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ABSTRACT

Introduction: Enzymatic processes occurring in dairy products during storage can lead to
changes in protein composition, affecting products’quality. Key players in these changes include
endogenous enzymes, such as plasmin, and bacterial proteases like the heat stable protease
from Pseudomonas LBSA1. The application of bioinformatic methods enables the modeling of
protein hydrolysis and prediction of peptide formation with specific properties (e.g., organoleptic
characteristics, bioactivity, molecular weight, amino acid sequence).

Purpose: To evaluate changes in the peptide profiles of B-CN, as1-CN, as2-CN, and k-CN caseins
during simulated hydrolysis by plasmin and the heat stable bacterial protease Pseudomonas LBSAT.

Materials and Methods: Casein sequences were analyzed using the UniProt database. Hydrolysis was
modeled using BIOPEP-UWM (for plasmin) and regular expressions in RStudio (for Pseudomonas
LBSAT1). The degree of hydrolysis (DH) was calculated as the ratio of cleaved peptide bonds to the
total possible bonds in the protein. Peptide sequences were analyzed using the “stringr”library
in RStudio. Bitter and antioxidant peptides were identified using the BIOPEP-UWM database.
Molecular weight and isoelectric point data were obtained via the "Peptides” library in RStudio.

Results: 2D diagrams revealed distinct distributions of peptides based on molecular weight and
isoelectric point, dependent on enzyme specificity. In the combined hydrolysis model, 4 bitter
peptides, 3 types of bitter amino acids, and 6 antioxidant peptides were identified.

Condusion: Bioinformatic modeling enables the prediction of enzymatic changes in milk proteins
during storage, their impact on quality, and enhances the efficiency of related experiments.
These findings may support the development of approaches for assessing dairy product storage
conditions and identifying quality markers.
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spoilage
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BBepeHue: DepmeHTaTMBHbIE MPOLECCH, MPOUCXOAALME B MOMIOYHbIX MPOAYKTaX NMPW XPaHeH N,
MOTYT MPUBOANTL K M3MEHEHVAM 6enKoBoro COCTaBa, YTO BJIMAET Ha X Ka4eCTBO. KJ'IPOHGB)/}O POSb
B TUX U3MEHEHUAX UTPat0T Kak SHAOreHHbIe (bepMeHTbI, Takne Kak ninas3MnH, Tak 1 6a|<Tepmaﬂbe|e
npoTeasbl. |_|pI/IMeHeH ne brown HCbOpMaTI/IquKMX METOAOB NMO3BOJIACT MOAENMPOBATb N'MAPONIN3 0enkos
1 NPOrHO3MPOBaTh 0OPa30BaHKe NeNTUAOB CO CNELMPUUECKMMU CBOMCTBAMM (C KOHKPETHBIMN
opraHoNenTUYeCKMM XapaKTeprcTnkamm, OUONOTNYECKON AdKTMBHOCTbIO, MOJ'IeKyJ'IﬂpHOIZ MaCCOI;I,
AMUHOKWCIOTHOW NOCNeA0BaTeNbHOCTbLIO ﬂp‘).

Lenb: OueHnTb M3MeHeHWs nentugHoro npoduna kasenHos B-CN, as1-CN, as2-CN u k-CN
npv MOAENMPOBAHWM 1X TUAPONM3A MAA3MUHOM M TEPMOCTabUNbHOM BakTepuranbHOM NPoTeasoi
Pseudomonas LBSAT.

Martepuanbl u MeToAbI: AHaM3 NOC/IE0BATENBHOCTEN Ka3EMHOB NPOBOAVN C MCMOSb30BaHeM 6a3bl
AaHHbIX UniProt. Tuaponus mogenvposani 8 BIOPEP-UWM (ana nnasmmnHa) 1 ¢ NOMOLLbIO PerynAapHbIX
BblparkeHni B RStudio (ans Pseudomonas LBSAT). CreneHb ruaponisa (DH) paccumTbiBany Ha OCHOBe
KONMUEeCTBa pa3opBaHHbIX MeNTUAHbBIX CBA3EN B OTHOLIEHNM K OBLLEMY UMCIY BO3MOXHDBIX CBA3EN
B 6e1KoBOW MoneKyne. [1na aHann3sa nenTuaHbIX NocnefoBaTenbHOCTEN NPUMEHANK BrbnmoTeky
“stringr” 8 RStudio. fopbKMe 1 aHTUOKCUAAHTHBIE NenTUbl BBIABAAAN C MCNONb30BaHMeM 6a3bl
AaHHbIX BIOPEP-UWM. [1aHHble O MONEKYAPHOM MacCe 1 M3031EKTPUYECKON TOUKE MOTYYEHHbIX
nenTnAOB V3BNeKanu ¢ nomollbto 6nbnmotekn “Peptides”s RStudio.

Pesynbratbl: Pe3ynbtathl 2D-Avarpamm nokasanu pasnuuus B pacnpefeneHny nentuaos
MO MONEKYNAPHOM MacCe 1 M3031eKTPUUECKOM TOUKe B 3aBUCHMOCTM OT CeLdUUHOCTY GepMeHTOB.
B KOMOVHMPOBaHHOM MOAENN TMAPONN3A UAEHTUOULIMPOBAHO 4 FOPBbKUX NeNTUAA U 3 BUAA FOPBbKIX
AMMHOKICIIOT, a TaKKe 6 aHTMOKCUMAAHTHbBIX MENTUAOB.

BbiBogbl: brionHdopmaTueckoe MoaenmMpoBaHmne nNo3BosseT NPOrHO3MPOBaTh GepPMEeHTATUBHbIE
M3MEHEHWA OENKOB B MOMNOUHbIX MPO/YKTaX, X BMAHME Ha KAUECTBO, @ TaKXKe MOBbILLATL SGHEKTUBHOCTL
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INTRODUCTION

Ensuring the quality of dairy products over a long period
of time remains a relevant challenge for both science and
industry (Muir, 2011; Fan et al, 2023). Various chemical,
biochemical and microbiological processes can degrade
the components of dairy products and cause defects in
flavor, consistency, etc. For example, Crudden et al. (2005)
highlighted that plasmin activity in raw milk is responsible
for influencing subsequent coagulation with rennet dur-
ing the production of cheese and cottage cheese, as well
as affecting cheese yield and the thickening of UHT milk.
This finding is supported by Chavan et al. (2011). Chemical
and biochemical spoilage is typically activated at elevat-
ed storage temperatures, accelerating processes such as
lipid oxidation, the Maillard reaction, and enzymatic ac-
tivity (Fox et al,, 2015; Lu & Wang, 2017; Fan et al,, 2023).
Conversely, microbiological spoilage can begin at low
temperatures, as psychrotrophic bacteria sustain activity
and produce extracellular heat stable enzymes. Moreover,
these enzymes, like plasmin, remain active even after pas-
teurization and ultrahigh temperature processing, making
them key factors in milk spoilage during storage due to
protein degradation, primarily caseins (Muir, 2011; Fox et
al,, 2015). Endogenous enzymes such as plasmin are initial-
ly present in milk. Their activity is regulated by a balance of
activators (serine proteases such as tissue and urokinase
plasminogen activators) and inhibitors (plasma proteins,
such as plasminogen activator inhibitors PAI-1 and PAI-
2 and a2-antiplasmin, which binds plasmin explicitly). In
contrast, exogenous enzymes produced by microorgan-
isms are more resistant to heat treatment and often have
a broad specificity (Fox et al., 2015). Regarding plasmin’s
negative impact on milk quality, Chavan et al. (2011) also
emphasized that heat processing alters the balance of en-
zyme's activators and inhibitors in favor of increased acti-
vators, thereby initiating degradation processes.

Modern proteomics and bioinformatics methodologies fa-
cilitate the efficient modeling of proteolysis and the com-
prehensive analysis of its effects on protein properties.
Tools such as BIOPEP UWM, PeptideRanker, AllerTOP, and
ToxinPred are utilized to model protein hydrolysis by differ-
ent enzymes, predict the formation of bioactive peptides,
and evaluate their sensory properties, allergenicity, and
toxicity (Pooja et al,, 2017; Zhang et al., 2020; Kruchinin &
Bolshakova, 2022). These methods optimize experimental
design and reduce labor costs, making hypothesis testing
more efficient. For example, Kruchinin et al. (2023) utilized
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in silico approaches to optimize bioactive peptides pro-
duction from whey, minimizing the need for extensive lab-
oratory work. Similar approaches have been implemented
by other researchers for a wide range of bioactive peptides
substrates (Panjaitan et al, 2018; Kartal et al., 2020; Iram et
al, 2022). A review by Barati et al. (2024) highlighted the
use of in silico methods for enzyme immobilization, and
specific bioinformatics applications including software
for molecular dynamics simulation, metal ion binding site
prediction servers, and methods for enzyme structure and
surface analysis. However, in silico methods rarely applied
to predict food spoilage and assess safety. Recent studies
in this area have examined a limited range of food safe-
ty and spoilage aspects. Some research focused on bac-
terial communities and their metabolic activities through
genomic and metagenomic analyses (Remenant et al,
2015). Other studies have investigated enzymes that can
degrade aflatoxins in food, a significant safety concern
(Dellafiora et al,, 2017). Additionally, the migration of pack-
aging substances in milk and their interaction with di-
gestive enzymes was assessed (Xiong et al.,, 2024). Finally,
Pseudomonas spp. were studied for their role in milk spoil-
age, with predictions made about their mechanisms and
strategies for prevention using quorum-sensing inhibitors
via in silico methods (Quintieri et al., 2021).

The implementation of in silico approaches to study dairy
products spoilage is complex, largely due to the need for
the identification of specific enzymes involved, especially
the heat stable enzymes produced by psychrotrophic bac-
teria. Accurate inclusion of these enzymes in bioinformat-
ics databases is challenging because of the limited data
on their specificity, which complicates their classification
and modeling. However, some studies have attempted to
characterize these enzymes. For instance, Yan et al. (1985)
classified extracellular proteases from Bacillus coagulans,
Bacillus sp., Bacillus subtilis, and Pseudomonas fluorescens
as metalloproteinases. Notably, the protease from Pseu-
domonas fluorescens also demonstrated trypsin-like activ-
ity. Baur et al. (2015) highlighted the role of Pseudomonas
spp. as significant producers of heat stable proteases
through the analysis of 231 strains isolated from raw milk.
Additionally, Matéos et al. (2015) identified an extracellu-
lar protease from Pseudomonas LBSA1, also classified as a
metalloproteinase from the serralysin family, which spe-
cifically targeted caseins (as1, -, and k-CN). This protease
showed a preference for cleaving at the N-terminus after
amino acids such as arginine and lysine and at the C-termi-
nus before amino acids like valine and methionine.



BIOINFORMATIC ANALYSIS OF CHANGES
INTHE PEPTIDE PROFILE OF DAIRY PROTEINS

Osama l.A. Soltan

Thus, this study aimed to develop an approach that com-
bines in silico modeling with experimental data to study
the spoilage processes of dairy products. In this research,
the hydrolysis of caseins (as1-, as2-, 3-, and k-CN) by one of
the identified proteases with the described specificity (from
Pseudomonas LBSAT1) as well as plasmin was carried out. The
modeling of casein hydrolysis by plasmin was performed
using BIOPEP-UWM. In contrast, the hydrolysis by the heat
stable protease from Pseudomonas LBSAT was modeled
by automated identification of suitable amino acid sites in
RStudio. The molecular masses, isoelectric points, and the
bitterness and antioxidant activity of the resulting hydrolysis
products were determined in this study.

MATERIALS AND METHODS
Proteins Under Study

The protein sequences were obtained from the UniProt
database. The signal peptides were excluded from the
analyzed sequences. The UniProt accession numbers for
the proteins under study are as1-CN — P02662, as2-CN —
P02663, 3-CN — P02666, and k-CN — P02668.

Hydrolysis Modeling

Hydrolysis of 3-CN and as2-CN by plasmin (EC 3.4.21.7)
was modeled using the analytical tool “enzyme(s) action”
from the BIOPEP-UWM database. Hydrolysis of 3-CN, as1-
CN, and k-CN by the bacterial protease from Pseudomonas
LBSAT (Matéos et al., 2015) was modeled in RStudio using
the “stringr” library to account for the enzyme’s specificity
to the P1-and P1-positions.

Degree of Hydrolysis (DH) Calculation

The degree of hydrolysis (DH) was determined based on
the number of peptides formed and the primary protein
sequence. The formula used for the calculation was:

DHz%X]OO%, (M

where d — the number of peptide bonds cleaved by the
enzyme; N — the total number of amino acid residues in
the primary sequence.

DH analysis was performed in RStudio, using regular ex-
pressions to identify the peptide bond cleavages and
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compute their count. Data processing and DH calcula-
tions were carried out separately for each enzyme and
protein.

Analysis of Peptides’ Properties

The identification of bitter and antioxidant peptides in the
hydrolysis model's peptide list was done using the BIO-
PEP-UWM database. Molecular mass and isoelectric point
data for the peptides were extracted using the "Peptides”
library in RStudio. A complete list of hydrolysis products,
including their molecular masses and isoelectric points,
was compiled into a separate table and is presented in the
supplementary materials of the paper (Appendix 1).

Data Visualization

2D histograms (heatmaps) and scatter plots were generat-
ed in RStudio using the ggplot2 library to represent the hy-
drolysis results and peptide characteristics visually. The 2D
histogram illustrates the distribution of peptides by mo-
lecular mass and isoelectric point. It is based on counting
the number of peptides within each histogram cell and
was implemented using the “‘geom_hex"function.

RESULTS
Hydrolysis Modeling by Plasmin

Mostly, hydrolysis products have a molecular weight of up
to 2000 Da; however, there are also fragments in the range
of 2000 to 3000 Da, as well as a few products with molecu-
lar weights between 5000 and 6500 Da (Figure 1).

In the combined hydrolysis model of 3-CN and as2-CN, 8
bitter peptides and 2 types of amino acids were released,
along with 5 peptides with annotated antioxidant activi-
ty (Table 1). The degree of hydrolysis (DH) for as2-CN was
14.6 %, while for 3-CN, it was 7.2 %.

Hydrolysis Modeling by Bacterial Protease

Unlike the hydrolysis products in the model with plasmin,
which are mainly concentrated in the pl range of 9-11,
those produced by bacterial protease show a broad-
er distribution across the isoelectric point (pl) spectrum,
spanning from 5 to 12. Additionally, most of the hydrolysis
products are predominantly found within the molecular
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Figure 1
Distribution of Hydrolysis Products Generated from as2-CN and B-CN by Plasmin in the
Model
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Table 1

Properties of hydrolysis products generated from as2-CN and B-CN by plasmin in the model

Protein Peptides and amino acids Bitterness Antioxidant activity Number of hydrolysis products
as2-CN, K + >
B-CN R + 2
FALPQYLK + + 1
as2-CN YL + + 1
YQK + 1
AVPYPQR + 1
B-CN GPFPIV + 1
VLPVPQK + 1

weight range of up to 2000 Da, with a small number of  were released, along with 3 peptides with annotated an-
fragments in the 2000-3000 Da range and a few peptides  tioxidant activity (Table 2). The degree of hydrolysis (DH)
exceeding 5000 Da (Figure 2). for as1-CN was 10.1 %, for 3-CN, it was 4.8 %, and for k-CN,

it 6.6 %.
In the hydrolysis model of as1-CN, 3-CN, and k-CN, 1 bit- twas °

ter peptide and 1 type of amino acid with a bitter taste
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Figure 2

Distribution of Hydrolysis Products Generated from as1-CN, B-CN, and k-CN by Bacterial

Protease in the Model
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Table 2

Properties of Hydrolysis Products Generated from as1-CN, B-CN, and k-CN by Bacterial Protease in the Model

Protein Peptides and amino acids Bitterness Antioxidant activity Number of hydrolysis products
as1-CN,
B-CN, k-CN F * >
as1-CN HIQKEDVPSER + 1
B-CN VKEAMAPK + + 1
HPHPHLSF + !
K-CN
YIPIQY + 1

Combined Hydrolysis Modeling

The specificity of plasmin partially overlaps with the spec-
ificity of the bacterial protease from Pseudomonas LBSAT1,
as both enzymes cleave peptide bonds after arginine (R)
and lysine (K) residues. However, the bacterial protease
imposes additional restrictions, requiring specific amino
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acids in the P1"-position. These differences are reflected in
the distribution of peptides by isoelectric point and mo-
lecular weight (Figure 3).

Combined hydrolysis with plasmin and bacterial protease
leads the formation of the maximum number of hydroly-
sis products with the widest range of isoelectric points (pl
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Figure 3

Distribution of Hydrolysis Products from Combined Action of Plasmin on as2-CN and B-CN,
and Bacterial Protease from Pseudomonas LBSA1 on as1-CN, -CN, and k-CN
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Table 3

Properties of Hydrolysis Products Generated by Combined Plasmin and Bacterial Protease Action

Protein Peptides and amino acids Bitterness Antioxidant activity Number of hydrolysis products
as1-CN,
B-CN, k-CN : + 5
as2-CN, < * >
B-CN R + 2
as1-CN HIQKEDVPSER + 1
FALPQYLK + + 1
as2-CN
YL + + 1
VKEAMAPK + + 1
B-CN
GPFPIIV + 1
HPHPHLSF + 1
K-CN
YIPIQY + 1
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from 2.5 to 12.5). This modeling also results in the most
variable distribution of hydrolysis products by molecular
weight, covering the ranges up to 2000 Da, 2000-4000 Da,
and 5000-6500 Da. The obtained results demonstrate that
the synergistic action of the enzymes promotes the forma-
tion of a more complex and diverse peptide profile, driven
by differences in enzyme substrate specificity and a higher
degree of hydrolysis.

In the combined hydrolysis model of all four proteins —
which includes the cleavage of as2-CN and (3-CN by plas-
min, as well as as1-casein, 3-CN, and k-CN by the bacte-
rial protease from Pseudomonas LBSA1 — three types of
amino acids and four peptides with a bitter taste were re-
leased, along with six peptides annotated with antioxidant
activity (Table 3).

DISCUSSION

Predicting changes in milk proteins during storage is an
important challenge in food science, as their degradation
affects the texture, taste, and nutritional value of products.
Early studies by Chavanetal. (2011), Dalabasmaz et al. (2019),
and Class et al. (2024) have noted that plasmin and bacterial
proteases play a key role in these processes. However, most
research is based on experimental data, while bioinformatic
methods remain less explored in this context.

The results of the modeling conducted in this study corre-
late with previously reported empirical findings, supporting
the feasibility of applying a bioinformatic approach to the
prediction and analysis of enzymatic spoilage in food prod-
ucts. For instance, the peptides FALPQYLK and AVPYPQR
identified in the hydrolysis model of as2-CN and B-CN by
plasmin were also described in the study by Nath et al.
(2022) in the context of casein cleavage by trypsin, which
has similar specificity. The authors also highlighted the bit-
terness and antioxidant properties of these peptides, which
were likewise detected through modeling in the present
study. According to Nath et al. (2022), the bitterness and an-
tioxidant activity of peptides are mainly associated with the
hydrophobicity of their terminal amino acids.

Other peptides (EAMAPK, EMPFPK) and the antioxidant
peptide AVPYPQR identified in the plasmin hydrolysis
model were also reported by Sedaghati et al. (2016). For
AVPYPQR, the authors determined antibacterial activity
with a minimum inhibitory concentration (MIC) value of
40 mg/mL against Escherichia coli, which was not assessed
in the present study.
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The hydrolysis products identified as a result of hydrolysis
modeling with the bacterial protease from Pseudomonas
LBSAT — specifically, HIQKEDVPSER and HPIK — also over-
lap with data from other studies (Gupta et al,, 2010; Stuknyte
et al, 2016; Nath et al,, 2022). Notably, Stuknyte et al. (2016)
investigated the proteolytic activity of heat stable enzymes
from Pseudomonas fluorescens PS19, while Gupta et al.
(2010) analyzed antioxidant peptides in cheese. Verhegg-
he et al. (2021) studied the hydrolysis of milk proteins by six
bacterial strains — Pseudomonas fluorescens MB4999, Pseu-
domonas sp. MB4988, Pseudomonas fluorescens MB5000,
Pseudomonas sp. MB4996, Pseudomonas lundensis MB4984,
and Pseudomonas fragi MB4972 — and identified peptides
such as EPVLGPVR, VSKVKEAM, and GPFPIIV.

At the same time, although the protease from Pseu-
domonas LBSA1 has shown high amino acid sequence
similarity (93 %) to the protease from P, fluorescens F as re-
ported by Mateos et al. (2015), the marker peptides men-
tioned above (EPVLGPVR, VSKVKEAM, and GPFPIIV) were
not detected in our hydrolysis model with Pseudomonas
LBSAT protease. This finding may indicate differences in
substrate specificity or proteolytic mechanisms between
closely related strains, highlighting the need for further
research to better understand the proteolytic potential of
individual Pseudomonas strains.

In the study by Class et al. (2024), the peptides PLW and
FSDIPNPIGSENSEK derived from as1-CN were identified
as markers of milk spoilage; however, these peptides were
not detected in the present study. Since the authors refer
to the possible combined action of endogenous enzymes
(plasmin, cathepsin D) and bacterial proteases, the discrep-
ancy between their findings and the hydrolysis products
observed in this work is likely due to the greater enzymatic
diversity present in milk, which contains not only plasmin
and the Pseudomonas LBSA1 protease. In the study by Ver-
hegghe et al. (2021), which focused on developing a rapid
method for detecting bacterial proteolytic activity in raw
milk, a 3-casein-derived peptide with the sequence GPF-
PIIV was identified among six peptide markers. This peptide
was also detected in our model, though it was generated
by plasmin. The authors reported that in samples with high
levels of heat-resistant bacterial proteases, the concentra-
tions of this and other peptides significantly increased (Ver-
hegghe et al,, 2021). In contrast, during the modeling of hy-
drolysis by the Pseudomonas LBSA1 protease in the present
study, this peptide was not detected. This may be attributed
to differences in the substrate specificity of proteases from
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various Pseudomonas strains, in particular, a preference for
glycine in the P1"position (C-terminal) or arginine in the P1
position (N-terminal), as well as the possible subsequent ac-
tivation of plasminogen.

Although Verhegghe et al. (2021) applied heat treatment
(95°C for 8 minutes and 45 seconds) to eliminate the influ-
ence of plasmin in their experiment, they did not conduct
additional studies to confirm the complete inactivation of
the plasmin system. Meanwhile, Van Asselt et al. (2008) re-
ported that even extreme heat treatment conditions (180°C
for 0.2 seconds), followed by heating at 80°C for up to 4 min-
utes, do not guarantee full inactivation of plasmin activity in
milk. Furthermore, France et al. (2021) noted that plasmino-
gen activators may remain active after heat treatment and
can initiate protein hydrolysis during subsequent milk stor-
age. The authors also reported a D-value of 16 seconds at
140°C for the inactivation of such activators. Taken together,
these findings highlight the complexity of studying the ef-
fects of individual factors on the milk peptide profile. They
underscore the need to consider the intricate interactions
and known specificities of proteolytic systems. Therefore, in
studies of milk protein proteolysis, it is essential to assess the
cumulative nature of the resulting changes and conduct ad-
ditional experiments to quantitatively determine the contri-
bution of secondary factors, such as plasmin system activity.

The 2D diagrams generated through modeling in the pres-
ent study can serve as a tool for comparing results from
empirical experiments, enabling faster identification of pat-
terns, improving the efficiency of data analysis, and facilitat-
ing the creation of ‘fingerprints’ that characterize the con-
dition and quality of dairy products. The fingerprint-based
approach to peptide and protein analysis has already been
applied in several studies, including investigations into the
effects of heat treatment and storage on the milk peptide
profile (Meltretter et al., 2008), detection of milk adulteration
by the addition of milk powder (Du et al,, 2020), and analy-
sis of dynamics of protein changes in breast milk (Thesbjerg
et al, 2023). The use of such visual tools can support the
interpretation of proteomic data and accelerate the identi-
fication of key peptides, thereby strengthening the synergy
between in silico modeling and laboratory research.

Limitations

The modeling performed in this study does not account
for all storage-related factors, including temperature fluc-
tuations, protein—protein and protein-lipid interactions. It
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is also important to consider the influence of the plasmin
system and other endogenous enzymes, whose concen-
tration and activity are affected by zootechnical factors
(such as breed, age of the cow, and stage of lactation), as
well as by processing conditions. The presented models
are limited by the selection of proteases; expanding the
dataset to include the specificities of a broader range of
bacterial enzymes responsible for spoilage in milk would
enhance the effectiveness of bioinformatic analysis and
improve the predictability of dairy product spoilage.

CONCLUSION

The application of bioinformatic modeling enabled the
prediction of casein hydrolysis (specifically 3-CN, as1-CN,
as2-CN, and k-CN) under the action of plasmin and the
heat stable bacterial protease from Pseudomonas LBSAT1.
This made it possible to assess potential changes in the
milk peptide profile during storage. The results confirmed
that these proteins are sources of peptides with bitter
taste and antioxidant activity, which may serve as a basis
to develop new approaches to dairy product quality as-
sessment. In particular, this could involve the analysis of
peptide bitterness and antioxidant properties as indica-
tors of changes occurring in milk during storage. Further
studies are needed to evaluate the practical applicabili-
ty of these approaches, including the development and
adaptation of sensitive analytical methods to objectively
assess the impact of enzymatic processes on the sensory
and functional properties of milk proteins.

The partial agreement between the in silico results and
experimental findings supports the potential of this ap-
proach to predict key peptides. However, differences in
enzyme specificity highlight the need for additional vali-
dation.

Future research may focus on the identification of micro-
bial enzyme systems present in raw milk, expanding bio-
informatic databases, and verifying predictions through
mass spectrometry. Integrating bioinformatic modeling
with laboratory studies will enable more accurate predic-
tions of protein composition changes and help optimize
dairy quality control. Conducting a scoping review on the
use of bioinformatics in food spoilage assessment would
further systematize existing approaches and define key di-
rections for future development.
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APPENDIX1

Complete list of hydrolysis products

Protein Hydrolysis product Molecular weight, Da  Isoelectric point (pl)

Plasmin hydrolysis model

as2-CN ALNEINQFYQK 1367.52 6.40
as2-CN AMK 348.46 9.70
as2-CN ENLCSTFCK 1044.21 6.14
as2-CN EQLSTSEENSK 1251.27 3.98
as2-CN EVVR 501.58 6.41

as2-CN FALPQYLK 979.19 9.30
as2-CN FPQYLQYLYQGPIVLNPWDQVK 271013 6.32
as2-CN HYQK 574.64 9.30
as2-CN ISQOR 502.57 10.55
as2-CN ITVDDK 689.76 4.11

as2-CN K 146.19 9.70
as2-CN K 146.19 9.70
as2-CN K 146.19 9.70
as2-CN K 146.19 9.70
as2-CN LNFLK 633.79 9.70
as2-CN LTEEEK 747.80 3.98
as2-CN NANEEEYSIGSSSEESAEVATEEVK 2688.71 349
as2-CN NAVPITPTLNR 119538 10.55
as2-CN NMAINPSK 874.02 9.70
as2-CN NR 28831 10.55
as2-CN NTMEHVSSSEESIISQETYK 229945 4.19
as2-CN PWIQPK 767.93 9.70
as2-CN QEK 403.44 6.41

as2-CN R 174.20 10.55
as2-CN TK 247.29 9.70
as2-CN TK 247.29 9.70
as2-CN TVDMESTEVFTK 1386.54 393

as2-CN TVYQHQK 903.01 9.30
as2-CN VIPYVR 74592 9.35

as2-CN YL 294.35 6.09
as2-CN YQK 437.50 9.30
B-CN AVPYPQR 829.95 9.35

B-CN DMPIQAFLLYQEPVLGPVR 2186.60 4.18
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Protein Hydrolysis product Molecular weight, Da  Isoelectric point (pl)
B-CN EAMAPK 645.77 641
B-CN ELEELNVPGEIVESLSSSEESITR 2646.84 355
B-CN EMPFPK 747.91 641
B-CN FQSEEQQQTEDELQDK 1982.00 3.56
B-CN GPFPIIV 741.93 6.10
B-CN HK 283.33 9.70
-CN IEK 388.46 6.41
B-CN IHPFAQTQSLVYPFPGPIPNSLPQNIPPLTQTPVVVPPFLQPEVMGVYSK 5319.25 7.54
B-CN INK 37345 9.70
B-CN K 146.19 9.70
-CN R 174.20 10.55
B-CN VK 24532 9.70
B-CN VLPVPQK 779.98 9.70
B-CN YPVEPFTESQSLTLTDVENLHLPLPLLQSWMHQPHQPLPPTVMFPPQSVLSLSQSK 6362.32 536

Bacterial protease hydrolysis model

as1-CN F 165.19 6.10
as1-CN F 165.19 6.10
as1-CN F 165.19 6.10
as1-CN H 155.16 7.55
as1-CN HIQKEDVPSER 1337.46 555
as1-CN HPIK 49361 9.70
as1-CN OF 29332 6.10
as1-CN QGLPQEVLNENLLR 1622.84 4.26
as1-CN QLDAYPSGAW 1107.19 375
as1-CN QMEAESISSSEEIVPNSVEQK 232150 371
as1-CN RPK 399.49 11,65
as1-CN VAPFPEVFGKEK 1347.58 6.53
as1-CN VNELSKDIGSESTEDQAMEDIK 243860 373
as1-CN VPLGTQYTDAPSFSDIPNPIGSENSEKTTMPLW 3593.96 374
as1-CN VPQLEIVPNSAEERLHSMKEGIHAQQKEPMIGYNQELAY 441502 481
as1-CN Y 181.19 6.09
as1-CN Y 181.19 6.09
as1-CN Y 181.19 6.09
as1-CN YK 30937 930
as1-CN YLGYLEQLLRLKK 1637.00 993
as1-CN YPELFR 82395 6.40
B-CN F 165.19 6.10
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Protein Hydrolysis product Molecular weight, Da Isoelectric point (pl)
B-CN HKEMPFPK 1013.22 9.54
B-CN MH 286.35 7.55
B-CN QEPVLGPVRGPFPIIV 171807 641
3-CN QPH 380.40 7.55
B-CN QPLPPTVMFPPQSVLSLSQSK 2281.70 9.70
B-CN QSEEQQQTEDELQDKIHPFAQTQSLVYPFPGPIPNSLPONIPPLTQTPVVVPPFLOPEVMGVSK 7136.06 3.99
B-CN RELEELNVPGEIVESLSSSEESITRINKKIEK 3657.09 4.36
B-CN VKEAMAPK 873.08 9.54
B-CN VLPVPQKAVPYPQRDMPIQAFLLY 2784.36 9.15
B-CN YPVEPFTESQSLTLTDVENLHLPLPLLQSW 346792 3.78
K-CN F 165.19 6.10
K-CN FSDKIAK 807.95 9.54
K-CN HPHPHLSF 971.09 7.81
K-CN MAIPPKKNQDKTEIPTINTIASGEPTSTPTTEAVESTVATLEDSPEVIESPPEINTVQVTSTAV 6707.43 3.77
K-CN QEQNQEQPIRCEKDER 2030.16 4.30
K-CN QQKPVALINNQFLPYPY 2033.36 9.15
K-CN QVLSNTVPAKSCQAQPTTMAR 223157 9.83
K-CN VLSR 473.57 10.55
K-CN Y 181.19 6.09
K-CN YAKPAAVRSPAQILQW 1799.11 1045
K-CN YIPIQY 795.93 6.09
K-CN YPSYGLNY 976.05 6.08

Combined hydrolysis model

as1-CN F 165.19 6.10
as1-CN F 165.19 6.10
as1-CN F 165.19 6.10
as1-CN H 155.16 7.55
as1-CN HIQKEDVPSER 1337.46 5.55
as1-CN HPIK 493.61 9.70
as1-CN QF 293.32 6.10
as1-CN QGLPQEVLNENLLR 1622.84 4.26
as1-CN QLDAYPSGAW 1107.19 3.75
as1-CN QMEAESISSSEEIVPNSVEQK 232150 3.71
as1-CN RPK 399.49 11.65
as1-CN VAPFPEVFGKEK 1347.58 6.53
as1-CN VNELSKDIGSESTEDQAMEDIK 2438.60 3.73
as1-CN VPLGTQYTDAPSFSDIPNPIGSENSEKTTMPLW 3593.96 3.74
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Protein Hydrolysis product Molecular weight, Da Isoelectric point (pl)
as1-CN VPQLEIVPNSAEERLHSMKEGIHAQQKEPMIGVNQELAY 4415.02 4.81
as1-CN Y 181.19 6.09
as1-CN Y 181.19 6.09
as1-CN Y 181.19 6.09
as1-CN YK 309.37 9.30
as1-CN YLGYLEQLLRLKK 1637.00 9.93
as1-CN YPELFR 823.95 6.40
as2-CN ALNEINQFYQK 1367.52 6.40
as2-CN AMK 348.46 9.70
as2-CN ENLCSTFCK 1044.21 6.14
as2-CN EQLSTSEENSK 1251.27 3.98
as2-CN EVVR 501.58 6.41
as2-CN FALPQYLK 979.19 9.30
as2-CN FPQYLQYLYQGPIVLNPWDQVK 271013 6.32
as2-CN HYQK 574.64 9.30
as2-CN ISQR 502.57 10.55
as2-CN [TVDDK 689.76 4.11
as2-CN K 146.19 9.70
as2-CN K 146.19 9.70
as2-CN K 146.19 9.70
as2-CN K 146.19 9.70
as2-CN LNFLK 633.79 9.70
as2-CN LTEEEK 747.80 3.98
as2-CN NANEEEYSIGSSSEESAEVATEEVK 2688.71 349
as2-CN NAVPITPTLNR 1195.38 10.55
as2-CN NMAINPSK 874.02 9.70
as2-CN NR 28831 10.55
as2-CN NTMEHVSSSEESIISQETYK 229945 4.19
as2-CN PWIQPK 767.93 9.70
as2-CN QEK 403.44 6.41
as2-CN R 174.20 10.55
as2-CN TK 247.29 9.70
as2-CN TK 247.29 9.70
as2-CN TVDMESTEVFTK 1386.54 393
as2-CN TVYQHQK 903.01 9.30
as2-CN VIPYVR 745.92 9.35
as2-CN YL 294.35 6.09
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Protein Hydrolysis product Molecular weight, Da Isoelectric point (pl)
as2-CN YQK 437.50 9.30
K-CN F 165.19 6.10
K-CN FSDKIAK 807.95 9.54
K-CN HPHPHLSF 971.09 7.81
K-CN MAIPPKKNQDKTEIPTINTIASGEPTSTPTTEAVESTVATLEDSPEVIESPPEINTVQVTSTAV 670743 3.77
K-CN QEQNQEQPIRCEKDER 2030.16 4.30
K-CN QQKPVALINNQFLPYPY 2033.36 9.15
K-CN QVLSNTVPAKSCQAQPTTMAR 223157 9.83
K-CN VLSR 473.57 10.55
K-CN Y 181.19 6.09
K-CN YAKPAAVRSPAQILQW 1799.11 1045
K-CN YIPIQY 795.93 6.09
K-CN YPSYGLNY 976.05 6.08
B-CN AVPYPQR 829.95 9.35
B-CN DMPIQAFLLY 121045 375
B-CN EAMAPK 645.77 6.41
B-CN ELEELNVPGEIVESLSSSEESITR 2646.84 355
B-CN EMPFPK 74791 6.41
B-CN F 165.19 6.10
B-CN GPFPIIV 741.93 6.10
B-CN HK 283.33 9.70
B-CN [EK 388.46 6.41
B-CN IHPFAQTQSLVYPFPGPIPNSLPQNIPPLTQTPVVVPPFLQPEVMGVYSK 5319.25 7.54
-CN INK 37345 9.70
-CN K 146.19 9.70
B-CN MH 286.35 7.55
B-CN QEPVLGPVR 994.16 641
B-CN QPH 380.40 7.55
B-CN QPLPPTVMFPPQSVLSLSQSK 2281.70 9.70
B-CN QSEEQQQTEDELQDK 1834.82 3.56
B-CN R 174.20 10.55
B-CN VK 245.32 9.70
-CN VLPVPQK 779.98 9.70
B-CN YPVEPFTESQSLTLTDVENLHLPLPLLQSW 3467.92 3.78
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