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Abstract.

Bioinformatic analysis methods are an auxiliary tool in the preliminary stage of research into biocatalytic conversion of proteins
with predicted release of biologically active peptides. However, there are a number of factors ignored in current strategies for
designing biologically active peptides, which prevents the complete prediction of their biological properties. This determines
the relevance of the research objective, i.e. developing a hybrid strategy for bioinformatic modeling to study biologically active
peptides of milk protein. The new strategy ranks key criteria based on high-performance algorithms of proteomic database.
The research featured the scientific publications on in silico methods applied to biologically active peptides. Modern taxonometric
methods of information retrieval were applied using the RSCI, Scopus and Web of Science databases.

The article introduces and describes step by step the optimal in silico hybrid strategy algorithm for studying biologically active
milk protein peptides. The algorithm takes into account the safety assessment of all hydrolysis products, their physicochemical
and technological properties. The strategy algorithm relies on analytical data on the protein profile, the amino acid sequence of
proteins that make up the raw material, taking into account their polymorphism, and the subsequent identification of bioactive
amino acid sites in the protein structure. The algorithm selects optimal enzyme preparations, as well as models the hydrolysis
and assesses the peptide bioactivity using proteomic databases.

At the preliminary stage of protein hydrolysis, the new in silico strategy scientifically predicts the targeted release of stable
peptide complexes of biologically active peptides with proven bioactivity, safety and sensory characteristics. The hybrid
algorithm contributes to accumulation of the necessary primary data so as to reduce the time and cost of laboratory experiments.
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AHHOTAIHS.

Mertozbr GMOMH()OPMATHIECKOT0 aHAIN3a — BCHOMOTAaTeNIbHBII HHCTPYMEHT B IPOBEICHNY TIPEIBAPUTEIILHOTO ITAla HCCIIE0BAHNIT
nporecca OMOKaTATUTHISCKON KOHBEPCUH OEITKOB C MPOTHO3UPYEMBIM BEICBOOOKICHNEM OMOIOTHIECKN aKTHBHBIX MENTHIOB.
OnHako cymecTByeT psaJ (pakToOpoB, HE YYHTHIBAIOIIUXCSA B COBPEMEHHBIX CTPATETUAX IPU NPOCKTUPOBAHUU OMOJOTHYECKH
AKTHUBHBIX MENTH/IOB, YTO MPEISITCTBYET OJHOMACIITAOHOMY IIPOTHO3MPOBAHUIO UX OHOJIOIHYECKHX CBOMCTB. DTO 00yciIaBInBaeT
aKTyaJbHOCTh BRIOPAHHOH IIEJIM UCCIIEIOBAHUS — pa3paboTKy rTHOPUIHON CTpaTernu OMOMH(POPMATHIECCKOTO MOICINPOBAHMS
JUISL U3Yy4YCHUS 6I/IOJ'IOFI/I'~IGCKI/I AKTHUBHBIX INECNTHA0B MOJOYHOTO Oenka ¢ YUYE€TOM paHXHUPOBAHUSA KIIHOYEBLIX KPUTCPHUEB Ha
OCHOBE BEICOKOTIPOM3BOIUTENEHEIX aITOPUTMOB IIPOTEOMHBIX 0a3 JaHHBIX.

OOBEeKTOM HCCIEeI0BAHUS SBISIETCS HAydHas TUTEpaTypa, Kacaromascs METOAOB in silico 6M0NOTHYecKr aKTUBHBIX METITHIOB.
[IpuMeHATUCh COBPEMEHHBIC TAKCOHOMETPHUECKHE METObI TIOMCKa HH(POPMAIMK ¢ MCIOab30BanreM 0a3 manubix PUHII,
Scopus u Web of Science.

CdopMuUpOBaH W TMOITAMHO OMUCAH ONTUMAJBHBIM ANTOPUTM THOPUIHOW CTpaTeTuu in silico M3y4eHHs] OMOJOTHYECKH
AKTUBHBIX MENTHI0B MOJIOYHOTO OeJIKa C y4eTOM OLEHKH 0€30MMacHOCTH BCEX MPOAYKTOB IHIPONIN3A, HX (PU3UKO-XUMUYECKUX
1 TEXHOJOTHYECKUX CBOMCTB. AJNITOPUTM CTpaTeTHH c(hOPMUPOBAH UCXOMAS N3 AHAINTHIECKUX JAaHHBIX 0 OEIKOBOM Ipoduie,
AMMHOKHCIIOTHOMH IT1OCJIEIOBATENBHOCTH OEIKOB, BXOAAILIMX B COCTAB ChIPbs C YYETOM UX MoJuMopdu3Ma, U mocienyouen
naeHTH(OUKAIUU OMOAKTHBHBIX aMUHOKHCIOTHBIX CAaiiTOB B CTPYKType Oenka. B airopuT™ BKJIIOUEH 110J00p ONTHMANBHBIX
(hepMEHTHBIX ITPENapaToB ¥ MOJCIHUPOBAHUE THIPOJIN3A C OLIEHKONH OMOAKTUBHOCTH METTUAOB 110 IPOTEOMHBIM 0a3aM JJaHHBIX.
IIpennoxxennast cTparterust in silico MO3BOIUT Ha MPEABAPUTEILHOM 3Tarle MPOBEACHHS THAPONN3a OelKka HayYHO MPOTHO3UPOBATh
HaIpaBJICeHHOE BHICBOOOXKIACHNE CTAOMIBHBIX MENTHIHBIX KOMILICKCOB OMOJIOTMYECKN aKTHBHBIX NENTHAOB C JI0Ka3aHHBIMU
O0MOaKTUBHOCTHIO, 0€30MaCHOCTBIO M CEHCOPHBIMM XapakTepUCTHKaMH. [ 'mOpummHbIi anroput™m OyaeT cmocoOCTBOBaTh
aKKyMYJIHPOBaHHIO HEOOXOIUMBIX MEPBUYHBIX JAHHBIX AJIS COKpAIIEHUs] BDEMEHHBIX U (PMHAHCOBBIX 3aTPaT Ha NMPOBEIECHUE
peaNbHBIX YKCIEPUMEHTOB.

KuroueBsble ciioBa. Mosounsle OenKku, NeNTUIbl, 6a3a TaHHBIX, OHonHbOpMaTHKa, in silico
dunancuposanue. Vccienosanne BBIIONHEHO 32 c4eT TpanTa Poccuiickoro Hayunoro ¢ponna (PHD)ROR No 21-76-00044.
Jas nurupoBanus: Kpyuunun A. I'., bBorsmakosa E. M. T'ubpunnas crpaterns 6MOMHPOPMATHIECKOTO MOJICITHPOBAHUS

(in silico) nns n3y4eHns: OMOJIOTHYECKH aKTHBHBIX ITENITHI0B MOJIOYHOTO Oenka // TeXHHKa U TEXHOJIOTHSI MUIIEBBIX TPOU3BOJICTB.
2022. T.52. Ne 1. C. 46-57. (Ha anrun.). https://doi.org/10.21603/2074-9414-2022-1-46-57
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Introduction

Recent years have seen an increase in the number
of biotechnological studies aimed at assessing the
role of biologically active peptides derived from
food raw materials for regulating body functions,
maintaining immunological status, and reducing the
risk of chronic disease development [1, 2]. Scientists
proved that biologically active peptides demonstrate
antimicrobial, hypocholestermic, antihypertensive,
antioxidant, antidiabetic, immunomodulatory and
otherproperties [3-9]. PeptidOme of dairy raw materials
is considered one of the most valuable sources for
isolating bioactive peptides encoded in its structure
[10]. Most biologically active peptides identified in dairy
products range from 2 to 20 amino acids in length. This
corresponds to a molecular weight range of 0.24-2.50 kDa.
As the length of the peptide increases, the probability
of forming secondary structure elements rises, which
results in steric hindrances to the manifestation of
various biological activities. Exposure to proteases
brings about the release of bioactive peptides from the
amino acid sequence of a protein. This exposure takes
place during gastrointestinal digestion, fermentation
of milk proteins using proteolytic systems of lactic
acid bacteria in the process of ripening, technological
treatment of raw materials (homogenization, high
temperature treatment, ultrasound, etc.) and bio-
conversion of protein raw materials with purified
preparations of proteolytic enzymes [11-13].

The classical strategy for research of biologically
active peptides relies on the unpredictable cleavage
of peptide bonds in the protein structure by proteases
in vitro, followed by the purification of hydrolysis
products and evaluation of their bioactivity in vivo.
However, this strategy suffers from a number of
shortcomings, including a high labor intensity and
a long process, as well as high financial costs [14].
With computer technology and in-depth analytical
research methods developing rapidly, integrated
proteomic data banks, such as NCBI, BIOPEP,
UniProt, PepBank, SwePep, etc. were created. Imple-
menting bioinformatic analysis algorithms on these
platforms allows the detection of peptide bonds
in the protein structure sensitive to proteolytic
cleavage, amino acid sequences of proteins and derived
peptides, their functionality, allergenicity, chelating
ability, etc. [15-17].

Methods of bioinformatic analysis (in silico) are an
auxiliary tool in preliminary studying the biocatalytic
conversion of proteins (using “digital twin” models)
by different proteases with predicted release of
biologically active peptides. Since peptides, like
proteins, exhibit a high degree of structure-activity
relationship, the presence and location of certain
amino acid residues (biomarkers) can indicate the
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properties and potential bioactivity of peptides [18].
For example, E.Yu. Agarkova and A.G. Kruchinin
showed in their article that redox-active amino
acid residues (C, H, Y, W and M) are an important
structural descriptor of antioxidant peptides [19].
Residues of hydrophobic amino acid enhance the
antioxidant properties of peptides in systems containing
the lipid phase. Amino acids with ionogenic groups
in side radicals are responsible for binding metal ions
of variable valence. Thus, predictive modeling of
biological activities in peptides based on biomarkers
reduces the number and duration of experiments to
obtain representative data [18]. Bioinformatic analysis
integrated into research developed new strategies for
discovering bioactive peptides and proving their role
at the organismic level. Most in silico working strategies
are based on a paradigm that selects protein substrate
and enzymes to generate bioactive peptides (taking
into account the frequency and release efficiency
criteria), carry out molecular docking, and screen
virtually peptide sequences for further optimization
of Dbiopeptide release from food protein
substrates [20, 21].

However, the design and generation of biologically
active peptides neglect a number of factors. For
example, the genetic polymorphism of milk proteins
associated with amino acid mutations in its structure can
affect the type and biological activity of the released
peptides [22]. Diversity of the protein matrix of food
raw materials should be considered another important
factor, as well as their bioavailability for enzymatic
cleavage, taking into account the conformational
and intermolecular changes during technological
processing. Considering peptidomics as an integral part of
fudomics, one should pay special attention to predicting
the sensory characteristics of hydrolysis products,
aim to minimize the formation of free amino acids at
the in silico stage, as well as level out the formation
of bitterness and non-specific flavor as much as
possible. A key criterion in the development and identi-
fication of biologically active peptides is food safety.
That is why a bioinformatic approach to modeling
biologically active peptides should predict such factors
as toxicity and allergenicity of the peptides released
from the protein structure. In terms of technological
properties, an important factor is predicting the
stability of biologically active peptides during in silico
modeling. Bioinformatics can predict the average
molecular weight, thermal stability (aliphatic index),
solubility (hydropathy index), etc. This enables
assessment of stability for hydrolysis products during
further technological processing and storage. Since
bioactive peptides can be completely or partially degraded
by digestive proteases in the human gastrointestinal
tract and subsequently lose biological activity,
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bioinformatic modeling of the resistance of bioactive
peptides to hydrolysis by digestive enzymes is considered
an important part of the final stage. For example, proline
in biologically active peptides increases their resistance
to GI peptidases [19].

The foregoing determines the relevance of the
study objective, i.e. developing a hybrid strategy
for bioinformatic modeling so as to study biologically
active peptides of milk protein, taking into
account the ranking of key criteria based on high-
performance proteomic database algorithms.

Study objects and methods

Analysis embraced Russian and foreign scientific
publications dealing with the use of bioinformatic
data banks in studying proteins or peptides of food
biosystems. It was carried out on the main scientometric
databases RSCI, Scopus and Web of Science.
The search query excluded teaching materials, as
well as conference materials and proceedings. Search
descriptors in article titles, keywords, and abstracts
included the following words and phrases: food proteins,
bioactive peptides, database, bioinformatics, in silico.
The depth of analysis for scientific publications was
limited to a 20-year period. This approach allowed
us to identify key actualizable databases and form
the fundamental criteria for bioinformatic modeling
of targeted hydrolysis of food proteins in order to
predict the release of biopeptides from their structures.

Results and discussion

Resultant from the development of principles for
the bioinformatic approach in peptidomics, numerous
databases were created, including data banks of proteins,
as well as enzymes, sensory, allergenic, bioactive
and hypothetically bioactive peptides. In addition to
listing members of each group, the databases contain
associated analytical bioinformatics tools. Thanks to
them, one can extract information about the dis-/similarity
of given protein structures, their amino acid sequence,
theoretical enzymatic cleavage, physicochemical
properties, chelating ability, proven or predicted
functionality, allergenicity, toxicity, etc.

In a number of studies, scientists used various
bioinformatic resources successfully to create
algorithms and strategies for predicting the isolation
of biologically active peptide from food raw
materials [23-25]. Taking into account the charac-
teristics of raw materials or the process of
generating  biologically active peptides, the
authors point out that each individual food object requires
appropriate in silico modeling tools.

Analysis and systematization of international
experience resulted in development and thorough
description of an optimal algorithm for a hybrid
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strategy of bioinformatic modeling so as to study
biologically active peptides of milk protein. The
strategy takes into account the most significant criteria
that increase the probability of obtaining peptides
with predictable bioactivity, safety, and acceptable
sensory characteristics (Fig. 1).

Protein profile analysis of milk raw materials. The
fractional composition of raw milk is not constant
and depends on paratypical (period of the year,
feeding ration, lactation period, animal health, etc.),
genotypical (heredity, breed, individual genotype, etc.)
and technological (heat treatment, homogenization,
membrane processing, etc.) factors [26]. In this
regard, the preliminary proteomic studies require
qualitative and quantitative determination of
protein fractions for dairy raw materials due to
their instability. To determine the total content of
casein and serum proteins and to identify
protein fractions, one needs to use a set of multi-
directional techniques, such as the Kjeldahl method,
one- or two-dimensional gel electrophoresis with
isoelectric ~ focusing, high-performance liquid
chromatography, etc. In addition, high-performance
liquid chromatography with time-of-flight mass
spectrometry will assess changes in the peptide
profile in dairy raw materials depending on various
technological factors.

Thus, complete systematic mapping of proteins
in dairy raw materials, taking into account the
conformational and proteomic changes associated
with the technological features of modern production,
seems to be a powerful tool at the initial stage of the
bioinformatic modeling strategy.

Protein amino acid sequence analysis taking
into account genetic polymorphism. The next
stage of the strategy involves obtaining data
on the amino acid sequences of all protein fractions
identified in the composition of raw milk. Data
on the amino acid sequence, including the protein
gene polymorphism (if necessary), its codifiers,
molecular weight, and source, can be retrieved from
bioinformatic databases and associated tools: NCBI,
Uniprot and BIOPEP [27]. These resources are
often used to identify the amino acid sequences
of proteins while studying in silico new bioactive
peptides from animal raw materials and creating
databases of sensory peptides [25, 28, 29].
However, in silico studies do not take into
account information about the genetic variability
of protein structures.

The polymorphism of the gene, encoding the
amino acid sequence in the protein structure, plays
an essential role in the strategy for bioinformatic
modeling of enzymatic bioconversion of milk
proteins. Amino acid mutations result in the random
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replacement of single amino acids in the protein
structure, which affects its properties as well as the
bioactivity and degree of peptide release. The effects of
gene polymorphism on the amino acid sequence have
been noted in a number of studies and constitute a proven
fact [30, 31]. Researchers at the University of Limerick
stated that the genetic polymorphism of dairy proteins
in raw milk obtained from producing animals of the
same breed affects the types of bioactive peptides it
contains [24]. The direction of hydrolysis can also
depend on the genetic variation of the protein. This
effect has been mentioned in the study of polymorphic
variants of f-casein and their effect on digestion in the
GI tract ex vivo [32]. Consequently, when modeling
the targeted hydrolysis of milk protein raw materials,
it is necessary to take into account their genotypic
traits because they can determine the direction of
hydrolysis and the composition of bioactive sites within
the protein structure.

The fact that dairy plants receive milk from farms
in a bulk milk tank (mixed) poses the main problem
for genetic identification of expressed protein fractions
in raw milk. Milk collected from different cows is
characterized by heterogeneity of genetic variants of
a certain protein, which complicates its controlled
bioconversion. The laboratory of canned milk at the
All-Russian Dairy Research Institute has developed a
modern technique for molecular genetic evaluation of
the ratio of relative shares of the CSN3 gene alleles
in mixed dairy products [33]. Based on the proposed
technique, the authors developed a bioinformatic analysis
program Calculating the ratio of the relative proportions
of k-casein alleles in collected milk, available at www.
tinyurl.com/allelesprog. Improving this technique and
projecting it onto other biotechnologically relevant
protein fractions will allow integration of this tool
into the strategy of bioinformatic modeling (in
silico) from the position of rational processing
milk raw materials for the predicted release of
biologically active peptides.

Identification of amino acid bioactive sites in the
protein structure. A key step in in silico modeling of
hydrolysis is identifing locations of bioactive sites encoded
in the amino acid sequences of protein substrates,
taking into account genetic polymorphism with the
aim of their further targeted release. The evaluation
criterion is the frequency of bioactive sites
occurrence in the protein structure. Bioactive peptides
within the amino acid structure of a protein may be
searched by its identifier using the bioinformatic
database tools MBPDB and BIOPEP [34].
Bioinformatic algorithms of these databases are able
to perform a search query in the following variations:
searching for bioactive peptides in the structure of
a particular protein; searching for a specific amino
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acid sequence and assessing homology of biofunc-
tional properties, as well as identifying precursor
proteins [35, 36]. The resultant set contains
data of bioactive peptides with annotated amino
acid sequences included in the studied protein
(peptide mapping), their functions, level of bioactivity,
and references to primary sources of research
data. The data set allows one to simplify the process
and reduce labor costs of releasing bioactive peptides
from complex protein matrices [37, 38]. The targeted
hydrolysis will result in the release of not only the
maximum possible number of functional peptides,
but also those whose bioactivity is not annotated.
The bioinformatic tools BLAST NCBI, Expasy
SIM Alignment Tool and Uniprot (ALIGN) are
used to compare amino acid sequences (alignment)
in order to identify protein structures similar in
motifs and functionality [39]. It is worth noting
that working with these resources requires care in
formulating conclusions. R.A. Gonzalez-Pech et al.
have drawn attention to cases of incorrect
interpretation of the data obtained through these
algorithms [40].

Most other tools used for identifying bioactive
peptides, such as APD, PeptideDB, BioPepDB,
etc., operate on the basis of an inverse algo-
rithm [41, 42]. This algorithm focuses on the amino
acid sequences of peptides whose isolation from the
protein requires prior use of resources modelling
enzymatic cleavage. This approach forms many
options for directing the hydrolysis, since enzyme
complexes or individual enzyme preparations
will have an individual bioinformatic scheme of
cleavage. Processing such a data set implies a time
cost, provided that there are no limitations in the number
of enzyme systems. A number of publications on
in silico studies of protein microstructures
of collagens, tomato seeds, mung beans, etc.
also used this classical algorithm from
enzymatic cleavage to evaluation of peptide
properties [43—45].

Screening the specificity of enzyme preparations.
The task of the next stage of the bioinformatic
modeling strategy is to screen the specificity of enzyme
preparations taking into account the hydrolysable
peptide bonds at the sites of bioactive peptides. The
bioinformatic tool Expasy Peptide Cutter extracts
information about the enzymes appropriate for selected
protein substrates and indicates the hydrolysable
peptide bond between amino acids. Using this information,
BIOPEP’s “Batch Processing” provides a list of selec-
ted amino acid sequences and a list of bioactive peptides
included in it.

Enzymatic screening can also be performed with
another BIOPEP tool, “Find the enzyme for peptide
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release”, where the raw data are bioactive peptides
and the amino acid sequence of the protein from
which they are to be extracted. It is important to enter
peptides in FASTA format as follows: “> peptide 1 IPP
(amino acid sequence of bioactive peptide)”. There
can be several peptides, and each must be specified
with a new line and a new number. The result of
the data processing is a list of enzymes suitable for
targeted hydrolysis.

Computer modeling of the protein bioconversion.
After suitable enzymes are selected in this way, all
enzymatic cleavage products can be analyzed in
BIOPEP’s section “Enzymes action” by selecting the
option “Enzymes action for your sequence”. This tool
features the complete picture of protein hydrolysis
into peptides. Even taking into account the poly-
enzyme system. Computer modeling of bioconversion
should be performed on a “digital twin” model of the
substrate. A digital twin is formed from the analytical
data on the protein profile of the raw milk used.
Bioconversion modeling is carried out for each
protein fraction, after which the hydrolysis products
are combined and analyzed. The only drawback of
this scheme is that this tool does not take into
account the hydrolysis conditions, namely tempe-
rature, duration, substrate-enzyme ratio and pH.
This offers the basis for studies to optimize the
conditions of enzymatic hydrolysis, taking
into account technological factors in vitro.

Bioactivity assessment of peptides. After targeted
hydrolysis on the “digital twin” model of the
complex protein matrix of dairy raw materials
with enzymes selected after screening, all reaction
products should be evaluated for biofunctionality
by means of tools. They are listed in “Identification
of Bioactive Amino Acid Sites in Protein
Structure”. In addition to the described bioinfor-
matic resources used to determine the bioactivity
of peptides, another tool, Peptide Ranker, is
worth mentioning. In the study by S. Nebbia
et al., it helped select only 10 out of 30 000
prognostically formed peptides for further study [35].
This resource identifies the biological activity of peptides
according to certain structural characteristics on
a scale from 0 to 1, in which any peptide scoring above
0.5 is considered biologically active [44, 46]. Using
this tool Y. Gu et al. evaluated the effect of different
types of cultures on the peptide profile of yogurts [47].
M. Tu et al. studied biologically active peptides derived
from casein hydrolysis [48]. In addition, there are a
number of narrowly focused databases that will help
in the targeted search for bioactivity. Among
such databases, MilkAMP (antimicrobial peptide
database), AHTPDB (antihypertensive peptide database),
etc. stand out.
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Assessment of toxicity, allergenicity, free amino acid
index and sensor properties of peptides. Since one of
the main objectives of biotechnology is to ensure
the safety of isolated substances, a necessary
step consists in testing peptides obtained
by targeted hydrolysis for adverse effects.

According to the publications, there are
approximately 170 food allergens that cause IgE-
mediated allergic reactions. 90% of these reactions
are caused by food allergens representing &
groups, including milk and dairy products [49, 50].
Almost all milk proteins are immunoreactive
due to a large number of antigenic determinants
(epitopes) in their amino acid sequences [51, 52].
On this basis, a prerequisite for in silico analysis
is to predict the residual antigenicity of all hydro-
lysis products. It is possible by means of IUIS and
BIOPEP databases containing up-to-date information
on allergenic protein epitopes. In addition to
the search systems of these two bases, there are
bioinformatic tools such as Allergenic Protein
Sequence Searches and AlgPred2 [53]. They help
predict the allergenicity of isolated peptides and the
protein as a whole by amino acid sequence. To
perform alignment, AlgPred2 is paired with IEDB,
which is a database of experimental data on antibody
epitopes studied in the context of infectious
diseases, allergy, autoimmunity and transplan-
tation, as well as with the NCBI BLAST tool.
It is also coupled with the MERCI software
to identify allergenic sites in the protein
structure [54].

Bioinformatic data on the allergenicity of protein
microstructures will allow correcting the hydrolysis
process by changing the proteolytic system or
adding a second hydrolysis step to break down
allergenic sites, which is used in practice to reduce food
allergenicity [55].

Apart from allergenicity, toxicity of substances
should be taken into account. It is evaluated using
ToxinPred. It is a web server based on a peptide
dataset consisting of 1805 toxic peptides obtained from
various databases (ATDB, Arachno-Server, Cono-
server, DBETH, BTXpred, NTXpred and SwissProt)
[56]. There is evidence that certain amino acid
residues, such as Cys, His, Asn, Pro, or the Phe-Lys-
Lys, Leu-Lys-Leu, Lys-Lys-Leu-Leu, Lys-Trp-Lys,
Cys-Tyr-Cys-Arg sites, are frequently found in
toxic peptides, whereas Arg, Leu, Lys, and Ile are
the least common [56, 57]. Bioinformatic tools for
predicting toxicity in silico work on the principle
of analyzing amino acid sequence for specific
amino acid sites [58]. Current computational
approaches used in toxicology are thoroughly
described in studies of antidiabetic, antihy-
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other
safety

pertensive,  antioxidant
biological objects  for
assessments [59-63].

For the food industry or pharmaceuticals to continue
using bioactive peptides, it is necessary to predict
their flavor profile and sensory characteristics

peptides  and
bioinformatic

in combination.  Sensory characteristics  of
biologically active peptides are another significant
descriptor  that bioinformatics tools provide

for analysis. The taste profile can be predicted
due to the BIOPEP, which contains a database
of sensory peptides, as well as the BitterDB,
which contains peptides with bitter taste [64].
In addition to sensory peptides with bitter,
sweet and umami tastes, the abnormal taste
profile for hydrolysates can be formed due to
a high index of free amino acids (FAA) [65].
This indicator can be evaluated and corrected
during computer modeling of the targeted protein
bioconversion in silico.

Evaluation of the physicochemical and technological
properties of peptides. The amino acid sequence
in the structure of peptides obtained as a result of
hydrolysis affects the stability of the system,
physicochemical and technological properties.
They will affect the application scope for the obtained
components. The bioinformatic tool PepCalc was
successfully used in a number of studies to predict
physicochemical properties. It can be used to predict
peptide solubility in water, theoretical molecular
weight, isoelectric point, total charge as a fun-
ction of pH, extinction coefficient, and instability
index [66—68]. The importance of predicting the
instability index, characterizing intramolecular
stability, lies in the correlation of this index with
the thermostability of peptides. This is a significant
factor in the technological process (heat treatment)
and in the microbiological safety of hydrolysis
products [69]. Therefore, the instability index can be
viewed as one of the criteria for evaluating
the targeted hydrolysis model or a basis for its
possible adjustment.

The Expasy ProtParam and ProtPi tools can also
be used to predict the instability index, half-life,
extinction coefficient, hydropathicity (GRAVY) and
some other characteristics.

Stability evaluation of bioactive peptides during
digestion in the gastrointestinal model. The structure
of biologically active peptides can be destroyed in the
gastrointestinal tract by the action of digestive enzymes
with complete or partial loss of biofunctional properties.
Therefore, it is pointless to extract biologically
active peptides blindly, without taking into account
degradation in the GI tract. Evaluating peptide
stability during simulated digestion is an important
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final step in a hybrid strategy of bioinformatic mode-
ling (in silico) for targeted hydrolysis. In silico
modeling of digestion can be accomplished via the
bionformatic resources described earlier in “Screening
the Specificity of Enzyme Preparations”. To simulate
digestion in the gastrointestinal tract, three main
digestive enzymes, produced in the human body,
are used: trypsin,
elastase [70].
Digital model of a peptide complex. Based on
the sequentially generated algorithm in silico, it
seems objectively possible to create a digital model

chymotrypsin and pancreatic

of the peptide complex. The peptide complex with
predicted bioactivity, safety, and sensory characteristics
may be an object of subsequent scaling studies in real
experimental conditions.

Conclusion

By evaluating the capabilities of multi-directional
bioinformatic analysis methods combined with
high-performance algorithms of proteomic database,
it is possible to combine and integrate them into a
hybrid strategy for the bioinformatic modeling (in silico)
of hydrolysis targeted of stable
peptide complexes with predictable bioactivity,
stability, safety and characteristics
from complex protein matrices of dairy
the generated hybrid strategy
algorithm for a bioinformatic modeling, the
mainemphasis is placed on safety due to excluding

the formationof peptide forms that have a negative

for release
sensory
raw

materials. In

impact on the functioning of human organs and
human health in general.

The data obtained by bioinformatic modeling
(in silico) do not always fully correlate with the
experimental data obtained in vitro and in vivo
during targeted hydrolysis of milk protein and yet the
hybrid algorithm presented in this article facilitate
s the accumulation of the necessary primary data
to reduce the time and financial costs of real
experiments.

However, despite all the advantages of bioinformatics
and various strategies, in silico remains only a
preliminary step in a cascade of studies for
biologically active milk protein peptides due to
the impossibility of predicting the theoretical
enzymatic cleavage under various technological
conditions (temperature, duration, active acidity,
substrate-enzyme ratio). This offers the basis for
studies to optimize the conditions of enzymatic
hydrolysis, taking into account technological factors

in vitro.
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