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Abstract: Caseins, which are contained in milk, play a significant role in the development of clinical symptoms of allergic reactions in adults
and children. To date, the properties of caseins have been studied, their primary structure has been identified. However, despite available
scientific reviews and original articles, an issue of the structural organization of milk casein micelles and their biological functions is still
very controversial. In this regard, the proposed review is relevant, since it most fully reflects current information about various types of
caseins, their physicochemical and immunobiological properties, and analyzes in detail the existing theories on the structural organization
of casein micelles. Of particular interest in our review are the data on the comparative analysis of the structure and properties of caseins in
both human breast milk and cow’s milk, as well as the section dealing with the allergenic activity of cow’s milk caseins and their cross-
reactivity with milk proteins of other mammalian species. The objective of this review is to summarize current data on the structure and

properties of casein proteins, and to determine their role in the formation of sensitization to dairy products.
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Introduction

The nutrition of an infant in the first year of life has a huge
impact on the maturation of the immune system, along with
physical and cognitive development. Human breast milk (HBM) is
recognized as the ‘gold standard’ of nutrition for infants [1, 2]. If
breastfeeding is impossible, its artificial substitutes are used [2].
Most milk formulae are based on cow’s milk. In the future, cow’s
milk and products made from it constitute a substantial share of
the human diet [3]. Cow’s milk allergy is the most common form of
food allergy at an early age [4].

It is reported that currently 0.6-3% of children under 6 years
of age, 0.3% of older children and youths, and less than 0.5% of
adults are allergic to cow’s milk. Remarkably, most children with
milk allergies ‘outgrow’ their allergies by becoming able to
consume milk and dairy products. However, in 15% of children,
milk allergy persists into their adulthood [5].

HBM contains approximately 9 g of protein per liter, while
cow’s milk contains 32 g of protein per liter [2, 6]. The casein
fraction predominates in cow’s milk (76—86%), while whey protein
fraction accounts for 14-24% of the total protein content in cow’s
milk. A different ratio of casein and whey proteins was found in
HBM: it is 40% to 60%, respectively [6, 7]. Besides, there are
differences in the ratios and content of protein subclasses in the
composition of cow’s milk and HBM [2]. The aS1 fraction of the a-
casein family constitutes the largest proportion in cow’s milk.
Unlike cow’s milk, B-caseins predominate in HBM [6, 7]. Casein is
believed to play an important role in the formation of persistent
allergies; hence, it is considered the main allergen in adults [7].

The objective of this review is to summarize current data on
the structure and properties of casein proteins, and to identify
their role in forming the sensitization to dairy products.

Caseins

Casein (from Latin caseus meaning ‘cheese’) represents the
main protein fraction of milk. Caseins constitute approximately
80% of all milk proteins. The information base of allergens, created
in recent years, includes cow’s milk allergens. In the official list of
the World Health Organization and the Subcommittee on Allergen
Nomenclature of the International Union of Immunological
Societies, cow’s milk allergens are designated by the Latin name of
the allergen source — Bos domesticus (i.e., domestic cow) [8, 9].
According to the official list of allergens, caseins are classified
under the general term Bos d 8 [9]. However, despite this common
name, the individual components of caseins have received
different identifying names. Caseins are encoded by various genes
located on the same chromosome [5]. The most important are:
aS1-casein (Bos d 9), aS2-casein (Bos d 10), B-casein (Bos d 11),
and k-casein (Bos d 12), accounting for 40%, 12.5%, 35% and
12.5% of casein fraction in milk, respectively [8]. All caseins have
genetic polymorphisms resulting in several protein variants and
contributing to their high heterogeneity [7]. These variants are
characterized by a point mutation of amino acids, deletion of
peptide fragments of different sizes, or post-translational
modifications, such as glycosylation, phosphorylation, or partial
hydrolysis, which may affect their properties and allergenic
potential [10, 11, 12].
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Caseins are phosphoproteins [7]: they contain 1-11
phosphoric acid anions (organic phosphorus), which form an ester
bond, mainly with the hydroxyl group of serine. The content of
serine phosphate residues in the polypeptide chains of a protein
determines its sensitivity to calcium cations [6, 12, 13, 14]. By their
function, aS1, aS2, and B-caseins are calcium-binding proteins,
whereas k-casein is a stabilizing protein [5].

All fractions of casein have been studied in terms of their
physicochemical properties; their primary structure has been
deciphered as well [11, 15]. It was shown that all caseins have a
molecular weight of 19-25.2 kDa, an isoelectric point (pl) of 4.7.
The primary structure of caseins does not have high homology [6,
15, 16]. The polypeptide chain contains a large amount of proline
(17 Pro in aS1; 10 Pro in aS2; 35 Pro in B-casein, and 20 Pro in k -
casein) [12]. Secondary structures, such as a-helices and B-sheets,
are rare, which makes caseins flexible, unfolded, or random helical
peptides, capable of generating intermolecular interactions (such
as electrostatic, hydrogen and hydrophobic). The tertiary structure
of casein is a loose, indistinct globule [6, 12, 18]. The quaternary
structure of casein is called a micelle [7, 12, 17, 18]. It is comprised
of a central hydrophobic core (calcium-sensitive aS1-, aS2- and -
caseins) and a peripheral hydrophilic layer (k-casein) [11, 17].

In milk, caseins have pronounced acidic properties. Free
carboxyl groups of amino acids and hydroxyl groups of phosphoric
acid easily interact with calcium ions, as well as with other salts of
alkali metals and alkaline earth metals (Na+, K+, Mg2+), forming
caseinates [14].

Family of a-caseins

a-Casein constitutes the largest fraction of cow’s milk and
includes phosphoproteins that are able to precipitate at low
calcium concentrations [12, 14, 19].

aS1-Casein (Bos d 9) is the main casein fraction with a
molecular weight (mM) of 23.6 kDa, containing 199 amino acid
residues, of which 8.4% are represented by proline [15]. A protein
fragment with a negative charge is located between 41st and 80th
amino acid residues and contains 8 acidic phosphoserines. Three
hydrophobic regions of the molecule are located between 1-40th,
90-110th, and 130-199th amino acid residues [16, 19] (Figure 1).

aS1- Casein occurs in four varieties: A, B, C and D, of which B is
the most common. The molecule is a disordered structure,
described as a random coil’, including a small number of a-helices
and B-sheets, mainly around the turns (Table 1) [12, 16].

Recent studies demonstrated that aSl-caseins have the
property of a molecular chaperone. They are involved in the
preservation and restoration of the correct conformation of some
intracellular macromolecules under stressful conditions. They can
stabilize milk protein molecules, in particular B-casein and whey
proteins, such as B-lactoglobulin and bovine serum albumin,
preventing their denaturation and precipitation [12].

Table 1. Secondary structural elements of aS1- and aS2-caseins (Adapted
from: Treweek T., 2012) [12]

Protein a-helix  B-sheet B-turns  Disordered Not detected
(%) (%) (%) structure (%) (%)

aS1-casein 14 28 22 35 1

aS2-casein 18 26 22 33 1

Residue number

(=]

50 100

aS1

aS2

= Positive charge = Uncharged

= Negative charge

150 200 250

Hydrophobic = Hydrophilic

Figure 1. Schematic diagram of linear chain distribution of charged hydrophilic and hydrophobic regions for the most common genetic types of caseins at
the pH of milk (6.6). (Sensu Tomasz Konrad et al, 2017) [19]. as1, aS1-casein; as2, aS2-casein; B, B-casein; K, K-casein.
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Figure 2. Amino acid sequence of cow’s milk k-casein [26, 29]. Phosphorylated serine residues are highlighted in red; cysteine residues capable of forming
disulfide bonds are highlighted in green; glycosylated threonine residues are highlighted in blue. *The site of rennet cleavage of glycomacropeptide from

para-k-casein.
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Figure 3. Calcium caseinate phosphate complex sensu Rogozhin V.V.,
2014 [32]. 1 - Binding of carboxyl groups; 2 — Binding of serine phosphate
groups; 3 — A casein molecule.
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Figure 4. Schematic representation of the casein micelle. Retrieved from:
Villa C., 2018 [5]. Structure of casein submicelles and casein micelles,
composed of submicelles held together by calcium phosphate.

aS2-Caseins (Bos d 10) have a molecular weight of 25.2-25.4
kDa and contain 207 amino acid residues. This is the most
hydrophilic protein that has 10-13 serine phosphate residues [15,
19]. Its hydrophobic regions are located in the range of 90-120th
and 160207th amino acid residues [19] (Figure 1). Its secondary
structure has few a-helices and B-sheets (Table 1) [12].

B-Casein (Bos d 11) has a molecular weight of 24 kDa and
contains 209 amino acid residues. It is a disordered ‘random coil’
with B-sheet and B-turn structures [12, 19]. B-Casein is the most
hydrophobic of all caseins [19, 20]. It occurs in five genetic
variants: A (A1, A2, and A3), B, C, D, and E [11, 12, 21]. Bovine B-
casein is usually present as one form with five phosphates [14, 20]
on serine residues: Serl5, Ser17, Serl8, Ser19, and Ser35. The first
four of those form a phosphorylation center [20]. Just two genetic
variants of this protein (C and D) seem to have altered
phosphorylation profiles [15, 21]. B-Casein has a negatively
charged hydrophilic N-terminal region (1-40th amino acid
residues). The hydrophobic properties of this protein increase
from the N to the C end from the 136th to 209th amino acid
residues [15, 19, 20, 22]. The discussed properties of B-casein, in
contrast to other unstructured and disordered proteins, under
physiological conditions, and even in an acidic medium, determine
its ability to self-assemble into micelles. In this case, the
hydrophobic part of the B-casein molecule is located inside the
micelle, and the hydrophilic part, in which the phosphorylation
center is located, is located outside [19, 20, 23] (Figure 1). B-
Casein, like aS1-casein, has chaperone activity [12].

Previously, y-casein was considered as a separate fraction,
which accounted for 3% of the total amount of casein. Later it was
shown that y-casein was identical to the C-terminal part of B-
casein [22, 24]. Many researchers suggested that y-casein was a
degradation product of B-casein and could be formed as a result of
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a trypsin-like proteolysis of the latter [5, 22]. It was demonstrated
that B-casein was hydrolyzed by milk proteinases (plasmin) in
three regions, resulting in forming six peptides: y1, y2 and y3-
caseins, proteases and peptones (thermostable, acid-soluble
phosphoproteins) [24].

K-Casein (Bos d 12), unlike a- and B-caseins, is a glycoprotein
and contains about 5% of carbohydrates. The k-casein molecule
has a molecular weight of 19 kDa and consists of 169 amino acid
residues (including two cysteine residues) and a single phosphate
group bound to serine [19]. The fragment of the 1-105th amino
acid residues of this chain is hydrophobic; it is called para-k-casein.
The hydrophilic C-terminal region of the molecule
(glycomacropeptide) from 106th to169th residues has a negative
charge at pH 6.6 and may contain tetrasaccharide chains [15, 25,
26]. Amino acid residues of threonine (Thrl21, Thrl31, Thr133,
Thr135, Thr142, Thr165) and serine (Ser141) undergo glycosylation
[27]. The oligosaccharide at the C-terminus has a negatively
charged N-acetylneuraminic acid, which increases the negative
charge of the C-terminus in this casein [25].

Several «k-casein isoforms can coexist, depending on the
degree of glycosylation in milk. There are 11 variants of k-casein
due to differences in the number of attached oligosaccharides. The
number of glycosylation sites may vary from 0 to 7; therefore,
both non-glycosylated and glycosylated isoforms exist in milk [5].
Para-k-casein occurs in two main variants, A and B (Figure 1 and 2)
[11].

K-Casein contains two cysteine residues and can form disulfide
bonds (Cys11 and Cys88) [25, 28, 29]. It was shown that k-casein,
similar to other caseins, does not have a stable three-dimensional
structure, which enables it to change its conformation at different
pH values [30]. Compared with calcium-sensitive aS- and pB-
caseins, k-casein is insensitive to relatively high calcium levels [26].

Casein micelle structure

Caseins form complex aggregates (micelles) [5, 12]. The actual
internal structure of the casein micelle remains not fully
understood, and various models have been built to describe it [5,
16, 17]. Since casein is a secret of epithelial cells [14], the micelle
structure is a result of evolution and plays an important biological
role. Calcium phosphate binds to casein molecules to prevent the
formation of amyloid fibrils in breast tissue. Accordingly, mothers
are able to feed their newborns without negative consequences
[19].

Sensu the classical theory, a micelle consists of submicelles [7,
31]. All electron microscopic research methods prove the
submicellar structure of casein micelles [16, 27]. It is shown that
the micelle body is comprised of discrete blocks and is not quite
spherical. The formation of micelles proceeds stepwise in the Golgi
apparatus [31, 32]. Depending on the type of casein, the resulting
polypeptide chain undergoes glycosylation (i.e., carbohydrates are
attached to the surface of the protein globule) or/and
phosphorylation [26, 31, 32].

The diameter of the submicelles is 12-15 nm. Casein proteins
in submicelles are oriented by their hydrophobic part to the center
of the micelle, and by their hydrophilic part they face outside. The
bonds between molecules in submicelles are hydrogen,
hydrophobic, and electrostatic [6, 17]. Casein molecules containing
a significant amount of phosphate esters possess a large negative

charge. As the submicelles become saturated with Ca2+ and
phosphate anions, the submicelles begin to coalesce, forming
micelles [31, 32]. Submicelles are connected by colloidal calcium
phosphate; the latter has a free bond and can form a calcium
bridge between the carboxyl and serine phosphate groups of
casein molecules [11]. When calcium is added to the hydroxyl
group of the phosphoric acid, a casein-calcium phosphate complex
is formed [14, 31, 32] (Figure 3, 4).

Hence, casein micelles are ordered protein structures, in the
formation of which calcium cations and phosphoric acid anions
take part. When calcium combines with phosphoric acid anions,
calcium-phosphate bridges are formed that bind casein molecules
together. The resulting casein—calcium phosphate complex may
also contain some other polar compounds (citric and acetic acids,
vitamins, etc.) and ions (Na+, K+, Mg2+, CI-, etc.) [27, 32].

K-Casein is found mainly on the outer side of micelles, which is
confirmed by electron microscopy [31]. The hydrophilic, negatively
charged C-terminal part of most k-casein molecules sticks out of
the micelle in the form of flexible filaments [12, 22, 27]. The
hydrodynamic thickness of the filament layer is about 7 nm [16].
Micelles form a colloidal suspension in the presence of a stabilizing
factor (k-casein) [33].

The formation of casein micelles is explained by the
nanocluster theory. According to it, a micelle is a homogeneous
matrix of caseins [11]. The homogeneity of the mass distribution
inside the casein micelle is indicated by studies using neutron and
X-ray light scattering [12, 34]. Colloidal calcium phosphate
nanoclusters are located inside the homogeneous matrix of
caseins [12, 17, 31], dispersed into very small (about 2 nm) ‘cherry
pits’, the distance between which is, on average, 18.6 nm.
Phosphorylation centers (3-5 adjacent phosphorylated amino acid
residues) of caseins are attached to the surface of nanoclusters.
These centers cross-link proteins, which leads to the formation of
a network structure of a micelle or matrix [34]. The micelle is
stabilized by k-casein [17, 31, 34]. It is known that the ratio of k-
casein to other components of casein is higher in small micelles
and lower in large micelles [35]. The aggregation of micelles is
prevented by electrostatic and steric repulsion due to the k-casein
layer [34].

Thus, despite the fact that the tertiary structure of a single
casein molecule is a disordered coil, several protein molecules of
casein during ionic and flexible intermolecular interactions form a
rigid structure, which is a micelle, the equilibrium of which is
maintained by the outer k-casein layer. The k-casein layer prevents
further micelle growth, reaction with calcium cations and,
accordingly, precipitation.

The functional features of caseins depend directly on their
structural species specificity and quantitative ratios in milk. The
main physiological function of casein micelles is to supply proteins,
phosphates and calcium to newborns [16]. Besides, during the
digestion of both bovine and human B-casein, B-casomorphins are
formed, which can act as ligands to opioid receptors. Experiments
on animals have shown that oral administration of B-casomorphins
affects the motility of the digestive tract and generates an
analgesic effect [5, 21, 23, 36].

Human breast milk caseins

Human k-casein is similar in structure to bovine casein. Just
like the latter, human k-casein is located on the micelle surface
and contributes to its stabilization [36].
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k-Casein of human breast milk is a polypeptide chain
comprising 158 amino acid residues. The hydrophobic region (1-
93rd amino acid residues) contains one cysteine (Cys4), which
determines the formation of a dimer, a para-k-casein. The
presence of two cysteine residues in bovine k-casein indicates its
ability to form polymers [35, 37, 38]. In human k-casein, the
carbohydrate component constitutes approximately 55% of the
molecule. The bovine counterpart contains only 5% of
carbohydrates [35, 36, 39]. The hydrophilic fragment of human k-
casein (from amino acid residues 94-158th) is a glycomacropeptide
with antipathogenic and bifidogenic activity [36, 40, 41].
Additionally, it was shown that k-caseins are capable of inhibiting
the adhesion of H. pylori to the cells of the gastric mucosa [36, 41].

Functional and structural features of different casein types (a-,
B-, k-), along with their proportions, determine main differences
between the micelle of human breast milk and cow’s milk [25]. As
in cow's milk, caseins of human breast milk form a stable calcium
caseinate complex with colloidal calcium phosphate. The
aggregate properties of B-casein are responsible for formation of
micelles [35]. The average size of micelles in cow’s milk is 150-180
nm, whereas in human breast milk, it is 60-80 nm [24, 30, 41, 42].
The conducted studies demonstrated that B-caseins in human
milk, which have fewer phosphorylation sites, in most cases, form
smaller polymers. With an increase in phosphorylation groups, B-
caseins aggregate [43]. It was shown that large micelles contain
the least amount of carbohydrates in «k-casein (~25%).
Consequently, the level of k-casein glycosylation is associated with
the micelle size [25, 35].

Human breast milk also contains numerous specific minor
proteins, associated with casein micelles. The method of liquid
chromatography and mass spectrometry identified 82 proteins in a
casein micelle, 18 of which are not present in their whey fraction.
Thirty-two proteins, specifically associated with casein micelles,
have not previously been identified in human breast milk or
colostrum [44].

The obtained data provide a new insight into the proteomic
profile of breast milk casein micelle and its physiological
significance.

Cow’s milk protein allergy

Due to the fact that caseins have a flexible noncompact
structure, they are classified as weak allergens [5]. In addition,
they are effectively broken down in the digestive tract. Some
peptide fragments of casein, present in milk and formed as a result
of proteolysis, are conserved domain regions of the casein
molecule. Such fragments determine the allergenicity of native
proteins [6]. An absence of a clear tertiary structure in caseins
suggests the presence of predominantly linear epitopes [11]. As of
now, 35 IgE-binding epitopes have been identified in caseins: 6 in
aS1-casein, 10 in aS2-casein, 9 in B-casein, and 8 in k-casein [5].

Of eight major IgE-binding epitopes found in k-casein, three
are detected in 93% of serum samples from patients with cow’s
milk allergy — specifically, IgE-binding regions between 9-26th, 21-
44th, and 47-68th amino acid residues. Hence, the region between
residues at positions 9-68th (at the N-terminal) may play an
important role in the allergenicity of this protein [5].

Casein proteins, present in milk of various species of ruminant
animals, have high homology (>80-90%) and similar structural,
functional and biological properties [7, 11]. For example, the

sequences of aS1-, aS2-, and B-caseins of cows, goats and sheep
are homologous at 87-98% [5].

The conserved domain regions of caseins, responsible for IgE
cross-reactivity, include regions with serine residues, at which
phosphorylation occurs [10]. IgE-binding epitopes of a-caseins are
not available, as they are localized in the hydrophobic region of
the molecule. Therefore, the antigenic properties of a-caseins are
manifested solely in cleaved or denatured molecules. Most
children with cow’s milk allergy (93-98%) exhibit sensitization to
the casein from sheep and goat [5, 6, 7].

B-Caseins of humans and cattle have approximately 50%
homology [5, 11, 45]. Bernard H. et al. demonstrated IgE cross-
reactivity between B-casein in human breast milk and cow’s milk
[7, 45]. In the Han N study, two potential cross-reactive IgE-binding
epitopes of human and bovine k-caseins have been demonstrated
[46]. These facts suggest the possibility of forming cross food
allergies even to such ‘ideal’ food source as human breast milk,
especially when using a mixed type of feeding or after starting the
introduction of complementary foods.

According to our studies, sensitization to cow’s milk proteins
was found in 48.2% of patients in Moscow and Moscow Oblast
suffering from IgE-mediated food allergies [3]. We were able to
denote some of the features inherent in casein sensitization. It was
established that, in contrast to the majority of whey fractions of
milk (B-lactoglobulin and bovine serum albumin), allergic
sensitivity to which significantly and reliably declined with age, the
occurrence of IgE to casein did not significantly change in the older
age groups of patients. In children with sensitization to milk
proteins, allergic sensitivity to caseins occurred much less
frequently than to whey proteins, and amounted to 43% and 91%,
respectively, and only 9.0% of the group, studied by us, had
specific IgE exclusively to caseins. Analysis of specific IgE to various
milk proteins implied that the incidence of sensitization to caseins
was comparable to B-lactoglobulin, but still was higher than to
bovine serum albumin, both in frequency and in sensitization level

[3].

Conclusion

There is currently no treatment for milk allergy. Once the
diagnosis is made, the prevention of an allergic reaction depends
mainly on elimination measures. However, avoiding milk
altogether can cause a decrease in nutritional status and affect the
growth of infants and children. This problem could be dealt with
via optimizing novel strategies for milk processing with the goal of
destroying or modifying the structure of allergenic proteins and,
consequently, reducing or eliminating their allergenicity, as well as
via developing the methods for allergen-specific immunotherapy
with these allergens. It is encouraging that some success has been
achieved in oral immunotherapy with cow's milk proteins [47, 48].

Acknowledgments

We acknowledge the state source of funding for the research on the
topic, “Development of Native and Molecular Forms of Allergens Intended
for The Diagnosis and Treatment of Allergic Diseases in Pediatric
Practice.” The study was carried out with the Collective Usage Center, .I.
Mechnikov Research Institute of Vaccines and Sera, Moscow, Russia.

Conflict of interest

The authors declare that they have no conflicts of interest.

© 2021, LLC Science and Innovations, Saratov, Russia

WwWw.romj.org



R

®M)

DOI: 10.15275/rusom|.2022.0209

ISSN 2304-3415, Russian Open Medical Journal
2022. Volume 11. Issue 2 (June). Article CID e0209

6 of 7

Clinical Nutrition

=

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

References

Tran HT, Nguyen TT, Mathisen R. The use of human donor milk. BMJ
2020; 371: m4243. https://doi.org/10.1136/bmj.m4243.

Lukoyanova OL. Breast milk as a gold standard for development of
artificial milk formulas. Current Pediatrics 2012; 11(4): 111-115.
https://elibrary.ru/item.asp?id=17914714.

Petrova SYu, Khigatian SV, Berzhets VM, Pishchulina LA, Vasilyeva AV.
The significance of cow’s milk proteins in the development of IgE-
mediated food allergy among children. Russian Journal of Allergy 2019;
16(2): 38-44. https://elibrary.ru/item.asp?id=38595676.

Albanova VI, Pampura AN. Atopic Dermatitis. 2nd Ed. Moscow, Russia:
GEOTAR-Media. 2020: 94-95.
https://www.rosmedlib.ru/book/ISBN9785970456408.html.

Villa C, Costa J, Oliveira MBPP, Mafra I. Bovine Milk Allergens: A
Comprehensive Review. Compr Rev Food Sci Food Saf 2018; 17(1): 137-
164. https://doi.org/10.1111/1541-4337.12318.

Hernell O. Human milk vs. cow’s milk and the evolution of infant
formulas. Nestle Nutr Workshop Ser Pediatr Program 2011; 67: 17-28.
https://doi.org/10.1159/000325572.

Halavach TN, Kurchenko VP. Allergenicity of milk proteins and ways of
its decrease. Proceedings of the Belarusian State University 2010; 5(1):
9-55. https://elibrary.ru/item.asp?id=37308844.
WHO/IUIS.

Allergen nomenclature. 2011-2021.

http://www.allergen.org/.

Allergome — a database of allergenic molecules. Latina (ltaly): Allergy
Data Laboratories. 2019. https://allergome.org/script/about.php.

Pilolli R, Nitride Ch, Gillard N, Huet A, Van Poucke Ch, Loose M, et al.
Critical review on proteotypic peptide marker tracing for six allergenic
ingredients in incurred foods by mass spectrometry. Food Res Int 2020;
128: 108747. https://doi.org/10.1016/j.foodres.2019.108747.

Wal J. Structure and function of milk allergens. Allergy 2001; 56 Suppl
67: 35-38. https://pubmed.ncbi.nlm.nih.gov/11298005.

Treweek T. Alpha-casein as a molecular chaperone. In: Hurley W, Ed.
Milk  Protein. Rijeka,  Croatia: InTech. 2012:  85-119.
http://doi.org/10.5772/48348.

Bogatova OV, Dogareva NG. Chemistry and Physics of Milk. Orenburg,
Russia: OGU. 2004; 137 p. http://window.edu.ru/resource/043/19043

Savelkina NA. Biochemistry and microbiology of milk and dairy
products. Part 1. Bryansk, Russia: Michurinsk Branch of Bryansk State
Agricultural University. 2015; 129 p.

Maity S, Bhat AH, Giri K, Ambatipudi K. BoMiProt: A database of bovine
milk proteins. J Proteomics 2020; 215: 103648.
https://doi.org/10.1016/j.jprot.2020.103648.

Huppertz T, Fox PF, Kelly AL. The caseins: Structure, stability, and
functionality. In: Yada RY, Ed. Proteins in Food Processing. 2nd Ed.
Cambridge, Woodhead Publishing. 2018: 49-92.
https://doi.org/10.1016/B978-0-08-100722-8.00004-8.

Horne DS. Casein micelle structure: Models and muddles. Curr Opin
Coll Interf Sci 2006; 11(2-3): 148-153
https://doi.org/10.1016/j.cocis.2005.11.004.

Kalyankar SD, Khedkar CD, Patil AM, Deosarkar SS. Milk: Sources and
composition. In: Caballero B, Finglas P, Toldrd F, Eds. Encyclopedia of
Food and Health. Oxford, Academic Press. 2016: 741-747.
https://doi.org/10.1016/B978-0-12-384947-2.00463-3.

Gtagb TK, Boratyniski J. Potential of Casein as a Carrier for Biologically
Active Agents. Top Curr Chem (Cham) 2017; 375(4): 71.
https://doi.org/10.1007/s41061-017-0158-z.

Boland M, Singh H, Thompson A. Milk Proteins. From Expression to
Food. 2nd Ed. London, Academic Press. 2014; 622 p.
https://www.elsevier.com/books/milk-proteins/boland/978-0-12-
405171-3.

Kovalyuk NV, Yakusheva LI, Shakhnazarova YuYu, Kesem AA. Use of
site-specific PCR for identification of animals, carriers of allele of al
locus of beta-casein. Shornik Nauchnyh Trudov Krasnodarskogo

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

Nauchnogo Centra po Zootehnii i 4-8.

https://doi.org/10.34617/4a9g-wn62.

O'Regan J. Ennis MP, Mulvihil DM. Milk proteins. In: Phillips GO,
Williams PA, Eds. Handbook of Hydrocolloids. 2nd Ed. Cambridge,
Woodhead Publishing. 2009: 298-358.
https://doi.org/10.1533/9781845695873.298.

Portnaya I, Ben-Shoshan E, Cogan U, Khalfin R, Fass D, Ramon O, et al.
Self-assembly of bovine B -casein below the isoelectric pH. J Agric Food
Chem 2008; 56(6): 2192-2198. https://doi.org/10.1021/jf072630r.

Cho Y, Jones OG. Chapter Two — Assembled protein nanoparticles in
food or nutrition applications. Advances in food and nutrition research
2019; 88: 47-84 https://doi.org/10.1016/bs.afnr.2019.01.002.

Sood SM, Erickson G, Slattery CW. Kappa-casein interactions in the
suspension of the two major calcium-sensitive human beta-caseins. J
Dairy Sci 2003; 86(7): 2269-2275. https://doi.org/10.3168/jds.s0022-
0302(03)73818-1.

Shlyapnikova SV, Batyrova ER. Features of coagulation of milk. Rennet
enzyme preparation and its analogues. Biomics 2017; 9(1): 33-41.
https://elibrary.ru/item.asp?id=29745011.

Dumpler J. On the heat stability of concentrated milk systems. Kinetics
of the Dissociation and Aggregation in High Heated Concentrated Milk
Systems. Dissertation at TUM School of Life Sciences Weihenstephan
of the Technical University of Munich. Heidelberg: Springer Spektrum.
2017: 143-179. https://doi.org/10.1007/978-3-658-19696-7.

Farrell HM, Malin EL, Brown EM, Qi PX. Casein micelle structure: What
can be learned from milk synthesis and structural biology? Current
Opinion in Colloid and Interface Science 2006; 11(2-3): 135-147.
https://doi.org/10.1016/j.cocis.2005.11.005.

Livney YD. Milk proteins as vehicles for bioactives. Current Opinion in
Colloid  and  Interface  Science 2010; 15(1-2): 73-83
https://doi.org/10.1016/j.cocis.2009.11.002.

Mirdha L, Chakraborty H. Characterization of structural conformers of
K-casein utilizing fluorescence spectroscopy. Int J Biol Macromol 2019;
131: 89-96. https://doi.org/10.1016/j.ijbiomac.2019.03.040.

Rocha-Mendoza D, Jiménez-Flores R. Casein nomenclature, structure,
and association. In: McSweeney PLH, McNamara JP, Eds. Encyclopedia
of Dairy Sciences. 3rd Ed. Academic Press, 2022: 870-880.
https://doi.org/10.1016/B978-0-12-818766-1.00277-4.

Rogozhin VV. Biochemistry of Agricultural Products: Textbook. St.
Petersburg, Russia: GIORD. 2014: 393-446.
https://e.lanbook.com/book/69865.

Hill AR, Kethireddipalli P. Dairy Products: Cheese and Yogurt. In: Eskin
NA, Shahidi F, Eds. Biochemistry of Foods. 3rd ed. London, Academic
Press. 2013: 319-323. https://doi.org/10.1016/C2009-0-02724-X.

de Kruif CG, Huppertz T, Urban VS, Petukhov AV. Casein micelles and
their internal structure. Adv Colloid Interface Sci 2012; 171-172: 36-52.
https://doi.org/10.1016/j.cis.2012.01.002.

Sood SM, Erickson G, Slattery CW. Formation of reconstituted casein
micelles with human beta-caseins and bovine kappa-casein. J Dairy Sci
2002; 85(3): 472-477. https://doi.org/10.3168/jds.s0022-
0302(02)74097-6.

Demmelmair H, Prell C, Timby N, Lénnerdal B. Benefits of lactoferrin,
osteopontin and milk fat globule membranes for infants. Nutrients
2017; 9(8): 817. https://doi.org/10.3390/nu9080817.

Wakerley JB. Milk Ejection and its Control. In: Neill JD, editor. Knobil
and Neill's Physiology of Reproduction. Volume 2. 3rd ed. London,
Academic Press; 2006: 3129-3190. https://doi.org/10.1016/B978-
012515400-0/50064-6.

Zhu J, Dingess KA. The functional power of the human milk proteome.
Nutrients 2019; 11(8): 1834. https://doi.org/10.3390/nu11081834.
Kim YJ, Park S, Oh YK, Kang W, Kim HS, Lee EY. Purification and
characterization of human caseinomacropeptide produced by a
recombinant Saccharomyces cerevisiae. Protein Expr Purif 2005; 41(2):
441-446. https://doi.org/10.1016/j.pep.2005.02.021.

Veterinarii 2019; 8(2):

© 2021, LLC Science and Innovations, Saratov, Russia

WwWw.romj.org


https://doi.org/10.1136/bmj.m4243
https://elibrary.ru/item.asp?id=17914714
https://elibrary.ru/item.asp?id=38595676
https://www.rosmedlib.ru/book/ISBN9785970456408.html
https://doi.org/10.1111/1541-4337.12318
https://doi.org/10.1159/000325572
https://elibrary.ru/item.asp?id=37308844
http://www.allergen.org/
https://allergome.org/script/about.php
https://doi.org/10.1016/j.foodres.2019.108747
https://pubmed.ncbi.nlm.nih.gov/11298005
http://doi.org/10.5772/48348
http://window.edu.ru/resource/043/19043
https://doi.org/10.1016/j.jprot.2020.103648
https://doi.org/10.1016/B978-0-08-100722-8.00004-8
https://doi.org/10.1016/j.cocis.2005.11.004
https://doi.org/10.1016/B978-0-12-384947-2.00463-3
https://doi.org/10.1007/s41061-017-0158-z
https://www.elsevier.com/books/milk-proteins/boland/978-0-12-405171-3
https://www.elsevier.com/books/milk-proteins/boland/978-0-12-405171-3
https://doi.org/10.34617/4a9q-wn62
https://doi.org/10.1533/9781845695873.298
https://doi.org/10.1021/jf072630r
https://doi.org/10.1016/bs.afnr.2019.01.002
https://doi.org/10.3168/jds.s0022-0302(03)73818-1
https://doi.org/10.3168/jds.s0022-0302(03)73818-1
https://elibrary.ru/item.asp?id=29745011
https://doi.org/10.1007/978-3-658-19696-7
https://doi.org/10.1016/j.cocis.2005.11.005
https://doi.org/10.1016/j.cocis.2009.11.002
https://doi.org/10.1016/j.ijbiomac.2019.03.040
https://doi.org/10.1016/B978-0-12-818766-1.00277-4
https://e.lanbook.com/book/69865
https://doi.org/10.1016/C2009-0-02724-X
https://doi.org/10.1016/j.cis.2012.01.002
https://doi.org/10.3168/jds.s0022-0302(02)74097-6
https://doi.org/10.3168/jds.s0022-0302(02)74097-6
https://doi.org/10.3390/nu9080817
https://doi.org/10.1016/B978-012515400-0/50064-6
https://doi.org/10.1016/B978-012515400-0/50064-6
https://doi.org/10.3390/nu11081834
https://doi.org/10.1016/j.pep.2005.02.021

)
W ISSN 2304-3415, Russian Open Medical Journal

R @ MJ 2022. Volume 11. Issue 2 (June). Article CID e0209
DOI: 10.15275/rusom;j.2022.0209

7of7

Clinical Nutrition

40. Jauregui-Rincén J, Salinas-Miralles E, Chavez-Vela N, Jiménez-Vargas
M. Glycomacropeptide: Biological Activities and Uses. In: Gigli I, Ed.
Whey — Biological Properties and Alternative Uses. Intech Open 2019:
1-21. https://doi.org/10.5772/intechopen.82144.

41. Vasques da Costa A, Purcell Goes C, Gama P. Breastfeeding importance
and its therapeutic potential against SARS-CoV-2. Physiol Rep 2021;
9(3): e14744. https://doi.org/10.14814/phy2.14744.

42. Claeys WL, Verraes C, Cardoen S, De Block J, Huyghebaert A, Raes K, et
al. Consumption of raw or heated milk from different species: An
evaluation of the nutritional and potential health benefits. Food
Control 2014; 42: 188-201
https://doi.org/10.1016/j.foodcont.2014.01.045.

43. Sood SM, Slattery CW. Association of mixtures of the two major forms
of beta-casein from human milk. J Dairy Sci 2001; 84(10): 2163-2169.
https://doi.org/10.3168/jds.s0022-0302(01)74662-0.

44. Liao Y, Alvarado R, Phinney B, Lonnerdal B. Proteomic characterization
of specific minor proteins in the human milk casein fraction. J
Proteome Res 2011; 10(12): 5409-5415.
https://doi.org/10.1021/pr200660t.

45, Costa J, Villa C, Verhoeckx K, Cirkovic T, Schrama D, Roncada P, et al.
Are Physicochemical Properties Shaping the Allergenic Potency of
Animal Allergens? Clin Rev Allergy Immunol 2022; 62(1): 1-36.
https://doi.org/10.1007/s12016-020-08826-1.

46. Han N, Jarvinen K, Cocco R, Busse P, Sampson H, Beyer K. Identification
of amino acids critical for IgE-binding to sequential epitopes of bovine
K-casein and the similarity of these epitopes to the corresponding
human «k-casein sequence. Allergy 2008; 63(2): 198-204.
https://doi.org/10.1111/j.1398-9995.2007.01539.x.

47. Ebrahimi M, Gharagozlou M, Mohebbi A, Hafezi N, Azizi G, Movahedi
M. The Efficacy of Oral Immunotherapy in Patients with Cow's Milk
Allergy. Iran J Allergy Asthma Immunol 2017; 16(3): 183-192.
https://pubmed.ncbi.nlm.nih.gov/28732431.

48. Ebisawa M, Ito K, Fujisawa T. Japanese guidelines for food allergy
2017. Allergol Int 2017; 66(2): 248-264.
https://doi.org/10.1016/j.alit.2017.02.001.

Authors:

Stanislava Yu. Petrova — MD, PhD, Senior Researcher, Laboratory of
Allergens, I.I. Mechnikov Research Institute of Vaccines and Sera, Moscow,
Russia. https://orcid.org/0000-0003-3034-0148.

Svetlana V. Khigatian — DSc, Lead Researcher, Laboratory of Allergens, I.I.
Mechnikov Research Institute of Vaccines and Sera, Moscow, Russia.
https://orcid.org/0000-0001-8354-7682.

Olga Yu. Emelyanova — PhD, Senior Researcher, Laboratory of Allergens, I.1.
Mechnikov Research Institute of Vaccines and Sera, Moscow, Russia.
https://orcid.org/0000-0002-1228-523X.

Larisa A. Pishchulina — Junior Researcher, Laboratory of Allergens, I.I.
Mechnikov Research Institute of Vaccines and Sera, Moscow, Russia.
https://orcid.org/0000-0003-0450-9368.

Valentina M. Berzhets — DSc, Professor, Head of the Laboratory of
Allergens, I.I. Mechnikov Research Institute of Vaccines and Sera, Moscow,
Russia. https://orcid.org/0000-0001-5055-7593.

© 2021, LLC Science and Innovations, Saratov, Russia

WwWw.romj.org


https://doi.org/10.5772/intechopen.82144
https://doi.org/10.14814/phy2.14744
https://doi.org/10.1016/j.foodcont.2014.01.045
https://doi.org/10.3168/jds.s0022-0302(01)74662-0
https://doi.org/10.1021/pr200660t
https://doi.org/10.1007/s12016-020-08826-1
https://doi.org/10.1111/j.1398-9995.2007.01539.x
https://pubmed.ncbi.nlm.nih.gov/28732431
https://doi.org/10.1016/j.alit.2017.02.001
https://orcid.org/0000-0003-3034-0148
https://orcid.org/0000-0001-8354-7682
https://orcid.org/0000-0002-1228-523X
https://orcid.org/0000-0003-0450-9368
https://orcid.org/0000-0001-5055-7593

