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a-Amylase Inhibitor Peptides Derived from Goat Casein Tryptic Hydrolysate
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Abstract: This study explores the potential of bioactive peptides derived from hydrolyzed
goat milk casein as a-amylase inhibitors, with implications for diabetes management.
Goat milk casein was hydrolyzed using trypsin at varying enzyme-to-protein ratios to
achieve different degrees of hydrolysis (DH). The optimal enzyme-to-protein ratio of 1:40
yielded the highest DH (31.31%). The resulting hydrolyzates were fractionated using
strong cationic exchange solid-phase extraction (SCX-SPE), and their a-amylase
inhibitory activity was evaluated. The fraction collected at pH 5 exhibited the highest «-
amylase inhibition, with an inhibition value of 76.88% and an ICso of 221.69 ug/mL. This
fraction also contained the highest total peptide mass (1,208.9 ug). The enzyme kinetic
study demonstrates an uncompetitive inhibition by fraction 5. Molecular docking
simulations revealed that peptides from the most active fractions, including
EGIEELLTGTIR, SSPSKHQPPPIR, and LLPRKAK, interact with key residues in the
active site of a-amylase. The docking results demonstrated favorable binding energies and
stable interactions with critical binding pockets, indicating the peptides strong potential
as a-amylase inhibitors. Furthermore, the docking analysis revealed that these peptides
interact with both the active site and other regions outside the active site, indicating an
uncompetitive inhibition mechanism.

Keywords: bioactive peptides; a-amylase inhibition; goat milk casein hydrolysate;
uncompetitive inhibitors

m INTRODUCTION

more efficient absorption of amino acids compared to
cow's milk [3].

Bioactive peptides are protein fragments with
specific amino acid sequences that can benefit human
health. The biological activity of these peptides is
primarily determined by the composition and sequence of
amino acids within the peptide structure, which in turn
dictates their biological properties [1]. Milk is a primary
source of bioactive peptides and has been recognized as a
promising ingredient for developing functional foods to
improve health [2]. Among various types of milk, goat
milk is distinguished by its unique biological properties,
including a higher buffering capacity, distinct alkalinity,
and superior digestibility, due to its smaller fat globule
size (approximately 3.49 um). Additionally, the proteins
in goat milk are generally more digestible, facilitating

Bioactive peptides can be generated from milk
proteins through enzymatic hydrolysis using digestive
enzymes, such as pepsin, trypsin, and papain. Enzymatic
hydrolysis is preferred due to its high precision, shorter
reaction times, and versatility in application. For
example, a previous study successfully identified
bioactive peptides from the casein and whey fractions of
goat milk proteins through hydrolysis with pepsin,
trypsin, and papain enzymes [4-5]. Similarly, other
research has employed enzymatic hydrolysis to
investigate whey and casein protein hydrolysates from
camel and cow milk, which were treated with protease
and alcalase enzymes [6].
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Selecting an appropriate protease is crucial in
determining the nature and outcomes of milk protein
hydrolysis. The trypsin enzyme has been widely used to
identify a range of bioactive peptides. Trypsin is
particularly favored for its specificity in cleaving peptide
bonds involving lysine and arginine residues [1]. Milk
protein-derived peptides have been recognized as
promising to address various lifestyle-related health
disorders, including diabetes [7]. For example, a previous
study successfully identified specific bioactive peptides
from goat milk casein hydrolysates, which improved
insulin resistance in high-glucose-induced HepG2 cells
(8].

Diabetes mellitus is a severe metabolic disorder
characterized by elevated blood glucose levels that exceed
normal limits [9]. Type 2 diabetes (T2DM) arises from
insulin resistance and impaired secretion, increasing
blood [10].  Although
pharmacological treatments are available for T2DM,

glucose  levels various
some, such as thiazolidinediones and metformin, may
effects,

hypoglycemia, and gastrointestinal disturbances [8]. One

induce adverse including weight gain,
approach to managing diabetes mellitus involves slowing
glucose absorption by inhibiting the activity of the a-
amylase enzyme [9]. This enzyme catalyzes the hydrolysis
of complex carbohydrates, such as glycogen and starch,
into simpler sugars, such as maltose and glucose, which
are subsequently absorbed into the bloodstream. a-
Amylase is predominantly expressed on the surface of
intestinal cells, and excessive enzyme activity can
contribute to elevated blood glucose levels. Therefore,
inhibiting a-amylase activity can slow the conversion of
carbohydrates into glucose, potentially aiding in reducing

blood sugar levels [11].
m EXPERIMENTAL SECTION

Materials

The materials used in this study were as follows:
Etawa crossbred goat milk was obtained from Den Farm,
while ammonium bicarbonate (NH,HCOs), trypsin,
bicinchoninic acid (BCA), bovine serum albumin (BSA),
hydrochloric acid (HCI), sodium hydroxide (NaOH), and
methanol were purchased from commercial suppliers.

The Amicon Ultra-15 centrifugal filter for protein
concentration and the Supelco DSC-SCX Cartridge for
solid-phase extraction were obtained from Sigma
Aldrich. For the a-amylase inhibition assay, the
following reagents were used: amylum, a-amylase,
iodine, sodium phosphate dibasic  dihydrate
(Na,HPO42H,0), and monobasic sodium phosphate
hydrate (NaH,PO,-H,0).

Instrumentation

The instruments used in this study were a
Shimadzu UV-vis spectrophotometer for absorbance
measurements and a liquid chromatography high
resolution mass spectrometry (LC-HRMS) system with
Proteome Discoverer ver. 2.5 software for peptide
analysis, a Sorvall Biofuge Primo R centrifuge for sample
centrifugation, and a vortex mixer for sample mixing
were obtained from Thermo Scientific. Additional
instruments were used, ie, a pH meter for pH
measurements, a vacuum freeze dryer (Labfreez FD-10-
MR) for sample drying, and a Sakura incubator oven for
temperature-controlled incubations.

Procedure

Casein protein isolation from goat milk

Casein was isolated using a modified method based
on Mohsin et al. [12]. Initially, milk was heated to 45 °C
and centrifuged at 1,650 g for 30 min to separate the fat
layer, which was subsequently removed. The skimmed
milk was then adjusted to room temperature, and the pH
was adjusted to 4.2 using 1 M HCI to induce casein
precipitation. The mixture was stirred for 30 min and
centrifuged at 1,650 g for 15 min to recover the casein
precipitate. The precipitate was then washed by
suspending it in purified water (10 times the initial
volume of milk) and stirring for 1h before re-
centrifugation. All centrifugation steps were performed
at room temperature. Finally, the isolated casein was
lyophilized and stored at —20 °C until further analysis.

Hydrolysis of goat milk casein

A total of 60 mg of casein was dissolved in 5 mL of
100 mM NH HCO; solution. The mixture was then
vortexed to ensure thorough mixing, followed by
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sonication for 60 min to facilitate complete dissolution,

according to the method described by Ningsih et al. [13].

DH = Abs of hydrolyzed proteins — Abs of hydrolyzed proteins

x100% (1)
Abs of hydrolyzed proteins

The samples with the highest degree of hydrolysis
(DH), which was calculated using Eq. (1), were
subsequently filtered using Amicon Ultra-15 Centrifugal
Filter Devices to separate the peptides from larger
molecular weight components. This was achieved
through centrifugation at 4000 g for 40 min. The resulting
filtrate was then collected and wused for further
fractionation and analysis.

Fractionation of peptides from protein hydrolysate

The hydrolysate was fractionated using a DSC-SCX
SPE cation exchange column, as described by Raharjo et
al. [14]. The column was conditioned with 5 mL of 2 M
HCl and citrate buffer (pH 3) for 15min each.
Subsequently, 5 mL of the sample (pH 3) was loaded onto
the column and incubated for 30 min at room
temperature. Stepwise elution was performed using
citrate buffer (0.2 M, pH 3-6) and phosphate buffer
(0.2 M, pH 7-9), with 5 mL of each buffer being used. The
eluted fractions were collected in separate containers, and
the column was washed with 100% methanol and distilled
water between buffer changes. Further purification of the
fractions was performed using a 5 mL HyperSep Retain
PEP column, as described by Ningsih et al. [12]. The
column was conditioned with 1 mL of 100% methanol
and 2 x 1 mL of distilled water. The sample (5 mL) was
incubated for 20 min, followed by stepwise elution with
5 mL of 100% methanol, repeated four times. The column
was washed with 2 x 1 mL of 5% methanol. The peptide
concentration in each fraction was determined by
measuring the absorbance at 562 nm. The purified
hydrolysate was then air-dried for 3 days.

Assessment of a-amylase inhibition

The a-amylase inhibitory activity was determined
using a modified procedure based on the methods
described by Mudgil et al. [7] and Rafique et al. [15]. A
0.5g/L amylum solution was prepared by dissolving
25 mg of amylum in 50 mL of phosphate buffer (pH 6.9),
followed by heating at 70 °C to facilitate dissolution. An
a-amylase enzyme solution (50 uL/mL) was prepared by

dissolving 1 mg of a-amylase in 40 mL phosphate buffer
(pH 6.9). The reaction mixture, comprising buffer,
enzyme, sample, and substrate, was incubated at 37 °C
for 10 min to allow for enzyme-substrate interaction.
The reaction was then terminated by heating at 85 °C for
15 min. Subsequently, 3 puL of 0.2% iodine solution was
added to the reaction mixture, and the absorbance was
recorded at 570 nm.

Determination of a-amylase ICso inhibition of the
peptide fractions

The ICsy value was determined for the fraction
exhibiting the highest
evaluating concentrations ranging from 31.25 to

inhibition percentage by

1,000 ppm. The assay was performed according to the
standard
absorbance was measured at 562 nm using a UV-vis

a-amylase inhibition protocol, where

spectrophotometer.  Inhibition percentages were
calculated from the absorbance data using Eq. (2);

A —-A
%inhibition = Mx 100% (2)

control
where Aconiol = absorbance of the blank control and Ay
= absorbance of the test sample. The ICs, value was the
concentration required to inhibit 50% of the a-amylase
activity.

Study of peptide fraction inhibition type

The Michaelis-Menten constant (K,) and the
maximum reaction rate (Vm.) were determined using a
modified method based on the work of Sun et al. [16]. A
range of amylum substrate concentrations (0.125, 0.250,
0.375, 0.500, 0.750, and 1.000 mg/mL) was used to assess
enzyme kinetics. For each substrate concentration, a
100 uL aliquot was mixed with 20 uL of the sample
(inhibitor) and 20 pL of the a-amylase enzyme solution.
The mixture was then incubated at 37 °C for varying
intervals (0, 2, 4, 6, 8, and 10 min). The reaction was
terminated by heating at 85 °C for 10 min, followed by
the addition of 5 puL of iodine solution. The absorbance
570 nm UV-vis
spectrophotometer. The K, and V.. values were

was measured at using a

calculated using the Lineweaver-Burk equation in Eq. (3);

L: Km +; (3)
VO Vmas[s] v,

max
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where V, = the initial reaction rate, [S] = the substrate
concentration, K., = the Michaelis-Menten constant, and
Vmax = the maximum rate of the reaction. The type of
inhibition on a-amylase was identified by analyzing the
changes in K., and V., values using the Lineweaver-Burk
method. The procedure for determining K, and V. was
identical to that previously described, except that 20 pL of
phosphate buffer was used as a control in place of the
inhibitor. The inhibition type was determined by
comparing the K, and V. values obtained from systems
with and without the inhibitor. This allowed for the
distinction between competitive, non-competitive, and
uncompetitive inhibition mechanisms.

Identification of active peptides using LC-HRMS

The peptide fraction exhibiting the highest a-
amylase inhibitory activity was subjected to LC-HRMS
analysis to identify the peptides. A 5uL sample was
injected into the LC-HRMS system, which was equipped
with an Acclaim PepMap 100 C18 column (1.0 x 150 mm,
3 um, 100 A). Elution was performed using a gradient of
mobile phase A (water with 0.1% formic acid) and mobile
phase B (acetonitrile with 0.1% formic acid) at a
0.1 mL/min flow rate. Ionization was achieved using an
ESI source set at 3800 V, with a transfer tube temperature
of 320 °C. The analysis was conducted in full-scan mode
(m/z 150-2000) for peptide ion detection, followed by data-
dependent MS2 (dd-MS2) mode for fragmentation and
sequence identification. The resulting data were analyzed
using Thermo Xcalibur and Proteome Discoverer 2.5
software, concerning the Capra hircus protein database
obtained from UniProt (https://www.uniprot.org/).

Molecular docking of the peptides to a-amylase
Molecular docking simulations were performed to
investigate the interaction mechanism between peptide
molecules and a-amylase, and to assess their potential for
inhibiting enzyme activity. Peptide fragments (5-15 amino
acids) derived from LC-HRMS analysis were modeled in
three dimensions using PEP-FOLD4 and saved in .pdb
format. The crystal structure of a-amylase (PDB ID: 1AMY)
with a resolution of 2.80 A was retrieved from the RCSB
Protein Data Bank (https://www.rcsb.org/structure/1AMY)
and optimized using UCSF Chimera 1.14 and Biovia

Discovery Studio 2020 [17-18]. Two docking approaches
were employed: CABS-dock (https://biocomp.chem.uw.
edu.pl/CABSdock), which generated the top 10 clusters,
and HADDOCK2.4 (https://rascar.science.uu.nl/haddock
2.4/), which generated the top 4 clusters based on
peptide sequences and protein structure [19-20]. The
affinity energy of the top clusters was analyzed using
PRODIGY [21]. Binding analysis was conducted using
Biovia Discovery Studio 2020, with interaction precision
assessed based on RMSD values.

m RESULTS AND DISCUSSION
Fractionation of Casein Hydrolysate

The hydrolysis of casein in this study highlights the
significant influence of the enzyme-to-protein ratio on
the efficiency of casein breakdown into smaller peptides.
The experimental results demonstrate that a trypsin-to-
protein ratio of 1:40 yielded the highest DH compared
to ratios of 1:10 and 1:20. This observation suggests that
increasing the enzyme concentration enhances the
hydrolysis process, resulting in a greater number of
peptide bonds being cleaved and the formation of
smaller peptides with lower molecular weights. In
contrast, lower DH values indicate that the quantity of
trypsin is insufficient to optimally catalyze peptide bond
cleavage within the substrate [22]. A summary of the
hydrolysis results is presented in Table 1, which provides
a clear comparison of DH values obtained for each
trypsin-to-protein ratio tested.

The results presented in Table 1 reveal that a
trypsin-to-protein ratio of 1:40 yielded the highest DH
at 31.31%, which is significantly higher than the DH
values obtained for the 1:10 and 1:20 ratios. This finding
suggests that a higher trypsin concentration promotes
hydrolysis, leading to the cleavage of more peptide bonds
and the production of peptides with lower molecular
weights. The effectiveness of trypsin in hydrolyzing
casein at this ratio is consistent with its known catalytic

Table 1. Degree of hydrolysis of casein hydrolyzed by
trypsin at various trypsin-casein ratios

Trypsin-casein ratio 1:10 1:20  1:40
DH(%) 25.64 16.85 31.31
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properties, which involve the cleavage of peptide bonds
adjacent to specific amino acids [23]. These results are in
agreement with previous studies that have investigated
the relationship between enzyme concentration and
hydrolysis efficiency. For instance, Ningsih et al. [13]
reported that a 1:40 enzyme-to-protein ratio resulted in
the highest DH in their experiments, providing further
support for the findings of this study. Similarly, Liu et al.
[24] demonstrated that increasing the enzyme-to-protein
ratio positively influenced the degree of hydrolysis, with
higher ratios leading to more extensive peptide bond
cleavage.

However, it is essential to note that despite the
higher DH achieved at the 1:40 ratio, the hydrolysis
process DH).
Additionally, excessive enzyme concentrations may lead

does not reach completion (100%

to autohydrolysis, a phenomenon in which trypsin
itself. This
availability of active enzyme molecules for catalyzing the

hydrolyzes self-digestion reduces the

breakdown of casein, ultimately diminishing the
efficiency of the hydrolysis process [25]. The hydrolysate
was subjected to preliminary separation using an Amicon
column before sample fractionation. This step ensured
that only peptides were present in the hydrolysate, as the
molecular weight cut-off (MWCO 3,000 Da) of the
Amicon molecules of
then

performed using a strong cation exchange solid-phase

column excluded larger

unhydrolyzed casein. The fractionation was

extraction (SCX-SPE) column. This technique effectively

separates peptides based on differences in their
electrostatic charge, which varies with pH. The
fractionation  process vyielded peptide fractions

corresponding to pH values ranging from 3 to 9, and the
peptide content of each fraction was quantified. The
results are presented in Table 2.

The data in Table 2 indicate that the total amount of
collected peptides is 6,594 ug. Based on the DH of 31.31%,
the theoretical yield of peptides would be approximately
18 mg. Despite the effective fractionation process, some
peptides were lost during the procedure. Furthermore,
some peptides may have remained bound to the cation
exchange resin at higher pH values, making them
challenging to elute even at pH 9. The fraction collected at

Indones. J. Chem., 2026, 26 (1), 130 - 142

Table 2. Peptide yield of each fraction following SPE-
SCX

Fraction based Amount of the peptide
on pH for elution in pg (percentage of the total)
3 888 (13.56%)
4 1,082 (16.52%)
5 1,208 (18.45%)
6 777 (11.87%)
7 1,059 (16.17%)
8 767 (11.70%)
9 768 (11.72%)
Total 6,594 (100.00%)

pH 5 contained the highest total peptide mass (1,208 pg),
suggesting that the majority of peptides in the
hydrolysate possess an optimal positive charge for
interaction with the SCX resin at this pH. As the pH
approaches 5, the electrostatic interactions between the
peptides and the resin weaken, causing the peptides to
elute from the column. The varying peptide contents in
other fractions indicate differences in the electrostatic
properties of the peptides. Notably, the lowest peptide
masses were observed in fractions corresponding to pH
8 (767 ug) and pH 9 (768 pug).

The effectiveness of the SPE-SCX method in
separating peptides based on their charge characteristics
underscores its utility in peptide fractionation. This
finding aligns with previous studies, such as those by
Raharjo et al. [14] and Habibie et al. [26], which
successfully employed SPE-SCX to isolate peptides from
hydrolyzed Jatropha seed proteins. Similarly, Dephoure
and Gygi [27] demonstrated the capability of SCX to
achieve high-quality peptide separation in their study
involving yeast cell extracts, further validating the
efficacy of this method.

Inhibition of a-Amylase Activity by Peptide
Fractions

The a-amylase inhibition assay was performed to
evaluate the potential of peptide fractions derived from
casein hydrolysate to inhibit a-amylase enzyme activity.
The results of the inhibition test, which utilized iodine-
starch staining as a visual indicator of enzyme activity,
are presented in Fig. 1. The assay was conducted with an
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(a)

(c)
blank

(b)

- -

Control

Fig 1. Qualitative analysis of a-amylase inhibition with iodine indicator. The systems consisted of: (a) a-amylase,

amylum, and peptide fraction pH 3-9; (b) amylum and peptide fraction pH 3-9; and (c) (left) a blank (amylum) and

(right) a positive (a-amylase and amylum)

initial concentration of 500 ppm for the peptide fractions.
The results revealed substantial variation in inhibition
activity among the fractions across a pH range of 3 to 9,
indicating pH-dependent differences in a-amylase
The
summarized in Table 3.

inhibition. a-amylase inhibition results are

The results reveal that the peptide fraction at pH 5
exhibited the most potent inhibition of a-amylase activity,
with an inhibition value of 76.88%. This suggests that the
peptides present in this fraction possess a strong
inhibitory effect on the enzyme. Notably, the purple color
of the iodine-amylum complex remained unchanged in
this fraction throughout the assay, indicating that
amylum was not hydrolyzed by the a-amylase enzyme
[28]. This observation can be attributed to the unique
structural or biochemical properties of the peptides in the
pH 5 fraction, which likely exhibit a high affinity for a-
amylase, thereby effectively inhibiting its activity.

In contrast, the pH 3, 4, 6, 7, 8, and 9 fractions
exhibited significantly lower inhibition values, ranging
from 3.12 to 17.50%. These results suggest that the
these fractions was

amylum in predominantly

hydrolyzed, as evidenced by the color change of the
iodine-amylum complex to clear or transparent. To
further quantify the inhibitory potential of the pH 5
fraction, the ICsy value was determined. The ICs, value
represents the concentration required to inhibit 50% of
a-amylase enzyme activity. The analysis revealed that
the ICs value for the pH 5 fraction was 221.69 pg/mL,
indicating that a concentration of 221.69 pg/mL is
required to achieve 50% inhibition of a-amylase activity.
According to the classification of inhibitory potential,
this ICso value suggests that the pH 5 fraction exhibits
potential inhibitory activity against a-amylase
considering the non toxic property of peptides.

This ICs value is relatively high compared to
previous  studies, lower
effectiveness. For example, Mudgil et al. [7] reported an

ICs value of 12.90 pg/mL for peptides derived from goat

indicating inhibitory

milk hydrolysis via microbial fermentation. In another
work, Mudgil et al. [29] found that cow's milk protein
hydrolysate (BC) and camel's milk hydrolysate (CC) had
ICs values of 0.58 and 0.59 mg/mL, respectively, against
a-amylase. The observed differences in ICs, values are

Table 3. a- Amylase inhibition activity of peptide fractions at a concentration of 500 ppm

Fraction

pH3 pH4 pH5 pH6 pH7 pHS8 pHI

%Inhibition 17.50 7.50

76.88

562 6.89 812 3.12
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likely due to the composition of the pH 5 fraction, which
remains a complex mixture of peptides with diverse
bioactive properties. As a result, not all peptides in this
fraction act as a-amylase inhibitors.

The relatively low inhibitory activity of the pH 5
fraction may also be attributed to its suboptimal purity,
which
effectiveness.

bioactive
steps could be
employed to enhance the inhibitory potential, such as

could compromise its overall

Further purification

isolating specific bioactive peptides that act as a-amylase
inhibitors. Alternatively, synthesizing individual peptides
based on identified sequences could also be explored.
Moreover, optimizing reaction conditions, including pH
and temperature settings, may facilitate improved
interactions between the peptides and a-amylase,
potentially leading to enhanced inhibitory activity.

Kinetics Study for a-Amylase Inhibition by the Most
Active Peptide Fraction

The kinetics of a-amylase inhibition by the pH 5
peptide fraction were investigated using the Lineweaver-
Burk method, which enabled the determination of key
enzyme Kkinetic parameters, including Kn and Vi
Additionally, this analysis enabled the elucidation of the

90.0000 -
80.0000 A
70.0000 A
60.0000 -
50.0000 A

1/Rate

40.0000 A
30.0000 4

m
~~" 10.0000 -

FaWaYaYa¥al

inhibition mechanism type, as presented in Fig. 2. Using
the Lineweaver-Burk plot, the Ky, and V. values were
calculated for both the uninhibited enzyme and the
enzyme inhibited by the peptide fraction at pH 5. The
estimated kinetic parameters are summarized in Table 4,
which presents the K, and V. values obtained under
both conditions.

Under uninhibited conditions, the K, value was
0.2526 g/L, and the V. was 0.0353 g/L/min, reflecting
the enzyme's intrinsic affinity for the substrate and its
catalytic efficiency. After the pH 5 peptide fraction was
added as an inhibitor, the K. value decreased to
0.2296 g/L, while the V. decreased to 0.0321 g/L/min.
The reduction in K, suggests that the inhibitor enhances
the enzyme's affinity for the substrate by stabilizing the
enzyme-substrate complex. Conversely, the decrease in
Vma indicates that the inhibitor interferes with the
conversion of the enzyme-substrate complex to the
product [30]. These observations are consistent with the
pH 5 peptide fraction functioning as an uncompetitive
inhibitor. Uncompetitive inhibitors bind specifically to
the enzyme-substrate complex, forming an enzyme-
substrate-inhibitor (ESI) complex. This interaction
enhances the enzyme's affinity for the substrate, as

LI v vivay

-6.00 -4.00

-2.00 0.00 2.00

4.00 6.00 8.00 10.00

1/[substrate]
Fig 2. Lineweaver-Burk plot for the enzymatic reaction kinetics of amylum hydrolysis by a-amylase with inhibitor (pH

5 peptide fraction, red) and without inhibitor (blue)

Table 4. Enzyme kinetic parameters: K, and V. values for a-amylase-catalyzed amylum hydrolysis

Reaction conditions K (g/L) Vi (g/L/min)  Inhibitor type
Without inhibitor 0.2526 0.0353 -
Peptide fraction pH 5 as an inhibitor ~ 0.2296 0.0321 uncompetitive
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evidenced by a decrease in K. Simultaneously, it impedes
the conversion of the enzyme-substrate complex to the
product, reducing V.. Although the enzyme-substrate
affinity is increased, the presence of the inhibitor at a
specific site on the enzyme prevents efficient product
release, thereby reducing the overall reaction rate.

Identification of Bioactive Peptides Using LC-HRMS

The pH 5 fraction exhibiting potent inhibitory
activity against a-amylase was further analyzed using LC-
HRMS to elucidate its peptide sequences. Three peptides
were identified by comparing the detected peptide masses
to their theoretical counterparts, corresponding to
possible Capra hircus protein peptide fragments. The
peptide identification was further confirmed by analyzing
the fragment masses generated from MS® experiments.
The amino acid sequences of the identified peptides are
summarized in Table 5. Three peptides were identified
from the pH 5 fraction with high confidence and a low
cross-correlation score. The fraction contained peptides
with 7 to 15 residues, with molecular weights below
3,000 Da, corresponding to the MWCO of the Amicon
column used. This indicates that the separation of
peptides from non-hydrolyzed proteins was successful.
Notably, peptides with fewer than 5 residues are likely to
possess limited bioactive potential, whereas those
exceeding 15 residues may be prone to reduced stability
or impaired cellular uptake.

Peptides’ Interaction with a-Amylase Studied Using
Molecular Docking

HADDOCK2.4 was employed to analyze peptide
interactions involved in the inhibition of a-amylase
computationally [20]. This approach enables more
accurate modelling of biomolecular complexes. A key

of HADDOCK24 is its
accommodate small conformational changes in the

advantage ability to
receptor structure, thereby enhancing its representation
of the ligand binding process. Using the HADDOCK2.4
docking method, the interactions between three
peptides and the a-amylase enzyme were assessed, with
a focus on hydrogen bond formation and interactions
with the enzyme's catalytic triad, comprising Asp179,
Glu204, and Asp289, as illustrated in Fig. 3.

The best top cluster for all complex models was
selected by their HADDOCK score. The best cluster of
the EGIEELLTGTIR-a-amylase model exhibited
~70.0 + 3.8 kcal/mol HADDOCK score with 0.9 A
RMSD. The second peptide, SSPSKHQPPPIR, exhibited
a binding energy of —89.3 + 3.1 kcal/mol and an RMSD
of 0.5 A. The HADOOCK2.4 score and RMSD for the
best cluster of LLPRKAK -84.1 + 4.3 kcal/mol and
0.2 A, respectively. All selected clusters were used to
show the interaction of peptide-a-amylase complexes.

The EGIEELLTGTIR peptide forms two hydrogen
bonds, one of which is with Asp289, thereby contributing
to stabilizing the reaction transition state. This interaction
suggests that the peptide may interfere with enzyme
activity by affecting substrate binding. In contrast, the
SSPSKHQPPPIR peptide exhibits stronger interactions,
forming six hydrogen bonds, including those with
Glu204 and Asp289, which are critical to the catalytic
process of a-amylase. Specifically, Asp289 helps stabilize
the reaction intermediate, while Glu204 functions as an
acid/base catalyst, facilitating the breakdown of
glycosidic bonds. These interactions suggest that the
SSPSKHQPPPIR peptide could act as a potent inhibitor.
The LLPRKAK peptide demonstrates a powerful
interaction, forming 6 hydrogen bonds, 3 directly involving

Table 5. Identified peptides from the pH 5 fraction via LC-HRMS analysis

The amino acid sequence Molecular weight ((MH]*, Da) XCorr Sequest* Confidence**
EGIEELLTGTIR 1,330.72127 0.24 High
SSPSKHQPPPIR 1,330.72261 0.33 High
LLPRKAK 825.56688 0.24 High

(*) Scores the number of fragment ions common to two different peptides with the same precursor mass
and calculates the cross-correlation score for all candidate peptides queried from the database. A low value
of XCorr means the cross-correlation is low.

(**) The level of confidence of the identified peptide.
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Fig 3. Interaction of a-amylase with peptides (a) EGIEELLTGTIR, (b) SSPSKHQPPPIR, and (c¢) LLPRKAK using

HADDOCK

Aspl79, Glu204, and Asp289. This combination of
interactions suggests that this peptide has high binding
stability and significant potential to inhibit a-amylase
activity by disrupting the function of the catalytic triad.
Notably, all peptides appear to interact effectively
with the catalytic triad. However, based on the enzyme
kinetic testing discussed earlier, it was found that the
inhibition type is competitive. Upon re-analysis of the
docking results, it was observed that several of the tested
peptides form hydrogen bonds and pi-sigma interactions
with residues outside the catalytic triad of a-amylase, such

as GIn294 and Trp9. For instance, the EGIEELLTGTIR
peptide forms hydrogen bonds with Trp9, Glu204, and
GIn294, and creates a pi-sigma bond with Tyr51.
Similarly, the SSPSKHQPPPIR peptide forms hydrogen
bonds with Ser208 and GIn294, while the LLPRKAK
peptide forms hydrogen bonds with Asp142, Lys182,
and GIn294. These interactions suggest that the peptides
influence the stability of the enzyme-substrate complex
by binding to residues outside the catalytic triad,
potentially inhibiting the conversion of the substrate to
the product. The enzymatic kinetic data, which indicate
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an uncompetitive inhibition mechanism, reveal a
decrease in Ky, suggesting that the inhibitor enhances the
enzyme's affinity for the substrate. In contrast, the
decrease in V. reflects a reduction in the number of
available enzyme-substrate complexes for the reaction.
This supports the notion that these peptides act as
uncompetitive inhibitors, which do not prevent substrate
binding but impede further enzymatic reactions by
stabilizing an inactive enzyme-substrate complex.
Furthermore, HADDOCK is a targeted docking tool that
docks peptides at the binding and active site; therefore,
molecular docking analysis with HADDOCK2.4 was
invalid for analyzing interactions between peptides and
proteins with an uncompetitive inhibition mechanism
[30].

To investigate the peptide-protein interactions with
an uncompetitive inhibition mechanism, the second
approach for the docking study was performed by CABS-
dock [20]. CABS-dock is a web-based molecular docking
tool designed to model interactions between proteins and
peptides without requiring prior knowledge of the
binding site locations. CABS-dock can generate protein-
peptide interaction models with high or moderate
accuracy in over 80% of cases, for both bound and
unbound interactions. The results of the analysis,
detailing interactions between individual peptides and
key residues such as those within the catalytic triad
(Aspl79, Asp180, Glu204, Glu205, Asp289, and Asp291),
which are crucial for the catalytic mechanism of a-
amylase, are presented in Table 6.

Docking results obtained using CABS-dock revealed
that the tested peptides interacted not only with the active
site of a-amylase but also with non-active site residues,
including those within the catalytic triad (Aspl79,
Glu204, and Asp289) and other residues involved in non-
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catalytic triad interactions. Notably, the peptide
EGIEELLTGTIR exhibited several interactions with
residues outside the catalytic triad while maintaining
direct interactions with the triad. Fig. 4 showed that
almost all identified peptides interacted with a-amylase
outside of the binding pocket. Although several
interactions in the binding pocket are still observed
(Table 6), findings suggest that these peptides may
function as uncompetitive inhibitors, which inhibit
enzyme activity by binding to the enzyme-substrate
complex rather than directly to the enzyme's active site.
In the uncompetitive inhibition mechanism, inhibitor
binding occurs subsequent to substrate binding,
inducing conformational changes that reduce reaction
efficiency without affecting the enzyme's affinity for the
substrate.  The results also suggested that
SSPSKHQPPPIR  potentially exhibited the best
inhibition of a-amylase, with 60 total interactions,
followed by EGIEELLTGTIR with 48 total interactions
and LLPRKAK with 33 interactions.

The enzymatic kinetic data, which reveal a
decrease in K, and V.., strongly support this
hypothesis. The reduction in K, indicates that the
inhibitor enhances the enzyme's affinity for the
substrate. In contrast, the decrease in V. reflects a
reduction in the amount of enzyme-substrate complex
available for the reaction, characteristics typical of an
uncompetitive inhibitor. Furthermore, the CABS-dock
results, which demonstrate peptide interactions with
non-catalytic triad sites, reinforce the notion that the
peptides inhibit a-amylase activity by indirectly
modulating the enzyme's conformation and stability.
This mechanism enables enzyme inhibition without
compromising the enzyme's ability to bind to the
substrate, a hallmark of uncompetitive inhibition.

Table 6. Interaction of peptides with the catalytic triad via CABS-dock

Number of interactions with catalytic triads

Number of interactions

Peptide Total interaction ) . )
Aspl79 Asp289 Glu204 with catalytic non-triads
EGIEELLTGTIR 48 1 2 - 45
SSPSKHQPPPIR 60 - 2 - 58
LLPRKAK 33 2 3 1 27
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Fig 4. The 10 lowest energy complex a-amylase and peptides (a) EGIEELLTGTIR, (b) SSPSKHQPPPIR, and (c)
LLPRKAK using CABS-dock. The binding pocket and peptides were colored yellow and red, respectively

m CONCLUSION

This study successfully identified bioactive peptides
derived from hydrolyzed goat milk casein, demonstrating
their potential as inhibitors of a-amylase and offering
diabetes
Optimization of the hydrolysis process, achieved at an

promising implications for management.
enzyme-to-protein ratio of 1:40, yielded peptides with
varying inhibitory effects, with the pH 5 fraction exhibiting
the most potent a-amylase inhibition. Molecular docking
analysis revealed that the peptides, including
EGIEELLTGTIR, SSPSKHQPPPIR, and LLPRKAK,
interact with both the enzyme's active site and residues

outside, suggesting a uncompetitive inhibition mechanism.
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