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Abstract

In this study, Biarum bovei extract was used to produce bioactive peptides from wheat gluten protein and the biological
and functional properties of the hydrolysates were determinated. The results showed that Biarum bovei extract has its
highest protease activity (7.3 U/mg protein) at 45 °C and pH 5. Based on electrophoresis analysis, the molecular weight of
hydrolysate was < 10 kDa. F1 fraction had the highest antioxidant activity in DPPH (65.85 +2.64 umol TE/g)) and ABTS
radical scavenging assays (295.81 umol TE/g). F2 fraction with 86.3 +0.48 had the ability to inhibit the ACE enzyme. The
F3 and F1 fractions had statistically the highest inhibition rate (49.37+0.12%. and 79.19+1.13%) in alpha-glucosidase and
alpha amylase, respectively. The F1, F2 fractions hydrolysate had an inhibitory effect on Escherichia coli, Staphylococcus
aureus, Listeria monocytogenes and Bacillus cereus. Functional properties of hydrolysates with increasing molecular weight,
increased significantly. The presence of high levels (p <0.05) of amino acids with hydroxyl groups, hydrophobic and posi-
tive charged in fractions had critical role on biological and technological activity. These findings confirmed the efficiency
of gluten hydrolysates with low molecular weight (F1 <3 kDa) on biofunctionality such as scavenging radical activity, ACE
inhibitory, antidiabetic and antibacterial activity could be beneficial from health and technological perspectives.
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Abbreviations Introduction

MW  Molecular weight

WG  Wheat gluten Amino acid residues (2-20, MW < 6 kDa) typically exist in
WGH Wheat gluten hydrolysate bioactive peptides but, they are inactive. After hydrolysis
DH Degree of hydrolysis of the parent protein by digestive or microbial enzymes, or
ACE Angiotensin I converting enzyme during processing, they exert their physiological, biologi-
MIC  Minimum inhibitory concentration cal, and functional effects. Depending on their structural
F1 Peptides with a molecular weight <3 kDa characteristics (i.e., sequence of amino acids and com-
F2 Peptides with a molecular weight 3-30 kDa position), peptides can play a variety of roles, including;
F3 Peptides with a molecular weight 30-100 kDa minerals binding, opioids, regulating immune activity, as
F4 Peptides with a molecular weight > 100 kDa antimicrobials and antioxidant or as lowering cholesterol

and blood pressure agent [1]. The increase of the func-
tional foods market can also be explained by other factors,
e.g., the improved life quality of older people, the steady
increase of life expectancy, and the healthcare cost [2, 3].
In addition, numerous peptides have been found to have
multiple properties. So far, antioxidant activities of bioac-
tive peptides and hydrolysates derived from the protein of
sunflower [4], walnut kernel [5], beans [6], egg yolk [7],
Department of Food Science and Technology, Faculty milk casein [8], shrimp [9], tilapia [10] and many other
of Biological Sciences, North Tehran Branch, Islamic Azad substances have been studied. The antimicrobial properties
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of peptides depend on their structural properties, molecu-
lar weight, amino acid composition, hydrophobicity, and
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secondary structure. Researchers reported that peptides
extracted from the addition of probiotics to cottage cheese
reduced the Listeria monocytogenes within the 20-days
storage [11]. The peptides which can lowering blood pres-
sure are often short-chain (2—12 amino acids) containing
acidic amino acids such as aspartic acid and glutamic acid,
in a means time they are positively charged (containing an
alkali group at the amino terminus), and mostly hydropho-
bic [12]. Many studies have been reported on rice [13], soy
[14], peas [15], and flaxseed hydrolysates [16] with diverse
bio-functionality.

Biarum bovei (Kardeh) with the scientific name of
Biarum carduchcorum. 1t is an edible, delicate plant with
broad leaves, three species of which grow in Iran [17].
Researchers reported that by adding the aqueous extract of
Biarum bovei has 100—150 units of the enzyme in each kilo-
gram of the beef, examined the characteristics of kielbasa
produced. Although the aqueous extract of the Biarum bovei
caused the meat to be crispy, increased the emulsifying abil-
ity, and significant improvement in the relevant indicators,
the use of crushed meat did not improve the texture consist-
ency of the produced kielbasa and had no significant effect
on its sensory acceptance [13, 17].

Wheat gluten is an inexpensive protein source compared
with other vegetable proteins having high thiol groups and
excellent functional properties. It can be classified into
two main sub-groups: monomeric gliadins (a-, -, y- and
w-gliadins) and polymeric glutenins (high molecular weight,
HMW, and low molecular weight, LMW, glutenins) [18]. In
recent years, the production of bioactive peptides from food
by-products has been considered. The use of these inexpen-
sive compounds due to the reduction of production costs,
increased added value, and efficient consumption of waste.

Our hypothesis is that the Biarum bovei extract can pro-
duce different peptides from wheat gluten with diverse bio-
functionality. Therefore, this study aimed to examine the
impact of partially purified Biarum bovei enzyme on the
hydrolysis of wheat gluten (by-product of starch industry) to
obtain the potentially bio-active peptides. Several molecu-
lar weight cut-offs (MWCOs) of ultrafiltration (UF) mem-
branes were used to sieve the produced peptides as well as
the assessment of gluten degradation by SDS-PAGE. Func-
tional properties (i.e., solubility, emulsion properties and
foam characterization) of peptides were determined and
then biological properties of the peptides such as antioxidant
activity (DPPHe and ABTSe), ACE inhibitory, antibacterial
activity as well as antidiabetic properties were elucidated
and finally the amino acid compositions of the hydrolysates
were also determined. The findings of this study not only
opens new horizons on the application of starch industry
by-products (i.e., wheat protein) but it could also provide
new insights into the utilization of gluten hydrolysates as
bio-functionality agents.

Materials and methods

Wheat gluten (80.45% protein) was purchased from the
Shahdineh factory (Esfahan, Iran). The approved (Depart-
ment of Botany, Shiraz University, Iran) variety of Biarum
bovei were collected (May to June, 2020) from local farms
(Kazeron city, Fars province, Iran). All chemicals used in
this study were provided by Merck and were of analytical
grade.

Preparation of enzymatic extract

After Biarum bovei collection, the samples were washed
with deionized water and dried in the laboratory (25 °C),
then ground by an electric grinder (Honda 8 hp OHV
engine, USA) and stored in the refrigerator. 100 g of
Biarum bovei were mixed with 600 ml of sodium chloride
solution (0.85%), stirring (24 h), filtered and then centri-
fuged and the supernatant was kept at 4 °C until further
use. The crude enzyme, which was extracted in the previ-
ous step, was mixed with ammonium sulfate (65% satura-
tion) to precipitate the protease. To do this, ammonium
sulfate was first added to the sample in the presence of
ice and dissolved well (65% saturation) and allowed to
stir (3 h, 4 °C), then centrifuged (12,000xg, 15 min, 4 °C)
and the precipitate was dialyzed (cut off 14,000 Daltons)
against phosphate buffer (pH 7, 4 °C) for 24 h [19].

Determination of enzymatic activity

Protease activity of the Biarum bovei extract was tested at
room temperature in phosphate buffer (50 mM containing
5 mM DTT, 2 mM EDTA, and 5 mM L-cysteine, pH 6.5)
using casein as substrate. First, the enzyme extract (50 pl)
was mixed with buffer (350 pl), then casein (400 pl of 1%
(w/v)) was added and the reaction was performed (35 °C
for 60 min) at 10 min intervals. The reaction was then
stopped by trichloroacetic acid solution (10%, 800 pl). The
sample was kept (30 min) at room temperature, centri-
fuged (12,000xg, 10 min), and the absorbance of super-
natant was read (A=280 nm). An enzyme unit means the
amount of enzyme that can convert preotein (e.g., casein)
to the equivalent products (e.g., tyrosine amino acid).
Various concentrations (0.1-1 mM) of tyrosine amino
acid were also used to plot the standard curve [20]. The
quantity of soluble protein was determined by using the
Bradford procedure at 595 nm with bovine serum albumin
(BSA, 0.1-1 mg/ml) as a standard protein. All experiments
related to activity were done with three replications.
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The hydrolysis process and separation of peptide
via ultrafiltration

The hydrolysis process of wheat proteins was performed
using the Biarum bovei extract (pH 5, 45 °C). In a reac-
tion container equipped with a stirrer, wheat glutens (WG)
powder was dispersed (5% w/v) in distilled water (85 °C
for 10 min), before adding the enzyme, the pH and tem-
perature were regulated. Enzyme with a 1:10 substrate:
enzyme ratio (based on WG protein content) was added
to the dispersion and the enzymatic digestion process
was performed (6 h, under the same constant conditions).
The pH of the mixture was fixed by the pH-State method
(NaOH =1 N). Upon the completion of the digestion, the
excess enzyme was inactivated by immersing the reaction
chamber in a 90 °C water bath for 10 min, then immedi-
ately cooled down in ice pool. The insoluble components
were allowed to sediment (8000 g, 4 °C, 15 min), the
supernatant filtered and vacuum dried, then the obtained
powder was stored in the refrigerator until further pro-
cessing and the degree of hydrolysis was calculated by
the pH-stat method [13, 21]. Wheat gluten hydrolysate
(WGH) was then filtered through 100, 30 and 3 kDa and
finally, fractions 4 were isolated.

SDS-PAGE electrophoresis

The gels were prepared with a 5% stacking gel (pH 6.8) and
15% polyacrylamide resolving gel (pH 8.8). Until loading
the samples onto the gels, they were dissolved in sample
buffer (0.1 M Tris—HCL, pH6.8, 2% SDS, 5% -mercaptoe-
thanol, and 0.02 percent bromophenol blue). Using methanol
(40% v/v) and an acetic acid (7% v/v) solution, the gels were
stained with Comassie brilliant blue R-250 (0.125% w/v),
then de-stained in the same solution [22].

Determination of antioxidant properties
DPPH free radical scavenging activity

The free radical scavenging activity of 2,2-diphenyl-1-pic-
rylhydrazyl was measured using the method of Wang [23]
with slight modification. For this, 500 pl of DPPH solution
(0.16 mM in 96% ethanol) was mixed with 500 pl of the
sample in a 1.5 ml microtube. The control sample was pre-
pared by replacing the sample with distilled water. The mix-
ture was then vortexed well and kept at room temperature in
the dark for 30 min. After this period, the absorbance of the
samples in a 96-cell plate and at a wavelength of 517 nm was
read by spectrophotometer (Agilent-Carry 60, California,
USA). The ability to inhibit DPPH radicals was expressed
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using the standard Trolox curve (10-200 pmol/ml) per mg
of dry matter.

ABTS free radical scavenging activity

The method of Gimenez [24] was used to evaluate the abil-
ity of ABTS radical inhibition. 7 mM ABTS solution in
2.45 mM potassium persulfate was prepared in a dark glass
container and kept at room temperature in a dark place for
16 h. After that, dilution was performed with distilled water
to reach an absorption of 0.7 at 764 nm. Then 20 pl of the
sample was mixed with 980 pl of diluted ABTS solution
and kept in a dark place at 30 °C for 10 min, after which
the adsorption time of the samples was read at 734 nm. The
ability to inhibit ABTS cation radicals was calculated using
the standard Trolox curve formula (50-1100 pmol/ml).

Angiotensin | converting enzyme inhibitory activity

50 pl of the sample (hydrolyzed protein and each of the
peptide fractions) was mixed with 50 pl of ACE solution
(25 units/ml) and incubated at 3 °C for 5 min. The result-
ing mixture was then incubated with 150 pl of the substrate
((Hip-His-Leu), 8.3 mM in 50 mM sodium borate buffer) for
60 min at the same temperature. The reaction was stopped
by adding 250 pl of 1 M hydrochloric acid solution. After
centrifugation at 3000 rpm for 15 min, 0.2 ml of the super-
natant was transferred into the test tube and dried at 80 °C
for 1 h. Hypoboric acid was dissolved in 0.5 ml of distilled
water and the absorption of the final solution was determined
at 228 nm using a spectrophotometer. The IC50 index was
also reported as the concentration required to inhibit 50% of
the ACE enzyme [25].

Evaluation of the antibacterial activity

The micro-dilution method was used to determine the anti-
bacterial properties of bioactive peptides derived from wheat
gluten protein. For this purpose, after inoculation and acti-
vation of each of the pathogenic bacteria in Miiller-Hinton
broth culture medium at 37 °C for 24 h, a microbial sus-
pension with a concentration of 10* CFU/ml was prepared.
Then, different dilutions of the antibacterial agent (bioac-
tive peptide) with a coefficient of one half were prepared
and with a constant concentration (10* CFU/ml) of each of
the studied bacteria and incubated in a 96-well microplate
at 37 °C for 24 h. The first row of the plate was consid-
ered as negative control and only contained culture medium
and antimicrobial compound with a certain concentration.
The last row as a positive control contained only culture
medium and bacterial suspension with a concentration of
(10* CFU/ml). The final volume of each microplate well
was considered to be 200 pl. After the incubation period, the
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light absorption of each well was determined with an ELISA
reader at a wavelength of 600 nm and the least concentration
of antibacterial agent (bioactive peptide) that inhibited the
growth of each bacterium and had a turbidity of lower than
positive control was considered as the minimum inhibitory
concentration (MIC) [22, 26].

Anti-diabetic activity
Alpha-glucosidase enzyme inhibitory

Mouse intestinal alpha-glucosidase inhibitory activity of
Connelly [27] was performed with slight modifications.
Initially, a concentration of 20 mg/ml from the sample was
made and then the enzyme was extracted from mouse intes-
tinal powder by buffer and then the extract was diluted to 90
Mu/ml. Enzyme activity was measured at 37 °C and 405 nm
for each sample. 5 mg/ml acarbose solution was used as a
positive control.

Porcine alpha-amylase inhibition assay

The inhibitory activity of gluten enzymatic hydrolysates to
the porcine alpha-amylase enzyme was evaluated by Con-
nolly [27] with some modifications. First, a mixture of
100 pl of the enzyme solution (3.75 U/ml) with 100 pl of the
sample was incubate at 37 °C for 10 min and then 200 pl of
the starch solution (0.5% w/v) was added. The reaction was
started and after 15 min at 37 °C, the reaction was stopped
by adding 400 pl of DNS solution. Then immersed in boil-
ing water for 5 min and immediately put on ice and diluted
with 3 ml of distilled water. Finally, the absorbance of the
mixture was read at 540 nm. Acarbose was also used as a
positive control.

Functional properties
Solubility

The solubility of gluten hydrolysates at pH 2, 4, 7, 10 was
evaluated by dissolving 100 mg of the hydrolysates and the
control sample in 10 ml of distilled water, and 1 M NaOH
or HCI1 were used to adjust the pH. The obtained solution
was kept at room temperature for 30 min and centrifuged at
100 g at room temperature for 15 min. Then, the amount of
floating surface protein was obtained by the Lowry method
using the BSA [28].

Emulsifying properties
The Emulsifying Activity Index (EAI) and the Emulsion

Stability Index (ESI) were performed using the Pearse
[29] method with slight modifications. Sunflower oil was

added at a rate of 10 ml to 30 ml of hydrolysate solution at
a concentration of 2 mg/ml and after mixing, the pH of the
samples was adjusted at 7. The mixture was homogenized
at 12,000xg for 1 min. 50 pl of the formed emulsion was
diluted 100 times using 0.1% sodium dodecyl sulfate solu-
tion. Then, the absorption rate of the sample was read at a
wavelength of 500 nm. The same steps were repeated for
the formed emulsion after 10 min at room temperature and
the adsorption rate was obtained at the desired wavelength.

Foaming characteristics

The foaming expansion (FE) and foam stability (FS) of
the produced from the hydrolysates were determined
using the method of Shahidi [9] with slight modifications.
20 ml of hydrolysate solution at a concentration of 1%
w/v was homogenized in a homogenizer for one minute at
12,000 rpm and room temperature. The obtained samples
were transferred into a graduated cylinder and kept at room
temperature for 10 min. The foaming expansion is the ability
to expand the foam in zero minutes and the foam stability is
the amount of foam diffusion after 10 min.

Amino acid analysis

The amino acid composition of the hydrolysates was deter-
mined using an automatic amino acid analyzer (Hitachi
High-Technologies Co., Japan, L-8900) equipped with a
Hitachi ion exchange resin column (60 mm X 4.6 mm id,
1 um). Twenty amino acids from the sample powder were
analyzed. The amino acid contents of hydrolysates were
expressed as percent.

Statistical analysis

Every experiment described here was carried out indepen-
dently in triplicate and the findings were recorded. Statistical
analysis was calculated using analysis of variance with Dun-
can's analysis (5% level). The mean and standard deviation
were calculated in Excel software. SPSS software version 18
was used to analyze the data and Excel software was used
to draw the graphs.

Results and discussion

According to the findings, the protein content of the aque-
ous extract of Biarum bovei was 5.41 mg/ml. As can be seen
in Fig. 1, the highest activity of the enzyme was at pH 5,
which the enzyme activity was 7.3 (U/mg protein) and by
increasing the pH to 9, enzyme activity decreased (2.19 U/
mg protein) significantly (p * 0.05). This indicates that the
protease enzyme in Biarum bovei extract is acidic and its
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Fig. 1 Enzyme activity of par-
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activity decreases in alkaline conditions so that the lower the
pH of the extraction buffer and the closer to the optimum pH
of activity, the higher the residual activity. In this respect,
the enzymatic extract of the plant is similar to other aspartic
proteases [30].

According to Fig. 1, with increasing temperature from
25 to 45 °C, a significant increase in the Biarum bovei
enzyme activity was observed, which became flat with fur-
ther increase to 55 °C. Therefore, enzyme activity of extract
5.76 (U/mg protein) at 45 °C was used as the most optimum
activity temperature for hydrolysis. In a study, the maximum
temperature for the enzymatic activity of aspartic enzyme
extracted from Rhizopus oryzae was reported at 60 °C and
stated that this enzyme is inactivated rapidly at high tem-
peratures [31]. Similar results were observed by protease
isolated from Biarum bovei which 45 °C and pH 5 were
reported as the most suitable conditions for Biarum bovei
extract activity and use of it to produce cheese from milk
[17,32].

SDS-PAGE analysis

By using partially purified Biarum bovei extract, the frac-
tionated of the wheat gluten were hydrolyzed (6 h, 45 °C)
and their SDS-PAGE analyses were performed in order to
investigate the cleaving actions of Biarum bovei protease
(Fig. 2). The electrophoretic pattern of gluten and hydro-
lysates confirms that the Biarum bovei enzyme extract was
able to hydrolyze gluten. The effective degradation was
occurred by enzyme and the high molecular weight-related
bands (> 10 kDa) were disappeared (Fig. 2). The peptide
profile of gluten which were digested during this study
was similar to the one which was digested with pepsin and
kiwifruit extract [10, 11]. These peptides are expected to
express desirable functional properties namely; antioxidant
properties, antihypertensive, and anti-diabetic properties
[17]. Jayawardana [33] also showed that gluten hydrolysate
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Fig. 2 Illustration of SDS-PAGE profiles of wheat gluten and hydro-
lysates. The following abbreviations: M, A and B refer to the marker
protein, gluten protein and gluten protein hydrolysate, respectively

fractions (< 3 kDa) had the highest alpha-amylase inhibitory
and antioxidant activity.

Antioxidant properties

The DPPH radical scavenging activity of each component
of the ultrafiltration membrane of gluten protein hydro-
lysates is shown in Table 1. The highest level of inhibi-
tion was observed in hydrolyzed components of less than
3 kDa and was 65.85 +2.64 umol TE/g. The lowest level
of inhibition was related to the component of > 100 kDa
and was 18.25 +1.74 umol TE/g. The researchers reported
that smaller-sized peptides had a higher radical scav-
enging activity than the others ultrafiltration membrane
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Table 1 Comparison

.. Peptide fraction
of antioxidant and

DPPHe radical scavenging

ABTSe radical scavenging Antihypertension

. . - activity (p mol TE/g) activity (p mol TE/g) activity (ACE-I) (%)
antihypertension activity
(ACE-]) of gluten hydrolysate F1 (‘3 kDa) 65.85+2.64% 295.81 +2.05° 24.4+0.55°
fractions F2 (3-30 kDa) 51.45+3.37° 232.55+3.31° 86.3+0.48°
F3 (30-100 kDa) 48.4+1.21° 188.25+1.49° 81.3+3.11°
F4 (> 100 kDa) 18.25+1.74¢ 115.24+5.48¢ 46.87+2.23

The results represent mean=+ SD for three experiments. Concentration of peptide fraction for antioxidant
activity and ACE inhibitory was 5 mg/ml and 10 mg/ml, respectively. Different small letters in each col-
umn indicate the significant difference between fractions and concentrations (p <0.05)

components. Also, the type of amino acid in these hydro-
lysates would affect DPPH scavenging activity [14, 34].
Table 1 shows the ABTS radical scavenging activity
of each ultrafiltration membrane component. The results
showed that all components have ABTS radical scavenging
activity and the highest scavenging rate is related to the
component less than 3 kDa that is 295.81/2.5 p molTE/g
and the lowest scavenging activity was related to the
component < 100 kDa that was 115.24 +5.48 umol TE/g.
These results were in good agreement with the research
of Zhuang [35]. The researchers reported that a < 10 kDa
component of corn hydrolyzed had more ABTS cation rad-
ical scavenging activity than a component with a higher
molecular weight. Researchers have also reported that
peptides with a molecular weight of less than 3 kDa from
hydrolyzed pinto beans have a higher scavenging activity
than other components with a higher molecular weight
[7, 19]. Both F1 and F2 feactions are antioxidants, they
contain positively charged (His and Arg) and hydropho-
bic (Pro) amino acids. On the other hand, Phe and Arg
(Table 4) contents of F1 fraction was high. Based on F1
fraction amino acid composition results (Table 4), the high
content of hydrophobic amino acids namely; Tyr (3.69%),
Pro (14.47%), Val (6.92%), and Ala (6.75%) may be asso-
ciated with antioxidant activity. The researchers stated that
a possible explanation for these findings may be due to the
abundance of hydrophobic and hydrophilic amino acids
in peptides enriched during ultrafiltration, especially at
low molecular weights [14]. The antioxidant properties
of low molecular weight peptides have been confirmed
that due to their molecular weight because they can easily
react with lipid radicals and reduce lipid peroxidation [36].
Like DPPH radicals, the molecular weight and structure of
peptides and their amino acid sequence affect the rate of
ABTS cation radical scavenging activity. Degradation of
the natural structure of proteins by enzymatic hydrolysis
leads to the denaturation and exposure of active amino
acid groups that react with free radicals. These amino
acids can act as electron donors in the presence of free
electrons, thereby causing radical chain reactions by inhib-
iting the production of non-radical products and making
antioxidant effects [43]. The hydrophobicity of peptides

also plays an important role in their antioxidant activity,
especially in inhibiting free radicals [37].

ACE blocking capability

The relative ACE inhibitory activity in all produced frac-
tions is given in Table 1. Of the 4 fractions produced, 2 frac-
tions, F2 (peptides with a molecular weight between 3 and
30 kDa) and F3 (peptides with a molecular weight between
30 and 100 kDa) have higher inhibitory activity than the
others. The fraction F2 with 86.3 +0.48% had the highest
inhibitory activity and then F3 with 81.3 £3.11% had the
ability to inhibit this ACE enzyme (there was no signifi-
cant difference between F2 and F3). The fraction F1 with
24.4 +£0.55% has the least inhibitory capability. The high
content of hydrophobic amino acids namely (Table 4); Tyr
(3.69%), Pro (14.47%), Val (6.92%), and Ala (6.75%) may be
associated with ACE blocking capability. From these results,
it can be stated that the resulting peptides in two fractions F2
and F3 have the ability to bind to the active site of the ACE
enzyme by hydrogen, hydrophobicity, and Van der Waals
binding and reduce the activity of this enzyme by different
mechanisms. The results obtained in comparison with the
results of other researchers show that hydrolysates derived
from gluten protein using Biarum bovei extracts have a better
ability to reduce blood pressure. Cheung [38] reported that
the hydrolysis of barley protein using the enzyme thermo-
lysin was about 90%.

Antimicrobial ability

The minimum inhibitory concentrations of bioactive pep-
tides produced by Biarum bovei extract on wheat gluten
protein against Escherichia coli, Staphylococcus aureus,
Listeria monocytogenes, and Bacillus cereus are shown in
Table 2. According to the results, gluten protein (control
sample) had no inhibitory effect on any of the bacteria,
while F1 hydrolysates (with a molecular weight of less than
3 kDa) had inhibitory power on all bacteria. Hydrolysates
of fraction F2 (peptides with a molecular weight between 3
and 30 kDa) also had inhibitory effect on Escherichia coli,
Listeria, Bacillus cereus and Staphylococcus, but in higher
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Table 2 Comparison

- < P Escherichia coli Staphylococcus Listeria monocy-  Bacillus cereus
of minimum inhibitory aureus togenes
concentration (MIC) of gluten
hydrolysate fractions Gluten hydrolysate _ _ _ _
F1 (“3 kDa) +1/8 +1/8 +1/16 +1/4
F2 (3-30 kDa) +1 +1 +1/8 +1
F3 (30-100 kDa) +1 +1 +1 +1
F4 (> 100 kDa) - - - -

Concentration of gluten fraction hydrolysates was 10 mg/ml). +Inhibitory effect on bacterial growth, —
Lack of inhibition of bacterial growth), (1: Bioactive peptide without dilution; 1/16, 1/8, 1/4: Bioactive
peptide diluted with sterile distilled water)

concentrations than F1. Peptides of fraction F3 (hydrolysates
with a molecular weight between 30 and 100 kDa) had only
inhibitory effect on Escherichia coli and Listeria monocy-
togenes and Bacillus, and hydrolyzers of fraction F4 (hydro-
lysates with a molecular weight greater than 100 kDa) had
no inhibitory effect on any bacteria. The peptides did not
show different activity Quantitatively and the results showed
that Staphylococcus aureus was the most resistant bacte-
rium to wheat gluten peptides and Listeria monocytogenes
was the most sensitive bacterium to these peptides produced
from Biarum bovei. Most peptides can exert their micro-
bial effect directly by creating pores in the membrane and
interfering with the passage of ions and nutrients. Molecular
mechanisms and membrane permeation of different peptides
may be affected by parameters such as amino acid sequence,
membrane lipid composition, and peptide concentration
[39]. Antibacterial peptides are usually composed of less
than 50 (12-50) amino acids, have a molecular weight of
5-10 kDa and have cationic and amphipathic properties.
Despite the different structures, the presence of a positive
charge in many peptides enables them to bind to bacterial
membranes [17, 26]. The high content of positive charge
amino acids (Table 4) namely; His, Lys and Arg may be
associated with ACE blocking capability. Antimicrobial
peptides interact with the negatively charged parts of the
bacterial cell membrane through their positively charged
portions and thus accumulates on the surface of the target
cell membrane. The degree of surface hydrophobicity of
peptides also plays an important role in the development
of their antibacterial properties, because the hydrophobic
parts are responsible for communicating with hydrophobic
components in the membrane. Through this interaction with
the cell membrane, major rearrangements occur in the struc-
ture that may be the result of peptide-lipid binding, peptide
transport along the cell membrane, and interaction with
intracellular targets [40]. On the other hand, the antibacte-
rial potential of hydrolyzed proteins increases to a certain
threshold with an increasing degree of surface hydrophobic-
ity, and then a further increase in surface hydrophobicity due
to dimerization of proteins in aqueous solution reduces the
antibacterial effect of hydrolyzed protein. Because protein
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dimers are able to pass through the cell membrane to react
with the target membrane [41]. Pritchard [42] evaluated the
antimicrobial activity of the bioactive peptides derived from
cheddar cheese on bacteria (Escherichia coli, Staphylococ-
cus aureus, and Bacillus cereus) using the micro-dilution
method and showed that peptides with a molecular weight
of less than 10 kDa had the greatest antimicrobial effect on
Bacillus cereus and the least inhibitory effect on Staphylo-
coccus aureus, which is consistent with the results of the
present study.

Inhibition asssay

The results showed that all the fractions of hydrolysates pro-
duced in the concentration used had the inhibitory effect of
the alpha-glucosidase enzyme in the rat intestine (Table 3).
The inhibitory levels of all four hydrolysates were signifi-
cantly different from each other. It showed the highest inhi-
bition rate in the hydrolysates between 30 and 100 kDa (F3)
with a value of 49.37 +0.12%. Fraction inhibitory capacity
greater than 100 kDa (F4) was the lowest at 25.15+0.33 and
did not show a significant difference with F1 (24.70+0.11)
and F2 (25.44 +0.26) hydrolysates. The specificity of this
enzyme and the presence of hydroxylic and hydropho-
bic amino acids in this peptide may be the reason for the
higher inhibitory capacity of this fraction compared to other

Table 3 Comparison of antidiabetic activity of gluten hydrolysate
fractions

Peptide fraction a-Glucosidase inhibition «-Amylase

activity (%) inhibition activity

(%)
F1 (‘3 kDa) 24.7+0.11° 79.19+1.13%
F2 (3-30 kDa) 25.44+0.26" 57.83+2.33°
F3 (30-100 kDa) 49.37+0.12° 44.25+0.95¢
F4 (> 100 kDa) 25.25+0.33° 40.07.24+1.21¢

The results represent mean + SD for three experiments. Concentration
of gluten fraction hydrolysates was 30 mg/ml. Different letters in each
column indicate the significant difference between fractions and con-
centrations (p <0.05)
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fractions. The high content of hydrophobic amino acids
namely; Tyr (3.69%), Pro (14.47%), Val (6.92%), and Ala
(6.75%) may be associated with inhibitory capability. Tests
of the structural activity patterns shows that alpha-glucosi-
dase and inhibitory peptides interact more through hydrogen
bonds and electrostatic tendencies [22, 27]. The high inhibi-
tory activity of this peptide could be attributed to its high
Pro content. This is in line with previous reports in which
amino acids act as inhibitors of a-glucosidase. Pro, Gly, and
Tyr derived from sardine muscle hydrolysate were reported
as the most active compounds against diabetes [24]. The
results showed that all hydrolysates had the ability to inhibit
amylase. In the produced fractions, the fraction F1 (less than
3 kDa) with 79.19 + 1.13% had the highest inhibition and the
fraction F4 (greater than 100 kDa) had the lowest inhibition
rate of 40.07 +2.92. The inhibition rate of fractions F2 and
F3 were measured to be 57.83 +2.33% and 44.25+0.95,
respectively. Ngoh [36] reported that a fraction smaller than
2 kDa has the greatest inhibitory effect on alpha-amylase.
The proposed mechanism for the activity of this enzyme is
a multiple attack mechanism and it is a sliding movement
through which the enzyme moves without separating from
the precursor and releases the sugar units. The interaction
between starch and enzyme is relatively weak and occurs
through hydrogen and van der Waals bonds. It has been sug-
gested that the peptides identified in this study contained
proline amino acids at the amino and carboxylic ends [43].

EAI (m2/g) =ESI(min)

ESI(min)
EAl (m2/g)

-
-
=
o=

Neves [37] reported that the ability of black bean protein
to be antiseptic and anti-diabetic is due to the presence of
aspartic acid, glutamic acid, valine, and serine.

Functional properties

Solubility is considered as one of the most important prop-
erties of proteins and hydrates due to the use of these com-
pounds in food products, pharmaceuticals and medicine,
and other industries [44]. Figure 3 shows the solubility of
hydrolyzed gluten (F4, F3, F2, F1, gluten) at pHs 7, 4, 2, and
10. The solubility of standard bovine serum albumin was 96,
98, 99, and 98% for the pHs 2, 4, 7, and 10, respectively. At
pH 2, the solubility was low in all samples, indicating the
low solubility of these hydrolysates in acidic environments.
While the standard sample (BSA) had good solubility at
this pH. At pH 4 and 7, with increasing molecular weight,
the solubility of the samples increased significantly, and in
alkaline environments, the decrease in acidity had a posi-
tive effect on the solubility of the hydrolysates. They also
reported that hydrolysates with smaller molecular weights
tend to have more hydrogen and electrostatic bonds due to
their polarity and have higher solubility [34]. The hydrolysis
of sole fish gelatin [45] is consistent with the fact that in all
these studies, the solubility increases with increasing pH
from 5to 7.
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Fig. 3 Functional properties of gluten hydrolysates. A Comparison of solubility of gluten hydrolysate fractions in different pH (2, 4, 7, 10), B
Comparison of emulsifying properties of gluten hydrolysate fractions, C Comparison of foaming properties of gluten hydrolysate fractions
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Table 4 Comparison of the amino acid composition of wheat gluten
hydrolysate fractions

Amino acid 3-Letter code F1 F2 F3 F4
Alanine* Ala 6.75 581° 5.11° 3.71°
Cysteine Cys 3.15° 274 397° 4.64°
Aspartic acid ~ Asp 268> 244> 203> 436
Glutamic acid ~ Glu 2.01° 412> 439°  546°
Phenylalanine* Phe 323 257 1.92¢ 273
Glycine* Gly 6.95° 376" 622*° 251°
Histidine** His 098> 233 059" 2577
Isoleucine* Ile 1.25¢ 3.61° 274> 3.89°
Lysine** Lys 1.19° 097 144 0.6°
Leucine* Leu 697 622  799*° 6.15°
Methionine* Met 1.79% 1.44% 1.53% 1.122
Asparagine Asn 0.44° 199 1.07° 241°
Proline* Pro 14.47* 13.02°> 1244 14222
Glutamine Gln 25.19° 24.19° 22.75° 29.97%
Arginine** Arg 3.68° 287" 315 1.34°
Serine* Ser 4.76° 7.68% 753 5220
Threonine* Thr 282 529*  564° 2.73°
Valine* Val 6.92°  523% 514> 4.98°
Tryptophan Trp 0.88  0.73*  0.65* 0.31°
Tyrosine* Tyr 3.69  226° 316 107
% Amino acid distribution

Hydrophobic* 59.60 56.89 59.42 4833
(+) Charged** 585 617 518 451

*“Different letters in the same row of the hydrolysates indicate sig-
nificant difference (p <0.05)

*Hydrophobic amino acid, **Charged (+) amino acid

There are significant differences (p * 0.05) between sam-
ples and control in emulsifying activity (Fig. 3). The high-
est emulsifying ability is related to the standard sample
(BSA) (160 mzlg) followed by F1 (hydrolysates less than
3 kDa; 142 m?%g) and then F2 (hydrolysates with a molec-
ular weight between 3 and 30 kDa; 111 m%/g), indicating
that the emulsifying power of the sample decreases with an
increasing molecular weight of the sample. The high con-
tent of hydrophobic amino acids namely; Tyr (3.69%), Pro
(14.47%), Val (6.92%), and Ala (6.75%) may be associated
with emulsion properties. The results are consistent with the
results of Hajfathalian [46], in which it was reported that as
the molecular weight decreases, the rate of hydrophobicity
increases, which will lead to an increase in EAI probably
due to a slight increase in the number of small and healthy
fat cells and lead to unfolding and rearrangement of the mol-
ecule in the emulsion intermediate and leads to an increase
in the oil-in-water levels and ultimately increase the ability
to form the emulsion. The emulsion stability in the stand-
ard sample was higher than other hydrolysates (160 min)
(Fig. 3). The stability of the emulsion in the control sample

@ Springer

was 90 min and it significantly increased in other samples
with increasing molecular weight. Low molecular weight
molecules and proteins, due to their lower outer surface than
heavier proteins, cannot well create a viscous environment
and this will reduce the emulsion stability [47]. Smaller
molecules are less efficient at reducing interfacial stress and
hence the emulsion of these compounds will break down at
a higher rate. Alolod [48] stated that the emulsion proper-
ties of gelatin hydrolysates of unicorn skin depend to a large
extent on the concentration and size of peptides. Smaller
peptides move faster into the water—oil interfacial space and
form an emulsion, but emulsions are not very stable due to
the reduced hydrophobic-hydrophilic balance on both sides
of the emulsion surfaces.

The highest foaming capacity is for the standard sam-
ple (bovine serum albumin) followed by the control sample
(hydrolyzed gluten) (95%), F4 fraction (93%), F3 fraction
(78%), F2 fraction (52%), and the lowest value is related
to F1 fraction (42%) (Fig. 3). Alolod [48] reported that the
foaming capacity of the hydrolysates of unicorn fish skin
gelatin was 5.83% higher than the control sample. In this
study, the foaming capacity depended on the molecular
weight of the hydrolysates, and the weakness in the foaming
capacity was observed in low molecular weight hydrolysates.
High molecular weight hydrolysates (F3, F4 fractions) and
the control sample did not need to create force to form the
foam structure due to their ability to regenerate the surface
between air and water [46]. The results of foam stability
after 10 min showed foam stability in control samples and
hydrolysates with higher molecular weight. The stability
of the formed foam was significantly different among all
samples (p * 0.05). In the control sample, the rate was 93%,
which reached 85% in the F4 sample and also decreased to
60% in the F3 sample. A similar result was also reported
by Alolod [48]. Decreasing foam stability in low molecular
weight hydrolyzed samples due to less protein—protein inter-
action will not be able to form a suitable film and layer to
prevent air from escaping from the foam cells and this will
reduce the foam stability [49].

Amino acid composition

Table 4 represents the amino acid composition of wheat
gluten hydrolysates. Essential and non-essential amino
acids in hydrolysates were in the range of (25.08-28.39%)
and (68.22-73.84), respectively. There is an adequate
amount of both essential and non-essential amino acids,
however, the essential amino acid content of the sam-
ples was higher than that recommended by FAO/WHO
for children (23.2%) [14]. It also contains high amount
of glutamic acid (2.01-5.46%), glycine (2.51-6.95%)
and arginine (1.34-3.68%) which are vital for many bod-
ily functions. Glutamic acid and glycine play a critical
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role in memory, learning and neurotransmitter. A key
role for arginine is in blood circulation, wound healing,
erectile dysfunction treatment, and immune function [4,
35]. The amino acids associated with biological activity
in F3 registered 59.60% of hydrophobic, 5.85% of amino
acids with a positive charge, 7.79% of aromatic amino
acids. The major amino acids found in hydrolysates were
glutamic acid (Glu), glycine (Gly), aspartic acid (Asp),
proline (Pro), alanine (Ala), Cysteine (Cys), Glutamine
(Gln), and Valine (Val). All the gluten hydrolysates were
found to be rich in proline (12.44—-14.47%) and glutamine
(22.75-29.97%). There were differences (p <0.05) in the
amino acid composition between the hydrolysates, which
could be the reason why the biological activity of F1 was
slightly better as described in sections. The COVID-19
pandemic has widely affected the food sector with con-
sumers increasingly seeking sustainable, organic, and
functional foods [50]. The COVID-19 pandemic generated
opportunities and challenges for the commercialization of
innovative functional foods and nutraceuticals containing
target bioactive compounds (e.g., Vitamins and antioxi-
dants) and highlighted the advances of personalized nutri-
tion to boost consumers immune system and improve their
overall health [51]. These bioactive ingredients can boost
enough our immune system to prevent or cure COVID-
19. Nevertheless, their ability to boost the human immune
system highlights their prospect of use in functional foods
and presence in the nutraceuticals market [52].

Conclusion

The observations of this study suggest that gluten protein,
starch industry by-product, is a talented source of biofunc-
tionality peptides. Functional properties of hydrolysates
with increasing molecular weight, increased significantly.
Radical scavenging activity, the ability to inhibit the ACE
enzyme and antibacterial capability belonged to F1 frac-
tion of hydrolysate. The F1 and F3 fractions fractions had
the highest inhibition rate in alpha-glucosidase and alpha
amylase. The presence of high levels of amino acids with
hydrophobic and positive charged in fractions had critical
role on biological and technological activity. Considering
these biofunctionality, these peptides have the potential to
be used as a functional food ingredient.
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