in enzyme production according to the variations in the concentrations of proline, sucrose and glycerol used for the formulation of the cultivation medium, being useful for scale-up experiments. It is important to highlight that the model presented a high correlation coefficient (R2 = 0.93), and the lack of fit was not significant, implying that the model is able to efficiently predict the results. Indeed, as can be seen in Table 4, there is good agreement between the results obtained experimentally and those predicted by the model.



In order to define the concentrations of the variables able to maximize the enzyme production, the response surface methodology was employed. The response surfaces presented in Figure 1 show the existence of a region where the ASNase production is maximum (dark red region). From this region, further changes (increase or decrease) in the level of the variables result in a decrease in the production of ASNase. This result demonstrates that it is possible to optimize the values of the variables in the studied region. The statistical program indicated an optimal condition within this region able to result in the maximum production of ASNase, which corresponded to the use of 6.15 g L−1 proline, 28.34 g L−1 sucrose and 15.61 g L−1 glycerol. Assays to validate this condition were then performed and resulted in enzyme production of 2850 U L−1 (productivity of 23.75 U L−1 h−1 and 178.1 U gdcw−1).



The profile of substrate consumption and ASNase production by L. scottii under the optimum medium conditions is shown in Figure 2. As can be seen, sucrose was the preferred carbon source consumed by the yeast, being exhausted after approximately 72 h of cultivation, while glycerol was exhausted after approximately 144 h. Proline was consumed simultaneously with the carbon sources. Although ASNase production was observed from the initial hours of cultivation, the enzyme production was significantly increased after proline starvation. Similar behavior (high enzyme production under nitrogen starvation) was reported for ASNase II production by S. cerevisiae [44].



Table 6 compares the medium composition optimized for ASNase production by L. scottii (present study) with the medium composition reported for ASNase production by other yeasts. As can be noted, most of these media are composed of glucose as a single carbon source, L-asparagine as a nitrogen source and also contain complex sources, being then quite different from the medium composition established for L. scottii. Although some authors report that the use of L-asparagine can improve the production of ASNase [45,46], the use of a non-preferable nitrogen source and its starvation led to more efficient production of ASNase by L. scottii. Moreover, a mixture of carbon sources, sucrose and glycerol, was the most appropriate to result in high enzyme production by this yeast, and no complex nutrients were required to improve the enzyme production efficiency. The differences in enzyme production are justified not only by the medium used, but also by the producer strain. Therefore, wide variation in ASNase activity can be observed in Table 6.



Finally, the results obtained in the present study highlight the potential of the new yeast strain, L. scottii L115, as an ASNase producer. The enzyme production obtained under the optimum medium cultivation conditions, 2850 U L−1 (with productivity of 23.75 U L−1 h−1), represented a 28-fold increase in the enzyme production per gram of cell (178.1 U gdcw−1) when compared to the control (modified Czapek Dox—non-optimized medium), and a 50-fold increase when compared to the results obtained from a reference medium used for ASNase production (glucose 2.0 g L−1; L-asparagine 10.0 g L−1; KH2PO4 1.52 g L−1; KCl 0.52 g L−1; MgSO4·7H2O 0.52 g L−1; trace elements: CuNO3·3H2O; ZnSO4·7H2O and FeSO4·7H2O) [35]. This medium was chosen as a reference because it was used in classical references for L-asparaginase-producing fungi [35,47]. In addition, according to a systematic review of the literature, Czapek Dox medium is the most widely used medium for the production of asparaginase from fungi [48].



Medium optimization was also a successful strategy reported by other authors to increase ASNase production. Freire et al. (2020) improved nine-fold the enzyme production by Leucosporidium muscorum [5], achieving 4582.5 U L−1 and 63.64 U L−1 h−1 for enzyme activity and productivity, respectively. However, in their work, a more complex medium composition was used (besides sucrose and proline, seawater and yeast extract were also added to the modified Czapek Dox medium). In the present study, the optimum medium composition for the cultivation of L. scottii L115, which does not require the addition of complex nutritional sources, is an important advantage for the scaling up of the process. It is also worth highlighting that, similarly to the enzyme produced by L. muscorum, the enzyme produced by L. scottii is a new enzyme that presents lower glutaminase activity [49].
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Table 6. Medium composition used for L-asparaginase production by different yeasts.
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	Yeast Strain
	Medium Composition (g L−1)
	ASNase (U L−1)
	Reference





	Different species including Rhodotorula, Candida utilis, Saccharomyces, Cryptococcus and Pichia (Hansenula)
	Glucose, 20.0; L-asparagine, 5.0; K2HPO4, 1.0; KCl, 0.5; MgSO4·7H2O, 0.01; yeast extract, 1.0; pH 6.0
	from 5000 to 53,000 (depending on the strain)
	[50]



	Different species including Pichia (Hansenula), Cryptococcus, Sporobolomyces and Rhodotorula
	Sucrose, 30.0; polypepton, 5.0; meat extract 5.0; yeast extract, 2.0; malt extract, 2.0; KH2PO4, 5.0; K2HPO4, 1.5; MgSO4·7H2O, 0.5
	from 111 to 1320 (depending on the strain)
	[51]



	S. cerevisiae X-2180-A2
	Growth medium: glucose, 20.0; yeast nitrogen base (without amino acids and ammonium sulfate), 2.0; and ammonium sulfate, 1.32

Production medium: glucose, 30.0; 20 mM potassium phosphate buffer, pH 7.0
	3506
	[44]



	Candida utilis
	Glucose, 20.0; yeast nitrogen base (without amino acids and ammonium sulfate), 2.0; and peptone, 2.0
	800
	[52]



	Trichosporon asahii IBBLA1
	Glucose, 2; L-asparagine or glutamine or filter-sterilized urea, 10; KH2PO4, 1.52; KCl, 0.52; MgSO4·7H2O, 0.52; trace amounts of FeSO4·7H2O, ZnSO4·7H2O and CuNO3·3H2O
	20,570
	[6]



	Rhodosporidium toruloides CBS14, ATCC10788, Rhodotorula glutinis NCYC59, ATCC90950, Rhodotorula rubra MTCC248
	Mannitol, 20.0; L-asparagine, 5.0; K2HPO4, 1.2; KH2PO4, 6.0; KCl, 0.5; MgSO4·7H2O, 0.01; yeast extract, 1.0; pH 6.0
	583,000
	[53]



	Leucosporidium scottii L 115
	Sucrose, 28.34; glycerol, 15.61; proline, 6.15; KCl, 0.52; MgSO4·7H2O, 0.52; CuNO3·3H2O, 0.001; ZnSO4·7H2O, 0.001; and FeSO4·7H2O, 0.001; pH 5.0
	2850
	Present study








A detailed study on the properties of the purified ASNase produced by L. scottii L115, including the complete biochemical characterization, kinetic parameters and glutaminase activity, among others, is required for a better evaluation of this enzyme’s use for pharmaceutical applications. Previous results demonstrated that the enzyme produced by L. scottii L 115 is a multimer of 462 kDa, and its maximum enzyme activity was observed at pH 7.5 and 55 °C [49]. These characteristics are different from those reported for ASNase II from E. coli, which is a tetrameric enzyme (~140 kDa) with optimum pH 6.0 and temperature of 37 °C [54], and for ASNase II from Saccharomyces cerevisiae, which has a molecular size of 136 kDa, optimum temperature of 46 °C and pH 7.2 [55]. Considering that circulatory fluids in the human body have a pH value of 7.4, the pH profile of the produced enzyme is a therapeutically remarkable feature of the enzyme for potential use in ALL treatment, despite its size. Although L. scottii is a cold-adapted yeast, the maximum activity of its enzyme was observed at a higher temperature than other mesophilic microorganisms. According to the literature, cold-adapted enzymes generally have an optimum temperature above their physiological temperature, suggesting that evolutionary pressure has acted to allow the enzyme to be active at low temperatures, but not to optimize its structure to present maximal activity at low temperatures [56].



The findings of this study are promising for the higher production of this new enzyme, being also the first step to achieve a feasible production process aiming to produce a new enzyme with different characteristics, and with potential to result in an enzyme with less side effects, produced by yeast instead of bacteria, with lower glutaminase activity.





4. Conclusions


This study demonstrated that L. scottii L115, a psychrotolerant yeast isolated from the Antarctic ecosystem, is a good producer of ASNase, a biological molecule of great interest and with important applications in the pharmaceutical and food industries. Additionally, L. scottii L115 is undemanding in terms of nutritional needs and can grow well in a simple cultivation medium, without the addition of complex nutrient sources. The best medium formulation to obtain efficient production of ASNase by this yeast was composed of sucrose and glycerol as carbon sources and proline as the sole nitrogen source, with salts added for a micronutrient supply.



By combining knowledge in bioprocesses with statistical analysis and modeling, it was possible to select the medium composition able to maximize the production of ASNase by this yeast, and such conditions resulted in a 28-fold increase in the enzyme activity per gram of cell (178.1 U gdcw−1) when compared to the control (non-optimized medium), and in a 50-fold increase when compared to the results obtained from a reference medium reported in the literature for ASNase production. The significance of this work is further strengthened by the fact that the three main medium components that led to the high production of ASNase by L. scottii L115, namely proline, sucrose and glycerol, are relatively cheap and easily available at an industrial scale, which contributes to the economic feasibility and future scale-up of the process. Finally, since there are few studies on the production of ASNase by yeasts, the results obtained in the present study open up new perspectives for the development of a new method for the production of this enzyme, with potential to result in an ASNase with better properties than those currently available in the market, produced by bacteria.
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Figure 1. Response surfaces representing the production of L-asparaginase (ASNase UL−1: y-axis) by L. scottii as a function of the (A) proline (x-axis) and glycerol (z-axis) concentrations, (B) sucrose (x-axis) and glycerol (z-axis) concentrations and (C) sucrose (x-axis) and proline (z-axis) concentrations used to formulate the cultivation medium. Dots represent the experimental data obtained. 
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Figure 2. Kinetic profile for substrate consumption, L-asparaginase (ASNase) and biomass (X) production during the cultivation of L. scottii under the optimum medium conditions. Gly = glycerol; Suc = sucrose; Pro = proline. 
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Table 1. Nitrogen, carbon and complex sources tested in the Plackett–Burman design and their levels.
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Code

	
Variables

	
+1 (g L−1)

	
−1 (g L−1)






	
Nutrients considered as nitrogen source




	
A

	
Proline

	
5

	
0




	
B

	
Urea

	
5

	
0




	
C

	
L-Aspartate

	
5

	
0




	
D

	
Ammonium chloride

	
5

	
0




	
E

	
L-Arginine

	
5

	
0




	
F

	
L-Glutamine

	
5

	
0




	
G

	
L-Asparagine

	
5

	
0




	
H

	
L-Glutamate

	
5

	
0




	
Nutrients considered as carbon source




	
I

	
Maltose

	
10

	
0




	
J

	
Glycerol

	
10

	
0




	
K

	
Sucrose

	
10

	
0




	
L

	
Citric acid

	
10

	
0




	
Complex sources




	
M

	
Yeast extract

	
2.5

	
0




	
N

	
Soybean peptone

	
2.5

	
0




	
O

	
Corn steep solids

	
2.5

	
0




	
P

	
Potato dextrose broth

	
2.5

	
0




	
Dummy variables *




	
Q

	
D1

	
0

	
0




	
R

	
D2

	
0

	
0




	
S

	
D3

	
0

	
0




	
R

	
D2

	
0

	
0








* D1, D2 and D3 represent the dummy variables (variables without an assigned value) required to estimate the experimental error.
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Table 2. Plackett–Burman design and responses of L-asparaginase (ASNase: U L−1 and U gdcw−1) and biomass (as dried cell weight, DCW) production obtained for each experimental run.
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Run

	
Variables *

	
ASNase (U L−1)

	
DCW (g L−1)

	
ASNase




	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
H

	
I

	
J

	
K

	
L

	
M

	
N

	
O

	
P

	
Q

	
R

	
S

	

	

	
(U gdcw−1)






	
1

	
-

	
+

	
-

	
-

	
-

	
+

	
+

	
-

	
+

	
+

	
+

	
-

	
+

	
+

	
-

	
-

	
+

	
+

	
-

	
166.6

	
5.96

	
28.0




	
2

	
+

	
-

	
+

	
-

	
-

	
-

	
+

	
+

	
+

	
+

	
-

	
-

	
-

	
+

	
+

	
-

	
-

	
+

	
+

	
141.6

	
6.18

	
22.9




	
3

	
-

	
+

	
-

	
-

	
-

	
-

	
-

	
+

	
+

	
+

	
+

	
+

	
+

	
-

	
+

	
+

	
-

	
-

	
+

	
206.0

	
7.04

	
29.3




	
4

	
+

	
-

	
+

	
-

	
+

	
+

	
-

	
+

	
-

	
+

	
+

	
-

	
+

	
+

	
-

	
+

	
-

	
-

	
-

	
181.8

	
10.36

	
17.5




	
5

	
+

	
+

	
-

	
+

	
-

	
+

	
+

	
+

	
-

	
-

	
+

	
+

	
-

	
+

	
+

	
-

	
-

	
-

	
-

	
212.0

	
4.23

	
50.1




	
6

	
+

	
+

	
+

	
-

	
+

	
-

	
+

	
-

	
+

	
-

	
+

	
-

	
-

	
-

	
+

	
+

	
+

	
-

	
-

	
152.7

	
5.97

	
25.6




	
7

	
+

	
+

	
+

	
+

	
-

	
+

	
-

	
-

	
+

	
+

	
-

	
+

	
-

	
-

	
-

	
+

	
-

	
+

	
-

	
161.9

	
3.64

	
44.5




	
8

	
-

	
+

	
+

	
-

	
+

	
+

	
+

	
+

	
-

	
+

	
-

	
+

	
-

	
-

	
-

	
-

	
+

	
-

	
+

	
73.1

	
1.29

	
56.7




	
9

	
-

	
-

	
+

	
+

	
+

	
-

	
+

	
+

	
+

	
-

	
+

	
+

	
+

	
-

	
-

	
-

	
-

	
+

	
-

	
119.5

	
5.37

	
22.3




	
10

	
+

	
-

	
-

	
+

	
+

	
-

	
-

	
-

	
+

	
+

	
+

	
+

	
-

	
+

	
-

	
-

	
+

	
-

	
+

	
296.8

	
11.33

	
26.2




	
11

	
+

	
+

	
-

	
+

	
+

	
-

	
-

	
+

	
-

	
+

	
-

	
-

	
+

	
-

	
+

	
-

	
+

	
+

	
-

	
117.8

	
3.24

	
36.4




	
12

	
-

	
+

	
+

	
+

	
-

	
-

	
-

	
+

	
-

	
-

	
+

	
-

	
-

	
+

	
-

	
+

	
+

	
+

	
+

	
165.7

	
3.73

	
44.4




	
13

	
+

	
-

	
+

	
-

	
-

	
+

	
-

	
-

	
-

	
-

	
+

	
+

	
+

	
-

	
+

	
-

	
+

	
+

	
+

	
180.6

	
6.98

	
25.9




	
14

	
+

	
+

	
-

	
-

	
+

	
-

	
+

	
-

	
-

	
-

	
-

	
+

	
+

	
+

	
-

	
+

	
-

	
+

	
+

	
40.05

	
2.50

	
16.0




	
15

	
-

	
+

	
+

	
+

	
+

	
+

	
-

	
-

	
+

	
-

	
-

	
-

	
+

	
+

	
+

	
-

	
-

	
-

	
+

	
90.01

	
1.89

	
47.6




	
16

	
-

	
-

	
+

	
+

	
-

	
-

	
+

	
-

	
-

	
+

	
-

	
+

	
+

	
+

	
+

	
+

	
+

	
-

	
-

	
173.1

	
6.24

	
27.7




	
17

	
-

	
-

	
-

	
-

	
+

	
+

	
-

	
+

	
+

	
-

	
-

	
+

	
-

	
+

	
+

	
+

	
+

	
+

	
-

	
101.0

	
2.94

	
34.4




	
18

	
-

	
-

	
-

	
+

	
+

	
+

	
+

	
-

	
-

	
+

	
+

	
-

	
-

	
-

	
+

	
+

	
-

	
+

	
+

	
234.4

	
11.23

	
20.9




	
19

	
+

	
-

	
-

	
+

	
-

	
+

	
+

	
+

	
+

	
-

	
-

	
-

	
+

	
-

	
-

	
+

	
+

	
-

	
+

	
70.25

	
2.98

	
23.6




	
20

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
39.77

	
1.07

	
37.2








* Variables coded as described in Table 1. (+): higher level of the variable; (−): lower level of the variable.
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Table 3. Effects of the variables and statistical analysis of the Plackett–Burman design on the responses of L-asparaginase (ASNase) and biomass (as dried cell weight, DCW) production.
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ASNase Production

	
DCW Production




	

	
Effect

	
S.E.

	
t Student

	
p-Value

	
Effect

	
S.E.

	
t Student

	
p-Value






	
Intercept

	
146.27

	
5.82

	
50.21

	
0.00001

	
5.20

	
0.31

	
33.77

	
0.00005




	
Yeast extract

	
−33.39

	
5.82

	
−5.73

	
0.010 *

	
−0.07

	
0.31

	
−0.21

	
0.841




	
Soybean peptone

	
11.20

	
5.82

	
1.92

	
0.150

	
0.49

	
0.31

	
1.59

	
0.209




	
Corn steep solids

	
19.33

	
5.82

	
3.31

	
0.045 *

	
0.60

	
0.31

	
1.96

	
0.144




	
Potato dextrose broth

	
4.91

	
5.82

	
0.84

	
0.461

	
0.90

	
0.31

	
2.94

	
0.060 *




	
L-Glutamine

	
−8.17

	
5.82

	
−1.40

	
0.255

	
−0.28

	
0.31

	
−0.91

	
0.429




	
L-Asparagine

	
−15.79

	
5.82

	
−2.71

	
0.073 *

	
−0.02

	
0.31

	
−0.08

	
0.939




	
Maltose

	
−1.24

	
5.82

	
−0.21

	
0.845

	
0.08

	
0.31

	
0.26

	
0.808




	
Glycerol

	
58.18

	
5.82

	
9.99

	
0.002 *

	
2.89

	
0.31

	
9.36

	
0.002 *




	
L-Glutamate

	
−14.71

	
5.82

	
−2.52

	
0.085 *

	
−0.94

	
0.31

	
−3.06

	
0.054




	
Sucrose

	
90.78

	
5.82

	
15.58

	
0.001 *

	
4.02

	
0.31

	
13.04

	
0.001 *




	
Proline

	
18.63

	
5.82

	
3.20

	
0.049 *

	
1.06

	
0.31

	
3.46

	
0.040 *




	
Urea

	
−25.31

	
5.82

	
−4.34

	
0.022 *

	
−2.68

	
0.31

	
−8.70

	
0.003 *




	
L-Aspartate

	
14.51

	
5.82

	
−2.49

	
0.088 *

	
−0.25

	
0.31

	
−0.80

	
0.478




	
Citric acid

	
20.33

	
5.82

	
3.49

	
0.039 *

	
−0.10

	
0.31

	
−0.34

	
0.755




	
L-Arginine

	
−21.08

	
5.82

	
−3.62

	
0.036*

	
0.64

	
0.31

	
2.08

	
0.128




	
Ammonium chloride

	
25.76

	
5.82

	
4.42

	
0.021 *

	
0.19

	
0.31

	
0.63

	
0.570








S.E. = standard error. * effects significant at 90% confidence level. R2 = 0.99.
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Table 4. Conditions used for the 23 central composite design and results (experimentally obtained and predicted by the model) obtained for the response of L-asparaginase (ASNase) production.
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Run

	
Proline (g L−1)

	
Sucrose (g L−1)

	
Glycerol (g L−1)

	
ASNase (U L−1)




	
Experimental

	
Predicted






	
1

	
4

	
10

	
10

	
2489.46

	
2283.89




	
2

	
4

	
10

	
40

	
2563.13

	
2254.16




	
3

	
4

	
40

	
10

	
3012.48

	
2955.93




	
4

	
4

	
40

	
40

	
2328.63

	
2367.27




	
5

	
10

	
10

	
10

	
2110.09

	
1879.50




	
6

	
10

	
10

	
40

	
1939.43

	
1812.33




	
7

	
10

	
40

	
10

	
2048.70

	
2169.23




	
8

	
10

	
40

	
40

	
1535.50

	
1543.12




	
9

	
2

	
25

	
25

	
2081.85

	
2290.97




	
10

	
12

	
25

	
25

	
1259.26

	
1267.19




	
11

	
7

	
0

	
25

	
1456.93

	
1856.54




	
12

	
7

	
50

	
25

	
2374.05

	
2192.24




	
13

	
7

	
25

	
0

	
3108.25

	
3212.95




	
14

	
7

	
25

	
50

	
2556.99

	
2666.41




	
15

	
7

	
25

	
25

	
3202.20

	
3366.92




	
16

	
7

	
25

	
25

	
3382.46

	
3366.92




	
17

	
7

	
25

	
25

	
3251.87

	
3366.92
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Table 5. Analysis of variance of the model describing the production of L-asparaginase by L. scottii.
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	Source
	S0053\A
	d.f.
	MS
	F-Value
	p-Value





	Proline (L)
	1,251,591
	1
	1,251,591
	144.37
	0.0068 *



	Proline (Q)
	3,141,439
	1
	3,141,439
	362.37
	0.0027 *



	Sucrose (L)
	137,444
	1
	137,444
	15.85
	0.0576 *



	Sucrose (Q)
	2,195,471
	1
	2,195,471
	253.25
	0.0039 *



	Glycerol (L)
	360,911
	1
	360,911
	41.63
	0.0231 *



	Glycerol (Q)
	154,271
	1
	154,271
	17.79
	0.0518 *



	Proline × Sucrose
	70,724
	1
	70,724
	8.15
	0.1038



	Proline × Glycerol
	679
	1
	679
	0.07
	0.8059



	Sucrose × Glycerol
	151,267
	1
	15,267
	17.44
	0.0528 *



	Lack of fit
	452,698
	5
	90,540
	10.44
	0.1087



	Pure error
	17,338
	2
	8669
	
	



	Total SS
	6,734,472
	16
	
	
	







SS = sum of squares; d.f. = degrees of freedom; MS = mean square; L = linear; Q = quadratic. * significant at 90% confidence level. R2 = 0.93.
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