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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 β-casein. In the recent years, the difference in the 

genetic variants of β-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 β-casein 

milk variants are A1 and A2 milk. The difference between these variants is in the amino acid 

position 67 in the β-casein polypeptide chain with histidine in A1 milk and proline in A2 milk. 

Concerning the milk processing, A1 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 A1 β-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 β-casein into 

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

The most common peptides are BCM5, BCM7, BCM11 and BCM15. The most studied peptide to 

date is BCM7 that have been characterised to have opioid activity by binding to the μ-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 A1 and A2 β casein is BCM11. 

BCM11 from A1 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 β casein molecule originating from A1 or A2 milk. 
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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 A1 β-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 β-casein. The proline in position 67 in A2 β-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 β-casomorphin peptides can be pH dependent.  

The effect of the temperature and pH on the β-casein molecule was observed to have large effect 

on the secondary structure of the molecule. The findings confirmed loss of well defined structural 

components (α-helix) and formation of random structures when pH was increased to neutral and 

temperature lowered to 4 ᵒC. 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 β-casein genotype. β-Casein from A1 

and A2 milk adapt different conformational states. Hence, β-casein from A2 have open and porous 

protein network with native aggregated β-sheets, however, β-casein from A1 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 β-casein and more 

dense aggregated β-sheets in A1 β-casein.  Observing the structural features of the peptides and β-

casein can assist in understanding the reasons for their specific behaviour during milk processing 

or human digestion.  
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CHAPTER 1: Introduction 
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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 

αs1-, αs2-, β- and κ-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 A1 and A2 milk. The difference between 

these genotypes is in one amino acid in the polypeptide sequence of β-casein. Thus, β-casein 

from A1 milk have histidine in position 67 and  β-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 

β-casein in A1 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 A1 milk. The variations in the 

coagulation properties of these two genotypes is attributed to the presence of different amino 
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acid in the polypeptide chain for β-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 β-casein compared to A2 β-casein (Sebastiani et al., 2020; Daniloski et al., 2022b). The 

disturbed digestion results with enzymatic hydrolysis of the β-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 β-casomorphins (BCMs). The fragmentation of BCMs from the β-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 μ-receptors in the digestive, immune and nervous 

system (Daniloski et al., 2021). The release of these peptides from β-casein molecule was 

observed to be more dominant for A1 β-casein type, however, some release was also observed 

for A2 β-casein genotype (Asledottir et al., 2019; Cieślińska 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 β-casein and some peptides behave in conditions that are crucial for digestion and milk 

processing. Moreover, different release level for peptides from A1 and A2 β-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 β-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 β-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=O 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 (Wüthrich, 1986). The existing 

studies in literature focus in observing the secondary structure components on β-casein molecule 

and N terminal of its polypeptide chain. However, no study exist on the conformational 
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transition of β-casein under conditions that are critical for milk processing and/or to determine 

the structure of the β-casein molecule or its fragments that are important for different processing 

behaviour of A1 and A2 genotype.  

1.2 Research aim and objectives  

 

The primary aim of this study is to identify the main structural differences of β-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: 

 To determine the structural behaviour of β-casomorphin 7 (BCM7) when introduced to 

conditions important for milk processing and/or digestion. BCM7 is the principal 

casomorphin released from β-casein polypeptide and main factor for possible release of 

smaller opioid peptides that have negative effect on human health. 

 To investigate how the structure of β-casomorphin 11 from A1 and A2 milk will change 

when treated under similar processing conditions. BCM11 is the distinctive peptide that 

have one amino acid that signature A1 or A2 β-casein. 

 To determine the structural transition of β-casein when treated in conditions similar to 

milk processing and/or digestion.  

 To examine the structural characteristic of β-casein isolated from A1 and A2 milk and 

track the structural transition in regards to pH with aim to confirm the different 

coagulation properties of these genotypes in A1 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 



    
 

  5 

determine the effect of genotype and conditions on the structural components. Chapter 5 

concerns the structural behaviour of β-casein in defined conditions. Chapter 6 explains structural 

transition of β-casein molecule form A1 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  
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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 β-lactoglobulin 

(β-LG), α-lactalbumin (α-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 β-LG and α-

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 αs1-, αs2, 

β- and κ-casein (CN). In bovine milk these individual caseins are present in ratio of 
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4.0:1.0:3.5:1.5 for αs1-, αs2-, β- and κ-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)) 

 

 

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 αs1-CN and 

four β-CN and either one αs2-CN or one κ-CN (Kumosinski et al., 1994; Farrell et al., 2003). 

Moreover, the caseins are known to be highly phosphorylated with four phosphorylation centres 

for αs1-CN, two for β-CN and two for αs2-CN (Huppertz, 2013). The phosphorylation sites are 

crucial for interaction with calcium phosphate nanoclusters and stabilisation of the casein 

 
Total residues 

Aromatic 

residues 
pI 

Molecular 

mass (Da) 

αs1-CN 199 20 4.42 26 599 

αs2-CN 207 20 4.95 25 206 

β-CN 209 14 4.65 23 973 

κ-CN 169 14 5.60 19 052 
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micelles. The surface of the casein micelles is stabilised by κ-CN (Huppertz, 2013). Thus, it 

would be expected that the casein particles that are located at the surface of the micelles have 

predominately κ-CN rather than αs2-CN, which would mean that the αs2-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 α-

LA and β-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 (Lübke 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 
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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 α-helix, β-sheets, turns and 

polyproline II 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) 

 αs1-CN αs2-CN β-CN κ-CN 

β-Sheet  49-58 27-37 15-33 25-36 

α- helix  3-5 24-32 7-25 12-17 

Turns    22-31 24-31 20-30 25-28 

Unspecified/random and/or PPII 

structures  

8-23 9-22 20-25 23-24 

 

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. MgSO4, 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 αs1-CN, A, B, C, and D for αs2-CN, A1, A2, A3, A4, 

B, C, D, E, F, G, H1, H2, I, J and K for β-CN and A, B, B2, C, E, F1, F2, G1, G2, H, I and J for 

κ-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 A1 and A2 β-CN genetic variants 

 

The genetic polymorphism of β-CN was identified for the first time in Bos genus in the 

20th 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 A1, A2, A3 and A4 

(Peterson and Kopfler, 1966; Chung et al., 1995). The β-CN genetic polymorphism is most 

investigated in research and industry (Daniloski et al., 2021a). The primal genotype in β-CN is 

known to be A2 from which A1 is developed as mutant through natural selection. The A1 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 β-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 β-CN is in a single amino 
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acid in the position 67 of the polypeptide chan. More accurately, in A1 β-CN this position is 

occupied by histidine and in A2 β-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 

β-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 II (PPII) secondary structures (Brown, and Zondlo, 2012). 

Thus, the structural dynamic of the β-CN and the self-assembly behaviour can be further 

promoted in A2 β-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 PPII conformational 

structures resulted in the proline and glutamine rich regions (Daniloski et al., 2022b, 2022c; 

Syme et al., 2002). The involvement of β-CN in structural motif can be owned to its high 

hydrophobic nature (Huppertz et al., 2018). The C terminal (41-209) of β-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 β-CN are initiators of the PPII conformational motifs. In presence of other caseins, 

the involvement of β-CN into hydrophobic interactions would be more intensified 

predominately due the self-association behaviour of β-CN.  The presence of additional proline 

in the A2 β-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 β-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 

β-CN (Huppertz, 2013; Dalgleish and Corredig, 2012). The β-CN have tendency to self-

assemble due to the amphiphilic properties by comprising into structures with 15-60 β-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 β-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 β-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 β-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 A1 

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 A1 and A2 milk is the 

formation of foam and emulsions. Since β-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 β-CN from A2 milk has greater emulsion properties than β-CN from A1 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 β-Casomorphins (BCMs) 

 

Notwithstanding the differences in the A1 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; Jarmołowska et al., 2007). Moreover, 

in the gastrointestinal system the enzymes hydrolyse the β-CN into smaller peptides or free 

amino acids. The liberated peptides known as β-casomorphins (BCMs) were found to have 

opioid activity since they can bind to the μ-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 β-CN molecule (A1 or A2 are shown in 

Table 3). 

The BCMs react with the μ-opioid receptor and are degraded by dipeptidyl peptidase IV 

(DPPIV) that appears to be the main degrading enzyme of BCM7 (Jarmołowska 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 (Cieślińska 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 (Jarmołowska et al., 

2007; Cieślińska 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 A1 and A2 milk 

Peptide Structure 
Location in 

β-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-Ile 60-66 

BCM-8 (A2 β-CN) Tyr-Pro-Phe-Pro-Gly-Pro-Ile-Pro 60-67 

BCM-8 (A1 β-CN) Tyr-Pro-Phe-Pro-Gly-Pro-Ile-His 60-67 

BCM-11 (A2 β-CN) Tyr-Pro-Phe-Pro-Gly-Pro-Ile-Pro-Asn-Ser-Leu 60-70 

BCM-11 (A1 β-CN) Tyr-Pro-Phe-Pro-Gly-Pro-Ile-His-Asn-Ser-Leu 60-70 
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The liberalization of BCM was found to be predominant from A1 β-CN variant 

compared to the A2 β-CN variant (Cieślińska et al., 2007; Asledottir et al., 2019; Lambers et 

al., 2021; De Poi et al., 2020). The greater amount of released BCM from A1 milk can be a 

result of different structural arrangement of the β-CN molecule from A1 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 β-CN, respectively can be important factor 

for bond accessibility for yielding BCM7.  

 

2A.5.1 Impact of structure of BCMs on functional and biological properties of milk 

 

The BCMs isolated from β-CN molecule exhibit opioid-like activity in the human body 

with affinity for the μ-receptors. The structural orientation of the peptides can have significant 

effect on accessibility of the active sites of the peptides to react with the μ-receptors. The opioid 

activity is confirmed in the three amino acids of the N terminal of the fragments released from 

β-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 µ-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 BCM5 (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 μ-receptors (Wilkes and Schiller, 

1990; Delaet et al., 1991).  

The BCM7 (Tyr-Pro-Phe-Pro-Gly-Pro-Ile) peptide was observed to be most prominent 

opioid peptide liberated from either A1 or A2 β-CN (De Noni, Stuknytė and Cattaneo, 2015). 

The information of the structure of BCM7 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 βCN 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 A1 and A2 β-CN is BCM11 (Tyr-Pro-Phe-Pro-Gly-Pro-Ile-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 A1 or A2 β-CN.  

 

 

2A.6 Conclusion 

 

β-CN is principal casein responsible for the technological and digestive differences 

existing between A1 and A2 milk. The secondary structure of β-CN and liberated β-

casomorphins can be key factor to uncover the long lasting dilemma about preferences for A1 

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 

β-CN and/or its fragments from A1 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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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 A1 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 (αs-CN and β-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.  

 

Figure 1. Diagram of interferometer 



   
 

  52 

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-1 and 

4000-600 cm-1, 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-1. 

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; Iñón 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-1) 

Amide A N-H, O-H stretching  3700 – 3000 cm-1 

Amide B N-H stretching; CH2 asymmetric 

stretch 

3000 – 2800 cm-1 

Amide I C=O stretching 1700 – 1600 cm-1 

Amide II C-N stretching, N-H bending 1600 – 1500 cm-1 

Amide III C-N stretching; N-H bending 1500 – 1200 cm-1 

Amide IV O-C-N bending 767 – 625 cm-1 

Amide V Out-of-plane N-H bending 800 – 640 cm-1 

Amide VI Out-of-plane C=O bending 600 – 500 cm-1 

Amide VII Skeletal torsion 200 cm-1 

 

For structural studies of milk proteins, the most observed regions are Amide I, II 

and III. 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 I include bands at 1645 cm-1 (α-helix), 1633 and 1682 cm-1 

(intramolecular/antipallarel  β-sheets), 1625 cm- 1(intermolecular/ parallel β-sheets), 1673 

cm-1 (turns) and 1645 cm-1 (random coil) (Grewal et al., 2017; Carbonaro and Nucara, 

2010; Pelton and McLean, 2000). The absorption in Amide I regions is a result of the 

stretching of the peptide bond (C=O) of the protein. The Amide II 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-1 (antiparallel β-sheets) and 

1540 cm-1 (parallel β-sheets) (Pelton and McLean, 2000). In addition, in Amide II 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 III 

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 α-helix, β-sheets and unordered 

structures (1328 – 1289 cm-1, 1255-1224 cm-1 and 1288-1256 cm-1, respectively) (Grewal 

et al., 2017). The common problem that arise on FTIR analysis on milk is the water signal 

appearing at 1645 cm-1, 2125 cm-1 and 3400 cm-1 (Yang et al., 2015). The water signal 

overlap with the absorption of the bands in Amide I 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. 

𝐸0(𝜈) =
σ/π

𝜎2 + 𝜈2                                                           [1] 

Where 𝐸0(𝜈) is the intrinsic line shape function of the spectrum 𝐸(ν) and σ 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 = (
𝑠

𝜋
)/(𝑠2 + 𝑣2)                                                               [2] 

The second derivative is calculated in equation 3 where α is 1/𝑠2 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/𝜋𝑠)[2𝑎(1 − 3𝑎𝑣2)/(1 + 𝑎𝑣2)3]                                       [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; Lefèvre 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 I and II region. Thus, in Amide I region the strong band 

intensity is observed at 1650 cm-1 that appears from the C=O stretching of the peptide 

bond. In Amide II region, the strongest band absorption is at 1550 cm-1 that appear from 

N-H bending deformation with 60 % and C-N stretching vibrations that is 40 %. In Amide 

II region the band intensity is gradually, lower than the band intensity from Amide I 

region. The typical FTIR spectrum of milk protein in Amide I and II is shown in Figure 

2.  
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Figure 2. Typical FTIR spectra of milk protein in Amide I and II 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. 

β-Lactoglobulin (β-LG) 

 

The structure of β-LG was successfully resolved using X-ray crystallography and NMR 

spectroscopy (Uhrínová et al., 1998; Molinari et al., 1996; Bewley et al., 1997; Qin et al., 

1998) concluding with experimental values in solution of 8 % α-helix, 45 % β-sheets and 

47 % random coils.  The employment of FTIR analysis for observation of the structure of 

β-LG involved several studies that observed the structural transition of the protein 

concerning the observed conditions (Lefèvre and Subirade, 1999; Boye et al., 1996; QI 

et al., 1997; Bhattacharjee et al., 2005; Rahaman et al., 2015). The FTIR analysis of β-

LG molecule confirmed presence of concentration, pH and thermal induced modification 

of the spectrum (Lefèvre 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.  

α-Lactalbumin(α-LA) 
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Prestrelski et al., (1991) performed the structural analysis of α-LA using FTIR 

identifying the two types of α-helix secondary structures. The FTIR method was involved 

in many studies for structural transition of α-lactalbumin 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 α-helix components (Fang and Dalgleish, 1998). 

The presence of the secondary structure components in α-LA as observed by FTIR differs 

concerning the concentration of the protein in the sample. Thus, at high protein 

concentration β-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 α-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 (IgG) confirmed great presence of β-sheet and for 

bovine serum albumin (BSA) it was confirmed high amount of α-helix and β-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 α-helix (1655 cm-1), β-sheets (1636 cm-1) and turns  (1677 cm-1) 

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 I 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 (αs1-, 

αs2-, β-, and κ-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 β-casein 

molecule have also been studied for structural characteristics. The FTIR studies on each 

casein, casein micelle and β-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 

β-sheet (strong) (1621-1639 cm-1), unspecified or random structures (1640-1646 cm-1), 

helical structures (1651-1657 cm-1), turns (1660-1665 cm-1 and 1685-1695 cm-1) and β-

structure (weak) (1670-1680 cm-1). 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 I and II 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 III 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 I region (Hussain et al., 2011). The spectra from Amide I (1720-1580 

cm-1) and Amide III region (1200-1350 cm-1) 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 I and III) identified several components (ß-sheet, 

irregular, α-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 β-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 (%) 

α-helix β-sheets Random 

coils 

310-helix or 

PPII 

β-turns 

αs1- casein 15 38 15 16 13 

αs2- casein 14 35 12 15 21 

κ-casein 13 33 11 11 22 

β-casein 11 30 15 14 18 

Casein micelle 14 27 18 NA 41 

 



   
 

  62 

αs1-Casein 

 

The FTIR analysis of αs1-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 II helix and loops in the 

αs1-casein molecule. The purified αs1-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 β-extended (310 structures) (49%), turns (22 %), 

unordered structures (23 %) and α-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 αs1-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.  

αs2-Casein 

 

The αs2-CN was studied by FTIR analysis by Hoagland et al., (2001). In 

comparison to the FTIR studies for secondary structure observation performed on αs1-CN 

where only fragments were observed, here the whole molecule was studied for secondary 

structure components. The purified αs2-CN was prepared in 25 mM PIPES and 80 mM 

KCl 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 I region was concluded that αs2-

CN have 32 % α-helix (including 41-60 residues from the casein chain), 27 % β sheets 

(extended) and 31% turns (Hoagland et al., 2001).  
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κ-Casein 

 

Kumosinski et al., (1991, 1993) studied the structure of κ-CN. In this work, the 

authors used the spectroscopic data from FTIR results and molecular modelling to predict 

the secondary structure of κ-CN. The proposed findings were two unstranded β-sheets. 

Farrell et al., (2003) observed the environmental influence on κ-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 β-turns. However, the literature does not provide 

findings of the secondary structure of κ-CN only obtained by FTIR spectroscopy. Thus, 

the κ-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). 

β-Casein 

 

The structure of β-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 β-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 II) was observed to be influenced by slight increase. The FTIR analysis on β-

CN was performed by diluting the molecule in 25 mM dipotassium PIPES buffer and 8 

mM KCl. 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%), α-

helix/loop (29%), β-sheets (18%) and polyproline II structures (20%). Farrell et al., 

(2002), continued the study when fragment of β-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 



   
 

  64 

ᵒC 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-KCl buffer and the secondary 

structure elements were calculated after non-linear regression fitting of Gaussian peaks 

in Amide I 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 α-helix or loop structures. The presence of 

polyproline II structures (20%) in β-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 α-helix/loops (25 %), polyproline II structures 

(20%), β-sheets (12), turns (29%) and unspecified structures (14%). For this study the 

authors prepared the purified β-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 β-CN and β-

CN concentrate as a function of temperature and CaCl2 using FTIR spectroscopy. The 

findings confirmed little change in structural components as a function of temperature 

that predominately were observed in turns and intramolecular β-sheets elements, and the 

addition of CaCl2 did not change the structural elements in both pure and concentrated β-

CN samples.  

 

Casomorphins 

 

β-casomorphins (BCMs) are opioid peptides that are isolated from β-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.   

References: 
 

Alaimo, M.H., Farrell Jr, H.M. and Germann, M.W., 1999. Conformational analysis of 

the hydrophobic peptide αs1-casein (136–196). Biochimica et Biophysica Acta (BBA)-

Protein Structure and Molecular Enzymology, 1431(2), pp.410-420. 

Bansal, P.S., Grieve, P.A., Marschke, R.J., Daly, N.L., McGhie, E., Craik, D.J. and 

Alewood, P.F., 2006. Chemical synthesis and structure elucidation of bovine κ-casein (1–

44). Biochemical and biophysical research communications, 340(4), pp.1098-1103. 

Barth, A., 2007. Infrared spectroscopy of proteins. Biochimica et Biophysica Acta (BBA)-

Bioenergetics, 1767(9), pp.1073-1101. 

Bewley, M.C., Baker, E.N., Qin, B.Y., Jameson, G.B. and Sawyer, L., 1997. Bovine beta-

lactoglobulin and its variants: a three-dimensional structural perspective. In Milk protein 

polymorphism, Palmerston North (New Zealand), Feb 1997. International Dairy 

Federation. 

Bhattacharjee, C., Saha, S., Biswas, A., Kundu, M., Ghosh, L. and Das, K.P., 2005. 

Structural changes of β-lactoglobulin during thermal unfolding and refolding–an FT-IR 

and circular dichroism study. The Protein Journal, 24(1), pp.27-35. 



   
 

  66 

Bogahawaththa, D., Chandrapala, J. and Vasiljevic, T., 2017. Thermal denaturation of 

bovine immunoglobulin G and its association with other whey proteins. Food 

Hydrocolloids, 72, pp.350-357. 

Boye, J.I., Alli, I. and Ismail, A.A., 1997. Use of differential scanning calorimetry and 

infrared spectroscopy in the study of thermal and structural stability of α-

lactalbumin. Journal of Agricultural and Food Chemistry, 45(4), pp.1116-1125. 

Boye, J.I., Ismail, A.A. and Alli, I., 1996. Effects of physicochemical factors on the 

secondary structure of β-lactoglobulin. Journal of Dairy Research, 63(1), pp.97-109. 

Braue, E.H. and Pannella, M.G., 1987. Consistency in circle cell FT-IR analysis of 

aqueous solutions. Applied spectroscopy, 41(6), pp.1057-1067. 

Byler, D.M. and Susi, H., 1986. Examination of the secondary structure of proteins by 

deconvolved FTIR spectra. Biopolymers: Original Research on Biomolecules, 25(3), 

pp.469-487. 

Carbonaro, M. and Nucara, A., 2010. Secondary structure of food proteins by Fourier 

Transform spectroscopy in the mid-infrared region. Amino acids, 38(3), pp.679-690. 

Curley, D.M., Kumosinski, T.F., Unruh, J.J. and Farrell Jr, H.M., 1998. Changes in the 

secondary structure of bovine casein by Fourier Transform Infrared spectroscopy: Effects 

of calcium and temperature. Journal of Dairy Science, 81(12), pp.3154-3162. 

Daniloski, D., McCarthy, N.A., Markoska, T., Auldist, M.J. and Vasiljevic, T., 2022a. 

Conformational and physicochemical characteristics of bovine skim milk obtained from 

cows with different genetic variants of β-casein. Food Hydrocolloids, 124, p.107186.  

Daniloski, D., McCarthy, N.A., O'Callaghan, T.F. and Vasiljevic, T., 2022b. 

Authentication of β-casein milk phenotypes using FTIR spectroscopy. International 

Dairy Journal, 129, p.105350. 



   
 

  67 

Daniloski, D., McCarthy, N.A. and Vasiljevic, T., 2022c. Impact of heating on the 

properties of A1/A1, A1/A2, and A2/A2 β-casein milk phenotypes. Food 

Hydrocolloids, 128, p.107604. 

Dong, A., Huang, P. and Caughey, W.S., 1990. Protein secondary structures in water from 

second-derivative amide I infrared spectra. Biochemistry, 29(13), pp.3303-3308. 

Dupont, D., Croguennec, T., Brodkorb, A. and Kouaouci, R., 2013. Quantitation of 

proteins in milk and milk products. In Advanced dairy chemistry (pp. 87-134). Springer, 

Boston, MA. 

Fang, Y. and Dalgleish, D.G., 1998. The conformation of α-lactalbumin as a function of 

pH, heat treatment and adsorption at hydrophobic surfaces studied by FTIR. Food 

Hydrocolloids, 12(2), pp.121-126. 

Farrell, H.M., Brown, E.M. and Malin, E.L., 2013. Higher order structures of the caseins: 

A paradox?. In Advanced dairy chemistry (pp. 161-184). Springer, Boston, MA. 

Farrell, H.M., Cooke, P.H., Wickham, E.D., Piotrowski, E.G. and Hoagland, P.D., 2003. 

Environmental influences on bovine κ-casein: reduction and conversion to fibrillar 

(amyloid) structures. Journal of protein chemistry, 22(3), pp.259-273. 

Farrell Jr, H.M., Wickham, E.D., Unruh, J.J., Qi, P.X. and Hoagland, P.D., 2001. 

Secondary structural studies of bovine caseins: temperature dependence of β-casein 

structure as analyzed by circular dichroism and FTIR spectroscopy and correlation with 

micellization. Food Hydrocolloids, 15(4-6), pp.341-354.  

Farrell, H.M., Qi, P.X., Wickham, E.D. and Unruh, J.J., 2002. Secondary structural 

studies of bovine caseins: structure and temperature dependence of β-casein 

phosphopeptide (1-25) as analyzed by circular dichroism, FTIR spectroscopy, and 

analytical ultracentrifugation. Journal of Protein Chemistry, 21(5), pp.307-321.  

Farrell, H.M., Kumosinski, T.F., Cooke, P.H., King, G., Hoagland, P.D., Wickham, E.D., 

Dower, H.J. and Groves, M.L., 1996. Particle sizes of purified κ-casein: metal effect and 



   
 

  68 

correspondence with predicted three-dimensional molecular models. Journal of protein 

chemistry, 15(5), pp.435-445. 

Gaiani, C., Morand, M., Sanchez, C., Tehrany, E.A., Jacquot, M., Schuck, P., Jeantet, R. 

and Scher, J., 2010. How surface composition of high milk proteins powders is influenced 

by spray-drying temperature. Colloids and Surfaces B: Biointerfaces, 75(1), pp.377-384. 

Geagea, H., Gomaa, A., Remondetto, G., Moineau, S. and Subirade, M., 2017. Molecular 

structure of lactoferrin influences the thermal resistance of lactococcal phages. Journal 

of Agricultural and Food Chemistry, 65(10), pp.2214-2221. 

Goulding, D.A., O'Regan, J., Bovetto, L., O'Brien, N.M. and O'Mahony, J.A., 2021. 

Influence of thermal processing on the physicochemical properties of bovine 

lactoferrin. International Dairy Journal, 119, p.105001. 

Grewal, M.K., Chandrapala, J., Donkor, O., Apostolopoulos, V. and Vasiljevic, T., 2017. 

Predicting sediment formation in ultra high temperature-treated whole and skim milk 

using attenuated total reflectance-Fourier Transform infrared spectroscopy. International 

Dairy Journal, 74, pp.39-48. 

Grewal, M.K., Huppertz, T. and Vasiljevic, T., 2018. FTIR fingerprinting of structural 

changes of milk proteins induced by heat treatment, deamidation and 

dephosphorylation. Food Hydrocolloids, 80, pp.160-167. 

Grewal, M.K., Vasiljevic, T. and Huppertz, T., 2021. Influence of calcium and 

magnesium on the secondary structure in solutions of individual caseins and binary casein 

mixtures. International Dairy Journal, 112, p.104879. 

Griffiths, P.R., De Haseth, J.A. and Azarraga, L.V., 1983. Capillary Gc/Ft-Ir. Analytical 

Chemistry, 55(13), pp.1361A-1387A. 

Haque, E., Bhandari, B.R., Gidley, M.J., Deeth, H.C. and Whittaker, A.K., 2011. Ageing‐

induced solubility loss in milk protein concentrate powder: effect of protein 

conformational modifications and interactions with water. Journal of the Science of Food 

and Agriculture, 91(14), pp.2576-2581. 



   
 

  69 

Hoagland, P.D., Unruh, J.J., Wickham, E.D. and Farrell Jr, H.M., 2001. Secondary 

structure of bovine αS2-casein: Theoretical and experimental approaches. Journal of 

dairy science, 84(9), pp.1944-1949. 

Hussain, R., Gaiani, C. and Scher, J., 2011. Revealing casein micelle dispersion under 

various ranges of NaCl: evolution of particles size and structure. World Acad Sci Eng 

Technol, 73, pp.972-976. 

Iñón, F.A., Garrigues, S. and de la Guardia, M., 2004. Nutritional parameters of 

commercially available milk samples by FTIR and chemometric techniques. Analytica 

Chimica Acta, 513(2), pp.401-412. 

Karoui, R., Mazerolles, G. and Dufour, É., 2003. Spectroscopic techniques coupled with 

chemometric tools for structure and texture determinations in dairy 

products. International Dairy Journal, 13(8), pp.607-620. 

Karoui, R., Downey, G. and Blecker, C., 2010. Mid-infrared spectroscopy coupled with 

chemometrics: a tool for the analysis of intact food systems and the exploration of their 

molecular structure− quality relationships− a review. Chemical reviews, 110(10), 

pp.6144-6168. 

Kher, A., Udabage, P., McKinnon, I., McNaughton, D. and Augustin, M.A., 2007. FTIR 

investigation of spray-dried milk protein concentrate powders. Vibrational 

Spectroscopy, 44(2), pp.375-381. 

Kumosinski, T.F. and Farrell Jr, H.M., 1993. Determination of the global secondary 

structure of proteins by Fourier Transform infrared (FTIR) spectroscopy. Trends in Food 

Science & Technology, 4(6), pp.169-175. 

Kumosinski, T.F., Brown, E.M. and Farrell Jr, H.M., 1991. Three-dimensional molecular 

modeling of bovine caseins: κ-casein. Journal of dairy science, 74(9), pp.2879-2887. 

Kumosinski, T.F., Brown, E.M. and Farrell Jr, H.M., 1993. Three-dimensional molecular 

modeling of bovine caseins: a refined, energy-minimized κ-casein structure. Journal of 

Dairy Science, 76(9), pp.2507-2520. 



   
 

  70 

Lefèvre, T. and Subirade, M., 1999. Structural and interaction properties of β‐

Lactoglobulin as studied by FTIR spectroscopy. International Journal of Food Science 

& Technology, 34(5‐6), pp.419-428. 

Li, M., Auty, M.A., Crowley, S.V., Kelly, A.L., O'Mahony, J.A. and Brodkorb, A., 2019. 

Self-association of bovine β-casein as influenced by calcium chloride, buffer type and 

temperature. Food Hydrocolloids, 88, pp.190-198. 

Malin, E.L., Alaimo, M.H., Brown, E.M., Aramini, J.M., Germann, M.W., Farrell, H.M., 

McSweeney, P.L. and Fox, P.F., 2001. Solution structures of casein peptides: NMR, 

FTIR, CD, and molecular modeling studies of αs1-casein, 1–23. Journal of Protein 

Chemistry, 20(5), pp.391-404. 

Markoska, T., Huppertz, T., Grewal, M.K. and Vasiljevic, T., 2019a. FTIR analysis of 

physiochemical changes in raw skim milk upon concentration. LWT, 102, pp.64-70. 

Markoska, T., Huppertz, T., Grewal, M.K. and Vasiljevic, T., 2019b. Structural changes 

of milk proteins during heating of concentrated skim milk determined using 

FTIR. International Dairy Journal, 89, pp.21-30. 

Mazerolles, G., Devaux, M.F., Duboz, G., Duployer, M.H., Riou, N.M. and Dufour, É., 

2001. Infrared and fluorescence spectroscopy for monitoring protein structure and 

interaction changes during cheese ripening. Le Lait, 81(4), pp.509-527. 

Mediwaththe, A., Bogahawaththa, D., Grewal, M.K., Chandrapala, J. and Vasiljevic, T., 

2018. Structural changes of native milk proteins subjected to controlled shearing and 

heating. Food research international, 114, pp.151-158. 

Molinari, H., Ragona, L., Varani, L., Musco, G., Consonni, R., Zetta, L. and Monaco, 

H.L., 1996. Partially folded structure of monomeric bovine β‐lactoglobulin. FEBS 

letters, 381(3), pp.237-243. 

Noda, I. and Ozaki, Y., 2005. Two-dimensional correlation spectroscopy: applications in 

vibrational and optical spectroscopy. John Wiley & Sons. 



   
 

  71 

Pelton, J.T. and McLean, L.R., 2000. Spectroscopic methods for analysis of protein 

secondary structure. Analytical biochemistry, 277(2), pp.167-176. 

Plowman, J.E., Creamer, L.K., Liddell, M.J. and Cross, J.J., 1997. Solution conformation 

of a peptide corresponding to bovine κ-casein B residues 130–153 by circular dichroism 

spectroscopy and 1H-nuclear magnetic resonance spectroscopy. Journal of dairy 

research, 64(3), pp.377-397. 

Prestrelski, S.J., Byler, D.M. and Thompson, M.P., 1991. Infrared spectroscopic 

discrimination between α‐and 310‐helices in globular proteins: Reexamination of Amide 

I infrared bands of α‐lactalbumin and their assignment to secondary 

structures. International Journal of Peptide and Protein Research, 37(6), pp.508-512. 

Qi, X.L., Holt, C., Mcnulty, D., Clarke, D.T., Brownlow, S. and Jones, G.R., 1997. Effect 

of temperature on the secondary structure of β-lactoglobulin at pH 6.7, as determined by 

CD and IR spectroscopy: a test of the molten globule hypothesis. Biochemical 

Journal, 324(1), pp.341-346.  

Qi, P.X., Wickham, E.D., Piotrowski, E.G., Fagerquist, C.K. and Farrell, H.M., 2005. 

Implication of C-terminal deletion on the structure and stability of bovine β-casein. The 

protein journal, 24(7), pp.431-444.  

Qin, B.Y., Bewley, M.C., Creamer, L.K., Baker, H.M., Baker, E.N. and Jameson, G.B., 

1998. Structural basis of the Tanford transition of bovine β-

lactoglobulin. Biochemistry, 37(40), pp.14014-14023. 

Rahaman, T., Vasiljevic, T. and Ramchandran, L., 2015. Conformational changes of β-

lactoglobulin induced by shear, heat, and pH—Effects on antigenicity. Journal of dairy 

science, 98(7), pp.4255-4265. 

Rodriguez-Saona, L., Ayvaz, H. and Wehling, R.L., 2017. Infrared and Raman 

spectroscopy. In Food analysis (pp. 107-127). Springer, Cham. 



   
 

  72 

Sathya Devi, V., Coleman, D.R. and Truntzer, J., 2011. Thermal unfolding curves of high 

concentration bovine IgG measured by FTIR spectroscopy. The Protein Journal, 30(6), 

pp.395-403. 

Sjaunja, L.O. and Andersson, I., 1985. Laboratory experiments with a new infrared (IR) 

milk analyzer, the Milko-Scan 605. Acta agriculturae scandinavica, 35(4), pp.345-352. 

Susi, H. and Byler, D.M., 1983. Protein structure by Fourier Transform infrared 

spectroscopy: second derivative spectra. Biochemical and biophysical research 

communications, 115(1), pp.391-397. 

Troullier, A., Reinstädler, D., Dupont, Y., Naumann, D. and Forge, V., 2000. Transient 

non-native secondary structures during the refolding of α-lactalbumin detected by 

infrared spectroscopy. Nature structural biology, 7(1), pp.78-86. 

Uhrínová, S., Uhrín, D., Denton, H., Smith, M., Sawyer, L. and Barlow, P.N., 1998. 

Complete assignment of 1H, 13C and 15N chemical shifts for bovine β-lactoglobulin: 

secondary structure and topology of the native state is retained in a partially unfolded 

form. Journal of Biomolecular NMR, 12(1), pp.89-107. 

Van de Voort, F.R., 1992. Fourier Transform infrared spectroscopy applied to food 

analysis. Food Research International, 25(5), pp.397-403. 

Yang, H., Yang, S., Kong, J., Dong, A. and Yu, S., 2015. Obtaining information about 

protein secondary structures in aqueous solution using Fourier Transform IR 

spectroscopy. Nature protocols, 10(3), pp.382-396. 

Ye, M.P., Zhou, R., Shi, Y.R., Chen, H.C. and Du, Y., 2017. Effects of heating on the 

secondary structure of proteins in milk powders using mid-infrared spectroscopy. Journal 

of Dairy Science, 100(1), pp.89-95. 

Zhou, Q., Sun, S.Q., Yu, L., Xu, C.H., Noda, I. and Zhang, X.R., 2006. Sequential 

changes of main components in different kinds of milk powders using two-dimensional 

infrared correlation analysis. Journal of Molecular Structure, 799(1-3), pp.77-84.



   
 

73 

CHAPTER 3: pH-induced changes in β-

casomorphin 7 structure studied by 1H Nuclear 

Magnetic Resonance and Fourier-Transform 

infrared spectroscopy 
  



   
 

74 

 
  



   
 

75 

 
  



   
 

76 

 



   
 

77 

 



   
 

78 

 



   
 

79 

 



   
 

80 

 



   
 

81 

 

 



   
 

82 

Supplementary material for “pH-induced changes in β-casomorphin 7 

structure studied by 1H nuclear magnetic resonance and Fourier-

Transform infrared spectroscopy” 
 

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

Proton HN Hα Hβ Hγ Hδ        Other 

pH 2.3 

Isoleucine 8.18 

8.25 

8.46 

4.10 

4.16 

4.23 

1.80 

1.80 

1.80 

1.33 

1.12 

– 

0.75 

0.80 

– 

 

 

 

Tyrosine 8.29 

8.22 

– 

4.87 

4.60 

4.33 

3.15/2.75 

2.79-2.98 

2.86-3.13 

   

 

7.05 

6.77 

Phenylalanine 8.17 

8.16 

8.04 

4.34 

4.53 

4.79 

3.02/2.90 

2.99/2.88 

2.92.3.06 

   

 

7.23 

7.16 

6.78 

Glycine 7.72 

8.02 

4.02/3.92 

4.07/3.89 

    

Proline – 

– 

– 

4.35 

4.26 

4.16 

2.16 

1.80 

1.99 

1.87 

1.81 

1.73 

3.71/3.61 

3.72/3.41     

3.53/3.19    

 

pH 6.7 

Isoleucine 7.65 

7.58 

7.89 

4.03 

3.97 

3.92 

1.68 

1.73 

1.73 

1.31 

1.01 

– 

0.75 

0.80 

– 

 

 

 

Tyrosine 8.29 

8.19 

– 

4.88 

4.62 

4.33 

3.15/2.75 

2.79-2.98 

2.86-3.13 

   7.05 

6.77 

Phenylalanine 8.16 

8.16 

8.02 

4.32 

4.52 

4.79 

3.01/2.78 

2.99/2.88 

2.92.3.06 

   7.23 

7.16 

6.78 

Glycine 7.75 

8.04 

4.04/3.90 

4.11/3.92 

    

Proline – 

– 

– 

4.17 

4.25 

4.35  

2.16 

1.89 

– 

1.93–1.74 

2.02–1.79 

2.13–1.83  

3.71/3.61 

3.72/3.41   

3.53/3.19    
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Abstract 

The β-casomorphin 11 (BCM11) peptides are embedded in β-casein A1 and A2, and 

differ by one amino acid at position 8 of the peptide, i.e., His for BCM11 from -casein 

A1 (BCM11-A1) and Pro from β-casein A2 (BCM11-A2). This study investigated the 

structural characteristics of BCM11-A1 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 Tyr1-Pro2 and Phe3-Pro4 bond in BCM11-A1 had predominantly cis isomers 

and Gly5-Pro6 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-A1 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 β-turn components. This study brings significant insights in 

the importance of the amino acids positioning and the structural arrangement of BCM11-

A1 and BCM11-A2 that defines their main differences in regards to the genetic variance. 
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1. Introduction 
 

During enzymatic hydrolysis and/or fermentation, the β-casein (β-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 -casein are the β-

casomorphins (BCMs), all containing the identical N-terminal sequence of Tyr-Pro-Phe 

(Daniloski, McCarthy & Vasiljevic, 2021b). The nature of BCMs’ as μ-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-BCM7 liberated from the β-casein (Brantl, 

Teschemacher, Henschen, & Lottspeich, 1979; Nguyen, Johnson, Busetti & Solah, 2015), 

but the data on β-casomorphin 11 (BCM11) liberated from β-CN is lacking. Beta-

casomorphin 11 (BCM11: -casein f[60-70]) is a peptide with 11 amino acids (Tyr-Pro-

Phe-Pro-Gly-Pro-Ile-X-Asn-Ser-Leu), where X is His or Pro, depending on whether 

BCM11 is derived from -casein genetic variant A1 (BCM11-A1) or -casein variant A2 

(BCM11-A2), respectively.  

The difference in amino acid at position 8 in the peptide chain of BCM11-A1 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 Ile7-His8 or Ile7-Pro8 bond in BCM11-A1 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 

β-casein A2 than from β-casein A1. 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-A1 or 

BCM11-A2 may arise due to conformational differences and accessibility of the 

aforementioned Ile-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-A1 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 β-CN (4 ᵒC), room temperature (20 ᵒC) and human body 
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temperature (37 ᵒC).  The findings facilitate understanding of how the conformational 

changes may be the reason for differences in the release of BCM peptides from β-casein 

A1 or A2.  

 

2.  Material and Methods  

 

2.1.Sample preparation 

 

Two synthetic 11-amino acid BCM peptides (BCM11-A1 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-A1 (H-Tyr-Pro-

Phe-Pro-Gly-Pro-Ile-His-Asn-Ser-Leu-OH) and BCM11-A2 (H-Tyr-Pro-Phe-Pro-Gly-

Pro-Ile-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 ºC. The temperatures 

were selected as significant for storage and dissociation of β-casein from micelle (4 ºC), 

room temperature (20 ºC) and human body temperature (37 ºC). 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 H2O:D2O 

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 HCl 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 ºC. 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-1 with a resolution of 4 cm-1 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 H2O/D2O mixture was eliminated from the spectra by subtracting the 

solvent spectrum. The original spectrum in the region 1700-1000 cm-1 was used to detect 

C=O stretching vibrations in Amide I (1700-160 cm-1), whereas N-H bending and C-N 

stretching for Amide II and III were detected at 1600-1500 cm-1 and 1500-1200 cm-1, 

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 II and Amide III. 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-1 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 μL 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, 
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20 or 37 ºC using one-dimensional (1D) and two-dimensional (2D) NMR methods. Proton 

NMR (1H-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 & Wüthrich, 

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 0th and 1st order correction for pk.  The baseline correction 

was performed using qfill 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 R2 value 

at pH 2.5 was 0.9997 showing that the chemical shift changes linearly with the 

temperature change. The R2 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 Å (Wüthrich, 1986). The distance 

between the protons from the nearby amino acids is shown as sequential distance JαN(i, 

i - 1; i - 2, i - 3 . . . ) (Wüthrich, 1986). The spin system of each amino acid was correlated 

sequentially, by following the JαN (i, i-1, i-2…) assignment to establish the link between 

the neighbouring amino acids. The correlation was from Leu11 αNi, then Ser10 αNi-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; Ustabaş 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 Hα-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 

H-HN region (JαN) 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-A1 and 

BCM11-A2 analysed at pH 2.5 and 20 ºC showed best spectral resolution and were used 

as a reference for the changes as a function of changes in temperature and pH. The Hα 

protons for some amino acids were not identified in the 1D 1H 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 JαN 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(Hα) and 

Pro(Hδ) for trans isomers and X(Hα) and Pro(Hα) 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-A1 and BCM11-A2 were analysed for cis-trans 

isomers at pH 2.5 and 20 o C for structural differences. The major chemical shift intensities 

observed in the spectra showed different isomers between BCM11-A1 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.  

 

 

 

 

 

 

 

 

 

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

A1 (A) and BCM11-A2 (B). Y is Tyr, F is Phe, G is Gly and I is Ile. The spin systems 
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are observed for trans isomers (dαδ) and cis isomers (dαα). Red colour presents the cis 

isomers and black presents the trans isomers.  

The X-Pro bonds in the BCM11-A1 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 Gly5-Pro6, which was only found in  trans 

conformers at pH 6.7 (Markoska et al., 2021a).  This Gly5-Pro6 bond was observed to 

exist predominately in trans conformers for both BCM11-A1 and BCM11-A2 in the 

current work. In BCM11-A1 Gly5-Pro6 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 ψ 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 ψ distribution is affected due to steric clashes occurring 

between Hδ of Pro and Hβ of the neighbouring amino acid, which depends on the 

conditions (MacArthur & Thornton, 1991). Since Gly does not possess Hβ protons, the 

mentioned steric constraint might not be common for the isomeric rotation of the Gly5-

Pro6 bond. It is expected that in aqueous solution, peptides to have predominately trans 

conformers due to the lower steric repulsion between the Hα 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 Van 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 (Szilágyi, 1995; 

Wishart & Nip, 1998). The chemical shifts of BCM11-A1 and BCM11-A2 showed 

significant pH and temperature dependence. The applied temperature of 4 and 37C 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 20C to confirm the major 

variations in the chemical shift of both peptides. The 1H chemical shifts for BCM11-A1 

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

  



  

96 

Table 1. 1H chemical shifts for BCM11-A1 and BCM11-A2 at pH 2.5 and 7.0 and 20 C 

 
1H chemical shifts for BCM11-A1 at pH 2.5 and 7.0 and 20C (ppm) 

Amino 

acid 

pH HN Hα Hβ Others 

Tyr1 2.5 

7.0 

8.33 

NA 

4.87 

4.86 

3.17/2.75 

3.11/2.71 

ring: 2,6 Hδ -7.32;    3,5εH -7.24 

ring: 2,6 Hδ -7.29;    3,5εH-7.20 

Pro2 2.5 

7.0 

 4.32 

4.32 

2.15/1.90 

2.14/1.85 

Hγ -2.09;  Hδ -3.61/3.32 

Hγ -2.05;  Hδ -3.61/3.31 

Phe3 2.5 

7.0 

8.07 

7.99 

4.78 

4.76 

3.06/2.94 

3.06/2.89 

ring: 2,6 Hδ -6.76;    3,5Hε -7.03;   4Hζ -6.91 

ring: 2,6 Hδ -6.75;    3.5Hε -7.03;   4Hζ -6.88 

Pro4 2.5 

7.0 

 4.33 

4.31 

1.98/1.58 

1.88/1.70 

Hγ -2.05;  Hδ -3.72/3.40 

Hγ -2.05;  Hδ -3.72/3.41 

Gly5 2.5 

7.0 

7.73 

7.73 

4.03/3.92 

4.00/3.90 

  

Pro6 2.5 

7.0 

 4.35 

4.36 

2.10/1.86 

2.16/1.88 

Hγ -2.15;  Hδ -3.53/3.12 

Hγ -2.26;  Hδ -3.58/3.18 

Ile7 2.5 

7.0 

8.12 

8.11 

3.99 

3.93 

1.66 

1.68 

Hγ -1.29/1.03;   δ1(CH3) -0.72; δ2(CH3) -0.74 

Hγ -1.29/1.25;   δ1(CH3) -1.01; δ2(CH3) -0.76 

His8 

τ 

π 

2.5 

7.0 

7.0 

8.51 

7.69 

8.10 

4.61 

4.34 

4.50 

3.03/3.11 

2.95/3.06 

2.87/2.96 

ring:  Hε1 -7.19;  Hδ2 -7.15;   Hδ2 -10.74;   Hε2 -10.96 

ring:  Hε1 -7.15;  Hδ2 -6.90;   Hε1 -9.13 

ring:  Hε1 -7.13;  Hδ2 -6.93;   Hδ1 -9.28 

Asn9 2.5 

7.0 

8.45 

8.13 

4.60 

4.01 

2.68/2.60 

2.75/2.65 

Hδ -7.49/6.73 

Hδ -7.47/6.78 

Ser10 2.5 

7.0 

8.29 

8.20 

4.33 

4.32 

3.75/3.75 

3.74/3.74 

 

Leu11 2.5 

7.0 

8.18 

7.83 

4.23 

4.08 

1.52/1.52 

1.47/1.47 

Hγ -1.36;    δH1(CH3) -0.75;  δH2(CH3) -0.73 

Hγ -1.58;    δH1(CH3) -0.75;  δH2(CH3) -0.96 

 
1H chemical shifts for BCM11-A2 at pH 2.5 and 7.0 and 20C (ppm) 

Amino 

acid 

pH HN Hα Hβ Others 

Tyr1 2.5 

7.0 

8.31 

NA 

4.86 

4.86 

3.16/2.75 

3.13/2.74 

ring: 2,6 Hδ -7.32;    3,5εH -7.24 

ring: 2,6 Hδ -7.19;    3,5εH-7.25 

Pro2 2.5 

7.0 

 4.39 

4.33 

1.80/2.16 

1.89/1.85 

Hγ -1.90;  Hδ -3.70/3.63 

Hγ -1.90;  Hδ -3.51/3.31 

Phe3 2.5 

7.0 

7.98 

7.90 

4.78 

4.78 

3.11/2.94 

3.07/2.89 

ring: 2,6 Hδ -6.78;    3,5Hε -7.09;   4Hζ -6.92 

ring: 2,6 Hδ -6.75;    3.5Hε -7.04;   4Hζ -6.88 

Pro4 2.5 

7.0 

 4.64 

4.28 

1.78/2.08 

1.75/2.01 

Hγ -2.05;  Hδ -3.72/3.40 

Hγ -2.05;  Hδ -3.72/3.41 

Gly5 2.5 

7.0 

7.75 

7.75 

4.05/3.92 

4.05/3.92 

  

Pro6 2.5 

7.0 

 4.30 

4.29 

2.30/1.75 

2.24/1.81 

Hγ -2.15;  Hδ -3.53/3.12 

Hγ -2.26;  Hδ -3.58/3.18 

Ile7 2.5 

7.0 

8.19 

8.19 

4.28 

4.24 

1.52 

1.51 

Hγ -1.38/1.01;   δ1(CH3) -0.78; δ2(CH3) -0.83 

Hγ -1.38/1.36;   δ1(CH3) -1.06; δ2(CH3) -0.82 

Pro8 2.5 

7.0 

 4.57 

4.31 

1.83/1.94 

1.80/1.90 

Hγ -2.28;  Hδ -3.78/3.56 

Hγ -2.02;  Hδ -3.74/3.53 

Asn9 2.5 

7.0 

8.41 

8.41 

4.53 

4.52 

2.69/2.74 

2.65/2.75 

Hδ -6.80/7.52 

Hδ -6.81/7.51 

Ser10 2.5 

7.0 

8.11 

8.07 

4.34 

4.33 

3.75/3.75 

3.73/3.73 

 

Leu11 2.5 

7.0 

8.12 

7.83 

4.29 

4.08 

1.53/1.53 

1.46/1.46 

Hγ -1.68;    δH1(CH3) -0.76;  δH2(CH3) -0.62 

Hγ -1.60;    δH1(CH3) -0.78;  δH2(CH3) -0.81 

 



  

97 

The HN region showed a stable pH chemical shift for Tyr1, Gly5, Ile7 in both peptides, 

and this was also observed for Asn9 in BCM11-A2. The remaining amino acid had upfield 

shifting of the HN chemical shift that was more intense in BCM11-A1 than in BCM11-

A2. His8 showed two HN chemical shifts at pH 7.0, confirming presence of two 

conformers. The upfield shift for the HN region of His8 confirms structural transitions 

happening in this part of the molecule at pH 7.0. The Hα region showed upfield shifting 

at pH 7.0, which was present for all Pro residues and Leu11 for both BCM11-A1 and 

BCM11-A2 and for Asn9 and His8 in BCM11-A1. In BCM11-A1, the Hα upfield shifting 

of His8, Asn9 and Leu11 confirms that the C-terminal part of this peptide is susceptible to 

pH-induced structural reformation. The pH effect on this part of BCM11-A1 was 

observed in the aromatic region (6.5-7.5 ppm) of the NMR spectra (Figure 2A and B).  

 

 

 

 

 

 

 

 

 

 

Figure 2. Aromatic region of 1H 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 ºC. 
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The aromatic region of the 1H NMR spectra of BCM11-A1shown a similar chemical shift 

for Phe3 ring as a result of changes in pH (Figure 2A and B). However, the HN2 group 

(HNδ1 and HNδ2) of Asn9 at ~7.5 and 6.8 ppm showed lower signal intensity at pH 7.0 

due to faster exchange of the 1H with the solvent or possible formation of new hydrogen 

bonds as proton donor. His8 at pH 2.5 had a chemical shift of the Hε1 and Hδ2 from the 

imidazole ring at ~7.15 ppm (Figure 2A), which in the TOCSY spectra were correlated 

with cross peaks with Hε2 and Hδ1 at 10.9 and 10.7 ppm, respectively (Table 1). The 

chemical shifts for Hε2 and Hδ1 were not observed in the 1H 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 His8 at pH 2.5 

confirms that it was fully protonated. The pKa value of the His was observed to be 6.73 

for π tautomer and 6.12 for τ 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-

A1 at pH 2.5. At pH 7.0, the Hε1 from the imidazole ring was found in the similar 

chemical shift (~ 7.15 ppm) as in the peptide at pH 2.5, however Hδ2 showed upfield 

shifting (Figure 2B). Two sets of chemical shifts for Hε1 and Hδ2 were identified in the 

aromatic region (Figure 2B) due to presence of different tautomeric structures of 

imidazole ring of His8 (Table 1). In addition, the assigned cross peaks in the TOCSY 

spectra shown presence of two tautomers in BCM11-A1 at pH 7.0. Therefore, tautomer τ 

that had deprotonated the Nδ1 and showed only cross peak of Hε1 and HNε2 and π 

tautomer that had deprotonated the Nε2 and showed only cross peak for Hε1 and HNδ1. 

The proposed tautomeric structures of the His8 in BCM11-A1 are shown in Figure 3.  
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Figure 3. Different tautomeric form of imidazole ring from His8 in BCM11-A1. From left 

to right: protonated form, τ-tautomer and π-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-A1 peptide can occur with the carbonyl from the Leu11, the HN2 group of the 

Asn9, the OH group of the Tyr1, 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 Tyr1 ring (Hε3,5) 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 Tyr1 ring and possible involvement in new hydrogen 

bonds. Therefore, the hydrogen bonding happens preferably between the previous 

observed lower chemical shift of HNδ1 and HNδ2 of Asn9 as a proton donor, the 

deprotonated imidazole ring as proton acceptor and the OH group of Tyr1 as proton 
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acceptor. The upfield shielding of the Hα and Hβ of Asn9 in BCM11-A1 at pH 7.0 (Table 

1) show conformational changes occurring for this amino acid. BCM11-A1 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 His8 

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 Ile7-Pro8 bond.   

In BCM11-A2, the HN chemical shift had minor pH shielding. The Hα chemical shift had 

upfield shift at pH 7.0 for all Pro residues and Leu11 (Table 1). The upfield chemical shift 

of the Hα 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 Tyr1 and Phe3. 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 Hδ1 and Hδ2 from Asn9 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 Hβ of 

the Asn9 with the Hβ or Tyr1 confirming close distance of these protons (<5 Å) 
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(Supplementary Figure 2).  The close proximity of the Asn9 and Tyr1 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 β-turns (Stewart, Sarkar, & Wampler, 1990). 

3.1.2. Temperature effect on NMR chemical shifts 

 

The changes in chemical shift of the 1H NMR spectra were analysed in regards to 

temperature change from 4 to 20 and 37C. The overlayed spectra of BCM11-A1 and 

BCM11-A2 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 37C on both peptides 

regardless the pH.  Thus, in reference to spectra at 20C the peptides at 4C shifted upfield 

and peptides at 37C shifted downfield. The temperature dependent shielding shown to 

follow similar trend for all observed amino acids except for His8, which showed different 

shielding in regards to the pH change. The temperature shielding was observed in the 

TOCSY spectra for both BCM11-A1 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 His8 had different temperature trend than the HN of the remaining amino 

acids. The temperature dependence for HN of His8 at pH 2.5 and 7.0 is shown in 

Supplementary Figure S6. At pH 2.5, the shielding effect of HN of His8 had similar trend 
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as the rest of the chemical shift in the spectra, however at pH 7.0 the temperature increase 

from 4 to 20 and 37C 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 His8 in structural reformation of the peptide at pH 7.0 and temperature 

of 20 and 37C. The specific temperature transition at pH 7.0 for His8 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-A1 at 20C and showed an identical chemical shift for the peptide at 

37C. At 4C, the peptide was found in a protonated form, which is not expected due to 

the neutral pH. However, the Ans9 showed two signals for HNδ1 (7.55 and 7.39 ppm), 

which were correlated with the HNδ1 and Hδ2 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 Asn9 donates protons to the deprotonated Nδ1 of His8. Here, we can consider that 

at 4C the imidazole ring is involved in hydrogen bonds that keep the peptide into stable 

conformer. BCM11-A1 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 ᵒC can affect 

the conformational state of peptides by changes in the cis-trans isomerism and 

intramolecular and intermolecular interactions (Troganis et al., 2000). The Hα 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 Hβ of Asn9 (3.70-3.85 ppm) that showed a low chemical shift intensity when 
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temperature increased to 37 ᵒC confirming structural transition happening in C-terminal 

of the peptide. At pH 7.0 of BCM11-A1 the Hα 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 CH3 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 37C, 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-A1. 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 HNδ1 (7.4, 7.5 and 7.6 ppm) and 

HNδ2 of Ans9 (6.7, 6.8 and 6.9 ppm) at 4, 20 and 37C, respectively. The signal intensity 

decreased as temperature increase at both pH values. The protons of HN2 of the Asn9 can 

rapidly exchange with the protons from the solvent at minor environmental changes. In 

addition, the HN2 can serve as a proton donor for hydrogen bonding. The downfield 

shifting of the Tyr1 and Phe3 rings as temperature rose in the aromatic region confirm 



  

104 

sensitivity to structural reformation. The Hα region and the remaining aliphatic 

components shifted downfield for approximately 0.2 ppm. The intensity of the Hα of 

proline in the spectra at 37 o 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 ᵒC showed 

large triplet at pH 7.0 similarly as observed in BCM11-A1.  

 

The shifting of the Hα chemical shift was found to be correlated to the changes in the 

secondary structure (Shen & Bax, 2007; Wang & Jardetzky, 2002). The upfield shift of 

Hα chemical shift of up to 0.3 ppm favours α-helix and downfield shifting of up to 0.5 

ppm favours β-sheets. For both BCM11-A1 and BCM11-A2, downfield shifting of Hα 

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 Hα would be 

assigned to the β-sheet conformers in large molecules as proteins. The size of BCM11 

peptides is not sufficient to form β-sheet, but can involve in formation of turns. Prolines 

in peptides and proteins are known to have β-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 β-structures and 

unstable reverse turns, however the cis conformer form stable β-turns (Che & Marshall, 

2006; Stewart et al., 1990). We observed that at pH 2.5 in BCM11-A1, the Tyr1-Pro2 and 

Phe3-Pro4 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-A1 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 I of the FTIR spectra corresponds to 

the C=O stretching vibrations of the peptide bond and includes region of 1700-1600 cm-

1 (Carbonaro & Nucara, 2010). The C-N stretching vibrations and N-H bending are found 

in Amide II region of the FTIR spectra between 1600 and 1500 cm-1 (Curley et al., 1998). 

The Amide III region (1500-1200 cm-1) 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, II and III 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-A1 and BCM11-A2 at pH 2.5 and 7.0 and 4, 20 and 

37C (A). Principal component analysis of BCM11-A1 and BCM11-A2. Loading score 

(B) and loading plot (C) for FTIR region 1000-1800 cm-1. 
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 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-1), which confirm presence of 

turns in the peptides (Vass, Hollósi, Besson, & Buchet, 2003). Both peptides at pH 2.5 

had similar peak distribution for the observed peaks in the Amide I region except for 

BCM11-A1 at 4C which showed sharp peaks shifted towards higher frequency. The 

Amide I region for both BCM11-A1 and BCM11-A2 at pH 7.0 had redistribution of the 

peaks at 1662 and 1630 cm-1 that was temperature dependent, confirming to structural 

reformation. In the Amide II region, the peak with the higher absorbance observed at 1545 

cm-1 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 II region in regards to the temperature change. The peak at 

1450 cm-1 in the Amide III region appears due to plane bending vibration of the CH2 

groups and stretching vibrations of CN bonds of Pro (Barth, 2000). In the peptides at pH 

7.0 the peak at 1450 cm-1 followed temperature dependent restructuring. The peak 

absorbance at 1200 and 1145 cm-1 appear to be due to in plane bending vibration of COH 

from Tyr and vibrations of the CH2 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=O 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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1 that were observed at 4C and 37C 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-1 for BCM11-A1 and BCM11-A2 at pH 7.0 confirming 

C=O stretching of the peptide bond due to restructuring of the turns components. The 

peak at 1630 ±5 cm-1 appears due to presence of γ-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-1 from the Amide II 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-1 due to in plane bending vibration of the CH2 

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-1 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-A1 and BCM11-A2 at pH 2.5 one major auto peak 

was detected at 1630 cm-1 (Amide I) and very weak peaks at 1445, 1200 and 1145 cm-1 

(Figure 5A and B). The peak intensity for 1630 cm-1 in the correlation spectra was more 

intense for BCM11-A2 at pH 2.5 (Figure 5B). This peak originates from the C=O 

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-1 during the temperature ramp of 4, 20 and 37C for BCM11-A1 at pH 2.5 (A), 

BCM11-A2 at pH 2.5 (B), BCM11-A1 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-1 for BCM11-A1 is due to 

vibration stretching from C-H and C-N from His (Barth, 2000). The peak at 1630 cm-1 

have positive correlation with the minor peaks observed at 1200 and 1145 cm-1 meaning 

that they change together. However, the peaks at 1630 and 1445 cm-1 have negative cross 
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peaks confirming opposite changes with temperature variation. The peaks at 1200 and 

1145 cm-1 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-1 appears due to 

in plane bending vibration of the CH2 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-A1 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-A1, the major diagonal auto-peaks are observed at 1625, 

1543, 1457 and 1200 cm-1 (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-1 shows dominant loading in the 2D 

spectra (Figure 5C). The peak loading at 1545 cm-1 in the Amide II 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-1 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, II and III. 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-1) 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-1). 

BCM11-A2 at pH 7.0 had less intense peak loading in Amide I 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 I 

(1630, 1610 cm-1), Amide II (1543 cm-1), Amide III (1445, 1200 and 1145 cm-1). The 

observed components affected by the temperature variations appeared in the Amide I 

region were turns (1630 cm-1) and side chains (1610 cm-1). The positive correlation of the 

peaks in the Amide I region with the weak signal observed in 1543 cm-1 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-1 appears due to in plane bending 

vibration of the CH2 groups of Pro ring and asymmetric stretching of the CH3 groups of 

Ile and Leu (Barth, 2000). Thus, the appearing peak at 1610 cm-1 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-1 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-A1 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-A1 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-A1 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-A1 and BCM11-A2, respectively. Thus, the presence of His makes the BCM11-

A1 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-A1 and 1218.6 and 1190.5 for BCM11-A2, respectively. Therefore, the 

BCM11-A2 is more packed into the tertiary structure and BCM11-A1 has structure that 

is more spacious. 
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Figure 6. Molecular models of BCM11-A2 (A) and BCM11-A1 (B). 
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In BCM11-A2 (Figure 6A-left) the N-terminal had finely defined turn formed from cis 

isomer of Tyr1- Pro2 and stabilized through hydrogen bond between Tyr1 ring and NH 

from Asn9. The Phe3-Pro4 bond was in trans isomer showing extended chain (top left of 

the Figure 6A) and the Gly5-Pro6 was in cis isomer forming second turn in the peptide. 

The Ile7-Pro8 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-A1 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 Tyr1 forms 

hydrogen bond with the free NH2 group of Asn9 similarly as observed in BCM11-A1 

peptide. This align with our NMR results confirming the close proximity between the N 

and C terminal of the peptides and the involvement of Tyr1 and Asn9 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 Ile7-His8 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 Ile7-Pro8 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 β-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 ᵒC and 140 ᵒC results with formation of BCM 

peptides in A1 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 Ile7-Pro8 bond internarly and thus restrict 

the acces for proteolytic reaction and cleveadge to smaler papetide (e.g. BCM7). 

However, the external expositure of the Ile7-His8 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-A1 and BCM11-A2. BCM11-A1 was found 

to have more flexible and loose conformation due to tautomeric behaviour of imidazole 

ring of His8 as a result of pH and temperature variation. BCM11-A2 was observed to have 

closely packed C terminal end, keeping the Ile7-Pro8 buried inside the structure. On the 

other hand, the Ile7-His8 was exposed to the solvent. The imidazole from His8 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-A1. 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-A1 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-Hα region of the amino acids in BCM11-A1 (A) and BCM11-A2 (B) peptides at pH 2.5 at 

temperature of 20C. 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 

Hβ from Asn9 with Hβ from Tyr1. 
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Figure S3: 1H NMR spectra of BCM11-A1 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: 1H NMR spectra of BCM11-A2 at pH 2.5 (A) and pH 7.0 (B) at 4 (blue), 20 (red) and 37 (green) ºC. 
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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 

(green). 
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Figure S6. Temperature dependence of dNH of His8 in BCM11-A1 at pH 2.5 and pH 7.0. 
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Figure S7. TOCSY correlation for His8- Asn9 
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CHAPTER 6: Changes in the secondary structure of β-

casein from A1 and A2 milk in regards to the pH and 

genetic alternative 
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Abstract 
 

The study investigated the structural differences between β-casein (CN) from A1 and A2 

milk in pH conditions as in raw milk (pH 6.7) and at isoelectric point of β-CN (pH 4.6). 

The aim of this study is to detect the main reason for the differences in the coagulation 

properties between A1 and A2 milk for which the main distinguishing factor is the 

different amino acid in the β-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 β-CN molecule was observed by analysis of the particle size and 

microscopic imaging. The results in this work shown that β-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 β-CN from A1 milk have more dense 

protein network compared to β-CN from A2 milk. At pH 4.6 the aggregations are 

composed of aggregated β-sheets components and small network cavities. The additional 

proline in β-CN from A1 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 β-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 αs1-, αs2-, β-, and κ- 

casein (CNs) which form a complex micellar structure held together by colloidal calcium 

phosphate nanoclusters. β-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 β-CN on milk gelation properties is 

dependent on the genetic variants. Moreover, there have been observed fifteen genetic 

variants of β-CN from which A1 (β-CN-A1) and A2 (β-CN-A2) are the most common 

and known to the public. The impact of the A1 and A2 β-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 β-CN-A1 and β-CN-A2 is in the position 67 of the polypeptide chain. 

Thus, in β-CN-A1 this position is occupied by histidine and in β-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 (β-casomorphin 11 (BCM11)) 

which contained identical amino acid sequence as in BCM11-A1 and BCM11-A2 

(Markoska et al., 2023). The findings shown that BCM11-A1 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 

β-CN molecule and thus its functionality in milk processing. The yoghurt produced from 

A1 and A2 β-CN variant have different protein networks. Thus, yoghurt from β-CN-A2 

results with more porous gel with lower strength compared to β-CN-A1 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 A1 

milk (Daniloski et al., 2022), The smaller particles for A2 variant were observed to be 

https://www.sciencedirect.com/science/article/pii/S0268005X22003666#bib76
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due to chaperone activity of β-CN-A2  promoted by monomer transition (Raynes et al., 

2015). This behaviour of β-CN-A2 was postulated to be a result of more polyproline 

(PPII) helixes in the molecule compared to β-CN-A1 (Raynes et al., 2015). However, 

there have not been direct evidence of the secondary structure of β-CN from A1 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 β-CN-A1 and β-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 β-CN-A1 and β-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 β-casein 

genotypes was further used for the β-CN extraction. The raw milk was skimmed by 

centrifugation at 3225 g for 20 min and 20 °C. β-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 ᵒC. 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 β-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 HCl or 0.25 M NaOH.  

2.2 Identification of the A1 and A2 β-casein genotypes 

 

The A1 and A2 β-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 μm syringe filters into HPLC vials. The β-CN 

genotypes were identified using Aeris WIDEPORE C4 column by Phenomenex (150 mm 

× 4.6 mm, 3.6 μm particle size, 300 Å 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 β-CN 

standard (Sigma–Aldrich, St. Louis, MO, USA). The retention time was recorded at 25.64 

min and 26.84 min for β-CN-A1 and β-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 β-CN-A1 and β-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 H2O:D2O 

solution and the D2O was used to lock the signal. For 13C NMR 500 mg of each sample 

was diluted in 9:1 H2O:D2O solution.  The samples were analysed using 1D 1H and 13C. 
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The 1H 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 qfill fid baseline mode, the FIDs 

were corrected by line-broadening parameter (0.3 Hz) and the phase correction was 

performed by 0th and 1st 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 μL 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-1 using 16 scans and spectral resolution of 4 cm-1 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 (H2O) in the samples. For identification of the structural 

components, Amide I and Amide II regions were used in the spectral range of 1600-1700 

cm-1 and 1600-1500 cm-1, respectively. Amide I represents the C=O stretching vibrations 

of the peptide bond (Carbonaro and Nucara, 2010). Amide II 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 2nd 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 I and II 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 II region. The 

curve fitting had regression of 0.995, 0.998, 0.999 and 0.997 for β-CN-A1 at pH 6.7, β-

CN-A1 at pH 4.6, β-CN-A2 at pH 6.7 and β-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 I region (1600-1700 cm-1) 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 β-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 (1H) 
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The 1H NMR spectra of the β-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 

βH and γH of pyrrolidine ring of proline appear at approximately 1.5-3.0 ppm (Illa et al., 

2017; BRMB.io). The chemical shifts in this region in β-CN-A1 casein had minor 

differences in regards to pH change with downfield shift of the βH 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 β-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 β-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 β-

CN-A1. The chemical shift of the βH and γH regions shows greater sensitivity resulted 

by conformational transformations of the proline rich polypeptide chain (Ivanova et al., 

2010).  

 

Figure 1. 1H NMR spectra (0-4 ppm) of β-CN-A2 at pH 6.7 (A), β-CN-A2 at pH 4.6 (B), 

β-CN-A1 at pH 6.7 (C) and β-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 βH of histidine (BRMB.io). This 

chemical shift appears only in β-CN-A1 generating unique distinguishing pattern for 

detection of the genetic variant (Figure 1 C,D). The aromatic and amino regions in the 1H 

NMR spectra had crowded/overlapping chemical shift from multiple amino acids present 

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

To further discriminate the differences between the samples, the PCA analysis was used 

for 1H 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 β-CN-A1, while PC2 separates β-

CN-A2, based on two pH levels. Moreover, the loading scores shown structural 

differences present in the β-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 β-CN 

molecule (Figure 2B). However, the PCA loading score revealed different grouping of 

the β-CN samples due to variation of pH.  

 

Figure 2. PCA loading score (left) for β-CN-A1 pH 6.7 (red), β-CN-A1 pH 4.6 (black), 

β-CN-A2 pH 6.7 (blue) and β-CN-A2 pH 4.6 (green).The loading plot (right). 
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3.2    13C NMR 

 

The chemical shifts of the 13C NMR signal have much weaker magnetic momentum than 

the proton signal, owing to inherently much weaker 13C protons. The lower natural 

abundance of 13C protons often results to difficulties in providing reasonable resonance 

frequency.  The major chemical shifts observed in the 13C 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 13C NMR spectra of 

both β-caseins (A1 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 β-CN samples (A1 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 β-CN (A1 and A2) (Supplementary Figure 2). The integrated chemical shift intensity 

shown that the carbons from β-CN-A1 are more affected of the pH drop than the carbons 

from β-CN-A2. Moreover, the chemical shift intensity of the calculated spectra difference 

resulted from pH effect was 20-50 % higher in β-CN-A1. At pH 4.6 the β-CN molecule 

is electrically neutral and insoluble leading to aggregation (Huppertz, 2012). This 

confirms that as a result of pH changes β-CN-A1 promotes more intense structural 

dynamics in comparison to β-CN-A2.  
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Figure 3. 13C NMR of β-CN-A2 at pH 6.7 (A), β-CN-A2 at pH 4.6 (B), β-CN-A1 at pH 

6.7 (C) and β-CN-A1 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 β-CN based on the pH and genetic variants. The C=O stretching 

vibrations for Amide I (1600-1700 cm-1) and C-N stretching and NH bending for Amide 

II region (1500-1600 cm-1)  were selected for analysis of the structural components in β-

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 β-CN-A1 at pH 6.7 

(A), β-CN-A1 at pH 4.6 (B), β-CN-A2 at pH 6.7 (C) and β-CN-A2 at pH 4.6 (D). 

In Amide I region the conformational changes were observed in the variations of peak 

intensities for the aggregated β-sheets (1700-1680 cm-1), β-turns (1660-1670 cm-1), α-

helix (1650-1655 cm-1), random structures (1645 cm-1) and β-sheets (1620-1635 cm-1) 

(Kher et al., 2007). The peak assignment in Amide II region was for turns (1578-1555 

cm-1), α-helix (1555-1543 cm-1) and β-sheets (1542-1525 cm-1). The purpose of selection 

of Amide II region was to provide better fit of Amide I. The spectra absorbance for both 

β-CN-A1 and β-CN-A2 increased when pH was reduced from 6.7 to 4.6, which was more 

intensified for β-CN-A1.  

In Amide I region of β-CN-A1 at pH 6.7 major peaks were observed at 1635 cm-1 and 

1670 cm-1 corresponding to β-sheets and β-turns, respectively (Figure 4A). Minor peaks 

were present at 1640 cm-1 and 1650 cm-1 showing presence of random coil and α-helix, 

respectively. When pH was changed to 4.6 the α-helix at 1650 cm-1  was lost and agregated 
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β-sheets at 1980 cm-1  appeared (Figure 4B). Hence, at pH 4.6, β-CN-A1 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 β-CN-A1 at pH 6.7 the major 

peaks were observed at 1525 cm-1, 1545 cm-1, and 1575 cm-1, corresponding to β-sheet, 

α-helix and turns, respectively. When pH was altered to 4.6 the peak at 1575 cm-1 (turns) 

was split into two peaks showing presence of new turn structures that can be part of the 

protein aggregation as observed in Amide I region.  

The β-CN-A2 shown completely different pattern of the structural components in the 

Amide I region (Figure 4C, D). In the Amide region the β-CN-A2 at pH 6.7 had one 

massive peak at 1670 cm-1 (β-turns) and smaller peaks at 1630 cm-1 (β-sheets), 1645 cm-1 

(random coils) and 1685 cm-1(aggregated β-sheets). Thus, no α-helix was observed, 

however natural aggregated β-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-1) 

initiated by high volume of aggregated β-sheets. In addition, small peaks were observed 

for β-sheets (1630 cm-1) and turns (1660 cm-1). The structure of β-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-1 or the random coil as observed in 

this work was previously assigned for polyproline II structures (PPII) (Farrell Jr et al., 

2001). Moreover, it was previously predicted that β-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 A1 and A2 milk. The Amide II region is 

in agreement with the Amide I spectra for the β-CN-A2 at pH 6.7 (Figure 4C). Thus, the 

two peaks at 1578 cm-1 and 1560 cm-1 confirm high amount of turns present in the 

molecule. The peaks at 1525 cm-1 and 1540 cm-1 confirms presence of β-sheets, and these 

two peaks can be related to presence of two forms of β-sheets. At pH 4.6, the β-CN-A2 

molecule in the Amide II region has shown presence of three peaks at 1525 cm-1, 1548 

cm-1 and 1560 cm-1. Moreover, the spectral restructuring has shown that major 

components affected by the pH lowering to 4.6 for β-CN-A2 were β-sheets and β-turns, 

which were mainly involved in aggregation as observed in Amide I 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 I and II 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-1 for β-

CN (A1 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 I region 

(1600-1700 cm-1) of β-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-1), β-

sheet (1630-1633 cm-1), random coil (~1640 cm-1),  α-helix (1646-1655 cm-1), unspecified 

or turns structures (1661 cm-1), β-sheet (1668-1675 cm-1) and turns (1980-1700 cm-1). In 

Figure 5A, the bands of the Raman spectrum are shown for β-CN-A1 at pH 6.7. The 

observed peaks were at 1615 cm-1, 1630 cm-1, 1650 cm-1, 1660 cm-1,1680 and 1690 cm-1 

corresponding to side chains, β-sheets, α-helix, turns, β-sheets and second set of turns, 

respectively.  
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Figure 5. Deconvoluted Raman spectra in the Amide I and II region of β-CN-A1 at pH 

6.7 (A), β-CN-A1 at pH 4.6 (B), β-CN-A2 at pH 6.7 (C) and β-CN-A2 at pH 4.6 (D). 

Moreover, the β-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-1, 1635 cm-1, 1650 cm-1,1672 cm-1, and 1689 cm-1 related to 

aromatic side chains, β-sheets, α-helix, β-sheets and turns, respectively. Hence, pH 

change from 6.7 to 4.6 affected the α-helix by decrease of peak absorbance, in the same 

time the β-sheets located at 1678 cm-1 promoted band increase. The pH change resulted 

in the formation of new β-sheet components which are probably result of aggregation 

behavior of β-CN-A1 at this pH level.  

The Raman spectrum of β-CN-A2 at pH 6.7 is shown in Figure 5C. In the deconvoluted 

spectrum, four major peaks were observed including 1610 cm-1, 1638 cm-1, 1670 cm-1, 

and 1685 cm-1 assigned to side chains, random coils, β-sheets and turns, respectively. In 

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

random coil were dominating.  

When pH was altered to 4.6 in β-CN-A2, the observed bands were at 1610 cm-1, 1640 

cm-1, 1670 cm-1, 1682 cm-1, and 1695 cm-1 corresponding to aromatic side chains, random 

coils, β-sheets and two sets of turns, respectively. The broad peak at 1640 cm-1 was around 

half of the sum of all peaks in the Amide I region. Thus, the random structures were 

dominant in β-CN-A2 at pH 6.7 coupled with two sets of turns. The high present of 

random coils for β-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-1) can also relate to presence 

of polyproline II structures (PPII) (Lazarev et al., 1985). Both caseins formed different 

types of aggregates at pH 4.6, which for βCN-A1 was observed to be aggregated β-sheets 

and α-helix, however for β-CN-A2 the aggregated features had a random coil (PPII helix) 

distribution. The great amount of PPII in β-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, β-CN (A1 and A2) at pH 

6.7 formed individual groups on the positive side of the PC1 axis and β-CN (A1 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 β-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 β-CNs (not in a micellar state) have 

different particle size for β-CN-A1 and β-CN-A2. The β-CN in milk have tendency to 

self-associate (Huppertz, 2013) and form random particles of different sizes. For β-CN-
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A2 these particles are bigger than those consisting of β-CN-A1. The pH of 4.6 is the 

isoelectric point of β-CN and under these conditions, the β-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 β-CN for both genetic variants (A1 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.  

 

 

Figure 6. Particle size (nm) of β-CN molecule from A1 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 β-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 β-CN-A1 shows a compact protein network 

surrounded by small pores (Figure 7A). However, the β-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, β-CN-A1 

formed stiff aggregates with small pores and thin strands (Figure 7B). The β-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 β-CN-A1 at 

pH 6.7 (A), β-CN-A1 at pH 4.6 (B), β-CN-A2 at pH 6.7 (C) and β-CN-A2 at pH 4.6. 

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

The acid-induced aggregates for A1 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 A1 and A2 

genotype. However, β-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 β-CN-A1. Moreover, 

before even the aggregation happens the β-CNs from A1 and A2 genotype exist in 

different structural state. Therefore, we can confirm that the acid induced coagulation 

differences that exist between A1 and A2 milk are primarily guided by the structural 

differences in native β-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 β-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 β-CN-A1 and β-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 β-CN-A1 and β-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 β-CN-A2 

was due to presence of irregular structures and high presence of PPII. Moreover, the 

aggregation because of pH was more intensified for β-CN-A1 as observed in 13C NMR 

spectra and resulted with aggregated β-sheets that build up dense protein network. The 

findings in this study assist in understanding the impact of β-CN for both genotypes (A1 

and A2) on the coagulation properties of A1 and A2 milk. Moreover, this study for the 

first time reveals the structural differences of both β-CN-A1 and β-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 β-CN from A1 and A2 milk in 

regards to the pH and genetic alternative“ 

 

 

Figure S1. RP-HPLC chromatographic profile for detection of β-CN variant. The dotted 

peak at 26.84 min is assigned to A2 β-CN and the full line peak at 25.64 min is assigned 

to A1 β-CN.  
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Figure S2. 13C NMR spectra calculated differences between β-CN-A2 at pH 6.7 and 4.6 

(A) and spectra difference of β-CN-A1 at pH 6.7 and 4.6 (B) 
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Figure S3. Principal component analysis of Amide I and II for FTIR spectra. In the score plot (A) the scores in black are for β-CN-A1 at pH 4.6, 

in red β-CN-A1 at pH 6.7, in blue β-CN-A2 at pH 6.7 and in green β-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 I  for Raman spectra. In the score plot (A) the scores in black are for 

β-CN-A1 at pH 4.6, in red β-CN-A1 at pH 6.7, in blue β-CN-A2 at pH 6.7 and in green β-CN-A2 at pH 4.6; The loading plot spectra for PC1 

and PC2 is shown in B. 

 

 



 

171 

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 α-helix, β-

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 A1 and/or A2 β-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 Gly5-Pro6 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 

A1 β-casein variant. The preferred enzyme hydrolysis of β-casein A1 variant can be due 

to different isomeric form of BCM7 when found in the β-casein molecule compare to β-

casein from A2 variant.  Hence, analysing larger peptides containing the distinguishing 

pattern of A1 and A2 β-casein (BCM11) can better individualise the main structural 

differences of the peptides and their effect on milk processing.  
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The BCM11 from A1 β-casein have more flexible and loose conformation. This 

flexibility appears to be due tautomeric behaviour of His8 (imidazole ring) governed by 

pH and temperature variations. The Ile7-His8 bond had high exposure to the solvent. 

However, the BCM11 from A2 β-casein have more packed structure whereas the Ile7-

Pro8 is closed in the internal structure of the molecule. The imidazole from His8 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 A1 β-

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 β-casein and cis for BCM11 from A1 β-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 β-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 β-casein by 

confirming great presence of random coils at 4 °C at the expense of the α-helical structure. 

The increase of pH to neutral had large effect on the monomer transition. Both NMR and 

FTIR spectroscopy detected structural transition of β-casein when pH and temperature 

were modified confirming high structural flexibility of the molecule. The structural 

differences of A1 and A2 β-casein leads to formation of strong and compact gels for A1 

β-casein  and gels with open and porous network for A2 β-casein. The variations in the 

gel formation was also shown by larger particles observed in A2 β-casein compared to 

A1 β-casein. The structural distribution of A1 and A2 β-casein variants can be a crucial 

factor in detecting the processing differences occurring when dealing with A1 and A2 

milk. This includes lower aggregation properties of A2 milk compared to A1 milk. The 

structural differences of A1 and A2 β-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 β-casein from A1 milk adapts compactly build protein network, which 

when coagulated reforms dense gels. On the other hand, the β-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 A1 and A2 milk. 

The combination of spectroscopic tools and chemometrics provided valuable information 

for identifying the major structural variations between A1 and A2 β-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 β-casein from A1 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 A1 and A2 

milk.  

 

7.2 Future perspective 
 

The A1 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 β-casein is the major factor 

that makes the A1 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 β-casein and β-

casomorphins can assist in providing possible solutions in reducing the release of opioid 
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peptides during digestions and improving the coagulation properties of β-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 β-casein.  

In the present study, only a few conditions were selected to observe the structural 

transitioning of peptides and β-casein from A1 and A2 genotype. Hence, the selected 

conditions were used to imitate the native conditions in which β-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 β-casein genotype it will be worthwhile to observe how the β-casein or it 

smaller fragments (β-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 β-caseins and their fragments are introduced 

with enzymatic reaction.  

The methodology used in this study successfully identified transitional changes in the 

structure of β-casein from A1 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 β-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 (A1 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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