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ABSTRACT

Milk proteins are essential nutritive components and have great impact on the quality of dairy
processing. Milk proteins are classified into two groups or caseins and whey proteins. Among the
caseins, the second most abundant casein is B-casein. In the recent years, the difference in the
genetic variants of B-casein and its impact on human health and milk processing has led to an
increased interest among researchers. Thus, individual genetic variants have shown dissimilarities
in the physicochemical behaviour during processing. The commercially most common -casein
milk variants are A1 and A2 milk. The difference between these variants is in the amino acid
position 67 in the B-casein polypeptide chain with histidine in A1 milk and proline in A2 milk.
Concerning the milk processing, Al casein have shown to have better coagulation characteristics
compared to A2 milk which is important for production of fermented products like cheese or
yoghurt. However, in regards to the human consumption epidemiological evidence debate that
consumption of Al B-casein may be a risk factor for many diseases although the literature does
not support these claims. Moreover, this appears to be due to the proteolysis of -casein into

smaller peptides in the human gut or bioactive peptides known as B-casomorphins (BCM).

The most common peptides are BCM5, BCM7, BCM11 and BCM15. The most studied peptide to
date is BCM?7 that have been characterised to have opioid activity by binding to the p-receptors in
the human body and leads to a range of physiological responses. However, the structure of the
peptide in conditions that have importance for its cleavage in human gut or during milk processing
is lacking in the literature. In the current study, we observed that BCM7 shown structural
difference under modified pH conditions including pH 2.3 and pH 7.0 that are native
environmental condition of human gut and thus gives maximum activity for enzymatic cleavage
in the digestive track. These structural differences were observed to exist due to the cis-trans
isomerisam of the X-Pro bond. The finding shown pH dependence of the peptides bond

accessibility for cleavage into smaller particles.

The most important peptide concerning the difference between Al and A2 B casein is BCM11.
BCM11 from Al milk have histidine in position 8 of the polypeptide chain and BCM11 from A2
milk have proline in the same position of the polypeptide chain. These amino acids are the major

factor contributing to the different properties of B casein molecule originating from Al or A2 milk.



By observing the structure, we verified that the peptides adapt different conformers that further
rearrange when pH and temperature conditions are modified. This was complemented with higher
structural flexibility for BCM11 peptide from Al B-casein due to loose conformation and
tautomeric behaviour of imidazole ring of histidine that was dependent on the applied conditions.
These structural differences have great effect on the accessibility of peptide bonds for cleavage
into smaller peptides. Further computational studies of these peptides confirmed that the imidazole
ring of the histidine have important role on the structural stability of the molecule involving
changed charge transfer and affecting the acid-base chemistry of the molecule. In addition, the
accessibility of the peptide bond for proteolysis can be dependent on the structural orientation of
the B-casein. The proline in position 67 in A2 B-casein can be the factor for low accessibility of
the bond 66-67 for cleavage. This is due to greater involvement of proline in turns formation in
molecules. Moreover, the structural conformation of the molecules are also dependent of the
environment. The predominant factor is the pH since the enzymes have optimal activity on defined
pH values. Thus, the structural conformation of the -casomorphin peptides can be pH dependent.

The effect of the temperature and pH on the B-casein molecule was observed to have large effect
on the secondary structure of the molecule. The findings confirmed loss of well defined structural
components (o-helix) and formation of random structures when pH was increased to neutral and
temperature lowered to 4 °C. The modified conditions that are essential for milk processing
disturbed the native hydrogen bonds and promoted formation of new structures. The changed
conditions were also observed to have different effect on the B-casein genotype. B-Casein from Al
and A2 milk adapt different conformational states. Hence, p-casein from A2 have open and porous
protein network with native aggregated B-sheets, however, -casein from Al milk adapts more
dense structure with small network pores. The effect of pH largely affects the conformational
orientation of both genotypes with formation of large irregular aggregates in A2 -casein and more
dense aggregated -sheets in A1 B-casein. Observing the structural features of the peptides and -
casein can assist in understanding the reasons for their specific behaviour during milk processing

or human digestion.
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CHAPTER 1: Introduction



1.1 Background

Bovine milk is biological fluid secreted in the mammary gland with important nutritive
function for the neonate. The milk compromises diverse collection of constituents including
proteins, fats, carbohydrates and other micronutrients. The amount of the constituents present in
the milk is dependent on the stage of lactation, cow’s health and age (McSweeney and Fox,
2013). The milk proteins present in milk are categorised into two main groups or caseins present
in 80 % and whey proteins present in 20 % (Huppertz, 2012). Both caseins and whey proteins
have vast impact on the functional, physicochemical and nutritional properties of the milk.
Caseins as major protein group in the milk are classified into four individual forms including
asl-, as2-, B- and k-casein, which are present in milk in ratio 4.0:1.0:3.5:1.5. The caseins in milk
build complex structure known as casein micelle (Horne, 2020). Each casein have its individual
properties that contribute in building the micellar structure. Moreover, the structural orientation
of individual caseins lead to suitable orientation of the binding sites and building interactions
between caseins including hydrophobic interactions, hydrogen bonds, van der Waals
interactions or for some caseins covalent interactions (Huppertz, 2012; Huppertz, Fox and Kelly,
2018). The structural orientation of caseins can be important factor to determine milk proteins’
behaviour during processing. Knowing the secondary structure of the caseins is important in
understanding the diverse properties that different polymorphic variant of milk adapt during

milk processing.

The most common genetic variants known are Al and A2 milk. The difference between
these genotypes is in one amino acid in the polypeptide sequence of B-casein. Thus, B-casein
from A1 milk have histidine in position 67 and p-casein from A2 milk have proline in the same
position of the polypeptide chain (Asledottir et al., 2018; Daniloski et al., 2022a; Nguyen et al.,
2020). Numerous studies on these two proteoforms have shown to have great effect on the dairy
processing and manufacturing which affects the milk yield, gross composition and retail market
(Day et al., 2015; Olenski et al., 2010; Daniloski et al., 2022b). The genetic polymorphism of
B-casein in Al and A2 milk was shown to have vital impact on acid or rennet induced gelation
during yoghurt or cheese manufacturing (Day et al., 2015; Nguyen et al., 2018). Thus, A2 milk
was shown to have low coagulation properties compared to Al milk. The variations in the

coagulation properties of these two genotypes is attributed to the presence of different amino



acid in the polypeptide chain for -casein molecule. Thus, having only one amino acid that differ
in the sequence can lead to different adaptation in the structural orientation of the molecule that

can affect the milk processing.

The genotype also affects the protein digestibility in the human body by lower digestibility
for A1 B-casein compared to A2 B-casein (Sebastiani et al., 2020; Daniloski et al., 2022b). The
disturbed digestion results with enzymatic hydrolysis of the B-casein into smaller fragment or
peptides that have opioid activity on the human body (Daniloski et al., 2021). These groups of
peptides are known as -casomorphins (BCMs). The fragmentation of BCMs from the -casein
polypeptide can result with multiple peptides with different length. Moreover, the primary
activity of these peptides is observed in the N terminal of the sequence (Tyr-Pro-Phe) that was
identified to have binding affinity towards p-receptors in the digestive, immune and nervous
system (Daniloski et al., 2021). The release of these peptides from [B-casein molecule was
observed to be more dominant for A1 B-casein type, however, some release was also observed
for A2 B-casein genotype (Asledottir et al., 2019; Cieslinska et al., 2007; De Poi et al., 2020).
Owing to the negative effect of these peptides on human health, it is essential to understand how
the B-casein and some peptides behave in conditions that are crucial for digestion and milk
processing. Moreover, different release level for peptides from Al and A2 B-casein can be
related to the amino acid composition that distinguish these molecules and thus the structure that
the peptides adapt at certain condition. The secondary structure of B-casein and its fragment in
regards to the different genotypes and conditions similar to the milk processing or digestibility
have not been reported in literature so far.

The observation of the structure of B-casein and its fragments was previously observed by
using different techniques including Fourier-Transform infrared spectroscopy (FTIR) and
Nuclear Magnetic Resonance (NMR) (Cross et al., 2001; Dupont et al., 2013; Farrell Jr et al.,
2001; Tsuda et al., 1991; Wahlgren et al., 1993). The FTIR provides information of the
secondary structure of the molecules depicting the vibration of C=0 stretching of peptides
(Carbonaro and Nucara, 2010). NMR gives information of the position of individual atoms, the
bonding interactions and spatial orientation of the molecule (Wuthrich, 1986). The existing
studies in literature focus in observing the secondary structure components on f3-casein molecule

and N terminal of its polypeptide chain. However, no study exist on the conformational



transition of B-casein under conditions that are critical for milk processing and/or to determine
the structure of the B-casein molecule or its fragments that are important for different processing

behaviour of Al and A2 genotype.

1.2 Research aim and objectives

The primary aim of this study is to identify the main structural differences of p-casein
under various conditions and from different genotype with purpose to recognise the different

behaviour of milk during processing or digestion.
The specific objectives are:

e To determine the structural behaviour of B-casomorphin 7 (BCM7) when introduced to
conditions important for milk processing and/or digestion. BCM7 is the principal
casomorphin released from B-casein polypeptide and main factor for possible release of
smaller opioid peptides that have negative effect on human health.

e To investigate how the structure of f-casomorphin 11 from Al and A2 milk will change
when treated under similar processing conditions. BCM11 is the distinctive peptide that
have one amino acid that signature Al or A2 B-casein.

e To determine the structural transition of f-casein when treated in conditions similar to
milk processing and/or digestion.

e To examine the structural characteristic of -casein isolated from Al and A2 milk and
track the structural transition in regards to pH with aim to confirm the different

coagulation properties of these genotypes in Al and A2 milk.

1.3 Thesis outline

The thesis is organised in seven chapters. Chapter 1 present the introduction of the thesis
including study background, aims and objectives and outline of the thesis. In chapter 2 presents
the critical review of the literature that relates to the study with focus on the core research
findings and fundamental concepts. Chapter 3 provides information of the structural transition
of BCM7 under defined conditions. In chapter 4, the structure of BCM11 peptide is observed to



determine the effect of genotype and conditions on the structural components. Chapter 5
concerns the structural behaviour of B-casein in defined conditions. Chapter 6 explains structural
transition of B-casein molecule form Al and A2 genotype confirming the variations in the
coagulation properties. The final chapter 7 provides conclusions of the entire work done in this

project and scope for the future research.
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CHAPTER 2: Literature review

2A. Milk and milk proteins — general perspective



2A.1 Bovine milk

Milk is complex biological fluid secreted by the female of all mammals with principal
aim to complete the nutritional requirements for the neonate. Furthermore, to meeting the
neonate’s nutritional requirements the milk and milk products from domesticated animals
presents essential part of the human diet. As a part of the human diet milk comply with several
dietary characteristics including being highly nutritional single food with pleasant and attractive
flavour and it is free from toxins. The most common milk from domestic animals that is used in
human diet is bovine or cow milk. The major constituent in bovine milk is water, present at ~87
%. The dry matter consists of proteins (~3.5%), lactose (~ 4.1%), fat (~ 4.5%), minerals (~0.8
%) and vitamins (~0.1 %) (O’Mahony and Fox, 2013). Milk proteins and peptides generally

serve the physiological functions of milk.

2A.2 Milk proteins

Bovine milk contains approximately 3.5 % milk proteins which concentration
significantly changes during the lactation period. The composition of proteins in bovine milk
presents a complex mixture that is dependent on physicochemical, nutritional and functional
properties of the milk. Nowadays, the milk proteins are the best characterised more than any
other food proteins. The milk proteins are divided into two main groups: whey proteins that are
present in milk at 20 % and caseins present at 80 % (O’Mahony and Fox, 2013).

Whey proteins are the minor group of milk proteins with many food applications due to
their functionality and nutritional value. Whey proteins are comprised of mainly p-lactoglobulin
(B-LG), a-lactalbumin (a-LA), immunoglobulins, and bovine serum albumin (BSA) and some
minor proteins including lactoferrin, glycoproteins, transferrin, and lactollin (Kilara and
Panyam, 2003). Due to important functional properties in dairy production, both B-LG and a-
LA have been extensively studied for structural and functional characteristics (Brew, 2003;
Sawyer, 2013).

The major milk protein group or caseins contain four different forms known as asi-, as2,

B- and k-casein (CN). In bovine milk these individual caseins are present in ratio of



4.0:1.0:3.5:1.5 for asi-, as2-, B- and «-CN, respectively, forming one individual complex
structure known as casein micelle (Huppertz, 2013). Some of the major characteristics of all

four caseins are presented in Table 1.

Table 1. Main characteristics of four caseins in bovine milk (adapted from Huppertz (2013))

_ Aromatic Molecular
Total residues _ pl
residues mass (Da)
as1-CN 199 20 4.42 26 599
as2-CN 207 20 4.95 25 206
B-CN 209 14 4.65 23973
Kk-CN 169 14 5.60 19 052

The casein micelles are primary source of amino acids, calcium and phosphate for the
growth requirements of mammalian neonates. The model of the casein micelle was extensively
studied in the past few decades. Several models were proposed including sub-micelles, dual-
binding, nanoclusters, water channels, primary casein particles and network structure (Slattery
and Evard, 1973; Horne, 1998; Horne, 2020; Holt, 1992; Holt, 2004; Dalgleish and Corredig,
2012; Huppertz et al., 2017). The structure of casein micelle presents combination of individual
caseins and colloidal calcium phosphate (Huppertz et al., 2018, De Kruif et al., 2012). The
presence of calcium and phosphate is a crucial factor for micellar stabilization. The individual
caseins interact and combine into nanoclusters by hydrophobic, hydrogen, electrostatic and van
der Waals interactions. The nanoclusters connect with the colloidal calcium phosphate by ionic
interactions stabilising the micellar structure (Lucey and Horne, 2018; De Kruif et al., 2012).
The caseins and calcium phosphate form micellar particles with a radius of 12 nm (Schmidt,
1982, Huppertz et al., 2017). This complex combines 9-11 caseins including four as;-CN and
four B-CN and either one as2-CN or one k-CN (Kumosinski et al., 1994; Farrell et al., 2003).
Moreover, the caseins are known to be highly phosphorylated with four phosphorylation centres
for as1-CN, two for B-CN and two for as>-CN (Huppertz, 2013). The phosphorylation sites are

crucial for interaction with calcium phosphate nanoclusters and stabilisation of the casein
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micelles. The surface of the casein micelles is stabilised by k-CN (Huppertz, 2013). Thus, it
would be expected that the casein particles that are located at the surface of the micelles have
predominately k-CN rather than as2-CN, which would mean that the as2-CN particles are located
mainly in the interior of the micelles. The casein micelles have a sponge-like structure. Thus,
the micelles are highly hydrated with approximately 4 g of water per gram of protein (De Kruif
and Holt, 2003). The water is unevenly distributed within the micelle by containing poorly
hydrated protein rich domains and highly hydrated aqueous void spaces or water channels within
the micelle (Dalgleish, 2011; Huppertz et al., 2017).

2A.3 Major differences between whey proteins and caseins

The whey proteins and caseins have several different structural properties. This includes
different structural arrangement (secondary and tertiary structure) and amino acid composition.
In milk systems, the whey proteins exist as monomers or small quaternary structures. Both a-
LA and B-LG were observed to have a globular tertiary structure with define secondary structure
components (Brew, 2003; Sawyer, 2013). By being homogenous, highly structured and globular
proteins, whey proteins can easily be studied using different methods for structural studies
including X-Ray crystallography, Nuclear Magnetic Resonance (NMR), circular dichroism
(CD) and molecular dynamics (Lubke et al., 2002; Kuwata et al., 1998; Fogolari et al., 1998;
Alexandrescu et al., 1993). In contrast, caseins have a highly flexible structure and complex
organization in macrostructures or casein micelles. The micelles are large molecules with
average diameter of 150 nm and approximately 5000 molecules. The flexible structure of caseins
is due to high presence of prolines in the polypeptide chains. Proline has tendency to break the
secondary structural components (Choi and Mayo, 2006). The interruption in the secondary
structure components by proline is due to absence of hydrogen on the amide nitrogen and thus
cannot act as donors for hydrogen bonds formation and in addition the pyrrolidine ring of the
proline act as a steric constraint towards the neighbouring residues that block the formation of
the structural components. Another important amino acid found in caseins is phosphoserine that
is the reason for high level of phosphorylation of casein micelle. The presence of phosphoserines
in caseins is crucial for metal binding (Huppertz, 2012). Thus, the most of the calcium,
phosphate and zinc in the milk is found bounded to the caseins that is important for the biological

11



function, hydration, heat stability and structural stability of the caseins within the micelle.
Despite the fact that caseins are known as molecules with flexible structure there were several
secondary structure components that were identified including o-helix, B-sheets, turns and
polyproline Il structural components (Farrell at al., 2013). The secondary structural components

that have been identified in all four caseins are presented in Table 2.

Table 2. Secondary structure components identified in four caseins (Adapted from Farrell at al.,
2013)

asl-CN  as2-CN  B-CN k-CN

B-Sheet 49-58 27-37 15-33 25-36
a- helix 3-5 24-32 7-25 12-17
Turns 22-31 24-31 20-30 25-28
Unspecified/random and/or PPII 8-23 9-22 20-25 23-24
structures

The separation of caseins from the whey proteins and other non-caseins fractions in milk
is performed using several techniques including isoelectric precipitation, centrifugation,
addition of salts and calcium, membrane and gel filtration, rennet coagulation and precipitation
(O’Mahony and Fox, 2013). In practice, the most used method to separate caseins is based on
isoelectric precipitation by reducing the pH to approximately 4.6 that leads to coagulation of
caseins. Another method is ultracentrifugation when casein micelles are separated using high-
speed centrifuges (100 000g for 1 hour). This method is successful for separation of whey
proteins from caseins, leading the fact that casein micelles have a large molecular mass and will
participate during centrifugation while whey proteins will remain in the serum phase of the
solution. The addition of calcium (rennet coagulation) and salts (e.g. MgSOa4, NaCl, (NH4)2SO4)
leads to precipitation of caseins along with whey proteins. The rennet coagulation is mainly

applied in cheese production.
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2A.4 Genetic variants of caseins in milk

Caseins in bovine milk are highly polymorphic with presence of many proteoforms
(Goulding et al., 2020, Daniloski et al., 2022c). The genetic polymorphism hereditarily control
the milk variants. The genetic polymorphism of the milk proteins is important for the
technological properties of milk including heat stability, rennetability and protein proportions in
milk (Jakoband and Puhan, 1992). So far 39 genetic variants of bovine caseins were reported
including A, B, C, D, E, F, G, and H for as:-CN, A, B, C, and D for as2-CN, Al, A2, A3, A4,
B,C,D,E, F,G,HI,H2,1,Jand K for B-CN and A, B, B2, C, E, F1, F2, G1, G2, H, | and J for
k-CN (Gazi et al., 2022, Daniloski et al., 2022d). The genetic variations in caseins is a result of
DNA mutations by the changes in the nucleotide in the protein amino sequence that can be
amino acid replacement or in some cases removal (Summer et al., 2020). The specific amino
acid sequence for individual genetic variant affects the isoelectric point and electric charge of
proteins (Gai et al., 2021, Daniloski et al., 2022d). The genetic variants have different amino
acid sequence which leads to different functional and physicochemical properties of milk
proteins in milk and milk products.

2A.4.1 Al and A2 B-CN genetic variants

The genetic polymorphism of B-CN was identified for the first time in Bos genus in the
20" century when three genetic variants were identified including A, B and C (Aschaffenburg,
1963). Latter the genetic variant A was confirmed to exist in four forms or Al, A2, A3 and A4
(Peterson and Kopfler, 1966; Chung et al., 1995). The B-CN genetic polymorphism is most
investigated in research and industry (Daniloski et al., 2021a). The primal genotype in 3-CN is
known to be A2 from which Al is developed as mutant through natural selection. The Al variant
is only identified in bovine milk, however in commercial milk both variants are present (Gai et
al., 2021). Nowadays, the A1 and A2 are most frequent genetic variants in bovine milk (Lien,
et al,, 1999). Owing to the effect of B-CN, polymorphism on human health and dairy
manufacturing the great commercial interest of A1 and A2 genotypes arise in many countries in
the world (Daniloski et al., 2022d). The difference between A1 and A2 B-CN is in a single amino
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acid in the position 67 of the polypeptide chan. More accurately, in A1 B-CN this position is
occupied by histidine and in A2 B-CN in position 67 is present proline. Even though, it appears
as a minor dissimilarity between these two genotypes owing the presence of 209 residues in the
B-CN, the mentioned amino acid can make a big impact on casein structure and functional
properties. The presence of proline in the proteins and peptides affects the secondary structure
by higher favourability to polyproline 11 (PPI1) secondary structures (Brown, and Zondlo, 2012).
Thus, the structural dynamic of the B-CN and the self-assembly behaviour can be further
promoted in A2 $-CN due to involvement of the additional proline in PPII formation (Raynes et
al., 2015). Thus, in A2 milk variant were confirmed great proportions of PPIl conformational
structures resulted in the proline and glutamine rich regions (Daniloski et al., 2022b, 2022c;
Syme et al., 2002). The involvement of B-CN in structural motif can be owned to its high
hydrophobic nature (Huppertz et al., 2018). The C terminal (41-209) of B-CN has strong
hydrophobic nature with balanced charges, while the other end of the chain or N terminal (1-40)
is strongly polar and negatively charged (McCarthy et al., 2013). Hence, the hydrophobic
regions of the B-CN are initiators of the PPl conformational motifs. In presence of other caseins,
the involvement of B-CN into hydrophobic interactions would be more intensified
predominately due the self-association behaviour of B-CN. The presence of additional proline
in the A2 B-CN reduces the hydrophobicity of the casein and thus was observed to exist mainly
in monomeric form (Raynes et al., 2015). Moreover, the presence of proline in the polypeptide
chain favours formation of B-turns (McSweeney and Fox, 2013). The turns formation in the milk
can be proline or non-proline based and 20-30 % of the present turns in the milk can result from
B-CN (Huppertz, 2013; Dalgleish and Corredig, 2012). The B-CN have tendency to self-
assemble due to the amphiphilic properties by comprising into structures with 15-60 p-CN
molecules (Huppertz, 2013). The casein molecules are predominately held by hydrophobic
interaction; however, other non-covalent interactions (van der Waals and electrostatic
attractions) can further facilitate self-association (De Kruif et al., 2012).

In the dairy industry, the presence of A1 or A2 B-CN genetic variant in the milk affects
the technological process of milk and milk products. The primary and most common method for
sterilization of milk and milk products is heat treatment. The heat stability is essential for food
industry ensuring safe products with prolonged shelf life. The effect of f-CN genetic variants

on heat stability in milk and milk products have not been studied in depth. Moreover, it is known
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that B-CN act as molecular chaperones at high temperatures by interacting with whey proteins,
stabilise the aggregation, and prevent gelation in milk (Liyanaarachchi and Vasiljevic, 2018).
The level of involvement of A1 milk and A1/A2 mixture into hydrophobic interactions with
whey proteins at high temperature was found to be higher compared to A2 milk (Daniloski et
al., 2022a). Thus, this confirms that A2 milk has lower coagulation properties compared to Al
milk. Moreover, the gelation properties of milk is important for the yoghurt and cheese making
process. This includes the water holding capacity, curd formation, synaereses during rennet and
acid coagulation. The milk coagulation by addition of rennet or acid was found to have an
extended time for A2 milk compared to A1 milk (Bisutti et al., 2022). Moreover, the gel obtained
from A2 milk is more porous, with low strength and thinner protein strains resulting with softer
and creamier cheese (Mendes et al., 2019; Nguyen et al., 2018; Daniloski et al., 2022b).The
cheese produced from these gels result with greater deformations induced by external forces and
thus is more prone to breakage (Nguyen et al., 2018). This summarise that the presence of softer
gels in A2 milk is resulted of less interaction created compared to A1 milk. The variations in the
gel formations can be also guided by the difference in calcium distribution between micellar and
serum phase for both genotypes.

Another difference in the technological properties between Al and A2 milk is the
formation of foam and emulsions. Since B-CN is the main constituent in the casein micelle it
has been commonly used in food industry as an emulsifying and foaming agent (Chen et al.,
2018). The B-CN from A2 milk has greater emulsion properties than B-CN from Al milk that is
due to higher solubility, less ordered structure and thus faster hydrophobic absorption to the
interfacial layer (Darewicz and Dziuba, 2007). The capability of formation of foams and
emulsions is important in dairy industry in production of whipped cream, ice cream, mousses to

name a few.

2A.5 B-Casomorphins (BCMs)

Notwithstanding the differences in the Al and A2, variants in regards to the effect on
the technological properties in milk and milk products there are also diversities in the level of
digestibility and the release of bioactive peptides during digestion. The released peptides in the
human gut were found have a negative effect on human health by development of several health
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conditions (Sebastiani et al., 2020; Daniloski et al., 2021a; Jarmotowska et al., 2007). Moreover,
in the gastrointestinal system the enzymes hydrolyse the B-CN into smaller peptides or free
amino acids. The liberated peptides known as B-casomorphins (BCMs) were found to have
opioid activity since they can bind to the p-receptors in the digestive, immune and nervous
systems. The hydrolysed fragments in the digestive tract can be found in different polypeptide
length. Some of the identified BCMs liberated from B-CN molecule (Al or A2 are shown in
Table 3).

The BCMs react with the p-opioid receptor and are degraded by dipeptidyl peptidase 1V
(DPPIV) that appears to be the main degrading enzyme of BCM7 (Jarmotowska et al., 2007).
In the encrypted casein form, these peptides do not have the opioid activity but only when
hydrolysed and liberated in the digestive system (Cieslinska et al., 2007; Asledottir et al., 2019).
The BCM7 was considered as a factor for development of many health conditions including
cardiovascular diseases, diabetes, autism, cancer obesity to name a few (Jarmotowska et al.,
2007; Cieslinska et al., 2007; Haq et al., 2014; Fiedorowicz et al., 2014); however a recent
systematic review of the health implications did not support these suggestions (Daniloski et al.,
2022d)

Table 3. Identified BCMs from Al and A2 milk

Peptide Structure Location in
B-CN
BCM-3 Tyr-Pro-Phe 60-62
BCM-4 Tyr-Pro-Phe-Pro 60-63
BCM-5 Tyr-Pro-Phe-Pro-Gly 60-64
BCM-6 Tyr-Pro-Phe-Pro-Gly-Pro 60-65
BCM-7 Tyr-Pro-Phe-Pro-Gly-Pro-lle 60-66
BCM-8 (A2 B-CN) Tyr-Pro-Phe-Pro-Gly-Pro-lle-Pro 60-67
BCM-8 (A1 B-CN) Tyr-Pro-Phe-Pro-Gly-Pro-lle-His 60-67
BCM-11 (A2 B-CN) Tyr-Pro-Phe-Pro-Gly-Pro-lle-Pro-Asn-Ser-Leu 60-70
BCM-11 (A1 B-CN) Tyr-Pro-Phe-Pro-Gly-Pro-lle-His-Asn-Ser-Leu 60-70
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The liberalization of BCM was found to be predominant from Al B-CN variant
compared to the A2 B-CN variant (Cieslinska et al., 2007; Asledottir et al., 2019; Lambers et
al., 2021; De Poi et al., 2020). The greater amount of released BCM from Al milk can be a
result of different structural arrangement of the B-CN molecule from Al and A2 milk. Thus, the
enzymes need to access the bond to cleave the casein into smaller fragments. The presence of
histidine or proline in position 67 of the A1 and A2 B-CN, respectively can be important factor

for bond accessibility for yielding BCM7.

The BCMs isolated from B-CN molecule exhibit opioid-like activity in the human body
with affinity for the p-receptors. The structural orientation of the peptides can have significant
effect on accessibility of the active sites of the peptides to react with the p-receptors. The opioid
activity is confirmed in the three amino acids of the N terminal of the fragments released from
B-CN (f 60-62) or Tyr-Pro-Phe. The aromatic residues from Tyr or Phe are a crucial motif as
binding site with the opioid receptors. Moreover the —OH (phenolic) group located on Tyr is
essential for the opioid activity of the segmented peptides (Meisel and Fitzgerald, 2000). The
positioning of the aromatic sites of the BCM3 or the cis-trans isomerism of the Tyr-Pro bond is
essential for the binding with the p-receptors and its activation (Mierke et al., 1990). Thus, the
presence of Pro in position 2 of the tri-peptide is necessary for the suitable orientation of the Tyr
and Pro and thus its biological activity. The Pro in the peptide chain is important factor for cis-
trans isomerism of the X-Pro bond that affects the positioning of the active sites and accessibility
of the peptide bonds for further cleavage. The Pro containing peptides reveal an equilibrium
between the conformational isomers (Mierke et al., 1990).

In tetrapeptide - BCM4 (Tyr-Pro-Phe-Pro) cis-trans isomerism was also confirmed in
Tyr-Pro and Phe-Pro bond (Goodman and Mierke, 1989). Thus, the trans isomers were dominant
in both X-Pro bonds and cis isomers were mainly present in Tyr-Pro bond. Moreover, the
different isomeric appearance of the X-Pro bond results in a different affinity for the opioid
receptors. The Tyr-Pro bond have slow exchange between the two isomers confirming that the

peptide does not possess clear conformational preferences (Goodman and Mierke, 1989).
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The BCMS5 (Tyr-Pro-Phe-Pro-Gly) peptide contains four interchanging conformational
isomers (Delaet et al., 1991). The cis-trans transition of the X-Pro bond is essential mechanism
for protein folding and lead to different selectivity for enzyme hydrolysis and interaction with
the opioid receptors. Thus, the trans isomers are hydrolysed by enzymes more selectively than
cis isomers (Fischer et al., 1984). Moreover, in BCM5 more favourable are trans isomers for
both X-Pro bonds (Delaet et al., 1991). The conversion from one trans X-Pro to two trans X-
Pro bonds in BCM is more favourable (30-55 %) than conversion to all cis X-pro bonds. The
trans isomers of the Tyr-Pro bond show stacking interactions of the side chains or the aromatic
residues of Tyr and Pro which is essential for the affinity of the p-receptors (Wilkes and Schiller,
1990; Delaet et al., 1991).

The BCM7 (Tyr-Pro-Phe-Pro-Gly-Pro-lle) peptide was observed to be most prominent
opioid peptide liberated from either A1 or A2 B-CN (De Noni, Stuknyté and Cattaneo, 2015).
The information of the structure of BCM?7 in literature is limited. The presence of eight cis-trans
isomers in the Tyr-Pro, Phe-Pro and Gly-Pro bond of the peptide chain has been confirmed
(Basosi et al., 2001). Thus, the uneven liberalization of the BCM7 from A1 and A2 BCN can be
related to the different conformational orientation of the C terminal of the peptide which is main
location for enzymatic cleavage. However, the structure of BCN7 have not been revealed in
details yet neither how the peptide behaves under optimal conditions for enzymatic cleavage.

The most important peptide that reveals the structural, biological and technological
differences of Al and A2 B-CN is BCM11 (Tyr-Pro-Phe-Pro-Gly-Pro-lle-His/Pro-Asn-Ser-
Leu). Moreover, the BCM11 peptide have the primary amino acids that distinguish these two
genotypes. No study exist in literature revealing the conformational differences of BCM11
peptides from Al or A2 3-CN.

B-CN is principal casein responsible for the technological and digestive differences
existing between Al and A2 milk. The secondary structure of P-CN and liberated f3-
casomorphins can be key factor to uncover the long lasting dilemma about preferences for Al
or A2 milk. Moreover, implementing highly sophisticated methods like Nuclear Magnetic
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Resonance (NMR) or Fourier-Transform infrared spectroscopy (FTIR) in structural studies of
B-CN and/or its fragments from Al and A2 milk can provide detailed information of the
structural differences that exists between these two genotypes. The findings can be of great
importance for industry and public by providing basic knowledge of the major structural

differences of these to genotypes.
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Abstract Changes in the molecular strocture and association of milk proteins kead to many desirable
(under controlled condibons) or undesirable characteristics of dainy products. Several methods have
been used o study the structure of milk proteins and changes therein in different environments,
Whey proteins are an excellent model for secondary structure studies using circular dichroism
(C0¥, Fourier-transform infrared spectroscopy (FTIR) and tertiary structure studies using X-ray
crystallopraphy and noclkear magretic esonane (NME) However, caseins, the most abundant
Pprotein class in milk, are far more difficult to charscterize. The tertiary structure of caseing canmost be
observed by X-ray arystallegraphy due to the inability to crystallize caseins. However, NME is an
appropriate approach for structural eluddation. Thus far, NMR was applied on specific peptides of
individual caseing of the molecules including phosphoserine centers and colloidal caleium phosphabe.
The literatune focuses on these parts of the molscule due bo it importance in building the sub-unit
particles involving individual caseins and calcium phosphate nancclusters. This review focuses on
present structural studies of milk proteins using NMR and their importance in dairy processing,

Keywords: NMRE; milk protein; protein structure; casein; whey protein

1. Introduction

Milk is a biclogical fuid secreted by the mammary gland with the primary function to complete
the nutritional requirements of neonates. In the dairy industry, milk is processed for maintaining
safety and extending the shelf-life but is also further processed for production of different dairy
products and ingredients. Milk proteins play an essential part in obtaining high quality products when
appropriate proesses are applied. The structhumes of milk prokeins often undergo ransformations
during manufacturing processes, which may influence the quality of the final product [1]. The
distribution of the amino acids in the polypeptide chain in the protein molecule is of great importance
to their conformational arrangements and consequent functionality during dairy processing.

The proteins in milk are classified in two main groups, Le, the whey prokeins and the caseing
and these groups are likely the mest studied food proteins to date. The major whey proteins in milk
are - lactalbumin (e-LA) and -lactoglobulin (§-LG) and considering their nutritional importance,
molecular size (relatively small globular proteins) and heat sensitivity, they have been frequently
studied for structural elocidation and changes therein [1-5] The caseins ocour maindy in the form
of casein micelles and their complex stmucture has been intriguing dairy scientisks for decades. The

Foods 2020, 2, 112; doc L3300 foods 081 128 ww.‘nu:lmenﬁumm]"'funﬂ:-
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structure of the micelles consists of four casein types, Le, agq-, o~ and B-casein located primarily
in the interior and k-casein located on the exterior of the micelles. The primary role of k-casein is
the stabilization of the micelles against ageregation. The internal structure is stabilized by calcium
phoesphate clusters, which bind the phosphoserine negions of caseins and thus maintain the internal
siruchure of the micelle [6]. During processing, these internal and ecternal interactions may be altered,
leading to structural moedifications of individual caseing and casein mice lle structure.

Understanding the complexity of casein arrangement in the micelle is essential for the process
control. Even though the substructurne of the micelle was extensively studied [7-10], some aspects
of the internal and external organization, especially its changes during processing, remain unclear.
Changes in the micellar equilibrium take place during processing steps induding addition of acids,
heat treatment, cooling, pressuring, renneting, addition of cations ete [1]. Certain physio-dhemical
changes that take place during some of the dominant technological processes are illustrated in Figure 1.
Modified conditions affect the micelle in a different manner and intensity. Understanding these changes
is important for achieving consistent product quality and process control.

High temperature (=705 Acldinzon of cations

Dienatursd whey Juoieing. sl p— Elioms
cekeium phosphate  s—lie U ring
CHEEils ¢ f— § . — Wt
fll:lumphmp]ure f— e Calenns plesgsuale
Coneiiss i — iz
Wieder  ff— ol Waier
Acidification Conlmg

Figure 1. Changes i the native equilibrium of casein micelle in particular physio-chemical conditions
during dainy processing (sdapéed from Gaucheron [11])

The functicnal properties of milk proteins are dependent on their structhural organizations. Thus,
any changes in the protein structure induced by a medified ervironment in the milk systems affect their
properties. As previeusly discussed, casein micelle has a complex strocture where each individual
casein has an important function to maintain its stability. The funcional properties of casein micells
ane closely related toits surface and inbetior propertes [1]. Hence, the C-terminal of k-casein, including
the casein macropeptide (CMP), comprising of residues 106-169, is located on the exterior of the
micelle. This region contains a negative charge that arises from phesphorylation and ghy cosylation
which provide steric stabilization and thus prevent the close approach of other micelles [6]. In
addition, the amino acids of k-casein that are responsible for disulphide interactions (Cysyy and Cyagg)
are located close to the surface of the micelle. However, this equilibrium can be distupted when
different processing conditions ane applied which result in structural recrganization of milk proteins.
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In addition, the macropeptide is not so dense and thus when the milk equilibrium is disTupted,
individual proteins can enter or exit the micelle using the micellar water channels [9]. Some of
these modifications are a dissodation of f-casein from the micelle during cooling [12], cansing the
liberalization of CMFP as a result of bond cleavage (105-106) by chymeosin [13] and penetration of
denatured B-LG inside the k-casein layer and formation of covalent bonds with free Cys residues
during milk pre-warming [14]. The intericr of the micelle also undergoes structural recrganizations
that affect protein functicnality, including post-coagulation changes during cheese making [1] or
dissociation of caseins and insolubilization of caldum phesphate at high emperatures [14]. All these
modifications are the result of protein unfolding, exposing of their active sides and involrement of
different interactions which may lead to ageregation and gelation. The structural changes of milk
proteins lead to important outcomes in the processing performance of the final milk product.

To elucidate milk protein structure and changes thetein, the most frequently applied techniques
include circular dichroism (CD and Fourier-transform infrared spectroscopy (FTIR), which focus on
varous elements of the secomdary siructure [15]. O records the signal arising from the peptide bond
(170240 nmn} and aromatic residues (260-320 nm} of the proteins. Being a non-destructive and suitable
for aquecus selutions, CI has been successfully applied en structural studies on milk proteins [16-18].
Hewrewver, the method is mone reliable for observ ation of helical struchres than f-sheets, and thenefore
menke applicable for globular proteins such as B-LG and e LA [19). In addifion, the applicability of CLY
i= also limited by the fact that only a limited number of buffers can be used in sample preparation.
Caseins have open and unordered conformation and this can bring difficultes in the application of
O [20]

FTIR has been successiully applied in secondary strocture studies of milk proteins using an
ATR {attenuated total reflectance) cell depicting C=0 and MN-H stmetching of the molecules [20-22].
However, FTIR only provides information of the presncoe of elements of the secondary structure
in the observed system without clear differentiation of which part of the molecule is esponsible
for it X-ray crystallography uses the three-dimensional density pattern of the molecule in forming
an X-ray pattern and can record the atomic distance with accuracy of 0.1-0.2 A using resolution of
1.5-2 A range. However, this method nequires the protein molecule to be arystallized. Henes, globular
proteins, induding «-LA and p-LG, are valid structural models for X-ray crystallography and thedir
three-dimensional structure was successfully established at 1.8 A resolution using this technique [23].
Caseins, due to their high surface hydrophobicty, heterogenicity and structural flexibility canmot be
crystallized and thios are not suitable for structural studies by X-ray crystallography [24]).

Methods such as FTIR can show the changes in the proteins as a result of processing or altened
elw ironments, but a mone sophisticated approach, such as NME, is needed to evaluate the reasons
of the structural rearrangements of individual proteing and the possibility of their contrel. How ever,
the complexity in theoretical and technical manipulation, including the high mstrumental cost, often
brings a hesitation to its selection. In comparison b X-ray crystallography, NME can provide structural
information almost under any condition applicable with a minimal sample preparation. Henoe, this
makes NMRE an important technique for studying casein conformaltion.

Current knowled ge describes only a few NME structural studies on individual caseins, specific
peptide fragments tobe exact, conentrating enly on their phosphoserine regions due to their importance
in interactions with colloidal caleium phosphate and creation of a micellar skeleton [15,25-34]. Caseins
possess a rather random structune that takes flecible conformations and thus are difficult models for
structural studies. Om the other hand, NME has been shown to be a reliable technique to ascertain
siructural properties and modifications of many prokeins. NME provides information of the positicn
of individual atoms which can present the spatial orientation of the molecule. This echniguee was
proven to be reliable for structural studies on whey proteins, providing detailed information of the
position of individual protons and, hence, the amino acid location in the polypeptide chain [35]. At
present, the protein data bank (FDB) contains 10,530 resclved structures using the NME methed out of
the 165,957 eported solved conformations of proteins (resb.org).
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Many studies have been reported in the literature that include structural elucidation of milk
proteins using MME, including predominately conformational structunes of whey proteins and only
some shudies on caseins structure. The focus of this review is to elaborate on the importance of
understanding conformational changes of milk proteins during precessing and consequently their
impact on the quality of the products, and how these changes can be ascertained with emphasis on
suitability and application of NME as a cutting-edge approach in elucidating protein conformations.

2. NME Approach for Structural Elucidation of Proteins

Proteins ane composed of amine acids organized in a polypeptide chain, which can be in a folded
of flexible organization in order to function properly. The tertiary structure of proteins has become
relatively easy to predict based on a known amino acid sequence and complete spatial organization,
which can be established by multdimensional NME experiments. Consequently, high resolution
NME spectroscopy can be used to observe structural characteristics of many proteing, including milk
proteins. The most studied nuclei are 'H, N and P Each nudeus gives a specific chemical shift
in the spectral view. For a complex molecular structune such as that of a prokein, one-dimensional
MNMEK is not sufficient for identification of structural features; therefore, higher dimensions are applied.
The interpretation of these higher-order spectra can be challenging and dependent on the melecular
weight of the protein and the method used. NME studies on probeins with melecular weight up to
20 kl¥a had become a routine due to improvements in echnology. This refers to a greater availability
of experiments in higher dimensions (three- and four-dimensional methods), imprevement in the
radiofrequency, field sirength, isotopic labelling, different NME probes and softeane [35].

For NME studies of large molecules (20-50 kDa), including probeins, molecular/isotopic labelling
techniques are available. The development of the NME spectroscopy produced new techniques for
optimal labelling of proteins. Many approaches for isotopic labe ling have been reported, which makes
the selection of an appropriate method difficult. Tugarinew et al. [37] proposed four approaches for
successfiul labelling of prokeins, ie.

{1) Fer abackbone assignment, including *Cp nuclei, the best approach is full labelling of **N, *H
and C samiples obtained from DeO based growths, The measurements ane performed on protein
dispersed in HyO after 2H > 1H exchange;

(2}  For Leu, Ile & and Val methyl groups and measurements of J_Tc,,,m scalar coupling and nuclear
Owerhauser effect (MOE) conme ctivity (NH-CHy; HN-HM distance), the most appropriate labe ling
procedure is considered to be linearized 1C spin system including ((U-N,2H,°C), Leu, Val
(“CHs, 12CD;), Neby (*CH,));

(3} A methyl labelling scheme similar bo 5te|':|\32, but including different carbon pesitions .
((U-"N,2H), Lew, Val (CH,, 13CD,), Tledy (PCHy)), should be used for measutements of “Te,
coupling and NOE conmectivity (CHa-CHa);

(4) Methyl labelling as CHD,- labelled proteins for detecting methyl *C nelaxation rakes

In order to achieve a complete structhural view of the observed protein by NME, several steps need
to be followed. These include chemical shift assignment, nuclear Overhauser effect (NOE) coupling
and relaxation measurements for internal mobility of the proteins [38]. The first skep of structural
identification presents an individual chemical shift of the observed nuclei. For milk proteins, the
most observed nuclei are 'H, "N and *'P which produce characteristic chemical shifts, measuned in
ppo. Moreover, when the chemical shift assignment is available, appropriate combinations of NME
experiments can produce information of the siructune and dynamics of the observed protein

For sequential connectivity among the nucled in proteins, some of the most used experiments are
11N and 'H-2C heteronuclear single quantum correlation (HS0C), " 1H comelation speciToscopy
{COSY) and "H-'H total cormelation spectroscopy (TOCSY) experiments [39]. The H-YN HSQC and
'H-C HSQC methods necord only one signal for every amine acid or the backbone N-H and C-H
chemical shift, respectively [40]. This excludes the Pro residues, due to their lack of amide proton in
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the molecule. The COSY spectra give information of the position of e-protons in the molecule [21].
TOCSY has an important role for localization of amine acids in the spectra predominately in the
amingy fingerprint region where every amino acid appears in a specific pattern [42]. These methods
give mformation of the neighboring atom that intetacts through variows bends (Figure Za). However,
this approach cnly provides information aboul which nuclei are connected throwgh bonds and is not
sufficient for structural shudies. The best performance is obtained when all experiments ane recorded
in HyOyDo0r solution in order to reduce the rapid exchangeability of the amide protons with the
solvent [23].

H-. H—ﬁ_\_\-\-\"‘\-\..\. e Carbaryl grous r .
- g Lo 0 ﬁ“:*”*
i =l e —OH) "H"‘-.___')

(. ' -

H O H Ny

. m— I
\ : H-./ o Senian group \‘.‘-
a b.

Figure 2 Through bound (scalar) coupling {a); through space coupling—nuclear Ohverhauser effect
(NOE) (b).

The second step and most important part of the siructune elucidation is a NOE experiment. The
spectra from nuclear Owerhanser effect spectroscopy (NOESY) ane obtained through space coupling
bebwesn protons which are located in the spatial distance less than 5 A [35] (Figure 2b). MOE spectra
wene Beed for the first ime for sequence specific resohance assignments for proteins by Whilthrich [35]
prowiding two types of NOE distance among protons including a strong NOE with an upper distance
limit of <25 A and a weak NOE distance of <4 A The quantitative distance measurements of the NOE
experiments depend on proton/proton distanece (r) and rotation correlation tme (1c) (Equation (1)) [35].

1
MOE ﬁx_f{':f} (1

Wikthrich et al. [43] proposed three groups of distance constraints cbtained from the NOESY
spectra. The first group incudes characterization of the secondary stroctune of the protein by closely
spaced nucled or backbone H, and Hg atoms. The second group includes distance constraints in the
sequence between Ha and Hp nuclei from further apart residues in the polypeptide chain which is
important for chservation of extended polypeptide structures and f-sheets or a-helbe. The fnal group
includes the distanee constraints among the hydrogen atoms on the side chains which characterize the
tertiary structune of the molecule. The connectivity between neighboring amino acids is established
by dap(i,f} presenting the distance between hydrogen atoms (A and B) located in position i and j,
respectively. Depending on the spectral region observed, the NOE can provide information of distance
between protons in amide region dygg (i), a-protons and amide d,y(if), f-protons and amide dgpy (1),
o~ ce-protons das(if) and o-f-protons dg(Lf) [#]. Moreover, the distance between protons located at
the nearby amino acid in the sequence is presented as a sequential distance, eg., doy( 1+ 1;1 + 2,
I+3 ... ) [#H] The distance constraints present between the backbone and the HP of the residues,
which are cdosely pesiioned in the polypeptide chain, can give information of the specific secondary
stmuchune [43]). Moreower, the distance bebween the backbone and the HP residues that ane further
apart in the polypeptide chain can give information of the existence of super secondary structures, ie,
B-sheet or a-helb. The cross peaks in the NOESY spectra give information of the distance betwesn two
observed protons in the peptides and thus provide information of the existence of possible struchures.
A simnple presentation of the through space connectivity in an - helix is presented in Figune 3.
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Figure 3. Begular MOE patterns for secondany strichame determination of a-helic

MOE experiments also give information of ¢ and 3 dihedral angle conformations via spin—spin
coupling constraints or -coupling constraints by the Karplus relationship [45]. The ¢ and 1 dihedral
angles arise from different combinations of steticeffects that took place between the residues of the samse
aming acid and bebteesn the side chains from different amine acids in the polypeptide chains, These
angles also result from arcused hydrogen bonds during secondary structure inkeractions [45]. This
information is an essential parameter for backbone confermation delermination, incloding c-helices
and f-sheets,

The final step or relacation measuements ohserve the ecovery me for a population of spins in
the observed nucleus after uming off the nduced radicfrequency. In dairy products, NME relaation
shudies ate mainly used to observe the water mobility and water holding capacity of the products. This
includes studies that observe the state of free water and water attached to the protein matrix in the
dairy products. In additicn, for hydrogen as the most abundant nucled in the ofganic components, baro
observing parameters are being obtained including spin-lattice relaxation Bme with a ime constant Ty
and spin-spin relaxation Grme with a time constant T;. Proten relaxation studies were explained in
detail by Mariette [47] giving an overview of different applications and ecamples of NME nelaxation
shudies, diffusion coefficient measurements and magnetic esonance imaging (MEI) on dairy products.
The relaxation measurement studies observe the water distribution and dynamics in the milk products,
mainly with regard to the interactions among proteins and water inmilk

3. NME Studies on Structure of Milk Proteins

3.1. Whey Profeins

When it comnes to NME siudies on milk proteins, whey proteins have been studied more extensively
than caseins. The main foows has been on understanding their thermal instability with LA and
B-LG, as the predominant whey proteins, being the most unstable. As globular proteins, o LA and
P-LiG have setved as absolute structural models for NME studies. Complete structural assignments
have been neported in lileratune using predominately 203 30 NME and isotopic labelling. Structural
characterization and the NME metheds used are further discussed in this review.

311, e-Lactalbumin

LA exists as bwo dormains incduding A domain, organized in four helixes and 3yg-helix, and
B domain consisted of triple anti-paralle]l f-sheets and 3y-helix [48] a-LA was observed to exist in
a milten globule state during the ransition process under denaturing conditions in the early stages
of refolding [49]. The NME spectra of the molten globule of e LA give broad linewidths and poor
chemical shifts [50-52]. The broad linewidths of the NME spectrum cormespond to a compact and
folded structurne of the molscule [30] and well-defined sharp peaks correspond to unfolded parts of
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the protein [51,53]. Predomdinant NME methods for stedying the molten globule strocture are N-H
HSQC [51,54] and NOE connectivity for 2,3 D methods [52,53,55].

The structure of a-LA was studied by Alexandrescu et al. [52,56]. They used 210 NME methods in
cornbinabon with photochemically-induced dynamic nuelear polarization (PCIDNE) to observe the
aromatic rings and cluster formation in amino acids in the molecule. The sequence-specific assignments
among protons with aromatic rings were detected based on NOE connectivity [56]. In their next work
they applied 20} MME spectroscopy to observe the add-denatuned maolten globule strochure of o-LA
(101-1 100 by using the sequential NOE connectivity for structural assignment and observed nonspecific
random coil structure of the molten globule state of o-LA [52]. The unfolding transition of the maolben
globule of o LA was observed in higher dimension by Schulman et al. [51] using N-labelled human
c-LA, aswell as 200 and AD-edited NME methods. This study confirms the unfolding transition of the
molten globule of o-La in the presence of a denaturant, resulting in a nob-cooperative collapsing of the
polypeptide chain

Later, Forge et al. [3] used NME in combination with CI and mass spectroscopy to obsetve
a mefolding of a-LA after chemical denaturation. They observed that the addition of Ca®** after
denaturation promotes conversion of the protein from a partially folded state to the nabive state, which
i= in line with studies reported by Berlinet et al. [57] showing the importance of cation-interactions for
c-LA. The study was performed using fully labelled o LA protein for real-time NME experiments
(kinetics measurements) and 30 NME methods (HSOC-TOCSY and HSOC-MNOESY) for sequential
assignment. Complete sequential assignments of the dhemical shift were performed, and then
depesited in the BicMagRes data bank (code—4332). They identified the presence of bwo state processes
of association for refolding from the denatured to native state. Moteover, o-LA has served as a model
for NME studies, the structural studies for sequential assignments of this whey profein that ane lsted
in Table 1.

Table 1. NMR structural studies on o-LA and B-LG, induding the performed NME methods and
additicmal methods used Abbreviations: DOFO05Y—double quanturmefiliered comelated 5p&c|:n‘.'uc|.'r|:|:.r:
EELAY—relayed correlation spectroscopy  NOESY—nuclkear (herhauser effect spe
FC[DNP—p}m'tﬂ-:hEml:aJh induced dynamic nuclear polarization;  TOCSY—total i:unelald
spectroscopy; ROESY—rotating frame (verhawser Effect spectroscopy; HSO(C—heteronuclear
ging].e quantum cobérence; C—circular dichroigm: mﬁ;”ﬁl—d}rn.a.nﬂci aluuril‘.hrn for MME
applications; AELA—ambiguous restraints for ilerative assignment; PCA—princpal component
analysis; WATERGATE—water suppmssion by gradient tailored excitabion.

Proein NME Meathods Used Additional Methods Refemnce
mLA& DOEC0SY, RELAY, MNOESY POODNF |5&]
m-LA DOFC0SY, MOESY, RELAY 152]

DOEC0SY, TOOSY, NOESY, ROESY, v
LA s n 155]
A0 TOCEY-HS0C, MOESY-HSOC, TOOSY,
m-LA MOESY n 121
LA A0 BN-edited NOESY-HS0C, COSY 53]
BLG DOEC0SY, TOOSY, NOESY D 117
B-LG DOFC0SY, TOCSY, NOESY 115]
U, lI5I!‘-2|-|:|!1:|'h:|'|. Labe1ling
B-LG A NSO TOOSY I, X-ray scattering 12+

30 CBCACONEL HNCACE HMNCO,
FINCAYCD, HOCHTOCSY, CCH-TOCSY,
HACR e BE CPoTCi e, THIH-EN
MOESY

B-LG DQECOSY, TOCSY, NOESY [6]

[DYANA)
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Table 1. Tt
Proieim MNME Methods Used Additiomal Methods Rafemno
B, - labelled proeins
f-LG 0k TH-BN HS0C [E1]
30 CBCACONEL, HNCACE

HEHA{CBCACOINH, HEHA {CBCA INH,
HMOC, HMN{CA p00, H{CHOONH-TOCSY,

WATERGATE
BLG NIFCOSY, TOOSY, NOESY Thermal analysis 53]
BLG 13 15 i Labwe lling Seruchare cabculatian

63
a0 TH-1TN NOESE HSOC, U NOESY-HSOC, (DYANA, X-FLOK) 163]

HINHA, HNHEB
FLG DQP-COSY, TOCSY, T1 and T2 mlxxation shadies Y "3““1‘“5“”&“?]‘3’ far [64]

B - labelled proeins Seructure caboolation 1]
30k 13C- and BNedited NOESYHS0C, HMELA, {4 ELA exctensian af
T1 and T2 5N relxcation times, WATERGATE X-PLOR)
B-LG TH- BN NOESE R0, PO KOESY-HEOD [£2]
B-LG TOCSY, NOESY, WATERGATE [54]

153 13C double-labelled in
FrLG i EEEA[CD][‘-I[—LHI‘-HZTCE HNCO, = =]
HNCACO, mlacation analysis
15, M0 double-lahelled profein

30 CBCACOWNH, HNCACE HNCD,

HNCACO

"H-1N HEOC; /D exchange; transverse
B-LG mlxation (#2) [54]
30 HNCACE, CBCACONEL HNOD, FINCACD

BLG

312 B-Lactoglobulin

Bovine B-LG, due to ite availability and great abundance, presents a remarkable model for
molecular studies [2,70-73] and has been the most extensively studied milk protein for structural
modelling wsing MME At pH below 3, the naturally existing dimeric form of B-LG dissociates into a
monemeric form, which can retain the native conformation even at a pH value as low as 226 [71]. The
firat NME resonance assignment of B-LG was performed by Melinari et al. [17], who evealed a highhy
structured f-sheet cone for the monomeric form of B-LG at pH 2. At this pH, the monomer is unfolded,
forming a f-sheet and random coils chserved from numerous overlapping peaks. A similar sbody at
PH 2 was published by Ragona et al [15], who detected a f-cone and 11 hy drophobic residues located
arcund Trpqg and facing towards the interior of the monemer Both studies used 10 and 2D NME
experiments (DOF-COSY, TOCSY and NOESY) without any isotopic labelling. Uhrimowa et al. [63] for
the first Hme proposed a completely resclved structure of a recombinant form of varant A of B-LG
using a solution state of NMR. The study was performed using 13C, 1*N-labelled proteins and different
30 heteronuclear pulse selective NME tedhniques. The findings reported eight antiparallel f-sheets
organized in abarrel and surrounded by c-helie. This study served as basic knowledge for further
studies, which invelved characterization of the structure and dynamics of B-LG. The coordinates of
this study are available under code 10V in PLEB.

Another important study that observed the structure and kinetics of the folding of B-LG was
published by Kuwata et al. [61], who also stedied the menomeric state of the protein at pH 2. Their
findings recarding the monomeric struchare of B-LG were similar to those by Uhrinowa et al [63]
with 8 antiparallel barmel-oriented f-sheets and one major a-helix; however, Kuwata et al. [6]1] also
pointed cut a Tanford transition of B-LG confirming rigid behavior of three f-sheets located under the
ce-helic and prompt fluchoation of the N and C lerminals of the molecule. Kuwata et al. [61] performed
their study using 1*C,1*N labelled p-L.G and hetercnuclear 210 and 30 NMR experiments. Sructure
caleulation was completed using 1143 distance restraints for ¢ angle based on HNHA, x1 angle based
on HNHE data and hydrogen bonds based on NOE data and solvent exchange [61]. The coordinates
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from this study are available at FDB under the code Icj5. The Tanford transition of B-LG, which
results from the pH variation, was later studied in detail using heteronuclear MME speciroscopy by
Sakurai et al. [64]. Complete analysis of the NMR studies related to structural changes of f-LG are
listedd in Table 1.

3.2 Caseins

Contrary to major whey proteins, caseins as the main group of milk proteins have been less
studied by MME. Several stodies observed the secondary structure orfentation of defined negions of
the polypeptide chains of individual caseins. This refers to the phosphorylated negions of the molecule
of multi-phosphorylated motif Ser(P-Ser(P-Ser(P-Glu-Glu, which has been shewn to be critical for
the interaction with amorphous calcium phosphate [74). The peptide sequence with the Ser(P) residues
that are of great importance in stabilization of casein phosphate complexes ane the following [29]:

as1-CN (5979)  -GIn™-Met-Glu- Ala-Glu-Ser(P}-lle Ser(P}-Ser(F)-Ser(P}Glu-Glu-Te- Val- Pro-
Asn-Ser{P}FVakGlu-Gln-Lys™-

B-CMN(1-25): -Argl-GleLeu-Glu-Glu-Leu-Asn-Val-Pro-Gly-Glu- Ile-Val- Glu-Ser (P} Leu-Ser(P)-
Ser(P}-Ser(P}-Glu-Glu-Ser- lle-Thr- Arg™-

os~CN(1-21 ) -Lys'-Asn-Thr-Met-Glu-His-Val-Ser(P)-Ser{PFSer| PHGIu-Glu-Ser-le-Tle Ser{ FRGin-
Glu-Thr-Tyr-Lys®!-

ousg-CN46-70) -Asn-Ala Asn-Glu-Glu-Glu- Ty r-Ser-Ne-Gly-Se (P} Ser(P)-Ser{PGlu-Glu-Ser(P)-
Ala-Glu-Val-Ala-Thr-Glu-Glu-Val-Lys™ -

These sequences have been studied extensively using the NME for secondary structure
identification, binding preferences for cations (Ca®*) and aggregation preferences [25-33,75,76). Most
of the studies wete focused on amine acids sequence analysis of asy-CN and (-CN, as the predominant
caseins in milk and are thus important building blocks of the casein micelle. Complete assignment
of the individual caseins using NME methods has not been published so far. The following section
summarizes the main studies that invobve solution NME for structural assignments of the four caseins
(ces1-, ceaz-, B- and k-casein). Some of the shudies invalving structural elucidation using NME ane lsted
in the Table 2. The current structural studies performed using NME of individual casein fragments are
discussed in the following part of this review,

Table 2 MNME structural studies on peptides from caseins (f-, @8-, odr, e-casein} including the
performed MME methods and additional methods used. Abbreviations: WET - waker suppression
enhanaed through T1 effect; sLEDY- suppression longitudinal encode decode. For other abbreviations

s Table 1.

Proiin Fragments FEME Micthods ‘A ddiizenal Methods rT—
P-CI f1-25) 2k D C0SY, TOCSY, RDESY, NOESY 125]
PO f1-25) M OIS, BLCOSY, TOCSY, MOESY (2]
O f[1-25) 20k D C0SY, TOCSY, NOESY, ROESY il
p-CN f1-75) 20k DEO0SY, TOCSY, NOESY, ROESY Mcikecuilar meabelling [29]

agCN AT M DOEODSY, TOOSY, NOESY, ROESY Mckecular metelling (e
i ) FTTR, £, Mihevaskar
G CME-TY 20k TOCSY, MOESE, HSOC madaiing [32]
e N Az oo DUECOSE TOCEL NOBS WEL SLET), X-toy scutteing (2]
- CNRI36-19%6) 70 DQFEODSY, TOCSY, NOESY, Pa-saburabion Far- LIV £, FTIR (7]
20k DECOSY, TOCSY, NOESY, WET, i
arCNRzam L EOEOE Mshecnilior meabiling [31]
ORGSR T DOECOSY, TOOSY ROESY (3]
2k DO O0SY, TOOSY, NOESY, ROESY,
RCMAINISY) g o [14]
w5 {184 Mk DO C0SY, TOCSY, MOESY B, Struckure ciloulaten 4]

-FLOKE)
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3.21. p-Casein

B-CM iz a calcium-sensitive protein and binding of caldum ions to phosphorylated residues
{five SerP residues) lead to its precipitation [6]. B-CIN was predicied to have no or little secondary
stmucture including a-helix 7-20M, 15-33% B-sheet, 20-30% f-ums and 20-25% polyproline 11
structune [20,78-80]. B-CM is strongly amphipathic with hydrophilic N-terminus (1-40), moderate
hydrophobicity in the middle section (41-135) and highly hydrophobic C-terminus (136-209) [&].

The N-terminus of the polypeptide chain of B-CM has been of great interest to NME studies due
to phosphoserine motif (Serqs, Seryy, Seryg, Seryy, Glugg Gluy ) located in this part of the molecule,
which is an important center of phosphorylation. The N terminus of the f-CM (B-CIN §1-25) was
studied wsing NME by Tsuda et al [25] and Wahlgnen et al. [26,75], who all wsed a purified peptide
obtained after tryptic hy drolysis of B-CN. The NME experiments wene performed in HxOfDa O (90:10)
and presence of calcium [25,26,75]. The main NME methods used for these studies were 210, including
COSY, TOCSY and NOESY with adjusted phase and pulse sequence and water suppression. However,
neither of these sidies had ohserved existence of a specific structure on the observed peptide. In
additicn, Teuda et al. [25] did not present any evidence for existence of B-turms in the peptide. From
the MOE sequential assignments performed by Wahlgren et al [2675] it has been established that the
N-terminus of the f-CN has multiple conformations with great fexibility:

Cross et al. [27] reported structural features of the peptide f-CN £(1-25) in the presence of
cations, whereas a detailed structural model of B-CM (1-25) complexed with amorphous caldum
phosphate (ACP) was reported by Cross et al. [29]. Cross et al. [27] focused on the complete sequence
specific assignment of the peptide in the presence of ammaonium, sodium and calcium ions and of the
dephosphery lated peptide with sodivrm ions. All the samples wene prepaned using 10 mb of peptide
and specific preparation protocol depending of the jons and method wsed [27]. The existence of a
cation-dependent specific structure was observed in sequential and non-sequential NOE connectivity
in the amide (fingerprint], and the He region of the NOESY/ROESY spectra. Moreover, four siruchures
wene identified in f-CMN peptide (1-25) in the presence of calcium, including ane loop structure
{Arg-Glyg) and three B-tums (Valg-Gluyy, SerPr-Glugy and Glugy-Thrgg) [27]

The aforementicned findings by Croas et al. [27] were extended by Cross et al [20] in further
conformational studies of the same peptide (B-CN £1-25)) complexed with ACF, giving the iImportance
of calcium phosphate in the formation of the nanoclusters in the casein micelle. For the purpose
casein phosphopeptide ACP complexes wene prepared as described by Beynolda [81] with a peptide
concenitration of L0—4.5 mM. NME ecperiments included 2D methods (DOF-C0SY, TOCSY and MOESY)
using the States-Habercorn method [52] and the standard sequential assignment protocol [35,83] The
sequential assignment was completed in the fingerprint region of the NOESY spectra (NOEs and
i coupling constant) with mixing time of 250 ms whete all residues of the complex wete assigned.
The prepesed molecular model of CPP-ACP complex predicted an existence of a “patch” on the surface
of the model consisting of Prog, [leys, Valy and Glug [29]. Moneower, it was proposed that the entire
langth of the peptide is involved in interactions with ACP due to many negatively charged residues.
Henge, the Ser{F) motif does not appear to be the sole calcium binding motif for the complexation with
calcium phosphate [29]. These findings using MME experiments wene a great contribution to the basic
knowledge of the structural organization of the f-CN molecule. However, as previously discussed,
the main feeus to dake has been on the N-erminus of the molecule and the sequential assignment of
the whole molecule of §-CN has not been reported to date.

322 a-Casein

o g-CM is also a caldium-sensitive casein with eight phosphorylated residues and a secondary
structure consisting of, on average, 3200 o-helix structure, 17-46% f—sheet and 20-35% [-tum
stmuctures [32,76,84]. This casein presents approsimately 40% of total casein in bowine milk and is of
great importance doe to it association with calcium phosphate during the formation of the casein
micelle. NME was applied as a structural method, predominately for chservations on parts of the
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M-terminus, ie., asl-CN §1-23) and §3539-79) [27,26,30-32] and the C-terminus, Le., ccq-CMN [136-196),
as a region with stmong affinity for seli-association in the presence of salts [77].

ogg-CN {1-23) was studied by Malin et al. [32] and selected as an important part of the csq-CN
mobscule due to the high tendency for self-association [6]. Im their shody, Malin et al [32] used NME
in combination with FTIE, CD and molecular modelling, The performed NME experiments were
homonuclear shift correlations including NOESY and TOCSY with mioing tmnes 300 and 124 mes,
respectively. For the heteronuclear experiments, HS was used for observing cornelations among
TH and BC nudei. TOCSY spectra were used for observing amino acid patterns in the fingerprint
Tegion (NH-Na), and HS0XC was used for detection of cross peaks in the alpha region (Co-Ha) and for
identification of the Pro peak posifon. NMOESY was used for sequential short-range NOE connectiviky
in the fingerprint region for all the residues except prolines. The Pro residues were observed o be in
trans position that may lead to lower conformational fluctuations. The main observed struchure was
the poly-L-proline II {FPIT} structure which has an important role in casein—casein interactions [32].

Ancther fragment of o -CN thatwas wsed for structural studies using NMEwas the phospheserine
Tegion o.q-CN {5379}, Huget al [30] published complete sequence assignments of as-CN fragment
(39-79) in the presence of five moles of caldum per mel peptide and pH values of 4.06, 6.08 and 7.45.
The NME methods used were DOF-COSY, TOCSY and NOESY using the States—tHmeproporticnal
phase incrementation (TPPI) method [85] for a phase sensitive mode A standard procedure was
used for a resonance assignment [35,53). The intra- nesidue cross-peaks in the fingerprint region of the
MNOESY spectra wene tecorded in the best sequential assignments for spectra obtained at pH 6,08 [30].
The gpecira recorded at other pH values produced weak and only a few non-sequential and sequential
NOEs. The structural features observed in this work were Type-1I B-tum involving residues 73-72
observed in the strong dygy connectivity [30]. Hence, for Type-1 B-turms a vahue of 2.6 A can be expected
which was observed in the dppy (i + 2, 1 + 3) KOE connectivity [35]. Another negion of the peptide, in
which a specific conformation appeared, was residues 61-63, whene a loop structure was observed [30].
Later, the obtained NOE constraints from this work were used im a molecular mode lling study reported
by the same authors [31]. It was confirmed that the tumms and loops in the peptide have high a degres
of fexdibility and mobility, which promotes availability for ineractions with caldum phosphate [31].

The complexation of ag-CMN 59790 with caleium, flucride and phoesphate was studied by
Cross et al [28]). The NME spectra of the complex wene recorded as in the previous study [30],
predominately recording DOF-COSY, TOCSY and NOESY spectra. The sequential assignmmernt of the
spin system was performed in the fingerprint region of NOESY spectra [28] The medium range dn(
i+ 2) i the region 72-74 and medium ramge MOE (i, 1 + 2} in the negion assignments of dy, 6466 and
dyyy 6658 wene Implicated as f-tum conformations. In addiion, NME diffusion studies were used to
record the radivs of the core particle of the peptide complex with calcium, fluoride and phosphate
Tesulting in a radius of approximately 2.12 nm [29]. From this work, Cross etal [29] concluded that the
secondary structure of the peptide, with or without complexing with calcium, Aunoride or phosphate,
Teveals a similar conformation.

gy O #(1356-196) was studied by Alaimo et al [77], who dissolved the peptide in buffened
sohuticn of S HaO 0% DeO containing 10 mM Na; HPOy and studied for structural characterization
using NMR, FTIR and CD at variable temperatune (10-70 “C) The NMR method selection was similar
as in the previously discussed studies incuding DOF-COSY, TOCSY and NOESY and data acquisition
using the TPP] method, as described by Marion et al. [35]. The results from Alaime et al [77] showed
increased side chain mobility as ternperature increased leading to a decreased amount of exiendad
structures. However, at emperatures as high as 70 *C, the [-turmn structures and some arormatic
Tesidues retain a stable position in the peptide dhain This was related to the involvement of Pro
mesidues in hydrophobic turns for self-association of the peptide fragment which was referred to as a
heat atable “molen globule™ structural center in the el CM [77].
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323 m-Casein

asiz-CN, due to high phosphorylation (10-13 SerP residues per molecule), is the most calcium
sensitive protein [6]. However, since this casein is present only in 10°%% of the total caseins in milk
and is comparatively difficult to isolate, only a few studies imvolved identification of the struckural
features of op-casein using NME In as-CN, bwo centers of phosphorylation have been observed,
including 8-16 and 56-63. As in the previeus studies on caseing, the MME was used to study structural
features of a defined region of the polypeptide chain. Hug et al. [21] published sequence specific
assighments of the peptide csy-CN f(2-20) isclated from the parent molecule by ryplic digestion
using calcium and ethanol and further purified by fast protein liquid chromatography (FPLC) and
high performance liquid chromatography (HPLC). The NME methods used wene TOCSY, NOESY and
DOF-C0SY, recorded at pH 6.36 and temperature of -5 “C. The amine acd spin systemn was assigned
in the fingerprint region by sequential and non-sequential NOE [35]. The study by Hug et al. [31] for
the first time provided evidence of the endency of the phosphoserine region of the peptide to form
helical structure. The strong dyy and weak d .3 NOE connectivity observed in the NOESY spectra
proved existence of the helical structure in es,-CM H2-20) [31].

Another peptide of as-CN, f{26-70), was studied by Cross et al. [56]. They reported an NME
sudy of the peptide using the same methods and procedurnes as in the study of Hug et al [3] and
concluded that the phespheserine motive of the peptide (46-70) reveals a similar amide chemical shift
as observed in peptides B-CN (1-25), as-CN (39-79) and «s.-CN (2-20). However, the addition of
calcium promoted distinetly variable conformations observed in the medium-range NMOE connectivity
in these four peptides [56].

324, g-Casein

E-CM iz known to exist on the surface of the micells where its hydrophilic C terminus (106-169)
provides steric stabilization to the micelle [1]. Several studies that include the ducidation of the
structure of peptides from the k-CN molecule using NME methods have been reported in the liketature.
Plowman et al. [33] presented complete chemical assignment of the peptide x-CN §98-111) in an
attemnpt to predict the secondary structure. In this study, 20 mM of the peptide was suspended
in DMS0-dg and studied at pH 3.0 and 7.5 and temperatures in the range 22-58 “C. The NME
methods used were DOE-COSY, TOCSY and ROESY performed in the phase-sensitive mode with
the TPPI method, as described by Marion et al. [85] Sequential and intra residuee connectivities were
accomplished using the standard assignment method described by Withrich [35]. The study by
Plowman et al [33] revealed the existence of extended or random structure of the peptide in solution
with trans isomerism of the proline residuses. Moreover, a pH increase from 3.0 to 7.5 resulted in a
shifting of His residues downfield as a result of the deprotonation of the side chain protons of the
amino acid. The temperatune changes from 22 to 53 “C resulbed only in small variations in the by drogen
bonding of the NH protons of His and Leu [33].

A larger portion of the N-termings of g-CN, i-CN {144} was studied by Bansal et al. [34]. In
this study, 1 mM of pepide was dissolved in H2O/DOVTFE (S0010/20) or DLOYTFE (70020). The
standard MME methods for structure observation wene selected, including DF-COSY for through
bond coupling PTaN-k), TOCSY for amine acids pattern and MOESY for structure calculation using
MNOE distance and dihedral angle restraintz. The structure calculation was based on 11 dibedral angle
restraints and 375 NOE restraints including intra residee, ssquential, medium and long-range. This
study, for the first time, reported the presence of a defined helix between Tlegy and Argay and an
irmegular helix between lleg and Progr inthe N terminal of -CMN [34]. This was the first study that
imvolved a structural observation of the casein peptide with a significant length wsing MME.

For studying k-CM H130-153), Plowman et al [15] synthetized this peptide and dissolved it in
HaOy DO (90710, viv) or 2H labelled TFE {rifluoros thanol). Similar to the previously discussed studies,
the NME methods used wene DOQF-COSY, TOCSY, ROESY, NOESY as the basic NME a@cperimnent
for sequential assignment of the polypeptide chain. The peptide dissolved in TFE produced a better
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MNOE peak dispersion in the NOESY and ROESY spectra in comparison to the peptide in the aquecus
solution [16]. In this study, several conformational states wene observed; the amine acids from Deyyg o
SeTyge existed in o-helix D-r:nfr:urmal:lun. Thryag-Thryag showed an unordered conformation, Gluygy -Deyss
extended structunes and Thrigs-Alags a 310 a helic. The Pro residues existed predominately in rans
conformation [16].

4. MMRE Studies on Casein Micelles

In additicn to studies on spedfic sepments on caseins, NME has also been successfully applied
b detect the position and ineractions bebween colloidal caldum phosphate (CCP) nanoclusters and
phosphoserine regions in caseins including liquid-state and solid-state ¥ P and ©Ca NMR [87-89]. The
stability of CCP and its mobility was observed by Gonzalez-Jordan et al. [90]. For this purposs, they
used magic-angle spinning (MAS) NMR acquiring TH-"P cross-polarization spectra to detect the signal
of immebile phosphorus The signal for mobile phesphores (organic and inorganic) was obtained by
subtraction of the *'P immobile signal after integration and deconvolution Gonzales-Jordan et al. [90]
reported that 81% of organic phosphate and 97 % inorganic phosphate found in the mioelle ane in an
immaobile state when milk is in its native pH (87). Lowering of pH to an isoelectric point keads to
increased protonation of both forms of phosphate leading to precipitation of caseina. pH necovering
induced reorganization of the calcdum phosphate nanoclesters giving similar values of mobility as
under the native condifions of milk [90). Thus, this finding offers a crucial benefit for understanding the
changes in saltequilibria in casein micelles as a result of pH oy ding that is wsed in the dairy industry
for various processes,

Mot only pH, but also emperature strongly affects the interactions among caseins and with CCF.
Remowal of f-casein, which is observed at low temperatunes, was related to drastic changes of SerP
simucture and thus changes in the hydrophobicity and interaction preferences obsetved using liquid
MNME [91]). The “loose”™ structure of the micelle and presence of internal passages offer advantages, such
as liberation of the f-casein at low temperatures. Rolloma and Brinkbois [92] wsed NME to observe
casein micelle behavior as impacted by emperature (6098 “C) and calcium remnov al. NMEwas used in
the aliphatic region of the NME spectrum using the methy] nesonances of Val, Ile and Leu, and aromatic
Tegions for aromatic aming acids. Itwas observed that the caseins were charactetized by great mobility,
dissodated from the micelle and changed their conformational preferences at elevated temperature
and calcium depletion. The dhanges were observed to be neversible in absence of whey proteins [92].
Combination of ™ P NMR and FTIR can also be used to observe the influence of ionic componetits in
milk during emperature changes [93]. Moneover, using the chemical shifts assignments of 1P NMR,
FTIR can depict a qualitative allocation and transformation of different types of phosphorus in the
milk presenting individual peaks, which ane important for understanding mineral changes in casein
micelles [93].

Solid-state NME was also used to detect the presence of hydrogen banding from non-phosphory lated
parts of the caseins to amerphous calcium phosphate nancclusters [949]. The protons of the side dhains
of Arg, Lys, Glu or Asp can be close in space with P atoms, with a distance of 3.4-4.4 A, and hence
the terminal groups of the side chains including R-COOH and B-NH; have dinect inkeracions with
the inorganic phosphate of CCP [94]. Similarly, Cross et al [29], observing the [-casein peptide {1-25)
interactions with amorphous caleium phosphate wsing NMR and molecular modeling, suggested that
the entire length of the peptide is involved in nteractions with calcium phosphate clusters. This refers
predominately to negatively charged amine acids including Glu and SerP that are not incduded in
the phospheserine motifs. Momeover, these interactions mainly cecur in hydrophilic regions of the
molecules that are responsible for post-transitional changes of caseins [29].

Hindmarsh and Watkinaon [95] confirmed the existence of phosphorus—calcium bonding in the
mice[be, which is mot yel classified in literatune. Uain|51F[—31FCF-hMS MME in Mozzarella cheese and
EDTA-chelated micelles, they observed the presence of immoebile phesphates compleced with caleium
which are not part of the binding betwesn phosphoserine and calcium phosphate nanoclusters. In
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addition, the proposed interactions included caleium linkages between individual phesphoserines in
the casein micelle which can be within the same or with different caseins. However, the affinity of
phosphoserines to bind calcium cation depends on their pEa which vary for individual amine add in
the polypeptide dhain. The cation binding is greatest at the highest pKa. Phosphoserine centers in the
caseins have a high pKa compared to individual phosphoserines in the polypeptide chain and this
are in the primary pesition for binding calcium ions [26]. Upen reaching saturation, other low pka
phospheserines start to be imvolved in forming calcium bridges. This relaionship was also confirmed
using Ap NME chemical shifts in caseins in the presence of calcium cations [96]. Further saturation of
the casein micelles with phosphate leads to structural chamges in the micelle by formation of complexes
of gelation by extending or compressing of the peptide chain. This was confirmed by FTIR and Ap
NME on casein micelles with different phosphate content [57].

However, calcium binding to caseins balances hydrophobic interactions and elecirostatic nepulsions
leading cresslinking and/or self-association of caseins [958]. Hy drophobic negions of caseins can form
defined structunes using hydrophobic interactions. Why then ane they neferred to as proteins with a
Aexible and undefined structure? The answer will likely be in the exdstence of high concentration of
prolines in the peptide dhain, which hinders the formation of defined structunes and, as menticned
before, the existence of negions with hydrophilic nature. However, FTIR showed that caseing adapt
ceTtain structural features [20,32]. Hemce, using FTIE and CIY was confirmed for f-CN to have several
defined structural regions in the molecules including helix, loops and polyproline 11 [20]. This was
related to self-association and folding of the molecule in its hydrophobic regions. However, these
me thods cannet guaranies the exact position of amine acds linking, On the other hand, Malin et al. [32]
incloded NME in combinaion with FTIE, CD and melecular modeling of the N-erminal region of
as1-CM and identified the pesition of individual protons of amino acids. Thus, using methoeds for
through-bond coupling they confirmed that all prolines ans in trans conformation and with through
space coupling they traced sequential deN(i, I + J} backbone assignments. Momeover, close positioning
of amino acids leads to non-specific interactions including Van der Waals forces that allow for packing
of peptide into irnegular conformations [29].

5. Conclusions and Future Perspectives

NME has been shown to be reliable and the most accurate method to observe the position of
individual protons in the amine add sequence, and thus, o identify the type of peplide connections
in the protein when seli-assodation takes place or other aress connections are established with
the neighboring peptides. Thus, wsing multidimensional NME methods through bond and space
interactions, the complete sequential assignment and spatial erientation of a polypeptide chain can be
achisved. The structure of o-LA and B-LG has been sucoessfully observed and described using NME
and complete chermnical shift assignment and tertiary struchure can be found in the protein data bank.
They have been fully described by multiple NME methods, induding three dimensional studies and
isotopic labeling. Their globular structure and relatively short polypeptide chain have made the whey
proteins of gheat interest to sclentists as model proteins.

On the other hand, caseing, due to their conformational fexibility, have only been studied using
two-dimensional NME methods applied on specific polypeptide fragments of the molecule. Current
resolved structunes reported in literature wsing MME proved that this method is highly reliable and
can be used widely for protein studies, including caseing and casein micelle The application of
this method will enable innovative research and faster problem soluticns for the industry as our
understanding of the conformational behavior of these important proteins, under various relevant
conditions, is unraveled.

In the dairy indwstry, there is a vast product evelution, generating new (and more complex)
products whene understanding and control of the protein structure are crucial to achieve the nequired
structure, texture and stability. This keads o the need for using more sophisticated and powerful
techmiques for quality and process control. This review has demonstrated that NME can provide
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knowledge of the molecular kevel of mechanisms in milk proteins. Since NME has proven to be a unigue
tool with high sensitivity to structural changes in milk proteins, its use may become mone widespread,
beyond academic research. Low-resolution MME techniques are currently applied industrially for
determining, ez, solid fat content, but with advances in the technique and improved ease of use, it
may also become applicable in the future for protein charackerization in dairy products and ingredients,
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Chapter 2: Literature review

2C. The importance of Fourier Transform
Infrared spectroscopy (FTIR) in structural
studies of milk proteins
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2C.1 Introduction

Fourier Transform Infrared spectroscopy (FTIR) is a spectroscopic tool that have
been successfully used for identification and verification of chemical compounds. The
use of FTIR in structural studies of milk proteins aims at establishing the relationship
between the protein functionality and structure. The use of FTIR in food analysis has
been available in research since early 1970s (Griffiths et al., 1983, Van de Voort, 1992).
The FTIR spectroscopy can identify how different processing conditions on the milk
products affects the milk proteins structures. Moreover, FTIR can successfully detect the
heating induced structural changes of milk proteins in raw and concentrated skim milk
(Grewal et al., 2018; Markoska et al., 2018; Mediwaththe et al., 2018; Markoska et al.,
2019), the effect of deamidation and dephosphorylation on protein structure (Grewal et
al., 2018), the structural changes of proteins in milk powders induced by the changes in
the temperature (Gaiani et al., 2010; Kher et al., 2007; Haque et al., 2011; Zhou et al.,
2006; Ye et al., 2017), characterizing the genetic protein variants between Al and A2
milk (Daniloski et al., 2022b) and many more. The FTIR spectroscopy was used for
identification of structural components of peptide fragments and opioid peptides form
caseins (as-CN and B-CN) (Malin et al., 2001; Markoska et al., 2021; Markoska et al.,
2022). The FTIR provide inexpensive and rapid analysis, with minimum time for sample
preparation. The coupling of FTIR with multivariate approaches leads to many
advantages in improving the signal sensitivity due to better signal to noise ratio, capability
to separate the samples into groupings according to selected variables and higher
accuracy. In addition, to improve the quality of the spectra and separation and
identification of peaks several methods can be applied on the original FTIR spectra. Some
of the most used methods are deconvolution, peak fitting, derivatization, principal
component analysis (PCA), 2D correlation and many more (Byler and Susi, 1986; Susi,
and Byler, 1983; Noda and Ozaki, 2005).
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2C.2 FTIR instrumentation

The FTIR spectrometer contain a source of infrared radiation, a process for
resolving the infrared radiation into the wavelength and detector. In the FTIR instruments
the wavelength arrive in the spectrometer simultaneously where the signal
mathematically converts into typical IR spectrum (Rodriguez-Saona et al., 2017; Van de
Voort, 1992). The instrument uses interferometer where IR from the source is split by a
beam splitter into two beams. Each part of the beam goes to either moving or fixed mirror,
then the reflected beams in the beam splitter are recombined resulting to interference
which is pointed to the sample cell and then to the detector. The moving mirror results
with changes of the optical path length of the both half beams producing interferogram.
The interferogram consists three interference states or intermediate, constructive and
destructive which intensity is measured by the detector. The collected data in the detector
then is mathematically transformed or Fourier Transformed from time domain into
frequency domain or IR spectrum. The example diagram of the interferometer is

presented in Figure 1.
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Figure 1. Diagram of interferometer
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The infrared regions that are significant for food analysis are classified as near
(NIR) and mid infrared region (MIR) which appear in regions of 12500-4000 cm™ and
4000-600 cm, respectively (Barth, 2007). NIR infrared spectra due to low structural
sensitivity is less used for structural analysis (Karoui et al., 2010). However, MIR spectra
can easily detect the conformational state of the organic samples including milk proteins
and milk fats. The MIR region of the FTIR spectra extends in range of 4000 to 600 cm™.
In the spectra the x-axis presents the wavenumbers or wavelengths and the y-axis presents
either absorbance or transmittance. The vibrational frequencies appearing in the spectra
result from the strength of the vibrating bonds and the mass of the atoms. The IR
absorption frequencies are specific for different organic functional groups. The
development of the attenuated total reflectance (ATR) technology brought great
advantages in qualitative and quantitative FTIR analysis (Braue and Pannella, 1987). The
ATR operates using infrared light, which is directed between the ATR crystal and the
sample. The ATR requires minimum or no sample preparation provides consistent spectra
collection, higher energy and improved resolution, better signal-to-noise ratio and
eliminates the variations of the cell path lengths. This instrumentation is a key to simple

and robust operation producing high quality data for food analysis.

2C.3 FTIR regions and spectra processing for protein studies

The FTIR analysis of food systems is characterised with specific absorption bands
that are associated with individual components. The components that are generally
observed are proteins, fats and carbohydrates that all contribute to the obtained spectrum
(Van de Voort, 1992). In the FTIR spectrum, the infrared absorption of the proteins and
peptides is presented in Table 1. Moreover, each region corresponds to different
stretching intensity of the molecule. The regions are classified accordingly to the
vibrational intensity and have been previously classified as A, B and Amide I-VII
(Carbonaro and Nucara, 2010; Barth, 2007; 1fién et al., 2004; Zhou et al., 2006; Karoui
et al., 2003; Grewal et al., 2017).
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Table 1. FTIR regions for absorption of proteins and peptides

Spectra regions Band Description Wavenumbers (cm™)
Amide A N-H, O-H stretching 3700 — 3000 cm*
Amide B N-H stretching; CHz asymmetric 3000 — 2800 cm™

stretch

Amide | C=0 stretching 1700 — 1600 cm'?
Amide 11 C-N stretching, N-H bending 1600 — 1500 cm'?
Amide 11 C-N stretching; N-H bending 1500 — 1200 cm™?
Amide IV O-C-N bending 767 — 625 cm?
Amide V Out-of-plane N-H bending 800 — 640 cm?
Amide VI Out-of-plane C=0 bending 600 — 500 cm'!
Amide VII Skeletal torsion 200 cmt

For structural studies of milk proteins, the most observed regions are Amide I, I
and I11. Moreover, these regions provide particular frequencies that assign the secondary
structure of proteins. The average bands that are correlated to specific secondary structure
from Amide | include bands at 1645 cm? (a-helix), 1633 and 1682 cm
(intramolecular/antipallarel B-sheets), 1625 cm™*(intermolecular/ parallel B-sheets), 1673
cm? (turns) and 1645 cm™ (random coil) (Grewal et al., 2017; Carbonaro and Nucara,
2010; Pelton and McLean, 2000). The absorption in Amide | regions is a result of the
stretching of the peptide bond (C=0) of the protein. The Amide Il regions provide bands
with lower intensity in comparison to Amide I. The average bands that correspond to
secondary structure of proteins and peptides include 1520 cm (antiparallel B-sheets) and
1540 cm! (parallel p-sheets) (Pelton and McLean, 2000). In addition, in Amide I region
the absorbance can also be related to the side chains of amino acids. Thus, the amino acids
that contribute to the signal in this region are aspartic acid, asparagine, arginine,
glutamine, glutamic acid, lysine and tyrosine (Mazerolles et al., 2001). The Amide 111

region shows a weak signal that also can assign to secondary structure components of
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proteins. The observed frequencies in this region are for a-helix, 3-sheets and unordered
structures (1328 — 1289 cmt, 1255-1224 cm™ and 1288-1256 cm’!, respectively) (Grewal
etal., 2017). The common problem that arise on FTIR analysis on milk is the water signal
appearing at 1645 cm, 2125 cm™ and 3400 cm™ (Yang et al., 2015). The water signal
overlap with the absorption of the bands in Amide | region. To avoid the water
interference the water signal can be easily removed by subtracting the blank spectrum
from the sample spectrum. It is important that the blank spectrum be analysed under
identical conditions as the sample spectrum. This includes temperature, pH,
concentration, number of scans; cell path length and spectral resolution are kept identical
for both blank and sample (Yang et al., 2015).

For better peak identification and peak resolution of the Amide I region the FTIR
spectra is processed using different methods provided by the processing software. Some
of the common methods for better peak identification include deconvolution, peak fitting,
derivatization, principal component analysis (PCA), and 2D correlation to name a few
(Byler and Susi, 1986, Susi and Byler, 1983; Noda and Ozaki, 2005). The deconvolution
procedure alters the shape of the bands including anodization and line shaping function.
This function is accompanied with curve fitting procedure, which provides better peak
identification and resolving the overlapped bands into distinct peaks (Byler and Susi,

1986). A Lorentzian line approximates the intrinsic line shape of the peak.

Eooy = L [1]

o2 +v2

Where Ey is the intrinsic line shape function of the spectrum E(v) and o is the line

width.

The second derivative analysis of the FTIR spectra provides distinctive band
frequencies that are characteristic for specific secondary structure. The bands in second
derivative spectra define certain secondary structure component of proteins that was
confirmed to be nearly identical with the information that was computed from
crystallographic data (Dong, 1990). The shape of the infrared spectrum is calculated
using Lorentzian function as shown in equation 2 (Susi and Byler, 1983) where the
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absorbance is a, s is the width with half height and the frequency with reference to the

line centre is v:
A= (%)/(52 + v?) [2]

The second derivative is calculated in equation 3 where o is 1/s? and the peak
frequency is same with the original peak frequency. For the second derivative spectra, the
peak intensity is proportional to the intensity of the original peak and inversely
proportional to the square of the half width (Susi and Byler, 1983).

A" = —1/ms)[2a(1 — 3av?) /(1 + av?)?] [3]

The PCA is a bilinear modelling method that give information that is present in
the multidimensional set. PCA provides information by generating a set of principal
components (PCs) as coordinated axes with lowest possible loss of information. The
groupings of different samples are presented in the score plots based on the variables, on
the other hand the loading plots presents the wavenumbers with high loading which
classified the samples into different groups. The aim of PCA analysis is to find the linear
combinations of the main variables that differentiate the observed samples.

The 2D correlation analysis presents a stacked-trace or 3D representation of the
spectrum providing best overall view of the intensity by providing sharper and better
resolving peaks than the corresponding traditional 1D spectrum (Noda and Ozaki, 2005).
The 2D correlation plot presents positive and negative cross peaks positioned at the off
diagonal position of the plot confirming correlation features between the FTIR bands. The
correlation can be obtained from the bands originating from the same spectroscopic data
so called homonuclear correlation and correlation among the band from different types of
spectroscopic data e.g. FTIR vs Raman. The advantage of the use of 2D correlation of the
FTIR spectra arise from simplification of the overlapping peaks, improvement of the
resolution, investigating the sequential order of spectra intensity produced from external
perturbation (modified sample conditions), determining clear assignment using the

correlation of bands and many more.
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2C.4 FTIR application in milk protein structural studies

The use of FTIR in studying the conformational characteristics of milk proteins
have been widely used (Byler and Susi, 1986; Kumosinski and Farrell Jr, 1993; Malin et
al., 2001; Farrell Jr et al., 2001; Lefévre and Subirade, 1999; Grewal et al., 2017;
Markoska et al., 2019a; Markoska et al., 2019b; Daniloski et al., 2022). The use of FTIR
spectrum for observation of the structure of milk proteins involve mainly two strong band
absorption found in Amide | and Il region. Thus, in Amide | region the strong band
intensity is observed at 1650 cm™ that appears from the C=0 stretching of the peptide
bond. In Amide 11 region, the strongest band absorption is at 1550 cm that appear from
N-H bending deformation with 60 % and C-N stretching vibrations that is 40 %. In Amide
Il region the band intensity is gradually, lower than the band intensity from Amide |
region. The typical FTIR spectrum of milk protein in Amide | and Il is shown in Figure
2.
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Figure 2. Typical FTIR spectra of milk protein in Amide I and Il region.

The accuracy of the FTIR spectrum of milk proteins can be affected by many
factors that can be classified as instrumental, physicochemical and biological (Dupont et
al., 2013). The instrumental factors include the instrument conditions like instrument
calibration, temperature, linearity, homogenizations to name a few. The physicochemical
factors refer to the presence of carboxylic acid and the proportion of non-protein nitrogen
in the observed sample. Moreover, the variation in the non-protein nitrogen affects the
number of peptide bonds and thus can affect the accuracy of the instrument. The variation
of the presence of carboxylic acid leads to interference absorption of the protein spectrum
that usually occurs due to fermentation of lactose and greater presence of citrate in the
milk samples (Sjaunja and Andersson, 1985). The biological factor that affects the
accuracy of the FTIR spectrum include the breed, species, and stage of lactation, season
and feeding. These factors can affect the accuracy of the FTIR spectra and whenever

possible the instrument needs to be calibrated and adapted to the new conditions.
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The secondary structure components of milk proteins were analysed extensively
using FTIR spectroscopy in order to detect the structural variation in regards to the
different processing conditions. The structural elements of milk proteins including whey
proteins, caseins and peptides isolated from caseins identified by FTIR spectroscopy are

discussed individually.

2C.4.1 FTIR studies on whey proteins

The employment of FTIR in structural analysis of milk proteins have been
predominantly involved to determine the structural transition of the secondary structure
components during processing. The structure of whey proteins have been intensively
studied using this method to confirm the interaction preferences, aggregation, and

dissociation.

B-Lactoglobulin (B-LG)

The structure of B-LG was successfully resolved using X-ray crystallography and NMR
spectroscopy (Uhrinova et al., 1998; Molinari et al., 1996; Bewley et al., 1997; Qin et al.,
1998) concluding with experimental values in solution of 8 % a-helix, 45 % B-sheets and
47 % random coils. The employment of FTIR analysis for observation of the structure of
B-LG involved several studies that observed the structural transition of the protein
concerning the observed conditions (Leféevre and Subirade, 1999; Boye et al., 1996; QI
et al., 1997; Bhattacharjee et al., 2005; Rahaman et al., 2015). The FTIR analysis of -
LG molecule confirmed presence of concentration, pH and thermal induced modification
of the spectrum (Lefévre and Subirade, 1999; QI et al., 1997). The FTIR spectrum
successfully can identify the structural and interaction properties of the molecule by
identifying the difference between the monomeric, polymeric and aggregated structural

condition.

a-Lactalbumin(a-LA)
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Prestrelski et al., (1991) performed the structural analysis of a-LA using FTIR
identifying the two types of a-helix secondary structures. The FTIR method was involved
in many studies for structural transition of a-lactaloumin under modified conditions
including concentration, pH, heat treatment and pressure (Fang and Dalgleish, 1998;
Boye et al., 1997; Troullier et al., 2000). Thus, the heating induced permanently altered
structure by large proportion of modified a-helix components (Fang and Dalgleish, 1998).
The presence of the secondary structure components in a-LA as observed by FTIR differs
concerning the concentration of the protein in the sample. Thus, at high protein
concentration [3-sheets are observed as predominant components, however, at low protein
concentration predominant secondary structures are unordered structures (Fang and
Dalgleish, 1998). The refolding reaction of o-LA after alteration in pH and was
successfully observed using stopped flow (SF) FTIR confirming the validity of the
method for studying the complex process of proteins’ refolding (Troullier et al., 2000).

Minor whey proteins

The minor whey proteins were also subjected to structural analysis using the FTIR
method. FTIR of Immunoglobulin G (1gG) confirmed great presence of 3-sheet and for
bovine serum albumin (BSA) it was confirmed high amount of a-helix and B-turn
(Bogahawaththa et al., 2017; Sathya Devi et al., 2011). The observed secondary structures
are reduced when these proteins are subjected to shear and heat treatment as observed by
intense reorganization of the peak absorbance in the FTIR spectrum. Lactoferrin shown
high peak loading for a-helix (1655 cm™), B-sheets (1636 cm™) and turns (1677 cm™)
confirming presence of secondary structure components which are greatly affected during
temperature and pH treatment (Goulding et al., 2021; Geagea et al., 2017). Thus, the
observed structural transition of the FTIR analysis on whey proteins during changed
native conditions aligns with the other findings for crystallographic or NMR analysis

confirming that FTIR can be a valuable method for secondary structure observation.
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2C.4.2 FTIR studies on caseins

Caseins as most abundant proteins in milk have been common model for
secondary structure studies using FTIR analysis. Due to caseins’ structural flexibility the
Amide | profile was found to have complicated profile as observed with FTIR analysis
and in agreement with Raman methodologies (Farrell et al., 2013). All four casein (0s1-,
as2-, B-, and x-CN) and casein micelle have been extensively studied for secondary
structure components under native and modified conditions. In addition, smaller fragment
and individual polypeptides (casomorphins) that are found isolated from the [-casein
molecule have also been studied for structural characteristics. The FTIR studies on each

casein, casein micelle and B-casomorphins are discussed individually.

Casein micelle

The secondary structure of casein micelle was resolved using FTIR by Byler and
Susi, (1986). The assignment of the structural component in Amide I region of the FTIR
spectra were performed by deconvolution and Gaussian peak fitting. The micelles were
analysed in deuterium oxide solution and several components were identified including
B-sheet (strong) (1621-1639 cm™), unspecified or random structures (1640-1646 cm™),
helical structures (1651-1657 cm™), turns (1660-1665 cm™ and 1685-1695 cm™) and B-
structure (weak) (1670-1680 cm™). The effect of minerals on casein micelle structure was
studied by FTIR spectroscopy (Curley et al., 1998). The changes in the structural
components in aqueous solutions of caseins micelles in presence of calcium (Ca), sodium
(Na) and potassium (K) was analysed by Fourier smoothing of the second derivative
spectra and curve-fitting of the spectra in Amide | and Il region. The study provided
global estimation of the structural elements and the hydrophobic forces that held the
micellar structure together. Thus, the electrostatic binding of calcium to the caseins leads
to redistribution of the FTIR spectra. The presence of K and Na induces decrease in loops
and helical structure and increase in turns. The Amide Il region of the FTIR spectra of

casein micelles in different NaCl concentration was used for structural studies and
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correlated to Amide | region (Hussain et al., 2011). The spectra from Amide I (1720-1580
cm?) and Amide 1l region (1200-1350 cm™) were baseline corrected, the second
derivative was calculated with Satvitsky-Golay smoothing function and spectra were
deconvoluted by a non-linear regression curve fitting for Gaussian peaks. The findings
from both spectra regions (Amide | and I1l) identified several components ([3-sheet,
irregular, a-helix and turn) that shown high sensitivity on NaCl concentration (Hussain et
al., 2011). Casein mixtures prepared with different casein ratios in order to imitate
micellar conditions were prepared and analysis for structural elements in presence of
calcium (Ca) and magnesium (Mg) (Grewal et al., 2021). The solvent was subtracted from
the spectra and then the spectra were baseline corrected, deconvoluted, smoothed, and
second derivative was calculated with Gaussian function and finally PCA analysis was
used for better identification of samples groupings and changes in structural components.
The study confirmed increase in B-sheets elements and decrease in triple helices and turns
when Ca and Mg were added in the solution. The averaged values for the secondary
structural components present in individual caseins and casein micelle are presented in
table 2.

Table 2. Averaged values of secondary structural components for individual caseins and
casein micelle. Updated from Grewal et al., 2021; Qi et al., 2005; Byler and Susi,
(1986).

Average values of structural elements (%0)

a-helix  B-sheets Random 310-helix or B-turns

coils PPII
as1- casein 15 38 15 16 13
as2- casein 14 35 12 15 21
K-casein 13 33 11 11 22
B-casein 11 30 15 14 18
Casein micelle 14 27 18 NA 41
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as1-Casein

The FTIR analysis of as:i-CN have been carried out on fragments of the molecule.
Malin et al., (2001) confirmed presence of 30-40 % turns, 25-30 % extended in the N
terminal (f 1-23) of the polypeptide chain that was in agreement with CD and NMR data.
Additionally, FTIR analysis confirmed presence of polyproline Il helix and loops in the
asi-casein molecule. The purified os1-CN was prepared for FTIR spectroscopy by dilution
in 10 mM sodium phosphate buffer and 70 mM NaCl and the obtained spectrum was
analysed after applying second derivative and curve-fitting procedure. The C-terminal (f
136-196) was observed to have B-extended (310 structures) (49%), turns (22 %),
unordered structures (23 %) and a-helix (5%) (Alaimo et al., 1999). The high number of
turns in the C-terminal of the molecule is due to the high presence of proline in the
polypeptide chain (Malin et al., 2001). For this study, the purified asi-casein was diluted
in 25 mM dipotassium PIPES buffer for the FTIR analysis and the spectra was analysed
after second derivative, Gaussian fitting and curve fitting. The studies were carried out to

observe the possible reactive sites of the molecule.

as2-Casein

The as>-CN was studied by FTIR analysis by Hoagland et al., (2001). In
comparison to the FTIR studies for secondary structure observation performed on as1-CN
where only fragments were observed, here the whole molecule was studied for secondary
structure components. The purified as>-CN was prepared in 25 mM PIPES and 80 mM
KCI solution which absorbance in the spectrum was subtracted and the peak resolution
was improved by smoothing, second derivative and Gauss-Newton deconvolution
(Hoagland et al., 2001). From the analysis in the Amide | region was concluded that os2-
CN have 32 % a-helix (including 41-60 residues from the casein chain), 27 % [ sheets
(extended) and 31% turns (Hoagland et al., 2001).
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k-Casein

Kumosinski et al., (1991, 1993) studied the structure of k-CN. In this work, the
authors used the spectroscopic data from FTIR results and molecular modelling to predict
the secondary structure of k-CN. The proposed findings were two unstranded B-sheets.
Farrell et al., (2003) observed the environmental influence on k-CN structure using FTIR
in combination with CD, molecular modelling and electron microscopy. They found that
the temperature did not affect the secondary structure gradually and the most observed
components were extended strands and p-turns. However, the literature does not provide
findings of the secondary structure of k-CN only obtained by FTIR spectroscopy. Thus,
the x-CN structure was mainly resolved by using other methods including NMR, CD and
molecular modelling (Kumosinski et al., 1991, 1993; Farrell et al., 2003, 1996; Plowman
et al., 1997; Bansal et al., 2006).

B-Casein

The structure of B-CN was extensively studied by FTIR spectroscopy (Farrell Jr
et al., 2001; Qi et al., 2005; Farrell et al., 2002; Li et al., 2019). Farrell et al., (2001)
analysed the B-CN for presence of secondary structure components. The study observed
structural transition of the molecule at temperature range of 5-70°C. The findings
included loss of structural elements at low temperature (cold denaturation), however at
increased temperature only the flexible conformational elements (loops, helix and
polyproline 11) was observed to be influenced by slight increase. The FTIR analysis on f3-
CN was performed by diluting the molecule in 25 mM dipotassium PIPES buffer and 8
mM KCI. The spectroscopic data was phase-corrected and apodized with Happ-Genzel
function and the peaks were identified by non-linear Gaussian regression fitting. The
study summarizes several secondary structure components including turns (32%), o-
helix/loop (29%), B-sheets (18%) and polyproline Il structures (20%). Farrell et al.,
(2002), continued the study when fragment of B-CN (f1-25) was analysed for changes in
structural components concerning changed temperature and phosphorylation. It was

confirmed that the polypeptide had stable structural element at temperature level of 5 - 70
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°C and little or no changes during phosphorylation. Similarly, as in the previous work by
Farrell Jr et al., (2001) the samples were prepared in PIPES-KCI buffer and the secondary
structure elements were calculated after non-linear regression fitting of Gaussian peaks
in Amide | region.

Qi et al., (2005) analysed the transition in the secondary structure components
resulted by pH and temperature effect using FTIR spectroscopy. The study indicated no
changes in the structural components at pH 6.75 and temperature range of 5-70°C.
However, major temperature changes were confirmed at high pH (10.5) by increase in the
extended structures and decrease in a-helix or loop structures. The presence of
polyproline Il structures (20%) in B-CN was confirmed in the Amide I region of the FTIR
analysis under physiological conditions of the molecule (pH 6.75 and 25 °C) (Qi et al.,
2005). The estimated secondary structures in physiological conditions obtained by
summing the areas of FTIR bands were a-helix/loops (25 %), polyproline 1l structures
(20%), B-sheets (12), turns (29%) and unspecified structures (14%). For this study the
authors prepared the purified B-CN in PIPES buffer and the FTIR spectra was phase—
corrected with Happ-Genzel function and curve-fitting procedure was applied for better
peak assignment. Li et al., (2019) observed the structural changes of pure B-CN and (-
CN concentrate as a function of temperature and CaCl> using FTIR spectroscopy. The
findings confirmed little change in structural components as a function of temperature
that predominately were observed in turns and intramolecular B-sheets elements, and the
addition of CaCl> did not change the structural elements in both pure and concentrated -

CN samples.

Casomorphins

-casomorphins (BCMs) are opioid peptides that are isolated from p-casein
molecule during digestion in the human body an also during milk processing. In the
present literature, there are not available studies that use these spectroscopic tools to

observe the vibrations of the functional groups of BCMs.
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2C.5 Conclusion

The FTIR spectroscopy have been widely implemented on the structural studies on milk
proteins. Even though, the FTIR cannot detect the atomic position of the molecules, it can
be highly sensitive and advantageous in function and structure related changes in the milk
proteins. Thus, the FTIR can successfully determine structural information and the
interaction properties of the proteins. The combination of FTIR with chemometric
analysis can successfully fingerprint the functional-structural characteristics of milk

proteins.
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isomerism involving te Tyr'—Pro®, Phe’—Pro* and Gly*—Pro® bonds of BOMT was olserved. (05 and trans
isomers of Tyr '—Pro® and Phe®—Pro* and rrans isomers for @y’ —Pmo® were olserved at both pH 6.7 and
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& 2021 Ekevier Lid. All rights reserved.

1. Introduction

f-Casomorphins (BCMs] are a group of opioid peptides thatcan
be mleased by enzymatic digestion of fi-casein. They share the
Tyr—X—Phe sequence at the M-terminus with other p-receptor
agonists. A number of BCMs can be released during digestion of -
casein, varying in length bebtween 4 and 11 amino acid residues.
The BCM peptide containing 7 amino acid residues, frequently
termed BCMT, has been one of the most examined BCM:E due to
sugrested relevance in physiological pathways (Thinwvengadam,
Venkidasamy, Thirupathi, Chung, & Submamanian, 2021} This
peptide, which has the sequence Tyr—Pro—Phe—Pmo—Gly—Pro—lle,
relates to positions 60—66 in the pament pmotein f-casein and is
present in all known genetic variants of bovine fi<asein. Genetic
variation, however, does occur at position 67 in the bovine Ji-
casein maolecule; fcasein Al. B and F contain His, whereas [i-
casein A2, A3 and | contain Pro at posidon 67 (Hupperiz, 2003
These subclasses of f-casein are commonly referred to as the Al
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family and A2 family, respectively. The His versus Pro difference at
position 67 has been considered to strongly affect the hydrolysis of
the peptide bond between positons 66 and 67 in f-casein
{Mguyen, Busetti, Smolenski, Johnson, & Solah, 2021} While some
studies suggested that the 16 —P® bond in f-caseins of the A2
family was resistant to hydrolysis under {(simulated) gastmo-
intestinal conditions, thus preventing the release of BCM7 from
fi-casein A2 (De Noni, 2008; [insmaa & Yoshikawa, 1999), several
recent studies have shown that the peptide is also released from -
casein AZ, A3 and I, and only some gquantitative difference in
release is observed between proteins from the f-casein A1 and A2
family (Asledottir et al., 2017; Cetlinska, Kamirski, Kostyra, &
Sienkiewicz-5zlapka, 2007; lambers, Broeren, Heck, Bragt, &
Huppertz, 2021; Mguyen et al., 2021). Release of BOM7 has also
been suggested to be affected by the product matric and the
processing that it has undergone (Lambers et al., 2021; Nguyen,
Johnson, Busett, & Solah, 2015).

While all peptide bonds can show as—rans isomerism, maost
peptide bonds typically and almost excusively (=99.9%) adopt the
trans isomer. This is related to the fact that the amide hydrogen in
the mans isomer offers less stenc repulsion for the preceding Cg
atom than does the following C; atom Pro-containing peptide-
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bonds, hoeever, are the exception, with notable levels of ds iso-
mers also readily obzervable due to a comparatively small free
energy difference between both isomers (Wedemeyer, Welker, &
Scheraga, 2002). The presence of 3 Pro residues in BCMT creates
the possihility for up o 8 conformational isomers, which can
impact peptide interactions and further enzymatic degradation of
the peptide. Previous work by Basosi, D'Amelio, Gaggelli, Pogni, and
Valensin (2001) indicated that not all isomers of BOMT wemr
hinding copper and that conformational states of the X —Pro bonds
wiere cshown to srongly affect the copper binding by adjacent res-
idues. Despite the accdaimed physiological importance of BCMT, itis
surprising that little further attention has been paid to BOMT iso-
merisation and its impact on potential physiological activity. In this
study, we investigated the effectof pH on BCMT sructure. For this
purpose, weselected pH 2.3 and 6.7, which provide insights into the
behaviour of the peptide at gastric and intestinal conditions. 'H
nuclear magnetic resonance (MMR] and Fourier-transform infrared
(FTIR) specroscopy were used as powerful technigues for this
peptide structural studies.

2. Materials and methods
2.1 Somple prepanzton

The peptide of BCMT was synthesised by Mimotopes (Mulgrave,
Australia) and was of analytical reagent grade (purity = 98%) and
used without further purification. The peptide was prepared for
analysis by dispersing 10 mg of the peptide in 1 mL Hp0:D.0
(90:10%). The pH was adjusted with to pH 2.3 with 025w HO or to
pHE.T with 025 m NaOH

22 Fourier trensform infrared spec roscopy

The secondary structure of BCMT at pH 2.3 and 6.7 was analysed
using a PerkinElmer FTIR spectrometer (Fronter, PerkinElmer,
Boston, MA, USA) in the range of 4000 to 600 cm~ ! with a reso-
lution of 4 cm~" and averaging 16 scans for each spectrum. At the
start of measurement, the backgrmound spectrum was scanned with
ablank diamond attenuated total reflectance (ATR) cell. Before the
analysis the solvent spectrum (903H0 10200 ) was recorded and
used for subtraction from the zample spedra to eliminate the
intense solvent signal. The ariginal solvent-subtracted spectrum in
the region 1800—1100 cm~' was analysed for C=0 stretching
{amide 1] and C—M stretching and N—H bending (amide [T and I}
The spectra analysis was performed using OriginPro 2020b soft-
wiare { OriginLab, Morthampton, MA, USA). For the amide | region,
Savitzky—Golay smoothing was wsed. The haseline of averaged
spectra from fve repettions was subtracted and curve fiting was
applied on amide | region using Gaussian distribution with B of
(L9498 and 0.997 for the =ample with pH 2.3 and 6.7, respectively.

23 Nuclear magneric resonance

The 'H NMR experiments were performed on a Bruker Avance
specrometer (Bruker BioSpin GmbH, Rheinstetten, Germany)
operating at a 600 MHz transmitter frequency using 5 mm Tl
probe with Z- and XYZ-gradient. The MMR specira were aoquired at
a temperature of 295 K. The accumulated proton MME was acguired
u=ing 16 scans and spectra width of 9615 Hz. The two-dimensional
specra that were accumulated included phase sensitive double
quantum-fltered correlation spedmscopy (DOF-005Y), total cor-
relation spectroscopy ( TOCSY) and motating frame Owverhause effect
specroscopy (ROESY). The DQF-COSY specta were recorded using
& =scans and a spectral width of 8196 Hz The TOCSY specra used
Homonuclear-Hahn transfer s pectmoscopy and THIPS12 sequence for
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mixing { Bax & Davis, 1985) and was recorded using & scans and a
spectral width of 8196 Hz. The ROESY =spectrum with continuous
wiave spinlock for mixing was acquired using & scans and a spedral
width of 5882 Hz. In all spectra, water suppression was achieved
u=ing excitation soulpting with gradients (Hwang & Shaka 1995)
The acquisition mode used for tewo-dimensional s pectra was States-
TPPl (time-proportional phase incrementation) (Marion &
Wthrich, 1983). NME data pmocessing was performed using
TopSpin (version 4.0.6) software (Bruker BioSpin). The Field in-
tensity decays were comected with a 0.3 Hz line-broadening
pammeter. All spectra were phase-corrected using Oth and 1 st or-
der correction for pk. Chemical shift assignment was accomplished
using corresponding amino acid atom values obtained by Withrich
{1986 ) and from BMEB files { Seavey, Famr, Westler, & Markley, 1991

3. Results and disussion

In the MMR spectra, the chemical shift (8] assignment was
performed wsing TOCEY and ROESY NMRE TOCSY NMR spectra
provides information of the position of "H from neighbouring
amino acids connected through bound (Markoska, Vasiljevic, &
Huppertz, 2020). Howewer, for strucmml elucdation, ROESY
specta were used with the aim of observing the through space
coupling of the protons, In the TOCSY spectra, the alpha-amide
region (Jeq) or fingerprint region of amino acdds is presented
(Fgz 1AB). The position of the [ey of each amino acid was analysed
using previous assignment strategies (Withrich, 10E86). The TOCSY
spectra were used to detect the chemical shifts of Tyr”, Phe®, Gly®
and Tle” in the fingerprint or amide (HM) region (Fiz. 1ABL
Compared with pH 23, the peptide at pH &7 promoted upfield
shifting of the HN chemical shifts of lle, which shielded for (L6 ppm
The pratan shielding can be chserved also in the overlapped 'H
MMR spectra of BOMT at pH 2.3 and 6.7 (Fig. 1C). The large MH peak
appeared as a triplet at pH 2.3, but at pH 6.7 appeared as a doublet
shielding upfield. The "H MMR shielding is a result of changes in
proton distribution as a function of the changed environment
{Shiga, Sumki, £ Tachikawa, 2010). The upheld shielding of NH
indicates the presence of as conformers in the system (Alderson,
Lee, Charlier, Ying, & Bax, 2018). In additon, in the original FTIR
spectra. a broad peak at 1519 cm™" at pH 2.3 was ocbserved that
moved to positive absorbance and separated into two peaks at pH
6.7 (Fiz. 2A). This peak previously was assigned to a MH-symmetric
bending and symmetric rock of [le {(Hernandez, Pfluger, Meangow, £
Ghomi, 2009). Therefore, the vibrational bending of NHobserved in
the given region of the FTIR specra can be related to NH bending
vibmtion of the amino acids. Moreover, the MH group of amino
acids in BCM7T was affected by an increase in pH which promoted
intense proton exchanges and structural vibrations. This confirms
proton exchange and structural vibration of WH from e’ as
observed in the NMR spectra.

The —Hz— (CHz}x side chain of le” also slightly shifted up field
as a result of pH adjustment from acid to neutral (Fig. 1C). For the
other amino acids, only slight shielding was chserved in the amide
and alpha protons; however, the sidechains of Tyr! and Phe® were
not affected by differences in pH. Hence, the aromatic region in the
MME specira (6.5—7.5 ppm] shown neary identical peak position
and imensity. The MMRE chemical shifts are pH dependent a= a
result of protonationjdeprotonation behaviour and structural vi-
bration of the peptides (Chrstl & Roberts, 1972 ). Thus, the observed
shielding of MH and side chains of lle at pH &7 iz a result of
vibmtional bending in this part of the molecule In addition, in the
FTIR spectra the region 13851395 cm~! moved to negative value
as pH was increased from 23 to 6.7 (Fig. 2A) This change likely
resulted from bending wvibrations of —CH{(Hz); (Hemandez,
Pfliger, M=zangow & Ghomi, 2009; Moorthi, Gunasekaran, £
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Ramkumaar, 2014} The carboy] group of the lle in the peptide was
not detected in the NMR specra at either pH due to intense proton
exchange with deuterium. The chemical shiftz of all observed
protons of sampls with pH 23 and &7 are shown in
Supplementary material Table 51.

Proline, due to lack of amide group, cannot be assigned using
TOSY MMR and its chemical shift was observed using DOF-C0SY
and ROESY spectra (Supplementary material Table 51). In the
ROESY spedra, the alpha-amide region (fe ) was used to assign the
dipaolar coupling of alpha protons of Pro residues and amide protons
in the amino acids (Fg. 3] At both pH values, the [y, of the most
imtense peaks for Phe’, Gly® and Ne” were in close proximity, ie.
within 5 A& of & protons of Pro-residues. In addition to the most
intense peaks, low intensity peaks and their corresponding cross
peaks were observed for each amino acd in the peptide. These
additional peaks confirmed presence of isomerizsm of the peptide
bonds and thus different conformations of the peptide. For both pH
23 and 6.7, a sequential assignment of BOMT was achieved using
sequential MOEs; thus, as and frans isomers were distinguished
Previously the existence of eight possible csand rrans isomerism of
BOM7 wias confirmed ( Basosi et al., 2001 ) In the current wark we
observed only four possible isomers for BCMT at pH 2.3, whereas
eight isomers were observed at pH 6.7 (Table 1). This is direct ev-
idence that the Gly®* —Prof bond of BCM7T is predominately in trans
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position at pH 2.3, buton increasing pH to 6.7 also isomerises to as
conformers. The FTIR region 1400—1450 cm™' is related to ring
vibmtions of Pro residues (Barth, 2000). Presented in Fiz. 24, this
region shows a strong positive peak at pH 2.3, which was lostwhen
pH was adjusted to 6.7. This spectral region shows high loading due
to presence of three Pro residues in the peptide chain. In the s=ample
at pH 6.7, the existence of new isomers promoted bending of the
peptide and reorientation of Pro rings. Thus, FTIR confirmed the
structural variation in Pro residues as observed in MMR specim. In
addition, from the curve fiting of amide | region (Fig. 2B) the
observed high peak at 1678 cm~ ! for the peptide at both pH values
is indicative of trans stretching (Vien, Colthup, Fateley, & ). This
peak shows greater loading at pH 2.3 than pH 6.7, suggesting a
greater presence of trans isomers at pH 2.3, The peak at 1620 cm™!
was maore prominent in the sample at pH &7 indicating greater
presence of cs sructures (Vien et al, 191). This ds—mmms isom-
erism of peptide-bonds has previously been indicated to be
impaortant for the hydrolytic preferences of, e.g., trypsin and pep=in
{Lin & Brandts, 1985; Vance, LeBlanc, & London, 1997). Both en-
zymes hydrohyse X—Pro bonds more intensively when it exists in
the trans position. The possible combination of isomers identified
by NOE=s ocoumence is presented in Table 1.

The presence of Pro residues in the protein chain impedes the
defined structure in caseins due to as—mms isomerism. In BOMT,
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three prolines are present, which was confirned in this work in
addition to confirmed existence of different isomerism, which
resulted from a change in the pH environment. The Gly*—Pro®—Ile”
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(Farahani et al., 20%4). Moreover, the side chains of Ile’ promoted
upfield =shiftiing which iz a result of reorientation of this part of the
maolkecule due to chain bending induced by presenceof os isomers of
¥—Pro® bond (Farahani o al., 2(14). This part of BCM7T may have an
important role in structural behaviour during enzymatic deavage
and biological activity of the peptide. BCMT has been shown to be an
opioid agonist that binds to the p-receptors in the human body and
leads to a range of physiological responses (Daniloski et al, 2021).1In
addition, the peptde further deavage and its inactivation is medi-
ated by dipeptidy] peptidase-d (DFP-4) (Jarmolowska et al, 2007 )
OPFP-4 was shown to hawe an optmal pH actdwity at 79
{Tereshchenkova et al, 2016), thus pepbde isomerism as a result of
pH change may play an important role in its activation and deacti-
wation in the human body, which should be further investigated.

4. Condusion

This study confirmed that combinaton of MMRE, FTIR and
chemometrics can be powerful comhbination for srucumal eval-
uation of the peptides. Multddimensional NMR provided detailed
information of the pmoton positions and FTIR supported the pre-
dominant structural features in the peptde. The os—mans isom-
erism of BOM7 as a result of different pH emwironments was
studied presenting predominant mans conformers and increase of
as isomerism at pH 6.7. These subtle changes appear at the
Ghy*—Pro® bond that haz an important role due to enzymatic
hydrolysis of the peptide at this part of the molecule. In addition,
cleavage of [i-casein into BOM peptides (BOM15, BCM11, BOWMT,
BiM5 ] i= induced by proteolytic enzymes (pepsin, oypsin, elas-
tase, etc] in the human gut and intestinal lumen { Daniloski et al.,
2021). The activity of enzymes to deave polypeptides into smaller
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fragments depends on the pH environment and accessibility of
the free peptide bonds. The cis—rnens isomerism of X—Fro bond
may be significant indication for BCM activity in human body
Therefore, furtherstudies should follow on structural variations of

larger peptides.
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Supplementary material for “pH-induced changes in B-casomorphin 7
structure studied by *H nuclear magnetic resonance and Fourier-

Table S1: Chemical shifts 6 (ppm) of synthetic BCM peptides at pH 2.3 and pH 6.7.

Transform infrared spectroscopy”

Proton Hn Ha HB Hy Hs Other
pH 2.3
Isoleucine 8.18 4.10 1.80 1.33 0.75
8.25 4.16 1.80 1.12 0.80
8.46 4.23 1.80 - -
Tyrosine 8.29 4.87 3.15/2.75 7.05
8.22 4.60 2.79-2.98 6.77
- 4.33 2.86-3.13
Phenylalanine 8.17 4.34 3.02/2.90 7.23
8.16 4.53 2.99/2.88 7.16
8.04 4.79 2.92.3.06 6.78
Glycine 7.72 4.02/3.92
8.02 4.07/3.89
Proline - 4.35 2.16 1.87 3.71/3.61
- 4.26 1.80 1.81 3.72/3.41
- 4.16 1.99 1.73 3.53/3.19
pH 6.7
Isoleucine 7.65 4.03 1.68 131 0.75
7.58 3.97 1.73 1.01 0.80
7.89 3.92 1.73 - -
Tyrosine 8.29 4.88 3.15/2.75 7.05
8.19 4.62 2.79-2.98 6.77
- 4.33 2.86-3.13
Phenylalanine 8.16 4.32 3.01/2.78 7.23
8.16 4.52 2.99/2.88 7.16
8.02 4.79 2.92.3.06 6.78
Glycine 7.75 4.04/3.90
8.04 4.11/3.92
Proline - 4.17 2.16 1.93-1.74 3.71/3.61
- 4.25 1.89 2.02-1.79 3.72/3.41
- 4.35 - 2.13-1.83 3.53/3.19
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CHAPTER 4: Temperature- and pH-induced
structural changes of -casomorphin 11-Al and -
A2 studied by Nuclear Magnetic Resonance,
Fourier-Transform infrared spectroscopy,
chemometrics and molecular modelling
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Abstract

The B-casomorphin 11 (BCM11) peptides are embedded in B-casein Al and A2, and
differ by one amino acid at position 8 of the peptide, i.e., His for BCM11 from (-casein
Al (BCM11-A1l) and Pro from B-casein A2 (BCM11-A2). This study investigated the
structural characteristics of BCM11-Al and BCM11-A2 at pH 2.5 and 7.0 at 4, 20 or
37°C using Nuclear Magnetic Resonance (NMR), Fourier-Transform infrared (FTIR)
spectroscopy, chemometrics and molecular modelling. Both peptides adopt very different
secondary and tertiary structure at the observed conditions. The NMR results showed that
at pH 2.5, the Tyr-Pro? and Phe3-Pro* bond in BCM11-A1 had predominantly cis isomers
and Gly®>-Pro® dominates with cis isomer, but in BCM11-A2 trans isomers were more
dominant for all X-Pro bonds. The variation in pH and temperature affected the X-Pro
isomerization. At pH 7.0, an increase in temperature led to changes in the secondary
structure by reformation of proline-induced turns. The C-terminus of BCM11-A2 forms
a compact structure due to bending and formation of proline-induced turns held by
hydrogen bonds. BCM11-Al adopts turn structures and folds into less dense structure
with highly exposed hydrophilic parts of the peptide (imidazole ring). Histidine had major
impact on the peptide structure in respect to pH and temperature variation that leads to
multiple restructuring of the B-turn components. This study brings significant insights in
the importance of the amino acids positioning and the structural arrangement of BCM11-

Al and BCM11-Az2 that defines their main differences in regards to the genetic variance.
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1. Introduction

During enzymatic hydrolysis and/or fermentation, the B-casein (B-CN) polypeptide chain
is broken down into smaller peptides (Daniloski et al., 2021a; Jinsmaa & Yoshikawa,
1999; Silva & Malcata, 2005). The liberated peptides might influence the functionality of
milk and dairy products and possibly affect human health (Sah, Vasiljevic, McKechnie,
& Donkor, 2015). One group of peptides that can be released from B-casein are the -
casomorphins (BCMs), all containing the identical N-terminal sequence of Tyr-Pro-Phe
(Daniloski, McCarthy & Vasiljevic, 2021b). The nature of BCMs’ as p-receptor agonists
that responds to their opioid activity initiated substantial research into opioid activity of
the smaller BCMs (3-7 amino acid residues; BCM3-BCM7) (Asledottir et al., 2019).
Numerous data exist on BCM3-BCM?7 liberated from the [-casein (Brantl,
Teschemacher, Henschen, & Lottspeich, 1979; Nguyen, Johnson, Busetti & Solah, 2015),
but the data on B-casomorphin 11 (BCMI11) liberated from B-CN is lacking. Beta-
casomorphin 11 (BCM11: B-casein f[60-70]) is a peptide with 11 amino acids (Tyr-Pro-
Phe-Pro-Gly-Pro-lle-X-Asn-Ser-Leu), where X is His or Pro, depending on whether
BCML11 is derived from (-casein genetic variant A1 (BCM11-Al) or 3-casein variant A2
(BCM11-A2), respectively.

The difference in amino acid at position 8 in the peptide chain of BCM11-Al and
BCM11-A2 could lead to conformational differences, which might affect the release of
smaller peptides from BCM11 upon further hydrolysis, e.g., to form BCM7 as a result of
the hydrolysis of the lle’-His® or Ile’-Pro® bond in BCM11-Al or BCM11-A2,
respectively. Asledottir and co-workers (Asledottir et al., 2017; Asledottir et al., 2018;
Asledottir et al., 2019) showed that BCM3 and BCM7 were released at lower levels from

[B-casein A2 than from B-casein ALl. It has been hypothesized that the proline rich peptides
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would show higher resistance to enzymatic cleavage (Brantl et al., 1979). However, some
studies also showed that BCM7 can be released from BCM11-A2 as well (Asledottir et
al., 2019). The differences of the released BCM7 during hydrolysis of BCM11-Al or
BCM11-A2 may arise due to conformational differences and accessibility of the
aforementioned lle-X bond in BCM11.

However, the information on the structure of BCM peptides and their conformational
states is scarce. Four interchanging conformational isomers are found in BCM5 (Tyr-Pro-
Phe-Pro-Gly) peptide due to cis-trans isomerism of Tyr-Pro and Phe-Pro bond confirming
stacking of the side chains in the conformational equilibrium (Delaet, Verheyden, Tourwé
& Van Binst, 1991). However, for BCM4 (Tyr-Pro-Phe-Pro) it was observed that the
peptide does not have clear conformational preferences due to high chemical exchange
between the cis and trans isomers (Goodman & Mierke, 1989). In our previous study, we
showed that BCM7 adapts different isomeric conformations that were pH dependent
(Markoska, Huppertz, & Vasiljevic, 2021a). The cis-trans isomerism and the structure
can affect the bond accessibility for enzymes to cleave the peptides (Pal & Chakrabarti,
1999). The protonation state of the side chains of the amino acids was postulated to have
a notable impact on structural orientation and functional properties of the peptides (Li &
Hong, 2011). In this respect, the tautomerisation of the imidazole ring of His was shown
to be dependent on protonation/deprotonation state of the molecule (Li & Hong, 2011).
The current study identified the structural changes in the peptides BCM11-Al and
BCM11-A2 as a function of pH (2.5 and 7.0) and temperature (4, 20 and 37 °C). The
selected pH was used as intestinal pH in order to confirm structural behaviour of the
peptides. The selected temperatures were aiming to accommodate conditions critical for

dissociation behaviour of B-CN (4 °C), room temperature (20 °C) and human body
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temperature (37 °C). The findings facilitate understanding of how the conformational
changes may be the reason for differences in the release of BCM peptides from p-casein

Al or A2.

2. Material and Methods

2.1.Sample preparation

Two synthetic 11-amino acid BCM peptides (BCM11-Al and BCM11-A2) of analytical
reagent grade with purity of >98 % were prepared by Mimotopes (Mulgrave, Melbourne,
VIC, Australia). The experiments were arranged in a full factorial experimental design
with three factors. The first factor is the type of peptide, i.e., BCM11-Al (H-Tyr-Pro-
Phe-Pro-Gly-Pro-lle-His-Asn-Ser-Leu-OH) and BCM11-A2 (H-Tyr-Pro-Phe-Pro-Gly-
Pro-lle-Pro-Asn-Ser-Leu-OH). The second factor is pH at two levels, i.e., pH 2.5 and pH
7.0. The third factor is temperature at three levels, i.e., 4, 20 and 37 °C. The temperatures
were selected as significant for storage and dissociation of B-casein from micelle (4 °C),
room temperature (20 °C) and human body temperature (37 °C). The experiment results
with 12 independent observations that was replicated three times. The samples for the
NMR analysis were prepared by dissolving 10 mg of each peptide in 1 mL H>0:D.0
solution (90:10 %, Sigma-Aldrich, St. Louis, MO, USA). The samples for FTIR analysis
were prepared by dissolving the samples in ultra-pure water. The pH of the peptide
solutions was adjusted to 2.5 and 7.0 with 0.25 M HCI or 0.25 M NaOH (Sigma-Aldrich,
St. Louis, MO, USA), respectively. The pH was measured before each analysis, and

adjusted if required. Samples were analysed at temperatures of 4, 20 and 37 °C. The
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temperature control for the NMR analysis was automated by the instrument and for the

FTIR analysis was measured with temperature probe.

2.2.Fourier Transform Infrared (FTIR) spectroscopy

A PerkinElmer Frontier FTIR spectrometer (Frontier 1, PerkinElmer, Boston, MA, USA)
equipped with a diamond attenuated total reflectance (ATR) cell was used for analysis of
the secondary structure of the peptides at different pH and temperature. For this purpose,
a spectral range of 4000 to 600 cm™ with a resolution of 4 cm™ and 16 scans was selected
for each spectrum. The background spectra were scanned before the start of the
measurement for every sample using a blank ATR cell. The spectra of each sample was
recorded by refilling the ATR cell. The instrumental conditions were consistent for all
sample spectra acquisitions and the background scan. The spectra were processed using
Spectragryph (software version 1.2.15, Oberstdorf, Germany). The intense solvent signal
coming for the H.O/D.O mixture was eliminated from the spectra by subtracting the
solvent spectrum. The original spectrum in the region 1700-1000 cm™ was used to detect
C=0 stretching vibrations in Amide | (1700-160 cm™), whereas N-H bending and C-N
stretching for Amide Il and 111 were detected at 1600-1500 cm™ and 1500-1200 cm?,
respectively (Carbonaro & Nucara, 2010; Curley, Kumosinski, Unruh & Farrell, 1998;

Jaiswal et al., 2015).

Principal component analysis (PCA) was applied to the second derivative of the FTIR
results in the different regions including Amide I, Amide Il and Amide I1I. Origin Pro
2021 software (v. 95 E, OriginLab Corporation, Northampton, MA, USA) was used for

PCA data evaluation and reporting. The covariance matrix was used to provide estimate
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of the variance in individual variables including pH, temperature and amino acid sequence
and further measure whether the selected variables are correlated. PCA provides
information by generating sets of principal components (PCs) as coordinated axes with
lowest possible loss of information. The PCA analysis was carried out with 95%

confidence level.

The absorbance spectra region 1000-1800 cm™ was used for 2D correlation in respect to
pH or temperature variation. The averaged spectrum of the pH and temperature block
from each peptide was plotted using Origin Pro 2021 software (v. 95 E, OriginLab
Corporation, Northampton, MA, USA). The 2D FTIR analysis was performed using
synchronous correlation spectra using homo correlation for each peptide in regards to pH
and temperature change. The synchronous 2D correlation spectra of FTIR provides
information by identifying different peaks and cross peaks showing the in phase

variations of the bands in respect to selected variance.

2.3.Nuclear Magnetic Resonance (NMR)

The samples were analysed for primary structure features by NMR using a Bruker Avance
spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) following the previous
report (Markoska, Daniloski, Vasiljevic, & Huppertz, 2021b). The instrument was
equipped with TXI probe with z-gradient and operated at 600 MHz transmitter frequency.
From each sample, 600 pL were transferred into a 5 mm precision NMR tube and inserted
in the NMR probe. The instrument conditions were maintained constant for every sample.
Before loading the 2D methods, a background spectrum was taken to equilibrate the

instrument before applying the new method conditions. The samples were analysed at 4,

89



20 or 37 °C using one-dimensional (1D) and two-dimensional (2D) NMR methods. Proton
NMR (*H-NMR) spectra was recorded at a spectral width of 9615 Hz and 16 scans in
three replications. 2D experiments included correlation spectroscopy (COSY), total
correlation spectroscopy (TOCSY) and nuclear Overhauser effect spectroscopy
(NOESY). The COSY spectra is phase sensitive with double quantum filter and provides
2D homonuclear shift correlation. The double quantum filter allows anti-phase
magnetization of one spin to be converted into double quantum coherence by the second
pulse (Rance et al., 1983). The TOCSY spectra were phase sensitive, using homonuclear
Hartman-Hahn transfer using DIPSI2 sequence for mixing. TOCSY spectra provide
information of cross signals that appear between pair of spins which is accomplished by
multistep transfer of magnetization across many spins (Ross, Schlotterbeck, Dieterle, &
Senn). The NOESY spectra were phase sensitive using 2D homonuclear correlation via
dipolar coupling which is due to NOE or chemical exchange. The 2D spectra were
recorded at transmitter frequency offset of 2820 Hz and 16 scans. The acquisition mode
used was States-TPPI (time-proportional phase incrementation) (Marion & Wiithrich,
1983). The water suppression was achieved using excitation sculpting with gradients

allowing for presaturation during relaxation delay in cases of radiation damping.

The spectra were processed using TopSpin (version 4.0.6) software (Bruker BioSpin).
The correction of FIDs was performed by 0.3 Hz line-broadening parameter and the phase
correction was achieved by 0™ and 1% order correction for pk. The baseline correction
was performed using gfill fid baseline mode and filter width of 0.1-0.3 ppm. The chemical
shift assignment for corresponding amino acids atoms values was performed using
sequential assignment and previous values in literature, and BMRB files (Markoska et

al., 2021a; Seavey, Farr, Westler & Markley, 1991). The temperature dependence of the
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chemical shift differences for NH protons of His was fitted by linear model. The R? value
at pH 2.5 was 0.9997 showing that the chemical shift changes linearly with the
temperature change. The R? value at pH 7.0 was 0.855 showing non-linear change of the

chemical shift with the temperature change.

The sequential assignment of the peptides was performed in the fingerprint region (HN)
of the NOESY spectra. NOESY spectra provide information by through space coupling
between protons that are in spatial distance less than 5 A (Wiithrich, 1986). The distance
between the protons from the nearby amino acids is shown as sequential distance JaN(,
i-1;1-2,i-3...) (Wuthrich, 1986). The spin system of each amino acid was correlated
sequentially, by following the JaN (i, i-1, i-2...) assignment to establish the link between
the neighbouring amino acids. The correlation was from Leu*! aNi, then Ser'® aNi-1 up
to the Pro amino acids. Pro residues break the spin system correlation due to the absence

of an HN group in its molecule.

2.4.Molecular modelling

Modelling was carried out utilizing Spartan’16 software (Wavefunction, Inc., 18401 Von
Karman Ave., Suite 435, Irvine, CA, USA). The two peptides were constructed using the
peptide build facility and the equilibrium conformers were computed using Molecular
Mechanics, MMFF. These structures were then subjected to PM3 semi-empirical
quantum chemical calculations to establish their final equilibrium geometries. The PM3
semi-empirical quantum chemical calculations are used to optimize the geometry of the

molecule and determine the physical and chemical properties. Molecular geometry is the
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arrangement of the atoms in the space. The geometry optimization determines the atomic
arrangement that makes the molecule stable. In the conformational search of the
molecule, the polarities of the chemicals bonds were optimized. The PM3 method was
found to be widely useful in conformational studies of different organic, bioorganic

molecules (Kumbhar, Kumbhar & Sonawane, 2012; Ustabas et al., 2010).

3. Results and discussion

3.1. Observation of the structure by NMR analysis

The chemical shift of the individual amino acid in the NMR spectra was identified in the
COSY and TOCSY spectra. COSY spectra can be used for identification of Ha-protons
in the peptides by providing one signal for each amino acid (Griesinger, Otting,
Wuethrich & Ernst, 1988). The position of the individual amino acids was detected in the
Ha-HN region (Jon) of the TOCSY spectra. TOCSY spectra provide information of the
neighbouring atom that interact through bond giving a pattern that is specific for each
amino acid (Griesinger et al., 1988). The amino acid spin systems of BCM11-Al and
BCM11-A2 analysed at pH 2.5 and 20 °C showed best spectral resolution and were used
as a reference for the changes as a function of changes in temperature and pH. The Ha
protons for some amino acids were not identified in the 1D *H NMR spectrum due to
signal’s overlapping with the suppressed water signal, extensive exchange with the
solvent signal or low signal to noise ratio due to modified temperature and pH conditions.
However, the position of most of the chemical shifts was identified using the cross peaks
in 2D TOCSY and NOESY spectra. The sequential assignment for JaN for both peptides

is shown in Supplementary Figure S1.
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In the TOCSY spectra for the amino acids preceding Pro residues (X-Pro motifs), two
sets of spin systems were observed, with different intensities, and were referred to as cis
or trans isomers of the X-Pro bond (Wedemeyer, Welker & Scheraga, 2002). The isomers
of the X-Pro bond were analysed by observing the cross peaks between X(Ha) and
Pro(H9) for trans isomers and X(Ha) and Pro(Ha) for cis isomers (Chazin et al., 1989).
The cis-trans isomers were difficult to be distinguished in the peptides with pH 7.0 due
to low signal to noise ratio. BCM11-Al and BCM11-A2 were analysed for cis-trans
isomers at pH 2.5 and 20 °C for structural differences. The major chemical shift intensities
observed in the spectra showed different isomers between BCM11-Al and BCM11-A2.
The presence of NOE cross peaks confirms close proton distance that allows observation
of the spins systems for cis-trans isomers. The assigned spin systems for both peptides

are shown in Figure 1.
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Figure 1. NOESY spectra presenting the NOE cross peaks for X-Pro bond from BCM11-

Al (A) and BCM11-A2 (B). Y is Tyr, F is Phe, G is Gly and | is lle. The spin systems
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are observed for trans isomers (des) and cis isomers (d«). Red colour presents the cis

isomers and black presents the trans isomers.

The X-Pro bonds in the BCM11-Al adopt both cis and trans isomers and in BCM11-A2
predominately trans isomers. In BCM7 we previously observed presence of both cis-trans
isomers at all X-Pro bonds except for Gly®>-Pro®, which was only found in trans
conformers at pH 6.7 (Markoska et al., 2021a). This Gly°>-Pro® bond was observed to
exist predominately in trans conformers for both BCM11-Al and BCM11-A2 in the
current work. In BCM11-Al Gly°-Pro® showed, only trans NOE correlation, and the
remaining X-Pro bonds were found to adopt both the cis and trans conformation. The
backbone orientation of the peptide and the chemical shift in the NMR spectra are highly
correlated with the y dihedral angle of the directly preceding residue (Wishart, Bigam,
Holm, Hodges, & Sykes, 1995). The effect is greatly dependent of presence of prolines
in the peptide chain. Thus, the y distribution is affected due to steric clashes occurring
between HO of Pro and HP of the neighbouring amino acid, which depends on the
conditions (MacArthur & Thornton, 1991). Since Gly does not possess Hf3 protons, the
mentioned steric constraint might not be common for the isomeric rotation of the Gly®-
Pro® bond. It is expected that in aqueous solution, peptides to have predominately trans
conformers due to the lower steric repulsion between the Ho atoms of the X-Pro residues
(Kakalis, Kumosinski & Farrell, 1990). However, for the cis-trans assignment we
considered only the major chemical shift of the spectra, even though the NOESY spectra
showed the existence of minor cross peaks that confirms presence of multiple isomers.
Therefore, the BCM11 peptides have multiple conformational states that give a highly
flexible structural organization. The stability of the cis-trans isomers in the peptides is

affected by intra- and intermolecular or hydrogen effects in aqueous solution
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(Brahmachari, Rapaka, Bhatnagar & Ananthanarayanan, 1982). In aqueous solution, the
peptides have high structural flexibility that hinders the precise interpretation of the NOE
intensities in terms of sole structure. The presence of cis-trans isomers in the peptides
confirms peptide bending and formation of turns that can be stabilised by weak

connections as hydrogen or VVan der Waals bonds.

3.1.1. pH effect on NMR chemical shift

The chemical shifts of the peptides provide information of the backbone dihedral angles,
hydrogen bond interaction, and orientation of the aromatic residues (Szilagyi, 1995;
Wishart & Nip, 1998). The chemical shifts of BCM11-Al and BCM11-A2 showed
significant pH and temperature dependence. The applied temperature of 4 and 37°C lead
to loss of the signal for some of the proton chemical shifts predominately at pH 7.0.
Therefore, the pH effect is mainly discussed for the spectra at 20°C to confirm the major
variations in the chemical shift of both peptides. The *H chemical shifts for BCM11-Al

and BCM11-A2 at pH 2.5 and 7.0 are shown in Table 1.

95



Table 1. *H chemical shifts for BCM11-Al and BCM11-A2 at pH 2.5 and 7.0 and 20 °C

'H chemical shifts for BCM11-Al at pH 2.5 and 7.0 and 20°C (ppm)

Amino pH HN Ho Hp Others
acid
Tyr! 25 8.33 4.87 3.17/2.75 ring: 2,6 H3 -7.32; 3,5¢H -7.24
7.0 NA 4.86 3.11/2.71 ring: 2,6 H3 -7.29;  3,5¢H-7.20
Pro? 25 4.32 2.15/1.90 Hy -2.09; Hb -3.61/3.32
7.0 4.32 2.14/1.85 Hy -2.05; H3 -3.61/3.31
Phe? 25 8.07 4.78 3.06/2.94 ring: 2,6 H3 -6.76; 3,5He -7.03; 4H(-6.91
7.0 7.99 4.76 3.06/2.89 ring: 2,6 H3 -6.75; 3.5He -7.03; 4H( -6.88
Pro* 25 4.33 1.98/1.58 Hy -2.05; H$ -3.72/3.40
7.0 4.31 1.88/1.70 Hy -2.05; Hb -3.72/3.41
Gly® 25 7.73 4.03/3.92
7.0 7.73 4.00/3.90
Pro® 25 4.35 2.10/1.86 Hy -2.15; Hb -3.53/3.12
7.0 4.36 2.16/1.88 Hy -2.26; H$ -3.58/3.18
1le’ 25 8.12 3.99 1.66 Hy -1.29/1.03; 81(CHs) -0.72; 82(CHs) -0.74
7.0 8.11 3.93 1.68 Hy -1.29/1.25; 81(CHs) -1.01; 82(CHs) -0.76
His® 25 8.51 461 3.03/3.11 ring: Hel -7.19; H82 -7.15; Ho2 -10.74; He2 -10.96
T 7.0 7.69 4.34 2.95/3.06 ring: Hel -7.15; H82 -6.90; Hel -9.13
T 7.0 8.10 4.50 2.87/2.96 ring: Hel -7.13; H82 -6.93; HS1 -9.28
Asn® 25 8.45 4.60 2.68/2.60 HS§ -7.49/6.73
7.0 8.13 4.01 2.75/2.65 HS -7.4716.78
Sert0 25 8.29 4.33 3.75/3.75
7.0 8.20 4.32 3.74/13.74
Leutt 25 8.18 4.23 1.52/1.52 Hy-1.36; &H1(CHS3)-0.75; 8H2(CH3)-0.73
7.0 7.83 4.08 1.47/1.47 Hy -1.58; S8HI1(CH3) -0.75; 6H2(CH3) -0.96
1H chemical shifts for BCM11-A2 at pH 2.5 and 7.0 and 20°C (ppm)
Amino pH HN Ho HB Others
acid
Tyr! 25 8.31 4.86 3.16/2.75 ring: 2,6 H5 -7.32; 3,5¢H -7.24
7.0 NA 4.86 3.13/2.74 ring: 2,6 H3 -7.19;  3,5¢H-7.25
Pro? 25 4.39 1.80/2.16 Hy -1.90; H6 -3.70/3.63
7.0 4.33 1.89/1.85 Hy -1.90; H§ -3.51/3.31
Phe? 25 7.98 4.78 3.11/2.94 ring: 2,6 H3 -6.78; 3,5He -7.09; 4H( -6.92
7.0 7.90 4.78 3.07/2.89 ring: 2,6 H3 -6.75; 3.5He -7.04; 4H( -6.88
Pro* 25 4.64 1.78/2.08 Hy -2.05; H§ -3.72/3.40
7.0 4.28 1.75/2.01 Hy -2.05; H§ -3.72/3.41
Gly® 25 7.75 4.05/3.92
7.0 7.75 4.05/3.92
Pro® 25 4.30 2.30/1.75 Hy -2.15; H§ -3.53/3.12
7.0 4.29 2.24/1.81 Hy -2.26; H6 -3.58/3.18
1le’ 25 8.19 4.28 1.52 Hy -1.38/1.01; 81(CHjs) -0.78; 62(CHjs) -0.83
7.0 8.19 424 151 Hy -1.38/1.36; 81(CHs) -1.06; 82(CHjs) -0.82
Pro® 25 457 1.83/1.94 Hy -2.28; H§ -3.78/3.56
7.0 4.31 1.80/1.90 Hy -2.02; HS -3.74/3.53
Asn® 25 8.41 4.53 2.69/2.74 H$ -6.80/7.52
7.0 8.41 4.52 2.65/2.75 HS -6.81/7.51
Ser'? 25 8.11 4.34 3.75/3.75
7.0 8.07 4.33 3.73/3.73
Leut 25 8.12 4.29 1.53/1.53 Hy -1.68; &H1(CHS3)-0.76; 6H2(CH3) -0.62
7.0 7.83 4.08 1.46/1.46 Hy -1.60; 8HI1(CH3) -0.78; §H2(CH3) -0.81
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The HN region showed a stable pH chemical shift for Tyr!, Gly®, 1le’ in both peptides,
and this was also observed for Asn® in BCM11-A2. The remaining amino acid had upfield
shifting of the HN chemical shift that was more intense in BCM11-Al than in BCM11-
A2. His® showed two HN chemical shifts at pH 7.0, confirming presence of two
conformers. The upfield shift for the HN region of His® confirms structural transitions
happening in this part of the molecule at pH 7.0. The Ha region showed upfield shifting
at pH 7.0, which was present for all Pro residues and Leu!! for both BCM11-A1l and
BCM11-A2 and for Asn® and His® in BCM11-Al. In BCM11-Al, the Ho upfield shifting
of His®, Asn® and Leu?! confirms that the C-terminal part of this peptide is susceptible to
pH-induced structural reformation. The pH effect on this part of BCM11-Al was

observed in the aromatic region (6.5-7.5 ppm) of the NMR spectra (Figure 2A and B).
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Figure 2. Aromatic region of *H NMR spectra for BCM11-A1 (A,B) and BCM11-A2

(C,D) at pH 2.5 (A,C) and pH 7.0 (B,D) and 20 °C.
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The aromatic region of the 'H NMR spectra of BCM11-Alshown a similar chemical shift
for Phed ring as a result of changes in pH (Figure 2A and B). However, the HN2 group
(HNS1 and HN&2) of Asn® at ~7.5 and 6.8 ppm showed lower signal intensity at pH 7.0
due to faster exchange of the *H with the solvent or possible formation of new hydrogen
bonds as proton donor. His®at pH 2.5 had a chemical shift of the Hel and H52 from the
imidazole ring at ~7.15 ppm (Figure 2A), which in the TOCSY spectra were correlated
with cross peaks with He2 and H61 at 10.9 and 10.7 ppm, respectively (Table 1). The
chemical shifts for He2 and H31 were not observed in the *H NMR spectra because the
spectra width was up to 9.0 ppm, but the cross peaks in the TOCSY spectra shown their
presence. Thus, the presence of all protons in the imidazole ring of the His® at pH 2.5
confirms that it was fully protonated. The pKa value of the His was observed to be 6.73
for 7 tautomer and 6.12 for t tautomer (Tanokura, 1983). Thus, at pH below this pKa the
imidazole ring is expected to be more than 50 % protonated that was observed in BCM11-
Al at pH 2.5. At pH 7.0, the Hel from the imidazole ring was found in the similar
chemical shift (~ 7.15 ppm) as in the peptide at pH 2.5, however Hd2 showed upfield
shifting (Figure 2B). Two sets of chemical shifts for Hel and H62 were identified in the
aromatic region (Figure 2B) due to presence of different tautomeric structures of
imidazole ring of His® (Table 1). In addition, the assigned cross peaks in the TOCSY
spectra shown presence of two tautomers in BCM11-Al at pH 7.0. Therefore, tautomer t
that had deprotonated the No61 and showed only cross peak of Hel and HNe2 and =
tautomer that had deprotonated the Ne2 and showed only cross peak for Hel and HNS1.

The proposed tautomeric structures of the His® in BCM11-A1 are shown in Figure 3.
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Figure 3. Different tautomeric form of imidazole ring from His® in BCM11-A1. From left

to right: protonated form, t-tautomer and n-tautomer

The existence of different tautomeric states of imidazole ring of His was observed at pH
above 7.0 (Li & Hong, 2011). The deprotonated imidazole ring of His can serve as a
proton acceptor and the protonated ring as a proton donor, indicating the ability of His to
be involved in hydrogen bonding and structural changes. The hydrogen bonding in
BCM11-A1l peptide can occur with the carbonyl from the Leu®!, the HN2 group of the
Asn®, the OH group of the Tyr!, or the water molecules. The chemical shift of the carbonyl
peak appeared at >12 ppm and thus was not observed in our spectra. Moreover, the
chemical shift of Tyr! ring (He3,5) at 7.25 ppm showed merging of two doublets into one
larger multiplet when pH was altered from 2.5 to 7.0 (Figure 2A and B) confirming
conformational changes of the Tyr! ring and possible involvement in new hydrogen
bonds. Therefore, the hydrogen bonding happens preferably between the previous
observed lower chemical shift of HNS1 and HNS2 of Asn® as a proton donor, the

deprotonated imidazole ring as proton acceptor and the OH group of Tyr! as proton

99



acceptor. The upfield shielding of the Ho and HP of Asn® in BCM11-A1 at pH 7.0 (Table
1) show conformational changes occurring for this amino acid. BCM11-Al at pH 7.0
promotes restructuring and hydrogen bonding that confirms high structural flexibility of
this peptide because of pH variation. The NMR analysis of BCM11-A1 shown that His®
plays important role in the peptide in regards to the structural changes and involvement
in hydrogen bonding. The possible interactions are more favourable at pH 7.0 that plays
important role for the peptide bond breakage in the human body and liberalization of
smaller opioid peptides. The cleavage of BCMs and the absorption of its fragments
happens in the small intestine in the human body, which has a pH of 6.0-7.4 (Fallingborg,
1999). At this pH range, the His from BCM11-A1 is partially deprotonated into different
rotameric conformers that gives flexible structural conformations and high accessibility

of the lle”Pro® bond.

In BCM11-A2, the HN chemical shift had minor pH shielding. The Ha chemical shift had
upfield shift at pH 7.0 for all Pro residues and Leu'! (Table 1). The upfield chemical shift
of the Ha protons indicates the presence of ring current shifts (Dyson et al., 1998). The
trans conformers in BCM11-A2 observed at pH 2.5 were affected at pH 7.0 due to
interaction of the rings from the peptide with the backbone. In BCM11-A2, we have two
aromatic rings from Tyr! and Phe®. However, only Tyr has a possible binding spot (OH)
to interact with another residue from the peptide backbone. To confirm the presence of
possible interaction the aromatic region of the NMR spectra was analysed (Figure 2 C
and D). In the aromatic region of BCM11-A2, the H31 and H32 from Asn® showed low
chemical shift intensity at pH 7.0, confirming involvement of this protons in hydrogen
bonding. The aliphatic region of the NMR spectra confirms close proximity of the Hp} of

the Asn® with the HB or Tyr! confirming close distance of these protons (<5 A)

100



(Supplementary Figure 2). The close proximity of the Asn® and Tyr! confirms the
possibility of hydrogen bonding. The interaction of the aromatic rings with the Amide
protons of BCM11-A2 will promote increase of cis population (Dyson et al., 1998). The
dominant trans isomers at pH 2.5 have transited to more cis conformers which are known

to be favourable in formation of B-turns (Stewart, Sarkar, & Wampler, 1990).

3.1.2. Temperature effect on NMR chemical shifts

The changes in chemical shift of the 'H NMR spectra were analysed in regards to
temperature change from 4 to 20 and 37°C. The overlayed spectra of BCM11-Al and
BCM11-Az2 are shown in Supplementary Figures S3 and S4, respectively. The chemical
shifts of both peptides showed notable temperature shifting. Temperature difference had
downfield shifting effect as temperature increased from 4 to 37°C on both peptides
regardless the pH. Thus, in reference to spectra at 20°C the peptides at 4°C shifted upfield
and peptides at 37°C shifted downfield. The temperature dependent shielding shown to
follow similar trend for all observed amino acids except for His®, which showed different
shielding in regards to the pH change. The temperature shielding was observed in the
TOCSY spectra for both BCM11-Al and BCM11-A2. An example of the TOCSY spectra
presenting the temperature dependent shielding of the proton chemical shift is shown in

Supplementary Figure S5.

At both pH values, the HN of BCM11-A1 shifted downfield by ~0.1-0.5 ppm for all
observed nuclei in the HN region (7.5 - 9.0 ppm) (Supplementary Figure S3A and B).
The HN of the His® had different temperature trend than the HN of the remaining amino
acids. The temperature dependence for HN of His® at pH 2.5 and 7.0 is shown in

Supplementary Figure S6. At pH 2.5, the shielding effect of HN of His® had similar trend

101



as the rest of the chemical shift in the spectra, however at pH 7.0 the temperature increase
from 4 to 20 and 37°C showed upfield shielding for ~ 0.5 ppm. Thus, the shielding was
opposite of the observed downfield shift of the remaining components in the spectra, due
to involvement of His® in structural reformation of the peptide at pH 7.0 and temperature
of 20 and 37°C. The specific temperature transition at pH 7.0 for His® is also observed in
the aromatic region (Supplementary Figure S3). At pH 7.0, the aromatic region previously
shown existence of two tautomeric forms of imidazole ring as observed by two sets of
chemical shifts for the deprotonated imidazole ring (Figures 2 and 3). This observation
was for BCM11-Al at 20°C and showed an identical chemical shift for the peptide at
37°C. At 4°C, the peptide was found in a protonated form, which is not expected due to
the neutral pH. However, the Ans® showed two signals for HNS1 (7.55 and 7.39 ppm),
which were correlated with the HN61 and H$2 from the imidazole ring (~6.3 and 10.2
ppm) through cross peaks (Supplementary Figure S7). The correlation confirmed that
these protons are close enough and interacting through hydrogen exchange, thus the HN
of the Asn® donates protons to the deprotonated N&1 of His®. Here, we can consider that
at 4°C the imidazole ring is involved in hydrogen bonds that keep the peptide into stable
conformer. BCM11-Al showed high structural flexibility of the backbone in respect to
temperature and pH variation. Moreover, the unstable imidazole ring gives unsteady
conformations to the whole peptide. The minor change in temperature of 4 °C can affect
the conformational state of peptides by changes in the cis-trans isomerism and
intramolecular and intermolecular interactions (Troganis et al., 2000). The Ho and
aliphatic region at pH 2.5 showed downfield shielding as temperature increased which
was consistent for all protons (Supplementary Figure S3). A major change was observed

in HB of Asn® (3.70-3.85 ppm) that showed a low chemical shift intensity when
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temperature increased to 37 °C confirming structural transition happening in C-terminal
of the peptide. At pH 7.0 of BCM11-A1 the Ha and aliphatic region shown the same
shielding trend as the rest of the spectra. The chemical shift at 0.85-1.20 ppm for all
temperature levels showed high intensity in comparison to pH 2.5. This chemical shift
appears from the CHz of Leu and Ile. At pH 7.0, a large irregular triplet was observed due
to coupling of two neighbouring protons that are not chemically equivalent
(Supplementary Figure S2B). Moreover, the observed triplet is related to the changes in
the adjacent hydrogen atoms of the Ile and Leu side-chain (Wishart et al., 1995). The long
aliphatic side chains of Ile and Leu can be a key factor for hydrophobic interactions and

formation of turns in the peptides (Suh et al., 1999).

In BCM11-A2 at pH 2.5, the HN chemical shift of all amino acid shifted downfield for
0.3 ppm as temperature increased (Supplementary Figure S4). The intensity of the
chemical shift in the HN region did not show major changes. However, at pH 7.0, the HN
downfield shifting with temperature rise was 0.2-0.3 ppm and the major difference was
observed in spectra low intensity for the peptide at 37°C, compared to the other
temperatures, which is due to faster proton exchange with the solvent. The HN region of
BCM11-A2 was more stable to shifting in comparison to that of BCM11-Al. Similarly,
the aromatic region (6.5-7.5 ppm) had downfield shielding as temperature increased at
both pH values. Major variation was observed in the HN61 (7.4, 7.5 and 7.6 ppm) and
HNS2 of Ans® (6.7, 6.8 and 6.9 ppm) at 4, 20 and 37°C, respectively. The signal intensity
decreased as temperature increase at both pH values. The protons of HN_ of the Asn®can
rapidly exchange with the protons from the solvent at minor environmental changes. In
addition, the HN can serve as a proton donor for hydrogen bonding. The downfield

shifting of the Tyr! and Phe® rings as temperature rose in the aromatic region confirm
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sensitivity to structural reformation. The Ha region and the remaining aliphatic
components shifted downfield for approximately 0.2 ppm. The intensity of the Ha of
proline in the spectra at 37 °C was low due to loss of the chemical shifts due to suppression
of the water signal. The methyl group at 0.8, 1.0 and 1.2 ppm for 4, 20 and 37 °C showed

large triplet at pH 7.0 similarly as observed in BCM11-Al.

The shifting of the Ha chemical shift was found to be correlated to the changes in the
secondary structure (Shen & Bax, 2007; Wang & Jardetzky, 2002). The upfield shift of
Ha chemical shift of up to 0.3 ppm favours a-helix and downfield shifting of up to 0.5
ppm favours B-sheets. For both BCM11-Al and BCM11-A2, downfield shifting of Ha
for 0.2 ppm was observed regardless of pH. The backbone of the peptides involves in
conformational reformation which contributing to the downfield shift of the Ha would be
assigned to the -sheet conformers in large molecules as proteins. The size of BCM11
peptides is not sufficient to form B-sheet, but can involve in formation of turns. Prolines
in peptides and proteins are known to have B-turn motif that depends on the cis-trans
isomerism (Che & Marshall, 2006). Thus, the proline ring can adapt different backbone
torsional angles depending of its position in regards to its preceding residue. When
prolines are found at a trans position, the backbone will show extended [-structures and
unstable reverse turns, however the cis conformer form stable B-turns (Che & Marshall,
2006; Stewart et al., 1990). We observed that at pH 2.5 in BCM11-A1, the Tyr'-Pro? and
Phe3-Pro* are found in both cis and trans isomers and for BCM11-A2 the trans isomers
were predominant for all Pro residues in the peptide backbone. Thus, BCM11-Al is
expected to form more turn like structures and thus more folded structure, and the

BCM11-A2 peptide will favour more extended chain structure. However, pH and
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temperature variation led to changes in the original isomers and structural reformation of

the peptides.

3.2. Observation of the secondary structure components by FTIR

The FTIR results presented the existence of conformational changes of the peptides as a
result of pH and temperature variations. The Amide | of the FTIR spectra corresponds to
the C=0 stretching vibrations of the peptide bond and includes region of 1700-1600 cm”
! (Carbonaro & Nucara, 2010). The C-N stretching vibrations and N-H bending are found
in Amide I region of the FTIR spectra between 1600 and 1500 cm™ (Curley et al., 1998).
The Amide I11 region (1500-1200 cm™?) possesses relatively weak signals that correspond
to the H-N bending and C-N stretching vibration of the peptides (Jaiswal et al., 2015).
The absorbance of Amide I, Il and 111 regions of both peptides at different pH values and

temperatures are presented in Figure 4A
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Figure 4. FTIR spectra of BCM11-Al and BCM11-A2 at pH 2.5 and 7.0 and 4, 20 and
37°C (A). Principal component analysis of BCM11-Al and BCM11-A2. Loading score

(B) and loading plot (C) for FTIR region 1000-1800 cm™.

106



The pH had major effect on the spectra distribution in all observed regions. In the Amide
I region two major peaks were present (1630 and 1662 cm™), which confirm presence of
turns in the peptides (Vass, Hollosi, Besson, & Buchet, 2003). Both peptides at pH 2.5
had similar peak distribution for the observed peaks in the Amide | region except for
BCM11-Al at 4°C which showed sharp peaks shifted towards higher frequency. The
Amide | region for both BCM11-Al and BCM11-A2 at pH 7.0 had redistribution of the
peaks at 1662 and 1630 cm™ that was temperature dependent, confirming to structural
reformation. In the Amide Il region, the peak with the higher absorbance observed at 1545
cm* confirming the C-N stretching vibrations and N-H bending of the peptides had only
minor changes in peak absorption for peptides at pH 2.5. The peptides at pH 7.0 had peak
redistribution in the Amide Il region in regards to the temperature change. The peak at
1450 cm™ in the Amide Il region appears due to plane bending vibration of the CH>
groups and stretching vibrations of CN bonds of Pro (Barth, 2000). In the peptides at pH
7.0 the peak at 1450 cm™ followed temperature dependent restructuring. The peak
absorbance at 1200 and 1145 cm™ appear to be due to in plane bending vibration of COH
from Tyr and vibrations of the CH. group of the proline ring, respectively (Barth, 2000).
These peaks showed major changes in the absorbance in peptides at pH 7.0 by splitting
into two peaks confirming the involvement of hydrogen bonding with the C=0 of both
peptides (Hienerwadel, Boussac, Breton, Diner, & Berthomieu, 1997). In the FTIR

spectra the peptides at pH 7.0 show peaks with negative absorbance at 1712 and 1742 cm”
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! that were observed at 4°C and 37°C confirming deprotonation of carboxylic group of

the C terminal of the peptide (Davis & Dyer, 2016).

The differences in the peaks were further analysed using the PCA. The PC1 separated the
peptides into two groups based on the pH with 89.1 % variance (Figure 4B and C). The
loading plot in Figure 4C explains the structural differences of the PC1 and PC2
components based on the PC groupings of the loading score. The PC1 loading plot shows
high peak loading at 1635 cm™ for BCM11-A1 and BCM11-A2 at pH 7.0 confirming
C=0 stretching of the peptide bond due to restructuring of the turns components. The
peak at 1630 +5 cm™ appears due to presence of y-turns or its repeats (Vass et al., 2003).
The turns were observed to be more present in peptides at high pH compared to peptides
at low pH. Similarly, the peak at 1524 cm™ from the Amide 1l region showed higher
loading for peptides at pH 7.0 confirming higher C-N stretching vibrations and N-H
bending of the peptide bonds (Curley et al., 1998). For both peptides at pH 2.5, high peak
loading was observed at 1430-1460 cm™ due to in plane bending vibration of the CH;
groups of Pro-ring (Barth, 2000) due to involvement of Pro in structural organization.
Another peak loading for both peptides at pH 2.5 was observed at 1746 cm™ which is due
presence of COOH of protonated carboxylic acid at low pH (Barth, 2000). The PC2
showed 6.2 % variance without any significant groping of the samples in regards to the

observed variables (temperature or pH).

The band components in the FTIR spectra and their correlation with the pH and
temperature variation can be analysed using 2D correlation analysis (Figure 5). The
presence of off diagonal cross peaks in the 2D synchronous spectrum shows the in phase
variations of two bands (Stani, Vaccari, Mitri, & Birarda, 2020). The presence of positive

cross peaks confirms that the bands are changing together and the negative cross peaks
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confirm that the bands obtain opposite variations in regards to the temperature change
(Stani et al., 2020). In both BCM11-Al and BCM11-A2 at pH 2.5 one major auto peak
was detected at 1630 cm™ (Amide 1) and very weak peaks at 1445, 1200 and 1145 cm™
(Figure 5A and B). The peak intensity for 1630 cm™ in the correlation spectra was more
intense for BCM11-A2 at pH 2.5 (Figure 5B). This peak originates from the C=0
stretching vibrations of the peptide’s bond and also the presence of turns in the molecule

(Vass et al., 2003).
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Figure 5. Synchronous 2D-correlation plots obtained from FTIR spectra from 1000-1800
cm? during the temperature ramp of 4, 20 and 37°C for BCM11-Al at pH 2.5 (A),

BCM11-A2 at pH 2.5 (B), BCM11-Al at pH 7.0 (C) and BCM11-A2 at pH 7.0 (D)

The high loading of this peak for BCM11-A2 can be correlated to the presence of the
additional proline in the polypeptide chain which is known as turns indicators (Chou &
Fasman, 1977). However, the higher loading of 1445 cm™ for BCM11-Al is due to
vibration stretching from C-H and C-N from His (Barth, 2000). The peak at 1630 cm™
have positive correlation with the minor peaks observed at 1200 and 1145 cm™ meaning

that they change together. However, the peaks at 1630 and 1445 cm™ have negative cross

110



peaks confirming opposite changes with temperature variation. The peaks at 1200 and
1145 cm™ appear due to asymmetric stretching of C-O of the Tyr (Barth, 2000). This
component was confirmed to be sensitive to formation of hydrogen bonding with the
backbone (Barth, 2000; Hienerwadel et al., 1997). The peak at 1450 cm™ appears due to
in plane bending vibration of the CH> groups of Pro ring (Barth, 2000). For both peptides
at pH 2.5 the temperature induced changes of the structure by formation of new hydrogen

bonding and turns reformation.

BCM11-Al and BCM11-A2 at pH 7.0 showed temperature variations by appearance of
several peaks observed in different regions of the FTIR spectra (Figure 5C and D). The
increased pH had a noticeable effect on the temperature variations on the structure of both
peptides. Thus, for BCM11-A1l, the major diagonal auto-peaks are observed at 1625,
1543, 1457 and 1200 cm™ (Figure 5C). All four observed diagonal peaks are linked by
positive cross peaks confirming that they all change together as a result of temperature
variation. For BCM11-A1, the peak at 1545 cm™ shows dominant loading in the 2D
spectra (Figure 5C). The peak loading at 1545 cm™ in the Amide Il region resulted from
N-H bending vibration and C-N stretching vibrations of the peptide which appears from
the Pro ring and the imidazole ring of the His (Adochitei & Drochioiu, 2011). The peak
loading at 1543 cm™* was with low intensity in the temperature plot of BCM11-A2 (Figure
5D), confirming that N-H vibrations of His are responsible for the high loading in the plot
for BCM11-A1 (Figure 5C). In the 2D spectrum of BCM11-A1 at pH 7.0 only positive
cross peaks were observed connecting the peaks between Amide I, 11 and I1l. Thus, at pH
7.0 the peptide already promoted structure reorganization and is further changed by the

temperature variation that is observed by positive correlations between the turns (1625
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cm™) and the C-N and N-H stretching of the prolines and histidine rings and the possible

formation of the new hydrogen bonding (peak at 1200 cm™2).

BCM11-A2 at pH 7.0 had less intense peak loading in Amide | region compared to the
same peptide at pH 2.5 (Figure 5D). This confirms that there are substantial
rearrangement of the structure happening at neutral pH and temperature variations. In the
BCM11-A2 at pH 7.0 and temperature variations the observed auto peaks are in Amide |
(1630, 1610 cm™), Amide 11 (1543 cm™), Amide 111 (1445, 1200 and 1145 cm™). The
observed components affected by the temperature variations appeared in the Amide |
region were turns (1630 cm™) and side chains (1610 cm™). The positive correlation of the
peaks in the Amide I region with the weak signal observed in 1543 cm shown that the
structural components are affected by the C-N and N-H vibrations of the rings of Pro
residues. The most intense auto peak at 1445 cm™ appears due to in plane bending
vibration of the CH2 groups of Pro ring and asymmetric stretching of the CH3 groups of
lle and Leu (Barth, 2000). Thus, the appearing peak at 1610 cm™ can relates to vibrations
of the branch chain of the Ile and Leu amino acids in the peptides. Another intense auto
peak was detected at 1200 cm™ that previously was observed to be responsible for
formation of new hydrogen bonds (Hienerwadel et al., 1997). The positive cross peaks
appearing in the correlation plot between all the observed components revealed that the
structure of BCM11-A2 is changes and new hydrogen bonds are formed because of

temperature variation.
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3.3. Observation of the tertiary structure components by molecular modelling

The structure of BCM11-Al and BCM11-A2 was simulated using the modelling program
Spartan’16. The program successfully refined the structure of the peptides in the tertiary
structure (Figure 6). Cpk ovality had index of 2.22 for BCM11-Al and 2.24 for BCM11-
A2 which has been categorised as excellent index for the folding process (Anis, 2008;
Hsu, Shu, & Pearn, 2007). Thus, the process capability index is considered poor when the
index is <1.0, satisfactory when the index is 1.0-1.5 and excellent when the index is >2.0.
The amino acids selected for the model were in protonated form. The folding process was
optimized using quantum PM3 calculations performed when the position of all the atoms
of the molecular structure were fixed. The optimization process provides the minimum
total energy for optimal position of all the atoms in the molecules to be determined. The
refined structures for both BCM11-Al and BCM11-A2 are shown in Figure 6A and B.
Both peptide folded into compact structure held by hydrogen bonds. The hydrogen bond
donors (HBD) was 10 and 9 and the hydrogen bond acceptor (HBA) was 27 and 26 for
BCM11-Al and BCM11-Az2, respectively. Thus, the presence of His makes the BCM11-
Al peptide more in favour of hydrogen interactions than the BCM11-A2 peptide. The
model’s space filling area (Cpk area) and volume (Cpk Volume) were 1227.6 and 1220.7
for BCM11-Al and 1218.6 and 1190.5 for BCM11-A2, respectively. Therefore, the
BCM11-A2 is more packed into the tertiary structure and BCM11-Al has structure that

IS more spacious.
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Pro

Figure 6. Molecular models of BCM11-A2 (A) and BCM11-Al (B).
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In BCM11-A2 (Figure 6A-left) the N-terminal had finely defined turn formed from cis
isomer of Tyr!- Pro? and stabilized through hydrogen bond between Tyr! ring and NH
from Asn®. The Phe®-Pro* bond was in trans isomer showing extended chain (top left of
the Figure 6A) and the Gly°-Pro® was in cis isomer forming second turn in the peptide.
The Ile’-Pro® was in cis isomer forming third turn that makes the C-terminal of the peptide
very compact and stabilized with the hydrogen bonds. The BCM11-Al peptide had
completely different conformational orientation than BCM11-A2 peptide (Figure 6B).
All X-Pro bond dominated in cis isomer that gives three turns in the peptide. The peptide
chain was packed in compact structure held by hydrogen interactions. The Tyr! forms
hydrogen bond with the free NH2 group of Asn® similarly as observed in BCM11-Al
peptide. This align with our NMR results confirming the close proximity between the N
and C terminal of the peptides and the involvement of Tyr! and Asn® in hydrogen bonding.
However, the imidazole ring of the histidine was located at the outer part of the folded
peptide, accessible for interactions with the external environment (Figure 6B-right). The
imidazole ring in this position is fully protonated and highly hydrophilic (blue). The
external position and high hydrophilicity makes the imidazole ring to show strong affinity
for water with rapid hydrogen exchangeability. Thus, the lle’-His® bond is oriented
externally, providing accessibility for the enzymes (elastase) to degrade the peptide into
smaller fragments (Markoska et al., 2021b). The presence of additional Pro in the
BCM11-A2 peptide generates higher resistance towards enzymes (Brantl et al., 1979).

Under selected experimental conditions, the 1le’-Pro® bond is found packed in the
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compact structure with the amino acids from the C terminal which makes it less accessible

for the enzymes.

In the intestinal digest of both A1 and A2 B-casein variants was observed presence of
BCM7 peptides for both genotypes and larger peptides for A2 variant (Lambers, et al.,
2021). The heat treatment of milk at 85 °C and 140 °C results with formation of BCM
peptides in Al variant, however in A2 variant the heating restricted the formation of
BCM7 peptides (Lambers, et al., 2021). As observed in our current work, the BCM11-
A2 peptide shown packed structure that hid the Ile’-Pro® bond internarly and thus restrict
the acces for proteolytic reaction and cleveadge to smaler papetide (e.g. BCMY7).
However, the external expositure of the 1le’-His® bond can be the reason for the greater
amount of BCM7 peptides detected during heat treatment of milk and/or intestinal

digestion (Lambers, et al., 2021).

4. Conclusion

The combination of NMR, FTIR and molecular modelling successfully distinguished the
secondary and tertiary structure of BCM11-Al and BCM11-A2. BCM11-A1 was found
to have more flexible and loose conformation due to tautomeric behaviour of imidazole
ring of His® as a result of pH and temperature variation. BCM11-A2 was observed to have
closely packed C terminal end, keeping the lle’-Pro® buried inside the structure. On the
other hand, the lle’-His® was exposed to the solvent. The imidazole from His® at high pH
and temperature variations had rapid proton exchangeability with the water or involve in
hydrogen bonding. Thus, this part of the molecule had unstable conformation compared

to BCM11-A2 peptide. The cis-trans isomerism of the X-Pro bonds shown formation of
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multiple turns and peptide folding. At low pH the trans isomers dominated in BCM11-
A2 and cis in BCM11-Al. However, due to high peptide flexibility, the isomers were
unstable, that was observed by variations in the secondary structural components
especially at high pH and temperature. The study confirmed structural characteristics of
BCM11-Al and BCM11-A2 for the first time. The findings can assist in understanding
the conformational preferences of the peptide backbone that can correlate to enzyme
affinity for peptide bond cleavage that is found to be the major factor in the debates for

the health benefits of A1/A2 milk.
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Figure S1. Sequential assignment of the NH-H, region of the amino acids in BCM11-Al (A) and BCM11-A2 (B) peptides at pH 2.5 at
temperature of 20°C. Red peaks are NOESY spectra, blue peaks are TOCSY spectra.
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Figure S2 NOESY spectra of BCM11-A2 at pH 2.5 (blue) and BCM11-A2 at pH 7.0 (red). The cross peak observed at ~2.9 ppm correlate
Hp from Asn® with HB from Tyr!.
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Figure S3: *H NMR spectra of BCM11-Al at pH 2.5 (A), and pH 7.0 (B) at 4 (blue), 20 (red) or 37 (green)°C.
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Figure S4: 'H NMR spectra of BCM11-A2 at pH 2.5 (A) and pH 7.0 (B) at 4 (blue), 20 (red) and 37 (green) °C.
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Figure S5. TOCSY spectra presenting temperature dependent chemical shift of BCM11 peptides at 4 °C (blue). 20 °C (red) and 37 °C
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CHAPTER 5: Structural changes of p-casein
Induced by temperature and pH analysed by
Nuclear Magnetic Resonance, Fourier-
Transform Infrared spectroscopy, and
chemometrics
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Abstrack This study investigated structural changes in f-casein as a function of temperatume
i4 and 20 *C) and pH (5.9 and 7.0). For this purpose, nuclear magnetic resonance (MME) and
Fourier-transform infrared (FTIR) spectroscopy were used, in conjunction with chemometric analysis.
Both temperature and pH had strongly affected the secondary structure of p-casein, with most af-
fected regions involving random coils and a-helical structures. The a-helical structures showed great
pH sensitivity by decreasing at 20 *C and diminishing completely at 4 *C when pH was increased
from 5.9 to 7.0. The decrease in a-helix was likely mlated to the greater presence of random coils at
pH 7.0, which was not obhserved at pH 5.9 at either temperature. The changes in secondary structure
components were linked to decreased hydrophobic interactions at lower temperature and increasing
pH. The most prominent change of the a-helix took place when the pH was adjusted to 7.0 and
the temperatume set at 4 *C, which confirms the disruption of the hydrogen bonds and weakening
of hydrophobic interactions in the system The findings can assist in establishing the structural
behaviour of the f-casein under conditions that apply as important for solubility and production
of f-casein.

Keywords: FTIR; NME; f-casein; secondary structure; temperature; pH

1. Introduction

Caseins represent the major protein constituents of the bovine milk (80%), comprised
of four major phosphoproteins, og;-, tg-, B, and k-casein at concentration of 12-15, 34,
8-11 and 24 g/1, respectively [1]. In the dairy industry, the structural organisation of
caseins can have a great effect on the functional properties of milk and the quality of
the final product due to various interactions (hydrophobic, electrostatic, van der Waals
forces, or covalent bonds) vielding to different properties. As the most amphiphilic, bovine
f-casein represents 35% of the caseins in the bovine milk with 209 amino acids in the
polypeptide chain and average molecular weight of 24 kDa [2]. Due to the presence
of many relatively hydrophobic parts in the f-casein molecule with great number of
Pro residues, the molecule can adopt flexible conformations. These conformations are
characterised by lange range of inter or intra molecular inkeractions, fewer secondary and
tertiary structunes, while containing more random coil organisations [3].

There have been multiple studies analysing the secondary structume of f-casein. The
summarised findings included the presence of 7-25% a-helical structunes, 15-33% B-sheets,
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20-30% turns, and 20-25% polyproline II structures [2,4-6]. The predicted a-helical struc-
tures are likely in the N-terminal part of the p-casein, f{1-40), due to the presence of
phosphoserine residues that carry the net charge of the molecule [7]. The apolar residues
present in the C-terminal part of B-casein, f{136-209), are responsible for the appearance of
B-sheet structures due to higher hydrophobicity in this region [7,8].

Temperature is an important factor in regards to the f-casein release from the casein
micelle. In a cold environment, due to weakening of hydrophobic attraction, selective
golubilisation of f-casein takes place, kading to increased solubility of B-casein during cold
storage [9]. Atlow temperature, B-casein appears as monomer with structural transitions
due to cold denaturation. The dissociation of B-casein from the casein micelle was previ-
ously observed to be the greatest at pH 5 and a temperature below 4 °C [10]. Moreover, the
net negative charge at high pH increases as a result of deprotonation of carboxyl groups
and loss of the positive charge of amino acids including His. The increase in electrostatic
repulsion takes place as a result of the negative charge of the phosphosery] residues [11].
The transition that takes place on the f-casein molecule based on pH and temperature
adjustment can have a significant effect on the secondary structure of the molecule. The
impact of both pH and temperature on f-casein and overall milk protein structure play an
important role in protein stability during processing of milk and milk products and their
storage. The pH of dairy products may vary from <4 for some fermented dairy to »7 for
some dairy ingredients and infant formula products, whemas storage occurs both at ~4 °C
for pasteurised products and at room temperature for sterilised products,

Even though several studies aleady confirmed the presence of some structural ele-
ments in the p-casein molecule, it would be valuable to know how this particular casein
adapts its secondary structural elements in different environments [4,12,13). Thus, the
aim of the present research was to identify the structural components of B-casein using
Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NME].
FTIR spectroscopy provides information of the structural changes in proteins by absorp-
tion of the stretching /bending vibrations in different regions [14]. Consequently, NMR
provides detailed information of the protons in the molecule, which evaluates the primary
position of the atoms in the molecule [15]. Both methods ane nondestructive with minimal
sample preparation and can provide information under any condition. The current work
involved structural analysis of p-casein at two pH values (pH 5.9 and pH 7.0) and two
temperatures (4 and 20 *C) in order to establish the structural transitions of B-casein. The
selected temperature was used to observe the structural transiion of f-casein in most
used storage conditions for milk proteins, The pH 7.0 was used to observe how B-casein
structure changes in pH environment close to native pH in milk and pH 5.9 wene used as
the native pH of synthesised f-casein and also were important for curd stability during
milk coagulation.

2. Results and Discussion

In the current study, FTIR and NME were used to examine the structural changes in
B-casein resulting from changes in pH and temperature. In the Amide I region of the FTIR
spectra, six structural features wen: disling:iﬁhgd and analvzed (Table 1).

From the peak anca calculations of the second derivative spectra, the most significant
differences (p < 0L05) as a result of d‘l-ilJlgEﬁ in pH and temperatune were observed in
random coil, a-helix, and P-tum structures. At pH 7.0, the percentage of random coil
structure was ~15% higher at 4 °C than at 20 °C, whereas random coil structures were
not detected at pH 5.9 at either emperature. Thae assigmied random coil structures have
previously been shown to include short polyproline I (PPI) helix/ chains [16]. Bovine
B-casein contains 35 Pro residues, evenly distributed along the 209 amino acid poly peptide
chain, which favours the formation of PPII structures [4]. The lack of detected random
coil structures at pH 5.9 indicates that thene was no substantial unfolding of the secondary
structure of the protein at this pH [17]. The absence of random coils in f-casein at pH 5.9
appeared to correlate with a greater amount of o-helical structures, at both 4 and 20°C. At
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20 °C, the a-helix content at pH 7.0 was half of that observed at pH 5.9, whereas o-helical
structures were not detected at pH 7.0 at 4 °C. The p-tum structures were affected by
temperature, but not by pH; at both pH 5.9 and 7.0, fewer B-turns were observed at 20
than at 4 °C. Farrell et al. [4] stated that with the temperature increase the conversion from
B-turns and B-sheet to PPIL conformations might occur Hence, in line with these previous
findings in combination with the present data of random and turn conformations (Table 1),
there is a reasonable possibility of transformation of these structures into PPII helices,
whose content was found to be between 20 and 25% within the B-casein molecule [5,6].
The formation of B-turns in caseins is promoted by the Pro residues by cross-linking with
neighbouring residues via van der Waals interactions acting as a B-turn inducer [B].

Table 1 Total percentage areas of different secondary structures in Amide [ in B-CM in FTIR including side chain, f-sheet,
random coil, a-helix f-turn, and aggregated P-sheets. The selected band frequency for each structural component is
presented in cm . The peak area percentage is presented for temperatum of 4 and 20 °C and pH of 5.9 and 7.0.

Peak Area (%)
Band Assessment Ba“d{f:i'f“q Temperature 4 “C Temperature 20 “C
pHs% pH 7.0 pH 59 pH7.0
Side chain 1608-1610 300+ 0532 540 + 0092 302 £ 0340 43340600
[-sheet 1620-1630 2604 + 3552 2307 £ 4242 2670+ 4032 2372+ 2472
Random coil 1640-1645 n/d 4653 £ 581" n/d IoFLar1e
o helie 1646-1652 4208+ 3410 n/d 4574 + 3760 HTT + 1503
B-turn 1677-1672 22254+ 187c 004 £+ 1350 17.00 + 22030 1334 + 4662
AEE’;E:T':] 1689-1600 475+ 1612 496 + 0972 715+ 1362 578+ 2022

“5% Mean values within a rew that do noet shame a common superscript letier are significantly different (p < 005); n/d = not detected.

The observed differences in the peak area (Table 1) were further confirmed by PCA
results (Figure 1)

o ’ = [B-CH pH5 S, 207
- [}
Ay
A s R FTIR loading plot mPd
E i mrc
a. 1eoe 4 r-l__...---._“ i‘ .t 1% BCiigh?, M 03 R
_ Fi aw 3 e & BN pHT 4% oz i T
g e * --"'JI : +.i":' n -|| -| .'II I illk
bl - ——— na I | il b .
- g o ™ | |I
= .1en Sl o o L UL IJ|I| il I'i||'- |!-If
5 AN T NS I
g / ey aff Yo v
’ N Y 1 . | W
4 A ay * i a2 1
4. idbi1 Fyo rr M ® a3
[ o
| = J_,f ]
] & BRE i REER e a8 K
- b Esgﬁﬁ'ﬁigéﬁjﬁj_—iﬂiﬂjg
AE0M4 DD ROODDBD  ADEE  BIO0M Wieaznumbers [emrd]
PC1 (55.5%)

Figure 1. Principal components score plot (A) and loading plot (B) of f-casein of the FTIR spectra in region 1700-1600 cm ™~
where f-casein at pH 5.9 and temperature of 20 *C (black), f-casein at pH 5.9 and temperature of 4 *C (red), B-casein at pH
7.0 and temperature of 20 °C {green) and f-casein at pH 7.0 and temperature of 4 *C (klue) are in (&) and PC1 {orange) and
PC2 (blue) are in (B).
In addition, PC1 confirmed 68.4% difference between the samples at 4 and 20 °C,
while PC2 confirmed 11.9% difference between samples at pH 5.9 and pH 7.0 (Figure 1A).
The loading score in Figure 1A visually separated the groupings of samples that differed in
temperature along the PC1. The PC1 also distinguished the differences in the structural
components between these samples, which are confirmed in the loading plot in Figure 1B.
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The PC1 identified high loading for a peak at 1650 em ! (-helix) for samples at 20 °C,
confirming a greater presence of this secondary structure at this temperature. On the other
hand, the observed high loading for peak at 1640 cm ! for samples at 4 “C confirmed
the high level of random structures. PC1 also depicted slight changes in B-sheets by
greater presence of intramolkecular B-sheets (1630 1:m'1]| for samples at 20 "C and greater
intermolecular f-sheets (1620 cm‘l] for samples at 4 °C. Similarly, PC2 differentiated the
structural features occurring between samples with different pH values which were also
present with different loadings in the loading plot in Figure 1B. In the PC2 loading plot
(Figure 1B), great loadings wene observed for a peak at 1653 em ! {o-helix) for samples
at pH 5.9 and at 1643 em ! (random coils) for samples at pH7.0. Regarding the p-sheet
structumes, greater loading for a peak at 1630 em! {intramolecular f-sheets) was observed
for samples at pH 5.9 and at pH 7.0 greater loading shifted to indicate intermolecular
B-sheets (peak 1623 em~1). Thus, PC1 and PC2 successfully confirmed the previously
observed changes for a-helix and random structures and additionally confirmed differences
in inter- and intramolecular f-sheets,

The "H-NMR chemical shifts in proteins are sensitive to local structural rearrange-
ments. Moreover, the conformational differences can be a result of multiple contributions
including torsion angles coming from backbone and side chains, hydrogen bonding, elec-
tric fields, rings vibrations, and steric repulsions [18]. In the curment work, we observed the
variations in chemical shift distribution in four regions including methyl -CH3- ((-1.5 ppm),
aliphatic -CH;- (1.5-3.5 ppm), H™ amide region (3.5-5 ppm), and aromatic,/ H - amine
region (5.5-10 ppm). From the overlayed spectra in Figure 2A, a downfield shift of the
proton chemical shifts can be seen at 4 *C compared to at 20 °C. In addition, the deshielding
was observed in all the regions, except in the amino or backbone region (Figure 2ZA). Thus,
in the amino region the peaks appeared in a broad pattern which overlayed in identical
chemical shift positions (Figure 2A4).
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H* amide regiom

T E B |fcasein pH 7.0
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Figure 2 (A) Overlayed TH NME spectra of B-casein at pH 5.9 and temperature of 20 °C (purple), B-casein at pH 5.9 and
temperature of 4 "C (klue), f-casein at pH 7.0 and temperature of 20 *C (green) and f-casein at pH 7.0 and emperature of
4°C (red). {(B) Overlayed TOCSY NMR spectra of f-casein at pH 7.0 {red) and p-casein at pH 5.9 (blue).

The deshielding in the other regions resulted by lowering of emperature to 4 °C was
observed to be 0.2-0.3 ppm. The sensitivity of the 'H chemical shift can be promoted by
multiple factors, including the protein sensitivity to conformations, hydrogen bonding,
ring vibrations, or electric fields [19]. In addition, the upfield and downfield shielding of
the 'H chemical shift can result from changes in the different components in the secondary
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structure [18,20]. In this study, an opposite effect by 0.3 ppm downfield shift for the amide
region was observed, which can relate to a lower presence of a-helical structunes at low
temperature. In addition, from the integrated amide region we observed a significant
decrease (<(0.05) in the peak intensities by ~3% at 4 °C compared to at 20 °C (Table 2). This
further confirms previously discussed FTIR results (Figume 1 and Table 1) egarding the
absence or decline in o-helical structures at low temperatune,

Table 2. Total percentage amas peaks in different regions for f-casein in NME including methyl,
aliphatic, amide and amino region. The difference in the percentage is presented for f-casein at
temperature of 4 and 20 °C and pH of 5.9 and 7.0.

Temperature 4°C m°C
pH 549 7.0 50 7.0
Region/Integral B-Casein
Methyl 10,48 + 0.16® 17e3+0m® 1678 + 0135 1622 £ 0.17°
Aliphatic 122 + 016k 17.73 4+ 0757 1491 + 1440 1390 + 035
Amide 4279 + 004t 4282 £ 021" 46,60 £ 0147 4632 017 ®
Amino 2201 £ 0.34b 83+ 08" 62+ 0413 2347 + 0BG 2

< Mean valoes within a row that do not share a commen superscript ketier ane significantly different (p < 0L05).

From the other regions of the NMR spectrum a greater amount of methyl groups at
lowy temperature was observed, which was more present at pH 5.9 (Figure 24). The peak
observed in this region (0-0.8 ppm) likely appeared from the side chains (CHz) groups
from Tk, Val, and Leu in f-casein [21]. The lower peak intensity for methy] groups at room
temperature can be due losses of signal from the methyl side chains of Ile, Val, and Leu.
An increase in pH from 5.9 to 7.0 led to slightly lower peaks for the methyl side chains
(Table Z). The amide region of the B-casein presented slightly greater intensity at 20 °C
compared to that at 4 °C at both pH values (Table 2).

The change in pH from 5.9 to 7.0 lead to lower detection of the cross peaks in the
aromatic region of the TOCSY spectra (Figume 2B). This :i]:-ur_‘tral pattern was not affected
by the emperature, ie., at both 4 and 20 °C the TOCSY spectra of f-casein showred
the same pattern in regard to the pH. In the aromatic region of the TOCSY spectra the
cross peaks present the interactions of the proton rings with the neighbouring protons
of the amino acids [15]. It was previously suggested that charge-induced disruption of
the cohesive interactions in the hydrophobic regions of the caseins occur as a result of
pH-induced charge modifications on side groups of amino acids, including Tyr, Lys, His,
and Arg [22]. In the pH range currently studied, His would be the most susceptible to
fde}'prutunaﬁun as a esult of |:r|'I change. The side Froups of these amino acids are detected
in the aromatic region of the TOCSY spectra and the cross peaks in this region denote their
connection with the neighbouring protons. It is known that increase in pH leads to greater
intermolecular repulsion of caseins [11]. The addition of alkali to the P-casein solution can
lead to disruption of existing hydrophobic connections, which was observed by reduction
of the proton—proton cross assodation in the TOCSY spectra,

The observed structural differences resulted from changes in temperature and pH
wene also evaluated by PCA analvsis (Figure 3).
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Figure 3. Principal components soore plot (A) and loading plot (B) of f-casein of the NMR spectra in where [-casein
at pH 5.9 and emperature of 20 “C (black), f-casein at pH 5.9 and emperature of 4 °C (red), j-casein at pH 7.0 and
temperature of 20 "C (geen) and f-casein at pH 7.0 and temperature of 4 *C (blue) are in (A} and PC1 (blue) and PC2

(orange) are in (B).

In the PCA loading score (Figure 3A), PC1 separated the results based on the temper-
ature with 88.6% variance. On the other hand, PC2 separated the f-casein based on pH
effect with 9.9% variance. PC1 has shown greater loading for a peak at 0.5 ppm for samples
at low temperature and PC2 indicated that this peak was mainly present for samples at
pH 7.0. Moreover, PC2 showed that peak loadings in aliphatic (1.5-3.5 ppm) and amide
regions (3.5-5.0 ppm) were more prominent for samples at pH 7.0, whereas at pH 59
greater loading was observed for the aromatic region (6.5-8.0 ppm). Furthermore, both PC1
and PC2 confirmed that in the aliphatic and aromatic regions the peak loading was more
intense for samples at pH 7.0 and temperature of 4 °C, which can confirm the structural
changes observed by FTIR occurring as a result of a cold environment and pH.

3. Material and Methods
3.1. Sample Preparation

Bovine P-casein was purchased from Sigma-Aldrich (Sigma-Aldrich, St Louis, MO,
USA) with >98% purity. The preparation process was performed by dispersion of 10 mg
p-casein in 1 mL of a mixture of HyO:D;0 (90%:10%, Sigma-Aldrich, St. Louis, MO, USA)
for both FTIR and NMR analyses. The pH of B-casein in Hz0/ DyO solution was measured
using a pH meter (Metrohm AG, Herisau, Switzerland) equipped with a combined pH
electrode with temperature sensor and fixed cable. The original pH of the protein solution
was 5.9. The pH was further adjusted to 7.0 using 0.25 M NaOH. The pH adjustment was
carried out under continuous stirring of the solution and pH was additionally controlled
before the structural measurements. Both B-casein solutions with pH 5.9 and pH 7.0 were
analysed for structural features at 4 and 20°C. The temperature for the FTIR analysis was
monitored with temperature probe, however for the NMR analysis the temperature control
wits automated by the instrument.

3.2, Fourier Transform Infrared Spectroscopy

The secondary structure of f-casein as a function of pH and temperature was anal-
veed using a FTIR spectrometer (Frontier, PerkinElmer, Boston, MA, USA) in the range
of 4000 to 600 cm ! with a resolution of 4 em™! and 16 scans for each spectrum. Before
the start of the measurement for every sample, the background spectra were scanned
using a blank diamond attenuated total reflectance (ATR) cell. At the start of the analysis
the solvent spectrum (90% H 0/ 109 Dp0) was recorded and used for subtraction from
the sample spectra to eliminate the intense solvent signal. The spectra of five subsam-
ples of each sample were taken by mefilling the ATR cell. For the secondary structure
analysis, the amide 1 region (17001600 ::n_l] was analysed for C=0 stretching after
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applying Savitzky—Golay smoothing and 2nd derivative. The FTIR spectra and mean
centering weme analysed using S]:-u-:trag:j.rph software (versiom 1.27, Oberstdorf, Ger-
many). The baseline of five repetitions for each sample was subtracked and the area
of the peak was analysed by Origin software (Origin Pro 2021, v. 95E, Originl.ab Cor-
poration, Northampton, MA, USA). To estimate the anea of each component represent-
ing secondary structures, a technique previously described elsewhere [23] was utilised.
Briefly, each spectrum from five repetiions was treated by interpolation baseline mode
and adjacent-averaging smoothing, then each peak in the 2nd derivative s a was
selected and integrated by high percentage. In the amide I region several peaks were
analysed, including side chain (1608-1610 cm‘l], f-sheets (1620-1630 cm‘ll, random ool
(1640-1645 em 1), a-helix (1646-1652 cm '), B-turns (1677-1679 cm ') and aggregated
B-sheets (1689-1690 cm 1) [24].

3.3. Nuclear Magnetic Resonarce

The NMR analysis was performed on a Bruker Avance spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany) operating at a 600 MHz transmitter frequency using 5 mm
TXI probe with - gradient. Proton NMRE [1 H-NMR]) spectra wene acquined using 16 scans
and spectral width of 9615 Hz in three replications. The two-dimensional methods used
in this study were total correlation spectroscopy (TOCSY) and nuclear Overhauser effect
spectroscopy (NOESY). The 2D spectra were recorded using 8 scans and spectral width of
8196 Hz for TOCSY and 5882 Hz for NOESY spectra. The water suppression for spectra was
performed using excitation sculpting with gradients with acquisition mode of States-TPPI
(Hme-proportional Fhas:g incrementation). All spectral data wem processed using TopSpin
{version 4.0.6) software (Bruker BioSpin). The phase correction was performed manually
by either Oth or 1st order correction for pk or the baseline and the noise correction was
adjusted using gfil mode to 0.1 ppm filter width and symmetrical noise correction for
the homonuckar spectra. The NMR spectra wene analysed using three NMR regions, i.e,
amino,/ aromatic (HN), amide (H¥), and aliphatic. From the aliphatic region, the methyl
peak (CHz) was analysed separately due toits high loading, All the peaks observed in these
regions were manually integrated in TopSpin (version 4.0.6) software (Bruker BioSpin).

3.4. Statistical Analysis and Spectral Data

To assess the experimental results, Minitab version 20 software was used to analyse
the data (Minitab Inc., State College, PA, USA). Hence, a two-way ANOVA and Tukey's
test were performaed with f-casein as fived factor to evaluate if there was a difference
between means (p < 0.05). Unless othernwise specified, all measurements wene taken
in triplicatr. In addifion, principal component analysis (PCA) was used for both FTIR
and NMR results to identify the changes in the secondary structure in f-casein samples
based on the temperature and pH effect. PCA gives information by generating principal
components (PCs) as a coordinated axis with a least possible loss of information. The
groupings of the different samples wene depicted in score plots and the loading plots wene
used for the wavenumbers responsible for peaks classification. The multivariate analysis
ws carried out at a 95% confidence level.

4, Conclusions

The combination of FTIR and MME was very efficient in characterisation of structural
differences in the f-casein molecule as affected by temperature and pH. Moreover, both
methods confirmed similar structural transitions of the B-casein molecule in regard to the
applied conditions, indicating greater structural changes taking place as a result of the
temperature. A temperature of 4 *C is catical for f-casein molecules due to lowering of
hydrophobicity that results in unfolding and opening up of the native conformers and
liberalisation of the monomers from the casein micelle. The restructuring of the f-casein
was confirmed by FTIR results implying formation of more random coils at 4 °C at the
expense of the a-helical structure. Moreover, this was intensified by changing the pH
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to 7.0, Hence, the side chains of amino acids known as o-helix inducers showed lower
detection due to loss of hydrogen bonding resulting in reduction of the o-helix in the
p-casein polypeptide chain. The observed structural changes promoted by the temperature
change wene more intense at high pH, however at pH 5.9 the structural reorganisation was
minor. The current findings confirmed that both pH and temperature have a great effect
on structure of a f-casein molecule. Moreover, the results can assist in understanding the
behavior of f-casein during f-casein production, solubility, processing of milk and milk
products, and storage. In addition, FTIR and NMR have proven to successtully detect
structural transition in f-casein. The combination of these methods can be further expanded
to other proteins and assist in unde rstanding protein behavior during food processing,
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Abstract

The study investigated the structural differences between [3-casein (CN) from Al and A2
milk in pH conditions as in raw milk (pH 6.7) and at isoelectric point of f-CN (pH 4.6).
The aim of this study is to detect the main reason for the differences in the coagulation
properties between Al and A2 milk for which the main distinguishing factor is the
different amino acid in the B-CN molecule. For the purpose, spectroscopic tools were
coupled with chemometric analysis. This included Nuclear Magnetic Resonance (NMR),
Fourier Transform Infrared (FTIR) and Raman spectroscopy. In addition, the physical
appearance of the B-CN molecule was observed by analysis of the particle size and
microscopic imaging. The results in this work shown that B-CN from A2 milk have open
and porous structure and at pH of 4.6 forms irregular aggregations with predominate
random coils or polyproline II structures. The B-CN from Al milk have more dense
protein network compared to B-CN from A2 milk. At pH 4.6 the aggregations are
composed of aggregated -sheets components and small network cavities. The additional
proline in B-CN from Al milk affects the structure of the casein and thus the functional
properties of the milk. The findings in this work will assist the industry and researchers
in understanding the functional properties of A1 and A2 milk based on the structural

arrangements of B-CN from these two milk genotypes.
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1. Introduction

Caseins are milk proteins that have important role as a nutritive component for neonate
grow and play crucial role in gelation process during production of fermented dairy
products (Lucey, 2002). There are four caseins in the milk including asi-, asz-, B-, and -
casein (CNs) which form a complex micellar structure held together by colloidal calcium
phosphate nanoclusters. B-CN represent ~40 % of the total caseins in milk (Huppertz,
2012). This casein have important role in the acid and rennet gelation of the milk due to
the chaperone activity in milk and ability to act as surfactant (Nguyen et al., 2015: Zhang
et al., 2018; Daniloski et al., 2022). The impact of f-CN on milk gelation properties is
dependent on the genetic variants. Moreover, there have been observed fifteen genetic
variants of B-CN from which Al (B-CN-A1) and A2 (B-CN-A2) are the most common
and known to the public. The impact of the Al and A2 B-CN variant on the milk
functionality and gelation properties have raised great interest among the industries,
researchers and consumers (Poulsen et al., 2013; Daniloski et al., 2022). The primary
difference between B-CN-A1 and B-CN-A2 is in the position 67 of the polypeptide chain.
Thus, in B-CN-A1 this position is occupied by histidine and in f-CN-A2 in position 67 is
present proline (Daniloski et al., 2021).

The difference in one amino acid in the polypeptide chain can have great impact on
structural transition of the proteins during milk processing. In our previous study we
observed the structure of peptide with 11 amino acids (B-casomorphin 11 (BCM11))
which contained identical amino acid sequence as in BCM11-Al and BCM11-A2
(Markoska et al., 2023). The findings shown that BCM11-Al have less dense structure
with exposed hydrophilic parts making available sites for hydrogen bond formation.
However, BCM11-A2 was observed to have more packed and irregular structure. The
dissimilarities in the structure of the peptides can also reflect on structural variations of
B-CN molecule and thus its functionality in milk processing. The yoghurt produced from
Al and A2 B-CN variant have different protein networks. Thus, yoghurt from f-CN-A2
results with more porous gel with lower strength compared to B-CN-Al yoghurt gel
(Nguyen et al., 2018). The gelation properties of A1 and A2 milk using acid-induced
gelation confirmed more porous gels and smaller particles for A2 milk compared to Al
milk (Daniloski et al., 2022), The smaller particles for A2 variant were observed to be
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due to chaperone activity of B-CN-A2 promoted by monomer transition (Raynes et al.,
2015). This behaviour of B-CN-A2 was postulated to be a result of more polyproline
(PPII) helixes in the molecule compared to f-CN-A1l (Raynes et al., 2015). However,
there have not been direct evidence of the secondary structure of B-CN from Al and A2
milk under conditions as found in milk or when aggregated. Therefore, in this work we
observed the transition of the secondary structure of B-CN-A1 and B-CN-A2 at pH 6.7
(native pH of milk) and pH 4.6 (isoelectric point).

The study was conducted using multiple spectroscopic tools including Nuclear Magnetic
Resonance (NMR), Fourier Transform Infrared (FTIR) spectroscopy and Raman
spectroscopy all combined with chemometrics in order to identify the structural
differences between B-CN-Al and B-CN-A2. In addition, the particle size and
microstructure of the casein particles were observed to compliment the findings of the
spectroscopic tools.

2. Materials and methods

2.1 Sample preparation

Raw milk was supplied by The Agriculture Victoria's Ellinbank Centre in Victoria,
Australia. The cows were previously genotyped using capillary electrophoresis method
as previously described by Raynes et al., (2015). The milk with A1 and A2 B-casein
genotypes was further used for the B-CN extraction. The raw milk was skimmed by
centrifugation at 3225 g for 20 min and 20 °C. B-CN was purified from the skim milk
samples using the method of Huppertz et al., (2006) with some adjustments. Briefly,
skimmed milk was warmed at 30 °C, then rennet was added and milk was held at the
warming temperature for minimum of 30 minutes. The coagulum was crushed and
centrifuged at 5000 g for 15 minutes at 30 °C. The whey was decanted off and replaced
by hot (50-100 °C) ultra-pure water. After 5-10 minutes, the samples were centrifuge
again at 5000 g for 15 minutes and 5 °C. The supernatant was discarded and the curd was
macerated using mortar and pestle and then resuspended in cold (5 °C) ultra-pure water

and held at 5 °C for 72 hours. After 72 hours, the suspension was mixed and centrifuged
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at 5000 g for 15 minutes and 5 °C after what the supernatant was filtered and lyophilised
using a freeze-drier (model FD-300, Airvac Engineering Pty. Ltd., Dandenong,
Australia). The B-casein composition was confirmed to be >80 percent by reversed phase-
high performance liquid chromatography (RP-HPLC) using Shimadzu system (LC-
2030C - Shimadzu, Europa GmbH, Duisburg, Germany). The pH of the samples was
recorded and adjusted to 4.5 and 6.5 using 0.25 M HCI or 0.25 M NaOH.

2.2 Identification of the A1 and A2 B-casein genotypes

The Al and A2 B-casein genotypes were identified applying a reversed phase-high
performance liquid chromatography (RP-HPLC) using Shimadzu system (LC-2030C -
Shimadzu, Europa GmbH, Duisburg, Germany) as previously described by Daniloski et
al., (2022). The conditions used were 45 °C and UV detector at 240 nm. The samples
were prepared by resuspending the lyophilised samples in ultra-pure water from which
1.2 mL were diluted with 3.2 mL urea (Mediwaththe, Chandrapala and Vasiljevic, 2018).
The mixture was then filtered using 0.45 um syringe filters into HPLC vials. The B-CN
genotypes were identified using Aeris WIDEPORE C4 column by Phenomenex (150 mm
x 4.6 mm, 3.6 um particle size, 300 A porosity, Torrance, USA). The system used two
mobile phases. Hence, mobile phase A contained 0.1% trifluoroacetic acid (TFA) in ultra-
pure water and mobile phase B contained 0.1% trifluoroacetic acid (TFA) in acetonitrile
(ACN). Both TFA and ACN were supplied by Sigma—Aldrich (St. Louis, MO, USA). The
identification of the retention time was performed using commercially available B-CN
standard (Sigma-Aldrich, St. Louis, MO, USA). The retention time was recorded at 25.64
min and 26.84 min for B-CN-A1 and B-CN-A2, respectively as reported in the previous
literature (Daniloski et al., 2022). The identified genetic variants using HPLC are present
in Supplementary Figure 1.

2.3 Nuclear Magnetic Resonance (NMR)
The structure of the B-CN-Al and B-CN-A2 was further analysed using NMR by
employing Bruker Avance spectrometer (Bruker BioSpin GmbH, Rheinstetten,
Germany). The instrument operates at 600 MHz and for the analysis; TXI probe with z-
gradient was used. For proton NMR, 50 mg of each sample was diluted in 9:1 H.O:D>0
solution and the D20 was used to lock the signal. For 3C NMR 500 mg of each sample

was diluted in 9:1 H,0:D,0 solution. The samples were analysed using 1D *H and °C.
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The H proton spectra was recorded using 16 scans and 5 replications in the spectra width
of 9615 Hz. The 13C spectra was recorded using 256 scans and spectra width of 32679
Hz.

The processing of the spectra was performed using a TopSpin (version 4.0.6) software
(Bruker BioSpin). Thus, the baseline was corrected using gfill fid baseline mode, the FIDs
were corrected by line-broadening parameter (0.3 Hz) and the phase correction was
performed by 0" and 1 order correction for pk. The difference 13C NMR spectra between
spectra intensity was calculated by summing the intensity variation between the observed
spectra using TopSpin (version 4.0.6) software (Bruker BioSpin). The assignments of the
chemical shifts were achieved following the previous values in the literature and BMRB
files (Markoska et al., 2021a; Seavey, Farr, Westler & Markley, 1991).

2.4 Fourier Transform Infrared (FTIR) spectroscopy

The FTIR spectra was recorded using PerkinElmer Frontier FTIR spectrometer (Frontier
1, PerkinElmer, Boston, MA, USA). From each sample around 100 uL. were dropped on
a diamond attenuated total reflectance (ATR) cell. The background spectrum was
recorded before the start of the scanning of every sample. The spectra were recorded in a
spectral range of 4000-600 cm™ using 16 scans and spectral resolution of 4 cm™ and for
each sample 5 replications were recorded. The spectra was processed using a
Spectragryph software (version 1.2.15, Oberstdorf, Germany). Solvent spectrum was
recorded using ultra-pure water and was used for spectra subtraction in order to remove
the intense solvent signal (H20) in the samples. For identification of the structural
components, Amide | and Amide Il regions were used in the spectral range of 1600-1700
cm™and 1600-1500 cm™, respectively. Amide | represents the C=0 stretching vibrations
of the peptide bond (Carbonaro and Nucara, 2010). Amide Il is used to identify N-H
bending and C-N stretching vibrations in the peptide (Curley et al., 1998). Each spectrum
was processed by smoothing using Savitsky-Golay smoothing in polynomial order of 3
and 10 intervals and derivatization of each spectra was performed using 2" order of

derivative.

The peaks of the absorbance spectra were analysed in Origin Pro 2021 software (v. 95 E,
OriginLab Corporation, Northampton, MA, USA). For the Amide | and Il Savitzky—
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Golay smoothing was used and the baseline of averaged spectra from 10 individual
replications was subtracted. The variability of the spectra was corrected before averaging
each spectrum by calculated standard normal variates using the above-mentioned
software. The averaged absorbance spectra was analysed using nonlinear curve fit
(Gaussian distribution) to identify the peaks distribution in the Amide I and 1l region. The
curve fitting had regression of 0.995, 0.998, 0.999 and 0.997 for B-CN-AT1 at pH 6.7, B-
CN-A1 at pH 4.6, B-CN-A2 at pH 6.7 and B-CN-A2 at pH 4.6, respectively.

The differences in the structural components in regards to the genotype and pH were
further analysed using principal component analysis (PCA).The recorded spectra was
evaluated in Origin Pro 2021 software (v. 95 E, OriginLab Corporation, Northampton,
MA, USA). The principal components (PCs) generates information based on the
individual variance including pH and genotype by providing loading scores and loading
plot. The loading scores sort samples based on the variance into PC1 axis and PC2 axis,
however, the loading plot providing information of the structural differences based on the

groups in loading score. The PCA analysis was performed with 95 % confidence ellipse.

2.5 Raman spectroscopy

The caseins were analysed using an Alpha300 R confocal Raman microscope (WITec,
Ulm, Germany), equipped with ultrafast Raman imaging SSD camera and 532 nm laser.
The spectrum was collected with a laser with power of 40 mW in 20 accumulations and
1s integration time. For each sample 5 spectra were collected. The processing of the raw
spectra was performed using the correction function with cosmic ray removal (dynamic
factor of 8 and filter size of 3) and for the background substraction was used the shape
function (noise factor of 1 and shape size of 250).

The collected spectra were analysed using Origin Pro 2021 software (v. 95 E, OriginLab
Corporation, Northampton, MA, USA). Five replications of each sample were smoothed
using Savitzky—Golay smoothing and the baseline was subtracted. The variability of the
spectra were adjusted by calculated standard normal variates. The averaged absorbance
spectra of Amide | region (1600-1700 cm™) was analysed for peak distribution using
nonlinear curve fit (Gaussian distribution). The curve fitting resulted with regression of
0.998-0.999 for all observed samples.
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The possible differences in the structural components in regards to the pH or genotype
were analysed using principal component analysis (PCA), performed using Origin Pro
2021 software (v. 95 E, OriginLab Corporation, Northampton, MA, USA). The principal
components PC1 and PC2 provides information of the sample differences in regards to
the structure which results to individual groupings for samples or score plots along PC1
or PC2. The PCA analysis was performed with 95 % confidence ellipse.

2.6 Particle size

The size distribution of the samples was recorded using Zetasizer-Nano ZS (Malvern
Instruments, Malvern, UK). Samples were diluted in ultra-pure water in ratio of 1:100.
The refractive index was set up at 1.342 and 1.330 for B-casein and water, respectively.
The data was processed using a Dispersion Technology software (version 5, Malvern
Instruments). The particle size measurement was performed in five replications and every

measurement was comparable to auto-correlation function recorded over period of 40s.

2.7 Scanning electron microscopy (SEM)

The microstructure of the samples was analysed using Scanning Electron Microscope
(SEM) as described by Sah et al. (2016). Briefly, samples were snap-freeze in liquid
nitrogen and kept overnight at —80 °C and freeze dried. The freeze dried samples were
attached to aluminium SEM stub containing double-sided adhesive carbon tape and
attached on the electron microscope stubs. The samples were then coated with chromium
(K550X, Emitech, Ashford, UK). The collection of images was performed using Zeiss
Supra 40P field emission SEM (Carl Zeiss SMT Ltd., Cambridge, UK) at 2.00 kV. At
least 10 micrographs, collected at different random locations, were observed for each
sample. The magnification of 200x was used for collecting of the representative

micrographs. For each sample three replications were performed.

3. Results and discussion

3.1. Proton NMR (*H)
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The *H NMR spectra of the B-CN (A1 and A2) was used to observe specified regions in
order to confirm the major deviation in the chemical shift distributions. The region from
3.4 to 3.9 was excluded from the analysis due to interference of the lactose signal. The
BH and yH of pyrrolidine ring of proline appear at approximately 1.5-3.0 ppm (llla et al.,
2017; BRMB.io). The chemical shifts in this region in B-CN-Al casein had minor
differences in regards to pH change with downfield shift of the BH chemical shift (2.5-
2.8) when pH was changed from 6.7 to 4.6 (Figure 1 C,D). This deshielding was also
observed for the B-CN-A2, however, change of pH from 6.7 to 4.6 promoted intense
downfield shifting of the chemical shifts in the region 1.8-2.4 ppm with rearrangement
and loss of chemical shifts which were primary observed at pH 6.7 (Figure 1 A,B).
Moreover, in B-CN-A2 the presence of additional proline in the polypeptide chain can
play a crucial role in different structural behavior as a result of pH in comparison to -
CN-A1. The chemical shift of the BH and yH regions shows greater sensitivity resulted
by conformational transformations of the proline rich polypeptide chain (lvanova et al.,
2010).

<: B- and y- proline :>
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Figure 1. 'H NMR spectra (0-4 ppm) of B-CN-A2 at pH 6.7 (A), B-CN-A2 at pH 4.6 (B),
B-CN-A1 at pH 6.7 (C) and B-CN-A1 at pH 4.6 (D).
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The different genetic variants were successfully distinguished with doublet appearing at
approximately 3.15 ppm, which was assigned to BH of histidine (BRMB.io). This
chemical shift appears only in B-CN-Al generating unique distinguishing pattern for
detection of the genetic variant (Figure 1 C,D). The aromatic and amino regions in the *H
NMR spectra had crowded/overlapping chemical shift from multiple amino acids present

in the B-CN molecule and thus is not discussed in this work.

To further discriminate the differences between the samples, the PCA analysis was used
for *H NMR spectra (Figure 2). The loading score in Figure 2A represents the variance
of 61.0 % for PC1 and 27.7 % for PC2. PC1 separates f-CN-A1, while PC2 separates [3-
CN-A2, based on two pH levels. Moreover, the loading scores shown structural
differences present in the B-CNs governed by the pH value. The PCA loading plot did not
show any pattern of the loadings for the observed samples owing to the size of the spectra
and multiple overlapped proton chemical shifts from the 209 amino acids in the f-CN
molecule (Figure 2B). However, the PCA loading score revealed different grouping of

the B-CN samples due to variation of pH.
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Figure 2. PCA loading score (left) for f-CN-A1 pH 6.7 (red), p-CN-A1 pH 4.6 (black),
B-CN-A2 pH 6.7 (blue) and B-CN-A2 pH 4.6 (green).The loading plot (right).
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3.2 BCNMR

The chemical shifts of the 3C NMR signal have much weaker magnetic momentum than
the proton signal, owing to inherently much weaker 3C protons. The lower natural
abundance of 13C protons often results to difficulties in providing reasonable resonance
frequency. The major chemical shifts observed in the 3C NMR spectra were of the
protein backbone (50-80 ppm) (Silverstein and Bassler, 1962). The aromatic region (>100
ppm) has shown only one chemical shift at 103 ppm (Figure 3). The 2*C NMR spectra of
both B-caseins (Al and A2) at pH 4.6 and 6.7 are shown in Figure 3. The major difference
in the spectra was observed in the chemical shift intensity resulted from pH alteration.
Thus, for both B-CN samples (Al and A2) when pH was lowered from 6.7 to 4.6 the
chemical shift intensity was essentially reduced. It is generally known that the intensity
of the chemical shifts is directly related to the population of the species (Kleckner et al.,
2011). Moreover, the decrease of the chemical shift intensity arises from changes in the
local dynamics and structural changes (Dong et al., 2017). The difference between the
spectra at pH 6.7 and pH 4.7 was calculated and new spectra difference was generated for
both B-CN (Al and A2) (Supplementary Figure 2). The integrated chemical shift intensity
shown that the carbons from B-CN-AL1 are more affected of the pH drop than the carbons
from B-CN-A2. Moreover, the chemical shift intensity of the calculated spectra difference
resulted from pH effect was 20-50 % higher in B-CN-A1. At pH 4.6 the B-CN molecule
is electrically neutral and insoluble leading to aggregation (Huppertz, 2012). This
confirms that as a result of pH changes f-CN-Al promotes more intense structural

dynamics in comparison to 3-CN-A2.
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Figure 3. 23C NMR of B-CN-A2 at pH 6.7 (A), B-CN-A2 at pH 4.6 (B), B-CN-AL1 at pH
6.7 (C) and B-CN-AL1 at pH 4.6 (D).

3.3 Fourier Transform Infrared spectroscopy (FTIR)

The FTIR spectroscopy was used for to observe the presence of variations in the
secondary structure of B-CN based on the pH and genetic variants. The C=0 stretching
vibrations for Amide 1 (1600-1700 cm™) and C-N stretching and NH bending for Amide
Il region (1500-1600 cm™) were selected for analysis of the structural components in -
CN (Carbonaro & Nucara, 2010; Curley et al., 1998). For better peak identification the

spectra were curve fitted and shown in Figure 4.
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Figure 4. Deconvoluted FTIR spectra in the Amide I and II region of B-CN-AL at pH 6.7
(A), B-CN-AT1 at pH 4.6 (B), B-CN-A2 at pH 6.7 (C) and B-CN-A2 at pH 4.6 (D).

In Amide | region the conformational changes were observed in the variations of peak
intensities for the aggregated B-sheets (1700-1680 cm™), B-turns (1660-1670 cm™), a-
helix (1650-1655 cm™), random structures (1645 cm™) and B-sheets (1620-1635 cm™)
(Kher et al., 2007). The peak assignment in Amide Il region was for turns (1578-1555
cm™?), a-helix (1555-1543 cm™) and B-sheets (1542-1525 cmt). The purpose of selection
of Amide Il region was to provide better fit of Amide I. The spectra absorbance for both
B-CN-A1 and B-CN-A2 increased when pH was reduced from 6.7 to 4.6, which was more
intensified for f-CN-AL.

In Amide I region of B-CN-A1 at pH 6.7 major peaks were observed at 1635 cm™ and
1670 cm™ corresponding to B-sheets and B-turns, respectively (Figure 4A). Minor peaks
were present at 1640 cm™ and 1650 cm™ showing presence of random coil and a-helix,

respectively. When pH was changed to 4.6 the a-helix at 1650 cm™ was lost and agregated
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B-sheets at 1980 cm™ appeared (Figure 4B). Hence, at pH 4.6, p-CN-Al1 molecule
promoted aggregation which is expected owing to be the isoelectric point of the casein
(Huppertz, 2012). In regard to the Amide II region of the p-CN-A1 at pH 6.7 the major
peaks were observed at 1525 cm™, 1545 cm™, and 1575 cm™, corresponding to B-sheet,
a-helix and turns, respectively. When pH was altered to 4.6 the peak at 1575 cm™ (turns)
was split into two peaks showing presence of new turn structures that can be part of the

protein aggregation as observed in Amide | region.

The B-CN-A2 shown completely different pattern of the structural components in the
Amide | region (Figure 4C, D). In the Amide region the B-CN-A2 at pH 6.7 had one
massive peak at 1670 cm™ (B-turns) and smaller peaks at 1630 cm™ (B-sheets), 1645 cm®
(random coils) and 1685 cm™(aggregated B-sheets). Thus, no o-helix was observed,
however natural aggregated B-sheet structures were present in the molecule. The change
of pH to 4.6 (Figure 4D) resulted in high amount of random structures (1645 cm™)
initiated by high volume of aggregated B-sheets. In addition, small peaks were observed
for B-sheets (1630 cm™) and turns (1660 cm™). The structure of B-CN-A2 was drastically
transformed with pH lowered close to its isoelectric point confirming high amount of
irregular/random aggregations. The peak at 1645 cm™ or the random coil as observed in
this work was previously assigned for polyproline Il structures (PPII) (Farrell Jr et al.,
2001). Moreover, it was previously predicted that 3-CN-A2 variant promotes formation
of PPII structures that is in agreement with our study (Raynes et al 2015). However, in
this work it can be observed that the presence of PPII structures is greatly dependent on
pH of the solution, which is crucial part of the milk processing and thus important in
understanding coagulation differences between Al and A2 milk. The Amide Il region is
in agreement with the Amide I spectra for the f-CN-A2 at pH 6.7 (Figure 4C). Thus, the
two peaks at 1578 cm™ and 1560 cm™ confirm high amount of turns present in the
molecule. The peaks at 1525 cm™ and 1540 cm™ confirms presence of B-sheets, and these
two peaks can be related to presence of two forms of B-sheets. At pH 4.6, the f-CN-A2
molecule in the Amide 11 region has shown presence of three peaks at 1525 cm™, 1548
cm? and 1560 cm™. Moreover, the spectral restructuring has shown that major
components affected by the pH lowering to 4.6 for f-CN-A2 were B-sheets and B-turns,

which were mainly involved in aggregation as observed in Amide | region.
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Principal components analysis was used to identify how distinctive these samples are in
regards to the secondary structural components in Amide | and Il regions. In
Supplementary Figure 3A, the PC loading scores are presented showing 96.9 % variance
for PC1 and 2.2% variance for PC2. The separation of the samples was based on the pH.
Hence, PC1 discriminated samples at pH 6.7 from the samples at pH 4.6 regardless of the
genotype. The pH adjustment had major impact on the structural orientation of the
molecules. In the spectral loading plot (Supplementary Figure 3B), the PC1 loading
spectra have shown only a presence of loadings at approximately 1685-1700 cm™ for -
CN (Al and A2) at pH 4.6. Moreover, the presence of aggregaton for samples at pH 4.6
was clearly identifyed by the PC1 loading plot. The PC2 loading plot did not show a
significant variance to discriminate samples based on the observed variabilities. The
distribution of the loadings used for the PCA analysis is shown in Supplementary Figure
3 C. The loadings confirm presence of defined structural components in the positive end
of the PC1 loading score which is for the samples at pH 6.7.

3.4 Raman spectroscopy

The deconvoluted Raman spectrum fitted with Gaussian components in Amide | region
(1600-1700 cm™) of B-CN samples is shown in Figure 5. The band assignments were
performed accordingly to the pervious literature (Byler et al., 1988: Kuhar et al., 2021).
Thus, the observed structural features were aromatic side chains (1600-1620 cm™), -
sheet (1630-1633 cm™), random coil (~1640 cm™), a-helix (1646-1655 cm™), unspecified
or turns structures (1661 cm™), B-sheet (1668-1675 cm™) and turns (1980-1700 cm™). In
Figure 5A, the bands of the Raman spectrum are shown for B-CN-Al at pH 6.7. The
observed peaks were at 1615 cm™, 1630 cm™, 1650 cm™, 1660 cm™,1680 and 1690 cm'*
corresponding to side chains, B-sheets, a-helix, turns, B-sheets and second set of turns,

respectively.
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Figure 5. Deconvoluted Raman spectra in the Amide I and II region of B-CN-Al at pH
6.7 (A), B-CN-A1 at pH 4.6 (B), B-CN-A2 at pH 6.7 (C) and 3-CN-A2 at pH 4.6 (D).

Moreover, the B-CN-A1 at pH 6.7 had clearly defined structural features. When pH was
reduced to 4.6 the secondary structure rearranged as shown in Figure 5B. The present
bands were at 1610 cm™, 1635 cm™, 1650 cm™,1672 cm™, and 1689 cm™ related to
aromatic side chains, B-sheets, a-helix, B-sheets and turns, respectively. Hence, pH
change from 6.7 to 4.6 affected the a-helix by decrease of peak absorbance, in the same
time the B-sheets located at 1678 cm™ promoted band increase. The pH change resulted
in the formation of new [-sheet components which are probably result of aggregation
behavior of B-CN-A1 at this pH level.

The Raman spectrum of B-CN-A2 at pH 6.7 is shown in Figure 5C. In the deconvoluted
spectrum, four major peaks were observed including 1610 cm™, 1638 cm™, 1670 cm™,
and 1685 cm assigned to side chains, random coils, B-sheets and turns, respectively. In

Raman spectra and as previously observed in FTIR spectra results for f-CN-A2 at pH
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6.7, the a-helix was not present in the molecule, however, high amount of B-sheets and

random coil were dominating.

When pH was altered to 4.6 in B-CN-A2, the observed bands were at 1610 cm™, 1640
cm?, 1670 cm™, 1682 cm™, and 1695 cm™ corresponding to aromatic side chains, random
coils, B-sheets and two sets of turns, respectively. The broad peak at 1640 cm™ was around
half of the sum of all peaks in the Amide I region. Thus, the random structures were
dominant in B-CN-A2 at pH 6.7 coupled with two sets of turns. The high present of
random coils for f-CN-A2 at pH 4.6 was also observed by FTIR spectra. The observed
random structures in this part of the spectra (1638-1645 cm™) can also relate to presence
of polyproline |1 structures (PPII) (Lazarev et al., 1985). Both caseins formed different
types of aggregates at pH 4.6, which for BCN-A1 was observed to be aggregated B-sheets
and a-helix, however for B-CN-A2 the aggregated features had a random coil (PPI1I helix)
distribution. The great amount of PPII in B-CN-A2 was previously confirmed in other
studies (Raynes et al., 2015).

The PCA analysis separated the samples based on the observed variants (Supplementary
Figure 4A and B). In the loading plot, the PC1 shows variance of 61.5 % and sort out the
samples along the PC1 axis based on the pH value. Moreover, B-CN (Al and A2) at pH
6.7 formed individual groups on the positive side of the PC1 axis and B-CN (Al and A2)
with pH 4.5 shown grouping on the negative side of the PC1 axis. The PC2 axis showed
variance of 19.9 % and separated the samples based on pH. The PC1 loading plot
(Supplementary Figure 4B) did not show significant peak distribution related to the
individual groups of the PCA score. Moreover, the low variance for both PC1 and PC2
did not confirm significant differences between the groups along the PC1 and PC2 axis
and thus these are not discussed.

3.5 Particle size and microstructure of the particles

The size of the B-CNs particles was observed to confirm how the size of the molecules
was affected in regards to the pH effect and genetic variant (Figure 6). Under the native
conditions as found in the milk (pH is 6.7), the free B-CNs (not in a micellar state) have
different particle size for f-CN-A1 and B-CN-A2. The B-CN in milk have tendency to
self-associate (Huppertz, 2013) and form random particles of different sizes. For B-CN-
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A2 these particles are bigger than those consisting of f-CN-Al. The pH of 4.6 is the
isoelectric point of B-CN and under these conditions, the B-CN is expected to promote
aggregation, which would affect the primary structure of the molecule and lead to
reformation of the particles (Anema et al., 2004). Hence, at pH 4.6 it was observed that
the size of the B-CN for both genetic variants (Al and A2) was reduced more than three
times than that under the native conditions (pH 6.7). The trend was the same for both

genetic variants.

Size (nm)

hL

Il

Al pH 4.6 A2 pH 4.6

Figure 6. Particle size (nm) of B-CN molecule from Al and A2 genetic variant and pH of
4.6 and 6.7.

The results from scanning electron microscopy (SEM) have shown differences between
the morphology of B-CN from variant A1 and A2 and when the pH was reduced from 6.7
to 4.6. At pH 6.7 the microstructure of B-CN-Al shows a compact protein network
surrounded by small pores (Figure 7A). However, the B-CN-A2 at pH 6.7 shown to have
more open protein network distribution enclosed with huge pores (Figure 7C). The pH
alteration to 4.6 had significant impact on protein network appearance. Hence, B-CN-Al
formed stiff aggregates with small pores and thin strands (Figure 7B). The B-CN-A2 at

pH 4.6 formed open network with large empty cavities.
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Figure 7. Scanning electron microscopy presenting the microstructure of f-CN-Al at
pH 6.7 (A), B-CN-A1 at pH 4.6 (B), B-CN-A2 at pH 6.7 (C) and B-CN-A2 at pH 4.6.

The magnification of images is 200x and scale bar represents 100um.

The acid-induced aggregates for Al milk was observed to be dense and more
homogeneous in comparison to A2 milk, which exhibit coarse aggregates with large water
holding cavities (Daniloski et al., 2022). Similarly, in yoghurt produced from A2 milk
the existence of highly porous gels with thinner protein strands was observed resulting in
lower gel strength in comparison to A1 milk gels (Nguyen et al., 2018). Our work is in
agreement with the expected coagulation differences existing between Al and A2
genotype. However, 3-CN-A2 at pH 6.7 (which is native pH of milk) was found to exist
in large aggregated structures and more open network compared to f-CN-Al. Moreover,
before even the aggregation happens the B-CNs from Al and A2 genotype exist in
different structural state. Therefore, we can confirm that the acid induced coagulation
differences that exist between Al and A2 milk are primarily guided by the structural

differences in native 3-CN molecule.
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The observed structural differences and coagulation properties of both genetic variants
can affect several characteristics of the final products including texture, melting,
elasticity, stretching and many more. The observed aggregates in the B-casein before
aggregation affects the formation of the desired gels for productions of milk products as
cheese and yogurt. Moreover, not only the quality of the product is affected by the
differences in the formed gels between the both variants but also variations in yield and

shelf life would be expected.

4. Conclusion

In this work, it was observed how the B-CN-A1 and B-CN-A2 differ in regards to the
structural characteristics at pH of 6.7 and 4.6. Moreover, the selected pH is crucial for the
native conditions in which the caseins are found in milk (pH 6.7) and conditions that are
used for milk coagulation while producing fermented milk products (pH 4.6). The
combination of the methods used in this study successfully discriminated the structural
differences between B-CN-Al and B-CN-A2 samples. FTIR and Raman spectroscopy
presented existence of different structural components for both genotypes regardless the
pH. The microstructure and the size of the particles determined the protein network
distribution and its size. The open and porous network in native and aggregated 3-CN-A2
was due to presence of irregular structures and high presence of PPIl. Moreover, the
aggregation because of pH was more intensified for p-CN-A1 as observed in 3C NMR
spectra and resulted with aggregated B-sheets that build up dense protein network. The
findings in this study assist in understanding the impact of -CN for both genotypes (Al
and A2) on the coagulation properties of A1 and A2 milk. Moreover, this study for the
first time reveals the structural differences of both f-CN-A1 and B-CN-A2 in conditions
in which these caseins are found in milk and while coagulated for yoghurt or cheese

production.
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Supplementary material for: “Diversities between B-CN from Al and A2 milk in
regards to the pH and genetic alternative*
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Figure S1. RP-HPLC chromatographic profile for detection of B-CN variant. The dotted
peak at 26.84 min is assigned to A2 -CN and the full line peak at 25.64 min is assigned
to Al B-CN.
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Figure S2. 13C NMR spectra calculated differences between p-CN-A2 at pH 6.7 and 4.6
(A) and spectra difference of B-CN-A1 at pH 6.7 and 4.6 (B)
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Figure S3. Principal component analysis of Amide I and Il for FTIR spectra. In the score plot (A) the scores in black are for B-CN-A1 at pH 4.6,
in red B-CN-A1 at pH 6.7, in blue B-CN-A2 at pH 6.7 and in green B-CN-A2 at pH 4.6; The loading plot spectra for PC1 and PC2 is shown in B:
The distribution of the loadings is presented in C.
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Figure S4. Principal component analysis of the second derivative of Amide | for Raman spectra. In the score plot (A) the scores in black are for
B-CN-A1 at pH 4.6, in red B-CN-A1 at pH 6.7, in blue B-CN-A2 at pH 6.7 and in green B-CN-A2 at pH 4.6; The loading plot spectra for PC1
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CHAPTER 7: Conclusions and future directions
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7.1 Overall conclusions

Understanding the structural changes of milk proteins during processing is essential for
securing high quality control during milk manufacturing. Moreover, the structure of milk
proteins can also affect the digestibility and hence liberalization of opioid peptides in the
human gut. Nuclear Magnetic Resonance (NMR) and Fourier Transform Infrared (FTIR)
spectroscopy as advanced analytical tools have contributed significantly in bringing a
new knowledge to the dairy science. Moreover, NMR can provide greater understanding
at a molecular level by identifying the position of individual protons. This observation
can assist in understanding the possible isomerisms, binding affinities and conformational
orientations at a molecular level. On the other hand, FTIR offers insights into secondary
structure orientation by identifying presence of defined structures including a-helix, -
sheets or turns. The combination of these two analytical tools can successfully provide
deep knowledge of structural characteristics of milk components under native and

modified conditions.

The BCM7 as most present opioid peptide liberated from Al and/or A2 [-casein is
characterised with different cis-trans isomerism as a result of different pH environments
presenting predominant trans conformers and increase of cis isomerism at pH 6.7. The
structural changes were observed to be dominant and distinguishing at Gly®-Pro® bond.
The enzymes that cleave large molecules into smaller fragments can have different
activity depending on the pH environment and availability of the free peptide bonds. The
activity and the occurrence of free BCMs in the human body can be strongly dependent
on the cis-trans isomerism of X-Pro. The isomerism of the X-Pro bond can have great
effect on peptide folding and conformations and thus can affect protein function and
biological pathway. BCM7 peptide is predominately found released during digestion of
Al B-casein variant. The preferred enzyme hydrolysis of f-casein Al variant can be due
to different isomeric form of BCM7 when found in the f-casein molecule compare to -
casein from A2 variant. Hence, analysing larger peptides containing the distinguishing
pattern of Al and A2 B-casein (BCM11) can better individualise the main structural

differences of the peptides and their effect on milk processing.
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The BCMI11 from Al B-casein have more flexible and loose conformation. This
flexibility appears to be due tautomeric behaviour of His® (imidazole ring) governed by
pH and temperature variations. The lle’-His® bond had high exposure to the solvent.
However, the BCM11 from A2 B-casein have more packed structure whereas the lle’-
Pro®is closed in the internal structure of the molecule. The imidazole from His® at high
pH and temperature variations had rapid proton exchangeability with the water or was
involved in hydrogen bonding. Thus, the imidazole ring of His from BCM11 from Al -
casein has unstable conformation in regards to pH and temperature changes compared to
BCM11-A2 peptide. The cis-trans isomerism has shown rapid exchangeability between
cis and trans isomers due to high flexibility. Moreover, the trans isomers were dominant
for BCM11 from A2 B-casein and cis for BCM11 from A1 B-casein. The conformational
properties of BCM11 are important for the enzyme affinity and accessibility for peptide
bond cleavage that is found to be the major factor in the discussions for the health benefits
of A1/A2 milk.

Both pH and temperature variations are crucial factors in milk processing and human
digestion. For B-casein, temperature of 4 °C promotes lowering of hydrophobicity and
molecular unfolding to the native conformers and thus dissociation of the monomers from
the casein micelle. The FTIR spectroscopy depicted the restructuring of the p-casein by
confirming great presence of random coils at 4 °C at the expense of the a-helical structure.
The increase of pH to neutral had large effect on the monomer transition. Both NMR and
FTIR spectroscopy detected structural transition of f-casein when pH and temperature
were modified confirming high structural flexibility of the molecule. The structural
differences of A1 and A2 B-casein leads to formation of strong and compact gels for Al
B-casein and gels with open and porous network for A2 B-casein. The variations in the
gel formation was also shown by larger particles observed in A2 B-casein compared to
A1 B-casein. The structural distribution of A1 and A2 (-casein variants can be a crucial
factor in detecting the processing differences occurring when dealing with Al and A2
milk. This includes lower aggregation properties of A2 milk compared to A1 milk. The
structural differences of A1 and A2 B-casein are the major factor that contribute to lower
favourability of A2 milk in production of cheese and yoghurt for industries.

NMR, FTIR and Raman spectroscopy revealed existence of different structural
components for both genotypes regardless of the pH. Thus, these genotypes adapt a
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secondary structure that further is affected by the processing conditions in different
manners and thus resulting in products with distinctive properties. The protein
microstructure of B-casein from Al milk adapts compactly build protein network, which
when coagulated reforms dense gels. On the other hand, the B-casein from A2 milk have
native aggregates with open structure and large cavities. When coagulated the protein
network is composed of irregular gels with massive pores. The findings are crucial for

understanding the coagulation properties of Al and A2 milk.

The combination of spectroscopic tools and chemometrics provided valuable information
for identifying the major structural variations between Al and A2 B-casein and its
fragments. The combination of the studies in this project led to significant outcome by
detecting the structural variations and molecular transition of f-casein from Al and A2
milk or its fragments confirming that the genotype has major impact on the structure and
thus coagulation properties of these molecules. Moreover, one amino acid (Pro or His)
was shown to have substantial effect on different coagulation properties of Al and A2

milk.

7.2 Future perspective

The Al and A2 milk genotypes are becoming highly important topic in the market and
research. Thus, the differences in the technological and health implications of both
genotypes leads to different favourability for industries and consumers. The proven
technological issues in production of milk products including cheese and yogurt for A2
genotype is highly unfavourable for dairy industry. However, from consumer aspect A2
was observed to be more beneficial for human health and thus more desired milk variant
on the market. In order to comply with both requirements (industry and consumers) the
alternative solutions can be found by understanding the basic molecular differences that
makes these genetic variants so unique and distinctive. Since -casein is the major factor
that makes the Al and A2 milk to have different technological properties, its structural
adaptability should be considered as factor for adaptability of both genetic variants to
industry and consumer needs. Thus, by knowing the structure of the B-casein and B-

casomorphins can assist in providing possible solutions in reducing the release of opioid

174



peptides during digestions and improving the coagulation properties of 3-casein that is
dependant of the genotype. Future studies are needed to investigate in finding alternative
approach in formation of more compact gels for A2 milk genotype and in controlling the

enzymatic cleavage of Ile-His peptide bond in A1 B-casein.

In the present study, only a few conditions were selected to observe the structural
transitioning of peptides and B-casein from Al and A2 genotype. Hence, the selected
conditions were used to imitate the native conditions in which B-casein is found in milk
and conditions that are primarily used for milk processing and/or human digestion. Even
though the obtained study conceive vital information of the major differences between
the A1 and A2 B-casein genotype it will be worthwhile to observe how the B-casein or it
smaller fragments (p-casomorphins) will behave in the presence of enzymes. Hence, the
observed differences in the bond accessibility and thus possible different level of peptide
cleavage can be clearly identified if both B-caseins and their fragments are introduced

with enzymatic reaction.

The methodology used in this study successfully identified transitional changes in the
structure of B-casein from Al and A2 milk. However, the methodology used in this work
cannot be completely comparable to the complex digestive system in the human body and
the processing conditions applied on the milk systems during production of fermented
milk products. Moreover, obtaining comprehensive knowledge on -casein aggregation
during in vivo digestion and/or milk processing in industry scale would further identify
the structural behaviour of this casein from both genotypes (Al and A2). This will include
employment of different digestive enzymes to interact with the protein and induce in vivo
digestion. The involvement of enzymes will aim to simulate human digestion process.
This will include pepsin and pancreatic to observe the hydrolysis and the level of soluble
protein fragments or free amino acids. Additionally, involvement of trypsin,
chymotrypsin, peptidase and pronase would be valuable to observe the hydrolysis of the
proteins and observe each step of the enzymatic reaction similarly as gastro-intestinal

digestion.
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