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Abstract

:

Dietary proteins are no longer just nutritional ingredients in our food. During hydrolysis, some of the released peptides may possess properties that favor the health of the human body. In our study enzymatic hydrolysis of lupin proteins was performed using papain. Three enzyme-to-substrate ratios were set for three different duration times. The SDS-PAGE of the samples was performed. Each hydrolysate was studied for the degree of hydrolysis (DH), acetylcholinesterase (AChE) inhibitory, antimicrobial, and antioxidant activities (AOA, according to four spectrophotometric methods). The DH varied from 9.06 ± 0.20 to 27.97 ± 0.37%. According to the results, the best AOA was measured by the ABTS method (from 0.76 ± 0.03 to 1.15 ± 0.46 M TE/100 g protein). All the hydrolysates displayed AChE inhibitory activity (IC50), which varied between 155.58 ± 1.87 and 199.63 ± 0.41 mg/g protein. To the best of our knowledge, this is the first report of the acetylcholinesterase inhibitory activity of lupin protein hydrolysates. In conclusion, lupin proteins prove to have a high potential to serve as a source of bioactive peptides.
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1. Introduction


In the twenty-first century, new understandings of food are emerging, which are related to the possible use also as a precursor of functional substances [1]. So far, the research focus has been mainly on non-nutritional components such as polyphenols, pigments, vitamins, etc. with proven potential to affect human health. The research on proteins was mainly on specific amino acid content and their impact on certain functions in the human body. From a recent perspective, it appears that spatial proximity between amino acid residues is more relevant to the presence of functional activity and health benefits [2]. Dietary proteins are major components of the human diet and therefore their sources are important topics [3]. We can consider that meat is no longer a sufficient supplier due to low sustainability and increased resource demand [4]. That is why, in recent years, a lot of alternatives have emerged. Although plant-based proteins are being studied extensively, there is still more to explore [5]. In addition, many efforts are focused on the valorisation of plant protein-rich wastes in the agricultural and food industries [5].



Some of the peptides released during the proteolysis of proteins appear to have a beneficial role in the human body due to their high levels of biospecificity and a wide range of structural features [6]. The role of dietary proteins as a source of bioactive peptides in this regard is constantly emphasized [7,8,9,10]. Bioactive peptides are reported to have properties such as: antihypertensive [11,12], antimicrobial [13,14], antithrombotic [15], antioxidant [16,17], anti-inflammatory [18], osteoprotective [19], immunomodulatory [20,21], and others [22]. There are three approaches to releasing active fractions from the intact protein molecule: microbial fermentation, purified enzyme hydrolysis, and gastrointestinal digestion. While fermentation is associated with a lack of reproducibility, the use of a single, or combination of proteases to digest specific proteins seems to be the better approach. Different proteases, unlike most enzymes, are able to produce different products from the same proteinous substrate when used separately or in combination. This opens the doors for many investigations in different dimensions. Papain (EC 3.4.22.2) is a cysteine endopeptidase with plant origin. When isolated from papaya, it is recognized by the US Food and Drug Administration (FDA) as a GRAS (generally recognized as safe) substance [17]. It has a broad pH range of action (3.0–9.0) and that is why it is used more and more in food processing. In addition, the obtained hydrolysates from different substrates show a high potential for the release of bioactive peptides [23,24,25].



The species Lupinus and family Fabaceae, which include the plant lupin, have more than 4000 years’ history of use in agriculture [26]. The plant has been used primarily as animal feed and for soil development. Lupin’s seeds are gluten-free, high in fibers (30–41%) and proteins [27]. Lupin is considered safe for human consumption; moreover, de-hulled seeds have a low content of anti-nutrients (e.g., phytic acid, lectins and saponins), are free of phytoestrogens, and possess good technological properties [28,29]. The protein content may vary in different species but it is approximately 35–40% db and the ratio of albumins to globulins in the seed protein is roughly 1 to 9 [30]. Two recent review papers summarized the reported activities of bioactive peptides from lupin and revealed the significant potential of this source [31,32]. Compared to established plant protein sources such as soy and pea, lupin proteins are far from being thoroughly investigated. Fermentation and purified proteases (solo or combination) were examined so far. Peptides with antioxidant [33], anti-inflammatory [34], hypocholesterolemic [35], antimicrobial [36], antihypertensive [36,37,38], immunomodulatory [39], as well as multifunctional [40] properties are reported.



Acetylcholinesterase (AChE) (E.C.3.1.1.7) is an enzyme that hydrolyzes the neurotransmitter acetylcholine into choline and acetic acid [41]. Higher levels of AChE expression in the human brain results in disorders of acetylcholine metabolism and are a characteristic condition of Alzheimer’s disease (AD) patients [42]. In these cases, inhibition of the enzyme leads to an increase in acetylcholine levels in the brain thus improving cholinergic synapses. AChE inhibitors are considered as a simple symptomatic short-term intervention [43]. A limited number of drugs are currently used for the treatment of the dementia phase, galantamine being the only naturally occurring compound [44]. Currently, alkaloids, coumarins, terpenes, and polyphenols are extensively studied as highly promising inhibitors [44,45]. The research of peptides with such a function has gained popularity in recent years [46,47], but still, the data is scarce. Hydrolysates form hemp [48,49] and pea [50] were studied. Lupin-derived peptides with AChE inhibitory activity were not reported in the accessible scientific literature.



In this work, we aimed to test the potential of lupin-derived proteins to exhibit antioxidant, antimicrobial, and acetylcholinesterase inhibitory activity after hydrolysis with papain. Various enzyme-to-substrate ratios were tested in combination with three different hydrolysis duration times. To the best of our knowledge, none of the aforementioned activities of lupin protein hydrolysates by papain have been systematically investigated and reported so far.




2. Materials and Methods


2.1. Material


Lupin organic flour (Lupinus angustifolius L.) was purchased from the commercial chain. The chemicals included-O-Phthaldialdehyde (OPA), sodium tetraborate, sodium dodecyl sulfate, 2-mercaptoethanol, 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p, p′-disulfonic acid monosodium salt hydrate (ferrozine), 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,4,6-tris(2-pyridyl)-S-triazine, neocuproine, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), papain (A3824), AChE (Acetylcholinesterase, C3389-500U, Sigma Aldrich, Merck, Darmstadt, Germany), DTNB (5,5′-dithio-bis(2-nitrobenzoic acid), ATChI (Acetylthiocholine Iodide), PBS (phosphate buffered saline), hydrochloric acid (HCl), 1,4-dithiothreitol (DTT), Bovine serum albumin (BSA), Coomassie Blue G-250, Sodium bicarbonate, Sodium hydroxide (NaOH), etc.




2.2. Sample Preparation


The flour was defatted using 2-propanol in a ratio of 1:4 w/v for 4 h at room temperature followed by centrifugation at 6000× g for 20 min. The residue was collected and the procedure was repeated twice.



Alkaline extraction of proteins was applied. The defatted lupin flour was suspended in distilled water (1:10 w/v) and the pH was adjusted to 9 using 1 M NaOH. The suspension was centrifuged at 4250× g for 30 min after being agitated for an hour at room temperature. The extraction procedure was repeated twice on the residue. The protein samples were lyophilized and prepared for subsequent analyses.




2.3. Enzymatic Hydrolysis of Lupin Protein Isolates (LPI)


For the preparation of protein hydrolysates (LPH), commercially available papain was used. The lupin protein extracts (0.05 g/mL) were dissolved in PBS buffer, 100 mM, pH 6. Three enzyme-to-substrate ratios were set up: 1:50; 1:100; and 1:200, each tested for 30 min, 1 h, and 2 h duration of hydrolysis. The pH and the temperature were optimal for the enzyme’s activity at 6 and 65 °C, respectively. The digested samples were heated at 95 °C for 20 min and cooled down in ice to stop the enzymatic reaction. The pH of the samples was corrected to 4.5 followed by a centrifugation at 4 °C, 15 min, and 4250× g. Under the same conditions, negative control, lupin protein dispersion without enzyme, was used. Subsequently, the LPH was lyophilized for further use. The abbreviations of the resulting samples are presented in Table 1.




2.4. Protein Assay


The protein content was measured by the Lowry method with some modifications [51]. Bovine Serum Albumin (BSA) was used as a standard, concentration range 250–1000 µg/mL.




2.5. Evaluation of the Degree of Hydrolysis (DH)


The degree of hydrolysis of each hydrolysate was calculated using the methodology previously reported by Nielsen [52] in duplicate using serine as a standard. The OPA working solution was prepared as follows: 3.81 g of di-Na- tetraborate decahydrate and 0.1 g of Na-dodecyl-sulfate (SDS) were dissolved in 75 mL distilled water. After that, 0.08 g of o-phthaldialdehyde (OPA) was dissolved in 2 mL 95% ethanol and added quantitatively to the solution above. By washing with distilled water, 0.088 g of dithiothreitol (DTT) was added to the solution. Consequently, a serine standard solution (0.4758 meqv/L) was prepared. To obtain samples with various concentrations, the lupin hydrolysates solutions were diluted with water. Briefly, 100 μL of each sample was mixed with 750 μL OPA reagent, vortexed for 10 s, and after 2 min of incubation, the absorbance was measured at 340 nm using spectrophotometer SPECTROstar Nano Microplate Reader (BMG LABTECH, Ortenberg, Germany). The percentage of the degree of hydrolysis is calculated according to the method of Nielsen [52].




2.6. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)


According to Laemmli’s protocol [53], SDS-PAGE was carried out using 6% stacking gel (w/v) and 15% polyacrylamide gel (w/v) to evaluate the molecular weight distribution of the lupin protein hydrolysates. To break up noncovalent bonds, lupin protein hydrolysates at a concentration of 2 mg/mL was dissolved in distilled water and then heated for five minutes at 95 °C. In a vertical electrophoresis cell (Hoefer SE250 Mighty Small II Mini Vertical Protein Electrophoresis Unit) the protein samples were separated at 130 V. Sigma ultra low molecular weight markers were used in the range of 1060–26,600 Da (Sigma Aldrich, Merck, Darmstadt, Germany).




2.7. Determination of the Antioxidant Activity


2.7.1. DPPH• Radical Scavenging Assay


The donation of an electron and scavenge DPPH radicals of hydrolysed lupin fractions/samples have been determined using the methodology of Brand-Williams et al. [54] with some modifications.



Each hydrolysate (250 µL) was added to 1 mL 12.10−5 M DPPH methanol solution. After 30 min of incubation at room temperature, the DPPH radical scavenging activity was analysed [55] and the light absorption was measured at 517 nm using SPECTROstar Nano Microplate Reader (BMG LABTECH, Ortenberg, Germany). The results were expressed as Trolox equivalent (TEAC, mM TE/g DW) to discuss the results. Instead of lupin hydrolysates, distilled water was used as the blank. The following equation was used to determine the scavenging activity.


Radical scavenging activity, % = (Acontrol − Asample)/Acontrol × 100



(1)







Acontrol represents the absorbance of the reaction mixture without the sample.



Asample represents the absorbance of the sample and the reaction mixture.



The Trolox standard curve was plotted to determine TEAC and the results are presented as mM TE/100 g protein.




2.7.2. ABTS•+ Radical Scavenging Assay


The scavenging activity of lupin protein hydrolysates has been evaluated against 2,2′ -azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radical action (ABTS•+) using the methodology of Re et al. [56]. For the ABTS•+ radical scavenging assay, to produce (ABTS•+) radical cation, a mixture of ABTS stock solution (7 mM) with 2.45 mM potassium persulfate (final concentration) is left at room temperature in the dark for at least 12 h. The ABTS•+ solution was then diluted with 96% ethanol until reaching an absorbance of 0.70 (±0.02) at 734 nm and a temperature of 30 °C. Then, 10 µL of the hydrolysate was added to 1 mL ABTS solution and the light absorption was measured at 734 nm after 6 min incubation and temperature 30 °C using SPECTROstar Nano Microplate Reader (BMG LABTECH, Ortenberg, Germany). The control sample was a solution made in the same way as the experimental sample, but with distilled water in its place.



The radical scavenging activity was calculated as follows:


Radical scavenging activity, % = (Acontrol − Asample)/Acontrol × 100



(2)







The percentage of radical scavenging activity was calculated as a function of the concentration of Trolox standard (TEAC, M TE/100 g protein).




2.7.3. Cupric Ion Reducing Antioxidant Capacity (CUPRAC) Assay


The CUPRAC assay was carried out according to the procedure of Apak et al. [57]. One mL of CuCl2 solution (1.0 × 10−2 M) was mixed with 1 mL of neo-cuproine methanolic solution (7.5 × 10−3 M), 1 mL of ammonium-acetate buffer solution (1 M, pH 7.0), and 0.1 mL of the sample followed by the addition of 1 mL distilled water (total volume = 4.1 mL). The mixture was then vortexed for 10 sec and incubated for 30 min at 22 °C. The absorbance was measured at 450 nm against a blank solution prepared in the same manner but with distilled water instead of a sample using SPECTROstar Nano Microplate Reader (BMG LABTECH, Ortenberg, Germany). Trolox was used as a standard (TEAC, mM TE/100 g protein).




2.7.4. Ferric-Reducing Antioxidant Power


Determination of the antioxidant potential was performed according to the method described by Benzie and Strain [58] with some modifications. The oxidant in the FRAP assay consisted of an acetate buffer (pH 3.6), a ferric chloride solution (20 mM) and a 2,4,6- tripyridyl-s-triazine solution (10 mM TPTZ in 40 mM HCl) at 10:1:1 (v/v/v), respectively, and was freshly prepared on the day of analysis. A volume of 150 μL of hydrolysate solution (10 mg/mL) was added to 2.85 mL of the FRAP solution and vortexed. The tubes were incubated at 37 °C for 4 min, and after that, absorbance was measured at 593 nm using SPECTROstar Nano Microplate Reader (BMG LABTECH, Ortenberg, Germany). The results were calculated as TEAC—mM TE/100 g protein.





2.8. Acetylcholinesterase Inhibitory Activity Assay (AChE)


The experimental conditions of the in vitro AChE-inhibitory assay were based on the method described by Lobens et al. and modified by [59]. The acetylcholinesterase inhibitory assay was carried out in a 96-well microplate. Each well contained 30 µL AChE (final concentration of 0.05 U/mL), 125 µL 1.5 mM 5,5′ -dithiobis(2-nitrobenzoic acid) (DTNB, D 218200, Sigma Aldrich, Merck, Darmstadt, Germany) dissolved in phosphate-buffered saline (PBS) pH 7.5, 45 µL PBS pH 7.5, and 25 µL test solution or 25 µL negative control (water). A blank sample was prepared by adding buffer instead of the enzyme. The microplate was shaken for 10 s and left at 30 °C for 5 min. Subsequently, 30 µL of 7.5 mM acetylthiocholine (ATCI, 01480, Sigma Aldrich, Merck, Darmstadt, Germany) dissolved in water was added to each well and the absorbance was measured at 412 nm every 30 s for 1 min. The blank corrected data were plotted against time and the reaction rate (the slope of the plot) was calculated. Finally, the inhibition was calculated by comparing the reaction rate in the test solution compared to the negative control. The experiment was performed in triplicate.



The inhibition was expressed as a percentage as follows:


%inhibition = 100 − (Slopesample/Slopenegative control) × 100



(3)







The results are expressed as the concentration of extract (IC50) in µg/mL that inhibited 50% of acetylcholinesterase.




2.9. In Vitro Antimicrobial Assay


Test-Microorganisms and Nutrient Media


Gram-positive bacteria—Listeria monocytogenes NCTC 11994, Staphylococcus aureus ATCC 25093, Gram-negative bacteria—Escherichia coli ATCC 8739, and Salmonella enterica subsp. Enterica serovar abony NCTC 6017 were used in this study. The National Bank supplied the strains for Industrial Microorganisms and Cell Cultures. The following selective bacteriological media were used: Listeria Oxford Agar Base with an additive containing cycloheximide (Biolife, Heidelberg, Germany); ENDO agar (Sigma-Aldrich, Heidelberg, Germany); LEIFSON Agar (Merck, Darmstadt, Germany); Baird Parker Agar Base (Biolife) with yolk-tellurite additive and Plate Count Agar (Merck), respectively.



Antibacterial activity was determined by modifying the agar diffusion method by measuring the inhibition zones of pathogen growth around metal rings into which a certain amount of test material was introduced. Selective media for test cultures were inoculated with pathogen suspensions prepared from a 24-hour culture on PCA. From a suitable ten-fold dilution of the suspension, the melted and cooled to 45–50 °C selective media was inoculated. After solidifying the media, sterilized metal rings with a diameter of Ø = 6 mm were placed on their surface, in which 0.10 and 0.15 μL of the extract were imported, respectively. Test cultures were incubated at 37 °C. The diameter (mm) of the growth inhibition zones of the test cultures was measured at 24 and 48 h, and a comparative assessment of their antibacterial activity was made.





2.10. Statistical Analysis


All experiments and analyses were done in triplicate and mean values are presented. The experimental data were analysed statistically by correlation and regression analysis. Different regression models (linear, logistic, exponential, polynomial, and power-law) were tested to determine the most accurate one according to the coefficient of determination R2. A two-factor variance analysis was implemented in order to determine the influence of the factor’s enzyme-to-substrate ratio and hydrolysis duration, on degree of hydrolysis and on different biological activities (FRAP, CUPRAC, DPPH, ABTS). The research was done with the help of specialized statistical software IBM SPSS Statistics 26. Part of the statistical calculations were performed using the MS Excel 2019 software package (Microsoft Corp., Redmond, WA, USA).





3. Results and Discussion


3.1. Enzyme Hydrolysis


Discovering functional, nutraceutical, and therapeutic agents requires systematic scientific research of the biological effects of dietary elements. One of the crucial factors for this is food protein. It has been demonstrated in the literature that the nutritional value of proteins generated through enzymatic hydrolysis can lead to improved functional and therapeutic properties [60].



In this study, enzymatic hydrolysis was carried out to produce lupin protein hydrolysates. The percentage of cleaved peptide bonds in a protein hydrolysate is referred to as the degree of hydrolysis (DH). The results are presented in Table 2. All the results were statistically different (p < 0.05) between samples as analysed by one-way ANOVA ad Tukey test. Accordingly, the DH increased with the E:S ratio and the duration of hydrolysis. The highest degree of hydrolysis was calculated for sample P9—27.97 ± 0.37%. The solo and combined effects of E:S ratio and duration of hydrolysis were analyzed by two-way ANOVA (results in Supplementary file). Both factors and combination influenced the DH (p < 0.05). Schlegel et al. [61] also studied the degree of hydrolysis of lupin proteins by papain. In their study, only a 0.2% E:S ratio for 2 h was used and the temperature was set to 80°C instead of 65 °C that was used in this study. The authors reported a DH of 2.61 ± 0.66%, which is much lower than the one we obtained.



Papain, being a cysteine endopeptidase, possesses broad specificity for peptide bonds; however, it prefers an amino acid bearing a large hydrophobic side chain at the P2 position. The resulting lupin hydrolysates were subjected to SDS-PAGE analysis. The electrophoretic pattern of protein molecular weight distribution of each sample is given in Supplementary file. Presented in Table 3 are the corresponding molecular weights (in Daltons) of each identified fraction. Overall, in all the samples, the resulting polypeptide fragments possessed molecular weight below 16 kDa. Four to five fractions are identified in all the samples. We might also consider that the bands’ intensity decreased as the hydrolysis progressed. Similar electrophoretic profile was reported by Schlegel et al. [61] for papain lupin hydrolysates after 120 min of reaction. In a study by Goggin, it was demonstrated that lupin protein fractions possess IgE-reactivity in the range 40–26 kDa [62]. In this regard, the treatment with papain most likely resulted in breaking down the allergen fractions. Papain was demonstrated to remarkably hydrolyze all soy protein proteins into small peptides and amino acids not visible in the electrophoretic pattern [63]. LPH were demonstrated to crosses the human intestinal Caco-2 monolayer, as well as to exert remarkable reduction in nitric oxide and ROS in the cell-based system [33].



Considering our results, we may conclude that enzymatic hydrolysis with papain led to the release of low molecular weight peptides which exhibit certain biological activities described below.




3.2. Antioxidant Activity (AOA)


One of the most popular types of biologically active compounds that intrigues researchers is antioxidants. The importance of oxidative stress and the protective functions of antioxidants encourage researchers to create different techniques to evaluate the antioxidant potential of various functional components in food. Recent studies have focused on proteins that can be enzymatically hydrolyzed to produce peptide antioxidants. As there is no universal method for its measuring, several methods are normally used to calculate the number of antioxidant molecules present in diverse food products and their potential to prevent oxidative food deterioration [64], including chemical techniques, in vitro cell biology techniques, and in vivo animal investigations.



In our study, the AOA of the released peptides was measured by four generally recognized spectrophotometric methods, and the corresponding results are presented in Figure 1. Two-way ANOVA was performed in order to study the effect of the E:S ratio and the duration of hydrolysis on the AOA. For CUPRAC, FRAP, and ABTS, the single effect of both factors had impact (p < 0.05, results in Supplementary file). For these methods, the combined effect of both factors did not influence the AOA activity. For the DPPH method, only the effect of the E:S ratio mattered.



According to the results, presented in Figure 1, FRAP and ABTS displayed the most pronounced data. However, depending on the type of antioxidant molecule, each assay employed to evaluate antioxidant capacity should be considered as well [65]. When tested with ABTS•+ scavenging assay, a thousand times higher AOA was measured for all the hydrolysates, compared to the other three techniques. P2, corresponding to an E:S ratio of 0.5% showed the highest antioxidant activity (1.15 MTE/100 g protein). Until the first hour, we see a slow increase in the activity, and the last three protein hydrolysates (P7; P8 and P9) show a reduction in the free radical scavenging potential. The measurement with FRAP methodology appeared to exhibit significant reducing power. The activity varied between 5.25 and 6.45 mMTE/100 g protein, samples P2 and P6 being the most active. Similar results were obtained when CUPRAC and DPPH methods were applied. Values below 1.0 mMTE/100 g protein were measured. According to earlier research, protein hydrolysates or peptides with significant DPPH or other radical scavenging capabilities typically have high hydrophobic amino acid content or hydrophobicity [66]. The sample preparation in our study included only aqueous solution, which could be the reason for the lower values of activities.



Food-derived antioxidant peptides typically range in length from 2 to 15 amino acids [67]. It is important to point out that antioxidant peptides usually contain hydrophobic amino acids including leucine, isoleucine, and proline [68], as well as aromatic amino residues such as tyrosine [69]. The major factor of the size, content, and amino acid sequence of the peptides is the type of peptidase, which has an impact on the antioxidant activity of protein hydrolysates [70]. The optimization of the enzymatic conditions, such as temperature, pH, E:S, and time, as well as the molecular weight, are also important determining factors in obtaining antioxidant peptides. The molecular weight of peptides of 500–1500 Daltons is considered to have higher antioxidant activity than peptides with a molecular weight of 1500 Daltons or less than 500 Daltons [71]. This type of peptide can be isolated and identified from different sources: beans [72], nuts [73], seeds [74], and other food products [67].



A study from 2020 [70] focused on the production, separation, and purification of different antioxidant peptides generated from plant proteins over the last 20 years and it summarizes them along with possible mechanisms and evaluation approaches. However, there is not necessarily a linear relationship between the antioxidant activity and the degree of hydrolysis of protein hydrolysates. On one side, favorable pH can have a considerable impact on the efficiency of enzymatic hydrolysis; on the other side, caution should be taken because a percentage of peptide fragments with antioxidant properties could be converted into passive amino acids or peptides by excessive hydrolysis. Numerous studies have demonstrated the possible use of antioxidant peptides produced from plant proteins in the food systems [67,70].




3.3. Antimicrobial Activity of LPH


Infectious diseases are the primary cause of death worldwide and are becoming a global issue. Antibiotics are frequently used to treat bacterial infections, due to their active characteristics [75]. However, this caused the establishment and spread of resistant types of bacteria which have consequences on human health [76]. Even low concentrations of antibiotics put into the environment can “enrich” the population of resistant bacterial strains. In this regard, there is some evidence that peptides may be able to satisfy this need because of their ability to suppress the activity of several types of pathogenic microorganisms: Gram-positive (Listeria monocytogenes, Bacillus cereus, Staphylococcus aureus, Micrococcus luteus) and Gram-negative (Escherichia coli, Yersinia enterocolitica) [77]. The antibacterial activity of peptides is primarily caused by the presence of sequences rich in positive amino acids and the amphiphilic nature of the peptide sequence [78]. The structural characteristics of these physiologically active peptides, such as peptide size, amino acid content, or charge, influence their efficacy as antibacterial compounds [79]. It is established/demonstrated that lysine and arginine are the essential amino acids with the most substantial antibacterial effects [80]. These antimicrobial peptides’ characteristics ultimately enable them to break through bacterial membranes, produce pores, and remove undesirable bacteria by modifying homeostasis. It was also demonstrated that peptide hydrolysates with molecular weights between 400 and 1400 Da had the strongest antibacterial activity [77]. Antimicrobial peptides were considered a new horizon in science because of the simplicity of their structure compared to that of proteins, which is related to the faster knowledge of the function–structure relationship. Peptides may satisfy this need because studies suggest that they can suppress the activity of several types of pathogenic bacteria.



In our study, the antibacterial activity of nine lupin hydrolysates was tested by plate growth inhibition (Table 4). Strains of pathogenic bacteria reported causing infections, toxic infections, and toxicoses were used as test microorganisms. Antimicrobial assays were carried out against the following bacterial strains: Escherichia coli, Salmonella enterica, S. aureus and L. monocytogenes. As positive control, tetracycline was used, and sterile water with the bacterial suspension as a negative control.



From the obtained results, it could be concluded that LPH has enhanced inhibitory potential against Gram (-) bacterium (Escherichia coli). The strongest inhibition is demonstrated by sample P7, with an inhibition zone of 1.3 cm. Regarding Gram (+) bacteria (S. aureus), only one sample (P4) showed inhibition. None of the other hydrolysates tested have demonstrated significant activity against Gram (+) bacteria. The only published study on the topic was from Osman et al. (2016) [81] who reported similar results for alcalase hydrolysates of lupin protein on E. coli. In addition, they reported inhibition of S. aureus that was not detected in our study. The findings of this study demonstrated that lupin protein could demonstrate antibacterial activity against Gram (-) bacteria by enzymatic hydrolysis by papain at pH 6 and 65 °C for 120 min, and this method could be used as a bio-preservation technique in food systems. Such application of bioactive peptides of pea and red kidney on enhancing the quality and safety of raw buffalo meat was reported [82].




3.4. Acetylcholinesterase Inhibitory Actzivity of LPH


The importance of acetylcholinesterase currently represents the major clue pointing to the cause of Alzheimer’s disease and comprises much of the scientific attention and research. The protein structure of the enzymes suggests their blocking by peptides of suitable structure; however, it was so far neglected by the scientific community until now. Nowadays, only few studies have examined whether enzymatic hydrolysates of dietary proteins can block the enzyme [83,84]. More investigations are needed to clarify the relationships between particular amino acids and their order on a peptide chain with AChE-inhibitory effectiveness both in vitro and in vivo. The findings of our study have shown that lupin proteins could be considered as a highly prominent precursor of peptides with anti-AChE activity. Presented in Figure 2 are the results from the analysis of LPH against acetylcholinesterase inhibitory activity. According to the results in Figure 2, all of the papain protein hydrolysates exhibited acetylcholinesterase inhibitory activity. The effect of E:S ratio and duration of hydrolysis was tested by two-way ANOVA and Tukey HSD multiple comparisons test (Results in Supplementary file). Both factors are considered as the combination of them has significant impact (p-value ≤ 0.05, results in Supplementary file) on the manifestation of the activity. Statistically significant difference was calculated between the three different E:S ratios. The tests between the hydrolysis duration levels showed p-value ≤ 0.05 only between 30–60 and 30–120. Sample P1 exhibited the highest AChE inhibition (IC50 = 199.63 mg/g protein), which is suggestive of the presence of peptides with significant affinity for the enzyme. We may assume that the AChE-inhibitory effects of papain protein hydrolysates could be also the result of the synergistic interactions between various peptides. The study on hempseed protein hydrolysates derived by the action of alcalase, papain, and pepsin reported active peptides in the range 6–11 µg/mL (IC50) [49]. The analysis of molecular weight distribution suggested that the active peptides possess ultra-low molecular weight (<1000 Da). Some papers have documented specific proteins and amino acids as relevant to the inhibition of AChE [47]. The same authors assumed that the presence of high concentration of lysine (39.62–40.18%) in the active hydrolysates could be also a contribution. Nevertheless, further studies are needed to clarify the kinetics of inhibition. Future research on Alzheimer’s disease should take the inhibitory peptides into perspective to demonstrate their potential efficacy as therapeutic agents and/or functional food additives. While in vivo studies are required to definitively determine the positive impact of adding hydrolysates to functional meals, it is crucial to do previous in vitro research to identify lupin hydrolysates with AChE inhibitory activity.




3.5. Correlation Analysis


The dependence of various biological activities (FRAP, CUPRAC, DPPH, ABTS, and AChE inh.) on the degree of hydrolysis (DH) of papain enzyme was investigated using correlation analysis. The results are summarized in the following Table 5.



In the first column of the table, the investigated dependencies are described; in the second column the values of the correlation coefficients are given; in the third column are the values of the coefficient of determination for different types of regression (linear, exponential, logarithmic, etc.); and in the last column are the p-values. According to Cohen’s scale [85], the correlation between DH-Ache inh is very high, DH-CUPRAC is high, between DH-DPPH and DH-ABTS is medium, and between DH-FRAP is weak. The data in the last column show that the DH-CUPRAC and DH-AChE inh. Relationships are statistically significant as p-value ≤ 0.05. Therefore, these two dependencies are subjected to regression analysis and their coefficients of determination are determined in different types of regression.



The relationship between DH-CUPRAC has the highest coefficient of determination in a fourth-order polynomial regression and is therefore best described by the following equation:


y = 4.10−6x4 − 0.0005x3 + 0.0221x2 − 0.4239x + 3.1945



(4)







The relationship between DH-AchE inh. Has the highest coefficient of determination in a fourth-order polynomial regression and is therefore best described by the following equation:


y = 0.0002x4 − 0.0352x3 + 2.0624x2 − 53.092x + 677.12



(5)









4. Conclusions


This study provides valuable information about the potential of papain-generated lupin protein hydrolysates to exert antimicrobial, antioxidant, and acetylcholinesterase inhibitory activities. Three E:S ratios were studied with three hydrolysis duration times. A total of nine different hydrolysates were generated. Both factors and combination influenced the DH and AchE inhibition (p < 0.05). All the hydrolysates possessed antioxidant activity, acetylcholinesterase inhibitory activity, and inhibited the growth of E. coli ATCC 8739. When tested with ABTS•+ scavenging assay, a thousand times higher AOA was measured for all the hydrolysates, compared to the other three techniques (DPPH, CUPRAC, FRAP). While antioxidant peptides from various sources have been more or less studied, research on protein acetylcholinesterase inhibitors is rather scarce. In this regard, our findings are of significant importance. We measured IC50 from 155.56 to 199.63 mg/g protein between samples that, in our opinion, highlights the need for more detailed studies on that topic. Further studies of the peptide structure–activity relationship are needed.
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Figure 1. Antioxidant activity of lupin protein hydrolysates according to (A) ABTS, and (B) DPPH, FRAP, and CUPRAC. Values are means ± SEM, n = 3 per treatment group. Different letters (a–f) within each assay chart columns indicate significant differences (p < 0.05) between treatments as analyzed by one-way ANOVA and TUKEY test. 
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Figure 2. IC50 of lupin protein hydrolysates toward acetylcholinesterase activity. Values are means ± SEM, n = 3 per treatment group. Different letters (a–e) indicate significant differences (p < 0.05) between treatments as analyzed by one-way ANOVA and TUKEY test. 
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Table 1. Hydrolysates abbreviation and hydrolysis conditions.






Table 1. Hydrolysates abbreviation and hydrolysis conditions.





	Sample Abbreviation
	E:S Ratio, %
	Enzymatic Hydrolysis Duration, min





	P1
	0.5
	30



	P2
	0.5
	60



	P3
	0.5
	120



	P4
	1.0
	30



	P5
	1.0
	60



	P6
	1.0
	120



	P7
	2.0
	30



	P8
	2.0
	60



	P9
	2.0
	120
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Table 2. Degree of hydrolysis of lupin protein hydrolysates.






Table 2. Degree of hydrolysis of lupin protein hydrolysates.





	Sample №
	DH, %





	P1
	9.06 ± 0.20 g



	P2
	14.20 ± 0.18 e



	P3
	18.83 ± 0.11 c



	P4
	13.18 ± 0.11 f



	P5
	17.01 ± 0.11 d



	P6
	23.09 ± 0.48 b



	P7
	16.97 ± 0.04 d



	P8
	22.80 ± 0.08 b



	P9
	27.97 ± 0.37 a







Values are means ± SEM, n = 3 per treatment group. Means in a column without a common superscript letter differ (p < 0.05) as analyzed by one-way ANOVA and the TUKEY test.
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Table 3. Molecular weights (in Daltons) of identified fractions by SDS-PAGE.






Table 3. Molecular weights (in Daltons) of identified fractions by SDS-PAGE.





	Band/MW
	P1
	P2
	P3
	P4
	P5
	P6
	P7
	P8
	P9





	1
	15,660
	16,686
	16,509
	15,433
	16,910
	16,606
	16,166
	15,625
	14,135



	2
	9387
	10,310
	11,127
	10,208
	14,646
	11,742
	11,438
	11,700
	2301



	3
	2308
	2506
	2365
	2488
	2758
	2750
	2572
	2531
	753



	4
	843
	1088
	857
	940
	1109
	1151
	956
	909
	<500



	5
	-
	835
	-
	<500
	<500
	<500
	<500
	<500
	-







“-”—no corresponding band detected
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Table 4. Antibacterial activity of lupin protein hydrolysate.






Table 4. Antibacterial activity of lupin protein hydrolysate.





	
Microorganism

	
P1

	
P2

	
P3

	
P4

	
P5

	
P6

	
P7

	
P8

	
P9




	
Zone of Inhibition, cm






	
E. coli ATCC 8739

	
0.9 ± 0.01 d

	
1 ± 0.06 c

	
0.9 ± 0.00 d

	
0.8 ± 0.01

	
0.6 ± 0.00 g

	
1.1 ± 0.00 b

	
1.3 ± 0.00 a

	
0.7 ± 0.01 f

	
1.1 ± 0.01 b




	
S. enterica NCTC 6017

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
S. aureus ATCC 25093

	
-

	
-

	
-

	
0.7

	
-

	
-

	
-

	
-

	
-




	
L. monocytogenes NCTC 11994

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-








“-”—not detected. Values are means ± SEM, n = 3 per treatment group. Means in a row without a common superscript letter differ (p < 0.05) as analyzed by one-way ANOVA and the TUKEY test.
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Table 5. Dependence of various biological activities on the degree of hydrolysis (DH) of papain.






Table 5. Dependence of various biological activities on the degree of hydrolysis (DH) of papain.





	
Correlations

	
r

	
R2

	
p-Value




	
Linear

	
Exponential

	
Logarithmic

	
Polynomial

	
Power






	
DH-FRAP

	
−0.2275

	
0.0518

	
0.0551

	
0.13

	
0.874

	
0.138

	
0.556




	
DH-CUPRAC

	
0.5886

	
0.3465

	
0.3791

	
0.29

	
0.9552

	
0.31

	
0.0095




	
DH-DPPH

	
0.3848

	
0.1480

	
0.1380

	
0.173

	
0.387

	
0.167

	
0.277




	
DH-ABTS

	
−0.4066

	
0.1650

	
0.1590

	
0.127

	
0.415

	
0.121

	
0.306




	
DH-AChE inh.

	
−0.7994

	
0.6390

	
0.6560

	
0.73

	
0.8533

	
0.747

	
0.0097
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